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Electrochemical protocols for reducing formation time and
maximising cycle life in a sodium ion battery are proposed. The
formation protocols comprise low current cycles within a targeted
voltage window. After accelerated cell aging tests, the impedance
and cycle life are evaluated. Maximum life time is obtained for
formation within the 3.6-3.8 V window. 250 cycles are observed
to 80% of initial capacity with accelerated ageing, compared to

90 cycles with no formation.

Na-ion batteries (NIBs) are catching up with Li-ion batteries
(LIBs) with regards to commercialization. The similarities
between LIBs and NIBs in terms of material components and
manufacturing methodologies make NIBs a “drop-in”’ technol-
ogy to LIBs." Although, a further fine tuning of the active
materials, electrode, cell manufacturing techniques, and elec-
trolytes are required before NIBs will emerge as a low cost
alternative to LIBs. In terms of NIB cell development, several
advances have been made and prototypes have been demon-
strated by the likes of Faradion Ltd,” Novasis Energies Inc.,”
Tiamat® and Natron energy.* Along with the efforts to identify
novel electrode materials, research is also required to under-
stand the manufacturability of NIBs compared to LIBs. One of
the least understood processes in LIB is formation and con-
ditioning, even less is known or understood for NIB. Formation
is where the creation of the solid electrolyte interface (SEI)
occurs, and is particular to each cell chemistry. In LIB various
chemical and electrochemical (side) reactions occur at the
electrode/electrolyte interfaces to form the interface layer, this
is also observed for NIBs which contain similar chemistries.>®
The process is time consuming, and can often take several
weeks, depending upon the cell type.” These interfaces are best
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known as the SEI formed at the negative electrode (anode)
and cathode electrolyte interface (CEI) formed at the positive
electrode (cathode). These interfaces form as a result of the
electrolyte decomposition. An optimised formation protocol
results in a good SEI/CEI which ideally provides fast transport
for the intercalating Li'/Na" ions across the interface, plays as a
good electronic insulator which would protect the electrolyte
from further degradation and should be stable under both
cycling and ageing conditions.®

The formation process for LIBs can involve a complex
interplay of various factors such as voltage,” temperature®
and time. Typically, a few cycles of galvanostatic charge-dis-
charge at low current, with various resting periods at elevated
temperatures are carried out to ensure a uniform and stable
SEI/CEI layer has formed. This process may take 2-4 weeks
depending on the battery type.” This requires electrochemical
battery cyclers, environmental chambers and degassing
stations to be employed, which is not only time consuming
but also increases the cost of battery manufacturing with regard
to equipment and floor space requirements."”"* Wood et al.
highlighted that cell formation is a capital intensive part of
the battery manufacturing process and that there is a scope for
more than 50% cost reduction by reducing formation time
which would lead to cheaper LIBs.'> Therefore, to reduce cost,
the formation process during battery manufacturing must be
optimised to reduce the time without sacrificing the perfor-
mance. So far there are no reports on NIBs formation. More
recently accelerated formation has been shown in LIB using an
active formation protocol with low current cycling.”'® This was
achieved by narrowing the potential range and bypassing the
intercalation step during formation, reducing the formation
time to half from the conventional formation procedure. The
optimum formation cut-off voltage for LiCoO,|C cells in 1 M
LiClO, in ethylene carbonate (EC) and diethyl carbonate (DEC)
(1:1, v/v) cells is 3.7 V. In another study by An et al,'" a fast
formation protocol was developed for a ~1.5 A h pouch cell
graphite|]NMC 532 in 1.2 M LiPF¢ in EC:DEC. These cells
were cycled using a higher voltage window (3.9-4.2 V) for the
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charge-discharge cycles and fewer (full depth of discharge)
cycles below 3.9 V. By using a modified formation procedure,
they managed to shorten formation time by a factor of 3x
without compromising specific capacity and long term capacity
retention. An appreciable reduction in charge transfer resis-
tance with the new formation procedure was observed. A study
by Pathan et al.™* carried out in CR2032 coin cell for C|NMC 111
in 1 M LiPF, in EC and ethyl methyl carbonate (EMC) (3:7, v/v)
with 1 wt% vinyl carbonate (VC) showed that higher voltage
formation (3.65-4.00 V) leads to the formation of stable SEI/CEI,
reduced formation time and achieved better capacity retention.

