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Abstract

In this study, we demonstrate the potential of a gel polymer electrolyte based on polyethylene oxide (PEO), complexed with
magnesium triflate [Mg(CFsS0s),] and plasticized with ethylene carbonate (EC) and propylene carbonate (PC), for use in
rechargeable magnesium batteries. The optimized composition, PEO (12.20 wt%), Mg(CFsS0s), (14.6 wt%), EC (36.6 wt%),
and PC (36.6 wt%) achieves a notable ionic conductivity of 2.52 X 103 S cm™! at room temperature, which increases with tem-
perature according to Arrhenius behavior. The electrolyte demonstrates a high Mg?* ion transference number (tMngJr =0.51)
and a high total ionic transference number (z,,, =0.98) highlighting its excellent performance as an Mg>* ion conductor.

Preliminary battery tests with the cell configuration Mg/PEO:EC:PC:Mg(CFsS03),/Ti0,-C show a discharge capacity of
65 mA h g ata 0.015C rate, with an open-circuit voltage of 1.85 V. These results suggest that the PEO:EC:PC:Mg(CFsS0s),

gel polymer electrolyte is a promising candidate for application in magnesium-based electrochemical devices.

Keywords Mg*™ ion conductor - Gel polymer electrolyte - TiO, cathode - Mg** ion battery

Introduction

The world is facing an impending energy crisis due to the
depletion of non-renewable energy sources including coal,
oil, and natural gas, which is causing global energy con-
sumption to rise. These fossil fuels are limited and being
used at an unsustainable rate, despite having fuelled indus-
trial progress and development for more than a century. In
addition to endangering their long-term availability, their
extraction and usage accelerate climate change by releasing
greenhouse gases into the atmosphere and causing air pollu-
tion. There is a pressing need to switch to more sustainable
energy systems as fossil fuel sources are depleting and the
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environmental effects of using them worsen. While renew-
able energy sources such as wind, solar, and hydropower are
viable options, there is still work to be done in developing
and widely implementing clean, efficient technologies. In
order to ensure a sustainable energy future, this energy crisis
emphasizes the need for creative solutions, such as devel-
opments in energy storage, energy efficiency, and alterna-
tive clean fuels. As the supply of traditional energy sources
decreases, the world faces serious threats to its economy,
society, and environment if it does not transition to renew-
able resources.

Because they make it possible to store and use renewable
energy sources more effectively, rechargeable batteries are
essential to solving the energy dilemma. Rechargeable bat-
teries offer an alternative by storing extra energy produced
during periods of peak production and making it available
during times of high demand or low output of renewable
energy.

Lithium-ion (Li-ion) batteries have become the dominant
energy storage technology in modern devices and systems
due to their high energy density, long cycle life, and rela-
tively lightweight design. Originally developed in the 1970s
and commercialized by Sony in the 1990s, Li-ion batter-
ies have revolutionized energy storage by powering a wide
range of technologies from portable electronics to electric
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vehicles (EVs) and large-scale renewable energy storage
systems.

Li-ion batteries play a major role particularly in the areas
of communication, computers, and portable electronic
devices and also in high power storage devices such as
batteries in hybrid and all electric vehicles. Thus, science
and technology of rechargeable Li ion batteries dominates
the current R&D activities, and research is being contin-
ued worldwide on the development of high power and high
energy density secondary Li ion batteries, mainly driven
by the demand for hybrid and all electric vehicles. Despite
their numerous advantages, lithium-ion batteries are more
expensive to manufacture than other forms of rechargeable
batteries. Thermal runaway is a phenomenon in which a
Li-ion battery overheats and may catch fire if damaged or
badly handled. This has raised safety concerns, especially in
large-scale applications such as EVs and grid storage. While
Li-ion batteries have a long cycle life, they do degrade with
time, with capacity steadily decreasing after multiple charge
and discharge cycles. This is a concern for long-term uses
[1, 2]. Another major concern is the limited availability of
lithium metal in the earth’s crust, thereby making the cost of
lithium batteries to go up rapidly in the near future. Relative
abundance of Mg, Ti, and Li metals in earth’s crust is Mg:
29,000 ppm, Ti: 6600 ppm, and Li: 17 ppm [3-7].

