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average, which may be addressed to a non-covalent bonding 
of the electrostatic-type, where the van der Waals contribu-
tion may also play a role. The density of states is evidently 
increased around the Fermi level in all POM/carbon sys-
tems. This may be due to the rising of new trajectories that 
ions may follow at the electrode of a solid-state device, such 
as a supercapacitor, giving as a result the strengthening of 
density current values and pseudocapacitive properties than 
those observed in pristine carbon systems. It was found that 
the SiWO12 and RuNb12 POM systems may be more feasi-
ble to be adsorbed on carbon substrates and may not require 
functional groups to allow POM retention. These systems 
represent potential candidates to be considered in nanohy-
brid electrodes for solid-state applications.

Keywords  Density functional theory · Energy storage · 
Polioxometalates · Solid-state devices · Electrostatic-type 
interactions

1  Introduction

The quest of energy storage and conversion materials has 
become a priority area of research in material science 
due to the need of efficient storage of energy coming for 
instance, from wind or solar devices  [1, 2]. The develop-
ment of molecular batteries and supercapacitors, where 
carbon-based electrodes are the leading materials, has trig-
gered remarkable breakthroughs  [3, 4]. This is the case 
in the incorporation of the chemistry of metallic oxides, 
known as polyoxometalates (POM) of the Keggin-type onto 
carbon matrices, such as graphene [5–7], single-walled car-
bon nanotubes (SWCNT) [3, 4] and the nanoporous carbon 
known as Vulcan™  [8]. The generic formulation of the 
cage-like Keggin POM structures is [XM12O40]

n− where X 
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corresponds to a nonmetal (see Fig. 1), such as P and M is 
a metal such as Mo, W or V [9]. For simplicity, we can also 
use the term XM12 to denote a [XM12O40]

n− system. The 
aplicability regarding the physical and chemical properties 
of POMs is ample, since they have been used as ampero-
metric sensors  [10, 11], water-splitting systems  [12], fuel 
cells [13] and electrochemical sensors of glucose [14] and 
they have widely been spread as electrode materials in Li-
ion batteries  [15, 16] and supercapacitors  [3, 4, 17–19]. 
Specifically, the last two applications require the attach-
ment of POMs to a conductive substrate to take advantage 
of their electronic conductivity properties, such as carbon 

materials. This is the reason why the POM anchoring on 
carbon substrates is highly desirable to achieve enhanced 
charge retention and also to avoid dissolution. POMs 
present the ability to be adsorbed on a variety of carbon 
substrates as graphene  [5, 6], carbon nanotubes  [4, 18, 
20], aerogels  [19] or activated carbons  [21, 22]. This has 
highly improved fast lithium-ion diffusion when compared 
to pristine carbon substrates,  [15, 16] as implemented in 
Li-ion batteries. Furthermore, POM/nanohybrid materi-
als are considered to be a competing alternative to the 
use of RuO2 pseudocapacitive material in supercapacitor 
electrode applications. Experimentally, POMs have been 

Fig. 1   a C3 and b S4 orienta-
tions of the system XM12O40

n−, 
with X = Pd, P, Ru, Si and 
M = Mo, Nb, W and n = 2, 
3, 4, 8. Ot, Ob and Oc are an 
oxygen atom at the top, at a 
bridging bond and at the central 
peripheral of the POM system, 
respectively. c A perspective of 
the n Na-counterions introduced 
in the POM system to neutral-
ize the overall charge. Note that 
n may take the values n = 2, 
3, 4 and 8. C3 and S4 orienta-
tions are with respect to an axis 
crossing the center of the POM. 
Such axis is perpendicular 
with respect to the plane of a 
graphene sheet
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attached to carbon substrates through their redox activity. 
For instance, the system PMo12O40

3− (or readily PMo12) 
has been anchored to carbon [20, 21], which has been evi-
denced by the color shifting from yellow solution to a blue 
solution, indicating a reduction of POM in the redox pro-
cess [23]. In a recent study [8], our group also found that 
functional groups may be incorporated to an amorphous 
carbon substrate (namely Vulcan™ carbon) in a grafting 
process by using diazonium salts. The POM clusters were 
grafted onto the amorphous carbon matrix via a ϕ−OH and 
ϕ−NH2 functional groups, and also in the absence of both. 
It was found that the presence of POM clusters increases 
the density current from that found on pristine Vulcan™ 
carbon, and the density current is significantly enhanced 
after the deposition of PMo12 cluster onto Vulcan™ car-
bon functionalized with ϕ−OH and ϕ−NH2. Particularly, 
a maximum in density current found at the voltammo-
grams is reached with the ϕ−OH functional group. Tesso-
nier et al. [7] synthesized the group of POMs H3PM12O40 , 
H3PW12O40 and H4PMo11VO40 supported on oxygen and 
alkyl-functionalized graphene sheets, and they found that 
these materials give the ability to disperse POMs in envi-
ronments where they would not dissolve if unsupported. 
As another example, the POM H3PW12O40 was co-assem-
bled  [24] onto graphene oxide nanosheets using layer-by-
layer deposition. This nanohybrid system was addressed as 
photomasks to produce conductive patterns of reduced gra-
phene oxide, and it was used as an efficient microelectrode 
for photodetector devices. On the other hand, Xu et al. [25] 
explored the system SiW11VO40 deposited on graphene, by 
introducing it into a TiO2 film as a photovoltaic material. 
They found a significant photocurrent response, attribut-
able to the photoinduced electrons of SiW11VO40, resulting 
in a potential material with a lower energy level than that 
of the conduction band of TiO2. Wang et al. [5] prepared a 
H4SiW12O40 POM system supported on reduced graphene 
oxide nanosheets. It was found that the nanocomposite 
presents an increased capacity of 275 mAhg−1 as cathode 
active material for Li storage. This is almost two times 
larger than the capacity found in pure SiW12.

