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Abstract 

Rh adatom stability on graphene, with and without defects has been investigated by density functional 

theory (DFT) calculations to evaluate the feasibility to achieve a uniform dispersion of the metallic 

atom. Different defects introduced include B dopants, single vacancies and double 585 and 555-777 type 

vacancies. An energetic analysis of hydrogen adsorption capacity for the different Rh decorated 

graphene structures was also performed. Dispersion forces contribution to the adsorption energy was 

determined in order to obtain a quantitative method to know whether the H2 molecules adsorbed 

chemically or the adsorption on the Rh decorated graphene supports is controlled by van der Waals 

forces. Partial density of states (PDOS) for the different systems, were obtained to understand the Rh-C, 

H2-Rh (adsorbed) and H-H interactions and magnetic effects, before and after Rh and H2 adsorption. 

When H2 molecules bind to Rh adatoms, an electrostatic interaction occurs due to a charge transfer from 

the metal to the graphene surfaces after adsorption. A bonding and Bader charge analysis were also 

included.       

Keywords: Graphene, Rh, Hydrogen, DFT 
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1. Introduction 

The depletion of non-renewable natural resources used for power generation and the pollution they 

produce impulse the search of alternatives for energy production. The use of energy sources based on 

renewable resources constitutes an appropriate option to deal with this problem. A highly viable 

possibility is to replace fossil fuels with hydrogen based energy systems because it is a renewable 

resource, environmentally friendly and energy-efficient, making it a very promising energy carrier or 

fuel.1,2 However, it is not naturally available as a ready to use substance, since uncompressed gas state 

hydrogen has a very low density and energy content.2 Therefore, one of the challenges to be able to 

apply this material as fuel or energy carrier is to solve the technical problem of storage.  

The most conventional candidates for hydrogen storage include liquid and gas hydrogen at high 

pressure. However, operational safety of the tanks and compressors limit the extent to which the gas can 

be pressurized.2 For storage in liquid state, hydrogen liquefying process adds large amounts of power 

demand, making it not economically viable. For this reason, attention has been focused on porous 

carbon-based materials due to their chemical stability, low weight, high surface area and structure 

possible to be modified. These carbon-based adsorbents include carbon nanotubes (CNTs), carbon 

nanofibers (CNFs), activated carbon (AC), templated carbon (TC), graphene layers and fullerenes.3-9 

Since its first experimental synthesis in 2004 by Novoselov et al.,10 graphene has been applied in 

electrochemical and electrical storage: lithium batteries and supercapacitors,11 and also hydrogen storage 

technology.11, 12 

Unfortunately, at room temperature, hydrogen molecules adsorb physically on the carbon surface,8,13,14 

so the binding energy for hydrogen, lower than 0.1 eV/H2,
15 is less than the required value to achieve a 

reversible hydrogen adsorption-desorption at room conditions (0.16-0.4 eV/H2).
16-18 A way to overcome 
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this situation is by adding alkali, alkali earth [19-22] or transition metal (MT)23-26 atoms. It has been 

demonstrated that alkali metal atoms cause a remarkable enhancement in the hydrogen adsorption 

capacity.22, 27, 28 However, it appears that during the doping reaction the alkali atoms can block some 

carbon microporous adsorption sites, leading to a decrease in the specific surface area and in the 

maximum adsorption capacity observed at low temperature.29 In addition, special caution needs to be 

taken to remove any moisture contamination during hydrogen storage measurement in alkali-doped 

carbon nanotubes or graphite, because moisture drastically increase the weight gain by reaction with (or 

adsorption on) the alkali species on carbon.30 

On the other hand, TM increases the binding ability of hydrogen by Kubas type interaction, due to 

empty d-orbitals.31 Studies on hydrogen adsorption on Ti decorated graphene or CNT [23,24] and on Pd 

decorated graphene25 demonstrate the hybridization between the TM d orbital with H2 σ orbitals, forming 

a Kubas complex.32 In principle, carbon-based materials decorated with light TMs, like Ti, Ni, Sc and 

V,9,24,33-35 should be capable of binding multiple hydrogen molecules per metal atom, developing a 

binding energy between 0.2 and 0.6 eV and may satisfy the U.S. Department of Energy (DOE) goal. 

However, because the TM–TM interaction is much stronger than the TM-host materials, TM atoms tend 

to form clusters on the sheet surface decreasing dramatically the hydrogen storage capacity. To avoid it, 

a number of methods were attempted to enhance the metal binding, including modification of carbon 

surfaces by B and N doping or forming vacancies36-41. Beheshti et al.
36, reported that graphene boron 

doping could prevent the clustering. Nachimuthu et al.,40 found that Ni, Pd and Co atoms are suitable for 

decorating B-doped graphene surface, which can adsorbed stably on the surface. The effect of vacancy 

defects on metal atoms binding properties on graphene with hydrogen molecules was particularly 

investigated by Kim et al.
38 using first-principles calculations. They showed that a single vacancy defect 

enhance efficiently the metal binding and thus its dispersion. Lotfi et al.,39 used density functional 
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theory (DFT) to investigate the TM interaction (Sc, Ti and V) with 585 and 555-777 type  double carbon 

vacancies, concluding that compared with pristine graphene, these defects improve TM binding  

significantly, which prevents clustering of TM over graphene. Also using DFT calculations, Ling Ma et 

al.
42 studied the influence of B-doped and vacancy defects, while Zhou et al.

43 a combination of them, 

on the adsorption of hydrogen on Pd-decorated graphene.    

