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Composites based on polyoxometalates (POMs) and nanostructured carbon such as carbon
DOI: 20.1039/x0xx00000% nanotubes (CNTs) or graphene have attracted widespread attention as they combine the unique
www.rsc.org] chemical reactivity of POMs with the unparalleled electronic properties of nanocarbons. The
exceptional properties of these composites have been employed in catalysis, energy conversion
and storage, molecular sensors and electronics. Herein, we summarize the latest progress in
POM/CNT and POM/graphene nanocomposites with a focus on energy materials for water
splitting and fuel cells, composite electrode materials for batteries and supercapacitors as well

as composites for environmental pollutant sensing. Current applications are critically assessed

and promising future target systems are discussed.

1. Introduction

Over the last decade, scientists and politicians worldwide have
acknowledged that there is an increasingly urgent demand for
sustainable energy conversion and energy storage solutions. To
this end, functional materials are required that allow the
continuous and efficient conversion of solar or electrical energy
into storable energy, e.g. in the form of chemical bonds (e.g.
Hz).!-* Recently, composite materials based on polyoxometalates
(POMs) and nanocarbon including carbon nanotubes (CNTs)
and graphene have shown great potential to meet the challenges
in electrocatalysis, energy storage, sensor devices and other
cutting-edge technologies.®8

Polyoxometalates are anionic molecular metal oxides based on
early, high-valent transition metals (e.g. V, Mo, W) with
outstanding versatility in research fields including catalysis,
energy conversion and molecular electronics.’!! Nanocarbon
materials, including carbon nanotubes (CNTs) and graphene,
have been used in energy conversion, electrochemistry, and
electronics as they combine unique nano-sized structures with
exceptional electronic and spectroscopic features.!>'7 However,
when systems for electron transfer are developed, it is critical to
electrically "wire" the POMs to conductive substrates, ideally at
molecular dispersion so as to maximize the electron-transfer
activity within the material and to the external circuit. This
approach is required as POMs are typically salts with negligible
conductivity'® making them unsuitable for direct use in electrical
energy conversion/storage or amperometric sensing. In addition,
it was shown that molecular dispersion of POMs on nanocarbons
such as graphene significantly modifies the electronic structure
of the cluster, meaning that device peformance needs to be

This journal is © The Royal Society of Chemistry 2013

investigated and understood on the molecular level.'® Therefore,
in recent years, researchers have started to harness the synergistic
effects between POMs and nanocarbons by developing
molecular composites to address the pressing global energy
challenges.?* 2!

Based on recent advances in the chemical modification of
nanocarbons, new materials are now available that combine high
surface area and electrical conductivity with the ability to
intimately link reactive species such as POMs to the nanocarbon
surface through a range of intermolecular or covalent
interactions. This allows a molecular dispersion of POMs on the
nanocarbon, so that each individual cluster anion can be
electronically addressed and can be involved in energy and
electron transfer processes.?? 23 In this account, we focus on the
application-driven development of  POM/nanocarbon
composites with use in energy conversion, energy storage,
electrocatalysis and chemical / biochemical sensing. A table of
abbreviations is given at the end of the review.

2. Preparation of POM/nanocarbon composite
materials

Three main pathways for the preparation of the
POM/nanocarbon composites can be identified, their main
advantages and disadvantages together with potential future

directions are described below.

2.1. Covalent functionalization routes

Covalent attachment of POMs to nanocarbons requires access to
stable organo-functionalized POMs. This by itself is often
synthetically challenging and typical functionalization groups
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are restricted to organo-functionalized alkoxides, silanes,
phosphonates and imides.?*> 23 Often, one organic
functionalization group can only be linked to one specific cluster
type, so that currently, no unified functionalization strategy
exists. In addition, the functionalization step can be carried out
during the actual cluster assembly (direct functionalization) or
after the cluster has been synthesized (post-functionalization),
making it more difficult for the non-expert to choose the ideal
synthetic approach.?* 23 Further, the bonding between POM and
functional organic group is often relatively weak so that the
application range is seriously hampered. Thus, the development
of general functionalization routes leading to stable, long-lived
organic-inorganic hybrid materials is one major challenge of
modern POM research.

To date, the typical approaches used to functionalize
nanocarbons with POMs employ POM clusters where a pendant
amine has been introduced via the functional group. This moiety
can then be linked to oxidized nanocarbons through the
formation of amides. 2°

2.2. Non-covalent functionalization routes

Non-covalent bonding can be achieved using a range of
intermolecular interactions between POMs and nanocarbons; (1)
Electrostatic interactions: the current state-of-the-art is the use
of electrostatic interactions to attach anionic POMs to positively
charged nanocarbons. Cationic functionalization of POMs can be
achieved by (a) covalent attachment of cations, typically to
oxidized CNTs or graphene where —OH and ~COOH groups are
available for further functionalization® and (b) through
intermolecular interactions, e.g. van der Waals-interactions?’ or
n—mn-interactions which are used to attach cationic species to the
nanocarbon surface.?

(2) n—m—interactions: When an extended aromatic system (e.g.
pyrene) is covalently attached to a POM, this hybrid molecule
can be linked to nanocarbons through 7t-w stacking interactions.?®
29 As describe above, this approach, however, requires access to
organo-functionalized POMs which in itself is still challenging,
see section 2.1.

(3) Layer-by-layer (LbL) assembly: Lbl. assembly can be
achieved by repeatedly stacking POMs and nanocarbons using
wet-chemical deposition methods. By cationic modification of
the nanocarbon, strong electrostatic interactions can be used to
stack the alternating POM and nanocarbon layers.3 It should be
noted that the LbL. deposition technique gives only access to
layered structures where the electronic interaction and dispersion
of POM and nanocarbon might not be ideal. However, the
simplicity and variability of this preparation method has made it
one of the most commonly used techniques for the fabrication of
energy conversion devices.?!

