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bstract

Monolithic megaloporous carbon cryogels were examined for their potential applications as cathodic electrodes in secondary zinc–bromine cells.
his work investigates the possibility of using their particular macroporous texture as microscopic bromine tanks in a zinc/bromine battery. The
lectrochemical behaviour of a cell based upon such a Br electrode was studied and discussed in terms of energy yields, energy storage capability
2

nd cycle life. Good storages (over 20 Wh kg−1) could be obtained during the first 2 h of cell charging for currents between 10 and 20 mA g−1. The
nergy yield remains almost constant during a fairly large number of cycles, basically for weak charges (e.g. 25 C g−1). Our findings show that the
ood cyclability of the cathodic electrode is a consequence of the liquid state of the active bromine phase.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The zinc–bromine system is still considered as to be highly
ttractive for energy storage purposes since it displays a very
igh theoretical energy density close to 440 Wh kg−1.

The overall cell reaction is as follows:

n2+ + 2Br−
(discharged)

↔ Zn + Br2
(charged)

(1)

he cell e.m.f. calculated from the normal potentials (E0
Zn2+ and

0
Br2+ ) is equal to:

= E0
Br2+ − E0

Zn2+ = 1.06 + 0.76 = 1.82 V (2)

The theoretical specific energy of the ZnBr2 system
440 Wh kg−1) and its practical value (60 Wh kg−1) were com-
ared by Beck and Rüetschi to similar battery systems such as

n–MnO2, Ni–Cd, Ni–MH, Li-ion and many others [1] and their

espective values were reviewed and thoroughly discussed in the
ight of their potential new applications (Table 1 in ref. [1]).
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Much research has been carried out in order to obtain effi-
ient Zn–Br2 batteries. Nevertheless, several technical problems
hich arose, mainly related to bromine diffusion towards the

inc electrode (due to its solubility in water correlated with Br3
−

nd Br5
− formation), but also to zinc dendrite formation, could

ot be completely solved so far. Several technical solutions were
uggested to improve lifetime and reliability of this system, such
s the use of Br2 complexing agents [2,3], or the use of organic
olvents to keep the bromine out of the aqueous phase [4,5].
oth techniques were then coupled in order to avoid as much
s possible bromine diffusion in the aqueous phase by creat-
ng a non-aqueous polybromide phase [6–11]. Most often, these
echniques have been developed using an electrolyte circulating
ystem [11] which notably improves the quality of zinc plating.
resently, the zinc bromine battery is constituted of tanks that
upply the reaction cell with the cathodic liquid (catholyte) and
nodic liquid (anolyte). Although high self-discharge rates and
oor cycling capability still hinder the industrial development of
uch kind of storage cells, these problems are beyond the scope
f this study.
The aim of this work was to evaluate the possibility of storing
iquid bromine within a carbon cryogel electrode, and to examine
he capability of such a material to contribute to solve some
spects of the problems mentioned above.

mailto:david.ayme-perrot@uha.fr
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apparent surface area of the cathode was 10 cm2 for a thickness
of 2 mm, corresponding to a total cell weight of 10 g.

Such a design enabled us to check whether the tubular car-
bon cryogel was capable to retain the contained bromine with
D. Aymé-Perrot et al. / Journal o

Several kinds of carbon materials made from resorcinol–
ormaldehyde aqueous gels have been developed since their
ntroduction in 1989 by Pekala and Kong [12]. Because of
heir important porosity and high specific surface area, aerogels
supercritical drying) [12–14], xerogels (evaporative drying)
15–17] and cryogels (freeze drying) [18–20] appear to be very
ttractive materials for numerous applications as electrodes.
resently, they are being already developed for double-layer
EDL) capacitor applications. Similarly, they also show inter-
sting properties for storage battery applications.

Concerning the carbon cryogels, several studies related to
reeze drying [21,22], showed that under well defined condi-
ions, huge channels can be generated in the material, leading
o a very special kind of macroporosity currently referred to as
megalopores” [18,19]. Such a honeycomb-type texture seems
o be difficult to manufacture into reproducible bulk compo-
ents. Due to their very low density and their important void
olume, one generally prefers to grind cryogels and to mix them
ith carbon black and a binder to form more compact electrodes.
owever, doing so results in the destruction of the macrop-
rous network which is a highly interesting characteristic of
his material.

