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We studied carbon nanosheets prepared from bacterial cellulose (BC) and 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) oxidized-BC through carbonization at temperatures ranging from 900 to 1100 °C. Based on
experimental results, we propose a comprehensive perspective of Na storage for BC based anode material.

The pyrolysis TEMPO-oxidized BC delivers the highest capacity at annealing temperature of 1000 °C
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Introduction

Sodium ion batteries (SIBs) have been widely investigated for
energy storage owing to the abundance distribution of Na
resources in the earth. Numerous attempts have been made to
find suitable anode materials for SIBs, including metal/alloys,'
metal oxide*®*/sulphide®***/phosphide,” and carbonaceous
materials."*?* Among them, carbonaceous materials display
promising possibility in SIBs because of their high capacity,
stability, abundant resource and safety.*** Attention has been
paid to carbonaceous anode derived from cellulosic substances
because of their porous and fibrous network structure.**!
Various cellulosic materials, such as natural wood,** bleached
pulp,” filter paper*** and bacterial cellulose (BC),**>** have
been used to fabricate carbon-based anode. In general, the
reversible capacity of the carbon demonstrates considerable
high capacity (200-300 mA h g ')."**37 However, sodium
storage performance of the carbon derived from different
carbon precursor and thermal annealing processes are quite
different because of the difference in the micro-structure.*
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an effective strategy to enhance the specific capacity and cycling stability for Na-ion storage.

As one in the families of nanocellulose, BC has attracted
more attention owing to its ultrafine 3D fibrous network struc-
ture, high porosity and renewability, which represents a desir-
able material for energy-storage devices.*'***' However, the
carbon derived from BC still faces major barriers, such as low
specific capacity, poor rate capability and low initial coulombic
efficiency (ICE).>” Significant efforts have been made to improve
the electrochemical performance of carbon anode for SIBs.
Among these, using heteroatoms doping in the carbon structure
is a common approach to create a significant amount of defects,
which were suggested to serve as additional active sites for
sodium storage.”” Yu and co-workers*"** fabricated nitrogen/
oxygen and nitrogen/boron dual-doped carbon network using
BC as template materials and showed an improved electrical
conductivity and surface wettability. However, low ICE of =30%
and 37% was observed because of increased high specific
surface area of the materials. To increase the ICE of the carbon
materials, Hu's group® reported a method to decrease the
surface area of the hard carbon derived from wood fiber by
a TEMPO treatment. The treated wood fiber exhibited a much
higher ICE (72%) compared with ICE = 25% by the porous
carbon derived from pristine wood fibers. The increasing ICE by
the TEMPO treatment was attributed to the denser structure and
lower specific area induced. However, they neglected the influ-
ence of the oxygen-containing functional groups, which was
suggested to play an important role in the rate performance and
cycling stability because of the enhanced reaction kinetics and
pseudocapacitive charge storage.**** Nor they pay attention to
the sodium storage mechanism of the pristine and TEMPO-
treated wood fibers. Without understanding the mechanism
one would be less confident in developing a cellulose-based
anode material with high specific capacity and cycling stability.

This journal is © The Royal Society of Chemistry 2017
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For the bulk carbon materials, the insertion and extraction
of Na ions is much difficult because of sluggish diffusion
kinetics of Na ion.***> Therefore, the fast redox reaction kinetics
between Na ions and oxygen functional groups are beneficial to
improve the sodium ion storage performance have been
explored. According to Liu's work,* the surface-reaction by
tuning functional groups of carbon materials leaded to a high
rate performance and cycling stability. In another work, Huang
and co-worker* fabricated oxygen-rich carbon materials that
performed a fast surface redox reaction with reversible inter-
calation. They also showed that the anode with a larger inter-
layer distance and oxygen content resulted in the highest
specific capacity and the best rate capability.

