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Environmental pollution and energy crisis are two major global challenges to human beings. Recovering energy from wastewater
is considered to be one of the effective approaches to address these two issues synchronously. As the main pollutants in
wastewater, toxic heavy metal ions are the potential candidates for energy storage devices with pseudocapacitive behaviors. In
this study, toxic metal ions of Cr(VI) and Cu(II) are removed efficiently by chitosan coated oxygen-containing functional carbon
nanotubes, and the corresponding equilibrium adsorption capacity is 142.1 and 123.7 mg g−1. Followed by carbonization of metal
ions-adsorbed adsorbents, Cu- and CrN-loaded carbon composites can be obtained. Electrochemical measurements show that the
supercapacitor electrodes based on Cu- and CrN-loaded carbon composites have specific capacitance of 144.9 and 114.9 F g−1 at
2 mV s−1, with superior electrochemical properties to pure chitosan coated carbon nanotubes after carbonization. This work
demonstrates a new strategy for the resource-utilization of other heavy metal ions for energy devices, and also provides a new
way to turn environmental pollutants into clean energy.
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1 Introduction

With the booming development of renewable energy devices
to mitigate fossil energy depletion and environmental pol-
lution, supercapacitors have attracted extensive researches
because of high rate capability, high power density, excellent
cycle stability and easy preparation [1–5]. These merits make
them ideal candidates in various areas, such as supplemen-
tary power sources for electric vehicles, uninterruptible
power supplies, memory back-up, and stand-by power sys-

tems [6–10]. A huge number of different materials have been
prepared to build supercapacitors with excellent perfor-
mance, such as carbon materials, metal-based materials, and
conducting polymers [11–16]. Carbon materials, such as
activated carbon, graphene, carbon nanotubes (CNTs) and
carbon aerogels, possessing high electrical conductivity,
excellent cycling stability, well-developed microstructure
and established electrode production technologies, are
widely used to obtain high-performance electrochemical
double layer capacitors (EDLCs) [17–21]. However, due to
the limited surface area, the specific capacitance of carbon
materials is unsatisfactory [22]. Unlike carbon materials,
metal-based materials such as RuO2, MnO2, NiO, Co2O3,
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usually display higher specific capacitance because of
Faradic redox reactions [23–27]. Nevertheless, the high cost
of raw materials and the negative environmental impact of
manufacturing process largely limit the widespread appli-
cations of most metal-based materials.
Heavy metal ions, such as Ni2+, Cu2+, Cr6+, Pb2+, are widely

employed in many industrial applications, such as metal
plating plants, smelting, and mining [28,29]. These heavy
metal ions, once released into natural water, bring a sig-
nificant threat to the environment and public health. The
terrible consequence is that toxic heavy metal ions can be
easily absorbed by living organisms in various ways and
cause progressive poisoning effects on human health with
gradual accumulation [30]. Although acute toxic incidents
are rare, chronic toxicity can have a more serious impact in
the long-term, leading to irreversible chronic illness of living
organisms. Unlike some organic dyes, heavy metal ions are
non-biodegradable and persistent environmental con-
taminants since they cannot be decomposed and metabolized
[31]. Therefore, lots of effort has been devoted to removing
toxic heavy metal ions. Removal of heavy metal ions from
wastewater can be carried out by ion-exchange, chemical
precipitation, neutralization, solvent extraction, coagulation
and adsorption, etc [32–38]. Among these methods, ad-
sorption is promising due to its easy operation, convenience
and high efficiency. However, heavy metal ions removal
process only eliminates the toxic metal ions from water. The
adsorbents always lose their activity after several cycles of
adsorption and need to be regenerated. The generation pro-
cess is both time and energy consuming. In addition, during
regeneration, the metal ions removed from the adsorbents
can cause the secondary pollution. Therefore, reuse of the
dead adsorbents after the heavy metal ions treatment is im-
portant. Recovering energy from the deactivated adsorbents
is one of effective ways to resolve the above problems. As
the main pollutants in waste water, many kinds of toxic metal
ions such as Cu(II), Cr(VI), Ni(II), Co(II) and organic dyes
with intrinsic redox functional groups such as methylene
blue, indigoid dyes, are potential candidates for the pseu-
docapacitive materials [32]. There are some reports about
adsorbents treated with organic dye pollutants from waste-
water for supercapacitors [32,39]. Supercapacitors based on
dye/adsorbents electrodes displayed excellent electro-
chemical performances. However, few works have been re-
ported about converting toxic metal ions-loaded adsorbents
into supercapacitors. Lu et al. [40,41] used commercial ion
exchange resins to remove Cr(VI) and Mo(VI). Following
carbonization of metal ions-containing adsorbents, they
dissolved Cr or Mo from samples to prepare porous carbon
for supercapacitors, resulting in the secondary pollution
during dissolution. Direct utilization of the metal ions-loaded
adsorbents to avoid the secondary contamination is the target

