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Abstract

CrossMark

Electrolytes make up a large portion of the volume of energy storage devices, but they often do
not contribute to energy storage. The ability of using electrolytes to store charge would promise
a significant increase in energy density to meet the needs of evolving electronic devices.
Redox-flow batteries use electrolytes to store energy and show high energy densities, but the
same design cannot be applied to portable or microdevices that require static electrolytes.
Therefore, implementing electrolyte energy storage in a non-flow design becomes critical. This
review summarizes the requirements for a stable and efficient electrolyte and diverse
redox-active species dissolved in aqueous solutions. More importantly, we review the
pioneering works using static electrolyte energy storage in the hope that it will pave a new way

to design compact and energy-dense batteries.

Keywords: aqueous batteries, redox-active electrolytes, redox-flow batteries, cathode-less,

anode-less

(Some figures may appear in colour only in the online journal)

1. Introduction

Electrochemical energy storage (EES) devices sit at the heart
of the de-fossilization strategy towards carbon neutrality
because it is essential to store energy from intermittent renew-
able sources (e.g. solar and wind) [1-3]. Among various EES
devices, supercapacitors are able to operate at a high specific
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power (>10kW kg~ !), delivering the stored energy within tens
of seconds and lasting for over 10° charge/discharge cycles
[4]. Their charge storage mechanisms, electrical double-layer
(EDL) formation and surface redox reactions, enable these
particular properties of supercapacitors [5]. The EDL is
formed (type-i in figure 1(A)) upon the physical adsorption
of charged ions in the electrolyte on the electrode surface.
The reversible sorption of dissolved ions in the electrolyte is a
fast and non-Faradaic process, avoiding any significant struc-
tural variation and allowing for high-power capability and cyc-
ling stability. Porous carbonaceous materials are widely used
as electrodes in electrical double-layer capacitors (EDLCs)
owing to their large surface area providing plenty of adsorption
sites [6]. In addition to EDLCs, pseudocapacitive electrode
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Future perspectives

Electrode materials that store and release charges are the focus of
developing energy storage systems. The electrolyte usually has to
be adapted to the design of the electrode material. Alternatively,
redox-flow batteries, a successful design for large-scale energy
storage requiring high energy and safety, utilize electrolytes to
store energy, which reveals the potential of unleashing the charge
storage ability of electrolytes. Recent encouraging developments
on anode-free or cathode-free are broadly in line with this design
principle. If the same mechanism can be implemented in portable
or even microscale devices, it will also provide more possibilities
for the design of next-generation electronic devices.

materials store charge via Faradaic processes based on fast
and reversible redox reactions at the surface or near-surface
positions (type-ii in figure 1(A)). The main disadvantage of
supercapacitors is their limited energy density (<10 Whkg~1).
By contrast, batteries show a much-improved energy density
of ~300 Wh kg~! [4, 7]. The trade-offs of the high energy
density are short cycle life, a few thousand cycles for instance,
and lower power density. Such differences against supercapa-
citors originate from the slow charge storage mechanism based
on bulk redox reactions relying on the solid-state diffusion of
ions. The structural changes of the bulk electrode materials
build up and eventually cause battery failure. The intercal-
ation pseudocapacitor is a promising design to combine the
advantage of supercapacitors and batteries. Like lithium-ion
batteries, ions dissolved in the electrolyte (e.g. Lit, Na®™, KT,
and H™) and also intercalate into the bulk electrode materials
(type-iii in figure 1(A)) but with fast kinetics [8, 9].

The electrolyte in the above EES devices only acts as a
medium to transfer and balance charges between electrodes
and therefore does not contribute to energy storage. As such,
the thinner the electrolyte layer is, the higher energy density
can be achieved for EES devices. Alternatively, redox-active
species dissolved in the electrolyte can substitute the function
of electrode materials to store charges by redox reactions at
the solid-liquid interface (figure 1(B)). Redox flow designs
are an excellent approach to demonstrate the charge storage
in the electrolyte. For instance, vanadium (V) and oxidized
vanadium ions are used in the redox flow battery. Upon char-
ging, VO** ions are oxidized to VO, T, and V37 is reduced
to form V2>t Inversely, VO, % is reduced to VO>*, and V27
is oxidized to V3+ during discharge (figure 1(C)) [10]. The
redox flow batteries usually need electrolyte tanks to refill and
circulate electrolytes. The same strategy is adopted at small
scale in cathode-less (figure 1(D)) and anode-less (figure 1(F))
designs. For instance, MnO, solids are deposited on the cur-
rent collector by oxidizing soluble Mn? ions in the electro-
lyte (figure 1(E)). The reversible reaction between Mn?* and
MnO, allows for the design of a secondary battery. The same
principle applies to the in-situ formation of anode materials.
Zn can be deposited on a conductive substrate under a negat-
ive potential (figure 1(G)).

By unleashing the energy storage ability of electrolytes,
it is possible to substantially improve the energy density of
batteries and open a new world for developing energy-dense
and small-scale batteries. This article reviews the electro-
chemical basics of redox-active electrolytes and introduces

representative redox-active species for diverse battery designs.
Last but not least, we highlight the pioneering works on the
concept of storing energy in the electrolyte and discuss the
perspectives of batteries based on redox-active electrolytes.

2. Redox-active electrolytes for batteries

2.1 Basic parameters for a redox-active electrolyte

Electrolytes need to exhibit high ionic conductivity, wide elec-
trochemical windows, and high chemical and thermal stabil-
ity. For redox-active electrolytes, a large potential difference
between redox couples and multiple electron transfer of redox
reactions are required to reach a high energy density [11]. At
the device level, a high concentration of redox couples can
improve the energy storage ability of the full cell. In prac-
tice, the electrochemical window, redox couples, and kinetics
in mass and electron transport are three basic parameters.

