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Understanding the sensing mechanism in nanodimensions
is very important for developing the efficient sensors.
Researchers have been putting their efforts to fabricate small
and ultrasensitive single nanowire sensors. Recently, the
biosensors have got lot of attention due to the biotechno-
logical advancement in the nanotechnology. Biosensor is a
device used for the detection of an analyte that combines
a biological component with a physiochemical detector.
The advances in nanotechnology require understanding of
physics, chemistry, and biology in low dimensions. Materials
in the nanostructured form can achieve high response to very
small targets in practical conditions. The goal of this special
issue is to provide a platform for researchers working in the
field of nanosensors to discuss exciting new developments
on various topics in this area. We attempted the best to get
high-quality review process for all the manuscripts submitted
to this issue. Only five papers were accepted for publication
in this issue. The first paper by Rani et al. discusses
the enhancement in ammonia sensitivity of SnO, thin
films using high-energy Ni+ ion irradiation. Authors have
described the sol-gel method for SnO, thin film preparation.
The observed enhancement in NHj sensitivity has been
discussed in context of ion beam generated electronic states
in thin films. The second paper by Zhang et al. discusses
the ambient pressure synthesis of tungsten oxide nanowires
and nanoparticles on AIN substrates using the hot filament
CVD techniques. They present a systematic study of sensing
properties of the long nanowires. The third paper by Sun
et al. discusses a proposal for the design of microgyro-
scope based on MEMS structures. Authors in this paper
demonstrate the methods to fabricate accurate and cheaper
gyroscope. The fourth paper by Weber el al. presents the
fabrication and characterization of ZnO nanowire array for
electrochemical sensing of glucose. The authors concluded

that the nanoarray sensor is highly sensitive to glucose.
The issue closes with the fifth paper by Niemann et al. on
significance of nanomaterials for hydrogen energy. Authors
present a review on the development of nanomaterials for
hydrogen storage. They suggested that a high surface/volume
is very important for energy storage in nanomaterials.
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Swift heavy ion irradiation is an effective technique to induce changes in the microstructure and electronic energy levels of
materials leading to significant modification of properties. Here we report enhancement of ammonia (NH3) sensitivity of SnO,
thin films subjected to high-energy Ni' ion irradiation. Sol-gel-derived SnO, thin films (100 nm thickness) were exposed to
75MeV Ni' ion irradiation, and the gas response characteristics of irradiated films were studied as a function of ion fluence.
The irradiated films showed p-type conductivity with a much higher response to NH; compared to other gases such as ethanol.
The observed enhancement of NHj sensitivity is discussed in context of ion beam generated electronic states in the SnO, thin

films.

Copyright © 2008 Sanju Rani 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.

1. INTRODUCTION

Tin oxide (SnO,) is a material widely used for gas sensing
applications because of its suitable properties such as natural
off-stoichiometry, chemical and thermal stability, and ease of
processing [1]. Tin oxide-based gas sensors have been suc-
cessfully designed to detect a variety of toxic and hazardous
gases and vapors for applications ranging from domestic
leak detections to industrial process control. However,
because of stricter environmental regulations and process
control requirements, gas sensors with higher sensitivity and
selectivity are in continuous demand; hence efforts are on to
tailor the properties of sensing materials such as tin oxide to
achieve better gas response properties.

Swift heavy ion irradiation, in which an energetic ion
beam is allowed to pass through a material, is a very effective
technique to induce changes in microstructure and electronic
energy levels, and has been used to tailor properties of
various metallic, semiconducting, and insulating thin films
[2]. When a high-energy ion beam passes through a material,
it loses its energy in two distinct pathways; namely, nuclear
and electronic energy losses. The nuclear energy loss domi-
nates at lower energies, whereas higher energy beam results
in electronic excitation of the target material. By suitable
control of the irradiation parameters such as energy and

fluence of the ion beam, it is therefore possible to tailor
various properties of the target material. Ion irradiation
technique has been used to tailor the structure-property
relationships in several metal oxide systems; for tin oxide,
however, studies have so far been limited only to variation of
microstructure in powders [3, 4], and nanocrystallization in
thin film [5]. An attempt to modify the gas sensing properties
of tin oxide thin films by ion irradiation had resulted only in
the baseline stabilization [6].

In this work, we report on the effect of 75MeV Ni*
ion irradiation on gas sensing properties of sol-gel-derived
SnO, thin films. Gas sensing experiments using ammonia
and ethanol on irradiated films revealed a much greater
enhancement of sensitivity for ammonia with respect to
ethanol. Furthermore, in comparison to unirradiated films,
the irradiated films showed p-type conduction. The observed
enhancement of gas sensitivity and selectivity to ammonia
has been discussed in context of ion beam-induced changes
in the material.

2. EXPERIMENTAL

SnO; thin films were deposited from a solution containing
10gm of SnClye5H,0O dissolved in 80 mL of 2-propanol.
Thorough mixing was ensured by refluxing the solution
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with magnetic stirring arrangement for 6 hours at 80°C and
then the resultant solution was left for ageing for another 6
hours. This solution was then filtered through a Whatman
filter paper to obtain a clear solution free of any particulate.
The final solution was coated onto Corning 7059 glass by
dip coating system at speed of 10 cm/min? for depositing
one layer of the film. Each deposited layer was dried at
200°C for 15 minutes before deposition of the next layer.
Final sintering of the films was carried out at 600°C after
deposition of a required number of layers to obtain a desired
thickness. Thickness of the deposited films was estimated
by an Ambios surface profilometer and was approximately
1000 A. These films were irradiated at room temperature
by using 75 MeV Ni* ions at two different fluences, namely,
1 x 10" and 1 X 10'2ions/cm?. During the irradiation,
pressure inside experimental chamber was at 1.5x 10~° mbar.
Structural analysis of the films was done with the help of a
Philips “XPert” model glancing angle X-ray diffractometer
(GAXRD) in the 26 range of 20°-60°. Microstructural
characterization was performed using Technai G20-Stwin
(200 KeV) high-resolution transmission electron microscope
(HRTEM). For HRTEM studies the films were ultrasonically
dispersed in ethanol and taken on the carbon coated
grids. Gas sensing experiments were performed with an
indigenously designed gas-sensing setup attached with mass
flow controllers for precise measurement of gas flows at ppm
level. Change in resistance of the films was measured as
a function of temperature through a computer interfaced
digital multimeter (DMM).

3. RESULTS AND DISCUSSION

Figure 1 shows the glancing angle XRD patterns of unirradi-
ated and irradiated SnO; thin films. All peaks in the spectra
correspond to the standard rutile phase with polycrystalline
structure. It is observed that, in comparison to unirradiated
film, the relative intensities of all peaks increase in irradiated
films. Furthermore, the intensities of XRD peaks also
increase with increase in ion fluence, implying that SHI beam
irradiation enhances crystallinity of the SnO, thin films. A
careful examination of the XRD patterns further reveals that
the relative intensity of (110) peak in the irradiated films
increases at a faster rate as compared to the intensities of the
other peaks, which implies that irradiation of Ni ions also
enhances the preferred orientation of the SnO; thin films.
Increase of crystallinity along the (110) plane plays a crucial
role in enhancing gas-sensing properties of SnO, thin films,
which is discussed later.

Figure 2 compares the HRTEM images of unirradiated
and irradiated SnO, thin films. In the unirradiated film
(Figure 2(a)), the crystallites appear randomly oriented, a
characteristic feature of sol-gel-derived thin films. With the
ion irradiation, however, the crystallite boundaries gradually
disappear and enhancement of crystallinity is observed. At
higher fluence (Figure 2(c)), the crystallites show preferred
orientation along (110) planes, which confirms XRD obser-
vations reported in the last paragraph.

Gas sensing experiments performed on unirradiated
SnO; films with 1000 ppm ammonia and ethanol gases are

(110)

Intensity (a.u)

30 40 50 60
2(6)

—— SnO; unirradiated
—— 1 x 10! ions/cm?
—— 1 x10'? ions/cm?

Ficure 1: Glancing angle XRD patterns of unirradiated and
irradiated SnO, thin films.

shown in Figure 3, and Figure 4 compares the responses of
irradiated (with 10'% ijons/cm?) films under similar condi-
tions. Here it is worth mentioning that unirradiated films
show decrease of resistance when exposed to ammonia
and ethanol, both reducing gases, due to normal n-type
behavior; however, the irradiated films show increase of resis-
tance under similar conditions indicating p-type conduction
resulting from ion irradiation. The sensitivity factors are
calculated by the equation:

s = ((Rg_Ra)/Ra)%” (1)

where R, and R, represent resistance in the presence of gas
and air, respectively; the values of s for unirradiated and
irradiated films at different temperatures are tabulated in
Table 1. For the unirradiated films, the values of sensitivity
“s” in ammonia and ethanol gases at 300°C are 284 and 87,
respectively, while for irradiated films they increase to 516
and 115, respectively, for 1 x 10'! ions/cm?, and to 882 and
142, respectively, for 1 x 102 ions/cm?. This implies that
irradiation of SnO, thin films by high-energy ion beam, for
example with a fluence of 1x 10'? ions/cm?, results in a 213%
(284 to 882) increase in its ammonia sensitivity, while only
63% (87 to 142) increase in sensitivity for ethanol is observed
under similar conditions. Such an enhancement of ammonia
sensitivity can be explained in terms of the surface chemistry
modifications due to ion beam irradiation.

The XRD data shown in Figure 1 shows an enhance-
ment of crystallinity along the (110) plane resulting from
Ni* ion irradiation, which also indicates preferred surface
orientation of the irradiated SnO, thin films. Such a (110)
surface of SnO, consists of two types of oxygen vacancies:
the bridging oxygen vacancies created by removal of oxygen
ions from the top layer of an ideal (110) surface, and the
“in-plane” oxygen vacancies created by removal of oxygen
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FiGure 2: High-resolution TEM images of SnO, thin films: (a) unirradiated, (b) irradiated with 10! ions/cm?, and (c) irradiated with

102 ions/cm?.

TABLE 1: Sensitivity factors of unirradiated and irradiated SnO, thin films for ammonia and ethanol at different temperatures.

