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Manganese dioxide/polyaniline coaxial nanowire networks are prepared by using double surfactant

approach. This approach improves the interaction between the two active materials which has been

confirmed by FTIR and XPS measurements, and yields a controllable uniform thin coating of

polyaniline on the well-dispersed manganese dioxide nanowires. This hybrid heteronanostructure

enhances the conductivity and capacitive performance of the supercapacitor electrode. The

electrochemical test delivers specific capacitance as high as 498 and 873 F g�1 at 2 and 0.25 A g�1,

respectively. Good cycling stability of up to 5000 cycles (5% capacitive degradation) outperforms other

currently available redox nanocomposite electrodes. This result shows that the interaction among the

active materials and improved nanostructure design are the two important factors to boost up the

electrochemical performance of the hybrid nanomaterials. This work illustrates a promising platform

that can be adopted for a myriad of metal oxide-conducting polymer nanocomposites while reaping the

benefit as low cost electrode material for supercapacitor application.
1. Introduction

Supercapacitor or electrochemical capacitor has been considered

as promising energy storage for hybrid electric vehicle and other

portable devices due to its ability to combine fast power delivery

of conventional capacitor and high energy storage of battery. It

can be classified according to its charge storage mechanism and

active materials used. EDLC or electrical double layer capacitor

stores charges by reversible ions adsorption onto high surface area

of active materials, such as carbonaceous based materials.

Recently, more attention has been developed on the pseudoca-

pacitor which inmany cases can exceed the performance of EDLC

due to the presence of fast and reversible faradaic charge storage

process.1 Transition metal oxides and conducting polymers have

been identified to exhibit such pseudocapacitive behavior.1,2

Among the transition metal oxides, manganese dioxide

(MnO2) has gained considerable attention as an alternative
School of Materials Science and Engineering Nanyang Technological
University, 50 Nanyang Avenue, 639798, Singapore. E-mail: pslee@ntu.
edu.sg; Fax: +65 6790 9081; Tel: +65 6790 6661

† Electronic supplementary information (ESI) available: TEM images of
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electrode material due to its low cost, wide abundance, and

environmental friendliness.3,4 Most of the reports on MnO2

based supercapacitor have been focusing on improving its

specific capacitance through nanostructuring method.4–9

However, relying on the nanostructuring of single electrode

materials may not always yield an optimum supercapacitive

performance of the electrode material, as some of the intrinsic

properties of the materials cannot be simply altered by nano-

structuring. For example, the poor electronic conductivity of

MnO2 (10
�5 to 10�6 S cm�1)10 often results in the high internal

resistance of the electrode and low power density of the device.

On the other hand, polyaniline (PANI) is one of the most studied

conducting polymers due to its high doping level, good electrical

conductivity and environmental stability. Theoretically, specific

capacitance (Csp) of PANI is able to reach 2000 F g�1.11

However, due to the variation on its synthetic routes and

morphologies, Csp of PANI is found to vary between 160 and

815 F g�1.12 Thin PANI coating has to be maintained in order to

facilitate the electrolyte ions to reach all the active materials.13,14

Combining two or more electrode materials to form hetero-

structured nanomaterials has attracted significant attention as

they do not only improve the performance through the effect of

the size confinement, but also with the added functionalities or

synergistic properties.1 By integrating different active materials

and tailoring the properties of each material, we are able to

exploit their potential as high performance electrodes. Hetero-

structured nanomaterials have been constructed with various

configurations,15,16 highlighting the importance of architecturing
J. Mater. Chem., 2012, 22, 23921–23928 | 23921
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suitable structure for ideal electrode of electrochemical energy

