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Abstract

Immobilization of Polyoxometalates for Electrochemical Water Oxidation
By Jordan M. Sumliner

Electrochemical cells capable of efficiently splitting water into its elemental
constituents, H> and O, the former being a potent green fuel, are a significant area of
scientific focus today. One important component of such a cell is the anode, which should
be stable toward to the harsh conditions needed for water oxidation. In addition, to
overcome the exceedingly large overpotential required to oxidize water, a suitable catalyst,
which is immobilized on the anode, is needed. In pursuit of these aims, the
polyoxometalate water oxidation catalysts [Coa(H20)2(XWgQs34)2]*%", where X = V(V) and
P(V) have been immobilized and characterized on various anode materials. In two different
systems, the solubility of the immobilized catalyst was found to greatly influence its
activity and stability. When the water soluble salt of [Co4(H20)2(PWsOs4)2]'" is
immobilized on cationic TiO2 film anodes, and is used to oxidize water, the catalyst
decomposes to an unknown cobalt oxide species. In another system, when water-insoluble
[C04(H20)2(VW9034)2]'% is immobilized in a carbon paste anode, under turnover
conditions, no catalyst decomposition is observed under turnover conditions, whereas a
water-soluble salt of the same catalyst will decompose under these conditions.
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Chapter 1 General Introduction



Background

Current estimates suggest that that without direct intervention, our planet will
succumb to two seemingly interlinked energy and climate change crises in the near future®.
One sought-after intervention is to use carbon-neutral energy sources, which are
advantageous in both reducing our dependency on non-renewable energy sources, and
limiting the overall amount of CO2(g) emitted to the atmosphere. The consequences of the
anthropogenic rise of CO2(g) in the atmosphere could be linked to climate change, as past
events have shown; despite some remaining uncertainty, action must be taken soon (' within
the next 10 years).!

An obvious choice for a renewable energy source is sunlight, which has the ability
to supply the world’s current and future energy needs.?> However, its capture and storage
remain the two challenges imposed on wide-spread utilization®. Since sunlight is variable,
diffuse and partially blocked by Earth’s weather, the window of available solar energy is
restricted. Once solar energy is captured, e.g. in a photovoltaic (PV) cell, where solar is
converted to electricity via the photovoltaic effect, it must either be used immediately or
stored for later use. In many circumstances, this is not ideal or possible.

One alternate utilization of solar energy with PV devices is through “solar fuel”
generation, in a manner analogous to photosynthesis.* Solar fuel utilizes renewable solar
energy, in contrast to the majority of fuel in use today, which is generated from non-
renewable energy sources. In general, fuel is a more energy dense storage medium for solar
energy than batteries and a global infrastructure is currently in place to transport, handle
and deliver various fuels. While plants photosynthesize simple sugars, a solar fuel for

growth and maintenance, the potential target solar fuels for human use are Ha(g), CHa(g)



and CH3sOH.®> A monumental challenge to the scientific community then, is to design and
build a device that is capable of solar fuel synthesis®. However, an alternate to a fully
integrated device that can capture solar energy and convert it to fuel directly, would be to
simply couple a traditional PV to an electrochemical cell, where fuel synthesis can take
place.’

Toward development of an electrochemical cell capable of synthesizing solar fuel,
catalysts are needed to decrease the high activation energies, or overpotentials, needed to
drive fuel production. In the case of Hx(g) production, water splitting is represented by
these two equations:

2H,0 - 0, + 4H* + 4 e~ 1.1

4H* +4e” - 2H, 1.2
where Equation 1.1 takes place at the anode and Equation 1.2 takes place at the cathode of
an electrochemical cell. At pH 0, the standard potential for Equation 1.1 is 1.23 V vs. NHE
and 0.00 V vs. NHE for Equation 1.2; both reactions are pH dependent, as dictated by the
Nernst equation. The standard potentials therefore change by -0.06 V per pH unit.
Such a cell is shown schematically in Scheme 1.1 and further clarity to the “modified
electrodes” will be given in subsequent chapters. In general, such electrodes are ones to
which a catalyst has been immobilized through either physical or chemical means.
Specifically for water splitting, a WOC would be affixed to the anode and a WRC to the
cathode. Significant effort has been made toward the development of WOCs and WRCs??;
the Hill group, alongside numerous other researchers, have investigated the use of
polyoxometalates in this pursuit.}%%® Interest in POMs as WOCs and WRCs is better

understood by briefly explaining some of their basic properties.
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Scheme 1.1. General scheme for a PV driven electrochemical water splitting cell.



