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Hard carbon (HC) is an attractive anode material for grid-level sodium-ion batteries (NIBs) due to the widespread
availability of carbon, its high specific capacity, and low electrochemical working potential. However, the issues
of low first cycle Coulombic efficiency and poor rate performance of HC need to be addressed for it to become
a practical long-life solution for NIBs. These drawbacks appear to be electrolyte dependent, since ether-based
electrolytes can largely improve the performance compared with carbonate electrolytes. An explanation for the
mechanism behind these performance differences is critical for the rational design of highly reversible sodium
storage. Combining gas chromatography, Raman spectroscopy, cryogenic transmission electron microscopy, and
X-ray photoelectron spectroscopy, this work demonstrates that the solid electrolyte interphase (SEI) is the key
difference between ether- and carbonated-based electrolyte, which determines the charge transfer kinetics and the
extent of parasitic reactions. Although both electrolytes show no residual sodium stored in the HC bulk structure,
the uniform and conformal SEI formed by the ether-based electrolyte enables improved cycle efficiency and rate
performance. These findings highlight a pathway to achieve long-life grid-level NIBs using HC anodes through

interfacial engineering.

1. Introduction

Low-cost and reliable energy storage is essential for a safe, stable,
and sustainable electrical grid [1,2]. Sodium-ion batteries (NIBs) with
Co and Ni free cathodes are one of the promising solutions for grid en-
ergy storage, considering elemental abundance and their environmen-
tally benign nature [3,4]. While the energy density of NIB cathodes has
increased over the years, the commercialization of NIBs for grid en-
ergy storage is hindered by the inferior electrochemical performance
of sodium anode materials [3]. Graphite, a common anode material for
conventional lithium-ion batteries (LIBs), is not applicable for NIBs due
to its negligible reversible capacity in carbonate-based electrolytes [5].
Though glyme-based electrolytes enable reversible capacity of sodium
in graphite through solvent co-intercalation, the capacity is limited to
~100 mAh/g, and the reaction potential increases to about 0.75 V vs.
Na metal [6]. Alternative anode materials for NIBs include sodium metal
which has the highest theoretical capacity (1166 mAh/g) and lowest
reaction potential, but it has severe safety hazards and a short life-
time [7]. Alloy and conversion types of anodes, such as Sn and SnO,,
also have high capacity, yet poor lifetimes caused by large volumet-
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ric changes during electrochemical cycling [8,9]. Insertion compounds,
such as NiCoO,0,4 and TiO,, have relatively high average voltages (>0.5
V vs Nat/Na®), which reduce the energy density of a full cell [10,11].
Other anode materials like soft carbon and reduced graphene oxide also
have high average voltages and shortened lifetimes due to low first cy-
cle Coulombic efficiencies (CEs) (less than 60%) [12,13]. A promising
exception is hard carbon (HC), which has been widely investigated as an
anode material for NIBs because it is relatively safe, has a high capacity
(> 200 mAh/g), and has a low reaction potential near 0 V vs. Na*/Na®.
By definition, HC, also known as non-graphitizing carbon, cannot
be converted into graphite through heat treatment. It contains regions
of parallel groups of graphite-like layers with no long-range order that
form voids between the groups of layers. An additional advantage is
that HC can be sustainably synthesized from biomass precursors such
as banana peels, corn husks, peanut shells, as well as polymer/plastic
derivatives [14-18]. The HC bulk structure, governed by the synthesis
conditions, determines its electrochemical properties and performance
[19,20]. Previous research has discovered ways to optimize the HC bulk
structure (defects, surface area, graphitic like regions, and voids) for
maximum capacity, CE, lifetime, and lowest average voltage [19].
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Table 1

