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Conversion of waste biomass to valuable carbonaceous material is a sustainable and environmental
benign method for energy and reduction of greenhouse gas emission. Herein, a two-step hydrothermal
method was developed to fabricate high performance electrode material from pomelo peels. In the first
step, the pomelo peels were transformed to carbonaceous aerogel (CA), which constructed of three-
dimensional, sponge-like brown monolith with hierarchical pores, low-density (0.032 g/cm3) and excel-
lent mechanical flexibility. Then, the cobalt nickel aluminum layered double hydroxide (CoNiAl-LDH) was
in situ loaded on the surface of CA to form exquisite core-shell structure (CoNiAl-LDH@CA) through the
second hydrothermal step. When used as an electrode material for supercapacitor, CoNiAl-LDH@CA
exhibited high specific capacitances of 1,134 F/g at 1 A/g and 902 F/g at 10 A/g, respectively.
Furthermore, they displayed an excellent cycling stability without an obvious capacitance decrease after
4,000 cycles.

� 2017 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

In order to meet the increasing energy demand and decreasing
fossil consumption and environmental pollution requirements,
many efforts have been made in order to find high-performance,
low-cost and environmentally-friendly energy storage devices
[1,2]. Recently, supercapacitor as an electrochemical capacitor
has received wide attention, and it has significant advantages of
high power density and long cycling life [3]. Based on the charge
storage mechanism, supercapacitor can be classified into electrical
double-layer capacitor (EDLC) and redox capacitor (pseudo capac-
itor) [4].

In most cases, porous carbon materials such as activated car-
bons, carbon nanotubes (CNTs), graphene, carbon fibers, carbon
spheres and carbon aerogel have been studied to act as electrode
material for EDLC capacitor [5–13]. Although they have high power
density and long life span, the relatively low capacitance has lim-
ited the commercial application of EDLC capacitor. In spite of the
conventional carbon materials, transition metal oxides, hydroxides
and conducting redox polymers have also been explored as the
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active electrode material [14–21]. Of these electrode materials, lay-
ered double hydroxide (LDH) containing transition metal elements
(Co2+, Ni2+) has been considered as one of the most promising
alternative electrode material due to its high energy density,
low-cost, high stability and versatility in composition and mor-
phology, and highly dispersion degree of active sites [22–24]. How-
ever, the poor electrical conductivity and the weakly mechanism
stability impeded its application. Therefore, combing LDH and car-
bonaceous material may be one promising way to improve the
specific capacitance of supercapacitor.

Biomass, including glucose, cellulose, lignin biopolymers has
been employed as sustainable and renewable material for the syn-
thesis of functional material [7,16,25–27]. Various methods have
been established to obtain the carbonaceous materials, such as
freezing-thawing, hydrothermal carbonization, high-temperature
calcinations [8,15,18,28,29]. As many literatures reported,
hydrothermal route is the widely used. In addition, the biomass
can be fabricated to be carbonaceous aerogel (CA) directly through
one-pot hydrothermal carbonization (HTC) process [30,31]. Herein,
we used the HTC approach to synthesize sponge-like carbonaceous
aerogel with pomelo peels as the carbon source. The synthesized
brown monolith maintains three-dimensional structure in macro
scale and forms hierarchical porous nano architecture. Further-
more, we decorated cobalt nickel aluminum layered double
ess. All rights reserved.
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hydroxides (CoNiAl-LDH) on the surface of CA. The obtained
CoNiAl-LDH@CA exhibited excellent electrochemical properties in
pseudo capacitor. The specific capacitances reached as high as
1,134 F/g at 1 A/g and 902 F/g at 10 A/g, respectively.
Fig. 1. (Color online) (a) The low-density of CA, (b–d) the compression and recovery
of CA.
2. Materials and methods

2.1. Synthesis of carbon aerogel

To synthesize the CA, carbonaceous gel (CG) was firstly pre-
pared via a one-pot hydrothermal process directly from pomelo
peels. Pomelo peels was cut into different sizes and the yellow peel
skin was removed. After keeping in the Teflon-lined stainless steel
autoclave for 6.5 h at 180 �C, the wetting gel was obtained and
then soaked by deionized water and ethanol for several days to
remove soluble impurities. At last, the CA would be obtained after
freeze-drying for 2 d at �42 �C.

2.2. Synthesis of CoNiAl-LDH@CA

In a typical synthesis, 6 mmol Co(NO3)�6H2O, 4.5 mmol Ni
(NO3)�6H2O, 3 mmol Al(NO3)�9H2O and 31.5 mmol urea was dis-
solved in 25 mL anhydrous methanol at room temperature. Then
the homogeneous mixed solution was added drop wise onto the
as-prepared carbonaceous aerogel with the sizes of
2 cm � 3 cm � 3 cm via the plastic dropper. After being saturated
with the mixed solution the wet carbonaceous gel was transferred
into a 50 mL autoclave and kept at 150 �C for 12 h. Subsequently,
the obtained black monolith was immersed into deionized water
for 2 d to remove the residual ions absorbed on the surface. Finally,
the CoNiAl-LDH@CA was obtained after freeze-drying for 2 d.

