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ABSTRACT

Hard carbons appear to be promising anode candidates in high-performance
sodium-ion batteries (SIBs) for large-scale stationary energy storage due to their
large interlayer distance and amorphous structure, which facilitate sodium ions
insertion/desertion. However, several major hurdles to address are poor rate
performances and the low initial coulombic efficiency (ICE). Herein, a facile
strategy to tailor hard carbons with graphitic nanostructures and rational
specific surface area is proposed to improve sodium storage. Resin-derived
carbon nanobroccolis (CNB) with in situ decorated graphitic nanostructures
have been successfully synthesized by self-assembly and low-temperature cat-
alytic carbonization process. As a result, attribute to in situ tailored graphitic
nanostructures in hard carbons and rational specific surface area, CNB elec-
trodes possess less charge transfer resistance and excellent sodium ions diffu-
sion kinetics and successfully achieve fast and efficient sodium storage. When
used as anode for sodium-ion batteries, CNB electrodes exhibit excellent high-
rate capability of 137 mAh g~' at 1000 mA g~ ' and enhanced ICE of 52.6%. Our
strategy reported here opens a door to design high-performance carbon anode
materials for SIBs particularly focusing on efficient sodium ions storage and fast
sodium ions diffusion.
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and natural abundance of lithium-containing pre-
cursors present unavoidable challenges to industry.

Introduction

In the last three decades, the lithium-ion batteries
(LIBs) have been spreading from portable electronic
devices to vehicle electrification and power grid.
However, the limits of the uneven global distribution
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As one type of the most promising candidates,
sodium-ion batteries (SIBs) have drawn significant
attention due to the low-cost, ubiquitous and wide-
spread reserves of sodium mineral salts.
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Advances in electrode materials which undertake
the electrochemically insertion/desertion of sodium
ions are undoubtedly fundamental and important for
the improvement of battery performance. Enormous
efforts have been dedicated to the progress of high-
performance anode materials, because, unlike LIBs,
the electrochemical sodiation/desodiation capacity of
graphite is as low as 35 mAh g~ '. More problemati-
cally, the formation of graphite intercalation com-
pounds is energetically unfavorable in SIBs [1, 2].

Recently, intensive research efforts have focused
on developing SIBs anode candidates including car-
bon nanowires [3], carbon nanosheets [4], carbon
nanofibers [5], carbon nanoparticles [6, 7] and so on
[8, 9]. Among various carbonaceous materials, hard
carbons are considered as promising anode materials
for SIBs because of their large interlayer distances
and amorphous structures, which facilitates sodium
ions insertion and desertion [10]. Dahn’s group [11]
first reported hard carbon as the anode material for
SIBs, exhibiting a high specific capacity of
280 mAh g~' at 20 mA g~ '. Subsequently, hard car-
bons derived from glucose [12], shaddock peel [13],
pyrolyzed anthracite [14], cotton [15], wood [16], fil-
ter paper [17] all exhibit superior specific capacity.
The specific capacities of hard carbons for the first
discharge cycle were somewhat higher than
300 mAh g~ ! due to the large interlayer spacing and
large electrode/electrolyte contact area and efficient
and continuous electron transport of the porous car-
bon structure. Unfortunately and inevitably, owing to
the amorphous structure, the electronic conductivity
of hard carbons usually is relatively low and leads to
an unfavorable rate capability. Meanwhile, the high
specific surface area induces the formation of vast
solid electrolyte interphase layer and then results in a
low initial coulombic efficiency as well as poor cyclic
stability [6, 8, 18, 19].

