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ABSTRACT

This study investigated the effects of HF, an impurity in LiPFg electrolytes, on redox reactions of
graphite anodes for the lithium-ion batteries (LIBs) and electrolyte solution for magnesium-ion batteries were
developed, based on sulfone group solution, non-Grignard reagents.

In the first place, it is found that pyrolytic graphite edge plane electrode (PGE) presents reversible Li*
transport behavior in LiClO, solution, but suppressed intercalation/de-intercalation reaction in LiPFg4 electro-
lyte. The sluggish intercalation/de-intercalation reaction in LiPFg is progressed by adding a HF scavenger,
whereas the facile intercalation/de-intercalation reaction in LiClO, is depressed by adding HF. In addition,
the Li* transport in LiPFs is enhanced by decreasing electrolyte volume or by increasing PGE surface area.
These behaviors are attributed to the HF-induced formation of LiF layer on graphite anode surface, which is
facilitated at high ratio of electrolyte volume to electrode area (V/A ratio). The electrolyte-volume-to-
electrode-area ratio affects the Li* transport behavior of the graphite composite electrodes for commercial
grade LIBs. This study explains on an age-old question: why Li* transport behavior of graphite anode in
LiPFg is suppressed in flooded cells, but not in commercial LIBs. Areas of electrode surface were carried out
by double-layer capacitances (Cgq) which related to a fraction of edge (f,).

Lastly, it is necessary that new electrolyte of reversible magnesium system is developed instead of Grignard-
based because of its unstable chemically and electrochemically. Sulfone-based solutions are one of good can-
didates. Dialkyl sulfones (R{R,SO,) such as dipropyl sulfone (DPSO,), ethyl-methyl sulfone (EMSO,) and
dibutyl sulfone (DBSO,) were performed with conventional magnesium salt (MgCl,) in CVs. Eutectic of
sulfone-based electrolyte and co-solvent with sulfone electrolyte were performed. Especially, cell perfor-
mances were enhanced when adding tetrahydrofuran (THF) in dialkyl sulfone electrolyte by volume ration
one to one (1/1 = v/v). The high performance sulfone electrolyte such as DPSO2 and DPSO2/THF were com-
pared with their characteristics such as ionic conductivity. lonic conductivity is improved with adding THF in
sulfone solution. Besides the study of cathode materials and current collectors, incompatibility between the
electrolytes, which may be related to the chemical instability of the Grignard reagent-based electrolyte, is also
critical issues for rechargeable Mg battery with a good performance. Therefore, understanding the electro-

chemical behavior of current collectors and synthesis of stable electrolyte are critical for Mg batteries.

Keywords: Li-ion batteries, HF, LiF, Mg-ion batteries, Sulfone electrolyte
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I. INTRODUCTION

1.1 Li-ion battery: Suppressive effects of electrolyte-volume-to-electrode-area ratio (V/A

ratio) on redox behaviors of graphite anodes

To date, the most studies on the graphite anode have been carried out using the graphite composite
electrode. In contrast to the standardized novel electrodes (Pt, Au, Glassy carbon), however, the graphite
composite electrode has several intrinsic limitations in its usage: First, the composite electrode is not reus-
able: proper refreshing method for porous composite electrodes is, if any, not available at present. Second,
the reproducible fabrication of the composite electrodes is challenging: the electrode design parameters
(thickness, density, porosity, and loading level), which greatly affect the electrochemical responses of the
electrode, have to be precisely controlled. Third, the composite electrodes are subject to the interference
from the other ingredients: polymeric binder and conductive carbon. Forth, it is almost impossible to inves-
tigate separately the electrochemical reactions of the edge and basal planes

As an alternative to the composite electrode, a novel electrode has long been used for the examination
on the cathodic reactions of the electrolyte, but its implication is very limited due to the inherent difference
between the two. Considering the material similarity, the highly ordered pyrolytic graphite (HOPG) elec-
trodes are much preferred to the novel metal electrode. Moreover, one of the edge and basal planes of
HOPG can be preferentially exposed, thus enabling the examination of the individual performances of the
edge or basal plane. HOPG electrodes have been employed so far to give valuable information relevant to
the graphite anode performances such as SEI formation/degradation and Li* ion transport kinetics. [1—4]
However, the electrochemical aspects of the edge and basal planes of graphite anode are yet fully under-
stood. Also, the most of previous HOPG experiments were performed in LiClO,4 solutions, rather not in

LiPFg solutions that are more important in practical applications.



In this study, it was revealed that the cyclic voltammograms (CVs) of pyrolytic graphite edge plane
electrode (PGE) in a LiPFg solution are dramatically different from those in LiClO, solution. The reversi-
ble Li* intercalation/de-intercalation reaction is observed in LiClIO, solution, whereas the redox reaction is
severely suppresses in LiPFg solution. In addition, the redox behaviors of PGEs greatly depend on the sur-
face area. The emery-PGEs, supposed to have much larger surface area, showed much enhanced redox ac-
tivities compared with the alumina-PGE. We suggested that the HF impurity, an inevitably impurity pre-
sent in a LiPFg, induces LiF-abundant SEI, which is responsible for the severe passivation, and thus the
suppressed Li* transport kinetics in a LiPFg solutions. More importantly, the ratio of the electrolyte volume
to the electrode surface (hereafter the /A ratio) was claimed to be responsible for the different CVs of the
alumina/emery-PGEs. Our results clearly demonstrate that HF impurity suppresses the Li™ transport Kinet-
ics of graphite anode and that the extent of HF influence is determined by the V/A ratio. Comparison of
electrodes area was measured by double-layer capacitances (Cqy) of emery-PGE and alumina-PGE because
active site of graphite electrode depends on the fraction of edge (f) which related to Cy. Furthermore,

practical and theoretical capacities were calculated in this study.
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Basal plane Graphite layer
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Fig. 1. (Left) Edge and Basal planes of graphite, (Right) commercial edge plane graphite electrode used in

this study.

1.2 Mg-ion battery: Sulfone electrolytes for rechargeable magnesium system

-2.



Electrical vehicles (EVs) which use secondary batteries have attracted world-wide attention demand-
ing environmental issues in recent years. The secondary battery has critical role in EVs. Especially energy
density, performance and cost are the major issues in the successful application for this kind of transporta-
tion. Lithium-ion batteries are the most usages for EVs but it cannot satisfy all the requirements such as
low cost, high energy and power density, high safety, etc. Therefore, development of post-lithium battery
which is green and safer, cheaper is critical. Recently, rechargeable Mg batteries is recognized as promis-
ing storage applications for next-generation rechargeable batteries since Mg has very negative electrode
potential (-2.37 V vs. SHE) and high theoretical specific capacity of 3830 mAh/cm®. Especially, Mg is en-

vironmentally benign, safety, abundance in the earth’s crust (~13.9% Mg compared to ~0.0007% of L.i)
and low raw material cost((~$ 2700/ton for Mg compared to $64,000/ton for Li) compared to lithium.

