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Investigations toward a Non-Aqueous Hybrid Redox-Flow
Battery with a Manganese-Based Anolyte and Catholyte
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Kolja Bromberger, Joey Disch, Burkhard Butschke, Benedikt Burgenmeister,

Karsten Sonnenberg, Sebastian Riedel, and Ingo Krossing*

A new all-Manganese flow battery (all-MFB) as a non-aqueous hybrid
redox-flow battery is reported. The discharged active material [Cat],[Mn''Cl,]
(Cat = organic cation) utilized in both half-cells supports a long cycle life.
The reversible oxidation of [Mn''CL,]>~ to [Mn""'Cl5]*~ at the positive electrode
and manganese metal deposition from [Mn''Cl,]>~ at the negative electrode
give a cell voltage of 2.59 V. Suitable electrolytes are prepared and optimized,

followed by a characterization in static battery cells and in a pumped flow-cell.

Several electrode materials, solvents, and membranes are tested for their
feasibility in the all-MFB. An electrolyte consisting of [EMP],[MnCl,] and
some solvent ybutyrolactone is cycled 500 times, both in a static as well as a

flow-cell, over a period of two months, with coulombic efficiencies up to 83%.

With the electrolytes prepared in this work, energy densities up to 74 Wh L™

1. Introduction

The importance of electrical energy-
storage systems (EES), for a successful
integration of intermittent renewable
energy sources into the electrical grid
is beyond dispute.'™ For mobile appli-
cations, lithium ion batteries (LIBs)
with high energy density prevail.>>¢
Although many efforts focus on alter-
native chemical systems (e.g., multi-
valent Al, Mg, and Ca), it is hard to
imagine that LIBs will disappear in the
near future.*”] Yet, for large scale sta-
tionary EES, there is no such prevailing

are possible, exceeding the VRFB benchmark system, using solely the cheap
and abundant element manganese as the active material. Although further
optimizations are necessary, this system represents a new and promising

setup toward sustainable stationary energy storage.
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technology. Although other alterna-
tives, like pumped hydro or fuel cells
are available, batteries are amongst the
most promising technologies for this
purpose.381 With the energy density
being slightly less relevant, other redox
active materials could be employed in
large scale EES, i.e., redox-flow batteries
(RFBs) with their very long cycle life and decoupled capacity,
power and energy output.>*!% Their benchmark is the all-
vanadium redox-flow battery (VRFB) with VI/VII and V1V/
VV redox couples,? as well as a 15 000-20 000 charge/dis-
charge cycles lifetime and an acceptable energy density of
25-35 Wh L7! installed in up to 60 MWh capacity EES.[20]
However, probably due to the high cost, a commercial break-
through still has to come.?®% Considering abundancy and
cost, few elements are suitable as redox active material in
sustainable batteries.*!! Manganese is one of them and, there-
fore, finds application in LIB-cathode active materials (e.g.,
LiMn,0,4 or Li[Ni;gCog1Mn;]O;) or in cathode materials of
primary Dbatteries (MnO,).>2 However, to the best of our
knowledge, only one battery system exclusively using manga-
nese compounds at both electrodes is described, ie.,
Mn(acac); acetonitrile (MeCN) solutions with the Mn!l/Mn!!!
couple at the negative and the Mn'""/Mn'V couple at the posi-
tive electrode. Yet, with E.y of 1.1 V the system does not
exploit the large potential range advantage of a non-aqueous
electrolyte. Already the aqueous standard potential difference
AE® of Mn®/Mn!! and Mn!'/Mn!! redox couples amounts to
an impressive 2.69 V. In addition, the Mn volumetric spe-
cific capacity is 70347 Ah L' (two-electron-process). It
clearly exceeds that of zinc (5853.8 Ah L), which in the zinc
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bromine flow battery (ZBFB) represents the benchmark system
for hybrid redox-flow batteries.l?! Therefore, the two-electron-
deposition and stripping of Mn as possible negative electrode
reactions may lead to an all-MFB with favorable energy density.
Since hydrogen evolution is one of the major side reactions
upon manganese deposition (E° = —1.18 V) and oxygen evo-
lution may compete with the Mn'/Mn™ redox couple
(E° = +1.51 V), non-aqueous electrolytes are preferable.! To
increase cycle-life, the same electrochemically active species
has to be used in both half-cells. Therefore, a manganese
ion allowing manganese deposition, but also forming stable
Mn"/Mn! compounds was needed. Chloromanganates were
identified as an option for the active species. Of those, the
Cambridge Structural Database includes 49 entries for the
[Mn''CL,]*~ anion, but only three containing [Mn''Clg]*~.[""]
Only three inorganic variants are known for the [Mn'VClg)?~
anion (Inorganic Crystal Structure Database).'*® How-
ever, well characterized [Mn''Cl5}?>~ and [Mn!VCly)*~ salts are
known (vide infra = v.i.). Thus, starting from well-known
[Mn"'Cl,]>~,"-?/l Equations (1) and (2) represent possible cell
reactions of an all-Mn battery:

discharge

3Mn"CL, ] o= Mn® +2[Mn"'Cls " +2C1" (1)
arge

discharge

2Mn"Cl, )" = Mn® +[Mn"Cl " +2C1° 2)
charge

At the positive electrode an oxidation of [Mn!Cl,]>~ into known
[Mn'"'CI5]%~ or [Mn'VCl¢]* is conceivable.'®1726-34 Reaching the
oxidation state +IV in a two-electron-process in [Mn!VClg)*~
would favorably improve the energy density. Yet, the expected
high redox potential of Mn'V might lead to the formation of Cl,
as main or side reaction. In addition, non-aqueous manganese
deposition from [Mn''Cl,]>~ is unknown.?>3¢ Table S19 (Sup-
porting Information) includes the expected energy densities for
an all-Mn battery based on the conservative Equation (1) with
1-2 mol L7 electrolyte concentration and a cell potential E
of 2.69 V (aqueous redox potentials). With a theoretical energy
density around 44-87 Wh Kg', the all-Mn battery would have
the potential to exceed VRFB and ZBFB in energy density and
use the cheap and abundant elements manganese and chlorine.
Here we investigated, if such a battery can be realized.

2. Results and Discussion

This paper is organized by a synthesis and characterization section
that demonstrates the feasibility of the proposed battery chemistry
on classical chemical and electrochemical grounds before inves-
tigating the battery performance in static symmetric, half as well
as full cells, and finally in pumped flow cells. A section on the
performance of the all-MFB discussing all experimental data is
placed at the end, after describing the flow operation.

2.1. Synthesis and Characterization of the [Cat],[Mn''Cl,] Salts

[Cat],[Mn"'Cl]-syntheses with organic cations [Cat]" are
reported since 1959171 and available according to Equation (3)
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in yields >99%; we found the products to be stable under
atmospheric conditions. Focus is placed on the [Mn''Cl,*"
salts with 1-butyl-1-methylpyrrolidinium ([BMP]*) and I-ethyl-
1-methylpyrrolidinium ([EMP]*) cation; other cations were
tested (Supporting Information).

organic solvent
e.g.MeCN

MnCl, +2[Cat]Cl [Cat], [MnCl, ] 3)

All syntheses were performed under inert conditions to
prevent contamination with water and its electrochemical
side reactions. The organic cation [Cat]* in the product can
easily be varied by simply using the chloride salt [Cat]Cl of
the desired cation, also salts with two different cations are
possible ([Cat;][Cat,][Mn!!Cl]). This gives access to a broad
variety of different [Mn''Cl,]*~ salts with electrochemically
inert cations that could be used to influence the morphology
of the electrochemical metal deposition,”] optimize solubility,
conductivity, and viscosity of the electrolyte. [Mn'!Cl,)*~ salts
have prior been extensively characterized by scXRD, UV/Vis-,
IR-, and Raman spectroscopy.'*-26:383%] Figure 1a,b shows the
IR- and the Raman spectra of solid [BMP],[Mn'Cl,] relevant
to this work and Table S1 (Supporting Information) contains
the corresponding stretching frequencies that agree with the
literature.

Raman- and UV/Vis spectroscopy demonstrate that
[Mn''Cl,]* is not stable in the presence of water (see Figure S3,
Supporting Information), since the wj-stretching frequency
disappeared completely. In contrast, in MeCN- and GBL-
solutions the relevant vj-stretching frequencies were observed
(see Figure 1), showing that the [Mn'Cl,]*"-anion is stable and
the respective solvents are suitable for electrolyte preparation.
This is further supported by the UV/Vis spectra (Figure 1c,d
and Table S2: Supporting Information).

2.2. Electrochemical Investigations toward Battery Application
2.2.1. Spectroelectrochemistry

The charged active species in the all-MFB — the [Mn''Cl]*
anion — was prior characterized with scXRD, UV/Vis- Raman-
and IR-spectroscopy, 283240 but all known preparation routes
start with Mn!'- or Mn'V-species. By contrast, in the all-MFB
the [Mn''Cl*~ is electrochemically oxidized to [Mn''Cls]?*~.
Figure 2a shows the CV of ELgpy pyp.50- The current response
is assigned to a reversible oxidation of [Mn''Cl,]>~ with a half
peak potential (E,;) at 1.17 V versus Fc/Fc* using a platinum
working electrode (Pt-WE) and 1.28 V versus Fc/Fc" using a
glassy carbon working electrode (GC-WE). These potentials are
rather close to the Mn?*/Mn?" redox couple in aqueous media
(111 V vs Fc/Fc").l9*] The characteristic dark green coloration
(see Figure 2b) suggested [Mn''Cls]*~ formation at the WE
during the anodic scan.