Generally, increasing the graphitization degree of
amorphous carbons by high-temperature heat treat-
ment (> 1300 °C) could improve their electronic
conductivity, coulombic efficiency [8] and rate capa-
bility [15]. The graphite-like micro-crystallites
increase evidently with the increase in carbonization
temperature due to the reduction in some defects and
heteroatoms as well as the rearrangement of carbon
atoms [20]. Nevertheless, high-temperature car-
bonization unavoidably destroys the porous struc-
ture, shrinks the interlayer spacing and weakens the
ionic conductivity, and then leads to a low specific
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capacity of hard carbon, especially at high discharge
current density. As a result, only 98 mAh g™
remained at 500 mA g~ for corn cob-derived hard
carbon [20] and 8 mAh g ' remained at
900 mA g ' for templated carbon [21]. Therefore, it is
extremely important to develop novel and efficient
method to improve the electrochemical performance
for hard carbons in SIBs.

Motivated by these considerations, a facile and
scalable method was proposed for the design and
preparation of carbon nanobroccoli tailored with
porous expanded graphitic nanostructures (CNB) via
a combined process of chemical polymerization and
low-temperature catalytic carbonization. In this
work, lignin-resorcinol-formaldehyde (LRF) hydro-
gel was achieved by chemical polymerization in
FeCl; concentrated solution. Benefiting from the
template and catalytic graphitization of Fe species,
broccoli-like morphology hard carbons were in situ
tailored with porous high graphitic nanostructure,
possessing excellent electronic conductivity, rational
accessible surface area, strong structural stability, less
charge transfer resistance and excellent sodium ions
diffusion kinetics. Compared with traditional car-
bonaceous monolithic material, the specific capacity
of CNB electrodes was improved from 166 to
337 mAh g_1 at 50 mA g_l; in addition, the initial
coulombic efficiency (ICE) was greatly improved
from 29.0 to 52.6%. Meanwhile, CNB as anode
materials demonstrated superior high current cycling
stability at 1000 mA g~ !, and 137 mAh g~ remained
after 1000 cycles. Our strategy reported here opens a
door to the design and tailoring of amorphous car-
bons with excellent electronic conductivity and less
specific surface area for efficient and fast energy
storage.

Results and discussion

The synthesis of electrode materials as well as the
construction of CNB by a two-step procedure of
in situ polymerization and catalytic carbonization is
presented in Fig. 1. Detailed synthetic procedure was
described in experimental section. Resorcinol-
formaldehyde resins are artificially synthesized flex-
ible precursors with low cost leading to high-purity
carbons with precise control of chemical properties
[22]. The lignin is an abundant carbon-rich biopoly-
mer comprising three different phenolic alcohol
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Figure 1 Schematic illustration of the synthesis procedure of CNB.

monomers, which can be used to partly replace the
use of resorcinol. The chelation effect [23] of Fe*"
with polymer monomers via liquid-phase method
[24] can improve the dispersion of metal catalysts
into carbon precursor units, yielding a better catalytic
effect. The LRF-KCI was set as reference. Firstly,
phenolic alcohol nanomers in resorcinol and lignin
reacted with formaldehyde to form hydroxymethyl
derivatives, methylene and methylene ether bridged
gel networks [25]. Secondly, after freezing drying,
abundant ultrafine FeCl; particles could be highly
dispersed in LRF xerogel. Thirdly, thermal decom-
position, chemical decomposition and recombination
reactions of the resin occurred upon heat treatment
[26]. At low temperature, FeCl; particles could be
engaged as hard template [27]. At high temperature,
the Fe nanoparticles are formed and uniformly dec-
orated into carbon matrix by in situ carbon-thermal
reduction in the decomposition residues of ferric
chloride. Fe species possess strong catalytic effect of
graphitization [28]. Benefiting from the migration and
accumulation of Fe species in the matrix [2], expan-
ded nanographite in situ formed in the carbon matrix
and generated ordered structures around the Fe
species [28]. Lastly, when Fe species were etched
away, graphitic carbon nanostructures were left
highly dispersed in the hard carbon matrix [29].

The tailored ordered graphitic structures into hard
carbons were confirmed by X-ray diffraction as
shown in Fig. 2a. CNB and CM exhibit broad peaks
center at around 25° and 23° corresponding to the
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(002) graphitic structure diffraction. The (002) peak
position of CNB shifts to a higher angle indicating the
tiny decrease in (dop). With the catalytic graphitiza-
tion of Fe species, part of amorphous carbon con-
verted to expanded graphite [27].

