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The Redox-Mediated Nickel-Metal Hydride Flow Battery

Teresa Pdez, FeiFei Zhang, Miguel Angel Mufioz, Lara Lubian, Shibo Xi, Roberto Sanz,

Qing Wang, Jesuis Palma, and Edgar Ventosa*

Each battery technology possesses intrinsic advantages and disadvantages,
e.g., nickel-metal hydride (MH) batteries offer relatively high specific energy
and power as well as safety, making them the power of choice for hybrid
electric vehicles, whereas aqueous organic flow batteries (AORFBs) offer sus-
tainability, simple replacement of their active materials and independent scal-
ability of energy and power, making them very attractive for stationary energy
storage. Herein, a new battery technology that merges the above mentioned
battery technologies through the use of redox-mediated reactions is proposed
that intrinsically possesses the main features of each separate technology, e.g.,
high energy density of the solid active materials, easy recyclability, and inde-
pendent scalability of energy and power. To achieve this, Ni(OH), and MHs
are confined in the positive and negative reservoirs of an AORFB that employs
alkaline solutions of potassium ferrocyanide and a mixture of 2,6-dihydroxy-
anthraquinone and 7,8-dihydroxyphenazine-2-sulfonic acid as catholyte and
anolyte, respectively. An energy density of 128 Wh L™ is achieved based on the
capacity of the reservoirs leaving ample room for improvement up to the theo-
retical limit of 378 Wh L. This new battery technology opens up new market
opportunities never before envisaged, for redox flow batteries, e.g., domestic

market, and more are under development
at lab scale to fulfill the growing require-
ments of applications. In general, battery
technologies can be categorized into two
main groups according to the location of
the energy storing materials (active mate-
rials): redox flow batteries and static bat-
teries. In the former, active materials are
stored outside the electrochemical reactor,
while in the latter, they are located inside
the battery cell. Each group possesses
intrinsic advantages and disadvantages.
While redox flow batteries offer inde-
pendent scalability of energy and power,
and easy recyclability, static batteries usu-
ally have higher energy densities. As a
result, static batteries are used in applica-
tions demanding higher energy densities,
whereas redox flow Dbatteries are more
suitable for stationary energy storage.

The development of a battery technology
combining the best features of each cat-

energy storage and heavy-duty vehicle transportation.

1. Introduction

Energy storage systems (ESSs) have become essential elements
in our modern society. Among the various EESs, batteries have
experienced a rapid growth driven by the expanding market of
portable electronics, implementation of energy from renewable
sources, electrification of transportation, and other emerging
technologies.ll There are several battery technologies in the

egory has been long desired. The use of
solid electroactive materials stored in the
external reservoirs of redox flow batteries
is the most direct approach; however,
challenging to be realized. The semisolid flow battery, in which
dense but flowable slurries of solid materials are used, has dem-
onstrated a drastic increase in energy density.*l However, the
practical application of this concept raised concerns as viscous
slurries containing solid particles must be continuously flown
through the system. This main concern is overcome by the
confinement of the solid electroactive materials in the external
reservoirs. In this case, the dissolved electroactive species act as
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molecular wires (redox mediators) transferring charges between
the electrochemical reactor and the solid materials confined in
the reservoirs, and enabling the decoupling of energy and power.
The use of solid electroactive materials boosts the energy den-
sity with respect to conventional redox flow batteries. In early
attempts, nonaqueous electrolytes were employed,® and then
extended to aqueous chemistries,” ! due to a higher practical
interest of the latter. Despite the great promise of solid redox-
mediated flow batteries (also referred to as solid targeting or solid
booster), only a couple of examples of aqueous full battery using
solid materials in both compartments have been realized.['?!

Herein, we report the fundamentals and proof of concept of
a high-energy alkaline full redox-mediated flow battery based
on the successful combination of two established battery tech-
nologies through the use of redox-mediating processes, i.e.,
static Ni-MH battery and aqueous organic redox flow battery
(AORFB), into a new battery technology: the redox-mediated
nickel-metal hydride (MH) flow battery. This novel flow battery
combines the high energy density of Ni-MH solid materials
with the easy recyclability and independent scalability of energy
and power of flow configuration. The proof of concept in this
work opens up new directions in the field of energy storage that
will require contributions from different disciplines.