storage. One of the strategies is to use coaxial nanowires, in

which the core materials are mainly used to store the charges

while the shell is particularly responsible for the electrochemical

stability and conductivity of the sample.15 Alternatively, the core

can be a good conductor which acts as a continuous pathway for

kinetics process whereas the active materials are coated on it.8

Heterostructured hybrid nanomaterials which consist of

transition metal oxide and conductive polymer have been

reported sporadically. This combination has the potential to

exhibit excellent properties for capacitive performance due to

the dual charge storage redox processes contributed from

both materials. MnO2 compositing with poly(3,4-ethyl-

enedioxythiophene), polypyrrole or PANI showed moderate to

high specific capacitance (300–700 F g�1). However, their cycling

performances are still far from satisfactory. The typical cycling

test results show tens of percentage degradation within relatively

short cycling test.17–29 Poor long term cycling stability of the

hybrid redox nanomaterials has not been addressed by most of

the reports and it is currently one of their major drawbacks that

prevent their application in real device. Li et al. have prepared

MnO2 and PANI as shell materials on CNT network to form the

ternary coaxial nanostructures. Csp of 330 F g�1 has been ach-

ieved with 23% degradation of Csp after 1000 cycles.27 Recently,

Jaidev et al. have reported PANI and manganese oxide hybrid

which showed good Csp (626 F g�1) but poor cycling stability,

33% degradation of Csp after 1000 cycles.28 Composite structure

prepared by electrodeposition of both redox materials tends to

have high Csp. Zhou et al. have deposited manganese oxide and

PANI on porous carbon and achieved 500 F g�1 with 40%

degradation ofCsp after 5000 cycles.
25 Sun and Liu have reported

fibrous structure of MnO2 and PANI deposited on carbon cloth

with Csp of 532 F g�1 and 24% capacitive degradation after 1200

cycles.23 Prasad and Miura have deposited MnO2 and PANI on

stainless steel and were able to achieve 715 F g�1 with 3.5%

degradation after 5000 cycles.30 Liu and Lee have coelec-

trodeposited MnO2 and poly(3,4-ethylenedioxithiophene)

coaxial nanowires with the capacitance up to 210 F g�1.31

Although electrodeposited film has great potential especially in

micro-scale devices, powders of active materials are necessary in

most of the applications for the ease of further processing and

versatile choice of current collectors.18

One of the problems in the metal oxide/conducting polymer

heterostructures is the weak interaction between these two

materials, thus it limits the optimum capacitive properties of the

nanocomposite.19 Hence, feasible strategies to enhance the

interaction between the heterogeneous components are required.

One such approach would be the controlled polymerization of

the conducting polymer onto the surface of the metal oxide using

an electrostatically bonded double surfactant layer assisted

polymerization method. This method has been first introduced

by Zhu et al. to produce hollow PANI capsules from metal

oxides micro sized particles as the sacrificial template. The key

mechanism of this method is to slow down and control the

polymerization on the substrate materials rather than in the

solution.32 In this communication, instead of using micron sized

metal oxides particles as sacrificial templates, we employed

MnO2 nanowires as the core material and a PANI layer was

polymerized onto the MnO2 nanowires by using the modified
23922 | J. Mater. Chem., 2012, 22, 23921–23928
double surfactant method to form the MnO2/PANI coaxial

nanowires network. We reveal that the presence of electrostati-

cally bonded surfactants has enhanced the doping and conduc-

tivity level of PANI as well as the capacitive performance.

Besides serving as an electroactive material for the energy

storage process, PANI also acts as a coating layer which

ameliorates MnO2 from dissolution into electrolytes.26 A

conductive polymer coating has also been shown to minimize

dissolution of polysulfides in Li-sulfur batteries, improving their

long term stability.33 In addition, the entanglement of PANI

chains will be prevented by the addition of MnO2 nanoparticles

due to the electrostatic repulsion between positively charged

MnO2 in the acidic co-polymerization media.19 The nano-scaled

structure of PANI serves to enhance the active surface area and

improves the ions accessibility onto the electrochemically active

surfaces. Therefore, improvement on the electronic conductivity,

specific capacitance and cycling stability can be achieved from

this heterostructured electrode.

2. Experimental

2.1. Synthesis of the materials

MnO2 nanowires (MnO2 NW) were synthesized according to our

previous report.34 In brief, Mn(NO3)2 (13.8 mL, 0.1 M) was

added into the solution and quickly followed by KMnO4 (20 mL,

0.1 M). The solution was transferred into autoclave for hydro-

thermal process and heated at 150 �C for 6 hours. The black

precipitate was centrifuged and washed with deionized water for

several times. Then, precipitates were dried at 65 �C.
MnO2/PANI coaxial NW were synthesized using a modified

double surfactant method.32 In brief, 5 g of polyvinylpyrrolidone

(PVP) and 0.05 g of MnO2 nanowires were weighed and mixed

into a centrifuge tube containing 60 mL of DI water. The content

was sonicated for 8 hours. After which, they were centrifuged for

several times in ethanol. 0.08 g of sodium dodecyl sulfate (SDS)

and 0.05 g of ammonium persulfate (APS) were then dissolved in

50 g DI water. The remaining content from the centrifuge tube

was transferred into SDS and APS solution and aged at room

temperature for 12 hours. 0.008 mL of aniline monomer and

15 mL of 0.1 M HCl were added into the solution. It was then

stirred continuously in an ice bath (4 �C) for 8 hours and

centrifuged in ethanol before drying the product overnight.

