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Nidecoration on carbon nanotubes (CNTs) performed by electroless nickel (EN) deposition is investigated.
The effect of Ni particle distribution on hydrogen uptake of CNTs is also studied. The chemical composition,
crystal structure and microstructure of the CNTs with or without Ni loading are characterized using an
inductively coupled plasma spectrometer (ICP), X-ray diffraction meter (XRD) and transmission electron
microscope (TEM) coupled with an energy dispersive spectroscope (EDS). The hydrogen uptake in CNTs
with or without Ni loading is measured using a high-pressure microbalance at room temperature under
a hydrogen pressure of 6.89 MPa. The experimental results show that fine and well-dispersed metallic
Ni nanoparticles can be obtained by EN. The density and particle distribution depend on deposition
temperature and time. An enhanced hydrogen storage capacity of CNTs can be obtained by Ni decoration,
which provided a spillover reaction. The hydrogen storage capacity of the as-received CNTs was 0.39 wt.%.
As much as 1.27 wt.% of hydrogen can be stored when uniformly distributed nano-sized Ni particles are
formed on the surface of the CNTs. However, the beneficial effect is lost when the active sites for either
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physical or chemical adsorption are blocked by excessive Ni loading.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The use of carbon materials such as carbon nanotubes (CNTs) as
ahydrogen storage material has been of interest to both researchers
and industry [1]. Hydrogen can be stored in carbon materials either
by physi-sorption or chemi-sorption. It has been reported that the
amount of physic-sorbed hydrogen in single wall carbon nanotubes
(SWCNTSs) can be as high as 2.5wt.% [2] and that in multi-walled
carbon nanotubes (MWCNTSs) can be about 0.4 wt.% [3]. With the
presence of catalysts, such as Pd, Pt, Ni, and Ru, hydrogen gas
can be dissociated to hydrogen atoms due to the spillover effect
[4,5], resulting in their chemi-sorption. Subsequently, the amount
of hydrogen absorbed can be increased. For instance, Suttisawat
et al. [6], have reported that the hydrogen adsorption capacity at
room temperature and 65 bar was 0.125 and 0.1 wt.% for the Pd and
V decorated CNTs, respectively, while the hydrogen uptake of the
refined pristine CNTs was <0.01 wt.%. Kocabas et al. [7] reported
that a hydrogen storage capacity of 1.66 wt.% could be attained if
the CNTs were loaded with 10.1 wt.% Pd, 2.18 times higher than
that of the raw materials. A much higher hydrogen storage capacity
was reported by Mu et al. [8], who found that 4.5 wt.% of hydro-
gen could be stored by Pd-coated CNTs when the materials were
charged in hydrogen gas at 10.7 MPa. Though the hydrogen storage
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capacity measured in different laboratories varies significantly, the
beneficial effect of Pd-loading with regard to the hydrogen storage
capacity of CNTs is quite obvious. Similar effects haves also been
found when CNTs are decorated with other less expensive catalysts,
such as V [6], Co [9] and Ni [10].

The loading of metallic particles on CNTs for use as catalysts,
sensors, field emission and so on has been reported [11,12]. Several
methods can be applied to decorate CNTs with metallic parti-
cles, including electrodepositition [13], chemical vapor deposition
(CVD) [14], impregnation [15], and electroless plating [16]. The
amount of particles and their distribution on the decorated CNTs
varies with the deposition conditions. As far as hydrogen storage in
carbon materials is concerned, Wang and Yang [17] indicated that
the hydrogen capacity of active carbon decorated with 6 wt.% Ru
was higher than those with 3 and 8 wt.% loadings. It seems that an
optimum amount of catalyst may exist and that a peak hydrogen
storage capacity can be obtained. Similar observations regarding
the effects of Niloading on CNTs preparing by impregnation method
and their effect on hydrogen storage capacity has been reported
elsewhere [18]. The abnormal dependence of catalyst loading on
hydrogen storage behavior may be associated with the distribution
on CNTs. However, the effect of particle distribution on the hydro-
gen storage behaviour has seldom been studied, especially for that
loaded using an electroless deposition process. Therefore, in this
investigation the distribution of particles formed by electroless Ni
(EN) deposition on MWCNTSs was studied, and the resulting effect
on hydrogen capacity was explored.
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Table 1
Composition of EN plating solution.

Composition Concentration
Ni(CH3C00),-4H,0 84.5gL!
CioH14N2Na;0g 223¢gL!
C2H3N303 60g L71
N,Hs4-H,0 50mLL"!

