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Methanol Fuel Cell Model: Anode

S. F. Baxter?* V. S. Battaglia®** and R. E. WhiteP**

aArgonne National Laboratory, Argonne, lllinois 60439, USA
bDepartment of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

An isothermal, steady-state model of an anode in a direct methanol feed, polymer electrolyte fuel cell is presented. The anode is
considered to be a porous electrode consisting of an electronically conducting catalyst structure that is thinly coated with an ion-
selective polymer electrolyte. The pores are filled with a feed solution of 2 M methanol in water. Four species are transported in
the anode: water, methanol, hydrogen ions, and carbon dioxide. All four species are allowed to transpediiadtien through

the depth of the electrode. Species movement in the pgalidection is taken into account for water, methanol, and carbon diox-

ide by use of an effective mass-transfer coefficient. Butler—Volmer kinetics are observed for the methanol oxidation reaction. Pre-
dictions of the model have been fitted with kinetic parameters from experimental data, and a sensitivity analysis was performed to
identify critical parameters affecting the anode’s performance. Kinetic limitations are a dominant factor in the performance of the
system. At higher currents, the polymer electrolyte’s conductivity and the anode’s thickness were also found to be important param-
eters to the prediction of a polymer electrolyte membrane fuel cell anode’s behavior in the methanol oxidation region 0.5-0.6 V
vs. a reversible hydrogen electrode.

© 1999 The Electrochemical Society. S0013-4651(97)12-114-0. All rights reserved.

Manuscript submitted December 29, 1997; revised manuscript received September 25, 1998.

Polymer electrolyte fuel cells have several characteristics thatonducting porous layers that allow for even distribution of reactants
make them an attractive power source for transportation applicato the anode and cathode. The porous layer on the anode side is a hy-
tions. In particular, they can operate on a direct feed of liquid methdrophilic carbon paper while the cathode side contains a hydro-
anol, which allows vehicle refueling to be no more labor intensivephobic carbon cloth. Silicon gaskets are inserted to prevent the cell
than for a spark ignition engine that runs on gasoline. A methfrom leaking. The anode and cathode are hot-pressed onto an ion-
anol/water solution is the fuel to the anode and oxygen or air to theelective polymer electrolyte membrane to construct the membrane
cathode, producing the overall reaction electrode assembly (MEA) in the center of the fuel cell. Figure 2 is

the expanded view of the MEA.
CHyOH + 1.5 G,~ CO, + 2H,0 [l Figure 3 presents a schematic of the anode side of the fuel cell,

Polymer electrolyte membrane (PEM) fuel cells operate at low temWhich is the subject of this paper. As shown in the figure, liquid
peratures, usually between 60 and°M@nd consequently require Methanol and water enter through an inlet in the current collector.
shorter start-up times than higher temperature fuel cells. The fuelhe reactants flow through channels that are machined into the
efficiency of a PEM fuel cell, fed by methanol, can be higher than arfraphite current collector. The fuel transports through an electroni-
internal combustion engine because the chemical energy in methan@®lly conductive diffusive carbon paper. This carbon paper evenly
is directly converted to electrical energy. distributes the reactants to the anodg at 0. Once the water and

The methanol feed, PEM fuel cell can be divided into seven segtneéthanol reach the anode, a series of transport processes occurs
ments (Fig. 1). The two outer segments are graphite-plate currefyithin the ele_ctrode before the foI_Iowing electrochemical reaction _
collectors with flow channels for reactants and products to enter antkes place (ri is used as a subscript to denote a parameter’s associ-
exit the cell, respectively. The adjacent segments are electronicallgtion to a specific reaction)

* Electrochemical Society Student Member. . 4 B
** Electrochemical Society Active Member. rn=1 CHzOH+ H,0—CO, + 6H" + 6¢e [2]
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Figure 1. Schematic of a methanol feed,
polymer electrolyte fuel cell.
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Anode 0 Cathode
Solid Polymer
Electrolyte Membrane

description of its manufacturing can be found in the litergtdhe
porous ink electrode contains a solid matrix and a solid polymer
electrolyte (referred to as the “bond layer” of the anode), with liquid
feed that penetrates the pores.

As shown in Fig. 3, water and methanol transport through the car-
bon paper into the liquid-filled pores of the anode (unshaded regions
betweerx = 0 andx = L). The species diffuse from the liquid pores
into the polymer electrolyte bond layer. The reactants are then trans-
ported to the catalytic site where the electron-transfer reaction occurs
(Eg. 2). The catalyst is a connected network of electrically active par-
ticles (known as the matrix layer) that are partially coated by an ion-
selective membrane (known as the bond layer), as depicted in Fig. 4.
The catalyst conducts electrons from the electrochemical reaction
(Eq. 2) to an external circuit by way of the carbon paper and the cur-
rent collector. The hydrogen ions that are produced in Eg. 2 remain
in the bond layer. Hydrogen ions are carried through the bond layer
of the anode, in the-direction, to the proton-conducting PEM. The
anodic reaction is kinetically limited, which can result in unreacted
methanol and water passing through the membrane to the cathode,
otherwise known as methanol crossover. Carbon dioxide, a product of
the anodic reaction, will either diffuse through the membrane to the

cathode or back diffuse through the carbon paper.

The two predominant issues that hinder the application of direct
methanol fuel cell (DMFC) technology are poor kinetics of methanol
Membrane Electrode Assembly electro-oxidation on the anode catalyst and crossover of methanol

(MEA) from the gr)oo_le to the cathode. The effects of these two phenomena
can be minimized when the anode structure promotes maximum cat-
Figure 2. Schematic of a MEA shown in Fig. 1. The anode and cathode aredlyst usage and does not require methanol to be supplied in excess. In
hot-pressed onto a PEM. this work, the anode in a DMFC is modeled using porous electrode
theory? The major contribution of this work is the detailed treatment

f a three-phase polymer electrolyte anode fed with a liquid meth-

_The anode in Figure 3 is the type that has Nafion impregnated o\ yater solution. A sensitivity study is presented to determine crit-
into the catalyst pores. Nafion impregnation means that the surfacgy, parameters affecting the performance of the anode.

of the catalyst structure is coated with a thin layer of a solid polymer

electrolyte (shaded regions betweesr 0 and x= L) when Nafion .

is incorporated into the fabrication technique. Nafion impregnation Relevant Literature Models

has produced an anode with an order of magnitude less catalyst with- Water management in the membrane has been the focus of most
out sacrificing fuel cell performandelmpregnation of solubilized  polymer electrolyte fuel cell models because the PEM must remain
Nafion in the electrode allows more of the reaction sites to be availhydrated for proper fuel cell operati®d.When hydrogen or a

able due to the necessity of the catalyst to be in close physical conaporized methanol/water solution is used as the fuel, hydration of
tact with a hydrogen-ion-conducting electrolyte. This contact facili-the perfluorinated membrane is a serious concern. The conductivity
tates the mass transfer of hydrogen ions from the active site. Thef the membrane is directly proportional to its level of hydration. If
anode considered in this work is an “ink-type” electrode, and athe membrane dries out, the fuel cell cannot operate. When the fuel

- J
Y
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Current i  (Carbon =3 g
Collectori  Paper) £oms

CH;0H, H,0 (unreacted)
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Figure 3. Schematic of the anode side of a
polymer electrolyte fuel cell used in devel-
oping model.
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Reaction Sites the frictional coefficient of water and hydrogen ions. The same rela-
(At the Matrix/Bond Layer/Liquid Interface) . . s
CHLOH + Hy0 — 6 H' +6 ¢ + COyuy tionship has been developed for methanol in our model.