Furthermore, since the magnesium ion has the bivalent nature (Mg?"), a suitable intercalation anode and
cathode if identified could generate twice the capacity of the best intercalation hosts available for Li-ion
(single valent Li") batteries. Therefore, for post lithium ion battery candidate magnesium (Mg) is very
promising material above reasons. [5-10] However, in comparison with the development of rechargeable
Li batteries, rechargeable Mg battery system is still at the beginning stage. In contrast to Li batteries, there
are several serious challenges for the development of practical Mg based batteries, such as lack of proper
cathode materials, limited selectivity of practical electrolyte systems with reversible Mg deposition and a
narrow electrochemical window.

One of the biggest challenges in developing rechargeable Mg batteries system is to find a suitable
electrolyte. While Li batteries use electrolytes containing conventional Li salt such as, LiPFg and LiClOy,
dissolved in organic carbonate-based solvents, such as mixtures of ethylene carbonate (EC), diethyl car-
bonate (DEC) or propylene carbonate (PC), practical analogs of these electrolytes for Mg-based batteries
have not been demonstrated. Mg salts (perchlorate, chloride, triflate) have low solubility in such solvents.

[11, 12]



The reason why those electrolytes were not demonstrated with Mg salt is because of critical barrier
as like forming a Mg®* blocking layer on the surfaces of electrodes using conventional battery electrolytes

during driven cell. (Fig. 2)

Fig. 2. Scheme of (Left) rechargeable system in Li battery, (Right) not possible in Mg battery with con-

ventional electrolyte system.

In spite of those limitations, electrochemically reversible magnesium deposition/ dissolution batteries
were first demonstrated by Aurbach et al.[10, 13-18] It is well known that Mg electrodes display highly re-
versible behavior in organometallic Mg salt solutions such as Grignard salts, amidomagnesium halides, or
magnesium organoborates (RMgX, R=alkyl, aryl groups; X=CI, Br) in ether solutions. [19-20] Magnesium
battery electrolyte of Grignard reagents overcomes the low anionic stability. However, the main problem
of this magnesium organohaloaluminate electrolyte was the electrochemical instability. [21] The electro-
chemical stability window was improved by substituting alkyl groups on the Lewis acid with phenyl
groups. Therefore, organohaloaluminate called APC formed from the reaction of one equivalent of AIClI;
with two equivalents of PhMgCI displayed a much improved electrochemically stable window of 3.3V vs.
Mg. Unfortunately, the in situ generated magnesium organohaloaluminates reported so far, while having
high columbic efficiencies, are nucleophilic, and air sensitive. Grignard reagent-based electrolytes are very
unstable chemically and electrochemically. [22, 23] The chemical instability of the Grignard reagent-based

electrolyte could lead to electrochemical incompatibility with the other components of the battery system,



including the cathode, anode, separator, and current collectors. It is well known that compatibility between
current collectors and electrolyte, particularly the stability of current collectors, is an important factor for
designing a rechargeable battery with a long cycle life. Recently, stability of cathodes such as Chevrel
phase (MogSg) which are usually corrosive for non-noble metals is one of critical issues in Mg battery sys-
tems. Therefore, conducting a fundamental study and understanding the electrochemical behavior of cur-
rent collectors in electrolyte for Mg-ion batteries is also critical for practical applications. At voltages
higher than about 2.5 V vs. Mg, the electrolyte of Grignard reagents caused the corrosion of stainless steel
onset voltage (Fig. 3). [24, 25] Therefore, it is necessary that affordable and stable electrolytes should be

explored as Mg rechargeable batteries using conventional magnesium salt.

Oxide

~ Cathode
(Chevrel)

Fig. 3. Scheme of cathode is corroded by Grignard reagent-based electrolyte.

Here we present a detailed study of sulfone-based reagents which were chosen as candidate host sol-
vent for electrolyte for Mg-based batteries. Because sulfone-based reagents are stable in simple atmosphere
not like Grignard reagent, it has wider electrochemical stability (over about 3.1V vs. Mg). In addition,
sulfone-based electrolyte is able to dissolve magnesium chloride (MgCl,), conventional magnesium salt.
Dipropyl sulfone (DPS0O2) / tetrahydrofuran (THF) (1/1, vol) solvent performed high deposition and disso-
lution efficiency (over 80%). Remarkably, it was found that reversible Mg intercalation in MogSg could be

carried out in this electrolyte.



Furthermore, in this study, electrochemical behavior of current collectors in electrolyte for Mg-ion
batteries is handled. Topic of current collectors has received little attention. Hence, in this study, the elec-
trochemical stability of potential current collectors for Mg-ion batteries, such as platinum, nickel, stainless
steel (SUS 304), and aluminum has been investigated in DPSO,/THF electrolyte. Our results indicate that
nickel is a good candidate as cathode and/or anode current collectors for Mg batteries in the present elec-

trolyte due to its excellent electrochemical stability up to ~2.8 V. This is higher than the reported corro-

sion of Mg electrolyte for Grignard reagent.



|I. EXPERIMENTAL

2.1 Li-ion battery

2.1.1 Chemicals

LiClO,4 (99.99 %), HF (48 wt% in water), and hexamethyl disiloxane (HMDS) were purchased from
Aldrich. Battery grade 1 M LiPF4 ethylene carbonate (EC) / diethyl carbonate (DEC) (1/2, v/v) solution
were provided by LG Chem.

2.1.2 Electrochemical measurements

A standard three-electrode configuration was employed, otherwise mentioned. Li and Pt wire were
served as reference and counter electrodes, respectively. Pyrolytic graphite edge plane electrode (PGE, ar-
ea = 0.70 cm?) from ALS (Japan) was used as a working electrode. PGE was polished on emery paper
(#3000, 7 um grit size) or with alumina (0.3 um diameter) slurry on a polishing pad. Hereafter, they are
called emery-PGE and alumina-PGE, respectively. Cyclic voltammogram (CV) was performed at scan rate
of 5 mV/s. The base electrolyte was a 1 M LiClO4 or 1 M LiPFg in EC/DEC (1/2, v/v). The CV experiment
in a flooded cell was performed with 4 mL of the electrolyte. For the CV experiment with small electrolyte
amount, a two-electrode configuration was employed. A Li disk (14 mm diameter), serving as reference
and counter electrodes, was covered with a PE separator (20 um thick) soak with 0.04 mL electrolyte, on
top of which PGE working electrode was placed gently to touch the separator.

Surface area was determined from the double-layer capacitance Cg, which has been shown to increase
with an increasing ratio of edge to basal planes. For measuring a fraction of edge plane, f, of each condi-
tion (alumina polishing, emery paper polishing) was followed a paper from Newman group. [26] f. is here
defined as the fraction of total electrode area that exposes the edge plane to the electrolyte. f,, the fraction
of total electrode area that exposes the basal plane to the electrolyte, is equal to 1 — f.. Cyclic

voltammograms were measured in 1.0M KCI with a Ag/AgCl reference and platinum counter electrode,



and Cy was calculated from the variation of average current with scan rate. The potential limits were +50

mV from the open-circuit potential, and the scan rate ranged from 500 to 5000 mV/s.

Graphite composite electrode was fabricated with artificial graphite with 3 wt% SBR and 2 wt%
CMC on Cu foil (20 um thick), with two different loading levels: 6.8 mg/cm? for a thicker elec-
trode(10.5mg on ®14mm Cu foil) and 1.9 mg/cm2 for a thinner one(2.9mg on ®14mm Cu foil). The coated
composite electrode was cut into a piece with the same area as the PGE (0.07 cm?), which was welded to a
SUS strip wrapped with an insulation imide tape to be served as an electrical lead. All the electrochemical
experiments were performed in an Ar-atmosphere glove box where H,O and O, concentrations were kept
below 5 ppm and temperature was held at 25+2 °C.

