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Abstract A polysiloxane-based gel electrolyte (PBGE)

was prepared and used as a novel gel electrolyte in valve-

regulated lead-acid (VRLA) batteries with tubular positive

plates. Cyclic voltammetry (CV) and scanning electron

microscopy (SEM) indicated that PBGE is more stable than

fumed-silica gel electrolyte (FSGE). The properties of

AGM (absorptive glass mat)-PBGE and PVC-FSGE tubu-

lar batteries were investigated by electrochemical tech-

niques. The results showed that the AGM-PBGE tubular

batteries have higher initial discharge capacity and better

high-low temperature performance than PVC-FSGE. The

improved electrochemical performance of the AGM-PBGE

batteries may result from the high charge efficiency and the

open three-dimensional network structure of PBGE. SEM

and X-ray diffraction (XRD) spectroscopy showed that

PBGE facilitates the conversion of the active-mass to lead

dioxide, presenting a high formation efficiency. The addi-

tion of PBGE instead of FSGE not only simplifies the

manufacturing process of tubular gel batteries, but also

improves the utilization efficiency of positive active

material (PAM), thus enhancing the battery performance

and reducing the manufacturing cost.

Keywords Polysiloxane-based gel electrolyte � Fumed

silica gel electrolyte � Tubular positive plates � Positive

active material � Valve-regulated lead-acid (VRLA)

batteries

1 Introduction

The main problems for AGM-VRLA batteries include

softening or shedding of PAM, thermal runaway and pre-

mature capacity loss (PCL). A gel battery is a good sub-

stitute for an AGM battery because it may alleviate or

prevent problems encountered in conventional AGM

batteries such as drainage, electrolyte stratification, sulph-

ation, thermal runaway, PCL and micro short-circuit due to

dendrites. However, softening and shedding of PAM in flat

plates remain causes for gel battery failure. Since softening

and shedding of the active materials in tubular positive

plates can be alleviated or prevented, lead-acid batteries

with tubular positive plates may present flatter discharge

curves, longer cycle life and larger capacity than those with

flat plates [1–6]. It is expected that gel batteries with

tubular positive plates can display excellent performance.

The manufacturing process of conventional gel batteries

with tubular positive plates (PVC-FSGE tubular batteries)

is very complex and battery performance needs to be fur-

ther improved [7, 8]. In order to simplify the manufacturing

process of the tubular gel batteries and improve their

properties, colloid gel instead of acid was directly filled

into the hybrid batteries in which AGM separator and gel

electrolyte were integrated [8–10]. However, the conver-

sion of the active-mass to the desired lead dioxide is

unsatisfactory because of fast gelling and poor penetration

of reactive species into the thick tubular positive plates

(8.5–9.8 mm). A necessary way of aiding the formation
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process of the active mass is continuous addition of red

lead (Pb3O4) to the oxide (PbO) during the tube filling

process [11, 12], but high content of red lead is detrimental

to uniform distribution of composite phase and compact

bonding between the particles of active materials [11].

Moreover, the manufacturing cost of the present tubular gel

batteries is relatively high. Therefore, a novel electrolyte

with a simple manufacturing process is imperative.

Polysiloxane compounds, one kind of polymer with

Si–O bonds in their main chains, are widely used as solid

polymer electrolyte in electrochemical systems (e.g. lithium

polymer batteries) due to their high ionic conductivity,

good thermal, chemical and mechanical stabilities as well

as excellent flexibility [13–15]. Recently, a novel appli-

cation of PBGE in lead-acid batteries with pasted positive

plates has been reported [16]. In the present work a mixed

polysiloxane gel is used as a new gelling agent in VRLA

tubular batteries. The electrochemical properties and

manufacturing process of the AGM-PBGE tubular batteries

are investigated and compared with those of the PVC-

FSGE ones.