(4) In addition to these well-known assembly methods for
POM/nanocarbon composites, electro-assisted or photo-assisted
assembly have also be used to fabricate POM/nanocarbon
composite materials.’?>3* For example, Wu et al3?® have
successfully fabricated a nanocomposite through a SiWiz2-
catalyzed electrochemical reduction where SiWi2 transfers
electrons from the electrode to GO (graphene oxide), giving rGO
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(reduced graphene oxide). SiW12 is then adsorbed on the rGO
nanosheets and a highly dispersed, porous SiWi2/rGO
nanocomposite is obtained. The high porosity makes the material
interesting as a cathode material for lithium ion batteries and
high specific capacity (275 mAhg!, 1.7 times the capacity of
pure SiW12) was found.

3. Applications of POM/nanocarbon composites

Based on their general redox-activity, POMs linked to
nanocarbons can be employed for a wide range of electron
transfer and storage processes. Currently, most research in
POM/nanocarbon  composites has been focused on
electrocatalysts,  electrochemical energy  storage and
environmental pollutant sensing. The following sections will
review these fields and provide an outlook at the challenges and
future perspectives of the area.

3.1 Electrocatalysis

The high redox-activity of POMs makes them ideal for the
catalytic transfer of electrons to or from a substrate (i.e. reductive
or oxidative electrocatalysis). This is particularly appealing for
the development of multi-electron transfer reactions which are
typically hampered by high overpotentials leading to low overall
conversion efficiencies. POMs are ideal candidates to address
this challenge as they can be chemically modified with highly
redox-active metals (e.g. Co, Mn, Ru). Thus, technologically
relevant electrocatalysts for the splitting of water into oxygen
and hydrogen®> 3¢ as well as for oxidation and reduction
reactions in fuel cells become accessible.3”

3.1.1 Water Oxidation

Water oxidation is generally considered the more challenging
half-reaction of the water-splitting process. Often, high over-
potentials are observed, even when noble metals such as
platinum (overpotential: ca. 0.8 V) are employed as electrodes.>®
To overcome this obstacle, highly functionalized POM-based
water oxidation catalysts (WOCs) functionalized with redox-
active metals such as Co and Ru have been developed.?® 4° In
2010, Bonchio et al.?® electrostatically assembled a prototype
POM-WOC, (Mio[Rus(H20)4(p-O)a(pn-OH)2(y-SiW10036)2] (=
MioRus(SiWio)2, M= Cs*, Li*) on multi-walled carbon nanotubes
(MWNTs) as the conductive substrate to form an active water
oxidation electrocatalyst (Fig. 1). The nanostructured composites
were used as anodes in a water-splitting device and water
oxidation with over-potentials as low as 0.35 V and TOFs
approaching those of the cluster in homogeneous solution (up to
300 h'").*! The example illustrates that the high reactivity of the
molecular WOC can be retained whilst immobilizing the cluster
on the electrically conducting MWNTs enables integration into
a technological device.

This journal is © The Royal Society of Chemistry 2012
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Figure 1. General scheme for a water-splitting electrocatalytic cell with the
integrated nanostructured oxygen-evolving anodes (OEAs) based on polyanionic
ruthenium-containing POMs.2° The POM used is [Rug(H;0)4(p-O)4(p-OH)a(y-
SiW10036),]. Colour scheme: blue: W, brown: SiO;*, yellow: Ru, red: O.

Following this initial breakthrough, Bonchio et al.** noted that
the binding of the POM to the CNT was still not optimal and
therefore devised new covalent and non-covalent approaches to
functionalize the CNTs with cations (Fig. 2). In one example,
pyrene-based cationic species were linked to CNTs by n—n
interactions using an innovative, solvent-free microwave
procedure, thereby eliminating hazardous volatile organic
solvents and also accelerating reaction time and maximizing
product yields. The cationic CNTs obtained showed high binding
affinity for the anionic POM-WOCs and the formation of
nanostructured composite surfaces was observed upon drop-
casting the composite on electrode surfaces, giving access to
high surface-area electrocatalysts. +?
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have been observed when graphene is used as the catalyst
support.*> In 2013, Bonchio et al.® developed a highly robust
water oxidation electrocatalyst by combining their Ruthenium-
based POM WOC Rus(SiWio)2 with functionalized graphene.
The graphene was covalently functionalized with organic,
hydrogen-bonding cations, allowing the anchoring of
Rus(SiWio0)2 by a combination of electrostatic and hydrogen-
bonding interactions (Fig. 3). The resulting composite material
displays oxygen evolution at overpotentials as low as 300 mV at
neutral pH with negligible loss of performance after 4 h testing.
The authors suggested that the high catalytic activity and stability
is due to the non-invasive and highly dispersed surface
modification of the graphene, which enables electron transport
and accumulation across the extended n-bond network. Also in
2013, Hill et al.? studied a similar Ru-containing POM/rGO
composite using electrochemical analyses; here, graphene was
electrochemically deposited on a glassy carbon or ITO electrode
from a graphene oxide suspension; subsequently, the POM was
immobilized electrostatically. The composite showed excellent
catalytic activity and high stability for the water oxidation
reaction under neutral pH conditions, particularly in the presence
of 1.0 M Ca(NOs)2, with a moderate over-potential of 0.35 V.
These initial results show the huge potential of the synergism
between the Ru-containing POMs as catalysts and graphene as
conductive support.
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Figure 2. Schematic illustration of the CNT-bound POM catalyst: the CNTs are
functionalized with an amphiphilic cationic pyrene derivative by m-mt stacking; the
anionic Ru4(SiW1o); is subsequently immobilized by electrostatic interactions.*?

5. Do

Figure 3. Synthesis of cationic graphene nano-platforms supporting Rus(SiW ).
Graphene is covalently functionalized with organic cations, which then bind
Ru4(SiW1o), through electrostatic interactions. &

Compared with carbon nanotubes, graphene is highly stable,
conductive and has a large surface area to volume ratio, making
it ideal for electrochemical applications involving immobilized
catalysts. Significant increases in electrocatalytic performance

This journal is © The Royal Society of Chemistry 2012

In summary, the conceptual viability of POM/CNT and
POM/graphene composites for efficient water oxidation catalysis
has been established. The next steps require the development of
systems where the costly noble metal catalysts are replaced by
earth abundant materials whilst retaining high catalytic activity.
One promising POM compound towards this end is a cobalt-
based POM-WOC, [Co4(H20)2(PW9034)2]'%.% This highly
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active WOC (turnover frequency > 5 s’!) is based on earth-
abundant metals only and when combined with nanocarbons
could be a highly competitive heterogeneous electrocatalytic
WOC.

