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High-Performance Magnesium-Sulfur Batteries Based on a
Sulfurated Poly(acrylonitrile) Cathode, a Borohydride
Electrolyte, and a High-Surface Area Magnesium Anode

Peiwen Wang*” Janina Triick*,”™ 9 Stefan Niesen,™ 9 Julian Kappler,” Kathrin Kiister,
Ulrich Starke, Felix Ziegler,” Andreas Hintennach,” and Michael R. Buchmeiser*™ ®!

Post-lithium-ion battery technology is considered a key element
of future energy storage and management. Apart from high
gravimetric and volumetric energy densities, economic, eco-
logic and safety issues become increasingly important. In that
regards, both the anode and cathode materials must be easily
available, recyclable, non-toxic and safe, which renders magne-
sium-sulfur (Mg—S) batteries a promising choice. Herein, we
present Mg—S cells based on a sulfurated poly(acrylonitrile)
composite cathode (SPAN), together with a halogen-free
electrolyte containing both Mg[BH,], and Li[BH,] in diglyme and

1. Introduction

There is a growing demand for efficient energy storage
materials in the era of post-lithium-ion battery technology.
Because of the high theoretical energy density of both, sulfur
and magnesium,!'? rechargeable magnesium sulfur (Mg—S)
batteries are attractive candidates. At the same time, magne-
sium is considered a safer choice in commercial applications
due to its predominantly non-dendritic plating.”’ However,
compared to Li—S batteries, the accomplishments in the field of
Mg—S batteries are still quite limited, mainly due to the lack of
suitable electrolytes that improve the sluggish kinetics of the
bivalent Mg?* ions and the poor plating performance of Mg
anodes.”

Most cathode materials for Mg—S batteries reported so far
accommodate the sulfur in different porous and highly
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a high-specific surface area magnesium anode based on Rieke
magnesium powder. These cells deliver discharge capacities of
1400 and 800 mAh/g, ., With >99% Coulombic efficiency at
0.1 C and 0.5 C, respectively, and are stable over at least 300
cycles. Energy densities are 470 and 400 Wh/kg, . at 0.1 C and
0.5 C, respectively. Rate tests carried out between 0.1 C and 2 C
demonstrate good rate capability of the cells. Detailed mecha-
nistic studies based on X-ray photoelectron spectroscopy and
electric impedance spectroscopy are presented.

conductive carbon materials, such as carbon black,"" CMK-3,%
nitrogen-doped graphene,” carbon nanotubes® carbon
nanofibers,®'? activated carbon cloths"''? or reduced gra-
phene oxide.™ General important features of these cathode
materials are that they possess good electrical conductivity,
impede the polysulfide diffusion and show high mechanical
stability."

Anodes for Mg—S cells are mostly based on low specific
surface area Mg foils. Upon contact with traces of oxygen or air,
however, Mg immediately forms a passivating layer (approx-
imately 10nm) containing oxides, carbonates and
hydroxides."""*'” To remove the passivation layer and to
activate the Mg, the foils are usually scratched under an inert
atmosphere. However, this approach is of limited reproduci-
bility and hard to scale.

Currently used electrolytes comprise Al-, B- or Y-based
Lewis acids together with a magnesium-derived Lewis base,
such as Mg bis(hexamethyldisilazide), Mg[HMDS],, prepared via
a transmetalation reaction.®'®'” Complementary, the use of
magnesium salts containing a weakly coordinating anion such
as Mg bis(tetrakis(hexafluoropropoxyborate)), Mg[B(hfip),l,, has
also been outlined.®* Unfortunately, with this type of salt,
capacity fading has been observed.” Finally, the addition of
some lithium salts, e.g. lithium bis(trifluoromethylsulfon)imide),
LiTFSI, and LiCl, to a magnesium salt-containing electrolyte has
been reported to result in improved reversibility and discharge
capacities.["'”'“‘m

Here, we present a halogen-free dual salt electrolyte system
based on Mg[BH,], and Li[BH,] together with an alternative
active cathode materials based on a sulfur-carbon composites,
e.g., sulfur-poly(acrylonitrile) (“SPAN").> |n SPAN, the sulfur
is not physisorbed but chemically bound to the carbonaceous
backbone, predominantly as vinylogous/phenylogous enolic
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thioamides, which allows for the formation of intra- and
intermolecular polymer-S,-polymer chains (2 <x<8). The thio-
amide bond in its enolate form distinguishes SPAN from most
other S-based cathodes. We also present a novel approach to
high specific surface area Mg anodes. It comprises the synthesis
of Rieke Mg powder via the reduction of magnesium chloride
under inert atmosphere.”” Its particle size is in the sub-micro
meter range resulting in a comparably large specific surface
area.

