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Abstract

MnO; was synthesized by the sol-gel method. Two forms of Mim@amely xerogel and ambigel, were prepared by reduction of NaMnO
and KMnQ, with sodium fumarate. The synthesized products were characterized using X-ray diffraction (XRD), Brunauer—Emmet-—Teller
(BET), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and chemical analysis. Electrochemical characterization
was carried out using cyclic voltammetry by a three electrode system consisting of saturated calomel electrode as reference electrod
platinum mesh as a counter electrode, and sol—gel prepared kioOnted on Ti mesh used as working electrode. Aqueous NaCl, KCl,
Na; SO, and LiCl solutions were used as electrolytes. The ambigel form of MiOwed high capacitance compared to that of the xerogel
form of MnO,. Maximum capacitance of 130 F/g was obtained at a scan rate of 5mV/s for the ambigel form gfiMaQ M NacCl
solution. Effect of NaCl concentration on the capacitance of Mw@s studied. Stability of Mn@was studied up to 800 cycles.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction interface between the electrode and the electrolyte. Car-
bon having high surface area of the order of 2560yn

Electrochemical capacitors are charge storage devicesis used as the electrode. Both aqueous and non-aqueous
which have higher energy density than conventional dielec- based solutions are used as electrolytes. The energy storage
tric capacitors and have higher power density than batteriesmechanism is the formation of double layer at the elec-
[1-9]. Electrochemical capacitors fill the gap between bat- trode and electrolyte interface. Specific capacitance of 280
teries and conventional capacitors. Electrochemical capaci-and 120 F/g, respectively, can be achieved in aqueous and
tors are also known as supercapacitors, ultracapacitors, golchon-aqueous electrolytes with maximum voltages of 1 and
capacitors or power capacitors. Electrochemical capacitors3V, respectivel){10]. In psuedocapacitors, transition metal
are used as back-up memory for electronic devices suchoxides are used as electrode material. Transition metal ox-
as VCR circuits, CD players, cameras, computers, clocks,ides can be prepared in high surface area form, exist in
clock radios, telephones, electronic toys, fire/smoke alarmsseveral oxidation states, and some transition metal oxides
and office equipment. Electrochemical capacitors are alsoare conductors. Aqueous based solutions are used as elec-
used in hybrid electric vehicles in combination with batter- trolytes in pseudocapacitors. In pseudocapacitors, Faradiac
ies as they have higher power density than batteries for loadcharge transfer occurs between electrolyte and electrode in
leveling. Electrochemical capacitors in combination with contrast to electrostatic nature of opposite charges in dou-
batteries occupy less space and are light, have excellentble layer capacitors. Capacitance in pseudocapcitors arises
cold weather starting and increased battery life. Other usesdue to the progressive redox reactions between several ox-
of electrochemical capacitors include regenerative breaking,idation states. These redox transitions occur at the surface
unmanned monitoring units, uninterruptible power supplies and bulk of transition metal oxides with the application of
(UPS), and high power lasers. voltage.

Electrochemical capacitors are classified into two types, Specific capacitance value of 720 F/g was obtained us-
electrochemical double layer capacitors (EDLC’s) and ca- ing amorphous ruthenium oxide as electrode in pseudoca-
pacitors based on pseudocapacitance. In electrochemicapacitors at 2 mV/s scan rate in,BO, electrolyte[11,12]
double layer capacitors, the charge is separated across th®uQ,-xH20 is an ideal material suitable as an electrode for

pseudocapacitor. However, hydrous ruthenium oxide is very

expensive. Hence, efforts are made to replace ruthenium ox-

* Corresponding author. Tek:1-205-348-1740; faxs1-205-348-2164. ide by other transition metal oxides as electrodes in elec-
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material for electrochemical capacitors. The advantages of NaMnOs + NasCaHiOs ‘
MnQO- are its low cost and environmental friendly nature.

