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Herein, a variety of metal oxides nanoparticles were successfully doped on multi-walled
carbon nanotubes (MWCNTS) by incipient-wetness method, and the structure of
MWCNTSs remained intact as confirmed by XRD data; their surface properties, as well as
hydrogen storage were investigated. The data shows a decrease in BET surface area and
macroporous volume of NiO, Cos0, and Fe,O;-MWCNTSs composites, as compared to
that of acid treated MWCNTs (343.09 m?/g). This is linked with formation of large
nanoparticles, that tend to block the MWCNTSs passage as revealed by SEM and TEM
images. Interestingly the CuO-MWCNTSs showed an increase in surface area (558.04
m?/g), and mesoporous volume. This is well linked with small blade-like nanosheet of
CuO within and on the surface of acid treated MWCNTS, as revealed by SEM and TEM
data. The surface properties of CuUO-MWCNTS correlated with high discharge capacity of
159 mAh/g (corresponding to 0.59wt% H, storage). Although, the discharge capacity
values are low, the order of increase correlated with the surface area of the composite as
follows: NiO-MWCNTSs < C0304,-MWCNTS < Fe;03-MWCNTs < CuO-MWCNTSs. The
discharge capacity of CuO-MWCNTSs composite is mainly attributed to the unique surface
characteristics and existence of a synergetic interaction between CuO and MWCNTS. The
data indicates the need of both mesoporous and macroporous structure of composites for
effective hydrogen storage.
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1. Introduction

The increasing demand of high energy sources continues to attract more research and in
particular a suitable hydrogen storage materials. Among various technologies [1], hydrogen
technology has a potential of powering automobile and as stationary energy source with zero
pollution of the environment [2], due to its high energy efficiency. However, for this to be realised
a suitable storage material that is capable of storing and releasing hydrogen when needed has to be
developed. Carbon nanomaterials such as CNTSs continue to attract a wide spread scientific interest
as one such suitable material due to their light-weight and tuneable surface properties. CNTs have
shown potential as support material of metal and metal oxides, which are capable of altering their
active surface area and electrical conductivity [3]. The combine effects of metal or metal oxides-
MWCNTSs hybrids open-up a wide variety of functionalities in areas such photocatalysis,
supercapacitors, photovoltaic, lithium-ion batteries, sensor and hydrogen storage [4]. For
examples, Pt-Ru/CNTs electrodes [5] have shown to exhibited excellent electro-catalytic activities
for methanol electro-oxidation. Fey9Co0q1S,/CNTS electrodes [6] are reported to be highly efficient
catalyst for hydrogen generation.

Over the past five years a variety of 3d transition metal oxides (MO,, M = Fe, Mn, Ni, Cu
etc.) supported on carbon nanomaterials have been investigated for energy storage [1,6-8], with
little reports on hydrogen storage [9-12, etc.]. For examples, a report on MWCNTSs doped with
TiO,, [9] demonstrated an improved electrochemical hydrogen storage ability of the composite. A
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recent report on gaseous adsorption has indicated an increase in hydrogen storage from 0.09 to 0.9
wt.% upon decoration of MWCNTSs by Co and Cu-oxide nanoparticles (at 25 °C and equilibrium
hydrogen pressure of ~23 atm) [13]. The improved hydrogen storage was attributed to the
hydrogen spill-over mechanism on the surface of MWCNTSs [13], with the surface area of the
composite decreasing with metal oxides addition. In related surface electrodes reactions, some
previous studies [1,14] have indicated enhanced supercapacitive behaviour of NiO nanoflake
electrode; that was attributed to their high surface area. These reactions depend on the kinetic
properties of the electrodes; hence the nanoparticles with high surface area provide fast electron
transfer process during charge/discharge cycles [15]. Furthermore, metal nanoparticles are known
to acts as redox sites, which lead to improved electrochemical hydrogen storage [16].