Magnesium-ion (Mg-ion) batteries have developed as
a possible alternative to lithium-ion (Li-ion) batteries in
response to growing demand for more sustainable, safer,
and high-performance energy storage solutions [8]. Mg-ion
batteries have various potential advantages over Li-ion tech-
nology, making them a viable alternative for future energy
storage solutions. Magnesium is the eighth most prevalent
element in the Earth’s crust, making it significantly more
readily available and less expensive to obtain than lithium.
Magnesium is a divalent ion, which means it can carry two
positive charges (Mg?*) per ion, compared to lithium, which
is monovalent (Li") and carries only one charge per ion. This
gives Mg-ion batteries the potential to store more energy in
the same volume compared to Li-ion batteries. Magnesium’s
abundance offers a more sustainable and scalable option for
battery production, lowering concerns over resource deple-
tion and lowering costs. Theoretically, the multivalent nature
of magnesium permits a higher energy density, which may
result in batteries with longer lifespans and more capacity
for power storage. Compared to lithium metal, which has a
specific capacity of 3860 mAh/g and a volumetric capacity
of 2061 mAh/cm?, magnesium metal offers a specific capac-
ity of 2205 mAh/g and a significantly higher volumetric
capacity of 3833 mAh/cm® [9, 10]. This means that energy-
dense battery technologies based on magnesium metal may
perform better than lithium-based systems, especially in
applications that call for large-scale energy storage or high-
capacity portable devices [11]. Mg* ion battery was first
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demonstrated by Aurbach et al. in the year 2000 [12] and
after that the development of a Mg battery technology has
received much attention as a potential rechargeable battery.

A typical Mg battery consists of three major components,
the Mg anode, the cathode and a Mg** ion conducting elec-
trolyte. Performance of the battery largely depends on the
active material, cathode. Hence, selecting a cathode material
is a critical issue to develop a Mg battery with high energy
and power density. Recent research on magnesium-ion bat-
teries has concentrated on producing cathode materials that
can successfully host magnesium ions (Mg?*).

When discharging a Mg battery, dissolution of Mg*™
ions from the negative electrode (anode) and their interca-
lation into positive electrode (cathode) takes place. Dur-
ing the charging intercalated Mg**ions are released from
the positive electrode (cathode) and Mg® deposition in the
anode takes place. Numerous intercalation materials such as
metallic oxides, metallic sulfides, selenides, and polyanion
compounds have been tested as possible cathode materials
for Mg** ion rechargeable battery [13-19]. According to
reported data, in most cases, the insertion of Mg proceeds
in the same potential region as the insertion of Li in Li* ion
batteries [20]. Metal oxides are considered to be the most
promising cathode materials for high energy density sec-
ondary Mg batteries due to their higher working potentials
and better chemical, electrochemical, and thermal stabilities.
High degree of ionic character of the metal oxygen bond in
these oxides generally leads to higher oxidizing power of the
compound and produces a high voltage battery. However in
most Mg batteries, V,0s-based materials [14, 15] are used
as the cathode material because of the limited cycling stabil-
ity of other metal oxides. These cathode materials are expen-
sive and rare. Therefore, the use of these materials limits
their practical applications. TiO,, on the other hand, is a low
cost, highly abundant, nontoxic, and environmental friendly
material. Hence, exploring the possibility of using TiO, as
a cathode material in rechargeable battery technology is
important. TiO, has been already explored as alternative
negative electrode for the rechargeable Li batteries due to
its higher theoretical storage capacity of 335 mA h g~! [21,
22]. However, practical specific capacity of TiO, is less than
that of their theoretical capacity due to two main limitations.
Poor electronic conductivity and low Li*/Mg** diffusivity
in the TiO, could directly affect the possibility of achieving
a higher practical specific capacity [10]. Nano-structured
TiO, with their large surface area, however, paves the way
for its wide utilization as electrode for rechargeable batter-
ies. The loosely packed nano-particles expose more area to
the electrolyte solution, and this may cause to improve the
diffusion of electrolyte solution through the nano-structured
TiO,. Although extensive research has been undertaken on
TiO,-based Li*/Mg** hybrid batteries, only a few studies
have documented TiO, as a cathode material in Mg ion
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batteries. F-doped TiO, nano crystals produced by hydro-
thermal method recently demonstrated a 77.2 mA h g=!
capacity as a cathode material in magnesium ion batteries
with [Mg,Cl;] 4+ [AIPh,Cl,] —/THF electrolyte [23]. A mag-
nesium battery using a magnesium borohydride/tetraglyme
electrolyte, a titanium dioxide cathode, and a magnesium
anode demonstrated a discharge capacity of 155.8 mA h
g~ [24]. In this work, for the first time, we report a Mg ion
battery composed of a Mg anode, a TiO, cathode, and PEO.
EC:PC:Mg(CF;S05), electrolyte.

