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ARTICLE INFO ABSTRACT

Keywords: Low-temperature heat (T<130°C) can be utilized by thermally regenerative batteries (TRBs) for power pro-

Waste heat duction, allowing the thermal energy to be converted to storable chemical potential energy. However, TRBs

Eow}:’attery suffer from high ohmic losses and ammonia crossover, which has slowed their development. In this study, we
embrane

examined how the use of six different membranes influenced TRB performance, determined the most influential
membrane parameters, and identified promising membrane candidates that cost-effectively increase TRB per-
formance. Of the six membranes examined, an inexpensive, hydrocarbon CEM (Selemion CMVN) had low
ammonia crossover without compromising resistance, resulting in good performance across all metrics studied. A
thin anion exchange membrane (Sustainion, 50 microns) showed a high peak power density of 82 mW cm ™2 due
to low resistance, but the average power density and energy density were low due to high ammonia flux. Full
discharge curves using Selemion CMVN provided an average power density of 26 + 7 mW cm 2 with an energy
density of 2.9 Wh L™}, which were large improvements on previous TRBs. A techno-economic analysis showed
that Selemion CMVN had the lowest levelized cost of storage ($410 per MWh) at an applied current density of 50
mA cm 2.

Energy efficiency

1. Introduction

Many different stationary systems such as industrial facilities and
thermal powerplants produce large amounts of low temperature heat
(T<130°C) that goes unused by waste heat recovery processes [1].
Multiple recent reviews discuss the state of the art for electrochemical
waste heat power generation systems [2-6], so here we only discuss the
development of the technology specific to this work, thermally regen-
erative batteries (TRBs). TRBs can take advantage of this
low-temperature heat to produce power and store energy for the grid
[2-7]. A TRB is a type of redox flow battery that is recharged with
low-temperature waste heat rather than electric energy through

electrolyte chemistry modifications. A thermally separable ligand, such
as ammonia, ethylenediamine, or acetonitrile, is added to one electro-
lyte to change the electrochemical equilibrium potential of a redox re-
action of interest. The presence of the ligand in one electrolyte creates
the potential difference between the two electrodes, allowing power and
energy to be discharged from the battery. Once the battery is discharged,
the ligand can be thermally separated from the electrolyte to recharge
the battery using low-temperature heat (Fig. 1la), meaning that the
low-grade heat harvesting and power production systems are completely
decoupled and that the flow battery operates under isothermal condi-
tions (for a detailed schematic, see our previous work [8]). The ability to
store ligands for later use enables TRBs to also function as energy storage

* Corresponding author at: The EMS Energy Institute, Pennsylvania State University, University Park, PA 16802, USA.

E-mail address: dmh5373@psu.edu (D.M. Hall).

https://doi.org/10.1016/j.electacta.2023.143090

Received 15 June 2023; Received in revised form 25 August 2023; Accepted 26 August 2023

Available online 27 August 2023
0013-4686/© 2023 Elsevier Ltd. All rights reserved.


mailto:dmh5373@psu.edu
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2023.143090
https://doi.org/10.1016/j.electacta.2023.143090
https://doi.org/10.1016/j.electacta.2023.143090

N.R. Cross et al.

Flow Battery Thermal Separation
Pure Ligand
Catholyte
a)
(]
2= c CU(NH3)2+
Br- CUBI’3 g H4
qE) Br-
_ NH4*
CuBrs 4 = NH3  Cu(NH3)2*
b)

Fig. 1. Schematic of (a) the Cu,q-TRAB system process and (b) the species
present in Cu,q-TRAB electrolytes.

devices. Ammonia has been the most promising ligand so far due to its
relatively lower thermal energy required for regeneration, high
metal-ligand solubility, and low conductivity losses [9-12].
Single-metal ammonia TRBs have used copper and silver as the redox
active metal that undergoes deposition-dissolution reactions [13], but
are limited by unstable electrode materials [14-16], low power and
energy density, and deposition uniformity [17-20]. Bimetallic ammonia
TRBs use zinc and copper to increase the cell potential difference, but
have more complex system design and still have thermodynamic insta-
bility issues [21-25]. The all-aqueous copper thermally regenerative
ammonia battery (Cu,q-TRAB) has been shown to have high power and
energy output with stable oxidation states, resulting in favorable power
densities and energy efficiencies with a simple system design [8,26].

