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Nanotechnology and nanoscale materials have been part of
human history and in use since centuries. Staining of glass
windows hundreds of years ago is one of the examples where
people created beautiful works without knowing that they
are using nanoprocessing. The beginning of modern era of
nanotechnology dates back to the talk of the Nobel laureate
Professor Richard Feynman in “There’s plenty of room at
the bottom.” Professor Feynman hypothesized that in near
future scientists would be able to control and modulate indi-
vidual molecules and atoms. After a decade, Professor Norio
Taniguchi introduced the magical word “nanotechnology.”
However, in 1981, the introduction of scanning tunnelling
microscope enabled the scientists to see the materials in
nanoscale that propagated the new age of nanotechnology.

In the quest for finding smaller, low cost, and efficient
materials, scientists were able to gradually develop improved
products where nanotechnology has at least contributed
partially. Today, knowingly or unknowingly nanotechnology
has become part of basic research at the laboratory scale with
some success in practical application. Carbon in its various
forms such as carbon nanotubes (CNTs), fullerenes, and
graphene has contributed drastically in this journey. Metal-
doped CNT provides high hydrogen storage capacity due
to spillover phenomenon. Nanomaterials, such as inorganic

metal oxides, have enjoyed their market share in various
fields including the energy storage and production, sensors,
medicine, additives, electronics, and many more. Nanomate-
rials in combinationwith polymericmaterials have promoted
the study of a new series of materials called nanocomposites
or hybrid materials in which the properties of nanomaterial
decide the fate of the final product. Such an approach guar-
anteed the applicability of each constituent where individual
contribution might not be sufficient. This upsurge was pos-
sible only through the development of process engineering
where the industrial adaptability was guaranteed. However,
a complete revolution by nanotechnology is only possible if
we appropriately address the issues and challenges related to
large-scale manufacturing and health hazards. Various kinds
of characterization techniques play vital role in exploring
the nanoscale size properties of different kinds of materials
synthesized.

In a lone review article submitted to special issue by R.
Zacharia and S. Rather, they presented the review of solid
state hydrogen uptake methods using different kinds of inno-
vative materials such as metallic and intermetallic hydrides,
complex chemical hydride, nanostructured carbonmaterials,
metal-doped carbon nanotubes, metal-organic frameworks
(MOFs), metal-doped metal-organic frameworks, covalent
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organic frameworks (COFs), and clathrates. The review
provides insight about the deficiencies of current energy
economy and discusses various steps of implementation of
hydrogen energy based economy. The review articles were
divided into two parts. In the first part, current status of
fossil-fuel based energy economy was highlighted and it was
found that, to use hydrogen as a fuel in the future especially
in transportation context, it is important to improve the
hydrogen storage methods. In the second part novel solid
state hydrogen storage techniques engaging above materi-
als are presented. M. Zain-ul-abdein et al. reported that
composite materials for thermal applications can propose
broad range of properties that depend upon factors such as
volume fraction of the matrix and filler, shape morphology,
particle size, and interfacial thermal resistance that limits the
effective properties of the medium. Furthermore, properties
of interface zone play an important role in limiting the
behavior of composite material within the limits of both
micro- and nanosystems.Micron size contribution inclusions
are less affected by the interface area due to very small
interface thickness to inclusion radius ratio as compared to
nanoparticles. T. Liu et al. reported that Ru@MIL-101 was
prepared by double solvents method (DSM) and treated as
catalyst for hydrolysis of ammonia borane. Ru nanoparticles
were successfully embedded inside the cavities of metallic
organic framework MIL-101 and avoided the deposition of
Ru nanoparticles on the outer surface of MIL-101 confirmed
by HRTEM and were characterized by XRD, N

2
adsorp-

tion/desorption, and ICP-AES. It was found that Ru@MIL-
101 catalyst shows high activity and selectivity as well as good
durability for hydrolysis of ammonia borane for hydrogen
generation. M. Tian and C. Shang presented that nanostruc-
tured carbon was prepared by methane cracking and further
treatment was followed to enhance porosity. As-synthesized
samples were characterized by BET SSA, Raman spectra,
and TEM. The as-synthesized carbon after further treatment
considered here as modified sample shows high BET surface
area/pore size. Furthermore, modified carbon also shows
high CO

2
adsorption at room temperature as compared to

commercial activated carbon.
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Catalytic activity of nano-Au-catalyst(s) for the complete propane oxidation was investigated. The results showed that the nature
of both Au precursor and support strongly influences catalytic activity of the Au-catalyst(s) for the propane oxidation. Oxidation
state, size, and dispersion of Au nanoparticles in the Au-catalysts, surface area, crystallinity, phase structure, and redox property
of the support are the key aspects for the complete propane oxidation. Among the studied Au-catalysts, the AuHAuCl4 -Ce catalyst is
found to be the most active catalyst.

1. Introduction

VOCs are a wide range of chemical compounds emitted from
both chemical and petrochemical process industries [1–3].
According to US Environmental Protection Agency (EPA),
more than 300 chemical compounds are VOCs [1]. Most of
the VOCs exhibited similar behavior in the atmosphere in
spite of the fact that both physical and chemical properties
of these compounds are very different from each other [4].
Emission of VOCs into atmosphere causes serious air pol-
lution and environmental issues such as stratospheric ozone
depletion, formation of ground level ozone, photochemical
smog, and aggravation of the global greenhouse effect [4–
7]. Henceforth, low cost, effective, and efficient reduction of
VOCs is still one of the main challenges in chemical and
industrial processes [1].

Among the applied methods, catalytic oxidation is so far
the most efficient method for the abatement of VOCs at low
cost [8]. This method is not limited by concentration, even
very low concentrated VOCs (<1%) could be eliminated [2].
Also, catalytic oxidation requires much lower temperature
than the conventional thermal incineration. Additionally,
instead of transferring the pollutant compounds to another

phase, complete oxidation ofVOCcould be achieved by using
catalytic oxidation processes [9].

Platinumandpalladiumcatalystswerewidely used for the
oxidation ofVOCs [9–11]. Recent studies showed that because
of higher activity, better selectivity, and comparatively lower
cost as to that of platinum and palladium, the Au-catalysts
are expected to have practical application for the removal of
VOCs [12, 13].

The catalytic performance of the Au containing catalysts
depends on the size of the gold, its oxidation state, physical
and chemical properties of the support [14–18], and surface
morphology.

Many studies [19–23] had shown that Au-catalysts prop-
erties are very sensitive to the catalyst preparation protocols
such as pH of the liquid media [24–27], temperature of
precipitation of gold, used precipitating agent [28–30], and
calcination temperature [14, 31–34].

Usually, in the preparation of Au-catalysts, chloroauric
acid is used as Au precursor. Several other Au precursors,
such as Au(PPh

3
)(NO)

3
and Au acetate, were also used for

the preparation of Au-catalysts [35–37]. However, until now,
the aspects of the influence of Au precursors on the catalytic
activity of Au-catalysts have not been studied systematically.
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Table 1: Summary of the prepared catalysts.

Composition Precursor Nomenclature
1% Au-CeO

2
Chloroauric acid trihydrate AuHAuCl4 -Ce

1% Au-ZrO
2

Chloroauric acid trihydrate AuHAuCl4 -Zr
1% Au-75% CeO

2
-25% ZrO

2
Chloroauric acid trihydrate AuHAuCl4 -Ce-Zr

1% Au-CeO
2

Gold (III) bromide AuAuBr3 -Ce
1% Au-CeO

2
Gold monoiodide AuAuI-Ce

None of the published studies is yet reported on the effect of
Au precursor on the catalytic activity of the Au-catalysts for
the complete oxidation of propane.

At this moment there is no clear understanding regarding
which oxidation state of Au atoms (either Au+1 or Au+3) is
more active in the reactions by using gold catalysts [34, 38–
41]. Based on the available literature, it is estimated that based
on different Au valence states in the different Au precursors,
the Au oxidation state in different catalyst will differ and we
might be able to prepare catalyst with beforehand defined
properties.

In this study, effect of CeO
2
andZrO

2
supports and differ-

entAuhalogen containing precursors, such asHAuCl
4
⋅3H
2
O,

AuBr
3
, and AuI, on the catalytic activity of Au-catalysts for

the complete oxidation of propane is investigated and were
characterized by using a wide range of analytical techniques,
such as XRD, XPS, TEM, TPR, and BET.

2. Experimental

2.1. Materials. The following chemical materials were used
for the preparation of the Au-catalyst (as summarized
in Table 1): potassium hydroxide (KOH) 86%, Fluka;
nitric acid (HNO

3
) 69%, UN 2013; magnesium citrate

(C
12
H
10
Mg
3
O
14
⋅9H
2
O) 95%, Fluka; cerium oxide (CeO

2
)

99.90%, Acros; zirconium oxide (ZrO
2
) 99.90%, Aldrich;

chloroauric acid (HAuCl
4
) 99.95%, Acros; Au bromide

(AuBr
3
) 99.95%, Acros; and Au iodide (AuI) 99.95%, Acros.

Both stock and reagent solutions were prepared by using
deionized water.

2.2. Catalyst Preparation. The Au-catalysts were prepared in
two steps: (i) preparation of the single and double oxide
support and (ii) Au deposition-precipitation.

2.3. Support Preparation. Accurately weighed amounts of
each oxide, CeO

2
and ZrO

2
, and double oxide mechanical

mixture of 7.5 gms CeO
2
and 2.5 gmZrO

2
were ultrasonically

treated for 1 h in a Power Sonic 410 instrument at a high
sonication frequency at room temperature. Lastly, the well-
treated catalyst support was dried at 120∘C in an oven for 2 h
before using it for the Au deposition step.

2.4. Au Deposition on Support. The deposition-precipitation
of Au on support was carried out in aMettler Toledo Labmax
reactor, which permits the precise control of the pH, temper-
ature, liquid reagent delivery, and mixing of the suspension.
First, 13.5 cm3 of 0.1MKOH and 3.86 cm3 of DIW per gram

of the freshly prepared support were added to a Labmax
reactor flask andmixed at room temperature at 180 rpm at pH
12.7. The reactor temperature was raised to 60∘C over 10min
before adding the precisely calculated amount of 1% Au in
10 cm3 DIW using different gold precursors (HAuCl

4
⋅3H
2
O,

AuBr
3
andAuI) as theAu source. Very soon after the addition

of Au, the pH was decreased first to 10.4 and then to 8 within
the next 5min using consecutively 0.5M and 0.1MHNO

3
.

The ageing of the catalyst was carried by adding specified
amounts of the Mg-citrate solution. The system was aged for
1 h at 60∘C and 180 rpm.

The freshly prepared sludge was rinsed multiple times
with lukewarmDIW under vacuum.The removal of chloride
ions was ensured using AgNO

3
test. Then the catalytic mass

was dried for 4 h and calcined at 525∘C for 4 h in air. The
catalyst grains (250–500 𝜇m) were then prepared by grinding
the pelletized catalytic mass. The details of the three different
types of prepared catalysts are summarized in Table 1.

2.5. Catalytic Activity Test. Catalytic activity experiments
for the complete oxidation of propane were carried in a
PID Microactivity Reference reactor system. The reaction
mixture at reactor inlet contained 0.5 vol% propane in He.
All of the catalytic tests were carried out in a 4mm diameter
quartz glass reactor charged with 0.5 g of the catalyst at
temperatures range from 30 to 450∘C at 24000 h−1 GHSV. In
each experiment, the temperature was increased in 15∘C steps
at a ramping rate of 10∘C/min.The steady-state regime at each
temperature was achieved after 45min.

The gas flow rates were controlled by Bronkhorst mass
flow controllers with an accuracy of 0.1% of the fixed
value. The temperature was kept constant within 0.5∘C and
monitored throughout the catalytic experiment using PID
Microactivity Reference software.

The reaction products were periodically analysed using
an intermittently connected GC. Three analyses of reaction
products were recorded for each reaction condition to mon-
itor the repeatability of the experimental measurements. In
addition, all of the catalysts were used at least twice to check
the reproducibility and were found to be highly reproducible
(standard variance ± 1.0) under the set parameters of the PID
Microactivity apparatus.

Water and CO
2
were the only products of the oxidation

reaction at the reactor outlet in all experiments. An Agilent
7890A GC system equipped with a flame ionisation detector
(FID) and thermal conductivity detector (TCD) was used to
identify and monitor reaction end products. Data processing
was performedusingGCChemStationB.04.03.A 0.5-cm3 gas
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sample, Agilent DB1/122-1063 (1𝜇m, 60m × 0.25mm) and
HayeSep Q (2.4m) columns, and He and N

2
carrier gases

were used for FID and TCD, respectively.

2.6. Catalyst Characterization. Temperature programmed
reduction (TPR) studieswere conducted onChemBETPulsar
TPD/TPO/TPR (Quantachrome). The well-purged sample
was reduced by flow of 5% H

2
in N
2
at constant flow rate of

15mL/min in the temperature range of 40–650∘C.
Pore volume and surface area of the support and catalysts

were measured by Quantachrome Nova 2000 and Quan-
tachrome Pore Master instrument by mercury porosimetry
method. In the pore master instrument, 0.4 g of sample was
first loaded in low-pressure station to fill the mercury into
sample at 3.5 atm. The sample cell was then loaded in high-
pressure station for mercury intrusion at up to 4200 atm
and followed extrusion to ambient pressure. The results were
obtained by using Quantachrome Pore Master instrument
software.

X-ray Photoelectron Spectroscopy (XPS) measurements
were carried out in an ultra-high vacuum multitechnique
surface analysis system (SPECS GmbH, Germany) at base
pressure of 10−10 bar range. A standard dual anode X-ray
source SPECS XR-50 with Mg-K𝛼, 1283.6 eV, was used to
irradiate the sample surface with 13.5 kV and 100W and
with take-off angle for electrons at 90∘ relative to sample
surface plane. As the standard practice in XPS studies, the
adventitious hydrocarbon C1s line (284.6 eV) corresponding
to C-C bond has been used as binding energy reference for
the charge correction.

X-ray powder diffraction (XRD) patterns were recorded
by using INEL CPS 180 powder diffractometer EQUINOX
1000 system. Filtered CoK𝛼1 radiation was used to irradiate
the sample with 30KV and 30mA. Routine spectra were
recorded with 2𝜃 (10 to 110∘) with a step size of 0.029∘. The
powder pattern analyses were processed by using Match©
software for phase identification with both COD and ICDD
databases, IMAD-INEL© data processing software was used
for graphical illustrations, and MAUD© software was used
for Rietveld analysis method.

3. Results and Discussion

3.1. Catalytic Activity

3.1.1. Effect of the Support. Figure 1 provides the catalytic
activity data for all the Au-catalysts AuHAuCl

4

-Ce, AuHAuCl
4

-
Zr, andAuHAuCl

4

-Ce-Zr aswell as for their supports CeO
2
and

ZrO
2
and the CeO

2
-ZrO
2
mixture.

All the supports have low catalytic activity. Under the
same reaction conditions, the CeO

2
has shown the highest

catalytic activity as compared to the other two, ZrO
2
and

CeO
2
-ZrO
2
samples. At 400∘C, over CeO

2
around 40% of the

propane was oxidized. While at same reaction temperature
and GHSV, over the ZrO

2
propane conversion was less than

5%.
The catalytic activity of the CeO

2
-ZrO
2
mixture was

between activities of the CeO
2
and ZrO

2
. At 400∘C nearly

0
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Figure 1: Comparison of the catalytic activity of the supports,
AuHAuCl4 -Ce catalyst, AuHAuCl4 -Zr catalyst, and AuHAuCl4 -Ce-Zr
catalyst at GHSV 24000 h−1.

10% of the propane was oxidized. However, the mixture of
both ZrO

2
and CeO

2
had shown increased catalytic activity

at temperatures above 400∘C in comparison to ZrO
2
alone,

which is because of the presence of CeO
2
. Therefore, CeO

2
,

because of its high catalytic activity, is found to be the best
support for preparation of Au-catalysts for propane oxidation
and it was used in our further studies.

The catalytic activities of the three Au-catalysts AuHAuCl
4

-
Ce, AuHAuCl

4

-Zr, and AuHAuCl
4

-Ce-Zr were higher than the
catalytic activities of the corresponding supports. Among
the Au-catalysts, the AuHAuCl

4

-Ce catalyst was found to have
the highest activity for complete propane oxidation at lower
temperature and 50% conversion of propane was achieved
at around 410∘C. For the other two Au-catalysts AuHAuCl

4

-
Ce-Zr and AuHAuCl

4

-Zr, the 50% conversions were achieved
at higher temperatures of 450∘C and 510∘C, respectively.
AuHAuCl

4

-Ce-Zr sample is more active than the AuHAuCl
4

-
Zr, and the catalytic activity of AuHAuCl

4

-Ce-Zr is higher
than catalytic activity of the AuHAuCl

4

-Zr. Difference between
catalytic activity of AuHAuCl

4

-Zr and ZrO
2
is very large as

compared to the other support and respective Au-catalyst.
The results suggested that the interaction of Au with

different catalytically active support is different. In order
to investigate the effect of the Au precursor, Au-catalysts
obtained from three different Au precursors on highly active
support CeO

2
were catalytically tested and results are dis-

cussed in next sections.

3.1.2. Effect of the Au Precursor. Figure 2 shows the catalytic
activity comparison of the three Au-catalysts (AuHAuCl

4

-Ce,
AuAuBr

3

-Ce, and AuAuI-Ce) prepared by using three different
Au precursors HAuCl

4
⋅3H
2
O, AuBr

3
, and AuI on the support

CeO
2
.
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Table 2: Textural properties of the gold catalysts and the support.

Gold catalysts Surface area (m2/g)a Phase structureb Particle size of goldc Crystal size (nm)b

CeO
2

ZrO
2

CeO
2

131.1 Fluorite cubic 22
AuHAuCl4 -Ce 132.0 Fluorite cubic ∼5 nm 23
AuAuBr3 -Ce 128.0 Fluorite cubic ∼14 nm 24
AuAuI-Ce 126.7 Fluorite cubic 17 nm 24
ZrO
2

80.0 Amorphous 70
AuHAuCl4 -Zr 80.3 Amorphous — 72
Ce-Zr 118.0 Fluorite cubic 24 24
AuHAuCl4 -Ce-Zr 120.1 Fluorite cubic — 20 26
aObtained by N2 adsorption;

bobtained by XRD; cobtained by STEM.
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Figure 2: Catalytic activity comparison of the AuHAuCl4 -Ce catalyst,
AuAuBr3 -Ce catalyst, and AuAuI-Ce catalyst prepared by using three
different gold precursors at GHSV 24000 h−1.

