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ABSTRACT
We report the first example of a practical and efficient template-free strategy for synthesizing ordered 
mesoporous NiO/poly(sodium-4-styrene sulfonate) (PSS) functionalized carbon nanotubes (FCNTs) 
composites by calcining a Ni(OH)2/FCNTs precursor prepared by refl uxing an alkaline solution of Ni(NH3)x

2+ 
and FCNTs at 97 oC for 1 h. The morphology and structure were characterized by X-ray diffraction, scanning 
electron microscopy, and transmission electron microscopy. Thermal decomposition of the precursor results 
in the formation of  ordered mesoporous NiO/FCNTs composite (ca. 48 wt% NiO) with large specifi c surface 
area. Due to its enhanced electronic conductivity and hierarchical (meso- and macro-) porosity, composite 
simultaneously meets the three requirements for energy storage in electrochemical capacitors at high rate, 
namely, good electron conductivity, highly accessibleelectrochemical surface areas owing to the existence of 
mesopores, and efficient mass transport from the macropores. Electrochemical data demonstrated that the 
ordered mesoporous NiO/FCNTs composite is capable of delivering a specifi c capacitance (SC) of 526 F/g at 
1 A/g and a SC of 439 F/g even at 6 A/g, and show a degradation of only ca. 6% in SC after 2000 continuous 
charge/discharge cycles. 
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Pseudocapacitance has been studied for various 
metal oxides, such as RuO2 [1, 2], CoOx [3, 4], NiO [5
10], and MnO2 [11 13], due to their higher specific 

capacitance (SC) compared to carbon-based materials 
[1 13] and better stability than conducting polymers 
[14]. In particular, NiO enjoys a special place due to 
its easy availability, environmentally benign nature, 
cost effectiveness, and good pseudocapacitive 

behavior. Unfortunately, there are still some obstacles 
to its practical application due to its low observed 
SC [5 10], considering its theoretical value (2573 F/g 
within 0.5 V) [5, 6]. 

The key strategy is to maximize the electrochemical 
utilization of the NiO phase. Pseudocapacitance is an 
interfacial phenomenon related to the specifi c surface 
area (SSA) of electroactive materials and involving 
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charge transfer through surface Faradaic reactions 
[15]. Moreover, to obtain high-energy density at 
larger current densities, it is necessary to fabricate 
materials with a hierarchical (meso- and macro-) 
porous structure. The mesoporous structure affords 
high SSA and electrochemical energy storage of the 
electroactive material [3], whilst the macropores can 
absorb and strongly retain electrolyte ions, which 
ensures suffi cient Faradaic reactions take place at high 
current densities [16]. Therefore, the development of 
effective ways to enhance the electronic conductivity 
and the SSA of NiO phases with hierarchical 
porosities are of great significance for the next-
generation electrochemical capacitors (ECs). 

Recently, carbon nanotubes (CNTs)-based NiO 
composites have been studied [17, 18] and are 
expected to show improved capacitance owing 
to their enhanced electronic conductivity, due to 
the CNTs substrate [13, 17 20]. However, their 
aggregation in most solvents, which may greatly 
hamper their widespread use [21], has triggered 
attempts to modify their surface before practical 
application. Recently, anionic poly(sodium-4styrene 
sulfonate) (PSS) has been used to functionalize CNTs, 
since it can not only solubilize CNTs effectively in 
aqueous solution but also noncovalently functionalize 
CNTs [22 25]. Sidewall functionalization of CNTs 
with negatively charged PSS can create many more 
electroactive sites that can tether ions with positive 
charge for subsequent oriented growth of metal 
oxide along the CNTs, as verified by our previous 
work [2, 11, 23]. Only in this way, can CNTs maintain 
three-dimensionally interconnected and unblocked 
pore structures on the nanometer scale, which allows 
them to retain the ability to absorb and facilitate the 
transport of electrolyte ions through the remaining 
porous channels within the composite even in the 
case of high loadings.

