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Abstract
Using Density Functional Theory (DFT), the desorption energies 
of Hydrogen in Lithium, Sodium, and Potassium nanoparticles 
is calculated. The type of nanoparticles studied were MnHxn with 
M=Li, Na, K and n varying from 2 up to 30. For each nanoparticle, 
several different geometries were studied in order to find the one 
with the lowest energy. The results were compared with similar 
calculated results for Beryllium and Magnesium nanoparticles. 
Mixed Lin-xNaxHn nanoparticles were also studied.

Introduction
Hydrogen is widely considered as a fuel of the future because it 
is environmentally friendly and it has high gravimetric (MJ/Kg) 
energy density (almost three times higher than hydrocarbons 
[1]). However, the major problem that needs to overcome is its 
storage. For practical applications, hydrogen needs to be stored 
in small volumes using materials that are light weight. These are 
difficult requirements since hydrogen in normal temperatures 
and pressures is a gas and even in its liquid form, it has about 
three time smaller volumetric energy density (MJ/m3) than 
hydrocarbons [1]. Metal hydrides are promising materials for 
hydrogen storage with attractive gravimetric (wt% H) and 
volumetric (Kg H m-3) densities [2]. More recently, nanostructured 
metal hydrides have attracted a lot of interest [3-5]. They have 
several order of magnitude surface to volume ratio relative to 
their bulk counterparts and their reaction kinetics and hydrogen 
diffusion are expected to improve [3-5]. 

Here, the desorption energies of nanostructured Li, Na, and K 
hydrides are studied using density functional theory (DFT). LiH 
has the highest hydrogen content than any hydride. However, it 
reacts explosively with water, there are several stability issues with 
LiH and it requires high temperatures for H removal [2]. For those 
reasons, LiH is not actually used in any practical applications. On 
the other hand, Li is used in several other compound hydrides 
(e.g. LiAlH4 and LiBH4 [2,6]). Also, carbon nanotubes, C60 and 
graphene doped with Li show significantly increased H content 
[7]. Similarly, Na is also used in compound hydrides (NaAlH4) 
with improved kinetics and low temperature release of hydrogen 
[8]. So, even though it is our future goal to study compound 
hydrides containing Li and/or Na, it would really helpful to know 
desorption energies and the characteristics of simple LiH and 
NaH nanoparticles.  Another motivation of the present study is 
to compare with similar calculations of BenHm [9] and MgnHm 

[10] nanoparticles. As for the KH nanoparticles, even though it 
does not have any practical applications due to its low hydrogen 
content and high weight (of K), and given (as will become clear 
from our calculations) the changes of the desorption energy 
from LiH to NaH nanoparticles, it is interesting to know how the 
desorption energy changes along the first column of the periodic 
table.

There are several experimental [11-13] and computational [14,15] 
studies of bulk LiH and NaH structures. But, there is much less 
published work on nanostructured LiH and NaH hydrides and 
all of them computational studies [16,17]. In the first study, 
small clusters with up to 4 Li or Na were considered [16], while 
in the second study the LiH molecule and (LiH)2,3,4 clusters were 
identified by infrared spectra and they compared them with 
vibrational frequency calculation using the density functional 
method (DFT) [17].  There are also several computational studies 
of small Li and Na clusters [18,19]. 

Computational Techniques
The same procedure is followed as in previous computational 
studies of BenHm [9] and MgnHm [10] nanoparticles. The 
procedure is briefly described below.

For each nanoparticle Mn or MnHm (M=Li or Na or K), at least 10 
different initial geometries were tested and fully optimized with 
the PBE functional [20]. The one with the lowest energy is used 
for the calculation of the desorption energy with the formula:

Before, the calculation of the desorption energy, the binding 
energy of selected small size nanoparticles was calculated with 
seven different generalized-gradient approximation (GGA), 
hybrid GGA, and hybrid meta-GGA functionals (PBE [20], BP86 
[21,22], PW91 [23], B97D [24], TPSSh [25,26], B3LYP [27,28], 
M06 [29]). For those small size nanoparticles, the geometry 
optimization was also performed with coupled-cluster theory, 
including single and double excitations (CCSD) [30,31]. For 
all the cases at their optimized geometries, single-point energy 
calculations were performed using the higher level method, 
CCSD(T), which includes triplet excitations non iteratively 
[30,31]. All the calculations were performed with the GAUSSIAN 
program package [32].

