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1. Department of Mechanical & Materials Engineering, University of Western Ontario, London, Ontario,
Canada
2. Department of Chemistry, University of Western Ontario, London, Ontario, Canada
3. Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California, United States
4. Institute of Advanced Electrochemical Energy, School of Materials Science and Engineering, Xi’an
University of Technology, Xi’an, Shaanxi, 710048, China

5. State Center for International Cooperation on Designer Low-carbon & Environmental Materials
(CDLCEM), Zhengzhou University, Zhengzhou, Henan, 450001, China

Abstract: The porous carbon blacks rationally designed by an NHs etching route have been
investigated as anode materials in DEGDME (Diethylene glycol dimethyl ether)-based
electrolyte for sodium-ion batteries. The as-synthesized CBN35 carbon black with highest
microporosity and appropriate surface area, exhibits a large specific charge capacity of 352 mAh
g at 50 mA g and a superior rate capability of 125 mAh g* at 3200 mA g*. Even cycled at
1600 mA gt over 3200 cycles, an outstanding reversible capacity of 103 mAh g* with a
negligible 0.0162% capacity loss per cycle can still be achieved. Based on multimodal
characterizations, including the structural probe of the evolution of carbon materials, the
electrochemical techniques, and surface-sensitive XAS measurements, the exceptional
electrochemical properties stem from several advantages of the modified carbon black system.
The particular microporous structure provides relatively more accessible sodium storage sites
and a hybrid insertion mechanism with sodium ion insertion into disordered structure while
solvated sodium ion intercalation into graphitic phase. The system also features a controlled
emergence of a robust SEI thin film, which could maintain the fragile porous structure and

facilitate the sodium ions/solvated sodium ion migration.

Key words: sodium-ion batteries; anode; porous carbon; microporosity; ether-based electrolyte;

cointercalation

1. Introduction



The commercialization of lithium-ion batteries has stimulated the development of
portable electronics and recently envisioned its feasibility for powering electric vehicles!,
However, the huge potential demand for geologically limited lithium resource along with soaring
prices in recent decades, has propelled the pursuit of sustainable energy storage systems with low
cost and high reliability*®. Sodium-ion batteries, owing to its abundant element reserve with
widespread natural distribution and appropriate redox potential (Ena"/na=-2.71 V vs. S. H. E) as
well as analogous reaction mechanism to its lithium counterparts, have been extensively studied
as promising alternatives for lithium-ion batteries in recent years, particularly in the market of
large-scale grid energy storage’®. However, the increased atomic weight of sodium ions and
higher redox potential for Na*/Na couple may unavoidably lower the theoretical energy density
of sodium-ion batteries!®t, More seriously, the inherent larger ionic size of sodium ions,
compared with lithium (1.02 vs 0.76 A), further triggers the kinetics challenges involving
sluggish sodium ion diffusion, and host structural stability issue concerning the large volume
change during sodiation/desodiation process. Additionally, the complex sodium ion chemistry
regarding interactions between cations and host structure as well as subsequent SEI (solid
electrolyte interphase) formation also lead to the instability of electrochemical properties®*2. It is
therefore urgent to develop advanced electrode materials with more accessible sodium storage
sites and higher physiochemical stability to enable the sustainability of high-performance sodium

ion batteries.

Generally, it is problematic to directly apply sodium metal as anode materials in sodium
ion batteries, due to safety hazard resulted from its low meting point and internal short circuits
after dendrite formation®. Compare with the conventional graphite with in-plane long range order
and stacking order, which can reversibly intercalate lithium ions in formation of various graphite
intercalation compounds(GICs), disordered carbon materials, with larger interlayer distance
stemmed from irregular structures comprising curved graphene nanosheets and turbostratic
graphitic nanodomains, can effectively accommodate the insertion/extraction process of sodium
ions with larger ionic size’**°, Admittedly, typical hard carbon and related materials can deliver
a reversible capacity around 300 mAh g*; but the rate performance and cycle stability for these
materials are still poor'®24, Well-established nanotechnologies in lithium ion batteries have been
introduced into sodium systems in preparation of carbonaceous materials with expanded
interlayer distance for buffering the huge structural strain from sodiation/desodiation process ,



