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Abstract

Proton conduction in solid state xerogels and polymeric gels are reported. Xerogels, doped with known proton conductors,
were prepared by “sol—gel” method starting either from inorganic precursor sodium metasilicate (termed as hydrogel) or
organic precursor tetraethyl orthosilicate (termed as silica or SiO, alcogel). The dopants chosen for the former were NH4BF,,
NH,4Cl, NH4H,PO,4 and N,HsSO,, while for the latter, the dopants used were H;PO,, NH4BF,, NH,H,PO,4 and KH,PO,. The
Si0,:H;PO, alcogel gave the highest room temperature conductivity ( ~ 10 "3 S cm ~ !). Some of the xerogels studied by us
were stable even up to 300 °C. Another interesting group of proton-conducting materials discussed in this paper is polymeric
gel which was prepared by dispersing PMMA in the liquid electrolyte obtained by dissolving o-, m-, p-hydroxybenzoic acid; o-,
m-, p-nitrobenzoic acid and three dicarboxylic acids, viz., oxalic, malonic and succinic acid, in a high-dielectric constant organic
solvent. The role of the dissociation constants of the dissolved acids and the interaction of the polymer were discussed. The
addition of polymer, inspite of the increasing viscosity, was found to sometimes lead to an increase in the conductivity of liquid

electrolyte, which was explained on the basis of a breathing polymer chain model.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gel electrolytes are emerging as useful materials
for technological applications because of the ease with
which gels can be easily designed into thin film as
well as bulk forms. They can be prepared in desired
shapes and large areas can be deposited by dip, spin or
spray coating methods. These advantages, coupled
with the fact that many gels have been found to
possess a good ionic conductivity and ionic exchange
property [1-3], has led to interesting applications in
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many electrochemical solid state ionic devices like (i)
high-energy density batteries, (ii) fuel cells, (iii)
sensors and (iv) electrochemical display devices.
The subject of the study of materials and devices
based on gel electrolytes has recently been termed as
“sol—gel ionics™ [4] or “gel ionics” [5]. “Gel” can
essentially be thought of as a substance that contains a
solid skeleton (polymers or long chain molecules
cross-linked to create a tangled network) enclosing a
continuous liquid phase. The properties of gel depend
strongly on the interaction of these two components.
The liquid prevents the polymer network from col-
lapsing into a compact mass while the network
prevents the liquid from flowing away. Depending
upon the chemical composition and other factors, gels
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vary in chemistry from viscous fluid to fairly rigid
solids, but typically they are soft and resilient or
“jelly-like.”

In brief, most gel materials are macroscopically
like solid, but exhibit liquid-like characteristics
microscopically due to the presence of a large num-
ber of liquid-filled micropores. The ultraporous struc-
ture of gels is likely to provide channels for ion
migration. This offers the possibility of synthesizing
good ion conducting gel materials. On the basis of
the method of preparation, the gel electrolytes can be
classified as follows.

(a) Xerogel/aerogel electrolyte. These gels are
obtained by a “sol—gel” process involving polymer-
ization through hydrolysis-related chain linking. Such
gels behave as “gel electrolytes™ if they contain
mobile ions arising from either its own generating
groups (like H" or OH ~ from the hydrolysed bonds)
or from the dissociated dopant salt cations like Li ",
Na® H', (H;0") or OH , etc

(b) Polymeric gel electrolyte. These are either
obtained by adding substantial amount of plasticiser
(like PC, EC, PEG) in a solid polymer electrolyte
(plasticiser breaks the solid polymer skeleton and
allows greater mobility to the charge carriers for ionic
transport) [6] or by immobilizing liquid electrolyte
and making it highly viscous with the addition of an
inert polymer-like PAN, PMMA, etc. The ion trans-
port mechanism in these gel materials appears to be
dominated by the liquid electrolyte while the addition
of polymer increases the viscosity and changes the
dielectric constant and, hence, degree of dissociation
[7-11].

Many gel electrolytes of both the above types (i.e.,
xerogel and polymeric gel) are reported in the liter-
ature for Li” and Na' but not many studies are
reported on proton-conducting gel electrolytes. This
paper first gives a brief overview and then reports
some of the recent results on proton-conducting gel
electrolytes developed in our laboratory. The specific
proton-conducting systems studied by us are as fol-
lows.

