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   The performance of polymer electrolyte fuel cells is influenced by moisture control in their gas diffusion layer (GDL). 
Therefore, to achieve suitable control, it is necessary to clarify the mass transfer characteristics within a GDL by high 
precision measurement of oxygen diffusivity. We have previously proposed that measurement of the effective oxygen 
diffusivity in a GDL containing moisture can be achieved using a galvanic cell oxygen absorber and demonstrated this to be 
an effective technique for the measurement of microporous media. However, the diffusion resistance of a single dry GDL is 
low, so that the margin of error in the oxygen diffusivity measurement is high. In this study, high precision measurement of 
the oxygen diffusivity in a GDL was developed further by analysis of the major error factors and modification of the 
measurement apparatus configuration. The results indicate a reduction in the maximum measurement error from 50 to 20% 
for a dry GDL with minimal diffusion resistance. 
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1. Introduction and summary of relevant former studies 

The objective of this study is to improve the precision of effective oxygen diffusivity measurements for microporous 
media containing moisture, such as the gas diffusion layer (GDL) of a polymer electrolyte fuel cell (PEFC), using a galvanic 
cell oxygen absorber. 

PEFCs are expected to be used as lightweight and compact power sources for vehicles, due to their high power densities 
and superior start-up characteristics at low operating temperatures. PEFCs have also become commercially available as 
domestic cogeneration systems. However, a reduction of the system cost and higher output power density are still required. 
Degradation of performance due to the amount of moisture is an especially important problem. For example, water or 
condensation from humidified vapor accumulates in the gas diffusion layer (GDL) and gas channels of the separator, which 
hinders diffusion of the reactant gas under conditions of high humidity and high current density. In contrast, proton 
conductivity in the polymer electrolyte film decreases when the cell becomes dry under low humidity conditions. Therefore, 
it is important to control the liquid water in PEFCs and to clarify the oxygen diffusion characteristics in a GDL containing 
moisture at the cathode side, where the influence of generated water is most significant. Thus, it is necessary to measure the 
effective oxygen diffusion coefficient for the GDL with a high degree of accuracy. 

Various methods for measuring the effective diffusion coefficient in porous media have been previously reported. For 
example, the diaphragm method was used by Henry et al. [1] and Masamune and Smith [2]. This method is used to determine 
the effective diffusivity by directly measuring the gas permeability through a porous medium. Diluted gases with different 
concentrations are passed through the channels that sandwich the porous medium, and the difference in concentration 
between the upper and lower flows is measured. However, this method is complex and requires a considerable amount of 
time to obtain highly accurate measurements. A reaction-diffusion system was used by Wakao and Funaki [3], and a 
separation membrane method was employed by Hamai and Mitani [4] and Gibilaro and Waldram [5]. The reaction and 
adsorption methods were used to measure the rate of reaction or rate of adsorption of a gas on the surface of a porous medium. 
In addition, mass transport in a porous material was modeled on the basis of certain assumptions to determine the relationship 
between the mass transfer rate and the effective diffusivity. The effective diffusivity is quantified from the change in the 
measured carrier gas concentration with elapsed time. Accordingly, the accuracy of the diffusion coefficient is strongly 
dependent not only on the measurement accuracy, but also on the simulation model employed. Further, an oxygen sensor with 
an yttria-stabilized zirconia (YSZ) electrolyte was employed by Mezedur et al. [6] to measure gas diffusivity in porous 
electrode catalysts based on oxygen ion transfer in the YSZ electrolyte. The effective oxygen diffusivity was determined by 
simultaneously measuring the permeating oxygen flux in the porous medium and the oxygen concentration at its surface. 
However, this sensor is generally used at temperatures above 300 °C, and it is difficult to simply and precisely measure gas 
diffusivity under wet conditions where liquid water is present in the micropores. 

Recently, the effective diffusivity of the GDL in PEFCs was experimentally measured. Kramer et al. [7] and Flückiger et 
al. [8] obtained the effective diffusivity using electrochemical diffusimetry. Electrochemical impedance spectroscopy was 
applied to measure the effective ionic conductivity of an electrolyte-soaked GDL, and the effective diffusivity, which was 
expressed as the ratio of the bulk diffusion coefficient to the diffusion coefficient for the GDL, was determined by taking 
advantage of the analogy between Fick’s law and Ohm’s law. The effective diffusivity in a dry GDL was measured by Baker 
et al. [9] and that in a wet GDL by Hwang and Weber [10] using the limiting current density technique. Hwang and Weber 
[10] measured the effective diffusivity of hydrogen through argon in a binary mixture with a sample containing moisture. 
Zamel et al. [11] and Chan et al. [12] measured the effective diffusivity in a dry GDL using a modified Loschmidt cell and 
applying the one-dimensional Fick’s law. However, there have been few studies that have measured the effective diffusivity 
in a sample containing moisture.  

