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1 Introduction

The hurdles in Mg intercalation processes stems from both kinetic and thermodynamic limitations, as well as
surface/interfacial complications. The Mg ion bivalency and its small ionic radius leads to sluggish solid-state
diffusion and difficulty in maintaining local electroneutrality within the crystalline hosts during equilibrium[1]. Up
to date only Chevrel phase based (CP) cathodes exhibit reversible Mg ions intercalation with reasonable kinetics.
Despite CP’s reversible Mg insertion, its relatively low intercalation potential and low specific capacity renders it
insufficient for practical systems. The lack of any other high voltage/capacity host material for Mg ions hampers
the development of practical RMBs.

Rational development of novel cathode materials requires several basic understandings, among them thorough
knowledge of the complicated mechanism of Mg intercalation and its relation to the electrolytic solution’s nature.
Some in-depth studies have already revealed that the chemical, electrochemical, interfacial and the physical
processes associated with the intercalation reactions are, sometimes, much more complicated than the ion’s
solid-state diffusion and phase changes alone. The ability of ions, atoms, or even molecules to reversibly insert
into crystalline materials is frequently perceived to be dependent only on the aptitude of the inserted ions to
occupy available sites in the crystalline host material and the associated solid-state chemical changes. In reality,
however, interfacial interactions prove to be way more complicated and key factors to the material's function as
insertion compound.

It had already been established that some electrochemical intercalation reactions, especially in the case of Mg
ions, are strongly electrolyte solution dependent. For example, a-V,0s was found to be inactive in MgTFSI,/AN
solution, while electrochemically active in Mg(ClO,),/AN[2]. In addition, had been demonstrated that the
electroanalytical behavior of Mg intercalation processes into CP is different in 0.25M AICl; + 0.5M PhMgCI/THF
(APC) then in 0.25M MgTFSl,+ 0.5M MgCl,/DME (ICD)[3]. In another words, Mg intercalation processes into
crystalline hosts is, at least in some cases, is strongly influenced by the electrolyte solution or by a synergy
between the cathode and specific species in the electrolyte solution. The reason for these effects lies in the
complex, sequential chemical and electrochemical reactions steps encompassing the complete intercalation
reaction mechanism. These can be charge transfer across two different interphases, infinite solid-state diffusion,
semi-infinite solid-state diffusion, accumulation and specific surface and interfacial reactions and interactions.
Each component in the electrolyte solution may have substantial effect on one or several of these steps, in kinetic
or thermodynamic terms.

Most of the electrolyte solutions explored for rechargeable Mg system comprise Cl-based ions[4—8] These provide
several functions, among them, lowering the overpotential for deposition, enhancing magnesium deposition
kinetics[9], expanding the electrochemical stability window and improving the metal deposition Faradaic
reversibility.

In the follow, the deliverable D2.2 is presented as an overview of the finding and highlights from different
systematic studies performed recently at BIU in frame of E-MAGIC project. Part of those outcomes has been
recently published in references [2] and [3] and other ones are in review process at the time this deliverable is
submitted. In that sense, this deliverable will be public as soon as the last submitted manuscript regarding the
topic presented hereafter is accepted for publication.

2. How solution chemistry affects the electrochemical behavior of cathodes for Mg
batteries, a classical electro-analytical study.

2.1. Qualitative analysis of the slow sweep rate cyclic voltammetry:

The aim of the work described in this section was to determine qualitatively, how the electrolyte solutions nature
(the electroactive complexes and the solvents) influences the kinetics and the thermodynamics of the
intercalation process into the CP electrodes selected for this study. It is important to note that the fact that the
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Chevrel phase (CP) material used herein include a few percent of copper is very important. It provides an extra
red-ox activity which enable to emphasize clearly solutions effects, as described later herein.

For this study, high resolution slow scan rates CV (SSCV) was proven as a very useful electro-analytical tool. Figure
2.1 presents SSCV responses of the CP electrodes in APC and ICD at three different scan rates. The
voltammograms in Figure 2.1 reflect several cathodic and anodic processes. The basic electrochemical responses
of Cu,MogSg electrodes and the structural changes they reflect are well known.

In brief, the structure of these materials includes octahedral clusters of Mog confined in cubes of Sg. Between each
2 MogSs cell unites there are 2 sets of 6 intercalation sites each (denotes as inner and outer rings of sites) that can
accommodate 2 Mg ions (one per ring of sites). The initial response of these materials includes indeed insertion of
two Mg ions per unit cell to form Mg,MogSg. The first insertion process of Mg ions into the outer sites is lousy
(Figure 2.1 peak a). This is well reflected by the broad corresponding anodic peak b in the range 1.4-1.6 V. At room
temperature a fraction of Mg ions remains trapped in the outer rings of intercalation sites and thereby at steady
state the first reversible process (peak a) involves only partial insertion of Mg ions. In turn, the second process
(Fig. 1 peak c) involves a fully reversible insertion of one Mg ion per unit cell, accommodated by the inner
intercalation sites. Anodic peak d reflects the fast de-intercalation of the second Mg ion. When the CP includes
any fraction of residual Cu, Mg ions insertion involves a very complex reversible extrusion of atomic clusters of Cu
reflected herein in the small cathodic peaks e, f to which the small anodic peaks g, h, i belong. Hence, very the
minor amount of Cu detected by ICP is clearly reflected by the voltammetric response of this material. Due to the
small amounts of Cu in the CP studied herein, features e —i in charts 1a,b are rather small.

a b
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Figure 2.1: Slow scan rate cyclic voltammograms for Cug0oMogSs electrodes in (a) MgTFSI,+MgCl,/DME (ICD) and (b) APC
electrolyte solutions.

It works intentionally herein with this material in order to emphasize the sensitivity of the electro-analysis that
was applied. The CVs measured with the two solutions yielded basically similar electrochemical responses, but
with a significant potential shift. The cathodic peaks in the voltammograms related to APC solutions appears at
potentials 160 mV higher compared to those measured with ICD solutions: The formal potential of process c is
around 1.11 and 0.945 V vs Mg in APC and ICD solutions respectively. These potential differences were consistent
throughout all the study.

