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ABSTRACT

Application of sodium-ion batteries is suppressed due to the lack of appropriate electrolytes matching
cathode and anode simultaneously. Ether-based electrolytes, preference of anode materials, cannot
match with high-potential cathodes failing to apply in full cells. Herein, vinylene carbonate (VC) as an
additive into NaCF3SOs3-Diglyme (DGM) could make sodium-ion full cells applicable without pre-
activation of cathode and anode. The assembled FeS@C || Na3V,(PO4);@C full cell with this electrolyte
exhibits long term cycling stability and high capacity retention. The deduced reason is additive VC, whose
HOMO level value is close to that of DGM, not only change the solvent sheath structure of Na*, but also is
synergistically oxidized with DGM to form integrity and consecutive cathode electrolyte interphase on
Na3V,(P0,4)s;@C cathode, which could effectively improve the oxidative stability of electrolyte and pre-
vent the electrolyte decomposition. This work displays a new way to optimize the sodium-ion full cells

Vinylene carbonate
DFT calculation

easily with bright practical application potential.

© 2020 Science Press Published by Elsevier B.V. All rights reserved.

1. Introduction

Sodium-ion batteries (SIBs) are considered as one kind of the
most promising candidates for large-scale energy storage applica-
tions. Their electrode materials have been widely developed in
recent years [1-7] in which some materials have demonstrated
delightful performance meeting the application requirements in
some extent, such as phosphates and prussian blue for cathode
materials, and hard carbon and chalcogenides for anode materials
[8-15]. However, the wicked compatibility of electrolyte between
cathodes and anodes leading to the disappointing performance of
the assembled full cells, though it is crucial to the practical appli-
cation of SIBs.

Up to now, almost all reported cathode materials for Na storage,
such as Na4Fe3(PO4)2(P207), NazFe(SO4)2, NayFePO4F, Na3V2(PO4)3,
Na,MnO,, NaNi1/3FE1/3Mn]/302, NaxFeFe(CN)G, Na,TMO,, Nas3V,
(PO4)-F3, NaVPO4F, NasV,(PO,4),0,F, are studied in the ester-
based electrolytes owing to the higher oxidative stability
[10,12,15-23]. While most researches about anode materials, for
example, FeS,, MoS,, CuS, CoGa,S,, Ni3S4, TiO,, Bi, P, hard carbon,
Na, are investigated in ether-based electrolytes, especially
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NaCF3S05-Diglyme (DGM), due to superior SEI layer, thereby lead-
ing to the outstanding rate property and long-term cycle stability
(Tables S1 and S2) [6,24-30]. If the outstanding characteristics of
anode materials want to be kept, ether-based electrolytes with
wide electrochemical stability window, especially oxidation stabil-
ity, are desired to match cathode simultaneously. And the complex
and time-consuming pre-activating of the cathode would be
avoided when the high electrochemical stability ester-based elec-
trolytes are employed to assemble full cells.

Introducing additives into electrolyte is an effective and simple
way to improve the electrochemical property of electrolytes and
electrodes [31-36]. Positive effects of vinyl ethylene carbonate
(VEC) and fluoroethylene carbonate (FEC) as additives for Na-
metal and hard carbon anodes in carbonate-based electrolytes
were identified. Cao et al. pointed out that FEC-derived SEI layers
on Na metal and hard carbon anodes are compact and dense which
could suppress the decomposition of propylene carbonate (PC) effi-
ciently [37]. Intermetallic alloys, such as Ge, Sb, and Sn, and their
composites use FEC as an additive into NaClO4-PC induce to form
a robust and thin SEI layer enabling a facile Na-ion transfer. Even
though electrolyte additives have a great influence on the electro-
chemical performance of anode materials, the impact of them on
the performance of cathodes is also needed to obtain enough atten-
tion. Komaba et al. stated that adding FEC in NaClO4-PC is benefi-
cial to form a stable CEI layer on the surface of NaNij;;Mn; 20,
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which can restrain the oxidation of electrolyte [38]. Lee et al. also
proved that, with the presence of DEC and FEC in NaClO4-EC/PC,
NaF-lean CEI layers on NajFe3(PO4)y(P,0-) were formed, thereby
improving the reversibility [39]. Nevertheless, as far as we know,
there is not reported work about the effect of additives into
ether-based electrolytes for SIBs to improve the compatibility of
cathode materials, which would benefit the assembly of full cells
without pre-activation.

