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On the Nature of Mixed Potential in a DMFC
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A 1D + 1D model of a direct methanol fuel cdIDMFC) is developed. Analytical solution for the case of equal oxygen and
methanol stoichiometries is obtained. The model predicts a new effect: formation of a narrow zone of local cuorétge),

which “short-circuits” cell electrodes at vanishingly small current in the load. The bridge arises only under nonzero flux of
methanol through the membrane. This effect explains dramatic decrease of DMFC open-circuit voltage known as mixed potential.
The expression for voltage loss at open-cirdgjtis derived;E, increases with the rate of crossover and tends to zero with the
growth of \. Numerical estimate for typical cell gives, = 500-700 mV, which agrees with the experimental data. The model
suggests a method for measuring mean crossover flux through the membrane and indicates conditions for cell operation with zero
crossover, regardless of the transport properties of the membrane
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If one connects load to the electrodes of a direct methanol fuel
cell (DMFC), already at very small current, cell voltage dramatically The discussion of these assumptions is given in Ref. 12.
drops®® Detailed measurements suggest that the effect is caused by In this work the model is extended to take into account transport
methanol permeation through the membramethanol crossovgr of reactants in the feed channels; the respective assumptions are as
Typical voltage lossE, at open circuit is about 500 mV. In the follows:
range of small current densities, this value constitutes the largest - ) )
portion of the overall voltage loss in DMFCs. The effect thus has 1. We assume plug flow conditions in the channels on both sides
been a subject of numerous experimental stutiese.g, Ref. 6,7 of the cell, that is reactant concentrations are uniform across the

and the literature cited thergin channel and flow velocity is constant.
In spite of extensive studies the origin of the effect still is not 2. Pressure in the cathode channel is constant.
fully understood. Possible candidates to explain the valu&gpf 3. For simplicity we neglect the effects due to channel curvature

include transport of excessive oxygen required to burn methanol orfnd consider a cell equipped with straight chanriglg. 1).
the cathode sid&poisoning of the cathode catalyst by the interme- Continuity equations in the feed channelsThe z axis is di-

diates of methanol oxidatiohor flooding of the cathode side’ rected along the channéFig. 1). Methanol and oxygen mass bal-
Until now, however, there are no reliable estimates in literature, gnce equations in the channels are

which would enable to confirm or decline the respective conjecture.

Recent numerical models of DMF&s! also do not explain the hauacaﬂ _ e -N [1]
nature ofE, (see Discussion Jgz  BF cross

In this work we develop a 1D + 1D analytical model of a
DMFC which reveals a new effect in DMFC operation. The model gt i 3
predicts formation of a narrow “bridge” of local current, which h%°%*— = = — = =Ngoss [2]
short-circuits cell electrodes even at small current in the external Jz aF 2

circuit. The bridge forms only in the presence of crossover; in an here th ints “a” and “c” refer to th de and the cath
ideal cell without crossover the effect does not take place. We derivé"’d ere_d € supers_crli:) s a r‘;’m ? hre' err] 0 ﬁ ano ? and the cath-
a formula for the voltage loss due to bridge formation. Numerical ©9€ side respectively is channel heighty is flow velocity, ¢ is

estimate shows that this voltage loss agrees with the experimentdPt@l molar concentration of the mixture in the channiflz) and
data onE,. £(2) are molar fractions of methanol and oxygen, respectiiéh),

is local current density

Model a
) ) ) ) ) N _ Jl|m< B ) _ J_ [3]
Basic assumptions—The model is a quasi-2D extension of our o 6F\1 +B j2
1D DMFC modet? and thus inherits all assumptions made in Ref. "
12 to describe the transport across the cell and kinetics of electrois molar flux of methanol through the membraizeossover flux?
chemical reactions. These assumptions are: j&., = 6FD2cy/IZ is local limiting current density due to methanol
transport through the backing layer, afdis a ratio of methanol

1. The mechanism of methanol and oxygen transport across thg,ass-transfer coefficients in the membrane and in the anode backing
respective backing layer is diffusion due to concentration gradient. layer

