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ABSTRACT
Significant quantities of low-grade waste heat (temperature <130 °C) are available globally
at various industrial plants and from solar or geothermal sources. Converting this heat energy to
electricity has drawn increasing attention in recent years. Organic Rankine cycles, solid-state
thermoelectrics, liquid-based thermoelectrochemical cells and salinity gradient energy systems
have previously been investigated as means of converting low-grade waste heat to electrical energy.
Despite much progress, these approaches have not produced high power densities or been costeffective. Thermally regenerative ammonia batteries (TRAB) using copper electrodes and salts
have produced ~12 times higher power densities than these previous approaches. In a TRAB,
electrical power is obtained from the formation of metal ammine complexes, which are produced
by adding ammonia to the anolyte, but not to the catholyte. After the cell discharges, ammonia is
separated from the anolyte using a conventional technology, such as distillation with low-grade
waste heat, and then added to the other electrolyte for the next discharge cycle.
To improve TRAB performance through a reduction in the membrane resistance, a series
of quaternary ammonium-functionalized poly(phenylene oxide) anion exchange membranes
(BTMA-AEMs) were examined for their impact on performance relative to a commercial AEM
(Selemion AMV). The synthesized AEMs had different degrees of functionalization (DF; 25% and
40%), and thicknesses (50, 100 and 150 µm). Power and energy densities were shown to be a
function of both DF and membrane thickness. The power density of TRAB was 31% higher using
a BTMA AEM (40% DF, 50 µm thick; 106 ± 7 W m–2-electrode area) compared to the Selemion
(81 ± 5 W m–2-electrode area). Moreover, the energy density increased by 13% when using a
BTMA-based membrane (25% DF, 150 µm thick; 350 Wh m–3) compared to the Selemion
membrane (311 Wh m–3). The thermal-electric conversion efficiency improved to 0.97% with the
new membrane compared to 0.86% for the Selemion. This energy recovery was 7.0% relative to
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the Carnot efficiency, which was 1.8 times greater than the highest previously reported value of a
system used to capture low-grade waste heat as electricity.
A TRAB was adapted and tested as a process for recovering copper from solutions
containing high concentrations of copper ions. Copper removal reached a maximum of 77% at an
initial copper concentration (Ci) of 0.05 M, with a maximum power density (P) of 31 W m–2cathode area. Lowering Ci decreased the percentage of copper removal from 51% (Ci=0.01 M,
P=13 W m–2) to 2% (Ci=0.002 M, P=2 W m–2). Although the final solution might require additional
treatment, the adapted TRAB process removed much of the copper while producing electrical
power that could be used in later treatment stages. These results showed that a TRAB might be a
useful technology for removing copper ions and producing electricity by using waste heat.
To improve the anodic coulombic efficiency of a thermal battery, ethylenediamine was
examined as an alternative ligand to ammonia. The power density of the developed thermally
regenerative ethylenediamine battery (TRENB) was 85 ± 3 W m−2-electrode area (20 W m−2membrane area) with 2 M ethylenediamine, and 119 ± 4 W m−2 (27 W m−2-membrane area) with 3
M ethylenediamine. This power density was 68% higher than that obtained using a TRAB in
parallel tests, and the energy density of 478 Wh m–3-anolyte was ~50% higher than that produced
by TRAB. The anodic coulombic efficiency of TRENB was 77 ± 2%, which was more than twice
that obtained using ammonia in TRAB (35%). The higher anodic efficiency reduced the difference
between the anode dissolution and cathode deposition rates, resulting in a process more suitable for
closed loop operations. The thermal-electrical efficiency, based on ethylenediamine separation
using waste heat was estimated to be 0.52%, which was lower than that of TRAB (0.86%), mainly
due to the more complex separation process. However, this energy recovery could likely be
improved through optimization of ethylenediamine separation process.
TRABs based on copper can only be operated for a limited number of recharging cycles
due to unbalanced rates of gain and loss of metal on the copper electrodes (i.e., low reversibility).
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To address the reversibility issue, a silver-based TRAB was developed as an alternative to the
copper-based TRAB. With silver, the cathodic and anodic coulombic efficiencies of the TRAB
were the same (~100%), resulting in a fully reversible system for converting low-grade waste heat
into electricity over many successive cycles. The developed silver system produced a net maximum
power density of 30 W m−2-electrode area, with a net energy production of 490 Wh m−3-anolyte in
a flow cell with an optimal hydraulic retention time (HRT) of 2 s. Successive deposition and
dissolution cycling (i.e., the electrode reversibility) showed the system was stable over a hundred
cycles. An initial economic analysis of the system showed that the price of electricity produced
based on materials costs was 1.8 times more than the average electricity price is the U.S. ($120
MWh−1), due primarily to the cost of the membrane and the silver. However, this could be reduced
to $120 MWh−1 if the cost of a membrane could be reduced to $10 m–2. Other potential benefits,
such as elimination of air pollution, and beneficial issues related to health and climate change were
not included in the comparison. 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 provide a cleaner method of electrical power generation using a waste source of heat if the
commercial cost of ion exchange membranes could be significantly reduced.
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Chapter 1
General Introduction
Low-grade waste heat (temperatures <130 °C) generated by industrial plants is estimated
to be major sustainable energy source for the future (Figure 1-1) [1-3]. Low-grade waste heat
generated at industrial plants in the 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. Lu et al. [5]
analyzed the waste heat potential in seven Chinese energy intensive sectors, including cement,
steel, glass, ammonia, caustic soda, calcium carbide, and sulfuric acid production. They found that
the waste heat potential ranged from 15% to 40% of the total fuel input [5]. Law et al. [6] also
estimated that the potential cost savings for low-grade waste heat recovery in the UK was up to
$370 m/year and the potential greenhouse gas reductions were up to 2093 ktCO2 eq/year. This
means low-grade waste recovery has the potential to reduce global emissions by ~44% in 2035 [7].

Figure 1-1. Waste heat production in the primary energy sectors.
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Conversion of low-grade waste heat to electricity has drawn increasing attention in recent
years [8-14]. Technologies to convert low-grade waste heat to electricity must produce high power
densities and be efficient, scalable, and cost-effective [1, 15, 16]. Solid-state thermoelectrics [1719], organic Rankine cycles [20-23], liquid-based thermoelectrochemicals [24-27] and salinity
gradient energy based systems [28-31] have previously been investigated as means of converting
low-grade waste heat to electrical power, but despite much progress, these approaches have not
produced high power densities or been cost-effective. The power densities produced by these
approaches ranged from 0.5-6.6 W m−2, with the efficiency relative to the Carnot cycle of 1.43.95% [26, 27, 32].
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 the previous thermal-electrical conversion approaches. The first TRAB produced a
maximum power density of ~80 W m–2-electrode area, with a Carnot thermal-electrical conversion
efficiency of 6.2% [33]. TRABs generate electrical power from electrochemical potentials
produced by adding a ligand to one electrolyte chamber, with the two chambers separated by an
anion exchange membrane. The first TRAB used copper mesh electrodes and a copper nitrate
electrolyte, with ammonia as the ligand [33]. When ammonia is added to one electrolyte chamber,
it becomes the anode chamber, due to formation of a copper ammine complex (Figure 1-2a). When
the potential difference between the electrodes is discharged (Figure 1-2b), the anode undergoes
oxidative dissolution, and aqueous copper ions are reduced and deposited on the cathode, according
to:
Anode: Cu (s) + 4 NH3 (aq) → Cu(NH3)42+ (aq) + 2e–

E0 = –0.04 V

(1-1)

Cathode: Cu2+ (aq) + 2e– → Cu (s)

E0 = +0.340 V

(1-2)

where E0 is the standard reduction potential vs. the standard hydrogen electrode (SHE) [34]. After
discharging, the ammonia is separated from the anolyte using conventional separation technologies,
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such as distillation or air stripping, using low-grade waste heat (Figure 1-2c) [33, 35]. The separated
ammonia is then added to the former cathode chamber, so that the function of the chambers is
switched (Figure 1-2d). By switching the compartment that contains ammonia, copper is redeposited onto the formerly dissolved electrode, and the other electrode dissolves (Figure 1-2e).
This alternating cycle of electrode dissolution/deposition allows the Cu electrodes to be maintained
in closed-loop cycles, and waste heat energy is converted to electricity through ammonia distillation
(Figure 1-2).

Figure 1-2. Schematic of the TRAB used to convert waste heat to electricity: (a) A potential
difference is generated between the cathode and anode chamber containing a copper nitrate salt
by addition of ammonia to the anolyte (dark blue); (b) Cell discharge resulting in corrosion of the
anode, and copper deposition on the cathode; (c) Ammonia removal from the anolyte using a
distillation column operated with low grade waste heat as the energy source; (d) Switching the
chambers by adding ammonia to the other chamber, so that the former anolyte electrode now
becomes the catholyte chamber; (e) Discharge of the TRAB, which ideally will fully regenerate
the electrodes through removal of the additional copper from the anolyte electrode and deposition
onto the catholyte electrode.
Certain aspects of TRAB were investigated in our research group. Zhang et al. [33], in
addition to introducing the concept of TRAB, studied power and energy densities as well as the
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cycling performance of the cell in room temperature. They also improved the open circuit potential,
power and energy densities, and efficiency of TRAB by operating at elevated temperatures [35]. In
order to improve TRAB reactor efficiency, a compact ammonia-based flow battery (AFB) was
successfully developed and tested at different concentrations of the solutions, flow rates, cell pairs,
and circuit connections [36].

1.1 Objectives
The TRAB is a new technology which could likely be improved in performance through further
modifications and development. My PhD dissertation mainly focuses on understanding and
improving the TRAB performance in terms of power and energy densities, thermal-electrical
efficiencies, charge/discharge cycling (i.e., reversibility), and economic aspects. These objectives
are summarized as:
Objective 1: Improving TRAB performance by examining alterative membranes to Selemion.
Objective 2: Removing copper ions from water using a thermally regenerative
electrodeposition battery.
Objective 3: Developing a thermal battery using an alternative ligand to improve the power
density and cycling performance.
Objective 4: Developing an alternative silver-based TRAB with carbon electrodes to overcome
the major limitation of the previous copper-based TRAB of limited reversibility.

1.2 Dissertation Scope and Outline
In this dissertation, the conversion of low-grade waste heat into electrical power using
TRAB and methods to improve the cell performance are described in detail. In Chapter 2, different
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approaches of low-grade waste heat conversion into electricity are first reviewed, and then the four
above-mentioned objectives are discussed in Chapters 3-6.
In Chapter 3, the TRAB performance was improved by examining alterative membranes
to Selemion. A series of benzyltrimethyl quaternary ammonium-functionalized poly(phenylene
oxide) anion exchange membranes with different degrees of functionalization (DF) and thicknesses
were examined. The power density produced by a TRAB with a fabricated membrane with the
optimized DF and thickness increased by 31% compared to the side-by-side TRAB with a
commercial Selemion AMV membrane. The energy density as well as thermal-electrical efficiency
also showed higher values for a cell with the fabricated membranes compared to that of a cell with
Selemion membrane. The energy recovery relative to the Carnot efficiency of a TRAB assembled
with the optimized membrane was 7.0%, which was 1.8 times greater than the highest previously
reported value of a system used to capture low-grade waste heat as electricity. This work is
published in Journal of Power Sources by Rahimi, M.; Zhu, L.; Kowalski, K. L.; Zhu, X.; Gorski,
C. A.; Hickner M. A.; Logan, B. E., titled “Improved electrical power production of thermally
regenerative batteries using a poly(phenylene oxide) based anion exchange membrane” [37]. Dr.
Liang Zhu and Dr. Michael Hickner fabricated the membranes. Kelly Kowalski and Dr. Xiuping
Zhu helped to run some of the experiments. Dr. Christopher Gorski and Dr. Bruce Logan offered
useful suggestions. I conducted most of the experiments, and wrote the first draft of the manuscript.
All co-authors assisted in the preparation of the final manuscript.
Removal of copper from waster using a thermally regenerative electrodeposition battery is
described in Chapter 4. TRAB was adapted and used as a treatment process for solutions containing
high concentration of copper ions. A maximum copper removal of 77%, with a power density of
31 W m−2-electrode area was achieved in a cell with an initial copper concentration of 0.05 M.
Although the final solution could require additional treatment to further reduce the concentration
of copper ions, the adapted TRAB process removed much of the copper while producing electrical
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power that could be used in later treatment stages. The result of this work was summarized in a
paper, titled “Removal of copper from water using a thermally regenerative electrodeposition
battery” by Rahimi, M.; Schoener, Z.; Zhu, X.; Zhang, F.; Gorski, C. A.; Logan, B. E., published
in Journal of Hazardous Materials [38]. Zachary Schoener and I conducted all the experiments.
Dr. Xiuping Zhu, Dr. Fang Zhang, and Dr. Bruce Logan helped to design the treatment process,
and Dr. Gorski gave useful information on the chemistry of the solutions. I wrote the first draft,
and all co-authors assisted in the preparation of the final manuscript.
In Chapter 5, the use of ethylenediamine as an alternative ligand to ammonia was explored
in a TRAB with copper salts and electrodes. The power density of the ethylenediamine-based
battery (TRENB) was 68% higher than that of ammonia-based TRAB. The energy density of
TRENB was 50% higher than that of TRAB. The conversion of anode copper into current (i.e.,
anodic coulombic efficiency, ACE) for TRENB was ~80%, which was more than twice that
obtained using ammonia in a TRAB in a side-by-side test (35%). The higher anodic efficiency
reduced the difference between the anode dissolution and cathode deposition rates, resulting in a
process more suitable for closed-loop operation. The result of this investigation was summarized
in a paper by Rahimi, M.; D’Angelo, A.; Gorski, C. A.; Scialdone, O.; Logan, B. E., titled
“Electrical power production from low-grade waste heat using a thermally regenerative
ethylenediamine battery”, and it was published in Journal of Power Sources [39]. Dr. Adriana
D’Angelo and Dr. Onofrio Scialdone helped with the anolyte characterization by performing cyclic
voltammetry (CV). Dr. Christopher Gorski and Dr. Bruce Logan gave useful suggestions on the
chemical and electrochemical aspects of the cell. I conducted all the experiments, including
polarization and discharge experiments, electrochemical impedance spectroscopy (EIS) and CV
tests. I wrote the first manuscript draft, and all the co-authors contributed in the preparation of the
final manuscript.
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An alternative silver-based TRAB with carbon electrodes and silver salts is introduced in
Chapter 6. The previous copper-based TRAB showed unbalanced rates of anode dissolution and
deposition of copper on the cathode limited the use of copper in closed-loop cycles. To address the
reversibility issue, a silver-based TRAB was developed as an alternative to the copper-based
TRAB. With silver, the cathodic and anodic coulombic efficiencies of the TRAB were the same
(~100%), resulting in a reversible system for converting low-grade waste heat into electricity over
many successive cycles. The developed silver system produced a net maximum power density of
30 W m−2-electrode area, with a net energy production of 490 Wh m−3-anolyte in a flow cell with
an optimal hydraulic retention time (HRT) of 2 s. Successive deposition and dissolution cycling
(i.e., the electrode reversibility) showed the system was stable over a hundred cycles. These results
are summarized in a paper by Rahimi, M.; Kim, T.; Gorski, C. A.; Logan, B. E., titled “A thermally
regenerative ammonia battery with carbon-silver electrodes for converting low-grade waste heat to
electricity”, published in Journal of Power Sources [40]. Dr. Taeyoung Kim designed the flow cell,
and Dr. Christopher Gorski and Dr. Bruce Logan gave useful suggestions to design and operate the
process. I conducted all the experiment and wrote the first draft of the manuscript. All co-authors
contributed to the preparation of the final manuscript.

1.3 Additional Research Publications
During the course of my graduate work, I have also collaborated on a number of projects with other
researchers focusing on developing capacitive mixing and reverse electrodialysis approaches, to
harvest energy from salinity gradient energy sources as electrical power. These other studies, which
have been published, were:
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1. Zhu, X.; Kim, T.; Rahimi, M.; Gorski, C. A.; Logan B. E.; Integrating reverseelectrodialysis stacks with flow batteries to achieve improved energy recovery from
salinity gradients and energy storage. ChemSusChem 2017, 10, 797-803.
2. Kim, T.; Rahimi, M.; Logan, B. E.; Gorski, C. A.; Harvesting Energy from Salinity
Differences Using Battery Electrodes in a Concentration Flow Cell. Environ. Sci.
Technol. 2016, 50, 9791-9797.
3. Kim, T.; Rahimi, M.; Logan, B. E.; Gorski, C. A.; Evaluating battery-like reactions to
harvest energy from salinity differences using ammonium bicarbonate salt solutions.
ChemSusChem 2016, 9, 981-988.
4. Zhu, X.; Rahimi, M.; Gorski, C. A.; Logan B. E.; A thermally-regenerative ammoniabased flow battery for electrical energy recovery from waste heat. ChemSusChem
2016, 9, 873-879.

1.4 Literature Cited
[1] L.E. Bell; Cooling, heating, generating power, and recovering waste heat with thermoelectric
systems, Science, 321 (2008) 1457-1461.
[2] K. Biswas, J. He, I.D. Blum, C.-I. Wu, T.P. Hogan, D.N. Seidman, V.P. Dravid, M.G.
Kanatzidis; High-performance bulk thermoelectrics with all-scale hierarchical architectures,
Nature, 489 (2012) 414-418.
[3] S. Tavakkoli, O.R. Lokare, R.D. Vidic, V. Khanna; Systems-level analysis of waste heat
recovery opportunities from natural gas compressor stations in the united states, ACS Sustainable
Chem. Eng., 4 (2016) 3618-3626.
[4] International Energy Agency Energy policies of IEA countries The United States 2014 review,
40 (2014).
[5] H. Lu, L. Price, Q. Zhang; Capturing the invisible resource: Analysis of waste heat potential in
Chinese industry, Appl. Energy, 161 (2016) 497-511.
[6] R. Law, A. Harvey, D. Reay; Opportunities for low-grade heat recovery in the UK food
processing industry, Appl. Therm. Eng., 53 (2013) 188-196.
[7] World Energy Perspective, Energy Efficiency Technologies, (2013).
[8] A.P. Straub, N.Y. Yip, S. Lin, J. Lee, M. Elimelech; Harvesting low-grade heat energy using
thermo-osmotic vapour transport through nanoporous membranes, Nat. Energy, 1 (2016) 16090.
[9] A. Carati, M. Marino, D. Brogioli; Thermodynamic study of a distiller-electrochemical cell
system for energy production from low temperature heat sources, Energy, 93 (2015) 984-993.