Spectroelectrochemical Raman and UV/Vis-measure-
ments, which easily distinguish [Mn!Cl >~ and [Mn!!Cls)?,
were conducted. In Figure 2c) the Raman spectra of tetrahe-
dral [Mn''Cl,)*" as [EMP],[Mn'Cl,] and [BMP],[Mn''Cl,] dis-
play the characteristic vj-stretching frequency of the anion
at 251 and 253 cm™), respectively. After applying a potential
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Figure 1. a) IR- and Raman spectra of solid [BMP],[Mn''Cl,]. b) Raman spectra of [BMP],[Mn"'Cl,] and [EMP],[Mn''Cl,] as solids and [BMP],[Mn''Cl,] dis-
solved in GBL (50 wt% GBL, ¢ =1.2 mol L™, ELcg.gup.50) and MeCN (30 wt% MeCN, ¢ =1.6 mol L™, ELyecn.amp-30)- The stretching mode at 300 cm™
can be assigned to [BMP]", since it is not observed in the spectrum of [EMP],[Mn''Cl,]. c) UV/Vis spectrum of [BMP],[Mn''Cl,] in MeCN (90 wt% MeCN,
¢=3.2 mmol L). d) UV/Vis spectrum of [BMP],[Mn''Cl,] in GBL (90 wt% GBL, ¢ = 0.22 mol L™).

of 1.65 V versus q-Pt, a new band at 289 cm™ appears. For
the [BMP]" cation, a band at 300 cm™ (cf. Figure 1b) slightly
obscures this region, but it can be clearly observed in the
spectrum starting from [EMP],[Mn''Cl,]. Comparison with
known C,-symmetric [Mn'Cl5]>~ compounds in Table S7
(Supporting Information) reveals strongest vibrational bands
between 289 and 296 cm™, suggesting that [Mn'"'Cl5]?>~ can
be formed electrochemically from [Mn''ClJ?~. Also, the
Raman spectra of the chemically with dichlorine oxidized
[BMP],[Mn''Cl,] and [NEt,],[Mn''Cl,] include the character-
istic [Mn'Cl5]>" stretch at 292 and 287 cm™ (Figure S7, Sup-
porting Information). As a final proof that [Mn!!Cl5]*~ forms
electrochemically, a crystal structure was obtained from the
electrochemical oxidation product of [NEt,],[Mn''Cl] (see
Figure 2). Since the electrooxidation of [NEty,[Mn"'Cl,] in
MeCN was not quantitative, a cocrystal with [MnICl,]>~ was
formed. In all of these experiments the dark green coloration
of [Mn!!Cl5]>~ was characteristic and UV/Vis-spectroscopy
further supports the electrochemical formation of
[Mn"!Cl5]*. In Figure 2d) the electronic transitions of
[Mn'Cl,)%~ at 431 and 446 nm are visible when no voltage
is applied. After applying 1.74 V versus q-Pt or more, these
transitions vanish and the intense transitions of [MnCls])*
become visible. Table S8 (Supporting Information) shows the
assignments of the respective transitions, in accordance with
the literature. The spectroelectrochemical analysis in MeCN
with Raman and UV/Vis spectra is shown in Figure S6
(Supporting Information).
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2.2.2. Mn Electrodeposition from [Mn''ClJ?~ Solutions

Manganese can be deposited from aqueous solutions!™ and,
although hydrogen evolution is a major side reaction, only few
reports on manganese-deposition from non-aqueous media
are known.>3% Yet, depositions from non-aqueous [Mn''Cl,J*~
solution are unknown but possible from the related, but water
containing, deep eutectic solvent choline chloride + urea (1:2)
upon addition of Mn''Cl,-4H,0.! To investigate, whether
electrochemical deposition and striping of manganese from an
anhydrous solution is possible, the CVs of three [Cat],[Mn''Cl,]
salts were measured in several solvents (Figure 3). In MeCN
a deposition and a stripping of manganese can be observed
for every salt tested. With [EMP]* and [BMP]* the current pro-
files look very similar. Mn deposition and stripping are sepa-
rated by 0.87 and 0.95 V respectively. Additionally, two current
maxima can be observed for the stripping, whereas only one
current maximum is present with the [N,,s]" salt. Cations
can influence the morphology of metal deposition,”] thus
the cations may be an explanation for the differing stripping
behavior. However, with [N,,;,5]" the two processes are 1.26 V
apart, making the [EMP]" and [BMP]* salt with lower overpo-
tential more interesting. [Mn''Cl,)>~~ solutions in propylene
carbonate (PC) and GBL only deposit, but do not strip man-
ganese. Further Mn was deposited on Pt-foils (current density
0.25 mA cm™%; 11.2 mA h = 11.3 mg Mn; Figure 3b). The Pt-foil
is completely blank after the electrolysis in GBL, whereas
a black layer was observed after deposition from MeCN.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) CV of ELgg .gvp-so at a Pt-WE and a GC-WE with 100 mV s™'. b) Molecular structure of the cocrystal [NEt,],[Mn"Cl,J[Mn"'Cl5], H-atoms and
disorder of [NEt,]* were omitted for clarity, thermal ellipsoids were drawn with 50% probability. Color of [Mn''Cl,]*>~ and [Mn'""'Cls]>~ dissolved in MeCN.
) Raman spectroelectrochemistry with [EMP],[Mn''Cl,] in GBL (50 wt% GBL, ¢ = 1.4 mol L™, ELggi.gmp.s0) and ELggiamp.s0- d) UV/Vis spectroelectro-

chemistry with [BMP],[Mn''Cl,] in GBL (90 wt% GBL, ¢ = 0.22 mol LT).

Apparently, [Mn''CL,]*" is reduced at the electrode but the Mn
metal formed does not stick to it. Figure 3b shows a typical
photograph of an electrolyte after deposition in which the
reduced Mn seems to end up as a black suspension. From
MeCN, Mn deposition / stripping on a copper electrode was
repeated 24 times with the respective voltage profiles / cou-
lombic efficiency (CE) given in Figure 3c,d.

The CE slightly improves over the 24 cycles to still only 43%,
probably due to the incomplete stripping of the mechanically
unstable Mn layer that is formed. Thus, the photographs in
Figure 3d demonstrate that the deposited Mn layer can easily
be removed by washing the electrode with excess solvent. Note
that manganese metal crystallizes in a unique elemental struc-
ture with 58 independent Mn atoms in the unit cell.*! Appar-
ently, Mn deposition on metal surfaces with closed-packed typ-
ical metal structures like Pt or Cu are a bad choice concerning
the mechanical stability of the Mn film. To confirm that the
black deposit is manganese, pXRD data of the black deposit
powders on copper were recorded. Figure 4a shows the pXRD
trace of a sample prepared under atmospheric conditions. The
broad reflexes speak for an almost amorphous structure and
fit very well to the pXRD of MnO instead of Mn, although the
main reflex of o+manganese seems still to be present.>! In
the sample prepared under inert conditions (Figure 4b) MnO-
reflexes are absent and the sample assigns as o-Mn. The
oxidation of the deposited Mn to MnO under atmospheric
conditions is expected and an indirect proof for the deposi-
tion of pure manganese under inert conditions (cf. Figure S9
(Supporting Information) for an EDX mapping). The SEM

Adv. Energy Mater. 2021, 11, 2101261 2101261 (4 of 20)

images of the deposited manganese films on different elec-
trode materials always revealed a cauliflower like structure
(see Figure 4), similar to the reported Mn deposits from non-
aqueous media that delaminate very easily by washing the
electrode.l3>36]

Before entering the huge field of Mn deposition, where tem-
perature, deposition potential, additives and cations strongly
influence the morphology of the deposited Mn films, we were
satisfied with the fact that it is possible to deposit Mn from
[Mn"'Cl,]>~ solutions and continued with first battery experi-
ments, to check whether it is worth to return to Mn deposition
later.

2.2.3. Linear Sweep Voltammetry (LSV)

LSV was used on a Mn-electrode to investigate, whether anodic
dissolution is possible or hindered by passivation of the electrode
surface, as often observed due to precipitation of insoluble spe-
cies upon anodic dissolution in media with high chloride ion
concentration.”’] Note that the chloride ion concentration in the
Mn®/Mn'half-cell will be high in the charged state. Since in
GBL solutions of [Cat],[Mn''Cl,] no stripping of Mn was observed
(Mn®-delamination? Figure 3b), the LSV of a solution of [EMP]
Cl in GBL (1.9 mol L) was recorded (Figure S12, Supporting
Information). The anodic dissolution of Mn® starts at —0.65 V
and does not show the typical current profile for a passivation,
described in the literature.”} Still at —0.45 and —0.2 V the cur-
rent levels off for a short time, creating two plateaus. This is an

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) CVs of different [Cat],[MnCl,] salts in MeCN at a Pt-WE with a scan rate of 50 mV s™'. b) CVs of different [Cat],[MnCl,] salts in PC and GBL
at a Pt-WE with a scan rate of 50 mV s™" plus photographs of Mn deposits from MeCN and GBL. c) Voltage profiles of the electrochemical deposition
and stripping of Mn from a solution of [BMP],[MnCl,] in MeCN (1.6 mol L™, 30 wt% MeCN, ELyecn.amp.30) Using a Cu-electrode and a current density
of 0.88 mA cm™2. d) CE of the respective experiment plus photographs of the mechanically unstable Mn-layer (deposition of 2 mA h).
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indication that the anodic dissolution slows down for a moment,
ie., that the layer is not blocking the surface but just somewhat
restricting flow. Since we are significantly away from the oxida-
tion potentials for Mn'"!, this suggests the system is not changing
the oxidation state, but rather that the speciation changes as
the metal concentration close to the electrode surface changes,
e.g., [Mn!'Cl,]>~ could have a different solubility to a hypotheti-
cally formed ion [Mn',CL]** (x = 5-7) at the plateaus. Thus,
the anodic dissolution of Mn is similar to the anodic dissolution
of Zn or Sn.¥! Afterward the current increases further and indi-
cates an almost unhindered dissolution of Mn’. The final for-
mation of the stable [Mn"'Cl,*> ion appears to be a very strong
driving force, limiting the detrimental passivation.

2.2.4. Electrolytes

Table 1 summarizes the key parameters of the different elec-
trolytes used throughout this work. Electrolyte optimizations
(see the Supporting Information) revealed that the addition of
extra [Cat]Cl to a solution of [Cat],[Mn!'Cl,] reduces the charge
voltage (Usocs) by up to 0.62 V. Therefore, only electrolytes with
[Cat]Cl as an additive were used for cycling experiments. Upon
characterization of the BMP-GBL-electrolyte with 50 wt% GBL
we observed that [Mn!Cl ]2~ salts can precipitate, if the temper-
ature drops. Thus, we decided to use 55 wt% GBL in the battery
measurements and successfully prevented any precipitation.
Although it was necessary to add more GBL (58 wt%) to dis-
solve all of the [EMP],[MnCl,] and [EMP]Cl (ELggy. gmp-cLss), its
[Mn"'Cl,]>~ concentration is still higher compared to the [BMP]*
based electrolyte with only 50 wt% of GBL (ELggLpmp-cl-s0)
(1.0 mol L™ vs 0.9 mol L.

www.advenergymat.de

MeCN-based electrolytes never showed any sign of precipita-
tion even at a low solvent content of only 30 wt%, so we used
these electrolytes for the characterization and the battery meas-
urements. The acronyms used for the electrolytes EL include
the solvent, the cation and the amount of solvent added to the
salt in wt% in the subscript. This means, ELgp;.gmp.50 Stands
for an electrolyte using [BMP],[Mn'Cl,] as conducting salt
and 50 wt% GBL as auxiliary solvent. If nothing is mentioned
always Mn(Il), i.e., [Mn!'CLJ* is used. If Mn(IIl) is included
with the subscript, the electrolyte contains [Mn''Cl5)*, e.g.,
ELytecn-Bmp-Mnqun-30- 1f “Cl” is included with the subscript, a 1:1
molar ratio of the cation chloride was added as in ELy.cn.pmp-
c130 (cf. Table 1). An electrolyte marked with a * refers to an
electrolyte, diluted with pure solvent to one half of the concen-
tration of the active species.