Scott et all¥ present a fairly simple model for a low-temperature
PEM fuel cell with a vaporized methanol/oxygen feed. The purpose
of this model is to determine the effect of methanol crossover on the
cell voltage. The flux of water and methanol in the membrane is
modeled using Fick's law and a linear concentration gradient
through the thickness of the membrane. The anode in our work is
more detailed kinetically and structurally. The anodic reaction is
modeled with the Butler—Volmer expression rather than Tafel kinet-
ics, which is less accurate at lower current densities. Our work treats
) the anode as a porous matrix coated with a polymer electrolyte that
e e has void spaces for the liquid methanol/water solution. Scott et al.
treats the pores as if they are filled with solid polymer electrolyte,
eliminating any void volume for the feed to occupy. This approach
Bond Laver requires the vaporized methanol feed to access the electrolyte from
(Ton Selective Palymer Electrolyte) the back side of the anode (at the carbon paper/anode interface),
through a fraction of the anode’s geometrical area. This situation
could result in membrane dehydration since the access of methanol

CH.OH

,/\

Liquid Layer

(Methanol/Water Solution and water through the anode is limited.
_ in a pore of the anode) Several parameters in the model presented here are specific to the
B voix Layes equivalent weight of the polymer electrolyte. These parameters in-
B owd Layer clude the drag coefficients, partition coefficients, and diffusion coef-
O] viquid vayer ficients of water and methanol, in addition to the conductivity and

Figure 4. Exploded view of a catalyst particle (matrix layer) partially coated thickness of the electrolyte. The equivalent weight and the molecu-
with polymer electrolyte (bond layer) in a porous anode. The void volume oflar weight of the polymer electrolyte can be perceived as identical
the anode is flooded with a methanol/water solution (liquid layer). guantities. Using the molecular weight of the electrolyte, the con-
centration of sulfonic acid groups can be calculdt&te concen-
ération of hydrogen ions is identical to the concentration of sulfonic
acid groups due to the conservation of charge. Bernardi and Ver-
g]ruggé'l used the concentration of the electrolyte to estimate an
“chemical short” that can dramatically lower fuel cell performance.e ectro-osmotic drag expression. FLﬂIeised_the electrolyte con- .
gentration to determine implicitly the hydration of the membrane in

In the work presented here, methanol can transport through th ) .
membrane by diffusion and electro-osmotic drag. The diffusion Co_order to determine a drag coefficient. The paramefyst(, K;,

efficient of methanol in Nafion is based on Verbrugge's work. Ver- gi(Z)' _’;)0’ dar_n) Ir?' this (\j/vclnrk are specific to the polymer electrolyte
brugge developed a simple diffusion-only model of methanol escribed in this model.

through a PEM, assuming dilute solution theory and no significant Model Description

concentration-dependent methanol-membrane interactiéxfter The model equations are defined in one directioooprdinate)
validation with experimental data, Verbrugge proved that methanothrough the anode depth. For the movement of water, methanol, and
diffused through the membrane almost as readily as in a dilute solwcarbon dioxide across the liquid layer/bond layer interface, a pseudo
tion of water. The electro-osmotic drag term for methanol is basedecond dimension is defined in theirection (see Fig. 5). (Figure 5

on Fuller's concentrated solution theory model of a PEMquan- is a simplified interpretation for the purposes of breaking down the
titative term for the electro-osmotic drag of water was derived frommovement of species and describing their transport in the pgeudo

CH,OH + H,0 —> 6H' + Q0 + 6o°

is liquid methanol and water, our model shows that hydration of th
membrane is not a problem.
Transport of methanol from the anode to the cathode results in

CATALYST MATRIX

Figure 5. Schematic of the matrix, bond,
and liquid layers in the anode of a PEM
fuel cell. The movement of species is illus-
trated in thecand pseudo glirections with
respect to a small volume element.

Cathode Side of the PEM Fuel Cell

LIQUID PORE

Anode

Carbon

Paper Polymer Electrolytq
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O(anode |e O —>]
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direction. It is not an actual physical representation of the anode.) Vui = RTVInc + zF Vo, [6]
Water, methanol, and carbon dioxide diffuse inxtuirection and the
The charge numbers of water and methanphre zero. Therefore,

pseudoy-direction due to a concentration gradient. Electro-osmotic A h . .
drag additionally promotes the movement of water and methanol ithe electrochemical potential gradient for these two species reduces to

thex-direction_. To ur]dt_ars_tand the propose_d movement of speci_es pre- Vi = RTVIng fori = H,0, CHOH 7]
viously described, it is important to realize that the layers in the
model are interwoven throughout the porous electrode. The hydrogen ion concentration in the bond layer is equal to the con-

The transport of species from the liquid layer, through the bonccentration of sulfonic acid groups affixed to the Nafion electrolyte.
layer, and to the catalyst surface is treated as a mass-transfer prdblectroneutrality dictates that the charge of the hydrogen ions is bal-
lem. The species concentration in the liquid layer is at aoadle anced by the charged groups affixed to the Nafion backbone
at the center of the pore. In the bond layer the species concentration
is considered to be at a locavalue adjacent to the matrix surface. Z:Ci) T ZnCm =0 (8]

The concentration of species i is not accounted for through the th'CkThe concentration of sulfonic acid groups varies with the equivalent

weight of polymer electrolytes. We assume that the equivalent

e . . . fveight of the selected polymer is uniform throughout. The charge
bond layer by way of diffusion in thedirection. The concentration balgnce in Eq. 8 state% t¥1at the concentrationg of hydrogen igns

