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ABSTRACT
Magnesium-sulfur (Mg-S) batteries offer excellent energy density, safety, and a 
cost-effective energy storage system. Realizing Mg-S batteries requires bypassing 
significant challenges like electrolyte compatibility with electrophilic sulfur and 
Mg metal and polysulfide shuttling. The present work probes the role of 2-ethyl-
hexylamine (EHA) in modifying the physiochemical properties of solid polymer 
electrolytes (SPEs) based on polyvinyl alcohol (PVA), silicon dioxide (SiO2), and 
magnesium triflate (MgTIF). The introduction of EHA increases the conductiv-
ity to approximately 10−7 S/cm at room temperature, reduces the magnesium 
stripping/plating overpotential, and improves the interfacial electrode/electrolyte 
kinetics; further, the optimum concentration (y = 3000 μl) of PVST_yEHA shows a 
high ionic transference number (t

mg
2+ = 0.88) (where PVST is an abbreviation for 

compound composed of (PVA, SiO2, MgTIF)), there is minimal overpotential over 
100 h. Based on optimum concentration (y = 3000 μl), the Mg-S battery exhibits a 
high initial discharge-specific capacity in the first cycle up to 1837 mAhg−1, and 
over six cycles, it maintained a reversible capacity of 376 mAhg−1. The present 
article attempts to overcome some obstacles that prohibit the realization of Mg-S 
batteries.

1 Introduction

Magnesium-sulfur (Mg-S) batteries are a promising 
energy storage system due to excellent energy den-
sity, safety, and economical electrochemical energy 
storage[1]. Mg-S batteries contain Mg-anode and sul-
fur cathode; Mg and S are prevalent in the earth’s crust 
and can be found in mineral byproducts. Combining 
an Mg-anode, a sulfur cathode, and a powerful electro-
lyte in Mg-S full cell gives a theoretical energy density 
of 3221 Wh L−1, surpassing that of Li–S batteries (2856 

Wh L−1), due to the two-electron transfers between the 
S-cathode and Mg-anode, yielding a theoretical volt-
age of 1.77 V[2–4]. However, the sulfur cathode has an 
electrophilic nature that can decompose the common 
electrolytes, and this requires developing and employ-
ing non-nucleophilic electrolytes[5, 6]. Solid polymer 
electrolytes (SPEs) address some of these issues due 
to their superior mechanical properties, freedom from 
leakage, electrochemical stability, and safety, and 
improved ion transport properties compared to liq-
uid electrolytes [7–11].They have high thermal stability 
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and low ionic conductivity compared to liquid electro-
lytes. PVA is a well-known membrane material with 
amazing qualities such as good thermal stability, high 
dielectric constant, chemical stability, hydrophilicity, 
and great film-forming capability[12–14]. PVA-based 
polymer electrolytes have been studied as a promis-
ing electrolyte system for different energy storage 
systems[15, 16]; for example, PVA-CN gel polymer 
electrolyte enhances the cycle and self-discharge per-
formance of Li–S batteries [17]. Combining organic 
polymers with inorganic oxide filler trailers thermal 
stability, rigidity, mechanical qualities, and electri-
cal properties of organic polymers. Silica is a perfect 
inorganic oxide due to its good heat stability, well-
defined ordered structure, high mechanical strength, 
and large specific surface area[18, 19]. PVA_SiO2 com-
posite nanofiber-based polymer electrolyte shows 
great electrolyte affinity, good thermal stability, and 
electrochemical performance for LIBs[12].

The community has created room temperature 
molten salt-based electrolyte systems with and with-
out chlorine, employing magnesium triflate (MgTIF) 
as a simple magnesium salt source[20]. MgTIF-based 
electrolytes have good characteristics such as being 
thermally stable, low-cost, non-corrosive, and non-
nucleophilic with excellent anodization stability and 
are a good option for producing high-performing 
Mg-S batteries [20, 21]. MgTIF has been employed 
to great artificial polymer coatings on magnesium 
anodes or used directly as solid polymer electrolyte 
reactants in Mg batteries and expected that MgTIF has 
improved anode contact stability [22, 23]; for exam-
ple, the conductivity of the PVA-based gel electrolyte 
increased with increasing MgTIF concentration, reach-
ing a maximum of 5.41 × 10–4 S·cm−1 at room tempera-
ture when the concentration reached 40 wt.%[24].

