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    록

나노 탄소재료를 복합화하면 기존 재료의 특성을 유지하면서 그 효율을 극대화할 수 있다. 여기에 이종원소를 부가하
면 전기화학적인 특성이 디자인되므로, 나노 탄소재료의 복합화를 통해 한 종류의 나노 재료로부터 여러 강점을 얻을 
수 있다. 특히 탄소나노섬유와 금속산화물을 복합화하면 탄소나노섬유의 전기이중층 뿐만 아니라 금속산화물의 산화
환원 반응을 이용하여 비축전 용량, 고율 특성, 수명 특성이 향상되고 높은 수준의 출력밀도가 유지되는 고용량 슈퍼
캐퍼시터용 전극 소재를 개발할 수 있다. 본 총설에서는 탄소의 고출력특성과 금속산화물의 고에너지 특성이 동시에 
발현되는 금속산화물계 탄소나노섬유복합체의 제법과 응용에 대한 최신연구를 다루도록 하겠다.

Abstract
The hybridization of carbon nano-materials enhances the efficiency of each function of the resulting structure or composites. 
Also, the addition of non-carbon elements to nanomaterials modifies the electrochemical properties. Electrodes combining po-
rous carbon nanofibers (CNFs) and metal oxides benefit from the combination of the double-layer capacitance of the CNFs 
and the pseudocapacitive character associated with the surface redox-type reactions. Consequently, they demonstrate superior 
supercapacitor performance in terms of high capacitance, high energy/power efficiency and high rate capability. This paper 
presents a comprehensive review of the latest advances made in the development and application of various metal oxide/CNF 
composites (CNFCs) to supercapacitor electrodes. 
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1. Introduction1)

The increasing demand for clean energy and the growing concern re-

garding air pollution and global warming have stimulated intense re-

search into energy storage and conversion from alternative energy 

sources[1-4]. For this reason, electrochemical capacitors (ECs) are con-

sidered promising power sources for portable electronic systems and 

automotive applications, because of their practical applications as high 

power devices owing to their large capacitance, long cycling life, and 

lack of toxic materials[5-9]. To obtain satisfactory performance, ECs 

must display high electrical conductivity, high surface area for optimal 

charge accumulation, sufficient pore diameter and good pore con-
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nectivity for adequate electrolyte wetting and rapid ionic motion. 

Recently, various forms and textures of porous carbons have been 

examined as possible electrode materials for supercapacitors[10-15]. 

The development of various carbonaceous electrode materials for su-

percapacitors has been an important issue in view of their large specif-

ic surface, controlled pore structure, ability to adjust the ratio of micro-

pores to mesopores, good conductivity, and functionalization of the 

materials[16-19]. Carbon materials with large specific surface areas due 

to the presence of micropores exhibit a high capacitance and are 

known to selectively accommodate effective charge carriers, including 

the solvation shell of the ions[20]. Moreover, the well-dispersed and 

interconnected mesopores in the carbons are beneficial for providing 

short pathways for electrolyte transportation, thereby maintaining high 

specific energy at high power densities[21-22]. Among the many types 

of carbon materials, one-dimensional carbon nanofibers (CNFs) with a 

three-dimensional interconnected mesoporous texture have attracted in-

creased interest as a promising electrode material for supercapacitors 



240 양갑승⋅김보혜

공업화학, 제 26 권 제 3 호, 2015

Figure 1. Schematic sketch of the electrospinning setup.

Figure 2. Supercapacitor application.

due to their thermal stability, high surface area, chemical resistance, 

and micropores opening directly to the outer surface[23-28]. 

However, the energy density of carbon materials as an electric dou-

ble-layer capacitor (EDLC) electrode is much lower than that of secon-

dary batteries, which limits their potential applications, while super-

capacitors are ideal for applications that require short-term power 

boosts such as peak power assistance for batteries in electric ve-

hicles[21,29]. To overcome the disadvantages of low energy density 

and specific capacitance, redox-active transition metal oxides such as 

oxides of Ru, Ni, Co, and Zn are commonly used as faradic electrode 

materials for pseudocapacitors (PCs)[30-32]. 

In this review, we report various metal oxide/CNFCs prepared by 

electrospinning as a candidate material for the supercapacitor electrode. 

The metal oxide/CNFCs are morphologically and electrochemically 

characterized on the basis of their pore structures and unique micro-

structural features in order to evaluate their electrochemical utilization 

in aqueous electrolytes.

1.1. Electrospinning

Electrospinning, one of the most established fiber fabrication meth-

ods, has attracted much attention because of the ease with which fibers 

of nano- to micro-scale can be produced from natural or synthetic 

materials. This method is also a remarkably simple and versatile tech-

nique capable of generating continuous fibers directly from a variety 

of polymers and composite materials. Typically, the diameters of the 

electrospun fibers can be controlled on the nano-scale range, and the 

fibers can be deposited as nonwoven mats or aligned into uniaxial ar-

rays and further stacked into multilayered architectures. This technique 

was demonstrated more than 100 years ago and was first patented in 

the 1930s[33]. However, electrospinning did not receive much attention 

until the early 1990s. Electrospun fibers have found widespread use in 

a broad range of applications because of their intrinsically large surface 

areas. Fulltime efforts were invested to prepare the nanofibers (NFs) 

using the electrospinning process on a large industrial scale (100 

kg/day) in 2002. This particular invention expanded the mass pro-

duction capacity to satisfy demands from different fields[34]. 