_oftspfeues_ iin the l::_ond ll"f[‘yetr' adjacentt tct>_ the_ b?r?d Il_ay(_a(;lllqlwtt_j I"’“t/efc+ 2)) does not vary through the electrolyte since the concentration
Interface, 1 propor |0nab 0 Its concentration In the Iquid relative 10 o e gy ifonic acid groupg{) attached to the polymer electrolyte
a partition coefficient;ch,). Ultimately, the bond layer species con- does not vary. Therefor&,In ¢, = 0, and from Eq. & it follows that

cen';ra:!on, a;cijhacent io thfthmatrlx, IS rtt)alated tfcf) ”;? Iqu|d-Iatyer CONhe electrochemical potential of the hydrogen ions is only a function
centration at the center of the pocg,() by an effective mass-trans- ¢ 16 otential gradient in the bond layer

fer coefficient (see Appendix A). The effective mass-transfer coeffi-
cient, k;; o1, includes species diffusion in the liquid, transport from Vi, =FVd, [9]

the liquid to the bond layer, and diffusion in the bond layer to the h ion for the ioni . b . . f
matrix surface. This treatment allows for the transfer of specied "€ €quation for the ionic curreng)(can now be written in terms o

between the anode layers. The assumptions used in this model ar&oncentration and potential after substituting Eq. 4, 7, and 9 into Eq. 3

1. Isothermal conditions.

2. Uniform porosity. i, = —K(Vd)z + & RT Veoz) £ RT VCC(Z)J [10]

3. Butler—Volmer kinetics govern the electrochemical reaction. F G2 F ¢

4. The transport equations in the bond layer are based on dilute
solution theory and include expressions for the electro-osmotic draﬂ
of water and methanol. ty.

5. The transport equations in the liquid layer are based on dilut
solution theory.

6. Carbon dioxide remains dissolved in solution. PR — [11]

7. The pressure gradient across the anode is negligible. 1o

Applying these assumptions results in nine governing equation®hm’s Law states that the electronic current in the matrix is propor-
written for nine dependent variables with respect txtt@ordinate.  tional to the gradient of the potential in thelixection. The govern-
The dependent variables are: current density in the bond lgyer, ing equation for the potential of the matrik;J uses conductivity
electric potential in the matrixp; electric potential in the bond (o) as the proportionality constant
layer, ¢,; concentration of water in the bond lay&j,y; concentra- i~ gV 12
tion of methanol in the bond Iayexe(z); concentration of carbon i1 = —0oVdy [12]
dioxide in the bond layet,,,,); concentration of methanol in the |n the model the explicit dependenceigis removed by substitut-
liquid layer,c3y concentration of carbon dioxide in the liquid layer, jng Eq. 11 into Eq. 12.
Ceop3y @Nd velocity of the liquid layens),

The applied total current density of the cé)lié a known quan-

. The ionic current can be calculated from Eq. 10. By conserva-
tion of charge, electronid,j and ionic current densities,( must
sum to the total superficial current density

Kinetic Equations

Ohm's Law Equations . The kinetics of the methanol oxidation reaction is related to the
Due to the movement of charged particles, the current in the bongbnic current by the Butler—Volmer expression, the governing equa-

layer can be writt¢h tion for the ionic current density,f
iy = Fz zN fori=H" 3] diy _ F{aaF j F{facp ] [13]
" —= = Qyqly| EXP ——— — eX
i dx 2o RT ® RT

Hydrogen ions are the only mobile charged species in the bond Iaye|”he Butler—Volmer exchange current density can be written as a

The flux equation for hydrogen ions in the bond layer is a function i f the ref h ¢ densit d th
of their electrochemical potential and the electrochemical potentia[un(.: lon ot the relerence exchange current density and theé concen-
ration of species in the liquid layer (water, methanol, and carbon

of water and methandl dioxide)

K(Vpy Vig Ve [4] Y Tr ¥
N+ F[ Fo T T i) =i @) | | % | | Cco2) [14]
Co@) ) \ Ce(2) Cco,(2)

In Ref. 9 an equation similar to Eq. 4 is derived for two species,
water and hydrogen ions. The electro-osmotic digds(defined as
the ratio of the number of species i molecules {ivater or meth-
anol) dragged by a hydrogen ion moving from one charged bon
layer group to the next

wherey, 7, andy{s can be defined through a proposed reaction mech-
nism or fitted to experimental data. The reaction rate constants are
cluded in the reference exchange current dengj)y heasured at

a given temperature and reactant concentration. The transfer current

N, ) density is a function of the surface overpotential. The surface over-
§ = N for i = H,0, CH;OH (5] potential, which drives the methanol oxidation reaction (Eqg. 2) at the
+ anode, is the difference between the potential of the matrix and that

The gradient of the electrochemical potentials can be written as  of the bond layer compared to the standard potential of the reaction
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0 .
Mg = b1 — by — Urer [15] j=—31d% o _n,0 cHoH,CO,  [24]
The reference potential is based on a platinum wire reference elec- 6F dx
trode being placed at the anode/membrane interface, adjacent towheres is the stoichiometric coefficient of species i in the electro-
flow of hydrogen, at 1 atmUfs is given as chemical reaction of Eq. 2 (denoted by the subscript 1). Equa-
tions 17, 23, and 24 can be combined to yield the material-balance
equations for water and methanol in the bond layer

d( 15 dgz)
The standard potential for Eq. 2 assumes a gaseous carbon dioxir dx [e(Z)D'(Z) dx
product. This model does not allow for nucleation of carbon dioxide )
and considers the species to be in the aqueous form. _ Sy dip 25]
Material Balances nF dx

Three equations (10, 12, and 13) have been presented for thrégguations 18, 23, and 24 can be combined to give the carbon diox-
dependent variables;, &1, andd,. Next we present five material ide mole balance in the bond layer
balance equations for five dependent variablgg, C.2) Ceoy2),
Ce(3), andCeoy(3). [SUbscript (2) refers to species in the bond layer and d
subscript (3) refers to species in the liquid filled pores.] A ninth dx
equation is provided to describe the velocity of liquid in the anode’s
pores. Three material balance equations are derived for water, meth- _ _ Sco,,1 dip [26]
anol, and dissolved carbon dioxide species in the bond layer. Two Cco,(2)) nE  dx
material balances account for methanol and dissolved carbon dio
ide in the liquid layer.

