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Herein, we report for the first time the use of a protic ionic liquid as a component of a new Na-ion battery
electrolyte. The protic ionic liquid has been tested in combination with two different types of sodium-ion
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cathode materials, polyanionic NazV,(PO4)s and layered Nag 67Mng ggMgp 1105, in order to reveal its impact

on the electrode material electrochemical performance. The results evidence that this novel electrolyte
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Introduction

Induced by the growing concern about ending fossil fuel
reserves and increasing awareness of environmental pollution,
batteries are attracting enormous interest since they allow the
storage of electrochemical energy with little maintenance and
relatively high power and energy capability for mobile as well as
stationary applications. Within this storage technology,
lithium-ion batteries (LIBs) are the most widely used represen-
tatives, which have benefited from intensive research efforts
over the last 30 years. Triggered by the search for cost reduction
and growing concerns about the price and availability of Li-ion
raw material resources, a significant part of battery research has
changed its focus to sodium-ion batteries (SIBs), which share
the working principle with LIBs but benefit from more abun-
dant and less pricy raw materials, backed by a foreseen
comparable performance.*

For both battery technologies, similar electrolytes are used,
which are based on organic solvents like propylene, ethylene
and dimethyl carbonate and alkali-metal conductive salts with
hexafluorophosphate as the anion.” Although these relatively
cheap solutions have enabled the boom of rechargeable Li-ion
batteries in the past few years, a major drawback has ever since
dominated the discussions and concerns about these batteries:
organic electrolyte-based batteries embody safety issues due to
the flammability of the solvents. As a result of unwanted events,
such as alkali metal dendritic plating upon charging at low
temperature resulting in short circuit between the anode and
cathode, spontaneous heat release can lead to degradation of
the anodic SEI, which in turn generates further heat finally
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performs very well in combination with a polyanionic electrode material, while it shows poor
performance with a layered oxide material.

ending in the so-called thermal runaway, causing a massive
volume expansion, burning or even explosion of the cell.?
Although eminent efforts have been made to reduce this risk,
external heat, unfortunate coincidences and aging still repre-
sent a potential risk. A possible solution could therefore be an
electrolyte, which shows a different, lower and negligible ability
to catch fire, at best with similar chemical-physical properties
so that it could easily replace the presently used solutions and
therefore act as a drop-in technology with little expense for
exchange. The most suitable candidates for this are the so-
called ionic liquids (ILs), salts which are liquid at ambient
temperature and show low vapor pressure, ionic character and
high thermal and chemical stabilities.*

IL-based electrolytes are generally free of additional solvents
and only consist of weakly coordinating ionic pairs, with
organic molecular cations and inorganic anions.>® Unlike for
LIBs, relatively few studies have been reported for the use of IL-
based electrolytes in SIBs.>*® General drawbacks of ILs in LIBs
and SIBs are associated with their high viscosity, which results
in low ionic mobility and, finally, cell performance especially at
high current densities.>* Therefore, one strategy to overcome
this issue has been the structural modification of the common
organic cations replacing a side chain with a proton, ie.,
forming a protic ionic liquid (PIL). Electrolytes based on PILs
were successfully used in combination with materials for
LIBs.*>' Interestingly, to the best of our knowledge, there is no
study available for the application of PIL-based electrolytes in
SIBs. This is surprising, since protic ionic liquids have shown
comparably higher current density capabilities in LIB studies,
i.e., using lithium salts.***°

Consequently, the aim of this work is to verify if PILs are also
suitable for implementation in SIBs. For this purpose, sodium
bis(trifluoromethanesulfonyl)imide (NaTFSI) was introduced
into N-butyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide
(Pyru4TFSI) to form a sodium-ion conducting electrolyte further

This journal is © The Royal Society of Chemistry 2016
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characterized for conductivity, viscosity, electrochemical
stability, and cycling stability. As cathode materials, sodium
vanadium phosphate (NazV,(PO,);, NVP) and sodium manga-
nese magnesium oxide (Nage;MnggoMgo110,, NaMM) were
used while the anode consisted of activated carbon (AC). For
comparison, electrolytes based on an aprotic ionic liquid (AIL,
N-butyl-N-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)
imide, Pyr;,TFSI) and an organic solvent (propylene carbonate,
PC) were prepared and characterized in the same way.