2.2.5. Conductivity, Viscosity, and lonicity

We investigated conductivity and viscosity of the all-MFB
electrolytes based on [BMP],[Mn!'Cl,] and [EMP],[Mn'Cl,] in
GBL and MeCN. Both solvents have almost the same polarity
(&cL = 39.0; &vecn = 36.64 at 25 °C), but differ in their viscosity
(NepL = 1.738 cP; Myeen = 0.369 cP at 25 °C).[841 With respect
to the diffusing entities, the larger [BMPJ* (Vygwca 158 A%)
and the smaller [EMP]* (Vygwea 124 A%) differ only slightly
(chemical structures Figure S15, Supporting Information).>'!
Overall, electrolytes based on more fluid MeCN and the smaller
[EMP]* cation would be expected to perform better. Indeed,
MeCN-electrolytes with [EMP]" showed the best conductivity
and lowest viscosity of electrolytes tested (cf. Table 1). There-
fore, and because it was the only solvent that allowed Mn film

Table 1. Abbreviations for the electrolytes used in this work and their physicochemical characteristics.

Electrolyte abbreviation?) [Cat]o[MnClys] [Cat]Cl [Cat],[MnCly): [Cat]CI Solvent ¢ (MnClJ%)/mol L' Conductivity/mS cm™  Viscosity at
(molar ratio) [wt%] [T/°C] 30 °C/cP

ELcsLampso [BMP,[MnCl,] - - GBL (50) 12 6.2 (30 °C) 13.9
ELeL5Mptn (1) 50 [BMP,[MnCly] - - GBL (50) 12 5.96 (30 °C) 14.6
ELcoLampclso [BMP,[MnCl,] [BMP|CI 1:1 GBL (50) 0.9 6.1 (31°C) 14.9
ElcoLamp.ss [BMPJ,[MnCl,] - - GBL (55) 11 6.08 (32 °C) -
ElLcoLampclss [BMPJ,[MnCl,] [BMPICI 1:1 GBL (55) 0.8 6.07 (32 °C) -
ElcoLamp.ciss™® [BMPJ,[MnCl,] [BMP[CI 1:1 GBL (84) 0.4 - -
ElcoLempso [EMPL,[MnCl,] - - GBL (50) 14 8.59 (30 °C) 15.0
ELLEMPMngI 50 [EMP,[MnClg] - - GBL (50) 13 9.46 (30 °C) 17.4
ElLcoLempcrss [EMP],[MnCl,] [EMPICI 1:1 GBL (58) 10 10.57 (29 °C) 5.2
ElcsLeupcss™ [EMP],[MnCl,] [EMP]CI 1:1 GBL (82) 0.5 - -
ELmecn .30 [BMP[MnCl,] - - MeCN (30) 16 12.6 (30 °C) 13.3
ELutecn empaan(i 30 [BMPJ,[MnCl] - - MeCN (30) 15 9.22 (30 °C) 13.7
ELuecn.smp-cl30 [BMP,[MnCl,] [BMP|CI 1:1 MeCN (30) 1 1.7 (32°C) -
ELpecnsmpciao™® [BMPJ,[MnCl,] [BMPICI 1:1 MeCN (74) 0.55 - -
ELpecn.enposo [EMP],[MnCl,] - - MeCN (50) 12 30.1 (32 °C) 23
ELuech-EMp-An i1)-50 [EMP],[MnClg] - - MeCN (50) 11 30.6 (30 °C) 2.2

AThe electrolytes with the highest concentrations in Table 2 are close to the maximal concentration of the respective combination of salt and solvent; ®Electrolyte, diluted

with pure solvent to one half of the concentration of the active species.
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Figure 5. Walden plots for a) ELgg(gwp-50, ELceL-8MP-Mn(11)-50» ELmecn-8mp-30 a3nd ELyieen-amp-mn(in-30; B) ELcaLemp-s0r ELcaL-emp-mn(in)-50r ELmecn-Emp-s0 and
ELmecn-Emp-mn(iny-so and €) ELcei.amp-50, ELGaL-8MP-Mnqin)-50, ELGBL-BMP-cl-50, ELGBL-EMP-50, ELGBL-EMP-Mn(i11)-500 @3nd ELGpL gmp-ciiss-

formation during deposition, we decided to further use MeCN,
despite not being desirable for a battery application. The alter-
native solvent GBL, was already used in Lithium ion batteries
(LIBs) and is well-known for its low flammability and great
electrochemical stability.”'=>3 Figure S15 (Supporting Informa-
tion) shows the Arrhenius plots of the ionic conductivity and
viscosity of the [BMP]* and [EMP]" salts in GBL and MeCN.
High ionic conductivity of the electrolyte is important at any
state of charge (SoC). Thus, the corresponding [Mn™Cl}?-
salts, that dominate the ionic conductivity at higher SoCs, were
also analyzed (Figure S15, Supporting Information). Comparing
the for the battery cycling relevant electrolytes ELyjecn.pmp-30
and ELgpy.pmp.5o With similar viscosity (13.3 vs 13.9 cP), the dou-
bled conductivity in MeCN (12.6 vs 6.2 mS cm™ in GBL) in part
originates from the higher concentration of [BMP],[Mn''Cl,]
accessible in MeCN (1.6 mol L™ vs 1.2 mol L7}). But appar-
ently this does not reflect the entire change. Further insight is
gained from a “Walden plot” (Figure 5), where In(A,,) is plotted
against In(7). Because [Cat],[Mn!ICl,] is a 2:1-salt we used the
equivalent conductivity (Aeq) instead of the molar conductivity
(Am), otherwise a comparison to the ideal KCl-line would not be
valid. In the Walden plot basing on Walden’s rule Equation (4)

()
the location of the electrolyte compared to the ideal KCl-line is
relevant. If an electrolyte lies on the ideal KCl-line, all ions are
fully dissociated, move independently and contribute maximal
to the ionic conductivity.>¥ The further apart from the KCl-line
the electrolyte, the more ion-pairing takes place. Comparing the
[BMP]* salts in GBL and MeCN, the data points for ELyccn.smp
are closer to the ideal KCl-line than ELgppyp. This higher
ionicity of ELyecn.pmp presumably contributes to their better
conductivity in addition to their higher concentration. By con-
trast, the [EMP]* salts are more soluble in GBL than in MeCN,
i.e., 1.4 mol L7 versus 1.2 mol L% Still the ELyecn.pmp conduc-
tivity is much better than that of ELgpy.pvp, apparently due to
the much lower viscosity of the electrolytes with MeCN, e.g.,
ELyecn-Emp.so at 2.3 versus 12.6 ¢P for ELgpr.pmp.50 Doth con-
taining 50 wt% solvent (cf. Table 1). Notably, the ELycn.gmp-s0

AN = constant
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conductivity reaches more than 30 mS cm™ for a 1.2 M solu-
tion. This is about three times higher than that of the optimized
LP 30 LIB electrolyte (10.25 mS cm™ @ 1.0 mol L™ Li[PFg] in EC/
DMC 1:1).5% According to the Walden plots in Figure 5, the [EMP]*
salts have a lower ionicity in MeCN than in GBL. Although [BMP]*
and [EMP]* are structurally rather similar, the small volume dif-
ference of 34 A3 or 22% for [EMP]" results in huge changes
toward the electrochemical properties of the electrolytes. Thus,
tailor-made [Mn''Cl,]?~ salts could further lift a great potential for
optimized electrolyte properties. So far, ELcpi.pump.so iS the best
candidate, just considering the ionicity. Referring to viscosity and
conductivity ELyecn.pmp.so €xceeds the other electrolytes. Overall,
ELcpremps0 and ELyecn.pmp.30 are reasonable compromises con-
cerning ionicity, conductivity, viscosity, and the availability of [Cat]
Cl (where [BMP]Cl is quite a bit cheaper than [EMP]CI).

Figure 5c also includes the electrolytes with additional [Cat]
Cl in GBL. All electrolytes with [EMP],[Mn!Cl,] in GBL show
higher conductivity than the electrolytes with [BMP]*. In the
Walden plot, the [EMP]*-based electrolyte with additional [EMP]
Cl is further away from the ideal KCl-line as any of the [BMP]*
based electrolytes. Therefore, we decided to analyze the [BMP]*
salts more detailed because of the higher ionicity and the better
comparability to the ELyecn.mp.c1.30- Besides, the conductivity of
ELcgrpmp.clso (6.1 mS cm™ at 31 °C) still lies at the bottom of
the range of liquid electrolytes used in LIBs.’®l After the detailed
electrochemical measurements with ELcp;.pmp.clso We also per-
formed a cycling experiment with more conducting EL¢ g1 gvp.cl.ss
(10.57 mS cm™ at 29 °C) to evaluate the differences.

2.3. Investigations in Static Battery Cells

For the identification of a suitable battery setup and first investi-
gations of the different electrolytes, battery cycling experiments
were performed in static cells with the FAPQ-375-PP AEM and
the optimized electrolytes (Supporting Information). Addition-
ally, the static cells need only 1.04 mL of electrolyte. In the flow
cell, a minimum of 20 mL is needed just to fill the cell and the
tubing, allowing to save material for orientation.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Half-cell experiments with a) ELyecn-amp.cl30* Using a Mn-WE and a Mn-CE d) ELgg.gup.cl.s5* using a Mn-WE and a Mn-CE. All experiments

were conducted with a current density of 0.25 mA cm2.

