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Palladium / Cobalt Nanowires with Improved Hydrogen Sensing 
Stability at Ultra-Low Temperatures  

Lingling Du,a Dongliang Feng,a Xiaxia Xing,a Yang Fu,a Luis F Fonseca b and Dachi Yang *a

The metallic dopants in palladium (Pd) sensing materials enable a 
modification to the d-band electrons of Pd, which is expected to 
tune the α-β phase transitions of PdHx intermediate, and thus 
improving the sensing stability to hydrogen. Here, the boosted 
hydrogen-sensing stability at ultra-low temperatures has been 
achieved with palladium / cobalt nanowires (PdCo NWs) as the 
sensing material. The various Co contents in PdCo NWs are 
modulated via AAO-template-confined electrodeposition. The 
sensing evaluations dependent on temperature were performed in 
0.1-3 v/v% hydrogen. Such sensors integrated with PdCo NWs are 
able to stably detect hydrogen as low as 0.1 v/v%, even the 
temperature is lowered to 273 K. Additionally, the critical 
temperatures of “reverse sensing behavior” of the PdCo NWs 
(Pd82Co18: Tc = 194 K; Pd63Co37: Tc = 180  K; Pd33Co67: Tc = 184 K) are 
observed lower much than that of pristine Pd NWs (Tc = 287 K). 
Specifically, the Pd63Co37 NWs (~37 at% Co content) sensor shows 
outstanding stability of sensing hydrogen against α-β phase 
transitions within the wide temperature range of 180 - 388 K, which 
is attributed to both the electronic interaction between Pd and Co, 
and the lattice compression strain caused by Co dopants. Moreover, 
the “reverse sensing behavior” of PdCo NWs is explicitly 
interpreted by using the α-β phase transitions model. 

Introduction 

Hydrogen (H2) is a green, sustainable and high-energy carrier in 

the growing hydrogen economy.1, 2 However, the flammable 

and explosive nature of H2 challenges its practical applications.3, 

4 Hence, a reliable and stable sensor is of considerable 

importance to safety issues.5 Pd and its alloys have been 

intensively studied for hydrogen detection and hydrogen-

related catalytic reactions as molecular hydrogen easily 

dissociates on the surface of Pd with low activation barrier.6-8 

Meanwhile, the hydrogen atoms permeate into the metallic 

lattice to form PdHx intermedium,9 inducing an electrical 

resistance change in a reversible manner at moderated 

temperatures (< 200oC).10 In fact, most of the room-

temperature hydrogen sensors employ pristine Pd or its alloys 

as sensing materials.3, 11, 12  

Generally, PdHx features the interstitial solid solution (α 

phase, x < 0.01) and Pd hydride (β phase, x > 0.7), and the two 

phases coexist for 0.01<x<0.7 in bulk.13, 14 However, the 

interstitial H atoms in the Pd lattice (PdHx) both perturb the 

electron flow and expand the volume of the solid,15-17 which 

generally results in two hydrogen sensing mechanisms, 

identified as electron scattering (△RH > 0 in α phase ) and 

hydrogen-induced lattice expansion (△RH < 0 in β phase), 

respectively.18 The two sensing mechanisms are in conflict and 

counteraction, and thus deteriorate the performance of 

hydrogen sensors.18 Moreover, counteraction and mutual 

cancellation bring temperature-dependent sensing behaviour 

in Pd-based nanowires (NWs) 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”.19 The dual-switching response to H2 

of ultra-small grained Pd nanopattern becomes too weak to be 

detected during α-β phase transition.20  

Additionally, multiple α-β phase transitions of the PdHx 

intermedium induced by the hydrogen concentration and the 

operating temperature, cause mechanical stress on the resistor, 

resulting in deformation and delamination.21, 22 Upon repeated 

exposure to H2, Pd films suffer from buckling and peeling.23, 24 

Pd NWs prepared from EDTA-contained plating solution have 

demonstrated that the compact nanograins enable the Pd NWs 

to be less prone to fracture, even repeated exposure to 10% 

H2.25, 26 Meanwhile, one-dimensional (1D) nanostructures 

efficiently alleviate swelling stress from hydrogenation.27-29 

Moreover, previous investigations suggest that Pd alloys 

effectively accelerate hydrogen-sensing response,30-32 suppress 

the α-β phase transitions compared with pristine Pd, and thus 
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significantly improve the durability of the sensors in chemically 

