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Modeling of lon Agglomeration in Magnesium Electrolytes
and its Impacts on Battery Performance
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Arnulf Latz®® ¢

The choice of electrolyte has a crucial influence on the per-
formance of rechargeable magnesium batteries. In multivalent
electrolytes an agglomeration of ions to pairs or bigger clus-
ters may affect the transport in the electrolyte and the reaction
at the electrodes. In this work the formation of clusters is in-
cluded in a general model for magnesium batteries. In this
model, the effect of cluster formation on transport, thermody-
namics and kinetics is consistently taken into account. The
model is used to analyze the effect of ion clustering in magne-
sium tetrakis(hexafluoroisopropyloxy)borate in dimethoxy-
ethane as electrolyte. It becomes apparent that ion agglomera-
tion is able to explain experimentally observed phenomena at
high salt concentrations.

The main requirements for next-generation batteries are a
high energy density, a high safety, and a sufficient availability
of raw materials at low cost. Compared to the state-of-the-art
Li-ion battery technology, metal anodes are key to significantly
higher specific capacities." Thereby, it is necessary to avoid
capacity loss and short circuits caused by the growth of den-
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dritic structures. In contrast to many other metals, magnesium
prefers higher coordinated structures, which potentially ena-
bles a dendrite-free and, therefore, safe cycling of the bat-
tery.®>! Another prominent advantage of magnesium is its nat-
ural abundance, which allows economic and sustainable large-
scale application of magnesium-based battery technology.®®

The bivalency of the magnesium cations leads not only to a
very high volumetric capacity but also to strong electrostatic
interactions with the anion as well as with the solvent. There-
fore, the solvation of the ions is always competing with their
association, which can usually be seen in poor salt solubility
and/or ionic conductivity. Indeed, it was found that ion pairs
and bigger clusters are formed in many magnesium-based
electrolytes, for example, Mg(BH,),, Mg(TFSl),, or MgCl,." ™
Thereby, the formation and size of the agglomerates strongly
depends on the anion, the solvent, the concentration, and the
electric field strength. Such clustering significantly affects elec-
trolyte properties: clusters effectively screen the double charge
of the magnesium cation, thus reducing charge density and in-
teractions between the ionic agglomerates; but at the same
time, the larger size of the clusters reduces their diffusivity,
lowers ionic conductivity, and sterically hinders the charge
transfer at the electrode.

As a first step towards understanding and minimizing the
negative impact of ion clusters on battery performance we an-
alyze the thermodynamics of the cluster formation equilibrium.
For obtaining a predictive model, ion aggregation is consis-
tently coupled to the transport of dissolved species in the elec-
trolyte and the charge-transfer reaction at the interface of a
symmetric magnesium battery cell.

To date, experimental studies of ion pairs and clusters in
magnesium-based electrolytes, which are available in literature,
are limited to the detection of the agglomerates. More de-
tailed studies on the properties of prenucleation clusters have
been done with aqueous calcium carbonate solutions for in-
stance."®'® Even though the physical properties of such a
system differ significantly from the ones of magnesium-based
electrolytes with low-dielectric-constant solvents, it provides
valuable information on the fundamental characteristics of pre-
nucleation clusters. For instance, it was found that the clusters
are neutral, thermodynamically stable species, which exist in
under- and supersaturated solutions. Thereby, fast kinetics are
observed, which leads to the conclusion that the activation
barriers of the cluster equilibrium are negligible compared to
the thermal energy. Moreover, ion aggregation is endothermic
and, therefore, its driving force needs to be entropic in nature.
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Since the release of solvent molecules from the solvation  du  RT p 3)
shells of the ions seems to be the driving factor for the cluster ~ dc, ¢, = heme

formation, we include the solvation in our description of the
cluster formation equilibrium. In general, the ion aggregation
in 2:1 magnesium electrolytes is given by

zMg(Sol)Z" + 2z A(Sol), = Mg,A,,(S0l),, 2z, + ¥ Sol

where A and Sol denote the anion and solvent, w and x are
the solvation number of the magnesium cation and the corre-
sponding anion, y is the number of released solvent molecules
per cluster, and z describes the size of the neutral clusters,
which consist out of 3z ions. This general cluster formation
equilibrium can be described by the law of mass action
[Eqg. (1)1, which correlates the equilibrium constant K with the
activities a of the magnesium cation (+), the anion (—), the sol-
vent (0), and the clusters (c).

