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The silver-based thermally regenerative ammonia battery is a new technology for converting low-grade
waste heat (<100 °C) to electrical power. These hybrid flow batteries are charged using energy derived
from waste heat, rather than electrical power, and can be cycled hundreds of times without a decrease
in performance. Design factors that impact operational conditions and performance are needed to im-
prove reliability and increase power densities. For example, the structure of the porous electrodes could
alter silver deposition rates and porosities of the electrodes during operation, leading to preferential flow
paths from clogging of pores that would impact cycle longevity and power. A 2D numerical model was
therefore used to study the relationship between fluid flow and electrodeposition in the porous elec-
trodes using cylinders in cross-flow to represent the internal structure of a porous carbon fiber electrode.
Lower void fractions increased peak power by 2.5% to 7.1% but resulted in pore clogging 3-5 times faster
due to nonuniform deposition. It was found that staggered fiber arrangements maintained higher sur-
face concentrations and 4.9% to 8.9% higher peak power compared to in-line fiber arrangements with the
same void fraction while also displaying less dependence on fluid velocity due to efficient advection of
reactants. An electrode with variable void fraction was designed to increase peak power by 7.5% but the
pores clogged 23% faster compared to a similar electrode with a homogeneous void fraction.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Power plants and industry generate an estimated 60 TWh of
waste heat each year [1]. Roughly 66% of this energy is low-grade
waste heat (temperature < 100 °C) meaning that it cannot effi-
ciently be used by traditional thermal technologies for electrical
power generation. Many researchers are investigating electrochem-
ical and membrane-based systems for capturing this low-grade
waste heat, including thermoelectrochemical cells, thermally re-
generative electrochemical cycles, and thermally regenerative am-
monia batteries (TRABs) [2]. However, all of these technologies
currently show poor performance when considering factors such
as power density, scalability, and cost, especially when compar-
ing them to other renewable energy alternatives such as solar
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and wind energy [3]. Among these thermally-based electrochem-
ical technologies, TRABs show the most promise for improvement
and future competitiveness given that they have the highest power
density and good efficiency relative to the Carnot cycle [2].

TRABs are a type of flow battery, which means that the elec-
troactive components are stored in external tanks and pumped
into an electrode stack where the electrochemical reaction occurs.
However, they are charged by capturing thermal energy rather
than consuming electrical power. All TRABs developed to date
are hybrid flow batteries where both electrodes either grow in
mass through metal deposition or are consumed due to metal de-
pletion during the charge and discharge processes [4]. The elec-
trodes are separated by an anion exchange membrane to prevent
mixing of the electrolytes during operation while allowing anion
transport through the membrane. An electric potential difference
between two identical electrodes and electrolytes is created by
adding a ligand, typically ammonia, to one electrolyte to form the
anolyte. During discharge, the metal anode dissolves to create a
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metal-ligand complex in the anolyte, and the aqueous metal in the
catholyte is deposited onto the cathode. To use thermal energy to
regenerate the battery, the ammonia is separated from the metal
complex in the anolyte into a pure ammonia stream using low-
grade waste heat in a process such as distillation. The ammonia
can then be added into the spent catholyte to return the battery
to a fully charged state [5]. Multiple iterations of TRABs have been
investigated using cheap, abundant metals such as copper, nickel,
and zinc, and have been able to obtain high power densities using
zero-gap flow designs, nanoslurry, and maximizing the open circuit
potential [6-8]. However, these chemistries have poor electrode re-
action efficiencies and solubility of the active metals, resulting in
poor cyclability of the battery [4,8-16]. A recent improvement of
the TRAB was realized through the use of porous carbon electrodes
and silver as the active metal (referred to as the Ag-TRAB), which
resulted in electrode reaction efficiencies of over 95% [3]. This Ag-
TRAB was cycled over 100 times with no appreciable decay in per-
formance.

While TRABs have higher power densities than other elec-
trochemical systems that capture low grade waste heat, TRABs
have lower power densities than electrically-recharged flow bat-
teries that use metals and complexes such as vanadium and zinc-
bromine [17]. One potential method to improve power density of
TRABS is by using porous electrodes, which have become ubiqui-
tous in flow battery research because of their cyclability [3,18,19],
high active surface area, and lower internal resistances compared
to batteries with flow over the electrodes [20]. Critical to this ap-
proach is ensuring effective use of the electrode volume and avoid-
ing dead zones in the electrolyte flow path [21-25]. Maximizing
the use of the electrode volume prevents concentration polariza-
tion and provides better load tolerance [26]. Flow fields that dis-
tribute the electrolyte evenly throughout the volume of the elec-
trodes will produce more uniform electrode utilization [22,26,27],
but in order to properly design new flow fields it is important to
understand what governs mass transfer within the porous elec-
trodes. Understanding this is especially critical in TRABs as the
metal deposition can clog pores and create preferential flow paths,
limiting the performance of the battery. Even in fully aqueous flow
batteries the type of porous material, its specific surface area, and
the orientation of the fibers impacted rates of mass transfer of
the system and were important determining factors in the length
needed for single-pass conversion of the reactants [28,29]. Sim-
ilarly, improved mass transfer due to increased fluid velocity in
porous redox flow battery electrodes resulted in lower overpo-
tentials and increased overall battery power output [30-32]. Re-
searchers have improved battery performance by creating custom
electrodes to enhance mass transfer by manipulating the fiber
alignment and electrode microstructure [33-35]. Their electrodes
increased the mass transfer coefficient by 50% compared to com-
mercially available felts at a constant Reynolds number and in-
creased the power density of the battery by 20%.

