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Thermally regenerative ammonia batteries (TRABs) have shown great promise as a method to convert low-grade
waste heat into electrical power, with power densities an order of magnitude higher than other approaches.
However, previous TRABs based on copper electrodes suﬀered from unbalanced anode dissolution and cathode
deposition rates during discharging cycles, limiting practical applications. To produce a TRAB with stable and
reversible electrode reactions over many cycles, inert carbon electrodes were used with silver salts. In continuous
ﬂow tests, power production was stable over 100 discharging cycles, demonstrating excellent reversibility.
Power densities were 23 W m−2-electrode area in batch tests, which was 64% higher than that produced in
parallel tests using copper electrodes, and 30 W m−2 (net energy density of 490 Wh m−3-anolyte) in continuous
ﬂow tests. While this battery requires the use a precious metal, an initial economic analysis of the system showed
that the cost of the materials relative to energy production was $220 per MWh, which is competitive with energy
production from other non-fossil fuel sources. A substantial reduction in costs could be obtained by developing
less expensive anion exchange membranes.

1. Introduction
Low-grade waste heat (temperature < 130 °C) generated by industrial plants and geothermal and solar-based systems is estimated to
be major sustainable energy source for the future [1–3]. Low-grade
waste heat generated at industrial plants in U.S.A contains

∗

approximately half of the current energy demand of this country
(2.9 × 1013 kWh in 2013) [4], and recovering even a fraction of this
energy would be a major step towards developing a more sustainable
energy infrastructure [5–9]. Technologies to convert low-grade waste
heat to electricity must produce high power densities and be eﬃcient,
scalable, and cost-eﬀective [1,10], but so far no approach has met all
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cost of the materials used in the continuous ﬂow system.

these goals. For example, solid-state thermoelectric devices based on pand n-type semiconductor materials have high material costs, lack the
capacity for energy storage, and have relatively low power densities
[1,11,12]. Liquid-based thermoelectrochemical cells (TECs) could potentially provide a more cost eﬀective and scalable approach, but power
densities have generally been in the range of only 0.5–6.6 W m−2
[13–15]. One TEC produced 12 W m−2, with an inter-electrode temperature diﬀerence of 81 °C, but the eﬃciency relative to the Carnot
cycle was only 0.4% [16], which was low compared to other approaches (eﬃciencies of 1.4–4.0%) [13–15]. As a result of these relatively low power densities and thermal-electrical ineﬃciencies, solid
state and TECs have not yet been commercialized [17].
Recently, a new approach for converting low-grade waste heat to
electricity, called a thermally regenerative ammonia battery (TRAB),
was shown to produce signiﬁcantly higher power densities than TECs or
other approaches [18]. A ﬂow TRAB with copper electrodes and salts
produced a maximum power density of ∼25 W m−2 (normalized to a
single electrode area), with an estimated Carnot thermal-electrical
conversion eﬃciency of 5% [19]. TRABs generate electrical power from
electrochemical potentials produced by adding a ligand to one electrolyte chamber, with the two chambers separated by a membrane. The
ﬁrst TRAB used copper mesh electrodes and a copper nitrate electrolyte
(Cu-TRAB), with ammonia as the ligand [18]. When ammonia is added
to one electrolyte chamber it becomes the anode chamber, due to formation of a copper ammine complex. When the potential diﬀerence
between the electrodes is discharged, the anode undergoes oxidative
dissolution, and aqueous copper ions are reductively deposited on the
cathode (Eqn. S1, S2). After discharging, the ammonia is separated
from the anolyte using conventional separation technologies, such as
distillation or air stripping, using low-grade waste heat [18,20]. The
separated ammonia is then added to the former cathode chamber, so
that the function of the chambers is switched, ideally achieving a
closed-loop cycle with no net loss of copper form the electrode. In order
to provide stable operation over many cycles, metal deposition on the
cathode must be balanced with metal removal in the next cycle.
However, the conversion of the copper anode into current in the CuTRAB was only 35% (i.e., approximately three times as much copper
dissolves from the electrode as would be expected) [18–20]. This irreversible loss of copper from the anode limited the number of possible
cycles using this copper and ammonia-ligand system. The use of an
alternative ligand (ethylenediamine) reduced, but did not eliminate,
irreversible losses of copper from the anode [21].
A new type of TRAB was developed here based on using carbon
electrodes and solutions containing dissolved silver to avoid losses of
the metal to reaction with the electrolyte and enable fully reversible
charging cycles. The open circuit voltage using silver (0.45 V) is very
similar to that of copper (0.44 V), but the anode and cathode potentials
are much more positive than those for copper, with half-cell reactions
of:

