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Hybrid  structures  of  carbon  nanofibers  (CNFs)  and  activated  carbon  (AC)  have  been  fabricated  using
natural  potato  starch  as the  substrate  for in situ  growth  of  the CNFs.  Iron  nitrate  was  used  as  both  the
activation  agent  and  the  catalyst  precursor.  The  AC  was  derived  from  potato  starch  and  the  CNFs  grew  from
the  surface  of  AC.  The  hybrid  structure  has  a large  specific  surface  area  (approximately  1930  m2 g−1)  and
vailable online 3 February 2012
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exhibits  excellent  electrochemical  properties  as  supercapacitor  for electrode  materials.  Its  capacitance
reaches  a  peak  value  of  268  F g−1 with  an  excellent  cyclical  ability,  which  is  attributed  to the  unique  hybrid
structure,  large  specific  surface  area,  and  the  high  electron  conductivity  of  CNFs  grown  in  situ  with  AC.
These  low  cost,  eco-friendly  CNF/AC  hybrid  structures  are  promising  for energy  storage.

© 2012 Elsevier B.V. All rights reserved.

lectrochemical capacitor

. Introduction

Electrochemical capacitors, also known as supercapacitors or
ltracapacitors, have a specific energy several orders of magnitude
igher than conventional ones [1–3] Due to their long cycle life,
igh cycle efficiency and high power density, they have potential
pplications in electric vehicles, cold or heavy-load starting assists,
tility load leveling, low-frequency smoothing of power supplies,
nd military and medical devices [4].  Among various electrode
aterials used for supercapacitors, carbon-related materials are
ainly based on the accumulation of charges in an electrical dou-

le layer without faradic reaction [5].  Activated carbon (AC) is one
f the most frequently used electrode materials in electrochemical
apacitors because of its low cost, high surface area, and well estab-
ished production technologies [6–8]. Though AC has been widely
tudied in the past decades, the inherent poor electrical conductiv-
ty and low capacitance retention rate at high charge–discharge rate
re still the drawback of the AC electrode; in addition, the prepara-
ion processes are still sophisticated, time and energy consuming,
nd non-renewable raw materials are mainly used. On the other

and, carbon nanofibers (CNFs), used for the electrodes of elec-
rochemical capacitors [9–11], have also been studied for several
ears because of their excellent mechanical performance and good

∗ Corresponding authors. Tel.: +86 571 879 51411; fax: +86 571 879 51411.
E-mail addresses: liufu@zju.edu.cn (F. Liu), lizhang@ethz.ch (L. Zhang).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.142
electrical and thermal conductivity. In addition, one-dimensional
CNFs can provide a network structure that combines low electrical
resistivity and high porosity of materials, similar to AC. It is also
considered to be an excellent substitute in electrodes to replace
acetylene black [12].

Using agricultural byproducts and natural plant resources as
precursors for preparing AC is promising [13–16] because the mate-
rials are cheap, abundant and eco-friendly [17,18]. We  report an
approach to synthesize nanocomposites of CNFs and AC (CNF/AC),
where the AC was  derived from potato starch and CNFs were grown
in situ on the surface of as-prepared AC by chemical vapor deposi-
tion (CVD). The formation of the catalyst to grow CNFs was  analyzed
and the effects of network structure on the enhanced electrochem-
ical performance were investigated and compared to electrodes
prepared from mechanically mixed CNFs and pure AC, where the
CNFs were grown by CVD, and the AC was derived from potato
starch. The results indicate that the nanocomposites have excel-
lent electrochemical performance and strong potential for energy
storage applications.

2. Experimental

2.1. Carbon material preparation
The procedure to synthesize CNF/AC nanocomposites is shown
in Fig. 1. (I) Preparation of potato starch and iron nitrate mix-
ture: 1 g potato starch was impregnated with 25 ml  appropriate

dx.doi.org/10.1016/j.jpowsour.2012.01.142
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:liufu@zju.edu.cn
mailto:lizhang@ethz.ch
dx.doi.org/10.1016/j.jpowsour.2012.01.142
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Fig. 1. Schematic illustration depicts the preparation of CNF/AC nanocomposites.

