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An Additive Incorporated Non-Nucleophilic
Electrolyte for Stable Magnesium Ion Batteries

Mao-Ling Xie'*, Jun Wang", Chen-Ji Hu*, Lei Zheng®, Hua-Bin Kong', Yan-Bin Shen’,
Hong-Wei Chen", Li-Wei Chen***
(1. College of Materials Science and Engineering, Huaqiao University, Xiamen 361021, Fujian, China;
2. In-Situ Center for Physical Science, School of Chemistry and Chemical Engineering,
Shanghai Jiaotong University, Shanghai 200240, China; 3. i-Lab, Suzhou Institute of Nano-Tech and
Nano-Bionics, Chinese Academy of Science, Suzhou 215123, Jiangsu, China)

Abstract: Non-nucleophilic electrolytes are promising next-generation highly stable electrolytes for magnesium-ion batteries
(MIBs). However, a passivation layer on Mg metal anode usually blocks Mg*" diffusion, leading to poor reaction kinetics and low
Coulombic efficiency of the Mg plating/stripping in these electrolytes. Here we explore the utilization of phenyl disulfide (PDF) as a
film-forming additive for non-nucleophilic electrolytes to regulate the interfacial chemistry on Mg metal anode. Phenyl-thiolate gen-
erated from the PDF additive was found to suppress the unfavorable surface blocking layer, resulted in a high Coulombic efficiency
of up to 99.5% for the Mg plating/stripping process as well as a remarkably decreased overpotential. The full battery consisting of

Mg metal anode and Mo,S;Se cathode remained stable in the PDF additive-containing electrolyte at 0.1 C over 150 cycles at room

temperature.

Key words: magnesium-ion batteries; non-nucleophilic electrolyte; interface; additives; phenyl disulfide

1 Introduction

The energy densities of traditional lithium-ion
batteries (LIBs) are approaching an inherent limit set
by the intrinsic properties of electrode materials!!.
Rechargeable magnesium-ion batteries (MIBs) using
magnesium (Mg) metal anode have been investigated
as a promising alternative to LIBs since Mg metal is
relatively inexpensive, safe, and delivers nearly twice
as much volumetric capacity as lithium (Li) metal an-
ode (3833 mAh-cm? vs. 2046 mAh-cm?)*¥. An im-
portant advantage of Mg metal is that it does not
form dendrites during long-term plating/stripping,

which suggests that MIBs may potentially be em-

ployed as high-safety battery systems™. However, the
widespread application of MIBs has been held back
due to a lack of practically reliable electrolytes™'".
Practically desirable MIB electrolytes, in general,
should meet the following requirements: (1) suitable
for reversible Mg plating/stripping on Mg metal, (2)
highly effective in Mg** conduction within a wide volt-
age window, and (3) high thermal stability and low
toxicity. The key challenge lies in the growth of a
Mg* non-conducting layer on Mg anode in conven-
tional electrolytes due to the strong reducibility of
Mg metal®?. A family of nucleophilic organometallic

electrolytes, known as dichloro complex electrolyte
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(DCC), were first developed in early 2000s to solve
the problem!. DCC is obtained through the reaction
of Lewis acid R,AICI;_, (R = alkyl, aryl) with Lewis
base R,MgCl,_, and is chemically inert to Mg metal,
and thus enables effective Mg plating/stripping with-
out generating the Mg*" blocking passivation layer.
However, DCC based nucleophilic electrolyte suffers
from limited electrochemical stability window (ESW),
high cost, toxicity, and sensitivity to oxidation"!,
Furthermore, the Lewis acid used for the preparation
of DCC is recognized as a source of contamination,
which may cause co-deposition of AlI** and Mg*
species, and thus greatly shortened the lifespan of
these organometallic electrolytes!™.

