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Abstract This paper aimed to study the electrochemi-
cal capacitance behaviors in relation to the nanopore
structures of three carbon materials, which were prepared
under different conditions and named as carbon xerogels
(CXs), carbon xerogels/carbon nanotubes hybrids (CXs/
CNTs) and activated carbon xerogels/carbon nanotubes
hybrids (aCXs/CNTs). Field emission scanning electron
microscopy showed the growth of CNTs on the CXs sur-
face in the CXs/CNTs hybrids. Nitrogen physisorption
measurements at 77 K indicated a decrease in the specific
surface area and the total pore volume of micropores and
mesopores after decorating the CXs surface with CNTs,
however an increase after activation with phosphoric acid
at 973 K for 180 min. Because of the combination of CNTs
and phosphoric acid activation, electrochemical capaci-
tance increased in the order of CXs < CXs/CNTs<aCXs/
CNTs and it delivered maximum capacitance of 151 F g~ !
at2.5 A g~ lin 1 M H,SO,.
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1 Introduction

Nanoporous carbon materials such as activated carbon,
carbon aerogels (CAs) or carbon xerogels (CXs) and car-
bon nanotubes (CNTs) used as capacitor electrodes are of
considerable interest due to their high conductivity, large
specific surface area, low density, superior chemical and
mechanical stability (Frackowiak et al. 2001; Fischer et al.
1997; Halama et al. 2010; Mezzavilla et al. 2012; Tao et al.
2008; Portet et al. 2005). CNTs have been intensively stud-
ied as electrodes in supercapacitors (Volder et al. 2013;
lijima et al. 1991), but are currently limited because of
their low specific capacitance (Kim et al. 2012). Recently
carbon-based nanocomposites or nanohybrids were found
to enhance capacitance storage, superior to the individual
component alone (Annamalai et al. 2015). It was reported
that the incorporation of CNTs into CAs or CXs during
sol-gel process made the composites useful for electro-
chemical capacitor application (Bordjiba et al. 2008; Wors-
ley et al. 2008). Such materials have characteristics such
as (i) high specific capacitance, (ii) high conductivity and
(iii) good thermal and chemical stability; however there is
a lack of intensive research about nanopore structures rela-
tive to the capacitance storage (Chidembo et al. 2010).

In this study, nickel oxide loaded on CXs was used as a
catalyst for direct growth of CNTs on CXs to obtain CXs/
CNTs hybrids with chemical vapor deposition (CVD) tech-
nique using camphor as a botanical carbon precursor. In
order to obtain large nanoporosity, the as-grown CXs/CNTs
were activated with phosphoric acid and the products were
denoted as aCXs/CNTs. The nanopore structures of sam-
ples were characterized with N, adsorption at 77 K. The
electrochemical capacitance behaviors in relation to the
textural properties of aCXs/CNTs was compared with that
of CXs and CXs/CNTs.
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2 Experimental
2.1 Sample preparation

The resorcinol-formaldehyde polymer xerogels were pyro-
lyzed to produce CXs, based on a procedure described
elsewhere (Fathy et al. 2016). The CNTs were grown using
a CVD method in a stainless steel tube with the diameter
32 mm and length 80 mm, which was placed in horizontally
two electric furnaces. Inexpensive and nontoxic commer-
cial camphor was used as hydrocarbon source, while CXs
supported nickel nanoparticles were used as catalysts. The
camphor in an alumina boat was kept inside the first fur-
nace. When camphor was heated at 523 K to get gas phase
reaction mixture, the temperature of 2nd furnace with CXs
in an alumina boat was set to 1123 K for growing CNTs on
CXs for 60 min, where the vapors liberated from camphor
were moved to the 2nd furnace with high temperature by a
N, gas flow. The resulting products of CXs/CNTs hybrids
were obtained after the two furnaces were switched off.
Finally, a desired amount of CXs/CNTs was impregnated
50 v/v% phosphoric acid followed by stirring overnight and
then dried in an air-oven at 353 K for several hours. After
that, the impregnated samples were subjected to activation
at 973 K for 3 h under flowing of N, gas. After cooling, the
samples were washed with distilled water, dried at 373 K
and then aCXs/CNTs was obtained.

