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a b s t r a c t
A numerical model is developed to study electrolyte dependent kinetics in fuel cells. The model is based
on the Poisson–Nernst–Planck (PNP) and generalized-Frumkin–Butler–Volmer (gFBV) equations, and is
used to understand how the diffuse layer and ionic transport play a role in the performance difference
between acidic and alkaline systems. The laminar ﬂow fuel cell (LFFC) is used as the model fuel cell
architecture to allow for the appropriate comparison of equivalent acidic and alkaline systems. We study
the overall cell performance and individual electrode polarizations of acidic and alkaline fuel cells for
both balanced and unbalanced electrode kinetics as well as in the presence of transport limitations. The
results predict cell behavior based on electrolyte composition that strongly correlates with observed
experimental results from literature and provides insight into the fundamental cause of these results.
Speciﬁcally, it is found that the working ion concentration at the reaction plane plays a signiﬁcant role in
fuel cell performance including activation losses and the response to different kinetic rates at an individual
electrode. The working ion and the electrode where its consumed are different for acidic and alkaline fuel
cells. Therefore, we compare the role of the diffuse region in both acidic and alkaline fuel cells. From this
we conclude that oxidant reduction at the cathode and slow fuel oxidation (such as alcohol oxidation) can be
improved with an alkaline electrolyte.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
The basic principle of fuel cell technology has been known since
the late 1830s but it was not until the mid twentieth century that
it was proven to be a viable option for power generation with the
introduction of the alkaline fuel cell. During that time, alkaline fuel
cells were the prevalent fuel cell technology and as such were given
substantial research interest. The most common alkaline fuel cell
is the mobile electrolyte fuel cell whose basic physical structure
consists of an anode and a cathode separated by a ﬂowing alkaline
electrolyte solution [1]. However, despite several advantages over
their acidic counter parts, including superior oxidant reduction and
alcohol oxidation, alkaline fuel cells suffer some major limitations
at the device level that lead to signiﬁcant reduction in interest in
alkaline fuel cells [2].
In recent years, acidic fuel cells (i.e. proton exchange membrane
fuel cells (PEMFC)) have risen to prominence in the fuel cell community as the preferred low temperature solution. The PEMFC uses
a solid acidic membrane to separate the anode and cathode [1]
and has been studied extensively both experimentally and numerically [3–6]. There have also been mathematical models presented
in literature for alkaline fuel cells [7–13] although they are significantly less abundant. These models tend to focus on the system
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level description of fuel cells (especially for alkaline fuel cells), and
to our knowledge there are no theoretical works for comparing
fundamental differences in acidic and alkaline fuel cells.
At the basal level, the primary differences between and acidic
and alkaline fuel cell are the electrolyte and the working ion. Here
we are using “working ion” to mean the ion that is produced at
one electrode and migrates across the electrolyte to be consumed
at the other electrode, thus completing the circuit. To study how
the electrolyte and working ion affect fuel cell operation, the ionic
transport within the electrolyte must be modeled explicitly. Additionally, it is essential to include electric double layer (EDL) effects
due to the strong inﬂuence the diffuse layer has on ionic concentrations at the reaction plane of an electrode [14]. These phenomena
can be modeled using the Poisson–Nernst–Planck (PNP) equations.
The PNP equations have successfully been applied to galvanic cells
[15,16] and fuel cells [17–20] in the literature.
At the functional level one of the primary differences between
acidic and alkaline fuel cells is that oxygen reduction and simple
alcohol oxidation kinetics are superior in alkaline fuel cells than in
acidic fuel cells [2]. The fundamental cause of the improved kinetics in alkaline cells is of paramount interest [21–24]. One general
explanation was offered by Spendlow and Wieckowski [21], who
suggested that the working potential range of an electrochemical
process is often limited to a range in which water is stable. This
range shifts with increasing pH according to the Nernst equation,
which can affect the local double layer structure at the electrode
thus impacting the kinetics. However, despite all the research there
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neglected if there is no waste (e.g. hydrogen oxidation) or if the
waste is water which is adsorbed into an aqueous solution at a
constant chemical potential (as is the case for oxygen reduction).
For methanol oxidation, however, the waste WF is CO2 which is a
gas but present in concentrations far below its solubility limit and
remains dissolved in the aqueous bulk electrolyte.
For ease of analysis, the reaction is considered to proceed in the
presence of a simple binary electrolyte consisting of an anion (A− )
and a cation (C+ ) each of unit charge, zc = −zA = 1. The working ion
and half reactions of fuel oxidation and oxidant reduction depend
on the type of system considered, acidic or alkaline. For an acidic
electrolyte the cation is the working ion, being produced at the
anode and consumed at the cathode, Fig. 1b. Therefore, in the acidic
case the half reactions become:
SF · F → SC · C + + n · e− + SW,F · WF
+

