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ABSTRACT The charge-storage mechanism in manganese dioxide (MnO,)-based electrochemical supercapacitors was investigated
and discussed toward prepared MnO, microstructures. The preparation of a series of MnO, allotropic phases was performed by
following dedicated synthetic routes. The resulting compounds are classified into three groups depending on their crystal structures
based on 1D channels, 2D layers, or 3D interconnected tunnels. The 1D group includes pyrolusite, ramsdellite, cryptomelane, Ni-
doped todorokite (Ni-todorokite), and OMS-5. The 2D and 3D groups are composed of birnessite and spinel, respectively. The prepared
MnO, powders were characterized using X-ray diffraction, scanning electron microscopy, the Brunauer—Emmett—Teller technique,
cyclic voltammetry (CV), and electrochemical impedance spectroscopy. The influence of the MnO, microstructure on the electrochem-
ical performance of MnO,-based electrodes is commented on through the specific surface area and the electronic and ionic
conductivities. It was demonstrated that the charge-storage mechanism in MnO,-based electrodes is mainly faradic rather than
capacitive. The specific capacitance values are found to increase in the following order: pyrolusite (28 F - g~!) < Ni-todorokite <
ramsdellite < cryptomelane < OMS-5 < birnessite < spinel (241 F - g™'). Thus, increasing the cavity size and connectivity results in
the improvement of the electrochemical performance. In contrast with the usual assumption, the electrochemical performance of
MnO,-based electrodes was not dependent on the specific surface area. The electronic conductivity was shown to have a limited
impact as well. However, specific capacitances of MnO, forms were strongly correlated with the corresponding ionic conductivities,
which obviously rely on the microstructure. The CV experiments confirmed the good stability of all MnO, phases during 500 charge/
discharge cycles.
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INTRODUCTION
T lectrochemical supercapacitors are currently exten-

— sively studied as auxiliary energy storage devices to
A be used with rechargeable batteries. Their applica-
tions include electric vehicles, renewable energy, mobile
generator devices, direct-current power systems, and unin-
terruptible power supplies. Numerous materials have been
investigated as possible supercapacitor electrodes in mild
electrolytes including carbon (1), conducting polymers (2),

the general charge/discharge mechanism in MnO,-based
supercapacitors may be described by the following reaction
(8—10):

MnO, + M" + e~ < MnOOM (1)

where M represents hydrated protons (H50™) and/or alkali
cations such as K', Na®, and Li". The general reaction
mechanism implies an adsorption/desorption (a/d) process
of cations at the material surface and/or an insertion/

extraction (i/e) process of cations into the material bulk.

and transition-metal oxides (3). Recently, many studies have
focused on the development of manganese dioxide (MnO,)-
based materials because of their electrochemical behavior,
low cost, and environmental compatibility (4—6). A Mn**/
Mn** redox system involving a single-electron transfer is
responsible for the MnO, pseudocapacitive behavior (6). It
was suggested by Li et al. that the energy storage mechanism
of MnO,-based supercapacitors is generally based on the
accumulation of ionic charges in the double layer at the
electrode/electrolyte interface (7). In aqueous electrolytes,
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According to a very recent study, the i/e process occurs
mostly on crystalline MnO, compounds while the a/d one
takes place on poorly crystalline compounds (11).

When the charge-storage process consists of a complete
reduction of Mn"™ to Mn™ upon reduction, a theoretical
capacitance of 1233 F - g7! is expected for a one-electron
transfer over a potential window of 0.9 V (12). Because the
molecular weight of MnO, depends on the water and cations
content as well as on the Mn™/Mn' ratio in the pristine
material, the expected maximal capacitance value should
fluctuate and, at least, remain close to 1000 F - g™' (12).
However, the experimental values reported in the literature
generally lie between 100 F - g~! for MnO, powders and 700
F - g™! for thin films (4, 10, 13, 14). The limited extracted
capacitance is likely due to MnO, low-electron and limited
ion conductances (15). Additionally, energy extracted from
a MnO, electrode strongly depends on the quality of the

Wwww.acsami.org

Published on Web 04/23/2009



material/current collector interface of the supercapacitor,
especially from the poor charge percolation through the
material toward the current collector and the corrosion of
the current collectors (16). Textural and morphological
effects at the electrolyte/material interface also hinder the
MnO, capacitance when the material bulk presents low
electrolyte accessibility (7, 17). Raymundo-Pinero et al.
demonstrated that the irreversible transformation of man-
ganese oxide (MnO) to Mn*" occurring at high overpotential
may also lead to a capacitance loss with time (17). Many
other parameters may be related to the loss of capacitance
such as the water content, pore size distribution, and mean
manganese oxidation state in the MnO, material (18—20).
By analogy with carbon-based electrostatic double layer
capacitors, researchers generally assume that the capaci-
tance of MnO,-based supercapacitor electrodes becomes
higher when the specific surface area increases and focused
on the commonly used Brunauer—Emmett—Teller (BET)
surface area as the main parameter to the electrochemical
performance (6, 12). On the other hand, MnO; is found to
crystallize both naturally and as synthetic materials in a large
variety of crystal structures, showing 1D, 2D, or 3D arrange-
ments built on MnO4 octahedra assemblies (21). Quite
surprisingly, literature data on the impact of those MnO,
microstructures on the electrochemical performance remain
scarce (6, 12). The scope of the present paper is to investi-
gate the influence of MnO, microstructures on the electro-
chemical performance.