Electrospinning, a fiber spinning technique that relies on electrostatic 

forces to produce fibers in the nanometer to micron diameter range, 

has been extensively explored as a simple method to prepare NFs from 

polymer solutions or melts[35-36]. In a typical process, an electrical 

potential is applied between droplets of a polymer solution, or melt, 

held at the end of a capillary tube and a grounded target (Figure 1). 

A simple and low-cost approach for fabricating CNFs is to utilize 

electrospinning and subsequent thermal treatment at elevated temper-

atures to produce 1D carbon structures with suitable pore size dis-

tribution without using template carbons. Electrospinning is a method 

of producing NFs using an electrostatically repulsive force and an elec-

tric field between two electrodes by applying high voltage to a poly-

mer solution or a melt, forming a web of NFs[37-40]. The nonwoven 

web obtained from the electrospinning is used to produce CNFs 

through stabilization and carbonization processes. The produced CNFs 

have a high specific surface area due to the size of the shallow pores. 

The shallow pores can be formed due to the nanosize fiber diameters, 

which enhance the specific capacitance at elevated current density. 

Another advantage of electrospinning is that it can be used to produce 

a web structure. When used as an electrode, it does not need a second 

processing step adding a binder and an electric conductor such as car-

bon black. Therefore, the webs from electrospinning have important 

advantages such as ease of handling, increased energy density due to 

large specific surface area, improved conductivity due to increased 

density of the contact points, and low cost of electrode preparation[41].

1.2. Electrochemical capacitors (ECs)

Among energy storage devices, ECs have attracted considerable at-

tention because of their excellent performance such as long life cycle, 

high power density, and stability compared with secondary batteries 

and conventional dielectric capacitors for applications in backup power 

storage systems, electric vehicles, and communication systems (Figure 

2). With the growing development of renewable energy sources as well 
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Figure 3. TEM images of (a) CNF and (b) Ru-CNF.

as hybrid electric vehicles, in which peak power will be needed, these 

systems are thought to play an important role in complementing or re-

placing batteries in the energy storage field. 

ECs may be divided into two categories according to the capacitance 

mechanism : EDLCs and PCs[42-43]. The energy storage mechanism 

of EDLCs is an electrostatic attraction with charge accumulation at the 

electrode/electrolyte double-layer interfaces[44], whereas PCs store en-

ergy by redox reactions on the electrode surface between the electrode 

materials and the electrolyte, which contribute to the large capaci-

tance[43,45]. Generally, the highly developed surface area and proper 

pore size distribution of the carbon electrodes play important roles in 

the EDLC performance[45-46]. Despite these advantages, the use of 

carbon materials for ECs is limited because of their low charge-storage 

capability due to the resistance to electrolyte migration in the 

pores[47]. These limitations may be overcome by combining metal ox-

ides with CNFs because the resultant hybrids have the advantages of 

both the transition metal oxide, which can provide high pseudocapaci-

tance, and carbon, which has good cycling performance[48-49] and 

electronic conductivity. Hence, the introduction of metal oxides in car-

bon materials should allow the utilization of both the faradaic capaci-

tance of the metal oxide and the double layer capacitance of the carbon 

materials with large specific surface areas, thereby improving the ca-

pacitance and energy/power capabilities[50].

2. Metal Oxide/CNFCs

2.1. RuO2/CNFCs

Among all of metal oxides, RuO2 has been found to be the best ma-

terial for supercapacitor applications due to its high specific capaci-

tance, high specific energy density, high electrochemical reversibility, 

and stability in aqueous electrolytes. The aggregations of RuO2 by high 

surface energy increase the electrical resistance between the electrode 

and the current collector. Therefore, many studies have investigated the 

hybridization of high surface area carbon materials with RuO2 as a 

composite for supercapacitor applications[51-52]. 

Ju et al. reported[53] a method for preparing ruthenium-CNFs by 

electrospinning the composite solution-mixed ruthenium (III) acetyla-

cetonate as a metal precursor and polyacrylonitrile (PAN). The per-

formance of this method relies on how well the metal precursor is dis-

tributed on the fiber web. The nonwoven web obtained from electro-

spinning was produced as a type of metal particle-embedded activated 

CNF (ACNF) web through stabilization and activation processes. The 

Ru-CNF obtained from electrospinning had a higher EDLC and PC 

than those obtained with other methods. This method provides a syner-

gistic effect that enhances the characteristics of EDLC and PC due to 

the following two reasons: (i) The expansion of the pore diameter pro-

motes the characteristics of EDLC. The pores were enlarged because 

of the discharge of the metal precursor during the stabilization and car-

bonation-activation process. (ii) The embedded metal particles were 

distributed as nanometer-scale particles. 