The nature of bonding between the carbon substrates and 
the POM systems has been a subject of debate  [4], and it 
has been elucidated in a reduced group of works performed 
with ab initio methodologies and molecular dynamics. For 
instance, Wen et al. [26] reported a DFT study on the inter-
action of SWCNT and the PMo12 cluster via a tetrabutyl-
ammonium (TBA) linker. From a density of states analy-
sis performed at the lowest energy configurations, it was 
found that the semiconducting character of the SWCNT is 
changed to a metallic character instead, after the anchoring 
of the PMo12 system onto the SWCNT surface. This may 

be suitable if implemented on molecular batteries or super-
capacitors. An experimental/theoretical (DFT) work was 
performed by Yang et  al.  [27] on a supercapacitor made 
of a graphene substrate, which was functionalized with 
PMo12 clusters and a polymeric ionic liquid (PIL), acting 
as an interfacial linker. It was found that the presence of 
the PIL increases redox reactions of PMo12, stimulating an 
improved charged transfer that enhances the capacitance 
in the supercapacitor system. On the other hand, by a DFT 
study  [28], it was found that if POMs are immersed into 
a solvent, the POM consumes hydroxyl groups, producing 
water and a covalent bonding with cristobalite surfaces. 
A combined DFT/MD study performed by Aparicio  [29] 
revealed an adsorption of the SiW12 system onto a Ag sur-
face, where the solvent was responsible for the reduction 
of POMs. Finally, a DFT study was recently performed by 
our group [30] on the PMo12 systems grafted on graphene. 
It was found that a non-covalent/electrostatic bonding at 
PMo12/graphene interface rules the attraction. It was also 
found that the presence of ϕ−NH2 and ϕ−OH functional 
groups stimulates a covalent attraction with PMo12. This 
was addressed to the empirical observation that implies 
that the functional groups aid on the PMo12 adsorption 
on carbon surfaces. It was also found that POM retention 
originates new electronic states that ions may track in the 
electrochemical devices. The search of novel nanohybrid 
materials that involve POM retention on carbon matrices 
is of high relevance, since the improved electronic features 
coming from the interaction may be directly implemented 
into the development of solid-state devices. As previously 
stated, the exploration of POM/carbon nanohybrid systems 
at the theoretical level is only limited to a small group. As 
suggested by Genovese and Lian [3], a deeper understand-
ing from fundamental grounds on the mechanism ruling 
the interactions on POM systems and carbon is of high 
priority for sustainable research on energy storage mate-
rials and other applications involving solid-state devices 
based on POM nanohybrid systems. The aim of this work 
is to understand the electronic structure properties that may 
play a role on the performance of unprecedented POM/
carbon systems, with potential applications on solid-state 
devices such as molecular batteries and supercapacitors, 
via a systematic study on the series of [XM12O40]

n− sys-
tems where X = P, Pd, Si and Ru, and M = Mo, W and 
Nb, n is dependant on the overall valence of the POM sys-
tem. Particularly, the systems with X = Ru and M = Nb 
are unpublished POMs at the theoretical and experimental 
levels. Our results may give new insights into the develop-
ment of materials that may be of potential interest to pro-
vide improved specific capacitances from those found in 
available systems.
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2 � Computational details

An extended model of graphene with 112 carbon atoms 
was considered to include periodic conditions and to simu-
late a network where the metallic POM clusters may inter-
act with carbon, recreating a fragment of a typical carbon 
electrode from a supercapacitor or battery. In order to study 
the electronic structure properties of a series of nanohy-
brid XM12/Graphene systems, full geometry optimizations 
were performed using density functional theory (DFT) at 
the generalized gradient approximation and local density 
approximation (GGA and LDA levels, respectively). This 
study was performed in order to have a wider landscape of 
the particularities risen by using different approaches for 
the same applications, and we further selected the approach 
that better suited the analysis on energy storage properties. 
From the optimized structures, we computed adsorption 
energies, structural parameters, density differences, charge 
transfer, total density of states (DOS) and projected density 
of states (PDOS). The DFT/GGA calculations were per-
formed using the PBE (Perdew–Burke–Ernzerhof) level of 
theory, and it was also used as a functional that includes 
a van der Waals correction, which is important to describe 
London-type interactions present at the interface of the 
hybrid material [30]. For comparison, the calculations were 
also carried out at the LDA/CA level and in both cases, 
pseudopotentials were used for all atoms as implemented in 
the SIESTA ab initio package [31–33]. The computational 
code uses the Troullier–Martins non-local form of norm-
conserving pseudopotentials and localized atomic orbit-
als as basis sets. The double—ζ plus polarization basis set 
(DZP) was used for all elements defined in the series of the 
title compounds. In order to neutralize the overall charge in 
the five series of systems, n counterions were included in 
the relaxation, depending on the system under study. That 
is, n = 2, 3, 8, 4 and 4 for PdMo12/G, PMo12/G, RuNb12/G, 
SiMo12/G and SiW12/G, respectively. The systems PdMo12 
and RuNb12 have not been synthesized so far, and we pro-
pose a theoretical prediction from first-principle calcula-
tions. The values of the overall charges for these systems 
were assigned in accordance with the general rule for POM 
valency assignment  [34, 35]. The overall charges for the 
PMo12, SiMo12 and SiW12 were assigned from experimen-
tal data  [36, 37]. The counterions were explicitly intro-
duced by using a standardized methodology  [30, 38] by 
adding nNa+ cations. The n cations were initially located 
close to the oxygen atoms above the equatorial plane of the 
POMs, allowing the XM12/G systems to be relaxed during 
the optimizations. The interaction with bridging oxygens 
around the POM system was only considered for all situa-
tions (see Fig. 1c). For the Na cations, a basis set restricted 
to the s-orbital was defined and a small cutoff radius of 

