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Abstract. Hydrogen uptake of multi-walled carbon nanotube (MWCNT) was enhanced
via a two-step activation/deposition process. At the first step, MWCNT was chemically
activated by KOH. The hydrogen uptake of the activated MWCNT was considerably
higher than the pristine one. The BET analysis of the activated MWCNT demonstrated
a great improvement in its textural properties compared to the pristine MWCNT. This
was attributed to the defects generated on its external surface during activation process
as evidenced by Raman and SEM analyses. At the second step, electroless deposition
technique without any surface pretreatment was employed for preparation of Ni-MWCNT
composite. The successful deposition of nickel into the activated MWCNT was approved by
the EDS analysis and its amount was determined by ICP spectroscopy which was 2.8 wt.%
with respect to Ni available in the electroless deposition bath. The maximum H, storage
capacity achieved by Ni doped MWCNT sample was ~ 1 wt.% at 288 K and 45 bar.

(© 2017 Sharif University of Technology. All rights reserved.

1. Introduction

Nowadays, there is a tremendous demand for clean,
inexpensive and sustainable energy sources due to
public concerns and environmental hazards raised by
overusing fossil fuels. Therefore, lots of attempts have
been made to exploit alternative sources of energy.
Among renewable energies, hydrogen is considered
as a very promising source of energy owing to its
high-energy density, plentiful supply, and pollution-
free combustion [1,2]. These characteristics make
hydrogen as an attractive energy carrier. However, a
major problem that researchers have encountered in the
development of fuel cells technology is the safe storage
of hydrogen in an affordable system [3].

There are several factors that affect the selection
of a suitable technique for hydrogen storage includ-
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ing high storage capacity, suitable thermodynamic
properties, fast adsorption/desorption kinetics, high
safety and process economy. In recent years, many
investigations have been carried out to develop mate-
rials and methods for safe and inexpensive storage of
hydrogen. Currently, there are three hydrogen storage
methods: compression at high pressure, liquefaction
at low temperature, and chemical and/or physical
adsorption on solid porous media. Hydrogen storage by
compression at high pressure is not safe due to the risk
of explosion. The second technique suffers from large
energy requirement to maintain the low temperature.
Solid porous materials are considered as a promising
and effective route for storing hydrogen [4].

The target posed by the DOE is hard to reach
and cannot be achieved by any existing system. At
present, metal hydrides outperform all investigated
materials as hydrogen storing media due to their
high storage capacity [5]. However, heavy weight,
high production costs, high temperature needed for



A. Hosseini et al./Scientia Iranica, Transactions C: Chemistry and ... 24 (2017) 1230-1240 1231

hydrogen discharge, and sensitivity of working lifetime
to impurity of hydrogen are some drawbacks which
restrict the application of metal hydrides [6,7]. Lack
of advanced material as hydrogen storage media with
easy handling system has made researchers seek for new
storing systems such as microporous and nonstructural
materials and/or their chemically modified types as
physical or chemical adsorbents. One of these new
materials is carbon nanotubes investigated as potential
media for hydrogen storage due to their high surface
area, light weight, and chemical stability [8].

Multi-walled nanotubes are preferred to single-
walled ones for hydrogen storage due to numerous sites
available on their outer surface, interior surface, and
inter-planar spacing between the adjacent platelets [9].
However, a major weakness in structure of carbon
nanotubes is their high aspect ratio which restricts
their hydrogen storage capacity. Hydrogen adsorption
and desorption is hindered due to the long path
available for diffusion of hydrogen molecules into the
interior surfaces of carbon nanotubes as well as the
spatial restrictions for their movement [10]. Thus,
it is essential to employ a technique to reduce the
resistance for hydrogen entrance to the interior sites
of carbon nanotubes. Theses technique are based
on the opening of carbon nanotubes edges and the
creating of some defects on their outer surfaces [11].
Therefore, special activation processes are required to
modify carbon nanotubes’ surfaces in order to make
a significant change in their specific surface area and
porosity by removing the most reactive carbon atoms
from their structure. It was found that basic solutions,
such as NaOH and KOH, have the capability to be
used as activating reagents due to their strong chemical
etching effects [12-16].

