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Practical Mg batteries still face significant challenges in their development, like the lack of simple compatible
electrolytes, self-discharge, the rapid passivation of the Mg anode, and the slow conversion reaction
pathway. Here, we propose a simple halogen-free electrolyte (HFE) based on magnesium nitrate
(Mg(NOs3),), magnesium triflate Mg(CFsSOz),, and succinonitrile (SN) dissolved in acetonitrile (ACN)/
tetraethylene glycol dimethyl ether (G4) cosolvents, with dimethyl sulfoxide as a functional additive. The
addition of DMSO to the HFE changes the interfacial structure at the magnesium anode surface and
facilitates the transport of magnesium ions. The as-prepared electrolyte shows high conductivity (o, =
448 x 107> 6.52 x 107° and 9.41 x 107> S cm™! at 303, 323, and 343 K, respectively) and a high ionic
transference number (tmg+ = 0.91/0.94 at room temperature/55 °C) for the matrix containing 0.75 ml of
DMSO. Also, the cell with 0.75 ml of DMSO shows high oxidation stability, a very low overpotential, and
steady Mg stripping/plating up to 100 h. Postmortem analysis of pristine Mg and Mg anodes extracted
from disassembled Mg/HFE/Mg and Mg/HFE_0.75 ml DMSO/Mg cells after stripping/plating reveals the
role of DMSO in improving Mg-ion passage through HFE by evolving the anode/electrolyte interface at
the Mg surface. Further optimization of this electrolyte is expected to achieve excellent performance and
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Introduction

Magnesium batteries have recently become promising post-
lithium batteries due to their low reduction potential, earthly
abundance, safety, and high theoretical capacity (3837 Ah L™%).
Nonetheless, the low reduction potential of Mg rapidly
decreases the electrolyte species forming a passivation layer on
the Mg/electrolyte interface with high Mg>* transfer impedance,
which hinders reversible Mg stripping/plating."” Innovative
approaches to develop electrolytes without passivation for the
Mg anode and facilitating the transport of Mg-ions have become
an important demand for producing practical magnesium
batteries. A few examples of electrolytes have been studied for
reversible Mg deposition/stripping achieving high anodic
stability (~4.0 V vs. Mg), such as Magnesium carba-closo-deca-
borate (Mg(HCB;;H;1),),> magnesium aluminum hexa-
fluoroisopropoxide (Mg[AI-(HFIP),],),* magnesium
tetrakis(hexafluoroisopropyloxy)borate (Mg[B(HFIP),],),> and
magnesium hexamethyldisilazane (Mg(HMDS),).® However,
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good cycle stability when applied to the magnesium battery in future work.

Mg(HCB;1Hy,), is very expensive and limited in commercial
applications. Both Mg[B(HFIP),], and Mg[Al-(HFIP),], lack
chemical stability under ambient conditions where they
decompose chemically in the presence of moisture.* Low
plating/stripping efficiency and poor short-term cycling perfor-
mance limit the use of Mg(HMDS), electrolyte, which requires
the addition of either MgCl, or AICl;.”® The introduction of C1~
and Al-containing Lewis acids (AICl;, AIEtCl,, and Me,AICI) has
been considerably employed to increase the anodic stability and
anode electrolyte interface compatibility and also dissolve
passivating species on the surface of the Mg anode, which
enhances reversible Mg plating/stripping, but its existence may
cause critical corrosion of the common current collectors like
SS, Al, and Cu.’ This corrosion has an opposite impact on the
long-term cycle of magnesium batteries and eventually makes
the batteries invalid.®*