0.497 Bohr was introduced. Furthermore, an equivalent 
real-space mesh cutoff of 250 Ry was also introduced as 
given by Kostyrko et  al.  [38] and Wen et  al.  [39]. Using 
this scheme, the Na atom is modeled as a point charge with 
unitary charge +|e|. In all calculations, the unit cell has the 
dimension 18.33 × 18.57 × 31.00 Å, which allows the sys-
tems to be confined in a periodic lattice. Considering this 
cell size, the z direction presents a vacuum separation that 
allows to model the layer structure. It has been shown that 
this separation avoids spurious interactions with images 
in the periodic lattice for graphene and XM12/G systems. 
A threshold of 0.01 eVÅ−1 was used for the final forces in 
all geometrical optimizations, as the convergence criteria, 
10−5 electrons for the electron density and 10−5 eV for the 
total energy of the systems. A Monkhorst and Pack  [40] 
grid with 3  ×  3  ×  1 k-point for the primitive cell was 
implemented in order to sample the Brillouin zone. On the 
other hand, the electronic structure properties that may give 
insights into energy storage properties were analyzed. In 
this regard, the energetic stability of the title compounds 
was predicted by computing the adsorption energies (�Ea) 
in accordance with Eq. 1:

where ET stands for the total energy of XM12/G hybrid 
system with X =  Pd, P, Ru and Si, while M =  Mo, Nb, 
W. EXM12 is the total energy of the XM12 isolated clus-
ter in the same unit cell, and EG corresponds to the total 
energy of the carbon substrate inside the same unit cell. 
The adsorption energies were also computed using a van 
der Waals density functional (vdW-DF) as outlined by Dion 
et  al.  [41], in order to compare with the results given by 
the DFT/GGA method. The latter was performed, since it is 
known that DFT/GGA computations are not fully reliable 
where the adsorption is ruled by London attractions of the 
van der Waals-type. As a result, only slight deviations from 
the GGA values were found in those calculations, indicat-
ing that the GGA/PBE approach appears to be reliable to 
compute this electronic structure property on this type of 
systems.

Charge transfer among the XM12 title systems and the 
carbon substrate was also studied in accordance to the Mul-
liken population analysis  [42]. As it is well known, the 
scheme is highly sensitive to the basis set used. As a con-
sequence, we are interested to provide qualitative trends 
in the electronic structure behavior of these nanohybrid 
ensembles. The method given by Arellano et  al.  [43] was 
implemented, where the charge density is partitioned in 
real space in order to state the interaction and quantita-
tively verify the charge transfer between the two subsys-
tems under study, namely XM12 and graphene. Further, the 
charge transfer (�Q) is defined as:

(1)�Ea = ET − EXM12 − EG,
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where 
∑

QT represents the sum of all charges at each of 
the atoms in the nanohybrid system; 

∑
QXM12 and 

∑
QG 

are the total sum of the charges at the isolated POM XM12 
system and graphene, respectively. In order to complete 
Arellano’s scheme, the isosurfaces of the total charge den-
sity difference ρdiff(r) were mapped for all configurations 
in the title compounds. In this regard, ρdiff(r) was plotted in 
the molecular viewer VESTA [44], according to Eq. 3

where ρXM12/G(r) refers to the charge density of the XM12 
cluster adsorbed on the carbon substrate; ρXM12(r) is the 
charge density of the XM12 clusters in the series and ρG(r) 
corresponds to the charge density of graphene, both in the 
same unit cell.

3 � Results and discussion

3.1 � Structural parameters and adsorption energies

Full geometry optimizations were performed through all 
title structures XM12/G, with X = Pd, P, Ru and Si, while 
M =  Mo, Nb, W. The PMo12 system previously studied 
experimentally and theoretically by our group  [8, 30] is 
also considered in the present work, since it may be used 
as a reference to the title systems unexplored at the theo-
retical or experimental level. In all cases, a POM interacts 
with a graphene sheet, considered as the simplest model 
of a carbon substrate in 2D. Note that such a model may 
also be valid in a 3D section of a nanoporous carbon, as 
the graphene-like structure is present on the surfaces gen-
erated using molecular dynamics as suggested by Gogotsi 
et al. [45] and our group [46]. Due to the high symmetry 
(Td point group) found on the XM12 Keggin clusters, we 
only identified two different interacting orientations of 
the POM with the graphene sheet, that is, at a C3 axis of 
symmetry located along the center of the POM (as it is 
evidenced in the top view depicted in Fig.  1a), and a S4 
axis of symmetry located along the center of the Keggin 
structure (see Fig. 1b). Considering both orientations with 
respect to the graphene plane, it was also assumed that the 
metallic cluster along the central axis may interact with 
the layer at the top of a carbon atom (T-orientation), at the 
center of the bridge between two C atoms (B-orientation) 
and exactly at the center of a hollow ring (H-orientation) 
on the honeycomb-like structure of graphene (see Fig. 2). 
Taking the latter into account, six different orientations 
of the XM12 clusters at graphene were fully relaxed, 
using the following notation: C3-B, C3-H, C3-T, S4-B,  
S4-H and S4-T, corresponding to the C3 and S4 interacting 

(2)�Q =
∑

QT −
∑

QXM12 −
∑

QG,

(3)ρdiff(r) = ρXM12/G(r)− ρXM12(r)− ρG(r),

symmetries of the Keggin structures with graphene at the 
bridge, hollow and top configurations, respectively. All 
geometry relaxations were performed with the GGA and 
LDA approaches for comparison and to understand the 
computational performance in these type of calculations. 
In order to have an overall view of the optimized struc-
tural parameters, it is presented in Table 1 the metal (M) 
to oxygen (O) bond lengths in the isolated POM systems 
by considering the averaged distances of oxygen atoms to 
the metal M at the top (Ot), center (Oc) and bridged (Ob) 
locations around the cluster, as depicted in Fig.  1. Note 
that the experimental structural parameters reported in 

Table 1   Main structural parameters of the isolated XM12O40
n− sys-

tems, with X = Pd, P, Ru, Si and M = Mo, Nb, W

Selected parameter

X-O M-Ot M-Ob M-Oc

Bond lengths in pm (GGA)

