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Introduction
Battery cells are composed of at least three 
components, namely two electrodes of oppo-
site polarity, being the location of the elec-
trochemical reactions, and an electronically 
insulating electrolyte [4]. It not only serves as 
physical separator of the electrodes, but also 
guarantees sufficient ion transfer between 
them. In systems using liquid electrolytes, the 
electrolyte is soaked into so called separa-
tors, i.e. thin porous membranes, which avoid 
direct electronic contact between both elec-
trodes and thus short circuiting of the whole 
cell, but are permeable to ionic flow [1]. The 
ionic resistivity of the electrolyte soaked sepa-
rator should be low to avoid blocking of the 
ion transfer within the cell as good as pos-
sible. In consequence, information about the 
ion conductivity of these systems is an impor-
tant value for characterization and rating of 
different separator materials. 
An important figure for characterization of 
the blocking effect of the ionic flow of a cer-
tain separator/electrolyte combination is the 
so called MacMullin number NM being defined 
as ratio of the resistivity of a separator soaked 
with electrolyte to that of the pure electrolyte 
occupying the same volume like the separator 
[2], [3]: 
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with t as tortuosity and e as porosity of the 
separator; n and m are empirical constants 
depending on the geometric model employed 
to describe the porous media [1], [3]. For ex-
ample in the straight-capillary-tube model 
from Wyllie and Spangler n and m equal one 
[3]. The MacMullin number describes the rel-
ative contribution of a separator material to 
the cell resistance and thus can be used for 
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prediction of its influence on the battery per-
formance [1], [2]. It factors out the thickness 
of the material and is almost independent of 
the applied electrolyte [1]. Typically, the resis-
tivity of a microporous separator soaked with 
electrolyte is approximately 6-7 times that of 
a comparable electrolyte volume [1]. Using 
the geometry dependent relationship between 
tortuosity and porosity, determination of the 
MacMullin number in addition delivers infor-
mation about the microscopic structure of 
the separator material [3].
By usage of different cell geometries or vol-
umes care has to be taken, as not just the ab-
solute resistances e.g. determined by imped-
ance spectroscopy of the electrolyte soaked 
separator and the pure electrolyte can be set 
in relation to each other, but the different cell 
constants C of the cells employed for elec-
trochemical analysis of the separator, Csepara-

tor, and the electrolyte, Celectrolyte, respectively, 
have to be taken into account. This scaling 
factor is defined as

C d
A

= −  cm[ ]1

for a simple plate-plate geometry, where A 
[cm²] and d [cm] are the sample area and 
thickness, respectively. In consequence, for 
calculation of NM also the ratio of the con-
ductivities si [S/cm] of the electrolyte soaked 
separator and the pure electrolyte can be em-
ployed:
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Thereby, R [W] is the resistance of the sam-
ple. In case of unknown cell geometries the 
cell constant can be determined by means 
of a reference sample with a known dc-ion 
conductivity and geometries comparable to 
the sample whose conductivity should be 
determined. Thus, by performing an imped-
ance measurement the cell constant can be 
calculated and subsequently used for analysis 
of the sample of interest. In case of liquid 
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samples for example KCl conductivity stand-
ards with conductivity values tabulated over 
a wide temperature range can be applied [4]. 
In this application note, an exemplarily meas-
urement and evaluation routine for determina-
tion of the MacMullin number of a separator 
material is presented using an almost com-
pletely automated measurement routine for 
determination of the temperature-dependent 
dc-ion conductivity by means of the electro-
chemical impedance spectroscopy. 

Experimental
a) Measurement equipment
From the separator material discs of 12 mm 
in diameter were punched out and soaked in 
approximately 300 µl electrolyte for at least 
24 h to guarantee sufficient wetting. As elec-
trolyte 1 mol/l LiClO4 in EC/DMC (1:1 w/w) 
was used. 

Figure 1: E x -
ploded view of meas-
uring cell TSC battery. 
The sample is placed 
between the upper and 
lower electrode. 

