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H I G H L I G H T S

• Waste nickel-laden biochar was re-
claimed to produce capacitor material.

• Good capacitance (~190 F g−1) and
excellent stability of EDLC material
was achieved.

• Ni intensified carbonate decomposi-
tion promoting formation of meso-
porous structure.

• Ni enhanced carbon layer erosion in
KOH activation facilitating meso-
pores-formation.

• Ni catalyzed sp3 to sp2 hybridization
benefiting conductivity and stability
of EDLC.
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A B S T R A C T

Biochar is widely studied to adsorb heavy metals in wastewater, while the reclamation of exhausted biochar
becomes a challenge. In this study, biochar adsorbing Ni2+ with two concentration levels were used as pre-
cursors to prepare electrical double layer capacitor (EDLC) materials. A good performance of capacitance
(188.9 F g−1 at 0.5 A g−1) and stability (capacitance retention maintained 95.9% after 1000 cycles) were
achieved with the precursor of nickel-laden biochar of 100 mg g−1 and activation temperature of 600 °C, while
the capacitance of control without nickel was only 98.4 F g−1. Power X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), Brunauer-Emmete-Teller (BET) and the Raman Imaging combined with Emission
Scanning Electron Microscope (RISE) identified that metallic nickel promoted carbonate decomposition and
invaded into carbon layer, which assisted mesopores (551.8 m2 g−1) formation and contributed to a high ca-
pacitance. Moreover, nickel catalyzed the transfer of sp3 carbon to sp2 hybridization, which enhanced the
conductivity and stability of EDLC. This study provides a feasible and simple strategy of reclaiming waste
biochar after adsorbing nickel to prepare energy intensive material and implies the possibility and necessity of
cascading applications of biowastes from environmental remediation to energy storage.
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1. Introduction

Biochar is a type of carbon-rich material produced from the pyr-
olytic conversion of organic biowastes in O2-starved atmosphere at
temperature of 300–700 °C, and it finds its position in heavy metals
adsorption, soil amelioration and carbon sequestration [1]. It is widely
proved that biochar could remove heavy metals (Pb, Cu, Cd, Cr, Ni,
etc.) from contaminated water due to its heterogeneous pore structure,
abundant surface functional groups and various inherent minerals
[2,3]. However, after adsorption, the metals-laden biochar has exerted
another threat on the environment because there has not sufficient at-
tention been paid to it until now. If this exhausted biochar was care-
lessly disposed, it would cause secondary pollution in the environment,
especially under acidic conditions [4]. Some researchers tried to reuse
biochar multiple times by eluting it with acid or alkali [5–8], but it left
the final disposal problem of waste biochar behind. Therefore, how to
reutilize the biochar after absorbing heavy metals has become a chal-
lenge.

Previous studies have shown that biochar adsorbed with heavy
metal Ni2+ [9], Cu2+ [10] can be used to create pseudo-capacitors, and
the heavy metals were oxidized to their oxides by microwave, thermal
annealing, etc. Hao et al used carbon nanotube to absorbing Cr6+ or
Cu2+ from contaminated water and transfer the residues to pseudo-
capacitors materials by pyrolysis at 800 °C [11]. However, their capa-
citance and energy density were generally limited, and their methods
were only focus on heavy metals. In those studies, as most of the heavy
metals have enough electron for electricity storage, capacitive perfor-
mances of the recovered materials mainly depended on the pseudo-
capacitance of metal oxide while the porous structure of the carbon
materials was ignored. Since the level of graphitization and pore
structure of carbon material have a great influence on the conductivity
and mass transfer resistance of the material when it is used as a capa-
citor [12–14], the structural change of carbon material should also be
fully considered in the research. Therefore, only in the cases that both
the heavy metals and the carbon matrix play important roles in the
capacitive performances, could the multiple applications of biochar as
adsorbent, carbon sequestration materials and energy storage materials
be realized.

Porous carbon materials are often used for preparation of EDLC. The
main functional unit is the mesoporous carbon structure which leads to
a low ion diffusion resistance [15,16], and can be prepared by acti-
vating biomass or biochar with KOH under thermal treatment [17,18].
The porous carbon with a huge mesoporous volume or large specific
surface area provides more adsorption sites for the anion and cations,
thus forming a stable layer capacitance [19]. For example, Mijailović
et al prepared activated carbon from hemp fiber at 900 °C, it showed a
capacitive performance of 122 F g−1 at 5 mV s−1 and the specific
surface area of mesoporous was 40 m2 g−1 [20], while activated carbon
prepared by Saha et al with lignin at 1000 °C had a capacitive perfor-
mance of 102 F g−1 at 1 mV s−1 and the mesoporous volume was
0.66 cm3 g−1 [21]. Even when the few layer graphene was prepared by
cumbersome processing with the precursor of peanut shell, its capaci-
tance was still low (186 F g−1) and furthermore the capacitance for
active carbon derived from peanut shell was less than 50 F g−1 [22]. In
most of these studies, the mesopores of the materials were limited,
indicating that a trade-off between micropores and mesopores was
difficult to be achieved via traditional activation of biomass or biochar
with typical chemicals or gases.

