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ydrogen (H,) gas has many uses. For

example, it is the main propellant in

spaceships and commercial and
military launch vehicles. It is also used ex-
tensively in scientific research and industry,
notably in the manufacturing of glass and
steel as well as in the refining of petroleum
products. In 2003, the U.S. Department of
Energy accelerated its hydrogen program to
develop the technology needed for com-
mercially viable hydrogen-powered fuel
cells—a way to power cars, trucks, homes,
and businesses that could significantly re-
duce pollution and greenhouse gas emis-
sions as well as our dependence on fossil
fuels.? However, H, gas is highly volatile
and, when in contact with oxygen, can
become extremely flammable and highly
explosive. The use of effective H, sensors
to accurately and quickly respond to H, gas
leaks and to monitor manufacturing and
distribution will be crucial for the safe de-
ployment of all H,-based applications. For
example, H, gas detection in commercial
and military launch vehicles is a great con-
cern at both the propellant-filling ground-
support station and within the common
booster core during ground operations.>
Fuel cells* at the core of hydrogen-powered
cars require two types of H, sensors: sensors
to monitor the quality of the hydrogen feed
gas and, more importantly, sensors to de-
tect leaks. These H, sensors must be sensi-
tive enough to discriminate between ambi-
ent low-level traces of hydrogen and those
that are generated by a H, leak> A crucial
parameter of H, sensors in many applications
is the response time. For example, the sensors
that analyze H, content in a mixed gas and
monitor the reaction process require extre-
mely short response times to follow the fuel
cell's power generation and to shut down
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ABSTRACT The newly developed hydrogen sensor, based on a network of ultrasmall pure
palladium nanowires sputter-deposited on a filtration membrane, takes advantage of single
palladium nanowires' characteristics of high speed and sensitivity while eliminating their
nanofabrication obstacles. However, this new type of sensor, like the single palladium nanowires,
cannot distinguish hydrogen concentrations above 3%, thus limiting the potential applications of
the sensor. This study reports hydrogen sensors based on a network of ultrasmall Cr-buffered Pd (Pd/
(r) nanowires on a filtration membrane. These sensors not only are able to outperform their pure Pd
counterparts in speed and durability but also allow hydrogen detection at concentrations up to
100%. The new networks consist of a thin layer of palladium deposited on top of a Cr adhesion layer
1—3 nm thick. Although the Cr layer is insensitive to hydrogen, it enables the formation of a
network of continuous Pd/Cr nanowires with thicknesses of the Pd layer as thin as 2 nm. The
improved performance of the Pd/Cr sensors can be attributed to the increased surface area to volume
ratio and to the confinement-induced suppression of the phase transition from Pd/H solid solution
(a-phase) to Pd hydride (/5-phase).
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the engine in the event of a tank rupture.
Currently, commercial sensors suffer from
longer response times than the duty cycles
likely needed for most applications.>®
Intensive research has been conducted
in recent years to develop a new generation
of H, sensors with high speed, high sensi-
tivity, miniature size, and low cost®¢
Nanomaterials’ 3" have been a major focus
in the search for high-performance H, sen-
sing elements due to their large surface area
to volume (SA/V) ratios which could en-
hance the absorption/desorption rates of a
chemical reaction and allow for shorter H,
diffusion paths as well as confinement-in-
duced new properties. Among the various
nanomaterials available, palladium (Pd)
nanostructures’®'318227242627 haya shown
very promising properties suitable for fast H,
sensors. Pd-based H, sensors have a unique
advantage in that the surface of palladium
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can act catalytically to break the H—H bond in diatomic
hydrogen, allowing monatomic hydrogen to diffuse
into the material. Furthermore, palladium can dissolve
more than 600 times its own volume of hydrogen but
dissolves little of the other common gases such as
nitrogen, oxygen, nitrogen monoxide, carbon dioxide,
and carbon monoxide. This allows Pd to be the most
selective H, sensing material.® Finally, the Pd hydro-
genation process is reversible at room temperature,
enabling simpler designs and allowing for less power
consumption by avoiding heating to achieve elevated
temperatures.

Continuous Pd nanowires which respond to H, with
an increase in resistance have been achieved through
various nanofabrication techniques and have been
systematically investigated.®227242527 Both experi-
mental and simulation results show that their H,
sensing ability increases and their response time de-
creases when the sensors' transverse dimensions
shrink. The results clearly demonstrate that Pd nano-
wires can be excellent sensing elements for highly
sensitive and fast acting H, sensors. The utilization of
single palladium nanowires, however, faces challenges
in nanofabrication, manipulation, and achieving ultra-
small transverse dimensions. Recently, we developed a
new fabrication method®” that takes advantage of
single palladium nanowires' high speed and sensitivity
while eliminating the nanofabrication obstacles; high-
performance H, gas sensors were achieved by sputter-
depositing pure palladium onto commercially avail-
able and inexpensive filtration membranes. This nano-
manufacturing approach could enable a potential
scale-up of Pd-nanowire-based H, sensors for indus-
trial applications.