3.1.2 Methanol oxidation

The electrocatalytic oxidation of methanol using precious metal
catalysts has attracted great interest as methanol is used as energy
carrier and electron donor in direct methanol fuel cells
(DMFCs).*® Current systems typically employ noble metals,
often platinum, as the anode material for the electrocatalytic
methanol oxidation in DMFCs. The electro-oxidation of
methanol on Pt is complicated by the formation of chemisorbed
reaction intermediates such as CO, COH, and HCO which lead
to catalyst poisoning.*” The incorporation of POMs into the
electrode materials is one approach to address this: the clusters
can be used as electrooxidation catalysts as well as electron and
proton relays with remarkable chemical and thermal stability,
allowing the long-term use of POM-modified electrodes at
temperatures > 100 °C, thereby lowering the accumulation of
catalyst poisons on the metal surface. However, it should be
noted that most current systems still employ noble metal particles
as active oxidation catalysts. Here, we will discuss the current
catalytic systems for methanol oxidation electrodes and identify
the most critical challenges which need to be addressed to
advance the field.

Figure 4. Electrochemical reactions in a direct methanol fuel cell functionalized
with PMoj,-modified CNTs. The PMo3,/CNTs were used to support highly
dispersed Pt and Pt-Ru electrocatalysts formed by electrodeposition. The
presence of POMs was shown to effectively reduce catalyst poisoning and
increased the catalytic performance.*®

In 2006, Chen et al.*® reported a new catalyst support based on
CNTs modified with Keggin-type POMs H3PMo012040 (&
Hs;PMoi2), and spontaneous and strong chemisorption of the
POMs on the CNTs was observed. The composite was used as a
redox-active support for highly dispersed Pt and Pt-Ru
electrocatalysts which were deposited using electrodeposition
methods. Catalytic tests showed that the combination of the
unique electrical properties of the CNTs and the excellent redox

4| J. Name., 2012, 00, 1-3

properties and the high protonic conductivity of the POMs
resulted in increased current densities, high specific activity and
improved cycle stability compared with non-POM-modified
systems. These results provided the first experimental evidence
that POM-modified CNTs are viable catalyst supports for
DMFCs (Fig. 4).

In 2008, Kim et al.*® proposed a Pt@POM/CNT tri-component
composite for methanol oxidation which allows the reduction of
the amount of noble metals used: the POM anion PMoi2 was
chemically impregnated into Pt-supported carbon nanotube
(Pt/CNT) catalysts via a colloidal method. This composite
exhibited superior Pt-based mass activities with improved
stability in the methanol oxidation, as compared with Pt/CNT,
Pt/C, and Pt-Ru/C. These findings demonstrate that similar tri-
component systems might be developed further, and can give
access to materials where higher activity per gram of noble metal
is observed, making the materials attractive for commercial
developments. However, still, more insight into the long-term
performance of these systems compared with standard reference
systems is required.

A different approach to optimize methanol oxidation
performance is to increase the active surface area of the metal
catalysts. This also allows a reduction of the overall amount of
noble metals employed. In 2009, it was shown that POMs can be
used to this end: Guo et al’® developed the mixed-metal
composite Pt-Sn@PMo12/CNT using a microwave-heated polyol
process. The authors report that the presence of PMo12 resulted
in homogeneously deposition of the Pt and Sn particles on the
CNTs. The electrochemical surface area of the Pt-
Sn@PMo12/CNTs catalyst was significantly higher compared
with several reference systems. This is attributed to the smaller
size and more uniform distribution of Pt particles, as well as the
presence of PMoi2 which might stabilize small Pt particles
during their formation; in addition, it is suggested that PMo12 acts
as co-catalyst for the methanol oxidation. The authors also
showed that their system addresses the issue of catalyst
poisoning, since PMoi2 and Sn promote the oxidation of carbon-
based intermediates during the methanol electro-oxidation
thereby enhancing the electrocatalytic activity.

An innovative approach to deposit small Pt nanoparticles on
CNTs for methanol oxidation was presented by Zhang et al.?!:
the group used the in situ-photochemically reduced Keggin
cluster HsPW12040 (= H3PW12) as a redox mediator to reduce the
Pt precursor and also as a linkage group to stabilize the
nanoparticles on the CNT surface (Fig. 5). The composite
showed significantly increased electrocatalytic activity towards
methanol oxidation compared with traditional Pt/C catalysts and
other related Pt/CNT reference systems. In addition, the onset
and peak potential for methanol oxidation by Pt@POMs/CNTs
showed a shift to lower values relative to the Pt/C reference
catalyst, indicating the enhanced oxidation performance of the
composite. A similar photochemical assembly route was used by
Zhang et al.?* to deposit Pt or Pd NPs, on GO (Fig. 5) using PW12
to photochemically reduce the Pt or Pd" precursors as well as
the GO and simultaneously encapsulate and bind the NPs to the
rGO surface. The composites showed significantly increased

This journal is © The Royal Society of Chemistry 2012
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electrocatalytic methanol and formic acid oxidation activity
compared with traditional carbon black-based catalysts. The
studies highlight the multi-functionality offered by the POM as
reductant, encapsulating agent and co-catalyst which is
associated with its intrinsic redox-activity.

