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Self-Cleaning Particle Coating with Antireflection Properties
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We report here a self-cleaning particle coating with antireflection (AR) properties. The coatings were
prepared by (1) depositing SiQ; single-layered particle coatings on polyelectrolyte-modified glass substrates
through electrostatic attraction, (2) subsequently depositing another layer of TiO, nanoparticles through
electrostatic attraction, and (3) removing the polymer by calcination at 500 °C. The AR effect of the
coatings was studicd with transmission spectra collected at normal incidence. The self-cleaning properties
of the coatings were studied by the change of the water contact angle on octadodecyldimethylchlorosilane-
modified coatings under 1.0 mW c¢m™2 ultraviolet light. Both the AR and self-cleaning properties of the
-coatings-were dependent on the concentration of colloidal TiO; solution used in the preparation. However,
excellent surface wettability of the coatings for water was obtained, independent of the preparation
conditions. The experimental findings are discussed in terms of the special structure of the particle coatings.

Introduction

A coating with self-cleaning properties would be interest-
ing and attractive since it could save a lot of time and cost
for maintenance.! A natural self-cleaning surface, the lotus
leaf, stays clean by means of rainwater droplets, which roll
off the superhydrophobic leaf surface and wash off con-
taminants and dust.* Much effort has been devoted to try
to mimic the self-cleaning property of the lotus leaf,"’
although little success has been achieved thus far. However,
an alternative approach; which utilizes the photocatalyticS
and superhydrophilic™® properties of TiO,, has achieved
considerable success. Some TiO,-based self-cleaning prod-
ucts such as tiles, -glass, and plastics have become com-
mercially available.*!? One of the advantages of this kind
of self-cleaning surface is that TiO, can decompose organic
contaminants*! or kill bacteria adhering to the surface'? under
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ultraviolet (UV) illumination. Moreover, the superhydrophilic
TiO; coating favors the fast and complete spreading of watcr
droplets on the surface, which also aids the decontamination
process.

TiOz-based coatings can be applied easily on transparent
substrates such as glass and plastics to provide a self-cleaning
function. However, the coatings developed thus far always
enhance the surface reflection of transparent substrates due
to the large refractive index of TiO; (n = 2.52 for anatase;
2.76 for rutile). Reflection at the air—glass interface is about
4% for normal incident light; whercas at the air—TiO2
interface reflection for normal incident light could be as high
as 20%, as described by the simplified Fresnel's equation

R = (n, — n,)lny + n,)> 6

where ny, equal to 1, is the refractive index of air environ-
ment, and n, is the refractive index of solid substrates.
However, in many applications, including solar cells, light
fixtures, greenhouses, etc., self-cleaning coatings with low
surface reflection, i.¢., high light transmittance, are favored.

Antireflection (AR) coatings are widely used to reduce
the surface reflection of optical devices. The principle of
AR s interference of the reflected light from the air—coating
and coating—substrate interfaces. Thus, the AR coating
should exhibit a refractive index between that of the air and
the substrate. An ideal homogeneous single-layer AR coating
should satisfy the following conditions: the thickness of the
coating should be A/4, where A is the wavelength of the
incident light; and ne = (ra X 15)5, where #e, 1., and ns are

(11) Minabe, T.. Tryk, D. A.; Sawunyama, P.; Kikuchi, Y Hashimoto,
K.; Fujishima, A. J. Photochem. Photobiol. A: Chem. 2000, 137, 53—
62 ’
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Scheme 1. Flow Chart for the Preparation of Ti0,-Si0;
Self-Cleaning Coatings with Antireflection Properties
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the refractive indices of the coating, air, and substrate,
respectively.'® If #, is 1,52, as for glass or transparent plastics,
n, must be 1,23 to achieve zero reflection. Since this value
is lower than that of any homogeneous dielectric material,
AR coatings always adopt 2- or 3-dimensional porous
structures to meet the requirement for very low average

< refractive index.!3~17 Here, we report that a particle coating
deposited from submicrometer-sized SiO, particles and
nanosized TiO; particles by stepwise electrostatic deposition
showed both self-cleaning and AR properties. Due to the
special structure of the coating, the deposited TiO, particles
did not increase the surface reflection of the glass substrate,
but instead improved the AR property of the coating.

Experimental Section

Materials. Poly(diallyldimethylammonium) (PDDA, Aldrich,
medium MW. and very low MW) and sodium poly(4-styrene
sulfonate) (PSS, Aldrich, MW 70 000) were available commercially
and were used without further purification at a concentration of 2
mg mL~! in deionized water. PDDA is a linear quaternary
ammonium polycation, and PSS is a linear polyanion. Aqueous SiO,
colloid solution (MP1040, Nissan Kagaku, Japan) was purified by
centrifugation and diluted to a concentration of 100 mg mL~! (pH
~9) with deionized water, Aqueous TiO, colleid solution (STS-
. 01, pH ~1.5, Ishihara Sankyo, Japan) was diluted to provide
concentrations of 1, 10, and 100 mg mL-%. The colloidal SiO-
particles were negatively charged, while TiO; particles were
positively charged in the above solutions, since the point of zero
charge (PZC) was 2.1 for SiO, and 5.5 for TiO,. Octadodecyldi-
methylchlorosilane (Gelest) and anhydrous toluene (Aldrich) were
used as purchased without further purification. Deionized water with
a specific resistance of approximately 18 MS2 cm was used in all
experiments,

Preparation of Particle Coatings. The preparation of the TiO.—
- 8i0; coaling is summarized in Scheme 1, Glass substrates were
cleaned with a concentrated H,SO,/H,0; (7:3 v/v) solution and then
washed with deionized water. (Caution: the H,SO4/H,0, solution
is highly dangerous and must be used with great care). The washed
* substrates were alternatingly dipped in PDDA and PSS solutions
for S min, with intermediate water washing. Multilayers of (PDDA/
PSS)4/PDDA were prepared and used in all experiments, SiO;
particles were deposited onto the polymer alternative layers by the
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520
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same procedures, except that a colloidal SiO, solution was used.
The above procedure is similar to that used by Hattori- for the
preparation of SiO; particle-based AR coatings.)” The SiO particle .
coatings were either calcined at 500 °C for 1 h to remove the
polymers or were used directly in the subsequent experiments,

In the subsequent step, single layers of SiO; particles were
covered with low-MW PDDA and PSS alternatingly for two cycles.
At this stage, the terminal layer was PSS instead of PDDA. Then,
TiO; particles were deposited onto the single-layer Si0; particles
by immersing the substrates into TiO, colloid solutions of different
concentrations for 5 min followed by extensive washing with
deionized water. The as-prepared coatings were calcined at 500
°C for 1 h to remove polymer.