Polyoxometalates

POMs are discrete, soluble d-metal oxide clusters primarily composed of addenda
metals M (e.g W(V1), Mo(V1) and V(V) and seldom Nb(V) and Ta(V)).1® They are formed
through acid condensation reactions and are readily tunable through incorporation of a
heteroatom X (e.g. P(V), Si(IV), AI(IIl)), substitution of the addenda M with other
transition metals (e.g. Co(ll), V(V), Fe(lll) and by salt metathesis of their counterions.
Through these modifications, an extensive family of POMs have been produced, carefully
characterized with a variety of spectroscopic techniques (e.g. X-ray crystallography, FT-
IR, UV-vis, NMR) and have frequently been employed in catalytic applications.1’18

In addition to these studies, the electrochemical properties of POMs have made
them targets of extensive voltammetric studies and electrocatalytic oxidations and
reductions.'® Early work (late 1960s through mid-1970s) by Pope and co-workers?®-2°
found that multiple reducing equivalents (electrons) could be stored in Keggin and Dawson
POMs and these “heteropoly blues” could be characterized by UV-vis due to inter-valence
charge transfer bands between the addenda metals. These reduction processes are usually
accompanied by protonation of the more basic oxygen centers as the POM overall becomes
more basic upon reduction, but reduction is strongly dependent on the conditions (pH,
electrolyte & solvent)?® as well as the POM and its counterions.?’

Later electrochemical studies with POMs (1980s and 1990s) examined on their use
as electrocatalysts for H*, NO3", CIOs™ and Oz reduction, where the POM acts as a mediator

for the reduction reaction.® This type of reactivity was exploited for sensitive,



amperometric sensors.?® For oxidation reactions, substituted transition metal(s) (Co(ll),
Ru(IV), etc) are considered to be the active site(s) and the reaction proceeds though through
oxidation of the metal site, followed by oxidation of the substrate by the POM.

Often, these studies have noted that POMs spontaneously adsorb to the electrode,
modifying it strongly enough that simple rinsing with solvent would not dislodge the
POM.? The cause of this adsorption phenomenon was not clear and continues to be poorly
understood, as it is dependent on the electrode material, the solution conditions, and the
POM as well.’® However, this phenomenon has been exploited for electrochemical
catalytic reactions over the past 30 years. A detailed review of the field up to 1998 can be

found in reference 19.

POM WOCs

In 2008, the POM [{RusOs(OH)2(H20)s}(y-SiW10035)2]'%, simultaneously
discovered by the Hill group and the Bonchio group, was shown to be a WOC in
electrochemical, chemical and photochemical schemes®®. Bonchio’s group, along with the
Bond group have exploited the rich electrochemistry of the POM and immobilized it on
various electrode materials.®? This POM sparked thorough studies into the POMs as

WOCs®! and brought forth much needed scrutiny to the field of WOCs in general 333

In general, the specific reaction conditions used in a WOC study are key toward
supporting the authors claim of catalyst stability, and POM WOCs are no exception. 3%
Perhaps the most fitting phrase that can succinctly sum up these studies is “conditions

matter”, the primary example in the field of POM WOCs being [Co4(H20)2(PWyO34)2]*".



In multiple, unique investigations!-*-39434548 ‘this POM was found to be either be stable,
unstable, and/or the observed catalytic activity could be accounted for by decomposition
products of the parent POM. These studies made it imperative that the question “Is CosP>
an authentic, molecular WOC?” be addressed head-on, the ultimate result being that
“conditions matter” when it comes to POM WOCs and WOCs in general.®” Most relevant
to the work described here, is that found Co4P: is not an authentic, molecular WOC when
employed as an electrochemical WOC.%¢*® The efforts described in Chapter 2, to
immobilize Co4P2 on an electrode for electrochemical water oxidation, confirm this
conclusion, and highlight the difficulty in studying electrochemical WOCs that are
immobilized on an electrode surface. In Chapter 3, another approach toward WOC

immobilization is discussed, with the POM [C04(H20)2(VWg0O34)2]*".



