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Nano-hybrid materials based on a combination of polyoxometalate (POM) clusters and single-walled

carbon nanotubes (SWNT) exhibit a great interesting application in molecular cluster batteries. The
interactions between POM and SWNT and their detailed electronic properties have been investigated by
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employing first-principles calculations. Various models were constructed to study the geometries,
interactions (binding sites and energies), and charge transfer behavior. Analysis of charge distributions
reveals two different charge transfer characteristic depending on the type of POM interaction with SWNT.

The simulation provides insight into the optimal structures in lieu of interfacial stability. Finally, the
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1. Introduction

Since the discovery of carbon nanotubes (CNTs), there has been
much experimental and theoretical interest in investigating the
physical and chemical properties of CNTs.'™ The unique
structures and properties of CNT make them suitable for a
great number of possible applications in multiple research
fields.»®” Chemical functionalization of CNTs offers a magnificent
example of processes that utilize the adsorbate to improve the
properties of CNTs with specific applications.*™® To date, there are
two main strategies to modify CNTs, covalent and noncovalent
functionalization, which have greatly extended the application of
CNTs.”® For the latter approach, noncovalent modification of
CNTs can maintain their structural integrity and the electronic
properties of both the adsorbate and CNTs to a large extent, and
accordingly enhance the overall performance of the complexes,
such to improve the solubility of CNTs and the performance of
electronic devices.” It is also an excellent way to tailor nanosized
molecules on a surface for applications in nanoscaled functional
electronics.”

Polyoxometalates (POMs) have attracted considerable and
increasing attention due to their specific chemical and physical
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implications of these results for understanding the properties of molecular cluster batteries are discussed.

properties, which have great potential application in varied
fields, such as catalysis,™'* medicine,® electrochemistry* and
electronic devices.">° Extensive investigations on modifying
the CNTs with POMs have been carried out;>*® for example,
the H;PMo,,0,, was supposed to adsorb on CNTs.>* Extensive
studies also found that the electrochemical properties of POMs
could be fully maintained when assembled on CNTs. The nano-
hybrid materials greatly enhanced and extended the applica-
tions of CNTs.**™?

Recently, a new type of lithium battery, the molecular cluster
battery (MCB), in which the POM molecules are integrated
with single-wall carbon nanotubes (SWNTs), was explored by
Yoshikawa and co-workers.”®?*° The hybrid materials were
supposed to combine both the unique properties of POMs
and SWNTs which were expected to achieve both smooth
electron transfer through SWNTs and quick lithium-ion diffusion.
The charging-discharging measurements for the hybrid MCBs
showed high battery capacity. The special reversible multi-electron
redox properties of POMs may explain this extraordinary battery
capacity. From transmission electron microscopy (TEM), energy-
dispersive X-ray (EDX) spectrum and Mo K-edge XAFS analyses, the
POM molecules are separately grafted onto the surfaces of SWNTs
without chemical decomposition. The authors speculated that
POM ions were electrostatically interacted with the organic cations
on the SWNTs.?®?° However, several works have confirmed that
the POMs clusters can graft directly on the CNTs.>*2® Do the
POMs molecules assemble directly on the surface of CNTs and
what are the properties of the hybrid materials? Experimental
works are limited to elemental analysis of these hybrid materials,
so the microscopic geometries and electronic properties of these
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kinds of materials are still unclear. How the POMs affect the
electronic structure of CNTs has not yet been reported from a
theoretical viewpoint. Therefore, a fundamental theoretical and
systematic understanding of POM interaction with SWNT is
greatly required. Herein, we present the results of a study on
the interaction of POMs and organic molecules with CNTs
using periodic density functional calculations.

2. Models and computational details
2.1 Models

As indicated from the experimental results,”®*° two types of

SWNTs, metallic CNT (8,8) and semiconducting CNT (14,0) were
chosen with diameters of about 11 A.>**° We consider the super-
cells with the one-dimensional periodic boundary condition along
the tube axis, containing up to 7 unit cells for CNT (8,8) and 4 unit
cells for CNT (14,0) with the tube length of 17 A. The large
supercell length was selected because it had been observed in
experiment (TEM image) that the molecules were individually
adsorbed on the SWNT surface.”®** With these dimensions the
interactions between the PMo;, (PMoy, = [PMo0;,0,0]> ") molecules
and its image were avoided as the distance was long enough. The
lateral dimensions (x and y axes) were 30 x 40 A, which are large
enough to prevent the spurious interactions between the images
of molecules in these directions. For pristine SWNT investigation,
30 x 30 A in the x and y axes were chosen instead.

