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Introduction 

 
The performance and cycle life of each battery are sig-

nificantly affected by the type of separator used in these bat-
teries. The separator is placed between the positive and nega-
tive electrodes to prevent physical contact between them 
while enabling free ion flow. There are many requirements for 
a material to be a good separator, such as high chemical sta-
bility, small thickness, appropriate porosity and pore size, 
mechanical strength, dimensional stability and wettability1. 
Porous polypropylene membrane (i.e. Celgard) fulfills most 
of these requirements except wettability. Polyolefines are 
hydrophobic polymers and modification is necessary to gain 
some hydrophilicity to make them suitable as separators. 
Commonly used methods include applying surfactants or 
priming the membranes with certain solvents. Such treatment 
however improves the wettability only temporarily, since the 
surfactant is subjected to washing away by the liquid electro-
lyte upon cycling and storage1. In the last decade application 
of low-temperature plasma for hydrophilization of polymer 
surfaces has grown rapidly. From all plasma techniques − 
plasma modification,  polymerization, etching and plasma-
induced grafting − the last-named seems to be the most suit-
able for it can give permanently hydrophilic surfaces. In the 
literature one can find some remarks on the electrochemical 
properties of polyolefin membranes grafted with poly(acrylic 
acid)2. Published results are however scarce and give no infor-
mation on their usage in alkaline power sources. Our prelimi-
nary results4 have clearly shown that this might be the way to 
improve the properties of battery separators, hence also per-
formance and reliability of alkaline batteries. In the present 
work, we covalently attached poly(acrylic acid) to the surface 
of the porous polypropylene using two different types of 
plasma apparatus. We have tried to learn how the plasma 
parameters influence the degree of grafting and we have 
checked the suitability of such material as an alkaline battery 
separator. 

 

Experimental 
 

Materials and equipment 
 
Celgard 2500 (Daicel Chemical Industries, Ltd) micro-

porous PP membrane was used as the substrate for grafting. 
Its pore size was 0,05 × 20 µm, porosity 45 % and thickness − 
25.4 µm. Acrylic acid (AAc, Aldrich Chem. Co.,Ltd) was 
vacuum distilled prior to use. 

Two different types of plasma apparatus were used: 
− plasma generator of 75 kHz frequency (Dora, Wroclaw, 

Poland), with modulation of 300 kHz, regulated power 
and regulated distance between two electrodes; the sam-
ple could be attached to both electrodes. 

− microwave  plasma  generator of 2.45 GHz  frequency  
with power regulated from 0 to 1000 W (Ertec, Wro-
claw, Poland). Plasma was generated in the quartz tube 
at the top of a thick-walled glass reaction chamber and 
the sample was put in the post-discharge area on a table 
of which the distance from the  lower edge of the 
plasma could be regulated. 
 

Grafting procedure 
 
Before plasma treatment the reactors were evacuated to 

a pressure below 10−3 mbar. Argon flow was adjusted to the 
desired value and the plasma was ignited at the desired power 
level for the predetermined time. 

After two-sided plasma treatment, membranes were 
immersed in the AAc solution (water : acetic acid : AAc = 
1:1:0.5 volume ratio) and exposed to UV radiation for 
a definite time. The sample was then intensively washed with 
water to remove homopolymer and dried in air. The degree of 
grafting (moles of AAc/PP weight) and the amount of ho-
mopolymer were determined gravimetrically.  

 
Surface characterization 

 
Measurement of contact angle  

To get a nonporous sample of the same material as po-
rous examples pieces of porous membranes were put into 
a laboratory press (190 °C, 50 kG, 2 min). The static contact 
angles of water and diiodomethane were measured on the 
nonporous samples by means of a goniometer PG-X (Fibro 
System AB). At least 20 readings were made on each film. 
The surface tension and its polar and dispersive components 
were calculated according to harmonic averaging4. The polar 
and dispersive components of surface tension for testing liq-
uids were taken according to Kuznietsov5. Sample polarity 
was defined as a percent ratio of the polar component of sur-
face tension and total surface tension. The dynamic contact 
angle of water was determined on the porous samples. 

 
Fourier Transform Infrared Spectroscopy 

Spectra were obtained using a Perkin-Elmer System 
2000 spectrometer with horizontal ATR device (Ge, 45o). 
Sixty four scans were taken with 4 cm−1 resolution. 

