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ARTICLE INFO ABSTRACT

Keywords: In the past, most of the studies monotonously focused on developing electrode materials for sodium ion batteries
Sodium ion battery (SIBs), while the compatibility effects and mechanism of electrolytes with material microstructures on the
Nanocarbon

sodiation behavior are barely involved. Here, we demonstrate the sodium-ion storage behavior of carbon anode
in neat ether electrolytes with outstanding ion diffusion kinetics at electrode surface that breaks its innate
limitation. Porous nanocarbon with small interlayer spacing but very high surface area exhibits a record high ICE
over 91.1% and exceptional rate capability for Na-ion storage in ether-based electrolytes. This is due to the
remarkably reduced Na' desolvation barrier in ether electrolytes (~94.6 meV) that is less than one-third of that
in ester electrolytes (~307.8 meV). The strong interaction of Na-ions with ester electrolytes and their decom-
position on electrode surface can be suppressed by adopting ether solvents owing to lower Gibbs free energies of
solvation and Na™ desolvation energy as revealed by DFT calculations. For electrode materials working with
ether electrolytes, a large surface area is critical for better electrochemical performance. This study provides a
reliable regulation parameter for tailoring electrolytes with materials that offers promising potential for nano-
structured materials toward high-rate rechargeable devices.

Ether electrolytes
Desolvation barrier

1. Introduction

The large-scale application of lithium-ion batteries (LIBs) is con-
fronted with the problems of limited lithium resources and its uneven
geographical distribution [1,2]. In this context, the room temperature
sodium-ion batteries (SIBs) are considered as a promising alternative to
LIBs, especially in large-scale energy storage system due to abundance of
sodium on the earth as well as its environmental friendly nature [3,4].
Therefore, SIBs have received widespread attention [5-9] and a variety
of new materials have been developed as potential anodes for SIBs
containing non-graphitic carbon-based materials [10-15], alloy reaction
material (P, Sn, etc) [16-18] and conversion-type reaction material
[19-22], as well as Ti-based oxides [23-26]. Among various possible

anode materials, non-graphitic carbon anode is considered as the best
choice in view of easy availability and easy production in large scale.
As one of the earliest negative electrodes of SIBs, non-graphitic
carbon including hard carbon or disordered carbon displayed high so-
dium intercalation activity due to larger interlayer spacing of disordered
carbon (0.37-0.39 nm) when compared to crystalline graphite (~0.34
nm) to become a leading candidate material for SIB anode [14,27-32].
Only Na-solvent cointercalation can happen due to the Na instability in
graphite structure [33-36]. Thus, many efforts have been devoted to
prepare hard carbon or amorphous carbon materials with larger inter-
layer spacing for easy Na-ion insertion with enhanced capacity and rate
capability [10,37-40]. It should be noted that the yield of large-spacing
carbon is generally achieved by heteroatom-doping (O, N, P, S, etc.) with
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elements consisting of larger atomic radius that augments the storage
capacity as well. However, a large irreversible capacity is usually
intrinsic to these nanocarbon materials [41,42]. Previous study pro-
posed that Na ions would be trapped at defect sites on graphite basal
planes because of their strong adsorption energy [43-45], resulting in
large migration or diffusion barriers for Na ions. Accordingly, in the
most common ester electrolytes, like propylene carbonate (PC), ethylene
carbonate (EC) and diethyl carbonate (DEC), nanostructured carbons
usually exhibit a low initial Coulombic efficiency (ICE) [46-49]. This is
due to the generation of a solid electrolyte interphase (SEI) film that
leads to the irreversible consumption of Na* at the electrode surface
[50]. Recently, several studies reported that carbon electrodes displayed
enhanced ICE and superior rate performance in an ether-based electro-
lyte [51-55] ascribable to the production of a thinner SEI on electrode
surface accompanying with significantly reduced charge-transfer resis-
tance. However, the performance still needs to improve, and essential
cooperation mechanism of ether electrolyte with electrode material are
far from elucidation especially from the view point of chemical prop-
erties of solvents.