2. Experimental procedures

Commercial CNTs of 96 wt.% purity, 10-40nm in diameter,
and 5-20 wm in length, supplied by CNT Co., Ltd., Korea, were
used in this study. The EN deposition was conducted following
three steps: sensitization, activation and electroless deposition.
Sensitization of CNTs was accomplished by stirring and dis-
persing the CNTs in a solution of 7g SnCl,+9g HCI+100 mL
H,O for 10 min. After complete washing in de-ionized water,
the sensitized CNTs were further activated in an aqueous solu-
tion of 0.25g PdCl,+3g HCI+1L H,O for another 10 min. The
ratios of solution volume to CNT weight (V/W) for both sen-
sitization and activation processes were all adjusted at 2Lg™ !,
The activated CNTs were then completely washed in de-ionized
water prior to being placed in an EN plating bath. The com-
position of the EN bath, as shown in Table 1, was composed
of 845¢g L1 Ni(CH3C00);-4H,0 + 50 mL L1 N,H4-H,0+223¢g L1
Ci10H14N;NayOg (EDTA~2N&) +60 ng] C2H3N303,With d pH of10.5.
The EN plating was conducted at different temperatures (5-55°C)
for various periods of time (5-60 min). The V/W ratio of the EN
bath was also controlled at 2 Lg~1. After EN coating, the CNTs were
washed with de-ionized water and finally rinsed with ethanol for
subsequent material characterization.

The amount of Ni coated onto CNTs was measured using an
ICP spectrometer. The samples for ICP spectroscopy were prepared
by dissolving the EN coated CNTs in 3.1 M HNOs solution with a
known volume for 2h when the Ni coating was completely dis-
solved. The solution was diluted to the order of 200 ppm before
ICP spectroscopy. The identification of Ni coating and its crys-
tallinity were also analyzed by XRD. The microstructure of CNTs
with and without EN coating was characterized by a TEM. The
samples for TEM analysis were prepared by dispersing CNTs in an
anhydrous alcohol solution with super sonic vibration. A drop of
the suspension fluid was then loaded and dried on a carbon coated
copper grid for subsequent TEM analysis. The TEM analysis was
performed using a high resolution TEM (HR-TEM) with a beam
energy of 200 kV. The Ni particle distribution on CNT substrate was
determined by measuring the particle size of more than 200 parti-
cles from TEM images, following the method described by Li et al.
[19].

The hydrogen storage capacities of the as-received and the
Ni-decorated CNTs were evaluated with a high-pressure microbal-
ance (or thermal gravimetric analyzer, TGA) with a sensitivity of
10 pg. The weight of each sample was about 50 mg. The sample
was first degassed at 300°C for 2h in a vacuum. After cooling
down to room temperature, high purity hydrogen gas was intro-
duced into the chamber up to 6.89 MPa. The weight change of the
sample was recorded after 2 h when the microbalance reached a
steady state. Calibrations were conducted to ensure the accuracy
of weight change measurement using a high-pressure microbal-
ance. The detailed procedure can be found elsewhere [20,21]. After
hydrogen charging, the sample was degassed with the same con-
dition mentioned above to release the absorbed hydrogen. Then,
it was charged again for hydrogen storage capacity measure-
ment. The above processes were repeated a few times for each
sample to ensure the reversibility of charging and discharging reac-
tions.
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Fig. 1. Effects of deposition time and temperature on the amount of Ni deposited
onto CNTs.

3. Results and discussion

The use of hydrazine (N;Hy) as the reducing agent gave rise to
the formation of pure Ni deposition. By dissolving the EN treated
CNTs in nitric acid, the amount of Ni deposited could be determined
by employing ICP spectroscopy. Fig. 1 shows the effects of temper-
ature and deposition time on the amount of Ni deposited on the
CNTs. When EN was conducted at 5 °C, the amount of Ni increased
almost linearly with increasing deposition time, as demonstrated
in Fig. 1. By controlling the deposition time at 5 min, the amount of
Ni coated on the CNTs increased with increasing temperature, also
shown in Fig. 1. Clearly the EN process can be successfully applied
to deposit Ni on CNTs. As shown in Fig. 1, the effect of temperature
on the amount of Ni deposition was much more pronounced than
that of deposition time.