that researchers are seeking to turn waste into values.
In this paper, to realize the transformation from toxic en-

vironmental pollutants to clean energy, toxic metal ions of
Cr(VI) and Cu(II) are removed efficiently by chitosan-coated
oxygen-containing functional carbon nanotubes. The corre-
sponding equilibrium adsorption capacity is 142.1 and
123.7 mg g−1. Followed by carbonization of metal ions-ad-
sorbed adsorbents, Cu- and CrN-loaded carbon composites
can be obtained. Electrochemical measurements show that
the supercapacitor electrodes based on Cu- and CrN-loaded
carbon composites demonstrate the specific capacitance of
144.9 and 114.9 F g−1 at 2 mV s−1, displaying superior elec-
trochemical properties to pure chitosan coated carbon na-
notubes after carbonization. The metal-loaded adsorbents as
new supercapacitor electrodes not only solve the waste dis-
posal of regeneration process of deactivated adsorbents but
also explore the new value of deactivated adsorbents as clean
energy, both of which have great significance to environ-
mental protection and sustainable development.

2 Materials and method

2.1 Oxygen-containing functionalization of pristine
CNTs

Multiwalled CNTs with outer diameter of 10–15 nm were
purchased from Chengdu Organic Chemicals Co., LTD.
(China). The oxygen-containing functionalization of pristine
CNTs was carried out following a reported process [42]: a
total of 200 mg of pristine CNTs was added to 100 mL so-
lution mixture with the concentrated H2SO4 and HNO3 (vo-
lume ratio, 3:1). The mixture of pristine CNTs and acid was
then maintained at 80 °C for 4 h without stirring. The func-
tional CNTs were collected and washed with deionization
(DI) water. The oxygen-containing functional CNTs were
obtained by drying the sample at 60 °C overnight (labeled as
F-CNTs).

2.2 Preparation of chitosan coated F-CNTs

100 mg Chitosan powder was dispersed into 100 mL 1 v%
acetic acid solution, and 100 mg F-CNTs was added into the
above blend with vigorous stirring. The mixture was under
ultrasonic treatment for 10 min and then stirred for 1 h.
25 mL diluted ammonia solution (4 wt%) was added drop
wise to the above solution. The mixture was heated at 60 °C
and 10 mL oxalaldehyde (40 wt%) was added to the blend
for the crosslinking of chitosan on the surface of F-CNTs.
The as-prepared samples were collected and washed with
diluted acetic acid and DI water several times, followed by
vacuum-drying under 60 °C for 12 h, affording chitosan
coated F-CNTs (labeled as CHIT/F-CNTs).
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2.3 Equilibrium sorption experiments

The adsorption of toxic heavy metal ions on the as-prepared
CHIT/F-CNTs using batch equilibrium technique was eval-
uated. Aqueous solutions of K2Cr2O7 and Cu(NO3)2 with
different concentrations (from 20 to 400 mg L−1) were re-
spectively used as Cr(VI) and Cu(II) simulated pollutant
sources. The pH of Cr(VI) and Cu(II) aqueous solutions were
adjusted to 3 and 6 by diluted HCl or NaOH solution, re-
spectively. In general, an average of 10 mg CHIT/F-CNTs
was added to 20 mL metal ions solution and shaken in a
thermostatic water-bath shaker at 200 r min−1 for 11 h. When
adsorption equilibrium was reached, the adsorbents and li-
quid were immediately separated by centrifugation at
10000 r min−1 for 8 min. The adsorbents were dried at 60 °C
overnight for further carbonization to build supercapacitors.
The concentrations of Cr(VI) and Cu(II) after adsorption
were measured using Inductive Couple Plasma Mass Spec-
trometry (iCAP 7400, Thermo Fisher, USA). The amount of
adsorbed metal ions per unit mass of adsorbent was eval-
uated by using the Eq. (1):