 System (with counterions)

  [PdMo12O40]
2− 156.0 170.0 188.0 190.0

  [PdMo12O40]
6− 218.7 173.2 198.5 192.1

  [PMo12O40]
3− 156.0 173.0 195.0 202.0

  [RuNb12O40]
8− 158.0 174.0 191.0 203.0

  [SiMo12O40]
4− 155.0 172.0 199.0 186.0

  [SiW12O40]
4− 154.0 168.0 183.0 190.0

  System (charged)

  [PdMo12O40]
2− 156.0 170.0 196.0 203.0

  [PMo12O40]
3− 166.0 171.0 196.0 195.0

  [RuNb12O40]
8− 157.0 169.0 191.0 192.0

  [SiMo12O40]
4− 155.0 170.0 196.0 204.0

  [SiW12O40]
4− 165.0 171.0 195.0 193.0

Bond lengths in pm (LDA)

 System (with counterions)

  [PdMo12O40]
2− 195.0 171.0 192.0 200.0

  [PMo12O40]
3− 157.0 173.0 196.0 205.0

  [RuNb12O40]
8− 183.0 177.0 202.0 209.0

  [SiMo12O40]
4− 168.0 174.0 192.0 202.0

  [SiW12O40]
4− 166.0 171.0 187.0 192.0

  System (charged)

  [PdMo12O40]
2− 202.0 172.0 209.0 208.0

  [PMo12O40]
3− 157.0 171.0 193.0 205.0

  [RuNb12O40]
8− 183.0 204.0 203.0 198.0

  [SiMo12O40]
4− 168.0 174.0 197.0 191.0

  [SiW12O40]
4− 166.0 171.0 191.0 192.0

  System (experimental)

  [PdMo12O40]
2− – – – –

  [47] [PMo12O40]
3− 151.0 164.0 244.0 192.0

  [RuNb12O40]
8− – – – –

  [36, 37] [SiMo12O40]
4− 163.0 168.0 183.0 201.9

  [36, 37] [SiW12O40]
4− 163.0 170.0 189.0 194.0
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Table 1 for PMo12  [47], SiMo12  [36, 37] and SiW12  [36, 
37] are in close agreement with those found with the dif-
ferent approaches performed in this work. As presented in 
Table 2, it was virtually found the same bond lengths after 
the clusters were relaxed in the presence of graphene, (see 
Fig.  2). Some slight variations were found with oscilla-
tions around 2pm. All parameters remain virtually unal-
tered after geometry relaxation, evidencing the high sta-
bility of the clusters at the interaction with carbon.

The average distances ZC3 and ZS4 among the different 
XM12 systems and graphene are reported in Table  2. ZC3 
and ZS4 represent the interplanar distance between the 
carbon substrate and a POM with C3 and S4 symmetries, 
respectively (see Fig.  2g, h, respectively). The bonding 

distances range from 229 to 303 pm (found at GGA with 
Na-counterions), indicating that a non-covalent interaction 
of the electrostatic-type is formed. The results obtained 
from the GGA approach indicate an agreement among the 
charged systems and the systems where the total charge is 
balanced by the Na-counterions, since it was found a range 
of interacting planes coming from 226.8 to 285.3 pm, rang-
ing at an equivalent interval than that found on systems 
with Na-counterions reported above. Consequently, these 
differences may be considered to be negligible. Analogous 
ranges are also found for the LDA approaches as shown in 
Table 2.

Considering that the structural parameters obtained 
from the GGA and LDA approaches are in close 

Fig. 2   Top view of the unit cell where the XM12 system, interacts 
with graphene at a C3-B configuration (i.e., in bridge between 2 C 
atoms, b C3-H configuration (i.e., at a hollow carbon ring, c C3-T con-

figuration (exactly at the top of a carbon atom). The d S4-B, e S4-H 
and f S4-T configuration are shown. g A C3 and h S4 lateral views 
where the graphene–POM distances are evidenced, are also presented
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agreement and that independently of the use of counte-
rions or explicit charge at the POM systems during the 
relaxations, we can conclude that all procedures may ade-
quately model the geometrical parameters at the POM/
carbon surface interface. Furthermore, we can determine 
which scheme may be more optimal and computationally 
inexpensive. In this regard, in Fig. S1 and S2 of the Sup-
plementary Information (SI), a computation time com-
parison among those calculations performed with the 
respective nominal charge and those with explicit coun-
terions, is presented. For those calculations performed at 
GGA level (see Fig.  S1), we found that in the majority 
of the systems, the computations performed with elec-
tronic charges is completed in shorter times than those 
computed with explicit counterions. In some isolated 
cases, this behavior is reversed but in average, the use 
of charges in the geometry relaxations results in faster 
computations. The values found in the LDA calculations 
(see Fig. S2) are equivalent and only the RuNb12/G sys-
tem at the S4 configuration results in larger computation 

time than the systems with explicit counterions. Conse-
quently, the structural properties of POM/carbon systems 
may be studied at the inexpensive methodology (smaller 
computation time) based on the use of electronic charges 
instead of considering the use of explicit counterions. 
Nevertheless, the study of more general electronic prop-
erties may only be assessed with the aid of counterions, 
as it is further described.