Several researchers prepared Mni@m different starting
materials for its use as electrode material in electrochem-
ical capacitors. Lee et aJ13] prepared MnQ@ by thermal
decomposition of KMnQ at different temperatures and pro- 2.5M HoSO4
posed non-corrosive KClI as electrolyte. Lee e{hd] pre-
pared MnQ by co-precipitation method involving KMnO MnO, + Mn**
and manganese acetate. Jeong and MantHit&hprepared
MnO, by reduction of KMnQ by aqueous solution of potas- Washing with water

sium borohydride (KBH), sodium dithionide (NgS5;Og)

and sodium hypophosphite (NaPIO,-H»0). In this study, Xerogel o MiOsyH O ————> Ambigel
MnO, was prepared from sol-gel method in two forms as:
xerogel and ambigel. Sol-gel method has several advan-
tages. Metal oxide powders can be prepared in homoge-Fig. 1. Flow chart of preparation of xerogel and ambigel forms of MnO
nous, highly porous form and with particle size in submicron

range. The application of both forms of synthesized MnO o

as potential electrode material for electrochemical capaci- 2-3: Characterization

tors is investigated in this study.

y
MnO; + Mn™ + Mn?* + ‘0,C-COy + Na*+ OH + CO, + H,0 ‘

Room temperature dry Multiple solvent exchange

The products were characterized using X-ray diffractom-
etry (XRD), scanning electron microscopy (SEM), BET,

2. Experimental ICP—ES and thermogravimetric analysis (TGA). XRD was
performed using a Regaku D/MAX-2BX model. Particle
2.1. Preparation of xerogel MnO; size and morphology were analyzed using a Philip XL30

scanning electron microscope. TGA was performed using a

MnO, was prepared from reduction of sodium perman- _Perkin—EImer Pyris_Diamond ma_lchine Wi_th a temperature
ganate (NaMn@) with sodium fumarate (NeCsH,Os) mcremen_t of 10C/min under ambient conditions. TGA was
mixed in the mole ratio of 3:116,17] An aqueous solution used to find the amou.nt of water present and also study the
of sodium fumarate was added drop wise to the aqueous soStructural transformations of MnO Surface area was de-
lution of NaMnQ; while stirring the solution. Stirring was ~ t€rmined by Brunauer—-Emmet-Teller (BET) method using
continued for 1h and the mixture was vacuum degassed® Quanta Chrome, Chembet-3000 model. Initially, the sam-
later for 60 min to remove C9 Vacuum degassing helped ~Ple was degassed for several hours at 3D@nder a flow
in homogenizing the solution. The solution was stirred for Of nitrogen. A mixture of nitrogen and helium were used
24h and 2.5M HSO, was added drop wise with stirring. @S adsorbate gas. Alkali ions present were determined by
The solution is further stirred for 24 h and washed several inductively-coupled plasma emission spectroscopy. The sol-
times with distilled water to remove any soluble products. Vent used for dissolution of Mnowas mixture of HNQ
The product was filtered and dried at room temperature. @1d FO2. The mean oxidation state of Mn was obtained by

The product NaMnO,, ,-nH,0 prepared by this method is chemical titration using ferrous ammonium sulfgl8]. As

termed as xerogel. prepared powder was dissolved in a solution @SBy and
excess ferrous ammonium sulfate, so that all the Mn present
2.2. Preparation of ambigel MnO; would convert to MA*. Excess F& ions were titrated

against KMnQ, which was previously standardized.

The ambigel form of Mn@ was prepared by removing
the water present in the gel by exchanging the water with or- 2.4. Electrode preparation and e ectrochemical
ganic solvents. Initially, water present in the gel was stirred characterization
in acetone for 1 week. Acetone was replaced by cyclohex-
ane and, finally, by hexane. The gel present in hexane was Prepared powders were mixed with 23 wt.% of carbon
dried using vacuum for 12 h. The criteria for solvents ex- black and 9wt.% of PTFE binder. The mixture was pressed
change is solubility and surface tension. The solvent should to make thin sheets using mortar and pestle. The sheets were
be soluble in the previous solvent, and the surface tensionrolled to get an approximate thickness of 100. The elec-
should be lower than the previous one. The dried product is trode material was pressed on to Titanium mesh by means
called ambigelFig. 1 shows the preparation flow chart of of a roller. The weight of electrode material was approxi-
xerogel and ambigel forms of MnOThe ambigel form of mately 10 mg. Cyclic voltammetry was conducted using a
potassium containing manganese oxide was prepared startEG&G potentiostat and galvanostat 273A employing a three
ing from KMnOy and sodium fumarate in the same way as electrode experimental setup. Platinum mesh and saturated
described earlier. calomel electrode were used as the counter and reference
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electrodes, respectively. The electrolytes used in this studyment rates ranging from 20 to°C/min. The ambigel did

were NacCl, KCI, LiCl and NaSO, with varying concen- not show any transformation at any temperature increment

tration. The scan rate of 5mV/s in the range of 0.0-1.0V rate. This indicates that the phase transitions are not limited

was used in every measurement unless otherwise mentionedby the time scale of experiment.