2. Results and Discussion

Because of the divalent nature of the Mgt cation, ion pair
formation with the oligosulfides, S,~ (1<x<8), that form
during discharge results in different oligomeric structures
(S2"Mg*™), (n>1). Their solubility strongly depends on the
solvent used. Also, the predominantly non-dendritic plating of
Mg imposes a challenge.”! While this is highly beneficial in
terms of battery safety, it results in a comparably low specific
surface area of the anode and limited formation of fresh Mg
surface during charging. Together with its pronounced ability
to form an oxide/hydroxide-based passivation layer, Mg—S
batteries suffer from poor cycle stability and very limited rate
capability.””

2.1. Electrolyte

One way to remove Mg hydroxide/oxide layers is the use of
hydrides, e.g. Mg[BH,l,. Unfortunately, the solubility of Mg
[BH,], is only 0.01 M in diglyme.”® However, with the addition
of Li[BH,], its solubility increases to 0.1 M. Moreover, due to the
mediating role of Li*, its presence can be expected to promote
the formation of mixed cation, i.e. of Li*/Mg*" (poly)sulfides.
Previous research demonstrated that this type of electrolyte is
electroactive, but performs poorly with standard sulfur-contain-
ing carbonaceous materials.”® However, in view of the
excellent long-time cycle stability of Li-SPAN cells with an
LiTFSI/ether-based electrolyte,** an SPAN-based cathode
material was chosen and expected to display a similar perform-
ance in Mg-S cells using this Mg**/Li* hybrid electrolyte.

The influence of the concentration of the Li salt on cycle
performance was studied using three different electrolyte
systems: (i) 0.1 M Mg[BH,],/0.5 M Li[BH,], (ii) 0.1 M Mg[BH,1,/1 M
Li[BH,] and (i) 0.1 M Mg[BH,l,/1.5 M Li[BH,]. Diglyme was
chosen as solvent due to its high dielectric constant (€=7.23 at
298 K) compared to 1,2-dimethoxyethane (€=5.02 at 298 K).2”
Electrolytes with high ionic conductivity can lower the internal
resistance.”” The ionic conductivity of the three diglyme-based
electrolyte systems at room temperature was 670, 1610 and
1700 uS/cm, respectively (Figure 1a). Scanning electron micro-
scopy (SEM) images of the surface of a charged Mg anode after
200 cycles (Figure 1b) revealed the presence of Mg spheres
approximately 150 nm in diameter. Only spherical but no
dendritic structures were observed. The overpotential was
measured by cycling symmetric Mg—Mg cells and proved high

Batteries & Supercaps 2020, 3, 1239-1247 www.batteries-supercaps.org

1240

a) 1800
E 1600] . .
@ 1400
E 1200].
'% 1000[
'E 800
§ 600] -
5w T B
) Lithium ion concentration (M)
Cc
:: Current density: 0.05 mA/cm? Current density: 0.1 mA/cm?2
= <2 T i i
;-% :Z::- %ﬂ,ﬂ‘) n NNnannnnn
> -0.8 § HH—HLH o ‘H«[— l, J:H —— 0.1 M Mg[BH ), + 0.5 M Li{BH)
10l o0g; - - - |01 MMgBH ), + 1.5 M LiBHy
12 . , time(s) : : | :
25 50 75 100 125 150 175 200
Time (h)
d) e) 14
s T = s 1-Z’N§a« /\7/
&< &g 1.0 ﬂgn f@ 4
ng 18 : g:h . ”S o5l Re (2) (103 Ohm cm?, st
E m o (B 5
£ ot . S £ oz o
' . solid line: fttng resuts| g0 ——100th
0 3 6 9 12 15 18 21 24 27 30 00 04 08 12z 18 20

Re (2) (103 0hm cm?) Re (2) (10% Ohm cm?)

Figure 1. a) lonic conductivity of the electrolytes: 0.1 M Mg[BH,], with 0.5 M,
1 M and 1.5 M of lithium ions in diglyme; b) SEM image of a Mg foil after
long-term Mg plating and striping test: no dendrite formation was observed
within 200 cycles; c) long-term Mg plating and striping over 200 cycles in
0.1 M Mg[BH,],/0.5 M Li[BH,]/diglyme, and 0.1 M Mg[BH,],/1.5 M Li[BH4]/
diglyme at a current density of 0.05 and 0.1 mA/cm?, respectively, using
symmetric Mg—Mg cells, Measurements were started directly after assem-
bling the cells; d) Nyquist plots of a symmetric Mg—Mg cell containing 0.1 M
Mg[BH,],/1.5 M Li[BH,]/diglyme with resting times between 0.5 and 50 hours
at OCV; e) Nyquist plots of a symmetric Mg—Mg cell containing 0.1 M Mg
[BH,],/1.5 M Li[BH,]/diglyme after the given number of cycles. Mg foils were
applied in the measurements.

