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Abstract 

A composite membrane has been fabricated from Daramic (a microporous separator), 
treated with Amberlite 400CG (an ion-exchange resin), and cross-linked using divinyl 
benzene. Coulombic, voltage and energy efficiencies of 95, 85 and 83%, respectively, have 
been achieved when this membrane is employed in the vanadium redox cell. Long-term 
charge/discharge cycling has been conducted on the membrane for more than 700 cycles 
(4000 h), without any appreciable drop in performance. The composite membrane satisfies 
the stability, low area resistance, selectivity, and low-cost requirements for use as a separator 
in the vanadium redox battery. 

Introduction 

Redox flow batteries, that are currently being developed for large-scale energy 
storage applications, require a membrane (or separator) to prevent cross-mixing of 
the electrolytes in the negative and the positive half-cells, whilst still allowing the 
transport of ions to complete the circuit during the passage of current. The ideal 
membrane should be permselective to the charge-carrying ions in order to provide 
high ionic conductance. In the vanadium redox cell [1], the membrane must suppress 
the diffusion of vanadium ions from one half-cell to the other without hindering the 
transport of the charge-carrying hydrogen ions. Both cation- and anion-exchange 
membranes have been tested and found to be satisfactory for use in the vanadium 
redox battery [1, 2]. This suggests that in the presence of high concentrations of 
hydrogen ions, as are required in the vanadium redox cell electrolyte, the transport 
of the charge-carrying hydrogen ions through the anion-exchange membranes is not 
severely impeded. 

To date, the cation-exchange membrane, Selemion CMV (Asahi Glass Co.) has 
been the most widely used material in the research and development of the vanadium 
redox battery at the University of New South Wales. In fact, recent tests with a 
1 kW prototype battery have shown that overall energy efIiciencies of up to 90% can 
be achieved [3]. Despite these excellent results, the long-term stability of the Selemion 
CMV membrane in the vanadium redox cell is limited by the oxidizing nature of the 
V(V) electrolyte. By contrast, much higher stabilities, together with high energy 
efficiencies, are currently being exhibited by various anion-exchange membranes, and 
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long-term testing in large battery stacks is presently being undertaken. Although the 
latter membranes are relatively inexpensive in comparison with the highly stable teflon- 
based membranes, the availability of  an even cheaper and chemically inert separator 
material will reduce appreciably the cost of commercial redox battery systems. 

In a separate paper [4], a report has been given of  significant improvements in 
the ion selectivity of  the Daramic microporous separator after treatment with Amberlite 
CG400 and further cross-linking using divinyl benzene. This treatment also reduced 
the pore size of the Daramic material. 

In this communication, the parameters of  the above treatment that affect both 
the selectivity and the area resistance of the membrane are investigated. The experimental 
conditions have been optimized to produce a membrane with high selectivity and low 
area resistance so as to meet the requirement of the vanadium redox battery. 

Exper imenta l  

M e m b r a n e  preparat ion  
The composite membranes were prepared by immersing Daramic material 

(W. R. Grace; size: 12× 14 cm) for 24 h in a mixture of  divinyl benzene (DVB) and 
methanol (total volume: 50 ml) containing 1 g of  Amberlite 400CG (Rohm & Haas). 
The DVB:methanol  (vol.%) ratio was varied from 10 to 60%. The 'soaked membranes '  
were transferred to the reactor in which 1 g of  NaSzO8 (Sigma Chemical Co.) was 
added to 200 ml of  distilled water at 80 °C. The temperature of the reactor was slowly 
increased to 90 °C; this required a period of  about 10 min. Polymerization was continued 
for 1 h at 90 °C and then for 1 h at 95 °C. Methanol was used as a diluent for the 
DVB and facilitated the penetration of the initiator, NaSEOs, into the membrane. 
Daramic separators with thicknesses of 0.15, 0.20, and 0.23 mm were employed. 

M e m b r a n e  characterization 

The membrane diffusivity and the area resistance were evaluated by the methods 
described in ref. 4. 