Various allotropic forms of MnO, were synthesized here
following dedicated preparation routes and were tested as
electrode materials in aqueous electrolyte media. Three
structural groups of MnO, were considered depending on
the dimensionality of the MnO, crystal organization: 1D
channels, 2D layers, and 3D interconnected tunnels. The 1D
group was composed here of five MnO, compounds showing
increasing channel sizes in the following order: pyrolusite,
ramsdellite, cryptomelane, Ni-doped todorokite (Ni-todoro-
kite), and octahedral molecular sieves (OMS-5). The question
here to address is about the impact of the channel size on
the electrolyte accessibility into the material bulk as well as
the composite electrode capacitance. Finally, the 2D group
consists of MnO; birnessite, while the 3D one is composed
of MnO, spinel. A comparison of the electrochemical per-
formances over these three groups is expected to highlight
the dimentionality effects.

The aim of this work is to study the relationship between
the charge-storage characteristics of MnO»-based electrodes
and the corresponding microstructures. In order to discrimi-
nate from other parameters known or suspected to impact
the electrochemical performance, the specific surface area
and the electronic and ionic conductivities of MnO, materials
were also measured and commented on. The prepared
MnO, compounds were characterized by the X-ray diffrac-
tion (XRD) technique. The surface morphologies were ob-
served by scanning electron microscopy (SEM). The surface
areas and pore volumes were evaluated by BET measure-
ments. Cyclic voltammetry (CV) experiments were used to
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determine the specific capacitance of MnO,-based elec-
trodes. Another important aspect for an electrode material
to be used in supercapacitors is the electrochemical stability
through repeated charge/discharge cycling. In the present
study, the electrodes were subjected to long-term voltam-
metric cycling. Finally, the electronic and ionic conductivities
of MnO, compounds were determined by the electrochemi-
cal impedance spectroscopy method.

EXPERIMENTAL SECTION

All chemical reagents were analytical grade and were used
as purchased without further purification. Several techniques
have been employed in order to prepare a set of MnO, showing
various microstructures. The synthesis methods are described
below. All aqueous solutions were prepared using deionized
water (18 MQ, obtained from an ELGALabWater deionized
system).

Synthesis of MnO, Birnessite (22). An aqueous solution (A)
was prepared by dissolving 0.04 mol of KMnOy, (99 %, Aldrich)
and 1.2 mol of NaOH (ACS grade, VWR) in 400 mL of water.
Afterward, another aqueous solution (B) was prepared by
dissolving 0.112 mol of MnCl, - 4H,0 (99 %, Aldrich) in 400 mL
of water. Solution B was added dropwise to solution A with
vigorous stirring in an ice bath. The resulting precipitate was
statically aged at room temperature for 1 day and then washed
and dried at 90 °C.

Synthesis of MnO, Cryptomelane (23). The cryptomelane
powder was prepared from the ignition in air of MnO, birnessite
at 400 °C for 60 h.

Synthesis of MnO, Ni-todorokite (24). An aqueous solution
was prepared by dissolving 10 mmol of MnSOy - H,O (99%,
VWR) in 20 mL of water under vigorous stirring. A 30-mL aliquot
of an aqueous solution of 6 M NaOH was added slowly to
produce a tan slurry of Mn(OH),. After stirring for 15 min, a
granular mixture containing 7 mmol of K,S,0s (98 %, Aldrich)
and 1.4 mmol of NiSO, - 6H,O (99.99 %, Aldrich) was added
slowly over 30 min while stirring was maintained. The resulting
slurry of Ni-doped birnessite was filtered and carefully washed.
While still moist, the Ni-doped birnessite was slurried in 200
mL of a 1 M solution of Ni(NOs), - 6H,O (98 %, Merck). The
resulting slurry was stirred overnight in order to produce the
Ni-doped buserite (Ni-buserite), which was isolated by filtration
and carefully washed. Finally, the moist buserite was added to
15 mL of water in a Teflon-lined stainless-steel autoclave and
treated hydrothermally at 160 °C for 24 h. The resulting Ni-
todorokite was filtered, carefully washed, and freeze dried.

Synthesis of MnO, Pyrolusite. The Na-doped birnessite
powder (1 g) was treated with 100 mL of a I M LiCl (99%,
Merck) aqueous solution for 1 day under stirring, in order to
obtain Li-doped birnessite. The ion exchange was repeated
three times to ensure complete exchange of all Na* from Na-
doped birnessite (25). MnO, pyrolusite was obtained by hydro-
thermal treatment of Li-doped birnessite with an aqueous
solution of 0.5 M H,SO, (ACS grade, Aldrich) and 1 M LiCl for 2
days at 150 °C in a Teflon-lined autoclave.