efficiency of the electrolyte. Thus, cells containing 0.1 M Mg
[BH,],/1.5 M Li[BH,] (Figure 1c pink, left) showed good cycle
stability with a very low overpotential <0.04V at a current
density of 0.05 mA/cm?” for 100 hours. The inset of the voltage
profile shows a rectangular potential profile, indicating smooth
Mg plating and stripping. In comparison, cells containing 0.1 M
Mg[BH,],/0.5 M Li[BH,] showed a higher polarization potential
up to 0.13 V (Figure 1c blue, left) indicating poorer Mg plating
and stripping performance. It is worth to point out that the
overpotential of the 0.1 M Mg[BH,],/1.5 M Li[BH,] electrolyte is
substantially lower than the one reported for the Mg[B(hfip),],
system (around 0.1 V).2”

2.2. Electrochemical Impedance Spectroscopy
Since the overpotential of a symmetric Mg—Mg cell based on
0.1 M Mg[BH,l,/1.5 M Li[BH,] up to cycle fifteen was higher

than during the following 185 cycles (0.08V vs. 0.04V),
electrochemical impedance spectroscopy (EIS) was applied,

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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both during open circuit voltage (OCV) and after cycling.
Figure 1d shows the Nyquist plot of a resting symmetrical
Mg—Mg cell at OCV (dots). The plot was fitted according to the
model shown in the inset, comprising the high frequency
resistance (R;) and two RC (resistor and capacitor in parallel)
elements in series. The two RC elements model the charge
transfer reaction (R, and Q,) and most likely a blocking layer on
the anode (R; and Q,).

Since the charge transfer resistance is several orders of
magnitude higher than other resistance contributions,”'? only
one clear semicircle is visible and a distinction between the
two resistances is not possible. For the following discussions,
the sum of R, and R; will be described as the overall charge
transfer resistance. Fits are shown as solid lines. For more
clarity, the high frequency resistance (R,) was subtracted from
all measurements. The exact values of the resistance can be
found in Table S1 in the Supporting Information. Impedance
measurements clearly show an increase in impedance with
increasing resting time of the cell at OCV. Impedance became
constant after 47.5 hours, indicating a stabilization of the
interface or fully wetting of the electrodes. Nonetheless,
impedance decreased dramatically after cycling the cell, as
shown in Figure Te. These data can be interpreted in that some
ion-blocking layer partially blocks the interface between the
electrolyte and the Mg surface during resting the cell at OCV.
However, after cycling, fresh and highly conductive Mg metal
surfaces are reformed, leading to the pronounced drop in
impedance. Similar observations, though with different electro-
lyte systems, have been reported by Oscar et al.”® and Zhao-
Karger et al.”! and appear to be quite unique for Mg systems.

2.3. Electrochemical Characterization

Figure 2a shows that the cells with 0.1 M Mg[BH,],/0.5 M Li[BH,]
(lower blue) and 0.1 M Mg[BH,],/1.5 M Li[BH,] in diglyme (lower
red) deliver a discharge capacity of ca. 420 and 800 mAh/g, .,
at 0.1 C, respectively, both with virtually >99.8% Coulombic
efficiency (Figure 2a top). In addition, the use of a coin cell
setup with a reduced amount of electrolyte results in a virtually
identical electrochemical performance (Figure S1 in the Sup-
porting Information). This strongly indicates the high stability
of the system and renders extensive sacrificial consumption of
the electrolyte unlikely. The electrochemical performance of
cells based on a 1M Li[BH,] electrolyte was also measured
(Figure S2). Performance of cells based on 1M and 1.5 M Li
[BH,], respectively, was very similar. Nonetheless, for further
studies, the electrolyte with the highest lithium salt concen-
tration (1.5M) was used in order to prevent the potential
dissolution of polysulfides.” The rate tests in Figure 2b show
the capacities fully recovered once the current rate was
decreased, indicating good rate capability. For Coulombic
efficiency see, Figure S3. The better performance of cells
containing higher concentration of Li[BH,] are attributable to
the higher ionic conductivity of the electrolyte (Figure 1a),
which results in higher ion mobility. The capacity contributed
by the potential intercalation of Li* or Mg’" ions into the
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Figure 2. a) Long-term cycle stability of SPAN—Mg cells at 0.1 C, 22°C, inset:
structural features of SPAN, where 2 <x < 8;*% b) rate test between 0.1 C and
2 C, 28°C. All cells contained 0.1 M Mg[BH,],/0.5 M Li[BH,]/diglyme and 0.1 M
Mg[BH,],/1.5 M Li[BH,]/diglyme, respectively. The sulfur content of all
cathodes was 0.6 mg/cm? ¢) typical discharge and charge profiles at 0.1 C of
a cell containing 0.1 M Mg[BH,],/1.5 M Li[BH,]/diglyme.

