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The synthesis, identification, and H2 storage of multiwalled carbon nanotubes (MWCNTs) have been investigated in the present
work. MWCNTs were produced from the catalytic-assembly solvent (benzene)-thermal (solvothermal) route. Reduction of C6Cl6

with metallic potassium was carried out in the presence of Co/Ni catalyst precursors at 503–623 K for 12 h. XRD patterns indicated
that the abstraction of Cl from hexachlorobenzene and the formation of KCl precipitates were involved in the early stage of the
synthesis process of MWCNTs. This result offers further explanation for the formation of MWCNT structure and yield using the
solvothermal route depending on the Co/Ni catalyst precursors. The diameter of MWCNTs ranged between 30 and 100 nm and the
H2 storage capacity of MWCNTs improved when 2.7–3.8 wt% Pd or NaAlH4 were doped. The XANES/EXAFS spectra revealed that
the Co/Ni catalyst precursors of the MWCNT synthesis were in metallic form and Pd atoms possessed a Pd–Pd bond distance of
2.78 Å with a coordination number of 9.08. Ti-NaAlH4 or Pd nanoparticles were dispersed on MWCNTs and facilitated to improve
the H2 storage capacity significantly with the surface modification process.

1. Introduction

Carbon nanotubes (CNTs) have been predicted to possess
novel mechanical and unique electrical properties due to
their regular, periodic structure and quantum size [1–4].
The applications for CNTs have enormous potentials such as
novel nanoscale electronic devices, tips for scanning probe
microscopy, hydrogen storage media, reinforcing materials
for carbon matrix composites, and catalyst supports [3–
5]. MWCNTs have earned intensive interest in the past
decade because of their role in the emerging environmental
and energy-related applications. The synthesis of metal-
catalyzed CNTs has been pursued by a variety of methods
that included chemical vapor deposition (CVD), laser, or arc
process [6–12]. However, these methods are associated with
the formation of many undesired by products and low yields,
and many other separation challenges [13–17]. In addition,
neither method is readily scalable for bulk commercial pro-
duction [18–20]. Conversely, a low-cost, mass-producible,
effective, and novel benzene-solvothermal route that involves
the reduction of hexachlorobenzene (C6Cl6) by metallic
potassium (K) in the presence of Co/Ni catalyst precursors

has been conducted in the present work [7, 9]. However,
the valency and fine structure of Co and Ni atoms also
have not been well studied for the formation of CNTs. The
concurrence of Co/Ni metal nanoparticles nucleation leads
to create a complex transient chemical environment and thus
makes it difficult to study the inception and growth process
of CNTs [7, 9]. The CoCl2

• and NiCl2
• mixtures are reduced

to Co/Ni catalyzed particles by metallic potassium (K), while
C6Cl6 is also reduced by K through deleting chloride to form
carbon clusters and KCl salts. Once the nucleation of CNTs
from freshly reduced Co/Ni metal particles has finished, the
hexagonal carbon clusters diffuse to the growth sites through
constant surface diffusion, then assemble into CNTs and
cause the axial growth [7, 9]. In addition, CNTs are known
to possess significant catalytic activity via the π and σ bonds
with sp2 hybridization state and that affects the potential
ability for hydrogen adsorption [21, 22].

Complex metal hydrides, with the form ABH4 (where
A is one of the alkali metals and B is a group III atom),
have been widely studied in solution as proton acceptors for
their ability to enhance H2 adsorption [23–30]. From some
literature and reports, the increasing interest in NaAlH4 as



2 Journal of Nanomaterials

Table 1: Comparison of literatures and the present work on the hydrogen adsorption capacity of Ti-doped NaAlH4 or Ti-NaAlH4-doped
CNTs composites.

Samples Adsorption conditions H2 adsorption capacity (wt%)

NaAlH4 + 3 mol% Ti + 1 mol% Fe [29] 473 K and 1 atm 4.3

NaAlH4 + 4 mol% Ti [25] 423 K and 1 atm 3.5

NaAlH4 + 2 mol% Ti + 5 wt% Al + 10 wt% MWCNTs (SWCNTs) [54] 473 K and 1 atm 3.9 (4.2)

NaAlH4 + 8 mol% MWCNTs [31] 433 K and 1 atm 4.2

TiO2-doped MWCNTs [51] 298 K and 18 atm 0.4

Ti-coated SWCNTs [55] (first-principle total-energy calculations) 200–900 K and 1 atm 5.0–8.0