Raman spectroscopy can be used to efficiently
reveal the defects level and degrees of graphitization
of carbon materials [30]. For CNB and CM, two
obvious peaks are identified in the Raman spectrums
(Fig. 2b) at 1320 and 1590 cm ™, corresponding to the
D band and G band of carbons, respectively. As
demonstrated in Fig. 2b, compared with CM (1.02),
the peak intensity ratio In/Ig of CNB (0.93) reflects an
increase in the graphitic degree in CNB, which indi-
cated the catalytic graphitization of Fe species [29].
For carbons, the graphitic crystallite size in plane
L,(nm) can be quantified based on Eq. (1) by the peak
intensity ratio:

L,=24x 10-10416 (1)
Ip
where I was the integrated intensity of the corre-
sponding band and 4 was the laser energy in
nanometers [30]. Based on the Raman spectra of
CNB, CM and Eq. (1), the graphitic domain sizes of
CNB and CM were approximately 20.6 and 18.7 nm,
respectively, which further indicates the develop-
ment of local short-range ordered structure in CNB.
Scanning electron microscopy (SEM) characteriza-
tion was performed to observe the surface morphol-
ogy of carbon nanobroccolis. Figure 3a exhibits the
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Figure 2 a XRD patterns of CNB and CM, b Raman spectra of CNB and CM.

uniform dispersion of carbon particles with 200 nm
diameter on the branch. As shown in Fig. 3b, differ-
ent from the carbon nanosheets in Fig. Sla, carbon
blocks with rough surface were surrounded by
abundant cross-linked depressions. The unique
structure is in favor to the contact and madefaction
for active materials and electrolyte [6]. As observed in
Fig. 3c, typical amorphous structures and graphitic
structures can be clearly visible in the carbon matrix
(region 1) and on the outskirts of hard carbon (region
2,3). As shown in Fig. 3d (the enlarged drawing of
region 1), amorphous structures fill the whole screen,
indicating that the resorcinol-formaldehyde resins
are typical applicable hard carbon precursors. Benefit
from the catalytic graphitization effect of Fe species,
some carbon layers shift and oxygen-containing
functional groups decompose. In contrast to region 1,
ordered graphitic structures can be well observed by
the alternating bright and dark contrast in region 2
(Fig. 3e). Amazingly, as clearly shown in Fig. 3f (the
details drawing of region 3), graphitic structures are
closely anchored on the amorphous carbon matrix.
Especially, ordered-disordered cross-linking in
region 4 convincingly demonstrates that in situ
formed ordered carbon layers are deeply rooted in
these amorphous carbon structures. Those are con-
sistent with the results in crystal structures. Obser-
vations of surface morphology provide strong
evidences for the successfully tailoring. Different
from CNB, typical amorphous structure can be seen
in CM (as shown in Fig. S1b). It is well established
that the in situ formed graphitic structures can
improve the electrical conductivity of hard carbon,
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provide sufficient electrons transfer for the Na*
intercalation and extraction process, reduce the
charge transfer impedance and hence improve the
rate capability of the hybrid [19, 31]. In addition, the
average interlayer spacing is measured to be
0.347 nm for the ordered graphitic carbon layers due
to the residual oxygen-containing groups [1], which
is still larger than graphite (0.335 nm).