It was therefore, envisage that different metal oxides nanoparticles can alter/influence the
surface properties of MWCNTSs. Hence, the investigation of electrochemical hydrogen storage
mainly focus on the surface properties of the metal oxides doped on MWCNTSs and their roles
towards hydrogen storage activity of MWCNTS. Although few recent studies [10-12, etc.] have
been reported on electrochemical hydrogen storage, none had investigated the effects of various
metal oxides on the electrochemical hydrogen storage of MWCNTS.

2. Experimental

2.1 Preparation of acid-treated MWCNTSs

Prior to metal oxides (NiO, Cos0,, Fe,O; and CuO) addition, MWCNTSs (Sigma Aldrich)
were acid treated using a mixture of H,O, and HNO; in a ratio of 1:3 (v/v) respectively, as
described elsewhere [17].

2.2 Preparation of metal oxide on acid-treated MWCNTS

Approximately 20 g a metal nitrate precursors, (i.e Ni(NOs),.6H,O; Co(NOs),.6H,0;
Fe(NO;)3.9H,0; and Cu(NOs)3.6H,0) were calcined at 300 °C for 2 h under air atmosphere;
resulting in the formation of NiO, Co00,, Fes0, and CuO nanoparticles. Approximately 5 wt.% of
prepared metal oxides were mixed with 0.2 g A-MWCNTs and 4 ml of N, N-Dimethylformamide
as the binder. The mixture was sonicated for 15 min to allow the metal oxides to be well
coated/dispersed on the surface of A-MWCNTs. The mixture was allowed to dry at room
temperature overnight to allow the solvent to evaporate.

Finally, the detailed structures and the chemical compositions of acid-treated MWCNTSs
and metal oxides doped MWCNTSs were characterised using Thermogravimetry Analysis (TGA),
X-Ray Diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area analysis and Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM).

2.3 Preparation of electrodes and their electrochemical measurements

Approximately 35 mg of the composites were used to fabricate the glassy carbon working
electrode following similar procedure described elsewhere [17]. The experiments were carried out
on a Bioanalytical Systems Inc. (BASI) potentiostat driven by the epsilon EC (version 1.60.70),
using a three-electrode system consisting of a glassy carbon electrode (GCE, 3.0 mm diameter) as
working electrode, Ag/AgCl (saturated NaCl solution) as reference electrode and platinum wire as
auxiliary electrode. Runs were carried out in a potential window of -1.4 to 0.2 V vs Ag/AgCl at a
scan rate of 50 mV/s, using a 6 M KOH as the electrolyte. The prepared working electrodes were
charged and discharged at a constant current of 3 mA.

3. Results and discussion

3.1 Characterisation

3.1.1 SEM analysis of NiO, C030,, Fe,0; and CuO nanoparticles

Fig. 1 shows the SEM images of NiO, C030,4, Fe,O3 and CuO nanoparticles prepared by
calcination of respective precursors at 300 °C for 2 h. The image shows small and large particles of
hexagonal-like geometry of NiO nanoparticles [Fig.1(a)]. The geometry of the prepared NiO
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nanoparticles differs from the flake-like morphology reported elsewhere [18,19]. The SEM image
of Co30, shows nanoparticles with fluffy-like morphology, which is arranged randomly to form a
relatively loose packed microstructure [Fig.1(b)]. These particles differs from the Co030,4
nanoparticles prepared by solution combustion process [20], and in-situ chemical co-precipitation
in alkaline solution [21]. A nanotubular structure of Fe,O; can be seen on the SEM image
[Fig.1(c)], as reported elsewhere, [2] during the preparation of a-Fe,O; through an anodization
method on iron films. The authors demonstrated that the unique nanostructures of o-Fe;Os
nanotube arrays provide high surface area, fast ion transport pathways and robust structures [2].
Lastly, the SEM image shows the CuO clusters with thin nanosheets [Fig.1(d)]. Similar
morphology was reported elsewhere, [22] on CuO prepared by Chemical bath deposition method.
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Fig. 1. SEM images of (a) NiO, (b) Co30, (c) Fe,0O3 and (d) CuO nanoparticles.

