INORGANIC CHEMISTRY CCs RSt 7 rovar sociery
WP SOCIETY P

FRONTIERS

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Redox-active hierarchical assemblies of hybrid
polyoxometalate nanostructures at carbon
surfacest

{ '.) Check for updates ‘

Cite this: Inorg. Chem. Front., 2022,
9, 1777

*a Richard B. Cousins,® James Wrigley,®
9 Darren A. Walsh @2 *? and

Sharad S. Amin,? Jamie M. Cameron,
Letizia Liird-Peluso,®< Victor Sans,
Graham N. Newton (&) *@

The self-assembly of hierarchical nhanostructures on surfaces is a promising strategy for the development
of a wide range of new technologies, such as energy-storage devices and sensors. In this work we show
that amphiphilic, organofunctionalized hybrid polyoxometalates spontaneously self-assemble on glassy
carbon, graphene oxide, and highly oriented pyrolytic graphite to create hierarchical redox-active nano-
structures. The electrochemical behaviour and stability of these supramolecular, nanostructured assem-
blies is explored in detail and their morphology is determined by comprehensive optical and spectro-
scopic analyses. The spontaneous assembly of these hybrid nanomaterials on both hydrophilic and
hydrophobic carbons is compared and we discuss how this strategy may be a new, simple, and effective
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Introduction

The development of chemically modified electrodes is one of
the most significant advances in the field of electrochemistry
in the past 30 years." Modification of electrode surfaces with
functional molecules and materials has led to breakthroughs
in the fields of sensing,” energy storage,’ catalysis," photo-
nics,” genomics,® and memory storage.”® The self-assembly of
molecular components onto an electrode surface to form well-
defined adsorbate layers can be a particularly cost-effective
and simple route to the development of functional electronic
devices.® A very well-known example is the attachment of mole-
cules to gold electrodes via thiol groups; an approach that can
be readily used to develop systems for fundamental studies
into electron transfer dynamics at the nanoscale,'® and forms
the basis for a range of electronic devices.’ In contrast to other
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method of fabricating hierarchically modified electrode surfaces.

electrode modification strategies, the “bottom-up” self-assem-
bly of molecular components can yield extremely well-defined
complex surfaces, often without the need for advanced syn-
thetic skills or technical know-how.

Recently, polyoxometalates (POMs), a class of polyanionic
molecular metal oxide clusters constructed from early tran-
sition metals in their highest oxidation states (e.g. W"', Mo""
and V), have emerged as excellent building blocks for the
preparation of self-assembled redox-active nanostructures.'’
POMs exhibit a range of attractive properties, including highly
reversible multi-redox behaviour, rich acid/base chemistry, and
wide-ranging and tuneable physicochemical properties due to
their extraordinary range of possible structures and
compositions.’*™™* POMs can also be selectively functionalised
through the covalent attachment of organic groups, yielding
new species commonly referred to as organic-inorganic hybrid
POMs."> The tuneability of the organic moieties means that
these systems can be specifically functionalised to target
certain surfaces and/or interaction types. For example, recent
studies by Proust and co-workers reported examples of thiol or
diazonium-modified hybrid POMs binding to gold and silicon
surfaces through covalent interactions.'®'? Similarly, the depo-
sition of POMs onto electrode materials has been achieved
through non-covalent strategies including electrostatic inter-
actions,® n-7 interactions,>' and oxidation of electrode sur-
faces to promote weak interactions.”> A particular advantage
offered by hybrid POMs is their capacity to act as amphiphiles
and form ordered superstructures such as micelles and
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vesicles in solution.>*"*® Recent work in our group has demon-
strated that the redox properties of molecular hybrid POMs are
translated to solution-phase supramolecular assemblies.>?
Subsequently, this work has been expanded on by Polarz and
co-workers, who explored the redox chemistry of hybrid micel-
lar assemblies, proposing that such systems may have signifi-
cant implications in energy storage technologies.**

