Green
Chemistry

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Green,
Chemistry

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

Cutting-ed for a greener sustainable future

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/greenchem


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 23 Green Chemistry

Cotton derived porous carbon via an MgO template method for high performance lithium

ion battery anode

Chunyu Zhu®*, Tomohiro Akiyama®

Center for Advanced Research of Energy & Materials, Hokkaido University, Sapporo 060-8628,

Japan

*Corresponding author: Tel.: +81-11-706-6842; Fax: +81-11-726-0731.

E-mail address: chunyu6zhu@gmail.com or chunyu6zhu@eng.hokudai.ac.jp (Chunyu Zhu)



Green Chemistry

Abstract

Porous carbon has received great attentions for electrochemical energy storage devices. In
this study, we proposed a novel and scalable method to fabricate porous carbon, which
contained macro and mesopores, from sustainable biomass raw material of cotton cellulose.
MgO template, which acted as pore creator, was incorporated into the cellulose-derived carbon
by absorbing a Mg(NOs), solution in cellulose fibers with subsequent drying and carbonization
processes. After removing the MgO template by acid leaching, porous carbon was produced
with a specific surface area as high as 1260 m? g. The sample showed attractive
electrochemical performances as the anode material for Li ion batteries (LIBs). The carbon
anode delivered a high reversible capacity of 793 mAh g™ at a current density of 0.5 A g™ after
500 cycles. The carbon anode also showed a high-rate capability, and a capacity of 355 mAh g™
can be obtained at a current density of 4 A g™. A wide comparison with literatures also showed
that the cotton-derived porous carbon was among the most promising carbon-based anodes for

LIBs.
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1. Introduction

To meet the increasing demands for mobile electronics and electric vehicles, significant
attention has been paid to develop high capacity electrode materials for lithium-ion batteries
(LIBs)." 2 Many novel anode materials have been explored for higher specific capacity and
better cycling performance, such as carbonaceous materials,** silicon,® ” tin,® ® metal oxides,'**
and so on. Among them, carbonaceous materials have demonstrated to be the most promising
and common anode materials for LIBs.'*"® Although graphite has been widely used as an anode
material in current commercial LIBs because of its low cost and low electrochemical potential
with respect to lithium metal, its low theoretical capacity (372 mAh g™) and poor rate capability
cannot meet the increasing requirements for the next-generation LIBs with high energy and high
power densities. Therefore, great efforts have been made to explore novel carbon materials
possessing high capacity, high rate capability, and easy accessibility. Many novel carbon anodes,

19-21

including carbon nanofibers,'*** carbon nanotubes (CNTs),? graphenes,® % and porous carbons>

2428 have been investigated. For electrochemical applications, materials with porous structure

27-30 9,31,32

such as porous oxide LIB cathode materials, porous oxide LIB anode materials, and

porous carbons, * 2% % 263

can provide shortened mass diffusion distances and high contact
areas between the solid and electrolyte, which results in enhanced performance. Many methods
have been used to prepare porous carbon materials, such as silica template method,* * spray
pyrolysis,® electrospinning-carbonization using precursors of melamine and polyacrylonitrile,?
ice-templating-carbonization of polyacrylonitrile precursor,”® and so on. However, most of the
synthesis methods require special equipments, high-cost reagents or complex process control.
Recently, the use of biomasses to produce carbon materials has received tremendous attentions

because of the abundant raw materials and low cost. Many studies have been engaged with the