To understand how electrode fiber arrangement and metal de-
position influences advective transport in TRAB electrodes as well
as to improve their design and power output, we developed a 2D
numerical model of the Ag-TRAB cathode. The electrode character-
istics were simulated using two fiber arrangements and three dif-
ferent void fractions to study the relationship between fluid flow
rate, porous electrode structure, battery power output, and elec-
trodeposition uniformity at a constant electrolyte inlet concentra-
tion. Cylinders were oriented in a cross-flow arrangement to pro-
vide a two-dimensional analogue for the internal fiber structure of
the carbon electrode. The impacts of fiber arrangement, void frac-
tion, and flow rate on the peak power, deposition uniformity, and
clogging of the electrode are demonstrated and used to guide how
the electrode structure can be modified to extend battery discharge
cycles.
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Fig. 1. Schematic of (a) in-line and (b) staggered fiber arrangements. Domains are:
N - negative channel (blue) and P - positive channel (green). Boundaries are: 1 -
positive electrolyte inlet, 2 - positive electrode surface, 3 - ion exchange membrane,
4 - negative electrode, and 5 - positive electrolyte outlet. Dimensions are not to
scale (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.).

2. Numerical methods
2.1. Computational domain and fiber arrangements

We developed the Ag-TRAB flow model using COMSOL Multi-
physics [36]. The computational domain consisted of two channels,
a positive electrolyte channel containing the fiber array (channel
P), and a negative electrolyte channel to complete the electric cir-
cuit (channel N) (Fig. 1). The positive channel contained flow-
ing electrolyte and concentration-dependent Butler-Volmer kinet-
ics with tracking of the Ag*, NH4", and NO3~ ions within the elec-
trolyte. The positive electrolyte was silver nitrate with ammonium
nitrate as the background electrolyte to simulate the solutions used
in Ag-TRABs [3]. The electrochemical reaction present at the sur-
face of the positive electrode fibers was [37]:

Agt(aq) + e~ — Ag(s); E®=0.7996 V, (1)

where E¥ is the standard electrode potential under standard con-
ditions of 25 °C and 0.1013 MPa. The negative channel contained
a stagnant electrolyte with a linear electrochemical ohmic drop
and no overpotential at the electrode surface. The negative elec-
trode reaction was a generic oxidation reaction that occurred at
the channel wall (Fig. 1). The purpose of the negative electrode
was to complete the circuit and, as a result, no reaction was spec-
ified for the negative side of the flow cell. We set the equilibrium
potential of the negative electrode reaction to 0.35 V, as this is ap-
proximately the standard potential for the anode in the Ag-TRAB
[3]. We separated the two channels with an infinitely-thin ion ex-
change membrane boundary plane to allow passage of NO3~(aq).
We set the concentration of charge carriers in the membrane to
10 mol L-! and the conductivity of the negative channel to 100 S
cm~!, values that were intentionally high to ensure that the resis-
tance of the negative chamber was a negligible factor in cell perfor-
mance. The high conductivity of the negative electrolyte and mem-
brane, as well as the membrane being infinitely-thin, resulted in
the peak power density being much larger than what has been re-
ported previously for the Ag-TRAB. Thus, while the values for peak
power output reported in this study are higher than what can be
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obtained experimentally, the trends in peak power density that re-
sult from varying fiber arrangement, void fraction, and fluid veloc-
ity can still be applied to improve battery performance.

The cathode was designed to contain cylindrical fibers in vary-
ing arrangements using a script in COMSOL Livelink for MATLAB
[36] to ensure consistent and precise spacing of all rows and
columns. Each fiber had a diameter of 10 ym as this is similar
to the average fiber diameter for many different porous carbon
materials [38]. In all simulations, there were four fibers per col-
umn, where the vertical spacing between each fiber surface, Sy,
was 15 pm. We varied the horizontal spacing between each col-
umn of fibers, S;, to target three different void fractions: 80, 85,
and 90%, as these were similar to different porous carbon materi-
als [38]. The void fraction was defined as:

nf'b
Ven = 227" Vi

Vch

where V;, was the volume of the channel, Vg, was the volume of
one fiber, and ng, was the total number of fibers for that void frac-
tion.

