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Abstract: Considering the literature for aqueous rechargeable Zn//MnO; batteries with acidic
electrolytes using the doctor blade coating of the active material (AM), carbon black (CB), and
binder polymer (BP) for the positive electrode fabrication, different binder types with (non-)aqueous
solvents were introduced so far. Furthermore, in most of the cases, relatively high passive material
(CB+BP) shares ~30 wt% were applied. The first part of this work focuses on different selected BPs:
polyacrylonitrile (PAN), carboxymethyl cellulose (CMC), styrene butadiene rubber (SBR), cellulose
acetate (CA), and nitrile butadiene rubber (NBR). They were used together with (non-)aqueous
solvents: DI-water, methyl ethyl ketone (MEK), and dimethyl sulfoxide (DMSO). By performing
mechanical, electrochemical and optical characterizations, a better overall performance of the BPs
using aqueous solvents was found in aqueous 2 M ZnSOj, + 0.1 M MnSOj electrolyte (i.e., BP LA133:
150 mAh-g~! and 189 mWh-g~! @ 160 mA-g~'). The second part focuses on the mixing ratio of
the electrode components, aiming at the decrease of the commonly used passive material share of
~30 wt% for an industrial-oriented electrode fabrication, while still maintaining the electrochemical
performance. Here, the absolute CB share and the CB/BP ratio are found to be important parameters
for an application-oriented electrode fabrication (i.e., high energy/power applications).

Keywords: zinc ion batteries; stationary energy storage; polymer binder; solvent; doctor blade
coating; manganese dioxide; mixing ratio; electrochemical impedance spectroscopy; SEM+EDX;
electrode fabrication

1. Introduction

The research on aqueous battery technologies for stationary applications such as
the aqueous rechargeable zinc-ion battery (ARZIB) is getting more and more attention.
The ARZIB technology combines inherent safety, environmental friendliness, material
abundance, low active material costs, and promising cycling stabilities. This publication
focuses on the Zn//MnQO, chemistry with zinc on the negative electrode side and man-
ganese dioxide on the positive electrode side, together with an acidic ZnSO4 + MnSOj4-
based electrolyte.

Recent publications show different ways of fabrication procedures for the positive
electrode with doctor blade coating on a current collector foil, electrodeposition of the active
material or pasting of the electrode material (summary in Supplementary Figure S1) [1-24].
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As the literature shows, the doctor blade coating is the most prominent fabrication proce-
dure. For this, an electrode slurry with active material (MnO,, AM), a conductive agent
such as carbon black (CB), and a binder polymer (BP) in different fractions, most com-
monly 70/20/10 wt% (AM/CB/BP), is coated on the current collector sheet using a doctor
blade [4,5,8-10,13,14,25-28].

Different polymer binders such as LA133 (based on polyacrylonitrile (PAN)), car-
boxymethyl cellulose (CMC), styrene butadiene rubber (SBR), polytetrafluoroethylene
(PTFE), and polyvinylidene fluoride (PVDF) based on different solvents such as DI-water
or non-aqueous N-methyl-2-pyrrolidone (NMP) were used in the literature so far ( sum-
mary in Supplementary Figure S1) [3,23]. Generally, an aqueous slurry processing enables
inexpensive, safe, and environmentally friendly fabrication of the positive electrode. Still,
a better understanding of the relation between the binder solvent (aqueous/non-aqueous)
and the aqueous electrolyte, together with the reaction mechanism of ARZIBs, can enable a
targeted electrode fabrication and an improved cell performance.

For a reasonable and application-oriented electrode fabrication, the consideration
of the underlying reaction mechanism of the ARZIB cell chemistry is of high impor-
tance: So far, the reaction mechanism for the positive electrode seems to be a combina-
tion of multi-step chemical reactions such as a Zn?* intercalation [12,26-36], a H* /Zn?*-
Co-intercalation [17,20,37-39], a dissolution of the MnO, active material loading and
their re-deposition on the positive electrode surface together with the deposition of pre-
dissolved Mn?* ions from the electrolyte (as far as MnSQ; is pre-dissolved in the elec-
trolyte) [19,33,37,40,41]. The reactions are often accompanied by a pH-dependent zinc
hydroxide sulfate (ZHS) formation [14,19,28,33,37,39—44]. Furthermore, the formation
of inert ZnXMnyOZ—species (i.e., ZnMnyOy) on the positive electrode were introduced in
the recent literature [11,39,40]. For the negative electrode, there is a reversible Zn plat-
ing/stripping at the zinc electrode [9,14,20,42,45,46] as a consequence of the acidic pH
value in accordance to the potential-pH diagrams for zinc [36,47]. This is in contrast to the
alkaline Zn//MnO; batteries with the formation of irreversible Zn phases [36,48,49].

In consideration of the different characteristics (intercalation and conversion reac-
tions) of the reaction mechanism, there are various requirements for the positive electrode.
For example:

e  Stability of the binder polymer in aqueous electrolyte (no peeling of the coating from
the current collector due to dissolution or strong swelling of the binder polymer).

e  Porosity of the coating for high specific surface area to provide a high (electrochemi-
cally active) surface area.

o  Wetting of the coating by the aqueous electrolyte to enable deposition and intercalation
processes of the dissolved components of the electrolyte.

e  Advantageous transport characteristics of the porous electrode for the ions and electrons.