Dimethyl sulfoxide ((CH;),SO, designated DMSO) is known
as “green solvent” (organosulfur) for inorganic/organic mate-
rials having a low melting point (19 °C), high boiling point (189
°C), high dielectric permittivity (dielectric constant, ¢ = 46.7),
high electrochemical stability, high resistance to redox reac-
tions, good miscibility with water, low toxicity, and is a highly
polar aprotic solvent because of its S=0O group.>*** The high
polarity of DMSO is caused by two reasons: first, the highly polar
nature of DMSO molecules, and second, the unusual geomet-
rical structure of DMSO molecules significantly reduces their
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ability to form antiparallel dipolar aggregations,® so it is a suit-
able medium for utilization in high-energy batteries*'® and
double-layer capacitors'”*® in both pure form and in combina-
tions with other liquids. Kheawhom et al. studied the effect of
DMSO in KOH aqueous electrolytes on the performance of
a zinc-air flow battery, revealing a critical role for DMSO in the
dissolution and deposition of zinc. The introduction of DMSO
improved zinc dissolution performance, decreased polarization
resistance, moreover, improved the discharge capacity, and
demonstrated excellent cyclability.'> Kheawhom et al. investi-
gated the application of a DMSO-based electrolyte in zinc-ion
batteries (ZIBs), using a MnO, cathode. The reversibility of Zn
stripping/plating in DMSO-based electrolytes is good, and also,
the battery delivers a high specific capacity, and the retention is
recorded 60% after 1000 cycles.'” Cheng et al studied the
possibility of replacing N-methylprrolidone (NMP) with DMSO
(a low-toxicity solvent) to dissolve poly vinylidene fluoride
(PVDF) to reduce the environmental hazards and cost of
lithium-ion battery (LIBs) manufacturing. The viscosity and
electrochemical measurements results, scanning electron
microscopy (SEM), and X-ray photoelectron spectroscopy (XPS)
show that DMSO can replace the NMP without altering the
conventional LIB manufacturing process.*

Developing halogen-free electrolytes (HFE) is a turning point
in studying and developing magnesium electrolytes.**> HFE is
very compatible with Mg metal, where observed great oxidative
stability that of ether solvents, due to its inertness and non-
corrosive nature.”* Therefore, the development of HFE from
low-cost, commercially available chemicals is very wanted to
deliver high electrochemical performance and chemical
stability simultaneously. Magnesium triflate is a promising salt
for high-voltage electrolyte systems, non-toxic, and insensitive
to moisture. An early study reported reversible stripping/plating
of magnesium from electrolyte system-based magnesium tri-
flate. However, the low solubility in ethereal solvents and metal
passivation due to modulation of the solubility with ionic liquid
is still a drawback for realizing an efficient electrolyte-based
magnesium triflate.”® The as-prepared Mg-ion -electrolyte-
based (Mg(NOs),-6H,0) exhibits efficient Mg plating/stripping
performance. The chronoamperometry plating profile at Pt
electrode displayed nondendritic, flat, and translucent crystals
of the Mg element.* The challenge of low solubility and
incompatibility can be bypassed by integrating Mg(CF;SOj3),
with (Mg(NOs),-6H,0) in a cosolvent solution to realize an
efficient electrolyte. Recently, a simple halogen-free electrolyte-
based Mg(NO3),-6H,0 Mg(CF;S03),, SN dissolved in ACN/G4
has been investigated and tested in an Mg/S battery. However,
this electrolyte exhibited promising results;* future work must
focus on overcoming the low coulombic efficiency and the short
cycle life. Recently, a simple halogen free electrolyte based
Mg(NO;), - 6H,0 dissolved in ACN/G4 has been investigated and
tested in an Mg/S battery, though this electrolyte exhibited non-
dendritic, and high initial discharge capacity;*® future work
must be focused on trying to overcome the low coulombic effi-
ciency and the short cycle life. Introducing DMSO into HFE may
enhance the dissolution of salts owing to its high polarity and
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enhance the mobility of Mg-ions, which evolve at the anode/
electrolyte interface; as a result, charge transfers will increase.

In light of the above concerns, we submitted a reaction
scheme that involved active species of Mg(NO;), 6H,0,
Mg(CF3S03),, SN, and the variable ratio of DMSO in ACN:
G4(~2:1); HFE_DMSO. The effect of DMSO on the structural,
optical, electrical, and electrochemical properties of the HFE
has been investigated. The X-ray diffraction (XRD), energy-
dispersive X-ray spectroscopy (EDS), scanning electron micros-
copy (SEM), and transform infrared (FTIR) techniques are
studied to identify the structure evolution of pristine Mg and
Mg anode extracted from disassembled Mg/HFE/Mg and Mg/
HFE_0.75 ml DMSO/Mg cells after stripping/plating.