Previous results have shown that the response of the
Pd nanowire network sensors become faster when the
thickness of the network is reduced.’” However, a
crossover from continuous to broken nanowire net-
works occurs at a certain critical thickness, similarly to
what has been observed in ultrathin Pd films,"'® limit-
ing the potential for further decreasing the response
time through reduction of the network thickness.
These newly developed Pd nanowire network sensors
also inherit the drawback of the single Pd nanowire: an
inability to distinguish H, concentrations above 3%.
This deficiency of the sensor definitely hinders its
potential applications, for example, in a fuel processor
and as a safety monitor in a vehicle which require the
device to be sensitive to hydrogen in the range 1—100
and 0.1—10%, respectively.®® Here we report experi-
ments aiming to further improve the performance of
this type of H, sensor by reducing the thickness of the
network while enabling the Pd nanowires to be con-
tinuous. By first depositing a layer of chromium (Cr)
with a thickness of 1T—3 nm onto the filtration mem-
brane substrate, we create networks of Pd/Cr nano-
wires with the thickness of the continuous palladium
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layer as low as 2 nm. These Pd/Cr nanowire networks
are faster than the pure palladium counterparts in
responding to H, gas. The excellent adhesion of Cr to
the substrate also helps to significantly improve the
durability of the sensor. Even more importantly, the Pd/
Cr sensors are able to distinguish H, concentrations up
to 100%, eliminating a crucial drawback of its pure
palladium counterparts. Since this change can be
attributed to the confinement-induced suppression
of a phase transition in the Pd/H system, our results
demonstrate that the performance of H, sensors based
on Pd nanostructures can indeed go beyond the
benefits expected from the increased SA/V ratios and
shorter diffusion distances.

RESULTS AND DISCUSSION

When a metal is deposited onto a nonmetallic
substrate, it initially tends to nucleate into fine parti-
cles. The morphology of the particles is governed by
the minimization of the surface free energy.>**° Using
the equilibrium of surface tension, one can write ys4 =
Yms + Ymg €OS 0, where 0 is the contact angle between
the particle and the substrate, y is the surface or
interfacial energy, and the subscripts s, m, and g stand
for substrate, metal particle, and gas, respectively. If the
metal—substrate interfacial energy y s is smaller than
the surface energy of the substrate y 4, 6 will be smaller
than 90°. In this case, the supported particle will tend to
have a half-dome shape or even spread over to have a
raft-like morphology. If v is smaller than y,,, then 6
will be greater than 90°, and the particles tend to
appear spherical or polyhedral. In the latter case, the
layer of metal must reach a 6 dependent critical
thickness to form a continuous film on the substrate.
A crossover from continuous to discontinuous beha-
vior was observed in Pd films on SisN, and SiO,
substrates at thicknesses of 4 and 5 nm, respectively.""®

Porous Anodisc filtration membranes from What-
man—the substrates used to form Pd nanowire net-
works—are made of anodic aluminum oxide.>”*' It is
well-known that the Pd/Al,O3 system has weak me-
tal—substrate interaction.>**° Thus, a Pd layer on an
alumina substrate may be continuous only when it
achieves critical thickness. Indeed, the H, response of
this newly developed pure Pd nanowire network sen-
sor depends strongly on the thickness of the Pd layer:>’
at 7 nm and thicker, the network consisting of con-
tinuous Pd nanowires has a shorter response time
when its thickness is reduced. At 4 nm and below,
the majority of the Pd nanowires become discontin-
uous and the H,-induced resistance changes of the
network are dominated by broken Pd nanowires,
leading to a retarded H, response. We also found
coexistence of continuous and broken Pd nanowires
at thicknesses of 4 nm < d < 7 nm, where resistance
changes contributed from broken and continuous
Pd nanowires compete, which is consistent with
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observations on ultrathin Pd films on polymer (SU8)
substrates.?®

Crispin et al. found that the contact angle between
Ni and alumina can be significantly reduced by adding
a small amount of chromium. For example, the contact
angle is close to 90° on both sapphire and polycrystal-
line alumina with 10% Cr in Ni and is ~75° with 20%
Cr*** Here we demonstrate that an addition of a Cr
buffer layer as thin as 1 nm between Pd and alumina
substrates (Anodisc filtration membranes) can modify
the Pd—substrate interaction and reduce the critical
thickness of the Pd layer required to form a continuous
Pd layer. We were able to achieve networks of contin-
uous Pd nanowires with thicknesses down to 2 nm on
Anodisc filtration membranes.