Cathode: Ag+(aq) + e− → Ag (s)

Anode: Ag (s) + 2 NH3 (aq) →

E 0=+0.80 V

Ag(NH3 )+2 (aq) + e−

E 0=+0.37

2. Materials and methods
2.1. Silver electrodeposited electrode preparation and characterization
Commercially available carbon cloth and paper (AvCarb Material
Solutions) were treated to improve surface hydrophilicity and reaction
with silver, by soaking overnight at room temperature in a mixed solution of concentrated sulfuric and nitric acids (v:v = 3:1) [24,25]. The
materials were then thoroughly rinsed and then stored in DI water prior
to use. Silver was electrodeposited onto the carbon electrodes (cloth or
paper) in a cubic reactor (4 cm long and 3 cm in diameter) with platinum mesh (AMETEK Inc.) as the counter electrode. The electrolyte
was mixed using a magnetic stirrer (6.4 × 15.9 mm; VWR) at 500 rpm.
A current density of 7 mA cm−2 was applied for 60 min to deposit silver
onto the carbon electrodes. Based on the amount of silver deposited on
the carbon materials (calculated by measuring the weight of the substrate before and after the electrodeposition), the coulombic eﬃciencies
were > 90% for silver deposition (Ag+ + e− → Ag0) (Table S1). The
electrolyte was 0.1 M AgNO3 with a 5 M NH4NO3.
Silver deposited electrodes were examined using scanning electron
microscopy (SEM; NanoSEM 630, FEI, Hillsboro, OR) to observe the
morphology and size of the silver particles. Energy-dispersive X-ray
spectra (EDS; NanoSEM 630, FEI, Hillsboro, OR) were used to identify
composition of the particles formed on the carbon substrate.
2.2. TRAB construction and operation
Power densities and anodic coulombic eﬃciencies of the Ag-TRAB
were ﬁrst evaluated in a ﬁxed volume battery (no ﬂow conditions) that
had suﬃcient room for reference electrodes to monitor electrode potentials, constructed as previously described [23,26]. Brieﬂy, the cell
consisted of a cathode and an anode chamber, each 4 cm long and 3 cm
in diameter, separated by an anion exchange membrane (AEM; Selemion AMV, Asashi Glass, Japan), producing an electrode area per volume of reactor of 25 m2 m−3. Two silver electrodeposited carbon papers were used as the electrodes, with each electrode placed at the end
of the reactor. To monitor the electrode potentials, two Ag/AgCl reference electrodes (+0.211 V vs. SHE; RE-5B; BASi) were inserted 1 cm
away from each electrode (Fig. S1). The power production and coulombic eﬃciency of Ag-TRAB were also compared to those of the CuTRAB. The same reactor conﬁguration was used for the Cu-TRAB but
the electrodes were copper mesh (50 × 50 mesh; McMaster-Carr, OH),
consistent with previous tests [21,23].
The remaining tests were conducted using a compact, custom-built
ﬂow cell with a design similar to our previous tests [27,28]. The ﬂow
cell consisted of two thin circular channels (diameter = 3 cm; thickness = ∼100 μm) separated by an AEM that were fed with either the
electrolyte containing ammonia (anolyte) or plain electrolyte, with an
electrode packing density of 10,000 m2 m−3. The electrodeposited
silver-carbon electrodes were placed in each channel, and graphite foil
behind the electrodes was used as a current collector. The symmetrical
cell was sealed using two end plates (Fig. 1).
The electrolytes were prepared using 0.1 M of either AgNO3 (SigmaAldrich; Ag-TRAB) or Cu(NO3)2 (Sigma-Aldrich; Cu-TRAB) with 5 M
NH4NO3 as the supporting electrolyte to increase conductivity.
Ammonium hydroxide (2 M ﬁnal concentration; 5 N solution, SigmaAldrich) was added only to one chamber (anolyte) to form the metal
ammonia complex and create a potential diﬀerence between the anode
and cathode chambers. The electrolyte composition was chosen based
on the optimum values previously reported [18].

