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The method o f  one-dimensional modelling of  the pore impedance is validated on pores drilled in AISI 
316 stainless steel. Impedance measurements  were carried out  in 0.5 M sulphuric acid solution. Experi- 
mentally, it is found that, for cylindrical pores with a radius/pore length-ratio smaller than 0.5, the 
one-dimensionality condition is satisfied. Furthermore,  impedance measurements on noncylindrical, 
scaled-up pores provide evidence that a geometric constant Ag has to be introduced, as in Part  I. In 
accordance with this theory it is found that for pores with narrowing cross section Ag is less than 
1/3, while for pores with a broadening cross section Ag is greater than 1/3. Moreover,  it is shown 
that the matrix method,  presented in Part  I, provides a way of  calculating the impedance of  a non- 
cylindrical pore by using a highly reduced number  of  discs, N, compared to the recursion method 
of  Keiser et al. This is an advantage in fitting procedures. 

1. Introduction 

In recent literature [1-5] several authors have 
reported the use of a one-dimensional approach for 
the modelling of the measured impedance of porous 
electrodes. The difficulty of such systems is to obtain 
reliable information about the number, shape, 
radius and length of the pores. Moreover, the 
measured impedance of a real porous electrode is 
composed of the impedances of many pores with 
different dimensions. These complications make it 
difficult to confirm experimentally the applicability 
of the one-dimensional approach for the modelling 
of pore impedances. Therefore, we have simplified 
the problem. In this paper we report impedance 
measurements made on scaled-up pores, obtained by 
drilling. Pore shape and dimensions were thus well 
known. The pore impedance was calculated using 
the matrix method [6]. 

2. Material and method 

Stainless steel AISI 316 was used as electrode 
material. The resistance of this material can be 
neglected. This simplifies the calculations as 
described in Part I [6]. All samples were cleaned and 
rinsed before starting impedance measurements. 
Measurements were performed in 0.5M sulphuric 
acid solution. The measuring cell was designed so 
that 1 cm 2 of the working electrode was subjected to 
the electrolyte. A Luggin capillary was used as electro- 
lyte bridge between the surface of the working elec- 
trode and the reference electrode compartment. A 
Ag/AgC1 electrode served as reference. The counter 
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electrode was a platinum perforated plate. A.c. impe- 
dance measurements were performed with an EG&G 
impedance system model 378, which consisted of a 
potentiostat 273, a lock-in amplifier 5208 and an 
IBM personal computer. The impedance spectrum 
was measured in the range 10mHz to 100kHz. 
During measurements the electrolyte was stirred. 
The amplitude of the a.c.-signal was chosen so that 
the linearity conditions were satisfied for all 
frequency ranges. 

To characterize the interface reactions between 
AISI 316 and sulphuric acid, experiments were 
performed on flat surfaces. Subsequently, the impe- 
dance of cylindrical and noncylindrical pores drilled 
in fiat samples was measured. 

3. Experimental details 

3.1. Flat surface electrodes 

The impedance Z~c of the equivalent circuit for the 
measured impedance of a flat AISI 316 electrode 
immersed in sulphuric acid is given by 

Zw 
ZEc = Re + ~ (1) 

Re(f~) is the electrolyte resistance and A (cm 2) the 
surface area of the fiat electrode. The specific inter- 
face impedance is a parallel combination of a specific 
resistance Rw (f~cm 2) and a specific impedance of 
a constant phase element (CPE) Qw (f~cm2) = 
Qo, w(Jw) -~. Q0,w (f~cm2s-~) is a real constant, a) 
(rad s -1) the circular frequency and in general a lays 
between 0 and 1. Rw takes into account the charge 
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transfer and surface resistance due to the passivation 
reaction and passivation layer at the electrode 
surface. Qw is due to the double layer and passivation 
layer capacity. With the characteristic time constant 
rw 

( R w ~  1/a (2 )  

rw = ',Q0,w/ 

Zw is written 
Rw (3) 

Zw -- 1 + (jCOTw) a 

Values of Q0, w, Rw, oe and Re were calculated for two 
flat electrode specimens by nonlinear complex mean 
square fitting. They are listed in Table 1; the relative 
error of the parameters is very small. Furthermore, 
Table 1 shows that Q0,w, Rw and a deviate in value 
for different specimens. However, this lack of repro- 
ducibility does not affect the experiments on pores 
drilled in flat surfaces, because their shape and dimen- 
sions are known. 