Carbon materials derived from BC have been investigated
widely for application in SIBs.”****' However, there are still
a number of inadequacies in the study. First, it is insufficient to
discover the relationship among the microstructure, specific
surface area and functionalized surface of carbon derived from
BC before and after the TEMPO treatment.?*>°3'33 Second, there
are still uncertainties in understanding the mechanism of
carbon anode derived from BC, although three possible mech-
anisms have been suggested in literature regarding the sodium
storage in hard carbon materials, i.e. the mechanism of inser-
tion-absorption, absorption-insertion and absorption—filling.%”
Further, there are few reports on carbon anode prepared from
BC and TEMPO-treated BC and the relationship between the
structure and sodium storage performance.

We carbonized the pristine BC into carbon nanosheets
under temperature between 900 and 1100 °C. Using the pyrol-
ysis BC as carbon anode, the results showed that, with
increasing annealing temperature, there was no advantage in
improving electrochemical performance, including reversible
capacity and ICE, compared with other carbon materials. Before
thermal carbonization of BC, we conducted the TEMPO oxi-
dization process,*” which is an effective method of introducing
carboxylate functional groups on the surface of BC under mild
conditions without any changes to the original crystallinity of
BC.***” This work regarding the properties and performances of
BC-based anode for SIBs investigated the sodium ion storage
performance of functionalized carbon sheets through experi-
ments at the first time, which provides some inspiration on the
study of BC derived carbon for SIBs.

Experimental
Sample preparation

BC samples were prepared by cutting gel-like BC pellicles
(Hainan Yide Food Industry Co., Ltd., China) into small pieces,
pulped by a mechanical stirring and freeze drying. The samples
of modified BC (MBC) were fabricated by TEMPO oxidation
method.* Then, both samples of BC and MBC were pyrolytic
carbonized at 900, 1000, and 1100 °C for 2 hours in a tube
furnace under argon ambient. The samples of carbon sheet
from BC and MBC at different temperatures were denoted as p-
BC900, p-BC1000, p-BC1100, p-MBC900, p-MBC1000 and p-
MBC1100, respectively.
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Sample characterization

The morphology of the samples were characterized by field
emission scanning electron microscopy (FESEM, JSM6701F)
and transmission electron microscopy (TEM, JEOL 2100FEG).
The structure was investigated by powder X-ray diffraction
(XRD, Rigaku D/Max-2400, Cu-Ka radiation, A = 0.15405 nm).
The nitrogen adsorption-desorption isotherm measurements
were performed on an ASAP 2020 volumetric adsorption
analyzer (Micromeritics, USA) at 77 K. Raman spectrum (Horiba
Jobin Yvon HR Evolution) was used to investigate the micro-
structure of the as-prepared samples. The surface chemical
species of samples were examined on an X-ray photoelectron
spectroscope (XPS, ESCALAB250x) using AlKe radiation of
1486.6 €V as the excitation source.

Electrochemical measurements

By mixing the prepared active material (the pyrolytic carbonized
BC and MBC), acetylene black and polyvinylidenefluoride
(PVDF) in a mass ratio of 8:1:1 and homogenizing in
a N-methyl-2-pyrrolidinone (NMP) solvent, and then the slurry
was coated on a copper foil as the working electrode for elec-
trochemical measurements. The as-coated electrodes were
dried at 110 °C for 12 hours in vacuum. The loading mass of the
active material was about 2.0 mg cm 2 The electrode was
assembled into a coin cell (CR2032) in an argon-filled glovebox
using 1 M NaClO, in a mixture of ethylene carbonate (EC) and
propylene carbonate (PC) (1 : 1, in volume) as the electrolyte.*®* A
sodium foil was used as the counter electrode and Whatman
GF/D glass fibers as separator. The discharge and charge tests
were carried out on a CT2001A cell test instrument (Land
Electronic Co., China) in a voltage range of 0.01-2.5 V at room
temperature.> Electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) at a scan rate of 0.5 mV s~ were
recorded by an Autolab PGSTAT302N (Metrohm, Switzerland).