Synthesis of MnO, Ramsdellite (6). Stoichiometric amounts
of MnSO, - H,O and (NH,4)»S,0g (98 %, Aldrich) were dissolved
in 100 mL of water, mixed together in a Teflon-lined autoclave,
and treated hydrothermally at 85 °C for 12 h. The precipitate
was separated, washed, and dried at 70 °C.

Synthesis of MnO, Spinel (12). First, as a MnO, spinel
precursor, LiMn,O4 was prepared as follows: LiNO5 (99 %, Fisher
Scientific) and Mn(NOs), - 2H,O (ACS grade, Fisher Scientific)
(molar ratio 1:2) were dissolved in a mixture of citric acid (ACS
grade, Aldrich) and ethylene glycol (ACS grade, Aldrich) (molar
ratio 1:4). The solution was heated at 90 °C for 30 min, and
the temperature was subsequently increased to 140 °C in order
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FIGURE 1. Crystallographic structures of MnO, pyrolusite (a), ramsdellite (b), cryptomelane (c), Ni-todorokite (d), OMS-5 (e), birnessite (f),

and spinel (g).

to trigger esterification and remove the ethylene glycol excess.
This solution was heated at 180 °C under vacuum, and the
experiment was stopped when a pale-brown powder was
obtained. The resulting powder was annealed at 250 °C in air,
leading to LiMn,O,. Finally, the spinel phase was synthesized
by hydrolyzing LiMn,O, in a 0.5 M HCI (ACS grade, Aldrich)
aqueous solution for 24 h at ambient temperature.

Synthesis of MnO, OMS-5 (22). The birnessite powder (0.5
@) was autoclaved at 180 °C for 2 days with 100 mLof a 0.1 M
NaOH aqueous solution, giving the title compound.

Preparation of the Electrodes. Unless otherwise specified,
the electrodes were composed of 75 wt % MnO, powder, 15
wt % acetylene black (Alfa Aesar, 99.9%), and 10 wt %
poly(tetrafluoroethylene) (PTFE; GoodFellow, 6—9 um) as a
binder. The two first components were mixed together in 5 mL
of acetone before the addition of PTFE (60 wt % dispersion in
ethyl alcohol). The resulting solution was homogenized by
sonification for 15 min, and acetone was evaporated until the
formation of a rubberlike paste, which was roll-pressed into a
200-um-thick film on a flat glass surface. Square pieces of film,
typically of 2 cm? surface area and 30 mg mass, were cut and
pressed at 10 tons for 2 min between two stainless-steel grids
used as current collectors. Before electrochemical characteriza-
tion, the electrodes were dried overnight under vacuum at room
temperature and were subsequently immersed in the electrolyte
solution for 2 h (under vacuum) in order to enhance the
electrolyte diffusion into the material bulk.

Physical and Electrochemical Characterization. The crystal-
lographic characteristics of MnO, powders were investigated by
XRD using a Philips X’Pert diffractometer (Cu Ko, radiation) in
a Bragg—Brentano configuration. The powder morphology of
the samples was imaged with a JEOL scanning electron micro-
scope (JSM-6300F). The BET measurements were performed on
a Micromeritic ASAP 2010 apparatus at 77 K under krypton gas
(99.998 %, Air Liquide). Prior to the measurements, samples
were deaerated and heated overnight at 50 °C under vacuum.
The external surface area, micropore surface area, and pore
volume of the prepared MnO, were estimated by the BET
method following the t-plot model (26, 27). First, micropores
are filled progressively by krypton gas, and the micropore
surface area and pore volume are calculated from the corre-
sponding equations (26). After complete filling, the process of
krypton gas adsorption occurs on an external surface area. The
total specific area is given by the sum of the external and
micropore surface areas.

Electrochemical tests were performed with a BioLogic VMP3
potentiostat operated under EC-Lab V9.46 software. The elec-
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trochemical cell used in a conventional three-electrode system
was composed of a Pt counter electrode, an Ag/AgCI (3 M KCl)
reference electrode, and a composite electrode as a working
electrode. Measurements were done in an aqueous 0.5 M K,SO4
(99 %, Aldrich) electrolyte solution, which was deoxygenated
by bubbling N, gas for 15 min. The specific capacitance C
(F - g7 of a given MnO; electrode was determined according
to the literature (12, 28).

lonic and electronic conductivities of as-prepared MnO,
compounds were evaluated from the resistance values mea-
sured by electrochemical impedance spectroscopy. The MnO,
powder (~20 mg) was pressed at 2 tons for 5 min in order to
form a solid disk of 5 mm diameter. Then, platinum films were
sputtered on each face of the disk, and the sample was placed
in a closed cell. Impedance spectra were recorded ata 100 mV
oscillating voltage using an HP4192A analyzer, and the fre-
quency was varied in the 1 Hz to 13 MHz range with 10
logarithmically spaced frequencies. The as-prepared disk was
first used for the electronic conductivity measurements. Then,
the disk was impregnated by a K,SO, electrolyte solution prior
to the total conductivity measurements. The ionic conductivity
is deduced by the difference between the total and electronic
conductivities.