increasing the contact area between electrode and electrolyte for excellent rate capability, and
further shortening the path lengths for electronic transport and sodium ions diffusion?26,
Previous research has demonstrated the use of templated carbon with hierarchical porosity as an
anode material displaying excellent rate performance?’. Joachim Maier et al?® further
synthesized hollow carbon nanospheres by hydrothermal method with subsequent annealing and
obtain a reversible capacity of 50 mAh g* at 10 A g* ,while similar hollow carbon nanowires?
and ultrathin hollow carbon nanospheres® can both deliver a larger reversible capacity with
extended cycle life. Notably, the nanostructure design ranging from 1D carbon nanofibers®!-
%/microtubes®, 2D graphene®’-*°/carbon nanosheets*, to 3D carbon frameworks*** and hard
carbon matrix*, have been successfully exemplified in promoting the electrochemical
performance of carbon-based materials. For example, Xiulei Ji et al** derived carbon nanofibers
from cellulose nanofibers with an excellent rate performance of 85 mAh gt at 2 A gt as well as
a superior cycling stability of 176 mA h g at 200 mA g* over 600 cycles. And a free-standing
and binder-free carbon nanofibers electrode obtained from pyrolysis of PAN-F127/DMF
nanofibers through an electrospinning method could even deliver an reversible capacity of ~140
mAh g after 1000 cycles at 0.5 A g 3. Moreover, the porous carbon frameworks synthesized
from carbon quantum dots could present remarkable cycle life over 10000 cycles with a highly
reversible capacity of 137 mAh gt at 5 A g #2. In parallel with these developments, much
efforts have been devoted to tailor carbon materials by heteroatom doping for improved
conductivity and extra defective sites for sodium ion storage, such as nitrogen doping*°?, sulfur
doping*®°2->*  fluorine doping®®, hydrogen-doping®®, and POx doping®’, while biomass-derived
carbon materials could also demonstrate its high sodium storage capability for unique porous
structure with high disordered degree?224°8-61_Particularly, the sulfur-doped disordered carbon
prepared from carbonizing the mixture of NTCDA and sulfur, could present a ultra-high
reversible capacity of 271 mAh gt at 1 A g™ over 1000 cycles®.

Recently, graphite was firstly revisited by Philipp Adelhelm et al in diglyme-based
electrolyte with a reversible capacity of 100 mAh g* over 1000 cycles®?, while Kisuk Kang et al
further optimized the electrode performance with a stable specific capacity of 150 mAh g for
2500 cycles®® and proposed the formation of solvated sodium ion species as well as its
thermodynamically favorable intercalation process®*. Later, Quanhong Yang et al, applied the

high specific surface area carbon in ether-based electrolyte and achieve a large reversible



capacity of 509 mAh g* at 100 mA g with the desirable stability up to 1000 cyclesat 1.0 A g
1.65

Importantly, DEGDME-based electrolyte was successfully applied for a commercial non-
porous carbon black with significantly improved reversible capacity and cycle stability. This is
achieved by taking advantage of sodium insertion into disordered structure and sodium ion-
solvent cointercalation into graphitic structure. However, the present accessible capacity is still
low when compared with conventional hard carbon based materials. Therefore, the rational
design of electrode materials with more active sodium storage sites is urgently necessary.

Herein, we develop a facile method to tailor the porosity of carbon black, which is
introduced into an ether-based electrolyte system for the first time. By incorporating different
sodation/desodiation avenues, we show that the optimized porous structure with minor
heteroatom doping could enable the highly stable capacity with ultra-long cycle life as well as

remarkable rate performance.

2. Experimental

2.1 Materials preparation

Commercial N330 carbon was used in all experiments as the pristine material. And based
on our previous research®, NHsz gas was introduced at 1050 °C to etch the N330 carbon black
yielding porous carbon with desired mass loss. Typically, 500 mg of N330 powder in a fused
silica boat was pyrolyzed in a fused silica reactor under NHs at 1050 °C until the desired mass
loss achieved. Samples with mass loss of 10%, 35%, 54%, were referred as CBN10, CBN35, and
CBNb54, respectively.

Sodium triflate (NaCF3SOs, 98%, Sigma Aldrich) and molecular sieves (4 A, Sigma
Aldrich) were firstly dried at 150 °C in a vacuum oven for 2 days while molecular sieves were
later employed to remove the residual water in solvents. And two kinds of electrolytes were
carefully synthesized in a argon-filled glove box by dissolving 1.0 M sodium triflate (NaCF3SOs3,
98%, Sigma Aldrich) into DEGDME (98.9%, Sigma Aldrich) and EC/DEC with 1:1 in volume
ratio(Sigma Aldrich), respectively.

