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Abstract— In this paper, a study of the effects of 

stoichiometry on the performance of proton exchange membrane 

fuel cells is presented. Theoretical analysis and experiments were 

used to show that the electrodes area ratio has effects on 

stoichiometry of fuel cell reactions and consequently on the cell 

voltage and on the efficiency of a proton exchange membrane fuel 

cell. Experimental data was used to estimate the effect of equal 

electrodes area on the fuel cell reaction. The active electrodes 

area ratios were adjusted to enhance stoichiometry and 

consequently improve performance, but improvement was 

limited due to the low thickness of the membrane. Efficiency 

values obtained match values published by others. The study 

concluded that the equal areas electrode-membrane sandwich 

design of proton exchange membrane fuel cells affects the 

stoichiometry of the fuel cell reaction and consequently results in 

efficiency lower than that of the stoichiometric reaction.   

Keywords— Fuel cell, PEM and electrode  

I.  INTRODUCTION 

A fuel cell can be defined as an electrochemical device 
used to convert the chemical energy of a fuel into direct current 
electrical energy [1]. A fuel cell works by combining a fuel and 
oxidizer in an anode half-cell reaction and a cathode half-cell 
reaction. These half-cell reactions unify to form a controlled 
combustion reaction. Therefore, fuel cells produce electricity 
like conventional batteries, but unlike conventional batteries, 
fuel cells run on fuels and oxidizers and are theoretically 
expected to work continuously as long as fuel and oxidizer are 
supplied [1-4]. Thermodynamically, fuel cells offer efficiencies 
in the range of 80 to 90%, but practical fuel cell efficiency are 
usually lower [1, 2]. Fuel cells potential attracted a bump in 
research in the 2000 [5, 6], but the progress has been slow over 
the years. 

The development of fuel cells whose electrolytes are 
membranes that allow proton transport by Grubb and Niedrich 
[7] at General Electric boosted the interest in fuel cells 
technology, since Proton-Exchange Membrane (PEM) fuel 
cells operate at low temperatures and pressures, and has no 
electrolyte leakage problem. Dow Chemical’s development of 
a new perfluoro-sulfonic acid proton exchange membrane with 
the trade name Nafion pushed PEM fuel cell technology 
beyond space application to automobile, medical, domestic, 
industrial and other applications involving electric power [8-
10]. Immediate needs for PEM fuel cells included low cost 
materials, high proton conductivity membrane, porous 
electrodes, durable materials, etc. [11-14]. High efficiency is 
not the main advantage of PEM fuel cells [1]; however, 
efficiency is important in understanding and analyzing the 

performance of fuel cells [15], and getting the analysis correct 
is crucial to advancing PEM fuel cells. Thermodynamically, it 
is important to understand that the source of energy is the 
chemical energy (ΔH) released by the controlled combustion of 
the fuel supplied and the work output is the electrical energy 
(~ΔG) generated, while the rest of the energy component from 
the source in the form of direct heat and other minor losses are 
lost to the environment. Works on developing fuel cells 
includes optimizing flow field designs [16], direct application 
of electrodes to membrane [17], finding best operating 
conditions [18, 19] and more, but fuel cells still performing 
lower than expected practically; therefore, there is more room 
for developing fuel cells. Some authors have attributed the 
minor losses to activation, concentration, ohmic and other 
factors in order to account for the practical performance of fuel 
cells [20-22]. 

In this paper, work on the effects of electrodes area ratio on 
the stoichiometry of PEM fuel cell reactions and its effect on 
the performance of PEM fuel cell is presented. 