variable environments.10, 33-35  

However, little is reported on the sensing stability at ultra-

low temperatures (< 298 K), which plays a crucial role in many 

practical applications of hydrogen sensors. Furthermore, one of 

the most important requirements for such sensors is the ability 

to stably work over wide temperature range, either in 

extremely cold environments (e.g., liquid hydrogen tanks and 

pipes), or in much warmer devices (e.g., membrane and fuel 

cell).22 Especially, hydrogen is used as a cryogenic fuel in rockets, 

where it is required to detect hydrogen leakage at temperature 

around 260 K.22 Though the hydrogen sensing materials of metal 

oxides modified with noble metals (e.g., Pd, Pt and Au) 36-39 

show superior sensitivity, selectivity and low detection limit, of 

which the stability is highly dependent on the working 

temperature, hence those with high stability are desired at low-

temperature environments. 

In this study, we report the excellent low-temperature 

stability of PdCo NWs hydrogen sensors, via tuning the Co 

dopant content to further modify the electronic structure of Pd. 

As schematically described in Figure 1(a), the uniform PdCo 

NWs with various Co content were obtained by optimized 

electrodeposition inside the nanochannels of anode aluminium 

oxide (AAO), and further integrated onto the inter-digital 

electrodes (IED) to build sensors. The PdCo NWs sensors 

presented stable sensing response to H2 in a wide temperature 

range. Especially, the critical temperature related to the 

“reverse sensing behaviour” of the Pd63Co37 NWs 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 α-β phase transition in 

PdHx. 

Results and discussion 

Morphological and composition analyses 
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Fig. 1 (a) Schematic synthesis and integration of PdCo NWs including (Ⅰ) electrodeposition, (Ⅱ) removal of AAO and (Ⅲ) 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 scanning electron microscopy (SEM) image in Figure 1(b) 

shows the vertically grown PdCo NWs with highly ordered 

arrays, indicating a high-yield production. The side-view SEM 

image in Figure 1(c) further shows that PdCo NWs possess 

uniform cylindrical shape (~ 60 nm) after dissolving the AAO 

templates. Such NWs are expected to display a large-surface 

ratio assisting hydrogen adsorption. The transmission electron 

microscopy (TEM) image (Figure 1(d)) taken from two 

contiguous PdCo NWs further confirms the similar geometrical 

parameters of the NWs. The corresponding (energy dispersive 

X-ray spectroscopy (EDS) elemental mappings (Figure 1(e)) 

illustrate that Pd (Figure 1(e1)) and Co (Figure 1(e2)) distribute 

homogeneously along the NWs. Oxygen content (Figure 1(e3)) 

is unavoidable due to the fact that electrodeposition was 

performed in atmospheric environment, which is consistent 

with the XPS observation described below.  

The detailed surface of PdCo NWs is further seen in the high-

resolution TEM (HRTEM) image (Figure 1(f)). Specifically, the 

lattice fringes with spacing of 0.222 and 0.193 nm are indexed 

to the (111) and (200) planes of Pd (PDF#88-2335), respectively. 

Also, the lattice spacing of 0.210 nm matches well with the (111) 

planes of Co (PDF#15-0806). Meanwhile, the selective area 

electron diffraction (SAED) pattern (inset of Figure 1(f)) shows 

bright diffractive rings, suggesting the polycrystalline nature of 

the NWs. Practically, the chemical content of palladium/cobalt 

in NWs were primarily modulated by tuning the molar ratio of 

the precursors in the electrolytes. According to the atomic ratio 

from EDS analysis (Figure S1, Supporting information), these as-

prepared samples are denoted as Pd82Co18, Pd63Co37 and 

Pd33Co67, respectively. 