2. Transport of methanol through the membrane is due to con-
centration gradient and electro-osmosis. |

3. The variation of oxygen and methanol concentration across B= Z [4]
the catalyst layer is neglected. blm

4. Kinetics of methanol oxidation and oxygen reduction obeys a I - .
the Tafel equation. HereD,, and Dy are diffusion coefficients of methanol in the mem-

5. Permeated methanol is completely consumed in the cathog8'@ne and in the anode backing layer, respectivighand | ,, are

catalyst layer due to a direct chemical reaction with oxyyen. backing layer and membrane thickness, respectively.
The expression foNg,sswas obtained in Ref. 12 from the bal-

ance of methanol fluxes in the anode backing layer and in the
* Electrochemical Society Active Mermb membrane. Further analysis has shown that for typical methanol
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Llc - In(%) - |n<1 - Jiﬂﬂ [14]
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=) anode channel

Hereb is Tafel slope

c c
K=1il—, k= |t°iiT§ [15]
c C
ref ref

I; is catalyst layer thickness, is exchange current density per unit
volume, c,¢¢ is reference molar concentration, and

bC°E
c
I b

inlet
outlet

—> cathode channel

Jiim = 4F [16]

is local limiting current density due to oxygen transport through the
backing layer,Df is oxygen diffusion coefficient in the cathode
backing layer.

The first terms on the right side of Eq. 13 and 14 describe reac-

ient2 . . ) tion activation potentials. The second term in Eq. 13 describes volt-
gradient.” The resultingNcoss (EQ. 3 linearly decreases with the a4 1oss due to methanol transport through the backing layer; the

current densityj. This behavior correlates with the experimental thirg term in this equation represents anodic voltage loss due to

Figure 1. Sketch of the cell and the system of coordinates.

observation$:*>** _ _ ' methanol leakage through the membrane.
It is convenient to introduce dimensionless variables The second term on the right side of Eq. 14 describes the net
. voltage loss due to oxygen transport through the backing layer. This
~ ] ~ J .z ~ ¥ ~ & . X
=—, J=—, Z=-, $=—, £=— [5] term takes into account transport of oxygen, required for the elec-
J a0 a0 0 0 R . . .
Jim Jiim L ¥ 3 trochemical reaction and transport of excessive oxygen, required to

burn permeated methanthe termjqqsq-

Equations 13 and 14 are not empirical relations. These equations
are exact solutions of the problem of DMFC performance in 1D
approximation. Equations 13 and 14 are valid when

whereL is channel length

a0 _ BFDEcA° (6]
lim — Ig

and the superscript “0” indicates the values at the channel (atet
Z=0). DMFC is usually run at constant oxygen and methanol sto-
ichiometriesh® and\, respectively. By definition

J < minjZ, g}

wherej, = 20b/l; is characteristic current density, anglis proton

6Fhavecay,0 AFhVECEE con_ductlvr[y of the respective catalyst Iayfer. This work is focused
Nz ——— -\ —— > mainly on cell operation at small currents; we thus may safely as-
LJ LJ sume that this inequality is fulfilled.
whereJ is mean current density in a cell. Using dimensionless variablégq. 5, Eq. 13 and 14 take a form
Using these relations, 1 and 2 transform to A ~ ~
~ n J J
év{?llj ~ E: |n<_~) - ln(l_:) +In(l+B) [17]
NI~ == (] * Jcrosd [7] au ¥
Jz
c ~ ~ ~
i n J J % Jeross
~dE U —=In<—) —In(l——) [18]
C1—= — _ C ~ ~
A *](9~24 - (J + ]crosg [8] b Olqg ’YE
where where
~ 6FN ~ 7 1333 1516, [ o0 2DgI2 [ ce®
Teross= —-a3r055=81¢<1-:> [9] 0= cpa ©=ac |\ @d) ¥ apach
lim U BFDpCres Ififcher\ C 3Dplp\ ¢
is equivalent crossover current density. Here are dimensionless parameters 5Elgssi3 given by Eq. 9.
B Cell voltage is
Bi= g [10]
Veel = Voc = Ma = Mec ~ RyJ [19]
With Eq. 9, Eq. 7 and 8 take a form whereV, is thermodynamic open-circuit voltag®CV) and R, is
- ¢9l~l’ ~ -~ contact resistance. Fuel cell electrodes are equipotential, that is the
V‘JE ==[j+ B -] [11]  sum
- E=1%2 + (@ [20]
~d E g ~
)\CJﬁ_NZ ==+ By -1) [12] does not depend 6n Introducing dimensionless potentials
Polarization voltages—Polarization voltages?m°¢ of the an- = n E= E [21]
ode and the cathode sides, respectivelyzare b?’ b?