Y Y
K = acao _ CCCO (-I )
aza*  yricy¥cz

For neutral species (cluster and solvent) it is assumed that
the activity is well described by their concentration (dy ~ cy/)-
For the dissolved ions we have to take non-ideal behavior into
account (a,,_=vy,, c,, ), because the concentration of the
magnesium salt in the electrolyte is usually quite high and the
high charge density of the bivalent magnesium cation leads to
strong coulombic interactions. Since experimental data for the
concentration-dependent activity coefficients y of magnesium
electrolytes are very rare in literature, we use the modified
Davis equation” to describe the non-ideality [Eqgs. (51)-(S4) in
the Supporting Information].

The law of mass action [Eq. (1)] and the mass conservation
in the equilibrium [Egs. (S5)-(S7)] relate the concentrations of
the four electrolyte species to the salt concentration c. and
can be coupled to our thermodynamically consistent transport
theory [Egs. (S14)-(S16)], which was presented in earlier
work.?? The equation system is simplified for an isothermal
process (T=298.15 K), adapted to the bivalency of magnesium
z, =2, and solved for the magnesium salt concentration c.,
the electrochemical potential of the electrolyte ¢, and the
electric potential of the electrode ..

The effect of the clusters on the activity of the magnesium
ions is considered via the effective chemical u, which can be
described by Equation (2):

= Zac z 2)

where i denotes the existing species in the electrolyte, which
in our case are the magnesium cation, the anion, the solvent,
and the cluster (i=+, —, 0, c). The derivative of the effective
chemical potential % is an important part of the transport
equations for the elecirolyte [Eqg. (514)] and can be written as a
function of the thermodynamic factor fymo [EQ. (3)]
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Thereby, the thermodynamic factor, which describes all interac-
tions between the species, is defined by Equation (4):

o 8Iny, ac; z.ci
Zaci é)lnci o) ¢ (4)

The activity coefficient of the neutral cluster y. and solvent
Y, are assumed to be 1, whereas the activity coefficients of the
magnesium cation y_ and the corresponding anion y_ are
given by the modified Davis equation [Eq. (S1)]. The correlation
between the salt concentration ¢, and the individual concen-
trations of the four electrolyte species c; results from the clus-
ter formation equilibrium [Egs. (1) and (S5)-(S7)]. The partial
derivatives of the species concentrations and activity coeffi-
cients are determined numerically. A detailed derivation of the
effective chemical potential u and the thermodynamic factor
finermo IS given in the Supporting Information.

The electron transfer reaction at the interface is described
by the Butler-Volmer approach. In principle, magnesium can
be plated from the solvated cations as well as from the clus-
ters. Since the magnesium cations need to get very close to
the electrode surface for the electron-transfer reaction and the
clusters are large, it is assumed that only one magnesium
cation per cluster can undergo the charge transfer at the inter-
face. Moreover, the electrode surface is limited and, therefore,
the two electroactive species will compete for reaction sites.
Therefore, we have to consider steric effects, especially since
the clusters are significantly larger than the solvated magnesi-
um ions. This is done by introducing a weighting factor into
the Butler-Volmer equation [Eq. (5)], which is based on the
radius r and concentration ¢ of the two solvated, electroactive
species (j= 4, ¢). Thus, the current density across the elec-
trode—electrolyte interface i is given by Equation (5):

; ( [a/‘z F } {—afz—f—F
exp RT ;| —exp Tns
of and o with of +af =1 are the anodic and cathodic sym-
metry factors. It is assumed that the activity of the free magne-
sium ions and the magnesium ions bound in the clusters is
similar. Therefore, the overpotential #;, is equal for both electro-

active species and can be written in terms of the electrochemi-
cal potential of the electrolyte ¢, [Eq. (6)]:

thermo

Z Zl

(5)

s = cps_(pe_UO (6)

where U, denotes the open-circuit potential and is zero for a
symmetric magnesium cell. The exchange current density ij‘.’ is
given by Equation (7):