Through research on water management in PEFCs, the authors have developed a method to measure the oxygen 
diffusivity of microporous media containing moisture [13,14]. Utaka et al. [13] evaluated the gas diffusion characteristics of a 
dry GDL using a method that employed a galvanic cell oxygen absorber, where multi-layered GDLs with a larger diffusion 
resistance were used to obtain the precise oxygen diffusivity. The galvanic cell oxygen absorber was uniquely designed by 
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upgrading a galvanic cell oxygen sensor that is practically used to detect the oxygen concentration and measure a 
comparatively large oxygen flux. However, diffusivity measurement of a single GDL containing moisture is required under 
conditions similar to those during practical operation. The galvanic cell oxygen absorber with peripheral equipment and the 
measurement method were further improved to evaluate the oxygen diffusion characteristics in a single GDL with/without the 
presence of moisture [14]. This method was demonstrated to be effective for measuring a single GDL containing moisture 
and the measurement error factors were also examined. However, further improvement of the diffusivity measurement 
precision is necessary, especially for investigating dry single GDLs that have the lowest diffusion resistance to moisture 
saturation. It is important to consider the effect of the concentration distributions in the vicinity of both GDL surfaces due to a 
reduction of mass transfer resistance in the GDL during a single GDL measurement. However, it is difficult to correctly 
measure the concentration distributions at both surfaces of the sample. Therefore, a special method was required for deriving 
the diffusion coefficient with sufficient accuracy. The authors have previously developed a comparison method [14], where 
the apparent mass transfer conductance of a standard test sample with a known diffusion coefficient is measured 
consecutively under the same experimental conditions with and without the sample. Using the standard sample measurement, 
the effective oxygen diffusion coefficient for the test sample was determined by adopting the bulk characteristics of oxygen 
reaction in the galvanic cell oxygen absorber as a variation of the effective diffusion resistance. Furthermore, this method was 
applied to measure the diffusivity in a specially devised GDL containing moisture [15]. In such an evaluation, error analysis 
indicated that stability of the output characteristics of the galvanic cell oxygen absorber was the most important issue for 
achieving high precision measurement of the oxygen diffusivity with the comparison method. Heretofore, the measurement 
precision with this method was guaranteed by using only results obtained when the change in the output of the galvanic cell 
oxygen absorber under the same conditions was low [14]. However, there was still a limitation on the measurement accuracy. 
The measurement results for the effective diffusivity in a dry GDL had a spread of ±50% around the average value, while 
there a lower data spread for the diffusivity in a moist GDL with larger diffusion resistance.  
   In this study, those factors that should be improved for output stability of the galvanic cell oxygen absorber are examined 
and the diffusivity measurement accuracy is improved by upgrading the configuration of the galvanic cell oxygen absorber 
measurement apparatus. 
 
2. Galvanic cell oxygen absorber and effective oxygen diffusivity measurement 
2.1 Fundamentals of galvanic cell oxygen absorber apparatus 

Figure 1 shows a schematic diagram of the experimental galvanic cell oxygen absorber apparatus used to measure the 
effective oxygen diffusivity in a GDL. The absorber consists of a carbon electrode film (cathode), a lead electrode plate 
(anode), and an electrolyte of which the principal ingredient is potassium hydroxide solution. An oxygen limiting filter with 
small holes is located on the side of the carbon electrode film exposed to the atmosphere in order to limit the oxygen 
permeation area and adjust the oxygen flux. The hydrophobic carbon film cathode acts as an oxygen penetration diaphragm 
that separates the atmosphere and electrolyte, but allows oxygen in the atmosphere to penetrate and undergo electrochemical 
reaction. The electrochemical reactions at the two electrodes are expressed as: 

[Cathode] 2 2O 2H O 4e 4OH− −+ + →  (1) 

[Anode] 22Pb 2Pb 4e+ −→ +  (2) 