production of carbonaceous materials for LIB anodes from biomasses such as bacterial cellulose,
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20 cornstalk waste,* ox horns,® corn starch,?® sweet potato,*” lignin, * banana peels,*® bamboo
chopsticks, *° and so on. However, the reported electrochemical performance is still limited.
Cotton is one of the most abundant, sustainable and environmentally friendly biomass materials
in nature, which contains 90-95% cellulose, making it a promising raw material for the
fabrication of carbon. Several groups have reported the production of porous carbon fibers with
high specific surface area from cotton as effective sorbents for waste water cleanup and
electrochemical supercapacitor.”* The cellulose-derived carbon materials, which used bamboo
chopsticks % and bacterial cellulose % as raw materials, have been evaluated as LIB anodes.
Nevertheless, a relatively low capacity was still delivered in such an electrode material. Herein,
we report a facile and scalable strategy to prepare highly porous carbon using cotton cellulose as
raw material. MgO template is incorporated into the cellulose-derived carbon, which acts as
pore creator, by absorbing a Mg(NO3), solution in cellulose fibers with subsequent drying and
carbonization processes. After the removal of MgO template by acid leaching, highly porous
carbon can be obtained, which possesses high specific surface area and macro/mesopores. When
evaluated as the anode material for LIBs, the sample exhibits attractive electrochemical

performances.
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2. Experimental section

2.1 Material preparation: In the experiment, magnesium nitrate of 5, 10, 15, and 20 mmol
were dissolved in 10 ml of distilled water to form homogenous solutions, respectively. The
above solutions were immerged with 1.5 g commercially available dewaxed cotton, respectively.
After that, the wet cottons absorbed with the above solutions were dried at 60 °C overnight. The
dried samples were annealed at 800 °C for 2 h at a heating rate of 10 °C min™ under Ar flow.
Subsequently, the annealed samples were pulverized using a mortar-pestle for 10 min. Finally,
the pulverized samples were leached with 0.2 M HCI for 24 h, washed with distilled water and
ethanol for several times, and dried at 100 °C under vacuum overnight. As a comparison,
dewaxed cotton without the immersion of magnesium nitrate was also annealed at the same
condition. These samples were named as Mg0, Mg5, Mg10, Mg15, and Mg20, respectively,
based on the amount of magnesium nitrate. Additionally, the Mg15 samples annealed at 700 and
900 °C were also obtained to evaluate the effect of calcination temperature on the
electrochemical properties.

2.2 Material characterization: The samples were analyzed by X-ray diffraction (XRD,
Rigaku Miniflex, CuKa), scanning electron microscopy (SEM, JEOL, JSM-7400F), and
transmission electron microscopy (TEM, 200 kV, JEM-2010F) for their crystalline structure and
morphology characterizations. An X-ray energy dispersive spectrometer (EDS) under SEM
environment was used for elemental analysis. Raman spectra of the samples were acquired from
a RENISHAW Raman spectrometer using an excitation wavelength of 532 nm. The
Brunauer-Emmett-Teller (BET) specific surface area of the as-synthesized samples was
measured using a Quantachrome surface area analysis instrument by N, absorption—desorption.
The pore size distributions were determined using the density functional theory (DFT) method.

2.3 Electrochemical measurement: A two-electrode Swagelok cell was used for the
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electrochemical test. The working electrode consisted of the active material, acetylene black
conductive carbon, and polyvinylidene fluoride (PVDF) binder in a weight ratio of 75:10:15. A
lithium disk was used as the reference and counter electrode, and a 1 M solution of LiPFs
dissolved in a 50:50 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
was used as the electrolyte. Cell assembly was carried out in an Ar-filled glove-box.
Galvanostatic discharge/charge measurement was performed using an Arbin battery tester in a
potential range of 3.0 and 0.01 V versus Li/Li* at a constant temperature of 25 °C. A
potentiostat/galvanostat apparatus (Autolab, PGSTAT128N) was employed for cyclic
voltammetry (CV) measurement at a potential scanning rate of 0.1 mV s™ in a voltage range of

0-3.0V.
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3. Results and discussion