The Au-catalysts prepared from different Au precursor
have shown different catalytic activity.The AuHAuCl

4

-Ce cata-
lyst has the highest catalytic activity (nearly 100% conversion
at 450∘C) in comparison to the other two catalysts AuAuBr

3

-Ce
andAuI AuAuI-Ce.The lowest catalytic activity was registered
for AuAuBr

3

-Ce: 50% conversion of propane was achieved at
520∘C. Catalytic performance of the AuAuI-Ce was slightly
better than that of AuAuBr

3

-Ce: nearly 60% conversion of
propane was obtained at 520∘C.

Interestingly, the catalytic activity order of all the Au-
catalysts obtained from different Au precursor follows the
same trends as the solubility constant 𝐾sp of each Au
precursor. The solubility constants 𝐾sp values of the three
Au precursors are 7.9 × 10−5 for HAuCl

4
⋅3H
2
O > 1.6 × 10−23

for AuI > 4.0 × 10−36 for AuBr
3
[42]. The 𝐾sp value of AuI

is higher than that of AuBr
3
which exactly correlates with

the order of activities of the catalysts prepared from AuI and
AuBr
3
precursors.

Based on the catalytic activity and 𝐾sp data, the highest
catalytic activity of the AuHAuCl

4

-Ce catalyst could be the
result of the highest 𝐾sp value of HAuCl4 that could have led
to the betterAudispersion, an important aspect for the higher
catalytic activity of the Au-catalyst.

In order to further investigate the role of different Au
precursor to the Au-catalysts, detailed XRD, XPS, TPR, TEM,
and BET analyses were also performed. The obtained results
are summarized in the following sections.

3.2. Textural Property of the Au-Catalysts. It is widely
accepted that high surface area is very important in enhanc-
ing the catalytic activity of the Au-catalyst [43, 44]. As listed
in Table 2, among three different supports, CeO

2
has the

highest surface area and themost effective support to enhance
catalytic activity of Au-catalysts, whereas ZrO

2
has shown

least surface area and lowest catalytic activity among the
supports. Surface area of CeO

2
-ZrO
2
was found to be in

between CeO
2
and ZrO

2
, which is well corresponded to its

catalytic activity. In summary, the observed catalytic activity
of the supports is directly correlated with their surface area.

In few studies [45–47], it is reported that physical struc-
ture, crystal size, and crystalline form of the catalysts could
be one of the key reasons governing the catalytic activity of
Au-catalysts. As shown in Table 2, well-defined fluorite cubic
structure was observed for CeO

2
and CeO

2
-ZrO
2
and for

corresponding Au-catalysts. In addition, smaller crystal size
was observed for these catalysts (20∼25 nm). While for ZrO

2

and AuHAuCl
4

-Zr catalyst, part of the ZrO
2
is amorphous

and crystal size of the rest of the ZrO
2
was found to be

considerably large (above 70 nm). This result indicates that
textural properties of the supports have significant effect on
enhanced catalytic activity of the Au-catalysts.

From the XRD pattern (as shown in Figure 3), it was
observed that the XRD peak positions of Au-catalysts are
nearly similar to the peaks of corresponding supports. The
XRD peak for Au species, supposed to appear at around 38∘
and 44∘ [48], did not appear. This could be because of the
following two reasons:

(i) The Au particles were dispersed very well on the
surface of the supports and the particles size might be
very small [48–50].
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Table 3: The oxidation states of gold in in AuHAuCl4 -Ce catalyst,
AuAuBr3 -Ce catalyst, AuAuI-Ce catalyst, AuHAuCl4 -Zr catalyst, and
AuHAuCl4 -Ce-Zr catalyst obtained by deconvolution of Au 4f peaks.

Catalyst Gold oxidation state
AuHAuCl4 -Ce Au+1, Au+3

AuAuBr3 -Ce Au+3, Au−

AuAuI-Ce Au+1

AuHAuCl4 -Zr Au+1

AuHAuCl4 -Ce-Zr Au+1, Au+3

20 30 40 50 60 70 80

ZrO2

(111)
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(200)(111)
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te
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ity

Ce-Zr

CeO2
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-CeAuHAuCl4
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Figure 3: XRD pattern of the supports, AuHAuCl4 -Ce cata-
lyst, AuHAuCl4 -Zr catalyst, and AuHAuCl4 -Ce-Zr catalyst at GHSV
24000 h−1.

(ii) It could be because Au loading is beyond the XRD
lower sensitivity limit [49].

In summary, the presence of Au did not exhibit any influence
on the crystalline planes such as of (111), (200), (220), and (311)
that belong to CeO

2
or the crystal structure of the respective

support except a negligible change in surface area.

3.3. Influence of Oxidation State of Au. Many studies [34,
38, 39, 51] emphasized the relationship between oxidation
state of Au and catalytic activity of Au-catalysts. Mainly,
the importance of oxidized Au was discussed; however, the
nature of the oxidized Au was not well clarified except some
recent studies [40, 41] claiming thatAu+1 is themost activeAu
oxidation during the oxidation reaction. However, our results
indicated that both Au+1 andAu+3 types of the Au are playing
very important role for the high catalytic activity of the Au-
catalysts.

Figure 5 provides a comparison of the deconvoluted
Au 4f XPS spectra of all the prepared Au-catalysts. The
oxidation states of the Au for each of the prepared Au-
catalysts are summarized in Table 3. From the obtained data,
it can be seen that, for AuHAuCl

4

-Ce catalyst and AuHAuCl
4

-Ce-
Zr catalyst, both of Au+1 andAu+3 were present. Additionally,
both of these catalysts had higher catalytic activity among
the all studied Au-catalysts. In case of AuHAuCl

4

-Zr catalyst
and AuAuI-Ce catalyst, only Au

+1 was observed, and each of
these catalysts has lower catalytic activity compared to that

CeO2CeO2CeO2

Au+1 Au+3

HHH

H H

HHH

C C C

Figure 4: Summary of the proposed reaction mechanism for the
AuHAuCl4 -Ce catalyst.

of AuHAuCl
4

-Ce catalyst. For the AuAuBr
3

-Ce catalyst, which
depicted the least catalytic activity, both Au+3 and quite high
amount of negatively charged ionic AuAu−1 were observed.

Results indicate that presence of both Au+1 and Au+3
plays key role in the enhanced catalytic activity of the
AuHAuCl

4

-Ce catalyst as to that of Au+1alone. The results
also suggested that presence of Au−1 is not favorable for
the activity of Au-catalyst. Based on the obtained results
and current study, it is most probably that both Au+1 and
Au+3 attack the C-H and C-C bond of the model compound,
respectively, as the bond energy of C-H (413 KJ/mole) is
higher as to that of C-C (347KJ/mole). Thereon initiating a
disturbance in the electronic cloud vicinity of the C-H and
C-C bond ended with the formation of unstable radicals that
can easily be attacked by the free electron present on or near
the surface of reduced cerium oxide as shown in Figure 4.

3.4. TPR Studies. Solsona et al. [1] suggested that redox prop-
erty of the catalyst is an important factor that may influence
the catalytic activity of the catalysts for propane oxidation.
Obtained TPR results indicated a strong relationship between
reducibility and catalytic activity of theAu-catalysts.TheTPR
profiles of the catalysts are presented in Figure 6.

In case of CeO
2
, TPR peak was obtained at 517.3∘C. Based

on the literature, TPR profile of CeO
2
contains two major

peaks, one at lower temperature (around 500∘C), attributed
to the reduction of oxygen on the surface, and one at higher
temperature (around 800∘C), related to the removal of bulk
oxygen from the ceria structure [17, 52, 53]. Clearly, obtained
result is consistent with the results in the literature.

The TPR peak of ZrO
2
, attributed to the reduction of

oxygen on the surface [52], catalyst was obtained at 625.2∘C.
Idakiev et al. have also obtained the similar results [54].

The TPR peak of the support CeO
2
+ ZrO

2
was obtained

at 552.8∘C. This peak represents the reduction of oxygen on
the surface.

In short, the reducibility temperatures of the supports
were in the order of CeO

2
> CeO

2
+ ZrO

2
> ZrO

2
, exactly in

same order as to that of the catalytic activity of these supports.
The deposition of Au caused a strong effect on the

reducibility of catalysts. Not only oxygen species possibly
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Figure 5: Deconvoluted XPS spectra of the Au 4f in AuHAuCl4 -Ce catalyst, AuAuBr3 -Ce catalyst, AuAuI-Ce catalyst, AuHAuCl4 -Zr catalyst, and
AuHAuCl4 -Ce-Zr catalyst.
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Figure 6: TPR study of AuHAuCl4 -Ce catalyst, AuHAuCl4 -Zr catalyst,
and AuHAuCl4 -Ce-Zr catalyst, and corresponding supports.

adsorbed on Au nanoparticles were easily reducible, but also
oxygen on the surface of catalysts was reduced at lower
temperature than corresponding support. There were two
TPR peaks for the AuHAuCl

4

-Ce catalyst, the first peak is at

95∘C, which attributes to the reduction of oxygen species
near small Au nanoparticles, and the second peak is at 351∘C,
which attributes to reduction of oxygen on the surface [52].

There were also two TPR peaks for AuHAuCl
4

-Zr catalyst,
but they are registered at much higher temperature of 325∘C
and 515∘C.These peaksmight be attributed to the reduction of
oxygen species near small Au nanoparticles and reduction of
oxygen on the support surface, respectively. TPR profile for
AuHAuCl

4

-Ce-Zr catalyst was found to be similar to that for
AuHAuCl

4

-Ce catalyst. However, compared to the AuHAuCl
4

-
Ce-Zr catalyst, the temperature for the first TPR peak was
lower in case of Au-Ce catalyst. Additionally broader TPR
peak was obtained for AuHAuCl

4

-Ce catalyst than AuHAuCl
4

-
Ce-Zr catalyst.

The TPR result showed that redox property of the cata-
lysts is one of themost important factors to influence catalytic
activity of the catalysts for propane oxidation.

3.5. Influence of Particle Size of Au. Au particle size is
considered to be the most critical factor, which is defining
catalytic activity of gold in oxidation reactions [55–58]. It is
widely accepted that the optimum Au particle size could be
between 3 and 10 nm [29, 58–60].
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Figure 7: STEM images of AuHAuCl4 -Ce catalyst (a), AuAuBr3 -Ce catalyst (b), and AuAuI-Ce catalyst (c).

It is well known that the fraction of surface Au atoms
increases with the decrease in Au particle size and ultimately
leads to the increasedmobility of surfaceAu atoms. Addition-
ally, the overlap of electron orbitals is lesser, as the average
number of bonds between atoms becomes less. This leads to
the band structure weakening, due to which surface atoms,
in particular, start behaving as individuals rather than being
in association with other atoms. This ultimately results in a
greater fraction of the atoms in contact with the support [61].

Generally Au particle size depends on the nature of the
support, preparation method, pH, calcination temperature,
and precipitating agent [21–24, 36, 62–64]. Interestingly, they
are the same parameters affecting catalytic activity of the Au-
catalysts.

In order to study the effect of different precursor to Au
particle size, STEMmeasurement was carried out for the gold
catalysts prepared by using three different gold precursors
(as shown in Figure 7). The average Au particle size for
each catalyst obtained by STEM is summarized in Table 3.
The results showed that, in case of AuHAuCl

4

-Ce catalyst, Au

particles are uniformly dispersed on the support, with an
average Au particle size of around 5 nm. However, in case
of the other two catalysts AuAuBr-Ce and AuAuI-Ce, Au has
aggregated into large size of particles and average Au particle
sizes for these two catalysts were found to be almost three
times larger than that of AuHAuCl

4

-Ce catalyst. This could
explain why these two catalysts have shown less catalytic
activity as to that of AuHAuCl

4

-Ce catalyst.

4. Conclusions

Gold precursors strongly affect the size and dispersion of
nano-Au within the Au-catalysts. Because of high dispersion
and smaller size of Au particles, AuHAuCl

4

-Ce catalyst showed
the highest catalytic activity for propane oxidation. Based
on obtained results, the nature of both Au precursor and
support strongly influences catalytic activity of the Au-
catalysts for the complete propane oxidation. CeO

2
has

shown to be the best catalytic support. It showed the highest
catalytic activity in comparison to the other studied supports.
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The Au-catalyst obtained by using CeO
2
as support has

shown the highest catalytic activity. The HAuCl
4
⋅3H
2
O Au

precursor is the most suitable and effective precursor for
preparation of highly active Au-catalyst. The use of other
two Au precursors AuI and/or AuBr

3
leads to preparation of

the catalysts of low catalytic activity. Surface properties of
the catalysts exhibited that support having large surface area
and small crystallites size is favorable for the preparation of
highly catalytically active Au-catalyst. XPS study showed that
presence of both Au+3 and Au+1 oxidation states is playing
a key role for the enhanced catalytic activity of the Au-
catalyst for the complete propane oxidation. Deposition of
Au on the support significantly improves the redox ability of
the support that ultimately leads to the enhanced catalytic
activity. STEM result showed that nano-Au particle size is
mandatory for high catalytic activity of the catalyst, and
nature Au precursors strongly affect the size and dispersion
of Au nanoparticles.

Nature of both Au precursor and support and oxidation
state, surface properties, size, and dispersion of the Au
particle are key parameters for obtaining highly active Au-
catalysts.
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[32] M. Daté, Y. Ichihashi, T. Yamashita, A. Chiorino, F. Boccuzzi,
and M. Haruta, “Performance of Au/TiO

2
catalyst under ambi-

ent conditions,”Catalysis Today, vol. 72, no. 1-2, pp. 89–94, 2002.
[33] V. I. Sobolev and L. V. Pirutko, “Room temperature reduction of

N
2
O by CO over Au/TiO

2
,” Catalysis Communications, vol. 18,

pp. 147–150, 2012.
[34] V. R. Choudhary, D. K. Dumbre, N. S. Patil, B. S. Uphade, and S.

K. Bhargava, “Epoxidation of styrene by t-butyl hydroperoxide
over gold nanoparticles supported on Yb

2
O
3
: effect of gold

deposition method, gold loading, and calcination temperature
of the catalyst on its surface properties and catalytic perfor-
mance,” Journal of Catalysis, vol. 300, pp. 217–224, 2013.

[35] M. Olea, M. Tada, and Y. Iwasawa, “TAP study on carbon
monoxide oxidation over supported gold catalysts Au/Ti(OH)∗

4

and Au/Fe(OH)∗
3
: moisture effect,” Journal of Catalysis, vol. 248,

no. 1, pp. 60–67, 2007.
[36] H. S. Oh, J. Yang, C. Costello et al., “Selective catalytic oxidation

of CO: effect of chloride on supported Au catalysts,” Journal of
Catalysis, vol. 210, no. 2, pp. 375–386, 2002.

[37] S. A. Kondrat, G. Shaw, S. J. Freakley et al., “Physical mixing
of metal acetates: a simple, scalable method to produce active
chloride free bimetallic catalysts,” Chemical Science, vol. 3, no.
10, pp. 2965–2971, 2012.

[38] K. M. Parida, N. Sahu, P. Mohapatra, and M. S. Scurrell, “Low
temperature COoxidation over gold supportedmesoporous Fe-
TiO
2
,” Journal of Molecular Catalysis A: Chemical, vol. 319, no.

1-2, pp. 92–97, 2010.
[39] H. Wang, H. Zhu, Z. Qin, F. Liang, G. Wang, and J. Wang,

“Deactivation of a Au/CeO
2
–Co
3
O
4
catalyst during CO pref-

erential oxidation in H
2
-rich stream,” Journal of Catalysis, vol.

264, no. 2, pp. 154–162, 2009.
[40] E. Smolentseva, A. Simakov, S. Beloshapkin et al., “Gold

catalysts supported on nanostructured Ce-Al-O mixed oxides
prepared by organic sol-gel,” Applied Catalysis B: Environmen-
tal, vol. 115-116, pp. 117–128, 2012.

[41] M. Sanchez-Dominguez, L. F. Liotta, G. Di Carlo et al., “Syn-
thesis of CeO

2
, ZrO

2
, Ce
0.5
Zr
0.5
O
2
, and TiO

2
nanoparticles by

a novel oil-in-water microemulsion reaction method and their
use as catalyst support for CO oxidation,” Catalysis Today, vol.
158, no. 1-2, pp. 35–43, 2010.

[42] J. Moore, C. Stanitski, and P. Jurs, Principles of Chemistry: The
Molecular Science, Cengage Learning, Boston,Mass, USA, 2009.

[43] A. C. Gluhoi, N. Bogdanchikova, and B. E. Nieuwenhuys, “The
effect of different types of additives on the catalytic activity of
Au/Al

2
O
3
in propene total oxidation: transition metal oxides

and ceria,” Journal of Catalysis, vol. 229, no. 1, pp. 154–162, 2005.
[44] B. Solsona, T. Garcia, E. Aylón et al., “Promoting the activity

and selectivity of high surface area Ni–Ce–O mixed oxides
by gold deposition for VOC catalytic combustion,” Chemical
Engineering Journal, vol. 175, no. 1, pp. 271–278, 2011.

[45] S. Carrettin, P. Concepción, A. Corma, J. M. López Nieto, and
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Nanostructured carbon was successfully produced by methane cracking in a relatively low-energy cold plasma reactor designed
in-house. A followed thermal treatment was carried out to further enhance its porosity. The modified plasma carbon was
then employed for CO2 adsorption at 25∘C. The as-synthesized plasma carbon and the modified carbon were characterized by
BET surface area/pore size analyzer, Raman spectra, and transmission electron microscopy (TEM). The results show thermal
modification pronouncedly improves BET surface area and porosity of PC due to opening up of accessible micro-/mesopores
in the graphitic structure and by the removal of amorphous carbons around the graphite surface. The modified PC displays a
higher adsorption capacity at 25∘C than that of the commercial activated carbon reported. The low hydrogen storage capacity of
the modified PC indicates that it can be considered for CO2 removal in syngas.