The Cuaq-TRAB performs poorly in key metrics needed to achieve
levelized costs of storage (LCOS) competitive with conventional flow
batteries and other waste heat power systems. A recent study has shown
that for all ranges of discharge times, maximizing power density was the
main driver for decreasing LCOS [27]. The major power and energy
bottleneck for the Cu,-TRAB has been the membrane as it has caused
two major issues: diffusive ammonia transport causing energy losses [8],
and low conductivity causing power losses [28]. Recent approaches on
metal-based copper TRABs to reduce the impact of ammonia crossover
has had some success through methods such as an extra chamber for
holding the ammonia and an additional membrane with a sacrificial
electrolyte, but both have resulted in larger ohmic losses and lower
power output [29-33]. Another approach based on removal of the
membrane for development of microfluidic flow channels reduces ohmic
losses, but energy density is lower due to fast crossover and power
density is still low due to the use of planar rather than porous electrodes
[34,35]. Some custom-made membranes have increased battery power
and energy, but these membranes cannot be purchased at commercial
scales and have not shown high long-term stabilities [15,36].

Previous flow battery studies examining different membranes have
shown that there is a large impact of electrolyte composition and charge
carrier on membrane performance [37]. For Nafion membranes, the
presence of ammonia and ammonium salts significantly decrease the
membrane conductivity [38,39]. Possible reasons for this are the rela-
tionship between dominant charge carrier size and ionic conductivity in
the membrane and osmotic swelling due to high ionic strength of the
electrolyte [40,41]. Past studies that have compared cation and anion
exchange membranes in vanadium redox flow batteries have shown that
simply changing the membrane charge while keeping the backbone the
same did not improve vanadium crossover because of the decreased
impact of Donnan exclusion in high ionic strength electrolytes [42,43].
However, specific anion exchange membranes can reduce vanadium
crossover while having low resistance [44], implying that ion transport
control is membrane material and electrolyte chemistry specific.
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Uncharged, thin-film composite membranes have demonstrated high
performance in vanadium redox flow batteries with high power and
energy density due to size exclusion permitting passage of primarily
protons with low vanadium leakage [45,46]. Like most TRBs, the
Cuaq-TRAB electrolytes have high ionic strengths (>5 M) and two
different pH values (catholyte ~4, anolyte ~9). Given, the range of
aqueous species present, it is not clear which membrane type would be
most appropriate for this battery (Fig. 1b). In the Cu,q-TRAB, the
ammonia molecule is uncharged and is unlikely to be impacted by the
charge of the membrane, but transport could be inhibited by
size-exclusion membranes.

A better understanding is needed of the factors influencing mem-
branes used in Cuaq-TRABs. We evaluated several different types of
membranes for their impacts on battery performance and energy storage
cost through symmetry cell and full cell experiments. We examined
three membrane types: cation, anion, and uncharged membranes, with
two membranes from each category to quantify their power and energy
density in the Cu,q-TRAB. Next, we investigated the underlying trans-
port mechanisms that govern the relationship between membrane
characteristics and battery performance. Lastly, we analyzed the lev-
elized cost of energy storage for each membrane studied for short and
long discharges to demonstrate the tradeoffs between battery perfor-
mance and membrane cost. These results can be extended to other flow
battery chemistries that use non-traditional electrolytes and help inform
future membrane choice and design.

2. Materials and methods

Salts used for all tests were ammonium bromide (99%, Thermo
Scientific), sodium chloride (99%, Sigma Aldrich), copper (I) bromide
(98%, Alfa Aesar), copper (II) bromide (99%, Acros Organics), zinc
bromide (98%, Thermo Fisher Scientific), and sucrose (99%, Thermo
Scientific). The source of ammonia was a 28 wt% ammonium hydroxide
solution (Thermo Scientific). All electrolytes were purged with argon
(99.997%, Praxair) to prevent undesired oxidation of the copper during
testing. The electrodes were carbon felt (AvCarb G280A) and were
thermally treated at 400°C for 5 hours before testing. Membranes were
chosen to represent each major membrane type (cation, anion, and size-
exclusive) and were stored as recommended by the manufacturer upon
receipt and tested without modification (Table 1).

