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Zinc-Iron Flow Batteries with Common Electrolyte
S. Selverston,∗,z R. F. Savinell,∗∗ and J. S. Wainright∗∗∗

Department of Chemical and Biomolecular Engineering, Case Western Reserve University, Cleveland,
Ohio 44106, USA

The feasibility of zinc-iron flow batteries using mixed metal ions in mildly acidic chloride electrolytes was investigated. Iron
electrodeposition is strongly inhibited in the presence of Zn2+ and so the deposition and stripping processes at the negative electrode
approximate those of normal zinc electrodes. In addition, the zinc ions have no significant effect on the Fe(II/III) couple at the
positive electrode. This enables the use of mixed Zn-Fe electrolytes and microporous separators in place of expensive ion-exchange
membranes. Considering the low-cost materials and simple design, zinc-iron chloride flow batteries represent a promising new
approach in grid-scale energy storage. The preferential deposition of zinc occurs with similar behavior on titanium, graphite and
glassy carbon substrates. A proof-of-concept zinc-iron chloride battery starting with mixed electrolytes was demonstrated and
maintains a consistent open-circuit voltage of about 1.5 V and stable performance during over 10 days and 100 cycles of continuous
charge-discharge cycling.
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Zinc-based hybrid flow batteries are being widely-developed due
to the desirable electrochemical properties of zinc such as its fast
kinetics, negative potential (E0 = −0.76 VSHE) and high overpo-
tential for the hydrogen evolution reaction (HER). Many groups are
developing zinc-bromine batteries, and they address challenges asso-
ciated with bromine toxicity and the organic complexing agents used
to reduce its vapor pressure.1,2 Other positive electrode couples us-
ing cerium, vanadium, nickel and iron are also being investigated.3–5

Zinc-ferricyanide flow batteries using alkaline electrolytes were de-
veloped in the late 1970 s, but progress was reportedly hindered by
high membrane costs and challenges with handling solid zinc ox-
ide precipitates.6 Currently, zinc-ferricyanide flow batteries are also
being developed by ViZn, Inc.7 Some of the challenges of using
the Fe(CN)3−/4−

6 couple include its low solubility on the order of
0.2–0.5 mol L−1, and the possible generation of toxic gas if it mixes
with acid.8–10 More recently, a zinc-iron flow battery based on deep
eutectic solvents (DES) with an open-circuit potential of 1.02 V was
described, but it operated at a low current density of 0.5 mA cm−2

and so it was concluded that high-temperature operation would be
required in order to obtain useful power densities.11

Of the possible reactions to use for a positive electrode, the aque-
ous Fe(II/III) redox couple is among the safest and cheapest, and
it has high solubility and fast kinetics even on uncatalyzed carbon
materials.12 However, most studies of zinc-iron batteries have fo-
cused on the alkaline chemistry (using Fe(CN)3−/4−

6 at the positive
electrode), and there are only a few reports of zinc-iron flow batteries
based on the acidic chemistry. A recent study combined an alkaline
(2.4 M NaOH) negative electrode with an acidic (1 M HCl) positive
electrode to achieve high performance, but this required the use of
two ion-exchange membranes as well as a third electrolyte pump.13 In
2016, an acidic zinc-iron sulfate battery employing an ion-exchange
membrane demonstrated 50 charge-discharge cycles at 30 mA cm−2

from a bath containing 1.5 mol L−1 H2SO4 and acetate buffers.14

During battery cycling, the authors observed a performance fade and
attributed it to crossover of iron ions. Therefore, it was stated that it
would not be possible to operate a battery with a mixed zinc-iron elec-
trolytes because any Fe2+ or Fe3+ present in the negative electrolyte
would be reduced in place of the zinc ions, and it was concluded that
future work should focus on development of more selective mem-
branes.
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In conventional (single-membrane) architectures, the ion-
exchange membranes ($120-500 m−2), can account for 20–40 % of
the flow battery cost, and their use has been called “the stumbling
block” toward flow battery commercialization.15,16 Whereas previous
studies have used such membranes to prevent electrolyte mixing, this
work investigates battery operation using mixed electrolytes in order
to simplify the battery hardware and to reduce capital costs. As with
the all-iron flow battery, moderate amounts of electrolyte crossover
in this configuration would not cause irreversible performance loss.17

Furthermore, the battery could operate using microporous separators
(normally based on polyethylene or polypropylene), which are less
expensive than ion-exchange membranes by more than an order of
magnitude.18 It should also be noted that in lightly-acidic iron chlo-
ride solutions, the conductivity of proton exchange membranes can
be much lower than in more acidic solutions due to their conversion
to an iron form rather than the desired proton form.

