
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:4

0:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A sustainable hie
aCollege of Chemistry and Materials Scienc

610066, China. E-mail: ddmd222@sicnu.ed

84760802
bAntibiotics Research and Re-evaluation Key

Industrial Institute of Antibiotics, Chengdu

† Electronic supplementary informa
10.1039/c7ra08501j

Cite this: RSC Adv., 2017, 7, 47407

Received 2nd August 2017
Accepted 26th September 2017

DOI: 10.1039/c7ra08501j

rsc.li/rsc-advances

This journal is © The Royal Society of C
rarchical carbon derived from
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lithium–sulfur batteries†

Huali Wu,a Jiafu Lin,b Jirong Mou,a Qiaoji Zhenga and Dunmin Lin *a

Biomass plays an important role in constructing carbon materials, but is always restricted by the non-

tunable and non-standard characteristics of its precursors. In this study, we employed a new sustainable

microorganism-route to synthesize the fibroid fungus that could be used as the precursor to prepare

sulfur host materials for lithium sulfur batteries. The H3PO4-activated fibroid fungus presents

a controllable nano- and micro-structure after high temperature carbonization, which can effectively

suppress polysulfides dissolution and supply space for sulfur accommodation due to its high specific

surface area of 509 m2 g�1 and pore volume of 0.69 m3 g�1. As a result, the assembled lithium sulfur

(Li–S) battery shows a high initial specific discharge capacity of 1319 mA h g�1 at 0.1C and maintains

a capacity of 663 mA h g�1 after 100 cycles, corresponding to the outstanding reaction kinetics and

cycling stability. Our results display an eco-friendly, renewable and controlled synthesis process of

porous carbon, which features a promising application in preparing versatile electrodes in energy storage.
1. Introduction

With the ever-growing development of electrical vehicles and
the electronic manufacturing industry, energy storage devices
with high capacity, superior energy density, long lifespan and
eco-friendliness are a proposed response to the present energy
crisis.1 Therefore, a high-energy storage system is urgently
needed to study and apply in our daily life. The lithium sulfur
battery has been regarded as one of the most promising
candidates due to its high theoretical discharge capacity of
1675 mA h g�1 and high energy density of 2600 W h kg�1.2–4

Apart from its towering advantages, the practical application of
Li–S batteries still suffers from several drawbacks such as the
insulating essence of sulfur (5 � 10�30 S cm�1 at 25 �C), shuttle
effect and volumetric expansion (almost 78%) during
lithiation.2,4

Extensive efforts have been made to respond to the afore-
mentioned problems, including fabricating various sulfur
composites by dispersing sulfur into conducting materials to
enhance the conductivity,5–8 optimizing the liquid electrolyte or
employing solid electrolytes,9,10 protecting the anode via coating
and electrolyte additives11,12 and using new binders to stabilize
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the electrode structure or cell conguration.13,14 Among these,
constructing the composites with sulfur particles embedded
within conductive meso/microporous carbon frameworks has
proven to be promising, because the porous carbonmaterial not
only improves sulfur utilization by keeping sulfur particles
nanometer-sized and electrically connected, but can also adsorb
sulfur and/or polysuldes on their large internal surfaces,
rendering redeposition more uniform and mitigating poly-
suldes diffusion. The pioneering work reported by Nazar5 and
co-workers employing the mesoporous carbon to encapsulate
the polysulphides as well as active material sulfur within the
conductivity material has demonstrated that porous carbon can
be effective in mitigating the above-mentioned issues, and on
the other hand, guide improvement in the electrochemical
performance of lithium sulfur batteries. Since then, various
carbon materials have been widely investigated and designed
for trapping polysuldes, such as porous carbon,2 carbon
nanotubes,15 graphene,16 and graphene oxides.17 Although
signicant improvements in terms of rate capability and
stability have been achieved by employing these carbon
matrices, the synthesis process of these carbon materials is
generally complicated and therefore expensive and lacks scal-
ability and consistency. Thus, it is necessary to nd highly
efficient and inexpensive sources of porous carbon to build high
performance sulfur-based composites.