Chapter 2 Electrostatic Immobilization of
[Co4(H20)2(PWsO34)2]** with the Viologen Bis(2-
phosphonoethyl)-4,4’-bipyridinium



Introduction

Immobilization of POMs on electrode surfaces for electro- and photo-catalytic
applications has been explored over the past 30 years. A variety of approaches have been
developed, including electrostatic modification. Here, a surface is modified with a cation,
which strongly attracts the anionic POM. A semiconductor metal oxide film provides a
stable and cation-modifiable surface to support molecular catalysts. TiO., one of the most
studied semiconductor metal oxides, has been used in various electro- and photo-catalytic
applications, dye sensitized solar cells, and in electrochromic devices.*® In these systems,
molecules are immobilized to the surface of the oxide through strong covalent bonds. One
class of compounds that has been used in such a way is the viologens, which have appeared
in commercial EC devices.®*®! Viologens are readily modifiable through simple Sn2 type
chemistry, where a strong nucleophile attacks the 4,4’-bipyridine precursor.>? A range of
available nucleophiles has yielded a rich family of viologens to investigate, and in
particular their electrochemistry.>* When functionalized with acid linker groups, such as
phosphonate or carboxylate, TiO> can be modified with a viologen, and due to the positive
charge on the viologen, negatively charged POMs can be immobilized on the resulting
surface. TiO2 can be deposited on FTO, to generate TiO> film electrodes, which, upon
modification with a viologen, immobilize POMs.

This approach toward POM immobilization, involving an oppositely charged
surface, has been employed in the past under various reaction conditions with varying
degrees of success, usually governed by the stability of the POM itself.>® One noteworthy
and inspiring example was published by Bonchio group in 2010.3! In this case, the RusSiz

POM was immobilized on PAMAM modified MWCNTSs, which, due to their positive
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charge, were able to support the negatively charged POM. This material was then dropcast
(a small amount of material dispersed in a solvent is pipetted) on an FTO electrode, and
found to oxidize water efficiently under electrochemical bias. Spectroscopic evidence
confirmed that the POM was intact upon immobilization, and current versus time
measurements lent support to the conclusion that the POM was stable following water
oxidation electrolysis.

The work herein to be described builds upon this approach, but with viologen
modified TiO2-film electrodes in place of the modified MWCNTS, as shown in Scheme
2.1, incorporating the Co4P2> WOC. Co4P2 was chosen for this study because it was at the
time the fastest molecular WOC reported and a purported electrochemical WOC. However,
this POM was shown to be unstable under electrochemical bias, and would go on to form
another WOC, CoOy, thus complicating its study on an electrode surface. This finding is

supported by another report on the electrochemical behavior of this WOC.®
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Scheme 2.1. Immobilization of CosP> for electrochemical water oxidation. The positively
charged viologen is covalently attached to TiO. and will attract the negatively charged

POM molecules (not drawn to scale).
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Experimental

Bis(2-phosphonoethyl)-4,4’-bipyridinium dichloride (EVP.Cl;) was prepared
following the literature method and its identity and purity were confirmed by *H-NMR
spectroscopy.®®  The  POMs, Na10[C04(H20)2(PWg034)2] (CosP2)  and
Naio[Zn4(H20)2(PWs034)2] (Zn4P2), were provided by the Hill group and their purities and
identities were confirmed by FT-IR spectroscopy.

TiO: film electrodes were prepared following a literature method.>* Briefly, FTO
glass (Hartford Glass Co.) was cleaned by sonication in both acetone and ethanol, allowed
to dry, then masked with Scotch® tape, which also controlled the film thickness. Colloidal
TiO2 was spread on cleaned FTO glass, allowed to air dry, then calcined in a furnace at
400°C for 2 h (heating rate 2°C/min).

XPS measurements were conducted by Walter Henderson at Georgia Tech, with a
Thermo Scientific K-Alpha XPS system equipped with an Al anode. The typical spot
diameter for the measurement was 400 um. For quantification of the POM, the areas under
the W(VI) 4f peaks and Co(ll) 2p peaks were integrated and corrected based on the
sensitivity factor provided from the instrument.