In this work, we overcame two limitations of sodium-ion storage for
nanocarbon anode by adopting compatible and neat ether electrolytes
namely to reduce the electrolyte decomposition and to demonstrate a
highly reversible and fast sodiation behavior in small interlayer spacing
(<0.36 nm). Our results show that porous carbon material with ultra-
large surface area exhibits a record high ICE over 91.1%, exceptional
intercalation/extraction kinetics and long cyclic life for Na-ion storage.
It’s revealed that Na™ desolvation and diffusion barrier at the electrode
surface and interface play a predominant role on the sodium-ion storage
performance. The Na*t desolvation barrier in ether electrolytes is less
than one third of that in ester electrolytes, leading to enhanced kinetics
and remarkably improved ICE. This result is verified by DFT calculations
that the Na-ion desolvation energy in ether-based solvent is much lower
than that in ester-based solvent. More importantly, the strong adsorp-
tion and decomposition of electrolytes on graphene planes is remarkably
reduced in ether solvents due to the decreased Gibbs free energies of
adsorption.
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2. Results and discussion

The porous nanocarbon (PNC) with large surface area but small
interlayer spacing was synthesized by a molten salts method following a
previous study [10]. As shown in Fig. Sla, the porous nanocarbon with
sulfur doping and nanosheets morphology exhibited broad diffractions
peaks, indicating an amorphous structure of as-prepared carbon mate-
rial with an estimated d-spacing of 3.54 A for PNC deduced from the 20
values in the XRD pattern. A mesoporous structure with large pore
volume of 1.465 cm® g~! with ultra-large surface area up to 1023.6 m>
g’1 was observed (Fig. S1b) that was confirmed by the SEM image
(Fig. Slc) revealing a nanosheet-like morphology and a porous nature.
HRTEM images in Fig. S1d as well as corresponding SAED pattern
further verified the poorly crystalline nature of such material with an
approximate d-spacing determined to be around 0.36nm.

The galvanostatic discharge and charge tests investigated in different
kinds of ester and ether electrolytes showed (Fig. 1) very large first
discharge capacities of 1694.2 and 1458.1 mA h g~ ' at 0.1 A g~ ! in PC
and EC/DMC electrolytes, but the charge capacities were found to only
594 and 636.1 mA h g~1. On the contrary, the first discharge capacities
of 866.5 and 630.5 mA h g~ were obtained in DME and DEGDME
electrolytes, with corresponding charge capacity values of 632.3 and
562.2 mA h g~!, respectively. It's remarkable that the ICE in ether
electrolytes is much higher than in ester-based solvents. The ICE greatly
increased from 35.1% (PC) and 43.6% (EC/DMC) in ester to 72.9%
(DME) and 89.2% (DEGDME) in ether electrolytes. Fig. 1e describes the
rate capability of PNC in DME, DEGDME, EC/DMC and PC electrolytes at
various current densities. The electrode in ester electrolytes (EC/DMC,
PC) displayed fast capacity fading with an increasing rate with less than
20 mAh g~! remaining above rates of 5 A g~1. By contrast, PNC in ether
electrolytes exhibits remarkably excellent rate capability in ether elec-
trolytes and even at a very high rate of 20 A g™}, large capacities of
331.3 mA h g~} in DME and 296 mA h g~! in DEGDME were retained,
demonstrating the fast kinetics of sodium-ion storage. Besides, PNC
electrode in DME electrolyte showed much better cycling performance
than in PC electrolyte, as presented in Fig. 1f. A significant capacity
retention (486 mA h g’l) was observed in DME (only 115 mA h g’1 in
PC) after one thousand cycles at 1 A g%, The PNC electrode displays a
high Coulombic Efficiency around 100% after 3 cycles in ether
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Fig. 1. Discharge and charge profiles for the 1st, 2nd and 5th cycles of PNC electrodes (PVDF) in (a) DME, (b)DEGDME, (c) EC/DMC and (d) PC electrolytes at a rate
of 0.1 A g1, (e) rate performance of PNC in different electrolytes at different rate, long cycling stability of PNC electrodes at a constant current density of 1 A g1
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electrolytes which is much better than in ester electrolytes.