X-ray photoelectron spectroscopy (XPS) measurements were performed in ESCALAB 250Xi (Ther-
mo Scientific), with a monochromatic Al Ka source. For sample preparation, the graphite composite elec-

trodes were subjected to ten CV cycles over 0.2 — 3.5 V in a flooded cell with 1 M LiPFg solution.

2.2 Mg-ion battery

2.2.1 Chemicals
Mg bis(diisopropyl) amide solution (0.7M THF) (Mg[((CH3),CH),N],) were purchased from Aldrich.
Ethyl methyl sulfone (EMSQO,), dipropyl sulfone (DPSO,) and dimethyl sulfone (DMSOQO,) were purchased
from TCI Co. Tetrahydrofuran (THF) was purchased from Aldrich. Magnesium chloride (MgCl,, ultra dry,
99.9%) were purchased from Alfa Aesar. All chemicals were used without further purification.
2.2.2 Electrochemical measurements
A lab-made three-electrode configuration was employed. Mg strips were served as reference and coun-
ter electrodes. Pyrolytic graphite edge plane electrode (PGE, area = 0.70 cm?) and platinum disk electrode

(Pt, ®1.6mm, area = 0.02cm?) from ALS (Japan) were used as a working electrode. PGE was polished on

emery paper (#3000, 7 um grit size) and Pt electrode was polished with alumina (0.3 um diameter) slurry

on a polishing pad. Mg strip electrodes were pretreated by polishing of emery-paper (#2,000). Cyclic



voltammogram (CV) was performed at scan rate of 20 mV/s. CV experiments were performed in an Ar-
atmosphere glove box where H,O and O, concentrations were kept below 5 ppm and temperature was held
at 30£2 °C. lonic conductivity measurements were carried out ionic conductivity measure (Thermo Sci-
ence) from 10 to 80 °C.

MosSg Chevrel phase electrode was fabricated with 80% artificial active mass, 10% PVDF binder, 10%
carbon black on SUS foil (20 um thick). This Chevrel phase electrode has 122 mAh/g theoretical capacity.
The coated composite electrode was cut into a piece with 5 x 5 mm size, which was welded to a SUS strip
for three-electrode configuration.

The 2-electrode coin cell stack (2032 type cell) consists of a conical spring, spacer, Chevrel or Pt work-
ing electrode, glass fiber separator, and Mg foil for a counter/reference electrode. Pretreatment of Mg plate
for counter, reference electrode is shown schematically in Fig. 4. Mg plate was polished by knife mechani-
cally, and then dipped in ethanol for 5min. It is stacked in coin cell for counter / reference electrode. All
the pretreatment of Mg plate before producing coin cell was performed in an Ar-atmosphere glove box
where H,O and O, concentrations were kept below 5 ppm and temperature was held at 30£2 °C. Coin cell
tests were performed voltage limits which cut off voltage was set from -1 V to 1 V for Pt/Mg cell and from

0.3V to 1.8V for MogSg/Mg cell.

( 2032 type cell
Mg plate

— @D

Separator

Mechanical a MogSg or Pt
polished N\ )
by knife

Fig. 4. Scheme of pretreatment of Mg plate for counter / reference and stacking components of 2032 2-

electrode coin cell
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lIl. RESULTS AND DISCUSSION

3.1 Li-ion battery

3.1.1 Li salt effects on the Li* ion transport behavior of PGE: LiPFg vs. LiClO,

The cyclic voltammograms (CVs) of emery polished PGE in 1 M LiCIO, and 1 M LiPFg EC/DEC (1/2,
v/v) electrolytes are compared in Fig. 5. Floored amount of electrolyte (4 mL) used for the CV measure-
ments, which leads to the flooded cell condition. In LiCIO, (Fig. 5a), the reduction current starts to flow be-
low 1.0 V at the 1st cathodic sweep, and an oxidation peak is observed at 0.93 V at the following anodic
sweep. The redox activity is maintained even after 10 consecutive cycles, which manifests the reversible na-
ture of the Li* transport in LiClO,. The reduction and oxidation currents are obviously assigned to the inter-
calation and the de-intercalation of Li* ion through PGE, respectively. The reduction current due to the solid
electrolyte interphase (SEI) formation is not discernible at the 1st cathodic sweep. It seems that the SEI for-
mation current is overlapped with much larger Li* intercalation response. Similar voltammetric behavior has
also been reported previously for the edge plane of a mechanically polished HOPG in LiClO, solutions [1-3].

The CV in LiPFg (Fig. 5b) is quite different from that in LiClO, (Fig. 5a). It exhibits at the 1st cathodic
sweep a distinct reduction peak at 0.49 V that keeps decreasing at the following cycles, which can be as-
signed to the SEI formation [4]. The reduction current tail after the reduction peak and the oxidation peak at
0.99 V at the following anodic scan can be traced to the Li" transport reaction as in the case of LiCIO,. The
redox activity in LiPFg keeps decreasing with cycle and becomes negligible at the 10th cycle. In addition,
the CV in LiPFg shows much smaller current scale at the 1st cycle than that in LiClO, (approximately by a
factor of 2). These features points to sluggish Li* transport behavior in LiPFg in comparison with that in

LiClO,.
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Fig. 5. CVs of emery-PGEs in EC/DEC (1/2, v/v) solutions of (a) 1 M LiCIO, and (b) 1 M LiPFs.

In order to reveal the origin of the different redox behavior of LiClO4 and LiPFg solutions, the effects

of HF, an inevitably impurity of LiPFg solution, was examined. The HF content of the LiPF solution used

in this study was determined to be about 60 ppm, and thus LiCIO, solution was deliberately doped with 100

ppm HF (hereafter called LiClO4+HF). Note that the CV in LiClIO,+HF (Fig. 6a) shows the same features as

that in LiPFg (Fig. 5b): reduced current scale and decaying redox activity with cycle. As an alternative ap-

proach to check the influence of HF, 5 wt % hexamethyl disiloxane (HMDS), a HF scavenger [27], was

added to LiPFg solution to remove HF present in LiPFg solution (hereafter called LiPFg+HMDS). The 1st

cycle CV of LiPFs+HMDS (Fig. 6b) looks rather similar to that of LiPFg (Fig. 3b), but the redox activity in

LiPFs+HMDS is notably enhanced at the subsequent cycles to be comparable with that in LiCIO,4. These re-

sults clearly indicate that the HF impurity is the key factor to suppress the Li* transport kinetics in LiPFg so-

lution.
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Fig. 6. CVs of emery-PGEs in EC/DEC (1/2, v/v) solutions of (a) 1 M LiCIO,4 + 100 ppm HF and (b) 1 M

LiPFg + 5wt % HMDS.