Yoshikawa and co-workers had shown that the battery per-
formances were mainly due to hybridization of the POMs with
SWNT, independent of the cations.>® TBA (TBA = (C4H,),N"), one
of the most common counter cations of Keggin POMs, is selected
to keep charge balance in the structural unit.** For simplicity, we
chose only one TBA to interact with PMo,,, and the other two
TBA groups are replaced by two Na' ions. To minimize the
influence of Na affecting the interaction of PMo,, and TBA with
SWNTs, the positions of the Na are chosen to be far away from
the SWNTs as shown in Fig. 2b. The two Na atoms are deposited
symmetrically around the PMo,, and kept relative unchanged
from PMo,,. Taking a full account of the molecular symmetry
(the PMo,, has Ty), the one of favorable ways for the TBA to
interact with PMo;, may be through S, symmetrical axes of
PMo,, as shown in Fig. 1b. For Keggin [PW;,0,,]>~ interacting
with graphene, previous DFT calculation found the S, symme-
trical axis was more favorable than C;.** So the S, symmetrical
axis of PMo,, was chosen to interact with the CNTs (Fig. 1c). As
depicted in Fig. 1c, several initial model geometries have been
chosen. For TBA, we have rotated with a step of 45 degrees along
the C, axis. A few different and randomly chosen starting
positions of PMo;, along the CNTs surface have also been tried,
and they lead to almost the same final result in terms of
geometries and energy (mainly accounting for the total and
binding energy). In Fig. 2, the eight representative models
adopted in the simulations are shown.

2.2 Computational detail

Our DFT calculations are performed using the SIESTA ab initio
package,**** which employs norm-conserving pseudopotentials
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Fig. 1 (a) Ball-stick and polyhedral representations of the Keggin anion
[PM015040]°". (b) Equilibrium geometry of TBA[PMo;,040Na. (c) Scheme of
TBA and PMoy, assembles on CNTs. Color code: molybdenum (green), oxygen
(red), phosphorus (yellow), sodium (pink), carbon (gray), nitrogen (blue) and
hydrogen (white).

(Troullier-Martins nonlocal form) and localized atomic orbitals
as basis set.*® A user-defined double-{ plus polarization (DZP)
basis set is constructed for all elements except for Na with an
equivalent real-space mesh cutoff of 250 Ry. To describe the Na
ion, a basis restricted to only the s orbital and a small cutoff
radius (0.497 Bohr) is used in a user defined basis block.*”"*®
With this definition, the Na atom has the unit charge +|e|
which is defined as a point charge. The geometries are inves-
tigated by standard DFT using the local density approximation
(LDA) of Ceperley and Alder (CA).** The advantage of LDA over the
general gradient approximation (GGA) in this work is that the LDA
gave us better geometrical results for carbon nanostructures. In
addition, the molecular geometries of the POMs are also
described well within LDA (see below). Furthermore, the tube-
addend interactions are the combination of electrostatic and vdW
interactions. For pristine SWNT, we have fully optimized the unit
cell structures with a force less than 0.01 eV A", The equilibrium
C~C bond length is predicted to be 1.422-1.427 A within LDA,
which is in well agreement with the experimental value of 1.42 A.
The band gap for CNT (14,0) is calculated with 0.71 eV under the
LDA method. This is consistent with previous works.”> The
detailed pseudopotential reference configurations and cutoff radii
for each atom were discussed before.>

The van der Waals density functional (vdW-DF) as proposed
by Dion et al.>' and recently implemented® in the SIESTA code
is used to check the energy of the models, as the physisorption
of POMs on the CNTs is supposed. For some of the models, we
also used the GGA of Perdew, Burke and Ernzerhof (PBE)® to
explore the geometry and energy properties (Table 2).