DFT modeling of the hydrogen adsorption on heavy TM like Pd decorated graphene, with and without 

defects, and CNT has been amply studied.25,26,40-46 Instead, Rh decoration of carbon nanostructures for 

hydrogen storage has not yet been widely investigated. A recent work performed by Luna et al.,47 

analyzed the hydrogen adsorption on Rh decorating single-walled carbon nanotubes (SWCNTs). Other 

theoretical studies were performed on Rh/SWCNT48-51 and Rh-graphene,51-54 without including H2 

adsorption analysis. Previously, first-principles studies of hydrogen storage on Rh doped boron nitride 

(BN) sheets and nanotubes were performed,55,56 showing that Rh atoms are capable of adsorbing up to 

three hydrogen molecules chemically. Also, the ability for hydrogen storage of Rh doped activated 

carbon compared with other metals was performed experimentally.57 

In this work we perform first-principles calculations using DFT to evaluate the stability of Rh on 

graphene with B dopants and various vacancy defects including single vacancy graphene (SVG), 585 

and 555-777 types double vacancy graphene (585 DVG and 555-777 DVG), in order to prevent Rh 

aggregation. Results were compared with those obtained for Rh decorated pristine graphene. A 

hydrogen storage capacity analysis for the different systems was also performed. For all systems 

adsorption energies and electronic structures were calculated determining the type of interaction and 

mechanism involved between Rh adatom and graphene sheet (pristine and with defects) and among 

supported Rh and adsorbed hydrogen molecules.  
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2. Computational method 

DFT calculations were performed using the Vienna Ab-initio Simulation Package (VASP),58-61 which 

employs a plane-wave basis set and a periodic supercell method. The generalized gradient corrected 

approximation (GGA) functional of Perdew, Burke, and Ernzerhof (PBE) was used.62 The Kohn-Sham 

equations were solved variationally using the projector-augmented-wave (PAW) method.63,64 Spin 

polarization was considered in all calculations. 

For the plane-wave basis set expansion a cutoff energy of 400 eV was used, overall with the gamma-

centered Monkhorst-Pack scheme65 with 4x4x1 k-points grid for the integration over the Brillouin zone. 

A Gaussian smearing approach was used for the electronic states partial occupations near the Fermi 

level, with a 0.2 eV smearing width. 

Geometry optimizations were obtained by minimizing the total energy of the supercell using a 

conjugated gradient algorithm to relax ions,66 until it converged within 10-4 eV and the forces on each 

ion were less than 0.02 eV/Å. 

The Grimme´s DFT-D2 method was adopted to account for the van der Waals interactions (vdW), 

which is optimized for several DFT functional.67 

Eq. (1) was employed to calculate the vacancy formation energy (��) for graphene with point defects,  

                                            �� =
(����	
�
)


                                                                 (1) 

 

where ���  is the total energy of the SVG or DVG supercell, ��  is the number of carbon atoms of the 

defective graphene and ��, the chemical potential, is the energy per carbon atom in the optimized 

pristine graphene. 
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Eq. (2), was used to calculate the binding energy for an adatom (��) on the different supports 

considered,  

                                                             �� =	�� + ��� − �����                                                         (2) 

Where ��  is the pristine or defected graphene total energy and ��� and �����are the isolated Rh atom 

and the Rh-decorated pristine or defected graphene total energies, respectively. With this definition a 

positive binding energy corresponds to a stable adsorption on the graphene. 

Adsorption energies of the nth H2 molecule adsorbed on Rh-decorated graphene with B-doped and 

vacancy defects, up to the maximum capacity, were also calculated employing Eq. (3). 

                    ����(�����) = ������(	� )!" + �!" − ������	!"                                            (3) 

����(�����) is the total adsorption energy of the nth H2 molecule,	������(	� )!"and E$%�&�'("
 are the 

total energies of (n-1) H2 and nH2 molecules adsorbed on Rh-decorated pristine, B-doped or vacancy 

defected graphene, respectively. E("
is the energy of the isolated H2 molecule. 

DFT-D2 method considers the total energy (�)*)+,) as the sum of two terms shown in Eq. (4),67 

                                                   ������ = �-. + �/�0                                                             (4) 

where, 	E12 and E345 are Kohn-Sham and van der Waal energies. Taking into account Eq. (4), it is 

easy to also separate the adsorption energy into two contributions,68 expressing the adsorption energy as 

the sum of the chemical adsorption energy and the dispersive adsorption energy, 

                                     ����(�����) = �����-. + �����/�0                                                  (5a) 

                        ����(-.) = �-.678�8(9:;)<"
+ �-.<" − �-.678�89<"

                                     (5b) 

                   ����(/�0) = �/�0678�8(9:;)<"
+ �/�0<"

− �/�0678�89<"
                                 (5c) 
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Here ����(-.)	and	����(/�0)are the adsorption energies calculated with Kohn-Sham energies, and 

with dispersion energies corresponding to van der Waals interactions. In this way, the nature of the 

bonding can be appreciated through the computed energies. 

The graphene surface was built by cleaving the optimized graphite structure. Thus, the graphene unit 

cell consists of two carbon atoms with lattice parameters a = 2.46 Å. This value is in good agreement 

with the experimental value,69 and other theoretical reports.40,44 Then an hexagonal optimized 4x4 

graphene supercell was used for the different systems analyzed, which correspond to an in-plane lattice 

constant of 9.84 Å and a vacuum layer of 15 Å to avoid coupling between the adjacent layers. For the 

Rh/graphene, this setup corresponds to a coverage of one Rh adatom per 32 C atoms. According to other 

work,42 B-doped graphene was modeled by 4 B and 28 C atoms for the graphene sheet and SVG and 

DVG were built by removing one or two carbons atom from 4x4 hexagonal graphene supercell and 

geometrically optimizing the resulting structures. These last supports were decorated with a Rh adatom 

and relaxed again to obtain the most stable structures. Finally, the hydrogen adsorption on the different 

optimized Rh-decorated structures was studied. 

In order to analyze the electronic structure, the electronic charges on atoms were computed using 

Bader analysis70 and the atom projected density of states (PDOS) was obtained. 

A qualitative study of the bonding between different atoms was also performed using the overlap 

population (OP) concept in extended structures (OPDOS),71,72 and Bond Order (BO) as implemented in 

the  DDEC6 method.73-75 

 

 

3. Results 

3.1 Pristine, B-doped and vacancy defected graphene 
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Fig. 1, shows the optimized support structures without Rh adatom. Pictures of pristine graphene were 

included, as a reference for a better view. 