Summary of electrolytes and techniques used to characterize the SEI of HC in literature.
Electrolyte Technique Washed? SOC Rate Citation
1 M NaClO, in PC XPS peak fitting DMC sodiated C/20 [30]
1 M NaClO, in EC.PC 1.1
1 M NaClO, in EC.PC 1.1 w/ 10% DMC
1 M NaPFg in EC.PC 1.1 w/ 10% DME
0.5 M NaBOB in TMP XPS peak positions TMP 1 cycle Cc/10 [27]
1 M NaPFg in TMP
0.8 M NaPFy in DEGDME XPS elemental content, SEM DMC 15 cycles C/6 [28]
0.8 M NaPF; in EC.DEC 1.1
1 M NaPFg in EC.DEC 1.1 XPS peak fitting & elemental content DMC sodiated C/20 [31]
1 M NaClO, in EC.DEC 1.1
1 M NaTFSI in EC.DEC 1.1
1 M NaFTFSI in EC.DEC 1.1
1 M NaFSI in EC.DEC 1.1
3 M NaFSI in PC XPS peak fitting, TEM PC 5 cycles C/10 [32]
3 M NaFSI in PC.EC
1 M NaClO,, in PC XPS peak positions, SEM Not listed 1 cycle C/10 [33]
1 M NacClO, in PC w/ 0.5% FEC
1 M NaClO, in PC w/ 2% FEC
1 M NaClO,, in PC w/ 10% FEC
1 M NaClO, in PC.EC 1.1 XPS peak positions, SEM Not listed sodiated, desodiated C/6 [34]
1 M NaClO, in PC XPS peak positions, TOF-SIMS, TEM Not listed 1 cycle C/10 [35]
1 M NaPFg in PC XPS peak fitting & elemental content, Washed with PC or sodiated, desodiated C/3, This
1 M NaBF, in TEGDME SEM, EDS, Cryo-TEM TEGDME and C/10, paper

Unwashed C/20

Even with an optimized bulk structure, the low first cycle CE and
poor rate capability of HC have hindered its use in NIB full cells. The
first cycle CE of HC in high performing carbonate electrolyte is between
60-80% at a rate of C/20, and only ~30% of the capacity is retained at
a higher rate [21]. A low first cycle CE limits the lifetime of a battery
because it reduces the total amount of sodium available in the system.
This is especially problematic for commercialized cells where the only
sources of sodium are from the cathode material and the lean amount
of electrolyte. In literature, it has been proposed that the low first cy-
cle CE is a result of trapped sodium in the bulk structure [19,22,23].
In addition, a battery that has excellent rate capability is essential for
grid storage applications. Solutions for grid storage handle power fluc-
tuations, which would be severely impaired by a poor rate performing
battery [24]. The origin of the poor rate capability is proposed to be
dictated by the poor kinetics of sodium filling the HC structural voids
during the plateau region of the voltage curve [19,25].

However, recent research suggests the first cycle CE and rate per-
formance is not solely determined by the HC bulk structure but is also
highly dependent on the choice of electrolyte [26]. For example, an
HC anode with an ether-based electrolyte (1 M NaBF, in TEGDME) has
shown a first cycle CE of 87% and a retention of 84% of its C/20 capacity
at 2C [26]. Electrolyte is known to have a major role in the formation
of the solid electrolyte interphase (SEI). An ideal SEI that inhibits par-
asitic reactions between the HC surface and the electrolyte should be
thin, ionically conductive, conformal, and robust. These aspects can af-
fect both the first cycle CE, through consumption of sodium-ions, and
rate performance, through impedance at the interface. This raises the
question that if the first cycle CE and rate capability are controlled by
the HC bulk structure or by the SEI formation.

Properties of the SEI can vary with different electrolytes and electro-
chemical testing conditions. However, minimal research has been con-
ducted on the formation of the SEI on HC, with most of the focus on
carbonate-based electrolytes (summary in Table 1). Moreover, in the few
studies that used non-carbonate electrolytes (TMP, DEGDME), the exact
chemical composition and SEI morphology were not examined [27,28].
Previously, quantifying the consumption of Na* due to the SEI forma-
tion and observing the SEI’s morphology at the nanoscale (HC is a beam-
sensitive material) were very challenging. Due to the recently developed
techniques such as titration gas chromatography (TGC) and cryogenic
transmission electron microscopy (cryo-TEM), the SEI can now be better
characterized [29].
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In this study, we explored the origin of the first cycle CE and rate ca-
pability of HC in two electrolyte systems: conventional carbonate elec-
trolyte and ether electrolyte. 1 M NaPFg in PC was chosen as the con-
ventional carbonate electrolyte because it is one of the most common
electrolytes used in NIB research. 1 M NaBF, in TEGDME was chosen as
the ether electrolyte because recent studies have shown it improves HC’s
electrochemical performances [26]. Electrochemical testing, TGC, and
ex-situ Raman spectroscopy were applied to observe the (de)sodiation
processes and the reversibility of sodium stored in the HC bulk structure.
Cryo-TEM, scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS) were
used to characterize both the morphological and composition changes
of the SEI for carbonate- and ether- based electrolytes at three differ-
ent cycling rates. A long-term electrochemical study of HC in these two
electrolytes was used to determine how the SEI formation affects the
lifetime of the anode material. These techniques demonstrate that SEI is
the dominant influence on both the first cycle CE and rate capability of
HC.

