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Enhanced storage capability by biomass-derived
porous carbon for lithium-ion and sodium-ion
battery anodes†
Jian Hao, *a Yanxia Wang,a Caixia Chi,b Jing Wang,d Qingjie Guo,a Yu Yang,b
Yao Li, c Xiaoxu Liub and Jiupeng Zhao *b
Eﬃcient electrodes with impressive storage capability and fast ion transfer rate are urgently needed to meet
the demand for higher energy/power densities and longer life cycles and large rate powering devices.
Through a simple freeze-drying and annealing process, nitrogen-containing porous carbon materials
with a hierarchical porous structure and enlarged lattice spacing between graphene layers are
synthesized. Beneﬁting from an improvement in the electrochemical activity, porosity, conductive
network and mechanical stability, the porous carbon used as anodes for lithium-ion batteries (LIBs) and
sodium-ion batteries (SIBs) exhibits an excellent storage capability, rate performance, and cyclability.
Apple carbon exhibits a high capacity of 1050 mA h g1, and celery carbon shows the reversible
capacities of 990 mA h g1 at 0.1 A g1 after the 200th cycle as LIBs anodes. For SIBs, a high capacity of
438 mA h g1 is obtained after 200 cycles for apple carbon and 451 mA h g1 for celery carbon. It is
noteworthy that celery carbon shows a capacity retention of 94% between the 50th to 200th cycling.
Further analysis on the structure characterization and charging curves reveal that celery carbon has
a high N content, dilated intergraphene spacing, and an intrinsically hierarchical porous structure, which
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are capable of reversibly accumulating sodium ions through surface adsorption and sodium intercalation.
Also, the electrochemical impedance spectroscopy (EIS) reveals that celery carbon has a low charge-
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transfer resistance, the enhanced cyclability and rate performance might be attributed to convenient ion
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diﬀusion in the electrode.

Introduction
In parallel with increasing energy and environmental problems,
interest in clean and renewable energy materials, as well as their
related devices, has spiked in recent years. Rechargeable
batteries (lithium-ion batteries (LIBs), sodium-ion batteries
(SIBs)), as the main renewable energy supplies, have gained
great attention because of their high energy density, and environmental friendliness.1–3 Graphite as the most commonly
anode material has been intensively explored in rechargeable
batteries and other energy devices, because of its low cost and
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good electron and ion conductivity, stable structure, lightness,
and easy availability.4,5 However, its limited storage capacity
(372 mA h g1 for LIBs6) and rate performance are holding back
the development of certain high-tech industries such as electric
vehicles and stationary energy storage.7 New carbon and
carbon-composite materials are therefore being actively
explored for high performance rechargeable batteries. Nanostructured carbon materials due to varying degrees of graphitization, dimensionality and morphologies, extremely large
surface accessibility and high electrical conductivity usually
oﬀer special electrochemical properties. Novel carbon nanostructures with remarkable physical and chemical properties,
such as carbon nanotubes,8,9 graphene10,11 and carbon nanobers,12,13 have been of particular interest. Porous carbon
materials have attracted increasing attention because their
special morphology structure could provide a great contribution
to enhance the Li (Na) ion storage capacity.14 In searching for
advanced anode materials, nanostructured porous carbon
shows signicant superiority over graphite because the porous
nanostructure not only shortens the solid-state diﬀusion length
of ions in the bulk electrode, but also provides large electrode–
electrolyte interfaces for rapid charge transfer reactions.
Biomass as a porous carbon materials resource has attracted
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a great deal of attention, because of its low cost, huge availability, rapid regeneration, easy access and environmental
friendliness.15 Some biomass has been used as a resource to
synthesise porous carbon for electrode materials, such as rice
husk16,17 corn straw,18 peanut shells,19,20 banana peel,21 wool,22
coﬀee shells,23 industrial waste biomass15 and so on. This
research indicates that plants with ber structures are suitable
for preparing porous carbon for supercapacitors; carbon
materials with low graphitization may be more suitable for Na+
storage; hetero-doping (such as N, B, S and P) can improve the
electrochemical performance of porous carbon. The electrochemical performance of porous carbon is inuenced by its the
surface area, pore size, morphology, electrical conductivity and
surface functionality. The intrinsic structure of biomass is the
foundation for making its microstructure. Furthermore, the
pore size and morphology of porous carbon directly is limited
by the intrinsic structure of biomass. The biomass precursor is
activated by chemical and physical methods, which allows these
materials to be produced with a further higher surface area and
with a controlled distribution of pores from nanoscale up to
macroscopic dimensions, which actually play the most crucial
role towards the construction of eﬃcient electrode/electrolyte
interfaces for capacitive processes in energy storage applications. Thus, nding a suitable biomass precursor is the basis for
preparing excellent porous carbon electrode materials.
In this paper, we used apple (ne ber) and celery (crude
ber) as precursors though freeze-drying and annealing to
synthesis porous carbon to discover the best biomass precursor.
The synthesized celery porous carbon with a high N content,
hierarchical structure wholly inherits the superior conductivity
of traditional graphite. In addition, multi-scale pores and a large
interlayer distance signicantly improve the ion transporting
and charge transfer processes. These porous carbon electrodes
utilized as anodes for LIBs and SIBs applications show a high
specic capacity, improved cyclability, rate performance and
chemical stability, whilst maintaining the porosity and exibility
of the initial substrate. The development of new porous carbon
materials could exhibit signicant potential in this context and
could be motivated by this present work.