 

Fig. 1 (a) Pristine graphene, (b) B-doped graphene, (c) SVG, (d) 585 DVG, and (e) 555-777 DVG  after 

geometry optimization. Grey and orange balls represent carbon and boron atoms, respectively. 

In B-doped graphene, the C-C bond length remains practically unchanged (1.43 Å) with respect to 

pristine graphene (1.42 Å). While the C-B bond length, has a value of 1.46 Å. 

SVG optimized geometry suffers Jahn-Teller distortion which leads to the saturation of two dangling 

bonds (C1 and C2 in Fig. 1 (c)) toward the missing atom yielding to the formation of five-member and 

nine-member rings.76 The bond length of the saturated dangling bonds (C1 and C2) decreases from 2.46 

Å in the pristine graphene to 2.17 Å in the defected graphene, 3.5 % larger than the value calculated by 
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Zhou et al. (2.096 Å).43 As a result, the vacancy other neighboring C atom (C3 in Fig. 1 (c)) moves out 

of the graphene plane 0.29 Å, which has been observed in previous studies with values of 0.18-0.47 

Å.76,77 A magnetization in single vacancy graphene was also observed, as was suggested by Hjort et al.
78 

The computed magnetization is 0.73 µB, which is lower than values reported by other authors (1.765 

and 1.04 µB).43,77 Taking into account that the magnetic moment for a single vacancy does not converge 

well for small slabs, due to defect-defect interaction,77 our calculations were repeated for a  5x5 SVG (49 

C atoms) slab, obtaining a magnetic moment larger than 1 µB. Relaxed DVG systems, are nonmagnetic 

which satisfies Lieb´s theorem.79 This result is not strange, since these last systems present 

reconstruction around the defect resulting in no dangling bonds, conforming structures of two pentagons 

and one octagon (585 structure, Fig. 1 (d)) or three pentagons and three heptagons (555-777 structure, 

Fig. 1 (e)) around the double vacancy defect instead of a hexagonal structure, like pristine graphene.80 

For the SVG and DVG, formation energies (��) were computed according to Eq. (1), to examine the 

stability of vacancy defected graphene. Calculated �� for SVG was of 7.8 eV, in good agreement with 

theoretical values from literature in the range7.4-7.7 eV76,77,81 and compares well with the experimental 

value 7.5 ± 0.5 eV.82 In the case of double vacancy graphene values of 6.0 eV for 555-777 DVG and 8.2 

eV for 585 DVG were obtained. These results are in good agreement with previous investigations44,80,83-

85 where the difference lies in the use of a different supercell size, the approximation in the DFT 

treatment and the equation used to evaluate the ��. According to the obtained results, the SVG can be 

more or less stable than the DVG, but in DVG, two C atoms are missing, so the energy per removed 

atom (3 eV and 4.1 eV) is much lower than SVG, being thermodynamically favored.80 
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3.2 Rh decorated pristine, B-doped and vacancy defected graphene 

In order to evaluate the stability of the different supports which will be used for hydrogen storage, the 

binding energy of a Rh ad-atom on graphene with B dopants and vacancy defects, considering SVG, 585 

DVG and 555-777 DVG, was calculated. Rh adatom on pristine graphene was included for reference. 

For all graphene sheets a 4x4 supercell was employed, to keep the dopant and defect distribution and 

concentration, and to also fix the Rh coverage in a value that approximates the interaction of an isolated 

adatom with the graphene sheet. For all the supports, different sites for the Rh adsorption were probed 

and energy was minimized, relaxing all the atoms and obtaining the most stable site for each system, 

which are shown in Fig. 2. A more significative distortion of the B-doped graphene and SVG surfaces 

after the Rh adsorption, can be appreciated in Fig. 2, side views. 
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Fig. 2 (a) Top and side view, of Rh-decorated pristine graphene, (b) B-doped graphene, (c) SVG, (d) 

585 DVG, and (e) 555-777 DVG, after geometry optimization with Rh on the most stable site. Grey, 

orange and green balls represent carbon, boron and rhodium atoms, respectively. 

 

In pristine and B-doped graphene the most stable adsorption sites are the hollow and BC5 rings hollow 

sites respectively. The hollow site was also reported by other authors as the most stable site on 

Page 12 of 46RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
0 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

by
 N

or
th

er
n 

Il
lin

oi
s 

U
ni

ve
rs

ity
 o

n 
02

/0
9/

20
16

 1
4:

26
:1

2.
 

View Article Online
DOI: 10.1039/C6RA16604K

http://dx.doi.org/10.1039/c6ra16604k


13 

 

graphene.54 To the best of our knowledge, there is no data in the case of Rh adsorption on B-doped 

graphene, however Ma et al. found that Pd locates hollow sites.42 For graphene with vacancy defects our 

results indicate that on SVG and 585 DVG, Rh prefers to locate on the center of the defect, as reported 

for Pd atoms;42,43 for 555-777 DVG, the Rh atom locates on top of the C atom belonging to the three 

heptagon rings, unlike Pd atoms which prefer the C-C bridge site common  to two heptagonal rings.42  

Table 1, lists the binding energies for the Rh atom (��), adatom heights (zC-Rh), sheet distortion (∆z) 

and magnetic moment (µ) for the Rh-decorated pristine, B-doped and vacancy defected graphene sheets. 

��was calculated using Eq. 2, geometric parameters are defined as a previous work;86 zC-Rh is the 

difference between the adatom z coordinate (perpendicular to graphene layer) and the z coordinates 

average of the atoms in the graphene layer and ∆z is computed as the maximum deviation in z direction 

of the atoms in the graphene layer from their average positions. 

 

Table 1 Calculated binding energies, geometrical parameters and magnetic moment of Rh adatom over 

pristine graphene, B-doped graphene, SVG, 585 DVG and 555-777 DVG for the most stable site. 