To further improve the SPE has been added 
2-ethylhexylamine(C8H19N))EHA(, consists of a main 
C8 monoalkylamine with a branching carbon back-
bone and is a useful intermediate with a wide range 
of applications. The source material of EHA is 2-ethyl-
hexanol, a propene-based oxo alcohol. It is established 
that EHA pillared vanadium disulfide nanoflowers 
(VS2) significantly increased the interlayer spacing 
for accelerating ion diffusion and protected the elec-
trostatic interaction between magnesium species and 
the VS2 host. In addition, as interstitial pillars, the 
2-ethylhexylamine molecule intercalants support and 
protect the host framework’s integrity, allowing for 
long-term discharge/charge cycles[25]. EHA improves 

over-electrochemical and electron transport properties 
[26].On the other hand, there are various challenges to 
improving the S-cathode, including low sulfur utiliza-
tion, rapid capacity fading, low coulombic efficiency, 
anode poisoning, and self-discharge issues[27], these 
difficulties are due to the insulating properties of 
sulfur and the migration of long-chain lithium poly-
sulfides (LiPs) during cycling. An appropriate cath-
ode material should have high electrical conductiv-
ity and affinity for LiPs[27, 28]. Choose created 3D 
porous SiC materials that retain active sp2 hybridized 
Si atoms while allowing for variable porosity-like LiPs 
in porous carbon, due to nano-confinement. 3D-SiC 
hosts outperform 2D-SiC nanosheets in S8 and LiPs 
trapping. Three-dimensional (3D) porous SiC mate-
rials containing active sp2 hybridized Si atoms have 
been devised to trap lithium polysulfide in Li–S bat-
teries. Utilizing a 3D porous SiC host may help guide 
the design of cathode materials for Li–S batteries with 
improved electrochemical performance[27]. Solid-state 
polymer batteries still require significant research and 
manufacturing. There are several viewpoints on solid 
magnesium-ion electrolytes. Such as artificial solid 
electrolyte interfacial contact between the electrolyte 
and the electrode, preparing thin film electrolytes 
with high Mg ionic conductivity, doping changes to 
improve the ionic conductivity while decreasing the 
electric conductivity of solid electrolytes and advanced 
characterization techniques and machine learning 
to investigate Mg2+ migration pathways and adjust 
electrolytes[29]. The ionic conductivity of the solid 
polymer electrolyte must be greater than 10−4 S cm−1 
at room temperature to maintain the battery’s consist-
ent charging and discharging behavior. Herein, we are 
improving the electrolyte and the cathode in the Mg-S 
batteries. The solid polymer electrolyte (SPE) of PVA, 
SiO2, MgTIF, and EHA is prepared by using the cast-
ing technique. The structure, optical, and electrochem-
ical properties are studied. A dual polymer electrolyte 
of (SPE | halogen-free electrolyte (HFE)) is engineered. 
XRD, SEM, EDS, mapping, and thermal analysis were 
used to support our results. FTIR and UV–Vis meth-
ods were used to examine our results. The electro-
chemical behavior of electrolytes was examined using 
electrochemical impedance spectroscopy (EIS), linear 
sweep voltammetry (LSV), ion transference (IT), and 
stripping/plating (S.P) for the overpotentials of Mg. 
This study is among the first of its kind because the 
combination of EHA with MgTIF has not before been 
described using PVA as a host.
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2 �Experimental section

The solid polymer electrolyte (SPE) was prepared by 
dissolving 2 gm of PVA (QualiKems Chemical Com-
pany, India) over 24 h at 70 °C with constant stirring 
in 20 ml of deionized water. The PVA solution was 
combined with 2, 4, 6, and 8 wt.% SiO2 (Aldrich Chemi-
cal Company). The different concentration solutions 
were directly poured into glass Petri plates and left 
to dry for five days at 30°C to prepare PVA_xwt.%SiO2 
films(where x is the concentration of SiO2). Six (PVA-
8wt.%SiO2) composite bottles were prepared, and 28% 
MgTIF was dissolved in each bottle. Then, 1000, 2000, 
3000, 4000, and 5000 μL of different concentrations of 
EHA were separately added to the PVST (these com-
posites were abbreviated as PVST-yEHA, where y is 
the concentration of EHA), and then mixed for 12 h 
at 70 °C as shown in Fig. 1. Halogen-free electrolyte 
(HFE) was synthesized according to reference [25], 
where (Mg(NO3)2.H2O (Sigma-Aldrich-ACS reagent, 
99%) was dried at 80 °C to remove moisture mol-
ecules. The resulting solution was then dissolved in 
a cosolvent of 5.7 ml of acetonitrile (ACN) (C2H3N, 
Fisher 99.9%) and 2.7 ml of tetra ethylene glycol 