2.3.1. Half-Cell Experiments on Mn Deposition

To further investigate the deposition of manganese from
ELcpramp.clss* and ELyecn-aump.cl.30” half-cell experiments were
conducted (Figure 6). Symmetrical cells with Mn® electrodes
were built delivering an overpotential for the stripping and the
deposition of Mn in ELyecn.pmp.cl30” that lies between 0.85 and
0.87 V. Since Mn is deposited on one electrode and stripped
from the other, it is not possible to split the overpotential in
a part for deposition and another part for stripping. Theoreti-
cally, both processes can be kinetically hindered. In the corre-
sponding asymmetrical cell, where Mn was deposited on a Pt
electrode, the potential for the Mn deposition on Pt and the
simultaneous stripping of Mn is in the same region yielding
+0.88 V (see Figure S22, Supporting Information). Since the Mn
electrodes act as huge Mn reservoirs, the Mn|Mn-half-cell shows
a CE of 100% over 10 cycles. Nevertheless, also this electrolyte
does transform to a black suspension, due to “dead“ manganese,
showing that no stable Mn layer is formed during the deposition.
At least, it clearly demonstrates that—favorably—the stripping
of Mn takes place. ELgp;. gmp.cr.55* yields an even larger overpo-
tential of 1.20 V for Mn deposition and stripping (Figure 6). The
difference to ELyecn-pmp-cl30* 1S 0.33-0.35 V, which is also the

difference between Us,cs of respective full-cells measured with
Pt electrodes (see Figure S16, Supporting Information). This
could be a first hint that the measured overpotential is solely
caused by the deposition of Mn, since anodic dissolution of Mn
does not take place, while charging a full-cell. This is further
supported by the LSV experiment (Figure S12, Supporting Infor-
mation), which showed that the anodic dissolution of Mn is not
hindered by any passivating effects. Although the conductivity
of ELyecn.BMp.cl30 18 almost twice as large as the conductivity of
ELcgrpmp.clss at 32 °C (1.7 mS cm™ vs 6.07 mS cm™), its influ-
ence on Usycs seems to be negligible.

2.3.2. Electrochemical Investigations of the Mn"|Mn'"-Half-Cell

Unfortunately, we did not find a suitable half-cell experiment
for the Mn|[Mn'"-half-cell due to the lack of a suitable counter
electrode. To learn more about the reversibility of the [Mn"'Cl,*~/
[Mn™Cls]>~ redox couple and the stability of [Mn'Cls)%,
Figure 7 shows the CV of EL¢p; gyvp.5o With the current response
of the [Mn!'CLJ>/[Mn'Cl5]>~ couple at different scan rates
(¢=1.2mol L™%; no supporting electrolyte).’’] Thus, the ratio of the
cathodic and the anodic peak currents (i, and i,,) was evaluated

T % T T T T T T T T T
| Scanrate (v)/ mVs-' Ey,vs.Fc/Fc IV ipi;
a)GO iy ! b) 20 = 119 oaT »
50 - [Mn"Cld"/[Mn“'Clg"—l» 60 |- 50 147 089 A
| 100 117 0.90 A
40 |- | 200 1.18 0.94
—20 mVs' : 50 | o
“.‘E 30 ——50 mvVs' I g “.‘E I
S ~———100mV s~ " f S :
< 20 - 4 I < . I’pcl
£ ——200mV s [ £ 40 . 4
T 10f 1 = linear fit
) —— linear fit P
o — - e 30 - / -
(1 /
e N P
20 - [Mn"CIg? / [Mn"Cl,J? —— E,=118V 20 - ¢ .
1 1 1 1 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 1.5 2 4 6 8
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Figure 7. a) CV of ELggigwp-so Using a 1 mm Pt disc working electrode at different scan rates. b) Dependency of the peak currents (ip, and iyc) from the
square root of the scan rate, independency of £, from the scan rate and a photograph of the CV cell after analyzing the [Mn''Cl,*"/[Mn"'CIs]*" redox
couple, that shows the formation of a [Mn'"'Cls]*~ rich layer at the bottom of the cell due to its higher density.
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for battery performance as it displays the possibility, if all of the
electrochemically formed [Mn'"'Cls]>~ ions could be reduced. The
ratio can be compared to the CE in a battery measurement, with
a ratio of one being equivalent to a CE of 100% (Figure 7).

For the [Mn"'CLJ*/[Mn"'CLs]* redox couple the iy,/i, ratio
increases from 0.81 to 0.94 with increasing scan rate. The iy, /i
ratios were calculated according to Equation S8 (Supporting Infor-
mation). This implies that 94% of the [Mn!!Cl5]?~ ions are again
reduced to [Mn''Cl,]>~ at a scan rate of 200 mV s™. At a scan rate
of 20 mV s7! this value is lower with 81%. This complies with the
observation that the intense green coloration of the [Mn''Cl5)*
ion at the working electrode during the anodic scan moves away
from the electrode through convection (Figure 7b) and suggests
an increased density of the [Mn™Cls]> rich layer formed at the
electrode. As a result, [Mn'"'Cl5]?~ ions leave the diffusion layer in
front of the electrode and are no longer available for the reduction
to [Mn''Cl,J*~ during the reverse scan. This behavior also explains
why the iy, /i ratio is closer to one at faster scan rates, since the
available time for the [Mn'Cl5]>~ anion to leave the diffusion
layer at the electrode is drastically lowered.®®l Yet, the E,, versus
Fc/Fct of the [Mn"CLJ*/[Mn"'Cl;}*> couple at 1.18£0.01 V
are independent from the scan rate and the peak currents (i)
are proportional to the square root of the scan rate and indicate
electrochemical reversibility (Figure 7). Since 94% of [Mn'Cl]*
can be reduced at a scan rate of 200 mV s and a clear trend
toward an i,,/i,. ratio of one follows for increasing scan rates,
the electrochemical reversibility of the [Mn"ClJ*~/[Mn"'Cl5*-
redox couple is sufficient for the battery. In addition, the convec-
tion of the [Mn'"'Cl5]>~ becomes irrelevant in a flow-cell, since a
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a) > §
L 5 * ]
4.0 TF6 | ELgp pup.crss 5 ELgsL smp.ciss | Mn
E —
35 S B
r Usocs: 344 V
30 s
>
< J
o
£ i
S
——cycle 1
——cycle5
—cycle 10
0.0 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 04 05 06
capacity / Ah L™
T T T T T T T T
0)4,0 | postive electrode (Mn" / Mn"): :‘f; negative electrode (Mn’ / Mn'): |
TF6 1 ELMOCN-BMP-CI-:W '% ELM'CN-BHP-CI-W | Mn
35F E -
. 30 ,: Usoos: 315V
§251 240V ]
20t e
ST 082V T
10 | l ——cyclel -+
N\ cycle 5
05| ——cycle 10

01 00 01 02 03 04 05 08 07
capacity / Ah L™

www.advenergymat.de

mixing of the electrolyte occurs in the storage tank and therefore,
the availability of [Mn'Cls]>" at the electrode during discharge of
the Dbattery is guaranteed at any time.

2.3.3. Electrode Material for the Positive Electrode

Due to its inertness and the possibility to combine it with felt
electrodes, graphite is a very commonly used, economical inert
electrode material used in the VRFB. But is it applicable as the
positive electrode in the all-MFB? To keep the system during
initial testing as simple as possible, planar plate electrodes were
preferred over porous felt electrodes, given the caveat that higher
current densities will not be achieved. Figure 8 shows full cell
cycling experiments to evaluate the hard-carbon TF6. Mn plates
were used as counter electrodes, to ensure that enough Mn is
available at any time to be oxidized during discharge.

For the ELgprpmp-crss/ELcaLamp-clss™ Cell Usoes is almost
the same, regardless whether a TF6- or a Pt electrode is used.
In both cases, a higher Us,cs was observed during the first cycle
compared to the 5th and 10th cycle. We attribute this to Mn
deposition, since the same phenomenon was observed in the
Mn|Mn-half-cells (Figure 6). However, a significant difference
occurs in the voltage profiles of the discharge plateaus. Only
one plateau was observed using TF6 as the positive electrode,
which is exactly to be expected for a battery with one reversible
electrochemical process at each electrode. With Pt used as the
positive electrode, two clearly separated plateaus appeared, indi-
cating that two different electrochemical processes took place
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Figure 8. Cycling experiment with ELcgLgwp.ci.55/ELcaLamp.clss* and a current density of 0.25 mA cm™2 a) using a graphite-WE (TF6) and a Mn-CE.
b) Using a Pt-WE and a Mn-CE. c) Cycling experiment with ELyecn-amp-ci-30/ ELmecn-amp-cl-30 @nd a current density of 0.5 mA cm™2 using a graphite-WE
(TF6) and a Mn-CE. d) Coulombic efficiencies of the batteries described in (a) and (c).
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during discharge. Since the negative electrode is exactly the
same for both experiments these processes have to be located
at the Pt electrode. We found that the Pt electrode is non-inno-
cent under these conditions and reacts to give [Pt''Cl,]>~ and
[Pt!VClgJ?". Thus, next to the reduction of [Mn"'Cls)*, [PtVClg]?>~
is reduced to [Pt'Cl,)*~ during discharge, which is responsible
for the 2nd plateau (see the Supporting Information for an
extended section). However, with TF6 as electrode material, the
intended cell reactions proceed, which means that it is suitable
as electrode material and was therefore used in the following
experiments. The CE of the TF6|Mn-full-cell reaches a plateau
70%, during the last four cycles. With Mn as negative electrode
a CE of 100% should be expected, since the [Mn''Cl,)*/[Mn'
ICl5]* redox couple is completely reversible. This means that
the reduced CE has to originate from elsewhere. ELycn.pmp-
130 shows a slightly reduced CE compared to the respective cell
Wlth ELGBL-BMP-CI-SS/ELGBL-BMP-CI-SS*' However, USOCS is advanta-
geously reduced by 0.29 V in the cell with ELyccn-Bmp-cl.30-

2.3.4. Effect of EL-Concentration on Cycling

In the cell with ELyecnpmp.cl3o (Figure 8), the same concen-
tration of [Mn''Cl,]>~ was used in both half cells. Since Mn
deposition is a 2 e” process and [Mn!Cl,]>~ oxidation a 1 e~ pro-
cess, ELgprpmp.crss™ Was used at the negative electrode, con-
taining only half of the [Mn''Cl, >~ concentration compared
to ELgpLsump-clss, used at the positive electrode.’?) Figure S26
(Supporting Information) shows a similar cycling experiment
of a cell with ELyecn.pump.cr30™ at the negative electrode. Yet,
using ELyecn.pmp.cr30™ at the negative electrode resulted in a
strong decrease of the CE. Over ten cycles the CE was between
12% and 22%, whereas in the cell with ELy.cn.pmp.cl.30 in both
half cells the CE reached a plateau at 63%. This is a reduction
of more than 40% compared to the cell presented in Figure 8.
Apparently, ELyecnpmp.cl30® has such a decreased viscosity
compared to ELyecn.pmp.cl3o. that the self-discharge through
leaching is accelerated and leads to the observed decrease of
the CE. Figure S27 (Supporting Information) shows the voltage
profile and the CE of a cell with ELcp; puvp.crss in both half
cells. Compared to the cell with ELcp; pmp.crss at the positive

www.advenergymat.de

and ELggy pmp.clss* at the negative electrode (Figure 8) the CE
is slightly higher. This further supports the assumption that a
reduced viscosity of the electrolyte promotes leaching. But since
the GBL based electrolytes are more viscous than the MeCN
based electrolytes the effect is much weaker there, which might
be an additional advantage of GBL with respect to MeCN.