Herein, selected BPs (polyacrylonitrile (PAN), carboxymethyl cellulose (CMC), styrene
butadiene rubber (SBR), cellulose acetate (CA), nitrile butadiene rubber (NBR)) with aque-
ous and non-aqueous solvents (DI-water, methyl ethyl ketone (MEK), and dimethyl sulfox-
ide (DMSO), for details see Section 4.1. Materials) are compared by applying a mechanical
stress test (MST) on the positive electrode sheet and rate capability tests (RCT), together
with electrochemical impedance spectroscopy (EIS) measurements, on experimental battery
cells. The experimental results are compared with SEM+EDX images of cross-sections of
pristine and cycled electrode sheets, giving further insights into the homogeneity, material
distribution and morphology of the coatings. Furthermore, the mixing ratio of the elec-
trode components is systematically investigated by using a ternary plot visualization to
evaluate the influence of the different shares of the positive electrode ingredients on the
mechanical stability of the coating and the cycling performance. Finally, recommendations
for the selection of the binder polymer and the mixing ratios for the utilization in ARZIBs
are made.
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This study, besides well-known binder polymers such as CMC, SBR and LA133, also
considers new BP/solvent combinations such as PAN+DMSO, NBR+MEK and CA+MEK
for the utilization in ARZIBs.

As there are only few publications dealing with a comparison of different binder
polymers for ARZIBs in literature (to our knowledge, only [4]), this publication is intended
to provide a basis for comparing different BP/solvent combinations as well as different
mixing ratios for the positive electrode fabrication. Hereby, the focus is set on NMP-free
solvents, as NMP-free processing enables lower safety precautions (note: reproductive
toxicity of NMP) and a clean-room-free processing, lowering the production costs and
being a decisive advantage over the lithium-ion battery technology.

2. Results and Discussion
2.1. Binder Polymer Variation

For the binder polymer (BP) variation, different BPs based on aqueous solutions
or dispersions, as well as non-aqueous solutions, were investigated. Since an aqueous
electrolyte is used in the cell, the mechanical stability and structural integrity, especially of
those electrodes produced with an aqueous binder preparation, were of interest.

In the following, the BPs based on aqueous solvent preparations are summarized
as aqueous electrodes, whereas the BPs based on non-aqueous solvent preparations are
summarized as non-aqueous electrodes.

2.1.1. Mechanical Stress Test (MST)

For the evaluation of the stability and structural integrity of the electrode coating with
different BPs, the electrode coins were first mechanically tested by applying a mechanical
stress test (MST).

Interestingly, after the MST, the aqueous electrode coatings are washed off and dis-
solved in DI-water (see Table 1a—d) leading to a turbidity of the solution (see Figure 1a).
For the electrolyte solution, the MST shows no dissolution of the coating. Only the PVP
binder flakes off the current collector in the electrolyte solution, but still does not dissolve.
In contrast, the non-aqueous electrode coatings are stable in both DI-water and electrolyte
solutions (see Table le—g and Figure 1b). The results of the MST follow the observations
seen in Chang et al. (2020) for the non-aqueous binder (here: PVDF+NMP) and the aqueous
CMC binder [4].

O
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Figure 1. Example side views of the beakers after the MST with an aqueous (here: PAN-based

LA133, (a) and non-aqueous (here: CA (MEK), (b) electrode coating in DI-water, respectively. For
the aqueous coatings, the MST leads to a dissolution of the coatings and a turbidity of the solutions
(the stirring bar is still inside the beaker but not visible anymore), whereas the non-aqueous coatings
show no damages.
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Table 1. Mechanical stress test of the electrode coatings with different binder polymers in DI-water
and electrolyte (2 M ZnSO4 + 0.1 M MnSQy), respectively.

Binder (aq) DI-Water Electrolyte Binder DI-Water Electrolyte
(non-aq)
(e) PAN
PAN ¢
B NIRRT NS
y EN - » é N $
(b) = () NBR -
CMC/SBR . ,J (MEK) ' @y
h g ;
(g CA P
© CMC . f@\ (MEK) @

For the aqueous binders, the different behaviour in DI-water and electrolyte solution
could be referred to the reduced solvation free energy of the water molecules in consequence
of the ZnSO,4 and MnSO, addition in the electrolyte ([50] and Supplementary Figure 512),
retarding and reducing the BP dissolution: Instead of a dissolution, the BP could only swell
while still maintaining the structural integrity of the coating.

For the non-aqueous binders, as was expected, both the DI-water and the aqueous
electrolyte solution are not affecting the structural integrity of the coating during the MST.
Furthermore, in consequence of the non-aqueous processing of the coating, no swelling of
the coating should occur here, in contrast to the previous aqueous binder coatings.