 
 Scanning Electron Microscopy 

The surface and cross-section of samples were observed 
using a JSM-5800 LV, JEOL device working at 25 kV. 
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Measurement of ionic conductivity 
 
The electrolytic resistance (area resistance) of the mem-

brane was determined by two successive measurements of 
potential difference between the reference electrodes; the first 
one without membrane (E), and the second one with the mem-
brane (E’). In all measurements concentrated KOH solution 
(29 % solution, d = 1.28 g cm−3) was used. The electrolytic 
area resistance R of the membrane was determined from the 
following equation6: R = (E’ – E)S / I, where S is the mem-
brane surface area exposed to the electric field. 

 
Results and disscussion 

 
Choice of materials and methods 

 
The main goal of the present work was permanent hy-

drophilization of porous polypropylene to make it usable as a 
battery separator. Polypropylene is very hydrophobic polymer 
with surface tension about 30 mN m−1 and very low 
(~ 2 mN m−1) its polar component. 

Plasma is known as a modern, clean, environmentaly 
friendly and very efficacious technique of modification of 
polymer surfaces. There are several ways of using plasma to 
change surface characteristics − plasma polymerization, 
plasma modification and plasma-initiated grafting. The first 
technique creates a layer of polymer-like materials on the 
surface. This however rarely resembles the compound taken 
for the treatment. Plasma polymerization of acrylic acid on 
the polypropylene surface did not give the expected results3. 
Modification of the surface by plasma of such gases as air, 
argon, nitrogen, oxygen increases the surface tension rapidly 
but the attained results diminish or even disappear with time. 
The third method uses plasma only to produce on the polymer 
surface the radicals that are able to polymerize a monomer in 
the conventional way. We applied the third technique and 
decided to use the acrylic acid as a grafting monomer for it is 
a low-boiling, water-soluble, very reactive compound which 
provide the surface with many hydrophilic carboxylic groups. 

The schematic path of the membrane modification proc-
ess is shown in Fig. 1. 

Argon plasma is known to introduce on the surface a lot 
of radicals that are rapidly modified by contact with air into 
various functional groups, among others also peroxides and 
hydroxyperoxides. These, decomposed by UV light in the 
monomer solution, initiate its polymerization and hence create 
grafting chains on the polymer surface. 

 

Plasma devices and plasma parameters 
 
Two types of plasma apparatus differing in plasma fre-

quency were accessible to modify the PP surface. The one 

Table II 
Grafting results for various parameters of GHz frequency 
plasma 

  
Parameter 

  
Value 

Grafting 
degree, 

mmol g−1 

Amount of 
homo-

polymer, % 

Electrolytic 
area resistance, 

mΩ cm2 

  
Plasma 
power, 
W 

260 10.1 8.1 77 
220 9.72 9 106 
180 13.4 9.8 41 
130 15.7 12.0 22 

Argon 
pressure, 
torr 

0.15 10.0 8.7 70 
0.24 11.2 8.1 64 
0.35 10.9 9.5 61 
0.5 13.4 9.8 41 

Sample-to- 
plasma  
distance, 
cm 

9 11.1 9 53 
11 10.0 8.7 70 
13 3.47 4.4 80 

  
Treatment 
time, min 

0.5 11.2 8.1 64 
1 6.39 8.5 59 

1.5 10.8 12.1 67 
2 12.2 7.6 46 

Fig. 1. The scheme of plasma initiated grafting of acrylic acid onto 
the polymer surface 
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Parameter 

  
Value 

Grafting 
degree, 

mmol g−1 

Amount of 
homo-

polymer, % 

Electrolytic 
area resis-
tance, mΩ 

cm2 
  
Plasma 
power, 
mW 

55 6.25 4.2 61 
75 4.26 10.0 20 
88 2.89 − 27 

105 2.12 10.5 142 
Argon 
pressure, 
torr 

0.09 4.58 7 152 
0.2 3.89 14 31 
0.5 2.12 − 142 

Distance 
between 
electrodes 
cm 

28 4.44 8.4 49 
35 5.69 5.6 40 
45 10.7 4.1 48 

  
Treatment 
time, min 

0.5 7.64 4.0 53 
1 8.47 3.7 40 
2 5.14 5.2 57 
3 6.25 4.2 61 

Table I 
Grafting results for various parameters of KHz frequency 
plasma 
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operated in the kiloherz range with regulation of the distance 
between the electrodes while the other worked in the giga-
hertz frequency range and the sample was put in the afterglow 
area. The parameters we have changed trying to optimize 
plasma conditions were the argon pressure, the plasma power, 
the distance between the electrodes (for KHz device) or sam-
ple-to-plasma edge distance (for GHz ) and the treatment 
time. The experiments in each set of parameters were repeated 
a few times and average values were taken. As the important 
results the grafting degree and electrolytic area resistance of 
the membrane were taken.    

