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volume, cm?

volume of bed element, cm?
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concentration of benzoquinone in organic phase,
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dependent variable — predicted value

dependent variable — measured value

number of electrons

Greek

a electrochemical charge transfer coefficient
B liquid holdup

Y Ks(1 - Ks/(Ky, + K))

d K, K[Bl.(1 - X)(K;, + Ks)

€ bed voidage

o overpotential, V

0 parameter value-posterior estimate
0* parameter value-prior estimate

Ks conductivity of anode bed, mho cm™!
K,

Kf

W

P

o
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conductivity of electrolyte solution, mho em™!
conductivity of feeder electrode, mho cm™!
viscosity, g cm s™!

density, g cm™®

standard deviation

potential, V

objective function

Sk, exp (0,¢F/RT) 6F

Subscripts

aqg in aqueous phase

org in organic phase
equilibrium value

liquid phase

gas phase

solid phase

reaction number

thickness increment number
length increment number
dependent variable number
parameter number
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A Mathematical Model of a Zinc/Bromine Flow Cell

T. 1. Evans* and R. E. White**
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843

ABSTRACT

A mathematical model is presented for a zinc/bromine flow cell. The model includes a thin porous layer on the bro-
mine electrode and a porous separator. The independent parameters of the porous layer are defined, and their effect on
cell performance during charge and discharge is investigated. The dependence of the round trip energy efficiency on the
thickness of the porous layer and mode of discharge is presented. The predictions of the model show that a maximum
round trip energy efficiency of 70% should be possible under the design conditions considered.

The zinc/bromine (Zn/Br,) flow battery has received
considerable interest in recent years as a durable, re-
chargeable storage battery for applications such as vehi-
cle propulsion and leveling of peak electricity usage.
Several companies are developing this battery by build-
ing and testing various designs (1). A mathematical
model of a single cell of one of these designs is pre-
sented, and it is hoped that the model will reduce the
costs associated with developing the Zn/Br, battery.

The model is an extension of that presented by Mader
and White (2) and can be used to predict the round trip
energy efficiency of the cell. The extensions includea po-
rous layer on the bromine electrode and the ability to

*Electrochemical Society Student Member.
**Electrochemical Society Active Member.

predict the performance of the cell during discharge.
Predictions for both charge and discharge modes can be
made for both constant cell potential and constant cur-
rent conditions.

Other models (3-6) of the Zn/Br, flow cell have been
presented but are of limited utility for one reason or an-
other. For example, Lee and Selman (3, 4) presented
models of the Zn/Br, cell which were developed primar-
ily to study the effect of terminal tab location on the cur-
rent distribution along the electrodes and to study the
growth of dendrites due to the uneven plating of zinc.
Consequently, their model cannot be used to account for
a porous layer on the bromine electrode nor predict
round trip energy efficiencies. Van Zee et al. (5) pre-
sented a simple Zn/Br, battery model, but their model
does not have the capability of predicting product con-
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versions, which is a necessary feature to follow the state-
of-charge of the cell. Fedkiw and Watts (6) developed a
comprehensive mathematical model for the iron/chro-
mium (Fe/Cr) redox cell (7) which is similar to some
Zn/Br, cell designs (1) but not the one presented here.

Model Development

The model presented here is an extension of the model
of a single Zn/Br, flow cell on charge published earlier by
Mader and White (2). This extension includes using a
thin porous electrode as the bromine electrode, as shown
schematically in Fig. 1. The assumptions and equations
used by Mader and White (2) are the same as before. The
additional assumptions and descriptive equations for
the porous electrode are presented next.

Assumptions.—The following additional assumptions
were made in the development of the equations for the
porous electrode region of the model. It is assumed that
species can only diffuse and migrate into and out of the
porous region (i.e., no convective transport exists within
the porous electrode). This assumption seems reasona-
ble as long as the thickness of the porous electrode (Spg)
is much less than the channel gap (S,). Next, it is as-
sumed that the homogeneous complexation reaction
producing tribromide occurring in the electrolyte bulk
also occurs in the electrolyte contained within the pores
of the porous electrode and is in equilibrium throughout,
as it is in the bulk. Also, it is assumed that there is no po-
tential drop in the solid phase of the porous electrode.
Lastly, the electrochemical reaction within the porous
region is assumed to be represented by a pseudo-
homogeneous reaction rate expression based on the
Butler-Volmer equation.

Governing equations.—The cell illustrated in Fig. 1 can
be divided into four regions — two electrolyte flow chan-
nels of width S,, a separator of width Sg, and a porous
electrode of width Spg. The governing equations for the
flow channels and the separator are the electroneutrality
condition, and the steady-state material balance equa-
tions for each species, as presented earlier by Mader and
White (2). The equations pertaining only to the porous
electrode region are the electroneutrality conditionand a
modified material balance equation for each species, as
discussed next.