The structure and morphology properties of the samples were first studied by XRD, Raman,
and SEM. Figure S1 (Electronic Supplementary Information, ESI) shows the SEM images of
the original cotton fibers and the fibers after absorption of Mg(NOs),. The cotton fibers have
diameter of several microns and length in millimeter order. It is noted that Mg(NOs), precursor
is homogenously immersed into the cotton fibers, and a morphology difference is not observed
for the fibers before and after the absorption of Mg(NQ3),. Figure S2 (ESI) presents the XRD
patterns of the samples after heat treatment at 800 °C for 2 h under Ar flow. The peaks of these
patterns can be indexed to a single phase of MgO (PDF No. 00-004-0829). The Mg(NOQO3),
precursor as-immersed in cotton fibers was decomposed into MgO, accompanying with the
pyrolysis of cellulose to form carbon. Carbon peaks were not observed due to its low
crystallinity. The MgO peak intensity for these samples increases in a sequence of increasing
amount of Mg(NQ3), precursor. Figure S3 (ESI) shows the SEM images of the MgO/carbon
composites, which were obtained after heat treatment. Samples Mg5 and Mgl0 exhibit
macroporous fibers with length of several tens of microns. The samples are greatly pulverized
for Mg15 and Mg20, and it is difficult to find an entire fiber. Figure S4 (ESI) illustrates the EDS
spectra of the MgO/carbon composites, and the samples show increasing intensity of Mg and O
peaks as the increase of MgO contents. The MgO phase can be easily removed by acid leaching.
Figure S5 (ESI) shows a typical EDS spectrum of the sample after acid leaching and the peak
representing Mg element disappear, indicating the successful removal of MgO. Figure 1 (a)
exhibits the XRD patterns of the obtained samples after heat treatment at 800 °C and being
leached with HCI solution. Two peaks located at 23.6 ° and 43.6 ° can be assigned to the (002)
and (100) reflections of graphitic carbon, respectively. These peaks are greatly broadened and

weak, indicating the amorphous feature of the synthesized carbon. In Figure 1 (b), Raman
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spectra show typical characteristic D-band (defective and disordered carbon) and G-band
(graphitic carbon) of carbon, located at around 1335 and 1600 cm™, respectively. The intensity
ratio of the D-band to G-band (ID/IG) for sample Mg0 is approximately 0.8, while the ratios for
samples Mg5, Mg10, Mg15 and Mg20 are approximately 0.9. The relative high values of ID/IG
indicate the disordering of the obtained carbon samples, agreeing with the XRD results.

SEM images of the carbon samples are shown in Figure 2. The sample Mg0, as-derived
from the directly pyrolyzed cotton fibers, consists of fibers with various lengths and irregular
particles. This is because of that the originally long fibers after pyrolysis were pulverized before
use. Not an image of highly porous structure is confirmed for this sample. This is the biggest
difference to the MgO-templated samples. SEM observation clearly demonstrates that the
MgO-templated samples possess macropores of several hundreds of nanometers. The samples
become much more pulverized as the increase of MgO amount. For the sample Mg20, it is even
difficult to find a fiber shape.

The morphology and structural observation was further investigated using TEM, as shown
in Figure 3. Figure 3 (a) shows a typical TEM image at a low magnification. It is confirmed that
the templated carbon possesses a porous structure with interconnected pores of several hundreds
of nanometers. Inset presents the typical selected area electron diffraction of the carbon material,
which indicates a typical graphite structure. Figures 3 (b, c) illustrates the high-resolution TEM
image. The sample is highly defective although some distorted lattice fringes corresponding to
the graphitic (002) plane can be seen.

The specific surface area and pore size distribution of the carbon materials were measured
by nitrogen absorption-desorption experiment. Nitrogen sorption isotherms and pore size
distribution of the carbon samples are presented in Figure 4. The specific surface areas of the

samples were evaluated by BET method, and the values are 115, 1012, 1100, 1260, and 1104 m?
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g™ for samples Mg0, Mg5, Mg10, Mg15, and Mg20, respectively. Pore size distributions of the
MgO-template samples were estimated by the density functional theory, and the samples show
mesopores concentrated at approximately 3-5 nm.