2.3.5. Electrode Material for the Negative Electrode

Only the unfavorable deposition of Mn on various metal elec-
trodes leading to either a mechanically unstable Mn film or
no film at all were hitherto found. Therefore, we investigated
graphite as a material for the negative electrode. From LIB work
it is known that Mn deposition takes place on graphite, although
it is not favored in this case.l"l In the next section only EL¢p,.
smp-clss/ELgeLemp.crss™ Will be used to analyze the TF6|TF6
versus a TF6|Mn-full-cell cycling in Figure 9. Us,cs decreases by
0.41 V compared to the full-cell with Mn as negative electrode,
whereas the CE shows the same trend and reaches a plateau at
75% (Figure S28, Supporting Information). Unfortunately, the
corresponding half-cell experiment for the deposition of Mn
shows that unclear electrochemical reactions take place at the
TF6 electrode during charging and discharging. Although a dis-
tinct voltage plateau is reached in the first cycle during the pre-
sumed deposition of Mn on TF6, an extreme drop in the charge
voltage occurred at the beginning of the 5th and the 10th cycle.
This was not observed in any other half-cell experiment so far
and may be assigned to an alteration of the TF6 material during
cycling. The photographs of the TF6 plate after cell-disassembly
(Figure 9 and Figure S29: Supporting Information) prove this
alteration. Upon charging the battery the electrolyte cations may
intercalate into the TF6 material accompanied by electroreduc-
tion of the graphite. Upon battery discharge, the cations are
removed leaving behind a strongly altered graphite surface. Pos-
sibly this facilitates intercalation in the next charge/discharge
steps and may account for the drop in the charge voltage in the
5th and 10th cycle of the half-cell experiment.

Since Mn deposition is favored on graphite materials rather
than the intercalation of Mn?" ions, the intercalation of [BMP]*
is suggested.[016203] Intercalation into the TF6 material is

T T T

T T T

a) s, 18 s -
positive electrode (Mn" / Mn"): E negative electrode (Mn' / Mn'):
41 TF6I ELGBL-BMPCI{;S Eo ELGBL—EHP-CI-SS* 1 TF6
E
Ugycs: 3.03V
>3F e
°
(=}
£
Sat
B ——cycle 1
——cycle 5
cycle 10
0 1 1 1 A 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
capacity / Ah L™

T T T T |

2+ i
b) cell setup:
Mn (WE) | ELgg smp.ciss” | TF6 (CE)
1 -
/“ ; Mn deposition on TF6 ? D92
55 o/ ——cycle 1
= - cycle 5
9
S Mostppingof IF62° cycle 10
S -1+ — _
=2 =
>
2k 4
I,._r
Pristine TF6  TF6 after cycling
3k s
e e 320V
_4 1 1 1 1 1
0.00 0.25 0.50 0.75 1.00
capacity / Ah L™

Figure 9. a) Full-cell cycling experiment with ELgg.ump.cl-s5/ELcaLemp.cl.s5* using a TF6 counter and working electrode. b) Half-cell experiment with
ELcaL.gmp-cl-ss* using a Mn working and a TF6 counter electrode. For both experiments a current density of 0.25 mA cm™2 was used.
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further supported by the voltage profiles of the half-cell
experiment that should belong to the stripping of manganese.
No clear plateau is distinguishable. The voltage slowly decreases
until it reaches —3.20 V in the first cycle. At this voltage the oxi-
dation of [Mn''Cl,]>~ should already take place and probably
does. On the other hand, the SEM image of the Mn deposition
on TF6 looks very similar to the images for the deposition on
Cu and Pt. It is therefore also possible that Mn deposition takes
place and the alteration of the TF6 surface is caused by another
effect via an interaction of the TF6 material at negative poten-
tials with the solvent. CV experiments with the electrochemi-
cally inert supporting electrolyte [NBuy][PF4] (see Figure S30,
Supporting Information) demonstrate that the TF6 surface is
altered strongly at negative potentials, supporting the argument
for intercalation of [BMP]* in a reduced TF6 electrode material.

2.3.6. SoC 80 Cycling

Previously, all cycling experiments to identify the most prom-
ising battery setup only aimed at a SoC of 5% to save time.
With the large volume of the setup, the high energy content of
the electrolytes and the low current density of 0.25 mA cm™,
applicable with the planar electrodes, charging to SoC5 already
took 2.4 h, while going to SoC100 (10.75 Ah L7}) would take
471 h. After identifying our most promising static battery,
the TF6|Mn-cell with ELgpr pwmp.cl.ss/ELgrremp.crss™s cycling
between a SoC of 0 and 80% was performed. Figure 10 shows
the voltage profiles of the corresponding battery experiment.
When charging from SoC5 to SoC80, the voltage slowly rises
by 0.25 V and reaches an Ug,cgg of 3.69 V after the first cycle
(Figure 10), apparently induced by overpotentials during Mn
deposition. In the following cycles Us,cgy increased further
from 3.69 to 3.98 V in the 7th cycle and later the cycling stopped
by reaching the voltage limit of 4 V. In addition, Figure S25
(Supporting Information) shows that the cell resistance during
the deposition of Mn increased from 77 to 143 Q. Both may be
attributed to the reduced Mnparticles that do not stick to the
electrode surface and potentially block the pores of the mem-
brane preventing the necessary charge transport. The CEs
reduced to 16% and 35%, significantly lower compared to the

www.advenergymat.de

SoC5 cycling experiment with CEs around 70% and probably
due to serious self-discharge by [Mn!!!Cls]*~ leaching. More pro-
nounced for SoC80, because one cycle takes 2.4 h for SoC5 but
37 h for SoC80. Apparently, through increased cell resistance
and Mn'""leaching the lower cut-off voltage is reached prior
to full battery discharge. Secondary evidence stems from the
intensely green-colored electrolyte (— Mn!") withdrawn from
the Mn!/Mn!half-cell, although the battery was disassembled
presumably discharged with a cut-off voltage of 0.5 V reached.

2.3.7. Full Cell Battery Measurements with [EMP],[Mn"Cl,] in GBL

Since the electrolyte with [EMP],[Mn!Cl,] and [EMP]C] in
GBL (ELgpremp-cl.ss/ELceremp.clss®) has higher conductivity,
lower viscosity, but also lower ionicity than ELggi pmp.clss/
ELcpr.BMp.clss™, it appeared interesting to be used for a last
static test series. Figure S31 (Supporting Information) shows
the voltage profiles (SoC5) of the respective battery measure-
ments and the corresponding CEs. Although Ug,cs is the
same, the discharge plateau of the battery with ELgp1 puvp.cl.58/
ELcpr.emp.clss” is reduced by around 0.18 V. In addition, the
OCV at SoC80 is reduced by 0.26 V compared to the cell with
the ELcpr.Bmp-cLss5/ELGrr-Bmp.cLss™- More drastic is the decrease
of the CE, which is reduced around 40%. All these observations
agree with the leaching of [Mn!!Cl5)?~ into the Mn®/Mn!-half
cell. Due to the much higher fluidity of ELgpy.pvp.cl5s compared
to ELgprpmp.cLso (3-8 vs 172 cP), this process is more domi-
nant in ELgpr pmp.clss cells. Cycling between SoCO and SoC80
with EL¢gr.gmp.cr.58/ ELgeLEmp.clss™ yielded a CE below 5%,
which agrees with the further accelerated Mn™-leaching in the
more fluid electrolyte. Yet, the lower ionicity of ELcpr puvp.cl.58/
ELcgremp.cl.ss* does not influence the battery measurement.

2.4. Energy Density of All-MFB Electrolytes from Static
Measurements

The practical energy densities realized for the alllMFB were
investigated. For the theoretical specific capacities (C,%) of each
half-cell (Equation (S2) Supporting Information) the only variable

T T T T T T T T T ] T T
a) Usyego OF 7 cycle: 3.98 V b)1°° r b
40 - T Theoretical OCV : 269V
e — (from agq. sol.)
35 i U of 1" cycle: 369V 1 0T g
) M d OCV: 259V
S5l 0.54 Ah L' Ug,cs : 3.44 V 3 ==
E positive electrode (Mn'" / Mn"): E negative electrode (Mn’ / Mn'): 's 60 - Average discharge voltage: 191V T
$25- TF6IEL 2|EL * | Mn %
% i E RAHores o Highest discharge voltage: 2,08V
o0 - ~ € a0l (5" and 6" cycle) i
S @
o
15 = . . -
——cycle 1 20 b . . .
1.0 cycle 4 .
—cycle7
05 L 1 1 1 0 1 1 L 1 1 1 L
0 4 6 8 0o 1 2 3 4 5 6 7
capacity / Ah L™ cycle number

Figure 10. a) Voltage profiles of the TF6|Mn®-full-cell with ELgpi.aump.cl.ss/ELcaLemp.clss* cycled between SoCO and SoC80 with a current density of
0.25 mA cm2. The cycling between SoCO and SoC80 was performed directly after the cycling between SoCO and SoC5 with the same battery cell.
b) Corresponding CEs and relevant parameters for the calculation of the energy density.
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Table 2. Specific capacities (C,) and energy densities (W;) of different electrolytes tested throughout this work with a cell potential (E) of 2.59 V.