Lee et al. prepared RuO2/PAN-based fibers by electrospinning a 

composite solution containing both a desirable amount of ruthenium 

(III) acetylacetonate as a Ru precursor and a PAN polymer solution 

dissolved in N,N-dimethylformamide (DMF). The CNF electrodes 

with/without RuO2 addition are denoted as the Ru-CNF and CNF elec-

trodes, respectively. Figure 3 shows transmission electron microscopy 

(TEM) images of the dispersed RuO2 nanoparticles embedded in the 

CNFs. The CNF fibers are well aligned approximately 200 nm in 

length and with a very smooth surface, as shown in Figure 3a. By con-

trast, Figure 3b shows 2- to 15-nm particles dispersed over the surface 

of the CNFs in the Ru-CNF sample. As a result, the formation of 

much smaller nanoparticles promotes PC because they are fully oxi-

dized to the extent of maximum utilization. Therefore, the redox re-

action was much slower as the rate-determining step. 

The specific capacitance decreased gradually with increasing discharge 

current density. The specific capacitance of the CNF web electrode was 

140 Fg-1 at 1 mAcm-2, while the specific capacitance of the Ru-CNF1 

(1.29 wt% RuO2-embedded CN) approximately doubled to 284 Fg-1, 

which was attributed to the increase in EDLC and PC caused by the for-

mation of more mesopores and smaller Ru particles by electrospinning. 

The combined effect enhanced the specific capacitance up to 391 Fg-1 

for Ru-CNF2 (7.31 wt% RuO2-embedded CN). Furthermore, the capaci-

tances of the CNF and Ru-CNF2 electrodes remained almost constant 

from 141 and 383 Fg-1 at the 50th cycle to 139 and 382 Fg-1 at the 

1000th cycle, respectively. The electrodes were very stable over the tests 

involving 1000 charge-discharge cycles. Therefore, the ion mobility was 

facilitated in the pores of the CNFs prepared in this study. This was at-

tributed to the synergistic effect of electric double-layer capacitance as 

a result of the expansion of the average pore diameter as well as the 

pseudocapacitance by the well-dispersed RuO2 particles.

2.2. V2O5/CNFCs

Amorphous hydrated RuO2 is one of the most attractive candidates 

for EC electrodes because of its ideal pseudocapacitive behavior, high 

capacitance and excellent reversibility. Unfortunately, its high cost has 

hindered the development of RuO2 as commercial acceptable electrodes 

for faradaic PCs[54-55]. Vanadium pentoxide (V2O5) has been used as 

an electrode material for ECs[56-57] because of its layered structure, 

high capacity, and ease of preparation. V2O5/carbon composites can 

improve the electrode performance when a small amount of V2O5 is 

dispersed uniformly on conducting and porous carbonaceous materials 

with very-high surface areas while keeping a high amount of heter-

oatom[58-62].
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Figure 4. (a) FE-SEM image, (b) TEM image (Inset: the corresponding
SAED pattern), (c) XRD data, and (d) high-resolution scan for V(2p) 
XPS of the V2O5-20.

(a)

(b)

Figure 5. (a) Specific capacitances as a function of current density, and
(b) Ragone plots of the CNFCs.

Kim et al. reported the preparation of V2O5/CNFCs from PAN/V2O5 

in DMF by a simple electrospinning method, and their electrochemical 

properties as supercapacitor electrodes were investigated[63-64]. The 

carbonized samples were identified as CNF, V2O5-5, V2O5-10, and 

V2O5-20, indicating concentrations of 0, 5, 10, and 20% V2O5 relative 

to PAN, respectively. Figure 4a shows a scanning electron microscopy 

(SEM) image of V2O5-20. The average diameter of V2O5-20 was 270 ± 

30 nm, and these samples exhibited continuous cylindrical morphologies. 

The V2O5 aggregates to form larger particles with particle sizes that 

range from 20 to 80 nm, as shown in the TEM image (Figure 4b). The 

corresponding selected-area electron diffraction (SAED) pattern of 

V2O5-20 in Figure 4b reflects the well-crystallized nature of V2O5[64]. 

XRD curves of V2O5-20, shown in Figure 4c, were used to further mon-

itor the crystal structure. The broad diffraction peak in the 2q = 20-25° 

range wis associated with disordered carbon phases. The pattern of 

V2O5-20 contains peaks at 2q = 25.4, 32.0, 36.5, 50.1°, and 54.2°, which 

are assigned to the (104), (042), (022), (062), and (021) lattice planes, 

respectively. Figure 4d shows the core-level binding energy for V (2p) 

peaks. The binding energies for vanadium 2p3/2 and 2p1/2 observed at 

517.2 and 524.8 eV, respectively, agree well with those of V5+ in 

V2O5[65].

The electrochemical properties of CNFC electrodes were studied in 

two-electrode capacitors using 6 M KOH aqueous electrolyte. The spe-

cific capacitance increased in the order V2O5-5 < V2O5-10 < V2O5-20, 

which indicates that the micropores are beneficial for charge accumu-

lation and that greater capacitance is obtained with large surface area 

and high electrical conductivity (Figure 5a). Furthermore, the specific 

capacitances of the CNFC electrodes at a discharge current density of 

20 mAcm-2 decreased by less than 25% of the initial value at 1 

mAcm-2. The Ragone plots (Figure 5b) show that a high power density 

can be achieved without a significant reduction in the energy density. 

