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A B S T R A C T   

Most modern zinc-ion batteries (ZIBs) with MnO2 cathodes utilize near-neutral aqueous electrolytes based on a 
zinc sulfate (ZnSO4) salt. They achieve good cycling stabilities with high intrinsic safety, employ environmentally 
friendly materials, and deliver competitive volumetric energy densities. However, the limited solubility of zinc- 
sulfate species influences the performance and cycling mechanism of these cells. We examine the speciation and 
solubility limits of ZnSO4, zinc chloride (ZnCl2), and zinc triflate (Zn(CF3SO3)2) in aqueous solutions and 
simulate their intrinsic transport properties. We use our earlier developed and validated full-cell model to 
investigate the effects of several electrolytes on the two-phase cycling behavior. Previously, we reported that the 
origin of the second phase is based on an interaction mechanism between cathodic dissolution and a precipitation 
reaction at the cathode. We investigate this interplay between electrolyte stability and cathodic dissolution based 
on electrolyte choice. Our theory-based approach allows us to identify performance indicators of aqueous 
electrolytes and draws a consistent pathway to optimize electrolyte design for manganese-based ZIBs.   

1. Introduction 

Sustainable next-generation batteries are needed for a successful 
energy transition. Zinc-based batteries are stable within aqueous elec-
trolytes and achieve excellent energy densities [1]. Zinc-metal anodes in 
alkaline electrolytes use a conversion mechanism to ZnO, which allows 
excellent energy densities. However, this conversion during cycling 
comes at the risk of passivation issues. Alkaline batteries with MnO2 
cathodes show an adverse effect between cycle life and depth-of 
discharge [2]. Yamamoto and Shoji [3,4] conducted studies of 
Zn-MnO2 batteries and substituted the KOH electrolyte with 
near-neutral aqueous electrolytes, which drastically increased cycling 
life of the MnO2 cathodes and opened the path to modern zinc-ion 
batteries (ZIB) [5]. 

Most current ZIBs utilize MnO2 cathodes with aqueous electrolytes 
based on ZnSO4[1,6,7], similar to the findings of Yamamoto and Shoji in 
the late 80s [3,4]. MnSO4 is added to additionally improve cycling life 
and the stability of the cathodes [8–11]. An often-reproduced argument 
is that the MnSO4 additive decreases the dissolution mechanism of the 
cathode [8]. However, there is experimental evidence that MnSO4 does 
not mitigate this mechanism but achieves better cycling stability by 

increasing the redeposition of MnO2 during charging[10,12]. In our 
recent work, we published a theory-based approach to understanding 
said cycling mechanism [13]. We found that the two phases observed 
during discharge are associated with two dominating mechanisms. The 
first discharge phase can be explained by Zn2+-insertion into the cath-
ode, while the second phase is due to the dissolution of Mn2+ from the 
cathode structure. The precipitation of Zn4(OH)6SO4 (ZHS) at the 
cathode plays a crucial role in mediating the transition of both phases 
[13,14]. While the dissolution of Mn2+ is a self-limiting process in the 
first phase, the pH buffering effect of the ZHS dissolution leads to an 
increasing cathodic dissolution in the second phase. However, to our 
knowledge, there is no systematic research on the interaction of elec-
trolyte composition and cycling mechanism of MnO2 cathodes. 

Electrolyte additives for ZIBs serve different purposes [15]. One 
focus is to increase the performance of the zinc-metal anode for ZIBs[16, 
17]. Strategies resemble those for near-neutral zinc-air batteries, where 
triflate, chloride-nitrate, and other electrolytes have been successfully 
tested [18–20]. However, zinc-metal anodes for ZIBs should not undergo 
a conversion reaction but enable a Zn2+ transport to the cathode. Besides 
additives used to form artificial surface layers, zinc salt precipitation has 
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been discussed as detrimental to fast insertion kinetics at the cathode 
[21,22]. Several approaches include electrolyte additives, which act as 
anode surfactant [11,23–28]. These additives are used to construct an 
artificial layer on the anode surface, which consists of inorganic com-
pounds, such as fluorinated salts [23,24,29], decomposition products of 
organic solvents or additives [26,27], or organic and inorganic layers as 
a hybrid structure [25,28]. This artificial layer, similar to the SEI, which 
stabilizes anode performance in lithium ion[30] and lithium metal 
batteries[31], is shown to modify anode overpotential, achieve a bene-
ficial surface morphology, and reduce the hydrogen evolution of the 
anode [17]. Another focus is on the overall kinetics of zinc metal anodes 
in near-neutral aqueous electrolytes [15,16,32]. Here, performance is 
not only influenced by zinc concentration but also by complexation, and 
it is found that Zn(CF3SO3)2 shows significantly reduced overpotentials 
compared to ZnSO4 [32]. However, an electrolyte, beneficial in a 
half-cell setup, does not necessarily perform better in full-cell 
experiments. 

Several electrolyte studies were conducted in full-cell experiments 
[33]. Historically, Shoji & Yamamoto [3,4] reported the best perfor-
mance for a ZnSO4 electrolyte. In the last decade, some of the original 
electrolytes were re-tested [34,35], as well as additional salts, especially 
Zn(CF3SO3)2[5,9,25,36,37]. Electrolyte studies with manganese oxide 
and vanadium oxide cathodes showed that both for Zn(CF3SO3)2[9,26, 
38,39] as well as for ZnCl2 electrolytes [27,40], a zinc-salt precipitate 
was reported to form during discharge and to be dissolved again during 
the subsequent charge. Some experimental evidence hints that a 
triflate-based electrolyte might increase cycling stability [9]. Still, there 
is no extensive discussion of the influence of the two discharge phases 
and the effect on cathodic dissolution. This limits the design of a 
consistent optimization strategy for aqueous ZIBs with MnO2 cathodes. 

In our recent work [13], we developed a numerical model that in-
vestigates how the speciation of ZnSO4 electrolytes interacts with the 
electrochemical stability of the MnO2 cathode. We were able to show a 
unique interaction mechanism between speciation and precipitation in 
ZnSO4 electrolytes and the stability and dissolution reaction of the 
cathode. With the help of numerical simulations, we deduced that the 
experimentally observed two-phase behavior could only be explained in 
the presence of a ZHS precipitation reaction. 

