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ARTICLE INFO ABSTRACT
Published Online: The work reported in this paper is in support of our current effort in the development of an
07 January 2025 experimental hybrid (lithium-aluminum alloy/electrolyte/oxygen or air) fuel cell for the

acquisition of the experimental data required to characterize its performance behavior.

The literature-based assembled formulation provided in this paper can be used to predict the cell
open-circuit electric potential, lithium amount in the cell anode alloy, and g-atom ratio of lithium
to aluminum in the cell anode as a function of time at any cell discharge current level. The ohmic
voltage losses can also be computed in the cell cathode, anode, and two electrolytes at a cell
current level.

The computed ohmic-voltage loss data in the various components of the cell (Figure 1 in Section
1), during its discharge; for example, at the geometric current density of 0.10 amp - cm;fom at
the cell temperature of 405 °C is presented in the paper. The computed data are summarized as
given below:

1. The predicted open-circuit cell voltage at 405 °C is 2.3241 volt.

2. At the geometric current density of 0.10 amp - cm;ezom, the ohmic voltage loss in the
cell anode is relatively negligible. The ohmic voltage loss in the electrolyte-1,
electrolyte-2, and cathode is 1.3620, 0.0048, and 0.0002 volt, respectively. The ohmic
cell voltage loss in the electrolyte-1 of thickness 10um is dominant. It is, therefore,
suggested that the electrolyte-1 membrane thickness be less than Sum to reduce the

Corresponding Author: overall cell operational voltage loss at any discharge current level.

Sarwan S. Sandhu 3. The predicted operational cell voltage, at the cell discharge current of 0.10 amp -
Cm;ezom is about 0.9571 volt at the cell temperature of 405 °C.
1. INTRODUCTION development of an experimental cell of the type sketched in
To improve the efficiency of a lithium-oxygen or air fuel cell, Figure 1:

our very recent engagement has been in the design and
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Figure 1: High-temperature Lithium — oxygen or air fuel cell (the above sketch not to a scale)
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It consists of a cathode (C): Porous strontia-doped lanthanum
manganite perovskite, Lai.x Srx MnOs3; 0.1<x<0.15. The cell
cathode-side reactant is pure dry oxygen or air. The oxidant
oxygen or air is caused to flow through a cathode-side
chamber. The oxidant is stirred to acquire high fluid-flow
turbulence levels to achieve the uniform molar concentration
of oxygen at the surface, located at X¢= 0 plane, of the porous
solid cathode electrode as well as to reduce the thickness of
the species concentration boundary-layer likely to exist there;
thus, reducing the resistance to mass transfer of oxygen or
enhancing the oxygen molar flux to the porous cathode
surface located at X© = 0 plane.

Electrolyte #1 (Electro #1): It is the solid solution of scandia
— in — zirconia, (Zr0O,)ix(Sc203)x; with x = 0.06, 0.09, 0.10
or 0.11 of Scy03() in the mixture with zirconia as the solid-
state solvent (for the oxide ion, O%, transport); with the
negligible electronic transport between the cell cathode and
the electrolyte #2.

Electrolyte #2 (Electro #2): It is the eutectic mixture of
lithium chloride (LiCl) and potassium chloride (KCl); with
magnesium oxide (MgQOy)) solid ceramic particles as the
immiscible agent for the eutectic mixture of lithium chloride
and potassium chloride.

Cell anode (A): It is a lithium—aluminum alloy in contact with
the electrolyte #2.

The hybrid fuel cell sketched in Figure 1 is intended to be
operated over the temperature range 350-550 °C.

