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Long-Life High-Voltage Sodium-lon Batteries Enabled by
Electrolytes with Cooperative Na*-Solvation

Yumei Liu, Yongqing Gong, Ke Chen, Lujun Zhu, Yun An, Kenneth |. Ozoemena,

Weibo Hua,* Menghao Yang,* and Quanquan Pang*

Stabilizing the electrode interphases is urgently required to enhance the
lifetime of high-voltage sodium-ion batteries (SIBs). However, the continuous
anode solid-electrolyte interphase (SEI) growth associated with electron
leakage and the fragile cathode—electrolyte interphase (CEl) lead to capacity
fade at high voltage; and yet the solvation-interphase-performance
relationship is inadequately addressed. Herein, a cooperative Na*-solvation
strategy is reported to stabilize the interphases by a holistic design of
electrolytes combining soft and moderate co-solvents. The rationally regulated
Nat-solvation leads to CEI/SEI with the desired thickness and component
stability. As such, remarkable cycling stability is achieved for 4.3-V
Na,V,0,(PO,),F (NVOPF) cathodes with 83.3% capacity retention over 3000
cycles at 1 C, significantly outperforming the carbonate counterpart (41.6%
capacity retention). Meanwhile, the restrained SEI growth via reducing the
formation of electron-leaking Na,CO; stabilizes the long-term cycling of the
hard carbon (HC) anode. The assembled NVOPF||HC full cells achieve
superior rate capability (up to 15 C) and stable cycling stability over 500
cycles. The demonstrated engineering of electrolyte chemistry, Na*-solvation,
and interphase structure/component contributes toward the rational
establishment of design rules for high-voltage SIBs and possibly other similar

1. Introduction

Sodium-ion batteries (SIBs) with the mer-
its of sustainability and low cost are
highly desired in the static energy stor-
age sectors.l!l Of particular significance, ef-
forts to develop high-energy-density SIBs
are desired to compete with the current
lithium-ion batteries.?l High-voltage oper-
ation of the batteries offers high capacity,
voltage, and thus high energy density.l®]
However, despite the great achievements
made in high-voltage cathodes, stable cy-
cling of SIBs is shadowed by the rapid
growth and yet severe dissolution of the
solid—electrolyte interphase (SEI), the dam-
age of cathode—electrolyte interphase (CEI)
and structure degradation of cathodes in
conventional carbonate electrolytes at high
voltages.”™*] An ideal SEI/CEI has to be
ion-conductive but electron-insulating. It
is acknowledged that the electrolyte, as
the paramount component for construct-
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ing the robust SEI/CEI, ultimately de-
termines the overall performance such
as cycle life, Coulombic efficiency (CE),
and the energy density.?>><] Therefore,
achieving stable electrode interphases via electrolyte engineering
holds the key to developing practical high-energy SIBs.
Suppression of unstable interphase growth, including CEI
and SEI, is highly required for achieving long-term cell cycling
stability. Upon cycling, the reduction products from ethylene
carbonate-based electrolytes such as Na,CO, precipitate on the
hard carbon (HC) anode surface as part of the SEL.*] However,
Na, CO;-rich SEI is vulnerable to electron leakage due to the low
unoccupied molecular orbital (LUMO) level and narrow bandgap
from Na,CO,.[**3] Consequently, there is continued SEI growth
to a thickness that is required to block the electron leakage, which
leads to rapid electrolyte depletion, irreversible capacity loss, and
short cycle life.l*>*] Wu et al.l®®) proposed a high-concentration
(3.04 M) ether-based electrolyte featuring strong Na*-solvation
and inhibited solvent activity which successfully enabled 4.3-V
operation of the cell. In addition, Zhang et al.l”! reported a local-
ized highly concentrated electrolyte (LHCE), in which an anion-
derived SEI rich in fluoride was formed, offering desired dura-
bility, reversibility, and safety. A high concentration of fluorine
in SEI may however cause a large steric hindrance hindering
the formation of organic sodium compounds that offer superior
ion-migration kinetics.[®! Therefore, restraining continuous SEI
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growth by minimizing Na,CO, formation while regulating fluo-
ride compositions is important for the long-term cycling stability
of hard carbon (HC) anodes.

Nevertheless, addressing the challenges on the anode alone of-
ten failed to satisfy the harsh requirements of the high-voltage
cathodes. Anodic decomposition of conventional carbonate sol-
vents (e.g., ethylene carbonate (EC) and propylene carbonate
(PC)) forms an unstable and partially soluble CEI on the cath-
ode, resulting in continuous electrolyte decomposition and fast
capacity fadel>?]; this is particularly aggravated in the case of
high-voltage batteries.’*%+1%1 To overcome the challenge, a low-
concentration carbonate electrolyte (0.3 m NaClO, in EC:PC:FEC;
FEC: fluoroethylene carbonate) generated a dense and uniform
CEI and afforded a favorable capacity of 109.7 mAh g™ for
Na,V,(PO,),F; (NVPF) cathode at —25 °C.['!] Afterward, such
electrolyte was further reported to enable NVPF with a fast-
charging capability even at 100 C under 55 °C owning to the
anion-derived CEI. Nevertheless, it remains an open challenge
to demonstrate long-cycling-life and high-voltage SIBs.['?]