The electrochemical stability window of water is ~1.23 V
at 25 °C, above which oxygen evolution reaction (OER) on
the positive electrode and hydrogen evolution reaction (HER)
on the negative electrode will occur. However, the actual
water decomposition process usually requires an overpoten-
tial (1) to overcome the intrinsic activation barriers of HER
and OER and resistance in the system (e.g. solution and inter-
face resistance). Thus, the practical stability of aqueous solu-
tions is often slightly higher than 1.23 V [12]. Figure 2(A)
shows the potentials of OER and HER varies as a function
of pH value, where OER potential shifts to a higher poten-
tial in acid (59 mV/pH) and HER potential shifts to a lower
potential in alkaline (—59 mV/pH). Thus, the pH-decoupling
strategy, which separates the acidic electrolyte at the positive
side (referred to as catholyte) and alkaline electrolyte at the
negative side (referred to as anolyte) by an ion-selective mem-
brane, provides a wide voltage range of ~3 V [13].

The potential difference between redox couples determines
the operation voltage of the cell (figure 2(B)) [14]. As illus-
trated in figure 1(C), oxidized vanadium species and vana-
dium cations are separated by an ion-selective membrane,
and the redox reactions are independent of each other. The
overall voltage (1.26 V) is determined by redox potentials of
VO,+/VO** (+1.00V vs standard hydrogen electrode (SHE))
and V31/V2t+ (—0.26 V vs SHE) [15]. Besides, a mixture elec-
trolyte would also be possible for specific redox reactions at
different electrodes. For example, redox reactions for Zn%t
and Br~ ions are able to individually occur at the anode and
cathode in ZnBr; solution (figure 1(G)) [16].

The redox potential of redox couples is also influ-
enced by the concentration of the electrolyte following the
Nernst equation:

E= EOI + Elni[OX]
nF  [Re]

where E is the potential of the half-cell with a redox couple of
oxidized (Ox) and reduced (Re) analyte, R is the universal gas
constant (8.31 J K~! mol™!), T is the temperature in Kelvin,
n is the number of the transferred electrons, F is the Faraday’s
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Figure 1. Charge storage mechanisms for EES. (A) Schematic illustration of EDL formation, surface redox reaction, and bulk redox
reaction. Reproduced with permission [5]. Copyright 2019, Elsevier. CC BY 4.0. Redox reactions of soluble active species (B),
deposition/dissolution process (D), and stripping/plating of metal (F). (C), (E), and (G) Examples of the redox reactions in rechargeable
batteries. Reproduced with permission [10] Copyright 2012, Royal Society of Chemistry. Ox and Re represent the oxidation and reduction
products, respectively. Cpyy is the concentration of Ox and Re in the bulk electrolyte. D represents diffusion coefficient and k’ is the kinetic

rate constant.
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Figure 2. Electrochemically stable potential window and redox potentials of redox-active couples. (A) Pourbaix diagram of water.
Reproduced with permission [13]. Copyright 2020, Elsevier. (B) Standard redox potential of reversible inorganic redox couples.
Highlighting regions are HER (green) and OER (pink). Reproduced with permission [14]. Copyright 2011, American Chemical Society.

constant (96 485.33 C mol~!), and [Ox] and [Re] are the con-
centrations of the active species at the electrode surface. E* is
the formal potential defined by the following equation:

RT

n Yox

nF  Yre

EY —EO 4

where E is the standard redox potential of the Ox/Re couple,
~Yox and ~re are activity coefficients of oxidized and reduced

species, respectively. The formal potential shifts with the
variation of ionic strength of the electrolyte. For instance,
the standard potential of the Fe(CN)s3~/Fe(CN)s*~ redox
couple is 0.36 V (vs SHE), while the formal potential can
reach around 0.44 V (vs SHE) in a solution with an ionic
strength equivalent to a 0.5 M salt solution [17]. Addition-
ally, pH values determine the potentials of water electrolysis
that relate to the electrochemical window of electrolytes and
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redox reactions involving protons. The redox potential for
redox couple based on m mol H* with n mol e~ exchange
will change at a rate of —% x 59 mV/pH at 25 °C [18].
Meanwhile, pH also plays an important role in the stability of
redox couples [19].

Electrochemical reactions are heterogeneous with two suc-
cessive processes: (a) the mass transport for the active spe-
cies across the diffusion layer and (b) the kinetics for charge
transfer across the electrolyte-electrode interface. Fast mass
transport and electron-transfer kinetics allow for high energy
efficiency and power density. The diffusion coefficient (D) is
usually evaluated by a hydrodynamical method that records
linear sweep voltammetry (LSV) curve with a rotating disc
electrode (RDE) [20]. The D value can be determined through
the Levich equation:

lim = 0.62nFAD%w%U%c

where A is the geometric area of the working electrode in
cm?, w is the angular velocity of the RDE in rad sl wis
the kinematic viscosity of the electrolyte in cm? s, and c is
the concentration of active species in mol cm~>. As the reac-
tion kinetics also influence the current in actual cells, a bet-
ter expression for quasi-reversible reactions is given, which is

known as Koutecky-Levich equation:

1 1
0.62nFAD3 wivT ¢

where j is the current density, and j; represents the cur-
rent density in the absence of any mass-transfer effects. The
determination of j; at different values of E derives the kinetic
rate constant (k°). The standard rate constant (k°) represents
the kinetics of a redox couple. A large k° value indicates the
Nernstian equilibrium can be established immediately due to
the low barrier of electron transfer. On the contrary, a small
k° value implies the sluggish kinetics associated with a high
barrier to electron transfer.

The results of peak currents obtained from a series of cyc-
lic voltammetry (CV) measurements at various scan rates are
brought into the Randles-Sevcik equation to derive the D
value. In specific, the peak current shows a linear increase
with the square root of the scan rate for a reversible system.
The obtained slope is proportional to the D value. Neverthe-
less, the accuracy of the result may be impacted by capacitive
effects [21]. Chronoamperometry measurements can yield the
D value in a single experiment through the Cottrell equation
[22-24]. An important parameter applied in the equation is
the area of an electrode. The difference between the geomet-
ric area and the electrochemically active area would influence
the results. By contrast, the definition of D value by LSV has
a high accuracy due to the minimization of capacitive effects
and natural conditions. On the other hand, the k° value also
can be yielded by the Nicolson method based on a series of
CV measurements which are the same as the CV techniques
carried out for deriving the D value [25]. Both D and kO are
essential parameters in any electrochemical process and have
been discussed in detail in another focused review [26].