dimethyl ether (G4) (C10H22O5, sigma-Aldrich ≥ 99%). 
The cathode was prepared by grinding a mixture of 
80wt.%sulfur (S, Alfa Aesar99%) with 10wt.%silicon car-
bide (SiC, Qualicum 99%), and 10wt.%graphene nano-
platelets (GNPs, Grade M, XG Science), then put 
the mixture in a ball mill for 24 h. The mixture was 
dried in the microwave for 10 s. N-methyl-2-pyrro-
lidinone (C5H9NO) was added to 75wt.%Mixture with 
15wt.%polyvinylidenefluoride (PVDF) and 10wt.% super 
carbon to dissolve, then spread the cathode on alu-
minum foil (thickness = 0.1 mm) with a thickness of 
150 μm using MC-20 Mini-Coater, dry it in the oven 
at 200 °C for 1 h, and cut it into round discs of 14 mm. 
Cathode coating separators were prepared by grind-
ing a mixture of 60wt.%SiC with 30wt.%C and 10wt.%PVDF, 
then putting the mixture in a ball mill for 24 h and add-
ing n-methyl-2-pyrrolidinone (C5H9NO) to dissolve 
the mixture. The Rigaku MiniFlex 600 diffractometer 
was used to record the XRD pattern. Thermal analy-
sis such as Differential scanning calorimetry (DSC), 
and Thermogravimetric analysis (TGA) were recorded 
using the SDT Q600 V20.9 Build 20. Edinburgh DS5 
dual beam spectrophotometer was used to get UV–VIS 
spectral data. An ALPHA II Bruker spectrometer 

Fig. 1   The preparation of solid polymer electrolyte
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performed ATR-FTIR between 400 and 4000 cm−1. 
SEM images, EDS, and mapping were recorded using 
a Jeol JMS-700 EDS electron microscope. The SPEs 
underwent electrochemical testing; the ionic conduc-
tivities were determined using a symmetric cell of 
SS|SPE_EHF|SS cells between 1 MHz and 10 Hz from 
room temperature to 65 °C was investigated using a 
CHI605E electrochemical workstation with two elec-
trodes: a working electrode and a counter with a refer-
ence electrode of 0.005 V amplitude. Z-View software 
was used to calculate all the impedance parameters. 
S.P of Mg|SPE_EHF|Mg half-cell was completed at 
25  °C utilizing a NEWARE BTS4000 battery tester 
with 0.02 mA/cm2. CHI605E electrochemical work-
station was used to perform cyclic voltammetry (CV) 
of Mg|SPE_EHF|S, IT of Mg|SPE_EHF|Mg cell, and 
LSV of Mg|SPE_EHF|SS. The NEWARE BTS4000 
battery tester was used to measure the (Discharge _ 
Charge) Mg|SPE_EHF|S. Argon-filled glove box and 
Cr2332 coin cells were used for all measurements. The 
cathode discs were extracted after disassembling of 
Mg|SPE_EHF|S cell and then cleaning using acetoni-
trile (ACN) and drying to explore the structure and 
morphology at various electrochemical states using 
x-ray diffraction (XRD), scanning electron microscopy 
(SEM), energy-dispersive x-ray spectroscopy (EDS), 
and mapping.

3 �Results and discussions

Figure 2a–c shows the FTIR spectra of PVA_xwt.%SiO2; 
the bands at the wavenumber range 3150–3450 cm−1 
indicate the O–H stretching vibration of hydroxyl 
groups. The area under the peak and its intensity 
decrease with increasing xwt.%SiO2 [30]. This suggests 
that some of the hydroxyl groups of PVA participated 
in a condensation process with silanol groups in silica 
sol, resulting in covalently bound cross-links between 
organic groups and silica[30]. The bands at 2924 cm−1 
represent the stretching vibrations of CH and CH2 
groups, and the bands at 1426 cm−1 match with C-H 
bending vibration within the PVA chains[30, 31]. 
Additionally, a strong band at 1727 cm−1 represents 
C = O carbonyl functional units in the remaining unre-
acted acetate groups after the production process in 
PVA. The bands at 1098 cm−1 match the C-O stretching 
vibration associated with the PVA matrix. The energy 
band gap Eg that requires the transfer of the electron 
from the valance band to the conduction band in 

PVA_xwt.%SiO2 composite was calculated using Tauc’s 
relations [32] [33]: �h� = �[h� − E

g
]n , where α = 2.303 

A

t

 is the absorbance coefficient of incident photon 
energy, β is the fitting constant, and n is equivalent 
to half or 2 for direct and indirect transitions from the 
valence band to the conduction band, respectively. 
Figure 2d shows the fitting curves of (αℎν)2 versus ℎυ 
of PVA_xwt.%SiO2. The value of Eg drops as the ratio 
of SiO2 increases as observed in Table 1, which can be 
attributed to the increase in the localized states in the 
energy gap and the distribution in the degree of dis-
order within the PVA matrix [32] [34]. The extinction 
coefficient K =

��

4�
 represents the amount of absorb-

ing loss as electromagnetic waves pass through the 
film[33] [35]. Figure 2e shows the K versus λ curve of 
PVA_xwt.%SiO2; it looks like the extinction coefficient 
decreases sharply in the high photon energy region 
while increasing simply in the low energy region and 
further increases with increasing the content of SiO2 
within the PVA matrix.