One could therefore expect, on one hand, the macroporosity
carbon capillary structure) to act as a good bromine storage tank
nd, on the other hand, the high specific surface area of the bulk
aterial to lead to efficient charge transfer properties.

. Experimental

.1. Preparation of RF cryogels

RF gels were synthesized by aqueous sol–gel polyconden-
ation of resorcinol (R) with formaldehyde (F), with sodium
arbonate (C) as basification agent, as reported by Pekala et
l. [12,13]. Resorcinol (purity > 98%) and sodium carbonate
purity > 99%) were purchased from Acros, while formaldehyde
36.5% in water, methanol-stabilized) was supplied by Riedel
e Haën. All products were used as received. A typical gel for-
ulation corresponding to 5% of solid by weight dispersed in

istilled water is based on R/F and R/C molar ratios of 0.5 and 50,
espectively. The mixture was stirred for 20 min and then poured
nto cylindrical borosilicate glass (Pyrex) test tubes which were
orch-sealed and heated in an oven for gelation at 85 ◦C for 7
ays. The gelation yields a wet product which requires drying
efore any further use. After the polymerisation process, the
olid samples were extracted from the sealed test tubes for dry-
ng. Several authors [23–25] suggest to exchange water with
-butanol prior to freeze drying in order to prevent the mega-
oporous structure from cracks due to ice crystal growth. The
els described in this work were not t-butanol exchanged but
ere directly immersed into liquid nitrogen until the nitrogen
oiling became gentle. Choosing such a fast cooling procedure
liquid nitrogen or dry ice–acetone) results in the formation of

arallel tubular hole structured materials, as described by Math-
eu et al. [18]. Since the formation of such a structure was our
im, the liquid nitrogen cooling procedure seemed to be best
uited for the intended use. The cold samples were transferred

F
c
M
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o a CHRIST ALFA freeze drier and dried until constant weight
after nearly 24 h at about 0.04 mbar). The final carbon cryogel
as obtained by pyrolysing the dry precursor under nitrogen
ow (about 0.1 L min−1) in a horizontal cylindrical oven (diam-
ter: 60 mm) heated up to 1000 ◦C at 2 ◦C min−1 and kept at
000 ◦C for 1 h.

.2. Material characterisation techniques

The pyrolysed cryogel surface area and pore size analy-
is were measured by adsorption–desorption of nitrogen on a

ICROMERITICS ASAP 2010 instrument (−196 ◦C). Prior
o N2 adsorption, the samples were degassed under vacuum at
0 ◦C for 1 h followed by a further heating at 350 ◦C for 3 h.
he BET surface areas were evaluated from the linear part of

he BET plots. The pore texture and surface morphology of
he samples were visualised by scanning electron microscopy
SEM) with a FEG SUPRA 35-ZEISS microscope. The sam-
les did not require vacuum gold deposition because of their
ood conductivity, and could be observed in their original state.

.3. Development of the electric power cell

The cell used for this study has been designed as shown in
ig. 1. In the cathodic compartment, the carbon cryogel electrode
as held on a vitreous carbon slice used as current collector.
he anode was made of a bulk zinc electrode fitted in a bromine

esistant Teflon cell as described by Fig. 1. The electrode sep-
rator was made of a 100 �m non-woven glass fibre fabric,
hick enough to avoid any short circuit between the electrodes
nd simultaneously to give the structure some elasticity for an
ppropriate compensation of the changes in the volume during
he charge–discharge cycles, and to provide good electrical con-
acts on all required interfaces. Polyacrylamide gel was added in
rder to reduce the diffusion of bromine towards the zinc elec-
rode. More specifically, since the carbon electrode cannot be
elded to the metallic current collector, the contact is obtained
y means of the slight pressure resulting from the presence of a
eak spring above the zinc electrode, as shown by Fig. 1. The
ig. 1. Modified cell design: (1) platinum grid current collector, (2) carbon
ryogel cathode, (3) casing, (4) spring, (5) gas vent, (6) zinc anode, (7) separator.
olecular bromine generated in the ZnBr2 aqueous phase (8).
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ufficient efficiency to avoid the self-discharge of the cell due to
inc corrosion by bromine diffusion.

Note that the macropores of the carbon cryogel electrode are
riented perpendicularly to the collectors. In good agreement
ith the observations made by Mathieu et al. [18], the orientation
f the megalopores could be induced during the drying step by
temperature gradient applied across the sample in the desired
irection.

