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ABSTRACT The influence of synthesizing temperature of manganese dioxide (MnO,) powders on their electrochemical reactivity in
| M KOH was investigated. These powders were prepared chemically by the hydrothermal method by oxidation of Mn?* by ammonium
peroxodisulphate. The observations by scanning electronic microscopy, energy-dispersive X-ray analyses, and transmission electron
microscopy techniques on MnO, obtained at different temperatures show the formation of many nanometre scale sticks lumped
together to form a spherical particle of several micrometers. The results obtained by BET and BJH methods reveal mesoporous texture,
and the MnO, synthesized at 90 °C presents the largest expanded surface area. The electrochemical reactivity of these powders in
1 M KOH was characterized with microcavity electrode by cyclic voltammetry and electrochemical impedance spectroscopy. The
results illustrate that the nanostructured MnO, powder synthesized at 90 °C shows the highest electrochemical reactivity in agreement
with BET data. The X-ray powder diffraction identified the y-MnO,, known as the most reactive species.
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1. INTRODUCTION
aterials having structures of nanometer range

(commonly named nanostructures) give rise to a

considerable amount of current research because
of their outstanding properties such as large expanded
surface area and short distance for diffusion of molecules.
As a consequence, they are expected to exhibit higher
catalytic activity (1, 2) and faster ion exchange (3).

According to its electrochemical and thermodynamic
properties, manganese and its oxides are good candidates
as materials for positive or negative electrodes of primary
and secondary batteries (4). Among these metal oxides,
manganese dioxide has attracted much attention from
chemists in recent times because it is stable in both aqueous
and organic electrolytes and is reasonable in cost. The
manganese oxides are known in many crystalline forms. o,
p-, and y-forms have tunnel structures with channels of
various sizes, whereas 6-MnO, has a layered structure and
A-MnO; that of a spinel (5).

Manganese dioxide can be used for many purposes:
cathode for both aqueous and nonaqueous batteries, in
corrosion protection of stainless steels (6), catalyst for
chemical oxidation of various compounds in combination
with other transition metal elements (7, 8), and electrocata-
lyst for oxygen reduction in alkaline solutions (9—11).
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The reactivity of manganese dioxide generally depends
on its structure and increases with hydration degree and
with surface area (12). The y-form, which generally exhibits
the highest electrochemical reactivity, consists of an inter-
growth structure of pyrolusite (1 x 1) and ramsdellite (1 x
2). It is widely used as cathodic material in batteries,
especially that obtained by electrochemical oxidation of
Mn?* referred as electrolytic manganese dioxide (EMD).
Because of the large energy cost of the electrolysis method,
great effort has been made to prepare an electrochemically
active y-MnO, by chemical methods with controlled mor-
phologies, crystalline structures, and high surface area,
including thermal, sol—gel, electrochemical, and hydrother-
mal methods (13—15). The physicochemical properties of
y-MnO, vary considerably with synthesis methods and
experimental conditions. Defects have largely been consid-
ered as crucial factors to determine the electrochemical
behaviour of y-MnO, (16, 17). However, other properties
such as pore size, pore types, particle size, morphology, and
surface area, which also contribute to the electrochemical
reactivity of y-MnO, materials, have not been investigated
in detail.

The objective of the present study was aimed at synthe-
sizing manganese dioxide powders by the hydrothermal
method at different temperatures and then comparing their
morphologies, surface areas, and pore size distribution.
Various electrolytes were used in the literature to study the
electrochemical behaviour of MnO,: acid medium (18) for
Leclanché type battery application, neutral medium (19—21)
particularly for super-capacitor, and alkaline medium (22—24)
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for battery use. Though no stabilizing element was added
in MnO, in the present study, we examined a relation
between the structure and the electrochemical reactivity of
these powders in 1 M KOH.

The electrochemical reactivity of these powders in the test
medium was investigated by microcavity electrode and their
structures and morphologies were characterized by scanning
electron microscopy (SEM), transmission electron micros-
copy (TEM), energy-dispersive X-ray elemental analysis
(EDX), and X-ray diffraction (XRD) techniques. Brunauer—
Emmett—Teller (BET) and Barrett—Joyner—Halenda (BJH)
methods were used, respectively, to evaluate the surface
areas and the pore size distribution of powders.

