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Electrochemical characterization of LiMn,0, electrode
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Figure S1. (a) Cyclic voltammetry (scan rate: 1 mV s!) and (b) galvanostatic charge/discharge test for the
LiMn,0y electrode in 1 M LiCl (current density: 156, 313, 626, 1252, 2504 mA g™!).
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Figure S2. Change of the equilibrium potential (Eeq) of -MnO, (LiMn,04) over State-of-charge. Measurement

was conducted by galvanostatic discharge/charge test using 3-electrode cell (working: A-MnQ,, counter: LiMn,0Oy,
and reference: Ag/AgCl/KCI saturated) at 2.50X 10" mA cm. 28, 30, and 32 mM LiCl aqueous solution was
used as electrolyte.

Figure S2 shows the equilibrium potentials of 1-MnO, (LiMn,0,) electrode as LiCl aqueous solution varied
from 28 to 32 mM. The equilibrium potential shift appeared to be negligible in this range of concentration. The

dependence of the equilibrium potential on the lithium ion concentration was excluded in the model.
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Simulation details

In the separator channel domain (€2, ), where a dilute LiCl solution is injected, & is set to unity (&, =1)
and no additional reaction is assumed (.S; = 0), which yields a mass transport problem without source term. To
calculate the convective transport of the ion, a laminar flow field of the Newtonian fluid in Q, is given from the

solution of the Navier-Stokes equation and the fluid continuity equation.

p; (u-Vu)=-Vp+n,V’u in Q (S1)
Vou=0 in Q (S2)

in which p, is the density of the fluid, p the pressure, and 7, the viscosity of the fluid. Since an extremely

dilute LiCl solution (30 mM) is considered in this simulation, the density and the viscosity of the fluid are assumed
to be constant same as those of pure water (see Table 1). The parabolic velocity field of a fully-developed laminar
flow is assumed at the inlet of the channel (T',), where the average inlet velocity is #,, . A square-shaped
obstacles are placed within the channel to model the net-type spacer used in the experiment. The length of the
square obstacle is 80 um, corresponded to the hydraulic diameter of the cylindrically-shaped feed spacer threads
which have the same diameter of 80 um in the experiment. The surface-to-surface distance between two adjacent
square obstacles is 220 um. We placed buffer regions whose length is 400 um near the inlet and outlet, where no
square obstacles are placed to avoid unexpected numerical artifact by the presence of the obstacles near the inlet

and outlet. No-slip and non-penetration boundary condition (u = 0 ) are imposed on the channel wall and surface

of the feed spacer (T, ). A pressure boundary condition is assumed at the outlet (I", ).

In the electrode domains (€2,, and Q,, ), however, one should consider electrochemical reactions of lithium

intercalation which provides the source term in the mass balance equation (.S, ). We assumed that a Butler-Volmer

form of electrochemical kinetics is hold in the lithium intercalation reaction as below:

i, =1i,| ex atn ex o in Q and Q S3
— — — an

loc (1) p RT p RT ep en ( )

iO = F(kc )al’ (ka )a” (cs,max _CS )a” (Cs )ar (cLi+ /CLi’,ref )aa in pr and Qf" (S4)

n=9¢,-9 —Eeq in Q and Q, (S5)
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Vo ad, .
§ —_Li m Q and Q, (S6)
' nF

in which i, 1is the local current density, 7, the exchange current density, ¢, the anodic reaction rate

a

coefficient in the electrode, «, the cathodic reaction rate coefficient in the electrode, 77 the overpotential, £,
the anodic reaction rate constant in the electrode, k, the cathodic reaction rate constant in the electrode, ¢, the

concentration of lithium in the solid particle phase (i.e., in the LMO particles), ¢ the maximum concentration

5,max

of lithium in the solid particle phase, ¢, . the concentration of Li" ion in the liquid phase, ¢ .  the reference

concentration of Li* in the liquid phase, £, the equilibrium potential (see Figure S2), Vv, the stoichiometric

q
coefficient of the reduction equation of Li*, @, the active specific surface area [m'], and 7 the number of

electrons participating in the electrochemical reaction.

The concentration of lithium in the solid particle phase (¢, ) at a specific time is given from the solution of

an ordinary differential equation defined in the spherical coordinate system.

Oc, d’c, 20oc .