All full cell battery tests were run using a 25 cm? column-pin flow
field (FuelCellStore) on a graphite plate in a flow-through configuration.
The electrolytes were prepared such that the initial state of charge was
100%: the catholyte contained all Cu(Il), and the anolyte contained all
Cu(l), with an argon purge of each electrolyte to prevent oxygen

Table 1
Membranes studied and pertinent information regarding each type.
Membrane Dry Cost ($  Composition Membrane
Thickness cm™3) Type
(um)
Nafion 117 175 0.05 Teflon backbone with CEM
sulfonic acid groups
Selemion 85 0.027 Hydrocarbon backbone CEM
CMVN with Na™ counter ion
Sustainion 50 0.69 Teflon support with AEM
E30-50 triethylamine charge
Grade T groups
Selemion 100 0.027 Polyolefin backbone AEM
AMVN with Cl~ counter ion
FilmTec 150 0.013 Polyamide thin film Uncharged
BW30 transport layer with
polysulfone and PET
support layers
FilmTec 140 0.013 Polyamide thin film Uncharged
NF270 transport layer with

polysulfone and PET
support layers
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contamination. The catholyte and anolyte (50 mL each) were pumped
into the reactor stack at 50 mL min ' using a peristaltic pump. Even
pressure and compression was applied to the flow cell using a torque
wrench set to 2.5 Nm. The gaskets used were 2 mm thick, which com-
pressed the carbon felt electrodes by approximately 30%. Electro-
chemical characterizations were completed using a Gamry Reference
3000. Polarization curves were obtained by linearly sweeping the cell
potential from the open circuit potential to 0 V at a sweep rate of 25 mV
s~1. The power density was calculated by the product of the current and
the voltage, normalized to the projected cell area. Discharge curves were
conducted at 10 mA cm 2 with a cutoff voltage of 0.65 V unless other-
wise specified. To provide a performance metric to describe battery
power output during discharge for battery scale-up purposes (similar to
“rated” or “nominal” power for a large-scale stack), the average power
density during the discharge curve was presented with the error being

one standard deviation from the average. The energy density, (f]cxp) was
calculated by

~ _[Pa

exp —
V)‘(If

(€Y

where P is the power output (W) at time t and V is the total volume of
electrolyte used (anolyte plus catholyte, 100 mL).

For measuring the flux of each species of interest, a similar electro-
lyte was present on the opposite side of the membrane with only the
species of interest swapped for a similar species to match ionic strength
and osmotic pressure (for detailed schematics, see Fig. S1). For catholyte
copper flux tests, both electrolytes contained 5 M NH4Br, the source
electrolyte contained 0.5 M CuBry, and the sink electrolyte instead
contained 0.5 M ZnBr,. For anolyte copper flux tests, the same setup was
used, but both electrolytes also contained 4 M NH3. The copper content
was measured in the sink electrolyte as a function of time using a UV-Vis
spectrophotometer (Shimadzu UV-1800) (calibration data shown in
Fig. S6). For ammonium bromide flux tests, the source electrolyte con-
tained 5 M NH4Br, and the sink electrolyte contained 5 M NaCl. The
ammonium and bromide contents were measured in the sink electrolyte
as a function of time using ion chromatography (Thermo Scientific ICS-
6000). Calibration curves were used to convert the peak area to con-
centration at each time point when solution was drawn from the sink
electrolyte (Fig. S2). Ammonia flux was measured using a pH meter with
the pH being converted to ammonia concentration by the Henderson-
Hasselbalch equation. Due to the pH of the solution being ~9, the hy-
droxide concentration was multiple orders of magnitude below the
ammonia concentration; therefore, the pH change was caused by
ammonia crossover modifying the ammonia/ammonium acid/base
equilibrium. This was confirmed by running a test with no ammonia or
ammonium species present and creating a pH gradient between the
electrolytes using sodium hydroxide and hydrochloric acid. The
measured hydroxide flux was less than 5% of what was measured for
experiments with ammonia present (Fig. S3). Flux experiments were run
using a flow cell (5 cm?) to prevent damage to the polyamide layer of the
uncharged membranes. No electrodes were present during the experi-
ments and no current was applied to ensure that what was being
measured was purely membrane diffusion. The solutions were pumped
at 15 ml min~! through the flow cell. The flux was calculated simply as
the change in species concentration from one time point to the next,
normalized to the projected geometric area of the cell.