Generally, the high value of the extinction coeffi-
cient demonstrates high dissipation of light energy 
by scattering, in visible region and upon introduc-

t ion  of  S iO 2 [34] .  The  re f rac t ive  index 

n =
(1+R)

(1−R)
+

√

4R

(1−R)2
− K

2  [32], where R represents 

reflectance coefficient can be calculated from the 
relation A + R + T = 1, A represents the absorption 
coefficient, and T represents the transmission coef-
ficient. Figure 2f shows the refractive index (n) ver-
sus wavelength (λ) curves of PVA_xwt.%SiO2 compos-
ite; the value of n decreases with increasing λ, while 
it increases with increasing the ratio of SiO2, which 
can be attributed to changes in hydrogen bonding’s 
interatomic distance of the PVA matrix[32]. Figure 3a 
shows the heat flow versus temperature of 
PVA_xwt.%SiO2 composite; the value of glass transi-
tion temperature Tg for pure PVA equals 49 °C. Add-
ing SiO2 to PVA increases Tg; however, when the 
xwt.%SiO2 increases, Tg cannot be observed because 
all PVA chains are crosslinked with SiO2 and are dif-
ficult to move[36]. Figure 3b shows the weight loss 
versus temperature of PVA_xwt.%SiO2 composite; the 
thermal degradation of pure PVA are three weight 
loss steps. The first, second, and third steps started 
at ā 76 °C, 216 °C, and 400 °C, respectively, which 
can be attributed to the removal of the absorbed 
water from the PVA matrix, the disposal of the side 
groups of PVA, and the decomposition of the main 
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chain of PVA, respectively [37–39]. The introduction 
of SiO2 leads to a shifted degradation temperature to 
the higher and improvement in thermal stability; 
because SiO2 acts as heat insulation[31]. The thermal 

parameters are important in developing efficient 
functional materials and determining the thermal 
activation energy E

at
 by means of Coates and Red-

f e r n ’ s  i n t e g r a l  e q u a t i o n  [ 4 0 ,  4 1 ] : 
log[

1−(1−�)

T
2

] = log

[

R

ΔE
a

(

1 −
2RT

E
at

)]

− 0.434
E
at

RT

 , where α 

is weight loss = w
i
−w

a

w
i
−w

f

,w
i
,w

a
 and w

f
 are the initial, 

actual, and final sample weights, respectively, T is 
absolute temperature, and R is the universal gas 
constant.

Figure  3c shows −log{−log[ 1−(1−�)
T
2

]} versus 1000
T

 
curves of PVA_xwt.%SiO2 composite, and E

at
 is deter-

mined from the slope and listed in Table 2 which can 

Fig. 2   FTIR spectra of PVA_xwt.%SiO2 at different wavelength ranges a 400 to 1200 cm−1; b 1200 to1800 cm−1; c 2750–4000 cm−1; d 
Tauc’s plot; e Extinction coefficient K versus wavelength λ; f Refractive index n versus wavelength λ of PVA_xwt.%SiO2

Table 1   The Eg values of 
PVA_xwt.%SiO2 composite

Samples (wt.%) Eg(eV)

0 5.467
2 5.357
4 5.297
6 5.225
8 5.097
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be attributed to the increasing of E
at

 with increased 
SiO2 concentration except 4wt.%SiO2. Figure 3d shows 
the XRD pattern of PVA_xwt.%SiO2 composite; the pris-
tine PVA displays an orthorhombic lattice with a semi-
crystalline peak at approximately 2� = 20

◦

 match (101) 
reflection plan [42–45]. The peak became weaker and 
bordered after adding SiO2 due to the disruption of 
intermolecular hydrogen bonding of PVA chains [31]. 
Figure 3e–i shows the SEM images of PVA_xwt.%SiO2 

composite film; pure PVA displays a smooth and flaw-
less surface, while PVA_xwt.%SiO2 displays a homoge-
neous distribution of the nanomaterials in the polymer 
matrix without creating large aggregations within the 
polymer matrix which may be attributed to the per-
fect interaction via hydrogen bonding between the OH 
groups of PVA molecules and the surface OH groups 
of SiO2 nanoparticles[32].

