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ABSTRACT: In this work, we prepared a well-aligned palladium oxide
nanowire (PdO NW) array using the lithographically patterned Pd nanowire
electrodeposition (LPNE) method followed by subsequent calcination at 500
°C. Sensitization with platinum (Pt) nanoparticles (NPs), which were
functionalized on PdO NWs through a simple reduction process, significantly
enhanced the detection capability of the Pt-loaded PdO NWs (Pt-PdO NWs)
sensors toward hydrogen gas (H2) at room temperature. The well-distributed
Pt NPs, which are known chemical sensitizers, activated the dissociation of H2
and oxygen molecules through the spillover effect with subsequent diffusion of
these products to the PdO surface, thereby transforming the entire surface of
the PdO NWs into reaction sites for H2. As a result, at a high concentration of
H2 (0.2%), the Pt-PdO NWs showed an enhanced sensitivity of 62% (defined
as ΔR/Rair × 100%) compared to that (6.1%) of pristine PdO NWs. The Pt-
PdO NWs exhibited a response time of 166 s, which was 2.68-fold faster than
that of pristine PdO NWs (445 s). In addition, the Pt-PdO NWs responded to a very low concentration of H2 (10 ppm) with a
sensitivity of 14%, unlike the pristine PdO NWs, which did not exhibit any response at that concentration. These outstanding
results are mainly attributed to a homogeneous decoration of Pt NPs on the surface of well-aligned PdO NWs. In this work, we
demonstrated the potential suitability of Pt-PdO NWs as a highly sensitive H2 sensing layer at room temperature.

KEYWORDS: hydrogen chemical sensors, PdO nanowires, LPNE, Pt catalyst, electrodeposition

Hydrogen gas (H2) has been widely used as a renewable
energy source due to its vast abundance, high

combustion efficiency, and outstanding gravimetric energy
density. As interest in H2 increases, leakage and detection of
H2 become very important issues because H2 has a lower
flammability limit of 4%. Unfortunately, H2 is a less perceivable
gas because it is tasteless, colorless, and odorless. Therefore,
there is a growing need for an accurate H2 detecting sensor,
and various H2 sensors have been reported.1,2 In particular,
chemiresistive-type sensors have been intensively studied as a
promising H2 sensor due to their small size, simple fabrication,
low cost, and easily interpreted results.3 Among materials for
chemiresistive sensing, Pd has been extensively studied as a
promising H2 sensing material because its resistance
immediately increases by forming PdHx under H2 ambient.
Favier et al. first reported electrodeposited Pd mesowire arrays
for a fast H2 sensor at room temperature,4 and later, Yang et al.
demonstrated that Pd nanowires (NWs) exhibited superior H2
sensing properties compared to those of Pd films.5 Further, Li
et al. reported enhanced response speed by modifying the Pd
nanowires with Pt at an elevated temperature (316 K).6

Alternative chemiresistive sensing materials include the
semiconductor metal oxides (SMOs) such as SnO2,

7,8 ZnO,9

and WO3.
10 The working principle of SMOs, which possess

good chemical stability and high reproducibility, involves a
simple resistance change. When SMOs are exposed to target
molecules, their base resistance is changed due to modulation
of the electron depletion layer. However, most SMO-based
sensors suffer from high operating temperature (150−400 °C),
which is linked to safety concerns and power consumption.
Although there have been attempts to develop SMO-based
hydrogen sensors that can operate at room temperature, some
issues including low sensitivity, sluggish response behavior, and
slow recovery speed remain unresolved.11,12 In this respect, in
this work, a three-pronged strategy has been employed to
develop advanced sensors that can practically detect H2 gas at
room temperature: (i) selection of PdO as a sensing material,
(ii) use of aligned one-dimensional NW array, and (iii)
catalytic Pt nanoparticle (NP) functionalization. Among
several SMOs, a p-type palladium oxide (PdO) has not been
extensively studied as a sensing material.13 Chang et al.
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investigated the H2 detection capability of the PdO film in the
temperature range of 25−250 °C, where the best sensing
properties were achieved at 100 °C, and Lee et al. reported the
PdO film-based H2 sensors operated at room temperature. In
the latter case, however, the sensor was tested under ambient
N2 balance and exhibited a low limit of detection (∼2%).14−16
Because the sensing reactions occur on the surfaces of SMOs,
to achieve the improved sensing properties, one-dimensional
fibrous SMO structures with high surface area are the most
desired morphologies. In particular, the entire surfaces of well-
aligned one-dimensional NWs can act as gas-accessible
reaction sites because there is no overlap of NWs. In addition,
functionalization of SMOs with catalytic noble metal NPs such
as Pt,1,6 Pd,17,18 and Au,19,20 is essential for improving the
sensing characteristics. Typically, the catalytic effect can be
maximized by optimizing the amount of noble catalytic NPs
and their homogeneous distribution onto SMOs surfaces.21

