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Sodium-ion batteries offer improved sustainability over lithium-ion
batteries, the benchmark electrolyte being 1 M NaPFg¢ in carbonate-
based solvents. This work investigates the properties of different
electrolyte concentrations, finding that 1 M NaPF¢ offers the high-
est bulk conductivity. However, lower concentrations give compar-
able cycling performance in sodium-ion coin cells.

The global drive towards net zero carbon emissions requires
suitable energy storage solutions. Currently, lithium-ion batteries
(LIBs) are the leading rechargeable battery technology."” However,
LIBs use resource critical materials, such as lithium and cobalt,
which causes concerns regarding their long-term sustainability.*
Sodium-ion batteries (SIBs) are a promising post-LIB technology
that offer key sustainability advantages.>” In addition to the greater
abundance and more even global distribution of sodium deposits,
SIBs allow for cobalt-free cathodes to be used, such as NaNi ;.
Fey 33Mn, 330, (NFM111). For the anode, SIBs commonly use hard
carbon instead of graphite, which may be derived from bio-waste.®°
Moreover, the sustainability is improved by employing aluminium
current collectors at the anode, in contrast to copper in LIBs."
Although often overlooked, the electrolyte plays a crucial
role in the battery as it is largely responsible for the practical
accessible capacity, overall lifetime and safety."*™** The two most
common electrolyte salt choices for SIBs are sodium perchlorate
(NaClO,) and sodium hexafluorophosphate (NaPFg).'"** While
the former is a popular choice for academic studies, the perchlo-
rate anion is a strong oxidant and is unsuitable for commercial
use. Moreover, recent work has shown NaPFg-based electrolytes to
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be superior at high rate compared to using NaClO,. This was
partly explained by the decomposition of the PFs~ anion to form
an inorganic-rich cathode-electrolyte interphase (CEI), thus ensur-
ing interface stability and inhibiting continual solvent decompo-
sition and thus increased cell impedance.'”

The use of NaPF; salt for the electrolyte formulation is attractive
as LiPFg is commonly used in LIBs, which may accelerate electro-
lyte development.'® The NaPF, salt has a relatively high decom-
position temperature (starting at approximately 325 °C),"”” and
when dissolved in carbonate-based solvents offers good ionic
conductivity."* Moreover, studies on the passivation of aluminium
current collectors have revealed that a passivating AlF;/AlO,,F;5_
film forms when using NaPFs, helping to prevent aluminium
corrosion. This forms due to the reaction of HF (produced from
hydrolysis of NaPFs) with Al,0,."®"® However, a drawback of NaPFj
is its poor tolerance to moisture, producing NaF, PF,O~, POF; and
HEF etc. as hydrolysis products. HF and accompanying degradation
products are found in electrolyte solutions that contain <20 ppm
water.”

The effect of NaPF¢ concentration in the electrolyte has pre-
viously been studied in order to understand changes in the
thermal stability,>"** ionic conductivity,'**" viscosity,>** and
transport properties.”®> However, the results vary depending on
solvent choice and the concentrations studied. It has previously
been shown from differential scanning calorimetry measurements
that increasing the NaPF, concentration in ethylene carbonate:
dimethyl carbonate (EC:DMC 1:1 wt%) from 0.3 M to 1.4 M
lowers the crystallisation temperature (T.), the temperature that in
practice sets the absolute lowest working and storage limit.>*

Multiple studies have investigated the ionic conductivity and
the maximum values reported depend on the concentration range
studied and solvents used. For example, when using NaPFs
electrolyte in EC:DMC (3:7 wt%) between 0.4 M and 1 M, the
0.6 M solution gave the highest conductivity (6.8 mS cm™*)."® On
the other hand, a separate study found a maximum ionic con-
ductivity of 11.2 mS ecm ™' at 1.2 M concentration in EC: DMC
(1:1 wt%).>*> Moreover, studies on the transference number for
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NaPF, in ethylene carbonate: diethyl carbonate (EC:DEC 1:1 v/v)
show the cation transference numbers decrease from approximately
0.5 to 0.3 when increasing the concentration from 0.1 M to 2 M
NaPF,. >