oncentration aqueous solution of Fe(NO3)3 (see Table 1), stirred
t room temperature for 1 h, and then the solvent was  evaporated
t 80 ◦C and further dried at 120 ◦C to obtain intermediate “1”. (II)
ctivation: 1 g intermediate “1” was added to 25 ml  of 60 wt.% ZnCl2
queous solution [19,20], stirred at 80 ◦C for 1 h, and dried at 120 ◦C
vernight obtaining intermediate “2”. The activation process was
arried out by keeping the intermediate “2” at 700 ◦C in a quartz
ube reactor for 1 h under a N2 atmosphere to obtain intermediate
3”. (III) In situ growth of CNFs: acetylene was introduced into the
uartz tube reactor, where intermediate “3” was placed after step

I, for 15 min  and then cooled to room temperature. The product
as mixed with hydrochloric acid, boiled for 1 h, thoroughly
ashed with distilled water until neutral, and then dried. In this
rocedure the mass ratio of potato starch to iron nitrate was  tuned

n order to improve electrochemical performance.
For comparison of the electrochemical performance with the

amples of in situ grown CNF/AC, CNFs separately synthesized by
VD [21] and then mechanically mixed with AC prepared from
otato starch as the electrode material (see sample 1 in Table 1)
ere conducted.

.2. Nanocomposite characterization

The crystalline properties of samples were characterized by
-ray diffraction (XRD, X’Pert PRO) over a range of 2◦ from 10◦

o 80◦ with a step size of 0.02◦. Thermal gravimeter-differential
canning calorimeter (TG-DSC) measurements were performed
y thermal analysis (DSCQ1000, AT, America). The mixture of
tarch and iron nitrate as well as pure starch was investigated
y TG-DSC to determine phase transformations. The temperature
as raised from 20 ◦C to 800 ◦C in a nitrogen atmosphere. Mor-
hologies and structures of products were analyzed by scanning
lectron microscopy (SEM, Hitachi S-4800) and transmission elec-
ron microscopy (TEM, Philips CM-200). Specific surface areas of
he prepared nanocomposites and the as-prepared AC were deter-

ined by the Brunauer–Emmentt–Teller (BET) method.
.3. Preparation of electrodes

The supercapacitor electrodes for electrochemical measure-
ent were prepared by mixing the carbon materials with

able 1
omposites and the specific capacitance of all the samples.

Sample No. 1 2 3 4

Componenta AC mixed with CNF 1:1 5:1 10:1
Result 1b (F g−1) 63 132 251 177
Result 2c (F g−1) 67 120 268 181

a Ratio of potato starch to iron nitrate for samples 2–4.
b The specific capacitance calculated by CV curves.
c The specific capacitance calculated by discharge curves.
rces 207 (2012) 199– 204

polyvinylidene fluoride (PVDF) as binders. They were mixed in a
weight ratio of 80:20 in the N-methyl-2-pyrrolidone (NMP) solvent,
and then painted on the surface of nickel foam plates (1 cm × 1 cm).
The active material loaded on the electrode was approximately
8 mg  on each electrode. The two prepared electrodes were sep-
arated by a polypropylene film, tightly fixed by double plexiglass
plates as a prototype supercapacitor, and fully wetted with 6 M KOH
electrolyte. Four samples were prepared as the electrode materials
as shown in Table 1.

2.4. Electrochemical measurements

Cyclic voltammetry (CV) was conducted on an electrochemical
work station (CHI660B). The voltage range in the CV test was 0–1 V
with a scan rate of 10 mV  s−1. The galvanostatic charge–discharge
was performed on a software-controlled battery test system (PCBT-
B8-8D-A) operated at a current density of 500 mA g−1 in a potential
range from 0.01 to 1 V. All electrochemical measurements were
carried out using 6 M KOH as the electrolyte solution at room tem-
perature. The specific gravimetric capacitance was  calculated from
the CV curves according to:

Cg =
∫

idV

vm�V
(1)

or from the discharge process of the third cycle in a potential range
of 0.2–0.8 V according to:

Cg = 2i�t

m�V
(2)

where Cg (F g−1) is the mass-specific gravimetric capacitance; i (A)
is the current; �t  (s) is the change of the negative process duration
in the evaluated region; �V  (V) is the potential change during the
discharge process; � is the potential scan rate (mV  s−1); and m (g)
is the mass of activated materials in the electrode.