4 wt% Ti-NaAlH4 + 5 wt% MWCNTs (this work) 425 K and 30 atm 3.8

a potential hydrogen storage material is arisen, particularly
for being admixed with nonmetallic, lightweight, and high-
surface-area CNTs [31–33]. Similarly, an alternative way of
increasing the hydrogen adsorption capacities of MWCNTs is
loading them with transition metals. Enormous progress has
been made towards the development of metal-doped CNTs
(Li, Ni, Pd, Fe, Pb, Pt, Al, Ti, V, or La) as a hydrogen gas
storage material [34–51]. Nanoporous MWCNTs consisting
of small transition metallic nanoparticles are exposed to the
vicinity of pore volume and surface area and that can be a
major concern for hydrogen storage abilities [19, 20, 23, 35,
41, 45, 46, 52, 53]. Additionally, Pd, Pt, or V nanoparticle
dispersions onto MWCNTs lead to hydrogen loadings up
to 0.5 wt% [34, 36, 38–45, 47, 53, 54]. Rather et al. [46]
reported that the hydrogen adsorption of Pd-embedded
CNTs possesses a maximum reversible hydrogen storage
capacity of 0.18 wt% at 298 K and 1.6 MPa, which is nearly
twice the storage capacity of pristine CNTs. According to
Gundiah et al. [37] Pd-loaded MWCNTs showed enhanced
hydrogen absorption kinetics on the storage system even
though maximum adsorption was obtained of only 3.7 wt%
at 300 K. Yildirim and Ciraci [55] have reported that a single
Ti atom adsorbed on single-walled CNTs can strongly bind
to up to four hydrogen molecules using a computational
study. In other words, single-walled CNTs decorated with
Ti can strongly adsorb up to 8 wt% hydrogen. In addition,
such available metals are recognized to play a role in the
dissociation of hydrogen, followed by atomic hydrogen
spillover, and finally adsorption onto MWCNTs. Using
MWCNTs decorated by nanophase metal particles seems to
be a promising method to improve hydrogen adsorption
abilities. Based on the above principles, comparison of
literature or reports on Pd or Ti-loaded MWCNTs and
NaAlH4 composites is summarized in Table 1.

The XANES/EXAFS spectroscopy can be used to investi-
gate the valency and fine structures of the complex metals
(e.g., Ni, Co, Ti, or Pd) in as-synthesized MWCNTs. The
XANES/EXAFS spectra offer a basic understanding of the
oxidation states and fine structure of the metal-loaded
MWCNTs for the characteristic nature of hydrogen adsorp-
tion. The XANES/EXAFS spectroscopy is also an excellent
technique for characterizing the valency and local structure
of Pd/Co/Ni metals in catalysts with short-range order [37,
56–58]. Thus, the main objective of the present study is
to investigate the fine structure, oxidation states, or surface

chemical modification of MWCNTs and Pd/Co/Ni atoms
dispersed in the catalyst using HR-TEM, XRD, FE-SEM/EDS,
and XANES/EXAFS spectroscopy. In addition, the adsorptive
H2 storage capacity of as-synthesized MWCNTs, improved
by adding Pd or Ti-NaAlH4, was also studied using a high-
pressure microgravimetric balance.

2. Experimental

2.1. Starting Materials for MWCNTs Synthesis. The MWC-
NTs synthesis was conducted in a batch system. Benzene
(100 mL) was placed into a 250 mL PTFE-lined 316 austenitic
stainless steel autoclave. Then 15.0 g C6Cl6 and 20.0 g metal-
lic potassium (K) were added under an argon-flowing glove
box in order to prevent the metallic potassium species
from oxidation. Subsequently, 70–80% of the volume of the
autoclave was filled with 15 mL of benzene and 700 mg of
catalyst precursors. The catalyst precursor was prepared by
dissolving 1.0 g of CoCl2·6H2O and NiCl2·6H2O mixture
(mole ratio Co/Ni = 1) in 100 mL of absolute ethanol,
followed by drying at 353 K and calcining at 423 K in flowing
air. All the chemicals used were high-purity (ACS grade).
The sealed autoclave was heated in the furnace at 503–
623 K for 8–12 h, and then cooled to room temperature. The
obtained samples were repeatedly and sequentially washed
and filtrated with absolute ethanol, dilute acid, and deionized
double-distilled water to remove the residual impurities,
such as chlorides and the remaining catalyst, by using the
ultrasonic method. The liquid residues were also further
dried overnight to form KCl salt powders. Finally, the
samples were vacuum-dried at 343–353 K for 6–10 h.