The current paper presents a theory-driven approach to under-
standing the requirements of electrolyte design for high-performance 
ZIBs by comparing the cycling mechanisms in the ZnSO4[13] electro-
lyte with ZnCl2, Zn(CF3SO3)2. We use electrolyte thermodynamics to 
investigate how the speciation differs within the electrolytes and how 
their speciation is influenced by different Mn2+ salts. We present a novel 
approach to evaluate the effective transference number of Zn2+ ions in 
aqueous electrolytes and simulate the electrolyte’s solubility limits to 
highlight governing parameters based on their thermodynamically 
derived speciation. We use our validated full-cell model [13] to describe 
their dynamic behavior during cycling. Finally, we investigate how the 
cycling mechanism of MnO2-based cell chemistries interacts with 
aqueous electrolytes beyond the commonly used ZnSO4 and how their 
respective transport properties and solubilities influence it. 

2. Theory 

The transport properties and stability of aqueous electrolytes in ZIBs 
are based on electrolyte speciation. In our work, we solve the complex 
formation reactions based on electrolyte thermodynamics to describe 
the influence of species concentrations on the electrochemical and 
precipitation reactions and their effect on electrolyte transport. A 
coherent theory for transport in near-neutral aqueous electrolytes was 
previously developed for near-neutral aqueous electrolytes for zinc-air 
batteries [19,20,41] and adapted and validated for ZIBs [13]. In the 
following subsections, we shortly discuss how the electrolyte speciation 
is simulated (Subsection 2.1), how the electrolyte transport is influenced 

by the aqueous complexes formed (Subsection 2.2), and how the formed 
species influence the reaction rates (see Subsection 2.3). 

2.1. Electrolyte speciation 

Electrolyte speciation is calculated based on thermodynamic data on 
complex formation in aqueous solutions [42–44]. The formation of 
complexes in the electrolyte can be described with a set of homogeneous 
electrolyte reactions[45,46]. These reactions and their thermodynamic 
equilibrium constants are listed in the Supporting Information 
(Table S1, S2 and S3). We solve the complexation in these systems by 
using the law of mass action, which states that the ratio of reaction 
products and reactants is constant in equilibrium. For example for 
Zn(Cl)3

− , the law of mass action reads 

cZn(Cl)3
−

cZn2+ cCl−
3 = 10K , (1)  

with K = 0.5 from Reference [42]. We use the equilibrium quotients to 
rewrite the concentrations of the individual complexes as a function of 
their components. In the exemplary case of a ZnCl2 electrolyte, these are 
cZn2+ , cCl− and cH+ . The proportionality relation between H+ and OH- 
concentration in aqueous electrolytes yields cOH− = 10− 14⋅cH+

− 1. We use 
this to get a set of algebraic equations for solving speciation. In a ZnCl2 
electrolyte, these have the form 

cZn2+
T = cZn2+ +

∑

i
j⋅10Ki ⋅cZn2+

j⋅cCl−
k⋅cH+

l , (2)  

cCl−
T = cCl− +

∑

i
k⋅10Ki ⋅cZn2+

j⋅cCl−
k⋅cH+

l , and (3)  

cH+
T = cH+ +

∑

i
l⋅10Ki ⋅cZn2+

j⋅cCl−
k⋅cH+

l. (4)  

Here, ci
T are the total concentrations of the dissolved ions, irrespective 

of the complex the ion is bound in. j, k and l are the stochiometric 
amounts of Zn2+, Cl− and H+ in complex i with the equilibrium constant 
Ki. These equations lead to our definitions of quasi-particles q, with 

cq =
∑

i
τi,qci , (5)  

where τi,q are the stochiometric contribution of species i to quasiparticle 
q. A definition of all quasi-particles used for the ZnSO4, ZnCl2, and 
Zn(CF3SO3)2 electrolytes, including the Mn2+-additives, can be found in 
Section in the Supporting Information. 

Solubility in the investigated aqueous electrolyte is handled using 
the mass action equation for a specific precipitation reaction. In zinc- 
chloride electrolytes, the zinc-chloride hydroxide salt (ZHC) pre-
cipitates with [40] 

5Zn2+ + 2Cl− + 8OH− ⇌Zn5(OH)8Cl2↓. (6)  

In equilibrium, a solubility product Ksp exists so that 

10Ksp = cZn2+
5⋅cCl−

2⋅cH+
− 8. (7)  

Here, we substituted cOH−
8 =

(
10− 14)8⋅cH+

− 8. All precipitation reactions 
are given in Table 1 alongside their thermodynamically derived solu-
bility product. 

The dissolution of Mn2+ from the cathode’s structure (see Subsection 
2.3) is regarded as detrimental to cycling stability. Thus, manganese 
salts are added in an attempt to mitigate its effect. Within the discussion 
of electrolyte additives, Le Chatelier’s principle is used to motivate the 
beneficial behavior of a Mn2+ additive on the dissolution behavior of the 
cathode [15]. The common-ion effect is an application of the generalized 
argument from Chatelier’s principle. It describes the decrease in solu-
bility by adding an ionic additive with an ion in common with the 
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precipitate [47]. In the above-described system, this would apply to the 
addition of MnCl2 to the ZnCl2 electrolyte. Based on the expectation 
from the common-ion effect, an electrolyte with added MnCl2 contains 
more chloride ions, which should, at first sight, reduce the Zn2+ solu-
bility for the precipitation of ZHC. However, in the electrolytes inves-
tigated here, an increase in the total amount of chloride ions does not 
necessarily increase the amount of solvated Cl- similarly due to the 
formation or dissociation of complexes. We study this effect both in 
equilibrium simulations in Subsection 3.2 and within a dynamic cell 
model in Subsection 4.2. 

2.2. Electrolyte transport 

The electrolyte transport used in this model is based on a thermo-
dynamically consistent transport theory[49,50]. The transport descrip-
tion we use here is an adaption based on our quasi-particle model [13, 
19,20,41] to achieve a stable solution for multi-component electrolytes. 
For this model, we neglect the convective contribution to the transport 
equation [51,52]. 

In a generalized concentrated solution theory approach, we can 
calculate the transport for each concentration ci by solving the 
differential-algebraic equations[51] 

∂ϵeci

∂t
= − ∇

→⋅N→
DM

i + ṡi, and (8)  

0 = − ∇
→⋅ j

→
+
∑

i
ziFṡi. (9)  

Here, ϵe is the volume fraction of the electrolyte,zi is the species’ charge, 

and ṡi is the species’ source term. N→
DM
i is the diffusion-migration flux 

and j
→

is the current density, which are defined as 

N→
DM

i = − Diϵβ
e∇
→ci +

ti
ziF

j
→

, and (10)  

j
→

= −
∑

i

z2
i F2Di

RT
ci∇
→

ϕ −
∑

i
ziFDi∇

→ci. (11)  

Here, Di is the species’ diffusion coefficient, zi is its elementary charge, 
and ti is its transference number. The summand in the definition of j

→
is 

equal to the species conductivity κi =
z2

i F2Di
RT ci. The species’ source term si 

includes both the source terms for the electrochemical and precipitation 
reactions and the complex formation reactions. 