2 Experimental

2.1 Preparation of gelled-electrolyte

2.1.1 Preparation of fumed silica electrolyte (raw gel)

Aerosil 200 (A200) fumed silica (supplied by Degussa

Corp.) was used to prepare raw gel. A200 fumed silica was

dispersed and diluted in water with a pH range of 4.1–4.7;

thus a suspension solution was obtained. Sodium sulfate

and phosphoric acid as additives were added to the sus-

pension solution and their concentrations were 5.5 and

55 g L–1, respectively. The details of preparation proce-

dure were described elsewhere [17].

2.1.2 Preparation of polysiloxane-based gel electrolyte

(PBGE)

The mixed polysiloxane gel was prepared by the following

procedure. Appropriate amounts of poly-ether modified

siloxane with hydrophilic group (molecular weight<3,000),

methyl silicon oil (viscosity<1500P), tetraethyloxysilane

(TEOS) and deionized water were mixed and strongly

stirred. The detailed synthesis procedure had been previ-

ously described [16, 18, 19]. PBGE was prepared by

mixing the above obtained polysiloxane gel, deionized

water and sulphuric acid (1.53 g cm–3) at a weight ratio of

1:4.9:6.0. The calculated content of H2SO4 in PBGE was

nearly identical with that in normal tubular batteries [20].

2.2 Electrochemical tests

Cyclic voltammetry was carried out in a classical three-

electrode cell using a model 273A potentiostat/galvanostat,

with a scanning rate of 10 mV s–1. A planar lead alloy

(0.9%Sn–0.09%Ca) electrode with an exposed geometric

area of 1 cm2 was used as working electrode. A platinum

foil was employed as counter electrode and a Hg/Hg2SO4

electrode as reference.

2.3 Assembly of two tubular gel batteries

2.3.1 Preparation of traditional tubular positive plates

and flat negative plates

After the spines of Pb–Ca–Sn alloy had been inserted into

non-woven porous polymer tubes, the mixture of grey

oxide and red lead with a weight ratio of 3:1 was filled into

the tubes. The filled tubular plates were dipped in sulphuric

acid with a density of 1.15 g cm–3 for 10 min; then the

dipped plates were washed with deionized water to remove

any excess acid and were air-dried in a chamber set at

45–50 �C and 20–35% humidity for 24 h. The manufac-

turing process of flat negative plates for the two gel bat-

teries is the same as that for normal AGM batteries.

2.3.2 Assembly and formation of two tubular gel batteries

The two tubular gel batteries rated as 2 V/200 Ah were

assembled using the same technology and components

except for different electrolytes and separators. AGM and

PVC separators were used in AGM-PBGE and PVC-FSGE

tubular batteries, respectively. In order to improve the even

distribution of electrolyte between plates and separator,

PBGE was filled into battery cases using a vacuum system,

and the filled AGM-PBGE tubular batteries were allowed to

rest for several hours in open-circuit state before formation.

The formation algorithm was almost the same as that of

normal AGM batteries. The formation of conventional PVC-

FSGE tubular batteries was firstly conducted in a lower

density acid, and the second stage of formation was carried

out in the sulphuric acid solution of density 1.26 g cm–3.

After the formed batteries had been discharged to 150% of

nominal capacity at different current densities, the residual

electrolyte was replaced by the prepared raw gel. The filled

FSGE began to gradually solidify when sulphuric acid was

released from the plates due to PbSO4 oxidation into PbO2 at

the positive plates and PbSO4 reduction into Pb at the neg-

ative plates during the next charge steps. The formation of

PVC-FSGE tubular batteries was carried out using a com-

mon, multi-step charge–discharge algorithm. The details of

formation algorithms for the two tubular gel batteries are

presented in Tables 1 and 2.
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2.4 Battery test

The high-rate discharge tests for the AGM-PBGE and

PVC-FSGE tubular batteries (2 V/200 Ah) were performed

with Digatron UBT series instruments. The high-low tem-

perature and cycle-life tests of the two tubular batteries

(100% DOD-depth of discharge) were conducted using Bi-

trode battery test modules and an Arbin BT-2000 system,

respectively. The tests of oxygen-recombination rate and

internal resistance were carried out according to IEC

(International Electrotechnical Commission) 60896-2-1

standard.