According to the Ragone plot, both the fibrous morphology and the 

optimized pore sizes enable the V2O5-20 electrodes (18.8-13.8 Whkg-1) 

in an aqueous solution to deliver significantly high energy densities in 

the power density range of 400 to 20,000 Wkg-1. The enhanced pow-

er/energy densities and capacitances are ascribed to the morphological 

structure of the CNFCs, which interacts with the electrolytes under the 

assumption of one ion in each pore. The interconnected mesopores 

sized 3-5 nm provide a good charge propagation and ability for high 

current loads. Moreover, high pore volumes with mesopores are benefi-

cial for providing quick pathways for electrolyte transportation[66-68].

2.3. ZnO/CNFCs

Zinc oxide (ZnO) is a suitable candidate for supercapacitor applica-

tions because of its good electrochemical activity, low raw material 

cost, and environmental friendliness among the various metal oxide 

materials. Unfortunately, the applicability of ZnO remains limited by 

its low rate capability and poor reusability during cycling, because of 

slow faradic redox kinetics or electron transport capability at high rates 

by high resistivity, in the process of developing ZnO as a promising 

electrode material for supercapacitor applications[69-71]. Therefore, the 

combination of the faradaic capacitance of the metal oxide and the 

double layer capacitance of the carbon materials, with large specific 

surface areas, improved the capacitance and energy/power capabil-

ities[50,72]. 
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Figure 6. (a) TEM image, (b) EDS spectra and SEAD patterns, and (c)
STEM-EDS mapping of Zn(20)-ACNF.

(a)

(b)

(c)

(d)

Figure 7. (a) CVs at a scan rate of 25 mVs-1, (b) specific capacitances
as a function of a various current densities, (c) Ragone plots of the 
three ACNFs, and (d) the variation of specific capacitance of 
Zn(20)-ACNF over 1000 cycles at a constant current density of 1 
mAcm-2 (the inset figures show a CV measured at 10 mVs-1 acquired 
for both devices after running for 1000 cycles).

For example, Kim et al.[73-74] investigated ZnO-containing porous 

activated CNFs (ZnO/ACNFs) prepared through one-step electro-

spinning using zinc acetate and PAN, followed by thermal treatment. 

The NFs were activated at 800 ℃ by supplying steam in a nitrogen 

carrier gas. The activated samples were termed ACNF, Zn(20)-ACNF, 

and Zn(10)-ACNF, with a zinc acetate to PAN concentration ratio of 

0, 10, and 20 wt%, respectively. The electrochemical performance of 

the ZnO/ACNF composite electrodes is compared to that of pure 

ACNF electrodes in aqueous KOH as the electrolyte. The TEM image 

(Figure 6a) of the Zn(20)-ACNF composites shows the homogenous 

deposition of the spherical nanoparticles in the matrix. The correspond-

ing energy dispersive spectroscopy (EDS) spectra (Figure 6b) indicate 

that the nanoparticles (green dotted line in web version) were com-

posed of C, O, and Zn. The SAED pattern of the nanoparticles in 

Figure 6b reflects the crystallized nature, indicating that the crystalline 

ZnO nanoparticles were uniformly distributed on the ACNF surface. 

To confirm the distributed composition of the ZnO particles, scanning 

transmission electron microscopy-EDS (STEM-EDS) mapping exami-

nations were carried out and the results are shown in Figure 6c. The 

corresponding EDS mapping of individual Zn(20)-ACNF materials pro-

vided information on the distribution of Zn and O atoms in the fiber. 

The results revealed the simultaneous presence of ZnO and the ACNF 

matrix[75].

In Figure 7a, the cyclic voltammetry (CV) curves show a mirror im-

age with a rapid current response on voltage reversal at each end po-

tential with a scan rate of 25 mVs-1 in a 6 M KOH aqueous electrolyte. 

The Zn(10)-ACNF and Zn(20)-ACNF composite electrodes in a 6 M 

KOH aqueous electrolyte show a quasi-rectangular shape with slight 

distortion, whereas the ACNF electrode shows a rectangular and sym-

metric shape. The shape of the voltammograms of Zn(10)-ACNF and 

Zn(20)-ACNF are related to certain surface functionalities such as 
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ZnO, which can undergo fast redox reactions in aqueous electrolytes, 

resulting in a pseudocapacitive contribution[76]. Electrochemical meas-

urements of ZnO/ACNFs reveal a maximum specific capacitance of 

178.2 Fg-1 (Figure 7b), and high energy densities of 22.71-17.77 

Whkg-1 in the power density range of 400 to 4000 Wkg-1 (Figure 7c). 

Furthermore, this supercapacitor electrode exhibits excellent cycle life 

with a specific capacitance ~75% of the initial value after 1000 cycles. 

After 1000 cycles, the CV curves for both electrodes are rectangular, 

revealing the stability of the ZnO/ACNF electrodes with acceptable 

lifetime as a supercapacitor (Figure 7d). Therefore, the combination of 

ACNF’s high surface area with ZnO’s large specific capacity facilitates 

a synergistic effect between ZnO’s faradaic capacitance and ACNF’s 

double layer capacitance, leading to good capacitive behavior.

3. Conclusion

We have reviewed recent advances in electrochemical applications of 

metal oxide/CNFC materials, as a promising class of electrode materi-

als for ECs. The electrospun CNFs are a new class of advanced mate-

rial with unusual properties, such as high specific surface area and 

high rate properties. Energy storage devices fabricated with these 

nano-sized diameter CNFs exhibit improved electrical conductivity of 

the electrode from the increased interconnection density among the 

NFs, and improved mechanical and conductive characteristics. 