2(A). PRINCIPLES OF CELL OPERATION
At the cell cathode (C), oxygen reacts with electrons entering
from the external electric circuit to form oxide ions, O~; based
on the overall electrode kinetics; The oxide ions migrate
through the scandia — doped zirconia (Electrolyte #1), to the
magnesia immobilized eutectic mixture of lithium chloride
and potassium chloride (Electrolyte #2). There the oxide ions
react with the lithium ions to form di-lithium monoxide
(Li20O¢s)) at any temperature over the intended cell operational
temperature range of 350 — 550 °C. During the cell discharge
period, at cell anode (A), lithium from lithium-aluminum
alloy turns into lithium ions and electrons. Electrons enter the
external electric load circuit; whereas the produced lithium
ions migrate to the spatial region in the cell occupied by the
Electrolyte #2. The overall cell reaction is as follows:
Anode (A): 2LiAl ———»2Al) + 2Li" + 2¢

(M
Cathode (C): 2O0xg + 26— O ©)
In the cell spatial region occupied by the eutectic mixture of
lithium chloride and potassium chloride, the following
reaction takes place:

2Lit+0° — p LirnOy, (€))
Addition of Equation (1), (2) & (3) leads to:
2LiAl) + %Oz(g) — > 2Al) + LixOgs). 4)

VLials) = = 2, Vo, (@ = - % Vaie) =T 2, V06 =1 L.

The number of g-moles of electrons involved per g-mole
occurrence of reaction (4) is, n =2 (g-moles). Following [1],
the reversible cell electric potential at a temperature T[K] is
given by

Er = B9 — (30) in[m; a}] . (5)
where a;= activity of a species i involved in the overall cell
reaction (4).

Note that the standard state cell electric potential at
temperatures T[K]; E? is the electric cell potential where a;of
each species is equal to unity. Equation (5) for the cell
reaction (4) becomes,

RT VLiAl vo VAL VLiz0
ET = E% — (_)l [ LiAl ® o 2(9) " (s) ) 28(s) (6)
nF LAl (s) 2(9) (9 Liz0¢s
1
_ o _ (RT -2 ) 2 1
ET - ET (ZF) n [ aLiAl(S) aoz(g) aAl(S) aLiZO(S)] (7)
2 1
RT Al ALiz0
Ep = E9 — (;) In| —© 2220 [ (=] (volt). (8)

alz,iAl(s) /aoz(g)
Here, for solid aluminum, di-lithium monoxide and lithium-
aluminum  alloy; ay ) = ALiy0 = Liai(s) = 1; ie., the

activity of each of these solid-phase species is equal to unity.
Consequently, Equation (8) reduces to:

Ep= E0— (g) lnl W‘ [=](volt). 9)
2(g

_ po _ (RT 2 _

Or, Er = EY — () ln[ ag ][ 1 (volt). (10)
The activity of oxygen() is given as:
$0,4\P $0,5Y05(g)P

gy = Oz(ggooz(g): Oz<g>Pooz<g> (11)

where ¢, Ne bo, o (TYj@,P) = fugacity coefficient of
oxygen species), to account for its non-ideal behavior in the
gas phase when the gas pressure, P, is high and the interaction
between the molecules are strong so that the assumption of
ideal-gas mixture is really not a valid one. y,, g = Oxygen

mole fraction in the dry oxidant feed, e.g., in dry air feed,
Yoo = 0.21; P = pressure of the oxidant feed mixture, e.g.,
dry air, in the oxidant flow chamber [bar]; P® = the standard

state pressure = 1[bar].
Combining of equations (10) & (11) leads to;

[ ]

Er= B = (5) | ———— (12)
02090207\
(Freer)

For P < 10bar; it is quite reasonable to assume ¢, 2 = 1.0.

The equation (12) reduces to

)l 1
Er = Ef — (=) in ;1
L

T (13)
yoz(gF)(PLO) J
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For the case of pure-dry oxygen feed, y,,(g) = 1 in Equation
(13) and then, from Equation (13), we obtain

—_ 0 _ (RT 1
Er = EY — () In . (14)
(70)
The standard-state cell electric potential, E2, is given by

5 = (5) = (57) (15)

nFr 2F
The standard-state Gibbs free energy change, AGY, at the cell
temperature, T[K], is given [2] as
0 _ a0 (T 0 (1IN 1T ApOogT —
AGY = AGY, (=) + AHY, (1 To) + 2 [ ACRdT

0

Iy (A—C'g) dT (16)

T
where AG?, and AHZ, are, for the reaction, Equation (4), the
Gibbs free energy and enthalpy changes at the reference
temperature, T, = 198.15 K; with the chemical species
involved in the reaction being in their respective standard
states.