Another constraint for developing a rechargeable magne-
sium battery is finding suitable Mg™™ ion conducting elec-
trolytes [25]. The possibility of internal shorting, leaks, and
producing combustible reaction products at the electrode
surface are the major problems associated with liquid elec-
trolytes. By using a thin film of solid polymer electrolyte
(SPE) or a gel polymer electrolyte (GPE) instead of conven-
tional liquid electrolytes, several advantages can be gained.
To be employed in a solid state or quasi-solid state battery,
SPE or GPE film must have numerous features, including
excellent ionic conductivity and mechanical stability.

Polyethylene oxide (PEO)-based SPEs possess good
mechanical strength and dimensional stability, but its con-
ductivity at ambient temperature is rather low, and it is in
the order of 1x17% S cm™!. In order to achieve high ionic
conductivity, while retaining the mechanical properties,
quasi-solid or gel polymer electrolytes (GPE) are inves-
tigated at present. Although the mechanical strength of a
GPE is less than that of SPE, its ionic conductivity is in
the adequate range (typically, I x10™ S em™'=1x 1073 S
cm™!) for battery applications [25]. PEO complexes with
magnesium salts have moderate ionic conductivity (ranging
from 107 to 10™* S cm™!) at temperatures about 80—100
°C, according to numerous investigations. Here, we present
a few examples of PEO-based electrolytes utilized in Mg
ion batteries. PEO-Mg(CH;COO),-EC-PC [26] electrolyte
exhibited 6.1 x 107> S cm™! ionic conductivity. The room
temperature ionic conductivity of the PEO-1-ethyl-3-meth-
ylimidazolium trifluoromethanesulfonate (EMITf)-magne-
sium trifluoromethanesulfonate (MgTf), electrolyte [27]
combination was 5.6 x107™* S cm~!. A magnesium (Mg)-
ion-conducting polymer electrolyte made of poly(ethylene
oxide) (PEO) and Mg trifluoromethanesulfonate (Mg tri-
flate or Mg(Tf),) with varying proportions of nonionic
polymeric crystal succinonitrile (SN) [28] demonstrated
6x 107 S cm™! ionic conductivity. Furthermore, our team
reported on the complexation of (PEO) with magnesium
triflate (Mg(Tf), or Mg(CF;S05),) and the incorporation
of the ionic liquid (IL) (1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR14TFSI)) as an
electrolyte for magnesium ion batteries. At room tem-
perature, these batteries exhibit an ionic conductivity of
3.66x107* S cm™! [29]. Tonic conductivity was measured

as 1.795x 107> S cm™! in the TiO, nano-filler integrated
Mg(BH4),:polyethylene oxide (PEO):propylene carbonate
(PC) polymer gel electrolyte [30]. The Mg** ion transfer-
ence number is a critical electrochemical parameter that
represents the proportion of total ionic current carried by
magnesium ions in an electrolyte. A high transference num-
ber is desirable for Mg batteries, as it indicates dominant
Mg?* conduction, enhancing efficiency and minimizing con-
centration polarization. Electrolytes based on Mg(CFsS0s),
exhibit relatively high Mg?* transference properties, mak-
ing them suitable for use in rechargeable battery applica-
tions [31, 32]. In comparison to earlier reported results,
the electrolyte including PEO (12.20 wt%), (CF;S05), Mg
(14.6 wt%), EC (36.6 wt%), and PC (36.6 wt%) in this study
shows outstanding ionic conductivity and Mg*™ transfer-
ence number.

Therefore, in this work, we have studied the possibilities
of using low cost TiO, as the cathode martial in magnesium
ion batteries comprising a quasi-solid polymeric electro-
lyte based on polyethylene oxide (PEO) as the host matrix.
The polymer electrolyte based on PEO complexed with Mg
(CF5S03),, in ethylene carbonate (EC), propylene carbonate
(PC) co-solvent has been characterized using AC impedance
spectroscopy, cyclic voltammetry (CV), and DC polarization
measurements. The batteries with cell configuration Mg/
PEO:EC:PC:Mg(CF;50;),/TiO,-C were fabricated, vary-
ing the amount of carbon until the cells exhibited the highest
battery parameters such as the open circuit voltage and the
short circuit current density.

Experimental
Materials

Polyethylene oxide (PEO, Mw =400000) and magnesium
trifluoromethanesulfonate (Mg(CF;SO5),) (abbreviated as
magnesium triflate, MgTf) purchased from Sigma Aldrich;
propylene carbonate (PC) and ethylene carbonate (EC) with
purity >98% purchased from Fluka; and fluorine-doped
SnO,-layered (FTO) glass (sheet resistance 12 Q/sq) and
TiO, (Degussa P-25) purchased from Solaronix SA were
used as staring materials.