Specific capacitance (F/g) is calculated as the current divided From the combined result of ICP-EC, TGA and chem-

by the scan rate and is normalized to 1 g of active material. ical titrations, the chemical formula of ambigel form of
MnO, prepared from NaMn@as the starting material was
found to be Ng3sMn0202-0.75H0. Xerogel and am-

3. Results and discussion bigel forms of this material have surface areas of 6&m
and 72m/g, respectively, as determined by BET method.

Generally, sol—-gel preparation involves the hydrolysis and Fig- 3 shows the XRD pattern of the ambigel form of
condensation of metal ions. The problem in preparing MnO  N@0.3sMnO2,02-0.75H0, broadening of peaks indicates the
using sol-gel method is lack of a stable Mn(IV) precursor. @morphous nature of ambigélig. 4shows the SEM picture
This can be circumvented by in-situ formation of Mn(lv) ©f ambigel form of Ng3sMn0O202-0.75H0. The particles
via reduction of NaMnQ@with sodium fumarat¢l6]. When  have of different shapes, mostly faceted with an average
NaMnQy is reduced with sodium fumarate, Bthand Mr?+ size of about fum. The chemical formula of the ambigel
ions are formed. Sulfuric acid disproportionate ¥ninto ~ form of MnO, prepared from KMn@ as the starting ma-
Mn*+ and soluble MA" ions. Soluble MA* ions can be  terial was found to be {{32Nap.13MN0O1.92:0.78H,0. The
removed by washing with water. Addition 0bBOy is very presence of sodium in the material was due to the incor-
important step in the preparation of MpQts importance poration of sodium ions from the reducing agent sodium
will be evident from the capacitance measurements. The fumarate present during the gelation.
remaining M ions present in aqueous solution are dried
in two different ways yielding the xerogel and ambigel forms 3-1. Electrochemical characterization
of MnO..

Fig. 2 shows the TGA curves of xerogel and ambigel 3-1.1. Nag3sMnO202:0.75H20
forms of MnG; prepared from NaMn@as the starting ma- Fig. 5a shows the comparison of the cyclic voltam-
terial, in the temperature range of 30-8@which depict ~ Metric curves of the xerogel and ambigel forms of
typical water loss behavior. The xerogel and ambigel showed N@0.3sMn0O2,02-0.75H:0 in 2 M NaCl electrolyte. CV curve
total weight loss of 28 and 20%, respectively, in the given Shows the near ideal rectangular shape without any peaks
temperature range. Both forms lose physically adsorbed wa-Which indicates that charging and discharging took place at
ter in the 30-250C temperature range. The xerogel form @ constant rate over the voltage range of 0.0-1.0V, which is
exhibited a phase transition around 580and another trans- ~ @n indication of capacitative natuf2,20]. Specific capaci-
formation was observed around 8@D. These findings are  tance of 130F/g and 73 F/g were obtained for the ambigel
in agreement with other research resyit3,19] In con-  and xerogel forms, respectively. The xerogel form has a
trast to the xerogel form, the ambigel form of Mp@id not lower capacitance compared to the ambigel form. It is in-
show any phase transformation. In order to understand thisteresting to note that there is not much difference in surface

behavior, TGA was done under different temperature incre- area of the xerogel (63%fg) and the ambigel (72g).
This indicates that the specific capacitance does not depend

on the surface area. Pore size distribution may be a deciding

5 parameter in determining the specific capacitance. Gener-
ally, these materials have three types of pore distributions,
they are micropores, misopores and macropores in the order
of increasing of their pore diameter. Ambigel Ma@re-
pared by sol-gel methods has most of the pore volume in
the range of misopores with pore diameter ranging from 20
to 100 nm[17], while the xerogel has the most pore volume
in the form of micropores with pore diamete20 nm[17].
The ambigel form might have relatively more accessibility
to the electrolyte for surface adsorbtion and intercalation
than xerogel.

Fig. 5bshows the effect of the type of electrolyte on the
-30 T T T T CV curves of the ambigel form of NasMnO» o2-0.75H0.

0 20 0 000 800 1000 The electrolytes used were 2M of NaCl, KCI, LiCl and
1M NapxSOy. Table 1shows the specific capacitance of am-

Fig. 2. TGA curves of xerogel (—) and ambigel (—-) form of Mno  bigel from in different electrolytes. As evident frofig. 5k
which is prepared from NaMnp ambigel form yielded the highest specific capacitance in

KN
o
.

Weight loss (%)
&

-20 4

-25

Temperature (OC)



RN. Reddy, R.G. Reddy/Journal of Power Sources 124 (2003) 330-337 333

Intensity (arbitary units)

0 20 40 60 80 100
20

Fig. 3. XRD pattern of ambigel form of NasMnO;,0,-0.75H0.