Here we set out to develop our understanding of the redox
properties of supramolecular POM assemblies by moving out
of the solution phase and focussing on the self-assembly of
hybrid POM nanostructures on electrode surfaces. We hypoth-
esised that amphiphilic hybrid POMs would interact differ-
ently with different carbon surfaces and that the weak inter-
actions between the POMs and the surfaces would be
sufficient to stabilise a range of hybrid materials. We show
that micellar aqueous solutions of hybrid POMs form nano-
structured monolayer assemblies when adsorbed onto (rela-
tively) hydrophilic carbons (graphene oxide (GO) and glassy
carbon (GC)), and that they spontaneously reassemble to yield
complex lamellar assemblies on hydrophobic carbon (highly
ordered pyrolytic graphite (HOPG)). The redox properties of
the glassy-carbon-adsorbed material are found to be consistent
with those of solution-phase POM assemblies. To the best of
our knowledge, this paper constitutes the first study into the
fundamental interactions of amphiphilic POMs with different
carbon surfaces, which can give rise to opportunities in fabri-
cation of functional nanostructured surfaces.

Results and discussion
Preparation of self-assembled monolayers

Condensation  of  (4-(icosyloxy)phenyl)phosphonic  acid
(C20H410C¢H4PO3H,) and the lacunary Wells-Dawson cluster
K10[P2W17064] yielded the hybrid-POM species
K¢[P,W17061(P(O)CeH4OC20Hy41)2] ({W17Ca0}), in agreement
with our previously-reported method.>® Due to its properties as
an anionic surfactant (combining a polar POM head-group
and non-polar long-chain alkane tails), {W;;Cy} spon-
taneously assembles in aqueous solutions to form micellar
structures with hydrodynamic diameters in the range of
5-7 nm. These supramolecular assemblies display different
redox behaviours when compared to the molecular species
(which can be stabilised by the addition of polar organic sol-
vents, such as dimethylformamide (DMF)).>*** Specifically, we
previously observed that the redox behaviour of the micelles
was consistent with being surface-bound at the glassy carbon
electrode and strongly dependent on the amphiphile chain
length, where shorter-chain species (e.g {W;,Cy0}) tend
towards solution-state/diffusion-controlled electrochemical
properties.> This suggested that the more stable supramolecu-
lar nanostructures formed by {W,,;Cyo} interact strongly with
the surface of the carbon electrode and form a new, robust
and electrochemically distinct interface (Fig. 1).

Building on this observation, we set out here to investigate
the hierarchical self-assembly of the {W,,C,} anionic surfac-
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Fig. 1 A schematic illustrating the hierarchical supramolecular assem-
bly of redox-active {W1,C20} in aqueous solutions onto glassy carbon,
and CV plots of (red) 1.4 mM {W1,C5o} in DMF (i.e. the molecular system)
with 0.1 M [TBAI[PF¢], and; (blue) 1.4 mM {W4,Czo} in 0.1 M H,SO, (i.e.
the surface-bound system).

tant across a range of carbon surfaces in order to better under-
stand the self-assembly processes of the hybrid-POM on these
common electrode materials. In particular, we were interested
in the effect of surface hydrophilicity on the assembly/depo-
sition of the supramolecular structures onto the carbon sur-
faces from the solution phase. In general, modified carbon
surfaces were prepared using aqueous, micellar solutions of
the {W;,Cso} hybrid-POM in one of two ways. For glassy carbon
(GCQ), a standard 3 mm GC electrode was dipped into a 1.4 mM
solution of {W;,Cse} in 0.1 M H,SO, for 1 min (without stir-
ring), removed and rinsed with deionised water, and then
allowed to air dry. Preparation of modified graphene oxide
(GO) and highly ordered pyrolytic graphite (HOPG) surfaces for
comparison with GC was performed by drop-casting either
1.4 mM aqueous or acidic (0.1 M H,S0,) solutions of {W;,C,0}
micelles directly onto the relevant material, blotting to remove
excess solution and then air-drying.

