Mediated alkaline flow batteries: from fundamentals to application
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ABSTRACT: Alkaline flow batteries are attracting increasing attention for stationary energy storage. Very promising can-
didates have been proposed as active species for the negative compartment, while potassium ferrocyanide (K4Fe(CN)6) has
been the only choice for the positive one. The energy density of this family of batteries is limited by the low solubility of
K4Fe(CN)6 in alkaline media. Herein, we propose a general strategy to increase the energy density of this family of alkaline
flow batteries by storing energy in commercial Ni(OH)z electrodes confined in the positive reservoir. In this way,
K4Fe(CN)6 dissolved in the electrolyte acts not only as electroactive species, but also as charge carrier between current
collector and solid Ni(OH)2 particles located in an external reservoir. A storage capacities of 29 Ah L for the positive
compartment is demonstrated. The concept is implemented in three systems: Zn - K4Fe(CN)6, anthraquinone - K4Fe(CN)6
and phenazine - K4Fe(CN)6 alkaline flow battery, showing the versatility of the strategy. Challenges and future directions
to exceed the 16 Wh L., demonstrated in this work are discussed.

INTRODUCTION

Energy storage technologies have become of vital im-
portance for a variety of applications ranging from integra-
tion of intermittent renewable energy sources in the elec-
trical grid to portable electronics. For stationary energy
storage applications, redox flow batteries (RFB) are espe-
cially suitable due to their long cycle life and the independ-
ent scalability of energy and power (Figure 1a).">3 In a RFB,
electrical energy is stored as chemical energy in the elec-
troactive species that are dissolved in the electrolyte. The
state-of-art RFB is the all-vanadium redox flow battery
(AVRFB), which employs redox electrolytes consisting in
vanadium species dissolved in strong acidic media.* Elec-
trochemical performances of AVRFBs are competitive for
stationary applications; however, vanadium is considered
to be a strategic/critical material for the US governments
as well as the EU commission.® In addition, the corrosive
vanadium electrolytes are not environmentally friendly.
Therefore, finding alternative chemistries for redox flow
batteries has become of tremendous interest. Electroactive
species based on organic molecules and non-critical ele-
ments in alkaline media have attracted much attention in
recent years. Several battery chemistries have been demon-
strated to deliver promising performances including an-
thraquinone - K,Fe(CN)s,> vitamin B- derivatives -
K,Fe(CN)s,” alloxazine - K,Fe(CN)s,® phenazine-deriva-
tives — K,Fe(CN)s.2 All these systems use potassium ferro-
cyanide (a food additive)™ as active species in the positive

compartment. Unfortunately, the solubility of ferrocya-
nide-ion decreases with increasing pH, becoming relatively
low in alkaline media (ca. 0.4 mol L in in 1 M KOH) and
limiting its volumetric charge storage capacity to ca. 10 Ah
L. As a result, the energy density of all these alkaline flow
batteries is currently limited by low charge storage capac-
ity of ferrocyanide since the volume of the positive reser-
voir needs to be from 4-fold to 10-fold larger than that of
the negative reservoir (Figure 1b). While progress in this
direction was recently achieved in neutral pH," efforts
should be devoted for improving volumetric charge storage
capacities of the positive compartment in alkaline media.
On the other hand, volumetric charge storage capacity of
solid battery materials is much higher than that of redox
electrolytes, e.g. 180 Ah L™ for bulk Ni(OH), solid particles
versus 10 Ah L of a ferrocyanide solution. However, solid
active materials cannot be used in flow batteries since elec-
trical contact between the electrode located in the electro-
chemical reactor and the active solid material located in
the external reservoir is required. The electrochemical re-
actor and the external reservoir are tens of centimeters or
even meters apart from each other, which prevents charge
storage in active solid materials located in the external res-
ervoir. Recently, Wang's group showed that a redox elec-
trolyte consisting of one single electroactive species can act
as charge mediator so that charge can be stored in solid
active materials located in the external reservoir of a flow
battery.’"3



(a)

Electrochemical
reactor

2%

Reservoir of
Positive

Reservoir of
Negative
Compartment

=]
I -

Compartment

(b)

200 -
'_7% 150 -
3 2 I8 8
01004 £/8& 5 9
£ B g g =
e ] © L @
S H Bl B
50 A g Bl
2 5]
Z g
0 -
2015 2016 2018
Science, Nat. Energy, Nat. Energy,
349,1529 1,16102 3, 508

