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HIGHLIGHTS

® Long cycle life of sodium-ion pouch cells is obtained by using optimized electrolyte.
® Multiple additives electrolyte is for the Na,Ni, ,3Fe; ,3Mn; ,30,//hard carbon system.

® The capacity retention of cells comes up to 92% after 1000 cycles.
® SEI on the anode and CEI on the cathode are forming to protect electrodes.

ARTICLE INFO ABSTRACT

Keywords: Sodium-ion pouch cells with up to 1000 cycles are presented by using a NaNi; ,sFe; ,3Mn; 305 cathode, a hard
Sodium-ion battery carbon anode, and a functional electrolyte. The functional electrolyte is composed of 1 M NaPFg dissolved in a
Pouch cell

1:1 (v/v) mixed solvent of propylene carbonate (PC) and ethyl methyl carbonate (EMC) with 3—4 wt% of two or
three additives, including fluoroethylene carbonate (FEC), prop-l-ene-1,3-sultone (PST), and 1,3,2-
Dioxathiolane-2,2-dioxide (DTD). It is shown that the capacity retentions of the cells increase to 84.4% and
92.2% after 1000 cycles for electrolytes containing FEC-PST bi-additive and FEC-PST-DTD tri-additive, re-
spectively, as compared with that containing FEC single additive. Using X-ray photoelectron spectroscopy, in-
ductively coupled plasma optical, and transmission electron microscopy, post-mortem analyses on the surface of
the cycled electrodes indicate that PST and DTD are beneficial to the anode by forming an organic compound
rich solid electrolyte interphase (SEI), and to the cathode by forming a dense and thick cathode electrolyte

Electrolyte additive
Hard carbon
NayNiy 3Feq,3Mn 302

interphase (CEI) that consequently prevents transition metal ions from dissolving into electrolyte.

1. Introduction

Sodium-ion batteries (SIBs) are attractive to replace lithium-ion
batteries for applications in large-scale electrochemical energy storage
due to abundant resource and low cost of sodium [1-5]. Up to date,
numerous cathode materials have been reported for SIBs, including
Prussian blue analogs [6], layered-structured sodium metal oxides
[7-10], and polyanion materials [11-13]. Most of the materials are
evaluated by the half-coin cell using Na metal as an anode and an un-
optimized electrolyte. The sodium-ion full cell earliest reported by
Barker et al. [14] was based on a NaVPO,F/hard-carbon system and
1 M NaClO4/EC + DMC (2:1 by weight) electrolyte, and such a cell lost
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more than 50% capacity only after 30 cycles. Later, a NazVo(PO4)oF3/
hard-carbon cell with 1 M Na-salt EC/PC/DMC (45:45:10, v/v) elec-
trolyte was reported to be able to cycle for 120 times [15], and a
Na4Co3(P0O4),P>0,/hard-carbon cell with 1 M NaPFg/EC + DEC (1:1,
v/v) electrolyte retained 83% of initial capacity after 100 cycles [16].
Study on a NaNigsMng.sOo/hard-carbon cell showed that the SIB's
performance was significantly affected by the salts of electrolyte [17].
Toward commercialization, the SIBs still face numerous challenges, not
only in the materials but also in the compatibility between materials
including both electrodes and electrolyte [18].

Electrolyte profoundly affects the SIBs' performance through inter-
action between the electrolyte and electrodes in every electrochemical
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process [19]. In this regard, electrolyte additives have been proven to
be very effective in enhancing the compatibility between the electrolyte
and electrode materials, and it is found that fluorinated carbonate
solvents play important roles in promoting the formation of stable solid
electrolyte interphase (SEI) on the anode [20]. In particular, fluor-
oethylene carbonate (FEC, see structure below) has been widely used as
the electrolyte additive for lithium and sodium ion batteries [21-27]
because of its slightly higher reduction potential than the common
propylene carbonate (PC) solvent, which allows it reducing first to form
SEIL
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O
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In the same principle, it was reported that prop-1-ene-1,3-sultone
(PST) [28] and ethylene sulfate (DTD) [29,30] are able to suppress
impedance growth of the lithium-ion batteries. Beside the above or-
ganic compounds, inorganic rubidium and cesium salts were reported
to be capable of modifying the chemical composition of SEI on hard
carbon surfaces in sodium-ion batteries [31].