All the models are fully optimized without any symmetry con-
strained by conjugate gradients until the total residual interatomic
forces are smaller than 0.02 eV A™". Due to the large supercell size
and atomic number involved (224 carbons in CNT and 96 atoms in
TBA-PMo;, fragment), the Brillouin zone sampling was performed
with 6 K-points along the z axes. Single point calculations with larger
K-points (a sampling of 1 x 1 x 100 Monkhorst-Pack grids) were
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Fig. 2 The equilibrium geometries of TBA-PMo;, attached to CNTs. (a) Metallic CNT (8,8), (b) semiconducting CNT (14,0). The labels of the models are defined
according to their direct attraction to the CNT surface. Here, the 'r45" and 'r90’ represent the degree rotated along the main C, symmetrical axes of TBA relative to

'-TBA" models.

then performed to obtain the density of states and band
structures based on the optimized structures. The charge
analysis is based on Mulliken population methods.>* Figures
were generated using the XCrySDen program.>

3. Results and discussion
3.1 The properties of PMo,,

The geometry and electronic properties of several POM mole-
cules have been explored before using the SIESTA code.***%>°
The methodology in the SIESTA code has been checked to
reproduce well the geometry of the POM molecules. The main
geometric parameters of PMo,, calculated by the SIESTA code
are summarized in Table 1. Four types of oxygen in PMo,,, as
depicted in Fig. 1a, are used to illustrate the geometrical
character. As shown in the Table, the optimized LDA bond-
lengths well-reproduced the experimental data, while the GGA
gives increased bond lengths. The results are in good agreement
with previous DFT calculations for the same molecule.’*® As

Table 1 Selected main bond length for isolated anion PMo;, (in unit of A)

LDA GGA Exp.
P-0 1.56 1.58 1.54
Mo-0, 2.41 2.46 2.44
Mo-O, 1.89 1.93 1.91
Mo-O, 1.91 1.94 1.92
Mo-Oyq 1.67 1.70 1.68

This journal is © the Owner Societies 2013

discussed before, due to the high oxidation state of Mo in
PMo;,, the t,g-like orbitals are the primary interest for POMs; in
addition the electrochemical properties are mainly dominated
by these orbitals (LUMOs).>® The influence and properties of
these orbitals caused by the CNTs are discussed below.

3.2 Adsorption configurations and adsorption energy

Molecular dynamics could be one of the effective methods to
pre-select molecular geometries of interface models.>*>°™
However, it is limited in revealing electronic properties and
in describing the character of charge transfer. So, we instead
employed first-principles calculations to explore the electronic
character. Here, taking full account of the structural character,
we chose a few different starting positions of the adsorbates to
assemble on the CNTs’ surface (Fig. 1c). Fig. 2 shows results for
the equilibrium geometries of POMs assembled on the CNTs.
We have divided them into two groups based upon the type of
CNT: metallic CNT (8,8) (Fig. 2a) and semiconducting CNT
(14,0) (Fig. 2b). In each group, two situations are discussed. One
is the PMo,, fragment of the molecule directly interacting with
the CNTs and the other one is the PMo,, interacting through
the TBA mediator. For the latter, due to a different interaction
area with CNTs, two more configurations are discussed,
denoted by the rotation degree along the main C, axes.

To obtain the rough distance between the molecule and
CNTs, the vertical distance d is calculated as the average z
coordinate of atoms in the interface (closest to each other). The
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Table 2 The vertical distance of TBA-PMo,, above the CNT surface (d), the adsorption energy (E.q), and the Mulliken charge distribution with the LDA method

d E,q/eV Charge (|e])

Model LDA GGA LDA® GGA® vdw? POM@2Na TBA CNT
14-0-POM 2.35 2.60 —1.10(—0.68) —0.45(—0.15) —-1.41 —-1.29 0.80 0.49
14-0-TBA 2.38 2.62 —0.60(—0.38) —0.30(—0.06) —0.97 —0.86 0.65 0.22
14-0-r45 2.37 — —0.64(—0.40) — — —0.87 0.68 0.21
14-0-r90 2.57 — —0.55(—0.36) — — —0.85 0.67 0.18
8-8-POM 2.34 2.59 —0.98(—0.56) —0.36(—0.08) —1.22 —1.18 0.81 0.38
8-8-TBA 2.36 2.63 —0.61(—0.38) —0.22(—0.06) —0.82 —0.87 0.68 0.19
8-8-r45 2.43 — —0.60(—0.38) — — —0.87 0.66 0.21
8-8-r90 2.61 — —0.51(—0.32) — — —0.85 0.70 0.15
TBA-POM — — — — — —-0.91 0.91 —