It might be expected that an electrodeposit made from the mixed
ZnCl2-FeCl2 electrolytes would be an alloy of the two metals, and that
the incorporation of iron would significantly decrease both the voltaic
efficiency and the coulombic efficiency; the reduction in voltaic ef-
ficiency would be expected because of the more positive potential
of iron (E0 = −0.44 V vs SHE) compared to zinc (E0 = −0.76
V vs SHE), and the reduction in coulombic efficiency could be ex-
pected since iron is a relatively good catalyst for hydrogen evolution.19

However, anomalous codeposition (ACD) phenomena allow for pref-
erential zinc plating from electrolytes containing zinc mixed with
iron-group metal ions.20–23 This study shows that it’s possible to use
the ACD to enable a pseudo-zinc negative electrode that operates
from mixed ZnCl2-FeCl2 electrolytes, as illustrated in Figure 1. The
associated reactions for the negative electrode, positive electrode and
overall cell reaction of such a system are given by Equations 1, 2 and
3, respectively.

Zn2+ + 2e− chg
⇀↽
dis

Zn E0 = −0.76 V [1]

Fe3+ + e− dis
⇀↽
chg

Fe2+ E0 = +0.77 V [2]

Zn2+ + 2Fe2+ chg
⇀↽
dis

Zn + 2Fe3+ E0 = 1.53 V [3]

The anomalous behavior of electroplating from such mixed elec-
trolytes has been attributed to the so-called hydroxide suppression
mechanism (HSM), wherein the formation of a surface hydrox-
ide layer (e.g., Zn(OH)2) impedes the transport of the more noble
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Figure 1. Schematic of a zinc-iron chloride flow battery with mixed elec-
trolytes.

metal ions to the underlying substrate.24,25 However, other reports
concluded that the HSM was inconsistent with experimental data,
and there is still no universally-accepted mechanism for anomalous
codeposition.20,26–29 Although more research is needed to fully under-
stand ACD, in this study we take advantage of the ACD phenomena
for application in a flow battery.

Electrodeposition from related mixed electrolytes has been studied
for alloy plating applications, where there are different requirements
and performance metrics than there are for battery applications. In
alloy deposition, for example, it is desired to incorporate iron into
the deposit because the alloy has superior corrosion resistance com-
pared to pure zinc.30–34 However, the coulombic efficiency during
plating decreases with increasing iron incorporation into the alloy.31

For zinc-iron battery applications, it would be ideal to completely
inhibit iron deposition in order to maintain the zinc potential and hin-
der hydrogen evolution. Furthermore, for battery applications, there
can be additional challenges due to the galvanic displacement dur-
ing discharge via Equation 4. If the galvanic displacement of zinc
by iron is slow, then the charge-discharge processes can be carried
out with performance similar to that which could be obtained from
a “pure” electrolyte containing only Zn2+ as the active metal cation
in the negative electrolyte. This study investigated the plating and
stripping processes of zinc, iron and their mixtures at pH=1 in or-
der to avoid the formation of insoluble iron hydroxide precipitates,
which can form between 2<pH<3 and possibly interfere with the
measurements, while minimizing hydrogen evolution.12,17,35

Zn + Fe2+ → Fe + Zn2+ E0 = 0.32 V [4]