Results and discussion
Synthesis and characterization of samples

As a typical process, Scheme 1 shows the preparation of p-
BC1000 and p-MBC1000 electrode. As seen from SEM image
(Scheme 1a), BC is mainly composed of nanofibers and fibril

BC BC slices MBC solution
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TEMPO
 ——

oxidation

pyrolysis
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—
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Scheme 1 Fabrication process of p-BC1000 and p-MBC1000.
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bundles, and shows a dense 3D porous network structure. This
structure is well maintained after the TEMPO treatment
(Scheme 1b), but the length of fibers became shorter and the
diameter finer after the treatment.***® The individualized
nanofiber of sample MBC was about 20 nm in diameter and the
width of the fiber bundles was about 50 nm. Compared with
MBC, individualized nanofiber of BC was about 40 nm and the
width bundles around 100 nm. This is because that the partial
amorphous region among the bundles were dissolved after the
TEMPO treatment.*® Furthermore, because of the introduction
of carboxylate groups, MBC dispersed more homogeneous
(Fig. S1}).*° After carbonization at 1000 °C under argon
ambient, the carbon derived from BC and MBC were obtained
and showed in Scheme 1d and e. The morphology of p-BC1000
is similar to that of p-MBC1000 with nanofibrils packed irreg-
ularly, forming sheet-like porous network. Further increasing
the temperature to 1100 °C, the carbon sheets maintain
(Fig. S271). The unique open morphology of p-BC and p-MBC is
beneficial to electrolyte penetration and ion diffusion.”

Raman spectra and XRD patterns demonstrate that the
carbon sheets are partially graphitic. Raman spectra show two
characteristic bands centred at 1352 cm™' (D-band) and at
1584 cm ™' (G-band).?* The ratio of I/l (the intensity ratio of D-
band to G-band) listed in Table S1{ shows that it is 1.31 for p-
BC1000, indicating the presence of a disordered structure. For
p-MBC900, p-MBC1000 and p-MBC1100, the ratios of Ip/I; are
1.29, 1.33 and 1.33, respectively. The XRD pattern shows two
broad peaks at about 24° and 43°, which indexed to the (002)
and (100) planes, respectively (Fig. 1b and S3bt).*>** The (002)
peaks shift to higher diffraction angles with increasing
carbonization temperature to 1100 °C, indicating that the
average d-spacing of the graphene sheets decreases with an
increasing relative ordering.*

As carbonization temperature increases, the BET specific
surface area (SSA) of p-BCs and p-MBCs gradually decreased. It
is noticed that the BET SSA of the modified samples (p-MBCs) is
smaller than that of the samples derived from pristine BC (p-
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Fig. 1 (a) Raman spectra of p-MBC; (b) XRD patterns of p-MBC;
nitrogen adsorption—desorption isotherms of (c) p-BC and (d) p-MBC.
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BCs) at the same carbonization temperature, with p-MBC1100
having the lowest SSA of 39.64 m” g~ '. Two reasons leading to
the decreasing BET SSA after the TEMPO treatment. One is the
enhanced oxygen functional groups after the treatment to fill
the space of pores and the other is the destruction of the
hydrogen bond and induction of negative charges on the
surface of nanofibers.*”

Fig. S3c and dt display that p-BCs and p-MBCs exhibit rich
porous structures, consisting of a large number of micropores,
mesopores and macropores. The total pore volume of p-
MBC900, p-MBC1000 and p-MBC1100, listed in Table Si1,t
were 0.13, 0.12 and 0.09 cm® g™, respectively, indicating the
decreasing number of micropores with increasing carboniza-
tion temperature. It is noted that the total pore volume of p-
MBCs is smaller than that of p-BCs with the same carboniza-
tion temperature, owing to the blocking of some pores by
surface functional groups.***

Fig. 2 displays the resolution TEM image of p-MBCs. The
carbon samples prepared at 900, 1000 and 1100 °C show
a gradual development of local graphite-like structure with the
increasing temperature. The inter-layer distance in the crystal-
line region with a short-range ordered of carbon is 0.40, 0.39
and 0.36 nm, respectively, which were larger than that of crys-
talline graphite (0.335 nm). More HRTEM images of the ob-
tained samples are presented in Fig. S4.f According to these
images, they show that both amorphous carbon and short-
range ordered crystalline pattern are identified, which further
exhibit a feature of hard carbon materials described in a card
model.* In contrast, the inter-layer distance of p-BCs is smaller
than that of p-MBC. The residual oxygen-containing functional
groups on p-MBC plays a role in the lattice expansion.®