1. Introduction

Climate change resulting from the emission of greenhouse
gases, especially CO

2
, has become widespread concern in

recent years. The International Panel on Climate Change
(IPCC) estimated the CO

2
levels would range from 10Gt to

∼250Gt of CO
2
by 2100 [1]. CO

2
capture and storagemethods

based on the low cost and energy-efficient requirements are
crucial for achieving a substantial reduction of CO

2
, thereby

stalling global warming. Consequently, much effort has been
made over the last decade to develop various chemical
and physical methods for CO

2
capture and separation [2–

4]. Among these approaches, porous or nanosized solid
adsorbents have been widely investigated as a medium for
CO
2
capture and separation, as researchers attempt to exploit

their large accessible surface areas and large pore volumes.
Various amines compounds [5–7], metal oxides [8, 9], amine
containing polymers [10], zeolites [11], and porous carbons
[12, 13] are identified as efficientCO

2
capture sorbents. Porous

carbon materials have been actively considered as CO
2
sor-

bent, due to their highly developed porosity, extended surface
area, surface chemistry, and thermal stability [14]. Com-
mercially porous carbon structures are generated in carbon
precursors through physical or chemical modification. In

industrial practice, thermal modification is most frequently
carried out by burning off some of the raw carbon to create
micropores [15, 16]. The thermal modification usually takes
place at temperature between 700 and 1000∘C in steam or
CO
2
. Donnet et al. have summarized the physical methods

of activation that involves primary carbonization (below
700∘C) followed by controlled gasification under the action of
oxidizing gases at high temperature, up to 1100∘C [17]. Hence,
the desirable activated carbon with respect to surface area
can be produced through controlling activation conditions,
for example, activation temperature and time. Sekirifa et
al. conducted an investigation of pyrolysis and thermal
activation between 700 and 900∘C [18]. The BET surface area
of the resulting product is increasing from 502 to 604m2/g
with increasing temperature of treatment.

Previous studies have been carried out on the use of
activated carbons [19], carbon fibers, carbon nanotubes,
metal-carbon composites, and nitrogen-doped carbons as
adsorbents for CO

2
capture [12, 13, 20–22]. Carbon based

materials display a comparatively high adsorption capacity
for CO

2
capture over a wide range of operating conditions.

However, their performance in CO
2
capture is determined

by both their textural and surface properties. Wickramaratne
and Jaroniec [19] studied CO

2
adsorption on microporous
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carbon in relation to the pore size and proved micropores
smaller than 1 nm are responsible for high CO

2
adsorption

at 1 bar.
In our previous study, we successfully produced nano-

sized carbons with a mixture of microstructures by a self-
designed microwave plasma reactor via methane cracking,
which was referred to as plasma carbon (PC) [23]. The PC
consists of structures of spherical particles and graphene
sheets. The goal of this study is to improve the porosity of PC
by the thermal modification process and investigate the CO

2

storage capacity of the modified PC.

2. Experimental Methods

The experimental setup was discussed in a previous paper
[23]. A microwave plasma torch system was designed and
assembled using a magnetron with a maximum power of
6 kW produced by the power supply. The microwave radia-
tion passed through a three-stub tuner and was then fed into
a waveguide, which was connected to a cavity. A quartz tube
with a diameter of 3.4 cm connected with a sample collector
at the end was inserted into the nozzle and intersected with
the waveguide. Under the operating conditions used in this
paper, a gas mixture of 12 L/min of N

2
and 0.75 L/min of CH

4

was fed into the discharge zone by the nozzle. The applied
microwave power was set up at 2000W. N

2
also acted as

a carrier gas and was known as buffer gas when cracking
methane in the microwave plasma reactor. Carbon products
were collected in the sample collector at the end of quartz
tube.

The literature indicates that the thermal treatment of
carbon at a higher temperature in the range between 700
and 1000∘C in steam or CO

2
leads to more efficient removal

of amorphous/loose carbon and hence a larger surface area
[24]. Therefore, a relatively high temperature for the thermal
modificationwas selected in order to compare with literature.
Here, a 50mgplasma carbonwas loaded in a thermal furnace,
heated up to 950∘C, under flowing N

2
gas at 80mL/min, and

then CO
2
gas was introduced to the furnace at a flow rate of

80mL/min for 120min. After the treatment, the samples were
cooled to room temperature under N

2
gas flow and then kept

in the glove box for further characterization.
The produced carbon powder particles were dispersed

in acetone and cleaned with an ultrasonicator to remove
possible organic impurities from the carbon particles, which
were subsequently filtered, and then dried in a vacuum oven
at 160∘C for 2 h. The microstructure of the modified carbon
samples was characterized by a transmission electron micro-
scope (TEM), JEOL JEM 2000-EX, and a high-resolution
transmission electron microscope (HRTEM), TECNAI, FEI
Company. BET surface area and porosity of each sample were
determined from argon adsorption at 77K using a surface
area/pore size analyzer, Quantachrome AUTOSORB-1. The
modified carbon samples were degassed for 8 h at 573K to
remove any moisture or adsorbed contaminants that may be
present in thematerials.The BET surface areas of the samples
were determined using the BET equation imbedded in the
manufacturer-supplied software. The pore size distribution
was evaluated by the density functional theory (DFT)method

Table 1: Physical properties of plasma carbons.

Sample 𝑆BET (m
2/g) 𝑉

𝑝

(cm3/g)a Pore size (nm)b

As-synthesized PC 114 0.2055 7.2
Modified PC 459 0.5496 4.8
a
𝑉
𝑝
is the total pore volume, derived from the amount of vapor adsorbed at

𝑃/𝑃
0
= 0.96.

bAverage pore width, calculated by 4𝑉
𝑝
/𝑆BET.
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Figure 1: Argon isotherms of as-synthesized PC and modified PC
at 77K.

[25, 26].The total pore volume𝑉was estimated by converting
the amount of argon gas adsorbed (expressed in cm3/g STP)
to the corresponding liquid volume of the adsorbate at a
relative pressure of 0.99. The properties of carbon structures
were also analyzed by a Renishaw inVia Raman spectroscopy
using a 514.5 nm Ar Laser.

3. Results and Discussion

BET surface area and porosity of the synthesized plasma
carbon and the modified plasma carbon were determined
from the argon isotherm (Figure 1). The values of BET
surface area, pore volumes, and pore size are summarized
in Table 1. The argon isotherm of the as-synthesized PC
exhibits types III and V characteristics according to the
IUPAC classification of adsorption isotherms, which are
characteristic week affinities of adsorbents to adsorbates [27],
as a result of the coexistence ofmesoporous andmacroporous
surfaces [28]; in the current case, the macropores are mainly
due to the packing of the carbon powder particles [23].
From the isotherm curve of the modified plasma carbon,
the presence of a steep increase at very low relative pressure
𝑃/𝑃

0
reflects the generation of micropores after thermal

treatment. The hysteresis loop can be observed at a high
relative pressure from 0.3 to 1.0, which can be related to
capillary condensation on mesopores. According to IUPAC
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Figure 2: Pore size distributions of as-synthesized PC and modified PC, using the DFT model.

In
te

ns
ity

 (a
.u

.)

I(D)/I(G) = 0.49

Raman shift (cm−1
)

4.0

2.0

0.0

×10
2

260 520 780 1040 1300 1560 1820

(a) As-synthesized PC

In
te

ns
ity

 (a
.u

.)

I(D)/I(G) = 0.40

Raman shift (cm−1
)

4.0

2.0

0.0

×10
2

260 520 780 1040 1300 1560 1820

(b) Modified PC

Figure 3: Raman spectrum of as-synthesised PC (left) and modified PC (right).

classifications, isotherms of the modified plasma carbon can
be labeled as type II or type IV, which corresponds to a
mesoporous material. Moreover, the argon uptake of the
modified plasma carbon rapidly increases with the relative
pressure, which also indicates that the mesoporous structure
is developed with the thermal treatment process, due to the
breakup of some of ultramicropores (<1 nm) and the opening
up of accessible mesopores.

Figure 2 presents the pore size distributions for the as-
synthesized PC and modified PC by the DFT method. It can
be seen that the porosity has been strongly developed through
the thermal modification. For example, the as-synthesized
PC shows two peaks at 0.26 and 0.8 nm, respectively. After
thermal modification, more micropores are generated at
0.3 nm and 0.8 nm, and also some micropores are broken
and developed to mesopores at 1.5 nm. The modification is
beneficial to the generation and development of the blocked
micro- and mesopores in the as-synthesized PC.

Raman spectroscopy was also performed to examine the
structural properties of the as-synthesized and modified PC

samples, shown in Figures 3(a) and 3(b). In Figures 3(a)
and 3(b), two peaks at ∼1350 and 1580 cm−1 are known as
the 𝐷-band for “disordered” carbon and the 𝐺-band for
graphite [29, 30], respectively. It has been demonstrated that
the integral intensity ratio 𝐼(𝐷)/𝐼(𝐺) and the full width
at half maximum (FWHM) of these bands have a strong
correlation to the microstructure of carbonaceous materials
[31, 32]. Table 2 shows the 𝐼(𝐷)/𝐼(𝐺) and the FWHM of
the 𝐷-band, which were evaluated using the curve fitting of
the Raman spectra. A lower ratio of (𝐼(𝐷)/𝐼(𝐺)) indicates a
higher degree of crystallinity in the modified PC compared
to the as-synthesized PC, which might be due to the reaction
of disordered carbon with CO

2
at a high temperature [33].

To support the Raman spectroscopy results, TEM obser-
vation was conducted as shown in Figure 4. A large amount
of amorphous carbon particles can be detected in the
as-synthesized PC, shown in Figure 4(a). Figure 4(c) indi-
cates the high-resolution image of the amorphous structure
in the selected area in Figure 4(a). After thermal modifi-
cation, the graphite sheets and graphite particles are more
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Figure 4: (a) TEM image of as-synthesized PC; (b) TEM image of modified PC; (c) HRTEM image of an amorphous carbon particle,
magnified from the selected area in Figure 4(a), and (d)HRTEM image of the graphitic sheets,magnified from the selected area in Figure 4(b).

Table 2: 𝐼(𝐷)/𝐼(𝐺) and FWHM of the D-band, evaluated from the
Raman spectra.

𝐼(𝐷)/𝐼(𝐺) FWHM (𝐷) (cm−1)
As-synthesized PC 0.49 54
Modified PC 0.40 47

pronounced, which can be seen fromFigure 4(b). Figure 4(d)
shows a high magnification image of graphitic particles from
the selected area in Figure 4(b), which clearly reveals the
ordered graphitic sheets. The amorphous structure is more
difficult to detect from the TEM image of the modified
PC because of the burn-off of amorphous carbon at high
temperature.

Figure 5 presents CO
2
sorption isotherm of the modified

PC at 25∘C.The isotherms are plotted in respect of total pres-
sure with the highest pressure being 1500 kPa. The amount
of CO

2
adsorbed increases as the total pressure goes up. It

can be observed that themodified PC displays the adsorption
capacities of 1.1mmol/g (5 wt.%) at 1000 kPa and 13.7mmol/g
(60wt.%) at 1500 kPa. de Andrés et al. [34] reported the CO

2

adsorption capacity of the commercial activated carbon with
BET surface area of 1020m2/g was 3wt.%. CO

2
adsorption
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Figure 5: CO
2

isotherm of the modified PC at 25∘C; the solid
symbols are adsorption and the hollow symbols are desorption
processes.
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Figure 6: H
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isotherm of the modified PC at 25∘C.

capacity ofmodified PC is higher than that of the commercial
activated carbon reported in other works, although the latter
has a higher surface area. The possible reason is that the
modifiedPC consists ofmicropores (<0.7 nm) that aremainly
responsible for high CO

2
uptake at lower pressure [35–38].

In addition, due to very low H
2
uptake of the modified PC

(Figure 6) at 25∘C, the modified PC can be considered for
CO
2
removal in syngas.

4. Summary

Nanostructured carbon materials were synthesized by the
plasma reactor viamethane cracking and furthermodified by
the thermal treatment process. BET isotherm and pore size
distribution indicate that the increases in BET surface area
and pore volume are due to the generation of micropores,
the breakup of some level of micropores to mesopores,
and the opening up of accessible porosities in the graphitic
carbon regions as the amorphous carbon was removed from
the surface. From the Raman and TEM results, it can be
concluded that a high degree of crystallinity was obtained and
the amorphous carbon was burnt off during the thermal pro-
cess. CO

2
adsorption experiment showed a large adsorption

capacity of 13.5mmol/g for the modified plasma carbon. The
study suggests that the modified plasma carbon with large
surface area can be commercially used for CO

2
capture and

other applications such as CO
2
removal in syngas, wastewater

filer, or gas separation. However, further research is needed
on the improvement of its porosity and adsorption capacity
through a better control of the plasma methane cracking and
modification processes.
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“Ramanmicrospectroscopic analysis of changes in the chemical
structure and reactivity of soot in a diesel exhaust aftertreatment
model system,” Environmental Science and Technology, vol. 41,
no. 10, pp. 3702–3707, 2007.

[33] A. Baçaoui, A. Yaacoubi, A. Dahbi et al., “Optimization of
conditions for the preparation of activated carbons from olive-
waste cakes,” Carbon, vol. 39, no. 3, pp. 425–432, 2001.

[34] J. M. de Andrés, L. Orjales, A. Narros, M. D. M. de la Fuente,
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Highly dispersed crystalline Ru nanoparticles (NPs) were successfully immobilized inside the pores ofMIL-101 by a double solvents
method (DSM). HRTEM clearly demonstrated the uniform distribution of the ultrafine Ru NPs throughout the interior cavities of
MIL-101. The synthesized Ru@MIL-101 catalyst was also characterized by X-ray diffraction (XRD), N

2
adsorption desorption, and

ICP-AES.The catalytic test indicated that the Ru NPs supported MIL-101 material exhibited exceedingly high activity and excellent
durability for hydrogen generation from the catalytic hydrolysis of amine boranes.

1. Introduction

Renewable and clean energy is believed as a long-term
solution to replace the current prevalent petroleum energy.
Recently, hydrogen receives much attention as a next-
generation energy carrier [1–3]. Amine boranes (NH

3
-BH
3
,

AB) appears to be a suitable hydrogen source, because of its
rich hydrogen content, high stability, and nontoxicity [4–7].
The hydrogen stored in AB can be released through the
hydrolysis of AB in the presence of a suitable catalyst accord-
ing to the reaction (1). So far, various catalysts have been
developed for the catalytic hydrolysis of AB to generate
hydrogen, such as Pt-based catalyst [8] and Ru-based catalyst
[9]. Ru-based catalyst showed significant advantages in
hydrogen generation fromAB.However, the balance between
costs, efficiency, and recyclability still remains a considerable
challenge:

NH
3
-BH
3
(aq) + 2H

2
O (I)

catalyst
→ NH

4
BO
2
(aq) + 3H

2
(g)

(1)

Porous metal-organic frameworks (MOFs) have emerged as
a class of promising functional porousmaterials, especially in

the applications of gas storage catalysis, separation, sensing,
and drug delivery [10–13]. Taking advantages of their high
specific surface area and tunable pore size, efficient solid
catalysts can be achieved by loading MNPs inside the porous
MOFs. It is reported that two approaches are used for the
synthesis of MNPs inside MOFs. The first and most widely
used approach is to use MOFs as stabilizing host material,
which provides a confined space for nucleation, such as
chemical vapor deposition [14], solution infiltration [15–
17], and solid grinding [18]. However, it seems difficult to
completely avoid the precursor compounds and product
aggregation on the external surface of MOFs. Therefore, a
double solvents method (DSM) has been reported to incor-
porate fine metal nanoparticles within the pores of MOFs
in the absence of NPs aggregation on the external surface of
framework. Until now, few cases concerning double solvents
method were investigated in the synthesis of MOFs-based
catalysts for catalytic hydrolysis of ammonia borane [19, 20].

In this work, the highly dispersed Ru NPs were success-
fully encapsulated in the pores of MIL-101 without aggrega-
tion on the external surfaces of the host framework by DSM
(Figure 1). MIL-101, a chromium-based MOF, was chosen as
a host matrix because of its high stability in water, extra-
large surface area, and two kinds of hydrophilic cavities
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Figure 1: Schematic representation of immobilization of the Ru
nanoparticles by the MIL-101 matrix using the DSM.

with free diameters of ca. 2.9 and 3.4 nm accessible through
two pore windows of ca. 1.2 and 1.6 nm in diameter. The
metal precursor, RuCl

3
, can easily diffuse into the internal

cavities. Therefore, a hydrophilic solvent (water) containing
the metal precursor with a volume set equal to or less than
the pore volume of the adsorbent and a hydrophobic solvent
(hexane), which was unable to drive through pore windows,
were used for preparing Ru NPs encapsulated by MIL-
101. The catalytic activity for hydrolytic dehydrogenation of
AB of Ru@MIL-101 was investigated. Compared with other
reported Ru-based catalysts by liquid impregnation method
[21] and heterogeneous Ru(III) catalysts [22], the Ru@MIL-
101 exhibits remarkably enhanced catalytic activity.

2. Experimental

2.1. Chemicals andMaterials. All chemicals were commercial
and used without further purification. Sodium borohydride
(NaBH

4
,>96%, SinopharmChemical ReagentCo., Ltd.), ruo-

dium chloride hydrate (RuCl
3
⋅3H
2
O, 38.0–42.0%, Aladdin

Industrial Inc.), terephthalic acid (HOOCC
6
H
4
COOH,

99%, Aladdin Industrial Inc.), chromic nitrate nonahydrate
(Cr(NO

3
)
3
⋅9H
2
O, 99%, Aladdin Industrial Inc.), hydrochlo-

ric acid (HCl, 37%, Sinopharm Chemical Reagent Co., Ltd.),
hydrofluoric acid solution (HF, 40%, Sinopharm Chemical
Reagent Co., Ltd.), anhydrous n-hexane (Dikma Technolo-
gies Inc.), sodium hydroxide (NaOH > 96%, Sinopharm
Chemical Reagent Co., Ltd.), and ethanol (C

2
H
5
OH, 99%,

Sinopharm Chemical Reagent Co., Ltd.,) were used as
received.