2.2. Surface Modification/Functionalization and Metals Dop-
ing. The surface modification process of as-synthesized
MWCNTs was conducted by using a concentrated solution
of H2SO4/HNO3 (ratio = 3) reflux for 1 h at 393 K. The
MWCNTs with a surface modification have lots of COOH,
OH, or NO2 functional groups that possibly enhance the
hydrogen adsorption abilities. Moreover, the well-dispersed
surface-modified 5 wt% Pd-doped MWCNTs were prepared
by adding MWCNTs into PdCl2(aq) for well dispersion
or impregnation and dried in alcohol solution at 323 K.
Finally, the PdO/MWCNTs were reduced to form the active
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Pd/MWCNTs with flowing hydrogen gases at 393–433 K for
6 h for the further measurement of hydrogen adsorption.

The two samples of 95 wt% Ti-NaAlH4 (4 wt% Ti) +
5 wt% MWCNTs and 95 wt% NaAlH4 + 5 wt% MWCNTs
were mechanically admixed for the period of 30 min at mill-
ing speeds of 5,500 rpm under argon atmosphere by using a
SPEX 8000 ball mill, respectively. A hardened steel crucible
and six steel balls 12 mm in diameter were used for the
milling. The ball to powder weight ratio was 12.5 : 1. The
samples were then used for hydrogen adsorption capacity test
and the microstructure characterization.

2.3. Hydrogen Adsorption Capacity Measurement. Dihydro-
gen isotherms were measured gravimetrically at different
temperatures using a method previously described by Li
et al. [59]. A Cahn Thermax 500 microgravimetric balance
with a sensitivity of 1 g was used to measure the changes in
mass of MWCNT samples suspended within a glass enclosure
under a certain atmosphere. A pressure sensor, with a range
of 0 to 68 atm and sensitivity of 0.011 atm (at 1,000◦C),
was used to measure the hydrogen pressure in the chamber.
MWCNT samples were outgassed overnight until a constant
mass was attained; these varied from 0.2 to 2.0 g. Prior
to admittance of the analyte gas, the entire chamber and
manifold were evacuated overnight. The system was purged
at room temperature three times with the analyte gas and
gases were passed through a molecular sieve trap immersed
in liquid nitrogen to remove any condensable impurities and
a two-step liquid nitrogen trap system was also conducted
for the complete removal of moisture content in the
flowing hydrogen gas (>99.999%, of high purity) before
being exposed to the samples. Pressures were measured
with the range covering 1 to 30 atm. Hydrogen was added
incrementally, and data points were recorded when no
further change in mass was observed. The dynamic and
equilibrium hydrogen adsorption data were also taken at
room temperature (298 K) to 425 K and different pressures.
The adsorbed amount of hydrogen was calculated after the
buoyancy correction. For the buoyancy correction [60, 61],
the volume of the sample container and the samples were
determined using a helium measurement assuming that
helium adsorption at room temperature can be neglected.

2.4. Characterization and Identification. The average Co/Ni
metal contents in the catalyst precursor were evaluated by
atomic absorption spectroscopy (AAS, GBC model 908) and
induced coupled plasma/mass spectroscopy (ICP/MS, ELAN
model 5000). Each calibration curve was generated with
its corresponding standard metal solution at ten different
concentrations and that generated the expected Co/Ni metal
concentrations in the catalyst. Then the concentration of
Co/Ni in the catalyst precursor was calculated. The mor-
phologies of the samples were observed with Zeiss 10C
transmission electron microscope (TEM) at 200 kV, and the
microstructures of MWCNTs were measured with a JEOL
2010 high-resolution transmission electron microscope (HR-
TEM) also at 200 kV. Samples for the electron microscope
were prepared by 1 h ultrasonic dispersion of 0.2 g of product
with 50 mL of absolute ethanol in a 100 mL conical flask.