Presence of inorganic elements such as minerals (alkali, alkaline
earth metals and transition metals) in the biomass precursors have re-
markable influences on pyrolysis process since they are closely related
to carbon decomposition, molecules breaking and carbon polymeriza-
tion [23]. Alkali and alkaline earth metals including K, Na, Ca and Mg
have been widely investigated in biomass pyrolyzation. It is found that
the presence of those metals lowered the temperature of initializing
carbon decomposition, promoted the release of small organic molecules

and augmented the turbostratic carbon structure [24–26]. Cobalt, as a
transition metal, has similar properties and chemical behaviors with
nickel and iron. It has been proven that a small amount of Co2+ could
promote the KOH activation process, facilitating the formation of me-
sopores and graphite structure [27,28]. It was assumed that Co2+ might
catalyze carbon erosion and lead to more mesoporous structure [14].
Therefore, taking full advantage of both inorganic minerals (alkaline
earth metals, transition metal) and carbon matrix from heavy metal-
laden biochar in producing metal–carbon material is sensible and worth
exploring. In addition, the composite metal–carbon materials have
great potential to act as precursors for producing gas storage materials,
separation medium, sensors and supercapacitors [29–31].

Nickel is an industrial heavy metal, which is often found in waste-
water such as electroplating water existing as a wide concentration
range. Biochar could be used as a low-cost and high-efficiency ad-
sorbent to remove Ni2+ from the wastewater. This study chose biochar
coated with Ni to conduct the reutilization process and test the feasi-
bility of preparing EDLC material. Firstly, influences of process para-
meters on capacitive performance of the EDLC materials were identi-
fied, which took into account the Ni2+ loading concentrations and
activated temperatures; Secondly, further exploration of capacitive
performances under different electricity-voltage conditions was per-
formed; Thirdly, and the most important, mechanisms were revealed
regarding to formation of porous structure, the hybridization of carbon
atoms around nickel particles, and interaction of nickel and carbon with
assistance of instruments such as scanning electron microscope (SEM),
energy-dispersive spectroscope (EDS), and in situ Raman.

2. Experimental section

2.1. Preparation of nickel-laden biochar

A typical crop biowaste, peanut shell, was chosen to produce bio-
char, which was collected from Shanghai, China. After being washed,
air-dried and crushed, the biowaste was fed into a pyrolysis system with
a heating rate of 10 °C min−1 under N2 atmosphere with a flow rate of
200 mL min−1. Temperature was increased to 600 °C and held for 2 h,
which was a moderate treatment for biochar production. The biochar
product was designated as ‘BC6’ and its properties were presented
(Table S1 and S2, Supporting Information). Then the biochar was used
to treat the Ni2+ contaminated water (NiCl2 solution), i.e., it was added
into the contaminated water with 500 mg L-1 and 100 mg L-1 Ni2+ at a
ratio of 1.0 g BC6 to 1000 mL water (Fig. 1). After adjusting pH to 9.0
with 1 M KOH (Yonghua Chemical Technology Co., Ltd), stirring vig-
orously and holding for 30 min, the solid phases were separated from
aqueous solution by centrifugation and dried for 12 h at 60 °C. Here
adjusting the pH of the wastewater to 9.0 was to guarantee that all the
Ni2+ in the wastewater could deposit on the biochar as Ni(OH)2. In the
real industrial wastewater treatment, adjusting the pH to a high value
as about 9.0 is an effective and commonly used strategy to decrease the
metals concentration below a value that is safe for discharging.

2.2. Preparation of EDLC materials from nickel-laden biochar

The recovered Ni-laden biochar was utilized to produce EDLC ma-
terials using typical KOH activation method, and three activation
temperatures (600 °C, 700 °C and 800 °C) were chosen for the thermal
chemical treatment to reconstruct the pore structure of carbon matrix.
The detailed process parameters could be seen in Fig. 1. In detail, the
recovered biochar was dispersed into deionized water, and the solid
KOH was added at 1:3 (wbiochar/wKOH) into the water with stirring
vigorously to dissolve uniformly. Then the mixture was dried for 12 h at
60 °C. The feedstock was placed in a tubular furnace, heated at the
speed of 5 °C min−1, and activated for 4 h at 600 °C, 700 °C and 800 °C
respectively under N2 atmosphere [17]. After activation, the materials
were rinsed with deionized water and dried at 60 °C. The products were
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referred to as BC6-Nim-Kn, where the m and n represent the con-
centration of Ni2+ and activation temperature respectively, i.e., for
BC6-Ni5-K8, 5 represent the Ni2+ concentration of 500 mg L-1 and 8
represent activation temperature of 800 °C.