Several researchers have reported on the functionalization of
SMOs by catalytic NPs, which are synthesized via polyol
method22 or soft templating routes such as apoferritin,23,24

chitosan,25 and metal−organic frameworks,26 which control
the size of the NPs and prevent agglomeration. Although such
soft templates were effective in controlling size of NPs and
preventing the severe agglomeration of NPs during synthetic
processing, the fabrication processes are rather complicated
and require longer times. A simple reduction process of a metal
precursor in solution for catalytic functionalization is an
alternative process to address these issues.
In this work, well-aligned one-dimensional Pd NWs are

fabricated through the facile lithographically patterned nano-
wire electrodeposition (LPNE) method,27 followed by
calcination at 500 °C to form p-type PdO NWs. Afterward,
PdO NWs are decorated with catalytic platinum NPs (Pt NPs)
through a simple and fast reduction of the platinum precursor
in solution.28 The one-dimensional morphology endows the

well-aligned PdO NWs with high sensitivity toward H2 at room
temperature, especially, upon functionalization of their surfaces
with Pt catalysts.

■ EXPERIMENTAL SECTION
Chemical. Optical glass slides (1 in × 1 in) were purchased from

Fisher and used as substrates. Acetone and ethanol were also
purchased from Fisher. Nickel (Ni) and gold (Au) pellets (5 N
purity) were purchased from Kurt J. Lesker. Palladium chloride
(PdCl2, 99.999%), ethylenediaminetetraacetic acid (EDTA,
99.995%), potassium hexachloroplatinate(IV) (K2PtCl6, 99.99%),
ethylene glycol, and butylamine were purchased from Sigma-Aldrich.
A positive photoresist (Shipley S1808) and a developer (Shipley MF-
319) were purchased from Microchem Corporation. H2 gas (2%) and
dry air were sourced from Airgas, whereas H2 gas (1000 ppm) was
sourced from Praxair.

Synthesis of PdO NWs. Aligned Pd NW arrays were fabricated
using the conventional LPNE process.5 Ni film, 40 nm in height, was
deposited onto the optical glass slide through thermal evaporation. A
positive photoresist (S1808) was spin-coated onto the Ni film-coated
glass substrate at 2500 rpm for 80 s followed by soft baking at 90 °C
for 30 min. The photoresist layer was patterned using a photolitho-
graphic contact mask, a photolithographic alignment fixture (Newport
model 97436, i-line, 500 W, and 2.3 s) and a UV light source,
resulting in the fabrication of well-aligned 450 arrayed NWs with a 4
μm pitch. The photoresist coated on the Ni film/glass substrate was
developed in developer solution (MF-319) for 20 s and rinsed with
Millipore water. For creating a slight undercut beneath the
photoresist, the exposed Ni was etched by immersing the developed
substrate in 0.8 M nitric acid solution for 6 min. The Ni edge was
used as a working electrode to electrodeposit Pd (using a Gamry
Series G 300) under −0.9 V vs saturated calomel reference electrode
(SCE) with a Pt foil counter electrode for 900 s. For etching the
residual Ni layer, the photoresist was rinsed off with acetone and then
the substrate was immersed in 0.8 M nitric acid solution for 5 min
followed by rinsing with Millipore water and drying in ambient air.
Then, the Pd NW array was oxidized during calcination at 500 °C in
air for 1 h, resulting in the formation of p-type PdO NW array.