Experimental technique

HFE based 1.1 g of Mg(NOs),-6H,0 salt (pre-calcined at 80 °C),
0.4 g of Mg(CF3S03), (Alfa Aesar) and 0.03 g SN dissolved in 5.4/
2.7 ml of ACN/G4 was synthesized according to our previous
research.” HFE_DMSO was prepared by adding different DMSO
concentrations (Loba Chemie) (x = 0, 0.25, 0.5, 0.75, 1 ml) to
5 ml of HFE and stirred for 24 h. HFE_ DMSO will be denoted by
HFE, (x = 0 ml), HFE, (x = 0.25 ml), HFE, (x = 0.5 ml), HFE; (x
= 0.75 ml) and HFE, (x = 1 ml). XRD patterns were obtained
through X-ray Diffractometer (Rigaku MiniFlex 600) with line
focus Cu Ko radiation (A = 1.542 A), and SEM was performed by
the JEOL JSM-7000 attached to the EDS unit. FTIR was recorded
from the Alpha II FT-IR spectrometer. A DS5 Dual Beam UV-Vis
Spectrophotometer recorded the optical absorptions. Electro-
chemical impedance spectroscopy (EIS) at various temperatures
(303-348 K) and frequencies (10 to 10° Hz) was measured using
the CHI604E electrochemical workstation in a SS/HFE_DMSO/
SS electrolytic coin cell (CR2032), which was assembled in an
Ar-filled glove box. The optimum sample (HFE;) was used to
investigate the electrochemical stability of HFE_DMSO at room
temperature (RT) and 55 °C, and was measured using a two-
electrode coin cell with stainless steel as a working electrode
and Mg foil as both the reference and counter electrodes. The
magnesium-ion transference number of the Mg/Mg cell was
measured by AC impedance before (B) and after (A) polarization
and direct-current (DC) polarization (with a DC voltage of 0.1
volts) at RT and 55 °C. The stripping/plating (SP) of symmetric
Mg/Mg cell were performed on a NEWARE BTS4000 tester over
100 h. The XRD, EDS, SEM, and FTIR analyses of pristine Mg
and Mg anodes extracted from disassembled Mg/HFE,/Mg and
Mg/HFE;/Mg cells after stripping/plating have been
investigated.

Results and discussion

The interplay between the functional groups of HFE, and DMSO
was characterized using FTIR spectroscopy. Fig. 1a and b shows
FTIR spectra for SN, DMSO, HFE,,, HFE,, HFE,, HFE;, and HFE,
in the wavenumber ranges of 400-2000 and 2000-4000 cm *,
respectively. The bands located at 3404, 2890, 1660, 1330, 1091,
1027 em ™' and 2250 cm™ " were assigned to O-H stretching,

C-H stretching, C=O stretching, C-H bending, C-O-C

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra in the wavenumber range of (a) 400-2000 cm™, (b) 2000-4000 cm™1; UV-visible spectra (c) Tauc plot, (d) variation of
energy band gap as a function of DMSO content, (e) extinction coefficients (k), (f) refractive index (n), for HFE_DMSO.

stretching, S=O stretching and -CN stretching vibration of
HFE,.*® The introduction of DMSO within the framework of
HFE, perturbed the bonding scheme of HFE,, causing reduc-
tion in the intensity of the peaks and small redshifts, which
confirm the complexation between DMSO and HFE.>’**> UV-
spectroscopy is an effective method for investigating changes
in electronic energy levels inside a molecule produced by elec-
tron transfer from - or non-bonding orbitals. Fig. 1c-f shows
the UV-vis spectra of HFE_DMSO. The optical band gap is an
essential parameter for characterizing electronic electrolyte
transitions. The optical bandgap energies (E,) can be calculated
using the Tauc equation:****

ahv = B(hy — Eg)" (1)

© 2023 The Author(s). Published by the Royal Society of Chemistry

« is the absorption coefficient, hv is the incident photon energy,
and B is the constant. E, values are calculated by scheming
(ahv)® versus hv (Fig. 1c) and can be calculated by extrapolating
the linear portion of the curve to the x-axis.