The solvation-interphase-performance relationship for SIB
electrolytes is not yet as well-established as that for lithium-ion
batteries (LIBs),[*] and the knowledge gained from LIBs can-
not be directly transferred to the SIBs.[?>3¢14] Tn contrast to the
carbonate- or ether-based electrolytes that have shown limita-
tions in either thermal/electrochemical stability, ionic conductiv-
ity or poor wettability,?>'*! succinonitrile (SN) as an electrolyte
solvent demonstrates advantages such as high stability against
oxidation, strong salt-dissociating capability, high thermal stabil-
ity (boiling point: 266 °C) and nonflammability, which have been
validated for high-voltage LIBs.['®] However, its poor reduction
stability against alkali metals leads to its continuous decompo-
sition along with uncontrolled SEI growth.'*7] The nature of
SN having a high dielectric constant (¢ = 54) may further fa-
cilitate dissolution of SEI if it comprises of substantial amount
of soluble components.[**! Such issues may have hindered the
study of SN in SIBs because in general the Nat compounds,
whether inorganic or organic, as observed in the SEI dissolve
more readily than their Li*-counterparts.¢*? Simply using ad-
ditives such as FEC to regulate fluoride formation in SEI has
shown some success,[*>'8] but not effectively eliminated the in-
terphase degradation. The cell performance in harsh conditions
(i-e., high-voltage and wide-temperature operation) largely relies
on stable interphases via rational electrolyte design; yet, few stud-
ies on electrolytes have been devoted to simultaneously restrain-
ing SEI growth and constructing robust CEIL.

To fill the gap in revealing the solvation-interphase-
performance relationship and further regulate interphase
components for high-voltage SIBs, we propose a strategy that
relies on regulating the Na*-solvation via the design of cooper-
atively solvating solvents. A low-freezing-point and moderately
solvating carboxylic ester (methyl acetate (MA) or ethyl acetate
(EA)) and the oxidation-stable SN are used as dual solvents,
and their participation in the first Na*-solvation sheath mainly
determines the preferential decomposition of species at the
electrode-electrolyte interfaces. Central to the solvent selection is
the Na*-solvating power (donor number, DN) and dielectric con-
stant (¢) to simultaneously tame the CEI and SEI with beneficial
components and suppress their extensive growth/dissolution.
Consequently, the co-solvated electrolyte leads to a robust CEI
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rich in F-/N-inorganics and an SEI rich in organic compounds
but poor in Na,COj;, rendering high compatibility with the high-
voltage NVOPF cathode and HC anode. Long cycling life with
capacity retention of 83.3% over 3000 cycles at 1 C is achieved
for 4.3-V NVOPF cathode based on the electrolyte of 1 mol
sodium perchlorate (NaClO,) in a dual-solvent of M:SN (1:1 by
volume, M = MA, EA) with 5% FEC. Further, the simultaneously
regulated SEI and CEI enable NVOPF||HC full cells with stable
cycling over 500 cycles at 1 C.

2. Result and Discussion

2.1. Solvation Structure Analysis

Carboxylic esters generally show a weaker solvating capability
but meanwhile lower freezing points than the carbonates; there-
fore, we propose herein to couple carboxylic esters with SN, a
molecule with high intrinsic oxidation stability. Despite different
molecular chain lengths, both MA and EA show obvious merits
to facilitating low-temperature operation of SIBs owing to their
lower viscosity (0.37 and 0.45 mPa-s), freezing point (—98 and
—84 °C) and appropriate dielectric constant (e, = 6.67; €p, =
6.0) compared to conventional carbonate and ether solvents (see
Table S1, Supporting Information).l"”] However, the narrow elec-
trochemical window hinders their application for high-voltage
SIBs, and on the other hand, the poor reduction stability of SN
has prevented it from being a main electrolyte solvent. As illus-
trated in Figure 1a—c, we hypothesize that the formulation of low-
temperature carboxylic ester and oxidation-stable SN dual sol-
vents to co-solvate the Na* could be mutually reinforcing and
resolve this dilemma. As a demonstration, we investigated elec-
trolytes prepared with 1 mol NaClO, dissolved in the main sol-
vents of SN and MA or EA with 5% FEC (denoted as MA-SN-FEC
and EA-SN-FEC); and a benchmark carbonate electrolyte was pre-
pared with 1 M NaClO, dissolved in EC: PC (1:1 by volume, de-
noted as EC-PC) as a comparison.

We first conducted »*Na nuclear magnetic resonance (NMR)
and Raman spectroscopy to reveal the Na*-solvation structure in
the electrolytes (Figure 1d; Figure S1, Supporting Information).
The #Na NMR spectra show a weaker solvation capability for
Na* in MA-SN-FEC and EA-SN-FEC compared to that in EC-
PC, as evidenced by the downfield shift (more positive) of 2*Na
chemical shift (Figure 1d).12"] Further, an emerging Raman peak
is observed at 2264 cm™! (Figure Sla, Supporting Information)
in MA-SN-FEC and EA-SN-FEC which can be attributed to the
coordination of C=N---Na*, implying participation of SN in sol-
vating Na*.[2!] The free C=N band of SN shifts from 2256 cm™! to
alower wavenumber of 2254 cm~! (Figure S1b, Supporting Infor-
mation), indicating an obvious intermolecular interaction occurs
upon mixing MA or EA (low freezing point of < —80 °C) with
SN (high melting point of > 50 °C), which is a result of the N—H
hydrogen bonds between them.!">?2l Meanwhile, the formulation
accounts for the higher ionic conductivity of the MA-SN-FEC and
EA-SN-FEC electrolytes in the temperature range of —25-60 °C
compared to the carbonate benchmark (Figure Slc, Supporting
Information).