9
[10] O.R. Lokare, S. Tavakkoli, G. Rodriguez, V. Khanna, R.D. Vidic; Integrating membrane
distillation with waste heat from natural gas compressor stations for produced water treatment in
Pennsylvania, Desalination, 413 (2017) 144-153.
[11] T. Kim, M. Rahimi, B.E. Logan, C.A. Gorski; Battery-like reactions to harvest energy from
salinity differences using ammonium bicarbonate salt solutions, ChemSusChem, 9 (2016) 981-988.
[12] H.R. Dastgerdi, P.B. Whittaker, H.T. Chua; New MED based desalination process for low
grade waste heat, Desalination, 395 (2016) 57-71.
[13] E.M. Dede, P. Schmalenberg, C.M. Wang, F. Zhou, T. Nomura; Collection of low-grade waste
heat for enhanced energy harvesting, AIP Adv., 6 (2016) 6.
[14] J. Fortunato, X. Zhu, M. Rahimi, C.A. Gorski, A Flavin-Based pH Flow Battery That
Recharges with Waste Heat or Carbon Dioxide Emissions, in: Meeting Abstracts, The
Electrochemical Society, 2017, pp. 89-89.
[15] S. Chu, A. Majumdar; Opportunities and challenges for a sustainable energy future, Nature,
488 (2012) 294-303.
[16] M. Rahimi, T. Kim, C.A. Gorski, B.E. Logan, A Fully Regenerable Thermal Silver Ammonia
Battery to Convert Low-Grade Waste Heat to Electricity, in: Meeting Abstracts, The
Electrochemical Society, 2017, pp. 51-51.
[17] L.E. Bell; Cooling, heating, generating power, and recovering waste heat with thermoelectric
systems, Science, 321 (2008) 1457-1461.
[18] S.B. Riffat, X.L. Ma; Thermoelectrics: a review of present and potential applications, Appl.
Therm. Eng., 23 (2003) 913-935.
[19] T.J. Salez, B.T. Huang, M. Rietjens, M. Bonetti, C. Wiertel-Gasquet, M. Roger, C.L.
Filomeno, E. Dubois, R. Perzynski, S. Nakamae; Can charged colloidal particles increase the
thermoelectric energy conversion efficiency?, Phys. Chem. Chem. Phys., 19 (2017) 9409-9416.
[20] T.C. Hung, T.Y. Shai, S.K. Wang; A review of organic Rankine cycles (ORCs) for the
recovery of low-grade waste heat, Energy, 22 (1997) 661-667.
[21] H.J. Chen, D.Y. Goswami, E.K. Stefanakos; A review of thermodynamic cycles and working
fluids for the conversion of low-grade heat, Renew. Sust. Energ. Rev., 14 (2010) 3059-3067.
[22] P.J. Mago, L.M. Chamra, K. Srinivasan, C. Somayaji; An examination of regenerative organic
Rankine cycles using dry fluids, Appl. Therm. Eng., 28 (2008) 998-1007.
[23] S. Quoilin, M. Van den Broek, S. Declaye, P. Dewallef, V. Lemort; Techno-economic survey
of Organic Rankine Cycle (ORC) systems, Renew. Sust. Energ. Rev., 22 (2013) 168-186.
[24] F.A. Ludwig, C.W. Townsend, C.P. Madhusudhan, Low temperature thermoelectrochemical
system and method, in, Google Patents, 1988.
[25] S.W. Hasan, S.M. Said, M.F.M. Sabri, A.S.A. Bakar, N.A. Hashim, M.M.I.M. Hasnan, J.M.
Pringle, D.R. MacFarlane; High Thermal Gradient in Thermo-electrochemical Cells by Insertion
of a Poly(Vinylidene Fluoride) Membrane, Sci. Rep., 6 (2016) 29328.
[26] H. Im, T. Kim, H. Song, J. Choi, J.S. Park, R. Ovalle-Robles, H.D. Yang, K.D. Kihm, R.H.
Baughman, H.H. Lee, T.J. Kang, Y.H. Kim; High-efficiency electrochemical thermal energy
harvester using carbon nanotube aerogel sheet electrodes, Nat. Commun., 7 (2016).
[27] M.S. Romano, N. Li, D. Antiohos, J.M. Razal, A. Nattestad, S. Beirne, S. Fang, Y. Chen, R.
Jalili, G.G. Wallace, R. Baughman, J. Chen; Carbon nanotube – reduced graphene oxide
composites for thermal energy harvesting applications, Adv. Mater., 25 (2013) 6602-6606.
[28] N.Y. Yip, D. Brogioli, H.V.M. Hamelers, K. Nijmeijer; Salinity gradients for sustainable
energy: Primer, progress, and prospects, Environ. Sci. Technol., 50 (2016) 12072-12094.
[29] J. Lee, H. Yoon, J. Lee, T. Kim, J. Yoon; Extraction of Salinity-Gradient Energy by a Hybrid
Capacitive-Mixing System, Chemsuschem, 10 (2017) 1600-1606.

10
[30] X.P. Zhu, T. Kim, M. Rahimi, C.A. Gorski, B.E. Logan; Integrating Reverse-Electrodialysis
Stacks with Flow Batteries for Improved Energy Recovery from Salinity Gradients and Energy
Storage, Chemsuschem, 10 (2017) 797-803.
[31] J.W. Post, J. Veerman, H.V.M. Hamelers, G.J.W. Euverink, S.J. Metz, K. Nymeijer, C.J.N.
Buisman; Salinity-gradient power: Evaluation of pressure-retarded osmosis and reverse
electrodialysis, J. Membr. Sci., 288 (2007) 218-230.
[32] R. Hu, B.A. Cola, N. Haram, J.N. Barisci, S. Lee, S. Stoughton, G. Wallace, C. Too, M.
Thomas, A. Gestos, M.E.d. Cruz, J.P. Ferraris, A.A. Zakhidov, R.H. Baughman; Harvesting waste
thermal energy using a carbon-nanotube-based thermo-electrochemical cell, Nano Lett., 10 (2010)
838-846.
[33] F. Zhang, J. Liu, W. Yang, B.E. Logan; A thermally regenerative ammonia-based battery for
efficient harvesting of low-grade thermal energy as electrical power, Energy Environ. Sci., 8 (2015)
343-349.
[34] A.J. Bard, R. Parsons, J. Jordan, Standard potentials in aqueous solution, Taylor & Francis,
1985.
[35] F. Zhang, N. LaBarge, W. Yang, J. Liu, B.E. Logan; Enhancing low-grade thermal energy
recovery in a thermally regenerative ammonia battery using elevated temperatures, ChemSusChem,
8 (2015) 1043-1048.
[36] X. Zhu, M. Rahimi, C.A. Gorski, B. Logan; A thermally-regenerative ammonia-based flow
battery for electrical energy recovery from waste heat, ChemSusChem, 9 (2016) 873-879.
[37] M. Rahimi, L. Zhu, K.L. Kowalski, X. Zhu, C.A. Gorski, M.A. Hickner, B.E. Logan; Improved
electrical power production of thermally regenerative batteries using a poly(phenylene oxide) based
anion exchange membrane, J. Power Sources, 342 (2017) 956-963.
[38] M. Rahimi, Z. Schoener, X. Zhu, F. Zhang, C.A. Gorski, B.E. Logan; Removal of copper from
water using a thermally regenerative electrodeposition battery, J. Hazard. Mater., 322 (2017) 551556.
[39] M. Rahimi, A. D'Angelo, C.A. Gorski, O. Scialdone, B.E. Logan; Electrical power production
from low-grade waste heat using a thermally regenerative ethylenediamine battery, J. Power
Sources, 351 (2017) 45-50.
[40] M. Rahimi, T. Kim, C.A. Gorski, B.E. Logan; A thermally regenerative ammonia battery with
carbon-silver electrodes for converting low-grade waste heat to electricity, J. Power Sources, 373
(2018) 95-102.

11

Chapter 2
Literature Review
Previous studies indicate that low-grade waste heat accounts for 50% or more of the total heat
generated in industrial plants [1-3]. Due to lack of efficient and cost-effective recovery methods,
low-grade heat has generally been discarded by industry and has become an environmental concern
because of thermal pollution [4-6]. The critical needs for technologies for conversion of low-grade
waste heat into electricity are high power, efficient, scalable, and cost-effective systems [6-12]. The
two main approaches that have been extensively investigated for converting low-grade heat to
electrical energy, organic Rankine cycles [13-15] and solid-state thermoelectrics [16-18], have not
produced high power densities and been cost-effective. Newer, liquid-based technologies are being
developed as alternative approaches that can be categorized by how the heat is used: directly for
electrical power generation, or in a process separate from the heat utilization step.
Thermoelectrochemical cells (TECs) [19-21], thermo-osmotic energy conversion cells (TOECs)
[22, 23], and thermally regenerative electrochemical cycle (TRECs) [24-26] all use low-grade heat
directly in a device that generates electricity. Other systems use heat sources to prepare solutions
that are used in separate devices to produce electrical power. For example, conventional distillation
can be used to produce solutions with large salinity differences to produce power using membranebased, such as pressure retarded osmosis (PRO) or reverse electrodialysis (RED) [27-29]; or highly
concentrated ammonia solutions can prepared than can be used in thermally regenerative batteries
(TRBs) [30-33]. Among all these technologies, TOECs, TRECs, and TRBs show the most promise
for effectively converting low-grade thermal energy into electrical power. In this chapter, the
previous methods of converting low-grade waste heat to electricity are introduced, and recent
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progresses, advantages and disadvantages are briefly reviewed. In the following, recent
investigations on TRB are summarized.

2.1 Organic Rankine Cycles and Thermoelectrics
Among the methods for converting low-grade waste heat into electricity, organic Rankine
cycles and solid-state thermoelectrics have been extensively studied [14, 34-37]. The Rankine cycle
is an idealized thermodynamic cycle of a heat engine that converts heat into mechanical work and
eventually into electrical power. The heat is supplied externally to a closed loop, which usually
uses water as the working fluid [13, 38, 39]. The selection of working fluid depends mainly on the
process temperature range. To make the Rankine cycle feasible to operate with low-grade waste
heat, other working fluids which have a lower boiling point and higher vapor pressure than water
were used [13]. These Rankine cycles which are known as organic Rankine cycles (ORC) usually
use hydrochlorofluorocarbon (HCFC) or hydrocarbons as the operating fluid [40, 41].
Solid-state thermoelectrics (SSTs) offer a simpler approach to convert low-grade waste
heat to electricity as compared with ORCs that must compress and expand a two-phase (gas/liquid)
working fluid [35]. SST is the direct conversion of temperature differences to electrical power. A
SST creates voltage when there is a different temperature on each side. At the atomic scale, an
applied temperature gradient causes charge carriers in the material to diffuse from the hot side to
the cold side, resulting in current generation [34]. Despite much progress over the past decades,
current ORC and SST energy conversion technologies face critical challenges such as high material
or/and operational cost, lack the capacity for energy storage, system complexity and inefficiency
[42-44].
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2.2 Liquid-based Technologies
New, liquid-based technologies represent an alternative approach for more effective conversion of
low-grade heat conversion into electricity [45]. These can be categorized into two major groups
based on how the heat source is applied: directly to the electrical generation unit (i.e., direct
utilization of low-grade heat), or indirectly based on first using the low-grade heat to produce
solutions that have differences in salinities or that are concentrated (i.e., external fluid
regeneration), and then using the streams in a separate power production unit.
Thermoelectrochemical cells (TECs) [46], thermo-osmotic energy conversion cells (TOECs) [22],
and thermally regenerative electrochemical cycle (TRECs) [24] all use low-grade heat directly in a
device that generates electrical power. The two main indirect methods of utilization low-grade heat
through external fluid regeneration that are being developed are systems based on salinity gradient
energy (SGE) [47] and thermally regenerative batteries (TRBs) [30].

2.2.1 Direct methods of converting low-grade heat to electricity
For direct electrical power generation from low-grade heat, the heat source is applied directly to
the power production unit and therefore there is continuous electrical power generation from
solutions with two different temperatures. With thermoelectrochemical cells (TECs) and thermoosmotic energy conversion systems (TOECs), different temperatures are applied to different sides
of the cell, while in a thermally regenerative electrochemical cycle (TREC), the cell is charged and
discharged at different temperatures.
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2.2.1.1 Thermoelectrochemical cells
Thermoelectrochemical cells (TECs) produce steady electric current under an applied
temperature difference between the electrodes. The electrode at higher temperature is designated
as the anode and the cold electrode as the cathode [48-50]. The cell that is filled with a temperaturedependent redox couple (e.g., ferri/ferrocyanide) in an aqueous [51, 52], non-aqueous (e.g., ionic
liquid) [45, 53], or mixed electrolyte [54, 55] creates a potential difference proportional to its
Seebeck coefficient. When it is connected to a load, current flows to reach electrochemical
equilibrium. The reduced species are consumed at the anode, whereas they are generated at the
cathode. The built-up concentration gradient drives a flux by diffusion that returns the reduced
species to the anode and the oxidized species to the cathode. A steady-state current is maintained
as long as there is a difference in the temperature of electrodes (Figure 2-1) [44, 56].

Figure 2-1. Schematic of a thermoelectrochemical cell (TEC) with a ferri/ferrocyanide redox
couple. A steady-state current is maintained as long as there is a difference in the temperature of
electrodes.
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Since the introduction of a TEC in 1957 [57], maximum power density (P) and thermalelectrical conversion efficiency, reported relative to Carnot efficiency (ηC) have been significantly
improved, especially by using carbon nanotube electrodes. For example, in 1996, a TEC with a
ferri/ferrocyanide redox couple in an aqueous electrolyte and platinum electrodes produced P =
3.6×10−7 W m−2 and ηC = 0.6% [58]. By 2010, these had increased to P = 1.8 W m−2 and ηC = 1.4%
using multi-walled carbon nanotube (MWCNT) buckypaper electrodes and the same redox couple
[44]. The highest reported efficiency relative to the Carnot limit is 3.95% (P=6.6 W m−2) based on
using a carbon-nanotube aerogel-based electrode in an aqueous ferri/ferrocyanide electrolyte [52].
The highest power density of a TEC of 12 W m−2 was obtained by using a highly concentrated
ferri/ferrocyanide electrolyte, but at a lower efficiency of ηC = 0.4% [59].

2.2.1.2 Thermo-osmotic energy conversion
The concept of thermo-osmotic energy conversion (TOEC) was only recently introduced as an
approach for converting low-grade heat into electricity [22, 60]. In a TOEC, temperature gradients
across hydrophobic membranes are used to drive a vapor flux against a hydraulic pressure
difference. This pressure is then used to drive a turbine and generate electrical power (Figure 2-2).
The experimentally demonstrated system achieved a maximum power density of 3.5 W m−2 in a
cell operating with temperature differences of 60 °C and 20 °C. The ideal thermal efficiency of the
TOEC was estimated to be 7%, or 58% relative the Carnot efficiency [22]. To advance TOEC
technology, the power density of the cell needs to be further increased. To achieve this goal, the
use of a working fluid with a lower heat of vaporization (e.g., organic solvents) and the
improvement in cell design and membrane thermal efficiency (i.e., the fraction of heat transported
through the membrane by evaporation and condensation versus the amount of heat conducted
across the membrane) could be investigated.
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Figure 2-2. Schematic of a thermo-osmotic energy conversion (TOEC) system. Temperature
gradients across hydrophobic membranes are used to drive a vapor flux against a hydraulic
pressure difference. This pressure is then used to drive a turbine and generate electrical power.
The schematic was adapted from ref. [23].

2.2.1.3 Thermally regenerative electrochemical cycles
The concept of thermally regenerative electrochemical cycle (TREC) was developed a few
decades ago for systems operated at high-temperature (>500 °C), with Carnot efficiencies of 40–
50%. Through development of electrode materials with a fast charge transfer and high charge
capacity at low temperatures, a TREC was designed in 2014 to operate in a low temperature range
(temperature <130 °C), enabling to convert low-grade heat to electricity [24, 61]. The low-grade
TREC convertor to electricity (briefly known as TREC) is a temperature-dependent
electrochemical cell in which electrodes discharged at a low temperature (TL) can be recharged at
a higher temperature (TH). For TRECs, the charging voltage at TH observed to be lower than the
discharging voltage at TL, leading to a net energy production by the voltage difference, which
originated from the heat absorbed at the higher temperature (Figure 2-3) [24-26]. So far, solid
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copper hexacyanoferrate (CuHCF) as the cathode and Cu as the anode [24], nickel
hexacyanoferrate (NiHCF) as the cathode and Ag/AgCl as the anode [26], and Prussian blue
particles on carbon cloth [25] were used.

Figure 2-3. Schematic of a thermally regenerative electrochemical cycle (TREC) with a solid
copper hexacyanoferrate (CuHCF) cathode and a solid copper anode immersed in a copper nitrate
(anolyte) and a sodium nitrate (catholyte) electrolyte, separated by an anion exchange membrane.
The cell discharged at a low temperature (TL) can be recharged at a higher temperature (TH). The
charging voltage at TH is lower than that at TL, leading to a net energy production by the voltage
difference, which originated from the heat absorbed at the higher temperature.

Thermal-electrical efficiencies of the TRECs were significantly higher than those of the
TECs. A maximum thermal efficiency of 5.7% was obtained in a TREC consisting of a CuHCF as
the cathode and a Cu as the anode. The cell was operated between a TH of 10 °C and a TL of 60 °C,
thus ηC was 38%. A sodium nitrate salt was used in the catholyte, while a copper nitrate salt was
used in the anolyte. An anion exchange membrane was used to separate the chambers and avoid
the transfer of copper ions from the anolyte to the catholyte which cause a side reaction between
CuHCF electrode and copper ions [24].
One potential issue of the initially developed TREC with CuHCF and Cu electrodes was
the use of an anion exchange membrane. Using ion-selective membrane increases the capital or/and
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the maintenance costs. In addition, permselectivity of ion-selective membranes decreases at higher
temperatures [62]. To address this issue, a TREC in which the ion-selective membrane is replaced
by an inexpensive porous separator and with a NiHCF cathode and a silver/silver chloride anode
was developed. Aqueous solutions of potassium chloride and nickel nitrate were used as the
electrolyte. The cell obtained a maximum thermal efficiency of 3.5% (ηC of 29%), when operating
between 15 °C and 55 °C [26]. The system also showed a better cycling performance compared to
the previous TREC with CuHCF/Cu electrodes.
While most TRECs require external electrical power for the charging process, a membranebased TREC was developed in which the charging process was only powered by a thermal energy.
The cell consisted of a carbon cloth electrode loaded with Prussian blue particles immersed in a
soluble ferrocyanide/ferricyanide redox pair. The thermal-electrical conversion efficiency reached
2% (ηC of 17%) for a cell operating between 20 °C and 60 °C [25]. For long-term operation, reduce
in permselectivity of the ion-selective membrane could be an issue for this charging-free TREC.
Recent investigations on TRECs demonstrated the use of modeling techniques to predict
the cell performance [63-65]. The developed models could be used to simulate the power
production as well as thermal-electrical efficiency as functions of cell materials. The results showed
that materials with larger isothermal coefficients, specific charge/discharge capacities, appropriate
internal resistances, and lower specific heats are more appealing to achieve higher power
productions and efficiencies [63]. The developed models did not take into account the cell
configuration properties (e.g., electrode shapes, cell dimensions, etc.), thus the future modeling
investigation could improve the cell performance by optimizing these parameters.
While most of the developed TRECs produce electrical power through separate charge and
discharge processes, a preliminary TREC with a continues power output was recently proposed
[66, 67]. This system consisted of two [66] or multiple [67] individual TRECs exchanging heat
with the hot and cold sources, resulting in more heat being absorbed and more electricity being

19
generated. However, these TRECs were actually never built, and only the proposed configuration
was modeled to evaluate their theoretical power productions and thermal-electrical conversion
efficiencies. The modeling results showed that for a dual TREC system with a continues power
production, the maximum power output was increased by up to 50%, and the thermal-electrical
efficiency was enhanced by up to 19% [66]. The theoretical results obtained may provide useful
guidance for the optimal design and operation of practical continuous-power TREC devices.
Therefore, as attractive future investigations, these multiple TREC systems could be built, and their
power production as well as the efficiency could be compared with the theoretical values.
To make TREC technology more effective, the power density needs to be improved, as
they were estimated to be ~ 5 W m−2-electrode area [30]. The improvement in power density could
be obtained through optimizing the cell configuration and the salt concentrations as well as utilizing
electrodes with higher surface area and faster charge transfer kinetics. Moreover, decreasing the
cell internal resistance could be an effective way to improve the power density. To achieve this
goal, membranes with lower resistances should be fabricated, and an electrolyte with higher
conductivities should be used.
For future development of the TREC technology, the electrode reversibility and cell
durability need to be considered. For example, for a TREC with a copper anode, the rate of copper
dissolution during the cell discharge and the rate of deposition during the charging process should
be carefully monitored. An unbalanced rate of dissolution and deposition leads to a loos of copper
from the electrode, when the cell performing for long-term. In addition, durability of the cell
compartments including electrodes, solutions, and membranes should be investigated in future
studies.
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2.2.2 Power generation through an external fluid regeneration
An alternative approach to convert low-grade heat to electricity is to apply the heat source to an
external fluid regeneration unit instead of the power production unit, so that the thermal energy can
be first stored in the electrolyte as chemical energy and then converted into electrical power,
enabling these technologies to store energy.