Biomass carbon, as a readily available, eco-friendly and
sustainable carbon resource, has attracted increasing attention
and has been frequently focused on constructing carbon/sulfur
composites over the past few years. Nevertheless, most biomass
carbon materials are always used aer the organism is
RSC Adv., 2017, 7, 47407–47415 | 47407
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completely formed, which restricts the base properties of the
material itself. Furthermore, the consistency and universality of
the prevalent biochars are difficult to guarantee during their
forming process due to various uncertain factors.18 More
recently, designing and fabricatingmonolithic carbonmaterials
based on the combination of various subjects have attracted
extensive attention. For example, Chai's group19 has synthesized
porous monolithic carbon from microorganisms to act as the
interlayer in lithium sulfur batteries and obtained improved
electrochemical properties. However, the introduction of the
interlayer always leads to a relatively big impedance for Li+ and/
or e� transport in the charge/discharge process, which is very
important in evaluating the comprehensive electrochemical
performance of lithium sulfur batteries. Therefore, compared to
the interlayer, constructing porous carbon derived from
microorganisms to serve as the sulfur host can be a simpler and
more available strategy to enhance the electrochemical perfor-
mance of lithium sulfur batteries.

In this study, a sustainable biochars synthetic method was
proposed based on simple H3PO4 activation and subsequent
pyrolysis of brous fungus (Aspergillus capestris), which were
cultured by a new sustainable microorganism-route. The orig-
inal synthetic route results in a conductive and hierarchical
carbon matrix, which contributes to an enhanced electro-
chemical performance because of the brous fungus nature. In
comparison to previously reported nanocarbons,15–17 the fungi-
based biomass material is more eco-friendly, uniform and
economical and can be easily decorated during the synthetic
process. In this consideration, it can raise great interest in
developing various carbon electrodes for energy storage devices,
such as lithium batteries, catalysis and hydrogen storage.
2. Experimental
2.1 Materials synthesis

Fungal cultivation. The Aspergillus campestris strain used in
this study was stored in Sichuan Industrial Institute of Antibi-
otic, China with the code K9851. The fungus was routinely
grown on improved PDA medium (potato dextrose agar) (20%
potato, 3% glucose, 1% sucrose, 0.2% yeast extract and 2% agar)
at 28 �C for 3–4 days as the starting material for conidia
production. Conidia was harvested and incubated into 300 mL
PD liquid media (20% potato, 3% glucose, 1% sucrose and 0.2%
yeast extract) at 28 �C for 7 days. Fungal mycelial pellets were
collected via vacuum ltration.

Fabrication of carbon/sulfur composites. First, the fungus
was washed several times with copious deionized water until
the pH of the fungus cell was close to 7; and the fungus was
divided into two equal parts. Then, one part was impregnated
into 32.5 wt% H3PO4 solution, while the other had no
management. Finally, the two parts of the fungus were ther-
mally converted in a N2 lled tube furnace at a temperature of
650 �C to obtain a carbon matrix, named as HAFC and nAFC.
The stem-melting method was applied in fabricating the
carbon/sulfur composites, and the detailed process was iden-
tical to that in our previous study.20
47408 | RSC Adv., 2017, 7, 47407–47415
Material characterizations. The morphology and micro-
structure of the samples were characterized by scanning elec-
tron microscopy (FE-SEM, JSM-7500, Japan), transmission
electron microscopy (FE-TEM, GZF20), optical microscopy
(Olympus, BX41) and X-ray diffraction (XRD, Smart Lab,
Rigaku). The sulfur content was analyzed on a TA instrument
(DSC-TGA, Q500) with a heating rate of 5 �C min�1. The specic
surface areas and pore size distribution were detected at 77 K
(BET, Micromeritics ASAP2020) according to the nitrogen
adsorption–desorption isotherms principle. X-ray photoelec-
tron spectroscopy (XPS) analysis was performed on a PHI 5000
VersaProbe XPS instrument (Thermo ESCALAB 250XI) at room
temperature with an Al ka radiation source (1486.6 eV), and
curve tting was conducted on XPspeak41 soware.
2.2 Electrochemical measurements