Generally, carbon materials show cycle stability and high power den-

sity but have low capacitance, whereas metal oxides offer higher en-

ergy density than carbon materials. Therefore, the introduction of metal 

oxide in CNFC webs overcomes these disadvantages. The metal ox-

ide/CNFC web electrodes show a superior electrochemical performance 

to that of pure CNFs in aqueous electrolyte for ECs. The electrodes 

combining porous CNFs and active sites demonstrated superior super-

capacitor performance in terms of high capacitance, high energy/power 

efficiency and high rate capability, because of the combination of the 

double-layer capacitance of the CNFs and the pseudocapacitive charac-

ter associated with the surface redox-type reactions. Hence, metal ox-

ide/CNFCs can be used effectively as supercapacitive active materials 

in the development of high performance energy-storage systems for 

portable tools, personal electronics, electric vehicles, hybrid electric ve-

hicles, and plug-in hybrid electric vehicles.

Acknowledgment

This research was supported by the Basic Science Research Program 

through the National Research Foundation of Korea (NRF) funded by the 

Ministry of Science, ICT & Future Planning (NRF-2014R1A1A3053053).

References

1. M. Winter and R. J. Brodd, What Are Batteries, Fuel Cells, and 
Supercapacitors?, Chem. Rev., 104, 4245-4269 (2004).

2. A. S. Arico, P. Bruce, B. Scrosati, J. Tarascon, and W. V. 
Schalkwijk, Nanostructured materials for advanced energy con-

version and storage devices, Nat. Mater., 4, 366-377 (2005).
3. Y. Guo, J. Hu, and L. Wan, Nanostructured Materials for 

Electrochemical Energy Conversion and Storage Devices, Adv. 
Mater., 20, 2878-2887 (2008).

4. H. Wang, H. S. Casalongue, Y. Liang, and H. Dai, Ni(OH)2 nano-
plates grown on graphene as advanced electrochemical pseudoca-
pacitor materials, J. Am. Chem. Soc., 132, 7472-7477 (2010).

5. J. Chmiola, C. Largeot, P. L. Taberna, P. Simon, and Y. Gogotsi, 
Monolithic carbide-derived carbon films for micro-supercapacitors, 
Science, 328, 480-483 (2010).

6. J. R. Miller, R. A. Outlaw, and B. C. Holloway, Graphene dou-
ble-layer capacitor withac line-filtering performance, Science, 329, 
1637-1369 (2010).

7. Y. W. Zhu, S. Murali, M. D. Stoller, K. J. Ganesh, W. W. Cai, 
P. J. Ferreira, A. Pirkle, R. M. Wallace, K. A. Cychosz, M. 
Thommes, S. Dong, A. S. Eric, and S. R. Rodney, Carbon-based 
supercapacitors produced by activation of graphene, Science, 332, 
1537-1541 (2011).

8. A. Izadi-Najafabadi, T. Yamada, D. N. Futaba, M. Yudasaka, H. 
Takagi, H. Hatori, S. Iijima, and K. Hata, High-power super-
capacitor electrodes from single-walled carbon nanohorn/nanotube 
composite, ACS Nano, 5, 811-819 (2011).

9. M. F. El-Kady, V. Strong, S. Dubin, and R. B. Kaner, Laser scrib-
ing of high-performance and flexible graphene-based electro-
chemical capacitors, Science, 335, 1326-1330 (2012).

10. A. G. Pandolfo and A. F. Hollenkamp, Carbon properties and their 
role in supercapacitors, J. Power Sources, 157, 11-27 (2006).

11. A. Nishino, Capacitors: operating principles, current market and 
technical trends, J. Power Sources, 60, 137-147 (1990).

12. C. Lei, P. Wilson, and C. Lekakou, Effect of poly(3,4-ethyl-
enedioxythiophene) (PEDOT) in carbon-based composite electrodes 
for electrochemical supercapacitors, J. Power Sources, 196, 
7823-7827 (2011).

13. J. P. Zheng, Ruthenium Oxide Carbon Composite Electrodes for 
Electrochemical Capacitors, Electrochem. Solid-State Lett., 2, 
359-361 (1999).

14. E. Frackowiak and F. Béguin, Carbon materials for the electro-
chemical storage of energy in capacitors, Carbon, 39, 937-950 
(2001). 

15. M. Endo, T. Maeda, T. Takeda, Y. J. Kim, K. Koshiba, H. Hara, 
and M. S. Dresselhaus, Capacitance and Pore-Size Distribution in 
Aqueous and Nonaqueous Electrolytes Using Various Activated 
Carbon Electrodes, J. Electrochem. Soc., 148, A910-A914 (2001).

16. H. Teng, Y. Chang, and C. T. Hsieh, Performance of electric dou-
ble-layer capacitors using carbons prepared from phenol–form-
aldehyde resins by KOH etching, Carbon, 39, 1981-1987 (2001).

17. C. T. Hsieh and H. Teng, Influence of oxygen treatment on elec-
tric double-layer capacitance of activated carbon fabrics, Carbon, 
40, 667-674 (2002).