Scheme 1. Synthesis Process of Pt Nanoparticle (NP)-Decorated PdO NWs (Pt-PdO NWs): (a) Glass Substrate, (b)
Formation of Ni Layer onto Glass Substrate, (c) Spin-Coated Photoresist (PR) Layer on Ni Layer, (d) Nanowires (NWs)
Patterned Using a UV Lamp and a Photomask, (e) Electrodeposition of Pd in the Trenches Under the PR Layer, (f)
Formation of Well-Aligned Pd NWs, (g) Synthesis of Well-Aligned PdO NWs, and (h) Decoration of Pt NPs on PdO NWs (Pt-
PdO NWs).
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Synthesis of Pt-Decorated PdO NWs. To chemically sensitize
PdO NWs by a catalyst, we functionalized the PdO NWs with Pt NPs
via a simple reduction process. A solution was prepared by dissolving
potassium hexachloroplatinate(IV) in 25 mL of ethylene glycol. The
amount of Pt NPs was controlled by dissolving the appropriate
amount of the Pt precursor in the solution (3, 6, and 12 mg of
K2PtCl6). The glass slide with patterned PdO NWs was placed into
the solution at a constant temperature of 75 °C. Then, 5 mM
butylamine was added to the solution and stirred for 20 min. The
obtained Pt-decorated PdO NWs on the glass substrate were rinsed
with ethanol and Millipore water and dried for 12 h at 40 °C using a
hot plate.
Characterization. Pristine PdO NWs and Pt-decorated PdO

NWs (Pt-PdO NWs) were characterized by field-emission scanning
electron microscopy (FE-SEM, Magellan 400 XHR system, FEI)
operated at 10 kV. Energy-dispersive X-ray spectroscopy (EDS)
mapping images were obtained from the same SEM equipped with an
EDS detector (80 mm2, Aztec software, Oxford Instruments). Grazing
incidence X-ray diffraction pattern (XRD, Ultima III, Rigaku) analysis
was conducted with Cu Kα radiation (λ = 1.5418 Å) for analysis of
each crystal structure.
Sensor Fabrication and Evaluation of Gas Sensing Perform-

ance. The Au electrodes were patterned onto the prepared PdO
NWs and Pt-sensitized PdO NWs (Pt-PdO NWs) through thermal
evaporation of Au followed by spin coating and soft baking of the
S1808 photoresist. The chromium (Cr) layer was deposited below the
Au layer to increase its adhesion onto glass. The photoresist layer was
then patterned and subsequently etched to fabricate the Au electrodes
spaced at 20 μm. The variation in resistance was investigated using a
four-probe system with a source meter (model 2400, Keithley
Instruments) and a multimeter (model 2000, Keithley Instruments).
The H2 concentration was adjusted using two mass flow controllers
(MFC) (model 1479A, MKS Inc.) through mixing with dry air. All H2
sensing measurements were conducted at room temperature.

■ RESULTS AND DISCUSSION

Fabrication of Sensing Materials. Scheme 1 presents an
illustration for fabrication steps of Pt-PdO NWs; synthetic
process flow of PdO NWs using LPNE route27 and decoration
of PdO NWs with Pt NPs using a simple reduction method.
First, Ni and the photoresist (PR) were sequentially deposited
onto glass substrate through thermal evaporation and spin
coating, respectively. The well-aligned NWs were patterned
using the contact mask, UV light, and the developer. After UV
patterning, Pd was electrodeposited within the narrow trenches
that were formed upon intentional overetching of the Ni layer
under the PR film using nitric acid (see details in Experimental
Section). The well-aligned Pd NWs with a pitch of 4 μm were
obtained by removing residual PR and Ni using acetone and
nitric acid, respectively. For acquiring the well-crystallized PdO
NWs, the Pd NWs were calcined at 500 °C in air for 1 h. After
then, the glass slide with PdO NWs was immersed into a
solution containing ethylene glycol and the Pt precursor. Then,
butylamine was added to reduce the Pt precursor to Pt NPs.29

