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For hydrogen sensors built with pure Pd nanowires, the instabilities causing baseline drifting and
temperature-driven sensing behavior are limiting factors when working within a wide temperature range.
To enhance the material stability, we have developed superlattice-structured palladium and copper
nanowires (PdCu NWs) with random-gapped, screw-threaded, and spiral shapes achieved by wet-chemical
approaches. The microstructure of the PdCu NWs reveals novel superlattices composed of lattice groups
structured by four-atomic layers of alternating Pd and Cu. Sensors built with these modified NWs show
significantly reduced baseline drifting and lower critical temperature (259.4 K and 261 K depending on the
PdCu structure) for the reverse sensing behavior than those with pure Pd NWs (287 K). Moreover, the
response and recovery times of the PdCu NWs sensor were of ~9 and ~7 times faster than for Pd NWs
sensors, respectively.

alladium nanowires (Pd NWs) with large surface-to-volume (S/V) ratio are widely investigated as pref-

erential candidates for hydrogen sensor development. Standardly, palladium absorbs hydrogen to form a

hydride (PdHx) that changes its resistivity' *. This behavior can be modified in NWs by the o - 3 phase
transition of PdHx that causes their response to change to a percolation controlled one. Recently, temperature-
dependence investigations® within the 120-370 K range showed that at a failing certain critical temperature the
sensing behavior changes from the typical bulk response, where the electrical resistance of the NWs increases, to
the percolation-type behavior where the resistance decreases instead. Meanwhile, the o - § phase transition>*”
that occurs above hydrogen 1%-2% volume concentrations®, may reduce their stability and reproducibility.

The doping of Pd with other metals has been reported to be an efficient way to reduce or prevent o - B phase
transitions in PdHx, therefore improving the sensor stability. For example, the transition is reduced when doping
with silver (Ag) above 25 atomic%, and does not occur when the concentration is above 30 atomic%°. The doping
of Pd with other materials such as Cr has also yielded improvements in sensor response and stability'’. Hence,
other Pd-based bimetallic NWs''"** have been investigated. Composites can form superlattices which are defined
as unit cells periodically stacked along a specific direction'. For example, the stacking sequence can be
“...ABABAB...”" or “... ABCABCABC...”"®". To our knowledge, the investigated superlattice NW's are mostly
semiconductors'®'”"*' If the “ABAB...” stacking sequence is applied to Pd-based bimetallic superlattices, Pd
atomic layers are thus isolated by those of other metals, which may prevent the o - B phase transition.
Additionally, it is still a challenge for hydrogen sensors prepared with NWs to further enhance the S/V ratio,
even when the diameter of NWs is decreased or Pd nanotubes (NTs)** are employed. For the fabrication of NWs
with very small diameter, either costly preparation or complicated procedures are involved®***. In the case of
sensors built with Pd NTs, the gas may remain inside the NT's when the hydrogen source disappears thus causing
an increase in the sensor’s recovery time. So far, few new NW shapes such as spiral-shaped NWs of various
materials®*” have been reported. Thus, it is reasonable to propose Pd superlattice-based NWs with desired
shapes to enhance the sensor’s stability by reducing the o - § phase transition of PdHx, as well as the sensor’s
sensitivity by improving the S/V ratio.

Here, superlattices NWs of copper (Cu) and Pd (PdCu NWs) with random-gapped, screw-threaded, and spiral
shapes have been synthesized by electrochemical deposition and subsequent chemical etching. The enhanced
stability of hydrogen sensors built with these new nanostructures is compared with similar data using Pd
nanowires and the results discussed.
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Results

The PdCu NWs were synthesized by electrochemically depositing
PdCu NWs with pre-contoured shapes inside the nanochannels of
anodic aluminum oxide (AAO) templates, and then partially etching
away the copper. The synthesis process and the resultant products
are described in Figure 1a and 1b, respectively.

PdCu NWs pre-contoured shapes before etching. The representative
field-emission scanning electron microscope (SEM) images of PdCu
NWs in Figure 2a are seen to be uniform (~70 nm in diameter), from
which the periodic-gapped contours are observed on the surface. More
SEM characterizations provided in the Supplementary material
(Supplementary Figure S1) show other contours. Correspondingly,
the TEM images reveal that the surface shapes of NWs can be
smooth (Figure 2b), random-chapped (Figure 2c) and periodic-
gapped (Figure 2d-e) as designed. A representative energy disper-
sive X-ray spectroscopy (EDS) mapping was done to confirm the
composition (Supplementary Figure S2).