−

SC · C + n · e + SO · O → SW,O · WO

Fig. 1. (a) Schematic of the computational domain for a LFFC depicting two inlets
(fuel and oxidant) and a single outlet (waste). The walls are located at Y = ±H with
the electrodes in the domain xStart ≤ x ≤ xStop . The working ion type and ﬂux direction
within the electrolyte are depicted for both (b) acidic and (c) alkaline media. In the
case of an acidic fuel cell, cations (C+ ) migrate from the anode to the cathode while
in an alkaline fuel cell, anions (A− ) migrate from the cathode to the anode.

does not seem to be an axiomatic justiﬁcation for the altered electrode kinetics between acidic and alkaline media. In this work we
offer a unique explanation of altered electrode kinetics by studying
how the diffuse layer and ionic transport play a signiﬁcant role in the
performance differences of acidic and alkaline systems.
For direct comparison between acidic and alkaline fuel cells, a
fuel cell architecture that is compatible with both acidic and alkaline fuel cells must be selected to isolate the electrolyte and ionic
transport effects from the physical system differences. One such
architecture is the laminar ﬂow fuel cell (LFFC) which has been
studied in acidic [25–27] and alkaline [28,29] media due to their
excellent fuel and electrolyte ﬂexibility. Another beneﬁt of selecting a LFFC for our comparison is their relatively simplistic design
and operation, which is ideal for mathematical analysis. Several
models of LFFCs have been presented in the literature [30–34].
In our previous works we presented a mathematical model
for a LFFC based on the PNP equations for ionic transport and a
generalized Frumkin–Butler–Volmer (gFBV) equation for electrode
kinetics [19,20]. The focus of this work is to study a LFFC using
the gFBV-PNP model adapted for acidic and alkaline media. We
studied overall device performance, the anode and cathode polarizations for each case, and the performance response to changing
reaction kinetics as well as reactant concentrations in both acidic
and alkaline fuel cells.

(2b)

where n is the number of electrons involved in the reaction and
depends on the speciﬁc reactants in the overall reaction. On the
other hand, for an alkaline electrolyte the anion is the working
ion which is produced at the cathode and consumed by the anode,
Fig. 1c. Therefore, the half reactions for the alkaline case become:
SF · F + SA · A− → n · e− + SW,F · WF

(3a)

SO · O + n · e− → SA · A− + SW,O · WO

(3b)

It is assumed that in an acidic fuel cell the anion is inert, while in
an alkaline fuel cell the cation is the inert ion.
2.1. Electrode kinetics
The rate at which the above half reactions proceed is determined by the electrode kinetics at the electrolyte–electrode
interface located at the anode and cathode in the presence of
the EDL. The electrode kinetics are governed by the generalized
Frumkin–Butler–Volmer equation (gFBV), which gives the net current for a speciﬁc half reaction as a function of the potential drop
across the inner region of the EDL and the concentration of the reactants at interface (reaction plane) of the inner and outer regions. The
Stern model of the electric double layer assumes a linear potential
drop across the inner region, called the Stern layer, that is continuous with the potential in the outer region, called the diffuse layer
[35]. The gFBV equations for the fuel and oxidant reactions in an
acidic fuel cell are respectively:
Acidic
JF,Net = JF,O − JF,R = Fn[(KF,O
CF e((1−ˇ)S F)/RT )
Acidic
−(KF,R
CC + CW e−(ˇS F)/RT )]

(4a)