Electrolyte preparation

The electrolyte for the Mg battery was prepared by impreg-
nating it into a porous separator using the following pro-
cedure. 0.12 g of magnesium trifluoromethanesulfonate
(Mg(CF;S05),) was dispersed in 0.3 g of propylene carbon-
ate (PC), 0.3 g of ethylene carbonate (EC), and the mixture
was stirred for few minutes for complete dissolution. Then,
0.1 g of polyethylene oxide was added to this solution and
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the mixture was heated up to 80 °C under continuous stirring
until a homogeneous viscous gel is formed. This viscous gel,
hereafter called the gel polymer electrolyte (GPE) was then
allowed to cool down to room temperature.

Conductivity measurements

The ionic conductivity of electrolyte samples was determined
using impedance analysis by a computer controlled Metrohm
Autolab (PGSTAT 128N) impedance analyzer in the fre-
quency range between 0.1 Hz and 10 MHz. For impedance
measurements, a disc-shaped gel polymer electrolyte sample
was sandwiched between two polished stainless steel (SS)
electrodes with the configuration SS/GPE/SS. The sample
assembly was placed in a furnace with a temperature con-
troller, and impedance measurements were taken from room
temperature up to 65 °C at 5 °C intervals. Conductivity val-
ues at each temperature were determined from the impedance
measurements.

DC polarization measurements

The electronic contribution to the total ionic conductivity
was estimated by the DC polarization measurements. In this
method, DC polarization current was monitored as a function
of time for the electrolyte sample sandwiched between two
stainless steel blocking electrodes with the configuration SS/
GPE/SS and by applying a 1 V DC across the sample.

The total ionic transference number (z,,) of the polymer

electrolyte was estimated by Wagner’s method using the Eq.

D,
I -1
t = i f

0on I

‘ (1)
1

where /; is the initial current and /; is the final steady state
current.

In order to determine the Mg™ ™ ion contribution to the total
ionic conductivity a combination of AC and DC measurements
were taken. Equation (2) was used to calculate the magnesium
ion (Mg ") transference number (fy1g49);

LAV = roly)

NN @

where I, and I are the initial and final steady state currents
and r and r, are the cell resistance before and after applying
the polarization voltage respectively. For finding the r, value,
the electrolyte was sandwiched between two non-blocking
Mg electrodes with the cell configuration Mg/GPE/Mg,
and the complex impedance response of the symmetrical
cell assembly was measured. Then, a small voltage pulse
(/\ V=0.3 V) was applied to the cell until the polarization
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current reached a steady state after which the complex
impedance was again measured [27, 33].

Cyclic voltammogram

Cyclic voltammogram of the symmetrical cells SS/GPE/
SS and SS/Mg/GPE/Mg/SS were recorded using a com-
puter controlled Metrohm Autolab potentiostat/galvanostat
(PGSTAT 128N) at 5mV s~ and 1 mV s~! scan rates. The
experiments were carried out at 30 °C.

Mg/GPE/TiO,-C/FTO cell

A powder mixture (0.2 g) of 89wt% TiO,, (0.025 g) of 11
wt% carbon powders, one drop of Triton-X (as a binder)
and few drops of acetic acid were thoroughly ground with
ethanol. This mixture was used to prepare the cathode pellets
with 5-mm diameter and thicknesses 12 ym on fluorine-
doped tin oxide (FTO) glass substrate and then sintered at
450 °C for 45 min. Since we need to minimize the amount of
binder used in the cathode, we followed this unconventional
method to prepare the TiO, cathode on different current col-
lector (FTO). Sintering up to 450 °C completely removes
the binder (Triton-X) used in preparing the cathode, and
this will help to decrease the amount of binder used in pre-
paring cathode as well as internal resistance of the battery
and hence increase the battery capacity. It is impossible to
remove binder by sintering with the use of other commonly
used current collectors such as Cu and Al. The weight of
the prepared TiO, electrode was in the 1-2 mg range out of
which the weight of the active TiO, material was 89%. Thin,
circular discs of magnesium metal were sectioned out of a
Mg sheet, polished and cleaned using acetone. The weight
of the magnesium pellet used as the anode was about 0.15 g.

The Mg/PEO:EC:PC:Mg(CF;50,),/TiO,-C cell (for
brevity, hereafter referred to as SS/Mg/GPE/TiO,_ C/SS cell)
was assembled in the air tight spring loaded cell holder using
the anode, electrolyte and the cathode. Charge/discharge
cycling characteristics of the cells were recorded at room
temperature using the Metrohm Autolab (PGSTAT 128N)
potentiosat/galvanostat system.

