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ABSTRACT

The primary objective of this research is to examine the feasibility of using vertically aligned multi-wall
carbon nanotubes (MWCNTs) as a high temperature sensor material for fossil energy systems where
reducing atmospheres are present. In the initial period of research, we fabricated capacitive sensors for
hydrogen sensing using vertically aligned MWCNTs. We found that CNT itself is not sensitive to
hydrogen. Moreover, with the help of Pd electrodes, hydrogen sensors based on CNTs are very sensitive
and fast responsive. However, the Pd-based sensors can not withstand high temperature (T<200°C). In the
last year, we successfully fabricated a hydrogen sensor based on an ultra-thin nanoporous titanium oxide
(TiO,) film supported by an AAO substrate, which can operate at 500°C with hydrogen concentrations in
a range from 50 to 500 ppm.



TABLE OF CONTENTS

EXECULIVE SUMMATY ...ttt et et ettt ettt et e eaaeaais 4
1. Carbon Nanotube-Based Hydrogen Sensors ............cooiiiiiiiiiiiiiiiiiiiii e e, 5
1.1 Fabrication of carbon nanotube-based hydrogen sensors ...............c.ccevviiiiiiiiiiiinnnnnn. 6
1.2 Characterization of CNT-based hydrogen sensors ...........cccovvviiiiiiiiiiiiiiiiiieenennn. 6

2. Pyrolytic Carbon-Stabilized Nanoporous Palladium Hydrogen Sensors ..........................7
2.1 Fabrication of pyrolytic carbon-stabilized nanoporous palladium hydrogen sensors ......... 7

2.2 Characterization of pyrolytic carbon-stabilized nanoporous palladium hydrogen sensors ...7

3. Nanoporous TiO; thin film hydrogen sensors operating at 500°C ................ccvvvieinnnnnn. 10
3.1 TiO; thin film Sensor fabriCation ........oovetriititttt e 10
3.2 Results and diSCUSSION ... .c.uinuintiti e 11
1) T L3 T ) RO 14
RETEIENCES ...t 14
List of Publications Supported by this Grant ................c.ooiiiiiiiiiiiiiiee e, 16



EXECUTIVE SUMMARY

The primary objective of this research is to examine the feasibility of using vertically aligned multi-wall
carbon nanotubes (MWCNTSs) as a high temperature sensor material for fossil energy systems where
reducing atmospheres are present. The research will be pursued in three main areas: 1) study the growth
mechanisms of MWCNTs using the flame synthesis technique and modification of the nanotemplate to
improve the quality of the nanotubes for use in a gas sensing platform, 2) transform the modified
vertically aligned CNTs into a capacitive type hydrogen sensor prototype to assess feasibility for high
temperature applications, and 3) pursue theoretical modeling and numerical simulation of nanostructures,
hydrogen gas sensors, and the flame synthesis for large-area nanotube growth.

In the initial period of research, we fabricated capacitive sensors for hydrogen sensing using vertically
aligned MWCNTs. After extensive experiments, we found that AAO-based carbon nanotube sensors
exhibit limited hydrogen sensitivity. In order to improve the sensitivity of the MWCNT based hydrogen
sensors, we attempted using palladium (Pd) as electrodes because Pd is very sensitive to hydrogen. Using
anodic aluminum oxides (AAOs) as substrates, the nanoporous Pd films were shaped by the AAOs’
nanostructures. The nanoporous Pd films exhibit enhanced hydrogen-sensing properties, including
enhanced response speed and sensitivity. We also found that CNT itself is not sensitive to hydrogen.
Moreover, with the help of Pd electrodes, hydrogen sensors based on CNTs were built, which are very
sensitive and fast responsive. However, the Pd-based sensors can not withstand high temperature
(T<200°C). We examined the nanoporous platinum (Pt) film hydrogen sensors. Although Pt electrode can
withstand high temperature, its capability for hydrogen absorption decreases as temperature increases. It
is not feasible to use Pt for hydrogen sensing at high temperature.