Another approach for enhancement of hydrogen
loading into the carbon nanotubes is coating a metal
catalyst on their surface which converts molecular
hydrogen to atomic hydrogen. This phenomenon is
called hydrogen spillover. Hydrogen molecules after
dissociation to atomic hydrogen diffuse through the
support surface into the pores [17-19]. Based on
the hydrogen spillover mechanism, atomic hydrogen is
provided by the dissociation of molecular hydrogen on
the catalytic sites available on the surface [20]. At the
desorption step, atomic hydrogen diffuses back from
the interior surface to outer surface of the support
where it is converted to molecular form on the active
catalytic sites, and then desorbs to the gas phase.

Although electroless deposition of Ni into CNT
and development of CNT/Ni nanocomposites for
H, storage have been investigated by some re-
searchers [21,22], little has been done to enhance the
H, storage capacity of the nanocomposite via surface
activation of CNT, prior to metal deposition. To this
end, the present study was carried out to find the

influence of activation of multi-walled carbon nanotube
(MWCNT) by KOH on its hydrogen uptake perfor-
mance. At the second step, nickel nanoparticles were
deposited on the surface of activated MWCNTSs using
electroless deposition technique without pretreatment
based on a simplified and cost-effective method. The
effect of metal (Ni) loading on the hydrogen storage
was also investigated. Additionally, adsorption equi-
libria and kinetics of Hy adsorption on pristine, KOH
activated and Ni coated MWCNT were analyzed based
on the experimental data obtained in a volumetric
adsorption apparatus.

2. Materials and methods

2.1. Materials

Multi-walled carbon nanotube (MWCNT), with inner
diameter of 6-9 nm, synthesized via Catalytic Chemical
Vapor Deposition (CCVD), was kindly provided by
Professor A.R. Mohamed from School of Chemical
Engineering, Universiti Sains Malaysia (USM) [23].
The purity of MWCNTSs was above 95%; the remainder
might include metallic catalysts, such as molybdenum
and cobalt and amorphous carbon. The pristine sam-
ple, thereafter, is named as P-MWCNT. All chemicals
used in activation and nickel deposition steps (supplied
by Merck, Germany) were analytical grades and used
without any further processing. High purity hydrogen
gas (> 99.99%), supplied by Technical Gas Services
Company, UAE, was used for Hy sorption experiments.

2.2. Preparation of defective MWCNT by
KOH

Defects were created on the surface of MWCNTSs by
KOH activation. The P-MWCNT was impregnated
with KOH solution at a mass ratio of 4:1 (KOH:
MWCNT) and placed in a shaker for effective mixing.
The impregnated sample was dried at 383 K for 12 h.
Then, the activation process was carried out in a
horizontal furnace in which the sample was heated to
activation temperature of 1073 K at a heating rate
of 5 K/min under nitrogen flow of 300 ml/min for
1 h. After cooling the sample under Ny to room
temperature, the activated products were washed with
1 M HCI solution for 1 h to remove unreacted reagent.
After doing the filtrating and washing processes several
times with distilled water to neutrality, the sample was
dried at 383 K overnight. The so-obtained MWCNT
sample was named as A-MWCNT.

2.3. Nickel chemacal deposition into the
activated MWCNT

The activated MWCNT was doped with Ni nanopar-

ticles using electroless deposition technique. Mallory

and Hadju [24] employed electroless bath containing

dimethylamine-borane (CoH;(BN), and Haag et al. [25]

used hydrazine (NyH4) as reducing agents. In both
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Table 1. Composition of Ni electroless deposition bath.

