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I
ndium tin oxide (ITO) is a well-known
transparent conductive material that is
typically applied to electronic devices,1,2

displays,3 and photovoltaic devices4 be-
cause of its low electrical resistivity and high
optical transmittance. Because of the rapid
consumption of indiumoxide rawmaterials,
efforts have been made to develop new
materials to substitute for ITO, such as fluor-
ine-doped tin oxide,5,6 aluminum-doped
zinc oxide,7 and other transparent conduc-
tive oxide materials.8 However, these mate-
rials do not perform better than ITO and are
difficult to process; in addition, they are
hard, brittle, and easily detrimental, result-
ing in an increase in electric resistance or
circuit damage when used in flexible
devices.9 To fabricate a conductive layer
for flexible devices, such as organic light-
emitting diodes, organic photovoltaics,
e-paper, and touch screens, several conduc-
tive polymers have been developed.10�12

Poly(3,4-ethylenedioxythiophene)-poly(4-
stryrenesulfonate) (PEDOT:PSS) is a popular
conductive polymer, but PEDOT:PSS exhi-
bits a light blue color and has the disadvan-
tages of weak thermal stability and poor UV
resistance.13

Carbon nanotubes (CNTs) are considered
one of the candidates for flexible transparent
conductive films because of their unique
properties, such as superior chemical stabi-
lity, a high aspect ratio, excellent electron
transfer, and mechanical flexibility.14 Many
attempts have been made to enhance the
optoelectronic properties of CNT-based

transparent conductive films (CNT-TCFs), in-
cluding the immersion of CNT-TCFs in an
acid solution,15�17 the mixing of CNTs with
a conductive polymer,18 and the generation
of CNT network bridges.19 However, very
limited improvement in optoelectronic prop-
erties has been reported.
Thisworkproposes a simplemethod for the

preparation of CNT-TCFs using functionalized
few-walled carbon nanotubes (f-FWCNTs)
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ABSTRACT This work demonstrates the processing and characterization of the transparent and

highly electrically conductive film using few-walled carbon nanotubes (FWCNTs) decorated with Pd

nanoparticles as fillers. The approach included functionalizing the FWCNTs, immersing them in an

aqueous solution of palladate salts, and subsequently subjecting them to a reduction reaction in H2.

Field-emission scanning electron microscopy and transmission electron microscopy images showed

that the functionalized FWCNTs (f-FWCNTs) were decorated with uniform and homogeneous Pd

nanoparticles with an average diameter of 5 nm. A shift of the G-band to a higher frequency in the

Raman spectra of the Pd-decorated f-FWCNTs (Pd@f-FWCNTs) illustrates that the p-type doping

effect was enhanced. X-ray photoelectron spectroscopy and energy-dispersive X-ray spectroscopy

showed that PdCl2 was the primary decoration compound on the f-FWCNTs prior to the reduction

reaction and that Pd nanoparticles were the only decorated nanoparticles after H2 reduction. The

contact resistance between the metallic materials and the semiconducting CNTs in FWCNTs,

controlled by the Schottky barrier, was significantly decreased compared to the pristine FWCNTs. The

decrease in contact resistance is attributed to the 0.26 eV increase of the work function of the Pd@f-

FWCNTs. Extremely low sheet resistance of 274 ohm/sq of the poly(ethylene terephthalate)

substrates coated with Pd@f-FWCNTs was attained, which was 1/25 the resistance exhibited by those

coated with FWCNTs, whereas the same optical transmittance of 81.65% at a wavelength of 550 nm

was maintained.

KEYWORDS: carbon nanotubes . transparent conductive film . p-type doping effect .
palladium decoration . work function
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decoratedwith Pd nanoparticles (Pd@f-FWCNTs) as the
primary additive without any post-treatment. The
Pd@f-FWCNTs were derived from the hydrogen reduc-
tion of palladate salts on f-FWCNTs, where Pd has
been verified to exhibit good wetting properties.20 In
this work, we found FWCNTs, due to unique structure,
possessmore advantages than single-walled (SWCNTs)
and multiwalled CNTs (MWCNTs). SWCNTs have
very narrow diameters which benefits the optical
transmittance; however, SWCNTs show one-third as
metallic and two-thirds as semiconducting depending
on their chirality. Therefore, the presence of the

semiconducting SWCNTs may increase the contact
electrical resistance. MWCNTs possess good electrical
conductivity due to their more conductive π channels;
however, the thick diameter decreases the optical
performance.21 FWCNTs perform the conducting and
transmittance properties with a more balance result,
which is suitable for preparing transparent conductive
thin film. Compared to previously published results for
decoratingmetal nanoparticles on the surface of CNTs,
our proposed method is simple because it does not
require a bridging material, such as 4-aminobenzene
monolayer, for adhering Pd particles to the CNTs'