% The binding energies with BSSE correction are shown in brackets. ° The geometries are based on the results under LDA optimization.

overall distance between the molecule and the CNTs surface is
about 2.4 A, which is similar to the results of [PW;,040]*~
adsorbed on graphene.*” These distances are within the sum
range of van der Waals radii of related interfacial atoms. Total
charge density plotting (not shown) indicated that no chemical
bonding between the molecule and CNTs is formed, which also
confirm a van-der-Waals-type interaction. As shown in Table 2, the
perpendicular distances of 8-8-POM and 14-0-POM are smaller
than other cases, which is in conformity with the adsorption
energy calculation below. With the respective rotation of TBA, a
slightly different vertical distance showed. Especially for ‘r90’
cases, about 0.2 A larger distances were obtained for both metallic
and semiconductor CNTs than others.

Four models (8-8-POM, 8-8-TBA, 14-0-POM, and 14-0-TBA)
are also fully optimized with the GGA-PBE level. The vertical
distances are larger than the LDA results, as shown in Table 2.
Similar trends are expected for the GGA method with the LDA.
The same trend of the LDA and GGA confirms the optimization
results of electronic structures for POM adsorption on the CNTs.

The noncovalent interaction induces slightly geometrical
changes for POM and CNTs in all models. We define the
distortion energy as: Eq = E (distorted) — E (ideal), to check
the change in the structures.®” The total energies of ‘distorted’
and ‘ideal’ mean the energies of molecules interacting with
other and fully relaxed alone, respectively. No greater than
0.1 eV distortion energies were found for both the CNTs and
PMo,,. For example, for 8-8-POM, the distortion energy of CNT
is about 0.012 eV and 0.062 eV for the POM part. These confirm
the relative stable properties of CNT and POMs.

To investigate the affinity between the TBA-PMo,, and CNT, the
adsorption energy was obtained from the following definition:

E.q = Eor.(POM + CNT) — E(POM) — Eio (CNT)

where E,. is the total energy of the system, and E..(POM) includes
the TBA part. The basis set superposition error (BSSE) is taken into
consideration for corrections (as shown in Table 2, the energies in
brackets in the E,q column consider the BSSE corrections). In the
definition of E,q we adopted, the more-negative values denote a
more-favourable interaction of the complex. As shown in Table 2,
all the calculated E,q are negative, which mean the adsorption
is energetically favourable. Furthermore, from the viewpoint of
energy, the PMo;, is more favourable to directly graft onto the

9180 | Phys. Chem. Chem. Phys, 2013, 15,9177-9185

CNTs than through the mediator of TBA. Even for the physisorption
type, the BSSE has a large effect on the E,4. Also, similar vertical
distances are shown for each corresponding model in both groups.
For the cases of 14-0-POM and 8-8-POM, the semiconducting
CNT(14,0) is energetically preferred over the metallic CNT(8,8) by
0.12 eV. However, for other cases (CNT-TBA) an almost identical
E.q was calculated, as listed in Table 2. The DFT-LDA and DFT-
GGA methods are known to fail for cases where the adsorption is
dominated by van der Waals forces.”" In Table 2, we also list the
calculated E,q with the vdW-DF method. The geometries were
based on the LDA optimization results. No further optimization
has been performed with vdW-DF due to the inefficient implemen-
tation of this method. From Table 2, the calculated results are in
accordance with the LDA results without BSSE, which indicates an
appropriate description of the system with LDA. The favourable
binding interaction is in accordance with the experimental obser-
vations on these systems.”®**° From the simulation results, the
favourable configurations are from the direct interactions between
POMs and the CNTs rather than the indirect interactions through
the organic mediator, from an energy viewpoint. The semiconduct-
ing CNT(14,0) has stronger binding interaction with POMs than
metallic CNT(8,8).

