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A novel low cost sodium-ion battery electrolyte additive ZSM-5
nanozeolite, which improves cycle life, is demonstrated in a Na-ion
cell. The addition of this zeolitic small molecule scavenger removes
electrolyte decomposition products, and has beneficial properties
compared to traditional organic additives such as fluoroethylene
carbonate (FEC). Capacity retention after 480 cycles improves from
40% (none) compared to 62% (ZSM-5). This is due to the enhanced
interface stability over the cell life-time, as shown by XPS.

Sodium-ion batteries (NIBs) are attracting considerable attention
as possible post Li-ion batteries, however despite their seemingly
similar chemistries there are significant differences which require
extensive research before they can be commercialised. In particular,
the different ionic radii of Na* and Li" alters the choice of the
electrode materials, intercalation reaction potentials, electro-
chemical reaction of the electrolyte, the formation and stability of
the solid electrolyte interface (SEI) layer." A good SEI layer determines
crucial properties for NIBs such as cycle life and stability.>™

The electrolyte is an ionic charge carrier and has an important
role in the SEI In NIBs, the most commonly used electrolytes are
prepared by dissolving either NaClO,,>” NaPF¢>*° or NaTFSI'*'"
in carbonate-based organic solvents or ether-based solvents.
NaPF; in ethylene carbonate (EC): diethyl carbonate (DEC) is a
widely used electrolyte for NIBs in the literatures.””®°

Kumar et al.* investigated the fundamental mechanism of
reduction-induced electrolyte decomposition in NIBs using
quantum chemistry simulation. This indicated that a high
reduction potential and a low energy barrier for ring opening
of EC are the main driving forces for continual SEI layer growth.
The presence of additives increases the energy barrier for ring
opening in EC and changes the reduction potential. This pre-
dicted that the presence of additives in NIBs system will not only
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protect the decomposition of electrolyte, but will also potentially
lead to a stable SEI layer if optimal additives are used.

FEC has been widely used as an electrolyte additive on
both the cathode®™™'* and anode side®'>*° because it forms
a thinner and smoother passivation layer. This effect has been
confirmed by Nagaoka’s simulation.*>** The presence of FEC
helps to control the amount of organic species by increasing
the quantity of inorganic species such as NaF. However other
by-products such as CO, and H,O also increase with the
presence of FEC. In addition the quantity of organic dimers,
which are responsible for the stability of the SEI layer, are also
reduced.?® This indicates that FEC is not a panacea and new
alternative additives need to be explored in the NIBs system.

In this work we have designed the electrolyte with the
addition of an inorganic water (H,O) and hydrogen fluoride
(HF) scavenger,>*>® nano H-ZSM-5 zeolite (NZeo). It consists of
a framework of linked tetrahedra, each consisting of four O
atoms surrounding a cation.>® The open cavities in the frame-
work offer channels and cages for H,O molecules and are large
enough to allow the passage of guest species. The potential for
NZeo to be used as a new inorganic electrolyte additive (Fig. S1,
ESIT) was assessed by comparison to the standard electrolyte
(Std, 1 M NaPF, in EC:DEC) with and without FEC additive, and
the behaviour in the full cell system with a P2-O3 type cathode
and hard carbon anode (Na,MO,/C) is discussed.

After the 5 formation cycles at 0.12 mA cm > (0.08 C) a
capacity of 125 mA h g(cathode) - OF 1.5 mA h ecm ™ was observed.
The electrochemical performances of Na,MO,/C cells at higher
rates (0.8 C) for ageing are displayed in Fig. S2 (ESIt). The
cells start with similar initial areal capacities, 1.36, 1.35 and
1.39 mA h cm > respectively when they were cycled from
1.0-4.2 V at 0.8 C. Capacity decay was observed in all cells with
progressive cycling. The presence of FEC and NZeo helped to
reduce the capacity fading from 0.37% (for Std electrolyte) to
0.20% (FEC additive) and 0.12% (NZeo additive) per cycle. In
addition, standard deviation of the results is significantly
reduced with the NZeo addition compared to the other FEC
and no additive as shown in Fig. S2a (ESIt).
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Fig. 1 The electrochemical performance of Na,MO,/C cells using different
electrolyte with additives. (a) Initial voltage—capacity curve of the cell and
(b) differential capacity plot of the full cells. Differential capacity plots of the
Na,MO,/C cells. Different line styles represent the 1st, 2nd and 6th cycle.

To further understand the effect of the additives on the full
cell charge/discharge profiles of the cells, Fig. 1 compares the
1st cycle of the de/sodiation profile of each additive separately.
The irreversible capacity between the first charge and discharge
are very similar in all cases. The corresponding differential
capacity curves were plotted from 1.2 to 3.0 V (Fig. 1 inset),
these indicate a peak around 2.2 V that is observed solely in
FEC-containing electrolyte. This is likely due to the reduction
of FEC at the hard carbon electrode. The derivative curves for
the 2™® and 6™ cycles help to understand the extent of decom-
position process during cycling and show that the majority of
the decomposition of FEC is completed after the first cycle. The
6th cycle is the first cycle after the formation process is
completed. Three-electrode cells (Fig. S3, ESIt) confirm that
the different charging voltage profile for the full cell is caused
by the reduction of FEC on the hard carbon®® and indicate that
the reduction is likely completed after the first cycle.