The cathode material was obtained by dissolving 80 wt% carbon/
sulfur composites, 10 wt% super-p and 10 wt% PVDF inN-methyl-
2-pyrrolidinone (NMP) undermagnetic stirring. Then, themixture
was coated onto an aluminium foil, dried at 60 �C for 12 h, and cut
into wafers with sulfur content of 1.5–1.6 mg cm�2. The electro-
chemical experiments were conducted on coin cells (CR2032) with
the organic electrolyte LiN(CF3SO2)2 (LiTFSI) and a membrane of
Celgard 2400, and assembled in an Ar lled glove box (MB-
Labstar, Germany). Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were obtained on
an electrochemical station (CHI660E, Shanghai, China). The cyclic
voltammetry curves were conducted with a scanning rate of
0.1 mV s�1 between 1.5 and 3.0 V. The impedance spectra were
obtained in the frequency range from 100 kHz to 10 mHz and
tted using ZView soware. Galvanostatic charge/discharge tests
were carried out on a battery test system (LAND, CT2100A, China)
between 1.7 and 3.0 V. All electrochemical measurements were
performed at room temperature.
3. Results and discussion

As shown in Fig. 1, the HAFC/S composite was synthesized by
a series of steps. First, potato infusion derived fungus was
cultured in a solid medium. The fungus spores on the solid
medium were adopted as the microorganism source and
transferred to a uid medium. The micromorphology of the
fungal spores was analyzed by scanning electron microscopy
(SEM), as shown in Fig. 1, which presents a globular and brous
interconnected structure. The brous branches were developed
by the fungal spores under the cultivating process. When the
concentration of cultivated fungus was close to maximum
(about 11 mg mL�1), the abundant brous fungus was imme-
diately collected to act as the precursor. Immediately, the H3PO4

activated brous fungus was carbonized at high temperature in
a N2 atmosphere to obtain a hierarchical porous carbon. Finally,
the sulfur was immersed into the porous carbon to construct
the carbon/sulfur composites by the classic melt diffusion
approach. A 5 : 5 weight ratio mixture of HAFC/nAFC and sulfur
was heated just above the melting point of sulfur, where the
viscosity is lowest. The melt sulfur is imbibed into the channels
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic for the formations of nAFC/S and HAFC/S.
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by capillary forces, whereupon it solidies and shrinks to form
sulfur nanobers that are in intimate contact with the
conductive carbon walls.
Fig. 2 (a1) The optical microscopic photograph of fungal; (a2) SEM
image of fungal and conidia; (b1) and (b2) SEM and HR-TEM images of
carbonized pure fungal, respectively; (c1) and (c2) SEM and HR-TEM
images of carbonized and H3PO4 activated fungal, respectively.

This journal is © The Royal Society of Chemistry 2017
The optical microscopic graph of the fungus is shown in
Fig. 2a1, in which many broid fungi and spherical conidia are
interlocked with each other. The abundant broid fungus was
synthesized by cultivating the spherical conidia in stationary
phases. Fig. 2a2 displays the morphology of the broid fungus
in 500-times magnication, which shows an interlocked
framework because of the disordered growth direction of the
broid fungus in stationary phases, indicating that the broid
fungus may be an excellent supporter for sulfur storing or pol-
ysuldes encapsulation. Therefore, the broid fungus were
collected and carbonized to act as the carbon matrix to store
sulfur and encapsulate the various polysuldes. As shown in
Fig. 2b1, a great number of macropores and mesopores were
found in the pure fungus aer high temperature carbonization,
which may be caused by abundant gas production and release
(CO, CO2 and H2O). Furthermore, the TEM image (Fig. 2b2) of
nAFC also displays large-scale white dots, implying that most of
the nanopores in nAFC are macropores (50–100 nm). For the
nAFC material, sulfur cannot be completely encapsulated into
the porous structure due to the limited surface area and pore
volume of the material, which is identied in Fig. 3c and d.
Hence, some particles are aggregated together on the surface of
nAFC/S (Fig. S1a1†). The TEM image (Fig. S1a2†) of nAFC/S
presents a shadow area, which also suggests that excess sulfur
cannot be incorporated into the relatively dense carbon mate-
rial. In particular, the H3PO4-activated and carbonized fungus
(HAFC) shows a cauliower-like uffy morphology in Fig. 2c1,
and plenty of porosities exist in these nanoparticles. The
abundant nanopores and porosities in HAFC can provide
enough space for sulfur and polysuldes, which can improve
the utilization for active sulfur and retard the “shuttle effect”
during the charge/discharge process. In addition, a mass of
white dots appears in the transmission electron microscopy
RSC Adv., 2017, 7, 47407–47415 | 47409
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Fig. 3 TGA curves of HAFC/S and nAFC/S (a) and XRD patterns of sulfur (JCPDF no. 08-0247), HAFC, nAFC, HAFC/S and nAFC/S materials (b),
nitrogen adsorption–desorption isotherms of HAFC and nAFC (c), pore size distribution of HAFC and nAFC (d).
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photo of HAFC (Fig. 2c2), which also demonstrates the existence
of nanopores. Therefore, the HAFC/S composite presents
a relatively uniform micromorphology when combining with
the sublimated sulfur (Fig. S1b1 and b2†) because the abundant
porous structure can encapsulate a large amount of sulfur. In
particular, some of the small shadow area can be found as
shown in Fig. 2c2, which should be attributed to the existence of
phosphate in HAFC because of the impregnation of H3PO4.21,22