3.2. Porous electrodes 

For the sake of simplicity measurements were made 
on pores with insulating pore base and insulating 
surrounding electrode surface. In this case only the 
pore wall has contact with the electrolyte. The 
working electrode plates were made of AISI 316 
steel in which pores were drilled. At the bottom of 
the steel plate a plexiglass plate was attached and 
the top surface surrounding the pore, was isolated 
with plexiglue. These pores were subjected to the elec- 
trolyte. Special care was taken to prevent enclosing air 
in the pore. The impedance of the equivalent circuit 
ZEC of a pore made as described above and immersed 
in sulphuric acid is given by 

Z E  c m_ R e  - - [ -ap  (4 )  

The pore impedance Zp can be calculated by the 
matrix calculation method as described in Part I. 
The specific interface impedance to be used in the 
formulas is given by Equation 3. 

In Part I it was pointed out that a pore behaves as 
an infinitely deep one for the highest frequencies, 
i.e., lowest penetration depths "~r" For sufficiently 
high frequencies, Equation 3 is simplified to 

Zw = Qo, w(jW) -~ for COrw >> 1 (5) 

The complex and real penetration depths of the a.c.- 
signal are, independent of pore shape, given by 

[ )~k = )~r 1 + j t a n  - a  for cot w >> 1 (6) 

Table 1. Experimental values for the different parameters representing 
the flat electrode surface 

Re/91 Qo, w/D cm2 S-a o~ Rw/91 cm 2 

Sample  1 3.9 1.388 x 104 0.89 1.800 x 105 
rel. error  1.41% 0 .80% 0 .23% 5.33% 

Sample  2 3.8 2.126 × 104 0.91 1.086 x 105 
rel. e r ror  1.37% 0.78% 0 .21% 2.87% 

/~r~--- V~2P--~)/[~u~'w" ]COS~Q;4) forwrw>>l (7) 

Ps is the specific electrolyte resistance (f~ cm) and r is 
the mean pore radius (cm). The impedance of an infi- 
nitely deep pore is given by 

Zp, oo = [l + j t a n ( _ a 4 ) ] ~ R  o Ak 
= TR0 (8) 

with 

ps l 
R0 (9) 

- -  rrr  2 

and l is the pore depth (cm). Zp, ~ represents the impe- 
dance of a CPE having half the phase angle of the 
CPE given in Equation 5. Furthermore, this impe- 
dance is independent of pore shape. When the pene- 
tration depth of the a.c.-signal becomes large in 
comparison with the pore depth, the pore wall 
behaves as a flat surface [6]. The pore impedance is 
then given by 

gw 
Zp = AgR 0 + 2r~r----1 (10) 

with Ag the geometry constant (see Part I). 
Contrary to normal practice, when measuring on 

real porous electrodes, r, l and n (number of pores) 
are known values in these experiments. As a conse- 
quence Qo, w, a, Rw and Ps are to be determined 
from the measured impedances. This determination 
was done by two methods. Method 1 involved a 
nonlinear least square fitting (NLSF) using only the 
measured impedances at frequencies for which there 
i s  'fiat surface behaviour'. Method 2 involved a 
NLSF-fitting on all measured impedances. 

