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Abstract

Non-substituted y-MnO, and y-Mn; _,A,0,_s (A = Co, Al) compounds synthesized by the electrochemical-hydrothermal route have been studied
as active electrode materials for aqueous electrochemical supercapacitors. Advantage of the Mn to Co or Al substitution was taken in order to
increase the surface area of y-Mn,_,A,O,_; materials, thus leading to enhanced supercapacitive behavior. The effect of the surface area on the
specific capacitance value and its origin, i.e. double layer or faradic, is discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Many transition metal oxides have been shown to be
excellent electrode materials for supercapacitors. In these com-
pounds, the charge storage mechanism is primarily based on
pseudocapacitance [1]. Amorphous hydrated ruthenium oxide,
RuO», for example, delivers a high capacity up to 700F g~!
and an excellent cyclability. But RuO;-based capacitors are too
expensive to be commercially attractive [2].

Due to their low cost, low toxicity and environmentally
friendly character, MnO; materials are very promising candi-
dates as electrode materials in supercapacitors. Several studies
have been carried out on amorphous or nanocrystallized MnO,
compounds obtained by the sol—gel route [3], or coprecipitation
[4] or electrodeposition [5]. These compounds show high
specific capacitance varying between 100 F g~! and 300F g~!
and a good cyclability. Most of the efforts aimed at the synthesis
of so-called amorphous materials (a-MnQO3), due to their large
surface area and high capacitance, while crystallized MnO;
materials have been less extensively studied. Despite this major
interest for a-MnO,, Lee et al. [6] have shown that crystalline
lamellar potassium manganese dioxides are excellent electrode
materials for electrochemical capacitor. y-MnO, compounds,

* Corresponding author. Tel.: +33 2 40 37 39 12; fax: +33 2 40 37 39 95.
E-mail address: dominique.guyomard @cnrs-imn.fr (D. Guyomard).

0378-7753/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2006.10.060

synthesized by different methods (electrochemically: electro-
chemical manganese dioxide (EMD); chemically: chemical
manganese dioxide (CMD)) have been largely studied as posi-
tive electrodes in alkaline Zn/MnO; cells [7], or as intercalation
electrodes for lithium batteries [8]. We have employed the
technique of electrochemical-hydrothermal synthesis in order
to prepare new or modified manganese dioxides with different
surface areas. We have obtained non-substituted y-MnO, and
substituted y-Mn;_yA,O; s (A=Al, Co) materials character-
ized by various morphologies and high surface area [9-11].
According to our knowledge, the supercapacitive behavior
of these crystallized non-substituted and substituted y-MnO»
materials has never been studied before.

We report here for the first time the supercapacitive
performance in a neutral aqueous electrolyte of crystallized non-
substituted and substituted y-MnO; materials. The influence of
their physico-chemical and morphological characteristics on the
measured specific capacitance is studied. The origin of the spe-
cific capacitance, i.e. double layer or faradic, is discussed, as
well.

2. Experimental

The syntheses were performed in a stainless steel autoclave
equipped with outlets connecting the working (Au plate, of ca.
28 cm?), counter (vitreous carbon plates, of ca. 28 cm?) and
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Ag*/Ag reference electrodes to a potentiostat (Mac Pile, Claix,
France) used in galvanostatic mode with an oxidation current.
The synthesis solution was prepared by dissolution of MnSOg4
(0.3 M) in distilled water. The substituant cation, Co or Al, was
added to the initial solution as a soluble salt, CoSO4 (0.3 M)
or Alp(SO4)3 (0.3 M), respectively. To determine the effect of
synthesis conditions on the structure, we have varied the tem-
perature between 80 °C and 140 °C, and the pH between 0 and 7
for CoSOy4-based solutions and between 0 and 3 for Aly(SO4)3-
based solutions. A constant anodic current (between /=10mA
and 1 A) was applied to the synthesis solutions. After the synthe-
sis, the solid was removed from the electrode, rinsed thoroughly
with distilled water and dried for 2 h at 75 °C. The morphology
of the deposits was studied using a JEOL JSM 6400 F scanning
electron microscope (SEM) operating at 7 keV.