Figure 1. (a) Schematic illustration of an alkaline redox flow battery and (b) volume of redox electrolyte required to store 1 kAh

for three of the most promising flow systems.>89

Herein, we present a general strategy to increase the
volumetric charge storage capacity of the positive
compartment and, thus, the energy density of the rich
family of ferrocynide-based alkaline flow batteries. We
propose the use of commercial Ni(OH), electrodes as solid
electroactive material confined in the external reservoir
since the volumetric charge storage capacity of Ni(OH), is
two order of magnitude higher than the maximum value of
a ferrocyanide solution. In this way, the pair ferrocyanide -
ferricyanide acts not only as electroactive species to store
charge, but also as charge mediator between the electrode
and solid Ni(OH), particles located in an external
reservoir.

RESULTS

Concept and Thermodynamics of Charge Transfer
Reaction between Electrolyte - Solid. In a flow battery,
electroactive species are, by definition, stored in external

reservoirs while the charge transfer reaction occurs in the
electrochemical reactor so that energy (size of the
reservoirs) and power (size of the electrochemical reactor)
are decoupled. Thus, electroactive species are dissolved in
the electrolyte so that these species can travel from the
reservoir where they are stored to the electrochemical
reactor where charge is transferred, and vice versa. Energy
density is thus limited by the solubility of the dissolved
redox species. To overcome this limitation, we propose a
family of alkaline flow battery in which dissolved active
species in the limiting compartment
(ferricyanide/ferrocyanide) not only store energy, but also
act as mediator to enable reversible charge storage in high-
energy solid active materials confided in the reservoir
(Figure 2). As a result, the presence of a high-energy solid
material in the positive reservoir would allow the size of
this reservoir to be significantly reduced, leading to an
increase in energy density of the system.
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Figure 2. Schematic illustration of the concept of mediated alkaline flow battery in which dissolved active species in the limiting
compartment (ferricyanide/ferrocyanide) not only store energy, but also act as charge mediator to enable reversible charge storage

in high-energy solid active materials confined in the reservoir.
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Figure 3. Schematic illustration of the evolution of redox potential with state of charge for dissolved species and solid active
material. When AG < o (green area), spontaneous charge transfer reaction can thermodynamically occur between dissolved species
and solid active material. Example for a positive electrode during (a) charging and (b) discharging process.

Spontaneous charge transfer reaction between redox
electrolyte and solid active material needs to be reversible

which is thermodynamically possible under specific condi-
tions (Figure 3). Fundaments of this figure and the revers-
ibility of charge transfer reaction are found in Supporting
Information (Section 1 in ESI). In brief, the potential of the
reduction reaction must be above that of the oxidation re-
action so that spontaneous charge transfer can occur (AG
< 0). In our case, the potential of the electrolyte must be i)

above that of the solid to be able to oxidize Ni(OH)2 to
NiOOH during charging and ii) below that of the solid to
be able to reduce NiOOH to Ni(OH)2 during discharge. In
the case of the charging process (Figure 3a), ferrocyanide
is oxidized to ferricyanide in the electrochemical reactor.
The ferricyanide in the electrolyte flows to the external res-
ervoir. At low state of charge (point 1,2 and 3 in Fig 3a), the
redox potential of the electrolyte is below that the solid so
that spontaneous charge transfer does not take place. The
potential of the electrolyte increases with increasing state
of charge following Nernst behavior. At a given state of
charge, the redox potential of the electrolyte is above that
of the solid so that ferricyanide oxidizes Ni(OH), to
NiOOH reducing itself to ferrocyanide and returning to
the electrochemical reactor in its discharged state. At this
point, the redox electrolyte starts to behave as redox wire
transporting charges from the electrochemical reactor to
the solid material confined in the external reservoir. Once
the solid active material is fully oxidized (charged), ferricy-
anide accumulates till the battery is fully charged. During
discharging process (Figure 3b), the redox potential of the
electrolyte is above that of the solid at high state of charge
(point 1, 2 and 3 in Figure 3b), so that ferrocyanide cannot
reduce NiOOH to Ni(OH)2. The potential of the electro-
lyte decreasing with the state of charge. At a given state of
charge, the redox potential of the electrolyte is below that
of the solid so that ferrocyanide reduces Ni(OH)2 to
NiOOH oxidizing itself to ferricyanide and returning to the
electrochemical reactor in its charged state. The ferrocya-
nide in the electrolyte flows to the external reservoir. Once

the solid active material is fully reduced (discharged), fer-
rocyanide accumulates till the battery is fully discharged.