(1)

V

(2)

0

where E is the standard reduction potential (vs. SHE) [22]. For copper,
the cathode E0 value is +0.34 V and the anode E0 value is −0.04 V vs.
SHE (Eqn. S1, S2) [23]. To demonstrate the feasibility of sliver-based
TRAB (Ag-TRAB), power production was examined in single cycle tests
(fed batch conditions) using silver nitrate solutions and carbon paper
electrodes, and compared to power generated using a Cu-TRAB containing copper mesh electrodes and a copper nitrate solution. Power
production was then examined in a continuous ﬂow system with carbon
paper or carbon cloth anodes, with the reversibility and stability of the
carbon cloth electrodes studied by cycling the battery one hundred
times. The morphology of the silver electrodeposited on the carbon
electrodes was examined using a scanning electron microscope (SEM),
and the cost of electricity produced was evaluated on the basis of the

2.3. Cell performance evaluation
Polarization tests were performed using a potentiostat (model
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ΔPt =

12μLQf
(4)

d3

where μ (Pa s) is the dynamic viscosity of water, L (m) the length of the
reactor, and d (m) the ﬂow channel thickness.
Coulombic eﬃciencies were calculated to evaluate the reversibility
of silver or copper deposition or dissolution from the electrodes. The
cathodic coulombic eﬃciency (CCE, %) was calculated as the ratio
between actual transferred charge and the theoretical amount of charge
based on the change in the mass change of the electrode:

CCE =

(mf , c − m 0, c ) nF
QM

× 100

(5)

where m0,c and mf,c (g) are electrode masses of cathode before and after
the discharge test, n (Cu, n = 2; Ag, n = 1) is the number of electron
transferred in the reduction reaction, F (96485 C mol−1) is the
Faraday's constant, Q (Q = ∫ I dts, C) is the total charge transferred, and
M is the molecular weight of the metal (Cu, 63.55 g mol−1; Ag,
107.87 g mol−1). Similarly, the anodic coulombic eﬃciency (ACE) was
calculated as:

ACE =

1470E, Solatron Analytical, Hampshire, England) to measure the cell
voltage (U, V), and each electrode potential (batch cell only), at room
temperature (23 °C). For both batch and ﬂow cells, external resistances
were switched every 2 min from open circuit to a minimum of 1.4 Ω.
Both current density (i = U/RA), and power density (P = U2/RA, W
m−2) were normalized to a single electrode projected surface area
(A = 7 cm2), where i (A m−2) is the current density and R (Ω) the
external resistance. The energy density, normalized to the total electrolyte volume of the ﬂow cell (E, Wh m−3), was calculated as E = ∫ U I
dt/V, where I (A) is the current, t is cycle time, and V (m3) is the total
volume.
The net power density produced by the stack (Pnet, W m−2) was
obtained by subtracting the hydrodynamic power loss (Phydro) from the
electrical power produced. Hydrodynamic power losses (Phydro, W m−2;
normalized to the electrode area) from ﬂow through the electrolyte
chambers were calculated based on the pressure drop according to
[29,30]:

ηd =

Q
× 100
Ci Vc F

(7)

where Ci (0.1 M) is the initial concentration of silver ion, and Vc
(0.01 L) is the volume of the catholyte. A ηd value of 100% indicates
that all the chemical energy related to the presence of silver ions stored
in the cell was converted to electrical power.
Thermal energy eﬃciency (ηt) was calculated as the ratio between
the net energy production of the battery and the required heat energy

2Qf ΔPt
A

(6)

where m0,a and mf,a (g) are electrode masses of anode before and after
the discharge test, measured using an analytical balance with a precision of 0.0001 g. The Coulombic eﬃciency refers to the ratio (as a
percentage) of the mass of metal deposited or removed relative to the
integral of the generated current. For example, if more mass is lost than
charge transferred through the circuit, then mass was lost to side reactions that did not generate current. If the mass lost from the anode is
not equal as the mass gained when it is a cathode, the electrode cycles
irreversibly. For electrode cyclability to be reversible, the Coulombic
eﬃciency must be 100%.
Cyclic voltammetry (CV) was used to further study the factors that
could explain the coulombic eﬃciency of anode. CV studies of the anolyte of both Ag-TRAB and Cu-TRAB were performed using a potentiostat (VMP3, BioLogic) using a glassy carbon working electrode, a
platinum wire counter electrode, and an Ag/AgCl reference electrode.
CVs were run at the potential range of −0.6 V to 0.6 V with a scan rate
of 25 mV s−1 [21].
Electrochemical impedance spectroscopy (EIS; VMP3, Bio-Logic)
was used to quantify the diﬀerent components (ohmic and reaction) of
the overall resistance. All EIS experiments were measured over a frequency range of 100 kHz to 0.1 Hz with a sinusoidal amplitude of
10 mV. The EIS spectra were ﬁtted into a simpliﬁed Randles equivalent
circuit, as done in for the previous TRAB analysis [18], in order to
calculate the resistance of each component (Fig. S2).
The charge/discharge reversibility of ﬂow Ag-TRAB with a carbon
cloth based silver-electrodeposited electrodes was tested over a hundred successive cycles by switching the ﬂow path (switching the electrode function) every 3 min with a ﬁxed external resistance of 10 Ω. The
same catholyte (0.1 M AgNO3, 5 M NH4NO3) and anolyte (0.1 M
AgNO3, 5 M NH4NO3, 2 M NH4OH) were used, and the cell potential
was recorded every 30 s during the experiment.
Discharge energy eﬃciency (ηd, %) of the ﬂow Ag-TRAB, based on
the removal of silver ions from the catholyte through electrochemical
deposition onto the cathode, was calculated as:

Fig. 1. (a) Schematic of the ﬂow silver TRAB for converting low-grade waste heat to
electricity. Power was produced using two identical carbon-based Ag electrodeposited
electrodes in the cell while ﬂowing the catholyte (0.1 M AgNO3, 5 M NH4NO3) and the
anolyte (0.1 M AgNO3, 5 M NH4NO3 and 2 M NH4OH) through two channels separated by
an anion-exchange membrane (AEM). After the cell discharge, ammonia is separated from
the anolyte using a conventional distillation with low-grade waste heat, and then added
to the other electrolyte for the sequel discharge cycle. By repeating the cycles, low-grade
waste heat is converted to electricity. (b) Detailed diagram indicating components the
symmetrical ﬂow cell.