Experimental

The pyrrolidinium-based PIL (Pyry,TFSI) was synthesized
following a procedure analogous to that described elsewhere."*
PC (BASF, 99.95%) and Pyr,,TFSI (Iolitec, 99%) were used
without further purification. The water contents of the ILs and
PC were measured using coulometric Karl-Fischer titration, and
were found to be lower than 10 ppm. As electrolytes, solutions of
0.3 M NaTFSI (Solvionic, 99.5%) in the above mentioned
“solvents” were prepared dissolving the NaTFSI at 60 °C.
Conductivity and viscosity were determined as reported in
a previous study."” All the electrochemical tests were carried out
with three-electrode Swagelok® type cells. The cells were
assembled in an argon-filled glovebox with oxygen and water
contents lower than 1 ppm. Electrochemical stability windows
(ESWs) were determined by linear sweep voltammetry (LSV) as
reported in the literature.”® All measurements were carried out
using a silver wire as the pseudo-reference electrode.

Sodium vanadium phosphate (NVP) composite electrodes
were prepared as in a previously published study. The
composition of the dry electrodes was 80 wt% of the active
material, 10 wt% of conductive agent Super C65® and 10 wt% of
polyvinylidene fluoride (PVdF) as the binder. The average elec-
trode mass loading was 1.6 mg cm™?; the electrode area was
1.13 ecm?®.

Oversized activated carbon (AC)-based anodes were prepared
by stirring polytetrafluoroethylene (PTFE, 60 wt% aqueous
dispersion, Sigma Aldrich), Super C65® as a conductive agent
and the activated carbon DLC Super 30® (NORIT®), dry weight
ratio: 5 wt% of PTFE, 10 wt% of Super C65® and 85 wt% of DLC
Super 30®, in ethanol at 150 °C until the latter was mostly
evaporated. The resulting slurry was then casted on a glass plate
and electrodes with a diameter of 12 mm were cut out and then
dried.

Nay 6,Mny goMgy 110, (NaMM) was synthesized by a simplified
co-precipitation method: an aqueous solution of magnesium and
manganese acetates (tetrahydrates, =99.0%, Sigma Aldrich) was
added dropwise to a stirring aqueous solution of 0.67 equivalents
of sodium carbonate (monohydrate, =99.5%, Sigma Aldrich) in
ambient atmosphere. Due to the insufficient amount of
carbonate in the combined mixture, the precipitation of
manganese and magnesium carbonate is incomplete and an
excess of dissolved magnesium and manganese acetates remains
dissolved. The combined solutions are stirred for 30 minutes,
followed by the removal of water in a rotary evaporator until
a viscous residue remains. The residue is heated up in a muffle
furnace in air for 4 hours at 375 °C (heating rate 1.5 °C min ")
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and furnace cooled. The resulting dark powder is ground,
annealed at 900 °C for 6 hours (heating rate 5 °C min™"), furnace
cooled, ground, screened over a sieve (mesh size below 45 um)
and used for electrode preparation without any further treatment.

NaMM electrodes were prepared by ball milling 85 wt%
active material, 10 wt% Super C65 (IMERYS), and 5 wt% PVdF
(6020 Solef®, Arkema Group) with consequent casting on Al foil.
The active material mass loading of the electrodes was about 2.1
mg cm 2,

NVP-based electrodes were used as working electrodes and
oversized AC electrodes were used as counter and reference
electrodes. As a separator, a Whatman® GF/D glass microfiber
filter (675 um thickness) drenched with 200 uL of electrolyte was
used. All the electrochemical measurements were carried out
using a MACCOR Series 4000 battery tester. Constant current
cycling (CC) was carried out at 40 °C using current densities
ranging from 1C to 20C taking into account the theoretical
capacity of NVP (118 mA h g™') when cycled between 2.5 and
3.8V (vs. Na/Na')."* The cells were cycled via the limited cathode
with cut-off potentials of 0.1 and 1.1 V (vs. AC). The voltage of
the full cells and anodes was also recorded. Galvanostatic
cycling experiments with NaMM were carried out in the same
way with cut-off potentials of —0.7 and 1.3 V using a constant
current density of 100 mA g~ .

Ex situ X-ray diffraction investigations were performed using
Cu Ko radiation (A = 0.154 nm) on a Bruker D8 Advance
diffractometer in the 26 range from 10° to 90°. For that, cycled
electrodes were disassembled from the cells in an argon filled
dry box, rinsed with DMC, fixed on a single crystal silicon
sample holder with carbon tape and sealed with a plastic dome
before transfer to the XRD. Samples for ex situ SEM were
handled in the same way and SEM images were recorded using
a high-resolution scanning electron microscope (FE-SEM, Zeiss
Auriga).