Figure 1. FESEM images of (a) the as-purchased pristine FWCNTs; (b) p-FWCNTs; (c) f-FWCNTs; (d) PdCl2@f-FWCNTs; (e) Pd@f-
FWCNTs; and (f) high magnification of panel e. TEM images of Pd@f-FWCNTs at low (g) and high (h) magnification.
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surface.22 The bridging material needs to be removed
after the Pd decoration reaction, because it has a
negative effect on electrical conductivity. The use of
high-energy radiation, such as γ-irradiation, to reduce
metal ions tometal has also been reported.23 However,
the high-energy radiation may damage the CNTs and
result in an increase in their electrical resistance.
Several studies regarding the metal coating on CNTs
for the production of flexible transparent conducting
films have been reported. Park et al. reported the
optoelectronic performance of Au nanoparticles-deco-
rated MWCNTs using the ionic liquid-assisted sono-
chemical method, they produced the film with sheet
resistance and transmittance of 19.4� 103 ohm/sq and
79.6%, respectively.24 Yang et al. reported the coating
of Au nanoparticles on double-walled CNT (DWCNT)
film. The performance of the DWCNT film with sheet
resistance of ∼600 ohm/sq and transmittance of 83%
was achieved when the DWCNT film was immersed
into Au salt solution for 10 min.25 Liu et al. revealed the
synthesis of flexible and transparent conductive film of

CNT/graphene network coordinated by divalent metal
ions. They reported a low sheet resistance of 680 ohm/
sq with a high transmittance of 86% of the film. The
sheet resistance was further decreased to 370 ohm/sq
while only 1% loss in transmittance when SOCl2 was
used as the chemical doping reagent.26 The proposed
method in this study not only generates more contact
area among Pd@f-FWCNTs for electron transfer within
the film, but also enhances the conductivity due to an
increase in the work function resulting from Pd doping
by using simple process. Our results show that the
electrical sheet resistance of the CNT-TCFs at the same
optical transmittance can be reduced significantly to
1/25 the resistance of those without Pd doping. The
high conductive CNT-based thin transparent film can
be used in electrode of touch panel, flexible display,
solar cell, EMI shielding, and antistatic application.

RESULTS AND DISCUSSION

The field emission scanning electron microscopy
(FESEM) images of the FWCNTs after various treat-
ments are shown in Figure 1. Many carbonaceous
impurities and catalyst aggregations in the pristine
FWCNTs were observed in the images, as shown in
Figure 1a. After purification under air at 600 �C, most of
the impurities were removed, and purified FWCNTs
(p-FWCNTs) with entangled structures were obtained
(Figure 1b). To increase the active sites and to produce
functional groups with negative charges, such as car-
boxyl groups, on the surface of p-FWCNTs, the
p-FWCNTs were oxidized using strong acids. The pro-
ducts were designated as f-FWCNTs, as shown in
Figure 1c. After immersing the f-FWCNTs in an aqueous
solution of palladate salts, followed by filtrating and
drying, the diameter of the f-FWCNT bundles in-
creased. Palladium and palladium dichloride (PdCl2)
were coated on the surface of f-FWCNTs (Figure 1d; the
details of characterization will be discussed in the next
section). After hydrogen reduction, many spherical
nanoparticles of uniform size were adhered to the
f-FWCNT surface, as shown in Figure 1e,f. The transmis-
sion electron microscopy (TEM) images depict the
uniform and homogeneous dispersion of the spherical
Pd nanoparticles, which exhibit an average particle
diameter of 5 nm (Figure 1g,h).
The semiquantitative analysis results based on the

energy-dispersive X-ray spectroscopy (EDX) spectrum
is depicted in Table 1. The results for pristine FWCNTs
show that the sums of the weight and atomic ratios are
not 100%, which is attributed to the presence of other
catalyst particles such as Cr, Co, and Mo; a detailed
explanation is given in the footnote of Table 1. After
purification, only a C signal was detected. After the
reaction of the f-FWCNTs with Na2PdCl4, Pd and PdCl2
were decorated on the surface of the f-FWCNTs, which
are designated as PdCl2@f-FWCNTs. As shown in