Self-Cleaning Experiment. The calcined TiO»—SiO, particle
coatings were modified with a monolayer of octadodecyldimeth-
ylehlorosilane (ODS). Typically, the coated glass substrates were
preheated at 140 °C for 2 h and then dipped into a 1% solution of
ODS in anhydrous toluene. After the coatings were refluxed
overnight under Ny, they were removed from the ODS solution
and washed with cthanol. The coatings were hydrophobic after
treatment. Next, the ODS-modified substrates were placed under
black-light lamps, which emit ultraviolet light in the UV-A band.
Then, the self-cleaning properties of the TiO,—SiO; coatings were
evaluated by measuring the water contact angle at 10 different
positions on the films at intervals during irradiation. The intensity
of light imradiated on the surface was 1.0 mW cm™2 in all
experiments, as measured with a Topcon power meter. In control
experiments, we also treated SiOp-particle coatings with ODS and
measured the water contact angle on the surface during irradiation.

Other Measurements. Transmission spectra of the particle
coatings were measured with a Shimadzu UV3100 spectrophoto-
meter at normal incidence. Surface morphology and cross-sections
of the coatings were examined with scanning elcctron microscopes
(SEM, Philips FP6800 and Hitachi S-4500). All of the samples
were coated with osmium or platinum with commercial sputtering
apparatuses prior to the SEM measurements. The refractive indices
of the particle coatings were measured with an ellipsometer (J. A.
Woollam, M-2000U) in the wavelength region of 250—1000 nm.
The contact angle was measured with a contact angle meter (Kyowa
CA-X) in the sessile mode at room temperature and analyzed with
commercial FMAS soflware. In addition to the conventional stalic
contact angle measurements, this software also enabled us to
measure the transient contact angle during the spreading of the liquid
droplet on the surface, IR reflection spectra for coatings deposited
on single-crystal silicon wafers were recorded with a JACSO Irtron
IRT-30 infrared microscope.

Results and Discussion

AR Properties, Figure 1 shows the transmission spectra
of several particle coatings. The transmittance of the glass
substrates was in thc 90—92% range for light in the
wavelength region of 350800 nm. Covering both sides of
the glass substrate with spherical SiO; particles increased
the transmittance in the whole spectrum, with the most
transmissive wavelength being 530 nm. At this wavelength,
the transmittance of the glass substrates coated with SiO;
particles was as high as 98.33%. Therefore, the Si0; particle
coating prepared by the electrostatic attraction method acts
as an efficient AR coating for glass substrates. The optical

. thickness of the SiO, coating, equal to a quarter of the most

transmissive wavelength, was 132.5 nm. This value is close
to the average diameter of SiO; particles (126 % 13 nm).
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Figure 1. Transmission spectrd of several particle. coatings on glass

substrates at normal incidence; (a) glass substrate; (b) SiO; particle coating;
and (c) T-14 (d) T-10; and () T-100 TiO;~SiO; particle coatings.

The SiO, particle coatings were subsequently coated with
TiQ; nanoparticles by the same electrostatic attraction
method. The TiO; nanoparticles used were from a com-
mercially available colloidal anatase solution, with an average
particle size of approximately 30 nm. As shown in Figure
1, additional TiO; layers shifted the transmittance band of
the SiO, particle coatings to longer wavelengths. The
maximum transmittancc was approximatcly 590 nm for
coatings prepared from 1 mg mL ! TiO, (T-1) and 10 mg
mL"! TiO, (T-10) solution, corresponding to an optical
thickness of 147.5 nm; and was approximately 630 nm for
a coating prepared from 100 mg mL~* TiO, (T-100) solution,
corresponding to an optical thickness of 157.5 nm. This shift
of transmittance band was reasonable since the deposition
of TiO, particles increased the average thickness of particle
coatings. Although the transmittance in the short-wavelength
region (1 < 500 nm) decreased after depositing TiO;

coating. The bars in a—c are 500 nm; that in (d) is 200 nm.

nanoparticles on SiO; particle coatings duc to the ecnhanced
scattering of particle layers, the transmittance for the visible
light (400—800 nm) was still greater than that of glass
substrates for all the TiO,~Si0; particle coatings. Supris-
ingly, the additional TiO; particle layers further improved
the maximum transmittance of the glass substrates, though
TiO; particles cxhibited a much larger refractive index than
that of the glass substrate. The maximum transmittances were
about 98.67% for T-1, 99.22% for T-10, and 99.09% for
T-100, respectively. We repeated these experiments several
times, and all of the phenomena described above were
reproducible.

Figure 2 shows electron micrographs of several AR
coatings. The Si0, particles were randomly packed on the
glass substrate and were deformed from their original
spherical shapes due to calcination at 500 °C (Figurc 2a).
Coating with TiQ, particles roughened the surfaces of the
Si0; particles, and the average particle diameter increased
to 138 = 13 nm for T-1, as shown in Figure 2b. The AR
coating of T-10 showed a surface morphology similar to that
in Figure 2b, except for the slightly larger average particle
diameter of 141 =+ 12 nm. When 100 mg mL~! TiO; solution
was used, it was impossible to estimate the particle size, since
the SiO, particles were overlapped completely by TiO2
nanoparticles (Figurc 2c). Thesc images show that the high
TiO, concentration favored electrostatic adsorption. This
phenomenon is difficult to explain by the principles of
clectrostatic deposition, since the amount of deposition
should be determined by the built-up charge density on the
substratc surfacc instcad of the concentration of dipping
solution. However, in the clectrostatic deposition of colloidal
particles, we must take the Coulombic repulsion among the




s bx olbw

Wl

BIZEMB I KRS
97 BEEELIHRAEHFE

Fial - LB T AR TER
e : B

particles into account, besides the electrostatic attraction
among the particles and polymer multilayers. Actually, Lvov
et al. have reported the similar concentration-dependent
electrostatic deposition of SiQ;, particles multilayers.!® They
have explained this phenomenon by (1) the increased ionic
strength at high SiO; concentrations, which lowers the
Coulombic repulsion among the particles; and (2) the
possible aggregation of particles in solution at high 80,
concentration.!® These explanations are reasonable and should
also be valid for the concentration-dependent deposition of
TiO; nanoparticles on SiO- particle layers. The concentration
effect on the deposition of TiO, particles can explain the
red-shift of the transmittance band of the T-100 coatings from
thosc of the T-1 and T-10 coatings (Figure 1), since the high
coverage of TiO, particles and the possible aggregation at
high concentration will increase the apparent optical thickness
of the Ti0,—810; particle coatings.

