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With the increasing world population and burst of portable
electronic devices, automobile and other industries, the
consumption of energy in many forms has been intensively
escalated. However, the world energy sources are being
consumed fast and this has put the world in a ditch
of energy crisis. On the other hand, the availability of
sustainable energy is crucial for the economic growth and
industrialization, thus, sufficient and inexpensive energy is
the most important demand of today. So this is the time
to conserve the nonrenewable energy sources as well as to
find the alternative sources of energy production and storage.
In response to the needs of modern society and emerging
ecological concerns, the new, low-cost, and environmentally
friendly energy conversion and storage systems should be
investigated, and research and development of this field
should be rapidly accelerated. Nanomaterials, with tailored
characteristics at the nanometer scale, offer unique proper-
ties or combinations of properties and will play a vital role
in the development of new energy technologies for energy
production and storage.

In this special issue, we have selected out of received the
relevant research articles and covered the broad field from
worldwide scientists. In this issue we publish several research
articles that are addressing these fields.

S. Sun et al. have introduced a carbon-free electrocatalyst
based on Pt/Nb-TiO2 for proton exchange membrane fuel
cells (PEMFC) applications, where a facile surfactant-free
wet-chemical method was used to grow single-crystalline Pt
nanoparticles (NP) on mesoporous Nb-doped TiO2 hollow
spheres in aqueous solution. The use of Nb-TiO2 hollow

spheres as substrate has been proved to provide a new type of
cost-effective support with high corrosion resistance for Pt-
NP. Interestingly, the growth of Pt-NP on Nb-TiO2 support
could be controlled by manipulating the mass ratios between
the Pt precursor and the Nb-TiO2 support. The Pt-NP/Nb-
TiO2 catalysts have been demonstrated to enhance activity
and stability compared with the commercial E-TEK Pt/C
catalyst.

I. K. Basily et al. have presented a role of nanotechnology
for the production of clean fuel E-85 and petrochemical
raw materials. The aim of this experiment was to obtain
unsaturated hydrocarbons from petroleum residues with the
help of different types of nanocatalyst and to optimize the
pyrolysis parameters of the two-stage reactor. The studies
on the effectiveness of catalysts such as CaO and gold
nanocatalyst supported on CaO for the yield and product
distribution have been carried out. In this work it has been
concluded that the Au nanocatalyst with rods shape gives
the maximum yield of ethylene (which can be converted
easily to ethyl alcohols which is used as E-85 clean fuel) from
petroleum residues.

Li-ion batteries are one of the efficient energy storage
devices that have established a strong market position
especially for portable electronic devices. In this context, T.
Matsuda and Y. Moritomo have demonstrated two-electron-
reaction without structural phase transition in nanoporous
cathode material. They have studied the charge/discharge
properties, valence states, and structural properties of a
nanoporous cathode material LixMn[Fe(CN)6]0.83 · 3.5H2O.
Thin film of LixMn[Fe(CN)6]0.83 · 3.5H2O was obtained by
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substitution of Na from Na1.32Mn[Fe(CN)6]0.83 · 3.5H2O
which was synthesized electrochemically on an indium tin
oxide (ITO) transparent electrode. From the presented data
it was clearly illustrated that the two-electron reaction
without structural phase transition is responsible for the
high charge capacity and the good cyclability observed in
LixMn[Fe(CN)6]0.83 · 3.5H2O.

J. Y. Z. Chiou et al. have presented hydrogen production
by reforming of ethanol over the PtRuMg/ZrO2 catalyst.
They have modified the PtRu/ZrO2 catalyst with Mg and
studied the oxidative steam reforming of ethanol (OSRE)
and the steam reforming of ethanol (SRE) to realize the
hydrogen production at a temperature lower than 300◦C
with higher ethanol conversion, hydrogen yield, and lower
CO distribution. The results show that the OSRE reaction
requires a higher temperature (∼390◦C) to achieve 100%
ethanol conversion than the SRE reaction (∼250◦C). They
have concluded that PtRuMg/ZrO2 catalyst is suitable for
SRE reaction considering the catalytic stability against the
coke deposition.

Carbon aerogels, the nanostructured porous materials
with reasonable high surface area and electric conductiv-
ity, are the potential candidate for electrochemical energy
storage. A. Peña et al. have presented synthesis of carbon
aerogels by catalytic chemical vapor deposition method
(CCVD) using ferrocene as a source both of catalytic
material (Fe) and of carbon. Using the CCVD method they
have obtained carbon aerogels with surface areas and pore
volumes of 780 m2/g (SBET) and of 0.55 cm3/g (VBJH),
respectively. According to their analysis, the large surface
area is due to mesopores formed by the aggregation of carbon
nanostructures. These porous Carbon aerogels present the
promising features for applications in the physisorption of
gases, for example, in the storage of molecular hydrogen for
fuel cell applications.

Whilst storage of hydrogen is an important issue, the
titanium decorated with organic compounds offers promis-
ing features for high-capacity hydrogen storage. F. Zuliani
et al. have studied the adsorption of hydrogen molecules
on a titanium atom supported by a benzene molecule using
generalized gradient corrected Density Functional Theory
(DFT) and elucidated the catalytic role of the Ti atom in the
dissociation of the H2 molecule. The authors have analyzed
the orbital interactions responsible for the H2 binding to Ti
and for the dissociation of one H2 molecule. Their results
reveal that up to four H2 molecules can coordinate to the
metal ion center, with adsorption patterns similar to those
observed in Ti-SWNTs and no more than one molecule
dissociating in the process. With the detail studies and
observation they have proposed Ti on carbon supports as a
new and efficient material for hydrogen storage.

Vaishali R. Shinde
Won Bae Kim

Shrikrishna D. Sartale
Tanaji P. Gujar
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In this work carbon aerogels were synthesized by catalytic chemical vapor deposition method (CCVD). Ferrocene were employed
as a source both of catalytic material (Fe) and of carbon. Gaseous hydrogen and argon were used as reductant and carrier gas,
respectively. The products of reaction were collected over alumina. The morphology and textural properties of the soot produced in
the reaction chamber were investigated using Scanning Electron Microscopy, High-Resolution Transmission Electron Microscopy,
X-ray photoelectron spectroscopy, and N2 physisorption (BET and BHJ methods). After the evaluation of the porous structure of
the synthesized products, 780 ± 20 m2/g of SBET and 0.55 ± 0.02 cm3/g of VBJH were found. The presence of iron carbide and the
partial oxidation of carbon nanostructures were revealed by XPS.

1. Introduction

The fabrication of carbon nanostructures with characteristic
morphologies will determine further applications such as
field emitters, gas storage (H2 for fuel cells), sensors,
and biosensors, and so forth [1]. The high capacity of
adsorption, chemical inertia, and the easy regenerability that
have the carbon nanostructures make them potential useful
adsorbents [2].

Carbon aerogels are nanostructured porous materials
consisting in a network of carbonaceous particles of uniform
nanosized dimensions, with superficial areas that commonly
are found between 400 and 1100 m2/g and an electric
conductivity of approximately 1000 A/cm. They are highly
demanded in scientific technology: the most important
applications of these carbonaceous structures are as elec-
trodes and supercapacitors, where they serve as support for
metal nanoparticles [3, 4].

Carbon aerogels are usually synthesized by high-
temperature pyrolysis of organic aerogels, which in turn
are prepared by polymerization of two monomers (e.g.,

resorcinol-formaldehyde) using sol-gel methods and pro-
cessing the resulting material under supercritical conditions
[5, 6]. This type of synthesis involves several steps under
very diverse conditions. Thus, a simpler preparation way
would be an important advance in the synthesis of this
kind of materials. Chemical Vapor Deposition (CVD) from
hydrocarbon gaseous compounds or carbon monoxide is a
relatively simple synthesis method that has been employed
for the growth of carbon nanostructures [7]. When using
metallic nanoparticles as catalytic sites for the growth of
such carbon nanomaterials, it has been described as Catalytic
CVD (CCVD) [8]. In particular, it has been proposed as a
method for growing carbon nanotubes and filaments within
the porous structure of conventionally prepared carbon
aerogels [9, 10].

In this context, the objective of this work is to apply
the technique of CCVD, employing a single organometallic
compound, ferrocene [Fe(C5H5)2], as source of both the
catalyst and of carbon and a continuous flow reaction system
with two separated heating zones.
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Figure 1: CVD reactor scheme employed the synthesis of the carbon aerogels.

2. Experimental Setup

In order to synthesize the aerogels, ferrocene was used as
a simultaneous source of catalytic material (Fe) and filler
material (C). Gaseous hydrogen was employed as reductant,
while argon was an inert carrier gas. The reaction products
were collected onto either alumina or silica substrates.

A reaction chamber similar to that described previously
[11] was employed. The ferrocene was sublimated in a
preheating chamber, which temperature was set at 150◦C
and was transported to the cracking reactor by a flow of
H2 and Ar. In total, 150 mg of ferrocene was evaporated, in
two consecutive steps of 100 mg and 50 mg, with 10 min in
between. The pyrolysis temperature in the cracking furnace
was 900◦C, and the total gas flow was 10 mL/min with a
composition of 1 : 1 v/v of Ar : H2.

In order to eliminate Fe from the products, concentrated
HCl and sonication were used. The resulting materials
were characterized using Scanning Electronic Microscopy
(SEM) with a JEOL scanning microscope, model JSM-6390,
30 KV; High Resolution Transmission Electronic Microscopy
(HRTEM) with a JEOL transmission microscopy, model
JEM-2100, 200 KV; X-ray Photoelectron Spectroscopy (XPS)
with a Thermo Scientific VG-Escalab 220i-XL; N2 physisorp-
tion with a Micrometrics Surface Analyzer, model ASAP
2000, using the BET and BJH methods for the textural
analysis. In Figure 1 a schematic drawing of the CVD
homemade reactor and experimental conditions is presented.

3. Results and Discussion

In Figure 2(a), three SEM micrographies of the synthesized
carbon aerogel at different magnifications are shown, in
which a network of carbon nanotubes and nanospheres can
be observed. At the lower magnification, nanotubes foam
clusters deposited on a SiO2 substrate can be observed,
while in the 5000x and 10000x micrographies the network
of carbon nanotubes coated with nanospheres of carbon
nanoparticles is clearly appreciated. The composition of
these structures was determined by means of a chemical
analysis by EDX in the same microscope, finding only C,
Fe and O in weight percentages of 72.10; 26.84; 1.06%,
respectively (see Figure 2(b)). The presence of oxygen could
be attributed to surface oxidation of Fe nanoparticles due
to exposition to the atmosphere when samples are removed

from the CVD reactor. Carbon aerogel grew evenly across the
surface of SiO2.

In Figure 3, four HRTEM micrographies of the synthe-
sized carbon aerogel are shown in which it can be seen
a network of carbonaceous structures, such as nanotubes
and nanospheres (see micrographs (a) and (b)). In the
micrographs (c) and (d), consecutive increases of (b) are
shown, where it can be seen on average 40 nm diameter
carbon nanospheres.

XPS tests revealed the presence of iron carbide and
partial oxidation of carbon nanostructures. XPS spectra of
carbon aerogels in the C 1s and Fe 2p regions are presented
in Figures 4(a) and 4(b), respectively. In the first one,
we see three peaks with binding energies (BEs) of 286,
284, and 280 eV, corresponding to the sp3 C–C bonds of
tetrahedral structures, C–C sp2 of graphitic structures, and
Fe3C, respectively [12–14]. The peak of iron carbide is
displaced to a lower BE as compared to other reports (283 eV
[13, 15]), this large shift of about 3 eV can be attributed to
interactions with the magnetic field of nanoparticles of Fe
or inefficient electrical connection that may exist between Fe
and C atoms [14, 16]. A fourth peak that appears around
278 eV in the C 1s region, which is denoted by the symbol
ψ, can be attributed to the fullerene carbon filaments [17].

In the Fe 2p region there are three peaks with BEs of
712, 720, and 726 eV. The 712 and 726 signals correspond
to the 2p3/2 and 2p1/2 Fe3+ species, respectively, while the
intermediate signal is due to a satellite of the same species
[18].

In Figure 5, the N2 adsorption isotherm at 77 K of the
synthesized carbon aerogel can be observed. It is of type IV in
the IUPAC/Brunauer-Emmett-Teller classifications, typical
of mesoporous materials [19]. Given the very low increase
of physisorbed volume below P/P0 0.05, it can be deduced
that the microporous volume is negligible in this sample.
In the high-pressure region it appears a H3 hysteresis loop
at a relative pressure higher than 0.8. This indicates the
existence of extraparticle large mesopores which could be
formed between interconnected carbon nanoparticles [20].
After evaluating the pore structure of synthesized products
by BET and BJH procedures, it is found a BET surface
area, SBET, of 780 ± 20 m2/g and BJH pore volume, VBJH, of
0.55 ± 0.02 cm3/g. The measured surface area is quite large
for a non-microporous material.

Ferrocene has been frequently employed as a precursor
of iron catalysts for the CVD synthesis of carbon nanotubes
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Figure 2: (a) SEM micrographies of carbon aerogels on SiO2, at 95x, 5000x, and 10000x. (b) EDX spectrum of carbon aerogels. Kα

characteristics peaks are observed for C, O, and Fe.
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Figure 3: HRTEM micrographs of carbon aerogels. The displayed scale bars are (a, b, c) 200 nm and (d) 50 nm.
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Figure 4: XPS spectra of carbon aerogels: (a) C 1s region, and (b) Fe 2p region.
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Figure 5: N2 adsorption isotherm type IV (77 K) of Carbon
Aerogels.

[21, 22], normally used as carbon source organic gases or
vapors (hydrocarbons, alcohols, etc.). It has been much less
employed for carbon nanotube preparation as the sole source
of catalyst and carbon [23]. In the present work it is proposed
a simple CCVD methodology for the synthesis of carbon
aerogels uses ferrocene as source of both Fe catalyst and of
carbon filler material. The proposed method is simpler than
the usually employed synthesis through organic aerogels,
which involves several steps under conditions varying in an
ample range. A key procedure in the methodology reported
is the division in two consecutive steps of the evaporation
of the ferrocene, with a short time in between the two
evaporation steps. This way, a two-phase system is generated,
with imperfections in carbon nanotubes, which couple with
nanocapsules of carbon nanotubes produced in the second
step, finally leading to the carbon aerogels.