3.2.1. Method 1. From Equation 8 it follows that for 
the lowest penetration depths the pore behaves as a 
CPE with phase angle -aTr/4 (Fig. 1). The cross 
section of the CPE-line with the real axis is equal to 
Re. At somewhat lower frequencies both Equations 
10 and 5 are valid. This results in a second CPE-line 
in Fig. 1 having a phase angle of arc/2. This CPE- 
line crosses the real axis at R i. Using all data points 
at frequencies for which the pore behaves as a flat 
surface, it is possible to find values for Ri, Q0,w, oe 
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Fig. 1. Defini t ion o f  Re and  R i (oe = 0.9, Ps = 10[2cm,  R e = 1091, 
R,,, = 105 91cm 2, Qo, w = 5 x 104 91cm 2 s -% r = 0 .20cm,  1 = 1 cm). 
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Fig. 2. Measured and simulated pore impedance (pore radius r = 0.20 crn, pore length l = 0.75 cm). (a) Bode amplitude diagram. (b) Bode 
phase diagram. (c) Nyquist diagram of the high frequency range. (d) Bode phase diagram for the pure pore impedance (without serial 
resistance). Key: ( ) measured; ( . . . . . .  ) method 1; ( . . . . .  ) method 2. 

and Rw from NLSF-fitting. The electrolyte resistance 
R e is found by real linear mean square fitting using the 
measured data from the CPE-line with phase angle 
aTr/4 in Fig. 1. Combination of Equations 10, 4 and 
Fig. 1 leads to 

(Ri - Re)Trr2 (11) 
Ps -- Agl 

3.2.1. Method 2. Using the matrix method [6] and the 
measured impedances at all frequencies in a NLSF-fit, 
all the unknown parameters (Re, Q0, w, a,  Rw and Ps) 
are found. The main advantage of  this method is 
that it requires only one fitting to obtain the 
unknown parameters. For  method 1 two fittings and 
the determination of  the maximal frequency for flat 
surface behaviour are necessary. However, a 
disadvantage of  method 2 is that convergence can be 
a problem when the starting values are not 
sufficiently good. This is due both to the bigger 
parameter set and the more complex equation used 
in method 2. Appropriate starting values for method 
2 can be obtained from the NLSF-fitting of  method 
1. A further advantage of  method 1 is that the 
geometry constant Ag appears explicitly in Equation 
11. The determination of  Re, Ri, Q0,w, a and Rw can 
be made without knowledge of  the pore shape, 
which is impossible for method 2. Therefore it is 
useful to evaluate both methods. 

4. Results and discussion 

4.1. Experimental verification of the one-dimensionality 

Experimental verification of the assumption of  one- 
dimensionality was performed on cylindrical pores 
with various combinations of  pore radius r and pore 
length l (l = 0.25, 0.5, 0.75 and 1 cm, r = 0.1, 0.15, 
0.2 and 0.25 cm). Values for the unknown parameter 
set were obtained from the measured impedances by 
the two analysing methods. The geometric constant 
Ag = 1/3 for a cylindrical pore [6]. The verification 
of  one-dimensionality is performed using two 
criteria. The first is that there should exist a good 
agreement between the simulated and the measured 
impedance spectrum especially for the highest 
frequencies, which are typical for pore behaviour. 
The second is that the values of  Ps obtained from all 
the experiments should be the same since all experi- 
ments were done in 0.5 M sulphuric acid. 

As an example, the measured impedance spectrum 
is compared with the simulated one in Fig. 2 for 
r =  0.20cm and 1 =0 .7 5 cm .  Both Bode diagrams, 
Fig. 2(a) and (b), are equally sensitive for all frequen- 
cies. However, since the pore only 'behaves as a pore'  
in the highest frequency range, a Nyquist plot of  
this range provides a more sensitive presentation 
of  the measured and calculated data, Fig. 2(c). 
Another useful and very sensitive diagram is 
obtained when the pore impedance Zp, that is, the 
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Fig. 3. (a) Bode phase diagram for the pure pore impedance with 
ratio r/l = 1 (pore radius r = 0.25 cm, pore length l = 0.25 em). 
(b) Nyquist diagram of the high frequency range of the measured 
impedances. Key: ( ) measured; ( . . . . .  ) method 2. 

measured impedance minus the electrolyte resistance 
(ZEc -- Re), is placed in a phase diagram, Fig. 2(d). 
The perfect agreement seen in Fig. 2 between the 
two fitting methods, can be generalized to almost all 
r / l-combinations.  

