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Abstract

A sol—gel spin coating technique was described for the synthesis of Pd doped ZnO nanorods for hydrogen sensing applications. The
nanorods were hexagonal in shape, 50-100 nm in diameter and uniform in distribution. They exhibited homogeneous surface
morphology, c-axis orientation and excellent crystalline properties. The synthesized nanorods were used to sense and detect hydrogen in
a homemade gas chamber. The fabricated sensor successfully detected as low as 40 ppm hydrogen at room temperature with a very low
level of power supply (16.16 pA) under a mixed background. Dynamic and repeated responses were observed with a wide range of
hydrogen concentrations (40-360 ppm) at 200 °C. The developed sensor was at least 25 fold more sensitive over the literature
documented Pd doped ZnO nanorods in detecting hydrogen at ambient temperature. The simplicity, low-cost, high sensitivity and high
stability of the sensor materials suggested that the synthesized Pd doped ZnO nanorods could be used in hydrogen and chemical sensing
devices where Pd-mediated catalysis is involved.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Over the recent years, Pd doped ZnO nanorods have
received huge interest because of their applications in
hydrogen sensors [1]. Hydrogen sensors are required for
the detection of trace amount of hydrogen leaking from
proton-exchange membrane and solid oxide fuel cells in
spacecraft and other long-term devices [2]. These sensors
must detect hydrogen at room temperature with minimal
use of power and weight [3]. ZnO nanorods have large
surface area, wide band gap and exciton energy [4]. They
are also biocompatible, comparatively light in weight and
considerably resistant to rust formation [5]. These pro
perties have made ZnO nanorods and nanowires very
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promising candidates for the determination of gas, humid-
ity and chemical sensing devices [6,7].

Several studies have demonstrated that doped Pd on
ZnO nanowires and nanorods enhances catalytic dissocia-
tion of molecular hydrogen into atomic hydrogen at room
temperature [8]. Dissociation of molecular hydrogen into
atomic hydrogen is a key step in the sensing and detecting
mechanism of hydrogen. The predominant methods docu-
mented to synthesize ZnO nanorods for this particular
application are chemical vapor deposition (CVD) and
molecular beam epitaxy (MBE) [9]. However, both CVD
and MBE methods involved high temperature growth and
expensive instrumentations which are not available in
ordinary laboratory settings. These techniques also need
gold (Au) and/or other expensive metal coatings for the
synthesis of ZnO nanorods and nanowires [8]. Moreover,
Pd doping onto the synthesized ZnO requires RF sputter-
ing which also needs expensive laboratory set-up [9].

Recently, the sol-gel spin coating technique has received
enormous attention because of its simplicity, affordable
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instrumentations, low cost and controllable growth tem-
peratures [10]. In this study, we synthesized c-axis aligned
hexagonal ZnO nanorods with good crystalline and hydro-
gen sensing properties using a low-cost spin coating
technique. Pd doping on the synthesized ZnO was per-
formed using very simple instrumentations that require
only micro-pipette and hot plate. To the best of our
knowledge such a simple method is not described ecarlier
in the published literature for the synthesis of Pd doped
ZnO nanorods for the hydrogen detecting applications.
Room temperature hydrogen sensing was investigated in a
low cost home-made gas chamber. The simplicity and
reproducibility of the method suggested its potential
applications in large-scale synthesis of Pd doped ZnO
nanorods for use in hydrogen, chemical and other gas
sensing devices that involved Pd-mediated catalysis.

2. Experimental

ZnO nanorods were synthesized on silicon dioxide
substrate as described in our previous research [10]. Briefly,
zinc acetate dihydrate (98%, Sigma Aldrich) was mixed
in 2-methoxyethanol (99.8%, Sigma Aldrich) where the
molarity of Zn was maintained at 0.2 M. After 30 min
stirring at room temperature, the hotplate temperature was
ramped up to 60 °C. Monoethanolamine (MEA) (99%,
Merck) was added drop-wise as a stabilizer under constant
stirring. The molar ratio of MEA/Zn was maintained at
1:1. The stirring was continued until the solution turned
into transparent from its initial whitish appearance. The
prepared solution was aged for 24 h. An oxide layer of
~1 pm thickness was grown on a p-type silicon substrate
of resistivity 1-50 Q cm through a wet oxidation process.
Prior to the oxide growth, the wafer was cleaned with
RCA1 and RCA2 solutions followed by draining in dilute
HF to remove the native oxide. An interdigitated electrode
layer was deposited onto the oxide layer through Cr/Au
evaporation using a hard mask and auto306 thermal
evaporator. ZnO seed layer was deposited on the thermally
oxidized silicon substrate using a spin coater rotating at
1000 rpm for 10s and then ramped up to 3000 rpm for
45s. After coating the seed layer, the film was dried at
250 °C for 20 min. The coating and drying processes were
repeated 5 times. After depositing 5 successive layers, the
sample was incubated in a furnace to anneal the thin film
at 450 °C for 1 h under air atmosphere.