For example, in Table I, the binding energies (De) for Li4, Li4H4, 
Li6, and Li6H2 are shown calculated with different functionals. 
The first line in each nanoparticle shows the De calculated after 
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geometry optimization with the particular functional. The second 
line in each nanoparticle shows the De calculated at a single point 
energy with CCSD(T). For Li4, the De of the second line is 2.9 eV 
for all the functionals (except for B97D which is slightly smaller, 
2.88 eV) and it is the same as the much more accurate (and 
extremely time and memory consuming) CCSD(T) calculation. 
This is a clear indication that all the functionals give the same 
optimized geometry as the much more accurate CCSD(T) 
calculation. This conclusion holds for all the nanoparticles shown 
in Table II and it is the same for nanostructured magnesium [10] 
and beryllium [9] hydrides. 

It is also the same conclusion for similar nanostructured sodium 
and sodium hydride (Na4, Na4H4, Na6, and Na6H2) shown 
in Table II. However, comparing the De of the first line (the 
binding energies for each functional) with the De of CCSD(T) 
calculation (last column), there are significant differences 
reaching a value of up to 30%. In particular for all the Li and LiH 
nanoparticles shown in Table I, the De results obtained with M06 
functional have less than 2% difference with the ones obtained 
with CCSD(T). Other functionals such as B3LYP and TPSSh 
performed almost equally well with maximum differences from 
the CCSD(T) results reaching a value of about 11%. For the 
Na  and NaH nanoparticles shown in Table II, the differences 
between the De results calculated with M06 and the CCSD(T) 
results are higher (especially for the Na nanoparticles) reaching a 
maximum value of 18%. Other functional such as B3LYP, TPSSh, 
PW91, and BP86 gave slightly smaller differences. However, for 
consistency and for being able to compare the Li and Na results, 
the M06 functional is chosen for all the energy calculations. For 
the geometry optimization, the PBE functional is used which 
needs less memory and it is faster. In all the cases the zero point 

vibrational energies (ZPE) were also calculated.

Li and LiH nanoparticles
Figure 1 shows the lowest energy structures for the Li8Hm 
nanoparticles. The lowest energy structure of the Li8 has an 
almost perfect Cs symmetry and it is the same as the one 
reported in Refs 18 and 19. The lowest energy structures of 
Li8H2, Li8H4, Li8H6, and Li8H8 have an almost C2v, D2d, C2, and 
S4 symmetries. In these cases and in general in all the LinHm 
nanoparticles, hydrogen atoms tend to be located in the surface 
of the nanoparticles between three lithium atoms. Also for all 
the LinHm nanoparticles, they are able to hold m=n number of 
hydrogen atoms. Adding more H, a hydrogen molecule is formed 
away from the nanoparticles. This is clearly seen in Figure 1 for the 
case of Li8H10 which is actually formed from the Li8H8 structure 
with a hydrogen molecule slightly away from its surface. 

The desorption energies for LinHm nanoparticles and n=6, 8, 10, 
15, 20, and 30 are shown in Figure 2. 

Table II: Binding Energies (De) in eV

structure property PBE BP86 PW91 B97D TPSSh B3LYP M06 CCSD(T)

Na4 De/cc-PVTZ 1.90 1.72 1.97 3.28 1.99 1.64 2.19

De/CCSD(T) 1.84 1.84 1.84 1.79 1.85 1.83 1.85 1.85

Na4H4 De/cc-pVTZ 11.89 12.47 12.4 14.56 12.99 12.49 13.30

De/CCSD(T) 12.52 12.52 12.52 12.49 12.52 12.52 12.50 12.53

Na6 De/cc-pVTZ 3.58 3.22 3.68 5.54 3.65 3.03 3.91

De/CCSD(T) 3.32 3.33 3.32 3.26 3.34 3.31 3.33 3.35

Na6H2 De/cc-pVTZ 8.53 8.52 8.72 11.38 9.18 8.35 9.59

De/CCSD(T) 8.71 8.73 8.72 8.64 8.74 8.71 8.75 8.75

Table I: Binding Energies (De) in eV

structure property PBE BP86 PW91 B97D TPSSh B3LYP M06 CCSD(T)