The electrolyte uptake of  the membrane was determined by soaking the dry sample 
(weight W0) in 1 M V ( I I I ) + I  M V(IV) (referred to as 2 M V 35÷) in 2.5 M H1804 
for 24 h. The membrane was taken out of  the solution, wiped with filter paper and 
weighed to determine the final weight (Ws). The percent of  electrolyte uptake was 
calculated using the formula: 

E = (Ws - Wd) lWd × 100 (1) 

The ion-exchange capacity (IEC) of  the membrane was determined by the method 
of Fisher and Kunin [5]. The composite membrane was converted to the CI-  form 
by soaking the membrane in 0.1 M NaCI solution for 24 h. The excess CI-  ions in 
the membrane were leached out by washing with ultra-pure water until the CI-  
concentration was <1  ppm. The IEC of  the sample was obtained by leaching the 
Cl - - fo rm membrane in fresh 0.05 M NazSO4 solution for 5 days. This period ensured 
that all the chloride was removed. The IEC of the membrane was determined by 
analysing the amount of  chloride in the leachate using ion-exchange chromatography 
(Waters, model 590, with IC-Pack column). The IE C  is expressed as milliequivalents 
per gram of dry sample (mEq/dg), i.e., 

millimole of  CI-  mEq. anion-exchange capacity 
= (2) 

dry sample weight g of  dry C1--form membrane 
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The  average pore-s ize  dis tr ibut ion of  the membrane  was de te rmined  using the bubble  
point  technique with a Coul ter  po rome te r  (Coulter  Electronics Ltd.). The  membrane  
was cut into discs of  the  required size for testing. The  fluid used to wet the membrane  
was Porofils suppl ied by Coul ter  Electronics Ltd. 

Membrane stability and performance in charge~discharge test 
The  redox flow cell and the set-up for the charge/discharge test are  described 

in ref. 6. The  cell was charged/discharged at constant  current  density. The  charging 
and discharging current  densi t ies  were equal and were in the range 20 to 80 m A  
cm -2. A long-term charge/discharge cycle test was conducted at a constant  current  
density of 40 m A  cm -2. The  state-of-charge (SOC) of the electrolytes in bo th  half- 
cells was ba lanced per iodical ly  when the performance of  the  cell d ropped  to an 
undesi rable  level. A n  imbalance  in the SOC of the two half-cells can occur when air 
pene t ra tes  the unsealed negative half-cell causing oxidization of  V(I I )  to V(III) .  No 
effort was made  to seal the  cell nor  was nitrogen used to maintain an inert  a tmosphere  
in the negative half-cell. The  cell was periodically rebalanced,  however, by exchanging 
an appropr ia te  volume of  the  charged positive (V(V)) solution with an equivalent  
volume of  V(IV)  solution. This procedure  enabled the cell capacity to be fully res tored  
by equalizing the SOCs of  the two half-cell electrolytes. 

Results and discussion 

Composite membrane properties 
The  a rea  resistance and diffusivity (Ks) of the composite  membrane  af ter  mod- 

ification, are  shown in Table 1 as a function of the DVB:methanol  rat io used in the 
t reatment .  The  degree  of  cross-linking would be expected to increase with the volume 
of DVB used in the t rea tment .  The  degree of cross-linking is usually de te rmined  by 
solvent extraction. A solvent that  dissolves the polymeric mater ial  (membrane) ,  but 

TABLE 1 

Area resistance and diffusivity values of composite membranes (0.15 mm) 

Treated Daramic 
Divinyl benzene:methanol Area resistance Ditfusivity 
(vol.%) (l~ cm 2) (K~× 104) 

(cm rain -~) 

0:100 0.95 6.8 
10:90 1.24 11.0 
20:80 0.77 9.5 
30:70 1.42 6.4 
40:60 1.25 1.6 
50:50 7.68 1.1 
60:40 7.12 3.2 

Untreated Daramic 
0.15 mm 0.30 13.0 
0.20 mm 0.39 12.0 
0.23 mm 0.33 8.1 
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not the cross-l inked polymer,  is employed.  The  percentage of  undissolved polymeric 
mater ia l  represents  the  degree of  cross-linking. In  the present  study, however, the  
actual  percentage  of  cross-linking of  the composite  membrane  was not de termined 
since the base mater ia l  was not soluble in any of  the solvents examined. This could 
be  due to the silica that  was incorpora ted  in the base material .  