Electrochemical analysis

As described above, we have previously reported that the redox
behaviour of the molecular and micellar forms of {W;;Cyo}
differ and that, furthermore, this property is switchable by way
of the solvent used. Under aqueous conditions, {W;,Cyo} spon-
taneously assembles into micelles (as confirmed by dynamic
light scattering (DLS) analysis of the solution) but, on addition
of a polar organic solvent, the micelles rapidly disassemble to
give a solution of discrete {W;,C,o} clusters.

Cyclic voltammetry (CV) of a 1.4 mM solution of {W;,Cyo}
micelles in 0.1 M H,SO, using a glassy carbon working elec-
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trode produces a voltammogram showing two pseudo-revers-
ible redox waves: an ill-defined process at E;;, = 0.089 V vs.
Ag'/Ag (1¥) and a well-defined, highly reversible wave at more
negative potential E;,, = —0.265 V (II*) (Fig. 1), both of which
are ascribed to 2-electron redox processes based on compari-
son to a previously reported, analogous system.25 DMF was
then added directly to the electrochemical cell (to give a 50: 50
v/v solution) and the CV was then remeasured. This gives a vol-
tammogram corresponding directly to the solvated molecular
species (Fig. S27), clearly indicating the spontaneous trans-
formation of the micelles back into the molecular hybrid-POM
precursor. Here, three pseudo-reversible redox waves are
observed at E;, = 0.070 V (I), —0.027 V (II) and —0.353 V (III),
with processes I and II being single electron transfers and
process III remaining a 2-electron process. Taking into account
the moderate overall negative shift in redox potentials expected
due to the addition of a lower polarity solvent like DMF,** the
key difference between both species corresponds to the
coalescence of peaks I and II into a single process (peak I*)
when the hybrid-POM is assembled into micelles. We attribute
this to increased coulombic repulsion between adjacent POM
head-groups in the tightly-packed micelle shells causing the
LUMO level of {W;,;Cso} (i.e. corresponding to process I) to
increase substantially in energy, causing an additional nega-
tive shift in redox potential so as to overlap with process I11.>*%*

Further to the differing redox profiles of each species, we
were also able to make several observations which suggest that
each system is also behaving differently in relation to the elec-
trode surface itself. For instance, the peak-to-peak separation
(AE},) observed in the micellar system is significantly smaller
than in the molecular voltammetry (e.g. process IT* = 29 mV vs.
207 mV for the equivalent 2e process III). Furthermore, a plot
of peak current (I,) measured against various scan rates dis-
plays a linear trend, which is clear evidence of a surface-con-
fined electrochemical response (Fig. S41). Taken together, this
supports our hypothesis that {W,;,Co} micelles adsorb onto
the surface of the GC electrode, while the hybrid-POM in its
molecular form remains freely diffusing in solution.

Surface adsorption of {W;,C,e} to the GC surface was unam-
biguously confirmed by dip-testing. A freshly polished GC elec-
trode was dipped in a 1.4 mM solution of {W;,Cy} in 0.1 M
H,S0, for 1 min, before removing and rinsing thoroughly with
deionised water. The same electrode was then placed in fresh
0.1 M H,S0, electrolyte and a series of voltammetric sweeps
performed using identical conditions to those in the experi-
ments described above. A near-identical voltammogram to that
reported in Fig. 1 was observed on the first cycle and the redox
properties remained stable over a series of 100 full potential
sweeps (Fig. 2). An identical dip test using an aqueous solution
of {W,,C,o} without the supporting H,SO, electrolyte led to no
detectable deposition of the hybrid POM. This method con-
firms both that: (a) the micellar species spontaneously and
rapidly adhere to the GC surface in the presence of acid, and;
(b) the micelles are not electrodeposited but rather, chemically
adsorbed to the surface. The importance of acid in the depo-
sition process suggests that H,SO, is either promoting surface