For a comparison of thermal-to-electric conversion efficiencies from
this TRAB to other low-grade heat to electrical energy devices, we used
the ratio of the electrical energy density discharged from a TRAB for the

configuration specified (ﬁexp) and the heat energy input required to
complete a thermal separation of ammonia from water (Epeq)

Ue
= 2
Nhear Elwut ( )
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Eheqr values have ranged from 100-200 Wh L1 [23,47] depending on the
solution composition and column parameters. Our recent work identi-
fied 107 Wh L™! as the heat energy input required for 4 M NH3 under
optimized column inlet temperature at atmospheric pressure (see
Table S1 of [28]), so this value of Ep.q was used for this approach.

An alternative method for calculating thermal-to-electric energy
conversion was recently proposed in Refs. [2] and [3] and these sources
provide a framework to compare devices if some employ multi-effect
combination and heat recovery schemes (MEHRS). This modified en-
ergy efficiency, 5+, was defined as

ATyp + AT,

me == o, 3
where Ty is the hot side temperature (100°C [28,48-50]), Ty, is the cold
side temperature (25°C), ATy is the heat exchanger temperature dif-
ference (5°C) [2,3], and AT+ is the temperature difference needed to
complete the thermal separation process (75°C) [2,3]. Using ATyg = 5K,
AT+ =75 K, Ty = 378 K, and T} = 293 K, modified energy efficiencies
were estimated to range from 2.7 — 6.7% for different applied current
densities using Selemion CMVN (Table 2). To be consistent with the
formulation of this modified energy efficiency with previous work as
shown in Fig. 7 of Ref. [2], we used AT+ as the difference between the
reboiler (373 K) and condenser (298 K) temperatures, Ty was the
reboiler temperature + ATy, and the condenser temperature was Ty, +
ATHE.

Membrane resistance in each electrolyte was measured in an “H-cell”
(1 em?) using electrochemical impedance spectroscopy (EIS). Measure-
ments were taken every 30 minutes for eight hours to allow for the
membrane to equilibrate in the electrolyte, then the average steady state
resistance value was used as the cell resistance. The cell resistance was
converted to membrane specific resistance by removing the membrane
and running EIS on the cell without the membrane and converted to
membrane area specific resistance,

Ripem = (Rcell —Reen, nomcm)A ()]

where Rpem is the membrane area specific resistance, Ry is the cell
resistance with the membrane, R nomem is the cell resistance without
the membrane, and A is the area of membrane exposed to the electrolyte
[51].

The water uptake of each membrane was estimated for each elec-
trolyte by measuring the mass change of the membrane after equili-
bration in the electrolyte and the dry membrane weight,

_ Myper — mdry

1= 5)

My

where 1 is the water uptake, my,; is the weight of the wet membrane, and
Mgy is the weight of the dry membrane [51]. The membrane was soaked
overnight in the electrolyte of interest for equilibration and any elec-
trolyte on the surface of the membrane was dried with a paper towel to
ensure measuring just the weight of the hydrated membrane. The
membrane was then washed with DI water to remove any salt and dried
overnight before measuring the weight of the dry membrane. Three
trials were completed for each membrane and electrolyte.

The techno-economic analysis (TEA) was performed based on the
Cuag-TRAB to determine the levelized cost of storage (LCOS) as the key
economic indicator [27]. The LCOS was computed as follows:

Table 2
Energy efficiencies of the Cu,q-TRAB with Selemion CMVN at different applied
current densities.

Current Density (mA cm’z) 10 30 50 100

1 (%) 7.1 6.1 5.5 2.9
n* (%) 6.7 5.7 5.2 2.7
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(6)

CAPEX + ZNO&M cost ZNCharging cost End — of — life cost
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where r is the discount rate, N is the total years of the system lifetime,
and n is the current year of analysis. Different elements take part, such as
the investment cost or capital expenditure (CAPEX), the operation and
maintenance (O&M), charging costs, end-of-life cost, and the total
electricity discharged throughout its entire lifetime. Further details of
the cost breakdown and analysis can be found in the supplementary
information (Table S1) and in previous work [27]. A cost inventory was
collected from diverse sources and real bulk quotations from the market.
Two main scenarios were analyzed: power applications (0.02 h —0.50 h)
and energy applications (1 h — 15 h), where the discharge times varied
(for more detailed values, see Table S1). A 20-year project was selected
considering some degradation rates for a standard redox flow battery.
These include the round-trip efficiency, cycle degradation, time degra-
dation and self-discharge rates.

