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Energy-efficient technologies for the remediation of water and generation of drinking water is a key towards
sustainable technologies. Electrochemical desalination technologies are promising alternatives towards estab-
lished methods, such as reverse osmosis or nanofiltration. In the last few years, hydrogen-driven electrochemical
water purification has emerged. This review article explores the concept of desalination fuel cells and capacitive-
Faradaic fuel cells for ion separation.

1. Introduction
1.1. State-of-the-art in water purification

While 71% of the earth is covered by water, freshwater occupies only
2.5% of the total water and is mostly stored as glaciers, ice caps, and
groundwater [1]. With the rapid economic growth and urbanization,
access to clean water for all human beings has become inadequate [2].
On average, 10% of the global population lives in countries with high or
critical water stress [3]. Under this circumstance, an array of measures
must be taken to mitigate clean water scarcity. One active method of
securing clean water supplies is seawater and brackish water desalina-
tion. Conventional desalination technologies can be classified into
thermal energy-driven, mechanical energy-driven, and electrical
energy-driven [4].

As the earliest water desalination method, water evaporation and
condensation are applied in thermal energy-driven technologies such as
multi-stage flash distillation (MSF) and multi-effect distillation (MED)
[5]. By using multiple steps, water from brines is evaporated and
condensed to freshwater. Mechanical energy-driven desalination tech-
nologies, such as reverse osmosis (RO), are based on semipermeable
membranes, which enable water molecules to be transported through

while rejecting salt ions. By applying pressure to the feedwater above its
osmotic pressure, freshwater can be extracted from seawater [6].
Typically, the energy efficiency of RO is higher than the thermal-energy-
driven technologies for seawater desalination [7]. As for electrical
energy-driven desalination technologies, the major types include elec-
trodialysis (ED) [8,9], a mature technology explored for the past six
decades, and the emerging technology of capacitive deionization (CDI)
[10] and desalination batteries [11,12]. The latter two immobilize salt
ions into capacitive or Faradaic electrode materials [11]. Such systems
are highly promising towards ion selective separations and brackish
water desalination, but require a cyclic, two-stage charge-discharge
process, during which energy is alternatingly stored and released by
electrodes [13].

In recent years, a chemical-driven class of desalination technologies
has emerged. Such cells are often distinct because of the form of the
input energy and because they can co-generate electricity and clean
water [14]. Hydrogen can be used as one of the necessary chemical
reactants to drive such processes. Particularly attractive is green
hydrogen, which leverages renewable energies such as solar, wind, and
hydropower energies. Hydrogen gas is a well-known reducing agent in
water treatment processes, for example, in dehalogenation of organic
compounds [15], phenol reduction into less toxic cyclohexane [16],
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catalytic hydrogenation to convert nitrite and nitrate into Ny and
ammonia [17,18], and catalytic reduction of ClO4~ and BrOs™~ by H; gas
into ClI” and Br~, respectively [19,20]. Hydrogen may also be used
indirectly for ion separations. For example, Al-Hallaj et al. proposed a
fuel cell desalination system that uses the electricity and exhaust heat
from the fuel cells to power RO or MSF units [21].

While hydrogen has had a role in water treatment as a reducing agent
or indirectly driving separations, it was only recently that hydrogen had
been explored towards directly driving separations using a single elec-
trochemical cell. Two types of such cells have emerged in the past three
years, including desalination fuel cells (DFCs) and capacitive-Faradaic
fuel cells (CFFCs; Fig. 1). This very recent technological advancement
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has resulted in a fast-growing number of publications. We here will re-
view and discuss the emerging field of direct hydrogen-driven electro-
chemical water purification.

1.2. Desalination fuel cells for simultaneous production of clean water
and electricity

The DFC has its roots in ED, where a typical ED cell contains a pair of
membranes, one anion exchange, and the other cation, and is driven by a
voltage or current applied to a pair of electrodes sandwiching the cell
[8,30]. Several classical ED cells and stacks have been explored in recent
years, including shock ED [31], bipolar ED [32], and multi-stage ED
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Fig. 1. Timeline on the development of hydrogen-driven water purification technologies, including the desalination fuel cell (DFC) [14,22-24] and capacitive-
Faradaic fuel cells (CFFC) [25-29]. Also provided are schematics showing the operational modes of a-b) the DFC, and c-d) the CFFC. List of references: Abdalla
2021: [23]; Abu Khalla 2019: [24]; Amikam 2020a: [25]; Amikam 2020b: [28]; Amikam 2021: [26]; Atlas 2020: [14]; Darom 2021: [27]; Ruck 2021: [29]; Zhang