In contrast to the self-sacrificing mechanism in FEC-
containing electrolyte system, NZeo is chemically inert when
it acts as an electrolyte additive. For the cell assembled with
electrolyte containing NZeo, similar electrochemical behaviours
as the Std electrolyte are observed on both WE and CE charging
profiles (Fig. S3, ESIt). The improved electrochemical perfor-
mance is expected to be due to the physical properties of NZeo;
specifically its stable framework structure and ability to prefer-
entially absorb different molecules into its structure.

FEC has been widely studied®®'>'>2%23 35 electrolyte additive
but the long-term reliability still needs to be investigated. Here,
we present the long-term effect of FEC and NZeo additives in
NIBs full cell system compared with a standard electrolyte. The
cells were cycled at 1.2 mA cm ™2 (0.8 C) for 480 cycles between
1.0-4.2 V after formation process and the long-term cycling is
shown in Fig. 2. A similar capacity fading phenomenon is
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Fig. 2 The capacity performance of the full cell using different additives.
(a) Long cycle performance and (b) capacity retention during long cycling
at 100 mA g™t after 5 formation cycles at 10 mA g~*. SEM images of the non-
plating regions of the anode coating for FEC (c) and NZeo (d) electrolytes
after 480 cycles; mapping images of the flakes pattern observed on the
negative electrode surface with the presence of FEC (e).

presented in the 50 cycles (Fig. S2a, ESIt) is observed with all
electrolytes. FEC and NZeo aid cycle stability (Fig. 2a) and
yielded remarkably improved capacity retentions of 58% and
62% respectively, compared to 40% in the Std case.

The cells were de-crimped inside the glovebox after 480 cycles,
and the images of Celgard separator and the hard carbon
negative electrodes are presented in Fig. S4a—c (ESIT). The shiny
decomposition product on the anode edges is metallic sodium
plating which is visible in all the cells. The presence of 5% FEC
indicates some reduction in Na plating on the hard carbon
surface (Fig. S4b, ESIY), whereas plating is not reduced with
0.1% NZeo. In comparison with 1% NZeo addition, plating is
significantly reduced (Fig. S5, ESIt), however the observed
capacity is lower and therefore not studied further. The SEM
images of the non-plated region of the electrodes are presented
in Fig. S4a’-c’ (ESIt) and Fig. 2. Very fine square flake shaped
particles (Fig. S4b’ and Fig. 2¢ highlighted with yellow lines) on
the anode surface are observed only in the case of using FEC as
electrolyte additive. Elemental mapping helps to understand
the components of the square-flake covering the surface, and
indicates that these crystals are comprised of NaF as shown in
Fig. 2e. No zeolite was observed on the surface of the hard
carbon after cycling (Fig. S6, ESIT), which is expected considering
the size and the concentration of the NZeo.

To understand the effect of the zeolite (even at this low
concentration) we must first consider the interface formation
mechanism. The NaF on the surface of the hard carbon is
formed from the decomposition of fluoride-containing materials;
NaPF, salt (eqn (1)) and the additional fluoride source FEC.
We expect the decomposition of NaPF¢ to be similar to that of
LiPF, which has been extensively studied.>’*® The NaPF, breaks

This journal is © The Royal Society of Chemistry 2020
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down to form NaF and PF; (eqn (1)). The resulting PF5 can react
with small quantities of H,O to produce HF and POF; (eqn (2)).
The HF produced from this reaction can subsequently react with
decomposition products such as Na,CO; to form further NaF and
H,O0 (eqn (3)). The additional FEC forms a greater concentration
of NaF on the surface of the hard carbon, as is expected from the
decomposition reactions (eqn (4)).

NaPF; <> NaF + PF; (1)

H,O + PF; <> 2HF + POF; (2)

2HF + Na,CO; <> 2NaF + H,0 + CO, (3)
FEC + e + Na' < NaF +CO, + C,H;0 (4)

This explains the increase in NaF surface covering observed
in Fig. 2c. Upon the addition of NZeo to the Std electrolyte there
is no additional NaF and CO, generated during cycling, as with
FEC. We suggest that the enhanced cycle life is due to the
presence of NZeo which reduces the water content and decom-
position products such as HF in the electrolyte by incorporating
the molecules into its structure. This helps build a more stable
SEI layer/electrolyte and prolongs the life-time of the cell.