For the growth of ZnO nanorods, the prepared substrate
was inserted inside a Teflon sample holder at the cut edges
to keep the deposited side downward inside the growth
solution. The growth solution was prepared by mixing zinc
nitrate hexahydrate (99%, Sigma Aldrich) and hexamethyl-
tetramine ((99%), Merck) in DI water and the final
concentration of the solution was maintained at 25 mM.
The beaker was placed inside a preheated oven and the
growth process was continued at 90 °C for 6h. The
prepared ZnO nanorods were washed in IPA and DI water
to remove the excess and contaminated salts. Subsequently,

the synthesized ZnO nanorods were annealed at 450 °C for
1 h under air environment. For Pd doping, 0.01 M solution
of Pd was prepared by mixing the required amount of
palladium chloride (PdCl,, 99.999% Sigma Aldrich) in
ethanol. The solution was stirred overnight to completely
dissolve the Pd particles. Five microliter portion of the
above solution was precisely transferred onto the synthe-
sized ZnO nanorods using a micro-pipette and the whole
mixture was heated at 250 °C for 5min to dry out the
residual chloride.

The structural properties of the Pd doped ZnO nanorods
were investigated using an x-ray diffractometer (Bruker
D8) with CuKa radiation at A=1.5406 A. The XRD
pattern was recorded in the range of 20-60° operating at
a voltage of 40 kV and a current of 40 mA. The material
composition was analyzed using an x-ray photoelectron
spectroscope (XPS) Omicron Dar400 (Omicron Germany).
The chamber pressure was maintained at 2.4 ¢~ ' Torr
throughout the measurement. Morphological studies were
performed using a scanning electron microscope (JEOL
JSM-6460LA). Gas sensing measurements were carried out
in a homemade gas chamber of 3 L capacity. The base of
the chamber was made up of stainless steel and the upper
area was covered with a high vacuum glass dome. All the
measurements were performed under atmospheric pressure.
The chamber inlet was connected with an air pump and 1%
H, in balance N, gas (Moxlinde, Malaysia). The flow of
1% H, gas was regulated using a mass flow controller
(GFC-17, 0-100 ml/min, AALBORG, USA) whereas the
air flow was controlled using a mass flow meter.

3. Results and discussion

The scanning electron micrograph of the synthesized Pd
doped ZnO nanorods grown on thermally oxidized silicon
substrate clearly demonstrated agglomerated Pd particles
on few spots as well as at the corners of the ZnO nanorods
(Fig. 1a). The diameter and length of the nanorods were
50-100 nm and 2-3 pum, respectively. The XRD spectra
demonstrated two noticeable peaks at 34.5° (002) and
38.53° (211) planes (Fig. 1b). The sharp peak located
at 34.5° (002) plane of the synthesized ZnO nanorods
revealed their high quality crystals and c-axis orientation.
The second peak at 38.53° (211) plane confirmed the
presence of palladium oxide (PdO).

The study of the surface composition of the Pd doped
ZnO nanorods using XPS spectroscopy reflected the
presence of Zn, O, Pd and carbon (Fig. 2a). The carbon
peaks were due to the unavoidable air exposure during
insertion of the sample in an XPS chamber [11]. The peaks
appearing at 284eV and 288¢e¢V were due to C-O
and C=0O bonds [12]. No other contaminants were
detected on the Pd doped ZnO nanorod surfaces. The
deconvoluted XPS spectra of ZnO and PdO regions of
the nanorods are shown in Fig. 2 (b,c). The Pd doped ZnO
nanorods produced two peaks at 1020 eV and 1043 eV that
correspond to the distribution of Zn-2p3, and 2p,,, core
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Fig. 1. (a) SEM image and (b) XRD pattern of Pd doped ZnO nanorods.

levels respectively [11]. The binding energy peaks for Pd
3ds/, and Pd 3ds), core levels were observed at 340.82 eV
and 334.7 eV respectively, reflecting the presence of doped
Pd in the form of PdO in the ZnO nanorods.

The hydrogen detection ability of the Pd doped ZnO was
tested in a homemade gas chamber under air and 1% H, in
balanced N,. The characteristic I~V curves of Pd doped
ZnO nanorods after exposure to various concentrations of
hydrogen for 10 min at room temperature are represented
in Fig. 3a. When the environment was switched from air to
hydrogen, the sensor resistance was decreased and
the current conduction was increased. For example,
47.5 pA and 100.95 pA of current flow was observed on
exposure to 300 and 360 ppm of hydrogen gas, respec-
tively. The sensor repeatedly detected 40 ppm hydrogen
from room temperature to 200 °C temperatures without
showing any saturation. The hydrogen sensitivity curve of
Pd doped ZnO nanorods at room temperature is shown in
Fig. 3b. The maximum sensitivity (1302%) was observed at
360 ppm of hydrogen. The sensitivity curve reflected
that the fabricated device was 254% sensitive to 100 ppm
hydrogen. This value was 25-63 folds higher over
the literature documented reports [7-9]. Previous studies
demonstrated only 4-10% sensitivity to 100 ppm hydrogen
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Fig. 2. XPS spectra of Pd doped ZnO nanorods: (a) survey spectra,
(b) Zn 2p spectra and (c) the deconvolution spectra in Pd 3d region.