In order to obtain NiO with larger SSA, porous 
structures have been widely studied. Recently, 
the extension of the soft or/and hard templating 
procedure to the formation of porous NiO with large 
SSA has attracted great attention [7 10]. However, all 
of these need a template or structure-directing agent, 
increasing their production cost and complexity. 
Therefore, it is worthwhile to develop easily 

controlled methods obviating the need for templates 
to prepare NiO with high porosity.

In the present work, we propose the first facile 
and template-free strategy to synthesize ordered 
mesoporous NiO grown along PSS-functionalized 
CNTs (FCNTs), which avoids the subsequent 
complicated workup procedure for removing the 
template or seed. Electrochemical data demonstrate 
that the ordered mesoporous NiO/FCNTs composite 
(ca. 48 wt% NiO) with hierarchical porosity and 
large SSA can deliver large energy density and good 
electrochemical stability at high rates, suggesting 
their feasible application for ECs. 

1. Experimental

1.1 Sample preparation

The PSS-functionalized CNTs can be obtained by the 
same method as we reported earlier [2, 23]. Nickel 
nitrate (Ni(NO3)2·6H2O) and aqueous ammonia 
(NH3·H2O) (28% 30%) were of analytical grade and 
used as purchased without further purification. 
Deionized water was used as the solvent in all the 
experiments. In a typical synthesis run [26], 200 mg 
of PSS-functionalized CNTs were dispersed well in 
50 mL of deionized water, which was then mixed 
with 50 mL of ammonia solution in a 500 mL three-
necked flask with a reflux condenser mounted on 
top, which was then immersed in an oil bath at ca. 
97 oC. After heating for ca. 10 min under constant 
magnetic stirring, 20 mL of 1.0 mol/L Ni(NO3)2·6H2O 
was added dropwise within ca. 2 min. The reaction 
was continued for 60 min (timing started with the 
addition of nickel nitrate) before the fl ask was taken 
out of the oil bath and allowed to cool in room air. The 
solid green product was harvested by centrifugation, 
washed with deionized water several times before 
drying at 50 oC in an oven overnight. Subsequently, 
the NiO/FCNTs composite was calcined in air at 
300 oC for 2 h with a temperature ramp of 1 oC per 
min. To obtain the accurate the amount of NiO in the 
composite, the sample was stirred in 2 mol/L HCl for 
24 h to remove the NiO completely. The calculated 
amount of NiO in the composite was ca. 48 wt%. For 
comparison, the NiO/CNTs composite with the same 
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NiO loading was also synthesized using the same 
procedure with unmodfi ied CNTs as a support.

1.2 Electrode preparation

The working electrode was prepared by mixing 
85 wt% of the synthesized NiO/FCNTs composite 
(or NiO/CNTs composite or FCNTs), 10 wt% of 
acetylene black, and 5 wt% of poly(tetrafl uoroethyle
ne), and pressing (20 MPa) the mixture onto a nickel 
grid (1 cm2).

1.3 Material characterization 

The morphologies of the samples were examined 
by transmission electron microscopy (TEM, FEI, 
Tecnai-20, USA) and by scanning electron microscopy 
(SEM, LEO 1430VP, Germany). The X-ray diffraction 
(XRD) patterns of the samples were observed by 
XRD (Max 18 XCE, Japan) using a Cu Kα source 
and energy dispersive analysis by X-ray (EDAX, 
Link-200, UK). N2 adsorption/desorption isotherms 
were determined using an ASAP-2010 surface 
area analyzer. The electrical conductivities of the 
synthesized samples were evaluated by a four-point 
probe meter (SDY, Guangzhou, China).

