Electrodeposition of nanowires
for the detection of hydrogen gas
Reginald M. Penner
Nanowires composed of noble metals are attractive candidates for chemical sensors because
they are both ductile and chemically stable in air. The single application where electrodeposited
metal nanowires have had the largest impact is that of hydrogen gas (H2) sensing. The
development of sensitive, selective, power-efficient, rapid-responding, and inexpensive H2
sensors, for the purpose of detecting leaked H2 in proximity to devices such as fuel cells, is
an active area of research. In this application, a change in the dc electrical resistance of the
nanowire from its background value signals the presence of H2 and provides an estimate of
its concentration. Two types of nanowires have been studied for use as hydrogen sensors:
Electrodeposited nanowires composed of pure palladium metal (Pd) reversibly absorb
hydrogen to form a hydride according to Pd + xH2 → PdH2x. Alternatively, nanowires that
transduce the presence of H2 may be prepared by decorating an inert, electrically conductive
support such as a carbon nanotube or a nickel nanowire with one or more eletrodeposited
palladium nanoparticles. These palladium nanoparticles impart selectivity to H2 and cause the
electrical conductivity of the composite particle/support to be modulated in the presence of H2.
Here we summarize recent contributions of electrodeposition to the development of nanowirebased sensors for H2.

Introduction
Chemical sensing using nanowires almost always means
semiconductor nanowires. Lieber and co-workers were the
ﬁrst to demonstrate in 20011 that chemically modiﬁed single
crystalline silicon nanowires could function as ChemFETs2,3—
transistors in which the gating of the channel conductivity is
effected by the speciﬁc binding of ions to receptors (e.g., antibodies) present at the surface of the nanowire.4–6
Since a pioneering study of SnO2 nanobelts by Wang and
co-workers in 2002,7 semiconducting nanowires composed of
metal oxides, especially tin oxide (SnO2), have been extensively
used as gas sensors.8–19 Although more than one mechanism has
been proposed to account for the sensing properties of these
nanowires, in one case, a redox reaction of a reactive gas such as
SO2, H2, or NH3 with the SnO2 surface or dopant atoms present at
the surface alters the electrical conductivity of the nanowire.
Nanowires composed of noble metals are attractive
candidates for chemical sensors because they are both ductile
and chemically stable in air. The single application where
electrodeposited metal nanowires have had the largest impact
is that of hydrogen gas sensing. The development of sensitive,
selective, power-efﬁcient, rapid-responding, and inexpensive

hydrogen gas sensors continues to be an active area of research.
Hydrogen gas is odorless and ﬂammable above 4% in air, so H2
sensors must be deployed in proximity to devices that employ
H2 as a fuel, such as within fuel cell-powered automobiles,
mobile electronics, and stationary power sources.20 H2 safety
sensors based upon palladium (Pd) resistors have been known
since the pioneering work of Hughes and Schubert in 1992.21
Those workers prepared resistors using evaporated ﬁlms of
Pd-Ni (8–20 vol%) with thicknesses in the 50 nm range. Those
devices produced response times of ≈10 s at 4% H2 and ≈20 s
at 1% H2 while achieving a limit-of-detection (LODH ) below
2
0.1%.21 A Pd-Ni thin-ﬁlm resistor achieves many design objectives for hydrogen safety sensors, including a low manufacturing cost, high sensitivity and accuracy, good stability, and a
simple, rugged design, but its response times (10–20 s) are too
slow by approximately an order of magnitude relative to targets
set by the Department of Energy for this technology.22
Resistive sensors based upon Pd nanowires retain the simplicity of Hughes’ palladium ﬁlm resistors while offering the possibility for accelerated sensor response and recovery and extremely
low power consumption. In this review, we summarize recent
efforts to employ electrodeposited nanowires, or components
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of nanowires, as H2 sensors, and we highlight a new fabrication
method for synthesizing palladium nanowires that streamlines the
fabrication of hydrogen sensors based upon single, polycrystalline Pd nanowires.