For detailed analysis of the porosity differences
between CNB and CM, N, sorption measurements
based on BET model were implemented (Fig. 4a). The
pore structures of porous carbon were tested by
typical nitrogen adsorption/desorption isotherms at
77 K (Fig. S2a). The specific surface area for CNB was
745 m® g, considerably below that of CM
(768.5 m*> g~ "). Distinct increase in N, uptake of CM
at low pressure from 0 to 0.3 (P/Py) indicated a good
deal of micropores. Such a high SSA and relatively
superabundant micropores will allow full contact of
the electrolyte with the hard carbon surface and
induce irreversible side reactions and then result in
the formation of vast SEI layer and a low coulombic
efficiency. Fortunately, the lower surface area of CNB
will induce limited formation of solid electrolyte
interphase (SEI) and increase the initial coulombic
efficiency and cycle efficiency [15]. Besides, a quick
rise of the N, uptake at high pressure from 0.9 to 1.0
(P/Py) reflects large mesopores generated due to Fe
species as template and graphitization catalysts. The
micropore volume of CM and CNB is 0.29 and
0.013 cm®/g, respectively. Figure S2a exhibits the
detailed analysis of micropores distribution of CNB
and CM. Compared with CM, CNB possess much



Mater Sci (2 : 10317

8500 1200

s0001€=0.347 n d=0.347 nm

100 1
750
700 80
650 &0
600
40
550
500 20
0.0 0.5 1.0 15 2.0 25 00 05 1.0 15 20 25 30 35
nm nm

Figure 3 The SEM images of CNB (a), (b), the HRTEM images of CNB (c), (d), (e), (f).
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Figure 4 a N, sorption isotherms for CNB and CM, b XPS Cls spectra of CNB, ¢ XPS Cls spectra of CM, d FTIR spectra of CNB and

CM.

less micropores. During the high-temperature car-
bonation process, Fe species scoured instable struc-
tures in carbon matrix, consumed the polar
intermediates of thermal decomposition of resin,
hence decreased oxygen-containing functional
groups as well as the stacking of sp® structures,
broadened the micropores and increased graphene
layers [32].

As displayed in Fig. S2b, element species are
detected in the full survey scan of CNB and CM,
including atomic concentrations of O 1s at 2.17 and
18.16%. Some reports demonstrate that superabun-
dant oxygen will lead to vast irreversible sodium
uptake [33]. As shown in Fig. 4b and c, the XPS
spectra of C 1s were divided into four peaks at
284.8 eV (C1:C-C/C=C), 285.8 eV (C2:C-0), 287.4 eV
(C3:C=0), 291.2 eV (C4:0=C-0). The sp2 C content
increases from 50.6% (CM) to 65.7% (CNB), which is
in accord with the XRD, Raman and TEM results,
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revealing a successful tailoring of graphitic nanos-
tructures in hard carbon matrix for CNB.

Fourier-transform infrared (FTIR) spectra dis-
played in Fig. 4d demonstrate that both CNB and CM
contain absorption peaks around 3439 cm ™' pertain-
ing to ~OH stretching, 2921 cm ™" of -C-H- bond and
1161 cm™! of —C—-O- bond [19]. In addition, other
absorption peaks at 1733, 2856 cm™' due to the C=O
bond and H-C=0O bond are observable in CM FTIR
spectra, further confirming the existence of vast
oxygen-containing groups in CM. Generally, the
oxygen-containing functional groups will result in
the surface redox reactions with sodium ions
[6, 34, 35], and these oxygen-containing groups in
carbon matrix may result in some side reactions [36]
and lead to an adjective coulombic efficiency.

To understand the sodium storage behavior, CNB
were packaged as working electrodes. Figure 5a
depicts the initial five cyclic voltammetry curves
from 3.0 to 0.01 V at a scan rate of 0.1 mV s~ '. Three
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Figure 5 Electrochemical characterization and battery perfor-
mances of CNB and CM as anode material for SIBs. a Cyclic
voltammetry curves of CNB. b Initial galvanostatic discharge/
charge profiles of CNB at 50 mA g~ '. ¢ Cycle performance of
CNB electrode at a current density of 50 mA g~'. d Cycle

reduction peaks are clearly visible in the first cyclic
voltammetry curve of CNB, indicating typical elec-
trochemical behavior of carbons [2, 37]. Particularly,
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the peaks at 2.0 and 1.5 V correspond to the irre-
versible reactions with surface functional groups as
well as the formation of SEI. And the peak at 0.1 V
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relates to the Na™* filling in CNB nanopores [38]. But,
four CV curves almost coincide with each other and
irreversible peaks disappear in the subsequent scans,
indicating the excellent reversibility of Na* storage
for CNB electrode [39], which is much better than
that of CM (Fig. S3).