1.4 Electrochemical evaluation

The electrochemical measurements were carried out by 
means of an electrochemical analyzer system, CHI660B 
(Chenhua, Shanghai, China), in a three-compartment 
cell with a working electrode, a platinum plate counter 
electrode, and a saturated calomel electrode (SCE) 
reference electrode. The electrolyte was a 6 mol/L 
KOH aqueous solution. The SCs of the composites 
were calculated from the chronopotentiometry (CP) 
curves based on Eq. (1):

                                    SC =                                            (1)It
∆V

where SC, I, t, and ∆V are the specific capacitance 
(F/g) of the electrode, the current density (A/g) used 
for charge/discharge, the time (s) elapsed for the 
charge or discharge cycles, and the potential interval 
(V) of the charge or discharge, respectively. Another 
important parameter, coulombic effi ciency (η), can be 
evaluated from the Eq. (2):

η  =      ×100%                                  (2)
tD
tC

where tD and tC are the time for galvanostatic 
discharging and charging, respectively. The high-rate 
dischargeability (HRD) of the electrode was defi ned 
as the ratio of discharge capacitance at a certain 
density to that of 1 A/g and calculated according to 
the following formula:

HRD (%) =          × 100
SCd

SC1                   
(3)

where SCd and SC1 are the discharge SCs of the 
electrode at a certain current density and 1 A/g, 
respectively.

2. Results and discussion

2.1 Structure analysis and formation mechanism 
of the ordered mesoporous NiO/FCNTs composite 

The XRD pattern of the as-prepared Ni(OH)2/FCNTs 
precursor is shown in Fig. 1(a). Eight obvious 
diffraction peaks are present and can be assigned 
to the hexagonal phase of β-Ni(OH)2 (JCPDS, No. 
14-0117) with lattice parameters of a = 3.126 Å and 
c = 4.605 Å and a space group of P 3m1 [No. 164]. 
Moreover, as indicated by the solid black circles, the 
diffraction peak at 2θ of ca. 26o is ascribed to the (002) 
refl ections of FCNTs, whose relative intensity is very 
low due to the dominant and strong contribution 
from Ni(OH)2 with good crystallinity. After the 
thermal decomposition of the precursor, a NiO/

Figure 1 XRD patterns of the Ni(OH)2/FCNTs (a) and NiO/FCNTs (b) 
composites

(a)

(b)
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FCNTs composite was obtained. Figure 1(b) displays 
the XRD pattern of the synthesized NiO/FCNTs 
composite. Apart from the peak contributed by FCNTs 
in Fig. 1 (b) all the refl ections, including not only the 
peak position but also their relative intensities, can 
be indexed to the monoclinic NiO phase crystalline 
structure, in line with the standard pattern (JCPDS 
65-6920; space group:C2/m [12]). 

Figure 2 (a) displays the SEM image of the NiO/
FCNTs composite, in which a good dispersion of 
“island-like” NiO nanoparticles can be seen on the 
surfaces of the FCNTs. From the higher magnifi cation 
images (Figs. 2 (b) and 2(c)), it can be seen that the 
NiO nanoparticles are preferentially tethered onto the 
surfaces of, and grown along, the FCNTs, like some 
beautiful “flowers” on trees. Thereby, a good three-
dimensional porous structure with its interconnected 
pores remaining unblocked by the NiO nanoparticles 
to some extent is obtained. Such a structure favors 
diffusion of the electrolyte ions into the composite 
through these three-dimensional pores to contact 
fresh electroactive NiO phase giving enhanced energy 
storage. In addition, the morphology of NiO is the 
same as that of its precursor (Fig. 3), which indicates 
that the desired nanostructure can be obtained via a 
simple thermal decomposition of this precursor.

For comparison, Fig. 4 demonstrates the SEM 
image of the NiO/CNTs composite with the same NiO 
loading. Clearly, its morphology and microstructure 
are drastically different from those of the NiO/FCNTs 
composite presented in Fig. 2. Large aggregations 
of NiO nanoparticles and the CNTs co-exist in the 
product. Such aggregations will be expected to block 
the interconnected pores to a signifi cant extent, which 
will greatly restrain the diffusion of electrolyte ions 

Figure 2 SEM images of the NiO/FCNTs composite with different magnifi cations

into the composite and thus hinder the occurrence 
of electrochemical reactions for energy storage, 
particularly in the case of larger current densities. 
Furthermore, it  is worth noting the different 
morphologies present when the same procedure is 
employed using CNTs instead of FCNTs. Therefore, 
it is apparent that PSS plays a great role in facilitating 
the oriented growth of NiO along the FCNTs, due to 
the strong interaction between the NiO and FCNTs. 