Results and discussion

Characterization of the gel polymer electrolyte
Impedance analysis

The impedance spectra of the gel polymer electrolyte taken
with the symmetrical cell with configuration, SS/GPE/SS

exhibits a typical Nyquist plot consisting of a part of a large
semicircle (not shown). Electrical response of the cell can
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be explained on the basis of an equivalent circuit with a
resistance of the SS/GPE interface (R,) and a resistance of
the GPE sample (R,). This R value as determined from the
intercept of the straight line with the real axis of the Z’’ vs.
Z’ Nyquist plot is around 122 Q which is similar to the R,
value obtained from the equivalent circuit.

The ionic conductivity of the gel electrolyte was calcu-
lated using the Eq. (3).

c=I1/RA 3

where [ is the thickness of the electrolyte sample, A is the
contact area between the electrolyte and the electrode, and
the R is the measured resistance. Room temperature ionic
conductivity is found to be 2.52 x 10~ S cm™! which is
comparable with that of the PEO gel polymeric electro-
lytes based on Li salts. An Li* conducting electrolyte with
1.71x 107 S em™! ionic conductivity that contained EC:
PC (3:1) plasticizers was reported by Semnani et al. [34].
Munichandraiah et al. found that the presence of plasticizers
increased ionic conductivity from 1x 107% S cm™! to around
1x107° S cm™! at ambient temperature [35].

When preparing the electrolyte, EC and PC were used
as the plasticizers to enhance the conductivity. These plas-
ticizers decrease the viscosity of the polymer and facilitate
the ionic transport by increasing the ionic mobility. High
dielectric constant of EC will weaken the columbic forces
between the cations and anions and promote ionic dissocia-
tion and increase the number of free ions and hence the ionic
conductivity [34].

During impedance measurements the temperature of the
samples was varied from 25 to 65 °C, and the measurements
were taken at 5 °C intervals. The conductivity values were
extracted from complex impedance plots. Figure 1a shows
the conductivity (on log scale) variation with reciprocal of
the absolute temperature. The linear shape of the graph sug-
gests that the temperature dependence of the conductivity
obeys the classical Arrhenius relation expressed by Eq. (4).

o =o,exp(-E,/RT) 4)

where o is the ionic conductivity, o, is the pre-exponential
factor, E, is the activation energy, R is the gas constant, and
T is the temperature. Corresponding Nyquist plot at different
temperature and the equivalent circuit is shown in Fig. 1b.
In order to confirm the Mg** ion conduction in
PEO:EC:PC:Mgtf system, impedance spectroscopy, CV,
and transport number measurements are performed. Figure 2
shows the comparative impedance plots for the symmetri-
cal cells consisting of PEO:EC:PC:Mgtf gel electrolyte with
blocking (SS) and non-blocking (Mg) electrodes. Steep ris-
ing impedance pattern of SS/GPE/SS symmetrical cell indi-
cates the ion blocking nature of SS-electrodes to the Mg**
ions at the electrode electrolyte interfaces. Semicircular
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Fig. 1 a Temperature dependence of the ionic conductivity of the gel
polymer electrolyte in logarithm scale. b Nyquist plot of gel electro-
lyte at different temperature and the equivalent circuit

dispersion curve obtained for the Mg/GPE/Mg shows the
reversible nature of the Mg-electrodes in the polymer elec-
trolyte. Further, the equivalent circuit well fitted with the
Nyquist plot has high charge transfer resistance of the order
of kQ for the blocking interface while the cell, Mg/GPE/
Mg shows small charge transfer resistance of the order of Q
associated with the redox process.

DC polarization results

The ionic transference number was estimated from DC
polarization measurements to check the transference num-
ber of mobile species in the gel electrolyte (GPE) with
composition PEO (12.20 wt%), (CF;S0;), Mg (14.6 wt%),
EC (36.6 wt%), and PC (36.6 wt%). Results of the DC
polarization current measured as a function of time on
application of DC potential of 1.0 V across the cell with
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Fig.2 Complex impedance plots for cell 1: SS/
PEO:EC:PC:Mg(CF;S0,),/SS and cell 2: Mg/
PEO:EC:PC:Mg(CF;S05),/Mg recorded at room temperature

stainless steel (SS) blocking electrodes in configuration
SS/GPE/SS show that the polarization current dropped by
more than 98% from the initial value during the first 10
min and then gradually became steady after about 3 h. The
total ionic transference number, #;,, estimated using the
Eq. (1), is 0.985. This shows that the material is predomi-
nantly an ionic conductor, with Mg** and CF,SO,*" as the
dominant mobile ionic species. The total ionic conductiv-
ity of the electrolyte is made up of individual ionic con-
ductivity contributions from Mg** and (CF;SO;)*" ions.
Mg** ion contribution for the total ionic conductivity is
important for the Mg battery, because Mg**ions inter-
calate/de-intercalate into/from TiO, cathode during the
charging/discharging cycles.