4. Conclusions

Using the CCVD method and ferrocene as the starting mate-
rial, carbon aerogels with surface areas and pore volumes
of 780 ± 20 m2/g (SBET) and of 0.55 ± 0.02 cm3/g (VBJH),

respectively, are obtained. The large surface area is not due to
microspores but to mesopores formed by the aggregation of
carbon nanostructures. These porous properties are promis-
ing features for applications in the physisorption of gases,
for example, in the storage of molecular hydrogen for fuel
cell applications. The XPS tests revealed the presence of iron
carbide and the partial oxidation of carbon nanostructures.
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The current materials used in proton exchange membrane fuel cells (PEMFCs) are not sufficiently durable for commercial
deployment. One of the major challenges lies in the development of an inexpensive, efficient, and highly durable and active electro-
catalyst. Here a new type of carbon-free Pt/Nb-TiO2 electrocatalyst has been reported. Mesoporous Nb-TiO2 hollow spheres were
synthesized by the sol-gel method using polystyrene (PS) sphere templates. Pt nanoparticles (NPs) were then deposited onto
mesoporous Nb-TiO2 hollow spheres via a simple wet-chemical route in aqueous solution, without the need for surfactants or
potentiostats. The growth densities of Pt NPs on Nb-TiO2 supports could be easily modulated by simply adjusting the experimental
parameters. Electrochemical studies of Pt/Nb-TiO2 show much enhanced activity and stability than commercial E-TEK Pt/C
catalyst. PtNP/Nb-TiO2 is a promising new cathode catalyst for PEMFC applications.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been
attracting much attention as an alternative clean energy
source because of their high efficiency, high power density,
and low pollution [1]. However, there are still challenges,
such as, low catalytic activity, low durability, and high cost,
which are hindering the commercialization of PEMFCs
[2]. For automotive applications, PEMFCs must be durable
enough for ∼5,000 driving hours (i.e., 10 years) in vehicles
[2]. The loss of platinum (Pt) electrochemical surface area
(ECSA) over time due to carbon support corrosion and Pt
dissolution/aggregation/Oswald ripening is considered one
of the major contributors to the degradation of fuel cell
performance [3]. Usually, carbon black (Vulcan XC-72) is
used as Pt catalyst support in PEMFCs. However, carbon
black is known to undergo electrochemical oxidation under
a fuel cell operating environment, especially at potentials

above 0.9 V (1), leading to a loss of Pt and fuel cell perfor-
mance degradation [4, 5]:

C + 2H2O −→ CO2 + 4H+ + 4e−. (1)

Therefore, it is necessary to explore noncarbon catalyst sup-
port materials with the current fuel cell operating strategy.
Some metal oxides have been studied by different research
groups as alternative catalyst support materials, such as, sub-
stoichiometric titanium oxide [6, 7], indium tin oxide [8],
niobium-doped titania [9], tungsten oxide [10, 11], and
tin oxide [12]. Among these, niobium-doped titania (Nb-
TiO2) [9, 13–15] is a particularly promising candidate. TiO2

is notable for its photocatalytic and strong metal support
interaction (SMSI) properties [16, 17]. TiO2 is also readily
available, cheap, and nontoxic [18]. The use of Nb doping has
been found to significantly improve the electrical conductiv-
ity of TiO2, which allows its use in electrocatalytic reactions
[14]. In this study, we present a simple wet-chemical route to
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grow Pt nanoparticles (NPs) on mesoporous Nb-TiO2 hol-
low spheres, with controlled Pt loadings, in environmentally
friendly aqueous solution. PtNPs/Nb-TiO2 catalysts exhibit
higher catalytic activity for ORR and better stability than the
benchmark E-TEK commercial Pt/C catalysts.

2. Materials and Methods

2.1. Chemicals. Hexadecyltrimethylammoniumbromide
(HATB), titanium (IV) isopropoxide (TTIP), niobium (V)
ethoxide (8 mol %), ethanol, HNO3, hexachloroplatinic acid
(H2PtCl6·6H2O, 99.95%), and formic acid (HCOOH, 98%)
were purchased from Sigma-Aldrich. Aqueous latex (mean
diameter 200 nm) suspension (10 wt%) was purchased from
Duke Scientific. All chemicals were used as received without
further purifications. All solutions were prepared with
ultrapure water purified with the Millipore water system
(18.2 MΩ·cm resistivity @25◦C).

2.2. Preparation of Mesostructured Nb-TiO2 Support. The
mesostructured Nb-TiO2 support was prepared according
to the method described in [15]. Briefly, 0.015 g of HATB,
14.7 mL of aqueous latex suspension, and 105 mL of ethanol
were added in a PTFE beaker, and then the solution was
stirred vigorously for 30 min while HNO3 was added to
adjust the pH to 3. A second solution was prepared by adding
the precursors, 6.9 mL of TTIP and 0.5 mL niobium (V)
ethoxide to 100 mL of ethanol. The second solution was
added to the stirred latex-surfactant mixture using a peri-
staltic pump at a rate of 1 mL/min. The resulting suspension
was processed using a Buchi B-290 spray drier to produce a
fine white powder, consisting of the Nb-TiO2 and latex tem-
plate, which was followed by heat treatment at 500◦C for 2 h
under argon in order to remove the latex template. To obtain
rutile phase [19], the as-synthesized Nb-TiO2 powder were
heated at 1050◦C under hydrogen.

2.3. Preparation of PtNPs/Mesostructured Nb-TiO2 Compos-
ite. The Pt nanoparticles were synthesized by the formic
acid method as described in the literature [20–22]. The as-
prepared mesostructured Nb-TiO2 was used as the support-
ing substrate for Pt deposition. For the deposition of 40 wt%
Pt on Nb-TiO2, 22 mg of H2PtCl6·6H2O (7.5 mg Pt) and
1 mL of HCOOH are added to 20 mL of water. Nb-TiO2

(11.25 mg) was then dispersed in the above solution by mild
ultrasonication for 30 min. After this initial dispersion, the
solution is heated to 80◦C and kept at this temperature for
30 min. After the reaction is completed, the product was
washed thoroughly with deionized water and then dried in
a vacuum oven at 60◦C.

2.4. Physical Characterization. The morphologies and micro-
structures of the as-prepared samples were examined by
scanning electron microscope (SEM, Hitachi S-4800) oper-
ated at 5 kV, and transmission electron microscopy (TEM,
JEOL JEM-2100) operated at 200 kV. X-ray diffraction
(XRD) patterns were recorded on a Bruker D8 Advance

diffractometer equipped with a Cu Kα radiation source. X-
ray photoelectron spectroscopic (XPS) analysis was carried
out in a VG ESCALAB 220iXL, using monochromated Al Kα
source (1486.6 eV), at a base pressure of 2×10−9 mbar. High-
resolution spectra were obtained at a perpendicular take-
off angle, using a pass energy of 20 eV and steps of 0.05 eV.
All the binding energies were calibrated by referring to the
C1s line at 284.8 eV from adventitious carbon. After Shirley
background removal, the component peaks were separated
using the public domain XPS Peak program version 4.1 [23].

2.5. Electrode Preparation. The electrochemical measure-
ments were conducted at room temperature in a standard
three-electrode cell using a glassy carbon (GC) rotating
disk electrode (RDE) setup with a voltalab model PGZ100
potentiostat (Radiometer Analytical) and rotation control
(MSR, Pine Instruments). A Pt wire served as the counter
electrode, with a saturated calomel electrode (SCE) as the
reference which was separated from the working electrode
compartment by a closed electrolyte bridge. All potentials in
this study, however, are referenced to the reversible hydrogen
electrode (RHE). The working electrode was prepared with
a procedure similar to the one reported previously [8].
Typically, 5 mg catalyst was sonically mixed with 5 mL H2O/
isopropanol/Nafion (5/1/0.0017 in volume ratio) for 12 min
to make a suspension. GC disk electrodes (5 mm diameter,
0.196 cm2, Pine Research Instrument) served as the substrate
and were polished to a mirror finish. An aliquot of catalyst
suspension was pipetted onto the carbon substrate, resulting
in approximate Pt loadings of 13 μgPt cm−2 for all catalysts.
The catalyst films were dried under flowing nitrogen (N2) at
room temperature.

2.6. Electrochemical Measurements. The working electrode,
in an argon (Ar) purged 0.1 M HClO4 solution at room tem-
perature, was first cycled 200 times between 0 and 1.1 V
at a 1 V/s scan rate in order to produce a clean electrode
surface. The cyclic voltammetry (CV) measurements were
conducted by cycling the potential between 0 and 1.1 V, with
a scan rate of 20 mV/s. The electrochemical surface areas
(ECSA) were calculated from the hydrogen adsorption peak
of the CV. The oxygen reduction reaction (ORR) experi-
ments were performed in oxygen-saturated 0.1 M HClO4

solution at room temperature. The RDE rotating rate was
1600 rpm and sweep rate was 5 mV/s. Current densities were
normalized in reference to the geometric area of the GC RDE
electrode (0.196 cm2). The CV measurements for accelerated
durability tests (ADT) were conducted by potential cycling
between 0.60 and 1.40 V in a N2 purged 0.1 M HClO4 solu-
tion at room temperature, with a scan rate of 50 mV/s. In
each case, ADT testing consisted of 30,000 cycles.

3. Results and Discussion

Figure 1(a) is an SEM image of the as-synthesized Nb-TiO2

nanostructures that clearly shows the hollow structures. The
typical Nb-TiO2 spheres have diameters of 100–150 nm,
which is the rutile phase confirmed by XRD analysis (JCPDS,
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Figure 1: SEM (a) and TEM (c) images pristine hollow Nb-TiO2 nanostructures. SEM (b) and TEM (d) images Pt nanoparticles deposited
on hollow Nb-TiO2 nanostructures.

no. 21-1276, Figure S1, see Supplementary Material available
online at doi:10.1155/2012/389505). The TEM image in
Figure 1(c), further confirms that the shape of Nb-TiO2

nanostructures with mesoporous shells are spherical and
fairly uniform in size. Furthermore, each mesoporous shell
is composed of small, 10–20 nm nanoparticles. Figures 1(b)
and 1(d) show the SEM and TEM images, respectively, of
Pt NP/Nb-TiO2 composite with 20 wt% Pt loading. These
images clearly display the homogeneous Pt deposition
throughout the Nb-TiO2 support. The average sizes of Pt
nanoparticles on Nb-TiO2 were obtained by measuring 100
randomly chosen nanoparticles under higher magnification
TEM observation (Figure 2(a)). It is clearly seen that Pt
nanoparticles with narrow size distribution have the mean
size of 4 nm. The selected area electron diffraction (SAED)
patterns reveal the single crystallinity of both Pt nanopar-
ticles and the Nb-TiO2 support. High-resolution TEM
(HRTEM) analysis (Figure 2(b)) further confirms the highly
crystalline features of the support as well as Pt nanoparticles.
The fringes with lattice spacing of 0.23 nm can be indexed as
the (111) plane of face-centered-cubic (fcc) Pt, and the angle
between two (111) planes also matches well with the fcc Pt.

The lattice spacing of 0.25 nm can be indexed to (101) plane
of rutile TiO2.

The Pt loading can be readily tuned by simply changing
the mass ratio of the precursor and support, while keeping
the ratio between Pt precursor and HCOOH constant.
Figure 3(a) shows a TEM image of the product resulting
from a mass ratio of H2PtCl6 precursor to substrate (Nb-
TiO2) of 1 : 9, corresponding to 10 wt% Pt. At a higher mass
ratio of 2 : 3, corresponding to 40 wt% Pt, the density of the
Pt nanoparticles increases with some aggregation; however,
their size remains consistent at approximately 4 nm.

X-ray photoelectron spectroscopy (XPS) was employed
to study the chemical composition and status of the product.
Figure 4 shows the Pt 4f, Ti2p, Nb3d, and O1s high-resol-
ution XPS spectra taken from Pt/Nb-TiO2 composites with
different Pt loading levels (10, 20, and 40 wt% Pt), which
were calibrated by placing the principal C 1s peak at 284.8 eV.
Obviously, continued weakening of the Ti2p signaled at 459.0
and 464.8 eV, Nb3d signaled at 207.6 and 210.3 eV, and O1s
signaled at 532 eV is accompanied by the continued strength-
ening of the Pt 4f signals at 71.1 and 74.4 eV with increasing
Pt content [24]. These results suggest that the surface of
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Figure 2: (a) TEM and (b) HRTEM images of Pt nanoparticles deposited on hollow Nb-TiO2 nanosphere supports with 20 wt% Pt loading.
Pt NPs are single crystal, 4 nm in average size and uniformly dispersed on the surface of hollow Nb-TiO2 nanosphere supports.
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Figure 3: TEM images of Pt nanoparticles deposited on hollow Nb-TiO2 nanosphere supports with different Pt loadings. (a) 10 wt% and
(b) 40 wt%.

the Nb-TiO2 spheres becomes more covered with Pt
nanoparticles that shield the Nb-TiO2 surface from the XPS
detection. The deconvolution of the Pt spectrum (inset in
Figure 4(a)) shows only one doublet assigned as Pt 4f7/2 and
Pt 4f5/2, which further confirms that the nanoparticles are
pure metallic Pt. We obtained a relative atomic concentration
ratio O : Ti of 2 for the products from the experimental XPS
peak areas, which further confirms that the support is TiO2

with 8 at% Nb doping.
To study the electrochemical properties of the Pt NP/Nb-

TiO2 composites, electrochemical measurements were con-
ducted with a glassy carbon electrode (GCE) modified by Pt
NPs/Nb-TiO2 composites, with Pt loadings of 10, 20, and
40 wt%, respectively. For comparison, a GCE supporting a
commercial Pt/C catalyst (E-TEK) with 30 wt% Pt loading
was also tested. Figure 5(a) shows the cyclic voltammograms
(CVs) of these fours catalysts recorded at room temperature
in Ar-saturated 0.1 M HClO4 solution at a scan rate of

20 mVs−1. For all electrodes, the Pt loadings were kept at
approximately 13.0 μgPt/cm2. The CVs show strong peaks
characteristic of hydrogen adsorption/desorption peaks
below ∼0.4 V and Pt oxidation/reduction peaks beyond
∼0.6 V, and no considerable change in the shape is seen
among these catalysts. The electrochemical surface areas
(ECSAs) of Pt catalysts were determined by measuring the
charge collected in the hydrogen (H) adsorption/desorption
region after double-layer correction and assuming a value of
210 μC/cm2 for the adsorption of a monolayer of hydrogen
[20]. The obtained ECSAs for the four catalysts are listed in
Table 1. We can see that commercial Pt/C catalyst (E-TEK)
shows the largest electrochemical surface area (ECSA) with
57 m2/gPt. The 40 wt% Pt/Nb-TiO2 has ECSA value of
47 m2/gPt, followed by the 10 wt% and 20 wt% Pt/Nb-TiO2

which have ECSA values of 40 m2/gPt and 37 m2/gPt, res-
pectively. Interestingly, while there is no observed trend in
Pt ECSA with the increasing Pt loading on Nb-TiO2, it can
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Figure 4: High-resolution XPS spectra of (a) Pt 4f; (b) Ti2p; (c) Nb3d; (d) O1S. Inset in (a) shows the corresponding deconvolution of Pt
4f spectrum.