2.5 Physical characterization

The morphologies of the samples were observed by scan-

ning electron microscopy (SEM) with a SIRION-100

microscope (FEI, USA). The crystal structures of the

samples were determined by X-ray diffraction (XRD)

analysis using a Rigaku D/Max 2550 X-ray diffractometer

Table 1 Formation algorithm for AGM-PBGE tubular batteries

Step Program Current (A) Voltage (V) Time (h)

1 Rest – – 2

2 Charge 0.5I10
a – 20

3 Charge I10 – 32

4 Discharge I10 – 0.5

5 Charge I10 – 30

6 Discharge I10 – 0.5

7 Charge 0.5 I10 – 30

8 Discharge I10 1.8 10–12

9 Charge I10 2.5 ~12

10 Charge 0.5 I10 2.5 10

11 Discharge 0.5 I10 – 0.5

12 Charge 0.5 I10 2.5 15

13 Charge 0.5 I10 5

14 Charge 0.1 I10 2.23 5

15 Total About 175 h

a I10=0.1C10

Table 2 Formation algorithm

for PVC-FSGE tubular batteries
Step Program Current (A) Voltage (V) Time (h) Remarks

1 Rest – – 2 Acid density: 1.10 g cm–3

(20 �C)

2 Charge 1.4I10 – 24

3 Charge 0.6 I10 – 20

4 Rest 0.2 I10 – 5 Acid density: 1.24 g cm–3

(20 �C)

5 Discharge 2 I10 1.8 ~5

6 Charge 2 I10 2.4 ~5

7 Charge 0.5 I10 20

8 Continuing 2 cycle

from step 5 to

step 7

– – ~60

9 Adjusting acid 0.2 I10 ~5 Acid density: 1.26 g cm–3

(20 �C)

10 Continuous discharge ~24 Discharged to 150% nominal

capacity

11 Rest 2 Removing free acid and

filling raw gel

12 Charge 1.4I10 2.3 ~6 Gelling and formation

13 Charge 0.6 I10 8

14 Charge 0.3 I10 7

15 Discharge 1.72I10 5

16 Charge 1.4 I10 2.4 ~7

17 Charge 0.6 I10 8

18 Charge 0.3 I10 7

19 Discharge I10 1.8 ~10

20 Charge I10 2.4 20

21 Total About 250 h
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with Cu Ka radiation at 40 kV and 300 mA, and a scanning

rate of 8� (2h) /min.

3 Results and discussion

3.1 The properties of gel electrolytes

Figure 1 presents the cyclic voltammograms (CV) of the

planar lead alloy electrode in PBGE and sulphuric acid

systems. The two CV curves show similar redox peaks in

the potential range –1.4 V–1.4 V, suggesting that the redox

processes of lead are not altered by the addition of poly-

siloxane-based polymer in sulphuric acid electrolyte. More

positive oxygen evolution potential, more negative hydro-

gen evolution potential and the corresponding lower peak

currents imply that hydrogen and oxygen evolution reac-

tions are inhibited in the PBGE system. This is advanta-

geous to improving battery performance. The CV also

indicates that polysiloxane-based polymer is stable under

the operating conditions of VRLA batteries.

Figs. 2(a) [16] and 3(a) show the SEM micrographs of

the prepared polysiloxane sample and fumed silica elec-

trolyte, respectively. It can be seen from Fig. 2(a) that the

polysiloxane sample displays uniform spherical particles

with a size of 30–50 nm. Little agglomeration or cross-

linking of the polysiloxane particles after storage for one

month indicates their excellent dispersion and stability.