2.2.2.1 Salinity gradient energy
Technologies developed to produce electricity from naturally occurring salinity gradients
(e.g., sea water and river water) can also be used to produce power from engineered salinity
gradients generated by using low-grade heat [27, 68, 69]. By using a thermally instable solution
(i.e., thermolytic solution) such as ammonium bicarbonate as the working fluid, low-grade heat can
be supplied to a conventional distillation column to separate ammonia and carbon dioxide, and
eventually to generate streams with different salinities [70, 71]. The practical efficiency of the
process was estimated to be in the range of 5–10% of the Carnot efficiency [71]. Streams with
different concentration of ammonium bicarbonate could then be fed to a SGE-based unit such as a
pressure retarded osmosis (PRO) [47, 72, 73], a reverse electrodialysis (RED) [47, 74-76], or a
capacitive mixing (CapMix) [77-80]. SGE technologies with thermolytic solutions have several
benefits when compared with seawater and river water, including no need of any chemical/physical
pretreatment and no locational constraints [71, 81].
Systems based on salinity gradient energy with ammonium bicarbonate as a thermolytic
solution were experimentally demonstrated to produce electrical power from low-grade heat. The
power densities produced in RED ranged from 0.20–0.84 W m−2-membrane [82-85], while those
of the PRO were in the range of 5-10 W m−2-membrane [86, 87]. The power density of CapMix
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was significantly lower than those of the RED and PRO. For example, a maximum power density
of 6.3 mW m−2 was obtained in a closed-loop CapMix with manganese oxide and metallic lead
electrodes [88].
The use of an alternative membrane distillation instead of a conventional distillation for
both RED and PRO was investigated as a method of improving the maximum power density by
enabling the system to operate with nonthermolytic salts such as sodium chloride or lithium
chloride as the working fluid [89-91]. Conventional distillation can only be used to separate
thermolytic solutions in which streams with different salinities are generated by evaporating
volatile solutes (e.g., ammonia and carbon dioxide from ammonium bicarbonate solution). For a
nonthermolytic salt, membrane distillation, as a thermal separation process using a hydrophobic
microporous membrane, can be employed to regenerate the low and high concentration solutions
[89, 92-94]. Although the theoretical values from the system modeling showed a promising
performance (e.g., a power density of ~ 70 W m−2) [90, 91], the feasibility of designing and
operating such a described closed-loop process is questionable. In addition, the membrane used in
the membrane distillation unit might undergo serious damage under a moderate temperature
condition.

2.2.2.2 Thermally regenerative batteries
The process of a thermally regenerative battery (TRB) was developed in 2015 to convert low-grade
thermal energy to electricity [30]. In a TRB, electrical power is obtained from the formation of
metal ammine complexes, which are produced by adding a ligand to the anolyte, but not to the
catholyte. When the potential difference between the electrodes is discharged, the anode undergoes
oxidative dissolution, and aqueous metal ions are reduced and deposited on the cathode. After the
cell discharges, the ligand is separated from the anolyte using a conventional technology, such as
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distillation with low-grade heat, and then added to the other electrolyte for the next discharge cycle.
The first developed TRB used copper electrodes and ammonia as the ligand in the anolyte (known
as a thermally regenerative ammonia battery, TRAB). A copper nitrate salt with an ammonium
nitrate as the supporting electrolyte was used in both chambers (Figure 2-4) [30, 31]. Thermally
regenerative battery was shown to produce significantly higher power densities than the previous
thermal-electrical conversion approaches. The first TRB with ammonia as the ligand (briefly as
TRAB) produced a P of ~80 W m–2-electrode area with a ηC of 6.2% [30]. Since then, many aspects
of TRB technologies have been studied.

Figure 2-4. Schematic of a thermally regenerative battery (TRB) with copper electrodes and
copper salts as well as ammonia only in the anolyte. Two chambers are separated by an anion
exchange membrane. After the cell discharge at room temperature, ammonia is separated from
the anolyte using a conventional distillation process, and then added to the other electrolyte for
the sequel discharge cycle. Unlike TEC in which power is produced as long as a temperature
gradient presents inside the cell, TREC and TRB generate electricity in a cell with a constant
temperature and utilize thermal energy to recharge the cell, enabling the system to store energy
(i.e., performing as a battery).
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2.3 Recent Investigations on TRB

2.3.1 Cell configuration
Both fed-batch and flow reactor configurations have been examined for electricity
production using TRBs. The first TRB with ammonia ligand (TRAB) configuration was a cubic
fed-batch reactor with a cathode and an anode chamber, each 4 cm long and 3 cm in diameter,
separated by an anion exchange membrane. Two pieces of copper mesh (0.8 ± 0.05 cm × 2 ± 0.05
cm, 50×50 mesh) connected by copper wire were used as the electrodes, with each electrode placed
1 cm from the membrane (Figure 2-5) [30, 31]. The distance between the electrodes caused a
relatively high ohmic resistance. For example, in a cubic fed-batch cell with 0.1 M copper nitrate,
5 M ammonium nitrate and 2 M ammonia, the ohmic resistance was 35% of the total resistance of
the cell [30].
To decrease the cell resistance and improve its performance, a compact flow TRAB was
developed [33]. The working principle of the flow TRAB was the same to previous fed-batch
TRAB systems, as it is based on using alternating cycles of copper dissolution when ammonia is
added to the anolyte and re-deposition of copper on the electrode when ammonia is added to the
other electrolyte. However, the flow TRAB system differs from the fed-batch TRAB in operation
as it is based on continuous flow, and in construction as it uses stacks of solid copper plates, spacers,
and membranes that are constructed to produce a compact arrangement. Electrolytes continuously
flowed through very thin spacers (1.5 mm), with a single bipolar copper plate functioning as both
the anode and the cathode in the stack when cell pairs were connected in series. The electrode
surface area per volume was increased form 6 m2 m−3 to 600 m2 m−3 using this arrangement, and
the membrane area matched the electrode working area (Figure 2-6). The energy density of flow
TRAB increased by up to 40% compared to that of the fed-batch TRAB [33]. In addition to higher
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energy densities of flow TRAB, the power density of TRAB could be further improved by simply
stacking individual cells in series or parallel configurations (Figure 2-6). The result showed that
the maximum power density linearly increases with the number of cell pairs, with a slope of 16
mW per cell pair [33].

Figure 2-5. Image of a thermally regenerative battery with copper mesh electrodes. The
electrodes were faced toward the membrane.

Figure 2-6. Schematic of a thermally regenerative ammonia flow battery: (a) one cell pair and (b)
configuration of each plate and flow paths; (c) four cell pairs connected in parallel; and (d) four
cell pairs connected in series with middle copper plates functioning as both anode and cathode,
and (e) a photo of the cell with four cell pairs connected in series (Adapted from ref. [33]).
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2.3.2 Electrolyte
A TRAB is a two-chamber cell with separate catholyte and anolyte chambers. Both chambers
contain a copper salt and a supporting electrolyte to increase solution conductivity. Ammonia, as
the ligand, is used only in one chamber (anolyte) to generate a potential difference between
chambers. The first TRAB used copper nitrate salt, with ammonium nitrate as the supporting
electrolyte [30]. My preliminary experiments also showed that among various salts, a nitrate-based
system (i.e., a cell with copper nitrate and ammonium nitrate) produced the highest sustained power
densities (Appendix A, Section 1). To optimize the solution conditions, various concentrations of
copper nitrate, ammonium nitrate and ammonia were tested. The results indicated that for the fedbatch system examined, 0.1 M was the optimum concertation for copper nitrate, 5 M for ammonium
nitrate and 2 M for ammonia [30]. The optimum electrolyte concentrations in the flow TRAB (0.2
M for copper nitrate, 3 M for ammonium nitrate and 3 M for ammonia) were different from those
reported for the fed-batch TRAB tests [33]. This difference was likely a result of variations in the
reactor configurations. For the flow TRAB, the electrode distance (3 mm) was much less than that
used in the TRAB (25 mm). Therefore, a lower supporting electrolyte concentration could be used
in the flow TRAB without impacting the cell’s ohmic resistance. Because the surface volume ratio
in the flow TRAB (600 m2 m−3) was much larger than that in the TRAB (6 m2 m−3), the optimum
reactant concentrations for copper ions and ammonia were higher in the flow TRAB than the fedbatch TRAB [30, 33]. At the optimum condition, a power density of 115 W m−2-electrode area (25
W m−2-membrane area) was achieved for the fed-batch TRAB, while a power density of 45 W m−2electrode area (45 W m−2-membrane area) was obtained for the flow TRAB [30, 33]. These power
densities were significantly higher than those of the previous technologies to harvest low-grade
waste heat as electricity.
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2.3.3 Elevated temperatures
The performance of TRAB was also evaluated at higher temperatures [31]. The power density of
TRAB improved linearly by increasing the operational temperature, with 95 W m−2 at 23 °C to 236
W m−2 at 72 °C. The improved power at higher temperatures was due to reduced electrode
overpotentials and more favorable thermodynamics for the reactions, particularly copper oxidation
at the anode. However, operation at higher temperatures increased self-discharge as a result of
reduced membrane selectivity, which resulted in ammonia transport across the ion-exchange
membrane and a decrease in the energy density. An energy density of 650 W m−3-anolyte was
achieved at an optimum temperature of 37 °C.

2.4 Challenges to Further Improve TRAB Performance
A TRAB is a relatively new approach among low-grade waste heat conversion
technologies. To date, only few investigations have been reported, and many aspects of TRAB
require further investigation to understand factors that could be used to improve performance. Even
though the previous TRABs could successfully convert waste heat to electricity through an efficient
discharge cycle with high power density, the system faced some problems mainly related to
unbalanced rates of anode dissolution and deposition of copper on the cathode, which would
eventually limit the use of copper in closed-loop cycles. For the previously developed copper
TRABs, while the deposition of copper ions on the cathode was equal to the expected value based
on the current, the conversion of copper anode into current was only 35% (i.e., approximately three
times as much copper dissolves from the electrode as would be expected) [30]. This high
dissolution rate of anode (i.e., low anodic coulombic efficiency, ACE) without current generation
results in a net loss of anode copper into the solution for each cycle, eventually disabling the system
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to operate in closed-loop cycles. The low ACE could limit further development of this technology
as an alternative approach to convert low-grade waste heat into electrical power in future. The
future development should examine alternative to metals and ligands used for the process
(Appendix A, Section 2).
Another concern with regard to commercializing TRAB is the cost of anion exchange
membranes. A Selemion AMV commercial membrane, which costs $100 m−2, was estimated to be
approximately 50% of the materials cost for building either a flow or a fed-batch TRAB [30, 31,
33]. This cost could be reduced by development of less expensive or more effective anion exchange
membranes.

2.5 Conclusions
The conversion of low-grade thermal energy into electrical power using liquid-based technologies
offers many advantages over the solid-state thermoelectrics, including higher power densities and
conversion efficiencies as well as the use of inexpensive materials. Based on comparison of power
densities and efficiencies as well as considering the time of development of several liquid-based
technologies, TRBs have shown the highest power densities together with high thermal efficiencies,
which make them attractive future directions of low-grade heat conversion investigations.
However, a deeper understanding of this new heat-to-electricity technology is necessary. A lowcost and efficient fabricated membrane would also be beneficial for decreasing the capital cost of
the system and eventually reducing the electricity price ($ kWh−1) produced by TRBs.
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Chapter 3
Improved Electrical Power Production of Thermally Regenerative Batteries
Using a Poly(phenylene oxide) Based Anion Exchange Membrane

Abstract
Thermally regenerative ammonia-based batteries (TRABs) can be used to harvest low-grade waste
heat as electrical power. To improve TRAB performance, a series of quaternary ammoniumfunctionalized poly(phenylene oxide) anion exchange membranes (BTMA-AEMs) were examined
for their impact on performance relative to a commercial AEM (Selemion AMV). The synthesized
AEMs had different degrees of functionalization (DF; 25% and 40%), and thicknesses (50, 100 and
150 µm). Power and energy densities were shown to be a function of both DF and membrane
thickness. The power density of TRAB increased by 31% using a BTMA AEM (40% DF, 50 µm
thick; 106 ± 7 W m–2) compared to the Selemion (81 ± 5 W m–2). Moreover, the energy density
increased by 13% when using a BTMA-based membrane (25% DF, 150 µm thick; 350 Wh m–3)
compared to the Selemion membrane (311 Wh m–3). The thermal-electric conversion efficiency
improved to 0.97% with the new membrane compared to 0.86% for the Selemion. This energy
recovery was 7.0% relative to the Carnot efficiency, which was 1.8 times greater than the highest
previously reported value of a system used to capture low-grade waste heat as electricity.

34
3.1 Introduction
A significant amount of low-grade waste heat (temperature < 130 ºC), approximately half
of the current U.S.A energy demand (2.9×1013 kWh in 2013), is generated at industrial plants in
the U.S. [1-4]. In recent years, harvesting low-grade waste heat as electrical power has drawn
increasing attention due to its vast potential and availability often at locations where electrical
power is needed [5-11]. One method of direct waste-heat-to-electricity energy conversion is solidstate thermoelectrics based on p- and n-type semiconductor materials [12-14], but high costs, longterm unreliability, and lack of capacity for energy storage have limited applications of these
technologies [14]. Liquid-based thermoelectrochemical cells (TECs) that utilize the temperature
dependence of electrochemical redox potentials to drive an electrochemical cell offer an alternative,
potentially less expensive and scalable system for direct thermal-electric energy conversion, with
opportunities for energy storage [15-17]. While a considerable amount of progress has been
achieved during recent years in developing new types of TECs, their power densities and thermalelectricity energy conversion efficiencies need to be improved to make them commercially viable
[18].
A thermally regenerative ammonia battery (TRAB) was recently developed as a new
approach to harvest low-grade waste heat as electrical power that improved power densities
compared to existing TECs [19]. In a TRAB, two copper electrodes are exposed to a copper(II)
electrolyte, such as copper(II) nitrate. The two electrode chambers are separated by a membrane,
as discussed below. Electrical power is produced by adding ammonia to the anolyte, but not to the
catholyte. The ammonia complexes copper(II) and generates a potential difference between the
electrodes according to the following reactions:
Cathode: Cu2+ (aq) + 2e– → Cu (s)

E0 = +0.340 V

(3-1)

Anode: Cu (s) + 4 NH3 (aq) → Cu(NH3)42+ (aq) + 2e–

E0 = –0.04 V

(3-2)
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where E0 is the standard reduction potential vs. the standard hydrogen electrode (SHE) [20]. After
discharging the cell, ammonia is separated from the anolyte using conventional separation
technologies, such as distillation, that utilize low-grade waste heat [21, 22]. The distilled ammonia
is then added to the other electrolyte chamber for the next discharge cycle. By switching the
compartment that contains ammonia, copper is re-deposited onto the formerly dissolved electrode,
and the other electrode dissolves. This alternating cycle of electrode dissolution/deposition allows
the Cu electrodes to be maintained in closed-loop cycles, and waste heat energy is converted to
electricity through ammonia distillation (Appendix B, Figure S3-1). A maximum power density of
80 W m–2-electrode area with a thermal-electricity conversion efficiency of 0.86% (6.2% relative
to the Carnot efficiency), has been achieved using a TRAB containing a commercial anion
exchange membrane (AEM) [19, 22, 23].
In a TRAB, an AEM is used to separate the cathode and anode compartments and facilitate
ion conduction to balance the internal charge transfer through transport of anions such as nitrate
and hydroxide between the electrolyte chambers. In addition, the AEM minimizes self-discharge
by reducing the transfer of either ammonia or positively-charged copper(II) amine complexes from
the anolyte to the catholyte, and copper(II) ions from the catholyte to the anolyte (Figure 3-1a).
However, the transfer of hydroxide from the alkaline anode chamber (pH=9.7) to the acidic cathode
chamber (pH=2.6) results in a shift in the NH4+/NH3 acid/base equilibrium towards NH3 formation
in the cathode chamber (Appendix B, Eqn. S3-1). This formation of NH3 in the cathode chamber
results in an unfavorable chemical consumption (Appendix B, Eqns. S3-2-S3-5) instead of
electrochemical consumption of copper ions (Eqn. 3-1; Figure 3-1b). In previous TRAB tests using
a commercial AEM (Selemion AMV), substantial self-discharge occurred that limited the electrical
energy production [19, 23]. In addition, in our recent study on copper removal from water using an
adaption of a TRAB, it was shown that the cell self-discharge limited the effectiveness of copper
removal at low initial concentrations of copper in the catholyte (<0.01 M) [24].

36

Figure 3-1. Schematic of the TRAB with an anion exchange membrane (AEM): (a) AEM
prevents transfer of both NH3 and positively charged species, (b) higher transfer of OH– through
the membrane causes a higher rate of TRAB self-discharge by chemical consumption of copper
ions (reaction 2; Cu2+ + n NH3 → Cu(NH3)n2+).

Here, we hypothesized that by varying the AEM’s thickness and ion exchange capacity
(IEC), we could reduce cell self-discharge and maximize energy production. To test this hypothesis,
anion exchange membranes were synthesized using poly(phenylene oxide) (PPO) backbones with
pendant benzyltrimethyl ammonium cations (BTMA). These types of membranes were previously
shown to be more efficient, potentially less expensive, and more chemically and thermally stable
than commercially available membranes [25-29]. The performance of these PPO-based AEMs were
evaluated in a TRAB cell in terms of power density, membrane resistance, energy density, cell selfdischarge, and thermal-electricity efficiency based on comparisons to the AEM used in previous
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research (Selemion AMV). Since AEMs in TRAB are exposed to solutions that have low pH (2.6
for the cathode) or high pH (9.7 for the anode), the stabilities of the fabricated membranes were
examined in strongly acidic or alkaline solutions.

3.2 Materials and Methods

3.2.1 Membrane preparation
Brominated PPO polymers, having a degree of functionalization (DF) of 25 and 40 mol %
of the repeat units on the backbone with one benzyl bromide group (Br-PPOx; x=25 or 40) were
synthesized as previously described [30, 31]. The molecular weight of PPO was 30000 g mol−1,
while that of brominated PPO was 39000 g mol−1. Brominated PPO with a DB of 40 % (Br-PPO40;
2.0 g) was dissolved in 20 mL of N-methyl-pyrrolidone (NMP; 97 %; Sigma-Aldrich), and 3.2 mL
of aqueous trimethylamine (~ 45 wt %; ≥ 99%; Sigma-Aldrich). The mixture was stirred for 24 h
at room temperature, and poured into 100 mL of toluene (99.8%; Sigma-Aldrich) or hexane (95%;
Sigma-Aldrich) to precipitate the polymer. The product was filtered and washed with toluene or
hexane several times. The dark yellow mixture which was produced with a yield of 87% was dried
at 50 °C overnight under vacuum. The formed powder (2 g) was then dissolved in NMP (20 mL),
and an appropriate amount of the solution, depending on the membrane final thickness, was cast
onto a leveled glass plate. The cast solution was dried at 82 °C under ambient pressure for 24 h
followed by vacuum drying for another 24 h at 80 °C to obtain a B40-y membrane, where B40
refers to the degree of functionalization of a BTMA-based membrane and y stands for the
membrane thickness (Appendix B, Figure S3-2). All other Bx-y membranes were prepared using
similar procedures as described above.
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In order to remove the solvent form the polymer during the membrane preparation, samples
were dried at various temperatures to the point at which the mass of the polymers or membranes
were constant. The drying temperatures depend on the specific solvents which were used. For the
low boiling point solvents such as hexanes and toluene, lower drying temperatures (50 °C, 60 °C)
were sufficient to remove the solvents under vacuum. To remove NMP which has a higher boiling
point, a higher drying temperature (80 °C) was employed under vacuum.