3. Results and discussion
3.1. Full cell performance

Power curves at full state of charge showed that the Selemion CMVN
and Sustainion membranes exhibited the highest peak power densities of
84 and 82 mW cm 2 (Fig. 2a). These peak power densities were four
times larger than the previous best for a single-metal TRAB [28]. Po-
larization curves showed that these membranes were able to sustain
high cell current densities because of low ohmic resistance (see Section
3.3 and Fig. S4). The Selemion AMVN and BW30 membranes had the
lowest peak power densities of 17 mW cm ™2 (AMVN) and 19 mW cm 2
(BW30). Nafion 117 had a peak power density of 27 mW cm 2, and this

20
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Fig. 2. (a) Power and (b) discharge curves for each membrane tested. Elec-
trolytes were 0.5 M CuBry 2, 5 M NH4Br, 4 M NH;3 (anolyte only).

could be increased by ~25% by using thinner Nafion 115 [26]. How-
ever, a thinner membrane will decrease energy density due to increased
ammonia crossover (see Section 3.2). In terms of peak power, there was
no correlation to which general membrane type (cation, anion, un-
charged) performs best because one cation and one anion membrane
outperformed their counterparts. Membrane thickness was weakly
correlated to the peak power density with thinner membranes generally
performing better, but this is likely because previous research has shown
that the Cu,g-TRAB is an ohmic-dominated system [28]; therefore, any
small improvements to conductivity (e.g. a thinner membrane or one
with lower ohmic resistance) will show large gains to peak power
density.

There was also no clear trend between peak power density obtained
from polarization curves and the energy density obtained during
constant-current discharge tests (Fig. 2b). The Sustainion membrane had
low energy density, likely because it was the thinnest membrane tested,
and thinner membranes increase ammonia crossover (see Section 3.2).
The thickness of Nafion 117 (212 microns, Table 1) caused it to have
high energy density despite higher ohmic losses because of the longer
diffusion length preventing parasitic ammonia crossover. While BW30
had the lowest energy density, it still performed on a similar order of
magnitude to other membranes. Overall, membrane thickness showed
little correlation with energy density, indicating that chemical differ-
ences between membranes were the driving factor for transport control.

The best performing membrane (Selemion CMVN) was tested further
to evaluate its performance at high applied current densities (>10 mA
cm™2, Fig. 3a). The lowest applied current density (10 mA cm 2)

12 |
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& © 100 mA cm2
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Fig. 3. (a) Discharge curves for Selemion CMVN at varying applied current
densities; (b) Comparison of energy density and average power density for
Selemion CMVN at varying applied current densities.
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resulted in an energy density of 3.8 Wh L™}, which equates to an energy
efficiency (1) of 7.1% and modified energy efficiency (=) of 6.7% (the
highest reported efficiencies for any TRAB are currently 7 = 2.2% and 7+
= 0.9% [2,8]). Discharging at 50 compared to 10 mA cm 2 resulted in a
3.75x increase in average power density with only a 22% decrease in
energy density. Increasing the current density to 100 mA cm ™2 increased
average power density to 36 mW + 18 cm 2 (Fig. 3b), which is 5.5 times
larger than the average power densities previously obtained for these
systems [28] but decreased the energy density to 1.5 Wh L™L. Standard
deviation of the power density increased significantly at higher applied
current densities, but this was likely due to the small volume of elec-
trolyte in the reservoirs leading to short discharge times. Given that the
previous peak power density of the Cu,-TRAB was 23 mW em ™2 [28],
producing greater average power output than the previous peak repre-
sents a significant advancement in the this technology. Additionally,
previous electrochemical waste heat-to-power technologies have been
limited to membrane and heat exchanger-normalized power densities
below 10 mW cm 2 and standard and modified energy efficiencies
below 4% (Table 2 and S2) [2]. Therefore, the use of Selemion CMVN as
the membrane for the Cu,g-TRAB significantly surpassed these previous
limitations.