5 PR
Ni* ion irradiation fluence Temperature 200°C (sensitivity %)

Temperature 250°C (sensitivity %)

Temperature 300°C (sensitivity %)

NH; C,H;OH NH; C,HsOH NH; C,H;OH
Unirradiated 52 5 98 32 284 87
1 % 10" jons/cm? 68 15 103 53 516 115
1 x 10'? ions/cm? 122 27 649 73 882 142
50 1000
0 Gas out
= 800
S S
= 50 J )
~ =
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¢ C,H;0H

FIGURE 3: Gas sensing behavior of unirradiated SnO, thin films
at 300°C, exposed to 1000 ppm ammonia (NH;) and ethanol
(C,H50H) vapors.

ions from the tin containing lattice plane [7]. During the ion
irradiation process, samples are kept in an ultrahigh vacuum
ambience that promotes oxygen desorption, especially from
the top layer resulting in the formation of “bridging” oxygen
vacancies. Such oxygen vacancies may also result from the
thermal spikes created in the samples during ion irradiation.
The formation of bridging oxygen vacancies lowers the

® 1 X102 ions/cm?-C,HsOH ¥ 1 x 10'! jons/cm?-NHj

FIGURE 4: Gas sensing behavior of SnO, thin films irradiated with
1 x 10" ions/cm? and 1 X 10'?ions/cm?, exposed to 1000 ppm
ammonia (NH3) and ethanol (C,H;OH) vapors at 300°C.

coordination number of the surface tin cations from an
initial value of six to four, which, in turn, reduces their charge
state from Sn** to Sn*. The four- coordinated Sn’" ions are
known to be more acidic compared to Sn*" cations, which
promotes a higher chemisorption of ammonia, a strongly
basic gas, on the surface of the irradiated films [8]. Hence
the sensitivity of high-energy ion irradiated SnO, thin films
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toward ammonia is significantly enhanced compared to that
for any other gas such as ethanol. Furthermore, the four
coordinated Sn?" ions create a local SnO—like environment
at the surface and near surface region of the irradiated SnO,
thin films, which results in p-type conductivity observed in
the gas sensing experiments [9].

4. CONCLUSIONS

The present study shows that structural and gas sensing
properties of SnO, thin films are significantly modified
by 75MeV Ni* ion irradiation. The crystallinity of the
irradiated films is enhanced along the (110) plane that
also affects the gas sensing characteristics. Gas sensing
experiments with ammonia and ethanol reveal a significant
enhancement of sensitivity for ammonia over ethanol that is
attributed to acidic nature of the irradiated SnO; surfaces.
Formation of bridging oxygen vacancies during the ion
irradiation process converts the six coordinated Sn** cations
into four coordinated Sn?* cations; the latter have more
acidic character than the former. This promotes a stronger
chemisorption of ammonia molecules on the surface of the
ion irradiated SnO, thin films.
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We report the results of the ambient pressure synthesis of tungsten oxide nanowires and nanoparticles on AIN substrates using the
hot filament CVD techniques. The morphologic surface, crystallographic structures, chemical compositions, and bond structures
of the obtained samples have been investigated using scanning electron microscopy (SEM), X-ray diffraction (XRD), energy
dispersive X-ray spectroscopy (EDX), and Raman scattering, respectively. Different morphologies were observed for different
substrate temperatures, but otherwise identical growth conditions. The experimental measurements reveal the evolutions of the
crystalline states and bond structures following the substrate temperatures. Besides, different substrate materials also affected the
tungsten oxide nanostructures. Bundles of wire-type tungsten oxide nanowires with a length of up to 5 mm were obtained on
Al,O5 substrate. Furthermore, the sensitive properties of the super long nanowires to the gas and different temperature were
investigated. The dependence of the sensitivity of tungsten oxide nanowires to the methane as a function of the time was obtained.
The sensitive properties of the tungsten oxide nanowires have almost linear relationship with the temperature.

Copyright © 2008 H. X. Zhang 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.

In the present work, we address ambient pressure synthe-

Over the last decade, nanostructured tungsten oxide mate-
rials have attracted much interest due to their potential for
catalyst [1], gas sensors [2, 3], and electrochromic material
applications [4]. Several studies have been conducted by
using various techniques, including the oxygen plasma
processing [5], plasma sputtering [6], chemical solution [7,
8], sol-gel techniques [9], electron beam evaporation depo-
sition [10], electrochemical etching [11], and the chemical
vapor deposition techniques [12]. Most work concerned the
synthesis of nanoparticles for catalytic applications based on
chemical solution methods [4, 7-9].

Using a simple hot filament CVD technique, we pre-
viously synthesized various nanostructured tungsten oxide
(WOs) films [13, 14]. The advantage of this technique
was that both a.c. and d.c. electrical power supply could
be used for heating the substrates. Low electrical power
was used, less than 80 W. The temperature of the substrate
was easily controlled by adjusting the distance between the
substrate and the hot filament, and no extra heater was
needed.

ses of tungsten oxide nanoparticles and nanowires, and then
the demonstration of their sensing applications. The main
advantages of the ambient pressure deposition technique
are that the temperature and density of plasma can be
independently controlled during deposition. Furthermore,
the experimental set-up is easy and effective, and the size
of the sample is virtually unlimited. The effect of substrate
temperature on the nanostructures of tungsten oxidefilms
has also been investigated. Preliminary results of sensing
material applications have been obtained.

2. EXPERIMENTAL SETUP

The nanostructured tungsten oxide materials were synthe-
sized using a simple hot filament CVD technique. The details
of the process were described elsewhere in our previous
publications [13, 14]. The tungsten filament acted as a
precursor for tungsten oxide, and no catalyst or other
tungsten-containing compound precursor was used. Both
AIN and Al,O;3 ceramic substrates were used. Prior to the
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experiments, the substrates were ultrasonically washed in the
methanol solution for 5 minutes, and dried with helium.
After placing the substrate, the chamber was pumped down
to 2.0 x 107> Torr and then fed with the Ar gas (purity: 75%)
to ambient pressure. During deposition, the gas inside the
chamber was in a static state. The distance between the hot
filament and substrate remained unchanged. The substrate
temperature was controlled by adjusting electrical current
on the hot filament, which was different from our previous
experiments where the substrate temperature was controlled
by simply changing the distance between the substrate and
the hot filament.

3. RESULTS AND DISCUSSIONS
3.1. Grows and characterizations

Figure 1 shows typical SEM images of the nanostructured
tungsten oxide films deposited on the AIN substrates at
the substrate temperature of (a) 400°C and (b) 1000°C,
respectively. The experiments were conducted at ambient
pressure and the duration for each sample was 30 minutes.
Different morphologies were observed for different substrate
temperatures, but otherwise identical growth conditions.

At 400°C, nanowires with an average diameter of about
200 nm and length of about 1 ym are uniformly distributed
on the surface of sample (Figure 1(a)). Raising the substrate
temperature to 1000°C, the submicrometer size, well-shaped
particles appear (Figure 1(b)).

From the naked eyes, the color of sample at 400°C
appears green and dull. In contrast, following growth of
substrate temperature to 1000°C, slightly shiny surface was
obtained. It should be mentioned that with further increase
of substrate temperature, the color of obtained film would
become white, and the particles on the surface of the
substrate look like diamond particles, very shiny.

In general, the growth of thin film may follow three
types of models: layer by layer growth of Franck and Van der
Merwe (FM), initial layer growth followed by island growth
of Stranski and Krastanov (SK), and the island growth
of Volmer and Weber (VW). A determinant factor is the
competition among the surface free energies of the overlayer
E,, the substrate E;, and the overlayer/substrate interface free
energy E;. The common model is the case that the substrate
free energies is low and E; < E, + E;, where three dimensional
island growth (VW) occurs [14]. The epitaxial growth of
tungsten oxide was conducted, where the lattice constants
differ from the AIN substrates, strains were introduced into
the layer, which prevents epitaxial growth of thicker layers
without defects [14]. Since we have large misfit between the
film and the substrate, our case can possibly be considered
as a VW model. Furthermore, the misfit in lattices between
films and substrates can be enhanced with the increase of
substrate temperature. Basically, the overlayer will grow with
a stacking fault after a first coherent layer.-When the film
was much thicker than critical thickness, the initial smooth
surface of the film will become the fractal-like structure, and
eventually the thin film was transformed to nanoparticles
shown in Figure 1.

20KV, 15000  “Topm.

(®)

FIGURE 1: SEM images of the films prepared at substrate tempera-
ture of (a) 400°C and (b) 1000°C.

Energy dispersive X-ray spectroscopy (EDX) measure-
ments were also conducted to quantitatively analyze the
chemical composition of the tungsten oxide samples (shown
in Figures 1(a) and 1(b)). The oxygen and tungsten atom
concentrations are approximately 62.47 at% and 30.21 at%,
respectively, for the first sample (Figure 1(a)). For the second
one (Figure 1(b)), the oxygen concentration drops down to
55.78 at%, whereas the relative tungsten content increases
up to 41.62at%. The oxygen and tungsten concentration
decreases from 2.07 to 1.34 from 400°C to 1000°C.

Clearly, the concentration ratio O/W is high at low
temperature of deposition. With the increase of the sub-
strate temperature, the concentration ratio O/W decreases,
probably resulting in a significant effect on the crystalline
structures and the phase of the present two samples. In fact,
the following XRD data have also shown distinct properties
related to relative oxygen content inside the films.

Figure 2 shows XRD patterns of the two tungsten oxide
samples in Figures 1(a) and 1(b). WO,, WOs3, and W peaks
in XRD spectra of the films have been identified based on the
literatures [15, 16]. The present two samples exhibit mixed
states including WO,, WO3, and W. The polycrystalline WO;
dominates the composition of the sample prepared at 400°C.
Evidence is that XRD peaks of WO; with (002) and (200)
orientations are much stronger than those of WO, and W
peaks. At 1000°C, WO, signals remain nearly unchanged but
the W components become dominant with the vanishing of
WOj3 components. The XRD profiles of the films provide the
direct evidence that the states of tungsten oxide films transfer
from polycrystalline WO3 domination to polycrystalline W
domination.
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Ficure 2: XRD of the tungsten oxide films corresponding to the
samples shown in Figure 1.