. CI.A (ZC
i =k-z.,F-a’c (7)
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In our model we assume that clusters are less prone toward
redox reaction at the electrode than solvated magnesium ions
since the electrostatic interactions between magnesium cat-
ions and corresponding anions should be stronger compared
to interactions between magnesium ions and solvent mole-
cules. Moreover, bulky anions should hamper the bound mag-
nesium ions to get close to the electrode surface. Therefore,
the rate constant of the charge transfer reaction k; will be sig-
nificantly smaller for the clusters. In principle, it should depend
on how many magnesium ions are located at the surface of
the cluster. Therefore, the rate constant of the cluster k. can be
related to the one of the solvated magnesium k. by the
volume fraction of the enclosed magnesium via Equation (8).

VJr r/3

+
- -k, = . 8
V+ +2v_ k+ r/_’j,r +2f’3, k+ ( )

ke

The radius of the cluster can be estimated by assuming that
there is no solvent encased in the cluster. From the number
and radius r' of the unsolvated ions, which form the cluster,
follows Equation (9):

1

1 / / 3
rc:(€—~z~(ri+2rf)) + roy) 9)

C

where ¢.<0.74 describes the packing density of the ions. The
minimum value for the cluster radius is obtained when closest
packing is assumed (e.=0.74). Additionally, the solvation shell
of the cluster (rs,) has to be considered.

To test our newly developed continuum model, we apply it
to the state-of-the-art chloride-free magnesium tetrakis(hexa-
fluoroisopropyloxy)borate/dimethoxyethane (Mg[B(hfip),l/
DME) electrolyte??? The set of equations is discretized by
finite volumes and numerically solved for different electrolyte
concentrations and current densities. The model parameters
are either derived from experimental data or results of DFT cal-
culations (Table 1). There is no concentration-dependent exper-
imental data of diffusion coefficients and transference numbers
available in the literature. Therefore, the transference number
is taken to be constant. In the case of the diffusion coefficient
D the influence of the cluster can qualitatively be considered
by the Stokes-Einstein equation, which describes an inverse
dependence of the diffusion coefficient on the hydrodynamic
radius. This leads to the following relation [Eq. (10)]:

(10)

The effective diffusion coefficient, which is needed for the
transport equation, is given by the weighted, harmonic mean
[Eq. (1)

_ G tc

Cy Cc
5. o

D (1)

In principle, a higher electrolyte concentration enables faster
electron transfer kinetics [Egs. (5) and (7)]. Furthermore, the ex-
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Table 1. Parameters for the simulation of a symmetric Mg cell with
Mg[B(hfip)412/DME electrolyte.

Parameter Value Source
Transport

K. 0-1.1Sm™’ [22]

D, 1x107"°m?s™! -

t, 0.21 experiment”
Kinetics

k. 1.3x10°ms™! [23]

at=aS 0.5 -

a=at 0.5 -

Cluster

w 3 [21], DFT®

X 0 DFT®

y 3z [24], DFT®
r, 487 pm DFT®

r=r 584 pm DFT®

r, 80 pm [25]

& 0.74

Solvent

Pome” 868 gm [26]

er(DME)[C] 73 [26]

[a] The technical details on the DFT calculations and the measurement of
the transference number can be found in the Supporting Information.
[b] The concentration of DME ¢, is calculated from its molar mass and its
density p. [c] ¢, denotes the relative permittivity.

perimental data for the ionic conductivity® implies that there

is no significant transport limitation in the salt concentration
range between 0.2-0.5 M. Therefore, a decrease of the overpo-
tential with increasing electrolyte concentration is expected
when no ion aggregation takes place (Figure 1). Since experi-
mental studies report increasing overpotentials with increasing
electrolyte concentration®?” there has to be an additional
process that has a negative impact on the ion mobility in the
electrolyte and/or on the electrochemical reaction at the elec-
trodes. Our simulations including the effect of cluster forma-
tion indicate that this discrepancy can indeed be explained by
ion agglomeration (Figure 1).

