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ighly sensitive, fast-responding, and
H low-power hydrogen (H) sensors
are in high demand for H, detection
in a wide range of hydrogen-related appli-
cation fields such as industrial processing,
fuel cells, hydrogen storage and separation,
etc.'* Palladium (Pd) has been commonly
used as H, sensing material with high sen-
sitivity and selectivity. H, molecules can be
selectively adsorbed onto the surface of Pd,
dissociated into hydrogen atoms (H,—2H),
and diffused into the interstitial sites of Pd
structures.® As a result, the resistance of Pd
changes by the formation of a solid solution
of Pd/H (a-phase) or a palladium hydride
(B-phase). At room temperature and at-
mospheric pressure, the transition from
a-phase to B-phase starts at 1—2% of H,
concentrations, leading to an increase in
lattice constant of 3.5%.°
Recently, one-dimensional (1D) Pd nano-
structures such as nanowires and nano-
tubes®”~'* have shown great promise for
use as the next generation sensor with high
sensitivity, short response time, and ultra-
low power consumption due to their large
surface-to-volume ratio and high surface
reactivity. Various approaches including
electrodeposition of Pd at step-edge on
graphite surface or into the nanochannels
of anodic aluminum oxide (AAO) mem-
branes,” ' lithographically patterned nano-
wire electrodeposition (LPNE) of Pd,'' '3
electron-beam lithography-based Pd nano-
patterns,'* and deposition and etching un-
der angles (DEA)® have been developed and
utilized to fabricate 1D Pd nanostructures
for H, sensors with rapid response and high
sensitivity. However, previously developed
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We developed a novel low-temperature, wet-chemical process for the facile synthesis of metal
nanotube arrays through the reduction of metal precursors along sacrificial metal oxide nanowire
templates and demonstrated its applications to the ultrasensitive, low-power, mechanically robust,
and flexible chemical sensors. The in situ dissolution of ZnO nanowire templates, which were
hydrothermally grown on electrode surfaces, during the reaction allows the direct formation of
tubular Pd nanostructures on the sensor devices without the need of complex processes for device
integration or template removal. Moreover, this simple synthesis was carried out at low-
temperature with mild chemical conditions; therefore we could make Pd nanotube devices not
only on silicon substrates but also on flexible polymer substrates. The H, sensing of such Pd
nanotube devices was investigated under various mechanical loading and showed excellent
reliability and robustness. The sensitivity of our devices was found to be at least 2 orders of
magnitude higher than literature values for H, sensors, which can be attributed to the high surface
area and the well-formed interconnect of Pd tubular nanostructures in our devices.

KEYWORDS: hydrogen sensor - flexible sensor - Pd nanotube -
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Figure 1. Synthesis of Pd nanotube array by low-temperature, wet-chemical process. (a) Schematic illustration showing the
synthesis process of Pd nanotube arrays. SEM images of (b) ZnO nanowires and (c) Pd nanotube arrays. By using
hydrothermally grown ZnO nanowires as sacrificial templates and the reduction of Pd precursor, Pd nanotubes can be
fabricated rapidly with high yields and good uniformity. There are no additional processes required for the removal of
templates through in situ dissolution of ZnO due to the reaction with H' ions generated by the reduction of the Pd precursor.