II. METHODS 

In normal fuel cells, the electrochemical half reactions 
occur at the electrodes. The half reaction at the anode starts 
slowly and independently by use of catalysts and potential 
across the electrolyte, but thereafter, the anode electrode 
reaction connects to the cathode electrode reaction and the 
reaction rate goes up and steadies. The reaction layers at the 
electrodes surfaces are very thin and have not yet been 
measured practically [3]. The electrochemical reaction occurs 
on the surface area of the electrodes, so increasing the surface 
area increases the reaction rate [3]. For high reaction rate and 
consequently high current density, electrode reactive areas are 
usually increased by increasing porosity. If increase in 
electrode area results in higher power, then it is possible that 
the electrodes area ratio has effect on the stoichiometry of the 
cell reaction. In this section, the effect of the equal electrode 
areas will be studied analytically. Proton exchange membrane 
fuel cells, alkaline fuel cells and phosphoric acid fuel cells are 
usually fabricated with electrodes, which have equal area and 
equal thickness. It is usually a sandwich-like design. 

Fuel cells overall reactions are controlled combustion 
reactions, so it is desired that the fuel cell reaction be at least 
stoichiometric in order to unleash a high amount of the 
chemical energy stored in the fuel. Calculation results for cases 
A and B presented in Table 1 were obtained assuming 
stoichiometric fuel cell reaction and assuming other losses are 
negligible.  Case A is PEM fuel cell operation with O2 as 
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oxidizer, while case B is for PEM fuel cell operation with air as 
oxidizer. The effects of the equal area electrodes are ignored, 
and the free energy change, generated voltage, and efficiency 
are evaluated for each case.  The stoichiometric condition 
equations for operation with oxygen and air are given as 
equations (1) and (2) below 

OHOH 222
1

2 →+
    (1) 

22222
1

2 88.188.1 NOHNOH +→++
   (2) 

The calculation results indicate that the cell produces the same 
electrical energy (∆G) and voltage and have the same 
efficiencies. Practically, different results are obtained because 
of the effect of equal electrode areas. The effect of the 
electrode area does not only make the output of H2-O2 PEM 
fuel cell and H2-Air PEM fuel cell different, it also affects the 
practical efficiency of the fuel cells. 

Table 1: Calculation results for PEM fuel cells assuming 
stoichiometric reactions and operating under the conditions of 

298K and 1 atm 
Case A B 

Oxidizer Oxygen Air 

Overall Cell 
Reaction 

OHOH 222
1

2 →+
 

22

222
1

2

88.1

88.1

NOH

NOH

+→

++

 

Enthalpy,  
ΔH (kJ/kmol) 

-241845 -241845 

Entropy,  
ΔS (kJ/K.kmol) 

-13.231   -13.231 

Free Energy 
Change,    
ΔG (kJ/kmol) 

-228613.8 -228613.8 

Cell Voltage, E 
(V) 

1.185 1.185 

Efficiency, η 
(%) 

94.52 94.52 

 

The reaction equations, equations (1) and (2), are valid only for 
system where there is actual mixing of the reaction species 
such as in a combustion chamber. The stoichiometric volume 
ratio of reactants is usually found as shown below: 

OHVOVH

OHmolOmolH

gOHgOgH

222
1

2

222
1

2

222
1

2

)()( (V) 

)1()( mol) (1 

)()()(

→+

→+

→+

  (3) 

Setting the ratio of reactants volumetric flow rates in order 
to match stoichiometric reaction has negligible positive effect 
because the reactants are separated by the electrodes. 
According to some authors, the absorption rate of the reactants 
at the electrode surface are limited and even adjusting pressures 
at the electrode has limited positive effect [23, 24], since the 
absorption of the reactants are driven by the separate electrode 
reaction rates rather than a free pass. Balancing the volumetric 
flow rates to achieve stoichiometry would also cause uneven 
pressure across the cell. Since on the electrodes, the reaction 
layer thickness tends to zero, it is safe to assume that the 
thickness of the reaction layer at the anode equals that at the 
cathode. Now, having assumed equal reaction layers at the 
electrode surface areas, equation (3) can be modified as shown 
below: 