All these phenomena have illustrated that the carbon derived
from the fungus can act as the carbon matrix and boost the
electrochemical performance in lithium sulfur batteries.

To detect the storing content of sulfur in the porous carbon,
the thermal decomposition characteristics of HAFC/S and
nAFC/S composites were investigated by TGA and the results are
shown in Fig. 3a. As shown in Fig. 3a, the HAFC/S has a slight
decline at the initial temperature of �60 �C due to water
removal in the composite. With the temperature increasing,
both HAFC/S and nAFC/S composites show weight loss at
a temperature of 180 �C and maintain a continuous decline
behavior until 300 �C. The sulfur content in HAFC/S and nAFC/S
composites is 52.38 wt% and 50.84 wt%, respectively. The XRD
patterns of standard pure sulfur (JCPDF no. 08-0247), subli-
mated sulfur, HAFC, nAFC, HAFC/S and nAFC/S materials are
presented in Fig. 3b. The HAFC and nAFC materials show
relatively broad diffraction peaks at �25� and 45�, which
correspond to the diffraction of (002) and (001) planes of
graphite, illustrating that the carbonized fungus has the typical
structure of amorphous carbon.23,24 A series of characteristic
47410 | RSC Adv., 2017, 7, 47407–47415
peaks from 15 to 65� are found in HAFC, which may come from
the phosphates.21,22 In HAFC/S and nAFC/S composites, the
display of characteristic peaks of crystalline sulfur (JCPDF no.
08-0247) in 20–30� demonstrates the existence of sulfur in their
composites. To explore the specic surface area and pore size
distribution of nAFC and HAFC, the Brunauer–Emmett–Teller
(BET) method was used to analyze them and the results are
shown in Fig. 3c and d. In Fig. 3c, both nAFC and HAFC are
similar to the type IV isotherm plots with characteristic
hysteresis loops, indicating the existence of micro-/meso-pores
at low relative pressure (0–0.2P/P0). The HAFC has a high
surface area of 509 m2 g�1, while nAFC has a much smaller
surface area of 182 m2 g�1, illustrating that the HAFC has more
defects than nAFC, which can store more sulfur and restrict
more polysulphides. Furthermore, the main pore size distri-
butions of HAFC (3–12 nm) and nAFC (2–26 nm) in Fig. 3d also
indicate that the HAFC has a strong interaction with sulfur
under stem-melting behavior. Aer sulfur loading into the
porous carbon, the surface area and pore volume of HAFC both
decrease (Fig. S2†), which may indicate that the sulfur has been
encapsulated into the micro/mesopores of this porous carbon.
Therefore, the melting sulfur can be easily embedded into the
mesopores due to the strong capillary force derived from
nanopores.