The influence of synthesizing duration on the structure
and electrochemical reactivity of MnO, powders synthesized
by hydrothermal method was presented in a previous paper
(25). It was shown that 24 h of synthesis are necessary to
obtain a large expanded surface area and a highly reactive
MnO,. This is the synthesizing duration adopted in the
present work.

2. EXPERIMENTAL SECTION

2.1. Synthesis of MnO,. Experimental conditions for MnO,
synthesis by hydrothermal method and those of its characteri-
sations will be presented successively.

Manganese sulphate (MnSO4H,0) and ammonium peroxo-
disulphate ((NH4),S,0g) were purchased from Prolabo products
and were used as received. All the solutions were prepared with
deionized water with double ion exchange columns.

Manganese dioxide (MnO,) is chemically synthesized by
hydrothermal method, which consists of mixing 0.08 mol of
MnSQy, - H,O, 0.08 mol of (NH,4),S,0s, and 150 mL of deionized
water at room temperature. The mixture was stirred for 10 min
to form a homogeneous pink solution, and then the synthesis
itself was carried out for 24 h at different temperatures (60, 90,
and 120 °C). As a result, black powders were obtained, which
were filtered, rinsed with deionized water several times, and
finally dried at 60 °C for 24 h.

The chemical synthesis of MnO, powders occurs according
to the following reaction

MnSO,+(NH,),S,04+2H,0 —MnO,+(NH,),SO,+
2H,50, (1)

The electrochemical reactivity of synthesized manganese diox-
ide powders was investigated in an alkaline solution of 1 M
KOH. This solution was prepared with KOH (Merck product) and
deionized water.

2.2. Experimental Devices. The electrochemical experi-
ments were carried out in a usual cell containing three elec-
trodes: microcavity electrode as working electrode, calomel
reference electrode in saturated KCI solution (SCE), and plati-
num grid of large surface area as counter electrode. The cavity
microelectrode consisted in a platinum microelectrode (60 um
in diameter) sealed in a large glass tube (8 mm in diameter) (26).
A small cylindrical cavity (50 um in diameter and 25 um in
depth) was obtained by a laser ablation of the platinum wire.
This cavity was filled with the MnO, powder using the electrode
as a pestle. This method constituted a marked advantage to
study the MnO, powder itself. First, the electrochemical process
taking place at the substrate/electrolyte interface was discarded;
second, a thin powder layer allowed the minimization of the
in-depth distribution of both potential and current, and finally,
only a small amount of MnO, is needed. The volume of the

www.acsami.org

cavity used is 50x 1077 cm® (26). With the apparent specific
gravity of MnO, powder estimated to 2.2, the mass necessary
will be 110 ng to perform experiments. The grinding of MnO,
into a fine powder before its introduction into the cavity
permitted likely to homogenize MnO, powder to be analysed.
Consequently, this method also allowed the achievement of
well-reproducible results.

Electrochemical measurements including cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were
carried out with a Potentiostat allowing measurements of low
current and huge impedance (Gamry, Femstat FAS1). Both, the
potentiostat and the electrochemical cell were set into a Faraday
cage. The electrochemical impedance spectroscopy (EIS) mea-
surements were carried out at the potential of open circuit just
before the beginning of each experiment with ac amplitude of
10 mV,ms in the frequency range from 10 kHz to 10 mHz or 1
mHz with a density of 10 points per decade. The impedance
data were analyzed with in-house made software based on a
Simplex parameter regression.

2.3. Characterisation of MnO,. A SEM (Leica Stereoscan 440)
at 20 keV acceleration allowed the observation of the morphol-
ogy of manganese dioxide powders. The kind of imaging used
is secondary electron. The SEM device was coupled with EDX
(Princeton Gamma-Tech) to determine their elemental compo-
sitions. In addition to these techniques, the X-ray powder
diffraction (XRD) and TEM techniques were also used. TEM
images were obtained with a JEOL 2000 FX microscope running
atan accelerating voltage of 200 keV. Prior to analysis, the MnO,
powder was crushed in a mortar. A small amount was then
added in a small volume of pure ethanol using ultrasonic bath.
A drop of this mixture was placed on a copper grid covered with
a carbon coating and it was allowed to dry in air.