Experimental
Preparation of porous carbon
The raw materials were cleaned by deionized water and cut into
the appropriate volume, and then the apple blocks and celery
blocks were put into a freeze dryer. The dry apple and celery
were obtained aer freeze drying for 48 h. To prepare the porous
carbon, the dry apple and celery were heated to 500  C for 3 h in
a horizontal tube furnace under a high-purity N2 atmosphere.
The carbonaceous product was washed with deionized water
and ethanol several times to remove the soluble impurities.
Finally, porous carbon was obtained aer drying.
General characterization
The obtained products were subjected to various characterization techniques. The specic surface areas, total pore volume
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and average pore diameter were determined from N2 adsorption–desorption isotherms at 77 K, using an automated gas
sorption system (Quantachrome autosorb IQ). Before each
measurement, the sample was degassed under vacuum at
200  C for 3 h. X-ray diﬀraction (XRD) measurements were taken
with a TD-3500 X-ray powder diﬀractometer (BRUKER AXS
GMBH, D8 ADVANCE A25). X-ray photoelectron spectroscopy
(XPS) was performed using a Kratos XSAM 800 spectrometer
(Manchester, UK). Field emission scanning electron microscopy
(FESEM) was performed with a Hitachi S4800 scanning electron
microscope (Tokyo, Japan). Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) were performed with a FEI Tecnai G2 20 TEM (Hillsboro, OR, USA) operating at 200 kV. Raman spectra were taken
with a confocal LabRAM HR800 spectrometer, Thermo Fisher
DXR, USA.
Electrochemical measurements
The electrochemical behavior of the porous carbon anode
materials was evaluated using a coin-type cell (2032 type). To
prepare the working electrodes, a mixture of the active materials, acetylene black and poly(vinyl diuoride) (PVDF), at
a weight ratio of 80 : 10 : 10, was pasted onto a Cu foil. Then the
coating lm was desiccated in a vacuum chamber at 120  C for
12 h. The obtained electrodes, with a mass loading of 0.8–
1.0 mg cm2, were assembled in an argon-lled glove box with
an oxygen and water vapor pressure less than 0.3 ppm using
lithium metal as the counter electrode for the LIBs and sodium
plates as the counter electrode for the SIBs. A polypropylene
micromembrane was used as the separator for the LIBs, glass
ber (GF/D) from Whatman was used as the separator for the
SIBs. 1 M LiPF6 in ethylene carbonate (EC) and diethylcarbonate
(DEC) with a weight ratio of 1 : 1 (or NaClO4 in ethylene
carbonate (EC) and diethylcarbonate (DEC) with a weight ratio
of 1 : 1 for the SIBs) was used as the electrolyte. The electrochemical characteristics were examined between 0.01 V and
2.0 V for the LIBs and 0.01–1.5 V for the SIBs. The cyclic voltammograms (CV) were obtained at a scanning rate of 0.1 mV
s1, on a CHI660E electrochemical workstation (Shanghai
Chenhua Device Company, China). Electrochemical impedance
spectroscopy (EIS) was carried out in the frequency range 0.01–
100 kHz at a charged stage with an applied amplitude of 5 mV.