Based on the observations of the MST, a different behaviour during the cycling of the
aqueous and non-aqueous electrodes in the aqueous ZnSO4/MnSO4 electrolyte is expected
and shown in the following section.

2.1.2. Rate Capability Test (RCT)

For the evaluation of the electrochemical performance of the electrode coatings with
different BPs and solvents (see Table 2), a rate capability test (RCT) was performed under
various current rates. The current rates are given in mA-g~! based on the active material
mass loading. The RCT results are shown by plotting both the specific discharge (DCH)
capacity as well as the specific discharge energy, together with the efficiency values, over
the cycle number, which allows a more in-depth analysis of the effects of the different
binder types.

The results of the RCT with specific capacities (see Figure 2a) shows significantly
higher capacity values for all the aqueous binders compared to the non-aqueous binders.
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Table 2. Overview of the slurry preparations with aqueous- and non-aqueous-based binder polymer
(BP), active material (AM), and carbon black (CB).

Ratio
# i # i #
AM/CB/BP Binder #1 Binder #2 Solvent Comment
1 70/20/10 PAN (LA133) DI-water aqueous suspension
2 70/20/10 CMC DI-water aqueous solution
3 70/20/10 50 wt% CMC 50 wt% SBR ~ DI-water aqieots
solution/suspension
4 70/20/10 PAN DMSO solution
5 70/20/10 NBR MEK solution
6 70/20/10 CA MEK solution
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Figure 2. Results of the RCT plotting the specific discharge (DCH) capacity (a) and energy (b) under
variation of the current rate over the cycle number for the non-aqueous electrode coatings.

The aqueous PAN-based electrode shows the highest specific capacity for all current
rates with ~150 mAh-g~! at 40 mA-g~! and ~90 mAh-g~! at 640 mA-g~!. Both the
CMC+SBR and the CMC binders show lower capacity values, with the lowest values for
the pure CMC binder. The better performance of the CMC binder with SBR addition could
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be related to the better adhesion of the coating on the current collector, as well as a better
flexibility of the coating through the addition of the SBR elastomer [51]. The PVP binder,
which showed a flaking off the current collector in the MST, was not able to finish the
RCT, which can be related to the low stability of the electrode coating (see RCT results in
Supplementary Figure S6). Therefore, the PVP binder will not be discussed further in the
following sections.

The non-aqueous binders show low-capacity values <20 mAh-g~! in the first cycles,
but interestingly it is with an increasing trend, even if the current rate increases. This is
especially prevalent during the last cycles with 80 mA-g~!, as the increasing discharge
capacity trend becomes clearly visible. This behaviour can be related to the surface deposi-
tion/dissolution of MnO, as the predominant reaction mechanism for the non-aqueous
electrode, whereby a growing MnO, surface layer could be formed on the positive elec-
trode [19,33,37,40,41]. The lower overall discharge capacity of the non-aqueous binders
compared to the aqueous binders could be related to the observations of the MST results
of the previous section, where a swelling and wetting of the electrodes in the electrolyte
was suggested for the aqueous but not (or to a lesser extent) for the non-aqueous electrode
coatings. In consequence, the MnO; active material loading of the electrode coating could
only become available for the aqueous binders by dissolution/deposition processes during
charging/discharging, leading to additional capacity. This suggestion is confirmed by
the latest literature for ARZIBs [19,33,37,40,41]. For the non-aqueous binders, the active
material loading could mainly be isolated by the binder.

The coulombic efficiencies (CE, see Figure 2a) for all the binder types are located
above or at ~100%, which again can be related to the MnO, deposition/dissolution process.
The dissolution of the MnO, active material loading as well as the additionally deposited
MnO, could lead to an additional discharge capacity, which results in CE values >100%.
The CE values for the non-aqueous binders are generally located above the values for the
aqueous binders, indicating a more dominant MnO, deposition/dissolution mechanism.
This could be related to the inactivity of the isolated MnO, loading within the positive
electrode coating, as no swelling of the binder is suggested (see MST section), which could
enable a material deposition/dissolution only on the surface of the electrode with better
efficiency values.

The RCT results showing the specific energy (see Figure 2b) additionally reveal the
effects of overpotentials during charge/discharge by also considering the potential value
(besides the capacity value, see the equation in Supplementary Figure S5) of the particu-
lar cycle. As the energy output of a battery system is of even higher importance for the
application than only the capacity output, this way of plotting can be regarded as being
a more application-oriented plot. For the specific energy plots, the comparison of the
aqueous/non-aqueous binder types show the same characteristics as the specific capacity
plots. Nevertheless, distinctions in terms of the energy efficiency (EE) values are noticeable:
the EE values decrease for increasing current rates. This indicates an increasing inner resis-
tance and overpotential of the cell [52]. For the non-aqueous binders, the energy efficiency
values are generally located above the values of the aqueous binders, as seen before in the
capacity plot, again indicating a more dominant MnO, deposition/dissolution mechanism.