Since the exact properties of the Mg,[B(hfip),l,, ion clusters
are not known yet, parameter studies were performed to in-
vestigate the influence of the stability (K) and size (z) of the ag-

| Exp'eriment
[EW Simulation with clusters
3 Simulation without clusters

-
N
o

-
o
o

H [ (o]
o o o
T T T

Normalized cell voltage / %
N
o

o

0.3 0.4 0.5
Electrolyte concentration ¢ / mol L

Figure 1. Overpotential of Mg plating in symmetric Mg cells at 1 mAcm™2:
Qualitative comparison of experimental data®*?” and results from simula-

tions with (K=1, z=3) and without considering cluster formation.
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glomerates on the cluster-formation equilibrium. Equilibrium
constants K from 107° to 10° and cluster sizes z from 1 to 10
were analyzed (Figures 2 and S3). It is known that in low die-
lectric solvents contact and solvent-separated ion pairs are
present at very low salt concentrations.?” The simple evalua-
tion of the cluster-formation equilibrium (Figure 2) is not able
to describe this behavior. Since this work focuses on higher
electrolyte concentrations, as they are used in experiments, ion
pairing at dilute concentrations is not considered in the model.
The analysis of the cluster formation equilibrium (Figure 2)
shows that the amount of free magnesium ions ¢ increases
linearly with the electrolyte concentration c. until a critical
concentration is reached, where cluster formation occurs. Sub-
sequently, the concentration of free magnesium ions quickly
drops before it slowly approaches zero and almost all magnesi-
um ions are trapped in ionic agglomerates. It can be seen that
the impact of the cluster size is quite small (Figure 2b), where-
as the cluster stability more significantly affects the critical
electrolyte concentration for ion agglomeration (Figure 2a).
Moreover, it becomes obvious, that the electrolyte concentra-
tions, which were used in the experiments (0.3-0.5m),**?") are
quite close to the critical concentration, no matter how big
and stable the clusters are (Figures 1 and Figure 2). Further-
more, the evaluation of the cluster-formation equilibrium (Fig-
ure S3) of the 0.4m electrolyte shows that the formation of
medium-to-big sized clusters is thermodynamically favorable
when the clusters are unstable (K< 1). With increasing equilib-
rium constant the formation of smaller clusters becomes ad-
vantageous.
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Figure 2. Influence of equilibrium constant K (a) and cluster size z (b) on ion
aggregation.
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In a next step the impact of cluster size and stability on the
overpotential of a symmetric magnesium cell is evaluated. This
is done for nine different electrolyte concentrations between
0.1 and 0.5m as well as for two different current densities (0.1
and 1mAcm ). The corresponding concentrations of free
Mg? " for the analyzed K and z range can be found in the Sup-
porting Information (Figure S4). For small electrolyte concen-
trations (c, <0.2m) no significant cluster formation could be
observed, independent of cluster size and stability.

Figure 3 shows simulation results for the 0.4 m electrolyte at
0.1 mAcm™2 In general, stable clusters lead to a higher over-
potential. This expected behavior becomes more pronounced
the smaller the clusters are and the closer the electrolyte con-
centration is to the critical concentration (Figure S5). Moreover,
it can be seen that when the clusters are thermodynamically
unstable (K< 1) larger clusters affect the battery performance
stronger than smaller ones. The opposite behavior is observed
for stable (K> 1) ion clusters.

Comparison of Figures 3 and S3 implies, that there is an in-
verse correlation between the concentration of free Mg®" (c.)
and the overpotential. The exact relation between the cell volt-
age and the amount of free magnesium ions for the analyzed
electrolyte concentrations is shown in Figure 4. As expected,
an inverse linear behavior can be seen over a wide range, es-
pecially at low current densities. Consequently, the main effect
of cluster formation seems to be that the concentration of the
main electrochemical active species Mg®" (c.) is reduced.
However, there are also significant deviations from linearity
(Figure 4), which reflect the impact of the clusters on ion mobi-
lity in the electrolyte and the reaction at the electrodes taken
into account in our model. By including and excluding the in-
dividual effects in the simulations (Figure S7) and by analyzing
the kinetics of the electron-transfer reaction (Figure S6) as well
as the concentration gradients (Figure S9), the observed be-
havior of the overpotential (Figure 4) can be explained. A de-
tailed discussion of the contribution of individual processes
can be found in the Supporting Information.