Most of the previous publications on sodium-ion cells were based on
the results of coin cells. Due to the limitation of coin cells, some en-
gineering problems such as battery swelling, electrode wettability, and
performance degradation cannot be well understood. For this reason, in
this work, we synthesized NaNi; sFe;,3Mn;,30, (NFM) in kilogram
scale and assembled 1-Ah sodium-ion pouch cells. It is shown that the
pouch cells retain 92.2% of initial capacity after 1000 cycles when
using the electrolyte with FEC-PST-DTD tri-additive. In this paper, the
effect of PST and DTD on SIB's cycling performance and chemistry of
the surfaces on the anode and cathode will be characterized and dis-
cussed by the X-ray photoelectron spectroscopy (XPS), inductively
coupled plasma atomic emission spectroscopy (ICP-AES) and trans-
mission electron microscopy (TEM) techniques.

2. Experimental
2.1. Electrolyte preparation

A solution of 1 M NaPF¢ dissolved in a 1:1 (v/v) mixed solvent of
propylene carbonate (PC) and ethyl methyl carbonate (EMC) (1:1 v/v)
with 2 wt% FEC was used as the standard electrolyte and donated to F.
Using PST and DTD as the second or third additive, the electrolyte
containing 2 wt% FEC and 1 wt% PST was prepared and donated to FP,
and that containing 2 wt% FEC, 1 wt% PST and 1 wt% DTD was do-
nated to FPD.

2.2. Assembly of pouch cell

NFM cathode material was synthesized in kilogram scale by a co-
precipitation and calcination method as reported previously [32].
Pouch cells were assembled using an NFM cathode (120 mAh g~ ! at
0.1C), a hard carbon (HC, 290 mAh g~ ! at 0.05C) anode, and a Celgard
2700 membrane as the separator. The NFM and HC slurries were re-
spectively coated onto an Al foil in the ratio of 92 wt% active material,
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4 wt% super P, and 4 wt% polyvinylidene fluoride (PVDF) in N-Methyl-
2-pyrrolidone (NMP). Areal loading of the anode and cathode were
130gm ™2 and 260 gm ™2, respectively. The cathode-separator-anode
assembles were first prepared, and then stacked with 10 cathode elec-
trodes by 11 anode electrodes and packaged in a plastic-laminated
aluminum pouch. Resultant pouch cell was dried under vacuum at 80 °C
for 48 h before being moved into a glove box for injecting electrolyte.
The size of prepared pouch cells was 52 X 5 X 100 mm (LxWxH).

Ethylene sulfate or
Prop-1-ene-1,3-sultone 1,3,2-Dioxathiolane-2,2-dioxide

(DTD)

2.3. Test of electrochemical performance

Before testing, the pouch cells were subjected to a series of pre-
processes, consisting of overnight aging and pre-formation at room
temperature from open circuit voltage (OCV) to 4.0 Vat 20 mA, fol-
lowed by aging at 45°C for 24 h, degassing, and vacuum sealing.
Cycling test was conducted on a battery test system (CT-4008-5V3A-FA
model, Neware Technology Co., Ltd.) by charging at 1 A to 3.8V and
then holding at 3.8 V until the current drops to 20 mA, and discharging
at1 Ato2.0V.