In the bond layer, water and methanol move irktdeection due
to diffusion and electro-osmotic drag. The flux equation describing{
the transport is written as

C
UL = U® — L in | %@ | (49 = 0,029V vs. RHE [16]
6F CO(Z)CC(Z)

— & 'sz = —apkier (K G3) — §2)

dceo, 2
[ﬁ(lzs)Dcoz(Z) d;() = —23Ky,eff (Ko, Coo,(3)

Xl'he left side of Eqg. 25 and 26 represents the difference between the
flux entering and exiting the volume element in xhdirection. The
irst term on the right side of Eq. 25 and 26 quantifies the flux across
he bond-layer/liquid-layer interface in the psewyddirection. The
second term on the right side of Eq. 25 and 26 is a generation (or
dcz) consumption) term for the species involved in the electrochemical
dx reaction.

o ) ] o Two additional material balances describe the movement of
Soluble carbon dioxide diffuses in thadirection due to a concen- methanol and carbon dioxide in the liquid layer. The liquid phase is
tration gradient. The carbon dioxide molecule is nonpolar and is nofnodeled using dilute solution theory. Here the solvent is water, and
likely to be influenced by electro-osmotic drag. The flux o,@O  the solutes are methanol and dissolved carbon dioxide. The flux of
written as both solute species is composed of diffusion and convection compo-
dCeo. (o nents. In addition, both species exchange across the bond-layer/lig-
—<%@) [18] uid-layer interface in the pseugedirection, as described previous-
dx ly. The material balances for methanol and carbon dioxide are Eq. 27

At a givenx location, water, methanol, and soluble carbon dioxide and 28, respectively
also move between the liquid and the bond-layer phases in a pseudo

Ni = _E%Z)SIDI(Z) + gi % fori = Hzo, CHsoH [17]

15
Neo, =~ €2)Deo,(2)

y-direction due to an assume.d electrochemical potential equilibrium &(F—%égDc(s) d>(< ) _ CaVorm) | = Aok (KeGa) — G [27]
p“i(3) = |.Li(2) fori = Hzo, C"bOH, CQ [19]
The transport across the bond-layer/liquid-layer interface can be ¢ 15 dccoz(3)
described by reactions Il, lll, and IV (# | refers to Eq. 2) ax €3) Dcoz(S) dx ~ Cco,(3Vo(3)
= K, —
ri =1l CHzOHg = CHOH, [21] Baskiv (Ko, Geoy(a) ~ o) 28]
fi=1IV  COyg = COyp [22] The convection term in Eq. 27 and 28 is based on the solvent veloc-
) _ _ - ity in the liquid layer. The water’s velocity can be equal to the bulk
The mass-transfer relationship, at operating conditions, can be deelocity of the liquid layer, since water is considered to be the sol-
scribed using an effective mass-transfer coefficigpdr) and parti-  vent. The flux of water in the liquid layer is equal to the product of
tion coefficient (K) its concentration and velocity. Since the concentration of water does

et = Kien(KiGi@) — G@)  for i = H,0, CHOH, CO, [23] not change significantly, the velocity of water can be written as
The concentratiog;) is the concentration of species i at the center gy dNW’%X sk (K Ge) — Ge)
of the pore in the liquid layer. The concentratig) is the concen- dx -
tration of species i in the bond layer (at the matrix surface). These
concentrations vary only in thedirection of a given layer. The ) _ N
effective flux of species j; o, has no dependence on theoordi- Governing Equations and Boundary Conditions
nate at a local concentration position. The effective flux defined in  The nine independent equations for the nine dependent variables
Eq. 23 describes the rate of mass transfer from the liquid layer to thare listed with each equation’s appropriate boundary conditions.
matrix surface using a pseudagordinate. The derivation of Eq. 23 ;
can be found in Appendix A. Mass-transfer contributions in the%nyq%mw for de ;

S - : . pendent variahpg
pseudoy-direction are important for the transport of species to and

[29]

Co3) Co3)

from the catalyst reaction site. ) ddy

Once the electrochemical reaction occurs at the matrix/bond- O=x<L ij= - "X [30]
layer interface, water and methanol are consumed while carbon
dioxide is formed at a rate given by the equation atx=1L i;=0 [31]
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At the electrode/membrane interfages L, the superficial current whereNCOz(g) is defined in Eqg. 50.
is purely ionic, carried by the positively charged hydrogen ions. The flux of species into the bond layer Xat 0) from the feed
stream is a negligible quantity compared to the higher flux of species
%ied Ohm's law for dependent variable ¢ from the liquid layer into the bond layer. This is due to the high spe-
cific surface area of the bond layer in contact with the liquid layer
0=x<L compared to the geometric surface area of the bond layer in contact
with the feed stream. The difference between these fluxes could be
i = —x dd, n RT dgyy n RT dc o 32] minimized or reversed if significant carbon dioxide evolution caused
2 dx 0 FCo(2) dx ¢ Fee2) dx the volume fraction shared by the liquid and vapor to become pre-
dominantly or wholly occupied by vapor.
atx=L ¢,=0 [33] The exiting flux from the bond layer (at= L) is based on dif-
fusion coefficients of species in the membrane and the concentration
gradient across the membrane. The membrane and bond layer con-
sist of the same material, and it is assumed that the same diffusion
coefficient applies in both regions. In addition, methanol and water
di _ o.F —o.F have an added influence of electro-osmotic drag from the anode to
0<x=L —2 = ayi, {exp(LnS) - exp( a nsﬂ [34] the cathode side of the membrane. The concentrations of methanol
dx RT RT and water are assumed to be fixed at the membrane/cathode inter-
at x=0 i,=0 [35] face. Since methanol that crosses through the membrane preferen-
tially reacts at the cathode, the concentration at the membrane/cath-
4. Flux balance of water, in the bond layer, for dependent variablede interface is set to zero. The concentration of water on the cath-
Co(2) ode side of the membrane is considered high enough to maintain
membrane saturation. The flux of carbon dioxide exiting the bond
layer is based on transport relationships across the membrane and
d( 15 doy(p) i) K cathode regions. These relationships permit the concentration of car-
ax €2)Do(2) ax 0@ T ‘EOF = ~3Ki1,eff (KoCo(z) = Co(2) bon dioxide in the cathode effluent to be set to a value. The equation
for the exiting flux of carbon dioxide is developed in Appendix B.

Assuming a reference electrode is presemt-atL, the potential of
the bond layer is set to zero at the interface.
3. Butler—Volmer kinetic expression for dependent variaple

0<x<L

_Sndp e Liquid Layer

nF dx 7. Flux balance of methanol, in the liquid layer, for dependent
at x=0 Ny =0 [37]  Variablecgg,
at x=1_L 0<x<L
- d doys
(Com) ~ Co(2) i —| 3D, @) _ = sk - 45
Nogz) = _Do(z)w + goFZ ~ Co@po(s [38] ax @Pe@ g, ~ C@oE) | T %3 m,eff( KeGa) = Ce(2) [49]
m

whered,, is the thickness of the membrane, aggh is a set con- at x=0 cy3=c] [46]

centration of water at the membrane/cathode interface.
5. Flux balance of methanol, in the bond layer, for dependent
variablece 8. Flux balance of carbon dioxide in the liquid layer for depen-
dent variablee. 3

at x =L Ne) = gk (Kle(z) — Co2) [47]

d( 15~ dxp i
il Doy —2) g 2 d
O<x<L dx(e(z) €@ gx SF 0<x<L %(e(lg; Deo, (3) CC(;);@) - Ccozvo(s)]
di
= —apakjeff (K G3) = &) — %d—i [39] = A3kyy eff (Keo, Cco,3) = o,(2) [48]
at x=0 Ngp=0 [40] A X=0 Cooy =0 [49]

at x=1 Ncoz(S) = e(3)klv(K(:ozccoz(i%) - Ccoz(z)) [50]