3.1.2 TEM analysis of 5wt.% CuO-MWCNTS, 5wt.% Fe,0s-MWCNTS, 5wt.%

NiO-MWCNTSs and 5wt.% Co3;0,-MWCNTSs

The data in Fig. 2 show the TEM images of 5wt.% CuO-MWCNTSs, 5wt.% Fe,0;-
MWCNTS, 5wt.% NiO-MWCNTSs and 5wt.% Co0;0,-MWCNTSs composites. The images shows
that most of the CuO particles are within the structure of MWCNTSs [Fig 2(al)], although
occasionally some few large particles are observed on the surface [Fig 2(a2)]. Low magnification
TEM images do not show formation of any noticeable aggregates [Fig 2(a2)], although some of
the CuO deposits has blocked the inner tubes of MWCNTS. The diameter of the CuO particles
measured from the high magnification TEM ranged between 7-9 nm [Fig 2(a2)]. The Fe,Os
nanoparticles on MWCNTs [Fig 2(b1 & b2)], are dispersed similar to CuO, however large
particles of Fe,O; can be seen with an approximate particle size of 10-15 nm [Fig 2(b2)]. The
TEM images of NiO [Fig 2(c1 & c2)] and Co;0, [Fig 2(d1 and d2)] nanoparticles shows the
dispersion of smaller particles embedded within the walls of MWCNTSs, with particle sizes of 10-
14 and 9-15 nm, respectively.
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Fig. 2. TEM images of (al) 5wt.% CuO-MWCNTSs, (b1) 5wt.% Fe,O;@300 °C-MWCNTs, (c1) 5wt.%
NiO@300 °C-MWCNTs, and (d1) 5wt.% Co;0,@300 °C-MWCNTSs and their corresponding higher
magnifications (a2,b2,c2,d2).

3.1.3 XRD analysis of 5wt.% NiO, CuO, Fe,03, and Cos0, on MWCNTS

nanocomposite

All metal oxides composites, showed the presence of graphitic carbon peak at 26 ° two
theta, indexed to (002) plane characteristic of MWCNTSs structure (Fig. 3). The data in Fig. 3(b)
shows the XRD patterns of 5wt.% CuO-MWCNTs nanocomposite which can be well indexed to
monoclinic copper oxide (CuO) phase [3]. No characteristic peaks assigned to impurities such as
Cu(OH), or Cu,O were detected. The average crystallite size calculated using the Scherrer’s
equation from the (111) peak is 19.73 nm for CuUO-MWCNTSs. This clearly suggests that the CuO
nanoparticles were restricted to a specific size as soon as they are attached to or within the
MWCNTSs structure. This crystallite size is relatively similar to 19.83 nm observed on Cu-
oxide/MWCNTSs composites [13], even though the composites preparation differs. The iron oxide
on MWCNTSs is characteristic of Fe,Os; [23], with no impurities detected [Fig. 3(c)] and the
calculated average crystallite size is 25.8 nm. The diffraction pattern of 5wt.% NiO-MWCNTSs
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confirms the formation of rock-like polycrystalline structure of NiO [18,24], as seen on the SEM
images in figure 1, with average crystallite size of 20.2 nm [Fig. 3(d)]. Small NiO crystallite sizes
were observed inside MWCNTS, due to walls restrictions. The XRD pattern of 5wt.% Co030,4-
MWCNTSs composites, is in good agreement with the cubic phase of Co3;0,4 [21], with the average
crystallite size from the (311) peak of 42.5 nm. This particle size differs to 26.13 nm, observed on
Co-oxide/MWCNTSs composite [13]. The crystallite size of all metal oxides remained low once
attached to MWCNTS or inside the walls of MWCNTS structure.
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Fig. 3. XRD patterns of (a) Acid-treated MWCNTS, (b) 5wt.% CuO-MWCNTSs, (c) 5wt.% Fe,Os-MWCNTS,
(d) 5wt.% NiO-MWCNTSs and (e) 5wt.% C0;0,-MWCNTSs composites.