The galvanostatic discharge/charge curves of CNB
are displayed in Fig. 5b, and these curves show typ-
ical sodium storage behaviors of hard carbon with a
short plateau region and a long sloping region [38].
The electrochemical curves of CNB are similar with
each other from the second, demonstrating the
excellent cycling stability. Different from the hard
carbon microtubes derived from high-temperature-
treated cotton [15], the CNB voltage profile domi-
nating consists of the sloping region during cycling.
According to the “house of card” model for amor-
phous carbon sodium storage [40], sodium ion
insertion between the interlayers corresponds to the
sloping region in the discharge curve, and the inser-
tion of the sodium metal into the nanopores between
randomly stacked layers makes great contribution to
the low potential plateau region. Sodium chemical
potential of the pore filling is close to 0 V, which is
extremely dangerous in use. Based on similarity of
CNB and typical carbons on carbon sources and
carbon features, the contribution of the capacity
according to mechanism of sodium ion storage into
CNB is demonstrated as follows: the sloping region
corresponds to the sodium storage performance in
sodium insertion/desertion between expanded gra-
phene layers.

As shown in Fig. 5c, the first discharge/charge
specific capacities of CNB electrodes possess dis-
charge/charge specific capacities of 641 and
337 mAh g~! with an initial coulombic efficiency
(ICE) of 52.6% at 50 mA g~', much higher than that
of CM (568, 166 mAh g~ ', 29%). The improved ICE
can be attributed to the suppressed formation of SEI
on the surface of CNB [20]. The discharge capacities
are 337 and 249 mAhg ' at 2 and 100 cycles,
respectively, exhibiting much superior cycling sta-
bility than those of CM. This is an remarkable
capacity performance compared with high-tempera-
ture-treated hard carbon materials reported [19].
These research results reveal the remarkable superi-
ority of tailoring graphitic nanostructures in hard
carbon matrix with rational specific surface area.

Cycling performance at high rate is an important
aspect to value the electrode materials of SIBs, which
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is also an visualized method to evaluate the kinetic
property of the CNB electrodes. And discharge/
charge cycling at 500 mA g~' of CNB and CM was
carried out. As displayed in Fig. 5d, at current of
500 mA g ', the CNB electrodes deliver discharge/
charge capacities of 453 and 232 mAh g~', with an
ICE of 51.2%. And the CNB electrodes exhibit excel-
lent reversible specific capacities of 185 and
128 mAh ¢! at 500 mA g~ ' at 2 and 1000 cycles,
respectively; only 119 and 69 mAh g~! are for CM
electrodes. Compared with the hard carbon elec-
trodes derived from phenol formaldehyde resin [23]
and hard carbon microtubes [15], CNB electrodes
exhibit remarkable rate capability in half cells. Fig-
ure 5e shows the discharge/charge curves of CNB
electrode at 40, 100, 200, 500, 1000 mA gfl, which
corresponded well for all curves, indicating the well
reliability of the carbon nanobroccoli hybrid in situ
decorated with porous high graphitic nanostructures.
Excellent electric conductivity is of greatest impor-
tance for electrode materials at high current density
[41]. Tailoring expanded graphitic nanostructures in
hard carbons can greatly promote charge transfer and
hence decrease charge transfer impedance [41, 42].
Figure 5f displays the sodium storage performances
of the CNB electrodes, which deliver specific capac-
ities of 331, 250, 206, 169, 137 mAh g_1 at current
densities of 40, 100, 200, 500, 1000 mA g_l. When the
current density is reset to 40 mA g~', 278 mAh g™
can be retrained. Table1 shows the comparison
between the CNB and typical carbon anodes for SIBs
reported [1, 3, 4, 9, 10, 21, 23, 37, 38], suggesting the
excellent sodium storage of CNB. Among scalable
carbon precursor-derived hard carbons, rare materi-
als exhibited comparably accomplished durable high
capabilities, suggesting the superiority of the smart
tailored structure of CNB hybrid. All these results
above demonstrate high initial coulombic efficiency,
excellent specific capacity and high-rate capability of
CNB for efficient and fast sodium storage.