2.2. Synthesis of MIL-101. MIL-101 were synthesized accord-
ing to the reported procedure [23]. Terephthalic acid (0.823 g,
5.0mmol), Cr(NO

3
)
3
⋅9H
2
O (2.007mg, 5.0mmol), HF solu-

tion (1mL, 5.0mmol), and deionized water (24mL) were
reacted in a 100mL Teflon-liner autoclave at 220∘C for 8 h.
After cooling, the resulting green solution of MIL-101 can be
isolated from the residual needle-shaped terephthalic acid by
using a large pore fritted glass filter (100𝜇m).The free tereph-
thalic acidwas eliminated using a small pore fritted glass filter
(30 𝜇m). The powder was further purified by solvothermal
treatment in ethanol at 80∘C for 24 h. To eliminate the
terephthalic acid inside the pores of MIL-101, the resulting
green solid was soaked in NH

4
F (1M) solution at 70∘C for

24 h and immediately filtered, washed with hot water several
times, and finally dried overnight at 150∘C under vacuum.

2.3. Synthesis of Ru@MIL-101. Supported Ru nanoparticles
were prepared via a double solvents method. Typically,
100mg of activated MIL-101 was suspended in 20mL of
dry n-hexane as hydrophobic solvent and the mixture was
sonicated for 15min until it became homogeneous. After
stirring for 2 h, 0.2mLof aqueousHCl solution (1mol/L)with
different RuCl

3
concentrations as the hydrophilic solvent

was added dropwise under continuous vigorous stirring
during 15 minutes. The resulting solution was continuously
stirred for 2 h. After filtration, the green powder was dried
under vacuum at 50∘C. Ru@MIL-101 catalysts were obtained
by reduction with 3.5mL freshly prepared aqueous NaBH

4

solution (0.6M) and subsequent centrifugation.

2.4. Catalytic Activity Investigations. In a typical experiment,
Ru@MIL-101 powders (50mg) were dispersed in 4mL of
water kept in a 30mL of two-necked round-bottom flask
under vigorous stirring. One neck was connected to a gas
burette filled with water to monitor the volume of the gas
evolution while the other neck was used for the introduction
of 3mL of aqueous AB (46.2mg, 1mmol). A shaking table
was used to control the hydrolysis reaction of sodium boro-
hydride under vigorous shaking (220 rpm) at 25∘C.

2.5. Characterization. X-ray diffraction (XRD) measure-
ments were performed on Rigaku D-max-𝛾A XRD with Cu
K𝛼 radiation, 𝜆 = 1.54178 Å. High resolution transmission
electron microscopy (HRTEM, JEM-2010) was applied for
determining the detailed microstructure and composition
information.The surface areameasurements were performed
with N

2
adsorption/desorption isotherms at liquid nitrogen

temperature (77 K) after dehydration under vacuum at 150∘C
for 12 h using automatic volumetric adsorption equipment
(Micromeritics ASAP2010). The pore volume was calculated
by a single point method at 𝑃/𝑃

0
= 0.99. The composition

of the catalysts was analyzed by ICP-AES (Thermo Fisher
Scientific, USA).

3. Results and Discussion

3.1. Characterizations of the Ru@MIL-101 Catalysts. Figure 2
displays the PXRD patterns of MIL-101 and Ru@MIL-101,
respectively. The MIL-101 framework is maintained well
during the catalyst preparation. Furthermore, no signif-
icant diffraction peaks of Ru were detected from wide-
angle powder X-ray diffractions, which might be due to the
immobilization of Ru NPs into the pores of MIL-101.

The N
2
adsorption-desorption isotherms of MIL-101,

2.5 wt% Ru@MIL-101, and 3.7 wt% Ru@MIL-101 are shown
in Figure 3. The specific areas of MIL-101, 2.5 wt% Ru@MIL-
101, and 3.7 wt% Ru@MIL-101 are 2976m2/g, 1823m2/g, and
1691m2/g, respectively. The pore volume of MIL-101, 2.5 wt%
Ru@MIL-101, and 3.7 wt% Ru@MIL-101 is 1.832 cm3g−1,
1.373 cm3g−1, and 1.128 cm3g−1 (Figure 4), respectively. The
decrease in the amount of specific areas and the pore volume
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Figure 2: Powder X-ray diffraction patterns of samples (a)
Ru@MIL-101 and (b) MIL-101.
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Figure 3: Nitrogen sorption isotherms of (a) MIL-101; (b) 2.5 wt%
Ru@MIL-101; (c) 3.7 wt% Ru@MIL-101 at 77 K. Filled and open
symbols represent adsorption anddesorption branches, respectively.

indicates that the pores of MIL-101 were occupied by the well
dispersed Ru NPs.

Figure 5 shows the HRTEM images of 2.5 wt% Ru@MIL-
101 catalyst. HRTEM images (Figures 5(a) and 5(b)) indicate
that the Ru NPs are well dispersed and encapsulated in
the cages of the MIL-101. The mean diameter of Ru NPs
in Ru@MIL-101 is 2 ± 0.2 nm (Figure 5(c)), which is small
enough for them to be accommodated in the twomesoporous
cavities of MIL-101 (2.9 and 3.4 nm). In addition, HRTEM
analysis shows that the Ru NPs are crystalline with a spacing
distance of 2.16 Å (Figure 5(d)) corresponding to Ru (002)
plane. These results indicate that the ultra small Ru NPs have
been effectively immobilized and well dispersed in the pores
of MIL-101.
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Figure 4: The pore diameter distribution of MIL-101, 2.5 wt% and
3.7 wt% Ru@MIL-101.

3.2. Catalytic Activity. Figure 6 shows the H
2

genera-
tion from aqueous AB under ambient conditions in the
presence of Ru@MIL-101. It is found that the 2.5 wt%
and 3.7 wt% Ru@MIL-101 exhibit similar high activity.
2.5 wt% Ru@MIL-101 catalyst has a high TOF value of
187 (molH

2
mol−1 Rumin−1). 3.7 wt% Ru@MIL-101 shows

no significant increase in TOF value, indicating that the
excess Ru NPs might block the pores and channels of
MIL-101. These results are in good agreement with the
N
2
adsorption-desorption isotherms. This value of TOF is

higher than that of Cao et al. [21] using 2.5 wt% Ru/MIL-101
(178molH

2
mol−1 Rumin−1) by solution infiltration method

and similar to that ofMetin et al. [24] using PSSA-co-MA sta-
bilized Ru nanoclusters (187.6molH

2
mol−1 Rumin−1). The

same amount of Ru NPs as the control experiment was
reduced by NaBH

4
without MIL-101. The release of H

2
was

slower for Ru NPs without MIL-101. Moreover, MIL-101
without Ru loading showed no reactivity toward hydrolysis of
AB.These results confirm that the Ru@MIL-101 catalysts have
cooperative effect on hydrolysis of AB and excess loading
amount of Ru NPs cannot improve the efficiency of the
hydrolysis of AB.

The durability of the catalyst is crucial in the practical
application. The durability of the 2.5 wt% Ru@MIL-101 cata-
lyst for hydrolysis of AB was tested by adding another equiv-
alent of aqueous AB. As shown in Figure 7, even after the 5th
run, the catalyst still maintained the original catalytic activity,
indicating the Ru NPs have been effectively immobilized in
the framework of MIL-101, which can stabilize Ru NPs for
good durability.

4. Conclusion

In summary, we have successfully prepared a Ru@MIL-
101 catalyst by immobilizing ultrafine Ru NPs into the
frameworks of MIL-101 using a double solvents method.
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Figure 5: HRTEM images of 2.5 wt% Ru@MIL-101 catalysts with different magnifications.
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The synthesized catalyst exhibited highly catalytic activity
and excellent durability for catalytic hydrolysis of AB at
ambient conditions. The double solvents approach for the
incorporation of RuMNPs within pores can avoid deposition
of the Ru MNPs on the external surface of MIL-101. The
combination of high activity and selectivity as well as good
durability makes Ru@MIL-101 a potential catalyst for hydrol-
ysis of AB for hydrogen generation. Furthermore, this double
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Figure 7: Durability test of 2.5 wt% Ru@MIL-101 for decomposition
of AB.

solvents method can be extended to other MOFs supported
metal nanoparticles for more applications.
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Overview of advances in the technology of solid state hydrogen storage methods applying different kinds of novel materials is
provided. Metallic and intermetallic hydrides, complex chemical hydride, nanostructured carbon materials, metal-doped carbon
nanotubes, metal-organic frameworks (MOFs), metal-dopedmetal organic frameworks, covalent organic frameworks (COFs), and
clathrates solid state hydrogen storage techniques are discussed. The studies on their hydrogen storage properties are in progress
towards positive direction. Nevertheless, it is believed that these novel materials will offer far-reaching solutions to the onboard
hydrogen storage problems in near future. The review begins with the deficiencies of current energy economy and discusses the
various aspects of implementation of hydrogen energy based economy.

1. Introduction

Currently mankind depends completely on nonrenewable
resources such as natural gas, coal, and petroleum to fulfill
energy needs. This exquisite dependence on nonrenew-
able energy sources has twofold consequences: the con-
tinuous depletion of energy sources at an alarming rate
and the adverse health and environmental impacts [1, 2].
These repercussions have compelled scientists, technologists,
economists, and policy-makers to search for alternate, sus-
tainable, and less-polluting energy sources [3–5]. Hydrogen
is considered as a clean and sustainable energy carrier, which
ultimately can replace nonrenewable fossil fuels and there-
fore can resolve the availability, environmental, and health
concerns of the latter [6, 7]. However, the implementation
of an energy economy based on this sustainable and clean
fuel is not straight forward but suffers severe hurdles in the
production, storage, delivery, and utilization of hydrogen
[8–10]. Amongst the various problems that exist in the
successful materialization of hydrogen fuel based economy,
the formulation of a safe, economical, and efficient hydrogen
storage method poses the most confronting challenge [11–
13]. This is particularly true, if the utilization of hydrogen

fuel in the transportation sector is considered [6, 14]. The
transportation sector presently relies exclusively on refined
petroleum products that are increasingly unaffordable [6].
This dependence can be eliminated by employing hydrogen
as the transportation fuel, which requires high-density hydro-
gen storage medium [6, 15]. Therefore, there is considerable
enthusiasm in devising novel hydrogenmedia that can be uti-
lized in the transportation sector. Carbon nanotubes (CNTs),
metal-doped carbon nanotubes (M/CNT), metal-organic
frameworks (MOFs), metal-doped metal-organic frame-
works (M/MOFs), covalent-organic frameworks (COFs),
zeolites, and clathrates are novel nanoporousmaterials which
can store large quantities of hydrogen [16–23]. Likewise,
complex chemical and metallic hydrides represent com-
pounds in which large quantities of hydrogen are stored via
chemical bonding [16, 22].Though studies on their hydrogen
storage and release properties of these materials are in the
rudimentary stages, they are envisaged to offer long-term
onboard hydrogen storage solutions.

The central focus of this review is the recent advances
in the solid state hydrogen storage techniques using afore-
mentioned materials. The review is organized as follows:
in the introductory section, we present the challenges and
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Figure 1: The global variation in the production and consumption
of fossil fuels. All fuels are converted into the units of million tons
of oil equivalent (Mtoe). The production and consumption between
2003 and 2040 are predicted based on past data [9].

problems of the present fossil-fuel based energy economy.
The fundamental reasons for adopting a hydrogen fuel
based economy are presented subsequently. In the second
section, the characteristics and benefits of hydrogen energy
economy are detailed. Further, various elements of hydrogen
energy infrastructure and requirements of these elements
are dealt in this section. The final section of the review
presents the problems specific to onboard hydrogen storage.
This is followed by the quantitative explanations of the
design targets for a successful hydrogen storage medium.The
hydrogen storage behavior of nanostructured carbon nan-
otubes (CNTs), metal-doped carbon nanotubes (M/CNT),
metal-organic frameworks (MOFs), metal-doped metal-
organic frameworks (M/MOFs), covalent-organic frame-
works (COFs), zeolites, complex chemical and metallic
hydrides, and clathrates is presented subsequently.

Challenges and Problems in the Present Energy Economy.
The present energy economy is based on fossil fuels which
comprise mainly three components: petroleum, natural gas,
and coal [24]. These nonrenewable forms of energy cannot
indefinitely serve as the principal energy sources owing to
their continuous depletion and the tremendous rise in their
demand. The disproportionate rate of the global production
and consumption of fossil fuels is shown in Figure 1 [9, 24].
In Figure 1, the projected trend between the years 2003 and
2040 is expected to cover the world energy needs only if
the population remains constant [9, 25, 26]. The massive
increase in the energy demand towards the middle of this
century is closely associated with the predicted drastic world
population growth, technological advances, and increased
living standards [9]. Further, on a global scale, the fuel supply
demand will be increasingly higher when highly populated
countries expand their economies and become more energy
intensive.

According to various energy specialists, the fossil-fuel
reserves that are presently available can support a maximum
of 40 years for petroleum, 60 years for natural gas, and 156
years for coal [9, 24]. It can be noted that less polluting
fossil fuels, such as natural gas and petroleum, are in higher
demand and have low reserves while fuels, such as coal, are
available for longer duration but pose severe environmental
threats [24, 27]. Due to the disparity in the utilization pattern
and future availability of these fuels, it is expected that they
are likely to become unaffordable and unavailable in the
near future. This predicted scarcity of fossil-fuel reserves
together with the foreseen increase in energy consumption
threatens the energy and economic security problems world-
wide. Thus, attaining a greater energy security by reducing
the dependence on depleting nonrenewable energy sources
serves as the primary motivation for the implementation of a
sustainable energy economy.

The second confronting problem associated with the
indiscriminate use of fossil fuels is the diminishing air quality
and subsequent air pollution, while utilizing the fossil fuels
[28]. The release of tar, dust, and harmful gases such as
CO
2
, SO
2
, and NO

2
volatile organic components (VOCs)

during the combustion of the fossil fuels results in local health
hazards [28, 29]. On the other hand, the increased presence
of greenhouse gases (GHGs), such as CO

2
, NO
2
, induces fast

changes in the global climate [30]. With the consumption
of nonrenewable fuels at a predicted pace of 1000 EJ (1 EJ =
1018 J), the increase in annual average temperature of earth
is predicted to be around 2∘C by 2050 [31, 32]. This increase
in temperature is sufficient enough to significantly affect the
various life forms across the whole world.

There are three sectors that significantly contribute to
the emission of GHGs via fossil fuel consumption: trans-
portation, industry, and electric utilities [33, 34]. Their
contributions are graphically displayed in Figure 2 [35]. As
indicated in Figure 2, major part of GHG-emissions has
resulted from the fuel consumption in the transportation
sector. Further, within the transportation sector, the light
trucks and the cars that are used for private conveyance use
significant proportion of the fossil fuels as shown in Figure 3
[36]. Also, it is evident from Figure 3 that disparity in the fuel
consumption between private and heavy vehicles becomes
substantial by the first quarter of this millennium. These
data imply that considerable reduction of GHG-emission
can be achieved only if the present energy sources used
in the transportation sector are replaced by a cleaner and
sustainable energy source, initially focusing the medium-
sized vehicles.

A formal agreement to mitigate the GHG-emissions and
safeguard the environment and human health is reflected
in the Kyoto Protocol to the United Nations Framework
Convention on Climate Change (FCCC) [37–39]. Under this
agreement, the countries which ratify it are committed to
reduce their GHG-emission or engage in emissions trading
if they maintain or increase emissions of these gases. In
addition to the aforementioned limitations, nonrenewable
fuels have unfavorable energy efficiency when comparedwith
the renewable energy sources. For instance, a conventional
combustion-based power plant typically generates electricity
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at efficiencies up to 35–42%, while fuel plants that use
renewable energy sources can reach efficiencies up to 70–90%
[40]. Likewise, the gasoline powered fuel cells can convert less
than 30%of the energy into the power, while the fuel cells that
are powered by renewable fuels such as hydrogen ormethanol
can utilize up to 60% of the fuel’s energy [41, 42].

In short, considering the above three arguments, it can
be seen that the transition from the present fossil-fuel
based energy economy to a cleaner and sustainable energy
economy will be driven by both economical and environ-
mental reasons. The future of this implementation depends
crucially on the energy storage technologies in combination
with the generation of renewable energy sources. Hydrogen
represents a primary renewable energy source which cannot

10
8

10
6

10
4

10
2

10
0

10
−2

10
0

10
1

10
2

10
3

10
4

10
5

10
6

Temperature (K)

Pr
es

su
re

 (b
ar

)

H metal Liquid metal

H2

H2

H2

gas

H
gas

Critical point

Triple point
liquid

solid

RT

Figure 4:The primitive phase diagram of hydrogen. Figure adapted
from [16].

be used directly but require intermediate conversion steps
to maintain its improved attributes in terms of availability,
supply, and safety.The challenges pertinent to the implemen-
tation of a hydrogen fuel based economy, in particular those
associated with the high-density solid state hydrogen storage,
are discussed in the following sections.

2. Hydrogen Fuel Based Economy

Hydrogen is a colorless, odorless, tasteless, and nonpoisonous
gas. It is the most abundant element in the universe (75% by
mass), but it is not commonly found in the pure form,
owing to the high reactivity. At the room temperature and
atmospheric pressure, hydrogen exists as van der Waals gas
with very low-density of 0.08988 kg/m3 [43]. Hydrogen is a
liquid in a small zone between triple and the critical
points with a density 70.8 kg/m3 at −253∘C. At temperatures
below −262∘C, hydrogen exists as a solid with a density of
70.6 kg/m3. Various physical phases of hydrogen are depicted
in the primitive phase diagram in Figure 4 [16]. The energy
characteristics of hydrogen as renewable fuel depend crit-
ically on its physical state of existence. Two important
parameters that are extremely crucial for the transportation
applications of hydrogen are the specific energy and the
energy density. The former is the energy per unit mass of
the fuel and is the measure of the net energy content of
the fuel (measured in kWh/kg). This parameter decides the
minimum refueling distance between two stoppages. The
energy density of the fuel is the net usable energy/unit volume
of the fuel (measured in kWh/m3). The energy density of
hydrogen decides the net system volume of the fuel storage
system. At ambient pressure and temperature conditions, the
energy density of hydrogen is nearly ten times lower than
that of conventional fuels [44, 45]. This low-energy density
of hydrogen is a serious obstacle for the implementation of
hydrogen fuel for automotive applications. In order to use
hydrogen as a successful energy source in the transportation
applications, its physical state has to be altered to improve its
energy characteristics.
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2.1. Comparison of Energy Characteristics of Hydrogen with
Conventional Fuels. For automotive applications, hydrogen
has to meet and supercede the conventional fossil fuels
in its energy characteristics. As mentioned previously, two
most important parameters are the energy density and
specific energy of hydrogen, which are, respectively, known as
volume- and mass-based energy density [44, 45]. In Figures
5 and 6, a comparison of mass- and volume-based energy
density of hydrogen with that of conventional fuels is made.
It is evident from Figure 5 that even in its liquefied form
hydrogen has nearly two times lesser energy density when
compared with the gasoline.