2.3. Electrochemical measurements

The electrochemical properties were tested by a three-electrode
system on the electrochemical workstation (Vertex.One, IVIUM,
Netherlands). A platinum plate was used as the counter electrode, Hg/
HgO as the reference electrode, and the electrolyte was 1 M KOH. The
working electrode material was configured by EDLC materials, poly-
tetrafluoroethylene and acetylene black with a ratio of 8:1:1, which was
mixed homogeneously to forming a thick paste with the assistance of
ethanol. Then the paste was dried and coated on the surface of nickel
foam (1 cm × 1 cm), and pressed at 20 Mpa for 2 min [32].

Cyclic voltammetry (CV) curves were obtained with the potential
window between −1 V to 0 V, and it reflected the reversibility in
charge–discharge process. The galvanostatic charge–discharge (GCD)
curve directly reflected the potential platform, the capacitive perfor-
mance and the current density that a material can withstand [10,11].
The charge–discharge performances of the materials were tested under
different current densities, and the capacitance was calculated in three-
electrode system by the equation:

=Cp I t
m V (1)

where I is the constant current (A), m is the mass loading (g), t refers
to the discharge time (s) and V represents the potential window (V)
[33].

The electrochemical impedance spectroscopy (EIS) can reflect the
conductivity of the material, the electron transfer resistance of the
electrode–electrolyte interface and the mass transfer resistance of the
liquid phase [34], it was obtained at the frequency range of
0.01 Hz ~ 100 kHz with the voltage of 5 mV.

2.4. Structure characterizations

Power X-ray diffraction (XRD D/max-2200/PC, Rigaku, Japan) with
Cu Kα (λ = 1.540598 Å) was conducted to investigate the crystalline
structure of nickel-carbon materials from 10° to 80° with the scanning
rate of 2° min−1. The surface functional groups were measured by
Fourier Transform Infrared Spectroscopy (FTIR, Prestige 21 FTIR,
Shimadzu, Japan). Brunauer-Emmete-Teller (BET, JW-BK222, JWGB,
China) was used to analyze the porous structure including specific
surface area, pore size distribution, and pore volume, etc. The Raman
Imaging combined with Emission Scanning Electron Microscope (RISE,
TESCAN-MAIA 3 GMU model 2016/WITec apyron, Czech) which is the
combination of SEM, EDS and in situ Raman spectroscope, was used to
investigate the surface morphologies structure, element distribution

and the main hybridization of carbon around the nickel particles.

3. Results and discussion

3.1. Electrochemical properties of EDLC materials

The electrochemical performances of the produced EDLC materials
were presented in Fig. 2. The results showed that the EDLC materials
with the precursor of biochar absorbed with 100 mgNi2+ g-1char ob-
tained higher capacitance than those with the biochar absorbed high
Ni2+ concentration (500 mgNi2+ g-1char) after KOH activation at
600 °C, 700 °C and 800 °C (Fig. 2a, b). The best capacitance of
188.9 F g−1 for BC6-Ni1-K6 was achieved based on the GCD curves
(Fig. 2c) at the current density of 0.5 A g−1, while the capacitance for
BC6-Ni1-K7, BC6-Ni1-K8, BC6-Ni5-K6, BC6-Ni5-K7 and BC6-Ni5-K8
were 161.4 F g−1, 166.3 F g−1, 97.3 F g−1, 114 F g−1 and 91.8 F g−1,
respectively (Fig. 2c, d). To make a clear contrast with previous studies,
we listed the most similar literatures available (Table S3, Supporting
Information) about the production of layer capacitor materials using
active carbon. Although they used different methods with our study,
but the mechanisms of these methods were compatible. Results showed
that the capacitance of the EDLC materials we achieved was higher than
those produced using traditional methods. Since the best capacity
performance was obtained under the conditions of 100 mg L-1 and
600 °C, the control was produced from biochar without adsorbing Ni2+

and named as BC6-K6. The high concentration of nickel might lead to
more large particles on the carbon surface and as a result, some of the
pore structures were unable to provide electrochemical adsorption sites
for the ions in electrolyte [35], so the double-layer capacitance of the
carbon materials decreased heavily from BC6-Ni1-K6 to BC6-Ni5-K6.