Evidence of Spontaneous Charge Transfer between
Fe(CN)3~/Fe(CN)%~ and Ni(OH)./NiOOH. We visually
demonstrate that the electrochemical reactions between
the pair ferrocyanide/ferricyanide and Ni(OH),/NiOOH
occur spontaneously. The differences in color between
Ni(OH), and NiOOH which are green and black, respec-
tively,4 allow us to observe transformations between these
two phases. Figure 4 shows photograms of two videos of
the spontaneous reactions. A sample of Ni(OH), was
placed on a filter paper (Figure 4a-c). A solution of ferri-
cyanide was added to sample. When ferricyanide was
added, the particles changed color, from green to black
(Figure 4b), indicating the oxidation of Ni(OH), to
NiOOH. After rinsing the sample with 1 M KOH solution,
ferrocyanide was added to the black sample of NiOOH.
The addition of ferrocyanide led to another change of
color, from black to green (Figure 4c), which indicates the
reduction of NiOOH back to Ni(OH),. This experiment
shows that ferricyanide is able to oxidize Ni(OH), to
NiOOH, while ferrocyanide is able to reduce NiOOH to
Ni(OH),. To confirm that these processes are also reversi-
ble in a flow battery, we assembled an electrochemical flow
cell that contained a ferrocyanide solution. In an external
reservoir, a sample of Ni(OH), was immersed (Figure 4d).
Ferrocyanide in the solution was electrochemically oxi-
dized to ferricyanide in the electrochemical reactor. When
the electrochemically generated ferricyanide reached the
external reservoir, it oxidized the particles of Ni(OH), to
NiOOH, changing the color of the sample from green to
black (Figure 4e). Once the first step was ended, the ferri-
cyanide solution that was previously generated was elec-
trochemically reduced to ferrocyanide in a second step.
When the electrochemically generated ferrocyanide
reached the external reservoir, it was able to reduce
NiOOH to Ni(OH),, which was visualized by the change in
color, from black to green (Figure 4f).
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Figure 4. Photograms of two videos. Video 1: (a) a sample of
Ni(OH)z2 is placed in a paper filter, (b) Ferricyanide is added
to the Ni(OH)2 sample, which leads to a change of the color
from green to back, indicating the oxidation of Ni(OH), to
NiOOH. (c) Ferrocyanide is added to the sample, which
provokes the reduction of NiOOH back to Ni(OH), recovering
its initial green color. Video 2: (d) a sample of Ni(OH), is
immersed in the external reservoir of a flow cell in the
presence  of  ferrocyanide. (e)  Ferrocyanide is
electrochemically oxidized to ferricyanide, which reacts
spontaneously with Ni(OH), in the external reservoir
generating NiOOH. The reaction is evidenced by the change
of color of the sample from green to black. (f) Ferricyanide
that was previously generated is electrochemically reduced to
ferrocyanide, which reacts spontaneously with NiOOH,
returning to its initial reduced state Ni(OH)..

Thermodynamics of Charge Transfer between Ferro-
cyanide / Ni(OH)2. It should be first noted that evalua-
tion of the thermodynamic spontaneity and reversibility of
charge transfer reaction between liquid and solid requires
gathering information at equilibrium condition so that the
use of cyclic voltammetry is strongly discouraged. For in-
stance, reaction between ferrocyanide solution and
Ni(OH)2 electrode appears not to be spontaneous when
evaluated by cyclic voltammetry (Fig S1 in ESI). On the
other hand, evolution of the potential at open circuit with
the state of charge allows for unambiguous determination
of spontaneity from a thermodynamic perspective (Figure
5). When fully charged, the electrolyte reaches the most
oxidizing potential, which is high enough to oxidize
Ni(OH)2 up to its 95 % state of charge (Figure 5a). When
fully discharged, the potential of the electrolyte is low
enough to reduce NiOOH completely back to Ni(OH)2.
Therefore, thermodynamically speaking, a ferrocynide so-
lution could act as bidirectional redox wire to charge / dis-
charge Ni(OH)2/NiOOH in a range between o - 95 % state
of charge. Kinetics of the charge transfer reaction, contact
area between solid and liquid and practical state of charge
achievable for the electrolyte (at 1 % and 99 % state of
charge, the concentration of reactant in the electrolyte is
so low that high current densities cannot be sustained) will
determine how much charge can be stored reversibly in the
solid material under given conditions. For instance, when