A comparison of various properties of hydrogen and
other conventional fuels relevant in the transportation sector
is provided in Table 1 [46].

2.2. Benefits of Hydrogen Fuel Based Energy. A compilation of
the salient positive attributes of hydrogen is provided in the
following:

(a) Hydrogen is a nontoxic, clean energy carrier which
does not produce carbon dioxide (CO

2
), particulate,

or sulfur emissions. However, it can produce oxides
of nitrogen under some conditions. Its combinations

with oxygen produces water and energy both are
essential for the existence of life on earth.

(b) Hydrogen has a high specific energy on a mass basis
when compared with any conventional fuels. Quan-
titatively, this can be understood by considering that
the energy content of 9.5 kg of hydrogen is equivalent
to that of 25 kg of gasoline [44].

(c) The energy density of hydrogen under ambient
pressure and temperature conditions are lower as
compared to the conventional fuels [44]. However,
the volumetric energy density of hydrogen can be
increased by storing hydrogen at lower temperatures
or at higher pressures. Energy density of hydrogen can
be improved also by adsorbing it into highly porous
solid state materials.

(d) Hydrogen is highly inflammable. The energy that is
required to ignite and burn hydrogen is nearly 10
times lesser when compared with that of conven-
tional fossil fuels. Therefore, the automobiles that are
equipped with hydrogen fuel do not have ignition
problems even in most severe winter [47].

(e) Hydrogen has relatively high value for important
transport properties such as kinematic viscosity, ther-
mal conductivity, and diffusion coefficient, when
compared with the conventional fuels.These together
with its extremely low density and luminosity give it
unique diffusive and heat transfer characteristics [47].

(f) Hydrogen can be produced via a multitude of pro-
cesses. These include electrolysis of water, direct
and indirect thermochemical decompositions, and
processes driven directly by the sunlight. Additionally
hydrogen can be produced via sequestration of hydro-
carbon fossil fuels [48–50].

(g) Hydrogen can be safely transported in pipelines due
to its high utilization safety.

(h) Hydrogen can also be used as a chemical feedstock
in the petrochemical, food, microelectronics, ferrous
and nonferrous metal, chemical and polymer synthe-
sis, and metallurgical process industries.

(i) Compared to electricity, hydrogen can be stored over
relatively long periods of time.

2.3. Transition of Present Energy Economy to a Hydrogen
Fuel Based Economy. The cost of transition in the any
energy delivering infrastructure involves investment of huge
amounts of money [51]. Such a transition is considered
irreversible and permanent step. It is estimated that the
investment of the complete transition from the conventional
petroleum based economy to the hydrogen based economy in
USA alone will be millions of dollars [52].The complete tran-
sition of the present day energy economy to a hydrogen-based
energy economy implies the use of hydrogen as the main
chemical energy carrier and the electricity as the main
nonchemical form of energy. This transition is being made
gradually and is likely to continue to the middle or the end of
the 21st century.
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Table 1: Properties of hydrogen compared to other fuels. Data adapted from [46].

Property Units Hydrogen Methane Propane Methanol Ethanol Gasoline
Chemical formula H

2
CH
4

C
3
H
8

CH
3
OH C

2
H
5
OH C

𝑥
H
𝑦
(𝑥 = 4–12)

Molecular weight (a, b) 2.02 16.04 44.1 32.04 46.07 100–105

Density, NTP (3, a, c) kg/m3 0.0838 0.668 1.87 791 789 751
lb/ft3 0.00523 0.0417 0.116 49.4 49.3 46.9

Viscosity, NTP (3, a, b) g/cm-sec 8.81E − 5 1.10E − 4 8.012E − 5 9.18E − 3 0.0119 0.0037–0.0044
lb/ft-sec 5.92E − 6 7.41E − 6 5.384E − 6 6.17E − 4 7.99E − 4 2.486E − 4–2.957E − 4

Normal boiling point (a, b)
∘C −253 −162 −42.1 64.5 78.5 27–225
∘F −423 −259 −43.8 148 173.3 80–437

Vapor specific gravity, NTP (3, a, d) Air = 1 0.0696 0.555 1.55 N/A N/A 3.66

Flash point (b, d)
∘C <−253 −188 −104 11 13 −43
∘F <−423 −306 −155 52 55 −45

Flammability range in air (c, b, d) vol% 4.0–75.0 5.0–15.0 2.1–10.1 6.7–36.0 4.3–19.0 1.4–7.6

Autoignition temperature (b, d)
∘C 585 540 490 385 423 230–480
∘F 1085 1003 914 723 793 450–900

Maximum flame velocity in air (2, c) m/s 2.83 0.45 0.46 N/A N/A N/A
ft/s 9.28 1.48 1.52

Apragmatic and quantitative assessment of this transition
can be made by following the production trend of hydrogen.
The current world production of hydrogen is nearly 50
million tons/year, which is equivalent to approximately 2%
of the world energy demand [53, 54]. In order to expand
the role of hydrogen in the near future, several approaches
are being proposed. One of them is to use hydrogen for
transportation by mixing it with the natural gas as fuel for
internal combustion engines (ICEs).This increases the engine
performance and decreases the pollution [55, 56]. Another
approach involves producing hydrogen at central locations
and distributing it to refilling stations, where it can be used in
the liquid form in the fuel cell powered light motor vehicles.
The gradual takeover of the hydrogen fuel based economywill
involve several phases and is likely to be introduced over a
long period of time.The following time-bound phases can be
identified in the process of this takeover [57]:

(a) In the near term, the hydrogen will be produced
primarily via the advanced steam reforming of natural
gas. This process is a well-understood one and cost of
the process depends mainly on the feedstock invest-
ment [48]. Steam reforming can be performed at the
central locations or at the distributed facilities. The
steam reforming of natural gas decreases the amount
of CO

2
released into the atmosphere, since the by-

product of steam reforming is high-purity CO
2
which

can be collected and used in many ways.

(b) In the medium term, the restructuring of the elec-
tric utility industry can be performed. This will
give opportunities for the distribution generation of
hydrogen fuel. In this term, the on-site generation
of electricity will be carried out by hydrogen pow-
ered fuel cells. In addition to electricity, the fuel
cells also produce thermal energy for hot water and

space heating. In this phase, hydrogen required can
be increasingly produced from coal and from the
gasification of dedicated biomass.

(c) In the final phase of establishing the hydrogen fuel
based economy, strong hydrogen markets and grow-
ing hydrogen infrastructure can establish opportuni-
ties for complete renewable hydrogen systems. The
hydrogen required for the fuel cells can be pro-
duced via the electrolysis of water using intermittent
energy technologies such as wind turbines and pho-
tovoltaic systems [57]. Fuel cells will use hydrogen
to generate electricity during high-demand periods
or to supplement the intermittent energy sources.
The emergence and growth of advance technologies
that produce hydrogen from water and sunlight and
the technologies that store hydrogen in high-energy
density systems will likely to take place during this
phase. Commercialization and market penetration
of advanced technologies to produce, store, and use
hydrogen in the final phase will mark the establish-
ment of hydrogen energy economy.

The establishment of hydrogen based economy, however,
suffers from some uncertainties, mostly associated with
the technologies that deal with its infrastructure [57]. For
instance, the hydrogen economy is envisaged as the end
state based on hydrogen produced from renewable power
sources such as solar energy or wind energy. However, it
is not yet economic to produce hydrogen in these ways.
Secondly, hydrogen powered fuels provide clean and efficient
energy for future vehicles and stationary power generation
which is meaningful only if the hydrogen is produced cleanly.
Further, the cost and technical hurdles associated with mass
adoption of fuel cells need to be addressed. Also, there are
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uncertainties associated with the fuel cell cost and viability
that can challenge its market penetration [58].

2.4. Elements of a Hydrogen Energy Infrastructure. In spite of
various compelling benefits of hydrogen fuel based economy,
its realization faces multiple challenges. This is because,
unlike the conventional fuels, hydrogen has no existing large-
scale supporting infrastructures. Consequently, implement-
ing an economy completely based on hydrogen requires
development of various hydrogen energy infrastructures.
Further, it is necessary to establish close coordination and
integration of these elements. The main elements of a
hydrogen energy infrastructure are the ones related to its
production, delivery, storage, conversion, and applications.
A schematic representation of these elements and their
interrelationship is provided in Figure 7 [57].

In the following, these elements, their present status, and
the technical challenges are discussed.

(a) Production of Hydrogen. For the establishment of hydro-
gen as the primary source of energy, it needs to be produced
centrally in large refineries, energy complexes, or renewable
or nuclear power stations. It can also be produced locally in
power plants, fueling stations, communities, rural areas, and
on-site customer’s premises. Bulk of the present hydrogen
production is performed via the catalyzed steam reformation
of natural gas. Though this process is considered to be
the cheapest option presently available, the cost factors are
not favorable for large-scale commercialization for onboard
hydrogen supply [59, 60]. This is particularly true when the
costs of hydrogen production technologies are compared
with that of conventional fuels [14]. Another factor that hin-
ders the advancement of hydrogen production technologies is
the low demand for the hydrogen. Also, present sequestration
techniques produce large quantities of greenhouse gases and

the processes are not optimized for the reduction or envi-
ronmentally sound carbon capture [61]. Three other major
technologies for the hydrogen production currently under
consideration are the electrolytic hydrogen production from
alkaline, polymer membrane, and ceramic oxide electrolytes
[62]. The key challenges associated with the production of
hydrogen are the alternative low-cost production techniques
for hydrogen from renewable fuels, dedicated biomass and
nuclear sources, and environmentally sound carbon capture
techniques for existing sequestration methods [63].

(b) Delivery. The second component of the hydrogen energy
infrastructure is the delivery of hydrogen, which involves
the transport of hydrogen from its productions site to the
end-user device. Most of the hydrogen produced is currently
transported by road via cylinders or cryogenic tankers.
Delivery via pipelines is also a prevailingmethod of hydrogen
delivery [64, 65]. In high-demand areas, pipelines can be used
to distribute hydrogen. To distribute hydrogen to rural and
other lower-demand areas, trucks and other transportation
means need to be used.This hydrogen can be gaseous, liquid,
or solid hydrogen carriers. In order to advance the delivery
of hydrogen, low-cost hydrogen transport technology must
be identified and developed. Further, an advanced supply
network should accommodate both centralized and decen-
tralized hydrogen production facilities.

(c) Storage of Hydrogen. One of themost important challenges
in the implementation of hydrogen based energy is finding an
appropriate storage medium for hydrogen [11]. This is partic-
ularly true for mobile applications of hydrogen fuel. This can
be illustrated by considering the large volume occupied by
hydrogen at room temperature and moderate pressures.
For realistic driving distances, typically 4 kg of hydrogen is
required, which occupies nearly 50m3 at ambient pressures
and temperature conditions [11]. This large container size
adversely affects the vehicle size. Thus, to store hydrogen in
any useful form, it must be altered to achieve a higher energy
density. The energy density target for a successful hydrogen
storage medium, specified by the partnership between US
DOE and FreedomCAR, is 1.2 kWh/L [66]. The energy den-
sity of hydrogen in its various forms is depicted in Figure 8
[36]. It is evident from the figure that only liquefied hydrogen
has the above energy density 1.2 kWh/L, which presently
qualifies as a motor fuel [67]. However, it is not economical
to store hydrogen in the liquid form because it is an energy
intensive process [68]. In addition, liquid hydrogen storage
suffers from fuel-loss due to the boil-off [69, 70]. Due to
extremely high kinematic transport parameters and low igni-
tion threshold, minor leakage of hydrogen can be huge safety
threats [71]. Additionally, this form of storage suffers problem
related to safety [47, 71]. The problems in the onboard
hydrogen storage can be circumvented only if relatively
lightweight, low-cost solid state hydrogen storage devices are
identified and developed. Additionally, they should have high
storage density as required by the FreedomCAR targets.
Ongoing research to identify novel materials for hydrogen
storage suggests that nanoporous materials, such as carbon
nanotubes, metal-doped carbon nanotubes, metal-organic
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frameworks (MOFs), covalent-organic frameworks (COFs),
complex chemical hydrides, clathrates, and intermetallic
alloys, are the most promising materials for future hydrogen
storage [16–19].

(d) Conversion. The conversion of hydrogen fuel into energy
can be accomplished in either an internal combustion engine
or fuel cells. The former produces energy by burning hydro-
gen in the presence of oxygen, while the latter use the chem-
ical energy of hydrogen molecules. Combustion method
comprises two technologies: gas turbines and reciprocating
engines [57]. At present, the hydrogen fuel based gas turbines
are exclusively used in aviation industry [72, 73]. The latter
techniques, that is, the use of fuel cells to generate energy
from hydrogen, are envisaged as attractive alternative to
combustion-based engines due to formers higher efficiency
[74]. Consequently, the maturing of hydrogen based energy
system depends on cost-competitive mass production of fuel
cells [58, 75]. This is hindered as none of the present fuel cell
technology has met all criteria for performance, durability,
and cost [58]. Additionally, standalone conversion devices
such as combustion turbines and reciprocating engines need
to be developed to off-board applications.

(e) Applications. In the application sector, hydrogen should be
available for every end-user energy need in the economy.This
includes the onboard applications, such as transportation and
mobile utility systems, and stationary applications, such as

central and distributed electric power and combined heat
and power for buildings and industrial processes. For short
terms, the most important sector that will be using hydrogen
will be the transportation sector. For mobile applications
hydrogen-based fuel cell is the most appealing option. Most
of the major automobile makers presently have hydrogen-
fueled vehicle programs [76].The acceptance of the hydrogen
fueled vehicles for end-user applications can be enhanced by
performing successful field tests and demonstrations. Addi-
tionally, supportive public policies should be developed to
stimulate the acceptance of infrastructure and market readi-
ness. For stationary applications, combustion-based process,
such as gas turbines and reciprocating engines, can be
designed to use hydrogen.

(f) Codes, Standards, and Education. The final element in
the implementation of hydrogen energy infrastructure is the
codes and standards. Families ofmodel building codes should
be available for adoption. These deal with comprehensive
references to equipment standards for both hydrogen and fuel
cell technologies for the commercial and residential applica-
tions. In addition, published safety standard for the certifica-
tion of fuel cell vehicles and published fuel gas code should
be available. Increased public awareness on the benefits and
merits of hydrogen economy can be highlighted by education
and outreach programs. It is also important to establish
regional, local, and national networks that commit resources
for long-term education of students at all levels. Such training
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and certification program finally intensify the acceptance of
the hydrogen based storage and application devices.

A schematic relation of the various hydrogen energy
infrastructures is envisaged by the Department of Energy,
USA (Figure 8). This incorporates the present status and the
expected matured technology by the year 2040 [36].

3. Hydrogen Storage: Targets and
Opportunities

The establishment of a hydrogen fuel in the transportation
applications depends largely on the availability of novel
hydrogen storagemedia that satisfies a set of selection criteria.
This includes parameters, such as high hydrogen content
per unit mass and unit volume, limited energy loss during
operation, fast kinetics during charging, low self-discharge
during stoppage, high stability with cycling, cost of recycling
and charging infrastructures, and safety concerns in regular
service or accidents.The technical limits of above parameters
depend on the region of operation and are proposed by
agencies, such as Department of Energy (DOEs, US) [DOE],
world energy network (WE-NET, Japan) [WENET], and
International Energy Agency (IEA) [IEA].

3.1. Targets to Be Met and Their Explanations. The tech-
nical targets of a hydrogen storage medium that can be
successfully used for mobile applications are time-bound and
the upper limit in the energy characteristics of a storage
medium is proposed by the partnership betweenUSDOEand
FreedomCAR [36]. Amongst several parameters mentioned
above, the most significant ones are the gravimetric storage
capacity and the volumetric storage capacity. The respective
DOE target for the year 2015 is 5.5 wt% and 40 g/L at 233–
358K and 3–100 bars. The ultimate target set by the DOE
is 7.5 wt% and 70 g/L [77–80]. The targets are designed so
as to enable a refueling distance of 500 km for light motor
vehicles. Another important factor in selecting a storage
medium is the safety associated with the system during its
regular use and accidents. The storage techniques such as the
liquefied hydrogen and compressed gas which are presently
being used are high risk methods of hydrogen storage [81].
Another factor of central importance is the cost of the
storage system. The proposed target for the cost of storage
system is about 4 $/kWh [82, 83]. Also, there are stringent
requirements regarding the response time andmaximum and
minimum operating temperature at which hydrogen storage
and release can be performed. The former (response time)
controls the vehicle performance and proposed technical
limit is 0.75 s [36]. In order to gain a complete acceptance
for the transportation use, the storage system must track
the needs of the fuel cell closely to provide the adequate
power and a suitable driving experience. This asymmetric
parameter affects the system performance, fuel cell durability,
and vehicle stability.The acceptablemaximumandminimum
temperature conditions for the storage system are −40 and
85∘C, respectively.The temperature limit depends also on the
working conditions of the fuel cells, which is presently 85∘C
[70, 80].