2.4. Determination of the Surface Area and the Pore
Size Distribution. Isotherms of N, adsorption/desorption, pore
size distributions, and BET surface areas were determined on
a micromeritics instrument. Prior to analysis, MnO, samples
were first purged under a vacuum at 80 °C to remove surface
water, which would interfere with the instrument. N, adsorption
and desorption isotherms were then collected at 77 K. The pore
size distributions in the mesopore and micropore regions and
the surface areas of samples were measured using the Barrett—
Joyner—Halenda (BJH) and the Brunauer—Emmett—Teller
(BET) models, respectively.

3. RESULTS AND DISCUSSION
The morphology and the structure of synthesized MnO,

powders at different temperatures will be presented first.
The results relative to the electrochemical reactivity of MnO,
in 1 M KOH solution will then be described.

3.1. Morphological and Structural Characteriza-
tions. The morphology of synthesized MnO, powders
observed by SEM technique, shown in Figure 1, indicate that
all the products consisted of many fine sticks heaped
together to form bowls of several um in diameter. It is also
apparent that there is very little difference in morphology
between these three samples, indicating that the synthesiz-
ing temperature has little effect on morphology in this size
range. Elemental analysis by EDX (Figure 1) confirms the
presence of manganese and oxygen, elemental components
of MnO,. The presence of sulphur, as an impurity, was more
marked in the case of MnO, powder synthesized at 120 °C.

Typical TEM images (Figure 2) show that the tiny sticks
observed by SEM on MnO, powders consisted of assembling
straight needles with diameters in the range of 20—50 nm
and lengths up to several hundred nanometers. These im-
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FIGURE 1. SEM pictures and corresponding EDX profiles of MnO, powders synthesized at different temperatures: (a) 60, (b) 90, and (c) 120

°C.

ages allow us to call the synthesized MnO, powders as
nanostructured materials. Electron diffraction pattern showed
that each stick is rather well-crystallized but its orientation
changes from one stick to another. The needle is thus
polycrystalline structure.

The nitrogen adsorption/desorption isotherms (Figure 3)
show a substantial hysteresis loop in the P/P, range above
0.6, which is due to the evaporation of N, gas slower than
that expected from the free surface as a result of surface
tension phenomena associated with the liquefied adsorbate
(27). Consequently, this feature indicates the presence of
mesopores in the structure of MnO, powders.

At relative pressures P/P, greater than 0.8, a rapid in-
crease in the volume of adsorbed gas was observed that was
due to the condensation of the adsorbate in the larger pores
formed between particles because of the particle size dis-
tributions (27, 28). The surface area of each product was
determined by BET isotherm in conjunction with N, adsorp-
tion data collected over the relative pressure range from 0.06
to 0.2 at 77 K. In fact, at low relative pressures, the isotherm
underpredicts actual adsorption because of the adsorption
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energies higher than expected value because of the surface
inhomogeneity. In contrast, at relatively high relative pres-
sures, the BET isotherm overestimates adsorption because
of limitations associated with liquefaction of the adsorbate
(27, 28).

The BET isotherm is expressed as follows
P _ 1 ,C-1P
v.p,—pP) V,C V. CP,

Where V, is the volume of gas adsorbed at P/P, (cm’ g™1);
Vim is the volume of gas that would occupy a monolayer (cm?
g™"); Cis a constant for the gas/solid pair; P and P, are the
equilibrium and the saturation pressures of adsorbate at the
temperature of adsorption, respectively. The plot of P/{V,(P,
— P)} versus P/P, give a straight line whose intercept is
1/VmC and whose slope is (C — 1)/VwC. Thus from the slope
and intercept, the two constants V, and C can be evaluated,
and consequently, the expanded surface area is calculated
from the following expression

S=435V, 3)

The obtained values of BET surface area of MnO, powders
synthesized at different temperatures determined with ex-

(2)
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FIGURE 2. TEM images of MnO, powders synthesized at different temperatures: (a) 60, (b) 90, and (c) 120 °C.

pression (3) are displayed in Table 1 together with BJH data.
These values show that the MnO, powders are porous
materials and the texture of these pores are changing when
the synthesizing temperature is varied. It is noteworthy that
the total surface area of a porous electrode is the sum of the
surface area contributed from all the pores (29). The MnO,
synthesized at 90°C shows the largest surface area and the
largest pore volume. The maximum expanded surface area
reached 90.8 m? g~'.