Based on extensive experience with Mg non-aqueous electrochemistry we know that an important factor which
determines the over-potential developed at any electrode/solution interface in reactive Mg based electrolyte
solutions relates to solvation/de-solvation interactions of Mg ions. The situation with ethereal Mg salt solutions
are complicated than most of other solutions containing metallic based electrolytes (e.g. Li, Na, K, Fe). There are,
apparently, several mechanisms that lead to this complexity: in many cases (especially ethereal solutions)
magnesium electrolyte solutions contain complex-cations, frequently in equilibrium with other solution species.
This in contrast to simple solvated ions or/and ion-pairs as in most of monovalent ions solutions.
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Surface phenomena at the metallic Mg RE- solution interface also play an important, not fully predictable role. It is
important to note that there were consistent differences in the coulombic efficiencies associated with cycling CP
electrodes in the two solutions. While in APC the coulombic efficiency was very close to 100%, in ICD solutions it
reached around 85-90%.

In light of previous studies of CP electrodes the lower faradaic efficiency obtained in ICD solutions does not reflect
mismatch in charges related to the intercalation/de-intercalation processes. It rather reflects irreversible parasitic
reactions associated with TFSI, as had been reported before. It had been reported that TFSI, despite being
envisaged as very stable species, does irreversibly reacts electrochemically even under mild conditions. Thereby,
we believe that the intrinsic columbic efficiency associated with the insertion and de-insertion of Mg (and Cu)
with CP electrodes in MgTFSI,+MgCl,/DME is very high.

The shape of the CVs which reflect the electrochemical response related to Mg intercalation/de-intercalation
(features a — d) and Mg <- -> Cu displacements (features e — i) is strongly affected by the solutions’ nature. The
peaks’ separation in the CVs related to the ICD solutions is sharper (e.g. a better separation among the cathodic
peaks a, c and e). This indicates that the slower (first) Mg intercalation process and the first Mg-Cu displacement
stage are more thermodynamically favorable in ICD than in APC solutions. Furthermore, the electrochemical
activity of these processes seems to be higher in ICD than that in APC solutions, as reflected at the higher scan
rates (>20uV/s). Interestingly, at scan rate of 30 uV/s, the voltammetry of these cathodes in APC solutions
resembles that for pure, Cu-free MogSg, electrodes except for the small reduction peak f and oxidation peak h
which remain indicative of the Cu,Mo¢Ss phase. These results suggest that the electrochemical activity of these CP
electrodes related to the Mg-Cu displacement, is kinetically slower in APC than in ICD solutions.

All these results point towards significant influence of the solution nature on the thermodynamic and kinetic
properties of both electrochemical processes (i.e. Mg ions intercalation into Cu,M0¢Sg and Mg - Cu displacements
in the CP host material).

Additional interesting feature is seen in Figure 2.1. The two main redox peaks potentials are scan-rate dependent
in the two solutions, although to different extent. At such low scanning rates it cannot be related to the effect of
an IR drop (with an influence of the specific solutions’ conductivity on it). In both cases reduction peaks a and ¢
shift to lower potentials as the potential scanning rate increases from 10 to 30 puV/s. In ICD solutions a shift of 39
mV in peak c is seen by increasing the scanning rate from 10 to 30 uV/s, whereas in APC solutions the shift is 11
mV, more than 3 times lower. Such response indicates that the intercalation process associated with the most
pronounced Mg intercalation process (reflected by peak c) reaches equilibrium faster in APC than in ICD solutions.

2.2. Rate determining steps of the voltammetric response: semi-infinite diffusion
versus ion accumulation in the solid host.

Cyclic voltammetry at wide potential scanning rates is a very powerful analytical technique. In fact, for many
electrochemically active materials, CV may be much more sensitive and accurate than spectroscopy, microscopy
and XRD for detecting structural and chemical changes. Quantitative and qualitative information can be deduced
by comprehensive interpretation of voltammograms, especially when using appropriate mathematical models.

Electrochemical intercalation reactions are distinguished from classical electrochemical reactions involving redox
couples in solution phase or at interfaces. In classical electrochemical reactions two limiting factors may be usually
encountered: (i) charge transfer across the interface and (ii) electroactive species diffusion in the solution. With
intercalation reactions there can be at least three limiting factors and they involve at least two iii) bulk redox
reactions and solid state diffusion within the host material. Under many circumstances, the significance of these
processes as rate determining steps may change with increasing potential scanning-rate in the following order:
charge transfer across the interface, infinite solid-state diffusion, semi-infinite solid-state diffusion, and
accumulation of intercalated species within the host bulk. These limiting factors, or rate determining steps (RDS),
can be identified and quantified using cyclic voltammetry at different scan rates.

PROJECT No. / FILE CODE

6 of 37
824066 / WP2-D2.2



* K
* *
* * =
* *

* g K BATTERY COMMUNITY

This project has received funding from the European Union’s Horizon 2020 research and

European Magnesium Interactive
innovation programme under grant agreement No 824066

Battery Community

In the case of solid-state diffusion limited behavior with semi-infinite boundary conditions the peak current (I,) vs.
scan rate (v) function may be expressed by the Randles-Sevcik equation:

Ip = 2.69 * 105n*>AvVDuAC (Eqg. 1)

Where n is the number of the electrons involve in the specific reaction, A is the electrode real surface area

obtained from BET measurements, D is the solid-state diffusion coefficient, and AC is the change in the Mg ions
concentration inside the host material during the specific stage.

It is important to note that Equation 1 was developed for Nernstian redox reactions across single interfaces with a
constant electroactive bulk concentration. In addition, this equation is correct only for reversible redox reaction.
Also, the theory relates to systems which diffusion coefficient is constant, potential invariant. This may not be the
case for solid-state diffusion of many intercalation electrodes. However, Randles-Sevcik equation may be
adequate as a first approximation for the situation around the peak’s potential, because a very small amount of
charge is injected around the peak potential, compared with the entire process.

In contrast to semi-infinite diffusion limited process, accumulation limited process can be characterized by the
following relationship, which related to Langmuir type isotherm:

I, =9.39 % 10°5 * vIAAC (Eq. 2)
Where | is the electrode thickness.