3.1.2 Effects of the electrolyte-to-electrode area ratio (V/A ratio)

It has been claimed that the relative amount of electrolyte to the electrode surface area (V/A ratio) plays
an important role in determining the surface chemistry of graphite anodes [28, 29]. In order to assess the im-
pact of the V/A ratio, alumina slurry instead of emery paper was employed for PGE polishing to reduce the
surface area of PGE (hereafter called alumina-PGE and emery-PGE). Considering finer grit size of the alu-
mina (0.3 um) than the emery paper (7 um) used in this study, it is obvious that alumina-PGE possesses
lower surface roughness and smaller surface area than emery-PGE, thus having larger the V/A ratio. As
shown in Fig. 7a, the CV of alumina-PGE in LiClO, looks quite similar to that of emery-PGE (Fig. 5a), alt-
hough the former shows somewhat decreased current at the 10th cycle. In stark contrast, the overall shape
and the current scale of alumina-PGE in LiPFg (Fig. 7b) is significantly different from that of emery-PGE
(Fig. 5b). After a reduction peak and a following current tail at the 1st cathodic scan, the CV of alumina-
PGE in LiPFg (Fig. 7b) shows negligible oxidation current at the following anodic sweep, which points to
the absence of Li* ion transport. In addition, the current becomes negligible from the 2nd cycle. Thus, it can

be stated that the Li* transport of alumina-PGE is hindered more than that of emery-PGE, and that the hin-
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drance is more severe in LiPFg than in LiClIO,. This indicates that the large /A ratio is unfavorable to the

Li* transport kinetics, especially in LiPFg solutions.

2 2
T
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£ o of 100
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< 1st
€ > 2
—
-
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e
=
0 6 1 1 1 1 1 1 1 (b)
0.0 05 1.0 1.5 20 25 3.0 3.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Potential / V (vs. Li/Li*)

Fig. 7. CVs of alumina-PGEs in EC/DEC (1/2, v/v) solutions of (a) 1 M LiClO, and (b) 1 M LiPFs.

For the crosscheck of the role of the V/A ratio, the CV of emery-PGE was obtained in a reduced vol-
ume (0.04 mL instead of 4 mL) of LiPFg solution to set the condition of the reduced V/A ratio. Note that the
CV with 0.04 mL electrolyte (Fig. 8) exhibits much enhanced Li* transport kinetics compared with that with
4 mL electrolyte (Fig. 5b). It shows a similar CV response at the 1st cycle. But the current grows with cycle
at the subsequent cycles and the current scale at the 10th cycle becomes comparable to those of HF-free cas-

es (LiClO, in Fig. 5a and LiPFg+HMDS in Fig. 6b). This clearly supports that the small /A ratio is favora-

ble to the Li" transport behavior in LiPFe.
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Fig. 8. CV of emery-PGE in 1 M LiPFs EC/DEC (1/2, v/v) solution. The amount of electrolyte was re-

duced to 0.04 mL from 4 mL. Two electrode configuration was employed.

The suppressive effect of HF on the Li* transport behavior of graphite electrode is rather unexpected
since LiPFg-based electrolytes are being commonly employed in current LIB industry. In order to address
this issue, the impact of the V/A ratio on the CVs of the graphite composite electrode was investigated. The
graphite composite electrodes were prepared with two different loading levels: the thinner electrode was
prepared with a loading less than a quarter of the thicker electrode (2.1 and 9.4 mg/cm?, respectively). It
should be noted that the loading level of the thicker electrode prepared in this study corresponds approxi-
mately to the lower loading limit of commercial grade anodes. The tests of coin half cells (graphite compo-
site/separator/Li), employing about 0.15 mL electrolyte, confirmed that both types of the composite elec-
trodes exhibits decent cycle performances at least up to 50th cycle (not shown here). For the CV experiments
with a three electrode configuration with 4 mL electrolyte, the thin electrode keeps losing its Li* transport
activity with cycle, and it shows a featureless CV with only capacitive current at the 10th cycle (Fig. 9a). On

the other hand, the thick electrode retains considerable activity even after the 10th cycle (Fig. 9b). This clear-
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ly proves that the Li" transport behavior of graphite composite electrodes is also greatly affected by the V/A

ratio.
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=
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Fig. 9. CVs of (a) thin (2.1 mg/cm?) and (b) thick (9.4 mg/cm?) graphite composite electrodes in 1 M LiPFg

EC/DEC (1/2, viv) solution.

3.1.3 XPS

The chemical compositions of the SEI layer on the thin and thick electrodes tested in Fig. 10 were ex-
amined by using X-ray photoelectron spectroscopy (XPS) measurements. The thin and thick electrodes ex-
hibit quite different Lils and F1s spectra, while showing similar C1s and O1s spectra. According to previous
XPS studies on graphite anodes [30-32], peak assignment can be made as follows: F 1s peak at 685 eV is as-
signed to LiF and the peak at 687 eV to LiPFg-derived products (LiPFe/LiP,F,O,). The Li 1s spectrum for
thin electrode shows a LiF peak at 55.5 eV and Li,CO; peak at 54.5 eV. The C 1s peaks at 284, 285, 286.5,
287.8, 288.5, and 290 eV are attributed to graphite, hydrocarbon, C-O, O-C-0O, O-C=0, and Li,COs, respec-
tively. The O 1s peaks at 532 and 533 eV are assigned to O-C=0/Li,CO; or C-O/ O-C-O, respectively.
Atomic composition of the SEI layers is compared in Table 1. F and Li are the most abundant elements for

the SEI of the thin electrode. On the other hand, F and Li contents are quite reduced while C and O portions
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are increased in the thick electrode. In brief, inorganic LiF and salt-derived product are major constituents of
the SEI of thin electrode, whereas the SEI of thick electrode mainly consists of solvent reduction product
such as ROCO,L.i. Note that LiF portion in the SEI of thin electrode is more than three times larger than that
in the thin electrode (Table 1). Previously, we revealed that HF present in LiPFg solution is electrochemical-
ly reduced to form a LiF layer on a Pt surface, which hampers further cathodic reactions of the solvent spe-
cies [32]. Aurbach et al. also observed HF-induced LiF formation on graphite surface, and reveled that the
LiF film on the graphite composite electrode [30] acts as a barrier for Li* transport. Therefore, it can be con-
cluded that the rapid capacity fading observed in thin electrode is ascribed to the high LiF content, which is

presumably induced by HF reduction on the electrode surface.

Cis O1s 1s

Hydrocarbon

526 692 690 688 686 684 682 680

o
S

60 58 56 54 52 50 294 292 290 288 286 284 282 280 278 540 538 536 534 532 530 528 526 692 690 688 686 684 682 680

Binding Energy / eV

Fig. 10. XPS spectra for the graphite composite electrodes subjected to ten CV cycles over 0.2-3.5V in 1

M LiPFs EC/DEC (1/2, viv) solution. (a) thin and (b) thick graphite composite electrodes.
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Graphite F F

electrode (LiF) (LiPsF,0,) H c ©
Thin 20 28 27 7 18
Thick 6 26 8 14 46

Table 1. Atomic percentages derived from XPS measurements in Fig. 10.