n—a = In(%) - In(l - Ji—) +1In(1 +B) [13]

b* lim

Eq. 20 takes a formm2 + m° = E. With Eq. 17 and 18 we finally
obtain
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+p|:ln<%) —In(l—%s)} -E [22]
agé Y€

bC
" b
is a ratio of Tafel slopes. Note that the anodic Tafel slbpes used

to normalize potentials.
Equations 11, 12, and 22 form a system of 3 equations for 3

unknownsii(), £(%), andj(Z). This is a 1D + 1D model of DMFC:

the relation of local current density and voltage 1ad8g. 22 couples

two equations, Eq. 11 and 12, for methanol and oxygen concentra-
tions in the respective channel.

Numerical and asymptotic analysis of this system is given in Ref.
15. In this paper we analyze the case of equal oxygen and methanol
stoichiometries, when the system discussed has exact analytical so-
lution.

where

p [23]

The Case ofA2 = A% Exact Solution

Along-the-channel profiles—If A\@= \° solution to the system
discussed is

V=g = [24]
Indeed, unden?=\®=\ Eg. 11 and 12 coincide, that ﬁ :E.
Substituting] = xis into Eq. 11 we get
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Figure 2. \Voltage current curves of DMFC with equal stoichiometries of
methanol and oxygen(a) A\ = 2; indicated are the values of crossover pa-
rameterB. (b) B = 0.333; indicated are the values lof Parameters used for

calculations are given in Table I.

~ =1 Using herg = k exp(=Z/w) and calculating the integral we find

A S [25]
Jdz

we get the following equation fat

Solving this equation and taking into account Eq. 24 we find

k[l - exg—1/p)] =J. With Eq. 27, after simple manipulations

K+ By(1 - k)
Mn(l_L(xl‘K))

=-7 [32]

Equations 19 and 30-32 determine the cell polarization curve. For a

given?], B, andX\ solution to Eq. 32 gives. Equations 30 and 31
then given? andnS; cell voltage is calculated from Eq. 19.

Cell polarization curves for several valuespand\ are shown

E=$=w%—5) [26]
'8
wherep. is the characteristic length
A
= 27
b B ) 27
From Eq. 24 we find
T=« exp(— E) [28]
L

Parameterk hence is local current density at the inIet:zT(O).

Substituting Eq. 26 an~d= k(s into Eg. 9 we get
~ Z
Jcross™ Bl(l - K)GX%— E) [29]

All variables thus decrease exponentially aléngvith the same

characteristic scaléEq. 27. Note that the exponential-like decay of
local current density witfz was obtained in fully 2D numerical

calculations of Birgerssoat al®
Substitutingj = ks into Eq. 17 and = k& into Eq. 18 we find

(K —x

2 = In(q) In(1 -«) +In(1 +B) [30]
LU Y _ LM)

- |n(aq) In(l Y [31]

We see that polarization voltages on both sides of the cell are con-

stant alongZ Parameterk is obtained from the conditiorf3jdz

in Fig. 2. The other parameters are listed in Table I. The increase
in B reduces OCV(Fig. 23. Furthermore, for a giveig voltage
loss at open circuiEy decreases with the growth af (Fig. 2b. At

N — % OCV reaches the valueVy. — Egly_., Where Eg|,_.

= 100 mV (see the following The effect of lowering cell OCV is
well known in DMFC studies; the above-described model explains
the physics of this effect.

Table I. Parameters used in calculations.