For impedance 
m e a s u r em e n t s 
of the separator 
material, a TSC 
battery measur-
ing cell, see Figure 
1, in combination 
with a Microcell 
HC setup has been 
used. This meas-
uring cell enables 
e.g. the electro-
chemical charac-

terization of planar, moisture-, air- or pho-
tosensitive substrates of variable shape under 

[4] R. H. Shreiner, K. W. Pratt, NIST Special Publication 
260-142, 2004 Ed., „Standard Reference Materials: Primary 
Standards and Standard Reference Materials for Electrolytic 
Conductivity“

temperature control. As electrodes, two plane 
stainless steel disc electrodes with an effective 
contact area of 8 mm in diameter were used. 
The contact area of the lower electrode was 
gold- or nickel-plated. Approximately 40 µl 
additional electrolyte was added to ensure 
complete filling of the spacing between both 
electrodes. The contact pressure was adjusted 
using a gold-plated spring with a spring con-
stant of 2.3 N/mm to 40.7 kPa. 
The dc-ion conductivity of the pure electro-
lyte was determined using a TSC 1600 closed 
measuring cell as depicted in Figure 2, like-
wise mounted onto the Microcell HC setup. 
This measuring cell is designed for electro-
chemical investigation of liquid moisture-, air- 
or photosensitive samples under temperature 
control using low amounts of approximately 
1.0 ml. The platinum crucible serves as coun-
ter electrode, while one of the four platinum 
wires separated by glass mounted in the screw 
cap and pointing downwards into the crucible 
is employed as working electrode. The PEEK 
casing guarantees hermetic sealing of the cell 
interior from the outside. The used electrolyte 
is volatile and evaporation during impedance 
measurement would affect its concentration 
and in turn its conductivity even if this sealed 
measuring cell is employed, due to the small 
dead volume just above the crucible. To min-
imize this effect, the cell interior was com-
pletely filled with electrolyte. Thus, 1.3 ml 
were used.
 bbb   

Figure 2: E x p l o d e d 
view of measuring cell 
TSC 1600 closed. The 
liquid sample is filled 
into the platinum cru-
cible. 

Besides the meas-
uring cells TSC 
battery and TSC 
1600 closed mount-
ed onto the Mic-
rocell HC setup, a 
Metrohm Autolab 

Page 2

rhd instruments GmbH & Co. KG, 
Otto-Hesse-Straße 19 / T3, 64293 Darmstadt
www.rhd-instruments.de 



PGSTAT204 equipped with a FRA32-module 
was used for the electrochemical analysis. 
For data acquisition, the NOVA 1.11 soft-
ware (Metrohm Autolab B.V.) has been used. 
In the Microcell HC setup, temperature is 
controlled via a Peltier element which ena-
bles adjusting sample temperatures ranging 
from -40 °C up to +100 °C, depending on 
dew point and sample amount. For adjust-
ing the sample temperature an Eurotherm 
control unit was used. It can be controlled 
either by the software from many measure-
ment bridge manufacturers like Novocontrol, 
Biologic, Zahner or Solartron, as well as by a 
dll embedded into a NOVA specific procedure 
(hcDLL ACM, developed by rhd instruments 
GmbH & Co. KG). It enables fully-automated 
determination of the dc-ion conductivity of 
samples with a well-known and relatively sim-
ple impedance spectrum using the online-fit 
option of the NOVA software. In combination 
with a Microcell HC setup the temperature 
accuracy is 0.1 °C in the thermo block. 

Figure 3:  Equivalent circuit representing the impedance 
behaviour of the separator samples within the chosen 
frequency range. 