During the refl uxing process, the high pH favors 

Figure 3 SEM image of the Ni(OH)2/FCNTs composite 

Figure 4 SEM image of the NiO/CNTs composite
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the formation of the Ni(OH)2 phase, which can be 
described as follows:

 Ni2++NH3·H2O→[Ni(NH3)y]
2++yH2O (4)

 [Ni(NH3)y]
2+ refl uxing Ni2++yNH3 (5)

 NH3·H2O
 refl uxing NH4

++OH (6)
 Ni2++2OH refl uxing Ni(OH)2 (7)

The [Ni(NH3)y]
2+  ions with their positive charge 

can be adsorbed and tethered at the surfaces of 
the FCNTs bearing a negative charge, due to the 
electrostatic interaction. During the refl uxing process, 
the Ni(OH)2 phase will grow along the FCNTs. After 
calcination at 300 oC for 2 h, the Ni(OH)2 becomes 
NiO according to Eq. (8), and consequently, the 
resulting NiO also grows along the FCNTs. 

 Ni(OH)2
  
 

endothermic
NiO+H2O (8)

The microstructure of the synthesized NiO/
FCNTs composite was further characterized by 
TEM, as shown in Fig. 5. From Fig. 5(a), it is evident 
that the NiO nanoparticles mostly retain a quadrate 
morphology (indicated by the red squares) with 
a length of 50 70 nm and a width of 30 60 nm. 
Moreover, the higher-magnification TEM image 
(Fig. 5(b)) clearly demonstrates that the NiO phase 
has ordered mesoporous channels of ca. 3 4 nm 
diameter. Such nanoscale size can guarantee that the 
electrolyte ions will diffuse easily into the ordered 
channels to contact its surface area very effectively, 
and subsequently, more redox Faradaic reactions will 
take place enhancing electrochemical energy storage. 
The EDAX spectrum, shown in Fig. 5(c), reveals the 
existence of C, Ni, O, and S species. Whilst the C, Ni, 
and O elements are expected from CNTs and NiO 
phases, the presence of S element reveals the vestiges 
of the PSS in the synthesized nanocomposite. It 
should be emphasized that no templates or structure-
directing agents are required in the synthesis 
process of the NiO/FCNTs composite to facilitate 
the formation of mesopores. However, an ordered 
mesoporous structure of NiO is unexpectedly 
formed. This raises the question of whether the 
ordered mesoporous structure of the NiO only forms 
during the calcination or whether it is refl ecting the 
mesoporous structure of its precursor Ni(OH)2. 

To answer this question, TEM images with 

different magnification of the Ni(OH)2/FCNTs 
composite are depicted in Fig. 6. Clearly, from Figs. 
6(a) and 6(b), the morphology of Ni(OH)2 is the 
same as that of NiO shown in Fig. 5(a), revealing 
that the  calcination process has no infl uence on the 
morphology of the samples. However, its higher-
magnification image (Fig. 6(c)) does not present the 
ordered mesoporous channels, indicating the great 
effect of the calcination process on the microstructure 
of the samples, due to the dehydration occurring 
during calcination at  300 oC.  Therefore,  the 
only interpretation is that the formation of the 
ordered mesoporous NiO is related to the thermal 

Figure 5 TEM images ((a) and (b)) of the NiO/FCNTs composite with 
different magnifi cations and the EDAX results (c) 
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decomposition process. It is well known that nickel 
oxide can become porous via thermal decomposition 
of  β -Ni(OH) 2,  al though some products  with 
unchanged nanostructure can be obtained due to the 
dehydration process [27].