18. J. S. Ye, H. F. Cui, X. Liu, T. M. Lim, W. D. Zhang, and F. S. 
Sheu, Preparation and Characterization of Aligned Carbon 
Nanotube–Ruthenium Oxide Nanocomposites for Supercapacitors, 
Small, 1, 560-565 (2005).

19. Y. G. Wang, H. Q. Li, and Y. Y. Xia, Ordered Whiskerlike 
Polyaniline Grown on the Surface of Mesoporous Carbon and Its 
Electrochemical Capacitance Performance, Adv. Mater., 18, 
2619-2623 (2006).

20. C. Zheng, L. Qi, M. Yoshio, and H. Wang, Cooperation of micro- 



245전기방사를 이용한 슈퍼캐퍼시터용 금속산화물/탄소나노섬유 복합체

Appl. Chem. Eng., Vol. 26, No. 3, 2015

and mesoporous carbon electrode materials in electric double-layer 
capacitors, J. Power Sources, 195, 4406-4409 (2010).

21. J. Jiang, Q. Gao, K. Xia, and J. Hu, Enhanced electrical capaci-
tance of porous carbons by nitrogen enrichment and control of the 
pore structure, Microporous Mesoporous Mater., 118, 28-34 (2009).

22. A. B. Fuertes, G. Lota, T. A. Centeno, and E. Frackowiak, 
Templated mesoporous carbons for supercapacitor application, 
Electrochim. Acta, 50, 2799-2805 (2005).

23. K.-P. Wang and H. Teng, The performance of electric double layer 
capacitors using particulate porous carbons derived from PAN fi-
ber and phenol-formaldehyde resin, Carbon, 44, 3218-3225 (2006).

24. W. Li, F. Zhang, Y. Dou, Z. Wu, H. Liu, X. Qian, D. Gu, Y. Xia, 
B. Tu, and D. Zhao, A self-template strategy for the synthesis of 
mesoporous carbon nanofibers as advanced supercapacitor electro-
des, Adv. Energy Mater., 1, 382-386 (2011).

25. Z. Ryu, J. Zheng, and M. Wang, Porous structure of PAN-based 
activated carbon fibers, Carbon, 36, 427-432 (1998).

26. L. Marcinauskas, Z. Kavaliauskas, and V. Valincius, Carbon and 
nickel oxide/carbon composites as electrodes for supercapacitors, J. 
Mater. Technol., 28, 931-936 (2012).

27. A. Pandolfo and A. F. Hollenkamp, Carbon properties and their 
role in supercapacitors, J. Power Sources, 157, 11-17 (2006). 

28. Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H. Dong, 
X. Li, and L. Zhang, Progress of electrochemical capacitor elec-
trode materials: A review, Int. J. Hydrog. Energy, 34, 4889-4899 
(2009).

29. T. Kwon, H. Nishihara, H. Itoi, Q. H. Yang, and T. Kyotani, 
Enhancement Mechanism of Electrochemical Capacitance in 
Nitrogen-/Boron-Doped Carbons with Uniform Straight Nanochannels, 
Langmuir, 25, 11961-11968 (2009).

30. R. B. Rakhi and H. N. Alshareef, Enhancement of the energy stor-
age properties of supercapacitors using graphene nanosheets dis-
persed with metal oxide-loaded carbon nanotubes, J. Power 
Sources, 196, 8858-8865 (2011).

31. I. Shakir, M. Nadeem, M. Shahid, and D. J. Kang, Ultra-thin 
Solution-based coating of Molybdenum Oxide on Multiwall Carbon 
Nanotubes for High-performance Supercapacitor Electrodes, 
Electrochim. Acta, 118, 138-142 (2014).

32. T. Battumur, S. B. Ambade, R. B. Ambade, P. Pokharel, D. S. 
Lee, S.-H. Han, W. Lee, and S.-H. Lee, Addition of multiwalled 
carbon nanotube and graphene nanosheet in cobalt oxide film for 
enhancement of capacitance in electrochemical capacitors, Curr. 
Appl. Phys., 13, 196-204 (2013).

33. W. J. Morton, Method of dispersing fluids, UNITED STATES 
PATENT, N0. 705,691 (1902).

34. C. Kim, K. H. An, Y. H. Lee, and K. S. Yang, Nanocomposite 
fiber, its preparation and use, Korean Patent 10-2004-0088578 (in 
Korean) (2004).

35. S. F. Fennessey and R. J. Farris, Fabrication of aligned and molec-
ularly oriented electrospun polyacrylonitrile nanofibers and the me-
chanical behavior of their twisted yarns, Polymer, 45, 4217-4225 
(2004). 

36. C. Shao, H. Y. Kim, J. Gong, B, Ding, D. R. Lee, and S. J. Park, 
Fiber mats of poly(vinyl alcohol)/silica composite via electro-
spinning, Mater. Lett., 57, 1579-1584 (2003).

37. A. Holzmeister, M. Rudisile, A. Greiner, and J. H. Wendorff, 
Structurally and chemically heterogeneous nanofibrous nonwovens 
via electrospinning, Eur. Polym. J., 43, 4859-4867 (2007).

