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Abstract

An electrochemical cycle for the grid energy storage in the redox potential of Fe involves the electrolysis of a highly concen-
trated aqueous FeCl, solution yielding solid iron deposits. For the high overall energy efficiency of the cycle, it is crucial to
maximize the energy efficiency of the electrolysis process. Here we present a study of the influence of electrolysis parameters
on the energy efficiency of such electrolysis, performed in an industrial-type electrolyzer. We studied the conductivity of the
FeCl, solution as a function of concentration and temperature and correlated it with the electrolysis energy efficiency. The
deviation from the correlation indicated an important contribution from the conductivity of the ion-exchange membrane.
Another important studied parameter was the applied current density. We quantitatively showed how the contribution of
the resistance polarization increases with the current density, causing a decrease in overall energy efficiency. The highest
energy efficiency of 89 + 3% was achieved using 2.5 mol L~! FeCl, solution at 70 °C and a current density of 0.1 kA m~2.
In terms of the energy input per Fe mass, this means 1.88 Wh g~!. The limiting energy input per mass of the Fe deposit was

found to be 1.76 Wh g™!
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Introduction

The shift to renewable sources of energy is beginning to
expose a fundamental weakness in the world’s electric-
ity grids. Solar, wind, wave, and other forms of renewable
energy are all, to some extent, subject to the vagaries of fac-
tors like the weather [1]. This means that we cannot match
the amounts of energy available with demand, because we
do not have an effective way to store and then release this
energy when we need it. Globally speaking, the problem
is not a shortage of energy; it is primarily that of energy
storage [2, 3]. Existing energy storage systems all suffer
fundamental weaknesses: they lack long-term stability,
like batteries; they are geographically limited, like pumped
storage hydropower; they suffer from low efficiencies, like
compressed-air energy storage; or they are economically
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non-viable, like converting electricity into fuel. We need
a storage method that overcomes all the above limitations.

A novel power-to-solid (P-to-S) energy storage technol-
ogy that tackles this problem is based on electrolysis of
FeCl, aqueous solution [4]. In short, the technology enables
long-term grid energy storage without self-discharge. The
energy is stored in the oxidative-reductive potential change
of iron (Fe?*/Fe). This is obtained by the electrolytic reduc-
tion of Fe** from a highly concentrated FeCl, (aq) elec-
trolyte yielding metallic iron that deposits on the cathode.
Simultaneously, on the anode chlorine gas evolves, which is
further subjected to conversion to HCI acid using a reversed
Deacon process [5]. Energy is released via the on-demand
generation of hydrogen obtained from a spontaneous reac-
tion between the iron and HCI acid. The entire process is
modular and upscale-able, and runs in a materially closed
cycle with no emission, waste, or material consumption. For
the optimum energy efficiency of the technology, optimiza-
tion of the electrolytic process is crucial.

Nowadays, the electrolysis cells with a selectively per-
meable membrane are the preferred type as they substi-
tute two environmentally harmful options used in the past;
that are mercury cells and asbestos diaphragm cells [6]. In
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addition, they are 30% more energy efficient as reported
for the chlor-alkali process [7, 8]. There are also possible
drawbacks such as higher maintenance or operating costs
for the replacement of degraded membranes and the need
for high purity electrolytes required for preventing fouling
[9]. Moreover, the same authors proposed future develop-
ment towards self-cleaning and non-fouling membranes or
to allow removal of the precipitates from the membrane
during process downtime. The last idea is fully applica-
ble to the P-to-S technology, since there is, by the prin-
ciple, downtime between the energy storage and release
available.

For the high current (or Faraday) efficiency of the aque-
ous solution electrolysis, it is essential to avoid unwanted
secondary reactions such as water splitting. In contrast, the
electrolysis systems using non-aqueous electrolytes have
been studied, mostly to limit the secondary reactions and
unwanted effects on deposited film morphology occurring
due to hydrogen embrittlement [10—13]. The drawbacks of
the non-aqueous electrolytic organic media are low conduc-
tivity due to low solubility of ionic metal species, conse-
quently lower electrolysis energy efficiency, electrolyte drag-
out due to high viscosity, flammability, and relatively high
cost [14, 15]. The electrochemical behavior of iron has also
been studied in chloro-aluminate [16, 17], chloro-zincate
ionic liquids [18], and molten salts [19, 20].