graphite current collector was determined for an SPAN-free
system consisting of a Mg foil, a graphite current collector and
0.1 M Mg[BH,,/1.5 M Li[BH,l/diglyme; only a minor contribu-
tion of 0.04 mAh/cm?® was found (Figure S4). The charge and
discharge voltage profiles (Figure 2c) as well as cyclic voltam-
metry (CV) measurements (Figure S5) of a Mg foil-SPAN cell
using the 0.1 M Mg[BH,],/1.5M Li[BH,] electrolyte provide
some insight into the chemical reactions inside the cell. The
first striking feature is that the voltage plateau around 1.5V,
which corresponds to the formation of long-chain polysulfides
(e.g. MgSy), is not observed.”® Similar was observed in Li-SPAN
cells, in which only LiS, species with 1 <x <4 were identified.*”
This is attributed to the unique structure of SPAN that does not
possess any elemental sulfur but only chemically bound sulfur
chains (Figure 2a inset). Since the sulfur chain length in the
SPAN structure has an upper limit of eight (x<6) and the C-S
bond is hard to break, no long-chain polysulfides, such as MgS,
are formed with SPAN cathodes. Indeed, elemental analysis of
the SPAN-based cathode of fully discharged Mg—SPAN cells
contain ca. 11 wt-% of S and show an atomic ratio of N:S close
to unity (0.98). This clearly indicates that the final C—S bonds in
the SPAN structure are not broken even after full discharge.
This is in line with a recent paper by Wang etal. on Li-S
batteries.? Instead, in the discharge curve, two distinct sloped
regions were observed, one at 1.2-0.4V and a second at 0.4-
0.1V. The first region is most probably attributable to the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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formation of magnesium polysulfides, such as MgS, or Mg;S5.5

Scheme 1 outlines the proposed redox process of the SPAN
cathode. After incorporation of Mg ions into the SPAN structure
(step 1), MgS, and Mg,S,, respectively, are proposed to form
(Scheme 1, step 2). During further discharge, the sulfur species
are released via breakage of the S-S but not of the C—S bond,
due to the higher bonding energy of C—S bonds (Scheme 1, y=
4 or 8/3). Since the potential of Li is similar to that of Mg, some
Li polysulfides might also coexist inside the electrolyte. The
second region of the discharge curve starts at around 0.4V,
which is the deep discharge of the system. This region indicates
the formation of low-order magnesium sulfides, i.e.,, MgS and
MgS,. MgS is stable and crystalline and therefore hard to re-
oxidize to amorphous Mg;S; and eventually also passivates the
Mg anode.

Due to the existence of Li* ions inside of the system,
however, some lithiation of the MgS is proposed to happen in
this voltage range, which might also contribute to the overall
capacity.***3¥ The charge curve shows an almost constant
increase from 0.4 to 1.8 V, suggesting multiple reactions in this
voltage range. In the presence of Li* ions, (lithiated) MgS or
MgsS, react reversibly back to the polysulfides, such as Mg;Sg,
contributing to the observed high reversibility. Overall, by
integrating the discharge curve, an energy density of ca.
430 mWh/ggr OF 14 MWh/gshoqe at 0.1 C is obtained.

2.4. XPS Post-Mortem Analysis

To gain an insight of the sulfur species forming on the
electrodes, ex situ high resolution X-ray photoelectron spectro-
scopy (XPS) was conducted on the pristine SPAN powder, as
well as on anodes and cathodes fully charged and deep
discharged over seven cycles. The sulfur-containing fragments
S—S/S—C and S=C featured by the S 2p,, and S 2p,,, signals in
SPAN are shown in Figure 3a.

In particular the S 2p;, signals were used to monitor
variations in the sulfur species during cycling."®* On the
pristine SPAN powder, the S 2p;, signals at 161.7 and 163.4 eV
are attributable to the S=C and C—5/5—S bonds.* It should be
noted that the pristine SPAN powder was pressed onto indium
foil whereas the cycled SPAN was mixed with carbon black and
coated onto a graphite current collector. This leads to a shift in
binding energy compared to the pristine SPAN powder. After
seven cycles, at a deep discharged state (0.1V), the signal at
161.7 eV appears to be more pronounced than the one at
163.4 eV, suggesting that large amounts of lithium/magnesium

Step 1 P Step 2
Sys Mg
s505-Sg S s s Mg* g
B NN A discharge *, NN dlszc‘harge *, NN
| Mg?* + 2¢” { Mg?* + 2 | +MgS,
A 2 R A 2 —_— A 2
N” °N” °N * N” "N” °N *7 N7 "NT N7 T
charge charge
0<x<4

y=x+21sys4
after deep discharge, y =1

Scheme 1. Proposed redox process of the SPAN cathode. For simplicity,
Mg** ions were used as model ion; MgS, could transform to short sulfides
(y=1, 2). In the deep discharge state, it is in the form of MgS.
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Figure 3. a) High-resolution S 2p (upper left) and b) N 1s (upper right) ex situ
XPS spectra of pristine SPAN powder and aged cathodes and anodes after
seven cycles at the fully charged and deep-discharged state, respectively.
The pristine SPAN powder was pressed onto indium foil whereas the cycled
SPAN was mixed with carbon black and coated onto graphite foil, which is
partially conductive, resulting in the broader peaks of the cycled cathodes
and the shift in binding energy compared to the pristine SPAN powder; c)
Mg 2p (down) ex situ XPS spectra of pristine SPAN powder and aged
cathodes and anodes after seven cycles at the fully charged and deep-
discharged state, respectively.