As a characteristic property of electrostatic deposition,
almost all of the surface curvature of the submicrometer-
sized Si0, particles was able to be coated with TiO;
nanoparticles as shown in the cross-section micrograph
(Figure 2d). Such morphology is very important for the self-
cleaning properties, as we will discuss below. The refractive
indices of the particle coatings at 633 nm, simulated by the
Cauchy dispersion model, were 1.16 for the SiO; coating,
1.18 for the T-I coating, 1.21 for the T-10 coating, and 1.25
for the T-100 coating. The gradual increase in the refractive
indices of the three TiO,—Si0; coatings is further evidence
for the concentration-dependent electrostatic deposition of
TiO, parsticles on SiO; coatings, since the refractive indices
of the particle coatings are related to the volume fractions
of Si0; particles, TiQ; particles, and air,'® The porosity of
the SiQ; particle coating is about 0.685, as calculated from
the -equation of Yoldas.”® Such a high porosity suppresses
the contribution of the large refractive index of TiO, particles,
and ehsures-the Ti0,—Si0, particle coatings exhibit low
cnough refractive indices to induce AR cffect. The refractive
indices of the Ti0,—Si0, coatings are closer than that of
the SiO; coating to the refractive index (n.~1.23) of an ideal
AR coating for the glass substrate, which can explain the
enhanced maximum transmittance of TiO,—8i0; coatings.

Photocatalytic Properties. The TiO,—SiO; particle coat-
ings had a two-component surface, in which both TiO; and
SiO, particles were exposed to the ambient environment. To
evaluate the self-cleaning properties of the coatings, the
conventional dye adsorption—decomposition method? is not
valid, sincc dye molccules such as methylenc blue do not .
adsorb well on the Si0O, particles. We thus developed another
method to study the self-cleaning properties of the TiO,—

(18) Lvov, Y.; Ariga, K.; Onda, M; Ichinose, L; Kunitake, T. Langmuir
1997, 13, 6195~6203.

(19) The refractive indexes () of the particle coatings are related to the
refractive index and volume fraction of each component by the
following equation: 72 = (nsioa? Vsion) +(mor® Vrioa) + (nai? Viie).
We can calculate the volume ratio of TiO; to SiOz for the three TiO,—
SiO, particle coatings from this equation by using the measured
refractive indices and the thickness data of the samples. The calculated
volume ratios are 1.4% for the T-1 coating, 2.6% for the T-10 coating,
and 4.8% for the T-100 coating.

(20) Ohko, Y.; Saitoh, S.; Tatsuma, T.; Fujishime, A. J. Electrochem, Soc.

© 2001, 148, B24—-B25.
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Figure 3. Evolution of water contact angle on several particle coatings
modified with octadodecyldimethylsilane monolayers during irradiation with
1.0 mW cm™? ultraviolet light: dizmonds, SiO; particle coating; triangles,
T-1 coating; squares, T-10 coaling; and solid circles, T-100 TiO,—~SiO,
particle coating.

Si0; particle coatings. In this method, both TiO> and SiO»
particles were first modified with an ODS monolayer on their
surfaces. The reactions of ODS molecules with titania and
silica have been well studied by Fadeev et al,, and the
reported grafting densities were approximately 1.5 molecules/
nm? on TiO; and 3 molecules/nm? on Si02.242 This surface
modification made the particle coatings hydrophobic, with
contact angles larger than 120°, The hydrophobic alkyl chains
of ODS molecules can be decomposed by TiO; particles
under UV irradiation; the silanol species left on the surface
of particles, however, are hydrophilic. Thus, it is possible
to evaluate the self-cleaning properties of the particle coatings
by monitoring the change of water contact angle on the ODS-
modified surface during UV-irradiation. If the ODS mol-
ecules on both TiQ, and SiO, particles were photodecom-
posed, the water contact angle on the coatings would decrease
significantly. If the ODS molecules on the SiO; particles
remained after UV-irradiation, the water contact angle on
the coatings should remain large. UV light with a power of
1.0 mW cm2 was used in this experiment; this is less intense
than the UV component of sunlight.

As shown in Figure 3, the water contact angle on the ODS-
modified SiQ, coating changed negligibly during UV-
irradiation. In contrast, all of the Ti0,—Si0, AR coatings
showed significant decreases in water contact angle during
irradiation. We found that the rates of contact angle decrease
were dependent on the concentrations of the TiO, colloid
solutions used in the preparation, The fastest decrease of
water contact angle was observed for the ODS-modified
T-100 coating in three samples, The water contact angle on
this coating decreased from 124° to about 0° in 3 h. The
0ODS-modified T-1 coating showed the slowest decrease of
water contact angle in three samples. The water contact angle
on this coating only decreased from 125° to 58%in 15 h.

We measured the IR reflection spectra of the ODS-
modified T-100 coatings before and after UV-irradiation.
There was no IR evidence of alkyl chains on the surface
after a 3-h irradiation. Therefore, the alkyl chains of ODS
molecules on both TiO, and SiO; particles were completely

(21) Fadeev, A. Y., McCarthy, T. J. Langmuir 1999, 13, 3759,
(22) Helmy, R.; Fadeev, A. Y. Langmuir 2002, 18, 8924
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Table 1. Water Contact Angles on SiO; and TiO;—SiO;
Particle Coatings

Sio; T-1 T-100
contact angle ~3° ~1° ~1°

decomposed under UV irradiation. Two principal pathways
have been proposed for the TiO, photocatalytic oxidation.s
One is direct photocatalytic oxidation by holes in the valence
band of TiO,. The other is photocatalytic oxidation by the
active oxygen species, for example, OH-. The former process
occurs on the TiO, surface at high reaction rates, whereas
the latter process is effective even for organic substances
tens of micrometer away from the surface due to the diffusion
of the active oxygen species, but it proceeds at slower rates
because of the diffusion step.?® 1t is clear that the ODS
molecules on the SiO, particles can be photodecomposed
by the latter pathway because of the short distances away
from the TiO, particles in the composite coatings. The TiO;
particles first decomposed the ODS molecules on their own
surfaces, and subsequently decomposed those on the SiO;
particles at a slower rate through diffusion of a photogener-
ated active oxygen specics. Thercefore, the overall decom-
position rates of ODS molecules on the particle coatings were
closely related to the coverage of Ti0O, nanoparticles on the
8i0, single-layer porous structure.

