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1. Introduction

There are two types of technology for immobilizing the elec-
trolyte in valve-regulated lead–acid (VRLA) batteries: one contains
sulfuric acid solution in an absorptive glass-mat (AGM) separator;
the other is a gelled electrolyte, which is a type of thixotropic col-
loid in a “soft solid” state [1]. Gelled electrolyte is prepared by
mixing a gelling agent with sulfuric acid solution. The recombi-
nation reaction of oxygen takes place by rapid diffusion of oxygen
from the positive to the negative plate through a network of micro-
cracks. The batteries can therefore operate in a predominantly
sealed manner, without any requirement for routine maintenance.
SONNENSCHEIN dryfit batteries were the first GEL-VRLA batter-
ies, and have been manufactured on a large scale since the 1950s
[2].

The gelled electrolyte is the key factor affecting the performance
of GEL-VRLA batteries. Major improvements in GEL-VRLA technol-
ogy have been achieved over the past decade [3]. Several gelling
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med silica on the electrochemical properties of gelled electrolytes have
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS),
pe (TEM) and the Brunauer, Emmett and Teller (BET) technique. The CV
derate mechanical dispersion of fumed silica in the H2SO4 solution has

rochemical properties of the gelled electrolyte. The optimal mechanical
ed to the operating temperature during preparation of gel, as well as the
bution. A high stirring rate improves the electrode capacity and decreases
olyte. With moderate mechanical dispersion, gelled electrolytes prepared

ticles exhibit equal electrode capacities.
© 2008 Elsevier B.V. All rights reserved.

agents can be used to form a three-dimensional gel matrix; one is
colloidal silica, which is inexpensive, can form a colloid with a long
gelling time, and is easily loaded into the case. However, as revealed
in some Chinese patents, gelled electrolytes formed from colloidal
silica have the disadvantages of low capacity, low stability, poor

thixotropy, and poor reliability under cyclic or deep-discharge con-
dition [4–7]. Therefore, fumed silica is the commonly used gelling
agent [3,8,9].

Fumed silica was first invented by Degussa in the 1940s. It is an
exceptionally pure form of silicon dioxide, made by reacting silicon
tetrachloride in an oxy-hydrogen flame. The process generates par-
ticles in the size range from 7 to 50 nm, which tend to link together
by a combination of fusion and hydrogen bonding to form chain-
like aggregates with high surface area. It is widely used as filler for
strength reinforcement [10,11].

Because of the widespread utility of fumed silica, studies of the
structure, and properties of its surfaces have been carried out by
researchers for many years [12]. Careful analysis by a variety of
methods such as IR [13,14], chemical probes, and NMR, indicated
that the surface reactivity of the silica depends substantially on the
quantity and structural arrangement of its surface hydroxyl groups.
This, in turn, depends on the preparation process and modification
method used for the silica [15,16]. Both “isolated” and “hydrogen-
bonded” silanols (Si–OH) can be formed on the fumed silica surface,
of which the “isolated” silanols are able to form an additional hydro-
gen bond [15].
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Fig. 1. CV curves of the lead electrode in gelled electrolytes (A200 silica, 3650 rpm, 30 ±
4 wt.%. (C and D) Relationships between agitation time and redox capacity of the lead el
electrode in gels with different silica contents.

Fundamental studies on silica dispersions were initially based
on aqueous media (see references in Raghavan et al. [17]). When
the silica is dispersed in aqueous media, the isolated silanols
may form hydrogen bonds with both the isolated silanols on
other silica particles and water molecules, to give a silica gel
or silica sol. As the isolated silanols form hydrogen bonds with
1 ◦C) prepared with different agitation times and silica contents: (A) 6 wt.% and (B)
ectrode derived from (A) and (B), respectively. (E) Oxidation capacities of the lead

the water molecules, a “hydration force”, a short-range, non-
Deryaguin–Landau–Verwey–Overbeek (non-DLVO) repulsive force
is generated. Strong hydration forces form a silica sol while weak
hydration forces form a silica gel. Kamiya et al. [18] reported that
the hydration force is a function of the diameter of the silica parti-
cles. Yoon and Vivek [19] demonstrated that the hydration force can
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Fig. 2. CV and EIS results of the lead electrode in gelled electrolytes (6 wt.% A200, 400
relationships between agitation time and redox peak current density of the lead electrod
resistance (Rs) or charge-transfer resistance (Rct) and agitation time derived from (C).

be eliminated in the presence of alcohols as a result of adsorption of
the alcohols on the silica surfaces, displacing the water molecules,
and disrupting the hydrogen-bonding network within the water
layer around the silica particles.