2.2. Water-soluble inorganic redox couples
2.2.1. All-soluble redox couples

2.2.1.1. Vanadium-based redox couples.  Vanadium (V) is
an element with multiple valence states, among which V (4-2,
+3, +4 and +5) are typical redox-active species applied in
redox flow batteries. The corresponding ions are Vi, V3t
VO?* and VO, in sulfate solution. Redox reactions are:

Vit 4+em oV E®=-0.26V vs SHE
VO** +2HY +e~ < V3t +H,0 E°=0.34V vs SHE

VOF +2H" +e” <+ VO** +H,0 E°=1.00V vs SHE.

All redox-active cations can be generated reversely in a mixed
electrolyte, circumventing the cross-contamination issue of
decoupled electrolyte designs. The V31/V*+ couple shows
a negative standard redox potential of —0.26 V, thus acting
as an anolyte. For the catholyte, the VO,*/VO** couple is
employed due to its 1 V redox potential. The full-cell voltage
reaches more than 1 V. The redox potential of VO,*/VO?**
changes at a rate of —59 mV per pH, while the potential of the
V3+/V2+ redox reaction is pH-independent [27].

The solubility of VOSO4 (V** compound) and the stabil-
ity of V% cations impose a limit on the working temperature
range of —5 °C~40 °C. More specific, 2 M VO, ™ dissolved
in 5 M H,SOy precipitates at —5 °C after only 18 h, and V,0s5
precipitation is observed at above 40 °C through the hydrolysis
reaction of VO, :

2VOS +H,0 < V,05 +2HT.

The stability of VO, ™ cations increases at a higher concen-
tration of sulfuric acid because excessive protons change the
reaction quotient. A high concentration of HSO, increases the
viscosity and therefore limits the mass transportation of active
species. The employment of a mixed sulfate-chloride electro-
lyte is able to increase the solubility and enhance the stability
of VO, ™ in a wide range of operating temperatures [28, 29].
As aresult, this system yields an approximately 70% increase
in energy densities compared to the sulfuric-acid-based sys-
tem. Li et al [29] reported a sulfate-chloride mixed solution
(2.5 M H,SO4 and 6 M HCI) capable of dissolving 2.5 M
vanadium cations. This battery has a wide temperature range
of —5 °C to 50 °C. Such a temperature range expansion is
attributed to the formation of stable VO,CI(H,0), at elevated
temperatures (>20 °C) (figure 3(A)). Moreover, the electron
transfer kinetics was improved, as evidenced by an increased
peak current in CV curves of vanadium redox reaction in the
sulfate-chloride mixed solution (figure 3(B)). Agarwal ef al
[30] elaborated that the charge transfer through the chloride
bridge in HCI possesses higher polarizability than through
surface-bound hydroxyl groups in H,SO4 and HCI/H,;SOy,
resulting in faster V3*/V2* kinetics. However, HCI vapor at
a high temperature and Cl, evolution due to overcharging
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Figure 3. Vanadium-based redox couples in sulfate and sulfate-chloride mixed electrolyte. (A) The structures of V>* complexes in the
sulfate and the mixed electrolyte. The VO, 7 ions form a bipyramidal [VO,(H,0)3]" structure in sulfate solution and a stable VO,CI(H,0)»
structure in the mixed electrolyte. (B) CV curves of vanadium flow battery on graphite felt electrode in a standard sulfate electrolyte and the
mixed electrolyte, respectively. Reproduced with permission [29]. Copyright 2011, John Wiley & Sons.

reduces the advantage of the fast reaction kinetics. Alternat-
ively, catalysts, such as Bi [31, 32], Pt [33], and Ir [34], Mn304
[35, 36], MoO, [37], GeO, [38], and WOs5 [39], and surface
modifications by functional groups [40] (e.g. -NH,, —SO3H,
and —C-OH, etc) are also effective in improving the reac-
tion kinetics. It is worthy to notice that the affection of some
oxygen-containing groups, however, reduces the kinetics of
V3/V2F and VO, /VO** [41].

Precipitation inhibitors can be used to stabilize VO,
ions in sulfuric acid and thus increase the concentra-
tion [42, 43]. Skyllas-Kazacos et al [43] investigated the
effects of phosphate additives, including ammonium phos-
phate ((NH4)3POy), potassium phosphate (K3POy), sodium
hexametaphosphate (Nag[(PO3)s]), phosphoric acid (H3POy),
as well as the ammonium sulfates ((NH4)>,SOy4). The H3POy4
(1 wt.%) and (NH4)2SO4 (2 wt.%) combination prevent
V3>t precipitating at a high temperature of 45 °C thanks
to the molecular interactions between VO, cations and
NH,4+/PO43~ ions. More than that, (NH4),SO4 can enhance
the stability of V3* in sulfuric acid at a low temperature of
5 °C, offering a wide operating temperature range [44]. Other
additives, such as polyacrylic acid [45] and trishydroxymethyl
aminomethane [46, 47], also show proven efficacy in stabiliz-
ing the vanadium electrolytes.

Recent studies also focus on the fabrication of electrodes
[48], application of novel membranes [49, 50], and the design
of battery configurations. For instance, the modification of
bipolar plates and flow field can effectively improve the overall
performance [51, 52].

2.2.1.2. Fe-based redox couples. The low redox potential
of the plating and stripping of Fe render the Fe?*/Fe couple
available as the anode reaction:

Fe’t +e~ —Fe E°=—-0.44V vs SHE.

Apparently, the redox potential is 440 mV lower than for
HER, suggesting that HER could cause coulombic losses dur-
ing the plating and stripping of Fe [53]. Upon HER, pH may
rise locally at the electrode surface or even in the bulk elec-
trolyte, causing the precipitation of iron complexes. Buffer-
ing agents, ascorbic acid and citric acid for instance, prevent
the rapid pH changes during the plating and stripping of iron
[54, 55]. HER can be inhibited by increasing the electrolyte
pH or limiting the mass transport of hydronium ions (H;0™).
Increasing the pH of the electrolyte will shift the equilibrium
potential for HER more negatively and slow down the mass
transport. For example, Savinell et al [56] reported that the
HER current decreased from 15 to 0.7 mA cm™2 at —0.8 V
(vs Ag/AgCl) as the pH value increased from 1 to 3. How-
ever, if the pH increases beyond 3, Fe?>* will precipitate as
hydroxides. Another approach to suppress HER is to remove
potential absorption sites for protons by electrolyte additives,
C1~ for instance (figure 4(A)) [56]. Depositing a thin metal
layer (e.g. In, Cd) with a high overpotential of HER can also
inhibit HER [55].