3.1.4 BET Surface area and pore volume analysis of acid-treated MWCNTSs and metal oxides

(NiO, C0304, Fe,03 and CuO) additives on MWCNTSs

Fig. 4 depicts N, adsorption-desorption isotherm of the acid treated MWCNTS and various
metal oxides (NiO, Co30,4, Fe,0; and CuO) additives on MWCNTs composites. The isotherms
indicate the adsorption hysteresis behaviour in the P/Pq ~ 0.4 to 0.99, with a mixture of
mesoporous and macroporous structure. The data shows a decrease in BET surface area and
macroporous volume of NiO, Co30, and Fe,Os-MWCNTs composites (Table 1), with NiO-
MWCNTSs seriously affected, due to mesopores decrease. This is linked with large particle sizes of
metal oxides that exists within the walls of carbon nanotubes, that seems to have blocked the tube
pores (as confirmed by TEM data), and hence decreases the surface area of the entire composite.
Similar findings were reported on Ni/SWCNTs [16] and Cos04/MWCNTSs [13] composites. The
surface area decreased from 584.8 m?/g for the as-prepared SWCNTS to 436.0 m%/g for 12 wt.%
Ni-SWCNT [16], and from 310.0 m%g for the pristine MWCNTSs to 147.0 m%g for 44 wt.%
C0304-SWCNT [13]. Zhang et al. [25] also reported a decrease in the BET surface area for acid-
treated CNTs from 122.41 to 7.41 mzlg for 80wt.% MnO,/CNTSs.
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Fig. 4. N, adsorption and desorption isotherms and BJH pore size distribution of
(a) acid-treated MWCNTSs (b) 5wt.% CuO-MWCNTSs (c) 5wt.% Fe,O3-MWCNTS
(d) 5wt.% NiO-MWCNTSs and (e) 5wt.% Co0304-MWCNTS.
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Interestingly to note is that the CuO-MWCNTs composite showed an increase in the
surface area (558.04 m?/g), and mesoporous volume as compared to that of acid treated MWCNTSs
(343.09 m?/g, Table 1) and other composites. The mesopores enhancement is attributed to the
coating of smaller nanosheets of CuO onto the surface of MWCNTS, which generates abundant
pores [22]. This data contradict with the recent report [13], which indicated a decrease in BET
surface area of CuO-MWCNTSs composite prepared by in-situ reduction method.

Table 1. Surface characteristics of the metal oxides-MWCNTs samples determined from nitrogen
physisorption at -195.8 °C.

Sample name BET surface Peak pore volume Peak pore sizes Discharge
area (m*g™) (cm’g™) (nm) capacity’ (mAhg
1
)
A-MWCNTSs 343.09 291 33.96 72.63
CuO-MWCNTSs 558.04 411 29.48 158.84
Fe,03- 330.27 2.38 28.87 112.78
MWCNTSs
Co30,- 281.78 241 34.20 90.13
MWCNTSs
NiO-MWCNTSs 237.58 1.97 33.11 89.91

LAll discharge capacity data were repeated three times at a constant current of 3 mA.