2.2 Physical characterizations



The crystalline structure of carbon materials was studied using X-ray Diffraction (XRD)
by a Bruker D8 Advance (Cu-Ka source, 40kV, 40mA) spectrometer while Raman scattering
spectra were recorded using a HORIBA Scientific LabRAM HR Raman spectrometer system
equipped with a 532.4 nm laser. A Folio Micromeritics Tristar Il surface area analyzer was
employed to measure N» adsorption/desorption isotherm and pore size distribution. Morphology
was observed using Hitachi S-4800 field emission scanning electron microscope (FE-SEM)
operated at 5 keV and high-resolution transmission electron microscopy (HRTEM) (JEOL 2010
FEG). Synchrotron C K-edge X-ray absorption spectroscopy (XAS) measurements were
conducted in Beamline 6.3.1.2 and 8.0.1.4 of Advanced Light Source in Lawrence Berkeley
National Laboratory and The C 1s X-ray photoemission spectroscopies (XPS) were performed at
the high resolution Spherical Grating Monochromator (SGM) beamline in Canadian Light
Source (CLS). The excitation and pass energy for XPS are 700 and 500 eV, respectively.

2.3 Electrochemical measurement

Electrodes were prepared by casting the slurry, consisting of 80 wt.% active material, 10
wt.% acetylene black as the conductive agent, and 10 wt.% PVDF binder in suitable amount of
N-methyl pyrrolidinone, onto copper foil. The casted foil was then vacuum dried at 80 °C for 12
h to remove residual water and excess NMP. And the electrodes were punched to ¥z inch pellets
which were further pressed and found to have a the loading mass of ~0.8 mg cm Half-cell
configuration 2032-type coin cells were fabricated in an Argon-filled glove box where sodium
foils was used as an anode along with prepared N330 carbon electrodes and polypropylene
membrane (Celgard 2400) as cathode and separator, respectively. Finally, the electrochemical
properties were evaluated by cyclic voltammetry(CV) at 0.1 mV s and electrochemical
impedance spectra(EIS) at an AC voltage of 5 mV amplitude in the 100 kHz to 0.01 Hz
frequency range in a Biologic VMP3 electrochemical station. The galvanostatic charge/discharge
performances were examined between 0.001~2.5 V (vs Na/Na®) at different current densities

under room temperature using an Arbin BT-2000 Battery Tester.

3. Results and discussion
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Fig.1 (a) X-ray diffraction patterns, (b) Raman spectra and (c) N2 adsorption/desorption isotherm
spectra for different carbon blacks. (d) Synchrotron C 1s X-ray photoelectron spectroscopy for
CBN35 carbon black

X-ray diffraction was employed to understand the different microstructures of NHs
etched porous carbon, as shown in Fig.1 (a). In all patterns, the obviously observed peaks at
~24 ° and ~42° could be indexed to (002) and (100) diffraction modes, related to the stacking
order degree of graphitic carbon structure and the emergence of ordered hexagonal structure,
respectively®%%’, The (002) peak position would slightly move to low angle while its intensity
firstly increases and then decreases along with the NHs etching process. Based on the classic
Bragg equation and Scherrer equation*:®"68  the interlayer distance (dooz), in-lane coherence
length (Lc) and out-of-lane coherence length (La) for graphitic domains are calculated as listed in
Table S1(supporting information). The apparent decrease of doo2 as well as La and the increase of
L. from CBN10 to CBN54 carbon black clearly reflect the formation of short-range ordering and
decomposition of disordered structure. However, during the initial etching process, , the La value
increases while the L. value decreases from N330 to CBN10 carbon black and maybe attributed
to a particular formation mechanism previously investigated®®°, involving the initial

consumption of disordered carbon in the outmost surface part and following reactions between



