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ABSTRACT
The biomass-derived carbon materials were successfully fabricated by precursor mixtures of eggplants, urea and CaCl2. It is promisingly
observed that controlling the mixing ratios of eggplants, urea and CaCl2 can regulate the structures of fabricated carbon materials. On
the basis of investigations about correlations between structures and Na+ storage capacity, it is verified that weight ratio of
eggplants : urea : CaCl2 = 1 : 2 : 2 is optimal to fabricate the carbon materials, which have the suitable porous structures and specific
surface area to store Na+. For instance, the fabricated carbon materials show the Na+ storage capacity is 200.8mAh/g at 0.1 A/g, after being
carried out the charge-discharge 500 times. Meanwhile, the same materials also display the impressive long cycling performance. When
cycling the charge-discharge 1000 times at 2.0 A/g, the fabricated carbon materials still manifest the Na+ storage capacity at 137.8mAh/g.
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1. Introduction

To face the increasingly serious energy crisis and environmental
pollution, the governments in the world vigorously encourage
research institutes to unfold the clean energies such as wind energy,
solar energy, tidal energy and so on. Because of the clean energies
manifesting the discontinuity characterization in time and space, it
is difficult to make them integrated in the general power supply
system.1,2 Energy storage systems (ESSs) have just provided the
ideal method to solve aforementioned anguish problems.

To date, lithium ion batteries (LIBs) and sodium-ion batteries
(SIBs) have been attracted to be applied in construction of ESSs. In
particular, although the SIBs show the relatively low energy density,
they live up to necessary of development of ESSs in cost, for the
sodium possesses the extremely abundant resources. Therefore, the
studies about SIBs are becoming the hot topic exponentially in the
world now.

Especially, the applicable anode materials are being studied
dramatically.3–11 It is well-known that carbon materials, titanate
materials, alloy, metallic oxides and metallic sulfides are utilized as
anode materials of SIBs. Thereinto, the carbon materials have
extremely intrigued more than others, for they possess the some
merits such as low cost, facilely fabricating, environmentally
friendly and so on.

The researches regarding to the hard carbons (HCs) materials are
becoming exceedingly hot topics, for their high Na+ storage
capacity mainly appears at low voltage plateaus in charge-discharge
processes.12–14 In accordance with the differences of precursors, the

HCs are generally classified to biomass-derived carbon and
polymer-derived carbon.15–17 In particular, the biomass-derived
carbon materials are extremely attracted more than ever before, for
they have prolific resource, and they are facilely fabricated.
Considering the fact that eggplants which have complex pore
structures are widely planted, we targeted the eggplants as carbon
source to fabricate the biomass-derived carbon materials. Generally,
doping N element is useful and effective way to improve the energy
storage capacity of carbon materials.18–20 CaCl2 as active agent is
extensively used in fabrication of activated carbon materials, for it
has the obvious merits such as low cost and environmental
friendliness.21,22 Therefore, in our studies, we adopt the urea as
nitrogen source and the CaCl2 as active agent to fabricate biomass-
derived carbon materials. As a result, the carbon materials fabricated
by eggplants, CaCl2 and urea in weight ratio of 1 : 2 : 2 show
the fabulous storage capacity for Na+. In storage mechanism,
constructing the suitable porous structures and relatively big specific
surface area is pivotal factor to enhance the Na+ storage capacity.

2. Experimental

2.1 Fabrication of biomass carbons
After the eggplants had been placed in the drying oven at 100 °C

to remove the water, they were ground under 74 µm. The deionized
water (50mL) was added in round bottom flask, and the eggplants,
CaCl2 and urea were added by weight ratios of 1 : 2 : 2, 1 : 1 : 2,
1 : 3 : 2, 1 : 2 : 1 and 1 : 2 : 3 in the same bottom flask, respectively.
Thereinto, the weight of eggplants was set at 0.5 g firstly. After the
obtained mixtures had been treated by ultrasonic, they were stirred at
80 °C for 2 h. The treated slurries were placed in the oven and dried
at 90 °C for 12 h. The obtained solids were laid in the tube furnace
and performed carbonization at 600 °C, 800 °C and 900 °C,
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respectively. Continuously, the obtained carbon materials were
placed in the HCl (2M) solution and conducted the ultrasonic
cleaning three times. The deionized water was used to wash the
carbon materials until its pH value of washed solution became 7.
Finally, the washed carbon materials were placed in the oven, and
dried at 90 °C for 12 h. According to the additional amounts (weight
ratio) of eggplants, CaCl2 and urea, the obtained biomass-derived
materials were named as ECU100, ECU122, ECU112, ECU132,
ECU121 and ECU123, respectively.