In the last year, we successfully fabricated a hydrogen sensor based on an ultra-thin nanoporous titanium
oxide (TiO,) film supported by an AAO substrate, which can operate at 500°C. The TiO, film (~10nm)
was prepared through electron-beam evaporation of titanium metal on a substrate followed by sintering at
600°C in a flowing synthetic air. The phase of the TiO, is completely rutile. This sensor is very robust
and durable because of the TiO, film was formed on a silicon substrate with AAO. It was found that the
sensitivity was significantly enhanced by the increased specific surface area of the TiO, thin film due to
the porous AAO substrate. This sensor can operate at 500°C with hydrogen concentrations in a range
from 50 to 500 ppm.



In our early work, we fabricated capacitive sensors for hydrogen sensing using vertically aligned
MWCNTs. After extensive experiments, we found that AAO-based carbon nanotube sensors exhibit very
low hydrogen sensitivity. In order to improve the hydrogen sensitivity, we used nanoporous palladium
(Pd) films as electrodes because Pd is very sensitive to hydrogen. We also compared the sensors using Pd
electrodes with those using Au electrodes to understand the intrinsic hydrogen sensing properties of
CNTs.

1. Carbon Nanotube-Based Hydrogen Sensors

1.1 Fabrication of carbon nanotube-based hydrogen sensors

In this project, based on the AAO templates, hydrogen sensors has been fabricated and characterized. Fig.
1 shows two types of resistive hydrogen sensors: metal-electrode CNT sensor and CNT-supported Pd film

sensor. A titanium layer (100 nm in thickness) and aluminum film (2.5 pm in thickness) were deposited,
in turn, onto highly doped n-type Si wafers by e-beam evaporation. The Al film was anodized in a 0.3 M

a b
e =—— Pd or Au i -/-/— Pd
LR AR '
A CNT
— AAOQ AAO
Al Testing Testing
Chamber Chamber
(a) (b)
Fig. 1 Structures of resistive hydrogen sensors: (a) metal-electrode CNT sensor and (b) CNT-supported Pd film
Sensor.

oxalic acid through a two-step method, and pore-widened in a 5wt% H;PO,4 solution to obtain AAO
template with pore diameters around 60-70 nm and pore lengths about 1 um. Co catalysts were
electrodeposited at the bottom of the AAO template. Aligned CNTs with partially crystallized (near
amorphous) structures were grown in the AAO template through pyrolysis of 10% acetylene in Argon at
650°C. Detailed anodization, CVD processes and structural characterization of the aligned CNTs can be
found elsewhere [1-3]. The samples were cut into small pieces.

Some as-cut samples were deposited with a bottom electrode of Al film (100 nm in thickness) through
thermal evaporation, and a N, annealing at 450°C was conducted later to obtain an ohmic contact at the
Si-Al interface. Pd electrode with a thickness of 45 nm was deposited, via r. f. sputtering, onto the upper
surface. A Pd-electrode CNT sensor (Fig. 1a) was then fabricated through wire connections with the top
Pd electrode and the bottom Al electrode. An Au-electrode CNT sensor (Fig. 1a) was fabricated by
thermal-evaporating Au electrode (with a thickness of 45 nm) onto the upper surface of the CNTs. As
hydrogen sensing characteristics of the top electrode of Pd are very useful for us to understand the roles of
the electrode and CNTs in the metal-electrode CNT sensors, we also fabricated a CNT-supported Pd film
sensor based on the top electrode (Fig. 1b) by using almost the same device structure.



1.2 Characterization of CNT-based hydrogen sensors

Fig. 2a shows the steady-state response of the sensors at various concentrations. It can be found that the
Au-electrode CNT sensor shows no response to various concentrations of hydrogen gas at room
temperature. But the Pd-electrode CNT sensor can detect medium concentration hydrogen (from 0.1% to
1.5% H,). Typical response time of the Pd-electrode CNT sensor is about 3-4 minutes (Fig. 2b). And a
reversible recovery can be obtained at H, concentrations below 1.5%. The CNT-supported Pd film sensor
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Fig. 2 (a) Steady-state response of the metal- electrode CNT and the CNT-supported sensors at various H,

concentrations. (b) Response of the Pd-electrode CNT sensor at medium H, concentrations. The measurements
were carried out at a room temperature (~23°C).