Finally, Pt-sensitized PdO NWs were formed, and the H2
sensing performance using Pt-PdO NWs was investigated.
Microstructural Characterization. The microstructures

of pristine PdO NWs and Pt-sensitized PdO NWs were
observed using SEM. As shown in Figure 1a, the low
magnification SEM image confirmed the well-aligned PdO
NWs. The higher magnification image showed that the PdO
NWs (150 nm in diameter) were polycrystalline and consisted
of densely packed PdO NPs (Figure 1b). The PdO NWs and
Pt-PdO NWs had nearly the same diameter. However, the Pt-
PdO NWs exhibited more densely packed surface morphology
while maintaining the dimensions of NWs (Figure 1c and d).

The existence of Pd, O, and Pt elements in Pt-PdO NWs was
clearly confirmed through EDS analysis (Figure 1e).
The EDS linescan analysis was performed using SEM to

further determine the morphology of the Pt-PdO NWs. To
control the loading amount of Pt NPs on PdO NWs, we used
three different concentration of Pt precursors, i.e., 3, 6, and 12
mg. Although elemental Pt was barely detectable in the Pt (3
mg)-PdO NWs, the Pt line showed island-like morphology in
Pt (6 mg)-PdO NWs (Figure S1a). In addition, Pt NPs were
also deposited onto bare glass during the reduction process. In
the Pt (12 mg)-PdO NWs, the Pt NPs were intermittently
interconnected (Figure S1b) due to the agglomeration caused
by excessive Pt precursor loading. On the other hand,
elemental Pd was observed only on PdO NWs, as expected.
Because both the PdO NWs and glass substrate contain oxygen
species, elemental O existed in all regions.
The crystalline structure of PdO NWs and Pt-PdO NWs

were investigated using grazing incidence X-ray diffraction
(XRD) analysis (Figure S2). In the XRD result, four peaks
were observed at 33.6, 33.9, 41.9, and 54.8° corresponding to
(002), (101), (110), and (112) planes of PdO, respectively.
The big shoulder before 30−38° was attributed to the glass
slide because it was composed of amorphous SiO2. The peaks
associated with Pt species such as metallic Pt, or oxidized Pt,
were not observed in XRD data due to the very small
quantities of Pt NPs on PdO NWs. X-ray photoelectron
spectroscopy (XPS) analysis was performed to further
investigate the chemical bonding states of Pt and Pd (Figure
2). The Pd largely existed in Pd2+ state with a binding energy
of 337.1 eV,24 which is well matched with the XRD results for
the PdO phase. The remaining fraction of Pd existed in the
Pd4+ state. In the case of Pt, the metallic Pt0 and oxidized Pt2+

coexisted.28 The XPS data indicated that some metallic Pt
oxidized to Pt2+ state because Pt2+ has a relatively lower
reduction potential (1.18 eV) than that of Pd4+ (1.288 eV),30

which means that the Pd4+ ion is more likely to be reduced

Figure 1. Morphology observation using SEM: (a) pristine PdO
NWs, (b) magnified image of (a), (c) Pt-PdO NWs, (d) magnified
image of (c), and (e) energy-dispersive spectroscopy (EDS) images of
Pt-PdO NWs.
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than Pt2+. Therefore, Pt2+ as well as metallic Pt0 were observed
in the XPS results.
Hydrogen Sensing Properties. For investigating the H2

sensing characteristics, the performance of the pristine PdO
NWs and three different Pt-PdO NWs (i.e., decorated with 3,
6, and 12 mg of Pt precursor) was evaluated toward H2 at
room temperature in ambient air. The two parallel Au

electrodes (spaced at 20 μm) were used to detect the changes
in resistance. The H2 sensing measurement was conducted
using low (10−100 ppm) and high (0.1−0.2%) concentration
of H2. The concentration of H2 was controlled by mass flow
controllers (MFCs) through dilution with air, and allowing the
gas mixture to flow onto the sensors for 10 min at each
concentration. The dynamic resistance transients of pristine

Figure 2. XPS spectra of (a) Pt and Pd in Pt (6 mg)-PdO NWs.