While fundamental properties of different NaPF electrolyte
concentrations have been investigated, few studies relate this to
the impact on sodium-ion cycling. Instead, it is common to use
a 1 M concentration, likely appropriated from LIBs. Previously, it
has been shown that when using half-cells employing a Na,Nij -
Cop.11Mny 660, cathode, cells containing 1 M NaPFg in propylene
carbonate electrolyte outperformed 0.1 M and 3 M electrolyte
concentrations with respect to capacity and rate performance.”*

This work investigates the effect on ionic conductivity, viscosity
and diffusion of varying NaPFs electrolyte concentrations in an
EC:DEC (1:1 v/v) solvent mixture. Extended galvanostatic cycling
has been performed to evaluate their performance in SIBs.

To begin, pure NaPFy salt was synthesised following our
previously reported procedure.** Electrolyte solutions were then
prepared by dissolving NaPF in a binary EC:DEC (1:1 v/v)
solvent mixture. The NaPFs concentrations investigated were
0.25 M, 0.5 M, 1 M, 1.5 M and 2 M, which gave a broad range
of low to high concentrations. Multinuclear NMR spectroscopy
was used to check the purity and ensure that HF or other
impurities were not present (Fig. S15-522, ESIT).

To first assess the differences in the NaPF; electrolyte solutions,
bulk conductivity measurements at 25 °C were recorded (Fig. 1 and
Fig. S1, ESIT). The conductivity was initially found to increase with
increased concentration, with the 1 M NaPF, solution giving the
highest bulk conductivity (8.8 mS em™", Fig. 1). However, increas-
ing the concentration beyond 1 M gave a decrease in conductivity,
despite having more charge carriers. The highest electrolyte
concentration studied, 2 M, has a bulk conductivity similar to
the 0.5 M NaPF; electrolyte, 7.2 and 7.4 mS cm™ ', respectively.

To explain the trend in the conductivity values, the dynamic
viscosity of the different electrolytes, ionicity (Fig. S4, ESIt) and
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Fig. 1 Bulk conductivity (blue) and dynamic viscosity values (purple) of
0.25M,0.5M,1M,15Mand 2 M NaPFgin EC:DEC (1:1v/v) electrolytes at
approximately 25 °C.
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self-diffusion coefficients (D) of the PF, anion and solvent
molecules were determined. The viscosity is a crucial property
of the electrolyte as highly viscous solutions will hinder the
movement of ions and lower the conductivity. Moreover, the
viscosity can impact wetting of the electrodes and separator.

The viscosity of the NaPF electrolyte solutions expectantly
increases across the series from 0.25 M to 2 M concentration, as
more ionic interactions occur with increasing concentration (right-
hand side of Fig. 1). The similarity of the conductivity values for the
1 M and 1.5 M NaPF, electrolytes, 8.8 mS cm™ ' and 8.5 mS cm ™,
respectively, can therefore be seen as a trade-off between an increase
in the number of conductive charge carriers present in solution
versus the corresponding increase in the solution viscosity. This
argument also applies to the similar conductivity values observed
for the 0.5 M and 2 M electrolyte solutions.

To support the conductivity and viscosity measurements, the
transport properties of the PFs~ anion and solvent molecules
were investigated by obtaining their self-diffusion coefficient (D)
values (Fig. 2, Fig. S2 and Tables S1, S2, ESIT). This was performed
by using '°F and "H NMR diffusion-ordered spectroscopy (DOSY),
respectively. The Stokes-Einstein equation states that for spheri-
cal, non-interacting particles, D should be inversely proportional
to viscosity. In addition, other factors may affect D with changing
concentration, including changes to the solvation shells of ions
and ion-ion interactions. Using '°F NMR DOSY, the D,pion Of the
PF¢ anion decreases with increasing concentration. This is again
explained by the increase in solution viscosity, as well as a likely
greater degree of ion pairing (and potential aggregate formation)
with increasing concentration.

