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HIGHLIGHTS

o Theoretical maximum energy density of Cu,q-TRAB was 9.5 Wh Lk

e Higher ammonia concentration increased power density but decreased energy density.
o Experimental energy density increased with copper concentration to 2.15 Wh L™,

o Highest thermal efficiency was 2.2% with 0.5 M Cu.
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Thermally regenerative ammonia batteries (TRABs) can provide energy storage and produce electrical power
from low-grade waste heat instead of electricity. The use of all-aqueous copper-based electrolytes has recently
produced higher power densities than those achieved using previous TRAB approaches based on reversible metal
deposition and dissolution processes, but further gains are possible in power and energy density. We investigated
the limitations of power and energy density and how they are impacted by the electrolyte composition and
discharge currents. By increasing the ammonia concentration from 1 to 5 M, the power density of the battery
increased from 11.2 to 28.5 mW cm ™2, but the energy density decreased from 0.56 to 0.31 Wh L™!. Increasing
discharge current densities from 4 to 12.5 mA cm ™2 increased the average power density during discharge from
2.4 to 5.9 mW cm ™2 without appreciable losses in energy density. Increasing the copper concentration from 0.1
to 0.5 M increased both energy density to 2.15 Wh L™! and energy efficiency to 2.2% but did not substantially
impact the power density. These results represent the highest performance metrics achieved for a low-grade
waste heat to electricity system.

1. Introduction

Low-grade waste heat (<130 °C) is a significant source of untapped
energy in the US and around the world, with 60 TWh of energy dissi-
pated into the environment each year by power plants and industry [1].
A variety of electrochemical and membrane-based systems are being
researched to utilize this low-grade waste heat through implementation
such as supplementing traditional thermal power systems or for

household co-generation in a distributed power system. Among the
technologies under investigation are thermo-electrochemical cells
(TECs), thermally regenerative electrochemical cycles (TRECs), and
thermally regenerative ammonia batteries (TRABs) [2]. Solid-state
thermoelectric devices offer much simpler operation and system
design than electrochemical systems, but exhibit lower power density
and lack the ability to store energy [3]. Of the electrochemical and
membrane-based systems, TECs and TRECs have higher thermal
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efficiencies but lower power densities, limiting their viability [2]. TRABs
have the highest power densities of the electrochemical and
membrane-based systems while having energy efficiencies that are
competitive with the highest-performing low-grade heat technologies
[4].

TRABs operate with similar operational conditions as other hybrid
and conventional flow batteries. Battery electrolytes are contained in
storage tanks which are pumped into an electrochemical reactor to
produce or store electricity. Reactor size governs power capacity and
tank size governs energy capacity. The majority of TRAB chemistries are
currently hybrid flow battery concepts as they operate using deposition-
based redox reactions that deposit and deplete metals at the electrodes
[5]. Unlike most flow batteries, a unique aspect of TRABs is that they can
use low-grade waste heat to recharge through an ammonia separation
process. In TRABs, the addition of ammonia to the anolyte forms an
electric potential difference between its two electrodes by complexing
with electroactive species in the anolyte thereby reducing the equilib-
rium potential at the negative electrode. During thermal recharging, the
depleted anolyte is converted to a new catholyte through the thermal
separation of its ammonia which is then added to the depleted catholyte,
fully charging the battery [6]. Most previous TRABs used inexpensive
transition metals such as copper, nickel, and zinc, and have produced
high peak power densities using specially designed membranes, alter-
native solvents, larger open circuit potentials, and custom porous elec-
trodes [7-10]. However, these deposition-based chemistries have a
range of issues such as poor coulombic efficiencies and low energy
densities [5,9,11-18]. Nonetheless, some exceptions have been found.
Through the use of silver as the active redox metal, it was shown that a
TRAB could be cycled 100’s of times and that power density and
deposition uniformity could be improved through tailoring of the elec-
trode microstructure [19,20]. Likewise, a new type of TRAB was
recently developed that uses fully aqueous copper species where the
redox reactions are mediated by porous carbon electrodes (Fig. 1) [21].
The all-aqueous copper TRAB (referred to as the Cu,q-TRAB) used bro-
mide and ammonia ligands to stabilize both the Cu(I) and Cu(II) com-
plexes in solution. By stabilizing Cu(I) and having it as the desired redox
state instead of Cu(0), the issue of poor anodic coulombic efficiency that
was present in metal copper-based TRABs and resulted in their inability
to be cycled due to irreversible loss of electrode material has been
addressed.