This brute-force approach yields many equations, as the transport 
must be solved for each species. This equation system is also highly 
unstable, as the complex formation is significantly faster than regular 
diffusion & migration timescales and may lead to rapidly changing 
concentrations. 

We use the definition from Equation (5) to find our quasi-particle 
transport equation to mitigate this challenge 

∂ϵecq

∂t
=

∑

i
τi,q

∂ϵβ
eci

∂t
=

∑

i
τi,q

(

− ∇
→⋅N→

DM

i + ṡi

)

. (12)  

We define effective transport parameters for the quasi-particles to 
simplify this equation. The quasi-particle diffusion coefficient reads 

Dq =

∑
iτi,qDici

cq
, (13)  

and the quasi-particle transference number 

tq = zq⋅
∑

i

τi,qti
zi

. (14)  

The transference number of the individual complexes used here is based 
on dilute-solution theory with 

ti =
z2

i Dici
∑

iz2
i Dici

. (15)  

Finally, we use these definitions to rewrite the transport equation as 

∂ϵecq

∂t
= ∇

→⋅Dqϵe∇
→cq −

tq
zqF

j
→

+ ṡq. (16)  

This transport equation’s source term, ṡq, is independent of the complex 
formation reactions and is only influenced by electrochemical and 
complex formation reactions. This allows us to effectively reduce the 
dimensionality of the simulations while still consistently integrating the 
thermodynamics of the formed complexes. 

2.3. Electrochemical reactions 

The electrochemical reactions included in this model are the 
Zn/Zn2+ redox-reaction at the anode, as well as Zn2+-insertion and 
Mn2+-dissolution reactions at the MnO2-cathodes. We omit other re-
ported electrochemical reactions, especially the hydrogen evolution 
reaction at the anode, as those are considered detrimental side reactions, 
and mitigation strategies exist to avoid them. An in-detail discussion and 
validation of this approach can be found in our previous publication 
[13]. This subsection highlights the influences of the individual aqueous 
species on these reaction terms. 

Within this work, all electrochemical reactions are calculated as a 
symmetric Butler-Volmer rate[53]. The generalized equation for the 
reaction rate kr is given as 

kr = k0
r sinh

(
zF

2RT
⋅(Δϕ − Ur)

)

. (17)  

Here, Δϕ is the difference in the electrical potential between electrolyte 
and electrode and Ur the open circuit potential of the individual reac-
tion. 

At the anode, the reaction rate of the Zn/Zn2+ redox reaction [54] is 

Table 1 
Precipitation reactions in the investigated electrolytes. *The solubility product of Zn5(OH)2OTf8is extrapolated from experimental pH measurements in zinc triflate 
electrolytes [48].  

Electrolyte Reaction Ksp Ref. 

ZnSO4 ZnCl2 Zn(CF3SO3)2      

✓   4Zn2+ + SO2−
4 + 6OH− ⇌ Zn4(OH)6SO4 28.4 

[42]  
✓  5Zn2+ + 2Cl− + 8OH− ⇌ Zn5(OH)8Cl2 38.5 

[42]   
✓ 5Zn2+ + 8CF3SO−

3 + 2OH− ⇌ Zn5(OH)2(CF3SO3)8 16.7 
[48]* 

✓ ✓ ✓ Zn2+ + 2OH− ⇌ ZnO+ H2O 11.17 
[42] 

✓ ✓ ✓ Zn2+ + 2OH− ⇌ Zn(OH)2 12.45 
[42]  
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calculated with an open circuit potential Uano as 

Uano = U0,Zn +
RT
zF

log
cZn2+

c0
, (18)  

and the reaction rate k0
r is proportional to the electrolytes zinc concen-

tration with k0
r ∝ ̅̅̅̅̅̅̅̅̅̅̅cZn2+

√ . Therefore, electrolytes with a higher contribu-
tion of hydrated cZn2+ ions, which are not bound in any ligand complex, 
allow faster reaction kinetics and the concentration-dependent Nernst 
term changes the equilibrium potential of the redox-reaction. 

The insertion reaction is described with the chemical equation 

Zn2+ + Mn2O4 + 2e− ⇌ZnMn2O4. (19)  

The rate of this insertion reaction kins is, on the one hand, influenced by 
the activity of hydrated Zn2+, with 

kins∝k0⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SOC(1 − SOC)

√ ̅̅̅̅̅̅̅̅̅̅cZn2+
√

, (20)  

where SOC, the state of charge, is the normalized concentration of Zn2+

within the cathode structure. On the other hand, the open circuit po-
tential of the insertion reactions is given with 

Uins = U0,ins +
RT
zF

(

log
SOC

1 − SOC
+ log

cZn2+

c0

)

, (21)  

where U0,ins is the potential of the Zn2+-insertion reaction at reference 
conditions. Regarding electrolyte influences, the rate of the insertion 
reaction changes analog to the anodic redox reaction. 

Additionally, we model the electrochemical dissolution and deposi-
tion of Mn2+ at the cathode. In accordance with DFT calculations [13] 
and experimental findings [55] we describe the dissolution reaction as 

2Zn0.5MnO2 + 2e− + 8H+⇌ Zn2+ + 2Mn2+ + 4H2O. (22)  

The open circuit voltage of the dissolution process Udiss is given as 

Udiss = U0,diss −
RT
zF

[

log
(

cZn2+

c0
⋅
cMn2+

c0

2
)

− 8log
(

cH+

c0

)]

, (23)  

and the rate for this dissolution reaction is proportional to 

k0
diss∝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
cZn0.5MnO2

cZn0.5MnOmax
2

√

. Therefore, the dissolution reaction is slower within 

electrolytes with higher free concentrations of Zn2+, Mn2+, or under 
more alkaline conditions. 