the nanochannels of AAO porous membranes requires
additional processes to eliminate the porous mem-
branes for the release of the nanostructures as well as
to deposit a metal contact or interconnection layer.>'®
E-beam lithography'® requires expensive equipment
for nanopatterning. Since the LPNE''~'® method relies
on the electrodeposition of metal precursor solution
along the lithographically patterned and undercut-
etched sacrificial Ni electrodes, the control of area
number density, straightness, and line edge roughness
of Pd nanowires is limited. Furthermore, a tight control
of process parameters of electrochemical deposition is
required to obtain desired dimension and morphology
of nanowires. The DEA method? is based on the angled
deposition and ion beam etching, causing the same
problems (limited area number density, straightness,
and line edge roughness) as the LPNE method and
possible damage along the sidewalls of nanowires due
to the lateral bombardment of ions during ion beam
etching step. On the basis of these facts, development
of simple, low-cost, and versatile techniques for the
facile production of uniform 1D Pd nanostructures is
highly required.
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In this work, we have developed novel, highly sensi-
tive, and low-power H, sensors based on Pd nano-
tube arrays that were synthesized by a facile chemical
process, which involves the reduction of metal pre-
cursors with sodium citrate along the hydrothermally
grown ZnO nanowire-based sacrificial templates. The
formation of tubular nanostructures is attributed to the
in situ dissolution of ZnO used as sacrificial templates
during the reaction. Therefore, this method can lead to
the direct formation of 1D Pd nanostructures on the
substrate without additional processes to transfer Pd
nanotubes to device substrate or to dissolve the ZnO
nanowire-template after the reaction. Moreover, this
simple synthesis is carried out under low-temperature
and mild chemical condition, and thus allows the
compatibility with flexible polymer substrates. We
have demonstrated highly sensitive and flexible H,
sensors based on Pd nanotube arrays for the first time
by fabricating them on flexible polymer films. The H,
sensitivity of Pd nanotube array-based sensors on
flexible polyimide films and rigid silicon substrates is
remarkably higher than those for previously reported
H, sensors®'>1>6 due to high surface area of tubular
nanostructures and well-interconnected structures of
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Figure 2. Material characterization of synthesized Pd nanotubes: (a) TEM image, (b—d) HAADF-STEM-EDS elemental mapping
images, and (e) cross-sectional composition line profiles of a single Pd nanotube by EDS. Almost no traces of Zn is observed,
proving the removal of ZnO nanowires and formation of Pd nanotubes. (f) XRD patterns of ZnO nanowires and Pd nanotubes.
This XRD data also confirm that Pd nanoparticles were well crystallized along the ZnO nanowire templates while ZnO

nanowires were etched away.

Pd nanotubes. In addition, the flexible H, sensors
based on Pd nanotube arrays exhibited excellent
mechanical bendability and durability. Therefore it is
expected that these sensors would be extremely useful
for the applications in various systems that demands
highly sensitive chemical sensing with lightweight,
mechanical flexibility, and robustness.

RESULTS AND DISCUSSION

The fabrication process of Pd nanotube arrays is
illustrated in Figure 1a. The nanotubes were prepared
by the reaction of the aqueous solution of Pd precursor
containing sodium citrate and ZnO nanowires that
were hydrothermally grown at 90 °C for 1 h based on
the work of Yang et al.'””~"® In our previous work, an
extremely simple and facile chemical process to
synthesize uniform 1D metal nanotubes (Pt, Pd) was
demonstrated for the first time using ZnO nanowires as
sacrificial templates, with their applications to the
flexible strain sensor and catalytic materials for proton
exchange membrane fuel cells (PEMFCs).2"22 The for-
mation of hollow Pd nanotubes is attributed to the
selective etching of ZnO nanowires by the increased
acidity in the solution, which is due to the consumption
of OH™ ions via the reduction of PdCl,>~ by citrate.?®

LIM ET AL.

Generally, it has been known that ZnO can be dissolved
by a reaction with both H* and OH ™ ions in acidic and
alkaline solutions, respectively.?**> Therefore, Pd nano-
tubes could be prepared rapidly with high yields and
good uniformity without a further removal process of
the templates through in situ dissolution of ZnO due to
the reaction with H™ ions generated by the reduction
of the Pd precursor. Figure 1 panels b and ¢ show
scanning electron microscopy (SEM) images of ZnO
nanowires grown on a substrate by the hydrothermal
synthesis method and Pd nanotubes synthesized using
ZnO nanowire as sacrificial templates, respectively. The
lengths of Pd nanotubes are almost identical to those
of the ZnO nanowires (1—2 um), while the diameters of
the Pd nanotubes (50—100 nm) are generally larger
than those of the ZnO nanowires (35—80 nm), which
can be attributed to the deposition of Pd nanoparticles
on the surface of ZnO nanowire-templates via the
reduction of Pd precursor by citrate along with con-
trolled etching of ZnO nanowires at the core. The
shape of a Pd nanotube as a hollow structure was
observed in transmission electron microscopy (TEM)
images (Figure 2).