sulfides are formed at 0.1V on the cathode side, which is in
line with the above-proposed redox process. Notably, after
seven cycles and in the fully charged state (1.8 V), the detected
peak positions are similar to those in pristine SPAN, in which
the sulfur exists in the form of S=C, S-S and S—C species.”” This
suggests that the SPAN framework as such is stable over the
entire redox process. Further on, N 1s spectra of both pristine
SPAN powder and aged cathodes (Figure 3b) suggest that the
main features of SPAN structure including (thio)amidic
(401.5 eV) and pyridinic (399.1 eV) chemical units are stable
over the entire redox process. Figure 3c shows high resolution
XPS spectra in the energy region of the Mg 2p and Li 1s core
levels of aged electrodes after seven cycles at different voltage
states. The spectrum of the Mg anode at a fully charged state

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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(1.8 V) shows a signal at 51.5 eV and a smaller one at 48.5 eV,
which is assignable to Mg?* (MgO, MgS or Mg[BH,],) and Mg
(0), respectively. Also, a small signal at 59.2 eV associated with
the plasmon excitation of the magnesium nanoparticles might
indicate the presence of plated Mg on the surface.® In view of
the redox potentials of Li (-3.04V) and Mg (-2.36 V) and the
maximum charging voltage of 1.8V, the formation of Li (0)
seems highly unlikely. On the cathode side, both samples (0.1 V
and 1.8V) contain substantial amounts of Li* observed at
56.1 eV. During discharge, more lithium polysulfide species are
formed on the cathode, resulting in a more pronounced signal
of the Li 1s peak at the discharged cathode. The Li species on
the cathode at the charged state might stem from the
electrolyte, lithium oxide and/or residual lithium polysulfides.

2.5. Role of the Mg Anodes

Apart from the cathode and the electrolyte, the anode plays a
crucial role in electrochemical performance.***? Generally, a
large specific surface area is highly desired since this offers a
large number of sites for plating and stripping, thereby
impeding the build-up of a passivation layer at the anode and
reducing the resistance for charge transfer. In order to
determine the influence of specific surface area on electro-
chemical performance, three different anode materials, i.e.,
Rieke Mg, commercial Mg powder and Mg foil, were used.
Scanning electron micrographs show the plate-shaped particles
of Rieke Mg, which were 30-50 nm thick and had a diameter of
0.3-2 um (Figure 4a), while commercial Mg powder (Figure S6)
consisted of substantially larger particles, typically 44 um in
diameter. The X-ray diffraction (XRD) spectrum of Rieke Mg
powder shows the expected signals (Figure S7). N,-adsorption
measurements (BET method) revealed a specific surface area of
13.43 m?*/g for Rieke Mg, which is more than one order of
magnitude higher than the one of conventional Mg powder
(325 mesh, 0.60 m?/g). In sharp contrast, the surface area of Mg

Figure 4. SEM images of the surfaces of pressed anodes prepared from Rieke
Mg with different preparation pressures: a) pristine Rieke Mg powder, b)
13.8 MPa, ¢) 55.1 MPa, d) 96.5 MPa.
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foil was only 0.002 m*/g and thus almost 7000 times smaller
than the one of Rieke Mg. To investigate the effect of the
specific surface area of the anode on electrochemical behavior,
Mg anodes were prepared from Rieke Mg applying different
pressures. According to Figure 4b-d, the surface gets smoother
with increasing pressure. For the lowest pressure (13.8 MPa),
the surface shows rough features with holes between the
individual powder particles. Some cavities even form deep
channels, where the individual particles can still be detected.
This creates a larger surface area compared to a regular metal
foil. The higher the pressure applied, the more cavities are
closed. This occurs even at a low pressure of 55.1 MPa, while
the surface of the Mg anode prepared 96.5 MPa is even flatter.
N,-adsorption measurements (BET method) of the anodes
prepared with different pressures support this trend.

Thus, the parent Mg powder had a specific surface area of
13.4 m%*g, while anodes prepared at 13.8, 55.1 and 96.5 MPa
had specific surface areas of 11.3, 11.6 and 9.4 m%/g, respec-
tively (Figure S8). However, it is important to note that the
pellets had to be divided into two parts prior to measurements.
This inevitably induces some error to all the measurements,
especially for pellets prepared at high pressures, since the
newly created cross-section area adds to the original surface
area.