3. Equilibrium simulations 

This section investigates the equilibrium composition and transport 
parameters of different Zn2+-based aqueous electrolytes. Based on the 
thermodynamic data of the multitude of complexes that form between 
Zn2+, Mn2+, and the anions SO2−

4 , Cl-, and CF3SO−
3 in an aqueous 

environment, we can calculate the prevalence of the individual species 
present. In the first subsection (Subsection 3.1), we evaluate this for a 
ZnSO4|MnSO4 electrolyte and compare it with a ZnCl2|MnCl2 electrolyte 
and a Zn(CF3SO3)2 | Mn(CFSO3)2 electrolyte. Based on this, we analyze 
the behavior of the different electrolytes in a quasi-equilibrium manner. 
In the following subsection (Subsection 3.2), we discuss the effects of 
changing the regular MnSO4 additive with either MnCl2 or 
Mn(CF3SO3)2 in a ZnSO4 additive. 

3.1. Ternary salt mixtures 

We use an algebraic set of equations derived from the law of mass 
action of the complex-forming reactions (see Subsection 2.1) to solve the 
speciation of a 2M ZnSO4 electrolyte with a 0.5M additive of MnSO4 for 
a given pH. To allow simulating the complex formation for a fixed pH 
and Zn2+T concentration, the concentration of the salt anion - here SO2−

4 

- has to be implicitly calculated and is not fixed. The experimental 
analog of this simulation is the titration of an aqueous ZnO electrolyte 
with the help of H2SO4. Aqueous ZnSO4 electrolytes are the most 
common choice for ZIBs [1,56]. The chosen concentration is based on 
experimentally validated performance [12,57,58]. A detailed discussion 
on the choice of this electrolyte can be found in Reference [13]. 

Figure 1 and 2 a) shows the concentrations of the formed Zn- 
complexes for a Zn2+

T concentration of 2M and 0.5M MnSO4 as a 
function of electrolyte pH. In the pH region below the solubility limit of 
ZHS, the predominant complex is a ZnSO4 complex with a concentration 
of approximately 1.45M. This ZnSO4 complex therefore binds ≈ 73% of 
the available 2M of Zn2+. At this pH region, hydrated Zn2+ and 
Zn(SO4)2

2− contribute significantly less, with ≈ 12.5% each. The solu-
bility limits of the different Zn-salt precipitation reactions are indicated 
by horizontal lines in Fig. 2 a). The governing precipitation in this 
electrolyte is the precipitation of Zn4SO4(OH)6 at a pH of ≈ 5.4. The 
solubility limit of ZnO and Zn(OH)2 is significantly higher, with 6.3 and 
6.5. Complexes with OH− are only relevant under alkaline conditions 
above the solubility limits of all investigated zinc salts. 

Fig. 2 b) shows the transference number of the electrolyte as a 
function of Zn2+

T concentration and pH value. Analog to Fig. 2 a), the 
concentration of SO2−

4 T is solved implicitly. The solid gray lines are 
trajectories of constant SO2−

4 T concentration. As the electrochemical 
reactions (Subsection 2.3) do not change the amount of sulfate, they are 
pathways during cycling if no precipitation reaction is present. The 
white circle indicates the state of a benign solution of 2M ZnSO4 and 
0.5M MnSO4. The colored lines show the solubility limits of the pre-
cipitation reactions. The solubility of ZHS is not only limiting at a 2M 
concentration but remains to limit the stability of the electrolyte in the 
investigated range [13]. Within the stability limits of the electrolyte, the 
quasi-particle transference number of zinc is negative. While all species 
transference numbers of the individual zinc-ligand complexes are posi-
tive, the overall transference number is negative due to the composition 
of the quasi-particle. Due to the presence of the negatively charged 
Zn(SO4)

2−
2 species, the net migration flux induced on the Zn2+

quasi-particle is in the opposite direction of the positively charged Zn2+. 
Following, we compare the speciation of the chloride- and triflate- 

based electrolytes with the previously discussed results for the sulfate 
electrolyte. Fig. 3 a) shows the predominant zinc-ligand complexes for a 
ZnCl2 electrolyte with a Zn-concentration of cZn2+

T = 2M and 0.5M 
MnCl2 additive. The horizontal lines indicate the solubility limit of 
Zn5(OH)8Cl2 and ZnO, as well as Zn(OH)2. The stability limiting 

Fig. 1. Schematic figure of relevant parameters of aqueous electrolytes which 
influence the cycling mechanism. Shown are the governing effects that are 
influenced by electrolyte composition, i.e., the solubility of precipitates, 
dissolution potential, and the intrinsic transport properties of the electrolyte. 
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Fig. 2. a) Complex formation in a ZnSO4 electrolyte with a fixed Zn amount of cZn2+
T = 2M and a 0.5M Mn2+ additive. Shown are the normalized Zn2+-species 

concentrations as a function of pH. The horizontal gray lines indicate the solubility limit regarding the different precipitation reactions. b) Transference number of 
the zinc quasi-particle of the sulfate electrolyte with 0.5M Mn2+ additive. The gray lines show trajectories of constant SO2−

4 concentration. The white circle indicates 
the initial state of a benign solution of 2M ZnSO4 with 0.5M MnSO4 and the dark gray indicates its isoline, i.e. a 2.5M concentration of SO2−

4 . The colored lines 
indicate the solubility limits of the denoted species. 

Fig. 3. a) Complex formation in a ZnCl2 electrolyte with a fixed Zn amount of cZn2+
T = 2M and a 0.5M Mn2+ additive. Shown are the normalized Zn2+-species 

concentrations as a function of pH. The horizontal gray lines indicate the solubility limit regarding the different precipitation reactions. b) Transference number of 
the zinc quasi-particle of the chloride electrolyte with 0.5M Mn2+ additive. The gray lines show trajectories of constant Cl− concentration. The white circle indicates 
the initial state of a benign solution of a 2M ZnCl2 with 0.5M MnCl2 and the dark gray indicates its isoline, i.e. a 5M concentration of Cl− The colored lines indicate 
the solubility limits of the different species. 