is sensitive to hydrogen gas at both dilute and medium concentrations ranging from 100 ppm to 1.5% H,
(Fig. 2b and Fig. 3). Typical response time of the CNT-supported Pd film sensor is less than 7 minutes for
dilute H, gas (Fig. 2b), and less than 4 minutes for
medium concentration hydrogen (Fig. 3). A
reversible recovery can occur up to a high H,
concentration of 1.5%. Above 1.5% H, the steady- 0.6
state response value will decrease and the
recovery is very slow, which suggests film
instability due to excess volume expansion or 0.4 4
stressing induced by absorption of H in the
nanoporous Pd film. Thus, best performance range
for the above CNT-supported Pd film sensor

should be ranging from 100 ppm to 1.5% H,. 927 Pt
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the narrower sensing range (250 ppm — 1% H,) of nanoporous Pd film directly deposited onto AAO
substrate [4-6], a wider detection range found with the CNT-supported Pd film here suggests that the
CNTs in AAO template should be a good supporting material for providing better sensing stability than
that from the AAO substrate.

As mentioned above, using Au-electrode for a CNT sensor does not work for resistive hydrogen sensing.
And the Pd-electrode can make a CNT sensor be sensitive to hydrogen gas. Obviously, the only
difference between the above two kinds of sensors is the type of the top metal electrode and it is well
known that Au is not a hydrogen-sensitive material but Pd is. It can be confirmed that without the
hydrogen-trapping material of Pd as a top electrode, the aligned CNTs grown in AAO template lack a
capability for direct hydrogen sensing.

2. Pyrolytic Carbon-Stabilized Nanoporous Palladium Hydrogen Sensors
2.1 Fabrication of pyrolytic carbon-stabilized nanoporous palladium hydrogen sensors

We believe that better adhesion of a Pd film to the substrate is critical to improve its sensing capability in
high concentration. Pyrolytic carbon was used to improve the adhesion between Pd and AAO [7]. With
titanium film (100 nm in thickness) as a prime layer, aluminum film (2.5 pm in thickness) was deposited
onto highly doped n-type Si wafers by e-beam evaporation. The Al film was anodized in 0.3M oxalic
acid, through a two-step method and pore-widening in 5wt% H;PO, solution to obtain anodic aluminum
oxide (AAO) templates with pore diameters around 60-70 nm and pore lengths about 2 pm. A thin film of
amorphous carbon (with a thickness of about several nanometers) [8] was deposited onto the AAO
template through CVD pyrolysis of 10% acetylene at 650°C for 10 minutes. Detailed anodization and
CVD processes can be found elsewhere [8,1,2]. Pd film with a nominal thickness of 45 nm was then
deposited, via sputtering, onto the upper surface of the samples. For comparison, nanoporous Pd film
sensors directly supported by AAO template and dense Pd film sensor directly supported by thermally
oxidized n-type Si wafer were also prepared. Resistive sensor based on the Pd film was then fabricated
and tested under various concentrations of H, in nitrogen (Fig. 4).
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Fig. 4 Resistive hydrogen sensors based on pyrolytic C-supported nanoporous Pd film.
2.2 Characterization of pyrolytic carbon-stabilized nanoporous palladium hydrogen sensors

The steady-state response (relative resistance change, AR/Ry) increases with increase of hydrogen
concentrations (Figs. 5 and 6). At lower H, concentrations (less than 1000 ppm), the steady-state response
value of the nanoporous carbon-supported Pd film sensor was found to be 0.4% at 250 ppm H; and up to
1.0% at 1000 ppm H,. At higher H, concentrations (less than 10%), a steady-state response value up to
15.6% at 10% H; can be found in the nanoporous carbon-supported Pd film sensor. On the other hand, a
dense Pd film sensor directly supported by thermally oxidized Si wafer can only detect medium-