The fibers were organized in-line and staggered arrangements.
In the in-line arrangement, we aligned the center of each fiber in
each row (Fig. 1a). In the staggered arrangement, we vertically po-
sitioned the center of each fiber between the fibers in the previous
column (Fig. 1b). We chose the flow channel height to be similar
to experimental implementations of the Ag-TRAB [3]. The height
of both negative and positive channels was 100 pum for the in-line
arrangement and 107.5 pm for the staggered arrangement, which
needed to be slightly taller to compensate for the adjusted posi-
tion of the fibers. The minimum spacing between the fibers and
the wall was 7.5 um for the in-line arrangement and 5 pum for the
staggered arrangement. The length of the channels was approx-
imately 1000 um, which we adjusted slightly with the different
electrode geometries so that the spacing behind the last column
of fibers was constant at 10 um throughout all simulations. The
out-of-plane thickness was constant at exactly 1000 pm.

&=

(2)

2.2. Governing equations

The inlet fluid velocities ranged from 0.1 to 4 m s~!, which re-
sulted in Reynolds numbers from 1.5 to 60 based on the definition
for flow around a cylinder [39], defined as

_ pudgip
R

where p is the fluid density, u the average fluid velocity, dg, the
fiber diameter, and p the dynamic fluid viscosity. The resulting
Reynolds number range spanned three typical wake regimes for
cylinders in cross-flow: a laminar wake with unseparated flow, Re
< 5; a laminar wake with a fixed pair of attached vortices, 5 <
Re < 40; and the formation of a laminar vortex street, 40 < Re <
150 [39]. The transition to a turbulent vortex street begins at Re ~
150; thus, we modeled the flow assuming laminar conditions with
no transition to turbulence.

The incompressible Navier-Stokes and continuity equations gov-
erned the fluid flow,

Re (3)

T . I g
Pap TP V)i = -Vp+ pV-, (4)
V.iI=0, (5)

where p was the pressure of the fluid, i is the velocity vector, and t
is time [40]. We imposed a no-slip boundary condition at all walls
in the positive electrolyte channel. While the simulations of inter-
est were time-dependent, we initialized the flow field in the first
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Table 1

Fluid parameters used in all simulations.
Description Variable  Value Units
Fluid pressure p 0.1013 MPa
Temperature T 298.15 K
Fluid density 0 1379 kg m—3
Fluid dynamic viscosity u 0.00092° Pas
Fluid normal inflow velocity — u 0.1,05,1,2,4 ms!

Fluid outlet pressure Dout 0 atm

2 Fitted parameter, see Supplementary Information, Section 2.

step of the time-dependent simulations using a steady-state solu-
tion of just the fluid flow in the absence of electrochemical trans-
port (i.e. the solution to just Egs. (4) and (5)). This initialization
allowed for easier convergence of the first time-step in the time-
dependent simulations and reduced total computational time. Fluid
parameters used in the simulations are listed in Table 1.

The positive channel was governed by the electroneutrality con-
dition,

Z ZiCi = 0, (6)

where z was the charge of each ion, and ¢; was the bulk molar con-
centration of each species. In all simulations, NH4*"(aq) was used
as the conserved ion in the solution, with the total amount in the
channel constant.

The flux and concentration change of all species in the pos-
itive channel were governed by the conservation of mass and
convection-diffusion equations [41],

BC,‘
_, - ZiF - .
Ni = =DiVei = 2=DiciV e + i, (8)

where N; was the flux and D; was the diffusion coefficient of
an individual species, F was Faraday’s constant, R was the molar
gas constant, T was the thermodynamic temperature of the fluid,
and ¢. was the potential of the electrolyte. The combination of
Egs. (6) and (8) and the conservation of the ammonium ion con-
centration allows modeling of the electrolyte potential in the sim-
ulation domain. We calculated the equilibrium potential using the
Nernst equation [41],

RT
Eeg = E” + —= In (Gag-(ag)), 9)

where n is the number of electrons transferred, as it would
be specifically written for the electrochemical reaction in
Eq. (1) where asg.(qq) Was the activity of Ag*(aq). The Ag*(aq) ac-
tivity was calculated to be 0.81 based on the activity coefficient
being 0.2605 at ionic strength of 7 M [42]| and the molality of
Agt(aq) being 3.12 mol kg~'. The Agt(aq) activity was assumed to
be constant for all simulations ran. The properties of the positive
electrolyte are listed in Table 2.

The local current density, j,., was modeled using the
concentration-dependent version of the Butler-Volmer equation
[43],

S S
i = jo[ig exp (“ar) - s exp (- “,;’;”)} (10)
where j, was the exchange current density, c,* was the surface mo-
lar concentration of the oxidized species, c,° was the bulk molar
concentration of the oxidized species, ay was the anodic trans-
fer coefficient, c¢.* was the surface molar concentration of the re-
duced species, c.° was the bulk molar concentration of the oxi-
dized species, and o was the cathodic transfer coefficient. For all
simulations, we assumed the concentration of the anodic species
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Table 2

Positive electrolyte properties used in all simulations.
Description Variable  Value Units
Ag* Diffusion coefficient Dpg+ 5.07 x 107192 m2 s-!
NH; Diffusion coefficient Dyy; 6.33 x 107192 m?2 5!
NOj7 Diffusion coefficient Dyo: 5.69 x 107192 m?2 s~!
Ag* Charge Zpgt 1 -
NHj Charge Zny: 1 -
NO; Charge Zno; -1 -
Ag™ Bulk/inlet concentration Cag+.i 2 mol L1
NH; Bulk/inlet concentration  cyy..i 5 mol L~!
NO; Bulk/inlet concentration ¢y 7 mol L~!