In Figure 3, the potential curves for the 10th and 30th cycle, respectively, each with the
current rate of 80 mA-g~!, are shown for the non-aqueous binders. Generally, the shape
of the discharge curves of all binder/solvent combinations show two potential plateaus
divided by a potential bend (see exemplarily Figure 3, marker 1). The charge curve
again shows two potential plateaus (see Supplementary Figure S11 for more details). The
potential curves of the non-aqueous binders (see Figure 3b) each have a significant increase
in the specific capacities compared to the aqueous binders (see Figure 3a). Nevertheless,
the potential curves characteristics stay the same, as the characteristic potential bend for
ARZIBs (with MnO, active material) indicates (see Figure 3, marker 1). The potential
curves also show that the capacity increase from the 10th to the 30th cycle is the highest for
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both of the PAN-based electrodes (aqueous and non-aqueous), which could explain the
good overall performance of the aqueous PAN-based electrode in the RCT (see Figure 2a).

1.8 1.8
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Figure 3. Overview over the potential curves of the aqueous (a) and non-aqueous (b) binder polymers
for the 10th and 30th cycle, each with the current rate of 80 mA-g 1.

By performing SEM+EDX characterizations (see Figure 4), the cross-sections of elec-
trode coatings of PAN (aq) and PAN (DMSO), prepared by ion-polishing, were compared
in a pristine state and in discharged state after the RCT procedure (post-mortem state). This
way, the influence of an aqueous and non-aqueous BP could be investigated in more detail.

For both the pristine PAN (aq) and (DMSO) electrodes, the MnO, particles (coloured
green) and the CB content (coloured orange) show comparable morphology characteristics
such as the homogeneity, the porosity, and the material distribution (see Supplementary
Figure S7 for EDX images of the single elements, respectively).

Interestingly, after the RCT procedure (post-mortem) in the discharged state, both
electrodes show a surface layer deposition, which is thicker for the PAN (aq) electrode and
could be attributed to a MnO, deposition (see Figure 4d,h, marker 1), as described in the pre-
vious literature [19,33,37,40,41]. Furthermore, both electrodes in a post-mortem state (dis-
charged state) show a new flake structure inside the electrode coating (see Figure 4c,d,g h,
circle), which is not visible in the pristine state (see Figure 4a,b,e,f). This could be attributed
to ZHS precipitations filling the pores of the electrode coating, as described in the previous
literature [14,19,33,37,40-44]. However, this precipitation seems to be less distinctive for the
PAN (DMSO) coating. This could be explained by the previously mentioned assumption
of less wetting of the electrode coating by the electrolyte and thus a smaller active inner
surface, as the CB-containing, electrically conductive coating could mainly act as an elec-
trochemically active surface. Hence, this could result in a lower capacity by the dissolution
of the (mostly unavailable) MnO, active material loading during discharge, compared to
the PAN (aq) coating. The flake structure (see Figure 4c, marker 2) on the surface of the
electrode can be referred to the separator with electrolyte salt residues, which was stuck on
the electrode coating surface (possibly due to the aforementioned MnO, deposition).
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Figure 4. SEM and EDX images of the PAN (aq) electrode in a pristine (a,b) and post-mortem
(c,d, discharged state) state, and the PAN (DMSO) electrode in a pristine (e,f) and post-mortem
(g/h, discharged state) state. The MnO, particles are coloured green, and the carbon black is coloured
orange, respectively. For the post-mortem state, the PAN (aq) and PAN (DMSO) both show a MnO,

surface deposition, but with a thinner layer thickness for the PAN (DMSO) electrode.
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Altogether, the comparison of the SEM+EDX images in a pristine and post-mortem
(discharged) state could confirm the existence of a MnO, deposition during the charge
steps, which takes place both in the pores of the electrode coating (if available, depending
on the binder/solvent combination, as previously discussed) as well as on the surface of
the electrode. In the following discharge steps, the previous MnO, deposition dissolves
again, releasing capacity, which should be higher for those electrodes whose MnO, active
material loading is available for the deposition/dissolution mechanism (here: PAN (aq)
electrode coating, see RCT results). Due to efficiency reasons of the dissolution, MnO,
deposition residues seem to stay, leading to an accumulating MnO, (surface) deposition
layer (here: thicker surface layer for PAN (aq) than for PAN (DMSO) coating).

For a better understanding of the MnO; deposition/dissolution mechanism, further
SEM+EDX characterizations of cross-sections of the positive electrode coatings in different
states of charge should be carried out to further prove the latter assumptions of this study.

