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Supercapacitor characteristics of manganese oxide/ni¢ckéhO,/Ni) and manganese oxide/carbon nanotubes/nickel
(MnO,/CNTs/Ni) nanocomposite electrodes were investigated in this study. The CNTs were deposited on the Ni substrate by
electrophoresis in a 0.5 mg CNT/1 mL dimethylformamide solution, whereas the Maf@ synthesized by anodic deposition in

a 0.16 M manganese sulfate pentahydrate aqueous solution on substrates. The crystallinity and surface morphology of these
electrodes were determined by X-ray diffraction, scanning electron microscopy, and transmission electron microscopy. The ca-
pacitive properties of these electrodes were demonstrated by cyclic voltammetry with scan rates ranging from 5 to 100 mV/s. The
specific capacitances of the MRIGNT/Ni nanocomposite electrode were 415 and 388 F/g with scan rates of 5 and 100 mV/s,
respectively. After 1000 cycles of operation, this electrode can maintain 79% of its original capacitance. Thgs&Ni
nanocomposite electrodes possessing good electrochemical reversibility and high capacitance may be appropriate for supercapaci-
tor application in the future.
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With the development of technology, energy storage devicesjnvestigated. The MnEnH,O/Ni and MnQ-nH,O/CNTs/Ni elec-
including batteries and supercapacito § have drawn much trodes were synthesized by anodic deposition. The crystal structures,
.attention for their potential applications in the power sources ofsurface morphologies, and microstructures of these composite elec-
various electronic products. The battery is a device that stores eledrodes were investigated. The capacitance and rechargeable proper-
trical energy by an electrochemical reaction, whereas the supercdies were characterized by the cyclic voltammetric method and con-
pacitor stores electrical energy by the physical adsorption and thétant current discharge method. An equivalent circuit model was
reversible faradaic redox reaction taking place on the surface of @roposed and demonstrated by an impedance analyzer.
substrate material. Although the battery exhibits high energy density,
eIectrochemicaI stability, gnd power .density, [t still requirgs im- Experimental
provement in the reversibility of chemical reactions. Worldwide at-
tention is focused on supercapacitors due to their safety, short charg- Electrode synthesis=The 10X 10 mn? nickel ~substrates
ing time, electrochemical stability, high power density, and long (Nilaco, Japanyvere etched with 20% HNgsolution at room tem-
cycle life. These supercapacitors can be classified according to thgerature for 10 min to increase the roughness of the surface, cleaned
charge storage mechanisms: the electric double-layer capacitovith deionized(DI) water in an ultrasonic bath, and dried in a
(EDLC)** and the faradaic capacitdf. The EDLC consists of a  vacuum oven at 90°C for 24 h. To obtain CNTs with acidic sites on
high specific surface material because the energy storage mechanisifie surface, the CNTs were put in a boiling 70% nitric acid solution
is the electronic and ionic charges physically adsorbed on the interfor 1 h'’ and dried in an oven at 90°C for 24 h before electro-
face of the double layer. However, the faradaic capacitor consists ophoretic depositiofEPD). The EPD technique was adopted to de-
several oxidation states of material as the mechanism involves noosit the CNTs on the Ni substratéThe CNTs were dispersed by
only physical adsorption of electrons and ions, but also the reversultrasonic agitation in a bath of dimethylformamide with a concen-
ible redox reactions occurring on the electrode surface. tration of 0.5 mg/mL. The nickel and platinum sheets were put in