Acid treated MWNTs

o0
ﬁ = s@e PICIZ-
e h & ®  Reduced POM

nobie metal salts

Figure 5. Top: Formation of Pt@POM/CNT composite electrocatalysts. The POM
(PWy,) is photochemically reduced using UV-irradiation (electron donor: 2-
propanol); the reduced PWy; is combined with MWNTs and H,PtCl, , giving the
Pt@POM/CNT composite.?! Inset: TEM image of Pt@POM/CNT composite.
Reproduced from reference 21 with permission of Elsevier Publishers. Bottom:
Preparation of the tri-component metal NPs@POM/GNs composites. 1)
Photoreduction of PWy, by 2-propanol under UV-irradiation; 2) GO reduction by
reduced-PW,, giving PW;,/rGO composites; 3) Photoreduction of the PW;,/rGO
composites by 2-propanol, giving reduced-PW;,/rGO; 4) Reduction of noble metal
salts by the reduced-PW;,/rGO, giving noble metal NPs@POM/GNs.22
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systems was observed. A related study by Yuan et al.’?
investigated Pt-Ru@PMoi12/MWNT and Pt@PMoi2/MWNT
methanol oxidation electrocatalysts and also reported that the
presence of the POM induces smaller size and higher dispersion
of the Pt-Ru (or Pt) NPs. In addition, the composites showed high
CO tolerance under typical operating conditions, making the
materials interesting for technological deployment under
industrial conditions.

In summary, current studies demonstrate that POM-modified
nanocarbon electrodes can provide multiple benefits to modern
methanol oxidation electrodes, particularly in the fields of metal
nanoparticle deposition and stabilization, improved catalyst
poison resistivity and reduced usage of noble metals. However,
one major challenge in the field is still the development of low
overpotential electrodes for methanol oxidation which do not use
noble metal catalysts. Therefore, access to highly active POM-
based methanol oxidation catalysts which could act on a
molecularly dispersed level might provide a facile and promising
route to earth-abundant, technologically relevant materials. As
such, many of the concepts described earlier in the field of
POM/nanocarbon water oxidation catalysis might indeed be
transferred to this related application.

The group of Jiang et al’' focused on new approaches to
electrostatically stabilize POM anions on cationic CNTs using
the methods of self-assembly: to this end, CNTs functionalized
with cationic, protonated chitosan (CS) were used to strongly
bind the Keggin anions PMoi12 and PW 12 (Fig. 6). The procedure
introduces homogenous surface functional groups with no
detrimental effect on the CNT structure and can be carried out at
room temperature without use of corrosive acids. Deposition of
Pt-Ru NPs on these composites using an impregnation route gave
particles with uniform spatial distribution and smaller particle
size compared with materials prepared using conventional
procedures. Electrochemical MeOH oxidation tests showed a
shift of the oxidation waves to more negative potential, and
higher current densities for both Pt-Ru@PMo12/CS/CNTs and
Pt-Ru@PW12/CS/CNTs compared with standard reference

This journal is © The Royal Society of Chemistry 2012
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Figure 6. Schematic diagram of the functionalization of CNTs with chitosan and
Keggin-type POMs (PMoj, and PW3;). The combination of the cationic chitosan
(schematically shown as a red line) and the anionic Keggin units is achieved
through electrostatic interactions.>!

3.1.3 Oxygen reduction

Besides MeOH oxidation, fuel cells also require efficient oxygen
reduction catalysts to overcome the issues related with excessive
overpotentials.>>3* Typically, noble metals such as Pt and Pd are
the catalyst of choice despite their high cost.>> 3¢ Thus,
considerable efforts are underway to replace today’s catalysts
with earth-abundant materials. In this section, a series of
POM/noble metal/nanocarbon composites as oxygen reduction
catalysts with be critically discussed.

In 2010, Jiang et al.>” introduced a PA@POM/PDDA/MWNT
electrocatalyst (Fig. 7), with high potential as effective non-Pt
catalyst for the oxygen reduction reaction (ORR) in fuel cells. To
this end, MWNTs were functionalized with
poly(diallyldimethylammonium chloride) (= PDDA), forming

J. Name., 2012, 00, 1-3 | 5
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positively charged PDDA-MWNTs. POMs (PWi2) were
electrostatically attached to the MWNTs followed by reductive
Pd deposition. The composite material possesses a significantly
higher amount of metallic Pd compared with Pd/acid treated-
MWNTs, which indicates that it has a weaker oxophilicity, and
it would facilitate desorption of Oags; this is a critical parameter
to maximize electrode performance, as limited oxygen
desorption and bubble formation on the -electrode can
significantly increase the overpotential .

Journal Name

Figure 7. Self-assembly of Keggin-type POMs (PWj;) on PDDA-functionalized
MWNTs via electrostatic interactions and subsequent deposition of Pd NPs on
POMs assembled PDDA-MWNTSs by reductive chemical deposition.>”

POM film coating

Partially reduced POM

GO

Ag NN@POM/GNs

Figure 8. Polyoxometalate-mediated large-scale synthesis of 2D Ag
NN@POM/GNs composites using the mixed-valent Keggin-type POM Hy[B-
PMo0Y4M0V'g040].6°

Recently, initial steps were taken to replace the traditional noble-
metal particles for the ORR by cheaper metals. Zhang et al.>®
demonstrated that cheaper silver NPs can be used as active
reduction sites in the ORR: the group reported a facile, one-pot
synthesis of Ag NP-decorated CNTs by reaction of acidized
MWNTs with AgNOs using in-situ photoreduced Keggin anions
as reducing agent and bridging molecules. The composites
showed a high electrocatalytic ORR activity due to the
synergistic effect between Ag NPs and CNTs. For the POM-
functionalized system, significantly increased ORR current
densities were observed compared with non-functionalized
CNTs.

The ORR activity of Ag NPs was substantiated in 2013, when a
2D-Ag nano-net (NN) functionalized graphene was reported as a
substitution for Pt catalysts for the ORR. The group used H7[B-
PMoVY4MoV's040] as the reducing agent®® (Fig. 8) to deposit an
Ag nanostructure on graphene. The as-prepared composites
showed high electrocatalytic ORR activity associated with the
high catalytic activity of the Ag NNs and the excellent electron
transfer properties of GNs reinforced by the presence of residual
POM units and fragments arising from their decomposition.
Compared to a Pt/C reference catalyst, the composites are
cheaper and more stable and significantly lower activity losses
over time were reported compared with the Pt/C reference
system. The results show that oxygen reduction electrodes can
already be developed based on economically viable and
technologically relevant metals when combined with POMs.