Pure NH3

Cu()(NH3), —

Cu(lhBr, + &
Cull)(NHs), + &

Cu(l)Br,

Membrane

Fig. 1. Full system schematic of the electric discharge and thermal charging
processes for the Cu,q-TRAB.
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The Cu,-TRAB showed high peak power density (35 mW cm~2) and
coulombic efficiency (98%), but the limits of the solution chemistry
were not demonstrated and its performance in a flow cell was not well
characterized. Many previous TRB investigations have explored the in-
fluence of electrolyte composition on power [5,9,11-13,15,22-28], but
few have shown the impact on energy density, and none have demon-
strated the tradeoffs between power and energy that results from the
electrolyte composition. We investigated the impact of solution chem-
istry on the maximum copper concentration and therefore the theoret-
ical energy density of the battery. Additionally, we characterized how
the Cu,q-TRAB performed in a flow cell with varying metal and ligand
concentrations and discharge current densities to highlight strategies for
maximizing both power and energy densities. The methods and metrics
used in this study demonstrate that while peak and theoretical
maximum values are valuable results, they do not properly represent the
capability of the battery to operate in grid-scale applications.

2. Materials and methods
2.1. Reagents

Aqueous solutions were prepared with copper (II) bromide (99%,
Acros Organics), copper (I) bromide (98%, Alfa Aesar), and ammonium
bromide (99%, Alfa Aesar) salts. Ammonium hydroxide was added to
the negative electrolyte from a 28 wt% ammonia Sigma-Aldrich stock
solution. The electrolytes and cell assembly were purged with argon
(99.997%, Praxair) prior to testing and dissolving of the copper (I)
species to prevent oxygen contamination during testing. The reagents
were prepared for each test such that the initial state of charge (SOC)
was near 100%.

2.2. Solubility test assemblies and parameters

The maximum copper concentration based on solubility limits was
estimated for a range of supporting electrolyte compositions through
titrations. Solubility tests were performed using a multiport glass cell
(#AKCELL2, Pine Instruments) (Fig. 2a). Solutions of just the back-
ground components of the electrolyte (ammonium salt and ammonia
solution) at the desired concentration were created, then the copper salt
(CuBr or CuBry) was added into the solution until the salt no longer
dissolved. The temperature of the system was monitored and controlled
to be at 25 + 0.5 °C during all tests. The system was purged with argon
during all Cu(lI) tests to prevent the oxidation of the metal. After testing,
the final volume of the solution was measured to adjust total solution
volume to determine the molar concentration estimated to be the solu-
bility limit of copper.

2.3. Full cell test assemblies and parameters

All full cell experiments were conducted using a zero-gap flow cell.
The flow cell consisted of graphite plates with a column-pin flow field
design (FuelCellStore) and a projected surface area of 25 cm?, steel
endplates, and fluorosilicone gaskets (Fig. 2b). All tests were performed
using Nafion 117 as the membrane (FuelCellStore) and AvCarb G300A
graphite felt electrodes (FuelCellStore), used as received. One hundred
milliliters of each electrolyte were pumped from external reservoirs into
the reactor stack with diaphragm pumps with perfluoroalkoxy (PFA)
tubing and polytetrafluoroethylene (PTFE) fittings. The flow rate of the
electrolytes had less than a 10% impact on peak power and limiting
current density, thus it was concluded that flow rates were high enough
that mass transfer effects on the polarization and discharge curves for
this system were small enough to be neglected. The system was
completely closed after the argon purge to prevent oxygen contamina-
tion during testing.