the electrolyte is limited to operate in a range of 10 % - 9o
% state of charge, the oxidizing and reducing capability of
the electrolyte is decreased limiting the accessible state of
charge of the solid material to a range between o % - 85 %
state of charge (Figure 5b).
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Figure 5. Evolution of potential measured at open circuit in 1
M KOH for a ferrocynide solution (blue line) and a
commercial Ni(OH)z2 electrode taken from a Ni-MH battery.
(@) Full charge and discharge of the ferrrocyanide solution (o
- 100 % state of charge) allows Ni(OH)2 to be charged and
dischargde between o - 95 % state of charge. (b) When
ferrocynyde is charged / discharged between 10 - 9o % state of
charge (more practical scenario), the Ni(OH)z is limited to o
- 85 % state of charge.

Influence of KOH concentration in the driving force
for charge transfer reaction. An important condition for
reversible charge transfer is that the redox potential of
electrolyte and solid are close. In the case of potassium fer-
rocyanide and Ni(OH), in KOH aqueous solution, the re-
dox potential of ferrocyanide increases (K* dependent)
while that of Ni(OH), decreases (H* dependent), as the
concentration of KOH. Hence, working conditions can be
adjusted depending on the final application to increase the
driving force of charge transfer during charging process or



discharging process by changing the concentration of
KOH, according to Nernst law. Figure 6 shows the evolu-
tion of the redox potential as a function of the concentra-
tion of KOH that was measured experimentally at 50 %
state of charge for a ferrocyanide solution and Ni(OH),
electrode. In 1 M KOH, the potentials at 50 % overlap,
which is the ideal case as illustrated above in Figure 3.
Above 1 M KOH, the average potential of the electrolyte
will be slightly lifted with respect to the solid material.
Thus, the driving force of charge transfer reaction during
charging process will be increased, in detriment of dis-
charging process, by increasing the concentration of KOH
above 1 M. This case would be of interest for applications
in which faster charging than discharging is required. Like-
wise, the driving force for charge transfer reaction during
discharging process can be increased, in detriment of
charging process, by decreasing the concentration of KOH
below 1 M. This case would be of interest for applications
in which faster discharging than charging is required.
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Figure 6. Evolution of redox potential measured at open
circuit at 50 % state of charge with the concentration of
KOH. The relation is not completely linear because the re-
dox potential is dependent on the activity of species, in-
stead of concentration. At high concentration, the activity
coefficient diverges from the unity.

Electrochemical Quantification of Charge Storage in
the Solid Material Confined in the Reservoir. Charge
storage in the solid material confined in the reservoir was
further demonstrated and quantified electrochemically us-
ing a symmetrical flow cell in which ferrocyanide and fer-
ricyanide are used as active species for the positive and
negative compartment, respectively (Figure 7a). A large
excess of ferricyanide (three times the amount of ferrocya-
nide) was used in the negative compartment so that the
positive compartment became the limiting side. This sym-
metrical configuration allows easy evaluation of the reac-
tions occurring in the limiting compartment. In addition,
interfering of hydrogen evolution and oxygen reduction
were avoided, making this configuration very useful for

fundamental studies in flow batteries.’>*® Therefore, all val-
ues are referred to the limiting side, which initially con-
tains ferrocyanide.