Anode Cathode
Temperaturg°C) 70 70
Pressurdatm) 2 2
D, (cm? s7Y) 2 X 10° 3 x 1073
i* (Acm™) 1072 1
Crer (Mol CNIT?) 103 7 % 10°°
Oxygen molar fractiorg® -- 0.2
Methanol molar fraction);® 0.018(1 M) --
Tafel slopeb (V) 0.05 0.05
Catalyst layer thicknesls (cm) 103 103
Backing layer thicknesk, (cm) 2 X 1072 2 X 102

102
10°,3.33x 106,10°

Membrane thicknesk, (cm)
D,, for = 0.1, 0.333, 1.GcnP s}
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Figure 3. Characteristic scale of the expongntaind local current density at

the inletk in Eqg. 28 as a function of dimensionless mean current deﬁsity
for indicated values ok. Crossover parameté = 0.333; the other param-
eters are given in Table I.

Depolarization at zero current: mixed potential-Analyti-
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Figure 4. The shape of local current density along the channel for indicated

values of dimensionless mean current deniitya cell.(a) The case of zero
crossover(3 = 0) and (b) nonzero crossove = 0.333. In both cases\
= 1.5; the other parameters are given in Table |. Arrows indicate evolution of

the curve agl — 0.

density tends to zerdyothk and . in Eq. 28 tend to zero. Thus, at

cal solutions of the previous section give exponential decreasesmauj local currenﬁ decreases witi faster than at Iarga.

of ¥, & ], and Jeoss With Z and constant overpotentialg? n°.

Most interesting is the case of finite. Numerical solution to

The functionj(Z) (Eq. 28 is of the most interest, because parameter Eq. 32 for variousk is shown in Fig. 3. As) — 0 we have again

k determines overpotentialséEq. 30 and 31
Parametek is the solution to Eq. 33y in Eq. 28 is given by Eq.

27. Bothk and p depend onJ; behavior ofx and W asd— 0

w — 0, whereak now tends to nonzero valug (Fig. 3), which is

solution to Eq. 32 withd = 0. Clearly, asl) — 0 the expression
under the logarithm in Eqg. 32 should tend to zero. kgwe thus

determines cell voltage at zero current. To rationalize this behaviohaye an equation

consider first the limiting cases.
In case of zero crossover we pBif = 0 and Eq. 32 gives

~ 1
kK =—J\ In(l - X) [33]
The characteristic scale (Eq. 27 then reduces to
[ 1 }_1
=-|Inf1l-- 34
B ( )\) [34]

We see that as mean current density tends to zero, the “amplitude”
of local current densityEq. 28 also tends to zero, wheregsdoes
not change. If, therefore, an ideal céllithout crossoveris run at a
constant\® = \® = \, the shape of local current density alongs

the same for all points of cell polarization curve. The variatiod of

simply rescales the whole cur\?éi).
Crossover, however, adds additional degree of freedoni, If

# 0, the characteristic scale of expongnvaries withJ. This can
be shown explicitly for the case of large the logarithm in Eq. 32

then can be expanded and we get J. With this k Eq. 27 yields
I\
B [35]
J+B(1-J)

We see that now. — 0 asJ — 0. Therefore, as mean current

b = (1) foroexp(=Z/p)dz = ko[ 1 ~ exp~1/w)].

_ Ko+ Ba(l ~ ko) _

1 0
Ko)\
The solution is
B1 B
= = 36
TN -1+ AL+ -1 =6l
With k = kg EqQ. 27 gives
AA(L +B) - 1)3
_AML+B) - 1) (7]

B(1 +X)
which vanishes ag — 0. Therefore, ad — 0 near the inlet forms
a narrow “bridge” of local current with nonzero amplitudg The

width of the bridgep. decreases with.

This is illustrated in Fig. 4. In case of zero crossoneiEq. 33
decreases linearly with, whereagu (Eg. 34 remains constarn(Fig.
43). Local current “dies out” uniformly over the cell surface; in the
logarithmic scale the curves in Fig. 4a are parallel straight lines.

In case of nonzero crossover (Eq. 37 tends to zero with
J, whereask tends to a constant value, (Eq. 36, Fig. 4b. An
important point is thathe mean current density in the bridgg j
remains finite as total current in the system tends to .zkrdeed,

Because
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Table Il. Voltage loss at open circuit for indicated values of In this limit the bridge 9095 not form ari, is given by nonva-
and A. nishing terms in Eq. 39 a3 — 0. However, one has to be careful
8 0.1 0.333 1.0 when passing to the limit — 0 in Eqg. 39. The formal limit cannot

Eglyes (MV) 520 637 738 be calculated because the activation terms in Eq. 39 originate from

Egly=- (MV) 13 43 135 the Tafel equation, which is not valid in the limit df— 0. Physi-
cally, at small currents the Tafel equation should be replaced with
the Bultler-Volmer formula, which gives zero activation voltage at
zero current density.