In order to verify the chemical nature and the surface
properties of the porous carbon/sulfur composite, X-ray
photoelectron spectroscopy (XPS) measurements were carried
out, and the results are displayed in Fig. 4. In the wide-survey
This journal is © The Royal Society of Chemistry 2017
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XPS spectrum of HAFC/S composites (Fig. 4a), ve distinct
peaks centered at 284.6, 398.8, 533.2, 135.7 and 164.3 eV are
equivalent to C 1s, N 1s, O 1s, P 2p and S 2p, respectively. As
measured by XPS, the carbon, nitrogen, oxygen, phosphorus
and sulfur contents in HAFC/S are 67.62 at%, 2.50 at%,
5.01 at%, 3.68 at% and 21.18 at%, respectively. The XPS results
suggest that the nitrogen, phosphorus co-doped carbon mate-
rial has been successfully fabricated in this work. The chemical
status of C, N, P and S were further probed by analyzing the
high-resolution C 1s, N 1s, P 2p and S 2p peaks. It can be seen
that the high-resolution C 1s spectrum (Fig. 4b) of HAFC/S
shows four peaks centered at 284.6, 284.9, 285.3 and 286.8 eV,
corresponding to C–C/C]C (284.6 and 284.9 eV), C]N/C–O/C–
P (285.3 eV) and C]O/C–N (286.8 eV), respectively. For C–N/C]
Fig. 4 (a) XPS spectrum of the HAFC/S composite, and high-resolutio
composite.

This journal is © The Royal Society of Chemistry 2017
N bonds, the doped nitrogen atoms can be attributed to the four
different existing states, which are pyridinic nitrogen (398.6 eV),
pyrrolic nitrogen (400.1 eV), graphitic nitrogen (400.7 eV) and
oxidized pyridinic nitrogen (401.9 eV), as shown in Fig. 4c,
endowing the in situ dopant of N element in the fungus derived
carbon material with excellent electrochemical performance
towards the charge/discharge process. The P 2p deconvoluted
peaks (Fig. 4d) located at 133.3 and 136.2 eV are all attributed to
the contribution of P–O bonding, which is also responsible for
the enhancement of the charge/discharge process. In particular,
the high-resolution S 2p spectrum of HAFC/S can be deconvo-
luted into six peaks (Fig. 4e), which correspond to S–S/S–C bonds
at 163.8, 164.2 and 164.7 eV, and sulfate species at 167.9, 169.1
and 169.5 eV. These nitrogen/phosphorus/oxidized-functional
n spectra of C 1s (b), N 1s (c), P 2p (d) and S 2p (e) for the HAFC/S

RSC Adv., 2017, 7, 47407–47415 | 47411
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groups exist in the HAFC/S, which were reported to be attributed
to the enhancement of the affinity and binding energy of polar
polysuldes during the charge/discharge process, thus, remark-
ably improving the cycling stability and rate capability of lithium
sulfur batteries.25–29

Fig. 5a presents the digital photo of many spherical conidia
in culture medium. In the growth cycle, the broid fungus starts
to develop on the conidia, which can gradually construct the
Fig. 5 (a) The digital photos of spherical conidia; (b) cyclic voltammogram
charge/discharge curves of nAFC/S and HAFC/S composites at different r
HAFC/S composites at current densities of 0.1C and (f) the rate perform
performances of the HAFC/S electrode at 1C.

47412 | RSC Adv., 2017, 7, 47407–47415
interconnected framework (Fig. 2b) that can be carbonized to
act as the sulfur host material in the cathode of lithium sulfur
batteries. Hence, the carbon/sulfur electrodes are assembled in
the battery to examine the electrochemical performances.
Fig. 5b shows the rst, second and third cyclic voltammogram
curves of the HAFC/S electrode with a scanning rate of
0.1 mV s�1. During the rst cathodic reduction process, two
sharp reduction peaks at 2.32 and 2.08 V are displayed, which
of the initial three cycles at a scan rate of 0.1 mV s�1; (c) and (d) are the
ates from 0.1C to 2C, respectively; (e) the cyclic stability of nAFC/S and
ance curves of the nAFC/S and HAFC/S electrodes, (g) long cycling