2. Results and Discussion

2.1. The Concept of Redox-Mediated Nickel-Metal Hydride
Flow Battery

The Ni-MH battery is a safe and mature technology that pos-
sesses relatively high energy density (>300 Wh L7 at the
material level) and long cycle life if depth of discharge (DoD)
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is controlled (20 000 cycles for a DoD of 50%).l% Therefore,
Ni(OH), and MHs are reliable and suitable solid electroactive
materials to boost the energy density of a redox-mediated flow
battery. The resulting battery technology would enable inde-
pendent scalability of energy and power of the Ni-MH battery
chemistry, e.g., adjusted for 8 h energy storage cycles, and facili-
tate enormously the recyclability by simple replacement of solid
materials in the accessible external reservoirs. Figure 1 illus-
trates the working principle of the proposed redox-mediated Ni—
MH flow battery. Ni(OH), and MH solid electroactive materials
(boosters) are confined in the reservoirs of the positive and neg-
ative compartments, respectively. Among the various examples
of promising organic electroactive species proposed in organic
aqueous flow batteries, 8 our flow battery employs alkaline
electrolyte solutions containing potassium ferrocyanide and a
mixture of 2,6-dihydroxyanthraquinone (DHAQ) and 7,8-dihy-
droxyphenazine-2-sulfonic acid (DHPS) as redox mediators in
the positive and negative sides, respectively. Indeed, to illustrate
that our approach combines the best of the two battery technolo-
gies, dissolved compounds previously reported as energy storage
species in conventional redox flow batteries, i.e., K,[Fe(CN)J,
DHAQ, and DHPS, were selected as redox mediators, 2% while
Ni(OH), and MH (LaNis-type) materials were directly extracted
from commercial Ni-MH batteries (Panasonic HHR-110AA).
The key aspect in a redox-mediated flow battery is the spon-
taneous and reversible charge-transfer reactions between the
redox electrolyte (mediator) and the solid electroactive material
(solid booster) that occur in the external reservoirs. To achieve
this, the redox potential of the electrolyte must be above and
below that of the solid material during the charge and dis-
charge processes, respectively, for the positive compartment.
As shown in our previous work,?!l as the redox potential of
ferrocyanide in 1 M KOH is very close to that of Ni(OH),, an
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Figure 1. Schematic illustration of the working principle of the proposed redox-mediated Ni-MH flow battery, in which the dissolved active species
in positive (ferrocyanide) and negative compartments (DHPS and DHAQ) not only store energy but also act as redox mediators to enable reversible
charge storage in high-energy solid active material boosters (Ni(OH), and MHs) confined in the reservoir.
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Figure 2. Differential potential plot (inverse of time derivative of E against potential) recorded at open-circuit potential during galvanostatic intermittent
titration technique (GITT) measurements, revealing the redox potential at equilibrium: a) an electrolyte containing 0.2 M DHAQ + 0.2 M DHPS and a
conventional MH electrode, and b) an electrolyte containing 0.3 m K4[Fe(CN)]s and a conventional Ni(OH), electrode.

electrolyte solution containing ferrocyanide in 1 M KOH acts as
a single Nernstian mediator for both the charge and discharge
processes of Ni(OH), solid particles. Figure S3a,b (Supporting
Information) represents the thermodynamic driving forces for
the spontaneous and reversible reactions. In the case of the
negative compartment, the redox potential of the electrolyte
must be below and above that of the solid material during the
charge and discharge processes, respectively. It should be noted
that the charge process in the negative compartment implies
reduction of the solid material. We did not find any single
redox mediator, which is able to mediate both the charge and
discharge processes of MH, as the redox potential of none of
the investigated species completely matches up the redox
potential of the MH. As an alternative for this proof-of-concept
study, the combination of two redox mediators was used in the
negative compartment. Figure S3c,d (Supporting Information)
shows the thermodynamic driving forces for the charge and
discharge processes, respectively, in the negative compartment
when using two redox mediators. The driving forces for charge
transfer increase through the use of two mediators, while the
voltage efficiency is penalized (larger difference between charge
and discharge potentials). For our system, Figure 2 shows
the differential potential at open circuit versus the potential
of the selected redox mediators and solid material boosters. It
should be noted that the comparison of cyclic voltammetry (CV)
can be misleading to evaluate thermodynamic aspects since CVs
are not recorded at equilibrium. The curve of the ferrocyanide
solution completely covers that of the Ni(OH), (Figure 2b), indi-
cating that the dissolved ferrocyanide can act as a single redox
mediator. In the case of the negative compartment (Figure 2a),
the curves of DHPS and DHAQ are below and above that of the
MH, revealing that dissolved DHPS and DHAQ can act as redox
mediators for the charge and discharge of MH, respectively.