The Fe?*/Fe?* couple is an excellent catholyte component:

Fe’t +e~ « Fe’t E°=0.77 V vs SHE.

The redox potential is pH-independent and has the standard
rate constant (k%) of 1.2 x 10™* cm s~! [57]. Fe’* ions are
stable in a strong acidic solution but will hydrolyze and form
Fe(OH); precipitations even at a low concentration of 107 M
when the pH value exceeds 2 at 25 °C [58]. One approach
to prevent this issue is to link Fe>*/2* jons with ligands. Fer-
ricyanide ([Fe(CN)s]*™) and ferrocyanide ([Fe(CN)s]*~) are
stable in a pH range extending to mild alkaline regime condi-
tions due to the strong coordination of cyanide ions to the iron
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the electrode alleviates HER and enhances the iron plating/stripping kinetics. Reproduced with permission [56]. Copyright © 2014 The
Electrochemical Society. Reproduced by permission of IOP Publishing Ltd. (B) Binding energies and radius of iron complexes with glycine,
malic and malonic. Reproduced with permission [24]. Copyright 2017, John Wiley & Sons. (C) Redox potentials of water-soluble iron
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of [Fe(TEOA)OH] ™~ /[Fe(TEOA)OH]*~ and Fe(CN)s>~ /Fe(CN)6*~ in sodium hydroxide solution. Reproduced with permission [23].

Copyright 2016, American Chemical Society.

center. The standard potential of [Fe(CN)s]>~/[Fe(CN)e]*~
reaction is 0.36 V vs SHE. As [Fe(CN)s]>~ will decom-
pose in a strong alkaline electrolyte, a neutral electrolyte
shows improved stability for the [Fe(CN)g]>~/[Fe(CN)g]*~
redox couples [59]. Besides, cations for [Fe(CN)g]*~ and
[Fe(CN)s]*~ play an important role in the cell energy density
because they would increase the solubility of [Fe(CN)g]>~ and
[Fe(CN)g]*~. For example, the solubility of (NH4)4[Fe(CN);]
is 1.6 M in the water while it is only 0.56 M for
Nay[Fe(CN)g] [60].

Ligands alleviate ion crossover due to the large size
of the complexes. A large ligand, such as glycine, offers
a large complex with a radius of 5.31 A (figure 4(B)),
suppressing the hydrolysis of Fe**/Fe?* due to the high
binding energy and reducing the crossover rate [24]. Che-
lation of ligands reduces the activation energy of elec-
tron transfer of Fe3T/Fe’*, thus improving the reaction
kinetics [61-64]. Moreover, the variation of the electron
cloud of iron by complexing with different ligands leads
to a range of reduction potentials (figure 4(C)), providing
diverse matchups for the iron-based redox electrolytes. For

instance, a couple of [Fe(CN)s]>~/[Fe(CN)s]*~ as catholyte
and [Fe(TEOA)OH]~/[Fe(TEOA)OH]*~ (—0.86 V vs SHE)
as anolyte shows a voltage of 1.34 V in an alkaline electrolyte
(figure 4(D)) [23].

2.2.13. CrP*/Cr?* redox couples.  The first aqueous redox
flow battery was invented and launched by NASA in the
1970s, in which the Fe3T/Fe?* couple as the catholyte and
the Cr3*/Cr** pair as the anolyte. The redox reaction of
Cr3*/Cr?t is expressed by the following equation [65]:

cr’t+e & Crt E°=—0.41V vs SHE.

As the redox potential is more than 400 mV lower than that
for HER, such a redox reaction often exhibits a low cou-
lombic efficiency due to the parasitic HER process. Addi-
tionally, the sluggish kinetics of Cr3*/Cr?™ is relatively low,
which requires the incorporation of catalysts to facilitate the
redox reaction [66].
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(C) Density functional theory (DFT)-optimized molecular structure of the I3, and I,C1™ anions at the surface of OH-functionalized
graphite cathode. (D) CV curves of NH4I3/NH4I with or without NH4Cl. Reproduced with permission [73]. Copyright 2020, Elsevier.

(E) Nustration of polyiodide-NVP complex formation. Reproduced with permission [75]. Copyright 2021, Royal Society of Chemistry.

2.2.14. Halogen-based redox couples. lodide (I7) shows
high solubility in aqueous and non-aqueous media. The oxid-
ation of iodide to iodine (I,) is followed by the formation of
triiodide (I ™) through I~ complexation [67, 68]:

21 —2e” +r I E°=0.621V vs SHE

L+1I — 13_.

Accordingly, excessive iodide ions are used as a complexing
agent to stabilize the free iodine, thus giving an overall reaction
as follows [69, 70]:

37 -2 « I; E”=0.536V vs SHE.

The I;~ /I~ couple, instead of the redox couple of I,/I~, is used
in catholyte [71]. However, the low utilization of I~ limits its
volumetric capacity and therefore energy density. Complexed
with other halogen elements, such as bromide ions, more I~
ions were involved in the energy storage because I, can be sta-
bilized by complexing with bromide ions (I,Br~, figure 5(A))
[72]. Meanwhile, the generation of corrosive bromine was
excluded during redox reactions (figure 5(B)). As a result, a
high energy density of 202 Wh 1=! based on the catholyte
volume was achieved in a Zn/iodine-bromine (I, Br~) flow bat-
tery. Todine-chloride (ICl™) was also capable of increasing
the cell capacity [73]. I,Cl~ anions not only improves the reac-
tion reversibility (figure 5(C)), but also shows high adsorption
energy to the OH-functionalized graphite felt as evidenced by

the reducing X—H bond length (figure 5(D)). In practice, I3~
can be oxidized to solid-state I by overcharging, and the accu-
mulated I, forms a film on the electrode, blocking the pore of
electrodes and the pumps or pipelines [74]. Carbonyl groups in
N-vinylpyrrolidone (NVP) can break I-I bonds in I,, forming
NVP-2I;~ (figure 5(E)) [75]. Therefore, NVP is an excellent
additive to prevent the accumulation of I,.