The surface area of a given mass of solid powder material
is closely related to the size of the constituent particles.
Those powder particles stick together and pores are formed
in those aggregated particles. Pore size and pore size distri-
bution depend on the size and shape of the powder particles
and how they are packed together (29). The pore size
distribution for the three MnO, powders determined by BJH
method is shown in Figure 4. It appears that all these
powders consist of a large distribution of mesopores with
pore radii between 5 and 50 nm. Two peaks were detected
in the pore distribution, which explains the presence of two
porosities: a larger one, ca. 80 nm corresponding to the
pores between sticks observed inside the MnO, bowls
(Figure 1), and another around 10—20 nm are formed
between the nanoneedles making the sticks (Figure 2).

According to these results, it can be noted that the
synthesizing temperature has a great effect on the pore-size
distribution of the synthesized MnO, powders. It was con-
cluded that the increase of temperature from 60 to 90 °C
leads to a slight enlargement of pores size and pores volume,
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consequently an increase in its surface area. However, a
decrease in the surface area of MnO; synthesized at 120 °C
was observed, which may be explained by intercrystallite
rearrangements leading to the progressive sintering of pores
under the temperature effect, which decreases its pores size
and pores volume.

X-ray diffraction is the most common tool used to char-
acterize the crystal structure of manganese dioxide. X-ray
diffraction pattern of MnO, powder synthesized at 90 °C
exhibiting the largest BET surface area is shown in Figure 5.
The peaks observed were assigned by atomic distance (A)
and (hRl) values: 3.98 (120), 2.40 (131), 2.13 (300), 1.42
(421), and 1.63 (160). All of the reflections of the XRD
pattern can be readily indexed to the crystallographic variety
gamma (y-MnO,) with the lattice constants a = 1.020 nm
and ¢ = 0.798 nm, which agree with the values reported in
the literature (JCPDS Card no. 14-0644). The peaks assigned
by atomic distance (A) and (hkl) of 2.57 (301), 1.53 (312),
and 1.82 (302) can be indexed to the crystallographic variety
ramsdellite (6-MnO,) and that assigned to 3.11 (110) is
indexed to the pyrolusite (6-MnO,), which means that this
powder consists of y-MnO, formed in the matrix of ramsd-
ellite with the presence of pyrolusite. It was reported in the
literature that the y-MnO, structure is considered as a
ramsdellite matrix with randomly distributed intergrown
microdomains of pyrolusite (17, 30).

The X-ray diffraction patterns of MnO, powders synthe-
sized at 60 and 120°C are presented in patterns a and b in
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FIGURE 3. N, adsorption/desorption isotherms for MnO, powders
synthesized at different temperatures: (a) 60, (b) 90, and (c) 120 °C.

Table 1. Properties of the MnO, Powders
Synthesized by the Hydrothermal Method at
Different Temperatures

T (°C)
60 90 120
BET surface area (m? g™") 88.5 90.8 56.4
average pore size (nm) 8.30 10.5 12.9
total pore volume (cm® g™') 0.184 0.24 0.182

Figure 6, respectively. The pattern relative to MnO, synthe-
sized at 60°C reveal that its crystallographic variety is, in
major part, akhtenskite (e-MnO,) which has a hexagonal unit
cell with the lattice constants a = 28 nm and ¢ = 44.5 nm,
and the presence of pyrolusite assigned by atomic distance
(A) and (hkD) of 1.40 (110), which has a tetragonal unit cell
with a = 0.439 nm and ¢ = 0.287 nm. The peaks observed
in the pattern relative to MnO, synthesized at 120 °C reveal
the crystallographic variety of ramsdellite (3-MnO,), which
is less reactive than these two varieties and has an orthor-
hombic unit cell with a = 0.446 nm and ¢ = 0.285 nm.
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FIGURE 4. Comparison of pores size distribution of MnO, powders
synthesized at different temperatures (calculated by BJH method).
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FIGURE 6. XRD patterns of MnO, synthesized at (a) 60 and (b) 120
°C.