On the other hand, non-nucleophilic electrolytes
consisting of organic-salts and ether solvents inte-
grate the merits of DCC with relatively wide ESW,
low toxicity and facile preparation*'”. Besides, the
Lewis acid-free non-nucleophilic electrolytes pre-
vent the unfavorable Mg*-Al*" from co-deposition.
More importantly, non-nucleophilic electrolytes can
be extended to Mg/organics or Mg/sulfur batteries
that cannot be operated in DCC electrolytes!®*), How-
ever, because of the strong reducibility of Mg metal,
the dissolved Mg salts, solvents or even a trace
amount of impurities in the electrolyte will inevitably
react with Mg metal and generate an ion blocking
passivation layer!"”, resulting in poor Mg plating/strip-
ping efficiency and slow kinetics for MIBs. There-
fore, the challenge for non-nucleophilic electrolytes
is to tailor the structure and ion-conducting proper
ties of the passivation layer on Mg metal anode®*,

Here we explore the potential of phenyl disulfide
(PDF) as a film-forming additive for the regulation of
Mg anode interfacial chemistry. A non-nucleophilic
electrolyte consisting of magnesium hexamethyldisi-
lazide (Mg(HMDS),) and ether solvent was selected
as the model electrolyte, and the additive incorporat-
ed electrolyte is termed as P-HMDS. Benefiting from
the built-in weak disulfide bond, PDF molecules are
split into two phenyl thiolate anions during electro-

[2425

chemical cycling™*!. With the assistance of these in-

termediate species, an organic interfacial layer was

generated in-situ, and it suppressed the growth of
passivation layer on the Mg metal. As a result, the
overpotential of Mg plating/stripping operated in this
P-HMDS electrolyte was drastically reduced to ~ 41
mV, and the Coulombic efficiency (CE) was as high
as 99.5% after 170 cycles at I mA -cm™ This additive
incorporated non-nucleophilic electrolyte significant-
ly extended the cycle life of MIBs. The work pro-
vides a convenient approach to develop non-nucle-
ophilic electrolytes towards practical MIBs.

2 Experimental

2.1 Chemicals and Materials

Magnesium bis(hexamethyldisilazido) (Mg(HMDS),,
> 97%) was purchased from Aladdin. MgCl, (99.99%)
and Mg metal (99.5%) were purchased from Sigma-
Aldrich. Phenyl disulfide (PDF, 98%+) was purchased
from Adamas. Electrolytes were purchased from
Guangzhou Tinci Materials Technology Corporation,
China. MoS,Se was synthesized according to the ref-
erencel™,
2.2 Sample Synthesis and Characteriza-

tions

0.3 mol -L* Mg(HMDS), and 1.2 mol - L MgCl,
were dissolved in anhydrous tetrahydrofuran (THF)
solvent as the blank electrolyte. 0.01 mol -L", 0.025
mol-L", 0.05 mol-L" and 0.1 mol:L" phenyl disulfid
(PDF) were separately dissolved into the blank elec-
trolyte to prepare different P-HMDS electrolytes. The
Mg metal sheets were thoroughly polished three
times with sandpaper to remove the oxide layer, then
rinsed with THF (extra dry with molecular sieves, wa-
ter < 30 ppm, in resealable bottle) prior to use. The
polished Mg metals were utilized within 1 min to as-
semble the cells in a glovebox to minimize possible
oxidation of the Mg surface. For the full cell,
MosS;Se was used as the cathode and glass fiber
membrane was used as the separator. The amount of
electrolyte used is estimated to be 120 L for each
cell. The cells were discharged and charged on a bat-
tery test system (CT-3008-5V, NEWARE technology
Ltd. Shenzhen). The ionic conductivity of each group
of electrolytes was tested using a LEICI DDS-307A
conductivity meter, and the amount of electrolyte was
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6 mL. CV experiment was carried out with a sweep
rate of 0.5 mV+s” and between 0 to 2.0 V (vs. Mg*'/Mg,
Biologic VMP 300) at room temperature of 25 °C.
The sample was characterized by a field emission
SEM (Hitachi Regulus8230) at 5.0 KV. The GC/MS
measurements were performed using Agilent 7890B/
5977A GC/MSD instrument (Agilent Technologies
Co., Ltd.). The X-ray photoelectron spectroscopic
(XPS) data was collected used PHI-5000 VersaProbe
(Al K, radiation). Prior to XPS characterization, an-
hydrous THF was used to rinse the samples which
were prepared in a glove box filled with an argon gas.
The NMR measurements were performed at room
temperature (~ 25 °C). The FTIR spectra were collected

using a Thermoscientific Nicolet 6700 spectrometer.