0 0.2 0.4 0.6 0.8 1 1.2

0

100

200

−100

−200

−300

−400

30 wt% PtNP/C (E-TEK)
10 wt% PtNP-NbTiO2

20 wt% PtNP-NbTiO2

40 wt% PtNP-NbTiO2

Potential, V (versus RHE)

C
u

rr
en

t 
de

n
si

ty
 (
µ

A
/c

m
2
)

(a)

0.2 0.4 0.6 0.8 1 1.2

0

1

−1

−2

−3

−4

−5

−6

30 wt% PtNP/C (E-TEK)
10 wt% PtNP-NbTiO2

20 wt% PtNP-NbTiO2

40 wt% PtNP-NbTiO2

Potential, V (versus RHE)

C
u

rr
en

t 
de

n
si

ty
 (
µ

A
/c

m
2
)

(b)

Figure 5: (a) CV curves and (b) polarization curves for O2 reduction on commercial ETEK Pt/C catalyst and Nb-doped TiO2 with different
Pt NP loadings in a 0.1 M HClO4 solution on a disk electrode.
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Figure 6: Cyclic voltammograms recorded on (a) PtNP/Nb-TiO2 and (b) ETEK PtNP/C electrodes in 0.1 M HClO4 solution at room
temperature during ADT. (c) ECSAs as a function of cycling numbers on PtNP/Nb-TiO2 and ETEK PtNP/C electrodes.

be suggested that by this Pt deposition method, similar Pt
particle size can be produced even at higher Pt loading on the
metal oxide substrate.

Figure 5(b) shows the rotating disk measurements, at
1600 rpm, for the ORR on three Pt/Nb-TiO2 catalysts, along
with the commercial Pt/C catalyst (ETEK) for comparison.
The corresponding electrochemical parameters are listed in
Table 1. From the figure, the ORR on all catalysts is diffu-
sion controlled when the potential is less than 0.7 V and
is under mixed diffusion-kinetic control in the potential
region between 0.7 and 0.85 V. From Table 1, we can see
that, as compared to the E-TEK Pt/C catalyst, 10 wt% PtNPs/
NbTiO2 composite shows the best performance with 15%
and 63% higher mass and specific activities, respectively.

Furthermore, overall comparison of the ORR activities indi-
cates that all the homemade PtNPs/Nb-TiO2 composites
exhibit higher mass and specific activities than those of the
commercial E-TEK Pt/C catalyst. This improvement in
activity is significant considering 100 m2/g BET surface area
[15] which is 2/5 of that of Vulcan XC carbon support of
commercial Pt/C catalyst. The enhancement in the ORR
activity might be due to the homogeneous distribution of
small Pt nanoparticles and the mesoporous surface structure
of the TiO2 hollow spheres.

The durability of the catalysts was determined in an
accelerated durability test (ADT) by continuously applying
linear potential sweeps from 0.60 to 1.4 V (versus RHE),
causing surface oxidation/reduction of Pt and the oxidation
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Table 1: Comparison of mass and specific activities for ORR and Pt electrochemical surface area of the different catalysts. All these three Pt
NP/TiO2 catalysts show better mass and specific activity than those of the state-of-the-art commercial Pt/C catalyst.

Catalyst
Mass activity at 0.9 V

A/mg Pt
Electrochemical-specific surface area

m2/g
Specific activity at 0.9 V

μA/cm2 Pt

PtNP/C (E-TEK) 30 wt% Pt 0.080 57 140

PtNP-NbTiO2 10 wt% Pt 0.092 40 228

PtNP-NbTiO2 20 wt% Pt 0.082 37 223

PtNP-NbTiO2 40 wt% Pt 0.082 47 175

of support. The surface reaction involves the formation of
PtOH and PtO derived from the oxidation of water that
causes the dissolution of Pt via the Pt2+ oxidation state
[25, 26]. The test was conducted by applying potential sweeps
at scan rate of 50 mV/s in a N2 saturated, 0.1 M HClO4

solution at room temperature. For comparison, commercial
E-TEK Pt/C (30 wt% Pt) catalyst with a similar Pt loading as
that in Pt/Nb-TiO2 (40 wt% Pt) was subjected to the same
potential cycling conditions. It is generally believed that the
performance degradation of the electrodes in PEMFC is
mainly due to the ECSAs decrease of the catalysts. After
30,000 cycles, changes in the Pt ECSA were determined. As
shown in Figures 6(a) and 6(b), cyclic voltammetry was used
to determine the Pt surface area of Pt/Nb-TiO2 and Pt/C
electrodes by measuring the H adsorption before and after
potential cycling. Figure 6(c) shows that, for Pt/Nb-TiO2,
∼40% of the original Pt surface area remained after 30,000
cycles potential cycling, which is 2.1 times higher than the
∼19% remaining for the commercial E-TEK Pt/C catalyst.
These results reveal that the Pt on Nb-TiO2 support is more
electrochemically stable. The enhanced stability might be
attributed to: (a) the higher corrosion resistance of Nb-TiO2

support compared to carbon in acidic environments, (b)
a strong Pt-metal oxide support interaction inhibiting the
sintering of the Pt [16, 17].

4. Conclusions

In summary, we have demonstrated a facile wet-chemical
method to grow single-crystalline Pt nanoparticles on meso-
porous Nb-doped TiO2 hollow spheres in aqueous solution,
without using any surfactant. The use of Nb-TiO2 hollow
spheres as substrate provides a new type of cost-effective
support with high corrosion resistance for growing Pt nano-
particles. The growth density of Pt nanoparticles on Nb-
TiO2 support could be controlled by manipulating the mass
ratios between the Pt precursor and the Nb-TiO2 support.
PtNP/Nb-TiO2 catalysts show enhanced activity and stability
compared with the commercial E-TEK Pt/C catalyst.
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Ti4O7-supported PEMFC catalysts at high potentials,” Journal
of the Electrochemical Society, vol. 155, no. 4, pp. B321–B326,
2008.

[7] T. Ioroi, Z. Siroma, N. Fujiwara, S. I. Yamazaki, and K. Yasuda,
“Sub-stoichiometric titanium oxide-supported platinum elec-
trocatalyst for polymer electrolyte fuel cells,” Electrochemistry
Communications, vol. 7, no. 2, pp. 183–188, 2005.

[8] H. Chhina, S. Campbell, and O. Kesler, “An oxidation-resistant
indium tin oxide catalyst support for proton exchange mem-
brane fuel cells,” Journal of Power Sources, vol. 161, no. 2, pp.
893–900, 2006.

[9] G. Chen, S. R. Bare, and T. E. Mallouk, “Development of sup-
ported bifunctional electrocatalysts for unitized regenerative
fuel cells,” Journal of the Electrochemical Society, vol. 149, no.
8, pp. A1092–A1099, 2002.

[10] H. Chhina, S. Campbell, and O. Kesler, “Ex situ evaluation
of tungsten oxide as a catalyst support for PEMFCs,” Journal
of the Electrochemical Society, vol. 154, no. 6, pp. B533–B539,
2007.

[11] M. S. Saha, M. N. Banis, Y. Zhang et al., “Tungsten oxide nano-
wires grown on carbon paper as Pt electrocatalyst support
for high performance proton exchange membrane fuel cells,”
Journal of Power Sources, vol. 192, no. 2, pp. 330–335, 2009.



8 Journal of Nanotechnology

[12] M. S. Saha, R. Li, M. Cai, and X. Sun, “High electrocatalytic
activity of platinum nanoparticles on SnO2 nanowire-based
electrodes,” Electrochemical and Solid-State Letters, vol. 10, no.
8, pp. B130–B133, 2007.

[13] M. D. Koninck, P. Manseau, and B. Marsan, “Preparation and
characterization of Nb-doped TiO2 nanoparticles used as a
conductive support for bifunctional CuCo2O4 electrocatalyst,”
Journal of Electroanalytical Chemistry, vol. 611, no. 1-2, pp. 67–
79, 2007.

[14] K. W. Park and K. S. Seol, “Nb-TiO2 supported Pt cathode
catalyst for polymer electrolyte membrane fuel cells,” Electro-
chemistry Communications, vol. 9, no. 9, pp. 2256–2260, 2007.

[15] M. Cai, Y. Lu, Z. Wu et al., “Making electrocatalyst supports
for fuel cells,” US patent, Application number: 12/716360,
2010.

[16] H. Chhina, D. Susac, S. Campbell, and O. Kesler, “Transmis-
sion electron microscope observation of Pt deposited on Nb-
doped titania,” Electrochemical and Solid-State Letters, vol. 12,
no. 6, pp. B97–B100, 2009.

[17] S. J. Tauster, S. C. Fung, and R. L. Garten, “Strong metal-sup-
port interactions. Group 8 noble metals supported on TiO2,”
Journal of the American Chemical Society, vol. 100, no. 1, pp.
170–175, 1978.

[18] F. Leroux, P. J. Dewar, M. Intissar, G. Ouvrard, and L. F. Nazar,
“Study of the formation of mesoporous titania via a template
approach and of subsequent Li insertion,” Journal of Materials
Chemistry, vol. 12, no. 11, pp. 3245–3253, 2002.

[19] E. Traversa, M. L. Di Vona, S. Licoccia et al., “Sol-gel processed
TiO2-based nano-sized powders for use in thick-film gas
sensors for atmospheric pollutant monitoring,” Journal of Sol-
Gel Science and Technology, vol. 22, no. 1-2, pp. 167–179, 2001.

[20] S. H. Sun, D. Q. Yang, D. Villers, G. X. Zhang, E. Sacher, and J.
P. Dodelet, “Template- and surfactant-free room temperature
synthesis of self-assembled 3D Pt nanoflowers from single-
crystal nanowires,” Advanced Materials, vol. 20, no. 3, pp. 571–
574, 2008.

[21] D. Q. Yang, S. Sun, J. P. Dodelet, and E. Sacher, “A facile route
for the self-organized high-density decoration of Pt nanopar-
ticles on carbon nanotubes,” Journal of Physical Chemistry C,
vol. 112, no. 31, pp. 11717–11721, 2008.

[22] D. Q. Yang, S. H. Sun, H. Meng, J. P. Dodelet, and E. Sacher,
“Formation of a porous platinum nanoparticle froth for elec-
trochemical applications, produced without templates, surfac-
tants, or stabilizers,” Chemistry of Materials, vol. 20, no. 14, pp.
4677–4681, 2008.

[23] http://www.phy.cuhk.edu.hk/∼surface/XPSPEAK/.
[24] F. Moulder, W. F. Stickle, P. E. Sobol, and K. D. Bomben,

Handbook of X-Ray Photoelectron Spectroscopy, Perkin-Elmer,
Eden Prairie, Eden Prairie, Minn, USA, 1992, Edited by J.
Chastain.

[25] R. Woods, Electroanalytical Chemistry, Marcel Dekker, New
York, NY, USA, 1976, Edited by A. J. Bard.

[26] J. Zhang, K. Sasaki, E. Sutter, and R. R. Adzic, “Stabilization
of platinum oxygen-reduction electrocatalysts using gold clus-
ters,” Science, vol. 315, no. 5809, pp. 220–222, 2007.



Hindawi Publishing Corporation
Journal of Nanotechnology
Volume 2012, Article ID 831872, 9 pages
doi:10.1155/2012/831872

Research Article

Titanium as a Potential Addition for High-Capacity Hydrogen
Storage Medium

Filippo Zuliani,1, 2 Leonardo Bernasconi,1, 3 and Evert Jan Baerends1, 4, 5

1 Theoretische Chemie, Vrije Universiteit Amsterdam, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands
2 Tata Steel Research, Development and Technology, Tata Steel Europe, 1970 CA Ijmuidem, The Netherlands
3 Science and Technology Facilities Council Rutherford Appleton Laboratory, Harwell Science and Innovation Campus,
Didcot, Oxfordshire OX11 0QX, UK

4 WCU Program, Department of Chemistry, Pohang University of Science and Technology, Pohang, Republic of Korea
5 Chemistry Department, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia

Correspondence should be addressed to Filippo Zuliani, fzuliani74@gmail.com

Received 7 March 2012; Accepted 1 May 2012

Academic Editor: Won Baek Kim

Copyright © 2012 Filippo Zuliani et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We study the adsorption of hydrogen molecules on a titanium atom supported by a benzene molecule using generalized gradient
corrected Density Functional Theory (DFT). This simple system is found to bear important analogies with titanium adsorption
sites in (8, 0) titanium-coated single-walled carbon nanotubes (SWNTs) (T. Yildirim and S. Ciraci, 2005) In particular, we show
that up to four H2 molecules can coordinate to the metal ion center, with adsorption patterns similar to those observed in Ti-
SWNTs and no more than one molecule dissociating in the process. We analyze in detail the orbital interactions responsible for
Ti-benzene binding and for the electron transfer responsible for the H2 dissociation. We find the latter to involve a transition from
a triplet to a singlet ground state as the hydrogen molecule approaches the adsorption site, similar to what has been observed in
Ti-SWNTs. The total Ti-H2-binding energy for the first dissociative addition is somewhat inferior (∼0.4 eV) to the value estimated
for adsorption on Ti-SWNTs. We analyze in detail the orbital interactions responsible for the H2 binding.