Electrolyte ¢([Mn"'Cl %) /mol L7 C;/Ah L' C,, total/ AR L71® W (Ecenn = 2.59 V) /[Wh L]
Negative electrode? Positive electrode®) Anolyte®) Catholyte? Anol. Cathol. Anol. + Cathol. Overall
ElcsLampso ELcaLaupso 12 12 64.3 32.2 214 55.5
ELcgL-gmp-cl-s5 ELcgL-BMmp-Cl-55 0.8 0.8 42.9 21.4 14.3 37.0
ELcsLompciss ELcsLamp.ciss® 0.4 038 24 214 107 27.8
ELyecnsmp0 ELuecnsmp0 16 16 85.8 429 28.6 74.0
ELmecn-mp-cl-30 ELmecn-8mp-cl-30 11 11 59.0 29.5 19.7 50.9
ELcaLempso ElcaLempso 14 14 75.0 37.5 25.0 64.8
ELcsLemp.clss ELcaLemp.clss 10 10 53.6 268 17.9 463

AMn/Mn'-half-cell; ®Mn'//Mn""-half-cell; 9anolyte = electrolyte at the negative electrode; Ycatholyte = electrolyte at the positive electrode; ®Since a two-electron process
takes place at the negative electrode, whereas a one-electron process is present at the positive electrode, the amount of anolyte is cut by half compared to the amount of
catholyte. This has to be considered, when calculating the capacity (Cj, iora1) for the entire system. C; i1 in Ah L' is one third of C; for the anolyte, or two thirds of C, for

the catholyte.

is the active Mn'! concentration. Table 2 shows their influence on
CP. For [BMP],[Mn!'Cl,] with MeCN (ELyecn-pump-30) the largest,
currently observed concentration of Mn!' (1.6 mol L) was
obtained. Yet, the addition of [Cat]Cl leads to a reduction of C,h
from 21.4 to 14.3 Ah L going from ELgg;gmp.so t0 ELGaLBMp-Cl55
and from 28.6 to 19.7 Ah L' going from ELyecn.amp3o O
ELyecn-Bmp-cL30- Nevertheless, addition of [Cat]Cl seems to be
necessary to reduce overpotentials, but [EMP]Cl and [BMP]CI
might be replaced by other additives inducing smoother depo-
sition and stripping at lower cost of active mass/concentration.
Additionally, an optimized membrane would improve the charge
transport of chloride ions and allow for a reduction of the [Cat]
Cl additive. An alternative solvent may further improve concen-
tration. A last point, the variation of the cation in [Cat],[Mn'Cl,]
offers an opportunity to increase concentrations.

A high cell voltage (E) is also necessary for a good energy
density (cf. Equation (S1) Supporting Information). Unfortu-
nately, a theoretical cell potential, which is often used for the cal-
culation of the energy densities, is not accessible from the CV in
GBL due to the high overpotential of the deposition reaction and
the absence of the manganese stripping. However, in MeCN a
cell potential of 2.48 V was estimated from the CV in Figure S16
(Supporting Information), in which all relevant electrochemical
processes were observed, albeit with the overpotentials such that
the true cell potential could be even higher. In addition, the open
circuit potential (OCV) of a charged cell with ELy.cn.pmp-cl30
was measured fifteen minutes after the battery was charged to
SoC80 (Figure S32, Supporting Information) displayed an OCV
of 2.42 V — in pleasing agreement with the CV experiment. For
the ELcprpmp.cLss/ELgerLemp.cLss™ cell, the same measurement
yielded an increased OCV of 2.59 V. Since the theoretical cell
potential in aqueous solution with Mn!'/Mn' and Mn%/Mn!
redox couples is 2.69 V, we assume that 2.59 V as measured here
is a very reasonable lower limit (SoC80I%4) for E.q. So far, the
Dbest all-MFB battery with respect to the number of realized cycles
used EL¢g.pmp.clss/ELgpLemp.cLss™. The energy density of this
electrolyte is 278 Wh L™, which is, compared to new, state of the
art VRFBs that have up to 40 Wh L7, quite unspectacular.[>6¢]
Given the fact that the investigation of VRFBs has been going on
for several decades now, the energy density we realized already
is quite impressive. Moreover, the [EMP]" based electrolyte
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ELcpremp.clss (46.3 Wh L)) already exceeds the energy density
of the VRFB, with the potential to reach 64.8 Wh L™ by reducing
the amount of the [Cat]Cl additive. The highest energy density of
74.0 Wh L™ observed was found for ELyecn.pmp.30 With MeCN as
a solvent (Table 2).

2.5. Investigations in a Pumped Flow-Cell

Figure 11 shows the single cell setup used for the investigations
in a pumped flow-cell, despite the battery casing would allow a
series connection of up to three cells. The short distance between
the electrodes necessitates the utilization of graphite felt elec-
trodes (GFAG6, from SGL Carbon), otherwise the membrane and
the TF6 bipolar plate come into contact due the deflection of the
membrane caused by small differential pressure in both half-
cells. TF6 was used as electrode material for the positive and the
negative electrode, since a solid manganese plate in the required
size would be too brittle and expensive. The temperature of the
flow-cell can be kept at a constant level, using heating foil placed
behind the current collectors. The atmosphere in the battery cell,
as well as the tubing was kept inert with a vacuum pump and
an argon port that can be used alternatingly. The electrolyte was
transferred to the tanks in an argon filled glovebox, which was
coupled to the rest of the system under inert conditions. All com-
ponents — the battery cell, the pump, the electrolyte tanks and
the entire tubing — were placed in a specially designed box, in
which the temperature was kept constant during the measure-
ments using a heat exchanger. Additionally, to keep the atmos-
phere inert, a constant flow of nitrogen was passed through the
box. Since we observed that the filling level of the catholyte tank
decreased during cycling, accompanied by an increased filling
level of the anolyte tank, a third tank with pure solvent was
introduced into the system that allowed to adjust the filling level
of the catholyte tank under inert conditions. After using a con-
centrated electrolyte in the first experiment, we decided to use
diluted electrolytes afterward, since the amount of [Cat],[Mn''Cl,]
needed, is very high. A more detailed description of the Flow-cell
setup can be found in the Supporting Information (Figures S33,
S34, and S35, Supporting Information). All electrolytes used in
the flow-cell are summarized in Table 3.
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Figure 11. a) Setup for the measurements in a pumped flow-cell. b) Electrolyte tanks and tubing that display the characteristic colors of [Mn''Cl,)?~ and

[Mn"'CI5]%~. ¢) Schematic view of the entire setup.

2.5.1. MeCN Based Electrolytes

MeCN had a series of negative effects on the materials, used for
assembling the flow-cell, such as distorting PVDF frames and evap-
orating from the system during the experiment (see Figure S37,
Supporting Information). Therefore, it was not possible to con-
duct a long-term cycling experiment with a MeCN based elec-
trolyte. Nevertheless, we investigated the area specific resistance
(ASR) and the cell potential (E.y). The respective electrolytes,
only differed in the Mn!! concentration (see Table 3). Figure 12a
shows OCV measurements at SoC50 under various conditions.
A stable voltage (Upy) between 2.54 and 2.48 V was established
for 69 h in the constantly pumped stack without felt electrodes
with ELyecn.smp.14 (Plue line). This measurement, supports our
estimations of E. of the alllMFB (CV: 2.48 V; OCV static cell:
2.42 V). After the measurement with a constant electrolyte flow,
the pumps were stopped (orange line), showing that U drops
due to leaching immediately. A similar voltage drop appears,
when the OCV of a static cell is measured in a charged state

(see Figure S32, Supporting Information). In another experiment
with low viscosity ELyecn.amp.0.24 and felt electrodes a strong drop
of U was observed immediately after we stopped charging at
SoC50, even though the electrolyte was pumped through the cell.
Leaching seems to be enhanced through the felt electrodes, prob-
ably because [Mn'"'Cl5]?> is formed directly at the membrane.
Although ELycn.Bmp.024 1S diluted compared to ELyecnpmp.140
we believe that the enhanced leaching can be assigned mainly
to the utilization of the felt electrodes. This shows, that an
optimized membrane is essential for the all-MFB because oth-
erwise the round-trip efficiency suffers extremely. Figure 12b
shows the ASR, determined at different temperatures, flow
rates and with/without felt electrodes. The measurements with
ELyecn-emp.14 and different flow-rates showed a trend toward
lower ASR-values at higher flow rates further reducing in going
from 30°C to 40°C. A huge reduction of the ASR was observed
with a diluted electrolyte and felt electrodes. Additionally, the
ASR for charging and discharging the battery is at the same level
if using felt electrodes. Without, the ASR for discharging was

Table 3. Abbreviations for the MeCN and GBL based electrolytes used in the flow-cell plus key parameters.

Electrolyte abbreviation [Cat],[Mn"'Cl] [Cat]Cl [Cat],[MnCly):[Cat]C| (molar ratio) Capacity® /Ah L™ ¢ ((Mn"'Cl,]%) /mol L
ELmecn-Bmp1.4 [BMP][Mn''Cl,] - - 18.76 1.40
ELmecn-mp024 [BMP][Mn''Cl,] - - 3.22 0.24
ELcsLamposss” [BMP],[MnCl] - - 439 033
ElceLempciossr/s” [EMP],[MnCl,] [EMP]CI 11 439 033

AThe superscript -S or -F indicates, whether the measurements were performed in a static (-S) or a flow-cell (-F); ®)The volumetric capacity refers to the whole system
(catholyte plus anolyte) and was calculated without the consideration of a two-electron process for the anolyte.
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Figure 12. a) OCV measurements at SoC50. b) ASR measurements at SoC50.

significantly higher than for charging. Even with felt electrodes  Table 3 includes the key parameters of the two different electro-
and a diluted electrolyte the ASR (82.6-94.4 Q cm?) is very high.  lIytes tested in the flow-cell. From ELgg;. gup-0.33 10 ELGRL-EMP-CL0.33
Since it was established that an ASR < 5 Q cm? is necessary for  two essential modifications were made: The cation was changed
non-aqueous RFBs to be economically feasible,[”%8l the al-lMFB  from [BMP]" to [EMP]* in [Cat],[MnCl,] and additionally, [EMP]
is still far away from this requirement. Cl was added as additive. With EL¢g1.gmp.cro33 500 cycles over

a period of two months were recorded. Table S20 (Supporting

Information) shows the protocol used for the characterization
2.5.2. GBL Based Electrolytes of the electrolytes in a flow-cell. ELgp; gmp.cl0.33 Was additionally

tested in a static cell to evaluate the differences. Figure 13 shows
In contrast to the MeCN based electrolytes, two long-term cycling  the corresponding results. Charging galvanostatically to SoC50
experiments with GBL based electrolytes were performed. was not possible with ELgg; gmp.o33.5 Decause the upper cutoff
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Figure 13. a) Voltage profiles of charging to SoC50 in a flow-cell with ELgg.gmp.0.33.F and ELggLemp.cl0.33.F @nd with ELgg|.emp.cr.o.33.5 in a static cell. The
current density was 1 mA cm™ for each experiment. b) ASR at SoC50 for ELcg| .gmp.0.33./ ELcaLemp-clo33.F and ELcal.emp.closss- €) Voltage profiles of the
cycles 50-60 of a cycling experiment, using 10%/11% of the capacity and a current density of 1.5 mA cm™2. d) Corresponding coulombic efficiencies.
For all experiments in the flow-cell a flow rate of 5 mL min~' was used. The temperature for each experiment was 30 °C.

