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Abstract in English

Electric energy storage devices, such as lithium ion rechargeable batteries and electrochemical
capacitors, are used in various equipments. They are going to be used more in various systems, for
examples, electric vehicles, but for these applications better performances, such as higher power density
and better rate characteristics, are strongly required. In the present thesis, new materials for these electric
energy storage devices were investigated.

For two materials, manganese vanadate and carbon-coated metallic tin, their synthesis procedufes
were established by referring to their characteristics in structure and performance for the anode of lithium
ion rechargeable batteries.

Manganese vanadate MnV,0g is one of the candidates for anode materials of lithium ion rechargeable
batteries, which might be possible to replace graphite (Chapter 2). Crystalline powders of anhydrous
MnV,04 were successfully synthesized at a temperature below 200 °C under autogenous hydrothermal
condition and by coprecipitation method. MnV,0¢ powders, which were synthesized using a high
concentration solutions, more than 0.1 mol/L, gave relatively high reversible capacity as 600 mAh/g and
interesting cyclic performance, reversible capacity increasing to more than initial charge capacity after 3rd
or 4th cycle of charge-discharge. The powders showing this interesting performance were characterized
by strong 110 diffraction peak relative to other peaks and by thin rod-like morphology. The Oxidation
state of anhydrous MnV,0s synthesized was investigated by different techniques, such as XPS, XAFS,
TEM, etc.

Carbon-coated metallic tin powders were prepared through the heat treatment of the powder mixtures
of poly(vinyl alcohol) (PVA) as a carbon precursor, SnO, as a Sn precursor and MgO in different mass
ratios in N, gas flow (Chapter 3). SnO, was reduced to metal, which wetted with the surface of MgO
particles and so could not flow to coagulate. After carbonization of PVA, MgO was dissolved out using 1
M HCI. The carbon-coated Sn powders was found to give a high capacity as 500 mAh/g and a stable
cyclic performance as an anode of lithiurﬁ ion rechargeable batteries, though they showed relatively large
irreversible capacity at the first cycle of charge-discharge. The reasons for this good performance for the
anode of lithium ion rechargeable batteries were a small particle size of Sn, which was possible by the
existence of MgO particles during carbonization process, the inhibition of coagulation of small Sn particles
during charge-discharge cycles because they are coated by carbon, and the existence of spaces neighboring
to Sn metal particle in carbon shells, which could absorb a large volume expansion of Sn particle due to Li
alloying during charging.

Two materials, mesoporous carbons and carbon-coated metal carbides, were developed for the

electrode of electrochemical capacitors for electric energy storage, by establishing the synthesis procedures



and measuring their structural and electrochemical characteristics.

Electric double layer formation on large surface area of activated carbons has been employed for
capacitors. In the present work, novel process for the synthesis of porous carbons, rich in mesopores,
from thermoplastic precursors was newly developed (Chapter 4). BET surface area of the carbons
synthesized through this process reached to 2000 m*/g, even though no activation process was employed.
The mixtures of MgO precursor (MgO, magnesium acetate and magnesium citrate) and thermoplastic
carbon precursor (PVA, poly(ethylene terephtarate) PET and hydroxyl propyl cellulose HPC) were
carbonized at 700-1000 °C in inert atmosphere. After carbonization, carbon was isolated by dissolution
of MgO formed from its precursors using diluted acid. MgO particles formed from magnesium acetate
and citrate we.re very fine and left a large amount of mesopores with a sharp distribution in size of around
10 and 5 nm, respectively. The mesoporous carbons synthesized gave relatively high capacity, as about
300 F/g, and excellent rate characteristics in 1 M H,SO, electrolyte. Mesopores in the electrode carbons
were shown to have an important role for their rate performance.

The mixtures of HPC with K,WO, and K;MoO, were found to give carbon-coated tungsten carbide
WC and molybdenum carbide Mo,C after heat treatment at 1000 and 850 °C, respectively (Chapter 5).
Cyclic voltammogram for these carbon-coated metal carbides showed a clear box-shaped curve even in the
first cycle, which was known to be characteristic for electric double layer capacitor, no redox peak being
observed. The capacity was about 210 F/g, which suggested the overlap of redox capacity due to either
tungsten or molybdenum hydroxide, which was formed during the first cycle of charge-discharge, to the
capacity due to the formation of electric double layers on porous carbons. Carbon coating kept carbide
particles small, as 30 to 100 nm, which made the transformation of carbides to hydroxides possible in the
first charge-discharge cycle, and inhibited the coagulation of metal hydroxide particles during cycles of
charge-discharge. Carbon-coated metal carbides thus prepared have very high capacitance based on the
volume of electrode film, 500 ~ 700 F/cm®, which is much higher than about 140 F/ecm® for carbon
electrode.

In the present thesis, MnV,0¢ and carbon-coated Sn fine particles were developed for anode
materials of lithium ion rechargeable batteries, and also mesoporous carbons and carbon-coated WC and
Mo,C were developed for electrode materials of electrochemical capacitors. These materials showed
either larger electric energy storage and/or better charge-discharge performance than the conventional
materials. These materials are believed to contribute the future development of electric energy storage
devices. The process for the preparation of porous carbons from thermoplastic precursors is expected to

be developed as a novel process for the production of activated carbons.



Abstract in Japanese

BETNA AL, NEFHEESRICRS THRA RERE LT, FEIEFICE L, FRRARSUWEN
BRAIKEENTWD, ZOLIRHPT, VF VLS A ZREMIZIE, BAE, BFEM. @2hREn
SRR B, BIROBFR, WEITIEFICEERREL LTIY ELFbhTngd, £z, ZREMRIC
AT, BRALFEF ¥ SV 2 PULFERRL A& s, BFEl. V— MrEOWR e L2358 <
ROOENTND, WTHDT A Rk LTHENATEEOBREDR 2N TV DIH, REBRIZE
DOIRDERERDMBIDBIRELRNVE NI FEERNH D, TUTiE, TENRBERL=Z M, ek
A7 EVBNSRIENGEIET 5 & BKE L, 2 TRBIE T, BB X 0 fi{E Thoms
HORMNERITEERRE L, TNOLT A ZAD LV EHEELICHFS T 2L LT,

BABM THD MnV 061, VT U LA A ZREMAHIH O—2& L THIRHIN TV AHET
D, AWFFETIE, =RF—a X FBMELS, EEPEERKBERS JUIEILIEIZ LY 200°C AT &
WIKIR T, 20K EEHEAKT 5 Z LB Lz, B o738 10 B B 09 A 7 VEHZ BV
T 600mAh/g & HHIRA BIF e R EDHERR S 7, & HIZ 0.1mol/L PA L DR ES: T TE AL LIk
. 3EIEG LLIZ 4 BEHDOY A 7 NVRIC—HED L RREREPVIHASERE ETHET S LW
IV A I NRERWEE RN Le, oV 7V RREZGI &SR ZT3EHT. wWThd X#BRICE S 110
[EIHTARD & — 7 BREE DS D BT LTI TV 5 Z & 23kl L TR S vz, T OiEIz o
THEFEDFIEXPS, XAFS, TEM)IZ & B fi#HT 21T > 7=,

SRA XL, HIRMA RN 990mAh/g EIEFICE L, Y FU LA A = REMOAREM & L THEER SN
TV, LAL. Li WO EBEIZIESCY A 7 VEMIIRER DD Z LR EDRBUTEVZDEET
ALV E SN TE 72, AT, REBEWE LML F @B A X ZERT 2 Z &1tk » T,
VF LA G ZREMDORREEL L OEMERIENATEETH D Z & 2m Uiz, EARTEBHEREZ SnO,
BELUOMgO LIRE L2tk NEMES ZEHH T 900 °C IZMME, [RFEL L., MgO & FHERIC X 0 i1,
BrE L7, SnOyid, BVLIRIC Lo CTEBA XIZEIT I, IRIET D MgO & OBFMED b EEEN T
H v, 30 225 100nm ORI FIZPRTziL D, € DOEMIMEREIL, 500mAh/g & 7T 7 7 A MNEMRL D Ei,
UF U LA K 2ER A XOEBERIL, MgO OIEFZICE > ToERICE > TRINENTWS & 3&
2 BB, |

B LW VEET NA AL LT, I VIR FET D, mbEREEELE T HEMEREEMHE L
BRCEE R LIF v U2 B kc AR S TWD, ZOEKREBERFOEEREZES L
BRITERITHEMETH V) BRIEIZE 2 D886 RE WV, AL TIE, MgO L~RFBEHE L7, D MgO
ZMOERS Z& T, ZAERBEZFRT D8 LUNEHEROREFEEZRRE T 52 LTk Lz, 20
TFiEE, TEMEREGE TIREE CIIAW SR WEFTBMERIE 2 3 5720, Hix 2Biig 4B IRT&
HRRR DD, 2, BOENTRBOREEIT 2000 m¥/g L EEFEFICE L, REBB L OHITLEE
3, IRFRIBRAIS LY MgO BB EZE L TEN DL DRAERIRT 5 Z LI & 0 HEICHIEFTEE T H
HTlaRM U, FiZ, 1RO FETITEEIITIIER LIZS WA VILEEL Z ENTELZ &N



B CchHsd, ZOSILERFEE X v /U ZEMICHWZEHE 300 F/g LIEFICRONEENE SN,
ERFEMERFIC BB DRNE VWO RRERTLHZ LALLM LT,

E Bz, BT RFBRIFMA TH D FrF 7 u /o —2R (HPC) & K;WO, E 7213 KoMoO,
DIKEIRE W SAE- 7247 )V % 800~1100 °C DOIREEIZ 1 WRFfE], RIEMEN A CEVIT 5 Z Ll X
ST, REWEBZ I AT (WC) £RITEY TT U h—231 FMoO)EERK LTc, T DH—r3A
R%& % ¥ N0 & OBMIEMEICHAV., CV BIEZTo7c 2A, BROZEREF ¥ SV EZFFAOR Y 7
2RI DEB E &, FOREIT 210 F/g 2R Lz, Zhid, 1000 mYg B2 5 X 5 22 il BETEPER 0
BERAELHB L THREDORNVWERTH D, BIEE T, @BV —A1 FEX v /U FBBICHWE
EWVIREFNTAV, —FF, HIIRO WC Tk, Z0O X5 REBSLCEDIIE OIS, REWEIL TV
DI — A FHBWRURIZN TN D Z EBAEFNTHNTN D EEZXDND, T b DREWED
— A R, BT 4 L LADEREHT- Y OFEE LTI 500~700F/cm’ & 721 | [RBEEMHEDK 140F/cm’
2D LR TEVVMEE R LT,

U EDX oIz, RFFETIE, BRERXNAVF —AFRDTZODT NA A THD Y FU LA F 2 ZIRE
DENEH & L TD MnV,06 36 K RFEHE SR A AWHLF. ¥ VOB ML LTDORX Y R—7
ARE RBWBY VI AT VBIOE D 7T vl — 31 RORBITIEE BI%E Uiz, (ERL L 72408,
WTFRHERDO D LY HEVVERE (BWITRAERR LML L— M) ZRL. Ehfho=
RNX =TT A ZADOEMERIICK L THEICE 2 2B 2 b5, £, AWFETHRFE L BmiE
Ve SRR 2 B & 5 5 S ILR OB, & < EHIARTETH Y . SHBIEMER OB L ks
ELTCORERABHIFTE S



Chapter 1

Introduction

1-1 Electric energy storage

High performance devices for electric energy storage are demanded in various electrical
equipments, particularly those movable ones, e.g. automobile, portable computers and handy
phones. Three possibilities for electric energy storage have been developed, i.e., rechargeable
(secondary) batteries, electrochemical capacitors and electrolyte capacitors. In Fig. 1-1, these
three devices for electric energy storage are shown on Ragone plot, energy density against power
density for devices [1].

Rechargeable storage devices, i.e., secondary batteries, have been investigated for long time
from different view points. In the old days, it began with the lead batteries as the auxiliary
power of the automobile. Around 1980's, nickel cadmium batteries were commercialized as the
power sources for the portable equipments, and then nickel hydrogen batteries have been
developed. As modern technology developed, electric energy consumptions for electrical
equipments much increased, and new rechargeable storage devices with high capacity and longer
cycle life were strongly desired.

Lithium ion rechargeable batteries were successfully developed by selecting suitable
electrode materials, LiCoQO, for the cathode and graphite for the anode, where the intercalation
and deintercalation processes of lithium ions into the materials at both electrodes were known to
be fundamental electrochemical reactions [2, 3]. Lithium rechargeable batteries were at first
commercialized in early 1990's by SONY Corporation. Even now, in order to improve battery
performance, various electrode materials and electrolyte have been examined [4-14].

Capacitors are another device to store electric energy, which are completely different in
storage mechanism and cell performance from batteries. The discovery of the possibility of
storing an electrical charge on surface arose from the phenomenon associated with rubbing of
amber in ancient time. These phenomena were so-called static electricity. The cell known as
Leyden jar was developed as prototype of electrolyte capacitors. After that, Faraday, Thomson,
Helmholtz, et al. advocated the mechanism and/or law for different dielectric phenomena. Even
now, however, the fundamental construction of these electric energy storage systems has not
changed so much, these being called "condenser" in Japan, but "electrolytic capacitor” in other

countries.  Condensers, i.e., electrolytic capacitors, consist of aluminum, tantalum, and



multilayer alumina [15-17]. The characteristics of capacitor storage were of high power density
and long cycle life which the batteries do not possess, but these capacitors have relatively small
energy density comparing with various rechargeable batteries. The most common applications
for these capacitors are semiconductor memory backup, for electronic equipments, which
including CMOS, FLASH RAM etc.

Recently, the applications for auxiliary power supply of large sized equipments such as
automobile and electric vehicle were also expected. However, capacity of electrolyte capacitors
was not enough for these applications, and so new capacitors called electrochemical capacitors
were developed [18-21]. The electric storage modes in these capacitors were the formation of
electric double layers on the interface between electrolytic and electrode surface and/or the
pseudocapacitance derived form redox reactions. Electric double layer capacitors and redox
capacitors have larger capacity than electrolytic capacitors, but can't reach the capacity of batteries.
The most important difference between rechargeable batteries and capacitors, both
electrochemical and electrolyte capacitors, is basic process for energy storage, in the former
Faradic and in the latter non-Faradic, except redox capacitors, which is responsible for the
characteristics of two devices.