Component Quantity
MWCNT 0.2 (g)
Ni(NO3)2.6H20 0.01 M 40 (ml)
Na.EDTA 0.1 M 1.5 (ml)
HCHO 37% 0.5 (ml)
Ethanol 99.99% 10 (ml)

of the mentioned research works, the treatment was
aimed to modify the surface of the activated MWCNT
substrate by plating a metallic precursor on it. In
this work, surface activation pretreatment was not
employed to initiate nickel deposition, as Ni(NOjz),
was used as the metal precursor. Composition of the
alkaline deposition bath used in the present study is
listed in Table 1. The alkaline deposition solution
was composed of metal precursor, a reduction agent
(HCHO), which was used for complete reduction of
the metal precursor and ethanol that served as the
carbon dispersion material. To start nickel chemical
deposition, the activated MWCNT was first dispersed
in ethanol solution, and the resultant suspension was
stirred in Ni electroless deposition bath containing the
metal precursor for 15 min at 318 K. Then, the mixture
was filtered through a ceramic filter. The filtrate was
washed several times with distilled water and dried at
383 K overnight. The Ni doped MWCNTs, thereafter,
are referred to as Ni-MWCNT.

2.4. Characterization of MWCNTs samples

Textural properties of MWCNTs samples were stud-
ied through nitrogen adsorption/desorption isotherms
which were measured by a surface area analyzer
(QUANTACHROME, NOVA 2200) at the liquid ni-
trogen temperature (77 K). Prior to the adsorption
measurements, all samples were degassed at 473 K for
6 h to remove moisture and other adsorbed contami-
nants. The specific surface area was calculated using
the Brunauer-Emmett-Teller (BET) equation. The
micropore and mesopore distributions were calculated
by the Density Functional Theory (DFT) and Barrett-
Joyner-Halenda (BJH) methods, respectively. Microp-
ore volume (Vi) was calculated from the adsorption
isotherms by applying the Dubinin-Radushkevich (DR)
equation. Total pore volume (V;) was determined
at P/Py = 0.995, and mesopore volume (Vi) was
calculated as the difference between V; and V.. The
amount of Ni deposited into MWCNTs was evaluated
using an Inductively Coupled Plasma (ICP) spectrom-
eter. Samples for ICP analysis were prepared by
dissolving Ni-MWCNT in 3 M HNOj; solution for 2 h
to ensure that the Ni coating was completely dissolved
in the acid solution. According to the measured Ni
concentration in the solution, the percentage of Ni
loading on MWCNT could be calculated. The struc-

tural changes in the MWCNT after KOH treatment
were investigated by determining the orientation of
the carbon structures through Raman spectroscopy
performed using a spectrometer (Model SENTERRA)
with an excitation power of 10 mW at wavelength of
785 nm. To investigate the morphological structure
of the modified MWCNT samples and to confirm the
Ni deposition into the MWCNT surface, SEM-EDS
analysis was carried out on a Hitachi S-3400N Scanning
Electron Microscope.

2.5. Hydrogen storage measurements

The hydrogen adsorption capacity of modified MWC-
NTs was measured at 288, 298, and 308 K in the
pressure range of 0-45 bar using a volumetric method.
A dual sorption cell apparatus was fabricated and
used in this study for the assessment of hydrogen
storage by MWCNTs. The schematic representation
of the set-up is shown in Figure 1. The apparatus
consisted of a central part formed by two high pressure
cells interconnected by a valve named as reference
cell (R) and pressure cell (4). The volumes of both
reference and adsorption cells were 109 cm®. The
total volume of the system, including the volume of
the cells and connecting pipes, was determined by
helium gas [26]. The gas pressure in both cells was
measured by digital pressure gauges. The precision of
the pressure transducer was 0.01 bar. The temperature
of installation was controlled by a water bath. Prior to
each experiment, MWCNTSs were degassed at 473 K in
an oven to remove any adsorbed contaminants. The
sealing of the sample holder was carefully polished
before every measurement. Before the measurement,