Aqueous solutions of salts have much lower conductivity
than aqueous solutions of strong acids. For example, ZnCl,
solution (25 °C) reaches a conductivity peak of 107 mS cm™!
at 3.7 mol L' [21], whereas the conductivity of 10% wt HCI1
(aq) is much higher,~710 mS cm™" at 25 °C. This is due to
the nature of proton-hopping transport in the aqueous media
known as the Grotthuss mechanism [22, 23]. Furthermore,
the presence of the HCI acid in the aqueous FeCl, improves
stability [24, 25] and increases the conductivity. But, at the
same time, a rather minor acid addition drops the pH of
the electrolyte low enough to trigger an unwanted hydrogen
evolution reaction (HER) during the electrolysis.

Besides HER, another possible contribution to the
decrease in the electrolysis energy efficiency comes from
the oxidation of the ionic Fe (II) to Fe (III). Based on cyclic
voltammetry experiments of Fe (III) salt, [26] a well-
defined cathodic wave was reported in the potential range
between —0.2 and —1.2 V vs. AglAgCl, confirming that
before the Fe deposition, the reduction of Fe (III) into Fe (II)
occurs. Although dealing with a pure ferrous chloride catho-
lyte, the oxidation may happen through oxygen intrusion into
the catholyte and/or a membrane failure leading to diffusion
of oxidative species from the anolyte into the catholyte com-
partment. All of these could be sufficiently avoided by using
relatively simple measures. First, it is important to keep
catholyte pH > 2, since the HER rate gradually decreases
with an increase in pH [27-29]. Next, the oxygen intrusion
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is sufficiently prevented by applying slight overpressure of
inert gas to the catholyte hydraulic circuit.

The selection of anode material is important for continu-
ous operation with high efficiency. A stable anode exhibits
no significant degradation or weight loss over reasonable
working time. The research and development of the chlo-
rine evolution anodes started in the 1950s [30] and by today
resulted in the development of dimensionally stable anodes
(DSA De Nora trademark, hereafter DSA®) based on tita-
nium with a rare metal oxide coating [31, 32]. DSA® is
characterized by a good performance at high current densi-
ties, a low overpotential for chlorine evolution, and good
selectivity for the chlorine over oxygen evolution reaction
[32-34]. Depending on the design and type, DSA® operates
at current densities up to 4 kA m~2[35]. Commercially avail-
able DSA® are mostly mixed metal oxide titanium anodes
with an IrO, — RuO,-TiO,-type coating containing one or
several dopant materials [33, 34, 36]. They operate at the
potential of about 1.36 V vs. NHE [37]. Due to the content
of rare and precious materials, and consequently expensive
DSA® anodes, it is mandatory to operate the electrolysis
under safe conditions to avoid degradation. On the other
hand, for industrial applications, it is important to operate
at as high as possible current densities. So, optimization of
the operation performance must be considered.

The majority of the research work on the electrolysis of
FeCl, solutions has so far focused on either optimization of
the deposit properties or rapid Fe extraction, rather than on
the efficiency [38—41]. For that reason, many studies have
been performed at either very high FeCl, concentrations or
very high current density. In contrast, our primary aim is to
optimize the energy efficiency while the deposit properties
are of secondary concern because the reaction, of the iron
and HCI acid, in all cases runs quite vigorously to 100%
completeness yielding the theoretical stoichiometric amount
of the H,.

Concentrations as high as 725 g L™ FeCl,'[4H,0]
(~3.65mol L™! FeCl,) have been used for the studies of low-
stress deposits [42]. However, at such high concentrations,
the ionic interactions are already high and, so, far away from
the peak conductivity. Reported are iron deposition studies
performed at very high current densities, >4 kA m~2, and
up to 60 kA m~2 [41, 43]. Nevertheless, under such condi-
tions energy efficiency significantly drops due to pronounced
losses. In addition, at high current density, the current effi-
ciency is reduced due to secondary reactions, in particular
the HER. Therefore, to obtain a significantly higher current
efficiency (>95%) and thus keep the energy efficiency high,
we designed our electrolysis system to operate in the current
density range up to 2 kA m=2,