38. Y. He, T. Zhang, W. Zheng, R. Wang, X. Liu, Y. Xia, and J. 
Zhao, Humidity sensing properties of BaTiO3 nanofiber prepared 
via electrospinning, Sen. Actuat. B: Chem., 146, 98-102 (2010).

39. J. T. McCann, M. Marquez, and Y. Xia, Highly Porous Fibers by 
Electrospinning into a Cryogenic Liquid, J. Am. Chem. Soc., 128, 
1436-1437 (2006).

40. E. J. Ra, T. H. Kim, W. J. Yu, K. H. An, and Y. H. Lee, 
Ultramicropore formation in PAN/camphor-based carbon nanofiber 
paper, Chem. Commun., 46, 1320-1322 (2010).

41. C. Kim and K. S. Yang, Electrochemical properties of carbon 
nanofiber web as an electrode for supercapacitor prepared by elec-
trospinning, Appl. Phys. Lett., 83, 1216-1218 (2003).

42. K. Xia, Q. Gao, J. Jiang, and J. Hu, Hierarchical porous carbons 
with controlled micropores and mesopores for supercapacitor elec-
trode materials, Carbon, 46, 1718-1726 (2008).

43. J. L. Hu, J. H. Huang, Y. K. Chih, C. C. Chuang, J. P. Chen, S. 
H. Cheng, and J. L. Horng, Effects of thermal treatments on the 
supercapacitive performances of PAN-based carbon fiber electro-
des, Diam. Relat. Mater., 18, 511-521 (2009).

44. Y.-W. Ju, G.-R. Choi, H.-R. Jung, and W.-J. Lee, Electrochemical 
properties of electrospun PAN/MWCNT carbon nanofibers electro-
des coated with polypyrrole, Electrochim. Acta, 53, 5796-5803 
(2008).

45. H. Wang, Q. Gao, and J. Hu, Preparation of porous doped carbons 
and the high performance in electrochemical capacitors, 
Microporous Mesoporous Mater., 131, 89-96 (2010).

46. C. Largeot, C. Portet, J. Chmiola, P. L. Taberna, Y. Gogosti, and 
P. Simon, Relation between the Ion Size and Pore Size for an 
Electric Double-Layer Capacitor, J. Am. Chem. Soc., 130, 
2730-2731 (2008).

47. K.-P. Wang and H. Teng, The performance of electric double layer 
capacitors using particulate porous carbons derived from PAN fi-
ber and phenol-formaldehyde resin, Carbon, 44, 3218-3225 (2006).

48. J. Fan, T. Wang, C. Z. Yu, B. Tu, Z. Jiang, and D. Zhao, Ordered, 
nanostructured tin based oxides/carbon composite as the neg-
ative-electrode material for lithium-ion batteries. Adv Mater., 16, 
1432-1436 (2004).

49. L. Shi, H. He, Y. Fang, Y. Jia, B. Luo, and L. Zhi, Effect of heat-
ing rate on the electrochemical performance of MnOX@CNF nano-
composites as supercapacitor electrodes, Chin. Sci. Bull., 59, 
1832-1837 (2014).

50. M. Ramani, B. S. Haran, R. E. White, and B. N. Popov, Synthesis 
and Characterization of Hydrous Ruthenium Oxide-Carbon 
Supercapacitors, J. Electrochem. Soc., 148, A374-A380 (2001).

51. C.-M. Chuang, C.-W. Huang, H. Teng, and J.-M. Ting, 
Hydrothermally synthesized RuO2/Carbon nanofibers composites 
for use in high-rate supercapacitor electrodes, Compos. Sci. 
Technol., 72, 1524-1529 (2012).

52. B. J. Lee, S. R. Sivakkumar, J. M. Ko, J. H. Kim, S. M. Jo, and 
D. Y. Kim, Carbon nanofibre/hydrous RuO2 nanocomposite elec-
trodes for supercapacitors, J. Power Sources, 168, 546-552 (2007).

53. Y.-W. Ju, G.-R. Choi, H.-R. Jung, C. Kim, K.-S. Yang, and W.-J. 
Lee, Structure and electrochemistry of LiNi1/3Co1/3.yMyMn1/3O2 
(M=Ti, Al, Fe) positive electrode material, J. Electrochem Soc., 
154, A192-A198 (2007).

54. X. Dong, W. Shen, J. Gu, L. Xiong, Y. Zhu, H. Li, and J. Shi, 
MnO2-Embedded-in-Mesoporous-Carbon-Wall Structure for Use as 
Electrochemical Capacitors, J. Phys. Chem. B, 110, 6015-6019 



246 양갑승⋅김보혜

공업화학, 제 26 권 제 3 호, 2015

(2006).
55. M. Liu, L. Gan, W. Xiong, Z. Xu, D. Zhu, and L. Chen, 

Development of MnO2/porous carbon microspheres with a partially 
graphitic structure for high performance supercapacitor electrodes, 
J. Mater. Chem. A, 2, 2555-2562 (2014).

56. T. Kudo, Y. Ikeda, T. Watanabe, M. Hibino, M. Miyayama, H. 
Abe, and K. Kajita, Amorphous V2O5/carbon composites as elec-
trochemical supercapacitor electrodes, Solid State Ionics, 152, 
833-841 (2002).