Herein, ether-based electrolyte (1 M NaCF3SO3-DGM + 5 wt%
VC) with extended electrochemical stability window owing to
the additive VC could be successfully employed to FeS@C||NasV,
(PO4)s@C full cells without pre-activation of cathode and anode,
respectively. The additive VC can induce to form integrity and con-
secutive CEI layer on Na3V,(P0O,4)s@C cathode, leading to the oxida-
tion potential of ether-based electrolyte increased. Therefore, it
could match with NasV,(PO4);@C cathode. At the same time, it
can keep working well with the anode. As a result, the ether-
based electrolyte (1 M NaCF3S03-DGM + 5 wt% VC) can be applied
in full cell delivering capacity retention of 67% after 1000 cycles at
0.5C. Furthermore, this electrolyte can be applied to match other
cathode materials.

2. Results and discussion

To obtain an effective electrolyte with suitable voltage window
for matching with cathode and anode simultaneously, NaCF3SOs-
DGM electrolytes with additive VC (1 M NaCF;SO3-DGM + V()
was investigated and displayed in Fig. 1(a). Compared with NaCFs-
S0s-DGM whose decomposition potential is 3.60 V (vs. Na/Na"),
1 M NaCF;S03-DGM + VC could obtain higher oxidative stability
up to about 4.15 V (vs. Na/Na*), showing high electrochemical sta-
bility. With varied VC contents from 1% to 20%, the ionic conductiv-
ity of electrolytes increases from 3 to 4.8 mS/cm gradually.
However, there is little effect of VC content on the decomposition
potential of electrolytes, and the decomposition potential of them
was all about 4.10 V, which would enable it to meet the voltage
requirement of many kind cathode materials for SIBs. Therefore,
taken the ionic conductivity (5 wt%, 3.97 mS/cm at room tempera-
ture), electrochemical stability window and cost into account, 1 M
NaCF3S05-DGM with 5 wt% VC (1 M NaCF5S03-DGM + 5 wt% VC) is
chosen to match with the cathode, and then, test its application in
full cells.

When Na3V,(P04)s@C as the cathode, half cells with 1 M NaCFs-
SOs-DGM + 5 wt%VC were assembled. The CV curves (Fig. S2a) rep-
resent an obvious sharp oxidation peak at 3.48 V, which implies
the extraction of Na* from Na3V,(PO,4)s@C lattice during the charg-
ing process. The two overlapped reduction peaks at about 3.25 and
3.12 V are related to the reduction reaction from V** to V3*. The
split peaks are probably attributed to the Na® rearrangement,
which is in accordance with the first few discharge profiles
(Fig. S2b). With the cycle numbers increased, the lower voltage
plateau disappears by degrees and polarization increases signifi-
cantly (Fig. S3). When varying current densities from 0.1 to 5C
(Fig. S4), the average specific capacities of NasV,(PO4);@C cathode
are 114.6, 88.8, 79.5, 72.6, 65.8, and 53.4 mAh/g at current densi-
ties 0of 0.1, 0.2, 0.5, 1, 2, and 5C, respectively. When the current rate
goes back to 0.1C, Na3V,(PO,4);@C cathode can quickly resume the
capacity of 109.3 mAh/g. Na3V,(P0,4)s@C cathode displays the ini-
tial discharge capacity as high as 87.8 mAh/g at 0.5C with the ini-
tial coulombic efficiency (ICE) of 95.2%, and retains 76.0 mAh/g
after 1000 cycles with the capacity retention of 87% in NaCF3SO3-
DGM with 5 wt% VC, indicating excellent cycling performance
(Fig. 1b). Therefore, 1 M NaCF3S03-DGM + 5 wt% VC can success-
fully match with NasV,(PO4);@C cathode. While half cells with
1 M NaCF3S03-DGM cannot work properly (Fig. S5).
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When FeS@C as the anode, the cycle performance of half cells
with 1 M NaCF3S03-DGM + 5 wt%VC was also investigated. The
first discharge profile of FeS@C anode exhibits a potential plateau
at 0.6 V, which corresponds to the formation of SEI film and the
sodiation process. FeS@C anode delivers the initial charge capacity
is 273.7 mAh/g with ICE of 68%. As cycling proceeds, the capacity
increases up to 315.5 mAh/g after 500 cycles (Fig. S7). Thus, 1 M
NaCF5;S05-DGM + 5 wt% VC can work well in Na||FeS@C half cells.