Carbon nanotube€CNTSs) are attractive materials applied in en- this solution as the cathode and the anode electrode, respectively.
ergy storage devices, such as secondary battefies, cells? and The CN'I_'s were electrophoretically deposited on _the Ni sub_strate
pseudocapacitord;*? because of their chemical stability, low mass after a direct currentdc) voltage of 20 V was applied for 5 min.
density, activated high surface area, and high conductivity. The speThen the MnQnH,O films were deposited on the Ni and CNTs/Ni
cific capacitances of CNT-based electrodes have been reported to Isé!bstrates by an anodic deposition with a platinum sheet as the
between 4 and 146.6 F/g in a solution 0§30, which is relatively counter electrode 'and saturated calomel elect@ﬂEE) as the ref-
lower than that of an activated carbon electrode with large area. T¢rence electrode in a 0.16 M MngGH,O solution pH 5.6. Such
provide enhanced capacitance, composite electrodes, such as aci? amorphous-MnEnH,0 film was deposited by the potentiostatic
vated carbon-indium-tin oxid®, polyaniline-gold nanoclusteré, method at 0.4 V for 3 min. The deposition condition was controlled
and RuQ-VO,™ are currently being investigated for supercapacitor PY @ EG&G Princeton Applied Research model 263 potentiometer.
applications. Parlet al. reported that the RuPmodification of After deposition, the electrode was cleaned with DI water and dried
CNTs provides a composite electrode material that shows a specifill? @ vacuum oven at room temperature for 24 h.

capacitance based on the mass of Rudd the value is 900 F/4. Structural analysis—The weight of the amorphous M@H,0
Therefore, suitably modified transition-metal oxide CNTs would fjjms was determined by a microbalance with an accuracy qfd.0
form potential composite materials for use in the supercapacitors. The crystal structure of these samples was examined by X-ray dif-
In this study, a manganese oxide-CNT composite electrode wasgraction (XRD, MAC Science, MXP18, Japaemploying a Cu tar-
get at an angle speed of 420) min~L. The surface morphology and
microstructure of these electrodes were studied by field-emission-
2 E-mail: tseng@cc.nctu.edu.tw scanning electron microscop§fFE-SEM, Hitachi S-4700I instru-
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Figure 1. FE-SEM photograph of CNT/Ni surface. Figure 2. FE-SEM photographs ofa, b) MnO,/Ni surface and(c,d)
MnO,/CNT/Ni surface.

ment, Japanand high resolution transmission electron microscopy

(HRTEM, Philips Tecnai 20 instrumentoupled with an energy  morphologies of the anodically deposited Mp@H,0 films on the
dispersive X-ray analysi$EDX) spectrometefOxford, Englangl Ni and CNTs/Ni substrates. The surface morphologies of the
The measurement of surface area of the electrodes was carried oMnO,-nH,O film grown on the Ni substratéFig. 2a and 2bjndi-

by the multipoint Brunauer, Emmett, and Teller meth(BET, cate a the relatively smooth surface of the film with an average
Quantachrome Instrumentasing N, gas. particle size of 25 nm. However, the surface morphology of the
MnO, film on the CNTs/Ni substrate is different. As shown in Fig.
2c and 2d, it consists of 10-25 nm Mp@rimary and secondary
(i.e., agglomeratesianoparticles on the substrate surface. The dif-

. Gerent MnQ, morphologies between the two substrates could be due
electrode, a counter electrode of platinum sheet, and 0.1 882 4, tho  gifferent initial surface morphologies between Ni and

as the electrolyte. Before electrochemical analysis, the cell WaSNTs/Ni substrates. The BET measured surface area of the
purged with argon atmosphere to remove the oxygen. EIectrochemiMno /Ni is 6.0 n?/g .and the increasing surface area based on the
cal characterizations of MngNi and MnQ/CNTs/Ni composite massx of an only is‘ 58.9 n/g. However, the BET measured sur-
electrodes were demonstrated by a potenstiostat/galvatB&&G face area of the MnQéNTs/I\ii substrat'e is 20.2%y, and the
Princeton Applied Research model 268ith the working voltage increasing surface area based on the mass. of J,\/Iny is

from 0 to 1 V at a scan rate varied from 5 to 100 mV/s. The con- -
. A . 82.0 nt/g. The BET surface area of MR@NTs/Ni has been found
stant current discharg€CD) reaction was carried out chronopoten- 0 be larger than that of Mn@Ni due to the application of CNTs.

tiometricall_y at a cathodic current of 0.1 mA after appling a positive bviously, the MnQ nanoparticles grown on the CNTS/Ni substrate
ﬁ’gtrinttrl]?gl g&?jsat?cj nl V for 30's. The capacitance can be calculate ave a larger surface area than that on the Ni substrate. Such a
porous MnQ film may provide a large redox reaction area to
i achieve fast charge/discharge rates.
c= (dv/dt) (1] To realize the influence of charge/discharge cycling on the mor-
phologies of MnQ on the substrate, the morphologies of the

Electrochemical characterization of Mgi and MnQ/
CNT9INi composite electrodes-All the electrochemical testing
was carried out in a three-compartment cell with a SCE referenc

wherec is the specific capacitance,is the specific voltammetric
charge within the working voltage, andis the potential. The am-
plitude of the as- applied potential signal was 10 mV, and the fre-
guency ranged from 10 mHz to 100 kHz.