Figure 3. Dynamic resistance transients of (a) pristine PdO NWs, (b) Pt (3 mg)-PdO NWs, (c) Pt (6 mg)-PdO NWs, and (d) Pt (12 mg)-PdO
NWs for a range of 10−100 ppm of H2, and the band diagram of Pt and PdO (e) work functions of Pt and PdO, (f) when Pt and PdO are in
contact.
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PdO NWs and Pt-PdO NWs are shown in Figure 3 and Figure
S3. The pristine PdO NWs exhibited small resistance changes
toward H2 in the concentration range of 0.1−0.2%, where the
sensitivity toward 0.2% H2 was 6% (Figure S3a), which is a
higher sensitivity value than that of Pd NWs reported
elsewhere.31 However, no resistance changes were observed
in pristine PdO NWs at very low concentrations (10−100
ppm) of H2 (Figure 3a).
On the other hand, introducing a small amount of Pt NPs

onto PdO NWs slightly increased the response to H2, which
indicated that Pt NPs can improve the sensitivity to H2 (Figure
3b). Furthermore, a higher amount (6 mg) of Pt NPs onto
PdO NWs resulted in a tremendously improved sensitivity
toward H2 (Figure 3c and Figure S3b). However, the response
to H2 decreased with decoration of PdO NWs with an
excessive amount of Pt NPs (Figure 3d). In terms of the
sensing mechanism, PdO, which is a p-type SMO,15 has a hole
accumulation layer at the surface. An upward band bending
occurred in the vicinity of the PdO surface because the
adsorbed oxygen species withdraws electrons from forming the
hole accumulation layer (Figure S4a). Consequently, an
electrical current can flow along the hole accumulation layer
on the surface of PdO with a relatively low resistance in
ambient air. When PdO is exposed to reducing gases such as
H2, the trapped electrons are restored to the valence band of
the PdO during the reactions of adsorbed oxygen with the
reducing gases, resulting in a recombination of electrons and
holes. In this way, the amount of electrical current in PdO
decreases by the thinning of the hole accumulation layer,
resulting in a relatively higher resistance of PdO (Figure
S4b).31 In the process, a partial reduction of Pd4+ to metallic
Pd occurs following a restoration of the electrons into PdO
due to its poor stability and high reduction potential (Figure
S5). Reversibly, the resistance of PdO is recovered during re-
exposure to air, allowing for the readsorption of oxygen.
Therefore, PdO detects H2 through resistance modulation.32

The base resistances of Pt (3 mg)-PdO NWs and Pt (6 mg)-
PdO NWs increased when they were exposed to ambient air.
The increase in base resistance can be explained by the
formation of Schottky contacts at the interfaces of Pt NPs and
PdO NWs (Figure 3e and f). For the Fermi levels to be aligned
at equilibrium, the hole accumulation layer of PdO thinned
owing to the flow of electrons from metallic Pt, which was
effectuated by the higher work function (6.4 eV)33 of PdO
compared to that of metallic Pt (5.3 eV).34 Therefore, the base
resistance increased linearly with the amount of Pt NPs.
Pt is a very well-known chemical sensitizer capable of