The analysis described below relates to the two consecutive Mg ions insertion processes denote in Figure 2.1 as
peaks a and c. Figure 2.2 shows the peak current as a function of the scanning rate for the 2 magnesium
intercalation processes in the two solutions (i.e. APC and MgTFSI,+MgCl,/DME).
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Figure 2.2: the dependence of the reduction peaks heights on the potential scan rates for a and c process in (a,b)
MgTFSI,+MgCl,/DME and (c,d) APC electrolyte solutions.
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Analyzing the peak current vs. scanning rate curves for ICD solutions reveal interesting voltammetric behavior.
The first intercalation process indexed as peak a exhibits two scanning rate dependences limiting behaviors. At
slow scan rates (10-50 pV/s) the peak current is linearly proportional to v. Hence, at the slow scan rates the
intercalation process associated with peak a is accumulation controlled. At higher scan rates the peak current fits
better to /v, indicating that the process is under solid-state diffusion control.

On the other hand, the second Mg intercalation process, associated with peak c, shows that the peak current fits
well linear correlation with v/u rather than v, even at the slowest scan rates (included (0,0) point). This indicates
that the magnesium insertion reaction related to peak c (actually the main Mg intercalation process), is mainly
controlled by semi-infinite solid-state diffusion. Interestingly, even at the slowest scan rate in this study, 10 uV/s,
this current/voltage response of this process does not conform to accumulation-controlled reaction (does not
reach quasi-equilibrium).

Another interesting insight can be learned from peak f, which is associated directly to concomitant Mg
intercalation and copper extrusion (i.e. Mg — Cu displacement). Peak f shows no relation to any typical limiting
behavior discussed above. This indicates that this conversion step exhibits different limiting behavior during CV,
associated with different reaction dynamics, rather than simple charge transfer across the interface, solid-state
diffusion or accumulation. It might constitute mixed kinetics associated with several internal, solid-state, and
interfacial processes.

The electrochemical intercalation reactions in APC exhibit also two limiting cases.

The magnesium insertion reaction related to peak a (the first Mg intercalation process) exhibits a single limiting
behavior, in contrast to the situation in the ICD solutions. The peak current shows better linear relations to Yuall
over the tested scan rates. However, there are two linear regions in the I, vs. Vu curve (10-20 and 30-200 pV/s).
The results indicate that the intercalation process associated with peak a may become accumulation-controlled
only at the extreme low scan rates.

The second magnesium intercalation process, peak c, exhibits two limiting behaviors depending on the scan rates.
At slow scan rates (10-30 pV/s), the peak current is linearly proportional to v. Hence, at slow scan rates the
intercalation reaction is accumulation-controlled. At higher scan rates, the peak current is linearly proportional to
Vv, indicating that the process is under solid-state diffusion control.

It is very important to note that any linear fitting in these cases must obtain curve that goes to 0 at the origin,
namely, 0,0 point.

As an intermediate conclusion, the data analysis shows that magnesium intercalation kinetics into Cu-
containing Chevrel phase electrodes is solution dependent. 1t comes that the rate determining step of process c
has a quasi-equilibrium character at low scan rates in APC. While, in MgTFSI,+MgCl,/DME electrolyte solution
(ICD), the same process is semi-infinite diffusion limited even at the slowest scan rates.

The process associated with peak a (associated mostly with the first magnesium ions intercalation, first stage, and
the beginning of copper ions displacement), yields opposite trend. At slow scan rates the electrochemical process
in ICD solutions exhibits quasi-equilibrium characteristics, while in APC solutions it is semi-infinite solid-state
diffusion controlled, even at the slowest scan rates.

Table 2.1: Summary of the processes limiting factors obtained from Ip vs. v in slow-scan rates with Cug ,MogSg in APC and ICD
solutions.

Slow scan rates Fast scan rate
Peak (process) a c a c
APC Diffusion controlled Accumulation controlled Diffusion controlled | Diffusion controlled
MgTFSI,+MgCl,/DME | Accumulation controlled | Diffusion controlled Diffusion controlled | Diffusion controlled
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2.3. Solid state diffusion of Mg ions in the Chevrel phase — choosing the right
mathematical model:

In order to further shed light on the different reaction dynamics of these systems, it has carried out combined CV
and GITT experiments. These techniques may yield comparative, indirect, information regarding the electroactive
species undergoing insertion into the solid host (i.e. “naked” Mg ions or complex ions). Such data will be used to
study the nature of the electrolyte solution influence, if there is any, on the solid-state diffusion of the
electroactive ions inside the host material.

The calculations of the diffusion coefficients from the CV measurements were done using two different models:
Nernstian reversible and irreversible reactions. As mentioned above, these two models were developed for redox
process occurring on a single interface while the bulk redox concentrations remain constant. Hence, the
guantitative analysis using these models can be considered here only as a first approximation. The calculated
diffusion coefficients were compared with the diffusion coefficient calculated from GITT. GITT is especially
adequate for the study of solid-state electrochemical processes, as it was developed by solving two differential
equations for the second Fick's law with specific boundary conditions of the transient currents. Systematic GITT
measurements allow to develop the diffusion coefficient as a function of potential and the content of Mg ions in
the host along the intercalation process.

v For the reversible Nernstian model Equation 1 was used.
v' For the irreversible redox system, the diffusion coefficients were calculated using the following equation:

i, = 2.99 x 10°a**AAcD*5v?> (Eq. 3)
Where a is the transfer coefficient (choose to be 0.5).

The difference in the iy(v) functions for these two models is due to the different boundary conditions used to
solve the Nernst-Fick, time-dependent equations. Hence, i(t) and i,(v) functions are different.

For calculating the diffusion coefficients from the GITT response the Equation 4 was used:

D= i(w)z (Aﬁ)z (Eq. 4)

Tt \Mwp S AE¢

Where 1 represent the duration of the applied current stage, m, is the electrode active mass, Vy is the molar
volume of the electrode material, Mw,, is the electrode’s active material molar mass, S is the electrode’s surface
area (calculated from BET measurements), AE; is the voltage change during the OCV period, and AE, is the voltage
change during the galvanostatic polarization stage.

The tabulated results are presented in Table 2.2.