q C C V
M= ( ) , (1)e

0 e

where qe is the adsorption capacity in mg g
−1; C0 and Ce are

the initial and equilibrium concentrations of metal ions so-
lution in mg L−1; V is the volume of the metal solution in L
and M is the mass of the adsorbent in g.

2.4 Carbonization of metal ions-loaded adsorbents

The metal ions-loaded adsorbents were carbonized at 800 °C
for 3 h in flowing N2 at a rate of 3 °C min−1 in a tube furnace.
The obtained metal-carbon hybrid samples were labelled as
Cr-CHIT/F-CNTs and Cu-CHIT/F-CNTs. Scheme 1 is the
graphical synthetic route.

2.5 Structural characterization

The morphology of adsorbents was characterized by a Hi-
tachi SU8010 field-emission scanning electron microscope
(FE-SEM, Janpan) and a Hitachi HT7700 transmission
electron microscopy (TEM). X-ray photoelectron spectra
(XPS) were recorded using a K-Alpha X-ray Photoelectron
Spectrometer System (Thermo Fisher, USA). Fourier-trans-
form infrared (FTIR) spectra were measured on ALPHA
spectrometer (Bruker, Germany). Electron probe micro-
analyzer (EPMA) was employed to confirm the adsorption of
metal ions on adsorbents (EPMA-1720H, Shimadzu, Japan).
X-ray diffractometer (D8 AVANCE, Bruker) over a 2 h scan
range of 10°–80° was used to obtain the X-ray powder dif-
fraction (XRD) patterns of the samples after carbonization.
Element analyzer (PerkinElmer Instruments, Series II 2400,

UK) was used to obtain the nitrogen content of the samples.

2.6 Electrochemical measurements

Three-electrode devices were used to evaluate the electro-
chemical properties of the samples after carbonization. The
working electrode was made of the active material and
polyvinylidenefuoride (PVDF) with the weight ratio of 9:1.
The slurry of the working electrode was made by mixing the
activated sample and PVDF which was dissolved in N-me-
thyl pyrrolidone (NMP) in advance (0.01 g mL−1). After
stirring for 12 h, the mixture was coated onto a stainless steel
sheet with the size of 1 cm×1 cm. Then the prepared elec-
trodes were dried at 60 °C overnight to remove NMP. A Ag/
AgCl (saturated with KCl (aq.)) electrode and a platinum
wire were used as the reference electrode and the counter
electrode, respectively.
Asymmetric configurations were built in stainless cells

with carbon fiber paper as the current collector and glassy
fibrous paper as the separator. The sample of Cr-CHIT/F-
CNTs or Cu-CHIT/F-CNTs acts as the positive electrode,
and CHIT/F-CNTs after carbonization acts as the negative
electrode. After the drying of the above-described slurry in
three-electrode setup at 60 °C for 15 min, the mixture was
rolled into a thin film. Followed by drying at 60 °C for 24 h
to remove the NMP, the film was cut into circular slices with
a diameter of 6 mm. According to the charge balance, the
mass ratio of positive electrode (Cr-CHIT/F-CNTs or Cu-
CHIT/F-CNTs) to negative electrode (CHIT/F-CNTs after
carbonization) should be decided before assembling the
asymmetric supercapacitor:

q q= , (2)+

q m C V= × × , (3)

m
m

C V
C V= ×

× , (4)+

+ +

where q is the charge, C is the specific capacitance obtained
by the three-electrode setup, m is the mass of the electrode
and ΔV is the potential window in the three-electrodes test.
0.5 mol L−1 H2SO4 solution was used as the electrolyte.