2.4. Characterization of electrode surface

After cycling test (1000 cycles), the electrodes were harvested,
rinsed with EMC solvent, and dried in the glove box. Surface chemistry
and depth-profile of the cycled electrodes were characterized by an X-
ray photoelectron spectrometer (Kratos Axis Ultra DLD). Surface mor-
phology of the electrodes was observed using a digital camera, a field-
emission scanning electron microscope (F-SEM, Sirion 200), and a
transmission electron microscope (TEM, JEM-2100), respectively. The
grey materials on the surface of the anode were characterized by Energy
Dispersive X-Ray analyzer (EDX). Content of transition metal ions in the
cycled HC anode was collected by soaking 20 mg active material in 4 g
EMC solvent at 55°C for 7 days and then was determined by an in-
ductively coupled plasma atomic emission spectroscopy. (ICP-AES, Icap
7600).

3. Results and discussion

The cycling performance of pouch cells with different additives is
shown in Fig. 1a. It can be found that the additive has a profound in-
fluence on the cycle life of pouch cells. The cell using FEC single ad-
ditive (F) has only 76.6% of capacity retention after 750 cycles. In
contrast, the cell using FEC-PST bi-additive (FP) retains 84.4% of initial
capacity even after 1000 cycles, and the one using FEC-PST-DTD tri-
additive (FPD) further increases to 92.2% of capacity retention after
1000 cycles. Fig. 1b-d compare the charging and discharging voltage
profiles of three cells with different additives at 1st, 250%, 750t cycle,
respectively. In the 1st cycle (Fig. 1b), all three cells have the same
capacity (~0.95 Ah) and voltage profile, meaning that these cells start
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Fig. 1. Effect of electrolyte additive on cycling performance of HC/NFM pouch cell. (a) Capacity retention cycled at 1C between 2.0 V and 3.8V, (b) voltage profile in
the 1st cycle, (c) voltage profile in the 250 cycle, and (d) voltage profile in the 750%™ cycle.

with the same conditions. With increasing of the cycle number, the
differences in the capacity and voltage polarization of the cells are
gradually increased, as indicated by Fig. 1c and d. That is, the capacity
and discharging voltage are increased in the order of tri-additive > bi-
additive > single additive. All the results above indicate that multiple
additives are advantageous over the FEC single additive.

After cycling test, morphology and surface chemistry of the cycled
electrodes are characterized. Fig. 2 shows digital photos and SEM
images of the cycled anodes for three electrolytes of F, FP, and FPD. In
the digital photos (top row), grey color matters are visually visible,
especially in Fig. 2a as indicated by the small circles. In particular, the
amount of grey matters decreases in the order of single additive F > bi-

additive FP > tri-additive FPD. The anode cycled with tri-additive FPD
has the minimum amount of grey matters, which is attributed to a ro-
bust SEI. When exposed to air, the grey matter quickly turned to white
color, as shown by comparing Fig. 3a and Fig. 3b. These grey matters
are believed to be a mixture of the dead sodium and the product of its
reaction with the electrolyte solvents. This judgment was supported by
the EDX result showing that the grey matter was mainly composed of O
and Na, as suggested in Fig. 3c. In the present case, the dissolution of
transition metal ions from the NFM cathode (to be discussed later)
would be the major cause for the observed deposition of sodium metal.
The dissolved transition metal ions migrate to and deposit on the sur-
face of HC anode, and the resulting transition metals subsequently serve

Fig. 2. Digital photo (top row) and SEM image (bottom row) of cycled HC anodes. (a) Single additive F, (b) bi-additive FP, and (c) tri-additive FPD.
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Fig. 3. (a) Digital photo of cycled HC anode in the glove box after EMC solvent cleaning, (b) digital photo of the same anode under the air, (c) EDX result of the white

compound on anode surface.

as the seed of the further solvent decomposition and sodium electro-
deposition. Same trend in the change of roughness of HC particles is
also observed from the SEM images (bottom row), showing that the HC
particles with FEC single additive are covered by a number of small
particles, namely the solvent decomposition products, while those with
the FEC-PST bi-additive and FEC-PST-DTD tri-additive are much clean
and smooth. The above observations suggest that cycling performance
of the SIBs is affected not only by the deposition of sodium metal and
resultant reaction with the electrolyte solvents but also by the decom-
position (reduction) of electrolyte solvents on the HC anode. It is im-
portant to find that bi- or tri-additives are much more effective in
suppressing these two undesired phenomena.