In a previous work, Zito [11] studied the correlated variation
f bromine solubility and the ionic resistivity of zinc bromide
olutions. From his study (ref. [11]; Fig. 7) the highest conduc-
ivity is obtained for a zinc bromide molarity close to 2 mol L−1.
ppositely, the lowest value of bromine solubility is reached for

inc bromide concentrations above 7 mol L−1. On one hand, the
onductivity must be kept as high as possible in order to reduce
o an acceptable value the internal ohmic energy losses of the
ell at high discharge rates. On the other hand, low bromine con-
entrations in the electrolyte are a trend since they result in low
orrosion rates of the anodic zinc electrode, whereas the ele-
ental bromine required for energy storage must be kept as far

s possible as a separate liquid phase within the megaloporous
tructure. Keeping in mind that the zinc corrosion kinetics is
ot in the focus of this study, the first requirement suggests to
aintain the zinc bromide molarities as low as 2 mol L−1, while

he second trend would require the highest possible zinc bro-
ide concentrations. A good mean path could be to adjust the
olarity close to 5 mol L−1, since it corresponds to nearly half of

he optimal value both for the conductivity and for the bromine
olubility.

Data from Zito (ref. [11]; Figs. 6 and 7) allowed us to recal-
ulate the energy densities and plot their values along with the
onic resistivity data taken from Fig. 7 in ref. [11], against the
inc bromide solution molarity (Fig. 2). Low resistivities will
esult in low energy losses at high powers. At the minimum of
lectrical resistivity, which corresponds to about 2 M zinc bro-
ide electrolytes, the energy density is close to 140 Wh kg−1,

hat is about one-third of the theoretical maximum. Increasing
lectrolyte molarity gives rise to higher energy densities, but

lso increases the energy loss at maximum power by a factor
roportional to the square of the electrical resistivity, due to the
act that the cell resistance will generate power losses both dur-

ig. 2. Energy density (Wh kg−1) (�) and ionic resistivity (�) of ZnBr2, as a
unction of ZnBr2 concentration (T = 293 ◦K).
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ng the charge and the discharge process, the overall yield being
he product of both processes. The grey area in Fig. 2 shows the

olarity range of zinc bromide where the electrical resistivity
s comprised between the minimum value (about 2.4 � in.) and
resistivity higher by a factor of 2

√
2 (about 6.8 � in.), that is a

esistivity leading to identical losses for (2
√

2)2 = 8 times lower
ower rates. Higher zinc bromide molarities, although increas-
ng the energy densities, would also increase so drastically the
ower losses at high power rates that such cells would loose
ost of their interest. A 5 M solution provides a good mean

ath between the energy density and the conductivity of the elec-
rolyte since it reduces by a factor by two the electrical resistance
and therefore by a factor by 4 the losses at identical power rate)
f the cell, although the energy density is just reduced by about
7% with respect to the maximum energy density obtainable
ithin the grey area of Fig. 2. This is due to the increasing den-

ity of zinc bromide solutions with increasing molarity. Zinc
romide molarities higher than 7 mol L−1 result only in a poor
mprovement of the energy density, while the rapidly increasing
esistivity will drastically drop the energy yield within the same
oncentration range.

The electrical conductivity of the electrolyte was enhanced
hrough adding ammonium chloride (5 mol L−1).

.4. Electrochemical characterisation

All the electrochemical experiments related to the study of
he charge–discharge cell behaviour have been performed with
Radiometer Analytical VOLTALAB PGZ 100. Galvanostatic

ests were carried out using four different current densities,
amely 5, 10, 20 and 40 mA g−1 (or mA cm−2 for the active
lectrode surface area used here), the density for the discharge
rocess being always the same as for the charge process. The
etails of the relevant experiments are specified in the context
f the results. The charge was conducted so as a cut potential
f 2 V is not overstepped. For each of the four current densi-
ies, cyclabilities of 25, 50 and 100 C g−1 have been selected,
nowing that the charging limit of the cell is close to 200 C g−1.

. General considerations regarding zinc–bromine cells

Discussing the results of this work first requires a reminding
f some particular features regarding the zinc–bromine cells.