(1) Na,SiO3-based “xerogels” (termed as hydrogel)
doped with proton-conducting materials like KH,POy,
N2H6SO4, NH4C1 and NH4BF4

(i) Tetraethyl orthosilicate (TEOS)-based SiO,
alcogels, a class of xerogel, doped with NH4BF,,
KH,PO,, NH,H,PO, and H;PO,.

(iii)) “Polymeric gel” as a result of dispersal of
PMMA (polymethyl methacrylate) in liquid electro-
lytes obtained by dissolving different amounts of
acids (viz. o-, m- and p-hydroxybenzoic acids; o-,
m- and p-nitrobenzoic acids; three dicarboxylic acids,
i.e., oxalic, malonic and succinic). The role of relative
dissociation constants of the acids and amount of
PMMA in the gel is particularly discussed. The
addition of PMMA is found to ‘sometimes’ enhance
the conductivity inspite of higher viscosity. These
results are discussed in the light of the “breathing
polymer chain model” recently proposed by us [12].

2. Proton-conducting xerogels
2.1. Xerogels: some basics

A schematic representation of method of obtaining
xerogel/aerogel electrolytes by the “sol—gel” process
is shown in Fig. | in which the precursor to “gel”
formation is obtaining “sol” [13—15]. A “sol” rep-
resents a suspension or dispersion of discrete collidal
particles in a liquid phase. All the “sols” cannot be
converted into gel. For sol—gel transition, there must
be a strong “particle—solvent interaction” so that at
least part of the solvent gets bound. At the transition,
the solution or sol becomes a rigid, porous mass

o
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Extractnon

Sol Gel Aerogel

|

Evaporation
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Heat
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Fig. 1. Schematic representation of “sol—gel” process.
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through destabilization, precipitation or suspersatura-
tion [16,17]. Once through the sol—gel transition, the
solvent phase is removed with ordinary evaporation to
create xerogels, or with hypercritical evacuation to
form aerogels [18,19] as shown in Fig. 1. At this
point, the dried gel is microporous. Oxides of early
transition metals (Ti, V, Zr), group IIIA metals (B, Al,
etc.) and silicon easily form “gel” through the simple
process of hydrolysis. Based on the “precursor”
materials, the xerogels are classified as:

(i) Hydrogel: prepared by aqueous-based sol—gel
process and starts with “inorganic” metal salt
precursor like sodium metasilicate.

(i1) Alcogel: prepared by alcohol-based sol—gel
process and starts with organic metal alkoxide
precursor like tetraethyl orthosilicate.

The processes involved in the formation of hydro-
gels and alcogels are described below.

For hydrogel, the first step of the “sol formation”
is accomplished by the hydrolysis of metal cations,
M"", which are solvated by the water molecules
according to the reaction:

M"" + nH,O — M(OH), + nH* (1)

Hydrolysis is followed by “internal condensation,”
a process in each step where H,O gets removed and a
number of M—OH linkages give way to the formation
of M—O-M linkages. This happens in sequence as
under:

2M(OH), — [M(OH),_,],0 + H,0
M(OH), ,],0 — [M(OH), ,],02 + H,0
M-OH+OH-M—-M-0-M+H0 (2

For the case of silicate gels, silicic acid is the
predominant mono nuclear solution species intro-
duced on hydrolysis of the inorganic salt. The for-
mation of silicic acid in aqueous solution is followed
by polymerization of monomers. The polymerization
reaction is based on the condensation of silanol (Si—
OH) groups:

—Si—OH+OH-Si >Si—-0-Si+H0 (3)

The above process of two or more monomers
joining (or condensing) can, respectively, lead either

to the growth of molecular size or polymerisation
depending upon the linear or planar mode of joining
as discussed by Iler [17].