3. Results and discussion

Fig. 2a and b demonstrates the morphologies of pure potato
starch and intermediate “1”. Pure potato starch exhibited potato-
like balls with an average diameter of 20 �m and a smooth surface
(see Fig. 2a). The morphology transformed into polyhedron-like
shapes with a rough surface of intermediate “1”, as shown in Fig. 2b.
The impregnation process resulted in severe agglomeration and
sintering of the starch. However, there are not pores on the sur-
face of intermediate “1”. After activation by zinc chloride a large
number of small pores appeared on the rough surface as shown in
Fig. 2c. CNFs in situ grown on the surface of AC are shown in Fig. 2d.
The diameters of CNFs are in the range of 30–170 nm,  and the aver-
age diameter of CNFs is approximately 80 nm. In Fig. 2e, the TEM
image of CNF/AC reveals that CNFs are grown from many catalyst
particles that root on the surface of AC, indicating the top growth
mechanism. In Fig. 2f, a high-resolution TEM image indicates that
CNFs with a regular lattice spacing of 0.34 nm corresponds to the
(0 0 2) interplanar distance of graphite structure.

Fig. 3a and b shows thermogravimetric (TG) and differential
scanning calorimetry (DSC) diagrams of pure potato starch and
starch impregnated with 50 wt.% iron nitrate solution, respectively.
In Fig. 3a, an endothermic peak (83 ◦C) in the DSC curve indicates
the gelatinization behavior of potato starch [22] corresponding to
the evolution of moisture in which the content fraction of water
is about 20 wt.%. The next endothermic peak (290 ◦C) is attributed
to the thermal decomposition of potato starch [23], showing that

potato starch was carbonized at about 300 ◦C. The TG-DSC curve
of potato starch impregnated with iron nitrate, shown in Fig. 3b,
is more complicated than the curve in Fig. 3a, which has two  more
endothermic peaks compared to Fig. 3a. The formation process of
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ig. 2. SEM micrograph of (a) pure potato starch; of (b) intermediate “1”, of (c) p
anocomposite, and (f) high resolution TEM micrograph of CNF/AC nanocomposite

atalyst for CNFs can be deduced from Fig. 3b. The first endothermic
eak drifted to a lower temperature (77 ◦C) due to the decomposi-
ion of iron nitrate which also accelerated the meltdown of starch
articles. The second endothermic peak (194 ◦C) represents the
nitial decomposition of iron nitrate with HNO3 and the release
f NOx [24]. The exothermal peak (295 ◦C) between the second
ndothermic peak and the third is due to gas–solid reactions
ccurring simultaneously with the decomposition of potato starch.

Fig. 3. TG-DSC diagrams: (a) pure potato starch; (b) potato s
C and of (d) CNF/AC nanocomposite for sample 3, (e) TEM micrograph of CNF/AC

HNO3 and NOx are strong carbon oxidants with CO and CO2 as
byproducts. Though potato starch decomposition is endothermic,
the net effect can be exothermic depending on the extent of the oxi-
dation [25]. Introduction of iron nitrate results in more gas release

producing more pores in the AC. The third endothermic peak
(390 ◦C) is the decomposition of hydroxynitrate releasing Fe
oxides, HNO3, NOx and water [26]. The reduction of iron oxides by
carbon atoms corresponds to the last endothermic peak (588 ◦C).

tarch impregnated in iron nitrate with the ratio of 1:1.
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The electrochemical impedance spectroscopy (EIS) is employed
to monitor the electrochemical behavior of the electrodes. Nyquist
plots for analyzing the capacitance behavior of all samples, col-
lected in the frequency range of 100 kHz–1 mHz, are shown in Fig. 7.
Fig. 4. XRD patterns of the potato starch and iron nitrate co