The standard state AHp,, AGp and heat capacity ACP are

given as

AH, = 5,vi Hy, = Siv OH}, 1) = [ (2Hy g1, +

1

Hl(,)iZO(S),TO) - (ZHI(,)iAl(S),TO + EHgZ(g)'TO):l (17)

0 _ 0 0 0
AHr, = [(ZAHf,Al(S),TO + AHf,LiZO(S),TO) — (28Hp a1y +
Tapgo
L8HP0, )] (8)
Similarly,
AGY = [(ZAGfO,Al(s),TO +AGL 1, 000m) — (ZAGfO,LiAz(s),TO +
L Vel
2 AGf:Oz(.g):To)] (19)
By convention for pure elemental species in their standard
states at T, = 198.15K, AHP i etementy, =

AGP i etementyr, = 0.0 [ - mol™"]. Then, equations (18) and
(19) are reduced to
AHR = AHE i 005y, = 28H Liarg 1 U - mol™] (20)

AGR, = AGP1i,0(5)1, — 2AGF Liai g my» [ - mol™] 1)
Also, AC? of the reaction, equation (4), is given by

ACR =%y(vi-CS)) = [(ZCg.Al(S) + CPiinow)

(ZCF(’),LL'AI(S) + %ng(g))] (22)
where C }9‘1: (heat-capacity of a species i in its defined
standard-state at temperature T[K]) = CJ;(T) [J -mol™-
K]

Using equations (16), (20), (21) and (22), one computes AG
and hence, E} from Equation (15). Then one can calculate Er,
from Equation (14) at any cell temperature, T[K].

2(B) ESSENTIAL PROPERTIES OF THE CELL
COMPONENTS

Cell cathode (C): Porous strontia-doped Ilanthanum
manganite (solid), La;x Srx MnOs3 (0.10 <x <0.18). Presence
of strontium bestows p-type electronic conductivity [3]. The
oxygen mass transfer to the electrochemical reaction active

sites throughout the cathode is facilitated by the porosity in it.
In the solid composite of [(Laix Sty MnO3) — LSM] and yttria-
stabilized zirconia [(ZrO2)1-y (y203)y) — YSZ] oxygen vacancy
defects facilitate the O anion mass transport.

Molecular oxygen from the cell cathode-side chamber
diffuses through pores in the cathode for its contact with the
reaction active sites. The LSM particles receive electrons
from the cathode-current collector during the cell discharge
period. Molecular oxygen is assumed to be chemisorbed on
the LSM-particle surface. The chemisorbed molecular
oxygen decomposes into the oxygen atoms while receiving
electrons. Thus, singly charged O ions are generated on the
surfaces of LSM particles. These anions migrate on the LSM-
particle surface to the three-phase boundary where O ions are
transferred to the YSZ-particle surface in the form of O*
anions with the creation of electron holes in the bulk of the
LSM particles. The doubly charged O anions migrate on the
YSZ particle surfaces to the interface between the cathode
and electrolyte #1.

In accordance with [4], the oxide anion transport through the
bulk of LSM particles is assumed negligible. Furthermore,
O? anions transport through the bulk of the YSZ particles is
also assumed negligible. Using the information provided in
[5], the developed expression to calculate the electrical
conductivity in the cathode is given below.

c —4605.2 S
o¢ =1000.045 ¢ T [z] (23)

Where temperature, T is in degree K.

