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-D ordered bimodal porous carbon/nickel oxide hybrid electrodes for supercapacitors

 r  t  i  c  l  e  i  n  f  o

eywords:
ickel oxide

a  b  s  t  r  a  c  t

3D-ordered  bimodal  porous  carbons  (3D-OBPCs)  were  fabricated,  containing  well-ordered  macropores
and a  large  amount  of  sub-/nanometer  pores  (micropores)  with  narrow  pore  size  distribution.  Nickel
upercapacitor
ctivated carbon
rdered carbon
ybrid

oxide  (NiO)  nanoparticles  of  2–4 nm  were  introduced  on the  3D-OBPCs.  The  3D-OBPC/NiO  nanoparticle
hybrid  exhibited  better  electrochemical  performance  than  that  of  3D-ordered  macroporous  carbon/NiO
nanoparticle  hybrid,  because  of  the  synergistic  effects  from  the  electric  double-layer  capacitance  of  a large
amount  of  micropores,  enhanced  wettability  due  to oxygen  heteroatoms  introduced  from  the  activation
process,  and  pseudocapacitive  redox  reactions  of NiO  nanoparticles.
. Introduction

Supercapacitors have attracted much attention for their high
ower capabilities, good reversibility, and long cycle life [1,2].
upercapacitors are considered to be very attractive energy stor-
ge applications in various fields, such as electric vehicles, mobile
hones, and uninterruptible power supplies for computers. How-
ver, at about 5 Wh/kg, the energy density of supercapacitors
s lower than that of batteries, which has limited their adop-
ion [1]. Therefore, it is important to enhance the energy density
or such applications, which can be achieved by the develop-

ent of advanced electrodes with high capacitance. To this end,
anostructure design and hybrid nanotechnology of electro-active
omponents should be attained [3–5]. 3D-ordered macroporous
arbons (3D-OMCs) with interconnected pore structures and
ighly developed porosity have potential for use in advanced
lectrodes for supercapacitors, because they can facilitate ion
ransport [6–9], and act as good catalyst supports due to their
igh surface area, favorable electrical properties, and open porous
tructure [10,11]. However, the electrodes for supercapacitors
omposed of only macroporous carbon-based materials have had
ow capacity. Therefore, more advanced strategies are required to
chieve high capacitance in 3D-OMCs. The chemical activation of
arbon-based materials can be used to develop a large amount
f sub-/nanometer-scale pores, which can induce high electric
ouble-layer capacitance (EDLC) by the pure electrostatic charge
ccumulated at the electrode/electrolyte interface and improved
olar properties due to oxygen heteroatoms introduced from the
ctivation process [9,12,13]. Also, various transition metal oxides
uch as ruthenium oxides, manganese oxides, and nickel oxides,
ave been developed as electrode materials with high capaci-
ance by pseudocapacitive redox reactions [14–19]. Among them,

ickel oxide has evident advantages of low cost and high theoret-

cal capacity. Nonetheless, the high resistance of pure nickel oxide
everely hinders its application.
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In this study, 3D-ordered bimodal porous carbon (3D-OBPC),
containing well-ordered macropores and a large amount of sub-
/nanometer pores (micropores), was prepared using a colloidal
crystal template method with a resorcinol-formaldehyde (RF) gel
as a carbon precursor, and KOH as an activation agent. Also, nickel
oxide (NiO) nanoparticles were incorporated on the carbon surface.
The 3D-OBPC/NiO nanoparticle hybrid can exhibit high capaci-
tance by synergistic effects from the EDLC of the large amount
of sub-/nanometer pores, enhanced wettability due to oxygen
heteroatoms induced by the activation process, and pseudoca-
pacitive redox reactions of NiO nanoparticles. Furthermore, the
ordered macropores of 3D-OBPCs can facilitate ion transport, and
NiO nanoparticles can be homogeneously dispersed on the carbon
surface with high electrical conductivity. Therefore, the electro-
chemical performance of the 3D-OBPC/NiO nanoparticle hybrid
could be superior to those of 3D-OMC and 3D-OMC/NiO nanopar-
ticle hybrids.