In order to determine the Mg™™ ion transference number,
Eq. (2) in the “DC polarization measurements” section was
used. For this, AC impedance of the Mg/GPE/Mg symmetri-
cal cell with the electrolyte sample of composition of PEO
(12.20 wt%), (CF;S0;), Mg (14.6 wt%), EC (36.6 wt%), and
PC (36.6 wt%) was measured and the value of the resistance,
R, was determined. Subsequently, a DC polarization voltage
of /AV=0.30 V was applied across the symmetrical cell Mg/
GPE/Mg and the initial current, /, and resulting steady state
current [ after 3 h was recorded. Figure 3 shows the vari-
ation of DC polarization current as a function of time. The
values of /, and /; determined from Fig. 3 (before normaliza-
tion) are 2.17 A and 1.11 pA respectively.

According to the DC polarization measurements, the
resistance of the symmetrical cell has increased from an
initial value (r,) of 1.62 X 10% Q to the final value (ry) of
3.15 x 10? Q. The Mg** ion transference number, calcu-
lated according to Eq. (2) using the 1, I, r,, r,, and AV
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Fig.3 a Variation of the dc polarization current (normalized) as a
function of time for the Mg/GPE/Mg cell. b Complex impedance
response of the Mg/PEO:MgTf:EC:PC/Mg cell measured before and
after dc polarization

values is 0.51. This shows that the Mg*™* ion contribution
to the total ionic conductivity is significant.

Similar to the widely accepted view of Li* ion coordina-
tion with ether oxygen in PEO:LiX electrolytes, in the PEO
based Mg** ion containing gel polymer electrolyte also,
the Mg** cations are expected to coordinate with the ether
oxygen atoms in the polymer chain while the interaction
of anions with the polymer is supposed to be weaker. The
transport of the anions takes place by ionic diffusion through
the electrolyte [36].

For the polyethylene oxide-lithium triflate
[(PEO)gLiCF;SO;)] polymer-salt complex, the value of the
cation diffusion coefficient varies between 0.34 and 0.41 in
the temperature range 428 to 448 K. This means that both
anions and cations contribute to the total ionic conductivity
of the PEO based Li* gel electrolyte. It is also reported that
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Table 1 Ionic conductivity and

1

) Polymer used/solvent Mg salt Conductivity/S cm™ Transference  Reference

Mg ion transference number of number

PEO-based electrolytes
PEO/EC-PC Mg(CF;S053), 2.52x1073 0.51 This Paper
PEO/EC-PC Mg(CF;S0,), 1x1075 - [35]
PEO/EC-PC Mg(CH;COO0), 6.1x1073 - [26]
PEO/PC Mg(BH,), 1.795%x 1073 0.22 [30]
PEO/(EMITf)* Mg(CF;S053), 5.6x107 0.45 [27]
PEO/(PYR14TFSI)® Mg(CF;S053), 3.66x1074 0.40 [29]
PEO/PVP¢/methanol Mg(NO3), 5.8x107* 0.33 [37]
PEO/PMAY/DMC?/EC Mg[(CF;S0,),N], 2.8x107 - [38]
PEO/PMAY/(EMITFSI)f Mg[(CF;S0,),N], 1074 - [39]

1-ethyl-3-methylimidazolium trifluoromethanesulfonate

®1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide

“Poly(vinyl pyrrolidone)
4Poly(methacrylate)

“Dimethyl carbonate

[1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

for the same electrolyte, the addition of PC reduces the cati-
onic transference number by 46%. In the present study also,
where magnesium trifluoromethanesulfonate (magnesium
triflate) is used as the ionic salt and 36.6 wt% of PC is used
as the plasticizer, one would expect a lower ionic transfer-
ence number for the Mg™™ cations (fyy, ) compared to the
triflate anions. The presence of PC is expected to enhance
the anionic diffusion due to the lowering of viscosity of the
polymer gel medium. Table 1 summarizes the ionic con-
ductivity and Mg ion transference number of PEO-based
electrolytes compared to the values reported in this study.