3.2.2 Membrane characterization and measurements
To identify the membrane structure, 1H NMR spectra were recorded at 300 MHz on a
spectrometer (AV 300, Bruker, Billerica, MA) using DMSO-d6 as the solvent. For both Selemion
and the synthesized membranes, water uptake was measured after drying the membrane at 60 °C
under vacuum for 24 h. The dried membrane was immersed in water and periodically weighed on
an analytical balance until a constant mass was obtained, giving the mass-based water uptake.
Water uptake (WU) was calculated as WU = (mhyd-m0)/m0, where mhyd is the hydrated sample mass
and m0 is the dry sample mass. To calculate the titrated gravimetric IEC values, membranes in the
OH− form were immersed in 50 mL of 0.01 M HCl standard solution for 24 h. Then, the solutions
were titrated with a standardized NaOH (0.01 M) solution to pH = 7. Subsequently, the samples
were washed and immersed in deionized water for 24 h to remove the residual HCl, and then dried
under vacuum at 50 °C overnight and weighed to calculate the dry masses in the Cl− form. The IEC
of the membranes was calculated as:
𝐼𝐸𝐶 =

𝑛𝑖(𝐻+ ) −𝑛𝑓(𝐻+ )
𝑚𝑑𝑟𝑦(𝐶𝑙)

(3-3)

where mdry(Cl) is the mass of dry membranes, ni(H+) is the initial amount of H+ in the HCl solution,
nf(H+) is the final amount of H+ in the HCl solution.
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Electrochemical impedance spectroscopy (EIS; VMP3, Bio-Logic) was used to quantify
different components of the resistances of both Selemion and BTMA membranes in the TRAB
system. All EIS tests were measured over a frequency range of 100 kHz to 0.1 Hz with a sinusoidal
amplitude of 10 mV. The batteries were discharged at 0.2 V for 5 min with stable current production
before imposing a sinusoidal perturbation to achieve a pseudo steady state. The EIS spectra were
fitted into a simplified Randles equivalent circuit to identify the membrane resistance (Appendix
B, Figure S3-3; Eqn. S3-6, S3-7).
Since the membrane in the TRAB was continuously in contact with acidic (catholyte
pH=2.6) and alkaline (anolyte pH=9.7) solutions, the stabilities of the fabricated membranes were
separately tested in acidic or alkaline conditions. Two membranes (B24 and B40) were immersed
in similar solutions to that of the catholyte (0.1 M Cu(NO3)2, 5 M NH4NO3) or anolyte (0.1 M
Cu(NO3)2, 5 M NH4NO3, 2 M NH3) for a period of time (50 h) chosen to match about 30 cycles of
the battery discharge, at room temperature. The membranes were then soaked in deionized water
for 24 h, and then their performance was examined based on polarization tests. The durability of
the fabricated membranes was also tested to evaluate the dry form stability after long-term storage.
Membranes were stored dry for 1 year in a constant temperature room (30 °C), and then their
performance was compared to newly fabricated membranes with the same IEC and thickness.

3.2.3 TRAB construction and operation
The TRAB was constructed as previously described [19, 23]. The battery consisted of a
cathode and an anode chamber, each 4 cm long and 3 cm in diameter, separated by an AEM (either
Selemion AMV with a thickness of 100 µm, Asashi glass, Japan; or the fabricated membranes)
with a projected surface area of 7 cm-2. Two 0.8 cm × 2 cm pieces of copper mesh (50×50 mesh;
McMaster-Carr, OH) connected by copper wire were used as the electrodes. To monitor the
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electrode potentials, Ag/AgCl reference electrodes (+0.211 V vs. SHE; RE-5B; BASi) were
inserted 1 cm away from each electrode (2 cm away from the membrane). The catholyte was mixed
using a magnetic stirrer (6.4×15.9 mm; VWR) at 600 rpm.
The electrolytes were prepared by making a 0.1 M of Cu(NO3)2 (Sigma-Aldrich) solution
with 5 M NH4NO3 as the supporting electrolyte to increase conductivity. Ammonium hydroxide (2
M final concentration; 5 N solution, Sigma-Aldrich) was added only to the anolyte to form the
copper ammonia complex and create a potential difference between the cathode and anode
chambers.

3.2.4 TRAB performance evaluation
Polarization tests were performed using a data acquisition system (Agilent 34972A, Santa
Clara, CA) to measure the cell voltage (U), and each electrode potential at room temperature for
TRAB operated with either Selemion or BTMA fabricated membranes. External resistances were
switched every 3 min from open circuit to 1.4 Ω in decreasing order (i.e. 21.4 Ω, 11.5 Ω, 6.4 Ω, 4.4
Ω, 3.4 Ω, 2.5 Ω, 1.4 Ω; total 24 min). Both current density (i=U/RA, A m–2; i: current density, U =
voltage, R = external resistance, and A = surface area), and power density (P=U2/RA, W m–2) were
normalized using a single electrode projected surface area (1.6 cm2) [32]. For discharge tests, the
cell was operated with a fixed external resistance that produced the highest power (based on the
polarization data), until the cell voltage decreased to 10 mV. Using the discharge test data, the
energy density, normalized to the total electrolyte volume (E, Wh m–3), was calculated as E =
∫UIt/Vt, where U is the voltage (V), I the current (A), t the cycle time (h), and Vt the volume of the
reactor (56 mL; 2 chambers with 28 mL each).
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Copper electrochemical consumption (CEC) tests were performed to identify the fraction
of Cu2+ deposition (Cu2+→Cu0) that was due to the electrochemical reaction relative to the total
amount of Cu2+ depletion (due to electrochemical and chemical reactions):
𝐶𝐸𝐶 (%) =

(𝑚𝑓 −𝑚0 )
𝐶𝑖 𝑀 𝑉𝑐

× 100

(3-4)

where m0 and mf are electrode masses before and after the discharge test, Ci is the initial
concentration of Cu(II) in the catholyte (0.1 M), M is the molecular weight of copper (63.55 g mol–
1

), and Vc is the volume of cathode chamber (28 mL). Cathodic coulombic efficiency (CCE) was

calculated as the ratio between actual produced charge to the theoretical charge based on the mass
change of the electrode to find the dominant electrochemical reaction in the catholyte, as:
𝐶𝐶𝐸 (%) =

(𝑚𝑓 −𝑚0 )
𝑄𝑀
2𝐹

× 100

(3-5)

where Q is the total charge transferred (Q= ∫It, C), and F is Faraday’s constant (96485 C mol–1).
For the cathode electrode, the mass was measured using an analytical balance with a precision of
0.0001 gram, and the value was used for either the CEC or CCE calculations.
After discharging the TRAB, the battery was recharged by separating ammonia from the
anolyte and re-dissolving it in the catholyte. In practice, low-grade waste heat (<130 ºC) could be
used for this process, for example by using a distillation column with a reboiler temperature of 70.4
ºC and a condenser temperature of 43.3 ºC (Appendix B, Figure S3-1). Previous simulation results
indicated that 97% of ammonia could be recovered during the designed separation process [19, 23].
The thermal energy efficiency (η) was calculated as the ratio between the discharge energy and the
required thermal energy for electrolyte regeneration (η=actual discharge energy/required thermal
energy).
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3.3 Results and Discussion

3.3.1 Membranes characterization
The polymer structure of the fabricated BTMA-based AEMs was characterized by 1H
NMR spectroscopy. The peaks at 3.1 and 4.4 ppm for benzyltrimethylammonium indicated that the
quaternary ammonium group was successfully formed (Figure 3-2) [27]. Using the 1H NMR
spectroscopy, it was also confirmed that the purity of the synthesized polymer was higher than
97%. The IEC of Selemion was 1.93 mmol g–1 which was similar to the previously reported value
(~1.9 mmol g–1) (Table 3-1) [33, 34]. Raising the degree of functionalization from 25% (B25) to
40% (B40) increased the IEC from 1.82 to 2.04 mmol g–1. This result was in agreement with the
previous investigations which indicated that IEC is a function of functionalization degree [27, 35,
36]. The water uptake measured for the Selemion AMV (20 wt %) was significantly lower than
that of the fabricated membranes (63% for B25; 80% for B40). Although the exact structure of the
Selemion is not available, it is likely that either the functionalized head group or the polymer
backbone of the Selemion was less hydrophilic than that of the BTMA-based AEM. Water uptake
increased with the IEC, mainly because the benzyltrimethyl ammonium group on the polymer
backbone enhanced the hydrophilicity of the fabricated membrane [36, 37].

Table 3-1. IEC and water uptake of the Selemion compared to that of the B25 and B40 AEMs, all
with a thickness of 100 µm.
Sample

IEC (mmol g–1)

Water uptake (wt %)

Selemion

1.93

20 ± 2

B25

1.82

63 ± 4

B40

2.04

80 ± 7
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Figure 3-2. 1H NMR of B25 in DMSO-d6/D2O (10:1 wt:wt).

Membranes were analyzed by EIS to compare their operational resistances. The resistance
decreased with an increase in IEC. For example, for the 100 µm thick membranes the resistance
was 1.61 Ω for the B25-100 with an IEC of 1.82 mmol g–1, and 1.14 Ω for B40-100 which had a
higher IEC of 2.04 mmol g–1 (Figure 3-3). In general, the membranes showed the expected trend
that the resistance increased with membrane thickness [26]. On average, the resistance of the B40100 membrane appears to be higher than that of the B40-150, the difference was not significant
(Student’s t-test; p = 0.15). Similarly, the difference between the resistances of B25-100 and B25150 was not significant (p = 0.40).
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Figure 3-3. Nyquist plots of the whole cell impedance at 0.2 V. The inserted figure indicates the
membrane resistance obtained by fitting the Nyquist plots to the equivalent simplified Randles
circuit for the TRABs with different AEMs (Appendix B, Figure S3-3). The membrane
resistances were calculated by subtracting the solution resistance from the sum of the solution and
membrane resistance (the left x-intercepts in the Nyquist plot).

3.3.2 Power production of TRAB operated with different AEMs
Performance of the membranes was evaluated based on maximum power densities
calculated from polarization tests. All three B40 membranes had power densities greater than those
using the B25 or Selemion membranes. For each type of membrane, the maximum power density
was inversely related to membrane thickness. For the B40 membranes, the maximum power density
was 106 ± 7 W m–2 for the 50 µm thick membrane, and 89 ± 5 W m–2 for the 150 µm thick
membrane. The same trend in power with membrane thickness was observed for B25 membranes.
Lowering the IEC reduced the power production, where 95 ± 6 W m–2 was produced for the B40100 membrane compared to 70 ± 4 W m–2 for the B25-100 membrane. Compared to the commercial
Selemion membrane, power density could be increased by up to ~30% with the B40-50 membrane
(Figure 3-4a).
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Figure 3-4. (a) Power densities produced by TRABs operated with different AEMs, (b)
maximum power density as a function of membrane resistance (red: B40s; black: Selemion;
green: B25s). The data were well fitted to a linear regression model with a R2 of 0.904, and a pvalue (the significance of the slope) of less than 0.01.

For all of the membrane samples, we examined whether the power densities were a
significant function of the membrane resistance. The maximum power density significantly
increased inversely with membrane resistance (R2 = 0.90, p < 0.01) (Figure 3-4b). Lowering the
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membrane resistance, which can be achieved by increasing the IEC or decreasing the thickness,
facilitated the anion transfer rate through the AEM, resulting in a lower cell ohmic resistance and
a higher power production.

3.3.3 Discharge/charge performance of TRAB with different AEM
In order to evaluate energy production of the TRABs using the different AEMs, electrical
energy generation was examined over a complete discharge cycle, at the external resistance that
produced the maximum power in the polarization test. For the fabricated membrane with a higher
IEC (B40), the power was greater than that obtained using the Selemion membrane, with the battery
fully discharged over a shorter period of time. When the IECs of the membrane were lower, for
example for the B25-100 sample, the cell discharge time was similar to that obtained using a
Selemion membrane (155 min for B25-100; 150 min for Selemion). However, in this case, the
B25-100 system produced a higher power density compared to Selemion membrane. Increasing the
membrane thickness slightly enhanced the discharge time. For example, the B40-50 TRAB was
discharged for 110 min, while that of the B40-100 TRAB was 120 min (Figure 3-5a).
The energy densities produced by the TRABs operated with B40-50 and B40-100 AEMs
(high IEC) were lower than that obtained with the Selemion membrane. However, for the
membranes with a lower IEC (i.e. B25), the energy densities were larger than that a TRAB with
the Selemion membrane. The highest energy density obtained was 350 Wh m–3 using the B25-150
membrane, which was 13% higher than that with the Selemion membrane (Figure 3-5b). Energy
densities decreased with an increase in the IEC, although there was limited data for this comparison,
but no significant relationship to the membrane resistance (Figure 3-6).
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Figure 3-5. (a) The discharge performance, (b) electrical energy density of TRABs with
Selemion (S-100), B40, and B25 AEMs. The initial electrolyte contained 0.1 M Cu(II), 5 M
NH4NO3, and the anolyte also contained 2 M NH3. The sudden small drops on power density at
around time 40-60 minute was due to the anode electrode replacement.
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Figure 3-6. TRAB energy density as a function of (a) membrane resistance with a R2 of 0.417,
(b) membrane IEC with a R2 of 0.999, and a p-value of less than 0.01 (red: B40s; black:
Selemion; green: B25s). The data showed the energy density was controlled by the membrane
IEC and not the resistance.

The final catholyte pH increased with the membrane IEC. For example, after 90 min of cell
discharge, pH of the catholyte for the TRAB with the B25-100 membrane increased from 2.6 to
6.5, while that for TRAB with the B40-100 membrane, the final pH increased to 7.1. This
observation indicated that increasing the IEC likely enhanced the OH– anion transfer rate through
the AEM, resulting in a higher formation of NH3 in the cathode chamber which led to an increased
unfavorable chemical consumption of copper ions (Appendix B, Eqns. S3-2-S3-5) instead of the
electrochemical depletion (Cu2+→Cu0). Therefore, for a long experiment such as complete
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discharge to produce electrical energy, the benefit of a lower membrane resistance (i.e. a lower cell
ohmic resistance) was likely offset by a higher IEC (i.e. a higher self-discharge rate).
The copper consumption with power generation, and the cathode coulombic efficiencies
were measured to further investigate the impact of the membrane IEC on TRAB performance. The
fabricated membrane with a higher IEC (B40) had the lowest copper electrochemical consumption
of CEC = 47 ± 10%. The lowest CEC was obtained by the membrane with the highest IEC and the
lowest thickness (B40-50; CEC of 29%). The CEC increased to 85%, which was 10% higher than
the Selemion, for the membrane with the lowest IEC and the greatest thickness (B25-150; Figure
3-7). The CCE, which is the ratio of the produced current to the theoretical amount of current based
on the change in mass of the cathode electrode, quantifies the relative importance of the Cu 2+
electrodeposition reaction compared to other possible side electrochemical reactions [19, 23]. A
CCE of 67 ± 8% was achieved using the B40 (high IEC) AEMs, while the B25 membranes (low
IEC) had a CCE of 97 ± 2%. The highest CCE of 98 ± 1% was obtained using the B25-100
membrane, which was 5% higher than the Selemion (Figure 3-7).

Figure 3-7. Copper ion electrochemical consumption and cathodic coulombic efficiencies of
TRABs with different AEMs.
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The changes in the CECs and CCEs for different membranes can be understood by
considering the impacts of the membrane IECs on ion transfer. Membranes with a higher IEC allow
a higher transfer of OH–, resulting in a higher formation of ammonia in the catholyte (Appendix B,
Eqn. S3-1). The formed ammonia can chemically consume Cu2+, leading to a lowering of the CEC
and TRAB performance in terms of energy density. In addition, using the B40-50 membrane (the
highest IEC and the lowest thickness) would allow the highest OH– transfer, and consequently, the
highest rate of Cu(NH3)42+ formation in the cathode, resulting in Cu(OH)2 blue precipitates due to
the unwanted side reaction Cu(NH3)42+ + 4 H2O → Cu(OH)2 (s) + 2 NH3.H2O + 2 NH4+ [19]. The
blue precipitates were visually observed just for the B40-50 membrane system, mainly due to a
relatively high concentration of the formed Cu(NH3)42+. The positively charged copper amine
complex can be also reduced according to the reactions 6 and 7, resulting in lowering of the CCE
[38, 39]. This improvement in the CEC and CCE by decreasing the IEC and increasing the thickness
further explained the highest energy production of B25-150 AEM.
Cu(NH3)42+ (aq) + e– → Cu(NH3)4+ (aq)

(3-6)

Cu(NH3)42+ (aq) + e– → Cu(NH3)2+ (aq) + 2 NH3 (aq)

(3-7)

3.3.4 Waste heat to electricity conversion efficiency
The thermal efficiency reflected the conversion efficiency of low grade waste heat as electrical
power. In the TRAB, low grade waste heat (<100 ºC) was used to recharge the battery by separating
ammonia from the anolyte effluent and re-dissolving it in the catholyte. The heat required for
electrolyte regeneration was evaluated based on the heat requirements for a distillation column with
a reboiler temperature of 70.4 ºC and condenser temperature of 43.3 ºC, similar to our previous
investigations [19, 22, 23]. Thermal efficiency followed the same trend as energy densities with
respect to the thickness and IEC, with the highest efficiency of 0.97% for B25-150 (Table 3-2).
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Table 3-2. Comparison of the thermal energy efficiency and that relative to the Carnot efficacy of
the previously developed waste-heat-to-electricity systems, and the thermally regenerative battery
assembled with Selemion or Bx (x=25, 40) AEM.
Temperature
System

Difference
(°C)

carbon multi-walled nanotube (MWNT)

Efficiencies (%)
Reference
Thermal

Relative
to Carnot

60

0.25

1.4

[40]

31

NA

2.63

[41]

51

NA

3.95

[42]

Selemion-based TRAB

47

0.86

6.2

This study

B40-based TRABs

47

0.76-0.93

5.5-6.8

This study

B25-based TRABs

47

0.89-0.97

6.5-7.0

This study

thermoelectrochemical cell
carbon single-walled nanotube
(SWNT)/reduced graphene oxide (rGO)
composite electrode
carbon nanotube aerogel-based
thermoelectrochemical cell

3.3.5 Comparison of performance with other systems
The maximum power densities achieved here varied from 55 W m–2 to 106 W m–2-electrode was
substantially higher than those obtained by the other waste heat-to-electricity systems (0.5-6.6 W
m–2) [40-42]. In addition, the TRAB with the B25-150 membrane was calculated to have a Carnot
efficiency of 7.0%, which was higher than the Selemion TRAB (6.2%) and 1.8 times the highest
previously reported value of 3.95% for a thermoelectrochemical cell operated with a 51 ºC
temperature difference between the carbon nanotube electrodes (Table 3-2) [42].
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3.3.6 Synthesized membrane stability and durability
The acidic and alkaline stability of the fabricated membranes with different IEC were determined
by polarization tests following immersion of the membranes in low pH catholyte or high pH anolyte
solutions at room temperature. The results of the polarization tests for the acid soaked membranes
showed 9% (B40) and 6% (B25) improvement in power production (Figure 3-8a). For the alkaline
stability tests, both membranes illustrated no significant change (<1% difference) in maximum
power density, in good agreement with previous studies that have shown high alkaline stability of
both the BTMA head group and the polymer backbone [43, 44]. The durability of the BTMA-based
membrane was also determined by storing a dry sample inside a constant temperature room for a
period of one year. The polarization result showed that the maximum power density decreased less
than 9% after one year, confirming that the fabricated membranes were durable in storage (Figure
3-8b). In addition, no visual structural deformations, such as folding or cracking, were observed
(Appendix B, Figure S3-4).
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Figure 3-8. Power densities of TRABs operated with (a) acid soaked, alkaline soaked AEMs with
a thickness of 100 µm, (b) B40-50 AEM kept dry for a period of one year.