The variation of the overpotential at similar ¢, in Figure 4 is
caused by the influence of the cluster size z on the kinetics of
the electron transfer reaction. The steric hindrance dominates

10
B 0.4
N >
a £
N 03 &
6 =
5 £
1) 023
E 4 —]
o 5]
0.1
2

-10 -5 0 5 10
Equilibrium constant log(K)

Figure 3. Influence of K and z on the overpotential and the mean cluster
concentration ¢, in symmetric Mg cells with 0.4 m Mg[B(hfip),],/DME electro-

lyte at a current density of 0.1 mAcm 2.
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Figure 4. Parameter study: Correlation between the overpotential and the
mean concentration of free magnesium ions in symmetric Mg cells at cur-
rent densities of 0.1 mAcm™ (a) and 1 mAcm™2 (b) with varying initial salt
concentration.

at higher c, (lower ¢, Figure 43, region Il), which means that
bigger clusters are slightly advantageous for the overpotential
(Figure S6). The pronounced fluctuations of the overpotential
at low c, (Figure 4a, region I) can be assigned to the electro-
chemical reactivity of the clusters, which provides a parallel
route for magnesium plating and stripping. Therefore, the clus-
ter size has a significant influence on the Butler-Volmer reac-
tion rate and consequently on the overpotential. In contrast to
the region Il, which is dominated by steric effects, smaller clus-
ters are favorable at low c, .

The maximum of the overpotential at very low c. (Fig-
ure 4a, region |) is mainly caused by the activity of the free
magnesium ions (Figure S6), which is considered in the Butler—
Volmer reaction rate [Eq. (7)]. Because of the coulombic inter-
actions with the anion the activity of the magnesium ions first
tends to decrease, which causes an increase of the overpoten-
tial. After a critical value is reached the activity starts to in-
crease with the concentration, which enhances the kinetics of
the charge transfer and reduces the overpotential. Another
contribution to the maximum of the overpotential at low ¢,
can be assigned to the electrochemical reactivity of the clus-
ters. In the region of small ¢, the cluster concentration c. is
very high and the additional plating from the clusters over-
compensates the steric hindrance of the plating from free
magnesium ions, which leads to an enhancement of the kinet-
ics.

Figure 4b shows the same graph at a higher current density.
In our simulations we observe a pronounced shoulder, where

ChemSusChem 2020, 13, 3599 - 3604 www.chemsuschem.org
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a) the overpotential remains constant over a wide range of c
O'SW‘; °0.1molL" ] (Figure 4b, region lla). This feature can be assigned to a trans-
-m.’f--?‘.""'»-\ ® 0:15mol 51 port limitation in the electrolyte, which leads to high concen-
> 041 % . g:zsm,::)h_-r tration gradients and causes a locally smaller or higher electro-
%03_ : \:‘ I #0.Simel L‘1_1_ lyte concentration c. at the two electrodes, respectively. Con-
E \ . gjsm'zr:__'q sequently, the cluster formation will be diminished or en-
=02} ) « 0.45 mol L1 hanced, which directly affects the kinetics of the electron trans-
© K ‘\:.;‘ " 0.5mol L fer reaction. Therefore, the behavior of the cell voltage at high
Gar > “"'-Q,__ | c.. (region llb) is determined by stripping (Figure S8) whereas
o Ol A om : L~ plating is responsible for the trends of the overpotential in the