Steps involved in the sol—gel process for “alcogel
system” is almost similar but the alcogels are made
almost exclusively from metal alkoxides M(OR), like
tetraethyl orthosilicate (TEOS). The reactions involved
are hydrolysis,

M(OR), 4 nH,0 — M(OR),_, (OH), + nHOR

and condensation

2M(OR),_,(OH),
- [M(OR)4771 (OH)nfl]ZO + HZO

with overall reaction given by
M(OR), + 2H,0 — MO, + 4HOR

where R is an alkyl group C,H,, + ;. At the functional
group level, the above general reactions may be written
for the special case of silicon alkoxide as sequencing
hydrolysis, alcohol condensation and water condensa-
tion steps given below [13]:

=Si — OR + H,0 — =Si — OH + ROH (4)

=Si — OR + HO — Si=
— =Si— 0 — Si= + ROH (5)

=Si — OH + OH — Si=
— =Si— 0 - Si=+ H,0 (6)

The hydrolysis reaction replaces alkoxide group
(OR) with hydroxyl group (OH). Subsequent conden-
sation reactions involving silanol groups produce
siloxane bonds (Si—O-Si) plus the by-product alco-
hol (ROH) (Eq. 5) or water (Eq. 6). Because water and
alkoxisilanes are immiscible, a mutual solvent such as
alcohol is used as a homogenizing agent. The xerogel
prepared by the above-described sol—gel processes
have unique amorphous structure with a high degree
of porosity. The porous structure of gels can be easily
modified by chemical or physical methods.
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Fig. 2. Schematic representation of different steps involved in the
gel preparation.

2.2. Proton-conducting “hydrogels”

In proton conductors, the charge transport is pri-
marily due to HyO", H" or OH . Early proton-
conducting gels studied are oxide gels which, from a
chemical point of view, may be considered to be
hydrous oxides MO,nH,0O, where M=Ti, Zr, V, Si,
etc.; colloidal oxide particles have fully hydrated
surfaces. The hydration mechanism involves the dis-
sociation of adsorbed water molecules at the surface
of the oxide. The H" and OH ~ ions, respectively,
bond to the oxygen and metal sites, leading to the
formation of two surface hydroxyl groups M—OH [1].
The M—OH groups at the surface undergo acid and
base dissociations as given below [4,20]:

M — OH + H,0 — M — OHJ + OH~
M—-OH+H,0 —-M—-0 +H;0"

The room temperature conductivity of proton-con-
ducting hydrous oxides is ~ 10 > S cm ' [21]. It
depends to a small extent on the oxidation state of the
metal cation M” ", but strongly depends on the amount
of water in the gel. Another interesting gel system is the
silicate system in which more proton conduction is
promoted, since the synthesis process involves acid-
catalyst providing additional source of protons. Dunn

et al. [22] have studied the transport properties of acid
catalyzed silica gel during the sol—gel transition. Many
organically modified silica gel systems (ORMOSIL)
have been developed. Recently, Charbouillot et al. [23]
used alkylamines as network modifiers to prepare
“aminosils” as a new class of “ormosils.” These
“aminosils” were obtained via the hydrolysis of a
mixture of aminated organosiloxanes R’ Si(OR); (R’-
amino group; R =CH; or C,Hs) and an acid. The silica
backbone provides mechanical strength while the
organic amino groups offer solvating properties with
respect to the guest ionic species. Films of the material
were transparent and exhibited proton conductivity
(6=10""S cm ') at room temperature.

In our laboratory, we have directed our effort to
developing Na,SiOs-based “hydrogels” doped with
known proton-conducting salts like N,H¢SO,4, NH4Cl,
KH,PO,4 and NH4BF,. A schematic representation of
method of preparation of hydrogel is shown in Fig. 2.
To obtain hydrogel, aqueous solution of sodium
melasilicate was used as inorganic precursor to which
solution of dopant salts like NH4BF, or NH4H,PO, or
KH,PO4-NH,4C1 or N,HgSOy, etc. were added and left
for gelling at 40 °C for ~ 3—4 days. The highly
viscous gel so obtained was dried at 200 °C for 48 h.
The dried gel was ground to fine powder which was
used for experimental studies either as such or as
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Fig. 3. Composition dependence of electrical conductivity for
different hydrogels: (O—0O) xNa,SiO;+(100 — x)NH,Cl; (m—m)
xNa,Si0;3+(100 — x)NH4BF4; (O—0) xNa,SiO5+(100 —x)KH,.
PO,; (@ — @) xNa,SiO3+(100 — x)N,HgSO,.
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pellets prepared at ~ 6 ton cm ~ ? pressure. Detailed
structural characterisation (IR, XRD, DTA) and ion
transport measurements have been carried out [24,25].
Here, we only describe briefly some of the results on
the ion transport behaviour.