3.1.5 TGA analysis of Acid-treated MWCNTSs and metal oxides (NiO, C030,, Fe,0;

and CuO) additives on MWCNTSs

The TGA profiles measured in flowing air for Acid-treated MWCNTSs and metal oxides
(NiO, Fe,O3 and CuO) additives on MWCNTs are shown in figure 5(A). All metal oxide-
MWCNTSs composites exhibited one weight loss step in the range of 500-700 °C, which indicates
the MWCNTSs gasification [13]. The DTG curves shows various broad peaks, with maximum
weight losses occurring at 637 °C, 613 °C, 644 °C and 654 °C for MWCNTSs, CuO-MWCNTSs,
NiO-MWCNTSs and Fe,O;-MWCNTSs nanocomposites, respectively [Fig 5(B)]. This suggests a
slow gasification of MWCNTSs and metal oxide-MWCNTs composites, which is linked with the
strength of the nanostructure of peroxide-nitric acid-treated MWCNTS [17]. In the range of 600 -
700°C, a slight increase in stability of NiO and Fe,O;-MWCNTS is noted, with a decrease in CuO-
MWCNTSs, in relation to the peak maxima of acid treated MWCNTSs which occurred at 637 °C [Fig
5(B)]. The metal oxide-MWCNTs composites shows the maximum weights losses of between 93
to 95%, indicating that the residual weight is predominantly metal oxides at approximately 5wt.%
on MWCNTs [Fig 5(A)]. This loading is 9 times lower than that reported on cobalt
oxide/MWCNTSs, and copper oxide/MWCNTs composite [13].
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Fig. 5. TGA (A) and DTG (B) profiles of (a) acid-treated MWCNTS (b) 5wt.% CuO-MWCNTSs
(c) 5wt.% Fe,05-MWCNTSs and (d) 5wt.% NiO-MWCNTSs.

3.2. Electrochemical hydrogen storage measurements

3.2.1 Cyclic voltammetric characteristics of acid treated MWCNTSs and metal oxides

doped MWCNTSs electrodes

Fig. 6 shows the cyclic voltammograms (CV) curves of A-MWCNTSs, 5wt.% CuO-
MWCNTSs, 5wt.% Fe,0:-MWCNTS, 5wt.% NiO-MWCNTSs and (e) 5wt.% Co030,-MWCNTSs at
potential interval of 0.2 to -1.4 V vs Ag/AgCl, scan rate of 50 mV/s. Interesting to note is that all
curves displayed a rectangular shape, indicating a typical double-layer capacitive behaviour
[26,27]. This behaviour differs from that reported elsewhere [9] on TiO, doped MWCNTSs. The
dissolved ions are accumulated at the M-MWCNTs (M = Metal oxides)/electrolyte interface by
electrostatic attraction forces. The negative current reflects the number of hydrated potassium ions
that accumulated during the cathodic polarization of the MWCNTS, while the positive current
during anodic polarization corresponds to desorption of hydrated potassium ions [28]. The
cathodic peaks at around -0.2 to -0.8 vs Ag/AgCl are attributed to hydrogen adsorption on metal
oxides-multi-walled carbon nanotubes (M-MWCNTS) composites, in accordance with equation 1.
The anodic peaks at around -1.0 to 0.0 V vs Ag/AgCI at opposite direction are attributed to
oxidation of hydrogen adsorbed on M-MWCNTs composites. The peaks suggest in addition to
capacitive behaviour, the faradaic reaction contributed to the measured discharge capacity [29].
Interestingly, no peak profiles were observed on acid treated MWCNTS, which indicates that
adsorption of hydrogen occurred at lesser active sites; mainly those created by acid treatments.

M-MWCNTSs + nH,O + ne” <> MH,-MWCNTSs + nOH" (1)