To study the impedance of the Mg powder anodes
prepared at different pressures, symmetrical Mg—Mg cells were
measured at OCV. Similar to the measurement presented in
Figure 1d, a time-dependent increase of the impedance was
also detected for the pressed anodes. For a more lucid
comparison between the different types of anodes, only the
impedance after resting for 1 hour at OCV is presented in
Figure 5a. The Nyquist plots were fitted as described in
Figure 1d; the exact fitting data are given in Table S2.
Obviously, the impedance of all pressed Mg powder anodes is
one order of magnitude lower than that of the foil. The inset
shows a higher resolution of the curves of the pressed anodes.
Clearly, impedance increased with increasing pressure during
anode preparation. The charge transfer resistances were 331,
773 and 1150 Q for the Mg anodes prepared at 13.8, 55.1 and
96.5 MPa, respectively. This clearly indicates that the higher the
surface area of the anode is, the lower the resistance for the
charge transfer of the Mg?* becomes. Notably, the charge
transfer resistance did not linearly increase with increasing
preparation pressure. Instead, a more pronounced increase of
the impedance between the anodes prepared at 13.8 and
55.1 MPa, compared to the impedance increase between the
55.1 and 96.5 MPa, was found. This can be explained by SEM: at
pressures higher than 13.8 MPa, the individual particles pro-
gressively fuse together, resulting in a much smaller surface
area. Notably, this is to the best of our knowledge the first
correlation between anode morphology and the charge trans-
fer resistance reported so far.

To determine the influence of the different charge transfer
resistance on cycle stability, the electrochemical performance
of Mg—S cells prepared from pressed Mg-anodes fabricated at
different pressures was studied applying a discharge rate of
0.5 C. Results are shown in Figure 5b.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 5. a) Nyquist plots of a symmetric Mg—Mg cell containing 0.1 M Mg
[BH,1,/1.5 M Li[BH,l/diglyme after 1 hour resting time at OCV with Mg
anodes prepared from Rieke Mg at different pressure and from a Mg foil for
comparison. Inset: Enlarged part of the plot showing only the impedance of
the powder anodes and the equivalent circuit for fitting. b) Long-term cycle
stability of SPAN—Mg cells with pressed Mg anode at 0.5 C, 22°C; ¢) rate tests
between 0.1 C and 2 C, 22°C. All cells contained 0.1 M Mg[BH,],/1.5 M Li
[BH,)/diglyme.

The Coulombic efficiency remained constant at ca. 100%,
suggesting that the system is stable. On top of that, a higher
cycle stability than with cells based on a Mg-foil was observed:
more than 300 cycles could be run without any signs of
decomposition. For all pressed anodes, the discharge capacity
was higher compared to the foil anode. Cells containing anodes
compacted with the lowest pressure (13.8 MPa) show discharge

Batteries & Supercaps 2020, 3, 1239-1247 www.batteries-supercaps.org

capacities of ca. 800 mAh/gyy, at 0.5 C. With increasing
fabrication pressure of the anodes, decreasing capacities were
observed, though still with good cycle stability. In line with the
results for charge transfer resistance and with the observations
from SEM, the differences in capacity became less pronounced
with increasing fabrication pressure. In addition, the difference
in capacity for the differently prepared anodes become smaller
at higher C-rates (Figure 5¢). Cells containing a Mg-anode
prepared at 13.8 MPa delivered 1400 mAh/g,,s, at 0.1 C, and
250 mAh/gys at 2 C. Notably, upon cycling between 0.1 C and
2 C, capacity reestablishes to 1500 mAh/g,,q, after 70 cycles
when returning to 0.1 C for a cathode prepared at 13.8 MPa.

Differences in capacity between a cell containing a Mg-
anode prepared at 13.8 MPa and one prepared at 96.5 MPa
were 400 mAh/gyw, and 70 mAh/gyy, at 0.1C and 2C,
respectively. The Coulombic efficiency for the rate test was ca.
100% for every tested C-rate (Figure S9). These observations
clearly reveal the importance of anode morphology and
specific surface area to allow a fast and reversible Mg plating.
Similar to what was found for the Mg-foil, the capacity
contributed by any possible Li-ion intercalation into the graph-
ite current collector was negligible, as can be deduced from
Figure S10.

Finally, it is worth to mention that the charge and discharge
voltage profiles of cells based on SPAN and pressed Mg anodes
(Figure S11) were similar as those obtained with cells based on
SPAN and a standard Mg foil anode, confirming that the same
electrochemical reactions occur during cycling. By integrating
the discharge curve, a power density of ca. 400 mWh/g,, or
13 mMWh/gmese though at a discharge rate of 0.5C, was
determined. A summary of the electrochemical performance of
the different anodes is given in Table S3.