PANI powders were synthesized using a similar method with

MnO2/PANI coaxial NW without the addition of PVP modified

MnO2. In brief, 0.08 g of SDS and 0.05 g of APS were prepared in

50 g DI water. Then, 0.008 mL of aniline monomer and 15 mL of

0.1 M HCl were added into the solution. It was then stirred

continuously in an ice bath (4 �C) for 8 hours and centrifuged in

ethanol before drying the product overnight.

2.2. Materials and electrochemical characterization

The morphology and microstructure of the powder were inves-

tigated using scanning electron microscopy (SEM, JEOL-7600F)

operated at 5 kV and transmission electron microscopy (TEM,

JEOL 2010) operated at 200 kV. TEM energy dispersive X-ray

spectroscopy was used to perform the elemental analysis of the

sample (TEM, JEOL 2010F). Crystal structure of the synthesized

powder was studied by powder X-ray diffractometer (Bruker D8
This journal is ª The Royal Society of Chemistry 2012
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Advance) with Cu Ka radiation (1.5506 �A) at room temperature.

The diffractometer was operated at voltage of 40 kV and current

of 40 mA. Fourier transform infrared spectra were measured by

Perkin Elmer Fourier transform infrared spectroscopy (FTIR)

system by making pellets with KBr powder. The FTIR resolution

was set at 0.5 cm�1 with scan number of 30. X-ray photoelectron

spectroscopy (XPS) analysis was carried out on a Kratos

Analytical AXIS HSi spectrometer with a monochromatized Al

Ka X-ray source (1486.6 eV) at a constant dwell time of 100 ms

and a pass-energy of 40 eV. The X-ray source was run at a

reduced power of 150 W. The pressure in the analysis chamber

was maintained at 7.5 � 10�9 Torr or lower during each

measurement. All binding energies were referenced to the C 1s

hydrocarbon peak at 284.6 eV.

Quantitative analyses of MnO2 and MnO2/PANI were carried

out as follows. 0.1 mg of the as synthesized MnO2 NW and

MnO2/PANI coaxial NW samples were dissolved respectively in

6 M HNO3 (10 mL) through continuous ultrasonication for

several hours. They were then diluted 10-fold with DI water.

Concentration of Mn in both solutions was measured by using

inductively coupled plasma mass spectrometry ICP-MS (Perkin

Elmer Elan DRC-e) by further diluting the solutions 10-fold.

Working electrode materials were prepared by mixing the as

synthesized powder (85 wt%), carbon black (10 wt%), and

poly(vinylidene fluoride) (PVDF) (5 wt%). A few drops of

N-methylpyrrolidinone (NMP) were added to form slurry. It was

then coated on the carbon paper and dried under vacuum at 65 �C
for 8 hours. The mass of each electrode was about 0.2 � 0.02 mg

cm�2. Electrochemical studies were carried out by using Solar-

tron, 1470E electrochemical interface. Three electrodes set up in

Na2SO4 (1 M) electrolyte were used, with platinum sheet and

saturated Ag/AgCl as a counter and reference electrode respec-

tively. Electrochemical impedance spectroscopy (EIS) measure-

ments were conducted on constant voltage mode by sweeping the

frequency from 55 kHz to 20 mHz at amplitude of 5 mV.
3. Results and discussion

The key for uniform and thin polymer coating on the metal oxide

is to control the rate of polymerization, so that we can prevent

the excessive polymerization on the surface or in the bulk solu-

tion. The schematic illustration of the typical synthesis process of

MnO2/PANI coaxial nanowires using double surfactant assisted

polymerization method is shown in Scheme 1. Polar amide of

PVP molecule is first adsorbed onto the MnO2 NW during the

sonication process. When the MnO2 modified PVP is dispersed

into the SDS solution, the SDS molecules form the second layer

of surfactant with the negative side of the SDS molecules facing
Scheme 1 Schematic synthetic route for preparation MnO2/PANI

coaxial nanowires structure.