PdCu NWs with modified shapes after etching. The SEM image in
Figure 3a shows screw-threaded PdCu NWs, from which the NWs
arrays have similar diameter (65 nm). Correspondingly, the presence
of the PdACu NW with random-chapped (Figure 3b), random-gapped
(Figure 3c), screw-threaded (Figure 3d) and spiral (Figure 3e) shapes
were confirmed with TEM observations, respectively. More SEM
characterizations (Supplementary Figure S3) can be seen with
other modified shapes. We tried various conditions, and found
that the desired shapes were achieved according to the contours of
pre-synthesized PdCu NWs, etching temperature and duration. For
example, random-chapped (Figure 3b), random-gapped (Figure 3c),
screw-threaded (Figure 3d), and spiral (Figure 3e¢) NWs (~70 nm in
diameter) were achieved by etching for 20 min, 25 min, 15 min, and
25-35 min at 50°C, respectively. If excessive etching was applied,
broken PdCu NWs were obtained (Supplementary Figure S$4).

Observation of the superlattice structure of PdACu NWs. A TEM
image of PdACu NWs (Figure 4a) with smooth surface was analyzed
before the etching procedure. From the selected area electron
diffraction (SAED) pattern in Figure 4b and the high-resolution
TEM (HR-TEM) in Figure 4c, we can conclude that PdCu NWs
show high crystalline quality. By further magnification, we can see
two Cu and two Pd lattice planes (both (111) planes) forming one
PdCu group, with interplanar spacing varying between ~0.55 nm
(Figure 4d), ~0.60 nm (Figure 4e) and ~0.65 nm (Figure 4f) as the
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Figure 1| Synthesis process and resultant products. Panel (a), schematic
synthesis of shapes-modified superlattice PdACu NWs. I, pre-
electrodeposited PACu NWs released by dissolving AAO template. II,
partially etching Cu. Panel (b), the resultant products obtained with III

random-chapped, IV random-gapped, V screw-threaded and VI spiral
shapes.
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Figure 2 | The pre-contoured shapes. The SEM images of PdCu NWs
arrays with the shapes of (a) periodic-gapped shapes; The TEM images
with (b) smooth, (c) random-chapped and (d—e) periodic-gapped shapes.
The scale bars are all 100 nm.

result of the lattices coincidence between Pd and Cu. The periodic
groups arrays (...AAAA...sequence) constitutes a superlattice, as is
schematically depicted in Figure 4g. Moreover, a twin structure
(Supplementary Figure S5a) was observed, where the twin
boundary is composed of coherent PdCu superlattices groups.
Additionally, the interface between two Pd lattices and one PdCu
lattice group was resolved along the right line of the inset TEM image
in Figure S5b of the Supplementary information, which further
confirms that one PdCu lattice group is comprised of two Pd and
two Cu lattices. Additionally, we also resolved PdCu NW with
modified shapes, and found that the superlattice microstructures
were not destroyed by etching (Supplementary Figure S6).

Sensor prototypes and sensing response within 150-370 K tempe-
rature range. To build hydrogen sensors with these new materials,
inter-digitated electrodes (IDEs) were employed to integrate the
PdCu NWs®. The sensor prototypes in Figure 5a were built with
multiple NWs, in which PdCu NWs across the IDEs are randomly
aligned and overlapped (Supplementary Figure S7). In this way,
PdCu NWs with shapes mentioned above can be integrated as
desired. Here we take PACu NWs with screw-threaded shape as an
example for description. A SEM image is presented in Figure S8 (top
panel, Supplementary information), from which the Cu atomic
composition obtained from EDS analysis is ~31%. Figure 5b shows
a representative sensing response tested at 310.3 K, in which one can
see that with an applied voltage of 0.15 V, a hydrogen concentration
as low as 0.1% (v/v) can be detected. Similarly, other sensors built