6 | J. Name., 2012, 00, 1-3

3.1.4 Further applications

The versatility of the systems discussed and their potential in
future applications with relevance to energy conversion and
storage as well as environmental sensing and pollutant removal
is briefly described here:

Jiang et al.®' showed that the PA@POM/PDDA/MWNTs system
discussed earlier is not limited to the ORR but can also be used
for formic acid oxidation in fuel cells. In their system, the Pd NPs
supported on POM/PDDA/MWNT show homogeneous
dispersion and narrow particle size distribution; it is suggested
that the presence of the POMs inhibits the agglomeration of Pd
NPs. In comparison, the acid-treated MWNTs feature randomly
located defects, resulting in a relatively poor dispersion and
aggregation of Pd NPs.

In research focused on environmental pollutants, Shanmugam et
al 2 showed that PMO12/rGO composite is a superior catalyst for
nitrite electro-oxidation compared with the two components
alone and a 20-fold increase in activity compared with pure rGO
was observed. It is suggested that PMoi2 assists the graphene
oxidation and results in the formation of defect sites on the GNs
(Fig. 9). UV—vis and Raman spectroscopy revealed strong
electron transfer interactions between the graphene sheet and
POMs induced at the graphene sheet defect sites. This led to a
modification of the band gap energy and resulted in a more
robust catalyst material.

These initial examples that POM-modified
nanocarbons are highly robust and versatile systems which can

demonstrate

be employed in a wide range of technologically relevant
electrocatalytic reactions, so that future applications in various
fields can be targeted by specific chemical modification of the
POM reactivity.

This journal is © The Royal Society of Chemistry 2012
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Figure 9. Schematic representation of the fabrication of POM-rGO composite.5? 1)
Oxidation of graphite using a modified Hummer method®3; 2) Reduction of GO by
hydrazine hydrate, giving rise to rGO; 3) Functionalization of the rGO with Keggin-
type POM anions under mild conditions giving the POM-rGO composite.

3.2 Energy storage

Electrochemical energy storage is currently on of the fastest-
growing fields or research involving nanostructured hybrid
materials.®* > The most promising systems for electrochemical
energy storage are (1) batteries, where energy storage and release
is based on chemical redox reactions and (2) supercapacitors
where energy storage is based on a combination of electrostatic
charge separation (double layer capacitance) and
electrochemical charge separation (pseudo-capacitance).®® ¢7

Owing to their high intrinsic electron-storage capacity, their
chemical tunability and high stability, POMs are ideal candidates
for electrochemical energy storage.®®7° However, as POMs are
molecular units, electronic conductivity between clusters is
negligible, so in order to achieve high electronic conductivity,
ideally each cluster molecule needs to be electrically linked to a
conductive substrate.”! Thus, combining redox-active POMs as
electron storage sites with nano-structured carbon materials as
electrical conductors with high surface area is a promising
approach for the design of high-capacity energy storage systems.
This section summarizes recent progress in the design of
POM/CNT or POM/graphene composites as electrode materials
for lithium ion batteries and supercapacitors and emphasizes key
development areas where POM-based research is urgently
required.

3.2.1 Lithium ion batteries

Lithium ion batteries are at the forefront of battery research due
to their high specific energy density. Recently, first steps have
been taken to incorporate POMs in these systems; the POMs are
employed as electron storage sites, as well as electron-transfer
mediators. Thus far, the investigations have been focused mainly
on Keggin and/or Dawson-type clusters hybridized with CNTs
or graphene.

This journal is © The Royal Society of Chemistry 2012

Figure 10. Schematic illustration of a molecular cluster battery (MCB) based on
POM/SWNTs composites. Well-dispersed POM clusters are attached to CNTs via
electrostatic interactions to improve electronic conductivity and ion diffusion.
Inset: TEM image of POM/SWNT hybrid materials.2®6 Reproduced from reference
28 with permission of John Wiley and Sons Publishers.

Awaga et al. 2% %-7° have introduced the concept of molecular

cluster batteries (MCBs) for electrochemical energy storage.
Their initial studies used a nanocomposite of (n-
BusN)3[PMo012040]/SWNTs. Attachment of the cluster to the
SWNTs was achieved by electrostatic interactions, as the n-
BusN* counter ions interacted with the SWNTs and created
positive surface charges which were used to bind the anionic
POM. Molecular dispersion of the POM clusters was achieved,
resulting in smooth electron transfer and fast lithium-ion
diffusion (Fig. 10). The material was used to assemble a cathode
and a specific capacity of up to 320 mAh g! was observed. This
compares favourably with a reference system of the pure
identical cluster, where a specific capacity of 260 mAh-g™! was
found, showing the effectiveness of the electrical “wiring” of the
POM to the SWNTs.
Recently, Song et al?® studied new modes of chemically
attaching redox-active POMs to SWNTs for improved charge-
transfer. To this end, the authors developed a novel method to
modify SWNTs with organo-functionalized [SiW11039]7
clusters. Pyrene moieties were covalently attached to the cluster
by silanol linkages and the functionalized clusters were bound to
the SWNTs through n-m stacking, allowing the assembly of Py-
SiW11/SWNT/ nano-composite materials (Fig. 11). Utilized as
the anode material, the composite exhibits excellent performance
with an initial discharge capacity of 1570 mAh-g-!. Over longer
periods (up to 100 cycles), high discharge capacities of 580
mAh-g! were maintained, significantly enhancing the capacity
of non-functionalized CNTs which are in the region of 400 to
460 mAh g'. In the next step, the group currently investigates
the covalent attachment of POMs to CNTs.

J. Name., 2012, 00, 1-3 | 7
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Electrode

Figure 11. Schematic illustration of the Py-PW;;/SWNTs/ nanocomposite as anode
material covalently functionalized POM clusters were attached to the SWNTs
through n—m stacking interactions.?®

A different approach to maximize the electronic interactions
between POM and nanocarbons was introduced by Paek et al.”>.
The group used the ability of POMs to pillar sheets of GO and
fabricated a highly ordered nanostructure composed of layered
GO and Keggin-type aluminum POMs (Ali3). Battery tests show
that Alis-intercalated GO exhibits a significantly increased
reversible capacity, compared with that of the pristine GO,
highlighting that cluster-intercalated GO stacks are promising
materials for high-capacity electrodes. Future work using
tungstate or molybdate POMs as highly redox-active pillaring
agents might result in further improvement of the electrode
capacity.