Electrodeposition by electrophoresis of single
Pd nanowires between shaped electrodes
Myung and co-workers23 demonstrated a versatile concept for
fabricating single Pd nanowires for H2 sensors in 2004. They
showed that single palladium (Pd) nanowires, 200–500 nm in
width, could be electrodeposited galvanostatically between
lithographically patterned gold electrodes with 2.5 mm spacing
on a glass surface. The application of a controlled current of
100 nA between these two electrodes in an aqueous solution
containing Pd2+ induced the nucleation of a Pd nanowire at one
of these electrodes and the growth of the nanowire in the direction of the second electrode across this gap.23 Nanowires with
minimum widths in the 70 nm range were obtained using this
approach, and low-resistance contacts between the gold electrodes and the nanowire also were achieved in this work.23
Yun and co-workers24,25 characterized the properties of the
Pd nanowires produced by this process for the detection of H2.
Once the circuit between the two electrodes was completed
by nanowire growth across the 2–7 mm gap, the electrolyte
solution was removed, and the resistance of the nanowire
was monitored as it was exposed to H2.24,25 In these early
experiments, nanowires with widths between 70 and 300 nm
showed detectable resistance increases upon exposure to H2
at concentrations ranging from 200 ppm to 10%.24,25

a

With optimization of this “electrophoresis” nanowire
growth process, Yun and co-workers26 have obtained a higher degree of width uniformity for the deposited Pd nanowires, culminating the ability to produce smaller wires with
widths down to 30 nm. A recent innovation in the nanowire
growth process27 has been the addition of a third electrical
contact to this apparatus (Figure 1a–d).27 This third contact
is obtained by patterning the two gold electrodes on a silicon
wafer covered with a thin gate oxide. The application of a
−10 V gate voltage to the silicon back gate during nanowire
electrodeposition modiﬁes the morphology of the nascent
nanowire during growth, producing a higher degree of wire
width uniformity and the possibility to reproducibly obtain
nanowires with diameters less than 50 nm (Figure 1e–f). The
H2 sensing properties of these nanowires, however, have not
yet been reported.27
Zamborini et al.40 showed that the directionality of palladium
growth between electrodes can be controlled by functionalizing
an electrode with a conductive polymer. The nucleation of palladium then occurs preferentially on the other electrode, and
Pd dendrites are obtained that cross a 5 mm gap. The H2 sensors
derived from these nanostructures show a reversible increase
in resistance upon exposure to H2, with a rapid time response
of <60 s and a LODH of 0.11%.
2

Electrodeposition of Pd nanoparticles onto
carbon nanotubes
Dai and co-workers28 were the ﬁrst to create hydrogen gas sensors by modifying electronically conductive but H2-unreactive

b

e

Probe A
Probe C

Vg = 0 V

Probe A

Pa 1 = 109.0 nm
Pb 1 = 90.0°

Probe B

Pa R2

Pa R1

Probe B

Pa 1
Pa 2

Gate
electrode

Pa 2 = 337.1 nm
Pb 2 = 87.5°

Working
electrodes

Working
electrodes

200 nm
f

c

d

Vg = –10 V

Pa R1
Pa 1
Pa 1 = 91.85 nm
Pb 1 = 86.4°

BG

BG

200 nm

Figure 1. Illustrations of the three-electrode deposition apparatus with and without gate electric field, respectively. (a) 3D view of non-gate
configuration and (b) 3D view of gate-assisted configuration. (c) Ion distribution of Figure 1a. (d) Ion distribution of Figure 1b. BG is back gate.
(e) Pd nanowire obtained using a gate voltage Vg = 0 V; (f) Pd nanowire obtained using a Vg = −10 V. Adapted with permission from Reference 27.
©2009, IOP Science Publishing.