Modification of TiO2 film electrodes was accomplished via the alternate dip
method.>® Briefly, films were dipped into an aqueous solution of 0.02 M EVP.CI; for 24
h, then rinsed with DI water and allowed to air dry for at least 12 h. POMs were
immobilized on the EVP, modified TiO: film electrodes in the same manner.

Electrochemical measurements were conducted with a BASi CV-50W potentiostat,
Ag/AgCI (3 M NacCl) reference electrode and either a Pt wire or foil auxiliary electrode.

Electrochemical data has been plotted in the “European” convention, where anodic current
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is “positive” and cathodic current is “negative”. Cyclic voltammetry was conducted in a
one-compartment cell. Typically, the solution was purged with Ar(g) for at least 10
minutes, then kept under a positive pressure of Ar(g) during the experiment. If not
otherwise specified, pH 8 sodium borate buffer (100 mM) + 200 mM NaClO4 was used as
the electrolyte.

Spectroelectrochemical measurements were performed with an Agilent 8453 UV-
vis spectrophotometer in a 1 cm pathlength polystyrene cuvette. The solution was purged
in a similar manner as in CV experiments, then kept under a positive pressure of Ar(g).

Bulk electrolyses were conducted in an air-tight one-compartment cell. The
working electrode was attached to a copper wire lead via conductive-epoxy; the exposed
conductive epoxy was coated with a non-conductive epoxy to prevent an undesired
reaction. The electrode leads for the working and auxiliary electrodes were feed through
rubber septa fitted in the cell top. Typically, 25 mL of solution was added to the cell, then
the whole cell was purged with Ar(g) for at least 30 min to remove dissolved O2(g). Oxygen
measurements were made by GC headspace analysis, as previously described.*® The one-
compartment cell was calibrated for both H>(g) and O2(g) with a method previously

described.!t
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Figure 2.1. Photograph of the one-compartment cell for bulk electrolysis. CosP> modified
working electrode (left), Ag/AgCl (3 M NaCl) reference electrode (center) and Pt foil

auxiliary electrode (right).
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Results and Discussion

Bare, unmodified TiO> film electrodes give a featureless CV within the potential
range shown in Figure 2.2, in buffered and buffer-free electrolyte. Upon modification of
Ti02 with EVP2 (electrode 1), a noticeable reduction process is observed, which is assigned
to a 1 e reduction to the radical EVP."™ species, along with the appearance of a dark violet
color on the film®%. When the potential is cycled back, the violet color fades, which suggests
a reversible reduction. However, the reversible wave is partly obscured by an independent
TiO, capacitance current> (not shown).

The reduction process for EVP2 shown in Figure 2.3 as a reversible, surface bound
species®, is pH dependent, and the stability of the linkage is buffer dependent (see Table
2.1), indicating that the phosphonate groups are at least partially bound to TiO». The buffer-
dependent stability bears a striking similarity to the stability woes of [Ru(bpy)2(X2-bpy)]?**,
where X = COOH, POsH_, complexes®°"8 bound on TiO; films, in that phosphate anions
competitively bind against the dye molecules, thereby slowly displacing them. UV-Vis
spectroelectrochemical experiments where electrode 1 was held at -700 mV, sufficient for
reduction, gave a UV-vis spectrum that matched the literature®, which confirmed that the
electrode was modified with EVPa.

POM modified electrodes were prepared using electrode 1 by an extended dip
coating method. Dip coating is widely used to modify electrodes with POMs and other
charged species.?® It is important to thoroughly rinse the dipped electrodes with water to

ensure that only strongly bound species are left on the electrode surface.
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Figure 2.2. CV trace of TiO.@FTO. Scan rate: 100 mV/s
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Figure 2.3. CV trace of electrode 1. Conditions: 0.1 M pH 8 sodium borate buffer, 0.2 M

KCI, scan rate = 50 mV/s
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01 M pH 8 borate -700  Yes ~5% decrease in current after
buffer 12 h soak.

2 0.1 M pH 8 phosphate  -720  No Complete desorption of EVP;
buffer after 12 h

3 0.1 M pH 7 phosphate  -620  No Complete desorption of EVP>
buffer after 12 h

4 0.1 M pH 5 acetate -450  Yes No change in current after 12 h
buffer soak.