As mentioned above, the defects have been studied
intensively because they affect the electrochemical behav-
iour of manganese dioxide. According to Chabre and Pan-
netier (17), two types of defects are present. One is De Wolff
disorder, which is formed from the insertion of pyrolusite
structural units into a ramsdellite matrix, relating to the
amount of pyrolusite units. The other type is called microt-
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Table 2. Line Shifts Due to Microtwinning and De
Wolff Disorder

26 shift”
hkl 20 (Cu Ko microtwinning De Wolff disorder
110 21.8 - +
130 35.1 + —
021 36.8 - *
111 38.4 - -
040 38.8 - *
200 39.7 * *
121 42.0 + *
140 43.8 - *
131 47.7 - +
221 55.3 + *
240 56.8 — *
231 60.0 — +
151 63.1 + -
002 65.0 + *
061 69.0 - *
330 69.2 + -
112 69.5 - +
301 70.4 - *
311 71.2 - -

%+, High angle; —, low angle; *, no shift.

winning defects, which are generated by twinning of (021)
and (061) planes within the ramsdellite blocks. The two
types of defects modify the shape, position, and relative
intensity of some diffraction lines. The line (26) shifts are
summarized in Table 2.

It was observed that MnO, synthesized at 60°C exhibited
high fraction of De Wolff disorder, characterized from the
shift of (110) planes to higher angle (20, 66.7°), demonstrat-
ing the presence of pyrolusite units in the structure of
akhtenskite (e-MnO,). However, by increasing synthesizing
temperature to 90°C, the manganese dioxide showed low
fraction of De Wolff disorder characterizing from the shift
of (110) planes to lower angle (260, 13°), which means that
the amount of pyrolusite decreases by increasing synthesiz-
ing temperature because of the intergrowth of pyrolusite and
ramsdellite to give rise to y-MnO,.

From XRD and BET surface area results, it can be
concluded that the synthesizing temperature affects the
crystal structure of obtained manganese dioxide powders.
Indeed, the increase of synthesizing temperature from 60
to 90°C engenders the transformation of e-MnO, to y-MnO,
and the diminution of defects, leading to a very slight
increase in BET surface area (88.5 to 90.8 m? g™ and a
decrease in unit-cell parameters. On the other hand, the
decrease in BET surface area at temperature superior to
90°C is explained by the transformation of y-MnO, to
B-MnO, (ramsdellite) and the decrease in unit cell parameters.

The influence of temperature on the crystal structure of
manganese dioxide is studied in the case of EMD by J.B. Arnott
et al. (28), who found that a structural and micropore analysis
of a series of heat treated electrolytic manganese dioxide
samples shows that the original EMD with y-MnO, structure
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was found to progressively convert to 8-MnO, at elevated
temperatures leading to a greater degree of transformation.

3.2. Electrochemical Reactivity of MnO,. The
electrochemical reactivity of MnO, powders obtained at differ-
ent synthesizing temperatures was studied by both cyclic
voltammetry and electrochemical impedance spectroscopy.

3.2.1. Cyclic Voltammetry. First, the reactivity of
MnO, powders was evaluated by the cyclic voltammetry
(CV). Each powder was pounded and 100—150 ng of pow-
ders were pressed into the cavity of the microelectrode.
Then, the electrode was transferred into 1 M KOH solution
at 25 °C without purging dissolved oxygen. Then, after 1 min
of stabilization time at the open circuit potential, the cyclic
voltammetry measurements were carried out. The potential
scan rate was 0,2 V s~! and started from the open-circuit
potential towards the negative direction up to —0.7 V vs SCE,
followed by the anodic scan up to 0.6 V vs. SCE. The
voltammograms obtained at the first scan are shown in
Figure 7.