2. Experimental

2.1. Preparation of 3D-OBPCs

SiO2 particles purchased from Alfa Aesar were dispersed in dis-
tilled water by ultrasonication. Then, 3D interconnected colloidal
crystal template was obtained by a gravitational sedimentation
method [20]. The template was sintered at 500 ◦C for 2 h to
enhance the cohesion between the SiO2 spheres. Next, RF carbon
was synthesized according to an established method (Fig. 1(a))
[21]. Briefly, 1.23 g of resorcinol (99%, Sigma–Aldrich), 1.79 g of
formaldehyde (37 wt% in water, Sigma–Aldrich), and 0.04 g of
sodium carbonate (OCI company) were dissolved in 20 ml  of
distilled water, and mixed. Then, the SiO2 template was immersed

in this mixture and maintained for 6 h at room temperature. After
the color of the solution changed to yellow, the SiO2 template
was extracted from the solution and thermally cured at 80 ◦C for
3 days to obtain cross-linked RF gel, which was  confirmed by its
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Fig. 1. (a) Schematic processing image of preparing (a) 

ark red color. The SiO2/RF gel was mixed with KOH at a 1:1 (w/w)
atio, and thermally treated at 800 ◦C with a holding time of 3 h,

 heating rate of 5 ◦C/min, and a nitrogen flow of 200 ml/min for
arbonization and activation. Then, the 3D-OBPCs were obtained
fter the removal of the silica microspheres by etching with 20 wt%
ydrofluoric acid aqueous solution. The product was  washed with
istilled water and ethanol and dried in a vacuum oven.

.2. Preparation of 3D-OBPC/NiO nanoparticle hybrid
Fig. 1(b) shows the schematic process for the 3D-OBPC/NiO
anoparticles. 20 wt% nickel nitrate was dissolved in ethanol, and
he 3D-OBPCs were impregnated into the solution. The mixture was
tirred for 6 h, so that Ni(NO3)2 was fully immersed in the pores of

ig. 2. (a) SEM image of the 3D-OBPCs and (b) TEM image of 3D-OBPC/NiO nanoparticle h
d)  XRD data of 3D-OMC (bottom), 3D-OMC/NiO nanoparticle hybrid (middle) and 3D-OB
-OBPCs and (b) the 3D-OBPC/NiO nanoparticle hybrid.

the 3D-OBPCs. After removing the solution, the sample was  dried
and then thermally treated at 300 ◦C for 1 h.

2.3. Characterization

The morphologies of the 3D-OBPCs were examined by scanning
electron microscopy (SEM, S-4300, Hitachi, Japan). X-ray diffrac-
tion (XRD, Rigaku, DMAX-2500, Japan) was  used to characterize
the introduced NiO nanoparticles. Thermal gravimetric analysis
(TGA, Q50, TA instruments, UK) of the samples was performed to

determine the contents of NiO nanoparticles in the 3D-OBPC/NiO
nanoparticle hybrid with a heating rate of 10 ◦C/min to 800 ◦C in air
atmosphere. The microscopic morphology of the NiO nanoparticles
on the surface of the 3D-OBPC was  investigated by transmission

ybrid. (c) TGA data of the 3D-OMC/NiO and 3D-OBPC/NiO nanoparticle hybrids and
PC/NiO nanoparticle hybrid (up).
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Table  1
Textural properties, and carbon, oxygen, and nickel contents of the samples.

Sample name SBET (m2 g−1) SMIC (m2 g−1) SEXT (m2 g−1) Carbon (at%) Oxygen (at%) Nickel (at%)

3D-OMC 89.3 27.8 61.5 94.4 5.6 –
1.0 
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of the 3D-OMCs. Also, the rate capabilities of the 3D-OMC/NiO
nanoparticle hybrid at scan rates ranging from 2 to 100 mV/s are
superior to those of the 3D-OMCs. At a scan rate of 100 mV/s,
the capacitance value of the 3D-OMC/NiO nanoparticle hybrid
3D-OBPC 1402 1212.0 19
3D-OMC/NiO 95.0 20.5 7
3D-OBPC/NiO 1364.5 1182.2 18

lectron microscopy (TEM, CM200, Philips, USA). XPS (PHI 5700
SCA) analysis was performed using monochromated Al K� radi-
tion (hv = 1486.6 eV). The Brunauer–Emmett–Teller (BET) specific
urface area and pore diameter were measured using a nitrogen
dsorption apparatus (ASAP 2020, Micromeritics, USA) at −196 ◦C.