As discussed above, the coverage of TiO; nanoparticles
on the SiO, particles was dependent on the concentration of
the colloidal TiO; solution. The ODS-modificd T-100 coating
showed the fastest decrease in water contact angle in which
it was used, since it had the highest coverage of TiO,
particles. It is also possible to increase further the photo-
catalytic activity of the particle coatings by modifying the
deposition conditions,

Surface Wettability. The TiO, particle coatings preparcd
in this manner exhibited excellent wettabilities, as shown in
Table 1. Water was able to spread completely on the coatings
with contact angles of approximately 1°. This excetlent
surface wettability is very important for the self-cleaning
properties of the coatings.S Although the photocatalytic
properties of the coatings were dependent on the preparation
conditions, the surface wettability was the same for all three
samples (T-1, T-10, and T-100). The spreading behavior of
water on the as-prepared TiQ, particle coating showed a
negligible difference from that on the UV-treated particle
coating (Figure 4), These observations are interesting but
unexpected, considering conventional TiO, sol—gel coatings
and TiO: single crystals only showed superhydrophilicity
after UV irradiation.™®

One explanation for this unexpected superhydrophilic
property is that the large surface roughness of the particle
coating improved the surface wettability, as described by the
Wenzel model?* ’

cos G, =rcos 8 (2

Here, the apparent water contact angle 4 for a rough surface
is lowered from its intrinsic contact angle & by the roughness

(23) Tatsuma, T.; Tachibana, S.; Fujishima, A. J. Phys. Chem, B 2001,
105, 6987—6992.
(24) Wenzel, R. N, Ind. Eng. Chem. 1936, 28, 988.
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Figure 4. Transient coniact angle of 1 uL of waler on several particle
coatings during spreading: solid squares, as prepared T-100 coating;
triangles, T-100 coating after UV-irradiation for 1 h; and circles, as-prepared
Si0, particle coating.

factor r, the ratio of the actual to projected area, if § is smaller
than 90°, For example, a flat glass substrate showed a water
contact angle of 5°. However, a SiO2 AR coating showed a
better wetting behavior, with a water contact angle of 3°
because of the enlarged surface roughness (Table 1). In
addition, the TiO2 nanoparticle layer also plays an important
role in the remarkable surface wettability of the coating. In
a control experiment, we deposited TiO; nanoparticles onto
a flat glass substrate by the same method of electrostatic
deposition, This surface showed good wettability, with a
water contact angle of approximately 1°, It is apparent that
the large surface energy of the nanoparticles favors the
wetting of water,

Conclusions

We have reported here the combination of AR and self-
cleaning properties in a core—shell-like TiO,—Si0; particle
coating by a simple elcctrostatic attraction mcthod. A
submicrometer-sized SiO; particle single layer was used to
provide a porous structure with low refractive index, which
induces the AR effect. Nanosized TiO, particles were coated
onto the surface of the SiO; layer and were used to provide
a self-cleaning, superhydrophilic shell layer. Despite the high
refractive index of the TiO, nanoparticles, the TiO>—Si0,
coatings improved the maximum transmittance of the glass
substrates to greater than 99%.
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Abstract

Multi-walled carbon nanotubes (MWCNTS) obtained opening the closed ends and using surface functionalization by means of a
combination of partial oxidation in air and chemical modifications are characterized systematically in 0.3 M H,SO, between 0 and 1.0V,
and these nanotubes were planned to be used as electrode materials in electric double-layer capacitors (EDLCs). Opening of MWCNTSs,
clearly observed by means of transmission electron microscopy (TEM), can be easily achieved by the partial oxidation in air through a
seven-step temperature program identified by thermogravimetric/differential thermal analyses (TG/DTA). An increase in 175% specific
capacitance is obtained for the MWCNTs, partially oxidized in air and chemically modified in H,SO,4+ HNQ;. The temperature-
programmed desorption (TPD) data showed that evolutions of CO and CO; are, respectively, promoted by the application of partial
oxidation in air and chemical modification in H,SO4+ HNO;. The above increase in specific capacitance for modified MWCNTS is
attributed to an obvious increase in the BET surface area (double-layer capacitance) and the density of oxygen-containing surface

functional groups (pseudocapacitance).
© 2007 Elsevier Ltd. All rights reserved.

. Keywords: C. Thermogravimetric analysis (TGA); D. Electrochemical properties; D. Microstructures

1. Introduction

Electrochémical capacitors are charge storage devices
that generally show higher energy density than dielectric
capacitors and greater power density and longer cycle life
than rechargeable batteries [1-3]. The above unique charge
storage/delivery characteristics are. attributed to the in-
trinsic mechanisms of electric energy storage/delivery in
electrochemical capacitors: the double-layer and Faradaic
redox types. In electric double-layer capacitors (EDLCs),
the process of*electric charge storage/delivery is due to
electrostatic forces between electrode materials and
charged species. :Hence, no electron transfer across the
electrode-electrolyte interface occurs in this typical non-
Faradaic process. Since double-layer capacitance is directly
proportional to the surface area freely accessible to

*Corresponding author. Tel.: +88652720411x33411;
fax: +88652721206.
E-mail address: chmhce@ccu.edu.tw (C.-C. Hu).

0022-3697/5 -see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jpcs.2007.07.002

electrolytes [1,4], carbon in various forms with high-specific
surface areas has been widely used as the electrode material
for this application [5-8]. For the Faradaic redox process,
on the other hand, electron transfer across the electro-
de—electrolyte interface, with a consequent change in the
oxidation state of electroactive materials,” occurs in the
whole matrix of materials. Thus, electrochemically active
materials with several oxidation states/structures and
excellent reversibility of charge storage/delivery, such as
hydrous transition metal oxides [9-11] and conducting
polymers [12-14], have been proposed as promising
electrode materials for redox pseudocapacitors.

At present, activated carbons (ACs) are the preferred
choice for the electrode materials of EDLCs. Although
ACs generally have sufficiently large specific surface areas,
their performances in EDLCs are limited in the energy- .
storage purpose, and they are not suitable for ultrahigh
power applications, because most ACs contain high
proportions of micropores (diameter<2nm) [2,3]. The
diameter of micropores is so small that the exposed surlace
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is not completely accessible to electrolytes, resulting in the
poor utilization. Besides, even under the situation where
the micropores are wetted by electrolytes, movement of
solvated ions in such small pores may be not fast enough
for rapid charge/discharge. Accordingly, a great loss in the
specific capacitance is usually found under high-power
operation, which is one of the inherent disadvantages of
ACs in EDLC application [15].

In contrast with ACs, carbon nanotubes (CNTs) show
merits of mesoporous hollow structures, high ratios of
electrochemically accessible surface area, excellent electro-
nic conductivity, and good stability. Moreover, pores in
CNT electrodes dre nano-networked and connected
although specific surface areas of CNTs are much lower
than that of ACs enriched with micropores {6,8,16]. These
unique properties provide possibility of high-power appli-
cations of EDLCs [8], even though their specific capaci-
tance is relatively low [17,18]. In order to enhance the
specific capacitance of CNTs, several methods have been
proposed, such as: (1) chemical activation with KOH or
H,804/HNO; to increase the micropores of CNTs [18,19];
(2) oxidation in air [20}; (3) formation of CNT-conducting
polymers composites [21-23]; (4) introduction of transition
metal oxides into CNTs [24-26]; and (5) electrochemical
oxidation of multi-walled carbon nanotubes (MWCNTs)
[27]. Unfortunately, applications of these treatments
usually decrease the power delivery rate of CNTs, due to
variations in the electrochemical reversibility of resultant
materials.