RESULTS AND DISCUSSION

Crystallographic Microstructures. Crystallographic
structures of the selected MnO, forms are schematized in
Figure 1. MnO, microstructures consist of series of allotropic
forms based on MnO, octahedra building blocks (21). MnOg
units may share their corners, faces, and edges to build
various structures: channeled (1D), layered (2D), or intercon-
nected (3D) tunnels. Depending on the number of MnOg
units in the MnO, unit cell, different sizes of the channel
cavity may be obtained. The tunnel type and size are
indexed in Table 1 for MnO, forms investigated here (6, 22).
The birnessite compound (Figure 1f) was formed from the
following redox reaction between MnO,~ and Mn2" under
basic conditions:

2Mn"t + 3Mn®T — 5Mn*t )

This preparation route results in hydrated layered MnO,
containing sodium ions between the layers (21). These Na™

Ghodbane et al. www.acsami.org



Table 1. Tunnel Size of the MnO, Crystallographic
Forms

crystallographic form tunnel size, A
pyrolusite 1 x1 23 x23
ramsdellite 1 x2 23 x 4.6
cryptomelane 2% 2 4.6 x 4.6
Ni-todorokite 3x3 6.9 x 6.9
OMS-5 4x2 9.2 x 4.6
birnessite interlayer distance 7.0

cations together with H,O molecules are responsible for the
2D structure stability. On the other hand, MnO, pyrolusite
(Figure 1a) was synthesized from lithiated birnessite follow-
ing a hydrothermal method. In this case, the layer sheets
tend to collapse, squeezing out H,O molecules to form a
tunnel-type structure (22). Under acidic conditions, the
interactions between Na* and H,O are weakened by protons
and some of the Mn®* jons are oxidized to Mn**. Thus, few
cations are required for charge balance between the layers,
and small 1 x 1 tunnels are obtained (22). However, under
basic conditions, Na*—H,0 interactions are stronger, and
larger hydrated sodium ions act as structure directors for
larger tunnel sizes. This phenomenon is responsible for
the formation of 2 x 4 tunnels of the OMS-5 compound
(Figure 1e) (22). In the case of Ni-todorokite (Figure 1d), the
large tunnel cavity results from the use of Ni-buserite as the
precursor. This MnO phase presents a higher basal spacing
of 10 A compared to 7 A for Ni-birnessite. This increase is
due to the introduction of a second interlayer of H,O
molecules during the preparation process from birnessite to
buserite. Additionally, Ni* cations retain the layered struc-
ture and improve its stability. The final preparation step,
which is the hydrothermal treatment of Ni-buserite, causes
the layers to collapse into a 3 x 3 tunneled structure (25, 29).
It was demonstrated by Feng et al. that the doping metal
ion remains inserted in the bulk crystal during the transition
from the buserite structure to the todorokite structure (30).
It is also possible to convert a layered structure into a
tunneled one by simple ignition, as demonstrated for the
cryptomelane (Figure 1¢) synthesis. In this case, the pH of
the solution increases after ignition, and some of the potas-
sium ions could be removed by washing with water, result-
ing in the formation of 2 x 2 tunnels. MnO, ramsdellite
(Figure 1b) was synthesized from the oxidation of MnSO,
by (NH4),S,0s (reaction 3), and MnO, spinel, with a final
formula of Lip,Mn,0,4, was prepared by delithiation of
LiMn,O, (reaction 4).

MnSO, + (NH,),S,04 + 2H,0 — MnO, +
(NH,),SO, + 2H,SO, (3)
2LiMn,O, + 3.4HCl — 1.4LiCl + 3Li, ,MnO, +
MnCl, + 1.7H,0 (4)
XRD Characterization. XRD measurements were
used as a qualitative tool for phase identification. Figure 2
shows the XRD patterns (Cu Ka) of all synthesized MnO,

powders. The main peaks of the 2D layered birnessite form
(Figure 2a) can be measured at 20 = 12.2, 24.7, 36.9, and
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FIGURE 2. XRD patterns of MnO, birnessite (a), cryptomelane (b),
pyrolusite (c), ramsdellite (d), Ni-todorokKite (e), spinel (f), and OMS-5
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65.7°, confirming the formation of this MnO, phase (JCPDS
43-1456). The birnessite pattern was indexed to a mono-
clinic type with space group C2/m and unit cell parameters
ofa=5.174A,b=2850A,c=7.336 A, and f =103.18°
(28). The observed broad peaks are characteristic of a poorly
crystallized powder. For cryptomelane (Figure 2b) and py-
rolusite (Figure 2c) powders, both XRD patterns are indexed
in a tetragonal system and are characteristic of pure phases
(31). They consist of well-defined peaks corresponding to a
long-range crystalline order in these compounds (6). Each
peak of cryptomelane compounds (JCPDS 29-1020) is in-
dexed with characteristic reflections, i.e., at 20 angle position
of 12.6,18.2,28.6,37.5, 41.8, and 49.9°. The as-prepared
2 x 2 tunnel-structured MnO; is tetragonal with space group
I14/m and cell parameters a =9.815 A and ¢ = 2.847 A (32).