Raman scattering spectra of the tungsten oxide films
were also obtained at room temperature by using a triple
monochromator (ISA J-Y Model T64000) with an excitation
wavelength of 514nm (Ar* ion laser). The samples were
scanned from 50 cm™! to 1200 cm™'. Several peaks marked
with J and k in the Raman spectra were identified, respec-
tively. In general, the bands situated at around 700 and
800 cm™! can be assigned to W-O stretching models, whereas
the bands situated at around 130 and 270 cm™! are associated
to W-O bending modes of monoclinic WO; [16, 17]. It was
also reported that J bands at 270 and 330cm™! can also
be assigned to W-O bending modes of monoclinic WO;
[18]. According to our case, J;, J,, and J; bands in Raman
spectra of all our tungsten oxide samples always coexist.
Therefore, the present three bands have been assigned to
J-bands associated to W-O bending modes of monoclinic
WOs.

Setting substrate temperature up to 1000°C, both K
bands and ] bands were obviously broadened, and their
signal-to-noise ratios greatly reduced, suggesting changes of
states of the samples. This is in agreement with the data
obtained from XRD above. A shoulder close to higher wave
number of WO3K bands is also clearly visible. According to
literature, this shoulder (Raman band) should be related to
the contribution from W component [16].

Slightly blue shifts of k bands from 711 to 719 cm™! for
k; and from 806 to 808 cm™! for k, following an increase
of the substrate temperature from 400 to 1000°C have been
observed from Figure 3. Generally, the blue shifts of the
Raman peaks probably result from the change in crystal
symmetry or the high stress of the particles. The variations
of content of WO, and W inside unavoidably change crystal
symmetry of WOj;. However, referring to the previous
work [19], the stress due to mismatch and the different
thermal expansion between the substrate and overlayer is
qualitatively associated with increasing the shift and width
of the band. The blue shifts of the samples are also due to

Raman signal (a.u.)

200 400 600 800 1000 1200

Raman shift (cm™!)

FIGURE 3: Raman spectra of the films at 400°C and 1000°C.
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FiGURE 4: SEM images and Raman spectrum of the super long
tungsten oxide wire-type nanostructures deposited on ALO;
substrates at ambient pressure at 1000°C.

the high stress of particles caused by the high temperature’s
deposition process.

Besides, it was found that different substrate materials
also affected the tungsten oxide structures. Figure 4 shows
the super long tungsten oxide nanowires deposited on
Al,O; substrates at ambient pressure with the substrate
temperature 1000°C. Bundles of wire-type tungsten oxide
nanostructures with a length of up to 5mm are distributed
on the surface of Al,O3 substrate (Figure 4(a)). The average
diameter of the nanowires is around 850 nm.
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FiGure 5: Evolution of sensitivity of nanowires after spraying
methane gas.

From SEM images in Figure 4, it can be observed that
each wire consists of good-shaped segments. Typical WO;
Raman spectrum has been obtained. The bands situated at
717.8 and 806.5 cm™! are assigned to W-O stretching models,
whereas the bands situated at 133.9, 272.1, and 327.3cm™!
are associated to W-O bending modes of monoclinic WOs3.
The synthesis of super long tungsten oxide nanowires are
probably related to the chemical reactions between the Al O3
substrates and the tungsten oxide materials.

3.2. Thesensitive properties

Furthermore, the sensitive properties of the super long
nanowires were also investigated as an example. A prototypic
sensor was constructed, which consisted of a voltage-
current-resistor (V-I-R) electrical circuit. The tungsten oxide
nanowires were serially connected to a precise resistor and a
power supply. The variations of the voltage across the precise
resistor were detected by using WaveSurfer 452 oscilloscope
LeCroy Inc. (NY, USA), from which the variations of
resistances or conductivities of tungsten oxide nanowires
could be estimated. The measurements of the electrical
conductivity were conducted in order to understand the
variations of the sensitive properties of the sensor at different
conditions.

For traditional sensors, a disadvantage is that the sensitiv-
ity of the sensor mainly relies on the operating temperature.
The extra heater installed inevitably leads to the complicated
geometry of the prototypic sensor [20, 21]. The following
measurements were conducted at room temperature, and the
sensitivity of the prototypic sensor to the gas was obtained.

A spraying nozzle was used to eject liquid methane
as fine particles or gas to the surface of the nanowires.
Flow distribution was determined by gas (air) and liquid
superficial velocities. The electrical conductivities of the
sensor during the whole process were recorded by National
Instruments LabVIEW software.

The dependence of the sensitivity of tungsten oxide
nanowires as a function of the time is shown in Figure 5.

Temperature (°C)

FIGURE 6: Variation of resistance of nanowires following the
increase of temperature.

The response time (rise time) is about 90 + 0.5 milliseconds,
and recovery time of the sensor is around 550 + 0.5
milliseconds, which depends on the solvent, gas, liquid
superficial velocities from spraying nozzle, and spraying
duration.

After heavily spray of liquid methane, an obvious
multipeak type of sensitive variation would be observed,
which was possibly caused by piston vibration inside the
valve. Similar phenomenon was observed in our previous
supersonic atomic beam experiments [22]. In general, the
width and density of the second peak in the pulsed atomic
beam profile are much smaller than the first one. Meanwhile,
a weak spray would yield a single peak of molecular pulse,
which consequently led to the weak response signal of the
prototypical sensor.

Figure 6 shows the dependence of the resistance of
tungsten oxide nanowires as a function of temperature.
Clearly, the resistance of nanowires reduces from 1.75 MQ
to 1.49 MQ with an increase of the temperature from 45°C
to 80°C under atmosphere condition. Signal output of the
prototypical sensor has almost linear relationship with the
temperature.

4. CONCLUSIONS

Tungsten oxide nanoparticles and nanowires were syn-
thesized at ambient pressure on AIN substratesusing the
hot filament CVD techniques. The amount of 400°C of
deposition yields WO3 film consisting of nanowires with
an average diameter and length of about 200nm and
1 ym, respectively. Increasing substrate temperature results
in submicrometer size particles. The profiles of XRD of
the films provide evidence of the mixture state changes
from polycrystalline WO3 domination to polycrystalline
W domination. Typical EDX measurements of the films
indicated that the concentration ratio O/W decreases from
2.07 to 1.34 from 400°C to 1000°C. Up to 5 mm super long
tungsten oxide nanowires with diameter of about 850 nm
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were obtained on Al O3 substrate at 1000°C, but otherwise
identical growth condition.

Experiments have proved that tungsten oxide nanowires
can be used for sensing applications. The resistance of
nanowires reduces from 1.75MQ to 1.49MQ with an
increase of the temperature from 45°C to 80°C under
atmosphere condition. After spray of liquid methane, the rise
time of the signal is about 90 milliseconds, and the recovery
time for the sensor is around 550 milliseconds.
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INTRODUCTION

This paper proposed a novel design of microgyroscope based on MEMS structures and optic interferometric microdisplacement
measurement technique. The gyroscope consists of microvibrator and interferometric readout. Using Coriolis force, the
vibrator transfers the system rotation into a forced vibration; the induced vibration can be sensed by the interferometric
microdisplacement measurement system. The optic measurement system has two mirrors which will reflect two rays into a
detector. The comprehensive studies on the formulation and analysis of the proposed gyroscope have been undertaken; two
key sensor equations have been derived in the first time in the world: (1) relation between rotation and phase shift of light
Ag = (4mly/A) + (87/A) (Xmax Qy/@, ) Q1) sin(wyt), (2) relation between rotation and interferometric intensity of light I(¢) ~
(87/A) (Xmax Qy/ @, )QU(t) sin(wyt) sin(4mly/A). The comparison of the proposed gyroscope and well-know Sagnac formulation has
been investigated; it shown that the proposed model is much better than Sagnac ones. The new model has finally get rid of needing
very long fiber in the case of Sagnac gyroscope. The innovative model gives a new hope to fabricate high accurate and cheaper
gyroscope. To date, the proposed gyroscope is the most accurate gyroscope.

Copyright © 2008 Bohua Sun 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.

In terms of small size critical, MEMS vibratory gyro-

Gyroscopes are the inertial measurement devices, which are
used to detect angular rotation rate of the objects. which are
widely used for guidance, navigation, airplanes, spacecrafts,
missiles, automobiles, and even consumer electronics to
maintain orientation, measure the angular motion of essen-
tial objects for the control and stabilization of its attitude.

The gyroscope development is going through the pro-
cesses from the macrosize to the microsize. Traditional
gyroscopes with spinning wheels employed in the present
aerospace and military industries are bulky, which need
lubricant and wear out, as stability control system, navigation
system, and so forth. Ring laser gyroscopes (RLGs) and fiber
optical gyroscopes (FOGs) are high precision. But they are
expensive and heavy. The micro applications require the host
structures to be transformed from the huge spin wheel mass
to the tiny light vibration mass or optical interferometer
measurement system fabricated by microelectromechanical
system (MEMS) technology like MEMS vibratory gyroscopes
and fiber optical gyroscopes [1].

scopes are the perfect substitution, especially for microsatel-
lites, microunmanned vehicles, digital cameras, and note-
book, PDA, due to their small size. MEMS gyroscopes are
also suitable for longtime employ because of low power con-
sumption, and the bulk fabrication processes can produce
batch applications. Since the light weight and low power
consumption, some small instruments like digital cameras
can wear several MEMS gyroscopes and accelerometers for
positioning or monitoring its activities either in vehicle or
out of vehicle during travel [2]. In fact, some types of
sell MEMS gyroscopes have started for dynamic control of
automobiles a few years ago. Silicon basement sensing system
is providing MEMS gyroscopes by Analog Devices.
Silicon-based MEMS gyroscopes processes may be cat-
egorized into bulk micromachining and surface microma-
chining. A large mass is desired for a gyroscope because
thermomechanical noise is inversely proportional to mass
weight. Generally, MEMS gyroscopes and bulk microma-
chined gyroscopes have large mass and relatively large
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readout capacitance or piezoresistive readout. Therefore,
most bulk bonding to a separate electronic readout chips
(two chips). Two chips gyroscopes are expensive and have a
relatively large package size that restricts their applications
in consumer electronics regardless of price. In contrast,
surface micromachining gyroscopes have small mass and
relatively small readout capacitance. The sensors and readout
electronics are usually integrated on a single chip to reduce
parasitic capacitance and size.