Fig. 4a–d shows XRD patterns to investigate the catalyst form-
ng process. The samples of potato starch and iron nitrate mixture
or XRD examinations were heated for 1 h at 200 ◦C, 300 ◦C, 400 ◦C
nd 600 ◦C, respectively, corresponding to the weight loss, the
ndothermic and exothermic stages at the same temperatures dis-
layed on the TG-DSC (Fig. 3b). The XRD pattern of Fig. 4a shows
ure iron gluconate (JCDS NO. 05-0257) formed after the drying
f the mixture in the first heating stage at 200 ◦C. By increasing
he temperature to 300 ◦C, iron gluconate reacted with HNO3 (gen-
rated from iron nitrate and potato starch decomposition), then
ron oxalate (JCDS NO. 17-0807), shown in Fig. 4b, formed by the
as–solid reaction associated with heat release [25]. Pure Fe3O4
JCDS NO. 65-3170) phase was formed as the temperature reached
he next endothermic peak at 400 ◦C as shown in Fig. 4c. When
he sample was heated to 600 ◦C, as showed in Fig. 4d, the phase
f Fe (JCDS NO. 06-0696) and Fe3C (JCDS NO. 72-1110) were also
etected. Fe3O4 was reduced by carbon atoms. Simultaneously par-
ial iron and carbon reacted and formed a compound of Fe3C [27],
hich acts as a catalyst for in situ CVD growth of CNFs in the subse-

uent process. Fig. 5 shows the synthesis flow chart of the catalysts
rom potato starch and iron nitrate resulting from the XRD analysis
see in Fig. 4).

Iron nitrate was used as the activation agent and the catalyst
recursor. The iron addition has three effects: (1) the degradation
f iron nitrate plays an important role in carbonization of the potato
ash and makes the preparation of the nanocomposites straight-

orward, time efficient and low cost; (2) iron nitrate can act as
ctivation agent for the second activation of AC. Thermolysis of
itrates can produce nitric oxide and iron oxide, which can acti-
ate the AC again; (3) Fe and Fe3C resulted from the reduction of
ron oxides can act as the catalyst for the in situ growth of CNFs on
C.

The nitrogen adsorption–desorption isotherms and pore size
istributions were used to characterize the porous structure of

NF/AC nanocomposite and pure AC, as shown in Fig. 6. Fig. 6a and b
hows the adsorption and desorption curves and the distribution of
ore sizes, respectively. The nitrogen adsorption–desorption plots
hown in Fig. 6a can be classified as type IV, i.e. a typical mesoporous
ite heated at (a) 200 ◦C, (b) 300 ◦C, (c) 400 ◦C and (d) 600 ◦C.

character according to IUPAC. The adsorption of N2 is observed
at a relatively low pressure (P/P0 < 0.02) due to the micropore-
filling effect. Adsorption gradually increases in the region of middle
P/P0 and further in the region of high pressure (>0.5 P/P0). Such
an adsorption behavior can be attributed to the capillary conden-
sation of nitrogen in the mesopores and multilayer adsorption
of mesopores. Fig. 6b shows that the pore sizes of pure AC dis-
tribute in 2–3 nm and 3–4 nm,  which has a high BET surface area
of 2086 m2 g−1 and a total pore volume of 2.4 cm3 g−1. The higher
the surface area of carbon supports, the more deposition sites for
the catalyst particles [28]. After the growth of CNFs on the AC, the
BET surface area slightly decreased to 1930 m2 g−1, and the total
pore volume decreased to 2.3 cm3 g−1. Since the catalysts can be
deposited on the pores more easily, the CNFs have the opportunity
to grow in the sites where the catalysts lie.
Fig. 5. Synthesis flow chart of the catalysts from potato starch and iron nitrate.
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ig. 6. (a) The N2 adsorption isotherms; and (b) the Barrett–Joyner–Halenda (BJH) 

ron  nitrate 5:1.

he enlarged high-frequency region of the impedance spectra can
e seen more clearly. Generally speaking, all spectra are similar

n shape, where in the high frequency region there is a semicircle
hat is indicative of contact resistance [29–31].  In the low frequency
egion, a nearly vertical line demonstrates the domination of capac-
tive behavior at the electrolyte/electrode material interface. Fig. 7
hows that sample 3 has the best performance among all the sam-
les. On contrast, the resistance of the electrode made of sample 4

s higher than others due to the diffusion limits of electrolyte ions
f the little quantity of CNFs. Fig. S4 shows when the mass ratio
etween potato starch and iron nitrate for sample 4 is 10:1, the CNF
early disappeared. It is because so little quantity of iron addition
cted as catalyst for the growth of CNF, then only the short beard-
ike carbon material grew on the AC surface. When the mass ratio of
otato starch to iron nitrate is 5:1 (sample 3), the resistance reaches

 minimum. The better electrical conductivity is understood that
he CNFs grown in situ with AC (see Fig. 2d) can form a conductive
etwork and lower the resistance. The advantage of in situ grown
NF/AC composite also is noticed on comparison with sample 1
ith much larger resistance, in which the CNFs were mechanically

ncorporated. Moreover, the CNF/AC composite is favorable for ions
o transport in the KOH aqueous electrolyte.