As mentioned previously, the most important challenge
in storing hydrogen is achieving the specific energy density
target of FreedomCAR. In order to do this, hydrogen needed
to be compressed into a smaller volume. This can be accom-
plished using few methods. One method is to mechanically
change the pressure and temperature so that the energy
per unit volume of hydrogen increases [11]. This method
currently being used in all hydrogen powered vehicles uses
either compressed gaseous hydrogen or liquefied hydrogen
[67]. Liquid hydrogen storage at low pressures and cryogenic
temperature is light and compact. Also, it has high hydrogen
content that satisfies both energy characteristics (Figure 6).
However, it suffers a very high disadvantage that nearly
33% of overall energy content is lost during the liquefaction
process [84]. Further, the evaporation during off-periods can
only be partially reduced by recooling systems [76]. Both
the compressed gaseous and the liquid hydrogen storage are
considered as huge security risks due to potential explo-
sions in case of accidents [77–80]. Other promising solid
state materials for high-density hydrogen storage are metallic
or intermetallic hydrides and complex chemical hydrides
[85, 86]. Additionally, the state-of-the-art methods of storing
hydrogen in nanostructured materials such as carbon nan-
otubes, metal-doped carbon nanotubes, metal and covalent-
organic frameworks (MOFs) and (COFs), and clathrate
hydrates have gained increased attention. The latter two
options will prove to be of larger importance to the portable
fuel cell industry because energy density is a much more
important consideration for portable systems when com-
pared to the off-board applications. Next subsections of this
review are dedicated to these novel solid state hydrogen
storage techniques. Only if these methods obtain extremely
high efficiency will they become realistic candidate for off-
board scale energy storage.

In Figure 6, the specific energy (gravimetric capacity)
and the energy density (volumetric capacity) of hydrogen in
various physical states are provided [43]. From Figure 6, it
is clear that only liquefied hydrogen exceeds the aforemen-
tioned criteria at present. As evident from Figure 6, any
other forms of its storage, hydrogen possesses low volumetric
energy density. This suggests that to store hydrogen in any
useful form, even in the stationary context where the size
of the storage is of smaller importance, it must be altered
to achieve a higher energy density. This constitutes one of
the big challenges in implementing the hydrogen fuel based
economy.

3.2. Metals and Intermetallic Hydrides. Hydrogen reacts with
many transition metals and metallic alloys at elevated tem-
peratures to form hydrides [87, 88]. Lanthanide, actinides,
and the members of Ti and V groups are the most reactive
transition elements that readily form the hydrides. The
binary hydrides of transition metals are metallic in character
and are commonly referred to as metallic hydrides. Their
compositions are generally expressed as MHx, where x can
vary from ideal stoichiometry and forms multiphase systems
depending on the pressure and temperature [89]. Most inter-
estingmetallic hydrides belong to intermetallic hydrides with
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Figure 9: Molecular structure of NaBH
4
(a). Sodium, boron, and hydrogen are represented by green, blue, and red spheres. (b) Showing the

crystal structure of the same.

Table 2: The families of hydride forming intermetallic compounds,
their prototypes, and structure, adapted from [16].

Intermetallic
compound Prototype Structure

AB
5

LaNi
5

Haucke phase, hexagonal
AB
2

ZrMn
2

Laves phase, hexagonal, cubic
AB
3

CeNi
3

Hexagonal
A
2
B
7

Y
2
Ni
7

Hexagonal
A
6
B
23

Y
6
Fe
23

Cubic
AB TiFe Cubic
A
2
B Mg

2
Ni Cubic

general composition ofABnHx. Here, elementA is a rare earth
or an alkaline earth metal and B is a transition metal. Since
the hydriding and dehydriding properties of intermetallic
hydride depend on the ratio of A and B, it is possible to
tailor these properties by appropriate selection of metals
and their combinations. A typical example of intermetallic
ternary system is LaNiH

6
, where A is the lanthanum and B

is nickel. One of most attractive features of metallic hydrides
is the extremely high volumetric density of hydrogen. LaNi

5
,

for instance, can reach a volumetric hydrogen density of
115 kg/m3 [16, 86]. In Table 2, most important families of
hydride form intermetallic alloys and their prototype and
respective structure are provided.

Metal hydrides are very effective in storing large amount
of hydrogen in a safe and compact way. However, transition
metal hydrides, those working reversibly at room tempera-
ture and moderate pressure, store a maximum of only 3wt%
of hydrogen (gravimetric storage capacity) [16, 86].Therefore,
the possibilities of lightweight metal hydrides which can
reversibly store more than 5wt% of hydrogen are needed to
be explored.

3.3. Complex Chemical Hydrides. Lighter elements of groups
1, 2, and 3, such as Li, Mg, and B, have been found to form
a series of complex hydrides which can be used a chemical

method to store hydrogen [85, 90–92]. They are particu-
larly interesting for the mobile hydrogen storage application
because of their low density and high hydrogen-to-metal
ratio [90–92]. Unlike metallic hydrides the complex hydrides
are ionic or covalent in character. Sodium borohydride
(NaBH

4
) is typical example of complex metal hydride. Most

of complex metal hydrides have tetrahedral structure as
seen in Figure 9(a) with hydrogen occupying the corners
of the tetrahedron [91, 92]. Also these materials are stable
compounds decomposing only above their melting points.

Complex chemical hydrides usually possess enormous
gravimetric storage capacities [91, 92].The complete release of
hydrogen from LiBH

4
is equivalent to 45.5 wt% of hydrogen

[91, 92]. At room temperature, the amount of hydrogen
released from LiBH

4
, for instance, is equivalent to 18.5 wt%

[91, 92]. The challenge in utilizing these materials includes
reducing their decomposition temperature.This high decom-
position temperature is related to their stability which in turn
is related to the percentage ionic character and steric effects.
Therefore, to use thesematerials formobile hydrogen storage,
it is essential to find out the conditions under which their
decomposition temperature can be reduced. In Figure 10, a
comparison of the gravimetric and volumetric storage capac-
ities of metal hydrides with the proposed 2010 and 2015
FreedomCAR target is provided [93]. A new set of 2020
and ultimate target of gravimetric and volumetric capacity
for onboard fuel cell vehicles is 1.8 kWh/kg, 1.3 kWh/L and
2.5 kWh/kg, 2.3 kWh/L [94].

3.4. Nanostructured Carbon Materials. Amongst all emerg-
ing materials for the solid state hydrogen storage, nanostruc-
ture carbon materials, especially carbon nanotubes (CNTs)
and carbon nanofibers (CNFs), received the most attention.
Also, the hydrogen storage in carbon nanotubes is probably
the single most controversial topic as far as the solid state
hydrogen storage is concerned [95]. Single-wall carbon nan-
otubes (SWCNTs) can be assumed to form by rolling a single
graphene sheet [96]. Owing to several unique properties of
CNTs, they are envisaged as a very good medium for solid
state hydrogen storage. For instance, they are typically inert to
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Figure 10: A comparison of hydrogen volumetric and gravimetric
densities of complex metal hydrides with that of proposed 2010 and
2015 FreedomCAR targets [93].

surface contaminants and therefore less severe activation
conditions are only required. Also, in SWCNTs, all carbon
atoms are exposed to the surface. This makes them the mate-
rial with highest surface-to-bulk atom ratio and therefore
highly surface active. The densities of CNTs are considerably
lower than that of metals, intermetallic alloys, COFs, and
MOFs. Also, these nanomaterials are known to possess large
amount of void spaces in the form of pores which can
accommodate large quantities of hydrogen. Hydrogen can
be physisorbed in SWCNT bundles on various sites such as
external wall surface, grooves, and interstitial channels [97].
Therefore, it can also have large energy density as required
for the mobile applications. It is also found that by tuning the
adsorption conditions hydrogen can be either chemisorbed
or physisorbed on carbon nanotubes.

The studies on the hydrogen storage properties of carbon
nanotubes were triggered after the pioneering work by Dillon
et al. [98]. They reported a gravimetric storage capacity
between 10 and 20wt%. The experiments on hydrogen
adsorption in CNTs can be broadly divided into two, depend-
ing on themethod of storage: gas-phase hydrogen storage and
electrochemical hydrogen storage [95]. In gas-phase hydro-
gen storage techniques, a macroscopic sample of nanotubes,
typically weighing less than 1 g, is exposed to pure hydrogen
gas under various temperature and equilibrium pressure
conditions. The amount of hydrogen adsorbed by nanotubes
is then measured gravimetrically using microbalance [99]. A
more popular method of determining the amount of stored
hydrogen is by volumetrically using Sieverts type volumetric
apparatus [100].The latter technique involves the exposure of
carbon nanotubes to hydrogen gas in a known volume and
determining the storage capacity from the change in the free
volume of the system upon exposure.With smaller quantities
of sample, the gravimetric storage capacities can also be deter-
mined using temperature programmed desorption (TPD) or
thermogravimetric analysis (TGA) [101].The secondmethod
of storing hydrogen in carbon nanotubes is electrochemical.
To do this, an electrochemical cell is constructed with CNTs
as the working electrode, Pt as the counter electrode, and an
appropriate electrolyte [102]. In such a system, hydrogen is

stored in the CNT electrode by the reduction of water at a
suitable potential [102].

The earliest experiments on hydrogen storage capacity
of CNTs performed by Dillon’s group obtained 10–20wt%
of capacity. In their study, they assumed that only CNTs
contribute to the gas adsorption. Due to a very dilute CNT
mixture they used the large mass correction (99.8% of mass)
of the material introduced considerable error into their
storage capacity [98]. The volumetric measurement of the
CNT-hydrogen storage capacity was initially performed by
Ye et al. in 1999 [100]. The experiment performed using a
Sieverts type volumetric instrument suggested that, at cryo-
genic temperatures and an equilibrium pressure of 120 bars,
SWCNTs store nearly 8.5 wt%. Hydrogen was stored in CNT
electrochemically for the first time by Nützenadel et al.
[103]. They found that storage equivalent of a discharge
capacity of 110mAh/g can be obtained when hydrogen is
stored electrochemically. Though pristine-carbon nanotubes
exhibit remarkable hydrogen storage capacity at cryogenic
temperatures, its storage capacity diminishes to less than
1.0 wt% at room temperature [95].

It is worth noticing that, quite recently, there have been
some efforts to tailor the surface characteristics of pristine
nanotubes so as to increase their hydrogen storage capacities
[104, 105]. These surface modifications include high-energy
atomic bombardment, reactive ballmilling, high temperature
annealing, and doping with transitionmetals [104–108]. Both
high-energy atomic bombardment and reactive ball billing
result in partial destruction of carbon nanotube structure by
creating high density of defects [106–108]. These defect sites
serve as additional hydrogen binding sites and up toXwt% of
hydrogen can be stored in defect enriched carbon nan-
otubes [107]. However, here hydrogen binds irreversibly via
chemisorption and therefore, to release the stored hydrogen,
the samples are required to heat over 500∘C [109].

3.5. Metal-Doped Nanostructured Carbon Materials. The
enhanced hydrogen storage properties of transition metal-
doped carbon nanotubes have gained wide attention recently
[19, 110–113]. The transition metals that are typically used for
doping CNTs are the ones which form hydride at ambient
conditions including palladium, platinum, and vanadium
[110] and are doped by incipient wetness or electron-beam
evaporation technique [113–116].The transition metal doping
is found to increase the hydrogen storage capacity of CNTs by
around 30% without adversely affecting the fast desorption
kinetics [19, 110]. The enhanced hydrogen storage capacities
of doped nanotubes are explained using the spillover phe-
nomenon, where hydrogenmolecules were initially adsorbed
by the transition metal particles and were subsequently
spilled onto different adsorption sites of carbon nanotubes
(see the schematic of spillover phenomenon in Figure 11)
[111, 112, 116]. Readsorption data of Pd- and V-doped CNTs
have indicated thatmore than 70% of hydrogen is spilled onto
the low-energy binding sites such as external wall or groove
sites of nanotubes [19, 110]. These sites are associated with
considerable low desorption barrier (∼kBT) and therefore
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Figure 12: The configurations of hydrogen on Ti-doped carbon nanotubes [117].

explain why the doping does not affect the observed kinetics
of desorption.

Hydrogen storage behavior of Ti-doped CNTs was pre-
dicted using first principle calculations [117]. Each Ti atom
in the doped CNT can bind up to four hydrogen molecules
which is equivalent to a gravimetric storage capacity of
8.0 wt% (Figure 12).

The bonding of hydrogen molecules in Ti-doped CNTs
occurs via stepwise processes as indicated in Figure 12. In
the first step, a hydrogen molecule undergoes dissocia-
tive chemisorption and binds to a single titanium atom
(Figure 12(a)). Remarkably, this occurs without an energy
barrier. In the second step, two hydrogen molecules are
physisorbed as shown in Figure 12(b). In the final configu-
ration, the fourth hydrogen molecule is physisorbed to Ti
atom in a direction parallel to C-Ti plane (Figure 12(c)). This
unexpected bonding is explained using unique hybridization
between Ti-d, hydrogen 𝜎∗ antibonding, and SWCNT C-p
orbitals [117]. The experimental studies of the hydrogen stor-
age remain as a controversial topic due to the large disparity
in the storage capacities measured in various experiments
[118]. This is primarily associated with the uncertainties in
the sample purity used in various experiments. It is generally

understood that CNTs contain some amount of metallic
impurities, which are incorporated during their synthesis
[119]. These metallic impurities adsorb hydrogen; therefore
the unknown hydrogen storage contributions of metals are
sometimes wrongly assigned to the storage capacity of nan-
otubes.

Other complications arise due to erroneous measure-
ments, typically observed, in the case of volumetric deter-
mination of storage capacity [120]. The samples are exposed
to hydrogen gas in a constant volume setup. For this type
of study, the accurate dead volume of the instruments
should be known. Though the precise volume of each of the
components is known prior to the experiments, there will be
some uncertainty in the total volume of the system when
the components are fixed together. This uncertainty is not
accounted for in many volumetric studies and constitutes
some error in the measured capacity. Another factor that
leads to erroneous measurement is the change in the storage
capacity due to the change in the ambient temperature,
during the experiment [95]. For an adsorption experiment
performed at room temperature and 10MPa pressure, each
degree change in the ambient temperature results in 33 kPa
of pressure which is equivalent to a storage capacity of
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Figure 13: Single crystal X-ray structure of MOF-5 (a), IRMOF-6 (b), and IRMOF-8 (c) on each of the eight corners is a cluster of tetrahedral
[OZn

4
(CO
2
)
6
].The large yellow sphere represents the largest sphere that would fit into the cavities without touching the van derWaals atoms

of the frameworks [17].

2.6 wt% [95].This becomes very crucial for themeasurements
involving very small amount of nanotubes. Thus, it is vital to
keep the experimental setup strictly in isothermal conditions.
Additionally errors due to temperature fluctuation due to the
expansion of the hydrogen gas and leaks in system affect the
reliable measurement of gravimetric storage capacity [95].
Therefore, accurate, consistent, and reliable hydrogen storage
data are obtained only if necessary precautions are taken
during the storage experiments.

3.6. Metal-Organic Frameworks (MOFs). Metal-organic
frameworks (MOFs) also known as porous crystalline coor-
dination polymers formed by metallic polyhedra and organic
molecules [121–123]. Inorganic building units, metal ions
or clusters, and organic units carboxylates or other organic
anions such as phosphonate, sulfonate, and heterocyclic
compounds are linked together to form MOFs. Structure of
MOFs is dependent on connectivity and geometry of organic
linkers [124]. These frameworks have large cubic cavities
of uniform sizes. Different structures of cavities formed in
MOFs make them highly porous material. BET surface
area of MOFs is quite high as compared to CNT, hydrides,
zeolites, and clathrates and PCN-521 is considered as themost
porous MOF among all the MOFs formed from tetrahedral
linkers [124]. Some typical examples of MOFs are MOF-5,
IRMOF-6, IRMOF-8, and so forth shown in Figure 13. The
synthesis method for MOFs is simple, inexpensive, and
straight forward. For instance, theMOF-5 can be synthesized
from an alkaline zinc solution and 1,4-benzene dicarboxylic
acid [125]. Different routes of synthesis method such as
conventional heating, electrochemistry, microwave-assisted
heating, mechanochemistry, and sonochemistry are used to
prepare variety of MOFs [17, 126].

Microporous, open metal sites, high surface area, chem-
ically tunable structures, and different types of cavities
of MOFs labelled them as most promising candidate for
hydrogen storage material [127, 128]. Hydrogen sorption
behavior of MOFs indicates that they reversibly store hydro-
gen at ambient temperature and moderate pressures [129].

The typical storage capacity of MOF-5 under aforementioned
conditions is 1.0 wt%. The storage capacity of the MOFs can
easily be increased by introducing larger organic moieties
into the frameworks. Maximum hydrogen storage capacity at
room temperature of different kinds ofmicroporousMOFs by
varying organic linkers andmetal sites reaches up to 1.65 wt%
and hydrogen pressure 48 bars [17]. Hydrogen binding sites
ofMOFs are obtained from the neutron diffraction data [130].
The superimposition of the scattering intensity with molecu-
lar structure indicates the cup sites (green-yellow-red regions
in the left panel of Figure 14), where hydrogen molecules
are attached. Covalent-organic frameworks (COFs) are crys-
talline, highly porous, and large surface area. COFs possess
the same properties like MOFs such as structure rigidity,
surface area, pore volume, and different kinds of cavities but
have low density due to the presence of C, Si, B, andO asmain
clusters with organic unit carboxylates. Recently COFs are
also emerging as the promising candidate for the hydrogen
storage material due to the above-mentioned properties [131–
133].

3.7. Metal-Doped Metal-Organic Frameworks (MOFs). Hy-
drogen storage capacity in pristine MOFs at room tempera-
ture is nowhere near the ultimate target (7.5 wt% and 70 g/L)
set by the Department of Energy (DOE) for onboard
hydrogen storage systems [128]. However, at 77 K, MOFs
show very high hydrogen storage capacity which reaches
close to the ultimate US DOE hydrogen storage target for
vehicular applications; but for practical onboard hydrogen
storage purposes, 77 K is not feasible. Recently different
kinds of routes were implemented to enhance hydrogen
storage capacity in MOFs at room temperature and one
of the methods is doping. Different kinds of metals with
and without support (carbon materials) were doped into
microporous MOFs [134–137]. Different techniques of metal
doping into MOFs were used; the most common is incipient
wetness and ball milling method [135, 137, 138]. Liu et al.
reported that hydrogen uptake capacity of microporous
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Figure 14: The super position of scattering intensity from neutron diffraction data with molecular structure of MOF-5 suggests the binding
sites [130].
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Figure 15: Hydrogen storage capacity of MIL-101, Pt/C-MIL-101,
and MIL-101-bridges-Pt/C at 298K [139].