The electrochemical properties of the porous carbon anodes were analyzed by CV tests and
galvanostatic discharge/charge measurements. Figure 5 presents the CV curves of sample Mg0
(a) and sample Mg15 (b) in a potential range of 3.0-0 V for the initial four cycles. The shape of
the CV curves for samples Mg5, Mg10, and Mg20 are similar to that of sample Mg15, as shown
in Figure S6 (ESI). In the first cathodic scans, the apparent areas centered at ~0.6 V are
observed for all samples, which radically drop from the second cycle. This is associated with the
irreversible capacities caused by the decomposition of electrolyte and the formation of
solid-electrolyte interface (SEI) layer.?®* 3" The CV curves nearly overlap after the first cycle,
implying the excellent reversibility and stability of the porous carbon for Li insertion and
extration. It is noted that the MgO-templated carbon electrodes show much larger covered areas
than the non-template carbon, indicating higher Li storage capacity for the MgO-template
samples.

Figure 6 displays the galvanostatic discharge/charge cycling performance over the voltage
range of 3.0-0.01 V. All electrodes were firstly cycled at a current density of 0.5 A g™ to 500
cycles, after which the samples Mg10, Mg15, and Mg20 continued to be cycled to 800 cycles at
increasing current densities of 1.0 and 2.0 A g*. Figure 6 (a) presents the reversible
discharge/charge capacities versus cycling number. It can be clearly seen that all samples exhibit
excellent cycling stability, and the reversible capacities of the samples have a decreasing
sequence of Mgl5, Mg10, Mg20, Mg5, and Mg0. Sample Mgl5 demonstrates the highest
capacity during the 500 cycles at a current density of 0.5 A g™, and a high value of 793 mAh g™

is obtained after 500 cycles. As a comparison, the reversible capacities after 500 cycles for
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samples Mg0, Mg5, Mg10, and Mg20 are 289, 382, 653, and 657 mAh g™, respectively. At
increased current densities to 1.0 and 2.0 A g*, sample Mg15 demonstrates high reversible
capacities of above 595 and 447 mAh g™, respectively, which are higher values than those for
samples Mg10 and MgZ20. It is noted that, after 800 cycles, sample Mg15 still presents a higher
reversible capacity of 447 mAh g* at 2.0 A g'. Figures 6 (b, ¢, d) shows the typical
discharge/charge profiles for these samples. In the first cycles, the samples Mg0, Mg5, Mg10,
Mgl15, and Mg20 deliver discharge/charge capacities of 541.71/298.44, 1250.12/534.21,
1979.92/926.19, 2291.07/1052.76, and 1683.49/775.39 mAh g™ at 0.5 A g™, respectively. The
capacities for the MgO-template samples are greatly higher than that of the commercial graphite
with a theoretical capacity of 372 mAh g™*. An obvious plateau at around 0.7 V is observed in
the first discharge curves for all samples, corresponding to the additional peaks in the CV curves,
which cover the irreversible part of initial discharge capacity. This is caused by the
decomposition of electrolyte and the formation of SEI layer. The calculated initial Coulombic
efficiency for lithium extraction-to-insertion for these sample are 55.09%, 42.73%, 46.78%,
45.95%, and 46.06%, respectively, which are similar values as the reported carbon anodes.** %
26,3496 However, from the second cycle, the discharge plateaus at 0.7 V disappear, and the
discharge curves show continuous potential decrease from 1.5 V to 0.01 V as the proceeding of
lithium insertion into carbon materials. The Coulombic efficiencies for the samples were
increased to ~90% in the second cycle, and were quickly improved to > 97% after a few cycles,
as shown in Figure S7 (ESI).

The above samples were obtained by heat treatment at 800 °C. The samples Mgl5
annealed at 700 and 900 °C were also obtained, and the galvanostatic discharge/charge cycling
performance is shown in Figure S8. It is observed that the sample annealed at 800 °C exhibits

the highest capacity.
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The rate performance of the best carbon electrode for sample Mgl15 annealed at 800 °C
was further studied, as shown Figure 7. Reversible capacities of around 1020, 815, 715, 625,
500, 405, 355 mAh g™ can be obtained at gradually increasing current densities of 0.25, 0.5,
0.75, 1, 2, 3, and 4 A g, respectively. After 125 cycles, the current density was further
decreased to 1 and 0.5 A g, and surprisingly, high capacities of around 675 and 820 mAh g™
can be recovered. When the electrode was continued to be cycled to 400 cycles at 2 A g™, a high
capacity of around 510 mAh g* was obtained. The electrode presents Coulombic efficiency
higher than 97% after the initial several cycles.

