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Abstract. Hydrogen is one of the future source energy because it has environmentally friendly. However, there
are still some problems in the storage method of hydrogen. In several studies, it was found that silicon-based
material is a promising candidate as a hydrogen storage medium. In this study, the effect of various temperature
and pressure to the adsorption of hydrogen on amorphous silica with molecular dynamics simulation using
Lennard-Jones potential. In this simulation, the temperature that i used are 233, 253, 273 and 293 K with pressure
at each temperature are 1, 2, 5, 10, and 15 atm. The simulations had successfully visualized and indicate that
amorphous silica has a good hydrogen storage capability where temperature and pressure affect the amount of
hydrogen adsorbed. At low temperature (233 K), the hydrogen concentrations are relatively high than at higher
temperature. The best result of hydrogen capacity is 0.048116% that occurred at high pressure (15 atm) with low
temperature (233 K) condition.
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1. Introduction

Human daily life can not be separated from energy. Energy has an enormous a role in every human
activity, especially in an era when population is growing and technology become important. The need
for energy will also increase with this condition. This must be accompanied by an enhancement in the
amount of energy. Nowadays, there is a lot of research for finding the best renewable energy to be able
to meet energy needs in the future. Hydrogen is one of the renewable energy source that attracts a lot
of attention because it is environmentally friendly (Dutta, 2014). The reaction from hydrogen does not
produce CO, (Marban & Valdés-solis, 2007). Hydrogen has a higher heating value than petroleum
beside it known as the cleanest fuel (Zhou, 2005). It also began to use in various applications with the
advantages possessed by hydrogen. Although hydrogen has many advantages, there are still some
obstacles in developing it, including the safety and storage problem (Durbin & Malardier-Jugroot,
2013).

Hydrogen can be store by many ways include compression, liquefaction, metallic hydrides and
adsorption on material (Durbin & Malardier-Jugroot, 2013; F. Zhang, Zhao, Niu, & Maddy, 2016;
Zhou, 2005; Zittel, 2003). At the moment, adsorption is chosen for reasons of cost which is cheaper,
and more safety than another method. This method has a fast kinetics and the binding energy of
hydrogen is low (F. Zhang et al., 2016). In addition, adsorption can work under conditions of low
pressure and the design of the storage system is quite simple. The type of adsorption that use here is
physisorption (physical adsorption) which occurs when a molecule is adsorbed on solid surface due to
the van der Waals interaction. The van der Waals force occurs when the attractive force that occurs
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between the adsorbate and the surface of the adsorbent is relatively weak (Abe, Popoola, Ajenifuja, &
Popoola, 2019). In this study H, chemisorption will not happen since the binding energy is low. But
for materials such as metal, the chemisorption is possible which may exists in the form or corrosion. It
IS necessary to pay attention in the type of material that used as a storage medium because it must have
a large surface area. Some examples of materials used as storage media are carbon-based materials like
graphene, graphite, carbon nanotubes (CNT), and metal organic frameworks (MOF) (Dalebrook, Gan,
& Grasemann, 2013; Hudson et al., 2009; Zubizarreta, Arenillas, & Pis, 2009). Silicon surfaces, silica
and zeolites are some of silicon-based materials that are also began to be seen for hydrogen storage
applications (Du, Huang, & Wu, 2011; Dirr & Hofer, 2006; Fatriansyah, Dhaneswara, Abdurrahman,
Kuskendrianto, & Yusuf, 2019). For example, MWNT (Multi-walled carbon nanotubes) at 300 K has a
hydrogen capacity around 3.7 wt% and zeolites around 1.6 wit% at 298 K (Gundiah, Govindaraj,
Rajalakshmi, Dhathathreyan, & Rao, 2003; Li & Yang, 2006).

Silica is an abundant material that has many advantages including inexpensive, good thermal stability,
inert and harmless (Dhaneswara, Utami, Adriyani, Putranto, & Delayori, 2018). With these kinds of
attributes, it can solve several problems such as cost, safety and storage capacity. Therefore, amorphous
silica can be one of the promising candidates as hydrogen storage media. The way to study this research
by using molecular dynamics simulation because it can reduce the cost of experiment and molecular
dynamics are used to observe the structure of substances such as solid, liquid, and gas. The force on
each molecule will also be calculated. In previous studies, we have simulated hydrogen adsorption in
amorphous silica with variations in pressure at 273 K (Fatriansyah et al., 2019). However, there are still
many factors that can influence the capacity of hydrogen storage within this material. In this study, we
want to investigate the effect of temperature and behavior on hydrogen adsorption in amorphous silica
with molecular dynamics method which is cost-effective.