Acidic
CW e((1−ˇ)S F)/RT )
JO,Net = JO,O − JO,R = Fn[(KO,O

2. Model development
Fig. 1a shows the schematic of the laminar ﬂow fuel cell system with separate fuel and oxidant inlets and a single waste outlet.
For simplicity, the computational domain is selected from just
upstream of the electrodes at x = 0 to just downstream of the electrodes at x = L. The channel walls are located at y = ±H with the
anode deﬁned at y = −H and the cathode at y = H. The anode and
cathode electrodes are located between x = xStart and x = xStop where
0 < xStart < xStop < L. A simple redox reaction of fuel (F) and oxidant (O)
producing waste (W) is considered for both the acidic and alkaline
systems. The overall stoichiometric equation is:
SF · F + SO · O → SW,F · WF + SW,O · WO

(2a)

(1)

where WF is the waste produced by fuel oxidation and WO is
the waste produced by oxidant reduction. These terms may be

Acidic
−(KO,R
CO CC + e−(ˇS F)/RT )]

(4b)

where S is the potential difference across the Stern layer. From
this equation it is clear that the net current from a speciﬁc half
reaction is the difference between the oxidation (forward) and
reduction (reverse) currents. Similarly, the gFBV equations for the
fuel and oxidant reactions in an alkaline fuel cell are respectively:
Alkaline
JF,Net = JF,O − JF,R = Fn[(KF,O
CF CA− e((1−ˇ)S F)/RT )
Alkaline
−(KF,R
CW e−(ˇS F)/RT )]

(5a)

Alkaline
JO,Net = JO,O − JO,R = Fn[(KO,O
CW CA− e((1−ˇ)S F)/RT )
Alkaline
−(KO,R
CO e−(ˇS F)/RT )]

(5b)
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Table 1
Relationships between nondimensional and dimensional rate constants in acidic
Bulk
..
and alkaline media. Here ˛ = 1/CW
Acidic fuel cell

Alkaline fuel cell

Acidic
KF,O
= K̂F,O (DC /2H)

Alkaline
KF,O
= K̂F,O (DA /2H CEBulk )

Acidic
= K̂F,R (˛DC /2H)
KF,O

Alkaline
KF,R
= K̂F,R (˛DA CEBulk /2H)

2.4. Boundary conditions

Acidic
= K̂O,O (˛DC CEBulk /2H)
KO,O

Alkaline
KO,O
= K̂O,O (˛DA /2H)

Acidic
= K̂O,R (DC /2H CEBulk )
KO,R

Alkaline
KO,R
= K̂O,R (DA /2H)

The half reactions are allowed to proceed at both the anode and
cathode, and the net current for a speciﬁc electrode is the sum of
the fuel and oxidant reaction currents:
JNet,El = JF,Net + JO,Net

(6)

where JF,Net is a positive quantity and JO,Net is a negative quantity.
The magnitudes of JF,Net and JO,Net are determined by the reactants
present at the electrode of interest and the sign of the potential
difference across the Stern layer.
2.2. Dimensionless rate constants
Closer inspection of Eqs. (4)–(6) reveals that each component of
the net electrode current has different concentration dependencies.
A result of this is that for a given set of rate constants the magnitude
of the net current will be different for acidic and alkaline kinetics.
Therefore, to achieve an equivalent comparison between the two
systems, the rate constants are speciﬁed in dimensionless form.
The dimensional current is presented as JNet = ĴNet (DE FnCEBulk /2H)
where ĴNet is the nondimensional current. From this scaling, it
is straightforward to determine the scale factors for each rate
constant in Eqs. (4) and (5). Table 1 provides a summary of the
dimensional and nondimensional relationships for each rate constant.
2.3. Governing equations
The mathematical model used for the present analysis is based
on the PNP equations and has been presented elsewhere [19,20].
In brief, the net ﬂux density of a speciﬁc species is the sum of
the advection, diffusion, and electromigration ﬂux densities and
is given by:
Ni = V Ci − Di ∇ Ci − zi ωi FCi ∇ 

(7)
i = C+ ,

A− ,

where i indicates the species considered and
F, O, WF ,
WO . The concentration distributions are assumed steady and the
Nernst–Planck equation for each species can be written as:

∇ · Ni = 0

(8)

It is clear that the concentration distribution of an ion is coupled to the electrolyte potential through the migration ﬂux. The
potential distribution within the electrolyte is governed by the
electrostatic Poisson equation:
−∇ · (εE ∇ ) = e = F



zi Ci

be neglected without affecting the results for fuel cell performance
[20].