3 Results and Discussion

PDF was added into 0.3 mol - L' Mg(HMDS), elec-
trolyte with different concentrations from 0.01 to 0.1
mol -L", yielding a series of homogeneous P-HMDS
electrolytes. The ionic conductivity of the P-HMDS
increased from 9.1 x 10* to 1.2 x 10® S-cm™ when
the concentration of PDF increased from 0 (blank) to
0.05 mol - L' (Figure 1(A)). Further increase in PDF

concentration leads to reduction in ionic conductivi-
ty. The addition of the PDF additive, which contains
no Mg*, may still affect the ionic conductivity of the
electrolyte via mechanisms such as changes in solva-
tion structure or coordination sites, which will be
topics of future studies.

The effect of the PDF additive on Mg plating/strip-
ping overpotentials was firstly investigated in sym-
metric Mg cells where the galvanostatic cycling was
performed under 1 mA -cm? with a capacity of 0.5
mAh -cm?. As shown in Figure 1(B) and (C), the
control cell with no PDF exhibited a large overpoten-
tial of ~ 92 mV after 100-h cycling. With the addition
0f 0.01 mol-L" PDF, the overpotential after the same
100-h cycling slightly declined to ~ 68 mV. The
overpotential further decreased to ~ 41 mV with the
increased PDF concentration of 0.05 mol L, less
than half that of the control cell. Even after 800-h of
continuous galvanostatic cycling in the P-HMDS with
0.05 mol -L"!' PDF, the symmetric Mg cell showed no
evidence of failure (Figure 1(D), (E)), suggesting that
0.05 mol -L"!' PDF is the optimal concentration that

enables a stable utilization of Mg metal anode. More
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Figure 1 (A) lon conductivities of P-HMDS with different PDF concentrations. (B) Plating/stripping of Mg/Mg cell in P-HMDS with
different PDF concentrations. (C) The corresponding overpotentials of the Mg/Mg cells. (D) Long-term plating/stripping of Mg/Mg
cell in P-HMDS with 0.05 mol-L" PDF. (E) The expanded view from the plating/stripping curve in (D). (color on line)
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attention was thus focused on the P-HMDS with 0.05
mol-L" PDF in the following studies.

To further evaluate the electrolytes, asymmetric
Mg/SS (stainless steel) cells were assembled to inves-
tigate the corresponding CE values of the Mg plat-
ing/stripping behavior. In each cycle, 0.5 mAh -cm?
of Mg metal was deposited on the SS substrate at 1
mA -cm?, and then stripped until the voltage reached
1 V vs. Mg*/Mg. The CE of Mg plating/stripping can
be obtained by comparing the amounts of Mg re-
moved from and deposited on the substrate. As
shown in Figure 2(A), the 1* CE of the Mg/SS cell with
0.05 M PDF was 91.7%, and the cell can be stably
cycled for more than 150 cycles with a high average
CE 0f 99.5%. In contrast, the 1* CE of the PDF-free
Mg/SS control cell was only ~ 67.7%. It means that
about one-third of Mg deposition cannot be stripped
from the SS electrode during charging, which may be
due to the unfavorable side reaction on the Mg metal.
The CE of the control cell with no PDF increased
slowly in the initial 60 cycles and exhibited a large
variation with a low average value of only 96.9%.