2. Methods
2.1. Electrochemical Characterization

Composite anodes were prepared by mixing a slurry of 90.4 wt. %
HC (Xiamen Tmax Battery Equipments Limited) and 9.06 wt. % carboxy
methyl cellulose sodium salt (CMC) 250,00 MW with DI water as the sol-
vent (characterization of pristine HC in SI Fig. 1 ). The slurry was cast
onto aluminum foil and dried under vacuum at 80°C overnight. Na metal
was used as the counter electrode. 1 M NaPFg in PC was used for the con-
ventional carbonate electrolyte cells, and 1 M NaBF, in TEGDME was
used for the ether-based electrolyte cells. For all cells, except those used
for TGC measurements, 50 uL of electrolyte and one layer of glass fiber
GF/F (Whatman) was used as the separator. Cells used for TGC mea-
surements had 70 uL of electrolyte and two layers of glass fiber GF/F
(Whatman) as the separator. Electrodes 14 mm in diameter with an ac-
tive mass loading of 3.2-4.0 mg/cm? were assembled in 2032 coin cells
in an argon-filled glove box (H,O < 0.1 ppm) and tested on an Arbin
battery cycler. Coin cells were allowed to rest 8 h before electrochem-
ical tests were performed. The voltage range was maintained between
0.005V-2 V and the C-rates were calculated, assuming a theoretical spe-
cific capacity of 150 mAh/g. Electrochemical impedance spectroscopy
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(EIS) was carried out with 10 mV perturbation and AC frequencies from
100 kHz to 1 mHz. A SP-150 Biologic Potentiostat was used to measure
impedance after 1 cycle at a rate of C/3. An equivalent circuit model was
used to fit and analyze the data using Zview software (v. 3.4a, Scribner
Associates, Inc.)

2.2. Materials characterization

TGC was performed using a Shimadzu GC instrument equipped with
a BID detector and using an ultra-high purity Helium (99.999%) as the
carrier gas. The samples were prepared in an argon-filled glovebox (H,O
< 0.1 ppm). Each sample was immediately transferred to a glass flask af-
ter disassembling and sealed using a septum under Argon. Then, 0.5mL
of ethanol was injected into the container to fully react with ionic and
metallic sodium. After the reaction is completed, a 30 uL gas sample was
taken from the container using a gastight Hamilton syringe and imme-
diately injected into the GC. The amount of ionic and metallic sodium
was quantified based on the amount of detected H, gas by the GC.

Raman spectroscopy was performed using Renishaw inVia Raman
Microscope. The samples were sealed between two very thin transpar-
ent glass slides in an argon-filled glovebox (H,O < 0.1 ppm). The mea-
surements were run using a 532-nm laser source, 1800 1/mm grating,
and x20 magnification.

The morphology of the electrodes was identified using an FEI Apreo
SEM equipped with EDS operating at 3 kV. For the cryo-TEM sample
preparation, a TEM grid was directly dropped into the pristine HC pow-
ders to pick up the particles. For the cycled HC particles, the sample par-
ticles were first dispersed in the corresponding electrolyte solvents (PC
or TEGDME), then the particle suspension was dropped onto the TEM
grid. The TEM grids with particle suspension were dried under vacuum
overnight. Once dried, the sample grids were sealed in airtight bags be-
fore being transferred to the TEM facility. The grids were mounted onto
a TEM cryo-holder (Gatan) via a cryo-transfer station. TEM characteri-
zations were carried out on JEM-2100F at 200 kV.
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XPS was performed using an AXIS Supra by Kratos Analytica. XPS
electrode samples were disassembled and removed from their cells.
Washed samples were washed with either PC or TEGDME and then dried
under vacuum. Unwashed samples were directly dried under vacuum.
The XPS was operated using an Al anode source at 15 kV, scanning with
a step size of 0.1 eV and 200 ms dwell time. Fits of the XPS spectra were
performed with CasaXPS software to identify the chemical composition
of the surface of the electrodes.