OHAreaOAreaH 222
1

2 )1()( (1Area) →+
 

OHAOAHA

CathodeAnode

222 )()5.0()( →+


     (4) 

and for H2-air PEM fuel cell operation 

( )
22222 88.1)()88.1()5.0()( NOHANAOAHA

CathodeAnode

+→++
  

 
       (5) 

    The electrodes are assumed to have the same porosity 
and thickness, so area, A, represents the area of the electrode. 
The area being considered in this case is similar to the area 
used for calculating current density. It is the area that is usually 
specified on commercial electrodes or in the specifications of a 
new fuel cell e.g. a 25 cm2 electrode. On the left hand side of 
Equation (4), the coefficient of H2, which is A, represents the 
area of the anode, while the coefficients of O2, which is ½A, 
represents the cathode area. In other words, the active area of 
the cathode must be half the area of the anode for the cell 
reaction to be stoichiometric. Similarly, on the left hand side of 
equation (5), the coefficient of H2, which is A, represents the 
area of the anode, while the sum of the coefficients of O2 and 
N2, which is 2.28A, represents the cathode area. In other words, 
the active area of the cathode must be 2.88 times the area of the 
anode for the cell reaction to be stoichiometric. The analysis 
used to obtain equations (4) and (5) reveals that equations (1) 
and (2) do not represent the reactions that occur in fuel cells 
with equal area electrodes.  

In order to analyze the actual performance of PEM fuel cells by 
considering the effects of the equal area electrodes, the free 
energy change, generated voltage and efficiency are evaluated 
for both the cases of operation of PEM fuel cell with O2 as 
oxidizer and with air as oxidizer. The cell reaction equations 
are re-written to reflect the effects of the equal area electrodes 
as shown in equations (6) and (7) below 

( ) 222222
2

1
1 OOHOHOH




−
+−+→+

  (6) 

2 2 2 2 2 2 2 20.21 0.79 0.79 0.21 0.79
2 2

H O N H O H H O N
 


   

+ + → + − + − +   
     

       (7) 

The intermediate reactions between the reactants are 
connected by the electrode surface areas, so the volume ratio of 
the products is not considered in the analysis. The operation of 
equal electrodes area PEM fuel cell results in the formation of 
H2O2 due to the electrolytic nature of the reaction and more 
H2O2 is formed when O2 is used as an oxidizer due to the 
excess O2. The formation of H2O2 has negative impact on the 
membrane [25] and on the fuel cell performance. However, 
most terrestrial fuel cell application involves the operation of 
fuel cells with air as oxidizer [4], so more attention has been 
paid to the analysis of PEM fuel cell operation with air as the 
oxidizer. 

The hydrogen on the right hand side of equation (7) is left there 
because it is formed on the cathode side, which is also the 
exhaust side. The formation of H2 is a negative effect, since it 
leads to the loss of fuel and energy to the environment. The 
first effect of using equal electrodes areas can be seen in 
equations (6) and (7), which are not stoichiometric, as the 
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appearance of H2 and H2O2 in the products.  α and β are to be 
found from experimental data. 

III. EXPERIMENTS 

PEM Fuel cells with conventional equal electrode areas 
were setup and ran for operations with O2 and air. Then the 
fuel cells electrodes area ratios were adjusted for stoichiometry 
by using polyethylene leather to cover part of the electrode 
areas (see Fig. 1[26]). The experiments were 

 

Fig. 1: PEM fuel cell electrode partially covered with polyethylene sheet. 

 

run at the same flow rate for comparison. The fuel cells 
were loaded, readings were recorded, and the recorded values 
were used to obtain plots in Figs. 2-5 [26]. The same anode 
area was used to ensure that cell is exposed to same amount of 
fuel for reasons of comparison. I.e. all the H2-O2 PEM fuel cell 
experiments were performed using a fully exposed anode area 
(1A) while all the H2-Air PEM fuel cell experiments were 
performed using a partly exposed anode area (0.42A).  