Scheme 1 Schematic illustration of the formation process of metal-car-
bon nanotube hybrid structures (color online).
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Cyclic voltammetric (CV), galvanostatic charging/dischar-
ging measurements (GCD) and electrochemical impedance
spectroscopy (EIS) were performed using a CHI 660D
Electrochemical Workstation (CH Instruments, China). The
specific capacitance was calculated from CV curves col-

lected from three-electrode test viaC I t mV= d / , where I is

the current, V is the working potential window, and m is the
mass of the active material on working electrode. The spe-
cific capacitance from galvanostatic charging/discharging
curves was calculated according to the equation C It mV= / ,
where I is the discharge current, t is the discharge time, V is
the working voltage window, and m is the weight of the
active material on working electrode. The specific capaci-
tance in the asymmetric two-electrode devices was calcu-
lated according to the CV curves based on the following

equation C I t MV= d / , where M is the total mass of the

active materials on both electrodes.

3 Results and discussion

Morphologies of F-CNTs and CHIT/F-CNTs were char-
acterized by FE-SEM. Figure 1(a) depicts the SEM image of
F-CNTs without coating, indicating a good dispersion after
oxygen-containing functionalization. From the enlarged
image of F-CNTs, we can see F-CNTs with outer diameter of
10–15 nm display a snake-like shape with a smooth surface
(Figure 1(b)). Figure 1(c, d) are the morphology of CHIT/F-
CNTs. Snake-like one-dimensional nanostructures can be
clearly seen, similar to nanotubes without coating. The sur-
face of CHIT/F-CNTs is relatively uniform, being 20–30 nm
in diameter, up to several tens of micrometers in length. Note
that the diameter is slightly greater than those of F-CNTs due
to the surface decoration, indicating the formation of chit-
osan coating on the surface of F-CNTs. Careful observation
reveals that there is a little agglomeration after the surface
coating because of the high viscidity of chitosan polymer.
TEM observation was employed to further investigate the

microstructures of F-CNTs and CHIT/F-CNTs. Figure 2(a–c)
are the TEM images of F-CNTs with different magnifica-
tions. The TEM image shown in Figure 2(a) further confirms
that F-CNTs are mono-dispersed with the uniform diameter
of 10–15 nm, consistent with the SEM results. From Figure 2
(b, c), we can see the inner diameter of F-CNTs is about
10 nm with the wall thickness about 2–3 nm. Figure 2(d–f)
display the detailed structures of CHIT/F-CNTs. As shown in
Figure 2(d), the nanotubes have a strong tendency to form
bundles due to the viscous chitosan on the surface. The en-
larged images of Figure 2(e, f) show that the blends exhibit a
greater diameter in the range of 20–30 nm with the increase
of the wall thickness to 5–10 nm, confirming the decoration

of chitosan on CHIT/F-CNTs.
XPS and FTIR spectra are given in Figure 3 to investigate

the chemical composition and surface content of CHIT/F-
CNTs. From the XPS results (Figure 3(a)), it can be observed
that two dominant peaks appear at 284.5 and 531.5 eV in the
XPS survey spectra of F-CNTS and CHIT/F-CNTs, corre-
sponding to C 1s and O 1s. Furthermore, a characteristic
peak of N 1s (400.1 eV) can be found in the sample of CHIT/
F-CNTs, giving strong evidence for the existence of chitosan
in CHIT/F-CNTs. The XPS analysis results are summarized
and shown in Table S1 (Supporting Information online). The
FTIR spectra are plotted in Figure 3(b), which demonstrate a
clear distinction between F-CNTs, chitosan and CHIT/F-
CNTs. The inset in Figure 3(b) is the enlarged spectrum of F-
CNTs, which displays the O–H (2500–3500 cm−1), C=O
(1720 cm−1) and C–O (1100 cm−1) functional groups in F-
CNTs, indicating the oxygen-containing functionalization of
pristine CNTs [43]. For chitosan powders, the distinct peaks
at 1590 and 1654 cm−1 correspond to the amide I band and
amide II band. The peaks between 1000 and 1200 cm−1 are
previously attributed to distinct vibrational modes of
C–O–C, C–OH, and C–C ring vibrations. N–H stretching

Figure 1 SEM images of F-CNTs (a, b) and CHIT/F-CNTs (c, d).

