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Introduction 
Porous matrices filled with molecular 

hydrogen are considered as promising materials 
for the utilization of hydrogen energy. When 
electrochemical intercalation of layered GaSe 
crystals, hydrogen is introduced simultaneously 
both into intra- and interlayer spaces of the crystal 
with creation of H2 molecules without noticeable 
changes of crystal lattice quality [1]. After treating 
the layered GaSe crystals with hydrogen from H2 
gaseous ambient at Т<900 К and Р<1 MPa to 
create nanopores in the crystals the appearance of 
a H2 desorption peaks at 360 -390 K range was 
observed [2]. These peaks could be attributed to 
the hydrogen desorption from the nanopores [3]. 
The investigation on nanoporous layered GaSe 
crystals as hydrogen storage materials revealed 
that desorption process depends on structural 
parameters such as size, geometry, distance 
between pores, and storage temperature and 
pressure [2]. However, until now there are no 
detailed investigations of the mechanism which 
lead to formation of nanopores on the van der 
Waals surface of the layered GaSe crystals after 
hydrogen treatment. In the present work we have 
investigated the hydrogen thermal treatment 
induced defects in GaSe and their evolution after 
annealing.We also explored the effect of pressure 
and temperature on the formation of the 
nanopores. 
 
Results and discussion 

The surface morphology of GaSe crystals was 
investigated by atomic force microscopy 
(AFM).AFM was carried out in air soon after 
annealing. The measurements were done in contact 
mode using a Nanoscope IIIa Dimension 3000 
(Digital Instr.). Layered ε-GaSe crystals were grown 
by using the Bridgman method and have been 
saturated with hydrogen at a temperature T≈79 K and 
a pressure P~0.3 MPa. An AFM image of GaSe 
(0001) surface after hydrogen inserting into layers 
and interlayers spaces of the crystal at low 
temperature showed no evidence of surface defect 
formation (Fig.1). The rms roughness size for this 
surface was ~0.05 nm, which implies that the surface 

could be considered as atomically smooth.  
The surface defects are formed in the basal plane 
(0001) GaSe at annealing [4]. 

 

 
Fig.1. AFM image of the surface of  

H2-saturated GaSe crystal (before thermal 
treatment). The scan field is 1х1 μm2, and the  
black-to-white height contrast is 5 nm. 
 

The nucleation of defects in this plane is energetically 
favorable owing to a small energy of formation of Se 
vacancies.Upon annealing, molecular hydrogen may 
diffuse and be trapped by the defects leading to an increase 
the pressure within the Gase layers.The pressure provides 
the force needed to generate vacancies displacement in the 
basal plane.The ensemble of these mobile defects is 
thermodynamically stable only in some range of annealing 
temperature (Ta). At variation of Ta the vacancies interact 
with each other within separate layers and create clusters 
(voids). Nanopores creation is then the result of the 
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coalescence of the nanovoids. As can be seen from Fig.2, 
after annealing of H2-saturated GaSe crystals at Т=573 К 
the surface defects randomly distributed over the basal 
(0001) planes of GaSe.  

 
Fig.2. AFM image of the surface of H2-

saturated GaSe crystal (after thermal annealing at 
573K). The scan field is 2х2 μm2, and the black-to-
white height contrast is 5 nm.  
 

The mechanism of pores nucleation and their 
coalescence is analogous to that of vapor 
condensation. Fig.2 show that the defects tend to 
order in closed rings due to molecular interactions 
between the surface defects on the van der  Waals 
surface. ing. The average number and the size of 
nanovoids is controlled by the hydrogen pressure and 
technological conditions (time, temperature) of 
annealing. Fig.3 presents the surface morphological 
characterization results of the H2-saturated GaSe 
samples after the 24h thermal treatment at 673 K. The 
coalescence of the nanovoids can already be seen 
from AFM topographic (Fig.3a) and phase (Fjg.3b) 
images of the sample surface. 
 

 
                 a                                      b  

Fig.3. AFM images of the surface of H2-saturated 
GaSe crystals (after  thermal annealing for 24h at 673K):  
(a) AFM topographic  image. The scan field is 1х1 μm2, 
and the black-to-white height contrast is 5 nm. (b) AFM 
phase image. The scan field is 1х1 μm2. 

 
Fig.4. 3D AFM image of the surface of  

H2-saturated GaSe crystal (after thermal annealing 
at 723K). 

 
The nanovoids serve as precursor to 

formation of microcracs of the surface 
(Fig.4.).The expansion of the microcracs are the 
result of the pressure H2  increase with increasing 
annealing temperature.  

 
Conclusions 

We have investigated the morphology of the 
surface of the layered GaSe crystals after thermal 
hydrogen treatment.  We found that the formation 
of pores takes place due to chalcogen vacancies, 
appeared in the anion planes, their condensation 
and coalescence at different temperatures. 
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