Considering the significance and the success of the for-
mation optimization in LIBs, in this work we have trialled
several possible formation protocols for a sodium ion cell.
Different charge and discharge currents were utilised within
specified voltage windows to optimize the most efficient for-
mation potential window in order to reduce the formation time
while maintaining the electrochemical performance. The mate-
rials utilised were a sodium transition metal layered oxide
cathode and a hard carbon anode."®

To compare the cycle life of a sodium-ion cell with different
electrochemical formation protocols, a cell with no formation
(FO) was compared to several formation voltage windows.
Protocols were established where a low current density of
0.12 mA cm™> (10 mA ge,; ') was applied on the full cells and
five cycles of charge/discharge were carried over the voltage
windows described in Table 1. A galvanostatic charge/discharge
was carried out in constant current-constant voltage mode
(CC-CV), where the cells were held at a maximum voltage until
the current dropped to 1/10th of the applied current for the CC
process, followed by a discharge process, and the process
repeated. The formation protocols are categorized as: (i) high
voltage formation (>3.6 V) (F1-F3) and (ii) low voltage for-
mation (<3.6 V) (F4-F6), and are compared to a full voltage
window formation F7, where the maximum voltage is 4.2 V and
lower limit is 1.0 V. Fig. 1a and b show the voltage formation
window, voltage profiles and the time taken for formation. The
same current density and CC-CV charge protocol was applied
to all formation procedures. For the high voltage formation an
upper voltage V1 was followed by a lower voltage limit (V2), and
then cycled between a second set of voltages (V3, V4) before a
final upper voltage (V5) and at the end of formation the cell was
always fully discharged to 1.0 V (V6). For the lower voltage

Table 1 Summary of voltage limits, repeated cycles and formation time
for all protocols

A% V2 V3 V4 V3-V4 V5 Vo6 F'tion
Protocol (V) (V) (V) (V) repeatno. (V) (V) time (h)
Fo — — — — — — — 0
F1 42 36 40 36 3 42 1.0 51
F2 42 36 38 36 3 42 1.0 45
F3 42 38 40 38 3 42 1.0 41
F4 — — 3.6 26 4 3.6 1.0 6
F5 — — 26 1.8 4 26 1.0 17
Fe6 — — 1.8 1.0 5 — — 54
F7 — — 42 1.0 5 — — 131
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Fig. 1 (a) First cycle of standard formation protocol depicting various
voltages of other formation protocols and (b) voltage profiles of F1-F6
formations.

region 5 cycles were performed between V3 and V4 before fully
discharging the cell. Fig. 1a shows the chosen voltage windows
for formation, and Fig. 1b shows formation protocols F1-F6. Voltage
profile of F7 formation protocol is presented in Fig. S1 (ESIt).

The cycling was carried out in CC-CV mode and time
required to finish the formation process are presented in
Fig. 2a. As shown in Table 1, the formation time was drastically
reduced when we switched to the narrow voltage window from
the standard voltage window. Protocols F4 and F5 were carried
out in the voltage window 1.0-1.8 and 1.8-2.6 V, respectively,
and registered the minimum formation time of 6 and 17 h. The
formation protocols F1, F2, F3 and F6 reduced the formation
time to less than half of F7. For comparison, an experiment was
conducted where cells were cycled without undergoing any
formation and is represented as FO.

