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ABSTRACT: A half-pipe palladium nanotube network (H-PdNTN) structure was developed
for high-performance hydrogen (H2) sensor applications. To fabricate the sensor, suspended
poly(vinyl alcohol) (PVA) nanoﬁber bundles were electrospun on a conductive substrate,
followed by a palladium (Pd) deposition on top of the PVA nanoﬁber bundles. Then, Pddeposited PVA nanoﬁbers were transferred to a host substrate, and the PVA nanoﬁber
templates were selectively removed. Various material analyses conﬁrmed that the PVA
nanoﬁbers were successfully dissolved leaving a half-pipe-shaped Pd nanotube network. The
fabricated Pd nanotube-based sensors were tested for H2 responses with diﬀerent gas
concentrations. The 4 nm thick sensor showed the highest response (ΔR/R0) to H2 gas.
Platinum (Pt) decoration of the sensor showed an improved response speed compared to that
of the pristine sensor via the catalytic function of Pt. Additionally, the sensor exhibited good H2
selectivity against other interfering gases. The H-PdNTN H2 sensor provides a facile and costeﬀective way to fabricate high-performance H2 sensors.
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■

INTRODUCTION
The hydrogen (H2) economy is rising as a new energy
ecosystem for the future. To maintain a stable hydrogen
ecosystem, every sector of the system, namely, the source,
infrastructure, and fuel storage system, must be secure. The H2
sensor plays a crucial role in the H2 economy for early
detection of H2 leakage. There are many types of H2 sensors:
optical ﬁber type,1−7 catalytic combustion type,8−11 chemoresistive type,12−23 etc. Among various types of chemoresistivetype sensors, Pd-based H2 sensors have been studied by many
researchers because of their advantages, such as simplicity, low
power consumption, and fast response. The principle of the
Pd-based H2 sensor is the resistance change by palladium
hydride (PdHx) formation, which is generated from the
absorption, dissociation, and diﬀusion of H2 into the Pd
bulk.24−26 To enhance the performance of Pd-based H2
sensors, one of the strategies is to reduce the physical
dimension of the sensor such as Pd nanowire for faster
response. Various methods to fabricate Pd nanostructure-based
H2 sensors have been reported. A Pd nanowire-based H2
sensor was demonstrated via an electrophoresis method in
which a Pd electrolyte solution was drop-cast onto a
poly(methyl methacrylate) channel, followed by applying a
current across the channel to grow a Pd nanowire.27 However,
this method suﬀers from complicated steps for fabricating two
electrodes and a 100 nm width channel. Yang suggested a
method for growing Pd nanowires laterally using an electrodeposition method.25,28 In this approach, the width of the
nanowire is controlled by the lateral etching of the nickel ﬁlm
underneath the patterned photoresist. However, the wet
© 2019 American Chemical Society

etching requires stringent control of the etching time and the
solution concentrations. To increase the surface area-tovolume ratio of the Pd nanostructure sensors even further,
some researchers adopted template methods to realize threedimensional (3D) Pd nanostructure-based H2 sensors. Zeng et
al. and Cherevko et al. demonstrated Pd nanowire sensors by
depositing Pd on an anodized aluminum oxide that showed a
good sensing performance.29,30 Lim et al. demonstrated a
method of forming tubular Pd nanostructures by liquid-phased
reduction of Pd ions along a ZnO nanowire template with in
situ dissolution of the ZnO nanowires.31
While various methods to realize nanostructure-based H2
sensors have been demonstrated, a facile method of fabricating
a one-dimensional metal nanostructure has been introduced
using electrospinning: Wu et al. demonstrated a method of
fabricating transparent gold (Au) electrodes using electrospun
nanoﬁbers as templates.32 Au nanotrough electrodes showed
higher transparency and conductivity compared to other
existing transparent electrodes. In this work, by adopting that
approach, Pd was deposited onto poly(vinyl alcohol) (PVA)
nanoﬁbers, followed by a selective removal of the ﬁbers to
make half-pipe-shaped Pd nanotubes as a high-performance H2
sensor. The sensor showed rapid responses to H2 gas with a
response (ΔR/R0) of 2.1% and a response time (τ0−80%) of 11 s
to 1.8% H2 concentrations. The eﬀects of thickness and
temperature on the sensing performance were also investigated
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in the study. Furthermore, metal catalyst eﬀects on the sensor
performance were also studied by decorating Pt nanoparticles
on the existing sensor structure. There are several advantages
to using the electrospinning technology to fabricate Pd
nanotube-based H2 sensors. First, Pd nanotubes can be
manufactured at low cost without expensive nanolithography
methods. Second, the thickness of a half-pipe palladium
nanotube network (H-PdNTN) can be simply controlled by
the deposition time of Pd, and this allows the precise control of
the nanotube dimensions. Last, it is transferrable onto various
substrates, which is not the case with existing bottom-up or
top-down Pd nanowire H2 sensors that are bound to the
original substrates(Scheme 1).
Scheme 1. Graphic Illustrations of the Half-Pipe Pd
Nanotube Network (H-PdNTN) H2 Sensor