(9)

where e is the charge density. The bulk ﬂow in the microchannel is governed by the steady-state Navier–Stokes and continuity
equations:

∇ · (V V ) = ∇ · (∇ V ) − ∇ P − e (∇ )

(10a)

∇ · (V ) = 0

(10b)

The ﬂow is coupled to the charge density and potential gradient
in the electrolyte as evidenced by the last term on the right hand
side of Eq. (10a). This term has been shown to be small and can

The computational domain depicted in Fig. 1a has ﬁve basic
boundaries: the fuel inlet, oxidant inlet, outlet, walls, and electrodes. Fuel and oxidant are speciﬁed as their bulk concentrations
at their respective inlets and zero at the other inlet. The ionic concentrations are speciﬁed as their bulk concentrations at both inlets.
Electrode kinetics are applied as boundary conditions for Eq. (8) at
the electrodes by relating the ﬂux density to the net electrode current. Finally, an adaptation of the Stern model is used as a mixed
(Robin) boundary condition for electrolyte potential at reaction
plane, RP = El + (εS /CS )(∂/∂Y). This also gives the potential difference across the Stern layer S = El − RP which is used in the
electrode kinetics (Eqs. (4) and (5)).
2.5. Numerical formulation
The mathematical system presented above is highly nonlinear
and strongly coupled. This system is further complicated by the
nonlinear boundary conditions necessary for electrode kinetics. An
in-house numerical tool was developed to solve this system for a
LFFC in the 2-dimensional domain presented in Fig. 1a and is capable of resolving the full PNP model in the microscopic region of
the electrolyte–electrode interface. The details of this numerical
model are presented elsewhere [20]. The numerical results were
performed with an Intel Core i7-975 3.33 GHz processor operating
4 cores. Solution times depend on the problem inputs (e.g. transport limited results take longer to converge) and range from 1 to
5 h.
3. Results and discussion
The physical structure of the LFFC considered for both the
acidic and alkaline fuel cells is presented in Fig. 1a. The half
channel height was set to H = 0.5 mm and the channel length
was set to L = 5 mm. The electrode dimensions were xStart = 0.5 mm
and xStop = 4.5 mm. The stoichiometric coefﬁcients for the neutral
species were SF = SO = SW,F = SW,O = 1 and for the cation and anion
they were SC = SA = 6. The number of electrons involved in the reaction, n, was also set to 6. The nominal bulk concentrations at
the inlets were speciﬁed as CFBulk = COBulk = CEBulk = 100 mM and the
nominal concentration of waste in the bulk solution was set to a
negligible quantity. The bulk ﬂow is assumed to be fully developed in each inlet and therefore a parabolic proﬁle was speciﬁed
at each inlet with a maximum velocity of 1 mm s−1 . The remaining
parameters are identical to that in Ref. [19].
To analyze the full operating range of the LFFC from short circuit to open circuit, the cathode potential ( Ca ) was varied while
the anode potentail ( An ) was held constant. The cathode potential
ranged form zero to Ca = OCP where the open circuit potential
was determined by when the total cathode current density, JCell,Ca ,
is zero. The total electrode current density can be calculated by:
JCell,El =

1
(xEnd − xStart )



xEnd

JNet,El (x)dx

(11)

xStart

and the overall current density for the device is then
JCell = JCell ,An = −JCell ,Ca .
3.1. Cell performance with balanced kinetics
The overall cell performance and electrode polarizations are
presented in Fig. 2 for an acidic (a) and alkaline (b) fuel cell with

Author's personal copy
I. Sprague, P. Dutta / Electrochimica Acta 56 (2011) 4518–4525