To evaluate the application of electrolyte NaCF;S03-DGM with 5
wt% VC in full cells of SIBs, full cells with FeS@C as anode, and Nas-
V,(P0O4)3@C as cathode were assembled and tested. The charge-
discharge curves of full cell show discharge medium voltage are
about 1.9 V (Fig. 1d) and deliver a discharge capacity of 73.9
mAh/g in the first cycle based on the mass of Na3V,(PO4);@C
(Fig. S8) with ICE of 67%. The discharge capacity maintains 49.5
mAh/g after 1000 cycles, corresponding to the capacity retention
of 67% (Fig. 1c). Furthermore, the energy density and power den-
sity of full cell are calculated based on the total mass of NasVy(-
PO4);@C cathode and FeS@C anode (Fig. S9). It exhibits a high
initial energy density of 108.4 Wh/Kg and initial power density
of 85.6 W/Kg, and remains 75.8 Wh/Kg and 90.0 W/Kg after 1000
cycles at 0.5C. In reported full cells, either cathode or anode is
pre-activated in their favorite electrolyte before the assemble pro-
cess of full cells, which can improve the performance effectively
(Fig. 1e). Whereas in this work the FeS@C|| Na3V,(P0,4);@C full cell
is assembled facilely without pre-activation and exhibits long cycle
lifespan and low capacity decay per cycle (0.03%). Therefore, the
NaCF5;S05-DGM + 5 wt% VC could be applied to the practical appli-
cation in full SIBs.

To reveal the reason why NaCF;SO3-DGM with 5 wt% VC could
match with Na3V,(P0O4);@C cathode, the solvated sheath structure
of Na* in this electrolyte was investigated via FTIR (Fig. 2a) and the
corresponding energies were calculated by Density Functional The-
ory (DFT). FTIR results display a progressive upshift of saturated C-
H stretching vibration of DGM (2870 and 2825 cm™!) from the pure
DGM to the NaCF3S03-DGM based electrolyte, which indicates C-H
bond energy of NaCF;SO3-DGM increase (Fig. S10a). The intensity
of these two peaks drops with increasing of added VC implying
the weakened Na*-DGM coordination. The peak located at
1830 cm™! corresponds to C=C stretching vibration in VC and its
location maintains no significant change while its strength
increases with the VC content (Fig. 2b). The spectra in the C=0
stretching region located at 1796 cm™! vary as a function of VC
content ranging from 0 to 10 wt% and the peaks shift to the higher
wavenumber compared with the pure VC solvent. It indicates that
VCis introduced to form Na*-VC complex, leading to an increase of
the C=0 bond. Moreover, the broad peak located at 1198 cm ™! is
the characteristic peak of ether species (C-0-C) (Fig. 2c). Com-
pared with the sole DGM solvent, the energy of C-O-C increase
with the addition of sodium salt, demonstrating that the O atom
of C-0-C is coordinated with sodium ion to form solvated Na*.
And a clear peak position upshift is noted with the addition of
VC. According to the reported literature [51], the peaks located at
1033 cm! are the SO; symmetric stretch (Fig. S10b), indicating
the triflate anion is free and cannot form Na'-triflate ion pairs.
All these results indicate that VC participates in the solvation pro-
cess of Na*, making the solvent sheath structure of Na* changes.

DFT calculations of complex VC-Na* and DGM-Na with different
structures show that the coordination complex formation process
favors less steric effect molecule VC to be involved (Tables S3
and S4). And, VC is prone to form Na*-DGM-VC complex due to
lower ionization energy, leading to the variation of FTIR spectra
with the addition of VC. When the solvent molecule DGM coordi-
nation replaced by the solvent VC, the energy difference during
the process indicates that the six-coordination number complex
(DGM(2)-Na*(VC);) is more stable (Table S5). Electrochemical