NH3 gas and amorphous carbon from the inner region as well as graphitic crystallite from
remaining outside edges. Meanwhile, the D band for disordered phase and the G band for
graphitic structure in Raman spectra, can be observed around 1343 and 1590 cm™, respectively.
With the proceeding of NHs etching process, the corresponding D band would obviously
sharpens with a decrease in the width at half maximum (FWHM), which further indicates the
gradual diminishment of disordered phase and progressive formation of the ordered structure in
carbon materials and agrees well with the results from XRD data as well as our previous report®®.
The unusual increase of Ip/lg upon high-temperature NHz etching may be resulted from the
curling of stacked graphitic layers and the subsequent shrinkage of small graphitic crystals in
(100) directions®”"t, Additionally, Fig.1(c) presents the nitrogen adsorption-desorption isotherms
for different carbon blacks with pore size distributions are compared in Fig. S1. The introduction
of reactive NH3 gas effectively creates a porous structure with large surface area, ranging from
78 m? g* for pristine carbon black to 233, 583 and 783 m? g for CBN10, CBN35 and CBN54
carbon materials, respectively. Among all samples, the CBN35 carbon black showed the highest
specific surface area for microsporesThis type of architecture has been shown as the hosts for
most active sites in Fe/N/C catalysts for oxygen reduction reaction at the cathode of proton
exchange membrane (PEM) fuel cells®®"°. As determined by our previous results from
conventional XPS spectra®®, N atoms have been successfully doped into the etched porous
carbon blacks but with quite limited content as listed in Table s1. Furthermore, CBN35 carbon
black with a 1.4% N-doping content was further characterized by synchrotron-based C 1s XPS
and this single broad peak could be deconvoluted into 4 separate peaks as shown in Fig.1 (d).
Two broad peaks centered at 284.2 and 285.4 eV correspond to sp? and sp® hybridized carbon
structures’?74, respectively, while the comparatively weak peak at 286.9 eV is attributed to C-N
bonds (N-sp® C configurations, sp-hybridized carbon atoms)”>-"®. And the appearance of C-O
peak for —O-C=0- group at 289.1 eV’ may be originated from immediate contact between
etched carbon and air after pyrolysis, which conforms to our previous conventional XPS
results®®. The abundant experimental results from different characterization methods clearly
demonstrate the structural evolution of carbon materials from solid spheres to microporous and
mesoporous carbon. This structural morphology undoubtedly contributes to the improvements of
sodium ion diffusion and intercalation performance of this anode material in sodium ion

batteries.



Fig.2 depicts the morphology of different carbon materials. For pristine N330 carbon
black as presented in Fig.2 (a), the nanoparticles with different sizes from 20 to 60 nm would
severely agglomerate and unevenly distribute. Upon NHz etching, several tiny particles (<20
nm) and large particles (>40 nm) disappeared and the average particle size became relatively
smaller as shown in Fig.2 (b-d), which is consistent with the results from our previous particle
size distribution analysis®. Additionally, HRTEM images highlight the amorphous nature, and
few-layer-stacked graphitic structure, with a interlayer distance of about 0.36 nm, of CBN35
(Fig.2(f)) and correlates well with data obtained from XRD.

On the basis of the well-understood NH; etching mechanism for N330 carbon black®4,
Fig.3 further illustrates the carbon porosity formation process. Normally, the pristine N330
carbon particles consist of a graphitic structure and a disordered phase, but with almost no pore
in the outside part. At the beginning of the etching process, the outer disordered carbon would
firstly decompose under the etching reaction, generating several surface pores. With the gradual
loss of the external disordered carbon, the as-resulted microspores would dimensionally grow
deeper and larger, further leading to an increase of specific surface area of micropores and the
eventual formation of mesopores. Following the complete consumption of outer disordered
carbon, the NHz would not only react with the internal disordered part, but also begin to etching
remaining graphitic structure on the outer surface. Eventually, the reduction of the outmost

graphitic crystallite layer would inevitably result in decreased particle size.



Fig.2 SEM images of (a) N33, (b)BNlO, () BN35 and (d) CBN5 carbon blacks. (e)TEM image and (f)
HRTEM image of CBN35 carbon black.
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Fig. 3 Schematic diagram of carbon porosity formation during NHs etching process

Based on synergic mechanism of utilizing both disordered and graphitic structures for

sodium storage, it’s also critical to study the effects of porosity on electrochemical performance.