Ex=L Ny = Do =m =@y ¢ 2y g
at x= c(2) c(2) S o= o) [41] In the liquid layer the inlet concentrations of methanol and dissolved

_ _ ) carbon dioxide are set by the feed stream composition to the anode.
wherecy, is a set concentration at the membrane/cathode interface The rate of methanol and dissolved carbon dioxide flux into the

andN s, is defined in Eq. 47. polymer electrolyte membrane from the liquid layer (at ) is
6. qux balance of carbon dioxide, in the bond layer, for depen-dependent on a mass-transfer coefficient. Because the bond layer
dent variablee.y, ) and membrane are the same polymer electrolyte material, the con-

centration of species i at the membrane side of the liquid-layer/mem-

d 15 dceo,2) | _ brane interface is the same as the concentration of species i on the
0<x<L x| S@Feo T g = 83Ky eff (Kco, Ccoy(3) bond-layer side of the bond-layer/membrane interfags)(
9. Velocity of water
SCO | d|2
~ Cooy2) — 2L 22. [42] ANy 3
©2(2) nF  dx 0=x<L o _ 0( %x _ 3k (K &E) — %@) [51]
at x=0 NCOz(Z) =0 [43] dx C0(3) C0(3)
at x=1L
at X=L poo— No) _ €@)Ki(KoGo@) — Co) 52]
N, _ _Deoa Ce Deoy@/om -1|- °® Co(3) Co(3)
CO,(2) — O, (2 ’ CO, (3,
2(2) 3 2(2) kIVC + DCOZ(Z)/am 2(3)

The velocity of water at the liquid-phase/membrane interface is
[44] set equal to the flux of water at= L, divided by its concentration.
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1 - i " methanol oxidation is between 0.5 and 0.6 V vs. RHE. Our data are
consistent with previously determined potential regions for methanol
0.8 t 4 oxidation on a platinum—ruthenium catalyst surf&¥ Currents
- | closely corresponding to this operating range, 0.1-1.0 A/orare
“g 06 used as the sensitivity limits. The parameter values in the model, used
3 to fit the data, are considered the “base-case” parameter values.
= 04 + T To determine a sensitivity coefficient, each base-case parameter
value was singularly increased 5% while all other parameters were
02 1 T held at their base-case values. The resultant cell potential and in-
0 b ) creased parameter value were combined as follows to determine the
S E— T e e Sl . .
sensitivity coefficients in units of volts
0 0.2 04 0.6 0.8
o (V) Ody _ by~ &1
Figure 6. Polarization curve of methanol oxidation on a PtRu catalyst 0 In i 0 — 9; (53]
(90:10 mol %). Cell conditions are 2 M methanol feed vs. hydrogen, 0/0 ot
atm, 70C, Pt/C cathode:&) experimental data vs. (—) the model predic- J
tion. Electrode area is 5 ém where 6 is the 5% increased parameter valdig,is the resultant

potential,6f is the base-case parameter value, and sydipal the
predicted cell potential when all the base-case parameters are

Sensitivity Analysis ; -
A itivi vsi d to determine th del t employed. The tested parameters and their base-case values are list-
sensitivity analysis was used to determine the model parametetgy i, Taple | The model is most sensitive to variations in the anode

_thath_most influence the gerg)rmance dofdthe agoclif_. LTe mzt%’lﬁ. USflickness, the bond layer's conductivity, the anodic transfer coeffi-
In this paper Is patterned aiter a study done by Kimble and v¥hite. cient, and the product of the exchange current density and specific
The modell was first fitted W'.th Kinetic parameters from eXpe”memalsurface area associated with the methanol oxidation reaction. Posi-
data tlhat |n|d|ca$e tlhe T}nOFC.i'C %erf_?_Lmance of a me;tréanol-fed, polljyﬁve values of the sensitivity coefficient indicate higher polarization.
tm_er-t(ajefctro yte u?h ce | ]E ('jg' )I e elxpterllmen;a | atalll were (t) d The sensitivity of the model predictions to the conductivity of the
a.'t?f Lor(;] ame ago -led, p(:hymder-elec rolyte uet. cel ?pelra e“ bond layer can be explained using the sensitivity curve generated in
with a hydrogen-producing cathode. (In an operational fuel cell,giy 7 "Sensitivity coefficients are calculated using the higher intrin-
water is produced by the oxygen reductlon reaction on the cathode ¢ conductivity of the bond layek = 1.05 k%) plotted over the

The cqthode was treated as a reversible hydrqgen electrode (RHE) eresponding operating range of currents. This curve suggests that
supplying it with hydrogen gas at 1 atm. In this manner the cathodg,o yodel prediction is more sensitive to the conductivity of the
polarlza_tlon is minimized. Based ona full DMFC model to _be Pre hond layer at higher current densities, because the sensitivity curve
sented in a future paper, results indicate that the anode W'”. réMalfeyiates more strongly from zero at increased currents. This is ex-
hydrated with a 2 M methanol feed. Full-fuel-cell model predictions , 7ineq 1y the fact that kinetic polarization becomes less of a factor
suggest that the anode of a methanol/hydrogen fuel cell will perfor han ohmic resistance at higher currents.

similarly to the anode of a methanql/oxygen fuel cell. The experi- Figure 8 illustrates the varying effects associated with increasing
mental data obtained from the described methanol/hydrogen fuel ceghe anode’s thickness. [The base-case thickness was measured by

tionship. The remaining pot_en_tial I_osses in the data are attribut(_ad_tfbr exchange of current between the bond layer and the matrix
the anode_. The model predlqtlon fits the data toa standard deV'at.'QHcreasesa(io). This effectively reduces the local current density and
of approximately 9 mV. In Fig. 6 the most active range for anOd'Ctherefore, the local polarization. Increasing the distance through
which the current must flow results in an additional potential drop
across the electrode. Additional ohmic drop results in a more posi-
tive value of the sensitivity coefficient at higher currents. Thicker
Table |. Base-case parameter values. anodes not only have large ohmic potential drops at higher currents
but also result in a poorly used electrode and wasted catalyst.