To quantify the amount of charge stored in the active solid
material, we carried out a series of experiments in which
the amount of charge stored in the pair ferrocyanide/ferri-
cyanide was known as well as the mass of Ni(OH), added
to the external reservoir. We employed Ni(OH), electrodes
taken from commercial Ni-MH batteries (Panasonic HHR-
110AA) due to their good performance and easy handling.
The charge storage capacity of these electrodes was 125
mAh gt ctrode- Since the specific capacity of Ni(OH), is 250
mAh ggionz, Ni(OH), accounts for ca. 50 % of the elec-
trode mass. In the absence of Ni(OH), electrode, the
charge stored in the ferrocyanide/ferricyanide electrolyte
solution was very close to its maximum theoretical value
since an experimental value of 7.3 Ah L was obtained for a
maximum value of 8.0 Ah L" (0.3 M ferrocyanide). In the
presence of Ni(OH), electrode in the external reservoir, the
reversible charge increased significantly (Figure 7b). In-
deed, a linear relationship between the amount of Ni(OH),
added to the electrolyte and the volumetric charge capac-
ity was obtained. At the applied current density of +20/2
mA cm, the utilization rate of Ni(OH), for these three
cases was ca. 40 %, which is the ratio between charge
stored in Ni(OH), and maximum possible value (Section 2
in ESI). The voltage profile (Figure 7c) shows two im-
portant points: i) low current densities are required to
achieve volumetric capacities near 30 Ah L and utilization
rates of 40 %; and ii) different volumetric capacities are ob-
tained at 20 mA cm™ for charge (15 Ah L") and discharge
(20 Ah L") processes, indicating that the discharge process
is faster. Clearly, kinetics need to be improved by address-
ing material engineering aspects, e.g. particles size, as well
as engineering aspects of the reservoir, e.g. distribution of
electrolyte through solid active material (pieces of Ni elec-
trode extracted from commercial NiMH batteries were im-
mersed in the reservoir). However, these aspects do not ex-
plain the asymmetrical behavior during charge and dis-
charge process observed in Figure 7c. This feature is re-
lated to an asymmetrical driving force for charge transfer
reaction during charge-discharge process. The driving
forces for charge and discharge process can be adjusted by
the concentration of KOH. As discharge process is faster
than charge process, concentrations above 1.5 M KOH ap-
pear to be feasible. However, the solubility of potassium
ferrocyanide is further diminished by increasing the con-
centration of KOH so that 1.5 M KOH was set as upper lim-
its. Our symmetrical cell using Ni(OH)2 shows good capac-
ity retention upon cycling (Figure 7d), remaining well
above the maximum theoretical value of the electrolyte
(104 mAh). It should be noted that the stability of ferrocy-
anide in alkaline media is under debate since strong capac-
ity fading was reported (capacity fade of 50 % in 100 cy-
cles).’s Figure SXX shows the cycle stability in the absence
of Ni(OH)2 indicating two points: i) ferrocyanide is not as
unstable as previously claimed, ii) unbalancing of the sys-



tem is likely responsible for the capacity decay since simi-
lar decay is observed with and without Ni(OH)z. On the
other hand,
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Figure 7. Electrochemical evidence of charge storage in Ni(OH)z using a symmetrical cell. (a) Scheme of the symmetrical cell
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One disadvantage of the mixed cation mechanism (H* and
K+ for Ni(OH)2 and K4Fe(CN)s) is that the concentration
of KOH will decrease with increasing state of charge. At
very low concentration of KOH, ferrocyanide might not be
able to act as redox mediator (Figure 6). The maximum vol-
umetric capacity can be estimated by determining the
range of KOH concentration for which the concept works.
In our case, we know the it works between 1.5 M (Figure 7)
and 0.5 M KOH (Fig. Sz in ESI). For a targeted system with
60 Ah L for each positive and negative compartment (e.g.
phenazine), changes in KOH concentration between 1.5 M
and o.5 M give rise to 2 M variation (1 M from each com-
partment). Under these conditions, the positive compart-
ment should be able to deliver 63.6 Ah L*: 2 M x 26.8 Ah L-
! (Faraday constant) + 10 Ah L* (ferrocyaide solution).
Therefore, practical values of energy densities > 40 Wh L
are achievable by the addition of relatively low amount of
Ni(OH)2.

Implementation in Full Alkaline Flow Batteries. The
highest practical value of energy density (ca. 9 Wh L") for
an alkaline flow battery was realized by Wei et al. using a
phenazine derivative // K,Fe(CN)e. The volumetric charge
storage capacities of negative and positive compartment
realized was 67 Ah Ly 01e and 7 Ah L3y, 15te, Tespectively,