0 0:1 02 . 04 29 low c, range (region | and lla).
MSAnTeESaaten BFUmEe:big ¢ i el L From experiments it is known that the overpotential for the
b) ' 0.3m and 0.4m Mg[B(hfip),],/DME electrolyte is quite similar at
07t | : s " :g:smol L'1_1- a current density of 0.1 mAcm 22? This information is used to
63 m"‘o:)'LH ] get more insight about the values for K and z (Figure S10a). It
> * 0.25 mol L™ was found that the value for the equilibrium constant K de-
% gzsmn:LlLL11 creases exponentially with the cluster size z. Consequently,
§ . 04mall ] bigger clusters need to be less stable than smaller ones to
E . it %g * 0.45 mol _L1" have the same effect on the overpotential. Interestingly, the
0.3t K N 0.5 mol L 5 ion clusters in the Mg[B(hfip),]l,/DME electrolyte seem to be
02} 1 5 - thermodynamically unstable (K< 1), which is in contrast to

mA cm . " .
. . . i CaCoO; prenucleation clusters that were found in aqueous solu-
0 0.1 0.2 0.3 0.4 0.5

tion""*"® as well as to Mg(TFSI)" ion pairs in DME and di-
glyme."™ As expected, the adverse impact of ion clusters is
more pronounced the bigger the clusters are. However, the in-
fluence of the cluster size is very small (Figure S10b). There-
fore, simulations with clusters of the size z=1 were used to
identify the electrolyte concentration with the best per-
formance in terms of a small overpotential (Figure5). It is
found that a salt concentration between 0.3m and 0.4wm is
ideal, whereby the electrolyte concentration showing the
lowest overpotential becomes slightly lower with increasing
current density. Moreover, there is a correlation between the
ideal electrolyte concentration and the mean cluster concen-
tration in the electrolyte. The adverse effects of the clusters
become relevant for the overpotential almost as soon as they
are formed (c.~0.01 molL™"). Furthermore, it is found, that the
overpotential of cells with electrolyte concentrations of around
0.45m decreases at high current densities (Figures5 and
S10b). This behavior is counter intuitive and certainly requires
more investigation.

1 0.7
N
£ 0.6
Sos "
S 0.5 =
206 04 @
7] -—
5 035
S04 T
= 020
£
30.2 0.1

0.1 0.2 0.3 0.4 0.5
Electrolyte concentration c, /mol L™’

Figure 5. Influence of the electrolyte concentration ¢, and the current den-
sity on the overpotential and ¢, for clusters with the size z=1 and the equi-
librium constant In(K) = —3.97.
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In summary, we consistently included the aggregation of
ions to clusters in our model for electrolytes containing mag-
nesium salts. This general model was applied to a symmetric
magnesium cell with magnesium tetrakis(hexafluoroisopropy-
loxy)borate/dimethoxyethane (Mg[B(hfip),l,/DME) as electrolyte
to develop a better understanding of the influence of the clus-
ter formation on the overall battery performance. Parameter
studies were done to analyze the impact of the electrolyte
concentration and the current density as well as the stability
and size of ion clusters. In general, there is a critical electrolyte
concentration at which the amount of clusters is high enough
(>0.01m) to have a negative impact on battery performance.
Therefore, the clusters mainly affect the kinetics of the charge-
transfer reaction. Additionally, the clusters reduce the ion mo-
bility in the electrolyte, but transport limitations were only
found at high current densities. Surprisingly, for certain cluster
properties and electrolyte concentrations the transport limita-
tions may even be advantageous for battery performance, but
in this case the overpotential is significantly higher than the
predicted minimum. All in all, cluster formation is key to repro-
duce the qualitative trends in the experimental data at differ-
ent electrolyte concentrations. Finally, our simulations predict
that at current densities between 0.1 and 1 mAcm™ the best
battery performance can be found at electrolyte concentra-
tions around 0.35M. Most of the analysis in this work focuses
on the performance of symmetric magnesium cells, which are
of limited practical relevance. However, as demonstrated in
Figure S8, similar analysis can also be performed for cells in-
cluding reference electrodes or full cell setups. Therefore, the
model presented in this article provides basis for the theoreti-
cal analysis and optimization of magnesium electrolytes show-
ing ion clustering. Further research should include the transfer
of the model to other magnesium electrolytes such as
Mg(TFSI), and especially chloride-containing systems. More-
over, detailed models for the analysis of the electrode—electro-
lyte interface, for example, including degradation effects,’?®
need to be developed.
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