Electrochemical characteristics
Cyclic voltammetry of Mg/GPE/Mg symmetrical cells

Electrochemical reversibility of magnesium in PEO:Mgtf-
based electrolyte is followed by the symmetrical non-block-
ing magnesium electrodes [29]. The Mg/GPE/Mg symmetri-
cal cells were subjected to cyclic voltammetry with the scan
rate of 5 mV s~!, and voltammogram is shown in Fig. 4.
The cathodic and anodic current peaks are clearly observed
for the Mg/GPE/Mg symmetrical cell. Higher magnitude
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Fig.4 Cyclic voltammograms of Mg/GPE/Mg and SS/GPE/SS sym-
metrical cells taken at a scan rate of 5 mV s~! and at 30 °C

Voltage/V

Fig.5 Cyclic voltammogram at 1 mV s~! scan rate of Mg/GPE/TiO,-
C cell at 30 °C for 0.5-3.0 V voltage window
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Fig.6 Constant load discharge characteristics of Mg/PEO:EC:PC:
Mg(CF;S0;),/TiO,-C cell under 60 kQ load

of cathodic and anodic peak currents of the cell Mg/GPE/
Mg suggests that the cathodic deposition and anodic oxida-
tion occur at the Mg/GPE interface according to the reaction
given below by Eq. (5) [1]. While the Mg/GPE/Mg system
exhibits distinct cathodic and anodic peaks, the cells that
have SS-electrodes within the same potential range do not
exhibit this feature [40]. This implies that Mg** ion conduc-
tion in the polymer electrolyte layer is shown by the easy
Mg cathodic deposition and anodic oxidation at the Mg-
electrode and polymer electrolyte contact [27, 35].

Mg +2¢” & Mg %)

The oxidation of Mg to Mg?* ions takes place during the
discharge and the reverse process of electrodeposition of Mg
takes place during charging. The voltammograms show the
redox peaks corresponding to the deposition (—2.4 V) and
dissolution of (2.9 V) of magnesium. Relatively high differ-
ence between anodic and cathodic peak potential value is due
to the absence of a reference electrode in the system. Similar
potential difference (~5 V) between Mg oxidation and reduc-
tion has been reported [27]. It also shows that the charges

associated with the deposition and dissolution process are
equal for the first cycle. This implies that, at the beginning
the reversibility of the magnesium deposition and dissolu-
tion is high. Electrolyte sample may have traces of moisture,
and the additional peak seen at 3.2 V may be attributed to
the formation of Mg(OH),. For the SS/GPE/SS configura-
tion (red curve), the oxidation peak above 3 V is indicative of
the electrochemical oxidation of the GPE or residual solvent
components, since no active metal (like Mg) is present in the
cell. This behavior is commonly observed in symmetric cells
and serves to identify the electrochemical stability window
of the electrolyte.

Cyclic voltammetry of Mg/GPE/TiO,-C cell

I-V characteristics of the Mg/GPE/TiO,-C cell were exam-
ined in order to demonstrate the application of the GPE in
rechargeable Mg battery. This cyclic voltammogram indicates
that the TiO, electrode undergoes reduction and oxidation
process in the GPE medium. Cyclic voltammogram at 1 mV
s™! scan rate of a Mg/GPE/TiO,-C cell at 30 °C for 0.5-3.0 V
voltage windows is shown in Fig. 5. In this potential window,
a reduction peak present at 0.75 V is characterized by the
insertion of Mg** in to TiO, and oxidation peak at 2.0 V is
characterized by extraction of Mg** from the cathode. During
the charging/discharging process, the main redox reaction of
this electrochemical system is Ti**/Ti*> [24]. A small reduc-
tion peak observed in the Fig. 5 at 1.6 V shows that it just
starts sweeping from this voltage. From these curves, it pos-
sible to calculate the total charge exchanged during the oxida-
tion and reduction process. The calculated values show that
the charge associated with the anodic peak (0.015 C) is less
than that associated with the cathodic peak (0.026 C). This
shows that that the reversibility process at the cathode is poor.

Performance and characterization of the Mg/GPE/
TiO,-C battery

Mg battery was assembled in Mg/GPE/TiO,-C configura-
tion, and the open circuit voltage was recorded for the

Fig. 7 Charge—discharge curves j T
of a Mg/GPE/TiO,-C cell at
room temperature

Voltage/V
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Fig.8 SEM images and EDAX patterns of A as assembled TiO,-C, B TiO,-C after discharging at 0.015 C rate, C TiO,-C after charging at 0.015
C rate

first 28 h until it became stabilized (not shown). An initial 2 h can be attributed to the stabilization of the electrode/
rise in the voltage was observed just after assembling the  electrolyte contact.

cell, and after about 5 h, it was stabilized at 1.82 V. This Figure 6 shows the discharge characteristics of the cell
value remained constant up to nearly 28 h until the cell =~ Mg/GPE/TiO,-C for constant load 60 kQ. It can be seen
was disconnected. The increase in OCV during the first  that the discharge was sustained for nearly 36 h for the 60
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kQ load. Discharge is characterized by insertion of Mg*™*
ions into TiO, structure.