Parameter Value Units Lo o S
The model predictions are most sensitive to the kinetic param-
B ] o 5 eters in the Butler—Volmer expression. The base-case values for

Specific surface areai,) 4.5x 10 Alenr these parameters were fitted to the experimental data in Fig. 6. The
Specific surface areay3) 1300 cm
Anode thicknessd() 1.00% 1073 cm
Electro-osmotic drag coefficient 25

of H,0 (&) 0
Electro-osmotic drag coefficient of 2.481072

CH;OH (&)
Mass-transfer coefficient of J@ (k) ~ 1.00x 1073 cm/s ~ 001t
Mass-transfer coefficient of 2.2810°* cm/s ;

CHyOH (Kyjj efr) 8]
Mass-transfer coefficient of GQkye)  6.13X 1002 cmis g 0021
Partition coefficient of HO (K,) 1.0 ]
Partition coefficient of CHOH (Ky) 0.8 b1
Partition coefficient of CQ(Kg,) 6.3 0.03 1
Conductivity of bond layer) 2.0Xx 1072 Slcm
Effective conductivity of matrixd) 8.13x 1¢° S/cm
Concentration of KD in feed 554X 1072 mollcn? -0.04 ' '

(Cozy atx = 0) 0.1 04 0.7 1
Concentration of CEDH in feed 2.0 X102 mol/cn? 7 (Aer?

(Ce atx = 0) (Afem)
TemperatureT) 343 K Figure 7. Sensitivity of the model predictions to the conductivity of the bond
Anodic transfer coefficiento() 0.8 layer.
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0.08 - very sensitive to variations in temperature. The temperature analysis
is not provided here due to an incomplete set of parameter values at
007 | 4 different temperatures. This sensitivity indicates that it is important

to evaluate correctly model-sensitive parameters at the operating
temperature. Overall, the sensitivity analysis shows that the elec-
trode performance is more limited by reaction polarization than

mass-transfer limitations, especially in the range of 0.5-0.6 V vs. the

dg, /d(in &,) (V)
(=]
3

0.05 ¥ hydrogen reference electrode. It should be noted that the electrode
simulated in this study was not optimized but was merely a case
0.04 , study of a working anode with direct methanol feed in a PEMFC.
0.1 04 0.7 1 Additional Results from Model Predictions

As mentioned previously, the loss of cell voltage due to the
crossover of methanol from the anode to the cathode is a critical issue
to the advancement of methanol-fed, polymer-electrolyte fuel cells.
The following model predictions were obtained for the previously de-
curves in Fig. 9 and 10 indicate that increasing the kinetic paramscribed anode in a fuel cell operated at 0.5 A/dmFig. 11 the con-
eters results in negative sensitivity curves indicative of a lowercentration of methanol in the liquid layer is shown to decrease by
ohmic drop across the anode. In Fig. 9afgterm (the product of  approximately 0.01 M across the thickness of the anode. The con-
the exchange current density and the matrix-to-bond layer specificentration of methanol in the bond layer (Fig. 12) decreases slightly
surface area) has been increased 5%, and the sensitivity curve indite to Eq. 2 but is still at a very high percentage of its inlet concen-
cates a decrease in potential uniformly through the entire currertration (for x > 0, cg,) = c3)Ko). The methanol is supplied in such
range. The sensitivity curve is nearly flat because the transfer curreeixcess that a 1.99 M solution is available in the liquid layer and a
into the matrix is mostly uniform throughout the anode for all cur- nearly 1.37 M concentration in the bond layer at the anode/membrane
rent densities. This is due to the already large kinetic polarization. interface ¥ = L). To predict the methanol crossover, we use the

Figure 10 shows the sensitivity of the potential drop to the anodimodel-predicted methanol concentrations adjacent to the membrane
ic transfer coefficient of the Butler—Volmer expression. The modeland assume any methanol contacting the cathode is immediately
prediction is almost an order of magnitude more sensitive to the anoddurned or electrochemically consumed in a working PEMFC. At an
ic transfer coefficient than to any other model-sensitive parameterpplied current of 0.5 A/cfnthe electrode described in this paper has
This is due to the exponential dependence of the Butler—\Volmer exa ratio of 0.8 for the flux of methanol (due to diffusion and electro-
pression o, (in all casesg, + o = 6). osmotic drag) to the flux of protons across the membrane. These cal-

The sensitivity analysis was used to determine which parametersulations are based on a PEMFC with the same material transport
need to be measured most accurately to yield a valid prediction gfroperties in the bond layer as the membrane.
the anode’s polarization. The model predictions varied negligibly for
the other parameters in Table Il when increased 5%. The model

I (Afem?)
Figure 8. Sensitivity of the model predictions to anode thickness.

Table Il. Parameter values.

0
Parameter Value Units
& -001
= a3 1300 Cm_rln3
S C CozK mol/c
< 002 ¢ ] CZE::)) h°
g Co2) 0.554 mol/cn?
€ 003 1 @) 0.02 mol/cn?
Coon(2) 1x10°4 mol/cn?
004 Do2) 7.3 X 10 % exp[2436(1/353- 1/T)], Ref. 10  cri/s
’ ' De2) 4.9 X 1076 exp[2436(1/333- 1/T)], Ref. 10  cm2/s
0.1 0.4 0.7 1 DCOz(Z) 1x 107 cméls
1 (Alem?) De@3) 1.6 X 1075, Ref. 8 cnils
i L - Deona) 1x 106 cnéls
gure 9. Sensitivity of the model predictions to the product of the exchange K 10
current density and the matrix-to-bond layer specific surface area of meth- KO 0.8 R"ef 17
anol electro-oxidation on PtRu catalyst. ¢ - ’
Keop 6.3
Kit eff 1.0x 1073 cm/s
045 ‘ ‘ Kitteft 2.74 X 10%* exp(—22187.5T), Ref. 18 cm/s
) ' ' ' ' ' Kivefr 6.13x 1072 cm/s
T 343.15 K
047 Ut 0.029 v
S oy 0.8
~ -049 + o 5.2
s v 0.08
5 051 + s 008
§ [\ 0.92 .
da 1.0x 10" cm
03 B 0.02 cm
E(l) 0.26
-0.55 + + € 0.27
0.1 0.4 0.7 1 €@3) 0.47
) Ko 0.01, Ref. 19 S/cm
I (A/em®) o 8.13x 10, Ref. 20 Slcm
Figure 10. Sensitivity of the model predictions to the anodic transfer coeffi- & 25
cient of methanol electro-oxidation on PtRu catalyst. & 2.48x 1072 Ref. 10
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Figure 11. Concentration profile of methanol through the liquid layer. The
applied current is 0.5 A/ctn

Figure 13. Current distribution through the thickness of a porous PEMFC
anode. The electronic currenijsand the ionic current is.iThe applied cur-
rent is 0.5 A/crA.