In Table 1-1 and 1-2, types of batteries and capacitors were shown, respectively. In energy
storage by capacitors, only an excess and a deficiency of electron charge on the surfaces of the
materials in one electrode and counter part electrode have to be established on charging and
reversed on discharging, i.e., no chemical changes are involved. Energy storage by batteries, on
the other hand, Faradic reactions, i.e., reversible chemical reactions of the anode and cathode
materials, must take place. Recently the orientation of researchers was proposed to develop new

materials for electrodes and/or storage devices for high energy and power densities.
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Table 1-1 Types of batteries and mode of energy storage

Cell Type Fundamental
Alkaline, zinc -MnO,
Mg - AgCl
: Mg - PbCl,
P .
b rimary Li - SOCI, and other cathodes Faradic
atteries Li-CF

Al - air (catalyzed)
Zn - air (catalyzed)

Lead acid, Pb - PbO,
Ni-Cd (NiO-OH-Cd)

Ni-Hydrogen (Ni-O-OH-metal hydride) Faradic
Rechargeable HgO - Zn
AgO - Zn
(Secondary) 11T
batteries Li - MnO, Faradic and
Li - CoO, intercalated/deintercalated
Li-C -Co0O, reaction
Na-S




Table 1-2 Types of capacitors and mode of energy storage

Type of capacitors

Examples for Electrodes
and/or products

Fundamental

Vacuum —
Electrolytic Dielectric Mica, Mylar, paper .
capacitors Oxide Tay 05, ALO, ( multilayer Electrostatic
electrolytic condenser)
Porous or activated Electrostatic
Electric carbons, (Charge separation at
double layer Carbon fibers, Porous double-layer at electrode
. oxides surface)
Eleg;g;‘fi‘fgslcal RuO,, Ir0,, Co;0;, NiO,, |
Redox MnO, Faradic cha_rge transfc.ar
reactions polyaniline, (Pseudocapacitance derived
polythiophene from redox reaction)
VZ/V**/VO*" in solution

1-2 Li ion rechargeable batteries

Lithium primary batteries were developed using graphite-fluoride (CF), and commercialized
as small batteries, such as button and coin types [22]. The characteristics of lithium primary
batteries are having high voltage, high energy density, low self-electric discharge and wide range
temperature of operation. A number of trials had been done these high performances to transfer
to the rechargeable batteries, but no success was arrived. By the repetition of charge and
discharge, short circuit was often formed in the cell, since dendrites of metallic lithium deposited.
Even though various difficulties had been encountered, rechargeable (secondary) batteries were
developed by using intercalation/deintercalation process of lithium ions, as explained below (Fig.
1-2).

other secondary batteries.

The lithium ion secondary batteries have high current and power densities compared with
The scheme of the cell of commercially available lithium ion

rechargeable batteries is shown in Fig.1-3 [23].
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Commercial cells have developed by selecting suitable electrode materials, either LiCoO, or
LiMn,0y, for the cathode and graphite for the anode, where the intercalation and deintercalation
processes of lithium ions occurred [24]. In Table 1-3, electrochemical reactions in cathode and
anode electrode materials in lithium ion rechargeable batteries were shown. In case of the
lithium cobaltate LiCoO, and graphite for cathode and anode, respectively, charge and discharge
reactions consist of lithium ion transference between anode and cathode, i.e.

intercalation/deintercalation.

Table 1-3 Reaction mechanism of commercial lithium ion secondary battery.

Dischage
Cathode: Li;_ ,CoO,+ xLi"+xe LiCoO,
Charge
Discharge
Anode: Li, Cq xLi" +xe+6C
Charge
Discharge
Cell reaction: Li,_,CoO, +Li, C¢ LiCoO, +6C
Charge

In order to improve battery performance, various electrode materials have been studied.
Lithium compound LiNiO, and its solid solution with LiCoO,, Li(Co;Nix)O, which have the
same ordered rock-salt type structure as LiCoO; [25, 26], and LiFePO4 with olivine structure [27]
were investigated for cathode materials. Also MoOj; and anatase-type TiO, were studied as
cathode materials for lithium ion rechargeable batteries [28, 29]. For the anode, graphite has
been used. However, graphite anode materials commonly used in lithium ion secondary batteries
suffers from small capacity per unit Weight (its theoretical capacity is 372 mAh/g) and/or per unit
volume due to its low density even though it has low redox potential and good cyclic performance.
In Fig. 1-4, charge and discharge curves of graphite anode were shown. In order to get high
capacity per weight or volume, various types of carbon materials were used, a wide range of
carbon materials from low-temperature carbons with amorphous structure to well-crystallized
natural graphite [30], surface modified carbons [31], and carbon nanotubes [32]. The carbon
materials mixed with tin [33-36] and silicon [37, 38] were also proposed. Instead of carbon
materials, metal oxides also have been investigated [39-41]. For many of these new materials

studied their synthesis and preparation methods had to be newly developed.
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Fig. 1-4 Charge and discharge curves of graphite electrode for lithium ion rechargeable battery.

1-3 Electrochemical capacitors
In Table 1-4, electrochemical capacitors classified into two types based on electrolyte used.

Among these, the capacitors using electric double layers on the surface (electric double layer
capacitor, EDLC) were reported in enormous numbers of investigation [42-49]. In Fig. 1-5,
charge and discharge process in EDLC is shown schematically. In general, positive and negative

charges are arrayed at counter position with an extremely short distance at the interface between
two different phases, such as solid electrode and electrolyte solution. EDLC consists of a pair of

polarized electrodes with high surface area (e.g. activated carbons) and electrolyte solution.

order to get a high surface area, activation process of carbon has usually been employed [50-53].

In

Table 1-4 Electrolytes used for electrochemical capacitors.
Basis of reaction

Electrolytes

Type
Electric double layer
Aqueous H,S0O,4, KOH, Na,SO,
Redox
Electric double layer
Et,;NBF,-propylene-carbonate (PC)
Nonaqueous ) . Intercalation/
LiBF,-Polyaniline, etc
deintercalation
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Fig. 1-5 Charge and discharge processes for EDLC.
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Fig. 1-6 Scheme of commercially available electric double layer capacitors.



In Fig. 1-6, various types of commercially available EDLC are shown. The shapes of
electrochemical capacitors were similar to traditional electrolytic capacitors and also various
batteries. It is possible to design shapes just for their purposes.

On the other hand, the redox capacitors which are using redox reactions of active materials in
electrodes were also developed. Recent trend in research and developments related
electrochemical capacitors is the hybridization of EDLC with redox one, in order to obtain high
capacity. There was a report to very high capacity using activated carbon which mounted a
ruthenium oxide [50-53]. This is the capacitor which used the electric double layers on activated
carbon with the redox reaction of ruthenium oxide. Even though the capacity is so attractive,
ruthenium is not a material suitable for the use in industrial scale because of high cost and poor

resources.

1-4. Purpose of the present thesis

Electric energy storage devices, lithium ion rechargeable batteries and electrochemical
capacitors, are used in various equipments, and going to be used more in various systems, for
examples, electric vehicles. For these new applications, however, better performances, such as
higher power and energy densities and better rate characteristics, are strongly required.
Although enormous numbers of studies were reported, there were still possibility to develop new
materials for these devices.

The objectives of the present thesis are the development of new electrode materials are
developed for the electrodes of lithium ion rechargeable batteries and electrochemical capacitors.
Preparation methods of these materials were established; direct synthesis of complex oxide,
MnV,0g, and fine particles of carbon-coated Sn for anode materials of lithium ion rechargeable
batteries, and also mesoporous carbons and carbon-coated WC and Mo,C were developed for
electrode materials of electrochemical capacitors. Charge and discharge mechanism of these
new electrode materials for lithium batteries and capacitors was discussed on the basis of crystal

structure, morphology and electrochemical examinations.

1-5. Construction of the present thesis

The present thesis consists of 6 chapters.

In Chapter 1, background and fundamental knowledge on energy storage systems was briefly
described, and then purpose and construction of the present thesis were shown.

In Chapter 2 and 3, anodic materials for lithium ion rechargeable batteries, i.e., anhydrous
MnV,0¢ and carbon-coated metallic Sn, respectively, were studied, and in Chapter 4 and 5, new

electrode materials for electrochemical capacitors, i.e., mesoporous carbon and carbon-coated



metal carbides, respectively, were developed. The materials, preparation methods and
applications were listed in Table 1-4

In Chapter 2, manganese vanadium oxide (anhydrous MnV,0¢) as oxide electrode was
synthesized under autogenous hydrothermal condition and also by coprecipitation method.
Synthesis conditions and process, structural characteristics, as well as anodic performance, of
resultant anhydrous MnV,0¢ were examined.

- In Chapter 3, carbon-coated Sn powders were prepared through carbon coating process from
thermoplastic resins. For the synthesis of fine particles of metallic tin with carbon coating,
preparation conditions and process were established. Anodic performance of carbon-coated Sn
for lithium rechargeable batteries was studied by charge and discharge cycles.

In Chapter 4, preparation procedure of porous carbons from thermoplastic precursors without
activation process was newly developed. Mesoporous carbons thus prepared were used for the
electrodes of electric double layer capacitors. Novel process of porous carbons was advocated
and discussed.

In Chapter 5, carbon-coated tungsten and molybdenum carbides were synthesized through
carbon-coating process and applied for the electrode of supercapacitors. Phase changes of metal
carbide to metal hydroxide in sulfuric acid electrolyte was investigated and discussed.

In Chapter 6, conclusion and discussion on the results of the present thesis were described in

the relation to electric energy storage and preparation method of electrode materials.

Table 1-4 Materials and preparation in the presentthesis

Synthesis or preparation Applications for ener
Chapter Materials y prep pp gy

methods storage

Autogenous hydrothermal .
2 Anhydrous MnV,04 ° Anode for Li ion

coprecipitation conditions

rechargeable batteries

3 Carbon-coated metallic Sn Carbon-coating process
Mesoporous carbons ) Electrode for electric
4 ) ) Carbon-coating process .
derived from thermoplastic double layer capacitors
Carbon-coated tungsten and ) Electrode for
5 ) Carbon-coating process .
molybdenum carbides supercapacitors
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Chapter 2
Synthesis of MnV,0¢ and anode performance for

lithium ion rechargeable batteries

2-1 Introduction

Lithium ion rechargeable batteries have high current and power densities compared with
other rechargeable batteries, such as nickel hydrogen, nickel cadmium and lead batteries.
Commercial cells have developed by selecting suitable electrode materials, either LiCoO, or
LiMn,0O, for the cathode and graphite for the anode, where the intercalation and deintercalation
processes of lithium ions were known to be fundamental electrochemical reactions [1-4]. In
order to improve battery performance, various electrode materials have been studied. Lithium
compound LiNiO; and its solid solution with LiCoO,, Li(Co;xNiyx)O, ,which have the same
ordered rock-salt type structure as LiCoO; [1, 5], and LiFePO, with olivine structure [6] were
investigated for cathode materials. Also MoO3 and anatase-type TiO, were studied as cathode
materials for lithium ion batteries [7, 8]. For the anode, various types of carbon materials were
used, a wide range of carbon materials from low-temperature carbons with amorphous structure to
well-crystallized natural graphite [9], surface modified carbons [10], and carbon nanotubes [11].
The carbon materials mixed with tin [12] and silicon [13] were also proposed.

Instead of carbon materials, metal oxide materials also have been investigated. The
compound MnV,04 with brannerite structure was proposed to be used for the anode. Synthesis
of anhydrous MnV,0¢ was carried out through solid state reaction between Mn,O3; and V,0s [14],
but nonstoichiometric composition of MnV,0¢:5 was required in order to have anodic activity
[15]. The synthesis of manganese vanadate powder was performed by coprecipitation method
through aqueous solution of Mn(NOs3),4H,0 and NaVO3;, and hydrous MnV,0¢:5 nH,O powders
with different n values were obtained [15,16]. In order to get anodic activity for lithium ion
rechargeable batteries, anhydrous manganese vanadate had to be obtained by the heat treatment of
hydrous MnV,04 synthesized by coprecipitation, but these powders prepared gave relatively low
anodic activity, low capacity and low Coulombic efficiency. In order to improve Coulombic
efficiency, ozonation of anhydrous manganese vanadate prepared was proposed [15]. The

preparation of anhydrous manganese vanadate was also reported through the heat treatment of
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aqueous gels containing Mn and V with a polymer at 400 °C [17].

In the present chapter, the fine crystalline powders of anhydrous manganese vanadate were
directly synthesized in aqueous solution through two different process, autogenous hydrothermal
process and coprecipitation process. The manganese vanadate powders were found to have

rather high capacities and also to have an interesting cyclic performance.

2-2 Experimental
2-2-1 Synthesis of MnV,0¢ powders

The starting materials used were reagent grade manganese acetate Mn(CH3COO)2°4HéO
(99.0% purity, Nakalai Tesque Ltd.) and vanadium pentoxide V,0s5 (99.99% purity, High Purity
Chemicals Ltd.). Preparation of MnV,0¢ powders carried out by following two synthesis
procedures.
a) Autogenous hydrothermal synthesis: The procedure is schematically shown in Fig. 2-1 (a).
Aqueous solutions of Mn(CH3COO), and V,05 were mixed with each other to be the V/Mn ratio
of 2 and metal ion concentration was controlled to be 0.01 ~ 1.0 mol/L, where the pH value was
about 4.0. In the solution with a concentration of 0.1 ~ 1.0 mol/L, undissolved V,0Os particles
were suspended in the solution, though the pH value was kept at about 4.0. The mixed solution of
18 mL was taken into a 25 mL container of Teflon-lined stainless steel. After sealing the container,
it was heated at 135, 175 and 200°C for various durations of 0.5~10 hours with a constant
rotation of 10 rpm. After this treatment, the precipitates formed were washed by distilled water
repeatedly until the pH value of rinsed water became 7.0, separated from the solution by
centrifugation and dried in air at 65 °C. Some of these precipitates were annealed in air at 400
and 600 °C for 1h.
b) Coprecipitation synthesis: Preparation of MnV,04 powders under coprecipitation condition
was performed in distilled water in the following two processes (Fig. 2-1(b));
Process I: Aqueous solutions of Mn(CH3COOQO), and V,0s, were prepared in various
concentrations of 0.01 ~ 0.9 mol/L. For V,0s, however, its solubility to water is not so high that
V,0s particles were suspended in the solutions with the nominal concentration of more than 0.1
mol/L. These aqueous solutions were mixed with each other to be the V/Mn ratio of 2 at pH
value of about 4.0. The mixed solution of 300 mL was heated at 90 °C for 5 h. During this
treatment, the precipitates were formed. The precipitates formed were washed with a large
amount of distilled water by decantation repeatedly until the pH value of rinsed water became 7.0,
separated from the solution by centrifugation and then dried in air at 65 °C. Some of these
precipitates were annealed in air at 150 ~ 700 °C for 1 h.

Process 1I: the powder of V,0s was dispersed in distilled water of 300 mL at 95 °C, the nominal
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concentration of V,0s being relatively high as 0.1 mol/L. Into this suspended solution,
Mn(CH3COO), powder was added under refluxing until the atomic ratio of Mn to V reaching to
1/2 (i.e., V/Mn = 2). This mixed suspension was kept 100 °C for 5 ~ 168 h under refluxing of
water. During refluxing, most of undissolved V,0s particles with orange color looked to
dissolve and the precipitates with dark red color were formed. The precipitates formed were
washed with distilled water by decantation repeatedly until the pH value of rinsed water became

7.0, separated from the solution by centrifugation and dried in air at 65 °C.

2-2-2 Characterization of samples

The crystal structure of the precipitates thus obtained was examined by X-ray powder
diffraction (XRD: Rigaku RINT-2500) with CuKa radiation. The lattice parameters ag, by, coand
B of brannerite structure of MnV,0¢ were determined by referring to the inner standard of high
purity silicon. Morphology of the powders was observed from transmission electron microscope
(TEM: JEOL JEM-2010) with acceleration voltage of 200 kV. Metals presented in particles were
identified by energy dispersive X-ray spectrometry (EDS) in TEM. In order to examine thermal
behavior of these samples, thermogravimetry (TG: Rigaku TG-8120) was carried out at heating
rate of 2 °C /min from room temperature to 800 °C in air.