Some results obtained in KHz and GHz frequency plas-
mas are shown in Table I and Table II respectively. 

It is obvious that the plasma parameters influence the 
grafting results but the correlations obtained are not straight-
forward. Optimization of plasma treatment conditions seems 
to be very difficult in this case.  

Comparing the results with the two kinds of plasma used 
we can say that these obtained in the average conditions of 
microwave plasma yielded a higher degree of grafting and a 
higher amount of homopolymer in the solution. However both 
plasmas created sufficient amounts of radicals to assure 
a significant degree of grafting that decreases the area resis-
tance from 130 000 mΩ cm2 to as small a value as about 
20 mΩ cm2 . 

 Most important for us was the correlation between the 

degree of grafting and the ionic conductivity. At low degrees 
of grafting the resistance decreases dramatically with the 
amount of grafted AAc (Fig. 2a). The situation changes when 
the degree of grafting becomes greater than 4 mmol g−1. In 
that case for microwave plasma we observed slow continua-
tion of that process – lowering of the resistance with the pro-
gress of grafting (Fig. 2c), while for KHz-plasma – a slow 
change of resistance for the worse was noticed (Fig. 2b).    

The results obtained are highly scattered, which might 
be due to uneven action of the plasma or the method of meas-
uring the resistance (in one point). Molecular weight of 
grafted chains and change of pores size may also influence the 
resistance results.   

 
Characterization of AAc grafted membranes 

 
The chosen modified membranes as well as the virgin 

polypropylene membrane were investigated with the help of 
accessible methods such as contact angle measurements, 
FTIR-ATR and SEM. 

Table III presents the values of contact angles of water 
and methylene iodide, and the calculated values of surface 
tension and polarity for PP and samples after argon plasma 
treatment in average conditions.  

As was expected, both plasmas cause a great increase of 
polypropylene surface tension, especially its polar component. 
KHz-plasma seems to affect the PP surface more but at this 
same time the degree of grafting obtained in these conditions 
is lower than for GHz plasma (~ 5 mmol g−1 versus ~ 10 
mmol g−1).  

On the porous samples the dynamic contact angle of 
water was detemined. Examples of observed curves are 
shown in Fig. 3.  

The straight line obtained for virgin, porous membrane 
proves its highly hydrophobic character that prevents the hy-
drophobic liquid from soaking into the pores. For the sample 
after plasma treatment we have observed small decrease of the 
contact angle (usually 3−5 degrees) in the first two seconds 
and then the contact angle kept a constant value. The shape of 
the curve is always the same, however its position on the con-
tact angle scale is different (due to various contact angle val-
ues at the start). The reason might be uneven plasma treat-
ment on the whole sample surface. 

For samples grafted with acrylic acid we have observed 
two kinds of curves. The one (curve 1 in the Fig. 3) shows the 
slow decrease of the water drop contact angle with time. This 
change is bigger than in case of the plasma-modified surface 

Fig. 2. Dependence of electrolytic resistance of modified porous 
PP membrane on acrylic acid degree of grafting; both plasmas in 
low grafting degree region (a) treatment with 75 kHz (b) and 2,45 
GHz (c) plasmas 
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Sample 
symbol 

Contact angle Surface 
tension, 
mN m−1 

Polarity, 
% H2O CH2J2 

PP 90 53 32.8 6.4 
  

PP-KHz plasma 17 41 76.8 48.4 
PP-GHz plasma 60 26 52.1 24.0 

Table III 
Values of contact angle, surface tension and polarity of the 
chosen samples 
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and in the particular case shown in Fig. 3  equals 18 degrees 
after 5 sec. The other drops (curve 2 in Fig. 3) put on the 
grafted surface changed their volume very slowly at the be-
ginning and disappeared completely after 3 sec.  