2. Materials and Methods

The software that we use for running this simulation is LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator). At the beginning, all molecules of hydrogen and silica was build in the
VMD (Visual Molecular Dynamics). The hydrogen is located near the surface of the amorphous silica.
While silica formed with inorganic builder features on VMD is arranged so that it make shaped like a
cube wall. Each of molecules are given different colors making it easier to identify the type of
compound. The simulation is based on Lennard-Jones equation to defined interaction between atoms.
Equation 1 is the lennard jones equation. The Lennard-Jones parameters that we used in this simulation

is displayed in Table 1.
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o is the interaction length parameter and ¢ is the interaction strength parameters.

Table 1. Lennard-Jones Interaction Parameter (Mashayak & Aluru, 2012).

Atom o (@A) & (kI/mol)

H 0 0
Si 3.385 2.4522
O 3.17 0.6503

The parameters in Table 1 are also used to determine the pair coefficient of each atom. Where each
particle is labeled i and j and in its calculation the Lorentz-Berthelot equation is used as shown in

equations 2 and 3.
i =/ €i%j (2)
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The operating conditions in this study will be influenced by temperature and pressure. Hydrogen
adsorption is carried out at temperatures of 233, 253, 273 and 293 K at various pressure (1, 2, 5, 10, and
15 atm). The previous study just do simulation in one temperature (Fatriansyah et al., 2019). Therefore,
in this simulation it can be seen the effect of temperature on the adsorption process and also see the
effect of pressure at each temperature. The variable temperature that we choose is to know the effect of
temperature in room temperature condition and above and also below the room temperature. In addition
to the Lennard Jones equation, we also use the modification of ideal gas equation to calculate the
pressure needed at each temperature so that the pressure can be fixed at each simulation run. The
equation is shown in equation 4.

2

n

P+a| — | ¢(V,—nb)=nRT (4)
Vm

P is pressure, a and b represent the coefficient of van der Waals for hydrogen, while Vy, is volume of

the system, R is the gas constant and T for temperature. The volume of this simulation is 3,43 x 10%°
3
m-.

The results of the simulation can be visualized so that the behavior of hydrogen adsorption can be seen
and the amount of hydrogen that can be adsorbed in silica can be known. Equation 5 show the
calculation to get the capacity of hydrogen that can be stored in silica.
— NHmH

Ngmg +Nomg +N,m,

Pu 5)

N and m are the number of atoms or molecules and atomic relative masses, respectively.
3. Results and Discussion

Table 2. Initial hydrogen molecules amount in various pressure and temperature.

Amount of Molecules

Pressure (atm)

233K 253 K 273K 293 K
1 11 10 9 9
2 22 20 18 17
5 54 50 46 43
10 108 100 92 86
15 162 149 138 129

This simulation was carried out under conditions of temperature 233, 253, 273 and 293 K with varying
pressures (1, 2, 5, 10, and 15 atm) fixed at each temperature. Equation 4 is used to determine the amount
of hydrogen at initial conditions to make a constant pressure at each temperature. the number of initial
conditions of each temperature and pressure can be seen in Table 2 in this simulation the absorbed
hydrogen is calculated at every 10000 time step with the number of running times in each simulation
of 500000.

In Figure 1 can be seen the mechanism of hydrogen adsorption at a temperature of 233 K with different
pressure variations. Hydrogen is indicated by a red atom. Silica molecules are shown by blue and white
atoms. Blue atoms are silicon and white atoms are oxygen. In Figure 1 it can be seen that with increasing
pressure, the amount of hydrogen absorbed on the surface of amorphous silica will also increase. This
can also be seen in Figures 2, 3 and 4.
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Figure 1. Final condition of hydrogen adsorption in 233 K at (a) 1 atm, (b) 2 atm, (c) 5 atm, (d) 10
atm, and (e) 15 atm.
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Figure 2. Final condition of hydrogen adsorption in 253 K at (a) 1 atm, (b) 2 atm, (c) 5 atm, (d) 10
atm, and (e) 15 atm.
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Figure 3. Final condition of hydrogen adsorption in 273 K at (a) 1 atm, (b) 2 atm, (c) 5 atm, (d) 10
atm, and (e) 15 atm.
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Figure 4. Final condition of hydrogen adsorption in 293 K at (a) 1 atm, (b) 2 atm, (c) 5 atm, (d) 10
atm, and (e) 15 atm.
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In Figure 5 (a), we can see the graph between the concentration of hydrogen to the number of timesteps
in 233 K at varying pressures. It can be seen that hydrogen adsorption is influenced by pressure and
time. With increasing pressure, the amount of hydrogen absorbed also increases. In addition, in Figure
5 (a) it can be seen that with increasing running time, the amount of hydrogen concentration will also
increase. At certain times the hydrogen adsorption on the silica will be stable especially in the 480000
timestep. Hydrogen adsorption is saturated at that point because a material has the maximum capacity
to absorb fluid or gas depending on the interaction between the two components.