El { = +75} O<r<r,) n 0, and 0, &7
% -0 atr=0 (S8)
or

acs — VLiGavlloc rp
*or nF 3¢

s

atr=r, (59)

in which D, is the diffusion coefficient of lithium in the solid particle state, 7, the radius of the LMO particle
in the electrode, and v,;, the stoichiometric coefficient of the reduction equation of lithium in the solid particle

phase. The stoichiometric coefficients for lithium species, v .. and v,,,, are derived from the electrochemical

Li’

equation of the reduction process.

Li" +0+v e € Lif in Q and Q, (S10)
in which 0 means an active site of the solid intercalation material. As single electron is participated in this

reduction, it leads v . =1, while v, =-1 from the reverse reaction of Eq. (S10). As the stoichiometric

coefficients are defined in the reduction reaction, Vv, . and v, are constant throughout the whole simulation
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domain.

In the fully-blocking anion exchange membrane domain (€2, ), i, is defined in a slightly different manners

compared to the above cases, while i, =0 as non-conducting material is used in this domain.

i,=i,=-0,Vo, in Q (S11)
inwhich i, istheelectrolyte current density in the membrane, o, the electrolyte conductivity in the membrane,
and ¢, the electrolyte potential in the membrane. It is assumed here that the charge transfer is solely done by

conduction through the fixed electrolyte (=positive charge, in this case) in this domain, which is the case of the
fully-blocking anion exchange membrane. We did not solved the Nernst-Planck equation in this domain, while

the electrolyte current density (i,) was matched with that solved in the adjacent domain.

In our numerical simulation, we impose proper initial and boundary conditions for the constant-current

operation of our electrochemical lithium recovery system, as below.

Initial conditions

2 =0, ¢, =E,(c,), ¢, =50C) "€, 1oy 0<x<I, (512)
9 =0, 9 =0 L <x<L,-L, (S13)
¢, =0, ¢, =E, (c,), ¢, =80C 4 * C; rmax L,—L <x<L, (S14)
¢, =0 L+L <x<L,+L +L, (S15)
€ =Cyo otherwise (S16)

inwhich =1 +L +L, +L +L wherethe outer boundary of the negative electrode.

Boundary conditions

n-N; =0,i,=0,i =1,, ¢=0 x=0 (S17)
n.Ni :0’ il :0’ is :Icell x:L/oz (Slg)
n-N; =0, n-i,=0, n-i, =0 at the obstacle surface (S19)
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x=L+L orx=L+L +L,

x=L,+L orx=L+L +L,

at the inlet of the separator

at the outlet of the separator

is the concentration of the Cl- ion fixed in the anion exchange membrane.
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Mesh convergence test
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Figure S3. Mesh convergence test with (a) the total time and (b) the average wall shear stress on the positive
electrode.

Figure S3 summarizes the mesh convergence results in our simulation. It is revealed that refined
computational mesh is needed to obtain average wall shear stress, however, the total time of the system operation
(i.e., the time to reach to the limitation of voltage) is insensitive to the number of elements. We determine that
89,643 rectangular meshes are enough to be used in our simulation.
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Flow characteristics in the spacer-filled separator channel
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Figure S4. (a) Velocity contour plot of the flow in the system at the central region and (b) velocity contour line
plot of the flow in the system. Flow rate was 1 ml/min for each channel.

Figure S4 shows the velocity contour plots of the flow in the separator channel filled with spacer meshes.
The zigzag configuration of the spacer meshes has two main effects on the flow. First, the flow rate is increased
up to 2.5 times the inlet flow rate as shown in Figure S4a. The feed solution in contact with the electrode is
renewed quickly compared to the absence of the spacer mesh and it is advantageous for mass transport of Li*.
Secondly, the vertical flow direction is altered by the presence of spacer meshes as shown in Figure S4b, which

is beneficial for the mass transfer in the separator channel.
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Effect of spacer mesh on the concentration distribution
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Figure S5. Electrolyte concentration profile with normalized horizontal length at the center of the system with
(red solid line) and without spacer (black dash dot line) mesh at the step 1 (representative current: 0.5 mA).

Figure S5 shows the electrolyte concentration profile with and without spacer mesh in the cross-section
perpendicular to the flow direction. In both case, the shape of the profiles is parabola, indicating concentration
polarization in the separator channel. In the presence of the spacer mesh, the difference between the maximum
and minimum concentration is smaller than in the absence of the spacer mesh. In other words, the concentration

polarization can be alleviated by the spacer mesh in the flow-type electrochemical ELR system.
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