On the other hand, these preliminary results were also 
complemented with the computation of electronic struc-
ture properties that may be relevant in energy storage mod-
eling, such as the adsorption energy, which was previously 
defined in Sect.  2. The adsorption energies computed at 
the GGA methodology with the charged systems and with 
the systems neutralized by the counterions are presented 
in Figs. 3 and 4, respectively. It can be seen that the inter-
action of the charged systems SiMo12/G, SiW12/G and 
PMo12/G appears to be repulsive at the six different ori-
entations where the POM systems meet the graphene sur-
face. Such repulsion is greatest in the RuNb12/G system, 

Table 2   Interplanar distances 
from graphene to XMo12, with 
X = Pd, P, Ru, Si and M = Mo, 
Nb, W

Symmetry

C3-B C3-H C3-T S4-B S4-H S4-T

Interplanar distances in pm (GGA)

 System (with counterions)

  [PdMo12O40]
2−/G 273.0 275.3 256.5 283.7 286.2 282.0

  [PdMo12O40]
6−/G 279.0 – – 285.4 – –

  PMo12/G 280.0 272.5 282.2 261.7 297.2 288.0

  RuNb12/G 245.1 253.8 249.4 256.2 250.0 252.3

  SiMo12/G 272.4 274.4 272.6 265.7 265.5 269.8

  SiW12/G 283.3 262.6 271.2 279.6 283.0 273.9

  System (charged)

  PdMo12/G 242.2 262.0 260.2 268.0 271.4 272.1

  PMo12/G 251.2 261.0 263.6 258.4 276.0 279.0

  RuNb12/G 239.4 260.6 236.0 246.0 242.2 253.5

  SiMo12/G 251.3 259.2 271.3 265.7 253.4 267.1

  SiW12/G 248.4 256.0 250.5 268.1 267.7 262.5

Interplanar distances in pm (LDA)

 System (with counterion)

  PdMo12/G 251.6 250.3 253.0 248.3 242.9 247.3

  PMo12/G 252.2 281.9 264.8 259.2 297.8 289.7

  RuNb12/G 207.1 208.9 233.2 249.3 227.5 234.5

  SiMo12/G 267.6 254.4 261.1 253.6 253.4 252.8

  SiW12/G 261.4 259.8 255.6 260.2 266.3 275.7

  System (charged)

  PdMo12/G 243.4 252.2 247.5 253.8 258.4 254.7

  PMo12/G 244.9 246.4 248.6 242.0 248.8 247.3

  RuNb12/G 218.2 139.6 217.6 229.3 142.4 182.7

  SiMo12/G 219.3 235.5 233.9 237.3 242.1 233.8

  SiW12/G 228.6 232.1 234.7 236.7 239.9 239.6
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reaching a maximum at the C3-T orientation with a repul-
sion energy of about 6 eV (see Fig. 3).

An attractive energy was found for the six configura-
tions of PdMo12/G and PMo12/G systems. In both cases, 
a minimum is found at the S4-B symmetry with −2.0 and 
−7.5 eV, respectively. On the other hand, we computed the 
adsorption energies on the group of title systems by con-
sidering the neutralization of the respective charge on each 
system. As it was already outlined in the Computational 
details, counterions simulating point charges with values of 
+1.0 e for each unit were introduced. It was found with no 

exception that all geometries present at least three differ-
ent configurations where the adsorption energy is attractive. 
That is, the systems SiMo12/G (C3-T symmetry), SiW12/G 
(S4-T symmetry) and PMo12/G (S4-B symmetry) present an 
equilibrium geometry with an attractive adsorption energy, 
i.e., with −3.0, −4.4 and −1.7  eV, respectively. Conse-
quently, the SiW12/G and PMo12/G attractive interactions 
correspond to a non-covalent bonding of the electrostatic-
type. Nevertheless, for the SiW12/G case, the minimum 
energy at the S4-T configuration (about −4.4 eV) may be 
attributed to a strong attraction with a certain degree of 

Fig. 3   Adsorption energies of 
the XM12 clusters adsorbed on 
graphene at the GGA approach 
(with explicit charges)
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Fig. 4   Adsorption energies of 
the XM12 clusters adsorbed on 
graphene at the GGA approach 
(with Na-counterions)
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covalency. It allows the POM system to be tightly adsorbed 
(certainly a chemisorption may be expected) onto the 
graphene layer with an unprecedented attractive energy. 
The PdMo12/G system presents attractive energies in all 
configurations with a minimum located at the S4-B sym-
metry (about −2  eV), addressed also to a non-covalent 
interaction.

It is important to highlight that the PdMo12 
([PdMo12O40]

2−) system corresponds to Pd(VI), which 
may represent an uncommon state of palladium. Taking the 
latter into account, we performed a geometry relaxation on 
the [PdMo12O40]

6− system. This charged species contains 
Pd(II), which represents a more common form of palla-
dium. It was found that the [PdMo12O40]

6− system is more 
stable than the [PdMo12O40]

2− species and presents simi-
lar structural parameters as reported in Table 1. Note that 
this comparison was only performed at the GGA level in 
the presence of the counterions. Furthermore, we also opti-
mized the composite system [PdMo12O40]

6− adsorbed on 
graphene (see structural parameters at Table 2), considering 
the most stable geometries found for the [PdMo12O40]

2− 
system, namely C3-B and S4-B to compare both cases. It 
was found that the adsorption energies for the C3-B and  
S4-B symmetries are +0.397 and +5.681 eV, respectively, 
indicating that a strong repulsion may be expected for the 
[PdMo12O40]

6− charged species. Since [PdMo12O40]
n−, 

with n = 2 and 6 are both predicted species, we may con-
clude that n =  6 may be expected to be more stable at a 
synthesis in the experimental level, but the attraction with 
a carbon substrate may only be suitable with n = 2 charged 
species.

At the RuNb12/G system, we found three different attrac-
tive configurations of the same energetic magnitude corre-
sponding to the non-covalent bonding found in the previ-
ous systems, i.e. C3-H, S4-B and S4-T symmetries, with a 
minimum at the S4-B orientation (see Fig. 2). The rest of 
the symmetries in this system are certainly repulsive, which 
may be due to the high charge stored at the Keggin cage 
(−8.0 e). It may destabilize the frontier molecular orbitals 
in the system, giving as a result no physisorption in the C3

-B, S4-B and S4-H configurations. The latter may also be 
related to the bonding distances found from the graphene 
plane to the imaginary plane crossing the bottom of the 
POM cluster at the six different configurations. It was 
found in Table  2 that the RuNb12/G system presents the 
shortest interplanar distances in all configurations. Particu-
larly, the RuNb12 cluster with C3-B, S4-B and S4-H sym-
metries is located at 245.1, 256.2 and 250.0 pm from the 
graphene plane, respectively, corresponding to the closest 
bond distances found in the series. Such behavior may be 
interpreted with a certain degree of covalency that may 
impact POM retention onto carbon substrates, favorable for 
energy storage applications.