providing more adsorbed oxygen species onto PdO NWs
through the spillover effect.24,35 A larger amount of adsorbed
oxygen can offer more reactions for H2 on the PdO surface,
thereby exhibiting a higher response. Furthermore, in the case
of a p-type semiconductor, the contribution of chemical
sensitization becomes more significant to accelerate sensing
reactions due to lower charge carrier concentration. Therefore,
the functionalization of Pt NPs onto PdO NWs significantly
enhances the H2 sensing characteristics.31 However, excessive
amounts of Pt NPs lead to agglomeration into larger clusters
that cover almost the entire surface of PdO NWs. In this case,
the larger reactive surface toward H2 is provided by Pt NPs
than PdO NWs, thus resulting in lower sensitivity.
Furthermore, the interfaces between agglomerated Pt NPs
increased in Pt (12 mg)-PdO NWs compared to those in
pristine PdO NWs. Accordingly, the Pt (12 mg)-PdO NWs

showed lower base resistance. In addition, when excessive
amounts of Pt NPs are decorated, oxygen can be dissociatively
adsorbed onto Pt NPs and becomes negatively charged (O2

−).
The adsorbed oxygen can induce positive charges at the
interfaces of Pt NPs and PdO NWs, thereby lowering the base
resistance.16,36

The sensitivity was defined in terms of the resistance ratio,
i.e., ΔR/Rair × 100 (%), where ΔR is the difference between
the resistance in air (Rair) and in reducing ambient (Rgas)
(Figure 4a). The Pt (6 mg)-PdO NWs exhibited the best

sensitivity at all concentrations (23% toward 100 ppm) and
displayed 6.61- and 2.09-fold enhanced sensitivities compared
to those of Pt (12 mg)-PdO NWs and Pt (3 mg)-PdO NWs,
respectively. In terms of response time, the Pt (6 mg)-PdO
NWs showed a rapid response time of 261 s and 166 s to 100
ppm and 0.1% H2 gas, respectively (Figure 4b and d). The Pt
(12 mg)-PdO NWs showed a faster response time, whereas the
Pt (6 mg)-PdO NWs exhibited much higher sensitivity.
Furthermore, in the case of Pt (12 mg)-PdO NWs, it was
impossible to calculate the response time at concentrations
below 30 ppm because the Pt (12 mg)-PdO NWs exhibited
almost no response to such concentrations. The lower
sensitivity and rapid response speed of Pt (12 mg)-PdO
NWs is attributed to the excessive agglomeration of Pt NPs
that blocked the reactive sites on PdO NWs owing to quick
dissociation of oxygen and H2 molecules by Pt NPs.6 The
catalyst has an optimum density that facilitates the spillover
effect over the entire surface of PdO, resulting in the formation
of an effective oxygen delivery system for reactions with H2.

37

Therefore, in this work, the well-aligned PdO NWs with the
optimum amount of Pt NPs demonstrated the feasibility of
superior H2 sensors at room temperature.

Figure 4. (a) Sensitivity of Pt-PdO NWs in the range of 10−100 ppm
of H2, and (b) the normalized curve of response for Pt-PdO NWs for
100 ppm of H2. (c) Response time of Pt-PdO NWs in the range of
10−100 ppm of H2, and (d) normalized curve of Pt (6 mg)-PdO
NWs and pristine PdO NWs for 0.1% H2.
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■ CONCLUSIONS

In this work, we fabricated well-aligned PdO NWs as superior
room temperature H2 sensors through functionalization of
PdO NWs with Pt NPs. The well-aligned PdO NWs, which
were synthesized using the LPNE method and subsequent
calcination at 500 °C, demonstrated high sensitivity to very
low concentration (0.1−0.2%) of H2 compared to that of Pd
NWs. On the contrary, pristine PdO NWs did not display a
noticeable response to H2 concentrations below 100 ppm. For
its sensitivity to be improved further, Pt NPs were decorated
onto PdO NWs with a simple reduction process that greatly
improved the sensitivity toward H2. The Pt (6 mg)-decorated
PdO NWs exhibited a high sensitivity of 14% at 10 ppm of H2.
Furthermore, functionalization with Pt NPs improved the
response time ∼3.16-fold upon exposure to 0.1% H2. This
work demonstrated a simple fabrication of the metal oxide
NWs and catalytic functionalization through the LPNE
method and reduction process, respectively. In addition, the
superior H2 detection capabilities of the NWs were proved at
room temperature in ambient air.
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