Figure 7 displays the N2 adsorption-desorption 
isotherms and Barrett Joyner Halenda (BJH) pore 
size distribution of the NiO/FCNTs composite. In 
terms of N2 adsorption-desorption isotherms (Fig. 
7 (a)), the synthesized NiO/FCNTs composite can 

be classified as type Ⅳ according to the IUPAC 
classification. A distinct hysteresis loop can be 
observed in the larger pressure range of ca. 0.8
1.0P/P0, indicating the presence of macropores 
[28, 29]. The BJH pore size distribution (Fig. 7(b)) 
further reveals the presence of the multi-modal and 
hierarchical porosity, with mesopores together with 
macropores. The peaks at ca. 3.7 nm are mainly 
contributed by the pores existing in the NiO phase 
in the composite, whilst the peaks between 20 and 
100 nm can be related to the pores in and between 
the interconnected FCNTs. Their textural properties 
are as follows: a Brunauer Emmett Teller (BET) 
SSA of 230 m2/g including an external SSA of 219 
m2/g, mesoporous volume of 0.72 cm3/g, and an 
average pore size of ca. 14 nm. Such large SSA and 
hierarchical porosity of the NiO/FCNTs should result 
in their good electrochemical performance, because 
the material combines the excellent performance of 
efficient mass transport from macropores with the 
advantages of highly accessible and electrochemical 
surface areas due to the existence of mesopores. 

2.2 Electrochemical performance of the ordered 
mesoporous NiO/FCNTs composite 

Figure 8(a) shows cyclic voltammograms (CV) at 
various scan rates for the NiO/FCNTs composite 
electrode recorded between 0.0 and 0.6 V (vs 
SCE) in 6 mol/L KOH aqueous electrolyte. The 
electrochemical response currents of the CV curves 
on the positive sweeps are nearly mirror-image 
symmetric to their corresponding counterparts on 
the negative sweeps with respect to the zero-current 
line. As the scan rate increases from 2 to 20 mV/s, 
the current subsequently increases while the shape 

Figure 6 TEM images of the Ni(OH)2/FCNTs composite with different magnifi cation

Figure 7 Gas (N2) adsorption-desorption isotherm hysteresis loop 
(a) and histogram of the pore size distribution (PSD) data (b) for the 
NiO/FCNTs composite

(a)

(b)
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of CV curves changes little and very rapid current 
responses on voltage reversal occur at each end 
potential, even at 20 mV/s, which indicates good 
electrochemical capacitive nature for the composite in 
6 mol/L KOH electrolyte. The obvious redox peaks 
within the potential range from 0.2 to 0.6 V result 
mainly from the pseudocapacitive character based 
on the surface Faradaic redox mechanism of Ni2+ to 
Ni3+ occurring at the surface of NiO according to the 
following equation:

            NiO+OH charge NiOOH+e (9)

Figure 8 (b) shows the galvanostatic constant 
current charge discharge curves of the composite at 
different current densities within an electrochemical 
window from 0.0 to 0.6 V (vs SCE). A symmetric 
triangular shape during the charge discharge 
processes is observed, which resembles those of 
electrochemical double layer capacitors. However, 
a closer look indicates that the slopes of the 
gavanostatic charge discharge curves slightly differ 

from linearity as a result 
o f  t h e  p s e u d o - F a r a d a i c 
processes for the electrode. 
The  SCs  and  coulombic 
efficiencies of the composite 
at various current densities 
can be calculated based on 
the charge discharge curves 
in Fig. 8(b) according to Eqs. 
(1) and (2), respectively, and 
typical data are shown in 
Table 1. 