 

Structural analysis and chemical state information 

The X-ray diffraction (XRD) patterns (Figure 2(a)) show that the 

diffractive peaks of the three samples are respectively located 

between those indexed to (111), (200), (220), (311) planes of 

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 40:  

𝐷 = 𝐾𝜆/(𝛽 cos 𝜃)                                                                       (1) 

where, D is the average crystallite size, λ is the wavelength of 

the X-ray radiation (Cu Ka = 0.15418 nm), K is the Scherrer 

constant (0.89) for spherical shape, β is the full width at half-

maximum height (FWHM), and θ is the Bragg diffraction angle.41 

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,42, 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 low 

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 contamination. 
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Figure 4. (a) XRD of PdCo NWs with various Co atomic ratio. (b) XPS fully scanned

spectra of PdCo NWs with various Co atomic ratio. The XPS spectra of the Pd 3d region (c)

and the Co 2p region (d) for PdCo NWs with various Co atomic ratio, respectively.
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Meanwhile, seen from the relative peak intensity, the O content 

increases with the increase of Co content due to the oxyphilicity 

of Co. Figure 2(c) and Figure 2(d) show the Pd 3d and Co 2p 

regions of these samples, respectively. By comparing the 

binding energy (BE) of Pd 3d and Co 2p, we observed the Pd 3d 

BEs in PdCo NWs are negatively shifted along with the 

increasing Co content, which is consistent with the fact that the 

Co 2p BEs are positively shifted along with the increasing Pd 

content. The phenomenon is mainly ascribed to the electron 

interaction between Pd and Co, which implies that the electrons 

transfer from Co to Pd. Such electron-rich state in Pd may assist 

hydrogen adsorption and dissociation. Consequently, the 

electron d-band of Pd is modified by alloying with cobalt, which 

is expected to improve its sensing stability at low temperature. 

 

Hydrogen sensing stability 

Figure 3(a) - (c) show the sensing response of the three PdCo 

NWs sensors to H2 (0.1% - 3%) at 273 K, respectively. The 

electrical resistances of the PdCo sensors quickly increase once 

exposed to H2, which suggests the PdHx intermediate formation. 

After turning off H2, the reversible hydrogen desorption 

achieves baseline resistance. It has been reported that the 

“reverse sensing behaviour” for pristine Pd NWs occurs at 287 

K,19 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 (Tres) and the recovery time (Trec) of 

those sensors to 3% and 1% H2 at 273 K, respectively. Compared 

to other two sensors, the Pd63Co37 NWs sensor presents both 

faster response to H2 (Tres ~ 85 s to 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 Pd33Co67 NWs sensor shows 

higher sensing response (Figure 3(c)) and slower Tres and Trec 

(Figure S2(e)-(f), Supporting information),  which is caused by  

Fig. 3 (a) - (c) The hydrogen sensing response to 0.1% - 3% H2 at 273 K and (d) - (f) the temperature-dependent hydrogen response of (a) - (d) Pd82Co18, (b) - (e) Pd63Co37 and (c) - 

(f) Pd33Co67, respectively. 
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Table 1. The critical temperature of various Pd-based NWs sensors 

Sensors 

The critical 

temperature 

(Tc) 

RH (+) mode response 

working temperature 

range 

Refs. 

Single Pd 

NW 
263 K 263-370 K 19 

Multiple Pd 

NWs 
287 K 287-370 K 19 

P-PdCu 264.2 K 264.2-370 K 29 

PS-PdCu 257.2 K 257.2-370 K 29 

PM-PdCu 

NWs 
239.9 K 239.9-370 K 29 

screw-

threaded 

PdCu 

259.4 K 259.4-370 K 44 

random-

gapped 

PdCu 

261 K 261-370 K 44 

RS-PdBi 194.3 K 194.3-400 K 45 

Pd33Co67 184 K 184-358 K 
This 

work 

Pd82Co18 194 K 194-388 K 
This 

work 

Pd63Co37 180 K 180-388 K 
This 

work 

 

the affinity adsorption of oxides to the dissociated hydrogen. 

Large amounts of oxides are formed in Pd33Co67 NWs during 

electrodeposition due to the oxyphilicity of cobalt, which is 

testified by the XPS characterization (Figure 2(b)).  

The effect of affinity adsorption of oxides on hydrogen-

sensing performance was further explored when elevating the 

temperature. Figures S3 – S5 in the Supporting information 

show the response to hydrogen of the three sensors at the 298 

- 388 K temperature range. We should point that when the 

Pd33Co67 sensor was exposed to H2 at 388 K (Figure S5(e), 

Supporting information), an increase in electrical resistance 

value followed by a decrease was observed, which could be 

ascribed to the reduction of cobalt oxides. Firstly, the hydrogen 

atoms dissociated by palladium diffuse into the NWs inducing 

the electrical resistance increase, and then the cobalt oxides 

reduce to metallic cobalt by the dissociated hydrogen at the 

high temperature that leads to the decrease in resistance. As 

indicated, the excessive content of oxygen in Pd-alloyed NWs is 

unfavourable for H2 detection at high temperatures. By 

comparison, the Pd82Co18 and Pd63Co37 sensors show more 

stable response to hydrogen at those temperatures. To 

investigate the repeatability of these sensors, they were 

exposed to various concentrations of hydrogen over multi-

cycles at room temperature. As a consequence, the constant 

response under same concentration with tiny variation was 

observed (Figure S3(f), S4(f) and S5(f), Supporting information), 

suggesting the outstanding repeatability for PdCo sensors.  