P hydro =

QM
× 100
(mo, a − mf , a) n F

(3)

where Qf (m3 s−1) is the ﬂow rate, ΔPt (Pa) the theoretical pressure
drop, and A (m2) the electrode surface. The theoretical pressure drop is
given by Ref. [31]:
97
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Fig. 2. Comparison of (a) power densities, (b) cathode (open symbols) and anode (ﬁlled symbols) potentials, (c) coulombic eﬃciencies, and (d) cyclic voltammetry (scan rate of
25 mV s−1) of a silver TRAB (Ag-TRAB) and a copper TRAB (Cu-TRAB). The highlighted area in part d indicates the potential range of the anode for the silver and copper TRABs.

electrode reversibility. The CCE and ACE of Ag-TRAB were very similar
and close to 100% over three successive cycles (Fig. 2c). This showed
that equal masses of silver were dissolved from the anode and deposited
on cathode, producing conditions needed for a reversible system. In
contrast, the Cu-TRAB had a very low ACE of 35%, consistent with
previous results [18,20], indicating a large loss of copper due to its
dissolution without current generation.
Cyclic voltammetry (CV) was used to further understand why the
coulombic eﬃciencies of the anode and cathode were eﬀectively 100%.
The anode potential range of the Ag-TRAB (highlighted blue area;
Fig. 2d) did not cover the silver ammine complex reduction peak, indicating that the operation range for the anode potential would have an
insigniﬁcant loss of silver with non-current producing reactions. Thus,
anode dissolution was due to favorable current production by the reaction: Ag + 2 NH3 → Ag(NH3)2+ + e−. However, for the copperbased TRAB, the anode potential occurred at a potential favorable for
the reduction of copper with the ammine complex in solution (Eqn. S
(3)), and thus substantial copper loss resulted in metal dissolution not
associated with current production, leading to a low ACE [21]. The
diﬀerent anode potentials relative to the non-current producing reaction of the solid metal phase with the solution thus explained the signiﬁcant diﬀerences in ACEs between silver and copper TRABs. Further
information on the CVs was provided in Section 1 in the Supporting
Information.

for anolyte regeneration by separation of ammonia. Based on a simulation using Aspen HYSYS® (version 8.6), the energy requirement for
ammonia separation was 134 kWh m−3-anloyte, based on a conventional distillation column with a reboiler temperature of 60 °C, condenser temperature of 43 °C, and an inlet stream temperature of 27 °C
[20]. In order to compare the energy eﬃciencies of this system with
previous thermoelectrochemical cells, thermal eﬃciency was also reported relative to the Carnot eﬃciency, by dividing the actual thermal
eﬃciency (ηt) by the Carnot eﬃciency. Carnot eﬃciency (ηc) was calculated as ηc = (TH−TC)/TH, where TH is the reboiler temperature
(333 K) and TC is the temperature of the distillation inlet stream
(300 K).
3. Results and discussion
3.1. Power production and electrode potentials
The maximum power density of the Ag-TRAB was 23 W m−2, at a
current density of 115 A m−2, based on polarization tests using the fedbatch battery (Fig. 2a). This power density was 64% higher than that
obtained here using a copper-based TRAB of 14 W m−2. An analysis of
components of the internal resistance using EIS indicated that the AgTRAB had a higher ohmic resistance (2.45 Ω) than the Cu-TRAB
(2.22 Ω), but less reaction resistance (Ag-TRAB, 0.37 Ω; Cu-TRAB,
1.66 Ω), and therefore a smaller total resistance (Fig. S3). Thus, the
lower reaction resistance of the Ag-TRAB was the main reason for the
improved power.
The open circuit voltage of silver-based TRAB was 0.45 V, with a
cathode potential of 0.71 V vs. SHE and an anode potential of 0.27 V vs.
SHE. The open circuit potential of Ag-TRAB was very similar to that of
Cu-TRAB (0.44 V), but the anode and cathode potentials were much
higher (Cu-TRAB, +0.33 V for cathode, −0.14 V for anode; Fig. 2b).
This shift to a higher potential might change the electrochemical behavior of species in both catholyte and anolyte.
Coulombic eﬃciencies (CCE and ACE) were calculated to study