making the positive compartment the bottleneck in terms
of energy density. Therefore, we implemented the concept
in this battery chemistry. Figure 8a shows the voltage
profile for a 7,8-dihydroxyphenazine-2-sulfonic acid (0.5 M
eq.) // K,Fe(CN)s (0.3 M) flow battery for three scenarios:
a1) limited by K,Fe(CN)s (10 mL, 80 mAh of ferrocyanide
and 10 mL, 130 mAh of phenazine) a2) limited by phenazine
(20 mL, 160 mAh of ferrocyanide and 10 mL, 130 mAh of
phenazine) and a3) limited by K,Fe(CN)¢ (10 mL, 8o mAh
of ferrocyanide and 10 mL, 130 mAh of phenazine) in the
presence of Ni(OH),. Despite the charge in scenario a3 was
supposed to be limited to 80 mAh by the amount of
K,Fe(CN)s (80 mAh of ferrocyanide and 130 mAh of
phenazine), the addition of Ni(OH), in the positive
reservoir enabled this cell to store 120 mAh, which is the
maximum practical capacity of phenazine. Hence, solid
Ni(OH), confined in the reservoir stores additional charges
in the positive compartment while occupying little volume.
Figure 8b shows that the volumetric capacity of the
positive compartment increased from 8 Ah L;;tholyte to 13
Ah L o1gte+Niomyz>» When 150 gyicomyz Leatholyte Was added,
which accounts for 14 % utilization of the theoretical
charge storage capacity of the added Ni(OH),. A capacity
decay was observed during the first cycles. Since the
capacity in symetrical cell was did not show this behavior,



the decay is ascribed to the negative compartment likely to
Oz reduction due to the absence of Ar-filled glovebox
(Figure 7d). In cycle 50, the cuttof was lifted so that more
Ni(OH)2 was used to balance the cell, and the value
stabilized around 12 Ah L;;tholytemi(oﬂ)z. Taking the value
after 100 cycles (150 hours) an average capacity retention of
99.92 % per cycle and 98.72 % per day is obtained. It should
be noted that similar capacities retention values were
obtained previously for phenazine // K,Fe(CN)e in Ar-filled
glovebox, which was attributed to a unimolecular decay
mechanism,? and could also attributed to the decay in our
case. The efficiencies over 100 cycles are shown in Fig. S3
in ESI, remaining stable at >99% and >80 % for coulombic
and voltage efficiency, respectively.

To achieve higher energy density, the concentration of
phenazine was increased from 0.5 M eq. (0.25 M and two-
electron reaction) to 2 M eq. (1 M and two-electron
reaction). Figure 8c shows the voltage profile for a
phenazine (2 M eq.) // K,Fe(CN)s (0.3 M) flow battery in
the absence and presence of Ni(OH),. Since the volumetric

capacity of phenazine is considerably larger than that of
K,Fe(CN)s, a large volume of catholyte was required in the
absence of Ni(OH), leading to lower total volumetric
capacity (catholyte+anolyte). In the presence of Ni(OH),,
the required volume of catholyte is lower since Ni(OH),
stores additional charges resulting in higher total
volumetric capacity (catholyte+Ni(OH),+anolyte). The
resulting energy density was 16 Wh L;},; (18 % utilization
rate of Ni(OH),) which represents a clear step forward for
alkaline flow batteries in terms of the energy density
(Figure 8d).

The versatility of this concept was demonstrated by
implementing it in other 2 alkaline flow batteries:
anthraquinone // K,Fe(CN)¢ flow battery and Zn //
K,Fe(CN)g hybrid-flow battery (Fig. S4 and S5 in ESI). In
both cases, the volumetric charge storage capacity of the
positive compartment was significantly increased from 7.8
Ah Lijiholyte in absence of Ni(OH), to 11 - 13 Ah Ljipoigte in
the presence of Ni(OH), (utilization rate of Ni(OH), of 14
- 22 %).
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Figure 8. Electrochemical performance of a phenazine derivative // K4Fe(CN)6 - Ni(OH)2. (a) Voltage profiles for three scenarios:
a1) limited by K4Fe(CN)6 (10 mL 0.3 M K4Fe(CN)6 and 10 mL 0.5 M eq. phenazine), a2) limited by phenazine (20 mL 0.3 M
K4Fe(CN)6 and 10 mL 0.5 M eq. phenazine) and a3) addition of 1.5 g of Ni(OH)z2 to conditions of a1 (10 mL 0.3 M K4Fe(CN)6 and
10 mL 0.5 M eq. phenazine). (b) Charge capacity over 100 cycles gioH)2) L;altholyte were added (10 mL 0.3 M K4Fe(CN)6, 1.5 g
Ni(OH)2 and 10 mL 0.5 M eq. phenazine). (c) Voltage profile in absence (100 mL 0.3 M K4Fe(CN)6, and 12 mL 2 M eq. phenazine)



and presence of Ni(OH)2 (25 mL 0.3 M K4Fe(CN)6, 5.9 g Ni(OH)2 and 12 mL 2 M eq. phenazine). (d) State-of-the-art energy
density demonstrated for an alkaline flow battery (our value was obtained from (c)). The utilization rates varied between 14 and
18 % at the applied current density of + 20 / 2 mA cm-2. Note that the lower current density was not necessary in many cases due
to the longer charge / discharge time compared to other experiments.