In the present case, the equivalent circuit de-
picted in Figure 3 was used for fitting of the 
impedance spectra. Thereby, L symbols an 
inductor and represents the parasitic induc-
tive artefacts at high frequencies due to e.g. 
connection cables. R is an ohmic resistor and 
typifies the resistance of the cables as well 
as the resistance due to transport of the ions 
through the sample. The constant phase ele-
ment CPE takes interface effects, i.e. charg-
ing of the electrochemical double layer at the 
interface electrode/sample, into account. 
Partially, fit of the impedance data was per-
formed for error minimization in the admit-
tance instead of the commonly employed im-

pedance domain. In the former domain values 
at low frequencies are greater and thus have 
a higher weighting during minimization of the 
deviation in the fit routine. For this purpose, 
the impedance analysis software RelaxIS® dis-
tributed by rhd instruments GmbH & Co. KG 
was used. 

b) Measurement parameters: separators
The complex conductivity s(w) can be de-
duced from the complex impedance Z(w) ac-
cording to the following equation:

s(w) = C/Z(w)
where C is the cell constant of the measuring 
cell (see chapter „Introduction“). The high-
frequency part of s‘(w), the real part of s(w), 
is governed by ion movements in the bulk of 
the electrolyte, i.e. by the dc-ion conductivity. 
Here, the sample impedance equals its resist-
ance, i.e. at a phase angle of approximately 
zero degrees [1], where the Bode plot of the 
real part of the impedance as well as of the 
real part of the complex conductivity shows a 
plateau. For good to moderate ionic conduc-
tors the plateau value is expected at high to 
intermediate frequencies. This plateau shifts 
with increasing temperature to higher fre-
quency values. Thus, the frequency range has 
to be selected in a way, that it covers the re-
gion where dc-ion conductivity occurs for the 
whole temperature range under investigation. 
In consequence, for the electrolyte soaked 
separator samples a frequency range from 
250 kHz down to 100 Hz was employed for 
all temperatures. Starting at 20 °C, the sepa-
rator was cooled down to 0 °C, reheated to 
20 °C, again cooled down to 0 °C and finally 
heated to 30 °C in steps of 5 °C. At each tem-
perature, an impedance spectrum was record-
ed while applying an ac voltage amplitude of 
10 mV (rms) to the sample. To guarantee for 
reaching of the thermal equilibrium at each 
temperature, the respective value was held 
for 120 s prior to start of the measurement. 
By recording four ascending and descending 
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temperature ramps presence of the thermal 
equilibrium was verified. Reproducibility of 
the data was proven by analysis of at least 
two measurements for three samples. 
Using the well-defined geometry of the cell in-
terior of TSC battery and the thickness of the 
separator material, the cell constant C was 
calculated to

C = d/A = 0.003979 cm-1

In the present study the thickness d of the 
separator was 20 µm and the area was cal-
culated to A = P.r2 = P.(0.4 cm)2 using the 
radius r of the disc electrodes. Although the 
actual size of the separator is with a diameter 
of 1.2 cm larger, only the active area of the 
disc electrodes was used for calculation of the 
cell constant, since for species with a very low 
electronic conductivity, as it holds for the pre-
sent sample, current flow almost completely 
takes place in the region between the elec-
trode areas. Thus, the separator parts outside 
this region could be neglected. 

c) Measurement parameters: electrolyte
In case of the pure electrolyte, prior to sam-
ple measurement the cell constant was de-
termined using the KCl conductivity standard 
1413 by Hanna Instruments. 
For identification of the required waiting time 
at each temperature to reach thermal equilib-
rium, firstly an impedance spectrum at 20 °C 
was recorded followed by a jump to 15 °C. At 
this temperature 15 impedance spectra were 
recorded directly one after another to monitor 
changes in the impedance of the sample due 
to temperature changes until these differences 
diminish thus showing the reaching of thermal 
equilibrium. This check reveals 720 s as re-
quired waiting time. 
Using a fresh filling, afterwards imped-
ance measurements for determination of the 
temperature-dependent dc-ion conductivity 
were performed over a frequency range from 
500 kHz - 500 Hz with an ac voltage ampli-

tude of 10 mV (rms). Like for the electrolyte 
soaked separator samples, for the pure electro-
lyte presence of thermal equilibrium was veri-
fied by recording of ascending and descend-
ing temperature ramps: Starting at 20 °C, the 
sample was firstly cooled down to 0 °C, than 
reheated to 30 °C and finally cooled down to 
20 °C in steps of 5 °C. 