The formation of MnO, pyrolusite is confirmed by the
presence of the main characteristic peaks at 20 = 28.6, 37 .4,
41, 42.9, 46, 56.6, 59.2, and 65° (JCPDS 01-0799). In this
case, the cell parameters are a = 4.38 A and ¢ = 2.85 A with
space group P42/mnm (6). On the other hand, the broad
peaks obtained for the ramsdellite pattern (Figure 2d) are
similar to those observed by Brousse et al. (12). Their shape
is usually associated with stacking faults such as De Wolff
defaults or microtwinnings in the material structure (33, 34).
Peaks at 20 = 22.3, 34.4, 36.8, 38.7, 42.4, and 56° in the
pattern correspond unambiguously to the ramsdellite form
(JCPDS 39-375). This type of MnO, crystallizes in an ortho-
rhombic system with cell parameters of a = 9.273 A, b =
2.866 A, and ¢ = 4.533 A and space group Pnma (12). It was
concluded that the preparation method led only to the
ramsdellite MnO, type without the formation of any parasite
pyrolusite phase. For the Ni-todorokite powder, the pattern
(Figure 2e) is in good agreement with those reported else-
where for todorokite doped by nickel or other divalent
cations (24, 25, 29). In this case, major peaks are observed
at20=9.4,18.8,28.7,and 37.5° (29). The MnO, todorokite
structure is @ 3 x 3 tunnel structure that belongs to a
monoclinic system with a P2/m space group and unit cell
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parameters of a = 9.757 A, b = 2.842 A, ¢ = 9.560 A, and
B =94.07° (JCPDS 38-0475).

For the spinel form, the diffraction pattern shows well-
defined peaks at 20 = 19.28, 37.28, 38.93, 45.20, 49.57,
58.57, and 65.9°. These values are consistent with those
reported by Devaraj and Munichandraiah (6) and confirm
the formation of the 3D microstructure (JCPDS 44-0992). The
spinel pattern was assigned to a cubic symmetry with a
Fd3m space group, and the lattice constant a is equal to 8.03
A (35). From the XRD pattern of OMS-5, the formation of a
2 x 4 tunnel structure of MnO, by hydrothermal treatments
under basic conditions is confirmed (22, 36, 37). The split-
ting of each reflection into two or more broad peaks suggests
that the powder is a mixture of poorly crystallized micro-
domains with slightly different cell parameters (32). Previous
structural studies on the crystal of OMS-5 show low sym-
metry, large parameters, and a tendency toward the pref-
erential orientation of crystallites, resulting in a complex
X-ray diagram. However, our OMS-5 diagram can be related
to those found in the literature data (37, 38). This MnO,
phase crystallizes in a monoclinic system with a C2/m space
group and cell parameters of a = 14.434 A, b =2.849 A, ¢
=23.976 A, and B = 98.18° (37).

SEM and BET Studies. Surface morphologies of MnO,
powders are imaged in Figure 3. SEM photomicrographs
show that the surface morphology is strongly dependent on
the preparation technique. Concerning the 1D group com-
pounds, the pyrolusite (Figure 3a), ramsdellite (Figure 3b),
and OMS-5 (Figure 3c) phases are characterized by the
formation of nanorods. The pyrolusite surface shows homo-
geneous nanorods of about 50 nm diameter and 300 nm
length. For the ramsdellite surface, spherical particles with
an urchinlike morphology are formed by the assembly of
nanorods. Such a morphology is very similar to that obtained
very recently by Beaudrouet et al. (39) The particle diameters
vary from 3 to 8 um, while the nanorods are about 70—100
nm in diameter and 400—500 nm in length (inset in Figure
3b). For OMS-5, homogeneous nanorods are observed with
a main diameter of 50 nm and a length of 500—700 nm
(Figure 3¢). These morphologies resemble those reported in
the literature (22, 40). The cryptomelane surface (Figure 3d)
shows the formation of nanoparticles of various sizes, while
the Ni-todorokite one (Figure 3e) is characterized by frag-
mented platelets. These morphologies are similar to those
obtained elsewhere (24, 29). For the spinel form (Figure 3g),
the surface is composed of interconnected nanofibers of 10
nm diameter and 200 nm length (inset in Figure 3g).

The surface textural characteristics were evaluated by
BET analyses of krypton gas adsorption data. The specific
surface area, percentage of micropore area, and total pore
volume of as-prepared MnO, powders are indicated in Table
2. The surface area values varied from 19 to 156 m? - g™!
for OMS-5 and spinel forms, respectively. The specific
surface areas were found to increase in the following order:
OMS-5 < cryptomelane < Ni-todorokite < pyrolusite < bir-
nessite < ramsdellite < spinel. It is noticed that, independent
of the MnO, phase, the surface structure is quite sheltered
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by micropores (Table 2). The micropore area represents at
least 50 & 5% of the total area of the cryptomelane,
Ni-todorokite, and pyrolusite surfaces, compared to 63 £5%
of the OMS-5, ramsdellite, and spinel surfaces. The highest
micropore content (82%) and pore volume (0.0045
cm?® - g7!) are found for the birnessite powder. This can be
explained by the large interlayer separation in such a
structure. MnO, spinel also presents a relatively high pore
volume of 0.003 cm® - g7!, which may be assigned to the
3D interconnected tunnels. For the rest of the MnO, set (1D
group), the mean value of the pore volume is about 0.0013
cm’ - gl