Figure 1. (a) Schematic illustrations of the fabrication process for HPdNTN, (b) photographic images of PVA nanoﬁbers on metal ring
structures (scale bars: 5 mm), (c) optical microscopy and photographic (inset, scale bar: 5 mm) images of electrospun H-PdNTN on
a glass substrate (scale bar 30 μm).

transparency, which allows more light to be transmitted. Figure
2a shows the images of electrospun PVA nanoﬁbers (left) and
H-PdNTN (right). The tunneling electron microscopy (TEM)
image in Figure 2c shows the high-resolution cross-sectional
image with a half-pipe shape of 10 nm thick H-PdNT. The
high-resolution X-ray photoelectron spectroscopy (XPS) scan
of Pd 3d in Figure 2d revealed asymmetric peaks of Pd 3d3/2 at
340.4 eV and Pd 3d5/2 at 335.1 eV, respectively, which suggest
the existence of palladium oxide (PdO). Energy-dispersive Xray spectroscopy (EDS) spectra veriﬁed the presence of Pd
elements of the half-pipe nanotube structures as shown in
Figure 2e. Atomic force microscopy (AFM) analysis shows the
20 nm H-PdNT bundles with their morphologies on a quartz
substrate in Figure 2f.
Three H-PdNTN sensors with diﬀerent thicknesses were
prepared: 4, 20,, and 50 nm as shown in Figure 3. The
thickness of each sensor was controlled by the deposition time
and electron beam current. One of the critical factors in
fabricating half-pipe Pd nanotubes is that Pd should be able to
form continuous ﬁlms on PVA nanoﬁbers. As a test, 2 nm Pd
was deposited on PVA nanoﬁbers and transferred to a quartz
substrate. After the PVA nanoﬁbers were dissolved, as shown
in Figure S3, no Pd nanotube structures were left on the
transferred substrate because no Pd ﬁlm was formed on the
PVA nanoﬁbers with 2 nm deposition. To investigate the
thickness dependency of the H2 sensing performance, gas
sensing experiments were performed for each sensor, and the
result showed that 4 nm H-PdNTN exhibited the highest
response (ΔR/R0), 2.1−1.8% H2 concentration, whereas 50
nm H-PdNTN showed the lowest response (ΔR/R0 = 0.9−
1.8% H2 concentration). This result might be due to the
thinner H-PdNTN sensor that had a higher surface area-tovolume ratio. Assuming that H-PdNTN was completely
suspended and the surrounding surfaces were fully exposed
to H2, the 4 nm thick H-PdNTN sensor with a curvature radius
of 200 nm had a surface area-to-volume ratio about 5 times
higher than that of the 20 nm thick H-PdNTN sensor and
about 11 times higher than that of the 50 nm thick H-PdNTN.

■

RESULTS AND DISCUSSION
Figure 1a shows the fabrication process of the H-PdNTN H2
sensor. First of all, PVA nanoﬁbers were electrospun on
collecting substrates with holes in the middle, which allowed
the PVA nanoﬁber bundles to be suspended. The collecting
substrates with holes also made it possible to transfer HPdNTN to various substrates. After electrospinning, the
suspended PVA nanoﬁbers were mounted in an e-beam
evaporation chamber, and a Pd thin ﬁlm was deposited.
Because of the directional deposition of the e-beam
evaporation method, only the top half of the PVA nanoﬁbers
was covered with the Pd ﬁlm. Afterward, the Pd-deposited
PVA nanoﬁber bundles were transferred to another substrate,
and the PVA nanoﬁbers were selectively removed using
organic solvents and therefore only H-PdNTN remained. The
details of the fabrication process are explained in the
“Methods” section. Photographs of the suspended PVA
nanoﬁber bundles on the collecting substrate are shown in
Figures 1b and S1. An optical microscopy image, Figure 1c,
and a photograph (inset) of H-PdNTN on a glass substrate
indicate its randomly oriented nanotube structure and optical
transparency. Figure S2 shows the images of the suspended
PVA nanoﬁbers after the Pd deposition and reveals its optical
transparency. The transparency was mainly determined by the
density of the suspended PVA nanoﬁbers. High-density
suspended nanoﬁbers, as shown in Figure S2 (right), block
most of the incoming light making it less transparent, whereas
less dense suspended nanoﬁbers in Figure S2 (left) have higher
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Figure 2. SEM images of the (a) PVA nanoﬁber network and (b) H-PdNTN. (c) TEM cross-sectional image of H-PDNTN. (d) XPS spectrum of
the H-PdNTN sensor. (e) EDS spectrum of the H-PdNTN sample on a glass substrate. (f) AFM scan images of 4 nm H-PdNTN (left) and a single
20 nm H-PdNT (center and right).