Based on-the above viewpoints, we propose a simple
method to enmhance the capacitive performances of
MWCNTs, because, the cost of single-walled CNTs is very
high, and this limits practical interest in it. This method
combines partial oxidation in air and chemical modifica-
tions in aqueous media.to increase the specific surface area
freely accessible to electrolytes, to enhance the density of
surface functional groups for redox pseudocapacitance,
and to maintain the high-power capacity of the resultant
MWCNTSs. Opening the closed ends and surface functio-
nalization o(f‘ MWCNTSs without significant attack on the
sidewall, by proper partial oxidation in air and chemical
modification, are the keys to achieve the above require-
ments. The former contribution is demonstrated through a
7-step temperature-programmed oxidation procedure in air
in order to find a suitable temperature (region) for
efficiently opening the closed ends of MWCNTs, which
can be used to produce MWCNTSs with opened ends in a
commercial scale. The latter contribution is elucidated by
identifying the dependence of mass-based and geometric -
specific capacitance on the surface functionalization of
MWCNTs. The specific capacitance evaluated by cyclic
voltammetry in H,SO, shows that the maximum specific
capacitance of modified MWCNTSs is about 2.5 times of the
raw one. The variations in specific surface area and pore-
size distribution are measured by means of nitrogen gas
adsorption/desorption isotherms. The microstructures of
raw and modified MWCNTs are examined by scanning

and transmission electron microscopes (SEM and TEM).
The density and distribution of oxygen-containing func-
tional groups within all MWCNTs are qualitatively
characterized by temperature-programmed desorption
(TPD) analysis.

2. Experimental procedure

MWCNTs with 95% purity, external diameter from 10
to 20nm, and length from 5 to 15um, purchased from
Shenzhen Nanotech Port (Nanoport-NTP), -served as the
basic electrode material in this work (denoted as raw
MWCNTSs). For the preparation of an MWCNT-coated
electrode, 2mg MWCNTs (with or without modifications)
were dispersed in an ethanol solution of 3¢m® in an
ultrasonic bath, This MWCNT-dispersed solution was
dropped onto a 10 x 10 x 3mm® graphite substrate (Nip-
pon Carbon EG-NPL, N.C.X., Japan) and dried at 80°C
until the ethanol vaporized completely. The average
loading of MWCNTs on every electrode is
1.0+0.05 mgem™2 The adhesion of MWCNTS on graphite
substrates has been confirmed to be very good. Prior to the
coating process, these substrates were abraded with
ultrafine SiC paper, degreased with acetone and water,
then etched in a 0.1 M HCI solution at room temperature
for 10min, and finally degreased with water in an
ultrasonic bath. The exposed geometric area of all
pretreated graphite substrates is equal to 1cm? while the
other surface areas were insulated with PTFE (polytetra-
fluorene ethylene) coatings. .

Raw MWCNTs, partially oxidized in an oven under an
airflow of 250 cm® min™! through a temperature program
determined by means of thermogravimetric analysis
(Perkin-Elmer Instruments, Diamond TG/DTA), were
denoted as MWCNT-1. After this partial oxidation, some
of the MWCNT-1 was ultrasonically modified in a mixture
of Hp804 (97%)+HNO; (65%) with volume ratio 3:1 or
an aqueous solution consisting of H,0, (35%), NH,OH
(28%), and H,O in the volume ratio 1:4:8 for 4h {the
former denoted MWCNT-2 and the latter denoted
MWCNT-3). The sonochemically modified MWCNTs
were then obtained in a centrifuge and thoroughly washed
with pure water several times until pH of the aqueous
MWCNTs solution was above 6. Finally, the modified
MWCNTSs were dried in a vacuum oven overnight (>8h)
at room temperature for electrochemical and textural
analyses.

The weight of MWCNTs on each electrode was
measured through a microbalance with an accuracy of
10 pg (Sartorius BP 211D, Germany). The specific surface
area and pore volume of MWCNTSs were determined with
an automated adsorption apparatus (Porous Materials,
BET-202A) with liquid nitrogen adsorption at —196°C.
The specific surface area and micropore volumes of
MWCNTs were calculated on the basis of Brunauer—
Emmett-Teller (BET) and Dubinin—Radushkevich (DR)
equations [28], respectively. The TPD technique was
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employed to analyze the population of oxygen-containing
surface functional groups on all kinds of MWCNTSs under
a helium flow of 30 cm®min™" from room temperature to
950°C at a constant heating rate (10°C min™"). The
morphology of MWCNTs was characterized by field
emission SEM (Hitachi S4800-1, Tokyo). The nanostruc-
tures of MWCNTs were examined through a transmission

- electron microscope (TEM, JEOL JEM-2010).

Electrochemical measurements for all MWCNT-coated
electrodes were performed by means of an electrochemical
analyzer system, CHI 633A (CH Instruments, USA). All
experiments were carried out'in a three-compartment cell.
An Ag/AgCl electrode (Argenthal, 3M KCl, 0,207V vs.
SHE at 25°C) was used as the reference and a piece of
platinum gauze with an exposed area equal to 4cm? was
employed as the counterelectrode. A Luggin capillary,
whose tip was set at a distance of 1-2 mm from the surface
of the working electrode, was used to minimize errors due
to iR drop in the electrolyte.

All solutions used in this work were prepared with
18MQcem water produced by a reagent water system
(MILLI-Q SP, Japan), and all reagents not otherwise
specified in this work were Merck, GR. The electrolytes
used to study the capacitive behavior of various MWCNTSs
were degassed with purified nitrogen gas before measure-
ments and nitrogen was passed over the solutions during
the electrochemical measurements. The solution tempera-
ture was maintained at 25°C by means of a water
thermostat (HAAKE DC3 and K20).

3. Results and discussion

3.1. Tube opening, surface functionalization, and
characterization of MWCNTs

The dependence of weight loss and heat evolution on the
temperature program for the partial oxidation of raw
MWCNTs in air, examined by TG/DTA analyses, are
shown in Fig. 1. The slight weight loss during the first two
steps (i.e., temperature increasing from ca. 30-400°C at
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Fig. 1. (a) The temperature program, (b) TGA, and (c) DTA results of
raw MWCNTs in a seven-step temperature-programmed oxidation under
an airflow of 100cm® min™".

10°Cmin~" and keeping at 400 °C for 30 min) indicates the
evaporation of adsorbed H,O and evolution of CO, from
certain oxygen-containing - functional groups. The minor
increase in weight during step 3 (see curve b) is probably
due to the oxidation of amorphous carbon to form surface
oxides andfor oxidation of metallic catalysts within the
CNTs. Actually, raw MWCNTs were slightly damaged in
steps 5 and 6 since the weight loss after step 6 is only ca.
7.5%, which is close to the purity of raw MWCNTSs used in
this work. On the other hand, significant weight loss is
clearly found in step 7, indicating the oxidative damage of
MWCNTs. This statement is supported by the sharp
increase in heat evolution during this step (see curve c),
indicating significant oxidation of MWCNTSs into CO,.
Accordingly, step 7 is proposed to be oxidative disruption
of tips for MWCNTs since the closed ends of CNTSs are
relatively weak in comparison with their tubular walls [29].
The yield of MWCNT after this partial oxidation process
is 72.6% from curve b. .