Bromine is a very reactive element with a high standard
otential, corresponding to a fast system with the bromide ion,
hich makes it very attractive for uses in battery applications.
esides these advantages exist some serious drawbacks, result-

ng especially from bromine solubility in aqueous systems as
ell as from its high volatility. These parameters lead to diffu-

ion phenomena towards the zinc electrode where even small
mounts of elemental bromine will cause formation of zinc
romide by chemical corrosion. Concerning the techniques pro-
osed to reduce zinc corrosion (bromine complexation and flow

ells), one must be aware of the fact that an efficient complexa-
ion drastically decreases the activity of bromine. Due to the fact
hat the bromine/bromide system is fast, the concentration of free
romine must be extremely low at the zinc electrode in order to
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esult in zinc electrode lifetimes compatible with a practical use
generally several years). But reducing the free bromine con-
entration by a factor by 10 reduces the cell voltage by 0.06 V.
n order to increase the time constant from about 1 h up to 10
ears, one must decrease the free bromine concentration by the
ame ratio, that is almost by a factor by 105. Thus, the final cell
oltage would be decreased by 300 mV, corresponding to nearly
7% of its initial energy. Moreover, complexation does not actu-
lly reduce the concentration of the available bromine capable
f corroding the zinc electrode. Complexing the free bromine
ill store it in a buffer from which it will be released at the same

ate as the rate of its consumption from the electrolyte through
he corrosion process. That is the main reason why we tried to
etain, by a physical method rather than by using some chemical
rocess, as much bromine as possible within the porosity of the
arbon-based bromine electrode, by capillary effect trapping.

. Results and discussion

.1. Carbon cryogel

Job et al. [22] showed that an important dilution molar ratio
= 20 (D = water/{resorcinol + formaldehyde + sodium car-
onate}) leads to megalopores or even to fragments depending
n the experimental freezing conditions.

Some authors [23–25] prefer applying a t-butanol/water
xchange step before drying, so as to prevent the gel from

A
(
t
b

Fig. 3. SEM pictures of the macroporous structure of the carbon cryogel: (a) fro
er Sources 175 (2008) 644–650 647

racks due to solvent expansion during freezing. They assume
he expansion of water during ice formation to be at the ori-
ins of the cracks they could observe in the cryogel tube walls
fter freeze drying. Such an assumption would mean that the
bserved cracks are due to the expansion during solidification
s a consequence of the lower density of ice than liquid water.
his argument leads the authors to prefer replacing water by
n organic solvent, that, once frozen, shows a higher density
han the liquid phase. Bearing in mind the experiments of Job
t al. [22], we came to the conclusion that the main factor rul-
ng the cohesion of the end product after the freezing process,
s the solid state crystal size rather than the water expansion,
hat hardly reaches 10%. Oppositely, increasing the crystal size
y a factor by two will result in a crystal volume eight times
igher. Thus, it seems reasonable to assume that the use of sol-
ents other than water will result in mechanically stable products
ore because such solvents yield smaller crystals by freezing

han because of their shrinking during solidification.
Even without replacing water by another solvent, fast freezing

ates allowed our materials to remain monolithic as previously
bserved by Mathieu et al. [18]. After pyrolysis, they exhibit a
arge specific surface area close to 950 m2 g−1. In Fig. 3, SEM
icrographs show the material sheet texture with megalopores.

fter a few cycles, the material texture is partly fragmented

SEM picture not shown), not only because of the possible elec-
rolyte repeated volume variations (see Section 4.3) but also
ecause of the pressure applied to the electrodes during the

nt view of macropores, (b) macropore sidewalls and (c) macropore sizing.
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ig. 4. Energy yield as a function of charge time for various current densities.

lectrochemical experiment. Such a partial destruction can be
limitation to a long time use of megaloporous carbon-based
aterials for durable energy storage purposes. Nevertheless,

uch a limitation was not observed after a couple of cycles when
eak electric charges were applied (see Section 4.3; Fig. 7).

.2. Energy storage

The cell was tested in the case of the four different current
ensities (5, 10, 20 and 40 mA g−1), aiming at evaluating the
onsequent energy yields. Fig. 4 shows, for the four experiments,
he energy yield evolution as a function of charge time.

It was observed that, while the yield decreases in each case,
his decrease is less pronounced for lower current densities. This
an be related to the bromine diffusion rate. A strong current such
s 40 mA g−1 would generate a large amount of bromine that
ould not remain for long enough within the megalopores and
ould therefore further diffuse too rapidly through the carbona-

eous material towards the Zn electrode. The excess of anodic
romine will then oxidise chemically part of the cathodic zinc
eposit, resulting in a partial self-discharge or, in other words,
o a dramatic energy yield decrease.