3.2. Diffusion experiments

Ammonium ions had the highest flux through all membranes tested,
indicating that it was the primary ion for passing charge in the Cugg-
TRAB (Fig. 4a), and there was a strong correlation between high
ammonium flux and high peak power density. For cation exchange
membranes, ammonium flux was 12-21 times greater than bromide flux,
while for anion exchange membranes, ammonium flux was only 1.5-3.6
times higher. The decrease in ratio of ammonium to bromide flux
demonstrated that membrane charge can still influence ion transport
despite the high ionic strength. For the uncharged membranes, the
ammonium flux was approximately 4.5 times greater than that of bro-
mide with the primary reason for higher ammonium flux was likely its
smaller ionic radius (1.48 f\) than bromide (1.95 f\) [40,52]. Similar flux
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Fig. 4. Flux of (a) ammonium and bromide and (b) ammonia through
each membrane.
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trends were noticed for copper species diffusion through all membranes
with copper flux through Sustainion being high and Selemion AMVN
being low, although the flux was multiple orders of magnitude lower due
to the large size of the copper-ligand complexes (Fig. S6a and b) [52].
Selemion AMVN showed low fluxes for all species, with there being
untraceable copper crossover after multiple days of testing. Thus, while
it may have performed poorly in full cell tests and is not best-suited for
single-metal TRBs, it could have potential uses where transport control
and species separation are more critical for applications where an
electrochemical charging is used, such as bimetallic-TRABs.

Membranes with the highest ammonia flux had the lowest energy
densities. Ammonia flux was highest through the uncharged membranes
(Fig. 4b) and was consistent with BW30 having the shortest discharge
time of the membranes studied. Sustainion showed the highest flux of all
charged membranes, which was consistent with it having the lowest
energy density of the charged membranes. The high ammonia flux also
impacted the polarization curve produced by the Sustainion membrane
by decreasing the open circuit potential and therefore the peak power
density, despite the very high ammonium and bromide fluxes (Fig. S4).
Despite Nafion 117 being the thickest membrane tested, it did not have
the lowest ammonia flux, indicating that ammonia permeability was
high and that while using thinner versions of Nafion would result in
higher power output, there would certainly be decreases in energy
density. Ammonia flux through Selemion AMVN was half an order of
magnitude lower than all other membranes, which is what helped in-
crease the discharge time and energy density, despite the low ionic flux
observed for this membrane. Additionally, this indicates that Selemion
AMVN would be the best of the membranes studied here for electric
charge/discharge cycling of the battery since it would best prevent
parasitic diffusive losses over successive cycles. Selemion CMVN had
surprisingly low ammonia flux, given its smaller thickness and higher
ammonium flux. Comparing Selemion CMVN and AMVN, the 15 ym
larger thickness of AMVN would not be enough to warrant the half order
of magnitude decrease in ammonia flux. Provided that ammonia is not
impacted by the membrane charge, this suggests that the modification of
the membrane charge also resulted in smaller pores in the membrane.
This observation is supported by Selemion AMVN having the excellent
transport control of the larger copper-ligand complexes (Figs. S6a and b)
[52]. Further investigation into the relationship between membrane
chemical composition and physical structure and the resultant transport
properties are of great interest but beyond the scope of this current
analysis as a first principles understanding of membrane transport in
high ionic strength solutions has yet to be developed.

3.3. Resistance and uptake

Membranes with lower area specific resistances had higher peak
power densities, but membrane water uptake was not as well correlated
with full cell performance. The area specific resistance of all charged
membranes was lower than that of the uncharged membranes (Fig. 5a).
Sustainion had the lowest area specific resistance, an average of 0.15 Q
cm? in both electrolytes, which was consistent with the high ionic flux
and peak power density. However, despite its resistance being ~10% of
Selemion CMVN, the peak power of these two membranes was similar,
likely resulting from the high ammonia flux through Sustainion, sug-
gesting there was a mixed potential at the positive electrode during full
cell testing of Sustainion. While Sustainion had high ammonia flux, the
membrane could be incorporated into other previous TRAB cell con-
figurations such as the ammonia breathing structure and sacrificial
electrolyte that were limited by high ohmic losses, but the configura-
tions significantly decreased ammonia crossover. The area specific
resistance of Nafion was higher than Selemion CMVN, which is likely
related to the low ammonium flux observed and is consistent with
previous literature that has shown that Nafion conductivity in
ammonium-based electrolytes is lower than strong acid electrolytes
[38]. Selemion CMVN exhibited a lower resistance in the Cu,-TRAB
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Fig. 5. (a) Area specific resistance and (b) water uptake in 5 M NH4Br and 5 M
NH4Br + 4 M NH3

electrolytes than Nafion, which is the opposite of what has been previ-
ously demonstrated in strong acid electrolytes (such as sulfuric acid)
[53] but is consistent with Selemion membranes showing high con-
ductivity in ammonium-based electrolytes [54]. Most membranes
showed little difference in resistance in catholyte or anolyte, with the
only exception of the BW30 which had lower resistance in the anolyte.