Transport behavior and kinetic performance of Na* across the PNC
electrode in DME and EC/DMC electrolytes were investigated by CV, as
displayed in Fig. 2a-b. CV curves at initial cycle and the following cycles
are shown Fig. S2a and Figs. S2b and a large irreversible reaction in EC/
DMC electrolytes for PNC electrodes is observed at the first cycle while it
doesn’t occur in DME electrolytes. Moreover, the redox peaks in ether
electrolytes is much reversible and remarkable compare to ester elec-
trolytes, suggesting the significantly enhanced reaction kinetics. Be-
sides, a small anodic peak at the first cycle in both two cases is observed
and will gradually disappear, which may be due to the irreversible ab-
sorption of anions to sulfur atoms. The peaks denoted as A, B, C and D in
voltammetry curves were selected to investigate the charge storage
mechanisms. A, B and D peaks are contributed to the redox reaction of
sodium-ion with sulfur heteroatoms, and peak C belongs to the inter-
calation of sodium-ion into graphene layer [10,37]. It is evident that the
electrode in DME electrolyte displayed significantly superior kinetics
with nearly no polarization between 0.1 mV s~ and 20 mV s~!, how-
ever, the electrode suffered from low activity with no apparent redox
peaks and large polarization. Charge storage process was analyzed ac-
cording to i = a’. For A and B peaks, the b values are 0.797 and 0.789
for the DME, suggesting that diffusion-controlled and pseudo-capacitive
controlled process are concomitant. Thus, ether electrolyte may boost
the surface capacitive storage for PNC electrode due to the outstanding
kinetics. While in the EC/DMC, there are no A and B peaks, indicating
insufficient electrochemical activity. For C and D peaks, the b values
obtained from DME and EC/DMC are all close to 1 indicating a
pseudo-capacitive ~ controlled Na® storage behavior. The
diffusion-controlled and capacitive controlled capacity can be quanti-
fied proposed by B. Dunn according to the formula: i(V) = kyv+ kov'/2
[56,57]. As shown in Fig. S2¢ and Fig. S2d, the capacitive controlled
ca?acity is relative constant in the range of 79-88% from 0.1 to 20 mV
s

We used galvanostatic intermittent titration technique (GITT) to
investigate the diffusion coefficient of Na-ion in PNC electrode. As
depicted in Fig. 2c—f, PNC electrode at different electrolytes has similar
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diffusivity coefficient variation. Therefore, the significantly improved
Na-ion storage performance including ICE and superior kinetics is not
due to enhanced diffusion ability in bulk. It should be noted that same
structure change after sodiation in different electrolytes are also
revealed from Raman (Figs. S3a and b) and TEM images (Figs. S3c and
d). A bit increases in layer spacing after sodiation in both two cases could
be due to the Na-ion interaction into the graphene layer. The presence of
Na-solvent cointercalation hardly occur because the structure and layer
spacing would be remarkably changed in this case that happened in
graphite anode [34]. Moreover, the same structure change in different
electrolytes also indicate the crucial influence on the Na-ion storage
performance is not determined from the change of bulk structure or
possible solvent interaction with bulk structure. Thus, it’s suggested that
the key effect on the Na-ion storage should be governed by the ion
transport on the material surface instead of the bulk structure.

In order to analyze a possible interference and complexity of SEI film
in anode material and to understand the desolvation behavior, we firstly
tested the cathode material, NayV3(PO4)3 (NVP) as a perfect intercala-
tion host in DME and EC/DMC electrolytes. Such cathode also displayed
improved Na-ion storage performance as demonstrated in our previous
study [52]. The AC impedance spectra for NVP cathode in DME and
EC/DMC electrolytes at various temperatures showed after five
discharge-charge cycles (Fig. 3a-b). Nyquist plots with only one semi-
circle in the wide frequency of 0.1-10° Hz. In the absence of an inter-
phase, the only semicircle should be attributed to the so-called
charge-transfer (R.) resistance. However, the desolvation barrier could
be the dominant reason for this resistance based on the same host
structure, but showing different properties in ether and ester electrolytes
[58,59]. The R in EC/DMC electrolyte impetuously increases (more
than 2500 Q) with the decline of temperature to 0 °C, while it increases a
little in DME electrolyte. By fitting the semicircle to an equivalent circuit
through software ZSimpwin, we could calculate that the resistance
belong to “charge-transfer” process (R.t) and the derived activation
energy (E) through the temperature dependence of 1/R. Fig. 3c pre-
sents the Arrhenius behavior for this thermally activated process of Na™
desolvation on NVP surface and the resulting activation energies in
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Fig. 2. CV curves sweep rate of 0.1-50 mV s~! for PNC electrodes in (a) DME and (b) EC/DMC. The translation of logarithmic format for PNC electrodes in (d) DME
and (e) EC/DMC. (c) GITT potential profiles of the two electrodes for sodiation process during the second cycle and (f) Na-ion diffusion coefficients calculated from

the GITT potential profiles.
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Fig. 3. Temperature-dependent Nyquist plots of the NVP cathode for (a) DME-based electrolyte and (b) the EC/DMC-based electrolyte. (c) Arrhenius plot of acti-
vation energies E, . for the NVP cathode in two electrolytes. Temperature-dependent Nyquist plots of PNC anode in (d) DME-based electrolyte and (e) the EC/DMC-
based electrolyte. (f) Arrhenius plot of activation energies E, . for PNC anode in two electrolytes.