1. Introduction

Developing safe, cost-effective, and practical means of stor-
ing hydrogen is crucial for the advancement of hydrogen
and fuel-cell technologies [1–3]. In this context, titanium-
decorated organic compounds have received attention for
their potential use as high-capacity hydrogen storage mate-
rials [4–9]. More in specific, studies based on generalized
gradient DFT and first-principle molecular dynamics simu-
lations have indicated that a single-titanium atom supported
on an insulating (8, 0) SWNT can bind up to four hydrogen
molecules [10]. Since high titanium coverages on SWNTs
are achievable in experimental conditions, these materials
could provide means to reach, or even exceed, the mini-
mum hydrogen storage capacity required for technological
applications.

Adsorption of one H2 molecule to a titanium site was
found to proceed with a vanishing activation energy and to
involve interactions between carbon atoms, titanium, and

the hydrogen molecule which are essentially short ranged
and localized at the absorption site. It was proposed that
the mechanism responsible for the H2 bonding involves d
orbitals of the Ti atom, the antibonding σu of a H2 molecule,
and p orbital at carbon sites.

In this paper we present a DFT study that elucidates the
catalytic role played by the Ti atom in the dissociation of
the H2 molecule and in the bonding mechanism of the Ti
atom and the four hydrogen molecules, characterized as “an
unusual combination of chemisorption and physisorption”
[10]. According to the results presented here, the same num-
ber of hydrogen molecules can be stored in essentially the
same configuration introducing a different support for the
Ti catalyst, the benzene molecule. The benzene molecule
thus offers a hexagonal ring as support for Ti which is
electronically very similar to the (8, 0) SWNT, so that
bonding of H2 molecules can be studied in detail using well-
established molecular energy decomposition techniques and
programs [11].
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The paper is organized as follows. Details about the
calculations are given in Section 2. The adsorption and
dissociation of a H2 molecule on benzene-supported tita-
nium is analyzed in Section 3.1, and the possible addition
patterns for two and four molecule additions are studied in
Section 3.3. Our results are briefly summarized in Section 4.

2. Computational Details

Calculations have been performed using the Amsterdam
Density Functional program (ADF) [12–14]. The molecular
orbitals (MOs) were expanded in large uncontracted sets
of Slater-type orbitals containing diffuse functions of TZ2P
quality. A small frozen core (1s for C, 1s–2p for Ti) was
used in the present calculations. Equilibrium structures
were optimized using analytical gradient techniques, with
geometries and energies calculated at the OLYP [15, 16] level
of theory. Our choice for the functional is motivated by its
superior performance for the relative energies of different
spin states of various transition-metal complexes in the
gas phase, in particular when high-spin states are involved
[17–19]. Interactions between H2 molecules and the C6H6-
Ti complexes were analyzed using the molecular fragment
method that is a standard tool in energy decomposition
methods for interactions between molecules, as detailed
in Reference [11]. We use here primarily the description
of the orbitals of the overall system expressed as linear
combinations of fragment orbitals. The obvious fragments
here are Ti, benzene and H2 molecules. The orbitals of these
fragments are obtained (in the exact geometry they have
in the total system) in separate calculations. These orbitals
are then used as basis functions in the overall calculation.
This affords an analysis of the overall orbitals in terms of
percentages of the contributing fragment orbitals.

3. Results and Discussion

3.1. Orbital Interactions and Bonding in C6H6-Ti. The struc-
ture of the C6H6-Ti complex has been theoretically [20–
27] and experimentally [28] studied on the basis of DFT
calculations and laser evaporation methods. Experimental
evidence indicates the ground state to be a triplet in a
planar C6v configuration. We show in Figure 1 the orbital
interaction diagram of the benzene molecule and the Ti
atom obtained at the OLYP level of theory for the optimized
triplet C6v configuration. In this analysis, the C6H6-Ti (C6v)
compound was divided in two fragments: the isolated Ti
atom and the benzene support, their geometries fixed to
the relaxed interacting configuration. From now on, we
will take the xy-plane as the plane parallel to C6H6. When
interacting with the planar C6H6, the 3d set of the metal
atomic orbitals (AOs) are split into three levels of E2, A1,
and E1 symmetry, the 3da1 (dz2 ) orbital, two 3e2 (dxy and
Ti-3dx2−y2 ), and two 3e∗1 (dxz and dyz) orbitals, respectively.
The important bonding interaction is between the benzene
π orbitals of E1 symmetry and the Ti-3dxz,yz orbitals, which
is understandable considering the relatively large overlap
between these favorably oriented orbitals. This leads to

significant stabilization of the bonding combination and
destabilization of the antibonding combination. There is a
weaker interaction between the π orbitals of E2 symmetry
and the Ti-3dxy and Ti-3dx2−y2 orbitals, which are parallel
to the benzene plane and little interaction of the 3dz2 with
the much lower lying C6H6-π orbital of A1 symmetry.
The 3da1 (Ti-3dz2 ) AO is somewhat stabilized by the small
hybridization with the 4s and 4p of the same symmetry. The
orbital pattern for the d orbitals is reminiscent of the one for
sandwich complexes, but a peculiarity of the C6H6-Ti system
is the presence of a low-lying 4s orbital, hardly displaced from
its atomic position [26, 29]. This is related to Ti being coor-
dinatively very unsaturated; in highly coordinated (hexa- or
penta-coordinated) metal complexes the 4s is invariably very
much destabilized by the orthogonality requirement on the
occupied ligand orbitals.

The four d electrons of Ti are available to go into the
C6H6Ti-de2 and -da1 orbitals. Because there is only a small
gap between these orbitals, the “high-spin” configuration
(e2)3 (da1)1 results, leading to a triplet ground state of E2

symmetry. This is Jahn-Teller distorted, so that the degenera-
cy of the e2 MO is lifted. Our OLYP calculations predict
a triplet-C2v configuration as ground state of the C6H6-
Ti compound, with the quintet-C6v (e2)2 (da1)1 (4s)1 and
triplet-C6v (e2)3 (da1)1 (4s)0 configurations lying higher in
energy by 0.372 and 0.242 eV, respectively. Previously, both
triplet-C2v [20, 24, 26] and quintet-C6v [21–23, 25, 27, 28]
states have been theoretically predicted as possible ground
states. However, a quintet-C6v ground state was predicted
only by the B3LYP method, and previous studies on the
reaction products formed between group 5 transition metals
(V, Nb, Ta) and benzene revealed the B3LYP method to
calculate the correct ground state only for the C6H6-Nb
complex [29]. It was already suggested that triplet-C2v is
the real ground state of the C6H6-Ti complex [26] at DFT-
PBW91 level of theory, and our OLYP evidence leads us
to agree with such suggestions. Conclusive evidence from
experimental data on the ground state of the C6H6-Ti
complex is, however, still lacking.

As a consequence of the Jahn-Teller distortion, the planar
C6v C6H6 structure undergoes a deformation, characterized
by a ruffling of the C6 ring (up or down displacement of
the C atoms along the z-axis), Figure 1. Also, an elongation
of all the C–C bonds in the C6H6-Ti compound of up to
4% is observed, because of the charge donation from the
C6H6 bonding e1 states to the metal atom. The C6v planar
configuration may distort in two different ways towards a C2v

configuration, one characterized by a displacement along the
z-axis of two para carbon atoms towards Ti, labeled as [4 +
2], the other one by displacement of the other four carbon
atoms towards Ti, labeled as [2 + 4] configuration. In both
cases, the distance along the z-axis between the Ti and the
displaced C atoms is reduced from the C6v value of 1.66 Å
to 1.56 and 1.59 Å values of the [2 + 4] and [4 + 2] C2v

configurations, respectively. Energies reported in Figure 2 are
relative to the C6v structure with planar C6H6.

Figure 3 shows the electronic structure of the C6H6Ti
(C2v – [2 + 4]) complex. The Jahn-Teller distortion from
the planar C6v to the [2 + 4] distorted C2v structures causes
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respectively.

a splitting of the degenerate C6H6Ti de2 levels (Figure 1)
into the 8a1 and 3a2 states as shown in Figure 3. These now
lie lower in energy than the Ti-3dz2 (he 9a1 in Figure 3)
with 3da1 (Figure 1) parentage. In the corresponding [2 +
4] configuration of the benzene, the e2 LUMO splits into
an a2 and an a1 orbital, which stabilize the 8a1 (Ti-3dx2−y2 )
and 3a2 (Ti-3dxy) MOs by admixing in a bonding fashion.
The x-axis is perpendicular to the direction of the 2 C atoms
of the [2 + 4] structure (and again the 2 C atoms of the [4
+ 2] structure). The triplet C2v – [2 + 4] configuration is
thus characterized by a doubly occupied 8a1-Ti-3dx2−y2 state
and singly occupied 9a1-Ti-3dz2 and 3a2-Ti-3dxy states. In
the alternative C2v – [4 + 2] Jahn-Teller configuration, the
splitting of the e2 is reversed, the 3a2-Ti-3dxy state lies lower
in energy, while the Ti-3dx2−y2 lies in higher position. Thus,
the electron configuration in the distorted [4 + 2] geometry

is characterized by a doubly occupied 3a2-Ti-3dxy state of
the metal atom and a singly occupied Ti-3dx2−y2 . However,
in both configurations, the 3dz2 state is singly occupied (9a1

state in both [2 + 4] and [4 + 2] configurations). In all cases
the empty Ti-4s (10a1) is present, which potentially could act
as acceptor orbital for electrons from the approaching H2.

3.2. H2 Dissociative Adsorption on C6H6-Ti. Taking the trip-
let C2v – [2 + 4] as the representative electronic ground state
of the C6H6-Ti compound, we now turn to investigate the
role played by the Ti addition in the adsorption of the four H2

molecules on the C6H6-Ti compound reported by Yildirim
and Ciraci [10]. The first H2 addition proved to lead to
dissociation of the corresponding hydrogen molecule, while
an additional three molecules could be weakly bonded to the
Ti atom on the SWNT surface. We therefore obtain here,
for the C6H6-Ti compound, the same H2 adsorption pattern
observed in the (8, 0) Ti-SWNT studied in Reference [10].

Figure 4 shows the total energies of the C6H6TiH2

complex as a function of the distance between the metal atom
and the center of mass of the approaching H2. All energies
are relative to the value of the triplet curve at large distance,
that is, the chosen energy zero is the sum of the energies of
isolated ground state H2 and ground state triplet C6H6Ti[2 +
4]. For each value of the constrained Ti-H2 distance a full
geometry optimization was carried out in both triplet and
singlet states by relaxing to equilibrium all unconstrained
degrees of freedom. The H2 approach turns out to be with
the center of mass on the z-axis and the H2 bond axis
perpendicular to the z-axis and in the direction of the two
equivalent C atoms of the [2 + 4] configuration, which is
the x-axis. Similar to the H2 adsorption on a SWNT [10] we
find the C6H6Ti-H2 complex to be in a triplet ground state
at large Ti-H2 distances and to undergo a transition to the
singlet at 1.72 Å. At variance with the barrierless dissociative
adsorption of H2 on the (8, 0) Ti-SWNT studied in Reference
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[10], a finite barrier (0.17 eV) is computed here for the H2

addition to C6H6Ti, given by the difference between the
energy at the spin transition and the energy at the minimum

of the triplet spin surface. The absence of a barrier for H2

dissociation in the (8, 0) Ti-SWNT is likely to arise from a
selective stabilization of the singlet state relative to the triplet
in the Ti-SWNT compared to C6H6Ti. In Figure 4 this would
result in the singlet curve joining smoothly the triplet one at
Ti-H2 distances lower than ∼2 Å.

The H2 lowest unoccupied orbital (LUMO) 1σu has B1

symmetry in C2v, so it cannot mix with the de2 orbitals (8a1

and 3a2 in Figure 3) or with the 3dz2 or 4s (both A1), but
it mixes very strongly with the e∗1 -derived Ti-3dxz (the 6b1 of
the C6H6Ti fragment). This orbital is a typical frontier orbital
which is hybridized with the 4px and thereby acquires a large
amplitude towards the incoming H2. The strong interaction
of 1σu and 3dxz results in a low-lying stabilized strongly
mixed C6H6TiH2-6b1 level (Tables 1 and 2 and Figure 5).
As the H2 molecule approaches the C6H6Ti compound, this
level stabilizes so much that it becomes successively occupied
with two (spin-paired) electrons, which may be pictured
as coming from the originally singly occupied 9a1α and
next 3a2α of C6H6Ti[2 + 4] of Figure 3. This is a typical
example of a bond-breaking reaction, where the initially
empty strongly H–H-antibonding orbital becomes occupied.
The stabilization of the 1σu which makes the mixing with
3dxz very strong is of course concomitant with the stretching
of the H2 molecule (the bond breaking). The whole process
only requires a very low barrier of 0.17 eV.