The element species of p-MBCs and p-BCs were investigated
by XPS. From the XPS survey (Fig. S5b¥), it can be observed that
samples of p-BC and p-MBC contain mainly carbon and oxygen
with no other heteroatoms. The O 1s XPS of p-BC1000 and p-
MBC1000 are shown in Fig. S5¢ and d.f The oxygen-
containing functional groups presented are C=0 (531.3 eV),
C-0 (532.2 eV) and O=C-O (533.2 eV).>**® For p-BC1000, the O
1s spectrum reveals three peaks, assigned to C=0 (13.6%), C-O
(56.5%) and O=C-O (29.9%) bonds. For p-MBC1000, the
contents of C=0, C-O and O=C-O are 14.1%, 38.8%, and
47.1%, respectively, containing higher concentration of the
total of O=C-0O and C=0 than those of p-BC1000 (Fig. S5at).

10 nm
—

0.40 nm 0.39 nm oo 0.36 nm

pEEEE
H

Fig. 2 HRTEM images of (a) p-MBC900; (b) p-MBC1000; (c) p-
MBC1100.
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Similar results can be observed in Fig. S5e and f for the C 1s
XPS of p-BC1000 and p-MBC1000, ie. p-MBC1000 contains
a higher oxygen content than its counterpart of p-BC1000. These
oxygen-containing functional groups can result in the surface
redox reaction with sodium ions, especially through -C=0/-C-
O-Na redox pair.>>** It is important to realize that the functional
groups on the surface of carbon nanosheets can enhance the
wettability of electrolyte. Besides, the surface-driven reactions
between Na’ and oxygen-containing groups can enhance the
electrochemical performance such as ICE and capacities.***”**

Electrochemical performance

The electrochemical performance of p-BCs and p-MBCs served
as SIBs anodes were investigated. Fig. 3a and b show the charge/
discharge curves of p-BCs and p-MBCs for the first two cycles at
a current density of 0.05 A g~ ' in a voltage range of 0.01-2.5 V.
An obvious discharge plateau at the low voltage range can be
observed for the samples with the annealing temperature

a 0 100 200 300 400 500 600 b 0 100 200
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greater than 900 °C. It implies that there are different mecha-
nism of sodium ion insertion between p-BCs and p-MBCs. The
sodiation and desodiation capacities of p-BC1000 were
574 mA h g " and 219 mA h g™, respectively, giving the ICE of
38%. Similarly, the ICEs of p-BC900 and p-BC1100 electrodes
were 36% and 44%. Because carbon electrode with a high
surface area would exhibit a relatively low ICE,* it was then
expected that, among all the samples, p-BC900 had the highest
surface areas of 487.76 m”> g " and the lowest ICE of 36%. The
large capacity loss of the initial charge capacity is attributed to
the occurrence of an irreversible reaction, including the
decomposition of the electrolyte and the formation of a solid
electrolyte interphase (SEI) film.">** For p-MBCs, the samples
exhibited better electrochemical performance than their coun-
terparts. In the first Na insertion curve, p-MBC900 delivered
a low discharge capacity of 310 mA h g with an obvious
sloping region and the ICE of 52% in the electrochemical
performance curves. Importantly, p-MBC1000 showed a revers-
ible sodium storage capacity of about 276 mA h g~ " with a high

300 400 500 600 c

25 —1st p-BC1100 2.5} =——1st p-MBC1100 04 —
2.0 2nd 2 nd - —3rd
'3 5 T
1.0 0 g
0.5 0.5 § o
; ¢ g
S 00 s 0.0 S 04
= 25 = 25
i p-BC1000| * p-MBC1000 06
z 20 z 20 ]
= 00 05 10 15 20 25
Z 15 Z 15
2 10 s 10 d Voltage (V vs. Na'/Na)
g ¥ 2 1
§0 0.5 gn 0.5 04 :::.1
3z 00 Y 02 —
S 25 pBCOw0] > 23 p-MBCO0O| 2
2.0 2.0 E %
1.5 1.5 g 02
E
1.0 1.0 & s
0.5 0.5 0.6
0.0 0.0
0 100 200 300 400 500 600 0 100 200 300 400 500 600 00 05 10 15 20 25