2021: [22].
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[33]. Another variation is the use of chemical energy rather than elec-
trical energy to drive the separation [24,34]. This technique is unique
because it allows the cell to drive separation and generate net electricity
simultaneously [35]. In contrast to microbial desalination cells [36],
these ED systems are driven by inorganic redox couples but do not
employ microbes as microorganisms can limit electricity production and
salt removal rates. ED cells driven by chemical energy perform a com-
bined reaction-separation process that is thermodynamically sponta-
neous [14]. Atlas et al. calculated the maximum available energy from
this combined process and quantified the thermodynamic efficiency of
cells driven by chemical energy, finding that for specific chemistries, up
to 25 kWh of net electricity per m® of treated seawater can be produced
[14]. This technology can thus generate significant excess electricity,
well above what is that needed for pre-treatment and post-treatment of
the feed, which is approximately 1 kWh/m? [6].

One feature of chemical energy-driven ED is many possible redox
couples which can be used to drive the process, each with potential
benefits and drawbacks. Thus far, this concept has been tested with a
small subset of possible chemistries, including zinc-bromine [24], zinc-
air [37,38], aluminum-air [35], hydrogen-oxygen [14,22], and acid-
base couples [39]. Among these, the hydrogen-oxygen couple is
particularly promising, as it relies on relatively inexpensive gas-phase
reactants, and the likely product of the chemical reaction is simply
water. Cells that use the hydrogen-oxygen chemistry are termed “desa-
lination fuel cells”, depicted in Fig. 1A-B [14]. Other cell chemistries
that rely on liquid-solvated reactants or that produce a waste product
can complicate brine disposal. The use of hydrogen can also lead to an
important and growing role for water treatment in the hydrogen econ-
omy. The main drawback of using the hydrogen-oxygen redox couple is
the need to often-expensive metal-based catalysts for the oxygen
reduction and hydrogen oxidation reactions.

1.3. Capacitive-Faradaic fuel cells for ion separation

The electrolytic water treatment reactors such as electrocoagulation,
electrodialysis, and electrooxidation can be classified as Faradaic cells
because they contain anodes and cathodes where oxidation and reduc-
tion (i.e., Faradaic processes) take place. The galvanic desalinating
Faradaic cells are powered by oxidants (i.e., oxygen) and fuels (e.g.,
hydrogen) which are reacted on cathode and anode, respectively
[22,34]. In capacitive cells, the electrical current is mostly non-Faradaic;
that is, both the anode and cathode act as capacitors charged within an
application of an external voltage source, which results in electro-
sorption of ions and capacitive deionization (CDI) of water [40,41]. The
capacitive-Faradaic cells contain both the Faradaic and the capacitive
electrodes; that is, during the operation, the oxidation or the reduction
processes proceed on one electrode, and the electrosorption takes place
on the counter electrode. Capacitive-Faradaic cells that separate ionic
pollutants or valuable ions from water and wastewater can be electro-
lytic or galvanic [42,43]. Amikam et al. have recently proposed
capacitive-Faradaic cells powered by hydrogen and oxygen gases [25].

Micro-scale capacitive-Faradaic fuel cells (CFFCs) comprise acti-
vated carbon (AC) particles loaded with nanoscale platinum catalyst
crystals. Upon immersion of CFFCs into an aerated aqueous solution, the
oxygen reduction reaction (ORR) on the platinum catalyst (the Faradaic
electrode) consumes the electrons from the AC (the capacitive electrode)
that results in adsorption of anions into the electrical double-layer of
electron-deficient AC to maintain its electroneutrality, as described by

Eq. (1) (( AOC> — uncharged activated carbon; (Xg)-X"’ — activated

carbon that lost n electrons within the electrosorption of X"~ anion)
[25].

T +ne” 1
<A?C> X"+ ()0, + (HT — (%?) - X"+ Gn)H0 €))
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The electrosorption of anions proceeds until the complete saturation
of the electrical double-layer in the CFFC. The saturated cells must be
regenerated, and the anions released into the concentrate solution. The
regeneration of the CFFCs is accomplished via the hydrogen oxidation
reaction (HOR) on Pt that results in the accumulation of electrons in the
activated carbon and a release of anions into a brine solution (Eq. (2)).