Fig. 4. a) Complex formation in a Zn(CF3SO3)2 electrolyte with a fixed Zn amount of cZn2+
T = 2M and a 0.5M Mn2+ additive. Shown are the normalized Zn2+-species 

concentrations as a function of pH. The horizontal gray lines indicate the solubility limit regarding the different precipitation reactions. b) Transference number of 
the zinc quasi-particle of the triflate electrolyte with 0.5M Mn2+ additive. The gray lines show trajectories of constant CF3SO−

3 concentration. The white circle 
indicates the initial state of a benign solution of a 2M Zn(CF3SO3)2 with 0.5M Mn(CF3SO3)2 an the dark gray indicates its isoline, i.e. a 5M concentration of CF3SO3

− . 
The colored lines indicate the solubility limits of the different species. 
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precipitation here is Zn5(OH)8Cl2 at a pH of ≈ 5.2. Below the precipi-
tation limit, relevant complexes are chloride-based of the form 
Zn(Cl)2− x

x , with ZnCl+ being the most prevalent and binding ≈ 32% of 
the available Zn2+ ions. In contrast to the ZnSO4 electrolyte, the average 
charge of the zinc complexes is higher due to the monovalent chloride 
ion than the divalent sulfate ion. 

Comparable to the results for the ZnSO4-based electrolyte, the pre-
cipitation of the chloride-based zinc-salt is limiting, independent of the 
amount of dissolved zinc (see Fig. 3 b)). The transference number, 
however, is higher than within the sulfate electrolyte but is, similar to 
ZnSO4, not sensitive to the concentration of Zn2+. 

The dominant zinc-ligand complexes of a Zn(CF3SO3)2 electrolyte 
with a Zn-concentration of cZn2+

T = 2M and 0.5M Mn(CF3SO3)2 additive 
are shown in Fig. 4 a). The zinc triflate is entirely dissociated below the 
solubility limit of Zn5(OH)2(CF3SO3)8, which is also found experimen-
tally[59,60]. Zincate species are only relevant under alkaline conditions 
and are not present in the operating window of ZIBs. Fig. 4 b) shows the 
quasi-particle transference number, solubility limits, and trajectories of 
constant CF3SO3

−
T concentration. In contrast to the behavior of the 

sulfate and chloride electrolytes, the solubility of Zn5(OH)2(CF3SO3)8 is 
not limiting for all zinc concentrations. While solubility is limited by the 
triflate salt above concentrations of 1.5M, the pH limit gets more alka-
line with decreasing zinc concentration. At low concentrations, zinc 
triflate is soluble independent of pH, and the electrolyte’s stability is 
governed by the precipitation of ZnO. At alkaline conditions, the tra-
jectories of constant CF3SO3

−
T concentration show a feature not observed 

in the chloride and sulfate electrolytes. Here, the concentration of 
Zn4(OH)4

4+ reaches a maximum and decreases afterward, which can be 
observed in the slopes of the trajectories around a pH of 8. However, it 
has to be noted that the complex formation on the right side of the 
solubility limits will not be reached during operation, as extended pre-
cipitation will buffer the pH close to the solubility limits. Therefore, 
these features do not directly influence the electrolyte’s performance. 

The zinc-quasi particle’s transference number influences the elec-
trolyte’s migration-based net flux of zinc ions. Fig. 5 highlights the 
sensitivity of the transference number for the different electrolytes and 
with different MnX-additive concentrations of 0M to 0.5M, where the 
additive’s anion X is identical with the anion of the zinc salt. To evaluate 
the electrolyte composition and thus the transference number in de-
pendency of the dissolved manganese, we use the charge neutrality in 

the electrolyte to postulate that the change in zinc concentration and the 
change in manganese concentration must cancel out, i.e., ΔcZn2+

T
= −

ΔcMn2+
T
. During discharge, zinc oxidation at the anode matches the 

charge transferred via a cathodic dissolution reaction. This approach 
was already used and discussed in Reference [13]. In Fig. 5, the solid 
lines show the transference number for the electrolytes without a 
manganese additive; the dashed and dotted lines are results with 0.25M 
and 0.5M manganese salt added. The transition between the colored and 
gray line indicates the electrolyte’s solubility limit, as discussed in the 
previous paragraphs. With all electrolytes, the transference number of 
the zinc quasi-particle decreases with increasing manganese additive. 
During the dissolution of the manganese, i.e., − ΔcMn2+

T
> 0, the 

transference number is rarely influenced. During deposition of MnO2, 
the transference number slightly increases, but the influence is 
insignificant. 

The triflate-based electrolyte shows a significantly higher solubility 
limit compared to ZnSO4 and ZnCl2 in this simulation. Additionally, a 
common-ion effect (see Subsection 2.1) can be observed in the triflate 
electrolyte. The higher the amount of Mn(CF3SO3)2 pre-added to the 
electrolyte, the lower the solubility limit during the dissolution reaction. 
As the CF3SO−

3 does not function as a ligand for the cations, the triflate 
ions which are added with the dissolved Mn(CF3SO3)2 consequently 
lower the solubility of the Zn5(OH)2(CF3SO3)8. This strong correlation 
can not be observed for the sulfate and chloride electrolytes. 

3.2. Quaternary salt mixtures 

In the previous section, we found that manganese additives can alter 
electrolyte transport properties and the solubility limit of zinc- 
hydroxide salt. We found that this can be motivated by a common-ion 
effect in dissociated electrolytes, such as zinc triflate, but has different 
behavior in zinc sulfate and zinc chloride electrolytes, which form many 
relevant complexes. Tuning the solubility and transference number can 
significantly alter the cell’s behavior. Therefore, we investigate the in-
fluence of quaternary salt mixtures under equilibrium conditions and 
discuss if the expectations from the common-ion effect can be applied 
here. Instead of the commonly used choice of ternary mixtures, we 
investigate the mixture of zinc sulfate with either a manganese chloride 
or triflate additive. 

Fig. 6 a) shows the transference number and solubility limits of a 
ZnSO4 electrolyte with a 0.5M MnCl2 additive. In contrast to the result 
for the ternary ZnSO4 electrolyte (see Fig. 2), the transference number is 
higher, which is due to formed ZnCl complexes as shown in Figure S1. At 
all zinc concentrations, the solubility of Zn5(OH)8Cl2 is higher than the 
limiting solubility for ZHS so that the expected precipitation remains 
unchanged. 

Fig. 6 b) shows the identical analysis for a mixture of ZnSO4 with a 
0.5M Mn(CF3SO3)2 additive. Here, we observe a quasi-particle trans-
ference number significantly higher than in the ternary zinc-manganese- 
sulfate electrolyte and higher than with the MnCl2 additive. The triflate 
ion in this mixture forms neither complexes with the Mn2+ nor with the 
Zn2+. Therefore, the complex formation of Mn2+ with SO2−

4 reduces the 
activity of sulfate in the electrolyte and thereby shifts the ratio of Zn2+

and Zn(SO4)2
2− to the favor of Zn2+. 