Despite all these downsides brought by solid I,, the liquid-
solid conversion of I~ to I, can realize an almost 100% util-
ization of 1™, offering a high energy density of 205 Wh 17!
approaching its theoretical energy density [76]. In this case,
the pump and pipeline blockage caused by solid I, can be
bypassed by avoiding electrolyte circulation.

Likewise, many bromide salts are highly soluble in water.
A high redox potential of the Br,/Br~ couple (1.08 V vs SHE)
contributes to a high cell voltage. Similar to iodide oxidation,
bromine molecules can combine with bromide ions to generate
tribromide ions [77]:

2Br~ —2e” < Br, E°=1.08 Vvs SHE

Br, + Br™ — Brjy.

As a result, the overall reaction is:

3Br~ —2e” < Br;.
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Several redox couples have been employed to pair with
Br,/Br~ cathode to generate aqueous redox flow batter-
ies, such as zinc-bromine, vanadium-bromine, hydrogen-
bromine and quinone-bromine cells. However, the high tox-
icity (0.1 ppm of OSHA Permissible Exposure Limit) and high
vapor pressure (28.8 kPa at 25 °C) should be considered in
practical use. Complexing with a ligand is also an effective
method to mitigate the toxicity of Br,.

2.2.15. Polysulfide-based redox couples.  Sulfur and poly-
sulfides show rich and complicated chemistry. Transforma-
tion of polysulfides with different chain lengths show solid—
liquid, liquid-liquid, and even the solid—solid conversion.
Such diverse reactions offer broad opportunities to design
high-capacity batteries. Unlike in an organic solvent, in which
long-chain polysulfides (e.g. Li,Sn, n > 4) can be dis-
solved, short-chain polysulfides (including Li,Sn, Na,Sn, and
K,Sn, 1 < n < 4) are highly soluble in water. The negative
redox potential of the transition between various polysulfides
enables their application of anolyte in flow batteries [78, 79]:

S;” +2 <285 E°=-0.51Vvs SHE

S;” +2e” +28*" E°=-0.51V vs SHE.

The former reaction has a lower capacity of 418 mAh g~!

while the latter offers a superior capacity of 837 mAh g~!. In
addition, a shorter chain shows improved kinetics. The rate
of mass transport is lower than the charge transfer process
without strong convection (e.g. stirring). Therefore, external
stirring or circulation of electrolyte and the regulation of elec-
trolyte concentration have been frequently used to enhance
the mass transport to alleviate the concentration polarization.
Plenty of approaches have been employed to boost the per-
formance of S-based aqueous batteries. A detailed review
on polysulfide redox couples has recently been given by
Chao et al [80].

2.2.2. Liquid-solid redox couples

2.2.2.1. MnOx(s)/Mn?* redox couple. ~Manganese (Mn) has
diverse valence states (i.e. 0, +2, +3, +4, +6 and +7) offer-
ing rich redox chemistry. The charge storage of Mn-based
cathodes often relies on solid-state conversion and cation
(Na*, Zn?>* and H™) intercalation. The mass-loading of act-
ive electrode materials predetermines the capacity. Recently,
the deposition-dissolution reaction of the MnO,/Mn** redox
couple was proposed by Cui et al in a MnO,-H, battery [81].
MnSO, was oxidized to MnO, on conductive materials (e.g.
carbon felt and graphite) following the chemical reaction:

Mn** +2H,0 — MnO, +4H" +2e™~
E®=1.23V vs SHE.
The two-electron transfer allows for a high theoretical capacity

of about 616 mAh g~ based on the mass of MnO,. Two mech-
anisms were proposed: (a) hydrolysis in neutral electrolyte

and (b) disproportionation in acidic electrolyte. Both mechan-
isms start with the oxidation of Mn?* forming Mn3* through
a one-electron reaction. Subsequently, Mn** are hydrolyzed
and precipitate as MnOOH on the surface electrode, which
is further oxidized to MnQO, in a neutral solution or under-
goes a disproportionation reaction producing soluble Mn>*
and Mn** ions hydrolyzed to MnO, in an acidic solution. As
Mn3" is stable in the acidic solution, the mixed oxidation state
of Mn** and Mn** are often found in the electrodeposited
manganese oxide. Qiao et al [82] compared the electrodepos-
ited MnO, from a solution (1 M ZnSO4 and 1 M MnSQ,)
with and without adding 0.1 M H;SO4. The mixed oxida-
tion state of Mn**/Mn37 in the electrodeposited MnO, was
derived from x-ray photoelectron spectra and Mn-L; 3 electron
energy loss spectra (EELS) (figure 6(A)). Mn vacancies were
directly observed in the MnO, obtained from the mildly acidic
solution (figure 6(B)). The increased surface energy density
from Mn vacancies reduces the energy barrier and accelerates
the dissolution of MnO, (figures 6(C) and (D)).

However, the disproportionation reaction of Mn** species
reduces the energy density because fewer electrons can be
stored (figure 5(E)). Moreover, the accumulation of stable
Mn37 species causes a capacity decrease over cycling. To alle-
viate these issues, Li et al [83] conceived the idea to oxidize
Mn?* to MnO, by coordinating with acetate ions (Ac™):

2MnAc, + 2H,0 —2e~ — MnO, + 4HAc + Mn>t.

In this case, Mn(Ac); is added to the electrolyte. The reac-
tion exhibits high reversibility. The oxidation potential of
MnO; in the Mn(Ac), system is 0.53 V, lower than in MnSOy4
(figure 5(F)), which is ascribed to the lower Gibbs free energy
of HAc that requires less energy to trigger the oxidization.