Figure 3. (a) Resistance vs time graph to show H2 responses of H-PdNTN sensors with diﬀerent Pd thicknesses to diﬀerent H2 concentrations. (b)
Response vs H2 concentrations graph for H-PdNTN sensors with diﬀerent Pd thicknesses.

However, reducing the Pd thickness did not actually cause a
dramatic increase in the response with respect to the increase
in surface area-to-volume ratio. In fact, not all the H-PdNTNs
were fully suspended in our transferred sensors. In other
words, some of the H-PdNTNs might have been bound to the
substrate or oriented diﬀerently, thereby exposing only a part
of the H-PdNTNs to H2 gas. This is conﬁrmed by scanning
electron microscopy (SEM) images in Figure S6. It is diﬃcult
to accurately estimate the ratio of suspended H-PdNTN to
bound H-PdNTN by existing visual analysis tools. Therefore,
the surface area-to-volume ratios of the H-PdNTN structures
were calculated and estimated according to diﬀerent ratios of
suspended H-PdNTNs to bound H-PdNTNs as shown in
Figure S7. Assuming that the diameter of the PVA nanoﬁber
(two times of the radius of curvature of H-PdNTN) was 200
nm, we found that the surface area-to-volume ratio was
aﬀected by the ratio of suspended/bound H-PdNTN. Fully
suspended H-PdNTs had the highest surface area-to-volume
ratio, whereas fully bound H-PdNTs had the lowest value as

shown in Figure S8. Because the structural stability of the
thicker H-PdNTs was higher than that of the thinner HPdNTs, it is a reasonable presumption that the thicker HPdNTs had a higher proportion of suspended H-PdNTs than
the thinner H-PdNTs. The slight enhancement of the
sensitivity of the thinner H-PdNTN H2 sensor as compared
to the thicker H-PdNTN H2 sensor can be explained by this
presumption. Therefore, we conjectured that transferring HPdNTs onto the substrates with more gas accessibility on the
backside, such as porous or surface textured substrates, would
further enhance the sensing performance by oﬀering a larger
eﬀective surface area-to-volume ratio.
To further analyze the eﬀect of the radius of curvature of HPdNTs on the surface area-to-volume ratio, the surface area-tovolume ratio versus the radius of curvature and the thickness of
H-PdNTs was plotted in 3D as shown in Figure S9. Because a
variance of the diameter was observed in the electrospun
nanoﬁber in the real experiment, it was important to know
whether the variance of the diameters appreciably aﬀects the
13345
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Figure 4. (a) Resistance vs time and (b) response time of the pristine and Pt-decorated H-PdNTN sensors to diﬀerent H2 concentrations. (c) Gas
responses of H-PdNTN to various test gases: H2 (1%), NH3 (5 ppm), CO (180 ppm), NO2 (20 ppm), and NH3 (5 ppm). Gas concentrations for
the test gases were set on the basis of the PELs by the Occupational Safety and Health Administrations and current available gas sources. (d)
Current vs time graph to indicate the response of the H-PdNTN sensor to other interfering gases; it shows little response to other test gases besides
H2.