2 Estimated parameter, see Supplementary Information, Section 1.

Table 3
Electrode kinetic and thermodynamic parameters used in all simulations.

Description Variable  Value Units
Positive electrode equilibrium potential Eeq+ 0.795 \%
Exchange current density Jo 18.35¢ A m2
Anodic transfer coefficient g 0.5 -
Cathodic transfer coefficient o 0.35° -
Number of participating electrons n 1 -

Ag* stoichiometric coefficient Vags -1 -
Negative electrode equilibrium potential ~ Eq. 0.35 \'%
Negative electrode overpotential - 0 \%

3 Estimated parameter, see Supplementary Information, Section 1.

to be negligible due to the electrode polarization, thus the anodic
concentration ratio was set to a value of one and the anodic trans-
fer coefficient to a value of 0.5. For all simulations, ¢.* was the
Ag*(aq) molar surface concentration (csg(qq)), and c.° was the in-
let/bulk Ag*(aq) molar concentration, a constant value of 2 mol
L-1. The overpotential, 7, was defined as

N =¢s — Ges — Eeq, (11)
where ¢, s is the potential of the electrolyte in the mesh cell adja-
cent to the electrode surface, and ¢s was the potential of the elec-
trode surface [44]. The kinetic and thermodynamic values used in
all simulations are listed in Table 3.

The boundary condition describing consumption of the Ag*(aq)
at the positive electrode surface, (boundary 4 in Fig. 1) was

~Nig: (agys -7 = J’F& . (12)

Eq. (12) does not apply to the ammonium and nitrate ions in

the electrolyte as they were not involved in the electrochemical
reaction. At the positive electrolyte inlet, (boundary 3 in Fig. 1), we
defined a constant fluid velocity and used Danckwerts boundary
condition for concentration,
- (1\7,~ + LTCi) =1- (ITC?), (13)
meaning that the rate of change of the concentration was zero
across the boundary [45]. We applied the Danckwerts boundary
condition to avoid issues such as a singularity that could result
from the high reaction rate at the electrode surface near the inlet
boundary of the positive electrolyte channel. At the outlet of the
positive channel (boundary 7 in Fig. 1), we set the pressure of the
fluid, the flux of ions, and the flux of electrons to zero. The mem-
brane potential was equivalent to the potential of the electrolyte
in the negative channel to ensure a continuous potential across the
boundary.

To create power curves, the anode was maintained as ground
and the surfaces of the fibers in the positive channel were sub-
jected to a constant external electric potential that was swept from
the value of the open circuit potential (0.45 V) to negative external
potentials. Each external potential was held constant for one sec-
ond of simulation time to model the current production and elec-
trode thickness change over that time duration. After one second,
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Table 4
Parameters that were held constant for quantifying power output
and thickness change.

Description Variable  Value Units
Out-of-plane thickness toop 0.001 m

Ag Density Pag 10,500 kg m—3
Ag Molar mass MM g 0.107868 kg mol!

we reset the fiber boundaries back to their original size and shape
and stepped to the next external potential value. The current out-
put of the cell was calculated for each potential step, j, using a
line integral summed over all fibers,

Nfip

jcell = toop Zijloc,k dsk: (]4)
k=1"k

where toop was the out-of-plane thickness of the simulation, L, was
the circumference of each individual fiber in the model, and ds
was the arc length for integration. The power density was calcu-
lated as

jcell Ecell

P= SA (13)
where the cell potential, E.y, was obtained by taking the aver-
age positive electrode potential and subtracting the potential of
the negative electrode (a constant value for all simulations). We
normalized the power output to the active electrode surface area,
SA, to allow for direct comparison between each void fraction and
electrode arrangement.

The fiber thickness change was calculated from the surface con-
centration of Ag(s), ¢*aq(s), Which was governed by

dcj\gm _ Ve (16)

dt nF ’

where v was the reaction stoichiometry. Deposition was simulated
as a distributed layer on all fiber surfaces as opposed to the for-
mation of silver particles but allowed deposition to be nonuniform
around the circumference of each fiber based on the local current
distribution. The fiber thickness change was calculated using

Mag 1 dc‘;‘g(s)

Atflb Oag g ac (17)
where Atg, was the fiber thickness change over the one second
simulation time, My, was the molar mass of silver, and p4; was
the density of metallic silver. Parameters for quantifying power and
thickness change are listed in Table 4. We extracted the values for
the fiber thickness change from four different locations on each
fiber: the front, back, top, and bottom.