Fig. 3. Interaction effect between fumed silica particle: (A) effect of solvent: schematic re
dispersed in a aqueous liquid: (a) a strongly hydrogen-bonding liquid (water layer/hydrat
(b) a weakly hydrogen-bonding liquid (the particles interact directly by hydrogen-bondi
Effect of particle size: modeling of the effects of primary particle size on the surface sila
particle diameters of (c) >30 nm and (d) <10 nm) (reprinted by kind permission of H. Kam
0 rpm, 25 ± 1 ◦C) prepared with different agitation times: (A) CV curves and (B)
e derived from (A). (C) Impedance spectra and (D) relationships between solution

When fumed silica is used in GEL-VRLA batteries, most of its
isolated surface silanols link to form weak hydrogen bonds with
each other. This gives a three-dimensional network gel structure,
entrapping the sulfuric acid solution. The properties of this three-

presentation of two possible scenarios that can occur in the case of silica particles
ion force is formed on the particles by hydrogen-bonding, resulting in a stable sol);
ng to form a gel) (reprinted by kind permission of Khan and co-workers [17]). (B)
nol structure: the formation of a hydrated water layer and the hydration force (for
iya and co-workers [18]).
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Fig. 4. CV and EIS results of the lead electrode in gelled electrolytes (6 wt.% A200, 25 ± 1 ◦C) prepared with different agitation times and different stirring rates: at 3400 rpm:
(A) CV curves, (B) impedance spectra, and (C) Rs and Rct derived from (B); at 2400 rpm: (D) CV curves, (E) impedance spectra, and (F) Rs and Rct derived from (E). (G)
Relationships between agitation time and oxidation peak current density of the lead electrode in gelled electrolytes prepared with different stirring rates.
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) pre
ty of t
d from
Fig. 5. CV results of the lead electrode in gelled electrolytes (6 wt.% A200, 4000 rpm
curves and (B) relationships between agitation time and redox peak current densi
between agitation time and redox peak current density of the lead electrode derive

dimensional silica gelled electrolyte significantly affect the capacity
and cycle life of GEL-VRLA batteries. Some researchers focused
their effort on shortening gelling time, reducing the viscosity, and
decreasing the internal resistance of the gelled electrolyte [20,21].

The optimal concentrations of: sulfuric acid solution, fumed silica,
and various additives such as phosphoric acid have been investi-
gated in an effort to improve the performance of the gels for VRLA
batteries [22]. However, less concern has been placed on the dis-
persion properties of the fumed silica itself.

2. Experimental

A fundamental study was undertaken here to improve the per-
formance of the gel, by taking advantage of the interfacial effects of
fumed silica nanoparticles dispersed in H2SO4 solution. The intrin-
sic properties of fumed silica (concentration and particle size), plus
the operating conditions used during the gelled electrolyte forma-
tion process (agitation time, stirring rate, and temperature) were
investigated.

2.1. Physical characterization of fumed silica

The fumed silicas involved in this work were Aerosil 200, Aerosil
150 (produced by Degussa Co., Germany denoted as A200 and
A150), and HL200 (produced by GBS Co., China) [23,24].
pared with different agitation times and operating temperatures: 30 ± 1 ◦C: (A) CV
he lead electrode derived from (A); 20 ± 1 ◦C: (C) CV curves and (D) relationships
(C).

A JEM-2010HR transmission electron microscope (TEM) was
employed to observe the morphology and microstructure of the
silica particles. The BET specific surface area of the fumed silica
particles was determined by a Micromeritics ASAP2020.
2.2. Preparation of the electrode and electrolyte

The working electrode was prepared by inserting a pure lead
rod into a hard plastic tube and sealing with epoxy resin. A copper
wire was welded to one end of the electrode. The opposite end was
used as the flat, circular working surface, with a geometric area of
0.5 cm2.