. 0asd— 0, we haveTb — ko. Eq. 36, therefore, gives the de- To pass to theNIimit] — 0 in Eq. 39 we thus have to drop out

pendence of local current density in the bridge on crossover paramactivation terms 163/q),In[J/(aq)] and putd = 0 in the other terms.

eterp and stoichiometry.. Physically, (Eq. 4 is a ratio of mass-  This gives

transfer coefficients of methanol in the membrane and in the backing

layer. Fast diffusion of methanol through the membrane or slow . B

methanol transport through the anode backing layer incrgase Eol\=- = bAn(1 +B) - bfIn( 1 - 1+p)y [40]
Overpotential{Eq. 13 and 1} depend on the local current den- Y

sity, rather than on the total current in the system. Formation of theWith the parameters from Table | we get the valigl .. shown in

bridge wi;h finite current density thus indl_Jces finite overpo_tentir_:llsthe third row of Table II. For alp “1D values” Eq, ;;re signifi-

on bgth_SIdaei ofcthel celll.tTQe \.ﬁ]l(ta_ge IoLst .|ndtlf]ced Ey tg% b“%g;lls %antly smaller tharky|, -g. Thus, the effect of mixed potential cannot

SUmEg ="+ m- calcuiated withe = ko USINg here £q. 50 an be explained within the scope of the 1D DMFC mo(sge also the

we get Discussion section

E = ba[m(@) —In(1 - ko) + In(1 + B)] _ _C_ross-linked feed?ng—Consider cell o_peration at th_e oxygen-
q limiting current density. Formally, operation at the limiting current
. Ko Ko + B1(1 — ko) density is quivalent to infinite_voltage loEs The expression under
+b°In| —|-In|l-—"—"—"— [38]  the last logarithm on the left side of Eq. 22 should tend to zero and

. we getj + jeross= ¥E, OF j + B1( — ]) = v& Using herej = ki

wherekg is given by Eg. 36. (Eq. 24 we find

With the parameters in Table | and= 8 we find the values
shown in the second row of Table Il. Thermodynamic OCV of K+ Byl -xk) =y

\Ia,N\:\'lzh(i:cE :g%?sl\}ﬁtxtzzeegggﬂ?nzhﬂlggeduces cell OCV't0 0.5- 0.7 If vy=1 we getk = 1 and _thUSicross_= [31(1. - k) = 0, regardless
OCV decreases as soon as the cell is connected to any loaflf B for any z T.hls case .'§0°f pslortlcular '“tfﬁ?sg c0 e
resistance. The bridge forms already at very sifsatictly speaking, v =1 is equivalent tojy, = jjim, or 6FDycy/l, = 4FDyco,/lp.
at infinitesimal total current in the load. Physically, the bridge arises Physically,y = 1 means that at the inlet the flux of oxygen across
due to the lack of oxygen in the cell. At a certain distance from thethe cathode backing layer equals the flux of methanol across the
inlet of the cathode channel most of the available oxygen is con-anode backing layer. Both fluxes are maximal because they provide
sumed in the reaction with permeated methanol. The amount ofh® limiting current density. The concentrations of oxygen and
oxygen available for current generation is limited there and thisMethanol in the respective catalyst layer thus tend to zero.
induces “contraction” of local current into a bridge. The bridge thus  The fact thatj,ss= 0 independent of means that the equality
arises regardless of the details of kinetics of electrochemical reacef oxygen and methanol transverse fluxeszat O provides their
tions; its nature is determined mainly by electrostatic and transporequality at anyz. The condition
phenomena.
According to Eq. 36k, tends to zero a — «. The voltage loss \=\Candjfl = i, [41]
at open circuig, can, therefore, be effectively reduced, increasing
at small current$Fig. 2b). Physically, the increase mincreases the
characteristic sizar (Eq. 37, Fig. 3a thus “smearing out” the
bridge over the larger surfaée.