3.2. A silver-based continuous ﬂow TRAB
3.2.1. Electrode characterization
Silver particles were observed using SEM to be uniformly distributed with no particle agglomeration on both carbon cloth and
paper. The silver particle size was observed to be 21 ± 8 μm for carbon
cloth and 32 ± 10 μm for carbon paper. The carbon substrates also
showed no deformation and physical degradation, conﬁrming the
physical stability of carbon cloth and paper electrodes during the silver
electrodeposition process (Fig. 3a and b; Fig. 4S). EDS analysis of the
98
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Fig. 3. SEM images of the silver electrodeposited electrodes with (a) carbon cloth (CC) and (b) carbon paper (CP) substrates. The corresponding EDS spectrum (c) indicates a successful
deposition of silver on both carbon cloth and carbon paper substrates.

surface area [33], and hydrophilicity [35]. As observed for the fed
batch battery, the lower reaction resistance was the main reason for
higher power densities on carbon cloth compared to carbon paper.

samples conﬁrmed that the particles were metallic silver (Fig. 3c).
3.2.2. Power production at diﬀerent ﬂow rates
Polarization tests were used to evaluate the maximum power densities at various ﬂow rates in the continuous ﬂow Ag-TRAB using carbon
cloth or carbon paper electrodes (Fig. 4). For both carbon substrates,
the maximum power production increased with ﬂow rate, likely due to
a reduction in the concentration boundary layer as a result of the enhanced mass transfer at higher ﬂow rates [19,32]. For example, the
maximum power density increased from 24 W m−2 at a ﬂow rate of
0.5 mL min−1 to 31 W m−2 at a ﬂow rate of 6 mL min−1 for a cell with
carbon cloth electrodes. However, the energy losses for pumping the
electrolyte through the ﬂow channels (i.e., hydrodynamic power loss)
also increased concurrently with ﬂow rate [29,31]. As a result, the net
power production, which was calculated by subtracting the hydrodynamic power loss from the power production, decreased for the
higher ﬂow rates, with the highest net power production obtained at a
ﬂow rate of 2 mL min−1 (hydraulic retention time = 2 s) for both
carbon cloth (28 W m−2) and paper (24 W m−2) electrodes (Fig. 4).
Based on EIS tests, the reaction resistance (0.08 Ω on average) and
total resistance (2.32 Ω on average) were lower with carbon cloth
electrodes than carbon paper electrodes (0.13 Ω reaction, and 2.42 Ω
total) (Fig. 5). The reduced reaction resistances indicated that the
electrochemical oxidation and reduction of silver ions were more favorable on carbon cloth than on carbon paper. The diﬀerence between
reaction resistances of carbon cloth and paper was likely due to the
diﬀerences in surface roughness [33,34], pore size distribution [33,35],