The electroneutrality condition

Z 2¢ =0 [1]

ensures that positive and negative charges balance at ev-
ery point in the electrolyte. The steady-state material bal-
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Fig. 1. Schematic of the Zn/Br, flow cell on charge
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ance equations for all of the species considered are

-V'N;+R,+R,=0 (i=Br,Br) [2]
-V-N;+R;=0 (i=Bry) (3]
V:N;=0 (i=Na*, Zn?") {41
where
N, = ~Dy.psVe; — 2 Dicre Fc,Vo (51
e RT

It should be mentioned here that Eq. [1]-[5] are presented
in vector notation for convenience. The actual equations
solved include gradients in the y direction only since the
one-step model approach (2, 8) is used here. The R; term
in Eq. [2] and [3] represents the rate of production of spe-
cies i by homogeneous reaction and R’; in Eq. [2] repre-
sents the rate of production of species i by pseudo-
homogeneous electrochemical reaction in the porous
electrode, as discussed further below. The diffusion co-
efficient for species i in Eq. [5] is an effective diffusion
coefficient and is defined here as

D,

6
Nowre (6]

Di,e,PE =

where Ny pr; is the MacMullin number for the porous elec-
trode. This concept of a MacMullin number for the po-
rous electrode is similar to that proposed earlier by Cald-
well et al. (9), as discussed further by Poush et al. (10)
and Van Zee (11), for a nonconductive porous media. The
N, pe concept is appealing because of its definition

T

Nype = T [7]

where € and 1 are the porosity and tortuosity of the po-
rous electrode, respectively. Unfortunately, it is unlikely
that Ny, e can be determined directly by measuring the
resistivity of the porous electrode saturated with electro-
lyte because of the electrochemical reactions that would
occur.

Equations [2] and [3] (the three governing equations for
Chr-, Cory, @nd Cayp,-) can be simplified by recognizing that
Rer- = Rg, = ~Ray,- when the homogeneous complexa-
tion reaction between Br-, Br,, and Br;™ is assumed to be
at equilibrium. Adding Eq. [2] and [3] to eliminate R;

(-V-N;+ R, +R)+ (=V-Ngyy- + Rgyy-) =0
(i=Br-, Bry) [8]

yields
v NBr— +V- NBr;r - R,Br' =0 [9]

V- Ngy, + V- Npy- — R'g, = 0 [10]

The third equation needed is the equilibrium expression

cBr;;*

Keq = = 17TM~* = 17,000 (mol/cm®)~* [11]

CBr"CBr2
where the equilibrium constant is given by Eigen and
Kustin (12). Equations [1], [4], [9], [10], and [11] are the six
governing equations for the six unknowns; ¢; and @, in
the porous electrode.
By converting to dimensionless variables

m=ylS [12]

0; = Ci/ci,ref » [13]
the divergence of the flux of species i, V- N;, in Eqg. [4], [9],
and [10] can be rewritten approximately as

Ssz PE 62(')i
TP (§.N) ~ —
CiretDy ¢ ) am?

i % a30; 9P
L [ei—~a® P B na
RT an? an  am
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The gradients of 6, and ¢ in the axial (or flow) direction
on the right-hand side of Eq. {14] have been omitted be-
cause when the aspect ratio (o = S/L) is small as it is here,
the diffusion and migration terms of the flux expression
in the axial direction are negligible relative to the radial
(or normal to flow) diffusion and migration terms as
demonstrated by Nguyen et al. (13).

The production rate of species i due to all of the elec-
trochemical reactions that it may be involved in within
the porous electrode (R') is given by

as;; Js

R = -
n;F

i

(15]

where a is the specific electroactive surface area of the
porous material and }; is the current density due to elec-
trochemical reaction j based on the electroactive surface
area within the porous electrode. The Butler-Volmer
equation is used to determine

oy F
.7' - 7'0.‘ ref [H (9 )p” exp ( RT le)

— H (el)‘lu exp (—CJF_ n])} [16]

RT

where 8, is the dimensionless local surface concentration
and 7, is the total local overpotential which is defined as

M= Veg — @ — Ujrer [17]
The open-circuit potential, U, in Eq..[17] is given by

RT ~
nF zisij
ci,re
1n(——dc‘) e ES,REln( ) [18]

It should be noted that both 6; and ® in Eq. [16] and [17]
depend on y within the porous layer. In addition, it is as-
sumed that 6, and ® are equal to their local bulk solution
values within the solution in a pore (i.e., no mass transfer
limitations exist within a pore).

U: ref — U f - UREg -

Boundary conditions.—To complete the system of
equations for the porous electrode region, the boundary
conditions must be specified. The porous electrode is
bounded by a conductive backing plate (i.e., current col-
lector) on one face (y = 0) and by the electrolyte flowing
in the channel on the other (y = Spg). At both boundaries
the electroneutrality condition, Eq. [1], holds. At the
backing plate the flux of each species is zero

aty =0 N,=0 [19]

and at the porous electirode/electrolyte interface the flux
of each species is continuous

aty = Spe Nuire = Nnie [20]

Expanding Eq. [20] with the flux terms in Eq. [5] and
using dimensionless quantities yields

at y = Spe

1 (aei) L1 ziF9<afl>>
Nore n Jee Npre RT ' m /e

36; zF b
= + 6 | — 21
(o ar el e

where 30;/dn and 0®/dm are determined at the interface
but evaluated wholly within the region of their respec-
tive subscript.

The dimensionless governing equations and boundary
conditions for all regions of the cell are summarized in
Table I (2, 14).