2.3. Characterizations

The microscopic features of the samples were characterized by
scanning electron microscopy (SEM, JEOL-6701F) and transmission
electron microscopy (TEM, JEOL JEM-2100F, 100 kV). X-ray powder
diffraction (XRD) patterns were collected on an X-ray diffractome-
ter (Rigaku D/max-2500 diffractometer with Cu Ka radiation,
k = 0.154056 nm) at 40 kV and 200 mA. The surface area of the
products was measured by the Brunauer-Emmett-Teller (BET)
method using N2 adsorption and desorption isotherms on an
Autosorb-1 analyzer at 78.3 K. Fourier transformed infrared
(FT-IR) spectra were record on a Nicolet Magana-IR 750 spectrom-
eter over a range from 400 to 4,000 cm�1. Raman spectra were
obtain using a Thermo Scientic DXR Raman Microscope with
532 nm laser as an excitation source. X-ray photoelectron
spectroscopy (XPS) was performed on the VG Scientific
ESCALab220i-XL spectrometer using Al Ka radiation.

2.4. Electrochemical measurement

All the electrochemical measurements were carried out in the
CHI660D electrochemical working station at room temperature
and a platinum foil and a saturated calomel electrode (SCE) were
used as counter and reference electrodes, respectively. The work-
ing electrodes were prepared by dissolve electro active material
(the as-prepared samples) 80%, super-p 10% and teflonized acety-
lene black (TAB) 10% in ethanol, stirred 12 h to form a slurry. After
coating the above slurries on foamed Ni grids, the electrodes were
dried at 60 �C for several hours before pressing under a pressure of
6 MPa. Each electrode contained about 2 mg of electro active mate-
rial. Cyclic voltammetry (CV) curve were performed between 0.15
and 0.55 V (vs. SCE) by various-scanning rates at 5–100 mV.
Galvanostatic charge/discharge curves were measured in the
potential range of 0.15 to 0.55 V (vs. SCE) at different current den-
sity of 1–10 A/g.
3. Results and discussion

CA was first obtained under hydrothermal of pomelo peels
directly. During this HTC process, a series of polymerization-poly
condensation reactions occurred and formed a black cross-linked
structure carbonaceous gel with rough surface [31]. After washed
with ethanol and deionized water and the freeze-drying process,
the black wet hydrogel turned to brown dry aerogel with porous
structure. The obtained carbonaceous aerogel looked like a light
sponge-like monolith, which could be compressed and recovered
to its initial stage. The density of CA was measured to be
0.032 g/cm3 (Fig. 1a). In addition, it owned good hydrophilicity
and a robust structure (Fig. 1b–d), which will facilitate the
following load of LDHs.

In the second step, the mixed metal ions solution was added
drop by drop to the CA surface until saturated. Then, the wet
hydrogel with metal ion was heated to 150 �C and kept for 12 h.
During this process, urea was decomposed slowly to provide OH�

gradually, enabling the metal ion to form CoNiAl-LDH [22]. Eventu-
ally, the nano sheet like CoNiAl-LDH was grown on the surface of
CA [32]. After freeze-drying, the light monolithic with promising
electrochemical properties was obtained. As shown in Fig. 2, the
as-prepared CoNiAl-LDH@CA preserved the three-dimensional
porous structure with nano scale LDH nanosheets perpendicularly
grown on the surface of CA, leading to a lumpy appearance. For
comparison, only flower-like CoNiAl-LDH spheres were obtained
without CA (Fig. S1 online), indicating that CA played an important
role during this synthesis process. The EDS mapping was used to
detect the elemental distribution of CoNiAl-LDH@CA (Fig. 2c). The
images demonstrated that Co, Ni and Al had a uniform and contin-
uous dispersion throughout CA, indicating that the LDH sheets
were on the surface of CA. The XRD patterns of CoNiAl-LDH@CA
are presented in Fig. 3. The diffraction peaks exhibited characteris-
tic reflections of (003), (006), (012), (015) and (110), which can
be assigned to the layer structure of LDH. No other crystalline
phase can be observed.

It can be concluded that CA not only provided anchors for tran-
sition metal ions to forming LDH nanosheets, but also effectively



Fig. 2. (Color online) (a) SEM image, (b) TEM image, (c) EDS elemental mapping
image of CoNiAl-LDH@CA.