772

MRS BULLETIN • VOLUME 35 • OCTOBER 2010 • www.mrs.org/bulletin

ELECTRODEPOSITION OF NANOWIRES FOR THE DETECTION OF HYDROGEN GAS

G/G0

G/G0

carbon nanotubes with evaporated palladium
a
b 1.0
metal in 2001. In their experiment, 5Å of Pd
0.8
was evaporated onto one carbon single-walled
0.6
nanotube (SWNT). This decorated nanotube
0.4
showed a LODH of 4 ppm, a response time
2
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of ≈15 s, and a recovery time of 50–200 s,
0.0
28
depending on H2 concentration. Since then,
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0
50
100
t (s)
the concept of using the electrodeposition of
c
d
Pd instead of evaporation to decorate nano1
tubes has been explored in some detail.29–36
0.1
Myung and co-workers 36 showed in 2007
0.01
that films of carbon nanotubes, decorated
with electrodeposited Pd particles, produced
0.001
0
100
200
300
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500
an increased resistance (DR/R0 ≈ 0.42%/ppm)
t (s)
upon exposure to H2 characterized by a LODH
2
of 100 ppm; however, the response time for
Figure 2. (a) Electron micrograph of a defect-free, carbon single-walled nanotube (SWNT)
device with random Pd decorations all along its length. (b) Response of the device to pulses
these devices exceeded 10 minutes. 36 Sun
of H2 in air, before (blue) and after (red) the Pd deposition. Note that despite using Pd
32,33
also investigated the potential
and Wang
metal for the contact electrodes, no response is observed without additional Pd decoration.
(c) Atomic force topography image of a second carbon SWNT following the production of a
of carbon nanotube mats decorated by elecpoint defect and selective decoration of the site with Pd (same scale as in a). (d) Response
trodeposited Pd particles, and these workers
of the defective device, before (blue) and after (red) Pd deposition, plotted on semilogarithmic axes to show the nearly thousand-fold response. The conductivity G becomes
created H2 sensors on ﬂexible polyethylene
very small in H2 but remains measurably nonzero. In (b) and (d), the H2 test exposures have
terephthalate substrates characterized by an
similar but nonidentical timing that is depicted as gray hatched stripes; the four data sets are
LODH of 100 ppm, with somewhat more rapid
aligned for straightforward comparison. Adapted with permission from Reference 54. ©2010,
2
American Chemical Society.
response times to H2 of a few minutes.
The mechanism by which the palladium
particles communicate electrically with carbon
and this fracturing process activated a unique mechanism for
nanotubes is not well understood. Collins and co-workers37
have demonstrated that the presence of defects in the carsensor function that permitted the fractured nanowires to detect
bon nanotube increases the electronic coupling that occurs
H2 at concentrations above 2%.41,42 The Pd nanowires investigated in these experiments were prepared by electrodepositing
between the Pd particle and the nanotube. The defects within
these metals onto stepped graphite electrodes.43,44 This process,
the SWNT can be electrochemically generated,38,39 and the
subsequent nucleation and growth of electrodeposited Pd on
called electrochemical step edge decoration (ESED), produced
such a defective SWNT occurs with a high degree of selecensembles of hundreds or thousands of metal nanowires oritivity at the defect site(s).37 SWNTs with induced defects on
ented in parallel arrays that were spaced on the graphite surface
which Pd has been electrodeposited (Figure 2b and 2d) show
by less than one micron. We were able to fabricate sensors
a decreased conductivity G/G0 (same as increased resistance)
from ensembles of metal nanowires, but single nanowires could
in the presence of H2 that is higher by three orders of magnot be electrically isolated from these ensembles, and sensors
nitude as compared with the response observed at pristine,
containing single metal nanowires were not realized.
defect-free SWNTs decorated with electrodeposited Pd, in
These deﬁciencies of the ESED process motivated the develspite of the fact that a much larger quantity of Pd decorates
opment of a new nanowire fabrication method with the capability
the SWNT in this case (Figure 2a and 2c).37
to pattern metal nanowires on dielectrics in a parallel process. Erik
Nanowires of metals other than Pd also can serve as inert
Menke, a graduate student, developed the process in 2005. Menke
supports in much the same way as carbon SWNTs. For examdemonstrated that photolithography could be used to prepare a
ple, Myung and co-workers34 recently showed that nickel
template for electrodeposition of gold nanowires.45 This template
nanowires could be controllably broken to produce a gap
consisted of an evaporated nickel layer covered by photoresist
100 nm in width. This gap could then be backﬁlled with Pd
that was photopatterned. The exposed nickel was subsequently
by electrodeposition. The resulting hybrid Ni/Pd structure
removed by oxidative dissolution, and these etching conditions
functioned as a hydrogen sensor over the concentration range
were optimized to controllably over-etch the nickel layer, producfrom 0.1% to 4% H2.34
ing an undercut of the photoresist at the edges of the patterned
region (Figure 3). This template was then immersed in a gold
Lithographically patterned nanowire