Results and discussion
Apple and celery were chosen as the raw materials to prepare the
porous carbon. Apple is ne and smooth but celery has more
crude bers. This natural structure diﬀerence is benecial to us
for the preparation of porous carbon with diﬀerent pore structures. The scanning electron microscopy (SEM) images reveal
that the resulting porous carbons show diﬀerent morphologies
from the precursor. The apple porous carbon retains a macroporous structure with a smooth surface (Fig. 1a and b). Many
pores of diﬀerent diameters produce an amorphous texture,
forming an interconnected structure. Celery porous carbon
possesses a uﬀy structure with many pores, which is helpful
Sustainable Energy Fuels, 2018, 2, 2358–2365 | 2359
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SEM images of (a) apple carbon, (b) apple carbon enlargement
image, (c) celery carbon and (d) celery carbon enlargement image,
HRTEM images of (e) apple carbon and (f) celery carbon.

Fig. 2 (a) XRD patterns of the apple carbon and celery carbon
samples, (b) Raman spectra of the apple carbon and celery carbon
samples, C 1s XPS spectra of (c) apple carbon and (d) celery carbon and
the N 1s XPS spectra of (e) apple carbon and (f) celery carbon.

for the contact between carbon and the electrolyte (Fig. 1c and
d). In contrast, a large number of macropores are revealed to
exist inside the celery carbon with diﬀerent diameters, which
can remarkably enhance the active surface area for ion storage
(Fig. 1c). Moreover, disordered carbon layers have been found in
the HRTEM images for celery carbon (Fig. 1f). Porous carbon
with a hierarchical structure facilitates ion diﬀusion in the bulk
electrode materials. The macropores extend into the particles as
ion-buﬀering reservoirs and provide a short diﬀusion distance
to the interior surfaces when they are immersed in the electrolyte, while the mesopores can provide a short ion-transport
pathway, with a minimized inner-pore resistance.
To clarify the crystallographic structures of the porous
carbon, X-ray diﬀraction (XRD) was performed with the asprepared samples for comparison (Fig. 2a). The XRD pattern
of the apple carbon samples shows two broad peaks centered at
about 19.2–30.2 and 40.1–50.9 , corresponding to the (002) and
(100) planes of graphite respectively. The celery carbon shows
a peak at 19.3 and a broad peak at 41.2–51.1 . These results
indicate that celery carbon has a crystallographic structure and
apple carbon is in an amorphous state. The interlayer spacing
d002 is calculated to be 0.41 nm for apple carbon and 0.46 nm for
celery carbon according to Bragg's equation, compared to a dspacing of 0.335 nm for graphite, the observed larger d-spacing
for the as-prepared porous carbon samples is important for the
insertion/extraction of ions, especially the larger sodium
ion.24,25 Fig. 2b shows the Raman spectra of the as-prepared
samples. Basically, the rst-order Raman spectrum of
perfectly ordered crystalline carbon would only show one peak