Adv. Energy Mater. 2021, 11, 2101261 2101261 (14 of 20) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

voltage (3.8 V) was reached at SoC42. To reach SoC50 the cell
was further charged with a constant voltage of 3.8 V. The higher
charging voltage, needed for ELgp;.pmp.o.33.F Without extra [Cat]
Cl compared to ELgpy.gmp.cro.33.F iS caused by the higher ASR at
SoC50 for the applied current density (Figure 13b).

By contrast, using ELcpi.pmp.crossr With extra chloride
resulted in a desired stable voltage plateau around 3.38 V
(Usocso)- This shows the improvements resulting from the utili-
zation of [EMP]* instead of [BMP]* and the addition of [EMP]CI,
with ELgpy.gpuvp.clo.33.F having a lower ASR at all current densi-
ties compared to ELggy.pmp.033.r- The ASR of ELcpi.Emp.clo.33-s
(static cell) at SoC50 is higher at all current densities, compared
to both electrolytes tested in the pumped flow-cell, probably due
to the utilization of felt electrodes in the flow-cell (v.i.) absent in
the static cell. As a result, the stable voltage plateau using ELgp;.
EMP-Cl0.33.s 1S established later compared to ELggrpmp.clo3sr
and also higher by 0.25 V, lying around 3.63 V (Usycso)-
Figure 13c shows the voltage profiles of the cycles 5060 of the
cycling experiments. The charge voltages (Us,cio) follow the
same order observed for Ugycso. Favorably, while the voltages
during discharge for ELgpygmp.co.33.F and ELgprpmp.o33.¢ (flow-
cell) are very similar, the voltage of ELgpr.pmp.crLoss.s (Static
cell) is clearly higher. This is surprising, given the ASR for dis-
charging is significantly higher for ELgpy.gmp.cr.0.33.5 compared
to ELggr.emp-033.F and ELgpr.pmp.crossr Again, the utilization
of felt electrodes in the pumped cell might be the reason for
this. In the static cell, without the felt electrodes, the electro-
chemical reactions are spatially separated from the membrane.
In the flow-cell, while charging, [Mn''Cl5}?~ is formed directly
at the membrane. This leads to a drastically decreased distance
that has to be traveled by diffusion, for passing the membrane,
which is probably accelerated further by the constant electrolyte
flow in the flow-cell. Therefore, through leaching, [Mn!"'Cl5}*-
enters the negative half-cell much faster in the flow-cell and can
influence the voltage while discharging. This goes along very
well with the observations made with ELy.cn.pmp.0240 Where
the introduction of felt electrodes also enhanced leaching. The
assumption is further supported by the CE, which is 3% higher
for ELgpr.emp.clo33.s compared to ELgprgmp.cro33.¢- The higher
CE in the static cell results from the reduced leaching. The
5% lower CE of ELgpy.pmp.033.r compared to ELcpi pmp.clo.33.F
is probably caused by the higher ASR of ELgp pmp.o.33.p- Thus,
the lower cutoff voltage (0 V) is reached before the battery is
discharged completely. During the experiments in the flow-cell,
a decrease of the filling level in the catholyte tank (Mn!/Mn!!
half-cell) was observed, accompanied by an increase of the
filling level in the anolyte tank (Mn'/Mn® half-cell), for both,
ELcRr.Bmp-0.33.F and ELcp1.gmp.cl.o.33.F- This phenomenon cannot
be observed in a static cell, even if it takes place. The reason
for the change in the filling levels is probably osmotic pressure,
caused by an increasing number of ions in the anolyte while
charging. For each manganese atom that is deposited, four chlo-
ride ions are released. On the other hand, the number of ions
in the catholyte remains constant, since the chloride ions that
pass the membrane for charge balancing react with [Mn''Cl,)*~
to form [Mn!!Cl5]>~ upon oxidation. To continue cycling the bat-
tery, pure solvent was introduced to the system by a refill of the
catholyte tank under inert conditions. For ELgp pmp.o.33.F this
refill was necessary after 66 cycles, whereas for ELcp;.gmp.clo.33-F
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the refill took place after cycle 207 (see Figure 14d), showing an
improved cycling stability. Hence, the introduction of additional
[Cat]Cl already improved this problem and gives hope that it
can be overcome completely by adding optimized amounts of
[Cat]Cl to the anolyte and the catholyte. Thus, ELgg;.gmp.cL0.33 1S
superior to ELgpy.pmp.033 concerning the ASR, the CE, and the
cycling stability. Whether the different cation or the addition of
[Cat]Cl has the larger impact cannot be distinguished, but we
assume that both modifications have a significant participation.

2.5.3. Long Term Cycling

Figure 14 shows the results of the entire cycling experiment
(500 cycles) with ELgp.pmp.cro.33.F With a refill of the catholyte
tank with pure GBL after 207 cycles at 30°C. During these cycles
the CE was between 61% and 83%, decreasing from 76% to 74%
during the last 50 cycles before the GBL refill. During the fol-
lowing 13 cycles at 30 °C the CE was at 76% again. At 40 °C the
CE dropped to 58%, probably caused by the increased mobility
of [Mn''Cl5]%, resulting in an enhanced leaching. Back at 30 °C,
the CE stabilized around 70% again. At 50 °C, the CE dropped
even further to 21%, but started to increase after the tempera-
ture was set back to 30 °C after 18 cycles. When the capacity
utilization (Cy) started to fade after 333 cycles from 10% to 2%
over the next 170 cycles, the CE was again at 30%. At the end
of the last 170 cycles the CE reached 75% again. Although the
battery was cycled in a range of only 10% of the entire capacity,
the number of cycles, before the capacity started to fade shows
that the principle of using [Mn'ClJ?" as active material in both
half cells, to achieve a long lifetime of the battery, works. The
ability to regenerate the CE after increased temperatures shows
additionally that the system can tolerate harsh conditions.
Figure 14e) shows the development of the ASR over the time
of the whole experiment. During the first 207 cycles at 30 °C,
the ASR increased, which is probably the reason for the slowly
decreasing CE (83-74%). Refilling the catholyte tank with GBL
did not influence the ASR. At 40 °C, the ASR is at its minimum
during the entire experiment. However, the enhanced leaching
prevents an improvement of the CE through the lower ASR.
At 50 °C the ASR rises again, especially upon discharging.
Afterwards at 30 °C the ASR is at its maximum. Figure 14c)
shows a photograph of the membrane after the cycling experi-
ment. A strong alteration of the originally white membrane
surface to black/brown can be observed. It is therefore possible
that the pores of the membrane became blocked by particles
over the course of the experiment. This might explain the
constantly rising ASR during the cycling and is probably also
the reason for the decreasing capacity, starting after cycle 333.
The TF6 material at the negative electrode showed the same
type of alteration, observed during the measurements in the
static cells, which might have an influence on the ASR as well.

Table 4 shows a comparison of the ASR with different electro-
lytes. Using [EMP]" and additional [Cat]Cl in EL¢gy. gmp.clo.33-F
compared to ELggy.pmp.o.33.F resulted in a significant decrease
of the ASR. Still, the ASR with ELgpy.pmp.clo33.F 1S signifi-
cantly higher compared to the ASR of ELy.cn.pmp.0.24- @lthough
[BMP]* was used as a cation and no additional [Cat]Cl was
added.
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Figure 14. Voltage profiles with ELgg .emp.cl033.F USing a current density of 1.5 mA cm™2, a flow rate of 5 mL min~' and a temperature of 30 °C. a) Cycles
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d) Overview of the entire cycling experiment with ELgg|.emp.cl.o.33.F USing a current density of 1.5 mA cm™2, a flow rate of 5 mL min~. e) ASR measured

at different moments during the cycling experiment.

2.6. Processes that Influence the Performance of the All-MFB

Figure 15 shows a comparison of the pumped flow-cell and
a static battery cell using ELgprpmp.cross, LF6 as electrode
material at the positive and the negative electrode and the
FAPQ-375-PP membrane. Graphite felt electrodes were used
additionally in the flow-cell (v.s.), whereas only the planar
TF6 electrode material was used in the static battery cell.
Figure 15a,b show the CE and the C, of the two cells. Since a
temperature control is not possible in the static cells, the meas-
urement took place at =30 °C, whereas a temperature variation
was conducted with the flow-cell (v.s.).

In both experiments the CE rises at the beginning, reaching
a maximum after 14 cycles in the static cell and 41 cycles in the
pumped flow-cell with CEs of 85.5% and 83.2%, respectively.
After this maximum, the CE decreases slowly, reaching 79.0%
(static) and 74.5% (pumped) after 200 cycles. In the flow-cell

a GBL refill for the catholyte tank was necessary after cycle 207,
and after cycle 220 the temperature variation started, which had
a huge impact on the CE (see Figure 15b). Therefore, it is not
possible to compare the CE any further after cycle 200. In the
static cell however, the CE continues to decrease slowly ending
at 74.2% at cycle 500. In the pumped flow-cell, the CE is slightly
lower compared to the static cell (74.5-83.2% vs 79.0-85.5%).
We explain this difference with the utilization of felt electrodes
in the flow-cell. Due to the felt electrodes, the active species
are generated directly next to the membrane, with the conse-
quence that the distance that has to be travelled for leaching
is drastically reduced. The enhanced leaching in the pumped
flow-cell, caused by felt electrodes, is further supported by
the observation of a strong drop in Uy (Figure 12a, red line).
Without felt electrodes, a stable U can be observed for 69 h
(Figure 12a, blue line). Apart from this difference, the behavior
of the CE is in great accordance between the static cell and the

Table 4. Comparison of the ASR at SoC50 for different electrolytes in the flow-cell.