3.1.4 Area comparison by double-layer capacitances (Cy) of emery-PGE and alumina-PGE
Emery-PGE and alumina-PGE surface area was estimated by double-layer capacitance, Cy which is
related to fraction of electrochemical active site, edge plane on PGE. Fig. 11 shows a Cy was measured by
cyclic voltammogram with emery-PGE and alumina-PGE in 1.0M KCI solution with a Ag/AgCl reference
and platinum counter electrode. Scan rate ranges were increased from 500 to 5000 mV/s. Fig. 11a is CVs
of emery-PGE and Fig. 11b is CVs of alumina-PGE. Steady-state currents of emery-PGE are greater than
alumina-PGE by increased scan rate. The slope of the steady-state current versus scan rate gives the double

layer capacitance which is shown in Fig. 11c.
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Fig. 11. CVs of (a) emery paper polished PGE, (b) alumina polished PGE in 1M KCI, scan rate

from 500 m Vs™ to 5,000 mVs™ within the potential range of -5 mV to 5 mV (vs. Ag/AgClI). (c) Slopes

of the steady-state current versus scan rate: emery paper (), alumina (A).

The slope of the steady-state current is related to f, by

Cai = Caie fe + Caip(1 — fo) [1]
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The values for Cy and Cy, used were 60 and 2 pF/cm? [33, 34]. Cy of emery-PGE is 333 pF/cm? and Cgy
of alumina-PGE is 48 puF/cm? which were calculated by the slope of the steady-state current of each polish-
ing conditions from Fig. 11c. f, of emery-PGE and alumina-PGE as calculated from Eq. 1 is shown in Ta-
ble. 2. The f, of emery-PGE is 5.7 which is 7.2 times than f, of alumina-PGE, 0.79. This result indicated
that active site of emery-PGE has at least 7 times more than alumina-PGE. Therefore changing polishing

method affects a lot the /A area ratio by its f..

Emery-PGE Alumina-PGE
Ca (uF/cm?) 333 48
fraction of edge (f;) 5.7 0.79

Table 2. Double-layer capacitance (Cy) and fraction of edge (f,) of emery-PGE and alumina-PGE.

3.1.5 Proposed mechanism dependence on the V//Aratio

The possible explanation for the observed Li* ion transport of graphite anode in a LiPFg solution is
schematized in Fig. 12. When the V/A ratio is high (Fig. 12a), LiF-rich SEI, which suppresses Li* transport
more than organic-abundant SEI, is formed on graphite surface. The formation LiF is determined by the
absolute amount of HF present in the electrolyte, and thus the overall thickness of the surface LiF layer is
proportional to the V/A ratio. Therefore, if the V/A ratio is lowered either by increasing electrode surface
area (Fig. 12b) or by decreasing electrolyte volume (Fig. 12c), then thinner LiF layer would be formed so
that facile Li" transport can be achieved.

Since the commercial L1Bs have much lower electrolyte volume to electrode area ratio, the HF effects

are less pronounced than in the flooded cells commonly adopted for HOPG experiments.
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(a)

Li* blocking
LiF layer

(b)

- L

Fig. 12. Schematic diagram of the Li" ion transport of graphite anode in a LiPFg solution. (a) the V/A
ratio is high, and thus the Li" ion transport is suppressed. The ratio is low (b) due to increased elec-

trode area, and (c) due to decreased electrolyte volume, enabling facile Li* ion transport.

3.1.6 Comparison theoretical capacity with experimental capacity of graphite composite

It needs to be checked capacity that theoretical value matched up practical one of artificial graphite
composite. Theoretical capacity of thin graphite composite is 0.15 mAh on 0.25cm? (size: 5 x 5 mm) and
thick one is 0.54 mAh in Fig. 9. Table. 3 shows practical capacity and efficiency of thin and thick elec-
trodes during CV measurements until 10cycles in Fig 9. The practical capacities are much smaller than

theoretical ones. There are too much gaps with practical between theoretical capacities.
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Current/ mAcm=—2

Thin (0.15 mAh) Thick (0.54 mAh)

1%cycle  2"™cycle 10Mcycle 1%cycle 2" cycle 10" cycle
Charge capacity (mAh) 0.02 0.016 0.009 0.036 0.029 0.023
Discharge capacity (mAh) 0.01 0.009 0.005 0.02 0.019 0.016
Efficiency (%) 51 57 58 54 65 70

Table 3. Practical capacities and efficiencies of thin and thick electrodes during CVs from Fig. 9

(scan rate: 5 mVs™).

Since the scan rates of those experiments were too fast than coin cell experiments, slower scan rate
(0.5mV/s) CVs were examined to measure more exactly. The CVs are shown in Fig. 13. The current of
CVs were decreased because of slow scan rate, 0.5mV/s in Fig. 13 which is less 10 times than Fig. 9. De-

spite slow scan rate, the practical capacities are not matched the theoretical ones since these examination

condition is not the same with real condition like coin cell until 5mV (vs. Li/Li").

0.6 0.6
0.4 04t
0.2+ 0.2+
0.0 0.0
-0.2 - -0.2
0.4+ 0.4+
-0.6 | -0.6 -
08| 08|
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0.0 0:5 1:0 1:5 2.0 2:5 3:0 3:5 0.0 0:5 1:0 1:5 2:0 2:5 3:0 3:5
Potential / V (vs. Li/Li*)

Fig. 13. CVs of (a) thin (0.15 mAh) and (b) thick (0.54 mAh) graphite composite electrodes in 1 M

LiPFs EC/DEC (1/2, v/v) solution at scan rate 0.5 mVs™.
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Table. 4 shows practical capacity and efficiency of thin and thick electrodes during CV measurements
until 10cycles in Fig 13. Capacities and efficiencies are improved than fast scan rate (5mV/s, in Fig. 9) but

not significantly.

Thin (0.15 mAh) Thick (0.54 mAh)

1tcycle  2"Mcycle 10"™cycle  1%cycle 2™ cycle 10" cycle

Charge capacity (mAh) 0.026 0.021 0.012 0.056 0.044 0.03
Discharge capacity (mAh) 0.015 0.014 0.0077 0.035 0.033 0.02
Efficiency (%) 57 69 62 61 75 68

Table 4. Practical capacities and efficiencies of thin and thick electrodes during CVs from Fig. 10

(scan rate: 0.5 mVs™).

3.2. Mg-ion battery

3.2.1 Searching for reversible Mg electrolyte

The early part of investigation, various Mg mixture solutions were carried out for Mg battery electro-
Iytes. Fig. 14 shows CVs which have Mg deposition/dissolution reaction using Mg bis(diisopropyl) amide
solution (0.7 M THF) (the structure is shown inset of Fig. 14b) among one of those solutions invested. It
was first evaluated by CV using a three electrode configuration; Mg strips were used for working, refer-
ence and counter electrode. As shown Fig. 14a, there is overpotential (about -0.4 V) during deposition pro-
cess but Mg working electrode allowed Mg deposition/dissolution reaction in this solution. Therefore, Pt
electrode was also invested CV. Pt delivered lower efficiency than Mg for the Mg deposition/dissolution
process (Fig 14b). This solution gave one of possibility using not Grignard reagent. The efficiency of Mg
and Pt electrode for Mg deposition/dissolution is shown table 5, 169 % and 32 %, respectively.