The closed end opening of raw MWCNTSs after the
partial oxidation can be clearly observed by HRTEM
images (see Fig. 2). Raw MWCNTSs generally show the
closed caps and cylindrical walls, which are uncapped and
show-rough “convex—concave” walls [30] through the
partial oxidation program. These disfigurements enlarge
the specific surface area and pore volume of the oxidized
MWCNTs (see below).

Based on the above results and discussion, 0.5g raw
MWCNTs were uniformly dispersed onto an alumina
crucible (100 x 100 x 20mm®) and partially oxidized in an
oven under an airflow through the above temperature
program. After this partial oxidation program, MWCNTs
were rapidly cooled to room temperature. These MWCNTSs
were denoted as MWCNT-1 and the yield obtained in this
relatively large-scale process is 70.1%, which is very close
to that determined by means of TG/DTA. Some of
MWCNT-1 were subjected to ultrasonic modification in
either a concentrated H,SO,+HNO; mixture or an
aqueous solution consisting of H,0,, NH,OH, and H,0
for 4h to obtain MWCNT-2 and MWCNT-3, respectively.

The closed end opening of raw MWCNTs through the
partial oxidation program was confirmed from a compar-
ison of the pore data of all MWCNTs, which were
determined from N adsorption/desorption isotherms (see
Tables 1 and 2). Note that all modified MWCNTs have a
very similar value of BET specific surface area (ca.
200+ 10m?g™") which is much higher than that of their
raw material (ca. 150 m?g™"). In addition, the pore volume
and mean diameter (Dgean) of pores for modified
MWCNTs are, respectively, larger and smaller than those
of raw MWCNTSs. These results support the statement that
the closed ends of MWCNTS can be selectively opened by
the partial oxidation process. Hence, the double-layer
capacitance of these modified MWCNTs must be much
larger than that of their raw material, Note that the mean
pore diameter, Dyeay, in Table 1 is defined as 4V 01/ Sp [6].
This parameter is used to estimate the average pore size of
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Fig. 2. HR-TEM morphologies of (a,b) raw MWNTs and (c,d) MWNT-1,

Table 1 oo

Pore properties of raw MWCNTSs, MWCNT-1, MWCNT-2, and MWCNT-3 R

CNTs Sper (mz gnl) Vot (cm3 g_l) Vini (Cm;g—l) Vine (cm’ g—l) Dinean (nm) CS(Fg—‘)
Raw ) 148.6 0.79 0 0.79 212 12.2
MWNTs-1 " 208.5 0.84 0 0.34 16.1 30.7
MWNTs-2 209.9 0.95 0 0.95 18.1 335
MWNTs-3 194.6 1.01 0 1.01 17.9 27.7

Sper: specific BET surface area; Vo total volume; ¥y micropore volume;

Table 2
Pore diameter distributions of raw MWCNTs, MWCNT-1, MWCNT-2,
and MWCNT-3

Pore Pore size distribution relative to the total pore volume (%)
diameters

(am) Raw MWNTs-l  MWNTs-2  MWNTs-3
2.0-5.0 T 55 1.5 9.6 7.1
5.0-10.0 8.0 11.0 10.7 12,3
10.0-15.0 8.5 9.5 8.8 9.1
15.0-20.0 - 7.7 9.5 10.7 10.5
20.0-30.0 20.0 18.6 23.8 23.1
30.0-40.0 20.2 22.0 213 23.0
'40.0-50.0 13.8 12.2 3.1 6.9

> 50 16.2 9.5 6.9 7.9

Vine: mesopore volume; Dyeqq: mean pore diameter = 4¥0S; [6].

all pores (including pores due to . entanglement of
MWCNTs). The very similar pore ‘properties. of all
modified MWCNTs suggest that the chemical modifica-
tions in aqueous media do not destroy the sidewalls (main
body) of MWCNT-1 while both chemical treatments
probably add or change the surface oxygen functional
groups dispersed on MWCNT-1. Also note that IESOpOres
predominantly contributed to the pore volumes of all
MWCNTs (i.e., 2 <diameter <50nm). Hence, most BET
surface area should be valid for double-layer charge/
discharge [31,32] since the pore volume contributed by
micropores (diameter <2.nm) is negligible.

The partial oxidation and chemical modification do not
destroy the sidewalls of MWCNTs significantly. This
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staterhent is supported by the HRTEM morphology of
MWCNT-1 (see Fig. 2c and d) and the very similar
morphologies and diameter distributions (from 10 to
20nm) of all MWCNTs (e.g., see SEM photographs in
Fig. 3 for raw MWCNTs and MWCNT-2). Note that the
sidewall surface of raw MWCNTSs is relatively smooth and
covered with several amorphous carbon particulates. These
carbon particulates are removable by the partial oxidation
step although they are not completely removed and certain
-defects seem to be formed on the sidewall surface of the
modified MWCNTs. Hence, a combination of partial
oxidation in air and chemical modification is believed to
be a potential method in modifying the surface properties
and opening the closed ends of MWCNTS, resulting in
their higher density of surface oxygen-functional groups
(see below). Based on the highly porous microstructures of
both MWCNT-coated electrodes shown in Fig. 3 and the
metallic conductivity of all MWCNTs used in this work,
the 3D mesoporous network structure of MWCNT-coated
electrodes is ideal for the EDLC application (see the next
section), which favors. the penetration of electrolytes and
maintains the smooth pathways of electron transport.

Fig. 3. FE-SEM photographs of (a) raw MWNTs and (b) MWNT-2.

The TPD of CO, and CO is often used to identify the
population/distribution of oxygen functional groups within
pores of carbon-based materials [5-7), which have becn
classified into several types, such as ‘phenol, carbonyl,
carboxyl, quinone, and lactone groups [33]. In addition,
these surface functional groups usually exhibit redox and
ion exchange abilities which have been found to signifi-
cantly enhance the specific capacitance of carbon materials
[34]. Note that carboxyl and lactone groups will be
desorbed as CO, when carbons are heated under an inert
gas (e.g, He) flow at relatively low temperatures
(ie,<550°C) [5-7,35]. On the other and, hydroxyl,
carbonyl, and quinine groups will be desorbed as CO in
the relatively high-temperature region (>500°C) [5~7,35].
Accordingly, effects of chemical modifications on the
population/distribution of oxygen functional groups can
be extensively analyzed from the dependence of CO; and
CO evolution on the heating temperature. For comparison
purposes, raw MWNTs were also subjected to the TPD
analysis and typical TPD results of raw MWNTs, MWNT-
I, MWNT-2, and MWNT-3 are shown in Fig. 4 as curves
1-4, respectively.