at 1582 cm1, whereas Fig. 2b has two peaks centered at about
1330 cm1 and 1580 cm1, respectively, corresponding to
a disordered carbon band (D band) and a graphite band (G
band). In general, the G band is associated with the vibration
mode E2g of the cycle construction developed by the sp2-hybrid
carbon atom, and the D band is indicative of the defects and
disorder in the structure of the graphite attributed to vibration
mode A1g of the electronic structure sp3 in disordered carbon.26
The intensity ratio ID/IG is usually employed to evaluate the
amounts of defects.27,28 Clearly, the ID/IG value of apple carbon is
1.35. In contrast, the celery samples produce a less disordered
structure with ID/IG ranging 1.02. This result corresponds with
the XRD data, and indicates that apple carbon is made up of
amorphous carbon, and celery carbon is composed of larger dspacing graphite and amorphous carbon. The surface chemical
compositions of the samples are further identied by the XPS
test. From the survey spectra (Fig. S1†), we can see that all the
samples exhibit peaks centered at 284.1 eV, 399.8 eV and
533.5 eV, corresponding to C 1s, N 1s and O 1s, respectively.
Based on the integrated peak areas, the percentage of chemical
composition is summarized in Table S1.† All the samples
contain oxygen at about 14 at%. The level of nitrogen content
was 2.62 at% for apple carbon, and 5.08 at% for celery carbon.
The comparative high-resolution XPS analysis of C 1s, N 1s of
the as-prepared samples is shown in Fig. 2c–f. The C 1s peak of
all the samples can be decomposed into three components at
284.8 eV, 286.5 eV, and 288.9 eV assigned to the sp2 C–C bond,
sp2 C–N bond, and C]O bond, respectively. 29The highresolution N 1s core level XPS spectra can be divided into three

Fig. 1
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peaks, representing pyridinic N at 398.5 eV, pyrrolic,
pyridonic N at 400.1 eV and quaternary N at 401.3 eV. 30,31Celery
carbon contains more pyridinic N (43%) than apple carbon
(30%) (Table S2†). This is a critical factor in the increase of the
electrochemistry performance.
In order to further understand the pore size details, N2 gas
adsorption–desorption measurements were performed and
analyzed at 77 K. The single point BET specic surface area
obtained is found to be 16 m2 g1 for apple carbon and 177 m2
g1 for celery carbon. A steep rise in the nitrogen adsorption
isotherms for the samples is also observed at high relative
pressures (P/P0 > 0.9) (Fig. 3a), indicating the presence of mesopores and/or macropores in the as-prepared materials. For
celery carbon, the hysteresis presented in the adsorption and
desorption indicates that it is a type IV isotherm which arises
due to the presence of mesopores therein. The pore size
distribution obtained from the N2 adsorption–desorption
measurements by the DFT method is shown in Fig. 3b. It
exhibits that diﬀerent types of pores are present in the material,
the large fraction of pores lies in the range of 10–60 nm, the
total pore volume for apple carbon is 0.021 cm3 g1 and for
celery carbon is 0.18 cm3 g1. The pore density was maximum
for the pore size around 20 nm. The size distribution of mesopores ranges between 10 and 30 nm. Indeed, 70% of the pore
volume is only due to the mesopores present. Compared with
apple carbon, the celery carbon oﬀers an enhanced surface area
and excellent pore volume. It can be seen from Fig. 3b that
celery carbon has both mesopores and/or macropores, and
apple carbon has a less porous structure. Fig. 3b displays the
distribution of pores which are mainly several tens of nanometers in diameter, which is consistent with those revealed in
the SEM images. This hierarchical porous structure is very
important for ion migration and storage.32
Li-ion storage behavior in the samples was investigated by
cyclic voltammetry. Fig. 4 shows the CV curves for apple carbon
and celery carbon specimens in the voltage range of 0.01–2.0 V.
The reduction peak appeared at 1.3 V for apple carbon during
the rst discharge process and disappeared in the subsequent
scans, which is likely ascribed to the irreversible reaction of the
electrolyte with surface functional groups. The initial capacity
loss can be ascribed to the decomposition of electrolyte and the
formation of a solid electrolyte interphase (SEI) layer.33 The
reduction peak at 0.4–0.8 V for celery carbon during the rst
discharge process should be attributed to Li–O supercial

Fig. 3 (a) N2 adsorption–desorption isotherms of the apple carbon
and celery carbon samples and (b) the pore size distribution of apple
carbon and celery carbon samples.
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Cyclic voltammograms of (a) apple carbon and (b) celery
carbon, at a scan rate of 10 mV s1.