The CV curves (Fig. 2a, b) showed that the materials had similar
capacitive properties to activated carbon and there were also many
small pseudo-capacitive reaction peaks. The reduction peak of metallic
nickel was observed at −0.76 V and −0.72 V for BC6-Ni1-K8 and BC6-
Ni5-K8, respectively, which could possibly be attributed to the forma-
tion of graphite structure at the activation temperature of 800 °C, as
proved by XRD patterns (Fig. S1a). For the activation temperature of
600 °C and 700 °C, fewer functional groups can be found on the surface
of carbon layer (Fig. S1b), and could be detected by the CV curves at the
potential range of −0.2 ~ −0.15 V and −0.92 V. Those faradic redox
reaction peaks at −0.92 V and −0.2 V could be seen more clearly in
the control group of BC6-K6 in Fig. 3a. Meanwhile Fig. 3a mainly in-
dicated that the presence of nickel could promote the electrochemical
capacity at the activation temperature of 600 °C.

Based on the above results, the EDLC material with the best capa-
citive performance, BC6-Ni1-K6, was chosen to conduct further elec-
trochemical characterization that compared with its control, BC6-K6
(Fig. 3). It’s shown that BC6-Ni1-K6 had a higher capacitance than the
control, BC6-K6, observed from the larger area of CV curve for BC6-Ni1-
K6 in Fig. 3a. A good reversibility was observed from the current

Fig. 1. The preparation process of electrochemical double layer capacitor (EDLC) materials from nickel-laden biochar.
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density at different scanning rates from 5 mV s−1 to 100 mV s−1, which
suggested that this material can be used at high current density con-
ditions (Fig. 3b). Compared with the control without Ni embedded
(BC6-K6, 98.4 F g−1), BC6-Ni1-K6 showed a much higher capacitance
of 188.9 F g−1 at 0.5 A g−1 (Fig. 3c) revealing the potential of Ni to
enhance the capacitive performance. As shown in Fig. 3d, the capacity
performance of BC6-Ni1-K6 was much higher than BC6-K6 at different
current densities from 0.5 to 10 A g−1, and the capacitances of BC6-
Ni1-K6 and BC6-K6 at 10 A g−1 were 124 F g−1 and 84 F g−1, re-
spectively. Compared with BC6-K6, the enhanced capacitance for BC6-
Ni1-K6 might be attributed to the enlarged mesoporous structure. After
1000 cycles, although both BC6-Ni1-K6 and BC6-K6 could keep their
capacity above 95.6% at 10 A g−1, according to Fig. 3e, BC6-Ni1-K6
always showed a much higher capacitive performance than BC6-K6.

The impedance spectrum (Fig. 3f) was conducted for BC6-Ni1-K6
and BC6-K6 to characterize the resistance in the circuit, the capacitance
for carbon materials and the diffusion resistance of ions between the
electrolyte and carbon surface [36]. There were three parts in EIS
spectrum including a semicircle in the high frequency region, a slope
angle about 45° in the mediate, and a straight line almost perpendicular
to X-axis in the low frequency region. From the original EIS data,
equivalent series resistance (ESR) for BC6-Ni1-K6 (2.02 Ω) and BC6-K6
(2.27 Ω) were calculated from the X-intercept of Nyquist spectrum at
high frequency region, which took the resistance of electrolyte, carbon
materials and the interconnection between current collector and active
materials into consideration [37]. The charge transfer resistance (Rct)

and Warburg impedance (W) were estimated with the circuit model of
R(C(RW)) (C) [38,39]. Fig. 3f showed that at the high frequency region,
the semicircle diameter of BC6-Ni1-K6 was larger than BC6-K6, in-
dicating that BC6-Ni1-K6 (Rct = 0.63 Ω, mass loading = 5.17 mg) has
a high charge transfer resistance than BC6-K6 (Rct = 0.44 Ω, mass
loading = 3.09 mg). However, after the normalization of unit mass, it
was found that the index (Rct/mass) of BC6-Ni1-K6 was smaller than
BC6-K6 (Table 1), which confirmed the difference in capacitance per-
formance. The transition part in the middle of EIS curves reflected the
Warburg impedance of the materials [40]. The results showed that the
ionic diffusion resistance of BC6-Ni1-K6 (0.596 Ω s−1/2) was lower than
that of BC6-K6 (0.757 Ω s−1/2), indicating that it had abundant me-
soporous structure. As shown in Table 1, all the impedance indexes of
BC6-Ni1-K6 were smaller than BC6-K6, which further confirmed that
the adsorption of Ni2+ had potential to promote capacitance perfor-
mance.