The XRD patterns of CNTs with and without EN coating were
determined, as shown in Fig. 2. Curve a in Fig. 2 shows the XRD pat-
tern of the as-received CNTs. Two broad peaks at 26.6° and 43.4°
corresponding to the (002) and (101) planes of the HCP crystal
structure of the fine CNTs were observed. Changes in the XRD pat-
terns were observed if the CNTs were treated with EN at different
temperatures and for various periods of time. Curve b in Fig. 2 shows
the pattern for CNTs with Ni deposition at 5 °C for 30 min. The inten-
sitiesof (002)and (10 1) for CNTs diminished slightly, as compared
with curve a, while a small peak at 44.3° for (11 1) diffraction of
FCC Ni appeared. By prolonging the deposition time to 60 min at
5°C, the XRD pattern did not vary appreciably. The XRD patterns of
Ni-coated CNTs are displayed in curve ¢ when the deposition was
performed at 25 °C for 5 min. As revealed in this pattern, a substan-
tialincrease in the intensity of the (11 1) peak for FCC Niis observed,
indicating a great amount of Ni deposition. As the deposition tem-
perature was increased to 55°C, with 5min deposition time, the
peak intensity of (1 1 1) for FCC Ni continued to increase, while that
of (002) for HCP CNT decreased indicating the increasing amount
of Ni deposition. The change in the intensity of (11 1) for FCC Ni,
as revealed in Fig. 2, indicates that deposition temperature is more
important than deposition time, as far as the amount of Ni depo-
sition is concerned. Moreover, the broad peak of (11 1) for FCC Ni,
as demonstrated in Fig. 2, indicates that the deposited Ni had very
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fine grain size, as confirmed by TEM analysis, to be described later.
The dependence of the deposited mass of pure Ni on temperature
and time, as found in this investigation, is similar to that found for
Ni-P deposits [22].

The appearance and distribution of Ni particles coated on CNTs
were examined by TEM. Fig. 3 shows the micrograph of a CNT with
EN coating conducted at 5°C for 5 min. The multi-walled CNT dis-
played in Fig. 3(a) has an inner diameter and an outer diameter
ranging from 5-8 to 12-15nm, respectively. The dark spots are
Ni particles deposited from the EN bath. The sizes of these par-
ticles are less than 4nm, and the Ni peaks appearing in the EDS
spectrum shown in Fig. 3(b) confirm their presence on CNTs. The
subsequent TEM lattice image analysis, as will be described later
further confirmed that Ni in metallic form was actually present on
the CNTs.

At 5°C, the number of Ni particles deposited on CNTSs increases
with deposition time. The TEM micrographs shown in Fig. 4 reveal
that a higher density of Ni particles on CNTs was found when the
deposition time was increased to 30 or 60 min, as compared with
that shown in Fig. 3(a) with a deposition time of 5 min. It is noted,
however, the particle size did not vary appreciably by increasing
the deposition time from 30 to 60 min. These results suggest that
progressive nucleation occurs at temperature as low as 5 °C, mean-
while the particle growth rate is very low, so that its size does not
increase appreciably. At a higher magnification, the lattice image
of Ni particles on the CNTs can be clearly seen, as demonstrated in
the insets of Fig. 4(a) and (b). The d-spacing for the (11 1) plane of
Ni particles is 2.049 A, in agreement with that for the Ni formed by
an impregnation process [23].

The particle size distribution of Ni deposited at 5 °C for 5, 30 and
60 min is shown in Fig. 5. The histogram shown in Fig. 5 is made by
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Fig. 2. XRD patterns of (a) as-received CNTs, and those with EN coating at (b) 5°C
for 30 min, (¢) 25°C for 5min, and (d) 55 °C for 5 min, respectively.
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Fig. 3. (a) HR-TEM image of a CNT with EN decoration at 5°C for 5min and (b) the
corresponding EDS result of the Ni-decorated CNT.

measuring the size in the longest direction of each particle from the
TEM micrograph and counting the number of particles of a specific
size. More than 200 particles are included for particle size distri-
bution analysis. From the TEM images shown in Figs. 3 and 4, it
can be seen that the number of Ni particles increased with increas-
ing deposition time when EN was conducted at 5°C. However, the
histogram shown in Fig. 5 indicates that the mean particle size is
about 2.3 nm for EN performed at 5 °C, which is almost independent
of deposition time.