Following, we investigate the influence of a second anion in sulfate- 
based electrolytes on ZHS solubility and compare the effects of Cl- and 
CF3SO−

3 within quarternary mixtures. We therefore simulate a mixture 
of a 2M ZnSO4 and vary the additive. The additive concentration is 
chosen so that the manganese concentration is kept constant with 
cMn2+

T
= 0.5M and the additive’s anion is either changed from SO2−

4 to 
Cl− or to CF3SO−

3 . Fig. 7 shows the resulting equilibrium pH and the 
solubility limit, as well as the MnO2 dissolution potential (see Equation 
(23)) for the different compositions. By introducing triflate as an addi-
tive, we find that partially substituting SO2−

4 with CF3SO−
3 decreases 

Fig. 5. The quasi-particle transference number of the Zn2+ quasi-particle in the 
investigated electrolytes. Shown are the calculated values as a function of the 
dissolved manganese. The different line styles indicate the amount of pre-added 
MnX to the solution within the range of 0M to 0.5M, where X denotes the 
corresponding anion to the investigated zinc salt. The relevant solubility limits 
are shown by the transition of color to gray lines. 
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both the pH at equilibrium from 4.3 to 4.1 as well as the projected 
solubility limit for this composition. The dissolution potential for the 2M 
ZnSO4,5M Mn(CF3SO3)2 electrolyte is 37 mV higher than within the 
ternary sulfate electrolyte. This change in dissolution potential is pri-
marily a result of the more acidic conditions. The analog introduction of 
chloride ions does not lead to an equally significant change. Both the 
equilibrium pH value and the dissolution potential remain relatively 
constant. Only the lower concentration of SO2−

4 within the quarternary 
sulfate-chloride electrolyte slightly increases the solubility limit of ZHS. 
However, we find that the regular common-ion effect is not ubiquitous. 
A reduced solubility is observed for the Mn(CF3SO3)2 additive. The 
corresponding acid of this additive, triflic acid, is a superacid and, per 
definition, a stronger acid than sulfuric acid and hydrochloric acid. This 
has the effect that the Mn2+ ions from the Mn(CF3SO3)2 additive now 
pair with some of the sulfate anions from the zinc sulfate, effectively 
increasing the amount of free zinc present, thereby significantly 
lowering the solubility of ZHS. To conclude, the thermodynamics of the 
present zinc-ligand complexes must be considered when evaluating the 
influence of different electrolyte compositions. In the following section, 
we use our electrolyte model to investigate the electrolyte’s influence on 
the cycling mechanism. 

4. Cycling simulations 

This section investigates the cycling behavior of the previously tested 
aqueous electrolytes within a dynamic electrochemical cell model. 
Within the previous section, we investigate solubility limits, pH stabil-
ity, and the quasi-particle transference number of the electrolytes. Here, 
we use a physicochemical cell model to study the dynamic interaction of 
the electrolyte with the electrochemical electrode reactions. Analog to 
the simulations performed in Reference [13], we use a 
P2D-electrochemical model to describe transport within electrolytes and 
electrodes and model the electrochemical dissolution and insertion re-
actions and the kinetics of the precipitation reaction. The parameteri-
zation of the P2D model is a generalized set of parameters that resemble 
experimentally used 2032 coin cells[22,61–63], which we validated 
previously [13]. The complete set of parameters can be found in the 
Supporting Information, Section 2. The geometry of the electrodes and 
the separator and the kinetics of all electrochemical kinetics are iden-
tically parametrized for all electrolytes; adaptions are solely made to the 
kinetics of the precipitation reaction, as discussed in the Supporting 
Informations (Section 2). 

In the first subsection (see Subsection 4.1), we present cycling results 
in the sulfate, chloride, and triflate-based ternary electrolytes, which we 
analyzed in Subsection 3.1. We examine how the quasi-particle 
Zn2+-transference number influences cycling performance and how 
the two-phase behavior changes with the different dominating pre-
cipitates. In the second part (see Subsection 4.2), we investigate how the 
cycling behavior of the quaternary electrolytes, investigated in Subsec-
tion 3.2 differs from the ternary case. Finally, we discuss how cycling 
performance is influenced by the different electrolyte properties and 
how this can be used to optimize future aqueous ZIBs. 

4.1. Ternary electrolytes 

First, we investigate the influence of the dominant salt anion on the 
cell’s performance. We simulate a galvanostatic discharge with a current 
density of 0.4 mA cm− 2 within our parameterized 2032 coin cell model. 
At the simulated mass loading of 2 mg cm− 2 this results in a discharge 
current of 200mAg− 1. If not explicitly stated otherwise, this discharge 
current density is also applied for other simulations, and all displayed 
results show the behavior in the second discharge or cycle. In experi-
mental works, the first discharge significantly differs from the subse-
quent cycling behavior. Our cell model only consists of reversible 
reactions, so this deviation can not be appropriately described. Our 
procedure resembles experimental protocols by performing an initiali-
zation cycle and analyzing the cycle afterward. 

In this subsection, we simulate cycling in 2M ZnSO4 + 0.5M MnSO4, 

Fig. 6. Solubility Limits and Zn-Transference numbers of the quarternary electrolytes. Shown are the results for ZnSO4 with an a) 0.5M MnCl2 additive, and b) a 
0.5M Mn(CF3SO3)2 additive for a given total zinc concentration and electrolyte pH. The colored lines indicate the solubility limits of all relevant precipita-
tion reactions. 

Fig. 7. Variation of electrolyte parameters in the quarternary transition. Shown 
are the results for salt mixtures with a constant concentration of 2M Zn2+

and.5M Mn2+. The total anion concentration of SO2−
4 starts at 2.5M and the 

anion of the.5M Mn2+ salt is then gradually replaced by either X = Cl− (shown 
as dotted line) or X = CF3SO−

3 shown as. Shown are the electrolyte pH and the 
pH of the solubility limit for ZHS on the left axis. The right axis shows the Mn2+

dissolution potential. 

