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A B S T R A C T

The storage of hydrogen in solid materials has been investigated extensively in recent years for on-board vehicle
applications for hydrogen fuel cell technology. Metal-Organic Frameworks (MOFs) are unique materials with
novel porous structures suitable for reversible gas adsorption at low temperatures. Similarly, another porous
material, carbon nanomaterial is also equally important in storage of hydrogen at room temperature. The
Proposed new nanocomposites composed of metal-organic framework (Cu-BTC/HKUST-1) and metal-decorated
multi-walled carbon nanotubes (Ni@f-MWCNTs or Pd@f-MWCNTs) are promising candidates for physisorption
of hydrogen at low temperature and low pressures. Hence, Ni or Pd decorated MWCNTs were mixed with Cu-BTC
at 95 °C to get the intercalated composite material. It was observed that Cu-BTC/Ni@f-MWCNTs and Cu-BTC/
Pd@f-MWCNTs showed 4.68 and 5.31 wt% adsorption of hydrogen at 77 K and 70 bar, respectively. At 298 K
and 70 bar pressure, the above two composites adsorbed 1.29 and 1.67 wt% of hydrogen. Enhanced hydrogen
uptake of about 250-350% and 20-30% was observed at 298K by the synthesized composites compared to the
Cu-BTC and metal decorated MWCNTs, respectively. Similarly, an enhancement of about 50-75% and 85-150%
in the hydrogen adsorption capacity was observed at 77K for the composites compared to the pristine materials.
The resultant enhanced hydrogen uptake by composites is probably due to the synergic effect between Cu-BTC
and metal decorated MWCNTs.

1. Introduction

Hydrogen is one of the renewable and clean energy sources and
most likely successor of conventional petroleum fuels [1,2]. The most
challenging task for the success of the hydrogen economy is to develop
efficient and cost-effective hydrogen storage material for the transport
sector [3]. Therefore, the main goal in the hydrogen economy is to
develop a suitable hydrogen storage medium to meet the U.S. Depart-
ment of Energy (DOE) target of 5.5 wt% hydrogen by 2025 for onboard
light-duty vehicles, material-handling equipment, and portable power
applications [4]. Metal-Organic Frameworks (MOFs) are rapidly
emerging as promising materials for gas storage applications owing to
their exceptionally large surface area with tunable pore size and volume
make them a good exclusive storage medium for hydrogen for clean
energy applications [5]. Among 500,000 Metal-Organic Framework
materials examined computationally for hydrogen storage, some com-
pounds such as SNU-70, UMCM-9 and PCN-610/NU-100 were reported
to have exhibited exceptional uptake capacity [6]. M2(m-dobdc)
(M=Co, Ni) is also known to have exhibited a high uptake capacity of

2.2 wt% at 77K and 1 bar [7]. However, among the large number of
MOFs synthesized so far, Cu-BTC [Cu3(benzene-1,3,5-tricarbox-
ylate)2(H2O)3], is one of the most studied open framework material for
gas adsorption and storage applications [8]. Exceptionally high surface
area (1721 cm2/g) and microporosity (0.74 cm3/g) makes Cu-BTC as
one of the potential candidates for physisorption of gases [9]. Fur-
thermore, at low pressures, Cu-BTC shows higher uptake of hydrogen
compared to other MOFs which is desirable for storage applications
[10]. But, MOFs tend to exhibit high hydrogen adsorption capacity only
at low temperatures due to low adsorption enthalpy involved in phy-
sisorption, however, their properties can be further improved by tuning
the sorption behavior by changing the chelating organic linkers, adding
metals and making composites [11].