3.2.3. Energy production of the ﬂow Ag-TRAB
The energy density of a ﬂow Ag-TRAB was obtained by recycling
each electrolyte (10 mL), at diﬀerent ﬂow rates, with the external resistance that produced the maximum power density in polarization tests
(2.5 Ω). Total energy production was enhanced by increasing the ﬂow
rate, owing to the lower transfer rate of hydroxide ions. The transfer of
hydroxide from the alkaline anode chamber (pH = 9.5) to the acidic
cathode chamber (pH = 2.3) results in a shift in the NH4+/NH3 acid/
base equilibrium towards NH3 formation in the cathode chamber. This
formation of NH3 in the cathode chamber eventually reduced the
consumption of silver ions through an unfavorable chemical reaction
(Ag+ + 2NH3 → Ag(NH3)2+) (Figs. S5 and S6) [23]. The formation of
Ag(NH3)2+ by the chemical reaction in the catholyte does not aﬀect the
coulombic eﬃciencies, but it can reduce the energy densities of the
discharge cycles [21,23]. Similar to polarization test results, net energy
density was calculated by subtracting the energy to pump the electrolyte from the total energy produced (Fig. 6). The highest net energy
densities of 493 Wh m−3-anolyte for carbon cloth and 440 Wh m−3anolyte for carbon paper were obtained at a ﬂow rate of 2 mL min−1.
These energy densities were lower than that previously reported for a
ﬂow Cu-TRAB (1260 Wh m−3) [19], but the silver-based reactions were
fully reversible while the copper-based reactions were not. The discharge eﬃciency (net electrical energy captured versus chemical energy in the starting solution) followed the same trend as the energy
densities, with the highest eﬃciencies of 94% (carbon cloth) and 88%
(carbon paper) at a ﬂow rate of 2 mL min−1. These discharge eﬃciencies of the Ag-TRAB were signiﬁcantly higher than those previously
reported for the Cu-TRAB (26%–30%) [18,19,21,23].
Thermal eﬃciency, deﬁned as the ratio between the produced energy density and the thermal energy for anolyte regeneration, was
0.41% for the Ag-TRAB. The calculated thermal eﬃciency relative to
the Carnot eﬃciency was 3.8%, which was within the range of 2–5%
that previous work estimated was necessary for a heat-to-electricity
technology to be commercially viable [36].
3.2.4. Electrode behavior during the cell discharge
The silver electrodeposited electrodes examined using SEM analysis
(Fig. 7) showed a uniform distribution of silver particles with no agglomeration after discharging the cell (electrical power production) for
1, 10 and 22 min (the whole discharge). The silver particle sizes increased with discharge times, and no deformation, degradation, and
failure of material were observed for the carbon substrates, conﬁrming
that only silver particles (and not the carbon substrate) were involved
in the reactions during the cell discharge. These showed that the carbon

Fig. 4. Maximum power densities of the silver TRAB with Ag electrodeposited electrode
on carbon cloth (CC) and carbon paper (CP) substrates at diﬀerent ﬂow rates with 0.1 M
AgNO3, 5 M NH4NO3 and 2 M NH4OH (anode). The open symbols indicate the net power
production by subtracting the hydrodynamic power loss (gray symbols) from the power
production (ﬁlled symbols) at each ﬂow rate.
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Fig. 5. Nyquist plots of the whole cell impedance for ﬂow
silver TRAB with carbon cloth (CC; blues) and carbon paper
(CP; reds) Ag electrodeposited electrodes. The inserted
ﬁgure indicates the components of impedance (ohmic,
patterned; reaction, ﬁlled) obtained by ﬁtting the Nyquist
plots to the equivalent simpliﬁed Randles circuit (Fig. S2).
The electrolyte was 0.1 M AgNO3, 5 M NH4NO3 and 2 M
NH4OH (anode), and diﬀerent ﬂow rates were investigated
(5, 3, 1 mL min−1).

cloth and paper are suitable electrode substrates for Ag-TRAB.
3.2.5. Reversibility over successive cycles
Since the Ag-TRAB would need to be operated over many successive
closed-loop cycles, in which the electrodes alternatively function as
cathodes and anodes, cell cyclability was examined over 100 cycles
(Fig. 8, Fig. S7). Cell potentials and power production were stable, indicating excellent reversibility of the silver deposition and dissolution
reactions on the electrodes. Previous TRAB systems failed to operate
after just a few cycles (less than 10 cycles) [18,20], while here the
system showed no change in performance even after 100 cycles. While
conventional batteries are often tested for thousands of cycles, ﬂow
batteries (which are more similar to the system developed here) are
typically only tested for a hundred of cycles (usually 10–100 cycles)
[37–40]. Examination of the electrodes after 100 cycles using SEM
showed an absence of particle agglomeration of silver particles on the
carbon materials. The carbon substrate also showed no evidence of any
physical degradation, conﬁrming the high stability of the substrate
under the discharge condition. The average particle size of the deposited silver also did not appreciably change over the cycles (Fig. S8).
4. Outlook
The ﬂow silver-based TRAB developed here demonstrated very
stable cycling performance which is needed for systems to convert
waste heat to electricity. Due to the optimized design of the battery, the
volumetric power density was increased to 125 kW m−3 (compared to
15 kW m−3 for previous copper based TRAB) [19], based on the total
reactor working volume. The energy eﬃciency relative to the Carnot
eﬃciency (3.8%) was also in a range that could enable the system to be
commercially viable. These characteristics for stability, power density,
and eﬃciency, suggest that the technology could be a viable approach
to convert low-grade waste heat to electricity.
An important factor for further development of Ag-TRAB is the cost
of the materials relative to energy production. In order to be commercially viable, the price of electricity produced by this technology should
be competitive with prices for other alternative and conventional
electrical power methods. Based on commercial prices of the main
materials for the Ag-TRAB (carbon paper, the AEM membrane, silver
nitrate, ammonium nitrate, ammonia, and the reactor body), the price
of the energy produced was estimated to be $220 per MWh, not considering any costs for waste heat. This is 57% higher than average
current electricity prices of alternative electrical power production
technologies (e.g., solar, wind, geothermal, etc.) (Fig. S9, Fig. S10). A
major cost of the TRAB is the ion exchange membrane (∼48% of the