This journal is ª The Royal Society of Chemistry 2012
outwards in the solution. The anilinium ions (An+) are then

adsorbed onto the surface of MnO2 NW due to the static inter-

action. Thus, the polymerization prefers to take place on the

surfaces of MnO2 NW. In addition, as the concentration of

aniline monomer in the solution is low, the polymerization

process is initiated and self terminated on the surface of MnO2

only, resulting on the uniform coating of PANI on MnO2 NW.32

The morphology of MnO2 NW and MnO2/PANI coaxial NW

samples as imaged using SEM and TEM are shown in Fig. 1.

MnO2 samples synthesized using hydrothermal treatment at

150 �C displayed nanowires features with diameter about 75 nm

(Fig. 1a and d). Uniform coating of PANI has been observed

upon polymerization of PANI using double surfactant assisted

polymerization method on theMnO2 NW, formingMnO2/PANI

coaxial NW (Fig. 1b). The overall homogeneous coating of

PANI is shown in the TEM image in Fig. 1e, with some parts of

the nanoscaled PANI forming irregular minor protrusions from

the PANI surface. TEM-EDS of MnO2/PANI coaxial NW is

shown in Fig. 1f. Besides C, N, and O, Mn signal is also detected

in the EDS spectrum which confirms the presence of MnO2 in

our sample. In addition, S peak is also observed and originated

from SDS and APS that were used during the synthesis. The

presence of Cu peak is due to Cu grid used during TEM analysis,

while weak K peak came from KMnO4 residue in the sample.

Different concentration of HCl used during the double

surfactant assisted polymerization has shown to affect the

thickness of the PANI coating. PANI could not be found on the

MnO2 NW at low concentration of HCl (10�3 to 10�2 M). At

higher concentration of HCl (0.1 M), uniform coating of PANI

was observed on the MnO2 NW and with an estimated thickness

of 30 nm. The thickness of PANI coating can be adjusted by

varying the monomer concentration of aniline as well as the

amount of acid and MnO2 added during the polymerization

process (ESI Fig. S1†). We have also prepared a PANI sample

synthesized using the samemethod without adding PVPmodified

MnO2. As synthesized PANI powder shows big flakes

morphology (Fig. 1c).

XRD and FTIR measurements were used to further charac-

terize the samples. The XRD patterns of both MnO2 NW and

MnO2/PANI coaxial NW are shown in Fig. 2a. XRD pattern of
Fig. 1 (a–c) SEM image of MnO2 NW, MnO2/PANI coaxial NW and

PANI; (d and e) TEM image of MnO2 NW and MnO2/PANI coaxial

NW; (f) TEM-EDS analysis of MnO2/PANI coaxial NW.

J. Mater. Chem., 2012, 22, 23921–23928 | 23923
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MnO2 NW can be indexed as tetragonal hydrated a MnO2

(JCPDS 44-0140) which is agreeable to our previous report.34

The presence of large 1D tunnel structure (4.6 � 4.6 �A) in the a

MnO2 as a result of the edge sharing of MnO6 octahedra enables

the facile access for ions to move in and out during the charge

storage process.35 Therefore, it is well suited for supercapacitor

application. XRD pattern of MnO2/PANI coaxial NW sample

shows two broad peaks at 2 thetaz 20� and 25� which represent

the periodicities parallel (100) and perpendicular (110) to the

PANI chain respectively, indicating good crystallinity of the

PANI shell.32,36 Peaks of MnO2 NW were hardly detected from

the XRD pattern of the MnO2/PANI coaxial NW which is also

observed by other works.28,37 Gemeay et al. suggested that

distortion of crystal structure of MnO2 occurred during the

polymerization of PANI, thus led to the formation of amorphous

MnO2.
37 The XRD peak broadening at 2 theta ¼ 25� supports

this phenomenon and it is similar to the observation reported by

Jaidev et al.28

Successful PANI coating on MnO2 NW is also confirmed by

FTIR (Fig. 2b). For comparison, we have also prepared physi-

cally mixed MnO2 NW and PANI powder. There was a strong

peak observed at 1385 cm�1 in the spectrum ofMnO2 NW due to

the stretching of OH group combined with Mn atom.19 This IR

band was also observed in the physically mixed MnO2 PANI as

well as in the MnO2/PANI coaxial NW synthesized by double

surfactant approach. Upon addition of PANI, the intensity of
Fig. 2 (a) XRD pattern for MnO2/PANI coaxial NW and MnO2 NW;

(b) FTIR spectrum for MnO2 NW (1), PANI (2), physically mixedMnO2

and PANI (3) and MnO2/PANI coaxial NW (4).