XPS was carried out to give greater insight into the combi-
nation of compounds which comprise the SEI layer formed on
the anode after formation, 50, and 100 cycles. Results are
presented in Fig. 3a—c, and Fig. 3d shows a schematic illustration
of the SEI composition, with all peaks normalised to a standard.
Different bonding environments arising from the different elec-
trolyte decomposition products were present in the cycled
anodes. The C 1s, O 1s and F 1s spectra were collected for each
anode from the full cells. The C 1s spectra shows the peaks
corresponding to the sp> C-C bonds of the turbostatic graphene
layers in hard carbon (284.5 eV), sp® C-C bonds of hard carbon,
and of the carbon black additive (285.0 eV), C-O (286.2 eV, pale
orange peak) and O—C-O (289.2 eV, magenta peak) in sodium or
organic alkyl carbonates (Na(R)-O—(C—O0)-O-CH,-R). These
findings are also reflected in the O 1s spectra (Fig. 3b) in which
the peaks observed at ~ 532 eV, ~534 eV and 537 eV are believed
to correspond, at least in part, to O atoms in these alkyl
carbonates. Besides the peaks associated with PVDF (~292 eV,
denoted as CF,-CH,), the C 1s core spectra reveal upon cycling
the appearance of a new peak located at 290.4 eV (light green in
Fig. 3a), which is assigned to Na,COs;. The low intensities of
peaks attributed to Na,CO; and sodium alkyl carbonate C 1s
spectra in FEC are indicative of a thinner surface layer than the
Std electrolyte, which is consistent with other observations in the
literature.*>* These inorganic species form a compact inner SEI
layer on the hard carbon surface (Fig. 3d). This 290.4 eV peak
(light green in Fig. 3a) was detected on the Std and FEC electro-
lyte electrode samples but was not in the NZeo electrolyte
electrode. This indicates a lower degree of electrolyte decom-
position has occurred with the addition of NZeo, which may also
result in an even thinner inner inorganic SEI layer than FEC
one. A notable feature in these spectra is the overlap of the O 1s
and Na KLL Auger regions, with the Na Auger emission arising
from both Na,CO; and sodium alkyl carbonate denoted by the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The XPS spectra of pristine hard carbon electrodes and those
electrodes after formation, after 50 cycles and after 100 cycles by using
Std, FEC and NZeo electrolytes. (a) The C 1s spectra of hard carbon
electrodes; (b) O 1s spectra of the hard carbon e electrodes; (c) F 1s spectra
of the hard carbon electrodes. (d) Schematic illustration of the SEI layer.

light green peak in Fig. 3b. Therefore, the same trend of -O-
(C=0)-0 peak in Std, FEC and NZeo electrodes in C 1s spectra
(Fig. 3a, light green) is also applied to the Na Auger peak in O 1s
spectra in Fig. 3b (light green). The peak observed at ~536 eV
(grey peak) and ~538 eV (red peak) are believed to correspond
to the O atoms in organic species and sodium carboxylate
complexes (COO-Na) arising from the decomposition of the
electrolytes (Fig. 3d, organic layer). The low intensities of the
grey peak in NZeo electrolyte indicate a lower concentration of
organic species is present within the SEI. The peaks at ~685 eV
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Fig. 4 Schematic diagram of the proposed mechanism of FEC (a) and
NZeo (b) electrolyte additives in the long term cycling process as described
with egn (1)-(4) and SEM images (ESIT).

(orange peak) in F 1s spectra which appeared in the cycled
electrodes are attributed to NaF, derived from NaPFy decom-
position. The variations in amplitude of these signals are shown
as a function of cycling (Fig. 3c). The NaF appears to increase for
Std electrolyte and NZeo electrolyte upon cycling as opposed to a
decreasing trend for FEC. The large NaF peak observed for the
FEC electrolyte derived from the decomposition of NaPF as well
as FEC agrees with the SEM observations discussed above.

In summary, after formation and upon cycling (as presented
in Fig. 4), the hard carbon interface with an electrolyte contain-
ing FEC exhibited increased NaF and sodium alkyl carbonate,
Na-O-(C=0)-0-CH,-R, compounds as compared to that with-
out this additive. This indicates that the initial SEI formed for
electrolyte containing FEC is likely mostly NaF and sodiated
electrolyte decomposition species, which stabilise the interface.
During cycling these compounds reduce in content. In contrast
for the electrolyte with nanozeolite additive there is no signifi-
cant change in the proportions of the observed XPS peaks,
indicating a greater stability of the interface composition. This
results in improved life-time of the cell. The benefit of NZeo
addition is the ability to absorb small molecules into the stable
framework structure of the zeolite. Water, CO, and HF and
other electrolyte decomposition products are trapped inside the
zeolite cages helping to generate a thinner and more stable SEI
composition. This work provides evidence of a novel promising
electrolyte additive, nanozeolite, which is beneficial for sodium-ion
battery cycle life at extremely low concentrations in comparison to
standard electrolyte additives such as FEC.
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