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The hydrogen detection is an important issue for the societal acceptance of H2 as energy carrier. In present research 
work, we have investigated hydrogen sensing and optical properties of Pd/Mg thin films on glass substrate deposited by 
pulsed laser (PL). As-deposited thin films have been exposed (hydrogenation) to H2 gas (2 bar) at room temperature in a 
hydrogenation unit. Hydrogenated and dehydrogenated (at different temperatures) samples have been characterized using 
X-ray diffractometer (XRD), field-emission scanning electron microscopy (FE-SEM), UV-Vis-NIR spectrophotometer, 
atomic force microscopy (AFM). XRD results confirm the formation of hydride (MgH2) tetragonal phase upon 
hydrogenation of Pd/Mg films. Hydrogen induced resistance response of Pd/Mg films has been measured in-situ during 
hydrogenation/dehydrogenation process by using two- probe electrical method. The response time (sensitivity) of Pd/Mg 
films for hydrogen gas is ~ 60 s at room temperature. The study of optical transmittance of hydrogenated Pd/Mg films 
indicates their switchable mirror behavior. 
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1 Introduction 
Hydrogen is energy carriers like petroleum, natural 

gas or coal, which is used in fuel cell and provides 
electrical energy with high efficiencies (50-60 %) 
without any pollutants1. This also reduces the 
greenhouse and other harmful emissions from stationary 
and mobile stores2. Hydrogen is colorless, odorless and 
tasteless flammable gas so it cannot be detected by 
human sense. Therefore, rapid and accurate hydrogen 
detection is necessary during the production, storage and 
use of hydrogen3-5. Now –a - days, traditional hydrogen 
detectors use metal oxide-semiconductors but all have 
high operation temperature and high cost6-13. Hence, the 
detection of H2 gas leaks is a challenging task for 
developing of hydrogen economy. Many researchers are 
working to overcome the problems with development of 
suitable hydrogen gas sensors14-17. Good sensitivity 
(response time ~ 230 sec) were observed for 
electrochemically grown palladium (Pd) nanoparticles 
compare to sputter deposited Pd thin films (sensing time 
~ 300 sec) for 2.5 % H2 concentration18. The response 
time of Pd thin film of lower thickness (100 nm) was 
measured which is ~ 130 and 480 s in 1 % and 2 % of 
H2 concentration in ambient, respectively19. It was 
observed that Pd can be used as sensing material for low 

H2 concentration at room temperature but palladium is a 
costly and not suitable of higher H2 concentration. To 
overcome this difficulty, the use of magnesium (Mg) 
thin film with very thin (3-5 nm) Pd-capping layer can 
be a cost effective H2 sensing material as compare to 
pure Pd17. 
 

It was observed that hydrogen is absorbed by 
magnetron sputtered Pd-doped Mg thin films within few 
minutes at room temperature under low H2 pressure20 
(0.5 bars). Hydrogen sensing property of Mg-Pd alloy 
films were reported for different concentrations of 
hydrogen21. A study on pulse like hydrogen sensing 
property of Pd nanoparticle layers has been reported by 
Khanuja et al22. Tang et al. proposed new methods to 
improve H2 sensing properties of Pd/Mg-Ni films23. The 
optical properties of Pd-capped metallic films 
(magnesium, lanthanum, yttrium etc.) can be changed 
reversibly between reflective and transparent states upon 
hydrogenation/dehydrogenation process17-23. Therefore, 
much attention is being paid world widely to develop 
these coatings for the applications in optical mirrors. 
These mirrors have the potential to control the optical 
transmittance or optical reflectance after hydrogen 
inclusion. They are of great interest as the switchable 
glazing in smart windows, and thus can contribute in 
saving energy for air conditioning etc24. A visible optical 
change along with Pd/Mg thin films/multilayers in 
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hydrogen partial pressure (2- 4×103 Pa) has been 
reported24. An electrical and optical change in Pd-capped 
Mg, i.e., Pd/Mg after is the key to develop a hydrogen 
sensor with high sensitivity and switchable mirror. In the 
present work, we have investigated hydrogen sensing 
and optical properties of Pd/Mg thin films on glass 
substrate. 
 
2 Experimental Details 
 

2.1 Synthesis of Pd/Mg thin films  
Palladium-capped magnesium (Pd/Mg) thin films 

was deposited on glass substrate by pulsed laser 
deposition (PLD) technique using Pd (99.95% purity) 
and Mg (99.98% purity) targets of 2-inch diameter 
and 3 mm thickness. A krypton fluoride (KrF) 
excimer laser (Lambda Physik model Compex Pro 
201) was used with 248 nm wavelength and energy of 
0.2J per pulse14, 17. The deposition parameters are 
given in Table 1. 
 