3. Results and discussion
3.1. Electrochemical performance comparison with different electrolytes

Electrochemical measurements provide insight into the origin of the
first cycle CE and rate capability of HC in PC electrolyte in comparison to
that in TEGDME electrolyte. To investigate cycling rate dependence, HC
was electrochemically tested at three different rates (C/20, C/10, and
C/3). The results are shown in Fig. 1: 1) The HC cycled in the PC elec-
trolyte has a lower first cycle CE than that in the TEGDME electrolyte
at all rates (68.7% vs. 84.8% at C/3). This indicates that more sodium
is trapped in the HC bulk structure or in the HC-SEI when cycled in PC
electrolyte. 2) Overpotential increases significantly at faster rates for
the PC electrolyte whereas the increase is less evident for the TEGDME
electrolyte. This is exemplified by the differences of the plateau volt-
ages, extracted from the low voltage peaks of the dQ/dV curves, for
sodiation vs. desodiation as shown in SI Fig.2. Larger overpotentials im-
ply either slower reaction kinetics of the bulk (de)sodiation mechanism
or an increase of interface resistance in the PC electrolyte system. 3)
Reversible capacity for the PC electrolyte decreases rapidly, from 247.5
mAh/g at C/20 to 112.4 mAh/g at C/3, whereas the reversible capacity
for the TEGDME electrolyte only slightly decreases, from 268.1 mAh/g
at C/20 to 259.0 mAh/g at C/3. The section of the HC-PC voltage curve
most effected by the current rate is the plateau region (SI Table 1 ),
corresponding to the void filling mechanism. The bulk structure and/or
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Fig. 1. First cycle voltage profiles and their corresponding differential voltage plots of HC with PC (red) or TEGDME electrolyte (blue) at a rate of (a, d) C/20, (b,
e) C/10, and (c, f) C/3. The numbers highlighted in the differential voltage plots indicate the plateau voltages during (de)sodiation.
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Fig. 2. Sodium stored in the HC at different states of charge with PC (a, b) or TEGDME electrolyte (c, d) measured by TGC (open circles) and electrochemistry (filled
circles) with their representative voltage profiles tested at a rate of C/10. (e) Analysis of capacity usage, reversible Na, irreversible NaC,, and SEI Na*, for HC with
PC and TEDGDME electrolyte using the TGC method. The error bars represent the standard deviation from the average values of the measured Na vs. SEI Na*.

SEI formation phenomena are potentially responsible for the differences
in the electrochemical performances of HC in the PC and the TEGDME
electrolytes.

3.2. Sodiation/desodiation processes of HC

To investigate the irreversible sodium that controls the first cycle CE
of HC, TGC was used to separate the contribution of sodium trapped in
the HC bulk structure and the sodium in the SEIL This method was in-
spired by the Li metal TGC technique, first used to detect the mechanism
of irreversible capacity for lithium plating/stripping [29]. The following
reaction:

2Li + 2H,0 — 2LiOH + Hy(g)

was applied to quantify the amount of residual metallic Li versus Li-
containing compounds in the SEI on a stripped Li electrode. The TGC
technique was also used to quantify the amount of Li inserted into a
graphite anode [36]:

2LiC, + 2H,0 — 2LiOH + 2xC + H,(g)

This method works by measuring the amount of H, gas to calculate
the amount of Li stored in the graphite anode. The irreversible capac-
ity, not contributed by irreversible Li in the graphite bulk structure, is
ascribed to the SEI formation. These two types of irreversible lithium
can be quantified because the SEI components do not react with water
to form H, gas. In this study, ethanol was used as the titration solvent,
because water could react with a possible SEI component, NaF, thereby
forming HF. The potential reaction between HF and the aluminum cur-
rent collector could then lead to the further generation of H, [37]. Pos-
sible components of the SEI, along with the pristine HC electrode, were
tested with the TGC method and none reacted with ethanol to form H,
(SI Table 2 and SI Fig. 3). It confirms that the H, gas is only produced
by reacting ethanol with sodium (Na® and NaC,) based on the following
reactions:

81

2Na + 2CH,CH,OH — 2(CH;CH,0~Na*) + H,(g)
2NaC, + 2CH,CH,OH — 2(CH;CH,0~Na*) + 2xC + Hy(g)

The results of TGC tests are shown in Fig. 2, where the calculated
amounts of Na stored in the HC bulk, referred to as NaC,, at different
states of charge in PC and TEGDME electrolytes are compared. Both
the PC and the TEGDME electrolytes show a volcano-like shape where
the amount of sodium calculated from the electrochemical capacity is
always larger than the amount of sodium detected by TGC. This indi-
cates that Na is involved in SEI formation throughout the first cycle.
The amount of sodium that can be stored in the HC bulk structure, is
NaC;; (theoretically NaCgq for a capacity of 280 mAh/g) for PC and
NaCy for TEGDME. Assuming the SEI formation process is highly irre-
versible, the increase in the amount of sodium stored in the HC bulk
structure partially explains why TEGDME has a larger reversible capac-
ity than PC. Additionally, there is negligible trapped sodium detected
in the HC bulk structure after one cycle for both electrolytes. Unlike
the Li metal deposition and stripping, residual sodium in the HC bulk
structure is not the reason for the low first cycle CE. Instead, the first
cycle CE of HC is more likely determined by the SEI formation process
with Na inventory loss. The slight reduction of sodium utilized in the
SEI upon desodiation could be due to partially reversible SEI species.
This conclusion is also in agreement with the observation reported in
literature that HCs with larger surface areas have lower first cycle CEs
due to more interphase reactions [14,15,38-40].

The rate capability of HC has been proposed to be controlled by
the kinetics of the sodium void filling mechanism, which occurs dur-
ing the low voltage plateau [19,25]. If HC has similar (de)sodiation
processes in the PC and TEGDME electrolytes, then it is unlikely that
the kinetics of these processes control the rate capability of HC. Raman
spectroscopy was used to study the (de)sodiation processes. As shown
in Fig. 3, the Raman spectra of pristine HC contain two characteristic
peaks termed the G and D bands. The G band (~1580 cm™1) is char-
acteristic of graphitic carbon and is related to the in-plane motion of
the carbon atoms in graphene planes [41]. The D band (~1360 cm™1)
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Fig. 4. Nano-scale structures of (a) pristine HC and HC after 1 cycle at a rate of C/3 in (b) PC and (c) TEGDME electrolyte imaged by cryo-TEM. The thickness of

the SEI at various location is measured in the images.

is related to the presence of disorder or defects in the graphene planes
[42]. The shift of these bands and/or the presence of a new peak can
be induced by the (de)sodiation processes. An initial inspection of the
TEGDME and PC samples (SI Fig. 4) reveals that the two characteristic
peaks remain visible for both systems throughout the first cycle and that
no other peaks manifest. This implies that: 1) the HC structure remains
intact and 2) there is no intercalation staging since splitting of the G
band is not present [43,44]. These observations are in agreement with
the current understanding of the sodium storage mechanism in HC and
indicate that both electrolytes elicit similar (de)sodiation processes.

In addition to the presence of the D and G bands, the position of the
G band can reveal more information about the (de)sodiation processes
(Fig. 3). The G band position is controlled by both charge transfer and
lattice parameter changes in the graphitic regions [45]. For both sam-
ples, the G band position initially has a red shift for the slope region and
then a blue shift for the voltage plateau region during sodiation. Upon
desodiation, the reverse trend occurs. The initial red shift in the G band
during the sloping region of sodiation indicates sodium insertion in the
graphic regions [44]. The G band position reaches a minimum at the be-
ginning of the voltage plateau region and a blue shift occurs as sodium
fills the voids in the HC bulk structure (Fig. 3(c)) [46]. Given that there
is a more significant blue shift of the G band for TEGDME sample upon
maximum sodiation and that the plateau region has a larger capacity
than the PC sample, ether-based electrolytes could enable an increase
in HC void filling. This could be due to an increase in overpotential for
the PC electrolyte, where less sodium can be stored in the voids at an
equivalent cutoff voltage. Given the similar (de)sodiation processes for
both PC and TEGDME electrolytes and the comparable Warburg coeffi-
cients of both systems (SI Fig. 5), which are related to the bulk diffu-
sivity of sodium in HC, the rate performance of HC should not be solely
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determined by the kinetics of the bulk structure [52]. The formation of
the SEI, as influenced by the choice of electrolyte and electrochemical
conditions will thus be the focus of this study.