The adsorption energies computed at the LDA/CA level 
of theory are depicted in Fig. 5 with the charged systems 
and also with the presence of counterions to neutralize the 
overall charge (see Fig. 6). In the first case, the adsorption 
energies for the systems under study range from about −3.0 
to 2.0 eV, such as it is reported in the charged systems at 
the GGA/PBE level of theory. As it was previously found, 
the RuNb12/G system presents a strong attractive adsorp-
tion energy. In this case, such interactions are certainly 

Fig. 5   Adsorption energies of 
the XM12 clusters adsorbed on 
graphene at the LDA approach 
(with explicit charges)
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evidenced in the C3-H and S4-H configurations (about −6.7 
and −10.0 eV, respectively).

When the calculations are performed at LDA/CA level 
with the presence of counterions, the range of adsorption 
energies is reduced and virtually all interactions among the 
POM systems and graphene are attractive. The covalent 
character found for the SiW12/G at the GGA/PBE level is 
also reproduced at this scheme, evidencing the strong-
est interaction found in the series of systems under study. 
Using this methodology, the lowest energy corresponds to 
the S4-H configuration, and it overestimates the most sta-
ble configuration at GGA/PBE level by about −2.0  eV. 
Besides, the adsorption energies of the RuNb12/G system 
oscillates and the lowest adsorption energy was found at 
−7.0 eV. This adsorption energy may also be considered as 
a non-covalent attraction of the electrostatic-type. Conse-
quently, the GGA/PBE methodology (with counterions) is 
to be implemented for further analysis in this work, since 
it smoothly reproduces the interaction energies through 
the series, giving no overestimations to this property, due 
to the improved approach provided by GGA over the local 
description introduced by LDA.

3.2 � Charge analysis

In order to quantitatively figure out the amount of charge 
transfer at the relaxed geometries along the title compounds, 
a series of Mulliken calculations were performed by tak-
ing into account that this analysis requires to be carefully 
interpreted since it is highly sensitive to the basis set. For 
all our systems, the robust DZP basis set, as implemented 
in SIESTA  [31–33] was used. The results are presented in 

Table  3, where the GGA and LDA schemes are compared 
with the charged systems and those in the presence of coun-
terions. Indeed, the PdMo12/G system undergoes a charge 
transfer that in all symmetries comes from the PdMo12 clus-
ter to graphene. The smallest charge transfer corresponds to 
the lowest energy configuration found at the GGA/PBE level 
in the presence of counterions, indicating that the origin of 
the attraction is made of a strong electrostatic attraction and 
it may only be mediated by an orbital behavior. Furthermore, 
the same tendency is also reported for the GGA/PBE level in 
the charged PdMo12/G system (see Table 3). In this regard, in 
order to make a comparison with the Mulliken charge analy-
sis in the particular systems [PdMo12O40]

n− (with n =  2 
and 6) and to corroborate that no fortuitous results on the 
charge transfer were evaluated, we also performed a Hirsh-
feld charge analysis  [48, 49] on both systems. Such values 
are reported in Table 3 (the values given in parenthesis), and 
it was found that for the [PdMo12O40]

2− system, a charge of 
about +0.160 e was depleted from the POM, for the C3-B 
and S4-B symmetries. The charge was transferred to the car-
bon substrate. A similar behavior was also observed with the 
Mulliken charge analysis. Furthermore, the Hirshfeld charge 
analysis performed in the system [PdMo12O40]

6− adsorbed 
on graphene, indicates that about +3.00 e were transferred 
from the POM to the carbon sheet, despite the repulsion 
found in this particular configuration. This behavior was also 
found by using the Mulliken charge analysis, as it is reported 
in Table 3. Both schemes, Hirshfeld and Mulliken analyses, 
reveal the imminent charge transfer from the POM to the car-
bon substrate. On the other hand, the system PMo12/G pre-
sents a minimum located at the S4-B symmetry (charged and 
with counterions) when it is optimized with the GGA/PBE 

Fig. 6   Adsorption energies of 
the XM12 clusters adsorbed on 
graphene at the LDA approach 
(with Na-counterions)
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methodology. This is in agreement with the results found by 
Muñiz et al. [30].

Charge transfer in this case (see Table 3) appears to be 
the smallest of the group, revealing an analogous bonding 
than that presented before (electrostatic with certain contri-
bution coming from the orbital transfer). As it is depicted in 
Fig. 3, the behavior of the charged PMo12/G system is quite 
plane, showing no clear minima, despite the variations 
on the bonding distances of equilibrium among the POM 
systems and graphene. Nevertheless, the charge transfer 
obtained with this methodology is consistent with the coun-
terions scheme at the same level of theory.

The lowest adsorption energy found at the LDA/CA 
(with counterions) does not correspond to that found at the 
GGA/PBE level. The same tendency in the charge transfer 
is found, revealing that the smallest transfer is produced in 
the S4-B configurations. Nevertheless, the LDA/CA Mul-
liken analysis for the PdMo12/G system at the charge con-
figuration returns negative values (see Table 3), addressing 
a transfer from graphene to the POM and indicating that 

at this level of theory, the Mulliken analysis may lead to 
unphysical results.