The gelled electrolyte was prepared by mixing fumed silica and
36 wt.% H2SO4 solution (d = 1.285 g mL−1). The mixture was dis-
persed in a homogenizer at a high stirring rate to form a colloidal
solution. Electrochemical testing was performed after gelation of
the colloidal solution.

2.3. Electrochemical test

The cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were carried out in a three-electrode configu-
ration with an Hg/Hg2SO4, K2SO4 (saturated) reference electrode,
and a platinum sheet as the counter electrode. The experiments
were performed at room temperature using a PGSTAT30 (Autolab,
Eco Echemie B.V. Company).
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Prior to the experiment, the working electrode surface was pol-
ished with 1500# and 2000# waterproof silicon carbide papers.
After washing with distilled water, the electrode was placed in the
cell and cathodically polarized to remove the oxide film from its
surface. CV curves were conducted over the potential range from
−1.3 to −0.7 V at a scanning rate of 10 mV s−1. The voltammogram of
the 25th cycle was recorded in each experiment. EIS measurements
were taken at the open-circuit potential (OCP) of −1.5 V in the fre-
quency range 100 kHz–0.01 Hz, with an a.c. amplitude of 10 mV.

3. Results and discussion

3.1. Concentration of fumed silica

In GEL-VRLA batteries, fumed silica thickens and absorbs the
electrolyte solution. The concentration of fumed silica is a key
factor affecting the gelling properties. Kim et al. [25] concluded
that the viscosity of a colloidal solution could be efficiently con-
trolled by the fumed silica content. Lambert et al. [20] reported
that the silica content of the electrolyte should be as low as pos-
sible in order to optimize the porosity of the colloidal particles,
yet sufficiently high to develop and maintain a stable gel struc-
ture. It was suggested that with increasing silica content, the gelling
time shortens and the structure of the gel becomes more compact.
Consequently, the diffusion of reactants is inhibited, and the lead
electrode capacity tends to diminish. In addition, the ohmic resis-
tance and the charge-transfer resistance increase with higher silica
content [21]. However, in this study it is demonstrated that the dis-
persion of fumed silica is also an important factor in determining
the electrochemical performance of a gelled electrolyte. This had
been overlooked in previous investigations.

Fig. 1 shows the CV curves for the lead electrode in gelled elec-
trolytes containing 6 wt.% (Fig. 1A) and 4 wt.% (Fig. 1B) A200 fumed
silica. The gels were prepared with different agitation times at a stir-
ring rate of 3650 rpm, with an operating temperature of 30 ± 1 ◦C.
The lead electrode capacity of gels prepared with the same silica
content varies with agitation time. When the silica content is 6 wt.%
(Fig. 1A and C), an agitation time of 90 min is required to reach the
highest capacity, whereas for a silica content of 4 wt.% (Fig. 1B and
D), only 80 min are required. With optimal dispersion, however,
the oxidation capacities of gelled electrolytes prepared with 6 and
4 wt.% silica are equal (Fig. 1E).

Since the dispersion of the fumed silica plays such an important

role in the electrochemical properties of the gelled electrolyte, a
more detailed study of the effects of the factors used during the gel
making progress (see Section 3.2) was undertaken.

3.2. Mechanical dispersion of fumed silica

3.2.1. Agitation time
In this section, CV and EIS were employed to evaluate the

electrochemical performance of the gels. CV results for gelled elec-
trolytes prepared at a stirring rate of 4000 rpm are shown in Fig. 2A
and B. Initially, the redox peak currents (related to redox capaci-
ties) increase with increasing agitation time, reaching a maximum
at about 80 min, before decreasing. It can be concluded that a lower
or higher agitation time (within 10 min of the optimum) will lead to
a sharp decrease in the peak current (capacity) of the lead electrode.