plating solution from which gold was electrodeposited at the
electrodeposition
nickel nanoband electrode. After removal of the photoresist and
We ﬁrst investigated the properties of ensembles of Pd nanonickel, scanning electron microscopy (SEM) images of the resultwires for detecting hydrogen gas (H2) in 2001.41 These nanoing nanowires showed they were rectangular in cross-section,
wires spontaneously fractured upon exposure to H2 above 1–2%,
an indication that their dimensions had been determined by the
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horizontal trench in which they nucleated and
top view
grew. We named this new method lithographically patterned nanowire electrodeposition or
LPNE.45–47 LPNE shares the ability of electron
beam lithography (EBL) to pattern metal nanowires that are much smaller than the diffraction
limit of light, ≈l/2 (where l is the wavelength),
but like photolithography, LPNE is a parallel process that can be used to blanket the surface of a
silicon wafer with nanowires in a single series of
a
b
c
d
e
processing steps.45–47 LPNE also can be used to
Figure 3. Process flow for the electrodeposition of nanowires using the lithographically
prepare a single nanowire in isolation on a surpatterned nanowire electrodeposition process. (a) Starting material of glass substrate
(light gray) with Ni layer (dark gray) and photoresist (red). (b) The photopatterned template
face, a capability that often is exploited.
consists of an evaporated nickel layer on glass covered by photoresist. (c) The exposed
The growth by electrodeposition of a Pd
nickel was subsequently removed by oxidative dissolution, and these etching conditions
were optimized to controllably over-etch the nickel layer, producing an undercut of the
nanowire in the horizontal trench produced
photoresist at the edges of the patterned region. (d) This template was then immersed in a
in the LPNE process occurs in three phases
gold plating solution from which gold was electrodeposited at the nickel nanoband electrode.
45
(Figure 4). First, immediately after the
(e) After removal of the photoresist and nickel, scanning electron microscopy images of the
resulting nanowires (orange) showed they were rectangular in cross-section, an indication
application of a plating voltage for palladium,
that their dimensions had been determined by the horizontal trench in which they nucleated
the current increases as palladium nucleates
and grew.
along the entire length of the nickel nanoband. When this nucleation process is complete, a quasi-constant deposition current is
a
b
observed during growth of the conﬁned metal
nanowires, because the wetted surface area
of the conﬁned wire is constant, and because
for such a kinetically controlled reaction, the
deposition current per unit area of the metal
is constant. Terminating growth during this
phase results in a nanowire having a rectangular cross section, such as seen in Figure 4b. If
wire growth is continued, deposited metal ﬁlls
the trench and begins to emerge from it, and
c
the total current increases because the wetted
surface area increases. This “blooming” or
“overgrowth” of the nanowire is generally
avoided because with it, one relinquishes
control over the thickness of the nanowire
along one of its edges. However, intentionally
allowing a nanowire to bloom provides a convenient means by which the trench depth may
be determined, since the deposited nanowire
Figure 4. The filling and the eventual over-filling of the trench with gold, platinum, or
is an imprint of the trench, and its dimensions
palladium produces a distinctive wire electrodeposition current transient: (a) Electrodeposition
may be determined directly from the bloomed
current versus time for the potentiostatic nucleation, growth, and overgrowth (or “blooming”),
of a palladium nanowire at +0.225 V versus standard calomel electrode. This aqueous
nanowire using SEM (Figure 4c).
solution contained 2 mM Pd(N03)2, 2 mM saccharine, and 0.1 M KCl. The quasi-constant
SEM images of typical nanowires
current seen from 20 to 50 seconds occurs because for this kinetically controlled deposition
process, current is proportional to the wetted surface area, which remains constant while
(Figure 5) show the degree of uniformity that
growth of the nanowire is confined to the horizontal trench. (b) Gold nanowire with a
is obtained for nanowires of gold and pallarectangular cross-section obtained for trench-confined growth for 100 s and (c) gold nanowire
deposited for 1000 s showing “blooming” from the edge of the photoresist. Adapted with
dium. The LPNE method provides for orthogopermission from Reference 55. ©2006, Nature Publishing Group.
nal control of nanowire width and thickness:
The thickness dimension is controlled by the
thickness of the nickel layer deposited in the
ﬁrst step of the process (Figure 6a), whereas the width dimenchanged independently and without cross-talk. Minimum
sion depends on the electrodeposition duration (Figure 6b).
widths for gold and palladium nanowires are 20–30 nm,
Because they are controlled by completely different process
while the minimum thickness is ≈5 nm. The rectangular
parameters, these two critical nanowire dimensions can be
cross-section of these nanowires is apparent in the atomic
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a