57. G. X. Wang, B. L. Zhang, Z. L. Yu, and M. Z. Qu, Manganese 
oxide/MWNTs composite electrodes for supercapacitors, Solid 
State Ionics, 176, 1169-1174 (2005).

58. S. Suzuki, M. Hibino, and M. Miyayama, High rate lithium inter-
calation properties of V2O5/carbon/ceramic-filler composites, J. 
Power Sources, 124, 513-517 (2003).

59. A. Dobley, K. Ngala, S. Yang, P. Y. Zavalij, and M. S. 
Whittingham, Manganese Vanadium Oxide Nanotubes:  Synthesis, 
Characterization, and Electrochemistry, Chem. Mater., 13, 
4382-4386 (2001).

60. J. S. Sakamoto and B. Dunn, Vanadium Oxide-Carbon Nanotube 
Composite Electrodes for Use in Secondary Lithium Batteries, J. 
Electrochem. Soc., 149, A26-A30 (2002).

61. K. W. Nam, E. S. Lee, J. H. Kim, Y. H. Lee, and K. B. Kim, 
Synthesis and electrochemical investigations of Ni1−xO thin films 
and Ni1−xO on three-dimensional carbon substrates for electro-
chemical capacitors batteries, fuel cells, and energy conversion, J. 
Electrochem. Soc., 152, A2123-A2129 (2005).

62. I. H. Kim, J. H. Kim, and K. B. Kim, Electrochemical character-
ization of electrochemically prepared ruthenium oxide/carbon nano-
tube electrode for supercapacitor application, Electrochem. 
Solid-State Lett., 8, A369-A372 (2005).

63. B.-H. Kim, C. H. Kim, K. S. Yang, A. Rahy, and D. J. Yang, 
Electrospun vanadium pentoxide/carbon nanofiber composites for 
supercapacitor electrodes, Electrochim. Acta, 83, 335-340 (2012).

64. B.-H. Kim, K. S. Yang, and D. J. Yang, Electrochemical behavior 
of activated carbon nanofiber-vanadium pentoxide composites for 
double-layer capacitors, Electrochim. Acta, 109, 859-865 (2013).

65. M. Sathiya, A. S. Prakash, K. Ramesha, J. M. Tarascon, and A. 
K. Shukla, V2O5-Anchored Carbon Nanotubes for Enhanced 
Electrochemical Energy Storage, J. Am. Chem. Soc., 133, 

16291-16299 (2011).
66. H. Yamada, H. Nakamura, F. Nakahara, I. Moriguchi, and T. 

Kudo, Electrochemical study of high electrochemical double layer 
capacitance of ordered porous carbons with both meso/macropores 
and micropores, J. Phys. Chem. C, 111, 227-233 (2007).

67. S. W. Woo, K. Dokko, H. Nakano, and K. Kanamura, Preparation 
of three dimensionally ordered macroporous carbon with meso-
porous walls for electric double-layer capacitors, J. Mater. Chem., 
18, 1674-1680 (2008).

68. D. W. Wang, F. Li, M. Liu, G. Q. Lu, and H. M. Cheng, 3D 
Aperiodic Hierarchical Porous Graphitic Carbon Material for 
High-Rate Electrochemical Capacitive Energy Storage, Angew. 
Chem. Int. Edit., 47, 373-376 (2008).

69. M. Selvakumar, D. K. Bhat, A. M. Aggarwal, S. P. Iyer, and G. 
Sravani, Nano ZnO activated carbon composite electrodes for su-
percapacitors, Phys. B, 405, 2286-2289 (2010).

70. L. S. Aravindaa, K. K. Nagarajab, H. S. Nagarajab, K. U. Bhat, 
and B. R. Bhat, ZnO/carbon nanotube nanocomposite for high en-
ergy density supercapacitors, Electrochim. Acta, 95, 119-124 
(2013).

71. Y. Zhang, X. Sun, L. Pan, H. Li, Z. Sun, C. Sun, and B. K. Tay, 
Carbon nanotube-ZnO nanocomposite electrodes for super-
capacitors, Solid State Ionics, 180, 1525-1528 (2009).

72. D. Kalpana, K. S. Omkumar, S. S. Kumar, and N. G. Renganathan, 
A novel high power symmetric ZnO/carbon aerogel composite elec-
trode for electrochemical supercapacitor, Electrochim. Acta, 52, 
1309-1315 (2006).

73. C. H. Kim and B.-H. Kim, Zinc oxide/activated carbon nanofiber 
composites for high-performance supercapacitor electrodes, J. 
Power Sources, 274, 512-520 (2015).

74. C. H. Kim and B.-H. Kim, Electrochemical behavior of zinc ox-
ide-based porous carbon composite nanofibers as an electrode for 
electrochemical capacitors, J. Electro. Chem., 730, 1-9 (2014).

75. J. Mu, C. Shao, Z. Guo, Z. Zhang, M. Zhang, P. Zhang, B. Chen, 
and Y. Liu, High photocatalytic activity of ZnO-carbon nanofiber 
heteroarchitectures, ACS Appl. Mater. Interfaces, 3, 590-596 (2011).

76. S. Chen, J. W. Zhu, X. D. Wu, Q. F. Han, and X. Wang, 
Graphene oxide-MnO2 nanocomposites for supercapacitors, ACS 
Nano, 4, 2822-2830 (2010).