3.2. Presence of nickel facilitated the decomposition of carbonate

In order to probe the crystal structure of the products and explore
the major chemical reactions that occurred during the activation pro-
cess of the recycled nickel-laden biochar, XRD analysis was conducted
and patterns could be seen in Fig. 4a. For the control sample without
nickel (BC6-K6), there were two peaks detected at 32.7° and 29.4°,
representing magnesium carbonate (MgCO3) and calcium carbonate
(CaCO3) respectively, which were identified in Fig. S2 (Supporting

Fig. 2. Electrochemical performances of EDLC materials with different Ni2+ concentrations and activation temperatures, measured in a three-electrode system with
Hg\HgO as reference electrode. (a) CV curves for EDLC materials at 5 mV s−1 in the potential window of −1 ~ 0 V. (b) GCD curves at the current density of 0.5 A
g−1.
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Fig. 3. The electrochemical performances of BC6-K6 and BC6-Ni1-K6 tested at three electrode system with the reference electrode of Hg\HgO. (a) CV curves at
5 mV s−1 in the potential window of −1 ~ 0 V. (b) CV curves for BC6-Ni1-K6 at different scan rate from 5 mV s−1 to 100 mV s−1. (c) GCD curves at the current
density of 0.5 A g−1. (d) Specific capacitance performance at different current density from 0.5 ~ 10 A g−1. (e) Cycling stability at the current density of 10 A g−1. (f)
Nyquist plot measured from 0.01 Hz to 10 kHz at 5 mV.

Table 1
Electrochemical property measured from Nyquist spectrum.

Samples Mass load (mg) ESR (Ω)/mg Rct (Ω)/mg W (Ω s−1/2)/mg

BC6-K6 3.09 2.27/3.09 = 0.73 0.44/3.09 = 0.14 0.757/3.09 = 0.24
BC6-Ni1-K6 5.17 2.02/5.17 = 0.39 0.63/5.17 = 0.12 0.596/5.17 = 0.12
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Information). Substantial presence of carbonate in BC6-K6 suggested
that the decomposition of carbonate and transformation into metal
oxide and CO2 haven’t finished at 600 °C. This consists with the results
shown in Maitra’s research [41]. Peaks for metallic nickel and nickel
oxide were observed in XRD spectrum for BC6-Ni1-K6 and BC6-Ni5-K6
in Fig. 4a, while carbonate peaks disappeared. It indicated that the
presence of nickel facilitated the decomposition of carbonates and ac-
celerated their collapse, and similar catalytic effect has been reported
for the performance of Co [14]. The reactions in Table S4 could explain
this phenomenon and the participation of nickel in the KOH activation
process could be figured out in Eqs. (2–6) [42–44].

+ +NiO H Ni H O2 2 (2)

+ +NiO C Ni CO (3)

+ +NiO C Ni CO2 2 2 (4)

+ +NiO CO Ni CO2 (5)

+ + +Ni KOH NiO K O H2 2 2 (6)

At the same time, the decomposition of carbonates reacted at a slow
rate (Eq. (7–9)), where the CO2 produced in this process was slowly
blown away [41,45].

+CaCO CaO CO3 2 (7)

+MgCO MgO CO3 2 (8)

+K CO K O CO2 3 2 2 (9)

During the pyrolysis process, the reduction of nickel oxide was
dominant that accelerated the formation of hydrogen as shown in Eq.

(6), making it easier to reduce metal oxides of alkali [44,46].

+ +H K O H O K22 2 2 (10)

Although the amount of hydrogen is limited in this system, but
under the reduction condition, once the nickel oxide was produced, it
tended to be reduced to metallic nickel (Eq. (2–5)). The metallic nickel
would further accelerate the decomposition of KOH (Eq. (6)) and car-
bonate. The peaks of nickel oxide in Fig. 4a proved the mechanism and
Fig. 7a showed the process directly (nickel eroded the carbon particle).
Accompanied with the KOH activation, the decomposition of carbo-
nates (K2CO3, MgCO3 and CaCO3) generated metallic alkali metals
which acted as etching agent to strengthen the pores expansion in
carbon matrix [46]. It can be inferred that the presence of nickel af-
fected the overall pore structure of the materials indirectly.