Vacuum

Reference cell

X Liquid thermostat

Adsorption cell

Figure 1. Schematic set-up of the volumetric apparatus
used to measure hydrogen storage capacity.
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the whole system was gradually evacuated for several
hours to a pressure level below 0.1 mbar using a
Rotary Vane vacuum pump (Edwards, U.K., Model
E2M2). Then, the valves connecting the two high
pressure cells were closed. At the beginning of each
measurement, the reference cell was filled with high
purity hydrogen gas. After 15 min, the whole system
was considered to be in thermal equilibrium. Finally,
the valve of the adsorption cell was opened, and when
pressure equilibrium was obtained, valve was closed
again. Due to the hydrogen adsorption, the adsorption
cell pressure reduced until equilibrium conditions were
obtained. The amount of adsorbed gas was calculated
using the material balance, given by Eq. (1) and Peng-
Rabinson equation of state, to determine hydrogen
compressibility factor at equilibrium conditions:

PV [PV] _[PV] [PV
ZRT|, |ZRT|, |ZRT|, |ZRT

where P represents the pressure, 7' is the temperature,
V' denotes the volume, R is the universal gas constant,
7 represents the gas compressibility factor (obtained
from Soave-Redlich-Kwong (SRK) equation of state),
and n is the adsorbed amount. Subscript 1 refers to
the initial state, while subscript 2 represents the final
equilibrium state. Subscripts R and A also refer to
the reference and adsorption cells, respectively. Upon
the attainment of n, Eq. (2) was used to calculate the
hydrogen uptake capacity:

+n,

m ()

Amount of stored hydrogen = % x 100, (2)

where M is the molecular weight of hydrogen, and TW
is the sum of loaded MWCNTs and stored hydrogen
weight during the hydrogen adsorption measurement.

3. Results and discussion

3.1. Characterization results

The Raman spectra of the pristine and chemically
activated MWCNTs for a laser excitation wavelength of
785 nm are presented in Figure 2. Two important peaks
observed around 1320 and 1587 cm™! correspond to
disordered (D-band) carbon lattice and graphitized (G-
band) carbon lattice, respectively. The highly ordered
and graphitic structure of P-MWCNT can be inferred
from the sharp and intense G-band. After chemical
activation, defects were created on the structure of
MWCNT as deduced from the strong and sharp D-
band appeared in the spectrum of A-MWCNT. In
fact, the share of disordered carbon increased after
activation of the MWCNT. The intensity ratio of D-
band to G-band (ID/IG) gives some information about
the level of defects created due to activation process.
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£
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Figure 2. Raman spectra of pristine and chemically
activated MWCNTs.
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Figure 3. SEM image of the KOH activated MWCNTs.
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According to the Raman spectra, the calculated in-
tensity ratios, (ID/IG), were 0.57 and 2.12 for P-
MWCNT and A-MWCNT, respectively. This ratio was
considerably higher for A-MWCNT, indicating that the
carbon ring structure of P-MWCNT was successfully
destructed during KOH activation. Furthermore, the
peak existing around 2700 cm ! is assigned to G'-band,
which is indicative of long-range order in a sample [27].
The intensity of this peak depends strongly on the
metallicity of the nanotube [28]. As can be seen, the
defect caused by the activation process influenced the
electronic properties of MWCNTSs sample.

Figure 3 illustrates the effect of KOH activa-
tion on the morphology of MWCNT. KOH activation
created some defects on the structure of MWCNT
as indicated by red circles and arrows in the image.
The MWCNT, activated at KOH/MWCNT ratio of
4:1, roughly kept its tubular nanostructure morphology
while the tubes were broken at some points and became
shorter. The generated defects could increase the
number of adsorption sites and facilitate the hydrogen
transfer to the inner surfaces of MWCNT, and hence
contribute to the enhancement of hydrogen uptake.
The electroless deposition of metals into carbonaceous
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Table 2. Textural properties of the MWCNT samples.