Flow cell measurements were performed with a Gamry Reference
3000. The test protocol was to conduct open circuit potential (OCP),
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Fig. 2. a) Schematic of the experimental setup for solubility tests including (1)
thermometer, (2) port for adding Cu salt, (3) tube for bubbling argon, (4) stir
bar, and (5) heated stir plate. b) Schematic demonstrating the flow cell com-
ponents including (1) steel end plates, (2) graphite flow fields, (3) fluorosilicone
gaskets, (4) carbon felt electrodes, and (5) Nafion membrane.

linear sweep voltammetry (LSV), then electric charge/discharge cycling.
The charge/discharge cycling always began with a brief charge cycle to
return the electrolytes to 100% SOC to determine the maximum
experimental energy density of the battery. LSV data was collected with
a scan rate of 10 mV s~ ! with the potential swept from 0 V vs. OCP to 0 V
of cell potential. Charge/discharge tests were performed at a constant
current of 4 mA cm™2, unless otherwise specified, with upper and lower
cutoff potentials of 1 and 0.35 V. Tests were ran at the ambient tem-
perature in a fume hood (21 + 1 °C).

2.4. Performance metric calculations

Theoretical energy storage density, Ujgeqr (Wh L™, was calculated
using a simplified approximation that neglects state of charge and ac-
tivity coefficients to compare the energy density of different solubilities,
TRAB chemistries, and flow battery chemistries [29] as:
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where E%q (V) is the difference between the standard electrode po-
tentials of interest (or standard cell voltage), and c;,; (mol L) is the
concentration of the electroactive species limiting the state of charge,
and F = 96485 C mol 1.

For full cell tests, the power density, p (mW cm~2), was calculated as
P =jEcen, where j (mA cm~2) is the current density and Eg; (V) is the cell
potential. The power was normalized to 25 cm? since this is the pro-
jected geometric area of both the electrodes and the membrane. The
experimental energy density, U, (Wh L71), was estimated by inte-
grating the electric power, P (W), of the first discharge curve over time, t
(s), and was normalized by the volume, Vi, (L), of the anolyte and the
catholyte using:

_[Pdt

ey =,
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@

The solution volume was 0.2 L based on the combined liquid volume
of catholyte and anolyte that was used for each test [30]. The electro-
chemical energy density was compared to the amount of heat input
needed for the reboiler of the distillation column [4]. This value is
referred to as the thermal energy efficiency and was estimated for the
present study as:

Pd
M L 3)

ucharge Vano

where Ucharge (192 Wh L™Y) is the heat duty of the reboiler of the
distillation column based on previous reports [7,22,31].

3. Results and discussion
3.1. Solubility limits and theoretical energy storage density

The maximum concentration of each copper oxidation state was
highly dependent on the concentration of the bromide and ammonia in
the solution. In the presence of only 5 M bromide, the Cu(I) species had a
solubility of 2.5 M, while the Cu(II) species showed a lower solubility of
1.75 M (Fig. 3a), consistent with previous reports [32]. The maximum
copper concentration for both Cu(I) and Cu(lII) species was significantly
lower when ammonia was present in solution. The maximum concen-
tration of Cu(IlI) was 0.75 M for all ammonia concentrations tested
except in the presence of 2.5 M bromide and 2 M NHj (0.4 M). In
contrast, the maximum Cu(I) concentration increased from 0.1 M to 0.6
M as the ammonia in the solution increased from 1 M to 4 M. Thus, it was
found that the limiting copper species for this TRAB was the Cu(I)(NH3)x
species, and its maximum concentration was 0.6 M based on a combi-
nation of 5 M NH4Br and 4 M NHs.

The equilibrium potentials of each electrolyte at the conditions that
allow for the most copper to be fully-soluble (5 M NH4Br and 4 M NH3 in
the anolyte) were estimated using the formation constants, as previously
described [21]. The equilibrium potential was 0.557 V for the positive
electrolyte, and —0.032 V for the negative electrolyte, resulting in the
standard cell voltage of E%q1 = 0.589 V. Using this value, a maximum
copper concentration of 0.6 M, and Equation (1), a theoretical maximum
energy density of 9.5 Wh L™! was estimated for the Cuaq-TRAB (Fig. 3b).
The values used for calculation of the theoretical maximum energy
storage density for each previous TRB chemistry were: Cup,-TRENB —
0.1 M, Eceyt = 0.46 V; Cuyy-TRAB — 0.3 M, E°e; = 0.38 V; Cupcy-TRB —
0.15 M, Eoceu = 1.2 V. These concentrations represent the highest re-
ported values from the literature, not necessarily the maximum possible,
and the cell potentials were the difference in the standard redox po-
tential of each reaction. However, it has been previously demonstrated
that the equilibrium potentials of each reaction in the Cu,q-TRAB
depend on the concentration of the ligands in the electrolytes. This is
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Fig. 3. a) Maximum soluble aqueous copper concentrations in various ammo-
nium bromide concentrations and ammonia concentrations. b) Maximum
theoretical energy storage density of different TRB chemistries based on their
maximum redox species concentration and standard cell potentials [7,8,11].