High-angle annular dark-field scanning TEM energy-
dispersive X-ray spectroscopy (HAADF-STEM-EDS)
mapping images of Pd and Zn (Figure 2a—d) and the
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Figure 3. Patterned array of Pd nanotubes: (a) Fabrication procedure of a patterned array of Pd nanotubes. (b—d) SEM images
of dot, line, and letter patterns of Pd nanotube arrays. (e) High-resolution SEM image of patterned Pd nanotube arrays. This
result proves that our wet-chemical synthesis of Pd nanotubes by using sacrificial ZnO nanowire templates allows a simple
method for the direct fabrication of a patterned array of Pd nanotubes on the device substrate.

compositional line profiles (Figure 2e) were measured
on asingle Pd nanotube. The results reveal that there is
almost no trace of Zn, which is similar to that mea-
sured by inductively coupled plasma atomic emis-
sion spectrometer (ICP—AES) (Pd/Zn molar ratio =
95:5). Figure 2f shows the XRD pattern of fabricated
Pd nanotubes in comparison with that of pure ZnO
nanowires. Here, the diffraction peaks of Pd can be
observed clearly and can be indexed to the face-
centered cubic (fcc) phase. Sharp diffraction peaks
of Pd and no traces of ZnO peaks indicate that
Pd nanoparticles were well crystallized along the
ZnO nanowire templates while ZnO nanowires were
etched away.

By utilizing patterned growth of sacrificial ZnO
nanowire templates, a patterned array of nanotubes
is made possible as shown in Figure 3a. First, a dual
layer of positive photoresist (PR)/PMMA was patterned
by UV photolithography and oxygen (O,) plasma
etching. Second, the ZnO nanocrystal seed layer was
drop casted several times, followed by the lift-off
process. Then, ZnO nanowires were selectively grown
on the ZnO nanoparticle patterns. Finally, a patterned
array of Pd nanotubes could be simply fabricated by
the aforementioned process. Figure 3 panels b—d
shows SEM images of dot, line, and letter patterns of
Pd nanotube arrays. Pd nanotubes were grown only on
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selectively patterned areas, whereas they could not be
found at other locations. The facile wet-chemical
synthesis of Pd nanotubes by using sacrificial ZnO
nanowire templates allows an extremely simple meth-
od for the direct fabrication of a patterned array of Pd
nanotubes on the device substrate.

For the application to H, gas sensing, Pd nano-
tube arrays were fabricated on a silicon chip as shown
in Figure 4a. As a first step, Cr/Au electrodes were
fabricated via photolithography, e-beam evaporation,
and a lift-off process on a silicon substrate with a
2 um thick SiO, layer. To prepare ZnO nanowire arrays
locally on interdigitated electrodes, the seed solution
of ZnO nanoparticles was coated on the photoresist-
patterned interdigitated electrodes. After the lift-off
process of photoresist, ZnO nanowire arrays were
grown by the hydrothermal process. For the detection
of H, gas, a Pd nanotube array-sensor was fabricated
by the facile chemical reaction of the Pd precursor
solution along the ZnO nanowire templates grown on
the interdigitated electrodes.

Figure 4b—d shows the photograph of a Pd nano-
tube array sensor fabricated on a silicon chip and
SEM images of Pd nanotube arrays synthesized selec-
tively on interdigitated electrodes. Pd nanotube arrays
locally synthesized on the electrodes have hollow
structures similar to those prepared on a bare Si/SiO,
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Figure 4. Fabrication of Pd nanotube sensor: (a) fabrication process of H, sensor based on Pd nanotube arrays; (b)
photograph of a representative Pd nanotube array sensor; (c,d) SEM images of Pd nanotube arrays synthesized locally on

interdigitated electrodes.

substrate shown in Figure 1c. This result indicates that
the 1D metal nanostructures can be directly integrated
on a chip by using our simple method through the self-
elimination of the ZnO nanowire templates during the
low-temperature reaction. Therefore, no additional
integration processes such as removal of templates
and/or transfer of nanomaterials from the synthesis
substrates to the device substrates are required. Com-
pared to the previously reported fabrication meth-
ods of nanomaterial-based sensors, this technique
provides a much more facile route to the reliable
and robust integration of nanomaterials on the sensor
electrodes.