3.3. Morphology and composition of SEI with different electrolyte

The sodium consumption, resistance, and stability of an SEI are re-
lated to its morphology and chemical composition. The SEI morphology
and elemental composition of HC with PC and TEGDME electrolytes
were first explored by cryo-TEM, SEM, and EDS (Fig. 4 and SI Figs. 6,
7, and 8). In order to observe the nano-scale structure of the SEI by
TEM, while preserving the intrinsic morphology of the SEI, cryogenic
protection is required to minimize the beam damage. Clear differences
in the SEI morphology on the irregularly shaped HC particles are ob-
served for PC and TEGDME. The SEI formed in the PC electrolyte con-
sists of a dense outer layer and a porous inner layer, whereas the SEI
formed in the TEGDME electrolyte is uniformly dense around the whole
HC particle. The SEI formed in the PC electrolyte morphology is also
rate dependent, while the SEI formed in the TEGDME electrolyte is not
(SI Fig. 7). At a rate of C/3, the SEI formed in the PC electrolyte is ir-
regular, thick, and contains cracks, while at a rate of C/20 the SEI is
thinner and more conformal. From cryo-TEM measurements, the thick-
ness of formed SEI in the PC electrolyte at C/3 rate ranges from 10-20
nm whereas the SEI formed in the TEGDME is only 3-8 nm thick at
the same C-rate. Additionally, EDS confirms that the SEI formed in the
PC electrolyte contains significantly more sodium, oxygen, and fluorine
than the SEI formed in the TEGDME electrolyte (SI Fig. 8). This, along
with the cryo-TEM measurements, indicates that the SEI formed in the
PC electrolyte could be the origin of sodium inventory lost that leads to
the low first cycle CE.
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The actual chemical bonding environment that comprises the SEI has
a critical effect on the sodium consumption and rate capability. XPS is
one of the most common and useful tools for identifying the chemical
bonding for elements that are contained in the SEIL It is essential that
XPS samples are carefully prepared because the technique is surface sen-
sitive and the SEI can be quite reactive. Past XPS studies prepared the
SEI sample by washing it with a solvent, the intention of which was to
remove the residue electrolyte salt. This preparation step can potentially
disturb or damage the SEI prior to XPS measurements. As part of this
study, we compared washed HC samples with unwashed samples and
found that the act of washing actually removes fragile and/or reactive
SEI components such as C-H, C-OH, CO3, and Na,O. This limits the ob-
servations of the SEI to the compounds remaining on the surface after
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535 530

Binding Energy (eV)

washing, which obscures the changes between the sodiated and deso-
diated states of the HC SEI (SI Fig. 9). It is also important to note that
the salt species do not overwhelm the signals for the unwashed samples
(SI Fig. 10) which repudiates the arguments for washing XPS samples.
We recommend that future XPS work on the characterization of HC and
other anode SEIs should be performed on unwashed samples.

It is clear from comparing the sodiated and desodiated XPS spectra
(SI Fig. 9) that for both PC and TEGDME electrolytes, the majority of
the SEI is formed during the first sodiation process. Almost all the new
chemical species, in comparison to the pristine electrode, appear in the
sodiated spectra with minimal changes upon desodiation. The main dif-
ference between the sodiated and desodiated SEI is the relative amount
of C-H bonding compared with other carbon bonds. Specifically, upon
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desodiation, the C-H bond increases for both electrolytes. This suggests
that the ester and ether species polymerized or that hydrocarbons are
formed on the SEI during desodiation. The overall minimal changes for
the SEIs upon desodiation support the hypothesis that the low first cy-
cle CE, i.e., irreversible capacity, is mainly caused by SEI formation.
Although SEI formed in the PC and TEGDME electrolytes are alike in
primarily being formed during sodiation, their chemical species and rel-
ative amounts diverge.