2.3. Computational mesh

A mesh independence study was completed to determine over-
all mesh fineness and whether the mesh elements should be more
concentrated in the fluid bulk or at the boundaries of the system.
The case used had 80% void fraction, the in-line arrangement, and
Re = 15 (fluid velocity = 1 m s~1) for this mesh study. Increasing
the total number of mesh elements from 120,000 to 185,000 by
refinement of the element size resulted in less than a 0.1% change
in the peak power output. This trend was consistent at all current
densities studied. We also found that boundary layer meshes with
four elements represented the best compromise between properly
resolving the small concentration gradients at the electrode sur-
faces and computational cost. The change in electrode thickness,
which is directly proportional to Ag*(aq) surface concentration,
varied by less than 0.5% between the coarsest and finest boundary
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Fig. 2. (a) Finalized mesh around three in-line fibers in the computational domain.
(b) Comparison of the Butler-Volmer equation (with IR correction) to COMSOL re-
sults for a channel geometry using the same simulation parameters as the rest of
the study.

meshes we considered. Our final mesh contained 33,436 quadrilat-
eral boundary elements and 119,628 triangular elements.

A complete list of mesh parameters can be found in the Supple-
mentary Information, Section 3. Fig. 2a shows the finalized mesh
around three in-line fibers. The model was solved using a multi-
frontal massively parallel sparse (MUMPS) direct solver for all sim-
ulations.

2.4. Model verification

To verify the output of our model, we compared the simulated
current output for flow over a flat plate electrode to the current
output as modeled by just the Butler-Volmer equation. The flat
plate simulations were identical to the fiber-arrangement models
in the kinetic and electrolyte parameters, but the simplified ge-
ometry avoided any influence from the flow field produced by the
fibers. Since the COMSOL overpotential accounts for the IR drop of
the electrolyte (see Eq. (11)), we used the cell potential for com-
parison. The cell potential was defined as

Ecell = EOCP -n- cellReleca (19)

where Eqcp was the open circuit potential, and R, was the resis-
tance of the electrolyte.

The Butler-Volmer curves shown in Fig. 2b (labeled BV) assume
a constant electrode surface concentration, whereas our flow cell
simulations allow the surface concentration to vary locally based
on flow and mass transfer effects. Plotted for comparison are the-
oretical concentration ratios of one (BV c¢s/c, = 1) and 0.5 (BV
cs/cp, = 0.5). At low fluid velocities, our simulations resulted in
much lower current output compared to the Butler-Volmer equa-
tion (where BV cs/c, = 1), as expected as the concentration bound-
ary layer that developed in the flow channel limited the surface
concentration at the electrode surface. These results were closer to
the Butler-Volmer equation with a concentration ratio of 0.5. As
the simulated fluid velocity increased, the thinner boundary layer
and higher mass transfer resulted in higher surface concentra-
tions and the results approached the theoretical limit provided by
the Butler-Volmer equation (Fig. 2b). Thus, we concluded that our
model was appropriately capturing the concentration-dependent
variations in power output caused by the flow field of our geome-
try.
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Fig. 3. Peak power density for both fiber arrangements and all three void fractions
as a function of fiber Reynolds number. Power densities are normalized to total
active electrode surface area.

3. Results and discussion
3.1. Peak power density

The influence of the Reynolds number on the power output
of each electrode arrangement is demonstrated by extracting the
peak power density (PP) from each simulated power curve (Fig. 3).
For the staggered arrangements, the peak power densities de-
creased inversely with the void fraction, with the 80% void fraction
producing the peak power density of 227 W m~2 and the 90% void
fraction the lowest 220 W m~2. These porosities produced an over-
all difference of ~2.5 W m~2 between the 90% and 85% void frac-
tions and a ~4 W m~2 difference between the 85% and 80% void
fractions across all Reynolds numbers. The peak power density of
the staggered cases was only minimally sensitive to the Reynolds
number, increasing by ~1.5% from a Re of 1.5 to 7.5, and only by
~0.75% from a Re of 7.5 to 60 across all void fractions.

The in-line results also produced the highest power densities
with the lowest porosities, with the 80% void fraction maintained
the highest peak power density at all Reynolds numbers for the
in-line arrangements, with the 85% void fraction having the next
highest peak power density for Reynolds numbers greater than or
equal to 15. Below a Reynolds number of 15, the 90% void fraction
had a higher peak power density than the 85% void fraction. The
peak power densities of the 90% void fraction were also relatively
insensitive to the flow velocities with only a ~1% increase in power
for Reynolds numbers above 7.5. In contrast, the power density of
the 80% and 85% void fractions showed a greater dependence on
flow velocity. The peak power density of the 85% void fraction in-
creased by 2.5% over the same Reynolds number range, an increase
two and a half times higher than that of all the staggered cases
and the in-line case with 90% void fraction. The peak power den-
sity of the 80% void fraction increased by roughly 9%, which was
the strongest dependence on Reynolds number of all electrode ge-
ometries. This increase corresponded to 19.2 W m~2, which was
more than twice the gains of the other in-line arrangements and
three times the gains from all void fractions in the staggered ar-
rangement over all Reynolds numbers studied.