MEMS gyroscopes system can only sense in one axis, but
angular rate is requiring a vector, measuring all three-axis
rotations. Assembling three gyroscopes together is needed,
which will increase the package size, and the complexity of
packaging cost. The capacitance readout electronic circuits
have the essential shortcoming at the sensitivity, responding
time, bandwidth, and so forth. Therefore, the current MEMS
gyroscopes only occupy the low and middle sensitivity scales
markets.

On the other hand, many intrinsic optical theories are
used in the new field for pressure, temperature, acceleration,
skin friction sensors, and so forth, and the performances
of optical sensors and measurements scale are better than
mechanical sensors or others at sensitivity, volumes, cost, sta-
bility, and so forth. Optical type gyroscopes have advantages
at the sensitivity, performance, responding time, lifetime,
and bandwidth. They occupy the high sensitivity and
performance markets. Ring laser gyroscopes, fiber optical
gyroscopes, and other optical gyroscopes are too large
and heavy for many applications due to the Sagnac effect
principle, which is the basic theory for all kinds of optical
gyroscopes. The large size comes from the long distance light
path to create the enough interference and the lack of MEMS
fabrication technology for the micro-optical devices.

However, the MEMS inertial sensors have the following
advantages compared with the conventional inertial instru-
ments [3].

(1) Smaller volume and lighter weight

The advanced semiconductor manufacturing processes make
the volume smaller and the weight of the microinertial
mechanical sensors lighter.

(2) Mass production and lower production cost

Thousands of microinertial devices in a 3inch or 4inch
silicon chip could be yielded with the mature technique and
batch production, which will improve the rate of finished
products and reducing the cost. The cost of microinertial
devices, then, will depend on the packaging, testing, and
accessory circuits. It is undoubted that the cost would drop
greatly when the true integration of electromechanical is
accomplished.

(3) Antiharsh environments and wider applications

With the small testing proof mass, a micromechanical
accelerometer is adapted to measure the high acceleration.

Simplified model
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FiGure 1: Model of coriolis force.

The measurement range could be extended widely by the
micromechanical gyroscopes without rotating parts.

(4) Lower consumption, higher sensitivity and efficiency

When performing the same task, the consumption of
micromechanical devices is only one tenth of the traditional
ones or even less, while the operation speed could be
improved ten times. Certain reasons, for example, the no
delay performance of integrated micromechanical devices
results in their wide use in high-speed application.

(5) Multifunction and intelligence

Most micromechanical devices integrated the transducer,
actuator, and electronic circuits. It is easier to realize the
multifunction and intelligence of micromechanical devices
after using the intelligent materials and structures.

The novel combination of the microvibratory gyroscope
and optical interferometer readout system is proposed in
this paper. The merged system has the small size and
high performance and is suitable for MEMS fabrication
technology. In this paper, the system design, mathematical
model, and performance analysis are presented.

2. MICROMECHANICAL DESIGN OF
THE MOEMS GYROSCOPE

Based on the comprehensive review of the optical gyro-
scopes and MEMS silicon-based gyroscopes, we propose a
hybrid model which combine MEMS silicon-based oscilla-
tion gyroscopes and micro-optical interferometer readout
system. It will take both advantages of MEMS vibratory
gyros and optical sensing technique. It is believed that the
proposed gyroscope can be massively fabricated with high
performance at low cost.

The operation of the z-axis vibratory rate gyroscope is
best illustrated by the spring-mass system shown in Figure 1.
As in all vibratory rate gyroscopes, Coriolis acceleration is
generated by an oscillating proof mass in a rotating reference
frame. The proof mass is oscillated along the x-axis (the
driven mode), the reference frame rotates around the z-axis,
and the Coriolis acceleration is detected as deflections along
the y-axis (the sense mode) [4].

The microelectromechanical sense element of the surface
micromachined z-axis vibratory rate gyro is also shown
in Figure 2. The structure comprises three major elements:
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FIGURE 2: Solid model of MEMS vibratory structure.

the suspension system, the comb drive used to sustain
oscillation, and the proof mass forced by the Coriolis force
in y-axis.

Coriolis acceleration is

4. =27%xQ (1)

which shows that orthogonal lateral-axis vibration and
acceleration sensing are required to detect the z-axis rotation.
The mathematics principle model is shown in Figure 1.

One vibration mode corresponds to the vibration of mass
in the x-direction with a vibration frequency of w,. The
other vibration corresponds to the vibration of mass in the
y-direction with a vibration frequency of w,, [5, 6].

For operation, the mass is driven into vibration in the x-
direction with a driving frequency wg.

Given driven signal,

x = Agsin wgt. (2)

Then, if the system rotates around the z-axis with a constant
angular rate of Q, the Coriolis force appears in the y-axis and
impelling the mass vibrating in y-axis:

X = Ajwg cos wyt,

3
F, = 2mxQ). )

Differential equation for the mass movement in the y-
direction is given by

mj+c,y+k,y=2mAzw;Qsin (wdt+ %) (4)
The steady-state solution is given by
y=A,sin (wdt+g —go) = A, cos(wgt —¢). (5

There, amplitude at y-direction is

2A5048)
A, = = . (6)
w},\/(l — wi/w})” + 43 (wi/w})
Phase is
- 2(ywdwy
¢ = tan liwi—wz’
. (7)
Gy >

= b
2mwy
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— Q1)

FiGure 3: Oscillating coriolis displacements creating by variable
rotation velocity.

where Q, is the quality factor at the sensing mode given by

1
Q= (8)
Y 2()]
Let wg = w), the mass amplitude becomes at resonance
2A,Q 2A
Ay _ d Qy _ de Q. (9)
Wy wy

Equation (9) shows that the measurement of rotation Q
can be achieved by sensing the amplitude of vibration in y-
direction, the problem of measurement of rotation becomes
a problem of sensing a displacement. It is the foundation of
vibratory gyroscope principle.

The system response froced Coriolis acceleration along
y-axis is given by (9).

The vibration along y-axis is

Y _ 2A4Qy

. i
Q o, sin (wdt+5 —(p). (10)

The results of the relative between the angular rate and
Coriolis acceleration are clear, which shows the y-axis
amplitude proportion with the z-axis angular rate, and the
x-axis driver oscillation redound to amplifier the amplitude
of the y-axis [7]. In the microsize, the nature frequency of
oscillation beams and proof mass is very high, and the weight
is very light. It is of the advantage driving the mass at the x-
axis under low power consumption, and achieves the high
sensitivity.

Now, the angular rate measurements convert to measure
the y-axis amplitude, shown in Figure 3. This changing gives
the measurement idea, which is microdisplacement measure-
ment. There are many methods to measure microdisplace-
ments like bridge resistance, bridge capacitance, piezoelec-
tricity, optical modulation methods, and so forth. Currently,
the optical interferometer is the most precise method, which
is the method proposed in this paper.

3. MICRO-OPTICAL INTERFEROMETRIC DESIGN OF
THE MOEMS GYROSCOPE

From (9), we know that the problem of measurement of
rotation becomes a problem of sensing a displacement. There
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are several ways to sense the displacement, but up to now the
optic sensing is the most accurate one.

The optical interferometric readout system has the high
sensitivity, high precision, high integration, low cost charac-
teristics. Interference, which is a complex wave phenomenon,
is one of the useful readout, which can be happened and
observed in frequency wave areas, like the mechanical wave,
sound wave, light wave, electric wave, and so forth [8]. In
the optical technology, the interference will be happened
under those situations, no matter the sensor is a Michelson,
a Mach-Zehnder, a Sagnac, or a Fabry-Perot interferometer,
(1) frequency of two beams must be same; (2) the vibration
of two beams must be same direction; (3) phase shift of two
beams must be holed constant.

The intensity of general interferometer output is compo-
sition of two light beams I; and I:

I1=1 +12+2\111[2COS([)12. (11)

Here, ¢, is the phase shift different of two beams at
interaction point:

AL
Q12 =¢1 — @2 — ZHT' (12)

Here ¢, and ¢, are initialization phase of two beams. AL is
the path-length different of two beams.

The periodic intensity patterns are shown in Figure 4.

The phenomenon of the interference of light underlies
many high-precision measuring systems and displacement
sensors. The use of optical fibers allows making such devices
extremely compact and economic. In fiber optic interferom-
eter, the interference occurs at the partially reflecting end
face surface of the fiber and an external mirror. The size
of the sensitive element based on this principle can be as
small as diameter of the fiber, and the sensitivity can achieve
subangstrom level. Additionally, such sensor is not sensitive
to electromagnetic interference and can be used in hostile
environment.

Consider the principle of operation of the fiber optic
interferometer, the system view shown in Figure 5, and the
magnifying sensor head configurations shown in Figure 6.
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FIGURE 5: Diagram of micro fiber optical interferometer.
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FIGURE 6: Magnify fiber optic interferometer head.

The radiation of the laser diode 1 is coupled into fiber 2
and propagates through coupler 3 to fiber 4. Then, one part
of radiation is reflected from the end face of fiber 4, and other
part of radiation is flashed into the air, reflected from the
mirror 5 and returned back into fiber 4. The optical beam
reflected from the end face of fiber 4 interferes with the beam
reflected from the mirror. As a result, the intensity of the
optical radiation at photodetector 5 is periodically changed
depending on the distance xy between the fibers and mirrors
as follows. The path-length difference is AL = 2xy.

The out intensity is

4
I=1+L+2VIh cos(T”xo + (p()). (13)

Here, ¢ is initialization phase shift. A is the wavelength of
the light source used; phase shift is Ap = (27/A)AL =
(47/1)xo; I and I, are intensities of these two reflected rays.
In fiber optic interferometer, I, = IyR, is the intensity of
the light reflected from the end face surface of the fiber, and
L =(1- R1)2R210 is the intensity of the light reflected from
an external mirror and returned back into the fiber, where I
is the intensity of the laser diode radiation coupled into the
fiber, R; is the reflectivity of the end face of the fiber, and R,
is the reflectivity of an external mirror. Figure 7 shows the
simulation result of the relationship between sensor output
Iy/I and gap distance x,. This gap distance x; is the position
to setup the movement reflected surface, which is also the
definition of the interferometer cavity length [9, 10]:

I1=1, |:R1+(1—R1)2R2+2(1 - Rl)’\/RlRQ COS<477TX0+Q00>:|,
(14)
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Ficure 7: Simulation result of the relationship between sensor
output Iy/I and gap distance x.

inwhichI; = [(Ryand I, = (1 — R1)2R210 are constant, by
applying demodulation technique, the above equation (14)
can be simplified as

I= cos(%x0+(p0). (15)

For simplification and cavity design purpose, let xg = kA/2,
and @y = 0, then we have

4

Agp = Txo =2kn, k=0,=1,+2,...,
, (16)
Inax = (\ LRy + (1 - R])ZRZIO) .
Let xo = (A\/4)(2k + 1),
Ap = 47”960 =Qk+1m, k=0,%1,%2,...,
(17)

Imin = (\/ﬁ - (1 - Rl)2R210)2~

From the above intensity distributing analysis, as every time
the cavity length x is changing A/4, the intensity would be
varied from maxima to minima.