In order to understand the change in oxidation state of cations, vanadium and manganese,
during lithium ion insertion and de-insertion into manganese vanadate electrode, the anode
materials were sampled out at different stages in the 1st cycle of discharge-charge process.
Vanadium K-edge spectra were measured by X-ray absorption fine structure analysis (XAFS) at
the beam line 12C of Photon Factory in High Energy Accelerator Research Organization in
Tsukuba. The storage ring energy was 2.5GeV and the current was between 400 and 290 mA.
Si(111) monochromator was used. XAFS measurements were performed at 290 K in
transmission mode. The spectra of X-ray photoelectron spectroscopy (XPS) with

MgKa X-radiation were also measured on the same samples.
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2-2-3 Determination of anodic performance for lithium secondary battery

The electrode to determine anodic performance was prepared by mixing the sample powder
with acetylene black as an electrical conductor and polyvinylidene difluoride (PVDF) as a binder
in a mass ratio of 70:20:10, and pasting on a thin film of Ni (Fig. 2-2). Li metal was used as
counter electrode. The electrolyte solution was the mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) in equal volume ratio, in which 1 mol/L LiClO4 was dissolved. The
electrochemical performance was determined in the range of potential at 0.0 - 2.5 V with a current
density of 50 mA/g at room temperature in a glove box filled with Ar gas. Discharge and charge
cycles were performed up to 50th. In this thesis, the notation of anode was used for the
electrode consisting of sample carbons, even though it worked as cathode by coupling with
lithium metal as counter electrode, because the words of anode and cathode were premised being

used in the actual batteries.
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Fig.2-2 Contraction of test cell
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2-3 Results and discussion
2-3-1 Synthesis of MnV,0¢ under autogenous hydrothermal conditions
a) MnV,0¢ powders synthesized

In Fig. 2-3, XRD patterns of the precipitates obtained are shown. These powder patterns
could be indexed based on the data of MnV,0¢ with brannerite structure which had been
synthesized by solid state reaction between Mn,03 and V,0s5 [13]. No extra peaks were detected
on the XRD patterns. The temperature of synthesis seemed to have an effect on crystallinity of the
resultant powders, the powders synthesized at 200 °C having sharper diffraction peaks than those
at 135°C. Residence time at 200 °C affected a little on crystallinity of the powders, suggesting a
rapid precipitation of MnV,0¢. The XRD pattern of the precipitates obtained from the starting
solution with relatively high concentration of metal ions (Fig. 2-3e) could be indexed by the
brannerite structure, but relative intensities of diffraction lines are a little different from those
observed on the precipitates from low metal concentration (Fig. 2-3c), being clearly revealed
among the diffraction lines of 110, 205, 002 and 201, which is probably represented by strong 110
line relative to 202 line.

In Fig. 2-4, TG curve is shown on the precipitates obtained from the solution of 0.1 mol/L at
200 °C for 5 h. All TG curves observed on the present samples showed weight loss in three
steps, though total weight loss was only a little more than 1 mass%. The first weight loss occurs
from room temperature to a little above 100 °C, which is due to the release of adsorbed water on
the surface. The amount of weight loss at this step was found to be different from sample to
sample. The weight loss at the second step occurs a wide range of temperature from 100 to
400 °C and is about 0.5 mass%. This step seemed to be due to the evaporation of water film on
the surface of MnV,0¢ powder, because it was reported that the surface of ferrite grains was
covered with a thin film of water under hydrothermal synthesis and it was released in the
temperature range up to 500 °C [18]. The weight loss at the third step was about 0.2 mass%,
being almost constant for all samples synthesized under hydrothermal conditions, which will be
discussed below. |

In Fig. 2-5, XRD patterns for MnV,0¢ powders annealed at 400 and 600 °C, which
corresponds to the temperatures just at the end of 2nd and 3rd steps, respectively, in TG curve of
Fig. 2-4. Diffraction patterns of annealed MnV,04 powders are almost the same, except that
diffraction peaks become shaper with increasing annealing temperature. The powders annealed
at 400 and 600 °C were dark blown and black, respectively, although the as-prepared powders

were light brown.
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Fig. 2-6 TEM micrographs of the crystalline MnV,0¢ powders obtained at 200 °C for Sh.
(a) From the concentration of 0.01 mol/L and (b) 0.1 mol/L.
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Lattice parameters measured on the samples synthesized under various conditions are
summarized in Table 2-1. The sample annealed at 600 °C has the same lattice parameters as
those in JCPDS card (No.35-139). However, the lattice parameters for all other samples,
as-prepared and annealed up to 400 °C, are different from the JCPDS values; ay is much smaller
and cg is a little larger, though by and angle § are almost the same. Based on these results, the
weight loss at 3rd step in Fig. 2-4 may be due to the change from non-stoichimetric compound
MnV;,0¢+5 to stoichimetric one MnV,0¢. MnV,0¢ powders synthesized by polymer gellation
method showed the same difference in lattice parameters, which was attributed to slightly excess
oxygen content in the sample [12]. Hence, crystalline samples synthesized under autogenous
hydrothermal condition may be slightly different in the oxygen content from stoichimetric
compound MnV;0Og.

In Fig. 2-6 (a) and (b), TEM micrographs are shown on the powders obtained from the
solutions with 0.01 and 0.1 mol/L, respectively, at 200 °C for 5 h. Each particle looks rod-like,
but rather thin and has approximately the same size. Conditions of hydrothermal synthesis did not

give marked effect on particle size and morphology of MnV,0O.

b) Anodic performance of MnV,04 powders

In Figs. 2-7 (a) and (b), discharge and charge curves at 1st and 10th cycle are shown on the
powders of MnV;,0¢ synthesized at 200 °C for 5 h from the solutions with 0.01 and 0.1 mol/L,
respectively. The first discharge for all of the present samples occurred in two steps, showing a
distinct plateau at a potential of about 0.8 V, though it disappeared in 2nd cycle. On charge
curves, faint plateaux were always observed. It has to be pointed that on the sample synthesized
from 0.1 mol/L (Fig. 2-7 (b)) the charge capacity for 10th cycle is much larger than that for the
first cycle.

In Figs. 2-8 (a) and (b), discharge and charge capacities are plotted against cycle number on
the samples shown in Figs. 2-7 (a) and (b), respectively. For the first cycle of discharge and
charge, MnV,0¢ powders synthesized from 0.01mol/L solution (Fig. 2-8 (a)) show relatively large
discharge capacity more than 900 mAh/g, but its charge capacity is 600 mAh/g, Coulombic
efficiency being about 65 %. From the 2nd cycle, charge capacity decreases markedly,
approaches to discharge capacity, and both discharge and charge capacities decrease gradually
with cycling, Coulombic efficiency being kept more than 95 %. All samples synthesized from
dilute solutions as 0.01 mol/L showed the same discharges in charge capacity i.e., gradual
decrease with cycle. Similar capacity changes were reported on the samples synthesized through
gellation [12]. On the other hand, samples prepared from solution with the concentration of

more than 0.1 mol/L showed the abrupt increase in both discharge and charge capacities after
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Fig.2-7 Discharge and charge curves with cycling on the MnV,0¢ powder obtained under
autogenous hydrothermal condition at 200 °C for 5 h. (a) From the concentration of
0.01mol/L and (b) 0.1 mol/L.
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3rd-4th cycle, as shown in Figs. 2-7 (b) and 2-8 (b). It has to be pointed out that charge
capacities from 4th cycle in Fig. 2-8 (b) are much higher than charge capacity at 1st cycle and
Coulombic efficiency is kept more than 90 %. From the comparison with the structural
characterization shown in Figs. 2-3~2-6, this interesting cycling performance of Fig. 2-8 (a) is
reasonably supposed to be due to the structure of sample powders. All samples, which were
represented by strong 110 line in XRD pattern, showed this cycling performance, abrupt increase
in discharge and charge capacities after either 3rd or 4th cycle. The samples annealed at 600 °C,
however, showed gradual decrease in charge capacity with cycle, similar to Fig. 2-8 (a), even
though the original ones were synthesized from 0.1 mol/L solution.

In Table 2-2, the discharge and charge capacities and Coulombic efficiency for 1st and 10th
cycles are summarized. The samples obtained from 0.01 mol/L solution showed a gradual
decrease in discharge and charge capacities, as the change shown in Fig. 2-8(a). However, the
charge and discharge capacities even at 10th cycle are higher than that observed on graphite anode
(its theoretical capacity is 372 mAh/g.). At 1st cycle, the samples synthesized at 200 °C gave
high discharge and charge capacities, and better Coulombic efficiency than those synthesized at
135 °C, but almost the same capacities after 10th cycle. Residence time at 200 °C during
synthesis seemed not to affect the anodic performance. On the other hand, the samples obtained
from solutions with more than 0.1 mol/LL showed a characteristic increase in capacity after certain
cycle, as the change in Fig. 2-8 (b). The charge and discharge capacity in 1st cycle is not high,
being similar or even lower than the samples obtained from 0.01 mol/L at 200 °C, but those at
10th cycle are much higher, as high as 600~700 mAh/g. These characteristics are lost by
annealing at more than 600 °C, its discharge and charge profiles becoming similar to that in Fig.
2-8 (a) and capacities at 10th cycle decreasing below 200 mAh/g. A similar change occurs for
the samples obtained from 0.01 mol/L annealed at 600 °C.

Fig. 2-9 shows XRD patterns of the anode after discharge and charge cycles. Even after the
first discharge, starting crystalline structure of MnV,0¢ changed drastically to amorphous state,
faint peaks observed being not due to crystalline MnV,0¢. After the first discharge and charge
cycle, crystalline peaks disappeared completely. This amorphous state of the anode materials are
kept during following discharge and charge cycles, as shown on the anode after 10th cycles.
This change to amorphous state was reported in other paper [12] and supposed to be due to Li

insertion into crystalline MnV,O.
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2-3-2 Synthesis of anhydrous MnV,0¢ powders by coprecipitation
a) MnV,0¢ powders synthesized

Fig. 2-10 shows the X-ray powder diffraction patterns of the precipitates prepared at 90 °C
for 5 h from the solutions with different metal concentrations of 0.01, 0.1 and 0.9 mol/L (Process
[). In clear solution with 0.01 mol/L concentration, the formation of the precipitates with dark
red color started at a temperature of around 60 °C. The powder patterns of the precipitates
formed from 0.01 and 0.1 mol/L solutions are different from that obtained in 0.9 mol/L solution.
These two kinds of powder patterns were difficult to be indexed by manganese vanadate.
However, the precipitates thus obtained were supposed to be a mixture of various hydrous
compounds MnV,0¢nH,0O with different n values, because crystalline MnV,0¢'nH,0 (n = 1~4)
were reported to be synthesized from a similar condition [19] and also the present precipitates
changed to anhydrous manganese vanadate above 150 °C, as will be shown below.

In Fig. 2-11, the changes in powder pattern with annealing at high temperatures are shown on
the precipitates obtained from 0.01 mol/L solution. For the precipitates obtained from clear
solutions, such as 0.01 mol/L solution, anhydrous manganese vanadate was obtained in a single
phase already after 200 °C annealing, even though the crystallinity of the powder was poor.
After 700 °C annealing, manganese vanadate with high crystallinity was obtained. From the
precipitates obtained 0.9 mol/LL solution in Fig. 2-11, anhydrous MnV,0¢ was obtained by
annealing at 700 °C for 5 h, even though the as-prepared precipitates gave a powder pattern from
those different from other dilute solutions.

The precipitates synthesized by mixing aqueous solutions (Process I) were supposed to be
hydrous manganese vanadate and required to anneal above 200 °C to change them to anhydrous
manganese vanadate. It has to be pointed out, however, that the anhydrous manganese vanadate
prepared through this process shows always the powder pattern with weak 110 peak, though a
strong 110 peak is an important indication for the characteristic anode performance of manganese
vanadate as shown in the previous section 2-3-1.

Dark brown precipitates were génerated instantly by adding Mn(CH3COOQ), particles into
aqueous suspension of V,0s kept at 95 °C under refluxing. The yield of the precipitates was
more than 97 %. In Fig. 2-12(a) and (b), X-ray powder diffraction patterns of the precipitates
obtained at 95 °C for 24 and 72 h aging from 0.1 mol/L solution, respectively, together with those
of annealed ones. The powder patterns of the as-prepared precipitates reveal the formation of
anhydrous manganese vanadate. In 400 °C-annealed samples prepared from the precipitates
after 24 h aging, however, V,0s appears in addition to anhydrous manganese vanadate, which is
reasonably supposed.to come from a part of undissolved V,0s particles. But no V,0s5 was

detected in the precipitate after long time aging, more than 72 h, and annealing at 400 °C.
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Here, it is worthwhile to point out that the present precipitates, even as-prepared ones, show
relatively strong 110 peak in their powder patterns, as shown in Fig 2-12(a) and (b). Therefore,
the Process II, i.e., direct addition of Mn(CH3COQ), particles into V,0s suspension at 95 °C,
was found to be effective to synthesize anhydrous manganese vanadate crystals, which show
strong 110 peak in their powder patterns, but to need a long time aging, more than 72h, in order to
complete the reaction of Mn®" ions in the solution with undissolved V,0s solid particles. The
powder patterns observed on these samples are the same as those for the anhydrous manganese
vanadate obtained under hydrothermal condition in the previous section 2-3-1.

In Fig. 2-13, TEM photographs are shown on the precipitates obtained by different
conditions. For the precipitates obtained at 95 °C from 0.01 mol/L solution, the particles are
very fine but lack of uniformity in their morphology, and their edges are round (Fig. 2-12 (a)).
By annealing them to 150 °C, all particles change to rod-like and become very large size, which
are reasonably suppose to be anhydrous manganese vanadate. However, all particles obtained
through 95 °C, which were anhydrous crystals in as-precipitated state, showed rod-like
morphology and homogeneity in size, as shown in Fig. 2-13 (c) and (d). In the precipitates
obtained by 24 h aging, small round particles were observed, which are confirmed to be vanadium
compound (i.e., V,05) by EDS, in addition to rod-like particles (Fig. 2-13(c)). Rod-like particles
in the precipitates obtained through Process II seemed much thinner than those through Process I
coupled with high temperature annealing. Particle morphology observed on the samples
obtained through Process II was very similar to that obtained under autogenous hydrothermal
condition in previous section 2-3-1.

In Fig. 2-14, TG curves are compared for the as-precipitated samples obtained through
Process I and II. TG curve observed on the precipitates obtained through Process II with 168h
aging shows a weight change in three steps, though total weight loss is only a little more than 2
mass% (Fig. 2-12 (b)). This TG curve is almost the same as that on manganese vanadate
obtained under hydrothermal condition. Therefore, the mechanism for the weight loss was
supposed to be the same as before, adsorbed water release in the 1st step, evaporation of water
film on the surface in the 2nd step and excess oxygen departure in the 3rd step (section 2-3-1).
On the other hand, the precipitates obtained through Process I show 4 steps in weight decrease
and total weight loss of about 6.5 %. The TG curves observed suggested that the precipitates
obtained through the present process were manganese vanadate with excess oxygen MnV;,Og+s5.