Surprisingly, the etched porous carbon blacks show very different sodium ion storage
capabilities at different current densities as compared in Fig. 4. CBN35 carbon black exhibits an
initial charge capacity of 352 mAh g with the coulombic efficiency of 72.19% at a current
density of 50 mA g. As shown in Fig.4 (a), the subsequent discharging and charging curves
scarcely move while most sodium intercalation/extraction processes efficiently occur below a
voltage of 1.5 V, which is very desirable for coupling with existing cathode materials for full
sodium ion batteries. Following 100 cycles of charging/discharging at 50 mA g%, CBN35 still
maintains a highly reversible capacity of 336 mAh g with 95.45% capacity retention as
presented in Fig.4 (b). Conversely, pristine N330 displays an initial reversible of about 234 mAh
gt with 84.12% capacity retention, and CBN 10 carbon black shows a noticeable capacity decay
with a low reversible capacity of about 148 mA mAh g and a 76.68% capacity retention.
Additionally, the electrochemical properties of as-obtained porous carbon materials was further
studied using extended cycling galvanostatic charging/discharging at elevated current densities.
Comparatively, CBN35 is capable of achieving an initial reversible capacity of about 303 mAh
gt with a coulombic efficiency of 70.79% at 100 mA g while N330 and CBN10 only deliver an
initial reversible capacity of 213 and 180 mAh g, respectively. Different from the rapid capacity
degradation for CBN10 with 58.89% capacity retention, CBN35 carbon retains a stable capacity
of about 275 mAh g* with 90.76% capacity retention while N330 carbon has a capacity retention
of 77.36% after 200 cycles at 100 mA g2, as depicted in Fig.4(c). Upon increasing the current
density to 200 mA g%, CBN35 still delivers a high reversible capacity of 286 mAh g* with
69.59% coulombic efficiency in the first cycle. After 400 cycles, an exceptional reversible
capacity of 229 mAh g* with 80.07% capacity retention is obtained, which is much higher than
that of other carbon blacks tested herein. It is worth mentioning that CBN54 carbon black could
present a low but stable reversible capacity of about 85 mAh gt at 50 mA g without obvious
voltage plateau as well as capacity loss when increasing current density, implying its limited
active sites for efficient sodium ion storage, highly porous carbon structure for fast sodium ion
diffusion after excessive NH3 etching treatment and capacitive behavior. Compared with the low
reversible capacity and poor cycle stability obtained for CBN10, the outstanding electrochemical
performance of CBN35 carbon is not only resulted from desirable creation of highest

microporosity with suitable surface area and more active sodium ion storage sites, but also due to



the appropriate structural evolution of graphitic and disordered phases in noticeable heteroatom-

doped carbon materials for enhancing the cointercalation in ether-based electrolyte.
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Fig. 4 (a) Discharge-charge profiles for CBN35 carbon black at a current density of 50 mA g.

Cycle number

Cycle performance of different carbon blacks at current densities of (a) 50, (b) 100 and (c) 200
mA g.

The increased performance and long, stable cycle life seen for CBN35 is also verified in
rate and cycle tests, as displayed in Fig. 5. CBN35 was capable of delivering a highly reversible
capacity of 339, 290, 257, 211, 183 and 150 mAh g at 50, 100, 200, 400, 800 and 1600 mA g.
Even when cycled at 3200 mA g2, a capacity of 125 mAh g* was found, demonstrating the
versatile nature of this hierarchal porous structure. After decreasing the current density to 50 mA
g%, the capacity could restore to 336 mAh g* with superior reversibility. And the cycling
stability of CBN35 n was further evaluated at an ultrahigh current density of 1600 mA g.
Regardless of low initial coulombic efficiency of 77.38% and fast capacity degradation in first
100 cycles, the CBN35 carbon black could deliver an outstanding reversible capacity of 103
mAh g over 3200 cycles with a negligible 0.0162% capacity loss per cycle, which is much
better than electrochemical properties of carbon-based materials from most recentreports?236:53:56-
5861678188 " |mportantly, the unique microporous structure allows for facile access to sodium ion

storage sites, thereby allowing rapid reversible sodiation and desodiation process. Furthermore,



the porous nature of this material allows for a hybrid swift diffusion of sodium ions and solvated

sodium ion species into the disordered and graphitic structure, respectively.
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Fig.5 (a) Rate performance, (b) the corresponding discharging/charging curves at different
current densities, (c) cycle performance and coulombic efficiency at 1600 mA g for CBN35

carbon black.

In comparison, with EC/DEC-based electrolyte, the CBN35 carbon black only exhibits an
initial reversible capacity of 127 mAh g* at 50 mA g with 79.53% capacity retention after 100
cycles, as shown in Fig. s3. This is consistent with our previous results from distinct
electrochemical properties for N330 carbon in different electrolyte. Moreover, CV measurement
is employed to further understand the different electrochemical behaviors for CBN35 in different
electrolytes. In EC/DEC-based electrolyte a strong peak around 0.5 V in first catholic process is
observed, as illustrated in Fig. 6(a). This is attributed to the decomposition of electrolyte and
uncontrolled formation of insulating solid electrolyte interphase (SEI) during the sodiation
process. Interestingly, in DEGDME-based electrolyte only a small and broad peak can be found
at around 0.5 V in first catholic reaction, signaling a weak, but noticeable, SEI formation
process. It’s widely recognized that a favorable SEI film would effectively inhibit the continuous
decomposition of electrolyte at low potential and further stabilize the layered structure of