For this experimental cell, on one hand, the current collector
f the carbon cathode was made of glassy carbon in order to
revent its corrosion by bromine. On the other hand, zinc plays
dual role of anode and current collector. As a consequence,

oth current collectors exhibit a weak overpotential resulting,
espectively, in the formation of oxygen and hydrogen bubbles
hat is increasing with the current density. This is one of the
easons why the energy yield markedly drops for high current
alues.

For low current densities, these phenomena are substantially
lowed down and the energy yield decrease is less pronounced.

The energy yield can be straightforwardly related to the
mount of energy recoverable from the system at a given
harge–discharge current density. Fig. 5 shows the evolution of
he recoverable energy density as a function of the charge time
or different current densities.
Fig. 5 provides implicit information concerning the influence
f the charge–discharge current density as well as of the total
mount of charges stored, on the recoverable energy density of
he cell.

c
c
c
l

ig. 5. Recoverable energy density as a function of charge time for various
urrent densities.

Energy density maxima are observed for all systems except
he one involving a 40 mA g−1 current. The highest energy den-
ity (21.5 Wh kg−1) is obtained for a 10 mA g−1 current after 2 h
harging, corresponding to 72 C g−1. However, the yield at that
tage is rather poor (0.54, as shown in Fig. 4). Higher yields can
nly be obtained for shorter charging times.

The shape of each curve in Fig. 5 is due to a simultaneous
nfluence of two effects, namely a preliminary increasing charge
the recoverable energy is a function of charge density) fol-
owed by an energy decrease due to bromine diffusion. Bromine
iffusion occurs from the bromine electrode to the Zn cathode
ecause of an increased amount of Br2 produced. Indeed, dur-
ng the early steps of the charging process, only small amounts
f bromine start to diffuse towards the zinc electrode. Zinc cor-
osion starts as soon as some bromine is lost by the increasing
iffusion process. The diffusion increases with the amount of
tored bromine with, as a result, a consequent recoverable energy
ecrease in the late steps of the process. The rapid decrease of
he recoverable energy beyond the maxima is clearly related to
he increasing bromine diffusion rate with increasing charge.

Bromine diffusion is a very disturbing phenomenon, not easy
o overcome. It may be due to the formation of soluble bromine
ransferring ions such as Br3

− and Br2Cl− and more complex
olyatomic structures, the existence of which has been thor-
ughly described [26,27]. The main disadvantage of bromine
s that it remains almost completely insulating because of its
ovalent state. Only the soluble ionic species such as Br3− or
r2Cl− can be electroactive on the carbon electrode surface with

espect to the reduction of elementary bromine to bromide. Thus
he presence of bromide and chloride ions in the aqueous phase
s a must in order to achieve a sufficiently large electroactivity of
romine. Zinc bromide and, to a lesser extent, ammonium chlo-
ide must therefore remain present at high concentrations in the
lectrolyte. But in the same time this will result in the presence of
ighly chemically active bromine present all through the aque-
us electrolyte from the bromine to the zinc electrode. Only the
mount of bromine exceeding the saturation of the electrolyte
an be stored in the elemental state within the bottom side of the

ryogel pores. Therefore, it might be difficult to keep the zinc
orrosion by bromine diffusion at a sufficiently low rate for long
ife practical applications.
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D. Aymé-Perrot et al. / Journal o

Self-discharge by zinc corrosion occurs as soon as elemental
romine is present somewhere in the cell. Charging the cell is
nly possible with current densities exceeding the self-discharge
ate. Moreover, since self-discharge by zinc corrosion due to
iffusing bromine goes on whether the cell is being charged,
ischarged or kept under open circuit. Therefore, the total time
rom the beginning of the charging process to the end of the dis-
harging process will be extremely significant concerning the
pparent performance of the device. That is one main reason why
he charging step could not be prolonged beyond 2 h when using
10 mA g−1 current density (Fig. 5) since an increasing amount
f bromine within the carbon porosity would lead to increasing
iffusion rates towards the zinc electrode. As a consequence,
fast zinc electrode corrosion was observed, a phenomenon

irectly correlated to poor energy yields. This is further con-
rmed by the use of a current density of 20 mA g−1: while the
aximum energy stored was attained after only 1 h, a prolonged

harging at the same rate would rapidly lead to a sharp energy
rop because of an almost complete bromine creeping towards
he Zn electrode. This means that at such charge times, a steady
tate is reached once the bromine diffusion rate has become as
igh as the bromine generation rate resulting from the charging
rocess. This factor is strongly dependent on the geometrical
esign of the cell, and more specifically, on the thickness and
abric density of the non-woven separator used in the electrolyte
lled interval between cathodic and anodic electrodes of the cell.