Lattice parameters measured on the samples synthesized through Process II are summarized
in Table 2-3. The samples aged for more than 72 h and those annealed at 400 °C have the same
lattice parameters as those in JCPDS card (No.35-139).
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Fig. 2-13 TEM photographs of the samples. (a) As-precipitated sample obtained through Process |
at 90 °C for 5 h with 0.01 mol/L, (b) the annealed at 150 °C for 1 h, and the precipitates obtained
through Process II at 95 °C, (c) aging for 24 h and (d) for 168 h.
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But lattice parameters for as-prepared powders with 24 h aging are different from those in JCPDS;
ap and ¢y being much smaller, though by and angle B are almost the same after annealing at
400 °C.

b) Anodic performance of MnV,04 powders

For anhydrous manganese vanadate prepared through Process I with annealing at 150 °C for
5 h, discharge and charge capacities with Columbic efficiency are plotted against cycle number in
Fig. 2-15. In the first cycle, discharge capacity is as high as 1100 mAh/g. However, charge
capacity in the first cycle is 550 mAh/g, then Coulombic efficiency being about 50%. Durihg
the cycling after the first, both discharge and charge capacities become around 600 mAh/g with a
fluctuation between 550 and 650 mAh/g and, as a consequence, Coulombic efficiency being also
scattered in a range of 90 ~ 105 %.

In Fig. 2-16 (a), discharge and charge curves are shown on the sample obtained through
Process II with 24 h aging, which was a mixture of anhydrous manganese vanadate with a small
amount of amorphous V,0s. The first discharge curve shows clearly a wide plateau at 0.7 V.
From the 2nd cycle, this plateau disappeared. In this figure, it has to be noted that the discharge
capacity for the 10th cycle is much larger than that for the first cycle. Both discharge and charge
capacities increase with cycling and then gradually decrease after the 5 or 6th cycle, as cyclic
performance of this sample is shown in Fig. 2-16 (b). The Coulombic efficiency is rather low as
87 %. For these experimental results relatively low discharge and charge capacities and low
Coulombic efficiency, the presence of a small amount of unreacted V,0s in the sample was
assumed to be responsible, because the cathodic behavior of a small amount of V,0Os might partly
cancel out the anodic capacity of manganese vanadate.

In Fig. 2-17 (a), discharge and charge curves are shown on the sample of a single phase
anhydrous manganese vanadate obtained through Process II with 72 h aging. The first discharge
curve also shows a plateau at 0.7 V. The discharge capacity for the 50th cycle is much larger
than the 1st. cycle. Characteristic pfoperty of cyclic performance, the increases in discharge and
charge capacities with the cycle, which is the same as that observed on manganese vanadate
powder synthesized under autogenous hydrothermal condition in the previous section 2-3-1, is
clearly observed, as shown in Fig. 2-17 (b). Though the discharge capacity significantly reduced
in the 2nd cycle, both discharge and charge capacities gradually increased with cycling up to 50th.
Beyond 25th cycle, discharge and charge capacities became larger than the discharge capacity for
the 1st cycle (620 mAh/g). With cycling, both capacities tended to saturate at about 700 mAh/g.
Columbic efficiency reached approximately 100 % after first few cycles. All anhydrous

manganese vanadate powders prepared through Process 11 with ageing for more than 72 h showed
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the same characteristics in discharge and charge performance with large values in capacities and
Columbic efficiency close to 100 %. These powders always consisted of crystal with rod-like

morphology and showed XRD patterns with sharp and strong 110 diffraction line.

2-3-3 Change in oxidation state on MnV,0¢ anode during discharge/charge process
The electrochemical reaction in the test cell, where MnV,0O¢ was used as anode material with

lithium metal as cathode can be written as follows;

Discharge
Anode: xLi xLi* +xe”
charge
Discharge
Cathode (practical: anode — electrode) : MnV, O + xLi* Li,MnV,0Oq
Charge
Discharge
Cell reaction:xLi*" + MnV,Oq Li,MnV,O,
Charge

The changes in structure from crystalline state to amorphous one and in marked morphology
change from rod-like particles to small round ones were observed even after 1st charging process,
as shown in Section 2-3-1 and in Fig. 2-9. Amorphanization of anode MnV,0¢ was also
reported in the paper [12]. The diffraction peaks for brannerite structure were broadened and
weakened. It was difficult to identify the peaks, even after 1st cycle and they disappeared
completely after 10th cycle, as shown in Fig. 2-9. In the TEM photograph, the particles with
irregular shapes were observed, as shown in Fig. 2-18, which were supposed to be in amorphous
state because of no diffraction spots in electron diffraction pattern shown as an inserted figure in
Fig. 2-18. The presence of both manganese and vanadium ions in the round particles formed
after charging process was confirmed by EDS analysis under TEM.

On four powders which were discharged down to 0.7 and 0.0 V and also re-charged up to 0.7
and 2.5 V on the course of 1st discharge-charge cycle, the spectra of XAFS and XPS were
measured using the films which were picked out from test cell of lithium ion rechargeable battery,
which contained carbon black and binder PVDF, and compared with those observed on the
as-synthesized powder, without any electrochemical treatment. XAFS spectra at around
k-absorption edge of vanadium were shown in Figs. 2-19(a) for the sample powders on the way of
discharging, together with those for the references, i.e., V,04 and V,0s5 in which vanadium ions
states of vanadium ions were 4+ and 5+, respectively, and in Fig. 2-19(b) for the sample powders
on the way to charging. In Fig. 2-20, XPS spectra for vanadium are compared among four

sample powders.
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Fig. 2-18 Transmission electron microscope images of manganese vanadate synthesized at 200 °C

after 1st discharge process.
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Fig.2-19 V K-edge XAFS spectra of manganese vanadate powders.
a) The powders as-synthesized and discharged down to 0.7 and 0.0 V, with the references V,04
and V,0s, and b) the powders charged up to 0.7 and 2.5 V.
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From the comparison of the shapes of absorption edge in XAFS spectra, especially based on
the absorption edge energy, the starting manganese vanadate was found to contain V>*.  On the
other hand, the powders on the way of discharging (discharged down to 0.7 and 0.0 V) were
reasonably supposed to contain V**, in addition to V5*. The content of reduced ion V** was
higher.in the latter case than in the former (Fig. 2-19(a)). The powders on charging have a high
concentration of V" even before complete charge (charged up to 0.7 V), as shown in Fig. 2-19(b).

In XPS spectra in Fig. 2-20(a) for as-prepared MnV;,0g, the peak for vanadium V2pj3s is
located at the binding energy of 521.8 ¢V, which reveals the presence of V°*.  On the other hand,
the XPS spectra observed on the samples on the way of discharging and charging are broadened,
probably due to the fact that XPS measurements on these powders are performed on the films
picked out from the test cell and so the film contain carbon black and binder PVDF. Irrespective
of the broadening due to film forming, the peaks of V2ps, observed on the powders discharged
down to 0.7 and 0.0 V are very broad, as shown in Fig. 2-20(a). On these peaks, therefore, peak
separation technique was applied, as shown the result on the powder discharged down to 0.7 V,
which was reasonably supposed to consist of two peaks at the binding energy of 70.8 and 69.0 €V,
which correspond to V> and V**, respectively, as shown in Fig. 2-20(b).  After charged up to 2.5
V, the peak V2ps;, was sharpened back, but not as sharp as the as-synthesized one because of film
forming, and its binding energy returned back to 70.8 eV, suggesting the presence of V°*.

XPS spectra of Mn, Mn2ps3, and Mn2p;, measured on the as-synthesized crystalline
MnV,0¢ shows the presence of Mn®* (Fig. 2-21). The samples on the way of discharge-charge
process gave very broad XPS spectra with marked noises, as shown on the sample discharged
down to 0.7 V in Fig. 2-21(b). It was difficult to discuss on the oxidation state of manganese
ions on these samples.

From XAFS and XPS analyses, oxidation state of vanadium ions in manganese vanadate was
supposed to change from 5+ in as-synthesized powder to 4+ in the powder discharged down to 0.0
V, and by charging it returned from 4+ to 5+. It had to be pointed out that the reduction of
vanadium ion from 5+ to 4+ seemed not to be completed by the first discharge process, but its
oxidation state with 4+, which was formed by the previous reduction process, seemed to be

re-oxidized to 5+ on the following charge process completely.
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Fig. 2-20 XPS spectra of (a) V2pOls and (b) V3s in manganese vanadate powders synthesized at
200 °C, discharged down to 0.7 and 0.0 V and charged up to 2.5 V in lithium ion rechargeable

battery.
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Fig. 2-21 XPS spectra of Mn2p for manganese vanadate powder as-synthesized and discharged
down to 0.7 V.
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2-3-4 Renewal of the synthesis of manganese vanadate powder and its anodic performance

The results of the analysis of oxidation state of vanadium ions in manganese vanadate
powders, in addition to the fact that both XAFS and XPS analyses gave the information on the
surface of the film, can be assumed that lithium insertion into manganese vanadate crystals is
slow process. This assumption seems to agree with the experimental facts that manganese
vanadate electrode shows very high irreversible capacity and that the powder synthesized at 200
°C few discharge-charge cycle to reach stable capacity.

The powder of crystalline manganese vanadate was synthesized once again under
hydrothermal condition, at a lower temperature for a shorter time than the case described before
(Section 2.1), i.e., at 135 °C for 1h, other conditions being kept the same as before. XRD pattern
and TEM image of the powder thus synthesized are shown in Fig. 2-22(a) and 2-22(b),
respectively. XRD pattern of the powder (Fig. 2-22(a)) shows a strong 110 diffraction peak, as
before (Fig. 2-3(a) in Section 2-3-1) and particle morphology is rod-like, but much thinner than
before (compare to Fig. 2-6).

On the film formed from the powder newly synthesized, discharge-charge cycles were
performed, in exactly the same procedure as before. Cyclic performance obtained is shown in
Fig. 2-23. Discharge capacity at the 1st cycle is not so high, but charge capacity is relatively
high (about 700 mAh/g), in other words, irreversible capacity is relatively small and Coulombic
efficiency is relatively high, in comparison with the previous powder (Fig. 2-8(b) in Section
2-3-1). Also it has to be pointed out that discharge and charge capacities decrease slightly and
quickly saturate by cycling. The capacity leveled off is 600 mAh/g.

The results on newly synthesized powder proved that the assumption derived from the results
of XAFS and XPS, i.e., thinner crystals of manganese vanadate is desirable, is the case. In order -
to get high anodic performance of manganese vanadate, therefore, low temperature synthesis is

required.

48



Intensity (a.u.)

(@)

110
201

002202

111

311

From 0.10 mol/LI at 200 °C for 5h

-

(=]
[

001
00

%
112

From 0.1 mol/L at 135 °C for 1h
rveiore g, A

L | ! | 1 |
10 20 30 40

20/ Cuko

Fig. 2-22 Manganese vanadate powder synthesized at 135 °C
a) XRD pattern and b) TEM image.

1000
) 100
900 A
i —&— Coulombic eff. | 1 90 £
&0 800 =
= [ =
< 700 80 =
2 ol :
& 600 70 &
* p—( n
S 500 | g
5 -#--Discharge| 160 &
o 400 | --¢--Charge -
I =
300 |- 130 =
00— . . 1y

0 10 20 30 40 50
Number of cycles

Fig. 2-23 Cyclic performance of manganese vanadate powder synthesized at 135 °C.

49



2-4 Summary

Crystalline anhydrous MnV,0¢ powders were directly synthesized by mixing V,0s with
Mn(CH3COQ), in water medium below 200 °C. This synthesis process was much simpler and
lower temperature than those reported before. Anhydrous MnV,0¢ powders obtained were
homogenous in morphology and size of their particles, but relatively long aging time, more than
72h, was needed through coprecipitation process in order to obtain single phase.

Anodic performance of the powders thus obtained showed relatively high discharge and
charge capacity for Li ion rechargeable batteries. Both discharge and charge capacities often 1st
cycle of discharge and charge were 300~400 mAh/g in the beginning of cycle, but both of thém
increased with cycling, more than 600 mAh/g, and Coulombic efficiency became almost 100%.
The requirements to show this interesting cycling performance, i.e., strong 110 diffraction line in
the powder pattern and rod-like particles morphology, were confirmed.

The oxidation state of vanadium in MnV,04 during discharging, V>* was found to change
gradually to V**, but it returned back completely to V>* on charge process. By taking into
account of the fact that oxidation state changed gradually from the surface of MnV,0g crystals,
their thinner particles with rod-like morphology were synthesized at 135 °C, and much better
anodic performance was achieved, much smaller irreversible capacity as about 300 mAh/g, stable

reversible capacity as 600 mAh/g, and 100 % Coulombic efficiency.
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Chapter 3
Preparation of carbon-coated metallic tin powders and
their anode performance for lithium ion rechargeable

batteries

3-1 Introduction

The development in lithium ion rechargeable batteries has helped to make various modern
electronic devices lighter and smaller. Now their higher power, better performance and longer
life are strongly desired. Commercial batteries have been developed by selecting suitable
electrode materials, either LiCoO, or LiMn,O; for the cathode and graphite for the anode, where
the intercalation and deintercalation processes of lithium ions were known to be fundamental
electrochemical reactions [1-4].

For the anode, various types of carbon materials were used, a wide range of carbon materials
from low-temperature-treated carbons with amorphous structure to well-crystallized natural
graphite [5], surface modified carbons [6] and carbon nanotubes [7]. Instead of carbon materials,
metal oxides and metal alloys also have been investigated; for example, MnV,04 possessing
brannerite-type structure [8, 9], silicon-carbon alloy [10] and carbon materials mixed with tin [11,
12]. Although the electric capacity of these materials is high, it also has some problems, such as
cycle performance and stability. Tin, Sn, was one of the materials which attracted attention. Sn
has a large theoretical capacity of 990 mAh/g, but it shows marked volume expansion when it is
alloyed with lithium in the electrode of lithium ion rechargeable batteries. In order to prevent
volume expansion, various preparing and dispersing methods of fine Sn particles were tried
[11-14].

Carbon coating through a simple process, i.e., heat treatment of a mechanical mixture of a
ceramic powder with a carbon precursor in inert atmosphere, has been successfully applied on
various ceramics, such as different aluminum oxides, magnesium oxide, titanium oxide, various
iron oxides, nickel oxide, natural graphite, ceramic tiles, etc., and also aluminum plate of which
surface was electrochemically oxidized [15-25]. The particles of oxides of typical elements, Al
and Mg, were covered by thin carbon layers and kept in separated particles, no aggregation, if the

mixing ratio of carbon precursor was selected appropriately [15]. In the cases of transition
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elements, Fe and Ni, their oxides were reduced to metals through the interaction with coated
carbon, resulting in carbon-coated metal particles, and graphite crystals were formed at a
temperature of 900-1100 °C by the catalytic action of transition metals formed [18,19].
Carbon-coated TiO, having anatase type structure was prepared through this process and found to
have various advantages as photocatalysts, suppression of the phase transformation to rutile, high
adsorptivity, high crystallinity of anatase phase which was found to be advantageous for water
purification, etc. [20-23]. Partial reduction of substrate TiO, to Ti4O; was also observed [24].
Carbon coating of natural graphite flakes was found to improve the anodic performance in lithium
ion rechargeable batteries [25]. Most of carbons thus coated on ceramic particles were found- to
be porous, which was confirmed by dissolving out MgO substrate with diluted sulfuric acid [26,
27].

In this chapter, the carbon-coated Sn particles were prepared from the mixture of tin oxide
with poly(vinyl alcohol) by the same procedure as carbon coating described above, in order to
study their performance in lithium ion batteries. The coexistence of MgO particles during
carbonization was found to be essential in order to disperse metallic Sn particles as fine particles.
The loading of these carbon-coated Sn particles onto graphite flakes was also carried out in order

to increase the capacitance in lithium ion batteries.