The interaction of H2 with a transition metal is often
weak, because occupied metal orbitals have Pauli repulsion
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Table 1: C6H6TiH2 MOs energies (eV). Orbital labels refer to
Figure 5.

d(Ti-H2) (Å)

2.2 (↑/↓) 1.72 (↑↓) 1.17 (↑↓)

C6H6TiH2-6b1 −2.71/−1.55 −3.85 −5.64

C6H6TiH2-8a1 −11.50/−11.28 −6.53 −5.94

Table 2: C6H6TiH2 MOs composition (%). Orbital labels refer to
Figure 5.

d(Ti-H2) (Å)

2.2 (↑/↓) 1.72 (↑↓) 1.17 (↑↓)

C6H6TiH2-6b1
1σu 22/44 48 59

6b1-3dxz 55/42 41 33

C6H6TiH2-8a1

1σg 89/91 74 67

101-4s 3/3 8 12

9a1-3dz2 1/1 8

8a1-3dx2−y2 15

with the occupied 1σg orbital of H2, preventing H2 from
coming so close that the interaction of a metal d orbital

with the H2 1σu orbital can become strong. Typically another
occupied metal d orbital then interacts only weakly with the
high-lying H21σu, resulting in weak backdonation. In the
present case the coordinatively unsaturated Ti atom, with
relatively few d electrons (as an early transition metal in the
3d series), offers a route to strong interaction and H2 bond
breaking. The 1σg mixes (allowed by symmetry) with the 4s
and the 3dz2 states (9a1 and 10a1 of the C6H6Ti fragment)
but not with the 3dx2−y2 (8a1), see Table 2. The antibonding
combination of 3dz2 and 1σg , embodying the Paul repulsion,
is destabilized in the process and loses its electron to the
downwards moving 6b1. The loss of the electron from
the antibonding orbital implies disappearance of the Pauli
repulsion, and the H2 can approach unhindered to optimize
the interaction of 1σu with 3dxz in the now fully occupied
6b1, which leads to the bond breaking. At the same time,
there is a low-lying bonding combination of the (mostly) 1σg
orbital with the Ti-3dz2 , resulting in the orbital 8a1, which
remains fully occupied (with the original two electrons of
1σg). This orbital is further stabilized by favorable mixing
with the Ti 4s (10a1) and the Ti-3dx2−y2 (note the percentages
of 12% and 15%, resp. in the 8a1, Table 2). This contributes
to the force pulling H2 to Ti. So ultimately the two electrons
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of H2 end up in the Ti-1σg(H2) bonding orbital 8a1 and out
of the four Ti electrons two go into the Ti-1σu(H2) bonding
orbital 6b1 (H–H bond breaking), while the two remaining
ones reside in the largely nonbonding Ti-3dx2−y2 (9a1).
The final resulting electron configuration has only doubly
occupied orbitals, that is, it is a singlet state. The transition
from the triplet to the singlet state occurs at a distance of
1.72 Å between the Ti atom and the incoming H2 molecule.

Figure 5 shows the orbital interactions between the
C6H6Ti complex and the adsorbed H2 molecule in the singlet
equilibrium geometry. For analysis the systems was divided
into two fragments: the C6H6Ti C2v – [2 + 4] complex
described before and the hydrogen molecule with the H–
H distance lengthened to the dissociated value (2.61 Å). At
such a long H–H distance the 1σg (A1 symmetry in C2v) and
1σu (B1 symmetry) orbitals have little bonding/antibonding
character left and are almost degenerate. As described above,
these two H2-based orbitals enter the orbital energy diagram
as the states 8a1 and 6b1, below the 3d orbitals, with a good
deal of mixing of these H2 orbitals and the metal orbitals.
The internal caption in the figure shows the composition of
the C6H6TiH2 C2v – [2 + 4] 8a1 and 6b1 MOs.

3.3. Adsorption of Two and Four H2 Molecules. Turning now
to the addition of two H2 molecules, we observe that Figure
6 shows two adsorption patterns, one in which one of the
H2 molecules is dissociated (Figure 6(a)) and one in which
purely molecular adsorptions are observed (Figure 6(b)).
In the dissociative configuration (a) the distance between
the centers of mass of the first and the second H2 molecule
and the Ti is predicted to be 0.76 and 1.81 Å, respectively,
with a lengthened 0.84 Å bond for the second nondissociated
molecule and a H–H distance of 3.22 Å for the dissociated
one. The H–H distance in a free H2 molecule is 0.74 Å. In
the configuration (b), the two H2 molecules were added in
a position other than the on-top adsorption site of the Ti.
The optimized geometry predicted a displacement between
the center of mass of the two H2 molecules and the Ti
atom of 0.98 Å and 1.77 Å along the z-axis and the xy-plane,
respectively. The adsorbed H2 bond length was calculated to
be 0.78 Å. The first configuration is energetically favored by
0.38 eV over the second.

Table 3 shows the composition of the MOs involved in
the donation/backdonation bonding mechanisms. In
the configuration (a), the system was divided again in two
fragments: C6H6TiH2 and the second undissociated H2

molecule. In the configuration (b), the system was divided
into a C6H6Ti and two H2 fragments. In both configurations,
the added H2 molecules bind weakly to the Ti and do not
dissociate with bonding energies of 0.10 and 0.20 eV per H2

molecule, respectively.
In the configuration (a), the dissociation of the second

H2 molecule is hindered by the double occupancy of the
C6H6TiH2-8a1 orbital, which prevents the second H2 mol-
ecule from approaching the adsorption site by the Pauli
repulsion (occupied-occupied orbital repulsion of 1σg with
8a1). Strong mixing of the high-lying H2 1σu with a suitable
occupied metal fragment orbital is therefore blocked, and

Table 3: Compositions of the MOs involved in the H2 dona-
tion/backdonation bonding mechanism for the adsorption of two
H2 molecules on the C6H6Ti complex.

C6H6TiH2-H2 C6H6Ti-2H2

6a1 3b1

83% H2-1σg 91% H2-1σg (x2)

7% C6H6TiH2-10a1 6% C6H6Ti-6b1

6b1 6a1

87% C6H6TiH2-6b1 85% H2-1σg (x2)

10% H2-1σu 4% C6H6Ti-6a1

3b2

88% C6H6Ti-3a2

10% H2-1σu (x2)

significant stabilizing mixing between the 1σg and the empty
10a1-3dz2 and the 11a1-4s is also prevented. Charge donation
from the C6H6Ti complex to the 1σu of the second H2

molecule is thus avoided, (which could take place in the first
dissociative H2 addition and caused the H–H bond break-
ing). The empty 10a1 and 11a1 orbitals, with large 3dz2 and
4s character, do act to some extent as acceptor orbitals (cf. the
7% 10a1 mixing with the 1σg in Table 3), but bond breaking
would require the antibonding 1σu orbital to be filled.

In the configuration (b), the dissociation of the two
H2 molecules does not occur since the orbital overlaps
between the C6H6Ti and H2 remain too weak in this
configuration. For instance, the calculated overlap between
9a1 and 1σg was 0.114, while a 0.765 value was obtained
for the C6H6Ti-H2 dissociative adsorption described before.
The two H2 molecules should approach the C6H6Ti fragment
more closely in order to build better overlaps but would
then experience substantial repulsion. The first dissociation
in configuration (a) occurs because the antibonding H2

orbital 1σu gets filled through its strong interaction with
the exposed Ti-3dxz. In general, dissociation requires that
electrons are dumped into the antibonding (bond-breaking)
orbital. This does not occur in configuration (b) because of
the repulsion between C6H6Ti-8a1 and 1σg ’s. In addition,
bond breaking requires occupation of the 1σu orbitals. In
the depicted configuration the 1σu orbitals cannot, however,
establish strong interactions with unoccupied C6H6TiH2

orbitals and gain sufficient stabilization to bring about its
occupation through the mechanism described above. A weak
donation/backdonation mechanism is therefore responsible
for the bonding between the Ti atom and the two H2

molecules also in this second configuration. Note that the
C6H6Ti-6b1, 6a1 and 3a2 states indicated in the right panel
of Table 3 consist mainly of the Ti-3dxz, a lower lying C6H6-
e1 and the Ti-3dxy/C-pz states, respectively.

We next consider the adsorption of four H2 molecules on
the C6H6Ti complex. In this case, two stable four-H2 adsorp-
tion patterns were computed (Figure 7). We denote these
two different configurations as TiH2 + 3H2 (Figure 7(a))
and Ti + 4H2 (Figure 7(b)). These equilibrium structures are
clearly related to the corresponding geometries in the two-H2

addition patterns (Figure 6). In both cases, no more than one
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(a) (b)

Figure 6: Adsorption patterns of two H2 molecules addition: (a) C6H6Ti H2-H2, (b) C6H6Ti -2H2. Hydrogen, carbon, and titanium atoms
are shown in white, dark grey, and light grey, respectively.

(a) (b)

Figure 7: The two most stable four-H2 addition patterns: (a) TiH2 + 3H2 and (b) Ti + 4H2. Hydrogen, carbon, and titanium atoms are
shown in white, dark grey, and light grey, respectively.

H2 molecule undergoes dissociative adsorption, and when
dissociation occurs an additional undissociated molecule
resides on top of the adsorption site. In the configurations of
type (b), the on-top site is left vacant. Similar configurations
were found to be stable when using SWNT support in place
of C6H6 for the Ti catalyst [10]. The final optimized TiH2

+ 3H2 structure is 0.32 eV lower than Ti + 4H2. In the very
symmetric Ti + 4H2 configuration, all the four molecules stay
intact, with an average H–H bond distance and bond energy
of 0.82 Å and 0.23 eV, respectively.

Table 4 shows a comparison between the benzene and
SWNT supports. It is important to notice that the results
presented in this paper agree with the hypothesis of Yildirim
and Ciraci [10] about the characteristic properties of a Ti
atom supported by a hexagonal-carbon-based framework
and its hydrogen adsorption properties. Also, our orbital

analysis substantiates the picture of the Ti–C–H2 interaction
proposed by the authors for the SWNT support. There are
nonetheless important differences between the two supports.
In the first instance the adsorption energy of the first disso-
ciative H2 addition is much reduced in the benzene support
(from 0.83 eV to 0.37 eV). In addition, the dissociative addi-
tion is an activated process which suggests, according to the
argument of Section 3.1, that the singlet state is stabilized in
the SWNT compared to the benzene support. Furthermore,
when four molecules are adsorbed, in the benzene-Ti system,
one is dissociated, the others are not. In the SWNT none
is dissociated. The very symmetric SWNT-Ti-4H2 config-
uration was found to lie lower in energy by 0.10 eV than
the SWNT-TiH23H2 [10]. It may therefore be argued that
the yield of molecular H2 adsorption in the C6H6-Ti system
would be lower than in the SWNT (one need to recombine
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Table 4: Comparison of SWNT and C6H6 supports for H2 adsorp-
tion on Ti.

Support C6H6 SWNT [10]

preferred configuration TiH2 + 3H2 Ti + 4H2

adsorption energy per H2 molecule 0.23 eV 0.54 eV

first dissociative H2 addition energy 0.37 eV 0.83 eV

Ti + 4H2: H–H distance 0.82 Å 0.84 Å

one molecule when releasing hydrogen). Finally, the average
Ti-H2 adsorption energy decreases from 0.54 eV for the
SWNT support to 0.23 eV for the C6H6. In conclusion,
although the C6H6 support for the Ti addition qualitatively
reproduces the dominant local contribution of the large gap
(8, 0) SWNT, the different boundary conditions of the two
materials, finite system in the case of C6H6, infinite periodic
in the case of the SWNT, lead to sizable differences in the
adsorption energies. The result is a favored Ti + 4H2 configu-
ration for the periodic SWNT support of the Ti atom and the
more localized TiH2 + 3H2 as the favored pattern for C6H6.
We stress that, in the TiH2 + 3H2 configuration, the first H2

adsorption is dissociative, while the other three are not. From
a material modelling viewpoint, the C6H6-Ti complex can be
seen as an “almost converged” model system for the SWNT-
Ti with respect to cluster size. Nevertheless, C6H6-Ti can
store the same number of H2 molecules per Ti atom, achiev-
ing a 6% weight percentage of stored hydrogen. Indeed, some
electronic relationship between SWNT and C6H6 may be
expected from the modern theory of the macroscopic polar-
ization [30]. According to such theory, the quadratic spread
of the manybody electronic wavefunction in condensed
phase has an upper bound, in the presence of a finite gap Eg :

λ <
�2

2mEg
, (1)

where λ is the so called localization length [30], defined by
a unitary operator based on a Berry phase in place of the
position operator, and m is the electron mass. Qualitatively,
(1) can be read as “the larger the gap, the more localized
the electrons are”. Indeed, (8, 0) SWNT is a large gap
insulator nanotube, thus limiting the quadratic spread of
the manybody electronic wavefunction. This means that, as
normal for insulators, the interaction between Ti adatom
and the SWNT may be expected to consist of a dominant
local contribution from the C6 hexagon surrounding the
metal atom. When we isolate the carbon hexagon support of
the Ti atom, the C6H6 is obtained by hydrogen passivation
of the dangling bonds. Benzene can be therefore provide the
simplest model system in which the local effects occurring
in the large gap insulator (8, 0) SWNT may be represented.