Parameters.—The model requires values for fixed pa-
rameters of the cell and for the independently adjustable

April 1987
Table 1. Equations describing the Zn/Br; cell
I—Governing equations
a.—Flow channels and separator
~V:N,+ R, =0 (i=Br-,Br,Br;) [A]
V-N;=0 (i=Na*, Zn?*) [B]
32¢;,=0 [11
For the flow channels®®
S? 3%0; zF 3*P 36, el
V-N)=—-—— = — |+ —— ——
CiretDy an? RT on? on am
Dx
+3 Pea(n’ — 7'3(8; — 1) [Cl
and for the separator?
S 38; zF PP 36; 3P
VN~ —— = — +— — | [
CirerDie o’ RT an? an o
where
{=x/L [E]
Y 0=y=S,
' S (F]
n =
(Sa + Se)
Sa+S)=y=S
Sa
28 av;
Pe = —omt [G]
Dy
b.—Porous electrode?®
Eq. {1], [2], [3], [4]
II.—Boundary conditions
atC = 0 9i = ei,reed; Ezici.refei,feed :0 [H]
Siz 4 Sia tng
atm = 1 (cathode) ——2 + 2 _n 5|
n,F nyF
at y = S, (electrolyte/separator)
Niig = Nuis [J]
at y = S¢ (separator/electrolyte)
Nyis = Nug K]
at ¥ = 0 (backing/porous electrode)}
Nu=0 [19]
at y = Spg (porous electrode/electrolyte)
Nuer = Nux [20]

aSimplified by assuming o << 1 [see Ref. (13)].
b One step model

08; 6, —1

8L 1

parameters. Fixed parameter values used for the Zn/Br,
cell model here appear in Table II. As in Mader’s work
(14) the design parameters are set to the Exxon design
(5, 15, 16). The reference concentrations, listed in Table
II, were chosen based on 50% Zn?** deposition so as to
promote their use for both charge and discharge calcula-
tions. Note that the reference concentrations and feed
concentrations (¢ . and ¢; j.eq) are electrically neutral
and that the species Br—, Br,, and Br;™ are in equilibrium
according to Eq. [11]. The exchange current densities,
toi.rer, @nd local open-circuit potentials, U; ., are the
values from Ref. (2) and (14) modified to account for the
different reference concentrations used here. The
relating expressions are

T ( (C, ref)Mader

Ci.ref

Us.rer = (U reddmader T ) [22]

and
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Table Il. Fixed parameter values for the Zn/Br; cell

Kinetic and thermodynamic (T = 298.15 K)

Reaction Lojured® U Uj e
(@) (A/em?) Oaj Qe n; W) V)
1 0.001861 0.5 0.5 1 1.087 1.80928
2 0.001801 0.5 0.5 1 1.087 1.80928
3 0.8409 0.5 0.5 1 -0.763 —0.008904

Reaction [4] (Homogeneous, bulk) K¢ = 17,000 (mol/cm?®) %
a, specific surface area of electrode = 25.0 cm™.

Stoichiometry and electrochemical reaction orders

Reactions [1] and [2] Reaction [3]
=L, G=3
Species (i) Sy s e {i] Sij D Qs
Na* 0 0 0 0 0 1}
Br- ¢ 1 1 0 0 0 0
Br, -1/2 0 1/2 0 0 0
Zn®* f 0 0 0 -1/2 0 172
Bry- 0 0 0 0 0 0
Transport and reference concentrations
. . 1g Ci,ref

Species (1) 2 (cm?s) x 10° (mol/cm?) x 102 05 ecd”

Nat 1 1.334 1.00 1.000

Br- -1 2.084 1.08 2.7306

Br, 0 1.310 0.05 0.0203

Zn** 2 0.754 0.50 2.000

Bry,~ -1 1.310 0.92 0.0554

2 Chosen to duplicate current densities reported in Ref. (15).

» See Ref. (21).

¢ The reference electrode is reaction [3] at Maders’ reference con-
ditions.

4 See Ref. (12).

¢ Limiting reactant at Br, electrode.

f Limiting reactant at Zn electrode.

& See Ref. (18, 22, 23); Dg,,- assumed equal to Dg,.

h At initial charging conditions, the feed to each channel is as-
sumed to be the same, for convenience. For initial discharge the
feed to each channel is the outlet composition after reaching about
60% zinc plated on charge.

. . Ci.re i
Loj,ref = (loj,ref)Mader H (h—f‘) [23]

i (Ci.redmader

where

ajSij

Dp;; — —— (anodic)
n;
Yis = { [24]
OciSi;

q;; + B (cathodic)

)

Equations [22] and [23] follow from Eq. [18] and [16], re-
spectively. Note that in Table II the values for U; .. are
relative to the Zn electrode at Mader and White’s (2) ref-
erence conditions. In order to confirm the lack of depen-
dence on the choice of the reference electrode the U, .
were also calculated relative to a hypothetical hydrogen
electrode (not shown in Table II) and used in the model.
The results using either set of U, ; were identical.