However, Mg bis(diisopropyl) amide solution (0.7 M THF) is so sensitive so that the reversibility was

not guaranteed for Mg battery electrolyte. Therefore we tried to find new concept of electrolyte for Mg bat-
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Fig. 14. CVs of (a) Mg working and (b) Pt working electrode in Mg bis(diisopropyl) amide solution (0.7 M

THF) electrolyte at scan rate 20 mVs™ and structure of Mg bis(diisopropyl) amide solution (inset).

Electrode Mg Pt
. T T 1
Deposition 5.04 mC 0.958 mC
Dissolution 8.50 mC 0.306 mC
. T T 1
Efficiency 169% 32%

Table 5. Deposition / dissolution efficiency of Mg bis(diisopropyl) amide solution (0.7M THF) electrolyte

on Mg and Pt electrodes.

3.2.2 Dialkyl sulfone-based electrolytes

Sulfone electrolytes such as dimethyl sulfone (DMSQO,) were known as electrodepositing electrolytes
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for aluminum deposition based on AICI; salt, L. LEGRAND et al.[35] Adopting the concepts, electrolyte
based on MgCl, / sulfone mixture were invested for rechargeable Mg batteries systems. However, since
melting point of DMSO, is over 100°C, CV experiment is not able to be operated in room temperature. It is
necessary that sulfones have lower melting point or adding co-solvent that are able to be used system solu-
tion around room temperature. Ethyl methyl sulfone (EMSQO,), dipropyl sulfone (DPSO,) and dibutyl

sulfone (DBSO,) are appropriate candidates near room temperature system (Table 6).

Dimethyl Ethylmethyl Dipropyl Dibutyl
(DMSO0y,) (EMSO3) (DPS0,) (DBS0,)
mp (°C) 107-109 32-37 29-33 43-45

Table 6. Melting points of sulfones.

Fig. 15 shows a cyclic voltammogram measured with Pt and GC electrode as a working electrode in
EMSO, solution containing 2M MgCl, on 45 °C and 65 °C, respectively. Mg deposition/dissolution is not
prominent on Pt electrode at 45 °C (Fig. 15a). However increasing temperature to 65 °C and changing elec-
trode to GC were enhanced Mg deposition/dissolution (Fig. 15b, ¢, d). In addition, electrochemical win-

dow of EMSO, solution is as large as Grignard reagents which are stable electrochemically up to 3.1 V.
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Fig. 15. CVs showing magnesium deposition/dissolution on (a) Pt electrode, 45 °C (b) GC, 45 °C (c) Pt, 65
°C and (d) GC, 65 °C in 2M MgCl, / EMSO, electrolyte at a voltage scan rate of 10mVs™ within the poten-

tial range of -1 to 3.1 V (vs. Mg/Mg*")

Mg deposition/dissolution was proved in DPSO, solution than EPSO, in Fig. 16. Despite of lower
temperature at 35 °C from 45 °C which the temperature of EMSO, experiments were taken, deposi-
tion/dissolution behaviors were shown more clearly (Fig. 16a, b). We assume this phenomenon is related to
its lower melting point than EMSO,. As the same reason, DBSO, solution (mp. 43-45 °C, Table 6) didn’t
show Mg deposition/dissolution behaviors even though at 60 °C state (Fig. 17a, b). Furthermore, electro-
Iyte was solidified after CV experiments. (Fig. 17c)

Among those electrolyte systems, DPSO, solution has fair deposition/dissolution efficiency and elec-
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trochemical properties.
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Fig. 16. CV of 1M MgCl, / DPSO, electrolyte on (a) Pt electrode, 35 °C (b) PGE, 35 °C (c) Pt, 60 °C and (d)

PGE, 60 °C in at a voltage scan rate of 20mVs™ within the potential range of -1.5 to 3.3 V (vs. Mg/Mg**)
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Fig. 17. CV of 1M MgCl, / DBSO, electrolyte on (a) Pt electrode, 60 °C and (b) PGE, 60 °C in at a voltage
scan rate of 20mVs™ within the potential range of -1.5 to 3 V (vs. Mg/Mg?"). (c) After CV experiment in 3-

electrode configuration, electrolyte was solidified (red arrow).

There were other experiments of sulfone-based electrolytes which were used alone for host solvent of
Mg rechargeable batteries. Unfortunately, we were not able to find possible solvent systems for Mg elec-

trolyte, expect EMSO, and DPSO,. Ethyl isopropyl sulfone (EiPSO,), methyl isopropyl sulfone (MiPSOy,),
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ethyl phenyl sulfone (EPSO,) and Dimethyl sulfite (DMSO) were invested. Table 7 shows efficiencies of

singular sulfone-based electrolyte above solvents.

— 5
Components Temp. Working Efficiency (%)
P () electrode 1st cycle 2nd cycle
Pt 4.2 11
2M MgCl, EMSO, 65
Edge 24 32
1M MgCl, EiPSO, No deposition/dissolution reaction
1M MgCl, MiPSO, No deposition/dissolution reaction
1M MgCl, DBSO, No deposition/dissolution reaction
1M MgCl, EPSO, No deposition/dissolution reaction
0.05M MgCl, DMSO No deposition/dissolution reaction
Pt 17.5 17.3
35
Edge 33.2 36.7
1M MgCl, DPSO, - 0.7 24
60
Edge 375 37.2

Table 7. Efficiencies of singular sulfone-based electrolyte.

3.2.3 Eutectic: dialkyl sulfones used for co-solvent electrolyte

Although Mg deposition/dissolution is obtained in sulfone solution with MgCl, salt, its efficiency is
not affordable for battery systems. Therefore, new attempts were needed to improve the efficiency of Mg
electrolyte system, such as fabricating eutectic and mixture with other sulfones. Here, various mixtures
were carried out for Mg electrolyte system.

A 3:1 solution of EMSO, and DMSO, has a eutectic temperature of 23 °C. This solution was invested
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for new electrolyte for Li rechargeable battery by Angell group.[36] Adopting this concept from Angell
group, EMSO, / DMSO, (3/1) eutectic was used for solvent with MgCl, salt. Since EMSO,, DMSO, and
MgCl, are all solid state in room temperature, electrolyte was mixed each salt by per mole weight: MgCl,,
EMSO, and DMSO, are 0.35, 3 and 1 weight percent, respectively. Fig. 18 shows CVs of
MgCI,/EMSO,/DMSQO, (0.35/3/1, wt %) eutectic electrolyte. Current magnitudes and efficiency of
MgCI,/EMSO,/DMSO, (0.35/3/1, wt %) eutectic were improved than singular solvents which were used

each EMSO, (Fig. 15) or DMSO,.