2.2.2.2. Zn-based redox couples. Zinc (Zn) metals have
advantages of low cost, high capacity, and inherent stabilit-
ies in air and aqueous solutions. The plating-stripping process
of Zn features different couples with a variation in pH. The
detailed reactions in different media are as follows:

Zn*t +2¢~ < Zn E°=—0.76V vs SHE

Zn(OH);” +2¢” +>Zn+40H~ E°=—1.22V vs SHE.

The redox potential of Zn/Zn>* is —0.76 V (vs SHE) in
neutral or mild acidic electrolytes. However, Zn metal suf-
fers from severe dendrite growth and accompanied HER pro-
cess. In alkaline electrolytes, the Zn(OH),;>~/Zn couple exhib-
its fast kinetics and a much lower redox potential [84]. Never-
theless, the Zn reversibility still decreases due to the formation
of byproducts.

2.2.2.3. Sn-based redox couples.  Tin (Sn) can be revers-
ibly stripped and plated at a potential of —0.13 V (vs SHE):
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Figure 6. Oxidation of Mn>". (A) Mn-L, 3 EELS of the electrodeposited MnO, from the electrolyte with and without HSOy. The left-shift
of the Mn-L3 peak of MnO, and the increased L3/L, value indicate the variation in the valence state of Mn. (B) Atomic-resolution
high-angle annular dark-field scanning transmission electron microscopy image and crystal structure with exposed (101) facets and Mn
vacancies (dotted circles). (C) Electron density difference of vacancy-free MnO, (without H,SOy, top) and MnO, with vacancies (0.10 M
H,S04, bottom). (D) Relative energy profiles along the reaction pathway (steps I-IV). Insets are schematics of the electrolytic reaction
pathways. Reproduced with permission [82]. Copyright 2019, John Wiley & Sons. CV curves of (E) 0.05 M MnSOy in 0.5 M K,SO4 and (F)
0.05 M Mn(Ac); in 1 M KCl at a scan rate of 10 mV s~ !. Reproduced with permission [83]. Copyright 2020, Royal Society of Chemistry.

Sn®t +2~ < Sn E°=—0.13V vs SHE.

The high diffusivity of Sn?>* ions in chloride acid
(1.67 x 1072 cm? s~ 1) and fast reaction kinetic constant
(2.02 x 10~* cm s~ ') guarantee good performance as a redox-
active electrolyte [22]. Moreover, in an alkaline electrolyte,
the Sn(OH)¢%~/Sn electrode shows a smooth and dendrite-free
morphology due to the intrinsic low-surface-energy anisotropy
that facilitates the isotropic crystal growth of the Sn metal. As
a result, the Sn(OH)¢2~/Sn anolyte offers high reversibility of
up to 500 stable cycles (more than two months) [85].

2.3. Water-soluble organic electrolytes

Organic redox-active species often have tunable potentials by
designing functional groups. For instance, the reduction poten-
tial of quinones decreases because electron-donating groups
(e.g. —OH and —NH) increase molecular orbital energies. On
the contrary, electron-withdrawing substituents (e.g. —SO3;H)
reduce the molecular orbital energies, thus raising the reduc-
tion potential [86—-89]. The pH variation also influences the
redox potential of quinone-based redox couples. The tunable

redox potential allows for the design of all quinone-based
battery system [87, 90]. Similar phenomenon can be found
on 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) derivat-
ives. Redox-active nitroxyl radicals show tunable potentials
with various functional groups [91]. However, TEMPO deriv-
atives are generally employed in the catholyte due to their rel-
atively positive potential [92].

The functional groups also play an important role in manip-
ulating the solubility of organic redox species. For instance,
methyl viologen (4,4'-dimethyl bipyridinium dichloride,
MVi?*) has a high solubility of 3 M in water. It under-
goes a two single-electron reduction at negative potentials
(—0.45 V and —0.76 V vs SHE). The first reduction shows
high reversibility, while the second one becomes quasi-
reversible due to the low solubility of the corresponding
reduction product, which is a common dilemma for viologen-
based redox couples. Many efforts have been carried out on
enhancing the solubility of the final reduction product by
substituting with a hydrophilic functional group (e.g. hydro-
philic ammonium or sulfonate functional group) to enable high
reversibility of the second reduction [87, 90, 93-95]. In addi-
tion, Viologens and TEMPO derivatives show high stability
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in the neutral electrolytes and therefore a broad potential
window [96, 97].

3. From large-scale storage to portable devices

Redox-flow batteries storing the redox-active electrolytes in
external tanks (figure 7(A)) represent a straightforward design
to unleash the energy storage ability of electrolytes. Catholytes
and anolytes are stored in independent reservoirs and cir-
culated with an exterior pump. The continuous supply of
electrolytes via circulation can reduce the concentration polar-
ization by refilling redox-active species timely after they
are consumed to store energy. Carbon-based materials (e.g.
carbon felts or carbon papers) are widely used as electrodes
because they provide abundant active sites for redox reactions.
Further modification on the carbon surface and electrocata-
lysts are used to improve energy efficiency. A membrane,
known as an ion-selective membrane, is placed between the
catholyte and anolyte to prevent the ion crossover.

A simplified design was created by using an electrolyte con-
taining redox-active species for cathodic and anodic reactions.
For instance, the ZnBr;, electrolyte offers Zn?t/Zn and Br—/Br
redox couples. The ion transportation of anions should be fast
enough to warrant redox reactions at the cathode without the
external circulation force. A zinc-iodine (Zn-I) single flow
battery shows a high energy density of 205 Wh1~! (theoretical
energy density is about 240 Wh 1~! based on the electrolyte

volume). The combination of a highly ionic conductive poly-
olefin separator and highly cation-selective Nafion thin mem-
brane results in high energy efficiency.