Figure 1 presents a typical top-view scanning elec-
tron microscopy (SEM) micrograph of a Pd/Cr nanowire
network (sample S1) deposited onto an Anodisc13
membrane with an effective filtration pore diameter
of 20 nm. The image was taken of a Pd/Cr sample with a
nominal thickness of 2 nm for both the deposited Pd
and Cr. As listed in Table 1, we conducted experiments
on Pd/Cr nanowire network samples (samples S1—S59)
with thickness ranging from 1 to 3 nm for the Cr layer
and from 2 to 7 nm for the Pd layer with a thickness
step of 1 nm. Since the deposited Pd/Cr layer is thin
(<10 nm), the morphology of the network simply
duplicates that of the bare filtration membrane3”4!
The widths of the Pd/Cr nanowires (i.e., sections be-
tween the pores) in Figure 1 are 7—9 nm. A cross-
section SEM imaging finds no metal inside the pores,
consistent with those reported in networks of pure Pd
nanowires on filtration membranes®” and in other
perforated films sputter-deposited on nanoporous
alumina substrates.****

The resistance of a network of pure Pd nanowires
was found to decrease (or decrease after an initial
positive surge) in the presence of H, when its thickness
was reduced to less than 7 nm.” That is, its H,
responses are dominated (or affected) by broken Pd
nanowires which can become continuous and more
conductive due to hydrogen-induced dilation of Pd
grains.”>*” However, in our Pd/Cr nanowire networks,
which consist of a Pd layer thinner than 7 nm, the
resistance increases when exposed to various concen-
trations of H,, as indicated by the data presented in
Figure 2 for samples S2 and S3 based on a 2 nm Pd/
3 nm Cr network. It is evident that the resistance of
the sample initially increases with time and then
saturates at a value that depends on the H, concen-
tration. Experimentally, we did not observe hydro-
gen-induced resistance changes in the control
samples (samples C1—C4), with only Cr deposited
on both filtration membranes and Si substrates.
Furthermore, a gap closing between neighboring
Pd clusters or Pd and Cr clusters due to the dilation
of Pd clusters in the presence of hydrogen will
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Figure 1. Scanning electron microscopy (SEM) image of a

2 nm Pd/2 nm Cr nanowire network (sample S1) coated on
an Anodisc13 alumina membrane with a nominal filtration
pore diameter of 20 nm. The thicknesses of the deposited

Pd and Cr layers are 2 nm each. The scale bar is 200 nm.

TABLE 1. Baseline Resistances (R,) of the Pd/Cr Nanowire
Network Sensors

samples s1 S2 S3 S4 S5 S6 s7 S8 S9

&em 2 3 3 2 1 2 2 2 2
dfom 2 2 2 4 2 3 4 6 7
Ro (kQ) 5941 3038 2235 1290 7.806 3.800 1284 0.826 0381

“Values of d¢, and dpq are the nominal thicknesses of the deposited Cr and Pd layers,
respectively.

decrease the resistance of the nanowires. Thus, the
observed resistance increase of the Pd/Cr nanowire
networks should originate from the formation of
Pd/H solid solution (at low H, concentrations) or
Pd hydride (at high concentrations).”?%?737 This
also implies that the Pd nanowire networks are
continuous.

The dramatic effect of the Cr buffer layer on the
performance of the Pd-based network sensors can be
clearly seen in Figure 3, which presents a comparison
of the H, responses for a 4 nm thick Pd nanowire
network (sample C5) with a 2 nm Pd/2 nm Cr network
(sample S1). Although the total thicknesses of these
two networks are identical, their baseline resistances in
the absence of H, differ by a factor of more that 3
orders of magnitudes: the resistance of the 4 nm Pd
sample is as high as 10 MQ, while the replacement of
2 nm thick Pd with a 2 nm thick Cr layer reduces the
resistance to a few kQ, as shown by the data presented
in Figure 3a,b and Tables 1 and 2. Since Cr has higher
electrical resistivity than Pd,***” such an enormous
reduction of the sample resistance by the Cr layer
implies a change in the morphology of the Pd/Cr
nanowires from that of the pure Pd ones. That is, the
4 nm thick pure Pd network probably consists of
broken nanowires, while the 2 nm Pd/2 nm Cr net-
works should be continuous. Such a change in mor-
phology is reflected in the H, responses: the resistance
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Figure 2. Responses of 2 nm Pd/3 nm Cr nanowire networks to hydrogen gas of various concentrations. AR is defined as the
absolute resistance change R(t) — Ry, where Ry is the baseline resistance in the absence of hydrogen gas. The data presented in
the main panel and in the inset are from samples S2 and S3, respectively.
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Figure 3. Comparisons of the hydrogen responses of a bare 4 nm Pd (sample C5) and a 2 nm Pd/2 nm Cr (sample S1) nanowire
network which have the same total thicknesses: (a,b) evolution of the resistance with time at a fixed concentration of 60% and
(c) maximal resistance change AR\/R, at various concentrations. R is the baseline resistance in the absence of hydrogen gas,