Methods

Using an H-Cell with a Luggin capillary, deposition and disso-
lution were examined using solutions containing iron chloride, zinc
chloride, and their mixtures. The solution pH was adjusted by drop-
wise addition of 10 %w HCl. Titanium bar (0.020”, grade 2A, ASTM
B265, A = 1 cm2) and glassy carbon (A = 0.197 cm2) were used
as substrates. Initial pre-treatment of the titanium consisted of wash-
ing in detergent with hot water followed by rinsing in acetone and
isopropyl alcohol. Subsequently, the electrode was sanded by hand
(120-grit, Norton T461) to remove surface oxides. Unless otherwise
noted, 1 mol L−1 NH4Cl was used as a supporting electrolyte. Cyclic
voltammetry was carried out by scanning the potential from −0.2 to
−1.3 V vs AgCl at scan rates, ν, ranging from 2–50 mV s−1 using a So-
lartron Modulab potentiostat. Effects of transport were studied using
a rotator (Pine, Inc.) with a glassy carbon electrode (A = 0.197 cm2).
A flow battery (A = 6.25 cm2) consisting of graphite plates as
electrodes and a microporous separator (Daramic 175, thickness =
175 μm) was used, with the flow provided by peristaltic pumps at
50 mL min−1. The positive electrode employed 2-mm thick carbon
felt bonded to the graphite plate, as described elsewhere.35 Teflon gas-
kets (2-mm thick) were used on each side of the separator. The elec-
trolytes were prepared to simulate operation at 30 % SoC, assuming a

starting composition of 1.6 M ZnCl2 and 0.8 M FeCl2 in both compart-
ments. Therefore, the initial negative electrolyte contained 1.12 mol
L−1 ZnCl2 and 0.8 mol L−1 FeCl2, and the initial positive electrolyte
contained 1.6 mol L−1 ZnCl2, 0.56 mol L−1 FeCl2 and 0.24 mol
L−1 FeCl3. Both electrolytes contained 2 mol L−1 NH4Cl supporting
electrolyte and 2 g L−1 PEG8000 to moderate dendrite growth,36 and
the volume of each electrolyte was 175 mL. Charging and discharging
were carried out at ± 25 mA cm−2. Coulombic and voltaic efficiencies
were estimated using CE = qdischarge/qcharge and VE = Ēdischarge/Ēcharge,
where q represents charge in coulombs and Ē represents the average
value of potential. Battery charging was carried out for one hour, and
discharges were carried out until the cell reached a cutoff voltage of
0 V to completely strip any deposited metal. This represented a SoC
swing of about 1.5 % based on the Zn2+ in the negative electrolyte and
4.2 % based on the Fe2+ in the positive electrolyte. Temperature was
maintained at 25 ◦C using an in-line shell-and-tube heat exchanger.

Results and Discussion

The chloride medium was chosen for this study because elec-
trolytes containing chloride tend to promote greater current efficiency
(lower H2 evolution rates) and conductivity than those containing
sulfate.31,37–39 A comparison between the voltammograms of the iron,
zinc, and mixed zinc-iron systems is shown in Figure 2. It is note-
worthy that in the iron-only solution (E0 = −0.66 VAg/AgCl), there is
about 360 mV of overpotential before the onset of significant reduc-
tion currents, compared to about 80 mV for zinc-containing solutions
(E0 = −0.98 VAg/AgCl). Due to the high overpotential for iron deposi-
tion, the reduction curves for iron and zinc occur within about 50 mV
of one another despite a 300 mV difference in their standard reduction
potentials.

As can be observed in Figure 2a, reduction currents for the iron-
only electrolyte started at approximately −1.0 V versus Ag/AgCl,
and the stripping current occurred in the region of −0.6 to −0.2 V.
When the equimolar zinc-iron solution was used, however, there was
no significant iron stripping peak despite a clear zinc stripping peak
in the region of −1.0 to −0.8 V. Based on the polarization curves,
normal alloy plating theory would expect that iron reduction should
have also taken place concurrently, but this was not observed. After
plating at low overpotentials (less-negative scan limits), iron stripping
peaks were not observed, even when zinc plating and stripping took
place. When scanning the potential to more negative limits, however,
subsequent iron stripping peaks were present, as shown in Figure 2b.
While the iron stripping peaks were nearly absent when scanning to
−1100 mV, −1150 mV and −1200 mV, the scans at −1250 mV and
−1300 mV displayed noticeable iron stripping peaks at ca. −0.6 V.
These results were consistent with a previous study, which also re-
ported increasing iron content with more negative scan limits in NaCl
solution with Zn/Fe = 1/3.39