On curve 1, CO, evolution corresponding to the
decomposition of carboxyl (at 100, 200, and 300 °C) and
lactone groups (at 450 °C) is clearly found in the relatively
low-temperature region. The desorption of CO species
attributable to the quinone groups occurs in the broad
temperature region around 700 °C, Both results reveal that
raw MWCNTs contain significant amount of oxygen-
containing functional groups in various forms (e.g.,
carboxylic acid, quinine), similar to those observed for
carbons in other forms [36-38]. In fact, the presence of
oxygen-containing functional groups has been ascribed to
the formation of these functional groups either on the
adhered amorphous carbon or on the sidewall surface of
nanotubes during the purification step (e.g., reflux in nitric
acid) [39-41]. The partial oxidation in air raises the
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Fig. 4. Evolution profiles of CO, and CO by means of the TPD
method for (1) raw MWCNTs, (2) MWCNT-1, (3) MWCNT-2, and
(4) MWCNT-3,
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intensity of CO, evolution at temperatures <190 °C, while
the intensity between 190 and 500 °C is slightly reduced,
suggesting that removal and formation of carboxyl and
lactone groups simultaneously occur during this partial
oxidation process (see curve 2). On the otheér hand, the
intensity of CO evolution is sharply increased by the
application of this program, indicating the significant
formation of hydroxyl, carbonyl, and quinine groups.
From a comparison of curves 2-4, the intensities corre-
sponding to CO, evolution are nearly featureless for
MWCNT-1, which can be increased by the followed
chemical modifications. The formation of CO-like surface
functional groups is also promoted by the chemical
modification in H,SO,+HNO; (see curve 3). Both results
reveal the oxidative power of concentrated H,SO4+
HNO,, favoring the formation of CO,- and CO-evolving
species. On the other hand, the inténsities corresponding to
CO evolution for MWCNT-3 are obviously reduced by the
modification in a mixture consisting of H,0,, NH,OH, and
Hy0 (see curve 4). This suggests that certain amount of
CO-like functional groups formed in the partial oxidation
process are further oxidized to form the carboxyl and
lactone groups during this modified step. However, this
solution cannot significantly attack MWCNT-1 to form the
species evolving CO. The above statement is supported by
approximately the same areas under curves 2 and 4 in Fig.

4, although chemical modifications of carbon materials

should be very complicated.

3.2. Electrochemical characterization of MWCNTs

The excellent reversibility of charge storage and delivery
for both raw and modified MWCNTs demonstrates the
promising potential in the application of EDLCs (see Fig,
5). The rectangular and symmetric i—E responses on both
positive and negative sweeps of curve 1 reveal the ideal
capacitive performance of raw MWCNTs. The two pairs of
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Fig. 5. Cyclic voltammograms of (1) raw MWCNTs; (2) MWCNT-1;
(3) MWCNT-2; and (4) MWCNTs-3. CV curves were measured at
25mVs~!in 0.3M H,SO,,

unclear redox peaks centered at around 0.3 and 0.45V are
attributable to the redox transitions of oxygen-containing
functional groups evidenced in the TPD study (see Fig. 4).
Unfortunately, the specific capacitance (Cs) of raw
MWCNTs estimated from this CV curve is only about
122F g™ (i.e., 8.2 puFem™?), Note that the basal plane of
graphite has been found to show extremely low geometric
specific capacitance (e.g.,<1 pF cm™?) [42]; meanwhile the
basal plane of most tubular sidewalls is parallel to the axial
direction of MWCNTs (see HRTEM images in Fig. 2). The
low specific capacitance of raw MWCNTs is thus reason-
ably attributed to their graphite nature with the extensive
exposure of the basal plane to electrolytes, although the-
tubular sidewalls are covered with certain amount of
amorphous carbons.

The partial oxidation in air is an effective route
promoting the capacitive current densities of MWCNTs
in the whole potential region of investigation. A net
increase of 151.6% in specific capacitance (i.e., from 12.2 to
30.7Fg™") is obtained after this application.. Moreover, -
from a comparison of curves ! and 2 in Fig. 5, there is no
sensible increase in /R drop when the sweep direction of CV
is changed. This phenomenon indicates no sensible
variation in electronic conductivity of MWCNTs after .
the application of partial oxidation in air. The above
increase in specific capacitance is reasonably attributed to a
combined effect of the higher BET surface area and the
much higher density of oxygen-containing functional
groups for MWCNT-1. The former effect should provide
ca. 40% increase in Cs since the ratio of BET specific
surface area between MWCNT-1 and raw MWCNTs is

. about 1.4. The extra increase in Cg is ascribed to the

pseudocapacitance coming from the redox reactions of
oxygen functional groups which have been identified in the
TPD study (see Fig. 4). This statement is also supported by
the very obvious increase in the geometric specific
capacitance from 8.2 to 14.7uFem™, Actdally, some
articles found that specific capacitance of carbon materials
can be enhanced by introducing various surface functional
groups through thermal, chemical, or electrochemical
routes [5-7,35,43,44]. Certain electroactive groups, such
as quinone, hydroxyl, and carbonyl groups, can provide
the redox transitions as follow:

O = Ph = O + 2H* + 2¢ HO—Ph—OH 0

R =0+H* + e R-OH @)

where Ph apd R indicate the phenyl and aliphatic groups,
respectively, The other functional groups, such as anhy-
drides and carboxyl groups, are ionic exchangeable or
attractable to solvated ions [42,45,46]. Therefore, the
number of ions involved in building the electric double
layer should be increased (i.e., increase in charge density).
Moreover, a higher density of oxygen functional groups
was reported to improve the wettability of the carbon
surface in aqueous electrolytes, probably further increasing
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the utilization of specific surface area for double-layer
capacitance [46].

Chemical modifications in oxidative aqueous media do
not guarantee further promotion in the specific capacitance
of MWCNT-1. The modification in a mixture of
H,80,+HNO; does enhance the specific capacitance
(33.5Fg™" for MWCNT-2) while an opposite result is
found for MWCNT-3 (27.7Fg™"). The modification in
H,S80,4+HNO; causes an increase in current densities for
the redox couple between 0.3 and 0.6V, probably
corresponding to. the active surface groups such as
- C-OH, C = 0, and COOH [31,33,42,46,47]. The relatively
lower capacitance currents of MWCNT-3 are attributable
to the significant reduction in the CO-like functional
groups (see Fig. 4), since variations in BET specific surface
area, pore volume, and mean pore diameter among all
modified MWCNTSs are minor. .