\ ne 1
Gy xm=+ (Sn) By = (0 + x4 GoH* @
e~ 1

Overall, the anions in the treated solution are “replaced” with elec-
trogenerated hydroxyl ions (OH™). The principle of ions separation by
capacitive-Faradaic cells is shown in Fig. 1C-D.

The separation of cations can be achieved if ORR follows HOR. In this
case, the removed cations are compensated in solution by the anodically
produced hydronium ions (H30™) [25]. The undivided electrodes of the
CFFCs establish different potentials in hydrogenated or aerated aqueous
solutions, and this cell potential drives electrosorption, HOR, and ORR.
Thus, at pH=7, the CFFC’s open-cell potentials in aerated and hydro-
genated NaCl solution approaches 200 mV and 760 mV, respectively
[26]. The separation of ions by CFFCs is powered by the chemical energy
of hydrogen and oxygen gases. However, the micro-scale CFFCs origi-
nally proposed by Amikam et al. [25] do not generate an electrical
current that can be used for powering an external load. In this respect,
the micro-scale CFFCs are different from the classical fuel cells and the
macro-scale divided CFFCs which can produce electricity [26].

2. Thermodynamics underpinning desalination fuel cells

The DFC is distinct from other desalination technologies, as it does
not perform solely a separation process, but a combined chemical re-
action and separation process. To evaluate the thermodynamics energy
efficiency (TEE) of a desalination fuel cell (DFC), we cannot use the same
methods used for MSF, RO, ED, and CDI, where TEE is defined as the
energy required in practice divided by the minimum energy of the
reversible separation process. For a DFC, TEE is the ratio of experi-
mentally extracted electricity per desalinated water volume, w,, to
maximum available energy per desalinated water volume, w, giving TEE
= w,/w [14]. The parameter w can be decomposed to w = Wcpen, + Ws,
where wgen, and ws are chemical and the separation work per desali-
nated water volume. We define w ., as the change in Gibbs free energy
per desalinated water volume of H" and OH™ between the initial and
complete reactant consumption states (Eq. (3)) [14]:

Werom = A [F(ES — E2) + 2RThn (‘:’%) ] 3)

E? is the standard potential of the cathode half-reaction, E? of the
anode half-reaction, F Faraday’s constant, Ac is the change in concen-
tration of the feedwater over the process, R the ideal gas constant, T the
absolute temperature, and c® is the concentration at standard state,
which is 1 M. Further, cpj is the initial concentration of acid/base in the
catholyte/anolyte, respectively. We invoke assumptions such as
neglecting the crossover of reactants or products and assuming ideally
selective membranes. Complete reactant consumption is attained at the
maximal water recovery ¢, = (2Ac/cpa + 1)71, here the complete
utilization of H" and OH™ in catholyte and anolyte, respectively.

Similarly, we define ws as the change in Gibbs free energy per vol-
ume of desalinated water of both Na* and Cl~ between the initial and
final states. For complete consumption of the reactants, we obtain w; via
Eq. (4):
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Here, ck ., is the initial salt concentration of the feedwater.

In Fig. 2, we show calculations of w, for a DFC, as a function of the
acidity (basicity) of the catholyte (anolyte). As can be seen, more energy
is available per m® of treated water for increasing pH gradient between
the anode and cathode (Fig. 1B), as expected since this increases the
available neutralization energy. For example, for a cell operating with
neutral pH anolyte and catholyte (Fig. 1A), the available energy remains
below 20 kWh/m®. In contrast, for a cell with an anolyte of pH 0 and a
catholyte of pH 14, the available energy is well over 30 kWh/m>. As
shown by Abdalla et al., [23] the voltage losses in near-neutral pH
operating mode are much more severe, especially at low currents,
making it more difficult to extract near-to the maximum available en-
ergy level for that operating mode. The pH gradient mode, by contrast,
limits voltage losses and allows for extracting electrical energy closer to
the maximum available energy.