The input variables to the model include the length of
the electrode (L), the average velocity of the electrolyte
(Vave), the flow channel width (S,), the MacMullin number
of the separator material (N,,), the thickness of the sepa-
rator (Sy), the MacMullin number of the porous electrode
(Nw,pe), the thickness of the porous electrode (Spg), the
specific active surface area (a) of the porous electrode,
and either the applied cell potential (E¢ey = Ve — V. 0n
charge and E,..; = Vs — V, on discharge) or the cell cur-
rent density (i,). The cell current density is given at the
porous electrode/electrolyte interface (i.e., at y = Spg) by

MODEL OF A ZINC/BROMINE FL.LOW CELL 869

i =F E zN; [25]

It was determined in Mader’s work that only four param-
eters are independently adjustable in his model: the resi-
dence time of electrolyte in the cell (L/v,,,), the flow
channel width (S,), the effective separator thickness
(N,Ss), and the cell potential (E..,)). We found in'this work
that there exists seven independently adjustable param-
eters: Liv,ye, Sa, NuSs, the cell potential or current den-
sity (E..u or iy), the porous electrode thickness (Spg), the
MacMullin number of the porous electrode (N, p), and
the specific surface area (a).

Here, the effect of the porous electrode on cell per-
formance and the round trip energy efficiency is of major
interest. The parameters L, V., Sa, Ss, and N, are held
fixed at values used extensively in Mader’s work and are
values to be expected in a typical Zn/Br, flow cell. The
specific surface area of the porous electrode material (a)
is also held fixed at 25.0 cm~!. Note that a is lumped with
the exchange current density in the electrochemical re-
action rate expression for the porous electrode (see Eq.
[15] and [16]), and it is really their product (aio; ¢} which
is held fixed here. The electrode thickness, Spg, is varied
from 0.005 to 0.05 cm and N, p¢ is varied from 2.0 to 10.0.
These ranges seem to encompass values used in industry
(17). However, it should be noted that large values of Spg,
for example Sp; = 0.05 cm, may be too large relative to
the flow channel gap, S, = 0.065 cm, for the assumption
of negligible convection in the porous layer to apply.

Implementation of discharge calculations.—The model
is used to generate predictions for discharge at constant
cell potential and for discharge at constant current den-
sity. These two cases are commonly investigated in the
literature and represent the two extremes between
which discharge-occurs in practice. Perhaps discharge at
constant external resistance (load) is more appropriate,
but this introduces another equation and unknown into
the model.

Predictions for discharge at constant cell potential are
obtained by changing the cell potential and feed concen-
tration inputs to the model. The cell potential must be set
to a value less than the open-circuit potential. The feed
concentrations are set to those concentrations existing
after reaching a full state-of-charge. Here, the feed con-
centrations for discharge are the differing exit concen-
trations in each channel of the cell after reaching about
60% Zn** plated on charge. For the case with no porous
layer, the model by Mader and White (2) could also be
used to generate predictions for discharge at constant
cell potential given the appropriate inputs.

Predictions for discharge at constant current density
are more difficult to obtain. Cell potential (E.) is not an
explicit function of current density (i,) as evidenced by
the Butler-Volmer equation. Hence, an iterative proce-
dure must be used to determine E,; given i,. Here E.,), is
treated as an additional unknown, and ¥Eq. [25] is added
to the set of equations. The iterative solution procedure
used, described next, then solves for E ., along with ¢;
and ®.

Method of Solution

The equations describing each region of the Zn/Br; cell
and the appropriate boundary conditions were solved
using Newman's method (18) for the concentration and
potential distributions. The one-step model was used
here since Mader and White (2) showed that predictions
using the two-dimensional model are not significantly
different from those of the one-dimensional model for
low conversions per pass. The one-dimensional model is
appealing because the computation time required is
much less than that required for the two-dimensional
model (which can be up to 100 times greater). The solu-
tion procedure is described by White et al. (19) and
Mader et al. (8). A material balance closure for each spe-
cies, as given by Mader (14), is done to ensure that the
current densities predicted by the model are consistent
with the predicted average exit concentrations. Material
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balance closure was obtained for all cases presented
here.

Results and Discussion

Concentration and potential distributions as functions
of state-of-charge are used to analyze the Zn/Br, cell
model. Performance criteria of interest in the design of
this cell have been specified by Mader and White (2) and
are used here. First the performance of the cell during
charge as a function of the porous electrode parameters
is investigated. Second, cell performance during dis-
charge as a function of porous electrode thickness is pre-
sented for two cases, one at constant cell potential and
the other at constant current density. Third, concentra-
tion and potential distributions for charge and discharge
are presented and discussed. Lastly, predicted round
trip energy efficiencies for charge/discharge cycles of the
Zn/Br, cell are presented.

Following states-of-charge.—The assumption of a
pseudo steady state is used in the model because the
concentration and potential distributions in the cell
change over relatively long time periods. To follow
changes in state-of-charge and cell performance over
time, Bellows of Exxon (15) suggests that a convenient
parameter to track is the amount of Zn?* which has been
consumed and plated on the zinc electrode. The % Zn?*
plated is calculated according to Mader and White’s (2)
definition. Due to the large amount of computer time
needed to run consecutive steady-state cases, most stud-
ies in the charge mode were limited to 35% Zn** plated
although Bellows (15) reports the system is fully charged
when approximately 70% of the Zn?! ions are plated.