CuBTC was increased 3.5-fold at 298K and 20 bars by addi-
tion of Pt/C catalyst [135]. Furthermore, structural integrity
was maintained upon mixing catalyst with CuBTC. Spillover
mechanism in metal-doped MOFs is a promising method to
increase the hydrogen storage capacity at RT. In addition, by
introducing carbon with the metal intoMOFs, carbon acts as
a bridge between the source and receptor. Building bridging
by carbonwithmetal inMOFs enhances the hydrogen storage
capacity remarkably [139–141]. Comparison of hydrogen
uptake capacity of pure MIL-101 with doped MIL-101 via
spillovermechanism and bridging is shown in Figure 15 [139].

3.8. Clathrate Hydrates. Clathrates are crystalline molecular
complexes formed from the mixtures of host molecules and
suitably sized gas molecules [142]. They are known also as
caged compounds, since in these systems guest molecules are
occluded in the cages formed by the host molecules. When
the cages are formed by the water molecules, clathrates are
known clathrate hydrate. The structure II consists of two
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Figure 16: The comparison of gravimetric and volumetric storage
capacities of clathrate hydrates and other fuels [143].

types of polyhedra, dodecahedra and hexadecahedra, which
are, respectively, termed as S (small) and L (large). In general,
clathrates are stable only under extremely high pressure
conditions, typically of the order of 120 bars. The hydrogen
storage properties of clathrate hydrate have gained attention
recently, when Lee et al. found that it is possible to stabilize
clathrate hydrate at lower pressures by cooccluding large
organic molecules, such as tetrahydrofuran (THF) in these
caged materials [21]. Complete occupation of all large and
small cages of the structure II clathrate hydrate corresponds
to 5wt% of gravimetric storage capacity (Figure 16) [143].

It can be seen from Figure 16 that the storage capaci-
ties of clathrate hydrates presently do not satisfy the 2010
R&D targets of FreedomCAR. However, if suitable pressure
conditions are obtained to stabilize the hydrogen inside the
cages, they can offer intermediate solution for the hydrogen
storage problem. One of biggest merits of clathrates is that all
chemicals required for their formation are inexpensive and
easily available.
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4. Conclusion

In this review we have presented an overview of the imple-
mentation of the hydrogen fuel based energy economy. In the
first part we exclusively dealt with the trends of current fossil-
fuel based energy economy. It was clear that the transition
from the present energy economy to a sustainable and cleaner
energy such as hydrogen energy is motivated by both eco-
nomical and environmental factors. Amongst various forms
of alternate energies, hydrogen occupies a distinct status,
owing to its universal abundance and the highest specific
energy. However, the energy density of hydrogen at ambient
pressure and temperature conditions is nearly three times
lower than that of the conventional fuels. Therefore, to use
hydrogen as a fuel, especially in the mobile context, it is vital
to improve this storage attribute by several manifolds.

In the second part of the review, we presented the novel
solid state hydrogen storage techniques employing carbon
nanotubes, metal-doped carbon nanotubes, intermetallic
hydrides, metal-organic frameworks, metal-doped metal-
organic frameworks, and clathrates. Carbon nanotubes and
metal-organic frameworks, in particular the ones doped with
transitionmetal particles, are considered to offer far-reaching
solution as a hydrogen storage medium for transportation
applications. Other materials discussed in the review are
mostly in their preliminary phase and much intensive works
are required, for their applications in the mobile hydrogen
storage sector.
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omy?” International Journal of Hydrogen Energy, vol. 32, no. 12,
pp. 1625–1637, 2007.

[61] D.Day, R. J. Evans, J.W. Lee, andD.Reicosky, “Economical CO
2
,

SO
𝑥
, and NO

𝑥
capture from fossil-fuel utilization with com-

bined renewable hydrogen production and large-scale carbon
sequestration,” Energy, vol. 30, no. 14, pp. 2558–2579, 2005.

[62] G. Karagiannakis, C. Kokkofitis, S. Zisekas, and M. Stoukides,
“Catalytic and electrocatalytic production of H

2
from propane

decomposition over Pt and Pd in a proton-conducting
membrane-reactor,” Catalysis Today, vol. 104, no. 2–4, pp. 219–
224, 2005.

[63] A. I. Miller and R. B. Duffey, “Sustainable and economic
hydrogen cogeneration from nuclear energy in competitive
power markets,” Energy, vol. 30, no. 14, pp. 2690–2702, 2005.

[64] A. Domashenko, A. Golovchenko, Y. Gorbatsky, V. Nelidov,
and B. Skorodumov, “Production, storage and transportation of
liquid hydrogen. Experience of infrastructure development and
operation,” International Journal of Hydrogen Energy, vol. 27, no.
7-8, pp. 753–755, 2002.

[65] Air Products and Chemicals Inc, “Hydrogen distribution op-
tions,” http://www.airproducts.com/products/Gases/Hydrogen
.aspx.



16 Journal of Nanomaterials

[66] United States Department of Energy, Targets for On-Board
Hydrogen Storage Systems for Light Duty Vehicles, United States
Department of Energy, 2009, http://www.eere.energy.gov/
hydrogenandfuelcells/pdfs/.

[67] K. Pehr, P. Sauermann, O. Traeger, and M. Bracha, “Liquid
hydrogen formotor vehicles—theworld’s first public LH2 filling
station,” International Journal of Hydrogen Energy, vol. 26, no. 7,
pp. 777–782, 2001.

[68] S. A. Sherif, N. Zeytinoglu, and T. N. Veziroǧlu, “Liquid hydro-
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Materials for thermal management application require better control over the thermophysical properties, which has largely been
achieved by fabricating powdered composite. There are, however, several factors like filler volume fraction, shape morphology,
inclusion size, and interfacial thermal resistance that limit the effective properties of themedium.This paper presents amethodology
to estimate the effective thermal conductivity of powdered composites where the filler material is more conductive than the matrix.
Only a few theoretical models, such as Hasselman and Johnson (HJ) model, include the effect of interfacial resistance in their
formulation. Nevertheless, HJ model does not specify the nature of the interfacial thermal resistance. Although Sevostianov and
Kachanov (SK) method takes care of interface thickness, they, on the other hand, have not taken into account the interfacial
resistance due to atomic imperfections. In the present work, HJ model has been modified using SK method and the results were
compared with experimental ones from the literature. It has been found that the effect of interfacial resistance is significant in highly
resistive medium at microscale compared to nanoscale, such as Cu/diamond system, while, in a highly conductive medium, like
bakelite/graphite system, the effect of shape factor is more significant than interfacial thermal resistance.

1. Introduction

Thermal conductivity is one of the fundamental properties
of key importance in the energy applications where vari-
able (fast/slow) heat dissipation/storage is often required.
Although metals and alloys provide a large range of con-
ductivities to be used in several electronic and mechanical
appliances, the quest for the search of new composite materi-
als with modifiable properties has still been unquenched. In
addition to fabricating the two-phase composites with differ-
ent inclusions, like metal matrix composite (MMC), polymer
matrix composite (PMC), and so forth, the researchers
have shown growing inclination towards manipulating the
inclusion size. It is, therefore, of interest to be able to observe

the effective conductive properties of a given composite from
micro- to nanoregimes.

In the current framework, Clausius (1879) [1] and
Maxwell (1884) [2] introduced one of the earliest mod-
els based upon self-consistent scheme (SCS). Both models
attempted to predict the effective properties of a two-phase
medium where the inclusions, in dilute concentration, were
treated as isolated particles immersed into a given matrix.
Bruggeman (1935) [3], later on, implemented an incremental
scheme called differential scheme (DS) or effective medium
scheme (EMS). The basic idea was to introduce the second
phase particle into a homogenousmatrix in small increments
and estimate the overall properties of the resulting medium.
Nevertheless, the very first upper and lower bounds based
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only upon volume fractions of matrix and inclusion were
formulated by Wiener (1912) [4]. The Wiener upper bound
(UB) is still widely used by the researchers as the “rule of
mixtures.” Assuming macroscopically isotropic behavior of
the composite, Hashin and Shtrikman (1962) [5] defined a
more conservative set of upper and lower bounds. For a
composite with spherical inclusions, the Hashin-Shtrikman
(HS) lower bound (LB) coincides with Maxwell and Mori
and Tanka (1973) [6] models. Mori-Tanaka (MT), however,
also introduced depolarization factors in their formulation
to accommodate the prolate and oblate shape morphologies.
Similar to the Kanaun and Levin (1994) [7] scheme, MT
scheme is merely a variant of effective field (EF) method
which treats the inclusion as an isolated particle and assumes
the presence of an effective field over each inhomogeneity
(see Markov (2000) [8] for a detailed review). Hamilton and
Crosser (1962) [9] modified Maxwell model to incorporate
the shape factor (𝑛 = 3/𝜓) for nonspherical particles, where
the sphericity (𝜓) is the ratio of the surface area of sphere
with the same volume of the particle to the surface area of the
particle. Using 𝜓 = 1 for a spherical inclusion regenerates the
Maxwell model. Likewise, Zimmerman (1996) [10] exploited
Maxwell and Bruggeman methods and introduced an aspect
ratio and conductivity ratio dependent parameter (𝛽) for
elliptical inhomogeneities.

Most of the above mentioned models assume ideal con-
tact between the inclusion and the matrix, which implies
that the heat flow across the interface remains continuous.
In reality, however, the interface, regardless of its nature,
is nonideal and leads to a discontinuous temperature field
across the boundary due to interfacial thermal resistance,
also known as Kapitza’s resistance (after Kapitza (1941) [11]).
In order to deal with interface behavior, Kanaun (1984) [12]
introduced the concept of singular inclusion in the elasticity
context. From the perspective of thermal conductivity, the
nonideal contact may be assumed as either “superconduc-
tive” or “resistive.” A superconducting or resisting singular
inclusion requires that its conductivity (𝑘

𝑠
) be 𝑘

𝑠
→ ∞ or

1/𝑘
𝑠

→ ∞, respectively, provided that one of the inclusion’s
dimensions is of the order 𝛿 → 0. Torquato and Rintoul
(1995) [13] also defined conductive and resistive contacts in
relation to the conductive properties of the interphase layer

between the matrix and inclusion. Detailed discussions on
conductive/resistive interfacesmay also be found in theworks
of Benveniste and Miloh (1986) [14], Benveniste (1987) [15],
and Chiew and Glandt (1987) [16].

In the present work, a method based on Hasselman
and Johnson (1987) [17] and Sevostianov and Kachanov
(2007) [18] models has been proposed to predict the thermal
conductivity of particulate filled composites with high and
low interfacial thermal resistance as functions of filler volume
fractions, inclusion size, shape factor, and conductivity of
interphase layer. The effect of particle size ranging from
micro- to nanoscale has been investigated in the highly
conductive and resistive media. It will be shownwith the help
of case studies that the inclusion size behaves differently in
response to the interfacial resistance.

2. Theoretical Model

2.1. Effects of Shape Factor and Interfacial Resistance. In their
work, Hasselman and Johnson [17] addressed the nonideal
contacts in terms of interfacial thermal resistance (𝑅) and
derived a mathematical model for spherical morphology of
particles. The model states

𝑘eff = 𝑘
𝑚

⋅

2 (𝑘
𝑓
/𝑘
𝑚

− 1 − (𝑘
𝑓
/𝑟
𝑜
) 𝑅) 𝜙

𝑓
+ 𝑘
𝑓
/𝑘
𝑚

+ 2 + 2 (𝑘
𝑓
/𝑟
𝑜
) 𝑅

(1 − 𝑘
𝑓
/𝑘
𝑚

+ (𝑘
𝑓
/𝑟
𝑜
) 𝑅) 𝜙

𝑓
+ 𝑘
𝑓
/𝑘
𝑚

+ 2 + 2 (𝑘
𝑓
/𝑟
𝑜
) 𝑅

,

(1)

where 𝑘
𝑚
and 𝑘

𝑓
are thermal conductivities of matrix and

filler (inclusion) in W⋅m−1⋅K−1, respectively, 𝑟
𝑜
is the filler

radius inm, 𝜙
𝑓
is the filler volume fraction,𝑅 is the interfacial

resistance in W−1⋅m2⋅K, and 𝑘eff is the effective thermal
conductivity of the composite. 𝑅, by definition, is an inverse
of thermal conductance (𝐶); that is, 𝑅 = 1/𝐶. Note that
HJ model is valid for any system of units, the SI units are
mentioned here only for the reader’s convenience. Jiajun and
Xiao-Su (2004) [19] modified the HJ model (1) in order to
accommodate the nonspherical morphology of the particles.
They actually used Hamilton and Crosser [9] shape factor
parameter (𝑛 = 3/𝜓), where 𝜓 is the sphericity, as described
earlier. The modified HJ, therefore, takes the following form:

𝑘eff = 𝑘
𝑚

𝑘
𝑓

(1 + (𝑛 − 1) (𝑘
𝑚

/𝑟
𝑜
) 𝑅) + (𝑛 − 1) 𝑘

𝑚
+ (𝑛 − 1) 𝜙
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)
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(1 + (𝑛 − 1) (𝑘
𝑚

/𝑟
𝑜
) 𝑅) + (𝑛 − 1) 𝑘

𝑚
− 𝜙
𝑓

(𝑘
𝑓

(1 − (𝑘
𝑚

/𝑟
𝑜
) 𝑅) − 𝑘

𝑚
)

. (2)

Note that (2) reduces to (1) for spherical inclusions, that
is, 𝜓 = 1, and also that the HJ model reproduces the
Maxwell model for ideal contact when 𝑅 = 0 (or 𝐶 = ∞).
Conversely, for nonideal contacts, the interfacial resistance
must be nonzero and the conductance finite. It should also
be mentioned that increasing filler fractions yield either
decreasing 𝑘eff when 𝑘

𝑚
> 𝐶 ⋅ 𝑟

𝑜
or increasing 𝑘eff when

𝑘
𝑚

< 𝐶 ⋅ 𝑟
𝑜
. Consequently, the interfacial thermal resistance

would be substantially large in the former case, as in resistive

composites, and vanishingly small in the latter case, similar
to the superconductive composites.

2.2. Effect of Inclusion Size: Micro- to Nanoscale. Sevostianov
and Kachanov [18] recently modified an incremental scheme
formulated by Shen and Li (2005) [20] so as to incorporate
the effect of interface layer thickness (ℎ ∼ 1-2 nm [21])
upon the overall properties of the material at nanoscale. It
is understood that in the microregime ℎ ≪ 𝑟

𝑜
; however, in
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Figure 1: SK model: (a) interface zone; (b) equivalent homogeneous inclusion.

case of a nanoinclusion the outer radius 𝑟
𝑜
is comparable to

the interface thickness; that is, ℎ ≈ 𝑟
𝑜
. The basic idea was

to incrementally add the interface thickness to the spherical
inclusion and homogenize at each step until 𝑟

𝑜
+ ℎ =

𝑟
𝑖
, where 𝑟

𝑖
is the outer radius of the interface layer (see

Figure 1). Given that the current radius (𝑟) is 𝑟
𝑜

< 𝑟 < 𝑟
𝑖
,

the conductivity across the interface 𝑘
𝑖

= 𝑘
𝑖
(𝑟) and the

conductivity of the equivalent homogeneous radius 𝑟
𝑖
is 𝑘 =

𝑘(𝑟
𝑖
), a differential equation, with initial condition 𝑘(𝑟

𝑜
) =

𝑘
𝑓
, of the following form may be written for the equivalent

homogeneous inclusion:

𝑑𝑘

𝑑𝑟

= −

1

𝑟

(𝑘 (𝑟) − 𝑘
𝑖
(𝑟)) (𝑘 (𝑟) + 2𝑘

𝑖
(𝑟))

𝑘
𝑖
(𝑟)

. (3)

Setting 𝑟
𝑜

+ ℎ = 𝑟
𝑖

= 𝑟 for the simplest case of a
homogeneous interface zone, 𝑘

𝑖
(𝑟) = 𝑘

𝑖
= const, integration

of (3) yields

𝑘 (𝑟
𝑖
)

= 𝑘
𝑖

[

[

2 + (1 + ℎ/𝑟
𝑜
)
3

⋅ ((2 (𝑘
𝑖
/𝑘
𝑓
) + 1) / (1 − (𝑘

𝑖
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𝑓
)))

(1 + ℎ/𝑟
𝑜
)
3

⋅ ((2 (𝑘
𝑖
/𝑘
𝑓
) + 1) / (1 − (𝑘

𝑖
/𝑘
𝑓
))) − 1

]

]

.

(4)

For a general solution of (3) in terms of hypergeometric
functions the reader is referred to Sevostianov and Kachanov
[18]. The estimation of effective thermal conductivity of the
composite requires placement of the equivalent homoge-
neous inclusion in the effective field (EF) of heat flux (Levin
[22]; Kanaun [23]; and Kanaun and Levin [7]). Based upon
above discussion, Sevostianov-Kachanov (SK) modified the

HS bounds and EF method to calculate the 𝑘eff as in the
following:

𝑘
𝑚

[1 +

3𝜙


(𝑘 − 𝑘
𝑚

)

3𝑘
𝑚

+ (1 − 𝜙

) (𝑘 − 𝑘

𝑚
)

] ≤ 𝑘eff

≤ 𝑘 [1 −

3 (1 − 𝜙


) (𝑘 − 𝑘
𝑚

)

3𝑘 − 𝜙

(𝑘 − 𝑘

𝑚
)

] (HS bounds)

(5)

𝑘eff = 𝑘
𝑚

[1 +

3𝜙


(𝑘 − 𝑘
𝑚

)

3𝑘
𝑚

+ (1 − 𝜙

) (𝑘 − 𝑘

𝑚
)

]

(Kanaun-Levin EF method) ,

(6)

where 𝜙
 is the filler volume fraction including interface layer.

Note that the Kanaun-Levin EF method coincides with the
Maxwell model and HS lower bound.