3. Conclusions

The first long-lasting Mg—SPAN cell based on a Mg[BH,]./Li[BH,]
electrolyte in diglyme has been developed. The tailored
electrolyte features a low overpotential of only 0.04V and
efficiently removes any blocking layer on the surface of the Mg
foil. SPAN-based Mg—S cells based on the novel electrolyte
deliver around 800 mAh/g,, at 0.1 C and also show very good
rate capability. Compared to Mg foils, the utilization of the
pressed Rieke Mg anodes further improves cell performance,
allowing for ca. 800 mAh/g,, at 0.5 C over 300 cycles. Post-
mortem analysis supports the proposed redox mechanism of
the SPAN cathodes. In summary, the combination of SPAN as
cathode material with this particular “dual” electrolyte and high
surface area Mg anodes clearly offers new opportunities for
Mg-S cells.

1244 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Experimental Section

Chemicals

All samples were handled in an Ar-filled glove box with water and
oxygen levels <0.1 ppm. All glassware was dried in an oven at
120°C. Mg(BH,), (95%), LilBH,] (>95%) PAN (M,=36,500 g/mol,
P=3.6), MgCl, naphthalene and anhydrous diethyleneglycol
dimethyl ether (diglyme, 99.5%, anhydrous) were purchased from
Merck and used as received. Li foils were purchased from Alfa
Aesar and were polished before use. Mg foil (0.25 mm thick, 99.9 %)
and graphite foil (0.13 mm, 99.8 %) were purchased from Alfa Aesar
Germany. The Mg chips were polished with a ceramic knife inside a
glovebox to remove the oxide layer before assembling the cells.

Preparation of Mg[BH,],/Li[BH,] solutions in diglyme

In an argon-filled glovebox, 21.6 mg Mg[BH,], (0.1000 mol) and
132 mg Li[BH,] (1.500 mol) were dissolved in 4 mL diglyme. The
mixture was stirred at room temperature overnight, then filtered
through a glass fiber filter and stored over molecular sieves for at
least one day in the glovebox. The preparation of 0.1 M Mg[BH,l,/
1 M Li[BH,] and 0.1 M Mg[BH,1,/0.5 M Li[BH,] solutions in diglyme
was conducted in the similar way. The 'H NMR spectrum of the
electrolyte can be found in Figure S12. The ionic conductivity of
the electrolyte solutions with different concentrations was meas-
ured using an InLab Sensor conductometer (Mettler Toledo).

Preparation of SPAN

The active material in the cathode, sulfurated poly(acrylonitrile)
(SPAN) was prepared via a two-step reaction. First, 1.00 g of poly
(acrylonitrile) (PAN) powder was thoroughly mixed with excess (ca.
15 g) sulfur powder inside a high-temperature resistant quartz
glass tube, which was heated to 150 °C under Ar. After the sulfur in
the glass tube was fully molten, the tube was cooled to room
temperature and placed inside a furnace apparatus. The temper-
ature of the oven was first increased to 150°C within 30 minutes
and then held for 30 minutes. Then, the temperature was gradually
increased to 550°C over 3 hours and held for another 5 hours. The
oven was allowed to cool to room temperature overnight and the
quartz glass tube was removed from the oven. Then, a heat gun
was used to melt and remove the obtained SPAN (black) with
excess sulfur (yellow). After that, in order to remove excess sulfur,
the material was extracted in a Soxhlet apparatus using hot
toluene for 2 days until no further sulfur could be extracted. The
obtained SPAN compound was further dried in vacuo overnight
and then manually ground with the aid of a mortar and a pestle in
order to reduce the particle size of the SPAN particles. To achieve a
more homogeneous particle size distribution, the SPAN particles
were sieved by a 63 um sieve. Elemental analysis of SPAN: C,
44.08%; H, 1.048%; N, 13.66%; S, 38.32%.

Preparation of the cathodes

For preparing the coated cathodes, the weight ratio of SPAN:
carbon black: binder was set to 70:15:15. The weight ratio of N-
methyl-2-pyrrolidone (NMP): SPAN was set to 10:1. The dispersion
of the SPAN, the conductive material, the binder and NMP was
thoroughly mixed at 20,000 rpm for 6 minutes. Then the slurry was
coated on a graphite foil. The wet coating was dried on a vacuum
plate at 60°C and under air suction for several hours. After the
coating was nearly dry, it was transferred to an oven at 60°C for
further drying. Then, round chips 12 mm in diameter were
punched out. The average sulfur content was around 0.6 mg/cm?

Batteries & Supercaps 2020, 3, 1239-1247 www.batteries-supercaps.org

1245

per cathode, corresponding to 1.0 mAh/cm?® The binder used for
all measurements was poly(vinylidene difluoride) (PVDF), except for
cathodes subjected to post-mortem elemental analysis; for these,
poly(acrylic acid) (PAA) was used.