TABLE 1. Semiquantitative Analysis Based on EDX for

CNTs Subjected to Different Treatments

weight (%) atomic (%)

material C K O K Cl K Pd L C K O K Cl K Pd L

Pristine FWCNTsa 85.68 10.72 90.93 8.53
p-FWCNTs 100 100
f-FWCNTs 71.55 28.45 77.01 22.99
PdCl2@f-FWCNTs 25.02 14.24 16.71 44.03 54.02 23.05 12.21 10.72
Pd@f-FWCNTs 40.14 8.11 51.75 77.11 11.68 11.21

a The pristine FWCNTs have other signals at 0.20 of Cr K, 0.42 of Co K, and 2.98 of Mo
L in weight ratio; 0.05 of Cr K, 0.09 of Co K, and 0.40 of Mo L in atomic ratio. These
signals result from catalysts in the pristine FWCNTs.

Figure 2. Raman spectra of (a) pristine FWCNTs, (b)
p-FWCNTs, (c) f-FWCNTs, and (d) Pd@f-FWCNTs. The arrows
indicate the G-band of the Raman shift. The shift of the
G-band from 1579 cm�1 for FWCNTs to 1597 cm�1 for
Pd@f-FWCNTs is attributed to the p-type doping effect
induced by Pd decoration. Insets show the radial breathing
modes (RBM) of each sample.

A
RTIC

LE



LI ET AL. VOL. 5 ’ NO. 8 ’ 6500–6506 ’ 2011

www.acsnano.org

6503

Table 1, 12.21 atom%of Cl corresponds to 6.11 atom%
of Pd because of the presence of PdCl2 molecules, and
4.61 atom % of Pd was estimated as a residual Pd
particle because the total atomic ratio of Pd is 10.72
atom % (10.72 � 6.11 = 4.61). After hydrogen reduc-
tion, some of the Pd nanoparticles formed because of
an in situ reduction of PdCl2, whereas other Pd nano-
particles retained their original state. Furthermore, the
total atomic ratios of Pd before and after the hydrogen
reduction are approximately the same, which indicates
that no Pd was removed.
Figure 2 illustrates the Raman spectra of the CNTs

after different steps of the experimental treatments.
The spectrum of pristine FWCNTs shows three major
signals, including radial breathing modes (RBM), dis-
order (D-band), and graphitic signals (G-band). The
presence of RBM indicates that the FWCNTs are
mingled with SWCNTs, and the SWCNTs in the FWCNTs
may present metallic or semiconducting behavior,
depending on the chirality of SWCNTs. Peaks at 1330
and 1580 cm�1 present the D-band and G-band,
respectively. The D-band forms because of the disor-
dered structure, defects, amorphous carbon species,
and impurities in the FWCNTs. The ratio of the inten-
sities of the D- and G-bands (ID/IG) is a useful index to
express the degree of graphitization of CNTs. The
smaller the ID/IG ratio, the higher the graphitic structure
of the CNTs. The ID/IG values of FWCNTs, p-FWCNTs,
f-FWCNTs, and Pd@f-FWCNTs are 0.11, 0.04, 0.78, and
0.62, respectively. After oxidation in air at 600 �C, the
D-band decreased because most of the disordered
carbon species were removed from the FWCNTs; how-
ever, the temperature was not sufficiently high to
remove all the disordered carbon species. The increase
in ID/IG for the f-FWCNTs is a consequence of the
presence of the damaged CNTs that resulted from
the acid treatment of the functional groups on the
FWCNT walls, which implies that the acid treatment
can partially destroy the graphitic structure. However,
the ID/IG ratio of the Pd@f-FWCNTs (0.62) is lower than
that of the f-FWCNTs (0.78), which illustrates that Pd
nanoparticles occupied the destroyed sites on the
surfaces of the FWCNTs. In addition, the G-band peak
shifted from 1579 cm�1 for FWCNTs to 1597 cm�1 for
Pd@f-FWCNTs indicating that Pd decoration induces
the phonon-stiffening effect due to a p-type doping
effect.27�29 The p-type doping effect creates more
“holes” because the dopant material accepts electrons
from the neighboring atoms, thereby producing holes
in the neighboring atoms. Therefore, the formation of
holes increases the electron density, as well as the
electrical conductivity.
The chemical characteristics of the carbon surface