Electrochemical Investigations. Cyclic voltamme-
try (CV) curves of MnO, composite electrodes are depicted
in Figure 4. The curves were recorded in an aqueous 0.5 M
K,SO, electrolyte within different potential window ranges.
It should be noted that CV curves shown in Figure 4 are the
fifth recorded cycles corresponding to stabilized electrode
responses to cycling. The curve shapes were invariable
during the whole cycling (even after 500 cycles). The various
curve shapes in Figure 4 demonstrate the electrochemical
response dependence on the MnO, microstructure and
indicate that cooperative charge-storage mechanisms may
exist. In fact, the typical rectangular shape of pseudocapaci-
tive behaviors is observed for the pyrolusite, Ni-todorokite,
ramsdellite, and spinel forms only. For the birnessite, cryp-
tomelane, and OMS-5 compounds, the shapes of the CV
curves exhibit more or less pronounced redox waves. This
behavior suggests that faradic phenomena occur during the
charge-storage mechanism. The presence of redox waves
during the charge/discharge process was already reported
for several MnO,-based electrodes (12, 41). Hu and Tsou
demonstrated that, for amorphous MnO, deposited onto a
graphite substrate, the MnO, pseudocapacitance in aqueous
media is usually generated by the transitions of interfacial
oxycation species at various oxidation states (41). The redox
peaks may reflect the redox transitions of Mn between
different valence states, including Mn*>*/Mn?*, Mn**/Mn°",
and Mn®"/Mn*t (41).

For the as-prepared birnessite sample, anodic and ca-
thodic waves are centered at about 0.68 and 0.5 V (Figure
4a), respectively. They were already assigned to the cation
deintercalation upon oxidation and the cation insertion upon
reduction (12). However, the CV curve of MnO, crypto-
melane shows the presence of two redox waves with a
reversible property centered at about 0.15 and 0.7 V (Figure
4b). This curve shape is similar to that observed for amor-
phous MnO, in an aqueous 0.1 M Na,SO, electrolyte (37).
On the other hand, the CV curve of MnO, OMS-5 exhibits
three reversible redox waves centered at about 0.45, 0.8,
and 0.9 V (Figure 4a). To the best of our knowledge, the
electrochemical investigation of OMS-5-based electrodes is
presented here for the first time. The presence of various
redox peaks on the cryptomelane and OMS-5 curves may
be caused by repetitive i/e processes of protons and K*
cations into the material bulk. In both cases, the i/e process
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FIGURE 3. SEM photomicrographs of MnO, pyrolusite (a), ramsdellite (b), OMS-5 (c), cryptomelane (d), Ni- todorokite (e), birnessite (f), and

spinel (g).
is facilitated by their large cavity sizes compared to other
compounds in the 1D group (Table 1).

For the pyrolusite and ramsdellite forms, their narrow
channels limit the insertion of hydrated protons. Despite the
large 3 x 3 cavity size of Ni-todorokite, the i/e process may

www.acsami.org

be hindered by the presence of hydrated nickel inside the
cavity (vide infra). Thus, the charge-storage mechanism in
the pyrolusite, ramsdellite, and Ni-todorokite forms must be
governed by the al/d process of cations at the material
surface. The rectangular shape of pyrolusite, ramsdellite, and
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Table 2. Surface Textural Characteristics As Derived from Krypton Gas Adsorption Data

total specific external surface micropore surface micropore area pore volume,
MnO, form area, m? - g area, m? - g~! area, m? - g~ percentage,” % cm’ - g!
OMS-5 19 7 12 63 0.0013
cryptomelane 29 16 13 45 0.0016
Ni-todorokite 33 15 18 54 0.0011
pyrolusite 35 17 18 51 0.0016
birnessite 45 9 36 82 0.0045
ramsdellite 85 30 55 65 0.0011
spinel 156 64 92 60 0.003
“The percentage of micropore area was obtained by relating the micropore surface area to the BET specific area.
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FIGURE 4. (a) CV curves (fifth cycle) of different MnO, forms recorded in aqueous 0.5 M K,SO4 at 5 mV - s~ . (b) Enlargement of the CV curves

of pyrolusite, Ni-todorokite, ramsdellite, and cryptomelane phases.

Ni-todorokite CV curves indicates that redox transitions of
MnO, at the electrode surface may not be characterized
electrochemically. Thus, redox peaks observed on OMS-5
and cryptomelane curves are only generated by the ile
process of cations in the material bulk. Such a behavior
differs from the results of Hu and Tsou, and this should be
due to the use of distinct electrode designs (MnO, films vs
MnO, powders) (41).