2.2 Characterization details 

The thickness of the Pd/Mg thin films was estimated 
from cross-sectional view using field emission 
scanning electron microscopy (FE-SEM) (Carl Zeiss, 
Ultra Plus). XRD spectra of as-deposited, 
hydrogenated and dehydrogenated Pd/Mg thin films 
were recorded using CuK radiation in glazing X-ray 
diffractometer (Bruker AXS, D8 Advance). Optical 
transmittance measurements of as-deposited and 
hydrogenated Pd/Mg thin films were carried out in the 
wavelength range (3-30×102 nm) using UV 
spectrophotometer (Varian, Cary 5000). Surface 
morphology of the samples was investigated using 
AFM (NT-MDT, Ntegra). The estimated thickness 
value of as-deposited Pd/Mg films is ~ 160 nm (Fig. 1). 
 

3 Results and Discussion 
 

3.1 Structural and morphological study  
The XRD patterns of as-deposited, after  

hydrogen absorption (hydrogenated) and desorption 
(dehydrogenated) Pd/Mg thin film are shown in Fig. 2. 
The as-deposited films are found polycrystalline  

in nature and has major diffraction peaks 
corresponding to a hexagonal closed packed (hcp) 
structure of Mg (002) at 34.36° and Mg (101) at 
36.52°, respectively25. We have not observed any 
peak for Pd because it was deposited for very short 
time (thickness ~ 3-5 nm). For hydrogenated (2 bar 
H2, at room temperature) sample, the dominant peak 
of tetragonal -MgH2 (200) is observed26 at 38.09°. 
The Peaks at 28.37° and 44.14° are also identified as 
-MgH2 (110) and -MgH2 (210), respectively. This 
indicates that hydrogen reacts with Mg to form MgH2 
and a phase transformation from hcp-structure of Mg 
to the rutile structure of MgH2 occurs. 
 

In hydride formation process, the Pd capping layer 
on the surface of Mg film works as catalyst to 

 
 
Fig. 1 — FE-SEM cross-section image of as-deposited Pd/Mg 
films on glass substrates. 
 

 
 

Fig. 2 — XRD pattern of as-deposited, hydrogenated and 
dehydrogenated Pd/Mg films on glass.  

Table 1 — Experimental parameters used to deposition of Pd/ Mg 
thin films. 

Target Pd, Mg 

Substrate Glass 
Target-substrate distance  4.0(cm) 
Base pressure  4×10-6 (Torr) 
Laser energy per pulse  400(mJ) 
No. of shots 2000(Pd), 25000(Mg) 
Substrate temperature  100(°C) 



APPL. INNOV. RES., VOL. 1, JUNE 2019 
 
 

98 

dissociate the hydrogen molecules into hydrogen 
atoms which in-turn diffuse into Mg and form MgH2. 
Intensity of MgH2 hydride peaks is low, small peel-
off effect has been noticed due to weak adhesion of 
films on the glass substrate27. The adhesive force 
between the substrate and the Mg film is larger than 
that between Mg and Pd film28. In dehydrogenated 
sample, the presence of hydride peak indicates that 
complete hydrogen desorption does not occur in the 
given conditions (100 °C for 30 min). It will take time 
more (> 30 min) to remove all hydrogen from Mg. 
This is because of higher desorption temperature for 
Mg film of thickness29 >100 nm. 

The 2D and 3D AFM images (scan area 2×2 µm) 
of the topography of as-deposited and hydrogenated 
samples are shown in Figs. 3 and 4, respectively. 

Figure 3 shows very smooth, uniform and pin-hole 
free and mirror-like surface morphology of  
as-deposited Pd/Mg thin film. The average grain size 
has been measured using AFM and it has been found 
to be ~ 20 nm. The rms surface roughness of the 
samples is ~ 5 nm.  

It has been measured that, the grain size and rms 
surface roughness is increased in hydrogenated 
Pd/Mg thin film. The measured value of grain size is 
~60 nm and rms surface roughness is ~14 nm, 

 
 

Fig. 3 — 2D and 3D AFM images of as-deposited Pd/Mg thin films. 
 

 
 

Fig. 4 — 2D and 3D AFM images of hydrogenated Pd/Mg thin films. 
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respectively. The surface roughnes is increased due to 
the deformation of surface atoms and volume 
expansion leading to increment in grain size after 
hydrogenation19, 26, 29. 
 