Sample SBET Viot Vines Vinic Microporosity
(m*/g) (cm®/g) (cm®/g) (cm?®/g) fraction (%)
P-MWCNTs 340 0.41 0.277 0.133 32
A-MWCNTs 560 0.57 0.360 0.210 36
materials surfaces requires typically a pretreatment 400
step recognized as sensitization and activation, prior 350 | o ANWeNT (‘l‘::;’;g::g::
to electroless deposition [18,24,29-32]. In this step, —o— P-MWCNT adsorption
3004 —— P-MWCNT desorption

the substrate is immersed in SnCls solution followed
by immersion in PdCl; solution in which metallic Pd
atoms act as seeds for the electroless deposition of
the metal [23-25]. An alternative to bypass Sn-Pd
pretreatment step is to deposit metal nanoparticles
directly onto the activated MWCNT surface. This
method also works because the surface of activated
MWCNT includes numerous active sites in the form
of hydroxyl groups (OH™) which can serve as seeds
for metal deposition. This approach was used in this
study for Ni nanoparticle deposition into the activated
MWCNT. The successful deposition of Ni into the
activated MWOCNT surface was confirmed by SEM-
EDS analysis as illustrated in Figure 4. The amount
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— WD=4.9 mm Mag=200.00 KX
(a)
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Figure 4. (a) SEM image of Ni doped MWCNT by the

electroless deposition. (b) The corresponding EDS
spectrum of Ni decorated MWCNT.

Uptake (mg/g)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
P/Po

Figure 5. Adsorption-desorption isotherms for
A-MWCNT and P-MWCNT.

of nickel deposited on the surface of AAMWCNT was
determined by ICP spectroscopy which was 2.8 wt.%
with respect to the Ni available in the electroless
deposition bath.

The effect of KOH activation on porosity devel-
opment of MWCNT was investigated by analyzing Ny
adsorption/desorption isotherms at 77 K for pristine
and activated MWCNTs; the results are projected
in Figure 5. As observed in the figure, the ad-
sorption/desorption curve for KOH activated sample
lies above the pristine one which indicates the higher
potential of the activated sample for gas uptake. This
was confidently attributed to the improvement made in
the textural properties of the activated sample as also
evidenced by the results summarized in Table 2.

The textural properties of both pristine and KOH
activated MWCNTs are listed in Table 2. As the results
show, the chemical activation is effective in enhancing
the BET surface area and micropore and mesopore
volumes of the MWCNT. Heat treatment of MWCNT
with KOH removes carbon atoms in the form of carbon
monoxide or carbon dioxide which leads to the porosity
development of the P-MWCNT as well as creation of
some defects on its graphitic structure [33,34]. The
chemical activation also improved the microporosity
fraction (Vipic/Viot) of the sample which is expected
to play a significant role in facilitating hydrogen ad-
sorption into MWCNT.

3.2. Hydrogen storage results

The hydrogen storage capacity of MWCNT samples
was tested at different temperatures at fixed pressure
of 45 bar; the results of this investigation are pre-



A. Hosseini et al./Scientia Iranica, Transactions C: Chemistry and ... 24 (2017) 1230-1240 1235

1.2
B N0 MWCNTs
3 A-MWCNTSs
1.0 B P-MWCONTS
S
\E 0.84
[}
<
E
£ 0.64
g
0
2
£ 041
=
=
0.2
0.0
280 285 290 205 300 305 310

Temperature (°C)

Figure 6. Hydrogen uptake of MWCNT samples at
different temperatures at 45 bar.

sented in Figure 6. The hydrogen storage capacity
decreased as the temperature increased. The hydrogen
storage capacity of A-MWCNT sample was remarkably
higher than the pristine sample owing to the improved
porosity. Indeed, development of specific surface area
and pore volume in A-MWCNT, resulted from defects
generated on the external surface during activation
process, made a great contribution to the enhancement
of hydrogen storage capacity. However, the hydrogen
storage ability of chemically activated sample was
further enhanced after nickel deposition. The highest
hydrogen sorption capacity of ~ 1 wt% was obtained
with nickel doped MWCNT (Ni-MWCNT) sample at
288 K under pressure of 45 bar. The enhancement in
hydrogen storage capacity of MWCNT after Ni deposi-
tion could be attributed to the spillover mechanism in
which hydrogen molecules are transformed on the Ni
decorated surfaces of MWCNT [31].