In order to propagate the state-of-charge, consecutive
steady-state cases are used. That is, the average exit con-
centrations of the species in both channels for a particu-
lar run (state-of-charge) are used as the feed concentra-
tions for the next run. We assume here that the
composition exiting the cell at any state-of-charge will
eventually be duplicated in the storage tanks and thus in
the feed to the anolyte and catholyte channels since the
composition of electrolyte is assumed to change slowly
under pseudo steady-state conditions. The feed composi-
tion of each channel will change independently because
the anolyte and catholyte are stored in separate tanks. It

should be mentioned that only the feed concentrations’

(Cireca) are changed to follow state-of-charge. The refer-
ence concentrations (c; .o are held fixed throughout all
states-of-charge, and thus the exchange current densi-
ties (io,ren and reference potentials (U, ;) are fixed at the
values reported in Table II. Although the assumptions of
pseudo steady-state operation and that the exit composi-
tion at one state-of-charge is the feed composition to a fu-
ture state-of-charge are valid only for low conversion per
pass, these assumptions at least provide a rough estimate
of cell performance as a function of state-of-charge. A
time-dependent model could be prepared to determine
the validity of this pseudo steady-state assumption.

Model predictions at wvarious states-of-charge.—
Figures 2 and 3 show the effect of porous electrode pa-
rameters on total cell energy efficiency (er) during
charge. The cases studied for the charge mode include
three porous electrode thicknesses and three MacMullin
numbers for the porous electrode. The parameters L/v,y,,
S., and NS¢ are held fixed in this work since only the ef-
fects of porous electrode parameters are of primary in-
terest. The residence time of the electrolyte in the cell
(L/vay) is 15s, the flow channel width (S,) is 0.065 cm, and
the effective separator thickness (N,,Sg) is 0.18 cm. These
values are used extensively in Mader’s work (14) and are
values to be expected in a typical Zn/Br, flow battery.
The cell potential, E..;, is held fixed at 1.9V to parallel
Mader’s work (14).

Figure 2 illustrates the predicted effect of the thick-
ness of the porous electrode (Spg) on total cell energy effi-
ciency (er) during charge. The curves in Fig. 2 slope up-
ward, reach a maximum, then slope downward. This
shape is seen in similar plots in Mader and White’s work
(2) and is attributed to the changing reactant concentra-
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Fig. 2. Effect of porous electrode thickness (Spe) on cell efficiency
during charge.
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Fig. 3. Effect of porous electrode MacMullin number (N, p) on cell
efficiency during charge.

tions as the state-of-charge changes. Note that as Sy is
increased the efficiency increases as well. This result was
expected because the greater the thickness of the elec-
trode the greater amount of surface area is available for
electrochemical reaction when conditions are kinetically
controlled as is the case here. This finding that the elec-
trochemical reaction rate is limited by the electrode ki-
netics rather than by the transport of species to the reac-
tive surfaces is discussed later. The thickness used for
the porous electrode in the model must be limited be-
cause as Spg approaches S,, convection through the po-
rous electrode and hence pressure differentials would
become important and the assumption that these contri-
butions to transport are néegligible would be invalid. Fig-
ure 2 demonstrates a much improved predicted effi-
ciency when using a porous electrode as opposed to a flat
plate electrode used in earlier work (2). Comparing Fig. 2
with Fig. 6 of Mader and White (2) an improvement in ef-
ficiency of at least 10% is realized at any given state-of-
charge. Also note that '.th‘;e maximum efficiency is
reached at a later state-of-éharge with the porous elec-
trode. This shift of the maximum toward the midpoint of
the charge/discharge cycle may be considered as an im-
provement in the efficiency distribution during charge.
Figure 3 shows the predicted effect of Ny, p¢ on cell effi-
ciency. The shapes of the curves are similar to those in
Fig. 2 and for the same reasons. N, pr €xhibits relatively
little effect on efficiency even at a relatively large value
of Sy where its effect becomes more pronounced. As will
be discussed later, concentration gradients within the
porous electrode are small. Diffusion and migration of
species into the porous electrode play a minor role in the
cell operation under the conditions considered here and
hence the effective diffusivity (Dy/Np pe) and thus the
MacMullin number does not have a significant effect on
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Fig. 4. Cell efficiency during discharge at constant cell potential

the predictions. Consequently, N, . will be held fixed at
a value of 2.0 for the remainder of this work.

Model predictions at various states-of-discharge.—Cell
performance is investigated here for discharge at con-
stant cell potential and discharge at constant current
density. Note that only the charge mode at constant cell
potential was considered in the previous section even
though the model could be used to generate predictions
for a constant current density charge. For discharge,
changes in the state-of-charge are followed by tracking
the percent Zn2* ions in solution (= 100%-% Zn?* plated).

Consider first discharge at constant cell potential. Fig-
ure 4 is analogous to Fig. 2 and presents cell efficiency as
a function of the state-of-charge. The curves reach max-
ima and minima due to the changing electrolyte compo-
sitions as the state-of-charge changes and due to the
competing electrochemical reactions at the zinc elec-
trode. Also, lower efficiencies are obtained for thinner
porous electrodes, as is expected. Figure 5 illustrates
how the current density changes throughout the dis-
charge. The current density decreases as the cell is dis-
charged due to depletion of reactants. Note that the
model predicts this decrease to be almost linear.