affect Pd and PdCl2 decoration.
30,31 If the carbon sur-

face contains functional groups with negative charges,
such as COO�, the surface can be decorated with Pd2þ

ions and form COO�;Pd2þ bonds. However, the

graphitic surface will be decorated with PdCl2 because
the positive charge of CπH3O

þ on the basal plane of the
graphite can form CπH3O

þ;PdCl4
2� bonds, depend-

ing on the nature of the electrostatic forces on the
carbon surface. Therefore, Pd and PdCl2 decoration
may occur simultaneously because of the coexistence
of the COO� functional groups and the π-bonding

Figure 3. XPS spectra of (a) the spectral region from 0 to
650 eV, (b) the chlorine 2p region, and (c) the palladium 3d
region. For PdCl2@f-FWCNTs in panel b, the Cl2p is fitted
with three peaks: 196.5 eV for ionic (Cl�), 198.5 eV for Pd�Cl
bonds (Cl*), and 199.9 eV for covalent species (�Cl).32 In
panel c, the Pd3d curves are fitted with two major peaks:
Pd3d5/2 and Pd3d3/2. The PdCl2@f-FWCNTs exhibits four
peaks at 335.4, 337.9, 340.1, and 343.3 eV. The Pdmetal and
PdCl2 coexist in the PdCl2@f-FWCNTs.31,32 The binding
energy was calibrated using the C1s photoelectron peak at
284.6 eV as reference.
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orbitals of CπH3O
þ on the f-FWCNT surface.30 On the

basis of the Raman spectra shown in Figure 2, the
intensity of the G-band is always higher than that of the
D-band, which indicates the existence of substantial
CπH3O

þ charges on the f-FWCNT surface. Therefore, it
is expected that the amount of PdCl2 decoration is
higher than the amount of Pd decoration prior to
hydrogen reduction. This presumption is consistent
with the EDX data presented in Table 1.
On the basis of the X-ray photoelectron spectrosco-

py (XPS) results depicted in Figure 3, the electronic
state of the FWCNTs, with and without decoration, can
be identified. As shown in Figure 3a, O1s can be
detected by attributing the presence of hydroxyl
groups to moisture and the presence of carboxyl
groups to the acid treatment of FWCNTs and f-FWCNTs.
For p-FWCNTs, only C1s can be detected because the
purification process performed at 600 �C removed
most of the amorphous carbon and induced graphitic
crystallization of the FWCNTs (ID/IG is 0.04). Hence, only
few sites act asmoisture-absorbing sites on the FWCNT
surface, which results in noO1s signal in the p-FWCNT's
curve depicted in Figure 3a. This result is also consis-
tent with the EDX results shown in Table 1.
Pd2p and Pd3d were detected in both PdCl2@f-

FWCNTs and Pd@f-FWCNTs, but only Cl2p was ob-
served in PdCl2@f-FWCNTs, which indicates that the
Cl was completely removed after reduction by hydro-
gen gas. Three fitted peaks, located at 196.5, 198.5,
and 199.9 eV, appear in the XPS of PdCl2@f-FWCNTs,
as shown in Figure 3b; the Cl2p peaks at 196.5 and
199.9 eV correspond to the ionic (Cl�) and covalent
(�Cl) chlorine species, respectively. The peak at 198.5
eV suggests the formation of a Pd�Cl bond.32

As previously discussed, the peak of Cl2p disap-
peared after H2 reduction during the synthesis of
Pd@f-FWCNTs.
Figure 3c shows the enlarged XPS spectra of Pd3d.