The value of the discharge capacity C was calculated
by integrating the area under the curve of Fig. 6 (Eq. 6) as
described by the literature [41, 42].

oo [l
M

(6)

where M is the mass of the active material (TiO,) in the cath-
ode. Estimated discharge capacity of the Mg/GPE/TiO,-C
cell is 200 mA h g~! for 60 kQ with an open circuit voltage
of 1.85 V which is consistent with previously reported val-
ues [43, 44]. The current profile of the first discharge of the
battery through the 60 k€2 load exhibits one distinct plateau
regions.

Charge/discharge characteristics of the fabricated cells
were obtained by using a Metrohm.

Autolab potentiostat/galvanostat (PGSTAT 128 N) sys-
tem. Charge/discharge rates of 0.015 C (assuming that the
theoretical capacity of TiO, is 330 mA h g~!) were applied
during cell cycling with in the 3.2-0.5 V potential window
(Fig. 7).

Charge capacity of TiO, lies in the voltage range from
0.75 to 3.2 V, but in the discharge, the most of capacity is
released below 2 V. This agrees well with charge discharge
cycles shown in Fig. 7. In Fig. 7, a sudden voltage drop from
3.2 V to just below 2.0 V is observed during discharge, a
trend also reported by other research groups [43]. During
the initial cycles, the voltage drops from the upper voltage
limit to the open-circuit voltage. In subsequent cycles, the
voltage drop becomes more pronounced, indicating compat-
ibility of the electrolyte with repeated charging and discharg-
ing. Therefore, most of the discharge capacity appears to
be below 2.0 V as shown in the voltage profile. When the
battery is subjected to continuous charge discharge cycles,
the first discharge (insertion of Mg** into the TiO, structure)
yielded a capacity of 65 mA h g~! while the first charge
capacity is 95 mA h g~'. Compared to previously reported
data, the sudden voltage drop observed in our system is
smaller, suggesting that our electrolyte demonstrates supe-
rior performance under charge—discharge cycling.

For the first, second and third cycles, calculated cou-
lombic efficiency values increased from 68 to 97% for the
0.5-3.2 V potential window. In the present study, anatase
TiO, was used as the active material for the cathode, and it
was sintered at 450 °C for 45 min so that influence of OH
group is minimized. This may be the reason for the lower
fading of the discharge capacity after the first cycle.

In the present study, SEM images of the TiO,—C cathode
reveal distinct morphological changes, while energy-disper-
sive X-ray spectroscopy (EDAX) indicates compositional
differences after the first charge—discharge cycle. Figure 8A

@ Springer

shows the morphology and EDAX spectrum of the fresh
TiO,—C surface, confirming the presence of titanium and
oxygen. Following the initial discharge process (Fig. 8B),
the EDAX spectrum reveals the presence of magnesium
ions, accompanied by noticeable changes in surface mor-
phology. After the first charging process (Fig. 8C), magne-
sium is not fully removed from the cathode; only about 40%
of the intercalated Mg is extracted. This incomplete removal
contributes significantly to capacity fading during the first
cycle. However, in subsequent cycles (second and third), a
reduction in capacity fading is observed.

Conclusion

A gel polymer electrolyte composed of PEO (12.20 wt%),
(CFsS0s),Mg (14.6 wt%), EC (36.6 wt%), and PC (36.6
wt%) was investigated for its ionic conductivity, magne-
sium-ion transport number, and electrochemical behavior
via cyclic voltammetry. This electrolyte exhibited a room-
temperature ionic conductivity of 2.52x 10* S/cm and a
transport number of 0.51. The temperature-dependent DC
conductivity followed typical Arrhenius behavior. Electro-
chemical reversibility of the Mg/Mg?* redox couple was
evaluated using cyclic voltammetry and impedance spec-
troscopy, both confirming favorable magnesium deposition
and dissolution kinetics. Rechargeable Mg?* batteries were
fabricated using cost-effective TiO, as the cathode, the PEO-
based gel polymer electrolyte as the separator, and mag-
nesium metal as the anode. Preliminary results from Mg/
GPE/TiO,-C cells demonstrated a discharge capacity of 65
mAh g!. Although the specific capacity is modest, the cells
maintained high cycling efficiency across multiple cycles.
SEM and EDAX analyses confirmed the intercalation and
deintercalation of magnesium ions in the cathode. Further
studies are underway involving gel polymer electrolytes
blended with ionic liquids to enhance performance.
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