On the other hand, graphene, MWCNTs, metal and metal oxide
decorated MWCNTs show higher hydrogen uptake behavior at room
temperature [12–14]. Previous results show that the MWCNTs deco-
rated with nanoparticles of Mg, Fe, Cu, Zn, Pd, Ni exhibit improved
uptake capacities for hydrogen at room temperature and moderate
pressures [15–19]. Many researchers have reported that the enhanced
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hydrogen storage capacity exhibited by the mixtures of MOF and
metal/carbons at room temperature is due to the migration of hydrogen
atoms into MOF pores via catalyst (metal on MWCNTs) through spil-
lover phenomenon [20]. But some other authors failed to attain higher
uptake capacity for the composites prepared through ball-milling or
physical mixing procedures. Therefore, good contact/synergistic effect
between MOF and catalyst is very much essential to improve the hy-
drogen storage capacity [21]. In the present study, we report the hy-
drogen uptake capacities of nanocomposites, Cu-BTC/Ni@f-MWCNTs
and Cu-BTC/Pd@f-MWCNTs along with its components such as Cu-
BTC, Ni@f-MWCNTs, Pd@f-MWCNTs measured at 77 K and 298 K up to
70 bar pressure.

2. Material and methods

2.1. Synthesis of Cu-BTC

The Cu-BTC was prepared through a reported procedure by
Chowdhury et al., [22]. 1,3,5-benzenetricarboxylic acid (BTC) (1.0 g)
and Cu(NO3)2•3H2O (2.077 g) dissolved separately in the 1:1 mixture
(30 ml) of ethanol & N,N-dimethylformamide (DMF) and 15 ml of
water, respectively were stirred for 10 min. The solutions were then
taken into a Teflon-lined stainless steel autoclave. The mixture was
hydrothermally heated for 10h at 100 °C. After Cooling slowly, the
resultant blue crystals were filtered and extracted overnight with me-
thanol using a Soxhlet extractor to remove the solvated DMF. The

product was then dried at room temperature.

2.2. Preparation of Ni@f-MWCNTs and Pd@f-MWCNTs

To prepare Ni@f-MWCNTs and Pd@f-MWCNTs, 200 mg of car-
boxylate functionalized MWCNTs (f-MWCNTs) and 2.90 g of Ni
(NO3)2.6H2O or 2.30 g of Pd(NO3)2•6H2O, mixed with 150 ml of dis-
tilled water containing 0.5 ml of triethylamine (TEA), were taken in a
500 ml round bottom flask. The above resulting clear solution, having
pH is about 10.0± 0.2, was heated for 6 h at 80 °C. The resulting solid
was thoroughly washed until the washings indicated neutral pH. The
sample was dried for about 12 hours at 40 °C in vacuum.

2.3. Synthesis of nanocomposites

To prepare the nanocomposites, 200 mg of the prepared Cu-BTC,
200 mg of Ni@f-MWCNTs (for Cu-BTC/Ni@f-MWCNTs) or 200 mg of
Pd@f-MWCNTs (for Cu-BTC/Pd@f-MWCNTs) were taken in a 1000 ml
round bottom flask. To this, 150 ml of distilled water was added and
heated thoroughly at 80 °C for 6h. The resulting solid was washed and
dried overnight in vacuum at 40 °C.

2.4. Characterization

Philips CM200 (TEM) and a Zeiss Ultra plus (FEG-SEM) equipped
with an EDS was used to examine the morphology of the synthesized

Fig. 1. (a) SEM image of Cu-BTC (b) Elemental mapping and (c) EDAX analysis of Cu-BTC.
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compounds. Bruker D8 powder X-ray diffractometer (45 kV, 40 mA)
with Ni-filtered Cu Ka radiation (λ = 1.5406 °A) was used to collect the
powder X-ray diffraction patterns (XRD). The specific surface area was
determined according to the Brunauer–Emmett–Teller (BET) method
using Quantachrome NOVA 1200e.

2.5. Hydrogen storage capacity

BELSORP-HP was used to collect high-pressure hydrogen adsorption
isotherms for the synthesized materials. Ultra-pure (99.9999%) helium
and hydrogen gases were used for the measurements. The correct
weight of the sample was calculated after evacuating the solvent guest
molecules from the pores through activation procedure reported in the
literature. Then the hydrogen uptake measurements were conducted
volumetrically by varying the temperatures (77 K & 298 K) and pres-
sures up to 70 bar.