To underline the findings of the RCT tests for the aqueous and non-aqueous electrodes,
the electrical impedance spectroscopy (EIS) measurements of the positive electrode (vs.
Zn/Zn** reference) were analysed for the PAN (aq) and PAN (DMSO) binder in a charged
(CH) and discharged (DCH) state to compare the effects of the different solvent categories
as an example (for all the EIS results, see Supplementary Figure S8). The choice of these two
binder combinations allowed for a direct comparison of the influence of the non-aqueous
solvent (DI-water vs. DMSO) without the influence of the binder polymer (here, the LA133
binder is considered as a PAN-based binder since the specification of PAN in the safety
data sheet is >95 wt% of solid content). In Figure 5, the EIS results of the positive electrode
are shown.
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Figure 5. Results of the EIS measurements of the positive electrode for charged (CH, 1.7 V vs. Zn/Zn?*) and discharged
(DCH, 0.8 V vs. Zn/Zn%*) state following both the 80 mA- g_l—RCT-steps after 10 and 30 cycles, respectively.
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For the different PAN binder solvents and state of charges, the following qualitative
interpretations of the Nyquist plot can be made:

e In charged state after 10 cycles (see Figure 5a), there is a lower impedance for the
PAN (aq) than for the PAN (DMSO) electrode: The double layer (DL) capacity and
the charge transfer (CT) resistance of the PAN (aq) binder are both clearly visible as a
semi-circle, whereas the DL capacity and CT resistance of the electrode PAN (DMSO)
binder is stretched, which indicates a higher CT resistance and could refer to the
inactive and isolated MnO, active material particles in the electrode coating.

e In charged state after 30 cycles (see Figure 5c), the impedance spectra show quite
comparable semi-circles, again representing the DL capacity and the CT resistance.
This could be explained by the growing deposition layer of MnO, on the positive
electrode surface of the PAN (DMSO) coating. This assumption is supported by the
capacity increase of the PAN (DMSO) electrode in Figure 2a.

e In discharged state after 10 and 30 cycles (see Figure 5b,d), the overall impedances
increase by about two orders of magnitude for both PAN (aq) and PAN (DMSO).
This can be explained by the precipitation of ZHS as a consequence of the MnO,
dissolution, as discussed in [19]. The precipitation results in a new DL capacity
with a higher CT resistance, which is shown by the large low frequency half circle.
Still, the impedance spectra for the lower impedance values are visible (see insets in
Figure 5b,d), which were previously discussed for the charged state representing the
MnO; active material layer. Relating to the PAN (DMSO) binder, the capacitive part
of the impedance spectra is still below the PAN (aq) spectra, which can be explained
by the thinner MnO, deposition layer and less ZHS precipitation (less wetting of the
coating), resulting in lower specific capacity values (see Figure 2a).

Altogether, the comparison of the aqueous/non-aqueous electrodes generally shows
higher discharge capacities/energies for the aqueous binders, which is related to the
availability of the MnO, active material loading. The MnO, active material loading is not
available in the non-aqueous electrodes, as the electrolyte should not lead to an electrode
coating swelling as suggested, in contrast, for the aqueous electrodes. Nevertheless, the
non-aqueous electrodes show increasing discharge capacities/energies with proceeding
cycles, underlining the major role of MnO; deposition/dissolution processes (also on
the surface of the electrode) for the ZIB with ZnSO,/MnSOjy-based electrolytes being
introduced in the recent literature.

As the aqueous PAN-based LA133 binder shows the best cycling results, this binder
was chosen for the mixing ratio variation shown in the following section.

2.2. Mixing Ratio Variation

Beside the variation of the BP itself (with fixed mixing ratios of AM/CB/BP 70/20/
10 wt%), the influence of different mixing ratios was systematically investigated. The goal
of the variation was to improve the energy density of the positive electrode. Therefore,
this variation aimed at finding an advantageous mixing ratio with maximized active
material share while still maintaining the electrochemical performance (i.e., the electrical
conductivity driven by the CB content). The investigated mixing rations are graphically
summarized using a ternary plot visualization in Figure 6.

The following criteria were considered for the positive electrode coatings:

e  An active material proportion as high as possible to reduce the share of the passive
materials (carbon black, binder polymer) in the electrode coating.

e  Abinder polymer proportion as low as possible to reduce the share of a passive and
electrically non-conducting coating component.

e A carbon black proportion as low as possible, while still enabling a sufficient electrical
conductivity of the coating.

e  Good cycling performance in the RCT considering different application fields such
as high-power (current rates >1 C, here: >160 mA-g~! based on an experimen-
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tally determined capacity of ~160 mAh-g~! of MnO,) and high-energy (<1C, here:
<160 mA-g~!) applications.

Table 3. Overview over the mixing ratios being tested using LA133 as the BP.

Active Material Carbon Black Binder Polymer

# Name (AM)/wt% (CB)/wt% (BP)/wt% CB/BP Ratio
1 70/20/10 70 20 10 2

2 75/20/05 75 20 5 1

3 75/15/10 75 15 10 15

4 80/15/05 80 15 5 3

5 80/10/10 80 10 10 1

6 82/15/03 82 15 3 5

7 85/10/05 85 10 5 2

Figure 6. Graphical scheme with the mixing ratios being tested using the ternary plot visualization.
The black squares represent the seven different mixing ratios of Table 3.

In Figure 7, the results of the RCT are shown by plotting the specific capacities
and energies for different current rates over the cycle number. Here, the specific values
were calculated by dividing the absolute capacity values by the total mass loading of the
electrode (AM, CB, and BP, instead of only considering the AM mass loading as for the
binder polymer variation in Section 2.1). This calculation method was chosen to be able
to identify the influences of the different mixing ratios of the electrode coatings on the
resulting capacity and energy values, respectively.