This catalytic effect of Ni at different concentrations could not be
verified from the XRD patterns, but combined with the electrochemical
properties of the materials, it could be preliminarily speculated that the
etching effect of metallic potassium is more obvious at low nickel
concentration than high concentration, which can be attributed to the
formation of larger particles of metallic nickel crystal structure under
higher concentration. The crystal size of metallic nickel formed at dif-
ferent Ni2+ concentrations could be calculated by constant full width at
half maximum (FWHM), and it was found that the crystal size of nickel
particles formed at the concentration of 100 mg g−1 (23.6 nm) was
smaller than 500 mg g−1 (32.4 nm).

Fig. S1a (Supporting Information) showed the XRD patterns for
samples produced at different activation temperatures (600 °C, 700 °C
and 800 °C), and a small peak of diopside (2θ = 29.8°) was detected for
BC6-Ni1-K7; The graphite structure (2θ = 26.46°) was observed for
BC6-Ni1-K8 which can be attributed to the catalysis of Ni like the effect
of Fe [47]. The previous study of KOH activation had shown that me-
tallic potassium appeared around 700 °C [46], thus compared with BC6-
Ni1-K6, all of the NiO would transferred to Ni at this reduction atmo-
sphere for BC6-Ni1-K7 and BC6-Ni1-K8. According to the calculation
based on the constant FWHM, the average size of nickel particles in-
creased with treatment temperature, i.e., the values were 23.6 nm,
28.4 nm and 29.9 nm for BC6-Ni1-K6, BC6-Ni1-K7 and BC6-Ni1-K8
respectively. At high temperatures, the catalytic reaction quickly ac-
complished and the size of nickel particles grew and blocked the pore
structure on the surface of the carbon layer, which was disadvantageous
to the capacitive properties [35]. Therefore, the sample produced at
600 °C activation temperature showed a better electrochemical prop-
erty than the sample treated with 700 °C and 800 °C, which was due to
that the average size of nickel particles formed at higher temperature
was larger than those formed at lower temperature, and they covered
the surface of biochar occupying part of the adsorption sites for positive
ions.

In this study, the presence of Ni further catalyzed the degradation of
organic matter, and accelerated the decomposition of the surface
functional groups. Almost no difference could be observed between the
surface functional groups of the capacitive material prepared at 600 °C
and those at 700 °C and 800 °C (Fig. S1b). Fig. 4b showed the FTIR
spectrum of BC6-K6, BC6-Ni1-K6 and BC6-Ni5-K6. Compared with the
control, BC6-K6, the vibration peaks between 1381 cm−1 and
1572 cm−1 were slightly weaker for BC6-Ni1-K6 and BC6-Ni5-K6,
which indicates that metallic Ni could promote the formation of aro-
matic structures and reduce the carbon with sp3 hybridization [48]. The
peaks at 1076 cm−1 and 1039 cm−1 representing the vibration of
carbon–oxygen bond and alcohol hydroxyl respectively [49,50], were
both higher for BC6-K6 than those of samples with Ni in it, which can
be seen from Fig. 4b and Fig. S1b (Supporting Information). The alcohol
hydroxyl peaks at 1039 cm−1 disappeared in BC6-Ni1-K6, but remained
in BC6-Ni5-K6. In addition, different from BC6-K6, the peaks at
875.5 cm−1 for external bending vibration of C–H in BC6-Ni1-K6 be-
came weaker conforming that the nickel has a huge effect on the carbon
surface [51].

Fig. 4. The XRD patterns (a) and FTIR spectra (b) for EDLC materials.
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3.3. Nickel contributed to the erosion of carbon layer

The surface areas of the EDLC materials based on the BET mea-
surement were presented in Fig. 5. Nitrogen adsorption–desorption
isothermals curves showed that BC6-Ni1-K6 had the highest N2 ad-
sorption performance with the surface area of 1181 m2 g−1 and pore
volume of 0.81 cm3 g−1. Meanwhile, the specific surface area of BC6-
K6 and BC6-Ni5-K6 were only 805.9 m2 g−1 and 259.3 m2 g−1 re-
spectively (Fig. 5a). Since there was a vertical line at low pressure re-
gion, the initial adsorption occurred firstly in micro-pores and then the
curves for BC6-K6 and BC6-Ni5-K6 with fewer mesoporous getting flat,
while the curves for BC6-Ni1-K6 continued to increase significantly
(Fig. 5a). The pore size distribution curves in Fig. 5b indicated that BC6-
Ni1-K6 contained a large amount of mesoporous structures (2 ~ 6 nm)
and a small amount of microporous structures (< 2 nm), since the
graphitization process prevented the formation of microporous struc-
ture [27]. In contrast, BC6-K6 had plenty of microporous structures,
which performed like the typical activated carbon. The BET data in
Table 2 further confirmed that BC6-K6 contained mainly microporous
structure (87% Volume, 98% surface area), while BC6-Ni1-K6 was
predominantly mesoporous (67% Volume, 47% surface area) and for
BC6-Ni5-K6, it lacked both micropores and mesopores.