J. Shi, L. Ding, Y. Wan et al.

Journal of Energy Chemistry 57 (2021) 650-655

a oo i p 100 7100
'g £ 10%15%20% | e~ R, ;
L3 o 80 - M e ——
2 OB[Ed =80 - s 80 2
g, << . : 2
é 0.06 —'§3 ,w‘ 0% VC £ 60 Capacity Retention 87% 60 ‘O
b 22 1% VC = 17 E
T 0alS avel 2 0.5C 't,'
he e | —3%VC & r 140.Q
3 . —sxvc| o —g
0.02r —10% v(|
bl ICRE() Na || Na,V,(PO,),@C Half cell 1 20_8
[ 20% V
goosE——— s S 0 : . i : 1o 3
25 30 35 40 45 50 55 0 200 400 600 800 1000
Potential (V vs. Na/Na™) Cycle Number
< o
5 ©f {1002
= 7 >,
<é’~ 60 180 2
5 [¢]
; 160 §S;
2 40} &=
= | [}
c 40 Y
S 20f 120 2
o FeS@C || Na,V,(PO,), @C Full Cell 5 A9
ok i h ) i : 3
0 200 400 600 800 1000 O
Cycle Number
35 e 810
d - < o146) Full Cell
L / ]
30 // - 081
= S
= 25t i O .
0] o oor
g 20t o; o
O st 2nd § M °"om
10th
10l 100th Q02F uy s
> ] This Work|
500th 2 o) 18R, 2H3 g (50
05 ——1000th oot o...[44 ° *
1 1 L 1 1 s L L L i L L
0 20 40 6 8 100 © 0 200 400 600 800 1000

Specific Capacity (mAh/g)

Cycle Number

Fig. 1. (a) lonic conductivity and oxidative stability NaCF3SO3-DGM and NaCF3SO3;-DGM + 5 wt% VC electrolyte at room temperature; (b) cycle performance of NazV,(PO,4);@C
cathode at 0.5C; (c) cycle performance and (d) charge-discharge profiles of FeS@C||Na3V,(P0O,4);@C full cell at 0.5C; (e) the capacity decay per cycle of sodium-ion full cell

compared to other literatures [40-50].

stable voltage range of electrolyte are strongly related to two fac-
tors. One is the intrinsic oxidation and reduction potential of the
electrolyte, which depends on the HOMO/LUMO energy level of
ion-solvent complexes. The other is the electrolyte/electrode inter-
face, which is determined by the interface chemistry. Here, the DFT
calculations show that the HOMO energy levels of Na*-DGM-VC
complexes are approximate indicating that the added VC cannot
improve the intrinsic oxidation potential of the electrolyte
(Fig. 2d). Therefore, the electrolyte/electrode interface is the reason
why the oxidation potential of electrolyte increased.

Therefore, the morphology and structure of the CEI layer of Nas-
V,(P0O4)3;@C electrodes after charging to 3.8 V were measured and
displayed in Figs. 3 and S11. TEM images in Fig. 3(a) show that
the CEI layer covered on NasV,(PO,4)s@C particle in 1 M NaCF3SO3-
DGM with 5 wt% VC is integrity and consecutive. However, the CEI
layer formed in NaCF3SO3-DGM is non-uniform and un-continuous
(Fig. 3b) so that it cannot prevent the further decomposition of
electrolyte when the electrode materials are exposed to the elec-
trolyte. Compared the thickness of organic layer and inorganic
layer of CEI film induced by two electrolytes, the organic layer in
NaCFsSO5-DGM with 5 wt% VC is thicker than that in no VC-
containing NaCF3SO3-DGM, which is attributed to VC is easy to
form poly (vinylene carbonate), as one organic component in the
CEI layer.

CEI composition was also investigated via XPS shown in Fig. 3
(c). From the F 1 s spectra of XPS, there are two peaks located at
685.7 eV (Na-F bond), and 688.9 eV (C-F bond), which indicate
NaF is an important component of the CEI layer. In C 1 s and O

1 s spectra, Na,COs; and NaOCOR, the oxidation products of VC
and DGM, are confirmed to exist on the surface of Na3V,(PO4);@C
electrode. Compared with the CEI formed in 1 M NaCF3SO3-DGM,
the peak intensity of C-O-C and Na,COs5 drop, whereas that of C-
C=0 increases. The results indicate that VC induces to form the
CEI layer with less polyether, implying less DGM oxidation. As a
result, the CEI layer induced by 1 M NaCF;SO3-DGM with 5 wt%
VC consists of less polyether, more carboxylate, and poly(vinylene
carbonate) (Fig. 3d), and the CEI layer is integrity and consecutive
which is able to protect the NasV,(PO,4);@C electrode and prevent
the subsequent oxidation of electrolyte.

The possible reactions of VC and DGM molecules during the CEI
forming process were derived and shown in Fig. 3(e). DGM mole-
cule generates superoxide and the cyclic carbonate molecule VC
is oxidized to peroxyalky carbonates. Under further oxidation,
superoxide and peroxyalky carbonates, as intermediate products,
decompose to carboxylates, H,0, and CO, which is quickly decom-
posed to Na,COs, as the inorganic component of the CEI layer.
Moreover, VC can polymerize to form poly (vinylene carbonate),
which is an organic component of the CEI layer.