4521

across the Stern layer (i.e. the exponential terms in Eqs. (4) and (5)).
The anode and cathode overpotential along with the voltage drop
across the bulk electrolyte (ohmic losses) comprise the overall cell
potential. The interdependency of cell potential, electrode current,
and overpotentials for acidic and alkaline fuel cells is summarized
in Table 2.
At high cell potentials or very low cell current density, the cathode overpotential decreases quite rapidly in an acidic fuel cell with
increasing current density as shown in Fig. 2a. This rapid change
in cathode overpotential near open circuit is known as the activation loss and is also reﬂected in the overall cell potential. The term
“activation loss” comes from the idea that the cathode requires a
larger deviation from the open circuit overpotential for the kinetics
to be “activated”. It is generally accepted that in low temperature
fuel cells activation losses are the most important source of irreversability and occur mainly at the cathode in acidic fuel cells [1].
Fig. 2b shows that in an alkaline cell the anode suffers the activation
loss while the cathode does not. Therefore, it is clear that the activation losses are present at the electrode where the working ion is
consumed (i.e. cations at the cathode in acidic media and anions at
the anode in alkaline media). The diminished activation losses in
alkaline fuel cell cathodes is a well-known, observed result [1].
For mid to low current densities in an acidic fuel cell (Fig. 2a) the
cathode overpotential is small which indicates that the net current
at the cathode is not being signiﬁcantly limited by the electrostatic
portion of the reaction rate. This is not the case for the anode where
the overpotential indicates that the net current is being retarded.
The opposite occurs in an alkaline fuel cell, as shown in Fig. 2b. It
would often be interpreted from Fig. 2a that the cathode, or from
Fig. 2b that the anode, is the limiting electrode. However, this is not
true for the devices presented as both electrodes were given equivalent kinetics. The difference in anode and cathode overpotential
behavior is a direct consequence of the EDL and ionic transport
effects on electrode kinetics, as discussed later.
3.2. Cell performance with unbalanced kinetics/reactants
To develop further differences between acidic and alkaline fuel
cells, the device performance in response to unbalanced rate constants or reactant supply was studied. A VI plot and electrode
polarizations for both media are presented in Fig. 3 for devices
with reduced fuel reaction rate constants (K̂F,O = 0.1 and K̂F,R =
1 × 10−7 ). This creates a fuel cell that is kinetically limited at the
anode. It can be seen that the overall cell performance of the acidic
cell was signiﬁcantly reduced from the balanced case while the
alkaline cell was not. Interestingly, the cathode overpotential still
shows strong signs of activation losses in the acidic fuel cell despite
the anode kinetics being limited.
The VI plot and electrode polarizations are shown in Fig. 4 for
acidic and alkaline fuel cells where the nominal concentration of
fuel at the inlet was reduced to, CFBulk = 10 mM, while the other
concentrations were unaltered. This creates a device that has strong
reactant transport limitations at the anode. Again we see the performance of the acidic fuel cell is signiﬁcantly decreased and the
electrode overpotentials show similar behavior to that of the kinetically limited anode in Fig. 3. The alkaline fuel cell in Fig. 4 also
shows a noticeable decrease in overall performance, although not

Fig. 2. Overall VI and electrode polarizations for a LFFC using an (a) acidic electrolyte and an (b) alkaline electrolyte. The electrode polarizations are presented by
showing the individual electrode overpotentials as a function of cell current density.
The (normalized) rate constants are K̂F,O = K̂O,R = 1 and K̂F,R = K̂O,O = 1 × 10−6 ; the
concentrations in the bulk electrolyte are CFBulk = COBulk = CEBulk = 100 mM.

dimenionless rate constants for the fuel and oxidant reactions set
to K̂F,O = K̂O,R = 1 and K̂F,R = K̂O,O = 1 × 10−6 . This yields balanced
fuel oxidation and oxidant reduction kinetics. It is apparent from
Fig. 2 that for balanced kinetics the overall cell performance is
identical for alkaline and acidic fuel cells while the electrode polarizations (overpotential-current traces) are not. The overpotentials
are calculated by taking the difference between the electrode
potential and the potential in the electrolyte just outside the diffuse
region of the EDL. Overpotentials can be used as an indication of the
magnitude of the electrostatic contribution to the rate of the electrode current. The electrostatic contribution is the portion of the
electrode kinetic rate that is controlled by the potential difference
Table 2
Interdependency between salient metrics related to electrode kinetics.
Electrode
Acidic
Alkaline