Electrolyte 1 (Electro #1): Solid solution of scandia in
zirconia, [(ZrO2)ix(Sc203)«]: The primary requirements [4]
for an electrolyte to function effectively are: The oxide anion
O? ionic conductivity must be high (e.g., of the order of 0.1

s . .
— at an operating temperature of the cell), low electronic

conductivity, thermodynamic and chemical stability over a
wide temperature range (e.g., room temperature to 1000°C)
and reliable mechanical properties [6]. The cubic fluorite type
phase [7] of the scandia-stabilized zirconia has the highest
ionic conductivity among all zirconia solid solutions [8]. It is
because the ionic radius of the cation, Sc*, 0.087nm is the
closest to the ionic radius of the cation, Zr*", 0.084nm. This
results in lower internal stress and steric-hindrance effect for
the migration of the oxide anions, O%9]. At about 500-600
°C, the high conductivity cubic phase transformed to the
rhombohedral phase. Consequently, this results in ionic
conductivity degradation at cell operational temperatures.
One way to suppress this degradation is to introduce the
second dopant (co-dopant) to the electrolyte 1 structure; for
example, yttria oxide,y>O3).

Electrolyte 2 (Electro #2): It is the eutectic mixture of (lithium
chloride, LiCl, and potassium chloride, KCIl) with the
magnesium oxide, MgQOs), the ceramic solid particles as the
immobile agents for the fused (melt) eutectic mixture of the
lithium and potassium chloride salts; the melting point of
magnesium oxide is 2852°C, whereas the melting point of
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LiCls) and KClg) is approximately 610 and 771 °C,
respectively. The density of the mixture of magnesium oxide
(35% by weight) and (the eutectic mixture of lithium chloride
and potassium chloride (58.8 and 41.2 mole %)) is 1.65 in—m3
and the electric conductivity of this ternary component
mixture [10] is 0.7647 im
Molecular weights (in fact, molecular masses) of LiCl, KCI,
and MgO are 42.397, 74.555, and 40.311%, respectively.
Based on the above-mentioned information, the volume
fraction occupied by the (LiCI-KCI) eutectic mixture in the
cell Electrolyte 2 (Electro #2) is €gytectic = 0.8046. The
effective area for the Li*, K*, and CI- ion transport in the
Electrolyte 2 is given as
Qeffective (= €cutectic) =

0.8046 cm? for the ion transport

cm? of the total area of the Electro 2
parpendicular to the XA—coordinate

24

The eutectic current density, ipytectic, through the cell
electrolyte 2 is now given as:

i _ lgeom amp (25)
eutectic — . "\ cm2of the eutectic mixture

Qef fective : -
occupied spatical area

where igeom = magnitude of the geometric current density

mp). During the cell

m2

a

through the cell electrolyte 2, (C

discharge period for the delivery of electric power to an
external electric load, the ohmic voltage drop (loss) in the cell
electrolyte 2 is given by

AD Electro #2 — ( ) . It 26
[(( )Q—loss )] Qeffective Keutectic lgeoma (VO ) ( )

where the ionic conductivity of the LiCl-KCl eutectic
mixture as a function of temperature is given [11,12] by

N
Keutectic = @+ bT + cT2, () 27)

Electro #2

Where = —5.6492 ( ) b=

1373221072 (=) and ¢ = -5.1788 x 107 (=),

A reader interested in gaining more insight into the behavior
of the LiCI-KCl eutectic is referred to [13].

Cell anode (A): Lithium-aluminum alloy (LixAl) in contact
with the electrolyte 2 (Electro #2), where x = number of g-
atoms of lithium per g-atom of aluminum metal in the alloy.
It is well known that the charge carriers in the metallic
conductors are ‘free electrons’. The electrical conductivity (in
fact electronic conductivity) in a metal is usually represented
as,

O = Ne(elle, ( . ) (28)

cm

where n, = number concentration of free (mobile) electrons
per unit volume of a metallic conductor, g, = magnitude of
change on an electron, and u, = mobility of the mobile
electrons in a metallic conductor such as aluminum; it is the
charge carrier drift velocity divided by an electric field
strength, (cm?. volt!. sec™).

When both positive (e.g., lithium ions in the lithium melt
state) and negative (e.g., electrons in the solid aluminum
state) charge carriers contribute to the charge conduction, the
electric conductivity is given as

0 = NpQplp + MGnbtn, [ﬁ] (29)
Positive and negative charge carriers are denoted by the
subscripts p and n, respectively. The magnitude of q per
electron, electron hole, or monovalent ion is (0.16 x 10-'3C).
For a multivalent ion, M* and X*, gqz =
Z,(0.16 x 1078C) or |qz_| = 1Z_| x (0.16 x 107*8C).