Results and Discussion

Structural analysis of Mn@Ni and MnQ/CNTYNi composite
electrodes—An FE-SEM image of the CNTs/Ni substrate is shown
in Fig. 1, indicating that the CNTs electrophoretically deposited on
the Ni substrate are of 20-30nm diam. These CNTs are randomly
distributed, entangled, and cross-linked on the Ni substrate. The sur-
face of the electrode becomes rough after CNT deposition. The evi-
dence for this has been derived from the BET surface area measure-
ments of the Ni and CNTs/Ni substrates, which are calculated as 0.7
and 14.9 m/g, respectively. The BET surface area increases with
the deposition of the high-surface-area CN¥s298.7 nt/g based
on the mass of CNTs onjyon the Ni substrate.

Then the MnQ-nH,0 films were anodic deposited on the Ni and
CNTs/Ni substrates. The weights of these films measured by the
microbalance were 20 and 18, respectively. According to the
XRD patterns(not shown here), the crystal structures of anodically
deposited Mn@nH,0O films on the Ni and CNT/Ni substrates are Figure 3. FE-SEM photographs ofa, b) MnO,/Ni surface and(c,d)
amorphous. The FE-SEM images shown in Fig. 2 reveal the surfacénO,/CNT/Ni surface after 100 cycles of CV testing.
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Figure 5. (a) CV curves for the a-Mn@Ni and a-MnQ/CNTs/Ni elec-
trodes in 0.1 M NgSO, solution at 25°C with a potential scan rate of
10 mV/s. (b) CCD curves for the a-Mn@Ni and a-MnQ/CNTs/Ni
electrodes.

Intensity (a.u.)

and that of the MNnQICNTs/Ni electrode 19.83 fig. Clearly,
Cu the reaction area of the Mn@Ni electrode has a larger reduction
due to the change of surface morphologies. Therefore, the
cull Cu MnO,/CNTs/Ni electrode would show the better reversibility be-

‘ cause it has a-MnOnanoparticles grown on the CNTs/Ni substrate
0 5 10 that could keep the smaller particles from merging into the larger

Energy (keV) ones after the CV cycles.
Figure 4 illustrates the HRTEM images of the CNT and anodi-

Figure 4. HRTEM images of(a) CNT and(b) MnO,/CNT nanocomposite  cally deposited MnQ It is indicated in Fig. 4a that the CNTs are all
(inset is SAED of MnQ nanoparticlep (c) EDX spectrum of MnQnano-  myjtiwall with an average diam of 20 nm. The Mp@articles on
particles. the CNTs/Ni have diam ranging from 10 to 25 n(fig. 4b). The
selected area electron diffracti@BAED) pattern(inset in Fig. 4b)
of the MnQ, nanoparticle could not be indexed to any of the MnO

. . . lattice structures as these particles are all amorphous. The EDX
MnO,/Ni and MnQ/CNTS/Ni films after 100 cycles of Cy.C“C .VO" spectrum, shown in Fig. 4c, of Mnhanoparticles determined by
_tar_nm_etry(C\_/) measurements are observed and shown in Fig. 3. Itthe EDX spectrometer attached to the transmission electron micro-
is |n_d|cated in Fig. Sa_and _3b that some of the amorphous MnO cope, reveals that manganesén) and oxygen(O) are the main
particles reveal a particle size of 45 nm on the Ni substrate, ancionstituents of the nanoparticles, while the Cu peak is generated by
othe_rs merge to larger secondary particles and a_s_moother .Surfa(iﬁe Cu grid. It also shows that the chemical composition is nonsto-
(r_eglon A). The surface morphology of MREENTS/Ni is shown in ichiometric manganese oxide, Mp&, anodically deposited on the
Figs. 3c and 3d after 100 cycles of CV measurement. Few MnO ¢\ ctrates

