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ABSTRACT

In this work, zinc oxide (ZnO) nanostructured films were grown using a simple synthesis from chemical solutions (SCS)
approach from aqueous baths at relatively low temperatures (< 95 °C). The samples were doped with Pd (0.17 at% Pd)
and functionalized with PdO nanoparticles (NPs) using the PdCl, aqueous solution and subsequent thermal annealing at
650 °C for 30 min. The morphological, micro-Raman and optical properties of Pd modified samples were investigated in
detail and were demonstrated to have high crystallinity. Gas sensing studies unveiled that compared to pure ZnO films,
the Pd-doped ZnO (ZnO:Pd) nanostructured films showed a decrease in ethanol vapor response and slight increase in H,
response with low selectivity. However, the PdO-functionalized samples showed excellent H, gas sensing properties
with possibility to detect H, gas even at room temperature (gas response of ~ 2). Up to 200 °C operating temperature the
samples are highly selective to H, gas, with highest response of ~ 12 at 150 °C. This study demonstrates that surface
functionalization of n-ZnO nanostructured films with p-type oxides is very important for improvement of gas sensing
properties.

Keywords: ZnO, nanostructured films, hydrogen gas, gas sensor.

1. INTRODUCTION

The common fossil fuels such as coal, natural gas, oil/petroleum are the main sources of energy nowadays. However, this
type of energy is limited, non-renewable and has a big impact on air pollution. Therefore, in recent years a high demand
for green and renewable energy sources is emerging. In this context, hydrogen gas is expected to become a new green
and renewable energy source for different applications, such as acrospace, automobiles, households etc., in form of fuel
cells . The main advantage of hydrogen gas is the abundance on Earth (less than 1% is presented as molecular H, gas) '.
However, due to problems with hydrogen-storage and because H, is an extremely dangerous gas, its use was limited and
was not widely implemented in industry ', Therefore, detection of H, is very important in many fields.

As an n-type metal oxide, ZnO is an excellent material for use in chemiresistive detection of different reducing and
oxidizing gases . However, the ZnO has low selectivity to H, gas * which is why different methods to improve the H,
gas sensing properties of ZnO micro- and nanostructures were proposed °. Among them, the doping and surface
functionalization with noble metals, especially Pd and PdO, were demonstrated to be highly efficient for the
improvement of H, gas selectivity and for the reduction of the operating temperature down to room temperature >, For
example, Lupan et al. integrated a single Pd modified ZnO nanowire for the fabrication of a highly selective and
sensitive H, gas nanosensor '. However, in the case of ZnO nanostructured films the high performances are harder to
achieve due to low surface-to-volume ratio of films compared to different nanostructures such as nanowires, nanobelts,
etc. . ZnO nanostructured films can be grown by different methods such as spray pyrolysis, chemical bath deposition,
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electrochemical deposition, etc. °'°. Nevertheless, the films have many advantages such as the possibility of controlled
doping with different metals, high dependence on surface adsorbed species, and excellent adhesion to the substrate .

In this work, the ZnO nanostructured films were doped with Pd and then functionalized with PdO nanoparticles
using a PdCl, aqueous solution. The morphological, micro-Raman and optical properties were investigated in detail.
Compared to pristine ZnO and ZnO:Pd samples, the PdO-modified nanostructured films showed improved H, gas
sensing properties that can detect H, gas even at room temperature. This is hard to achieve in the case of nanostructured
films, but the PdO-modified films have an incomplete recovery to the initial electrical baseline. This study demonstrates
the importance of surface functionalization of metal oxides for high performance gas sensing applications.

2. MATERIAL SYNTHESIS AND DEVICE STRUCTURES FABRICATION.

The Pd-doped ZnO nanostructured films were synthesized via a simple synthesis from chemical solutions (SCS)
approach from aqueous bath as was previously reported ''"'2. The Pd-doping was achieved by adding 45 mM of PdCl,
(Alfa Aesar) in the complex solution. All chemicals were of analytical grade without further purification. The post-
growth annealing such as conventional thermal annealing (TA) in electrical furnace or rapid thermal annealing (RTA)
was performed to increase the crystallinity of the samples °. The morphological, structural and optical characterization
of the samples was performed as was reported previously " ''"'2. The EDX analysis showed a 0.17 at.% Pd content in
ZnO:Pd nanostructured films. The thickness of the films in this study is ~ 1.2 pm, which was measured by SEM in cross
section (not shown).

The surface functionalization with PdO was achieved as followed: ZnO:Pd nanostructured films were vertically
immersed into the 45 mM of PdCl, aqueous solution for 5 min, followed by TA at 650 °C for 30 min.