Four major peaks, located at 335.4, 337.9, 340.1, and
343.3 eV, for PdCl2@f-FWCNTs were detected. The four
peaks can be divided into two chemical states.31,32 The
peaks at 335.4 and 340.1 eV representmetallic states of

Pd03d5/2 and Pd03d3/2, respectively; the peaks at 337.9
and 343.3 eV represent ionic states of Pd2þ3d5/2 and
Pd2þ3d3/2, respectively. The peaks demonstrate that
both the PdCl2 and the Pd nanoparticles coexist on the
surface of PdCl2@f-FWCNTs. The area of the Pd2þ3d5/2
peak is significantly larger than that of Pd03d5/2, which
indicates that PdCl2 is the primary compound in the
palladium-decorating reaction. After reduction, the Pd
particle presents a metallic state, as indicated by
the peaks at 335.2 eV for Pd03d5/2 and at 340.7 eV
for Pd03d3/2. The slight shift of the Pd03d peak in the
PdCl2@f-FWCNT curve to a lower binding energy, as
compared with that of the Pd@f-FWCNTs, suggests a
Pd�Cl interaction.
The ultraviolet photoelectron spectrometer (UPS)

was used for measuring variations in work functions
of CNTs after different treatments, as shown in Figure 4.
The work function of the FWCNTs was 4.84 eV. It
increased by 0.26 eV when Pd nanoparticles were
successfully decorated onto the FWCNT surface to
form Pd@f-FWCNTs with a work function of 5.10 eV.
During the formation of Pd nanoparticles on the
f-FWCNT surface, Pd2þ played the role of electron
acceptor and received electrons from semiconducting
SWCNTs mixed with the FWCNTs. The electrons in the
SWCNTs were transferred to Pd2þ, which resulted in a
decrease of the Fermi level of the f-FWCNTs because of
the p-type doping effect.33

A useful index for evaluating the interface properties
between metal particles containing Pd nanoparticles,
metallic CNTs and semiconducting SWCNTs is the
Schottky barrier height (SBH). There are two types of
SBH, n-type and p-type SBH (p-SBH), and the Pd-CNT
contact is considered a p-SBH. The p-SBH is defined as
the difference between the work function of Pd and
the top of the valence band of the semiconducting
CNTs. The p-SBH affects the contact resistance be-
tween the metallic materials and the semiconducting

Figure 5. Comparison of the electrical sheet resistance and
optical transmittance at a wavelength of 550 nm. The sheet
resistance decreased from 6998 ohm/sq for the pristine
FWCNTs (estimated by extrapolation) to 274 ohm/sq for the
Pd@f-FWCNTs, with a corresponding transmittance of
81.65%.

Figure 4. Variations of the work functions of CNTs after
different treatments.
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CNTs.34 Therefore, the increase in the work function
makes the p-SBH decrease and the Fermi level shift
downward, which decreases the contact resistance.
Figure 5 presents a plot of the sheet resistance versus

optical transmittance at wavelength of 550 nm for CNT-
TCFs with varied thicknesses. The sheet resistance de-
creaseswith decreasing transmittance for all thematerials
studied in this work. Because of the Pd decoration on the
f-FWCNT surface, the sheet resistance decreased from
6998ohm/sq (estimatedby theextrapolationmethod) for
thepristine FWCNTs to 274 ohm/sq for thePd@f-FWCNTs,
with a corresponding transmittance of 81.65% at 550 nm.
At a high transmittance, such as 98%, the decrease in the
sheet resistance is more significant. A reduction of more
than 2 orders of magnitude in the sheet resistance was
detected. The entangled nature of the f-FWCNTs asso-
ciatedwith interconnections created by the decorated Pd
nanoparticles generates additional electrical paths, which
lower the sheet resistance. Also, Pd decoration can en-
hance the p-type doping effect and decrease the p-SBH,

which controls the contact resistance between the metal
and semiconducting CNTs; consequently, the electrical
conductivity of the CNT-TCFs increases.