Then a drop of the solution was placed on a copper microgrid
or carbon film and dried in air before observation. Further
elemental microstructures of the MWCNTs were determined
by FE-SEM/EDS (Hitachi, S-4700 Type II) with a resolution
of 0.1 nm. Structures of the MWCNTs or Co/Ni precursors
samples were measured by X-ray powder diffraction (XRD)
scanned from 10 to 90◦(2θ) with a scan rate of 4◦(2θ)
min−1 with monochromatic CuKα radiation (MAC Science,
MXP18) at 30 kV and 20 mA. The specific peak intensities
and 2θ values recorded can be further identified by a
computer database system (JCPDS). The surface area of
the MWCNTs was measured by BET (Brunauer-Emmett-
Teller) nitrogen adsorption (Micromeritics ASAP 2010
Instrument). For the BET surface area measurements, the
catalyst was scraped from the tube substrate and powdered
so as to avoid any influence from the steel tube. Prior to
measurement, all samples were degassed at 423 K for 1 h.
For the calculation of the BET surface areas, the relative
pressure range P/P0 of 0.05 to 0.2 was used. The pore radius
distribution was determined by the Barrett, Joyner, and
Halenda (BJH) method.

2.5. XANES/EXAFS Measurement. The XANES/EXAFS
spectra were collected at 01C1 and the Wiggler 17C1
beamlines at the National Synchrotron Radiation Research
Center (NSRRC) of Taiwan. The electron storage ring
was operated with energy of 1.5 GeV and a current of
100–200 mA. A Si(111) DCM was used for providing highly
monochromatized photon beams with energies of 1 to
15 keV and resolving power (E/ΔE) of up to 7,000. Data were
collected in fluorescence or transmission mode with a Lytle
ionization detector [62] for Pd (26,711 eV), Co (7,709 eV),
and Ni (8,333 eV) K-edge experiments at room temperature.
The photon energy was calibrated by characteristic preedge
peaks in the absorption spectra of Pd, Co, and Ni foil
standards. The raw absorption data in the region of 50 to
200 eV below the edge position were fit to a straight line
using the least-square algorithms [37, 46, 62]. The XANES
extends to energy of the order of 50 eV above the edge. The
EXAFS function was derived from the raw absorption data
through the pre- and post-edge background subtraction and
then normalized with respect to the edge jump by using the
program package AUTOBK. The k2- or k3-weighted and
EXAFS spectra were Fourier transformed to R space over the

range between 2.5 and 12.5 Å
−1

. Local structural parameters
such as the bond distance R, coordination number N , and
Debye-Waller factor σ , for different coordination shells
surrounding the absorbing atoms, were obtained through
nonlinear least-square fitting routine. The EXAFS data
were analyzed using the UWXAFS 3.0 program and FEFF
8.20 codes based on the crystallographic data of individual
species [37, 56–58].

3. Results and Discussion

The MWCNTs were synthesized by Co/Ni catalyst precursors
with metallic K and then doping of palladium on the
surface was investigated to understand the morphological
behaviors. The HR-TEM micrographs shown in Figure 1
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Figure 1: HR-TEM images of (a, b) well-dispersed Pd nanoparticles on the MWCNTs surfaces and (c, d) irregular-shaped of MWCNTs
synthesized by Co/Ni catalyst precursors with metallic K at T = 503–623 K for 12 h.

were used to investigate the crystallinity and microstructures
of the as-synthesized MWCNTs. As shown in Figure 1,
the MWCNTs have an irregularly shaped structure with an
average length of 1–500 nm. Additionally, the inner and outer
average diameters of the MWCNTs are around 20–40 and 45–
100 nm, respectively, and clearly visible in Figures 1(b)–1(d).
The inner tube is subdivided by a single or multigraphite
layer, which is formed by the surface diffusion of carbon
cluster on the larger Co/Ni catalytic nanoparticles [17, 46].
In addition, palladium metals are uniformly distributed
throughout the surface of MWCNTs (Figures 1(a)-1(b)),
thus leading to the formation of the metallic particles
consisting of 5 to 10 nm and representing the porous cavities
[17, 52]. The MWCNTs were attained with irregular shapes
and shown in Figures 1(b)–1(d).

Pretreatment of MWCNTs was carried out with acid or
ultrasonic purification and led to forming typically open
ended nonamorphous carbon coating [52]. According to the
energy dispersive spectrometer (EDS) analysis (Figure 2(a)),
the K species are present in microcrystalline MWCNTs syn-
thesized by Co/Ni catalyst precursors. Figure 2(b) revealed

that KCl solid residues were formed in the MWCNTs washing
liquids after drying overnight. Therefore, the postulated
equation and reaction mechanism of the MWCNTs synthesis
may be described as follow:

nC6Cl6 + nK −→ 6nKCl + polyaromatic hydrocarbons

(+ benzene at 503–623 K)

−→ MWCNTs (+ Co/Ni for 8–12 h).