.4. Electrochemical characterization

The electrodes for the electrochemical tests were prepared as
ollows. The samples and polytetrafluoroethylene as a binder were

ixed with a mass ratio of 9:1, coated onto a nickel mesh sub-
trate (1 cm × 1 cm), and dried at 110 ◦C for several hours. Each
lectrode contained about 3–4 mg  of the electroactive materials.
ll electrochemical measurements were performed in a three-
lectrode system. The samples containing nickel mesh, platinum
late, and saturated KCl were used as the working, counter, and
eference electrodes, respectively. The measurements were carried
ut in a 2 M KOH solution at room temperature by a poten-
iostat/galvanostat (Autolab, PGSTAT302N, Netherlands). Cyclic
oltammetry (CV) tests were performed between 0 and 0.5 V (vs.
CE) at different scan rates. The capacitance retentions were inves-
igated at a scan rate of 50 mV/s for 1000 cycles.

. Results and discussion

The 3D-OMCs, 3D-OMC/NiO nanoparticle hybrid, and 3D-
BPC/NiO nanoparticle hybrid were prepared through the process

n Fig. 1. As shown in Fig. 2(a), a well-ordered macroporous carbon
tructure was obtained after removing the silica spheres, which
ere composed of macroporous spherical voids with diameters

f 360 ± 30 nm.  The TEM image shows that NiO nanoparticles
f 2–4 nm were homogeneously dispersed on the surface of the
D-OBPCs (Fig. 2(b)). The atomic ratios of the nickel on the 3D-
MC/NiO nanoparticle hybrid and the 3D-OBPC/NiO nanoparticle
ybrid were calculated as 5.5% by XPS, which coincides with the
esult of TGA analysis (Fig. 2(c)). The crystal structures of the 3D-
MCs and NiO nanoparticles on the 3D-OMCs and 3D-OBPCs were

nvestigated by XRD (Fig. 2(d)). The 3D-OMC shows two broad
eaks at 22.3◦ and 43.4◦, indicating an amorphous carbon structure.

n the case of the 3D-OMC/NiO nanoparticle hybrid and the 3D-
BPC/NiO nanoparticle hybrid, there are three new peaks at 37.4◦,
3.3◦, and 62.8◦ corresponding to the (1 1 1), (2 0 0), and (2 2 0)
iffraction planes related to the cubic structure of NiO [22]. From
hese results, we can confirm that the Ni(NO3)2 was completely
hanged to NiO according to the following equation:

i(NO3)2 → Ni2+ + 2NO3
−

i2+ + H2O → NiO(s) + 2H+ (1)

The pore structure of the 3D-OBPC/NiO nanoparticle hybrid was
xamined by measuring the nitrogen adsorption and desorption
sotherms at 77 K using BET methods, as presented in Fig. 3. The
sotherm curve exhibits IUPAC type-I shapes, indicating micro-

orous structure induced by KOH activation [9,12,13]. The pore
ize distribution (PSD) of the 3D-OBPC/NiO nanoparticle hybrid
hows that sub-nanometer pores below 8 Å were well-developed,
nd the PSD was very narrow (inset of Fig. 3). The surface area
88.7 11.3 –
76.9 17.6 5.5
70.4 24.1 5.5

of the 3D-OBPC/NiO nanoparticle hybrid is 1364.5 m2 g−1, which
is more than 13 times the values of the non-activated samples
(Table 1). Particularly, the surface area of the micropore range is
1182.2 m2 g−1, indicating KOH activation induced mainly microp-
ores in the sample. Therefore, the bimodal porous structure with
very narrow PSD could be made by KOH activation of the 3D-OMC.
Also, after KOH activation, oxygen heteroatoms were introduced in
the 3D-OBPCs (Table 1). The 6.5 at% of oxygen atoms represented
an increase in the 3D-OBPC/NiO nanoparticle hybrid compared
to the 3D-OMC/NiO nanoparticle hybrid. This increased amount
of oxygen atoms could be advantageous for the improvement of
electrode wettability, which contributes to the expansion of the
real electro-active surface area with the electrolyte.

The electro-chemical performance of the 3D-OMCs, 3D-
OMC/NiO nanoparticle hybrid, and 3D-OBPC/NiO nanoparticle
hybrid were analyzed in a 2 M KOH electrolyte (Fig. 4). The CV
curves of 3D-OMC/NiO nanoparticle hybrid characterized at dif-
ferent scan rates show cathodic peaks around 0.35 V and an anodic
peak around 0.2 V due to the pseudocapacitive effects of the NiO
nanoparticles (Fig. 4(a)). The results are derived from the redox
reaction of NiO and NiOOH in KOH electrolyte, which is described
by the following equation:

NiO + OH− ↔ NiOOH + e− (2)