The sensor structure was fabricated using the same method reported in previous works ' '*. The gold contacts with
170 nm thickness were sputtered on already deposited nanostructured films through a metal mask with meander
configuration forming the Au/ZnO:Pd/Au structure. The gas sensing measurement procedure was performed as was
reported previously ¢,

3. RESULTS AND DISSCUSIONS
Figure 1(a) shows a typical SEM image of as-grown ZnO:Pd nanostructured film at low magnification. As can be
observed, the film is composed of columnar type grains which completely cover the glass substrate. No agglomerations
were observed even at extensive-surface observatio

Figure 1. (a) Low magnification SEM image of an as-grown ZnO:Pd nanostructured film. SEM images at higher magnification of
ZnO:Pd nanostructured film: (b) as-grown; (c) treated with TA at 650 °C for 2 h; (d) treated with RTA at 725 °C for 60 s. SEM images
of PdO-functionalized ZnO:Pd samples at (¢) lower and (f) higher magnification.
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Figure 1(b-d) show SEM images at higher magnification of as-grown, TA (at 650 °C for 2 h), or RTA (at 725 °C for
60 s) treated films. The grain diameter in the case of as-grown samples is in the range of 200 — 300 nm, which is
comparable with Fe-doped and Sn-doped ZnO nanostructured films reported previously '''>. After TA or RTA treatment
the diameter of grains is slightly increased to 250 — 350 nm (see Figure 1(b-d)). The high roughness of grains can lead to
higher surface-to-volume ratio which is very important for sensing applications .

After functionalization using PdCl, aqueous solution and subsequent TA treatment the growth of nanoparticles
(NPs) on the surface of ZnO:Pd grains was observed, see Figure le,f. The morphology of grains was not changed
essentially. The diameter of NPs lies between 10 — 30 nm and the NPs density reaches a value of ~ 0.4 x 10° cm™. A
previous work demonstrated by X-ray photoelectron spectroscopy (XPS) that these NPs are formed from PdO '®. The
surface content of PdO was determined to be ~ 17% '®.

Figure 2(a) show the room temperature Raman spectra of ZnO:Pd and PdO-functionalized ZnO:Pd nanostructured
films. For both samples the two high intensity peaks at ~ 99 cm™ and ~ 437 cm™ were observed, which can be attributed
to E>(low) and E,(high) modes of wurtzite structure of ZnO, respectively. The other peaks with lower intensity at ~ 203,
~ 331, ~382, ~ 408, ~ 574, and ~ 583 cm™ can be attributed to E(high)-E,(low), A,(TO), E(TO) E,(high) and 4,(LO)
and E;(LO) modes, respectively '°. In the case of PdO-functionalized ZnO:Pd nanostructured films the additional peak at
~ 650 cm™ was observed, which can be attributed to B, mode of PdO, which involves only oxygen lattice motion
parallel to c-axis ». The formation of PdO after TA treatment at 650 °C for 30 min can be explained by oxidation of Pd

nanoparticles (O, +2Pd <> PdO) °. Also, it can be observed that the functionalization process does not induce
essential changes in crystallinity of ZnO:Pd nanostructured films.

6] E  ——(znopd (b) ™)
= £ ——(2) ZnO:Pd+PdO|
=- w ?90-
s | 5
2 E 5 8
e £ E g £ 60-
8 - g @ E (2)
= & e ‘ E
c 1 < 7]
© % 30
E | i
[} =
(1 —— (1) ZnO:Pd
i —(2) ZnO:Pd+PdO
T % T 4 L] ] T % T 5 T o T & o T v T v T b T .
100 200 300 400 500 600 700 800 400 500 600 700 800
A
Wavenumber (cm™) Wavelength (nm)
(o (2 § (1
© A
o ]
g = (1)ZnO:Pd S |
= ® (2)ZnO:Pd+PdO &
D
= =
o 0 |
= c
x 8
e =
= ...... i ]
3 Lesssessssseness® ] ——(1)ZnO:Pd
mauue® ———(2) ZnO:Pd+PdO
S e e e e T T T T T b T T T v — ™— T -
300 305 310 315 320 325 330 335 350 400 450 500 550 600 650 700
hv(eV) Wavelength (nm)

Figure 2. (a) Room temperature Raman spectra of ZnO:Pd and PdO-functionalized ZnO:Pd nanostructured films. (b) Transmission
spectra of pristine ZnO:Pd and PdCl,-functionalized nanostructured films and (c) respective plot of (o) vs. photon energy (). (d)
Room temperature PL spectra of ZnO:Pd and PdO-functionalized ZnO:Pd nanostructured films
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Figure 2(b) shows the optical transmittance spectra of ZnO:Pd and PdO-functionalized ZnO:Pd nanostructured
films. In the case of ZnO:Pd sample the transmittance is higher than 80% in visible region. Previous study demonstrated
that Pd content does not influence the transparency of ZnO:Pd nanostructured films in visible region '. By
functionalization using PdCl, aqueous solution the considerable decrease of transparency in the visible region was
observed (< 45%, see Figure 2(b)). This can be an indicator of improved visible light absorbance by adding PdO NPs,
which was also observed for other metal oxides *'. The values of the optical band gap (E;) were obtained from the

intercept of (ah V)2 vs. photon energy (h V) (see Figure 2(c)). From this so called tauc plot, for ZnO:Pd

nanostructured films an E, of ~ 3.22 eV was determined, while for functionalized sample the E, value decreased slightly
to ~ 3.17 eV. This can be a result of the overlapping of the corresponding ZnO and PdO components, as well as the
reduced density of defects (annealing of intrinsic and extrinsic defects) and a slight increase in diameter of the
crystallites after additional TA treatment at 650 °C for 30 min ',