3.2. Deposition uniformity

Higher void fractions and the staggered arrangement resulted
in more uniform deposition along the channel length (Fig. 4a). For
the in-line arrangement, the difference between the minimum and
maximum deposition was 5%, 2.6%, and 1.1% for void fractions of
80%, 85%, and 90%, respectively. For the staggered arrangement, the
difference between the minimum and maximum deposition was
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Fig. 4. (a) Fiber thickness change and IR drop at y/H = 0.5 along the length of the channel for the 85% in-line case. (b) Fiber thickness change across the height of the channel
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(c) Fiber thickness change along the flow path of the electrolyte for the in-line case with 85% void fraction at different Re. (d) Rose plot of fiber thickness change around
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correspond to more. All data for this figure was taken after simulating 1 s of deposition at a constant external potential of 0.1 V (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.).

3%, 1.7%, and 0.5% for void fractions of 80%, 85%, and 90%, respec-
tively. The lower void fractions had less uniform deposition largely
due to electric field effects. Equipotential contours are known to
converge at the ends of planar electrodes [41], which for this study
resulted in the electrolyte potential being stronger and the deposi-
tion being more nonuniform at the channel entrance and entrance
and exit (Fig. 4a). By comparing the deposition profile along the
channel length to the IR drop along the center of the channel for
the in-line case with 85% void fraction (Fig. 4a), we can see that
the deposition pattern largely followed the IR drop. Deposition in
the middle of the channel (0.2 < x/L < 0.8) generally decreased
along the flow length due to poor advective transport, which was
more substantial for electrodes with higher surface area. However,
due to the short length of this channel, this effect was minimal.
The maximum total consumption of Ag*(aq) was only 3% for all
cases studied, therefore the bulk concentration was constant for
the entire length of the channel.

Higher void fractions also resulted in more uniform deposition
from the bottom to the top of the channel for all fluid velocities
studied, but there was little difference in uniformity between the
in-line and staggered arrangements in this direction (Figs. 4b, 4d).
For the in-line arrangement, the difference between the minimum
and maximum deposition was 25%, 19%, and 13% for void fractions
of 80%, 85%, and 90%, respectively. For the staggered arrangement,
the difference between the minimum and maximum deposition
was 25%, 20%, and 14% for void fractions of 80%, 85%, and 90%,
respectively.

Higher fluid velocities produced more uniform deposition along
the length of the flow channel (Fig. 4c). The difference between
the maximum and minimum deposition was 4.7% and 1.7% for the
lowest and highest Reynolds numbers, respectively. Though only
results for the in-line arrangement with 85% void fraction are plot-
ted, this trend was consistent across all electrode arrangements
and void fractions. In general, the relationship between the thick-
ness change and the Reynolds number resembled the trend ob-

served for peak power density, where most cases showed little
change above a Re of 15.

The above deposition comparison was made at an external elec-
tric potential of 0.1 V. At this potential, the current density, in ad-
dition to the power density, was similar for all six electrode ge-
ometries (£9% for current density and +5% for power), and below
peak power for all six electrode geometries. Thus, this operating
condition represented a better comparison for deposition thickness
given that current density has the greatest impact on deposition
thickness as per Eqs. (16) and (17). At peak power or higher power
outputs, these non-uniformity trends would be further exacerbated
with deposition becoming less uniform at higher power output.

3.3. Impact of electric field

The strong dependence of peak power density on void fraction
can be explained largely by the electrolyte IR drop (¢, in Eq. (11))
across the height of the channel (Fig. 5a). Lower void fractions led
to higher electrolyte IR drop, with total values for the 80% void
fractions being almost double that of the electrodes with 90% void
fraction. The larger potential drop produced by the more densely
packed electrode was consistent with the higher power output of
the lower void fraction and was the main driver for higher power
output. The difference in the total IR drop between the different
void fractions of the staggered arrangements was roughly the same
at ~15 mV, just as the change in power density was constant be-
tween the different void fractions for this arrangement (Fig. 3). In
contrast, there was a ~20 mV difference between the in-line ar-
rangement with the 80% and 85% void fraction. The smaller spac-
ing between the fibers with 80% void fraction caused a stronger
electric field between the top row and the membrane compared to
the other void fractions, creating a larger IR drop across this top
row of fibers (shown at a dimensionless height of 0.85 in Fig. 5).
The higher IR drop of this top fiber row meant that more current
passed through the electrolyte at this location. Since the deposition
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midpoint for all six cases studied at a Reynolds number of 15, external electric
potential of 0 V, and simulation time of 1 s. The location of the membrane is at
yH=1

thickness is directly related to the current, the deposition patterns
across the channel height followed the potential drop of the elec-
trolyte. This is evident by comparing the shape of the deposition
thickness change (Fig. 4b) to the IR drop (Fig. 5) at each arrange-
ment and void fraction.