23924 | J. Mater. Chem., 2012, 22, 23921–23928
this peak decreased and there were additional peaks observed in

the FTIR spectrum. For PANI sample, characteristic peaks due

to C–N stretching vibration with aromatic conjugation were

observed at 1294 and 1237 cm�1. IR band at region 1120 cm�1

region indicates the electron delocalization in PANI and

stretching of N]Q]N (Q is quinoid ring). IR bands due to the

stretching vibration of quinoid and benzenoid ring were seen at

1564 and 1479 cm�1, indicating that the resultant PANI was in its

emeraldine state, rather than leucoemeraldine or permigraniline

state.38,39 The as-prepared MnO2/PANI coaxial NW have iden-

tical PANI characteristic peaks as PANI powder and physically

mixed MnO2 PANI. However, the peaks in MnO2/PANI coaxial

NW were observed to be shifted to the higher wavenumber. For

example, characteristic peak due to quinoid rings which was

observed at 1564 cm�1 for both PANI powder and physically

mixed MnO2 PANI was shifted significantly to 1580 cm�1 in

MnO2/PANI coaxial NW. This blue shift indicates that consid-

erable interaction exists between MnO2 and PANI through the

electrostatic PVP SDS surfactant layers.40 The interaction

between metal oxides and PANI has also been found earlier to

increase the doping level and conductivity improvement of

PANI,41,42 which may be particularly useful for its electro-

chemical properties.

Further characterization was performed by XPS measure-

ments. Fig. 3a–c represent the XPS spectra of MnO2 NW after

adding PVP and SDS. Mn 2p spectral region in Fig. 3a consists

of two peaks centered at 641.7 and 653.3 eV which correspond to

the spin orbit doublet of Mn 2p3/2 and Mn 2p1/2, respectively.
17

Fig. 3b shows the N 1s core level spectra of PVP and SDS

modified MnO2 NW. N 1s peak can be deconvoluted into two

peaks at 400 and 401.9 eV. The presence of a smaller peak at

401.9 eV confirms that some N has been transformed into

protonated nitrogen species (N+) upon aging PVP modified

MnO2 in SDS solution which indicates the cationic nature of N

atom in the pyrrolidone ring of PVP.43,44 The protonated

nitrogen (N+) helps in attaching anionic SDS molecules to PVP.

The presence of SDS is confirmed through the occurrence of S 2p

signal from the sample. Two peaks at 168.3 and 169.5 eV indicate

the presence of sulfur atoms of the dodecyl sulfate anions,

signifying the presence of SDS in the sample.45

Fig. 3d shows the peak of N 1s core level of PVP and SDS

modifiedMnO2 after polymerization of aniline. In contrast to the

N 1s signal before the polymerization, N 1s signal can be

deconvoluted into four peaks. The benzenoid amine is centered

at 399.4 eV. The peaks at 400.8 and 402.6 eV correspond to

positively charged nitrogen, which can be interpreted as polaron

and bipolaron states, respectively. While the weak signal at 404.4

eV can be related to the N 1s shake up satellite of the ionized

nitrogen atoms in the PANI molecular chain.46 The presence of

nitrogen cationic radical at peaks higher than 400 eV is related to

the doping level of PANI which can be calculated from the ratio

of the positively charged nitrogen to the total nitrogen ([N+]/[N]).

MnO2/PANI coaxial NW sample shows the doping level of 0.43,

indicating the good doping level of PANI which further supports

our FTIR results.13 This finding is in coherence to the doping

level increment found in the reported PANI intercalated MnO2

layered structure.40

The presence of MnO2 in MnO2/PANI coaxial NW is

confirmed by XPS characterization (ESI Fig. S2†). The peaks of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) Mn 2p, (b) N 1s and (c) S 2p XPS core level spectra of PVP and SDS modified MnO2; (d) N 1s XPS core level spectra of MnO2/PANI

coaxial NW.
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Mn 2p3/2 and Mn 2p1/2 which are centered at 642 and 653.9 eV

are in good agreement with reported data of Mn 2p3/2 and Mn

2p1/2 in MnO2 NW (Fig. 3a). Further quantitative analysis

through ICP-MS also supports the attainment of MnO2 after

polymerization of PANI. The weight percentage of MnO2 is

estimated to be around 25 wt% of the final MnO2/PANI product.