(1)

The structure of the MWCNTs compound was confirmed
by structural refinement of X-ray diffraction patterns shown
in Figure 3. The intensive peaks appearing at small 2θ
angles are characteristics of porous materials which possess
numerous pores or cavities. In Figure 3, the XRD patterns
indicate that the abstraction of Cl from hexachlorobenzene
and the formation of KCl precipitates were involved in the
early stage of the synthesis process of MWCNTs. Most of the
KCl from the MWCNTs sample can be removed by washing
with D.I. water (Figures 3(b) and 3(c)). KCl was the main
component and over 95% of K+ cations were transformed



Journal of Nanomaterials 5

K

K

Cl

Cl

O

K, Cl

(a)

(b)

K

K

Cl

Cl

O

K, Cl

(a)

(b)

0 1 2 3 4 5 6 7 8 9 10

(keV)

Spectrum 3

Full scale 85 cts
Cursor: −0.004 keV (4619 cts)

Figure 2: FE-SEM/EDS measurement of (a) the surface of MWCNTs synthesized using Co/Ni catalyst precursors with metallic K at T =
503–623 K for 12 h and (b) KCl solid residues formed after drying overnight in the washing liquids of MWCNTs purification process.
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Figure 3: XRD patterns of (a) KCl standard, (b) unwashed
MWCNTs with KCl crystals, and (c) washed MWCNTs with KCl
contaminants synthesized by Co/Ni catalyst precursors at T = 503–
623 K for 12 h.

into KCl in the synthesis process of the MWCNTs using
Co/Ni catalyst precursors at T = 503–623 K for 8–12 h.

Furthermore, the XRD patterns of Pd and Ti-NaAlH4-
doped MWCNTs indicate that the metallic particles have a
crystalline structure (Figure 4) and therefore could enhance
the surface area with their higher roughness as well as
hydrogen-adsorption ability of the MWCNTs. According to
FE-SEM, the dispersion of metallic Pd on the surface of
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Figure 4: XRD patterns of (a) 5 wt% Pd-doped and (b) 4 wt% Ti-
NaAlH4-doped MWCNTs synthesized by Co/Ni catalyst precursors
at T = 503–623 K for 12 h.

MWCNTs apparently facilitated similar consequences. The
XRD patterns of Pd (Figure 4(a)) exhibit characteristic sharp
peaks at 2θ = 40.12 and 46.77◦, which are consistent with
5–10 nm particle size. As shown in Figure 4(b), the peak
at 2θ = 26.3◦ of Ti-NaAlH4-doped sample also indicates
that the largely crystalline structure attributes the particle
size as 80–120 nm [28, 51, 55, 63]. This particle size was
roughly calculated using Scherrer’s equation (with Warren’s
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Table 2: Fine structural parameters of Ni, Co, Pd or PdCl2 powder standard, catalyst precursor residues, and non-surface- or surface-
modified 5 wt% MWCNTs with hydrogen reduction analyzed using EXAFS technique.

Samples Shell CNa (±0.05) Rb (±0.05 Å) σ2 (Å2)c

Nickel powder standard Ni–Ni 3.01 2.43 0.0087

Catalyst precursor residue (Ni) Ni–Ni 2.92 2.48 0.0058

Cobalt powder standard Co–Co 6.02 2.45 0.0046

Catalyst precursor residue (Co) Co–Co 5.96 2.49 0.0067

Pd powder standard Pd–Pd 9.21 2.76 0.0058

PdCl2 powder standard Pd–Cl 2.13 2.25 0.0042

NHR 5 wt% Pd-doped MWCNTsd Pd–Pd 8.98 2.80 0.0112

HR 5 wt% Pd-doped MWCNTse Pd–Pd 9.08 2.78 0.0093
a
CN denotes “coordination number”;

bR denotes “bond distance”;
cσ denotes “Debye-Waller factor”;
dNHR 5 wt% Pd-doped MWCNTs denotes “as-synthesized non-surface-modified 5 wt% multiwalled carbon nanotubes reduced at 453 K under flowing
hydrogen gas for 6 h”;
eHR 5 wt% Pd-doped MWCNTs denotes “as-synthesized surface-modified 5 wt% multiwalled carbon nanotubes reduced at 453 K under flowing hydrogen
gas for 6 h”.

correction for instrumental broadening) applied at half the
height of the maximum intensity diffraction peak.