We performed molecular dynamics (MD) simulations to
visualize the solvation structures in the electrolytes (Figure 1b-g;
Figure S2, Supporting Information). Radial distribution
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Figure 1. Co-operative electrolyte design principle based on the co-solvation of SN and carboxylic ester for high-voltage sodium-ion batteries. a)
Schematic of the molecular strategy used for the co-solvated electrolytes; DN: donor number. Generally, DN can be used to assess the coordination
capability of solvents to Na™, while the dielectric constant (€) is used to assess the solvent’s polarity. b) The representative solvating clusters between
Na* and the solvent ligands in MA-SN-FEC and EA-SN-FEC electrolytes as observed by molecular dynamics (the snapshots are found in Figure S2, Sup-
porting Information). c) A scheme to show the effect of co-solvating clusters on the formation of favorable electrode interphases. d) 2Na NMR spectra
showing the weaker Na* solvation in MA-SN-FEC and EA-SN-FEC electrolytes compared to the EC-PC electrolyte. e) Radial distribution functions and
the corresponding coordination numbers (N(r)) around the Na*t in the MA-SN-FEC and EA-SN-FEC electrolytes, were extracted from MD simulations.
f) Electrostatic potential (ESP) maps of the representative solvation clusters formed in EC-PC, MA-SN-FEC and EA-SN-FEC electrolytes, color scheme:
N (blue); O (red); C (gray); Na (purple); Cl (green); H (white); F (yellow). g) Calculated LUMO and HOMO energy levels of various solvents and the
representative solvation clusters in different electrolytes. Insets are their corresponding molecular structures and energy orbitals.

functions (RDFs) show that MA-SN-FEC and EA-SN-FEC in
the first solvation sheath present two main distinct peaks with
different bonding lengths, i.e., Na-O (at 2.4 A) and Na-N (at
2.5 A) (Figure 1e). This confirms the participation of MA or EA
molecules in the solvation structure along with SN (Figure 1b).
Besides, the higher coordination numbers of Na—O bonding
than Na—N bonding in both MA-SN-FEC (N, 0 = 2.6;
Nig xany = 0.9) and EA-SN-FEC (N, y,.0) = 2.7 Ny, yony = 1.0)
implies SN shows a comparatively weaker Na*-solvating ability
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than EA/MA,?*] despite its higher dielectric constant (egy =
54; eyp = 6; €pa = 6),11 indicating a donor number dictated
solvation scheme herein. Note that the coordination number
of Na-O (FEC) or Na-F (FEC) is much lower than Na-O (MA
or EA) and Na-N (SN) (Figure le; Figure S2c, Supporting
Information), again indicating that the MA/EA and SN are
the dominant molecules in the first Na*-solvation sheath. We
further calculated the electrostatic potential (ESP) maps for the
involved solvents in order to reveal possible binding sites for Na*

© 2024 Wiley-VCH GmbH

85U8017 SUOWIWIOD 3A11e81D) 3ol dde ayy Aq peuienob a1e sajolie YO ‘SN JO Sa|nI 0} Aeiq1T 8UlUO A8|IA LD (SUOHIPUOD-PUE-SWLBIL0D" A3 |IM A eI 1[BUl [UO//SdNL) SUONIPUOD PUe SWie 1 84} 88S *[7202/2T/20] uo Akeiqiauliuo A8]iIMm ‘pueseemiM JO AIseAIUN AQ 8ETE0rZ0Z WiPe/Z00T 0T/I0p/Wod A8 | Ake.q | pul|uo//Sdny wouy papeojumod ‘6€ ‘7202 ‘820E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

(Figure 1f). Specifically, the minimum electrostatic potentials
of solvent molecules all lie on the O atoms for EC, PC, EA, and
MA, while SN bears negative potentials on N with obviously
less electron density (Figure S3, Supporting Information). The
strong binding between cyclic carbonate esters (EC and PC) and
Na* may impede the Na* desolvation and charge exchange.!?*]
Thus, combining more weakly solvating linear carboxylic esters
with SN can reduce the Na* desolvation energy, as evidenced
by the decreased electron density in the solvation clusters from
MA-SN-FEC and EA-SN-FEC electrolytes (Figure 1f). The de-
creased Na* solvation capability and the co-solvation scheme in
the designed electrolytes are in alignment with the experimental
results from NMR and Raman measurements.

In order to reveal which components of the electrolytes (i.e.,
solvent molecules, additive or representative Na*t clusters) are
preferentially decomposed at the interfaces, we performed quan-
tum chemistry calculations to analyze the highest occupied
molecular orbital (HOMO) and LUMO energy levels of various
components (Figure 1g). Notably, the Na*-EC-PC-ClO,~ complex
within the EC-PC electrolyte may preferentially decompose on
both anode and cathode sides as it shows a lower LUMO and a
higher HOMO (Figure 1g), suggesting an EC- and PC-derived
SEI/CEL In contrast, a higher HOMO energy level is observed
in the solvating clusters (e.g., —6.82 eV for Na*-(MA-SN-FEC-
ClO,; —7.24 eV for Na*-(EA-SN-FEC)-ClO, ") other than those
free solvent molecules (e.g., MA: —=7.33 eV; EA: —7.26 eV; SN:
—9.14 eV),*>2%] indicating the preferential oxidation of solvating
clusters on cathode surface and thus leading to a SN-derived CEI.
Meanwhile, the lower LUMO levels of these solvating clusters
than the solvent molecules also indicate their preferential reduc-
tion on the anode.?>?*] As a result, the solvation-interphase cor-
relation can be established herein to guide electrolyte design by
complementing the respective advantages of SN and carboxylic
ester (MA or EA). Indeed, the linear scan voltammetry (LSV) mea-
surement confirms that both our designed electrolytes provide
high durability against oxidation up to 4.8 V (Figure S1d, Sup-
porting Information), surpassing the performance of the EC-PC
electrolyte. The thermal stability and viscosity of the electrolytes
are present in Figures Sle,f (Supporting Information).