3-2 Experimental
3-2-1 Preparation of carbon-coated Sn powders

As ceramic powders as carbon coating substrate, mixtures of SnO, and MgO were used.
SnO, powder (reagent grade) had the particle size of about 200 nm, and MgO powder (reagent
grade) had the particle size of about 100 nm and the BET surface area of 3 m%g. Carbon
precursors used in the present study were poly(vinyl alcohol) (PVA) and natural graphite. These
four powders, SnO,, MgO, PVA and graphite, were mechanically mixed in an agate mortar in
different ratios and then heated in a flow of argon at a temperature of 700 ~ 900 °C for 1 h.
Heating rate to the programmed temperature was 5 °C/min and a flow rate of Ar gas was 60
mL/min.

After heat treatment, black powders were always obtained. During this heat treatment,
SnO, was found to be reduced to metal, but no change was observed in MgO. Therefore,
metallic Sn and MgO particles were supposed to be coated by carbon, as in our previous papers
used anatase and MgO ceramic substrates [18,23]. From the carbon-coated Sn/MgO powders
thus prepared, MgO was dissolved out by using 1 mol/L HCI and carbon-coated Sn powders were

obtained. The samples obtained were examined by X-ray powder diffraction (XRD) with CuKa
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radiation. Morphology of the particles was observed under field-emission-type scanning
electron microscope (FE-SEM) with the acceleration voltage of 1.0 kV and transmission electron
microscope with the acceleration voltage of 200 kV (TEM). The content of carbon coated was

determined from the ignition loss of the sample heated at 800 °C for 1 h in air in a TGA apparatus.

3-2-2 Anodic performance of carbon-coated Sn powders

The electrode to determine anodic performance was prepared by mixing the sample powder
with acetylene black as an electrical conductor and polyvinylidene difluoride (PVDF) as a binder
in a mass ratio of 80:10:10, and pasting on a thin film of Ni. Li metal was used as counter
electrode and the reference electrode. The electrolyte solution was the mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC) in equal volume ratio, in which 1 mol/L LiPF¢ was
dissolved. The electrochemical performance was measured in the potential range of 0.0 - 2.0 V
with a current density of 50 mA/g at room temperature in a glove box filled with high purity He.
Discharge and charge cycles were performed up to 20th. Discharge and charge capacities were
determined as the electric quantities discharged and charged at the potential range between 0.0
and 2.0 V.

3-3 Results and discussion
3-3-1 Carbon-coated Sn powders synthesized

Tin oxide, SnO,, was found to be reduced to metallic tin, Sn, by heating with PVA above 800
°C, as shown in Fig. 3-1(a). Tin metal was melted under these temperatures and agglomerated to
large particles, most of which were separated from carbon formed by the pyrolysis of PVA, as
shown in Fig. 3-2(a), because the melting temperature of tin metal was about 230 °C.
Sometimes, large particles of tin with metallic luster were observed even by naked eyes. Under
the coexistence of MgO powder, however, carbon-coated tin was found to be successfully
prepared without marked agglomeration by the heat treatment above 800 °C. The formation of
metallic Sn was clearly shown in X-ray diffraction pattern after dissolving out of MgO(Fig.
3-1(b)) and small Sn particles were recognized in the pores left by MgO after its dissolution under
SEM (Fig. 3-2(b)). Before dissolution of MgO by HCIl, only metallic Sn and MgO were detected
after 800 °C treatment (Fig. 3-1(a)), but after dissolution broad peaks for SnO, and also a peak for
SnO were observed, suggesting that the reduction of SnO, was not yet completed by the heat
treatment at 800 °C for 1 h. On the samples heated up to 900 °C, no SnO and SnO, were detected
even after washing by HCI.
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Fig. 3-2 SEM images of the products heated at 900 °C with or without MgO coexistence.
a) Heat treated without and b) with MgO.
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These powders obtained after carbonization of PVA were perfectly black, both silver metallic
particles of Sn and white particles of MgO being not observed. From SEM images like Fig.
3-2(a), the thickness of carbon shells, which left by MgO particles after its dissolution [27], was
supposed to be few nanometers, but it was difficult to be determined accurately.

When the powders obtained above 800 °C was washed by either sulfuric or acetic acid in
order to dissolve out of MgQO, a part of metallic tin was found to be oxidized to éither SnO or
SnO,. However, MgO was able to dissolve out with 1 mol/L HC] without any oxidation of
metallic tin, as shown in Fig. 3-1(b).

In order to demonstrate the effectiveness of mixing of MgO, XRD patterns of carbon-coated
Sn powders are shown in Fig. 3-3, which were prepared from the mixtures with different
PVA/MgO/SnO, ratios at 900 °C, by keeping the ratio of PVA to total oxides (MgO+SnO,)
constant and then MgO in the carbonized samples was dissolved out by diluted HCl. TEM
images of Sn particles in three samples used in Fig. 3 are shown in Fig. 3-4 (a) to 3-4(c).

Only metallic tin can be identified and its diffraction peaks are sharpened with decreasing
MgO/Sn0O, ratio, as shown by enlarged 220 line around 45 ° in 20 in Fig. 3. The crystallite size
determined from the line broadening of 220 line in XRD pattern was 150, 45 and 35 nm with
changing PVA/MgO/SnO; ratio of 10/2/8, 10/5/5 and 10/8/2, respectively. The particle sizes of
Sn observed in TEM images in Fig. 3-4 (a) to 3-4(c) for these three samples agree roughly with
those determined from XRD. In these three samples prepared from PVA/MgO/SnO2 of 10/2/8,
10/5/5 and 10/8/2, the content of metallic Sn was 96, 80 and 75 mass%, respectively.

The present results showed that, by the coexistence of MgO with SnO,, carbon-coated Sn
powders could be prepared, avoiding the agglomeration of molten Sn metal, at a temperature
above 800 °C. MgO particles were assumed to play a following role during high temperature
treatment; molten Sn formed by the reduction of SnO, through the reaction with coated carbon
was kept on the surface of MgO particles due to its wettability, which made difficult for molten Sn
to flow and coagulate with each other. Without MgO, molten Sn could be easily coagulated with
each other to large particles because of its poor-wettability to carbon. In chapter 4, MgO
particles were experimentally shown to be covered by carbon formed from PVA at high
temperatures. When relative amount of MgO to SnO; was small, such as MgO/Sn0,=2/8, MgO
surface might not be enough to keep molten metallic tin formed, and as a consequence molten tin
tended to coagulate into large particles. On the other hand, when ratio was MgO/Sn0,=8/2,
small metallic tin particles were obtained because molten tin was quickly wetted on MgO surface

and hindered its agglomeration.
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Fig. 3-4 TEM images of carbon-coated metallic Sn particles with mixture of
PVA/MgO/Sn0,=10/2/8 (a), 10/5/5(b) and 10/8/2(c).
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3-3-2 Anodic performance of carbon-coated Sn powders

In Fig. 3-5(a), discharge-charge curves for 1st and 10th cycles are shown on the carbon
prepared from the mixture of PVA with MgO in the ratio of 10/5 at 900 °C, the procedure being
exact by the same as that for the preparation of carbon-coated Sn. Cyclic performance in
discharge-charge capacities and Coulombic efficiency with cycling are shown in Fig. 3-5 (b).
Performance of this carbon was very similar to those reported on low-temperature treated carbons
in other reports, gradual increase in potential with charging [28]. However, charge capacity
decreases with cycling, but saturates quickly. It is worthwhile to point out that it gives relatively
high capacity saturated, about 300 mAh/g in the potential range of 0.0 - 2.0 V, about 200 mAh/g
in 0.0-1.0 V. Coulombic efficiency increases gradually with cycle and reaches only about 95 %.
The carbon powder thus prepared, i.e., carbonization with MgO powder, was found to be
microporous [27].

In Figs. 3-6(a) and 3-6(b), discharge-charge curves and cyclic performance are shown,
respectively, for the carbon-coated Sn powders prepared from the mixture of PVA/MgO/SnO,
ratio of 10/5/5 at 800 °C. In Fig. 3-7(a) and 3-7(b), discharge-charge curves and cyclic
performance, respectively, on the sample prepared from the same mixture at 900 °C are shown.
All carbon-coated Sn samples showed a plateau at around 1.0 V in the first cycle of discharging,
which was also observed on the carbon powder without Sn and was known to be due to the
formation of solid/electrolyte interfaces and resulted in irreversible capacity. For carbon-coated
Sn, a plateau at around 0.5 V was also observed, as shown in Figs. 3-6(a) and 3-7(a), which was
not observed on the carbon samples without Sn. After 2nd cycle, discharge capacity tends to
approach charge capacity and to decrease gradually with increasing cycle number. The decrease
in discharge capacity was found to be mainly due to the decrease in capacity for the plateau at
around 0.5 V, as shown by the charge curves of 1st and 10th cycle in Figs. 3-6(a) and 3-7(a).
Coulombic efficiency for two samples of carbon-coated Sn increases rapidly at 2nd cycle and then
gradually with increasing cycle number, tending to saturate to about 97 % (Figs. 3-6(a) and
3-7(a)). High irreversible capacity and low Coulombic efficiency at the first discharge-charge
cycle on the sample prepared at 800 °C (Fig. 3-6)may be due to small amount of SnO, or SnO
remained, as shown in Fig. 3-1(b), due to incomplete reduction of SnO,. The sample prepared at
900 °C had much smaller irreversible capacity than that at 800 °C, about 550 mAh/g for the former
and about 1000 mAh/g for the latter (Figs. 3-7(b) and 3-6(b)).

The comparison among the discharge-charge performances between carbon and
carbon-coated Sn powders prepared in the same procedure shows that the carbon-coated Sn gives
higher capacity saturated, though it takes more cycling to reach the saturation; about 500 mAh/g
for carbon-coated Sn with the total Sn content of 75 mass%, but about 300 mAh/g for the carbon
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Fig. 3-5 Discharge and charge curves (a) and cyclic performance (b) for the carbon powder
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without Sn. It has to be pointed out here that the cyclic performance observed on the present
carbon-coated Sn powders did not show any marked degradation, as reported in tin metal anode
[14]. This high performance of carbon-coated Sn powders was supposed to be due to the
presence of open spaces neighboring to metallic Sn in carbon shell, which was formed by
dissolving out of MgO particles. These spaces are assumed to absorb a large volume expansion
due to alloying of Li into Sn metal during discharging.

In Fig. 3-8, cyclic performance is shown for the carbon-coated Sn powders prepared from
the mixtures of three different PVA/MgO/SnO ratios, of which XRD patterns and TEM images of
tin particles were shown in Figs. 3-3 and 3-4, respectively. This result shows that it is importént
to disperse fine particles of metallic Sn to get high capacity and high Coulombic efficiency, the
sample prepared with PVAMgO/SnO, of 10/2/8 giving much small capacity and Coulombic
efficiency than that with 10/8/2. The sample prepared with PVA/MgO/SnO, of 10/5/5 has a little
smaller capacity but more stable with cycling and a little higher Coulombic efficiency than that
with 10/8/2.

3-3-3 Graphite flakes loaded by carbon-coated Sn powders

Loading of carbon-coated Sn onto graphite flakes (carbon-coated Sn/graphite) was
performed by heating the powder mixtures of PVA, MgO, SnO, and natural graphite in the mixing
ratio of 10/7/2/1 in mass. XRD pattern and its SEM image of the powder obtained after heat
treatment at 900 °C and then dissolving out of MgO are shown in Fig. 3-9(a) and 3-9(b),
respectively. In XRD pattern, diffraction peaks for metallic Sn are observed, though very weak,
because 002 peak for graphite is so strong. SEM image, however, proves clearly the coexistence
of carbon-coated Sn with graphite flakes.

In Figs.3-10(a) and 3-10(b), discharge-charge curves and cyclic performance, respectively,
are compared for graphite with and without loading of carbon-coated Sn. On carbon-coated
Sn/graphite sample, faint plateau at around 0.5 V is seen, in addition to the plateau at around 0.2 V
due to graphite flakes. Although cﬁrbon—coated Sn/graphite gives Coulombic efficiency less
than graphite, it gives about 1.5 times larger capacity than graphite. This proves that

carbon-coated fine particles of metallic Sn have certain contribution to the increase in capacity.

3-4 Summary

Carbon-coated Sn powders were successfully prepared from the powder mixtures of
thermoplastic precursor PVA, SnO, and MgO. The presence of MgO particles was found to be
effective to avoid the agglomeration of molten Sn metal at high temperaturés and also to leave

open spaces neighboring to Sn metal particles in carbon shell which could absorb a large volume
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expansion due to alloying of Li. Therefore, a high charge capacity and high discharge-charge
cyclicability were successfully added to carbon electrode. The carbon-coated Sn was
demonstrated to be able to load onto graphite flakes through a simple process; mechanical mixing
of PVA, MgO and SnO, with graphite flakes, heating in inert atmosphere at 900 °C and then
washing out of MgO using IM HCI. The composites of carbon-coated Sn/graphite gave high

discharge capacity and stable cyclic performance.
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Chapter 4
Preparation of porous carbons from thermoplastic
precursors without activation process and their performance

for electrode materials of electric double layer capacitors

4-1 Intorduction

Various kinds of porous carbon materials are widely produced, and there can be used as
adsorbents and catalytst supports, etc. [1]. The application of activated carbon and other
carbonaceous materials with a high surface area to the electrode of electric double layer capacitor
(EDLC) was recently studied by various authors [1-3].

In order to get a high surface area, activation process of .carbon has usually been employed.
Through this process various activated carbons have been prepared and various applications have
been developed [1,4,5]. So far, activated carbons were produced mostly from thermosetting
resins and after carbonization their pore structure was controlled by activation process. When
thermoplastic resins are used, it was necessary to perform stabilization in order to change them to
be thermosetting, even partly, before carbonization, and then subjected to carbonization and
activation.

There have been reported various precursors and processes to prepare porous carbons
without any activation process. Microporous and mesoporous carbons were prepared by using
various templates, such as zeolites and silicas [6-8]. For these template processes, however, it
was pointed out that the template had to be dissolved out by strong acids after carbonization and
that large amount of production was not easy, although the pores with a specific size were easily
obtained. By deflurorination of poly(tetrafluoroethylene) using alkali metals, mesoporous
carbons were prepared [9.10]. Carbonization of organic aerogels was also reported to give
mesoporous carbons [11-13].

We were developed a simple process to coat ceramic particles by carbon; the powder
mixtures of thermoplastic resin, such as poly(vinyl chloride), poly(vinyl alcohol), etc., and
ceramics were heat-treated at a high temperature in an inert atmosphere [14-16]. The carbon
layer generated on the surface of a ceramic particle was found to be porous, by using MgO as

substrate ceramics and dissolved it out by sulfuric acid [16]. This result suggested us a new
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preparation process of porous carbons without any stabilization and activation processes even
starting from thermoplastic precursors.

In the present chapter, porous carbons with high surface area were prepared from various
combinations of carbon precursors and MgO precursors using two mixing methods, powder
mixing and solution one. Pore structure of the carbons thus obtained was studied by N
adsorption. The porous carbons thus prepared were applied to the electrode for electric double

layer capacitor and their capacitance was discussed in the relation to their pore structure.