To better understand the superiority of CNB elec-
trodes, electrochemical impedance spectroscopy (EIS)
measurements of CNB and CM electrodes were car-
ried out after the first cycle (and CNB electrode after
five cycles) at 3.0 V. As displayed in Fig. 6a, all
Nyquist plots exhibit an oblique line in low-fre-
quency region and a depressed semicircle in high-/
medium-frequency region, which reflect the diffusion
of Na* and charge transfer resistance in electrode
material [43, 44]. It is clearly observed that the
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Table 1 Comparison of the performances of the SIBs based on the CNB electrode with those of other typically carbon electrode materials

Mass loading

Rate capacity

Initial coulombic Ref.

(mg cm™?) efficiency (%)
CNB 1.02 337mAh g™ at 50 mA g~ 52.6 This
210 mA h g~' at 500 mA g~! work
(1000 cycles)
139mAhg'atlAg!
Biomass-derived hard carbon 2.0 314mAh g™ at 50 mA g~ 27 [38]

151 mA h g~' at 500 mA g~
118mAhg'atl Ag™!

Nitrogen-doped carbon sheets

212mAh g at 100 mA g~ 26 2]

129 mA h g7 at 100 mA g~'
113 mA h g™" at 100 mA g~'

MgO-templated carbon

120 mA h g~" at 90 mA g~ <30 [4]

90 mA h g~ ' at 450 mA g~
85 mA h g~' at 900 mA g™

Microporous hard carbon

245 mA h g ' at 100 mA g™ 47 [9]

150 mA h g~' at 500 mA g~'
100 mA h g=' at 1000 mA g~'

Hollow carbon nanospheres

223mAhg " at 50 mA g~ 42 [21]

142 mA h g™' at 500 mA g'
120 mA h g~' at 1000 mA g~

Nitrogen-doped carbon microspheres 2.0 154 mA h g=' at 1000 mA g~ 30 [23]
Nitrogen-containing hollow carbon 0.55 303 mA h g~' at 50 mA g~ 24 [37]
microspheres 163 mA h g~' at 200 mA g~
181 mA h g™' at 500 mA g'
Expanded graphite 0.5 280mA h g ' at 20 mA g~! 49 [1]

91 mA h g~' at 200 mA g~

diameters of semicircles for CNB electrode are much
less than that of CM electrode, demonstrating the less
charge transfer resistance (R of CNB at 187 Q, Rys
of CNB at 103 Q, Ry of CM at 597 Q), suggesting
faster charge transfer capability at electrode—elec-
trolyte interface [42]. Upon the cycling, irreversible
reaction of sodium ion with surface functional groups
was declining, and steady solid-electrolyte inter-
phase (SEI) also generated on the carbon anode
electrode [1, 3]; as a result, the carbon anode electrode
delivered decreasing charge transfer resistance and
became steady. Additionally, based on the Warburg
factor related to Zg., the Na™ diffusion coefficient in
the electrodes can be quantified according to the
following equations [45, 46]:

Zre = Ry + Ry + o 1/2 (2)

where R, is the resistance between electrode and
electrolyte.

R2T2
T DAZAFAC242 (3)

where 7 is the number of transferred electrons, T is
absolute temperature, R is gas constant, A is active
surface area of electrodes, is the concentration of
Na*, F is faraday constant, R, is charge transfer
resistance and ¢ is the Warburg factor.