Sustainion averaged 197% water uptake in both electrolytes, which
was by far the highest of all membranes studied (Fig. 5b). High water
uptake was related to the high ionic flux through Sustainion since the
membrane was well-hydrated and therefore had many channels avail-
able for ion transport. Nafion 117 had the lowest water uptake (3.5%),
which was consistent with it having high resistance in the Cu,q-TRAB
electrolytes, and with previous literature showing that water activity is
strongly related to ionic flux and resistance for this membrane [41,55].
Selemion AMVN had a uptake of 44% on average between both elec-
trolytes, which was higher than expected considering its high resistance
and low ionic flux. This water uptake was similar to its counterpart,
CMVN (33%), again suggesting that Donnan exclusion played a role in
decreasing ammonium flux through AMVN, therefore causing it to have
a higher resistance. The uncharged membranes showed very high water
uptake because a majority of their volume is the porous support layers
which swell significantly but play little role in species transport. How-
ever, the high water uptake could have helped offset the high resistance
of BW30 and be related to the high peak power density observed for this
membrane.

3.4. Correlation of symmetry cell to full cell performance

There was a strong correlation between membrane properties and
symmetry cell performance to peak power density. For ion exchange
membranes, peak power density was found to be related to area specific
resistance, with only the BW30 membrane being an outlier (Fig. 6a). The
Sustainion peak power density was lower than expected given its low
area specific resistance, but this was likely because of the high ammonia
flux that caused the mixed potential at the positive electrode. It is un-
known why the BW30 peak power density was so high given the low
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Fig. 6. Comparisons of (a) peak power density and (b) ammonia flux against
area specific resistance. Dashed line in figure a) is simply for reference to
qualitatively ~demonstrate linearity of variables correlated (BW30
outlier omitted).

area specific resistance, but it could have been related to the support
layer being able to supply embedded ions to the electrolyte to give the
appearance of higher conductivity for the short duration that was the
polarization curve.

Correlating energy density with membrane properties was not as
straightforward as power density because high energy density requires a
combination of low resistance and good transport control, which often
are in competition of one another by creating mixed potential at the
electrodes due to crossover. The BW30 membrane had high resistance
and ammonia flux, and thus had the lowest energy density studied
(Fig. 6b). Comparing the two anion exchange membranes, Sustainion
had very low resistance and high ammonia flux, while Selemion AMVN
had the inverse. Thus, they both had lower energy densities than the
cation exchange membranes. Given the very low ammonia flux through
Selemion AMVN, if the membrane were able to be made at half the
thickness (thereby doubling the ammonia flux and halving the resis-
tance), the power density would double and the energy density would
potentially increase because of the lower resistance and still low
ammonia flux. Selemion CMVN had a good balance of low resistance and
low ammonia flux, and therefore had the highest peak power and energy
densities of all membranes studied. Overall, the results and testing
methods presented here can be used to evaluate and identify future
membranes for the Cu,q-TRAB to continue to reduce ohmic losses and
increase battery power and energy density.

3.5. Economic analysis

The levelized cost of storage (LCOS) of the Selemion CMVN signifi-
cantly outperformed other membranes tested in both short- and long-
duration discharge scenarios, which is consistent with previous results
that show that membrane cost and power density were the primary
drivers of LCOS in the Cu,-TRAB [27]. For power applications, the
LCOS for Selemion CMVN was minimized to $438 per MWh at 0.50
hours of discharge time, which was approximately 65% less than the
next best membrane, BW30 (Fig. 7a). While Selemion CMVN also had
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Fig. 7. (a) Levelized cost of storage for short-duration discharge of each
membrane studied. Power density used was 30% of peak power density and
energy density used was the experimental energy density (Fig. 2a and b). Range
of LCOS of vanadium redox flow battery (VRFB) for comparison. (b) Levelized
cost of storage for short-duration discharge of Selemion CMVN at different
applied current densities using experimental results (Fig. 3a and b) and theo-
retical limits of peak power density (84 mW cm2) and energy density (9
WhL™).