The  area  resistance of the composi te  membrane  is seen to rise sharply when more 
than 40 vol.% DVB was used in the t rea tment  of  the membrane .  On the other  hand, 
the diffusion coefficient (K~) of  the composite  membrane  is lowered by a factor of 10 
for 40 to 50 vol.% DVB. The  swelling of the membrane  is reduced by cross-linking 
using DVB. The  degree  of  swelling decreases with increased cross-link density. The 
more  highly cross-linked membranes  are less permeable  because of the reduced internal 
volume of  the network. 

When  a Daramic  sample was soaked in a mixture of  Amber l i te  and ethanol,  no 
significant improvement  in selectivity was observed. This suggests that, without any 
cross-linking, the adsorbed  ion-exchange resin on the substrate  was incapable of 
preventing the vanadium ions from permeat ing  through the membrane.  Within the  
large pores  of the Daramic,  therefore,  the ionic groups of the adsorbed ion-exchange 
resin are  unable to produce  a significant repulsion effect on the vanadium co-ions 
and, consequently,  there  is no reduction in the permeabi l i ty  of  the membrane to 
vanadium ions. Fur thermore ,  when Daramic  was t rea ted  with DVB (without using 
Amber l i te )  to modify the  membrane ,  no significant decrease in diffusivity was observed. 
The  reduction in pore  size of the membrane  with cross-linking alone was thus ineffective 
in blocking the migrating ions. The above experiments  show that the effect o f  the 
present  t rea tment  is to reduce the size of  the pores with cross-linking while simultaneously 
' locking'  in the ion-exchange groups within the pores  of  the separator.  

Following the results obta ined in Table 1, composite  membranes  were p repared  
using 40 vol.% DVB with Daramic  mater ia l  of different thicknesses. The area  resistance 
and diffusivity values of the resulting composite membranes  are presented in 
Table  2. 

Composite  membranes  obta ined with substrates of different thickness exhibit only 
a slight variat ion in a rea  resistance and diffusivity. For  each of the different thicknesses 
employed,  a significant improvement  in selectivity was achieved with the t reatment  
(cf., diffusivity of  un t rea ted  Daramic  listed in Table  1). The  composite membrane  
with the highest selectivity was obta ined  with the 0.15 mm Daramic.  This is the opposi te  
of  that  expected since for the unt rea ted  membrane  (Tab le  1), the 0.23 mm Daramic  
has the lowest diffusivity value. The  probable  reason for this finding is the different 
s tructural  proper t ies  of  the 0.15 and the 0.23 mm unt rea ted  Daramic.  The technical  

TABLE 2 

Area resistance and diffusivity of composite membranes prepared with 40 vol.% divinyl benzene 
(DVB) 

Composite membrane Area resistance Diffusivity 
thickness (1~ cm 2) Ksxl04 
(ram) (crn min -x) 

0.15 1.25 1.6 
0.20 1.60 2.5 
0.23 1.50 2.4 



15 

information provided by the manufac ture r  revealed that  the  0.15 mm membrane  is 
in fact obta ined  from the 0.23 mm membrane  by a hot-roll ing process.  This could 
change the tortuosity of the 0.23 mm membrane  and would explain the observed 
selectivity behaviour.  