2.2. Electrochemical Performance

We further demonstrate the cycling stability of high-voltage half
cells in our electrolytes with an NVOPF cathode, which exhibits a
high specific capacity of #126.0 mA h g=! and discharge voltage
plateau at ~#4.0 V (Figure S4, Supporting Information). For the
cell in EC-PC electrolyte, the rapid capacity fades with a sharp
increase in cell polarization between the 1% and the 3000 cy-
cles were observed, meaning a significant energy loss (the grey-
colored area) in the cell (Figure 2a). Also, the corresponding
dQ/dV profiles show rather undefined redox peaks after 3000
cycles (Figure 2b), demonstrating sluggish electrochemical ki-
netics. As a result, only 41.6% capacity retention with low aver-
age CE (98.8%) was retained over 3000 cycles (Figure 2c; Figure
S5a, Supporting Information). In contrast, with MA-SN-FEC and
EA-SN-FEC electrolytes, the cells showed much less energy loss
in the charge—discharge profiles over 3000 cycles and main-
tained well-defined redox profiles as shown by the dQ/dV pro-
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files (Figure 2a,b), indicating superior electrochemical reversibil-
ity of the cells. Further, the cells showed high capacity retention
0f 98.9% (93.5%) over 1000 cycles and 83.4% (82.3%) over 3000
cycles (~210 days) with an average CE of 99.4% (99.4%) at 1 C
in the MA-SN-FEC (EA-SN-FEC) electrolyte (Figure 2c; Figure
S5a, Supporting Information). When cycled at a higher current
density of 2 C, the cells using the MA-SN-FEC and EA-SN-FEC
electrolytes exhibit excellent cycling performance with a capacity
retention of ~#85.1% (84.7%) and an average CE of 99.5% (99.6%)
over 3000 cycles, outperforming the one using EC-PC electrolyte
(44.5% and 98.8%; Figure 2d; Figure S5b, Supporting Informa-
tion).

Besides, we have conducted the experiments by testing cells
using EC-PC electrolytes with 0.5% FEC and 5% FEC included
for comparison. As shown in Figure S6 (Supporting Informa-
tion), the cell with EC-PC-0.5% FEC demonstrated less capacity
fade than the cell with EC-PC, but exhibits a lower capacity than
the designed electrolytes. This is perhaps due to the formation of
a thick SEI layer for the sodium metal counter with EC-PC-0.5%
FEC. However, the cell with EC-PC-0.5% FEC shows a lower ca-
pacity and a faster capacity fade at both current densities of 1 C
and 2 C compared to those in our designed electrolytes of MA-SN-
FEC and EA-SN-FEC. This is also true for the cell with a higher
fraction of FEC, i.e., EC-PC-5% FEC (Figure S6, Supporting In-
formation). In addition, we further selected another solvent tris
(2,2,2-trifluoroethyl) phosphate (TFP) as the main solvent for a
comparison. The cells with TFP-SN-FEC electrolytes show stable
cycling at both 1 C and 2 C, but the capacity is lower compared
to the electrolytes with MA (EA) (Figure S7, Supporting Informa-
tion). These results imply that using only FEC additive cannot
effectively eliminate the interphase degradation, and the main
solvent MA (EA) and SN in the designed electrolytes could pro-
mote the high-voltage cell performance.

Further, the cell performance was also evaluated at a lower
temperature of —25 °C. As shown in Figure 2e, the cells with
MA-SN-FEC and EA-SN-FEC electrolytes delivered a higher ca-
pacity (~104.8 and ~106.5 mA h g') than the one with EC-
PC (=75.6 mA h g™'), and showed high cycling stability. Such
high capacity at —25 °C can be attributed to the robust CEI, as
discussed below. In addition, the carboxylic ester propyl propi-
onate (PP) was also selected to co-operatively solvate with SN for
a demonstration. As shown in Figure S8 (Supporting Informa-
tion), stable cycling stability was obtained by using PP-SN-FEC
electrolyte at both room temperature (Figure S8a,b, Supporting
Information) and low temperature (—25 °C, Figure S8c, Support-
ing Information), again indicating the function of carboxylic ester
molecules in boosting the cell performance.

We also demonstrate the high compatibility of MA-SN-FEC
and EA-SN-FEC with the hard carbon (HC) anodes over long-
term cycling. Figure 3a shows that the HC half cells using the
two designed electrolytes delivered gradually increasing capacity
over cycling and an average CE up to 99.9% (Figure S9a, Support-
ing Information) for both MA-SN-FEC and EA-SN-FEC at a cur-
rent of 300 mA g~!. Further, among the three electrolytes, a high
capacity of 280 mA h g™ was obtained in the HC cell with EA-
SN-FEC electrolyte at a current density of 30 mA g~' (Figure 3b;
Figure S9b, Supporting Information). In contrast, the cell with
EC-PC electrolyte shows continuous capacity decay over cycles
at 300 mA g~! and lower capacity retention of <12% over 2500
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Figure 2. Comparison of long-term cycling performance of NVOPF half cells using the three electrolytes at ambient temperature and a low temperature
of =25 °C. a,b) Voltage profiles of the first and 3000t cycle and the corresponding dQ/dV profiles of the NVOPF half cells using EC-PC, MA-SN-FEC,
and EA-SN-FEC electrolytes. c,d) Long-term cycling performance of the NVOPF half cells at 1 C and 2 C at 25 °C after three conditioning cycles at
0.1C. e) The cycling performance of NVOPF half cells at —25 °C showing the high delivered capacity over 125 cycles at 0.1 C in the MA-SN-FEC and
EA-SN-FEC electrolytes. The percentage in (c—e) is referenced to the capacity retention. The unexpected increase in capacity (c—e) stems from unplanned

temperature increases inside the testing chamber.

cycles (Figure 3a). The capacity increase during the first 1000 cy-
cles in the designed EA- and MA-based electrolytes was likely due
to the gradually stabilized interphase at the sodium metal counter
electrode and hence reduced cells’ overall overpotential over cy-
cling, which allows the HC electrode to exhibit higher capacity
within the voltage range of operation (see Figure S10, Support-
ing Information for more details). Indeed, by examining the volt-
age profiles, we see decreased overall overpotential in the EA- and
MA-based electrolytes compared to that in the EC-PC electrolyte
(Figure 3b; Figure S9b, Supporting Information).