Taking into consideration that in the RuNb12/G system, 
the adsorption energy is underestimated when it is calcu-
lated with the charged system at the GGA/PBE methodol-
ogy and it is overestimated at the LDA/CA method. Mul-
liken analysis was only considered in the schemes where 
the counterions were explicitly specified. Furthermore, an 
analogous tendency is also observed in the LDA/CA case, 
where the smallest adsorption energy is also overestimated 
(see Fig. 6). Consequently, the only Mulliken analysis that 
would provide physical insights is that reported by the 
GGA/PBE method. The charge transfer in this case (see 
Table 3) is the largest in the series of complexes due to the 
high electronic charge that the RuNb12 system may retain 
(−8.0  e). The smallest charge transfer is reported for the 
S4 symmetries and consistent with the lowest adsorption 
energy reported at the S4-T symmetry.

As already found for the RuNb12 cluster, the SiMo12 
and SiW12 systems may also retain high electronic charges 

Table 3   Charge transfer using 
Mulliken analysis from XMo12 
to graphene, with X = Pd, P, 
Ru, Si and M = Mo, Nb, W

�Q (e)

n C3-B C3-H C3-T S4-B S4-H S4-T

 �Q (GGA)

  System (with counterions)

  PdMo12/G −2 +0.128 (0.155) +0.122 +0.115 +0.082 (0.154) +0.093 +0.092

  PdMo12/G −6 +3.287 (3.308) – – +2.986 (3.055) – –

  PMo12/G −3 +1.112 +1.157 +1.167 +1.083 +1.175 +1.093

  RuNb12/G −8 +3.554 +3.561 +3.581 +3.299 +3.281 +3.308

  SiMo12/G −4 +1.932 +1.886 +1.966 +1.811 +1.765 +1.831

  SiW12/G −4 +2.194 +2.182 +2.140 +2.226 +2.287 +2.091

 System (charged)

  PdMo12/G −2 +0.087 +0.087 +0.427 +0.017 +0.026 +0.030

  PMo12/G −3 +0.463 +0.453 +0.420 +0.229 +0.239 +0.256

  RuNb12/G −8 +3.066 +3.144 +3.069 +2.716 +3.312 +2.888

  SiMo12/G −4 +0.940 +0.951 +1.050 +0.712 +1.659 +0.722

  SiW12/G −4 +0.956 +0.954 +0.953 +0.782 +0.789 +0.786

�Q (LDA)

 System (with counterion)

  PdMo12/G −2 +0.204 +0.240 +0.241 +0.204 +0.211 +0.216

  PMo12/G −3 +1.128 +1.208 +1.157 +1.094 +1.185 +1.108

  RuNb12/G −8 +3.909 +3.866 +3.677 +3.402 +3.387 +3.395

  SiMo12/G −4 +2.004 +1.944 +1.988 +1.840 +1.838 +1.187

  SiW12/G −4 +2.517 +2.293 +2.240 +2.384 +2.422 +2.273

  System (charged)

  PdMo12/G −2 +0.033 +0.029 +0.043 −0.142 −0.144 −0.041

  PMo12/G −3 +0.653 +0.625 +0.600 +0.428 +0.438 +0.499

  RuNb12/G −8 +3.397 +3.388 +3.198 +2.806 +2.955 +2.813

  SiMo12/G −4 +1.317 +1.303 +0.955 +1.175 +1.171 +1.162

  SiW12/G −4 +0.956 +0.954 +0.953 +0.782 +0.789 +0.786
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(−4.0 e for both cases). The interaction between both sys-
tems is essentially repulsive when it is modeled at GGA 
or LDA (charged systems). The tendency is reversed after 
introducing explicit counterions in the calculations for both 
methodologies. Particularly at GGA/PBE, it was found 
that one of the smallest charge transfers coming from the 
SiMo12 to graphene, corresponds to the S4-T symmetry, 
which is one of the lowest energy configurations. Further-
more, one of the smallest charge transfer found for the 
SiW12 cluster is that of the S4-H symmetry, which is also 
one of the lowest adsorption energies in the group.

3.3 � Density difference analysis [ρdiff(r)]

Charge transfer was also studied from the electronic density 
difference [ρdiff(r)] isosurfaces, as defined in Sect. 2. The 
ρdiff(r) isosurfaces are shown in Figs. 7 and 8 for the low-
est-adsorption energy systems. Such systems correspond 
to SiW12/G and SiMo12/G, showing the lowest-adsorption 
energies through all possible geometrical configurations 
along the series, according to the calculations performed 
at GGA and explicit Na-counterions. The blue color in 
both figures represents zones where electronic charge has 
been transferred to, while the yellow color represents those 
zones where charge has been depleted. We virtually found 
in all series that the electronic charge is transferred to the 
region between the bottom of the cluster and just above the 
graphene plane. These results are in close agreement with 

the quantitative predictions obtained with the Mulliken 
analysis. Furthermore, this is consistent with the experi-
mental evidence obtained by Wang et al.  [5], since it was 
found that in the analogous H4SiW12O40/G nanohybrid 
system, the SiW12 transfers the electrons from the electrode 
to the graphene oxide, where the content of oxygen-con-
taining groups is decreased to about 5% . The isosurfaces 
of all systems in the series are also reported, obtained at 
GGA and LDA approaches considering the presence of n-
Na counterions, where n = 2, 3, 4 and 8, depending on the 
POM under study (see Table  3 for reference). Those iso-
surfaces are presented from Figures S3 to S10 at the Sup-
plementary Information (SI). Independently of the chosen 
method, we found that the charge is always transferred to 
the adjacent regions of the POM cluster.

3.4 � Density of states (DOS)

Considering that the most reliable methodology in our 
series of computations was found to be the GGA/PBE level 
of theory with the presence of explicit counterions, the 
analysis within this scheme to the study of the electronic 
density of states was extended. We studied the first two 
systems with lowest adsorption energies. That is, for the 
system PdMo12/G, these geometries are the C3-B and S4-B 
symmetries. Figure 9 shows the total DOS (continuous blue 
line), revealing that the well-known non-semiconducting 
character of graphene is altered due to the rising of states 

Fig. 7   Isosurfaces of density difference [ρdiff (r)] for the system 
SiW12/G. The six different configurations are depicted. The blue 
regions represent zones where the electronic charge has been trans-

ferred to, while the yellow region represent zones where charge has 
been depleted. All isovalues were presented with 0.002 e/(a.u.)3
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around the Fermi level, as it can be clearly seen in the  
C3-B case.