The results of the RCT with the specific discharge capacities (see Figure 7a) show
that a low polymer binder percentage of 3 wt% is possible in the electrode coating, still
enabling a cycling with a discharge capacity of ~140 mAh-g~! @ 40 mA-g~!. Nevertheless,
the CB share, especially, and its ratio to the BP share has a high influence on the current
rate stability:

e Lowering the CB share allows reducing the BP share.

e  Reducing the CB share without reducing the BP share results in poor cycling behaviour
due to insufficient conductivity within the electrode.
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Therefore, a higher ratio of CB to BP improves the performance, as for the 75/20/05
mixture with a CB/BP ratio of 4 (20 wt% divided by 5 wt%) the performance for all current
rates is significantly better compared to the 80/10/10 mixture with a CB/BP ratio of 1
(10 wt% divided by 10 wt%). For the other mixtures with ratio values between 1.5 to 3, the
performances are located between the above-mentioned mixtures. The interpretation of
the results by analysing the CB/BP ratio can be explained as the lower the CB/BP ratio,
the lower the electrical conductivity of the electrode coating—resulting in a higher share of
electrically isolating BP.
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Figure 7. Specific discharge (DCH) capacity (a) and energy (b) with the efficiency values, respectively,

for the investigated mixing ratios (the mixing ratios are given in the order AM/CB/BP and in wt%).

The markers 1 and 2 show the efficiency values of the first cycle and after a change of the current rate,

respectively, whereas they do not represent a typical efficiency value for the chosen current rate (see

Supplementary Figure S9).
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This observation leads to the differentiation of the interpretation of different CB shares
depending on the application, i.e., high-power (HP) and high-energy (HE) applications.

e  For HP applications, a CB share of >15 wt% is necessary to still enable a good RCT
capacity also at higher current rates >320 mA-g~!. The CB/BP ratio should be >2 (see
70/20/10 or 75/20/05).

e  For HE applications, an AM loading as high as possible is important for lower the
specific costs of the battery, and therefore lower CB loadings are preferable. Consider-
ing this, a CB loading of 10 wt% and a CB/BP-ratio of ~2 (s. 85/10/05) still enables a
good cycle performance at lower current rates <160 mA-g~!.

The RCT showing the specific discharge energies (see Figure 7b) also considers the
potential, in addition to the capacity value, which provides a better insight into the inner
resistance of the battery cell during cycling (see the previous section and Supplementary
Figure S11). Although basically showing the same characteristics of the results of the
different mixing ratios as the capacity representation (regarding the order of the different
electrode material compositions, see marker 1), slight differences of the capacity vs. energy
level order of the different mixture ratios can be observed, especially for the last RCT step
with 80 mA-g~!, herein for the PAN (aq) binder as an example. The differences of the order
of capacity/energy plots can refer to the different potential plateau levels during cycling,
which is only considered by the energy representation (see the equation in Supplementary
Figure S5).

Basically, this type of energy representation is introduced as a useful and more
application-oriented alternative to the established capacity representation. This applies, in
particular, to the aqueous battery chemistries such as the ARZIB technology with significant
distinctions in the potential plateaus as a consequence of various cell constructions, as the
literature shows.

Finally, it must be noted that the results were generated with the aqueous PAN-based
LA133 binder. For other binder polymers, the results could differ. Still, the characteristics
of the variation of the mixing ratio of the electrode components should stay comparable.

3. Conclusions
3.1. Binder Variation

Mechanical stress tests of the positive electrode coatings revealed the maintenance of
the structural integrity of the coatings based on aqueous binders in the electrolyte solution
but not in DI-water, in comparison to the non-aqueous binders showing a stability in both
DI-water and electrolyte. This could refer to the lower solvation free energy of the water
molecules in the electrolyte in consequence of the ZnSO, and MnSO, addition, stabilizing
the aqueous binders.

Rate capability tests (RCT) showed a lower capacity/energy of the positive electrodes
for the binder polymers with non-aqueous solvents compared to those with aqueous
solvents, with the best results achieved for the aqueous binder PAN. This could be ex-
plained by the availability of the MnO; active material loading of the coating: The aqueous
binders allow a swelling of the coating by the electrolyte in contrast to the non-aqueous
binders. The coating swelling makes the active material loading available for MnO, de-
position/dissolution mechanisms in relation to the suggested reaction mechanism of the
ARZIB, resulting in higher capacity/energy values. Still, the non-aqueous binders show an
increasing capacity/energy with the proceeding cycle number. This could be explained
by a MnO; deposition/dissolution mechanism on the electrode surface being confirmed
by SEM+EDX characterizations of electrode cross sections. EIS measurements show that
the characteristics of the spectra of the non-aqueous binder (here: PAN (DMSO)) in the
charged state also changes by increasing the cycle number, which might indicate a growing
MnO,; deposition layer for proceeding cycling.
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3.2. Mixing Ratio Variation

Considering the results, the optimized mixing ratios must be chosen following the
favoured application of the battery. Here, the absolute carbon black (CB) share of the coating
and the ratio of the CB and the binder polymer (CB/BP-ratio) shares were investigated as
important parameters for the electrode coatings of ARZIBs. For a CB share <15 wt% and
CB/BP-ratios <2, the cycling performance decreases, whereas for a CB share >15 wt% and
CB/BP-ratios >2 and up to 5, the cycling performance increases, respectively, also for high
current rates. Therefore, higher CB shares qualify the positive electrode for usage in high-
power applications, while reduced CB shares (but high active material shares) are suitable
for high-energy applications. Furthermore, in terms of an industrial production approach,
the proportion of the passive materials (CB+BP) was successfully reduced to 15 wt% in
total, and the BP proportion to 3 wt%, still enabling the cycling of these battery cells.