In addition, the plating/stripping overpotentials
within different electrolytes varied greatly. As shown
in Figure 2(B), the overpotential in P-HMDS (~ 112

mV) was lower than that in the baseline electrolyte (~
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164 mV), suggesting the optimized plating/stripping
kinetics in the P-HMDS electrolyte. Another notable
difference is that, in the P-HMDS, a voltage jump
was observed until the stripping process reached
closer to the end, while in the baseline electrolyte,
the stripping voltage started to rise when only three
quarters of Mg metal were stripped from the SS sub-
strate (Figure 2(B)). It suggests that some non-active
or poorly conductive components existed on the elec-
trode in the baseline electrolyte, resulting in a large
energy barrier that retards Mg stripping out of the
electrode. This is also confirmed by the impedance
evolution of the symmetrical Mg/Mg cells. In line
with the large plating/stripping overpotential in the
baseline electrolyte, the cell shows a typical symmet-
ric semicircle, corresponding to a large interfacial re-
sistance of ~ 5.8 k() after 50 cycles (Figure 2(C)). In
contrast, for the cell using P-HMDS, the Nyquist
curve turned into asymmetric, suggesting a newly
formed interface on Mg metal (Figure 2(D)). Mean-
while, the corresponding overall resistance decreased
to ~ 350 ) after 50 cycles, one order of magnitude
lower than that of the baseline electrolyte, which is
also in line with the decreased overpotential of the
corresponding cell using P-HMDS. To shed further
understanding into the plating/stripping process, the
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Figure 2 (A) Coulombic efficiency (CE) of plating/stripping on a SS working electrode in the P-HMDS with or without 0.05
mol - L' PDF at current density of 1 mA-cm? (B) Voltage curves of the corresponding Mg/SS cells. (C-D) EIS curves of Mg/Mg
cells after 50 cycles in (C) blank electrolyte and (D) P-HMDS with 0.05 mol-L" PDF at I mA -cm? Inset in (C) shows the equiva-

lent circuit used to fit the EIS data.(color on line)
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Nyquist curve was fitted into two semicircles corre-
sponded to ion diffusion in the interface (i.e., interfacial
resistance, Rg;) and the charge transfer on Mg metal
(Ry). For the symmetric Mg/Mg cells, the Rg; on
either side of the symmetric Mg metal electrode can
be determined by dividing the total Ry into two and
then normalized to the surface area of Mg metal. The
Rgz values of Mg metal were found to be ~2.9 k() -cm?
and 50 ) -cm? for the cells without and with 0.05
mol -L! PDF additive, respectively. That is, an opti-
mized interfacial process where the Mg*" diffusion
through the surface layer is facilitated by adding PDF
into the Mg(HMDS), electrolyte.

The improved kinetics may be attributed to the
PDF-assisted conductive interfacial layer on Mg
metal. This assumption is reasonable as the PDF
molecules possess weak -S-S- bonds with low disso-
ciation energy. Thus, they can easily be electrochemi-
cally reduced into thiophenolate anions (TP") on the
electrode surface?, That was confirmed by using
gas chromatography-mass spectrometry (GC-MS) to
monitor the evolution of the electrolyte components.
As shown in Figure S1 in SI, a newly formed TP
species emerged, and the content of the TP anions
slightly increased with cycling time. We speculate
that the nucleophilic TP anions could adsorb on the
metal surface in the form of TP-Mg (schematically
shown in the inset of Figure 3(A)), in a fashion simi-
lar to that of the well-known self-assembly of thiol
molecules on Au substrate via Au-S bonds®. XPS
analysis confirms this hypothesis. To ensure re-
movals of physisorbed salt and other species on Mg
metal, all the collected Mg metals were thoroughly
rinsed with tetrahydrofuran solvent before each XPS
measurement. As shown in the S 2p spectrum of the
Mg metal cycled in PDF-free electrolyte, basically no
S signal was observed after the 100™ cycle (Figure 3
(A)). In comparison, however, a significant S 2p sig-
nal appeared in the Mg metal from the P-HMDS
case, which can be ascribed to typical phenyl thiolate
(TP) derivates™" That is also in well agreement with
the GC-MS analysis. Since only the PDF molecules

contain elemental S in the cell, these S-containing

species on the Mg metal must come from the decom-
position of PDF additive. As the surface of Mg metal
had been thoroughly cleaned, the TP is not ph-
ysisorbed on the Mg electrode, but probably existed
in the form similar to coordination bonds™-",

