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The current and potential distribution for a hydrogen gas-diffusion disc electrode with a relatively high 
ohmic resistance are investigated. A theoretical model for these distributions is presented. Potential 
differences between the edge of  the electrode and points on the electrode surface have been measured 
for a hydrogen gas-diffusion electrode loaded with various total currents. F rom the results it is con- 
cluded that  the proposed model is very useful to obtain the potential and the current density distribu- 
tion along a hydrogen-gas diffusion disc electrode. Moreover, the allowable size of  cylindrical holes in 
a perforated plate placed against the rear of  the gas diffusion electrode for its current supply, can be 
calculated to achieve a reasonably uniform current distribution along the gas-diffusion electrode. 

List of symbols 

a dimensionless radius 
Ee equilibrium potential (V) 
f constant at constant temperature, f = ~ / R T  

(V 1) 

~- Faraday constant (96 500 A s mol -I) 
i current density (A m -2) 
io exchange current density (Am -2) 
I current (A) 
r radius (m) 
r 0 radius of circular electrode (m) 
R [] square resistance (f~) 
R gas constant (R = 8.314JK -1 mo1-1) 
te thickness of electrode (m) 

T temperature (K) 
Wa Wagner number 

Greek letters 
7 electrode efficiency 
r/ overpotential (V) 
p specific resistance (f~ m) 
~b potential (V) 
a~ charge transfer coefficient 

Subscripts 
av average 
e electrode, equilibrium conditions 
max maximum 
s surface 
tot total 

1. Introduction 

The electrical resistivity of gas diffusion electrodes is 
relatively high and special attention has to be paid 
to their method of contact for current supply. To 
obtain a uniform current distribution along the elec- 
trode surface a perforated flat plate or an expanded 
metal gauze are placed against the rear of the gas 
diffusion electrode. Many authors have dealt with 
the secondary current distribution or potential 

distribution for resistive electrodes. For such elec- 
trodes, only a part of tile electrical energy supplied 
is used for the electrode reactions. The rest is con- 
verted into heat within the electrode. 

Various aspects of resistive electrodes have been the 
subject of investigation, e.g. the electrode shape [1-4], 
the current feeder configuration [5] and the ratio of 
ohmic and kinetic resistance and the consequences for 
current distribution [6]. For porous electrodes, the 
ratio of matrix conductance and ionic conductance 
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[7] and effects of  gas depletion [8] on the current distri- 
bution have also been investigated. 

In this paper, the potential distribution on the sur- 
face of  a gas diffusion electrode is presented for vari- 
ous current densities. The specific resistance of the 
electrode is determined. A model is given to describe 
the current density and potential distribution on the 
electrode surface. 

2. Experimental details 

The experimental setup has been described in [9] and 
is shown in Fig. 1. The gas used was pure hydrogen 
gas from a cylinder. The solution was 0.5 M H2SO 4 
prepared f rom 95-97% p.a. sulphuric acid (Merck) 
and distilled, deionized water. 

Hydrogen gas was supplied to the gas side of  the gas 
diffusion electrode at a volumetric flow rate of  
5 cm3s 1. The solution was kept at a constant tem- 
perature of  298 K and was recirculated through the 
solution compar tment  of  the test cell at a volumetric 
flow rate of  5cm 3 s -1. The gas diffusion electrode 
used was a 'fuel cell grade electrode' on Toray Paper 
purchased from E-TEK,  USA loaded with 0.5mg 
cm -2 Pt. 

Since radial symmetry considerably facilitates cal- 
culations, the gas diffusion electrode was mounted in 
the test cell as shown in Fig. 1. The current was sup- 
plied to the gas diffusion electrode through a 20 #m 
plat inum sheet pressed against the electrode on the 
solution side of  the electrode. A circular opening 
with a radius of  1 cm was cut in the platinum sheet. 
The sheet was pressed against the electrode by a 
Perspex plate with an identical circular opening. An 
identical plat inum sheet was pressed against the gas 
side of  the electrode by a perforated Perspex support.  
On the perforated Perspex support,  small electrical 
contacts were mounted.  These contacts were pressed 
against the gas diffusion electrode to facilitate 

Fig. 1. Exploded view of the gas diffusion electrode assembly for 
potential difference measurements. (1) Contact wires, (2) perforated 
Perspex support with electrical contacts, (3) platinum contact sheet, 
(4) gas diffusion electrode, (5) platinum sheet, working electrode 
connection to power supply, (6) Perspex support. 

potential difference measurements at the gas side of  
the electrode. The insulated wires connected to these 
contacts left the gas chamber of  the cell through the 
gas outlet. 

Currents were supplied to the cell f rom a Delta 
Elektronika SM 6020 power supply. Potentials were 
measured with a Keithley 177 microvolt  digital multi- 
meter. The specific resistance of  the gas diffusion 
electrode was measured using a four point probe 
built in-house [10]. 