During the cathodic scan and in all these voltammo-
grams, a current peak can be observed at a potential of ca.
—0.4 V vs. SCE. According to Toupin et al. (31), two mech-
anisms can explain this phenomenon. The first one implies
the intercalation of protons (H*) or alkali metal cations (K*)
in the bulk of the material upon reduction followed by
deintercalation upon oxidation:

MnO,+H"+e” —MnOOH )

MnO,+K"+e~ —MnOOK 5)

The second mechanism is based on the surface adsorption
of electrolyte cations (K*) on MnO,

(MNO,) et K e~ — MnO, KHsurface  (6)

surface
It should be noticed that both proposed mechanisms in-
volved a redox reaction between the Il and IV oxidation
states of Mn.

Kozawa et al. (32, 33) described a two-step mecha-
nism. In the first step (electron—proton mechanism), an
electron from the external circuit is inserted into the
manganese dioxide structure to reduce a Mn*" ion to
Mn®*. To maintain structural charge balance, a water
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molecule present at the manganese dioxide|electrolyte
interface dissociates into a proton, which is inserted into
the structure, and an OH™ ion that remains in the elec-
trolyte. The presence of protons was identified by neu-
tronic spectroscopy by C. Cachet et al. (34). Given that
protons transport is widely believed to be the rate limiting
property in the discharge of manganese dioxide (35), the
facility with which protons are inserted into the struc-
ture is a key electrochemical property. It is reported in
the literature that MnO, has a reduction potential very
close to that of oxygen in alkaline solution, and may
undergo electroreduction earlier or along with oxygen
reduction because of the sluggish Kinetics of oxygen
reduction. The mechanism of the oxygen reduction was
proposed to be a coupled reaction, involving the redox
pair MnO,/MnOOH (11). It is generally accepted that
electro-catalytic activity of MnO, for oxygen reduction is
resulted from the catalytic decomposition of hydrogen
peroxide ions generated as an intermediate species during
oxygen reduction (36). It is well known that because the
catalytic process for oxygen reduction involves the reduc-
tion and oxidation of surface manganese ions, the number
and activity of these redox sites would be important
factors for a better catalytic activity.

During the anodic scan, a broad current peak was
observed in the three voltammograms at a potential close
to 0.3 V vs. SCE. This peak corresponds to the oxidation
of MNOOH (or MnOOK), formed previously by cathodic
sweep, to MnO; according to the reverse reactions of (4)
and (5). The comparison of these three voltammograms
shows that the MnO, synthesized at 120 °C, having the
lowest BET surface area, exhibits the lowest cathodic and
anodic peak intensities; MnO, synthesized at 90 °C
exhibits the largest BET surface area and shows the
highest cathodic and anodic peak intensities. The high
values of these intensities reveal the highest electrochemi-
cal reactivity of this powder in 1 M KOH medium. Because
we used a microcavity electrode, and thus the exact
amount of MnQO, inserted in it is unknown. As stated
above, however, this amount was between 100 and 150
ng. To give just the idea about the order of magnitude,
let us consider that this amount being roughly 110 ng; the
charge involved during the reduction reaction then al-
lowed the evaluation of the specific charge as ca. 162.5,
234.6, and 69.3 uC g7, respectively, for MnO, synthe-
sized at 60, 90, and 120 °C.

3.2.2. Electrochemical Impedance Spectroscopy.
The impedance technique (EIS) has been used to character-
ize the MnO, powders synthesized at different temperatures
in order to compare their electrochemical reactivities. Im-
pedance spectra presented in Nyquist plot were obtained in
1 M KOH in the frequency range from 10 KHz to 1 mHz
(Figure 8).

The Nyquist diagrams of EIS data exhibit, though badly
separated, two capacitive loops in the high- and medium-
frequency range and a linear branch in the low frequencies.

These impedance spectra may be represented by an
electrical equivalent circuit presented in Figure 9.
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FIGURE 8. Nyquist plots of impedance spectra obtained in 1 M KOH
with MnO, powders synthesized at different temperatures. Symbols:
triangle and circles, experimental; +, regressed data with the circuit
illustrated in Figure 9.

FIGURE 9. Equivalent electrical circuit to represent the EIS data.

In this circuit:

R. represents the electrolyte resistance between the
reference and the working electrode; R; and C4 are allocated,
respectively, to the charge transfer resistance in parallel with
the double layer capacitance; Rg and Cp stand for faradaic
impedance associated with the reduction of dissolved oxy-
gen as it is allocated to cyclic voltammetry curves; C,
characterizes the capacitance associated with charge storage
in the chemical form, i.e., corresponding to cation intercala-
tion/deintercalation process. Therefore, this capacitance is
an important parameter in the use of MnO, as battery
material, oy, 0r, and @, are depression coefficients with
values between 0 and 1.