 

Fig. 2: Plot of voltage vs. current for H2-O2 PEM FC electrodes area ratio 
experiment. 

 

Fig. 3: Magnified low current region of plot in Fig. 2. 

 

 

Fig. 4: Plot of voltage vs. current for H2-Air PEM FC electrodes area ratio 
experiment. 

 

 

Fig. 5: Magnified low current region of plot in Fig. 4. 

 

The results also showed a consistent change in the open voltage 
of the cells when the aria ratios were adjusted for stoichiometry 
compared to when the equal area electrodes were used for 
cases involving the same oxidizer [see Table 2.] In fact after a 
period of one, the membrane used had degraded due to other 
investigations, time and storage condition, yet the drop in open 
circuit voltage when going from stoichiometric ratio to equal 
area remained the same. Therefore, α in equation (6) and β in 
equation (7) can be found by theoretically solving the change 
in open circuit voltage. For the H2-O2 PEM fuel cell operation, 
the equation 
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( .1 used) ( .6 used) 0.115desired Eq actual EqE E− =
  (8) 

 

was solved to get 

 0.3385 =     (9) 

Similarly, for  H2-Air PEM fuel cell operation, the equation 

( .2 used) ( .7 used) 0.055desired Eq actual EqE E− =
 (10) 

was solved to get 

  
0.2971 =

    (11) 

 

Table 2: Estimation of open voltage drop due to equal areas 
electrodes 

Fuel 

& 

Oxidizer 

Stoichiometric 

Rxn 

open circuit 

voltage 

Edesired(V) 

Equal areas 

Rxn 

open circuit 

voltage 

Eactual(V) 

ΔE=( Edesired- 

Eactual) 

(V) 

Remark 

H2-O2 1.02 0.92 0.10 Date: 

9/24/2006 

H2-O2 0.97 0.84 0.13 Date: 

12/21/2007 

H2-Air 0.99 0.94 0.05 Date: 

9/24/2006 

H2-Air 0.84 0.78 0.06 Date: 

12/24/2007 

 

Eqs (9) and (11) into Eqs (6) and (7) gives 

2 2 2 2 2 20.3385 0.6615 0.33075H O H O H O O+ → + +
  

       (12) 

2 2 2 2 2 2 2 20.21 0.79 0.3533 0.61335 0.03335 0.79H O N H O H H O N+ + → + + +

       (13) 

Practically, the only known PEM fuel cell reaction equation 
is the stoichiometric reaction, so after manufacturing a fuel cell 
using equal electrodes area, its performance is measured 
against the desired stoichiometric equation. Therefore, by 
adopting this method of measure, the energy conversion 
effectiveness which can be referred to as the virtual efficiency 
is defined as [26] 

reaction tricstoichiome desired of H

reaction actual of 




=

G
virtual

 (14) 

Therefore, ηvirtual for the actual cell reaction equation (6) is 
given as 

 2 2, 85.35%virtual H O − =
 

While ηvirtual for the actual cell reaction equation (7) is given as 

2, 34.85%virtual H Air − =
 

The actual efficiencies are 

2 2, 85.35%actual H O − =
 and

 2, 50.26%actual H Air − =
 

where the potential chemical energy lost to the environment 
through the H2 and H2O2 has been considered in the 
calculation. 

The virtual efficiency may also stand for the limit of efficiency 
that can be practically observed in alkaline fuel cells, PEM fuel 
cells and phosphoric acid fuel cells designed with electrodes of 
equal areas and thickness and operating with air as the oxidizer. 
The virtual efficiencies obtained were compared with average 
maximum efficiencies of practical fuel cells from different 
sources and it was observed that the maximum efficiencies of 
practical fuel cells using electrodes of equal areas and thickness 
are approximately their virtual efficiencies. Literature have 
reported average maximum efficiency of 40% for PEM, 
Alkaline and Phosphoric Acid fuel cells [4, 20] and this agrees 

with 
%69.39=virtual

. The above analysis also indicates 
that the actual efficiency of practical fuel cell is dependent on 
the concentration of O2 at the cathode side assuming negligible 
ohmic losses. 