The process of iron electrodeposition from aqueous
FeCl, solution has also been studied for iron and chlorine
recovery from industrial wastewaters, in which the FeCl,
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concentration is relatively low [44, 45]. Despite the simi-
larity, these processes are not designed and optimized for
energy storage purposes. In other words, the electrolyzer
construction and the electrolysis parameters were not fully
optimized for energy efficiency, since the technological
purpose was different, predominantly targeting the deposit
properties. However, they still provide valuable information
and allow some empirical comparison. In particular, the
authors claim that current efficiency was>90% and energy
consumption was in the range of 2.1-6.2 Wh g~! [45]. The
electrodeposited iron from FeCl, aqueous solution is highly
pure (>99%) [39] and, importantly, also fairly corrosion-
resistant when the rinsing of the remaining electrolyte from
the deposit is sufficient [38, 43].

For the P-to-S technology, it is important to maximize
the electrolysis energy efficiency of the highly concentrated
FeCl, solution concerning the technology-relevant param-
eters such as the applied potential, current density, working
temperature, and catholyte concentration. Furthermore, the
conditions that are causing secondary reactions or the deg-
radation of the system parts must be avoided. As explained
above, the previous studies of the electrolytic processes
in such catholyte systems have focused on either low salt
concentrations or optimization of current efficiency due to
the requirements of the intended applications. Energy effi-
ciency has not been the key parameter as it is in the case of
energy storage technology. For this reason, we have studied
the influence of the operating parameters on the electrolysis
energy efficiency of the highly concentrated FeCl, solutions
to maximize it.

Methodology
Electrolyzer

We used a modified industrial-type small-size chlor-alkali
electrolyzer (ChemTech Engineering S.r.1., Italy) (Fig. 1).
A single electrolytic cell was used for the experiments pre-
sented in this paper. The electrolytic cell consists of two
half-cell compartments separated by anion exchange mem-
brane AMI7001s (Membrane International Inc.). Each half-
cell compartment is around 1 dm?® in volume. The cathode
is a titanium mesh welded to a titanium frame. Similarly,
the anode is titanium mesh coated with mixed metal oxide
film used for the evolution of chlorine gas in the chlor-alkali
industry (De Nora DSA®). The housing of the half-cells is
made of PTFE (polytetrafluoroethylene). The seals between
the components are made of a 3-mm-thick EPDM (ethylene
propylene diene monomer) rubber gasket. The cell compo-
nents are compressed in a dedicated six-point stainless steel
(AISI304) clamping press. The outer side dimension of the
square electrolysis cell is 300 mm, while the inner is 250 mm.

FeCl,

PUMP |

PUMP II

Fig.1 The diagram of the experimental electrolysis system; the
electrolyzer unit with several electrolytic cells mounted in the press-
like frame to assure hydraulic tightness; the catholyte cycle (green
arrows); the anolyte cycle (orange arrows);+PS- represents the DC
power supply with electrical connections

A non-conductive masking tape is placed on the inner edge
of the EPDM seal toward the direction of the membrane. The
cell-active cross-sectional area is 0.0552 m2. The distance
between the electrodes is roughly 3 mm.

Due to the evolution of gaseous products, a bottom-up
flow through the half-cell compartments was applied using
two peristaltic pumps (Boxerpumps 25 K-3RWT1.6). In the
anolyte hydraulic circuit, a mixture of liquid and gas enters
the tank. The electrolyte tanks also function as a degassing
unit. The gasses leave the system, while the liquid phase
re-enters through the lower inlet of the electrolytic cell. Dur-
ing the electrolysis, the catholyte concentration decreases
because of the iron deposition on the cathode. The stock
catholyte volume was oversized to ensure that the concentra-
tion remains within the target optimal conductivity range for
the whole duration of the experiments.

Before the start of the electrolysis, the system was pre-
heated, which includes preheating of the tanks with electro-
lytes, massive steel frame, and PTFE cell parts. The elec-
trolyte circulation assured even temperature through the
system. The thermocouple was immersed in the catholyte
tank at the inlet flow coming from the electrolytic cell.