Results and discussion
Transport properties

Fig. 1a compares the ionic conductivity of the three electrolytes
(0.3 M NaTFSI in Pyryy,TFSI, Pyr,,TFSI and PC) in the temper-
ature range between 20 and 80 °C. This concentration of
conductive salt was chosen, since it was the maximum amount
of salt soluble in Pyry,TFSI. At temperatures up to 50 °C, the PC-
based electrolyte has the highest conductivity (e.g. 5.3 mS cm ™
at 40 °C). However, the ionic conductivity of the IL-based elec-
trolytes increases faster than that of the organic solvent-based
one. Accordingly, the ionic conductivities of 0.3 M NaTFSI
electrolyte solutions increase after heating (20 to 80 °C) from 3.6
to 8.8, 1.5 to 12.5 and 1.3 to 10.7 mS cm™* for PC, Pyry, TFSI and
Pyr,,TFSI solvents, respectively.

It is important to notice that the PIL-based electrolyte is
slightly more conductive than the AIL-based one. This trend has
already been shown for IL-based electrolytes containing LiTFSI.®
At 40 °C, 0.3 M NaTFSI in Pyry, TFSI has a conductivity of 3.9 mS
ecm ™', while in Pyr,,TFSI, the conductivity is 3.4 mS ecm ™.

Not only does the ionic conductivity of an electrolyte matter
for the application in electrochemical energy storage devices,

J. Mater. Chem. A, 2016, 4, 10472-10478 | 10473
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between 20 and 80 °C.

but its viscosity is also important for the cell performance
because of appropriate electrode wetting. The viscosity of the
considered electrolytes is shown in Fig. 1b. The trend for the
two IL-based electrolytes is again the same as that observed for
lithium-based electrolytes with the respective PIL and AIL.° The
viscosity of 0.3 M NaTFSI in Pyry,TFSI on average is about 30%
lower than 0.3 M NaTFSI in Pyr,,TFSI. However, the PC-based
electrolyte is the lowest over the whole considered temperature
range between 20 and 80 °C. At 40 °C, the viscosity of the
organic electrolyte is 2.7 mPa s, while the PIL- and AIL-based
ones have viscosities of 43.7 and 67.1 mPa s, respectively.

Electrochemical characterization

Fig. 2 reports the electrochemical stability windows of all
investigated electrolytes at 40 °C. Their anodic stability is at
least 2.0 V (vs. Ag pseudo-reference), i.e., in accordance with

2 0.3 M NaTFSl in
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Fig. 2 Electrochemical stability windows of the investigated electro-
lytes (0.3 M NaTFSIin PyryaTESI; Pyri4TFSI or PC) measured at 40 °C vs.

an Ag wire as a pseudo-reference. The scan rate was 1 mV s %,
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results of other TFSI-based systems.'>' In principle, all three
electrolytes should share the same anodic stability limit deter-
mined by the decomposition of TFSI, but due to the use of the
pseudo-reference electrode, these results can be only taken as
an indication for stability limits rather than exact values.'>*®
The cathodic stability of the PIL-based electrolyte matches with
the stability reported for this PIL."” However, the cathodic
stability of the AIL- and PC-based electrolyte is unexpected,
since both solvents should be stable until sodium plating. Using
the Ag pseudo-reference electrode, in fact, sodium plating
should occur at a potential of ~—2.7 V (vs. Ag) whereas in these
measurements, it occurs already at ~—1.7 V (vs. Ag). The reason
for this discrepancy should be further investigated. Neverthe-
less, taking into account the obtained results, the electro-
chemical stability limits appear large enough for the cycling of
NVP-AC or NaMM-AC full cells.

The cycling stability and the corresponding efficiency of
the NVP-AC cells cycled in the three different electrolytes are
displayed in Fig. 3a. The current density corresponds to 1C
(118 mA g '). The cell made with the PIL-based electrolyte
shows a very stable cycling behavior for 100 cycles with a specific
discharge capacity of ~93 mA h ¢! and coulombic efficiency of
>99.9%. The cell with the AIL-based electrolyte shows, as well,
very stable cycling behavior and similar coulombic efficiency,
but about 25% lower specific discharge capacity (~69 mAh g™ %).
It should be noted that the obtained coulombic efficiency values
are extremely high, demonstrating that the use of activated
carbon as the anode effectively eliminates the effect of
unwanted compounds usually forming at the reactive sodium
metal/electrolyte interface.®* The cell cycled with the organic
electrolyte shows the highest initial discharge capacity
(~101 mA h g "), but coupled with substantial fading. The
capacity loss during these 100 cycles is ~5 mA h ¢~ and, even
more important, the coulombic efficiency is slightly lower
(>99.8%).