3.3 Charge transfer characteristic

Another important aspect of these complexes is the charge transfer
behaviour. The Mulliken population method was adopted to analyze
the charge distribution. As summarized in Table 2, the CNTs act as
a charge donor in all models. According to the different configura-
tions, two types of charge transfer results are mainly shown (Fig. 3c
and d). For both groups, the 8-8-POM and 14-0-POM transfer a
much larger amount of charge from the CNTs to the molecules than
others. This may be due to the strong acceptor characteristic of
POMs. From the calculated results, it is also found that the TBA in
these two models accepted 0.1 e (defined as Type-I, Fig. 3c), while
for other models, the POMs’ charge distribution remains almost
unchanged compared to the sole molecule (TBA-PMo,,, in the last
row). We define this kind of charge transfer as Type-II (Fig. 3d).

Further insight can be gained from charge density difference
(CDD) plotting.** In Fig. 3a and b, we plot the CDD which is
defined as:

Paite (1) = prom-cnt(7) = prom () — pent (1)

This journal is © the Owner Societies 2013
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as the pseudopotential method we employed in our calcula-
tions. From the above definition, the CDD plotting could clearly
show the change of charge distribution. In Fig. 3a and b, the
violet colour represents the area where charge density
\/"s%j\r increases, while the yellow colour means an area where it
decreases. The 3D CDD plotting shows that the increasing
charge densities in PMo;, mainly reside among the Mo 4d
orbital (Fig. 3a). In Fig. 3b, the N and adjacent C have greater
increase in charge density. We defined these two different charge
transfers as Type-I and Type-II, as shown in Fig. 3c and d. The
difference between these two types of charge transfer phenomena
may mainly be attributed to the different binding strength of the
systems. For PMo,, molecule, which directly integrated over the
surface of CNTs, a greater amount of charge transfer would be
expected. These charge transfer characteristics are different from
Fig.3 Plot of charge density difference for (a) 14-0-POM and (b) 14-0-TBA  the previous result of POMs@graphene.”> This specific charge

models. The isovalue is set to be +£0.001 e (a.u)"® in XCrySDen. The violet color  transfer may be helpful in improving the performance of CNT in
represents charge density increasing, while the yellow color means decreasing. electronic device application

(c and d) Schemes of two types of charge transfer.

where ppost-cnt(7)s Pron (F), and peny (7) are the charge densities  3-4  Electronic properties

of the POM-CNT complex, isolated molecule TBA-POM and To further examine the effect of electronic properties of the
pure CNTs, respectively. This partitioning of charge density in TBA-PMo,, adsorption on CNTs, the electronic band structures
real space is useful to define the interaction and the charge of CNT(8,8) and CNT(14,0) near the Fermi level with the
transfer between the two subsystems. Here, it should be noted projected density of state (PDOS) approach have been calculated
that the charge density refers to the valence electron of atoms and presented in Fig. 4 and 5. For convenience, in each group we

—
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Fig. 4 The calculated band structures and the corresponding PDOS of the molecules grafted on CNT(8,8). (a and b) Band structure and PDOS for 8-8-TBA, (e and f)
band structure and PDOS for 8-8-POM, (c) band structure for a pure unit cell of CNT(8,8), (d) and (g) the corresponding isosurface charge densities of states at the
I'-point, labelled as red arrows and Arabic numerals in the band structures. The isosurface value is +£0.05 eV A~ For PDOS, three types of atoms are displayed, where
‘Mo’ and ‘O" means the sum of all molybdenum and oxygen atoms in PMo,,, and ‘C’ means the carbon atoms from the CNTs.
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Fig. 5 Calculated band structures and the corresponding PDOS of the molecules grafted on CNT (14,0). (@ and b) Band structure and PDOS for 14-0-TBA, (e and f)
band structure and PDOS for 14-0-POM, (c) band structure for pure unit cell of CNT (14,0), (d) and (g) the corresponding isosurface charge densities of states at the
I'-point labelled as red arrows and Arabic numerals in the band structures. The isosurface value is +0.05 eV A~ For PDOS, three types of atoms are displayed. ‘Mo’ and
‘0" mean the sum of all molybdenum and oxygen atoms in PMo;, and ‘C’ means the carbon atoms from the CNTs.

only show the first two models, as the other two models left
similar properties and exhibited only slight differences.