The electrical conductivity evaluated by impedance
spectroscopy as a function of the dopant concentration
in the gel is given in Fig. 3. It is obvious that doping
the Na,SiO3 hydrogels with proton-conducting salts
has helped in augmenting the conductivity. Further, it
may be noted that the gellification takes place only in

a limited compositional range. The dashed (...... )
line indicates that in this range, it was not possible to
obtain dried solid state xerogel. Fig. 4a and b, respec-
tively, gives the temperature dependence of ionic
transference number and electrical conductivity. The
significant conclusions which can be drawn from
these results are as follows.

(a) Pure Na,SiO; gel at higher temperature is
partially electronic. Our DTA/TGA results have
shown that at temperatures more than 300 °C, many
H—O-H bonds are broken and dehydration of the gel

0.0 —=% i ¥ :111.0
0.2 —0.8
< 0.4 (@) o6 T
0.8 H0.2
&N—A Pure hydrogel
14% 0.0
10 e—e NH,BF, doped hydrogel
x—x N;HgSO, doped hydrogel
10°
(b)
-4
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i .
£
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Fig. 4. Temperature dependence of (a) ionic transference number for (A—A) pure hydrogel, (® — @) xNa,SiO;+(100 — x)NH4BF, (x=45
mol%) and ( X — X ) xNa,SiO3+(100 — x)N,HgSO4 (x =40 mol%). (b) Electrical conductivity for (® — @) xNa,SiO;+(100 — x)NH4BF, (x=45
mol%) and (X — X ) xNa,SiO;+(100 — x)N,HSO4 (x=40 mol%).
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occurs. Hence, ionic (protonic) conductivity contribu-
tion decreases. On the other hand, the doped gels
continue to remain “ionic” even up to 300 °C.

(b) The conductivity initially decreases with tem-
perature due to the desorption of surface physiosorbed
water but then increases. The increase in conductivity
at higher temperature is also linked with a possible
phase transition as evidenced by our DTA studies. The
conductivity in the 300-400 °C range is very high
(= 10"%S cm ). This high value of conductivity,
coupled with the fact given in (a) that #,, is approx-
imately one even at such high temperatures, makes
these materials as potential candidates for good inter-
mediate temperature proton conductor.

(c) However, the “not so favourable” point for
these materials is the fact that some Na " mobility
has been noted by Rai and Chandra [26] from the ionic
mobility measurement by transient ionic current tech-
nique and NMR line narrowing for Na*® nuclei. There-
fore, the high ionic conductivity at high temperature
may not be purely protonic but partially due to Na ™.

These results (particularly (c)) prompted us to
switch over to a gel matrix which does not contain
Na". We switched over to SiO, gels derived from an
organic precursor TEOS (termed earlier as “alcogel”)
doped with different proton-conducting dopant salts.
The results are discussed below.

2.3. Proton-conducting “alcogels”

Many studies are reported by several workers to
prepare xerogel by using organic precursor (i.e., tet-
raethyl orthosilicate). Tatsumisago and Minami [27]
have prepared silica gel films containing dodeca
molybdophosphoric acid, H;PMO;,040-29H,0
(MPA) by sol—gel method. The film containing 42
wt.% MPA exhibits the highest room temperature
proton conductivity value, 3 x 10~ S cm ~ ! at 90%
R.H. In a similar work, Minami et al. [28] have
prepared proton-conducting bulk silica gels and silica
gel films containing perchloric acid, HCIO,4, dodeca-
tungstophosphoric acid H3;PW;,049:29H,0 (WPA),
or tetra-n-butylammonium perchlorate (n-Bu),NCIO,4
by sol—gel method. HC1O, or WPA-doped dried bulk
gels and gel films exhibited higher conductivities
(2% 10~ % and 6 x 10 S ecm ', respectively) than
the dried gel doped with (n-Bu), NClO4 (~ 10~7S
em ).