Evaluating the first criterion, it is found that  the 
agreement between the measured and calculated 
impedances for high frequencies (i.e., higher than 
103 to t04 Hz, depending on the pore dimensions) is 
worst for r/l = 1, Fig. 3. The agreement is somewhat 
better for r/l = 0.8, Fig. 4, and r/l = 0.6. A very good 
agreement is found for r/l <~ 0.5 (e.g., Fig. 2 for 
r/l = 0.27). 
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Fig. 4. Bode phase diagram for the pure pore impedance with ratio 
r/l = 0.8 (pore radius r = 0.20cm, pore length l = 0.25cm). Key: 
( ) measured; ( . . . . .  ) method 2. 
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Fig. 5. Specific electrolyte resistance Ps as function of the ratio r/l 
(data from method 2). 

The second criterion is evaluated graphically in 
Fig. 5, f rom which a roughly constant mean value 
was found for r/l <~ 0.8, namely 3 .65+0 .5 f~cm,  
which is somewhat lower than that from the litera- 
ture (4.68 f~ cm at 20 ° C) [8]. For  r/l = 1 a resistivity 
value of  6.92 f~ cm was found. This is a second indica- 
tion that for r/l = 1 the 'pore '  cannot be considered as 
a one-dimensional electrochemical system for the 
highest frequencies. 

F rom evaluation of the two criteria for a one 
dimensional approach,  it is concluded that for 
r/l <~ 0.5 the one dimensional modelling of the pore 
impedance is possible. 

It  is worth noting that for r/l = 1 the Nyquist plot 
at the lowest penetration depths shows the typical 
'pore behaviour ' ,  as can be seen from comparison of  
Fig. 3(b) and Fig. 1. The reason why a clearly 
increased resistivity value (6.92f~cm) is found for 
this typical 'pore behaviour curve' can be explained 
qualitatively. Since the diameter of  the pore is large 
compared to the pore length (d=21),  the current 
will not spread homogeneously across the complete 
pore section at the highest frequencies (lowest pene- 
tration depths) (Fig. 6). The current always follows 
the path  with lowest resistivity, resulting in a higher 
concentration at the pore wall compared to the 
middle of  the pore section. Formally, this phenom- 
enon could be called the 'skin-effect'. The apparent  
curvature of  the equipotential surfaces cannot be 
neglected, making one dimensional modelling impos- 
sible. However, supposing that no current flows at the 
centre of  the pore, the current density curve a from 
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Fig. 6. Schematic view of the current density over the pore section 
when the one dimensionality condition is lost. 
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mentioned in cm). 

Fig. 6 can be changed into b. For  this case only part of 
the pore section is used (the shaded area c). This leads 
to a smaller virtual pore section c and to a smaller 
virtual pore radius / ,  compared to the real section 
and radius. Using Equation 11 and the mean specific 
electrolyte resistance Ps = 3.65fl, the virtual pore 
radius (in cm) is given by 

rt - r 
1.37 (12) 

This result proves that at low penetration depths only 
a part of the pore section is used by the current in the 
case of r / l  = 1. 

4.2. Experimental verification of  the geometry constant 
Ag 

In Part I it was shown theoretically that, for high 
penetration depths, the real part of the normalized 
(i.e., divided by R0) pore impedance depends on the 
pore shape. Therefore a geometry constant Ag was 
introduced. Keiser et al. [7] claimed that this constant 
is independent of the shape and equal to 1/3. 
Although it was already proved theoretically in Part 
I that this is wrong, it will now be confirmed experi- 
mentally. Impedance measurements were performed 
on scaled-up pores with variable cross section. These 

Table 2. The fitted specific electrolyte resistance Ps as function of the 
geometry constant Ag 