In Fig. 4, we calculated the band structures and PDOS for
one of the two models of PMo,, grafted on the CNT(8,8). The
corresponding charge densities of states at the I'-point are
depicted for checking. Specifically, we label several band states
with Arabic numerals in the Figure to denote the relative states
with plotting of unit cell CNTs in Fig. 4d. After the POMs
adsorption, the metallic character of the CNT(8,8) is retained
and the overall electronic structures was not affected strongly
for all models. The flat bands in Fig. 4a and e are mainly
attributed to the PMo,, (with help of PDOS analysis in Fig. 4b
and f). For the 8-8-POM model, the CNT(8,8) subbands at the
crossing points has been significant perturbed and the Fermi
level of CNT has shifted downward by about 0.13 eV. This may
be due to stronger binding interaction and the obvious charge
transfer from the CNT to PMo,,. The flat bands had increased
the DOS of the conduction bands, which should improve the
conducting properties of the systems. For the 8-8-TBA case, the
Fermi level remains unchanged after interaction with TBA-
PMo;, as the crossing point aligns with the Fermi level of the
system. Compared to the 8-8-POM case, the flat bands are
slightly further away from the Fermi level, which may be due
to the weaker interaction between TBA-PMo;, and CNT. It is
worth mentioning that we have found, with different types of
interfaces (TBA-CNT and PMo;,-CNT), a distinct perturbing

9182 | Phys. Chem. Chem. Phys., 2013, 15,9177-9185

effect on the electronic properties of CNT. Also, as discussed
above, these different styles of interactions correspond to two
types of charge transfer.

For semiconducting nanotubes, the adsorption of TBA-
PMo,, has a significant effect on the electronic properties of
CNT (Fig. 5a and e). For the 14-0-TBA case, the band-gap was
reduced from 0.71 to 0.53 eV. Here we observe nearly-metallic
behaviour for the 14-0-POM case, which is mainly due to the
significant effect of PMo,, on the valence band of CNT and the
empty Mo 4d orbitals appearing above the Fermi level. The
strong binding interaction results in an upward shift of the
valence band near to the Fermi level. It is worth mentioning
that the valence band minimum of 14-0-POM (‘1’ in Fig. 5e) has
dual degeneracy, which is composed of the ‘1’ and ‘2’ band of
CNT(14,0) shown in Fig. 5d. Another important characteristic
which is similar to the 8-8-POM case is the flat bands just above
the Fermi level. They mainly come from the PMo,, as indicated
by the PDOS analysis (Fig. 5f). These two factors tailor signifi-
cantly the band gap of CNT(14,0), which changes to nearly-
conducting. According to these results, we conclude that a
semiconducting CNT changes its electronic properties after
the PMo,, adsorption. The nearly metallic properties of the
SWNTs would promote charge transfer in the molecular cluster
batteries. As investigated in experiment, introducing the Keggin
PMo;, had significantly improved the performance of batteries
which may be due to the strong interaction between the PMo,
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and CNT. Our results indicate that the POMs molecules with
CNT would significantly affect the properties of semiconducting
nanotubes. This should also be helpful to understand the
structural and electronic properties of these kinds of systems.

4. Conclusions

In summary, the electronic band structures of functionalized
SWNTs by the Keggin PMo,, anion and the TBA-PMo,,-CNT
interactions have been revealed by DFT computations with
periodic boundary conditions for the first time. Two different
interfacial interactions were explored. The semiconductor
nanotubes bind TBA-PMo,, strongly, and hence are more
reactive than their metallic counterparts. Also, from binding
energy analysis, the PMo,, prefer to bind directly with CNT
rather than through the organic mediator. The TBA-PMo;,
additions are confirmed to result in a change from semicon-
ducting to nearly metallic properties in CNT(14,0). Two differ-
ent charge transfer characteristics are shown for these systems.
Due to the acceptor properties of PMo,,, the charge transfers
from CNT to PMo;,, or from CNT to TBA. Such charge transfer
and band engineering would be helpful to understand the
experimental results of their application in molecular cluster
batteries. Thus, such dependence of the electronic properties
on the degree of functionalization of SWNTs suggests a novel
method for enriching application of carbon nanotubes in
electronic devices.
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