When used in portable devices, it is impossible to circu-
late the redox-active electrolytes from an external electro-
lyte tank. As a result, cell structures follow the conventional
design with a sandwich structure (figure 7(B)). Mn?>*/Mn*+
and Zn/Zn>* redox couples were first investigated to unleash
the energy storage in the electrolyte because they share the
same device structure as alkaline or neutral Zn—MnO, bat-
teries. Qiao et al [82] applied MnO,/Mn*t conversion in
an acidic electrolyte (figure 8(A)). The battery exhibits a
high discharge voltage (~1.95 V). With a high capacity of
571 mAh g, the battery delivers a high energy density of
409 Wh kg~! based on the total mass of active materials. Des-
pite the fast kinetics of MnO,/Mn?t conversion, the side reac-
tion of Mn** disproportionation would inhibit the conversion
efficiency between MnQO, and Mn2t. In general, the oxida-
tion states of Mn>* and Mn** are observed in the deposited
MnO,. To improve the energy efficiency, Li et al replaced
MnSO4 by Mn(Ac), (figure 8(B)), which enables the direct
conversion from Mn?>* to MnO, by coordinating Ac~ anions
[83]. Although the battery exhibits a lower discharge voltage
plateau (~1.5 V) than for the MnSOQOy, electrolyte (~1.8 V),
higher efficiencies, including coulombic efficiency, voltage
and energy efficiency, were achieved. The battery worked well
with an area capacity of 20 mAh cm~2, which was previ-
ously limited to 10 Ma h cm~2. Lu et al introduced an iodide
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Figure 10. MnO,/Mn** deposition/dissolution chemistry coupled with Cu and Bi. (A) Discharge curves of MnO,—Cu battery with different
acid concentrations when charged to 0.8 mAg cm™2 and at different current densities with 0.5 M H,SO,. Reproduced with permission
[105]. Copyright 2019, John Wiley & Sons. (B) Demonstration of the combination system between MnO,—Cu cell and hydrogen evolution
and the electrochemical performance of the MnO,—Cu cell. Reproduced with permission [106]. Copyright 2019, Elsevier. (C) Discharge
curves of MnO,—Bi battery at different current densities when charged to 0.8 mAh cm™2. Reproduced with permission [105]. Copyright

2019, John Wiley & Sons.

(Is7) redox mediator into the electrolyte to reduce the ‘dead’
and undissolved MnO, (figure 8(C)), increasing the charge
capacity up to 50 mAh cm~2 [99]. Likewise, Chen et al
[100] employed Br;~/Br~ mediator to improve the dissolu-
tion of the over deposited MnO, and enhance the reversibility
of the cathodic reaction. The acidic electrolyte facilitates the
Mn?*/Mn** conversion but brings a high risk of Zn corrosion.
Zhu et al [98] decoupled the electrolyte into acidic catholyte
and mild anolyte in the gel state, resulting in more than two
times higher capacity and rate capability.

Based on the decoupled design, the anolyte can be changed
to an alkaline solution to further reduce the redox poten-
tial of the anode. The Zn(OH)4>~/Zn redox couple in the
alkaline media has a potential of —1.22 V vs SHE, which
is about 0.46 V lower than for mild and acidic electrolytes.
Banerjee et al [101] came up with a design based on an acidic-
alkaline dual electrolyte, which exhibits a 2.45 V open cir-
cuit voltage. The MnO, pre-coated carbon felt is immersed
in an acidic liquid electrolyte, and the Zn anode is surroun-
ded by a polymerized gelled alkaline electrolyte (figure 9(A)).
The decoupled electrolyte removes the limit of water split-
ting at 1.23 V and therefore expands the electrochemical sta-
bility window of the electrolyte. Liu et al [102] presented a
similar design by using the liquid acid-alkaline electrolyte.
The catholyte contains 1 M MnSO4 and 0.5 M H,SO4, and
the anolyte consists of 0.1 M Zn(Ac), and 2.4 M KOH

(figure 9(B)). To prevent neutralization, two solutions are sep-
arated by a bipolar membrane, anion exchange membrane and
cation exchange membrane. The battery shows a high CE
of 98.4% and cycling stability of 97.5% retention over 1500
cycles. As the potential of MnO,/Mn”* conversion is pH-
dependent, the cell voltage can be further raised to 2.65 V
by employing a strong acidic catholyte with 3 M H,SOq4
(figure 9(C)) [103]. In particular, the battery has a discharge
plateau as high as ~2.71 V at a current density of 100 mA g~!
with a specific capacity of 616 mAh g~!, achieving ~100% of
the theoretical capacity of the two-electron transfer process of
Mn**/Mn?*. Both high working voltage and specific capacity
enable a high energy density of 1621.7 Wh kg~! based on the
mass of MnO,. Moreover, the battery shows a superior cycling
stability of 200 h (116 deep cycles) due to the enhanced dissol-
ution of MnO, during discharge in strong acid. The adsorbed
hydrogen ions on the MnO, surface facilitate the formation of
oxygen vacancies and lead to Mn atoms being exposed on the
surface. It is also possible to introduce a catalyst, such as Ni,
to catalyze MnO,/Mn?t conversion [104].

Other metal-based anodes (e.g. Cu, Bi, Pb) are also paired
with MnO,/Mn*t. For instance, MnO,—Cu and MnO,-Bi
batteries were proposed by Zhi et al [105]. The MnO,—Cu
battery exhibits an average discharge plateau at ~0.95 V in
an acidic electrolyte (figure 10(A)). It shows a stable rate
capability with only a 6.6% decrement as the discharge current
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Figure 11. MnO,/Mn>* deposition/dissolution chemistry with proton anodes. (A) Schematic illustration and working mechanism for the
PTO-MnO, @GF hydronium-ion battery. (B) Galvanostatic charge/discharge curves of PTO-electrode at different current densities.
Reproduced with permission [107]. Copyright 2020, Springer Nature, CC BY 4.0. (C) Schematic illustration of MnO3-MnO; @GF proton
battery. Reproduced with permission [108]. Copyright 2020, American Chemical Society. (D) Mn—H battery in the charge and discharge
modes. (E) Rate capability in electrolyte of 1 M MnSOy4 with 0.05 M H,. Reproduced with permission [81]. Copyright 2018,

Springer Nature.

density increases from 4 to 64 mA cm~2 and a lifetime of

2000 cycles under a charge capacity of 0.8 mAh cm~? at
16 mA cm~2. During long-term cycling the coulombic effi-
ciency range fluctuates between 123.8% and 84.8%, which
might be associated with the insertion of ions (H™ and
Cu?t) into undissolved MnO,. Xia et al [106] prolonged
the lifetime of a MnO,—Cu battery to 10 000 cycles under
1 mAh cm~2 capacity at 10 mA cm~2 without capacity decay.
It used a high concentration of MnSO,4 and CuSOy, up to
0.8 M. The cell capacity can reach up to 50 mAh cm~2
with a coulombic efficiency of 96% and a high energy effi-
ciency beyond 70% (figure 10(B)). The energy density attains
40.8 Wh1~!. The MnO,-Bi battery displays a stable rate cap-
ability (~0.4 mAh cm~2 at 64 mA cm~2 when charged to
0.8 mAh cm~2) in an acidic electrolyte but with a coulombic
efficiency lower than 80% due to the uncomplete dissolution

of MnO; and the quasi-reversible plating and stripping process
of the Bi metal (figure 10(C)) [105].