To determine the effectiveness of these formation process,
150 charge/discharge cycles were performed on these cells after
applying different formation protocols. The galvanostatic
cycling was carried out in CC-CV mode with a current density
of 1.2 mA cm ™2 (100 mA g, ') between 1.0-4.2 V. The cycling
data is presented in Fig. 2b. The cycling stability for cells after
low rate formation at high voltages; F7, F1-F3 is significantly
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Fig. 2 (a) Cell formation time as required by various formation protocol,
(b) cycle stability for cells after formation over 150 cycles, (c) capacity
retention after 150 charge-discharge cycles and (d) differential plot
(dQ/dV) vs. V.
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improved over no formation (F0) and low voltage formation
(F4-F6) protocols. Along with the reduced formation time as
observed in the Fig. 2a, F1 and F2 exhibit 9.9 and 9.2% capacity
fade, respectively, compared to 12.4% for F7 and 39% for FO
after 150 cycles (Fig. 2c). The trend indicates that low voltage
formation protocol (<3.6 V) was not sufficient to offer an
appropriate formation process even though they made contri-
butions in saving time. The possible reasons can be understood
from the dQ/dV vs. V plot (Fig. 2d). The differential plot has
two irreversible peaks observed in the 1st formation cycle (at 1.7
and 2.2 V) in the low voltage region of the charging profile,
which is associated with the decomposition of the electrolyte
(solvent).'® The peak at 2.2 V corresponds to the decomposition
of FEC which has been used as an electrolyte additive in current
experiments.'”” The peaks between 3.3 V and 3.9 V can be
attributed to the Ni*"”**/** redox couples.'® The redox process
involving two electrons also introduces changes in the layer
alignment in the material. This phase transition may be associated
with residual Ni**/Ni*" oxidation as suggested in the literature."®
Upon sodiation the hard carbon exhibits a sloping voltage profile
and a subsequent low voltage vs. Na/Na' plateaux, in a full cell this
will occur at the high voltage between 4.0 and 4.2 V.*°

When low voltage formation was carried on the cells, it
primarily led to the decomposition of solvent molecules and
the SEI layer formed is more insulating in nature, as illustrated
through impedance measurements. This is likely due to the
SEI containing fewer conducting sodium ions (Na') as less
shuttling of Na" across the interface occurs in these voltage
windows, and no subsequent ‘conditioning’ to allow for the
rearrangement of the interface layer has occurred. It is known
that during SEI formation in LIBs, the solvent molecules first
decompose to form the organic layer and then further (electro)-
chemical reactions occur to make the corresponding organic/
inorganic salts which make the SEI ionically conducting.'® In
the low voltage formation region (<3.6 V) the high voltage
where further (electro)chemical reactions take place is not
reached. This indicates that for NIB as well as LIB the high
voltage formation protocols offers the chance for both solvent
decomposition and the formation of an ionic conducting SEI
layer. The higher cell voltages relate to the lower plateau
observed at ~0.1 V for hard carbon vs. Na/Na'". This very
reducing voltage is often described as being the level at which
the Na' ions become more metallic and pool within the
particles of hard carbon.?'”** At this low hard carbon half-cell
voltage, Na' ions shuttle across the interface intercalating/de-
intercalating into the hard carbon. As Na® shuttles across the
interface it reacts with the decomposed organic species of
electrolyte (outer layer of SEI which is porous and permeable
to both Na' and electrolyte solvent molecule) making the
interface more ionically conductive and forming the inner layer
of the SEI which allows Na® ion transport.>* This helps to
establish a stable low impedance interface layer.

Cells with F7, F2 and F0 formation were selected for further
testing due to their superior electrochemical behaviour com-
pared to the other formation protocols. The selected cells were
cycled with a current density of 1.2 mA cm™ 2 in CC-CV mode.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Cycling stability over 500 cycles, (b) capacity retention after 250
and 500 cycles (c) comparison of differential capacity at different current
densities for F7 and (d) charge profiles with increasing current density
showing increase in polarization, IR drop and decrease in capacity for F7 cell.