Fig. 1d illustrates the E, values versus the content of DMSO.
The lowest band gap was observed at HFE;, where the band gap
began to widen, which matches the Burstein Moss effect.*® The
introduction of DMSO after a certain amount changed the ratio
of the solute to the solvent and reduced the density of the
state.*® The extinction coefficient (k) and the refractive index (n)
are essential parameters for characterizing the optical proper-
ties of electrolytes and can be obtained using the following
equations:**3*

RSC Adv, 2023, 13, 1959-11966 | 11961
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R denotes reflectance. Fig. 1e and f shows the relation between
the extinction coefficient and refractive index with the incident
light wavelengths (1) for HFE_DMSO, respectively. The extinction
coefficient decreased with increasing the wavelength and with the
introduction of DMSO, and the refractive index decreased with
increasing the wavelength and increased with the introduction of
DMSO, which reflects that the addition of DMSO affects the
velocity of electromagnetic waves within the HFE medium. Fig. 2a
and b shows the Cole-Cole plot for HFE_DMSO. The plots illus-
trate semicircle diameter (which represents the bulk resistance
Ry,) decreases with increasing the concentration of DMSO, and
the sample HFE; shows the lowest resistance. The ionic
conductivity can be calculated from the relation:*”
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Uh:R_bXZ [5)

where ¢ and A are the electrolyte's thickness and active surface
area, respectively, Fig. 2c illustrates the ionic conductivity of
HFE_DMSO as a function of DMSO concentrations at 303, 323,
and 343 K. The conductivity increased with increasing DMSO
concentration and temperature, reaching 4.48 x 107>, 6.52 x
107° and 9.41 x 107> S ecm ' at 303, 323, and 343 K, respec-
tively, which could be attributed to DMSO's high polarity and
permittivity, i.e., its ability to act as a solvent for Mg salt and the
gradual dissociation of the ion pairs in the HFE-producing
charge carriers while also decreasing viscosity. The conduc-
tivity gradually decreases after the optimal concentration. This
decrease may be explained according to equation:*

(6)

where n, g, p is the number of charge carriers, the charge of the
carrier density, and the mobility of the carriers, respectively.
Increasing the DMSO ratio after a certain amount (0.75 ml)
decreases the solute to the solvent, reducing charge carriers’
concentration. Therefore, the ionic conductivity decreased with
increasing DMSO after this amount. Fig. 2d shows the relation
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between temperature and ionic conductivities for HFE_DMSO
from 303 to 348 K. The behavior obeys the Arrhenius relation:*®

¢ =0, e(i%) )

where o, E, Kg, and T are the pre-exponential factor, the acti-
vation energy of ion conduction, the Boltzmann constant, and
the temperature in Kelvin, respectively. The conductivity
increases with increasing temperature, following the Arrhenius
law. From the linear fitting of In ¢ ~ 1/T, the activation energies
have been calculated and listed in Table 1. The table shows that
at the first region (3.3 to 3.1 K™ ), the lowest activation energy is
for HFE;. Fig. 2d shows the conductivity of HFE_DMSO as
a function of frequency at 303 K. The conductivity of samples
increases with frequency. At low frequencies, charges accumu-
late close to the electrodes and electrode interfaces, which
decreases the quantity of free mobile ions and reduces
conductivity. The conductivity increases with frequency at
higher frequencies because of the quicker hopping of ions.****
The general behavior obeys the universal power law:'*

atot(w) = O0dc + Ao’ (8)

where g4, is the dc conductivity, A4 is the pre-exponential factor,
w is the angular frequency of the applied electric field, and s is
the exponent factor. The values of the exponent factor can be
calculated by using the least square fitting of the last equation.
The values of s lie within the range of 0.79 = s = 0.82, so the
conduction occurs by the hopping conduction mechanism."**
The relaxation time (7) can be calculated from the relation:*”
= (o) ©)

where v is the distance on the impedance plot between (O, Ry,)
and an experimental point, v is the distance between the
experimental point and (0, 0), w is the angular frequency, and

h= 2Fawhere o is the depressed angle from the Z-axis (Fig. 2a).