For the next study, create a new electrolyte based 
on PVST-yEHA. Figure 4a–c shows the FTIR spectra 
of PVST-yEHA, where only change observed for the 
band at 636.6 cm−1 which was shifts to higher value 
with an increase in EHA. Figure 4d shows the fitting 
curves of (αℎν)2 versus ℎυ of PVST-yEHA, and the 
values of Eg are listed in Table 3. Figure 4e shows the 
K versus λ curve of PVST-yEHA; it has appeared that 
the extinction coefficient (k) decreases in the range 
λ  = 200–235  nm, then increases in the range 
λ = 235–1100  nm. Figure  4f shows n versus λ of 

Fig. 3   a DSC curve; b TGA curve; c Coates and Redfern relation; d XRD patterns; (e: i) SEM images, of PVA_xwt.%SiO2

Table 2   The thermal 
activation energy Eat values of 
PVA_xwt.%SiO2

Samples 
(wt.%)

Eat (Kcal mol−1)

0 89.538
2 92.08
4 82.83
6 109.9
8 133
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PVST-yEHA, the curves indicate that n decreases 
with wavelength increase, while increases with 
increases yEHA except y = 3000,4000 ϻL decreases 
with increases n. Figure 5a shows the XRD pattern of 

PVST-yEHA; the peak at ~ 2� = 20

◦

 become more bor-
dered after adding MgTIF, which means the crystal-
linity decreases with added MgTIF. Some peaks 
appear after adding EHA, which causes some aggre-
gations resulting from the separation of salt from 
polymer, as shown in the XRD pattern. Figure 5b–g 
shows the SEM images of PVST-yEHA; PVST is rela-
tively smoother compared to PVST-yEHA, which 
displays aggregations with irregular tiny pores 
appearing after increasing the concentrations of 
yEHA above y = 3000 ϻL. Figure 6a shows the voltage 
versus time (Stripping/Plating curve) of Mg|SPE_
EHF|Mg half cells symmetrical cell at 0.02 mA/cm2. 
It can be noticed that the cell with y = 3000 ϻL 

Fig. 4   FTIR spectra a 400 to 1000 cm−1; b 1000 to 2000 cm−1; c 2000 to 4000; d refractive index versus wavelength; (e) Extinction 
coefficient versus wavelength; of PVST-yEHA

Table 3   Values of band gap 
Eg and activation energy Ea of 
PVST-yEHA

y (ϻL) Eg(eV) Ea(eV)

0 5.544 0.026
1000 5.36 0.041
2000 4.82 0.078
3000 5.06 0.062
4000 5.29 0.04
5000 4.98 0.072
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displays a lower overpotential voltage > 1 V up to 
over 100 h compared with the other EHA ratios. Fig-
ure 6b shows the Nyquist plot of SS|SPE_EHF|SS 
cells: the equivalent circuit might consist of contact 
resistance (Rs) and bulk resistance (Rb) in parallel 
with bulk double-layer capacitance and constant 
phase element (CPE, the bulk resistance Rb, which is 
determined from the intersection of the semicircle to 
the real axis at lower frequencies by used Z-View 
software. The ionic conductivity was calculated by 
� =

t

R
b
∗A

 , where Rb is the bulk resistance, t is the 
thickness of the electrolyte, and A is the surface area 
of the film.

The study examined how temperatures ranging 
from room temperature to 65 °C affect the ionic con-
ductivity of PVST-yEHA. The activation energy Ea 
of Mg2+ ions determined from the Arrhenius equa-

tion given by � = �
o
exp

−E
a

KT  , where σ, σ0, T, K, and 

Ea are the ionic conductivity, pre-exponential factor, 

absolute temperature, Boltzmann constant, and acti-
vation energy, respectively. Figure 6c shows ln σ 
versus 1000/T; conductivity increases with increas-
ing temperature across all complexes, which may be 
explained by the free-volume model[46–48], Ea was 
estimated using the linear least square fitting slope 
as listed in Table 3. Relaxation time τ was calculated 
by [35] τ = 1/(2π fmax), where fmax is the relaxation fre-
quency. Figure 6d shows ln τ versus 1000/T curves; 
the relaxation time decreases with increasing tem-
perature due to the medium’s viscosity changes with 
heat agitation. According to our previous results, 
PVST-3000EHA was chosen as the optimum concen-
tration for the next study. Figure 7a shows the cur-
rent versus potential curve (LSV curve) of Mg|SPE_
EHF|SS cells response in the potential window of 5 
V; there is no significant change in current value as 
the potential hits 3.08 V at room temperature then 
a sudden spike in current value is noticed, the oxi-
dation of y = 3000 μl begins at 3.08 V, as well as the 

Fig. 5   a XRD patterns; SEM of PVST-yEHA b y = zero; c y = 1000 ϻL; d y = 2000 ϻL; e y = 3000 ϻL; f y = 4000 ϻL; g y = 5000 ϻL
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decomposition voltage (Vd). Figure 7b shows the 
Nyquist plot of Mg|SPE_EHF|Mg half cells before 
and after the polarization at room temperature. Fig-
ure 7c shows a zoomed semicircle in the Nyquist plot 
of Mg|SPE_EHF|Mg half cells.