Specific Capacity (mAh g”)

Specific Capacity (mAh g')

Voltage (V vs. Na'/Na)

~ _ -
e".w 600 o p-BCIO f <. 5004 O p-MBC900
- [ 4

5 p-BCI000 S bont dakeit s Aat p-MBC1000
i 500 % pBCI100 : w00 Current density : A g % pMBCI00
E 400 P Current density : A g E 005 01 02 o5 1 2 5 2 1005
] o z b
'g 300] 005 01 02 os 1 2 s 2 1 005 5 30018, coqegass
-3 g_ g
5] = 200 S5 Py
O 200 8] -
2 o ¥ » e SPEEELTY
S 1004 = 100 oo
= 100 =S
2 g
& o L

0 10 20 30 40 0 60 70 80 9 100
Cycle number

0 10 20 30 40 50 6 70 80 90 100
Cycle number

209

Specific Capacity (mAh g

&

. 140 X

o O p-BCl000 ~

o pMBciooo 120 2

100 5

2

80 é

“ L}, 5
[0 o

=

i 40 E
L20 &

=

- . v . - 0 Cd

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 Q

Cycle number

Fig. 3 Electrochemical performance of p-BC and p-MBC electrodes in a voltage range of 0.01-2.5 V. Voltage profiles of (a) p-BC and (b) p-MBC
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capacity in the plateau region and the ICE of 50%. The TEMPO-
treated BCs exhibited higher ICEs compared with the pristine
BCs, except for the samples prepared at high annealing
temperature of 1100 °C. This lowest BET SSA of p-MBC1100
could induce a limitation to the reaction of active sites.

From the charge/discharge curves of p-BCs and p-MBCs in
Fig. 3c and d, we compared the CV curves for the first three
cycles of p-BC900 and p-MBC1000 electrode at a scanning rate
of 0.5 mV s ' In the first cycle, a small reduction peak
appeared at 0.8 V, which was associated with the irreversible
reaction of the electrolyte with surface functional groups.
Another sharp irreversible peak at ~0.4 V can be assigned to
the formation of a SEI layer.”***»* The two reduction peaks
disappeared after two cycles and the curves were highly over-
lapped, indicating a good cyclic performance during sodium
ion insertion and extraction. Moreover, the CV curves of these
samples were of rectangular shape in the potential range of
1.0-2.5 V, indicating an ideal capacitor-like behaviour of
sodium storage in carbon anode above 1 V. As shown in Fig. 3c
and d, a pair of redox peaks at a lower potential (about 0.1 V
versus Na/Na') are observed, indicating the insertion-extrac-
tion of Na' in the graphitic layers, which is similar to Li"
insertion into carbonaceous materials."** However, the peak
of p-MBC1000 near 0.1 V becomes sharper than that of
p-BC900. In addition, compared to the CV curve of p-BC1000, it
is clearly observed that there is a pair of weak redox peaks at
about 1.1 V and the peak near 0.1 V also sharper for
p-MBC1000, shown in Fig. S6b,T which can be ascribed to the
surface redox reactions on the functionalized carbon elec-
trode.”® Furthermore, the irreversible area of p-MBC1000 was
smaller than that of p-BC1000, corresponding to a higher ICE,
which is due to the formation of a SEI layer and the side
reversible reactions of surface functional groups in the first
discharge scan,* also indicating the low surface area is critical
for the stabilization of SEI layer.**