different electrolytes. The Arrhenius equation is used to determine the
activation energies [60]: 6T = Aexp( — E, /kgT). Here, A is the
pre-exponential factor, E, is the apparent activation energy for ion
transport, kg is the Boltzmann constant, ¢ is the ionic conductivity, and T
is the absolute temperature. In EC/DMC electrolyte the activation en-
ergy across the interface (Eg ¢;, EC/DMC) is up to ~324.0 meV, which is
3.4 times higher than that observed in DME electrolyte (96.4 meV).

After the activation energies were determined in different electro-
lytes, the PNC anodes were also investigated by the same route.
Fig. 3d—e show Nyquist plots of PNC anode after 5 cycles discharged to
0.5 V in DME and EC/DMC electrolytes at various temperatures. Two
semicircles were observed in the impedance spectra in DME electrolyte
that are usually ascribed to interphase resistance R at high frequency
and R at low frequency. The resistance in EC/DMC electrolyte
increased sharply and was found to be much larger than that in DME
electrolyte. As shown in Fig. 3f, the temperature dependencies (Arrhe-
nius plots) of 1/R.; in DME and EC/DMC electrolytes revealed that the
Eact is ~94.6 meV in DME electrolyte and is ~307.8 meV in EC/DMC
electrolyte. The values were comparable with those obtained from NVP
cathode, which suggests that the Na-ion desolvation barrier could be
responsible for the main resistance. The Na' activation energy for
diffusion in the SEI layer E, g for the two cases are shown in Fig. S4. In
EC/DMC electrolyte, the activation energy across the interface (Ej sgi,
EC/DMC) is up to ~282.0 meV, which is 4 times higher than that in DME
electrolyte (70.7 meV). This suggests the formation of a thick SEI layer,
and is different from the case of titanium dioxide, which possessed
similar E, gy in ether and ester electrolytes [53].

In order to reveal the intrinsic chemical properties of different
electrolytes, DFT calculations were adopted to explore the Na-ion de-
solvation energies, as show in Fig. 4a and Fig. S5. It was found that both
Na-DME and Na-DEGDME complex exhibit much lower de-solvation
energies compared with traditional Na-ester solvent complex,

suggesting the easier de-solvation process in former cases. Nevertheless,
the explanation of significantly enhanced performance and a suppressed
decomposition of electrolytes toward dramatically improved ICE in
ether electrolytes required further elaboration such as the Gibbs free
energies of adsorption of Na*-solvent on the electrode surface. As shown
in Fig. 4b, Fig. S6 and Table S1, our theoretical data showed that the
adsorption of Na* cation and solvent on graphene plane is an energet-
ically favorable process for the negative AG values. The adsorption of
Na™-ester on the surface of electrode material is much stronger than that
of Na't-ether due to their large Gibbs free energies of adsorption, in
absolute values. Such decreased adsorption energies will further boost
the Na™ transport on the electrode surface and is apparently the main
reason for the electrolyte decomposition observed in ester electrolytes
when compared to ether electrolytes. The EDX analysis (Table S2) of
PNC samples showed higher contents of adsorbed Na, F elements in ester
electrolytes determined after dipping the samples into the electrolytes.
The comparative study of carbon materials with different surface areas
prepared from the same route were also evaluated for the sake of
proving this suggestion. As shown in Fig. S7, Fig. S8 and Table S3, PNC-p
and NC-p display lower capacity in ether electrolytes than that in ester
electrolytes, and even lower ICE for NC-p. This interesting finding
demonstrates that the larger the surface area is, the better is the elec-
trochemical performance achieved for electrode material in ether elec-
trolytes. This result agrees well with above suggestion about the surface-
determined effect based on experimental characterization and theoret-
ical calculation. Na ions would be easily trapped in nanocarbon mate-
rials due to intensive adsorption activity [43-35], and this problem will
be accentuated in ester electrolytes with large Na'-ester Gibbs free en-
ergies of adsorption on the surface, leading to poor ion transport and
large reversible capacity. On the contrary, the large surface area or
porous structure for electrode material is necessary and favor for Na-ion
storage in ether electrolytes because it’s too neat nature to capture due