SEM images of sample Mg15 after cycling were also obtained, as shown in Figure S9. It is
observed that the cycled electrode is covered with a dense SEI layer, however, the morphology
of carbon barely change. The similar morphology indicates perfect structural stability during the
Li insertion/extraction processes.

The above results demonstrate that the cotton-derived porous carbon is an excellent
electrode material for high power and high energy LIBs with good cyclability. The superior
electrochemical performance can be explained by its novel nanostructure. First, the high specific
surface area of the porous carbon with interconnected macropores and mesopores provide
efficient access of electrolyte to the electrode surface and facilitate fast charge transfer, leading
to lower transport resistance and higher electrochemical activity. Second, the functional pores
with different dimensions may act as reservoirs for the storage of Li ions. Third, the 3D porous
network structure is mechanically strong to accommodate the volume change caused by
repeated Li insertion/extraction during cycling.

The electrochemical performance of the porous carbon is also comparable to that of the
frontier carbon-based anode material as reported. Table 1 shows a comparison of the

performance of the cotton-derived porous carbon with the state-of-the-art carbon materials,
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including the sweet potato-derived carbon nanoparticles®, porous carbon nanofiber webs
derived from bacterial cellulose?, porous carbon nanofibers/nanosheets hybrid from cornstalk
waste*, N-rich porous carbon derived from ox horns®, microsized porous carbon spheres from

1921 'nseudographite from banana peels®, carbon

corn starch?, electrospun carbon nanofibers
fibers from bamboo chopsticks®, and N-rich porous carbon spheres by SiO, template method*.
Notably, the cotton-derived porous carbon displays the best performance among these carbon

materials, especially the long-cycling and high-rate performance.
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Table 1. Comparison of cycling and rate performance of the carbon anode of present work and the

reported carbon anodes.

Sample
This  work:  cellulose-derived
porous carbon by a

MgO-template method

R1: Sweet potato-derived carbon
nanoparticles

R2: Porous carbon nanofiber
webs derived from bacterial

cellulose 2

R3: Porous carbon nanofibers/
nanosheets hybrid from cornstalk
waste *

R4: N-rich porous carbon derived

from ox horns  °

R5: micro-sized porous carbon
spheres from corn starch %
R6: Electrospun carbon
nanofibers with Fe catalyst *°

R7: N-enriched porous carbon
nanofiber networks by
electrospinning %

R8: Pseudographite from banana

peel ¥

R9: N-rich porous carbon spheres
by SiO, template method **
R10: Carbon fibers from bamboo

chopsticks *°

Cyclability

0.5Ag™, 500 cycle, 793 mAh g2
2 Ag?l, 800 cycle, 447 mAh gt
0.1Ag?, 200 cycle, 320 mAh gt
0.1Ag? 100 cycle, 914 mAh gt
0.3Ag?, 100 cycle, 713 mAh g2
1Ag? 100 cycle, 549 mAh gt

2Ag", 100 cycle, 414 mAh g™;
0.1A g 200 cycle, 592 mAh g*

0.1 Ag™ 100 cycle, 1178 mAh g™
1.0 Ag? 100 cycle, 591 mAh g*

0.1 Ag™ 100 cycle, 507 mAh g*

1A g, 100 cycle, 609 mAhg™

0.05 Ag?, 50 cycle, 1150 mAhg™

0.1Ag? 11 cycle, 790 mAh g*;

0.1Ag?, 300 cycle, 717 mAhg™

0.5Ag?, 100 cycle, 540 mAh g;

0.137 A g™, 800 cycle, 360 mAh g*

Rate performance

1020 mAh gtat 0.25 Agt; 815 mAh gtat 0.5 Ag™;
715mAhgtat0.75Agt; 625 mAhgtat1Ag?;

500 mAhgtat2Agt; 405 mAhgtat3Ag?
355mAhgtat4Ag?