Electrolytes

Deionized water (Grade 2) was used for all the prepared
electrolytes. The measurements of the pH, conductivity,
and temperature were performed using Phoenix EC45-Multi
probes linked to a PC data-logging software. The measur-
ing cell, Sentek VPT80C10, was calibrated using Hamil-
ton ZDL 300 mL standard solution with a conductivity of
100 mS cm™! at 25 °C. The used pH probe (XS S7) was 3
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points calibrated. For all the experiments, an aqueous solu-
tion of 20% wt MgCl,, prepared from MgCl,-6H,0 (Fisher
Chem.), with a pH 1+0.2 was used as the anolyte. MgCl,
was selected to keep the concentration of the cations in the
anolyte compartment low and yet assure the conductiv-
ity higher than that of the catholyte. The anolyte pH was
adjusted using 25% wt HCI acid (Acros Organics, analysis
grade).

The FeCl, (aq) solutions used as catholyte were prepared
from FeCl, 4H,0 (Acros Organics). To compensate for
depleted concentration after each experiment, an appro-
priate amount of FeCl,4H,0 was added. In the presented
experiments, we used 1, 2.5, and 4 mol L! FeCl, concen-
trations for the catholyte. The catholyte concentration was
verified through conductivity measurements. The solutions
were stored in air-tight transparent borosilicate glass bottles
under a nitrogen gas atmosphere at room temperature. Such
an approach prevents oxidation of Fe (II) if the glassware is
tightly closed and no oxygen is present.

Anion exchange membrane (AEM)

The specified hydration procedure proposed by AEM manu-
facturers was followed before use. This requires immersing
the AEM in 5% wt NaCl aqueous solution for 72 h and trans-
ferring it to a freshly prepared storage solution (5% wt NaCl
(aq)). After each experiment, the membrane was immedi-
ately immersed into a cleaning solution (~3% wt HCI) for
12-36 h, and then rinsed with demineralized water and
immersed in the storage solution until the next experiment.
Just before mounting in the electrolyzer, the membrane was
taken out of the storage solution, rinsed with deionized
water, and shortly flushed with a moderate nitrogen flow to
avoid NaCl entering the system.

Performance of the experiments
For each experiment, the following steps were applied:

— The precise weighting of the clean and dry cathode with-
out EPDM rubber gasket as well without any trace of iron
deposit from the previous experiment.

— A purge of the catholyte hydraulic circuit with nitrogen
gas (5.0 purity) for 15-30 min at flow > 100 L h™!. Dur-
ing the experiment, the nitrogen gas flow was reduced to
around 10 L h™".

— System preheating includes electrolytes, massive press
metal frame, and PTFE parts of the electrolytic cell.
The temperature was monitored before and during the
electrolysis by a thermocouple installed directly in the
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catholyte tank on the inlet spot of the return flow from
the electrolyzer.

— Once the target temperature of electrolytes was
achieved, the anion exchange membrane was installed.
This was done just before starting the circulation of
the electrolytes over peristaltic pumps.

— Initialization (polarization) procedure at zero net cur-
rent and E° potential via constant current power supply
mode, for the period of temperature stabilization (typi-
cally 10 to 20 min).

— The duration of the electrolysis experiment was
adjusted to a total charge transfer of 30 Ah.

Energy input (Ej,,,) was derived from the integration
of current and voltage over electrolysis operation time as

shown in Eq. (1).

Eipue = / U-1-dt 1)

where U, I, and ¢ are voltage, current, and time, respectively.
The voltage and current were precisely measured using
double handheld Keysight U1282A multi-meters linked
to PC via Keysight handheld meter logger software equip-
ment. The voltage was measured directly across the elec-
trodes to avoid the voltage drop due to the Ohmic resist-
ance of the supplying cables (length: 5 m, cross-section
area: 50 mm?). The current was derived from the voltage
drop over a brass DC Shunt resistor (FL-19B 75 mV 100A)
placed 2 cm from the cathode on the (negative) supplying
cable. The datalogger recording interval was set to 1 s.
The energy efficiency (7.), as shown in Eq. (2), is
defined as the ratio between Gibbs free energy changes for
the overall electrolytic process multiplied by the amount of
produced iron (molg,) per energy consumed during elec-
trolysis (Ey,,,). The Gibbs free energy change (-AGY),
calculated according to Eq. (3), is 348.4 kJ mol~".

|AG®| - molg,
e = 2
Elnput
—AG° = nFE? 3)

where F, n, E°, and molg, are Faraday constant, the number of
electrons (n=2), and molar amount of deposited iron, respec-
tively. The standard cell potential, EOCC]], is 1.805 V at 25 °C.

