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The metallic dopants in palladium (Pd) sensing materials enablethg

modification to the d-band electrons of Pd, which is expected gcg
tune the a-p phase transitions of PdH, intermediate, and th
improving the sensing stability to hydrogen. Here, the boost%qj
hydrogen-sensing stability at ultra-low temperatures has be
achieved with palladium / cobalt nanowires (PdCo NWs) as tgeé
sensing material. The various Co contents in PdCo NWs ase7
modulated via AAO-template-confined electrodeposition. TR
temperature - dependent sensing evaluations were performed %9
0.1-3 v/v% hydrogen. Such sensors integrated with PdCo NWs aéd)
able to stably detect hydrogen as low as 0.1 v/v%, even tHe
temperature is lowered to 273 K. Additionally, the critigp
temperatures of “reverse sensing behavior” of the PdCo NW§s
(Pdngolg: Tc= 194 K, Pd53C037I Tc= 180 K, Pd33C057: T = 184 K) aﬂ_ﬂ
observed much lower than that of pristine Pd NWs (T, = 287
Specifically, the Pds3Cos; NWs (~37 at% Co content) sensor shmﬁ
outstanding stability of sensing hydrogen against a-B phase
transitions within the wide temperature range of 180 - 388 K, whi

is attributed to both the electronic interaction between Pd and C6$
and the lattice compression strain caused by Co dopanﬂ:.9
Moreover, the “reverse sensing behavior” of PdCo NWs is explicithp

interpreted by using the a-B phase transitions model. 51
52

. 53
Introduction 54

Hydrogen (H,) is a green, sustainable and high-energy carrier AP
the growing hydrogen economy.l 2 However, the flammabpP
and explosive nature of H; challenges its practical applications.537
4 Hence, a reliable and stable sensor is of considera

importance to safety issues.> Pd and its alloys have beety
intensively studied for hydrogen detection and hydrogeﬁO
related catalytic reactions as molecular hydrogen eas
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dissociates on the surface of Pd with low activation barrier.638
Meanwhile, the hydrogen atoms permeate into the metallic
lattice to form PdHyx intermedium,® inducing an electrical
resistance change in a reversible manner at moderated
temperatures (< 200°C).2° In fact,
temperature hydrogen sensors employ pristine Pd or its alloys
as sensing materials.3, 11,12

Generally, PdHy features the interstitial solid solution (a
phase, x < 0.01) and Pd hydride (B phase, x > 0.7), and the two
phases coexist for 0.01<x<0.7 in bulk.’3 14 However, the
interstitial H atoms in the Pd lattice (PdH) both perturb the
electron flow and expand the volume of the solid,?>17 which
generally in two hydrogen sensing mechanisms,
identified as electron scattering (ARy > 0 in a phase ) and
hydrogen-induced lattice expansion (ARy < 0 in B phase),
respectively.’® The two sensing mechanisms are in conflict and
counteraction, and thus deteriorate the performance of
hydrogen sensors.’® Moreover, counteraction and mutual
cancellation bring temperature-dependent sensing behaviour
in Pd-based nanowires (NWSs) sensors with a critical
temperature, in which the sensor response is minimal due to a
switch on the dominant sensing mechanism, here referred as
“reverse sensing behavior”.1® The dual-switching response to H,
of ultra-small grained Pd nanopattern becomes too weak to be
detected during a-B phase transition.20

Additionally, multiple a-B phase transitions of the PdHy
intermedium induced by the hydrogen concentration and the
operating temperature, cause mechanical stress on the resistor,
resulting in deformation and delamination.2> 22 Upon repeated
exposure to H,, Pd films suffer from buckling and peeling.23. 24
Pd NWs prepared from EDTA-contained plating solution have

most of the room-

results

demonstrated that the compact nanograins enable the Pd NWs
to be less prone to fracture, even repeated exposure to 10%
H,.25 26 Meanwhile, one-dimensional (1D) nanostructures
efficiently alleviate swelling stress from hydrogenation.27-29
Moreover, previous investigations suggest that Pd alloys
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Fig. 1 (a) Schematic synthesis and integration of PdCo NWs including ( I ) electrodeposition, ( II) removal of AAO and (I1I) integration. (b) Top-view and (c) side-view SEM images of
PdCo NWs arrays. (d) TEM image of representative dual PdCo NWs, the overlapped (e) and the separated elemental mappings (e1) Pd, (e2) Co and (e3) O. (f) HR-TEM image with the

inset SAED pattern taken from the dashed rectangle and circle in (d), respectively. The scale bars in inset (f) is 1 / (10 nm).
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the most important requirements for such sensors is the abili/
to stably work over wide temperature range, either 28
extremely cold environments (e.g., liquid hydrogen tanks arf
pipes), or in much warmer devices (e.g., membrane and fud0
cell).22 Especially, hydrogen is used as a cryogenic fuel il
rockets, where it is required to detect hydrogen leakage 32
temperature around 260 K.22 Though the hydrogen sensidgd
materials of metal oxides modified with noble metals (e.g., P34
Pt and Au) 3639 show superior sensitivity, selectivity and lo3b
detection limit, of which the stability is highly dependent on ti&b
working temperature, hence those with high stability are