Evidently, the coulombic 
e ff i c i enc ies  a t  d i f fe rent 
current  densit ies  are  al l 
more than 98%. Moreover, 
the coulombic efficiency 
can be up to 100%  when 
the current densities are not 
less than 4 A/g, revealing 
the good electrochemical 
reversibility of the composite. 
More impressively, an SC 
of 526 F/g can be delivered 

by the composite at 1 A/g, and 439 F/g even at 6 
A/g. Considering the mass (ca. 48 wt%) of NiO 
in the composite, an SC of ca. 1096 F/g (1 A/g) 
contributed by the NiO phase, indicates a good 
electrochemical utilization of the electroactive NiO 
in the composite. The composite not only exhibits 
high SCs but also maintains them well at higher 
current densities. Specifi cally, as the current density 
increases to 6 A/g, the composite preserves more 
than 83% of its SC delivered at 1 A/g as shown by 
the high rate dischargeability (HRD) plot in Fig. 8(c). 
The data indicate that the NiO/FCNTs composite 
is a good electroactive material for ECs application, 
due to its ability to provide high-energy density at 
a high charge/discharge rate. The cyclability of the 
composite in 6 mol/L KOH electrolyte is one of the 

discharge

I  (A /g) 1 2 3 4 5 6

SC (F/g) 526 501 480 469 455 439

η (%) 98 99 99 100 100 100

Table 1 SCs and coulombic efficiency (η) of the NiO/FCNTs 
composite at different current densities

Figure 8 CV curves (a), CP plots (b), HRD (c), and cycle life (d) of the NiO/FCNTs composite

(a) (b)

(c) (d)
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important aspects for practical application. As shown 
in Fig. 8(d), after continuous 2000 charge discharge 
cycles at a large current density of 6 A/g within a 
voltage range of 0.0 and 0.6 V, the SC only decreased 
from ca. 439 to 415 F/g. Such a low SC degradation 
of ca. 6% reveals the good electrochemical stability of 
the composite.

It is well established that the electrochemical 
capacitance of an electroactive material is dependent 
upon its dimensions and microstructural texture. 
For the as-synthesized ordered mesoporous NiO/
FCNTs composite, as depicted in Fig. 9, the FCNTs 
with their three-dimensional meso-/macro- porous 
channels enhance the dispersion of the NiO phase 
greatly, reduce the diffusion length of the electrolyte 
ions, and ensure sufficient electrolyte ions rapidly 
contact the large surface areas of the electroactive 
NiO. In particular, such a macroporous structure, due 
to its role as an “ion-buffering reservoir” [16], can 
sustain the supply of OH  ions and ensure that these 
ions diffuse into the mesoporous channels of NiO 
(indicated by the green square in Fig. 9), resulting 
in sufficient Faradaic reactions taking place at high 
current densities for energy storage. It can thus 
ensure higher utilization and higher-rate charge/
discharge performance. The FCNTs substrate has 
almost no electrochemical activity in KOH solution 
in the range of 0 to 0.6 V, as shown in Fig. 10, which 
has also been verifi ed in our previous work [30]. The 
typical redox peaks are obviously contributed by the 
nickel grid, rather than the FCNTs. The part below 
the zero-current line marked by the rectangular 

shadow is the electrochemical energy that the FCNTs 
can discharge and this energy is almost zero as 
indicated. Therefore, they mainly play the role of 
enhancing the conductivity of the composite, which 
can be verified by the electrical conductivity of ca. 
10.3 S/cm for the composite, as compared with that 
(ca. 0.1 S/cm) of the NiO synthesized without the 
addition of FCNTs. 

To further support the above assertions, the 
electrochemical performance of the NiO/CNTs 
composite was also investigated to illustrate the 
consequences of its three-dimensional meso-/macro- 
porous channels being partially blocked by the NiO 
particles, as verifi ed by its N2 adsorption desorption 
isotherms and particle size distribution (PSD) data 
shown in Fig. 11. 

As shown in Fig. 11(a), a distinct hysteresis loop 
can be observed in the lower pressure range of ca. 
0.7 0.9 P/P0, rather than the higher range observed 
for NiO/FCNTs, indicating the great decrease in 
the amount of macropores. Furthermore, the PSD of 
the NiO/CNTs composite, presented in Fig. 11(b), is 
centered in the mesoporous range from 2 to 50 nm.