likely to also be true of the previous TRB chemistries. Since there is no
available literature on the impact of ligand concentration on the equi-
librium potentials of these previous TRB chemistries, the maximum
possible concentrations were not used since the cell potential would
differ from the standard redox potential. The maximum energy density
of the Cu,q-TRAB is roughly twice that of previous TRBs based on their
reported electrolyte conditions using the same method for estimating
the theoretical energy storage density. This maximum energy density is
lower than electrically charged flow batteries based on using vanadium
chemical species of (>50 Wh L’l) [30]. However, conventional flow
batteries typically use more expensive materials and cannot be
recharged using waste heat.

3.2. Impact of ammonia concentration on power and energy

Discharge and power density tests showed that the addition of
ammonia increased power density but decreased energy density. For the
Cu,y-TRAB, the peak power density increased from 11.2 mW em™2 to
28.5 mW cm 2 when increasing the NH; concentration from 1 M to 5 M
(Fig. 4a). A contributing factor to this increase was the increase of the
initial open circuit potential from 0.88 V to 1.03 V because the
increasing free ligand concentration caused more complexation of the
copper with ammonia.

Multiple previous investigations into deposition-based TRABs have
demonstrated that increasing the NH3 concentration results in higher
peak power density [5,9,31], but the impact of NH3 concentration on
energy density was not usually shown. During discharge tests, the
average power density of the battery increased with higher NH3 con-
centration, with an average power density of 2.5 mW cm ™2 with 1 M
NHs, and 3.1 mW em 2 with5 M NH; (Fig. 4b). Thus, while peak power
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Fig. 4. a) Cell polarization and power density curves for varying NHs con-
centrations. b) Cell potential during constant discharge of the battery at 4 mA
cm ™2 at each concentration. Copper concentration was 0.1 M and NH4Br con-

centration was 5 M in each electrolyte. Electrolytes were pumped at 200
1

ml min~".
density increased by 154%, the average power density during discharge
only increased by 24%, demonstrating that peak power density is not a
representative metric for evaluating performance during a full discharge
cycle for the battery. However, the increasing NHj3 concentration
reduced the energy density of the battery, as it decreased from 0.56 Wh
L'at1Mto 0.31 WhL™! at 5 M. While the cell potential of the 5 M NHj
concentration discharge curve began higher than the 1 M NHj test, the
total discharge time decreased from by 54%. Therefore, while increasing
NHj concentration increased the peak power density by 154%, the en-
ergy density decreased by 44%. The decrease in energy density and total
discharge time was likely a result of parasitic crossover of NHg from the
anolyte to the catholyte. Increasing the free NH3 concentration in the
anolyte would increase its flux through the membrane. Evidence of a
higher NH;s flux was observed by a color change in the catholyte from
brown to deep blue during discharge. Therefore, the tradeoff of power
and energy density that can be controlled by electrolyte composition
must be considered when designing a Cu,q-TRAB for a specific appli-
cation. If the application requires high power and short duration, having
high NHj3 concentration is likely beneficial. Conversely, applications
where energy storage is more critical than power output would benefit
most from low NH3 concentrations.

3.3. Impact of copper concentration on power and energy

Discharge and power density tests showed that increasing copper
concentration produced a linear increase in energy density of the Cuyg-
TRAB, but it did not appreciably impact power density. The increase in
copper concentration at a constant NHs concentration did not show
produce any large changes in the polarization or power density curves
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Fig. 5. a) Cell polarization and power density curves for varying copper con-
centrations. b) Cell potential during constant discharge of the battery at 4 mA
cm ™2 at each concentration. 5 M NH,4Br was used as the supporting electrolyte,
and 4 M NH; was used in the anolyte. Electrolytes were pumped at 50
ml min~1.