The pore structure of BC6-Ni1-K6 could be further observed through
SEM from RISE in Fig. 6. There were some macro-porous structures in
the EDLC material, large amounts of fine nano-crystalline nickel par-
ticles dispersed on the surface and inside the macro-pores of the ma-
terial. Since the diameter of nickel particles was widely distributed and
the XRD results show that the average particle size of metallic nickel
was about 23.6 nm from constant FWHM, it was inferred that there
must be plentiful nanoparticles nickel in the carbon matrix. Meanwhile,
it could also be observed that nickel particles tend to invade into carbon
layer (Fig. 6b). And Fig. 6c showed that large amounts of nanoparticles
aggregated at porous channel, which can further assist the formation of
mesoporous structure of the material. As also could be seen from Fig.
S3a and b (Supporting Information), most of the nickel particles were
fixed on the surface of carbon materials, and tended to fuse with carbon
materials.

The EDS from RISE was used to characterize the elements dis-
tribution on the carbon surface to explore the chemical reactions during
pyrolysis. Fig. 7 exhibited the main elements distribution including
carbon, nickel and oxygen. After KOH activation, washing the products
with deionized water could retain most of the original reaction in-
formation and fixed the waste metallic nickel on carbon layer effec-
tively while the traditional KOH activation use acid to wash the pro-
ducts. But at the same time, deionized water did not sufficiently clean
the alkali metals like potassium and magnesium in Fig. 7a. As can be
seen from Fig. 7b, the main component of the white small particles in
SEM images was nickel, and the particles also contained oxygen, in-
dicating the presence of nickel oxide, which further proved the catalytic
reaction. The distribution of carbon and nickel element showed that the
carbon content in the large nickel particles was relatively low, while
there was no difference among the small nickel particles. Those phe-
nomena indicated that the metallic nickel and nickel oxide can react
with the carbon material during the KOH activation process and gra-
dually fuse with carbon.

How nickel participated in the KOH activation process? Firstly, KOH
activation involves dehydration, production of hydrogen and carbon
monoxide [52], as well as the etching of carbon layer by metallic po-
tassium [46]. The metallic potassium in the activated carbon material
could be easily rinsed by acid in traditional KOH activation method, so
it would not adversely affect the properties of the products. The main
reactions occurred in KOH activation were expressed as follows [45,53]

H O s H O g C C( ) ( ) ~200 300o o
2 2 (11)

+KOH K O H O C2 ~400 o
2 2 (12)

+ +C H O CO H C500 o
2 2 (13)

+ +CO H O CO H C~500 o
2 2 2 (14)

+CO K O K CO2 2 2 3 (15)

K2O is formed from the dehydration of KOH, after initial dehydra-
tion at low and medium temperature. At about 500 °C, carbon starts to
react with water vapor to produce H2 and CO, and then CO further
transforms to CO2 through reaction with H2O. Besides, CO2 is easy to

Fig. 5. BET test for BC6-K6, BC6-Ni1-K6 and BC6-Ni5-K6. (a) Nitrogen adsorption–desorption isothermals. (b) The pore size distribution curves.

Table 2
Pore structure characterization from BET.

Samples BET Surface Area m2 g−1 Micro-pore/Mesoporous Surface Area (m2 g−1) Pore Volume (cm3 g−1) Micro-pore/Mesoporous Volume (cm3 g−1)

BC6-K6 805.9 787.2/18.7 0.30 0.26/0.04
BC6-Ni1-K6 1181.1 629.3/551.8 0.81 0.27/0.54
BC6-Ni5-K6 259.3 203.3/56.0 0.16 0.07/0.09
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react with K2O to form K2CO3. After that, K2CO3 can be converted into
metallic potassium and CO at around 700 °C in the normal KOH acti-
vation process, and it would be transformed completely at 800 °C [17].
The main reactions over 700 °C include:

+K CO K O CO2 3 2 2 (16)

+CO C CO2 (17)

+ +C K O K CO22 (18)

+ +K CO C K CO2 2 22 3 (19)

With the participation of nickel, hydrogen and CO could reduce the
nickel oxide to metallic nickel at the carbon surface, since the nickel
particles ‘stood’ there in Fig. 6d. The reduction process of nickel has
been discussed at the catalyst reactions in part 2 (Eq. (2–5)). Nickel
hydroxide was firstly dehydrated to produce nickel oxide, and since
hydrogen had the strongest reduction capacity, a part of nickel oxide
was then reduced by hydrogen. The metallic nickel produced would
accelerate the decomposition of KOH to produce more hydrogen and
metallic potassium [44], thus led to the reduction of alkali metal oxides
(Eq. (10)). At the same time, CO and carbon would react with nickel
oxide to produce metallic nickel, and the nickel particles would gra-
dually invade into the carbon layer shown in Fig. 6b since the nickel
oxide is more likely to react with volatiles which has more sp3 hy-
bridized carbon [51,54].