CONCLUSIONS

This work demonstrates the processing of CNT-TCFs
using Pd@f-FWCNTs as additives. During the Pd-dec-
oration process, the f-FWCNTswere initially adhered by
the Pd and PdCl2 particles, and the latter were the
primary adsorbate. After reduction in H2, all the deco-
rated particles on the surface of the f-FWCNTs were
transferred to spherical Pd nanoparticles with average
diameters of 5 nm. The decorated materials not only
provide additional channels for electron transfer, but
also decrease the contact resistance because of the
p-type doping effect and the decrease in the SBH; as a
result, increased the electrical conductivity of the CNT-
TCFs. CNT-TCFs with extremely low sheet resistances of
274 ohm/sq and a high transmittance of 81.65% at a
wavelength of 550 nm were achieved.

METHODS
Processing for Purified FWCNTs (p-FWCNTs). The as-purchased

pristine FWCNTs (XinNano Materials, XNM-HP-12050, 4 nm
average diameter, 86% purity) were oxidized in air at 600 �C
for 1 h to remove the amorphous carbon, followed by treatment
with hydrochloric acid (8 M) under stirring for 1 h to remove
particles containing catalysts ofmetal oxide andmetal particles.
The product was then subjected to vacuum filtration through a
filter (Millipore, 1 μm pore size, PTFE) and rinsed with copious
amounts of pure water (10 MΩ) until a pH of 7 was reached
(ECHO Chemical, litmus paper).35,36

Processing of Functionalized FWCNTs (f-FWCNTs). Thewet p-FWCNTs
were added to a mixture of concentrated sulfuric and nitric acid
in a volume ratio of 3:1 under stirring for 2 h.37 The product was
collectedby vacuum filtration andwashedwith copious amounts
of pure water until the pH reach neutrality.

Palladate Decoration Reaction (PdCl2@f-FWCNTs). To coat Pd parti-
cles on the surface of f-FWCNTs, thewet f-FWCNT powders were
placed in an aqueous solution of 5 mM sodium tetrachloropal-
ladate (Acros, Na2PdCl4) under stirring for 12 h. After filtration,
the product was rinsed with pure water until neutrality was
reached and then dried at 150 �C for 24 h. The dried powder was
designated as PdCl2@f-FWCNTs.

Palladate Reduction Process (Pd@f-FWCNTs). The reduction pro-
cess was conducted under hydrogen gas (H2, 99.99% in purity)
in a tube furnace at 500 �C with at a flow rate of 2000 sccm for
30 min. The final product was designated as Pd@f-FWCNTs.
Before and after the reduction processes, the furnace was
purged with argon gas at a flow rate of 5000 sccm for 5 min.

Processing of CNT Ink. The starting materials of CNT ink were
composed of 30 mg of Pd@f-FWCNTs, 120 mg of polyvinylpyrro-
lidone, and 200mL of ethanol (ECHOChemical, 99.99% in purity),
which acted as a conductivematerial, a dispersant, and a solvent,
respectively. The ink was prepared by mixing the starting
materials, sonicating them (Branson 5210) for 1 h, and centrifu-
ging at 10000 rpm (Kubota 7780) for another 1 h. The black CNT
ink was obtained from the upper layer of the centrifuged ink.

Processing of CNT-TCF. Poly(ethylene terephthalate) (PET, 91%
in transmittance without any coating layer) film was adopted as
the substrate and the wire-wound (Industry Tech, No. 9, the
thickness of one layer is 22 μm) coating method was used to
fabricate the CNT-TCFs.38 The sheet resistance and transparency
were controlled by coating the PET film for different numbers of

layers. The coated layer on the PET substrate was dried in a box
furnace at 150 �C for 15 min.

Characterization of CNT-TCF. The sheet resistance of CNT-TCF
was measured using a conventional instrument (Mitsubishi
Chemical MCP-T600). The optical transmittance was measured
using a UV�vis spectrometer (Hitachi u-3410) in transmittance
mode. The scanned wavelength range was from 350 to 750 nm
in the visible region. The coated CNT-TCF samples were placed
in the sample holder, and the noncoated PET was put in the
reference holder as background. The transmittance perfor-
mance of the CNT-TCFs studied in this work is independent
from PET transmittance. The transmittance at 550 nm was used
to estimate the optical transmittance of the CNT-TCFs.
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