Using '"H NMR DOSY, the Dygjvene values for the EC solvent
molecules follow the same trend as the PF¢~ anion. This can be
explained by the increasing solution viscosity and a greater
proportion of solvent molecules being incorporated into ion
solvation shells at higher salt concentrations. At all concentra-
tions, Dgopvent Values for EC are higher than for the PF¢~ anion.
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Fig. 2 Self-diffusion coefficients of the EC solvent molecule (red, *H

DOSY NMR) and the PFg~ anion (yellow, °F DOSY NMR) of 0.25-2 M
NaPFg in EC: DEC (1:1 v/v) electrolytes.
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Neutral solvent molecules are expected to experience less resis-
tance moving through the solution than charged ions, particularly
those that are not coordinated to Na', hence their higher D values.

Na' favours a five- or six-coordination geometry (¢f four-
coordinate Li") and cyclic carbonates preferentially coordinate
to Na* over linear carbonates. Thus, in the coordination shell of
Na' the ratio of EC to DEC is greater than 1:1.>* If we assume
that four EC solvent molecules are coordinated to Na’ at all
electrolyte concentrations (see ESIt for further discussion), the
percentage of free EC solvent molecules (not coordinated to
Na') decreases from 87% in the 0.25 M NaPF; electrolyte to 47%
in the 1 M NaPF, sample. For the 2 M NaPF; electrolyte, all the
EC molecules would be coordinated to Na'. Dggjvent values for
EC and DEC solvent molecules were found to be similar across
the concentration range measured (Table S1 and Fig. S2, ESIt).

Extended charge/discharge cycling was undertaken to
understand whether the observed differences in conductivity,
viscosity and ion transport would impact battery performance.
For this, the electrolyte solutions 0.25 M, 0.5 M, 1 M and 2 M
NaPF; in EC:DEC (1:1 v/v) were used. Coin cells were con-
structed using an NFM111 cathode and a hard carbon anode;
glass fibre separator was used with 100 pl of electrolyte.

Before constructing full-cells (see ESIt for details), NFM111
and hard carbon were first assembled in half-cells against
sodium metal, using 1 M NaPF¢ electrolyte. This was to
understand the characteristics of the electrode materials
and their voltage profile (Fig. S5 and S6, ESIt). These experi-
ments revealed that the full-cells require cutoff voltages of
1.5V and 4.0 V, offering an expected capacity of 138 mAh g™,
In addition, scanning electron microscopy (SEM) images of
the pristine cathode and anode were obtained (Fig. S11-S14,
ESI).

The cycling protocol for the NFM111 vs. hard carbon cells
(capacity ratio of anode to cathode is 1.2:1) involved two C/20
formation cycles with a cutoff voltage of 4.0 V, followed by two
2C and 46 C/2 cycles. This set of 50 cycles was then repeated six
times, giving a total of 300 cycles. The three different C-rates
employed in the cycling procedure help assess different degra-
dation mechanisms, discriminating loss of sodium inventory or
active material from kinetic limitations in the different concen-
tration electrolyte solutions.

All four NaPF electrolytes underwent cycling, where little/no
significant differences were observed with respect to initial and
final capacities (Fig. 3). The C/20 rate cycles gave the highest initial
capacity, followed by C/2 and then 2C rates, giving the expected
decrease in capacity with higher discharging rates. The approx-
imate initial capacities were 115, 105, and 95 mA h g~* for the
cycles at C/20, C/2, and 2C, respectively. Interestingly, although the
discharge capacity decreases with increasing cycle number for all
three C-rates, the greatest capacity drop is observed for the 2C rate.
For example, by comparing the first and last 2C cycle for 1 M
NaPF, electrolyte, the capacity retention was 61%. The same
analysis for the C/20 cycles gave a capacity retention of 86%
and for the C/2 cycles it was 66%. It is hypothesised this is a
kinetic effect caused by greater resistance on the anode and/or
cathode.
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Fig. 3 Specific discharge capacity vs. cycle number using NFM111 cathode
and hard-carbon anode. The applied C-rates of C/20, 2C, and C/2 were
calculated based on the expected capacity of 138 mA h g~* of the cathode,
using cell voltage limits of 1.5 and 4.0 V. Electrolyte is 0.25 M (green), 0.5 M
(red), 1 M (orange) and 2 M (purple) NaPFg in EC:DEC (1:1 v/v). Error bars
display standard deviation of 2—4 coin cells, cycled at 21 °C.