Preparation of pressed anodes

Rieke Mg was synthesized by the reduction of MgCl, with Li and
naphthalene as an electron carrier.?” All chemicals were dried prior
to use and the procedure was conducted in an Ar-filled glovebox.
Naphthalene (27.7 g, 216 mmol) was dissolved in 150 mL of dry
THF. To this solution, freshly polished Li (1.5g, 216 mmol) was
added in pieces. MgCl, (10.3 mg, 108 mmol) was added slowly to
keep the exothermic reduction under control. After vigorous
stirring for at least 15 h, the precipitated Mg powder was washed
several times with THF and diethyl ether. The XRD pattern of the
synthesized Mg powder is shown in Figure S7. The synthesized
powder was then pressed with the aid of a hydraulic press in an
argon filled glovebox, applying 13.8, 55.1 and 96.5 MPa, respec-
tively.

Electrochemistry

Cells were assembled in an Ar-filled glovebox. Both the over-
potential and the long-term cycle stability were tested using
symmetric Mg—Mg Swagelok-type cells using two pieces of Mg
foils containing the corresponding electrolyte. Discharging and
charging of the cells was performed at a constant current for 0.5 h
at 0.05 and 0.1 mA/cm’, respectively.

For testing cycle stability and for investigating the influence of
different concentrations of the [BH,]” anion in the electrolytes,
Swagelok cells were built from an SPAN cathode and Mg foil using
0.1 M Mg[BH,], and 1.5 M Li[BH,]/0.5 M Li[BH,] dissolved in diglyme
as electrolyte. Cells comprised one Mg foil (12 mm diameter), one
SPAN cathode (12 mm diameter) and two Whatman glass fiber
separators. 100 pL of electrolyte were added onto each of the
separators. The Mg foil was thoroughly scratched with a ceramic
knife inside a glovebox to remove the oxide layer. For comparison,
coin cells using the same system were manufactured using 130 pL
of electrolyte. All cycling data were recorded on a BasyTec XCTS-
LAB system. Cells were cycled at a potential window of 0.1-1.8 V to
avoid decomposition of the electrolyte at higher voltage.”¥ Long-
term cycle stability testing was performed at 0.1C at room
temperature (22°C) using two electrolytes with different concen-
trations. CV-measurements were conducted using a three-electrode
cell set-up (PAT cell from EL-CELL ©) with SPAN as working
electrode (WE), Mg foil as the counter and reference electrodes
(Mgce and Mggg).

Rate capability testing of the cells was investigated using a stress
test that comprised cycling ten times each at 0.1 C,03 C, 05C, 1C,
2 C and then back to 0.1 C for another 30 cycles. (0.1 C=0.1 mA/
cm?).

Electrochemical impedance spectroscopy (EIS) data of the open
circuit voltage (OCV) were measured with a signal amplitude of
10 mV in a frequency range from 300 kHz to 100 mHz with no
current applied on Biologic VMP3. Data were fitted using the
integrated EC-Lab software. The resistance data were normalized to
the geometrical area of the electrode.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Measurement of the powder surface area by nitrogen
adsorption

Nitrogen adsorption analyses were performed at 77K on a
Quantachrome Instruments Autosorb iQ MP automatic volumetric
instrument. Magnesium samples were degassed for 16 hours at
150°C under vacuum prior to the gas adsorption studies. Surface
areas were evaluated using the eleven-point Brunauer-Emmett-
Teller (BET) model implemented in the ASiQwin software version
3.01.

Ex situ XPS measurements

For ex situ XPS measurements, Mg—S cells were disconnected from
the BasyTech after seven cycles. All cells were opened in an Ar-
filled glovebox and the electrodes were thoroughly rinsed with
DME and dried in vacuo overnight to remove all the solvent. The
electrodes were then fixed on a sample holder and transferred
under argon atmosphere directly into the X-ray photoelectron
spectrometer to avoid any contamination with air. Pristine SPAN
spectra were obtained by measuring pure SPAN powder stabilized
on indium foil. XPS was performed on a Kratos Axis Ultra system
equipped with a monochromatic Al K, source using a pass-energy
of 20 eV for the high-resolution measurements. Data were analyzed
using CasaXPS. The energy separation and peak area of the S 2p;,,
and S 2p,,, were constrained according to the literature.*” Broader
peaks and spikes in the Mg 2p spectra were a result of the charging
of the anodes. Characteristic C1s signals of SPAN were calibrated to
284.8 eV according to the literature.’”

Post-mortem analysis of the discharged cathodes

Mg—SPAN cells based on Mg foil anodes were disconnected at a
fully discharged state (0.1 V) after two cycles. The cathodes were
thoroughly washed with DME and dried. The coating was then
removed from the graphite current collector. Elemental analysis of
the obtained powder revealed 4.75wt% N and 11.12wt% S,
respectively. The corresponding molar ratio of N to S was ca. 0.98.
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