The ion transference number t
Mg

2+ calculated by 

the Bruce-Vincent equation[49]: t
Mg

2+ =

[

I
s
(ΔV−R

0
I
0
)

I
0
(ΔV−R

s
I
s
)

]

, 
where R

0
 , R

s
and I

0
 , I

s
 refer to the initial current, the 

initial and steady-state charge-transfer resistances, 
and the initial current, the steady-state current, 
respectively. Figure 7d shows the dc polarization 
curve versus time Mg|SPE_EHF|Mg half cells at 
room temperature, the current decline over time 

until it achieves a steady-state, and the ion transfer-
ence number t

Mg
2+ = 0.88 for y = 3000μl. Figure  8 

sketches the Mg|PVST_3000EHA_HFE|S full cell 
design, and it will be denoted by Mg|SPE_EHF|S; 
Fig. 9a shows the CV curve of Mg|SPE_EHF|S cell 
at a scan rate of 0.02 Vs−1 and a potential window 
from 0 to 2.6 V for the first six cycles. The cathodic 
current is very large compared to the anodic current. 
Figure 9b shows the CV curves for the first and sec-
ond cycles; the anodic peak current densities ~ 0.247 
mA.cm−2 and 0.174 mA.cm−2 are observed at 2.1 V 
and 2.13 V, and the cathodic peak current densi-
ties ~ 0.29 mA.cm−2 and 0.212 mA.cm−2 are observed 
at 0.422 V, 0.494 V for the first and second cycle, 

Fig. 6   a S.P curves; b Nyquist plots; c Temperature-dependent of ionic conductivity; d ln τ versus 1000/T; of PVST-yEHA
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Fig. 7   a LSV curve; b Nyquist plots before and after polarization; c zoomed semicircle in Nyquist plots; d DC polarization curve versus 
time, all curves of PVST_3000EHA

Fig. 8   Full cell Mg|SPE_
EHF|S cell of Mg-S battery
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respectively. Figure 9c shows the Nyquist plot of 
Mg|SPE_EHF|S cell before and after CV at room 
temperature; the fitting equivalent circuit stimulated 
by Z-View software is inset, where Rs, RSEI, Rct, CPE1, 
CPE2, Aw and D

Mg
2+ are referred to as the bulk resist-

ance (representing high-frequency intercept), the 
interphase resistance, the charge-transfer resistance, 

Warburg impedance (representing low-frequency 
intercept), and the diffusion coefficient, respectively; 
the impedance parameters are listed in Table 4. Fig-
ure 9d shows the linear fitting ω−0.5 versus Z‵ (real 
part impedance) at low frequencies of the relation 
Z} = Rs + Rct + Aww−0.5, where the Warburg factor Aw is 
obtained from the slope of the lines, then 

Fig. 9   a CV curve; b CV for the first and second cycle; c-Z′′ versus Z′ and its equivalent circuit (inset); d linear fitting of Warburg 
impedance; e Galvanostatic discharge–charge curve; f Specific capacity of discharge versus cycle number, of PVST-3000EHA

Table 4   Electrochemical 
impedance parameters of 
PVST_3000EHA

EIS parameters Rs(Ω) RSEI(Ω) Rct(Ω) CPE1 (F) CPE2 (F) Aw (Ω) D2+
Mg[cm2.s−1]

Before 40.084 663.27 743.46 3.1386 × 10–7 0.00039475 674.079 3.19 × 10–15

After 38.17 733.8 755.2 4.016 × 10–7 0.00023912 3060.53 7.8 × 10–16
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substituting in the diffusion coefficient equation [50] 

D
Mg

2+ =

[

R
2
T
2

2A
2
n
4
F
4
C
2

A
2

w

]

  ,  where R = 8.314  J/mol K, 

T = 328 K, A = 1.5 cm2, and n, F = 96,485 C mol−1, and 
C are gas constants, absolute temperature, the cath-
ode area in touch with the electrolyte, the number of 
electrons involved, the Faraday constant, and the 
concentration of magnesium ions (mol/cm3), respec-
tively. The values of D

Mg
2+ are 3.19 × 10–15 and 

7.8 × 10–16 before and after CV, respectively, where 
the D

Mg
2+ decrease after CV due to the creation of a 

high interface kinetics barrier. Figure 9e shows the 
galvanostatic discharge–charge curve of Mg|SPE_
EHF|S cell at a current density of 0.02 mA.cm−2.