3. Electrode materials and performance
3.1. Desalination fuel cell performance

The DFC concept is in its infancy, with only a handful of experi-
mental reports thus far. In 2019, Khalla et al. performed a preliminary
techno-economic analysis of chemical-driven ED cells, finding that
hydrogen-oxygen redox couple was highly promising due to its reliance
on low-cost reactants [24]. In 2020, Atlas et al. built and characterized a
DFC with a cell containing three flows, an anolyte pumped between the
anode and anion exchange membrane, a catholyte between a cathode
and cation exchange membrane, and a feedwater channel between the
two membranes [14]. Their cell utilized an acidic catholyte and alkaline
anolyte to boost open-circuit voltage (and so electricity production),
termed pH gradient operational mode [14]. They found that the cell had
an open circuit voltage of about 1.7 V, and desalinated a 0.5 M NaCl
stream at a current efficiency of circa 80% [14]. The electrical produc-
tion was quantified via TEE, where TEE of the DFC reached up to 68% at
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Fo1
20 4
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Fig. 2. Calculated maximum available energy from a desalination fuel cell, w,
versus the pH of the anolyte and catholyte streams. Also plotted is the
maximum water recovery, ¢pay-
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low current densities of about 1 mA/cm? and efficiency dropped as
extracted current density was increased [14]. This efficiency was lower
than that achieved for other chemistries, such as zinc-bromine chemis-
try. In 2021, Zhang et al. demonstrated a DFC which operated without
acid and base in the anolyte and catholyte, respectively, which is termed
the “near-neutral pH” operational mode [22]. They reported relatively
low cell voltages of < 0.7 V, which limited electricity production to 67
mWh per 1 g NaCl removed while desalinating a 0.6 M NaCl feed [22].

Possible reasons for the low energy efficiencies and energy produc-
tion of the cells of Atlas et al. [14] and Zhang et al. [22] was determined
by Abdalla et al., [23] who performed a voltage loss breakdown in a DFC
operating both in near-neutral and pH gradient operational modes. They
incorporated quasi-reference Ag/AgCl electrodes into each of the three
channels of a DFC prototype, allowing independent measurement of
electrode voltages and voltage drops across membranes [23]. Major
Nernstian losses occurred at the cathode in both operational models
[23]. The reason proposed for these losses was the poisoning of the
platinum cathode catalyst by chloride ions, which shifted the oxygen
reduction reaction to the less-energetic two-electron pathway, which
produces hydrogen peroxide. As shown in a recent work by Abu Khalla
et al., when adjusting the TEE calculation to account for solely two-
electron oxygen reduction, and operating in pH gradient mode, TEE
was reported to be up to 95.6% [44]. Significant activation losses were
seen in the near-neutral pH operational mode, both at the anode and
cathode, which at the cathode was determined to be largely due to low
H* concentration rather than Pt poisoning [44]. The latter work served
to highlight the importance of catholyte composition and cathode
catalyst material in DFC performance, and provides several pathways for
improvement for future DFC designs.

3.2. Capacitive-Faradaic fuel cell performance

First, the Hy-powered capacitive-Faradaic separation of ions was
proven for ClO4 removal [25]. Aeration of 480 mL NaClO4 solution
([ClO4 ]o = 212 mg/L) on 12 g of 5 mass%-loaded Pt CFFCs (further
termed 5.0%Pt-CFFCs) resulted in circa 80% of ClO4 ions removal. The
salt adsorption capacity (SAC) of the microscale CFFCs was 0.06 meq/g
(equivalent to 3.5 mgnac1/g), which is significantly lower than the SAC
values reported for regular CDI (3.7-13.0 mgnac1/g) [25]. Fig. 3A shows
the results of ClO4~ ions removal from pure NaClOy4 solutions using the
CFFC that comprised 5.0% and 0.1% of Pt catalyst on a granular acti-
vated carbon. As it appears in Fig. 3A, a 50-fold decrease in the platinum
loading did not result in any significant performance decrease of the
CFFCs for Cl04™ removal. This finding shows that effective CFFCs with a
low Pt load and a competitive cost can be developed for environmental
applications.

In the original study of Amikam et al., [25]. The separation of copper
by the CFFCs was demonstrated, and Cu®" ions separation was initially
attributed to the capacitive-Faradaic mechanism explained above [25].
Darom et al. showed that separation of copper ions by the Pt-loaded
carbon is governed not by the electrosorption but rather by the Pt-
catalyzed reduction of cu?t (Eq. (5)) and oxidation of elemental Cu
particles into cu?t (Eq. (6)) in Hp-induced and Oz-induced steps of the
process, respectively [27]. Fig. 3B shows the Cu crystals formed within
the hydrogenation of pure CuCl; solution on the CFFCs.

c*t +H, Bc +2H B, =034V 5)

‘cell

200’ + 0, + 4H* Z2H,0 + 200> Egy = 0889V ©)

‘cell T

Recently Ruck et al. [29] reported on the selective recovery of silver
ions using the Pt-catalyzed hydrogenation-oxygenation process pro-
posed by Darom at al. [27].