3. Results 

The specific resistance of the electrode, Pe, as calcu- 
lated from four point probe measurements,  was 
(1.40 4- 0.2) x 10 .4 f~m. The average electrode thick- 
ness was (5.2 i 0.2) x 10 4 m. 

Figure 2 shows typical results f rom measurements 
of  the electrode potential difference between the cur- 
rent supply of the working electrode at the liquid 
side of  the electrode and the measurement  points at 
the gas side of  the electrode. The reproducibility of  
the measurements was extremely high. The edge of 
the electrode corresponds to the measuring point at 
r = 10 2m, being the edge of the open disc of  the 
platinum sheets at the gas side and the liquid side of  
the electrode, and the centre of  the electrode corres- 
ponds to r = 0 m. 

Figure 2 shows a significant potential difference 
between the liquid side edge and the gas side edge of 
the electrode. This potential difference increases 
linearly with increasing current and is attributed to 
the contact resistance between the plat inum sheet at 
the liquid side and the gas diffusion electrode, which 
amounts to 0.011fL Measurements were corrected 
for the potential loss due to this contact resistance 
to obtain the corrected potential difference, A~e, 
due to the ohmic resistance of the gas diffusion elec- 
trode. The corrected results are shown in Fig. 3. 
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10  2 x r ~  m 

Fig. 2. Potential differences measured between the working elec- 
trode connection at the liquid side of the gas diffusion electrode 
and the contacts at the gas side of the electrode for a total current, 
/tot: (A) 0.5, (O) 1.0, (q) 1.5, (©) 2.0, (El) 2.5 and (+ )  3.0A. 
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Fig. 3. The data from Fig. 2, corrected for the potential drop due to 
the contact  resistance./tot: (V) 0.5, (A) 1.0, (~)  1.5, ([~) 2.0, (O) 2.5 
and ( + )  3.0A. 

Attempts to determine accurately the potential 
drop between the working electrode and the tip of 
the Luggin capillary, using the current interruption 
method, failed because of the inaccuracy of such 
measurements. 

4. Theory 

In this Section, an equation is derived to estimate the 
theoretical potential drops over the surface of a resis- 
tive electrode. The theoretical framework is based on 
previous work [11]. The gas diffusion electrodes con- 
sists of two layers, viz. the active (hydrophilic) layer 
of approximately 0.1 mm thickness, and the inactive 
(hydrophobic) layer of approximately 0.45 mm thick- 
ness. Because of a large difference in layer thickness 
the gas diffusion electrode is considered a one-layer 
electrode. 

A disc electrode with thickness te and radius r0, as 
shown in Fig. 4, is discussed. If  te << r0, potential 
drops in the axial direction of the cylinder can be 
neglected. The specific resistance of the electrode 
material is Pc. 

The circular electrode can be considered as divided 
into concentric rings with width A r. Figure 5 shows 
part of a ring of the electrode. 

The current Ie entering the ring at radius r can be 
described by 

Ie(r ) = 2rrrteie(r ) (1) 

or. 

Fig. 4. Schematic representation of  a circular electrode with peri- 
pheral current collector. Electrode radius r0, electrode thickness te- 

Arl 

1 1 
r + A r  

r 

Fig. 5. Sequent  of  a ring of a circular electrode with currents enter- 
ing and leaving the ring indicated. 

The current from the electrode into the solution, I s , 
due to the electrochemical reaction at the ring with a 
surface area of 2rrrA r can be described by 

I s (r) = 2rcrA ris (r/(r)) (2) 

where is(r/(r)) is the reaction current density, which is 
a function of the electrode overpotential. The current 
balance for a ring can be written as 

Ie(r + A r )  -- Ie(r ) = Is(r ) (3) 

Using Equations 2 and 3 and taking Ar  --* 0, it fol- 
lows that 

die(r) 
dr - 2~rris(r/(r)) (4) 

For the electrode material, Ohm's law applies. The 
change in electrode potential is given by 

d~be(r) - peie(r) (5) 
dr 

Differentiation of Equation 1 with respect to r gives 

die(r) 
-- 2rcteie(r) + 2torte d~rr) (6) 

dr 

Differentiation of Equation 5 gives 

d2~be(r) die(r) 
dr 2 - - P c  dr (7) 

Combination of Equations 4-7 gives 

d2q~e(r) 1 d~e(r ) q- Pe i "  
dr 2 ~ r dr tTe str/(r)) = 0 (S) 