We have prepared ‘‘alcogels’ starting from
organic precursor TEOS. Dopants used are H3POy,
acid and salts NH4H2PO4, KH2PO4 and NH4BF4
Hydrolysis and condensation are the necessary steps
involved in the gellification as discussed earlier. To
prepare the above alcogels, ethanolic solution of
TEOS was used as organic precursor to which dopant

™™

-~

L =8 &

Fig. 5. SEM micrograph of pure SiO, gel.
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Fig. 6. Composition dependence for different alcogels: (O—O)
xSi0,+(100 —x)NH4H,PO,4; (m—m) xSiOp+(100 —x)H;POy;
(- @) xSiO,+(100 —x)KH,PO4; (O-0) xSiO,+(100 —
x)NH4BF,.

electrolytic solution of H;PO,4 or ADP or NH4BF, or
KDP was added. Also, one to two drops of HCI was
added as catalyst. The mole ratio of TEOS/EtOH/
H,O/HCl was kept constant, i.e., 1:8:30:0.05. The
transparent solution so obtained is kept for gelling at
40 °C for 3—4 days followed by drying at ~ 200 °C
for ~ 48 h. The dried gel ingot which, for further
measurements, was used either as such or as a pellet
obtained from its well ground powder at a pressure
of ~ 4 tons cm 2.

All the prepared gels were transparent. Porosity of a
typical gel was ~ 80% as measured by gas adsorption
method. The SEM photograph showing the porous
surface morphology of our typical “alcogel” is shown
in Fig. 5. These pores may entrap the dopant electrolyte
solution. First, hint in this direction was taken by us
when we were cutting gel ingots and a liquidus material
was seen oozing out. Therefore, these doped alcogels

can be modelled as ““solid—liquid electrolyte” compo-
site. Detailed confirmatory evidence in this regard
using IR, XRD and DSC results will be published
elsewhere [29]. A necessary consequence of the hy-
pothesized “solid—liquid electrolyte” composite will
be liquid-like conductivity. The composition depend-
ence of conductivity of different alcogels is given in
Fig. 6. It is to be noted that the gellification is in a
limited compositional range. The best conductivity was
for Si0,—H;PO, alcogel ( ~ 10 2 S cm ~ ') while the
SiOz*NH4BF4, SiOz*NH4H2PO4 and SiOz*KHzPO;;
gels gave conductivity of ~ 10~ *Sem .

The temperature dependence of conductivity is
shown in Fig. 7. For discussion purposes, the o vs.
1/T plot can be divided into three distinctive regions.
In Region 1, the conductivity after a small increase

o (S./cm)—>
[6,]
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Fig. 7. Temperature dependence of electrical conductivity for
different alcogels. (O0-0O) xSiO,+(100 —x)NH4H,PO, (x=70
mol%); (m—m) xSiO,+(100 — x)H;PO, (x=50 mol%); (@ -®)
xSi0,+(100 — x)NH4BF, (x=70 mol%); (O—0O) xSiO,+(100 — x)
KH,PO, (x=85 mol%). Note that the plotted values (for KH,PO4
doped gels) are 1/10th of the actual experimental values.



616 S. Chandra et al. / Solid State Ionics 154—155 (2002) 609-619

decreases with temperature. In Region 2, the conduc-
tivity varies negligibly or very slowly with temper-
ature, while at the higher temperature end of Region 3,
the conductivity drops sharply with increasing tem-
perature. Region 1, can be assigned to be due to the
desorption of physiosorbed water. The conductivity in
Region 2 can be attributed to the liquid electrolyte
entrapped in the pores of porous SiO, alcogel, which
is typical of “liquid-like conductivity.” The drop in
conductivity in Region 3 (7>150 °C) is due to the loss
of electrolyte as a result of evaporation.