3.2 Hydrogen induced resistance response study 
Hydrogenation and dehydrogenation of Pd/Mg 

films were carried out in a custom built hydrogenation 
unit17. Hydrogenation of Pd/Mg films was carried out 
at constant 2 bar hydrogen gas atmosphere at room 
temperature but dehydrogenation was carried out at 
various temperatures (RT, 50 °C and 100 °C). 
Electrical resistance variation has been tested in-situ 
during hydrogenation/dehydrogenation process using 
two probes by electrometer (Keithley) attachments 
with custom built hydrogenation unit14, 17.  

The relative change in resistance (R) = (RH -R0)/R0, 
where RH is the resistance of the film sample at a 
particular H2 pressure and (R0 = 3Ω) is the resistance 
of as-deposited Pd/Mg thin films.  

Figure 5 shows the relative change in resistance 
(R)/sensing property of thin film samples  for 2 bar H2 
and without hydrogen (low vacuum). During 
hydrogenation at room temperature, hydrogen gas is 
exposed to film sample and resistance of the film is 
found to be increased, This change in resistance may 
be due to two reasons: (i) the resistance change of the 
Pd capping layer, i. e., the Fermi level shift due to the 
increased filling of free charge careers (electrons) of 
the absorbed hydrogen, (ii) the resistance change of 
the Mg layer, i. e., transition from metal (Mg) to 
insulator (MgH2). However, large percentage changes 
in resistance of the Pd/Mg layer is due to the 

formation of MgH2
16, 19. These two (hydrogenation of 

Pd and Mg) processes occur simultaneously.  
The 2% resistance change is found within ~ 60 sec 

after hydrogen exposure and achieves its maximum of 
37 % after 10 min duration. Dehydrogenation was 
carried out at various temperatures (RT- 100 °C) for 
more than 1hr in low vacuum (~ 10-3 Torr). From Fig. 5, 
it has been observed that the change in resistance is 
extremely low during dehydrogenation process at RT 
and 50 °C. This is due to the high binding energy (bond 
enthalpy) of MgH2 and the given temperature (RT-50 
°C) is not enough to break the bonding between 
hydrogen and Mg in MgH2 system30. After 
dehydrogenation at 100 °C, resistance of the sample start 
to decrease fast. It is found that the removel of hydrogen 
from MgH2 (dehydrogenation behaviour) is not similar 
to that of absorption of hydrogen in Mg (hydrogenation 
process). Firstly, the resistance drops rapidly then it 
decreases very slowly. The initial fast change is due to 
the change of the resistance of Pd capping layer and 
slow change is caused by the hydrogen desorption from 
MgH2 layer31. Resistance of the film sample completely 
decreases after remove of all hydrogen and attain its 
origin value of as-deposited Pd/Mg films. The complete 
removal (desorption) of hydrogen takes about more than 
1 h. This is because of the larger thickness (160 nm) of 
the Mg films in Pd/Mg system, cause higher desorption 
temperature or longer time29. 
 

3.3 Optical transmittance measurement 
Figure 6 shows the transmittance spectra of as-

deposited and hydrogenated Pd/Mg thin films on glass 
substrate. A significant change in optical transmittance 

 
 

Fig. 5 — Resistance variation of Pd/Mg thin film during
hydrogenation and dehydrogenation process. 

 
 

Fig. 6 — Transmittance spectra of as-deposited and hydrogenated 
Pd/Mg thin films. 
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has been observed after inclusion of hydrogen. It is 
evolved in the research as a ‘switchable mirror’ which 
can be switched from the mirror state (Mg, metallic 
film) to the transparent (MgH2, hydride film) state upon 
hydrogen inclusion (hydrogenation)32-34. This is because 
of MgH2 is theoretically a large band gap insulator31and 
transparent. Therefore, the optical transmittance of 
Pd/Mg film is changed. It has been found that, the 
transmittance is increased upon hydrogen absorption. 
Hence, transmittance change means that a considerable 
amount of MgH2 is formed after hydrogenation at room 
temperature and it has been confirmed from results of 
XRD and electrical resistance studies. 
 
4 Conclusions 

Pd/Mg thin films have been deposited on glass 
substrate by pulsed laser deposition (PLD) technique. 
Pd-capped Mg film shows hydrogen absorption at room 
temperature and hydrogen desorption (dehydrogenation) 
at 100 C. The studied Pd/Mg thin films are found very 
sensitive to hydrogen gas and its response time is ~ 60 s. 
These hydrogen sensing studies prove that Pd/Mg thin 
films can be used as low cost hydrogen sensing material. 
Although, some modifications are required to improve 
desorption temperature and time. A switching from 
mirror-like surface to transparent surface has been 
observed after H2 inclusion in Pd/Mg thin films. The 
change in optical transmittance during hydrogenation 
reflects that Pd/Mg films can be used as low cost 
switchable mirror also.  
 