Before the physico-chemical characterizations and studies
of the supercapacitor behavior, the deposits were manually
ground in a mortar for a few minutes. X-ray diffraction (XRD)
patterns (Cu Ka radiation) were obtained using a Siemens
D5000 Bragg—Brentano (6—26 configuration) diffractometer for
the 26 range 10-75°. Chemical compositions were determined
by atomic absorption spectroscopy with inductively coupled
plasma (AAS/ICP analysis), by energy dispersive X-ray anal-
ysis (EDX) in a scanning electron microscope and confirmed
at the nanocrystal scale using a CM30 transmission electron
microscope (TEM) operating at 300 kV. Measurements of spe-
cific surface area were carried out with the Brauner, Emmett
and Teller (BET) method using a Micromeritics 2010 apparatus
(with N, as adsorbing gas).

The composite electrodes were prepared by mixing 70 wt.%
of active material powder, 12 wt.% of acetylene black, 12 wt.%
of graphite and 6 wt.% of dried powder poly(tetrafluoroethylene)
(PTFE), in ethanol. Cold rolling of the obtained paste resulted
in a film (100-200 pm thick), which was first dried for 1h
at 60°C and then cut in pieces of 5mm x 5mm and pressed
at 9tcm™2 on a stainless steel mesh. A platinum plate was
used as the counter electrode and Ag*/Ag as the reference
electrode. Electrochemical measurements were performed in a
conventional three-electrode cell ina 0.1 M K>SOy neutral aque-
ous electrolyte using a VMP system in potentiodynamic mode
(2mV s~!) within the voltage range —0.05 V to +0.85 V versus
Ag*/Ag. Specific capacitances were determined by dividing the
integrated voltammetric charge by the potential window.

3. Results and discussion
3.1. Synthesis

The oxidation of Mn?* forming a-MnQ, deposit on the work-
ing electrode can be written as follows:

Mn?t 4+2H,0 — MnO; +4H" +2e~

The electrosynthesis of vy-Mnj_,Co,O;_s5 compounds
involves the same basic reaction, with the simultaneous oxi-
dation of dissolved Co** cations to Co' species [10], which are
homogeneously incorporated into the MnO; structure. In the

Table 1

Specific capacitance obtained in cyclic voltammetry 2mVs~!, —0.05V
to +0.85V vs. Ag*/Ag) for non-substituted y-MnO, and substituted
¥-Mn;_yA;0;_s (A =Co, Al) compounds

Notation SgeT (M2 g—l) C(F g—l)
v-MnO; 17 24
v¥-MnO; 8 5
v-MnO; 16 11
v-MnO, 35 19
¥-Mng 9§C00.0201.99 26 26
¥-Mng 97C00,0301.99 14 16
¥-Mng.97C00.0301.99 22 12
¥-Mng 97C00,0301.99 15 34
¥-Mng.97C00.0301.99 26 21
¥-Mng 96Al0.0401.98 70 45
¥-Mng 94 Al.0601.97 125 64
¥-Mng 89Alo.1101.95 184 68

The contribution of acetylene black to the specific capacitance has been deduced.
Results of surface area measurements are given as well.

case of y-Mn;_,Al;,O, s compounds, AT species are homo-
geneously incorporated into the structure.

To keep a good homogeneity in composition and structure,
the synthesis was stopped when about 600 mg of deposit were
obtained. For all syntheses, the faradic yield was 100%.

3.2. Structural, physico-chemical and morphological
characterizations

The results of EDS and AAS/ICP analyses for Co- and
Al-substituted y-MnO, materials are listed in Table 1, and
summarized here. For compounds synthesized in presence of
CoS0y in the solution, the cobalt content is homogeneous and
equal to 3%. With Al>(SO4)3 in the synthesis solution, it was
observed [11] that the aluminum content increases with both
pH and temperature. These results were confirmed by EDX
analysis at the nanocrystal scale using a TEM.