Generally, the XANES/EXAFS spectroscopy can provide
the information on the atomic arrangement of sorbents in
terms of bond distance, coordination number, and kind of
neighbors. Since the valency and fine structures of Co and
Ni atoms used as the catalyzer precursor of the MWCNTs
formation have not been well studied, XANES and EXAFS
spectra may determine the catalytic redox mechanisms for
the growth of MWCNTs. By using XANES spectra, all
metallic Co or Ni species of the solid residues were found
in the MWCNTs as shown in Figure 5(a). XANES or EXAFS
data indicate that in the presence of metallic potassium the
chlorides of Co and Ni were reduced to Co/Ni catalyst par-
ticles. Simultaneously, hexachlorobenzene was also reduced
by potassium through releasing chlorides to form carbon
clusters and KCl.

A high reliability of the EXAFS data fitting for Pd species
in MWCNTs was obtained. The data were collected several
times and standard deviation also calculated from the aver-
age spectra. Fourier transformation (FT) was performed on

k2- or k3-weighted oscillations over the range of 2.2–10 Å
−1

.
The radial structure function derived from the FT is shown in
Figure 5(b) and Table 2. The EXAFS data of Co/Ni precursor
residues revealed that the nanophase metallic Co or Ni
particles had a central Co (or Ni) atom with a coordination
number of 2.92±0.05 (or 5.96±0.05) and a primarily Co–Co
bond distance of 2.49 ± 0.05 Å (or 2.48 ± 0.05 Å). The coor-
dination number for Pd powder is 9.21 ± 0.05 with a Pd–Cl
bond distance of 2.13± 0.05 Å. Moreover, Pd-doped surface-
modified and nonmodified MWCNTs have the coordination
numbers of 9.08 and 8.98± 0.05, respectively.

Hydrogen reduction occurs with the palladium par-
ticles on the central atom. These results obtained from
XANES/EXAFS may offer further explanation of the yield
and structure of MWCNTs formed using catalytic-assembly
benzene-solvothermal route. However, the results combined
with HR-TEM images (Figures 1(a) and 1(b)) may indi-
cate that the Co/Ni metal particles are responsible for

the nucleation of the MWCNTs growth and belongs with
some bending structures at close ends of the tubes. The
concurrence of nucleation of the Co/Ni metal nanoparticles
and MWCNTs growth within a reactive hydrocarbon atmo-
sphere (e.g., benzene) create a complex transient chemical
environment, making it difficult to study the inception and
growth processes in MWCNTs synthesis.

Nonspecific physical adsorption of the nonmodified and
5 wt% Pd-doped MWCNTs was carried out to measure
the total surface area and pore size distribution as shown
in Figure 6. The surface area and total pore volume were
calculated according to the adsorption data summarized
in Table 3. A large surface area was generally observed
for Pd-doped MWCNTs with the surface-modified pro-
cesses. Most of the microcrystalline structures of Pd on
the MWCNTs were confirmed from the HR-TEM analysis
(Figure 1) and that was helpful to increase the surface
area and hydrogen adsorption capacity. The adsorption-
desorption isotherms exhibit a hysteresis behavior, indicating
that the specimens were mainly mesoporous. Also, the type
IV hysteresis isotherm was obtained and is represented in
Figure 6. The adsorption hysteresis was observed in the
region of a relative pressure P/P0 above 0.8. A comparison
between the shapes of the two isotherms in the pressure
range of P/P0 0–0.9 (Figures 6(a) and 6(b)) reveals a
more pronounced hysteresis in the Pd-doped MWCNTs
belonging with the surface modification. In addition, BET
N2 adsorption for MWCNTs and Pd-doped MWCNTs were
79.4 and 114.2 m2 g−1 and pore volumes were 0.18 and
0.32 cm3 g−1, respectively. It also indicated that the resulting
factor of surface enhancement depended on the surface
modification of the Pd on the MWCNTs.

These results caused by the dispersion of the Pd on
the MWCNTs surface were due to the surface modification
using a concentrated solution of H2SO4/HNO3 (ratio = 3)
reflux for 1 h at 393 K. In general, microporosity of the
MWCNTs exposed with the increase of hydrogen reduction
at 453 K under flowing hydrogen gas for 6 h. According to
Table 3, the BET surface area was increased notably with
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Figure 5: (a) XANES of Co/Ni precursor residue samples (solid lines) compared with Co(0, II), Ni(0, II), or Pd(0, II) standards and (b)
Fourier transform (FT) of the metallic Co, Ni, or Pd K-edge EXAFS of the MWCNTs synthesized using Co/Ni catalyst precursors at T =
603 K for 8–12 h. The best fitting of EXAFS spectra are expressed by the dotted and circled lines.