   In the cathode, the reduction of oxygen occurs when oxygen penetrates the cathode and dissolves into the electrolyte. As a 
result, the experimental apparatus effectively functions as an oxygen absorber. Corresponding to this process, the lead anode 
is oxidized according to the chemical reaction given in Eq. (2). Lead dissolves in the alkaline electrolyte and water is 
produced in the same quantity as the amount consumed at the cathode, according to:  

2
2 2Pb 3OH HPbO H O+ − −+ → +  (3) 
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   The quantity of oxygen gas consumed by the electrochemical reaction at the cathode can be obtained from the output 
current I [A] of the oxygen absorber using Eq. (4). Thus, the output current resulting from oxygen reduction due to reaction at 
the cathode surface is determined by measuring the voltage drop across an in-circuit resistor from the electromotive force of 
the oxygen absorber.  

2

3
O

132 10
4

−= × × ×
Ij
F A  (4) 

where 
2Oj kg/(m2⋅s) is the oxygen mass flux, F (s⋅A)/mol is the Faraday constant and A (m2) is the cross-sectional area of the 

carbon electrode film. The measurement apparatus was covered with a box, of which the top was a gas permeable film, to 
prevent flow disturbance, as shown in Fig. 2.  

Details of the porous media test material are given in Table 1. Carbon paper (Toray, TGP-H-120) is typically used as a 
GDL in PEFCs. The evacuation impregnation method was used to fill the test material with water, which involves filling pure 
water into the voids of the sample by placing the sample in pure water and decompressing it in a vacuum vessel. 
 
2.2 Method for determining effective oxygen diffusivity 

The apparatus configuration along the direction of the oxygen path is two-dimensionally axisymmetric; therefore, the 
distribution and oxygen flux were calculated numerically to determine the effective oxygen diffusivity. The computational 
fluid dynamics software ANSYS Fluent 13.0 was used for numerical calculation. The following sections describe the method 
used for determination of the effective oxygen diffusivity. 
 
2.2.1 Basic equations and boundary conditions 

A cylindrical coordinate system was utilized, considering the axial symmetry of the measurement apparatus, and the 
two-dimensional concentration distributions of the test surfaces were calculated. For the calculation, it was assumed that the 
air outside the calculation domain was a mixture of oxygen and nitrogen with mass fractions of 0.2324 and 0.7676, 
respectively. Calculations for continuity, momentum and mass conservation in the domain corresponding to the measurement 
system shown in Fig. 3 were performed. No mass flux was assumed and non-slip conditions were applied at the hatched area. 
An atmospheric concentration of air and free exit flow conditions were set for the area bounded by broken lines. There are 
four main calculation domains: the galvanic cell for oxygen absorption with the carbon electrode film (cathode), the oxygen 
limiting filter, the electrolyte and lead electrode plate (anode) (“oxygen reaction area” is used as an abbreviation) at 0z ≤ , 
the oxygen permeation area at 0 2.9z< ≤ , the test material installation area at 2.9 3.9z< ≤ , and the area open to the 
atmosphere at 3.9 29.4z< ≤ . The air-side surface of the carbon electrode film is at z = 0. The porous medium is attached to 
the test material installation area. There was little difference between the calculated results for effective oxygen diffusivity of 
the porous medium considering diffusion without convection and those under the conditions given; therefore, the former 
calculation method was adopted for simplicity. The basic equation and boundary conditions are given in the following. 
   The oxygen diffusion in a binary mixture of oxygen and nitrogen follows Fick’s law of diffusion and is shown in Eq. (5). 
Details regarding determination of the boundary conditions in the oxygen reaction area denoted by Eq. (10) are described 
later.  

2 2 2O O O∇j = -ρD ω  (5) 

Here, 
2Oj is the oxygen mass flux, ρ is the density, 

2OD  is the oxygen diffusivity and 
2Oω  is the mass fraction of oxygen. 

The boundary conditions are shown in Eqs. (6) to (10): 

2O16, 17.4 29.4 ; 0.2324r z =ω= ≤ ≤  (6) 
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2O16, 29.4 ; 0.2324r z = =ω≤  (7) 

2O(9 16  17.4),  (2.5 9  3.9),  (2.5 11  2.9) ; 0r , z = r , z = r , z = / z =ω≤ ≤ ≤ ≤ ≤ ≤ ∂ ∂  (8) 

2O( 9, 3.9 17.4), ( 11, 0 2.9), ( 2.5, 2.9 3.9) ; 0r z r z r z / r =ω= ≤ ≤ = ≤ ≤ = ≤ ≤ ∂ ∂  (9) 

For two-dimensional calculation, boundary condition of electrochemical reaction is approximated by apparent mass transfer 
conductance Cc at z = 0. 