Anode
Cathode
Anode
Cathode

↑
↓
↑
↓

|J,Net |

|J,O |

|J,R |

↑
↑
↑
↑

↑
↓
↑
↓

↓
↑
↓
↑

Cell

↓
↓
↓
↓

CC+

CA−

S

e |Diffuse layer

↓
↑
N/A
N/A

N/A
N/A
↑
↓

↑
↓
↑
↓

↓
↑
↓
↑

Author's personal copy
4522

I. Sprague, P. Dutta / Electrochimica Acta 56 (2011) 4518–4525

Fig. 3. Overall VI and electrode polarizations for both acidic and alkaline electrolytes
in a LFFC with limited kinetics at the anode. The fuel reaction rate constants are
reduced by a factor of ten, K̂F,O = 0.1 and K̂F,O = 1 × 10−7 , while other rate constants
remain unaltered.

as severe as the acidic fuel cell. The affect of the transport limitation
is easily seen in the cell potential which rapidly decreases as cell
current density approaches short circuit. Not surprisingly, this is
reﬂected in the anode overpotential for alkaline fuel cell, which is
being affected by a lack of fuel. In contrast, the transport limitations
are difﬁcult to discern in the acidic fuel cell because of the severely
reduced performance.
To study how overall cell performance is affected with changing kinetics, the overall cell current density and the concentration
of the working ion at the reaction plane of its consumption were
obtained. Fig. 5 shows the electrode average concentration and current density as a function of the (a) fuel oxidation rate and (b)
oxidant reduction rate. In Fig. 5a the fuel oxidation rate constant

Fig. 4. Overall VI and electrode polarizations for both acidic and alkaline electrolytes
in a LFFC with a reactant transport limitation at the anode. The nominal bulk concentration of fuel is reduced by a factor of ten, CFBulk = 10 mM, while other bulk
concentrations remain unaltered.

Fig. 5. Cell performance response in terms of cell current density to changing (a)
fuel oxidation rate constant and (b) oxidant reduction rate constant for both the
acidic and alkaline fuel cell. Also presented is the averaged concentration of the
working ion at the electrode–electrolyte interface of its consumption (i.e. cations at
the cathode and anions at the anode). The remaining rate constants were speciﬁed
as: (a) K̂O,R = 1, K̂F,R = K̂O,O = 1 × 10−6 , and (b) K̂F,O = 1, K̂F,R = K̂O,O = 1 × 10−6 .

is swept from K̂F,O = 0.1 to K̂F,O = 10 while all other rate constants
were unaltered and the cell potential maintained at Cell = 100 mV.
The cell current density of the acidic fuel cell shows a strong sensitivity to the fuel oxidation rate constant. The cell current density
is initally very low at low rate constants and is high at higher rate
constants. Where as the alkaline fuel cell current density shows a
much less dramatic sensitivity to the changing rate constant. For
changing oxidant reduction kinetics the results show a similar but
opposite trend; the performance of an alkaline fuel cell is strongly
affected while an acidic fuel cell is not. Fig. 5b shows the overall
cell current density and working ion concentrations as the oxidant
reduction rate constant is swept from K̂O,R = 0.1 to K̂O,R = 10. The
cause of the different responses to improved kinetics is related to
the diffuse region of the EDL. Whether or not the diffuse region
hurts or helps depends on the concentration of the working ion at
the reaction plane of its consumption.
For instance, in acidic media, the oxidant reduction has a concentration dependency (Eq. (4b)) on the working ion (cation). At
low fuel oxidation kinetics the concentration of the cation at the
cathode is severly reduced from the bulk value (Fig. 5a). As the
rate constant increases the cation concentration at the cathode also
signiﬁcantly increases. Thus the acidic fuel cell gets the beneﬁt of
increasing fuel oxidation kinetics at the anode as well as increased
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Fig. 6. Cross channel electrolyte potential and ion distributions for different fuel oxidation rate constants at x = L/2 (K̂F,O = 0.10 :
, K̂F,O = 0.32 :
, K̂F,O =
, K̂F,O = 3.16 :
, K̂F,O = 10.0 :
). For an acidic fuel cell the (a) cation and (b) electrolyte potential distribution are presented and
1.00 :
for an alkaline fuel cell the (c) anion and (d) electrolyte potential distribution are also presented. The distributions are only shown between the anode and cathode reaction
planes. In other words, the distributions in the Stern layers are not shown. However, the potential change across the Stern layer can be determined by S = El − RP where
−6
Ca = 0.1 V for the results presented. The remaining rate constants were speciﬁed to K̂O,R = 1 and K̂F,R = K̂O,O = 1 × 10 .
An = 0 V and