Ty UIUBUIT OUIIoUI DL T U LHICT IV U, Uiie

desired at low-temperature environments.
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electrodes (IED) to build sensors. The PdCo NWs sensors
presented stable sensing response to H; in a wide temperature
range. Especially, the critical temperature related to the
“reverse sensing behaviour” of the PdgCoszz NWSs sensors
lowered to 180 K in contrast with that of pristine Pd NWs at 287
K. The outstanding hydrogen-sensing stability at low
temperatures is related to the synergistic effect of the electron
modification and the lattice compression strain on Pd-based
alloy via cobalt doping, which inhibit the a-B phase transition in
PdHy.
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Results and discussion

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) XRD patterns, (b) XPS survey spectra and the high-resolution XPS spectra of (c) Pd 3d and (d) Co 2p of PdCo NWs with various Co atomic ratios, respectively.

Morphologi Figure 4. (a) XRD of PdCo NWs with various Co atomic ratio. (b) XPS fully scanned ' and
The scanni spectra of PdCo NWs with various Co atomic ratio. The XPS spectra of the Pd 3d region (c)

:?fav;': f:j and the Co 2p region (d) for PdCo NWs with various Co atomic ratio, respectively.

image in F at the
uniform cy cated
templates. et e e e \mmm1) \moer \mmers \ommy eunieS OF

ratio assisting hydrogen adsorption. The transmission electr@;
microscopy (TEM) image (Figure 1(d)) taken from twea
contiguous PdCo NWs further confirms the similar geometricgé
parameters of the NWs. The corresponding (energy dispersi\zfo
X-ray spectroscopy (EDS) elemental mappings (Figure 1(%)1
illustrate that Pd (Figure 1(e1)) and Co (Figure 1(e3)) distribug&
homogeneously along the NWs. Oxygen content (Figure l(eﬂé
is unavoidable due to the fact that electrodeposition way
performed in atmospheric environment, which is consistept
with the XPS observation described below. 46

The detailed surface of PdCo NWs is further seen in the high7
resolution TEM (HRTEM) image (Figure 1(f)). Specifically, tfzfs
lattice fringes with spacing of 0.222 and 0.193 nm are index%
tothe (111) and (200) planes of Pd (PDF#88-2335), respectiveyo
Also, the lattice spacing of 0.210 nm matches well with the (113)1
planes of Co (PDF#15-0806). Meanwhile, the selective ared
electron diffraction (SAED) pattern (inset of Figure 1(f)) shovs%
bright diffractive rings, suggesting the polycrystalline nature gﬁ
the NWs. Practically, the chemical content of palladium/coba_:;ts
in NWs were primarily modulated by tuning the molar ratio 3%
the precursors in the electrolytes. According to the atomic rat'§7
from EDS analysis (Figure S1, Supporting information), these as-

This journal is © The Royal Society of Chemistry 2019

face-centered cubic Pd (PDF#15-0806) and Co (PDF#882335),
which further indicates the formation of PdCo alloy.
Additionally, the crystallite sizes were evaluated using the
classical Scherrer formula to the major diffractive peaks 4°:
D =KA/(f cos ) (1)
where, D is the average crystallite size, 4 is the wavelength of
the X-ray radiation (Cu Ka = 0.15418 nm), K is the Scherrer
constant (0.89) for spherical shape, 8 is the full width at half-
maximum height (FWHM), and @ is the Bragg diffraction angle.*!
The calculated results are summarized in Table S1 of the
Supporting information. It can be seen that the grain size
increases with the increase of Co content. Meanwhile, the
diffractive peaks shift positively, revealing that the lattice
contraction. As previously reported,*2 43 the lattice stress of Pd
alloys may suppress the excessive expansion of the PdHx
intermediate to relieve Pd lattice of the deformation, which lies
the foundation for the hydrogen-sensing stability at
temperature.