285 mAh gt at 0.186 Ag™; 235 mAh gt at 0.372 Ag™;
126 mAhgtat1.86 Ag?; 84 mAhgtat3.72Ag?
1068 mAhglat0.1Agt; 769 mAhgtat 0.3 Ag™L:
608 mAhglat0.6 Agt; 505 mAhgtat1.0A g™

436 mAhglat2Ag?; 334 mAhgtat4 Ag;

261 mAhgtat8Agt; 250 mAhgtat 10Ag?

578 mAhgtat0.1AgY; 553mAhgtat0.3AgY;
527 mAhgtat0.6 Agt; 508 mAhgtat1.0Agk:
474mAhgtat2.0AgY 454 mAhgtat3.0Ag?
1181 mAhgtat0.1 Ag®; 1031 mAhgtat0.2Ag?
898 mAhgtat0.3Ag?Y 808 mAhgtat0.4Ag?
750 mAhgtat05AgY 592mAhgtat1.0Ag?
470mAhgtat2.0Ag" 304mAhgtat5Ag?
400 mAhgtat0.2 Ag®; 340mAhgtat0.5Ag™
305mAhgtat1 Agh 280 mAhgtat2 Agh;
245mAhgtat5 Ag?

983mAhgtat0.1Ag?;

318 mAhgtat3Ag?

1315 mAhgtat0.05 Ag?; 1145 mAhgtat 0.1 Ag™;
906 mAhgtat0.2 Ag?; 654 mAhgtat05Ag?
473mAhgtat1 Ag?;
738 mAhgtat0.2Ag?t; 634 mAhgtat0.5Ag?Y,
518 mAhgtat1 Agh 385mAhglat2Ag?;
243mAhgtat5 Ag?
542 mAhgtat0.5AgY 410mAhgtat1 Ag™;
293mAhgtat2 Agh 215mAhgtat3Ag?;
353mAhglat0.17 Agt; 319 mAhgtat0.342 Ag™;
292mAhgltat0517 Agt; 254 mAhgtat1.03 Ag™;

211mAhglat2.06 Agt 137 mAhgtat459 Ag?
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4. Conclusions

In summary, we have demonstrated a facile and scalable method to fabricate porous
carbon, with high specific surface area (1260 m® g™*) and interconnected macro/mesopores, from
a low-cost, eco-friendly and scalable biomass raw material of cotton cellulose. In the synthesis,
MgO-template was introduced to the cellulose-derived carbon, which acted as pore creator, by
absorbing a Mg(NOs), solution in cellulose fibers with subsequent drying and carbonization
processes. As an anode material for LIBs, the porous carbon anode delivered a high reversible
capacity of 793 mAh g™ at a current density of 0.5 A g™ after 500 cycles. The carbon anode also
showed a high-rate capability, and a capacity of 355 mAh g* was obtained at a current density
of 4 A g*. The greatly improved electrochemical performance can be attributed to its porous
structural features, which can enlarge the mass-electrolyte contact area, shorten the lithium ion
diffusion length, and accommodate volume expansion during lithiation reaction. Given the
abundant and renewable resource of cellulose, the as-prepared porous carbon can satisfy the

increasing demand of anode materials for LIBs.
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Figure 1. XRD patterns (a) and Raman spectra (b) of the synthesized samples.

Figure 2. SEM images of the synthesized samples.
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Figure 3. TEM (a) and high-resolution TEM images (b, ¢) for sample Mg15.
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Figure 4. N, absorption-desorption isotherms (a) and pore size distribution (b) of the

synthesized samples.
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Figure 5. Representative CV curves of samples Mg0 (a) and Mg15 (b). The curves for samples

Mg5, Mg10, and Mg20 are shown in Figure S6.
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Figure 6. (a) Cycling performance of the synthesized carbon samples. (b, ¢, d) Galvanostatic

charge-discharge profiles.
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Figure 7. (a) Rate capabilities and cycle performance of sample Mg15 cycled at different current

rates. (b) Galvanostatic charge-discharge profiles of sample Mg15 at different current rates.
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This paper presents a biomass-derived porous carbon containing macro/mesopores for
high-performance LIB anodes.