and ARy, is defined as the maximal resistance change AR = R(t) — R, at the steady state for a specific concentration.

of the 2 nm Pd/2 nm Cr sample (sample S1) increases
when exposed to H,, in contrast to that of the 4 nm
thick pure Pd sample (sample C5) for the same H,
concentration, as indicated by the data presented in
Figure 3a,b. The same behavior was observed for all
tested H, concentrations, as demonstrated by the
concentration dependences of the maximal resistance
change ARw/Ro given in Figure 3c for these two
samples.

The above results clearly indicate that the Pd layer
with a nominal thickness of only 2 nm is electrically
connected in the Pd/Cr nanowires. This could be
understandable if the Cr adhesion layer were contin-
uous, resulting in a continuous Pd layer on top of it due
to the complete wettability between two metals.
Although a layer-by-layer growth of Cr films on alumi-
na substrates with perfect surfaces was observed, a
reduced surface promotes a three-dimensional (3D)
growth process.*® These results were attributed to the
strong chemical interaction between Cr and the alu-
mina surface and to the 3D nucleation on defect sites.*®
The extremely high resistances of our control samples
with a Cr thickness of 2 nm or less on filtration
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TABLE 2. Baseline Resistances (R,) of the Comparison
Samples

samples a Q G “ (&) () a
substrates  filter  filter  filter Si filter filter Si
dg” (nm) 1 2 3 1 0 0 2
dpg” (Nm) 0 0 0 0 4 7 2

Ry (k€2) 8500 2600 2810 2401 14290  2.089  0.123

“Values of d¢, and dpq are the nominal thicknesses of the deposited Cr and Pd layers,
respectively.

membranes (samples C1 and C2 in Table 2) indicate
that broken Cr nanowires dominate their electrical
properties. This implies that the Cr layer on the alumina
filtration membrane probably grows via a 3D nuclea-
tion process and may not be continuous when its
thickness is 2 nm or less. Due to the strong chemical
interaction between Cr and the alumina surface,*®
however, the Cr clusters should spread over a lager
area than the Pd clusters for the same nominal layer
thickness. Since the Pd on top of Cr will be continuous
and it will be easier to fill the small gaps between
neighboring Cr clusters with Pd, this can lead to a
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decrease of the total thickness required to form con-
tinuous Pd nanowires. That is, a Cr layer of 2 nm or less
in the Pd/Cr nanowires on the filtration membrane
promotes the formation of a continuous Pd layer with a
thickness less than that required in pure Pd nanowires,
even though the Cr layer itself may be discontinuous.
Furthermore, the Pd and Cr (or parts of them) may also
form an alloy, similar to that observed in the Ni/Cr
alloy,**** which can have improved wettability on the
filtration membrane than pure Pd, leading to a reduc-
tion in the critical thickness requirement for forming
continuous Pd/Cr nanowires. It is clear that more
research is needed to reveal the mechanism respon-
sible for the reduction of the critical thickness induced
by the Cradhesion layer for forming continuous Pd and
Pd/Cr layers.

When bulk Pd is exposed to hydrogen,* it forms a
Pd/H solid solution (a-phase) and a Pd hydride (3-
phase) at hydrogen contents (atomic ratios of H:Pd)
less than oy and higher than f3,,,, respectively. At room
temperature, the values of ay and 3, are 0.015 and
0.61, respectively. A mixed phase (a+/3 phase) exists at
intermediate hydrogen content. The hydrogen-in-
duced resistance change, which is the core of a Pd-
based resistive H, sensor, is very sensitive to the
hydrogen content in the a-phase and shows only a
small increase from ay, up to 3,,, composition. In the -
phase region, the resistance first increases abruptly,
reaching a value of 87% larger at ~f3 = 0.76, and then
stays nearly constant at higher hydrogen contents.
The H, concentration dependence of the resistance
change in thick Pd films follows a similar trend with
the appearance of the pure ff-phase at concentra-
tions of 1—1.5%, depending on the thickness of the
film.3® Since the resistance of Pd in the majority
portion of the pure f3-phase does not change with
H, concentration, a pure Pd-based sensor loses its
sensitivity and, thus, is inapplicable at high H, con-
centrations (>2%).