Furthermore, for demonstration of the effect on interphase
regulation on both electrodes, NVOPF||HC full cells were fab-
ricated using these three electrolytes (Figure 3c). Atarate of 1 C,
stable cycling with high capacity retention of 82.8% (73.5%) was
achieved for the NVOPF||HC full cells using EA-SN-FEC (MA-
SN-FEC) electrolyte, superior to the cell using EC-PC electrolyte
(52.8%; Figure 3d). In addition, a slightly reduced voltage polar-
ization was observed for NVOPF||HC full cells with MA-SN-FEC
and EA-SN-FEC electrolytes compared to the one with EC-PC
(Figure S11, Supporting Information). Also, the full cells with the
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MA- or EA- based electrolyte show superior rate capability with
higher capacity at all current densities of 0.1-15 C (Figure 3e).
We further optimized the conditions (i.e., N/P ratio = 1.1; cut-off’
voltage: 1.4-4.3 V; Figure S12, Supporting Information), and the
full cells with MA-SN-FEC, EA-SN-FEC and EC-PC electrolytes
deliver a higher initial capacity of #125.0 mAh g=! with lower
voltage polarization at 0.1 C (Figure S12a—c, Supporting Infor-
mation) compared with those in the N/P ratio of 1.3 (Figure
S11, Supporting Information). Also, a stable cycle is obtained
in cells with MA-SN-FEC in contrast to that with EC-PC (Figure
S12d, Supporting Information). Furthermore, the NVOPF||HC
full cells with EC-PC deliver a higher capacity than that in EC-
PC-5% FEC and PC-5% FEC (Figure S13, Supporting Informa-
tion). The reason for this observation is that the FEC in the EC-
and PC-based electrolytes may cause the thick CEI/SEI layer and
thus suppress the capacity. Also, we assembled the NVOPF||HC
full cells with the MA-SN electrolyte (FEC-free) for a compari-
son, which shows stable capacity over the first three cycles, fur-
ther confirming the important role of the main solvents of MA
(EA) and SN in stabilizing SIBs (see Figure S14, Supporting
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Figure 3. Electrochemical performance of HC half cells and NVOPF||HC full cells using EC-PC, MA-SN-FEC, and EA-SN-FEC electrolytes. a) Long-term
cycling stability of the HC half cells at 300 mA h g='. b) Initial three cycles of voltage profiles of the HC half cells with different electrolytes at a current
density of 30 mA g~. ¢) Schematic of NVOPF||HC full cells. d) The cycling stability of the NVOPF||HC full cells at 1 C. e) Rate performance of the NVOPF
[|[HC full cells and subsequent cycling at 0.5 C. The C-rate of the full cells with an N/P ratio of ~1.3 was calculated based on the mass of NVOPF. The
unexpected increase in capacity (a,d,e) stems from unplanned temperature increases inside the testing chamber.

Information for more details). Overall, the above electrochemi-
cal results lead to evidences on stabilized interphases at the two
electrodes enabled by the designed electrolytes, which are highly
correlated with the long-term cell operation.

2.3. Analysis of the SEI Interphase

We first characterized the components and morphology of SEI at
the HC anode to reveal its dependence on Na*-solvation by X-ray
photoelectron spectroscopy (XPS) and high-resolution transmis-
sion electron microscopy (HR-TEM). The XPS measurements
were performed on the HC anodes after 250 cycles at 150 mA g~!
(Figure 4; Figures S15-S19, Supporting Information). It is found
that Na,CO, is largely present throughout the Ar*-sputtered
thickness in EC-PC electrolyte, confirming its predominance in
both the inner and outer SEI (Figures 4a—e).[>l Moreover, the
gradual increase in total Na atom and decrease in total C atom
with increasing sputtering depth indicate a further increased
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fraction of Na,CO, for the inner SEI (Figure 4a). Besides, the
quantified atomic ratios of the elements in EC-PC show high ra-
tios for Na and O atoms and their atom is also high (Figure 4a).
These results indicate that the dominant component for the C=0
peak in O 1s spectrum is assigned to Na,CO,.[?! By compari-
son, a lower fraction of Na,CO, and the presence of organics
(R-O-Na),[?’l considered beneficial for volume buffering and Na*
transfer,[®?] are observed in the cases of MA-SN-FEN and EA-SN-
FEC (Figures 4b—e; Figures S16a—c, Supporting Information). It
was considered that the SEI rich with Na,CO, generally shows
poor anti-reduction and electron-blocking capability due to the
low LUMO energy levels and narrow bandgap of Na,CO; even
with the presence of NaF (a good electron insulator).[**] More
discussions on F species origin in the cells with EC-PC are pre-
sented in Figures S15 and S16d (Supporting Information). Con-
sequently, the presence of less Na,CO; and more organic Na*-
compounds in the SEI derived from the MA-SN-FEC and EA-SN-
FEC electrolytes enabled stronger electron-blocking and volume
buffering effects, responsible for suppressed SEI growth.[*>5]
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Figure 4. Components and morphologies of SEI on the cycled HC anodes with the different electrolytes. a—e) XPS results of the SEI components: the
quantified atomic ratios of the elements from survey spectra for SEl formed in EC-PC, MA-SN-FEC and EA-SN-FEC electrolytes with increased sputtering
time; and the fitted high-resolution XPS spectra of Na 1s (d) and O 1s with increased sputtering time. f~h) HR-TEM images of the HC electrode surface
showing the SEI formation (schematically outlined by white dashed lines) from the electrolytes of EC-PC, MA-SN-FEC, and EA-SN-FEC.