3.4 Conclusions
TRAB performance in terms of power and energy density, and the overall waste heat-to-electricity
conversion efficiency was enhanced by using a BTMA PPO-based AEM. An improvement of 31%
in power density, and 13% in energy density was achieved using these new AEMs. The power
density was primarily a function of the membrane resistance, while the energy density was a
function of the membrane IEC. The TRAB with the fabricated membranes also showed a lower
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rate of cell self-discharge compared to the commercial Selemion membrane (11% enhancement).
The overall thermal efficiency was ~1%, with a 7% efficiency relative to the Carnot efficiency for
a TRAB operated with the B25-150 membrane.
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Chapter 4
Removal of Copper from Water Using a Thermally Regenerative
Electrodeposition Battery

Abstract
A thermally regenerative ammonia battery (TRAB) recently developed for electricity generation
using waste heat was adapted and used here as a treatment process for solutions containing high
concentrations of copper ions. Copper removal reached a maximum of 77% at an initial copper
concentration (Ci) of 0.05 M, with a maximum power density (P) of 31 W m–2-electrode area.
Lowering the initial copper concentration decreased the percentage of copper removal from 51%
(Ci=0.01 M, P=13 W m–2) to 2% (Ci=0.002 M, P=2 W m–2). Although the final solution may require
additional treatment, the adapted TRAB process removed much of the copper while producing
electrical power that could be used in later treatment stages. These results show that the adapted
TRAB can be a promising technology for removing copper ions and producing electricity by using
waste heat as a highly available and free source of energy at many industrial sites.
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4.1 Introduction
Wastewaters from industries that are involved in mining, electroplating, or smelting
operations contain various dissolved metals, which can be harmful to the environment when
released without treatment [1, 2]. Various techniques have been used to treat these industrial
wastewaters, including chemical precipitation [3], absorption [4, 5], biosorption [6-9],
photocatalytic removal [10-13], ion exchange [14], membrane separation [15, 16],
bioelectrochemical systems [17, 18], electrodeposition/reduction [19, 20], and electrocoagulation
(EC) [21-23]. Electrocoagulation is a water treatment process that uses an electric current applied
across one or two metal electrodes to remove metals such as copper, nickel, zinc and chromium
[24, 25]. Electrocoagulation offers many benefits over other technologies, including simple
operation, high removal efficiency, and low sludge formation [26-28]. However, a major
disadvantage of EC is that it requires substantial electrical power, in proportion to the initial
concentration of heavy metals [28]. Therefore, reducing the concentration of heavy metals prior to
EC treatment would decrease overall electrical power demands.
A method was recently proposed to produce electricity from low-grade waste heat, called a
thermally regenerative ammonia battery (TRAB) [29, 30]. In a TRAB, electrical power is obtained
from the formation of metal ammine complexes, which are produced by adding ammonia to the
anolyte, but not to the catholyte, of a battery consisting of two copper electrodes in a copper-nitrate
electrolyte. The added ammonia generates a potential difference between the electrodes according
to the reactions [31]:
Cathode: Cu2+ (aq) + 2e– → Cu (s)

E0 = +0.340 V

(4-1)

Anode: Cu (s) + 4 NH3 (aq) → Cu(NH3)42+ (aq) + 2e–

E0 = –0.04 V

(4-2)

where E0 is the standard reduction potential in V vs. the standard hydrogen electrode (SHE). After
discharging the cell and generating electrical power, ammonia is separated from the anolyte using
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conventional distillation using low-grade waste heat, as described in our previous investigations
(Appendix C, Figure S4-1) [32, 33]. The distilled ammonia is then added to the other electrolyte
chamber for the next discharge cycle. While discharging the battery results in copper loss from the
anode, the electrode can be regenerated when the ammonia is added to the other chamber, where
copper will be re-deposited back onto the electrode.
A new approach for copper removal based on the TRAB was examined here to simultaneously
remove copper and generate electricity. In this process, which we refer to as a thermally
regenerative electrodeposition battery (TREB), solutions containing copper ions is introduced to
both chambers of a TREB, then ammonia is added only to the anolyte, and not the cathode chamber
(treatment chamber). During battery discharge, copper ions are reduced to copper metal at the
cathode and are removed from solution, accomplishing treatment of the water in the cathode
chamber. Once the electrical power is discharged, the treated waste is collected into a low
concentration tank either for reuse, or additional treatment in an EC cell to reduce copper
concentrations to that allowable for discharge. The electricity generated by the TREB can be used
as a power source for the EC cell, making the overall process more economical. Because the anode
corrodes occurs during this process, the anolyte will have an increased concentration of copper.
However, this high copper ion concentration anolyte can be collected and further used in a typical
TRAB to harvest additional electrical energy from waste heat. It is also possible that copper could
be extracted from this high concentration stream in the copper electroplating industrial units. The
electrodes are alternatively operated as cathode and anodes during the treatment to maintain the
copper on the electrodes (Figure 4-1).
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Figure 4-1. Schematic of the TREB for treatment of copper by dividing the waste stream into
high and low concentration streams. Wastewater stream containing certain concentration of
copper is introduced to both chambers of TREB, and then by adding ammonia to the anolyte and
connecting the external resistance, the battery is discharged. Finally, the waste heat is applied to
separate ammonia (Appendix C, Figure S4-1). The solutions with low and high concentration of
copper are then separated.

In this study, we examined the feasibility of removing copper using the TREB. Industrial
wastewater from processes such as electroplating can produce copper concentrations ranging from
0.3 M to 0.0001 M [34, 35]. Based on this range of copper concentrations, we examined the impact
of copper concentrations within this range on copper removal and power generation by adding
soluble copper to final concentrations of 0.1 M to 0.002 M. Previous TRAB tests examined power
generation using copper and nitrate salts, but nitrate would not be feasible for wastewater treatment
as high concentrations of nitrate cannot be safely discharged to the environment [36, 37]. Therefore,
a sulfate salt was used here for all tests as it is a safe ion naturally present in drinking water, it
naturally exists at high concentrations in seawater, and because there is no primary drinking water
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standard for sulfate in the US [38]. To show the utility of the TREB process for treatment of copper
solutions, we examined the performance of the TREB in terms of copper removal and power
generation.

4.2 Materials and Methods

4.2.1 TREB construction and operation
The TREB was constructed as previously described [29, 30]. The battery 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) with effective surface area of 7
cm-2. Two 0.8 ± 0.05 cm × 2 ± 0.05 cm pieces of copper mesh (50×50 mesh; McMaster-Carr, OH)
connected by copper wire were used as the electrodes, with each electrode placed 1 cm away from
the membrane. In order 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 (2 cm away from
the membrane). The catholyte was mixed using a magnetic stirrer (6.4×15.9 mm; VWR) at 600
rpm. Previous investigations showed that stirring the catholyte improved the power generation, due
to better mass transfer of ions to the electrode [29].
The copper solution was prepared by dissolving different concentrations of CuSO4 (SigmaAldrich) in deionized water. The supporting electrolyte, (NH4)2SO4 (Sigma-Aldrich), was added to
increase the solution’s conductivity. Ammonium hydroxide (2 M final concentration; 5 N solution,
Sigma-Aldrich) was added to the anolyte to form the copper ammonia complex and create the
potential difference between the cathode and anode chambers. The initial anolyte pH was 9.7,
consistent with that expected for the addition of a 2 M solution of ammonia. The cell was operated
with a fixed external resistance that produced the highest power (based on polarization data) for a
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whole batch cycle, which ended when the cell voltage decreased to <10 mV. All experiments were
conducted at 30 ºC in a constant temperature room.

4.2.2 Measurements and calculations
In the cathode chamber, the removal of copper occurs due to deposition on the copper
electrode. Copper removal was calculated based on the mass change of the electrode during
discharge of the TREB as:
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =

(𝑚𝑓,𝑐 −𝑚0,𝑐 )
𝐶𝑖 𝑀 𝑉

× 100

(4-3)

where m0,c and mf,c are cathode electrode masses before and after treatment, Ci is the initial
concentration of Cu(II) in the solution, M is the molecular weight of copper (63.55 g mol–1), and V
is the volume of cathode chamber (28 ± 1 cm3). Coulombic efficiency of the cathode (CCE) was
calculated as the ratio between actual produced charge and the theoretical amount of charge based
on the mass change of the electrode, as:
CCE (%) =

(𝑚𝑓,𝑐 −𝑚0,𝑐 )
𝑄𝑀
2𝐹

× 100

(4-4)

where Q is the total charge transferred (C), and F is the Faraday constant (96485 C mol–1). The
mass was measured using an analytical balance with a precision of 0.0001 g. Considering the
uncertainties of the volume and analytical balance, the uncertainty of Rem was 2%, while that for
CCE were less than 0.01%.
Polarization tests were performed using a potentiostat (model 1470E, Solatron Analytical,
Hampshire, England) to measure the cell voltage (U), and each electrode potential in a constant
temperature room. External resistances were switched every 5 min from 40.9 to 1 Ω [for 0.1 and
0.05 M Cu(II)], 61.2 to 8.2 Ω [for 0.01 M Cu(II)], and 200 to 60 Ω [for 0.002 M Cu(II)] in
decreasing order. Both current density (i=U/RA, A m–2), and power density (P=U2/RA, W m–2)
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were normalized to a single electrode projected surface area of 1.6 cm2 [39]. Before connecting the
external resistance to the cell, the open circuit potential of the cathode was recorded for 5 mins.
The potential of the cathode chamber was calculated using the Nernst equation at various initial
concentrations of Cu(II) in the catholyte (Appendix C, Equation S4-1, Figure S4-2). To calculate
the theoretical potential by the Nernst equation, the Cu(II) ion activities were estimated using the
OLI Studio software (Cedar Knolls, NJ).
The total charge transferred over the entire copper removal process was calculated by
integrating the current–time profile Q= ∫Its, where Q is the total charge (C), I the current (A), and
ts time (s). The energy density, normalized to the total electrolyte volume (E, Wh m–3), was
calculated as E = ∫UIth/V, where U is the voltage (V), I the current (A), th the cycle time (h), and V
the total volume (2×28 mL). Based on possible variations in the volume of the solutions, the
experimental errors for the calculated energy densities were less than 4%.
After discharging the TREB, the battery was recharged by separating ammonia from the
anolyte effluent and re-dissolving it in the catholyte. In practice, low-grade waste heat (<100 ºC)
could be used for this process, for example by using a distillation column with a reboiler and
condenser temperature of 70.4 and 43.3 ºC, respectively. Previous simulation results indicated that
97% of ammonia could be recovered during this separation [29, 30].

4.3 Results and Discussion

4.3.1 Copper removal at different concentration of copper in the solutions
The copper removal efficiency (%) strongly depended on the initial Cu(II) concentration.
Copper removal was >50% when initial Cu(II) concentrations were ≥0.01 M using a 1 M
(NH4)2SO4 electrolyte for both the anolyte and catholyte. The highest removal was achieved at a
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concentration of 0.05 M (77%). Treatment of solutions containing 0.002 M or less Cu(II) had <2%
copper removal, resulting in a very low rate of copper deposition and copper recovery under these
conditions (Figure 4-2a).
Low recoveries of copper from the catholyte at relatively low Cu(II) concentrations were due
to unwanted side reactions. The cathodic coulombic efficiency (CCE), which is the ratio of the
produced current to the theoretical amount of current based on the change in the mass of the
electrode, can be used to evaluate the relative importance of the electrodeposition reaction for
copper ions compared to other possible side reactions in the cathode chamber. A CCE of <100%
(range of 2 to 89%) was obtained in all experiments, confirming side reactions occurred in the
catholyte (Figure 4-2b). We expected that the main side reactions involved the formation of a
Cu(OH)2 precipitate, and the formation of copper ammine complexes (Cu2+ + nNH3 →
[Cu(NH3)n]2+ ; n=1,2,3,4) in the cathode chamber. These reactions and their relevant equilibrium
constants are [40]:
Cu(OH)2(s) = Cu2+ + 2OH–

,

pKsp=19.36

(4-5)

NH4+ = NH3 + H+

,

pKa=9.25

(4-6)

Cu2+ + NH3 = [Cu(NH3)]2+

,

pK1=–4.25

(4-7)

[Cu(NH3)]2+ + NH3 = [Cu(NH3)2]2+

,

pK2=–3.61

(4-8)

[Cu(NH3)2]2+ + NH3 = [Cu(NH3)3]2+

,

pK3=–2.98

(4-9)

pK4=–2.24

(4-10)

[Cu(NH3)3]2+ + NH3 = [Cu(NH3)4]2+

,

When the solution had a low copper ion concentration of 0.002 M, the main side reaction
would likely be formation of a Cu(OH)2 precipitate, primarily due to the higher initial pH of the
catholyte (Appendix C, Figure S4-3). During experiments at this copper concentration, we observed
formation of precipitates. Based on our calculations, the observed pale blue precipitates were likely
Cu(OH)2 (Appendix C, Table S4-1). A higher pH should also result in a shift in the NH4+/NH3
acid/base reactions towards NH3 formation side, resulting in greater formation of different copper
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ammine complexes, as shown by equations 6 – 10. At higher copper concentrations (>0.01 M),
however, copper ions are less involved in the side reactions, mainly due to the lower pH of
catholyte. Therefore, the loss of free Cu(II) ions to ammonia complexes, as well as formation of a
Cu(OH)2 precipitate rather than current generation, resulted in limited copper ion removal from the
lower concentration solutions (<0.01 M).
The highest CCE was obtained at a copper concentration of 0.05 M (~90%), confirming most
of the current was consumed by Cu(II) ion deposition onto the cathode electrode. The highest CCE
for a copper concentration of 0.05 M was the main reason for the highest percentage of copper

Copper removal (%) or
Cathodic coulombic efficiency (%)

removal at this copper concentration.

100
80
60
40
20
0
0.002
0.01
0.05
0.1
2+
Initial Cu concentration (M)

Figure 4-2. Copper removal from cathode chamber (orange columns), and cathodic coulombic
efficacy (blue columns) of TREBs with various copper concentrations, and 1 M (NH4)2SO4
supporting electrolyte.
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4.3.2 Power production with different concentration of copper ions
Increasing the initial Cu(II) concentration from 0.002 M to 0.1 M improved the power
production from 2 W m–2-electrode area to 37 W m–2-electrode area (Figure 4-3). This increase in
power was due to more positive cathodic potentials during battery discharge. Power generation was
examined over a complete discharge cycle (defined as a final cell voltage <10 mV), at the external
resistance that produced the maximum power density (5.6 Ω for 0.1 M and 0.05 M, 20.6 Ω for 0.01
M, and 99.6 Ω for 0.002 M; Figure 4-3). The reason the optimum external resistance varied was
likely due to the different copper ion redox activity (i.e., electron transfer ability) at different
concentrations of copper [41]. The discharge time was reduced by decreasing the initial Cu(II)
concentration in the solution, mainly due to the Cu(II) side reactions as well as lower availability
of copper ions in the catholyte (Figure 4-4). When the initial concentration of copper ions was
decreased, the solution pH increased from 3.8 for 0.1 M Cu(II) to 4.8 for 0.002 M Cu(II), which
would result an increased formation of Cu(OH)2 precipitates during treatment due to the higher pH,
consistent with visual observations of formation of a light blue solid in the reactor with these
changes [29]. The different power production curves were mostly caused by the changes in cathode
potentials. The cathode potential initially increased and reached a maximum, where power density
reached a maximum as well, and then it started to become more negative. In contrast, there was an
insignificant change in the anode potential over time (Figure 4-4b).
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Figure 4-3. Power densities produced by copper removal using TREBs operated with various
concentrations of copper, and 1 M (NH4)2SO4 as the supporting electrolyte in both electrolytes,
and 2 M ammonia in the anolyte.

Figure 4-4. Whole batch cycle performance of copper removal from solutions with different
copper concentrations: (a) power densities; (b) cathode (open symbols) and anode (filled
symbols) potentials. The initial electrolyte contained a different concentration of Cu(II), 1 M
(NH4)2SO4, and additional 2 M NH3 in the anolyte, and the cell was operated at its maximum
power. The arrow shows when the anode electrode was replaced.
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4.3.3 Total charge transfers and energy densities
Decreasing the Cu(II) initial concentration from 0.1 M to 0.002 M reduced the total charge
transfer, based on coulombic recoveries decreasing from 400 coulombs (C) to 5 C (Figure 4-5).
This decrease was due to lower copper deposition rates at lower initial Cu(II) concentrations. The
energy densities produced by the TREB during the treatment increased with the Cu(II) initial
concentration, similar to the increases in maximum power densities obtained in polarization tests.
The highest energy density produced by the treatment system was 280 Wh m–3 at an initial Cu(II)
concentration of 0.1 M, which is ~ 60% of the energy produced in a previous TRAB with nitrate
salts in the electrolyte, at the same copper concentration [29], rather than sulfate salts used here
(Figure 4-5). The higher energy densities obtained here for higher copper concentrations were due
to the higher discharge voltages and the total charge transferred (W=QU, where W is energy, Q the
charge, and U the voltage).
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Figure 4-5. Total charge and corresponding discharge energy densities produced by TREBs
operated to remove copper from the catholyte, using 1 M (NH4)2SO4 (supporting electrolyte) in
both chambers, and additional 2 M NH3 in the anolyte. The cell was operated for maximum
power production.
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4.4 Reuse of the high concentration effluent
Another possible concern is the increased copper concentration in the anolyte. While the
TREB process can produce an effluent catholyte with a reduced copper concentration, the anolyte
copper concentration will increase over time. To minimize the volume of the anolyte used, the
solution in the anode compartment could remain in the chamber for a several batches of catholyte
(Appendix C, Figure S4-4). To examine the reuse of the anolyte, a solution with a Cu(II)
concentration of 0.05 M was examined in the TREB process, with the anolyte used for four batches
of catholyte. For the third batch of catholyte, there was 68% copper removal and a maximum power
density of 26 W m–2, similar to that obtained in the first batch cycle (Removal=77%; P=33 W m–
2

). However, for the fourth batch cycle, both copper removal and power substantially decreased

(23% removal, 12 W m–2) (Figure 4-6). After each batch, the concentration of copper ion in the
anolyte increased, resulting in the enhancement of copper ammonia complex concentration
(Cu(NH3)42+) and a decrease in the concentration of ammonia (Eqn. 4-2). The benefit of a higher
copper complex concentration in the anolyte with each cycle, which could have increased the cell
potential, was offset in the fourth batch cycle by a reduction in the ammonia concentration in the
anolyte. As a result, there was a decrease in the power (Appendix C, Eqn. S4-2), and less copper
removal.
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Figure 4-6. Copper removal and power density of four batch cycles of TREB fed with
wastewater with a copper ion concentration of 0.05 M. The solution in the anode compartment
remained in the chamber, while the catholyte were replaced by a new wastewater after each
batch.