N.J. Herrmann and B. Horstmann                                                                                                                                                                                                          



Energy Storage Materials 70 (2024) 103437

8

2M ZnCl2 + 0.5M MnCl2 and 2M Zn(CF3SO3)2 + 0.5M Mn(CF3SO3)2 

electrolytes. Fig. 8 a) shows the simulated discharge behavior. The 
colored regions beneath the discharge curve indicate the fractional 
contribution of the Zn2+-insertion and Mn2+-dissolution reactions. The 
lower right axis of Fig. 8 a) shows the total discharged capacity of the 
two processes for the different electrolytes. At the beginning of the 
discharge, i.e., the first discharge phase, all electrolytes show solely a 
Zn2+ insertion mechanism. Later, the cells transition to a second 
discharge phase with present Mn2+-dissolution and show a more or less 
pronounced voltage dip, associated with nucleation/salt precipitation 
[13,54,64]. However, the chloride electrolyte increases the 
dissolution-precipitation mechanism compared to the sulfate electro-
lyte. In contrast, the triflate-based electrolyte’s second discharge phase 
is barely present. A quantitative evaluation of the individual capacities 
of both the Zn2+-insertion as well as the Mn2+ dissolution reaction is 
shown on the lower right axis of Fig. 8. 

Fig. 8 b) shows the pH evolution in the electrolyte and the volume 
fraction of the precipitate during the galvanostatic discharge. We find 
that the pH of all electrolytes becomes more alkaline during the first 
phase of the discharge. With the onset of the precipitation reaction, the 
pH drops shortly. During the second phase of the discharge, the pH in-
creases slower in the chloride and sulfate electrolytes; in the triflate- 
based electrolyte, the pH rises considerably quicker. The precipitation 
of ZHS, as well as ZHC and Zn5(OH)2(CF3SO3)8, is only observed during 
the second discharge phase. Here, the sulfate and chloride-based elec-
trolytes show a similar amount of formed precipitate. The triflate-based 
electrolyte shows less precipitation, but the growth rate is significantly 
higher, correlating with the faster increase in pH value. The precipita-
tion reaction is limited to the vicinity of the cathode for all electrolytes, 
as shown in Figure S3, S4 and S5. We conclude that the general two- 
phase mechanism we described for ZIBs with conventional ZnSO4 
electrolytes is not limited to this specific electrolyte but can also be 
observed in other aqueous electrolytes. However, the quantitative in-
fluence of the Mn2+-dissolution mechanism not only depends on 
Mn2+-concentration, as reported in Reference [13] but also on the anion 
and thus the different aqueous zinc complexes and precipitates formed. 

Now, we study the rate performance for the different electrolytes. 
Therefore, we galvanostatically cycle the cells as mentioned above at 
different current densities from 100mAg− 1 up to 10A g− 1. Fig. 9 i) to iii) 
show the cell potentials during the discharge and subsequent charge for 
a selection of simulated rates. The lower right axis displays the energy 
available during the discharge as a function of the applied rate. In the 
sulfate electrolyte, the second discharge phase is only present at low 
discharge rates[13]. The prolonged second phase for the chloride elec-
trolyte is more stable at higher rates but will disappear above a certain 

threshold. On the other hand, the results of Fig. 9 iii) show that the 
discharge in Zn(CF3SO3)2 electrolytes only shows a minimal second 
phase, which is further suppressed at a higher rate. This fits well with the 
experimental results from Zhang et al. [9] Additionally, the discharged 
capacity shows a much smaller relative decrease. Fig. 9 iv) shows the 
achievable gravimetric energy density during discharge. Here, the tri-
flate electrolyte performs better at rates where the second discharge 
phase is kinetically suppressed. The suppression of the second discharge 
phase leads to a rapid decay of achievable capacity above a threshold 
rate for the sulfate and chloride electrolyte; this sharp drop can not be 
observed in the triflate electrolyte as the second discharge phase does 
not contribute significantly to the total capacity. To conclude, we find 
that the kinetics of the second phase differ significantly between the 
different electrolytes. While the kinetics of sulfate and chloride elec-
trolytes are roughly similar, the triflate electrolyte shows precipitation 
and a second phase with a cathodic dissolution but to a significantly 
smaller extent. However, triflate-based electrolytes perform better in the 
Zn2+ insertion phase and during cycling at higher rates. We attribute the 
improved high-rate performance of the triflate electrolyte to the large 
quasi-particle transference number (see Subsection 3.1). 

Fig. 8. a) Galvanostatic discharge behavior at 200 mAg− 1 (equal to 0.4mA cm− 2 at the simulated mass loading of 2mgcm− 2) for different ternary electrolytes. Shown 
are the simulated cell voltages during the discharge. The colored areas below the discharge potential represent the fractional contribution of the Zn2+-insertion 
current and Mn2+-dissolution current to the overall cell current. b) Evolution of pH at the electrodes during discharge. The electrolyte pH at both anode and cathode 
and the average volume-fraction of zinc-salt precipitate in the cell are shown. 

Fig. 9. i)-iii) Galvanostatic cycling behavior behavior for discharge rates be-
tween 100mAg− 1 and 10A g− 1 in sulfate, chloride and triflate-based ternary 
electrolytes. iv) Comparison of the discharged energy content as a function of 
discharge current. 
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4.2. Quarternary electrolytes 

In this subsection, we study the influence of a quarternary electrolyte 
on the cathodic dissolution and precipitation reactions within our P2D 
cell model. We test mixtures based on a 2M ZnSO4 electrolytes with a 
0.5M manganese additive. An analysis of the equilibrium behavior of 
these quarternary electrolytes is shown in a previous section (see Sub-
section 3.2). We compare the conventionally used MnSO4 additive with 
Mn(Cl)2 and Mn(CF3SO3)2. Fig. 10 a) shows the result for a simulated 
galvanostatic discharge at 200mAg− 1 analog to the results from Fig. 8 a). 
With the addition of 0.5M MnSO4, a clear separation of the two phases 
can be observed. In Reference [13], we discussed that the higher the 
amount of MnSO4 additive, the longer the first discharge phase and the 
later the onset of precipitation. The dissolution reaction onsets much 
earlier in the discharge for the tested chloride and triflate-based elec-
trolytes. However, if discharged until 1.1V, the difference in total ca-
pacity from the Mn2+ dissolution reaction does not differ a lot (lower 
right axis). 

Fig. 10 b) shows the electrolyte’s pH and volume fraction of the 
precipitate as a function of the discharged capacity. In the first discharge 
phase, the pH evolution of the regular and sulfate-chloride electrolyte 
are almost identical. However, the pH drop associated with the precip-
itation onset in the quarternary electrolyte is earlier and slower than in 
the regular sulfate electrolyte. The pH of the sulfate-triflate mixture is 
more acidic than the others, which is in accordance with the equilibrium 
results from Subsection 3.2. The growth of ZHS, shown on the right axis, 
indicates the earlier onset of ZHS growth in electrolytes with triflate and 
chloride additives. But we also observe that the amount of ZHS produced 
is roughly independent of the choice of Mn2+ additive. 