3.4. Impact of advection

Of the six cases studied, the peak power density and deposition
uniformity had the strongest dependence on fluid velocity for the
in-line arrangement with 80% and 85% void fraction. Fluid stream-
traces show that vortex formation near the fibers was highly de-
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pendent on the arrangement and spacing of the fibers (Fig. 6). The
streamtraces for the staggered arrangement with 80% void fraction
(Fig. 6) indicate minimal flow separation occurred at Re = 15. For
a single cylinder in an infinite fluid at this Reynolds number, we
would expect a fixed pair of vortices to form in the cylinder wake.
These vortices were suppressed due to the close proximity of the
surrounding fibers in the staggered arrangement at this 80% void
fraction [46]. Even at higher Reynolds numbers (up to Re = 60),
we did not observe flow separation for this electrode. Because of
the minimal flow separation, the Ag*(aq) concentration around the
fiber surfaces remained close to the bulk concentration for this
electrode, a result that extended to all Reynolds numbers studied
(Fig. 7). For the staggered arrangements with 85% and 90% void
fractions (Fig. 6¢ and e), the fibers were spaced sufficiently to al-
low the development of two fixed vortices. There was increased
mass transfer at the locations where boundary layer separation oc-
curred, resulting in higher Ag*(aq) consumption at the outer edges
of each vortex. Despite these differences in the flow fields, the av-
erage surface concentration of all fibers in the channel for the stag-
gered void fractions was similar across all fluid velocities, indicat-
ing that void fraction had little impact on mass transfer losses for
the staggered arrangement (Fig. 7). These high surface concentra-
tions, in addition to the IR drop effects discussed above, explain
the consistently higher power output of the staggered electrode ar-
rangement than the in-line configuration.

The flow field around all fibers in the in-line arrangement
showed two fixed vortices behind each fiber regardless of void
fraction (Fig. 6b, d, and f), but the close spacing of the 80% and
85% void fractions did not allow for the full development of these
vortices (Fig. 6b, and d). This vortex generation as a function of
cylinder spacing was consistent with previous literature that found
that there is a transition in vortex shape and size when the spacing
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between in-line cylinders exceeds one diameter [47]. For the 80%
and 85% void fractions, these vortices occupied the majority of the
gap between adjacent fibers, which allowed for less replenishment
of Ag*(aq) in this space. The lack of replenishment was particularly
evident at low Reynolds number for the 80% void fraction case
(Fig. 7d). These regions of depleted electrolyte resulted in low av-
erage electrode surface concentrations, meaning high mass transfer
losses for this case (Fig. 7). As the fluid velocity increased, the vor-
tices between fibers grew in size and in their ability to transport
Agt(aq) from the bulk, which resulted in the largest increase in
surface concentration for this electrode with increasing Reynolds
number (Fig. 7). In contrast, the flow path of the electrolyte in all
staggered arrangements was such that there was never significant
localized depletion of Ag*(aq) near the surface of the electrode.
This dependence of the local concentration on the flow field ex-
plains why the power density of the in-line arrangements with 80%
and 85% void fraction electrodes were much more dependent on
the fluid velocity than those of the other electrode arrangements
(Fig. 3).

3.5. Plugging time and variable void fraction electrode

We estimated the average time that it would take for a row
of fibers in our electrodes to plug (defined as the time at which
two adjacent fibers touch) by extrapolating the growth velocities
of the Ag(s) deposition at peak power output. Since deposition oc-
curred nonuniformly throughout our electrodes, we used the high-
est, row-averaged growth velocity, which occurred for the fibers

closest to the membrane. For the in-line arrangements, plugging
will first occur between the front and rear points of the fibers in
the top row. For the staggered arrangements, plugging will first oc-
cur between diagonally-adjacent fibers in the top two rows (see
Fig. 8c inset and SI, Section 4 for more detail). While calculat-
ing electrode plugging in this way does not take the formation of
Ag(s) nuclei into account [3], it does allow a comparison of plug-
ging potential based on power output and electrode arrangement
and void fraction. The staggered arrangements had greater spac-
ing compared to in-line arrangements with the same void frac-
tions and, thus had longer plugging times except for the electrodes
with 90% void fraction (Fig. 8b). The staggered arrangements had
higher local current densities, which resulted in higher deposition
growth velocity than the in-line arrangements. At all void fractions,
in-line arrangements suffered shorter plugging time because of the
shorter fiber spacing. However, as the void fraction increased, the
growth velocity of the staggered arrangement increases more than
the larger spacing between fibers causing the difference in plug-
ging times between the two arrangements to become smaller.