2.2. Redox-Mediated Reaction between Anolyte and MHs

A testing flow cell (Figure 3a), in which the positive compart-
ment was largely oversized, was used to quantify the practical
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utilization rate of MHs. Figure 3b shows the evolution of the
storage capacity with cycles in the absence and presence of
MHs confined in the external reservoir. The cell containing
5 g of MHs delivered 850 mAh exhibiting a cycling stability
(10 cycles for 100 h) as good as that of the cell cycled without
MHs. In the absence of MH particles, electrolyte containing
0.2 v DHAQ and 0.2 m DHPS stored 247 mAh, which was
very close to its maximum theoretical value of 278 mAh. As the
amount of solid material confined in the reservoir is known, the
charge storage capacity in MHs is calculated as the difference
between the capacity in the absence and in the presence of solid
material divided by the mass of MHs. Figure 3c displays the
experimental values of storage capacity of MHs as a function
of its mass loading (amount of solid per total volume (elec-
trolyte + solid)) obtained at a current density of 20 mA cm™.
In all cases, the storage capacity in MHs (extra binder and
carbon black are not included to evaluate the intrinsic value of
MH) was =120 mAh g-!. Considering that a commercial battery
of 1180 mAh (Panasonic HHR-110AA) contains 72 g of MH
(165 mAh gy™), an MH utilization rate of 73% was achieved
using a combination of DHAQ and DHPS as redox mediators.
Thus, the use of two redox mediators enables a very high utili-
zation rate at a reasonable current density, but it also leads to
poorer voltage efficiency (80% at 20 mA cm™ in this case) as
shown in the voltage profile (Figure 3d). The higher-voltage pla-
teau is extended during the charge process since DHPS is the
active mediator during this process, while the lower-voltage pla-
teau is extended during the discharge process as DHAQ acts as
a mediator for this process.

The redox-mediating process between the redox electrolyte
and the confined solid materials was confirmed by ex situ X-ray
absorption spectra (XAS) measurement (Figure 4), as revers-
ible hydrogenation/dehydrogenation of MH particles that were
confined in the external reservoir was observed. Pristine MH
(LaNis-type) materials were directly extracted from commercial
Ni-MH batteries. The charged and discharged MH samples
were collected from the negative tank at fully charged and dis-
charged states sequentially, sealed in a plastic bag with some

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Electrochemical performance of a redox flow battery containing a large excess of K,[Fe(CN)]s electrolyte in the positive compartment and a
mixture of DHPS and DHAQ electrolyte plus confined MH in the negative compartment. a) Scheme of the cell. b) Evolution of the capacity with cycles
at £20 mA cm~2 for 13 mL of 0.2 M DHAQ and 0.2 M DHPS in 1.5 M KOH in the absence of MH (maximum capacity of electrolyte of 278 mAh) and in
the presence of 5 g of MHs. c) Evolution of the reversible charge stored as a function of the mass of MH added to the electrolyte (gsiig Lelectrolyte )- IN
all cases, the utilization rate in half-cell is close to 73%. d) Voltage profile of a cell containing MH.