XRD patterns of the prepared samples correspond to
well crystallized single phase y-MnO;, as shown in Fig. 1.
Y¥-Mn_,Co,0,_s5 compounds display patterns very close

J\ 1-Mn, Al O, ,
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26(°)

Fig. 1. From the bottom to the top, XRD patterns of a well crystallized single
phase y-MnO; and of a highly disordered substituted y-Mn;_,Al;O,_35.
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Fig. 2. SEM photographs of: (a) a y-MnO; compound and (b) +y-
Mng g9Alp.1101.95 compound synthesized at 92 °C, pH 3, and with an applied
current /=50 mA.

(not shown) to that of y-MnOj, showing that they have
similar amounts of structural defects [10]. XRD patterns of
Y-Mn;_,Al,O2_s compounds are characteristic of highly
disordered y-MnO5.

Results of surface area measurements (see Table 1) have
shown that the surface area of Co- and Al-substituted materi-
als is higher than that of non-substituted compounds synthesized
under the same conditions. Note that for y-Mn; _;Al,O;_ s mate-
rials, an increase in the aluminum content leads to an increase
in the surface area value.

Several different morphologies were observed for y-MnO»
[12] and y-Mn;_yA,O5_5 (A=Co, Al) [13] materials. Fig. 2
illustrates the effect of the presence of Al'l on the surface
morphology of deposits synthesized under the same condi-
tions (temperature, pH, current density). The surface of the
non-substituted sample (Fig. 2a) is made up of bundles of indi-
vidual needles, having a section of 100 nm, while the surface
of Al-substituted deposit (Fig. 2b) consists of “interconnected
nanowires” having a section of ca. 10nm. Note that shifting
from non-substituted to Al-substituted MnO, materials leads to
a drastic increase in the surface area.

3.3. Electrochemical supercapacitance behavior

Fig. 3 shows typical cyclic voltammograms for
Y-Mni_yA,02_5 (A=Co, Al) compounds characterized
by nearly the same substituant content, measured in aque-
ous K»SO4 electrolyte. The shape of the voltammogram
is rectangular and symmetric versus the zero current line,
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Fig. 3. Cyclic voltamograms in 0.1M K;SO4 at 2mV s7! of
v-Mng 96Alp 040198 and y-Mng 97C00,0301.99 in the voltage range —0.05 V to
+0.85V vs. Agt/Ag.

which is characteristic of capacitive behavior [14]. For
v-Mng 97C00.0301.99 and y-MnggsAlg 040198 compounds,
the specific capacitance computed from the data of Fig. 3 is
26+5Fg~! and 45+ 5Fg~!, respectively. The measured spe-
cific capacitance for all studied materials is reported in Table 1.
These values are lower than those reported in the literature for
crystalline MnO; samples for which it seems that both the struc-
ture and the microstructure are of importance to increase the
capacitance. 2D tunnel structures such as 3-MnQO, (birnessite)
present high capacitance values [6]. However, in the case of
our samples, y-MnO, present a 1D tunnel structure with small
tunnel size, which is not suitable for fast cation intercalation in
aqueous electrolyte. Subsequently, it is believed that the struc-
ture of y-MnO, does not provide a huge additional capacitance
to the surface effect, which leads to poor capacitance values.
The effect of cycling rate on the specific capacity of a
v¥-Mn;_yAl;,0,_s5 composite electrode, a thin film of MnO;
[15] and an activated carbon is presented Fig. 4. The shape of
this curve shows a drastic decrease in the specific capacity as
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Fig. 4. Evolution of the specific capacity as a function of the scan rate for
¥-Mng 94Al0601.97 compound, a thin film of MnO, [15] and an activated
carbon.
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Fig. 5. Variation of the specific capacitance as a function of cycle number for
¥-Mng.97C00,0301.99 compound measured in cyclic voltammetry at 9 mV s7!
within a potential window of —0.05V to +0.85 V (vs. Ag*/Ag).