Figure 3 (a) shows that some aggregations of fumed silica

occur after storage. Accordingly, it is required in battery

factories that the prepared raw gel of fumed silica should

be filled into battery cases on the same day. Figs. 2(b) and

3(b) show the SEM images of polysiloxane-based gel

electrolyte (PBGE) and fumed-silica gel electrolyte

(FSGE) with sulphuric acid after storage for one month,

respectively. A three-dimensional network structure

formed by inter-particle or intra-particle crosslinking in the

acid medium can be clearly observed in Fig. 2(b). Blurred

aggregations are observed in Fig. 3(b) because of the

gelling and agglomeration of fumed silica with sulphuric

acid. The large aggregations in FSGE may lead to poor

contact between gel, plates and separators.

Figure 4(a) and (b) show the SEM images of PBGE in

the AGM separator in charged and discharged states,

respectively. The particle sizes of PBGE in Fig. 2 (a)

and (b) are smaller than those in Fig. 4 (a) and (b),

respectively. The former has begun to swell after storage

for one month [21] due to the absence of charge, dis-

charge or shear strains, while the latter exhibits good

thixotropic properties during cyclic operation. The full

formation in charged state (Fig. 4a) and partial disruption

in discharged state (Fig. 4b) of the three-dimensional

network framework of the gel electrolyte mainly results

from changes in sulphuric acid concentration and charge

quantity. This may play an important role in improving

oxygen-recombination rate and charge-discharge effi-

ciency due to the reversible conversion of sol and gel

states.

In our work, the oxygen-recombination rate of the

PVC-FSGE tubular batteries is 95.0%, obviously lower

than that (99.2%) of the AGM-PBGE tubular batteries in

the initial period. This is because the formation of the

cracks in normal gel electrolyte, which is necessary for

oxygen diffusion from positive plates to negative ones,

needs some time [8]. After the raw gel is filled into the

PVC-FSGE tubular batteries, the short formation time

and precycling makes it more difficult for micro or

macro-cracks to be formed during battery formation.

However, the oxygen-recombination rate of the AGM-

PBGE tubular batteries is almost the same as that of

AGM batteries [22]. This suggests that the gel structure

with polysiloxane-based polymer may facilitate the for-

mation of micropores in the AGM separator. Therefore,

higher charge efficiency, lower water loss or better

charge acceptance for AGM-PBGE tubular batteries can

be expected during initial cycles.

3.2 Battery performance

The internal resistance of the AGM-PBGE and PVC-FSGE

tubular batteries (2 V/200 Ah) is determined to be 0.726

and 0.939 mW, respectively. Figures 5 and 6 show that the

AGM-PBGE tubular batteries present higher discharge

voltage and larger high-rate discharge capacity than

PVC-FSGE. The micropores in PBGE may provide a

pathway for the diffusion of reactive species such as H2O

and H2SO4, hence the concentration polarization during

charge and discharge is reduced by enhancing the transfer
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Fig. 1 Cyclic voltammogram curves of lead alloy in PBGE and

sulphuric acid in the potential range of –1.8 V–1.8 V at 10 mV s–1
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Fig. 2 SEM images of

polysiloxane-based polymer

before (a) and after (b) gelling

with sulphuric acid

(1.285 g cm–3) (storage for one

month)

Fig. 3 SEM images of fumed-

silica electrolyte before (a) and

after (b) gelling with sulphuric

acid (1.285 g cm–3) (storage for

one month)

Fig. 4 SEM images of

polysiloxane-based gel

electrolyte in the charged (a)

and discharged (b) states in the

AGM separators
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Fig. 5 Initial discharge curves for the AGM-PBGE and PVC-FSGE

tubular batteries (2 V/200 Ah) at 10 h rate
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Fig. 6 Initial discharge curves for the AGM-PBGE and PVC-FSGE

tubular batteries (2 V/200 Ah) at 1 h rate
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of reactive species between positive and negative plates

[16]. This may be partially responsible for the lower

internal resistance and better discharge performance of the

AGM-PBGE batteries.