In order to clarify the influences of the density of surface
functional groups on the specific capacitance, a new
parameter—degree of functionalization—is introduced
here. The total active area of surface functional groups
corresponding to CO;, evolution, Agg,, is defined as the
area under the 'TPD, curves at temperature < 2325°C;
meanwhile those corresponding to €O evolution is the
area under the TPD curves at temperature >525°C
(denoted as Agsg,) to indicate the relative total amount of
surface functional groups. Accordingly, the degree of
functionalization is defined as the ratio between the active
area of functional groups and the BET surface area.
These data and Fp, (the sum of Fp; and Fp,) are shown in
Table 3. From a comparison of the functionalization
degree and Cs data, several features need to be described.
First, Fp; and Fp, are, respectively, decreased and
increased by the closed-end opening step (partial oxidation
in air). The decrease in Fp; is reasonably attributed to the
‘significant removal of carboxyl and lactone groups in this
partial oxidation process although they should be con-
tinuously transformed from the CO-like groups during the
closed-end opening process. The increase in Fp, reveals the
effective accumulation of CO-like functional groups
through the partial oxidation step. Hence, the obvious
increase in geometric specific capacitance from 8.2 to
14.7uFem™2 s reasonably due to the contribution of redox
pseudocapacitance from the high density of CO-like
- functional groups of MWCNT-1, since the surface area
effect has been normalized. Second, the modification in
H,80,+HNO; further promotes. the degree of functiona-

SEI3E (#£\bE)

2359

lization (see Fp;, Fpy and Fpy), causing a further increase
in the geometric-specific capacitance from 14.7 to
16.0pFem™2. Third, a slight decrease in the geometric
specific capacitance from 14.7 to 14.2 uFcm™2 is obtained:
when MWCNT-1 has been chemically modified with
H,0,+NH,OH, due to a compromise between Fpp and
Fp. The above variations in the geometric specific
capacitance are completely consistent with Fpy, Fp, and
Fp, data, indicating the fact that the geometric specific
capacitance is predictable by the degree of functionaliza-
tion. :

The charge-discharge reversibility of electric double
layer is generally good if the pore size of electrode
materials with good electronic conductivity is large enough
for the movement of solvated ions. On the other hand, the
electrochemical reversibility of Faradaic redox transitions
for oxygen-containing functional groups is also very
important in this work since all MWCNTs exhibit
significant amount of surface functional groups and their
contribution to specific capacitance is as important as that
of the electric double layer. This requirement can be
qualitatively examined by varying the upper potential limit
of CV in the potential region of investigation (see Fig. 6).
From this figure, the i—E curves on the positive sweeps
completely follow the same trace for all MWCNT s,
indicating that the repeated applications of CV in the
potential region of investigation insignificantly influence
the distribution of surface functional groups. Moreover,
the symmetric j—E responses for all CV curves in Fig. 6
reveal that both double-layer charge/discharge and redox
transitions of surface functional groups are highly rever-
sible. This good performance should result from the
mesoporous nature of MWOCNTs with acceptable
electronic conductivities,

The power property of all MWCNTS was also examined
in this work to demonstrate their promising applicability,
which can be identified from their voltammetric responses
at different scan rates (e.g., see Fig. 7a for MWCNT-2).
From Fig. 7a, no change in shape without any sensible
increase in iR drop is clearly found, although the highest
scan rate of CV is 6.7 times of the lowest one, This result
reveals the excellent reversibility of the charge storage/
delivery process for MWOCNT-2, although Faradaic
currents are significant in the whole potential region of
investigation. The quasi-linear dependence of voltammetric
currents for all MWCNTs at 0.45V shown in Fig. 7b
further supports the above statement, which demonstrates

Table 3 i .

Data of the functionalization degree of raw MWCNTs, MWCNT-1, MWCNT-2, and MWCNT-3

CNTs Aspi (mV) Asrz (mV) Fpi (mVm™) Fpz (mVm™) Fpy (mV mfz)
Raw 79,592 122,739 538.3 826.0 1364.3
MWNTs-1 76,589 320,263 367.3 1536.0 1903.3
MWNTs-2 140,917 341,586 671.4 1627.4 2298.8
MWNTs-3 108,215 256,886 556.1 1320.1 1876.2
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Fig. 6. Cyclic voltammograms of (a) raw MWCNTS, (b) MWCNT-1, {(c) MWCNT-2, and (d) MWCNT-3 with varying the upper potential limits of CV.

CV curves were, measured at 25mVs~'in 0.3 M H,S0,.

the high power-property of all MWCNTs studied in this
work. The excellent power performance of all modified
MWCNTSs should result from the insignificant variation in
electronic conductivity of MWCNTs after the application
of partial oxidation in air and chemical modification. This
fact further supports-the statement that properly partial
oxidation in air and chemical modification in H,S804+
HNO; do not damage the sidewall of MWCNTSs signifi-
cantly, which is the key to increase the specific surface area
freely accessible to electrolytes, to introduce surface
functional groups for redox pseudocapacitance, and to
maintain the high-power capacity of the resultant
MWCNTs. Moreover, the quasi-linear dependence of
voltammetric currents on the scan rate of CV also reveals
that the Faradaic redox reactions only occur at/near the
interface of MWCNTs (i.e., similar to a thin-film,
reversible adosprtion/desorption process) [42]. This is one
of the intrinsic requirements for the electrode materials
exhibiting pseudocapacitive responses [1].

4. Conclusions

Partial oxidation in air is a powerful tool in opening the
closed ends and enhancing the density of oxygen-containing

functional groups of MWCNTS, identified by means of
BET and TPD analyses, respectively. This method not only
increases the specific surface area of mesopores for the
double-layer capacitance, but also enhances the contribu-
tion of pseudocapacitance coming from the interfacial
redox reactions. The chemical modification of MWCNT-1
in a mixture of H,SO4+HNO; further increases the specific
capacitance, but an opposite result is obtained when a solution
consisting of H,0, (35%), NH,OH (28%), and H,0 is
employed, due to the decrease in the functionalization degree.
An increase in 175% specific capacitance is obtained for
MWCNT-2 due to a combination of partial oxidation in air
and chemical modification in H,SO4+ HNO;. All MWCNTs
showing excellent capacitive performances in the sulfuric acid
solution indicate insignificant damage on the tubular sidewalls
during the partial oxidation in air and chemica] modifications.
Accordingly, a combination of partial oxidation in air through
the 7-step program and chemical modification in H,SO,+
HNO; is a promising method in promoting the capacitive
performances of MWCNTs by increasing the specific
surface area freely accessible to electrolytes, enhancing
the density of surface functional groups for redox
pseudocapacitance, and maintaining the high-power capa-
city of resultant MWCNTs,



v(mVsh)

Fig. 7. (a) Cyclic voltammograms of MWCNT-2 measured at (1) 15,
- (2) 25 (3) 50, (4) 75, and (5) 100mVs™"; and (b) dependence of the
capacitance current density on the scan rate of CV at 0.45V on the
positive sweeps for (1) raw MWNTs, (2) MWCNT-1, (3) MWCNT-2, and
(49) MWCNT-3. CV curves were measured in 0.3 M H,50,.
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