In order to understand the role of additives in improving the cycling
performance of the SIBs, the surface of the cycled anode is analyzed by
XPS and the results are shown in Fig. 4. It can be seen in Fig. 4a that the
surface generally contains Na, F, O, C, P, and S elements, which are
originated from the electrolyte, additive, HC, and binder. Spectra of
Cls, F1s, and S2p are in detail shown in Fig. 4b—d. In the Cls spectrum

(Fig. 4b), there are five types of carbon, including C-H (284.7 V), C-O
(286.2eV), C=0 (or 0-C-0) (288¢eV), O-C=0 (289 eV) and ROCO,Na
(or NayCO3) (289-289.8 eV) [33,34]. A significant change associated
with the additive is that the relative intensity of the peak at 289.8 eV
(corresponding to ROCO>Na/Na,CO3) to the peak at 289 eV (O-C=0) is
increased by use of the bi- and tri-additives. In other words, the PST and
DTD additives promote the formation of ROCO,Na and Na,COj salts. In
the F1s spectrum (Fig. 4c), there are two major peaks at 684.5eV (an-
ionic F) and at 687.5 eV (co-valent F). It is evident that the bi- and tri-
additives greatly increase the relative intensity of covalent F to anionic
F, that is, their presence favors the formation covalent F in the SEL In
the S2p spectrum (Fig. 4d), there are three major peaks at 167.2 eV
(Na,S03), 169 eV (ROSO,Na), and 170.4 eV (RSO3Na), respectively, for
two anodes cycled with the bi- and tri-additives while having no any
S2p signals in the anode cycled with the FEC single additive. This ob-
servation reveals that both PST and DTD additives are participated in
the formation of SEI, and contribute to the increased stability of SEI.
Morphology of the cycled NFM cathode was further observed by

(a) 213k 18k |——FPD P2s P?p
142k MKk g s2
L s lP
kL okp A
ol . sk | ‘ ‘
.. 216k o .18 —FP
= i i z 14k |-
§re .
E 7xi P £ of
of i Sk , ,
213k —F b 18k|__F
142k | P 14k |
71k k P 9K
0 -——“Li:::‘:'c‘:g__ Sk
1200 1000 800 600 400 200 0T 250 200 150 100
(b) Binding Energy (eV) (C) Binding Energy (eV) (d)
16.0k PF.
12.0k [ 14.0k- FPD F- NaF Fis e
8.0k 12.0k [ : : :
460:; 100k ; ' 1.2k
12 dk = 8.0k ! L M L ) |
2 . 14.0k |- FP |
8.0k i | 1.0k [ ,
e ° 12.0k | | , : .
E 40k 10.0k [ \ : 13k g
0.0 1 1| I P 1 L !
12.0k by : 1.2k |
: 12k | , , 5 Akl L
8.0k 1 11k | 1 1 : H :
4.0k : 10k [ : : 1.0K oo T
- 1 | :
0.0 N — — I T Y 9k E ! L1 . [ ) 900 N PP S L )
292 290 288 286 284 282 280 69 690 688 686 684 682 680 173172171170 169 168 167 166 165 164

Binding Energy (eV)

Fig. 4. XPS spectra of cycled HC anode. (a) Overview,
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Fig. 5. TEM image of cycled NFM cathodes. (a) Single additive F, (b) bi-additive FP, and (c) tri-additive FPD.
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TEM. Fig. 5 shows the TEM images of three NFM cathodes after 1000
cycles in different electrolytes. It is shown that the CEIs formed with FP
and FPD multi-additives are much denser and thicker than that formed
with the FEC single additive, i.e., about 4-5nm versus 1 nm in thick-
ness. The dense and thick CEIs formed with the FP or FPD multi-ad-
ditive not only prevent the oxidation of electrolyte solvents on the
cathode but also suppress the dissolution of transition metal ions into
the electrolyte.