graphite anode for long cycle life. This is especially important considering its structural



instability towards solvent co-intercalation for lithium ion batteries®® . Nevertheless, the
application of ether-based electrolyte in sodium systems with the controlled formation of thin
SEI films seems to be more favorable for enabling high electrochemical activity and reversibility
of porous carbon materials.%® And the EIS results for discharged CBN35 electrodes in different
electrolytes further confirm the underlying role of DEGDME solvent in performance promotion.
In virtue of the as-obtained spectra, the SEI impedance between electrode and electrolyte relates
to the horizontal axis intercept value in high frequency region while charge transfer resistance
results in semicircle in medium frequency for discharged electrodes®!. Compared to low
resistance for discharged electrode in DEGDME-based electrolyte, the slightly increased SEI
impedance and greatly increased charge transfer resistance in EC/DEC-based electrolyte clearly
revealed the electrochemical and physiochemical undesirability for uncontrolled formation of
thick SEI layer. This leads to a large amount of electrolyte consumption, as well as lowering the
reversible capacity and coulombic efficiency, and hinders the efficient sodium ion transport for
fast charging/discharging process.

In order to verify the aforementioned phenomena of the limited formation of SEI thin
film with CBN35 carbon black electrodes, the surface sensitive TEY-mode C K-edge X-ray
absorption spectra at different electrochemical states in DEGDME-based electrolyte are
displayed in Fig.6(d). For pristine electrodes, sharp peaks at 285.4 eV and 292.4 eV can be
found and are attributed to carbon 1s core electrons excited to n(C-C)* and o(C-C)* orbitals®?
respectively, while the small peak around 288.3 eV may be related to © (C=0)* transitions®*.
Following discharge to 0.001 V, a new peak appears around 290.1 eV that can be assigned to
o*(C-0) transitions for oxygen-containing functional groups®® from electrolyte decomposition
and SEI formation. Simultaneously, the © (C=0)* peak slightly shifts to high energy while peak
intensities for both 7(C-C)* and o(C-C)* peaks decrease, further indicating the restrained
formation of an SEI film during the discharging process. When charging the electrode back to
2.5V, the 6*(C-O) peak can still be observed at 290.1 eV, but with low intensity, indicating a
preserved SEI thin film. Therefore, the adoption of ether-based electrolyte in porous carbon
could not only facilitate fast migration of sodium ions and solvated sodium ion species in
electrolyte/interphase/electrode, but also efficiently enables the controlled SEI formation without
sacrificing reversible capacity and electrolyte amount, leading to high electrochemical

reversibility and cycle stability for CBN35.



Based on the analysis above, it appears that with assistance of ether-based electrolyte for
the insertion of both sodium ion and solvated sodium ion, the intentionally designed porous
carbon could deliver an exceptional reversible capacity with a prolonged cycle life. The
improved performance results from the desirable formation of microporous structure with more
sodium ion storage sites and controlled formation of SEI thin film for stabilizing the fragile
porous structure and ensuring rapid sodium ions/ solvated sodium ion species transport. In
addition to the suitable porosity, the heteroatom doping and surface functionalities can also affect
the sodium ion storage capability of carbon-based materials. Such works are ongoing in our
group.
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Fig. 6 CV curves of CBN35 carbon black in (a) EC/DEC-based and (b) DEGDME-based
electrolytes. (c) Electrochemical impedance spectroscopy for discharged electrode in different
electrolytes. (d) C K-edge X-ray absorption spectroscopy of CBN35 carbon black electrodes at

different states when cycling in DEGDME-based electrolyte.

4. Conclusions

Porous carbon black was fabricated using a NH3 etching method and has been
successfully studied as an anode material for sodium-ion batteries with DEGDME-based
electrolyte. The as-prepared CBN35 carbon black with highest microporosity and appropriate
surface area delivers a large reversible capacity with superior rate capability and outstanding
cycle stability. The improved sodium ion storage capability stems from the increased active sites

in microporous structure, and the novel insertion mechanism of solvated sodium ion intercalation



into graphitic structure and sodium ion insertion into disordered structure. Moreover, the
improved rate cycle stability is resulted from the controlled formation of a robust SEI thin film
for structural stability and the consequent fast sodium ions/solvated sodium ion species
migration. We believe this work on porous carbon in DEGDME-based electrolyte would
enlighten a new strategy regarding rational structure design of carbon materials for high-

performance sodium ion batteries in ether-based electrolyte.
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