The specific capacitance values were measured for all
crystallographic forms of prepared MnO, over extended
charge-discharge voltammetric cycling. The resulting C val-
ues are plotted in Figure 5 as a function of the cycle number.
A significant improvement of the capacitance occurs after
150 cycles for the spinel, OMS-5, and Ni-todorokite com-
posite electrodes. A similar behavior was reported in previ-
ous studies on MnO, powders and thin films (10, 32). The
gain in the electrochemical performance was said to relate
to an increase in the density and grain size of the material
upon cycling (10). In the present case, the ile process of
cations during the cycling may be responsible for the
capacitance improvement for spinel and OMS-5 types. On
the other hand, a regular decay is observed for cryptomelane
capacitance, while the ramsdellite one oscillates upon cy-
cling around an average value. The capacitance values of
birnessite and pyrolusite powders remain constant during
the entire cycling experiment. It is concluded that as-
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prepared powders present excellent overall long-term stabil-
ity. Similar behaviors were also observed during long-term
galvanic cycling of MnO, composite electrodes (data not
shown). These results reflect that the charge-discharge
process does not induce significant microstructural modifi-
cations of the electrode or any dissolution of MnO, by the
electrolyte. Such electrode characteristics are quite encour-
aging for further technological applications.

The capacitance of each MnO, type was estimated from
the “steady-state” value reached after several voltammetric
cycles. C values were found to increase in the following
order: pyrolusite (28 F - g7!) < Ni-todorokite (42 F - g7!) <
ramsdellite (87 F - g7!) <cryptomelane (125F - g7!) < OMS-5
(217 F - g7) < birnessite (225 F - ¢7') < spinel (241 F - g7').
Regarding microstructures, the 3D compound shows the
highest specific capacitance followed by the 2D one and,
finally, the 1D group exhibits the poorest electrochemical
performance. The highest C value attributed to the spinel
form may be explained by its interconnected tunnels ar-
rangement, which exhibits a more opened structure. Such
an opened structure improves the cations diffusion through
the MnO, microstructure (12). MnO, spinel is also character-
ized by a large pore volume (Table 2), which facilitates the
intercalation of protons and K' cations into the material
bulk. For the birnessite type, the high value of capacitance
was anticipated because of its large interlayer distance (Table
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FIGURE 5. Variation of the specific capacitance of the different MnO, electrodes during 500 cycles. The specific capacitance is estimated from

the CV curves recorded in 0.5 M K,SO, at 5 mV - s 1.
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FIGURE 6. Crystallographic structure of MnO, Mg-todorokite. The
distances between the oxygen atoms of MnO, octahedra and those
from H,O in the hydration shell of Mg>" inside the cavity are given.
These distances correspond to strong (<2.6 A) or mean hydrogen
bonds (>2.6 A).

1) and important pore volume (Table 2), both enhancing
proton and cation intercalations into the 2D layer structure
(42). Concerning the 1D group, the capacitance values may
be related to the dimensions of the tunnel cavities. In fact,
except for Ni-todorokite, the capacitance increases with an
increase in the channel size. The lowest C value obtained
for MnO, pyrolusite is due to the narrow 1 x 1 size tunnel
(Table 1), which prevents the insertion of solvated K* cations
(sizes are 2.30 vs 3.31 A for K in the hydration shell and 1
x 1 pyrolusite cavities, respectively) (43). In the case of Ni-
todorokite, it is assumed that solvated nickel ions are
enclosed inside the cavities rather than nickel atoms ran-
domly replacing manganeses in MnO, walls (29). This fact
is confirmed by the crystallographic structure of MnO Mg-
doped todorokite (Mg-todorokite; Figure 6) recently inves-
tigated by Post et al. (44). Because the effective ionic radii
of Ni** and Mg*" are very close, i.e., respectively 0.86 and
0.83 A (45), we can assume that the microstructural char-
acteristics of Ni-todorokite are similar to those of Mg-
todorokite. The crystal structure of Mg-todorokite demon-

www.acsami.org
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Table 3. Electronic and Ionic Conductivities of
As-Prepared MnO, Forms

crystallographic electronic conductivity, ionic conductivity,

form S-cm™! S-cm™!
pyrolusite 107 0.004
ramsdellite 0.003 0.008
cryptomelane 0.009 0.01
Ni-todorokite 8 x 107° 0.005
OMS-5 38 x 107° 0.02
birnessite 58 x 1077 0.015
spinel 28 x 107* 0.017

strates the presence of very short and strong hydrogen
bonds (2.4—2.6 A in length) inside the channel between the
oxygen atoms, present at the surface of the cavity walls, and
the oxygen atoms of the magnesium hydration shell. These
hydrogen bonds ensure the remarkable stability of hydrated
cations inside the cavity and hinder the ionic diffusion of the
electrolyte through the tunnels. This behavior may explain
the low capacitance value obtained for Ni-todorokite.