2.2 Electrochemical measurements
The electrochemical cells were assembled by using the prepared

composite materials. Firstly, active materials (0.08 g) mixed with
acetylene black (0.01 g) and polyvinylidine fluoride (PVDF) binder
(0.01 g) in a weight ratio of 80 : 10 : 10 in N-methyl-2-pyrrolidone
(NMP) solution. The prepared slurry was placed on the Cu foil and
dried in vacuum drying oven at 80 °C for 1 h to remove the solution.
Continuously, the Cu foil with the active materials (0.9mg/cm2)
were dried at 120 °C for 12 h in the same vacuum drying oven and
cut into round shape strips of ] 11mm in size. The cells were
assembled by sodium ware in size of ] 11mm, active materials as
negative electrode and electrolyte of mixing solution of 1M NaClO4

with EC and DMC. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were carried out using
the CHI 660E. The CV curves were recorded in the voltage region
of 0.01–3.00V at scan rate of 0.2mV/s. The impedance spectra of
cells (two electrodes) were tested at open circuit voltage around
2.6V under the frequency range of 100 kHz–0.01Hz.

3. Results and Discussion

3.1 The influence of temperature on the structures and Na©

storage capacity of ECU carbon materials
It is considerable that the two factors of temperature and mixing

ratio of eggplants, CaCl2 and urea influence the structures of
prepared biomass-derived carbons. Therefore, to inquire into the
fabrication conditions in detail, we firstly maintained the mixing
ratio, and mainly investigated the influence of carbonization
temperature on the structures of obtained carbon materials. Thus,
referring to the report,21 we firstly adopted the mixing ratio (weight
ratio) of eggplants, urea and CaCl2 as 1 : 2 : 2 to prepare biomass
carbons, and only investigated the influence of temperature on their
structures in carbonization and activation processes. Thus, as per the
changes of temperatures (600 °C, 800 °C and 900 °C) the obtained
ECU1 : 2 : 2 materials were named as 600ECU122, 800ECU122
and 900ECU122, respectively.

First of all, the existence number of elements (C, N O) in
ECU122 materials was investigated by element analyses and XPS
measurements. As shown in Table S1, it was observed that the
contents of N elements diminished with increasing the carbonization
temperature, which was probably attributed to the phenomenon
that the N elements as types of HCN, NH3 and N2 escaped from
carbonization case, when increasing the carbonization temper-
ature.23

The chemical states were explored by XPS measurements. The
characteristic peaks of C, N and O elements were observed at
284.7 eV, 399.7 eV and 531.7 eV, respectively (Fig. 1). To further
investigate the changes of chemical bonds in detail, the peak of C1s
was fitted to C-C (284.6 eV), C=N&C-O (286.1 eV), C-N&C=O
(287.7 eV) and O-C=O (288.8 eV), respectively. It was observed
that peak about O-C=O (288.8 eV) disappeared approximately
when the carbonization temperature was increased to 800 °C and
900 °C (Fig. 2).19 Meanwhile, the peak of N1s was able to fit to
the four peaks attributing to pyridinic N (397.3 eV), pyrrolic N
(398.0 eV), graphite N (399.2 eV) and oxidized N (400.3 eV),
respectively (Fig. S1).24 As shown in Table S2, the contents of

Pyrrolic N in 800ECU122 showed the higher percentage than that
in 600ECU122 and 900ECU122. Because of Pyrrolic N having
relatively high electron cloud density, it probably plays the role in
enhancing the conductivity of ECU122 materials.25