2 2C C O C exp O( 11  0) ; , ( ), 0r , z j = C  C f jω ω≤ = ∆ = =  (10) 

For three-dimensional calculation, it is important to consider the distribution of oxygen concentration and flux. The apparent 
diffusion coefficient Dc was adopted in the region of electrode and anode lead metal ( 0.3 0− < ≤z ) as shown in Eq.(11) 
and (12). 

2C C O( 11, 0.3 0) :r z j ρD ω≤ − < ≤ = − ∇   (11) 

2O11,  0.3 :  0≤ − =r z = ω  (12) 

 
2.2.2 Determination of boundary conditions for bulk characteristics of oxygen reaction and derivation of oxygen 
diffusivity in GDL containing moisture 
   The phenomena occurring in the galvanic cell oxygen absorber were determined from the mass diffusion and 
electrochemical reactions with electricity generation. For the purposes of this study, it was not efficient to strictly consider the 
complex effects of chemical reactions in the numerical calculation; therefore, a boundary condition for obtaining a suitable 
approximation of the oxygen electrochemical reaction and diffusion in the electrolyte of the oxygen reaction area was 
adopted as a mass transfer conductance determined by the measurement of standard samples. An apparent oxygen mass 
conductance was employed to approximate the effects of chemical reactions in the oxygen absorber; the mass fraction of 
oxygen was set to zero at the surface of the carbon electrode film and it was assumed that mass transfer occurred in the 
oxygen reaction area 0z ≤ , as shown in Fig. 3. The apparent conductance of the oxygen reaction area was expressed as a 
function of the oxygen mass flux. 
   The comparison method [14] was used to determine the oxygen diffusivity in the porous medium as described in Section 
1; therefore, a comparison of the experimentally measured results with the numerical results for the same system with a 
material of known oxygen diffusivity (standard sample) was required to set the boundary conditions for the oxygen reaction 
area. Air in a tube with a given length was used as a standard sample of which the diffusion conductance could be calculated 
exactly. Six tubes with different lengths (15.0-100.0 mm) and mass transfer resistances that cover those of the test samples 
were prepared to vary the oxygen diffusion resistance. The relationship between the oxygen mass flux and the effective 
diffusivity was experimentally determined using the tubes in each series of experiments, because a different relationship 
could occur due to a change in the settings of the measurement apparatus.  

Figure 4 shows a flow diagram of the procedure used to determine the effective oxygen diffusivity in a GDL. First, the 
relationship between the apparent conductance of oxygen reaction area Cc, and the oxygen mass flux Jexp, is determined from 
experiments with the standard samples. This relationship is used as the boundary condition for the oxygen reaction area in the 
numerical calculation. Next, the initial effective diffusivity Deff in the GDL is set, and the oxygen flux Jnum and the oxygen 
concentration distribution is calculated. A two-dimensional oxygen concentration distribution is formed and there is some 
non-uniformity of the local oxygen mass flux at the oxygen absorption surface; therefore, Jnum is determined by integrating 
the local oxygen mass flux. Finally, the effective oxygen diffusivity is determined to within ±0.5% by iterative calculation 
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based on the difference between the numerical and measured values of the mass flux by varying the diffusivity for the GDL 
so that Jnum approaches Jexp. 
   
2.3 Experimental procedure for effective oxygen diffusivity measurement using galvanic cell oxygen absorber 
   The comparison method was improved to measure the effective oxygen diffusivity of a single GDL containing moisture, 
and so particular care was taken to maintain the stability of the output characteristics of the galvanic cell. Specifically, 
variations in the output of the measurement apparatus under conditions without a sample were measured three times just 
before, during and after the measurement of the GDL test sample and the standard samples as shown in Fig. 5. 