The impedance spectra (performed at −1.5 V) for gelled elec-
trolyte prepared at a stirring rate of 4000 rpm is shown in Fig. 2C.
The results can be fitted well by the equivalent circuit included.
Rs represents the ohmic resistance, made up of the resistance of
the corrosion products deposited on the electrode surface, the
resistance of the electrolyte, and the resistance of the electrical
Fig. 6. CV results of the lead electrode in gelled electrolytes (6 wt.% HL200 silica,
3650 rpm, 30 ± 1 ◦C) prepared with different agitation times: (A) CV curves and
(B) relationships between agitation time and redox capacity of the lead electrode
derived from (A).

connections to the electrode. Rct is the charge-transfer resistance of
the rate-controlling electrochemical reaction of the corrosion pro-
cess. Cd is the double-layer capacitance [26]. It can be seen that

the solution resistance (Rs) and charge-transfer resistance (Rct) of
the gel reach a minimum with the optimal agitation time (80 min)
(Fig. 2D). Therefore, the EIS results are consistent with the results
obtained from the CV study.

The observed dispersion behavior of fumed silica is closely
related to the nature of the dispersion medium [27]. As reported
by Raghavan et al. [17], a silica gel or a sol will be formed accord-
ing to the properties of the dispersion medium. Sulfuric acid
solution is a weak, hydrogen-bonding, aqueous media because
the SO4

2− ion plays a steric hindrance role. When fumed sil-
ica is dispersed in it, a colloidal silica gel is formed (Fig. 3A).
The silica particles are envisioned to directly interact with each
other through hydrogen-bonding interactions between the sur-
face silanol (Si–OH) groups. It is believed that hydrogen bonds,
not Van der Waals interactions are responsible for the gel forma-
tion. Therefore, a uniform distribution of silica particles in sulfuric
acid would help to optimize the interaction of surface silanol
(Si–OH) groups on the silica particles, resulting in the formation
of a uniform, microscopic, three-dimensional gel structure, which
provides the gelled electrolyte with high capacity and low inner
resistance.
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silica
Fig. 7. Impedance spectra results of the lead electrode in gelled electrolytes (6 wt.%
(A) A200; (B) HL200; (C and D) Rs and Rct derived from (A) and (B), respectively.

Practically, the uniformity distribution of silica particles can be
controlled by two processes: the dispersion of the fumed silica
conglomeration and the gelling process. With increasing agitation
time, the aggregation is separated gradually to form a moder-
ate three-dimensional web structure; in parallel, however, the
colloidal solution is gelling. Balancing these two competing pro-
cesses necessitates an optimal agitation time for moderate gel

structures.

3.2.2. Stirring rate
The CV and EIS results for gelled electrolytes prepared at stir-

ring rates of 3400 and 2400 rpm are shown in Fig. 4. They confirm
that gels prepared with the optimal dispersion time (80 min) pos-
sess the lowest internal resistance and highest redox peak current
(capacity).

Fig. 4G also indicates that the optimal agitation time for fumed
silica dispersed in H2SO4 solution is independent of the stirring
rate. However, the redox peak currents were affected by the stir-
ring rate. The higher stirring rates yielded larger electrode oxidation
peak currents. When nanoparticles have a heterogeneous distri-
bution, they become distributed homogeneously as the particles
diffuse from high to low concentration areas. Increasing the stirring
rate yields a higher diffusion rate, which appears to be beneficial to
the microstructure of the gel.

3.2.3. Operating temperature
CV results for gelled electrolytes prepared at different tem-

peratures are shown in Fig. 5. The optimal agitation time is about
, 3650 rpm, 30 ± 1 ◦C) prepared with different agitation times and different silicas:

90 min at 30 ◦C (Fig. 5A and B), whereas it is about 80 min at 25 ◦C
(Fig. 2A and B). These phenomena can be explained by the previous
research. Ponton et al. [28] stated that apparent activation energy
could be determined from the temperature dependence of gelation
time. Kim et al. [25] pointed out that temperature affected the
viscosity of the fumed silica dispersions. In the field of GEL-VRLA
batteries, the influence of temperature on the gelling process

follows an Arrhenius relationship (i.e. the rate of gelation doubles
with every 10 ◦C rise in temperature) [20]. Park et al. [29] revealed
that the gel strength increases with temperature. Therefore, the
optimal dispersion time is longer at 30 ◦C than at 25 ◦C.