Figure 2 TEM images of (a–c) F-CNTs and (d–f) CHIT/F-CNTs (color
online).
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and O–H stretching vibrations can be characterized by the
broad peaks in the range of 3000–3600 cm−1 [44]. Similar
results have been obtained in the case of FTIR spectrum of
CHIT/F-CNTs, confirming the formation of chitosan in the
blend. In order to calculate the loading weight of chitosan on
carbon nanotubes, element analyzer was employed to obtain
the content of nitrogen which is from the amino groups of
chitosan in the samples. The nitrogen content of pure chit-
osan and CHIT/F-CNTs was 7.61% and 2.44%, respectively.
Thus, it can be calculated that the loading weight of chitosan
on the surface of F-CNTs is 0.47 mg mg−1 F-CNTs.
To evaluate the abilities of CHIT/F-CNTs for removal of

heavy metal ions from aqueous solutions, adsorption iso-
therms of Cr(VI) and Cu(II) on CHIT/F-CNTs are plotted in
Figure 4(a). From Figure 4(a), we can see the adsorption
capacity of metal ions on adsorbents increases with in-
creasing the initial metal ions’ concentration. As shown in
this plot, CHIT/F-CNTs display more affinity to Cr(VI) than
Cu(II). The corresponding equilibrium adsorption capacity is
142.1 and 123.7 mg g−1, respectively. This is because Cr2O7

2−

can be easily adsorbed on the protonated amino groups of
chitosan in acidic condition. The efficient adsorption capa-
city of Cr(VI) and Cu(II) on CHIT/F-CNTs is much higher
than many adsorbents, such as untreated plant waste, carbon
adsorbents and inorganic adsorbents (Table S2). For com-
parison, the equilibrium adsorption capacities of chitosan

and F-CNTs are also displayed in Figure 4(b). The results
depict that CHIT/F-CNTs show the highest adsorption ca-
pacity than those two materials. This is because that amino,
hydroxyl and carboxyl groups in the blends can provide huge
number of adsorption sites for metal ions [45]. Moreover,
chitosan coating on F-CNTs can prevent the agglomeration
of dispersive F-CNTs, avoiding the decrease of adsorption
sites caused by agglomeration. EMPA measurements were
employed to confirm the adsorption of toxic metal ions on
CHIT/F-CNTs (Figure S1, Supporting Information online).
The spectra of CHIT/F-CNTs after adsorption display ob-
vious peaks of Cr and Cu ions. The Langmuir and Freundlich
adsorption models were used to analyse Cu(II) and Cr(VI)
ions adsorption process [30].

C q C q q K/ = / + 1 / , (5)e e e m m L

q n C Kln = (1 / )ln + ln , (6)e e F

where qe is the equilibrium adsorption capacity (mg g−1), Ce

is the equilibrium concentration of metal ions in aqueous
solution (mg L−1), qm is the maximum adsorption capacity
(mg g−1), KL is the Langmuir equilibrium constant (L mg−1),
KF (L g−1) and n are the constants of Freundlich adsorption.
The parameters and related correlation coefficients (R2) of

the two adsorption models are summerized in Table 1. Ap-
parently, the experimental data of Cu(II) and Cr(VI) ions on
this absorbent fits better to the Langmuir adsorption model

Figure 3 XPS (a) and FTIR (b) spectra of the samples (color online).

Figure 4 (a) Adsorption isotherms of Cr(VI) and Cu(II) with con-
centrations from 20 to 400 mg L−1 by CHIT/F-CNTs; (b) equilibrium ad-
sorption capacity of different samples in metal aqueous solutions (color
online).