Such saturation behavior was also reported for
electrodeposited single Pd nanowires?*?” and for net-
works of pure Pd nanowires formed on filtration
membranes®” where the sample resistance first in-
creases with H, concentration up to about 1—2% and
then remains constant at higher concentrations. The
data shown in Figure 2 for the 2 nm Pd/3 nm Cr
nanowire network, however, clearly show a difference
in the resistance change induced by hydrogen with
concentrations up to 100%. This observation is further
summarized in Figure 4a where we plot the resistance
change obtained at various H, concentrations. Quanti-
tative analysis demonstrates that the concentration
dependence of the maximal resistance change ARw/Ro
follows a power-law relation with an exponent of 0.26
for concentrations up to 100%. This indicates that the
interaction of H, and Pd in the whole concentration
range follows Sievert's law.”® That is, the ratio of the
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Figure 4. Concentration dependences of the response
times and the maximal resistance changes ARy/R, for a
2 nm Pd/3 nm Cr nanowire network (sample S3) (a) and
2 nm Pd/1 nm Cr (sample S5), 2 nm Pd/2 nm Cr (sample
S1), and 2 nm Pd/3 nm Cr (sample S3) (panel b and its
inset). The response time is defined as the rise time to
reach 90% of its maximal change, i.e., AR/ARy = 0.9. The
dashed lines in (a) and in the inset of (b) represent a
power-law relation with exponents of n = 0.26 and 0.33,
respectively.
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Figure 5. Concentration dependences of the maximal re-
sistance change ARw/R, (a) and the response times (b) for
2 nm Pd/2 nm Cr (sample S1), 3 nm Pd/2 nm Cr (sample S6),
4 nm Pd/2 nm Cr (sample S7), and 6 nm Pd/2 nm Cr (sample
S8) nanowire networks. The dashed and dotted lines in

(a) represent a power-law relation with exponents of n =
0.28 and 0.68, respectively.

dissolved atomic H, to Pd atoms can be described to a
good approximation with a power-law dependence of
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the H, partial pressure (i.e., H, gas concentrations in our
experiments), and the change of this ratio leads to a
proportional ARw/R, response.® The exponent of n =
0.26 is smaller than the theoretical value of 0.5 and
that (0.58) for a 7 nm thick pure Pd nanowire
network.?” This difference can be partially attributed
to the H, insensitive resistance of the shunted Cr
layer. This hypothesis is consistent with the observed
exponent increase when the resistance contributed
by the Cr layer is smaller, as demonstrated by the
data obtained by either reducing the thickness of the
Crlayer from 3 to 1 nm while keeping the thickness of
the Pd layer at 2 nm (inset of Figure 4b) or increasing
that of the Pd (Figure 5a) from 2 to 6 nm as the Cr
layer stays at 2 nm thick. However, the change of n
(from 0.28 to 0.68) induced by increasing the thick-
ness of the Pd layer is much larger than that (from
0.26 to 0.33) by decreasing the thickness of the Cr
layer, though the changes in the ratios of the thick-
nesses of Pd and Cr layers are the same. This indi-
cates that the exponent n is strongly associated with
the confinement effect due to the thickness reduc-
tion in the Pd layer.

The power-law dependence of the resistance
change on the H, concentration implies that the
2 nm thick Pd nanowire network is in the a-phase for
the whole concentration range and that the addition
of a Cr buffer layer suppresses the o- to f-phase
transition. The absence of the f-phase can also be
inferred from the concentration dependence of the
response time, which is defined as the rise time to
reach 90% of its maximal change, as presented in
Figure 4b for a series of Pd/Cr nanowire networks with
various Cr layer thicknesses of 1, 2,and 3 nm. A peak or
bump in the response time versus concentration rela-
tion was found to accompany the o- to f-phase
transition in single Pd nanowires®®?” and pure Pd
nanowire networks.3” However, the data in Figure 4b
show a monotonic decrease of the response time with
H, concentration up to 100%.