oxidant reduction kinetics at the cathode because of the increasing
cation concentration. In alkaline media, however, at low fuel oxidation rates the concentration of the anion at the anode is above the
bulk electrolyte concentration. This gives increased kinetics at the
anode due to the anion concentration dependency (Eq. (5a)) despite
the reduced fuel oxidation rate. As the rate constant increases the
concentration of the anion at the anode decreases and is near zero
at the larger rate constants. This limits the anode current density
despite the increased fuel oxidation rate constant.
A result of the difference in performance response of acidic and
alkaline fuel cells to changing anode kinetics is that for cases where
the anode is the limiting electrode (low fuel oxidation rate constant), an alkaline fuel cell will outperform an acidic fuel cell. An
important but not well understood phenomenon is that alcohol
oxidation at the anode is better in an alkaline fuel cell than in an
acidic fuel cell. If one assumes that alcohol oxidation is an inherently slow reaction, then the anode will be the limiting electrode. It
can then be concluded that an acidic fuel cell will be more severely
limited by these poor kinetics than an alkaline fuel cell. Therefore,
the results in Fig. 5a offer an explanation for the superior alcohol
oxidation performance in an alkaline fuel cell.
3.3. Electroltye–electrode interface response to changing kinetics
The importance of ion transport is very apparent in Fig. 5 and is
strongly inﬂuenced by the kinetic conditions at either electrode. To
further investigate this, the electrolyte potential and working ion
distribution across the channel at x = L/2 for different fuel oxidation
rate constants are presented in Fig. 6 with An = 0 V and Ca = 0.1 V.
The reults are presented in 3 domains; the anode diffuse region (left

pannel), the bulk electrolyte (center pannel), and the cathode diffuse region (right pannel). The distribution of cations is presented
in Fig. 6a for an acidic fuel cell. For low fuel oxidation rate constants there is a depletion of cations in the diffuse region at the
cathode resulting in a negative charge density in that region. This
corresponds to a positive Stern layer potential change as evidenced
by the potential at the cathode reaction plane being less than the
cathode electrode potential in Fig. 6b. As the fuel oxidation kinetics
are increased, the potential change across the Stern layer (S ) at
the anode becomes more negative to retard the anodic current and
maintain current conservation. Similarly, for higher fuel oxidation
rate constants, the potential change across the cathodic Stern layer
must also become negative to motivate the cathode. As the potential change across the cathodic Stern layer decreases to negative,
the charge in the cathode diffuse region inverts from negative to
positive (Fig. 6a). A consequence of the change in charge density
(from negative to positive) in the cathode diffuse region is that the
cations go from being depleted to a concentration greater than in
the bulk electrolyte. The interdependency between ion concentration, the Stern potential change, and charge density in the diffuse
region is summarized in Table 2.
The distribution of anions is presented in Fig. 6c for an alkaline
fuel cell. In this case, for low fuel oxidation rate constants there is
an excess of anions at the anode. Here, as the fuel oxidation kinetics are increased the potential change across the Stern layer (S )
must become negative at the anode and less positive at the cathode to maintain current conservation (Fig. 6d). In the alkaline case
the charge inversion occurs at the anode yielding a depletion of
anions at the anode for large fuel oxidation rate constants. The differences in cell performance for reduced rate constants shown in
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Fig. 7. The response of the potential changes across the Stern layer at both the anode
and cathode for both the acidic and alkaline electrolyte for changing fuel oxidation
rate constant. The values presented are the averages of the potential change distribution along the electrode. The remaining rate constants were speciﬁed to K̂O,R = 1
and K̂F,R = K̂O,O = 1 × 10−6 .