Besides metallic anodes, proton-coupled redox pairs can
also be used as active species for the anode. Wang et al
proposed a hydronium-ion battery, where pyrene-4,5,9,10-
tetraone (PTO) was used as the anode [107]. The formed
hydronium ions (H3O™) shuttle between electrodes, initiat-
ing a quinone/hydroquinone redox reaction at the anode and
MnO,/Mn** conversion reaction at the cathode. A high power
density of 30.8 kW kg~! based on the total mass of PTO
and deposited MnO, is attainable due to the good diffusiv-
ity of hydronium ions (figures 11(A) and (B)). Moreover, the
electrolyte still shows a high conductivity in a frozen state,
enabling the operation of the battery from —40 °C to —70 °C.
MoO; also hosts H3O™ ions, which exhibits a power dens-
ity of 66.6 kW kg~! (figure 11(C)) [108]. Hydrogen can be
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directly used as the anode. Cui et al [81] proposed a Mn—H
battery, where a Pt/C coated carbon felt was employed as the
catalyst and conductive materials for H, evolution. The 1 M
MnSO4 electrolyte was optimized by adding 0.05 M H,SO,.
The Mn-H battery exhibits a discharge voltage of ~1.3 V, a
good capacity of nearly 1 mAh cm~2, reaching almost 100%
coulombic efficiency at 100 mA cm~2 (36 s of discharge), and
a lifetime of more than 10 000 cycles without capacity decay
(figures 11(D) and (E)).

4. Conclusions and outlook

The energy storage capacity of the electrolyte has shown its
promise to further increase the energy density of batteries.
However, such designs are mainly employed at the grid-scale
and are rarely used in portable or microdevices. In order to
fabricate excellent portable aqueous batteries based on such
designs, both the working mechanisms and the technical con-
struction are indispensable.

First of all, the working mechanisms are instructive roles
to design energy storage devices with high electrochemical
performance. However, the working mechanisms of the afore-
mentioned redox-active electrolytes in the non-flow designs
are still not fully uncovered. For example, protons are import-
ant for the reversibility of the Mn?*/MnO, couple. Never-
theless, Mn* disproportionation reactions often occur with
a high proton concentration, impairing the coulombic effi-
ciency. A Zn-rich composite layer was found on the sur-
face of MnO, during the charging process, but it disappeared
by discharging [109]. However, the exact crystal structure
and function in energy storage process are still unknown.
Thus, in-situ investigations, especially those focusing on the
interface, would be helpful to reveal the reactions of the
redox-active species in the electrolyte. Without a precise
working mechanism, it is hard to develop effective ways to
simultaneously improve the reversibility and efficiency of
charge storage.

In addition to the working mechanism, the compatibility of
materials with device fabrication procedures is also critical.
Carbon felt has been frequently used as the current collector
due to its high electrical conductivity. The porous structure
provides abundant electrochemically active sites and reduces
the areal current density, and the 3D matrix can accommodate
high mass loading of MnO; thus approaching a high charge
capacity. However, if shrink the scale of the battery to a mil-
limeter or even a micrometer, the carbon felt would be not
available. The graphene or metal materials through physical
vapor deposition or other deposition techniques should be con-
sidered. The deposited membranes are generally not able to
offer such a 3D matrix unless with a design of 3D structures.
It would also be a good approach to fabricate a planar thin
film with a large footprint to introduce more redox reaction
sites and shrink the footprint to form a Swiss-roll configuration
through rolled-up nanotechnology. In addition, the accumula-
tion and dissolution of redox products that introduce repeated
and significant stress variation also impose a challenge in
the mechanical stability of current collectors, especially for

microscale devices that contain a thin current collector. The
selection of the counter electrode is essential to the overall
electrochemical performance. For instance, the dendrite form-
ation and HER are two challenges using Zn as the anode.
The optimized electrolyte for independent half-cells is not
always applicable for a full cell. The addition of protons in
the MnO,/Mn>* deposition/dissolution system increases the
reversibility; however, the high acidity accelerates the corro-
sion of Zn anode.

Besides, exploring a suitable solid-state electrolyte is an
essential step toward practical use. Unlike common solid-
state electrolytes that focus primarily on ionic conductivity,
redox-active solid-state electrolytes also need to guarantee the
redox activity of the ions. More importantly, the solid-solid
interface between the electrolyte and electrode (current col-
lector) after accumulating redox products needs to maintain
the reactivity. The selection of packaging materials with high
stability is often overlooked but important for the lifetime of
actual devices.

Apart from the mechanism and battery fabrication, the
operation protocols need to be different with different chem-
istry. The charging process determines the capacity of the
battery using the redox-active electrolyte. With the increase
in charge capacity, the current collector will be coated with
a thicker material layer. The poor electrical conductivity
of deposits would impair the reversibility. Accumulation of
inactive deposits will eventually delaminate from the current
collector, causing unwanted effects, such as short-cuts. There-
fore, each electrolyte with redox activity should have its own
optimal charging and discharging procedure and target spe-
cific application scenarios. It is a promising energy storage
system by triggering and unleashing the energy storage ability
of active species in electrolytes and it still needs more effort to
put in, facilitating its development from grid-scale to a port-
able application or even a millimeter/micrometer scale.
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