Acknowledgement 

All authors would like to thank Prof. Ramesh 
Chandra for providing, PLD, FE-SEM and XRD 
facilities at Institute Instrumentation center, IIT Roorkee, 
India. The financial assistance for this work by UGC, 
Govt. of India [No. F.30-303/2016 (BSR), F. D. Dy. No. 
11299] is gratefully acknowledged. 
 
References 
1 Schlapbach L & Züttel A, Nature Mater, 414 (2001) 353. 
2 Ogden J, Phys Today, 55 (2002) 69. 
3 Hübert T, Boon-Brett T, Black G & Banach U, Sens Actuat 

B, 157 (2011) 329. 
4 Buttner W, Post M B, Burgess R & Rivkin C, Int J Hydrogen 

Energy, 36 (2011) 2462. 
5 AroutiounianV, Int Sci J Alternative Energy Ecology, 3 

(2005) 21. 

6 Lin B, Jia F, Bingjie L, Qin Z, Liu P & Chen Y, Mater Res 
Bull, 106 (2018) 403. 

7 Namgung G, Hoai Ta Q T & Noh J S, Chem Phy Lett, 703 
(2018) 86. 

8 Korotcenkova G, Brinzarib V & Choa B K, Sens Actuat B, 
243 (2017) 507. 

9 Drmosh Q A & Yamania Z H, Vacuum, 156 (2018) 68. 
10 Sanger A, Kumar A & Chandra R, Sens Actuat B. 234 

(2016) 8. 
11 Sanger A, Kumar A, Jaiswal J & Chandra R, Sens Actuat B, 

236 (2016) 16.  
12 El-Maghraby E, Qurashi A & Yamazaki T, Ceramics Int, 39 

(2013) 8475. 
13 Kien N, Hung C M & Ngoc T M, Sens Actuat B, 253 (2017) 

156. 
14 GautamY K, Sanger A & Kumar A, Int J Hydrogen Energy, 

40 (2015) 15549. 
15 Sanger A, Kumar A,  Chauhan S, Gautam Y K & Chandra R, 

Sens Actuat B, 21 (2015) 252. 
16 Yoshimura K, Nakano S, Uchinashi S, Yamaura S, Kimura 

H & Inoue A, Meas Sci Technol, 18 (2007) 3335. 
17 Gautam Y K, Jain R, Tanwar, S K, Agrawal R D & Chandra 

R, Sens Actuat B, 176 (2013) 453. 
18 Joshi R K, Krishnan S, Yoshimura M & Kumar A, 

Nanoscale Res Lett, 4 (2009) 1191. 
19 Lee E, Lee J M, Koo J H, Lee W & Lee T, Int J Hydrogen 

Energy, 35 (2010) 6984. 
20 Gupta R, Sagade A A, Giridhar U & Kulkarni G U,  

Int J hydrogen Energy, 37 (2012) 9443. 
21 Pasturel M, Slaman M, Schreuders H, Rector J H & Borsa D 

M, J Appl Phys, 100 (2006) 023515/1.  
22 Khanuja M, Varandani D, Mehta B R, Appl Phy Lett, 91 

(2007) 253121/1. 
23 Ming Y T & Chung W O, J Mater Res, 24 (6) (2009).  
24 Palmisano V, Filippi M, Baldi A, Slaman M, Schreuders H & 

Dam B, Int J Hydrogen Energy 35 (2010) 12574.  
25 Gautam Y K, Chawla A K, Khan Saif A, Agrawal R D & 

Chandra R, Int J Hydrogen Energy, 37 (2012) 3772. 
26 Yoshimura K, Yamada Y, Okada M, Tazawa M & Jin P,  

J Appl Phys, 43 (2004) 507. 
27 Higuchi K, Yamamoto K, Kajioka H, Toiyama K, Honda M, 

Orimo S, J Alloys Compd, 526-30 (2002) 330. 
28 Benjamin P & Weaver C, Proc R Soc A, 254 (1960) 163. 
29 Borsa D M, Baldi A, Pasturel M, Schreuders H, Dam B, 

Griessen R & Vermeulen P, Appl Phys Lett 88 (2006) 
241910/1. 

30 Yu R & Lam P K, Phys Rev B, 37 (1988) 8730. 
31 Bouhtiyya S & L Roue, Int J Hydrogen Energy, 34 (2009) 

5778. 
32 Spatz P, Aebischer H A, Krozer A & Schlapbach L,  

J Phys Chem, 181 (1993) 393. 
33 Yoshimura K, Yamada Y & Okada M, Appl Phy Lett, 81 

(2002) 4709. 
34 Huiberts J N, Griessen R, Rector J H, Wijngaarden R J , 

Dekker J P , Groot D G & Koeman N J, Nature, 380  
(1996) 231.  

 