Since iron stripping peaks were observed under some conditions,
which would be undesirable for a flow battery, further experiments
were conducted in order to compare the effects of pH, Zn/Fe molar
ratio and zinc transport on the deposition and stripping behavior.
First, voltammograms were carried out from quiescent solution onto
titanium substrate at pH = 1 and pH = 3 at three different Zn/Fe
molar ratios. As shown in Figure 3, it was found that iron stripping
peak currents increased at lower Zn/Fe molar ratios, but there was
little difference between voltammograms from the pH = 1 and pH =
3 solutions. In addition to the formation of the iron stripping peak,
more negative scan limits were also associated with the bifurcation of
the peak in the zinc region into two separate peaks. This behavior has
been attributed to the formation of a Zn+Fe solid solution η-phase,
wherein the first peak corresponds to the zinc in the η-phase, the
second corresponds to the iron in the η-phase, and peak in the iron-
stripping region (−0.45 to −0.6 V vs Ag/AgCl) corresponds to pure
α-phase iron.39 In order to further elucidate the roles of Zn/Fe molar
ratios and zinc ion transport, additional experiments were carried out
using a rotating disk electrode with a glassy carbon substrate.
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Figure 2. (a) Deposition and dissolution at pH=1 and ν = 10 mV s−1 when scanning to −1.2 V versus Ag/AgCl from zinc and iron chloride electrolytes onto
titanium substrate in quiescent solution, and (b) effect of negative scan limit (ν = 10 mV s−1) on deposition and stripping from equimolar ZnCl2-FeCl2 solutions,
where current is normalized to the peak stripping current; (i) is −1100 mV, (ii) is −1150 mV, (iii) is −1200 mV, (iv) is −1250 mV, and (v) is −1300 mV. All
solutions contained NH4Cl supporting electrolyte adjusted to maintain 3 mol L−1 Cl−.

As shown in Figure 4a, reduction currents between 20–30 mA
cm−2 were measured at rotation rates of 300< ω <1500 rpm without
any observable iron stripping peaks from an equimolar ZnCl2-FeCl2

solution with negative scan limit of −1150 mV vs Ag/AgCl. That is,
the zinc appeared to be deposited preferentially via an ACD mech-
anism. Since zinc-based flow batteries often charge at 10–50 mA
cm−2,2 this result suggested that zinc-rich deposits can be made (viz.,
the ACD process can be utilized) from mixed electrolytes at useful
current densities in flow battery applications. Although not presented,
XPS analysis was also used to confirm the predominance of zinc in
the deposit surfaces. In order to obtain more insight into the deposi-
tion and stripping, further tests were conducted at more negative scan
limits (higher plating current densities), as shown Figures 4b, 4c and
4d. Here, some iron stripping peaks were observed, particularly at the
lowest rotation rate (ω = 300 rpm). Similar to the other experiments
from quiescent solution at low Zn/Fe molar ratios (Figure 3), the zinc
stripping peak bifurcated into two separate peaks when plating at
higher current densities. When the rotation rate was increased though,
the associated stripping current went from showing three peaks (two
in the zinc region and one in the iron region) to showing only one
peak. That is, faster rotation rates were necessary in order to keep up
with higher current densities while avoiding bifurcation of the zinc

stripping peak as well as formation of iron stripping peaks. The be-
havior from the mixed solution was also compared with a zinc-only
control solution, as shown in Figure 5 for a negative scan limit of
−1350 mV vs Ag/AgCl. It is clear that at relatively higher plating
current densities (i > 50 mA cm−2), faster rotation rates led to strip-
ping peaks that looked closer to the those from the zinc-only solution.

These results seemed to disagree with the HSM theory, whereby
the anomalous behavior should be enhanced by increasing pH (or
equivalently, by decreasing the electrode rotation rate so that a signif-
icant pH gradient can be established). In Figure 4a, for example, there
were clear zinc stripping peaks present but no iron stripping peaks,
despite plating on a disk spinning at 1500 rpm from a solution with
an acidic solution (pH=1). It has been reported that the critical pH for
zinc hydroxide precipitation is approximately pH = 5.18.26,40 How-
ever, it can be shown that such a high surface pH is unlikely to exist
on an electrode rotating at 1500 rpm, wherein the surface pH should
be close to the bulk pH. Furthermore, HSM theory would predict a
trend of decreasing anomalous behavior with increasing rotation rate
(since increasing rotation rate is associated with a small pH gradient
near the electrode surface), but the opposite trend was observed. This
is consistent with several previous studies, which have noted similar
discrepancies.27,30 In the present results, the anomalous deposition
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Figure 3. (a) Deposition and dissolution onto titanium substrate from quiescent solution for three Zn/Fe ratios at (a) pH=1 and (b) pH=3, where all solutions
contained CMe2+ = 1 mol L−1 and 3 mol L−1 NH4Cl supporting electrolyte.
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Figure 4. Effect of rotation rate and negative scan limit on deposition and stripping from electrolytes containing 0.5 mol L−1 ZnCl2 + 0.5 mol L−1 FeCl2 on
glassy carbon. The scan rate was ν = 50 mV s−1 and the negative scan limits were (a) −1150 mV, (b) −1250 mV, (c) −1350 mV and (d) −1450 mV vs Ag/AgCl.
The solution contained 1 mol L−1 NH4Cl supporting electrolyte.