Typical cyclic voltammograms (CV) were conducted at a scan
ate of 10 mV  s−1 with a potential range of 0–1 V as shown in Fig. 8.

ll CV curves have rectangular shapes. However, the rectangular
hapes of sample 3 and sample 4 exhibited a slightly distorted,
hich may  be due to diffusion limited capacitance [32]. The CV

urve of sample 3 exhibits larger area of the loop, demonstrating

ig. 7. Nyquist plots for all the samples in 6 M KOH at frequencies of 1 mHz–100 kHz.
he inset shows the magnification of the high-frequency region of the impedance
pectra.
ize distributions of AC and CNF/AC nanocomposite with a mass ratio of potato and

it has higher specific capacitance. Specific capacitances of all the
samples can be calculated from Eq. (1).  It gives the largest specific
capacitance of 251 F g−1 for sample 3, and others are 177 F g−1 (sam-
ple 4), 132 F g−1 (sample 2) and 63 F g−1 (sample 1), respectively,
according to Fig. 8. Although sample 4 showed high resistance its
capacitance is still hold on large because of relatively large BET
surface (1846 m2 g−1).

To investigate the stability of the electrodes, typical galvanos-
tatic charge–discharge curves were obtained for the four samples
at a constant current density of 500 mA g−1 and a potential range
from 0.01 to 1 V (Fig. 9a). The approximate linear charge–discharge
curve corresponds to that of an ideal electrochemical capacitor. The
approximately symmetric triangles indicate that the circulation
property of the supercapacitors is excellent. The values of spe-
cific capacitance can also be calculated from the discharge curves
from Eq. (2),  in which the specific capacitance of sample 1–4 is
67 F g−1, 120 F g−1, 268 F g−1 and 181 F g−1, respectively. Thus, sam-
ple 3 exhibits the highest specific capacitance which is 13% higher
than previous report [17]. Though the BET surface area of pure AC
is higher than that of CNF/AC, the specific capacitance of CNF/AC
is approximately four times higher than that of pure AC. The CNFs
in situ grown on AC show good conductivity and can store charges
with the substrate AC. To investigate the contribution of CNFs to
the total capacitance, we  tested the electrode made of AC without
CNFs, and the resulted specific capacitance is only 96 F g−1, though

2 −1
the BET surface area of AC is as large as 2086 m g . It is prob-
ably that the pores in the AC were not fully utilized due to the
absence of CNFs. The dependence of specific capacitance of elec-
trodes on the current density is shown in Fig. 9b. There is no obvious

Fig. 8. Cyclic voltammograms of the supercapacitors based on the four samples,
sweep rate is 10 mV s−1, potential range is 0–1 V.
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Fig. 9. The galvanostatic charge–discharge curves at current density of 500 mA

hange at both low and high current density. The better capacitive
erformance of CNF/AC nanocomposite electrodes than that of the
lectrode made by mixed AC with CNFs can be attributed to the low
esistance and porosity of the structure. The decrease of the specific
apacitance of all the samples are negligible with a current density
p to 2000 mA  g−1, which implies that the electrode is stable and
he charge–discharge process is reversible.

. Conclusions

Activated carbon was prepared from potato starch by activation
ith ZnCl2. CNF/AC composites were directly synthesized using the
VD method with Fe and Fe3C as a catalyst. The introduction of iron
itrate plays an important role in carbonization, and it makes the
reparation of the nanocomposites straightforward, time efficient
nd low cost. When the mass ratio of potato starch to iron nitrate
s 5:1, the highest capacitance reaches 268 F g−1 with excellent cir-
ulation and stability, which is attributed to the unique structural
roperties of the composite including the large surface of the base
C, the high electron conductivity of CNFs grown in situ with AC,
nd the larger range of pore size distribution of the composite.
NF/AC nanocomposites prepared by this method are a promising
aterial as an electrode for supercapacitors.
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