concentration hydrogen (below 1%H,). And a nanoporous Pd film sensor directly supported by the AAO
template could have a little wider detection range (from medium-concentration hydrogen down to dilute
hydrogen). This suggests that the film damage due to excess volume expansion or stressing induced by
absorption of H in the nanoporous Pd film have not occurred for hydrogen concentrations as high as 10%.
On the contrary, at hydrogen concentrations above 1%, the steady-state response of the dense Pd film and
the nanoporous Pd film directly supported by AAO template began to decrease due to expansion-induced
damage, which hindered a detection of high-concentration hydrogen. Thus, with regard to detection limit,
the carbon-supported nanoporous Pd film sensor shows its great advantage of wide-range (250 ppm —
10% H,) sensing over traditional dense Pd film sensors, AAO-supported Pd film sensor and even the
break-junction Pd nanowires.
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As shown in Figs. 7 and 8a, typical response time (the time for reaching 90% variation of the film
resistance after introduction of hydrogen gas) of the carbon-supported nanoporous Pd film sensor is less
than 4 minutes for dilute H, gas. At H, concentrations of 2%, the response time becomes 90s, and it only
takes less than 30 seconds to have an 8% variation of film resistance. With increase of the H,
concentration to 10%, the response time is less than 30s. It should be mentioned that, in the balancing
atmosphere of nitrogen, there was always a slight drift down of the film resistance for our nanoporous Pd
film sensors. Such a drift down of the film resistance (after a full recovery of the starting resistance) could
be found in Fig. 8b, which shows nearly reproducible response of the pyrolytic carbon-supported Pd film
sensor under repeated sensing testing with 1% H, in nitrogen. The drift down of film resistance in the
inert atmosphere was so small that it could not affect a normal sensing performance.

The wide-range sensing ability of the nanoporous carbon-supported hydrogen sensor here should be
mainly attributed to the nanoporous structures of the Pd film. As the specific area of the nanoporous Pd
film is much larger than that of a dense Pd film, hydrogen gas tends to dissociate easily on the surface of
the nanoporous Pd film. The nanoscale thickness (45nm) and patterned morphology aids the diffusion of
H, into the Pd lattice. Thus, during a hydrogen sensing process, rapid absorption and desorption of



hydrogen can occur accompanying with noticeable resistance variation, which results in enhanced
hydrogen sensing for dilute hydrogen gas as low as 250 ppm.

It has been established that lattice or volume expansion of dense Pd film upon absorption of high-
concentration hydrogen can cause considerable stressing in the dense Pd film or stress mismatch at the
film/substrate interface, which finally leads to the blistering of dense Pd film and thus the sensor loses
sensing stability (i.e., reversibility and durability, etc.) [9]. The stressing problem also exists in our
previous nanoporous Pd film sensors [5]. Therefore, any effort to alleviate such a stressing will help to
stabilize the Pd deposition and thus to obtain an improved H sensing performance (higher upper detection
limit). By comparison with the AAO-supported Pd films that can only detect up to 1% H,, the nanoporous
Pd film supported by the C-coated AAO template can detect high-concentration hydrogen without a
failure. This suggests that the pyrolyzed carbon layer help to minimize the strain between Pd and the
aluminum oxide substrate and thus remarkably enhance the film stability upon absorption of high-
concentration hydrogen.
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Fig. 7 Response of the nanoporous carbon-supported Pd sensor at dilute H, concentrations ~23°C.
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3. Nanoporous TiO; thin film hydrogen sensors operating at 500°C

In the past few years, hydrogen sensors based on the n-type titanium oxide (TiO,) films with the thickness
of microns or sub-microns have been studied extensively [10-13]. Among these reported devices, films
composed of self-organized TiO, nanotube arrays [12,13] are proved to have much higher sensitivities
over bulk films. The sensing principle is always based on the significant and abrupt change in resistance.
Most of such nano-porous devices are fabricated on Ti metal plate or foil, and the top TiO, is prepared by
anodization followed by sintering at elevated temperatures. The major component of the TiO, film
obtained by this method is anatase, a meta-stable phase of TiO,, which gradually converts into rutile, the
preferred polymorph of TiO,, at above 430°C for nanotubes [14] or 465°C for nano-crystalline [15]. This
causes instability of the sensors. Due to this reason, most of the TiO, nanotube sensors were characterized
at below 400°C [12,13]. Furthermore, the metal substrate (Ti foil) is not a durable material due to its high
chemical activity at elevated temperatures.

Although it had been found that porous films with rutile as the major phase are sensitive to hydrogen [16],
the sensitivity was quite low [17] or even null [18], especially at above 400°C [16-18]. Jun et. al. [19]
reported rutile-phased sensors prepared by thermal oxidation, with high sensitivity and swift response.
However, the substrate was still a titanium metal plate, which can be further oxidized or electrically
shorted. The operating temperature was also limited to less than 300°C. Therefore, the advantage of the
rutile-phased sensor (thermal stability) was not demonstrated. In this report, we will present fabrication
and characterization of hydrogen sensors based on ultra-thin rutile-phased TiO, films supported AAO,
which can operate at 500°C.