Figure 3 | The modified shapes. The SEM images of PdCu NWs arrays
with (a) screw-threaded shapes. The TEM images of PdCu NWs with (b)
random-chapped, (¢) random-gapped, (d) screw-threaded and (e) spiral-
shaped shapes. The scale bars are all 100 nm.
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Figure 4 \ Observation of the superlattice of PdACu NWs. (a), The TEM image of a PACu NWs. (b), The SAED pattern taken from the dashed circle in (a).
(c), A HR-TEM image taken from the dashed rectangle in (a), the enlarged HR-TEM images in (d), (e) and (f) are from the corresponding dashed

box (d), (e) and (f). (g), The scheme of the superlattice.

with NWs of smooth (central panel, Supplementary Figure S8), and
random-gapped (bottom panel, Supplementary Figure S8) shapes
were studied. However, either a non-linear relation between the
change in the electrical resistance and the applied hydrogen
concentration was obtained (central panel, Supplementary Figure
S8) or a higher temperature (370 K) was required to get a better
response (bottom panel, Supplementary Figure S8). The
temperature stability of the screw-threaded NWs was tested within
150-370 K range (For detail, see Supplementary Figure S9). We
found that at higher temperatures (e.g., at 310 K), the sensor shows
a response with an increase in resistance (RH (+)), while on at lower
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temperatures (e.g., at 150 K), it responds with a decrease in resistance
(RH (—)). However, when the temperature reached to 259.3 K, weak
responses were detected even if 3% H, (v/v) was introduced.
Accordingly, the temperature dependent resistance change (AR)
plotted in Figure 5c indicates that the critical temperature where
the sensing behavior is reversed occurs at ~259.4 K, which is
much lower than the values observed in Pd NWs systems (287 K)°.
Similarly, the sensors with NWs of random-gapped shapes were
investigated, and the critical temperature in Figure 5d was obtained
~261 K (For detail, see Supplementary Figure S10), which is close to
that of the screw-threaded shapes (~259.4 K).
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Figure 5 | Hydrogen sensor prototype and sensing response. (a), The hydrogen prototype. (b), The AR response plots of NWs with screw-threaded
shapes at 310.3 K. The temperature-dependence AR plots of (¢) screw-threaded and (d) random-gapped PdCu NWs. The resistance modes, negative
values (below Tc) corresponds to the RH (—) mode and positive ones to the RH (+) mode.
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Additionally, to investigate the baseline stability of the sensors, we
compared PdCu NWs sensors against Pd NWs ones built in similar
ways. Pristine sensors were exposed to a 2000 sccm gas flow of 100%
N, and 0.5% H,/99.5% N, (v/v) alternating every minute for 200
minutes and the baseline stabilization was analyzed (Figure 6a).
The comparison shows that the PdCu-based sensor achieves a stable
baseline significantly faster than the Pd-based one. From further
analysis (Figure 6b—c), we found that the response and the recovery
times of the PdACu NWs sensor was of ~9 and ~7 times faster than
those of the Pd NWs sensors, respectively. However, with the same
applied voltage, the sensitivity of the sensors with Pd NWs is of ~4
times larger than that with PdACu NWs. These results are consistent
with the fact that the PdACu NWs still contain Pd domains.

Discussion

When samples were prepared before etching, the electrochemical
deposition of pre-contoured NWs plays a crucial role in the prepara-
tion of PACu NWs with textured surfaces. In our electrochemical
deposition, we tried various electrolytes and parameters, finding that
the contours of PdCu NWs were highly dependent on the Pd and Cu
cations relative concentrations, pH value of the electrolytes, and
applied voltages. For example, PdACu NWs with a smooth surface
(Figure 2b) formed at the conditions {voltage 1.2 ~ 2.2 V, Pd:Cu
cations molar content 1 ~ 1.5 and pH 7 ~ 8}. In this case both, Pd
and Cu cations, are evenly electrodeposited forming superlattice
NWs structures. While PdCu NWs with random-gapped
(Supplementary Figure 2), random-chapped (Figure 2¢) and peri-
odic-gapped (Figure 2d-e) contours were usually obtained at the
conditions {voltage 1.3 ~ 1.8 V, Pd: Cu cations molar content 0.9
and pH 5 ~ 6}, {voltage 2 ~ 2.8 V, Pd: Cu cations molar content 1 ~
2 and pH 7 ~ 9}, and {voltage 1.4 ~ 2.6 V, Pd: Cu cations molar
content 1 and pH 4 ~ 6}, respectively. It has been reported that the
enriched H" ions in an acidic solution around the AAO-channel wall
produces a higher content of adsorbed hydrogen, which allows the
Pd cations to be deposited along the wall in the presence of the
[PACL,] @2~ (2 = n = 4) while the Cu ones are not*>**, We should
point out that Pd(NH3),Cl, rather than PdCl, was selected for the
electrolyte, otherwise Pd nanosprings would be obtained after etch-
ing®. Additionally, an appropriate voltage was applied to guarantee
that Cu cations were able to be electrodeposited in-between the Pd
atoms and thus form PdCu superlattices.