In the cell operational temperature range of 350-550 °C,
aluminum in the lithium-aluminum alloy is most likely to
remain in the solid state, whereas lithium would be in the
liquid state. Resistivity of the annealed aluminum at the room
temperature (rt) of 20 °C (= 293.15 K) [14] is,

Pais)re = 28.28 x 1077, (ohm-cm) (30)
The aluminum electric resistivity at a temperature, T[K], is
given by

Pais) = pAl(s),rt[l +°cAl(s) (T - Trt)] = pAl(s),rt[l +

Kays) (T — 293.15)], (ohm-cm) (31)
where, ;5= 0.0039 [K~"].

The electric resistivity of the lithium melt [15] is given by the
following correlating polynomial

Prigiq) = (2.256 + 0.06665T — 4.255 x 107°T2 +

1.398 x 1078T3) x 107%, (ohm:cm) (32)
where, T = liquid phase lithium temperature [K].

Over the above-mentioned temperature range of our current
interest, the aluminum atoms in the LixAl alloy would be in
the solid aluminum state. The mass transport process in LixAl
alloy would be dominated by the movement of lithium atoms
or ions. This assumption is supported by the NMR studies on
lithium-aluminum alloy [16].

The electric conductivities of solid aluminum and liquid
lithium are, respectively, given as

1 S
o = o] (33)
1 S
OLictia) = —— |— 34
Li(liq) PLiliq) [Cm ( )

The electric conductivity of Lithium-aluminum alloy, LizAl,
is given as:

T AL(s) +X0Liiq)
alloy = ( 1+X ) [cm] (35

The ohmic voltage loss in the LicAl alloy anode at an all-
geometric current density, igeom, is given by

(A4 100)) = | (75=) tgeom] ol (36)

Oalloy
where [4 = thickness of the cell anode.
During the cell discharge period, the lithium content of the
cell alloy anode would decrease. Consequently, the electric

conductivity, Gg0y, is likely to change as expressed by
Equation (35).
In correspondence with the overall cell reaction:
. 1 .
2LlAl(S) + E 02(9)_> ZAI(S) + LlZO(S)' (37)
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the amount of lithium consumed, corresponding to the cell
geometric current density, igeom, is the time period of t
(seconds) during the cell discharge is given by
[_(ANLi)]geom =

t.
fo igeomdt g—atoms of lithium consumed
eontt), . (38)

Cmgzyeom
The lithium amount in the cell anode, during the cell
discharge period, at time, t(sec), is given as

(NLi)geom = [(NLi,initial) + (ANLi)geom] =

[(NLi,initial)
It is here again noted that the amount of aluminum in the
anode, over the temperature range of 350-550 °C, would

geom

f(figeomdf e
- (T)] (g-atoms of lithium). (39)

geom

remain invariant during the period of the cell discharge, i.c.,
the g-atoms of Al at time, t(sec), during the discharge
period, Nais),gcom = Nai(s), initial- SO, the ratio of the g-atoms of
lithium to the g-atoms of aluminum, during the cell discharge
period, at time t(sec) is given as

_ (NLi)geom _ (NLiviniti"-l)geom _
(Nais) initial) joom (Naigsyinitiat) gy,

f(f igeomdt (40)
F(Nais) initial) goom
Or
t. dt
¥ = [ X, — M} (41)
F(NAl(s),initial)geom

where X, = ratio of the g-atoms of lithium to the g-atoms of
aluminum at the initial state of the cell anode at time, t = 0.0

sec.

At a constant current cell discharge, Equation (41) reduces to

X = [ X, — %} (42)
F(Nay(s),initial) geom

During the cell discharge period, the parameter X in equation
(42) is likely to decrease. At some time, t = texnausi(sec); X
would become zero, i.e., the entire lithium amount in the cell
anode would have been completely consumed.

The ohmic voltage loss in the cell anode, during the cell
discharge period, would change as indicated by equations
(35) and (36).