Li4 De/cc-PVTZ 2.65 2.60 2.75 3.30 2.83 2.54 2.94

De/CCSD(T) 2.90 2.90 2.90 2.88 2.90 2.90 2.90 2.90

Li4H4 De/cc-pVTZ 15.21 15.82 15.45 17.15 16.27 16.08 16.05

De/CCSD(T) 15.76 15.76 15.76 15.67 15.76 15.76 15.76 15.76

Li6 De/cc-pVTZ 5.06 4.83 5.18 5.89 5.21 4.61 5.31

De/CCSD(T) 5.20 5.19 5.20 5.12 5.20 5.18 5.20 5.20

Li6H2 De/cc-pVTZ 11.45 11.55 11.66 13.19 12.10 11.50 12.00

De/CCSD(T) 11.76 11.77 11.76 11.76 11.76 11.76 11.77 11.77

Figure 1: The optimized geometries for the Li8Hm nanoparticles
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Ignoring some high desorption values for the small n (6, 8, 
and 10) and m=2 cases, the general trend is an almost constant 
increase of desorption energy as the number of hydrogen atoms 
(m) increases until it reaches the value of n (the nanoparticle 
has equal number of Li and H atoms in that case). After that, 
there is drop of the desorption energy since, as it was mentioned 
earlier, the nanoparticles cannot hold any additional hydrogens, 
instead, hydrogen molecules are formed away from the surface 
of the nanoparticles. This behavior is similar with the one found 
in MgnHm nanoparticles [10] although magnesium hydride 
nanoparticles can hold up to m=2n hydrogen atoms. The same 
picture is obtained when the ZPE is added in the calculation of 
desorption energy (Figure 3) but now the energies are 5-15 kJ/
mol smaller than the corresponding values without the ZPE.

Figure 4 shows the desorption energy for the LinHn (fully 
hydrogenated) nanoparticles. Ignoring the n=4 case, there is a 
drop of desorption energy as n increases. This drop becomes 
smaller (saturates) for higher values of n (20 and 30). The curves 
for desorption energies with and without ZPE follow the same 
trend with the energies with ZPE being 5-10 kJ/mol smaller. 
From the ZPE curve (blue line in Figure 4), one can see that 
the desorption energy seems to saturates at around 175-180 
kJ/mol for high values of n. There are experimental data only 
for the bulk LiH. The experimental values are 178.56 kJ/mol 
[11], 180 kJ/mol [13], and 232.6 kJ/mol [12] (note that all the 
desorption energies reported here are in kJ/mol H2). The present 
desorption energies of LinHn with high values of n are in a very 

good agreement with at least two of the experimental results for 
the bulk LiH. There are also in good agreement with calculated 
results for the bulk LiH which are 173.7 kJ/mol [14], and 169.8 
kJ/mol [15]. The present results for the desorption energy of 
large LinHn nanoparticles, are more than two times higher than 
the corresponding calculated energies for MgnH2n nanoparticles 
(about 54 kJ/mol for the amorphous and 76.5 kJ/mol for the 
crystalline for high values of n) [10], and almost ten times higher 
than the BenH2n nanoparticles (about 18.9 kJ/mol for high values 
of n) [9].

Na and NaH nanoparticles
The lowest energy structures for the Na and NaH nanoparticles 
have similar geometries as the corresponding Li and LiH 
nanoparticles but they are slightly bigger in size. For example, 
the Na30H30 has an average diameter of 0.9 nm while Li30H30 has 
an average diameter of 0.8 nm. Desorption energy also has the 
same trend as in LiH nanoparticles when the hydrogen content 
increases. Figure 5 shows the desorption energy for NanHm 
nanoparticles as the hydrogen content (m) increases. Desorption 
energy increases as m increases in almost all the cases with only 
exception the Na6H4 and Na10H4. The maximum number of 
hydrogen atoms is reached when m=n and after that, additional 
hydrogen atoms form a hydrogen molecule away from the 
nanoparticle. 