The current—voltage (/I—V) characteristics were ana-
lyzed by using a semiconductor analyzer and tempera-
ture-controlled probe station. The current was mea-
sured while the voltage was swept from —2.0 to +2.0V
in the temperature range of 20—100 °C. In Figure 5a,
a linear relation between current and voltage is ob-
served, indicating that the Pd nanotube array behaves
as an ohmic resistor. It is also observed that the elec-
trical resistance is decreased at higher temperature.
(e.9,R=79x10°QatT=20°CandR=1.6 x 10° Qat
T =100 °C). The negative temperature dependence of
electrical resistance can be attributed to the granular
structure of Pd nanotubes. As shown in Figures 1c, 2a,
and 2b, Pd nanotubes were synthesized by the as-
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sembly of Pd nanoparticles along the sacrificial ZnO
nanowire templates. Since discrete Pd nanoparticles
are assembled in a granular form, a potential barrier
to the intergrain flow of electrons is created and this
results in the negative temperature coefficient of
resistance.”®

To investigate the H, sensing performance of Pd
nanotube array sensor, the change of electrical resistance
of sensor was measured during the exposure to H, gas
with various concentrations (100—10,000 ppm) under
room temperature conditions. The sensor response (S)
was defined as the percentage of resistance change of
the device by the exposure to H, gas.

5 % = (RHZ - Rair)/Rair x 100 (1)

where Ry, is the resistance of the sensor in the
presence of air only and Ry, is the resistances in
the presence of H, at certain concentrations. The
response time (7) is defined as the time required for
the sensor to reach 90% of the maximum resistance
change after the sensor is exposed to a given con-
centration of H,. Figure 5b shows the sensor re-
sponse (S) vs time for the Pd nanotube sensor
under different H, concentrations. The nanotube
sensor could detect a wide range of H, concentra-
tions with the increase of resistance. For example,
the sensor showed a response of 247% and 3,754%
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Figure 5. Device characterization of the Pd nanotube sensor: (a) current—voltage curve for fabricated Pd nanotube sensor at
different temperatures (20— 100 °C); (b) real-time response (S = (AR/R,;,) x 100) of a Pd nanotube sensor under exposure to H,
gas with various concentrations (100—10,000 ppm); (c,d) sensor response (S) and response time (z) of a Pd nanotube sensor as
a function of H, concentration. Insets of panels c and d show response (S) vs square root of H, concentration and response

time (1/7) vs H, concentration.

to 100 ppm and 10,000 ppm of H, concentrations,
respectively. The H, sensing mechanism in Pd nano-
structures, which consist of well-connected Pd
grains, is based on the increase of the electrical resis-
tance by the adsorption of H, molecules.?” H, mole-
cules are adsorbed onto the surface of Pd and subse-
quently dissociated into hydrogen (H) atoms (H,—2H).
Then, hydrogen atoms are diffused into the interstitial
sites within the Pd lattice, producing a-phase of a solid
solution in the case of low H, concentration (<1%).
Conversely, at high H, concentration (>1%), diffused
hydrogen atoms react with Pd atoms to form f3-phase
of palladium hydride (PdH,) with a volume expansion of
Pd lattice.>® Therefore, the increase of resistance for our
Pd nanotube sensor measured under various H, concen-
trations (100—10,000 ppm) can be attributed to the
formation of a-phase by the exposure to H, gas.

Figure 5¢ shows that the response (S) of Pd nano-
tube sensor monotonically increases as the H, con-
centration is increased. The linear correlation between
the sensitivity and the square root of H, concen-
tration is observed at low H, concentration (<5,000
ppm) as indicated in the inset of Figure 5c¢. This can
be understood with the Langmuir adsorption iso-
therm model considering that a H, molecule dissociates
upon adsorption onto the Pd surface.*® The H,

LIM ET AL.

dissociation reaction on Pd surface can be described as
H, + 2Pd<>2PdH (2)

The adsorption rate of H, is kipy (1 — 0)? and de-
sorption rate is k_;6%, where k; and k_; are the adsorp-
tion and desorption constant, respectively, py, is the
partial pressure of Hy, and 6 is the fraction of Pd surface
that is covered by H,. At equilibrium, the adsorption rate
equals the desorption rate:

kipu,(1 — 0)? = k 162
—0/(1 —6) = (ki /k_1)"?py,"? 3)

For small 6 in case of low partial pressure (ie., low
concentration) of H,,

0~0/0-0) = (a/k)"7ps? @

Assuming that the resistance change (AR/R,;,) of sensor is
proportional to 6 for low H, concentration, the resistance
change is proportional to the square root of the partial
pressure and concentration of H, as follows.