Fig. 2f shows the relation between temperature and relaxation
time (r) for HFE_DMSO. The relaxation time decreases with
increasing the temperature and concentration of DMSO, and
the behavior obeys the Arrhenius relation.

AE;
T =1,€

(10)
Table 1 Electrical and diffusion parameters of HFE_DMSO
HFE, HFE, HFE, HFE; HFE,

2.80 x 3.83 x 3.99 x 4.48 X 4.15 x
o(Sem ) (RT) 107° 10°° 1077 10°° 10°°
E.I (eV) 2.12 2.08 1.76 1.59 2.17
E,II (eV) 0.99 1.39 1.09 1.02 1.51
E. (eV) 0.06 0.16 0.02 0.04 0.07
EII (eV) 0.16 0.21 0.18 0.12 0.23
tmg=  RT 0.8 0.91

55 °C 0.9 0.94

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where 7, is a quantity that is the inverse of the oscillation
frequency of the dipole in its potential well, and AE; is the
activation energy of relaxation. The decrease in the relaxation
time values with increasing temperature could be attributed to
dipole freedom.*® The activation energy of relaxation has been
calculated using the last equation’s least square fitting and is
listed in Table 1. According to the timely results, introducing
dimethyl sulfoxide (DMSO) within the skeleton of HFE causes
redesigning the solvation shell surrounding each Mg*" ion,
which reduces the solvation barrier of Mg>" ions so does reduce
the viscosity and increasing the ionic conductivity of the elec-
trolyte solution.””** The above findings confirm that sample
HFE; as the optimum sample, so it was chosen as the main
sample for subsequent experiments. The value of the Mg** ion
transference number (tmg+-) is very important in determining
the performance and rate capability of the electrolyte for battery
applications. The magnesium ion transference number tmg-
was obtained by using the equation:*”
L(AV — IL,R,)

- Io(AV_IsRs) (11)

mg+2

where I, and I are the initial and final currents, R, and R, are
the cell resistances before (B) and after (A) polarization,
respectively, and AV is the DC voltage applied to polarize the
sample. The impedance spectra before and after polarization
and the variation of the polarization current as a function of
time are shown in Fig. 3a and b for Mg/HFE,/Mg and Mg/HFE;/
Mg cells at RT and 55 °C, respectively. It is noticed that the
introduction of DMSO increased the sample's current at RT and
55 °C and the current dropped with time until it reached
a steady state. The value of tmg- increased with the addition of
DMSO, reaching 0.91/0.94 at RT/55 °C. Linear sweep voltam-
metry (LSV) was used to study the effect of DMSO on the
oxidation stability of HFE by using a SS/Mg coin cell. Fig. 3c
shows the LSV of SS/HFE,/Mg and SS/HFE;/Mg coin cells with
a voltage range from —1 to 5 V at RT/55 °C. Fig. 3¢ shows that
HFE; electrolyte with the addition of DMSO displays a high
current increase and oxidation stability up to 4.8/3.7 V at RT/
55 ©°C, which confirms the high electrochemical stability
window of HFE;. To investigate the electrochemical stability of
HFE;, the reversibility of Mg plating/stripping processes was
studied at RT/55 °C. Fig. 3d illustrates the stripping platting (SP)
curves of Mg/HFE,/Mg and Mg/HFE;/Mg with a current density
of 0.02 mA cm™> at RT/55 °C. The addition of DMSO signifi-
cantly improved electrolyte stability with a relatively low over-
potential up to 100 h, indicating the role of DMSO in improving
Mg-ion passage through HFE by evolving the anode/electrolyte
interface at the Mg surface.** The reduction in the stripping/
plating potential amplitude of Mg|HFE;|Mg at 55 °C after 65
hours confirms that the electrolyte is under an electrochemical
conditioning step which cleans them from active contami-
nants.”” SEM micrographs of pristine Mg and Mg anode
extracted from disassembled Mg/HFE,/Mg (Mg_HFE,) and Mg/
HFE;/Mg (Mg_HFE;) cells after stripping/plating are shown in
Fig. 3e-g. The surface of pristine Mg shows flat and uniform
morphology, while the Mg HFE, surface shows stick
morphology. After the introduction of DMSO (Mg _HFE;) the