electrolyte under N, protection and detected immediately.
The edge X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) of the Ni
K-edge were performed at the X-ray absorption fine structure
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in response to the large lattice expansion after hydrogenation,
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Figure 4. Ex situ X-ray absorption spectra (XAS) characterization of MHs: a) nickel K-edge XANES spectra and b) Fourier-transformed EXAFS spectra
of pristine, charged, and discharged MHs.
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Figure 5. a) Electrochemical performance of a redox-mediated Ni—-MH flow battery. Evolution of the capacity and Coulombic efficiency versus number
of cycles at 20 mA cm™2 for 26 mL of 0.3 M K,Fe(CN)g in 1.5 M KOH and 134 gyio)2 Leatholye ' (3-5 g of Ni(OH),) and 13 mL of 0.2 M DHAQ + 0.2 m
DHPS in 1.5 M KOH and 154 gy Lanolyze ' (2 g of MH). Maximum capacity of electrolyte of 209 mAh. b) Representation of the theoretical and achieved
energy density. Values of LiFePO,/LiTi,PO, and PI/NiHCF are obtained from refs. [11] and [12].

which is identical to those observed by Suenobu et al. for LaNis
powder before and after hydrogenation.l??l Figure 4b shows the
magnitudes of the Fourier-transformed EXAFS data of these
samples obtained by the Fourier analysis. A most strong peak
appeared on the Ni edge at about 2 A, corresponding to mainly
Ni-Ni and partially Ni-La distances. The decrease of this main
peak height after charging is attributed to either decreasing of
the coordination number or increasing of the static disorder
induced by hydrogen. It indicates the chemical hydrogena-
tion of MH particles by reduced mediators. Furthermore, both
XANES and EXAFS spectra of the discharged MH sample
changed back to that of pristine one, suggesting the reversible
hydrogenation/dehydrogenation of MH particles in the external
reservoir during the charge and discharge processes.

2.3. Mediated Ni-MH Full Flow Battery

As a proof of concept of the full Ni-MH flow battery, 3.5 g
of Ni(OH), and 2 g of MH were confined in the positive and
negative reservoirs of a DHAQ+DHPS//K,[Fe(CN)g] flow bat-
tery. Figure 5a shows the evolution of capacity with cycles of
this full cell cycled at 20 mA cm™. For an operating period of
126 h (between cycles 10 and 40), a steady capacity retention
of 99.84% h! (99.33% per cycle) was observed. Nevertheless,
the capacity decay is not related to the use of solid electro-
active material, but it appears to be associated with the partial
incompatibility of anthraquinone and phenazine. Figure S4a
(Supporting Information) shows an excellent and stable
cycling stability for both independent DHAQ//K,[Fe(CN)¢] and
DHPS//K [Fe(CN);] cells while the capacity decay is observed
for the cell with the mixture of DHAQ+DHPS as anolyte. The
resulting capacity retention for the DHAQ+DHPS//K,[Fe(CN)g]
cell is 99.62% h, leading to a capacity fading rate in the
absence of solid booster (0.38% h7}) as twice as high as that
recorded for the mediated flow battery (0.18% h7). Although
the anolyte “only” contributes with 20 Ah L to the volumetric
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capacity, the disappearance of redox mediator and the appear-
ance of decomposition products are highly probably influencing
negatively the redox-mediating process. Enhancing the cycla-
bility of the redox-mediating electrolyte is of key importance
for improving the cycle stability of the redox-mediated battery.
Thus, we explored the possibility of using two redox media-
tors based on the same core structure (phenazine derivatives).
The redox potentials of 2-hydroxy phenazine (HP) and DHPS
make them suitable redox mediators for MHs. Unfortunately,
the cycle stability of an anolyte containing both HP and DHPS
did not result in any improvement in cycle stability. Indeed,
the stability decreased with respect to that of DHAQ+DHPS
(Figure S4b, Supporting Information). Currently, our efforts
are focused on finding a single redox mediator for MHs to
enhance the cycle stability. It should be noted that water elec-
trolysis during the charge process was likely occurring based on
the values of Coulombic efficiency (CE), which is likely due to
the combination of three aspects: I) the large operating voltage
(second voltage plateau is at 1.45-1.50 V), II) the mild alkaline
media, and III) the relatively low current density. Thus, CE can
be improved by employing a redox mediator with a slightly
higher (more anodic) redox potential, by optimizing the pH
of the electrolyte and by operating at higher current densities.
Importantly, Figure 5a shows that this cell achieved a practical
charge capacity (580 mAh) largely exceeded the theoretical limit
of the electrolyte (209 mAh). This corresponds to a utilization
rate of 42% (106 mAh g) and 90% (151 mAh g?) for Ni(OH),
and MHs, respectively, when operated at £20 mA ¢cm™. Note
that the utilization rate of MH increased from half-cell config-
uration (73%) to full-cell configuration (90%), which is attrib-
uted to i) longer cycles and ii) constant pH in full cell during
cycling: in half-cell, MHs take H* while ferrocyanide releases
K* during the charge process (slightly change the pH), while
NiOOH uptakes OH™ in full cell. To quantitatively benchmark
the results achieved in this work against the state-of-the-art for
redox-mediated flow batteries, the energy density of our system
was estimated neglecting the volume of electrolyte in the tubes,