AR/Raic o< (ky [k 1) 2w,/ o< (ky [k 1) TH]'/? - (5)

The H, sensitivity of our Pd nanotube array-based
sensor is remarkably higher in comparison to those of
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other 1D Pd nanostructure-based sensors reported in
the literature. For example, Offermans et al.® reported
the sensor response (S) of 3% for single 50—80 nm Pd
nanowires, Rumiche et al."® reported § = 0.5—3% for Pd
nanowire arrays, Yang et al.' reported § = 10—12% for
Pd nanowires with the thickness of 11—94 nm and
width of 33—183 nm, and Yu et al."® reported S = 11.6%
for Pd nanotube membrane, all at 1% H, concentration.
The response (S) of Pd nanotube sensor developed in
this work was measured to be 3754% at 1% H,
concentration as shown in Figure 5c. This value is
2—3 orders of magnitude higher than those of the
aforementioned Pd nanowire and nanotube-based
sensors.”'*'>16 |t is presumed that the high sensitivity
of Pd nanotube sensor to H, gas is due to the large
surface area and high surface reactivity of tubular
nanostructures as well as the well-formed interconnect
among the Pd nanotube arrays.

The lowest detectable concentration was limited by
the present experimental setup. However, we can
derive the lowest detectable concentration of H, gas
by extrapolating the curve fitting of data at higher
concentrations into the lower concentration range and
comparing that to the noise level. We took four data
points (100, 200, 500, and 1,000 ppm) for plotting the
response of the Pd NT sensor at a relatively low H,
concentrations (<1,000 ppm) and used a linear func-
tion for the curve fitting as shown in Figure S1
(Supporting Information). According to L. Peng et al.,**
the limit of detection (LOD) can be calculated from the
following equation:

LOD = 3 (rmsnoise) /k (6)

where k is the slope for the linear fit of the response
and rms,ise is calculated as
V2
MSnoise = WX (7)
Here, N is the number of data points used for the
average value and statistical parameter Vy. is obtained
from the following equation:

Ve =Y (y; —y)? (8)

where y; is the average value from calculation and y is
the measured data point in the baseline (i.e., stable
response before flowing H, gas). Using the above
equations, the H, detection limit of our Pd nanotube
sensor is calculated to be 1.3 ppm. This value is
comparable or better than those of other Pd nano-
structure-based H, sensors recently reported in the
literature.>" '3 This low limit of detection can be also
attributed to the large surface area, well-intercon-
nected tubular structure of Pd nanotubes, and Pd
nanoparticles constituting the granular structure of
Pd nanotubes.

LIM ET AL.

To investigate the hysteresis behavior and repeat-
ability of the Pd nanotube sensor, we have conducted a
repeatability test for the sensor after the exposure to
10,000 ppm. As shown in Figure S2 (Supporting
Information), the sensor was exposed to alternating
cycles of 100 ppm — 10,000 ppm — 100 ppm — 10,000
ppm — 100 ppm. The responses from this cycle were
measured to be 211%, 4,100%, 190%, 3,973%, and
226%. From this test, it was found that the sensor is
reversible even after the exposure to 10,000 ppm and
provides a good repeatability.

The response time (7) of the Pd nanotube sensor
generally tends to be shortened (for [H,] = 100 ppm,
7 = 400 s; for [H,] = 5,000 ppm, 7 = 78 s) with the
increase of H, concentration except for the concentra-
tion of 10,000 ppm as shown in Figure 5d. The response
time for the 10,000 ppm was large (210 s) due to the
unstable fluctuation of the sensor signal. This unstable
fluctuation of signal at 10,000 ppm may be due to
the very high resistance of Pd nanotubes and loss of
stable ohmic contact between Pd nanotubes and Au
electrodes by the solution of hydrogen in Pd nano-
tubes. The inverse of the response time (1/7), which
corresponds to the initial H, adsorption rate, follows a
linear relationship with H, concentration (inset of
Figure 5d). According to the Langmuir adsorption
model, at the initial stage of measurement, the adsorp-
tion rate of Hyis r=kypy (1 — ). Since @is negligible at
the early stage, the adsorption rate is expected to be
r & kqpy, o< ky[H,]. The response behavior of Pd nano-
tube array-based sensor is also consistent with the
those of previously reported H, sensors made of Pd
nanostructures (nanowires and nanotubes).>'®