The typical cyclic voltammogram of MnO2 shows rectangular

shape indicating the capacitive behavior of MnO2 due to the

fast, reversible, successive surface redox reactions of MnO2.
1

However, common characteristic for most of the cyclic voltam-

mogram of MnO2 is that as the scan rate increases, the deviation

from the rectangular-shaped curve became very obvious, espe-

cially at high scan rates. This is attributed to the slow diffusion of

Na+ and high resistivity of MnO2 which lead to the distortion of

the current response at the switching potential, poor rate capa-

bility and low specific capacitance. Electrochemical tests ofMnO2

NW, PANI and MnO2/PANI coaxial NW were first studied by

cyclic voltammetry (CV) between 0 and 0.9 V in 1 M Na2SO4.

Cyclic voltammograms of each sample at scan rates of 10 and

100 mV s�1 are shown in Fig. 4a and b. Unlike the slightly dis-

torted CV curve of PANI, the rectangular voltammetric responses

at 10 mV s�1 of both MnO2 NW and MnO2/PANI coaxial NW

samples indicate the ideal capacitive nature.24,40 The wider area

under the CV curve of MnO2/PANI coaxial NW as compared to

the other two samples shows the capacitive improvement after

PANI coating. The difference in the area under the CV curve
This journal is ª The Royal Society of Chemistry 2012
becomes more prominent at the scan rate of 100 mV s�1, indi-

cating better capacitive performance ofMnO2/PANI coaxial NW

as compared to the other two samples at higher scan rate. Besides

CVs, galvanic charge and discharge measurements were also

carried out on all samples at different applied current ranging

from 2 to 30 A g�1. The resultant graph shows a straight line and

symmetric charge and discharge curves (Fig. 4c).

The Csp of each sample is calculated from its discharge curve.

Csp of PANI at 2 A g�1 is about 324 F g�1. The calculated Csp of

MnO2 NW at 2 A g�1 is about 377 F g�1, which is relatively

higher as compared to other a MnO2 synthesized through

hydrothermal treatment.4,7 This improvement is because of the

well dispersed nature of our nanowires which allows the elec-

trolyte ions to reach all the active materials. The Csp improves

significantly after coating a layer of PANI. The calculated Csp of

MnO2/PANI coaxial NW at 2 A g�1 (498 F g�1) is higher than

MnO2 NW which indicates the contribution of the pseudocapa-

citance effect of PANI coated on the MnO2 NW. We have also

measured the performance at lower applied current: 0.25, 0.5, and

1 A g�1, the resultant Csp are much higher: 873, 663 and 574 F

g�1, respectively. The charge discharge curves of the samples at

different applied currents are shown in Fig. 4c and ESI Fig. S3

and S4.† Csp at other applied currents are also shown in Fig. 4d.

The electrochemical stability of each sample was examined

under continuous cyclic voltammetry at 25 mV s�1 for 5000

cycles in 1 M Na2SO4 (Fig. 5a). The Csp of MnO2 NW was more
J. Mater. Chem., 2012, 22, 23921–23928 | 23925

http://dx.doi.org/10.1039/C2JM32456C


Fig. 4 (a and b) Cyclic voltammograms of MnO2/PANI coaxial NW, MnO2 NW and PANI at 10 and 100 mV s�1. (c) Charge and discharge curve of

MnO2/PANI coaxial NW (1), MnO2 NW (2) and PANI (3) at 2 A g�1. (d) Csp of MnO2/PANI coaxial NW,MnO2 NW and PANI measured at different

applied current.
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or less stable for up to 1000 cycles with 1% degradation of Csp,

indicating good stability of the sample. By the end of 3000 cycles,

the capacitance loss was about 9% of its original Csp. However, it

continued to degrade significantly all the way until 5000 cycles

(18% degradation). The cycling performance of PANI was the

worst among the three samples. Csp of PANI faded significantly

during the first 100 cycles (11% degradation) and continued to

degrade down to 30% at the end of 5000 cycles. It is well known

that conducting polymers are prone to capacitive fading during

the cycling test due to the continuous swelling and shrinkage of

the polymer’s structure. On the other hand, the Csp of MnO2/

PANI coaxial NW was slightly reduced during the first 500

cycles, before it starts to stabilize. By the end of 5000 cycles, it

retained about 95% of its original Csp. The Csp degradation of

MnO2 over the long term cycling test is often associated with the

dissolution of MnO2 into Mn2+ ions in the aqueous electrolyte.47

From thermodynamic point of view, the Pourbaix diagram of the

Mn–H2O system suggests that some of the MnO2 will eventually

dissolve in Na2SO4.
48 This process reduces the amount of the

active materials, thus slowly decreasing the Csp of MnO2 during

the long cycling test. Coating a protection layer on MnO2 has

shown to improve the long term cycling stability of MnO2.
26

The performance of MnO2/PANI coaxial NW reported in this

work is superior as compared to other MnO2/PANI and redox
23926 | J. Mater. Chem., 2012, 22, 23921–23928
heterostructured nanomaterials powder based composites