Table 2.2: solid state diffusion coefficients in cm®/s of Mg ions in MogSg calculated from CV and GITT measurements:

Peak Nernstian reversible Irreversible GITT
a 6x 10716 8x 10715 2x 1071t
MgTFSI2+MgCl2/DME
c 2x 10715 2x 10714 3x 10715
a 8x 10716 1x 1071 8x 1071
APC
c 2x 10715 2x 10714 1x10715

The data indicate that the solid-state diffusion coefficients are independent on the electrolyte solution identity.
This conclusion, while not unexpected, has important implications. The Mg species existing in the two solutions
are very different, as well as their solvation shells. For instance, DME is well known to yield very stable Mg-3DME™"
solvates. These can be expected to intercalate as whole entities. Such co-intercalation eliminates the energy
penalty upon disintegration of the solvated ions on the way to release naked Mg*” ions and screen the high charge
density of the naked ions within the host’s crystal. The results point out that even with different electroactive
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species in the solutions ([5DME-Mg3CI4]2+ and [6THFeMg,Cl5]" for MgTFSI,+MgCl,/DME and for APC solutions,
respectively) the ions moving inside the host material diffuse at solutions independent rates. This indicates that
the same (probably naked Mg ions) are inserted to the Cug ggMo0gSs.

It is expected that very different ionic species will show considerably different diffusion coefficients. It is
important to note that the exact value of the diffusion coefficient is meaningless in such calculation, but the order
of magnitude is important. The calculations anyway provide approximated average values. Nevertheless, the
comparative studies are valuable, since the question is well defined: solution involvement/influence. Also, the
measurements and related analyses were carried out in a quite similar manner.

In addition, the above electroanalytical studies used GITT and the calculations of D derived from them as an
important indicator, how to use in parallel the CV measurements for calculating the diffusion coefficient. The CV
data can be used through calculations based on the Nernstian reversible reactions model or the model suitable for
irreversible reactions. It became clear that for the present study, using a relatively simple model, the former one,
was relevant for calculating D from the CV data.

2.4.The effect of the electrolyte solutions on the interfacial charge transfer across
the electrodes interface:

It has been demonstrated above that Cugg9M0gSg electrodes exhibit the same bulk-associated electrochemical
characteristics in the different solutions (i.e., the same limiting voltammetric behavior and the same diffusion
coefficients).

Yet, there are marked differences in the CV responses that raise the assumption that there are still differences in
the electrochemical reactions in the two solutions. Moreover, it had been shown in numerous studies that the
electrochemistry of magnesium is particularly sensitive to solutions structure.

It hypothesizes, thus, that the different electroactive species in the solutions have substantial impact on the
charge transfer processes across the electrode/solution interface. This dissimilarity should originate from the
different activation energies required to strip Mg ions from the different complexes, [5DME°Mg3CI4]2+ and
[6THFeMg,Cls] * for MgTFSI,+MgCl,/DME and APC, respectively. Another possible impact may be related to a
difference in the surface chemistry of the CP cathodes in contact with the different electrolyte solutions. For
instance, the processes associated with peaks a and f involve the extrusion of neutral Cu atoms to the host’s
surface, as was explained above. In such instance, strong interactions of Cu with the solutions may lead to
differences in the interfacial reactions.

In order to test the hypothesis, it calculated the heterogeneous rate constants for Mg ion charge transfer across
the electrodes interfaces in both electrolyte solutions.

For that it used the model for quasi-reversible redox systems. Under this framework, the dimensionless rate
parameter w must be determined. The heterogeneous rate constant can be determined from the definition of this
dimensionless rate parameter, as depicted in the following Equation 5.

D
(ﬁ)“/sz

(Eg. 5)

[DRo (e)]05

Where Do and Dg are the diffusion coefficients for the de-intercalation and intercalation processes. Do and Dy
were assumed to be equal and were taken from the GITT measurements (D=10" cmz/s). F is faraday constant, R
is the universal gas constant, T is the temperature, and K; is the heterogeneous rate constant.

In order to find the linear function w(%) it used the experimental value produced by A.J Bard and L.R Faulkner for

obtaining the w(AE,) function and convert it to lu(%) [10].
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1
Eventually, the K; parameters were calculated from the slope of the w vs. (%) curves.
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Figure 3: dependence of the dimensionless rate parameter from the voltammetric behavior (w) on the peak potential
separation (AEp).
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Figure 2.4: dependence of the dimensionless rate parameter of the voltammetry behavior (w) on the scan rate {%), The

calculations belong to the processes related to peaks c (Figure 2.1), namely, the most pronounced Mg ions intercalation (the
second stage). Chart a, b relates to ICD and APC solutions, respectively.

It is important to note that the heterogeneous rate constants for the charge transfer processes across the
electrodes interfaces were calculated only for peak c, since the other peaks appears too broad in the CVs obtained
and does not allow to determine the exact peak potential (necessary for the calculations) precisely.

According to this model the heterogeneous rate constant for the charge transfer across the electrodes/solutions
interfaces were found as 9x10™™° and 1.4x10° cm/s for ICD and APC solutions, respectively. This finding reveals
that the charge transfer processes across the electrode’s interfaces are faster in APC than in ICD solutions. This is

well understood in light of higher interactions of Mg ions with DME compared to THF solutions (concluded from a
previous work) [9].

This suggests that the electroactive species in rechargeable magnesium systems may have an important impact
on the electrochemical characteristics of the cells by influencing the interfacial electrochemical processes. The

diffusion coefficient though, as long as naked Mg ions are inserted into the cathode hosts, remains solutions
invariant.
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2.5. Conclusions:

The research described above deals with important questions about the electroanalytical and solid-state
electrochemical response of magnesium ions interacting with copper containing Chevrel phase cathodes. It
studied, qualitatively and quantitatively, the influence of the electrolyte solutions identity and structure on critical
features of CP cathodes’ electrochemical processes. These include thermodynamic properties, RDS, diffusion
coefficients, heterogeneous rate constant for charge transfer across the electrodes interfaces and some other
general features. For this purpose, we compared the electrochemical response of CugosMogSg in two important
electrolytes solutions, PhMgCI/AICl3/THF and MgTFSI,/MgCl,/DME.