System Eb (eV) zC-Rh (Å) ∆z (Å) µ/µB 

Pristine 1.96 1.81 0.02 0.74 

B-doped 3.95 1.35 0.47 0.00 

SVG 8.37 1.50 0.41 0.00 

585 DVG 7.44 0.84 0.13 0.76 

555-777 DVG 3.29 1.79 0.16 0.00 

 

The results for Rh adatom on pristine graphene are in good agreement with those reported by Manadé 

et al.
54 As expected; B dopants and vacancy defects improve the metal binding properties of the 

graphene sheet giving place to more stable structures. This effect was also reported with other transition 
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metal atoms adsorbed on B-doped graphene,37,40,42 and on graphene containing vacancies.38,41-43 It is 

important to mention that since the Rh adatom binding energy on SVG and 585 DVG is larger than the 

experimental cohesive energy (5.75 eV) for Rh,87 these defects are useful to avoid the formation of 

clusters and favor the metal atomic dispersion over the defects. Then the hydrogen storage capacity 

could be enhanced, because the amount of chemisorbed hydrogen molecules can be reduced by cluster 

formation.55,88 Finally, in addition to the increase in the binding energy, for all considered defects the 

adatom distance to the surface is reduced with respect to the pristine graphene, and in some cases ∆z 

reflects the distortion observed in Fig. 2. 

 

3.3 Electronic structure of pristine and defected graphene sheets with a without Rh 

A study of the electronic structure was performed trying to understand in a better way the Rh binding 

on pristine, B-doped and vacancy defected graphene. Initially the total density of states (TDOS), and the 

partial density of states (PDOS) projected on s and p orbitals, on C and B atoms for the different 

supports without Rh adatoms was analyzed and are shown in the Fig. 3. 
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Fig. 3 Total density of states (TDOS) and partial density of states (PDOS) projected on C 2s and 2p 

orbitals of (a) pristine graphene, (b) B-doped graphene, (c) SVG, (d) 585 DVG, and (e) 555-777 DVG   

before the Rh adsorption. 

The behavior observed for TDOS in Fig. 3 (a-e) is very similar to those obtained by Ma et al.
42 Fig. 3 

(a) shows that graphene presents a semiconductor character, which changes when it is doped with B, 

where the Fermi level shifts to the highest occupied molecular orbital (HOMO) level (Fig. 3 (b)). This is 

due to the presence of p states provided by the introduction of B-dopants with the pz orbital empty, 
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which acts as a strong charge acceptor center, as shown in Fig. 3 (a-b) PDOS curves. As previously 

mentioned, the SVG has a magnetic moment, this is mainly due to the asymmetry between up and down 

p states (see Fig. 3 (c)). Similar to B-doped graphene, vacancy defected graphene sheets also show 

noticeable strong peaks near the Fermi level (see Fig. 3 (c-e)). This means that there are electron 

deficient states, which can be associated mainly with p states (see PDOS Fig. 3 (c-e)), giving to these 

structures the property to accept electrons coming from the adsorbate.42 

Fig. 4 (a-e) show the PDOS on Rh atom and the graphene sheets for pristine, B-doped and vacancy 

defect after Rh decoration. In the case of Rh-adatom on pristine graphene the partially occupied 4d 

states of Rh extend approximately in the range of -6 to 0 eV below the Fermi level. d orbitals are not 

localized despite of the absence of defects on pristine graphene, indicating hybridization between Rh 4d 

orbital with C2p orbitals which is stronger in the range -2 to 0 eV. It can also be observed that graphene 

states above the Fermi level decrease when compared with pristine graphene without Rh (Fig. 3 (a)), 

meaning that Rh 4d orbitals not only interact with C π orbitals but also with C π* orbitals, probably due 

to a Dewar interaction89,90 between graphene and Rh atom. This type of interaction was observed for Ti 

adsorption on pristine graphene as well.23 In addition, the shift between spin up and down for the highest 

two peaks corresponding to Rh d states, and the fact that the spin up states are almost filled contrary to 

spin down states which are partially filled, make the system magnetize. So, Rh d electrons are the main 

contribution to the magnetization in this case with a lesser contribution of the C states. Compared to 

pristine graphene, B-doped and vacancy defected graphene  4d states are shifted toward higher energies 

offering more unfilled 4d states. It can be inferred that some electrons  from the Rh atom are transferred 

to the B-doped or vacancy defected graphene sheet, filling the acceptor like states and leading to much 

stronger interaction between  Rh adatom and the graphene sheets with defects.42 
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Partially filled 4d orbitals of Rh adsorbed on B-doped graphene and 555-777 DVG (Fig. 4 (b) and (e)), 

show a stronger hybridization than on pristine graphene, due to the 4d states which are distributed in a 

wide range below the Fermi energy instead of the more localized behavior observed on pristine 

graphene (Fig. 4 (a)). This phenomena is more noticeable for the other defects, SVG and 585 DVG, 

where the 4d partially filled orbitals are spread over a much wider range from -8 to -1 eV, resulting in a 

stronger hybridization among Rh-4dorbitals and C π and π*orbitals   (Fig. 4 (c) and (d)). For these last 

cases, Rh-5s orbital changes from almost unfilled to occupied or partially filled orbital, presenting some 

5s states below the Fermi level and no states above EF, which means there is an electron backdonation 

from C 2p orbitals to Rh-5s orbital that contributes to the Rh bonding to SVG and 585 DVG.42 

 

 

Fig. 4 Partial density of states (PDOS) projected on Rh-5sorbitals, Rh-4d orbitals and on carbon (and 

boron) surface atoms for (a) pristine graphene, (b) B-doped graphene, (c) SVG, (d) 585 DVG, and (e) 

555-777 DVG after the Rh adsorption. 
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Bader charges calculated for all the systems decorated with Rh, indicate that there is a transfer in the 

range of 0.38-0.73 e- from Rh to the graphene surface with and without defects, confirming the behavior 

observed by the analysis of PDOS. This phenomenon leads to the creation of an electric field on the 

surface, due to the Rh positive charge and negatively charged graphene which form a dipole.23 

As mentioned before, the introduction of B atoms to dope graphene produces changes in the HOMO, 

and it is also expected that some changes occur with the introduction of other defects. For that reason, an 

analysis of the HOMO and the lowest unoccupied molecular orbital (LUMO), was performed for the 

different systems studied. In this sense, isosurfaces were built for these states before and after the Rh 

adsorption. Fig. 5 shows the results obtained.  
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Fig. 5 Isosurfaces for HOMO and LUMO states for (a) pristine graphene, (b) B-doped graphene, (c) 