Fig. 4

bonding featuring irreversible wide peaks and the formation of
a SEI layer.29,34 Notably, aer the rst cycle, the following CV
curves almost overlap, indicating that all the biomass carbon
electrodes oﬀer good stability and reversibility towards Li-ion
storage.
Fig. 5 reproduces the discharge/charge proles and cycling
performance for the obtained biomass carbon electrodes at the
current density of 0.1 A g1. During the rst cycle, the apple
carbon electrodes deliver specic discharge and charge capacities of 1637 and 1193 mA h g1 for apple carbon, 1632 and
1046 mA h g1 for celery carbon, respectively (Fig. 5a and c). The
initial coulombic eﬃciency is 73% for apple carbon and 62% for
celery carbon (Fig. 5b and d). The low initial coulombic eﬃciency is common for high-surface-area carbon materials. The
initial capacity loss can be ascribed to the conversion of the
carbon electrode from its pristine form to an active lithium
storage host; the formation of a SEI layer on the active electrode
surface, and/or irreversible lithium insertion into special positions such as in the vicinity of residual H atoms in the carbon
material.30 The coulombic eﬃciency increases rapidly to over
98% aer the 10th cycle, indicative of good reaction reversibility
and structural stability. Aer 200 cycles, the reversible capacity
of the apple carbon is maintained at 1050 mA h g1, while the
celery carbon electrodes show the reversible capacities of
990 mA h g1. The capacity retention of apple carbon and celery
carbon can reach up to 94% and 87% from the 2nd to the 50th

Fig. 5 Electrochemical tests of the porous carbon electrodes for the
LIBs anodes: (a) galvanostatic charge–discharge proﬁles for diﬀerent
cycles of apple carbon at 0.1 A g1, (b) cycling performance and
coulombic eﬃciency of apple carbon, (c) galvanostatic charge–
discharge proﬁles for diﬀerent cycles of celery carbon at 0.1 A g1, and
(d) cycling performance and coulombic eﬃciency of celery carbon.
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cycle. However, the capacity retention of the both porous carbon
samples can reach up to 90% from the 50th to the 200th cycle.
These results show that a hierarchical porous structure is
benecial to Li ion insertion and extraction aer the activation
process.
Fig. 6 shows the capacity at various current densities from
0.074 to 7.4 A g1. The reversible capacities of apple carbon
samples are 1600, 1470, 1260, 1070 and 1000 mA h g1 at 0.074,
0.185, 0.37, 0.74 and 1.11 A g1, respectively. Even at the
extremely high current densities of 1.85, 3.7 and 7.4 A g1 (5C,
10C and 20C, 1C ¼ 372 mA g1), the reversible capacities are
still as high as 620, 400 and 270 mA h g1. For the celery carbon
electrode, an excellent rate capability is obtained, e.g., indicated
by capacities of 1620 mA h g1 at 0.074 A g1, 1288 mA h g1 at
0.185 A g1, 1024 mA h g1at 0.37 A g1, 930 mA h g1at
0.74 A g1 and 850 mA h g1 at 1.11 A g1. Note that a reversible
capacity of 700 mA h g1 at 1.85 A g1, 540 mA h g1at 3.7 A g1,
and 310 mA h g1at 7.4 A g1. At a high rate, the celery carbon
electrodes show a higher capacity than apple carbon. Also, when
the current goes back to 0.074 A g1 at the end of rate performance measurements, the capacity recovers to 1334 mA h g1
for apple carbon and 1522 mA h g1. The capacity recovery rate
is 82% and 93% for apple carbon and celery carbon, respectively. The enhanced rate property of celery carbon can be
attributed to a high N content, larger d-spacing and hierarchical
porous structure, which is important for the insertion/
extraction of Li ions at a high current density.
In order to understand this surface-dependent LIB performance, EIS measurements were taken for the as-prepared
samples aer performing up to 200 cycles at 0.037 A g1, and
the representative Nyquist plots are shown in Fig. 7a and b.
Each of the electrodes has a semicircle in the high-medium
frequency region and an inclined line in the low frequency
region. The high-frequency and medium-frequency semicircles
reect the resistances of the surface lm (Rs) and chargetransfer (Rct) which is associated with the charge transfer at
the electrode–electrolyte interface, respectively.35,36 Data tting
was performed using the equivalent circuit model shown in
Fig. 7c.37 Before the cycling test, the charge-transfer resistance
(Rct) of the apple carbon is 304.3 U and 117.9 U for celery.
However, aer 200 cycles, the Rct of apple carbon is 398.5 U and
247.9 U for celery carbon. It can be seen that the apple carbon
has a larger Rct than the celery carbon, indicating that a larger dspacing and higher N-doping content is superior to apple
porous carbon in charge transfer. However, aer cycling, the
structure of both the samples was damaged partly, and the Rct
became larger than the initial electrode materials.