The conversions of structure were confirmed by the XRD
measurements. Compared with the carbon materials obtained by
direct carbonization of eggplants, the characteristic peak at 43°
disappeared in the ECU122 carbons, which presumably ascribed to
the increasing of disorder in structures of ECU122 (Fig. 3).17

To investigate the change of microstructures of biomass carbons
further, the Raman measurements were carried out in detail
(Fig. S2). Similar to general carbon materials, the D peak and G
peak of ECU122 and ECU100 materials were also observed at
1344 cm¹1 and 1590 cm¹1, respectively. It is well-know that ID/IG
values can reflect the structure conversions of carbon materials.
Thus, it was evident that the ID/IG values became smaller with rising
the carbonization temperature, revealing that structures of
800ECU122 and 900ECU122 became relatively order, compared
with the 600ECU122 (Fig. S2).

The morphologies of 800ECU100 and 800ECU122 were
described by scanning electron microscope (SEM) and transmission
electron microscope (TEM) measurements. It was observed that
800ECU122 possessed the more complex porous structures than
800ECU100 (Fig. 4). In addition, the SEM-EDS results indicated
that C, N and O elements homogeneously existed on the surface of
800ECU122 (Fig. S3). Furthermore, it was also observed that
pseudographtic domains increased with increasing of carbonization
temperature.26 Meanwhile, the selected area electron diffraction
(SAED) images of 800ECU122 and 900ECU122 showed the
distinctly dispersed diffraction rings, which also was suggestive
of that pseudographtic domains increased in 800ECU122 and
900ECU122 (Fig. 5).27

Indeed, the porous structures of ECU122 materials were
evaluated by BET method. It is also obvious that the ECU122
materials exhibited the more complex structures, compared with the
ECU100 materials (Fig. 6). Additionally, the 800ECU122 showed
the relatively bigger specific surface area at 1023.8m2/g than other
materials (Table S3). Meanwhile, the 800ECU122 mainly showed
the pore size at 6.2 nm, which was higher than the 600ECU122
(5.0 nm), 900ECU122 (4.8 nm) and 800ECU100 (3.8 nm), respec-
tively.

The electrochemical performances about Na+ storage of ECU100
and ECU122 materials were performed via the general evaluation
methods. After cycling the charge-discharge 100 times, the
800ECU122 materials exhibited the Na+ storage capacity at 194.3
mAh/g, which was higher than that 600ECU122 and 900ECU122
showed the Na+ storage capacity at 182.6mAh/g and 152.0mAh/g,
respectively (Fig. 7(a)). Furthermore, the 800ECU122 still showed
the Na+ storage capacity at 200.8mAh/g, while the charge-
discharges were conducted 500 times. Certainly, the Na+ storage
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Figure 1. XPS results of ECU122 and ECU100 materials.
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capacity of 800ECU122 was drastically higher than the 800ECU100
showing the storage at 79.0mAh/g. In addition, the 800ECU122
also exhibited the excellent long cycle performance. For instance,
the 800ECU122 still showed Na+ storage capacity at 137.8mAh/g,
after cycling the charge-discharge 1000 times at 2A/g, which was
indicative of that the 800ECU122 possessed the tremendous
electrochemical stability (Fig. 7(c)).

The evaluations about rate performances were performed by
continuous and different current densities such as 0.1A/g, 0.2A/g,
0.5A/g, 1.0A/g, 2.0A/g and 5.0A/g, respectively. After the
current density was adjusted to 0.1A/g again, the Na+ storage
capacity (228.2mAh/g) of 800ECU122 was higher than the
600ECU122 (202.8mAh/g) and 900ECU122 (139.1mAh/g),
respectively (Fig. 7(b)). These aforementioned results indicated that
the 800ECU122 possessed the more fabulous rate performance than
others.