Figure 7 shows the low-temperature discharge perfor-

mance of the two tubular batteries (2 V/200 Ah) fully charged

at 0.1 C rate for 24 h. The AGM-PBGE tubular batteries

display higher discharge voltage and much longer discharge

time than PVC-FSGE at –10 �C. The discharge capacity of

AGM-PBGE tubular batteries at 55 �C is 25% higher than that

of PVC-FSGE (The related data are not shown).

Figure 8 shows the cyclic performance of the two

tubular batteries. The AGM-PBGE tubular batteries present

much larger discharge capacity than PVC-FSGE in all the

50 cycles. This results from the higher formation efficiency

and utilization of PAM in PBGE plates. It can be seen that

the discharge capacities of the two tubular batteries grad-

ually increase in the initial cycles. The gradual formation

of cracks induces an increase in oxygen-recombination

rate; thus higher charge efficiency is obtained.

Figure 9 shows SEM micrographs of the fully charged

PAM in the newly formed AGM-PBGE and PVC-FSGE

tubular batteries. The initial PAM in the AGM-PBGE

tubular batteries displays much smaller grain size and more

porous structure than that in PVC-FSGE, as a result of the

formation of an open three-dimensional network frame-

work due to the rapid penetration of polysiloxane-based

particles in the plates. The formation of a strong and open

skeleton is beneficial for improving the access of reactive

species such as H2O and H2SO4 to the interior PAM of

PBGE plates. This is one of main reasons for the enhanced

utilization of PAM and improved high-rate discharge

performance in the PBGE system.

Chemical analysis results show that the content of PbO2

in the fully charged PAMs of the newly formed AGM-

PBGE and PVC-FSGE tubular batteries is 92% and 75%,

respectively. This indicates that the AGM-PBGE batteries

have higher formation efficiency than PVC-FSGE.

Figure 10 presents the XRD patterns of PAMs in the newly

formed AGM-PBGE and PVC-FSGE batteries. PbSO4 is

found in the PAM of the formed PVC-FSGE batteries, but

is absent in the PAM of the formed AGM-PBGE ones,

implying that PBGE instead of FSGE facilitates the con-

version of the active-mass to lead dioxide. This may result

from the good penetration performance and open three-

dimensional network structure of PBGE.

3.3 Comparison of manufacture process for the two

tubular gel batteries

Polysiloxane-based gel electrolyte can be easily prepared

by mixing several composites with a high-speed mixer. The

PBGE obtained has good fluidity, low viscosity and a long

gel time (more than 3 h); it can even be filled into batteries

without a vacuum filler. A significant reduction in forma-

tion time from 250 h for the PVC-FSGE tubular batteries

to 175 h for AGM-PBGE is advantageous in reducing

power cost and water loss. Moreover, the PVC-FSGE

tubular batteries with lower initial capacity need to be

precycled before leaving the factory, but this procedure is

not necessary for the AGM-PBGE batteries, indicating that

the latter needs less manufacturing time and, thus involves

lower cost.

4 Conclusions

Polysiloxane-based polymer is stable under the operating

condition of VRLA batteries, and its addition in the elec-
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Fig. 7 Discharge performance of the AGM-PBGE and PVC-FSGE

tubular batteries (2 V/200 Ah) at –10 �C and 10 h rate
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tubular batteries (2 V/200 Ah) at 25 �C and 10 h rate
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trolyte inhibits hydrogen and oxygen evolution reactions.

Compared with PVC-FSGE tubular batteries, the AGM-

PBGE ones not only present superior initial performance

such as high-rate discharge, high-low temperature proper-

ties and oxygen-recombination rate, but also have a shorter

manufacturing time and lower cost. Improvement of the

performance of AGM-PBGE tubular batteries mainly

results from the high formation efficiency and enhanced

utilization of PAM in PBGE plates, as well as the open

three-dimensional network framework of the polymer gel

electrolyte. The improved performance and simplified

manufacturing process may make AGM-PBGE tubular

batteries promising for industrial applications.
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