The X-ray photoelectron spectroscopy (XPS) spectra of PdCo
NWs in Figure 2(b) suggest the existence of Pd, Co, O and C
elements, in which the C element may arise from

low

Nanoscale | 3
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shifted along with the increasing Co content, which is consiste2d
with the fact that the Co 2p BEs are positively shifted along wizb
the increasing Pd content. The phenomenon is mainly ascribéb
to the electron interaction between Pd and Co, which impli@¥
that the electrons transfer from Co to Pd. Such electron-rid8
state in Pd may assist hydrogen adsorption and dissociatiod9
Consequently, the electron d-band of Pd is modified by alloyi3d)
with cobalt, which is expected to improve its sensing stability 3fl

low temperature. 32
33
Hydrogen sensing stability 34
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that the “reverse sensing behaviour” for pristine Pd NWs occurs
at 287 K, which greatly degraded the sensing stability to
hydrogen. Apparently, the critical temperature of the “reverse
sensing behaviour” of PdCo NWs is far below 273 K; accordingly,
the stable working temperature-range is widened.

Figures S2(a) - (f) in the Supporting information further
display the response time (Tes) and the recovery time (Tyec) of
those sensors to 3% and 1% H, at 273 K, respectively. Compared
to other two sensors, the Pdg3zCos7; NWs sensor presents both
faster response to Hy (Tres ~ 85510 0.1% / Tres ~ 90 s to 3%) and
quicker hydrogen desorption process (Trec ~ 200 s to 0.1% / Trec
~170 s to 3%). By contrast, the Pd33Cos; NWs sensor shows

This journal is © The Royal Society of Chemistry 2019
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Table 1. The critical temperature of various Pd-based NWs sensors

The critical Ry (+) mode response
Sensors temperature working temperature R
(Tc) range
Single Pd
263 K 263-370K
NW
Multiple Pd
287 K 287-370K
NWs
P-PdCu 264.2 K 264.2-370 K
PS-PdCu 257.2 K 257.2-370K
PM-PdCu
239.9K 239.9-370 K
NWs
screw-
threaded 259.4 K 259.4-370 K ‘
PdCu
random-
gapped 261K 261-370K aq
PdCu
RS-PdBi 194.3 K 194.3-400 K 45
Pds;Co 184K 184-358 K This33
BEre work34
Thi
Pds;Coms 194K 194-388 K 35
work3g
This 37
Pde3CO37 180 K 180-388 K
works o
39
40

higher sensing response (Figure 3(c)) and slower T and T,
(Figure S2(e)-(f), Supporting information), which is caused b
the affinity adsorption of oxides to the dissociated hydroge
Large amounts of oxides are formed in Pds33Cosz NWs duri
electrodeposition due to the oxyphilicity of cobalt, which 4‘3
testified by the XPS characterization (Figure 2(b)).

The effect of affinity adsorption of oxides on hydrogen-
sensing performance was further explored when elevating th
temperature. Figures S3 — S5 in the Supporting informatio
show the response to hydrogen of the three sensors at the 2
- 388 K temperature range. We should point that when t
Pd33Cog; sensor was exposed to H, at 388 K (Figure S5(
Supporting information), an increase in electrical resistan
value followed by a decrease was observed, which could
ascribed to the reduction of cobalt oxides. Firstly, the hydrog
atoms dissociated by palladium diffuse into the NWs induci
the electrical resistance increase, and then the cobalt oxid
reduce to metallic cobalt by the dissociated hydrogen at t
high temperature that leads to the decrease in resistance.
indicated, the excessive content of oxygen in Pd-alloyed NWs
unfavourable for H, detection at high temperatures. By
comparison, the Pdg;Co;s and Pdeg3Cosz; sensors show mot
stable response to hydrogen at those temperatures. 'PPZ
investigate the repeatability of these sensors, they wer
exposed to various concentrations of hydrogen over mul{i-
cycles at room temperature. As a consequence, the consta
response under same concentration with tiny variation w
observed (Figure S3(f), S4(f) and S5(f), Supporting informatio
suggesting the outstanding repeatability for PdCo sensors.

8
69

This journal is © The Royal Society of Chemistry 2019

Pd @ co@ 0@ HO

Fig. 4 (a) - (c) The scheme on hydrogen sensing mechanism of “reverse sensing

behavior”. (d) The schematic diagram of stable hydrogen sensing for PdCo NWs at low
temperature.