This journal is © the Partner Organisations 2022
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Fig. 2 A cyclic voltammogram of {W;7C,o} taken after deposition on a
GC electrode, rinsing and then measured in fresh 0.1 M H,SO, electro-
lyte, displaying cycles 1 (blue), 50 (red) and 100 (black).

oxidation of the carbon in order to produce functional groups
which facilitate favourable non-covalent interactions between
{W;,Cy} and the GC surface (a phenomenon recently observed
in POM-activated carbon composites),>* or that the protons
otherwise act as bridging agents between the carbon and
metal-oxide surfaces to facilitate deposition. We discuss these
hypotheses in more detail below.

Once the deposition mechanism and stability of the
material was understood, we set out to estimate the number of
redox-active micelles at the electrode surface. If we assume the
approximate surface area of the electrode (d = 3 mm) is 7.07 x
10"° m? and the micelle (D = 7 nm, 61 POM clusters, each
with cross-sectional area of 2.5 x 10™'® m?> per micelle) average
cross-sectional area is 3.85 x 107" m?, then the approximate
number of micelles in a full monolayer would be 1.84 x 10"
micelles (1.86 x 107" mol of POM). From reduction process II
(100™ cycle), which we know to be a 2e~ process, the charge
passed (Q = 9.3 x 1077 C) was acquired by integrating the area
under the curve and was used to calculate the number of
moles of POMs (8 x 10™"?) involved in the reduction process
using the equation Q = nFM, (where n = no. of electrons trans-
ferred per molecule, F = Faraday constant (96 500 C mol™") and
M = no. of moles of species reacting). This calculation con-
cluded that in a theoretical full monolayer of micelles on a flat
GC surface, 43% of the POMs in a micelle were involved in the
redox process (see ESIT for full details). This value suggests
that, either: the full monolayer (i.e. ~100% surface coverage) is
not fully redox active/accessible, which could be attributed to
slow electron transfer kinetics around the micelle, or; the de-
posited micelles do not form a full monolayer. Surface charac-
terisation provided below suggests that the former is the more
likely.

Surface characterisation of modified glassy carbon electrodes

Following unambiguous confirmation of the deposition and
stability of a new surface-bound POM-based interface from
micellar solutions of {W;,Cyo}, we next explored a range of

Inorg. Chem. Front., 2022, 9,1777-1784 | 1779
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surface characterisation techniques to identify the morphology
of the deposited material. The surface structure of the elec-
trode was first analysed using imaging ellipsometry. Fig. 3c
displays the ellipsometry surface mapping of the modified GC
electrode where we observed a layer of deposited material with
a thickness of 6-8 nm. This corroborates well with the hydro-
dynamic diameter of the {W;,C,o} micelles observed through
DLS analysis (Fig. S61) and strengthens the argument that the
micelles form a self-assembled monolayer on the GC surface.
Intermittent contact-mode Atomic force microscopy (AC-mode
AFM), using a Scout 70R cantilever (Nunano), was performed
under ambient conditions to analyse the modified electrode at
nanometre resolution and confirmed the presence of spherical
structures on the carbon surface with diameters ranging
between 5-30 nm. Additional height profile analysis of the
spherical objects (Fig. 3a) gives an average height of 6 nm and
width of 19.2 nm, again corresponding well to the known solu-
tion-phase dimensions of the micelles. The additional width
of the surface-bound nanostructures could be a result of
agglomeration or flattening upon deposition on the surface.
The corresponding phase image (Fig. S81) also shows clear
spherical structures with sizes between 5-15 nm. Additional
scanning electron microscopy (SEM) further confirmed both
high coverage of the deposited material and its overall mor-
phology (Fig. 3d), showing a largely uniform deposit of what
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look to be very fine particles on the amorphous carbon
surface. Taken together, it is clear from these analyses that we
can prepare a stable redox-active monolayer of micelles at the
surface of GC electrodes which are held through electrostatic
interactions between the POM and carbon surface functional-
ity (e.g. carboxylic acids) introduced by potential acid catalysed
surface oxidation.*® To the best of our knowledge, our result
represents the first example of redox-active hybrid-POM mono-
layers (ML) or SAM consisting of electrostatically bound
hybrid-POM micelles.