C H = KHPH21/2

surface area-to-volume ratio of H-PdNTs. However, there was
little eﬀect on the surface area-to-volume ratio by varying the
diameter (from 150 to 250 nm) as compared to the change by
varying the thickness (from 4 to 50 nm) of PdNTs.
The response and recovery time of the sensor for diﬀerent
Pd thicknesses were measured as shown in Figure S10. For
response time, the measurement showed that the response
time increased as the thickness of the sensor increased. For
recovery time, all tested sensors were less than 15 s in given H2
concentration ranges (1.2−1.8%), and they increased with
larger H2 concentrations, which was similar to the response
time. However, we found no clear relationship between the
recovery time and Pd thickness of the sensor. This may have
been due to the tested thickness range that was too narrow to
see the relationship.
Overall, the response of the H-PdNTN H2 sensor was not as
high as the recent two-dimensional material-based H2 sensors
with heterojunction structures.35,36 However, it showed
relatively fast response/recovery speeds (τ0−80 = 12 s and
τ100−20 = 18 s for 4 nm H-PdNTN to 1.8% H2) in given
concentration ranges (1−1.8%) as shown in Figure S10.
The limit of detection (LOD) of the sensor was measured
using a linear approximation of the graph as shown in Figure
S11. The LOD of the sensor was about 314 ppm. The LOD of
the sensor was low enough to detect H2 concentrations
considering that the lower ﬂammability limit of H2 is about 4%.
To understand the temperature eﬀects of the sensor, the HPdNTN H2 sensors were tested with diﬀerent H2 concentrations at three diﬀerent temperatures: 296, 316, and 336 K as
shown in Figure S12a. The response at room temperature (296
K) showed the highest value while that at 336 K showed the
lowest value. As the temperature increased, absorbed H2
molecules gained enough kinetic energy to desorb from the
Pd surface. According to Sievert’s law, H2 solubility is
proportional to the inverse of the temperature33

(1)

where CH is the H2 content on Pd expressed as an atomic ratio
(H/Pd), PH2 is the partial pressure of H2, and KH is Sievert’s
constant, which is formulated by the following equation
B
(2)
T
where A and B are constants and T is the absolute temperature.
It was conﬁrmed that our measurement result, a reduced H2
response versus the square root of the H2 partial pressure at a
higher temperature, in Figure S12 satisﬁes Sievert’s law.
To observe the eﬀect of platinum (Pt) decoration on the
sensing performance of the H-PdNTN H2 sensor, Pt was
sputtered on a pristine H-PdNTN sensor, and the changes in
H2 sensing performances were monitored through material
analysis and gas sensing measurements. We reasoned that if Pt
fully covered H-PdNTN, it could result in the decreased
sensitivity because the deposited Pt would block the Pd
reaction sites. For comparison, the XPS scan of the H-PdNTN
sample after Pt sputtering was also performed as shown in
Figure S13, which clearly depicts the presence of double Pt
peaks: Pt 4f5/2 at 75.5 eV and Pt 4f7/2 at 71.3 eV on the HPdNTN sensor after the sputtering. For H2 sensing measurement, pristine and Pt-coated H-PdNTNs were mounted in a
gas chamber with a constant ﬂow rate of 500 sccm throughout
the experiment. As shown in Figure 4a,b, the gas sensing test
revealed that the resistance decreased, and there was a shorter
response time (11 s vs 21 s @ 1.8% H2 concentration) after Pt
sputtering. The recovery speed also increased after Pt
decoration as shown in Figure S14. The gas sensing experiment
results conﬁrmed that Pt worked as a catalyst to accelerate the
reaction between Pd and H2 over all the tested concentration
range. However, the sensitivity result showed that the Ptcoated H-PdNTN sensor had lower sensitivity compared to
KH = A +
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the pristine H-PdNTN sensor, and this may have been due to
the sputtered Pt that hindered the formation of PdHx by
partially blocking Pd reaction sites. A study conducted by
another group claimed that the water formation by the surface
Pt was responsible for the decreased sensitivity.34 Nevertheless,
our experimental result suggested that there may be a trade-oﬀ
between the sensitivity and the response time for diﬀerent Pt
loading amounts. Further investigations will be carried out in
the future to ﬁnd the optimal Pt deposition condition.
To investigate the inﬂuence of humidity on the sensor
performance, the sensor was tested in high humidity. In high
humidity, water molecules in the air were condensed on the
surface of the sensor, which hindered the reaction of H2 gas to
Pd. Figure S15 reveals that there was about a 10−12%
decreased response in 60% relative humidity conditions
compared to the response in dry conditions. The cyclic and
durability test of the sensor was performed37 as shown in
Figure S16. After 6 days, there was about a 34% decreased
response.
Because the ideal H2 sensor should only respond to H2 gas
among many other gases, we characterized the selectivity of HPdNTN sensors against other gases as shown in Figure 4c,d.
Other gases for the selectivity test included NO2, NH3, CO,
and H2S. The permissible exposure limits (PELs) set by the
Occupational Safety and Health Administration (OSHA) for
the test gases were 5 ppm for NO2, 10 ppm for H2S, 50 ppm
for CO, and 50 ppm for NH3. The tested concentration for H2
for comparison was much higher than the concentration range
for other test gases, but considering the lower ﬂammability
limit of H2 (4%), our gas exhibited good selectivity over the
other test gases in practical applications.
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■