2 M NaCl electrolyte. The capacitance arises due to the in-
tercalation of alkali ions into the Mn©structure causing
redox transitions. Since water is a solvent, alkali ions are
surrounded by the water of hydratidrable 2gives the ionic
radius, radius of water of hydration, free energy formation
of water of hydration and conductivity of Li, Na, K ions
[2,21,22] The radius of hydration sphere decreases in the
order: Li* > Na™ > K*. Li* and Na ions have larger
hydration spheres when compared t6 Kn because of the
Li**—H,0%~ and Nd+-H,0O’~ strong interactions. But the
overall radius of water hydration of all ions is of the same
order ranging from 3.3 to 3.8 A. So, size of the hydration
sphere may not be a deciding factor. Potassium ions have dis-
tinctly higher conductivity when compared to sodium ions

Fig. 4. SEM picture of ambigel form of NasMnO2,02-0.75H0. and sodium ion has a higher conductivity than lithium ion.
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Fig. 5. CV curve of: (a) xerogel (——) and ambigel (—) forms of oNeMnO22:0.75H0 in 2M NaCl electrolyte; (b) ambigel form of
Nag.35MNn0202:0.75H,0 in 2M NaCl (---), 1M Na&SO; (---), 2M KCI (----) and 2M LIiCI (—) electrolyte.
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Table 1
Specific capacitance of ambigel form of ;NgMnO;,02-0.75H0 in dif-
ferent electrolytes

R.N. Reddy, R.G. Reddy/Journal of Power Sources 124 (2003) 330-337

Table 2
Crystal radius, radius of hydration sphere, free energy of hydration,
conductivity of alkali ions

Electrolyte Specific capacitance (F/g)
LiCl 59
NaCl 130
NaxSOy 114
KCI 109

The concentration of N&Oy is 1M and rest of the electrolytes concen-
tration is 2 M.

Conductivity decreases in the order k- Na* > Li™, due

to a decrease in the mobility of the ions. Conductivity and
mobility of cations may be the determining factor for behav-
ior in different electrolytes. In the case of LiCl, it is clear
that the Li* ion has a lower conductivity and low mobility
leading to non-capacitative behavior. In the case gf3\a,
when compared to NaCl, the sulfate anion is bigger than
the chloride anion, which reduces the mobility of N&an
yielding lower capacitancfl5]. In case of KCI and NacCl,
the Na" ion yield higher specific capacitance despite the
lower conductivity of the sodium ion. Similar results were
obtained by Jeong and Manthirdib] for MnO, which is
prepared by reduction of KMngby various reducing agents
and they found the highest capacitance in the NaCl elec-
trolyte when compared to the other electrolytes such as KClI,
LiCl and NaSQ;.

Earlier, Lee at al. reported highest the capacitance in 2M
KCl when compared to 2M NaCl and 2 M LiCl for amor-
phous MnQ [13]. They attributed this result to the higher
mobility of K* ion due to its smaller hydration sphere size.
Fig. 6ashows the effect of NaCl solution concentration on
the ambigel form of Ng3sMnO,02:0.75H0. As can be

Alkali Crystal Radius of Gibbs Conductivity

ion radius hydration energy (cm?/S2 mol)
A sphere (A) (kcal/mol)

Lit 0.6 3.82 138.4 38.6

Nat 0.95 3.58 162.3 50.1

K+ 1.33 331 179.9 735

Free energy data is relative totHon hydration; conductivity data cor-
responds to molar ionic conductivity in water solution at’@5

tion. A specific capacitance of 138 F/g was observed in 1M
NacCl electrolyte.

3.2. Capacitance mechanism and role of H,S0,4 addition
in the preparation

In the preparation of manganese oxide3@; is added
for conversion of MA* ions present in solution to M.
Fig. 6bshows CV curve of Mn@ without the treatment of
H2SO4 in 2M KCI electrolyte at a scan rate of 5mV/s in
the voltage range 0£0.2—1.0 V. The material did not show
capacitative behavior and yielded a very low specific capac-
itance of 2 F/g, which indicates capacitance is double layer
in nature. The addition of $¥80, led to an almost 55-fold
increase in specific capacitance to 109 F/g in the same elec-
trolyte and scan rate for the ambigel form. This indicates that
capacitance of the ambigel form of hgMnO, g2-0.75H,0
is of a pseudo-capacitative nature.