4-2 Preparation of porous carbons
4-2-1 Experimental

Magnesium oxide MgO was selected as a substrate because of its chemical and thermal
stability, no structural and compositional changes and no reaction with carbon, and easily
dissolving to acidic aqueous solutions. As MgO precursors, MgO itself, magnesium acetate
Mg(CH3COOQ),;, magnesium citrate Mg3(C¢Hs07), and magnesium gluconate Mg(C;;H»n0,4)
were used. MgO powder (reagent grade) had the particle size of about 100 nm and the BET
surface area was 3 m”*/g. Latter three precursors were water soluble and were confirmed to give
nano-sized particles of MgO through pyrolysis. Carbon precursor used in this study was mostly
poly(vinyl alcohol) (PVA), in addition hydroxy propyl cellulose (HPC) and poly(ethylene
terephtalate) (PET) being also used. Mixing of two precursors, MgO and carbon precursors, was
performed through following two processes, powder mixing and solution one. Two precursors
were mixed mechanically in an agate mortar (powder mixing). Aqueous solution of MgO
precursors (except MgO itself) was mixed with aqueous solution of carbon precursor of PVA and
HPC (10 mass% concentration) in different ratios and then dried at 100 °C in air. Various
mixing ratios in MgO precursor/carbon precursor from 2/8 to 8/2, which were calculated on the
basis of the mass of MgO expected to be formed from the precursor and carbon precursors
themselves. The mixtures thus prepared were heated at a temperature of 900 °C for 1 h in a flow
of Ar. |

After carbonization at 900 °C, the substrate MgO was dissolved out using 1 mol/L H,SO,
and carbon powders were isolated. The carbons obtained thus were characterized by XRD, SEM,
TEM and N, gas adsorption at 77 K. The content of carbon coated was determined from the
ignition loss of the sample by heating at 800 °C for 1 h in air in a thermogravimeter.
Adsorption/desorption isotherms of N, gas measured at 77 K on the carbons isolated from MgO

were analyzed by using different methods, BET, o5 and BJH, to obtain pore structure parameters.

74



4-2-2 Results
a) Carbonization process

Carbon coating on MgO was successfully carried out using carbon precursors of PVA, HPC
and PET, because they are thermoplastic. The carbon-coated MgO was obtained as a powder
with small size and perfectly black, white particles of MgO being not observed even under high
magnification optical microscope.

Fig. 4-1 shows TG curves observed in Ar atmosphere for the mixtures of MgO and Mg
acetate with PVA prepared by either powder mixing or solution one. Since MgO does not have
any changes in mass and structure before 1000 °C, the changes in TG curve is due to PVA.
Since plasticized PVA wetted to MgO and formed thin films-on MgO particles, the evolution of
decomposition gases from PVA occurred rapidly. In the case where MgO was used, plasticized
PVA decomposed more quickly at a little lower temperature than PVA itself and then remaining
parts of PVA pyrolyzed. In the case of the mixture of two precursors in solution, PVA was
decomposed slightly faster than pure PVA. Magnesium acetate was pyrolyzed to give MgO
before reaching 250 °C, which was confirmed by XRD on quenched sample from 250 °C, and
formed nano-sized particles of MgO, as shown in Fig. 4-2(c) as TEM image. Since the pyrolysis
of PVA occurs after the decomposition of Mg acetate, MgO particles were covered by plasticized
PVA and their grain growth was inhibited. Above 500 °C, slight weight loss was observed in all
cases, where carbonization proceeded. Plastic flow of plasticized PVA was strongly disturbed on
MgO particles, and so PVA was carbonized as thin layer, evolving decomposition gases quickly.

In Fig. 4-2(a) and (b), TEM images are shown for the starting particles of MgO and after
carbon-coating, respectively. Even after 900 °C treatment for carbon coating, MgO particles
keep their sizes as the starting, about 100 nm. No grain growth was observed, which is
reasonably supposed to be due to the fact that all MgO particles are covered by carbon. MgO
particles formed from Mg acetate were very small sizes as about 5 nm even after 900 °C treatment,
as shown in Fig. 4-2(c). Also from Mg citrate, nano-sized MgO particles were formed.

In Fig. 4-3, carbon yield in the mixtures with MgO powder was plotted against mixing ratio
of MgO/carbon precursor for three different carbon precursors. Carbon yield depends strongly
on precursors, as large as about 27 % in PET and about 8 % in PVA and HPC, but not on mixing
ratio to MgO. Carbon yield of PVA, HPC and PET without mixing with MgO were 1, 2, and 8
mass%, respectively. Since the plastic flow of these thermoplastic precursors is strongly
hindered by the presence of MgO particles, as discussed above, relatively high carbon yield, much

higher than their carbonization without any constraint, is supposed to be obtained.
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Fig. 4-2 TEM images of carbon-coated MgO particles derived from (a) MgO/PVA powder
mixture, (b) Mg acetate/PVA powder mixture, (¢) Mg acetate/PVA solution mixture, (d) Mg

citrate/PVA powder mixture.
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b) Pore structure

In Fig. 4-4(a), BET surface area is plotted against mixing ratio of MgO/carbon precursor for
the carbons obtained from the mixtures of MgO with PVA, HPC and PET by powder mixing and
dissolving out of MgO. BET surface area also depends strongly on carbon precursor and its
mixing ratio with MgO. PVA and HPC show similar dependences on mixing ratio to MgO,
showing a maximum at the ratio of 7/3, but the former gives much higher surface area than the
latter. PET shows an increase in BET surface area with increasing mixing ratio, i.e., decreasing
the amount of PET to MgO. By taking into account of the fact that PET has higher carbon yield
than PVA and HPC (Fig. 4-3), there is the most suitable mixing ratio of carbon precursors to MgO
in order to get high surface area, for example 7/3 in the case of PVA.

In Fig. 4-4(b), the same plots are shown for the mixture of the Mg acetate with PVA prepared
by powder and solution mixing. By changing from MgO with the particle size of about 100 nm
to Mg acetate, BET surface area of the carbon obtained becomes much larger, particularly with
solution mixing.

In Table 4-1, pore parameters obtained by o plot are summarized, where BET surface area is
listed in order to show that it is corresponding to total surface area obtained by as plot, even
though it is shown in Fig. 4-4. When PVA was used as carbon precursor with MgO (powder
mixing), a large part of surface area was due to micropores, relatively larger micropore volume
being obtained. When started the powder mixture of either HPC and PET with MgO, on the
other hand, the carbons obtained gave relatively high external surface area, which was mainly due
to the formation of mesopores. When Mg acetate was used with PVA in powder mixing, the
resultant carbons gave higher external surface area than the powder mixture of MgO with PVA,
the difference being mainly due to the increase in external surface area. In general, the solution
mixing resulted in very high total surface area, much higher than powder mixing, of which the
principal part was external surface area, very small microporous surface area.

In Fig. 4-5, the pore size distribution in mesopore region, which is determined by BJH
method, is shown on three carbons obtained using different MgO precursors. The powder
mixture of MgO and PVA did not give any mesopores, because MgO particles used had the size of
about 100 nm, which left the large pores with almost the same size. From the mixture of Mg
acetate with PVA prepared through solution mixing, on the other hand, relatively high population
of mesopores with the size of 2 ~ 25 nm. The powder mixture of Mg citrate with PVA gave very
sharp peak around 5 nm, because of the formation of very small particles of MgO from Mg citrate

after pyrolysis.
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Table 4-1 Pore parameters determined by BET and o plot on carbons prepared.

o, analysis

Mixing o e . SBET/ Mi
method Mleng ratio mzlg Stotal Sext. Smicro ‘llc:‘()pore
/ m’/g / m’/g / m*/g otume
/ mL/g
MgO/PVA=7/3 920 959 137 880 0.34
Powder  MEOHPC=73 741 723 621 102 0.06
mixing MgO/PET=9/1 940 936 894 42 0.01
Mg acctate 1080 961 510 451 0.14
Mg acctate 1800 1788 1701 87 0.10
Solution Mg acetate
mizing pr-Eos 980 966 901 65 0.04
Mg acclate 289 312 286 26 0.01
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A marked increase in mesopores volume when Mg precursors were used was found to be due
to the formation of nano-sized MgO particles from the precursors. In Fig. 4-6(a) and (b), TEM
and FE-SEM of the carbons obtained are shown, respectively. The size of MgO particles
observed under TEM is almost the same as the pores observed under FE-SEM after dissolving out
of MgO, in other words, nano-sized MgO left the pores with almost the same size in the carbon
after its dissolution.

In conclusion, BET surface area of the carbons obtained through powder mixing, reaching to
a very high value as 1000 m%/g, even though any activation process was not applied. By mixing
carbon precursor with MgO precursor through their solutions, much higher BET surface area and
total surface area could be obtained, reaching to 1900 m*/g.-Main part of total surface area was
due to external surface area, to which mesopores with almost the same size of the substrate MgO

were responsible.

¢) Estimation of BET surface area of carbon layer coated

Carbonization products of the mixtures of carbon precursors and ceramics powders,
including the precursors for ceramics such as Mg acetate, were carbon-coated ceramic powders,
i.e., composites of ceramic particles with carbon. In most cases, substrate ceramics were
difficult to be dissolved out, but we would like to discuss about porosity of carbon layer coated on
ceramic particles. Therefore, BET surface area of carbon layer was estimated from the apparent
BET surface area measured and carbon content on the composite by assuming zero surface area
for the substrate ceramics [16-18].

In the present work, carbons coated could be isolated from the substrate MgO and their pore
structure was studied in detail. Therefore, BET surface area calculated from apparent BET
surface area measured on carbon-coated MgO and its carbon content, S¢,c, under the assumption
of zero surface area of MgO substrate was compared with BET surface area measured on carbon
isolated from MgO by dissolution, Sgis, in Fig. 4-7. Relatively good coincidence between Sy,
and Sgis, suggesting that, the estimation of BET surface area from apparent one measured on
carbon-coated ceramics is valuable. On high surface area regions, the values of Sy were
slightly smaller than Sg4is, which is supposed to be due to the contribution of relatively larger
mesopores and macrospores.

The corresponding between carbon content measured by burning off, Cyym., and the amount
of carbon recovered by dissolution of MgO, Cg;s, was also discussed, on the carbon-coated MgO
prepared by using different carbon precursor in Fig. 4-8. Two values, Cpym, and Cgis, show a
good coincidence, which indicates that the carbon coated on MgO is recovered almost 100 % by

dissolution of MgO using diluted acid.
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Fig. 4-6 TEM and FE-SEM images of the carbon obtained from powder mixture of MgO with
PVA in the ratio of 5/5.
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4-3 Electrode performance for porous carbon synthesized
4-3-1 Experimental

For the determination of the performance of electric double layer capacitor (EDLC) for the
carbons obtained, the electrode was prepared by mixing the carbon powders with acetylene black
as an electrical conductor and PTFE as a binder in a mass ratio of 80:10:10, which were blended
to be homogeneous by using n-methyl-2-pyrolydone as solvent. The mixture was pressed to get
the films in approximate thickness of about 100 um and then dried at 100 °C for 1 h under
vacuum. Three-electrodes test cell was used with 1 mol/L H,SOy as electrolyte, Ag'/AgCl as a
reference electrode and a platinum plate as a counter electrode. In Fig. 4-8, the construction of
capacitor cell were illustrated. For these sample electrodes the measurement of cyclic
voltamogram with a scanning rate of 1 mV/sec and the charge-discharge measurement with the
potential window from 0.0 to 1.0 V were carried out at room temperature. The capacitance of
the sample electrode was calculated from charge-discharge curves. The current density

employed for the measurement of capacitance was 20 ~ 1000 mA/g.

Sample
powder
ca.10mg %
: : RE:Ag/AgClI
v
mixing Glass micro filter
K
molding
\/
vacuum drying (100°C)
Pt-mesh
/ w;:v' ‘‘‘‘‘‘‘ Y
— ®
Teflon® plate 1M H,SO,
Sample film Working electrode Three electrodes cell

Fig. 4-9 Experimental of electrochemical measurement
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4-3-2 Results
a) Electrode performance

In Fig. 4-10, CV curves observed on the carbons prepared by different mixing methods and
different MgO precursors are shown. All carbon powders show box-shaped curves, that is,
behavior of electric double layer construction and destruction on the carbon surface. Carbon
powders prepared by solution mixing seem to give larger EDLC capacitance than those by powder
mixing.

In Table 4-2, EDLC capacitances with the charging rates of 20 and 1000 mA/g together with
microporous and mesoporous surface areas determined by BJH method are listed on the sambles
prepared. Carbon powders obtained showed relatively high EDLC capacitance, in comparison
with the values reported on various activated carbons with high BET surface area. In either
powder or solution mixing methods, carbon powders prepared from Mg acetate/PVA=7/3 mixture
were maximum surface area and also maximum capacitance at 20 mA/g.

For the carbons prepared by two mixing methods, the dependence of EDLC capacitance on
current density was shown in Fig. 4-11. Although carbon powders prepared by powder mixing
gave high surface area and relatively large capacitance at small current density, as well as a
commercially available activated carbon with high surface area, but its capacitance markedly
decreased at high current density. On the carbon powders prepared by solution mixing, which
contained a large amount of mesopores, on the other hand, capacitance at large current density
didn’t drop down, comparing with those at low current density; for Mg acetate/PVA =2/8, for
example, 250 F/g with a current density of 20 mA/g and 210 F/g with 1000 mA/g.

b) Dependence of EDLC capacitance on pore structure

Capacitance in EDLC had been discussed in the relation to surface area, which seemed to be
reasonable because of the formation of electric double layers on the surface of carbon electrodes.
It was proposed an idea to differentiate the surface due to micropores and other larger pores, such
as microporous and external surface areas, which have different contribution to EDLC
capacitance [19,20]. Recently, it was pointed out that the contribution of microporous surface
area to EDLC capacitance was much smaller than that of external surface area when non-aqueous
electrolyte was used and their difference became larger for high rate charging than low one [21].
On the present samples, the same analysis was tried. The results supported this idea, but the
difficulty was recognized, at what size of pores we have to differentiate two surfaces, microporous
and external surfaces. The carbons obtained, particularly through solution mixing, were very
high content of mesopres and only small amount of micropores, which gave us a difficulty to

analyze o plot observed.
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Table 4-2 EDLC capacitances at different charging rates and rate performance for the carboné

obtained.
o Pore volume Capacitance Rate

Xéi‘ﬁ'&% Mixing ratio mim: ml/ileso /SS“:tl 20 /F/glooo pizg?)r::%“‘ce

mA/g  mA/g 20mAg

MgOPVASTE 422 o1 017 151 34 22.5%

MgOPVA=28 11 013 o021 65 28 43.1%

l;;’iv;i‘:g Mgacelate 016 037 0.65 190 9 50.5%

Mgeltrafe 011 160 0.76 296 144 48.6%

Mgeltmte 014 174 077 320 154 48.1%

Mgacetale 012 210 078 347 198 57.1%

Sl:’l'l‘;f:l"g“ Mgncclte 006 166 091 251 210 83.7%

Meacesle 001 048 085 89 68 76.4%
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The excellent rate performance, which was expressed by the ratio of the capacitance at the
rate of 1000 mA/g to that at 20 mA/g, was supposed to be due to the high content of mesopores in
carbons prepared by solution mixing method. In Fig. 4-12, rate performance showing by how
much capacitance can be retained at 1000 mA/g is plotted against relative amount of mesoporous
surface area to total surface area. With increasing ratio of mesopore, the parameter for rate

performance increases linearly.

4-4 Discussion
4-4-1 Novel process for the preparation of porous carbons

By using thermoplastic resins as the precursors of carbon and magnesium salts, such as
acetate, citrate, etc., as the precursors of the substrate ceramics, the powders of porous carbon
were obtained, which were covered onto the substrate MgO particles and had very high surface
area after the dissolution of the substrate MgO even though they did not pass through stabilization
and activation processes.