The effect of temperature on the response to H, gas
for the Pd nanotube sensor was investigated. Figure 6a
shows the sensor response (S) to different H, concen-
trations at 100 °C. Compared to the response at 25 °C
shown in Figure 5, both the sensitivity and response
time are highly improved at 100 °C. As shown in
Figure 6 panels b and ¢, the Pd nanotube sensor
measured at 100 °C exhibited much shorter response
time (t = 27 s) as well as higher response (S = 6,866%)
compared to those for 25 °C (t = 78 s, S = 1,798%)
during the exposure to H, gas at 5,000 ppm. The
shorter response time can be explained by faster
diffusion and dissociation of hydrogen at higher
temperatures. Also, increased sensitivity can be at-
tributed to higher surface reactivity and more active
adsorption of H, molecules to Pd nanostructures at
elevated temperatures.

It should be noted to the readers that the data
presented above were taken from a single device.
Since Pd nanotubes are fabricated in a bundle form
by a sequential bottom-up chemical synthesis (synthesis
of ZnO nanowires — assembly of Pd nanoparticles and
in situ etching of sacrificial ZnO nanowire templates),
their geometrical factors (diameter, length, number
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Figure 6. Temperature dependence of a Pd nanotube sen-
sor: (a) real-time response (S = (AR/R,;;) x 100) vs time, (b)
response (S) vs H, concentration, and (c) response time (z) vs
H, concentration at 25 and 100 °C.

density, and thickness of nanotubes) and electrical
properties have a certain level of statistical variations.
Therefore, their performance factors cannot be accu-
rately controlled and consistent among different de-
vices. A novel strategy for improving the control of
geometrical and electrical parameters, and achieving
much better performance consistency among different
devices is currently being developed.

Recently, flexible sensors have attracted greater
attention for their applications in various new areas
such as hand-held, portable consumer electronics,
aerospace science, and civil engineering that require
biocompatibility, flexibility, lightweight, and mechan-
ical shock-resistance.3® 32 Since our wet-chemical
method allows facile synthesis and direct integration
of Pd nanotubes in a benign chemical environment
and low temperature conditions, it can also be applied

LIM ET AL.
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Figure 7. Flexible Pd nanotube sensor: (a) photograph of a
flexible sensor based on Pd nanotube arrays; (b) SEM image
of Pd nanotube arrays prepared on polyimide film; (c,d)
photographs of flexible sensors attached on the cylindrical
surface of silicone tubes with different radii (r = 7.5, 10.0
mm); (e,f) real-time response (S = (AR/R,;) x 100) vs time
and response (S) vs H, concentration under various H,
concentrations (100—5,000 ppm) with various curvature
radii (0= 7.5 mm, 10.0 mm, and o).

to the flexible polymer substrate. A flexible Pd nano-
tube array-based H; sensor could be easily fabricated
on polyimide film as shown in Figure 7a,b. Further, the
H, sensing capability of Pd nanotubes at low temperatures
allows stable sensor operation on a polymer substrate.
To characterize the mechanical flexibility of a Pd
nanotube sensor for H; sensing, a bending experiment
was carried out by laminating the sensors on the
cylindrical surface of silicone tube with different dia-
meters. Figure 7panels ¢ and d show photographs of
flexible sensors attached on the surface of silicone
tubes with different radii of curvature of 7.5 and 10.0 mm,
respectively. Figure 7 panels e and f present the
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Figure 8. Mechanical robustness of a flexible Pd nanotube
sensor under a cyclic bending condition: (a—d) experimen-
tal setup for fatigue test; (e,f) real-time response (S = (AR/
Ra.ir) X 100) vs time and response (S) vs H, concentration
under various H, concentrations (100—5,000 ppm) after
repeated bending between p = 10.0 mm and p = « by
103-10° cycles.

response (S) of a flexible Pd nanotube sensor vs time
and H, concentrations under various bending conditions
(radii of curvature p = 7.5 mm, 10 mm, and <). The
sensing results of the flexible Pd nanotube sensors are
similar to the results of those fabricated on silicon chip.
Compared to the sensitivity (sensor response S =
50—150%) of a flexible H, sensor based on a single
wall carbon nanotube (SWCNT) decorated with Pd
nanoparticles in the literature,>>' our sensor exhibits
much higher sensitivity (sensor response S = 1,500%)
for 0.1% H, concentration at room temperature. More-
over, the results show that bending the sensor did not
affect the sensing performance significantly, except for
the ~18% increase of sensitivity for p = 10 mm
compared with that for p = < (flat condition) at [H,] =
5,000 ppm.