Fig. 3b—d display the 50" cycle voltage profiles of the NVP-
AC cells. For all electrolytes, the typical shape of the NVP charge/

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) Galvanostatic cycling at 40 °C and 1C (118 mA g~ of the NVP||AC cells with 0.3 M NaTFSI in PyrysTFSI; PyrisTFSI or PC as the
electrolyte. (b—d) Corresponding potential profiles of the 50" cycle for 0.3 M NaTFSI in (b) Pyri,TFSI, (c) Pyri4TFSI or (d) PC. The solid lines
represent the full-cell voltages; the dashed and small dashed lines represent the cathode and anode potentials, respectively.

discharge profiles is visible." However, it should be highlighted
that the voltage efficiency (calculated from the average voltages
during charge and discharge processes) is different for the three
cells. The cell containing the PC-based electrolyte reveals the
highest voltage efficiency of about 94%, while those of the cells
containing the ILs are about 90%.

The performance at increased current densities is depicted
in Fig. 4. At a first glance, the PC-based electrolyte outperforms
both IL-based electrolytes. In fact, the capacity retention of the
cells containing the IL-based electrolytes is significantly lower
than that of the cell including the organic electrolyte. At 10C
rate, the latter cell still delivers 88% of its initial capacity while
those using the PIL- and AIL-based electrolytes deliver only 24%
and 17%, respectively. It is important to notice that the specific
capacity of the Pyry, TFSI-based electrolyte is always higher than
that of the Pyr, ,TFSI-based one, indicating that, also in SIBs, the
use of PILs appears beneficial compared to that of AlILs. In
a previous study, we showed that the performance of a similar
lithium-based material (lithium vanadium phosphate, LVP) in
PIL-based electrolytes almost reached the same performance as
that in organic solvent-based electrolytes.® However, consid-
ering the above reported result, this does not seems to be the
case in SIBs. Nevertheless, it should be remarked that the

This journal is © The Royal Society of Chemistry 2016

lithium salt concentration in the mentioned study was higher
(0.5 M LiTFSI) compared to the sodium salt concentration used
in this study (0.3 M NaTFSI). The lower salt concentration in the
considered PIL-based electrolyte leads to lower viscosities but,
very likely, it has a negative influence on the Na" ion mobility,
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Fig. 4 Rate performance of NVP||AC cells at 40 °C at different current
densities (1C is equivalent to 118 mA g~ with 0.3 M NaTFS! in
PyruaTFSI; Pyria TFSI or PC as the electrolyte.
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which in turn leads to lower electrochemical performance at
increased current densities. In spite of this, the results showed
above clearly prove that sodium-based materials can be
successfully cycled in PILs. In addition, these results show that
the use of PILs can enable an improved electrochemical
performance with respect to specific capacity and capacity
retention as compared to conventional AIL-based electrolytes.

Cycling of NaMM

To identify the feasibility of layered cathode materials with PILs,
NaMM was electrochemically tested in the same setup as NVP
for comparison (Fig. 5a). Layered materials have been reported
to work well with both organic carbonate- and AIL-based elec-
trolytes.'®>" In fact, NaMM electrodes show good and stable
electrochemical performance with a capacity of about 90 mA h
g™' and 57 mA h g in the PC- and AlL-based electrolyte,
respectively. Unfortunately, a rapid capacity fade in the PIL-
based electrolyte is observed. The different electrochemical
performance is in good accordance with the potential profiles of
the 25™ cycle in Fig. 5b, in which a strong polarization of the
PIL-based cell is observed. The voltage efficiencies underline
these different reversibilities. The cell containing the PIL-based
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electrolyte reveals the lowest voltage efficiency of about 36%
while the cells containing the AIL- and PC-based electrolytes
show voltage efficiencies of 89% and 87% respectively. These
results seem to suggest that a different interaction between the
NaMM electrode and the three investigated electrolytes is taking
place. It is known that layered materials are more sensitive to
proton intercalation with respect to polyanionic materials, like
NVP, leading to rapid structural degradation and fading of
electrochemical performance. Taking this point into
account, it is reasonable to suppose that the proton in the PIL
cation might be responsible for the capacity fade observed
above. Previously, PIL-based electrolytes have been proved to be

22-26

compatible with a large variety of anodic and cathodic materials
for LIBs.>'7?7%8