under similar experimental conditions for Pd doped ZnO
nanorods. After each measurement, the sensor was heated
up to 200 °C for the fast recovery of sensor from gas
environment to air environment to obtain the original base
value (Fig. 4). After that, the temperature was reduced to
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room temperature and the sensor was ready for the next
measurement cycle. The procedure was repeated for each
measurement cycle.
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Fig. 3. (a) I-V profile and (b) sensitivity curve for Pd doped ZnO
nanorods as a function of hydrogen concentrations at room temperature.
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Fig. 4. Base line for the RT I~V characteristics curve: (a) after 40 ppm,
(b) after 100 ppm, (c) after 200 ppm, (d) after 300 ppm, and (e) after
360 ppm of hydrogen.

The dynamic responses of Pd doped ZnO nanorods were
studied at 200 °C by exposing the sensor to variable
concentration of hydrogen. The time versus current
response and repeatability curves of the fabricated sensor
are given in Fig. 5(a,b). The response and recovery time of
the fabricated sensor were calculated at different hydrogen
concentrations using the curve demonstrated in Fig. 5a.
The response time was defined as the time taken by the
sensor to achieve at least 90% variation in current flow
with respect to its equilibrium value. The recovery time was
the time taken by the sensor to achieve at least 10%
variation in current flow to reach its initial value in air after
the removal of hydrogen gas. The calculated values for
the response and recovery time at 40, 100, 200, 300
and 360 ppm of hydrogen were found to be (41s, 2365),
(555, 2675s), (69s, 379s), (71s, 395s) and (75s, 4415),
respectively.

The sensor recovered and produced repeated signals after
exposure to various hydrogen concentrations. Good repro-
ducibility was observed even at high concentration (360 ppm
hydrogen) and high operating temperature (200 °C). To
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Fig. 5. (a) The dynamic response and (b) repeatability curves for Pd
doped ZnO nanorods as a function of hydrogen concentrations at 200 °C.
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Fig. 6. I-V characteristics curve: (a) RT till 75 °C, (b) 100-300 °C with air
and with 1% H, gas.

further investigate the temperature effect on the I~V curve,
temperature was varied between 25 °C and 300 °C (Fig. 6).
Repeated fall down of current flow was observed above
200 °C. This was because of the formation of chemisorption
region where the oxygen molecules adsorbed onto the metal
oxide surface that traps electron at elevated temperature
(200500 °C) [13].

The sensing phenomena of our proposed sensor were
probably due to the reduction in electron concentration on
the ZnO surface. ZnO initially adsorbs oxygen molecules
from the ambient atmosphere. The adsorbed oxygen then
extracts electrons from the conduction band of the ZnO
and is converted into a single or a double oxygen ion and is
ionosorbed on the ZnO surface [14]. This led to a decrease
in electron concentration and consequently an increase in
surface resistance. This mechanism can be described by the
following equation [14,15]:

0> (9)+ e~ — 05 (ads) (1)

The reaction of hydrogen or any reduction gases with the
ionosorbed O_, results in the release of captured electrons
back to the conduction band. This results in an increase
in electron concentration, decreasing the resistance which

could be explained by the following reaction [14]:
HyO0.4— H2O (2)+ ¢~ 2

The weak bonding of Pd atoms with the oxygen gas
results in the dissociation of PdO at relatively low
temperature releasing atomic oxygen. The created atoms
migrate along the surface of the grains. This migration is
induced by the catalyst atoms and is known as spill over of
the gaseous ions [16,17]. Thus the oxygen atoms capture
electrons from the surface layer forming an acceptor
surface at the grain boundary. The presence of catalyst
atoms activates the reaction between reducing gases and
the adsorbed oxygen [18-21]. Thus the Pd sensitization on
the ZnO nanorods surface enabled the hydrogen sensing at
relatively low operating temperature.

4. Conclusions

Pd doped ZnO nanorods were synthesized using a sol—
gel spin coating technique for hydrogen sensing applica-
tions. The ZnO nanorods were of good crystalline proper-
ties and c-axis aligned with hexagonal morphology. The Pd
sensitization was performed avoiding any expensive and
complicated machinery. The synthesized Pd doped ZnO
nanorods reproducibly detected ppm level hydrogen at
room temperature with superior sensitivity and stability.
All these advantageous features suggest its strong potential
to be used in hydrogen sensing applications.
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