The results of the current work were compared
to those of other reports available in the literature,
as summarized in Table 3. A comparison of the
results reveals that our developed nanocomposite has
a reasonable Hy sorption performance.

3.3. Determaination of adsorption isotherm
Adsorption isotherm models provide qualitative infor-
mation on the nature of adsorbate-adsorbent inter-
action. They also give some insight into how gas
molecules accumulate on the adsorbent surface or in
porous media and how the accumulation of gas varies
with pressure at constant temperature [26].

Langmuir model is one of the well-known isotherm
models that assumes a monolayer coverage of adsor-
bate on the homogeneous surface with no interac-
tion between the adsorbate molecules on the adjacent
sites [42]. The nonlinear form of Langmuir isotherm
model can be expressed by the following equation:

WK P

We = T - D
1+ K.P

(3)
where W, is the amount of Hy adsorbed per unit mass
of MWCNT (mg/g); W, is the maximum amount of
H, adsorbed (mg/g), and K (bar™!) is the Langmuir
adsorption constant which is related to the energy of
adsorption.

In contrast to the Langmuir model, Freundlich
isotherm model considers a multi-layer adsorption cov-
erage on the heterogeneous active sites with different
energies. This equation is given as follows:

W, = KpP'/™, (4)

where Kpr is the Freundlich adsorption constant
(1/bar'/™), and n represents bond energies between
hydrogen molecules and the adsorbent.

The Langmuir and Freundlich isotherm mod-
els were used to interpret the experimental data.
Figures 7(a) and 7(b) illustrate the best fit to
the equilibrium data for Langmuir and Freundlich
isotherms, respectively, at 288 K for P-MWCNT, A-
MWCNT, and Ni-MWCNTs samples. The isotherm
parameters were obtained from non-linear fit of equi-
librium data to the isotherm models. The values of
Langmuir and Freundlich constants for each sample at
288, 298, and 308 K are listed in Table 4.

Table 3. Comparison of the results of the current work to those reported in the literature for hydrogen storage.

Hydrogen
Material uptake Temperature Pressure Reference
(wt%) (K) (bar)
Heat-treated MWCNT 0.4 298 5 [35]
Activated-MWCNT 0.54 T 1 [36]
Pd-MWCNT 0.8 123 45 [37]
MWCNT-TiO2 0.9 373 N/A [38]
SWCNT/Pt-C 0.25 298 45 [39]
K-SiCNT 0.4 298 100 [40]
Pt/Pd activated carbon 0.6 298 45 [41]
This work 1 288 45 —
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Table 4. Langmuir and Freundlich isotherm constants for adsorption of H» onto P-MWCNT, A-MWCNT, and