RSC Adv, 2023, 13, 11959-11966 | 11963
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Fig. 3 a Nyquist plots before and after DC polarization, (b) DC polarization curve for Mg/HFEq/Mg and Mg/HFEs/Mg cells; (c) linear sweep
voltammetry (LSV) for SS/HFEo/Mg and SS/HFEz/Mg cells; (d) Mg stripping/plating (SP) for symmetric Mg/HFEo/Mg and Mg/HFEs/Mg cells; SEM
micrographs (insets: amplified voltage profiles) (e) pristine Mg, (f) Mg_HFE,, (g) Mg_HFEs; (h) EDS, (i) XRD, (j) FTIR spectra for Mg, Mg_HFE, and

Mg_HFEs.

density of sticks increased, which may be related to the role of
DMSO in enhancing the mobility of Mg-ions through the elec-
trolyte, as mentioned above. The EDS spectra of Mg, Mg_HFE,,
and Mg_HFE; are shown in Fig. 3h. As shown, the reduction in
the intensity of Mg's spectral line after stripping/plating is
related to the evolution of the anode/electrolyte interface at the

1964 | RSC Adv, 2023, 13, 11959-11966

surface of the Mg-anode and the role of DMSO in changing its
composition. XRD patterns of Mg, Mg _HFE,, and Mg_HFE; are
shown in Fig. 3i, and the results match the hexagonal Mg
(JCPDS No. 901-3058). The pattern illustrates slight shifts and
areduction in the intensity of the peaks related to the evolution
of the interface at the Mg surface, as mentioned above. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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FTIR spectra of Mg, Mg _HFE,, and Mg HFE; are shown in
Fig. 3j; the results illustrated the spectral characteristics of
Mg HFE, and Mg HFE; consistent with HFE* lines
(~1089 cm ™!, ~1648-1650 cm ', and ~2898-2902 cm ™' match
the stretching vibration of C-O, C=C, and C-H, respectively).
The intensity of Mg HFE; was reduced compared with
Mg HFE, and accompanied by a slight shift in wave number,
suggesting that DMSO altered the complexation of the anode/
electrolyte interface and tailored its structure to a higher
amorphous state.

Conclusion

In this study, we demonstrated the role of DMSO in optimizing
the electrochemical performance of a halogen-free electrolyte
(HFE) based on magnesium nitrate (Mg(NO;),) and magnesium
triflate Mg(CF3S03), dissolved in ACN/G4. The introduction of
DMSO (HFE;) resulted in very low overpotential and stable Mg
stripping/plating, increasing the ionic conductivity values to
~4.48 x 107°,6.52 x 10> and 9.41 x 10> S. cm ™ * at 303, 323,
and 343 K, respectively, and increasing the ionic transference
number to tmg~ = 0.91/0.94 at room temperature/55 °C. The
XRD, EDS, SEM, and FTIR of pristine Mg and Mg anode
extracted from disassembled Mg/HFE/Mg and Mg/HFE_0.75 ml
DMSO/Mg cells after stripping/plating reveal the role of DMSO
in improving Mg-ion passage through HFE by evolving the
anode/electrolyte interface at the Mg surface. The outcomings
emphasize the importance of this electrolyte system and it is
expected to achieve excellent performance when applied in the
magnesium battery in future work.
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