Figure 2 of Ref.[16] provides the information about the
lithium-aluminum alloy phases as a function of x in LixAl at
423 °C. The solid solubility of lithium in aluminum is 9.2
atomic percent (X-phase). The -phase exists for the lithium
solubility in aluminum for the lithium atomic percent from
46.8 to 56%. The y-phase prevails between 60.3 and 61.7
atomic percent of lithium. The two-phase (« +f), region
exists between the o- and 8- phases and the (S + y) phase
region exists between the - and y- phases. The study of the
works by the various authors reported in [15] leads us to state
that the LixAl alloy in the cell anode would undergo phase
transformations during the discharge period of the hybrid fuel
cell: LixAl / (oxygen or dry air).

3. TYPICAL EXAMPLE CALCULATED DATA at T =
678.15K (= 405°C):

(@) For (%) =1 and y,, (in air) = 0.21; the cell e.m.f. or
open-circuit voltage from equation(14), E; =2.3241
volt.

(b) The ohmic voltage loss in the various components of
the cell at igeom = 0.10 amp * cMggym:

(b-1) Cell Cathode (C):
For ¢ = 20um, x = 0.2 in (La1xSrxMnO3 (s))
using equation (23) and

[(AP)§-1055)] = (’C;’—C’") (volt) = 1.7792 X
10 (volt).

(b-2) Electrolyte 1 (Electro #1):
Thickness of the electrolyte 1, [Electro#l =
10um

R

Electro #1 [Electro #1'i980m
[((Aq))n—loss )] = ( kElectro #1 )
1.3620 (volt)

(b-3) Electrolyte 2 (Electro #2):

Thickness of the electrolyte 2, [Electro#2 =
500um

[(aoygiegze )] = (
4.8 x 1073 (volt)

lElectro #Z-i )
geom

Qeffective Keutectic

(b-4) Cell Anode (A):

Thickness of the cell anode, 14 = 25um
14 eom

[((Aq))é—loss)] = (Lgi) =

OLiAl alloy

1.7685 x 10~° (volt)

Note: The above given calculated data are based
on the assumption that the voltage losses due to
the contact resistances between the cell
components are negligible. Also, in the absence
of electro-kinetics rate law equations (based on
experimental data); the electro-kinetics
polarization voltage losses in the cell cathode
and anode electrodes are assumed negligible.

(b-5) The sum of the above given voltage losses
at T =678.15 K and igeon, = 0.10 amp - cm™
is:

[((AP)2H )] = 1.3670 (volt).

(C) Based on the above given calculated data,
the predicted cell voltage of the cell operation at
678.15K and igeom = 0.10 amp - cm™? during
the cell discharge period is

E = [Er - [((a0)[2,)]| = [2:3241 -
1.3670](volt) = 0.9571(volt).
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DRAWN FROM THE

CALCULATED DATA IN SECTION 3:
For the cell of the type, sketched in Figure 1 operated at

678.15

K and igeom = 0.10 amp - cmyZ,, during its

discharge period, the calculated data presented in Section 3
leads us to the following:

(@)

(b)
(©)

The ohmic voltage loss in the cell anode is
negligible; whereas that in electrolyte 1, electrolyte
2, and cathode, respectively, are: 1.3620, 0.0048,
and 0.0002 volt.

It is obvious that the ohmic voltage loss in
electrolyte 1 of thickness, 10um, is the dominant cell
voltage loss (i.e., 1.3620 (volt)). To reduce the cell
ohmic voltage loss, it is suggested that the thickness
of the electrolyte 1 membrane be less than 10um
during the build-up of an experimental physical
system: for example, [E1etT0 #1 = 5m

The predicted open-circuit cell voltage is 2.3241
volt.

The predicted available cell voltage for the delivery
of electric power to an external-circuit electric load
is about 0.9571 wolt at igeom = 0.10 amp -

-2
CMgeom-

Finally, it is suggested that the experimental electrode-

kinetics data; especially, for the porous cathode (C), of the
cell shown in Figure 1 be acquired for the development of the
intrinsic electrochemical reaction-rate law of the Butler-

Volmer type [17].
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