ITO electrode
+ne (n=1, 2, 4)

Reduced POM

POM

S8 oruv .
£ ]
2-propanol u acetone

=1 =
GO

Figure 12. Electrochemical or photochemical reduction-assisted assembly of

SiW1,/rGO nanocomposites.3? 33 Electrochemical or photochemical reduction

gives the reduced SiW;; cluster. Reaction with with GO leads to the SiW;,/rGO
nanocomposite where GO is reduced in situ by the cluster.

SiW,,/rGO nanocomposite

Further work to increase the conductivity of POM/graphene
composites was performed by Bubeck et al.3> who developed a
green method to reduce GO via a UV-driven photo-reduction
process. Hs;PWi2 was used as photo-catalyst (Fig. 12) and also
acted as an anionic surface-active molecule which increased the
rGO dispersibility in water by attaching to the surface of rGO.
The group found that the conductivity of the POM-modified rGO
as high as 400 S m™!, compared with that of hydrazine-reduced

8 | J. Name., 2012, 00, 1-3
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GO which is in the region of 3 X10° S m™! only. This result
shows that the POM-assisted photo-reduction method
significantly increases the electronic conjugation between GO
sheets, resulting in dramatically higher electronic conductivity.
The initial results on POM-based battery electrodes highlight the
need for highly redox-active molecular materials with chemical
redox-tuneability and high cycling stability. Future work
requires the interdisciplinary collaboration between POM
chemists, materials chemists and battery researchers to optimize
the components employed, to enable efficient electron transfer
between the components by enhancing their electronic linkage
and to develop strategies for device integration.

3.2.2 Supercapacitors

Carbon-based materials have been widely studied as electrode
materials for supercapacitors, often giving devices with
relatively low energy density.”> 7* Particularly for automotive
applications the specific energy density needs to be increased.
One approach is the embedding of materials capable of
undergoing reversible multi-electron transfer redox processes.
The current gold-standard for supercapacitors is RuO: as pseudo-
capacitive material, because of its fast and reversible multi-
electron transfer reactions with overlapping peak potentials.”
Recently, POMs have been suggested as chemically and
economically viable replacements for the noble metal oxide due
their unique redox chemistry.

Groundbreaking studies by Gomez-Romero et al.’® used Cs-
PMo12/CS/CNTs hybrid materials obtained by immobilizing Cs-
containing POM anions on cationic, chitosan (CS) functionalized
CNTs as composite electrodes in symmetric supercapacitors.
Their initial studies showed that the composites feature high
capacitance and good stability was observed over 500 charge—
discharge cycles, suggesting that further development of this
device configuration is promising.

Lian et al?% 77 demonstrated that facile LbL assembly
techniques can be used to access supercapacitors. The group used
a 3-layer LbL assembly based on MWNTs, PDDA and two types
of pseudo-capacitive POMs, [SiMo012040]* (SiMoi2) and
[PMo012040]*>” (PMo12) (Fig. 13). The composites achieved an up
to four-fold increase in area specific capacitance when compared
with the double layer capacitance of non-functionalized MWNTs.
The group subsequently extended the research’® by adding
[PV2Moio]* (PV2Moio) into the LbL deposition. The results
showed that a dual-layer coating by PMoi2 and PV2Moio on
MWNTs showed a collective contribution of both active layers,
increasing not only charge storage capacity but also the voltage
window.

The LbL supercapacitor assembly was further extended by
Kulesza et al.”” who prepared a composite by depositing the
Dawson anion [P2VW17062]®" onto MWNTs. The materials
feature a high specific capacitance of 82 F g! (at the
charging/discharging current of 200 mA g~') compared with bare
CNTs where the specific capacitance under identical conditions
was only 50 F g”!. The results confirm that the LbL technique is
a simple and effective tool for developing thin, nano-scale

This journal is © The Royal Society of Chemistry 2012

Page 8 of 15



Page 9 of 15

Journal Name

POM/CNT multilayer coatings to enhance the capacitance
without sacrificing electric conductivity Further, the studies
show that by chemical modification of the POM components,
significant changes in supercapacitor performance can be
achieved, highlighting the urgent need for more detailed studies
where other, non-prototype POMs are used in device fabrication.

®

4 POMs
®©

(@)

£

®

(0]

o

[0

o PDDA

acid treated
MWNTs

Figure 13. Schematic representation of the 3-layer LbL deposition using MWNTs,

PDDA and POM.3° MWNTSs are prepared as a thin film and acidized using nitric acid.

A second layer of PDDA is dip-coated onto the MWNT film. Then, the POM layer is
dip-coated onto the cationic PDDA film, giving the final composite.

3.2.3 Other electrochemical devices

The versatility of LbL-assembled POM-nanocarbon devices was
further exploited by Miillen et al.3* who reported that GO
nanosheets and H3PW12040 can be assembled into multilayer
films via electrostatic LbL. assembly. Under UV irradiation, a
POM-based photo-reduction of GO to rGO is observed. The
obtained films were used to fabricate field effect transistors,
which exhibited typical ambipolar features and good transport
properties for both holes and electrons. The on/off ratios and the
charge carrier mobilities of the transistors depend on the number
of deposited layers and were easily adjustable. Furthermore,
efficient microelectrodes for photo-detector devices could be
produced using photomasks to form conductive rGO patterns
within the composite films.

A similar LbL approach allowed Xu er al® to fabricate
electrochromic nanocomposite films containing [P2W18Oe2]%",
CNTs, and chitosan (CS). The electrochromic properties of the
composite were improved by CNT incorporation, resulting in
superior electrochromic performance compared to the non-
hybridized reference, suggesting that the composite can offer

longer operational lifetimes when used in electrochromic devices.