4. Summary and Conclusions

We studied the adsorption of one, two, and four H2

molecules on a single titanium atom supported on a benzene
molecule. In all cases we found one H2 molecule to adsorb

dissociatively and the remaining one(s) to bind to the metal
ion center through weak-charge transfer interaction. The
dissociative addition was found to involve a transition from
the triplet to the singlet energy surface, similar to what has
been found in the adsorption of H2 on a titanium atom
supported on a (8, 0) SWNT. At variance with the latter,
this was, however, found to be an activated process, with a
barrier of 0.17 eV. The Ti-H2-binding energy was estimated
to be ∼0.4 eV lower than in the SWNT. The main emphasis
of this work has been on a detailed analysis of the orbital
interactions responsible for the H2 binding to Ti and for the
dissociation of one H2 molecule. Typically, the coordination
of H2 to a transition metal atom (or ion) is very weak,
because the occupied 1σg orbital will have Pauli repulsion
with occupied metal orbitals. This prevents H2 from coming
close and interacting strongly by way of its high-lying 1σu,
which could lead to breaking of the H–H bond. In the Ti-
benzene system, however, the situation is different due to
the small number of d electrons and due to fact that the
interaction with the benzene “prepares” the Ti 3d orbitals for
the interaction with H2. Notably, the Pauli repulsion, which
is embodied in the antibonding interaction of the occupied
1σg of H2 with an occupied mostly 3dz2 orbital, is relieved
by the loss of the two electrons from the rising antibonding
combination of the 1σg and 3dz2 . These electrons are
transferred to an in-phase (bonding) combination of the
(originally empty) Ti 3dxz and H2 1σu orbitals, which comes
down due to the stabilizing interaction. We also find that the
empty Ti 4s orbital can interact favorably with H2, which
adds to the force pulling the H2 in. In essence, Ti is specially
favorable because the combination of the small number
of four d electrons and the special orbital interactions
with benzene lead to just the right electronic structure for
easy dissociation of H2. Our results elucidate the electronic
structure reasons for the high potential of Ti on carbon
supports as new and efficient materials for hydrogen storage.
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A modified PtRu/ZrO2 catalyst with Mg is evaluated for the oxidative steam reforming of ethanol (OSRE) and the steam reforming
of ethanol (SRE). In order to understand the variation in the reaction mechanism on OSRE and SRE, further analysis of both fresh
and used catalyst is concentrated on for TEM, TG, Raman, and TPR characterization. The results show that the OSRE reaction
requires a higher temperature (TR ∼ 390◦C) to achieve 100% ethanol conversion than the SRE reaction (TR ∼ 2500◦C). The
distribution of CO is minor for both reactions (< 5% for OSRE, < 1% for SRE). This demonstrates that the water gas shift (WGS)
reaction is an important side-reaction in the reforming of ethanol to produce H2 and CO2. A comparison of the temperature of
WGS (TWGS) shows it is lower for the SRE reaction (TWGS ∼ 250◦C for SRE, ∼340◦C for OSRE).

1. Introduction

The prospect of global energy shortages as well as increas-
ingly stringent emission regulations has stimulated inter-
est in renewable energies. Production of hydrogen from
renewable sources derived from agricultural or other waste
streams offers the possibility of lower or even no net
greenhouse gas emissions [1, 2]. Among the candidates
for hydrogen production, ethanol produced by the fer-
mentation of biomass offers many advantages, such as low
toxicity, high biodegradability, and easy transport [3–5];
thus, the reforming of ethanol is seen as a promising
method for hydrogen production from renewable resource
[6, 7]. Hydrogen can be produced from ethanol through
different reforming processes, for example, steam reforming
of ethanol (SRE), partial oxidation of ethanol (POE), and
oxidative steam reforming of ethanol (OSRE). Moreover, a
high yield of hydrogen can be obtained from the SRE reaction
[4–14].

The nature of the metal and its support strongly affect
both stability and products distribution [5, 15]. In view
of the ZrO2-supported system, noble metal catalysts such
as Pt and Ru are well known for their high catalytic
activities, which have been extensively investigated. The size-
selective capability of Pt/ZrO2 catalysts on the catalytic
decomposition of alcohol for the production of hydrogen
was reported by Cuenya’s group [7, 16]. However, this
catalyst deactivated at high temperatures due to carbon
deposition. De Lima et al. [17] reported that the side-
products of acetaldehyde and ethane were favored on
Pt/ZrO2 in the SRE. Relatively low reaction temperatures
around 100 to 200◦C in the POE and OSRE over a Pt/ZrO2

and PtRu/ZrO2 catalysts were reported by our previous
studies [18–21], and 300◦C was reported by Mattos and
Noronha [22] in the POE reaction. The main problem found
when using these catalysts is deactivation by sintering and
carbon deposition. The use of basic oxides as supports and
the addition of metal species (Li, Na, K, and Cu, etc.) have
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been found to improve catalytic performance and overcome
the disadvantages [9, 23–25]. Recently, Carrero et al. [26]
reported the effect of alkaline earth metals over Cu-Ni/SiO2

catalysts where a high hydrogen selectivity was obtained with
Mg, while the incorporation of Ca reduced coke formation.

Therefore, the main objective of this paper is to study
PtRuMg/ZrO2 catalyst for the SRE and OSRE reactions to
produce hydrogen at a temperature lower than 300◦C with
higher ethanol conversion (XEtOH), hydrogen yield (YH2 ),
and lower CO distribution. The expectation is that the
catalytic activity and stability against the coke deposition
of the PtRuMg/ZrO2 catalyst on the reforming of ethanol
could be enhanced. The characterization of fresh and used
catalysts was analyzed by TEM, TG, Raman, and TPR
characterization.

2. Experimental

2.1. Catalyst Preparation. A sol-gel method was used for the
preparation of the ZrO2 support using Zr[O(CH2)3CH3]4

(Strem) as the precursor. The PtRuMg/ZrO2 catalyst was
prepared by the method of sequent incipient wetness impreg-
nation using H2PtCl6 and RuCl3 as precursors (1.5 wt%
for each component) first to disperse on the ZrO2. After
drying at 110◦C and calcination at 400◦C for 4 h, 1.0 wt%
of Mg(NO3)2·6H2O was incipient sequentially. After drying
at 110◦C, the prepared sample was crashed to 60 ∼ 80 mesh
and stored as fresh catalyst (labeled as PtRuMg/ZrO2).

2.2. Catalyst Characterization. Transmission electron micro-
graphs (TEMs) were taken on a PHILIPS (CM-200) micro-
scope at an accelerated voltage of 200 kV. Thermal gravi-
metric analysis was carried out using a Seiko SSC5000 TG
system. The rate of heating was maintained at 10◦C·min−1.
The measurement was carried from RT to 1000◦C under air
flowing with a rate of 100 mL·min−1. The measurements
of the Raman spectroscopy were recorded using a Nicolet
Almega XR Dispersive Raman spectrometer. The spectra
were collected between 500 and 2000 cm−1, using the beam
of a diode laser (780 nm), with the sample exposed to
the air under ambient conditions. Reduction behavior was
studied by temperature-programmed reduction (TPR). A
sample of about 50 mg was introduced a flow of 10% H2/N2

gas mixture at a flow rate of 10 mL·min−1. During TPR,
the temperature was increased at 7◦C·min−1 from room
temperature to 900◦C.

2.3. Catalytic Activity Measurement. Catalytic activities of
the prepared sample towards the SRE and OSRE reactions
were tested in a fixed-bed flow reactor at atmospheric
pressure. Catalyst in the amount of 100 mg was placed in
a 4 mm i.d. quartz tubular reactor and held by glass-wool
plugs. Before the reaction, the catalyst was activated by
reduction with hydrogen at 300◦C for 3 h. The gas hourly
space velocity (GHSV) was maintained at 22,000 h−1, and
the H2O/EtOH molar ratio was 13 (H2O : EtOH = 80 : 20
by volume) for the SRE reaction; while the GHSV was
maintained at 56,000 h−1, the O2/EtOH molar ratio was
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Figure 1: Catalytic performance in the SRE reaction over
PtRuMg/ZrO2 catalyst.

0.26, and the H2O/EtOH molar ratio was 4.86 for the OSRE
reaction. A 5 h time-on-stream tests were maintained at
each measured temperature. The analysis of the reactants
and all reaction products was carried out online by gas
chromatography, with columns of Porapak Q and Molecular
Sieve 5A for separation. The evaluation of the catalytic
activity depended on the conversion, products distribution,
and the yield of hydrogen:

XEtOH = (nEtOH-in − nEtOH-out)
nEtOH-in

× 100%,

YH2 =
nH2-out

nEtOH-in
,

Si = nPi
n
∑
Pi
× 100%,

(1)

where XEtOH is the conversion of ethanol, YH2 is the yield of
hydrogen, Si is the distribution of different products, Pi is the
different products, and n is the amounts of moles.

3. Results and Discussion

3.1. Catalytic Evaluation. Figure 1 illustrates the XEtOH,
products distribution (water excluded), and YH2 from SRE
with an H2O/EtOH molar ratio of 13 over the PtRuMg/ZrO2

catalyst between 175 and 300◦C. About 1 h to reach the steady
state and the recorded date was 5 h time-on-stream tests at
each reaction temperature. The concentration of hydrogen
increased progressively with increases in temperature (TR).
The detailed proposed pathway was shown in the Scheme 1.
Below 200◦C, the main product besides hydrogen was
acetaldehyde, thus indicating that it behaved as a dehydro-
genation of ethanol, and then acetaldehyde decomposition
into methane and CO with increasing temperature. This
indicated that both platinum and ruthenium had a stronger
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Scheme 1: Reaction routes of SRE and OSRE over PtRuMg/ZrO2 catalyst.

capacity for breaking the C–C bond in the reforming of
ethanol

C2H5OH −→ CH3CHO + H2

CH3CHO −→ CH4 + CO.
(2)

At higher temperatures (TR > 225◦C), concentrations of
CO2 up to 18% accompanied the decreasing of CO to 0.2%.
At the same time, the concentration of methane through
the decomposition of acetaldehyde was significant. This
indicated that the water-gas shift (WGS) reaction occurred
at a lower temperature than that of the cobalt oxide [12] and
the PtRu/ZrO2 catalyst [20]. This showed that the addition of
magnesium improved the reforming activities and enhanced
the WGS reaction at lower temperatures

CO + H2O −→ H2 + CO2. (3)

When the TR increased to 280◦C, the amount of CH4 side-
product increased slightly to approach 16% and decreased
the yield of hydrogen since the reversed water-gas shift
reaction (RWGS) occurred. The maximum YH2 approached
4.0 around 275◦C for the SRE reaction

CO2 + 4H2 −→ CH4 + 2H2O. (4)

Figure 2 displays the XEtOH, products distribution (water
excluded), and YH2 from OSRE with an EtOH/H2O/O2 at
a molar ratio of 1 : 4.86 : 0.26 over a PtRuMg/ZrO2 catalyst
between 250 and 420◦C. As compared with the SRE reaction,
there were significant differences in the different reactions.
The SRE reaction preceded complete conversion of the
ethanol at 250◦C, while there was only 75% conversion
at this temperature and full ethanol conversion exceeded
390◦C for the OSRE reaction. The temperature for the
decomposition of acetaldehyde (DT) showed that the easy
cracking promoted the formation of hydrogen. The DT on
the SRE reaction approached 200◦C, and above 250◦C for
the OSRE reaction. The acetaldehyde disappeared at 275◦C
for the SRE reaction, and at 420◦C for the OSRE reaction.
A comparison of the temperature of WGS (TWGS) showed
that it was lower for the SRE reaction (TWGS ∼ 250◦C
for SRE, ∼340◦C for OSRE). The distribution of CO was

0

100

10

20

30

40

50

60

70

80

90

CH3CHO

CH4
CO

CO2

H2

Yield of H2

Conv.

1

0

2

3

4

5

6

H
ydrogen

 yield (H
2

m
ol/E

tO
H

 m
ol)

Temperature (◦C)

240 260 280 300 320 340 360 380 400 420 440

C3H6O

E
tO

H
 c

on
ve

rs
io

n
/p

ro
du

ct
s 

di
st

ri
bu

ti
on

(m
ol

%
)

Figure 2: Catalytic performances in the OSRE reaction over
PtRuMg/ZrO2 catalyst.

minor for both reactions (<5% for OSRE, <0.5% for SRE).
Besides the main products of H2 and CO2, the decreasing of
acetaldehyde accompanied with the trace amounts of acetone
was produced through the condensation of acetaldehyde
(showed in the Scheme 1) at TR > 340◦C. At a further
temperature increase, the acetone was still detected. This
clearly influenced the yield of hydrogen and also, possibly,
the coke deposition. The maximum YH2 only approached 2.8
around 420◦C for the OSRE reaction.

3.2. Characterization of Used Catalyst. The design of a
stable and applicable catalyst is one of the most important
issues in the production of hydrogen from ethanol. The
significant deactivation reported for hydrogen production
from ethanol reforming is usually attributed to carbon
formation and sintering of active metals, which is strongly
influenced by the nature of the support, catalyst, and reaction
conditions (especially temperature and H2O/EtOH/O2 ratio)
[9, 27–29]. In order to obtain more information about the
behavior of the used catalyst, TEM, TG, Raman, and TPR
characterizations were pursued for the samples after the SRE
and OSRE catalytic tests.
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(a)

(b)

(c)

Figure 3: TEM images of fresh and used catalysts: (a) fresh, (b) after
OSRE reaction, and (c) after SRE reaction.

Figure 3 shows the TEM micrographs of both fresh and
used catalysts. A comparison with the fresh sample (see Fig-
ure 3(a)) showed an apparent deposition of coke on the used
catalyst after the OSRE reaction (see Figure 3(b)). There was
no obvious coke formation observed after the SRE reaction
(see Figure 3(c)). The specific weight loss of combustion of
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Figure 4: TG curves of used catalyst after SRE and OSRE reaction.

adsorbed C1 species (200∼300◦C) and coke (400∼600◦C)
on the catalyst surface was obtained from the TG results
(see Figure 4). Since the addition of magnesium modified
the catalyst becomes slightly base which may be adsorbed
C1 species after the reforming reaction. It was apparent that
only after the OSRE reaction was the combustion of coke
observed. Furthermore, the Raman spectra (see Figure 5)
of the used catalyst after the SRE reaction differed from
the OSRE reaction. There were two bands centered at 1320
(D-band) and 1590 (G-band) cm−1, characteristic of poorly
ordered carbon deposition [30], observed after the OSRE
reaction but not after the SRE reaction. This result indicated
that the coke formed through the OSRE reaction. Also, the
evidence of coke formation can be demonstrated by the
TPR analysis. Figure 6 shows the TPR profiles of the used
catalyst after the SRE and OSRE reactions. Two reduction
regions can be distinguished: one region for the adsorbed
C1 species (around 298◦C) and the other region for coke
(around 584◦C), with the broad signal coming from the
methanation of deposited carbon [8]

C + 2H2 −→ CH4. (5)

From the characterization of the used catalyst, we
observed a more pronounced coke formation in the OSRE
reaction and confirmed that the designed PtRuMg/ZrO2

catalyst was a suitable application on the SRE reaction.