When the electrolysis finished, the cathode was
removed from the cell, the deposit was immediately rinsed
(to remove electrolyte traces) with deionized water, isopro-
panol, nitrogen gas purged, and dried. The exact amount
of the electrodeposited iron was obtained by weighting the
cathode before and after the experiment.
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Results and discussion
Conductivity of the catholyte (Fig. 2)

The first part of the experimental work has focused on effi-
ciency optimization through the maximization of the electro-
Iytic cell conductivity. The first step towards this goal is a
detailed study of the properties of the electrolyte that includes
the studies of electrolyte conductivity as a function of electro-
lyte concentration and temperature. Initially, we measured the
FeCl, solutions in the concentration range from 0.5 to 4.5 mol
L~! at 25 °C and obtained the curve with a shape typical for
the inorganic salt solutions. The electrolytic conductivity
increases with the concentration up to about 2 mol L' and
starts falling with a further increase in the concentration. This
is explained by the fact that the assumption of independent
migration of ions is not valid for the highly concentrated solu-
tions, for which the high ion-ion interactions prevail and
reduce the conductivity («). This is a characteristic behavior of
the majority of highly concentrated strong electrolytes and not
constrained to a specific ion species population. The maximum
conductivity was measured to be 143 mS cm™! at the concen-
tration of 2.25 mol L™!. The solutions with the lowest and
highest FeCl, concentration showed much smaller

Fig.2 The 3D plot shows the
relation between conductivity,
concentration, and temperature
for the FeCl, aqueous solution
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conductivity of about 113 mS cm™! and 98 mS cm™!, respec-
tively. In addition, measurements of the temperature depend-
ence of the conductivity for the selected concentrations showed
a very steep increase in conductivity. Mainly, such aqueous
electrolytes exhibit the thermal coefficient of electrolytic con-
ductivity (y = 2%/,;) around 2.0 K~! [46]. However, for the
FeCl, solution, we have measured higher as expected. The
highest was measured to be 2.84 K~! for 2 mol L™! solution,
which undoubtedly shows a change in the population of ionic
species and/or their solvation. The investigation of this phe-
nomenon is presented and explained in a separated study [47].

Catholyte concentration

Based on the above results, we have performed electrolysis
experiments to establish how much the catholyte concentra-
tion influences the efficiency of the electrolysis. Figure 3
shows the dependence of the current efficiency (upper fig-
ures) on the electrolyte concentration as a function of the
potential and the dependence of the current density on the
potential (bottom figures). In the majority of cases, the cur-
rent efficiencies were close to 100%, but a significant drop
occurred at the highest current density for 4 mol L™! due to
the observed secondary HER.
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Interestingly, as shown in Fig. 4 the energy efficiency
of 1 mol L™! FeCl, is similar to that of the 2.5 mol L
despite much lower conductivity (see Fig. 1). The electro-
lyte conductivity is not the only parameter that controls
the energy efficiency of the electrolysis of the highly con-
centrated FeCl, solutions. This is even more evident by
comparing 1 mol L™! and 4 mol L~! catholyte, in which
conductivities are comparable. The 4 mol L~! catholyte
requires a significantly higher potential for the same

<09 &, A Exper.2.5 mol L-! FeCl,
| 0.8 Q. s . O Exper.1 mol L‘i FeCl,
50.7 v o) ~._%....... V Exper.4 mol L™! FeCl,
0.6 -
£0.5 v T o---.a
(0]
30.4
0.3 v v
“o2o T v
100 500 900 1300 1700

Current density — j [A m™2]

Fig.4 Current density vs. energy efficiency relation for three different
catholyte concentrations at 70 °C. The dashed lines represent the best
fits obtained by using Eq. (4)
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current density. Consequently, the electrolysis efficiency
was much lower. The conductivity of metal electrodes is
incomparably higher than the conductivity of electrolyte
or membrane, so the reason for this behavior can only be in
the performance of the ion-exchange membrane, in which
resistivity increases with the FeCl, concentration due to an
increase in ionic steric impediment [48-50]. This compen-
sates for the increase in the catholyte conductivity from 1
to 2.5 mol L™!. For the higher electrolyte concentrations,
the simultaneous drop in the electrolyte and membrane
conductivities results in a sharp decrease in energy effi-
ciency. The Ohmic resistance of the electrolyzer at 70 °C
and current density of 600 A m~2 was calculated based on
experimental results to be 101 +5 mQ for the catholyte
concentration of 2.5 mol L™! and 108 +5 mQ for 1 mol
L~!. At the same conditions, the cell resistance for 4 mol
L~! was calculated to be 165 +5 mQ.