was found to be enhanced with increasing rotation rate, rather than
being hindered, consistent with the findings by Gómez et al. for both
Zn-Co and Zn-Fe electroplating, which suggested that the anomalous
behavior depended mainly on zinc ion transport.27,39

In terms of the positive Fe(II)/Fe(III) electrode, only a slight de-
pression of the electrode activity was apparent in a solution contain-
ing excess zinc (0.2 mol L−1 FeCl2, 0.2 mol L−1 FeCl3, 0.8 mol
L−1 ZnCl2), and there was no significant difference in peak shifting
with increasing scan rate between the two solutions (see Figure 6).

In both cases, the peak current varied linearly (R2 > 0.99) with the
square root of the scan rate, consistent with fast reactions controlled
by mass transport. This result confirms that in the mixed system, the
positive Fe(II/III) electrode can behave in the same way as it does in
iron-chromium, iron-hydrogen, and all-iron batteries.

A proof-of-concept battery operating at (T = 25 ◦C) was tested
over 10 days and 127 cycles of continuous charge-discharge cycling
at ± 25 mA cm−2, where each charge was carried out for one hour
(charge loading = 25 mAh cm−2, a similar value of metal loading
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Figure 5. Comparison of deposition and stripping behavior between 0.5 mol L−1 ZnCl2 and 0.5 mol L−1 ZnCl2 + 0.5 mol L−1 FeCl2 at (a) 300 rpm and (b)
1200 rpm on glassy carbon with ν = 50 mV s−1 and negative scan limit of −1350 mV. The mixed solution contained 1 mol L−1 NH4Cl and the zinc-only solution
contained 2 mol L−1 NH4Cl in order to maintain constant chloride concentration.
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in the current peak.

as described in Ref. 13). The open-circuit potential of about 1.5 V
suggested that (1) the deposit contained primarily zinc, (2) the po-
tential of the positive electrode was not affected by the presence of
zinc and (3) the displacement of zinc by iron was not sufficiently fast
so as to bring the electrode to the iron potential, where an OCV of
about 1.2 V would have been observed. However, it was fast enough
to produce some hydrogen gas as evidenced by visual inspection
of the flowing electrolyte. Although this reaction does lead to some
self-discharge, the electrolytes can be drained from the stacks during
any gaps between charging and discharging in order to minimize any
self-discharging when the battery is not in use. Voltage profiles were
relatively flat, as shown for the first charge-discharge (Cycle # 1 of
Figure 8) in Figure 7.

The cell potential of the battery during the first two days (25 cy-
cles) is shown in Figure 8a, and the variation of efficiencies during 127
cycles over a 10-day period is shown in Figure 8b. The battery test was
voluntarily stopped after 10 days, which was deemed to be sufficient
for demonstrating operation of the mixed-electrolyte battery system.
The performance was relatively stable, without any evidence of degra-
dation. Initially, there was a pressure imbalance due to the fact that
the positive electrolyte flowed through a porous felt whereas the neg-
ative electrolyte did not, so there was a gradual transfer of fluid from
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Figure 7. Close-up view of the first charge-discharge (Cycle # 1 in Figure 8)
at ± 25 mA cm−2, operating at T = 25 ◦C.