Consider next discharge at constant current density.
Figure 6, analogous to Fig. 2 and 4, shows that efficiency
decreases as the porous electrode thickness is decreased.
Again, the shape of the curves is attributed to the
changing concentrations and competing reactions at the
zinc electrode. Figure 7 illustrates the drop in cell poten-
tial during discharge at constant current density. The
model predicts the cell potential to drop almost linearly
for some time until approaching full discharge at which
point the cell potential drops off dramatically. This end-
ing behavior is due to the depletion of bromine in the po-
rous electrode which gives rise to a concentration over-
potential thus decreasing the cell potential.
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E,, = 17364V

0.030
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0.015 |
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L
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% Zn** in solution

Fig. 5. Current density during discharge at constant cell potential
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Fig. 6. Cell efficiency during discharge at constant current density
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Fig. 7. Cell potential during discharge at constant current density

The reader is cautioned not to compare the constant
cell potential and constant current density discharge
cases. These are two separate cases, commonly studied
because of ease and because they represent two extreme
cases, with no common basis for comparison. As men-
tioned earlier, discharge at constant external load is per-
haps more appropriate to consider. It should be men-
tioned that the initial current densities from the runs at:
constant cell potential were used as the current densities
for the runs at constant current density. Note that'the
curves for each Sp; value in Fig. 6 begin at the same effi-
ciencies as the two curves in Fig. 4.

In addition, it is worth noting that some researchers
have suggested that the corrosion of zinc by bromine

Zn(s) + Bry(ag) — Zn%*"(aq) + 2Br(aq) [26]

occurs at the zinc electrode and that this reaction is'inde-
pendent of potential. This reaction does not take place
during charge because the zinc is cathodically protected;
the bromine reduction reaction depends on potential
and competes with the zinc deposition reaction as illus-
trated in Fig. 1. During discharge, the bromine reaction
is a reduction reaction, whereas zinc is oxidized, and the
rates of both reactions depend upon potential.

Concentration and potential profiles—Concentration
and potential profiles for both charge and discharge
modes of the Zn/Br, cell are shown in Fig. 8-10. These
profiles are those predicted at a state-of-charge of about
35% Zn** plated which is approximately the halfway
mark between the initial charge and discharge condi-
tions used here.

Note in Fig. 8 and 9 the portions of the concentration
profiles within the porous electrode region. These
portions are almost straight horizontal lines indicating
no significant resistance to diffusion and migration of
species into and out of the porous electrode. Thus,
within the porous electrode the reaction rate is kineti-
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Fig. 9. Concentration profiles in the radial direction during discharge
at constant current density at a state-of-charge of 35% Zn®* plated.

cally controlled rather than diffusion controlled. Under
these conditions the optimal thickness of the porous
electrode is the thickest possible. Since the reaction rate
is kinetically controlled a thicker porous electrode offers
greater surface area hence more reaction. The greater
amount of reaction at the porous bromine electrode re-
quires a greater amount of reaction at the zinc electrode.
The zinc reaction accommodates this increase to a
greater extent than does the parasitic bromine reaction
(because the exchange current density for the zinc reac-
tion is several orders of magnitude larger than that for
the bromine reaction), and hence an increase in
coulombic efficiency is realized. These results were
shown earlier in Fig. 2. However, a trade off exists be-
tween increasing coulombic efficiency and decreasing
voltaic efficiency as the porous electrode thickness is in-
creased. As the porous electrode thickness is increased
the volume of electrolyte in the pores increases, hence
there is an increase in resistance to current flow and a
corresponding decrease in voltaic efficiency.

The transport controlled problem in the porous elec-
trode may be investigated by changing the kinetic pa-
rameters or the specific surface area (a). The kinetic pa-
rameter values used here, listed in Table II, are those
obtained from Mader’s work (14). These values were de-
termined by trial and error so as to give predictions com-
parable to experimental data reported in the literature.
Note that these exchange current densities are an order
of magnitude smaller than those reported earlier (20).
Small exchange current densities lead to small electro-
chemical reaction rates and hence a kinetically
controlled reaction rate. Changing the kinetic parame-
ters or the specific surface area so as to obtain a transport
limited design and still obtain predictions comparable to
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experimental values reported in the literature is beyond
the scope of this work.

The remaining portions of the concentration profiles in
Fig. 8 and 9 exhibit several features. First, the concentra-
tion gradients are seen to be rather large in the flow chan-
nels. This result indicates that the assumption of con-
stant electrolyte composition in the flow channels used
in some models (3-5) may be inappropriate. Also, the pro-
files are fairly linear in the separator region. Such linear
profiles are often assumed to be valid and used in the
separator regions of ceill models. Finally, the reaction
rate at the zinc electrode appears to be transport limited
on charge as evidenced by the rather steep concentration
gradient for Zn?* in the vicinity of the electrode surface
in Fig. 8.

In Fig. 10 the potential profiles for charge and dis-
charge are seen to mirror each other, as expected. The
IR-drop in the cell for a given state-of-charge and mode
of operation is equal to the drop in ® from the current
collector/porous electrode interface to the flat plate zinc
electrode.

Round trip energy efficiency.—An effective measure of
battery performance is its round trip energy efficiency
(RTEE). This quantity is simply the ratio of energy
drained from the battery (discharge mode) to energy in-
put to the battery (charge mode) for a given cycleon a
percentage basis. RTEE is obtained from the model pre-
dictions here using the following equation

S1
f (IEcell)discharge ds
52 x 100% [27]

S2
J (IEcell)charge dS

1

RTEE =

The symbols s, and s, represent different states-of-charge
(% Zn?** plated). The product IE, ., is a power term (en-
ergy per unit time) and changes as the state-of-charge
changes. It is assumed in writing Eq. [27] that the resi-
dence time for charge is equal to the residence time for
discharge so that the result is a ratio of energies. This as-
sumption seems reasonable and at least provides an esti-
mate of RTEE.