Figure 6b displays the relationship between Zg,
and o of the CNB electrodes and CM electrodes in
the low-frequency region. As calculated based on
Egs. (2, 3), o value of CNB electrodes is smaller than
that of CM fresh electrode (Fig. 6c). Impressively,
CNB electrodes possess much higher Na™ diffusion
coefficient (5.9 x 1071° ecm? s™1), which is about 125
times than that of CM electrodes
(4.7 x 1072 em? s7!), demonstrating an superior
sodium ions diffusion kinetics in CNB electrode. Due
to the in situ tailored porous graphitic nanostructures
in hard carbons, CNB electrodes exhibit less charge
transfer resistance as well as excellent sodium ion
diffusion kinetics and then successfully achieve
superior cycling stability and excellent rate perfor-
mance [14, 47-55].
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fresh electrode. d CV curves of the CNB electrode at different scan
rates. e Relationship between log i and log v plots for the anodic
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de-intercalation.
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To further understand the sodium storage mecha-
nism of CNB electrodes and electrochemical process
in SIB, CV tests of CNB electrodes were conducted at
varied scan rates from 0.2 to 2 mV s}, and these
results are displayed in Fig. 6d. In the circumstances,
the current response at a specific voltage can be
identified as the combination of the diffusion-con-
trolled contribution (k,v'/?) and the capacitive con-
tribution (k;v). Meanwhile, it can be assumed that the
response current value has an exponential relation-
ship with the CV scan rate [50, 51].

i(V) = kio + kyo'/? = av® (4)
logi(V) =blogv + loga (9)

where v is the CV scan rate, k;, k,, and a are constants
and b is a value ranging from 1 (capacitive contri-
bution) to 0.5 (diffusion-controlled contribution).

Based on Egs. (4) and (5), the b value can be cal-
culated to be 0.64 (Fig. 6e), and the value represents a
relatively low capacitive contribution for the CNB
electrodes, demonstrating the electrochemistry pro-
cess of sodium storage behavior in diffusion control
[51, 54].

As illustrated in Fig. 6f, expanded graphitic
nanostructures in situ decorated on amorphous
structure in hard carbon guarantees fast electron
transport, while well-reserved amorphous hard car-
bons tailored with graphitic nanostructures facilitates
Na™ diffusion and de-intercalation. Meanwhile, the
excellent sodium storage capacities of CNB electrodes
can be attributed to the unique characteristics as
followed. (1) Catalytic graphitization can be achieved
at low temperature, which is benefit for preserving
the amorphous structure of hard carbons. The unique
architecture exhibits high-sodium storage specific
capacity. (2) Rational specific surface area will result
in limited formation of SEI on electrodes surface. (3)
The tailored expanded graphitic nanostructure in the
hard carbon matrix can promote rapid charge trans-
fer, reduce the charge transfer resistance and hence
improve the rate performance for sodium storage. (4)
The unique architecture exhibits superior sodium ion
diffusion kinetics. These above results strongly sug-
gest that the CNB are a greatly promising anode
material for SIBs.
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Conclusion

In summary, amorphous hard carbons tailored with
expanded graphitic structures have been successfully
synthesized by spontaneous growth and -catalytic
graphitization. The resin-derived hard carbons are
rational, scalable and economically feasible. CNB
possess amorphous structures, ordered graphitic
structures as well as rational specific surface area
(74.5 m*g ") with the template as well as the catalytic
graphitization of Fe species, and then result in limited
formation of SEI, less irreversible capacity, enhanced
electronic conductivity and decreased charge transfer
resistance and superior sodium ion diffusion kinetics.
The unique constructions achieved demonstrate
superior specific capacity of 337 mAhg ' at
50 mA g*l with much improved ICE of 52.6%, and
excellent cycling stability at 210 mAh g™’ at
500 mA g~ at 1000 cycles as well as great high-rate
performance at 139 mAh g~' at 1000 mA g, much
higher than those of traditional hard carbon mono-
lith. The CNB hold great potential as anode materials
for practical SIBs. In addition, such architectures
provide a promising structural platform for the fab-
rication of amorphous carbon decorated with ordered
nanostructures possessing excellent electronic and
ion conductivity in other energy storage systems,
such as supercapacitor, lithium-ion batteries and Li-S
batteries.
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