3. Proton-conducting polymer gel electrolytes

As discussed earlier, the term polymer gel electro-
lytes refer to system, which is obtained first by
dissolving dissociable salts/acids in a suitable solvent
and then the electrolyte is immobilised with the
addition of polymer. Since the first report of high
conductivity in polymer gel electrolytes [30], most of
the work on these materials has been mainly with
various lithium salts like LiClO,4, Li(CF5SOs3), LiBF,,
LiPF, etc. because of their use in lithium batteries.
Not much work has been done on proton-conducting
polymeric gel electrolytes. Initial work was with
strong acids like H3PO,4, H,SO4, HCI, [31,32], sali-
cylic acid [33], hydroxybenzoic acids and aliphatic
dicarboxylic acid [12]. The use of organic carboxylic
acids for developing proton-conducting gel electrolyte
is a promising proposition since the carboxylic groups
are proton donors while the ring to which these are
attached are generally nonpolar. In the following
paragraphs, we give some results obtained by us in
our programme of developing such polymeric gels.

The organic acids used by us as the liquid electro-
lytes for polymeric gellification in order to develop
proton-conducting polymer gels are given in Table 1
along with their dissociation constants k (or acidity
constant). Organic solvent to be used should have
high dielectric constant to help the dissociation of the
organic acids. The solvent used was the ternary
mixture of EC+PC+DMF which has been earlier
been found by us [34] as giving the best results. So
long as one uses high-dielectric constant solvent, the
role of solvent is only marginal. Liquid electrolytes of
each acid with different concentrations were prepared
and their conductivity was measured using WTW

Table 1
Dissociation constants of the organic acids used by us in preparing
polymeric gel electrolytes

Hydroxybenzoic Nitrobenzoic Dicarboxylic acid

acid acid (COOH—-(CH,)—COOH)

0- m- p 0- m- p- Oxalic Malonic Succinic
n=0) (n=1)

105 83 26 670 32 36 5400 140 6.4

conductivity meter LF-330 and HP4284 A precision
LCR meter operating from 20 Hz to 1 MHz. The
conductivity meter was calibrated by using standard
KCI solution. The measured values of electrical con-
ductivity of the liquid electrolytes (without any added
polymer) of the three systems listed in Table 1 are
given in Fig. 8. The following general observations
can be made.

(1) The conductivity, as expected, depends upon the
dissociation constants listed in Table 1. For example,
the dissociation constants of o->m->p-hydroxyben-
zoic or nitrobenzoic acid and the same is true for
the conductivities given in Fig. 8a and c. Similarly for
dicarboxylic acids, both the dissociation constants and
the conductivity for oxalic acid>malonic acid>suc-
cinic acid as given in Fig. 8b.

(i) The conductivity initially increases linearly with
the acid concentration in the electrolyte but at higher
concentrations, the rate of increase is slow and tends
towards saturation. This is due to ion association.

The result of adding polymer PMMA on the
conductivity of best of each series of the above liquid
electrolytes is shown in Fig. 9. We investigated differ-
ent molarity solution (which are likely to have differ-
ent degrees of ion association) in order to see whether
the conductivity changes induced by PMMA is in any
way related with the degree of ion association of the
starting electrolyte. The significant conclusions which
can be drawn from Fig. 9 are as follows.

(i) The conductivity initially increases with the
amount of added PMMA peaks and then decreases
at high concentration. This is an unexpected result. A
preliminary result was earlier reported by us [12] for
some 1-M electrolytes.

(i1) It is obvious that the extent of peak conductiv-
ity enhancement due to the addition of polymer does
depend upon the molarity. In general, high molarity
electrolytes were more effected by the addition of
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PMMA. However, in some cases (like that of ortho-
nitrobenzoic acid) the conductivity enhancement is
barely perceptible.

The above two conclusions are somewhat unex-
pected if we take a simplistic explanation. The addition
of PMMA obviously do two things: (a) increases
viscosity and (b) decreases dielectric constant since
dielectric constant of PMMA is much lower than the
solvent EC+PC+DMF. The former may lead to

decrease in the ionic mobility while the latter would
decrease the number of dissociated charge carriers.
Both would predict a decrease in the conductivity as
has been found in many lithium gel electrolytes. In all
our results, we have consistently noted an enhancement
in the conductivity. For salicylic acid, Grillone et al.
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Fig. 9. Variation of conductivity with the addition of PMMA to the
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[33] have also observed an increase in the conductivity
on gellification. Therefore, we have to evolve or model
some additional manner other than the above in which
the added polymer is interacting with the liquid electro-
lyte. Chandra et al. [12] recently have suggested a
“breathing polymer chain model.”” The polymer chain
is assumed to breathe while it opens or folds occupying
different volume in the process. This leads to localized
pressure fluctuations assisting either in breaking the
neutral ion-associated pairs or ‘“‘unblocking” of the
viscosity controlled mobility or both resulting in a
conductivity enhancement. Let us reexamine the nature
and the process of the formation of our polymer gel
electrolyte. Most of the regions of a polymeric gel can
be considered as a polymer network swollen with the
liquid electrolyte. Thus, polymeric gels are unique
(liquid + polymer) hybrid network which are able to