Y. Zhen et al.

(a)

2.107
2.113
2.148
1.223
2.195
2.475

S . ' Na-DME

Nano Energy 74 (2020) 104895

Na-O Distance (A

[EG5
1.60
1.64
1.61
11115
I

Na -DEGDME

Na\+ Solvent
AG (eV)

-3.81
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graphene and (c) the corresponding absorbed Gibbs free energies on the material

to the too low Na™-ether adsorption ability. In addition, the remarkably
lower dynamic viscosity of ether electrolytes (0.71 mPa s for DME) than
ester electrolytes (2.12 mPa s for EC/DMC) measured by rotary
viscometer also help us understand the neat nature of ether electrolytes
for faster mass transport. As a result, the larger surface area of electrode
material is, the better performance it delivers in neat ether electrolytes,
but has opposite result in sluggish ester electrolytes. This result further
verified the absorbed Gibbs free energies of Na™-solvent is a reliable
parameter to evaluate the complicated sodiation dynamics and
properties.

In order to further prove the concept of surface effects playing a
dominant role on Na-ion storage performance, another binder CMC with
carboxylic acid functional groups was used and investigated for PNC
anode. The discharge/charge profiles of PNC with CMC binder in DME
and DEGDME electrolytes are presented in Fig. 5a and b. The discharge
capacities obtained in DME and DEGDME electrolytes were 572.1 mA h
g ! and 593.9 mA h g~ after the first cycle, and the charge capacities
were 521.4 mA h g7! and 531.0 mA h g7}, respectively. Therefore,
exceptional high ICE up to 91.1% in DME electrolyte and 89.4% in
DEGDME electrolyte were obtained with further improved performance
compared to PVDF binder. The ICE of typical commercial mesoporous
carbon (CMK-3) and active carbon (AC) anodes with large surface area
has also been significantly improved by combining ether-based elec-
trolytes with CMC binder, as shown in Fig. S9. The ICE for CMK-3 and AC
increased from 20.3% (EC/DMC) to 70.3% (DME) and from 18.8% (EC/
DMC) to 84.0% (DME), respectively. Fig. 5c describes the rate capability
of PNC with CMC binder in DME, DEGDME electrolytes at various cur-
rent densities. It shows that PNC in DME electrolyte displayed high ca-
pacity from 521.4 to 356.6 mA h g~! from 0.1 to 20 A g1. As shown in
Fig. 5d, a capacity of ~622.2 mA h g™! is remained after 100 cycles at
0.1 Ag~L. Fig. 5e shows the long cycling life of the PNC at a high current
density of 5 A g~ with ~290 mA h g ~! retained even after 3600 cycles,

surface.

demonstrating excellent cycling stability of such electrode in DME
electrolyte. Because of the porous structure of the electrode material, the
electrolyte will gradually enter the material as the electrochemical re-
action proceeds, resulting to gradually increased capacity in the first 20
cycles [61]. The comparison of electrochemical performance show in
Table S4 highlight our breakthrough of Na-ion storage performance
about carbon electrodes. Further, full cells were assembled with PNC
anode and Na3V5(PO4)sF (NVPF) as a cathode in DEGDME electrolyte to
investigate the practicability, as shown in Fig. S10b. The cell displayed a
large capacity of 388.1 mAh g ' at 0.2 A g™}, and delivered 335.6 mA h
g at 2 A g~ (The discharge capacity computed for the full cell is based
on the anode), demonstrating excellent rate performance. Moreover, it
also exhibited good cycling stability under a constant current of 0.5 A
g1 (Fig. 510¢).

Although polymeric binders with carboxylic acid functional groups
have been proposed to improve Li or Na ion interaction [52,62,63], the
intrinsic surface effect and mechanism needs to be illustrated from the
side of Na-ion desolvation process at the electrode surface. Fig. 5f and g
show selected Nyquist plots at selected temperatures and the corre-
sponding Arrhenius plots of the 1/R.; for PNC anode with CMC binder in
DME electrolyte. It is noteworthy that only one semicircle can be
observed for PNC with E,  calculated to be ~79.5 meV. This value is
smaller than that of PVDF binder, suggesting the reduced Na-ion des-
olvation barrier. Furthermore, it was revealed by theoretical calcula-
tions that the CMC possesses much higher binding energy towards
Na-ion than PVDF. As shown in Fig. 5h, CMC has two binding sites
with Na', and the AE1 and AE2 are 3.85 eV and 3.31 €V, respectively,
whereas PVDF has only one binding site with AE is 1.04. Thus, the
electrode with CMC binder possesses a stronger chelating ability to
capture sodium, which substantiates Na-ion desolvation and enhances
the reaction kinetics.