System temperature

In the next set of experiments, we took the catholyte with
the concentration of 2.5 mol L™ that gives one of the best
energy efficiency values at 25 °C and performed the elec-
trolysis at elevated temperatures (30, 50, 70, 80 °C) and a
current density of 600+ 10 A m~2. The temperature directly
as well as indirectly impacts the electrolyte conductivity (see
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Fig.5 The electrolysis energy efficiency as a function of system tem-
perature at 2.5 mol L™! initial catholyte concentration and a current
density of 600410 A m™>

Fig. 2) due to changes in viscosity, ion mobility, ion-pair
dissociation, electrolytes solubility, electrode wettability,
amounts of dissolved gasses, standard reduction potential,
etc. The results (Fig. 5) showed an increase in the energy
efficiency by about 12% with an increase in temperature for
40 °C (30-70 °C). In our electrolyzer system, the oxidation
of the catholyte Fe>* ions to Fe’* occurred at>80 °C. The
oxidation was noticed as a change in the catholyte color from
green to yellowish and precipitation of fine yellow-orange
particles that were masking the membrane as well as the
cathode surface. The oxidation has slightly (~3%) lowered
the current efficiency because three electrons instead of two
electrons were consumed to fully reduce iron cations elec-
trochemically. Therefore, the drop in the energy efficiency
was a combination of the increased potential due to masking
particles and a drop in the current efficiency. Thus, to maxi-
mize the energy efficiency, the highest possible temperature
should be applied, but care must be taken to prevent oxida-
tion of the catholyte solution.

Current density

The highest energy efficiency of 89 +3% was obtained for
the 2.5 mol L™! catholyte at 0.1 kA m™2. The efficiency
monotonically dropped to 50.6 +2% for 1.8 kA m~2. The
obtained energy efficiency at low current densities is within

a range of the current commercial water electrolyzers [51,
52]. In the case of 2.5 mol L™, no irreversible degradation
of electrolytic cell parts was noticed. The reduced conduc-
tivity of the electrolytic cell in the case of the 4 mol L™!
catholyte requires significantly higher potential at compa-
rable current densities. All these together lead to additional
negative effects not only on the efficiency through HER, but
also on performance and degradation of the electrolysis sys-
tem parts. We observed an increased system heating, a minor
DSA® anode deterioration, Fe deposition on the membrane,
and, consequently, irreversible membrane degradation.

To establish the relationship between the current density
and energy efficiency, the electrolysis experiments were per-
formed with different current densities (j) ranging from 0.1
to 1.8 kA m~2 and at the system temperature of 70 °C. The
relationship between the current density and applied poten-
tial is almost linear or even slightly exponential (see bottom
figures in Fig. 3), revealing that the electrolysis under such
conditions is not controlled by the concentration polariza-
tion. This is expected due to the high electrolyte concentra-
tions and intense agitation of the electrolyte by recirculation
through the electrolytic cell. This makes the mass transport
of ionic species, from the bulk electrolyte to the electrode
surface, fast enough to minimize the boundary diffusion
layer, as well as to remove bubbles and limit their masking
effect [53, 54].

The energy efficiency-current density curves in Fig. 4 can
be fitted with an equation

1

=0 = T anG) + b

“
where a and b are fitting coefficients and the terms aln(j) and
bj represent energy losses due to the activation and resist-
ance polarization, respectively. In Table 1, one can observe
an increase in the contribution of resistance polarization
with the current density and an increase in the contribution
of activation polarization with the catholyte concentration.
The fit, using Eq. (4), shows that for 1 mol L™! catholyte
the resistance polarization contributes to 18.2% share at the
lowest current density and 67.8% at the highest, while the
2.5 mol L™! accounts for 40.4% for the lowest and increases
to 88.2% share of the energy efficiency losses for the highest
current density. The contribution of activation polarization