In Fig. 4-13, 14 and Table 4-3, experimental procedure, BET surface area and yield of carbon
obtained on recycling of MgO substrate are shown. It is possible to get carbons having high
surface area repeatedly by cycling MgO, where only carbon precursor is supplied.

In Table 4-4, BET surface area was shown when other substrate materials, NaCl, MgCQOs3,
Mg(OH), and CaO were used as substrate together with PVA. All substrates are easily removed
after the carboniztion of PVA by using either water or diluted acid. Although NaCl with PVA
gave very small surface area, relatively high surface area was obtained when MgCO3;, Mg(OH),
and CaO were used with PVA. Pyrolyzed carbonaceous products from thermoplastic resins were
supposed to be unable to coat NaCl particles because of their poor compatibility. However,
MgCOj3; and Mg(OH), changed to MgO on the course of heating. These oxides, including CaO
seemed to have good affinity with pyrolyzed products from PVA to be covered. This is the
reason why the carbons isolated from these oxide substrates are porous. On the other hand,
thermosetting resins, such as phenol, can not cover any substrate because they do not pass through
fluid state during heat treatment to carbonization and so no porous carbons are obtained.

In Fig. 4-15, an expecting image was shown on carbon coating process on MgO particles and
formation of porous carbon after dissolving MgO substrate. So far, the use of thermoplastic
resins as carbon precursors was considered to be not suitable for the production of porous carbons,
because they changed to viscous products by pyrolysis and shrink during carbonization process as
illustrated in the upper part of Fig. 4-14. In the mixtures with ceramic particles, viscous
pyrolyzed products from thermoplastic resins can coat ceramic substrate particles to form thin

films, of which viscous flow seemed to be restrained on the ceramic particles. As a consequence,
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the release of decomposition gases from thermoplastic resins became easier and their
carbonization proceeded faster, resulting in the formation of porous carbons. For the ceramic
substrate, MgO was particularly recommended because of the easiness of its dissolution.
Inhibition of the growth of MgO particles by carbon coating at high temperatures attributed
to the increase in surface area and mesopore volume in the resultant carbons. Most of mesopores
formed in the resultant carbons were supposed to be originated from the MgO particles, a good
correspondence in size between MgO particles and mesopores formed (Section 4-4-2). The size
of MgO particles generated by thermal decompositidn of magnesium salts seemed to depend
principally on the starting salt, suggesting the possibility to control the size and volume of

mesopores by magnesium salts selected.

4-4-2 EDLC performance of porous carbons

Although carbon powders prepared through powder mixing process and possessed a high
surface area gave a relatively large capacitance at small current densities as 20 and 50 mA/g, their
capacitance decreased markedly at high current density as 1000 mA/g. On the carbon powders
prepared through solution mixing process, on the other hand, the capacitance didn’t drop down so
much by increasing current density, from 50 to 1000 mA/g, as shown in Fig. 4-11.

In Fig. 4-16, an expecting image is illustrated for charge and discharge mechanism of
micropore rich and mesopore rich carbons. On the wall of micropores, the formation of electric
double layers for electrolyte ions is reasonably supposed to be not so easy, in other words,
diffusion of ions into micropores to form electric double layers can not be done fast. Onto the
wall of mesopores, on the other hand, electric double layers of electrolyte ions can be formed
more quickly and, as a consequence, charge-discharge processes with high rate can be applied
without a large loss in capacitance. A high rate performance observed, therefore, is supposed to
be due to the high content of mesopores in carbons prepared through solution mixing process
starting from magnesium salts as MgO precursor.

The present preparation method, i.e., carbon coating process on ceramic particles, allows the
production of carbons with desired pore size, which may be important to prepare the carbon
electrode with pore size suitable for the electrolyte used in EDLCs. Fig. 4-17 shows one of
examples of porous carbons possessing bimodal pore size distribution, large pore volumes at the
sizes of about 2 and 10 nm, which are prepared by selecting two different magnesium salts. Its
EDLC performance is shown in Fig. 4-18 as the dependence of capacitance on current density, by
comparing with the micropore rich carbon. At a small current density as 50 mA/g, the
capacitance value is not so much different for these two carbons. However, it decreases with

increasing current density rapidly for micropore rich carbon, but not much decrease in capacitance
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for bimodal mesopore rich carbon, rate performance calculated as a ratio of capacitance at 1000
mA/g to that at 50 mA/g being only 60 % for the former, but about 90 % for the latter.

The present results suggest us the importance of the presence of mesopores and the control
of pore size distribution in electrode carbons for EDLCs. The carbon coating process using
MgO as substrate is attractive for preparing porous carbons for EDLC electrode because the
carbons with various pore sizes having a sharp size distribution were able to be produced easily
and much economically, in comparison with other processes proposed. Also the same process is
possible to be employed to prepare carbons for other applications, such as activated carbons for

car canister and for removal of organic pollutants with large molecular sizes.

Recycling MgO precursor

Mg acetate
solution

mixing
50:50 Heat treatment
mass% 900°C in Ar 1M acetic

ratio

PVA
solution

acid

Carbon powder

Fig. 4-13 Experimental procedure for recycling of MgO precursor.
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Fig. 4-14 Change in BET surface area and carbon yield of carbons obtained under recycling MgO

precursor.

Table 4-3 BET surface area and carbon yield of carbons obtained under recycling MgO precursor.

BET surf: Carb ield
Mixing method Mixing ratio cycle times sur'ace area Larbon yle

mz/g mass %
1st 1210 9.8
2nd 1185 9.6
Solution mixing %g‘,?::?;;e 3rd 1262 9.3
4th 1203 10.1
Sth 1249 9.1
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Table 4-4 BET surface area by using different substrates and carbon precursors.

Prepared condition BET surface
Carbon area
Substrate Mixing ratio HTT /°C, h y
precursor m°/g
NaCl 16
5/5 700, 1
MgCl, 45
PVA 83
MgCO; 1289
900, 1
Mg(OH), 5/5 990
CaO 441
- - 2
Phenol resin 900, 1
MgO 5/5 8
Thermoplastic precursor
li— \
[ COx H:0
mp O —
up to 300 °C up to 900 °C
Carbon precursor Form a lump and shrink Carbonization j

\

Formation of micropores

=

Mixture with MgO |

carbon films with
<1 Onmthickness

about
HzO 5~10 nm

\

up to 300°C up to 900 °c g Mglo g
issolve
Coating by Coating by ; g Formation of
lastisized carbonaceous Carbonized to be mesopores
':)recursor materials poous )

Fig. 4-15 Illustration of carbon coating process on ceramic particles and preparation of

mesoporous carbons.
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Fig. 4-16 Illustration of charge and discharge mobility of electrolyte ions in micropores and

mesopores of carbon.
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4-5 Summary

Carbon coating on MgO was successfully carried out using the mixtures of thermoplastic
precursors with MgO precursors prepared either powder or solution mixing. BET surface area of
the carbons isolated from MgO by dissolving out was very high, such as 2000 m%g on the carbon
prepared through solution mixing, even though any stabilization and activation processes were not
applied. The carbons obtained through solution mixing were rich in mesopores, of which sizes
were almost the same as MgO particles.

The EDLC capacitance of the samples obtained by the present method showed very large
value, as 300 F/g. The carbons dominated in mesopores showed excellent rate performaﬁce,
even at a high current density as 1000 mA/g the capacitance being about 200 F/g. This rate
performance was found to be related to the relative amount of mesoporous surface area to total

surface area Spmeso /Stotal-
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Chapter 5
Preparation of carbon-coated tungsten and molybdenum
carbides and their performance for electrode materials of

electrochemical capacitors

5-1 Introduction

Electric double layer capacitors (EDLCs) have been used as a small energy storage device in
different equipments, for memory backup and for the energy generated by solar cells. Most of
EDLCs consisted of activated carbon electrodes because they could provide a very large surface
area [1]. The capacitance was thought to depend principally on surface area of electrode carbons.
Large surface area of carbon materials has been realized through activation process using either
steam, CO, or KOH [2,3], and reached to be 1500-2000 mz/g.

Recently, strong demands were arisen to get higher electric energy storage and so many
efforts have been devoted to increase the capacitance through combining electric double layers
with redox reactions, which are called supercapacitors [4,5]. Activated carbons mounted by
ruthenium oxide were reported to have a high capacity [6,7]. Other metal oxides, such as
manganese, tin and nickel oxides were also tried to be mounted on activated carbon electrodes
[8-10]. Also the capacitors composed 6f two electrodes of different materials were proposed, the
combination of activated carbon for one electrode with either graphite or metal oxide for another
electrode, which were sometimes called hybridcapacitors [11-13].

A simple process to coat carbon onto various ceramics and metallic particles was developed;
a powder mixture of carbon precursor, such as poly(vinyl chloride), with various oxides was
heated above 700 °C in inert atmosphere [14]. Carbon-coated anatase type TiO, gave a hybrid
photocatalysts which gave high photoactivity for some water contaminants together with high
adsorptivity [15-17]. Oxides of transition metals, such as Fe304, Co304, NiO,, were found to be
reduced to metals by consuming a part of carbon coated, resulting in carbon-coated metals [18-20].
Coating of natural graphite particles by porous carbon was found to improve its anodic
performance in Li ion rechargeable batteries [21]. Recently, the carbon coated on these ceramic
particles was experimentally proved to be porous by dissolving out of MgO substrate [22].

Based on these experimental facts, a novel process was proposed to produce highly porous
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carbons with BET surface area as high as 2000 m*/g from thermoplastic precursors without
applying any stabilization and activation processes [23,24]. The carbons thus prepared could
have high EDLC capacitance in 1 mol/L. H;SO, electrolyte and a good rate performance [25] as
shown in previous chapter.

In the present chapter, the same procedure for carbon coating of ceramic powders was
applied to the mixture of a carbon precursor with either potassium tungstate or molybdate. The
composite powders of porous carbon with either tungsten or molybdenum carbide were obtained.
These composite powders were found to give a high capacitance when they were used as an

electrode in electrochemical capacitor with 1 mol/L H,SO4 electrolyte.

5-2 Experimental
5-2-1 Preparation of carbon-coated tungsten and molybdenum carbides

The starting materials used were hydroxyl propyl cellulose (HPC) as carbon precursor, and
K;WO,4 and K;MoO4 powders of reagent grade as the precursor for tungsten and molybdenum
carbide, respectively. The carbon precursor HPC was dissolved into water in a concentration of
10 mol/L and carbide precursor, either K, WO, or K;MoO,, was dissolved into this HPC solution
to have the mixture of two precursors in mass ratio of 5/5. The mixed precursor solutions thus
prepared became gels at room temperature and dried at 100°C. The mixture of HPC with either
KyWO4 or KxMoOy thus prepared were heat-treated at a temperature between 800 and 1050 °C in
Ar gas with a flow rate of 60 mL/min. After the heat treatment, the powders obtained were
washed by 1 mol/L H,SO4 and then distilled water, in order to dissolve out the potassium metal,
which might be remained in the powders.

The crystal structure of the carbon-coated substrate particles obtained was examined by
X-ray powder diffraction (XRD) with CuKa radiation. Morphology and surface state of the
carbon-coated particles were observed under transmission electron microscope (TEM) and
field-emission-type scanning electron microscope (FE-SEM). Carbon content was determined
from the ignition loss at 470 °C in a thermogravimeter (TG), up to this temperature both metal
carbides, which were the products after the heat treatment, being not oxidized. Formation of
carbide from the dried gels was also followed by TG-DTA under Ar gas atmosphere at 5°C/min.
Adsorption/desorption isotherms of nitrogen gas on carbon-coated tungsten and molybdenum

carbides were measured at 77 K and analyzed by BET method.
5-2-2 Electrode performance of carbon-coated tungsten and molybdenum carbides
The electrode for EDLC was prepared by mixing the sample powders with acetylene black

as an electrical conductor and PTFE as a binder in a mass ratio of 80:10:10, which were blended
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to be homogeneous by using acetone as solvent. The mixture thus prepared was pressed to be a
thin film in approximate thickness of about 100 pm and then dried at 100 °C for 1 h under
vacuum. Three-electrodes test cell with sample film as working electrode was used for the
measurement of EDLC performance, where SCE as a reference electrode and a platinum wire as a
counter electrode were equipped. The electrolyte used was 1M H,;SO4. The performance of the
sample powder as an electrode was determined from the cyclic voltammogram with a scanning
rate of ImV/sec and from the charge-discharge measurement with different current densities from
20 to 1000 mA/g at a potential window from 0.0 to 1.0 V. Capacitance of the sample powder
was calculated from electric quantity discharged in the potential range of 0.7 to 0.4 V in discharge

curve.

5-3 Results and discussion
5-3-1 Carbon-coated tungsten and molybdenum carbides prepared

In Fig. 5-1(a) and (b), changes in X-ray diffraction patterns are shown for the mixtures of
HPC with K, WO4 and K,MoOjy in the ratio of 5/5, respectively, with heat treatment temperature.
Fig. 5-2 shows TG-DTA curves for the same mixtures. Abrupt weight decrease at around 300 °C
was due to pyrolysis of carbon precursor HPC to form carbonaceous materials, which coated the
particles of KoWO, (Fig. 5-2(a)). On further heating, K, WO, was supposed to melt above 500
°C, because no diffraction peaks were detected on the sample quenched from 700 °C, and then
these two components, molten K, WO, and carbonaceous materials, reacted to form metallic W
partly, but suddenly reacted at about 880 °C, associated with a sharp exothermal peak, to produce
tungsten carbides W,C and finally WC.

In the case of KoMoQy, very similar reaction process to that of K, WO, was also suggested
from change in XRD pattern and TG-DTA curve, except that the carbide finally formed was Mo,C.
Sudden weight loss was observed below 100 °C, which seemed to be due to loss of adsorbed
water of the mixture (Fig. 5-2(b)). Above 500 °C after pyrolysis of HPC, K,MoQ4 was supposed
to be amorphous and then reacted with carbonaceous materials at around 800 °C to form carbide
Mo,C.

In Fig. 5-3(a) and (b), TEM images are shown for the sample prepared at 1000 °C from the
mixture of HPC with K, WO, and K;MoOs, respectively. The particles with irregular shape and
dark contrast are reasonably supposed to be either WC or Mo,C. The particles of WC had the
size of 30 to 50 nm, but the particle sizes of Mo,C was scattered in a large range from 5 to 200 nm.
They seemed to be covered by carbon layer, which was supposed to be porous.

In Fig. 5-4(a) and (b), carbon content, which was determined from the ignition loss at 470°C

in air, and BET surface area of carbon-coated WC and Mo,C, respectively, are plotted against heat
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Fig.5-3TEM images of the samples prepared at 1050 °C from the mixtures of HPC with K, WO,
(a) and with KxMoOy (b).
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treatment temperature. On carbon-coated WC samples, carbon content decreases monotonically
with increasing temperature, being consistent with TG curve in Fig. 5-2(a), probably due to
carbonization and also consumption of carbon for the reduction of tungsten oxides. The powders
prepared above 1000°C show relatively large BET surface area as about 170 m?*/g, suggesting the
formation of highly porous carbons. Potassium formed by the decomposition of K;WO4 might
act as activating agent of carbon layer to enhance apparent BET surface area. If the substrate
WC were assumed to have zero surface area, the surface area of the carbon layer coated on WC is
calculated to be about 770 m*/g. The carbon layer formed on MgO substrate through the same
process as the present was experimentally proved to be porous after dissolving out of MgO by
sulfuric acid, even though any activation process was not applied, as described in Chapter 4 and
reported in the papers [22-25]. In the case of carbon-coated Mo,C, on the other hand, both
carbon content and BET surface area decrease with increasing heat treatment temperature, noting
that carbon content is much smaller than the case of carbon-coated WC, about 2 mass% after 1000
°C treatment.

