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1. Introduction

Gel valve-regulated lead-acid (GEL-VRLA) batteries have many advantages such as high reliability, no electrolyte stratification, long service life, etc. However, the forming of gel results in high internal resistance and low battery capacity comparing with traditional flooded electrolyte batteries [
].Researchers focus on adding different additives to improve the battery capacity and cycling life, decrease the internal resistance of gel electrolyte[
,
]. It is reported that the propanetriol is added to colloidal silica gel as the stabilizing agent [
]. However, less concern has been played on the adding of alcohols to fumed silica gel and the mechanism of alcohols in the fumed silica gel. In this paper, the effect of propanetriol and glycol on the electrochemical properties of fumed silica gel was investigated respectively. 
2. Experimental details
Fumed silica involved in this work is Aerosil 200 (Degussa Co., Germany). The gel electrolyte was obtained by blending fumed silica (5 wt. %) and H2SO4 solution (d =1.285g mL-1) in a homogenizer with the same acid concentration (36 wt. %). The linear sweep voltammetry (LSV), cyclic voltammetry (CV) and electrochemical impendance spectroscopy (EIS) were carried out in a three electrode configuration with the Hg/Hg2SO4 as reference electrode and a platinum sheet as counter electrode at room temperature using PARSTAT 2273 electrochemical workstation (Princeton Applied Research, USA). The working electrode was a flat lead electrode with the geometric area of 0.5 cm-2. CV curves were recorded with the potential range from -1.3 to -0.7 V at a scanning rate of 10 mV s-1. EIS measurements were performed at open-circuit potential (OCP) in the frequency range 100 kHz–0.001 Hz with AC amplitude of 10 mV.
3. Results and discussion 
3.1. Content of propanetriol
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	Fig. 1. CV (A) and EIS (B) results of the lead electrode in gel electrolytes with different content of propanetriol, the gel electrolyte containing 5wt. % fumed silica , and was prepared with a stirring rate of 3600 rpm for 60 minutes, at the room temperature of 22±1℃ .


Fig. 1 shows the CV and EIS results of the lead electrode in gel electrolytes containing different content of propanetriol. The fumed silica experienced 60 minutes high-speed mechanical dispersion in the sulfuric acid solution. The CV plots (Fig. 1A) show that the oxidation peak current density of the lead electrode greatly increases with the adding of propanetriol. The Nyquist plots presented in Fig. 1B indicate that the adding of propanetriol reduce both the charge-transfer resistance and the solution resistance of the gel electrolyte. It is also indicated from CV and EIS results that the proper content of propanetriol is 1~3wt. %. The oxygen evolution results show that the oxygen evolution reactions take place less easily in the gel containing propanetriol. The increase of the propanetriol content helps the evolution of oxygen. 
3.2 Effect of propanetriol and glycol on the fumed silica dispersion
It is obviously that as the gel is prepared with certain operating condition, the adding of propanetriol can greatly improve its electrochemical properties (Section 3.1). The electrochemical performance of the gel has great deal with the dispersion media and the dispersion of fumed silica [
]. Fundamental studies on silica dispersions are base on both aqueous and organic media [
]. Optimal mechanical agitation time is the key factor in preparing high capacity and low internal resistance gel [5]. As show in Fig. 2A, it needs 90 minutes optimal dispersion for the fumed silica to form high redox peak current (capacity) gel in the sulfuric acid solution without any additive, at the stirring rate of 4000rpm and at the operating temperature of 30±1℃. However, as the alcohol was added to the electrolyte, the optimal dispersion time decreased greatly. It just needs 60 minutes for the electrolyte containing 1wt. % propanetriol, while 40 minutes for that containing 1wt. % glycol. 
	
[image: image3.wmf]50

60

70

80

90

100

0

5

10

15

20

25

30

35

40

45

j

p

 

/ mA cm

-2

Agitation time

 / mins

 Oxidation

 Reduction


(A)
	
[image: image4.wmf]20

30

40

50

60

70

80

90

0

5

10

15

20

25

30

35

40

45

j

p

 

/ mA cm

-2

Agitation time

 / mins

 Oxidation

 Reduction


(B)
	
[image: image5.wmf]30

40

50

60

70

5

10

15

20

25

30

35

40

j

p

 

/ mA cm

-2

Agitation time

 / mins

 Oxidation

 Reduction


(C)

	Fig. 2. Relationships between agitation time and redox peak current density of the lead electrode in gels contain 5wt. % fumed silica, prepared with a stirring rate of 4000 rpm, at the room temperature of 30±1℃, and containing different additives: (A) 0wt. %; (B) 1wt. % propanetriol; (C) 1wt. % glycol.


When fumed silica is dispersed in sulfuric acid solution, most of its isolated surface silanols link to form weak hydrogen bonds with each other. Others form hydrogen bonds with the water molecules, forming a “hydration force”. Strong hydration forces form a sol while weak hydration forces form a gel. Yoon and Vivek [
] demonstrated that the hydration force can be eliminated in the presence of alcohols as a result of adsorption of the alcohols on the silica surface, displacing the water molecules, and disrupting the hydrogen-bonding network within the water layer around the silica particles. In GEL-VRLA batteries, a three-dimensional network gel structure is hoped to be formed, entrapping the sulfuric acid solution. The adding of alcohols can disrupting the hydration force around the fumed silica, helping to form the thixotropy gel with short dispersion time. Even more, the chain of the propanetriol and glycol play an important role in forming an ordered and regular three-dimension network structure, which also helps to reduce the dispersion time. 
3.3 Effect of alcohols on the electrochemical of gel electrolyte
The EIS and CV results show that under optimal dispersion, the gel containing 1wt. % propanetriol or 1wt. % glycol additive shows lower internal resistance and higher oxidation peak current of lead. The oxygen and hydrogen evolution experiments also show that the reactions take place more difficult in gels contain the alcohol additive. 
4. Conclusions
With 60 minutes mechanical dispersion, adding 1wt. %~3wt. % propanetriol to the gel electrolyte can help to both increase the oxidation peak current density of the lead electrode greatly and decrease the internal resistance of gel. Mechanical dispersion of fumed silica is considered as an important factor for high performance gel electrolyte. It needs 90 minutes dispersion for fumed silica to form high electrochemical performance gel in sulfuric acid solution containing no additive at 30±1℃. However, at the same operating condition, it just needs 60 minutes for fumed silica in the electrolyte containing 1wt. % propanetriol additive, and 40 minutes for that containing 1wt. % glycol. With optimal dispersion, fumed silica form gel with higher redox peak current of lead and lower internal resistance at the present of alcohol. In addition, both hydrogen and oxygen evolution are reduced with the adding of alcohol.
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