This study sheds light on the influence of the binder polymer/solvent combination on
the cell performance of ARZIBs through comparing (non-)aqueous solvents, as well as on
the influence of the mixing ratio by minimizing the passive material share of the positive
electrode. The results of this study can be used for application-oriented cell fabrication
of ARZIBs.

4. Materials and Methods
4.1. Materials

For the positive electrode preparation, manganese dioxide (AM, Manganese(IV) oxide,
99.9% (metals basis), 325 mesh powder, Alfa Aesar, Heysham, United Kingdom), Carbon
black (CB, Carbon black, acetylene, 100% compressed, 99.9+%, Alfa Aesar, Heysham,
United Kingdom), binder polymer (BP) and solvent were mixed in different combinations
in a speed mixer (DAC 150.1 FVZ-K, Hauschild and Co.KG, Hamm, Germany) at 3000 rpm
for 2 min. Subsequently, the positive electrode aqueous slurry was homogenized in a three-
roll mill (EXAKT 80E, EXAKT Advanced Technologies GmbH, Norderstedt, Germany)
with a final roll gap of 10 um to control and unify the particle sizes. Due to the evaporation
and security characteristics of the solvents, the non-aqueous slurries were homogenized
for 30 min at least at 2000 rpm in a laboratory dissolver (DISPERMAT CN10, VMA-
GETZMANN GmbH, Reichshof, Germany) instead of being processed in the three-roll mill.
The slurry was coated with a doctor blade and 200 pum wet layer thickness on a stainless-
steel foil (1.4301/AISI 304, thickness 25 pm, TBJ Industrieteile GmbH, Leipzig, Germany).
The AM mass loading was ~2.5-4.6 mg/cm~2 and the electrode coating thickness ~40 pm
(see Supplementary Figure S10). Afterwards, the coating was dried for 24 h at 40 °C.
Then, 16 mm coins were used as positive electrodes. As the negative electrode, a 25 um
thick zinc foil with the diameter of 16 mm was used (zinc foil 99.95%, Goodfellow GmbH,
Hamburg, Germany). The separator (18 mm diameter) was made of glass fibre filter
(Whatman® GF/A, Cytiva Europe GmbH, Freiburg, Germany). For the electrolyte, zinc
sulfate heptahydrate (AnalaR NORMAPUR® Reag. Ph.Eur., ACS for analysis, VWR
International GmbH, Darmstadt, Germany) and manganese sulfate tetrahydrate (99%,
metal basis, Alfa Aesar, Heysham, United Kingdom) were used. A zinc wire (99.9% pure
zinc wire, Goodfellow GmbH, Hamburg, Germany) was used as the reference electrode.

For the BP study, the following binders have been investigated:

e  LAI133 (polyacrylonitrile (PAN)-based aqueous binder dispersion, GELON LIB Group,
Linyi, China)

e  SBR (styrene-butadiene rubber, SSBR 100, aqueous suspension, Targray, Kirkland,
QC, Canada)

e CMC (carboxymethyl cellulose, average MW ~250,000, degree of substitution 0.9,
sodium salt, powder, Sigma-Aldrich, Merck KgaA, Darmstadt, Germany)

e PVP (polyvinylpyrrolidone, MW 1,300,000, powder, Alfa Aesar, Heysham,
United Kingdom)

o  CA (cellulose acetate, MW ~100,000, powder, Acros Organics, Thermo Fisher Scientific,
New Brunswick, NJ, USA)
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e  NBR (nitrile butadiene rubber, acrylonitrile 37-39 wt%, chunk, Sigma-Aldrich, Merck
KgaA, Darmstadt, Germany)

e  PAN (polyacrylonitrile, copolymer 99.5% AN/0.5% MA, MW 230,000, powder, Good-
fellow GmbH, Hamburg, Germany)

For the slurry preparation, aqueous and non-aqueous binder solutions/suspensions
were prepared: For the aqueous slurry preparation, DI-water and for the non-aqueous
slurry preparation, methyl ethyl ketone (MEK, for NBR and CA) or dimethyl sulfoxide
(DMSO, for PAN) were used. The binder preparations are listed in Table 2.

In order to evaluate the material shares of active material, conductive agent and binder
polymer, different mixing ratios were tested. For this purpose, the PAN-based aqueous
LA133 was used exemplarily as the binder. The share combinations listed in Table 3 have
been tested.