It has shown that some general features, such the formal potential for the intercalation/de-intercalation
processes are strongly affected by the electrolyte solutions identity. The intercalation process of Mg ions into
Cug.0sMo0gSg electrodes occurs at higher potential in APC than in ICD solutions. This shows that for practical
applications the choice of electrolyte solution may have a great impact on the cells’ energy density, even upon
using identical electrodes. In addition, the electroactivity related to the Cu residues in the host is also affected by
the electrolyte solutions identity. These electrochemical processes, associated with Mg-Cu displacement, are
thermodynamically favorable and kinetically faster in ICD than in APC solutions.

We also found that the rate determining steps related to different electrochemical stages during Mg intercalation
are affected by the electrolyte solutions. The most important Mg ions intercalation step into Mg,MogSs (related to
peak c in the CVs, Figure 2.1) exhibits a quasi-equilibrium behavior at low scan rates in APC solutions.

The same stage in ICD solutions though, has a semi-infinite diffusion limited process character even at the slowest
scan rates. On the other hand, process a, associated with electrochemical reaction of Mg-Cu assemblies, exhibits
quasi-equilibrium step in ICD solutions, while in APC solutions the process is semi-infinite solid-state diffusion
controlled.

3. TFSI containing electrolyte solution effects on high voltage cathode
electrochemical activity in rechargeable magnesium batteries

Before diving into the focused study, the electrochemical activity of the thin, monolithic V,0s films, deposited on
Pt foil electrodes was characterized with Li-based solution. Not only Li ion activity with the oxide is a well-studied
and serves as excellent benchmarking system, it is also very forgiving to the experimental conditions, in particular
to passivation.

Figure 3.1a presents the cyclic voltammograms of V,0s thin film electrodes in LiTFSI/ACN and LiClO,/ACN
solutions. By analyzing these voltammograms two important insights can be deduced. The first related to the
crystal structure and the mass loading of the host. The second related to the effect of the anion on the
intercalation process of Li* into the V,0s. The electrochemical signatures point that the deposited V,0s
unequivocally assumed the a-phase crystal structure, with orthorhombic unit cell structure. Raman spectra gave
further support to this notion. The electrochemical response also clearly reflects the facile intercalation/de-
intercalation processes (rates), as well as some insights about the thermodynamics (charge/intercalation levels,
voltages) and phase transitions (sharp current peaks).

The redox peaks are located at the same potentials and the current densities, and the charge transferred during
the intercalation is practically identical in both systems. These results indicate, unequivocally, that the
electrochemical intercalation process of Li* ions with V,Os is indifferent to the anion identity. Not at the
thermodynamic level, (reaction potentials) and not at the reaction kinetics (current densities).

In stark difference from the Li-based solutions, it was found that the electrochemical response of V,05 in Mg-ion
based solutions is strongly affected by the anion in the electrolyte solution. Figure 3.1b shows the cyclic
voltammograms of thin film V,0; electrodes in Mg(TFSI),/ACN and Mg(ClO,4), /ACN electrolyte solutions. Here also
the charge balance curves corresponding to the 1° and the 3" cycles inserted. The potential-current dependency
provides important insights into the electrochemical reaction kinetics. At the macroscopic level, the currents
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registered in the Mg(ClO,4), /ACN are much higher than with in Mg(TFSI),/ACN. This primary observation indicates
that the overall intercalation kinetics of Mg ions into (and out of) V,05 electrodes is strongly diminished due to the
existence of the TFSI anion. Such strong effects may originate due to several reasons, like surface phenomena and
solution structure differences.
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0.20 4 e 0.006 H[ —— Mg(CI0,),JACN
1 L, ——— MgTFSI/ACN
0.15 4 0.004 |
0.10
] 0.002
o 0.05 + q
g 1 g 0.000 -
g 0.00 —————
S 1 E 0.002
- -0.05 =
1 0.004 -
-0.10 4
-0.15 ; 0.006 -
-0.20 T T T T T T T T -0.008 T T T T T T “r T
28 29 30 31 32 33 34 35 36 3.7 1.4 16 1.8 20 2.2 24 26 28 3.0
E/V vs. AC corrected to Li/Li" E /V vs. AC corrected to Mg/Mg*2

Figure 3.1: (a) Cyclic voltammograms of monolithic, thin film V,0s electrodes in a three-electrode cell comprised of AC as
counter and reference electrodes. Electrolytic solutions: LiTFSI/ACN (black line) and with LiClO,/ACN (red line). Scan rate of 1
mVs® @ RT. And (b) cyclic voltammograms of monolithic, thin film V,Os electrodes in same three-electrode cell configuration
with Mg(TFSl),/ACN (black line) and with Mg(ClO,),/ACN (red line) electrolyte solutions at a scan rate of 0.2 mV sT @ RT. Inset:
the corresponding charge balance of the first (solid line) and the third (dashed line) cycles.

However, deeper analysis, at the microscopic level, is needed in order to get better understanding the mechanism
underlying the anion effect on the intercalation of Mg ions into the V,0s. The voltammograms of the
V,05/Mg(ClO,4),/ACN system exhibits two redox peaks at -0.22 and 0.6 V vs. AC quasi reference electrode (1.88
and 2.7 V vs. Mg/Mg™).

The voltammograms of the V,0s/MgTFSI,/ACN system exhibited weak and poorly resolved, extremely broad,
reduction peak. This reflects poor intercalation kinetics into the oxide lattice. An additional interesting
observation stands up when looking at the corresponding oxidation peaks of this system. The very first oxidation
peak is located exactly at the same potential as the one for V,05/Mg(ClO,4),/ACN. However, at the following cycles,
the oxidation peak is shifting to ever increasing voltage. In other words, higher overpotential is developing after
each cycle. Interestingly, the increase in the oxidation peak voltage occurs only from the second cycle and on.
Namely, the first oxidation peak is not shifted to higher potentials (relative to the CV in perchlorate), indicating
that biasing to lower potential does not cause such peak potential shift. At the same rate, the ever-increasing
oxidation peak potential is strongly associated with the positive biasing of the electrode cycle by cycle. Whatever
this phenomenon origin is, it is associated with electrochemical oxidation processes rather than reduction, within
the voltage window used in the study.

Based on the above results, it hypothesized that TFSI” anions react at high voltages with V,05 to form partially
impermeable surface film which hampers the intercalation Mg2+ions into the solid host.