For the PdACu NWs synthesized here, Cu ions are co-electrodepos-
ited alternately with Pd ones rather than being separated as it is in the
case of Pd nanosprings that form after completely etching away the
Cu atoms®. In order to partially etch Cu ions away from as-synthe-
sized PdCu NWs, mixed solutions of CuCl, and HCl were utilized.

Twining superlattices have been reported previously'®'>*, which
are usually featured in semiconductors based on a periodic array of

twinned stacking faults. However, in the case of PdCu NWs, both the
Pd and Cu are metallic and face-centered. The (111) lattice spacing of
Pd and Cu are 0.22 nm and 0.20 nm, respectively, and thus the
distortion between Cu and Pd planes leads to lattice groups different
in width (Figure 4d-f). In our case, four layers of alternating Pd and
Cu atomic planes form a PdCu group, and then PdCu groups’ arrays
constitute a superlattice (Figure 3d). In other cases, superlattices were
reported with the atomic planes stacked layer by layer'”"*.

Our PdCu superlattice structures are made of four alternating
layers of Pd and Cu atoms, as shown in Figure 4. In such case, Pd
atomic layers were isolated by Cu atoms, and the o - 8 phase trans-
ition is expected to be reduced or prevented depending on the frac-
tional percentage of Cu. The Cu atomic fraction of the PdCu NWs in
the top-panel, central-panel and bottom-panel (Supplementary
Figure S8) are 31%, 2% and 44%, respectively. However, PdCu
NWs with screw-thread shapes corresponding to 31%, show the best
stability when compared with the other two. On one hand, the obser-
vation confirms that PdACu NWs show a better response than Pd
NWs with very low Cu concentration (as in the case of 2%) do. On
the other hand, the sample with a 44% Cu average fraction was not
modified by etching away the excess Cu that apparently prevents a
faster absorption of hydrogen in some regions of the NW. Thus, the
etching process is important for the sensing response.

Changes in the mechanical properties of PdCu and Pd NWs due to
hydrogen absorption were used as another way to test the changes in
the crystal structure due to the H-absorption. Observations were
made by performing in-situ TEM-AFM tests on pristine and hydro-
gen-exposed Pd and PACu NWs under axial compression and ten-
sion. From the stress-displacement analysis, pristine-to-hydride
approximate embrittlement ratios of 1:5 and 1:4 were obtained
for the Pd NWs and PdCu NWs, respectively. Such results confirm
that the PdCu structure expands less by the insertion of H atoms than
the Pd one. The detailed description can be found in Supplementary
Figure S11-S12.

Our results are consistent with NWs made of PdCu superlattices in
which the PdH, phase transition that occurs in Pd during the hydro-
gen absorption cycle is prevented by the incorporation of the Cu
atoms. Thus, the volume expansion is reduced producing lesser base-
line instability and embrittlement. As mentioned above, our experi-
ments suggest that Pd domains are still present that contribute to the
saturation curve of the sensor baseline. The larger surface to volume
ratios found in the screw-threaded and spiral shapes contribute to the
higher sensitivities and the shorter diffusion paths to the significantly
faster response times measured in the PdCu sensors.