Effective oxygen diffusivity measurements were performed using the procedure listed below. The results are given in 
Figs. 5(a) and 5(b), which show the variation in GDL water saturation and output voltage during drying, respectively (steps 
(2) to (5), open circles). The closed circles enclosed by larger open circles in Fig. 5(b) represent the output of the oxygen 
absorber under steady-state electricity generation without a sample, the circles enclosed by open squares denote the output of 
the oxygen absorber with the test GDL, and the open diamonds represent the oxygen absorber output with standard samples. 
(1) The oxygen absorber output under steady-state electricity generation was measured without the test material 

(measurement point E1 in Fig. 5(b)) prior to the GDL measurement.  
(2) The test material filled with water was set in the holder and electricity generation was started. 
(3) After a predetermined time interval, electricity generation was stopped and the weight of the test material was measured 

to obtain the average water saturation. 
(4) The test material was immediately set back in the oxygen absorber and electricity generation was restarted. 
(5) Steps (3)-(4) were repeated several times to obtain the relation between the water saturation and oxygen diffusion flux 

(measurement points between points E1 and E2 in Fig. 5(b)). 
(6) Step (1) was carried out again (measurement point E2 in Fig. 5(b)). 
(7) The experiment was performed with standard samples (measurement points located between points E2 and E3 in Fig. 

5(b)). 
(8) Step (1) was carried out again (measurement point E3 in Fig. 5(b)). 

Thus, the variations in the oxygen absorption characteristics of the measurement apparatus were measured and recorded 
by performing measurement procedures (1), (6) and (8) without the test material to determine the output stability of the 
galvanic cell during diffusivity measurement. 
 
2.4 Considerations for improvement of galvanic cell oxygen absorber output stability and corresponding validation 
methodologies 
   Figure 6 shows a schematic diagram of the typical mass transfer resistances for diffusivity measurement. Three regions of 
mass transfer resistance were identified; RGlv denotes the mass transfer resistance of the oxygen reaction area that is enclosed 
by the dot-dashed line, RGas is the oxygen diffusion resistance in the gas region between the test sample and oxygen reaction 
area with the oxygen limiting filter enclosed by the dashed line, and RGDL is the oxygen diffusion resistance of the test sample. 
The overall resistance of the oxygen absorber is the sum of RGlv and RGas. The typical ratio of the overall resistance of the 
oxygen absorber to RGDL for a single dry GDL (RGlv+RGas)/RGDL, is approximately 30. The mass transfer resistance of a single 
dry GDL is low compared with the resistance of the oxygen absorber area, which indicates that the effect of a slight change in 
the mass transfer characteristics of the galvanic cell has a significant effect on the GDL diffusion coefficient measurement. As 
in our previous study [14], examination of the error factors did not effectively improve the output characteristics of the 
oxygen absorber, so that only the results with higher output stability obtained with low probability were used, corresponding 
to approximately 10% of the total number of measurements. Thus, structures that have effects on the change in the output 
characteristics of the galvanic cell oxygen absorber are the focus of this study to achieve high-precision measurements of the 
oxygen diffusivity. Specifically, the following items were identified as influential factors and were investigated with respect 
to changes in the galvanic cell configuration. 
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2.4.1 Effect of electrolyte static pressure at oxygen reaction surface (degree of contact between carbon electrode film 
and electrolyte) 
The carbon electrode film that contacts the electrolyte is very thin, so that oxygen permeation occurs easily. In addition, both 
contact with the electrolyte and prevention of electrolyte leaching is maintained by imparting hydrophobicity to the carbon 
electrode film. The pressure in the electrolyte container is adjusted to be equal to the surroundings. However, it is possible 
that the reaction area in the vicinity of the contact between the carbon electrode film and electrolyte changes after a relatively 
long time. That is, it is considered that the three phase area can change due to an increase in the static pressure exerted by the 
electrolyte on the carbon electrode film. The effect of changes in the degree of contact due to this pressure was examined by 
varying the electrolyte thickness, which is referred to as a liquid level difference. 
 
2.4.2 Effect of gap width between carbon electrode film and oxygen limiting filter and numerical analysis 

In our previous study [14], the oxygen limiting filter and the carbon electrode film were lapped over and situated close to 
each other. In such a situation, oxygen permeation from the oxygen limiting filter to the carbon electrode film would occur 
only locally. Therefore, the introduction of a gap between the two films would be expected to affect the oxygen diffusion 
characteristics. The effect of the gap width between the films on the oxygen diffusion characteristics and mass flux was 
examined and conditions to improve the stability were investigated experimentally and with numerical calculations 

  A three-dimensional numerical analysis using a Cartesian coordinate system was conducted with consideration of the 
actual configuration of the oxygen limiting filter with some small holes in a disk-shaped film. The oxygen flux at the oxygen 
reaction surface with oxygen concentration distribution and the oxygen concentration distribution were calculated for various 
gap widths. Figure 7 shows the calculation model with an oxygen limiting filter having nineteen 0.1 mm diameter holes 
through which oxygen permeates. The basic equation and boundary conditions are similar to those given in Section 2.2. The 
gap width between the carbon electrode film and the oxygen limiting filter was varied from 0.05 to 1.0 mm in the domain of
0.05 1.0z≤ ≤ .  