The production of carbon dioxide gas within the anode can caus,

: : . ~yoid volume to allow access of methanol and water through the
a loss of anodic performance. Trapped gas in the anode's pores IIIgepth of the electrode. The results of this model show that the kinet-

its access of liquid fuel to the catalyst and renders the sites inactivlc.s of methanol oxidation and the active specific surface area are the
With enough gas evolution, the hydration of the bond layer decreas- P

es, and the ohmic drop across the anode increases significantly. Tl%'mlary “m'tl'qng fac;[jorls given lthe parzémetehrs assomatedf with E tRuI
model can be used to calculate the fuel flow rate needed to sweep Cglqtaysts. The model can also predict the amount of methano
bon dioxide away from the face of the anode at a rate fast enough gJossover through the membra_ne at given current densities and the
keep the carbon dioxide concentration within the pores and bon gcggsqry ;uel fIO\év ’ratre tqdn;ﬁlr:jtam water-soluble levels of carbon
layer below the gas solubility limit. At 70, the solubility limit for loxide In the anode's liquid-filled pores.
carbon dioxide in the liquid layer is 1 107> mol/cn®. 16 The Acknowledgments
model demonstrates that if the carbon dioxide concentration at the The authors thank Dr. Romesh Kumar and Dr. Deborah Myers,
anode face is kept below 9:010¢ mol/c?, the liquid volume’s  Argonne National Laboratory, for their technical assistance and Dr.
carbon dioxide concentration does not exceed the solubility limit aznthony Aldykiewicz, W. R. Grace, who performed the meth-
currents as high as 1 A/éniThe fuel volumetric flow rate can then anol/hydrogen experiment. This work was supported by the Army
be calculated using the flux of the methanol/water solution at the facResearch Office and the U.S. Department of Energy.
of the anode, the carbon dioxide concentration, and the geometrical
surface area of the electrode. For a 5 amode, a fuel flow rate of
37 cn¥/min is needed to prevent carbon dioxide gassing at 1A/cm .
In a porous electrode, the current is transferred from the matrix Appendix A
to the bond layer, and the sum of the two is always equal to a con- The concentration of species i in the liquid layer can be related to its con-
stant (see Eg. 11). An even transfer of current from the matrix to th&entration at the matrix surface by deriving a flux equation in the pseudo
electrolyte through the depth of the electrode indicates that the reagirection. The deple”de”t'xar'ab'e CO?Ce”trat".’”Sh'” the d"q‘#'_ﬂ '“’35@5' ( g
tlonrate s unifor, an that the electrod isbeing full used for the=y €0 12 alie a he center of  pore n the anode, The dependent
o><_|dat|or_1 of methanol. Figure 13 shows the rea_'Ct'_on q'smbu_t'on Shond layer/matrix interface where the electrochemical reaction occurs. The
fairly uniform through the electrode. Such a distribution typically transport of a species from the liquid to the matrix can be divided into three
signifies an electrode that is kinetically limited. At lower applied segments. The first component of the flux is the diffusion of species i from
currents the reaction would be even more uniform. This overalkhe center of the pore to a position that is within the liquid layer, adjacent to
analysis points to a need for higher-surface-area catalysts. the liquid-layer/bond-layer interface, approximated as

Conclusions

In this work the transport of water, methanol, carbon dioxide, and
hydrogen ions through a porous anode has been characterized. The

; ; ; erejjcg) is the flux of species i in the liquid layer;Ris the diffusion coef-
porous anode was impregnated with a PEM and contained a cert icient of species i in the liquid;$) is the thickness of the liquid layer,

(¥
is the average concentration of species i in the center of the liquid voiume ele-

The University of South Carolina assisted in meeting the publication
costs of this article.

. D3 .
li@) = BI—(/)Z(Ci(s) - 9?3)) fori = H,0, CHOH, CO, [A-1]
(3)

ment; and ) is the concentration of species i within the liquid-layer, adja-
1.42 - cent to the liquid-layer/bond-layer interface.
g The second component is the equilibrium condition that is assumed to
exist across the liquid-layer/bond-layer interface by the relationships
S
S 14 H,0@) = Hz0) [A-2]
E CH3OH(3) = CH3OH(2) [A-3]
*:3 1.38 COyg) = COyp) [A-4]
8 The concentration of species i on the bond-layer side of the interface can be
5 related to the concentration on the liquid layer side of the interface with a par-
O tition coefficient
136 ' ‘ ‘ chy) =Kiclg) fori = H,0, CHOH, CO, [A-5]
0 0.2 0.4 0.6 0.8 1

wherek; is the partition coefficient of species i at the bond-layer/liquid-layer
interface and:‘i)(z) is the concentration of species i within the bond-layer,
adjacent to the liquid-layer/bond-layer interface.

The third component is the diffusion of species i across the bond-layer to
the matrix surface

Anode Depth (x/L)

Figure 12. Concentration profile of methanol through the bond layer. The
applied current is 0.5 A/ctn

Downloaded on 2014-10-22 to IP 129.252.69.176 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

446 Journal of The Electrochemical Society6(2) 437-447 (1999)

S0013-4651(97)12-114-0 CCC: $7.00 © The Electrochemical Society, Inc.

Substituting Eq. B-3 into Eq. B-1 yields the flux across the membrane, with
no dependence on the membrane’s concentration of carbon dioxide

. D 2 .
o) = %(cf{z) — Gg) fori=H,0, CHOH, CO, [A-6]

whereD;(,) is the diffusion coefficient of species i in the bond laggs, is
the thickness of the bond layer, agjg, is the bond-layer concentration of
species i at the surface of the matrix.

Substituting Eq. A-5 into Eqg. A-6 yields

Neoy(2) =

Dco, 2 Acathod® cathodé IVKéoz G0, (cathode)
8m acathoc@ cathoc}é IV@L Dcoz(z)/8 i

Ccoy Peoy (2) 13m

- Ccc>2<z>] (B-4]
m

- Di@) 1 b +
Jiwy = S_(KiCi(S) — Gz)) [A-7] 3cathodd cathod$ vet Deoy () /d
()
. b The concentration of carbon dioxide in the cathode effluent is much less than
Solving Eg. A-1 forcis) yields the concentration of carbon dioxide in the membrane or bond layer of the
b . 8g/2 anode. Equation B-4 reduces to Eq. 44
Cizy = ~li3) + Ciz) [A-8]
Di) D, D, /3
_ CO2(2) CO3(2) m [B'S]
- o i ot : Neoym = — Ceop| 77— o= 1L
Substituting Eq. A-8 into A-7 yieldsyadirection flux equation dm kive + Deo,(2)/3m
) Dy . ¥ /2 where
li@ = %[Ki[h(s) B) + Ciz) | — G [A-9] ,
&) i3) Kive = @cathod®cathod&ive [B-6]

The equation for the y-direction flux is a function of the concentration of
species i in the liquid layets), and the concentration of species i at the

matrix surfaceg;,- 8
At steady state, the flux in thedirection is a constant and equal to an
effectivey-direction flux a3
i@ = i) = liefr [A-10] cathode

Rearranging Eq. A-9 and substituting Eq. A-10 forjtterms yields

Co())
. Sy /2 S
ieff [Ki I(DL + %] = (KiG@) ~ Gz)) (A-11] gc(')
i(3) i2) coy(l)

List of Symbols

specific surface area of the anode’s bond layer in contact with
matrix, cnit

specific furface area of the anode’s bond layer in contact with lig-
uid, cn”

specific surface area of the cathode’s bond layer in contact with
matrix, cnit

concentration of water per unit volume in pha@e= 2, bond
layer;| = 3, liquid), mol/cn?

concentration of methanol per unit volume in pHaseol/cr?
concentration of carbon dioxide (aq) per unit volume in plhase
mol/cn?