b

Palladium nanowire-based H2
sensors prepared by LPNE

Our early work on the use of Pd nanowires for
H2 detection revealed a serious problem:41,42,50–52
Exposure of these nanowires to H2 above 1–2%
induced periodic fracturing of the nanowire along
its axis. Fracturing was observed to occur for Pd
nanowires in the 200–300 nm diameter range prepared by electrochemical step edge decoration41,42
and also for the smaller Pd nanowires prepared
by LPNE.52 Although fractured nanowires retain
Figure 5. Scanning electron micrographs of linear nanowires: (a) gold and (b) palladium.
Adapted with permission from Reference 46. ©2008, American Chemical Society.
the ability to detect H2 at concentrations higher
than 1–2%,41,42,52 this limit-of-detection is much
too high to enable the use of these devices as
safety sensors. We experimented with the addition
a
b
of ethylenediaminetetraacetic acid (EDTA)—
a complexing agent for Pd2+—to the plating
solution used for nanowire growth. The Pd nanowires prepared from EDTA-containing solutions
appeared identical to those prepared in its absence
(Figure 7a–b), but the presence of EDTA in the
plating solution increased the mean grain diameter of the nanowire from 6 nm to 15 nm (Figure
7 c–d). Remarkably, this subtle change eliminates
fracture as a failure mode for these nanowires in
the presence of H2 at any concentration.52
The performance of two Pd nanowire sensors prepared using this procedure is summarized in Figure 8. These nanowires are able to
c
detect H2 at concentrations ranging from 2 ppm
to 10%—reducing the limit-of-detection by a
factor of 1/50,000 as compared with fractured
Pd nanowires.41,42,52 A critical issue for H2 sensors
tasked with detecting leaked H2 is the response
time, deﬁned as the time required for the resistance of the sensor to increase from 10% to 90%
of the ﬁnal resistance value at each concentration.
A strategy employed to accelerate the response of
resistor-based H2 sensors has been to resistively
heat the sensor surface, but even when carried out
Figure 6. Control of nanowire thickness and width for wires of Au, Pt, Pd, and Bi:
(a) Nanowire thickness measured by atomic force microscopy versus the thickness of
with elegant engineering,53 this approach comthe nickel or silver sacrificial layer. (b) Nanowire width measured by scanning electron
promises the power efﬁciency of the device. In
microscopy versus the electrodeposition duration. (c) Nanowire cross-sectional profiles
measured by atomic force microscopy. Adapted with permission from Reference 46.
our initial investigations of single Pd nanowire
©2008, American Chemical Society.
devices operated at room temperature without
joule heating, we have measured response times
in the range from 2 s (at 10% H2) to 500 s (at
force microscope traces of gold nanowires (Figure 6c). Metal
2 ppm) for a sensor containing a 11 × 93 nm nanowire. Since
nanowires prepared by LPNE are polycrystalline with grain
the lower explosion limit for H2 is 4%, a response at 1% H2 is
considered a critical metric, and the U.S. Department of Energy
sizes typically in the 4–100 nm range.
has suggested a target of 60 s for sensor response at this conIn the LPNE process, electrodeposition produces nanowires,
centration. For three nanowires ranging from 10 nm to 48 nm in
so many materials can be used to make nanowires using this
thickness, we measured response times ranging from 20 s to 70 s
method. In addition to Pd, to date we have used LPNE to preat 1% H2. Both response times and recovery times are observed
pare nanowires composed of other metals (e.g., Au, Pt, Pd),45–47
a semimetal (e.g., bismuth),46 a II–VI semiconductor (CdSe),
to decrease with a reduction in the nanowire dimensions—both
and a thermoelectric material (PbTe).48,49
width and thickness. But signiﬁcantly, no penalty attends the use
MRS BULLETIN • VOLUME 35 • OCTOBER 2010 • www.mrs.org/bulletin