To test the hypothesis, it carried out the following experiment. A V,05 electrode was electrochemically treated in
TFSI-based solution. The electrochemical treatment involved single step chronoamperometry measurement to
0.8V vs AC to 10 hours in MgTFSI,/ACN electrolyte solution. The electrochemical treatment, according to the
hypothesis should bring the electrode’s surface, in case it is indeed chemically affected by the TFSI, to be partially
passivated. Then, the electrode was washed thoroughly and transferred to Mg(ClO,),/ACN solution, and several
consecutive CV’s were performed.

Figure 3.2 shows the CV curves for the V,0s electrode in Mg(ClO,4),/ACN after the electrochemical treatment in
the TFSI-based solution. Interestingly, as can be clearly seen in Figure 3.2, the first cycles in the perchlorate
solution resembles the CV’s very much in TFSI solution. However, continuous cycling shows evolution of CV
features, that are substantially stronger, and after 7 cycles resembles that very much for untreated electrodes
cycles in perchlorate-based solutions. The treated electrode still exhibits intercalation kinetic limitation, as

PROJECT No. / FILE CODE
824066 / WP2-D2.2

13 of 37



EMAgIC

* kK BATTERY COMMUNITY
This project has received funding from the European Union’s Horizon 2020 research and European Magnesium Interactive
innovation programme under grant agreement No 824066 Battery Community

observed by the washed-out negative half cycle current wave and the charge associated with the process do not
reach that for untreated electrode.

The results reveal that the intercalation process from Mg(ClO,4),/ACN solution becomes substantially sluggish after
exposing the V,0s to MgTFSI,/ACN solution, at high voltage of around 2.8V vs Mg/Mg“. In other words, the V,05
cathode becomes practically blocked due to the electrochemical processing in TFSI-based solution. The results
reveal that TFSI anions in the solution have negative effect on the electrochemical activity of V,0s. Moreover,
these negative effects are most probably due to formation of impermeable surface film as a result of TFSI
oxidation. The improvement in the electrochemical response during cycling in the perchlorate solution can be
explained on the grounds of dissolution or breaking of this thin, passivating surface film. The mechanism of this
de-passivation process is unclear yet.

Before treatment
—— After treatment

0.010

0,008—-
O‘OOG—-
o] 004—-
0‘002—-

0.000 -

i/mAcm’

-0.002
-0.004

-0.006 —

-0.008 T T T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0

E/V vs. AC

Figure 3.2: the 2 cyclic voltammogram curves of monolithic thin film V,0s in three electrode cells with Mg(ClO,4),/ACN before
(black line), and the 1%, 2"d, 4" and 7 cycles after electrochemical treatment in Mg(TFSI),JACN solution (red line). Scan rate
was 0.2 mV s Inset: the corresponding charge balance for the 2" cycle of the untreated (black line) and the 2" and 7 cycles
for treated electrode (red line).

Despite the strong evidences for the negative effect of the TFSI anions on the intercalation process of Mg ions into
V,0s host, electrochemistry is not sufficient to elucidate the mechanisms associated at the chemical level. In order
to get deeper understanding at the molecular and morphological levels, complementary spectroscopic and
microscopic methods were employed.

Figure 3.3 shows the results of XPS analysis for V,0s electrodes after 12 CV cycles in Mg(ClO,), and MgTFSI, based
electrolyte solutions. The XPS spectra indicate that there are some differences in the surface chemistry of the
V,0s electrodes processed in the two solutions. The XPS spectra of both systems exhibit peaks around 285 eV
associated with carbon C 1s. The smaller, asymmetric peaks at around 289 eV can be identified as carboxylates. In
any case, both qualitatively and quantitatively the C 1s spectra are virtually the same for both cases.

Both samples exhibit Mg 2p peaks associated with an oxidized form of Mg. Quantitatively, the contribution of this
peak is larger for the sample cycled in perchlorate solution, compared with the TFSI. Qualitatively, the two Mg 2p
features, for the two samples, look very similar. Unfortunately, the S/N ratio is too large to enable intricate
qualitative information regarding the Mg chemical environment.

The most important peaks are found around 685.8 eV, indexed to F 1s. This peak reflects the critical difference
between the samples and sheds light on the electrochemical results. These peaks were observed, naturally, only
in electrodes that were electrochemically processes in MgTFSI,/ACN. From the F 1s binding energy, these peaks
are associated with inorganic fluorine anion, in conjunction with electropositive metal cation. The peak position,
685.8 eV, precludes the likelihood of organic-based fluorine, such as CF; moiety. It believes that this peak testifies
for the formation of insoluble and Mg-ion impermeable MgF, as a very thin surface film.
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Figure 3.3: XPS data obtained from measurements of monolithic thin filmV,0;s electrodes after 12 CV cycles in Mg(ClO,),/ACN
(black line) and in MgTFSI,/ACN (blue line) electrolyte solutions. F, Mg, C, V and O spectra are presented.

Further insights about the surface nature of the electrodes after electrochemical treatment may be provided by
HR-SEM measurements. Figure 3.4 shows HR-SEM images of pristine V,05 electrode, and V,0; electrodes after 6
CV cycles in Mg(TFSI),/ACN and Mg(ClO,4),/ACN electrolyte solutions. The HR-SEM micrographs clearly indicate
that the surfaces morphology of the pristine sample is slightly different from the ones electrochemically cycled.
The cycled electrodes show somewhat smoother and larger crystallite surfaces, and larger cracks. It does not
know yet what causes this difference. While the general morphology of the samples that were cycles in the two
electrolytic systems is very similar, there is a very profound difference, with critical consequences.

The electrodes cycled in Mg(ClO,),/ACN are clean from impurities, and only some of the crystallites edges show
whiter colour, associated with slight charging effects. Similar features are observed also with the pristine
electrode, but to a lesser extent. In contrary, the surface of the V,0s5 cycled in MgTFSI,/ACN comprises of lots of
large islands of areas that show stronger charging effects. It is also possible to discern that the surface
morphology of these areas exhibit kind of grainy or spongy texture. Due to the decreased electronic conductivity
associated with these islands, it is practically impossible to acquire micrographs at much larger magnification
(charging). Hence, it is hard to determine accurately this surface layer’s nature. Obviously, they are very thin.
Interestingly, the same kinds of surface features were also found on V,0s electrodes that were cycled in LiTFSI
solutions; however, in this case the islands were smaller.