To compare the electrochemical reactivity of these pow-
ders in 1 M KOH medium, it is appropriate to evaluate the
values of G, For this purpose, a simplex parameter regres-
sion calculation was applied. It was considered that the
R—Cy4 couple exhibit the highest-frequency domain (cen-
tered at about 100 Hz) and the Rg—Cr couple exhibit the
medium-frequency domain (1 Hz domain). The C, expresses
itself at the lowest-frequency domain.

The obtained results reveal that the charge storage
capacitances of the MnO, powders synthesized at 60, 90,
and 120°C are equal to 3.9, 7.1, and 2.4 uF, respectively.
These values show that the MnO, powder synthesized at
90 °C has the highest value of C,, which confirms the
insertion of the largest quantity of charges in the chemical
form in its structure, which is attributed in major part to
its high surface area. This result is in good agreement with
that obtained with cyclic voltammetry. Indeed, the pow-
der having the largest BET surface area presents the
highest electrochemical reactivity in 1 M KOH. Provided
that the amount of MnO, filled into the micro-cavity

Benhaddad et al. www.acsami.org
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FIGURE 10. Nyquist plots in 1 M KOH of MnO, powder synthesized
at 90°C: (a) as-synthesized, (b) aged by 10 potential scans at 0.01 V
s~!. Symbols: circles and triangles, experimental; +, regressed data
with the circuit illustrated in Figure 9.

electrode being 110 ng, the specific capacitance is evalu-
ated to be equal to 65 F g7', the values often reported for
a very high performance EMD.

To evaluate the effect of charge—discharge cycling on the
battery performance, the MnO, synthesized at 90 °C is
submitted to cyclic voltammetry for 10 scans at 0.01 V s™!
in 1 M KOH solution, and the EIS measurements were
carried out in the frequency range from 10 KHz to 10 mHz.
The obtained spectrum was presented in Figure 10. For
comparison, the EIS spectrum of MnO, before potential
cycling is overlaid on this figure.

The impedance spectra exhibited the same features, two
capacitive loops and a capacitive branch at the low fre-
quency end. The comparison of these two spectra reveals
an enlargement of the Nyquist diagram indicating an in-
crease in charge transfer and faradaic resistances with
potential cycling. This phenomenon can be probably at-
tributed to the decrease in the active sites of MnO, powder
because of their saturation by ionic and proton diffusions,
or to mechanical failure of the powder during cycling. This
makes the diffusion of protons into the structure of MnO,
too difficult, which engenders a progressive decrease of the
electrochemical reactivity of the MnO, powder in 1 M KOH
by cycling.

The values of G, for the two spectra were found equal to
7.1 and 16.5 uF, respectively, for MnO, as synthesized and
aged by potential cycling. This confirms our previous results
and a greater charge is inserted into aged MnO, in 1 M KOH,
in spite of a progressive decrease of its reactivity as observed
by cyclic voltammetry.

4. CONCLUSIONS
In summary, it has been shown that the synthesis of

nanostructured MnO, powders was successfully realised by
hydrothermal method at different synthesizing tempera-
tures. The influence of temperature on the physical proper-
ties and electrochemical reactivity of these powders in 1 M
KOH was investigated.

It can be concluded from experimental results pre-
sented above that the synthesizing temperature influences

www.acsami.org

both the physical properties like surface area, pore size,
pore size distribution, and the electrochemical reactivity
of these powders. Indeed, the comparison of the electro-
chemical reactivity of these powders in 1 M KOH shows
that the MnO, synthesized at 90 °C, having the largest
BET surface area, presents the highest electrochemical
reactivity in this medium. Therefore, a marked reactivity
of this powder is attributed to its large surface area and
to its crystallographic variety. The XRD pattern reveals
that synthesized MnO, is of y-form, recognized as the
most electrochemical reactive form. Also, the reactivity
of these powders in 1 M KOH follows this order: y-MnO,
> &-MnO, > -MnO,.
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