As the deposition temperature was increased to 25 or 55°C, a
drastic increase in Ni particle size was observed. Fig. 6(a) and (b)
shows the TEM images for CNTs with EN coating at 25 and 55°C,
respectively, for 5min. Besides the increase in particle size, the
agglomeration of Ni particles also occurs, resulting in clustering
of Ni deposits, as demonstrated in Fig. 6. The images revealed in
Fig. 6 also indicate that the size distribution of Ni particles was
not uniform when EN was conducted at 25 and 55°C. The exis-
tence of extremely large particles suggests that the growth behavior
was dominant when EN deposition was performed at a relatively
high temperature (>25°C in this study). Thickening of Ni particle
clusters was also observed when the deposition temperature was
further increased to 55 °C. By examining the TEM images shown in
Figs. 3, 4 and 6, it seems that a uniform distribution of Ni particles
on CNTs can be obtained using EN coating, but only at relatively
low temperature.

Hydrogen uptake in CNTs with or without Ni decoration was
measured using a high-pressure TGA. Hydrogen charging was per-
formed at 28 °C and at a pressure of 6.89 MPa. To avoid the effect
of buoyancy of the CNTs under pressure, calibration under He gas
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Fig. 4. HR-TEM images of CNTs with EN decoration at 5°C for (a) 30 min and (b)
60 min.

atmosphere was performed before the weight change measure-
ment of hydrogen uptake. The amount of hydrogen uptake in every
charging and discharging cycle was very consistent, indicating the
reversibility of hydrogen absorption and desorption processes. The
apparent amounts of hydrogen absorbed by CNTs, with and with-
out Ni decoration, are shown in Fig. 7. For the pristine CNTs, the
amount of hydrogen absorbed was 0.39 wt.%, consistent with that
found in the literature [4]. The hydrogen storage capacity of the
activated CNTs, before EN treatment, was 0.32 wt.%, very close to
that for pristine CNTs without activation. The residual amounts of
Sn and Pd on CNTs after activation treatment were very low, typi-
cally 2 and 0.5 wt.%, respectively. The absence of spillover effect of
Pd [4,5] was probably because of the negligible amount of its load-
ing on CNTs. With Ni decoration, the amount of hydrogen absorbed
increased with increasing Ni content to an optimum level and then
decreased afterward. As revealed in Fig. 7, the maximum amount
of hydrogen absorbed by Ni-decorated CNTs was 1.14 wt.% when

the Ni loading was 10.1 wt.%. Beyond that, the amount of hydrogen
stored in the Ni-decorated CNTs decreased. At 25.3 wt.% Ni loading,
the amount of hydrogen absorbed was so low that it could not be
detected by the high-pressure TGA. The variation of the hydrogen
storage capacity of CNTs with different Ni loading is also shown in
Table 2. The apparent hydrogen storage capacity shownin Fig. 7 was
measured on the basis of the total weight, including CNTs and Ni
deposits. Thus, the actual amount of hydrogen absorbed by CNTs
could be calculated by subtracting the weight of Ni from the ini-
tial weight of the specimen. Since the hydrogen solubility in Ni at
1 and 1000 atm at ambient temperature is about 5.17 x 10~4 and
5.17 x 1073 wt.%, respectively, and the formation of nickel hydride
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Fig. 5. Histograms of Ni particle size, decorated onto CNTs at 5°C for (a) 5min, (b)
30min, and (c¢) 60 min.
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Fig. 6. TEM images of CNTs with EN decoration at (a) 25°C and (b) 55 °C for 5 min.

is not feasible [24], the amount of hydrogen stored in Ni can be
neglected. Thus, the modified hydrogen storage capacity by exclud-
ing Ni can be considered as the actual hydrogen storage capacity
of CNTs. The modified results are also listed in Table 2. A hydrogen
storage capacity of 1.27 wt.%, based on CNTs alone, was obtained for
the specimen with 10.1 wt.% of Ni loading, approximately 3 times
higher than that without Ni decoration.

Table 2
Hydrogen storage capacity of CNTs with and without Ni decoration.

Sample Measured hydrogen Modified hydrogen
storage capacity (wt.%) storage capacity (wt.%)

As-received CNTs 0.39 -

CNTs +3.7 wt.% Ni 0.52 0.54

CNTs +6.9 wt.% Ni 0.71 0.76

CNTs+10.1 wt.% Ni 1.14 1.27

CNTs +15.6 wt.% Ni 0.32 0.38

Measured hydrogen storage capacity =absorbed H, (CNTs+absorbed H, +Ni)~';
modified hydrogen storage capacity = absorbed H, (CNTs +absorbed H,)~'.

