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Defining of optimal model of interaction of hydrogen atom with platinum

nanoparticle on graphene surface using quantum-mechanical calculations
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The interaction of the surface of the support (graphene) and the Pt3 nanoclaster to which the hydrogen atom is

adsorbed is considered. Two configurations of the initial position of the hydrogen atom have been studied: near

the surface of graphene (the angle H−Pt−C is 90◦) and at a distance from the surface of graphene (the angle

H−Pt−C is 180◦). The calculations were carried out using the Gaussian16 software package. For the first time,

the geometries were optimized and compared for the two proposed models, the electron density was calculated

using an SCF matrix, UV-visible spectra were built, consistent with experimental data. The obtained data confirm

that when adsorbing hydrogen on active platinum centers located near the graphene surface, the hydrogen atom is

preferably located in close proximity to the graphene surface.
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Of particular importance for the development of modern

electro-catalysts for fuel cells is the problem of determining

the adsorption energy of hydrogen on the surface of active

centers. The type of carbon carrier and crystal structure

of platinum nanoparticles are known to influence the

hydrogen adsorption energy [1,2]. There are various works

that estimate adsorption energy values on different electric

catalysts [3], including platinum electric catalysts on carbon

carrier [4,5]. One of the promising carriers for platinum

electric catalysts are graphene and graphene-like nanoma-

terials. Due to the high stability, specific conductivity and

developed surface of such carriers, it is possible to signifi-

cantly reduce the content of precious metal in the electric

catalyst composition without deteriorating its activity and

stability. Therefore, it is particularly important to evaluate

the effect of the presence of this carrier on the hydrogen

adsorption process on platinum nanoparticles during the

hydrogen oxidation reaction. In [6,7], the interaction of

proton with platinum nanoclusters has been considered,

but the effect of the geometry of the adsorbed proton

on the stability of graphene−platinum−proton systems has

not been evaluated. The density functional theory (DFT)
method can be used to calculate the electron density

parameters and identify the regions of inhomogeneity of

electron density surfaces [8,9]. Time-dependent density

functional theory (TDDFT) [10] was used to calculate the

UV-visible spectra of metal complexes, including platinum

complexes. In this case, the problem of determining the

model of hydrogen interaction with the lowest reaction

energy with the surface of a platinum nanoparticle located

on the surface of a nanostructured carbon carrier —

graphene, requires detailed consideration using the de-

scribed methods.

To investigate the influence of the presence of carbon

carrier on the mechanism of hydrogen adsorption on plat-

inum nanoparticle, we considered two systems: hydrogen

atom adsorbed on platinum nanocluster near the graphene

surface (angle H−Pt−C is equal to 90◦) and at a distance

from the graphene surface (angle H−Pt−C is equal to

180◦ . The nanocluster within this model consists of three

platinum atoms (Pt3) and is located above the surface of

the coronene structure, which in this case acts as a model

section of the graphene [11] surface. The hydrogen atom

was attached to the nanocluster Pt3 with the bond angle

H−Pt−C equal to 90◦ (the hydrogen platinum bond is

parallel to the plane in which the coronene structure lies)
(Fig. 1, a, position End), and with the bond angle H−Pt−C

equal to 180◦ (hydrogen−platinum bond is perpendicular

to the plane in which the coronene structure lies) (Fig. 1, b,
position End). Such systems exhibit different adsorption

mechanisms: the system with an angle H−Pt−C equal

to 90◦ demonstrates hydrogen adsorption directly near the

surface, while the system with an angle H−Pt−C equal

to 180◦ reproduces the possibility of hydrogen adsorption

in the absence of significant interaction between hydrogen

and the carrier surface, such as at the top of a platinum

nanoparticle. Geometry optimization and calculation of

UV-visible spectra were performed for these states. The

geometry optimization was performed using the DFT

method with the search for the ground state of the minimum

energy of the system. UV-visible spectra were calculated

using the TDDFT method. All calculations were performed
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Figure 1. a — optimization steps for the system with hydrogen not forming an angle with the surface; b — optimization steps for the

model geometry with hydrogen forming an angle with the surface.

in the Gaussian16 [12] software package. The model was

decomposed by the ONIOM [13,14] method into two levels:

— the level of higher precision calculations was cho-

sen for platinum atoms, the B3LYB functional with the

LANL2DZ basis (consisting of two parts: one part is a

set of small compressed Gaussian functions and the other

part is a set of larger fuzzy Gaussian functions) [15,16] was
used;
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Figure 2. Change in electron density for different geometry optimization steps (adsorbed hydrogen atom circled).a — for a model with

an angle H−Pt−C, equal to 180◦; b — for a model geometry with an angle H−Pt−C, equal to 90◦ .

— the level of reduced detail was chosen for hydrogen

and carbon atoms, and the B3LYB functional with the

631+G basis (including basis functions for valence elec-

trons and additional polarization functions to account for

correlation effects) [13] was used.