The SEI formed in the PC electrolyte is mainly composed of
alkyl/sodium carbonates (C-H, CO3), polyesters (COO, O-COO, C-H), hy-
droxides (-OH), sodium fluoride (NaF), sodium oxide (Na,0), and salt
decomposition (NaXPFy). The SEI formed in the TEGDME electrolyte
is composed of sodium alkoxides (CH3-O, C-H), polyethers (C-O, C-
H), sodium fluoride (NaF), sodium oxide (Na,0), and salt decomposi-
tion (NaXBFyOZ). Solvent and salt (from the electrolyte) decomposition
are the origin of these chemical species. PC can decompose through a
ring opening reaction by single electron nucleophilic attack pathway to
form a linear alkyl carbonate [47]. This molecule can then decompose
into oxygen and propylene, which react with PC to produce polyesters.
Sodium alkoxides and polyether are derived from the decomposition of
TEGDME molecules.

The components of the SEI influence its stability and through study-
ing these components we can better understand why the SEI formed in
the PC electrolyte is more unstable than the SEI formed in the TEGDME
electrolyte. The reaction pathway for the decomposition of PC, that
eventually forms polyesters, can lead to continuous decomposition of
PC molecules and does not form a compact and conformal morphology,
as seen in the cryo-TEM images [47]. In addition, hydroxide groups are
partially soluble in PC, which means they likely cause continual parasitic
reactions. NaPFg has also been shown to react with an SEI component,
sodium carbonate, to form CO, [31]. Gas formation from the PC and
NaPFy decomposition can damage the SEI, especially one that contains
brittle components, like sodium carbonate [48]. In addition, carbon-
ate and polyester species are considered unfavorable for ion transport
which can lead to larger overpotentials and poor electrochemical per-
formance (SI Table 3). In contrast, TEGDME decomposition products,
sodium alkoxides and polyethers, are already known to form superior,
compact, thin, and stable SEIs on tin, bismuth, and rGO anodes [49-
51]. This compact and elastic nature of alkoxides and polyethers can
enable fast ion transport through the SEI [49-51]. The influence of the
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electrolyte on cell impedance was further evaluated by EIS (SI Fig. 11).
The PC electrolyte resulted in both higher charge transfer resistance and
resistance due to Na*t diffusion through the SEI than the TEGDME elec-
trolyte. The high resistance of the PC cell is likely caused by the thick SEI
composed of chemical species with poor ionic transport properties, such
as sodium carbonate and polyesters. In contrast, the stability and fast
ionic transport of SEI components formed in the TEGDME electrolyte
can enable superior battery lifetime and rate capability.

SEI formation and stability is controlled not only by the electrolyte,
but also the rate of electrochemical cycling. This factor is especially
important in investigating the HC system where the PC and TEGDME
electrolytes have significantly different rate capabilities. The XPS spec-
tra for the SEI formed in the PC and TEGDME electrolytes for three
rates are shown in Fig. 5. Over the different rates, the SEI formed in the
TEGDME electrolyte components have minimal changes whereas the SEI
formed in the PC electrolyte composition varies. At a rate of C/3, the
SEI formed in the PC electrolyte contains a larger amount of hydrox-
ide groups (-OH) relative to ester (COO) and ether (CO) groups. Since
hydroxide groups are partially soluble in PC, they are likely to cause
continual parasitic reactions, which limits the lifetime of a battery at
fast rates. As the rate slows, the composition of the SEI formed in the PC
electrolyte becomes more similar to the composition of the SEI formed
in the TEGDME electrolyte with a decrease of hydroxide groups and an
increase in ether groups (CO). Ether groups are not soluble in PC and
can form a more compact and therefore stable SEI. Other peaks, such
as carbonate and C-H relative amounts, remain rate independent for the
PC electrolyte. The SEI formed in the TEGDME electrolyte components
and relative amounts appear to be rate independent. The one exception
is a small carbonate peak, only identified in the C/3 SEI. The carbonate
peak could be a result of an altered reaction at the faster rate or the
detection of carbonate on the surface of HC due to a very thin SEL The
other consistent SEI components reveal that they are stable at slow and
fast rates for TEGDME electrolyte. The compact and elastic nature of
alkoxides and polyethers that compose the SEI formed in the TEGDME
electrolyte enables fast ion transport at all rates [49-51].