1.6

V/////A Measured Hydrogen storage capacity

m Modified hydrogen storage capacity
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Fig. 7. Hydrogen storage capacity of CNTs with and without Ni decoration.

Without Ni decoration, hydrogen is mainly stored in CNTs by
physical adsorption. With the proper amount of Ni deposition on
CNTs, an improved hydrogen storage capacity can be obtained, as
demonstrated in Fig. 7 and Table 2. The increase in hydrogen uptake
may be attributed to the dissociation/spillover effect of the Ni parti-
cles deposited on CNTs. The effect of metal catalysts with regard to
dissociating hydrogen on support surfaces has long been reported
[25]. The most effective metal catalysts for hydrogen spillover are
precious metals such as Pt and Pd, although some transition metals,
such as Ni and Co, are also useful. With the presence of these cat-
alysts, hydrogen gas can easily dissociate to form hydrogen atoms.
The dissociated hydrogen atoms can easily migrate on the support
surfaces and subsequently be chemically adsorbed by the sorbents.
A substantial increase in hydrogen storage capacity can thus be
achieved. Wang and Yang [17] found that Pt and Ru-decoration
could cause a significant increase in hydrogen storage capacity for
templated carbon or superactivated carbon. The benefits of pre-
cious metal decoration with regard to hydrogen uptakes have also
been reported for CNTs [10]. However, although Ni-assisted hydro-
gen uptake has been observed for activated carbon [26], little has
been reported for CNTs. Using an impregnation method, Kim et al.
[18] found that Ni-decorated CNTs have a higher hydrogen storage
capacity than the pristine CNTs. Although electroless Ni deposi-
tion to modify the friction and wear properties of CNTs has been
investigated, none has been reported for enhancing the hydrogen
storage capacity. The results obtained in this investigation indi-
cate that electroless deposited nano-sized Ni particles can indeed
improve the hydrogen uptake of CNTs.

Asrevealed in Fig. 7 and Table 2, the beneficial effect of Ni deco-
ration on hydrogen uptake disappears when the Ni loading exceeds
15.6 wt.%. With excess Ni loading, clustering of Ni particles occurs
and the exposed CNT surface area decreases, which subsequently
causes a reduction in the active sites for either physical or chemical
adsorption. As a result, the hydrogen storage capacity is reduced.
At a Ni loading of 25.3 wt.%, hydrogen uptake cannot even be mea-
sured. In contrast, the beneficial effect of Ni decoration on hydrogen
uptake is observed when Ni loading is lower than 10.1 wt.%. From
the TEM images shown in Figs. 3 and 4, discrete nano-sized Ni
particles are uniformly distributed onto CNTs. These results indi-
cate that the benefit of hydrogen gas dissociation/spillover reaction
with regard to Ni particles depends on their distribution on the sur-
face of CNTs. An optimum effect is observed when a higher density
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and uniformly distributed nano-sized Ni particles are formed. The
importance of catalyst distribution on improving hydrogen storage
capacity has also been found for the Ni- and Pd-decorated CNTs, as
reported elsewhere [27]. Since the reversibility of hydrogen uptake
is very important in practical use, whether Ni decoration can also
assist the release of chemisorbed hydrogen in CNTs, especially at
ambient temperature is of great concern and needs further inves-
tigation.

4. Conclusions

Ni decoration onto CNTs can be successfully performed by
employing an EN process. Specifically, uniform distribution of Ni
particles on CNTs can be obtained by applying EN at 5 °C, with the
density of deposited particles increasing with the deposition time.
The mean particle size was about 2.3 nm when Ni was deposited
at 5°C. At temperature higher than 25 °C, the deposition rate was
very fast and clustering of Ni particles was observed.

The amount of hydrogen absorbed by Ni-decorated CNTs
increased with increasing Ni loading up to a maximum of 1.24 wt.%,
about 3 times higher than that of the pristine CNTs. The enhanced
hydrogen absorption was attributed to the spillover effect provided
by the nano-sized Ni particles which were uniformly distributed
on CNTs. The beneficial effect of Ni decoration on hydrogen uptake
decreased when Ni loading exceeded 15.6 wt.%, and even disap-
peared at a Ni loading of 25.3 wt.%, probably due to blocking of the
active sites for either physical or chemical adsorption of hydrogen.
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