SVG, (d) 555-777 DVG, and (e) 585 DVG before and after Rh adsorption.  
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Fig. 5 (a), shows π and π
* orbitals of graphene, corresponding to HOMO and LUMO states 

respectively. After Rh adsorption, due to the interaction between the Rh and C, π electron density 

corresponding to HOMO states accumulates in the C ring just below the metal. Also, some LUMO states 

disappear after Rh binding, as expected for a Dewar interaction type between Rh and graphene. The 

spherical symmetry of the Rh orbital for LUMO, is consistent with the observed Rh-s unoccupied states 

(Fig. 4 (a)), instead for HOMO the presence of a dz
2 type orbital can be observed. A similar behavior is 

observed for B-doped graphene (Fig. 5 (b)), with an increment in the HOMO states in graphene nearby 

the Rh atom. Also, an important decrease in unoccupied π and π
* orbitals states can be observed, for 

LUMO after the Rh adsorption. According to these results, it is again verified that a charge transfer 

occurs from Rh to the substrate. In the case of SVG (Fig. 5 (c)), the electron density accumulates 

especially in the bond between C1 and C2 carbon atoms and around C3 atom from the vacancy (see Fig. 

1 (c)), because of Jahn-Teller distortion. Nevertheless, there are considerable unoccupied states near the 

Fermi level surrounding the vacancy making it available to accept electrons. After the Rh adsorption, 

LUMO states increase significantly, meaning that the interaction with Rh concentrates electrons around 

the SVG, where the bonding with Rh occurs, and the π orbitals of carbons C1 and C2 are modified due 

to the interaction with Rh-dz
2 orbital. For DVG substrates, again we can observe different densities for 

LUMO and HOMO states that are concentrated near the defects. In the case of the 555-777 DVG (Fig. 5 

(d)), an unoccupied pz type orbital was observed at the carbon atom shared by the three heptagons, 

which allow us to infer why this site is the most stable for Rh adsorption. The depletion of the electronic 

density in the pentagon and heptagon rings corresponding to HOMO after the Rh adsorption, reveals the 

interactions between Rh-d and C π orbitals. Finally, HOMO electronic densities for the 585-DVG (Fig. 5 

(e)), show the C-C bond breaking corresponding to the pentagons and the octagon and the formation of 
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C-Rh bonds. At the same time, a decrease in unoccupied states around these C atoms and the appearance 

of Rh-d orbital can be observed in the LUMO state.    

Charge distribution in the adsorption region is shown in Fig. 6. The charge density difference (∆ρ) 

isosurface, is obtained as: ∆ρ = ρ$%�& − ρ& − ρ$%. In this equation, ρ$%�& represents the charge density 

of the system formed by Rh adsorbed on the graphene surfaces with and without defects, while ρ& and 

ρ$% indicate the charge density of the surfaces without Rh and the Rh atom without surface, 

respectively.  

 

 

Fig. 6 Isosurfaces of the charge density differences for (a) Rh/pristine graphene, (b) Rh/B-doped 

graphene, (c) Rh/SVG, (d) Rh/555-777 DVG, and (e) Rh/585 DVG. The red and blue colors correspond 

to the charge depletion and accumulation regions respectively, for a value for the isosurfaces of 0.002 

e/Å3. 
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An accumulation of charge in the region between the Rh and C atoms occurs, reflecting the bonding 

between Rh and the substrate. It can also be observed that in all cases the upper part of the Rh atom 

remains positive, which in addition to some electron accumulation regions in the substrate  indicates 

charge transfer from Rh to substrate predicted before from Bader analysis. 

 

3.4 Study of the H2 adsorption on the Rh/pristine, Rh/B-doped, Rh/SV and Rh/DV graphene 

sheets 

In this section, H2 molecular adsorption properties are studied for the different Rh decorated 

structures. An H2 molecule is located next to the Rh atom while the system is allowed to relax. Then 

another H2 molecule is added and again a geometry optimization is done. The process is repeated until 

the maximum capacity of the system is reached. For each step, different initial geometries were 

employed to obtain the ground state. 

Table 2, lists the adsorption energies of the nth H2 molecules adsorbed on Rh-decorated pristine 

graphene, B-doped graphene and vacancy defected graphene, calculated with Eqs. (3) and (5c), for the 

different supports. Geometrical parameters calculated for each case are also reported;?���!  and  ?!�! 

represent the distance between Rh and H atoms and the H2 molecule bond length after being adsorbed 

for the last molecule added, and ?�/@(���!) and  ?�/@(!�!) are the average Rh-H distance and H-H 

bond length respectively, for all H2 molecules adsorbed. Based on these results it can appreciated that 

for all the Rh-decorated supports the first molecule attaches to Rh atom chemically. As can be observed 

in Fig. 7, the first H2 molecule conserves the geometry but	?!�!is in the range 0.79-0.96 Å yielding to a 

rather elongated bond with respect to the isolated molecule of H2, for which a value of 0.75 Å was 
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calculated.25 The elongation observed when the H2 molecule adsorbs on to Rh atom is in consonance 

with Kubas metal-dihydrogen complex (?!�! in the range 0.8-0.9 Å), staying only slightly deviated 

from this values for Rh-pristine graphene and Rh-585 DVG. So it can be expected that a Kubas type 

interaction exists between Rh atom and H2 molecule, where the H2 σ and σ* molecular orbitals interact 

with the metal orbitals having an electron donation and backdonation process. 

 

Table 2 Calculated adsorption energies and geometrical parameters of different number of H2 molecules 

on pristine graphene, B-doped graphene, SVG, 585 DVG and 555-777 DVG, for the optimized 

structures. 