The rising of these unprecedented states may be 
addressed to new pathways that ions may follow in the 
charge/discharge process of a battery or supercapacitor, 
that allows the electronic charge to be retained more effec-
tively than those cases where no metallic clusters is present 
on the supercapacitor electrode and only a carbon nano-
structure rules the charge retention. An analogous behav-
ior is also reported for the PMo12/G system (as depicted 
in Fig.  S11 of SI), where the C3-T and S4-B symmetries 
represent the lowest adsorption energies. In both cases, the 
projected density of states (PDOS) of carbon reveals the 
characteristic V-shape of the non-semiconducting nature 
of graphene [30], which is significantly distorted due to the 
contributions coming from the PDOS of oxygen atoms, but 
more importantly from the PDOS of Mo atoms that radi-
cally enhance the DOS around the Fermi level, giving the 
nanohybrid structure a ’metallic-like’ character, as it was 
previously reported by Muñiz et al. [30]. It is important to 
highlight that the contributions coming from the P central 
atom are virtually negligible, since the P atom is located 
far from the interlayer region, where the POM interacts 
with the carbon layer. The Na+ counterions give no con-
tributions to the total DOS since their formal charge in the 

system is +1 and no electronic states are expected. The 
total DOS and PDOS of the high charged systems (−8.0 e) 
RuNb12/G were computed for the C3-H and S4-T symme-
tries, as depicted in Fig.  10. In this nanohybrid structure, 
the mechanism is quite different and the non-semiconduct-
ing nature of graphene is preserved, but slightly shifted 
below the Fermi level in the S4-T symmetry, probably due 
to the destabilization provoked by the large total charge. 
Contrary to the PdMo12/G and PMo12/G systems, the DOS 
coming from the oxygen atoms have a large contribution 
that significantly enhances the total DOS. The PDOS from 
the peripheral Nb atoms have only small contributions 
to the total DOS, and finally the total DOS is certainly 
strengthened as depicted in Fig. 10. This novel and modi-
fied DOS of both nanostructures may represent an excellent 
candidate in a hybrid supercapacitor electrode, since it is 
highly likely that the charge would be retained much more 
effectively than in systems such as PMo12/G  [8, 30]. The 
Nb PDOS moderately contribute to the total DOS at the 
Fermi level, but are responsible for the DOS contributions 
above the Fermi level.

The system SiMo12/G charged with −4.0 e also reveals 
a shifting below the Fermi level for the carbon PDOS (see 
Fig.  11), which may also be attributed to the destabiliza-
tion in the electronic structure of the POM, due to the high 

Fig. 8   Isosurfaces of density difference [ρdiff (r)] for the system 
SiMo12/G. The six different configurations are depicted. The blue 
regions represent zones where the electronic charge has been trans-

ferred to, while the yellow region represent zones where charge has 
been depleted. All isovalues were presented with 0.002 e/(a.u.)3
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electronic charge supported by the POM. The presence of 
the Mo–O bonding in the POM presents the same behav-
ior than that reported in PdMo12/G and PMo12/G systems. 
The PDOS contributions coming from Mo atoms enhances 
the metallic character of the nanohybrid around the Fermi 
level. This trend was also found in the SiW12/G system (as 
presented in Fig. S12 of SI), but in this case the W PDOS 
take the role of the Mo PDOS, and significantly enhances 
the total DOS around the Fermi level. Consequently, 
SiMo12 and SiW12 may also play a role as metallic oxides 
deposited on graphene, which would be capable to achieve 
electronic charge retention more effectively.

4 � Conclusions

A systematic study on the electronic structure properties 
of a series of Keggin clusters XM12 supported on a car-
bon substrate was performed for the first time. GGA and 
LDA approaches were used by considering the presence of 
the nominal charges of the clusters and also by introduc-
ing Na-counterions to neutralize the overall charge. The 
structural parameters lie at the same range in both meth-
odologies, which evidences that both approaches may 
be implemented to characterize the systems. Further, we 
can decide to use the most inexpensive method to model 

Fig. 9   Total density of states 
(DOS) and projected density of 
states (PDOS) in a.u. of system 
PdMo12/G. The dashed line 
indicates the location of the 
Fermi energy. a C3-B and b S4
-B configurations, respectively 
(lowest energy symmetries of 
this series)
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a POM/carbon interaction. Nevertheless, only the adsorp-
tion energies computed at the GGA level (with Na-coun-
terions) may give us physical insights into the origin of 
the bonding between the series of POMs and the graphene 
substrates, since charge neutralization plays an important 
role to stabilize the hybrid system. The results indicate 
that a non-covalent bonding of the electrostatic-type is the 
mechanism behind the attraction in both materials. From 
a Mulliken analysis, a charge transfer was found from the 
metallic cluster to carbon, which is also evidenced in the 

isosurfaces of electronic density differences. The re-order-
ing in charge density was also analyzed with the DOS and 
PDOS, revealing the strengthening of electronic states 
around the Fermi level, which would facilitate the ion 
transport in energy storage devices. Particularly, promising 
candidates that fulfill this requirement are the RuNb12/G, 
SiW12/G and SiMo12/G cases. The strong adsorption ener-
gies and enhanced DOS around the Fermi level evidence 
it. These systems are potential candidates that for instance 
may enhance the energy storage properties observed 

Fig. 10   Total density of states 
(DOS) and projected density of 
states (PDOS) in a.u. of system 
RuNb12/G. The dashed line 
indicates the location of the 
Fermi energy. a C3-H and b S4
-T configurations, respectively 
(lowest energy symmetries of 
this series)
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experimentally. The methodology developed in this work 
may aid in the discovery of novel materials that may be 
reliable for high performance energy storage devices.
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