4.3. Discussion 

The simulation results for the different electrolytes show significant 
differences in characteristic cell potential and achievable capacities. 
This demonstrates the significance of complex formation for cell per-
formance. For aqueous ZIBs with manganese cathodes, the electrolyte 
composition directly influences the interplay of the two discharge pha-
ses. The zinc-hydroxide salt precipitation is needed to transition from 
the first to the second discharge phase [13]. In ZnSO4, this is the pre-
cipitation of ZHS, and all other tested electrolytes show a similar 
behavior. However, we find that the extent of the second discharge 
phase, dominated by the dissolution of Mn2+ from the cathode, is 
influenced by the stoichiometry of the precipitate. While ZHS and ZHC 
both bind 6 to 8 hydroxide per precipitated Zn2+, the dominant 

precipitate in the triflate, Zn5(OH)2(CF3SO3)8, only binds 0.5 OH- per 
Zn2+. This significantly reduces the buffering effect and the capacity of 
the Mn2+ dissolution phase. While the Mn2+ dissolution phase increases 
achievable capacity at low rates, it is commonly regarded as partially 
irreversible and assumed to reduce cycle life[13]. Therefore, the 
reduced dissolution phase in the triflate electrolyte might help achieve 
higher cycling stability. 

Additionally, we simulated the electrolyte transport, focusing on the 
quasi-particle transference number. A higher effective transference 
number of the Zn2+ species supports the zinc transport between the 
electrodes by increasing the migration flux (see Figure S6). The addition 
of Mn2+ to the electrolyte lowers the transference number of the Zn2+

quasi-particle for all ternary electrolytes, which is detrimental for Zn2+

transport between the electrodes. However, a Mn2+-additive is needed 
to prolong the first discharge phase [13]. Therefore, the longer first 
phase brings a reduced Zn2+ transference number as a trade-off in the 
ternary electrolytes. Within the quarternary electrolytes, which achieve 
higher transference numbers of zinc at the same manganese content, the 
combination of solubility limit and Mn2+ dissolution potential (see 
Subsection 3.2) still results in a reduced first phase. We find that the 
reduced formation of zinc-ligand complexes in the Zn(CF3SO3)2 elec-
trolytes achieves the highest transference number (see Fig. 5), which 
transfers to a better performance at high current densities (see Fig. 9). 
We conclude that electrolyte design for high-performance aqueous ZIBs 
must be based on analyzing relevant solubility limits reactions and the 
formation of zinc-ligand complexes. Precipitation and formed com-
plexes directly influence electrolyte transport and alter the cycling 
mechanism by interaction with the MnO2 dissolution process and the 
feedback process between dissolution and zinc-hydroxide-salt precipi-
tation. Electrolytes, such as zinc triflate, which show high zinc trans-
ference numbers and reduced precipitation, are expected to achieve 
better stability at low rates and reduce the transport-based overpotential 
at high rates. 

This simulation study and the above-discussed optimization 
approach focus on the interaction of the cathode’s cycling mechanism 
and the unique interaction mechanism between the cathodic dissolution 
of Mn2+ and the precipitation of zinc salts. To our knowledge, this 
approach has not been pursued experimentally. Electrolyte optimization 
strategies often focus on the stability of zinc metal anodes and 
decreasing anodic hydrogen evolution. For example, the usage of non- 
aqueous polar solvents effectively mitigates hydrogen evolution. How-
ever, the performance of MnO2 cathodes significantly decreases in the 
absence of water. Recently, hybrid solvent mixtures of water with polar 
aprotic solvents achieved promising performance in combination with a 

Fig. 10. a) Galvanostatic discharge behavior at 200mAg− 1 for a 2M ZnSO4 electrolytes with different Mn-salts added. Shown are the simulated cell voltages during 
the discharge in the second cycle. The colored areas below the discharge potential represent the fractional contribution of the Zn2+-insertion current and the 
Mn2+-dissolution current. The axis on the lower right shows the cumulative capacities of the insertion and dissolution process during discharge. b) Evolution of pH at 
the electrodes and for the tested electrolytes. The electrolyte pH at both anode and cathode and the average volume-fraction of Zinc-salt precipitate in the cell 
are shown. 
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zinc triflate salt [60,65,66]. This underlines that our electrolyte strategy 
to optimize the cycling mechanism of MnO2 cathodes can likely be 
combined with optimization strategies focussing on the zinc metal 
anode. 

5. Conclusion 

Our previous work highlighted the unique mechanism leading to the 
observed two-phase mechanism in ZIBs with MnO2 cathodes[13]. 
Within the first phase, the cathode dissolution is self-limiting due to its 
strong dependency on electrolyte pH. Once the electrolytes reach their 
precipitation limit, the electrolyte pH is buffered by a precipitation re-
action so that the second phase onsets, which shows a relevant amount 
of cathodic dissolution and precipitation. Here, we first calculated spe-
ciations for different electrolytes, once a chloride-based electrolyte and 
a triflate-based one, and compared this to the commonly used 
sulfate-based electrolyte. We found limiting precipitation reactions 
similar to the ZHS precipitation in ZnSO4 in all investigated mixtures. 
However, the electrolytes differ in Zn speciation and thus vary in the 
transference number of the corresponding quasi-particle. Additionally, 
the different stoichiometries of the precipitation reactions change the 
strength of the buffering effect. We showed that the different electrolytes 
produce inherently different results during cycling simulations, which 
we link with their equilibrium speciation. The quasi-particle trans-
ference number and the stochiometry and solubility of the specific 
precipitation reaction at the cathode significantly alter the second 
discharge phase. While the results for the chloride electrolytes resemble 
the findings for the sulfate electrolyte, the triflate electrolyte shows a 
significantly higher quasi-particle transference number for Zn2+, which 
yields faster transport and a reduced influence of the second phase, 
expected to increase cycling stability. Knowledge of this mechanism 
helps design high-performance electrolytes that optimize the charac-
teristic precipitation reaction and the cathodic dissolution. We expect 
that a strategy that effectively combines a Zn(CF3SO3)2 electrolyte with 
additional measures to stabilize the electrodes’ side-reactions catalyzed 
by the triflate anion increases the performance of next-generation 
aqueous ZIBs significantly. 
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