(Fig. 5a), with a peak power density of 14.6 + 0.4 mW cm 2. During
discharge, the average power density was 2.8 mW cm ™2 with 0.1 M Cu,
and 2.5 mW cm 2 at 0.5 M Cu. The energy density increased linearly
with copper concentration, as would be expected by Equation (2), with
the energy density at 0.1 M being 0.40 Wh L™! and at 0.5 M being 2.15
Wh L1 (Fig. 5b). An added benefit of increasing the copper concen-
tration was that more NH3 was sequestered by complexation with the
copper, resulting in less free NH3 in the solution and slower parasitic
crossover through the membrane. The thermal efficiency of the 0.5 M
copper electrolyte was 2.2%, which is equal to the highest previously
reported for a single-metal TRB at room temperature [4].

3.4. Influence of current density on discharge performance

Changing the discharge current impacted overall energy recovery.
Increasing the applied current density during discharge increased the
power density, but the impact on energy density was varied. Increasing
the applied current density from 4 to 12.5 mA cm™2 doubled the average
power density during discharge from 2.4 mW cm ™2 to 5.9 mW cm 2
without a significant change in the energy density of 1.45 Wh L7}
(Fig. 6). The lack of significant change in energy density was unexpected
because applying more current increases the overpotential of the reac-
tion which could have decreased the energy produced by the battery.
However, higher applied current also resulted in faster discharge of the
battery, and as was shown in Section 3.2, self-discharge from NHs
diffusion across the membrane is a major contributor to energy density
losses at long discharge times. Therefore, the shorter discharge time
from higher applied current resulted in less parasitic NH3 diffusion and
negated the impact of increasing overpotential that occurs with
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increasing applied current. The shorter discharge time also resulted in
smoother discharge curves due to less parasitic NH3 diffusion, which
produced more consistent power generation throughout the entire
discharge cycle. When the applied current was increased to 25 mW
cm 2, the average power density increased to 8.9 mW cm 2, but the
increased overpotentials resulted in the energy density decreasing to
0.73Wh L%

3.5. Summary of TRAB performance

When comparing the Cu,q-TRAB to previous TRB published chem-
istries at room temperature, it had improved performance across three
major metrics for TRBs: power density, theoretical energy density, and
thermal energy efficiency. These results clearly illustrate the need to
report practical values such as average power during discharge and
energy density/thermal energy efficiency in future TRB publications, as
they are good indicators of the readiness level of the technology being
studied to contribute electricity over a full cycle. The Cuaq-TRAB was
able to have the highest peak power density and the highest theoretical
energy density (Fig. 7a), depending on solution chemistry and operation
parameters. The highest peak power output was maintained during
discharge, but high power resulted in a lower thermal energy efficiency
(Fig. 7b). A maximum thermal energy efficiency for the Cu,q-TRAB was
2.2%, which is the highest reported efficiency for all published TRBs
with an average power output of 2.5 mW cm 2. The thermal efficiency
of the CuUACN TRB was not reported, with only the theoretical efficiency
reported of 2.2% [8]. The Cu,q-TRAB had one of the highest efficiencies
of these waste heat recovery technologies while still maintaining
competitive power and energy densities. While vacuum
distillation-concentrated redox flow batteries can have higher efficiency
at about 4%, their power density is much lower (at 1 mW cm’z) than the
Cuaq-TRAB, and their use of lithium is not as favorable as copper for
economic and safety considerations [33].

4. Conclusions

The energy density and power density values demonstrated for the
all-aqueous copper thermally regenerative ammonia battery were the
largest reported for TRBs with some of the best power density and en-
ergy efficiency combinations identified for any low-grade waste heat to
electricity system. With optimal solution conditions, the battery pro-
duced a peak power density of 28.5 mW cm 2 and energy density of
2.15 Wh L. Results from the flow cell tests showed that the specific
concentrations of NHj created tradeoffs between power and energy
density. While increasing the NH3 concentration from 1 to 5 M increased
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the peak power density from 11.2 to 28.5 mW cm ™2, the energy density
decreased from 0.56 to 0.31 Wh L™!. Increasing the copper concentra-
tion close to its maximum solubility, the experimental energy density of
the battery was 2.15 Wh L1, and the thermal efficiency was 2.2%. Self-
discharge of the battery through NHjs crossover through the membrane
was shown to be a primary contributor to energy density losses.
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