Table 1 The obtained activation (a) and resistance (b) coefficients and the calculated activation (act. %) and resistance (res. %) loss shares at cur-
rent densities of 0.1, 1.5, and 1.8 kA m™2 for 1, 2.5, and 4 mol L™! catholyte concentration (C)

0.1 kA m™2 1.5kA m™ 1.8 kKA m~2
C[molL™1 a b act. % res. % act. % res. % act. % res. %
1 0.0390 0.0004 81.8% 18.2% 32.2% 67.8% - -
2.5 0.0160 0.0005 59.6% 40.4% 13.5% 86.5% 11.8% 88.2%
4 0.0008 0.0030 1.2% 98.8% 0.1% 99.9% - -
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is found to be almost negligible for the 4 mol L' catho-
lyte over the entire current density range. Consequently,
the resistance polarization accounts for almost 100% of the
losses for 4 mol L™!.

The efficiency of the electrolysis can be expressed
also as the energy input per mass of deposited iron (Wh
g~!). According to Eq. 1, it is obvious that the energy
efficiency optimization must involve lowering the elec-
trolytic cell resistance since it governs the relationship
between potential and current density. In other words, the
potential required for electrodeposition at a certain current
density should be minimized to lower the energy losses
due to the Joule heating effect. Our results (Fig. 6) show
a very linear dependence between the energy input and
potential. The lowest energy input per mass of Fe deposit
that we have reached is 1.88 (+0.09) Wh g~! at a current
density of 102 A m™~2 and an average potential of 1.94 V,
when running the electrolysis of 2.5 mol L™! FeCl, (aq) at
70 °C. The limiting energy input, obtained by extrapola-
tion towards E°,,;, was found to be 1.76 Wh g~!. At the
elevated temperature, the energy input can even be slightly
lower, which can only be reached using optimized electro-
deposition conditions at potential infinitesimal higher than
the cell potential.

Conclusions
Here we focused on the electrolysis energy efficiency of highly

concentrated FeCl, aqueous solutions as a function of catholyte
concentration, system temperature, and current density. We

@ Springer

showed that cell conductivity has a dominant influence on the
energy efficiency of the electrolytic process. The conductiv-
ity of the FeCl, solution peaks at 2.25 mol L™! and strongly
increases with temperature. However, despite a significant dif-
ference in conductivity, the 1 and 2 mol L™! catholyte gave
very similar electrolysis energy efficiency. This indicates yet
another important contribution, i.e., the conductivity of the
ion-exchange membrane. The system temperature is directly
proportional to the electrolytic cell conductivity, and it lowers
the potential at a specific current density. As a consequence,
the energy efficiency increases with temperature by about 0.3%
per degree. The use of such catholyte solution at a system tem-
perature of 70 °C resulted in the highest energy efficiency of
89+ 3% at a current density of 0.1 kA m~2 and monotoni-
cally decreased to 51+2% at 1.8 kA m~2. The lowest energy
input per mass unit of deposited Fe that we have obtained is
1.88 (+0.09) Wh g~! at the current density of 0.1 kA m~2,
the potential of 1.94 V, and system temperature of 70 °C. The
extrapolation of the results towards E°,, gives the minimum
energy input per mass unit of Fe deposit to be 1.76 Wh g~!.
The nearly linear dependence between the potential and
current density proves that the mass transport of ionic spe-
cies from the bulk electrolyte to the electrode surface is not a
rate-limiting step in our system. Consequently, we fitted the
experimental results with two free parameters, aln(j) and byj,
for activation and resistance polarization, respectively. For
2.5 mol L™, the resistance polarization accounts for 40.4% of
the overall energy efficiency losses for the lowest current den-
sity and increases to 88.2% share for the highest current den-
sity. For 2.5 mol L™, the first traces of the hydrogen-evolving
reaction were noticed at the current density of 1.8 kA m~2.
The activation polarization was found almost negligible for
4 mol L™ over the entire current density range. For 4 mol L™,
the current efficiency dropped to 80+2% due to secondary
HER at a current density of 1.5 kA m~2. For 1 and 2.5 mol L™
catholyte, no irreversible degradation of electrolytic cell parts
was noticed. Furthermore, to minimize the efficiency losses
and prevent system degradation at high current densities, the
catholyte concentration must be well below 4 mol L™! FeCl,.
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