To reveal the deep reason why VC-containing electrolyte
induces to form integrity and consecutive CEI layer, the HOMO
and LUMO energy levels of solvent DGM, and additives VC are
investigated via DFT calculation (Fig. 4a). The results show that
the difference in HOMO energy level between DGM (—6.51 eV)
and VC (—6.95 eV) is small. Therefore, the oxidation potential of
the VC molecule is close to that of DGM, thereby leading to syner-
gistic oxidation of VC and DGM. The oxidation products of VC, as
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some of the components in CEI layer, consist of more organic spe-
cies, such as poly (vinylene carbonate) and polyester, which is ben-
eficial for the mechanical property of CEI film. Therefore, the
synergistic oxidation of VC contributes to forming the integrity
CEI layer, enabling to prevent further decomposition of the elec-
trolyte (Fig. 4b).

In addition, according to the DFT calculation, LUMO energy level
of VC is lower than that of DGM, so VC has priority over DGM in
reduction reaction, thereby VC involved in forming SEI on FeS@C
anode. SEM images and XPS spectra of cycled FeS@C anode in
1 M NaCF3S03-DGM with 5 wt% VC were also tested to understand
the effect of VC on the anode (Fig. S12). The results demonstrate
the SEI layers consist of more NaF and Na,COs, which is beneficial
to the stability of SEI layer. Therefore, both CEI on cathode and SEI
on anode in 1 M NaCF3503-DGM with 5 wt% VC are integrity, which
effectively protect the electrolyte from continuous decomposing,
thereby ensure the compatibility between them. As a result, the
excellent electrochemical performance of the full cell is achieved.

The kinetic property of NasV,(PO4);@C cathode cycled in 1 M
NaCF3S05-DGM with 5 wt% VC is also analyzed. Na* diffusion coef-
ficient (Dna+) is calculated according to the EIS spectra of half cells
based on Na3V,(P04)s@C cathode (Fig. S13). It can be obtained that
Dnas (5.74 x 107" cm?/s) in the electrode with NaCF3S05-DGM + 5
wt% VC is lower than that in NaCF5S03-DGM (1.05 x 1071% cm?/s).
Furthermore, the impedance of CEI layer formed in NaCF5SOs-
DGM + 5 wt% VC is higher than that in NaCF3SO3-DGM. Therefore,
the results indicate the Dy,. in the CEI layer is smaller than that of
bulk electrode material and at the same time indirectly proves that
VC induced integrity CEI layer covers the NasV,(PO4);@C cathode
entirely.
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More importantly, this electrolyte (1 M NaCF3SO5-DGM with 5
wt% VC) can be applied in other cathode materials, such as NaFe -
Ni1/3Mn1/302 (Flg 515) The Na||NaFe1/3Ni1/3Mn1/302 half cell dis-
plays the initial discharge capacity is as high as 101.0 mAh/g at
0.5C with ICE of 91%, and retains 85.3 mAh/g after 50 cycles with
the capacity retention of 84% in 1 M NaCF3SO5-DGM with 5 wt%
VC. Therefore, 1 M NaCF;S05-DGM with 5 wt% VC has universal
applicability in the field of cathode materials of SIBs.

3. Conclusions

In summary, long-life sodium-ion full cells have successfully
proceeded in the NaCF3SOs-DGM electrolyte via the help of VC.
Therefore, the effects of VC as an additive in the NaCF3SO3-DGM
electrolyte were identified carefully. The additive VC, of which
the HOMO level is close to that of DGM, can be synergistically oxi-
dized with DGM to form an undivided and consecutive CEI layer on
NasV,(PO,4);@C cathode, leading to higher oxidation stability of
ether-based electrolyte, which makes NaCF3SO3-DGM match with
NasV,(PO,4);@C. At the same time, it can keep working well with
FeS@C anode. As a result, the NaCF3SO5-DGM with 5 wt% VC elec-
trolyte can be applied in the FeS@C||Na3V,(PO,4);@C full cells with-
out pre-activation of cathode or anode in their prefer electrolytes,
respectively, and delivers excellent cycling performance with the
capacity retention of 67% after 1000 cycles at 0.5C. Furthermore,
this electrolyte can be applied to match other cathode materials,
for example, NaFe;/3Ni;;3Mn;;30,. This work displays a new way
to optimize the full cell of SIBs easily with bright practical applica-
tion potential.
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