Fig. 1, a shows the change in the geometry of the system

with angle H−Pt−C equal to 90◦ during its optimization:

position IN — the geometry of the system at the calculation

initialization, TS — the transitional states End — the final

geometry of the system. The angle between the hydrogen

atom and the platinum nanocluster changed as a result of

the optimization was 119.51◦ for the End position; the

interatomic distances in the coronene structure also changed

(multiple bonds cease to exist for the central benzene

ring), indicating that this system is stable, and the coronene

structure affects both the platinum particle and the hydrogen

attached to the platinum.

Figure 2, b shows the change in the electrostatic potential

map for HOMO (highest occupied molecular orbital —
highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital — lowest valence molecular

orbital) during the geometry optimization process for a

model with an angle H−Pt−C equal to 90◦ HOMO

and LUMO electron densities were constructed for the

geometry of the system at each optimization step; the

electron density from the self-consistent field (SCF) matrix

was used to construct the molecular orbitals. The whole

system has the same spin and positive charge (singlet state).
From the analysis of electron density homogeneity we can

conclude that such a system is well bound, and from the

localization analysis we can speak about insignificant change

of charge distribution over the system at optimization of

geometry (position End). Insignificant changes in the spatial

arrangement of the electron density indicate a weak change

in the geometry of the system during the optimization,

i.e. seven optimization steps are sufficient for good energy

matching (the normalized gradient is 5 · 10−3 Hartree/Bohr).

Fig. 1, b shows the optimization steps of the model

geometry, which was obtained by optimizing the initial

configuration with the bond angle H−Pt−C equal to 180◦ .

As can be seen from the geometry, the system is less stable

as the hydrogen platinum nanocluster is removed from the
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Figure 3. Calculated spectra for models with angle H−Pt−C,

equal to 90◦ (solid line) and 180◦ (dashed line). The insert shows

the experimental spectrum of [17]. Vertical lines indicate the peaks
of singlet states for the calculated spectra.

surface of the coronene structure during the optimization;

the angle between the surface and the hydrogen atom has

changed to 131.57◦ .

The Pt−C distance for the model with the angle H−Pt−C

equal to 90◦ is 1.65 Å, indicating a strong covalent bond

between the platinum and graphene atoms, while for the

model with the angle H−Pt−C equal to 180◦ a change

in the bond length of Pt−C to 4.27 Å is observed for the

platinum atom to which hydrogen is attached, indicating

that there is no bonding between the platinum atom and the

graphene surface.

Fig. 2, a shows the variation of the electrostatic potential

map for HOMO and LUMO for the model with the

H−Pt−C angle equal to 180◦ . Electron density disloca-

tion is clearly visible: separately on platinum atoms and

separately on graphene. The charge is distributed extremely

unevenly: in the platinum−carbon region, a locally positive

charge for the LUMO and HOMO orbitals is observed,

shifted to the hydrogen atom. Analyzing the previously

obtained results, we can state that the model with the angle

H−Pt−C equal to 90◦, has more homogeneous molecular

orbitals for each of the geometry optimization the angle

H−Pt−C equal to 180◦ .

The obtained calculated spectra in the UV-visible range

and experimental data are presented in Fig. 3. The calculated

spectrum for the model with the coupling angle H−Pt−C

equal to 90◦, agrees better with the experimental data due

to the larger spectrum extent than the system with the

coupling angle H−Pt−C equal to 180◦ . Comparing the

experimental data [17] with the calculated data for the UV-

visible spectrum, the following can be stated:

— hydrogen on the platinum surface is present in close

proximity to the graphene surface;

— the platinum nanocluster is strongly bound to the

graphene surface.

Thus, the hydrogen system with a bond angle H−Pt−C

equal to 90◦ shows greater stability than the system with

a bond angle H−Pt−C equal to 180◦ . This is evidenced

by the geometry of the calculated systems: for the system

with an angle H−Pt−C equal to 180◦, the platinum with

hydrogen is at a distance, i.e. dissociates while the system

with an angle H−Pt−C equal to 90◦ is near the graphene

surface. The highest convergence with experimental data

on the UV-visible spectrum is provided by a system with a

coupling angle H−Pt−C equal to 90◦ . It is reasonable to

consider hydrogen adsorption on active centers of platinum

nanoparticles located near the carrier surface (graphene) in

the approximation, according to which the hydrogen atom

is located in close proximity to the graphene surface.

The obtained results, indicating, in particular, the

modifying influence of graphene carrier on the proper-

ties of platinum nanoparticles during hydrogen adsorp-

tion, allow us to conclude that it is reasonable to

carry out detailed quantum mechanical calculations of the

hydrogen−platinum−graphene system: determination of the

interaction energy of hydrogen with platinum, bond length,

IR and UV-visible spectra. Such extended calculations,

in turn, will make it possible to explain the difference in

the hydrogen adsorption energies on the active centers of

platinum electric catalysts based on different nanocarbon

carriers, to increase their activity, stability, and the degree of

platinum utilization.
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