The local distribution of the oxygen mass fraction and the mass flux of oxygen at the oxygen reaction surface of the 
carbon electrode film were calculated for each gap width for the system shown in Fig. 7, given the apparent conductance of 
oxygen reaction area CC, which is selected as a typical characteristic of the galvanic cell oxygen absorber, and the diffusivity 
of a dry GDL, Deff. The relationship among the gap width, the local concentration distribution and the mass transfer rate for 
oxygen at the oxygen reaction surface of the carbon electrode film was determined. 
 

3.  Results and discussion  

3.1 Effect of static pressure of electrolyte at oxygen reaction surface (degree of contact between carbon electrode film 
and electrolyte) 
   Figure 8 shows the output variation as a function of time in order to examine the effect of the static pressure exerted on 
the carbon electrode film of the galvanic cell oxygen absorber from the electrolyte for electrolyte thickness of 40 and 20 mm. 
Experimental conditions other than the liquid thickness were not changed in order to maintain continuous measurement under 
constant conditions and take into account to minimize any gap-width effect. The output peaked at approximately 5000 s when 
the electrolyte thickness was 40 mm and then decreased gradually by 0.11 mV (about 5.8%) within approximately 5000 s. 
When the electrolyte thickness was changed to 20 mm, as shown between about 11000 and 21000 s, the output variation was 
only 0.03 mV, which corresponds to 1.8%. In addition, the output variation during approximately 8500 s was only 0.5% when 
the electrolyte thickness was 12 mm. It is probable that the static pressure exerted by the electrolyte on the carbon electrode 
film caused a change in the reaction area and this influenced the output of the galvanic cell oxygen absorber. Since for an 
electrolyte thickness of 12 mm, the change in the output was small, this was the value that was chosen for the diffusivity 
measurements. 
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3.2 Effect of gap width between carbon electrode film and oxygen limiting filter 
Figure 9 shows the oxygen concentration distribution obtained by numerical analysis for the gap width of 0.1 mm. 

Figures 9(a) and 9(b) show the entire numerical calculation area and an enlarged view in the vicinity of the GDL and the 
oxygen limiting filter, respectively. A two-dimensional concentration distribution of oxygen was formed near the GDL, 
which is indicated by the dashed line in Fig. 9(b). Figure 9(b) also shows that a significant three-dimensional distribution of 
oxygen concentration formed, as shown in the circumferential areas of the light green colored cross section of small holes in 
the oxygen limiting filter. 
   Figure 10 shows the oxygen concentration distribution at the oxygen reaction surface, which is indicated by the red 
dashed line in Fig. 7. The gap width between the carbon electrode film and the oxygen limiting filter was changed from 0.05 
to 1.0 mm. The oxygen concentration near the small holes is locally high and the permeation area is not very uniform when 
the gap width is small. However, the distribution is almost smooth when the gap is wider. The average oxygen concentration 
distribution at the oxygen reaction surface has a gradual slope toward the center of the carbon electrode film. Thus, the 
oxygen concentration distribution becomes more uniform with increasing gap width. 

Figure 11 shows the dependence of the oxygen transfer rate on the gap width. When the gap is narrow, the concentration 
distribution is not homogeneous and the diffusion resistance increases with decreasing gap width because only oxygen near 
the small holes is involved in the reaction. The oxygen transfer rate increases with gap width, and then becomes constant for a 
width of 0.5 mm or more. Since the oxygen transfer rate is particularly sensitive to small gap widths, and many factors could 
cause an unintentional change in the gap width during the measurements, a larger gap width of 1.0 mm was used in this study. 

Figures 12(a) and 12(b) show the appearance of the carbon electrode film surface after the experiment, for gap widths of 
0.1 and 1.0 mm, respectively. The brighter circular regions in Fig. 12(a) indicate that the reaction occurred locally and close to 
small holes in the oxygen limiting filter. When the gap between the films was sufficiently large (1.0 mm), no such localized 
regions were observed, as shown in Fig. 12(b). This is consistent with the numerical calculation results. Therefore, it is 
considered that the output instability that occurred in the previous study [14] was because the gap between the carbon 
electrode film and the oxygen limiting filter was too small. 