The initial capacity of 1837 mAhg−1 for the first 
cycle and 376 mAhg−1 for the sixth one, the electrolyte 
retains 20.4% of its initial capacity after six cycles. The 
discharge capacity reduction during cycling might 
be related to the high sulfur loading at the cathode 
and the sluggish kinetics of cathode redox processes, 
which hinder the entire exploitation of the active mate-
rial[51]. Figure 9f shows the full cell’s specific capac-
ity versus cycle number, where the capacity decreases 
with increased cycle number and fades after the six 
cycles. Table 5 compares the ionic conductivity, spe-
cific capacity, electrochemical stability, and transfer-
ence number of our work to other literature in this 
area, the comparison confirms the value of the current 
innovative aspect. To follow the structure and mor-
phology evolution of the S-cathode at various elec-
trochemical states extracted from full cell Mg|SPE_
EHF|S was discharged to 0.1 V, and from other full 
cell Mg|SPE_EHF|S was discharged/ charged (mag-
nesiation/ de-magnesiation) to 0.1/2.5 V, then cathode 
cleaned by ACN and dried at 80° for 1 h. The pristine, 

discharged, and discharged/charged cathodes are 
denoted as S0, S1, and S2, respectively. Figure 10a 
shows XRD patterns of pure S powder, pure SiC pow-
der, pure GNPs powder, S0, S1, and S2; it can be noticed 
that the main peaks of sulfur powder at 2θ ∼ 23° and 
28° were assigned to (222) and (040) reflection plans, 
respectively. All the diffraction peaks match well the 
Fddd orthorhombic phase of pure sulfur (JCPDS no. 
08–0247) [52–54]. The characteristic diffraction peaks 
of S decreased after treatment with the microwave in 
S0 because the vaporization of S on the surface of GNP 
and SiC disrupts its periodic structure.

The XRD pattern of SiC shows the main peaks at 
2θ ~ 35.7° and 60° assigned to (111) and (220) reflec-
tion plans (JCPDS no. 29–1129)[55], and the main 
peaks of GNPs 2θ ~ 26.4° assigned to (002) reflection 
plans (JCPDS no.02–0212)[56, 57]. To follow the struc-
ture evolution of S0 with Mg2+ insertion/extraction, 
Fig. 10b shows zoomed-in at 2θ ~ 35.7° of SiC peak; 
the peak intensity increases after magnesiation (S1) 
and decreases after de-magnesiation. The decrease in 
the SiC peak’s intensity after the magnesiation process 
can be attributed to the formation of bonds between 
Mg and S forming MgSn at the expense of the SiC—S 
bonds. After the de-magnesiation process, some Mg 
atoms detach from S and return to the anode while 
S atoms return to stack on the surface of SiC, which 
reduces the peak intensity of SiC. X-ray profile anal-
ysis is an effective approach for estimating crystal-
lite size and lattice strain using the Williamson-Hall 
(W–H) equation [58, 59]:

�
hkl
cos(�) = 4�sin(�) +

k�

D

  , where D = crystalline 
size, K = shape factor (0.9), λ = wavelength of XRD, 
β = the full width at high maximum, and ε = the 
strain. Figure 10c shows 4sin(θ) versus βhkl cos(θ) 

Table 5   summary of ionic conductivity, specific capacity, electrochemical stability, and transference number of solid-state electrolytes

Mg salt Polymer host Ionic conductivity 
(S cm−1 at RT)

Specific capac-
ity (mAh g−1)

Electrochem-
ical stability

Transference number References

MgTIF PVA ∼ 10
−7 1837 3.08 V 0.88 Our work

MgTIF polyvinylidene fluoride (PVDF) ∼ 10
−5 530 – 0.8 at 55 °C [60]

MgTIF poly(ethylene oxide) (PEO) 1.6 × 10
−5 – – 0.37 [61]

MgTIF Polymethyl methacrylate (PMMA) 1.50 × 10
−4 – 3.2 V – [62]

MgTIF PVDF 5.11 – 3.5 0.27 [63]
MgTIF PVDF 4.0 – 4.1 [64]
MgTIF PVDF 4 – 3.3 0.66 [65]
MgTIF PVA 5.41 × 10

−4 – – – [24]
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fitting lines, where the crystallite size (intercept)
and strain values (slope) are listed in Table 6. The 
value of the macro-strain decreases after magnesia-
tion (S1) and increases after de-magnesiation (S2), 
confirming the conversion reaction’s reversibility. 
Figure 10d shows the EDS spectra of S0, S1, and S2; 
all elements existed and observed the Al element 
ratio, also compared between all element ratios in 
S0, S1, and S2 as listed in Table 7. The results display 

an increase in the ratio of Mg2+ from Zero in S0 to 
17.42 wt.% after discharge in S1, further increasing 
to 22.22 wt.% after recharge, and a decrease in the 

Fig. 10   a XRD patterns of pure S powder, pure SiC powder, pure GNPs powder, S0, S1, and S2; b XRD zoomed of SiC peak at 2θ 
~35°—37.5°; c W–H plot; d EDX of S0, S1, S2