So the movement distance can be calculated by

A
AS = ZN' (18)

Here, AS is the distance moving from initialization position
Xp. N is the times of the intensity changing.

Let ¢y = (47/A)xo be presenting cavity x, equivalent
initialization phase shift. The initialization phase ¢q is
located at the middle of I« and Iy, because here is maxima
linear slope, shown in Figure 8. For microdisplacement, the
accurate output result can be achieved in this linear region.
The initialization position for movement reflected surface is

X kA
0= o>
8
| 19)
Ixo — Imax Imln.

Output intensity
~

X0 X
Cavity length

FiGure 8: Initialization position of the vibratory reflected surface
and linear region.

xO*Ay X0 +Ay

=

%
y = Ay cos(wgt — @)

18
T

X0 X0 dxg
>

FiGure 9: Effecting oscillation input to output intensity.

Now, we will consider the interferometric signal appearing
as a result of the reflection of the light from the vibrating
surface (resonator). When the resonator oscillates, the phase
difference of interfering rays is varied as follows. The prin-
ciple diagram shown in Figure 9 is describing the affection
oscillation input to output intensity of the microfiber optical
interferometer. The distance measurement performance of
the micro-optical fiber interferometer is proved under 5 nm
[11,12].

According to the Coriolis acceleration theory, the y-axis
vibration created by z-axis ration rate is

y =A,sin (wdt+§ —(p) = A, cos(wat — ¢). (20)

Path-length difference is

AL = 2[xo + Ay cos(wat — ¢)],
4 (21)
Ag = T[XO +A, cos(wqt — ) ].
This Aycos(wgt — ¢) vibration signal gives rise to the
following modulation of the light intensity:

112

I(t) cos{% [x0 + A, cos(wat — QD)]}

(22)

4 T
= cos[TAycos(wdt - @)+ o X0
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Expanding I(t) in a Fourier series, and Bessel function
cos(x siny) = Jo(x) + 2>, 1 Jan(x) cos2ny, the alternating
components of the light modulation is:

I(t) = J1(9o) sin(wt — 1) sin ¢ o)
— 2 (¢o)cos(wt — i) cospy + -+ - -,

where Ji(¢,) is the Bessel functions, ¢, = (47/A)A,. When
9o < 1, then Ji(¢,) equals approximately ¢,/2 and,
therefore, an alternating component of intensity I(¢) will
be proportional to displacement of the resonator from the
equilibrium: I(¢) ~ sin(wt):

I(t) = %(pw sin(wt — 77) sin ¢,
(24)
2 .y
= TA}' sin @ cos(wat — @).
Let wg = wy, the amplitude becomes
2A,Q 2A
, = d Qy _ deQ, (25)
wy Wy
4 A
I(t) = mﬂsin @) sin (wdt + % - go), (26)
- I(HAw,
Q= 4mA4Qy sin ¢ sin (wat + (1/2) — @) (27)
Let o = Aw,/4mA4Q, sin gy,
1(t) .
QZ2aq————=al - Q). 2
acos(wdt =) al(£) cos™ ! (wat — @) (28)

The linear displacement linked between the y-axis vibration
in MEMS structure and the optical readout system is the key
factor for the microopticelectromechanical gyroscope; the
system model is in Figure 12. The vibration parameter is the
requirement measurement, which is creating the intensity
changing as well.

The relative parameters of the angular motion can be
calculated by integrating (27). This results in the equation

I
g
S
g
5
&
=
o
1 -
0 T T T T T T T T T T T T T
48 53 58 63 68 73 78 83 88 93 98 103 108 113 118
Time (s)
FIGURE 11: Output intensity at Q # 0 rad/s.
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FIGURE 12: Model of micro vibratory optical readout gyroscope
system.

below indicate angular displacement, 6, which is useful for
navigation systems directly.
The angular movement is the integral of angular rate:

17
AG = JQ(t)dt = aj m(Iw(it))dt
. _
' ¢ N (29)
= [(xiln tan (Ldt + E) ‘ + C] I(t)dt.
[AF] 2 4 1

From (29), the operator of navigation would indicate the
angular movement variation value A0 = 0, — 0;;; feedback
signal would emendate the application during the steering.
Therefore for any intensity readout, the angular move-
ment value can be calculated as Af due to the reference
frame, by means of a simple digital signal processor circuit
attached to the optical readout of the MOEMS device.
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FIGURE 13: Angular acceleration attenuation diagram.

If (27) is differentiated, the rotation acceleration is
obtained, shown in

5 dQ I(t) + I(H)wg tan (wgt — @)
0= a cos(wqt — @) ’ (30)

This is another useful output signal to control the system’s
stability. From (30), the signal is fast attenuation signal as the
expectation. The application is illustrated in Figure 13.

4. MOEMS GYROSCOPE COMPARISON WITH OPTICAL
GYROSCOPE BASED ON SAGNAC EFFECT

The Sagnac effect is the relative phase shift between two
beams of light that have traveled an identical path in opposite
direction in a rotating frame. The explanation of the Sagnac
effect is simple for the inertial frame of reference. The
motions of the mirrors, during the light transit time between
mirrors, cause the clockwise and counterclockwise waves
to be reflected at different points of space, which leads to
an optical path difference. Modern fiber-optic gyroscopes
(Sagnac interferometers) used for navigation are based on
this effect. They allow highly accurate measurements of
rotation rates down to about 0.1° per hour. The schematic
setup of a Sagnac interferometer is shown in Figure 14.
Light is decomposed into two beams by a 50:50 beam
splitter, with one traveling clockwise (CW) and the other
counterclockwise (CCW) around a polarization-maintaining
single-mode glass-fiber loop. The two beams interfere after
passage through the loop, and the interference signal is
measured with a photodiode. If only reciprocal effects are
involved in the experiment, then the two beams interfere
constructively (relative phase shift A¢ = 0). If A¢ #0,
then nonreciprocal effects occur, one of them is the Sagnac
effect that results from rotation of the fiber loop during the
measurement.

The Sagnac effect is a relativistic effect but can be
understood with a simple picture (see Figure 15). Let us
assume that a fiber coil (N windings with radius R) is rotated

7
Glass
fiber
CW
Beam
splitter CCW
Phase
Laser \L Polarizer modulator
Photodiode

FIGURE 14: Schematic setup of a Sagnac interferometer.

A

—

(a) (b)

FiGure 15: The Sagnac effect principle diagram.

clockwise with an angular velocity, and that light is injected
into the loop at time t = 0. At #; = 27RN/c, the CW and
CCW beams meet again at the starting point. However, due
to the rotation of the loop, they have traveled in different path
lengths. Figure 15 on the right indicates what happen if the
loop itself is rotating during this procedure. Supposing that
radius of fiber round is R, and light emitting and detector
sensors are laid in “A” point. The system is rotating with
Q in the clockwise direction relatively inertia space. When
clockwise direction light (CW) and the counter-clockwise
direction light (CCW) are emitted in opposite direction
around, the photo sensor also rotates from “A” to “A.” So the
two light paths have different length. The clockwise direction
light pursues “A” after back, which crosses the distance more
than 27R. While the counterclockwise direction light goes
face to “A,” which crosses the distance less than 27R. The
difference between the travel times causes the difference light
distance [13].

Assume light transmitting in vacuum, which velocity is
¢ = 3 x 10%. The paths of clockwise and counterclockwise
light are Lcw, Locws spending time is fecw, fccw, individu-
ally.

Let C = ch = CCCW)

Lew = 2R + RQteyy = Conters

(31)
Leew = 2R — RQteew = Ceewleew-
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From (1), At is

2nQ) — cw T “eew
At =ty — teoy = 27TR™" c(cc Cear)
o 0 cw " “eew (32)
2nR 4
= 271R o2 = 2

where A is area of ring fiber round.

Accounting, it is only approximate and simple evolve-
ment above result in (32). The strict evolvement should
be applied in broad theory of relativity. The speed of light
transmitted in fiber optical depends on refractive index of
medium.

So, clockwise and counterclockwise light is

Co c/n+ RQ _ ¢/n+RQ
Y 14+ ((¢/n)-RQ) /2 1+RQ/cen’
33
Co = ¢/n— RQ _ ¢/n—RQ (33)
71— ((¢/n)-RQ) /21— RQ/cen’

where # is refractive index of medium. From (33), we have

27T~Q - (ch - Cccw)
At = toy — teew = 2R
& ch'cccw
< 2 g 2R - 2RO(1 - (1/n)) 2R (34
b c2/n? a C?
4AQ
= -

Equation (32) is same as (34) in the vacuum. Corresponding
phase difference is

2nAtc  8mAQ
Ap = = . 35
¢ A Ac (35)
The difference in path length can be expressed as
2
AL = 2RO = 4”15 No, (36)

and the corresponding phase difference between the two
beams is

8m2R*N

A¢ = Q,
T (37)
8mA
A(:bSagnac = A Q, A= nR%.

It is interesting to note that although the above calculation
is over-simplified (e.g., the speed of light in vacuum was
assumed instead of that in the glass fiber), it yields the correct
result. Exact relativistic calculations show that the phase shift
is indeed independent of the material of the wave guide and
the above equations apply.

Since the Sagnac effect was discovered, this theory is
applied to manufacture the whole optical gyroscope such
as laser gyroscope, ring gyroscope, fiber optical gyroscope,
and so forth. The fiber optical gyroscope systems are hasty
developed due to many advantages like no movement parts
inside, high precision output, long consumption, and so
forth.