Data evaluation
By means of the cell constant together with 
the bulk resistance determined from fitting 
of the respective impedance spectra the tem-
perature-dependent dc-ion conductivity was 
determined fully-automated by hcDLL ACM 
procedure for the electrolyte soaked separator. 
In case of the pure electrolyte evaluation of 
the impedance data occurred by means of the 
impedance analysis software RelaxIS® because 
fitting was performed in the admittance do-
main. Averaging of the measurements at the 
respective temperatures results in the mean 
dc-ion conductivities summarized in Table 1 
for both samples together with the appendant 
standard deviations. 
Table 1: Mean sdc as function of sample temperature 
and its standard deviation (SD) of the electrolyte soaked 
separator as well as of the pure electrolyte LiClO4.   
 

Temperature 
[°C]

Separator Electrolyte
sdc      

[S/cm]
SD        

[S/cm]
sdc      

[S/cm]
SD        

[S/cm]
0 0.66E-3 0.07E-3 5.08E-3 -
5 0.75E-3 0.07E-3 5.69E-3 0.02E-4

10 0.84E-3 0.07E-3 6.31E-3 0.01E-4
15 0.94E-3 0.06E-3 6.94E-3 0.01E-4
20 1.03E-3 0.07E-3 7.57E-3 0.10E-4
25 1.13E-3 0.07E-3 8.19E-3 0.01E-4
30 1.22E-3 0.08E-3 8.81E-3 -

Results of the electrolyte soaked separator as 
well as of the pure electrolyte are depicted 
in Figure 4 and Figure 5, respectively, each 
showing a steady increase of the conductivity 
with temperature. For better comparison of 
the different temperature ramps of a single 
sample only the four ramps of one selected 
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separator sample are exemplarily presented. 
In most cases, the conductivity values of the 
four temperature ramps show only negligible 
divergence of less than 3.3 % at the respec-
tive temperatures, thus confirming the pres-
ence of thermal equilibrium. In case of the 
pure electrolyte the divergence was with less 
than 0.3 % even lower. 

Figure 4:  Comparison of the four temperature ramps 
measured for determination of the temperature-depend-
ent dc-ion conductivity of one separator sample soaked 
with LiClO4 to check the presence of thermal equilibrium. 
The respective standard deviations are also presented. 

Figure 5:  Comparison of the three temperature ramps 
measured for determination of the temperature-depend-
ent dc-ion conductivity of the pure LiClO4 electrolyte to 
check the presence of thermal equilibrium. The respec-
tive standard deviations are also presented. 

In Table 2 the mean MacMullin numbers cal-
culated for the respective temperatures taking 
into account the different temperature ramps 
are presented using the mean conductivity 
values determined by including results of all 
separator samples.

The corresponding plot is shown in Figure 6. 
Averaged over all temperatures and ramps a 
MacMullin number of 7.43 with a standard 
deviation of 0.14 resulted, thus fitting to the 
range reported in literature [1]. 
Table 2: Mean MacMullin numbers in dependence of 
the temperature. Values of different temperature ramps 
were averaged at the respective temperature. 

Temperature [°C] MacMullin number
0 7.69
5 7.58
10 7.50
15 7.41
20 7.33
25 7.28
30 7.23

However, as obvious from Figure 6, the Mac-
Mullin number decreases with increasing tem-
perature. This might show a higher permea-
bility of the separator material with increasing 
temperature due to e.g. softening and widen-
ing of the porous membrane structure, thus 
reducing its blocking effect on the ion move-
ment.

Figure 6:  MacMullin numbers as function of the tem-
perature for the different temperature ramps. 

Page 5

rhd instruments GmbH & Co. KG, 
Otto-Hesse-Straße 19 / T3, 64293 Darmstadt
www.rhd-instruments.de 