When evaluating the performance of an anode for SIBs, the
rate capability is another critical property (Fig. 3e and f). For
p-BCs, all of them show a good rate capability, indicating the
improvement of the property with increasing carbonization
temperature. When the current density is increased to 5 A g™ %,
p-BC1000 electrode can deliver a discharge capacity of
70 mA h g~ '. When the rate returns to 0.05 A g~ " after cycling at
different rates, the specific capacity of 213 mA h g~* can be
recovered for p-BC1000, demonstrating good rate performance.
As shown in Fig. 3f, p-MBC shows a better rate performance
compared with p-BC. The reversible capacities of p-MBC1000
are 276, 289, 224, 135, 105, 92 and 81 mA h g~ ' at the current
densities of 0.05, 0.1, 0.2, 0.5, 1, 2 and 5 A g’l, respectively.
Moreover, when the current density is tuned back to 0.05 A g~*
again, the electrode is still able to recover a high capacity of
310 mA h g~ ". As shown in Fig. S7,7 p-MBC1000 exhibits a stable
capacity of 232 mA h g at 0.1 A g~" over 500 cycles with
coulombic efficiency of nearly 100%. Even at high density of
1Ag ", areversible capacity of 102 mA h g~ after 2000 cycles is
still delivered (Fig. 3g). As shown in Fig. S8,f a comparable
stable capacity can still be obtained from galvanostatic 1st,
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100th, 200th, 500th, 1000th and 2000th discharge/charge
profiles.

Fig. 4 shows the EIS of p-BC1000 and p-MBC1000 half-cells
after different cycles at 1 A g~'. For p-MBC1000 the charge
transfer resistance R, reaches its maximum after 10 cycles and
then decreases gradually from cycle to cycle afterwards (Fig. 4a),
but it is always smaller than that of p-BC1000 (Fig. 4b). This
means that the oxygen functional groups on the carbon surface
facilitate the formation of a stable SEI film, sodium ion
insertion/extraction, and charge transfer at the electrode/
electrolyte interface.*

As reported previously,” the TEMPO treatment can intro-
duce more oxygen-containing functional groups on the surface
of BC. Although the majority of the functional groups have been
removed after thermal treatment, a few of them can still retain
and play a critical role in enhancing the specific capacity of the
carbon materials for SIBs.*>** The oxygen-containing functional
groups result in the surface redox reaction between the carbon-
oxygen functional groups and Na*, that is -C=0 + Na' + e <
-C-0-Na, which is similar to that for Li*.?*%

To further understand the role played by the oxygen-
containing functional groups, the capacity potential distribu-
tion of p-BCs and p-MBCs are compared. The capacity can be
divided into two parts, slope capacity (capacity above 0.1 V vs.
Na/Na') and plateau capacity (capacity below 0.1 V vs. Na/Na").
As summarized in Fig. S9a,T the sloping region decreases and
the plateau region increases for p-BC as the temperature
increases which can be attributed to the change of the micro-
structure. For samples of p-MBC, the influence of annealing
temperature on the capacity potential distribution shows
similar trend as that of p-BC (Fig. S9bt). The capacity of p-
BC1000 and p-MBC1000 at different rates and the separate
capacities of plateau and sloping regions are presented in
Fig. S9c and d.t It is likely that the high voltage plateau region
capacity is related to Na ion adsorption on the surface, which
should be related to the specific area, porous structure and
surface functional groups. Obviously, the plateau capacity of p-
MBC1000 is higher than that of p-BC1000, indicating that the
plateau region can be ascribed to the insertion-extraction of
sodium ions in the graphitic interlayers at a low current density.
Therefore, the introduction of oxygen functional groups to
carbon structure not only provides many surface reaction sites
and defects for accommodation of Na ions, but also enlarges the
interlayer distance of carbon.
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cycles at a current density of 1 A gL, (b) The Nyquist plots of p-BC1000
and p-MBC1000 electrodes after 500 cycles at a current density of
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Conclusions

In summary, we have reported the novel method to prepare
functionalized carbon nanosheets derived from the pristine BC
and TEMPO-treated BC. The carbon anodes synthesized by
carbonization at different temperatures showed different elec-
trochemical performance. The results show that the factors
including BET SSA, porous structure, surface functional groups
and interlayer distance play important roles in enhancing
electrochemical performance of carbon anode for SIBs. The p-
MBC1000 electrode with larger interlayer distance and abun-
dant surface oxygen functional groups presents the highest
specific capacity, the best rate capacity, the excellent cycling
stability and the higher ICE. This study not only provides
a better understanding of Na" storage mechanisms in BC-based
anodes but also offers a practical method to enhance the
capacity of carbon anodes for SIBs.
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