This journal is © The Royal Society of Chemistry 2017
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correspond to the reduction process of sulfur (S8) to soluble
polysuldes (Li2Sn, 3 # n # 6) and then soluble polysuldes to
the insoluble suldes (Li2Sn, 1 # n # 2). An oxidation peak at
2.46 V is found in reverse scanning, which is related to the
oxidation of Li2S2/Li2S to high-order LiPSs and the eventual
transformation to elemental sulfur.30 Compared with the rst
CV curves, the positions of peaks on the second and third curves
have no evident shi, indicating the outstanding reversibility of
the fungus-derived carbon/sulfur electrode. Fig. 5c and d show
the discharge/charge proles of nAFC/S and HAFC/S electrodes
at different current densities (0.1C, 0.2C, 0.3C, 0.5C, 1C and 2C),
respectively. The proles from the nAFC/S electrode present
a shorter discharge plateau with the current rate increasing,
which reects the dissolution of various polysuldes in organic
electrolyte. This leads to the loss of active sulfur and a low
capacity acquisition. Unlike nAFC/S, the HAFC/S electrode has
a longer discharge plateau, indicating that the effective utili-
zation of active sulfur can induce a high discharge capacity.
Even at high rates, the curves exhibit typical reaction plateaus,
which are in coincidence with the cyclic voltammograms in
Fig. 5b. Fig. 5e shows the cyclic performances of nAFC/S and
HAFC/S electrodes at a low current density of 0.1C. Notably, the
HAFC/S electrode exhibits a high initial capacity of
1319 mA h g�1 at 0.1C and maintains a capacity of 663 mA h g�1

aer 100 cycles, illustrating the excellent cyclic performance of
Fig. 6 SEM images of cycled nAFC/S (a1, a2) and HEWC/S (b1, b2) elect
morphologies.

This journal is © The Royal Society of Chemistry 2017
the HAFC/S electrode, while the nAFC/S electrode shows a low
specic capacity of 985 mA h g�1 at 0.1C. A prolonged cycling
test was also conducted for the HAFC/S electrode at 0.1C as
shown in Fig. S3.† As displayed in the gure, a high initial
capacity of 1225 mA h g�1 is obtained for the HAFC/S electrode
at 0.1C. With continuous cycling, the capacity decreases due to
the unavoidable “shuttle effect” that is caused by the dissolu-
tion of polysuldes derived from the surface sulfur. However,
even the behavior of the dissolution of some polysuldes exists;
the relatively large surface area and pore volume can also
provide many active sites contributing to the high utilization of
active sulfur and a specic capacity of 581 mA h g�1 aer 200
cycles. The rate capabilities of the HAFC/S and nAFC/S elec-
trodes were further investigated at different current rates from
0.1 to 2C, as shown in Fig. 5f. Despite the discharge specic
capacity of the HAFC/S electrode gradually declining from 0.1 to
2C, a reversible capacity of 764mA h g�1 for HAFC/S is recovered
from the cathode when the current is switched back to 0.3C.
From Fig. 5f, it can also be seen that the rate performance of
HAFC/S is much better than that of nAFC/S due to the high
utilization of sulfur and pore structure of the HAFC/S material.
In order to examine the long-term cyclic stability, 200 cycles of
the HAFC/S electrode at 1C were conducted, and the results are
shown in Fig. 5g. The current density increases from 0.2C to 1C
in the h cycle with the capacity of 720 mA h g�1. In the
rodes, and TEM images of cycled HEWC/S (c1, c2) electrodes surface
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seasonable cycles, the capacity drops to 681 mA h g�1 and
maintains a capacity of 495 mA h g�1 aer 200 cycles with
a columbic efficiency of 96%. It validates the good cyclic
stability and reversibility of the HAFC/S electrode. All these
outstanding electrochemical performances of the HAFC/S
electrode can be attributed to the H3PO4 activated broid
fungus, which possesses a high surface area and an appropriate
nanopore size that can store sulfur and immobilize the various
polysulphides dissolution during the cycles.

The coin cells are disassembled aer 50 cycles to demon-
strate the structural stability of the nAFC/S and HAFC/S elec-
trodes. As shown in Fig. 6a1 and 6a2, the surface of nAFC/S was
covered by the large gathered particles, which may be ascribed
to the aggregation of lithium polysuldes. However, a relatively
uniform, hierarchical porous structure of HAFC/S (Fig. 6b1 and
6b2) is still maintained aer experiencing 50 cycles, suggesting
that the porous structure can benet from the encapsulation of
polysuldes and decrease the loss of active sulfur, inducing
outstanding electrochemical performance. The presence of
uniform and small particles can be observed for the cycled
HAFC/S electrode (Fig. 6c1 and 6c2), which indicates that the
polysuldes have been restricted within the porosity of the
HAFC material. All these characteristics are in coincidence with
the electrochemical performance (Fig. 5).