The variation of the plugging time of both arrangements with
the Reynolds number was consistent with the relationship be-
tween the peak power density and the Reynolds number for that
case. The in-line arrangement with 80% void fraction had the
shortest plugging time as a result of the strong electric field
present at the top row of the electrode, as discussed previously,
and the small spacing between adjacent fibers. The 90% void frac-
tions had plugging times that were more than three times that of
the 80% void fractions, meaning that the electrodes with higher
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void fractions will avoid clogging and sustain their performance for
longer periods of time, allowing for longer and more predictable
performance during the charge and discharge cycle of the battery.
In an attempt to create an electrode that combined the advan-
tages of the low void fractions (high power output) with high void
fractions (more uniform surface concentration and longer plugging
times), we created a modified in-line arrangement with variably-
spaced fibers. In this design, the top row had an equivalent void
fraction of 90%, followed by 86% for the second row, 83% for the
third row, and 80% for the bottom row of fibers (Fig. 8a). This
created an in-line electrode with a variable void fraction (termed
VV) that had an average void fraction of 85%. Though unconven-
tional, this electrode structure could be manufactured using recent
advances in additive manufacturing [14,48]. The VV electrode had
power output similar to that of the in-line arrangement with 80%
void fraction (Fig. 8b) but with plugging times that were closer to
that of the in-line arrangement with 85% void fraction (Fig. 8c).
The VV electrode produced higher peak power than the in-line
arrangement with 85% void fraction because it sustained higher
surface concentration of the Ag®(aq), while also having similar
electrolyte IR drop. The peak power of the VV electrode was 7.5%
higher than the 85% void fraction. This was comparable to the in-
crease in peak power previously obtained for a copper TRAB using
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an electrode with a gradient in void fraction along the flow direc-
tion compared to an electrode with a homogenous void fraction
[14]. The VV electrode had an ~84% longer plugging time when
compared to the in-line arrangement with 80% void fraction be-
cause the row with the highest electrode growth velocity (i.e. the
row closest to the membrane) also had the largest column spac-
ing (Fig. 8a). The above results from the VV electrode show that
by modifying the fiber spacing to accommodate the expected non-
uniform deposition, we can create electrodes that balance power
output with longer discharge times. This or similar electrode de-
signs also have the potential to mitigate the formation of prefer-
ential flow paths through the electrode due to non-uniform depo-
sition during discharge, potentially leading to greater utilization of
the entire electrode active surface area during battery operation.

3.6. Battery operation and battery implications

For the Ag-TRAB and other hybrid flow batteries that use porous
electrodes, controlling electrodeposition throughout the electrode
can be accomplished through the different means that have been
previously discussed. During battery operation the electrolyte flow
rate and operating current are critical parameters for the longevity
of the electrode. For electrolyte flow rate, the trade-off between
increased power output and increased pumping power require-
ment is well known, but for hybrid flow batteries there is an ad-
ditional benefit of more uniform deposition. As the cell current is
increased, the deposition will become less uniform throughout the
electrode, meaning that the discharge or charge rate of the bat-
tery will significantly impact the performance and the efficiency
of the electrode over each individual cycle. Operating the battery
above peak power would be severely detrimental to electrode per-
formance and would result in the poor utilization of the porous
electrode volume.

While decreasing the electrode void fraction can be used to im-
prove the power density of the battery, the gains are much smaller
than the decrease in the time that it would take for the pores
to clog. Therefore, it is recommended to use a high void fraction
electrode for hybrid flow batteries to help extend the amount of
time that the battery can discharge without significant decrease
in performance from nonuniform electrodeposition. Since nonuni-
form growth occurs predominantly from electric field effects, the
electrode microstructure could be redesigned to mitigate the neg-
ative effects of nonuniform electrodeposition. Pores in regions in
the electrode that experience lower current densities (e.g. away
from the membrane) will take longer to plug and therefore can be
smaller without sacrificing the longevity of the electrode. In ad-
dition, these low current density regions provide a smaller share
to the power output of the battery, meaning that their plugging
would be less detrimental to the battery performance.

4. Conclusions

Electrodes with lower void fractions produced higher power
density relative to their electroactive surface area due to increased
ohmic contributions to the cell. The power output of the stag-
gered arrangements was less sensitive to increasing fluid velocity
compared to the in-line arrangements because of superior replen-
ishment of Ag™(aq) to the electrode surfaces due to delayed flow
separation in the wake of the fibers. Across all cases, the deposi-
tion became more uniform along the length of the channel with
increasing fluid velocity. The main cause of non-uniform deposi-
tion along both the length and height of the channel was the elec-
tric field. Electrodes with lower void fractions had higher IR drop
through their thickness, resulting in less uniform deposition. Plug-
ging times for our electrode geometries were estimated and found
that electrodes with 90% void fractions can discharge for three to
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five times longer than electrodes with 80% void fractions before
significant plugging would occur. To balance longer plugging times
with higher power outputs, an electrode with a variable void frac-
tion was created. This electrode design had a similar electroactive
surface area and plugging time compared to the in-line arrange-
ment with 85% void fraction but sustained higher power output
similar to that of electrodes with lower void fractions.
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