reported in the literature so far.18,19,25–27,29,40 The improved

specific capacitance, rate capability as well as cycling stability of

MnO2/PANI coaxial NW in this work can be attributed to the

following reasons. First, by introducing a layer of conducting

polymer, the ionic resistance within MnO2 NW networks is

reduced which can be seen from EIS measurement in Fig. 5b. At

high frequency range, the intercept on Z real or X axis is related

to the solution or ionic resistance (Rsol) while the diameter of the

semicircle arc is related to the charge transfer resistance (Rct).
11,49

The intercept at Z real axis of MnO2 NW reduced from 5 to 2 U

after coating a layer of conducting polymer PANI. In addition to

the uniform PANI coating that is electrostatically bonded to the

MnO2 NW, the well maintained dispersed coaxial nanowire

network structure helps the ions to reach most of the active

materials. This configuration results in the lower charge transfer

resistance at the interface of active materials and electrolyte

which can be seen from the smaller diameter of the semicircle arc

in the Nyquist plot of MnO2/PANI coaxial NW as compared to

MnO2 NW.49,50 Second, PANI provides additional redox reac-

tion which can be seen from the enlarged area under the CV

curve upon coating of PANI on the MnO2 NW. PANI coating

also acts as a protection layer to prevent the MnO2 dissolution

during the long cycling process which has been one of the major
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 (a) Relative Csp during the extended cyclic voltammetry test at

25 mV s�1, inset shows the cyclic voltammogram of MnO2/PANI coaxial

NW after 10th cycle (1) and 5000th cycle (2). (b) Nyquist plots of MnO2/

PANI coaxial NW and MnO2 NW.
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cause in the capacitive fading of MnO2 during the long and

continuous cycling test.8,26 Third, good interaction between

PANI and transition metal oxides improves the capacitive

properties of this composite structure.19 As discussed previously,

the interaction between PANI and MnO2 in our system can be

enhanced through the presence of electrostatically bonded

double surfactant layers which will enhance the charge transfer

within the active materials. Fourth, the outstanding performance

of this MnO2/PANI coaxial NW is also due to the design

geometry of the active materials. Instead of random location of

PANI within the composite electrode, the polymerization

process of PANI is self-terminated on theMnO2 NW surface and

resulted in the thin layer of PANI coating on the well dispersed

MnO2 NW. Chen et al. have used a linker molecule to graft

PANI onto the surface of MnO2 particles. Csp as high as 415 F

g�1 at 1.67 mA cm�2 has been achieved with 15% degradation

after 1000 cycles.19 This low performance is probably because of

the difficulties in controlling the polymerization process of PANI

which results in non-uniform distribution of PANI in the

composite structure. On the contrary, our samples are able to

maintain the well dispersed nanowires structure even after the

coating of PANI. Lastly, this double surfactant method is

versatile and can be extended to synthesize other transition metal

oxides and PANI composites. In addition to the good
This journal is ª The Royal Society of Chemistry 2012
performance of this material system, relatively low cost of MnO2

and PANI is another advantage of this structure which is

promising for its commercial application.
4. Conclusions

In summary, the enhanced interaction between redox active

materials with the desirable heteronanostructures design could

lead to the improvement of the capacitive performance of the

composite materials. The MnO2/PANI hybrid nanostructure

reported in this work results in the improved conductivity,

specific capacitance and cycling stability of the pseudocapacitor

electrode. Higher Csp has been achieved for MnO2/PANI coaxial

NW sample at all applied currents during the galvanic charge

and discharge test (e.g. 498 F g�1 at 2 A g�1) as compared to the

pristineMnO2 NW (377 F g�1) and PANI (324 F g�1). This work

contributes significantly to the advancement in the synthetic

approach of redox nanocomposites as well as fundamental

understanding on improving the capacitance performance of

redox heterostructure nanomaterials.
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