Figure 5 (b) shows the optimum point of hydrogen adsorption at saturation at 233 K, starting from
480000 running time. At this temperature the lowest amount of hydrogen concentration is at a pressure
of 1 atm with a value of 0.004667% wt. While the highest amount of hydrogen concentration is at a
pressure of 15 atm with a value of 0.048116% wt. In this case the concentration of absorbed hydrogen
will increase with increasing pressure.

In Figure 6 we can see a graph of the hydrogen concentration to the number of timestep at pressure 1
atm, 2 atm, 5 atm, 10 atm, and 15 atm. Pressure and time affect the process of hydrogen adsorption seen
in Figure 6 (a). The more amount of adsorbed hydrogen, with increasing pressure. There is an effect of
time on hydrogen adsorption, by increasing the running time, then the amount of concentration of
absorbed hydrogen will also increase.

The trend that occurs at temperatures 233 K and 253 K also occurs at temperatures 273 K and 293 K as
shown in Figures 7 and 8. Where from a pressure of 1 to 15 atm there is an increase in the amount of
hydrogen concentration. This is in accordance with Wu et al .'s research, where the adsorption process
is more likely to be carried out at high pressure to get more results (Wu, Fang, & Lo, 2012).

Furthermore, Figure 6 (b) shows the optimum point of hydrogen adsorption at its saturation state at 253
K, starting from 480000. However, at some other pressure saturation has started before 480000 running
time. This shows the pressure and running time at that moment of the material is no longer able to
absorb hydrogen so saturation occurs. At this temperature the lowest amount of hydrogen concentration
is at a pressure of 1 atm with a value of 0.003112% wt. The amount of absorbed hydrogen concentration
also increases with increasing pressure. Therefore the highest amount of hydrogen concentration is at a
pressure of 15 atm with a value of 0.041916% wt. At temperatures of 273 K and 293 K the amount of
hydrogen concentration at 1 atm is 0.001556%wt. and 0.001556%wt respectively. While the largest
hydrogen concentration value is at 15 atm, which is equal to 0.038817%wt. and 0,032611%wt.

1 1 1 1
—e— 'Pressure? atm'’
'Pressure 2 atm’
'Pressure 5 atm’

40 - —e— 'Pressure 10 atm'

—e— 'Pressure 15 atm'

3
500107

50x10”

40 -

30— 30 — -

20+ —
20~

Hydrogen Concentration (Wt. %)
Hydrogen Concentration (Wt. %

0 100 200 300 400 500x10°
Timestep (Unitless)

(@) (b)

Figure 5. (a) The hydrogen concentration adsorption at 233 K, (b) The amount of hydrogen
concentration at 233 K to pressure in 480000 timestep.
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Figure 6. (a) The hydrogen concentration adsorption at 253 K, (b) The amount of hydrogen
concentration at 253 K to pressure in 480000 timestep.
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Figure 7. (2) The hydrogen concentration adsorption at 273 K, (b) The amount of hydrogen
concentration at 273 K to pressure in 480000 timestep.
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Figure 8. (a) The hydrogen concentration adsorption at 293 K, (b) The amount of hydrogen
concentration at 293 K to pressure in 480000 timestep.
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Figure 9. The hydrogen concentration adsorption at different temperature

After the simulation have been conduct at 233 K, 253 K, 273 K and 293 K, it can be seen the effect of
temperature on the amount of hydrogen absorbed at 1, 2, 5, 10, and 15 atm pressures. Figure 9 shows
the relationship between the concentration of hydrogen to pressure at different temperatures on the same
timestep. From Figure 9, it is known that temperature also affects the hydrogen adsorption process. The
amount adsorbed is decreases with increasing in temperature. This is in accordance with Le Chatelier's
principle and Zhang et al., research, which is an increase in temperature causes a decrease in storage
capacity so that the amount that is adsorbed will be less (Z. Zhang, Liu, & Li, 2017).

There is a possibility to valitdate the data produced by simulation using molecular dynamics method
based on H; Temperature Programmed Reduction (TPR) data, but as far as we acknowledge, no
experimental results have been published. The method of experiments should be similar with this
(Ammendola, Raganati, & Chirone, 2017) just with the substitution of gas and material.

4. Conclusion

We can conclude that this molecular dynamics simulation has successfully visualized the hydrogen
adsorption mechanism in amorphous silica. The hydrogen adsorption by amorphous silica at lower
temperatures such as at 233 K has a higher amount of hydrogen concentration than at higher
temperatures (253 K, 273 K, and 293 K). In this simulation the trend of hydrogen adsorbed in
amorphous silica is influenced by two main factors, temperature and pressure. As the temperature
increases at a constant pressure, the amount of hydrogen that adsorbed will be decreases. While the
trend of the amount of hydrogen absorbed will growth with increasing pressure at a constant
temperature. The optimum temperature for hydrogen adsorption in amorphous silica in this simulation
is 233 K and 15 atm pressure with the highest adsorption value which is 0.048116%wt. So we can say
that amorphous silica can be one of promising candidates as hydrogen storage media.
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