Thus, these cycling results reveal that under these testing
conditions, the lower concentration electrolyte solutions perform
as well as the conventional 1 M electrolyte concentration. Despite
the approximate 50% lower bulk conductivity of the 0.25 M
electrolyte compared to the 1 M electrolyte, the discharge
capacities are not affected, even at the moderately high rates
of 2C. For the 2 M NaPF, in EC:DEC electrolyte, although
there are reports of improved interphase stability with increas-
ing electrolyte concentration, no benefits in cycling were
observed.”® This may be due to reduced ion mobility. As there
was no significant change in cycling performance with different
electrolyte concentrations, it is hypothesised that these cells are
limited by either the charge-transfer resistance or solid-state
diffusion of Na* in the active electrode materials, rather than
electrolyte concentration.

In addition, cycling was performed at 50 °C and compared to
the results at 20 °C, assessing the effect of elevated temperature
on battery performance (Fig. 4). An electrolyte that can perform
well at elevated temperatures is advantageous as it potentially
negates the need for expensive cooling systems. For this, addi-
tional coin cells were constructed using NFM111 and hard carbon
electrodes. These cells were formed using two C/20 cycles at room
temperature, after which they were cycled at a rate of C/2 for both
charge and discharge at either 20 °C or 50 °C.

For all electrolyte concentrations, the initial capacity was
approximately 15 mA h g~ * higher for the cells cycled at 50 °C
compared to 20 °C. However, the capacity retention was poorer
for the high-temperature cells (Fig. 4 and Fig. S7, S9, ESIt). For
example, after 250 cycles, the capacity retention for the 1 M
cells at 50 °C was 78%, while the 1 M cells at 20 °C had a higher
capacity retention of 87%. The higher initial capacity of the
50 °C cells is a result of faster kinetics, particularly for the
sodium solid-state diffusion in the active materials. The poorer

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparison of specific discharge capacity vs. cycle number at

20 °C and 50 °C for 1 M NaPFg in EC: DEC (1: 1 v/v) electrolyte. The applied

C-rate (C/2) was based on the expected capacity of 138 mA h g ~* of the

NFM111 cathode, using cell voltage limits of 1.5 and 4.0 V. Error bars display

standard deviation of 2-coin cells.

capacity retention is likely a result of accelerated electrolyte
degradation and dissolution of thermally unstable components
in the solid-electrolyte interphase (SEI).>” This is not mitigated
by using a higher Na" concentration electrolyte. The Coulombic
efficiencies for the 1 M 20 °C and 50 °C cell cycling are similar
throughout (Fig. S8 and S10, ESI¥).

After 250 cycles, the capacities for both the 20 °C and 50 °C
cells are approximately equal. When comparing the results of
the lower electrolyte concentrations at either elevated tempera-
ture or room temperature to the 1 M NaPF, electrolyte, similar
cycling performance was observed. Thus, the electrolytes with
lower concentration performed comparably to the 1 M solution,
both at 20 °C and 50 °C.

In conclusion, this work has investigated the effects of
concentration of NaPF, electrolyte solutions. 1 M NaPFg in
EC:DEC was found to give the highest bulk conductivity of the
electrolytes studied. However, in sodium-ion coin cells using
NFM111 and hard carbon electrodes, the lower concentration
electrolytes gave comparable cycling performance to conven-
tionally used 1 M NaPF, electrolyte. This was seen even at
moderately high discharging rates of 2C. The main implication
of this work is that reducing electrolyte concentration may be a
route to reducing battery manufacturing costs while maintain-
ing battery cycling performance.
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