 

3.3 Oxygen diffusivity measurement results and verification of measurement precision 

   Figure 13 shows the oxygen diffusivity as a function of the average saturation S, using the improved settings for the liquid 
level difference and the gap width. The oxygen diffusivity determined in the previous study [14] is also shown for 
comparison. The average water saturation represents the fraction of pores occupied by liquid water in the porous medium; 
100% saturation is when all of the pores are filled. The effective oxygen diffusivity increases with decreasing saturation from 
100%. In these measurements, the drying method involved a reduction in the degree of saturation by exposing the surface to 
ambient air and closing the galvanic cell-side surface. Therefore, the water content in the test material gradually decreases 
from the atmosphere-side surface. As a result, there is a difference between the average water saturation and that near the 
absorber; when evaporation proceeds and the average water saturation decreases to some extent, there are few effective paths 
for oxygen diffusion near the absorber due to the high local water saturation. Utaka et al. investigated the water distribution in 
a GDL with the same type of carbon paper using neutron radiography under similar drying conditions [16], and the results are 
consistent with those obtained in the present study. The effective diffusivity in the dry GDL (S=0) is in the range 5.3×10-6 to 
7.4×10-6 m2/s, and that in the previous study [14] had a wider range of 2.5×10-6 to 7.0×10-6 m2/s. Thus, an improved 
measurement precision was achieved in the present study.  

   The measurement precision for the effective diffusivity in a single GDL was investigated. In the previous report [14], the 
error factors were examined and the maximum value of the measurement error was estimated. The major error factors in 
common with this study are the effect of the density and temperature of the ambient air, and the effect of the specimen 
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thickness. In addition, it was necessary to examine the temporal change in the oxygen absorber characteristics in the present 
study as a result of the adopted improvements. 

   The errors due to changes in the density and temperature of the ambient air, and the effect of the test sample thickness are 
expressed by Eqs. (11) and (12), respectively [14]. 

1

1

0.027=
δD
D

 (11) 

2

2

0.027=
δD
D

 (12) 

   The stability of the galvanic cell oxygen absorber output was substantially improved by applying a suitable liquid level 
difference and gap width between the films, as discussed in Sections 3.1 and 3.2, respectively. Although only approximately 
10% of the measurement results were used in the previous study [14], all the measurement data could be used in the present 
study.  
   Table 2 shows the maximum measured output fluctuations in the present study. The maximum difference in output 
between E1 and E2, which are shown in Fig. 5, is  

1 2 0.0099−
≤

E E
E .

 (13) 

The maximum error in the effective diffusivity due to temporal changes in the oxygen absorber characteristics is  

3

3

0.213≤
δD
D .

 (14) 

Therefore, temporal changes in the oxygen absorber characteristics have the most significant effect on the measurement 
precision. The total error in the effective diffusivity under dry conditions is 

22 2

1 2 3

1 2 3

0.22= + + =
δD δD δDerror
D D D .

 (15) 

Figure 13 shows a total of 17 diffusivity measurement results that are within ±18%, which confirms that they satisfy Eq. 
(18) and are sufficiently accurate. Moreover, the effective oxygen diffusivity in the dry GDL was in approximate agreement 
with that measured experimentally using a multilayered GDL, as reported by Utaka et al. (6.5×10-6 m2/s) [13] and Zamel et al. 
(5.3×10-6 m2/s) [11], although the specifications of these GDLs were different. 

The GDL specimen containing moisture has a larger diffusion resistance than a dry GDL, so that the measurement 
accuracy is high for a GDL containing moisture. For example, the measurement error is calculated to be 5.9% when the 
average water saturation is S = 24%. However, Fig. 13 shows that the measurement results under wet conditions have 
comparatively large variations. This may be due to the irregular formation of oxygen diffusion paths for each sample because 
the microscopic structure of the GDL is not uniform. Therefore, the differences among samples would be significant because 
even a small amount of moisture can easily cause liquid water to obstruct the permeation of oxygen. This is because the 
carbon fibers in the GDL are located almost in the direction perpendicular to oxygen permeation and the liquid water 
distribution is non-uniform.  
 