The above findings strongly support the hypothesis of formation of thin, passivating layer, when V,0;
electrodes are cycled in TFSI-based solution.

It is well known that even an exceedingly thin over-layer deposit of stable film may cause serious impedance for
Mg intercalation, and even complete passivation. Any single analytical technique on its own cannot provide the
needed robust evidence as to the origin of the sluggish electrochemical process of magnesium intercalation in the
TFSI based electrolyte solution. However, the results from the electrochemical measurements, coupled with the
XPS surface elemental analyses and HR-SEM images leads to the unambiguous conclusion that TFSI anion reacts
electrochemically with V,0;5 electrodes to form impermeable/semi-permeable surface films which hampers the
electrochemical insertion of Mg ions into the oxide host. The chemical analysis supports the hypothesis that this
surface film is composed of mainly MgF,. However, the reaction mechanism yielding to this surface film is not
clear yet.
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Figure 3.4: HR-SEM images of pristine, monoclinic V,0s thin film electrodes (thickness ~30 nm) (a,b) and after 6 CV cycles at a
scan rate of 0.2 mV/s in Mg(ClO,),/ACN (c,d), and Mg(TFSI),/ACN (e,f) electrolyte solutions.

4. Solvent effects on the reversible intercalation of Mg ions into V,0; electrodes.

4.1.Non- aqueous magnesium electrochemistry — the effect of the presence of
DME in ACN solutions on the electrochemical performances of V,0; electrodes

At the first step, the electrochemical response of the V,0s electrodes was examined by CV in 0.25M
Mg(ClO,4),/ACN electrolyte solution. Since it wanted to work in the reversible intercalation window of the
material, we selected the potential range between -1.72 and 2.87 V vs Mg/Mg2+. Before starting the
measurements and after stabilization time, the OCV of the working electrode found to be 0.15V vs. AC (2.27 V vs
Mg/Mg2+). Figure 4.1a shows the CV curves of the 1% and the 2" cycles of the thin film V,05 electrodes at a scan
rate of 0.2mV/s. The voltammograms exhibit two broad redox peaks at -0.2 V (and 0.56 V vs. AC (2.68 V and 1.92
V vs. Mg/Mg>).

Although the V,0s electrodes undergo reversible insertion of Mg2+ ions, as can be concluded from the curves, a
relatively large potential gap between cathodic and the anodic processes is suspected to reflect kinetic limitations.
The kinetic limitation may result from the intrinsic low solid-state diffusion of magnesium ions, as measured in
most of the solid hosts. Alternatively, it may be due to slow interfacial charge transfer. Obviously, the two
proposed kinetic control mechanisms may be additive under some circumstances.

Figure 4.1b demonstrates a typical chronopotentiometric curve of V,05 electrodes at a current density of 0.2uA
cm™ in the potential range of -0.1 and 0.3V vs. AC quasi-reference. It should be noted that the cut-off potentials
were -0.4 and 0.3V vs. AC during discharge and charge, respectively, a much narrower range than those used the
CV measurements.

The slow (low current density) galvanostatic cycling allowed using this narrow voltage range for nearly full 0.5
electrons per unit, compared with the CV, as much lower IR drops plagued the electrochemical processes.
Nevertheless, during the discharging stage, the system was limited to deliver no more than 0.45 Mg ions per unit
of charge (90% DOD) in order to keep the system within safe limits for a fully reversible process. The galvanostatic
curve exhibits a midpoint voltage for discharge and charge of 0.0V and 0.22V vs. AC, (2.12 V and 2.34 V vs
Mg/Mg™"), respectively.
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Figure 4.1: (a) cyclic voltammogram at scan rate of 0.2 mV stand (b) galvanostatic charge/discharge curve at a current density
of 0.2 uA cm-’ for thin film V,0s cathodes in three electrodes cell. AC electrodes served as counter and reference electrodes.
Mg(ClO,4),/ACN as the electrolyte solution.

Figure 4.2 shows the electrochemical behaviour of V,05 in Mg(ClO,4),/DME:ACN 1:1 v% electrolyte solution during
potentiostatic and galvanostatic measurements. The OCV of the working electrodes in this system was found to
be 0.12V vs. AC. The experimental parameters for the CV and for the galvanostatic measurements were set to be
identical to those used for the experiments with ACN solutions. An immediate observation is that the current
response in the CV during the cathodic half cycle commences and occurs at lower voltages compared to the same
process in pure ACN/Mg(CIO,),.

It hypothesizes that above mentioned behaviour stems from a higher degree of kinetically limitations imposed by
the DME in the ether containing solution. This effect of DME should not be attributed to Mg solid-state diffusion
within the host (cannot be affected by changes in the solution phase), but rather it relates to inhibiting interfacial
processes. The sluggish kinetics of the cathodic process (Mg ions intercalation) due to the presence of DME is
most likely related to one of the following possibilities: slow charge transfer, slow desolvation, or parasitic
reactions and formation of surface films. The chronopotentiometry measurements show that the midpoint
voltage for Mg ions insertion from DME containing electrolyte solution is -0.14 V vs. AC, while the midpoint
voltage for de-insertion is 0.17 V vs. AC.
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Figure 4.2: (a) cyclic voltammograms at a scan rate of 0.2 mV s and (b) galvanostatic charge/discharge curve at current
density of 0.2 uA cm-? for thin film V,0s in three electrode cell composed containing AC counter and reference electrodes.
Mg(ClO,),/ACN:DME 1:1v% electrolyte solution.

In order to assess the effect of DME as a solvent on the electrochemical insertion of Mg2+ ions into V,05 cathode
(orthorhombic phase), it summarized the results of the electrochemical study in a comparative form.

Slow scan rate cyclic voltammetry may be useful for thermodynamic assessments, while fast scan rates, such as
those used in this study, may shed light on the kinetic aspects of the processes during electrochemical
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intercalation and de-intercalation. Figure 4.3 compares the cyclic voltammetry and galvanostatic charge-discharge
curves of V,05 electrodes in Mg(ClO,4),/ACN and Mg(ClO,4),/DME:ACN 1:1v% electrolyte solutions.