CV curves at various scan rates for the NiO/
CNTs composite between 0.0 and 0.6 V (vs SCE) in 
6 mol/L KOH aqueous electrolyte are shown in Fig. 
12(a). The electrochemical responses are similar to 
those of the NiO/FCNTs composite shown in Fig. 
8(a), which indicates that the same electrochemical 
reactions are responsible for its energy storage. 
Notably, the electrochemical response currents of 
the NiO/CNTs are even less than those for the NiO/
FCNTs composite, revealing the lower-energy storage 

Figure 9 Schematic for the diffusion paths of OH  ions in the NiO/
FCNTs composite

Figure 10 CV curve of the FCNTs in 6 mol/L KOH (10 mV/s)
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capacity of the NiO/CNTs composite. Figure 12(b) 
depicts the constant current charge discharge curves 
of the NiO/CNTs composite at various current 
densities as indicated within a potential range 
from 0.0 to 0.6 V. Almost linear charge discharge 
curves reveal its good supercapacitive performance. 
Furthermore, the SCs of the composite at various 
current densities can be calculated based on the 
charge discharge curves in Fig. 12(b) according to Eg. 
(1) and typical data are shown in Table 2. 

Careful comparison of the data shown in Tables 
1 and 2 shows that all the SCs of the NiO/CNTs 
composite obtained from 1 to 6 A/g are less than 
those delivered by the NiO/FCNTs composite at 
the same current density, the reasons for which 
can be related to the lower SSA of the NiO/CNTs 
(202 m2/g) and the fewer electrochemical reactions 
taking place in the NiO/CNTs composite due to 
the deficiency of electrolyte ions at large currents. 
The NiO particle aggregation is response for both 

Figure 12 CV curves (a), CP plots (b) and HRD (c) of the NiO/CNTs 
composite

I  (A/g) 1 2 3 4 5 6

SC (F/g) 466 428 396 378 356 332

Table 2 SCs of the NiO/CNTs composite at different current 
densities

(a)

(b)

(c)

Figure 11 Gas (N2) adsorption-desorption isotherm hysteresis loop 
(a) and histogram of the  PSD data (b) for the NiO/CNTs composite

(a)

(b)
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the decrease in SSA and the fewer electrolyte ions 
contacting the electroactive sites for energy storage. 
Besides the decrease in SC, the HRD is also less than 
that of the NiO/PSS-CNTs, as shown in Fig. 12(c). 
The lower HRD of the NiO/CNTs can be ascribed to 
the decrease in the number of macropores, because 
the electrical conductivity of the NiO/CNTs is 13.5 
S/cm, actually a little better than that of NiO/FCNTs. 
From the above discussion, it can be concluded that 
the existence of macropores plays a great role in the 
enhanced power properties of an electrode.

3. Conclusions

To recapitulate, we proposed for the first time a 
template-free synthetic approach for generating an 
ordered mesoporous NiO/FCNTs composite. The 
formation of the ordered mesoporous channels was 
confirmed to arise from the thermal decomposition 
of the corresponding precursor. Here, FCNTs, as a 
good three dimensional conducting network, not 
only enhance the conductivity of the composite, but 
facilitate electrolyte soaking into particles, sustaining 
its supply, and creating many more porous channels 
for electrolyte ions to transport and electrochemically 
access more electroactive sites of the ordered 
mesoporous NiO for energy storage at larger current 
densities. Electrochemical tests demonstrated 
that the unique composite could deliver 439 F/g 
at 6 A/g with a low SC degradation of only ca. 
6% after 2000 cycles, indicating the simultaneous 
achievement of large specific energy density, high 
specific power density, and good electrochemical 
stability.  Moreover, the preparation we described 
here was carried out without using any template, 
which gives a simple and cost-effective route for 
large-scale production of the NiO/FCNTs with good 
electrochemical capacitance for ECs application. 
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