The overpotential r/is given by 

r/(r) = qSe(r ) - ~bs(r ) - Ee(r ) (9) 

according to [3]. If  the electrolyte is considered 
radially equipotential (d~s(r ) /dr  = 0) and if Ee for 
the electrochemical reaction does not change with r 
(dEe(r ) /dr  = 0), Equation 9 can be differentiated to 
give 

dr/(r) _ dqSe(r ) (10) 
dr dr 

implying the change in electrode overpotential, r/, is 
equal to the change in electrode potential, q5 e. Combi- 
nation of Equations 8 and 10 yields the differential 
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equation to be solved: Equation 16 was solved numerically for various values 
of  Wa and ~7 with o~ v = 0.5 a n d f  = 38.95 V -t  using a d2~? (r) 1 dr1 (r) 

is(7 (r)) 0 (11) Fortran program with the D02HAF routine from the 
d-~ ~-- + = r (it N A G  library. The electrode efficiency was calculated 

The Butler-Volmer equation for is as a function oft / is  using Equation 19 with the results of  the numerical 

is(r/(r)) = i0[exp (~vfr~(r)) - exp ( - (1  - C~v) f~7 (r))] solutions of  Equation 16. 
(12) In Fig. 6, the effect of  Wa on the relation between 

the electrode overpotential at the edge of the electrode w h e r e f  = Y / R T .  
Equation 12 has been used successfully to describe and the average reduced current density on the elec- 

trode surface is illustrated. In Fig. 7, the effect of the current-potential  curve up to 3 kA m -2 for hydro- 
gen oxidation on a fully active gas diffusion electrode Wa on the relation between the electrode overpoten- 

tial difference between the edge and the centre of the under pure hydrogen-gas conditions [12]. 
The dimensionless radius is defined as electrode and the average reduced current density is 

shown. In Fig. 8, the effect of  Wa on the relation 
a =  r/r o (13) between the electrode efficiency and the average 

To describe the current distribution the Wagner reduced current density is shown. 
number is used [13]. This represents the ratio of the If  for a specific electrode and a specific electrochem- 
polarization resistance and the electrode resistance ical reaction the radius r0, the thickness te, the specific 
and is defined as resistance De and the exchange current density i 0 are 

Wa=(ioR[]r~f )  1 (14) known, Fig. 8 can be used to determine the 
electrode efficiency at the required average current 

where R [] is the square resistance of the electrode density. Figure 7 can be used to estimate the over- 
material [10], defined by potential drop in the electrode under these circum- 

R [] = pe/te (15) stances and the electrode edge potential can be read 
from Fig. 6. The difference between the edge and the 

Equation 11 can be rewritten using Equations 12-15 centre potential is a measure of  the potential differ- 
to give ence across the electrode surface. The maximum 

current density, /max, is equal to the average current d2~7 (a) 1 dr/(a) 
- -  - -  " divided by the efficiency, % according to + + ( f  Wa) -1 [exp (o~vf ~ (a)) density, lay, 

da 2 a da Equation 19. The minimal current density is calcu- 
- exp ((av - 1) f~/(a))] = 0 (16) lated from Equation 12 where the overpotential is 

the overpotential in the centre of the electrode. The 
Boundary conditions for Equation 16 are as follows: 

difference between minimal and maximal current den- 
(d~/(a)~ = da /a=0 0 at a = 0 electrodeSity is a measUresurface.Of the current distribution across the 

and 

~ ( a ) = 7 ( 1 )  at a = l  

where r/(1) is a known or assumed quantity and r/(a) Ibl (c) Id) le)~fl 
is the electrode overpotential at the edge of the 0.5 / [ [ / /  
electrode. / / / / /  

The electrode efficiency, 7, is defined as the quotient o.4 
of  the average current density, iav, and the maximal 
current density, imax. From Equations 1, 5, 10, 13 
and 15 the total current into the electrode is described o.a 
by > 

-27r (dr/(a)~ (17) 
-/'tot = ~ -  \ da J a = l  ~" 0 . 2  

The average current density is therefore given by 

• /tot - 2  [d~ (a)'~ 0.1 
t a v - - r c r 2 - - R D r 2 / J \  da /a=l (18) 

The maximal current density is given by the current o.o . . . . . . . . .  
density, is, at r = r0. From Equations 12, 14 and 18 -2 -1 0 a 2 8 4 

it is found that Log (iav / io) 

/ " /dr /(a)} Fig. 6. The overpotential at the edge of the electrode, r/(ro) , is 
. f Wa \ da / a = l  plotted against the average reduced current density, iav/i  o for lay 

"y- - .  - - - 2  
/max exp ( c t v f r / ( 1 ) ) -  exp( (o~v-  1)fr/(1))  e~ =0.5, T 298K ( f = 3 8 . 9 5 V  q )  and for W a :  (a) 2.57x 

i0 -2, (b) 2.57 x 10 -1, (c) 2.57, (d) 2.57 x 10 l, (e) 2.57 x 102 and 
(19) (f) 2.57 × 103. 
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Fig. 7. The potential difference between the centre and the edge of  
the electrode, ~ (0) - ~/(r0), as a function of the average reduced cur- 
rent density, iav/i o for av = 0.5, T = 298 K ( f  = 38.95 V -1) and for 
Wa: (a) 2.57 x 10 -2, (b) 2.57 x 10 -1, (c) 2.57, (d) 2.57 × 101, (e) 
2.57 × 102 and (f) 2.57 × 103. 