The survival of the a-phase at high H, concentra-
tions can be a consequence of confinement effect. In
fact, X-ray diffraction measurements on Pd nanoclus-
ters reveal no o- to -phase transition in 3.8 nm sized
clusters.>' Hydrogen solubility studies®® on palladium
clusters with diameters of 2—5 nm also show that
nanoclusters in the a-phase can absorb 5—10 times
more H, than bulk palladium, shifting the maximum
hydrogen content (o) to a higher value. Hence, the
concentration range of the o-phase is extended when
the cluster size of Pd is reduced. Such an enhancement
of the hydrogen solubility in the o-phase of Pd na-
noclusters is attributed to the existence of subsurface
sites for hydrogen atoms, in addition to the usual
octahedral sites of the face centered cubic (fcc) Pd
host lattice.>* Although Pd forms a continuous nano-
wire network rather than separate nanoclusters in the
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Figure 6. Comparison of the response times of a 2 nm Pd/
2 nm Cr network (sample S1) with a bare 7 nm Pd nanowire
network (sample C6) at various concentrations.

2 nm Pd/3 nm Cr sample, the confinement effect seems
to be strong enough to sustain the o-phase up to H,
concentrations of 100%. Since the width (7—9 nm) of
the nanowires in the network is larger than the dia-
meter (6 nm) of the nanoclusters in which a- to -
phase transition was observed,*’ the extension of the
concentration range for the o-phase is due to the
confinement in the thickness direction. In this case,
the 5-phase is expected to appear when the thickness
of the nanowire network is increased. Figure 5 presents
H, responses of Pd/Cr nanowire networks with various
Pd layer thicknesses while maintaining a constant Cr
buffer layer thickness. For samples with Pd thicknesses
of 2and 3 nm, the H, concentration dependence of the
resistance change ARw/R, follows a power-law rela-
tion, and the response times also decrease monotoni-
cally with concentrations up to 100%. Thus, the a- to -
phase transition should be absent in the Pd/Cr nano-
wire networks with Pd layer thickness of 3 nm or less.
When the thickness of the Pd layer is increased to 4 nm,
the power-law dependence of the resistance change
ARwm/Ro on concentration is valid up to a H, concentra-
tion of 8%. A bump also appears in the response time
versus concentration curve. With further increase of the
Pd thickness up to 6 nm, the deviation from the power-
law relation in the ARy/Rq versus concentration curve
becomes more significant at H, concentration above
5%. A clear peak also emerges in the concentration
dependence of the response time. These features are
characteristics of the o- to f-phase transition and
reveal the existence of the -phase in the samples with
4 and 6 nm thick Pd layers. The observation of the a- to
[-phase transition in these samples indicates that the
Pd layer in the Pd/Cr networks behaves similarly to the
nanoclusters,®' electrodeposited single nanowires,*>2°
and nanowire networks®’ of pure Pd. This implies that
pure Pd with at least one dimension (e.g., thickness) of
less than 4 nm could be sensitive to H, at concentra-
tions up to 100%. Since the lattice expansion in the a-
phase is extremely small, it will be extremely challen-
ging to utilize the “gap closing” mechanism®'® to
detect H,. As observed in both films'?° and nanowire

VOL.5 = NO.9 = 7443-7452 =

2011 @%

I

N\

WWww.acsnano.org

7448



2.4 T T T

g 2.3
@Q
o
(=
©
B 2.2
7]
Q
14

21

0 100 200 300
Time (s)
440 T T T T T
(b)

— H20ff
G 4201
Q
(%)
§ 8% H,
% 400} 7nmPd/2nmCr _
o

380F ’—Hzon 4

0 20 40 60 80 100

Time (s)

Figure 7. Comparison of the responses of a bare 7 nm Pd
(sample C6) (a) and a 7 nm Pd/2 nm Cr (sample S9) (b)
nanowire networks to 8% H..

networks®” formed on bare substrates, however, a
layer of pure Pd will become discontinuous when its
thickness is reduced to less than 4 nm. Our success in
fabricating a continuous Pd layer as thin as 2 nm by
adding a thin buffer layer of Cr provides a new way to
achieve Pd-based sensors, which can be sensitive to H,
at concentrations of up to 100%.