An effective mass-transfer coefficient can now be defined for movement in;c%(camode) concentration of carbon dioxide (aq) per unit volume in the cath-

they-direction

Cim)
1 _ Ki 8(3)/2 . 8(2) [A-12] .
Ky eff Dy(s) Di2) Ci2)
Substituting Eqg. A-12 into Eq. A-11 yields the flux equation for species in thecib(z)

pseudoy-direction (Eq. 23) in terms a@f,) andcz

b
. . ci
Jieft = Kief(KiCig) = Cizy)  fori = HyO, CH;OH, CO,  [A-13] ®
Do(2)
Appendix B Bc(l)
In the bond layer the boundary condition for species=at. depends on ,:COZ(')

the concentration of the species at the membrane/cathode interface. The cqn-
centration of methanol at the cathode is set to zero because it is assumed thlat
the methanol is immediately oxidized upon reaching the cathode. The cons:
centration of water is set to the membrane saturation value. The concentrg-
tion of carbon dioxide is not set at the membrane/cathode interface but at thé
cathode/gas inlet interface. The boundary condition eliminates the concen®
tration of carbon dioxide at the cathode from the exiting bond-layer fluxj,
equation. jf
The total flux of carbon dioxide across the membrane is a function of th f(')
concentration gradient across the membrane and the diffusion coefficient qf
carbon dioxide in the membrane Kl'coz
(Ccopm — Ccoy2)

i
Ncoz(m) = 7Dcoz(2) S [B-1] Kive
m
|(IVVC

(See Fig. 5 for the location of,)). The same diffusion coefficient for carbon | * ;
€1

dioxide in the bond layer can be used in this equation since the bond layer an
the membrane are the same ion-selective, polymer membrane material.
The flux of carbon dioxide across the membrane is equal to the flux Otl
carbon dioxide out of the cathode N
i(m)
Ncoz(m) = Ncoz(cathode)= _acathod@cathongVc(Kéozccoz(cathode) 2
|
~ Ceom) [B2] s

Setting Eq. B-1 equal to Eq. B-2 and solving for the concentration of carborize

dioxide in the membrane yields v
0o(3)

c _ Bcathod® cathodé VECo, Coy (cathode) T Coo oy (2)/Om
'COp(m) —
2 Acathod® cathodé vt Dcoz(z)/am

[B-3] Z
Zn

ode, mol/cr
concentration of species i at the membrane/cathode interface,
mol/cm?
reference concentration of species i for the reference exchange cur-
rent densityi¢’), mol/cn?
concentration of species i in the liquid layer, adjacent to the bond
layer, mol/cnd
concentration of species i in the bond layer, adjacent to the liquid
layer, mol/cnd
actual diffusion coefficient of water in the bond layer phasé/sm
actual diffusion coefficient of methanol in phasen?/s
actual diffusion coefficient of carbon dioxide (aq) in phaser?/s
Faraday’s constant, 96,487 C/equiv
superficial current density to an electrode, A7cm
superficial current density in the matrix, A/8m
superficial current density in the bond layer, Afcm
exchange current density for Eq. 2, Akm
exchazmge current density for Eq. 2 at known reference conditions,
Alcm
flux of species i in the-direction, mol/cri/s
flux of species i in thg-direction of layet, mol/cns
effective flux of species i in the-direction, mol/cri/s
partition coefficient of species i
partition coefficient of carbon dioxide in the cathode
mass-transfer coefficient of equilibrium condition ri, cm/s
mass-transfer coefficient of the carbon dioxide (aq) equilibrium
condition in the cathode, cm/s
mass-transfer coefficient defined by Eq. B-6, cm/s
effective ydirection mass-transfer coefficient of equilibrium condi-
tion, ri, cm/s
thickness of the anode, cm
flux of species i in phase mol/cnt/s
flux of species i across the membrane, moffsm
gas constant, 8.314 3 J/mol/K
stoichiometric coefficient of species i in anodic Eq. 2
stoichiometric coefficient of species i in equilibrium condition, ri
temperature, K
standard potential of Eq. 2 (0.029 V vs. RHE)
velocity in the liquid layer, cm/s
local position coordinate in the anode
charge on a hydrogen ior-1)
charge on a sulfonic ion group-1)

Downloaded on 2014-10-22 to IP 129.252.69.176 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Greek

a, anodic transfer coefficient

o cathodic transfer coefficient

v, m, ¢ exponents in composition dependence on the exchange current
density o]

34 anode thickness, cm +

dcathode Cathode thickness, cm 1

m membrane thickness, cm 2
3() thickness of layel, cm 3
€() fraction of total electrode volume occupied by pHase
1 electric potential in the matrix, V

on electric potential in the matrix after a 5% increase of a base-case ;_
parameter, V 2.

by electric potential in the bond layer, V 3.

Ms surface overpotential, V 4.

K effective conductivity of the bond layer,= k.efs;, S/em

Ko conductivity of the polymer electrolyte outsidé of a porous struc- 3
ture, S/cm 6

W electrochemical potential of species i, J/mol ;'

oy base-case parameter value used in sensitivity analysis 0.

6; parameter that has been increased 5% for sensitivity analysigg.
(6; = 1.05¢) 11

1] ﬁectlve conductivity of the solid matrix, S/cm 12

& electro-osmotic coefficient of wate§,(= flux of water/flux of hy- 13
drogen ions) 14

& electro-osmotic coefficient of methand} & flux of methanol/flux 15
of hydrogen ions) 16

Subscripts

c methanol (CHOH) 1573

CO, carbon dioxide (C§) 19

| | = 1, matrix layer] = 2, bond layer] = 3, liquid layer

m electrolyte’s sulfonic acid group 20

ri refers to reaction I, Il, Ill, or IV
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I. CH3OH + H,0— 6H* + CO, + 66~ (anodic reaction)

. HyOx = Hzo(z) (equilibrium condition in the anode)

III CH3OH(3) = CHzOH(,) (equilibrium condition in the anode)
V. COy3) = COy» (equilibrium condition in the anode)

Water (HO)

hydrogen ion (H)

matrix phase

bond-layer phase

liquid phase
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