The presence of poly(acrylic acid) on the polypropylene 
surface was confirmed by FTIR-ATR spectroscopy (Fig. 4). 
The sample was washed with KOH before the experiment to 
be sure that no homopolymer was left on the surface. Two 
new bands characteristic for carboxylic ions − the strong one 
from antisymmetric valence oscillation at 1554 cm−1 and the 
other, weaker, from symmetric valence oscillation at 1399 cm−1 

were observed in the spectrum. We can see also the small 
band at 1705 cm−1 characteristic for carboxylic acid, being the 
proof that not all carboxylic groups were neutralized.  

The macroscopic surface changes that have taken place 
during the grafting process are seen in SEM pictures of sam-
ple surface (Fig. 5) and cross-section (Fig. 6). 

With the increasing degree of grafting the layer of poly-
mer seems to cover the bigger sample area. For the sample 
with the highest grafting degree (Fig. 5d) hardly any pores 
structure is seen. 

The cross-section pictures (Fig. 6) of the above samples 
prove that grafting takes place not only on the surface but also 
in the pores of the membrane. Membrane become signifi-
cantly thicker − estimated thickness increases from 25 µm for 
unmodified membrane to 29, 32 and 35.5 µm for sample b,c 

and d, respectively. For the sample with the highest grafting 
degree the whole volume of pores is filled with grafted mate-
rial. 

The nonuniform, mosaic structure of the surface and 
various degrees of pore filling might also explain the various 
shapes of the dynamic angle curves observed for modified 
samples. 

 
Usefulness of modified membranes as separators for 
high-power Ni-Cd batteries 

 
As was mentioned earlier the porous polypropylene 

membranes fulfill all but one − wettability − requirements for 
good separators in alkaline batteries. Plasma-initiated grafting 
of acrylic acid appeared to be an excellent way to perma-
nently eliminate this disadvantage. From the figs. 2b and 2c 
one can see that in spite of the wide range of parameters and 
results obtained in our experiments we obtained membranes 
of resistance values sufficient for use in alkaline batteries 
(less than 100 ΩW cm2). In many cases they have better prop-
erties (lower resistance) than those commonly used, made of 
regenerated cellulose.  
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Fig. 3. Dynamic contact angle of water on the surface of virgin PP 
membrane (PP), PP after microwave plasma treatment (PP-
plasma) and PP grafted with acrylic acid (PP-g-AAC, degree of 
grafting 9.4 mmol AAc/g) 
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AAc) polypropylene membrane  
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These membranes did not change their characteristics 
with time (Fig. 7). After three months, the area resistance 
(41 mΩ cm2) is practically the same as at the beginning 
(40 mΩ cm2).  

The stability of the tested membrane during charge-
discharge cycles was performed for high current density 
(Fig. 8). The increase of electrolytic area resistance during 
this operation is very low, from 20 to 33 mΩ cm2, and proves 
that the modified membrane is stable and its modification is 
permanent. 

The dependencies shown in Fig. 7 and 8 are typical for 
all modified samples of low resistance.  More detailed experi-
ments concerning this new kind of separators are described in 
the paper7. 

 
 

 
 

Conclusions 
 
Argon plasma generated in the both kinds of apparatus 

used (KHz, GHz) appeared to be a very efficient source of 
radical polymerization initiator placed on the porous polypro-
pylene membrane. Graft polymerization of acrylic acid on 
plasma-modified membrane gives a material suitable for use 
as separators in high-power alkaline batteries. The grafted 
poly(acrylic acid) is present both on the surface and inside the 
pores of the membrane. 

Though some properties of the material after modifica-
tion are not very well reproduced from one experiment to 
another, even using the same parameters,  one can easily ob-
tain a degree of grafting from 4 to 16 mmol g−1 that assures 
the desired electrochemical properties of the membrane over 
a very wide range of plasma parameters.  
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The commercial porous polypropylene Celgard 2500 

was modified by plasma (KHz and GHz frequency) treatment 
with subsequent grafting with acrylic acid. Dependence of 
some plasma parameters on the membrane properties was 
investigated. The results obtained are highly scattered and  
choice of the best plasma parameters seems to be very diffi-
cult. Static and dynamic water contact angles were measured 
to observe the changes in surface properties. The presence of 
poly(acrylic acid) on the PP surface was confirmed by FTIR-
ATR. SEM analysis has shown that grafting takes place not 
only on the membrane surface but also inside the pores. In 
spite of the wide range of the degree of grafting we obtained 
membranes of resistance values lower than 100 mΩ cm2  

which makes them acceptable for use in alkaline batteries. 
The modified membranes do not change their electrolytic area 
resistance with time and withstand severe charge-discharge 
treatment. 