4.2. Cell Assembly

Cells were assembled using EL-Cell® ECC-Aqu experimental cells. A glass fibre
separator with a diameter 18 mm was used. Two hundred uL of an aqueous electrolyte
containing 2 M ZnSO4 and 0.1 M MnSOy4 was used (pH~4). The zinc wire was used as
the reference electrode in the EL-Cell® ECC-Aqu. As the current collector on the positive
electrode, an 18 mm stainless steel coin was used. As the current collector on the negative
electrode, an 18 mm copper coin was used. The cell setup is shown in Supplementary
Figure S2.

4.3. Characterization Methods

The cell cycling was performed by making a rate capability test (RCT) with 5 cycles,
each at 40, 80, 160, 320, 640, and 80 mA-g’l (related to active material loading of the
manganese dioxide electrode) from 0.8 to 1.7 V with a VMP3 potentiostat from Biologic
Science Instruments, Seyssinet-Pariset, France. The charging process included a constant
current (CC) step followed by a constant voltage (CV) step until 10% of the current in the
CC-step was reached. The discharge process was performed at CC. EIS measurements
were performed between 10 kHz and 20 mHz at 1.7, 1.25 and 0.8 V cell voltage after the
five 80 mA-g~! charge/discharge cycles, respectively. The test plan procedure is shown in
detail in Supplementary Figure S3.

For the mechanical stress test (MST), the electrode coins were put into a transparent PP
beaker (20 mL, 831 x 48 mm) filled with the same amount (~10 mL) of either DI-water or
electrolyte solution together with a magnetic stirring bar on top of the electrode sheet. The
stirring bar (PTFE, cylindrical, length 20 mm) was operated for 60 s at 200 rpm, respectively.
The experimental setup is visualized in Supplementary Figure S4.

For analysing the distribution of the different components in the positive electrode,
SEM-EDX images were realized with selected positive electrodes. The positive electrodes
were dipped into deionized water and dried overnight before being ion polished. The
cutting edges were prepared by ion milling (IM4000 Ion Milling System, Hitachi High-Tech
Europe GmbH, Mannheim, Germany) and characterized by SEM (Zeiss Auriga 60, Carl
Zeiss Microscopy Deutschland GmbH, Oberkochen, Germany) and EDX (Bruker Quantax
XFlash 6160, Bruker Corporation, Billerica, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390/ batteries7020040/s1, Figure S1: Overview of the experimental cell setup inside the EL-Cell®
ECC aqu, Figure S2: Graphical overview of the test plan procedure for the rate capability test of
the herein tested cells, Figure S3: Experimental setup of the mechanical stress test with a magnetic
stirring bar in a PP beaker (20 mL, @31 x 48 mm) filled with ~ 10 mL of liquid, Figure S4: RCT results
including the PVP (aq) binder polymer, which is not finishing the RCT due to stability issues of the
electrode coating (s. MST), Figure S5: Potential curves including the PVP binder, which was not able
to finish the RCT, Figure S6: Comparison of the PAN (aq) and the PAN (DMSO) coating in pristine
state. MnO, particles are coloured green, carbon black is coloured orange, Figure S7: Comparison
of the PAN (aq) and the PAN (DMSO) coating in post mortem state. MnO, particles are coloured


https://www.mdpi.com/article/10.3390/batteries7020040/s1
https://www.mdpi.com/article/10.3390/batteries7020040/s1

Batteries 2021, 7, 40 16 of 18

green, carbon black is coloured orange, Figure S8: Overview of the EIS spectra for all investigated
binder polymers in charged (CH) and discharged (DCH) state after 10 and 30 cycles, respectively,
Figure S9: Diagrams of the RCT showing the specific capacity and energy, respectively, together with
the efficiency values, Figure S10: SEM+EDX images of the coating with aqueous LA133 (PAN-based)
binder with the mixing ration 70/20/10 (AM/CB/BP, wt%) in pristine state. The electrode thickness
is ~40 pm, Figure S11: SEM+EDX images of the coating with aqueous LA133 (PAN-based) binder
with the mixing ration of 80/15/05 (AM/CB/BP, wt%) in pristine state. The electrode thickness
is ~40 pm. (green coloured = MnO; particles, orange coloured = carbon black (CB)), Figure S12:
Comparison of the 70/20/10 and 80/15/05 binders in pristine state. For the 80/15/05 coating,
smaller distances of the MnO, active material particles (coloured green) and a more compact visual
impression of the coating could be assumed, which could be referred to the lower CB content and the
lower overall passive material (CB+BP) share (20 wt% instead of 30 wt% for the 70/20/10 coating),
Figure S13: Overview over the charge/discharge curves of the 10th cycle (80 mA-g~') of the RCT
shown in Figure S4 for the binder variation (a) and mixing variation (b) with insets showing the IR
drops directly after the switchover from charge to discharge (marker 1) and the first potential plateau
during discharge (marker 2), Table S1: Brief literature research on binder materials, solvents, mixing
ratios and current collectors. This literature search was carried out as an example and does not claim
to be complete, Table S2: Detailed Overview of the test plan procedure for the RCT.
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