5. . . . . . . . . . . . . . . . . . . . . . . . . . . .Hao et al. Sci China Chem July (2018) Vol.61 No.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 801



(R2>0.99) than to the Freundlich isotherm, indicating that
Cr(VI) and Cu(II) ions adsorb as a monolayer coverage on
the surface of CHIT/F-CNTs. Based on the data of the
Langmuir model, the maximum adsorption capacity of Cr
(VI) and Cu(II) on CHIT/F-CNTs is calculated to be 146.5
and 127.8 mg g−1, corresponding well to the results shown in
Figure 4(a).
Carbonization of metal ions-loaded CHIT/F-CNTs after

adsorption is necessary to obtain metal-carbon hybrid ma-
terials for supercapacitor electrodes. On one side, metal ions
can be transformed to metallic materials to contribute
pseudocapacitance through Faradic redox reactions. On the
other side, the chitosan coating needs to be carbonized to
enhance the electrical conductivity and double layer capa-
citance. The XRD patterns of Cr-CHIT/F-CNTs, Cu-CHIT/
F-CNTs and CHIT/F-CNTs after carbonization are shown in
Figure 5. Two broad peaks at 26.6° and 43.5° display in the
XRD pattern of CHIT/F-CNTs after carbonization, corre-
sponding to graphite basal plane (JCPDS card No. 26-1079).
After carbonization, metal ions-loaded CHIT/F-CNTs were
transformed to obtain metal-carbon hybrid materials. For the
sample of Cu-CHIT/F-CNTs, the diffraction peaks at 43.3°,
50.4° and 74.1° match the respective (111), (200) and (220)
planes of Cu (JCPDS card No. 04-0836), indicating phase
transformation from Cu2+ to Cu due to the strong reduction
by carbon. As for Cr-CHIT/F-CNTs, the detected peaks at
37.5°, 43.7°, 63.5°, and 76.2° can be assigned to the (111),
(200), (220), and (311) planes of CrN (JCPDS card No. 11-
0065), confirming the formation of CrN in Cr-CHIT/F-CNTs
after carbonization. This is because Cr2O7

2− can react with
–NH2 of chitosan at high temperature to form the phase of
CrN due to the high activity of Cr. Figure S2 is SEM images
of the samples after carbonization. As shown in Figure S2(a,
b), Cu and CrN nanoparticles are distributed between carbon
nanotubes. There are some agglomeration between the par-
ticles because of the sintering phenomenon. It further proved
that the metal-carbon hybrid materials were successfully
prepared through direct adsorption of toxic metal ions which
were transformed to Cu or CrN after calcined at 800 °C for
3 h.
As a proof-of-concept, electrochemical performance of the

metal-carbon hybrid materials after adsorption and carboni-
zation was evaluated. Cyclic voltammetry (CV) tests were
carried out using a three-electrode setup in an aqueous
electrolyte of 0.5 mol L−1 H2SO4, and the results are de-

monstrated in Figure 6. For comparing and analyzing the
electrochemical properties of metal-carbon hybrid materials,
the CV curves of pure CHIT/F-CNTs after carbonization are
also depicted. The CV curves of CHIT/F-CNTs after car-
bonization in the potential window of −0.2 to 0.5 V (vs. Ag/
AgCl) display an quasi-rectangular and symmetric shape at
various scan rates from 2 to 100 mV s−1, implying near-ideal
reversible standard double-layer capacitive behavior (Figure
6(a)). Different from the above results, metal-carbon hybrid
materials, either Cr-CHIT/F-CNTs or Cu-CHIT/F-CNTs,
exhibit the pseudocapacitive current responses, indicating
that the Faradic redox reactions occurred on the surface of
electrodes. Figure 6(b) shows the representative CV behavior
of Cr-CHIT/F-CNTs in the potential range of 0–0.8 V (vs.
Ag/AgCl) at various sweep rates. One couple of redox peaks
can be observed in the approximately rectangular CV curves,
indicating the co-existence of pseudocapacitive and double-
layer capacitive characteristics in the sample. Electro-
chemical reactions can be expressed by the following
equation:

C+CrN+H C H + CrN H + CrN-H , (7)+ + + +

where CrN||H+ and C||H+ stand for double-layer capacitive
behavior and CrN–H+ represents the pseudocapacitive be-
havior which is attribute to the intercalation/chemisorption
of protons into the solid phase [46]. The plots in Figure 6(c)
depict the CV curves of Cu-CHIT/F-CNTs in the voltage of
−0.3 to 0.5 V (vs. Ag/AgCl). The shape of CV curves reveals
discrepancy in a rectangle and the redox peaks are more