Fig. 3 can be explained by the behavior of the working ion and electrolyte potential distributions in the diffuse regions presented here.
We also studied the effect of changing reactant concentration on
these distributions (not shown) to further understand the cell performance results presented in Fig. 4. It was found that the response
of the diffuse region distributions and the overall cell current density for changing fuel concentration are very similar in qualitative
trends to the results presented for changing fuel oxidation rate constants (Figs. 5 and 6). It can then be concluded that the role of the
EDL in kinetic or transport limitations is comparable. For both the
acidic and alkaline media it is evident that charge inversion and the
potential difference across the Stern layer play a signiﬁcant role in
the overall cell response to changing kinetics. The average potential change across the Stern layer at both the anode and cathode
for both media are presented in Fig. 7 as a function of the fuel oxidation rate constant. The charge inversion due to increasing fuel
oxidation kinetics is reﬂected in the Stern layer potential change
at the cathode in an acidic fuel cell and at the anode in an alkaline
fuel cell. At slow fuel oxidation kinetics these Stern layer potential changes are positive and becomes negative at faster kinetics
crossing through zero near K̂F,O = 1, which corresponds to balanced
kinetics. The magnitude of the change across the Stern layer at the
cathode for the alkaline fuel cell decreases with an increased fuel
oxidation rate constant while the magnitude of the change at the
anode for an acidic fuel increases drastically.
4. Conclusions
Acidic and alkaline fuel cells were studied numerically for a LFFC.
The numerical model is based on the gFBV and PNP equations, and
it is able to fully resolve the 2-dimensional diffuse region at the
electrode–electrolyte interface. The overall cell performance and
electrode polarizations were analyzed along with the cross channel
ion and potential distributions. The results predicted cell behavior based on electrolyte composition that strongly correlates with
known results from experiment. This work provides insight into the
fundamental cause of these well known results and helps establish
a clearer understanding of the electrolyte’s interaction in electrode
kinetics.

For balanced kinetics, it was shown that the magnitude of the
cathode overpotential is lower than the magnitude of the anode
overpotential in the power producing range for an acidic fuel
cell. Thus, the cathode would be interpreted as the performance
limiting electrode. However, in an alkaline fuel cell the cathode
performance is enhanced and no longer appears to be the limiting electrode. Also, strong activation losses at the cathode are
demonstrated in an acidic fuel cell which are eliminated in an
alkaline fuel cell. It was then demonstrated that the improved
cathode kinetics and reduced activation losses in an alkaline
cells are a direct result of ion transport in the diffuse region of
the EDL.
When unbalanced kinetics are considered in the anode side,
the response in cell performance is different for acidic and anlkaline electrolytes. The trends for changing cathode kinetics are
exactly opposite (e.g. alkaline fuel cells are sensative to changes
in cathode kinetics while acidic fuel cells are not) of the trends
shown for changing anode kinetics. It was found that while both
cells beneﬁt from improved kinetics at either electrode the effect
of the EDL either multiplies or dampens this beneﬁt. Considering
this, we were able to determine that acidic fuel cells are more
sensative to changes in anode kinetics than alkaline fuel cells.
Therefore, for cases where the anode is the limiting electrode (low
fuel oxidation rate constant) alkaline fuel cells perform better than
acidic fuel cells. This provides an explanation for the superior alcohol oxidation performance in an alkaline fuel cell based on EDL
effects.

Appendix A. Nomenclature

English characters
C
concentration, mM
Cs
Stern layer capacitance, F
D
diffusion coefﬁcient, m2 s−1
−
e
Electron
F
Faraday’s constant, C mol−1
H
half channel height, m
J
current density, A m−2
Ĵ
dimensionless current density
K
rate constant
K̂
dimensionless rate constant
L
channel length, m
n
number of electrons involved in reaction
N
ionic ﬂux, mol s−1 m−2
P
pressure, Pa
R
ideal gas constant, J K−1 mol−1
S
stoichiometric coefﬁcient
T
absolute temperature, K
V
ﬂuid velocity vector, m s−1
x
position along channel, m
y
position across channel, m
z
ionic charge
Greek characters
a
ratio of waste to electrolyte in bulk ﬂuid
ˇ
kinetics symmetry Factor
ε
permittivity, F m−1

viscosity, Pa s

density, kg m−2
e
charge density, C m−2
˚
electrolyte potential, V
electrode potential, V
ω
ion mobility, m2 mol J−1 s−1
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Subscripts
A−
anion
An
anode
cation
C+
Ca
cathode
Cell
device level values
E
electrolyte
El
electrode
F
fuel
O
oxidant
,O
oxidation
,R
reduction
RP
reaction plane
S
Stern layer
W
waste
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