3.1 Sensor fabrication

Three substrates were prepared: porous anodized aluminum oxide, a-phased alumina plate, 300nm-thick
thermal silicon oxide on top of a (100) silicon wafer. The AAO was prepared in our lab while the later
two substrates were commercially available. In this paper, the device based on porous anodized aluminum
oxide will be referred to as “PA” (porous AAO), that based on a-phased alumina as “CP” (ceramic plate),
and that based on silicon oxide on a silicon wafer as “WA” (wafer).

The preparation of AAO started from a commercial (100) silicon wafer with a 300nm-thick thermal
silicon oxide on the surface, which was covered with a 2.2pm aluminum metal layer through e-beam
evaporation. A two-step anodization procedure was used, in which anodization was performed on an Al
metal layer in a 0.3M oxalic aqueous solution under a bias voltage of 40V, with a platinum plate served as
the cathode. Until the Al metal layer was completely converted into porous Al,Os, the sample was rinsed
by de-ionized water and then immersed in a 0.6M phosphoric acid solution for 10 min. for pore widening.

After rinsing in de-ionized water again and drying, the AAO sample (“PA”), along with the commercial
a-alumina (“CP”) and the (100) silicon wafer with 300 nm thermal oxide (“WA?”), were all coated with an
approximate 9 nm titanium metal layer through e-beam evaporation. According to some previous research
[20,21], this thin Ti layer would be oxidized completely when the evaporator chamber was vented to
atmosphere. Nonetheless, since the samples were expected to work at 500°C, the samples were sintered at
600°C for 6 h in synthetic air with a flow rate of 1000 ml/min. After sintering, the TiO, film thickness on
the WA sample was found to be 10 nm by ellipsometry measurement and the crystal phase of the thin
layer was examined by a Siemens D500 X-ray diffactometer (XRD). However, 10 nm is too thin to
produce any significant diffraction in the XRD spectrum. Therefore, a TiO, film of about 100 nm was
prepared exactly following the steps described above (evaporation of Ti metal and sintering in synthetic
air at 600°C for 6h). The crystal phase was determined on this thicker film. A Hitachi S-9300 scanning
electron microscope (SEM) was used to study the surface morphology of the samples.
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Platinum was used as cathode in anodization, due to its chemical inertia. For the hydrogen sensors, two Pt

electrodes arranged in an

interdigit configuration were Two-Step

fabricated on the 10 nm-thick Anodisation

TiO, film for all the three Eﬁ:i?aﬁon a’;gez‘i’;:"
samples. The spacing between —_—
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um, as shown in Fig. 1. All the
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by photolithography. However, Sum before Venting
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front side (polished) of the
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the backside (non-polished) of
the silicon wafer. Even though,
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Fig. 9 Fabrication steps for preparation of porous AAO, an ultra-thin TiO,
film, and Pt electrodes.

the electrodes and digits of the

WA sample still experienced severe damage through the lift-off, and the signal magnitude of the device
was unavoidably attenuated. The entire procedure for fabricating the PA sample is illustrated in Fig. 9.
For CP and WA, the preparation procedures were quite similar to but simpler than that for PA.

Resistance measurements at different H, concentration levels (5 ppm-500 ppm) were performed using an

MASTECH M3900 multimeter at 500°C.
Nitrogen was used as the background gas. 400
The recorded resistance values were then
inverted to conductance. Since the
conductance of 10 nm TiO, is close to = 300 1
zero in the pure nitrogen ambient, f
absolute conductance values will be used 2 200 -
to define the sensor responses in this 4
presentation. .g
= 100 -
3.2 Results and discussion MM#WM
Fig. 10 shows the XRD spectrum for the 0 ' ' '
100 nm-thick TiO, prepared by oxidizing 20 30 40 50 60
an approximate 90 nm-thick Ti metal film 20 / Degree
at 600°C for 6 h in synthetlc air with 2 Fig. 10 a XRD spectrum of a 100 nm TiO, film that was
flow rate of 1000 ml/min. The substrate is . . .
produced from a 90 nm Ti metal layer on AAO/SiO,/Si
the same as tha.t of the PA sample (?). substrate through sintering at 600°C for 6 h in synthetic air
There are three significant peaks at around | ith a flow rate of 1000 ml/min.