nanoparticles tend to detach from the surface, as the average diam- '
eter of MnQ, nanoparticles increases to 30 nm with an increase in  Electrochemical characterizations of M@NTs composite
the cycles of CV measurement, and no Mn@articles merge into  electrodes—Figure 5a shows the CV curves of the MW

the larger ones like in region A. After such a CV cycling, the BET and MnQ/CNTs/Ni composite electrodes in 0.1 M p&0O, solu-
surface area of the Mn@Ni electrode changes to 3.36°M, tion at 25°C cycled under a potential in the range from 0 to 1.0 V

Mn
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Figure 6. (a) Variation of CV curves of the a-Mn@CNTs/Ni electrode with Figure 7. (a) Nyquist impedance spectra of a-Mp@®i and

potential scan rates as indicatg) Variation of specific capacitances of

: ; : a-MnQ/CNTs/Ni electrodes measured at OCI® mV vs. SCE). (b) The
a-MnQ,/Ni and a-MnQ/CNTs/Ni electrodes with CV scan rate.

impedance spectra in the high-frequency region.

with a scan rate of 5 mV/s. Both the CV curves are almost rectan-415 (MnO,/CNTs/Ni) F/g. As shown in the figure, the specific ca-
gular in shape, which implies that both of them exhibit capacitive pacitances of these electrodes decrease as the potential scan rate
behavior. The mean specific capacitances of the MNDand increases. As the potential scan rate is raised to 100 mV/s, the spe-
MnO,/CNTs/Ni composite electrodes based on the mass of MnO cific capacitance of the Mn@Ni electrode decreases to 126 F/g,
(Fig. ba)are 233 and 415 F/g, respectively. The CCD curves of thewhich is 54% of that measured with a scan rate of 5 mV/s, whereas
MnO,/Ni and MnQ/CNTs/Ni composite electrodes indicated in the specific capacitance of MRE@NTs/Ni is 386 F/g, which is

Fig. 5b depict that the slopes for both curves are not constant. Th@3% of that measured with a scan rate of 5 mV/s. The
average specific capacitances of the MA® and MnQ/CNTs/Ni  MnO,/CNTs/Ni electrode exhibits good reaction reversibility and
electrodes calculated from the average slope based on Eq. 1 are 24dss capacitance decay for faster potential scan rates, probably due
and 418 F/g, respectively. The larger specific capacitance existing imo the high conductivity of CNTs, which act as a good current col-
the MnQ/CNTs/Ni electrode may be attributed to the porous sur- lector with a low contact resistance. The better dispersion of MnO
face of this electrode providing a larger surface area between th@anoparticles over the CNTs/Ni substrate also provides a large acti-
aqueous electrolyte and the Mp@anoparticles to facilitate redox vated surface area to the redox reaction, and consequently keeps
reaction. This suggestion could be demonstrated by the CV measur®3% capacitance at a scan rate of 100 mV/s. The capacitive ability
ments with various scan rates. The effect of scan rate on the C\and reaction reversibility of the MNn@CNTs composite electrode in
curves of the MnQYCNTs/Ni electrode is shown in Fig. 6a. All the this study are better than those of other groups’ reports on an,MnO
curves are almost rectangular and show a capacitive behavior. Thelectrodet®?°