2.3. Proposed Scheme: Modified HJ and SK Method. It has
been assumed throughout that 𝑘

𝑓
> 𝑘
𝑚
, which in case of

ideal contact would lead to 𝑘
𝑓

> 𝑘eff > 𝑘
𝑚
. Nonideal contact,

however, requires that 𝑘
𝑖
be a function of 𝑘

𝑚
in the limit 𝑟

𝑜
<

𝑟 < 𝑟
𝑖
. Subject to the condition of a homogeneous interface

zone (𝑘
𝑖

= const), an interface with very high resistance
may acquire conductivity 𝑘

𝑖
= 0.01𝑘

𝑚
. Likewise, for very

low interfacial resistance, 𝑘
𝑖

= 0.99𝑘
𝑚
. It has been pointed

out earlier that the interface thickness (h) is of the order of
1-2 nm, which, at atomic level, means placing almost 10∼20
average sized atoms side by side in the thickness direction.
Here, the interface would be comprised of not only filler and
matrix atoms, but also the interatomic defects like vacancies,
and so forth. It further implies that a higher concentration of
defects would result in an increased interfacial resistance and
vice versa (Figure 2).This effectmay be incorporated in terms
of 𝑅 as in modified HJ model (2). The SK method may now
be employed to calculate 𝑘eff from (2) as follows:

𝑘eff = 𝑘
𝑚

𝑘 (1 + (𝑛 − 1) (𝑘
𝑚

/𝑟
𝑖
) 𝑅) + (𝑛 − 1) 𝑘

𝑚
+ (𝑛 − 1) 𝜙



(𝑘 (1 − (𝑘
𝑚

/𝑟
𝑖
) 𝑅) − 𝑘

𝑚
)

𝑘 (1 + (𝑛 − 1) (𝑘
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/𝑟
𝑖
) 𝑅) + (𝑛 − 1) 𝑘

𝑚
− 𝜙

(𝑘 (1 − (𝑘

𝑚
/𝑟
𝑖
) 𝑅) − 𝑘

𝑚
)

, (7)
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Figure 2: Current model: (a) interface zone + interatomic defects; (b) equivalent homogeneous inclusion + interfacial resistance.

where 𝑘 is a function of 𝑘
𝑖
, 𝑘
𝑓
, 𝑟
𝑜
, and ℎ defined previously

in (4). Note that the above equation estimates effective
conductivity considering volume fraction of filler with inter-
face layer (𝜙



), shape factor (𝑛), filler, matrix, and interface
conductivities (𝑘

𝑓
, 𝑘
𝑚

, 𝑘
𝑖
), particle size including interface

thickness (𝑟
𝑖
), and interfacial resistance (𝑅). Also note that the

factor ℎ/𝑟
𝑜
is negligibly small at microlevel while significantly

large at nanoscale. It must be mentioned that a size of 0.1 𝜇m
was assumed to be the lower limit of micro- and upper limit
of nanoinclusions; that is, 𝑚𝑖𝑐𝑟𝑜𝑠𝑐𝑎𝑙𝑒 > 0.1 𝜇m > 𝑛𝑎𝑛𝑜𝑠𝑐𝑎𝑙𝑒.

3. Case Studies

The application of the above method will now be presented
in the context of two case studies: (i) a metal matrix
Cu/diamond composite with decreasing conductivity as a
function of diamond volume fraction (Hanada et al. (2004)
[24]) and (ii) a polymer matrix graphite/bakelite composite
with increasing conductivity as a function of graphite volume
fraction (Azeem and Zain-Ul-abdein (2012) [25]). The two
composites were chosen as representatives of highly resistive
and conductive systems.

3.1. Copper/Diamond Composite: High Interfacial Resistance.
In the literature, several copper/diamond composites have
been reported to yield decreasing thermal conductivity with
increasing diamond volume fraction due to high interfacial
resistance (Hanada et al. [24], Kang et al. [26], Shen et al.
[27], and Raza and Khalid [28]). Given that the thermal
conductivities of Cu and diamond are 𝑘

𝑚
= 400Wm−1K−1

and 𝑘
𝑓
= 2000Wm−1K−1, respectively, (4) can be used to

draw 𝑘/𝑘
𝑓
as a function of ℎ/𝑟

𝑜
for different values of 𝑘

𝑖

while assuming ℎ = 2 nm (see Figure 3). The curve shows
that as 𝑟

𝑜
varies from nano- to microsize; 𝑘 approaches 𝑘

𝑓
.

Moreover, increase in 𝑘
𝑖
from 0.01𝑘

𝑚
to 0.99𝑘

𝑚
results in a

significant improvement of 𝑘 values. Since the interface is
highly resistive, 𝑘

𝑖
= 0.01𝑘

𝑚
is more likely to yield realistic
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(4).

conductivity values for the Cu/diamond system within the
nano- and microregions.

Applying the above condition to the HS lower bound
in (5) would result in the effective thermal conductivity
of composite. Figure 4 illustrates the calculated thermal
conductivity as a function of filler (diamond) volume frac-
tion as well as the micro- and nanoregimes. Note that
the experimental conductivities for Cu/diamond system as
measured by Hanada et al. [24], who actually used irregular
shaped diamond particles with an average size of 7.7 𝜇m, are
also presented. Figure 4, however, shows that the measured
conductivities lie within the nanoregime and, contrary to
the experimental findings, a filler size of 7.7 𝜇m should yield
increasing thermal conductivity (see the dotted line labeled
7.7 𝜇m). Reason for this discrepancy is that the HS lower
bound assumes spherical inclusions and does not take into
account the interfacial resistance (𝑅). It, therefore, requires
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modification to incorporate the effect of 𝑅, which will be
treated in Section 4.

3.2. Bakelite/Graphite Composite: Low Interfacial Resistance.
In a recent study, AzeemandZain-Ul-Abdein [25] have inves-
tigated effective thermal conductivity of a polymer matrix
bakelite/graphite composite. Graphite, added in increasing
volume fractions, was found to yield improved properties of
the system. A similar observation was also made by Ling et
al. [29], where they used expanded graphite to enhance the
thermal conductivity of an organic phase change material.
Figure 5 correlates 𝑘/𝑘

𝑓
with ℎ/𝑟

𝑜
against different 𝑘

𝑖
values

using (4) and assuming ℎ = 2 nm, 𝑘
𝑚

= 1.4Wm−1K−1 for
bakelite, and 𝑘

𝑓
= 130Wm−1K−1 for graphite. Note that an

overall trend of the curves is identical to that of Figure 3;
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that is, the 𝑘 increases with increasing 𝑟
𝑜
and also when

𝑘
𝑖
varies from 0.01𝑘

𝑚
to 0.99𝑘

𝑚
. However, it may also be

noticed that the slopes of the curves in Figure 5 are steeper, at
least within the limits of microscale, than the corresponding
curves in Figure 3. This is simply a result of relatively higher
𝑘
𝑓
/𝑘
𝑚
ratio in bakelite/graphite composite (Figure 5) than

in Cu/diamond composite (Figure 3). Since the interface was
assumed to have very low resistance (or high conductance),
it may be expected that 𝑘

𝑖
= 0.99𝑘

𝑚
would predict the

acceptable results.
HS lower bound may now be obtained using (5) and

conductivities of bakelite and graphite. Figure 6 summa-
rizes the effective thermal conductivities of the composite
within the micro- and nanoregimes as a function of filler
(graphite) volume fraction. The experimental values of the
bakelite/graphite system from Azeem and Zain-Ul-Abdein
[25] are also shown for comparison. The authors used
graphite powder of irregular shapemorphology with an aver-
age size of 14.5 𝜇m. In comparison to experimental results,
it may be observed that HS lower bound underestimates
the conductivity values. Clearly, the inherent assumptions
that the inclusions are spherical and there is no interfacial
resistance (𝑅) are insufficient to reproduce the experimental
findings (see the dotted line labeled 14.5 𝜇m in Figure 6).
The modification to incorporate the effects of interfacial
resistance and inclusion shapemorphology is discussed in the
subsequent section.

4. Results and Discussion

4.1. Effect of Particle Size: HS Lower Bound. Although the HS
lower bound could not reproduce the experimental results at
a given particle size, it may, however, be observed that the
nanoregime for the resistive (Figure 4) as well as conductive
(Figure 6) media is overshadowed by the microregime. It
will be shown, shortly, that this behavior does not change
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even with the introduction of shape factor (𝑛) and interfacial
resistance (𝑅).

It should also be noticed that in a resistive medium the
conductivity values span over a large range for the micro-
sized inclusions, while nanosize limits the thermal properties
within a very short range. For instance, consider the Cu/dia-
mond composite with a volume fraction of 0.5 for each. Here,
the difference in conductivities was found to be Δ𝑘micro =

𝑘
100 𝜇m − 𝑘

0.1 𝜇m ≈ 597Wm−1K−1 and Δ𝑘nano = 𝑘
0.1 𝜇m −

𝑘
1 nm ≈ 117Wm−1K−1 within the micro- and nanoregimes,
respectively.This shows that the former differs from the latter
by a factor of almost 5. This behavior is a result of very low
conductivity of the interface, 𝑘

𝑖
= 0.01𝑘

𝑚
, which leads to

a rapid decrease in effective properties of the medium as 𝑟
𝑜

varies from micro- to nanoscale.
On the contrary, in a conductive medium the nanosize

inclusions offer large range of effective properties, whereas
microsize inclusions confine the conductivity values to a
very small range. For example, for the bakelite/graphite
composite with a volume fraction of 0.5 for each constituent,
the conductivity difference within micro- and nanoregimes
was Δ𝑘micro = 𝑘

100 𝜇m − 𝑘
0.1 𝜇m ≈ 0.42Wm−1K−1 and

Δ𝑘nano = 𝑘
0.1 𝜇m − 𝑘

1 nm ≈ 3.45Wm−1K−1, respectively. Here,
the latter is 8 times more than the former. Obviously, a
relatively conductive interface zone, 𝑘

𝑖
= 0.99𝑘

𝑚
, would not

allow significant decrease in properties at least at microscale.
Within nanoregime, however, the more the 𝑟

𝑜
decreases, the

more the interface thickness (ℎ) becomes effective, which
leads to a large span of properties.

4.2. Effect of Interfacial Thermal Resistance: Modified HJ
Model. It has been pointed out earlier that the shape factor,
𝑛 = 3/𝜓, where 𝜓 = 1 for spherical and 𝜓 = 0.9 for
cuboctahedral particles. The case studies under considera-
tion, however, use randomparticles of graphite and diamond.
In their work, Azeem and Zain-Ul-Abdein [25] determined
that 𝜓 = 0.4 for irregular shape of graphite inclusions.
Since Hanada et al. [24] did not mention the shape factor for
their irregular diamond particles, the sphericity was assumed
identical to that of graphite particles; that is, 𝜓 = 0.4.

4.2.1. Case I: High Interfacial Resistance. Considering 𝑘
𝑖

=

0.01𝑘
𝑚
and 𝜓 = 0.4 for highly resistive Cu/diamond compos-

ite, (7) may be used to calculate the effective conductivity of
the composite as a function of filler volume fraction over the
entire range of micro- to nanosized particles (see Figure 7).
Note that (7) also requires definition of 𝑅, such that the
experimental values could be approximated. A value of R
= 3 × 10

−7m2⋅K⋅W−1 was found to reproduce experimental
values to a reasonable agreement. It may be observed that (7)
converges to HS lower bound for 𝑅 = 0 and 𝜓 = 1, that is,
when the interfacial resistance is ignored and the inclusions
are spherical. In the typical Cu/diamond composites, the R-
values range from 1∼3× 10−8m2⋅K⋅W−1 (Kang et al. [26], Shen
et al. [27]) depending upon the diamond shape morphology
and interface characteristics. The 𝑅-value identified in this
work is almost 10 times more than the one found in the
literature. This simply means that the Cu/diamond system
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Figure 7: Cu/diamond composite system: 𝑘eff using modified HJ
model ((7), 𝑅 = 3 × 10

−7m2⋅K⋅W−1, 𝑘
𝑖
= 0.01𝑘

𝑚
).

under consideration exhibits extremely high interfacial resis-
tance. Or, in other words, as 𝑅 → 0 the interface becomes
more conductive and less resistive. Probable reasons for high
resistance are the imperfections at the interface including air
voids and decohesion (see Raza and Khalid [28] for details).

A comparison of Figures 4 and 7 indicates that increase
in 𝑅 leads to significant decrease in conductivity both
within micro- and nanoregimes. It may be observed from
Figure 7 that the experimental conductivities are at the limit
of nanoscale. In addition, at such a high value of 𝑅 (3 ×

10
−7m2⋅K⋅W−1) and a constant 𝜓 = 0.4, the effective

conductivity of the composites is almost independent of
the inclusion size at least within the nanoregime. Briefly, a
resistive interface dominates the effect of both the particle size
and shape.

4.2.2. Case II: Low Interfacial Resistance. Now considering
𝑘
𝑖

= 0.99𝑘
𝑚

and 𝜓 = 0.4 for highly conductive bake-
lite/graphite composite, (7) may be exploited to estimate the
effective thermal conductivity of the medium as a function
of filler volume fraction (see Figure 8). Here the value of
𝑅 has been identified as 1 × 10−10m2⋅K⋅W−1 so as to yield
the experimental values reported by Azeem and Zain-Ul-
Abdein [25]. The observation that 𝑅 is quite close to 0 and
is almost 3 × 10

−4 times smaller than that of Cu/diamond
composite indicates the presence of almost perfect interface
with extremely low resistance. In fact, any further diminution
of 𝑅-value does not bring about any significant change in the
conductivity values. This also means that, unlike the metal
matrix Cu/diamond composite, there is a very less probability
of interfacial defects such as air gaps and decohesion in case
of polymer matrix bakelite/graphite composite.

A comparative analysis of Figures 6 and 8 suggests that
although there is not much difference between the evolution
of conductivity values within the micro- and nanoregimes
using HS lower bound or modified HJ model, the latter helps
in identifying the role of inclusion shape factor and interfacial



Journal of Nanomaterials 7

0

4

8

12

16

20

0 0.2 0.4 0.6 0.8 1Eff
ec

tiv
e t

he
rm

al
 co

nd
uc

tiv
ity

 (W
/m

-K
)

Filler volume fraction

Nanoregime

Microregime

100𝜇m
14.5 𝜇m
0.1 𝜇m

1nm
Azeem et al. 2012

Figure 8: Bakelite/graphite composite system: 𝑘eff using modified
HJ model ((7), 𝑅 = 1 × 10

−10m2⋅K⋅W−1, 𝑘
𝑖
= 0.99𝑘

𝑚
).

R = 3 × 10−7 m2·K/W
ki = 0.01km

𝜙f = 0.1

𝜙f = 0.3

𝜙f = 0.5

400

350

300

250

200

150

10−10
10−8

10−6
10−4

Log-scale inclusion radius (m)

MicroEff
ec

tiv
e t

he
rm

al
 co

nd
uc

tiv
ity

(W
/m

·K
)

Nano

1

0.5

0

380

360

340

320

300

280

260

240

220

200

180Sphericity

Figure 9: Cu/diamond composite system: 𝑘eff as a function of 𝜙
𝑓
,𝜓,

and 𝑟
𝑜
.

thermal resistance more precisely. To summarize, the effect
of shape factor is more pronounced in composites with low
interfacial resistance.

4.3. Effect of Shape Factor. Since shape factor (𝑛) is a function
of sphericity (𝜓) such that 0 < 𝜓 ≤ 1, it is relatively
convenient to represent effective thermal conductivity as a
function of sphericity. It is also of interest to observe simul-
taneously the effect of inclusion radius (𝑟

𝑜
) at micro- and

nanoscales. Figures 9 and 10 illustrate the effects of both the
sphericity and filler radius upon the thermal conductivity of
Cu/diamond and bakelite/graphite composites, respectively,
with filler volume fractions of 𝜙

𝑓
= 0.1, 0.3, and 0.5.

In case of thermally resistive medium (𝑘
𝑖

= 0.01𝑘
𝑚
,

𝑅 = 3 × 10
−7m2⋅K⋅W−1), it may be noticed that the thermal

conductivity is less responsive to the change in shape factor
at a given volume fraction within the microregime than the
nanoregime (Figure 9). Consider, for example, the extreme
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case when 𝜙
𝑓

= 0.5, for 𝑟
𝑜

= 100 𝜇m, the 𝑘eff varies from
339.8W⋅m−1⋅K−1 (at 𝜓 = 1) to 342.4W⋅m−1⋅K−1 (at 𝜓 = 0.1),
whereas for 𝑟

𝑜
= 1 nm the 𝑘eff changes from 160W⋅m−1⋅K−1

(at 𝜓 = 1) to 196.6W⋅m−1⋅K−1 (at 𝜓 = 0.1).
Nevertheless, the thermally conductive medium (𝑘

𝑖
=

0.99𝑘
𝑚
, 𝑅 = 1 × 10

−10m2⋅K⋅W−1) showed strong dependency
of effective properties upon the shape factor as well as filler
volume fraction (Figure 10). For instance, it may be noticed
that when 𝜙

𝑓
= 0.5 and 𝑟

𝑜
= 100 𝜇m the change in 𝑘eff ranges

from 5.3 to 26.7W⋅m−1⋅K−1 for the corresponding values of
𝜓 from 1 to 0.1, while for 𝑟

𝑜
= 1 nm the 𝑘eff does not change at

least up to two significant digits; that is, 𝑘eff = 1.4W⋅m−1⋅K−1
(at 𝜓 = 0.1∼1).

5. Conclusions

Based upon the above investigation it may be concluded that
the composite material for thermal management applications
can offer wide range of properties that depend upon factors
like volume fractions of the matrix and filler, shape morphol-
ogy, and particle size. In addition, the properties of interface
zone play a decisive role in limiting the behavior of composite
within the limits of both the micro- and nanoregimes. The
proposed scheme, in comparison to the published results,
successfully estimates the effective properties for the extreme
cases of binary composites with high and low interfacial
resistance. Compared to nanoparticles, the contribution of
microsize inclusions is less affected by the interface zone due
to very small interface thickness to inclusion radius ratio.
However, unlike the latter, the effect of the former is less
influenced by the shape morphology or sphericity of the
inclusions.
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