The cell after F2 formation delivered a higher specific capacity
at all stages of charge/discharge cycling whereas the cell with FO
delivered the least (Fig. 3a). All the cells maintained a coulom-
bic efficiency of approximately 100% for all cycles (Fig. S2,
ESIT). The capacity retention for the F2 formation cell is about
82 and 56% after 250 and 500 cycles, respectively (Fig. 3b),
whereas for the cell with FO the capacity drops to 34% after
500 cycles. A faster accelerated ageing test was designed where
the specific currents and number of cycles were linearly
varied (Fig. S3 (left), ESIT). The specific current was increased
from 1.2 mA cm ™ > (100 MA g, ) to 12 mA cm™ > (1000 MA geor )
and number of cycles were increased from 10 to 100. The whole
set was then repeated on the same cell. The cell with the
F2 formation process performs better at all current densities
(Fig. S3 (right), ESIT). We observe significant aging at these
increased rates, and the capacity retention is significantly
reduced. After high rate aging the capacity at 100 mA g~ *
(0.8C) is approximately 50%, indicating inaccessible Na inven-
tory after cycling at these high rates. The capacity observed after
high rate aging at 750 mA g~ ' and 1000 mA g~ " is however very
similar. In addition we also note that the fade rate per cycle
increases with an increasing rate up to 500 mA g~ ', and the
fade rate is higher for FO compared to F7 and F2, (Table S1,
ESI{) again indicating that the formation has a large effect
upon the cycling performance of a cell. As the rate increases
and the cells age, and the ability to extract the sodium from the
lower voltage plateau on the hard carbon is likely reduced,
partially due to the increase in the internal charge transfer
resistance from the interface layer resistance (Fig. 4b). We can
therefore conclude that with the increased resistance in the
cell, at high rates the full capacity is not realised as the
polarisation is too great to extract the Na* ions from the lower
voltage plateau on the hard carbon, as the cells age this
resistance increases and even when returning to lower rates
the polarisation in the cell is still too large to extract all the Na*
ions fully. This is also illustrated by the change in the dQ/dV
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Fig. 4 EIS spectra of (a) cells after F7, F2 formation and five charge-
discharge cycles of FO cell and (b) cells after 500 charge—discharge cycles.
The equivalent circuit used for NLLS fitting is provided in the inset.

plots with increasing rate (Fig. 3c). As the rate increases past
500 mA g~ ' the high voltage capacity is not observed, and the
increase in the polarisation is very apparent in the charge
profiles in particular (Fig. 3d).

The electrochemical impedance spectra (EIS) for the fresh
cells (Fig. S4, ESIt) were taken after cell assembly at open
circuit voltage (OCV) and are very similar representing the
capacitor behaviour evident from the long tail parallel to the
y-axis. The cells were then subjected to F7 and F2 formations,
sufficient rest time to achieve a stable OCV after the final
discharge and then EIS was recorded. From Fig. 4a, and non-
linear least square (NLLS) fitting of an equivalent circuit model
(Fig. 4a inset) was performed, and the value of the resistances
and constant phase elements tabulated (Table S2, ESIt). The R
value of ~12 Q is very similar for all the three cells which
represents the total or series resistance of the cell. R, only varies
slightly indicating the impedance parameters obtained are
reliable. The R¢value is maximised for the cell after F2 protocol
suggesting that a more resistive SEI layer is formed after F2
than in the cells which underwent F7 or 5 charge/discharge
cycles (F0), Ry in this case is likely a combination of charge
transfer resistances across the anode and cathode interfaces.
The CPE components are included to account for the capacitive
behaviour and residual currents arising due to the SEI for-
mation. The theoretical spectrum generated from the fit pro-
cedure is shown as smooth curves in Nyquist plots and the
experimental data points are presented as open circles (Fig. 4).
The EIS of the cells after 500 charge-discharge cycles (Fig. 4b),
also shows that FO cell has a greater total impedance when
compared to F7 or F2 cells suggesting that although a more
resistive film was formed initially for F7 and F2, which has a
greater stability upon cycling when compared to FO and no
formation.

In conclusion, various high and low voltage formation
protocols were applied on full NIBs. While low voltage for-
mation (< 3.6 V) was not sufficient to form a stable SEI layer,
high voltage formation protocols yielded better results by
reducing formation time and improving capacity retention.
The cell formation process with low current and voltage
between 3.6-3.8 V (F2) led to 65% reduction in formation time
compared to the F7 protocol. A capacity retention of 82 and
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56% was obtained for the F2 cell which was 15.49 and 12.05%
higher than the corresponding F7 cell after 250 and 500 cycles,
respectively. F2 cells also demonstrated the maximum increase
in the impedance of the cell after formation.

To summarise; we show for the first time a formation study
for a sodium-ion cell comprised of a layered oxide positive
electrode and hard carbon negative electrode. The cell which
underwent an active formation protocol at room temperature
gave a much improved capacity and cycle life at accelerated
ageing than low rate cycling, indicating greater stability of the
SEL Significant further work investigating electrolyte additives,
temperatures, currents and voltage is required to understand
the formation, composition and the stability of the interface
layers in sodium-ion batteries further.
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