Importantly, the growth of the passivation layer on
Mg metal is thus significantly repressed by the new
interfacial process, which can also be confirmed from
the Mg 2p spectrum of XPS results. In the baseline
electrolyte, inorganic Mg salts were observed on the
surface of Mg metal, including MgO and MgCO that
are widely considered as poor Mg* conductors (Fig-
ure 3(A)), which formed the typical passivation layer
on the Mg metal. In the P-HMDS electrolyte, howev-
er, the contents of MgO and MgCO; were significant-
ly reduced without generating new inorganic Mg salts
on the Mg surface. Moreover, consistent with the S
2p spectrum (Figure 3(B)), new organic-Mg species
on the Mg metal arising from the TP bonding were
found based on the Mg 2p spectrum (Figure 3(B)).
Consequently, benefiting from the hopping sites on
the TP species (comes from the lone pair electrons
on elemental S), the resulted organic-rich interface
may thus provide more convenient pathways to pro-
mote fast Mg®" diffusion toward the Mg metal, which
explains the improved interfacial kinetics of Mg* as
discussed abovel>¥,

Benefitting from the PDF-assisted interfacial
chemistry, a denser and smoother Mg deposition was
also observed in the P-HMDS electrolyte, as shown
in the SEM images in Figure 3(B)&(C). In general,
the typical Mg deposition in non-nucleophilic elec-
trolytes is moss-like covered with a passivated crust
that formed when its surface is in contact with elec-
trolytes. In contrast, the deposited Mg metal in the
P-HMDS have a smoother surface with smaller parti-
cle sizes and size distribution more evenly on the
electrode surface. This smooth deposition surface
could also be attributed the preferential adsorption of
TP- on the Mg surface, in a way similar to self-assem-
bled monolayers™!, which would result in fast and
homogeneous Mg deposition. Schematic illustration

of the interfacial process with/without PDF is shown
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in Figure 3(D).

From the above discussion it is clear that the
PDF additive significantly promotes the electrochem-
ical reaction kinetics on Mg metal. Full batteries
composed of MogS;Se cathode and Mg-metal anode
were assembled to further test the practical applica-
bility of the PDF additive. Figure 4(A) shows the nor-
malized discharge/charge curves of the batteries cy-
cling in different electrolytes. The voltage hysteresis
of the Mg/MosS;Se battery in P-HDMS was signifi-
cantly reduced, from ~ 200 mV in the PDF-free elec-
trolyte to ~ 120 mV in the P-HDMS electrolyte. Fur-
thermore, the cells with PDF incorporated elec-
trolytes exhibited better specific capacity of the cath-
ode and much prolonged cycle life. The first dis-
charge specific capacities were 103 (with PDF) and

86 mAh-g' (without PDF) at 0.1 C. The capacity of
the control battery without PDF additive faded rapidly
after only ~ 40 cycles (Figure 4(B)), which is mainly
ascribed to the increasing polarization on the Mg
metal anode. On the contrary, the cell with P-HMDS
was cycled more than 150 cycles under the same cur-
rent condition, with a low capacity fade rate of 0.08%
per cycle. It also showed the stable cycling response
over 270 cycles at 2 C (Figure S3). In short, the bat-
tery using P-HMDS electrolyte exhibited the de-
creased overpotential as well as the improved cycling
stability.
4 Conclusions

In summary, this work investigated the PDF as
an additive for Mg metal anode. The PDF molecule
contains a weak disulfide bond, which would be dis-
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sociated upon electrochemical cycling at Mg metal
anode. The resulting TP intermediates would then
tightly bond to the Mg metal surface and suppress the
growth of ion blocking layer that is rich in inorganic
components such as MgO and Mg,CO;. Significantly
enhanced interfacial kinetics on the Mg metal was
thus realized with the help of this organic-rich sur-
face, leading to a remarkably decreased Mg plat-
ing/stripping overpotential to ~ 41 mV with a high
CE of 99.5% . The PDF-incorporated Mg (HMDS),
electrolyte enabled more than 150 cycles for the
Mg/MogS;Se full battery with a low capacity fade rate
of only 0.08% per cycle, along with a decreased over-
potential. This work sheds light to construct a stable
and Mg conductive surface while suppressing the
passivation layer on the Mg metal operated in other

electrolytes.
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