To better understand the improved electrochemical perfor-
mance associated with the use of activated porous fungus
carbon, electrochemical impedance spectroscopy (EIS)
measurements were performed to explain the interfacial charge
transfer and lithium-ion diffusion processes in HAFC/S and
nAFC/S electrodes. As presented in Fig. 7a, the EIS spectra of the
HAFC/S and nAFC/S electrodes both show a medium-to-high
frequency semicircle and a long inclined line (Warburg
Fig. 7 Nyquist plots before discharge (a) and after the 50th discharge (b)
(c) The table of impedance parameters simulated from the equivalent ci

47414 | RSC Adv., 2017, 7, 47407–47415
impedance) in the low frequency region before discharging,
while the two depressed semicircles and a short sloping line
were displayed on the cycled electrode (Fig. 7b). Before dis-
charging, the semicircle is attributed to the charge transfer
process at the interface between the electrolyte and electrode,
and the inclined line indicates the semi-innite diffusion of
soluble lithium polysulde in the electrolyte.31,32 Aer the
cycles, the two semicircles and the inclined plot are ascribed to
the interfacial charge transfer process, the solid–electrolyte-
interface (SEI) lm and the related Warburg impedance,
respectively. The correlated equivalent circuit models in the
insets of Fig. 7a and b were used to analyze the impedance
spectra, in which Re, Rct and Rs represent the electrolyte resis-
tance, charge transfer resistance and the deposit diffusion
resistance, respectively. As shown in Fig. 7c, the HAFC/S elec-
trode has a smaller contact resistance (Re) and charge transfer
resistance (Rct) than nAFC/S before the cycle, which may be
ascribed to the high surface area and pore volume of HAFC that
can benet from the contact of insulating sulfur and the
conductive carbon material. Aer 50 cycles, the charge transfer
resistance (Rct) of the HAFC/S electrode still presents a relatively
small value compared with the nAFC/S. It may be due to the
dissolution of polysuldes into electrolyte that cause higher
viscosity and lower Li+ ion mobility.

The electrolyte resistance of the HAFC/S electrode was
increased from that before the cycle to the 50th cycle because of
the dissolution of long-chain polysuldes in the electrolyte.
Nevertheless, the charge resistance was decreased in comparison
with that at the beginning, which may be attributed to the
redistribution of active sulfurmaterial in theHAFCmatrix and the
penetration of the electrolyte into the electrode.33,34 Furthermore,
the relatively lower irreversible deposition and aggregation of
for HAFC/S and nAFC/S composites. Inset is the used equivalent circuit.
rcuits.

This journal is © The Royal Society of Chemistry 2017
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insoluble Li2S and Li2S2 on the surface of the HAFC/S nano-
composite contributes to the transportation of Li-ions, which gets
much easier as the cycle number increases and is benecial for
improving the rapid ions/electrons transfer that leads to the high
rate capability of the cathode during long cycling.35,36
4. Conclusions

In this study, we have rst cultivated the broid fungus by
growing conidia on improved PDA medium. The stable period
fungus was chosen to carbonize and obtain a novel, cauliower-
like shaped, porous carbon material with a relatively high
surface area of 509 m2 g�1. The fungus-derived carbon material
acts as the sulfur carrier in lithium sulfur batteries, and
acquires a high initial specic capacity of 1319mA h g�1 at 0.1C.
Compared with such treatments as prevalent incineration and
landll, transforming by-products (brous fungus) derived
from medical treatment into recyclable materials is more eco-
friendly. Therefore, turning the wasted broid fungus to
a carbon material by high temperature processing and its
application in energy storage devices can be economical,
environmentally-friendly and can show a promising application
in electrochemical elds. Furthermore, the conductive current
collector-free matrix derived from broid fungus applied in
lithium sulfur batteries is underway.
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