mean specific capacitances of M@ONTs/Ni with scan rates of 10, The electrochemical characteristics of the electrode can be real-
20, 40, and 100 mV/s are 410, 407, 403, and 386 F/g, respectivelyized from the electrochemical impedance spectrum and the corre-
These CV curves demonstrate that the anodically depositedponding equivalent circuit model. The ac impedance responses of
MnO,/CNTs/Ni composite electrode has excellent redox reversibil-the MnQ/Ni and MnQ/CNTs/Ni electrodes measured at open-
ity. Figure 6b shows the influence of potential scan rate on the cacircuit potential(OPC, ~300 mV vs. SCE)in 0.1 M NaSQO, are
pacitance recorded with scan rates from 5 to 100 mV/s for theshown in Fig. 7, indicating that both spectra are composed of an
MnO,/Ni and MnQ,/CNTs/Ni composite electrodes. The specific arc in the high-frequency region and a line in the low-frequency
capacitances at the scan rate of 5 mV/s calculated from the C\tegion. The phenomenon in the high-frequency region could be
curves of these two electrodes are the highest, (2830,/Ni) and caused by the double-layer process as the response of this process is
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The a-MnQ/CNTs/Ni composite electrodes synthesized by an-
odic deposition at 25°C in a 0.16 M MnS®H,O solution revealed
10-25 nm amorphous Mnhanoparticles on the CNTs/Ni substrate.
Such nanocomposite electrodes have shown much better energy
storage capabilities than those deposited on the Ni substrate, mainly
due to the low resistance and large surface area of the nanocompos-
ite electrodes. The specific capacitances of the MEBNTs/Ni elec-
trodes were 415 and 418 F/g, as obtained from CV measurements
with a scan rate of 5 mV/s and calculated from a CCD test, respec-
tively. Furthermore, the a-Mn@CNTs/Ni nanocomposite electrode
preserved 79% of its original capacitance in the 1000 cycles of
operation. Such nanocomposite electrodes exhibit good capacitance
properties and excellent reversibility. Therefore, the a-WMnO
CNTs/Ni nanocomposite electrode may be appropriate for superca-
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Figure 8. Stability tests of the a-Mn@Ni and a-MnQ/CNTs/Ni electrodes.
CV tests were measured at 10 mV/s in 0.1 M,8@, solution.

pacitor applications.
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faster than that of the faradaic process. In the high-frequency region,;

the intercepts with real impedangRe (2)] axis of MnQ/Ni and
MnO,/CNTs/Ni are 0.863 and 0.342 cn?, respectively. This

value is considered as the total electrical resistance of the electrode_

material(R.), the electrolyte R,), and the electrical lead®)).%* As

the R, and R, are almost the same through the experiments, the .
decrease of total resistance could have contributed to the low resis=,

tance of the electrode materials. The electrode resistance is com-

posed of the resistance of the electrode material and the contacy,
resistance between materials. One can suggest that the CNTs/N,

electrode provides a rough surface and large contact area between
electrode and MnQ therefore, the total resistance of MO

CNTs/Ni becomes smaller than that of Mg®i. The imaginary 6.
part of the impedance plot of the MRENTs/Ni electrode in the 7.
high-frequency region was larger than that of the MA® elec- 8.
trode, which is attributed to the double layer capacitor, formed by o.

the high surface area and the well-dispersed lin@noparticles on

the CNTs/Ni substrate. However, in the low-frequency region, theio.

faradaic reaction was the main effect, as shown by the approxi-

mately linear increase in the imaginary part of the impedance specz1i.

tra. The slope of the impedance plot of the MAONTS/Ni elec-
trode is larger than that of the MgNi electrode as the faradaic
capacitor is formed by the highly electroactive material of MnO

deposited on the CNTs/Ni substrate. Therefore, the large surfaces.

area of the MNQYCNTSs/Ni electrode with a high electrochemical
activity exhibits better capacitance behavior.

applying cyclic CV measurements. Figure 8 shows the plots of
the specific capacitance of Mpli and MnQ/CNTs/Ni electrodes
vs.the cycle of the CV test. The specific capacitances of MNO
fall to 83 and 70% of the original value after 100 and 600 cycles

of CV test, respectively. The specific capacitance drops quickly to1s.

11% of the original value after 1000 cycle tests. But those of

the MnQ/CNTs/Ni electrode have less reduction; the capacitances!®.

are 97 and 91% after 100 and 600 cycles of tests, respectivelyz0.
21.

The capacitance of MNn@CNTs/Ni remains at 79% of the original
value until 1000 cycles of CV test. The CV tests indicate that the
a-MnQ,/CNTs/Ni composite electrode shows good electrochemical
characteristics.

12.

14.
The electrochemical stability of the electrode was investigated by1s.

16.
17.

National Chiao Tung University assisted in meeting the publication costs
his article.
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