The charge-discharge properties of ECU122 materials were
investigated as shown in Fig. 8. Coulombic efficiencies of
600ECU122, 800ECU122 and 900ECU122 were at 26.0%,
21.8%, and 15.9% on the first cycle. Similarly, it is also
considerable that the lower coulombic efficiencies are ascribed to
that the ECU122 materials owned the relatively big specific surface

area.18,28 Nevertheless, from second cycle, the coulombic efficien-
cies of 600ECU122, 800ECU122 and 900ECU122 showed an
upward tendency, until the coulombic efficiencies recovered to 98%.
The improvement of coulombic efficiencies was generally consid-
ered to be formation of solid electrolyte interphase (SEI) which
prevents the electrolyte decomposition.
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Figure 3. XRD results of ECU122 and ECU100 materials.
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Figure 4. SEM images of ECU122 and ECU100 materials.
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Figure 2. Fitting results of C1s of ECU122 and ECU100 materials.
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The results of electrochemical research-impedance results of
ECU122 and ECU100 composite materials were described in Fig. 9.
As a result, the diameter of the semicircle of negative electrodes

of 800ECU122 was much smaller than that of 600ECU122,
900ECU122 and 800ECU100, revealing that 800ECU122 possessed
the impressive conductivity than other materials. Meanwhile, the
impedances of 600ECU122, 800ECU122, 900ECU122 and
800ECU100 were calculated at 163.5+, 84.4+, 324.0+ and
776.5+, respectively (Table S4),29,30 which indicated that
800ECU122 owns the more excellent conductivity from another
perspective.

The reason about the improvement of Na+ storage capacity was
investigated, according to the report by Wang et al.31 As shown in
Fig. 10, the capacitive contribution of 800ECU122 was calculated at
75.5% under the sweep speed at 3mV, which was indicative of that
the capacitive effect mainly contributes to the increase of Na+

storage capacity (Fig. 10). It is considered that cooperative effects of
N-doping, suitable porous structures and big specific surface area
enhance the capacitive effect. The rectangle-like behaviors of CV
plots account for that the capacitive effect contributed to enhancing
of storage capacity (Fig. S4).
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Figure 5. TEM images of ECU122 and ECU100 materials.
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Figure 6. Pore size distribution curves of ECU122 and ECU100
materials.
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So far, associating with evaluations about Na+ storage capacity,
the more suitable carbonization temperature for fabrication of
ECU122 carbon materials were described in detail. Continuously,
the detailed investigations about the influence of each compound
were carried out as following:

3.2 The influence of CaCl2 content on structures and Na©

storage capacity of ECU materials
The reacted ratios of eggplants, CaCl2 and urea were set up at

1 : 1 : 2 and 1 : 3 : 2, and the carbonizations were also performed
at 800 °C. Thus, the obtained ECU materials were named as
800ECU112 and 800ECU132, respectively. The Raman measure-
ments were firstly used to evaluate the structural conversions of
800ECU112 and 800ECU132. Similarly, the values of ID/IG of
800ECU112, 800ECU122 and 800ECU132 were calculated at 2.46,
2.49 and 2.54, indicating that graphitization degree decreased with
increasing the adding amount of CaCl2 (Fig. S5).

Likewise, it was also observed that 800ECU112 and 800ECU132
materials possessed the complex porous structures (Fig. S6), and the
sizes of pore structures were described as shown in Fig. S7. The
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800ECU112, 800ECU122 and 800ECU132 mainly showed the
pore sizes at 3.0 nm, 6.2 nm and 7.5 nm respectively, revealing that
pore sizes increased, while the adding amount of CaCl2 was
increased as well. However, the specific surface area of 800ECU132
was 754.7m2/g, which was smaller than the 800ECU112 (899.8
m2/g) and 800ECU122 (1023.8m2/g), revealing that increasing
the amount of CaCl2 was limited to enlarge the specific surface
area.

Likewise, the evaluations about cycling and rate performances of
800ECU112 and 800ECU132 were also performed. As shown in
Fig. 11(a), after being carried out the charge-discharge 100 cycles,
the 800ECU122 manifested the Na+ storage at 194.3mAh/g which
was higher than the 800ECU112 (113.5mAh/g) and 800ECU132
(159.3mAh/g). Meanwhile, the 800ECU122 showed more excel-
lent rate performances than 800ECU112 and 800ECU132
(Fig. 11(b)). Finally, it was obvious that 800ECU112 and
800ECU132 materials possessed the analogous charge-discharge
properties with the 800ECU122, for their structures were not
changed obviously (Fig. S8).