Ni-MWCNT.
Isotherm Parameters
Ni-MWCNT A-MWCNT P-MWCNT
Langmuir 288 K 298 K 308K 288 K 298K 308K 288K 298K 308K
W (mg.g71) 1105 595.33 659.5 218.65 42.27 40.34 10.81 9.75 5.79
Kt (barfl) 0.0002  0.0003  0.0002 0.0008  0.0036  0.0026 0.0059  0.0052  0.0068
R? 0.9999  0.9998  0.9998 0.9995  0.9998  0.9998 0.9999  0.9998  0.9998
Freundlich
Kr (barfl/") 0.2178  0.1752  0.1302 0.1838  0.1821  0.1196 0.0834  0.0636  0.0530
n 0.993 0.991 0.993 1.093 1.065 1.148 1.126 1.169
R? 0.9999  0.9998  0.9998 0.9995 0.9998  0.9998 0.9999  0.9996  0.9995
adsorption is favorable at low temperature. Further-
10 ¢ P-MWCNT . . .
m KOH-MWCNT more, since activated carbons are energetically hetero-
A Ni:MWONT geneous, it is reasonable to conclude that Freundlich
8 Langmuir isotherm S . . .
isotherm model is a suitable one for explanation of
o . adsorption on MWCNT samples.
w 6
\Ej 3.4. Adsorption kinetics studies
w4 The mass uptake of hydrogen as a function of time at
288, 298, and 308 K and 25 bar is shown in Figure 8 for
21 P-MWCNT, A-MWCNT, and Ni-MWCNT samples.
The adsorption curves for all samples show an initial
00 " ” - . - rapid increase followed by a period of much slower in-
P (bar) crease, approaching an equilibrium at the late stage. At
(a) the initial period of adsorption, hydrogen molecules are
subjected to a plenty of free adsorption sites on the ad-
e P-MWCNT sorbent surface which can be easily adsorbed on them.
91| = xom-MweNT The rate of adsorption becomes slow as monolayer
A Ni-MWCNT . . . -

2 Freundlich isotherm coverage is completed. From Figure 8, it is clear that
~ the initial hydrogen uptake by both the activated and
w4 Ni doped MWCNT samples has substantially improved
o0 . .

E as compared to the pristine sample. The enhanced
S textural properties and catalytic effect are accounted
for superior adsorption kinetics of A-MWCNT and Ni-

o] MWCNT compared to that of P-MWCNT. Zaluski

et al. [43] reported the catalytic role of transition

0 ) . . . metal alloys on the enhancement of hydrogen storage.

0 10 20 30 40 50
P (bar)
6
(b) -
Figure 7. (a) Langmuir and (b) Freundlich isotherm s o e *
models for adsorption of Hz into P-MWCNT, A-MWCN'T, Iéﬁ .o“
and Ni-MWCNT at 288 K. g ] K estt?®
4 P '3
k] * ’Oz'v" vyvvy
. . s ey Y Al
As can be seen in Table 4, both isotherm models ’% 3] & . Y guuvd
fitted the equilibrium data with very high correlation g eV g"" - i _
. 2 A o . ov BY amEE Em s = . 1\{3-1\4“{({1\9} (288 K)
coefficients (R* > 0.999). One of the main charac- § 21 o Be m ¥ Ni-MWONTs (298 K)
. - - - | a m S aeeT: (oo
teristics of Langmuir adsorption constant (Kp) is its 5 o y os0sso00000 00 a0e |y ANWONTS (205 K)
decrease with increase of temperature [26]; however, in z 1 o o BFEaE WY . PONT: (ose
this experiment, this constant fluctuates with increase = PIMWONTs (308 K)
0 ; ; . :

in temperature, showing that this model is not reliable
for interpretation of hydrogen adsorption data. On
the contrary, Freundlich constant (Kr) reduced with
increase in temperature, suggesting that the hydrogen

0 10 20 30 40 50
t (min)

Figure 8. Hydrogen adsorption kinetic data for the
MWCNT samples at 25 bar.
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Likewise, Lupu et al. [44] reported enhanced hydrogen
uptake by Pd doped carbon nanofibers. The spillover
of hydrogen on metal oxide coated MWNT was also
reported by Lueking and Yang [19,45]. Similar results
were also found by Lin et al. [30] who worked on Ni
doped CNT.