The Sagnac effect method is based on two light beams
path-length different created by rotation speed. The long
distance light path is required because of the highlight speed.
So the disadvantages of Sagnac effect gyroscope system are
large in size and weight, complex fabrication processes due
to long fiber optical or optical integrated chip.

As mentioned above, in MOEMS gyroscope the light
phase shift created by rotation velocity is described

4 4 2xmax Qy

APMOEMS_Gyro = Tlo T Qsin (wgt).  (38)

Wy
Because (47/A)ly is constant number, which is defined by
initialization interferometer cavity length,

47 87 XmaxQ .
APMOEMS_Gyro — Tlo =5 2 Osin (wqt).  (39)
wy

Assume, at the same input rotation velocity for each gyro-
scope system, that two-phase shift ratios are

A ro — (47/M)] max .
$MOEMS Gyro — (471/Mly 871 Xma Qstm (wdt)/SHA o,
A‘pSagnac A Wy cA
xmany c 47
|A¢M0EM57GYTO| = ’ ( w, X)AﬂbSagnac + TIO
(40)

Here (xmaxQ,/w,)(c/A) = 1, which means the sensitivity of
MOEMS gyroscope system, is higher than optical gyroscope
using Sagnac effect method. So the MOEMS gyroscope
design is satisfied to civilization and military user.

5. CONCLUSION

In this paper, the combination of the micro-optical inter-
ferometer readout system and MEMS vibratory gyroscope is
proposed. This novel micro-optical gyroscope has possessed
microsize, light weight, and high performance features due
to MEMS fabrication technology and the precision feature
of the optical interferometer principle. According to com-
parison with Sagnac effect, the sensitivity and measurement
range of this MOEMS gyroscope system are at the same
level as the FOG system. The real-time testing results for
the MOEMS gyroscope must wait for the first prototype
coming out. The full performance comparisons between the
MOEMS and FOG system will be investigated.

The novel optical MEMS gyroscope system is the perfect
MOEMS application to combine the optical and MEMS
technology. On the size aspect, the MEMS vibratory struc-
ture has been proved and fabricated to convert the rotation
speed to the vibration movement due to Coriolis force
theory. On the performance aspect, the microfiber optical
interferometer has solved the precision distance readout
comparing with the electrical readout. The novel optical
MEMS gyroscope can be used from the rate grade to the
inertial grade for the pose stability control in the missile,
satellite, motion detector in the entertainment system like PC
game, camera, or hard drive protector.

The operation principles of the MOEMS gyro system
have been clearly discussed and created; the mathematics
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model successfully includes the theory and equations. The
MEMS fabrication processes and package for both the
microvibration part and the micro-optical readout system
will be discussed in the other paper. The first prototype has
been sent to MEMS foundry after the software simulating.
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1. INTRODUCTION a main thrust for further research [15]. The incorporation

One-dimensional metal-oxide nanostructures have gained
prominence after the immense interest developed in the syn-
thesis of carbon nanotubes and its wide range of applications
[1]. Metal oxides such as SnO, [2], TiO, [3], In,O3 [4],
ITO [5], GayOs3 [6], and ZnO [7] have been synthesized
into nanowires, nanorods, nanobelts, and nanohelices. Due
to their excellent electronic and optical properties, they are
widely found in transparent electronic devices [8], flat panel
displays [9], field emitters [10], electrochemical sensors, and
toxic gas sensors [11]. As a biocompatible semiconducting
material, ZnO is being actively investigated for biosensor
applications [12—14].

Miniaturization is one ongoing important development
in biosensor technology. Miniaturization, however, may
result in low current because of the decreased amount of
immobilized enzyme onto the available active area. It has
already been reported that nanostructures can enhance the
sensitivity of a biosensor by one to two orders of magnitude,
due to the large surface area per unit volume ratio, which
allows the immobilization of a larger amount of the enzyme.
Since the development of the first glucose sensor enzyme
electrode performance, stability and selectivity have been

of biomolecules into carbon nanotubes (CNTs) and metal
oxide nanowires is achieved through various methods of
immobilization such as covalent linkage [16], entrapment
[17], cross-linking with glutaraldehyde [18], microencapsu-
lation [19], and adsorption [20-22]. Adsorption is one of
the more common schemes of immobilization because it is
a method that requires minimal preparation. In this work,
prolonged exposure of glucose oxidase to ZnO nanowires
has resulted in enzyme immobilization through nonspecific
adsorption of the enzyme on the sidewalls of the nanowires.
This letter reports on the synthesis and characterization
of ZnO nanowires by vapor-liquid-solid (VLS) mechanism
and its application as an electrode for glucose measurement
without any additional protective coating.

2. METHODS AND MATERIALS

For the growth of ZnO nanowires, ZnO nanopowder
(99.999%, Sigma ~50-70nm grain size) and graphite
nanopowder (99.99%, Sigma ~70nm) in 1 : 1 ratio were
mixed to form a homogenous source weighing 300 mg.
For the amperometric glucose detection, glucose oxidase
(GOX, EC 1.1.3.4, type II from Aspergillus niger, 47 200 U/g),
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D-(+)-glucose (purity 99.5%), and potassium phosphate
were purchased from Sigma-Aldrich, St. Louis, Mo, USA.
Phosphate buffer electrolyte solutions (PBSs) with various
pHs were prepared from standard stock solutions of KH,PO4
and K;HPOy. All solutions were prepared with deionized
water.

A high temperature furnace (Lindberg/Blue) was used
for the growth of ZnO nanowires. As synthesized products
were characterized by X-ray diffraction with Cu-Ka radiation
(Philips X’pert Pro diffractometer), field emission scanning
electron microscopy (FE-SEM, Hitachi S-800), and high-
resolution transmission electron microscopy (FEI Tecnai
F30, HR-TEM). TEM specimens were prepared by ultrason-
icating the ZnO nanowires in methanol and dispersing a
drop of solution on a carbon-coated copper grid. Chemical
compositional analysis was carried out by EDX coupled with
the HR-TEM system.

Electrochemical experiments were performed using a
Princeton Applied Research PARSTAT 2263 advanced elec-
trochemical analyzer. All electrochemical measurements
were executed in a standard three-electrode system at room
temperature. The modified zinc oxide sample acted as the
working electrode, with an Ag/AgCl (3 M KCI) reference
electrode, and a platinum wire (CH Instruments, Tex, USA)
counter electrode. All potentials given in this paper are
relative to the Ag/AgCl electrode. The pH of the glucose
solutions was measured with a Fisher Scientific AB15 pH
meter. FTIR studies were performed on a Perkin-Elmer
Spectrum One FT-IR Spectrometer.

For the fabrication of a glucose sensor, we have initially
grown an array of ZnO nanowires on Si (100) via thermal
evaporation, with the use of a gold catalyst. Freshly prepared
ZnO source powder and substrates were loaded in two
different alumina boats in the high-temperature and low-
temperature zones of the vacuum furnace, respectively. The
furnace was initially evacuated to a pressure of 10~ Torr and
argon was then passed at a constant flow rate of 500 sccm.
The temperature of the furnace was approximately raised
to 900°C-950°C. The substrates were unloaded after the
furnace was cooled to room temperature. The zinc oxide
nanowire array was then functionalized with the enzyme
glucose oxidase. Approximately 15 IU of GOX was applied
onto the nanowire surface via physical adsorption. The newly
constructed electrode was allowed to dry over 24 hours at
room temperature prior to use.

3. RESULTS AND DISCUSSION

The X-ray diffraction pattern of the as-grown ZnO products
is shown in Figure 1. All the visible peaks are indexed to a
wurtzite (hexagonal) structure of ZnO with lattice constants
of a = 0.3250 nm and ¢ = 0.5205 nm, respectively [23]. A
small shift was observed in the peaks of ZnO nanowires when
compared to ZnO bulk. This might be due to the thermal
stresses developed at the time of growth. In addition, Au
(111) and Au (200) peaks were also detected from the XRD
pattern. The high intensity of (002) peak of ZnO nanowires
shows that the preferential growth direction is along the c-
axis.

ZnO(101)
ZnO(110)

ZnO(103)

Au(111)

Intensity (a.u.)

| | ‘ | “
W W«ww N WWJ .W“

30 33 36 39 42 45 48 51 54 57 60 63 66
20 (deg)

— ZnO nanowires
ZnO bulk

FIGURE 1: (upper curve) X-ray diffraction spectrum of an array
of ZnO nanotubular structures and (lower curve) bulk ZnO,
respectively.

The surface morphology of the patterned sample can
be observed in the SEM images (see Figure 2). The ZnO
nanowires have a typical length of 0.5-2 ym and a diameter
of 40120 nm. Figure 3 shows the TEM image of a pair of
nanowires and inset shows the electron diffraction pattern of
the wires. It is clearly shown from the electron diffraction
pattern that the one-dimensional nanowires were single
crystal and grown along [0001]. A representative energy
dispersive X-ray (EDX) spectrum was performed near the
tip of the ZnO nanowire as indicated by the arrow shown
in Figure 3(c). The peaks associated with Zn, O, Au, Cu,
and C are seen in the EDX spectrum, where the peak
corresponding to Au confirms that the tips of the nanowires
were encapsulated with a gold particle of diameter ~52nm
(see Figure 3(c)) and the copper and carbon signatures are
from the carbon-coated copper TEM grid.