Table 1 Adsorption isotherm parameters of Freundlich and Langmuir models for Cr(VI) and Cu(II) ions on CHIT/F-CNTs

Isotherm
Parameters

Langmuir Freundlich

qm (mg g−1) KL (L mg−1) R2 n KF (L g−1) R2

Cr(VI) 146.5 0.03 0.998 2.42 15.61 0.857

Cu(II) 127.8 0.04 0.999 2.88 19.25 0.903

Figure 5 XRD patterns of Cr-CHIT/F-CNTs, Cu-CHIT/F-CNTs and
CHIT/F-CNTs after carbonization (color online).
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obvious, indicating that the capacitive behavior of Cu-CHIT/
F-CNTs is distinct from those of carbon-based electrode. The
capacitive behavior of Cu-CHIT/F-CNTs can be explained
by the following two parts: (1) the adsorption of abundant
protons on the surface active sites forms C||H+ for electro-
chemical double-layer capacitance and (2) Cu species con-
tribute to the pseudocapacitance because of the Faradic redox
reactions of Cu/Cu+/Cu2+ [47,48]. Apparently, all curves re-
main a similar shape, and the current density increases with
increasing sweep rate from 2 to 100 mV s−1. It is noted that
the current densities of Cr-CHIT/F-CNTs and Cu-CHIT/F-
CNTs are higher than CHIT/F-CNTs after carbonization at
the same scan rate, confirming the enhanced capacitance of
metal-carbon hybrid materials. In order to exclude the in-
fluence of the stainless steel sheet, the comparison of CV
curves between the stainless steel sheet and metal-carbon
hybrid materials at the scan rate of 50 mV s−1 is also dis-
played in Figure S3. The capacitance of the stainless steel
sheet is negligible. Figure 6(d) summarizes the specific ca-
pacitance of these samples from the CV curves as a function
of sweep rate and the values are shown in Table S3. We can
see that the electrochemical property of CHIT/F-CNTs after
carbonization is inferior. Even at the scan rate of 2 mV s−1,
the specific capacitance is only 78.2 F g−1. After the combi-
nation between Cu or CrN and CHIT/F-CNTs, the specific

capacitance of metal-carbon hybrid materials is enhanced
obviously. The specific capacitance of Cu-CHIT/F-CNTs is
about 144.9 F g−1 at the scan rate of 2 mV s−1, while Cr-
CHIT/F-CNTs has the specific capacitance of 119.4 F g−1,
further implying the improvement of electrochemical prop-
erties due to the exist of Cu or CrN species. Though the
sample of Cu-CHIT/F-CNTs displays the highest specific
capacitance at 2 mV s−1, the value at 100 mV s−1 is lower
than Cr-CHIT/F-CNTs, indicating the poor rate capability.
This may be caused by the following reasons. For one hand,
the metallic copper on the surface of CHIT/F-CNTs after
carbonization can impede the ion accessibility of carbon
materials by effectively reducing the specific surface area
during the electrochemical test. On the other hand, a slower
Faradic redox reaction between copper and electrolyte ions
leads to the unsatisfied rate capability [47]. The performance
of the samples is similar with other electrodes which used for
supercapacitors after toxic metal ions adsorption
(100–200 F g−1) [45,49]. Because the morphology and the
loading weight of Cu and CrN did not be regulated, the
specific capacitance of Cu-CHIT/F-CNTs and Cr-CHIT/F-
CNTs is not outstanding compared with some professional
electrodes prepared from the carbonization of mixtures of
organic reagents or metal compounds. However, it is highly
promising if one considers to recover energy from waste-