Surface-controlled self-assembly

Following our analysis of the redox-active self-assembled
monolayers we observe on glassy carbon, we were interested to
explore how the type and properties of the surface affect the
deposition and hierarchical assembly of the {W,;Cyo} surfac-
tant. To deepen our understanding of the key factors involved
in the deposition and assembly of the hybrid-POM micelles,
we drop cast 1.4 mM aqueous solutions of {W;,C,e} on both
(relatively) hydrophilic graphene oxide (GO) (Fig. 4) and hydro-
phobic highly oriented pyrolytic graphite (HOPG) (Fig. 5) as a
point of comparison. On GO, transmission electron
microscopy (TEM) analysis shows that {W,;,C,e} deposits on
the surface as a close packed monolayer of micelles (Fig. 4b)
with very low polydispersity and diameters ranging from

(b)

(a) {W17,C20}@GC electrode height trace plot of section highlighted (green) in panel b, (peak full width half maxima = 12.1 nm); (b) AFM plot

of {W17,C20}@GC electrode; (c) ellipsometry map of the prepared GC square electrode post CV, displaying regions of deposition from 5-8 nm thick-
ness; (d) SEM image displaying areas of deposition (light grey) and an area of bare electrode that has been (inadvertently) mechanically abraded (dark

grey).
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(a) TEM image of micelle packing nanopattern assembled by drop casting 1.4 mM {W35C5o} onto a GO TEM grid; (b) high magnification

image, highlighting the packing of the micelles on GO (focused in red box); (c) height trace plot from the area highlighted by the green line in panel
d (peak half width full maxima = 5.5 nm), and; (d) atomic force microscopic surface analysis of the micelle packing on a GO TEM grid.
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(a) SEM image of {W;5C,0} drop casted onto hydrophobic HOPG; (b) atomic force microscopy plot of {W;7C,0}@HOPG, and; (c) height trace

plot of section highlighted (green) in panel b displaying lamellar structures approximately 8 nm in height (half width full maxima = 70 nm).

6-9 nm, in excellent agreement with the hydrodynamic dia-
meter of the micelles measured by DLS (Fig. S61). The close-
packed arrangement is particularly interesting and not what
might be usually expected based on the highly-charged surface
of the micelles, which might normally lead to high electro-
static repulsion between neighbouring structures (each POM
head-group carries a formal charge of 6-). Here, this obser-
vation is most likely a result of cation intercalation between

This journal is © the Partner Organisations 2022

the charged micelles and macroions, which has been dis-
cussed in depth by the likes of Liu et al>***’ AFM analysis
further supports identification of a close-packed layer of micel-
lar structures (Fig. 4d), where a roughness plot of the surface
shows structures with an average diameter of 7 nm, again
corresponding strongly to the micelles known dimensions.
Unlike deposition on GC however, height analysis of the
surface does not correlate with the diameter of the micelles

Inorg. Chem. Front., 2022, 9,1777-1784 | 1781
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which we attribute to the efficient close packing of the micelles
(where the AFM tip is actually measuring the shallow ‘groove’
of ca. 0.5 nm between adjacent structures (Fig. 4c).

We also note that this observation is also in good agree-
ment with our results described above for GC and supports
our hypothesis that the presence of acid is critical in order to
‘activate’ the GC surface (without which, no deposition
occurs).”® The GO surface is significantly more hydrophilic
than typical carbon materials due to its surface oxidation,>
which makes the interaction between the highly polar, strongly
hydrogen-bonding metal-oxide surface of the micelles and the
polar functional groups (e.g. epoxides, alcohols, and carboxylic
acids etc.) on the GO surface dominant, favouring retention of
the micelle structure rather than rearrangement on the carbon
surface. Note that the same close-packed morphology was
observed by TEM when {W,,C,o} was drop cast onto GO from
0.1 M H,SO, solutions rather than water alone (Fig. S9). This
would strongly suggest the fundamental surface chemistry of
the carbon itself is the dominant influence on the hierarchical
surface-assembly of the hybrid-POM, rather than the protons
acting as a mediator between the carbon and the supramolecu-
lar hybrid-POM nanostructures.