The  proper t ies  of  the composi te  membrane  (0.15 ram) produced  with 40 vol.% 
DVB and those of the un t rea ted  microporous membrane,  Daramic  (0.15 mm) are 
given in Table  3. The  composite  membrane  produced  with 40 vol.% DVB exhibits a 
six-fold increase in a rea  resistance while the  diffusivity is reduced by a factor of eight. 
The  average pore-size for Daramic  de te rmined  using the bubble  point  technique was 
0.095 /zm and this value corresponds well with the manufacturer ' s  specification, viz., 
0.1 /zm. In fact, the  same average pore-s ize  was found for all three  thicknesses of  
the Daramic  material .  Figure 1 shows the di f ferent ia l -pore-number  distr ibution of  
Daramic  (0.15 mm).  The  differential  number  of  pores  (expressed as a percentage)  
corresponds to the  percentage of  pores  at each pore-size.  The pore-s ize  distr ibution 
of  Daramic  is thus seen to fall within a very narrow range. The  composi te  membrane,  

TABLE 3 

Properties of composite membrane (40 vol.% divinyl benzene (DVB)) and Daramic (0.15 ram) 

Properties (units) Daramic (0.15 mm) Composite membrane 

Area resistance (12 cm 2) 0.3 
Diffusivity (cm min -1) 1.3 X 10 -3 
Average pore-size (p.m) 0.095 
Ion-exchange capacity (mEq/dg) 
Electrolyte uptake (%) 140 

1.9 
1.6×10 -4 
< 0.060 
(I.4 
60 

30 

.o 
o 

20 
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10 
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Fig. 1. Differential-pore-number vs. pore-size distribution for untreated Daramic (0.15 ram). 
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on the o ther  hand, has pore  sizes < 0 .06 /an ;  these sizes are beyond the limit de tec table  
by the Coul ter  porometer .  

The  I E C  of  the composite  membrane  was found to be 0.4 mEq/dg.  This value 
is low compared  with those usually exhibited by ion-exchange membranes ,  viz., 
1-5 mEq/dg.  The  incorporat ion of  even a very small IEC can, however, influence 
significantly the t ranspor t  proper t ies  of  the membrane.  The electrolyte up take  of  the 
membrane  was tes ted  by soaking in a solution of  2 M V 3"5+ in 2.5 M H2SO4, since 
in the  vanadium redox bat tery  application,  the p redominant  ions in the pores  of  the  
membrane  are  V( I I I )  and V(IV).  As seen in Table 3, the electrolyte uptake  of  the 
composi te  membrane  shows a marked decrease of  ~ 80%. 

F rom the above-ment ioned proper t ies  of  the composite  membrane,  the increase 
in selectivity can be at t r ibuted to the combined effects of  the decrease in pore-size, 
or  a change in tortuosity of  the membrane ,  and the incorporat ion of ion-exchange 
sites into the cross-linking element.  Tortuosity is defined as the effective path  length 
of  the  migrating ions through the network of the interlocking pores  in the membrane .  
This network acts as a physical bar r ie r  to the migrating ions so that  the ion mobility 
is effectively reduced  with increase in tortuosity. For  large pore-sizes, the t ransport  
of  the co-ions (i.e., vanadium ions) is h indered by the ion-exchange resin only near  
the pore  walls. With  decrease  in pore  size (due to cross-linking), the ion-exchange 
sites incorpora ted  into the cross-linking element  would be more effective in excluding 
the co-ions. 

The  increase in area  resistance of  the composite membrane  can be at t r ibuted to 
the decrease  in the percentage of electrolyte uptake [7]. The  electrical  conductivity 
is directly propor t ional  to the concentrat ion of  the current-carrying species in the 
membrane;  this species is predominant ly  H + ions in the vanadium redox cell. 

The  membrane  t rea tment  thus part ial ly blocks the pores  and produces  a thin 
surface layer on the Daramic  substrate.  The resulting membrane  is more selective and 
the diffusivity for vanadium ions is greatly reduced.  Al though composi te  membranes  
p repa red  using 40 vol.% DVB are mechanically weaker  than unt rea ted  Daramic  
material ,  membranes  sizes as large as 40 × 60 cm have been employed successfully in 
cell charge/discharge testing without any splitting or  tearing problems.  

Membrane stability and performance in charge~discharge test 
The  composi te  membrane  (0.15 mm) produced with 40 vol.% DVB was chosen 

for per formance  testing in a small vanadium redox test cell with an e lect rode area  
of  25 cm z. The  cell contained 65 ml of 2 M V 3'5÷ in 3 M HESO4 in each half-cell 
and had a theoret ical  capacity of 3 A h. A typical charge/discharge voltage profile 
obta ined at 20 m A c m  -e  is shown in Fig. 2. F rom this data,  the  coulombic,  voltage 
and energy efficiencies were calculated as 94, 90 and 85%, respectively. 