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. Values achieved in this work.

Cooiid [AR L_1] Ce\ectrolyte [Ah L_1] o[0-1] B[0-1] Creservoir [Ah L_.‘]
Positive tank 180 8 042  0.59 208
Negative tank 1300 21 0.90 0.83 216

reactor, etc., which is reasonable upon upscaling. To do this,
Equation (1) was followed,*12 in which storage capacity of
the reservoir (Cieservoir) €an be estimated based on the capacity
of solids (Cyoa), capacity of electrolyte (Celectrolyte), utilization
rate (@), and packing porosity of the solid material (f)

Creservoir = (1 - ﬁ ) Csolid + ﬂ Celectrolyte (1)

Tables 1 and 2 summarize the practical values achieved in
this work and the theoretical limits for this battery chem-
istry, respectively. These values result in an energy density of
128 Wh L' having a maximum theoretical value of 378 Wh L.
Figure 5b compares the values of energy density with the state-
of-the-art values for full redox-mediated flow Dbatteries calcu-
lated using the same methodology clearly revealing the great
potential of the battery chemistry proposed in this work.

The use of redox mediators is beneficial not only for boosting
energy density but also for widening the temperature range of
operation, as discussed by Wang and co-workers.!'! In our case,
0.3 M ferrocyanide electrolyte does not precipitate in the range
from —10 and +70 °C, while 0.2 M DHAQ + 0.2 m DHPS is stable
between —20 and +70 °C (Figure S5a, Supporting Information).
Although the decrease in temperature led to higher internal
resistance (as indicated by the separation between charge
and discharge plateaus) resulting in lower storage capacity at
20 mA cm™, the redox-mediated Ni-MH flow battery was able
to operate and exceed the theoretical capacity of the electrolyte
in the range between —10 and +60 °C (Figure S5b, Supporting
Information).

3. Conclusions

The proof of concept of the redox-mediated Ni-MH flow bat-
tery was demonstrated in this work. To achieve this, an elec-
trolyte containing ferrocyanide was used as a single Nernstian
redox mediator for solid Ni(OH), particles confined in the posi-
tive compartment, while an electrolyte containing a mixture of
DHAQ and DHPS was used as the redox mediator for solid
MH material, achieving utilization rates of 42% (106 mAh g™
for the former and 90% (151 mAh g™) for the later at a cur-
rent density of 20 mA cm™ in full-cell configuration. A practical
energy density of 128 Wh L™ and a capacity retention of 99.33%

Table 2. Theoretical values for the battery chemistry developed in this
work.

Csolid [Ah Lﬁ]] Celeclrolyte [Ah LJ] o [0_]] ﬁ) [0_1] Creservoir [Ah Lﬁ]]
Positive tank 180 8 1 0.5 594
Negative tank 1300 21 1 0.5 660

3Value demonstrated previously in ref. [23].
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per cycle and 99.84% h~! were achieved. Provided the high volu-
metric capacity of Ni(OH); and MHs (>1000 Ah L! based on
bulk density), research efforts must now be focused on two crit-
ical aspects to push this technology forward. On the one hand,
finding a suitable single Nernstian mediator for the negative
compartment will enhance the cycle stability (incompatibility
of two redox mediators) and voltage efficiency (voltage differ-
ence between the two redox mediators). On the other hand, the
reactor design and fluid dynamics for the external reservoir will
improve the packing of the solid materials maintaining high
utilization rates that will boost the practical energy density con-
sidering the limits of 378 Wh L.