a function of the scan rate for y-Mng.94Alg 060O1.97 material,
while for an activated carbon, which is characterized by a pure
capacitive behavior, the specific capacity remains constant. For
the thin film of MnO», the capacity decay is less important than
in the case of y-Mng94Alg 601,97 material. At low cycling
rate, the specific capacity of Al-substituted compound is of
ca. 53Cg~!, and corresponds to the sum of double layer and
faradic contributions. At high cycling rate, the specific capacity
is low and corresponds to the double layer capacity of materials.

Fig. 5 shows the long-term stability upon cycling of
v-Mng 97C00.0301.99 electrode at a rate of 9mV s~!. The spe-
cific capacitance remains stable over 600 cycles. Thus, there
is no structural modification occurring during the successive
charges and discharges, which is in accordance with previous
results on MnO; compounds [16]. The long-term stability of the
Y¥-Mn;_,Co,0;_s composite electrode is a crucial parameter for
supercapacitor devices.

The evolution of the specific capacitance as a function of the
surface area is presented in Fig. 6. Increasing the surface area
leads to an increase in specific capacitance. Knowing that the

100 ——
S 8o -
[y L i
3 : +-Mn, _:J:u,,ohs . 1
S‘E 80 - ‘t.—‘
= L ot
8 4ol = Rt ]
k2] ?T"X'"Lycoyom .,‘-" Double layer |
S I R ~ 30 pFlem? ]
8. I .A -"“ 1
» 20 "a o 4
L & L 4
| me et i
L ‘ -Mn 4

0 L xT; |02| 1 I WO TR T L
0 50 100 150 200

Surface area (m?g)

Fig. 6. Variation of the specific capacitance as a function of the surface area
determined from cyclic voltammetry at a sweep rate of 2mVs~! in aqueous
K>SOy (0.1 M).

presence of substituant cation induces a significative increase
in the surface area, the substituted y-MnO, materials deliver
higher specific capacitance than that of non-substituted ones.
The doted line represents the evolution of the double layer capac-
itance as a function of the surface area [1]. Globally, the specific
capacitance of studied materials is higher than that for a dou-
ble layer capacitance. This result suggests that some faradic
process also contribute to the capacitance [16]. Note that the
specific capacitance does not evolve linearly with the surface
area. For materials having a surface area inferior or equal to
40m? g~!, the specific capacitance follows a slope close to
90 wFcm™2, while that of compounds having a surface area
superior to 40m? g~! follows a slope inferior to 90 wFcm™2
and decreasing with the surface area. This different behav-
ior could be explained by differences in microstructure, as
observed by SEM for y-Mn; _,Al,O;_s, which show higher sur-
face area values, and thus probably by differences in the pore size
distribution.

4. Conclusion

Non-substituted y-MnO; and y-Mnj_,A,;0,_5 (A=Co, Al)
compounds synthesized by the electrochemical-hydrothermal
route have been studied as electrode material for electro-
chemical supercapacitors. These materials show an interesting
pseudocapacitance behavior in aqueous K;SOs electrolyte.
Globally, the substituted y-MnO, materials deliver a higher
specific capacitance than non-substituted compounds, consis-
tent with the beneficial effect of substitution on the surface
area. The capacitance was shown to increase with an increase
in the surface area. The capacitive processes are correlated
to the surface area of y-MnO; compounds. For all the stud-
ied compounds, the specific capacitance is higher than that
for a double layer capacitance, suggesting that pseudo-faradic
process also contributes to the capacitance. The surface area
does not seem to be the unique parameter that can influence
pseudo-faradic behavior in y-MnQO;. The microstructure and
the pore size distribution are also major parameters in some
cases [17]. This point will be investigated in a forthcoming
study.
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