It has been demonstrated in both single Pd nanowires®®
and Pd nanowire networks®’ that the surface area to
volume (SA/V) ratio limits the response time of the
sensor rather than the proton diffusion. This is because
the proton diffusion time in a nanostructure is far
shorter than any reported sensor response time. For
example, Einstein's expression®® yields a time of ~100
us for a proton to diffuse a distance of 10 nm. Figure 6
presents a comparison of the fastest response times
observed in a 2 nm Pd/2 nm Cr network and in a pure
7 nm thick Pd network. Though the 2 nm thick Pd
network is indeed faster at all tested concentrations,
the difference in the response times is definitely much
shorter than that (by a factor of ~12) expected from a
diffusion-limited process. Furthermore, the long re-
sponse times in the 7 nm thick nanowire network at
H, concentrations above 1% reflect a significant con-
tribution from the a- to f(-phase transition which
causes a retarded H, response.*>?® The difference
(a factor of 1.08—1.21) in response times for these two
samples in the a-phase (at H, concentrations less than
1%) is also smaller than that expected due to SA/V ratio
increase (a factor of 1.82—1.98 by assuming a rectan-
gular cross section for the Pd nanowires with a width
of 7—9 nm). This disparity is probably caused by the
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reduction of granularity in the 2 nm thick Pd nanowire
network with a Cr buffer layer. The 7 nm thick Pd
sample deposited on a bare oxide substrate should be
more granular, and the grain boundaries serve as
additional surfaces to interact with hydrogen. This
hypothesis is in fact supported by the data presented
in Figure 7: at a hydrogen concentration of 8%, the
resistance of a 7 nm thick Pd nanowire network with a
2 nm thick buffer layer of Cr remains constant between
30and 60 s, while that for the sample on bare substrate
cannot reach a steady state after more than 250 s. The
decrease of the resistance with time at a constant
hydrogen concentration indicates that the 7 nm thick
Pd nanowire network without a 2 nm thick buffer layer
of Cr is granular and the hydrogen-induced Pd grain
dilation enables more conducting paths when more
gaps between neighboring grains are shortened with
time.

The importance of surface area on the sensor re-
sponse time is further demonstrated in Figure 8 where
we compare the response times of a 2 nm Pd/2 nm Cr
nanowire network and its reference film deposited
simultaneously onto a silicon substrate (with a 300 nm
thick oxide top layer). Since the shortest hydrogen
diffusion distance of 2 nm (the thickness) is the same
for both samples, the significant decrease of the
response times in the network sample must come from
the additional surface area of the porous substrate
morphology. As discussed above, the growth mode of
a Cr film can strongly depend on the roughness of the
substrate surface.*® In fact, this can be the origin of the
pronounced difference in resistances of the 1 nm thick
Crsamples deposited on a filtration membrane and a Si
substrate (samples C1 and C4 in Table 2, respectively).
That is, the morphology of the Pd layers on Cr-coated
filtration membrane and Si substrate may not exactly
be identical, resulting in different H, absorption ki-
netics. This could account for the dependence of the
response times on H, concentration ratios in these two
types of samples, as demonstrated by the data given in
Figure 8.

Ostwald ripening, in which the larger clusters take
up mobile atoms at the expense of smaller ones in a
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for 20, 75, and 90 days.

nanocluster ensemble, is an extremely slow process at
room temperature. However, the presence of a hydro-
gen atom in the metal lattice reduces the binding
energy, thus increasing the probability of detachment
of palladium atoms.> Recently Di Vece et al. reported
hydrogen-induced Ostwald ripening at room tempera-
ture in a Pd nanocluster film.>® Such a ripening process
could also occur in our sputter-deposited Pd nanowire
networks consisting of grains of various sizes, leading
to irreversible hydrogen responses due to a morpho-
logical or structural change during a hydrogenation of
the network. Figure 9a shows a resistance versus time
curve fora 2 nm Pd/2 nm Cr nanowire network (sample
S1) with 20 loading/unloading cycles. It is evident that
the process is reversible: the resistance of the samplein
the presence of hydrogen stays precisely the same for
all cycles while it increases slightly when the hydrogen
is replaced with nitrogen, probably due to the slow
recovery which may require an even longer waiting
time. This result, along with data presented in the inset
of Figure 2 showing repeatable resistance change
during hydrogen concentration sweeping, demon-
strates that our Pd/Cr nanowire networks can respond
to hydrogen reversibly, excluding the occurrence of
Ostwald ripening. We also did not observe fracturing of
the Pd/Cr nanowires after repeated exposures to H,, in
contrast to that reported for pure Pd nanowires.?? This
robustness of the Pd/Cr sensor may be a benefit of the
strong chemical interaction between Cr and the alu-
mina surface.*®