Desorption energy for the fully hydrogenated nanoparticles 
(m=n) is shown in Figure 6. The difference between the energy 
values with and without ZPE is less than 4 kJ/mol in all the cases.  
This is smaller than the same difference in LinHn nanoparticles 
(see Figure 4). Besides some fluctuations for small n, desorption 

Figure 2: The desorption energy (without the ZPE) for LinHm 
nanoparticles for n=6, 8, 10, 15, 20, and 30 (blue, red, black, yellow, 
green, and magenta lines, respectively)

Figure 3: The desorption energy (with the ZPE) for LinHm nanoparticles 
for n=6, 8, 10, 15, 20, and 30 (blue, red, black, yellow, green, and 
magenta lines, respectively)

Figure 4: The desorption energy with and without (blue and red lines, 
respectively) the ZPE for LinHn nanoparticles

Figure 5: The desorption energy (with the ZPE) for NanHm nanoparticles 
for n=6, 8, 10, 15, 20, and 30 (blue, red, black, yellow, green, and 
magenta lines, respectively)
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energies for n=10, 20, and 30 have similar values between 105 
and 111 kJ/mol. These agree well with experimental values for 
the heat of formation of bulk NaH (113.8 kJ/mol [11] and 113 
kJ/mol [12]). They are about 45% lower than the corresponding 
desorption energies of LinHn nanoparticles.

Lin-xNax and Lin-xNaxHn nanoparticles
From the previous two sections it becomes clear that LinHn 
nanoparticles, even though they are light weight, they have 
significantly high desorption energies making them unattractive 
for hydrogen storage. On the other hand, NanHn nanoparticles 
have significantly lower desorption energies but they have 
significantly higher weight. It would be interesting to see how 
mixed Lin-xNaxHn nanoparticles would behave. 

As a tested case, the Li20H20 was chosen and one Li atom was 
replaced with a Na atom. Several initial configurations were 
tested and fully optimized. The procedure was continued by 
replacing an additional Li atom until all Li atoms were replaced 
with Na atoms. The inverse procedure was also explored starting 
from Na20H20 and replacing Na atoms with Li atoms. For each Lin-

xNaxHn nanoparticles, the lowest energy structure was chosen. 
Desorption energies for Lin-xNaxHn nanoparticles as a function 
of x are shown in Figure 7. Besides some small drops for x= 
2 and 10, it follows almost a straight line. A linear fit of the 
desorption energies with ZPE gives 175.974 – 3.834 x. The Lin-

xNaxHn nanoparticles with n=10 were also examined with similar 
results.

K and KH nanoparticles
As it was mentioned earlier, there is a significant drop of the 
NanHm desorption energies relative to the LinHm ones. The 
question then arises about the desorption energies of KH 
nanoparticles. For that reason, Kn and KnHm nanoparticles with 
n=10 and 20 were also studied. Figure 8 shows, their desorption 
energies as m increases. The behavior is similar as in LiH and 
NaH nanoparticles. Desorption energy increases as the hydrogen 
content (m) increases in each nanoparticle until it reaches the 
value of m=n. Beyond that value, the nanoparticles cannot absorb 
any more hydrogen; instead hydrogen molecules are formed 
close to the surface of the nanoparticles.  For K20H20, desorption 
energy is about 89 kJ/mol. This is about 15% less than the value 
for Na20H20. Taking into account that the weigh is significantly 
increases in KH nanoparticles and the not so significantly lower 
desorption energy, KH nanoparticles could not find any potential 
applications in hydrogen storage.

Conclusions
A computational study of Mn and MnHm with M=Li, Na, K and n 
varying from 2 up to 30 was performed using Density Functional 
Theory (DFT). The calculated desorption energies for almost all 
the nanoparticles were increasing as the hydrogen content (m) 
increases until m=n. Beyond that m, no more hydrogen atoms 
can be absorbed and hydrogen molecules are formed away from 
surface of the nanoparticles. For high values of n (20 and 30), 
desorption energies of fully hydrogenated nanoparticles (m=n) 
saturate to about 175 kJ/mol and 110 kJ/mol for LiH and NaH 
nanoparticles. Desorption energy for K20H20 is 89 kJ/mol. Lin-

xNaxHn nanoparticles were also studied with their desorption 
energies having an almost linear dependence on x. 
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Figure 6: The desorption energy with and without (blue and red lines, 
respectively) the ZPE for NanHn nanoparticles

Figure 7: The desorption energy with and without (blue and red 
lines, respectively) the ZPE for Lin-xNaxHn nanoparticles and n=20

Figure 8: The desorption energy (with the ZPE) for KnHm nanoparticles 
for n=10, 20 (red, black, lines, respectively)
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