IV. DISCUSSION 

 

The analysis showed that the use of equal electrodes area 
and thickness has the effect of reducing the efficiency of a fuel 
cell. This is true because equal electrodes area and thickness, 
causes excess or insufficient supply of oxidizer at the cathode. 
For example, hydrogen protons recombine with electrons to 
form hydrogen gas due to insufficient supply of oxidizer. The 
hydrogen gas formed at the cathode flows away, burns up and 
contributes to the waste heat of the fuel cell. The virtual 
efficiencies obtained for the equal area electrodes in the 
analysis were compared to values practically obtained from 
fuel cells, and it was found that the virtual efficiency are more 
accurate prediction of fuel cell performance. The efficiency of 
a fuel cell can be increased by incorporating it in a hybrid with 
a heat engine. In such hybrids, the heat engine runs on the 
waste heat of the fuel cell and generates additional useful 
power. But this method of improving works best for fuel cells 
that operate at high temperature. Adjusting the active electrode 
area ratio to match the stoichiometric reaction equations, Eqs. 
(1) and (2), has effect on the performance of the fuel cell as 
was shown in the experimental result and this effect is positive 
at low current densities. However, PEM fuel cell does not 
benefit much from such a modification at high current densities 
because of the thin membrane whose nano pores only allows 
the diffusion of protons in the direction across the membrane. 
In order to clarify why PEM fuel cell benefits less from 
electrodes area adjust, consider the schematics in Figs. 7 and 8. 
At low current densities, the velocity of protons in the x and y 
direction are approximately equal or of the same scale (ux ~ uy), 
so the fuel has high performance as desired. At high current 
densities, the velocity of protons in the x and y direction are 
markedly different. The proton velocity in the x direction is 
much greater than the velocity in the y direction (ux >> uy), so 
the effective fuel cell size drops to ACathode for case C 
experiment and AAnode for case D experiment. Consequently, 
the power capacity drops as observed in the experimental 
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results. Alkaline fuel cells and phosphoric acid fuel cells may 
benefit more from this modification, because their electrolytes 
are in liquid form and ions can easily move in more than one 
direction.  

 

Fig. 6: Proton velocity and directions for discussion of H2-O2 
PEM fuel cell electrodes area ratio experimental result. 

 

 

Fig. 7: Proton velocity and directions for discussion of H2-Air PEM FC 
electrodes area ratio experimental result. 

Polarization curves by some authors [2, 3] shows that the 
region where the electrode adjustment positively affect 
performance indicates that using equal electrode areas in PEM 

fuel cells magnifies the activation losses and concentration 
losses. 

Adjusting pressure or flow rates to improve stoichiometry 
has been observed to offer limited improvement in 
performance, because of the limited absorption rate of the 
reactant gases [27, 28], so it was not investigated in this study. 
Additionally, the PEM fuel cell membrane used for the 
experiment had been used for over a year so the performance 
of the fuel cell had reduced due to membrane degradation. 
However, results are presented to show the differences between 
the cases investigated as observed in the experiment. 

CONLUSSIONS 

It was shown theoretically and experimentally that the 
conventional design of PEM fuel cells with electrodes of equal 
areas plays a major role in the low efficiency that has been 
observed in practical fuel cells. It was also shown that 
stoichiometric condition is desirable in fuel cell controlled 
combustion for high performance and insufficient or excess 
oxygen at the PEM fuel cell results in the production of 
undesirable species on the cathode side. It was also 
demonstrated that PEM fuel cells operated on H2 have better 
efficiency than one operated on air due to the effect of 
stoichiometry. 

Adjusting of PEM fuel cells electrodes area ratio to match 
stoichiometry has limited positive effect because of the thin 
nature of the PEM. 
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