4. Conclusions

A novel and high performance PtRuMg/ZrO2 catalyst had
been designed and applied on the SRE and OSRE reaction
to produce hydrogen at low temperature. The results showed
that the distribution of CO was minor for both reactions
(<5% for OSRE, <1% for SRE). The OSRE reaction required
a higher temperature (TR ∼ 390◦C) to achieve 100% ethanol
conversion than the SRE reaction (TR ∼ 250◦C). Also the
temperature of WGS accompanying the OSRE reaction was
higher (TWGS ∼ 340◦C) than that of the SRE reaction
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Figure 5: Raman spectra of used catalyst after SRE and OSRE
reaction.

0 100 200 300 400 500 600 700 800 900

SRE

OSRE

Temperature (◦C)

 

H
2

co
n

su
m

pt
io

n
 (

a.
u

.)

127◦C

584◦C

298◦C

Figure 6: TPR profiles of used catalyst after SRE and OSRE
reaction.

(TWGS ∼ 250◦C). A more pronounced coke formation
was observed in the OSRE reaction. In considering the
catalytic stability against the coke deposition, application of
PtRuMg/ZrO2 catalyst on the SRE reaction is suitable.
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There have been a number of substantive technical changes that can be described as revolutionary process and evolutionary process.
One of these approaches is the use of nanotechnology in the two-stage pyrolysis of petroleum residues of the heavy distillates
separated from the Arabian crude oil. Two-stage catalytic pyrolysis technique proved to be an excellent method for the production
of unsaturated hydrocarbons (which easily can be converted to alcohol, by addition of H2O, for the production of E-85, i.e., clean
fuel) regardless the type of feed stocks used. Basically, the catalysts are arranged into three large groups; amorphous and crystalline
alumino-silicates, alkaline or alkaline earth alumino compounds, and different metal oxides on different catalyst carriers such as
Zeolites. The high yield of ethylene (30–40%) brought by different catalysts at temperatures of 700–750◦C appear to justify the
intensive research work in this field.

1. Introduction

Upgrading of heavy ends for the manufacture of olefins is the
main aim of the refineries today. Production of fuel-grade
distillate from petroleum residues is a profitable operation
for refineries provided that they have necessary technology
available. Any processing to convert heavy ends into refined
distillates should somewhere include a hydrogen addition
step, heteroatom removal step. However, in the two-stage
pyrolysis technique, the feed stock can be used without any
pretreatment [1–8], regardless of the type of the feed stock
used (contaminants are left as pyrolysis residue at the first
stage) and the pyrolyzate as then contains high percentage
of ethylene and propylene (≈37 wt. % unsaturated) using
the normal catalyst. However, when we used the nanocat-
alyst in the two-stage pyrolysis technique, the unsaturated
hydrocarbons reaches ≈85 wt. % in the pyrolyzate yield
(i.e., the creative technology is the best protection against
uncertainties of the future). Nowadays, scientists do their

best to find new sources for clean energy (as the uses of
alcohol as it is or as a blend with gasoline 15 vol. % to form
E-85).

2. Aim of the Present Work

Obtain unsaturated hydrocarbons from petroleum residues
with the help of different types of nanocatalyst and computer
program to optimize the pyrolysis parameters of the two-
stage reactor.

3. Experimental

An experimental study has been carried out of the effective-
ness of some catalysts on the yield and product distribution
of the two-stage pyrolysis process. Two topics are discussed.

The first topic is the effectiveness of CaO catalyst on the
yield and product distribution of the two-stage pyrolysis of
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gas-oil, with the intention of the producing ethylene and pro-
pylene.

The second topic deals with the two-stage catalytic
pyrolysis of light distillates separated from Egyptian crude
using nanocatalyst. These catalysts were prepared by different
shapes.

Bimetallic colloids can be prepared by simultaneous re-
duction of two kinds of metal ions with or without the pro-
tecting agent or by successive reduction of one metal nuclei
of the other.

4. Materials

(A) The feed-stock fraction is the gas-oil supplied by
Cairo-Petroleum-Refining and used as it is without
pretreatment.

(B) The (CaO) catalyst used has been supplied by
“Union Carbide”—Tarrytown Technical Center—
and composed of Ca++ (30-511) Lot number 3358-
16, however, the gold nanocatalyst supported on the
CaO catalyst and used as powder was supplied by
“National Institute Laser Science” (NILES).

5. Procedure

The pyrolysis has been carried out using a batch-type appa-
ratus. A quartz reactor tube (22 mm, 12 mm I’d) was placed
horizontally through two separate electric furnaces, and the
temperature was controlled by adjusting the electric current
of the heaters. Quartz boat containing 0.2 gm of the feed-
stock (Gas-Oil) with 1.5 gm of nickel sheet was inserted into
the lower -temperature zone with the help of a quartz tube
through which argon gas was allowed to flow. The cracked oil
and gases produced at the first stage (200–400◦C±5◦C) were
carried to the second stage (325–500◦C ±5◦C) by the argon
gas to undergo subsequent pyrolysis under the influence of
the catalysts bed used.

A fixed catalyst bed was placed in the second stage by
packing the catalyst in layers supported by a quartz wool
plug. After a lapse of certain reaction time, the quartz boat
is removed, cooled, and weighed to determine the amount
of the pyrolyzed residue. The produced gases were collected
in a gas burette. The optimum contact tine of the first stage
from different experiments was found to be 15 min (the
contact time of the feed-stock with the nickel catalyst in the
first stage, low-temperature reaction zone). The second stage
contact time varied (2.6–3.4 sec).

The pyrolyzate hydrocarbons were analyzed using Gas
Chromatography (GC-mass): Agilent 6890 plus Gas chro-
matograph under the following conditions:

Detector: FID 250◦C

Injector: split 1 : 20 250◦C, 0.5 mL

Carrier: Ar 3 mL/min.

5◦C/min

Oven: 50 → 200.

6. Result and Discussion

The influence of the first stage temperature (T1) in the
distribution of hydrocarbon pyrolyzate using gold (Au)
nanoparticles as spheres supported on (Cao) catalyst has
been illustrated in Figure 1, and the mathematical expres-
sions for the yield of unsaturated hydrocarbons were given
for each of the following:

Y ethylene = − 4e−7(T1)4 + 0.0005(T1)3

− 0.2(T1)2 + 34.367(T1)− 2169.1,

Y propylene = − 4e−9(T1)5 + 6e−6(T1)4

− 0.0034(T1)3 + 0.9037(T1)2

− 117.27(T1) + 5916,

Y total-unsaturated = − 5e−7(T1)4 + 0.0005(T1)3

− 0.2225(T1)2 + 40.974(T1)

− 2677.3.
(1)

The influence of the second stage temperature (T2) on the
distribution of hydrocarbon pyrolyzate using the gold (Au)
nanoparticles as spheres supported on the CaO catalyst has
been illustrated in Figure 2, and the mathematical expres-
sions for the yield of unsaturated hydrocarbons were given
for each of the following:

Y ethylene = 1e−6(T2)4 − 0.0017(T2)3

+ 0.9937(T2)2 − 253.68(T2) + 24348,

Y propylene = − 1e−6(T2)3 + 0.0012(T2)2

− 0.4054(T2) + 43.027,

Y total-unsaturated = 1e−6(T2)4 − 0.0018(T2)3

+ 1.0424(T2)2 − 279.97(T2) + 26788.
(2)

The influence of the first stage contact time (τ1) on the
distribution of hydrocarbon pyrolyzate using the gold (Au)
nanoparticles as spheres supported on the CaO catalyst has
been illustrated in Figure 3, and the mathematical expres-
sions for the yield of unsaturated hydrocarbons were given
for each of the following:

Y ethylene = − 0.011(τ1)4 + 0.615(τ1)3

− 11.578(τ1)2 + 87.74(τ1)− 175.55,
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Y propylene = 0.0116(τ1)3 − 0.557(τ1)2

+ 7.887(τ1)− 26.976,

Y total-unsaturated = − 0.011(τ1)4 + 0.6034(τ1)3

− 11.69(τ1)2 + 92.239(τ1)− 193.94.

(3)

The influence of the second stage contact time (τ2) on the
distribution of hydrocarbon pyrolyzate using the gold (Au)
nanoparticles as spheres supported on the CaO catalyst has
been illustrated in Figure 4, and the mathematical expres-
sions for the yield of unsaturated hydrocarbons were given
for each of the following:

Y ethylene = 7492.2(τ2)4 − 90324(τ2)3

+ 407054(τ2)2 − 812743(τ2)

+ 60662,

Y propylene = 111.09(τ2)3 − 1057.5(τ2)2

+ 3338(τ2)− 3491.6,

Y total-unsaturated = 9068.2(τ2)4 − 109393(τ2)3

+ 493322(τ2)2 − 985682(τ2)

+ 736288.

(4)

The influence of the catalyst to oil (r) ratio on the
distribution of hydrocarbons pyrolyzate using the gold (Au)
nanoparticles as spheres supported on the CaO catalyst has
been illustrated in Figure 5, and the mathematical expres-
sions for the yield of unsaturated hydrocarbons were given
for each of the following:

Y ethylene = − 0.072(r)4 + 2.9078(r)3

− 39.63(r)2 + 205.94(r)− 300.35,

Y propylene = − 0.0089(r)4 + 0.3664(r)3

− 4.9547(r)2 + 25.432(r)− 34.671,

Y total unsaturated = − 0.0769(r)4 + 3.1102(r)3

− 42.123(r)2 + 218.53(r)− 311.88.
(5)

Studying the effect of shape of the gold (Au) between
(rods, prisms, and spheres) [9–20] nanoparticles sup-
ported on CaO catalyst on the distribution of hydrocarbon
pyrolyzate produced from two-stage catalytic pyrolysis of
the feed stock fraction separated from Egyptian crude oil
under the same optimum conditions at which the maximum
yield of unsaturated hydrocarbons produced from two-
stage catalytic pyrolysis of feed stock fraction using Au-
nanoparticles; T1 = 200◦C, T2 = 400◦C, τ1 = 10 min.,
τ2 = 3 sec., cat/oil ratio (r) = 1 : 15, it was found that the
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Figure 1: Influence of the first stage temperature (T1) on the yield
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Figure 2: Influence of the second stage temperature (T2) on the
yield of unsaturated hydrocarbons.

rod shape nanoparticles have the highest catalytic activity
than nanoprisms and nanospheres, that may be due to
the presence of different crystalline facets (110) which is
absent in nanoshheres and nanoprisms, this facet has higher
catalytic properties than others and give the highest yield
for total unsaturated hydrocarbons (85.22 wt. %), mainly
ethylene (79.41 wt. %) and propylene (5.8 wt. %), while the
total unsaturated hydrocarbons using nanoprisms yield
62.28 wt. %, mainly ethylene (51.75 wt. %), and propylene
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Figure 4: Influence of the second stage contact time (τ2) on the
yield of unsaturated hydrocarbons.

(10.53 wt. %). This confirms that the nanocatalyst with the
rod shape is the optimum condition for ethylene production.

Studying the effect of using Pd-Au core-shell and alloy
[17, 20–31], supported on the Cao catalyst on the distribu-
tion of the hydrocarbon pyrolyzate produced from two-stage
catalytic pyrolysis of the feed stock fraction separated from
Egyptian crude oil under the same last optimum conditions,
with pear in mind that Palladium is used as a catalyst in
hydrogenation reactions, when we use Pd-nanoparticles as
a core in the catalytic pyrolysis, the total yield of unsaturated
hydrocarbons will decrease and give yield (59.48 wt. %) total
unsaturated hydrocarbons, mainly ethylene (51 wt. %), and
propylene (8.48 wt. %), but the presence of palladium on the
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Figure 5: Influence of the catalyst/oil ratio on the yield of unsatu-
rated hydrocarbons.

surface increases the rate of hydrogenation, contrary to down
falling to the yield of the total unsaturated hydrocarbons to
give 48.15 wt. %, mainly ethylene (40.2 wt. %), and propy-
lene (7.95 wt. %), and increases the yield of ethane to reach
33.59 wt. % corresponding to 23.17 wt. % of ethane using
Pd-Au core-shell.

7. Conclusion

It was found that the maximum yield of unsaturated hydro-
carbons using the first catalyst (CaO) is about 54 wt. %,
mainly hexene gives 29 wt. %, 12 wt. % ethylene, 12 wt. %
aromatics, and ∼1 wt. % propylene at the following con-
ditions: T1 = 250◦C, T2 = 400◦C, τ1 = 15 min, τ2 =
3 sec and cat/oil ratio (r) 1 : 25, but by using the gold (Au)
nanoparticles supported on the first catalyst, the maximum
yield of unsaturated hydrocarbon is about 53 wt. %, mainly
45 wt. % ethylene and 8 wt. % propylene, only without
aromatics at the following conditions: T1 = 200◦C, T2 =
400◦C, τ1 = 10 min, τ2 = 3 sec, and cat/oil (r) ratio 1 : 15, so
Au-nanoparticles seem to be very selective to these reactions.

The Au nanocatalyst with rods shape gives the maximum
yield of ethylene (which can be converted easily to ethyl
alcohols which is used as E-85 clean fuel) from petroleum
residues.
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We investigated the charge/discharge properties, valence states, and structural properties of a nanoporous cathode material
LixMn[Fe(CN)6]0.83 · 3.5H2O. The film-type electrode of LixMn[Fe(CN)6]0.83 · 3.5H2O exhibited a high charge capacity (=
128 mAh g−1) and a good cyclability (87% of the initial value after 100 cycles) and is one of the promising candidates for Li-
ion battery cathode. X-ray absorption spectra near the Fe and Mn K-edges revealed that the charge/discharge process is a two-
electron reaction; that is, MnII–NC–FeII, MnII–NC–FeIII, and MnIII–NC–FeIII. We further found that the crystal structure remains

cubic throughout the charge/discharge process. The lattice constant slightly increased during the [FeII(CN)6]
4−
/[FeIII(CN)6]

3−

oxidization reaction while decreased during the MnII/MnIII oxidization reaction. The two-electron reaction without structural
phase transition is responsible for the high charge capacity and the good cyclability.