Figure 2(d) shows the room temperature PL spectra of ZnO:Pd and PdO-functionalized ZnO:Pd nanostructured
films. In both cases the PL spectra is dominated by visible broad emission bands, and the near band edge emission
(NBE) in the UV range is considerably reduced compared to the visible luminescence **. Emission bands in the visible
regions for ZnO are quite complex and are related to defects and impurities, such as oxygen vacancies, Zn interstitials,
oxide antisite defect, and zinc vacancies **. The study of defects in solids for photonic applications can be done by
various techniques 2%, In the present case, yellow-orange emission bands at 620 nm is observed (see Figure 2(d)) .
Although defects at the origin of these bands are still controversial, the yellow emission (570 — 590 nm) is widely
assigned to the doubly charged oxygen vacancy (Vo> ) and the orange emission (590 — 620 nm) is commonly assigned to
the interstitial oxygen (O;) on the ZnO surface > . The O, are mainly induced after annealing or the surface
modifications .

The gas sensing properties of ZnO:Pd nanostructured films were investigated in detail in previous work and showed
higher gas response to ethanol vapors in the operating temperature region of 200 — 400 °C, i.e. there is no selectivity to
H, gas in this temperature region '®. Therefore, they do not presents substantial interest for H, gas sensing applications
and only PdO-functionalized ZnO:Pd nanostructured films will be investigated next. Figure 3(a) shows the gas response
to different gases and vapors (1000 ppm of H, gas, 10 000 ppm of CH,4 gas, 1000 ppm of ethanol, acetone, n-butanol, 2-
propanol, methanol and NHj3). Up to 200 °C operating temperature, the sample showed no response to other gases and
vapors with exception of H, gas. The H, gas response at 25, 50, 100, 150 and 200 °Cis ~ 2, ~ 6.7, ~ 6.4, ~ 12 and ~ 9.5,
respectively. The dynamic response to 1000 ppm of H, gas at different operating temperatures is presented in Figure
3(b). The calculated response times at 25, 50, 100, 150 and 200 °C are ~ 175, ~ 80, ~ 70, ~ 50 and ~ 40 s, respectively,
while the calculated recovery times at 25, 50, 100, 150 and 200 °C are > 800, ~ 400, ~ 300, ~ 120, and ~ 80 s,
respectively. Thus, by increasing the operating temperature the response and recovery times of PdO-functionalized
ZnO:Pd nanostructured films are decreasing. This can be explained based on increased thermal energy which become
high enough to overcome the activation energy barrier of surface reactions .

The improved H, gas sensing properties of PdO-functionalized ZnO:Pd samples can be explained as followed. In
the case of noble metal functionalized metal oxides, commonly, two concepts are involved. The electronic sensitization
hypothesis assume the formation of additional depletion regions at the interface of n-type ZnO:Pd (£, = 3.3 V) and p-
type PdO (E; = 1.1 eV) due to different work functions of the materials 718 This creates a higher modulation of
conduction channel of ZnO:Pd grains under exposure to H, gas and therefore a higher response *'. The second widely
proposed mechanism of ‘“chemical sensitization” can explain the improved H, gas sensing properties of PdO-
functionalized ZnO:Pd nanostructured films much better. This mechanism assumes catalytic dissociation of molecular
oxygen, which lead to a higher coverage of grains with atomic oxygen and to a greater and faster degree of electron
withdrawal from the ZnO:Pd grains. This also explains very well the low operating temperatures due to high catalytic
properties of PdO *'.
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Figure 3. (a) Gas response versus operating temperature of PdO-functionalized ZnO:Pd nanostructured film. The concentration of
gases and vapors is: H, — 1000 ppm, CH4 — 10 000 ppm, ethanol, acetone, n-butanol, 2-propanol, methanol, NH; — 1000 ppm. (b)
Dynamic gas response to 1000 ppm of H, at 25, 50, and 200 °C.

More detailed gas sensing mechanism of PdO-functionalized ZnO:Pd nanostructured films with representation of
energy band diagrams and equations of different involved processes has been presented in a previous work '®.

4. CONCLUSIONS

In summary, via a simple synthesis from chemical solutions (SCS) approach and post-growth TA and RTA treatment
highly crystalline Pd-doped ZnO nanostructured films were synthesized. The morphological study demonstrated that the
films are composed of interconnected columnar-type grains with rough surface and with a diameter in the range of 200 —
300 nm. PdO-functionalized samples were obtained using PdCl, aqueous solution and subsequent TA treatment at 650
°C for 30 min. We demonstrated that on the surface of ZnO:Pd grains the PdO NPs with diameter in range of 10 — 30 nm
were grown. The presence of PdO phase was determined/evidenced by micro-Raman measurements. Gas sensing results
showed that PdO-functionalization is a very efficient method to increase the selectivity of samples to H, gas. Up to 200
°C operating temperature the studied samples demonstrated no response to other reducing gases and vapors. Also, the
response of ~ 2 was obtained even at room temperature, which is very important for low-power applications due to the
exclusion of micro-heater.
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