Figure 6 CV curves of CHIT/F-CNTs after carbonization (a), Cr-CHIT/F-CNTs (b), and Cu-CHIT/F-CNTs (c) at various scan rates in 0.5 mol L−1 H2SO4

aqueous electrolyte; (d) specific capacitance as a function of scan rate (color online).
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water. Electrochemical impedance spectroscopy (EIS) was
also measured from 0.01 Hz to 100 kHz to demonstrate the
electrochemical properties of the samples, and the results are
depicted in Figure S4. The obtained Nyquist plots for all the
samples consist of a linear line in the low frequency range
followed by a semicircle in the high frequency region,
standing for the diffusion resistance and charge transfer re-
sistance (Rct), respectively. The intercept of the spectrum
with the horizontal axis represents the series resistance (Rs).
The sample of Cu-CHIT/F-CNTs displays the smallest Rs

(1.24 Ω) due to the introduction of metallic copper, implying
the excellent conductivity of the sample. However, Cr-CHIT/
F-CNTs display inferior electrical conductivity due to the
exist of CrN in the sample (2.57 Ω). The Rct values of Cu-
CHIT/F-CNTs, Cr-CHIT/F-CNTs and CHIT/F-CNTs after
carbonization are 6.68, 23.43 and 19.06 Ω, respectively.
Figure 7 depicts the charge-discharge behaviors of the

samples in different voltage ranges at different current den-
sities from 1 to 10 A g−1. The galvanostatic charge-discharge
curves of CHIT/F-CNTs after carbonization and Cr-CHIT/F-
CNTs at various current densities show good symmetry and
nearly linear slopes (Figure 7(a, b)). Consistent with the CV
results, the plateaus and nonlinearity in the galvanostatic
charge-discharge curves of Cu-CHIT/F-CNTs indicate the
presence of Faradaic redox reactions, confirming that both
the electrochemical double-layer adsorption and the Faradic

redox reaction contribute to the energy storage in Cu-CHIT/
F-CNTs (Figure 7(c)). Figure 7(d) is the specific capacitance
calculated from the galvanostatic charge/discharge curves.
The Cu-CHIT/F-CNTs electrode exhibits the highest specific
capacitance of 83.5 F g−1 at the current density of 1 A g−1,
agreeing with the CV test results. Asymmetric two-electrode
devices were assembled to further identify the electro-
chemical properties of Cr-CHIT/F-CNTs and Cu-CHIT/F-
CNTs for practical applications (Figure S5). Unlike the
three-electrode setup, from Figure S5, we can see when the
sample of Cr-CHIT/F-CNTs or Cu-CHIT/F-CNTs acts as the
positive electrode, and CHIT/F-CNTs after carbonization
acts as the negative electrode, the current for electrical
double layer capacitance overlaps with the current of redox
reaction, leading to the disappearance of Faraday peaks in
the CV curves of asymmetric two-electrode devices. Table
S4 summarizes the specific capacitance of asymmetric de-
vices from the CV curves as a function of sweep rate.

4 Conclusions

In summary, we have prepared new supercapacitor electro-
des based on the metal-loaded chitosan coated oxygen-con-
taining functional carbon nanotubes through a facile heavy
metal ions adsorption and carbonization procedure. Cr(VI)

Figure 7 Charge-discharge curves of CHIT/F-CNTs after carbonization (a), Cr-CHIT/F-CNTs (b), and Cu-CHIT/F-CNTs (c); (d) specific capacitance as a
function of current density (color online).
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and Cu(II) can be removed efficiently from their aqueous
solutions. Both the Cu- and CrN-loaded carbon materials
exhibit superior capacitive behavior with specific capaci-
tance of 144.9 and 119.4 F g−1 at 2 mV s−1, almost two times
higher than that of pure chitosan coated carbon nanotubes
after carbonization. Although the electrochemical perfor-
mance of some cases prepared from the carbonization of
mixtures of organic reagents or metal oxides is superior to
this work, the requirement of highly toxic reagents in these
other cases can discourage their use in electrode preparation.
The results of adsorption and electrochemical tests in this
study have potential applications in waste water recovery
and re-utilization of metal ions for energy storage. Thus, the
presented work is highly promising because it demonstrates
a novel route to turn toxic metal ions into energy, achieving
energy storage and environment remediation simultaneously.
The design also opens the door to utilize other environmental
contaminants for clean energy.
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