As known, the “reverse sensing behaviour” and multiple a-
phase transitions of PdHx intermedium cause lattice
deformation and trigger poor sensing stability.21.22.29 To further
investigate the low-temperature sensing performance of PdCo
NWs, the operating temperature was lowered until the “reverse
sensing behaviour” occurred (Figures S6 - S8, Supporting
information). Notably, these sensors still rely on the Ry (+) mode
for their response to H; at temperature as low as 243 K (Figures
S6(a), S7(a) and S8(a) in Supporting information). The
dependence of the hydrogen response on temperature is
summarized in Figures 3(d) - (f), from which one can see that
the response signals become weak as the operating
temperature approaches the critical temperature (T¢). After
further lowering the temperature, Ry (-) mode response was
observed (Figures S6(c), S7(d) and S8(b), Supporting
information), opposite to the response at higher temperatures.
Similarly, such reverse hydrogen-sensing behaviours have been
reported in other Pd-base NWs sensors listed in Table 1. In
comparison, the critical temperature of Pdg;Cosz7 sensor (T =
~180 K) is far lower than those reported in previous studies,
29,44,45 which means the hydrogen sensor can stably work over
a wider temperature range. Meanwhile, the hydrogen-selective
evaluation demonstrates that the Pde3Cos; NWs sensor hardly
response to the interfering gases, suggesting the excellent
selectivity to H, (Figure S9, Supporting information).
Additionally, the hydrogen-sensing performance of pure Co
NWs was studied and no electrical resistance variation was
observed when pure Co NWs were exposed to H, at various
(Figure S10, Supporting information). To
summarize, pure Co NWs have no hydrogen-sensing
performance, while the Pd-alloyed NWs with Co greatly
improve the sensing stability to hydrogen at low temperature.

temperatures

Hydrogen sensing model

The a-B phase transition has been reported to explain the dual-
switching H, response of the ultra-small grained Pd
nanopattern. 20 Similarly, the temperature-dependent “reverse

Nanoscale | 5



QLVWoONOOULTEWN -

1

30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

51
52

sensing behaviour” of PdCo NWs is schematically illustrated §8
Figures 4(a) - (c). The electrodeposition enables interconnect
conductive grains formation inside of PdCo NWs (Figure 4(a
On exposure to H,, the dissociated H atoms on the surface of
diffuse into the Pd lattice (a-phase PdH,), acting as the electr
scattering centers, and thus increase the electrical resistan
(Figure 4(b)). While lowering the temperature, more H ato
are adsorbed onto Pd atoms (B-phase PdH) due to lower
diffusion rate, leading to lattice volume expansion that shortens
the interface gaps of grains between bumps on the surface 86
PdCo NWs. Thus, the final formation of new conductive
pathways by gaps closing reduces the resistance, which furth 5
interprets the “reverse sensing behaviour” at low temperatugg;
(Figure 4(c)). 64
To gain insight into the lowered critical temperature of Pd@&b
NWs, the mechanism is schematically described in Figure 4( 6
Firstly, when Co species dopes into Pd lattice, the latti
compression occurs, testified the above XI%@
characterization (Figure 2(a)), which results in lattice stress. A4Q
known, the alloyed lattice is less altered by hydrogen uploadingl
due to the lattice stress and thus becomes less brittle than pu?e?-
Pd lattice,*?> which is an important factor of low-temperatu
durability. Further, as suggested by the XPS analysis, electr0|7€5
transfer from Co species to Pd, and then the electron-rich stafg
promotes Pd to capture and dissociate molecular hydrogen @/
low temperatures. As a result, the synergistic effect of lattided
stress and electron modification further shifts the criti
temperature of “reverse sensing behaviour” of the PdCo NVgs

via

towards lower temperatures. 82
83
84
Conclusions 85
86
To sum up, low-temperature hydrogen sensors we8Y

successfully built with PdCo NWs that show high stability ov88
wide temperature range. The optimized low-temperatu
stability is achieved by using AAO-confined electrodeposition
modulate the Co content in PdCo NWs to further tune thy
electronic d-bands of Pd. Remarkably, the PdCo NWs senso83
show lower critical temperatures related to the “reverS4
sensing behavior” (Pds;Cois: Tc = 194 K; Pde3Cos7: Tc = 180 5
Pd33Co67: Tc = 184 K) compared to pristine Pd NWs (T.= 287 €75
which greatly expands the low-temperature range of hydrogeyg
detection. The superior sensing stability arises from alloying B9
with Co that generates lattice contraction and electdd}0
interaction in NWs, which play crucial roles in suppress
hydrogen brittleness and the a-B phase transiti
Furthermore, we interpret the “reverse sensing behavior” gig
low temperature with the a-B phase transitions model. THIS
study demonstrates the potential feasibility of tuning #26
chemical contents in Pd sensing materials for impro
hydrogen-sensing stability at low temperature. Such senspiy

have great potential in future Internet of things. 110
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