The cyclic voltammogram curves depicted in Figure 4.3a clearly show the negative impact of DME addition on the
rate of the cathodic process. In pure ACN based electrolyte solution the current response is observed at higher
potentials (lower overpotential) during intercalation, than that measured with the DME:ACN electrolyte solution.
These results reflect insertion kinetics hurdles for Mg ions in DME containing solutions, compared to pure ACN. In
addition, the CVs signature of the V,0;s electrodes in ACN:DME based electrolyte solution exhibits much wider
cathodic peaks, what supports the hypothesis of limited insertion kinetics compared to that in the pure ACN
based electrolyte solution.

Surprisingly, as observed in the CV response of the electrodes, the anodic current peak obtained in the pure ACN
based electrolyte solution is cantered at higher potentials than the one measured in DME containing solution.
Along with the hypothesis of interfacial kinetic influence of the solvents, it is consistent with more energy penalty
(E;) for the Mg2+ extraction from the solid host to pure ACN electrolyte solution compared with the DME-
containing one.

Additional support to the hypothesis is obtained from the slower, galvanostatic experiments. Figure 4.3b which
shows the galvanostatic charge-discharge voltage profiles for the V,0s electrodes in the two electrolyte solutions,
at a current density of 0.2 pA cm-2. The chart shows clearly that intercalation of Mg ions into V,05 electrodes in
the DME containing solution is harder compared to that occurring in pure ACN solutions (lower voltage profile for
the former case, the red curve). In turn, de-intercalation of Mg ions from V,0s electrodes is somewhat easier in
the former case as reflected by the lower voltages at which Mg ions are de-inserted in the DME containing
solution compared to the case of pure ACN solutions (higher voltage profile for the charging process, black curve
in Figure 4.3b).

The sluggish kinetic intercalation of Mg2+ into V,0s in the presence of DME can be explained by three different
mechanisms:

1) DME-Mg2+ interactions form very stable solvates. These casts large energetic penalty during the
desolvation stage and slows down the insertion of Mg ions into V,0s. The desolvation toll associated with
the less coordinating solvent, ACN, is smaller and thus exhibits faster intercalation kinetics, at lower
overpotentials.

2) The intercalation process is slowed in the DME-containing solution due to surface film formation on the
cathode.

3) For some reason, e.g. DME-co intercalation, the solid-state diffusion of the magnesium ions is slower.

The first two scenarios suggest a slowdown of ionic charge transfer across the electrodes interface. Either Mg2+
ions migration through interfacial surface layers or solvation shell striping from Mg ions near the electrode’s
interface are energy and time-consuming processes. Co-insertion with a relatively large solvation shell should
affect the solid-state diffusion rate, and thus the overall intercalation/de-intercalation kinetics, albeit with
unpredictable direction and magnitude. However, the general similarity observed in the electrochemical
responses of the electrodes measured with the DME-free and DME-containing electrolyte solutions, suggests that
the presence of DME in solutions does not change the basic solid-state Mg ions diffusion mechanism the V,05
hosts. The asymmetry in the DME effect on Mg ions insertion and de-insertion, namely, slowing down
intercalation but facilitating de-intercalation, points out against the second mechanism. If transport through
surface layers would play a role as an impedance factor, the slowdown effect on insertion and de-insertion
processes should be very similar.

Figure 4.3c compares voltage profiles of V,0s; electrodes in prolonged galvanostatic discharge processes
corresponding to nearly 1 electron transfer per V,0s molecule, in DME containing and DME-free solutions. The
comparison between the solutions in long-term experiments as presented in Figure 4.3c, emphasizes further the
negative effect of the presence of DME in solutions on the intercalation process of Mg ions into the V,0s
electrodes: In order to fully discharge the V,05 cathodes in the presence of DME (up to one electron and half Mg
ion per V,05 unit), much lower potentials (excessive energy toll) have to be applied under the same experimental
conditions. The over-potential for insertion increases with the depth of discharge in the ACN:DME based
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electrolyte solution while in the ACN based solution the over-potential for Mg insertion reaches almost steady-
state values.
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Figure 4.3: Comparative study of thin layer, monolithic V,0;s electrodes in Mg(ClO,),/ACN based electrolyte solutions without
(black line) and with DME (red line). Cyclic voltammograms at scan rate of 0.2 mV st (a) Typical voltage profiles of steady state
cycles in galvanostatic cycling experiments at a current density of 0.2 UA cm? (b) Voltage profiles measured during prolonged
galvanostatic discharge processes corresponding to nearly 1 electron and half Mg ion transfer per V,0s molecule (0.2 uA cm

Xe).

In order to exclude the possibility of solution composition impact on the electrodes bulk behaviour, it calculated
the diffusion coefficient of Mg ions in V,0s using galvanostatic intermittent titration technique (GITT). GITT is a
well-established technique for probing solid state diffusion coefficient of intercalants in hosts as a function of the
electrode’s potential and its state of charge (i.e. Mg ions contents). This technique may provide precise
information only for single phases (i.e. solid solution-type intercalation products). Nonetheless, apparent diffusion
coefficients calculated from GITT may still provide valuable comparative information about the Mg2+ ion transport
properties in the solid host as a function of the solution composition.

Figure 4.4 shows curves obtained by applying GITT to the thin, monolithic V,0; electrodes in DME-free ACN and
DME-containing solutions. Each sequence was composed of 1 h of galvanostatic discharge at a current density of
0.1 pA cm’ followed by an OCV measurement period of 1 h. The use of such long steps was necessary due to the
relatively slow processes.

In this study, we calculated the apparent solid-state diffusion coefficient in order to assess it, and how the
presence of DME affects the solid-state Mg2+ diffusion coefficient in V,0s. Marked differences in solid-state
diffusion coefficients should indicate substantial differences in the intercalated species (e.g. free Mg2+ ions or
solvent co-intercalated Mg ions). The solid-state diffusion coefficients were calculated from the edges of the
relaxation curves using Equation 4.

In Equation 4, the first part of this mathematical expression can be replaced by a constant, as all these parameters
were kept identical in all experiments. Moreover, in the case of monolithic, thin film electrodes, this expression
can be evaluated very precisely based on geometry, with roughness factor corrections if needed.

The results reveal that the apparent solid-state diffusion coefficient f