thus describes the regime ofoss-linked feedingeverywhere along
the channels available methanol and oxygen are consumed, so that
regardless op crossover is exactly zero and one does not need the

membrane.
The limit of large A: one-dimensional cel—If A>1 In this regimek = 1 and the characteristic scagle(Eq. 27 is
+ B1(1/k = 1), the logarithm in Eq. 32 can be expanded and
we getk =7, Substitutingk =7J into Eqg. 30 and 31 and using w= A [42]

the resulting expressions to calculate voltage |dSg=n?

+m° we find Integrating ] = kexp(-z/p) = exp(-z/(\J)) over Z e [0,1] and

equating the result 14, after simple transformations we find

Ep = b{ln(é) ~In(1 -J) +In(L + B)}

~ 1\ |1
- ~ < J=- [Mn(l——)] [43]
N bC[m(aiq) - In(l - %M)] [39] A

. . . - In this regime the limiting current density of a cell is a functionof
Eq. 39 is voltage loss, obtained in Ref. 12 within the scope 9 9 y

of the 1D DMFC model. Clearly, in the case of large the  Only. Substituting this] into Eq. 42 we find
along-the-channel variation of all parameters is small and we
come to the formula for a one-dimensional cell.
PCalculation of the limitd — 0 in the previous section is justified, because= kg
already at finited ~ 30 (Fig. 4b). For all curves in Fig. 4b the Tafel equation At
%From Eq. 37 for large. we getp ~ \. =30 is valid.
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of this plateau decreases with the growth of oxygen stoichiometry.
Our recent experiments confirm the effdtd be published else-

M=—®%l—}ﬂd [44]
A where.

This value coincides with that obtained for the case of zero cross- |n general, numerical models of DMFCs similar to those devel-
over B = 0 (cf. Eq. 39. Using Eq. 44 in Eq. 26 and 28 we find oped by Wang and Wan§and Birgerssoret al*® should capture

- 1\ formation of the bridge. The characteristic size of the brigge
p=E=]= <1 - X) [45]  small and decreases with so that to resolve the bridge a fine grid
in z direction is necessary.
All variables in the cross—linked regime are universal functions of | argeE, does not necessarily mean poor cell performance in the

A only. whole range of currents. If conditioriEq. 41 are satisfied, the cell

Physically, the regime of cross-linked feeding is equivalent to theyith large E, exhibits excellent performance near the limiting cur-
case of ideal membrane with zero crossover. Inlet concentrationgent density.

and fluxes of reactants on both sides of the cell are matched so that The model above does not take into account formation of CO
methanol and oxygen concentrations in the respective catalyst layengypbles on the anode side. At high current density these bubbles
tend to zero at any. seriously affect transport of liquid methanol in the channel. Condi-
tions Eq. 41 should, therefore, be considered as a qualitative hint
how to minimize crossover.

Mass balance equatiorfEq. 7 and 8 lead to of integral rela- The regime close to the cross-linked feeding was presumably
tions, which are valid regardless of the distribution of local current realized in experiments™® In Ref. 6 voltage loss due to crossover
density. These equations show that the rates of oxygen and methanglas less than 20 mV at 100 mA ¢ This small value indicates
consumption differ only by a constant factor. Equating the left sideslow methanol concentration in the anode catalyst layer.
of Eg. 7 and 8 and integrating the result oy8(z], we get

Nl - 1) =N E - 1) [46]
Introducing oxygen and methanol utilization according utz)
=1 —E, W’z =1 —E;, respectively, we immediately find that

Oxygen and Methanol Utilization, Mean Crossover Current

Conclusions

A 1D + 1D model of a DMFC is developed. In case of equal
oxygen and methanol stoichiometries the analytical solution to
model equations is obtained. The solution exhibits a new effect:
formation of a narrow bridge of a local current close to the inlet of

W@ A the feed channels. The current density in the bridge remains finite
— ~Ta [47] even at vanishingly small current in the external circuit. The bridge
U@ A thus “short circuits” DMFC electrodes.