Paper

Fig. 7 Impedance measurements of apple carbon (a) and celery

carbon (b) before cycling and after 200th cycle for LIBs, and (c) the
equivalent circuit model used to ﬁt the experimental data.

It is well acknowledged that the commonly used commercial
graphite anode in today's lithium ion batteries shows a low
reversible capacity in sodium ion batteries due to a graphene
interlayer spacing that cannot host the larger Na ions. Recent
results indicate that the improvement of the electrochemical
performance of the carbon anodes for sodium ion batteries
strongly depends on their morphology, pore structure, and
heteroatom doping. The as-prepared samples have a larger dspacing of 0.38–0.46 nm and a high N content (5.08% for celery
carbon), which is important for the insertion/extraction of
larger sodium ions. Fig. 8 reproduces the discharge/charge
proles for the obtained samples at the current density of
50 mA g1. During the rst cycle, the apple carbon electrodes
deliver specic discharge and charge capacities of 930 and
500 mA h g1. For the celery carbon the specic discharge and
charge capacities are 711 and 450 mA h g1, respectively. The
initial coulombic eﬃciency for apple carbon is 53% and for
celery carbon is 63%. The coulombic eﬃciency of the celery
carbon electrodes approaches 96% aer 10 cycles (Fig. 10b), and
a capacity fading is observed in the initial dozens of cycles. A

The electrochemical tests of the porous carbon electrodes for
the SIBs anodes: (a) galvanostatic charge–discharge proﬁles for
diﬀerent cycles of apple carbon at 50 mA g1, (b) cycling performance
and coulombic eﬃciency of apple carbon, (c) galvanostatic charge–
discharge proﬁles for diﬀerent cycles of celery carbon at 50 mA g1
and (d) the cycling performance and coulombic eﬃciency of celery
carbon.
Fig. 8

Fig. 6 Rate performance of LIBs (a) the apple carbon samples and (b)
the celery carbon samples.
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high capacity of 438 mA h g1 is obtained aer 200 cycles for
apple carbon and 451 mA h g1 for celery carbon, with a high
coulombic eﬃciency approaching 100%. The observed capacity
fading during cycling can be attributed to the incomplete stabilization of the SEI layer and/or the trapping of sodium ions
between the graphite interlayers.38 The capacity retention of
apple carbon is 85% from the 50th to the 200th cycle. And for the
celery carbon the capacity retention can reach up to 94%. This
result indicates the large interlayer space benecial to insertion
of Na ions into parallel layers. This enhancing cyclability could be
attributed to the unique structure and morphology of the porous
carbon, but also gives a clue for the underlying reasons which will
be involved in the following passage.
The as-prepared electrode also shows an excellent high rate
capability. The rate-dependent capacities are also illustrated in
Fig. 9. The cells were discharged and charged at various current
densities from 50 mA g1 to 2 A g1. The celery carbon
demonstrates a higher capacity compared to apple carbon at
high current densities. For example, a reversible capacity
410 mA h g1 for celery carbon (352 mA h g1 for apple carbon)
is achieved at a current density of 0.1 A g1, 390 mA h g1
(321 mA h g1 for apple carbon) at 0.2 A g1, 330 mA h g1
(285 mA h g1 for apple carbon) at 0.3 A g1, 240 mA h g1
(230 mA h g1 for apple carbon) at 0.5 A g1, 195 mA h g1
(175 mA h g1 for apple carbon) at 1 A g1 and 162 mA h g1
(116 mA h g1 for apple carbon) at 2 A g1. Notably, as the
current density returns to 50 mA g1, the discharge capacity can
recover to 395 and 344 mA h g1 for celery carbon and apple
carbon, respectively. The celery carbon demonstrates a higher
capacity retention (88%) compared to apple carbon (82%). We
compared the initial reversible capacity and rate capability of
the as-prepared samples with those of some porous carbon
materials as anodes for LIB and SIB, as listed in Table S3.† The
electrochemical performance of the as-prepared samples is
among that of the most active biomass carbon anode materials.
In order to understand this surface-dependent SIB performance, EIS measurements were taken for the two porous
carbon samples before cycling and aer performing up to 200
cycles, and the representative Nyquist plots are shown in
Fig. 10a and b. It is clear that the diameters of the semicircles of
the two samples are similar, which implies that it possesses the
highest electrical conductivity and the most rapid charge
transfer reaction for Na ion insertion and extraction of all the
samples. Data tting was performed using the equivalent circuit
model39,40 shown in Fig. 10c. Before the cycling test, the chargetransfer resistance (Rct) of the apple carbon is 524.1 U and 517.6