However, at 20 ◦C (Fig. 5C and D) the optimal dispersion time
is significantly longer, at 120 min. Thus, both the gelation and dis-
persion rates of the fumed silica conglomeration are affected by
temperature. Higher temperature is beneficial for dispersion of the
fumed silica conglomeration because of higher diffusion rates. The
optimal agitation time is therefore mainly determined by the oper-
ating temperature. At a specific temperature, however, deviations
from the optimum agitation time would lead to a reduced lead
electrode capacity.

3.3. Fumed silica from different companies

It is well known that gelled electrolyte prepared from imported
fumed silica has the advantages of high capacity, excellent recycla-
bility, and long service life. But imported fumed silica is expensive,
and it is difficult to fill the cell with the resulting high viscosity
gel [30,31]. In this study, attempts were made to use domestically
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produced fumed silica instead. It was found that there are great
differences in the electrochemical properties of gelled electrolytes
prepared with fumed silicas from different sources. Compared to
imported fumed silica, gels prepared from domestic fumed sil-
ica have low battery capacity and weak thixotropic properties. A
series of experiments was designed to investigate the reasons for
the differences.

As found in this study (see Section 3.1), an optimal agitation time
of 90 min is required for 6 wt.% A200 fumed silica (Fig. 1). However,
at the same conditions, only about 15 min are required (Fig. 6) for
HL200 fumed silica. Impedance spectra of gels made from A200
and HL200 silica, recorded at OCP, are provided in Fig. 7A and B. A
semi-circular curve at high frequency and straight line at low fre-
quency are observed in all cases. The radius of the high frequency
semi-circle in the plot represents the charge-transfer resistance of
the electrochemical process [32]. The low frequency straight line
indicates a diffusion-controlled process. The intercept of the semi-
circle with the real axis primarily indicates the ohmic resistance of
the solution. The parameters derived according to the equivalent
circuit are also provided (Fig. 7C and D). Gels prepared with the
optimal agitation time possess the highest electrode capacity as
well as minimal Rs and Rct for both A200 and HL200 silica. The con-
clusions from the EIS results recorded at OCP are consistent with
those recorded at −1.5 V (see Section 3.2.1).

Though they experienced different optimal agitation times, the
lead electrode in these gelled electrolytes (prepared from HL200
or A200) demonstrated almost equal electrochemical capacities
(Fig. 8). Legrand et al. [15] reported that the conglomeration
behavior of fumed silica depends substantially on the structural
arrangement of its surface. Burneau et al. [33–36] found that the
amount and distribution of hydroxyl groups on fumed silica are
closely related to the preparation methods. Therefore, there may be
some differences in the hydroxyl group quantity or types for A200
and HL200 silica. Also, the behavior of fumed silica has a strong
relationship with its particle size.

The average diameters of A200 silica particles observed from
Fig. 9 are consistently around 12 nm, whereas the diameters of

HL200 silica are more variable: from 10 to 20 nm. Thus, the aver-
age particle size of A200 silica is smaller than that of HL200, plus
A200 fumed silica particles possess a more uniform particle diam-
eter distribution. This result coincides with the BET specific surface
area measurements (Table 1). The A200, with a smaller average
particle size, possesses a higher specific surface area. As a result,
A200 fumed silica agglomerates more readily and requires greater
agitation time to form a uniform gel structure.

It is suggested that the two main factors responsible for the low
gelling ability and low capacity of the gel prepared from HL200
are: a less than optimal mechanical dispersion of the fumed silica,
leading to a weak thixotropic nature and low capacity of the gelled
electrolyte; the uneven particle diameter distribution, leading to
low gelling ability. The mechanisms of how the particle diameter
and its distribution affect the dispersion and aggregation behavior
of fumed silica will be discussed in detail in Section 3.4.