As a preliminary conclusion, Fig. 5 shows the ability of our
ell to store energies larger than 20 Wh kg−1, at least for medium
urrent densities. Nevertheless, interesting yields can still be
btained at high charge–discharge current densities (about 10
imes higher than for conventional lead batteries), provided the
ell is operating far from its maximum charge capabilities.

.3. Cell cycle life

The cycle life of our system is illustrated in Fig. 6 for the three
ifferent charge densities considered (25, 50 and 100 C g−1) in
he case of the four charge–discharge current densities.
Logically it was observed that the number of charge–
ischarge cycles increases with the decreasing current den-
ity. Short cycling is observed when bromine is either rapidly
enerated (40 mA g−1) or extensively accumulated (charge

ig. 6. Number of cycles as a function of current density for three different
harge densities applied to the cell.

n
d

y
e

5

c
o
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w
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l
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ig. 7. Energy yield as a function of number of cycles, for three different charge
ensities applied to the cell for a current of 5 mA g−1.

ensity of 100 C g−1). A current of 5 mA g−1 allowing 47
harge–discharge cycles for a charge 50 C g−1 could be an
cceptable compromise. The same number of cycles can be
chieved with 10 mA g−1 but, in that case, the charge density
s only about one half (25 C g−1).

As seen before, the energy yield decreases as a function of
harge time, or, in other words, of the stored charge. Fig. 7 shows,
or the same three different charge densities, the evolution of
he energy yield versus the number of cycles in the case of a
harge–discharge current of 5 mA g−1.

The yield remains almost constant during a large number
f cycles, especially for weak charges (e.g. 25 C g−1) and then
ery rapidly drops. This drop can be explained by considering
hat a certain amount of bromine that neither reacted on the
athode interface nor on the Zn anode (self-discharge) would
ccumulate, with cycle time, inside the cathode megaloporous
olume. The resulting important electrolyte molar volume vari-
tion can then be responsible for the electrode eventual damage
t the end of the process. Another way to explain the damage is
o assume that electrolyte volume variations during each cycle
rovoke repeated mechanical stresses that eventually lead to the
arbon electrode partial or even total collapse. Such a partial col-
apse as observed by SEM for long cell life times (micrograph
ot shown) can therefore stem from both mechanical pressure
uring cell shaping and electrolyte repeated volume variations.

This yield variation with the cycle life justifies that the energy
ields reported in Fig. 4 were measured after the first cycle for
ach period of time.

. Conclusion

This work shows that megaloporous carbon cryogels used as
athodic material of a zinc bromine secondary cell are capable
f storing reversibly substantial amounts of elemental bromine.
he highest energy (21.5 Wh kg−1) was recovered from the cell
pon using a 10 mA g−1 current after 2 h charging.

Such a specific energy still remains small when compared
ith the theoretical value which is theoretically higher than

60 Wh kg−1 under our experimental conditions (ZnBr2: 5 M).
owever, it is close to the energy density of commonly used

ead batteries but obtained with current densities about 10 times
igher.
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Short cycling was observed when bromine is either rapidly
enerated (current of 40 mA g−1) or extensively accumulated
nside the cathode (charge density of 100 C g−1), thereby
uggesting that a current of 5 mA g−1 allowing about 50
harge–discharge cycles for a charge density of 50 C g−1 could
e a fair compromise for an acceptable energy storage (about
7.5 Wh kg−1).

The recoverable energy yield remains almost constant during
fairly large number of cycles, basically for weak charges (e.g.
5 C g−1). For high charges, the yield very rapidly drops due
o electrode damage provoked by repeated mechanical stress
nduced by electrolyte molar volume variations during the cycle
ife.

Such drawbacks can be possibly avoided by only partly fill-
ng (not over 70%) the cathode megalopores by the electrolyte as
he electrochemical reaction essentially takes place next to the
pside-turned windows of the parallel megalopores, thus closer
o the zinc electrode. In such a case, nearly half of the macro-
orous volume is filled with the 5 M zinc bromide solution and
ould allow the aqueous reversible 2Br−/Br2 electrochemical

eaction to occur.
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