O
0.0 - e 0.0 A -
02| " 05| /
T o4 (a) Pt/ 35 °C 0} (b) PGE / 35 °C
~ 2 4 0 1 2 3 2 4 0 1 2 3
c
o
8 021f 051, N
0.0© 0.0 /L -
02 05|
R (c) Pt/ 60 °C or (d) PGE /60 °C
2 A 0 1 2 3 2 A 0 1 2 3

Potential / V (vs. Mg/Mg?*)

Fig. 18. CV of MgCl, / EMSO, / DMSO, (0.35/3/1, wt %) eutectic electrolyte on (a) Pt electrode, 35 °C (b)
PGE, 35 °C (c) Pt, 60 °C and (d) PGE, 60 °C in at a voltage scan rate of 20mVs™ within the potential range

of -1.5t0 3.3V and 3.5 V (vs. Mg/Mg®").
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A 1:1 solution of EMSO, and DBSO, was invested for Mg electrolyte and the results of CV is shown
in Fig. 19. Deposition/dissolution reaction was not shown when DBSO, was used singular solvent (Fig. 17).
However, this EMSO,/DBSO, (1/1 vol) eutectic solvent does not solidify in 35 °C. In addition, current
magnitudes and efficiency of EMSO,/DBSO, (1/1 vol) eutectic solvent were improved than singular sol-

vent of DBSO, (Fig. 17).
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-2 -1 0 1 2 3 -2 -1 0 1 2 3

Potential / V (vs. Mg/Mg?*)

Fig. 19. CV of 1M MgCl, / EMSO, + DBSO, (1/1, vol %) eutectic electrolyte on (a) Pt electrode, 35 °C (b)
PGE, 35 °C (c) Pt, 60 °C and (d) PGE, 60 °C in at a voltage scan rate of 20mVs™ within the potential range

of -1.5 t0 3.3V and 3.5 V (vs. Mg/Mg®").
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Fig. 20 shows CVs of DPSO, and DBSO, mixture of 1:1 volume ratio. DPSO2/DBSQO2 (1/1) solution

does not become low temperature eutectic. Therefore this mixture was able to be carried only in 60 °C, not

35 °C in Fig. 20.
0.02 0.2
1stcycle —
nd ——
< 2" cycle ﬂ 01l e
£ 0.00 | o n
S 0.0} R
c
E -0.02 1 o1l
|
: r
O sual fF o2y
i (a) Pt/ 60 °C (b) PGE /60 °C
2 4 0 1 2 3 R I 0 1 2 3

Potential / V (vs. Mg/Mg?*)

Fig. 20. CV of 1M MgCl, / DPSO, + DBSO, (1/1, vol %) electrolyte on (a) Pt electrode, 60 °C and (b) PGE,

60 °C in at a voltage scan rate of 20mVs™ within the potential range of -1.5 to 3 V (vs. Mg/Mg?").

There were other experiments of sulfone-based eutectic electrolytes. Various sulfone mixture eutectics

were invested. The efficiencies of those eutectics were presented in Table 8.
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Temp. Efficiency (%)

Components C Working
(€) 1st cycle 2nd cycle
2M MgCl, EMSO,/DPSO, (3/1, vol) No deposition/dissolution reaction
Pt 6 7
1M MgCl, DPSO,/EIPSO; (1/1, vol) 25
Edge 32 31
1M MgCl, DBSO,/EiPSO;, (1/1, vol) No deposition/dissolution reaction
35 No deposition/dissolution reaction
1M MgCl, DPSO,/DBSO, (1/1, vol)
Pt 23 16
60
Edge 33 33
Pt 20 22
35
Edge 20 22
1M MgCl, EMSO,/DBSO;, (1/1, vol)
Pt 8 8.6
60
Edge 34 39
Pt 5.2 51
35 Edge No deposition/dissolution
0.8M MgCl, DPSO,/EMSO, (3/1, vol) reaction
Pt 5.5 6.8
60
Edge 29 33
Pt 5.7 7
35
Edge 19 23
MgCIl,/EMSO,/DMSO, (0.35/3/1, wt)
Pt 20 26
60
Edge 30 33

Table 8. Efficiencies of sulfone-based eutectic electrolyte.

3.2.4 Dialkyl sulfones with THF (1/1, vol) electrolyte
Fig. 21 shows cyclic voltammogram with sulfones with THF (1/1, vol) solution containing 0.8M
MgCl,. Currents of Mg deposition/dissolution are significantly improved than using sulfones alone or eu-

tectics. Especially, the efficiencies and current magnitude of DPSO, and DBSO, with THF were increased
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dramatically than previous experiment of DPSO2 (Fig. 16, 17).
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Fig. 21. CV of sulfones with THF (1/1, vol) electrolyte containing 0.8M MgCl,. (a) EMSO,/THF on Pt elec-
trode, (b) EMSO,/THF on PGE, (c) DPSO,/THF on Pt, (d) DPSO,/THF on PGE, () DBSO,/THF on Pt,
and (f) DBSO,/THF on PGE in at a voltage scan rate of 20mVs™ within the potential range of -1.5 to 3.3V

(vs. Mg/Mg?*) at 30 °C
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Table 9 shows efficiencies of sulfones / THF (1/1, vol) electrolyte. The efficiency of DPSO,/THF is
increased from 17 to 44 % on Pt and from 33 to 85 % (Table 7, 9). It is presented that the efficiencies of
these complexes with THF are increased when those alkyl chains are increasing; EMSO, < DPSO, <
DBSO,. The phenomena are seemed to be related with forming solvated Mg complexes with sulfone and

THF solvents. This need to be clarified next study.

Efficiency (%
Temp. . y (%)
Components (C) Working
1st cycle 2nd cycle

Pt 17 15

0.8M MgCl, EMSO,/THF (1/1, vol) 30
Edge 44 69
Pt 44 57

0.8M MgCl, DPSO,/THF (1/1, vol) 30
Edge 85 85
Pt 50 57

0.8M MgCl, DBSO,/THF (1/1, vol) 30
Edge 84 83

Table 9. Efficiencies of EMSO2, DPSO2 and DBSO2 with THF (1/1, vol) electrolyte.

3.2.5 Comparison efficiencies with volume changing of DPSO, and THF

We compared efficiencies dependent on the volume ratio changing of DPSO, and THF because
DPSO,/THF complex was shown the highest current and efficiency in our studies. Fig. 22 shows CVs of
each case of DPSO,/THF complex, such as 1/1, 1/2 and 2/1. The deposition/dissolution reaction and co-
lumbic efficiency are dominant when each solvent, DPSO, and THF is same volume rate; 1/1. The effi-

ciencies are checked in table 10.
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Fig. 22. CV of DPSO,/THF electrolyte containing 0.8M MgCl, volume ratio (a) 1:1, (b) 1:2, (c) 2:1 of
DPSO,/THF on Pt and PGE at 30 °C in at a voltage scan rate of 20mVs™ within the potential range of -1.5

to 3.3V (vs. Mg/Mg?")

\ol. ratio (DPSO,/THF) 1/1 1/2 2/1
1% 44 % 9%
Pt No reaction
2nd 57 % 13 %
30C
1% 85 % 79 % 69 %
Edge
2nd 85 % 80 % 71 %
1% 32 % 31 % 4%
Pt
2nd 48 % 28 % 10 %
60°C
1% 82 % 76 % 30 %
Edge
2nd 81 % 76 % 37 %

Table 10. Efficiency of DPSO,/THF dependant on volume ratio (v/v) on Pt and Edge electrodes at 30 °C

and 60 °C.
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3.2.6 Characteristics of DPSO, vs. DPSO,/THF (1/1) and ionic conductivity

DPSO,/THF, the highest efficiency among above sulfones was 1 to 1 volume ratio. Therefore it need-
ed to be investigated what affect efficiencies with adding tetrahydrofuran (THF). Here the characteristics
of DPSO, and DPSO, / THF (1/1) were compared with ionic conductivity.