4.5 Outlook
The TREB process was shown to simultaneously remove copper and generates power, but the
copper was not reduced to levels sufficient for water discharge (50-80 µM) [42]. However, the
copper remaining in the water following TREB treatment could be reduced to levels suitable for
discharge using a standard electrocoagulation treatment system. The advantages of using the TREB
process to first treat a wastewater is increased recovery of copper, the use of waste heat which
recovers copper without the use of electrical power, electrical power generation, and less copper in
a waste sludge. In demonstrating the concept of copper removal using TREB, only simple solutions
were used here as they contained only a copper sulfate electrolyte. Actual industrial wastewaters
will contain other constituents, notably chloride ions, which could impact treatment efficiency. The
effect of these other anions and cations on the process will require further study.
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4.6 Conclusions
The TREB process was shown to be a potential method of treatment, with >30% copper ion removal
from solutions containing copper ions (>0.01 M), and production of up to 25 W m–2 based on
charging the cell with ammonia solutions prepared using low-grade waste heat. In addition, the
produced high concentration effluent can be used for a several number of batches, minimizing the
volume of anolyte used. Overall, using a low-grade waste-to-electricity TREB system for removal
of copper ions from solution represents a promising approach for decreasing the energy
requirements of current treatment plants and improved copper recovery.
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Chapter 5
Electrical Power Production from Low-grade Waste Heat Using a Thermally
Regenerative Ethylenediamine Battery

Abstract
Thermally regenerative ammonia-based batteries (TRABs) have been developed to harvest lowgrade waste heat as electricity. To improve the power production and anodic coulombic efficiency,
the use of ethylenediamine as an alternative ligand to ammonia was explored here. The power
density of the developed ethylenediamine-based battery (TRENB) was 85 ± 3 W m−2-electrode area
with 2 M ethylenediamine, and 119 ± 4 W m−2 with 3 M ethylenediamine. This power density was
68% higher than that of TRAB. The energy density was 478 Wh m–3-anolyte, which was ~50%
higher than that produced by TRAB. The anodic coulombic efficiency of TRENB was 77 ± 2%,
which was more than twice that obtained using ammonia in TRAB (35%). The higher anodic
efficiency reduced the difference between the anode dissolution and cathode deposition rates,
resulting in a process more suitable for closed loop operations. The thermal-electric efficiency,
based on ethylenediamine separation using waste heat was estimated to be 0.52%, which was lower
than that of TRAB (0.86%), mainly due to the more complex separation process. However, this
energy recovery could likely be improved through optimization of ethylenediamine separation
process.
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5.1 Introduction
A vast amount of low-grade, thermal energy (temperature < 130 ºC) is available globally
at industrial plants and from solar and geothermal sources [1-3]. Converting this low-grade heat
into electrical power has drawn increasing attention due to its wide availability and energy potential
[4-8]. Different types of thermoelectrochemical systems (TESs) are being investigated to convert
low-grade waste heat to electrical power [9-12]. Most of the reported TESs rely on using a chemical
that has temperature-dependent reduction and/or oxidation potentials in aqueous solutions, but the
performance of these TESs need to be improved in terms of electrical power densities and thermalelectric conversion efficiencies [11, 13]. For example, a maximum power density of 1.5 W m−2electrode area with a Carnot efficiency of 1.4% was achieved in a TES operated with a
ferrocyanide/ferricyanide redox solution and carbon nanotube electrodes when operated with a
temperature difference of 60 ºC [14]. The power density was increased to 6.6 W m−2-electrode area
(Carnot efficiency of 3.95%) using carbon nanotube aerogel sheets with a 51 ºC temperature
difference, but this required the use of platinum [15]. Even though this system could be viable due
to the relatively high Carnot efficiencies [16], the systems still has a relatively low power density
and it required the use of a precious metal.
An alternative approach to convert waste heat to electricity, called a thermally regenerative
battery (TRB) based on using ammonia (TRAB), was recently shown to be capable of producing a
significantly higher power density of ~80 W m–2-electrode area, with a Carnot thermal-electric
conversion efficiency (6.2%) that was greater than previous systems [17]. Unlike TESs which rely
on reversible redox couples, TRBs operate using chemical potentials obtained by adding ligands
into a metal salt solution [17-19]. In a TRAB, copper ammine complexes are produced when
ammonia is used as the ligand in the anolyte, but not in the catholyte. Copper reduction occurs at
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the cathode while copper oxidation proceeds on the anode immersed in the ammonia ligand
solution, according to:
Cu2+ (aq) + 2e– → Cu (s)

E0 = +0.34 V

(5-1)

Cu (s) + 4 NH3 (aq) → Cu(NH3)42+ (aq) + 2e–

E0 = –0.04 V

(5-2)

where E0 is the standard reduction potential (vs. a standard hydrogen electrode, SHE) [20]. After
discharging the electrical power, the ammonia is separated from the anolyte using conventional
technologies such as distillation and low-grade waste heat. The extracted ammonia is then added
to the other chamber so that the former anode electrode functions as the cathode for the next
discharge

cycle

(Appendix

D,

Figure

S5-1).

This

alternating

cycle

of

electrode

dissolution/deposition allows the Cu electrodes to be operated in closed-loop cycles as long as the
mass lost and gained on the electrodes is balanced in each cycle. While the cathodic deposition of
copper is efficiently regained from the current (i.e., the increase in mass of the electrode is equal to
the expected value based on the number of electrons transferred), the conversion of anode copper
into current of TRABs is only 35% (i.e., approximately three times as much copper dissolves from
the electrode as would be predicted based on the numbers of electrons transferred) [17-19]. This
low conversion of anode copper into current (i.e., anodic columbic efficiency, ACE) of TRAB
would limit its use in closed-loop cycles as there would be a net loss of anode copper into solution
for each cycle, eventually requiring the electrodes to be replaced.
The use of ethylenediamine as an alternative ligand to ammonia was explored here as a
method to increase the power production as well as improve ACE. In theory, the anode open circuit
potential of a TRB can be improved by using a ligand in which the complexation reaction (Cu + n
L→ [Cu(L)n]2+ + 2e−; L: ligand) has a higher standard reduction potential than the copper ammonia
complex (Eqn. 5-2; −0.04 V). For the complexation reaction of copper and ethylenediamine (en),
the anode standard reduction potential is –0.12 V, as [21]:
Cu (s) + 2 en (l) → Cu(en)22+ (aq) + 2e–

E0 = –0.12 V

(5-3)
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The performance of a thermally regenerative ethylenediamine-based battery (TRENB) was
examined in terms of power and energy densities, and electrode coulombic efficiencies, and
compared to that of the previously developed ammonia-based system using copper electrodes and
copper nitrate electrolytes.

5.2 Materials and Methods

5.2.1 TRB construction and operation
The cells used for all tests were constructed as previously described for TRABs [17, 22].
The cells 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) with a
projected surface area of 7 cm2. Two 0.8 ± 0.05 cm × 2 ± 0.05 cm pieces of copper mesh (50×50
mesh; McMaster-Carr, OH) connected by copper wire were used as the electrodes, with each
electrode placed 1 cm from the membrane. 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 (2 cm away from the membrane). To facilitate the mass transfer of ions to the electrode,
the catholyte was mixed using a magnetic stirrer (6.4×15.9 mm; VWR) at 600 rpm [17].
The electrolytes were prepared by dissolving 0.1 M of Cu(NO3)2 (Sigma-Aldrich) in
deionized water with 5 M NH4NO3 as the supporting electrolyte to increase conductivity. Either
ammonium hydroxide (for TRAB; 2 M final concentration; 5 N solution, Sigma-Aldrich) or
ethylenediamine (for TRENB; ReagentPlus®, ≥99%, Sigma-Aldrich) was added only to the anolyte
to form the copper complex and create the potential difference between the cathode and anode
chambers.
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5.2.2 TRB performance evaluation
Polarization tests were performed using a potentiostat (model 1470E, Solatron Analytical,
Hampshire, England) to measure the cell voltage (U), and each electrode potential, at room
temperature (~23 ⁰C). External resistances were switched every 4 min from open circuit to a
minimum of 1.4 Ω. Both current density (i=U/RA, A m–2; i: current density, U: voltage, R: external
resistance, A: surface area), and power density (P=U2/RA, W m–2) were normalized to a single
electrode projected surface area (1.6 cm2) [23]. The total charge transferred over the entire cycle
was calculated by integrating the current–time profile Q= ∫ I dts, where Q is the total charge (C), I
the current (A), and ts time (s). The energy density, normalized to the total electrolyte volume (E,
Wh m–3), was calculated as E = ∫ U I dth / V, where U is the voltage (V), I the current (A), th the
cycle time (h), and V the total volume (2×28 mL).
The discharging energy efficiency (ηd) was calculated as the ratio between actual energy
density produced in the experiments and the theoretical energy density stored in the solutions. The
theoretical energy density was calculated using the equation ΔG=nFE, where F is Faraday’s
constant (96485 C mol–1) and E the measured open-circuit voltage (V). The ΔG calculated for
TRENB was 110 kJ mol–1, while that of TRAB with the same concentration of ligand (2 M) was
89 kJ mol–1. The ΔG of TRENB further enhanced by increasing the ligand concentration to 116 kJ
mol–1 (3 M) and 124 kJ mol–1 (4.5 M). Thermal energy efficiency (ηt) was calculated as the ratio
between the actual energy density produced and the required thermal energy for anolyte
regeneration estimated using Aspen HYSYS (Cambridge, MA) [17, 18].
Electrochemical impedance spectroscopy (EIS; VMP3, Bio-Logic) was performed to
identify components of the impedance. All EIS tests were measured over a frequency range of 100
kHz to 0.1 Hz with a sinusoidal amplitude of 10 mV. Both TRAB and TRENB were discharged at
0.2 V for 5 min with a stable current production before the addition of sinusoidal perturbation to
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achieve a pseudo steady state. The EIS spectra were fitted into a simplified Randles equivalent
circuit to identify the compartments of impedance (Appendix D, Figure S5-2).
Cyclic voltammetry (CV) was used to identify the reactions in the anode chamber. CV
studies of the anode electrode of both TRAB and TRENB were performed using a potentiostat
(VMP3, BioLogic) and a glassy carbon as the working electrode, a reactor with a platinum wire as
the counter electrode, and an Ag/AgCl reference electrode. CVs were run at the potential range of
−0.6 V to 0.6 V with different scan rates (10, 25, 100 mV s−1).
The cathodic coulombic efficiency (CCE) was calculated as the ratio between actual
produced charge and the theoretical amount of charge based on the mass change of the electrode to
find the dominant electrochemical reaction in the catholyte, as:
𝐶𝐶𝐸 (%) =

(𝑚𝑓,𝑐 −𝑚0,𝑐 )
𝑄𝑀
2𝐹

× 100

(5-4)

where m0,c and mf,c are electrode masses of cathode before and after the discharge test, Q is the total
charge transferred (Q= ∫I dts, C), and M is the molecular weight of copper (63.55 g mol–1).
Similarly, the anodic coulombic efficiency (ACE) was calculated as:
𝐴𝐶𝐸 (%) =

𝑄𝑀
2𝐹

(𝑚o,𝑎 −𝑚𝑓,𝑎 )

× 100

(5-5)

where m0,a and mf,a are electrode masses of anode before and after the discharge test, measured
using an analytical balance with a precision of 0.0001 g.
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5.3 Results and Discussion

5.3.1 Electrical power production
A maximum power density of 85 ± 3 W m−2 was produced by the TRENB with 2 M
ethylenediamine, which was higher than that of TRAB (71 ± 5 W m−2) at the same added ligand
(ammonia) concentration. The power density was further improved to 119 ± 4 W m−2 by increasing
the ethylenediamine concentration to 3 M (Figure 5-1a). Since the same electrolytes were used as
the catholyte for both TRENB and TRAB, both batteries showed the same cathode potentials. A
lower anode potential was observed for TRENB (−0.164 V in average for different ethylenediamine
concentrations) than that of TRAB (−0.095 V in average), using a ligand concentration of 2 M. The
anode potential of TRENB improved by using higher ethylenediamine concentrations, with −0.202
V for 3 M and −0.221 V for 4.5 M (Figure 5-1b). The higher open circuit potential of TRENB
(Appendix D, Figure S5-3) relative to TRAB was due to the lower standard reduction potential of
copper complexed with ethylenediamine of –0.12 V (Eqn. 5-3) compared to that of copper
complexed with ammonia (−0.04, Eqn. 5-2) [24]. The improved anode potential with the higher
ethylenediamine concentration was consistent with potentials predicted by the Nernst equation
(Appendix D, Eqn. S5-1).

81

Figure 5-1. (a) Power densities and (b) electrode potentials of TRAB (black) with ammonia, and
TRENBs (colored) with different concentrations of ethylenediamine (en).

5.3.2 Analysis of the cell resistances
Based on EIS tests using a 2 M ligand, the TRENB showed a higher ohmic resistance (i.e.
sum of membrane and solution resistances; 2.12 Ω) than that of TRAB (1.74 Ω) primarily due to
its lower solution conductivity (245 mS/cm for TRENB and 368 mS/cm for TRAB). However, this
increase in ohmic resistance was offset by a decrease in the reaction resistance from 1.66 Ω (TRAB)
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to 0.92 Ω (TRENB), making the overall resistance of TRENB lower than that of TRAB with the
same concentration of ligand (Figure 5-2). The ohmic resistance of TRENB was further enhanced
by increasing the ligand concentration to 3 M (2.55 Ω) or 4.5 M (3.06 Ω) (Figure 5-2). Increasing
the ethylenediamine concentration enhanced the anolyte pH from 9.29 for 2 M to 9.74 for 4.5 M,
leading to the formation of neutrally charged ammonia from the positively charged ammonium,
which exists as the supporting electrolyte (Appendix D, Eqn. S5-2; Figure S5-4). This transfer from
the charged species to the uncharged species decreased the solution conductivity, resulting in a
higher solution resistance for a higher concentration of ethylenediamine.
The reaction resistance, which is the sum of anode and cathode charge transfer resistances,
and the diffusion resistances, were lower with the TRENB (1.05 Ω in average) than that of TRAB
(1.66 Ω; Figure 5-2). Changing the ligand from ammonia to ethylenediamine facilitated the
electrochemical reactions or/and copper ions diffusion coefficient. This improvement resulted in
the higher power production of TRENBs compared to that of the TRAB.

Figure 5-2. Nyquist plots of the whole cell impedance at 0.2 V for TRAB with ammonia (black)
and TRENBs (colored) with various concentration of ethylenediamine (en), all with a 0.1 M
Cu(II) and 5 M NH4NO3 supporting electrolyte. The inserted Fig. indicates the components of
impedance (ohmic and reaction) obtained by fitting the Nyquist plots to the equivalent simplified
Randles circuit (Appendix D, Figure S5-2).
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5.3.3 Discharge performance
To evaluate energy production, power generation was examined over a complete discharge
cycle (defined as a final cell voltage <10 mV) at the external resistance which produced the
maximum power in polarization tests. The energy densities of the TRENB were consistent with
polarization tests, with 461 Wh m−3 produced at an ethylenediamine concentration of 2 M, and 478
Wh m−3 at 3 M. However, a further increase of ethylenediamine concentration to 4.5 M (480 Wh
m−3) did not appreciably improve the energy density (Figure 5-3). The electrical energy produced
by the TRENB was ~1.5 times that obtained by the TRAB (323 Wh m−3) both with the same ligand
concentration of 2 M. The total charge transfer of TRENB also followed the same trend as energy
production, with 509 coulombs (C) for 2M, 532 C for 3 M, and 565 C for 4.5 M. Similar to the
power and energy production, the total charge transfer of TRENBs were also higher than that of
TRAB (420 C; Figure 5-3b). By switching the ligand from ammonia to ethylenediamine, the
discharge efficiency was slightly improved. For example, TRENB with the same ligand
concentration as TRAB (2 M) obtained a discharge efficiency of ηd = 30%. The discharging energy
efficiency of the TRAB was 26%, similar to that previously reported (Figure 5-3b) [17, 18].
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Figure 5-3. (a) The discharge performance, (b) total charge (filled symbols), electrical energy
density (open symbols) and discharge efficiencies (column) of TRAB with ammonia and
TRENBs with various concentration of ethylenediamine (en). The initial electrolyte contained 0.1
M Cu(II) and 5 M NH4NO3 as the supporting electrolyte. The arrow in (a) shows when the anode
electrode of TRAB was replaced; the anodes were not replaced for the TRENB.

Since a TRB would be operated in successive closed-loop cycles in which the electrodes
alternatively function as cathode and anode, ideally the rate of corrosion of the anode must be the
same as the rate of deposition on the cathode electrode. The corrosion and deposition rates of the
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electrodes were investigated by calculating the cathodic and the anodic coulombic efficiencies. The
coulombic efficiency for the anode in a single TRENB cycle was ACE = 77 ± 2%, which was
significantly higher than that of TRAB (35%) (Figure 5-4a). In both cases, a side reaction in which
a species in the anolyte liked functioned as an alternative electron acceptor, resulting in an ACE <
100%. The loss of the anode to a side reaction was reduced by replacing ammonia with
ethylenediamine, thereby increasing the ACE. The cathodic coulombic efficiency was ~100% for
both TRENB and TRAB, which showed that all of the current in the cathode was consumed by the
electrodeposition reaction of the copper ions (Cu2+→Cu0). As a result of the different anodic
coulombic efficiencies, the difference between the cathode deposition and the anode corrosion rates
for TRENBs (4 mg) was significantly lower than that of TRAB (60 mg; Figure 5-4b). Unlike
TRENB, the anode electrode of TRAB needed to be replaced by a new copper electrode during the
discharge test due to a very high corrosion rate.
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Figure 5-4. (a) Cathodic (CCE) and anodic coulombic efficiencies (ACE), and (b) electrode
weight change of cathodes and anodes of TRAB with ammonia and TRENBs with different
concentration of ethylenediamine (en).

5.3.4 Cyclic voltammetry study of TRBs
To identify possible side reactions contributing to the low ACEs, the electrochemical
behavior of the anode electrode was evaluated using cyclic voltammetry (CV) at different scan
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rates. For TRENB, a sharp decrease in the current at the vortex potential represented the copper
deposition from Cu(II) complex to Cu(0), according to the reaction:
Cu(en)22+ + 2e− = Cu(0) + 2en

(5-6)

In addition, an anodic peak (Ia) were observed which can be attributed to the anodic
formation of [Cu(en)2]2+ from Cu(0). The potential of this broad peak changed with the scan rate,
suggesting that the kinetics of the electrochemical Cu(0) oxidation step were slow (Figure 5-5a).
For TRAB, a different electrochemical behavior was observed. The cathodic peak (IIc) at
~ −0.29 V was not followed by a sharp decrease in the current at the vortex potential, suggesting
that no copper electrodeposition occurred (Figure 5-5b). Peak IIc can be attributed to the reduction
of [Cu(NH3)4]2+ to [Cu(NH3)2]+ [25, 26], according to:
Cu(NH3)42+ + e− = Cu(NH3)2+ + 2NH3

(5-7)

Upon sweep reversal, a corresponding anodic peak (IIa; copper complex oxidation) was
also observed. Since for TRAB a symmetrical CV curve was achieved, it can be concluded that
only a quasi-reversible reaction involving the copper complex occurred, without evidence for a
deposition or dissolution electrochemical reaction.
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Figure 5-5. Cyclic voltammograms of (a) TRENB, and (b) TRAB in the potential range of −0.6
V to 0.6 V at different scan rates. An electrolyte with 0.1 M Cu(NO3)2, 5 M NH4NO3 and 2 M
ligand was used. In part (b), the green line (TRENB) was used to better compare the peak
currents of TRENB and TRAB.

The CVs help to explain the different coulombic efficiencies for the anodes with
ethylenediamine or ammonia. In both cases, the positively charged complex was an electron
acceptor, resulting in an ACE <100%. However, significantly lower peak currents were obtained
for TRENB compared to that of TRAB (Figure 5-5b). Therefore, the reduction of Cu(II)-complex
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in TRENB is slower and/or less favorable than that in TRAB, which would explain a higher ACE
of TRENB (77 ± 2%) than that of TRAB (35%).