The composition of the PNC electrode after 5 cycles in different
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at5 A g 1. (Temperature-dependent Nyquist plots of the PNC anode (CMC binder) in DME-based electrolyte. (g) Corresponding Arrhenius plot of activation energies
E, . for PNC anode. (h) The binding configurations of Na" with two kinds of binders.

electrolytes were studied, as shown in Fig. 6a, Fig. 6b and Table S5. Both
electrodes displayed a homogeneous distribution of C, O, Na, P and F
elements while the EDX results confirmed the lower contents of Na and
O elements for PNC in ether electrolyte, indicating less decomposition of
electrolytes on the electrode surfaces and reduced amount of irreversible
sodiation processes [51]. The surface state of each SEI layer were further
explored by XPS (Fig. S11). Fig. 6c—e show the Cls, Ols and F1s XPS
spectra for cycled PNC electrodes. The peaks at 284.8, 285.8, 286.6,
288.2 and 289.4 eV in Cls spectrum are consistent with C-C, C-H, C-O,
C=0 and RCH20ONa, respectively. The Ols spectrum with a peak at
~531.6 eV is ascribed to C=0, which could come from sodium alkyl
carbonate or sodium carboxylate. The broad peaks at 533.1 eV revealed
the presence of C-O and 532.1 eV may come from RSO3Na [51]. The F1s
spectra in EC/DMC electrolyte displayed additional peaks at 684.7 and
687.4 eV, which clearly identified the presence of NaF and NayPOsF [64,
65], respectively. The XRD patterns (Fig. S12) also found them, indi-
cating the relative serious decomposition of NaPFg in ester electrolytes
[66]. The SEM images of PNC electrode in DME and EC/DMC electro-
lytes after five cycles are shown in Fig. S13. The nanosheets morphology
can be observed and a thin SEI is formed in DME electrolytes. While in
EC/DEC electrolyte, the electrode is covered by a thick SEI layer due to
serious decomposition, as further revealed by EDX mapping (Fig. 6b).

Fig. 6f depicts the schematic mechanism of sodium-ion desolvation and
transport process in the different electrolytes. Due to intense adsorption
of solvated Na-ion on graphene planes in ester electrolyte, the electro-
lyte including solvent and the accompanying PFg would decompose,
resulting in a thick SEI layer on the surface of PNC electrode and a large
E,spr. However, this can be remarkably inhibited in ether electrolytes
owing to the fast Na-ion desolvation and transport process at the elec-
trode surface, leading to a thin SEI layer, few irreversible capacities lost
and exceptional kinetics.

3. Conclusion

It is proposed and demonstrated that Na®™ desolvation barrier at
electrolyte/electrode interface poses a predominant effect on the sodium
ion storage capacity of the electrode material. Through comprehensive
study of different carbon anodes in ester and ether electrolyte, it was
shown that nanocarbon electrode with small interlayer spacing but very
high surface area displayed few side reactions at the interface, excep-
tional kinetics and excellent cycling stability in ether electrolytes. This
can be due to the remarkably reduced Na™ desolvation barrier in ether
electrolytes, which is only one-third of that found in ester electrolytes.
The DFT calculations verified that Na-ion desolvation process in ether-
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Fig. 6. The elements mapping of PNC anode with CMC binder in DME (a) and EC/DMC (b) electrolytes after the five cycles. Surface composition characterization of
SEI layers by XPS: (c) C 1s, (d) O 1s, and (e) F 1s spectra for PNC electrodes in DME and EC/DMC electrolytes after five cycles. (f) Schematic mechanism of sodium-ion

transport and desolvation process in different electrolytes.

based electrolytes is energetically favored when compared to the ester-
based electrolytes. Moreover, the too strong Na-ion adsorption on gra-
phene planes in ester solvents can also be overcome in ether solvents due
to the lower values of Gibbs free energies for Na adsorption. This study
demonstrates how Na-ion transport kinetics at the electrode surface play
a key role on the performance, providing a reliable model for the un-
derstanding and design of compatible electrolytes with electrode ma-
terials in rechargeable batteries.
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