In summary, this section illustrates the broad versatility and wide
application range of POM-modified nanocarbon materials.
However, one striking feature of the results described is the fact
that research is almost exclusively focused on the prototype
Keggin and Dawson anions. Therefore there is a tremendous
opportunity for the use of the large number of other accessible
POM anions which could easily be accessed and deposited on
nanocarbons by close collaboration between researchers from
both fields. As such, it can be envisaged that the coming years
will provide significant leaps forward in developing materials

This journal is © The Royal Society of Chemistry 2012
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where selective chemical modification of the POMs is used to
target specific redox activity or catalytic activity in a composite
material.

3.3 Sensors for environmental pollutants

The ability of POMs to undergo reversible multi-electron redox-
processes makes them interesting for amperometric sensor
applications, such as detection of redox-active industrial and
agricultural pollutants, e.g.nitrate,’! bromate,®? chlorate,’
iodate,?* and hydrogen peroxide.®>-%7 To read out the sensing
information and to maximize amperometric response, the POMs
need to be anchored or immobilized on conductive substrates
while at the same time maintaining molecular dispersion to reach
low analyte detection limits. Therefore, CNTs and graphene are
ideal substrates for this purpose.®-°° Herein, a series of POM-
CNTs and POM-graphene composites as sensor electrodes or
devices are discussed, their limitations are highlighted and future
research directions are proposed.

3.3.1 Hydrogen peroxide sensors

Hydrogen peroxide (H202) is industrially used as anti-bacterial
and sterilizing agent.”’ In addition, peroxides are released from
many other industrial processes, and their environmental release
needs to be strictly controlled.®? To this end, Salimi et al.”
developed a three component electrochemical peroxide sensor:
the group modified glassy carbon (GC) electrodes with SWNTs,
SiMoi2 and the copper complex [Cu(bpy)2]Br. The copper
complex and POM were irreversibly and strongly adsorbed onto
the GC electrode. Over a wide pH-range, the electrode showed
three reversible redox couples for the POM and one redox couple
for the Cu-complex. Compared with a non-POM functionalized
reference clectrode (based on a GC electrode modified with
SWNTs and [Cu(bpy)2)|Br2 only), the POM-modified system
showed stable voltammetric response and gave excellent
electrocatalytic activity towards H202 reduction (bromate
reduction was also reported) at low over-potentials. The system
was able to detect nanomolar concentrations of hydrogen
peroxide and bromate, highlighting the sensitivity which is
associated with the highly dispersed POMs on the nanostructured
conductive substrate..

The group of Gorton et al. used a simple dip-coating procedure
to assemble a robust and stable film composed of the ionic liquid
[CsPy][PFs] and PMoi2 on MWNT-modified GC electrodes.®*
Efficient H2O2 and iodate detection at low over-potentials was
found together with low detection limits, high sensitivity, short
response time (<2 s) and wide linear concentration range,
illustrating that in principle the sensors can be assembled in the
field and used for in-situ pollutant detection. The use of the ionic
liquid might have additional benefits as their high conductivity
presumably contributes to the electron transfer between POM
and MWNT substrate.

3.3.2 lodate and bromate sensors

J. Name., 2012, 00, 1-3 | 9
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lodate and bromate are environmental pollutants and suspected
carcinogens formed e.g. in drinking water upon ozone
treatment.” In situ detection is therefore of high technological
interest. The problem was addressed by Chen et al. who
developed an amperometric bromate sensor based on a
PMo12/MWNTs/ composite film.8? The authors reported low
detection limits (0.5 uM), high sensitivity (760.9 pAmM-!' cm™?),
short response times (< 2s) and wide linear range (5 pM to 15
mM). This research was expanded by Dong et al.°® who
investigated the effects of a series of Keggin and Dawson POMs
as redox-active sites together with different electrode assembly
procedures to better understand how to maximise sensor
performance. To this end, a series of carbon nanotube paste
(CNTP) electrodes based on purified MWNTs and methyl
silicone oil were developed. The most successful system was
based on the Dawson-anion P:Mois for which effective
electrocatalytic reduction of bromate and iodate was observed.
In an extension of this work, multilayer {films of
(P2Mo1s/PDDA), were assembled on CNTP electrodes using the
LbL technique and comparative studies showed higher
electrocatalytic activity for the LblL-assembled composites
compared with the composite materials fabricated by direct
electrostatic assembly.

Work on Dawson-modified sensors was further expanded by Xu
et al.”” who reported a modified electrode where CNTs were
dispersed in polycationic chitosan films which were then used to
electrostatically  immobilize = Dawson  anions  P2Wis.
Electrochemical studies demonstrated that the P2Wi1s/CS/CNT
electrode exhibits fast response and good electrocatalytic activity
for the reduction of peroxodisulfate and iodate anions and it was
reported that the sensor works under acidic conditions also,
broadening its applicability under industrial conditions.

In summary, the studies illustrate that the choice of cluster anion
as well as the assembly method is crucial and emphasizes that
future electrode development needs to be driven by
interdisciplinary research, ranging from molecular materials
design through nano- and microstructuring of the composites.
In addition, it should be briefly noted that POM/nanocarbon
composites have been used for the detection of a large number
of other organic and inorganic analytes, including antimony,®
sulfite,” glucose!%?, dopamine!®! and ascorbic acid.'®?

3.3.3 Future developments and applications

As briefly described -earlier, the future development of
POM/nanocarbon materials rests on several pillars. One obvious
and to the authors highly promising approach is to investigate
non-prototype POMs where novel reactivity, higher stability and
different reactivity can be expected. To this end, an
interdisciplinary approach is urgently required where target
systems (i.e. electrocatalytic substrates, industrial pollutants, etc.)
are determined and POMs which can interact with these targets
are identified and combined with nanocarbon materials. This
combination of materials by itself is still challenging and novel
approaches for the assembly of POM/nanocarbon composites are
required to access electrode materials with high stability and
reactivity.

10 | J. Name., 2012, 00, 1-3

The importance of the method of electrode assembly has been
discussed in several examples (see above). One highly
innovative approach to POM/nanocarbon layered electrodes
which might be used for large-scale, automated fabrication has
recently been presented by Shen er al.!°*. The group used a
combined LbL-inkjet-printing approach to assemble layered
PW12/rGO composites (Fig. 14). The composite thin film showed
linear, uniform and regular layer-by-layer growth. Under UV-
irradiation, a POM-driven photo-reduction led to the conversion
of GO to rGO, and the materials were used as highly responsive
dopamine sensors.