 H2 molecules 			����(�����) 
(eV) 

����(/�0) 
(eV) 

?�/@(���!) 
(Å) 

?�/@(!�!) 
(Å) 

?���! (Å) ?!�! (Å) 

H2/Rh/ 

graphene 

1H2 1.08 0.05 1.68 0.96 1.68 0.96 

2H2 0.48 0.10 1.71 0.92 1.71 0.91 

3H2 0.08 0.07 2.43 0.86 3.87 0.75 

H2/Rh/ 

Bdoped- 

graphene 

1H2 0.86 0.09 1.74 0.88 1.74 0.88 

2H2 0.70 0.10 1.73 0.89 1.75 0.87 

3H2 0.08 0.10 2.27 0.84 3.35 0.75 

H2/Rh/ 

SVG 

1H2 0.30 0.09 1.98 0.79 1.98 0.79 

2H2 0.24 0.11 2.04 0.78 2.03 0.79 

3H2 0.19 0.12 2.10 0.78 2.12 0.78 

H2/Rh/ 

585 DVG  

1H2 0.19 0.09 1.93 0.82 1.93 0.82 

2H2 0.13 0.13 2.03 0.80 2.04 0.79 

H2/Rh/ 

555-777  

DVG 

1H2 0.89 0.05 1.75 0.88 1.75 0.88 

2H2 0.66 0.08 1.72 0.90 1.73 0.91 

3H2 0.09 0.08 2.23 0.84 3.21 0.76 
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Fig. 7 Optimized structure for the first H2 molecule adsorbed on the (a) Rh/pristine graphene, (b) Rh/B-

doped graphene, (c) Rh/SVG, (d) Rh/585 DVG, and (e) Rh/555-777 DVG. 
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Furthermore, ?���!	lies in the range 1.68-1.98 Å, which is also consistent with the distance in the Pd-

H2 Kubas complex (?A�!=1.67-2.05 Å) as cited in literature.32 Therefore, a single H2 molecule is 

molecularly chemisorbed on the Rh atom and the interaction between Rh and H2 in some cases is 

expected to be similar to a Kubas interaction. The fact that the first molecule is chemically adsorbed can 

also be observed in the small value of the ����(/�0) for all the Rh decorated supports. Based on the 

value of ����(/�0)we can estimate easily how many molecules can be adsorbed chemically for the 

different systems. For pristine graphene the addition of a third H2 molecule yield to a ����(/�0) value 

almost equal to that obtained for ����(�����), meaning that there is no chemical contribution to the 

binding and it is dominated by van der Waals forces. Instead, in the case of Rh decorated B-doped 

graphene, the ����(�����) is smaller than ����(/�0) which means that, at the equilibrium adsorption 

distance, some repulsion occurs between the H2 molecule and the surface atoms,68 so the molecule 

remains attached only by dispersion interactions.  In the same way, 555-777 DVG can adsorbe two 

molecules chemically, and Rh decorated 585 DVG can adsorb only one molecule chemically, where the 

second molecule adsorption on Rh adatom is dominated by dispersion forces. This is consistent with the 

Rh-H distance and H2 bond lengths, which are approximately 2 Å or less and between 0.78-0.96 Å 

respectively for the chemically adsorbed molecules. When the H2 molecule is adsorbed physically the 

Rh-H distance increases to 3.21-3.87 Å and H2 bond length tends to a value close to the isolated H2 

molecule. Only the SVG Rh-decorated support can adsorb up to three molecules chemically. Comparing 

����(�����) and ����(/�0) it can be seen that there is a considerable chemical contribution even in the 

case of three H2 molecules adsorbed.  

In general the Rh-H distances are equal for the H2 chemical adsorption on Rh-pristine, Rh-B-doped 

graphene and Rh-555-777 DVG, as expected in Kubas interaction, but the molecules adsorbed 

chemically on Rh-SV and Rh-DV-585 graphene show, in some cases, that each pair of Rh-H distances 
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are slightly different, breaking the symmetry expected for a Kubas interaction. The calculation of Bader 

charges for H atoms in H2 allow us to verify that one of the atoms has charge depletion and the other has 

a charge accumulation for each adsorbed H2 molecule, meaning that the H2 molecule polarizes. The 

interaction between the dipole formed on the surface and the H2 dipole is the responsible for producing 

different Rh-H distances for each molecule. This effect was also observed by Ma et al.
42 In addition, 

there is an electrostatic interaction that contributes to the adsorption energy in these cases. This 

phenomena was previously observed by Yoon et al.
91 who showed an increase in the binding strength of 

molecular hydrogen on charged fullerenes, and was also observed on Ca decorated CNT.92 

Additional calculations were carried out to test the validity of the employed Grimme’s method, with 

the more accurate vdw-DF2 method for some systems with one H2 molecule.93  

The interactions between H2 molecules and the supported Rh atom were analyzed using PDOS 

projected on Rh-s and Rh-d orbitals and on H2-s states, for Rh/pristine graphene, Rh/B-doped graphene, 

Rh/SVG and Rh/555-777-DVG after the adsorption of one to three H2 molecules. In Fig. 8 (a) for one 

H2 molecule, the system remains magnetized especially due to the contribution of Rh d electrons. Then, 

as more H2 molecules are added, the magnetic moment disappears. The same thing occurs for the Rh-

585 DVG system, which has a magnetic moment, as was mentioned in the previous section, but when 

only one H2 molecule is adsorbed, the system magnetization is zero. Hybridization of the Rh-4d orbitals 

with H2-σ orbitals between -9 and -7.5 eV is observed in all the cases, with the presence of a new Rh-4d 

orbitals peak centered below – 8 eV. It can also be observed a small peak corresponding to the Rh-5s 

orbital, which overlaps with the H2-σ orbital peak, so there is also a small contribution of the Rh-5s 

orbital, in the electron donation of the H2-σ orbital to the Rh atom. On the other hand, there are some 

very small peaks corresponding to H2-s states in the range of -2.5 to 0 eV for Rh-pristine graphene, 

Rh/B-doped graphene, Rh/585 DVG and Rh/555-777 DVG, and between -5 to -2.5eV for Rh/SVG, that 
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interact very weakly with the Rh-4d orbitals and less with the Rh-5s orbital. These H2-s states bellow the 