3.4. Nickel promoted the formation of aromatic hydrocarbon structure

In order to further explore the erosion of nickel on carbon materials,
the in situ Raman spectroscope from RISE for BC6-Ni1-K6 was carried
out, and the results were shown in Fig. 8. In Fig. 8a, the green part
represented the carbon in more sp3 hybridization, in which the D peak
was stronger than G peak; the blue district was designated as more sp2

hybridization area with the G peak being higher than D peak; the red

and yellow parts were fluorescence interference regions, and the blue
region in the lower right corner was mainly caused by the fact that
carbon layers were not in the same plane as the SEM shown. It could be
seen from Fig. 8a that the G peak was significantly higher than the D
peak near the nickel particles, which indicated that sp2 hybridized
carbon was more likely to be near the metallic nickel, while more sp3

hybridized carbon located near the area without nickel. This was con-
sistent with the conclusion that metallic iron promoted the formation of
aromatic carbon as a catalyst [47]. Another possibility was that in the
reduction process of nickel oxide, sp3 hybridized carbon was more
readily decomposed to CO or CO2 and lost as gas, while sp2 aromatic
carbon was more stable and retained in the solid phase [54]. Combined
with Fig. 6a, it could be seen from the optical microscope diagram of
Fig. 8b that the large nickel particles were still shown in white. The
measurement area for Raman was conducted on a relatively flat plane,
with some large nickel particles and some scattered small particles
distributed on the platform. In order to reflect the Raman test more
intuitively, three points were selected for further exploration. The dif-
ference between the D peak and the G peak in the vicinity of nickel
particles could be seen more clearly in Fig. 8c. Moreover, G' peaks were
observed from where it is located in the area adjacent to nickel parti-
cles, which further indicated that the carbon near nickel particles
tended to be form sp2 hybrid aromatic hydrocarbon structure.

Therefore, in the process of preparing EDLC materials from biochar
after adsorbing Ni2+ from wastewater, if the Ni2+ were dispersed
evenly and the pyrolysis temperature was controlled precisely, nickel-
carbon materials with more mesoporous structures could be obtained
by KOH activation. The mesoporous structure was mainly formed via
the catalytic effect of Ni, which consumed a large amount of carbon.
Nickel could simultaneously promote the carbonate decomposition and
further affect the KOH activation process, as well as assist the formation
of more sp2 hybrid aromatic carbon.

Fig. 6. SEM images of the samples from biochar adsorbing 100 mg L-1 Ni2+ and activated at 600 °C (BC6-Ni1-K6). (a) and (b) represent the position one with the
scale of 10 μm and 5 μm. (c) and (d) represent another position with the scale of 5 μm and 1 μm.
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4. Conclusions

The reclamation of exhausted biochar after adsorbing Ni2+ from
wastewater to produce EDLC materials was performed. Compared with
the control without adsorbing nickel, the biochar laden with nickel
showed a capacitive performance of 188.9F g−1, while the control was

only 98.4F g−1. In addition, the biochar adsorbing a lower concentra-
tion (100 mgNi2+ g−1) of nickel achieved the higher capacitive per-
formance than the high concentration (500 mgNi2+ g−1). The rela-
tively lower activation temperature as 600 °C was more preferred in
contrast of higher temperature as more than 700 °C in achieving better
capacitive performance.

Fig. 7. The EDS of BC6-Ni1-K6 measured by RISE. (a) Layered image combined the distribution of Ni, Mg, O, K, C and its original SEM. (b) The scanning area for EDS.
(c), (d) and (e) indicate the distribution of C, Ni and O.
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From the characterization results, it was speculated that the for-
mation of mesoporous structure in this material dominated the per-
formance of the capacitance. Mechanism exploration by means of in-
struments confirmed that presence of nickel facilitated the
decomposition of carbonates inducing more production of metallic
elements for creating pores. Meanwhile, with the presence of moderate
concentration of nickel, the erosion of carbon layer and formation of
aromatic hydrocarbon structure were both accelerated. This study
provides a feasible and simple strategy of reclaiming waste biochar
after adsorbing heavy metals to prepare capacitive material.
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