3. Results and discussion

3.1. Morphology

The morphology and structure of Cu-BTC/Ni@MWCNTs, Cu-BTC/
Pd@MWCNTs composites along with its components were examined
using Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). As reported by Chowdhury et al., Cu-BTC exhibits a
distinctive octahedral shaped morphology and transforms to spherically

shaped particles at high-temperature synthesis [22]. Cu-BTC prepared
through ultrasonic assisted hydrothermal synthesis exhibits a unique
octahedral morphology [23]. SEM images of hydrothermally synthe-
sized Cu-BTC crystals, at low temperature (100 °C), reveal irregular
plate-like Prussian-blue colored with 500 nm to 2.0 µm size (Fig. 1).
The elemental composition of Cu-BTC examined through Elemental
mapping and EDAX analysis are shown in Fig. 1b and c. Metal deco-
rated MWCNTs (Ni@f-MWCNTs or Pd@f-MWCNTs) prepared using
metal precursor and carboxylate functionalized MWCNTs (f-MWCNTs)
in amine (Triethylamine, TEA) solvent are shown in Fig. 2. As shown in
the TEM image, Fig. 2a exhibits irregular tabular crystals of Cu-BTC
with around 500nm size. The inset selected area electron diffraction
(SAED) from Fig. 1a reveals that the diffraction patterns of these Cu-
BTC match with the references mentioned above. TEM images from
Fig. 2b and c reveal that the Ni or Pd nanoparticles are uniformly dis-
tributed on the surface of MWCNTs. Apart from aiding the uniform
distribution of nanoparticles on the surface of CNTs, due to attraction of
metal particles by deprotonated carboxylic acid groups, Triethylamine
(TEA) solvent makes the reaction medium alkaline for better functio-
nalization of MWCNTs and metal decoration. As shown in Fig. 2b, about
20-30 nm sized nanoparticles of Ni observed on the surface of
MWCNTs. Further, in the case of Pd, tiny nanoparticles size 5-10 nm are
seen on the surface of MWCNTs (Fig 2c). The selected area electron
diffraction (SAED) patterns of Ni/Pd decorated MWCNTs are shown in
insets of Fig. 2b and c. Our earlier reports regarding the morphology of
metal decorated MWCNTs confirm the uniform distribution of

Fig. 2. (a) TEM images of (a) Cu-BTC (b) Ni@f-MWCNTs (c) Pd@f-MWCNTs (Inset: SEAD patterns).
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nanoparticles on CNTs prepared under similar experimental conditions
using different solvents such as water, DMF and TEA [16,17].

The heterostructures of nanocomposite Cu-BTC/Ni@f-MWCNTs
prepared by mixing Cu-BTC and Ni@f-MWCNTs are shown in Fig. 3.
Irregular plate-like Cu-BTC seems to have transformed to a plate-like
hexagonal morphology after refluxing the Cu-BTC and metal decorated
MWCNTs at 95 °C in the synthesis process (Fig. 3). Clustering of CNTs
around the Cu-BTC plates was observed instead of MOF being en-
trapped into the composite. The elemental mapping and EDAX analysis
confirms the existence of Cu-BTC and Ni@MWCNTs (Fig. 3b and c). The
alteration of Cu-BTC morphology is due to the chemical interaction
between copper dimers from MOF and functional groups on MWCNTs
[24].

Heterostructures of Cu-BTC/Pd@f-MWCNTs obtained by combining
Cu-BTC and Pd@f-MWCNTs are shown in Fig. 4. The SEM image
(Fig. 4a) shows that the hexagonal plates of Cu-BTC are clustered with
MWCNTs. The elemental composition of the prepared composite was
confirmed through elemental mapping and EDAX analysis Fig. 4b and c.

3.2. Powder XRD analysis

Powder X-ray diffraction patterns of Cu-BTC, Ni@f-MWCNTs, Pd@f-
MWCNTs, Cu-BTC/Ni@f-MWCNTs and Cu-BTC/Pd@f-MWCNTs are
shown in Fig. 5. The diffraction peaks at 25.4 and 42.8° correspond to
the graphite reflections (JCPDS No.01-0646). The peaks at 11.6°, 19.4°,
26.4°, 29.8°, 35.3° and 39.5° are assigned to the characteristic crystal

planes of Cu–BTC [25]. The peaks at 43.8° and 51.6° correspond to the
nickel nanoparticles. The peaks at 33.9°, 40.1°, 46.6°, 67.9°, 82.3°,re-
spectively correspond to the palladium nanoparticles.The above results
confirm the formation of composite structures of Cu-BTC/Ni@f-
MWCNTs and Cu-BTC/Pd@f-MWCNTs.