4. Conclusions 

To improve the measurement precision for the oxygen diffusion characteristics of a PEFC GDL with/without the presence 
of moisture, factors that should be improved in order to increase the output stability of the galvanic cell oxygen absorber were 
examined. Two factors were focused on: the degree of contact between the carbon electrode film and the electrolyte, and the 
gap width between the carbon electrode film and the oxygen limiting filter. The accuracy of the diffusivity measurement was 

10 
 



improved by changing the configuration of the galvanic cell oxygen absorber measurement apparatus. The results are 
summarized as follows.  
(1) The degree of contact between the carbon electrode film and the electrolyte is expected to affect the areal distribution of 

reactions, and as such, influence the stability of the galvanic cell output characteristics. To investigate this, the effect of 
the electrolyte thickness was investigated, since this determines the amount of static pressure exerted on the carbon 
electrode. An electrolyte thickness less than 12 mm was found to lead to stable output. 

(2) The effect of the gap width between the carbon electrode film and the oxygen limiting filter was examined. Small gap 
widths were found to have a significant effect on the output characteristics, so a comparatively large gap width of 1 mm 
was used to improve the stability in the present study.  

(3) A comparison was made between the results of effective oxygen diffusivity measurements performed using the 
improved galvanic cell oxygen absorber configuration and previous results [14]. It was found that using the improved 
setup led to a decrease in the error from 50 to 20% for a dry GDL, even though such a GDL has a very low diffusion 
resistance and is therefore subject to large errors.  
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Figures and tables 
 
Figure 1 Experimental apparatus with galvanic cell oxygen absorber. 
 
Figure 2 Complete experimental setup. 
 
Figure 3 Calculation model for oxygen absorber. 
 
Figure 4 Flow diagram for numerical calculation. 
 
Figure 5 Variation of water saturation level in GDL and output voltage. 

(a) Water saturation  (b) Output voltage ( ○ : Output voltage without sample,   □ : Oxygen diffusivity measurement in GDL,  

◇ : Oxygen diffusivity measurement using circular pipe) 
 
Figure 6 Schematic diagram of mass transfer resistance. 
 
Figure 7 Calculation model for oxygen absorber. 
 
Figure 8 Effect of static pressure on output voltage. 

 
Figure 9 Distribution of oxygen concentration determined by numerical calculations. 
(a) Full view. 
(b) Enlarged view. 
 
Figure 10 Mass fraction of oxygen at carbon electrode film surface. 
 
Figure 11 Relationship between oxygen transfer rate and gap width between carbon cathode film and oxygen limiting filter. 
 
Figure 12 Appearance of carbon electrode film after experiment. 
(a) Gap of 0.1 mm between films. 
(b) Gap of 1.0 mm between films. 
 
Figure 13 Variation of effective oxygen diffusivity with average saturation. 
 
 
 
Table 1 Specifications of GDL porous media test sample. 
 
Table 2 Variation of output voltage. 
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Test sample Porosity Representative Pore Diameter [μm] Permeability [μm2] Thickness [μm] 

Carbon Paper GDL 0.78 32 3.2 370 

Table 1 Specifications of GDL porous medium test sample. 

490 

430 

350 

Gas permeable film 

Oxygen absorber 

Figure 2 Complete experimental setup. 

Figure 1 Experimental apparatus with galvanic cell oxygen absorber. 
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Figure 4 Flow diagram for numerical calculation. 

Figure 3 Calculation model for oxygen absorber. 
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(a) Water saturation  (b) Output voltage 

(  ○  : Output oltage without sample,  □  : Oxygen diffusivity 
measurement in GDL,  ◇ : Oxygen diffusivity measurement using 
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Figure 5 Variation of water saturation in GDL and output voltage 

Figure 6 Schematic diagram of mass transfer resistance. 
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Figure 8 Effect of static pressure on output voltage. 
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Figure 7 Calculation model for oxygen absorber. 
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Figure 10 Mass fraction of oxygen at carbon electrode film surface. 

Figure 9. Distribution of oxygen concentration obtained by numerical 
calculations. 

(a) Entire oxygen concentration distribution. (b) Enlarged view of oxygen concentration distribution. 
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Table 2 Variation of output voltage 

Figure 11 Relationship between oxygen transfer rate and gap width 
between carbon cathode film and oxygen limiting filter. 
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Figure 12 Appearance of carbon electrode film after the experiment. 
(a) Gap width of 0.1 mm between films. (b) Gap width of 1.0 mm between films. 
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Figure 13 Variation of effective oxygen diffusivity with average saturation. 
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