These XPS results are consistent with the low LUMO level of the
co-solvated cluster (Figure 1g) and the unique solvation and de-
composition of carboxylic esters (Figure le; Figure S2¢c, Support-
ing Information).

To verify the function of carboxylic esters for tuning SEI com-
ponents, we additionally performed XPS measurements on the
HC electrodes cycled in an electrolyte of SN-FEC for comparison.
The role of SN tuning SEI comments is ruled out because the
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presence of a very low overall fraction of nitrogen proves limited
decomposition of SN in all SN-containing electrolytes (Figure
S17, Supporting Information).l'”?%! In view of the difference in
Na 1s spectra (Figure 4d; Figure S18a, Supporting Information),
we propose that the differences in decreased Na,CO; and in-
creased organics in SEI are highly correlated with the carboxylic
ester molecules. Meanwhile, by further comparison, we can see
carboxylic esters also contribute to regulating the F content for
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Figure 5. Components, morphologies, and dissolution of CEl on the cycled NVOPF cathodes using various electrolytes after 300 cycles. a—c) XPS depth
etching results collected from the cycled NVOPF cathodes: the quantified atomic ratios of elements from survey spectra for the CEl formed from MA-
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desirable inorganic NaF as well as organic fluorocarbon (Figures
S16d-f and S18D, Supporting Information) and organic R-O-Na
species (Figures 4d,e)”2%%’] both of which are reportedly benefi-
cial for inhibiting SEI growth.[#>8227]

Figure 4f shows an uneven SEI with a thickness 0f 8.9-22.2 nm
in the EC-PC electrolyte. In contrast, a relatively uniform SEI
with a thickness of 10.4-15.6 nm was formed in MA-SN-FEC and
EA-SN-FEC (Figure 4g,h; Figure S19, Supporting Information).
This difference originates from the continuous electrolyte de-
composition because of the electron leakage (Na,CO;) with EC-
PC.[*! Furthermore, the results of electrochemical impedance
spectroscopy (EIS) measurements of HC half cells show a smaller
interfacial resistance (Riephase) i the HC cells with our designed
electrolytes after 500 cycles at 150 mAh g~!, indicating the ro-
bust anode interphases (Figure S20 and Table S2, Supporting
Information).

2.4. Analysis of the CEI Interphase
We further investigated the cooperative role of solvation by car-

boxylic esters and SN in regulating the CEI via studying NVOPF
cathodes after 300 cycles (Figure 5; Figures S21-S24, Support-
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ing Information). Based on the MD simulations, we learned that
carboxylic esters, SN, and FEC cooperatively solvate Na*, and
thus the interphase formed is expected to be a function of the
dominance of particular solvents in the first solvation sheath.
Figures 5a,c show a higher N fraction and a lower F fraction
in the CEI formed in MA-SN-FEC compared to that in EA-SN-
FEC,!%28] indicating that the short-chain carboxylate, MA, with
less steric hindrance, facilitates a more pronounced SN decompo-
sition at high voltage. Therefore, the cell with MA-SN-FEC shows
slightly higher capacity retention over cycling compared to that
with EA-SN-FEC (Figures 2c,d). Nevertheless, the sum of F and
N for the CEI respectively in MA-SN-FEC and EA-SN-FEC are
rather close (Figure 5a), indicating the co-decomposition of SN
and FEC synergistically contributes to the desired inorganics of
NaF and Na;N (Figures 5a—c; Figures S22d—f-S24b-d, Support-
ing Information). The higher fractions of Na;N and NaF may im-
part the CEI with desired mechanical properties, high conduc-
tivity, and lower solubility,?*28] which can lead to inhibited CEI
damage and electrolyte decomposition under high voltage. This
is reflected by reduced capacity loss upon open-circuit pause as
discussed below. In contrast, for the CEI in EC-PC electrolyte,
the prevalent inorganic components are Na,CO, and NaF, and
their fractions increase with the sputtering time (Na 1s spectra;
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Figure S23, Supporting Information).[?] Furthermore, it is re-
ported that at high voltage, the NVOPF cathode with carbonate
electrolyte suffers from structural degradation, thus leading to an
F-contained CEI in the EC-PC electrolyte (Figures S24a,b, Sup-
porting Information).[%)

After 900 cycles, the NVOPF half cells with the MA-SN-FEC
and EA-SN-FEC electrolytes show better interfacial charge trans-
fer kinetics than the cell with EC-PC electrolyte (R ephase: 40 €
vs. 120 Q; further discussed in Figure S25a and Table S3, Sup-
porting Information), as is similar to that with resumed cycling
to 1400 times (Figure S25b, Supporting Information). The HR-
TEM images further show an uneven and thick CEI formed on
the NVOPF electrode surface in EC-PC (Figure 5d) as opposed
to the uniform and thin CEI formed in MA-SN-FEC (Figure 5e;
Figure S26, Supporting Information) and EA-SN-FEC (Figure 5f),
reflecting suppressed electrolyte consumption and less CEI dam-
age with SN and carboxylate as the co-solvents.