This idea is further supported by analysis of the mor-
phology of {W;,C,o} when drop cast from water onto HOPG.
Here, the carbon surface is much more hydrophobic, removing
any possibility for favourable interactions between the carbon
and the outer surface of the micelle. SEM analysis of the modi-
fied HOPG shows much larger and clearly lamellar fibrous
nanostructures (Fig. 5a), demonstrating a spontaneous
rearrangement of the hydrophilic {W;,C,e} micelles once they
encounter the hydrophobic HOPG surface.’®*' AFM further
supports the formation of large fibrous nanostructures
(Fig. 5b), and analysis of the surface roughness plot indicates
that the lamellar fibres are between 100-400 nm in width and
between 20-30 nm in height (Fig. 5c¢). The spontaneous
rearrangement of {W;;Co} on HOPG is evidence that the
hydrophobic effect responsible for assembly of the micelles in
aqueous solutions clearly superseded by the interaction
between the long-chain C,,-groups on the hybrid-POM cluster
and the non-polar carbon surface.

As an example of this, several groups have previously
observed the formation of similar nanofiber and tubular
assemblies on HOPG through deposition of long-chain or
branched cationic surfactants.®®*' Bai et al reported that
hexadecyltrimethylammonium bromide deposits horizontally
on HOPG with the ionic head-groups aligned head-to-head
and the alkane chain lying parallel to the carbon surface,
where the interaction between the carbon chains and graphite
surface in the wetting stage of the deposition process deter-
mines the supramolecular organisation. A similar mechanism
can be proposed for {W;,C5o} due to its broad chemical simi-
larity (a highly polar ionic head-group with long-chain alkane
tails), which would suggest the formation of lamellar sheets of
the hybrid-POM amphiphile around 16-24 clusters thick based
on the AFM analysis described above. Interestingly, when de-
posited from acidic solution, {W,C,,} forms a similar lamellar

1782 | Inorg. Chem. Front,, 2022, 9,1777-1784
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nanofibrous structure on the surface of the HOPG, however a
slight difference in the overall morphology is observed via SEM
analysis (Fig. S107). In this instance, although nanofibres of
similar width and thickness are formed (as expected based on
the dominant surface interactions between the HOPG and
{W;,Cy}), formation of a more sponge-like microporous
network structure is apparent in the presence of acid.

Conclusions

We have described a new strategy to prepare self-assembled,
multi-redox active metal oxide nanostructures on a range of
common carbon electrode surfaces. This approach exploits the
spontaneous self-assembly of an amphiphilic organofunctio-
nalised polyoxometalate cluster, {W;,Cso}, which forms small,
relatively monodisperse micelles in aqueous media. Using
detailed surface characterisation techniques, we show that
these micelles spontaneously deposit on carbon to form a
range of different soft nanostructures in response to the rela-
tive hydrophilicity of the carbon surface. On both glassy
carbon (though only when acid is present) and graphene
oxide, the micelles deposit as a close-packed monolayer
whereas on hydrophobic HOPG, the micelles re-assemble to
form a multi-layer lamellar structure. Detailed electrochemical
characterisation of {W;,C,}@GC shows that the multi-redox
properties of the POM ‘building blocks’ are retained and that
the modified electrode surface is robust and stable to up to at
least 100 potential sweeps when measured in fresh
electrolyte solution. Our results point to a new, straightforward
strategy to modify surfaces with new, highly nanostructured
functional assemblies of significant interest in the develop-
ment of new functional surfaces for electrocatalytic or sensing
applications.
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