The as-grown ZnO nanowires on silicon substrate were
analyzed by Fourier transform infrared (FTIR) spectroscopy
before and after functionalization with GOX (see Figure 4).
The absorption peak at about 1000 cm™! can be interpreted
as the Si-O-Zn vibrational mode [24]. GOX is seen through
the presence of the primary amine group. The N-H bending
is observed at 1600 cm™! while the N-H stretch due to
asymmetric and symmetric vibrations occurs at 3400 cm™!
and 3300cm™!, respectively. The activity of the enzyme
glucose oxidase is affected by the pH of the glucose solution.
The pH dependence of the sensor was evaluated at 5mM
glucose solutions in the range of pH 6 to 9 (see Figure 5).
An optimal peak current of the sensor was displayed at pH
6.5. Considering that the pH of human blood is about 7.4,
the amperometric experiments were performed at pH 7.0.
Figure 6 shows the cyclic voltammograms of the ZnO-GOX
electrode in PBS ata pH of 7.0 and at room temperature. The
inset shows the plot of peak current versus the square root of
the scan rate. The plot is nearly linear with less than 3% error
from 50 to 400 mVs~!'. The decrease in current response
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FIGURE 2: (a) Low magnification top-view SEM image of patterned ZnO nanotubes. (b—d) Side view of patterned- and aligned-ZnO

nanotubes from lower to higher magnification (clockwise direction).
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FiGure 3: (a) Bright field TEM image of a pair of ZnO nanotubes,
inset shows electron diffraction pattern on a pair of ZnO nanotubes
along the zone axis [2 11 0]. (b) TEM image of a ZnO nanotube
with an Au particle at the end. (c) Shows high-resolution image of
the end of the ZnO nanotube. (d) EDS spectrum recorded near the
catalyst particle indicated by arrow.
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FiGure 4: FTIR spectra of (lower curve) ZnO nanowires and
(upper curve) glucose oxidase entrapped-ZnO nanowires, onto Si
substrate.

with successive increase in scan rate indicates that the
electrode reaction is diffusion controlled. The direct pulse
voltammetry (DPV) response of the sensor to successive
increments of glucose is shown in Figure 7(a). These results
were obtained with a scan rate of 0.020 mV/s, step height
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of 2mV, and a potential sweep between —0.6 and 0.4 V.
The well-defined peaks occur at approximately —0.05V,
showing that the enzyme is active at this potential. This data
displays a linear relationship of current to the corresponding
glucose concentration. The calibration response curve (see
Figure 7(b)) shows a linear trend in the range of 1.0 x 107*
to 1.0 x 1072 mol L™! glucose with an r-value of 0.9903 and
less than 5% error.

4. CONCLUSIONS

The successful fabrication of a highly selective ZnO
nanowire-based amperometric glucose biosensor has been
achieved. The ZnO electrodes were synthesized on Si (100)
substrates by VLS mechanism. High-density ZnO nanowires
with a large surface area are found to have a preferential
growth direction along [0001] axis. No additional protective
coating has been utilized during the electrode preparation.
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FIGURE 7: (a) DPV response of ZnO-GOX/Si in PBS (pH 7.0) at
(@) 1 x 107 molL™%, (b) 5x 107*molL™%, (¢) 1 x 10> mol L7},
(d) 5% 107 molL™", and (e) 1 x 10> mol L™" glucose. (b) Linear
calibration curve of ZnO-GOX biosensor.

The sensor functioned in the range of 1.0 x 10™* to
1.0 X 107 2molL™" glucose. The biosafe nature of ZnO
and successful immobilization of glucose oxidase onto the
electrode surface leads to a new novel approach to biosensor
construction and applications.
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Nanomaterials have attracted great interest in recent years because of the unusual mechanical, electrical, electronic, optical,
magnetic and surface properties. The high surface/volume ratio of these materials has significant implications with respect
to energy storage. Both the high surface area and the opportunity for nanomaterial consolidation are key attributes of this
new class of materials for hydrogen storage devices. Nanostructured systems including carbon nanotubes, nano-magnesium
based hydrides, complex hydride/carbon nanocomposites, boron nitride nanotubes, TiS,/MoS, nanotubes, alanates, polymer
nanocomposites, and metal organic frameworks are considered to be potential candidates for storing large quantities of hydrogen.
Recent investigations have shown that nanoscale materials may offer advantages if certain physical and chemical effects related to
the nanoscale can be used efficiently. The present review focuses the application of nanostructured materials for storing atomic
or molecular hydrogen. The synergistic effects of nanocrystalinity and nanocatalyst doping on the metal or complex hydrides for
improving the thermodynamics and hydrogen reaction kinetics are discussed. In addition, various carbonaceous nanomaterials
and novel sorbent systems (e.g. carbon nanotubes, fullerenes, nanofibers, polyaniline nanospheres and metal organic frameworks
etc.) and their hydrogen storage characteristics are outlined.
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1. INTRODUCTION

The increase in threats from global warming due to the
consumption of fossil fuels requires our planet to adopt
new strategies to harness the inexhaustible sources of energy
[1,2]. Hydrogen is an energy carrier which holds tremendous
promise as a new renewable and clean energy option [3].
Hydrogen is a convenient, safe, versatile fuel source that
can be easily converted to a desired form of energy without
releasing harmful emissions. Hydrogen is the ideal fuel for
the future since it significantly reduces the greenhouse gas
emissions, reduces the global dependence on fossil fuels,
and increases the efficiency of the energy conversion process
for both internal combustion engines and proton exchange
membrane fuel cells [4, 5]. Hydrogen used in the fuel cell
directly converts the chemical energy of hydrogen into water,
electricity, and heat [6] as represented by

1 ..
H, + EOZ — H,O + Electricity + Heat. (1)

Hydrogen storage cuts across both hydrogen production
and hydrogen applications and thus assumes a critical role in
initiating a hydrogen economy [7-10]. For catering today’s
fuel cell cars, the onboard hydrogen storage is inevitable
and an integral part of the system to be reengineered
[11, 12]. The critical properties of the hydrogen storage
materials to be evaluated for automotive applications are (i)
light weight, (ii) cost and availability, (iii) high volumetric
and gravimetric density of hydrogen, (iv) fast kinetics, (v)
ease of activation, (vi) low temperature of dissociation or
decomposition, (vii) appropriate thermodynamic proper-
ties, (viii) long-term cycling stability, and (ix) high degree
of reversibility. All the said properties greatly demand from
us to understand the fundamental mechanistic behavior
of materials involving catalysts and their physicochemical
reaction toward hydrogen at an atomic or molecular scale.

Various hydrogen storage systems (see Figure 1), such
as metal hydrides, complex hydrides, chemical hydrides,
adsorbents and nanomaterials (nanotubes, nanofibers,
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nanohorns, nanospheres, and nanoparticles), clathrate
hydrates, polymer nanocomposites, metal organic frame-
works, and so on [13-19], have been explored for onboard
hydrogen storage applications. However, none of these
materials qualifies and fulfill all hydrogen storage criteria
such as (1) high hydrogen content (>6.0 wt.%), (2) favorable
or tuning thermodynamics (30-55k]J/mol H;) (3) operate
below 100°C for H; delivery, (4) onboard refueling option
for a hydrogen-based infrastructure, (5) cyclic reversibility
(~1000 cycles) at moderate temperatures, and so on. Among
the various hydrogen storage systems, the concept of nano-
materials and their wide applications for energy storage [20]
are discussed in the present paper.

2. NANOSTRUCTURED MATERIALS

Nanostructured materials have potential promise in hydro-
gen storage because of their unique features such as adsorp-
tion on the surface, inter- and intragrain boundaries, and
bulk absorption [21, 22]. Nanostructured and nanoscale
materials strongly influence the thermodynamics and kinet-
ics of hydrogen absorption and dissociation by increasing the
diffusion rate as well as by decreasing the required diffusion
length. Additionally, the materials at the nanoscale offer
the possibility of controlling material tailoring parameters
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FIGURE 2: TGA curves for the LiBH, +1/2 ZnCl, undoped and
Xmol% nano-Ni doped system (X = 1,2,3,4).

independently of their bulk counterparts. They also lead to
the design of light weight hydrogen storage systems with
better hydrogen storage characteristics.

2.1. Nanocatalyst doping in complex borohydrides

Advanced complex hydrides that are light weight, low cost,
and have high-hydrogen density are essential for onboard
vehicular storage [8, 23, 24]. Some of the complex hydrides
with reversible capacities achieved are Alanates [25, 26],
Amides [27, 28], Borohydrides [29-31], and combinations
thereof [32, 33]. The challenging tasks to design and develop
the complex hydrides mandate an optimization and over-
coming of kinetic and thermodynamic limitations [18, 34].
The enhancement of reaction kinetics at low temperatures
and the requirement for high hydrogen storage capacity
(>6.0wt%) of hydrogen storage materials could be made
possible by catalytic doping. If nanostructured materials with
high surface area are used as the catalytic dopants, they may
offer several advantages for the physicochemical reactions,
such as surface interactions, adsorption in addition to
bulk absorption, rapid kinetics, low-temperature sorption,
hydrogen atom dissociation, and molecular diffusion via
the surface catalyst. The intrinsically large surface areas and
unique adsorbing properties of nanophase catalysts can assist
the dissociation of gaseous hydrogen and the small volume of
individual nanoparticles can produce short diffusion paths to
the materials’ interiors. The use of nanosized dopants enables
a higher dispersion of the catalytically active species [35] and
thus facilitates higher mass transfer reactions.

Figure 2 depicts the thermogravimetric weight loss pro-
files of the new complex borohydride (LiBH, +1/2 ZnCl,)
system undoped and doped with different nanocatalyst (e.g.,
nano-Ni) concentrations.
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The Zn(BHy),, as obtained from the mechanochemical
reaction of (LiBH,4 + 1/2 ZnCl,), exhibits an endothermic
melting transition at around 80-90°C (DSC signals are not
shown in the figure) and a clear-cut weight loss occurs due
to the thermal hydrogen decomposition at around 120°C.
Trial experiments were conducted by introducing different

nanocatalyst (nano-Ni (particle size of 3-10nm) obtained
from QuantumSphere Inc., Calif, USA) concentrations (X =
1,2,3,4mol%) in this complex system. It is clearly dis-
cernible from this figure that nanocatalyst doping helps to
lower the temperature of decomposition from 120°C down
to 100°C. A concentration of 3 mol% nano-Ni was found to
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be optimum for the gravimetric weight loss due to thermal
decomposition at low temperature. It is also confirmed from
the gravimetric analysis that nanocatalyst doping enhances
the hydrogen storage characteristics such as reaction kinetics
at low-decomposition temperatures (Tqec). The microstruc-
tures of the nanocatalyst doped complex hydride both in
imaging mode and EDS mapping (distribution of different
elements) mode as obtained from SEM are shown in Figures
3(a) and 3(b).