1. Introduction

Lithium ion batteries have aided the portable electronics
revolution during the past two decades, and they are now
being intensively pursued for transportation applications
and the efficient storage and utilization of intermittent
renewable energies like solar and wind. Therefore, next-
generation electrode materials have been intensively explored
in order to achieve a highly capacious, safe, environmentally-
friendly, and low cost Li-ion secondary battery. Especially,
the automotive industry requires low-cost and higher-
capacious materials than the conventionally used transition
metal oxides, for example, LiCoO2 [1, 2]. LiFePO4 with
ordered-olivine structure is one of the most promising
candidate cathode materials and is beginning to be applied
commercially. The compound has one-dimensional tubes
for Li insertion/extraction. Padhi et al. first reported that
the charge capacity of LiFePO4 was 100–110 mA h g−1 [3].
The Li insertion/extraction reaction in LiFePO4 proceeds
via the two-phase process, unless the particle size becomes
below 40 nm [4]. In addition, the low electronic conductivity

due to the ionic nature of the compound is considered
to disturb high-speed charging/discharging. Therefore, other
iron-based materials that exhibit reversible Li ion inser-
tion/extraction reaction could be attractive electrode mate-
rials.

Prussian blue analogues [5–15], represented as
AxM[M′(CN)6]y · zH2O (A is an alkali metal ion, and
M and M′ are transition metal ions), have nanoporous
three-dimensional network structures. The film type of this
series is studied as electrochromic materials [7]. Imanishi
et al. firstly reported the charge/discharge properties of the
Prussian blue analogues (M = V, Mn, Fe, Co, Ni, Cu, and
M′ = Fe) [12, 13], and the M = Cu compound exhibited
a large capacity (140 mA h g−1) even though its cyclability
is very poor. On the other hand, Okubo et al. reported
excellent cyclability in the M = Mn and M′ = Fe compound
even though its capacity is low (57 mA h g−1) [14]. Recently,
we realized a good cyclability with a high charge capacity
in the film-type electrode of LixMn[Fe(CN)6]0.83 · 3.5H2O
[15]. The film-type electrode does not contain a conductive
material nor a binder polymer.
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Figure 1: Charge/discharge curves of the paste-type electrode of NaxM[Fe(CN)6] (M = Mn (a), Co (b), Ni (c), and Cu (d)) against the Li
metal at the 1st (red), 2nd (blue), and 3rd (black) cycles.

In this paper, we present charge/discharge properties of
the Na4x−2M[Fe(CN)6]x · zH2O (M = Mn, Co, Ni, and Cu)
powder samples and a detailed electronic and structural
properties of LixMn[Fe(CN)6]0.83 · 3.5H2O during the
charge/discharge processes. The data clearly indicates that
the two-electron reaction without structural phase transition
is responsible for the high charge capacity and the good
cyclability observed in LixMn[Fe(CN)6]0.83 · 3.5H2O.

2. Experimental Section

2.1. Preparation of the Powder Samples. The powder form of
Na4x−2M[Fe(CN)6]x · zH2O (M = Mn, Co, Ni, and Cu) was
prepared by precipitation method. The aqueous solutions
of NaCl (4 moL dm−3) and MCl2 · zH2O (5 mmoL dm−3)
were slowly added dropwise to a stirred solution of
NaCl (4 moL dm−3) and K4[Fe(CN)6] (5 mmoL dm−3). The

obtained powder precipitates were filtered and washed with
water and then dried in air.

2.2. Preparation of the Thin Film. Thin film of
Na1.32Mn[Fe(CN)6]0.83 · 3.5H2O was electrochemically
synthesized on an indium tin oxide (ITO) transparent
electrode under potentiostatic conditions at −0.50 V versus
a standard Ag/AgCl electrode in an aqueous solution
containing 1.0 mmoL dm−3 K3[Fe(CN)6], 1.5 mmoL dm−3

MnCl2· 6H2O, and 1.0 moL dm−3 NaCl. Before the film
growth, the surface of the ITO electrode was purified
by electrolysis of water for 3–5 min. The obtained film
was transparent with a thickness of around 1 µm. Chemical
compositions of the films were determined by the inductively
coupled plasma (ICP) method and CHN organic elementary
analysis (Perkin-Elmer 2400 CHN Elemental Analyzer).
The Li+ was substituted for Na+ by performing the
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Figure 3: Voltage versus composition curves for charge (red) and discharge (blue) process of film-type electrode of LixMn[Fe(CN)6]0.83 ·
3.5H2O at the 2nd cycle. The arrows indicate the compositions for the XAS and XRD measurements.

charge/discharge cycles of the thin film against Li. Thus, we
obtained thin films of LixMn[Fe(CN)6]0.83 · 3.5H2O.

2.3. Electrochemical Measurements. To measure the charge/
discharge curves, the powder samples were ground with
20 wt% acetylene black and 5 wt% PTFE into a paste. The
paste was coated on a stainless steel mesh and used as the
cathode. Hereafter, we call this type of electrode a paste-
type electrode. The thin film was used as prepared (film-
type electrode). The lithium metal was used as the reference
and counter electrode, and the cutoff voltage was from 2.0
to 4.3 V. The electrolyte was ethylene carbonate (EC)/diethyl
carbonate (DEC) solution containing 1 mol dm−1 LiClO4.

2.4. X-Ray Absorption Measurements. The valence states of
the Fe and Mn sites were determined by the ex situ X-ray
absorption spectra (XAS) around the Mn and Fe K-edge. The
XAS measurements were conducted at the beamline 7C of
KEK-PF. The XAS spectra were recorded by a Lytle detector
in a fluorescent yield mode with an Si(111) double-crystal
monochromator at 300 K. The background subtraction and
normalization were done using ATHENA program [16].

2.5. Powder X-Ray Diffraction Measurements. The ex situ
powder X-ray diffraction (XRD) patterns were measured at
the beamline 8A of KEK-PF equipped with an imaging plate
detector. The charged/discharged samples were washed with
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Figure 4: (a) Fe K-edge XAS spectra for the charge (left) and discharge (right) processes of film-type electrode of LixMn[Fe(CN)6]0.83 ·
3.5H2O. (b) Peak energy (E(x)) against x for the charge (red) and discharge (blue) processes.

DEC and were carefully removed from the ITO glasses. The
obtained powders were sealed in 300 µm glass capillaries.
XRD patterns were measured at 300 K and the exposure
time was 5 min. Wavelength of the X-ray was 0.77516 Å.
The lattice constants of each compounds were refined by the
RIETAN-FP program [17].

3. Results

3.1. Charge/Discharge Property of the Paste-Type Electrode.
Figure 1 shows the charge-discharge curves for the paste-
type electrodes of Na4x−2M[Fe(CN)6]x · zH2O (M = Mn,
Co, Ni, and Cu). The charge capacity of the 1st cycle for

M = Mn, Co, Ni, and Cu was 125, 138, 61, 47 mA h g−1,
respectively, while the discharge capacity of the 1st cycle for
M = Mn, Co, Ni, and Cu was 125, 76, 63, and 71 mA h g−1,
respectively. The charge/discharge capacity of M = Mn is
nearly twice as large as the M = Ni and Cu. This suggests
that the two-electron reaction occurs in M = Mn, while
the one-electron reaction occurs in M = Ni, and Cu. The
charge capacity of M = Co is also twice as large as M = Ni
and Cu, while discharge capacity is almost the half of the
charge capacity. This suggests thatM = Co shows irreversible
two-electron reaction. Thus observed behaviors are almost
same as the reported M[Fe(CN)6]2/3·zH2O type compounds
[12, 13]. The cyclability was far from excellent for every
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Figure 5: (a) Mn K-edge XAS spectra for the charge (left) and discharge (right) processes of film-type electrode of LixMn[Fe(CN)6]0.83 ·
3.5H2O. (b) Normalized intensity (I(x)) against x for the charge (red) and discharge (blue) processes.

compound. In other words, the paste-type electrodes of
Na4x−2M[Fe(CN)6]x·zH2O powders are not good candidates
for the Li-ion battery cathodes.

3.2. Charge/Discharge Property of the Film-Type Electrode.
Figure 2 shows the charge/discharge curves of the film-type
electrode of LixMn[Fe(CN)6]0.83 · 3.5H2O at the 2nd, 10th,
50th, and 100th cycles. In the charge process, electrochemical
reaction takes place at 3.4 and 3.9 V, and the charge capacity
reaches 128 mA h g−1. The 3.4 and 3.9 plateaus correspond to

the [FeII(CN)6]
4−
/[FeIII(CN)6]

3−
and Mn2+/Mn3+reactions,

respectively (vide infra). In the discharge process, electro-
chemical reaction takes place at 3.9, 3.6, and 3.4 V. After
100 charge/discharge cycles, the charge capacity remains high

(87% of the initial value). We emphasize that the thin-
film electrode shows a prominent color change from brown
to colorless in the discharge process. The color charge can
be used as a battery power indicator without electricity
consumption. We call such a battery as color battery.

3.3. Variation of the Valence States. Figure 3 shows the
charge/discharge curve of the film-type electrode of
LixMn[Fe(CN)6]0.83 · 3.5H2O at the 2nd cycle. We elec-
trochemically controlled the Li ion concentration (x) as
indicated by the arrows. Figure 4(a) shows the Fe K-edge XAS
spectra of charge/discharge process. The absorption peak
energies (E) in the Fe K-edge spectra show clear blue shift
with decrease in x (Figure 4(b)). The blue shift is ascribed
to the oxidization of Fe (low-spin FeII → low-spin FeIII)
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Figure 6: XRD patterns for the charge (left) and discharge (right) processes of film-type electrode of LixMn[Fe(CN)6]0.83 · 3.5H2O.

[10, 11]. We emphasize that the blue shift saturates below
x = 0.46 (0.41) in the charge (discharge) process. Figure 5(a)
shows the Mn K-edge XAS spectra of charge/discharge pro-
cess. The shoulder peak appeared around 6553 eV in the
small-x region. This new peak is ascribed to the oxidization
of Mn (high spin MnII → high-spin MnIII) [10]. These data
indicated that the oxidization of Fe takes place in the large-x
region, while the oxidization of Mn takes place in the small-x
region.

3.4. Variation of the Structure. Figure 6 shows the magnified
XRD patterns during charge/discharge process. The lattice
structure remains the face-centered cubic (Fm-3m; Z =
4) throughout the charge/discharge process. In the charge
process, the reflection shifts to the lower-angle side above
x = 0.76 while shifts to the lower-angle side below x = 0.46.
In the discharge process, the reflection shifts to the lower-
angle side below x = 0.41 while shifts to the higher-angle
side above x = 0.64.

4. Discussion

Now, let us evaluate the molar ratios, that is, FeIII/(FeII+FeIII)
and MnIII/(MnII+MnIII), against x based on the XAS spectra.
Figure 4(b) shows peak energies (E(x)) in the Fe K-edge
spectra against x. We note that the E(x) is nearly constant
below x ∼ 0.5, suggesting that all the Fe sites are trivalent
in this region. We ascribed the E(x) values at x = 1.32 and
at x = 0.0 is to the FeII and FeIII state. With assuming a
linear relation between E(x) and the molar ratio, we obtained
the formula FeIII/(FeII + FeIII) = (E(x) − E(1.32))/(E(0.0) −
E(1.32)). Figure 5(b) shows the normalized intensity (I(x))
at 6553.2 eV, which is ascribed to the MnIII, in the Mn K-edge
spectra against x. We note that the I(x) is nearly constant

above x ∼ 0.5, suggesting that all the Mn sites remains
divalent in this region. On the basis of the chemical formula
and charge neutrality, we assumed the molar ratio of MnIII at
x = 0.0 is 0.49. With assuming a linear relation between I(x)
and the molar ratio, we obtained the formula MnIII/(MnII +
MnIII) = 0.49× (I(x)− I(0.76))/(I(0.0)− I(0.76)).

Figures 7(a) and 7(b) show the molar ratios of the FeIII

and MnIII against x, respectively. These data clearly indicate
that the charge/discharge process of the film-type electrode
consists of the two reactions, that is, MnII/MnIII and FeII/FeIII

reactions. The MnII/MnIII reaction takes place in the small-
x region (x < 0.49: indicated by vertical broken line in
Figure 7), while the FeII/FeIII reaction takes place in the large-
x region (x > 0.49). The first and second plateaus in the
charge process (see Figure 3) are ascribed to the oxidization
of MnII and [FeII(CN)6]4−, respectively. On the contrary, the
first, second, and third plateaus in the discharge process are
due to the reduction of MnIII, MnIII, and [FeIII(CN)6]3−,
respectively.

Figure 7(c) shows the lattice constant against x. The
lattice constants were refined by the Rietveld analyses. In the
MnII/MnIII redox region, the lattice constant increases with
x. The increase is ascribed to the larger ionic radius of MnII.
In the FeII/FeIII region, the lattice constant decreases with x.
The decrease is ascribed to the smaller size of [FeII (CN)6]4−

as compared with that of [FeIII(CN)6]3−. Figure 8 shows the
schematic illustration [18] of the crystal structure during the
whole charge/discharge process.

5. Conclusions

In summary, we investigated the charge/discharge properties,
electronic states, and structural properties of the film-type
electrode of LixMn[Fe(CN)6]0.83 · 3.5H2O. The film-type
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electrode shows a large capacity and a good cyclability and
is a candidate for Li-ion battery cathode. The XAS clearly
indicated the two-electron redox process of Fe and Mn.
Nevertheless, the crystal structure remains cubic in the whole
charge/discharge process. We ascribed the good charge/dis-
charge property to the two-electron process without struc-
tural phase transition.
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