positive to negative. This was corrected by increasing the negative
back-pressure with a needle valve (denoted as (i) in Figure 8b); this
increased the stability and increased coulombic efficiency, presumably
by decreasing the rate of crossover from the positive electrolyte. It was
also noted that during cycles 20–50, voltaic efficiency decreased while
coulombic efficiency increased (reaching a maximum of 95 %). Based
on visual observation of the color of the flowing electrolyte, we specu-
late that this was due to the formation of some hydroxide precipitates,
which formed a coating on the separator and hindered crossover of
Fe3+ and protons from the positive electrolyte. During the 65th cycle,
2.5 g of citric acid (equivalent to about 35 mmol L−1) was added to
the electrolytes in order to complex the iron from the hydroxides (de-
noted as (ii) in Figure 8b); this caused an increase in voltaic efficiency
and a corresponding decrease in coulombic efficiency. Both effects
may be attributed to clearing of the separator pores. Based on these
results, identification of the appropriate complexing ligands, as well
as their optimum concentrations, is an important aspect of the devel-
opment of zinc-iron chloride flow batteries. The average coulombic,
voltaic and energy efficiencies were 85%, 80% and 68%, respectively,
similar to those from Ref. 14, but operating with mixed electrolytes
and a microporous separator. Considering the fast kinetics of the zinc
and iron redox couples, the main source of low voltaic efficiency was
likely the ohmic resistance in the separator and the large (∼2.2 mm)
gap between positive and negative electrodes, as well as concentra-
tion polarization at the positive electrode (the Fe(II)/Fe(III) reaction
is only a single-electron reaction, and the Fe2+ concentration was
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Figure 8. (a) Cell potential as a function of time during the first two days of testing, and (b) estimated voltaic, coulombic and energy efficiencies during over
10 days of continuous charge-discharge cycling at T = 25 ◦C.
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relatively low). Cyclic voltammograms (not shown) indicated that the
bulk plating and stripping processes were not significantly affected by
the presence of the PEG. In the future, performance can be improved
by optimizing various parameters such as the temperature, the elec-
trolyte composition, the distance between electrodes, the electrode
structure and the flow rate. It will also be important to determine the
range of Zn:Fe and associated SoC that can be used for efficient battery
operation; however, as with most hybrid flow batteries, any limitations
on the amount of energy stored will be dictated primarily by the cell
geometry and volume for zinc plating rather than by the SoC of the
electrolyte. The coulombic efficiencies were lower than those in bat-
teries using separated electrolytes and ion-selective membranes, but
still high enough to obtain energy efficiencies of over 60% without
optimization. It may be possible to reduce relative effects of both Fe3+

crossover as well as H2 evolution by increasing the discharge current
density, which would polarize the negative electrode in the positive
direction. Also, in order to increase the stability for extended battery
testing, an electrolyte rebalancing system should be incorporated in
order to compensate for losing protons to hydrogen gas.41 Most im-
portantly, despite many days of operation using mixed electrolytes,
neither the presence of Fe2+ nor Fe3+ in the negative electrolyte ap-
peared to cause any irreversible performance degradation, and it was
clear that zinc, rather than iron, was the primary species being de-
posited and stripped. The system cost was estimated using a model
developed by PNNL,42 modified as needed for the zinc-iron chloride
architecture (e.g., ZnCl2 and FeCl2 electrolytes, Daramic separators,
etc.). Assuming a discharge at 1.2 V and 50 mA cm−2, we estimate
the zinc-iron chloride battery system would cost about $100 kWh−1

for a system capable of a 5.5 h discharge. However, achieving this
will require additional research and development in order to better
understand the cell behavior and the deposit morphology at higher
states of charge.

Conclusions

It was shown that anomalous deposition of zinc from mixed ZnCl2-
FeCl2 electrolytes can be used to enable zinc-iron chloride batteries
that are crossover-tolerant and can use microporous separators. The
inhibition of iron deposition by zinc ions was observed to occur with-
out apparent dependence on substrate material, and iron incorporation
into the deposits was only observed in cases with relatively low Zn/Fe
(or high deposition current densities) that are outside the range of what
is necessary for battery applications. The presence of excess zinc chlo-
ride (Zn/Fe = 4) only slightly depressed the activity of the Fe(II/III)
reaction on graphite. A proof-of-concept flow battery demonstrated
an OCV of approximately 1.5 V and good stability during continuous
charge-discharge cycling at 25 ◦C. Based on the cell behavior, it was
clear that the primary processes occurring at the negative electrode
were zinc deposition and stripping, even when mixed with relatively
high concentrations of Fe2+. With further development, zinc-iron chlo-
ride batteries could achieve an excellent balance between cost, safety,
and performance for grid-scale energy storage applications.
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