METHODS

■

ASSOCIATED CONTENT

Electrospinning Suspended PVA Nanoﬁber Bundles. Ten wt
% PVA solution (Sigma-Aldrich, Mw = 13 000 000) mixed with
deionized water was prepared by magnetic stirring at 80 °C. Then, the
PVA solution was loaded into a 5 mL syringe with a 24 G metal
needle attached. For electrospinning, an 80 mL/s pulling rate was
used and 19 kV was applied to the metal needle for continuous jetting
of PVA nanoﬁbers. The distance between the needle tip and the
collecting substrate was about 15 cm. Various collecting substrates
with diﬀerent hole sizes were prepared by CNC machining of
aluminum plates. The dimensions of the holes in the collecting
substrates were varied between 1 and 3 cm in length/width. During
electrospinning, jetted PVA nanoﬁbers were collected in suspended
form on the hole of the collecting substrate. Changing the geometries
of the holes in the collecting substrates and the electrospinning time
determined the orientation and the areal density of the suspended
PVA nanoﬁber bundles.
Deposition of Palladium, H-PdNTN Transfer, and Electrode
Formation. The suspended PVA nanoﬁber bundles were placed in
an e-beam vacuum chamber under a pressure of ∼2 × 10−6 Torr, and
the thickness of the deposited Pd was monitored with a quartz crystal
monitor during the deposition. Throughout the deposition process,
the temperature inside the chamber was kept under 60 °C because a
higher deposition temperature damages the PVA nanoﬁber bundles.
After the Pd deposition, the Pd-deposited PVA nanoﬁber bundles
were transferred to a glass substrate and the PVA nanoﬁbers were
dissolved with organic solvents leaving half-pipe-shaped Pd nanotube
bundles. For stable electrical connection, two methods were used to
make sensor electrodes after the H-PdNTN transfer. The ﬁrst method
was to use a silver paste. In the second method, a tungsten wire with a
50 μm diameter was placed on top of the transferred H-PdNTN, and
Au was selectively deposited as shown in Figure S4.
Decoration of Platinum. Platinum was sputtered with a 3 mA
current under 0.1 Torr. In these conditions, 1 nm of Pt was deposited
on existing Pd nanotubes. AFM data showed that the sputtered Pt had
an average roughness of 0.1 nm in root mean square. Resistance
measurement of the sputtered Pt ﬁlm veriﬁed that the percolation
threshold had not been reached with the given deposition condition.
Gas Sensing Test. The H-PdNTN H2 sensor was tested inside a
sealed chamber with gas inlets/outlets. There was a probing station
inside the gas chamber, and the voltage across the sensor was applied
by a current source, while the current change of the sensor was
monitored in real time. A gas test was performed in a dry air
environment, and the gas ﬂows were controlled by mass ﬂow
controllers that were connected to a computer with a LabVIEW
interface. The total gas ﬂow rate was kept at 500 sccm. The H2 test
was conducted in synthetic air base by mixing N2 and O2 in a 4:1
ratio. For the temperature test, a hot plate with a thermocouple was
placed underneath the sample and left for 30 min before each gas test
for even temperature distribution throughout the test sample.

■

CONCLUSIONS
In conclusion, we demonstrated an H-PdNTN H2 sensor using
electrospinning and e-beam evaporation, followed by the
transfer to another substrate. With this method, half-pipeshaped Pd nanostructures were formed at low cost, and the
tube thickness could be easily controlled by the e-beam
evaporation process. Various material analyses revealed the
formation of H-PdNTN with its structural and chemical
characteristics. The H2 gas sensing test revealed that reducing
the thickness of the H-PdNTN H2 sensor is the main factor to
improve the H2 sensing characteristics, namely, H2 sensitivity
and response time. Our results and hypothesis on the thickness
dependency on the H2 response were conﬁrmed by calculating
the surface area-to-volume ratio of H-PdNTN for diﬀerent
thicknesses. The eﬀect of the Pt catalyst on the H2 sensing
performance was also investigated, and our experiment
indicated that the Pt-decorated H-PdNTN sensor had a
quicker response than that of the pristine H-PdNTN sensor by
almost 2-fold. The sensor followed H2 absorption characteristics on Pd according to Sievert’s law, resulting in
concentration and temperature dependence. The sensor also
showed an excellent H2 selectivity among other gases, NH3,
NO2, H2S, and CO. The proposed method does not require
expensive lithography equipment nor stringent control of
chemical etching. This method will be useful for low-cost,
facile nanostructure-integrated gas sensor fabrication because
of its simple manufacturing process and applicability to areas
such as H2 storage and biofuel cells, which would beneﬁt from
nanostructures with a high surface area-to-volume ratio.
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