The XPS spectra of the cycled cathode are indicated in Fig. 6. Si-
milar with the case of the cycled anode, the surface of the cycled
cathode contains Na, F, O, C, P, and S elements (Fig. 6a). Comparing the
relative intensity of the major peaks in each of detailed spectra, one sees
that the bi-additive FP and tri-additive FPD considerably increase the
population of the inorganic COs>~ ions (Fig. 6¢, Cls) and organic
(covalent) F (Fig. 6d, F1s). In particular, the S2p spectrum (Fig. 6b)
shows that there are strong peaks relating to RSO3", ROSO-’, and S052~
species, which are no doubt resulted from PST and DTD molecules in
spite of the small difference in their relative intensity between the bi-
and tri-additives.
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The unique of the bi- and tri-additives is further reflected in the
effect to suppress the dissolution of transition metal ions of the NFM
cathode material. Fig. 7 compares the concentrations of Fe, Mn, and Ni
ions. It can be seen that Fe ion has the severest dissolution, and that the
bi- and tri-additives most effectively suppress the dissolution of Fe ion
as compared with the Mn and Ni ions. In particular, the concentration
of Fe ions is considerably reduced to 818 ppm and 784 ppm by the FP
bi-additive and FPD tri-additive, respectively, as compared with
1284 ppm of the FEC single additive. As suggested by the XPS results of
the cycled cathode, the suppression of transition metal dissolution by
the bi- and tri-additives can be attributed to the fact that PST and DTD
molecules are decomposed on the cathode to RSO3", ROSO,” and S052~
anions, which subsequently combine with transition metal ions (M?>*,
M = Fe, Mn, and Ni) to form insoluble transition metal sulfates or
sulfites. The resulting compounds are constituted to a dense and much
thick CEI, as indicated by Fig. 5b, which prevents further dissolution of
the transition metal ions.

Based on the above discussion, the particular functions of PST and
DTD molecules in the bi- and tri-additives can be schematically illu-
strated by Fig. 8. On the HC anode, the PST and DTD molecules pro-
mote the formation of a robust SEI by producing more organic mole-
cular moieties, such as ROCO,Na, ROSO,Na, and RSO3Na, which
consequently reduces irreversible reduction (decomposition) of the
electrolyte solvents. On the NFM cathode, the PST and DTD molecules
decompose to RSO;, ROSO; and SOs;>~ anions that subsequently
combine with the transition metal ions to form insoluble transition
metal sulfates or sulfites, leading to a dense and thick CEI that not only
suppresses irreversible oxidation of the electrolyte solvents but also
prevents further dissolution of the transition metal ions.

4. Conclusions

Up to 1000 cycles of 1 Ah sodium-ion pouch cells were demon-
strated by using a NaNi, sFe;,3Mn;,305/hard-carbon chemistry and
multiple additives that combine fluoroethylene carbonate (FEC) with
prop-1-ene-1,3-sultone (PST), or with PST and 1,3,2-dioxathiolane-2,2-
dioxide (DTD). Using an optimized electrolyte consisting of 1 M NaPFg
dissolved in 1:1 (vol.) PC-EMC + 2 wt% FEC, 1 wt% PST, and 1 wt%
DTD, the pouch cell retained as high as 92.2% capacity retention after
1000 cycles at 1C between 2.0 V and 3.8 V. Post-mortem analyses on
the cycled electrodes indicate that PST and DTD additives are able to
promote the formation of a robust SEI on the anode by producing more
organic molecular moieties, and prevent the dissolution of transition

metal ions by inducing to form a dense and thick CEI on the cathode.
The results of this work show that using multi-additives is a simple and
promising approach for the development of practically viable sodium-
ion batteries.
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