Pore r/cm l/cm Ag Ps/f~ cm 
shape (mean) (theoretical) 

method I method 2 

a 0.135 0.75 0.169 2.27 2.31 
b 0.370 1.00 0.550 5.01 5.12 
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Fig. 8. Nyquist diagrams for the pore shapes of Fig. 7. (a) Pore 
shape a. (b) Pore shape b. Key: ( ) measured; ( . . . . .  ) method 
2. 

pores were again made by drilling. The two shapes 
used are shown in Fig. 7. Shape a has a narrowing 
cross section seen from the pore mouth, while shape 
b has a broadening cross section. 

Values for the unknown parameter set were again 
obtained from the measured impedances by the two 
analysing methods. The value for Ag used in method 
1 is calculated using the matrix method (Table 2). In 
method 2 the matrix method is used, since no analy- 
tical solution is available. It was shown in Part I 
that the pore with variable section only has to be 
split in a small number of discs, when this method is 
used. Both for shape a and b, the part with linearly 
varying pore radius was divided in five discs 
(N = 5). Increasing N resulted in a negligible change 
of the calculated impedances. A substantial reduction 
of N is obtained, compared to the recursion method of 
Keiser et al. With the fitted parameter set, a compar- 
ison was made between the measured and simulated 
impedance data for both shapes, Fig. 8(a) and (b). 
Since again almost no difference between the simu- 
lated impedances from both methods was observed, 
only values obtained by method 2 are shown in Fig. 
8. For both pore shapes a reasonably good agreement 
is found between the measured and calculated 
Nyquist curves. 

In Table 2 the obtained specific electrolyte resis- 
tance values are shown. For pore shape a, the specific 
electrolyte resistance Ps is smaller than the mean value 
found for cylindrical pores, 3.65f~cm, whereas for 
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pore shape b the contrary is true. The higher ps-value 
for shape b can be due to the higher r/l-ratio of the 
cylindrical part of pore b (r/l = 4/7 = 0.57). More- 
over, it is possible that the current, after passing 
through the smaller pore mouth, does not spread 
homogeneously over the cylindrical pore part. It was 
explained above that this increases the experimen- 
tally obtained ps-value. 

For method 1, the evaluation can also be expressed 
in another way. Using Equation 11 of method 1 and 
assuming that Ps--3.65f~cm, experimental Ag- 
values can be found, namely Ag = 0.105 for shape a 
and Ag --- 0.755 for shape b. This gives experimental 
evidence that Ag < 1/3 for the pore with narrowing 
section (a) and Ag > 1/3 for the pore with broad- 
ening section (b) as was stated in Part I. 

5. Summary and conclusions 

Experimental illustration and verification has been 
given for the theory and the matrix model for the 
calculation of the impedance of noncylindrical pores 
presented in Part I. Impedance measurements were 
performed on pores drilled in AISI 316 and immersed 
in 0.5 M sulphuric acid. 

It was found, from measurements on cylindrical 
pores, that one-dimensional modelling was possible 
when the ratio of the pore radius to the pore length 
is less than 0.5. Since this is mostly the case in prac- 
tice, many porous electrodes can be modelled with a 

one-dimensional approach. For higher ratios it was 
found, from a virtual increase of the fitted specific 
electrolyte resistivity value, that the current does not 
spread homogeneously over the pore section. This 
results in a virtual pore radius which is smaller than 
the real one. 

Measurements of noncylindrical scaled-up pores 
illustrated the advantages of the matrix model 
compared to the recursion model of Keiser et al [7]. 
It was found that there was a substantial reduction 
of the number of discs N into which the pore needs 
to be split. This provides an advantage in the fitting 
processes. Moreover, experimental evidence was 
found for the introduction of a geometry constant 
Ag. A narrowing pore section seen from the pore 
mouth gave Ag < 1/3, whereas a broadening section 
gave Ag > 1/3. This confirms the theory of Part I. 
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