Deposition / dissolution efficiency of DPSO,/THF (1/1) mixture electrolyte is over 80% on PGE elec-
trode (Table. 11). Efficiencies of DPSO, used alone present around 12 to 20% both Pt and PGE electrodes.
On the other hand, the efficiencies on Pt electrode are 3times (43.7 and 56.5 %) and on PGE electrode are
4 times (84.6 and 85.1 %) than using single DPSO, at 31 °C.

This different tendency is related to ionic conductivity of each solution since viscosity is decreased
adding THF in DPSO, solution. lonic conductivities of DPSO, and DPSO,/THF containing 0.8M MgCl,
are shown at Fig. 23. Conductivity of DPSO,/THF was measured from 10 °C to 80 °C by each 10 °C. Con-
ductivity of only DPSO, was measured from 30 °C because it was frozen when below 25 °C due to its

melting point (29-33 °C, Table 6).

Pt Edge
Cycle 35T 60T 35C 60°C
1% 17.5% 20.7% 17.5% 20.7%
Only
DPSO,
2nd 17.3% 12.4% 17.3% 12.4%
1% 43.7% 31.8% 84.6% 81.9%
DPSO, /
THF(1/1)
2nd 56.5% 47.7% 85.1% 80.3%

Table 11. Efficiency of DPSO, alone and DPSO,/THF (1/1, v/v) on Pt and Edge electrodes.

-36 -



25| DPSO,/THF (1/1)
Only DPSO,

2.0

1.5

1.0

Conductivity / mScm!

0.5

0.0

10 20 30 40 50 60 70 80
Temperature / °C

Fig. 23. lonic conductivities of DPSO,/THF and DPSO, electrolyte containing 0.8M MgCl, Meas-

urement range of DPSO,/THF was from 10 to 80 °C and DPSO, was from 30 to 80 °C.

3.2.7 CVs and coin cell test of Chevrel phase cathode electrode with DPSO,/THF solution

CV was performed on a well-known Mg intercalation material MogOg Chevrel phase cathode elec-
trode in DPSO,/THF containing 0.8M MgCl, electrolyte in at a voltage scan rate of 0.1mVs™ within the
potential range of 0 to 2.1 V (vs. Mg/Mg?*). CV shows highly reversible Mg intercalation/de-intercalation
in DPSO,/THF solution. The process of Mg insertion into Chevrel phase takes two stages due to its struc-
ture morphology.[20] The first stage of intercalation (sites A in Fig. 24) is indicated around 0.8 — 0.9V and

the another one is indicated around 0.6V.
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Fig. 24. CV of DPSO,/THF electrolyte containing 0.8M MgCIl, on Chevrel phase cathode in at a volt-

age scan rate of 0.1mVs™ within the potential range of 0 to 2.1 V (vs. Mg/Mg*")

Fig. 25 and 26 show the coin cell test of Mg with DPSO,/THF (1/1). The result of 3 electrode config-
uration CVs were quite reversible. The Mg coin cell which consists of Mg metal anode, DPSO,/THF (1/1,
vol) and MogSg cathode delivers at a 0.2 C rate; the capacity drops slightly but it stays around 96% capaci-
ty (Fig. 25c). These indicate DPSO,/THF (1/1) electrolyte is able to support reversible Mg?" insertion/de-
insertion in cathode material and the cycling is stable. In the other hand, Mg/Pt coin cell test shows differ-
ent tendency (Fig 26). Deposition and dissolution of Mg need an overpotential during first several cycles.
Therefore, the efficiency of Mg/PT cell is around 10% at 1st cycle. However, its efficiency is rapidly in-

creased and then stabilized after 40th cycle with a 90 ~ 95 % capacity (Fig 26b).
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Fig. 25. Coin cell test of the Mg-MogSg system in DPSO,/THF electrolyte containing 0.8M MgCl, at a con-
stant current rate of 0.2mA (0.2C). (a) charge/discharge profile (b) capacity of vs. cycle number, and (c)

columbic efficiency vs. cycle number.
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Fig. 26. Coin cell test of the Mg-Pt system in DPSO,/THF electrolyte containing 0.8M MgCl, at a
constant current rate of 0.01mA (a) charge/discharge profile, and (b) columbic efficiency vs. cycle

number.

3.2.8 Corrosion of current collectors in DPSO,/THF electrolyte

In the previous study, DPSO,/THF has excellent electrochemical stability within a large electrochemi-

cal window and the high Mg deposition/dissolution efficiency. However we could find out columbic effi-
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ciency of coin cell test was decreasing slightly in Fig. 25 experiment and anodic charge part of CV in Fig.
24 was increasing after 20cycles. It seems that a corrosion of current collector in chevrel phase was hap-
pened in our electrolyte system. Therefore various current collectors were tested for their stability in our
system. Fig. 27 shows the CV cycles obtained for Ni, SUS, Al, and Cu in the voltage range of 1 to 3.3 V.
CV analysis of these current collectors suggests that it is not stable beyond 2.5 V with the present electro-
Iyte. Nevertheless, Ni electrode exhibits more stable than other ones (Fig. 27). Ni is a suitable candidate as
a cathode and anode current collector for magnesium batteries. Further experiment of cathode material on
Ni foil for current collector is needed to be carried for next future step. We will handle this issue future

study.
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Fig. 27. Oxidation CVs of DPSO,/THF electrolyte containing 0.8M MgCl, on Aluminum, nickel, SUS, and

platinum (a) first cycle, (b) fifth cycle. (c) CVs of Al, Ni, SUS, CU in 5cycle
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4.1.

4.2.

V. CONCLUSION

Li-ion battery

It was demonstrated that the HF impurity is the key factor to suppress the redox reactions of LIB
graphite anodes. The adverse effects of HF were attributed to the HF-induced formation of surface LiF lay-
er, which is more resistive to Li+ transport than organic-rich SEI. More importantly, it was proven that the
LiF formation is facilitated at a high V/A ratio. This provides a possible explanation on why graphite com-
posite electrodes for commercial LIBs are less influenced by HF than the HOPG electrodes for model ex-
periments usually performed in the flooded condition. The effect of surface area follows double-layer ca-

pacitance values, 333 and 48 pF/cm?, emery-PGE and alumina-PGE, respectively.

Mg-ion battery

We report herein on the development of various electrolytes for Mg rechargeable battery system. Es-
pecially, sulfone-based electrolyte solutions which conventional Mg salt (MgCl,) is used are promising
candidate for electrolyte of Mg battery. Sulfone-based electrolytes are is able to be cycled Mg deposition-
dissolution processes without Grignard reagents. Especially condition of DPSO, solution adding THF is
improved over 80% cycling efficiency in PGE electrode. The conductivity of these solutions is twice more
than DPSO; used alone. Important is their wide electrochemical window, >3 V. In addition, DPSO,/THF
electrolyte is able to be used Mg insertion cathode material, Chevrel phases (MosOg) which is developed of
high-energy density, rechargeable Mg batteries. In addition, we found that Ni is an excellent current collec-
tor candidate for use as cathode in sulfone/THF electrolyte of Mg batteries.

Sulfone-based electrolytes are still needed to be improved of its cycling efficiency, lower
overpotential and ionic conductivity. However, this work provides a stepping stone for extending the appli-

cations of reversible Mg electrolyte, without using Grignard reagents.
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