Fig. 6. Net power production over one cycle of the ﬂow silver TRAB with (a) carbon cloth
and (b) carbon paper based Ag electrodeposited electrodes. (c) Discharge eﬃciency (open
symbols) and net energy (ﬁlled symbols) produced during the operation of the cell at
diﬀerent ﬂow rates. The initial electrolyte contained 0.1 M AgNO3, 5 M NH4NO3 as the
supporting electrolyte and additional 2 M NH4OH in the anolyte.
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Fig. 7. Investigation on the electrode behavior during the battery discharge using SEM analysis. SEM images of the silver electrodeposited cathode with (a, b, c) carbon cloth and (d, e, f)
carbon paper substrates after certain discharge times (labeled in Fig. 1 min, 10 min, and 22 min).
Fig. 8. (a) Cell potential and (b) power production of the
silver TRAB with carbon cloth based Ag electrodeposited
electrodes for 100 successive cycles. The cell was operated
at a hydraulic retention time of 4 s, and the anolyte and
catholyte ﬂow path were exchanged every 3 min. An electrolyte with 0.1 M AgNO3, 5 M NH4NO3 and 2 M NH4OH
(just for anolyte) was used.

total cost). If the membrane cost could be reduced from $100 m−2 to
$10 m−2, the electricity cost would be improved to $120 per MWh,
making it more competitive with current market prices of electricity
based on renewable energy. To make this economic analysis more
comprehensive, the cost of the ammonia separation system, as well as
the costs of pumps, reservoirs, connections, and operation costs would
need to be added to the current economic analysis.
The estimated price of electricity for the Ag-TRAB is 1.8 times more
than the average electricity price is the U.S. ($120 per MWh), which is

mostly produced by conventional technologies (i.e., fossil fuels) (Fig.
S10). Other potential beneﬁts, such as no air pollution with power
generation, and beneﬁcial issues related to health and climate change,
were not included in the analysis [41–43]. Although the cost of building
and operation relative to energy production of Ag-TRAB is currently
higher than that of conventional technologies, this approach could
generate a cleaner method of electrical power generation using waste
source if the commercial cost of ion exchange membranes could be
signiﬁcantly reduced.
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5. Conclusions
A thermally regenerative ﬂow battery based on the use of silver
electrodeposited on carbon electrodes was successfully developed here
to convert low-grade waste heat to electricity over successive cycles. A
net power density of ∼30 W m−2 with a net energy density of
∼500 Wh m−3 was produced by a single cell, operated at a hydraulic
retention time of 2 s (ﬂow rate = 2 mL min−1). The Ag-TRAB also
showed a very stable power production over a hundred successive cycles. The developed system overcomes the major limitation of the
previous cooper-based system of limited reversibility. Considering the
power production, stability and reversibility, and the economic aspects,
Ag-TRAB could be a promising sustainable approach for electrical
power production from low-grade waste heat.
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