2.2 Characterizations

The morphologies of samples were studied with field-emis-
sion scanning electron spectroscope (FE-SEM) (JSM-6700,
JEOL) and transmission scanning electron spectroscope
(TEM) (TecnaiF20, Philips). N, adsorption at 77 K (ASAP
2010, Micromeritics) was employed for the determination
of the pore structure parameters. The Saito—Foley method
and the Barrett—Joyner—Halenda (BJH) method were used
to analyze the micropores and mesopores of samples,
respectively (Saito et al. 1991; Barrett et al. 1951). To eval-
uate the electrochemical characteristics of the materials as
electrode in aqueous systems, the cyclic voltammetry (CV)
and galvanostatic charge—discharge (GCD) measurements
were performed on a CHI 660E electrochemical worksta-
tion (Shanghai CH Instruments) with typical three-elec-
trode measurement, where active materials coated Pt mesh,
Ag/AgCl and Pt foil were used as working, reference and
counter electrodes, respectively. The working electrode was
prepared using test sample and polyvinylidene difluoride
(PVDF) binder, which were uniformly mixed in the weight
ratio of 95:5 and were made as a slurry using N-methyl-
2-pyrrolidone. The slurry was coated on Pt mesh electrode,
dried in an air oven at 343 K overnight. The mass load-
ing was determined to be 0.8 mg cm™? by weighing the
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Pt mesh before and after coating active materials. Electro-
chemical tests were performed at room temperature in 1 M
H,SO,. The CVs were measured in the potential range of
—0.1 to 0.9 V with both the three- and two-electrode cell
configuration.

3 Results and discussion

Figure 1 presented the FE-SEM images of CXs, CXs/CNTs
and aCXs/CNTs and TEM image of aCXs/CNTs sam-
ples, showing an obvious difference in the morphologies
of the samples. As shown in Fig. 1a, CXs were composed
of nano-sized carbon spherical particles, which intercon-
nected to form irregular three-dimensional network-struc-
ture. The pores or cavities were formed among the carbon
particles. In Fig. 1b, the growth of CNTs on the CXs sur-
face was found in the CXs/CNTs nanohybrids. Chemical
activation for CXs/CNTs with phosphoric acid yielded the
hybrids of highly nanoporous structures, as depicted in
Fig. 1c. The formation of micro- and mesopores in the net-
work of aCXs/CNTs nanohybrids were further evidenced
with TEM observation, as illustrated in Fig. 1d.

Nitrogen adsorption/desorption isotherms at 77 K on
all samples were shown in Fig. 2a. Although all samples
showed the uptakes in N, adsorption below P/P, = 0.02,
indicating micropore filling, their microporosities were
quite different from one to another (Gregg et al. 1991; Sing
et al. 2008). The BET specific surface area of CXs signif-
icantly decreased from 330 to 95 m? g~! after the in-situ
growth of CNTs, while it increased to 215 m? g~! upon
phosphoric acid activation. In comparison with CXs/CNTs,
aCXs/CNTs had much large total surface area and pore vol-
ume, which was attributed to the formation of new micro
and mesopores. Comparing both the shapes and amount of
all N, adsorption isotherms at P/P; > 0.2, one can find the
enhancement of mesopore fractions in the porous texture of
aCX/CNTs. It should be attributed to two possible reasons:
(i) phosphoric acid activation created mesopores in CXs
subtract and (ii) the interspacing among nanotubes con-
tributed to a number of mesopores (as well as macropores).
The surface areas and porosity data for the samples were
summarized in Table 1. The CVD technique yielded ~16.3
wt% of CNTs, which was in agreement with earlier work
about the synthesis of CNTs on the surface of activated car-
bon fiber (Hsieh et al. 2009).

To investigate the relationship between pore structures
and capacitance storage performance, the samples were
tested as a supercapacitor electrode. Figure 2b showed
the comparative cyclic voltammograms of the CXs, CXs/
CNTs and aCXs/CNTs at room temperature in 1 M H,SO,
at 25 mV s~ ! scan rate. The broad quasi-rectangular curves
of all samples suggested nearly equal quantities of current



Adsorption (2017) 23:355-360

357

Fig.1 FE-SEM images of a
CXs, b CXs/CNTs, ¢ aCXs/
CNTs and TEM images of d
aCXs/CNTs samples

Fig. 2 a N, adsorption and
desorption isotherms at 77 K
on CXs, CXs/CNTs and aCXs/
CNTs, b the comparative CV
curves of CXs, CXs/CNTs and
aCXs/CNTs in 1 M H,SO, at
25 mV s~ ! scan rate

Table 1 Surface areas and
porosity data for the samples

necessary to charge and discharge each capacitor over the
potential range of —0.1 to 0.9 V. Because CNTs provided
more accessible active sites for transferring the protons and
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CXs 330 0.17 0.11 2-20 0.6-1.6
CXs/CNTs 95 0.05 0.07 25-50 0.6-1.9
aCXs/CNTs 215 0.11 0.25 2-4,30-50 1.3-2.0

hydration ions inside the electrochemical cell and because
CNTs increased the conductivity of the whole matrixes of
both CXs/CNTs and aCXs/CNTs, both of them showed an
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obvious enhancement of capacitance storage in comparison
with CXs.