hydrogen reduction on the nonmodified and 5 wt% Pd-
doped MWCNTs and was observed as 89.4 and 128.6 m2 g−1,
where as the pore volumes were 0.24 and 0.84 cm3 g−1,
respectively. Specific BET surface area of Pd-doped MWCNT

sample started to increase due to the exposure of the
nanophase Pd particles loaded on the surface of MWCNTs to
hydrogen reduction, which might induce the microporosity
and perfections in the carbon structures.
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(c)

Figure 6: (a) Nitrogen adsorption/desorption isotherms of non-surface-modified 5 wt% Pd-doped MWCNTs and (b) surface-modified
5 wt% Pd-doped MWCNTs, and (c) pore size distributions of non- and surface-modified 5 wt% Pd-doped MWCNTs samples.

Table 3: Specific BET surface area and total pore volumes of nonsurface- or surface-modified MWCNTs and 5 wt% Pd-doped MWCNTs
using H2SO4/HNO3 (ratio = 3) reflux for 1 h at 393 K.

Samples BET surface area (m2 g−1) Total pore volume (cm3 g−1)

Non-surface-modified MWCNTs 79.4 0.18

Surface-modified MWCNTs 114.2 0.32

NHR 5 wt% Pd-doped MWCNTsa 89.4 0.24

HR 5 wt% Pd-doped MWCNTsb 128.6 0.38
a
NHR 5 wt% Pd-doped MWCNTs denotes “as-synthesized non-surface-modified 5 wt% multiwalled carbon nanotubes reduced at 453 K under flowing

hydrogen gas for 6 h”.
bHR 5 wt% Pd-doped MWCNTs denotes “as-synthesized surface-modified 5 wt% multiwalled carbon nanotubes reduced at 453 K under flowing hydrogen
gas for 6 h”.



Journal of Nanomaterials 9

24310 24330 24350 24370 24390 24410 24430 24450

N
or

m
al

iz
ed

 a
bs

or
ba

n
ce

 (
a.

u
.)

Photon energy (eV)

(e)

(d)

(c)

(b)

(a)
Pd(0)

Pd(II)

Figure 7: XANES spectra of (a) non-surface- and (b) surface-
modified 5 wt% Pd-doped MWCNTs after H2 reduction at 433 K
for 6 h, (c) Pd, (d) PdO, and (e) PdCl2 powder standards.

The intensive peak of the Pd(0) K-edge region around
24,368 eV and the stronger 24,392 eV quantify the transition
metals of Pd on the surface of MWCNTs and occurred due to
the orbital 3d→ 5s or 4p hybridization caused by unoccupied
d bands as shown in Figures 7(a)–7(e) [53, 56, 64]. Therefore,
the absorption was intensive at 3d→ 5s or 4p hybridization.
The p-like density of states was notably enhanced and the
absorption could increase like the second absorption peak
in the XANES spectra of the Pd standards (Figure 7(a)). In
addition, compared with the absorption cross section of the
Pd standard, it might be extensively increased because of
the 3d→ 4p hybridization of Pd(II) [8, 53, 56]. By using the
EXAFS spectra shown in Figure 8, the Pd clusters possessed
a Pd–Pd bond distance of 2.76 ± 0.05 Å with a coordination
number around 9 and the PdCl2 species had a Pd–Cl bond
distance of 2.25 ± 0.05 Å with a coordination number of
2 [53, 64]. In the EXAFS data analyzed, the Debye-Waller

factors (Δσ2) were less than 0.015 (Å
2
) indicating that the

center Pd atoms were the coordinated by Pd–Pd bonding
confirmatively. The apparent shortening of the bond distance
with coordination number probably was caused by the
random motion of surface atoms on the small Pd particles
and that posed to increase the surface area of the Pd-doped
MWCNT samples. Furthermore, this result also revealed that
the Pd nanoparticles were well dispersed on the surface of the
MWCNTs, which improved the amount of hydrogen storage
efficiency significantly.