The values of electronic and ionic conductivities are
reported in Table 3. Electronic conductivity values range
through 4 orders of magnitude from 5 x 1077 t0 3 x 1072
S-cm™! and remain characteristic of poorly conductive
materials. It is noteworthy that there is no obvious correla-
tion between the electronic conductivity and the MnO,
microstructure. Electronic conductivity is usually presented
as a critical parameter for the electrochemical storage mech-
anism, especially through the capability of the material to
percolate generated/needed charges. In the present cases,
measured electronic conductivities are presumed to impact
the electrochemical performance but the corresponding
resistivities are so high in the series that no correlation is
observed with the capacitance values. In contrast, the ionic
conductivity values increase from 0.004 to 0.02 S - cm™!
with the channel size and structure dimensionality from 1D
to 3D. It makes sense that ion diffusion is facilitated in larger
channels or in more opened structures. The specific capaci-
tance, ionic conductivity, and BET surface area values for
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FIGURE 7. Relative values of the specific capacitance, ionic conduc-
tivity, and BET surface area of as-prepared MnO, forms.

the whole series of prepared materials are plotted together
in Figure 7. The data clearly show that the specific capaci-
tance measured for each MnO, phase does not follow the
trend of the BET surface area. In fact, the OMS-5 phase
simultaneously exhibits one of the highest capaci-
tance values and the lowest surface area, in the series, while
the ramsdellite one exhibits a poor electrochemical perfor-
mance together with a relatively high surface area. The
strong dependence of the capacitance with the BET surface
area is generally expected for capacitive material, i.e., when
the capacitance is due to double-layer charging or adsorption
of cations at the MnO, surface (6). In contrast, for materials
showing faradic behavior, the electrolyte accessibility through
the material bulk affects the charge-storage process, and a
dependence of the capacitance on the BET surface area is
not anticipated. This observation has been recently reported
by Brousse et al. (12) for both crystallized and amorphous
MnO; powders, confirming that the charge-storage mecha-
nism in MnO, materials is mainly faradic.

Regarding the set of 1D MnO, structures investigated
here, neither the micropore surface areas nor the total
specific areas are related to the channel size (Table 2). This
may be due to an underestimation of the micropore surface
area by the BET technique because the channel sizes of
MnO, pyrolusite and ramsdellite are relatively too narrow
for krypton gas adsorption (4.04 A in diameter) (46). More-
over, ionic species from salts used for the preparation of
MnO, powders and stabilization of the structure frameworks
may partially block the access inside the pores at the “dry
state” and, consequently, hinder the krypton accessibility.
Measured ionic conductivities presently correlate with those
of the specific capacitance, confirming that the electrochemi-
cal performance of MnO,-based electrodes is governed by
the electrolyte accessibility and diffusion through the mate-
rial bulk rather than the measured surface area. The ionic
conductivity associated with the MnO, microstructure mostly
impacts the charge transfer at the electrolyte/MnO, interface
during redox processes involving Mn™* cations and respon-
sible for the charge-storage mechanisms in prepared MnO,
materials. For the set of MnO, materials investigated here,
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the specific capacitance value may be mostly related to the
ionic conductivity. However, the BET surface area is antici-
pated to play some role in the improvement of the electro-
chemical performance because a large surface area is obvi-
ously favorable to the wettability of the material by the
electrolyte. To illustrate this point, OMS-5 shows the highest
conductivity value while both birnessite and spinel have
lower conductivities but higher capacitances. On the other
hand, the surface area of OMS-5 is very limited and lower
than those of birnessite and spinel. Thus, the electrochemical
performance of OMS-5, attributed to its high cavity size and
ionic conductivity, is hindered by the limited access and
wettability of its small surface area by the electrolyte. In the
same way, the slightly lower ionic conductivities of both
birnessite and spinel phases than the OMS-5 one may be
compensated for by their relatively higher surface areas.
Therefore, it could be suggested that the capacitance value
reflects the ionic conductivity of MnO, balanced by the
developed surface area.

CONCLUSIONS
Various MnO, forms were investigated as potential posi-

tive electrode materials for electrochemical capacitors in an
aqueous electrolyte medium (0.5 M K,SO,4). The surface
morphology of as-prepared MnO, powders strongly depends
on the preparation technique. The electrochemical experi-
ments demonstrate that the crystallographic form of MnO,
influences the electrochemical performance. Regarding the
specific capacitance evolution, the 3D microstructure of the
spinel form shows the highest value, followed by the 2D
layer form, i.e., the birnessite sample. For the 1D tunnel
group, the larger the cavity, the larger the measured capac-
ity. However, the Ni-todorokite compound exhibits a poor
electrochemical performance despite its large 3 x 3 channel
size. This is due to the high stability of solvated Ni ions inside
the channel cavity that hinder the ionic diffusion through the
cage. On the other hand, the long-term voltammetric cycling
confirms the suitable electrochemical stability of prepared
MnO, based electrodes.

By comparison of the BET surface area and electrochemi-
cal results, it is clear that the specific surface area has a
limited impact on the capacitance of MnO,-based electrodes.
The charge-storage process is poorly related to surface
mechanisms or double-layer charging processes. The ca-
pacitive contribution is low and should certainly be ne-
glected. Charge storage in prepared MnO, materials is
mainly faradic. The material bulk mostly contributes to the
electrochemical performance, and the crystallographic mi-
crostructure leads the i/e process of protons and alkali
cations. The specific capacitance correlates with the ionic
conductivity of the MnO, powder, which is obviously related
to the microstructure.
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