As known, the “reverse sensing behaviour” and multiple α-β 

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 

RH (+) mode for their response to H2 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 (Tc). After 

further lowering the temperature, RH (-) 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 Pd63Co37 sensor (Tc = 

~180 K) is far lower than those reported in previous studies,19, 

29, 44, 45 which means the hydrogen sensor can stably work over 

a wider temperature range. Meanwhile, the hydrogen-selective 

evaluation demonstrates that the Pd63Co37 NWs sensor hardly 

response to the interfering gases, suggesting the excellent 

selectivity to H2 (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 H2 at various 

temperatures (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. 

 

Hydrogen sensing model 

The α-β phase transition has been reported to explain the dual-

switching H2 response of the ultra-small grained Pd nanopattern. 
20 Similarly, the temperature-dependent “reverse sensing 

behaviour” of PdCo NWs is schematically illustrated in Figures 

4(a) - (c). The electrodeposition enables interconnected 

conductive grains formation inside of PdCo NWs (Figure 4(a)). 

On exposure to H2, the dissociated H atoms on the surface of Pd 

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. 
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diffuse into the Pd lattice (α-phase PdHx), acting as the electron 

scattering centers, and thus increase the electrical resistance 

(Figure 4(b)). While lowering the temperature, more H atoms 

are adsorbed onto Pd atoms (β-phase PdHx) due to lower 

diffusion rate, leading to lattice volume expansion that shortens 

the interface gaps of grains between bumps on the surface of 

PdCo NWs. Thus, the final formation of new conductive 

pathways by gaps closing reduces the resistance, which further 

interprets the “reverse sensing behaviour” at low temperature 

(Figure 4(c)). 

To gain insight into the lowered critical temperature of PdCo 

NWs, the mechanism is schematically described in Figure 4(d). 

Firstly, when Co species dopes into Pd lattice, the lattice 

compression occurs, testified via the above XRD 

characterization (Figure 2(a)), which results in lattice stress. As 

known, the alloyed lattice is less altered by hydrogen uploading 

due to the lattice stress and thus becomes less brittle than pure 

Pd lattice,42 which is an important factor of low-temperature 

durability. Further, as suggested by the XPS analysis, electrons 

transfer from Co species to Pd, and then the electron-rich state 

promotes Pd to capture and dissociate molecular hydrogen at 

low temperatures. As a result, the synergistic effect of lattice 

stress and electron modification further shifts the critical 

temperature of“reverse sensing behaviour” of the PdCo NWs 

towards lower temperatures. 

Conclusions 

To sum up, low-temperature hydrogen sensors were 

successfully built with PdCo NWs that show high stability over 

wide temperature range. The optimized low-temperature 

stability is achieved by using AAO-confined electrodeposition to 

modulate the Co content in PdCo NWs to further tune the 

electronic d-bands of Pd. Remarkably, the PdCo NWs sensors 

show lower critical temperatures related to the “reverse 

sensing behavior” (Pd82Co18: Tc = 194 K; Pd63Co37: Tc = 180 K; 

Pd33Co67: Tc = 184 K) compared to pristine Pd NWs (Tc = 287 K), 

which greatly expands the low-temperature range of hydrogen 

detection. The superior sensing stability arises from alloying Pd 

with Co that generates lattice contraction and electron 

interaction in NWs, which play crucial roles in suppressing 

hydrogen brittleness and the α-β phase transitions. 

Furthermore, we interpret the “reverse sensing behavior” at 

low temperature with the α-β phase transitions model. This 

study demonstrates the potential feasibility of tuning the 

chemical contents in Pd sensing materials for improving 

hydrogen-sensing stability at low temperature. Such sensors 

have great potential in future Internet of things. 
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