27°, 33° and 36°, as well as two less
significant peaks at about 41° and 54°. Considering the wavelength of the incident X-ray is 1.54A (Cu-
Ka), we can figure out through Bragg’s Law by referring to the lattice constants of all possible crystals on
the surface [22]. All the peaks, but the wide one at 33° that represents the silicon (200) plane, are
corresponding to the lattice constants of rutile. Therefore, the metallic Ti was completely transformed into
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TiO, and rutile was the only phase that was observed in the 100 nm TiO, film. Since the 10 nm TiO, thin
layers on PA, CP, and WA were sintered at the same condition as that of the 100 nm film in Fig. 3, it is
reasonable to draw a conclusion that rutile is the only crystal phase in all the 10 nm-thick TiO, films as
well.

The surface morphology of the TiO, films on substrates PA, CP, and WA were shown in Fig. 11. For the
WA sample (See Fig. 11 (¢)), although it was the backside of a commercial silicon wafer, the surface was
so flat that almost no significant features can be observed. All the three samples were covered with a 10
nm TiO, film. However, since this film was ultra thin, the coated surfaces look very similar to the original
substrates in the SEM, because the gold coating for SEM that was sputtered on the specimen surface to
make them conductive is already around 20 nm.

Response transients of the PA sample to Sppm-500ppm H, at 500°C are shown in Fig. 12. The baseline
conductance, at which no hydrogen — N

was introduced but only pure nitrogen
was in the ambient, was found to be
~1.4 uS (~0.7 MQ). This means that
the conductance change due to the
introduction of Sppm-500ppm
hydrogen is about 30~120 time. For
example, at a hydrogen concentration
level of 50 ppm, the stabilized e f ’ Y
conductance is ~0.I mS, thus the | Fig 11 SEM images of surface morphologies of a 10 nm TiO, film on
change from the baseline is around 70 PA (a), CP (b), and WA (c) substrates, after sintering of the Ti film at
times. Although it is less than that of | 600°C for 6 h in a flowing synthetic air.

some reported anatase-phased TiO,
sensors with a resistance drop of 10°~10" times upon introduction of 100 ppm H, [17], this sensitivity is
large enough. More importantly, the data in Fig. 12 was obtained from a pure rutile-phased sample,
supported by an insulating substrate which is more robust and durable. Upon introduction of hydrogen,
the conductance increased rapidly. For all the H, concentration levels measured in Fig. 12, the time delay
to reach 50% of the platform conductance (tsq;) was always about 5~10s. The recovery was quicker than
the response (tso,<5s) for all concentration levels, indicating a quite fast removal of hydrogen from the
device.

The influence of specific surface area on H, sensitivity can be demonstrated by comparing Fig. 13a with
Fig. 11. It is should be noted that the sensitivity increases with the increase in the surface porosity. The
large surface area of the PA sample results in the largest response. In the PA sample, the conductance
changes from close-to-zero (~1.4uS) to 0.05~0.18 ms, corresponding to an increment of ~30-120 times
(see Fig. 12 for details). Whereas in the WA sample, the surface is so flat that little feature can be
observed at the magnification of 35K times; this poor roughness causes weak sensitivity. Also, the
peeling-off of the Pt electrode during the fabrication degraded the performance. This drawback suggests
that TiO, directly on a thick SiO, thermally grown on a silicon wafer, is not good for hydrogen detection.
The CP sample has a moderate surface roughness and the response is fairly significant although much less
than that of the PA. In general, the larger the specific surface area, the more active sites or defects in
which hydrogen adsorption occurs, and therefore more electrons are accumulated on the surface of the 10
nm-thick Ti0,.