—— ¢ —_—‘__:'—:_“___ -~ —_ —__—__ |entangled
= D) — — —7<)—"—|Polymer
O =

— S — — T Liquid

- - T _ ) . T _ = Esctrolyte
- - - - _ T A

Fig. 10. Entangled polymer gel network under different situations.
(a) Chemical gel network with junction points [35]. (b) Physical gel
network having junction zones [35]. (c) Physical gel network having
fringed micelles [35]. (d) Entangled polymer networks filled up with
liquid electrolyte dispersed in electrolyte solution (present gel
model).

sustain the diffusive liquid-like ion transport. Poly-
meric gels can be obtained as a result of chemical or
physical cross-linking as shown in Fig. 10 a—c [35].
The former is associated with the covalent bonding of
polymer chain by means of a chemical reaction to form
a certain number of tie or “junction points’’ as shown in
Fig. 10a. The formation of polymeric gel as a result of
physical cross-linking is associated with the formation
of entanglement network of “junction zones” (Fig.
10b) or “Fringe micelles” (Fig. 10c). Either of these
three cases would give our “gel” a structure in which
there are regions with polymer hosts functioning as
containers of liquid electrolytes distributed all over the
liquid electrolyte as shown in Fig. 10d. Given the
situation of Fig. 10d, the “breathing polymer” mech-
anism hypothesized by Chandra et al. [12], as men-
tioned earlier, can lead to the conductivity enhance-
ment. Of course, at very high concentrations of adding
polymer (PMMA), the high viscosity effect would
dominate resulting in a decrease in conductivity.

4. Conclusions

Good proton-conducting materials such as solid
xerogels (hydrogel and alcogel) and viscous poly-
meric gel have been developed by following simple
methods of synthesis. Hydrogels studied are Na,SiO;-
based gels doped with NH,BF,, NH,Cl, NH,H,PO,
and N,HSO,, and alcogels studied are TEOS derived
giving SiO,—alcogels doped with H;PO,, NH4BF,,
NH4H,PO,4 and KH,PO,4. The polymeric gels were
obtained by immobilising as gels the aprotic solution
electrolytes of o-, m-, p-hydroxybenzoic acid; o-, m-,
p-nitrobenzoic acid and three dicarboxylic acids, viz.,
oxalic, malonic and succinic acid. It has been found
that the polymer has a role to play in the modification
of conductivity of polymeric gels for which a ““breath-
ing chain model” is discussed.

Acknowledgements

One of us (SC) would like to thank CSIR for grant
of Emeritus Scientist project. The Senior Research
fellowship received by RS from CSIR is also
gratefully acknowledged.



S. Chandra et al. / Solid State Ionics 154—155 (2002) 609619 619

References

[1] J. Livage, Mater. Res. Soc. Symp. Proc. 135 (1989) 131.

[2] J. Livage, J. Lamerle, Annu. Rev. Mater. Sci. 12 (1982) 103.

[3] J.P. Boilot, Ph. Colomban, in: L.C. Leom (Ed.), Sol—Gel
Technology for Thin Films, Fibers, Performs, Electronics
and Specific Shapes, Noyes Publications, Park Ridge, NJ,
1988.

[4] J. Livage, Solid State lonics 50 (1992) 307.

[5] B. Scrosati, in: B.V.R. Chowdari, M. Yahaya, I.T. Talib, M.M.
Salleh (Eds.), Solid State Ionics Material, World Scientific,
Singapore, 1994, p. 47.

[6] Y. Ito, K. Kanehori, K. Mayauchi, T. Kudo, J. Mater. Sci. 22
(1987) 1845.