ASR at SoC50 for charging/Q cm? ASR at SoC50 for discharging/€Q cm? Solvent [Cat]* Add. [Cat]Cl
ElcaLompossr 156-249 226-258 GBL [BMPJ* no
ELceLemp.closss 126-175 139-173 GBL [EMP* yes
ELecn-8MP-0.24 83-86 83-94 MeCN [BMP]* no
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Figure 15. a) CE and C, of a static battery cell with ELggLgmp.ci033 over 500 cycles using a current density of 1.5 mA cm2 at 30 °C. b) CE and C, of a
pumped flow-cell with ELgi gvp.clo.33 over 500 cycles using a current density of 1.5 mA cm™2 at different temperatures. c) ASR of a static battery cell
with ELcgi.emp.clo.33 at different moments during the cycling experiment. d) ASR of a pumped flow-cell with ELgpy.emp.cl.o.33 at different moments during

the cycling experiment.

pumped flow-cell. Nevertheless, CEs between 74.2% and 85.5%
(static cell) are not satisfying, and have to be further improved.
Although in a pumped setup, leaching is reduced to the electro-
lyte in the cell, when the pumps do not work (v.s.), it has to be
reduced as much as possible to improve the overall efficiency.

2.7. Potential for Further CE-Optimization

During this work, the following parameters were identified
having an impact on the CE: the membrane, the ASR and the
Mn deposition.

2.7.1. Membrane

The impact, of different membranes on the CE is shown in
Figure S13 (Supporting Information). A membrane that cannot
prevent the leaching of [Mn!Cls]>~ into the negative half-cell
contributes to a reduced CE, because the desired cell reactions
occur chemically instead of electrochemically. Yet, the AEM
FAPQ-375-PP is prone to leaching, but was the best alterna-
tive, we had at our disposal and with changing from FAPQ-310
(CE = 49.9%) to FAPQ-375-PP (CE = 88.4%) the CE already
improved by 38.5%. Without any membrane, the CE was around
14.4%. The reduction of the CE between the SoC5 and the SoC80
cycling experiments (70% vs 35%) also shows the strong effect
of leaching on the CE. With a membrane especially designed for
the all-MFB, the CE could therefore be improved drastically.

Adv. Energy Mater. 2021, 11, 2101261 2101261 (17 of 20)

2.7.2. ASR

Not only the CE, but also the C,, can be improved with a reduc-
tion of the ASR. Figure 15c,d shows the ASR for the static, as well
as the pumped flow-cell at different moments during the cycling
experiment. In general, the ASR of the static cell is much higher
compared to the ASR in the flow-cell, due to the utilization of felt
electrodes and a constant electrolyte flow in the pumped flow-cell.
Many parameters influence the ASR and we do not claim to cover
all effects, but at least the ones we observed during this work.
Table 4 shows, that the addition of [Cat]Cl, as well as the solvent
have a huge impact on the ASR. With a MeCN based electrolyte
(ELytecn-BMp-0.24), Values between 83 and 94 Q cm? were measured.
Although the respective electrolyte did not contain extra [Cat]Cl,
the ASR is already lower compared to a GBL based electrolyte
with add. [Cat]Cl (ELgppgmp.closs ASR = 126-175 Q cm?). The
reason, appears to be the higher conductivity and lower viscosity
of MeCN based electrolytes compared to GBL based electrolytes
(cf. Table 1). Continuing the search for electrochemically stable
solvents that show a good solubility of [Cat],[Mn!'Cl,], high con-
ductivity and low viscosity, might be very rewarding. With a high
ASR the CE is lower and the discharge of the battery is not com-
plete, because the lower cut-off voltage is hit, before the battery is
discharged completely. Often, a green catholyte ((Mn'"Cl5}*") was
withdrawn from the presumably discharged battery cells. Thus, a
reduction of the ASR will improve the CE. The following param-
eters can also influence the ASR: the membrane, electrode mate-
rials, pre-treatment of the electrode materials, improved kinetics
of the electrochemical reactions and the flow geometry.
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2.7.3. Manganese Deposition

Experiments concerning the deposition of manganese
(Figures 3, 4, and 6) showed that a mechanically unstable Mn
layer is formed when the battery is charged. Manganese does
not stick to the electrode (“dead” manganese). Therefore, it
cannot be stripped during discharge, which leads to a reduc-
tion of the CE. However, the complexity of metal deposition is
high and many parameters like temperature, current density,
additives and more exist to influence these processes, maybe
leading to a dense and stable Mn layer.l®] Yet, before that, a
better suited electrode material has to be found. We already
showed in this work, that TF6 is sub-optimal, since it is not
electrochemically inert at the negative potential necessary for
Mn deposition (Figure S30, Supporting Information). Still,
many different types of graphite exist and a suitable variant
for the deposition of Mn may become available. Since the LSV
experiment (Figure S12, Supporting Information) suggests only
limited passivation of the electrode surface during the anodic
dissolution of Mn’, we believe that the high overpotential of
0.85 to 0.87 V (see Figure 6), results mainly from the deposition
of manganese, potentially due to its unusual elemental struc-
ture. The unfavorable electrochemical reduction of Mn'! as the
dianion [Mn'!Cl )%, i.e., Coulomb repulsion at the negatively
charged electrode, might be a reason for that. It could be over-
come with the utilization of additives. Together with the other
parameters, mentioned earlier, the high overpotential, which
is much too high for technical application, could be reduced
reaching acceptable energy efficiencies and higher CEs.

Despite a CE between 74.2% and 85.5% (static cell), we believe
that the all-MFB is a very promising system. Approaching the
key problems, discussed in this paragraph, we think that the
performance of the all-MFB has the potential to be pushed to a
level, where it becomes a serious competitor for EES.

3. Conclusion

In this work we investigated the feasibility of [Cat],[Mn'Cl,]
as an active material for the positive and the negative elec-
trode of a hybrid-RFB, showing on a first principle level that
the intended all-MFB works in a pumped flow-cell. Figure 16
shows a schematic representation of the cell reactions, namely
the oxidation of [Mn''Cl,]*~ to [Mn!!Cl5]?~ at the positive elec-
trode and Mn° deposition from [Mn''Cl,*~ at the negative elec-
trode. Using different methods, including cyclic voltammetry,
linear sweep voltammetry and symmetric half-cell experiments
we showed that these reactions are electrochemically reversible
in MeCN and GBL.

Using these solvents, electrolytes were developed for a sys-
tematic study in static battery cells, before testing the most
promising electrolytes in an actual pumped flow-cell. Using tem-
perature dependent viscosity and conductivity measurements, we
showed that the performances of the electrolytes are comparable
to electrolytes used in LIBs. According to Walden plots, derived
from these measurements, an acceptable ionicity was observed,
leaving room for further improvements. In the battery, the
main problems, we identified are the formation of a mechani-
cally unstable Mn film, a high overpotential (=0.88 V) for the
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Figure 16. Schematic representation of the electrochemical processes
taking place in the all-Mn battery, also showing the problems, namely
leaching and Mn deposition.

deposition of manganese and the leaching of [Mn"'Cls]>~ toward
the negative electrode. Capacity fading, due to “dead” manga-
nese, a low energy efficiency and a reduced CE (74.2-85.5% in a
static cell) result. The mechanically unstable Mn film is caused
by a cauliflower like deposition of manganese, shown with SEM
measurements. However, for the formation of a mechanically
stable Mn film and the reduction of the overpotential a broad
variety of parameters can be optimized, such as the utilization
of additives, alternative electrode materials, different pretreat-
ments of the electrode materials, other solvents, conditioning
cycles and so on. The leaching problem may be overcome with
an optimized membrane, preventing [Mn'"'Cls]*~ from passing,
but allowing chloride ions to do so. With an electrolyte based on
[EMP],[Mn!!Cl] energy densities up to 64.8 Wh L! are possible
in GBL, whereas 74 Wh L can be reached with a [BMP],[Mn!'Cl,]
electrolyte in MeCN. A cell potential (E.) of 2.59 V and con-
centrations of up to 1.6 mol L' enable these energy densities.
The straight forward synthesis of [Cat],[Mn''Cl,], which was
conducted on a 200 g scale, allows a variation of the cation and
even the introduction of two different cations. This might lead
to improved solubility and therefore to even higher energy den-
sities. At the positive electrode, we identified graphite materials
as suitable, whereas at the negative electrode the graphite is not
electrochemically inert any more at the applied potentials, which
was shown with CV measurements using an electrochemically
inert supporting electrolyte. Apparently, intercalation of [Cat]"
takes place, next to the deposition of manganese. In a pumped
flow-cell, an electrolyte based on [EMP],[Mn''Cl,] and [EMP]Cl in
GBL (0.33 mol L) was cycled over two months, with CEs up to
83%, which is comparable to the CE, observed in the static cells.
333 cycles were recorded with a capacity utilization (Cy) of 10% as
designated, followed by 170 cycles with a fading Cy. This shows,
that the principle of using [Mn!'Cl,J*~ as active material in both
half-cells works, to achieve a long cycle life. The capacity fading,
during the last 170 cycles probably resulted from the increasing
area specific resistance (ASR) during the cycling. Therefore, the
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upper cut-off voltage of 3.8 V was hit, before the battery could be
charged to a Cy of 10%. It is possible that the electrolyte could
be cycled further, but the ASR became too high for that. From
this, and other experiments in the flow-cell, we learned that the
ASR is too high in the all-MFB, already at the beginning of the
cycling. With a MeCN based electrolyte an ASR between 83 and
94 Q cm? was measured, which is still far away from 5 Q cm?,
which has to be beaten for an economically feasible battery. How-
ever, a lot of parameters can be improved to further reduce the
ASR. Since this is a first principle study, focusing on the ques-
tion, whether an all-MFB is possible at all, we did not focus on
the optimization of every parameter. The following parameters
for reducing the ASR, starting with the most promising ones
are: membrane/separator, electrode materials, pre-treatments
of electrode materials, increased electrolyte conductivity and a
mechanically stable manganese deposition. This lists the para-
meters, which are the most relevant ones in our opinion, but
does not claim to be complete. Maybe other parameters like an
optimized flow geometry might also have a huge impact. Com-
pared to the benchmark VRFB system, the all-MFB has a higher
energy density and is based on the cheap and abundant element
manganese. Additionally, there is still a lot of room for improve-
ments, making the all-MFB presented in this work an interesting
field for further research.
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