Typical response transients of the CP and WA samples are shown in Fig. 7. The WA sample showed not
only quite weak sensitivity (Fig. 13a), but also slow response. As summarized in Fig.13b, in response to
50 ppm H,, the time delay to reach 50% of the platform conductance (tsos,) of the WA sample is as long as
55s, which is several times of those of the PA (5s) and the CP (11s). However, the recovery time of the
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WA is about 10s, which is not much longer than those of the PA (4s) and the CP (7s). This phenomenon,
in which TiO, surfaces lack of porosity show slow response, has been noticed in previous studies [19]. A
reasonable explanation is that the nano-scaled geometrical flaws on the TiO, surface produce an enhanced
catalysis effect that accelerates the adsorption of H,. According to the theory constructed for surface
chemical reactions long time ago [23], the reaction rate is directly determined by the surface density of
active sites, which increases with the specific surface area. Therefore, large specific surface area results in
fast response. A moderate response rate (tsp=11s) was observed on the CP sample due to its moderate
surface roughness (Fig. 11b).
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Fig. 12 Response transients of the PA sample to Sppm, 10ppm, 20ppm, 50ppm, 100ppm, 200ppm, and 500ppm H,
at 500°C.
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Fig. 13 (a) Conductance responses to Sppm-500ppm hydrogen gas of PA, CP and WA, the operating temperature
was 500°C for all the three samples. (b) Response/recovery times in terms of tso., for the PA, CP and WA samples

The sensing mechanism of anatase-phased TiO, nanotube has been studied rather thoroughly [24, 25].
The large, fast, and reversible response is attributed to a “spill-over” mechanism, in which hydrogen
molecules absorb onto the platinum electrodes, dissociating into atoms or even protons, and finally spill
out of the Pt, diffusing into the surface layer of the TiO,. Once the active H or H" chemically absords at
the interstitial positions in the oxide lattice structure, partial electron charge is transferred to the n-type
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TiO, and the conductance increases rapidly [26]. Also, the sensitivity is enhanced by the large relative
surface [25].

It is reasonable to consider the sensing principle of the sensors presented in this paper as a spill-over
mechanism as well, due to the considerable resistance drop and the swift response transients (Fig. 5). The
swiftness of the transients indicates that the sensitivity is primarily from the chemisorption of H but not
H', which, as a charged ion, causes severe hysteresis when chemically adsorbed. Since the background
gas is pure nitrogen and the signal reaches full recovery, the “oxygen-removal” mechanism [27],
involving desorption of the oxygen adsorbates on the oxide surface by combination with hydrogen to
form water (O,+2H,+—H,0), is definitely not applicable. Furthermore, the fast and reversible response
has ruled out the possibility of hydrogen reduction of Ti*" into Ti’* [28].

However, the relative low sensitivity and instantaneous recoveries of all the three samples (Fig. 8) suggest
that the spill-over mechanism is somewhat different from that of the anatase nanotubes. The crystal
structure of rutile (a=4.59A, ¢=2.96A) is much more close-packed than that of anatase (a= 3.78A, c=
9.51A) [29]. As a result, the specific weight or density of rutile is 4.25, which is heavier than that of
anatase, 3.88 [29]. Therefore, rutile accommodates less amount of impurity or adsorbate (e.g., atomic
hydrogen) at the interstitial spaces inside the lattice than anatase does, and the corresponding H,
sensitivity is expected to be lower than that of the later, even when the specific surface area of the rutile
film is quite large (e. g., the PA sample). On the other hand, the incapability of rutile in holding hydrogen
at interstitial lattice positions offers ultra-fast recovery — a characteristic that can be considered as an
advantage over those anatase sensors.

4. Conclusions

We found that CNT itself is not sensitive to hydrogen. Moreover, with the help of Pd electrodes,
hydrogen sensors based on CNTs are very sensitive and fast responsive. However, the Pd-based sensors
can not withstand high temperature (T<200°C). We successfully fabricated a hydrogen sensor based on an
ultra-thin nanoporous titanium oxide (Ti0O,) film supported by an AAO substrate, which can operate at
500°C with hydrogen concentrations in a range from 50 to 500 ppm. The stable rutile phase obtained by
annealing the TiO, film at 600°C makes it possible to fabricate durable high-temperature hydrogen
sensors. The roughness of the AAO surface also helps the attachment of thin-film metal electrodes.
Although rutile is a less-sensitive material to hydrogen, the response is greatly enhanced by the large
porosity of AAO and ultra-fast recovery is obtained as an advantage over anatase.
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