Study of adsorption kinetics gives an insight into
how fast the adsorption on an adsorbent surface takes
place. In addition, modeling of kinetic data based
on the amount of uptake as a function of time can
be used to recognize the rate-determining step in ad-
sorption process. These models generally fall into two
categories. In the first classification called “reaction”
models, the entire adsorption process is included in a
single step [46]; the second group includes “diffusion”
models in which the individual resistances available for
mass transport from gas bulk to adsorbent pores are
modelled as sequential steps. Two well-known kinetic
models with frequent applications in gas adsorption
are pseudo-first-order [47] and pseudo-second-order [48]
models which are classified as reaction models. They
have been extensively applied for describing the gas
uptake kinetics. The pseudo-first-order model can be
expressed as follows:

AWy
dt

where W, is the amount of hydrogen adsorbed at
equilibrium (mg/g), W; is the amount of hydrogen
adsorbed at time ¢ (mg/g), and I is the equilibrium
rate constant of pseudo-first-order equation (1/min).
Integrating Eq. (3) with respect to the initial condition
at t =ty and Wy = 0 gives:

m(l—vm>::—Kﬁ. (6)

= K (W = W), (5)

We

Plotting In(1 — %) versus ¢ (¢t > tp) is linear if

pseudo-first-order model is applicable, and K; can be
determined from the slope of the plot.

The pseudo second-order equation is expressed as
follows:

dW,
dt
where K is the equilibrium rate constant (g/mg.min).
Applying the initial condition (at ¢ = ¢ty and W; = 0) in
the integrated form of above equation and rearranging

= Ky(We = W)?, (7)

it gives the following equation:

t—t 1 t—to
= . 8
W, KaWZ W, ®)

The plot of % versus t (t > to) gives a straight
line with slope of yj- if the system follows the pseudo
second-order equation.

The kinetic data obtained for P-MWCNT, A-
MWCNT, and Ni-MWCNT samples at 288 K and
initial pressure of 25 bar (see Figure 8) were plotted
in a linear form based on Eqs. (6) and (8) as exhibited
in Figure 9(a) and (b), respectively. All kinetic data
corresponding to all three samples were well fitted to
the pseudo-second-order equation. The constants and
parameters of this model determined from linear fit
(Figure 9(b)) are presented in Table 5.

0.5
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| A-MWCNTSs
A P-MWCNTs

0.0

-0.54

-1.04

In(1— Waa/We)
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154

104

t —to/Wads (g.5/mg)

0 10 20 30
t (min)
(b)
Figure 9. (a) Pseudo-first-order and (b)
pseudo-second-order model fits of the kinetic data for Hs
adsorption onto MWCNT samples at 288 K and 25 bar.

Table 5. Pseudo-second-order rate constants and parameters obtained for Hy adsorption into different MWCNT samples

at 288, 298, and 308 K and 25 bar.

Temperature P-MWCNT A-MWCNT Ni-MWCNT
(K) W. K, R? K, R? w. K, R?
288 1.490 0.192 0.996 6.157 0.0137  0.995 6.40 0.0315 0.998
298 1.167 0.346  0.994 4.370  0.0331  0.992 5.10 0.0526  0.998
308 1.265 0.152  0.994 2.890 0.0632 0.993 4.13  0.0473  0.999
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4. Conclusion

In this study, it was attempted to enhance the hy-
drogen storage capacity of MWCNT through some
surface modifications. At the first step, the hydro-
gen uptake capacity of MWCNT was enhanced using
chemical activation by KOH. The structural defects
generated during activation of MWCNT improved its
textural properties in terms of surface area, total and
micropore volumes as well as microporosity fraction
which resulted in its enhanced hydrogen uptake. At
the second step, electroless deposition technique was
applied for preparation of Ni-MWCNT composite. The
Ni introduced into the MWOCNT skeleton played a
significant role in the enhancement of hydrogen storage
capacity through the catalytic effect via the spillover
mechanism. In addition to higher adsorption capacity,
Ni doped MWCNT demonstrated faster adsorption
kinetics compared to pristine sample. The maximum
storage capacity achieved by Ni doped MWCNT was
~ 1 wt.% at 288 K and 45 bar. Finally, kinetics of
hydrogen adsorption by pristine and modified samples
of MWCNTs was analyzed using pseudo-first-order
and pseudo-second-order kinetic models. From the
modeling results, it was found that the kinetic data
for Hy adsorption could be suitably described by the
pseudo-second-order model.
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