LIM ET AL.

For the reliable operation of the flexible sensor
device, robustness to bending conditions with not only
positive curvature radii, but also negative curvature
radii should be ensured. Therefore, we conducted a
gas sensing test at a negative curvature of bending
(o = —5.0 mm) as shown in Figure S3 (Supporting
Information). From this test, we could find that the
sensor response did not show any significant change in
a large range of H, concentrations (100—5,000 ppm).
The summary of responses of sensor to H, gas under
various bending radii is presented in Table ST (Sup-
porting Information).

Additionally, the fatigue tests for the flexible Pd
nanotube sensor were performed by using a pair of
single-axis linear stages (see Figure 8a—d). Prior to the
tests, a flexible sensor was mounted on the carrier
substrate (polycarbonate film) and two ends of the
carrier substrate were attached to a pair of single-axis
linear stages. The bending and relaxation processes of
the sensor were performed by the control of the
distance between two linear stages with bending radii
between p =10.0 mm and p = co. Figure 8 panels e and f
show the response (S) of the flexible Pd nanotube
sensor to various H, concentrations (100—5,000 ppm)
after bending and relaxing the sensor for 10°-10°
cycles, respectively. Although the sensitivity was re-
duced from the initial value at [H,] = 5,000 ppm by 15%
after 10° cycles of bending, the sensitivity of the
flexible sensor did not exhibit considerable change in
general. These results indicate that the flexible Pd
nanotube sensor fabricated on the polyimide film
substrates via our facile chemical method exhibits
excellent mechanical durability and robustness with
no significant degradation of performance by static or
repeated mechanical bending deformation. This ex-
cellent mechanical robustness can be attributed to
the direct synthesis and in situ integration of Pd nano-
structures on devices that allow superior physical
binding and adhesion to the device electrodes and
substrate.

CONCLUSION

In summary, we have developed a novel route toward
the ultrasensitive and flexible gas sensors by using a low
temperature wet-chemical synthesis of Pd nanotubes
along ZnO nanowire-based sacrificial templates. The
hollow structure of the Pd nanotube is attributed to
in situ dissolution of ZnO nanowires by the reaction with
H* ions that are generated in the solution during the
reduction of the Pd precursor. Pd nanotube arrays could
be directly synthesized and integrated in situ on flexible
polymer substrate as well as silicon chip via this facile
approach without additional integration processes. The
sensors exhibit extremely high sensitivity compared with
previously reported Pd nanostructure-based sensors by
at least 2 orders of magnitude due to the large surface
area and well-interconnected structures of Pd nanotubes.
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Flexible Pd nanotube sensors fabricated on polyimide
film show excellent mechanical bendability, durability,
and robustness as well as excellent H, sensing perfor-
mance. Itis expected that our facile fabrication method of
flexible H, sensors can be used in various engineering

METHODS

Synthesis of Pd Nanotubes. ZnO nanowire arrays were prepared
on Si/SiO; substrates, by a similar method introduced by Yang
et al."’7'® In the first step, the ZnO nanoparticle (3—5 nm)
solution was prepared based on the literature?® to form the film
of ZnO nanocrystal seeds. For the preparation of the solution,
zinc acetate dihydrate (0.01 M) was dissolved in methanol
(125 mL) under vigorous stirring at about 60 °C. Subsequently,
a 0.03 M solution of KOH (65 mL) in methanol was added
dropwise at 60 °C. The reaction mixture was stirred for 2 h at
60 °C. The substrates were coated with a droplet of ZnO nano-
particle dispersion, rinsed with ethanol, and then blow-dried
with nitrogen gas. This step was repeated several times for a
complete coverage of seeds, and the substrate was annealed at
150 °C for 20 min. ZnO nanowire arrays were then grown
hydrothermally by immersing the seeded substrate in aqueous
solutions containing zinc nitrate (25 mM), HMTA (25 mM), and
PEI (6 mM) at 95 °C for 2.5 h. The substrate was then removed
from the solution, washed with deionized water, and blow-
dried.