3.3. Surface area

The surface area of composite materials was examined by N2 ab-
sorption measurements at 77 K. It reveals that the surface areas of p-
MWCNTs and f-MWCNTs are 360 and 236 m2/g, respectively. This
decrease in surface area is possibly due to the blocking of pores of the p-
MWCNTs by COOH functional groups after surface functionalization.
On the other hand, a further decrease in surface area to 206 and 231
m2/g is due to the decoration of metal nanoparticles of Ni and Pd, re-
spectively, on the surface of MWCNTs. Therefore, these nanoparticles
block additional surface pores of CNTs leading to further decrease in
the surface area. The parent MOF material, Cu-BTC exhibits a high
surface area of 1448 m2/g. The BET surface area for composites de-
creases to 74 m2/g and 172 m2/g for Cu-BTC/Ni@f-MWCNTs and Cu-
BTC/Pd@f-MWCNTs, respectively. The substantial decrease in BET
surface area of the composites may be due to the decrease in the pore
size of Cu-BTC and blocking of pores by agglomeration of Cu-BTC and
MWCNTs [26]. Hydrogen adsorption capacity is increased with in-
creasing surface area. Further, The BET surface area of synthesized
materials is given in Table 1. In general, the adsorption of hydrogen is

Fig. 3. (a) SEM image of Cu-BTC/Ni@MWCNTs (b) Elemental mapping and (c) EDAX analysis of Cu-BTC/ Ni@MWCNTs.
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directly proportional to the surface area. The higher surface area allows
more and more hydrogen into the pores of the porous materials. Fur-
thermore, metal/metal oxides influence profoundly on adsorption be-
havior of hydrogen irrespective of surface area.

3.4. Hydrogen sorption analysis

The hydrogen uptake capacity of the synthesized compounds was
examined volumetrically using high-pressure gas sorption analyzer
BELSORP-HP at 77 K and 298 K and pressure up to 70 bar. The details
of the Hydrogen storage capacity of the p-MWCNTs, f-MWCNTs, Ni@f-
MWCNTs, Pd@f-MWCNTs, Cu-BTC, Cu-BTC/Ni@f-MWCNTs and Cu-
BTC/Pd@f-MWCNTs, measured under above-mentioned conditions, are
presented in Table 1. All the samples exhibit reversible hydrogen
sorption behavior. Hence desorption curves have not been included in
the figures. The excess sorption isotherms of all the samples measured
at 298 K display a linear trend typical for monolayer adsorption on
porous materials.

As shown in Fig. 6, p-MWCNTs and COOH-MWCNTs adsorbed 0.34
and 0.25 wt % of hydrogen, respectively measured at 77 K. The de-
crease in the uptake is due to blocking of pores on MWCNTs by surface
functional groups (-COOH) [27]. Doping f-MWCNTs with Ni or Pd na-
noparticles had a profound influence on the hydrogen uptake capacity
of the synthesized materials. Metal decorated CNTs, Ni@f-MWCNTs,
and Pd@f-MWCNTs adsorbed 1.87 wt% and 2.87 wt% of hydrogen,
respectively, at 77 K (Fig. 6c and d). On the other side, Cu-BTC ad-
sorbed 3.0 wt % under similar conditions (Fig. 6e). As shown in Fig. 6f
and g, the hydrogen storage capacity is enhanced to 4.68 wt% and 5.31

wt% for composites of Cu-BTC/Ni@f-MWCNTs and Cu-BTC/Pd@f-
MWCNTs, respectively at 77 K and 70 bar.