3.4. Particle size of fumed silica

Nanomaterials have many particle size-dependent properties. It
was reported that silica nanoparticles could be adapted to specific

Table 1
BET specific surface area of different types of fumed silica particles

Type of fumed silica BET specific surface area (m2 g−1)

HL200 168.6
A200 213.9
A150 159.8
Fig. 8. CV results of the lead electrode in gelled electrolytes (6 wt.% silica, 3650 rpm,
30 ± 1 ◦C) prepared from different silicas: (A) CV curves of: (a) A200 for 90 min and
(b) HL200 for 15 min; (B) relationships between agitation times and redox capacity
of the lead electrode.

applications in biotechnology by size control [37,38]. Researchers
have already published information about the influence of silica
diameter on gel properties. Mao et al. [7,39] pointed out that gels
formed by silica with particle diameters <5 nm had short gelling

times, strong gel strength, and poor thixotropy. However, with sil-
ica particle diameters >50 nm the gel strength was too weak to
immobilize the electrolyte. Kamiya et al. [18] reported that hydra-
tion forces are responsible for this effect in water. The experiment
designed in this section aims to determine how the particle size
and size distribution of fumed silica affect its dispersion and aggre-
gation behavior in sulfuric acid solution.

The A200 and A150 involved in this work have uniform particle
size distributions with average diameters of about 10 and 20 nm,
respectively. The dispersion behavior of 6 wt.% A200, 6 wt.% A150,
and 6 wt.% fumed silica mixture (with 3 wt.% A200 and 3 wt.% A150)
were studied using CV. The fumed silica was dispersed at 4000 rpm
and 25 ◦C. It was found that for fumed silica with a particle diameter
of 10 nm, an optimal agitation time of 80 min is required (Fig. 10).
For fumed silica with 20 nm average diameter, agitation time does
not have a significant effect on the lead electrode capacity. However,
40 min are required for fumed silica containing 50% 10 nm particles
and 50% 20 nm particles. The optimal mechanical agitation time
therefore has a close relationship with the particle size of fumed
silica.
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Fig. 9. TEM images of different fumed silicas: A200 particles: (A) 50,000× and (B) 100,000×; HL200 particles: (C and D) 50,000×; A150 particles: (E) 50,000× and (F)
100,000×.
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de in
Fig. 10. Relationships between agitation time and redox capacity of the lead electro
A200, (B) 6 wt.% A150, and (C) 3 wt.% A200 and 3 wt.% A150.

Kamiya et al. [18] suggest that fumed silicas with relative large
particle size (d ≥ 20 nm) have more hydrogen-bonded silanols and
fewer isolated silanols on their surface. The hydrogen-bonded
water layer on the particle surface causes the hydration force
among these particles. This additional hydration force helps to pre-

vent aggregation of the fumed silica particles (Fig. 3B). However,
when the particle diameter decreases to 10 nm, the surface density
of the isolated silanols increases, the hydration force among silica
nanoparticles disappears and strong agglomerations are formed.
As a result, a long optimal agitation time is required. The optimal
agitation time decreases as the proportion of ∼10 nm fumed silica
particles decreases. With optimal mechanical dispersion, an almost
equal redox capacity can be obtained with gelled electrolytes pre-
pared from fumed silica with different particle sizes (Fig. 10).

As indicated in Section 3.2.1, it is believed that hydrogen-
bonding between isolated silanols is responsible for gel formation.
So, the strength of a gel prepared from relatively large fumed silica
particles (≥20 nm) is poor because of few isolated silanols on the
surface. Theoretically, gel strength is enhanced as the proportion of
∼10 nm fumed silica particle increases.

4. Conclusions

Mechanical dispersion of fumed silica nanoparticles was investi-
gated as an important factor in the preparation of high performance
gelled electrolytes. Optimal mechanical agitation time is the key
gelled electrolytes (4000 rpm, 25 ± 1 ◦C) prepared from different silicas: (A) 6 wt.%

factor in preparing gelled electrolytes with high lead electrode
redox peak current (capacity) and low internal resistance. Devia-
tions of ±10 min from the optimal agitation time cause a 40–70%
decrease in lead electrode capacity. For a particular type of fumed
silica at a specific concentration, the optimal mechanical agitation

time is determined by the operating temperature. High stirring
rates increase the electrode capacity of the gelled electrolyte. For
fumed silica from different producers, optimal agitation time varies
because of different particle size distributions. Fumed silica with a
diameter of ∼10 nm tends to aggregate easily, while aggregation for
diameters ≥20 nm is more difficult. The optimal agitation time is
determined by the proportion of smaller silica particles (d ≤ 10 nm).
Equal lead electrode capacity can be obtained for gelled electrolytes
prepared from fumed silica with different particle sizes by utilizing
the optimal mechanical dispersion.
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