Round trip energy efficiencies for four cases investi-
gated here are shown in Table III. These values were cal-
culated by arbitrarily choosing a window in the charge/

Table 1. Round trip energy efficiencies

Values listed are round trip energy efficiencies for constant E.;
charge and either constant E,;, or constant i, discharge

Constant E.q Constant i,

discharge (%) discharge (%)
pe = 0.02 cm 41.86 69.16
Spe = 0.005 cm 36.46 64.44
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discharge cycle of 20-40% Zn?* plated. It seems
reasonable to assume that a midrange portion of the en-
tire charge/discharge cycle should be indicative of the
entire cycle when estimating cycle quantities. Note that
higher RTEE’s are obtained for the thicker porous elec-
trode indicating that the optimal porous electrode thick-
ness would be the thickest possible. The thickness of the
porous electrode is limited due to decreasing voltaic effi-
ciency and because the assumption of negligible trans-
port due to convection in the porous electrode becomes
invalid as discussed earlier. Also, for the arbitrarily
chosen values of i, and E..; used here, the results for dis-
charge at constant current density yield higher effi-
ciencies than those for discharge at constant cell poten-
tial. Higher efficiencies are obtained for the constant
current density case because the unwanted bromine re-
duction reaction at the zinc electrode is less important in
this case than it is for constant cell potential discharge.
However, it is difficult to compare these two cases, as
discussed earlier, but they do provide a feel for the
RTEE’s which are possible. Perhaps by choosing a differ-
ent value for E..; (further away from the open-circuit po-
tential), the results for discharge at constant cell poten-
tial would compare more favorably with those obtained
for the constant current density discharge. Based on the
results in Table III a RTEE of 70% should be attainable.

Conclusions

The Zn/Br, cell model presented here could be a useful
tool for the design of the Zn/Br, flow battery and could
save time, money, and effort if used in place of building
and testing many different designs. The model is used to
show that an optimal porous electrode thickness should
exist for a given set of design criteria. For the kinetically
controlled reaction rate in the porous bromine electrode
here the largest electrode thickness of those studied was
the optimum thickness. The model can predict both
charge and discharge conditions and provides an esti-
mate of the round trip energy efficiency (RTEE). The pre-
dictions suggest that a RTEE of 70% or more should be
possible. The model could be extended to include addi-
tional complexities such as a second bromine-rich phase
sometimes called the “red oil” phase.

Manuscript received June 13, 1986; revised manuscript
received Oct. 17, 1986.

LIST OF SYMBOLS
a specific electroactive surface area of the po-
rous electrode, cm™
C; concentration of species i, mol/em?
Cifeed feed concentration of species i, mol/cm?
Ci,ret reference concentration of species i, mol/cm?
D diffusion coefficient of species i, cm?/s
D, effective diffusion coefficient of species i in

the separator, cm?'s

D e p effective diffusion coefficient of species i in
the porous electrode, cm?%/s

d, density of pure solvent, kg/cm?

Dg diffusion coefficient of limiting reactant, cm?/s

Ecen applied cell potential (=V, -~ V),V

F Faraday’s constant, 96,487 C/mol

I total cell current, A

in total current density at an electrode (=I/LW),
A/cm?

Lojref exchange current density of electrochemical
reaction j, A/cm?

s current density due to electrochemical reac-
tion j, A/cm?

Keq equilibrium constant for tri-bromide reaction,
cm?/mol .

L electrode length, cm

Liv,y,e residence time of the reactor, s

N; flux vector of species i, mol/cm?2-s

5 number of electrons passed in reaction j

Nu MacMullin number in the separator

Nure MacMullin number in the porous electrode

NunSs effective separator thickness, cm

Ny normal component of the flux (y- or

n-direction) of species i, mol/em?-s
Ny normal component of the flux of species i in
the electrolyte, mol/cm?-s
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Nuire normal component of the flux of species i in
the porous electrode, mol/cm?-s
Npis normal component of the flux of species iin
the separator, mol/cm?-s
Dii anodic reaction order of species i in reaction j
Pe Peclet number (=2 Sv,,./Dg)
qs; cathodic reaction order of species i in reaction
)
R gas law constant, 8.314 J/mol-K
R; homogeneous reaction rate, mol/cm?-s
R/, electrochemical reaction rate, mol/cm?-s
RTEE round trip energy efficiency
s state-of-charge (% Zn** plated)
8 state-of-charge 1
Sy state-of-charge 2
Si; stoichiometric coefficient of species 1 in reac-
tion j
S total electrode gap, cm
Sa anolyte channel width, cm
Sc catholyte channel width, cm
See thickness of the porous electrode, cm
Ss thickness of the separator, cm
T temperature, K
U standard half-cell potential, V
Ui et open-circuit potential of reaction j based on
the reference concentrations, V
Va anode potential, V
Vavg average velocity of the electrolyte, ci/s
Ve cathode potential, V
Ve potential of porous electrode, V
w width of the electrode, cm
x axial coordinate, cm
Y normal coordinate, cm
z charge number of species i
Greek
a aspect ratio, S/L
Oty anodic transfer coefficient for reaction j
O cathodic transfer coefficient for reaction j
€ porosity of porous electrode material
€c coulombic efficiency
€T total cell energy efficiency
€y voltaic efficiency
4 dimensionless axial coordinate (x/L)
n dimensionless normal coordinate (y/S)
n; %ver)p(‘)/j:ential at electrode surface (V, — &, —
j.ref/s
n’ dimensionless normal coordinate, specific to a
flow channel
0, dimensionless concentration of species i
(€4/Ci ret)
01, reea dimensionless feed concentration of species i
T tortuosity of porous electrode material
(i ] solution potential, V
Subscripts
A anolyte
a anode
C catholyte
c cathode
E electrolyte
i species i
] reaction j
n normal component
PE porous electrode
RE reference electrode
S separator
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The Influence of Organic Solvents on
Aromatic Adsorption at Platinum