The CFFCs were also shown effective for the separation of nitrate
ions [28]. Moreover, the CFFCs with bimetallic 5%Pt-1%Cu catalyst
resulted in a complete reduction of nitrate ions into the Ny (selectivity of
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Fig. 3. Results of oxygenation-hydrogenation of perchlorate, copper, nitrate and trifluoracetic acid (TFA) solutions in a batch mode system operated with 7.5 g of
CFFCs of granular activated carbon (CH104, mesh size 12-20, Spectrum) [28]. (A) Separation of perchlorate ions ([ClO4 1o = 200 mg/L, 300 mL); (B) Scanning
electron micrograph of the crystals of elemental Cu formed on the 0.1%Pt-CFFC within the hydrogenation of CuCl, solution ([Cu®*]y = 500 mg/L, pH = 0, 1 L); (C)
Separation-hydrogenation of nitrates in NaNOj3 solution ([NO3 ]o = 300 mg/L, 300 mL) using 1.0%Pt-0.2%In-CFFCs. After the air-induced separation the NaNO3
solution was replaced with 300 mL of deionized water for the hydrogenation step. (D) Separation of TFA using 0.5%Pt-CFFCs ([TFA]o = 5 mg/L, 1 L).

ca. 55%) gas and ammonia within the hydrogenation step of the process
(Eq. (7) and (8)) [28]:

2NO; + 5H, ““S'N, +4H,0 + 20H" %)
NO; +4H, ““'NH; +2H,0 + OH~ ®)

Besides Pt-Cu other catalysts can be applied for nitrite and nitrate
hydrogenation by the CFFCs [45]. Fig. 3C shows the results of nitrate
separation and hydrogenation conducted using the 1.0%Pt-0.2%In-
CFFCs that comprised 1.0% platinum and 0.2 % indium (In) metals in
granular activated charcoal. The selectivity of the process towards the
N, gas was as high as about 90%.

CFFCs have many other potential applications for removal of haz-
ardous anionic compounds, for instance, the highly toxic trifluoroacetic
acid exists in water mostly as a trifluoroacetate anion that can be
separated by electrosorption and by the CFFCs. Fig. 3D shows the results
of the oxygenation-hydrogenation cycle of TFA solution in a batch mode
system with 0.5%Pt-CFFCs.

Experiments aimed at separating Na™ and NH4" by the micro-scale
or undivided macro-scale CFFCs revealed that electrosorption of these
cations is very poor [26]. This phenomenon was attributed to an influ-
ence of H' cations (produced within the HOR) that occupy the activated
carbon surface or/and create the low local pH in the CFFCs, resulting in
the positively charged surface of the CFFCs and repulsion of cations
[26].

The main potential advantage of the micro-scale CFFCs is that no
wiring, spacers, or gaskets are required for the process that can be

performed in simple packed-bed or fluidized-bed reactors. The second
advantage is that regeneration of the (electro)adsorbent does not
involve the application of acids, salts, or bases. Cons include utilization
of expensive Pt catalyst, low salt adsorption capacity, and co-production
of H" and OH™ ions that occupy SAC of the CFFCs and even prevent
separation of cations. Further studies are required to reveal the mech-
anisms of ions separation, develop mechanistic models describing the
kinetics, decrease Pt-loading or use of non-noble metal catalysts, in-
crease selectivity towards the specific pollutants, and to develop a pro-
cess with an efficient Hy gas utilization.

4. Outlook, and next steps

With its almost 100-year history, fuel-cells have not stopped bringing
forth novel technologies [46]. There is no indication that hydrogen-
driven technologies will tire in the future of being an engine to inno-
vation and provide opportunities towards sustainability. Hydrogen as
the fuel for water remediation requires careful consideration of the eco-
balance. Today, 95% of the hydrogen production relates to non-
renewable sources, such as coal and gas [47]. The global efforts to-
wards a more sustainable, industrialized world will require trans-
formative changes and monumental investments so that renewable
energy combined with electrolysis and other green hydrogen generation
pathways will make an impact. Yet, even today, already 5% of the global
hydrogen production relates to hydrogen being a by-product of other
chemical processes, foremost chlorine production [47]. Thereby, the
future adaptation of hydrogen-driven water purification may also
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extend to other by-product gases, such as methane.

As for the material- and system-related challenges, it will be essential
to establish both robust long-term performance metrics and to strive
towards the use of lower-cost electrode materials. Finding a good bal-
ance between high performance, stability, use of abundant materials,
use of low-cost materials, and competition with other desalination
technologies will be a critical challenge.
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