We further evaluated the interphase stability by examining
the capacity and voltage loss of a cycled cell paused at the fully
charged states.>*®] Notably, other than the differences in the
electrolytes, all other conditions, including the electrode mate-
rial, sodium metal counter electrode, separator, and the charging
state, remained the same in all testing cells. Therefore, the dif-
ferences in the cell voltage and delivered capacity originate from
the electrolyte and the cell interphases after pausing. The NVOPF
half cells were first cycled in the voltage range of 2.0-4.3 Vat1C
and then paused for 25, 50, 75, and 100 h after every 15 cycles. The
cells with MA-SN-FEC and EA-SN-FEC electrolytes show a signif-
icantly lower loss in capacity and voltage than the ones with EC-
PC (two cells were measured in parallel for accuracy, Figure 5g-i),
especially for those with long pauses of over 50 h. After pausing
for 75 h, the average capacity loss and voltage drop for the cells
using EC-PC are 61.8 mAh g~! and ~0.69 V (Figure S27a, Sup-
porting Information), which is about twice of those using MA-
SN-FEC (31.96 mAh g™', 0.34 V; Figure S27b, Supporting Infor-
mation) and EA-SN-FEC (26.0mAh g1, 0.31V; Figure S27c, Sup-
porting Information). Furthermore, the bulk structure of the cy-
cled NVOPF cathodes was maintained over 1400 cycles at 1 C,
as shown by the XRD pattern (Figure S28, Supporting Informa-
tion), supporting that the fast capacity fade of cell with EC-PC
electrolyte is mainly due to the interphase degradation. There-
fore, the alleviated energy loss in Figure S27 (Supporting Infor-
mation) (shown by the colored area) and higher capacity retention
for the cells using carboxylic ester-based electrolytes (Figure 5h)
are effective indicators for a stabilized CEI with less Na* draining
into electrolytes.

The lack of an established interphase regulation principle
has hindered the development of high-energy SIBs. Most low-
temperature SIB electrolytes have been based on ether sol-
vents with low oxidative stability < 4 V (vs. Na/Na‘), lead-
ing to safety concerns and incompatibility with high-voltage
cathodes.I*® The approach of increasing salt concentration, i.e.,
high-concentration electrolytes (HCEs) showed success in solv-
ing the problem; however, they suffer from high viscosity and
poor wettability.[?>3?] Dilute electrolytes enable fast charge trans-
fer kinetics but suffer from poor film-forming capability at de-
manding conditions.["] Therefore, localized high-concentration
electrolytes (LHCEs) containing “inert” diluents have been de-
veloped as a trade-off between rate capability and long-term
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stability.l”3¢] These efforts on regulating the solvation struc-
ture with innovation in solvents or additives showed encourag-
ing success.[?’l However, it remained an open question on how
to stabilize the interphases with desired structures and compo-
nents, and whether we could establish the solvation-interphase-
performance relationship. We believe the current work here con-
tributes to a molecular-level understanding of establishing the
relationship and offers a new perspective on stabilizing SEI and
CEI to promote cell performance under harsh conditions.

3. Conclusion

In this work, the components and structures of CEI and SEI have
been tailored through carboxylic ester- and SN-based electrolytes.
The SEI on hard carbon anodes rich with NaF shows improved
homogeneity and mechanical stability and meanwhile, the inhib-
ited formation of Na, CO; restrains SEI growth. Furthermore, the
F-/N-inorganics rich CEI derived from the SN and FEC decompo-
sition synergistically leads to thin and robust CEI. Consequently,
the NVOPF cell with the tailored CEI achieves 83.3% capacity re-
tention over 3000 cycles measured at 1 C, and a prototype full cell
of NVOPF||HC sustains over 500 cycles at a current density of 1
C. This work demonstrates a promising co-solvation strategy to
stabilize cell interphases with desired thickness and components
for the long operation of high-energy-density SIBs under harsh
conditions. We expect that the molecular-selected strategy can be
extended to other energy storage systems with similar chemical
challenges at high voltage.

4. Experimental Section

Preparation of Electrolytes and Electrodes: The benchmark carbonate
electrolyte consisting of 1 m NaClO, (Battery-grade, Guangdong Candle
New Energy Technology) dissolved in EC (battery grade, TCl)/PC (battery
grade, TCl) (1:1, in volume) was prepared in the Ar-filled glovebox, in which
the level of O, and H,O was below 0.1 ppm. The carboxylic ester-SN based
electrolytes were prepared by mixing 1 mol NaClO, in MA or EA (battery-
grade, TCI)/SN (>98%, Guangdong Candle New Energy Technology) /FEC
(battery grade, TCI) with volume ratio of 47.5:47.5:5. Prior to the electrolyte
preparation, NaClO, was dried at 120 °C for 24 h under vacuum condition,
and all the solvents were dried using 4 A molecular sieves (Sigma-Aldrich)
for 2 days in the Ar-filled glovebox. The commercial hard carbon (HC) (Ku-
raray Co) was used as received without any treatment. The electrodes of
HC were prepared by first casting a slurry of active material/PVDF/Super-
P (8/1/1, in weight) in NMP solvent on Al foil, and then vacuum-dried
at 120 °C overnight. The Na;V,0, (PO,),F (NVOPF) cathode was synthe-
sized as previously reported,3%] in which a solution with NaH,PO,-2H,0,
NaF and NH;-H,O (V:P:F = 1:3:1.7, in molar ratio) was mixed with solu-
tion VOSO,-xH,0, followed by calcinating at 450 °C for 0.5 h under Ar
flow. The procedure for preparing NVOPF electrodes remained the same
as that for HC electrodes except for the difference in the slurry formulation
(i.e., NVOPF:Ketjen Black:PVDF = 7:2:1, in weight).