To the best of our knowledge, this work represents the first
attempt toward the use of a PIL-based electrolyte in combina-
tion with a layered cathode such as NaMM. In order to reveal the
origin of the above-mentioned degradation process, we have
performed ex situ XRD of NaMM electrodes, cycled in PIL- and
PC-based electrolytes. The X-ray diffractograms in the 26 range
of 10-70° and 14-21° are depicted in Fig. 5c and d, respectively.
It should be noted that all diffractograms were normalized on
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Fig.5 (a) Galvanostatic cycling at 40 °C and 100 mA gt of the NaMM||AC cells with 0.3 M NaTFSI in Pyry4TFSI; Pyri4TFSI or PC as the electrolyte.
(b) Corresponding potential profiles of the 25™ cycle for the cycling of the NaMM|AC cells in the different electrolytes. (c and d) XRD dif-
fractograms of the pristine NaMM electrode (magenta) as well as the electrodes cycled in PC (blue), AIL (red) and PIL (black). The additional
reflection observed for the electrode cycled in PILs is marked with an asterisk.
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Fig. 6 SEM images of cycled NaMM-based electrodes (from left to right: pristine vs. cycled in PIL vs. cycled in PC).

the intensity and position of the main aluminum foil reflection
(65.25° 26). The comparison of the X-ray diffractograms of the
pristine material and cycled electrodes indicates a strong
preferred orientation in the latter. For the cycled electrodes, the
(002) diffraction peak shows a lower intensity and is broadened
for the cell cycled in the PIL-based electrolyte, which indicates
a change in the direction of the c-axis. The most significant
difference, however, is a broad reflection at about 19° 26
(marked with an asterisk) which is only found in the diffracto-
gram of the electrode cycled in the PIL-based electrolyte. The
position of the new reflection is in good accordance with the
reported protonated layered structures and offers a reasonable
explanation for the rapidly fading electrochemical perfor-
mance.” Note that phase transitions to O-type phases as well as
water intercalation can be excluded as the origin for the
diffraction peak since all cells were disassembled when the
electrode potential was below 3.4 V (vs. Na/Na') and avoiding
exposure to humid air (i.e., handled in an argon atmosphere).*
The sensitivity of layered oxides towards Na‘-H' exchange is
most probably related to the higher reactivity of the oxygen
anions in layered oxides than that in polyanionic materials (e.g.
phosphates like NVP).2* The driving force for the Na'-H'
exchange could be the increased positive charge density of the
proton as compared to Na" as well as the formation of hydrogen
bridge bonds.** The intercalation of protons seems to be irre-
versible, reasonably reducing (or even blocking) the Na-ion
diffusion pathways in the cathode structure, leading to
increased electrode polarization.”® The SEM images in Fig. 6
indicate the formation of a surface layer in the PIL-based elec-
trolyte which is in accordance with the formation of a proton-
ated layered phase in the XRD measurements. Considering
these results, the use of PIL-based electrolytes in combination
with Na-based layered oxides appears therefore problematic. It
has to be noticed that the formation of the protonated phase in
Na-based layered oxides is more likely than in the Li-based one
due to the difference in the cation size, interlayer distance, and
charge density as well as repulsion of adjacent layers.*»**?*® For
this reason, the behavior of Li-based layered oxides in PIL-based
electrolytes could be different. Nevertheless, further investiga-
tions appear necessary to confirm the abovementioned
hypothesis. These investigations, however, are out of the scope
of this study and are not further considered herein.

This journal is © The Royal Society of Chemistry 2016

Conclusions

In this study, we showed for the first time that a PIL-based
electrolyte can be used with a polyanionic SIB cathode material,
NVP, showing improved electrochemical performance in
comparison with AILs. As a matter of fact, the NVP-AC cell using
the PIL-based electrolyte offers higher specific capacity with
respect to the “classical” AIL. Furthermore, the use of this novel
electrolyte allows the realization of devices with high cycling
stability. Taking these results into account, PILs can be there-
fore seen as a new and promising class of electrolytes for SIBs.
Nevertheless, further investigations are certainly needed. First
of all, it will be necessary to investigate the Na" transference
number in these electrolytes and to compare it with those of
“conventional ILs” and organic electrolytes. Furthermore, it will
be necessary to optimize the cell configuration/electrode
balance. This, in fact, would further increase the cell perfor-
mance and it would allow a more precise evaluation of the
energy density which could be delivered by these types of
devices.*” Finally, another important aspect that should be
investigated in the future is the behavior of layered oxide-based
cathodes in this class of electrolytes. From the results reported
here, such an electrode/electrolyte combination seems to be
somehow problematic and therefore, such studies will be
important to assess the advantages and limitations related to
the use of PIL-based electrolytes in SIBs.
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