Physically, formation of the bridge induces finite overpotentials
on both sides of the cell and the cell OCV appears to be well below
thermodynamic value. The voltage loss due to the bridge is given by
Eq. 38.

The model suggests the regime of cell operation with zero
methanol crossover. This regime is realized if at the inlet oxygen
and methanol fluxes across the respective backing layer are equal
and the cell operates close to the limiting current density. Under

GI0SS — \eyc(1) — 1 = Nd(1) - 1 [48] these conditions methanol concentration in the anode catalyst layer
] tends to zero and crossover is zero regardless of the transport prop-

~ - ) ) _ erties of the membrane.
\A/f\I?h.ereJcmss— Joleroséfz and the last equality was obtained with Eq. The Institute for Materials and Processes in Energy Systems assisted in

The flux of methanol through the membrane is usualéy calculated™®®n9 the publication costs of this article.
measuring the amount of GQOin the cathodic exhau £ This
method, however, is not reliable because,@@rmeates through the
membrane from the anode to the cathode éi&ﬂ. 48 provides a
simple means for evaluation of the overall crossover current in DM-
FCs: by measuring oxygen and/or methanol concentration at the

outlet one can calculat}brosswith Eq. 48.
When crossover is zero, from Eg. 48 we find

Thoughu? and u® depend or¥, their ratio does not. In case af
= A\ oxygen and methanol utilizations are equafl:= u Putting
Z=1in Eq. 47 we get the ratio of total methanol and oxygen utili-
zations:u¥(1)/u¢(1) = A\¢/\2

Integrating Eq. 8 oveZ e [0,1] and taking into account that

J5dz=7, after simple calculations we find

il

List of Symbols

tilde marks dimensionless parameters; for their definition see Eq. 5
Tafel slope, V
total molar concentration in the channel, mol©ém
Cef reference molar concentration, mol ©m
D, Diffusion coefficient of feed molecules in the backing layer 2@t
E total voltage loss, V

1 1 F Faraday constant
us(1) = G ud(1) = = [49] i* exchange current density per unit volume, A€m
J mean current density in a cell, A ¢

These relations do not depend on the type of feed molecules and aréoss
thus valid for hydrogen fuel cells. ji
Jrim
h
Formation of the bridge is essentially a 2D effect. As shown |
previously, a large value of voltage loss at open circuit cannot be b
explained within the scope of the 1D model. Furthermore, a 1D '"L"
model cannot explain the dependenceBgfon oxygen stoichiom-
etry, detected in experiments of Qi and Kaufnfa@ur model ex- s

Discussion

plains the effect: the explicit dependencekfon \ gives Eq. 38 q
with ko, EQ. 36. The bridge manifests itself as a plateau on the cell R,
polarization curve in the range of small curreiisg. 2a. Physi- u

cell

cally, this plateau is due to the constant and independeatlmxfal Voo
current density in the bridge. Detailed analysis shows that the length v

mean crossover current in a cell, A ¢

Local current density in a cell, A cth

characteristic current density, A ¢f

limiting current density, A ci?

Channel height, cm

thickness of the catalyst layer, cm

thickness of the backing layer, cm

thickness of the membrane, cm

channel length, cm

molar flux of methanol through the membrane, mol&s*
ratio of Tafel slopesp = b¢/b?

dimensionless parametéhe definition is below Eq. 18
contact resistance) cr?

feed molecules utilization

cell voltage, V

thermodynamic OCV, V

velocity of the flow in the channel, cms
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x coordinate across the cell, cm
z coordinate along the channel, cm
Greek
« dimensionless parametéhe definition is below Eq. 18
B dimensionless parameter of crossover, Eq. 4
Br B1=p/(L+P)
v dimensionless parametéhe definition is below Eq. 18
v polarization voltage, V
k dimensionless local current density at the inlet
N stoichiometry of feed flow
w dimensionless characteristic scale of the exponent
& oxygen molar fraction in the channel
o proton conductivity of membrane phase in the catal@st; cm™t
methanol molar fraction in the channel
Superscripts
0 inlet(atz=0)
a anode side
¢ cathode side
Subscripts
0 at zero current
b backing layer
lim limiting

PONPE

a1

m membrane
t catalyst layer
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