Fermi energy correspond to the H2-σ* orbitals, which participate in the backdonation process, 

confirming Kubas type interaction. The increment in the number of molecules, increases the number of 

states corresponding to this type of interaction, which can be better visualized when a second H2 

molecule is added. Also in this case, a second H2-s peak can be visualized around -8 and -7.5 eV that 

overlaps with other Rh-4d orbitals peak, which is probably related with the hybridization between H2-σ 

orbital with the dxz and dyz orbitals. In this case, the first peak at more negative energies (centered among 

-8.75 and -8.25 eV) corresponds to the dz
2orbital, as was described for H2 and Ti/graphene interaction.23 

In the H2 adsorption on Rh/SVG, the antibonding H2-s states, shift to lower energies and seem to be 

more hybridized with Rh-5s states instead of Rh-4d sates, probably being a lesser effect of electron 

backdonation. This explains the fact that the distance between the H2 molecule and the Rh atom is in the 

order of 1.9-2.1 Å, and ?!�!  in the order of 0.78-0.79Å, with a weaker chemical interaction. But, in 

contrast to the other systems, SV is the only Rh decorated support that can adsorb with an appreciable 

chemical contribution up to three molecules, as we mention before. This is not the case for the addition 

of a third molecule for Rh/pristine graphene, Rh/B-doped graphene and Rh/555-777 DVG, which 

exhibit an new peak between of the H2-s states in the range -6 to -5 eV that does not interact with any 

metal orbital, indicating that the third molecule is only binding with the Rh atom by van der Waals 

forces, as was concluded before, from the energetic point of view. 
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Fig. 8 PDOS projected on Rh-5sorbitals, Rh-4d orbitals and on H2-s states for (a) Rh/pristine graphene, 

(b) Rh/B-doped graphene, (c) Rh/SVG, and (d) Rh/555-777 DVG  after the H2 adsorption, for one to 

three H2 molecules. 
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As described for the other Rh-decorated supports the first H2 molecule is adsorbed chemically on 

Rh/585 DVG. This behavior is observed in Fig. 9 (a). The addition of a second H2 molecule leads to a 

physical adsorption, which seems to contradict the PDOS observed in Fig. 9 (b), in which the 

hybridization of Rh s and Rh d orbitals with H2-σ orbital is observed. But this is not the case if the 

adsorption energy for all the molecules, is calculated employing ����(�����) = ����� + ��!" −

������	!" , where ������	!"is the energy of the Rh-decorated graphene with �H2 molecules adsorbed. 

Separating the Kohn-Sham and van der Waals terms in this equation, a value of 0.32 eV for ����(�����) 

and 0.22 eV for  ����(/�0) is obtained, so there is a chemical bond contribution, but it is dominated by 

van der Waals forces. This small chemical contribution explains the fact that the ?���!  have a value of 

2.04 Å and ?!�! is 0.79 Å for the second H2 molecule, instead of the higher values observed for the 

third molecule on Rh/Pristine graphene, Rh/B-doped graphene and Rh/555-777 DVG, which is almost 

pure physically adsorbed. 
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Fig. 9 PDOS projected on Rh-5sorbitals, Rh-4d orbitals and on H2-s states for Rh/585 DVG after the H2 

adsorption for (a) one H2, and (b) two H2. 

In Table 3, the Bader charges for the different amounts of H2 molecules after the adsorption are 

reported. A negative value in almost all cases is observed, which means that the H2 molecule receives 

electrons because of the electron backdonation process. In addition, the values of approximately zero 

correspond to the cases where the electron donation and backdonation are compensated or in the case 

where there only exists a physical interaction through dispersion forces.   
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Table 3 Bader charges relative to electron valence, for the adsorption of H2 on Rh/pristine graphene, 

Rh/B-doped graphene, Rh/SVG, Rh/585 DVG and Rh/555-777 DVG, for the optimized structures. 

System 1H2 2H2 3H2 

1H2/Rh/graphene -0.118 - - 

2H2/Rh/graphene -0.066 -0.065 - 

3H2/Rh/graphene -0.064 -0.065 0.001 

1H2/Rh/B-doped graphene -0.041 - - 

2H2/Rh/B-doped graphene -0.032 -0.024 - 

3H2/Rh/B-doped graphene -0.024 -0.024 -0.007 

1H2/Rh/SVG -0.043 - - 

2H2/Rh/SVG -0.001 -0.001 - 

3H2/Rh/SVG 0.007 0.009 0.005 

1H2/Rh/585 DVG -0.011 - - 

2H2/Rh/585 DVG -0.002 0.000 - 

1H2/Rh/555-777 DVG -0.063 - - 

2H2/Rh/555-777 DVG -0.031 -0.066 - 

3H2/Rh/555-777 DVG -0.027 -0.041 -0.013 
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Fig. 10 Geometry of the optimized structure for the maximum capacity of H2 molecule adsorbed on 

the (a) Rh/pristine graphene, (b) Rh/B-doped graphene, (c) Rh/SVG, (d) Rh/585 DVG, and (e) Rh/555-

777 DVG. 

Fig. 10, shows a summary of the optimized systems for its maximum amount of adsorbed H2 

molecules. In order to obtain a better understanding of the different stages of the metal and hydrogen 

adsorption on graphene, bond order (BO) per atom and overlap population (OP) calculations were 

carried out for the SVG support, which contains the maximum number of adsorbed molecules when it is 

decorated with Rh. The analysis was performed for one to three molecules adsorbed, and the more 

relevant results for the atoms taken as reference indicated in Fig. 11, are listed in the Tables 4 and 5.  
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Fig. 11 Selected atoms for bond order and overlap population analysis, (a) top, and (e) side view. 

 

Table 4 Overlap population for selected pairs of atoms for the SVG, Rh/SVG, H2 isolate molecule and 

H2/Rh/SVG, for one to three H2 molecules, optimized structures. 