Trade-off for utilization rate of Ni(OH)z. The use of
solid Ni(OH), materials in flow batteries may raise some
concerns regarding cycle life and cost. However, I)
Ni(OH), - MH batteries have demonstrated a cycle life of
20.000 - 300.000 cycles for a depth of charge of 50 - 10 %,
respectively,” which would result in an increase in energy
density of 220 % - 50 % for a phenazine - K,Fe(CN)e flow
battery for a the concentration of Ni(OH), in the reservoir
of 250 gnicony2 Leatholyte (Fig. S7in ESI). II) In contrast with
vanadium, nickel is not considered to be a critical/strategic
material by the US government and EU commission and its
price is almost 10-fold lower than that of vanadium (35 USD
kg* and 3.8 USD kg for vanadium pentoxide and nickel
sulfate, respectively).®®" Since there is no estimated cost of
the phenazine derivative, the impact of adding Ni(OH),
was calculated for the chemical cost (electrolyte +
Ni(OH),) of an anthraquinone - K,Fe(CN)s flow battery
(Fig S5 in ESI). This analysis revealed that the chemical cost
strongly depends on the utilization rate of Ni(OH),: the
higher the utilization rate, the lower the chemical cost. For
a utilization rate of 40 %, addition of Ni(OH), does not af-
fect the chemical cost. Below and above this value, the
presence of Ni(OH), increases and decreases, respectively,
the chemical cost. In terms of energy density (Fig. S6 in
ESI), since the volumetric capacity might be limited to ca-
60 Ah L (ca. 40 Wh I"), further optimization of this con-
cept should target utilization rates of 30 % -40 % as com-
promised between cost and cyclibility, and amount of
Ni(OH)z2 per liter of electrolyte of 250 - 350 g ml™ to achieve
40 Wh L*(Fig S7 in ESI). Obviously, further improvement
at system level will be required to reach those values.

The case of Zn - K4Fe(CN)6-Ni(OH) is different since OH-
/H* are the ions involved in the Zn/ZnO reaction leading
to a rocking chair mechanism for the full system in which
the concentration of KOH would not change. Therefore,
the theoretical energy density of this systems is not limited
to 40 Wh L-1, and should be the chemistry of choice for
applications that require higher values of energy density.
Finally, it should also be noted that solid Ni(OH), can be
easily collected from the reservoirs strongly facilitating its
recycling, which would bring additional economic and en-
vironmental benefits.

CONCLUSION

The energy density of the family of ferrocyanide-based al-
kaline flow batteries is significantly increased by the strat-
egy presented here: potassium ferrocyanide acts not only
as dissolved electroactive species, but also as charge carrier
to store energy in a solid active material located in the ex-
ternal positive reservoir. Kinetics of charge transfer reac-
tion between liquid and solid as well as cell design are two
critical aspects that still need to be improved for optimal
operation and maximum performance. This strategy is
generally valid for any alkaline flow batteries based on the

use of ferrocyanide ion in the positive compartment. The
concept is implemented for two alkaline flow systems: an-
traquinone - K,Fe(CN)s and phenazine derivative -
K,Fe(CN)s. For the latter, an energy density of 16 Wh L,
and a capacity retention of 99.92 % per cycle and 98.72 %
per day during 100 cycles were demonstrated.

The versatility of the concept was demonstrated by
implementing it in three battery chemistries: Zn -
K,Fe(CN)s, anthraquinone - K,Fe(CN)s and phenazine —
K,Fe(CN)s. Therefore, it is likely that this concept will be
valid for new alkaline chemistries that can be developed in
the near future.

EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Sigma Al-
drich and used as received. 2,6-dihydroxyanthraquinone
(2,6-DHAQ) (295% purity) from Glentham Life Science
was recrystallized by solving it in DMF and subsequently
making the purer solids precipitates by adding water. Vac-
uum filtration was used for crystals isolation.