3.4. Long-term cycling stability of HC

Long-term electrochemical HC studies were performed for the PC
and TEGDME electrolytes where the first three cycles were run at a rate

Fig. 6. (a, b) Voltage profiles and (c, d) specific ca-
pacity and CE vs. cycled number for HC in (left) PC or
(right) TEGDME electrolyte.
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Fig. 7. Cross-sectional schematics of the differences between the SEI on HC in PC vs. TEGDME electrolyte.

of C/10 and the following cycles were operated at a rate of C/3 (Fig. 6).
This mirrors how full cells are tested with the initial cycles run at a
slower rate, known as formation cycles. The HC cell with PC electrolyte
performs poorly, with a capacity of 74.9 mAh/g, CE of 98.7%, and a ca-
pacity retention of 31.6% after 150 cycles. The capacity of the cell with
PC electrolyte rapidly declines during the first 50 cycles and then sta-
bilizes. This, along with the relatively low average CE, shows that even
the SEI formed with PC at a slower rate is unstable and leads to a poor
lifetime at faster rates. In contrast, the HC cell with TEGDME electrolyte
performs well, with a capacity of 222.9 mAh/g, average CE of 100.0%,
and a capacity retention of 90.4% after 150 cycles. This shows that SEI
formed in the TEGDME electrolyte is extremely stable at a faster rate and
enables a long lifetime. The variations of the CE around 100% could be
a result of temperature fluctuations during testing and/or potential SEI
component reversibility.

3.5. Schematics for SEI with different electrolytes

The results from this study were combined into a schematic for the
SEI formation on HC with PC and TEGDME electrolytes as shown in
Fig. 7. This schematic illustrates the main chemical components, char-
acteristics, and morphologies of the SEIs formed in PC and TEGDME
electrolytes. The PC-based SEI is mainly composed of alkyl carbonates,
polyesters, sodium fluoride, sodium oxide, and NaPFy, decomposition
products. This SEI appears thick, with nonuniform density and cov-
erage, qualities which can promote continuous reactions that shorten
the battery lifetime. In addition, this type of SEI inhibits sodium trans-
port and becomes more unstable at high rates, limiting the HC rate
capability. The TEGDME-based SEI is composed of sodium alkoxides,
polyethers, sodium fluoride, sodium oxide, and NaBF, decomposition
products. This thin, conformal, and uniform SEI enables cycling stabil-
ity and fast sodium ion transport. This model is in contrast with the
hypothesis proposed in literature in which trapped sodium in the HC
bulk structure and slow kinetics of the voltage plateau (de)sodiation
processes are considered as the causes for the low first cycle CE and
poor rate capability, respectively. Adopting this model suggests shifting
the research direction away from presodiating HC, in an effort to reduce
the amount of trapped sodium in the HC structure, toward improving
the SEI properties [22,23].
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4. Conclusions

In this study, the performance and mechanistic differences of HC in
a conventional carbonate electrolyte (1 M NaPFg in PC) and a high per-
forming ether electrolyte (1 M NaBF, in TEGDME) are explored. The
TEGDME electrolyte enables a higher first cycle CE, better rate perfor-
mance, and improved lifetime of HC. The trapped sodium in the HC bulk
structure, (de)sodiation processes, and SEI formation were examined to
study the origin of these performance differences. It is found that similar
(de)sodiation processes occur in PC and TEGDME system. In addition,
there is no trapped sodium found in HC after the first cycle, which in-
dicates that the first cycle CE and rate capability are not determined
by the sodium storage process in the bulk structure. Thereafter, the SEI
formation was explored during the first cycle at three different rates
using cryo-TEM, SEM, EDS, and XPS. The growth of a thin, conformal,
and uniform SEI in TEGDME electrolyte enables stable cycling behavior
of HC under different current densities. This mechanistic understanding
for the HC SEI can be potentially generalized to other carbonate- and
ether-based electrolytes. HC with ether-based electrolytes has superior
electrochemical performances but its compatibility with sodium cath-
odes should be further explored to enable a high-energy, long-life full
cell. These findings demonstrate a new pathway through electrolyte de-
sign and interfacial engineering to further improve the electrochemical
performances of the HC anode for grid-storage level NIBs.
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