Fig. 10 Impedance measurements of apple carbon (a) and celery
carbon (b) before cycling and after the 200th cycle for SIBs, and (c) the
equivalent circuit model used to ﬁt the experimental data.

U for celery. However, aer 200 cycles, the Rct of apple carbon is
1788.2 U and 1569.7 U for celery carbon. The increasing of
charge transfer resistance with the increase of cycle number
indicates a less stable SEI layer formed throughout cycling.
Therefore, the formation of a SEI layer can cause a decrease of
sodium storage in the active sites, leading to a high capacity
loss. On the other hand, the unbalanced electron atmosphere,
the interconnected porous structure and a large interlayer
spacing of the porous are benecial for Na ions intercalation
and deintercalation, leading to a relatively high coulombic
eﬃciency. It is important to note that this cycling performance
can potentially be further improved through the optimization of
the electrolyte employed.
The typical SEM images of the as-samples aer the 200th
cycle for LIBs and SIBs are shown in Fig. S2,† the porous
structure edge becomes unclear and forms a carbon lm with
some traces, but the porous structure still maintains an intact
morphology even aer 200 cycles. The as-prepared porous
carbon electrode shows improved cycling and rate performance
both in LIBs and SIBs, especially the celery carbon. The excellent electrochemical performance described herein can be
explained by a special interconnected hierarchical porous
structure. First, the well-connected porous structure and the
macropores serve as ion-buﬀering reservoirs, mesopores can
accelerate the kinetic process of ion diﬀusion in the electrodes,
and facilitate the eﬃcient and smooth ion transportation.
Secondly, the large interlayer distance facilitates the transport
and storage of sodium ions between graphite layers, which is
critical for the larger Na ions. Thirdly, a high N content can
aﬀord an unbalanced electron atmosphere benecial to
promoting interactions between the Li (Na) and the carbon
network, which enhances the electronic conductivity and electrochemical stability. Fourthly, a hierarchically porous structure
not only shortens the transport length of ions, oﬀers a large
electrode/electrolyte interface for the charge-transfer reaction,
but also oﬀers a large number of active sites for reactions.
Lastly, the pores in the carbon can accommodate the volume
change during the discharge–charge process.

Conclusions
Fig. 9

Rate performance of SIBs (a) apple carbon and (b) celery

carbon.

This journal is © The Royal Society of Chemistry 2018

In summary, we employed apple and celery as a carbon source
to prepare hierarchically porous carbon by a facile, economic,
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and template-free method. With freeze-drying, biomass maintains its original morphology, and we obtained porous carbon
samples which both have a large interlayer distance, facilitating
the transport and storage of ions, especially the larger Na ion.
Apple carbon and celery carbon both exhibit a high specic
capacity, long-term stability and excellent rate performance for
LIBs. Also, celery carbon shows the best rate performance and
cyclability for SIBs, the capacity retention of celery carbon from
the 50th to the 200th cycle can reach up to 94%, because of the
high surface area and N content, low degree for order and large
interlayer distance. The results show that celery (crude ber
plant) is benecial to gain a large interlayer distance, a high N
content and porosity in nano-carbon materials. This approach
can be easily industrialized, and could become an eﬀective
solution for polluted environments. Given the outstanding
electrochemical storage performances and facile preparation
strategy, these porous carbons besides application in energy
storage, could also be applied in gas adsorption, catalysis, water
purication, and other research elds.
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