The CV curves of aCXs/CNTs from 10 to 200 mV s~ !
were shown in Fig. 3a. The insignificant shift in the posi-
tive and negative region upon increasing the scan rate illus-
trated the mesopores shortened the electrolyte ion path. The
specific capacitances of both CXs/CNTs and aCXs/CNTs
determined from CV curves were displayed in Fig. 3b.
aCXs/CNTs had the maximum capacitance of 132 F g~!
delivered at 10 mV s~! scan rate, which was 2.5 times
higher than that of CXs/CNTs. Such a big enhancement of
capacitance was mainly attributed to phosphoric acid acti-
vation, which developed many micro- and mesopores and
enhanced the pesudocapactive behavior to some extent at
the surface of the materials (Weng et al. 2001). Further
increasing the scan rate, capacitance gradually dropped.
It was mainly because upon fast scan rate electrolyte ions
were unable to enter into most of the pores on short time
interval (Zhang et al. 2009; Hulicova-Jurcakova et al.
2009). Because of less exploitation of pores at high scan
rate, it resulted in 62% of capacitance retained at high scan
rate of 200 mV s~!. The CV measurements were also car-
ried out in 2-electrode cell at the same potential range. Sin-
gle electrode capacitance was highly reliable with 3-elec-
trode test results. It also showed EDLC curves from the low
to high scan rate in 1.0 M H,SO,.

The quasi-EDLC-type capacitive behavior was mainly
derived from phosphoric acid activation. XPS core level
spectra (not shown here) confirmed the incorporated P
and its functional groups on carbon nanostructures. Two
peaks were identified in P 2p core level spectra, in which
the high intense peak at the binding energy of 134 eV
was corresponding to C-O-PO; and low intense peak
at 132.6 eV was due to P-doping into the carbons. It was
clear that phosphoric acid activation primarily induced
the nanoporosity and also gave minimal P-doping in the

carbon nanostructures, which increased the capacitance
storage competence through favorable mass transportation
and induced pseudocapacitance, respectively. The results
agreed with previously reported phosphoric acid based
P-doped graphene, in which the presence of functional
groups and heteroatom contributed in the form of pseu-
docapacitance to the specific capacitance (Karthika et al.
2013).

We further studied the electrochemical performance of
the materials with GCD measurements at different current
densities. Figure 4a showed the nearly identical triangular-
type charge—discharge curves obtained throughout the cur-
rent densites, indicating that current material was domi-
nated by the mechanism of electric double layer capacitor
(EDLC). The specific capacitance upon increasing current
density was determined and shown in Fig. 4b. It delivered
maximum specific capacitance of 151 F g~!at 2.5 A g7/,
much higher than that of CXs/CNTs. While increasing the
current density to 15 A g~!, aCX/CNTs still exhibited 70%
of its original capacitance. Such a high capacitance reten-
tion at high current density was mainly because CNTs in
the hybrids decreased the ohmic resistance and what is
more, further chemical activation developed a lot of nano-
pores accessible to electrolyte and increased wettability on
the electrode—electrolyte interface. Hence, in-situ grown
CNTs and phosphoric acid activation considerably syn-
ergized the capacitance storage ability of carbon xerogel
materials.

4 Conclusions

We synthesized aCXs/CNTs hybrids with CNTs CVD-
grown in situ on CXs using camphor as precursor and then
chemically activated them with phosphoric acid. The nano-
porosity of CXs significantly decreased after decoration
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Fig. 4 a Galvanostatic charge—
discharge measurements from
25t 15A g 'in 1 M H,S0,,
b specific capacitance versus
current density for aCXs/CNTs.
For comparison purpose, spe-
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with CNTs, while it increased upon phosphoric acid acti-
vation. It was evidenced the enhancement of mesopore
fractions in the porous texture of aCX/CNTs. The materi-
als showed electrochemical behavior superior to that of
CXs and CXs/CNTs. aCX/CNTs exhibited highest specific
capacitance of 151 F g~! at a current density of 2.5 A g~ !,
much higher than that of CXs and CXs/CNTs. The results
revealed that CNTs grown in situ and phosphoric acid acti-
vation considerably increased electrochemical capacitance
storage ability of carbon xerogel materials, promising for
the applications in supercapacitors.
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