Synthesis of nickel hydroxide. Nickel hydroxide for op-
tical demonstration of reversible charge storage (Figure 4)
was prepared from nickel chloride. Nickel chloride (12 g)
was added to 25 mL of 2 M KOH solution and stirred at
room temperature during 1h. Then, 2 M KOH was added
till complete 100 mL of solution. After 1 h, the desired prod-
uct was collected by vacuum filtration, washed with dis-
tilled water and dried at 40 °C overnight.

Nickel hydroxide for electrochemical measurements (Fig-
ure 5 and 6) was taken from commercial NiMH batteries
(Panasonic HHR-110AA). The battery was disassembled
and the electrode was directly extracted. The charge stor-
age capacity of Ni electrodes was 125 mAh gL 1046+ Since
the specific capacity of Ni(OH), is 250 mAh gyicom2

Ni(OH), accounts for ca. 50 % of the electrode mass.

Synthesis of 7,8-dihydroxyphenazine-2-sulfonic acid.
7,8-dihydroxyphenazine-2-sulfonic acid was prepared by
following the described procedure previously reported.®
The isolated compound showed identical spectroscopic
data as those reported therein (Fig. S8 and Fig Sg in ESI).

Preparation of electrolytes. In the symmetric flow cell,
the catholyte was prepared by dissolving potassium ferro-
cyanide (3.8 g) in 1.5 M KOH to afford 30 mL 0.3 M ferro-
cyanide. The anolyte was prepared by dissolving potassium
ferrocyanide (7.9 g) and potassium ferricyanide (5.07 g) in
1.5 M KOH to afford 120 mL 0.1 M ferrocyanide, 0.2 M fer-
ricyanide. The large excess of ferricyanide in the anolyte
ensured that the catholyte was the limiting side (24 mmol
versus g mmol).

In the phenazine // K,Fe(CN)e flow cell, the same method
was used for preparing catholyte. The anolyte was pre-




pared by dissolving either 0.9 g of 7,8-dihydroxyphena-
zine-2-sulfonic acid in 1.9 M KOH to afford 10 mL 0.3 M
phenazine and 1 M KOH; or 3.6 g of 7,8-dihydroxyphena-
zine-2-sulfonic acid in 4 M KOH to afford 12 mL 1 M phen-
azine (2 M eq. considering the exchange of 2 electrons) and
1M KOH.

In the Zn // K,Fe(CN)s hybrid-flow cell, the same method
was used for preparing catholyte. The anolyte was pre-
pared by dissolving zinc oxide (0.5 g) in 2 M KOH to afford
13mL 0.5 M ZnO and 1 M KOH.

In the anthraquinone // K ,Fe(CN)e flow cell, the catholyte
was prepared by dissolving potassium ferrocyanide (3.8 g)
in 1.5 M KOH to afford 30 mL 0.3 M ferrocyanide. The
anolyte was prepared by dissolving potassium 2,6-DHAQ
(2.1 g) in 2.1 M KOH to afford 30 mL 0.3 M 2,6-DHAQ and
1.5 M KOH.

Deionized water was used to prepare the electrolytes and
2,6-DHAQ and ferrocyanide were purged with nitrogen
prior to use.

Flow Batteries. Filter-pressed flow cell using Nafion 212
and graphite felt as the ion selective membrane and elec-
trodes were used in this study. The projected area of the
cell was 24 cm? in the case of symmetrical cell and anthra-
quinone // K,Fe(CN)s flow battery, and 9 cm? for
phenazine derivative // K,Fe(CN)s flow battery. A modified
filter-pressed flow cell of g cm? of projected area was used
for Zn // K,Fe(CN)e. The flow rate was fixed at ca. 50 mL
min™

Electrochemical  characterization.  Galvanostatic
charge-discharge measurements were conducted using a
Biologic VMP multichannel potentiostat. The battery was
galvanostatically charged at 20 mAcm™ and 2 mAcm™ with
voltage limits of 1.37 and 1.33 V respectively. Subsequently,
it was discharge at current densities between -20 and -2
mAcm with voltage limit of 0.5 V. The upper limits were
adjusted for the different chemistries: 1.37 and 1.33 V for
anthraquinone, 1.68 and 1.64 V for phenazine and 2 V for
Zn.
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