the lowest cost for long-duration energy scenarios, operation of the
Cuaq-TRAB for long durations and a few cycles per year was more
expensive ($2560 per MWh) and therefore is not recommended given
the current battery setup (Fig. S7). The LCOS of Sustainion was the
highest of all membranes studied, despite its high power densities
because the membrane cost is by far the most expensive at 10 times the
cost of Nafion 117 and 30 times the cost of the Selemion membranes
(Table 1). Sustainion is the only membrane tested that is not yet pro-
duced commercially; thus, if its production were to be scaled and the
cost were reduced, then the membrane would be more cost competitive.
Nafion 117, Selemion AMVN, and BW30 showed similar LCOSs for the
short discharge times despite Nafion 117 having higher power and en-
ergy density because Selemion AMVN and BW30 are inexpensive ma-
terials. The convergence in LCOS of these three materials was a result of
the degradation rates and cycles efficiency being taken into account in
the cost analysis.

The Selemion CMVN was the only membrane to have an LCOS within
the range of the vanadium redox flow battery (VRFB) for discharge times
longer than 0.25 hours. While VRFBs have much larger power and en-
ergy densities than the Cu,-TRAB using Selemion CMVN, the low ma-
terial cost of the Cu,q-TRAB components helps drive down the LCOS to
similar levels, demonstrating the significant advancement of the Cu,q-
TRAB through this work. It has been shown that chloride is a cheaper
ligand than bromide [27], but it is unknown how this modification
would change battery power and energy, with initial studies indicating
poorer performance [26]. However, this highlights how impactful new
electrolyte chemistries can be for this space.

Operation of Selemion CMVN at current densities above 30 mA cm™
was found to greatly reduce the LCOS due to the large increases in power
density (Fig. 7b). At shorter discharge times, higher applied current
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reduced costs per MWh due to the higher power output of the battery. As
the discharge time grew, the lower applied current densities became less
expensive because energy density became more of the total cost for
longer discharge times. At the longest discharge time studied (0.50 h),
the LCOS at 50 mA cm ™2 was minimized to $410 per MWh, which was
15% cheaper than operation at 30 mA cm™2. Thereby demonstrating
that the optimal operating current density for LCOS was consistent with
electrochemical testing where 50 mA cm ™2 operation had a combination
of high power and energy density (Fig. 3b). These results suggest that
thinner versions of Nafion such as 115 or 212 could be viable (lower
LCOS) despite higher ammonia flux because, to a certain degree, power
density increases are more important than energy density decreases.

For the Cu,q-TRAB to be considered cost-effective, longer discharge
times and higher current operation is necessary, and at these conditions,
the LCOS of the Cu,q-TRAB was found to be near the average of that of a
VRFB. A comparison to a VRFB is presented here because the technol-
ogies are similar and VRFBs are currently being installed at commercial
scale, not because the technologies are competitors in the same market.
Naturally, the LCOS when using the current power and energy density
limits of the Cu,q-TRAB were much lower than experimental results,
with the minimum LCOS being $134 per MWh. Increasing power and
energy density to these levels could be achieved through means such as
continued reduction of system ohmic losses, increasing operating tem-
perature [24,56], improvement of mass transfer through different cell
architectures [32,57] and electrodes [19,58-60], and increased open
circuit potential [9].

4. Conclusions

A hydrocarbon cation exchange membrane (Selemion CVMN) was
found to be the highest performing membrane tested in the Cu,q-TRAB
when considering a combination of lower material cost, electrical
resistance, and lower ammonia crossover. Its peak power density was 84
mW cm™2, with an average power density of 26 + 7 mW cm™2 when
discharging at 50 mA cm™2 to provide 2.9 Wh L™! of energy. Diffusion
tests showed that ammonium had the highest flux of all ions measured,
even in anion exchange membranes. However, membrane charge was
related to the degree to which cations or anions were passed with
ammonium flux being an order of magnitude greater than bromide for
cation membranes, but only 2-3 times greater for anion membranes.
Water uptake showed some relationship to performance for charged
membranes, but ionic flux was a better indicator of power density.
Correlation of symmetry cell to full cell performance shows that mem-
branes which provide a balance of low resistance and low basic species
flux will result in high power and energy density. Economic analysis
showed that operation of the Cu,-TRAB with Selemion CMVN was cost
competitive with commercial large scale energy systems, with the lev-
elized cost of storage being as low as $410 per MWh for short-discharge
applications.
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