775

ELECTRODEPOSITION OF NANOWIRES FOR THE DETECTION OF HYDROGEN GAS

a

of the smallest nanowires we have investigated
in terms of the durability of these wires or the
reliability of the single nanowire H2 sensors constructed from them. These smallest wires exhibit
the highest H2 sensing performance in terms of
sensitivity and response/recovery time.

b

Summary

111
200
220
311

c

Three distinct approaches for preparing H2sensitive nanowires for sensors have been
described to date. In all three cases, fundamental aspects of the sensing mechanism
responsible for signal transduction by the palladium, sensitivity to H2, and the measured
response and recovery times remain to be elucidated. With this information, an optimization of these sensors will be possible, and the
performance of these devices can be further
improved. But it is already clear that electrodeposition has found an important niche
for the versatile fabrication of nanowires for
H2 sensors that are capable of state-of-the-art
H2 sensing performance.

111
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d

Acknowledgments
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Figure 7. Pd nanowires prepared by lithographically patterned nanowire electrodeposition.
(a–b) Atomic force microscope images of Pd nanowires at (a) low and (b) high
magnification. (c–d) Transmission electron microscope images of Pd nanowires prepared in
the absence of (c) ethylenediaminetetraacetic acid (EDTA) and presence of (d) EDTA
showing the grain structure. Grain diameter histograms for wires of each type are also
shown. Adapted with permission from Reference 52. ©2009, American Chemical
Society.
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I have been fortunate to have excellent
co-workers. All of our recent hydrogen sensing
results have been obtained by graduate student
Fan Yang. Other important contributions were
made by Erik Menke, Chengxiang Xiang,
Sheng-Chin Kung, David K. Taggart, Michael
A. Thompson, Aleix G. Güell, Yongan Yang,
and Jung Yun Kim. We have enjoyed a longstanding collaboration with Prof. John C.
Hemminger and his students John Newberg,
Matt Brown, and Ming Cheng in the area of
x-ray photoelectron spectroscopy investigations
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Figure 8. ΔR/R0 response of two Pd nanowire sensors (inset) over a wide H2 concentration range. (a) 0.02% to 0.1% pulses with a duration of nine hours.
(b) 0.2% to 1.0% H2 pulses with a duration of three hours. (c) 1.2% to 2.0% H2 pulses with a duration of 3.5 hours. (d) 4% to 10% H2 with a duration of
3.5 hours. Adapted with permission from Reference 52. ©2009, American Chemical Society.
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