The apparent cathodic peak of 5wt.% CuO-MWCNTSs composite [Fig. 6(b)] at around -
0.58 V (vs Ag/AgCl), gave a highly improved discharge capacity as compared to A-MWCNTSs
alone. The discharge capacity increased from 72.63 to 158.84 mAh/g in the order of A-MWCNTSs
< NiO-MWCNTs < C03;0,-MWCNTs < Fe,0;-MWCNTs < CuO-MWCNTs; and their
corresponding electrochemical hydrogen storage are as indicated in figure 7. Interestingly, the high
hydrogen adsorption of CuO-MWCNTs composite correlated with the higher BET surface area
(558.04 m*g) and increased mesoporous structure as compared to acid treated MWCNTS (343.09
m?/g) and all other metal oxides-MWCNTSs composites (Table 1). The low discharge capacity
values of Co;0, and Fe,0;-MWCNTSs composites is linked with a decrease in macropores volume
as depicted by BET data. It is further worth noting the existence of a synergetic interaction
between CuO and MWCNTS, since the discharge capacity of both CuO (-16.65 mAhg™) and
MWCNTSs (72.63 mAhg™) are lower than that of the composite system. The data further suggests
that CuO provided more active sites on the surface of MWCNTS, similar to the role played by ZnO
on alloy system [30]. The performance of CuO-MWCNTs composites is well linked with
hydrogen spill-over onto the surface of MWCNTSs [13], which facilitated the charge transfer on the
surface of MWCNTSs and the diffusion of hydrogen atoms from the surface to the inside of CNTSs,
which enhanced the dynamic property of CNTSs in adsorption and desorption process. Furthermore,
the discharge capacity of 159 mAh/g of 5 wt.% CuO on MWCNTSs (which correspond to 0.59wt.%
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hydrogen storage), is much higher than that reported on cobalt oxide/MWCNTSs, and copper
oxide/MWCNTSs composite [13], in terms of mass ratio of dopants on MWCNTSs.
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Fig. 6. CV curves of (a) A-MWCNTSs (b) 5wt.% CuO-MWCNTS, (c) 5wt.% Fe,05-MWCNTS,
(d) 5wt.% NiO-MWCNTSs and (e) 5wt.% C0304-MWCNTS.

Contrary to CuO-MWCNTs composites data, the 5wt.% NiO-MWCNTSs composite [Fig.
6(d)] gave poor discharge capacity value (Table 1). The capacity correlated with the low BET
surface area (237.58 m?(g), in relation to acid treated MWCNTSs (343.09 m?/g) and hence; low
electrochemical hydrogen storage (Figure 7). This indicates that the octahedral geometry of NiO
has contributed to the blockage of electron passage within the MWCNTS, as shown by TEM
images of 5wt.% NiO-MWCNTSs. Other studies have indicated a formation of flake-like NiO
particles, with high porous structure which is reported to permit easy access for solvated ions to
the electrode/electrolyte interface [18,19]. This clearly indicates that the structure of NiO particles
is dependent on the preparation method and influences the surface faradaic reactions.

=
=
=

.
CuO-MWCNTs

bod
&

=
=]

" Fe,0-MWCNTs

=3
=
=

Hydrogen storage (Wt.%)
o I
* &

' Co,0 MWCNTS
NiO-MWCNTs

=3
=1

T T T T T T T 1
200 250 300 350 400 450 500 550 600

BET Surface Area (m’lg)

Fig. 7. Correlations of electrochemical hydrogen storage and BET surface area of 5wt.%
CuO-MWCNTSs, 5wt.% Fe,05-MWCNTS, 5wt.% NiO-MWCNTSs and 5wt.% C03;0,-MWCNTS.

4. Conclusions

XRD, TEM and TGA data has confirmed the presence of various metal oxides
nanoparticles on the surface and within the walls of MWCNTSs. The TGA profiles indicated that
the structural stability of composites changes with metal oxides additions. The CuO-MWCNTSs
composite showed good hydrogen adsorption in relation to other metal oxides and A-MWCNTSs.
Interestingly, the hydrogen adsorption of CuO-MWCNTSs correlated with higher BET surface area
(558.04 m/g) and increased mesopores. The discharge capacity values decreased as follows:
5wt.% CuO-MWCNTs > 5wt.% Fe,O3-MWCNTs > 5wt.% Co030,-MWCNTs > 5wt.% NiO-
MWCNTSs. The crystallites sizes and morphology of metal oxides on MWCNTs played a
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significant role in electrochemical storage of hydrogen. The discharge capacity data indicates the
existence of synergy between Cu and MWCNTSs towards electrochemical hydrogen storage.
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