As shown in hydrogen uptake curves, p-MWCNTs and COOH-
MWCNTs adsorbed 0.12 and 0.06 wt % of hydrogen, respectively, at
298 K and 70 bar (Fig. 7a and b). Further, Ni@f-MWCNTs, Pd@f-
MWCNTs, and Cu-BTC had exhibited hydrogen sorption of about 0.97,
1.36, and 0.36 wt%, respectively under identical conditions (Fig. 7c and
d). Furthermore, composites of Cu-BTC/Ni@f-MWCNTs and Cu-BTC/
Pd@f-MWCNTs adsorbs 1.29 and 1.67 wt %, respectively, at 298 K and
70 bar pressure (Fig 7f and g). Yang et al., proposed the spillover ap-
proach for hydrogen storage based on experimental results and mole-
cular orbital calculations [28]. According to this mechanism, molecular
hydrogen adsorbed initially on Ni or Pd metal/nanoparticles dissociates
into atomic hydrogen which subsequently migrates to spillover re-
ceptor, CNT. This process possibly enhances the hydrogen storage. In
case of the composites, the hydrogen storage capacity of carbon ma-
terials is further increased by secondary spillover mechanism [29].
Through bridge-building technique wherein (secondary spillover) the
hydrogen atoms adsorbed on the CNTs by the first spillover process are
further transferred to the surface of MOFs. A similar observation was
found in the present study also. It was observed that the overall hy-
drogen uptake had profoundly enhanced, through the primary and
secondary spillover mechanism, for the nanocomposites prepared from
Ni@f-MWCNTs or Pd@f-MWCNTs with Cu-BTC.

Rapid adsorption/desorption kinetics and adequate multicycle sta-
bility are required for onboard applications of hydrogen-powered ve-
hicles. Hence, multi-cycle dsorption/desorption of hydrogen by Cu-
BTC/Ni@f-MWCNTs had also been examined at 298 K (Fig. 8). Cu-BTC/

Fig. 4. (a) SEM image of Cu-BTC/Pd@MWCNTs (b) Elemental mapping and (c) EDAX analysis of Cu-BTC/ Pd@MWCNTs.
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Ni@f-MWCNTs exhibit excellent cyclic stability even after 7 cycles.

4. Conclusions

In the present paper, we report synthesis, morphology, and hy-
drogen uptake behavior of Cu-BTC/Ni@f-MWCNTs and Cu-BTC/Pd@f-
MWCNTs along with the parent materials Ni@f-MWCNTs, Pd@f-
MWCNTs and Cu-BTC. The hydrogen uptake by the Cu-BTC/Ni@f-
MWCNTs and Cu-BTC/Pd@f-MWCNTs was enhanced up to 2 fold at
77K and 2-3 fold at 298 K. So impregnating metal nanoparticles on
CNTs and surface area of MOF in composites played key roles for the
higher uptake of hydrogen through primary and secondary spillover via
bridge-building technique. Moreover, the multi-cycle adsorption/

desorption of hydrogen reveals that the Cu-BTC/Ni@f-MWCNTs loses
only 6 % efficiency after seven cycles.
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Fig. 5. Powder diffraction patterns of (a) Ni@f-MWCNTs (b) Pd@f-MWCNTs (c)
Cu-BTC (d) Cu-BTC/Ni@f-MWCNTs, (e) Cu-BTC/Pd@f-MWCNTs.

Table 1
BET Surface area and hydrogen uptake capacity of synthesized composites.

Sample sBET
(m2/g)

H2 uptake at 298 K &
70 bar (wt %)

H2 uptake at 77 K &
70 bar (wt %)

p-MWCNT 360 0.12 0.34
f-MWCNT 236 0.06 0.25
Cu-BTC 1448 0.36 3.01
Ni@f-MWCNT 206 0.97 1.87
Pd@f-MWCNT 231 1.36 2.87
Cu-BTC/Ni@f-

MWCNT
74 1.29 4.68

Cu-BTC/Pd@f-
MWCNT

172 1.67 5.31

Fig. 6. Hydrogen uptake capacities of (a) p-MWCNTs (b) f-MWCNTs (c) Ni@f-
MWCNTs (d) Pd@f-MWCNTs (e) Cu-BTC (f) Cu-BTC/Ni@f-MWCNTs (g) Cu-
BTC/Pd@f-MWCNTs at 77 K.

Fig. 7. Hydrogen uptake capacities of (a) p-MWCNTs (b) f-MWCNTs (c) Cu-BTC
(d) Ni@f-MWCNTs (e) Cu-BTC/Ni@f-MWCNTs (f) Pd@f-MWCNTs (g) Cu-BTC/
Pd@f-MWCNTs at 298 K.
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