The  efficiencies of the cell obtained at various current  densit ies are  shown in 
Fig. 3. The coulombic efficiency remains fairly constant  within the range of  current  
densit ies investigated, while the voltage efficiency declines with increasing current  
density due to increased internal  resistance losses. The  overall energy efficiency thus 
falls with increasing current  density; a maximum of  85% is observed at 20 m A  cm -2. 
The  efficiencies obta ined for the composite  membrane  are comparable  with those 
obta ined  with the cation-exchange membrane,  Selemion CMV [6]. 

The  long-term cycling da ta  for the composite membrane  (40 vol .% DVB) obta ined 
at  a charge/discharge current  density of 40 mA cm -2 are presented  in Fig. 4. The 
average current ,  voltage and energy efficiencies over 700 cycles (4000 h) were 95, 79 
and 75%, respectively. The  highest cell efficiencies, obta ined at the 550th cycle, were 
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Fig. 2. Typical  cha rge /d i scha rge  vol tage profile o f  v a n a d i u m  redox cell. Cha rg ing  and  d i scharg ing  
cu r r en t  d e n s i t i e s = 2 0  m A  cm-2;  e lec t rode  a r e a = 2 5  cm2; e l e c t r o l y t e = 2  M V 3"s+ in 3 M H2SO4. 
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Fig. 3. Cell  effieiencies with 0.15 m m  compos i t e  m e m b r a n e ,  (40 vol .% divinyl b e n z e n e  ( D V B ) )  
a t  va r ious  cu r r en t  densi t ies .  
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Fig. 4. Cell efficiencies vs. cycle number for vanadium redox cell employing 0.15 mm composite 
membrane; charging and discharging current densities=40 mA cm -2. 

96, 85 and 83% for current,  voltage and energy, respectively. The  coulombic efficiency 
f luctuated between 93% and 100%, while the voltage efficiency exhibited a gradual  
decrease.  The la t ter  was due to the air oxidation of  the negative half-cell elecIrolytes 
that  resul ted  in an imbalance in the SOC of  the electrolytes. This imbalance was also 
influenced by a volumetric cross-over of  the electrolytes across the membrane  in ei ther 
direct ion during cycling. A t  points A to E, the solutions of the cells were rebalanced 
so as to bring the SOC of  each of the haft-cell electrolytes to the same level and 
restore the capacity of  the system. This procedure  also allowed the voltage efficiency 
of the cell, that  decl ined after  successive cycles, to recover. 

At  the 10th cycle, the cell resistance measured at 50% SOC was 2.65 and 
2.75 ~ cm 2 for charging and discharging, respectively. At  the 550th cycle, the cor- 
responding values of the cell resistance were 2.33 and 2.54 ~ cm 2. This decrease  in 
the cell resistance during cycling is believed to be due to activation of  the graphi te  
felt electrodes.  The la t ter  reduces the activation overvoltage during charging/discharging 
and results in a s teady overall increase in voltage efficiency, as observed in Fig. 4. 

The  above long-term cycle tests demonst ra te  that the composite  membrane  is 
both  chemically stable and resistant to fouling in the vanadium redox cell system. The  
composi te  membrane  thus possesses the proper t ies  required of a separa tor  for use in 
a redox battery.  

Conclusions 

A composi te  membrane  has been developed using Daramic  as substrate  and the 
Amber l i t e  ion-exchange resin. Fur the r  cross-linking using DVB has resulted in proper t ies  
that  are suitable for  appl icat ion in redox batteries.  The  performance of  the membrane  
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in the  charge/discharge testing of  a vanadium redox cell is comparab le  with that  
observed with ion-exchange membranes  available commercially.  The  chemical  stability 
of  the membrane  was found to be  excellent and the membrane  was not  susceptible 
to fouling. 
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