[71 M. Watanabe, M. Kunba, K. Nagaoka, I. Shinohara, J. Appl.
Electrochem. 27 (1982) 4191.

[8] M. Watanabe, M. Kanba, K. Nagoaka, I. Shinotvara, J. Polym.
Sci., Polym. Phys. 21 (1983) 939.

[9] O. Bohnke, C. Rousselot, P.A. Gillet, C. Truche, J. Electro-
chem. Soc. 139 (1992) 1862.

[10] S. Slane, M. Saloman, J. Power Sources 55 (1995) 7.

[11] S.S. Sekhon, Pradeep, S.A. Agnihotry, in: B.V.R. Chowdari, et
al. (Eds.), Solid State Ionics—Science and Technology, World
Scientific, Singapore, 1998, p. 217.

[12] S. Chandra, S.S. Sekhon, N. Arora, Ionics 6 (2000) 112.

[13] C.J. Brinker, G.W. Schere, Sol—Gel Science—The Physics
and Chemistry of Sol—Gel Processing, Academic Press,
New York, 1990.

[14] L. Klein (Ed.), Sol—-Gel Technology, Noyes Publications, Park
Ridge, USA, 1988.

[15] L.L. Hench, J.K. West, Chem. Rev. 90 (1990) 33.

[16] J.M. Pope, K.C. Radford, Am. Ceram. Soc. Bull. 53 (1974)
574.

[17] R.K. Iler, The Chemistry of Silica, Wiley, New York, 1979.

[18] J. Zarzycki, M. Prassas, J. Phalippou, J. Mater. Sci. 17 (1982)
3371.

[19] G.A. Nicolaon, S.J. Teichner, Bull. Soc. Chim. Fr. 5 (1968)
1906.

[20] J. Livage, M. Henry, C. Senchez, Prog. Solid State Chem. 18
(1988) 259.

[21] R.C.T. Slade, J. Barker, T.K. Halstead, Solid State Ionics 94
(1987) 147.

[22] B. Dunn, G.C. Farrington, B. Katz, Solid State Ionics 70/71
(1994) 3.

[23] Y. Charbouillot, D. Ravaine, M. Armand, C.J. Poinsignon,
J. Non-Cryst. Solids 103 (1988) 325.

[24] D.K. Rai, PhD thesis, Department of Physics, B.H.U., Vara-
nasi (1995).

[25] R. Srivastava, PhD thesis, Department of Physics, B.H.U.,
Varanasi (2001).

[26] D.K. Rai, S. Chandra, J. Phys., D, Appl. Phys. 30 (1997) 2078.

[27] M. Tatsumisago, T. Minami, J. Am. Ceram. Soc. 72 (1989)
484.

[28] T. Minami, H. Honja, M. Tatsumisago, in: B.V.R. Chowdari,
M. Yahaya, I.A. Talib, M.M. Salleh (Eds.), Solid State Ionics
Materials, World Scientific, Singapore, 1994, p. 47.

[29] R. Srivastava, S. Chandra, Communicated.

[30] G. Feuillade, P.H. Perche, J. Appl. Electrochem. 5 (1975) 63.

[31] W. Wieczorek, Z. Florjanczyk, J.R. Stevens, Electrochim. Acta
40 (1995) 2327.

[32] J.R. Stevens, W. Wieczorek, D. Raducha, K.R. Jeffrey, Solid
State Tonics 97 (1997) 347.

[33] A.M. Grillone, S. Pancro, B.A. Retamal, B. Scrosati, J. Elec-
trochem. Soc. 146 (1) (1999) 27.

[34] N. Arora, S.S. Sekhon, in: A.K. Kulkarni, P. Gopalan (Eds.),
Ion Conducting Materials, Bombay, Metallurgical Engineering
and Materials Science Department, Indian Institute of Tech-
nology, p. 88.

[35] L.H. Sperling, Introduction to Physical Polymer Science, Wi-
ley, New York (1993) Chap. 9.



	Introduction
	Proton-conducting xerogels
	Xerogels: some basics
	Proton-conducting hydrogels
	Proton-conducting alcogels

	Proton-conducting polymer gel electrolytes
	Conclusions
	Acknowledgements
	References