The CV curves of the 3D-OBPC/NiO nanoparticle hybrid exhibit
peaks similar to those of the 3D-OMC/NiO nanoparticle hybrid
(Fig. 4(b). However, the electro-chemical double layer in the CV
curves is thicker, and the peak is also larger than those of the
3D-OMC/NiO nanoparticle hybrid, indicating a relatively improved
capacitance. The specific capacitance of the 3D-OMC/NiO nanopar-
ticle hybrid was  357 F/g at a scan rate of 2 mV/s (Fig. 4(c)).
This capacitance value is more than twice the value (168 F/g)
Fig. 3. Nitrogen adsorption and desorption isotherm curve and PSD (inset of Fig. 3)
of  3D-OBPC/NiO nanoparticle hybrid.
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Fig. 4. Cyclic voltammograms of (a) 3D-OMC/NiO nanoparticle hybrid and (b) 3D-OBPC/NiO nanoparticle hybrid electrodes at different scan rates from 2 to 20 mV/s in 2 M
K ybrid, 3D-OBPC and 3D-OBPC/NiO nanoparticle hybrid electrodes as a function of scan
r 3D-OBPC/NiO nanoparticle hybrid electrodes at a scan rate of 50 mV/s during 1000 cycles.
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Fig. 5. Galvanostatic discharge curves of 3D-OBPC/NiO nanoparticle hybrid at dif-
OH  electrolyte. (c) Specific capacitances of 3D-OMC, 3D-OMC/NiO nanoparticle h
ates.  (d) Cyclic stabilities of the 3D-OMC, 3D-OMC/NiO nanoparticle, 3D-OBPC and 

s more than threefold the value of the 3D-OMCs. These results
uggest that heterogeneous hybrid system of electro-active com-
onents is more effective for the electro-chemical performance.

n the case of 3D-OBPCs used as the electro-active component,
he specific capacitance was 295 F/g, which is much higher than
68 F/g of the 3D-OMCs. The large amount of micorpores in the
D-OBPCs highly contributed to an enhancement of the EDLC
y providing large surface area for electrostatic charge stor-
ge. Furthermore, with incorporation of NiO nanoparticles on
he surface of the 3D-OBPCs, the specific capacitance of 457 F/g
as achieved at a scan rate of 2 mV/s, and a specific capaci-

ance of c.a. 205 F/g could still be obtained at a scan rate of
0 mV/s. The high capacitance and rate capabilities of the 3D-
BPC/NiO nanoparticle hybrid surpass those of the 3D-OMC/NiO
anoparticle hybrid. The superior performances are induced by
ontributions of both EDLC and pseudocapacitance from NiO
anoparticles. These results were supported by galvanostatic dis-
harge curves of the 3D-OBPC/NiO nanohybrid electrode. In the
alvanostatic discharge curves, there are distinct plateaus by
aradic reactions of nickel oxide, and also the curves exhibit
iagonal slopes due to EDLC except the plateau regions (Fig. 5)
oreover, the plateau ratio on the total times for discharging is

arger in the low current density than in the high current den-
ity. This result suggests that pseudocapacitive effects are effective
n the relatively low current density. After 1000 cycles at a scan
ate 50 mV/s, the capacitances of the 3D-OMC/NiO nanoparti-

le hybrid and 3D-OBPC/NiO nanoparticle hybrid were decreased
o 16% and 14% of the initial capacitance, respectively, demon-
trating that the hybrid electrodes have good cycle stabilities
Fig. 4(d)).
ferent current densities ((a) 0.8 A/g, (b) 1.5 A/g and (c) 3 A/g). (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web
version of this article.)

4. Conclusions

3D-OMC, 3D-OMC/NiO nanoparticle hybrid, and 3D-OBPC/NiO
nanoparticle hybrid were successfully prepared, and their electro-
chemical performance was investigated. The 3D-OMC/NiO

nanoparticle hybrid exhibited enhanced capacitance compared
to 3D-OMC due to the pseudocapacitive effects of the NiO
nanoparticles. Also, a large amount of micropores in the
3D-OBPC/NiO nanoparticle hybrid contributed the further
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nhancement of the capacitance by EDLC with the pseudo-
apacitive effects of the NiO nanoparticles. The 3D-OBPC/NiO
anoparticle hybrid showed a capacitance of 457 F/g at a scan
ate of 2 mV/s, and a specific capacitance of c.a. 205 F/g could still
e obtained at a scan rate of 50 mV/s. Stable electro-chemical
erformance was maintained for 1000 cycles.
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