Fig. 3. (Color online) XRD patterns of CA, CoNiAl-LDH@CA and CoNiAl-LDH.
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dispersed LDH nanosheets to expose more electroactive sites and
increasing the surface area of the composite. In order to investigate
how this CoNiAl-LDH shell can grow in the surface of CA, Fourier
transform infrared (FT-IR) spectroscopy and X-ray photoelectron
spectroscopy (XPS) were used to identify the surface group of CA
(Fig. S2 online). From the FT-TR spectrum, the band at
3,422 cm�1 was attributed to OAH stretching vibration and the
band at 2,925 cm�1 was CAH symmetric stretching vibration. The
band at 1,630 cm�1 was C@O or C@C stretching vibration, while
the band at 1,373 cm�1 was CAH stretching vibration and band
1,096 cm�1 was AOH characteristic absorption peaks [14,15].
These results indicated that the CA had multiple oxygen-
containing functional groups. Furthermore, XPS was also verified
the existence of large number of oxygen-containing functional
groups on the surface of CA, such as AOH, ACOOH. There were
three fitted peak in C 1s spectrum (Fig. S2d online) positioned at
284.2, 286.5 and 288.0 eV, representing CAC, CAO and C@O
respectively. Similarly, the O 1s had two peaks positioned at
531.8 and 533.0 eV, referring to C@O and CAO respectively
(Fig. S2c online) [28]. From the above analysis, the negatively
charged oxygen-containing functional groups (AOH, ACOOH)
would catch the metal ions under the electrostatic force when
the metal ions diffused into CA during the flowing of solution, so
that the CoNiAl-LDH can in situ formed on the surface of CA.

To explore the application of CoNiAl-LDH@CA in supercapacitor,
cyclic voltammograms and galvanostatic charging-discharging in
the potential range of 0.15–0.55 V in 2 mol/L KOH aqueous solu-
tion with a three-electrode system was conducted. Fig. 4a shows
the CV measurement results at different scanning rates varying
from 5 to 100 mV/s. The area of the curve was increased gradually
from 5 mV/s to 100 mV. The asymmetric of CV curves suggested
that the observed capacity mainly results from the pseudo-
capacitance, from 1 to 10 A/g, the discharge time decreased gradu-
ally, which is based on the reversible redox mechanism of CoNiAl-
LDH. The charge-discharge reactions of the CoNiAl-LDH are as fol-
lowings [33]:

CoðOHÞ2 þ OH� $ CoOOHþH2Oþ e�
NiðOHÞ2 þ OH� $ NiOOHþH2Oþ e�

The charging-discharge behavior was further tested at the cur-
rent densities from 1 to 10 A/g (Fig. 4b). The shape of the curves
showed a high degree of symmetry in charge and discharge, indi-
cating that the columbic efficiency of CoNiAl-LDH@CA at various
current densities was nearly 100%. The calculated specific capaci-
tances were 1,134 F/g at 1 A/g and 902 F/g at 10 A/g, respectively,
which were much higher than those of carbonaceous aerogel
(176 F/g) or CoNiAl-LDH (836 F/g) alone at 1 A/g (Fig. S3 online).
The specific capacitance of CoNiAl-LDH@CA was also comparable
with those materials in the literatures (Table S1 online).

Electrochemical impedance spectroscopy (EIS) was carried out
to study the enhanced electrical conductivity of CoNiAl-LDH@CA
based electrode. The Nyquist plot was obtained ranging from
0.01 Hz to 0.1 MHz in 2 mol/L KOH solution. As shown in Fig. 4d,
the inset image was the equivalent circuit model through EIS data
fitting. Rs was relate to the resistance of the material and calculated
to be only 4.4 X through the equivalent circuit model [14,34–36],
suggesting that the CoNiAl-LDH@CA electrode had a high elec-
tronic conductivity. The durability of electron was also tested by
charge-discharge at 10 A/g. As shown in Fig. 4e, the capacitance
maintained about 96% (863 F/g) after 4,000 cycles. As shown in
the Fig. S4 (online), the structure of CoNiAl-LDH@CA has no obvi-
ously change after the cycles. Moreover, the columbic efficiency
was nearly 100% during the charge-discharge processes. The high
stability of electrode was due to the robust structure of CA that
supported the transport of electron between electrolyte and active
material.

These results demonstrate high specific capacitance and excel-
lent cycling property of CoNiAl-LDH@CA as electrode material for
high-performance electrochemical pseudo capacitor. The excellent
performance of CoNiAl-LDH@CA can be attributed to the following
reasons: CoNiAl-LDH nanoplates perpendicularly grown on CA
facilitates the electrolyte accessible to the electro active sites on
the composite (Fig. S4 online), which will shorten the ion transport
distance and enhance the rate of redox reaction. Moreover, CA has
good electronic conductivity and serves as a conductive matrix to
provide conductive networks for electron transport during the
electrode reaction processes.



Fig. 4. (Color online) Electrochemical measurement of CoNiAl-LDH@CA in 2 mol/L KOH solution. (a) CV curves, (b) galvanostatic charging-discharge curves, (c) specific
capacitances, (d) Nyquist curve, and (e) cycle properties at 10 A/g (the inset is the charge/discharge curves of the CoNiAl-LDH@CA electrode).
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4. Conclusions

We have developed a two-step hydrothermal route to prepare
CoNiAl-LDH@CA composites from waste biomass. When used as
an electrode material for supercapacitor, CoNiAl-LDH@CA
exhibited high specific capacitances of 1,134 F/g at 1 A/g and
902 F/g at 10 A/g, respectively. Furthermore, they displayed an
excellent cycling stability without an obvious capacitance decrease
after 4,000 cycles. The excellent electrochemical properties can be
ascribed to the special structure CoNiAl-LDH nanoplates perpen-
dicularly grown on CA, as well as the good electrical conductivity
of CA, making it a highly promising electrodes in pseudocapacitor.
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