    Overlap Population(OP) 

Atoms Distance/Å SVG Rh/SVG H2 free 1H2/Rh/SVG 2H2/Rh/SVG 3H2/Rh/SVG 

C1-C2 1.40 0.893 0.856 - 0.851 0.851 0.851 

Rh-C1 1.91 - 0.651 - 0.645 0.641 0.646 

Rh-H 2.08 - - - 0.220 0.190 0.152 

H-Hfree 0.75 - - 0.551 - - - 

H-Hmolecule1 0.79 - - - 0.432 0.438 0.446 

H-Hmolecule2 0.79 - - - - 0.436 0.446 

H-Hmolecule3 0.78 - - - - - 0.449 

Hmolecule1-Hmolecule2 3.16 - - - - 0.013 0.011 

Hmolecule1-Hmolecule3 3.32 - - - - - 0.016 

Hmolecule2-Hmolecule3 3.31 - - - - - 0.015 
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Table 5 Bond order per atom for selected atoms for the SVG, Rh/SVG, H2 isolate molecule and 

H2/Rh/SVG, for one to three H2 molecules, optimized structures. 

  Bonding Order(BO) per atom  

Atom SVG Rh/SVG H2 free 1H2/Rh/SVG 2H2/Rh/SVG 3H2/Rh/SVG 

Cclose 3.43 4.05 - 4.05 4.06 4.08 

Cfar 3.95 3.99 - 3.99 3.99 3.99 

Rh - 3.41 - 3.83 4.12 4.28 

H( H2 free) - - 1.00 - - - 

H molecule1 - - - 0.87 0.86 0.85 

H molecule2 - - - - 0.86 0.85 

H molecule3 - - - - - 0.85 

 

The bonding between the Rh and the graphene surface  at  the C vacancy region decreases the C-C OP 

from 0.893 to 0.856 (see Table 4). This is about 4% per bond, so since there are six C-C pairs first 

neighbor to the metal atom, it means a total decrease of 24%. At the same time, three Rh-C1 bonds are 

formed. When the H2 molecules reach the surface, they interact with the Rh atom, forming a Rh-H bond 

at 2.08 Å for the first H2 molecule with an OP of 0.220. The subsequent Rh-H OPs for the second and 

third H2 molecules are 0.190 and 0.152, respectively. These OPs values indicate that the interaction is 

stronger with the first H2 molecule. At the same time, the Rh-C OPs decrease about 1% with the first H2 

molecule and remains practically unchanged after the second and third H2 adsorption. The H2 bond 

length increases about 5% in all cases while its H-H OP decreases about 22%. The interactions between 

different H2 pairs are poor, corresponding to an OP below to 0.02, and was evaluated for other pairs of 

hydrogen atoms with an OP less than 0.001 (not showed in the Table).    

Table 5 shows the evolution of BO during the adsorption process. For the graphene surface, the C 

atom close to the vacancy region (Cclose) presents a value of 3.43 which is lower than the corresponding 

value for the carbon far for the adsorption site of Rh atom (Cfar) of 3.95. After Rh adsorption, the BO in 
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the Cclose increases to 4.05. Subsequent H2 adsorptions do no present any significant change in C BO. 

The BO for the Rh atom increases from 3.41 to 3.89, 4.12 and 4.28 when H2 molecules are considered, 

while the H BO decreases from 1 in the free molecule to 0.87-0.85 in the adsorbed state, as a result of 

the antibonding electrons participating in the electron backdonation process. Furthermore, in the 

successive H2 molecules adsorption, the molecules conserve practically the same bond order and overlap 

population, meaning that the chemical mechanism does not change during the successive adsorption 

verifying again that the change in the adsorption energy is due to van der Waals interaction (see 

	����(/�0) Table 2). 

Based on the analysis of this section, the graphene with SV defect is the best choice for hydrogen 

storage purpose, because it not only helps to stabilize the dispersion of individual Rh atoms but also 

presents a H2-molecular adsorption between the physisorbed and chemisorbed states, avoiding the 

hydrogen dissociation, and with a storage capacity superior to the other systems (3 H2-molecules per Rh 

atom). The adsorption energies are also in the range 0.19-0.3 eV, typical for a physicochemical 

interaction and it satisfies the requirement for easy adsorption and desorption of hydrogen under room 

conditions.16-18 

 

4. Conclusions 

In this work, DFT calculations have been carried out to investigate the stability of Rh atoms adsorbed 

on pristine graphene, B-doped graphene and with different vacancy defects (SVG, 555-777 DVG and 

585 DVG). In addition, hydrogen storage capacity for the different Rh decorated systems was evaluated. 

Based on binding energies calculated, we can affirm that a good Rh dispersion can be obtained on SVG 

and 585 DVG, preventing clustering due to the fact that Rh cohesive energy is lower than the binding 

energies for these defects. Rh atom decorated pristine, B-doped graphene, SVG and 555-777 DVG is 
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capable of adsorbing up to three H2 molecules, whereas Rh decorated 585 DVG can only adsorb up to 

two H2 molecules. The first H2 molecule is adsorbed chemically on Rh decorated graphene and partially 

dissociates. When a second molecule is adsorbed, a Kubas type interaction is observed in which the H-H 

bond is stretched. This interaction dominates the hydrogen adsorption when one or two molecules are 

chemisorbed on Rh decorated B-doped graphene and 555-777 DVG. In the case of Rh decorated 585 

DVG, just one molecule can be adsorbed chemically, while the second molecule adsorption on Rh 

adatom is dominated by dispersion forces. Also for Rh adatom on pristine graphene, B-doped graphene 

and 555-777 DVG, the third H2 molecule is absorbed by small van der Waals forces. Only SVG 

decorated with Rh, is able to adsorbed up to three molecules chemically, with a lower stretching of H2 

the molecules bond, and energies in the range of 0.19-0.3 eV, which are suitable for a H2 adsorption-

desorption at room conditions. The Rh-4d and Rh-5s orbitals hybridization with the H2 σ orbital is the 

main mechanism for the H2 adsorption, but there is also a contribution of the electrostatic interaction 

between surface dipole and polarized H2. Magnetization of Rh decorated graphene and 585 DVG was 

observed due to the differences in Rh 4d up and down states, but disappears after the hydrogen 

adsorption. The use of of Grimme or vdW-DF2 method show the same tendency in chemisorption 

results for one H2 molecule.  
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