Table 6   Strain and crystalline size for S0, S1, and S2 by (W–H) 
plot

Element S0 S1 S2

Strain (ε) × 10–3 4.67 1.3 4.82
Crystallite size D (nm) 13.29 19.07 55.27

Table 7   The ratio of elements in S0, S1, and S2 extracted from 
EDS spectra

Element S0 S1 S3

Mass% Mass% Mass%
C 45.4 4.83 3.5
N 1.59 10 8.77
O 1.82 49.3 46.18
F 8.95 8.27 9.45
Al 10.64 2.73 3.03
Si 1.36 5.19 2.68
S 30.23 2.26 2.93
Mg Zero 17.42 22.22
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ratio of S from 30.23 wt.% in S0 to 2.26 wt.% in S1 
and increase to 2.93 wt.% in S2, the results suggest 
the largely reversible conversion reaction of the S8 to 
polysulfide molecules and vice versa. Figure 11a–c 
shows SEM images and mapping for S0, S1, and S2; 
S0 displays an inhomogeneous aggregation due to 
the vaporization of S on the surface of GNP and 
SiC, S1 displays a medium – cauliflower with some 
sedimentations due to the conversion reaction of S8 
polysulfides MgSn, while S2 cauliflower morphology 
with low sedimentations, this because the cathode 
retained some Mg2+ during the de-magnesiation pro-
cess. The mapping chart displayed a decrease in the 
distribution of sulfur elements on the surface after 
the magnesiation process and an increase after de-
magnesiation. From all the previous results for the 
cathode, we concluded the Mg2+ was not extracted 
from the S-cathode during the de-magnesiation pro-
cess due to irreversible entrapment.

Mg-anode at various electrochemical states 
extracted from full cell Mg|SPE_EHF|S was dis-
charged to 0.1 V, and from other full cell Mg|SPE_
EHF|S was discharged/ charged (magnesiation/ de-
magnesiation) to 0.1/2.5 V, then anode cleaned by 
ACN and dried at 80° for 1 h. The pure Mg, interface 

after magnesiation, and interface e after de-magnesi-
ation are shorted as Mg0, Mg1, and Mg2, respectively.

Figure 12a shows the XRD pattern for Mg0 and 
Mg1, Mg2; it can be noticed that the main peaks of 
Mg at 2θ ~ 32.2°, 34.3°, 36.6°, 47.8°and 63° assigned 
to (100), (002), (101), (102) and (103) reflection plans 
of the hexagonal Mg (JCPDS no. 90–3058)[66], the 
intensity of the peaks increased after magnesia-
tion and reduced after de-magnesiation. Figure 12b 
shows zoomed-in at 2θ ~ 34.3° of the main peak of 
Mg; the peak shifted to the left after magnesiation 
and further moved to the left after de-magnesiation. 
Figure 12c shows EDS spectra of Mg0, Mg1, and Mg2; 
the results display an increase of S to 0.33 wt.% after 
magnesiation and further increased to 0.87 wt.% 
after de-magnesiation as listed in Table 8. The results 
confirm the partial dissolution of sulfur within the 
electrolyte upon assembling the cell and the shuttle 
effect of magnesium polysulfide after recharge [67]. 
Figure 12d–f shows SEM mapping of Mg0, Mg1, and 
Mg2; Mg0 displays a homogeneous and smooth sur-
face, Mg1 displays low-density aggregation, and Mg2 
displays high-density aggregation.

Fig. 11   SEM mapping of S-cathode extracted from Mg|SPE_EHF|S cell. a S0; b S1; c S2
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Fig. 12   a XRD patterns for anode; b XRD zoomed of Mg main peak at 2θ ~ 34.3°; c EDS spectra; SEM mapping of d Mg0; e Mg1; f 
Mg2, extracted from Mg|SPE_EHF|S cell
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4 �Conclusion

In this paper, the magnesium-sulfur (Mg-S) battery is 
based on probing the role of EHA in modifying the 
physiochemical properties of SPEs based on PVA, SiO2, 
and MgTIF. The introduction of EHA improves the con-
ductivity and reduces the S.P overpotential. PVST-
3000EHA displayed the optimum electrochemical perfor-
mance, such as a high ionic transference number 
(

t
mg

2+ = 0.88

)

 , and minimal overpotential over 100 h. 
The Mg-S battery based PVST_3000EHA exhibits a high 
initial discharge-specific capacity in the first cycle up to 
1837 mAhg−1, and over six cycles, it maintained a revers-
ible capacity of 376 mAhg−1. Furthermore, solid-state 
electrolytes can significantly enhance the safety of Mg-S 
batteries, making them suitable for large-scale applica-
tions and meeting future energy storage requirements. 
Mg-anode at various electrochemical states 
was extracted from full cell Mg|SPE_EHF|S, shows an 
increase of S after magnesiation and further increased 
after de-magnesiation. The results confirm the partial 
dissolution of sulfur within the electrolyte upon assem-
bling the cell and the shuttle effect of magnesium poly-
sulfide after recharge. Much work must be done to over-
come the limits of the current work such as the low ionic 
conductivity, high stripping/plating overpotential, and 
the high interfacial diffusion barrier.
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