For the synthesis of Pd nanotube arrays, Si/SiO, substrates
grown with ZnO nanowires were fixed on the polytetrafluor-
oethylene (PTFE) holder and immersed in a container filled with
a 3—4 mL of Pd precursor solution. The solution was prepared
by adding sodium citrate solution (30 mM) into the aqueous
solution of K,PdCl, (5 mM). Sodium citrate was used as a
reducing agent and a stabilizer. The container was closed and
maintained at 90 °C for 1 h in a conventional convection oven.
After the reaction, the samples were taken out and washed with
triply distilled water and ethanol.

Material Characterization. Scanning electron microscopy (SEM)
images of the samples were taken with a field-emission scan-
ning electron microscope (FESEM, Phillips model XL30 FEG).
Transmission electron microscopy (TEM) and high-angle annu-
lar dark-field scanning TEM (HAADF-STEM) characterization
were performed with an FEl Tecnai G2 F30 Super-Twin transmis-
sion electron microscope operating at 300 kV. TEM samples
were prepared after placing a drop of the aqueous dispersion of
Pd nanotubes, which was obtained by sonication treatment of
Pd nanotube arrays grown on Si/SiO, substrate, onto the
carbon-coated copper grids (200 mesh). The effective electron
probe size and dwell time used in HAADF-STEM-energy-disper-
sive X-ray spectroscopy (EDS) mapping experiments were
1.5 nm and 200 ms per pixel, respectively. The compositions
of Pd and Zn in Pd nanotubes were quantified by inductively
coupled plasma atomic emission spectrometer (ICP—AES, OP-
TIMA 330DV). X-ray diffraction (XRD) patterns were obtained
with a Bruker AXS D8 DISCOVER diffractometer using Cu Ko
(0.1542 nm) radiation.

Sensor Fabrication and Sensing Test. H, sensors based on Pd
nanotube arrays were fabricated on thermally oxidized (tsio, =
2 um) silicon substrate and 75 um thick flexible polyimide
substrate. As a first step, interdigitated electrodes were fabri-
cated via photolithography, e-beam evaporation of 200 nm
thick Au thin film, and lift-off process. To promote the adhesion
of Au, a thin Cr layer (10 nm thickness) was deposited before Au
deposition. ZnO nanowire arrays were prepared locally on
interdigitated electrodes by a hydrothermal method after
seeding of the ZnO nanoparticles on the photopatterned sub-
strates. For the detection of H, gas, Pd nanotube arrays were
directly fabricated on the silicon and polyimide chips via the
facile chemical process using Pd precursor solution and ZnO
nanowire array templates as described previously. After the
synthesis of Pd nanotubes, their electrical properties (i.e., -V
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applications such as H, storage facilities, H, fueled
vehicles, or space shuttles that require not only high
sensitivity and fast response, but also lightweight, con-
formal wrapping on curved surfaces, and mechanical
robustness.

characteristics) were measured by using a semiconductor ana-
lyzer (HP 4155A) and temperature-controlled probe station.

Experimental setup for H, sensing consisted of a sealed
chamber, mass flow controllers, DC power supply, and digital
multimeters. The sensor chip was installed in a small test-
chamber to which a gas inlet and outlet have been attached.
Gas flow rate through the test chamber was controlled via mass
flow controllers. The concentration of H, was controlled on the
base of synthetic air consisting of N, (79%) and O, (21%) at
atmospheric pressure. The flow rate was controlled at 1000 sccm
throughout the test. The electrical response of the Pd nanotube-
based sensor chip to H, gas was measured in real-time with a
computer-controlled Keithley 197 digital multimeter. All data
acquisitions were carried out with a LabView program through a
GPIB interface card. To investigate the mechanical flexibility of a Pd
nanotube array-based sensor fabricated on polyimide film, its H,
sensing performance was measured through static bending tests
with various radii of curvature and cyclic bending tests by repeating
the bending/relaxing cycles at a frequency of 025 Hz for 10°—
10° times.
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