5.3.5 Recharging the electrolytes
In order to charge a TRB, the ligand needs to be separated off from the anolyte and re-dissolved in
the catholyte. The ethylenediamine-water mixture has an azeotrope with a maximum separation
point of 0.55 (molar fraction), so the fractional distillation proposed for TRAB could not be used
for a TRENB [27-29]. Therefore, other separation methods, such as an azeotropic distillation or
pressure swing distillation would need to be used to separate ethylenediamine and water using
waste heat. In order to calculate an energy efficiency for converting waste heat into electricity, we
examined the use of an azeotropic distillation using acetone as the solvent. The results showed that
ethylenediamine, with a purity of 92%, could be separated using a three-column separation unit
(Appendix D, Figure S5-5). For TRAB recharge, the energy for separation was evaluated for a
distillation column with a reboiler temperature of 70.4 ºC, a condenser temperature of 43.3 ºC, and
low-grade waste heat (<130 ºC) as the energy source was used [17, 18, 30]. The energy requirement
to recharge the TRENB was calculated as 615 kW h m−3-anolyte, which was ~2.5 times more than
that required by the TRAB (245 kW h m−3). Based on this estimation, the thermal-electric
conversion efficiency of the TRENB was 0.52%, which was lower than that of the TRAB (0.86%)
despite its higher power and energy production. This suggests that a greater optimization of
regeneration process of ethylenediamine for the TRENB process could greatly improve overall
energy efficiency. Alternative separation approaches or conditions should therefore be examined
to improve the overall thermal efficiency of the process.

90
5.4 Conclusions
A thermally regenerative battery based on using an ethylenediamine ligand was investigated to
harvest low-grade waste heat as high electrical power. Compared to the previously developed
battery based on using an ammonia ligand, the ethylenediamine system had a 1.7 times higher
power density and 1.5 times higher energy production than that obtained using ammonia. In
addition, the coulombic efficiency of the anode (~80%) was significantly higher than that of TRAB
(35%), resulting in less difference between copper corrosion and deposition rates on the electrodes.
The overall energy efficiency of the TRENB of 0.52% could easily be improved by optimization
of the ethylenediamine separation process, which would lead to a more efficient process for
converting low-grade waste heat into electrical power.
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Chapter 6
A thermally regenerative ammonia battery with carbon-silver electrodes for
converting low-grade waste heat to electricity

Abstract
Thermally regenerative ammonia batteries (TRABs) have shown great promise as a method to
convert low-grade waste heat into electrical power, as reported power densities are an order of
magnitude higher than other approaches. However, previous TRABs based on copper salts and
electrodes suffered from unbalanced anode dissolution and cathode deposition rates during
charging and discharging cycles, limiting the number of usable cycles. To improve battery cycling,
a TRAB was developed using silver salts and inert (carbon) electrodes. The power density of a fedbatch silver-based TRAB was 23 W m−2-electrode area, which was 64% higher than that produced
in a side by side test using copper-based electrodes. In a continuous flow cell, the silver-based
TRAB produced a maximum power density of 30 W m−2, with a net energy density of 490 Wh m−3anolyte. Power production was stable over 100 charging and discharging cycles, demonstrating
reversibility of the charging cycles. 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 MWh−1, which is competitive with non-fossil fuel energy production. A substantial
reduction in the costs for power could be obtained by developing less expensive anion exchange
membranes.

94
6.1 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
[5-8]. Technologies to convert low-grade waste heat to electricity must produce high power
densities and be efficient, scalable, and cost-effective [1, 9], but so far no approach has met all these
goals. For example, solid-state thermoelectric devices based on p- and n-type semiconductor
materials have high material costs, lack the capacity for energy storage, and have relatively low
power densities [1, 10, 11]. 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 [12-14]. 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% [15],
which was low compared to other approaches (efficiencies of 1.4 – 3.95 %) [12-14]. As a result of
these relatively low power densities and thermal-electrical inefficiencies, solid state and TECs have
not yet been commercialized [16].
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 [17]. 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 a
Carnot thermal-electrical conversion efficiency of 5% [18]. 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
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nitrate electrolyte (Cu-TRAB), with ammonia as the ligand [17]. 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 reduced and deposited on the cathode (Appendix E, Eqn.
S6-1, S6-2). After discharging, the ammonia is separated from the anolyte using conventional
separation technologies, such as distillation or air stripping, using low-grade waste heat [17, 19].
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 be fully rechargeable, 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
Cu-TRAB was only 35% (i.e., approximately three times as much copper dissolves from the
electrode as would be expected) [17-19]. This irreversible loss of copper from the anode limited
the number of possible cycles using this ammonia-ligand system. The use of an alternative ligand
(ethylenediamine) reduced, but did not eliminate, irreversible losses of copper from the anode [20].
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)

E0 = +0.80 V

(6-1)

Anode:

Ag (s) + 2 NH3 (aq) → Ag(NH3)2+ (aq) + e–

E0 = +0.37 V

(6-2)

where E0 is the standard reduction potential (vs. SHE) [21]. For copper, the cathode E0 value is
+0.34 V and the anode E0 value is −0.04 V vs. SHE (Appendix E, Eqn. S6-1, S6-2) [22]. 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,
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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 cost of the materials
used in the continuous flow system.

6.2 Materials and Methods

6.2.1 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) [23, 24]. 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) (Appendix E, Table S6-1). 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.
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Energy-dispersive X-ray spectra (EDS; NanoSEM 630, FEI, Hillsboro, OR) were used to identify
composition of the particles formed on the carbon substrate.

6.2.2 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 [22, 25]. 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 (Appendix E, Figure S6-1). The power production and coulombic
efficiency of Ag-TRAB were also compared to those of the Cu-TRAB. 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 [20, 22].
The remaining tests were conducted using a compact, custom-built flow cell with a design
similar to our previous tests [26, 27]. 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 (Figure 6-1).
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Figure 6-1. (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.
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The electrolytes were prepared using 0.1 M of either AgNO3 (Sigma-Aldrich; 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.

6.2.3 Cell performance evaluation
Polarization tests were performed using a potentiostat (model 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 [28, 29]:
𝑃hydro =

2𝑄𝑓 ∆𝑃𝑡
𝐴

(6-3)

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 [30]:
∆𝑃 =

12μ𝐿Q𝑓
𝑑3

(6-4)
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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 −𝑚0,𝑐 ) 𝑛 𝐹
𝑄𝑀

× 100

(6-5)

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 =

𝑄𝑀
(𝑚o,𝑎 −𝑚𝑓,𝑎 ) 𝑛 𝐹

× 100

(6-6)

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.
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 [20].
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
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EIS spectra were fitted into a simplified Randles equivalent circuit to calculate the resistance of
each component (Appendix E, Figure S6-2).
The charge/discharge reversibility of flow Ag-TRAB with a carbon cloth based silverelectrodeposited 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 seconds 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:
𝜂𝑑 =

𝑄
𝐶𝑖 𝑉𝑐𝐹

× 100

(6-7)

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 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 [19]. 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).
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6.3 Results and Discussion

6.3.1 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 fed-batch battery (Figure 6-2a). 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 Ag-TRAB had a higher ohmic
resistance (2.45 Ω) than the Cu-TRAB (2.22 Ω), but a less reaction resistance (Ag-TRAB, 0.37 Ω;
Cu-TRAB, 1.66 Ω), and therefore a smaller total resistance (Figure S6-3). 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; Figure 6-2b). 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 electrode reversibility.
The CCE and ACE of Ag-TRAB were very similar and close to 100 % over three successive cycles
(Figure 6-3a). 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 [17, 19], indicating a large loss of copper
due to its dissolution without current generation.
Cyclic voltammetry (CV) was used to further explain why the coulombic efficiencies of
the anode and cathode were effectively 100%. The anode potential range of the Ag-TRAB
(highlighted blue area; Figure 6-3b) did not cover the silver ammine complex reduction peak,
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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 copper-based TRAB,
the anode potential occurred at a potential favorable for the reduction of copper with the ammine
complex in solution (Eqn. S6-3), and thus substantial copper loss resulted in metal dissolution not
associated with current production, leading to a low ACE [20]. 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.

Figure 6-2. (a) Power densities and (b) cathode (open symbols) and anode (filled symbols)
potentials of silver and copper TRABs. The experiments were done in a cubic batch reactor with
5 M NH4NO3 supporting electrolyte, 2 M NH4OH (just anolyte) and either 0.1 M AgNO3 (for AgTRAB) or 0.1 M Cu(NO3)2 (for Cu-TRAB). Carbon paper Ag electrodeposited electrodes were
used for the Ag-TRAB, while copper mesh electrodes were used for the Cu-TRAB.
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Figure 6-3. (a) Coulombic efficiencies of three successive cycles of silver TRAB (Ag-TRAB),
compared to the previous copper-based TRAB (Cu-TRAB). (b) Cyclic voltammetry of silver and
copper TRABs (scan rate of 25 mV s−1) in a cell with a glassy carbon working electrode, a
platinum wire counter electrode and an Ag/AgCl reference electrode; the highlighted area
indicates the potential range of the anode for the silver and copper TRABs.
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6.3.2 A silver-based continuous flow TRAB

6.3.2.1 Electrode characterization
Silver particles were observed using SEM to be uniformly distributed with no particle
agglomeration on both carbon cloth and paper. The carbon substrates also showed no deformation
and physical degradation, confirming the physical stability of carbon cloth and paper electrodes
during the silver electrodeposition process (Figure 6-4a, b; Appendix E, Figure S6-4). EDS analysis
of the samples confirmed that the particles were metallic silver (Figure 6-4c).

Figure 6-4. 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.

6.3.2.2 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 (Figure 6-5). 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 [18, 31, 32]. For example, the maximum power density increased from 24 W m−2 at a
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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 flowrate [28, 30]. 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 (Figure 6-5).

Figure 6-5. 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.

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) (Figure 6-6). The reduced reaction resistances indicated that the
electrochemical oxidation and reduction of silver ions were more favorable on carbon cloth than
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on carbon paper. 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.

Figure 6-6. 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 (Appendix E, Figure S6-2). 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).

6.3.2.3 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 from the anolyte, which eventually reduced the
consumption of silver ions through an unfavorable chemical reaction (Ag+ + 2NH3 → Ag(NH3)2+)
(Appendix E, Figure S6-5, S6-6) [22]. Similar to polarization test results, net energy density was
calculated by subtracting the energy to pump the electrolyte from the total energy produced (Figure
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6-7). 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) [18], 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%) [17, 18, 20, 22].
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 thermal efficiency
relative to the Carnot efficiency was calculated as 3.8%. Based on a previous analysis that indicated
the Carnot efficiency would need to be in the range of 2-5% [33], this estimated Carnot efficiency
is within a range that could make the Ag-TRAB a commercially viable heat-to-electricity
technology.
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Figure 6-7. 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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6.3.2.4 Electrode behavior during the cell discharge
The silver electrodeposited electrodes examined using SEM analysis (Figure 6-8) showed a
uniform distribution of silver particles with no agglomeration after discharging the cell (electrical
power production) for 1, 10 and 22 minutes (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
cloth and paper are suitable electrode substrates for Ag-TRAB.

Figure 6-8. 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 the figure; 1 min, 10 min, and
22 min).
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6.3.2.5 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 reversibility was examine over
100 cycles (Figure 6-9; Appendix E, Figure S6-7). Cell potentials and power production were
shown to be stable, indicating excellent reversibility of the silver deposition and dissolution
reactions on the electrodes. Examination of the electrodes after 100 cycles using SEM showed an
absence of particle agglomeration of silver particles on the carbon materials (Appendix E, Figure
S6-8). 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.
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Figure 6-9. (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.

6.4 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) [18], based on the total reactor volume. The energy
efficiency relative to the Carnot efficiency (3.8%) was also in a range that could enable the system
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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 that must be taken into account for further development of Ag-TRAB
is the cost of the materials relative to power 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 MWh−1,
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.)
(Appendix E, Figure S6-9, Figure S6-10). However, the price of this silver-based battery is lower
than the average electricity price of other developed batteries ($300 MWh−1). One major cost of the
TRAB is the ion exchange membrane (~48% of the 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 MWh–1, 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 MWh−1), which is mostly produced by conventional technologies
(i.e., fossil fuels) (Appendix E, Figure S6-10). 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 [34-36]. 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
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generate a cleaner method of electrical power generation using waste source if the commercial cost
of ion exchange membranes could be significantly reduced.

6.5 Conclusions
A flow thermally regenerative 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 with an optimal hydraulic retention time of 2 s (a flow rate
of 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 cooperbased 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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Chapter 7
Conclusions and Future Work
The conversion of low-grade thermal energy into electrical power using liquid-based
technologies offers many advantages over the solid-state thermoelectrics. Based on comparison of
power densities and efficiencies as well as considering the time of development of seven liquidbased technologies, TRBs have shown the highest power densities together with high thermal
efficiencies, which make them attractive future directions of low-grade heat conversion
investigations (Figure 7-1). The other liquid-based technologies such as TEC and SGE have stalled
before becoming commercially viable, mainly due to their low power densities and thermal
efficiencies. For example, the highest power density (P) reported for a TEC of 12 W m−2 was an
order of magnitude lower than those of TRBs (P ~ 100 W m−2).
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Figure 7-1. Comparison of the liquid-based approaches of converting low-grade heat to
electricity. The figure indicates (a) the power density and efficiency relative to the Carnot limit
and (b) research time of thermoelectrochemical cells (TEC, blue colored) with platinum (TEC-Pt,
open symbols) [1] or with carbon nanotube electrodes (TEC-CNT, filled symbols) [2-5];
Thermally regenerative electrochemical cycle (TREC, red colored) with (filled symbol) [6], or
without (open symbol) [7] an ion-exchange membrane, or a charging-free TREC (patterned
symbol) [8]; Thermally regenerative battery (TRB, green colored) with a batch reactor and copper
electrodes and ammonia ligand at room (filled symbols) [9, 10] or elevated (vertical line)
temperatures [11], a TRB with ethylenediamine ligand (diagonal line) [12], and a flow copper
(horizontal line) [13] or silver (open symbol) TRB [14, 15]; salinity gradient energy (SGE, gray
colored) technologies including reverse electrodialysis (RED, asterisk) [16-19], and pressure
retarded osmosis (PRO, cross) [20, 21]; and thermos-osmotic energy conversion (TOEC, orange
colored) [22]. The highlighted area in part b indicates the time period that each technology has
been developed.
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In this dissertation, the performance of TRAB was improved in terms of power and energy
densities, thermal-electrical efficiencies, and cycling performance. Power density and thermalelectrical efficiency of TRAB were improved by using a series of fabricated anion exchange
membranes. The TRAB was also adapted for use as a treatment system to remove copper ions from
water. A thermally regenerative ethylenediamine battery was developed that showed higher power
and energy densities as well as coulombic efficiencies compared to previous ammonia-based
systems. To address the reversibility issue of the copper-based TRAB, a silver-based TRAB was
developed, which showed good reversibility over multiple discharge cycles.
A variety of opportunities still remains to further improve the performance of TRB to move
forward this technology to effectively harvest low-grade heat as electricity. In particular, the heatto-electricity efficiency of TRBs needs to be improved through optimization of the charging process
(i.e., shifting towards the top right of the Figure 7-1). A partially optimized distillation column was
simulated as the ammonia separation unit from an anolyte of a TRAB. The heat duty was estimated
under optimized temperature, pressure, and molar flow [10, 11, 13]. This thermal energy
requirement for the separation unit could be further minimized (i.e., increase in thermal efficiency)
by optimizing the distillation column parameters including number of stages, feed stage location
and reflux ratio. Alternative separation processes such as air stripping could be also investigated as
a method of decreasing the separation energy requirement and eventually increasing the thermalelectrical conversion efficiency.
The ACE of copper-based TRBs could be improved by discharging the cell under anaerobic
condition. It was shown that free dissolved oxygen might accelerate the complex reduction reaction
in the anolyte, resulting in a decrease of the ACE [10, 23]. Therefore, anaerobic TRABs need to be
designed to enhance the ACE and possibly electrical power densities. In order to have an anaerobic
condition, either performing the experiments in the glovebox, or adding oxygen scavengers could
be tried.
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Silver-TRAB is a relatively unexplored area of TRB research and deserves more
investigation, mainly due to its fully reversible cycles together with high power density and thermal
efficiency. For example, the performance of Ag-TRAB needs to be investigated at elevated
temperatures. It was shown that the power density of a Cu-TRAB increases by enhancing the
operational temperature [11], thus there is an opportunity to improve the Ag-TRAB as well. A flow
Ag-TRAB with larger volumes should be also tested to evaluate the power and energy densities of
a scaled up reactor.
Finally, to bring TRB technology into real-world applications, a comprehensive economic
assessment is essential. So far, an initial economic analysis was done for a Ag-TRAB, and it showed
that the price of electricity produced based on materials costs was 1.8 times more than the average
electricity price in the U.S. ($120 MWh−1), due primarily to the cost of the membrane and the silver
[14, 15]. However, this could be reduced to $120 MWh−1 if the cost of a membrane could be
reduced to $10 m–2. Other potential benefits, such as the elimination of air pollution, and beneficial
issues related to health and climate change were not included in the comparison. Although the costs
of building and operation relative to energy production of TRB low-grade heat conversion
technology is currently higher than that of conventional technologies, this approach could provide
a cleaner method of electrical power generation from a free and available source of energy.
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Appendix A
Supporting Information for Chapter 2

Section 1: Solution Chemistry
1.1 Introduction
One of the main factors that directly affects the electrochemical performance of a TRAB
is the electrolyte. Zhang et al. [1] showed that using NH4NO3 as the electrolyte increases the power
density from 3 W m–2 (no electrolyte) to 38 W m–2 (5 M NH4NO3). All the previous studies on
TRAB utilized ammonium nitrate as the electrolyte [1-3]. Here, we hypothesized that the electrical
production of TRAB will be improved by using electrolytes with a higher cell open circuit potential
compared to the previously used nitrate system. In order to study this hypothesis, TRABs with
different electrolytes were tested.
Various factors should be considered to select electrolytes. Some of these factors are directly
related to the electrochemical behavior of the electrolyte, including electrolyte conductivity, pH,
non-reactivity with the electrodes and double-layer behavior. Thermodynamic-related factors such
as non-reactivity of electrolyte with other species in the solution, particularly copper ions, are also
important. In addition, diffusion of the copper ions in the solution and the rate of anodic/cathodic
charge transfer are two key kinetics parameters that should be considered while selecting an
electrolyte.

1.2 Methods
In order to find the electrolyte in which TRAB obtains the highest performance, five
different inorganic salts were studied. Our previous investigation confirmed that TRAB with
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ammonium salts as the electrolyte cation showed a higher performance compared with other
common electrolytes, sodium and potassium salts (Figure S2-1). Hence, five different ammonium
salts (i.e., ammonium nitrate, ammonium sulfate, ammonium chloride, ammonium perchlorate, and
ammonium sulfite) were studied as the electrolyte. Because of different maximum solubilities,
these electrolytes were categorized into two groups: 2 M and 1 M electrolytes.

Figure S2-1. Power density for (a) various background electrolyte at 1M, and (b) different
concentration of ammonium sulfate (0.1 M copper sulfate, and 2 M of ammonia for anolyte).