The unique adsorptive properties of carbon nanotubes
suggest enormous potential applications for the fuel cell
power generation systems. Laboratory-scale experiments
were carried out to provide information concerning the
feasibility for H2 storage ability of MWCNTs, and to deter-
mine if further developments would be warranted. The
chemical modification of MWCNTs surfaces was done for
the hydrogen adsorption capacity enhancement using a
concentrated solution of H2SO4/HNO3 method. In order to
know more detail about the hydrogen adsorption behavior
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Figure 8: Fourier transform (FT) spectra of (a) Pd powder
standard, (b) non-surface-modified 5 wt% Pd-doped MWCNTs
after H2 reduction at 433 K for 6 h, (c) fresh non-surface-modified
5 wt% Pd-doped MWCNTs, (d) surface-modified 5 wt% Pd-doped
MWCNTs after H2 reduction at 433 K for 6 h, and (e) fresh surface-
modified 5 wt% Pd-doped MWCNTs. The best fitting of the EXAFS
spectra are expressed by the circle lines.
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Figure 9: Hydrogen adsorption curves of (a) 4 wt% Ti-NaAlH4 +
5 wt% MWCNTs (at 425 K), (b) NaAlH4 + 5 wt% MWCNTs
(at 425 K), (c) 5 wt% Pd-doped MWCNTs (at 298 K), and (d)
MWCNTs (at 298 K). The adsorption pressures of as-synthesized
hydrogen storage materials of MWCNTs were ranged of 1–30 atm.

and the efficiency of Pd-doped MWCNTs, the hydrogen
adsorption was carried out and represented in Figure 9. The
fine particle size and the crystalline structure of the Pd-doped
MWCNTs are responsible for higher sorption of H2 as shown
in Figure 9(c), compared with the as-synthesized MWCNTs
without metal doping shown in Figure 9(d). In addition,
antidispersive force and the expected specific interaction
with Pd sites also played an important role in case of the Pd-
doped MWCNTs [46, 53]. The addition of Pd or Ti-NaAlH4

nanoparticles increased the amount of hydrogen adsorption
on the surface of MWCNTs.
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The hydrogen storage capacity of MWCNTs improved by
doping of Pd or Ti-NaAlH4 of about 2.7–3.8 wt% measured
at 30 atm and 298 to 425 K which makes it more feasible
to apply into the fuel cell power generation system [46,
53]. Experimentally, the hydrogen adsorption selectivity
of Pd or Ti-NaAlH4-doped MWCNTs was increased due
to the dispersion of the Pd or Ti-NaAlH4 nanomaterial,
respectively. The surface roughness and abundance of metal-
lic dispersion on the MWCNTs surface helped to increase
the hydrogen adsorption performance. This result was also
followed through the EXAFS analysis that surface atoms of
the Pd nanoparticles exhibited random motion and posed to
enhance the hydrogen adsorption behavior.

4. Conclusions

The potential synthesis route of MWCNTs with catalytic
hexachlorobenzene in the presence of Co/Ni catalyst precur-
sors at 503–623 K for 12 h was investigated. The identified
characteristics of as-synthesized or metallic doped MWCNTs
as well as H2 storage capacity for the fuel cell application
were also studied. TEM micrographs show that the MWCNTs
have a bamboo-like structure with an average length of 1–
500 nm. The inner and outer diameters of MWCNTs were
20 and 45 nm in average, respectively. The XRD patterns
indicated that the abstraction of Cl from hexachlorobenzene
and the formation of the KCl precipitate were involved in
the early stage of the synthesis process of MWCNTs. XANES
spectra showed that the Co/Ni catalyst precursors of the
MWCNTs were all metallic Co or Ni species. Furthermore,
the EXAFS spectra of Co/Ni precursor residues revealed that
the metallic Co or Ni nanoparticles have a central Co (or
Ni) atom with a coordination number of 2.92 ± 0.05 (or
5.96±0.05) and with a Co–Co bond distance of 2.49±0.05 Å
(or 2.48 ± 0.05 Å). In addition, Pd or PdCl2 possessed a
Pd–Pd or Pd–Cl bond distance as 2.76 or 2.25 Å with a
coordination number of around 9 or 2, respectively. The
capacity of H2 storage of the MWCNTs improved by Pd or
Ti-NaAlH4 was ranged of 2.7–3.8 wt%. This result revealed
that the Ti-NaAlH4-dopant or Pd nanoparticles were well
dispersed on MWCNTs and that improved the H2 storage
capacity significantly. Moreover, surface-modified or Pd-
and Ti-NaAlH4-doped MWCNTs are some of the potential
hydrogen adsorption materials. The safe storage of high
purity hydrogen fed to the proton exchange membrane fuel
cells (PEMFC) stack for power generation makes surface-
modified MWCNTs utilization systems economically and
environmentally attractive.
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