3.3. Ambigel form of Ko.32Nag.13MNn0O1 g2-0.78H,0

seen the ambigel form yielded the same capacitance in 2M Fig. 7 shows CV curves of the ambigel forms of

and 1 M NacCl solutions, which indicates that the electrolyte

might have reached its saturated concentration at 1 M solu-

Current, |, mA
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(b)

Nag 35Mn0O2 g2-0.75H0 and Ko.32Nag 13MNn0O1 g2-0.78H0.
There is no significant difference in the CV curves. This
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Fig. 6. CV curves of: (a) ambigel form of NgsMnO;02-0.75H0 in 2M NaCl (--) and 1M NaCl (—) electrolyte; (b) MnQwithout the treatment

of H,SOy in 2M KCI.
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Current, I, mA
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Fig. 7. CV curve of ambigel form of K32Nap13Mn01.92:0.78H0 (——) and Na3sMnO202:0.75H0 (—) in 2M NacCl electrolyte.

indicates that alkali ions present in the Mn@ttice act as insignificant. So, we can conclude that the contribution of
stabilizing agents for the lattic&ig. 8ashows the stability  carbon black is negligible to the total capacitance. Carbon
of the Kg.32Nag.13Mn01.92-0.78H,0 with cycling. Specific black acts as conductive filler for the active material MNO
capacitance with cycling is shown Fig. 8b The capaci- electrode material.

tance starts fading after 200 cycles. Capacity fading can be The following are the reasons for the pseudo-capacitative
attributed to the slow dissolution of the Mn in the form of nature of MnG.

Mn2* into the electrolyte due to the disproportionation of
the Mre* in to Mn*+ and soluble MAT [23,24]

Work is underway to stabilize the MnGstructure by the
partial substitution of Mn with other transition metals. Com-
parison of the specific capacitance of MniD the present
study with other researchers was presentelalnie 3 Fig. 9
shows the CV curve of carbon black in 2 M NaCl electrolyte
at 5mV/s scan rate. The weight of the carbon black present Double layer capacitance will be present in all the mate-
was 10mg. The specific capacitance was 3 F/g, which is rials but its contribution to the total capacitance is minimal.

(1) Addition of sulfuric acid in the preparation of MO
facilitated the increase of specific capacitance by
55-fold.

(2) Non-capacitative behavior of NgsMnO202-0.75H0
in LICl, but the capacitative behavior in the NaCl,
NaxSO, and KCI electrolytes.
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Fig. 8. (a) CV curves of ambigel form of gg2Nap 13MNn0O1.92-0.78H0 in 1 M NaCl at first cycle (- -), 100th cycle (---), 200th cycle(- -), 800th cycle
(—). (b) Specific capacitance vs. number of cycles.
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0.6 0.8 1.0

Fig. 9. CV curve of carbon black in 2M NaCl solution at 5mV/s scan rate.
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Table 3

Comparison of specific capacitance of Mn@ the present study with
the other researchers

Specific Electrolyte ~ Scan rate
capacitance (F/g) (mVI/s)
Present study 138 1M NacCl 5
Jeong and Manthiram 250 2M NacCl 2
[15]
Lee et al.[14] 144 1M KCI 2
Lee et. al.[13] 240 2M KCI 5

4. Conclusions

MnO; is prepared from a sol-gel method in two dif-
ferent forms as: xerogel and ambigel. The ambigel form
of MnO, gave higher capacitance when compared to the
xerogel from which can be attributed to different pore size
distribution present in the two materials. The ambigel form
of MnO, showed the highest capacitance in 2M NacCl
electrolyte compared to other electrolytes such as KClI,
LiCl and NgSOy. Maximum capacitance of 130 F/g was
obtained at a scan rate of 5mV/s for the ambigel form
of Nag35Mn0202-0.75H0 in a 2M NaCl solution. This
phenomenon can be explained easily in the case of LiCl
electrolyte by the conductance and mobility of the lithium
ion. Interestingly, N& ion containing electrolytes NaCl and
NaxSO, yielded higher capacitance than KCI electrolyte.
The ambigel form of Ng3sMnO202-0.75H0 vyielded al-

most the same capacitance in 1 M and 2 M NaCl electrolytes,
this indicates that the saturated concentration is reached at

1M NaCl. The ambigel form of NggsMnO2,02:0.75H0
yielded maximum specific capacitance of 138F/g in 1M
NaCl electrolyte. Fading of capacitance in Mn@ ob-

served after 200 cycles and it can be attributed to the slow
dissolution of Mn in the form of M ions in to the
electrolyte.
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