Electrochemical Measurements: 2025-type coin cells were fabricated
with sodium metal (99.8%, Sigma-Aldrich) or HC anodes, a separator
(GF/D, Whatman), and ~150 pL electrolyte in each cell in an argon-filled
glove box (O, and H,0 <1 ppm). All electrochemical performance of cells
was evaluated by a standard battery tester (Neware, CT4008). Both the
electrodes of NVOPF and HC were punched into circular discs with a di-
ameter of 10 mm. The half cells with NVOPF and HC as working electrodes
were cycled between 2 and 4.3 V (1 C = 120 mAh g~') and 0 and 2.5 V
(current density: 30 and 300 mA g~'), respectively. Prior to assembling
the full cells, three cycles were performed on both NVOPF and HC elec-

© 2024 Wiley-VCH GmbH

85U8017 SUOWIWIOD 3A11e81D) 3ol dde ayy Aq peuienob a1e sajolie YO ‘SN JO Sa|nI 0} Aeiq1T 8UlUO A8|IA LD (SUOHIPUOD-PUE-SWLBIL0D" A3 |IM A eI 1[BUl [UO//SdNL) SUONIPUOD PUe SWie 1 84} 88S *[7202/2T/20] uo Akeiqiauliuo A8]iIMm ‘pueseemiM JO AIseAIUN AQ 8ETE0rZ0Z WiPe/Z00T 0T/I0p/Wod A8 | Ake.q | pul|uo//Sdny wouy papeojumod ‘6€ ‘7202 ‘820E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

trodes based on the half-cell configurations (i.e., NVOPF||Na and Na||HC)
for activation. The N/P ratio for the NVOPF||HC full cells was set at 1.3,
and they were operated between 1.2 and 4.1 V with the C-rate based on
the NVOPF mass (1 C = 120 mAh g~'). Electrochemical impedance spec-
troscopy (EIS) was conducted on an electrochemical workstation (Gamry,
5000 E) within a frequency of 100 kHz—0.1 Hz. Linear sweeping voltam-
metry (LSV) measurements were also carried out to assess the oxidation
durability of the electrolytes (Gamry, 5000 E). With a scanning rate of 1 mV
s71, the LSV measurement started at the open circuit voltage and ended
at 5.5 V, where the metallic Na and stainless steel were employed as refer-
ence/counter electrode and working electrode, respectively.

Characterization: Raman spectra (WiTech alpha 300R, 532 nm laser
light) were used to reveal the solvation structure of three electrolytes,
including Na coordination with SN and the intermolecular interaction
between SN and MA/EA solvent. Further, nuclear magnetic resonance
(NMR, Bruker, 600 MHz Ultrashield) was also conducted by coaxial NMR
tube to examine the difference in the solvation environment of Na* in the
electrolytes. 1 M NaCl-D,O was used as an internal standard during NMR
measurement. The viscosity of electrolytes was measured at room temper-
ature, and the thermogravimetric (TG) analysis was conducted under N,
by an instrument of SDT Q600 V20.9 Build 20. For the post-mortem inter-
phase characterization, the NVOPF electrodes (after 300 cycles at 1C) and
the cycled HC electrodes (250 cycles at 150 mA g~') were disassembled
in a high-pure Ar-filled glove box. The residual electrolytes (salt and sol-
vents) on the collected electrodes were rinsed off using the dimethyl car-
bonate (DMC) solvent, and the procedures followed the order of soaking
in DMC for 1-2 min, rinsing with DMC for 4 times, and naturally dried in
the glove box. Afterwards, the electrodes were removed from the glove box
for the post-mortem characterizations, wherein all electrodes were first
placed into airtight containers that were well sealed to avoid exposure to
air and/or any contaminants during transfer. The measurement of trans-
mission electron microscopy (TEM, Thermo Fisher Talos F200s) was per-
formed to examine the surface morphologies and interphase thickness.
The surface components were determined by X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher Nexs) spectra with Art clusters sputtered
for depth analysis. For calibration, the C 1s peak of 284.8 eV was used as
the reference.

Computational Methods: Molecular dynamics (MD) simulations were
carried out by using the Gromacs 2021 program.3'l The initial electrolyte
model was generated with a packmol package.[*?] Three atomistic model-
ing systems were constructed as follows: 1) EC/PC electrolyte (50 NaClOy,
361 EC, 284 PC); 2) EA-SN-FEC electrolyte (100 NaClO,, 462 EA, 559 SN,
66 FEC): 3) MA-SN-FEC electrolyte (100 NaClO,, 546 MA, 533 SN, 63
FEC). Periodic boundary conditions were used in all dimensions. An en-
ergy minimization was performed for the initial model by using the steep-
est descent method. Afterward, MD simulations were performed in the
canonical ensemble (NVT) to generate velocities and structural parame-
ters for the following equilibrium process in the isothermal-isobaric en-
semble (NPT) using the Berendson barostat. After the initial model came
to an equilibrium state, 100 ns MD simulations in the NPT ensemble were
performed using the Berendsen barostat and V-rescale thermostat. The
large-scale MD simulations for the electrolyte model proceeded at 300 K
and 1 bar with a timestep of 2 fs.

Representative solvation structures were extracted from extensive
atomistic simulation trajectories and were used as starting configurations
for subsequent quantum chemistry calculations. Quantum chemistry cal-
culations were performed to optimize molecular geometries of solvent
molecules using the Gaussian 16 packagel33! at B3LYP/6-311+G(d) level
of theory. Perdew—Burke—Ernzerhof functional was used to specify the
exchange-correlation treatments and Grimme’s D3 dispersion correction
was added in all calculations. Molecular forces were determined by the
general Amber force field (GAFF).3] Topology files and Lennard-Jones pa-
rameters of molecules and ions were produced by using the visual force
field derivation toolkit (VFFDT) software.[*3] Atomic partial charges were
calculated by fitting the electrostatic potential. DFT-D3 calculations pack-
age were performed to optimize the molecular geometry of the obtained
solvation structures and then to calculate the electrostatic potential (ESP),
and relevant HOMO-LUMO energies. The atomic configurations were an-
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alyzed by using open visualization tool software (OVITO),[3¢l including the
pair correlation function and Na* ion solvation structure analysis.
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