The above results indicated that the suitable CaCl2 adding
contents caused the suitable pore sizes and relatively big specific
surface, leading to the improvement of Na+ storage capacity of
obtained carbon materials.

3.3 The influence of urea content on structure and Na©

storage capacity of ECU materials
Furthermore, to get insight into the influence of urea on the

structure and Na+ storage, the reacted ratios of urea in the reactive
cases of eggplants, CaCl2 and urea were set up at 1 : 2 : 1 and

1 : 2 : 3. Similarly, the prepared materials were named as
800ECU121 and 800ECU123, respectively. The change of structure
produced by increasing the number of N elements was investigated
by Raman measurements. The ID/IG values of 800ECU121,
800ECU122 and 800ECU123 were calculated at 2.76, 2.49 and
3.19, respectively, indicating that 800ECU122 possessed the more
excellent degree of graphitization (Fig. S9).

As shown in Fig. S10, a lot of complex porous structures also
exist when changing the adding amount of urea in fabrication cases.
Additionally, the calculation results by BET method revealed that
800ECU121, 800ECU122 and 800ECU123 mainly owned the pore
sizes at 12.0 nm, 6.2 nm and 4.0 nm, respectively, indicating that
increasing the reactive urea ratio was able to diminish the pore sizes
(Fig. S11). At the same time, it was also observed that the changing
of pore sizes also initiated the conversions of specific surface area.
For instance, the specific surface areas of 800ECU121, 800ECU122
and 800ECU123 manifested at 725.6m2/g, 1023.8m2/g and 1148.6
m2/g, respectively.

Likewise, the evaluations regarding to the electrochemical
performances of 800ECU121, 800ECU122 and 800ECU123 were
performed simply. After being performed the charge-discharge 100
cycles, the 800ECU122 exhibited the Na+ storage capacity at
194.3mAh/g, which was higher than the 800ECU121 (145.2
mAh/g) and 800ECU123 (138.2mAh/g) (Fig. 12(a)). Additionally,
the 800ECU122 also showed that more tremendous rate perform-
ances than 800ECU121 and 800ECU123 (Fig. 12(b)). Finally, it
was distinct that 800ECU121 and 800ECU123 materials possessed
the similar charge-discharge properties to the 800ECU122, for they
owned the approximately analogous structures (Fig. S12).
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Although the increasing of amount of urea caused that the
specific surface area became bigger than others, the narrow pore
sizes lead to the fact that the 800ECU123 possessed the decreased
Na+ storage capacity. On the other side, in descriptions about
influence of adding amount of CaCl2, we demonstrated that
increasing the adding amount of CaCl2 can increase the pore sizes,
but decreased the specific surface area of prepared biomass-derived
carbon materials. To sum up the above analyses about the adding
amounts of CaCl2 and urea, it is observed that the suitable amount
ratio of eggplants, CaCl2 and urea is critical factor to construct
suitable structures to store Na+.

4. Conclusions

In summary, the biomass-derived carbon materials which have
excellent storage performances for Na+ were successfully fabricated
by mixture of eggplants, urea and CaCl2. It is found that mixing ratio
by weight as 1 : 2 : 2 of eggplants, urea and CaCl2 is more suitable
mixing ratio to fabricate carbon materials having impressive
electrochemical performances. As a result, the 800ECU122 showed
Na+ storage capacity at 200.8mAh/g, after being carried out the
charge-discharge 500 times at 0.1A/g. Meanwhile, the 800ECU122
shows tremendous long cycling performances at 2.0A/g. Our
studies unveil that controlling the carbonization temperature and
reactive ratios of carbon resource, nitrogen resource and CaCl2 is
able to regulate the structures of prepared carbon materials to store
Na+ ions. Considering the fact that eggplants, urea and CaCl2 are
facile obtainment and cheap crude materials, we think that our
studies probably provide an effective and applicable way to fabricate
anode materials of SIBs.
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