The integration of Ni-MH battery chemistry in a redox flow
battery architecture results in a series of advantages, which
are intrinsic from the flow battery configuration: i) inde-
pendent scalability of power and energy, ii) easy access to the
active materials for the state of health maintaining, and iii)
simplified recyclability. Specific examples are as follows: i) the
redox-mediated Ni-MH flow battery can adjust a power-to-
energy ratio of 0.1, e.g., 1 kW of power while 10 kWh of energy,
which is not possible for a conventional Ni-MH battery. ii)
If the capacity of Ni electrode is fading, reducing the energy
storage capacity of the battery, Ni(OH), can be replaced inde-
pendently. iii) At the end of life, battery does not need to be
crushed to recover the materials of interest from spent elec-
trodes since there is direct access. In addition to these general
advantages of redox flow batteries, flow configuration is of
great asset for the Ni-MH battery chemistry; the relatively low
cell voltage and limited current density of conventional Ni-
MH batteries result in a significant contribution of inactive
elements of the cell (e.g., current collectors) to the specific
energy. In our redox-mediated flow battery, the use of bipolar
plates, higher current density (potentially >80 mA ¢cm™2), and
an increase in power-to-energy ratio reduces considerably the
contribution of inactive elements to the specific energy. Addi-
tionally, an increase in power-to-energy ratio further reduces
the contribution of inactive materials. Due to its unique
characteristics, new market opportunities will be potentially
opened up for this new battery technology, which were not
considered for redox flow batteries before, such as domestic
energy storage, heavy-duty vehicles, and off-road transporta-
tion (e.g., railway).

4. Experimental Section

Materials: All chemicals were purchased from commercial suppliers
and used without further purification. 2,5-Dihydroxy-1,4-benzoquinone,
3,4-diaminobenzenesulfonic acid, p-benzoquinone, and benzene-1,2-
diamine were purchased from Fluorochem. Diethylether, ethyl acetate,
and ethanol were purchased from Carlo Erba Reagents.

Preparation of Electrolytes: In the DHPS + DHAQ-MH//K,Fe(CN)g
flow cell, the anolyte was prepared by dissolving 0.7 g of DHPS and
0.6 g of DHAQ in 2.5 M KOH to afford 13 mL of 0.2 m DHPS, 0.2 m
2,6-DHAQ, and 1.5 m KOH. The catholyte was prepared by dissolving
33.2 g of potassium ferrocyanide in 1.5 M KOH to afford 300 mL of 0.3 m
ferrocyanide. In the DHPS + DHAQ-MH//K,Fe(CN)¢—Ni(OH), flow cell,
the anolyte was prepared by dissolving 0.7 g of DHPS and 0.6 g of
DHAQ in 2.5 m KOH to afford 13 mL of 0.2 m DHPS, 0.2 m DHAQ), and
1.5 M KOH. The catholyte was prepared by dissolving 2.9 g of K,Fe(CN)s
in 1.5 M KOH to afford 300 mL of 0.3 m K4Fe(CN)g-.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Deionized water was used to prepare all electrolytes. In the case of
anolytes, the solutions were purged with nitrogen prior to their use.

Flow Batteries: Filter-pressed flow cell using Nafion 212 and graphite
felt as the ion selective membrane and electrodes were used in this
study. The projected area of the cell was 9 cm? The flow rate was fixed
at =50 mL min™".

Electrochemical ~ Characterization: Galvanostatic charge—discharge
measurements were conducted using a Biologic VMP multichannel
potentiostat. The battery was galvanostatically charged at 20 mA cm™
with a voltage limit of 1.7. Subsequently, it was discharged at a current
density of —20 mA cm~2 with a voltage limit of 0.5 V.
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Supporting Information is available from the Wiley Online Library or
from the author.
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