When tungsten oxide WO3; and molybdenum oxide MoO; were used as starting materials,
instead of K;WO, and K;Mo0QO,, carbon-coated metallic W and Mo, respectively, were obtained
after 1000 °C treatment, no tungsten and molybdenum carbides being formed. The reduction of
WO; seemed to occur around 850 °C to form different reduced phases of WOj3, such as W3Oy
and WO,, and finally to metallic W. In the case of MoOs, reduction to MoO, was observed
above 700 °C and that to metallic Mo above 850 °C.

5-3-2 Structure change of metal carbides by electrochemical treatment
In Fig. 5-5(a), cyclic voltamograms (CV) after 1st and 100th cycles of charge-discharge are
shown for a tungsten carbide powder (reagent grade) and that after 1st cycle for the carbon-coated
tungsten carbide prepared from the mixture of HPC and K;WO4 at 1000 °C. In the carbide
without carbon coating, redox peaks are clearly observed after 1st charge-discharge cycle, and
after 100th cycle it becomes a little broad and also shift to low voltage side. On the other hand,
the CV curve on the carbon-coated sample prepared from the mixture of HPC and K,;WO, are
box-shape, typical for the formation of electric double layers, and no marked redox peaks are
observed. No redox peaks were observed even in the charge-discharge process after 100th cycle.
For molybdenum carbide (reagent grade) and carbon-coated molybdenum carbide, cyclic
voltamograms are shown in Fig. 5-5(b). Carbon-coated Mo,C also shows box-shape curve and
no redox peaks even after 1st charge-discharge cycle are observed, although two redox peaks are
appeared clearly in molybdenum carbide (reagent grade) without carbon coating even after 100th

cycle.
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In Fig. 5-6, XRD patterns are shown for tungsten carbide without carbon coating and the
carbon-coated tungsten carbide after the first charge-discharge cycle with a current density of 50
mA/g. In the electrodes recovered after the 1st cycle, various tungsten oxy-hydroxides were
detected, such as WOg gg(OH)4.12, WO 84(OH), 22, etc.  When tungsten carbide powder with the
particle size of 1 um without carbon coating was used as the electrode, it changed only partly to
oxy-hydroxides after the 1st charge-discharge cycle, as shown in Fig. 5-6(a), and it needed many
cycles, more than 100 cycles, to complete the transformation to oxy-hydroxides. Carbon-coated
tungsten carbide, on the other hand, transformed completely to tungsten oxy-hydroxides even
after the Ist cycle of charge-discharge (Fig. 5-6(b)). In carbon-coated tungsten carbide, carBide
particles were very small as 30-50 nm and so could rapidly change to oxy-hydroxides by just 1st
cycle of charge-discharge. Since these changes from carbide to oxy-hydroxides occur on the
surface of carbide particles, large particles as reagent grade tungsten carbide used in Fig. 5-6(a)
needed many cycles of charge-discharge to complete transformation to oxy-hydroxides. On
carbon-coated Mo,C, the diffraction peaks of the original Mo,C disappeared completely after the
Ist cycle of charge-discharge and no diffraction peaks were detected, suggesting that molybdenum
oxy-hydroxides are in an amorphous state. These results reveal clearly that small particles of
tungsten and molybdenum carbides coated by carbon layer transformed to oxy-hydroxides of
respective metals during the 1st electrochemical treatment in 1 M H,SOy electrolyte, because of
their small particle sizes, and also that carbon coating was effective to keep carbide particles small.
These oxy-hydroxides of respective metals are expected to perform the redox reactions during

charge-discharge process.

5-3-3 Capacitor performance of carbon-coated metal carbides

In Fig. 5-7, charge/discharge curves are shown for the current density of 50 mA/g. The
capacitance calculated from these curves was about 210 F/g. It has to be pointed out that the
charge/discharge curves show a good linearity and any plateau corresponding to redox reaction
was not observed, as no redox peaké were observed in cyclic voltamograms (Fig.5-5).

In Fig. 5-8(a) and (b), capacitance measured at the current density of 50 mA/g was shown as
a function of heat treatment temperature on carbon-coated tungsten carbide and molybdenum one
in the units of electric charge (F) per 1 g of carbon-coated metal carbide and also of charge (F) per
1 cm’ of electrode films, which were prepared from the sample carbon-coated carbide with
acetylene black and PTFE binder. In the case of tungsten carbide, capacitance value based on
weight of the electrode increases abruptly above 950 °C, although carbon content decreases with
increasing heat treatment temperature (Fig.5-4(a)). This increase in apparent capacitance is

supposed to be due to the formation of tungsten carbide during heat treatment above 950 °C and

112



v:WC
Vv :Ho0.10WO03 1.06H20
or

v * H0.12WO3 2H20
v
(a) After the 1st cycleof WC
without carbon coating
-
r
< v
N’
@
=
2
= vV v W

(b) After the 1st cycle of
carbon-coated WC

20 30 40 50
20/ CuKa

Fig. 5-6 XRD patterns of carbon-coated tungsten carbide before and after the first

charge-discharge cycle.
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Fig. 5-7 Charge-discharge curves of carbon-coated tungsten and molybdenum carbide prepared at
1000 and 850 °C, respectively.
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to the transformation of tungsten carbide to tungsten hydroxides during the first charge-discharge
cycle, in other words, due to the overlapping of the redox capacitance of tungsten hydroxide to the
electric double layer capacitance of porous carbon. In the case of molybdenum carbide,
capacitance value based on weight of the electrode decreases with increasing heat treatment
temperature (Fig. 5-8(b)), probably because of decreases in both carbon content and BET surface
area (Fig. 5-4(b)).

Advantages on the present carbon-coated tungsten and molybdenum carbide electrodes were
shown markedly by expressing the capacitance value on the basis of electrode volume, because of
high bulk density of electrode films due to heavy metal carbides. The capacitance based on
volume reached to more than 350 F/cm® in the case of tungsten carbide and 550-750 F/cm® in the
case of molybdenum carbide. These capacitance values can be said to be very high in
comparison with the value of 140 F/cm® in the case of porous carbons without any metal carbides
[25].

For the carbon-coated tungsten and molybdenum carbides, which showed the highest
capacitance values at the current density of 50 mA/g, the dependence of capacitance on current
density was shown in Fig. 5-9. In low current density range, both samples give relatively large
capacitances, but their capacitances decrease rapidly with increasing current density. This is
supposed mainly due to the slow rate of redox reactions on tungsten and molybdenum hydroxides,
although the capacitance due to electric double layer on pore walls of carbon also decreases with
increasing current density.

In Fig. 5-10, cyclic performance in 1 M H,SOy4 electrolyte with current density of 50 mA/g is
shown on the carbon-coated tungsten and molybdenum carbides prepared at 1000 and 850 °C,
respectively. Both samples showed good cyclic performance. On carbon-coated molybdenum
carbide, particularly, high capacitance as about 730 F/cm® was kept even after 500 cycles. These
good cyclic performances were supposed to be due to no agglomeration of tungsten and
molybdenum hydroxide particles even by the repetition of redox reactions during

charge-discharge cycles.

5-4 Summary

The powders prepared in the present work were the composite of tungsten and molybdenum
carbides with porous carbon, where most of carbide particles were coated by porous carbon. The
composite powders thus prepared gave relatively high capacitance in H,SO4 aqueous electrolyte,
which was exhibited as the capacitance based on electrode volume. Changes from carbides to
hydroxides of tungsten and molybdenum carbides were completed within the 1st cycle of

charge-discharge because of their fine particles. Porous carbon coated on the particles inhibited
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the growth of metal carbides during their formation, which made the transformation of metal
carbide to metal hydroxides possible through 1st cycle of charge-discharge, and also disturbed the
agglomeration of metal hydroxides during charge-discharge cycles, as well as acted as electrode
materials for electric double layers. A scheme was shown on the formation of carbon-coated
WC and tungsten hydroxides and the appearance of electric double layers, and redox reaction of

tungsten hydroxides on carbon surface with charge and discharge process.

H,SO,
electrolyte

“ “ ‘. :> WO(OH),
. Producing tungsten -OXi ' ﬁ
. carbide
size: about 20 nm WO* +(OH)y
Above 800° c Bulk density: After
. 3~10cm3/g charge/discharge
\ Dried mixture gel Carbon coating j

Fig. 5-11 Scheme of the process developed in the present chapter.
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Chapter 6

Conclusions

6-1 Materials for electric energy storage

Electric power storage is one of the important technologies for diversification and increasing
efficiency of electric energy use. Electric power storage devices, such as rechargeable batteries
and capacitors, have to be improved for the concomitant uses in a hybrid car and steady electric
power supply. It was important to select appropriate electrode materials for each electric energy
device and so many materials and its preparation methods had been developed. Now, it is also
important to take into account that the preparation methods for the electrode materials have to be
energy saving and also environment friendly, in addition to their high performance for energy
storage. Carbon materials and noble metal oxides are noted as attractive materials in advanced
devices which are in the next generation of energy system and have already played the important
role, such as lithium ion rechargeable batteries, electric double layer capacitors and fuel cells[1-4].

In the present thesis, MnV,0¢ and carbon-coated Sn fine particles were developed for anode
materials of lithium ion rechargeable batteries, and also mesoporous carbons and carbon-coated
WC and Mo,C were developed for electrode materials of electrochemical capacitors. For these
materials, new preparation methods were developed, most of which were based on carbon coating
process, by taking into consideration on the accountability for environment, simple processes at
low temperature, possibility to use wasted materials. In Table 6-1, the results of the present
thesis are summarized by showing characteristics on preparation and their electrode applications
for the materials developed. These materials showed either larger electric energy storage and/or
better charge-discharge performance than the conventional materials. These materials are
believed to contribute the future development of electric energy storage devices.

‘Brannerite-type crystalline powders of anhydrous manganese vanadate MnV,0s were
successfully precipitated by mixing V,05 with Mn(CH3COO), powders in water medium below
200 °C under hydrothermal and coprecipitation conditions. The advantages of these two
preparation methods were lower energy consumption, simple and easy process and higher
reproducibility. Charge and discharge capacities of the anhydrous MnV,0¢ which showed strong
110 diffraction line in X-ray powder pattern and consisted of rod-like particles gradually increased
with cycling, though the frist cycle gave relatively low discharge capacity and low Columbic

efficiency. Beyond 25th cycles, both charge and discharge capacities reached more than 600
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mAh/g.

Carbon-coated Sn powders were prepared from the powder mixtures of thermoplastic
precursor poly(vinyl alcohol) (PVA), SnO, and MgO. SnO, was reduced to metallic Sn on the
course of heating to carbonize PVA, and its particle size in carbon shell was around 30 to 100 nm.
MgO existence hindered the agglomeration of molten metallic Sn and made the dispersion of
metallic Sn as fine particles possible. They showed high anodic performance in lithium ion
rechargeable batteries; high charge capacity as 500 mAh/g even after 10th cycle and stable cyclic
performance. The spaces left in carbon shell by MgO after its dissolution were supposed to absorb
a large volume expansion and contraction of Sn metal particles by Li alloying and dealldying
during charge and discharge cycles. When carbon-coated Sn loaded onto graphite flakes,
metallic Sn contributed to the increase in capacity.

Porous carbons with high surface area were successfully prepared from thermoplastic
precursors, such as poly(vinyl alcohol) (PVA), hydroxyl propyl cellulose (HPC) and poly(ethylene
terephthalate) (PET), by the carbonization of mixtures with MgO at 900 °C in inert atmosphere.
MgO in the carbonization products was easily dissolved out by using a diluted sulfuric acid.
Mixing of carbon precursors with MgO precursors (reagent grade MgO, magnesium acetate and
citrate) was done either in powder (powder mixing) or in aqueous solution (solution mixing).
The BET surface area of the carbons obtained through solution mixing could reach to very high
value, such as 2000 m?/g, even though any activation process was not applied. Pore structure of
the resultant carbons was found to depend strongly on the mixing method; the carbons prepared
through solution mixing were rich in mesopores, but those through powder mixing were rich in
micropores. The size of mesopores was found to be almost the same as that of MgO particles,
suggesting the possibility to control mesopore size in resultant carbons. The porous carbon with a
BET surface area of 1900 m?/g prepared at 900 °C through solution mixing of Mg acetate with
PVA showed pretty high EDLC capacitance, about 300 F/g with a current density of 20 mA/g and
210 F/g with 1000 mA/g. Rate performance was closely related to the relative amount of
mesoporous surface area. '

New electrode materials for electrochemical capacitors, composite powders of porous carbon
with metal carbides, either tungsten carbide WC or molybdenum carbide Mo,C, were prepared
through carbon coating process. In these composite powders, most of particles of metal carbide
were supposed to be coated by porous carbon and changed to hydroxide during the first
charge-discharge cycle in H,SO,4 aqueous electrolyte, which showed redox reaction in further
charge-discharge cycles, in addition to electric double layers on carbon surface. These
composite powders gave a high capacitance in 1 M H,SO, electrolyte, as about 350 F/cm® for

carbon-coated WC and 550 - 250 F/cm® for carbon coated Mo,C. Coating by porous carbon
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inhibited the growth of metal carbide particles during their formation and also the agglomeration

of hydroxides during charge-discharge cycles.

6-2 Carbon coating on ceramic particles

Carbon coated on ceramic particles through the carbonization of various thermoplastic resins
in the mixtures with different substrate ceramics endued with new characteristics for complex
materials i.e., carbon materials [5-8]. The characteristics of this method were that coated carbon
layer were served as various functions, e.g. possessing of high surface area, inhibition of grain
growth on substrate materials, separating between substrate particles, keeping a functional space
as in the case of carbon-coated Sn, etc. In addition, thermoplastic resins could be used as carbon
sources. Disposal resins such as PET tips could be used as carbon precursor.

In order to get a high surface area, activation process of carbon has usually been employed.
In addition, there have been reported various precursors and processes to prepare porous carbons
without any activation process. Microporous and mesoporous carbons were prepared by using
various templates, such as zeolites and silicas [9, 10]. For these template processes, however, it
was pointed out that the template had to be dissolved out by strong acids after carbonization and
that large amount of production was not easy, although the pores with a specific size were easily
obtained. The method, developed in the present thesis using MgO substrate, was very simple and
easy process to prepare mesoporous carbons. In this process, even the design of pore size
distribution is possible by selecting suitable magnesium salts. The process for the preparation of
porous carbons from thermoplastic precursors is expected to be developed as a novel process for

the production of porous carbons, including conventional activated carbons.

6-3 Prospect
While an economic activity and social activity become large scale, consumption of energy and
resources increases and global environment problems, such as environmental pollution and
warming, have been actualizing. So, electric energy storage as rechargeable batteries and
electrochemical capacitors have to be investigated and developed for future.
Therefore materials prepared and carbon coating process developed in the present thesis is
attractive materials and methods. Furthermore, carbon coating process can be expect for other

many application the exception of electric energy device.
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