In many applications, a hydrogen sensor needs to be
exposed to air or an oxygen environment. Though the
Cr layer is covered by the Pd layer on the top surface, it
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may oxidize by reacting with oxygen diffused in from
the sides. Such a process in the Cr layer might have an
impact on the morphology of the Pd layer and hence
on the performance of the Pd/Cr hydrogen sensor. We
addressed this issue by examining the hydrogen re-
sponses of a 2 nm Pd/3 nm Cr sensor (sample S3) just
after preparation (and stored in a drybox for a few
hours to make electrical contacts) and exposed to air
for various periods of time. The results are presented in
Figure 9b,c. Surprisingly, after storage in air, the sensor
has a larger resistance change and a shorter response
time compared to those of the pristine sample. That is,
the performance of the sensor isimproved by exposure
to air. This indicates that due to the oxidation of the Cr
layer the Pd layer may have more defects which can act
as additional hydrogen interaction “surfaces”. The
oxidation process, however, should end after a period
of time. Thus the sensor should become stable even-
tually, as demonstrated by the nearly identical resis-
tance changes of the sensor stored in air after 20, 75,
and 90 days (see Figure 9¢). The slight difference in the
concentration dependence of the response times ob-
tained after 20 days or longer air exposure indicates
subtle changes in the sensor.

CONCLUSIONS

In summary, we designed and achieved a new type
of H, sensor based on networks of ultrasmall (<10 nm)
palladium and chromium (Pd/Cr) nanowires sputter-
deposited seqgentially on commercially available and
inexpensive alumina filtration membranes. While pre-
serving the short response times of the previously re-
ported pure palladium nanowire networks, the Pd/Cr
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sensor can eliminate a crucial drawback of its predeces-
sors, that is, their ability to distinguish H, concentrations
only up to 3%. When the thickness of its Pd layer is 4 nm
and below, the new sensor is capable of distinguishing
hydrogen concentrations up to 100%. This ability is
attributed to the suppression of the o- to f-phase

METHODS

Fabrication of Pd/Cr Nanowire Networks. Commercially available
Anodisc13 membranes (Whatman Company)41 with a nominal
filtration pore diameter of 20 nm were cleaned in acetone for
10 min in an ultrasonic bath and then rinsed with deionized
water followed with an ethanol rinse. They were dried using
high-purity nitrogen gas.®” Cr and Pd were sputtered sequen-
tially onto the filtration membrane surface by employing an
ACT-2400 thin film deposition system under a base vacuum of
~1 x 1077 Torr. The working gas was argon (Ar) at a pressure of
3 mTorr. The deposition rates of Cr and Pd were 0.49 and 1.3 Ass,
respectively, determined by an in situ quartz crystal microba-
lance (QCM) thickness monitor (model TM-350 from Maxtek,
Inc.). The sputtering time for a deposited metal was defined by
using a desired nominal thickness divided by the deposition
rate. A reference film was prepared for each nanowire network
sample by placing a silicon substrate (with an oxide top layer of
300 nm) nearby during sputtering.

Scanning Electron Microscopy (SEM). A high-resolution field emis-
sion scanning electron microscope (FESEM) (Hitachi S-4700l1)
was used to image the morphology of the fabricated samples.
The samples were mounted on an aluminum holder with
double-sided carbon tape. The sample's top surface coated
with Pd/Cr was also connected to the sample holder with
double-sided carbon tape to avoid charging effects.

Hydrogen Sensing. Rectangle-shaped samples with width of
2 £+ 0.5 mm were cut from the Pd/Cr-coated filtration mem-
brane and glued onto a sample holder with the Pd/Cr nanowire
networks facing up. Four electrical contacts were made to the
sample with silver paste, and the distances between the two
voltage leads are 3 +£ 1 mm.>” The H, sensor testing was
performed by placing the sample in a sealed flow cell with a
total dead volume of 2—3 mL. An array of ultrafast solenoid
valves (response time of 25 ms) and minimized dead volume of
the gas passages were used to accurately characterize these
sensors with response times down to tens of milliseconds. H,
gas (Airgas, ultrahigh purity or with concentrations of 0.1, 1, or
10% balanced with N,) was premixed with N, gas (Airgas,
ultrahigh purity) to the desired concentrations using mass flow
controllers (Aalborg GFC17A). The purging gas is N,. The total
gas flow rate was 200 sccm. The resistance of the sample was
measured in constant current mode with a current source
(Keithly 6221), which can provide current from tens of nanoam-
peres to a few milliamperes. The voltage was recorded with a
precision high-speed digital-to-analog (DAC) board (NI6259,
16 bits, sampling rate up to 1 MS/s) via a voltage preamplifier
(Stanford Research Systems, SR560). All tests were carried out at
room temperature.
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transition due to confinement effects in the extremely
thin Pd layer. Since the maximal hydrogen-induced
resistance change for the o-phase is 6%, the sensitivity
of this new type of sensor may be limited, resulting in
stricter requirements on the signal-to-noise processing in
the electrical circuits of the sensor device.
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