Y

L -
5 @
*

Repeating

n cycles

uv
(rGO/POM), ITO =~ A‘(

Figure 14. Scheme of (rGO/POM), multilayer film production by LbL fabrication
using inkjet printing.103 Repeated printing of GO and POM layers gives access to
multilayer assemblies. Photoreduction of the films using UV irradiation gives the
(rGO/POM), multilayer film.

e ey

A further promising field of research is the development of
photoactive for use in photocatalysis or
photovoltaics:'%* initial work by Zhang et al.'®> showed the
versatility of the approach: the authors assembled an Au
NPs@POM/CNT tri-component composite (Fig. 15) which was
employed test reactions and showed
significant enhancement on the photocatalytic degradation of
Rhodamine B under visible light irradiation. The mechanism
proposed is a visible light-induced, POM-mediated electron
transfer from the Au NPs to CNTs resulting in oxidative
degradation of organic pollutants.

In contrast, significantly lower activity was observed for the bi-
component composite Au NPs@POM, where faster charge
recombination was observed due to the close proximity between
POM and Au NPs. In the tri-component system, the charges can
easily be transferred to the CNTs, resulting in a remarkable
synergistic enhancement of the photocatalytic activity. These
initial studies clearly demonstrate the potential of using POMs
not only as homogeneous photocatalysts but also as a component

electrodes
104

in photooxidative

in composite materials with enhanced charge transfer properties.

This journal is © The Royal Society of Chemistry 2012
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Figure 15. The photocatalytic mechanism of Au NP@POM/CNT tri-component
nanocomposite. Inset: HR-TEM image of Au NP attached on CNTs.'% Reproduced
from reference 104 with permission of Royal Society of Chemistry Publishers.

4. Conclusions and outlook

In summary, we discuss the design, synthesis and reactivity of
novel POM/nanocarbon composite materials based on POM-
functionalized carbon nanotubes or graphene. Their use as
efficient electrocatalysts, electrodes for Li-ion batteries,
supercapacitors and sensors is highlighted and particular focus is
put on their improved performance compared with relevant state-
of-the-art reference systems. In addition, we focus on the
discussion of potential optimization routes such as the
development of new of covalent and non-covalent linkage modes
between POMs and nanocarbons as well as the need to gain
further understanding of the effects of different composite
fabrication routes on the material properties. As nanocarbon
materials become more widely available at low cost, it can be
envisaged that strongly coupled POM/nanocarbon composites
will find applications in technological electrochemical devices.
However, future developments for POM/nanocarbon
composites are by no means limited to the above areas and in the
outlook section, we highlight several research themes where
POM/nanocarbon  composites can address important
technological challenges. Therefore, joint projects which bring
together the expertise of polyoxometalate chemists, nanocarbon
specialists and device fabrication experts can in future lead to
real-life devices built from self-assembled POM and nanocarbon
components.

Table of abbreviations

AA ascorbic acid

Alis [A1OsAl12(OH)24(H20)12]7*
CNTP carbon nanotube paste

CNT carbon nanotube

CS chitosan

Cs-PMo12 Cs3PMo012040

CvV cyclic voltammogram
DMFC direct methanol fuel cell
ESA electrochemical surface area
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GC/GCE glassy carbon/glassy carbon electrode

GNs graphene nanosheets

GO graphene oxide

HER hydrogen evolution reaction

HR-TEM high resolution transmission electron
microscopy

1L ionic liquid

ITO indium tin oxide

LbL layer-by-layer

MCBs molecular cluster batteries

MWNTs multi-walled carbon nanotubes

NN nano-net

NPs nanoparticles

OEAs oxygen-evolving anodes

ORR oxygen reduction reaction

PDDA poly(diallyldimethylammonium
chloride)

PEI poly(ethyleneimine)

PMoi2 [PMo12040]*

POMs polyoxometalates

PTFE polytetrafluoroethylene

PV:2Moio [PV2Mo010040]>

PWi2 [PW12040]*

PsW3o [NaPsW300110]'*

Py pyrene

rGO reduced graphene oxide

Ru4(POM) Rus(H20)4(p-O)a(pn-OH)2(y-SiW10036)2

SiMoi2 [SiMo12040]*

SiWi2 [SiW12040]*

TBA tetrabutylammonium

TEM transmission electron microscopy

TOF turnover frequency

uv ultraviolet

UV-vis ultraviolet-visible

WOC water oxidation catalyst

[CsPy][PFs] n-Octylpyridinium hexafluorophosphat

[Ru(bpy)(tpy) [Ru(2, 2’-bipyridine)(2, 2’, 2°)-

CIl* terpyridineCl]*
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The applications of polyoxometalate-functionalized nanocarbon materials (carbon
nanotubes or graphene) in electrocatalysis and electrochemical energy
conversion and storage as well as in sensor systems are reviewed.
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Broader Context

This review summarizes recent progress, current challenges and future perspectives of
polyoxometalate/nanocarbon composites with a focus on electrochemical energy storage,
electrocatalysis and high-performance sensors. The combination of highly redox-active
polyoxometalates, molecular metal oxide clusters, with nanostructured, electrically conductive
carbon materials such as carbon nanotubes and graphene gives composites which combine the
unique properties of both compound classes. The chemical linkage of both species is still challenging
and current strategies are discussed together with emerging approaches. The utilization of the
composites as high-capacity Lithium-ion battery electrode materials is presented and highlights that
system performance is based on a combination of chemical and materials design. The composites
are promising electrocatalysts for complex reactions such as water and methanol oxidation or
oxygen reduction, so that novel catalysts for water electrolyzers or direct methanol fuel cells
become accessible. The intrinsic redox-activity of the polyoxometalates gives access to highly
sensitive sensors for environmental pollutants. In summary, the review highlights the broad impact
of polyoxometalate/nanocarbon composites on the development of novel electroactive materials
and emphasizes that a more detailed understanding of charge transport and interfacial charge
transfer, chemical linkage strategies as well as materials deployment is required to harness the full
potential of this composite class of materials.