2.2. Synergistic behavior of nanocatalyst doping and
nanocrystalline form of MgH,

It is generally known that pristine MgH, theoretically can
store ~7.6 wt.% hydrogen [36]. However, so far, magnesium
hydride-based materials have limited practical applications
because both hydrogenation and dehydrogenation reactions
are very slow and, hence, relatively high temperatures are
required [23]. Magnesium hydride forms ternary and qua-
ternary hydride structures by reacting with various transition
metals (Fe, Co, Ni, etc.) and thus improved kinetics. More-
over, the nanoscale version of these transition metal particles
offers an additional hydrogen sorption mechanism via its
active surface sites [36, 37]. In a similar way, the synergistic
approach of doping nanoparticles of Fe and Ti with a few
mol% of carbon nanotubes (CNTs) on the sorption behavior
of MgH, has recently been investigated [38]. The addition
of CNT significantly promotes hydrogen diffusion in the
host metal lattice of MgH, due to the short pathway length
and creation of fast diffusion channels [39]. The dramatic
enhancement of kinetics of MgH, has also been explored
through reaction with small amounts of LiBH,4 [40]. Though
the MgH, admixing increases the equilibrium plateau pres-
sure of LiNH; [41] or LiBH,4 [29], catalytic doping of these
complex hydrides has not yet been investigated.It is generally
believed that the role of the CNT/nanocatalyst on either
NaAlH4 or MgH, is to stabilize the structure and facilitate
a reversible hydrogen storage behavior.

The phenomenon of mechanical milling helps to pul-
verize the particles of MgH, into micro- or nanocrystalline
phases and thus leads to lowering the activation energy
of desorption [42]. The height of the activation energy
barrier depends on the surface elements. Without using the
catalysts, the activation energy of absorption corresponds to
the activation barrier for the dissociation of the H, molecule
and the formation of hydrogen atoms. The activation
energies of the H, sorption for the bulk MgH,, mechanically
milled MgH, and nanocatalyst-doped MgH,, are shown in
Figures 4(a) and 4(c).

It is undoubtedly seen that the activation barrier has been
drastically lowered by nanocatalyst doping which suggests
that the collision frequency between the H, molecules and
transition metal nanoparticles increases with decreasing size
of the catalyst. In addition, Figure 4 shows the conceptual
model of an MgH, nanocluster and the distribution of
nanocatalyst over the active surface sites for efficient hydro-
gen storage.

Recently, we have attempted to establish the above “proof
of concept.” Commercial MgH, exhibits weight loss due to
hydrogen decomposition at higher temperature (e.g., 415°C)
(see Figure 5).

However, the mechanochemical milling of MgH, intro-
duces defects and particle size reduction. Thus, obtained
micro-/nanocrystalline MgH, grains show endothermic
hydrogen decomposition (see Figure 6) at an earlier tem-
perature of 340°C. In addition, to nanoscale formation,
the doping by a nanocatalyst certainly decreases the onset
transition temperature by as much as 100°C (Figures 5 and
6).
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Ficure 8: Hydrogen sorption kinetics of polyaniline nanospheres at
room temperature showing good reversibility in the initial runs.

2.3. Carbonaceous nanomaterials (carbon nanotubes,
fullerenes, and nanofibers)

Carbonaceous materials are attractive candidates for hydro-
gen storage because of a combination of adsorption ability,
high specific surface area, pore microstructure, and low-mass
density. In spite of extensive results available on hydrogen
uptake by carbonaceous materials, the actual mechanism of
storage still remains a mystery. The interaction may either
be based on van der Walls attractive forces (physisorption)
or on the overlap of the highest occupied molecular orbital
of carbon with occupied electronic wave function of the
hydrogen electron, overcoming the activation energy barrier
for hydrogen dissociation (chemisorption). The physisorp-
tion of hydrogen limits the hydrogen-to-carbon ratio to less
than one hydrogen atom per two carbon atoms (i.e., 4.2
mass %). While in chemisorption, the ratio of two hydrogen
atoms per one carbon atom is realized as in the case of
polyethylene [43-45]. Physisorbed hydrogen has a binding
energy normally of the order of 0.1eV, while chemisorbed
hydrogen has C-H covalent bonding, with a binding energy
of more than 2-3 eV.

Dillon et al. presented the first report on hydrogen
storage in carbon nanotubes [46] and triggered a worldwide
tide of research on carbonaceous materials. Hydrogen can
be physically adsorbed on activated carbon and be “packed”
on the surface and inside the carbon structure more densely
than if it has just been compressed. The best results achieved
with carbon nanotubes to date confirmed by the National
Renewable Energy Laboratory are hydrogen storage density
corresponding to about 10% of the nanotube weight [47].

In the present study, carbon nanotubes have been
successfully grown by microwave plasma-enhanced chemical
vapor deposition (MPECVD), a well-established method
[46, 47]. Figure 7(a) represents the as-grown carbon nan-
otubes on a substrate using optimized processing conditions
such as temperature, gas flow, gas concentrations, and pres-
sure. Aligned nanotubes, as seen in Figure 7(b), have been
grown to ensure uniformity in the nanotubes’ dimensions.
Various seed materials have been investigated to grow carbon
nanotubes and attempted to determine any effect on the
hydrogen sorption capacities.

Fullerenes, on the other hand, a new form of carbon
with close-caged molecular structure were first reported by
Kroto et al. in 1985 [48]. It is a potential hydrogen storage
material based on the ability to react with hydrogen via
hydrogenation of carbon-carbon double bonds. The theory
predicts that a maximum of 60 hydrogen atoms can be
attached to both the inside (endohedrally) and outside
(exohedrally) of the fullerene spherical surface. Thus, a
stable CgoHgg isomer can be formed with the theoretical
hydrogen content of ~7.7 wt%. It seems that the fullerene
hydride reaction is reversible at high temperatures. The
100% conversion of CgoHgg indicates that 30 moles of H,
gas will be released from each mole of fullerene hydride
compound. However, this reaction is not possible because it
requires high temperature, about 823-873 K [49]. Solid Cey
has face-centered cubic lattice at room temperature and its
density is ~1.69 g/sm>. Molecules are freely rotating due to
weak intermolecular interaction. Fullerene is an allotropic
modification of carbon. Fullerene molecules are composed
of pentagons and hexagons whose vertexes contain carbon
atoms. Fullerene, Cg, is the smallest and the most stable
structure (owing to high degree of its symmetry).

Hydrogen can be stored in glass microspheres of approx-
imately 50 ym diameter. The microspheres can be filled with
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hydrogen by heating them to increase the glass permeability
to hydrogen. At room temperature, a pressure of approx-
imately 25MPa is achieved resulting in storage density of
14% mass fraction and 10 kg H/m? [49]. At 62 MPa, a bed
of glass microspheres can store 20 kg Hy/m?. The release of
hydrogen occurs by reheating the spheres to again increase
the permeability.

2.4. Nanocomposite conducting polymers

Nanocomposite material consisting of a polyaniline matrix,
which can be functionalized by either catalytic doping
or incorporation of nanovariants, is considered to be a
potential promise for hydrogen storage. It was reported that
polyaniline could store as much as 6-8 wt% of hydrogen
[50], which, however, another team of scientists could not
reproduce [51]. Yet another recent study reveals that a
hydrogen uptake of 1.4-1.7 wt% H, has been reported for

the polymers of intrinsic microscopy [52]. Polyaniline is
a conductive polymer, with conductivity on the order of
10° S/cm. This is higher than that of typical nonconducting
polymers, but much lower than that of metals [53]. In
addition to its conductivity, polyaniline emeraldine base
(EB) is very simple and inexpensive to polymerize. It is
because of this simplicity that it was chosen as a matrix
material for the nanocomposite structure.

Figure 8 represents the hydrogen sorption kinetics of
polyaniline nanospheres at room temperature. From this
figure, it is discernible that the hydrogen uptake and release
of ~4.0wt.% occurs in the initial run. However, during
the consecutive cycles, the hydrogen storage capacity and
kinetics were decreased. The SEM microstructure of polyani-
line nanospheres are shown in Figure 9(a). Uniform cluster
sizes of 50-100 nm are widely distributed over the surface.
The microstructures after hydrogen sorption cycles exhibit
microchannels or microcrack formation (see Figure 9(b)).
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This correlates very well with effective hydrogenation as
observed from sorption kinetic profiles (see Figure 8). Fur-
ther cyclic reversibility and associated mechanistic behavior
for hydrogen uptake and release kinetics are still underway.

Functionalization (see schematic Figure 10) has been
carried out by the introduction of chemical groups into a
polymer molecule or conversion of one chemical group to
another group, which leads to a polymer with chemical,
physical, or other functions. Functional polymers act as a
catalyst to bind selectively to particular species, to capture
and transport electric charge or energy, and to convert light
into charge carriers and vice versa.

2.5. High-surface area sorbents and
new materials concepts

There is a pressing need for the discovery and development of
new reversible materials. One new area that may be promis-
ing is that of high-surface area hydrogen sorbents based
on microporous metal-organic frameworks (MOFs). Such
materials are synthetic, crystalline, and microporous and are
composed of metal/oxide groups linked together by organic
struts. Hydrogen storage capacity at 78 K (—195°C) has been
reported as high as 4 wt% via an adsorptive mechanism, with
a room temperature capacity of approximately 1wt% [54].
However, due to the highly porous nature of these materials,
volumetric capacity may still be a significant issue.

Another class of materials for hydrogen storage may be
clathrates [15], which are primarily hydrogen-bonded H,O
frameworks. Initial studies have indicated that significant
amounts of hydrogen molecules can be incorporated into
the sII clathrate. Such materials may be particularly viable
for off-board storage of hydrogen without the need for high
pressure or liquid hydrogen tanks.

3. SUMMARY

Nanostructured materials such as nanotubes, nanofibers,
and nanospheres show potential promise for hydrogen
storage due to high-surface area, and they may offer several
advantages for the physicochemical reactions, such as surface
interactions, adsorption in addition to bulk absorption,
rapid kinetics, low-temperature sorption, hydrogen atom
dissociation, and molecular diffusion via the surface catalyst.
The intrinsically large surface areas and unique adsorbing
properties of nanophase materials can assist the dissociation
of gaseous hydrogen, and the small volume of individual
nanoparticles can produce short diffusion paths to the
materials’ interiors. The use of nanosized dopants enables a
higher dispersion of the catalytically active species, and thus
facilitates higher mass transfer reactions. Nanocomposites
based on polymer matrix and functionalized carbon nan-
otubes possess unique microstructure for physisorption of
hydrogen atom/molecule on the surface and inside the bulk.
This review paper discussed briefly various nanomaterials for
hydrogen storage and also presented hydrogen uptake and
release characteristics for polyaniline nanospheres at room
temperature.
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