All the experiments were performed in a cubic-reactor TRAB as previously described [1,
2]. The battery 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) with an
effective surface area of 7 cm2. Two 0.8 × 2 cm pieces of copper mesh (50 × 50 mesh; McMasterCarr, OH) connected by copper wire were used as the electrodes, with each electrode placed 1 cm
away from the membrane. In order 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 (2 cm
away from the membrane). The catholyte was mixed using a magnetic stirrer (6.4 × 15.9 mm;
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VWR) at 600 rpm. Previous investigations showed that stirring the catholyte improved the power
generation, because of better mass transfer of ions to the electrode [1].
Several electrochemical tests were performed to study the effect of electrolytes on TRAB
performance. Polarization tests were performed using a potentiostat (model 1470E, Solatron
Analytical, Hampshire, England) to measure the cell voltage (U), and each electrode potential at a
constant temperature room at 30 °C. External resistances were switched every 5 min from 20.5 to
1 Ω in decreasing order. Both current density (i = U/RA, A m–2), and power density (P = U2/RA,
W m–2) were normalized to a single electrode projected surface area (1.6 cm2). Before connecting
the external resistance to the cell, the open circuit potential of the cathode was recorded for 5 min.
Electrochemical impedance spectroscopy (EIS) was performed to compare the cell resistance
of TRABs with different electrolytes. All EIS tests were performed over a frequency range of 100
kHz to 0.1 Hz with a sinusoidal perturbation of 10 mV amplitude. Cells were discharged at 0.2 V
for 10 min with stable current production before the addition of sinusoidal perturbation in EIS tests
to assure a pseudo steady state. The EIS spectra were fitted into the equivalent circuit, to identify
the solution/membrane resistance (Rsolution/membrane), charge transfer and diffusion resistance. We
defined the reaction resistance (Rrxn) as the sum of the charge transfer and diffusion resistances.
Solution resistance can be calculated using solution conductivities as:
𝑅solution =

𝑙 1
1
(
+
)
𝐴 𝜎an 𝜎cat

(S2-1)

where l is the distance between electrode and membrane (1.14 × 10–2 m), A is the internal area of
the reactor (7.07 × 10–4 m2), and σan and σcat are solution conductivities of anolyte and catholyte,
respectively. Membrane resistance was calculated by subtracting solution resistance from the
solution/membrane resistance measured by the EIS:
𝑅membrane = 𝑅solution/membrane − 𝑅solution

(S2–2)
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1.3 Results
1.3.1 Power production of TRAB with different electrolyte
In both 2 M and 1 M electrolyte categories, nitrate-based TRAB showed the highest electrical
power production (Figure S2-2a and S2-2c). For 2 M electrolytes, the difference in power density
was mainly because of the cathode performance (Figure S2-2b). The low cathode electrode
potential of the chloride TRAB was because of the side reaction of Cl– with Cu2+, leading to a less
availability of the Cu2+ and a lower cathode potential. For 1 M electrolytes, although TRAB with
perchlorate salt exhibited significantly higher open circuit potential (Figure S2-2d), the nitrate salt
showed a better performance (Figure S2-2c). Using ammonium sulfite as the electrolyte improved
the anode potential; however, the cathode potential dramatically decreased compared with other
TRABs, resulting in a very low performance for ammonium sulfite system.

Figure S2-2. (a) Power densities and (b) electrode potential of TRAB with various 2 M
electrolyte, and (c) power densities and (d) electrode potential of TRAB with various 1 M
electrolyte, 0.1 M Cu(NO3)2, and 2 M ammonia in the anolyte.
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1.3.2 Cell resistance analysis
TRABs with different electrolytes can be further investigated by considering the cell
resistances. Among 2 M electrolytes, sulfate showed the highest total resistance (6.4 Ω), followed
by nitrate (4.3 Ω), and chloride (3.7 Ω). For 1 M electrolytes, the total cell resistance of the sulfite
TRAB is significantly higher than those of the perchlorate and nitrate systems (Figure S2-3).
Solution resistance is directly proportional to the conductivity of the solutions. The solution
conductivity as well as the anion size typically determines the membrane resistance; however, the
reason for a very high membrane resistance observed for the perchlorate system was not clear.
Perchlorate ions probably created a layer, similar to an electrode double-layer, on the membrane
surface. Sulfate and perchlorate showed a higher reaction resistance compared to nitrate, mainly
because of bigger anion sizes, which had a direct impact on the double-layer formation on the
electrode surface. A significantly higher reaction resistance was observed for the sulfite TRAB.
Unlike the other electrolytes for which the initial catholyte pH were around 2.7, catholyte with
sulfite electrolyte had an initial pH of 7.4. It seemed that the very low cathode performance was
because of the relatively high cathode pH of the sulfite system.
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Figure S2-3. Resistance compartments of a TRAB operated with different (a) 2 M, (b) 1 M
supporting electrolyte, 0.1 M Cu(NO3)2, and 2 M ammonia (anolyte).
Considering the above results, although the chloride-TRAB showed a relatively low
solution/membrane resistance (electrochemically favorable) and a very fast reaction rate and
diffusion (kinetically favorable), the side reaction of chloride ions with copper ions
(thermodynamically unfavorable) negatively affected the performance of the system. The
perchlorate system obtained the highest open circuit potential; however, the relatively high
membrane resistance (electrochemically unfavorable) and the slow rate of electron and copper ion
transfer (kinetically unfavorable) limited the performance of perchlorate-TRAB. Similar to the
perchlorate system, both sulfate and sulfite electrolytes showed high reaction resistance (kinetically
unfavorable). A relatively low solution resistance together with low membrane and reaction
resistances made ammonium nitrate the best electrolyte. Therefore, power density of TRABs with
different electrolyte were not a function of the open circuit potential, but the cell resistance
compartments as well as the side reactions played a more important role.
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Section 2: Understanding Possible Reasons for a Low Anodic Coulombic Efficiency

Coulombic efficiency of an electrode was defined as the ratio between the actual produced charge
and the theoretical value of charge based on the mass change of the electrode [1-3]. Cathodic
coulombic efficiency (CCE) of 100% indicates that all the current in the cathode electrode were
consumed by the reaction of copper ion deposition on the copper electrode (Eqn. S2-3), leading to
a mass change of the electrode. Similarly, anodic coulombic efficiency (ACE) of 100% confirms
that all the produced current by the oxidation of copper electrode (Eqn. S2-4) were led to the
external circuit, and no other species in the anolyte acted as an electron acceptor.
Cu2+ (aq) + 2e– → Cu (s)
Cu (s) → Cu2+ (aq) + 2e–

(S2-3)
(S2-4)

Since, in TRAB, electrodes successively act as the cathode and anode, the rate of
corrosion/ACE and deposition/CCE must be the same. Previously developed ammonia-based
system exhibited a CCE of 100% and an ACE of ~35% [1, 2]. It is not possible to keep the copper
electrodes in a closed-loop for a TRAB with unequal coulombic efficiencies. In other words, for
one time battery discharge, one cathode copper electrode and three anode copper electrodes were
needed.
In order to understand possible reasons for a low ACE, different hypotheses were tried. First,
we hypothesized that very alkaline media of anolyte might accelerate the corrosion rate of copper
electrodes. The ACE results at various high alkaline pH showed that varying the anolyte pH does
not significantly affect either ACE or CCE (Figure S2-4a). Second, we thought that anions in the
anolyte might react as an electron acceptor. In order to try this hypothesis, ACEs of TRAB with
different anions were studied. The result showed that for all TRABs, ACEs were less than 40%
(Figure S2-4b).
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Figure S2.4. Anodic and cathodic coulombic efficiencies of TRABs with different (a) anolyte
pH, (b) electrolyte.
Third, we hypothesized that the positively charged copper amine complex [Cu(NH3)4]2+ might
act as an electron acceptor, according to the following possible reactions [4, 5]:
[Cu(NH3)4]2+(aq) + e– → [Cu(NH3)4]+(aq)

(S2-5)

[Cu(NH3)4]2+(aq) + e– → [Cu(NH3)2]+ (aq) +2NH3 (aq)

(S2-6)

The preliminary results confirmed that by increasing the concentration of copper complex,
ACE decreases (Figure S2-5). This could be a serious problem to develop TRAB in the future,
since ammonia, as a ligand, is a necessary part of the system. In order to address this problem, we
hypothesized that TRB based on ethylenediamine (en) ligand instead of ammonia will show
enhancement in ACE because of a less tendency of [Cu(en)2]2+ complex to act as an electron
acceptor.

Figure S2-5. Anodic coulombic efficiencies of TRAB operated with various concentrations of
the ligand (ammonia).
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Equations describing chemical consumption of copper in the cathode with ammonia:
NH4+ = NH3 + H+

,

pKa=9.25

(S3-1)

Cu2+ + NH3 = [Cu(NH3)]2+

,

pK1=−4.25

(S3-2)

[Cu(NH3)]2+ + NH3 = [Cu(NH3)2]2+

,

pK2=−3.61

(S3-3)

[Cu(NH3)2]2+ + NH3 = [Cu(NH3)3]2+

,

pK3=−2.98

(S3-4)

[Cu(NH3)3]2+ + NH3 = [Cu(NH3)4]2+

,

pK4=−2.24

(S3-5)
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Figure S3-1. Schematic of the separation unit (battery charge) based on a distillation column with
a reboiler temperature of 70.4 ºC, and a condenser temperature of 43.3 ºC. The input
concentration of ammonia is 2 M, and 97% of this component is separated off from the top
stream. The separation is modeled in a column with 6 trays with the non-random two-liquid
(NTRL) thermodynamics model using Aspen HYSYS software. The letters “b”, “c”, and “d”
refer to the same unit described in Fig. S1.

Figure S3-2. Synthetic route of poly(2,6-dimethyl phenylene oxide) with benzyltrimethyl
ammonium cation AEMs (Bx; x=25, or 40).
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Figure S3-3. Equivalent circuit for the cell impedance analysis to measure the membrane
resistance.

Solution resistance can be calculated using solution conductivities as:
𝑹𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧 =

𝒍 𝟏
𝟏
(
+
)
𝑨 𝝈𝐚𝐧 𝝈𝐜𝐚𝐭

(S3-6)

where l is the distance between electrode and membrane (1.14 × 10–2 m), A is the internal area of
the reactor (7 × 10–4 m2), and σan and σcat are solution conductivities of anolyte and catholyte,
respectively. Membrane resistance was calculated by subtracting solution resistance from the
solution/membrane resistance measured by the EIS:
𝑹𝐦𝐞𝐦𝐛𝐫𝐚𝐧𝐞 = 𝑹𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧/𝐦𝐞𝐦𝐛𝐫𝐚𝐧𝐞 − 𝑹𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧

(S3-7)

Figure S3-4. Image of B40-50 fabricated AEM after a period of one year.
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Electrode potential calculations
The Nernst equation for calculating cathode and anode electrode potential:
𝐸 = 𝐸0 −

𝑅𝑇
1
𝑙𝑛
2𝐹
𝛼(𝐶𝑢2+ )
𝑅𝑇

𝐸 = 𝐸 0 − 2𝐹 𝑙𝑛

[𝛼(𝑁𝐻3 )]4
𝛼(𝐶𝑢(𝑁𝐻3 )4 2+ )

(S4-1)
(S4-2)

where E0 is the standard reduction potential of either cathodic or anodic reaction, R is the gas
constant (J K–1 mol–1), T is the solution temperature (K), F is the Faraday constant (96485 C mol–
), and α(Cu2+), 𝛼(𝑁𝐻3 ), 𝛼(𝐶𝑢(𝑁𝐻3 )4 2+ ) are the activities of copper ion, ammonia, and copper

1

complex, respectively.
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Cathode open circuit
potential (V)

Figure S4-1. Schematic of the distillation column for ammonia separation from the anolyte
(charge the battery).

0.3
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0.2
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0.1

(NH4)2SO4_Exp.

0.05
0
0.001

Calculation (Nernst eq.)

0.01

Cu2+

0.1

concentration

Figure S4-2. Cathode open-circuit potential at different copper concentrations with (NH4)2SO4 as
the supporting electrolyte, compared to those estimated by using Nernst equation.
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Figure S4-3. Initial states of catholyte (blue points) with 1 M (NH4)2SO4 supporting electrolyte,
and (A) 0.1, (B) 0.05, (C) 0.01, and (D) 0.002 M Cu(II). The vertical axis (log C) shows either
log ([Cu2+]×[OH–]2) (black line) or logKs0= –19.36 (red line). Precipitation occurs at the point
where log ([Cu2+]×[OH–]2) is higher than the solubility constant of Cu(OH)2 [logKs0=–19.36]. The
initial states of the catholytes (blue points) are all below the red line, showing all the initial Cu(II)
was present in the aqueous phase.
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Based on the below calculation, we conclude that the pale blue precipitates that formed in the
solution containing 0.002 M Cu(II) were Cu(OH)2. For other concentrations, formation of
precipitates was not thermodynamically possible (log Q < log Ks0).
Table S4-1. Copper ion and hydroxide concentrations for calculating the possibility of Cu(OH) 2
precipitation formation
Initial Cu(II)
concentration
(Ci; M)
0.1
0.05
0.01
0.002

Final
catholyte
pH
5
5.2
5.4
5.9

Final OH–
concentration
(M)
10–9
1.59×10–9
2.51×10–9
7.94×10–9

Cu(II)
removal
(Rem; %)
63
77
48
2

Final Cu(II)
concentration
(Cf; M) *
3.70×10–2
1.15×10–2
5.20×10–3
1.96×10–3

log Q **
–19.43
–19.54
–19.48
–18.91

*

Calculated as Cf = Ci (1-Rem/100);
Calculated as log Q = log([Cu2+]×[OH–]2). The Cu(OH)2 precipitations form when log Q is higher than log
Ks0 which is –19.36;
**

Figure S4-4. An example of the TREB process used as a treatment system. To minimize the
volume of the anolyte produced, the solution in the anode compartment could remain in the
chamber for several batches of fresh catholyte, so that the catholyte is replaced by a new copper
solution for each of “n” batches. As shown in the figure, when the copper removal from the
catholyte is reduced due to reduced performance of the anolyte, and power production is low
(batch “n”), the anolyte is regenerated using waste heat, and ammonia is added to a new anolyte.
The lines labeled with “1” indicate that the reactor chamber would be filled with a fresh coppercontaining solution. The lines labeled with “2” indicate the removal of the treated effluent with a
decrease Cu concentration. The line labeled with “3” represents the high concentration effluent
that could be used for copper recovery. The letter “A” is used for anode chamber, while “C”
indicates the cathode. In the separation unit, ammonia is separated from the high concentration
effluent, and is added to the first batch reactor. In order to regenerate the electrodes, after each
batch, the electrodes were switched.
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Calculations using the Nernst Equation:
The Nernst equation for calculating the anode electrode potential of TRENB with ethylenediamine
(en):
𝐸 = 𝐸0 −

[𝛼(𝑒𝑛)]2
𝑅𝑇
𝑙𝑛
2+
2𝐹
𝛼(𝐶𝑢(𝑒𝑛)2 )

(S5-1)

where E0 is the standard reduction potential of anodic reaction, R the gas constant (J K–1 mol–1), T
the solution temperature (K), F the Faraday constant (96485 C mol–1), α (en) the activity of
ethylenediamine, and α (𝐶𝑢(𝑒𝑛)2 2+ ) the activity of copper complex. The equation was used to
estimate the anode potential of TRENB with different concentrations of ethylenediamine.

The acid/base reaction of ammonia:
NH4+ = NH3 + H+

,

pKa=9.25

(S5-2)

Increasing the ethylenediamine concentration enhances the anolyte pH from 9.29 for 2 M to 9.74
for 4.5 M, leading to the formation of neutrally charged ammonia from the positively charged
ammonium, which exists as the supporting electrolyte.
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Figure S5-1. Scheme of the TRB to convert waste heat to electricity. A potential difference
between the chambers is generated by adding the ligand (i.e. either ammonia or ethylenediamine)
to the anolyte. By discharging the cell, corrosion occurs in the anode, while deposition achieves
on the cathode side. After the complete discharge, the cell is charged by separating the ligand
using waste heat, and adding it to the other chamber.

Figure S5-2. Equivalent circuit for the cell impedance analysis to measure the components of cell
impedance.
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Figure S5-3. Cell open circuit potentials of TRAB (▲) with ammonia concentration of 2 M, and
TRENBs (■) with various concentrations of ethylenediamine.

Figure S5-4. The concentration of ammonium ion in the anolyte as a function of pH. The colored
points represent the initial pH of the anolyte with an initial ethylenediamine concentration of 2 M
(green), 3 M (blue), and 4.5 M (red).
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Figure S5-5. Charge the TRENB by separating ethylenediamine (en) from the anolyte. Due to an
azeotropic point for the binary mixture of water-en, acetone is used as the solvent in the
azeotropic distillation process. The initial column is used to increase the molar fraction of en in
the mixture to that limited by the azeotropic point. The solvent is added in the second column,
and en is separated from the bottom of the third column.
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The ammonia complexes copper(II) and generates a potential difference between the electrodes
according to the following reactions [1, 2]:
Cathode: Cu2+ (aq) + 2e– → Cu (s)
Anode:

Cu (s) + 4 NH3 (aq) → Cu(NH3)42+ (aq) + 2e–

E0 = +0.34 V vs. SHE

(S6-1)

E0 = –0.04 V vs. SHE

(S6-2)

The reduction of copper amine complex in the anolyte [3, 4]:
Cu(NH3)42+ (aq) + e– → Cu(NH3)2+ (aq) + 2 NH3 (aq)

(S6-3)

Table S6-1. Coulombic efficiencies of silver electrodeposition on different carbon substrates
Current
density (I,
mA cm−2)

Time (t,
min)

Total charge
transferred
(Q, C)*

Electrode weight (mg)
Before (m0)

After (mf)

Coulombic
efficiency
(ηdep, %)**

Carbon cloth

7

60

176

137

321

94

Carbon paper

7

60

176

212

390

90

Substrate

*

𝑄 = 0.42 𝐼 𝑡

**

𝜂dep (%) = (

(𝑚𝑓 −𝑚0 )×10−3
𝑄𝑀
𝐹

) × 100, where M is the molecular weight of silver (107.87 g mol –1) and F is

the Faraday’s constant (96485 C mol−1).
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Figure S6-1. Schematic of the cubic batch reactor with Ag/AgCl reference electrodes. The anode
and cathode chambers were separated by an anion exchange membrane (AEM). The reactor was
used to compare the performance of silver TRAB with the previous copper TRAB, while
monitoring the electrode potentials.
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Figure S6-2. (a) The components of impedance and (b) equivalent simplified Randles circuit for
the cell impedance analysis to measure the components of impedance.
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Figure S6-3. Comparing the whole cell impedance of silver and copper TRABs using
electrochemical impedance spectroscopy (EIS). The inserted figure indicates the components of
impedance (ohmic and reaction) obtained by fitting the Nyquist plots to the equivalent simplified
Randles circuit (Appendix E, Figure S6-2). For the silver TRAB a carbon paper Ag
electrodeposited electrodes were used, while the copper TRAB operated with a pure Cu mesh.
The electrolyte was 5 M NH4NO3, 2 M NH4OH (just anolyte) and either 0.1 M AgNO3 (for AgTRAB) or 0.1 M Cu(NO3)2 (for Cu-TRAB).
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Figure S6-4. SEM images of a bare (a), a silver electrodeposited (b) carbon cloth, a bare carbon
paper (c), and a silver electrodeposited (d) carbon paper electrodes. The electrodeposited
electrodes shows a uniform distribution of silver particles on the carbon substrate.
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Figure S6-5. Power production without hydrodynamic power loss consideration 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 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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Figure S6-6. A schematic of the catholyte flow channel. The cell is discharged by depositing the
silver ions on the cathode (reaction 1; Ag+ + e− → Ag0). However, the transfer of OH− through
the membrane causes a self-discharge by chemical consumption of silver ions (reaction 2; Ag+ +
n NH3 → Ag(NH3)n+). The rate of cell self-discharge could be decreased by increasing the flow
rate.
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Figure S6-7. (a) Cell potential and (b) power production of the silver TRAB with carbon cloth
based Ag electrodeposited electrodes for the first 10 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.
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Figure S6-8. SEM images of carbon cloth based silver electrodeposited electrode (a) before and
(b) after 100 successive cycles. The electrode alternatively operated as cathode or anode. The
silver particle size (c) did not appreciably change during the cycles, indicating same rates of silver
deposition and dissolution reactions, and eventually a highly reversible system.
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Figure S6-9. Initial capital cost estimation to build a scaled up (1 m2) flow silver TRAB with a
carbon paper Ag electrodeposited electrode.
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Figure S6-10. Comparison between the power generation cost (electricity price) of silver TRAB
and other alternative and conventional technologies. The electricity price of the silver TRABreduced was calculated by assuming a reduced cost of membrane ($ 10 m−2). The data were
adapted from Ref. [5-7].
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