Acetic Acid, Acetone, Acetonitrile, Dimethylacetamide, Dimethylsulfoxide,
Sulfolane, and Tetrahydrofuran

Dian Song, Manuel P. Soriaga,! and Arthur T. Hubbard?

Department of Chemistry, University of California, Santa Barbara, California 93106

ABSTRACT

The influence of nonaqueous solvents on the packing density and electrochemical reactivity of
2,2',5,5' -tetrahydroxybiphenyl (THBP) chemisorbed at smooth polycrystalline Pt electrodes has been studied using thin
layer electrochemical techniques. THBP was chosen as the model polyphenolic compound because its surface coverageis
readily measured, and it displays electrochemical reactivity in the adsorbed state which is a function of its orientation. The
nonagueous solvents employed were: acetonitrile, ethyl acetate, acetone, acetic acid, dimethylacetamide, tetrahydrofu-
ran, dimethylsulfoxide, and sulfolane. Adsorption of THBP from its aqueous solutions led to three different orientation
states (flat, edge-edge, and edge-pendant) which depended upon the THBP concentration. The edge-pendant state showed
reversible quinone/diphenol reactivity similar to that in the unadsorbed state. Changes in the adsorption behavior and
electrochemical reactivity of THBP was noted when 10 m} of organic solvent was added. The extent of change depended
upon the adsorbability of the added solvent, being least noticeable with ethyl acetate (which is not chemisorbed on Pt) anid
most dramatic with dimethylsulfoxide (which is very strongly chemisorbed on Pt). The more strongly adsorbing of these
solvents virtually eliminated adsorption of THBP in the flat orientation. The electrochemical reactivity of THBP adsorbed
in the edge-pendant orientation was sensitive to the nature of the nonaqueous solvent, probably because of solvent.ad-
sorbate interactions. These results provide revealing glimpses of the role played by oriented adsorbed intermedjatesand
nonaqueous solvents in the stereospecificity of organic electrochemical reactions. In particular, the data appear to invali-

date previous assumptions that the orientation of adsorbed aromatic intermediates is flat, regardless of solute concentra-

tion or nature of the solvent.

Systematic studies (1-5) with atomically smooth poly-
crystalline Pt thin layer electrodes have demonstrated
that a wide variety of organic reagents are spontaneously
and irreversibly adsorbed from agueous solutions onto
the electrode surface to form a stable monolayer consist-
ing of close-packed molecules attached in specific,
identifiable orientations. For example, chemisorption of
single aromatics at low concentrations (=0.1 mM) from
agueous solutions not containing other adsorbates led to
flat oriented intermediates, while adsorption of the same
compounds at higher concentrations (=1 mM) yielded
vertically oriented species; these adsorbed molecule ori-
entations have been verified by reflection-adsorption in-
frared spectroscopy. It has also been found that orienta-
tional phase transitions within the organic layer can be
triggered by changes in solute (adsorbate) concentration,
pH, temperature, and coadsorption of other surface ac-
tive species; flat-to-vertical orientational transitions dis-
played by aromatic and quinonoid compounds are sup-
pressed at roughened surfaces. Adsorbed molecule
orientation has been shown to exert a strong influence
on the surface chemistry of the adsorbate itself and on

*Present address: Department of Chemistry, University of
Cincinnati, Cincinnati, Ohio 45221.

the electrochemical reactivity of unadsorbed redox. cou-
ples (1-5). In particular, the extent of irreversible oxida-
tion or hydrogenation was much greater for intermedi-
ates adsorbed in flat than in vertical orientations.

It is important to extend the above studies to include
the influences of nonaqueous solvents since, in numer-
ous organic electrochemical reactions, the product dis-
tributions are often characterized by features not readily
understood in terms of concepts derived from homoge-
neous sclution chemistry (6). In such cases, the heteroge-
neity of the'electrode reaction is often invoked, ahd the
electrode surface is thought to exert steric influence on
chemical reactions which occur following electron trans-
fer. Concepts such as “‘steric shielding by the electrode
from attack on one side of the substrate/intermediate” (6)
are not uncommon, and have been offered to account for
the stereochemistry of electrode processes. The partici-
pation of the electrode in this manner, of course, implies
the existence of reaction intérmediates adsorbed in sta-
ble orientational states. That is, adsorbed molecule ori-
entation plays an important role in many organic electro-
chemical reactions (7).

It is expected that the results obtained in aqueous so-
lutions will differ from those in nonagueous solvents
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