In summary, PdCu superlattice NWs with desired random-
gapped, spiral, and screw threaded shapes have been achieved by
wet-chemical routes. The technique may serve as a general approach
to synthesize composite superlattice NWs of Pd and other metals
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Figure 6 | The baseline and response comparison between the Pd NWs and PdACu NWs under the same testing conditions. (a), The baseline analysis of
PdCu and Pd NWs under H, flux (0.5% (v/v) at room temperature and atmospheric pressure. The enlarged current versus time plots from
(a) for on-off events showing the response and recovery behaviors of (b) Pd NWs and (¢) PdCu NWs.
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Table 1 | Electrodeposition parameters. PdACu NWs with pre-con-
toured shapes were electrodeposited inside the nanochannel
(~70 nm in diameter) of the AAO under various Pd:Cu cations
molar ratio and pH value of the electrolyte, and applied voltage

Pd:Cu cations  Electrolyte  Applied voltage

Shapes of PACu NWs  molar ratio pH (volt)

Smooth 1~1.5 7~8 1.2~22
Random-gapped 0.9 5~6 1.3~1.8
Random-chapped 1~2 7~9 2.0~2.8
Periodic-gapped 1 4~6 1.4~26

with modified shapes to be used in advanced sensor devices and
catalysis. Hydrogen sensor prototypes built with screw-threaded
and random-gapped shapes showed better stability than those with
pure Pd NWs. The response time and the recovery time of the PdCu
NWs sensor were of ~9 and ~7 times faster than those of the Pd
NWs ones, respectively. The temperature-stability studies provide an
experimental base for hydrogen sensors systems that work in a wide
range of temperatures such as those in aerospace crafts working in
low temperature environments. Our shaped-modified PdCu super-
lattice NWs may also have potential in high-efficiency catalyst
application.

Methods

Samples preparation. The AAO templates were fabricated similarly to previously
reported routines®. The electrolyte for NW electrodeposition contains 1 g Pd
(NH;),4Cl,, 3 g Na;CsHs0;, 2H,0, 0.5 ~ 1.15 g CuSO,4-5H,0 and 0.55 g H;BO;. The
electrolyte was buffered to pH 2 ~ 10 with HCI or NaOH solution. A thick Au layer
was sputtered onto one planar surface side of the AAO templates, fully blocking the
pores, to serve as the working electrode. With a graphite plate as the counter electrode,
the PACu NWs were electrodeposited inside the nanochannels of AAO template at
room temperature, and the electrodeposition parameters and the applied electrolyte
were summarized in Table 1. The as-synthesized samples were dissolved in 1 M
NaOH solution, and then rinsed in deionized water thoroughly.

The pre-contoured NWs were immersed in a solution of 0.3 M CuCl, with pH 3
(tuned with HCI), PdACu NWs with random-chapped, random-gapped, screw-
threaded, and spiral shapes were achieved by etching for 20 min, 25 min, 15 min, and
25-35 min at 50°C, respectively. Finally the samples were thoroughly rinsed.

Microstructural characterizations. After the samples dried, the PdCu NWs were
characterized by using SEM (JEOL JSM-7500 F, at 2 KV) with EDS (OXFORD),
TEM (Zeiss LEO 922, at 200 KV) and HR-TEM (JEOL-2200, at 200 KV).

Building sensors and testing the H, sensing response. In order to integrate the NWs
to the resistive sensors, IDE platforms were utilized. The NWs were transferred by
first sonicating the bundled NWs in alcohol and then dripping the suspension onto
the electrodes arrays; the mounting of the IDE on a chip carrier platform was made by
bonding the IDE to aluminum wires using a wire bonder (Kulicke & Soffa 4700). The
sensing measurement routine was similar to our previous work’. The testing chamber
consisted of a cryostat cooled with liquid nitrogen where the temperature was kept
constant for 20 min using a temperature controller (Lake shore, Model 330), with a
temperature stability of the order of 0.2 K. In all cases, a mixed flow of Ar (99.999%)
and H, (99.9999%) was used to fill the chamber and the H, concentration was
controlled using gas flow controllers (MKS MASS-FLOW). Initial stabilization, prior
to the measurements, was obtained by flowing 1% H, (volume)/Ar (volume) gas
mixture until the electrical current at a constant voltage became stable. The electrical
voltage was applied with a computer-controlled picoammeter (Keithley, model 6487)
and the electrical current was recorded as a function of time.
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