5. Discussion 

The specific resistance of  the electrode can be deter- 
mined f rom results as presented in Fig, 3. F rom 
Equation 17 it can be shown that 

27rr°te ( d~e(r)'] (20) 
D e - -  Ito~--~, d r  /r=r0 

where Itot is the total current flowing into the electrode 
f rom the power source. Applying Equation 20 to the 
measured potential differences near the edge of  the 
electrode, a value for Pe of  (1 .30±0.05)  x 10 4 ~ m  
was calculated. This measurement  is inaccurate due 
to the large change in the slope in the range f rom 
r = 0.8 to 1.0cm. The value is, however, in good 

0.0 0.2 0.4 0.6 0.8 1.0 

102 x r / m  

Fig. 9. The calculated and the measured potential differences 
between the edge of the electrode and a point on the electrode sur- 
face, A0e , as a function of  the radius, r 0 = 10-2 m, i 0 = 1 .2kAm 2, 
R [] = 0.22 ~. The total current,/tot: (+, a) 3.0, (©, b) 2.5, ([], c) 2.0, 
(O,d) 1.5, (iX,e) 1.0 and (V,f )  0.5A. 

agreement with the directly determined value of  
(1.40-4-0.2) x 10 4 f ' / m  f rom Section 3. Using Pe = 

1.30 x 10 f~m and t e = 5.2 × 10-4m from Section 
3, a value of 0.25f~ was calculated for R D. In [9] a 
value of 760 A m 2 was calculated for the exchange 
current density, i 0. Since r 0 = 10-2m, an estimated 
value for Wa of 1.35 is obtained. 

By trial and error and using Wa = 1.35 as a starting 
value, it was found that a good approximation for the 
da ta  f rom Fig. 3 can be obtained with r 0 = 10 2 m, 
R D = 0.22 f~ and i0 = 1200Am -2. The value for R D 
is in good agreement with that obtained above and 
the value of  i 0 with that obtained f rom polarization 
curves [12]. Using the resulting value, Wa = 0.97, 
the potential difference between the edge of the 

1 . 0  ~ . . ~  --... ( f )  

0.6 (c) (d) 

\ 0.4 

0.0 , • . ~ , , , t 

-1 0 2 3 4 

Log (iav / io) 

Fig. 8. The electrode efficiency, 3', as a function of  the average 
reduced current density, iav/i o for av =0 .5 ,  T = 2 9 8 K  ( f =  
38.95V 1) and for Wa: (a) 2.57 x 10 -2, (b) 2.57 x 10 1, (c) 2.57, 
(d) 2.57 x 10 I, (e) 2.57 x 102 and (f) 2.57 x 103. 
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Fig. 10. The current density on the electrode surface, is, as a function 
of  the place on the electrode, r, as calculated from Equation 16 for 
r 0 = lO-2m, i 0 - 1 .2kAm -2, R c~ = 0.22fL The total current,/tot: 
(a) 3.O, (b) 2.5, (c) 2.0, (d) 1.5, (e) 1.0 and (f) 0.5A. 
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electrode and various points o n  the electrode, A~e, 
for the total currents f rom Fig. 3 were calculated 
using Equations 16 and 18. The calculation pro- 
cedure was based on a For t ran  program with the 
D O 2 H A F  routine f rom the N A G  library. The 
results are shown in Fig. 9. The agreement between 
the calculated and measured potential differences is 
good. 

Figure 10 shows the current density distribution at 
various total currents where overpotential distribu- 
tion from Fig. 9 has been used. It  can be seen that 
the current density distribution becomes more unequal 
with increasing current, in particular at currents 
higher than approximately 1 A. The calculated elec- 
trode efficiencies range f rom 0.65 at a total current 
of  3 A to 0.85 at a total current of  0.5 A. Calculations 
show that, to increase the electrode efficiency f rom 
0.65 to ~ 0.9 at an average current density of  
9 . 5 k A m  -2, the electrode radius has to decrease 
from 10 to 4.3 ram. 

It can be concluded that the ohmic resistance of the 
gas diffusion electrode may play a major  role in both 
current and overpotential distribution. The expres- 
sions derived can be used to calculate the current den- 
sity distribution and electrode efficiency. The results 
also emphasize the importance of  a sufficient 

number  ot~ uniformly distributed contact points 
between the gas diffusion electrode and the current 
collector (e.g., metal gauze or expanded metal) 
placed against the back side of  the gas diffusion elec- 
trode to ensure both good current distribution and 
electrode efficiency. 
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