Table 2.1. Effect of buffer conditions on hydrolytic stability of electrode 1 and reduction

potential of EVP.,
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While the formation of highly reduced POM species, or “heteropoly blues” is well
documented, it is generally limited to acidic pH (<5), where the POM is partially
protonated.®

Under the conditions used in this study (pH 7-8), these reduction processes were
not observed for CosP2, or for ZnsP, and were also possibly obscured by the reduction of
EVP, and the capacitive, charging process for TiO,. Another, perhaps expected,
consequence of POM immobilization is a shift in the reduction potential of EVP, by
approximately 60 mV; an effect due to the ability of the POM to act as a base under these
conditions.>® Upon immobilization of CosP; via the dip coating method, its CV was
obtained under standard conditions and found to give a catalytic wave for water oxidation,
well below that of the unmodified electrode 1 as shown in Figure 2.4. When the structurally
analogous, but redox inactive ZnsP, was immobilized on electrode 1, no such wave was
observed.

Now, a brief interlude will be given on M4P> (M = Co, Zn) electrochemistry and
stability, which will hopefully better prepare the reader for the following section. The
electrochemical properties of the “sandwich-type” POMs are poorly understood, especially
when compared to their Keggin parents.?® Of the few reports that have investigated the
electrochemistry of these sandwich-type POMs, no satisfactory explanation has been given
as to why, under aqueous conditions but not non-aqueous conditions, Co(Il)/(11) is
voltammetrically silent.®%5! Thus, CV and related experiments alone can provide only

limited insight into the electrochemical behavior of these POMs.
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Figure 2.4. CV traces of CosP2 modified electrode 1 (red), ZnsP> modified electrode 1

(orange), and unmodified electrode 1 (dashed black). Conditions: 0.1 M pH 8 sodium

borate buffer, 0.5 M KNOs. Scan rate: 100 mV/s
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When CosP> was reported to be a homogeneous WOC with the chemical oxidant
Ru(bpy)s**, a thorough electrochemical investigation of its electrochemical WOC
properties had not yet been reported. Contemporaneous work by Stracke and Finke found
that when CosP2 was used in pH 8 phosphate buffer as an electrochemical WOC, it would
either: a) decompose to form electrodeposited cobalt oxide®®, or b) give indistinguishable
catalytic activity from partially hydrolyzed Co?*(aq)®®. Their findings set off an intensive
study®” of the stability of CosP2 under two separate sets of conditions reported by the Hill
group*'“8, and changed the focus of this work toward understanding the stability of CosP2
when immobilized on electrode 1.

Several attempts to use FT-IR and UV-Vis to spectroscopically detect Co4P, failed
and only X-ray photoelectron spectroscopy could detect and quantify CosP2 on EVP2 TiO2
film electrodes. XPS analysis shown in Figure 2.5, top panels, on a freshly prepared CosP>
modified electrode gave a Co:W ratio of 2:9, which matches the expected elemental
composition of the POM and confirmed that the POM was immobilized on the surface. The
binding energies for the Co 2p, P 2p and W 4f were within the range of known binding
energies for Co(ll), P(V) and W(V1), respectively, in similar POMs.5263

Bulk electrolysis (BE) for water oxidation with CosP> modified electrodes gave two
results: O2(g) and H2(g) are generated with a Faradaic efficiency ~60% but, perhaps more
importantly, the catalytic current increased during the experiment (Figure 2.6, Panel A).%*
The former result confirmed that water oxidation does occur at CosP> modified electrode
1. The latter result was further investigated with CV and XPS, since an increase in current
alone does not signal catalyst instability. The CV trace for the Co4P> modified electrodes,

post BE, gave a higher current response for potentials >900 mV, which did support the



23

formation of a more active catalytic species for water oxidation (Figure 2.6, Panel C). In
addition, the XPS analysis of a post-BE electrode revealed that the Co:W ratio decreased
to 0.5:9, which suggested that 2 Co?* per POM were absent from the electrode surface, and
confirmed instability of the POM during water oxidation (Figure 2.5, lower panels). These
results indicate that CosP> decomposes during BE, to form a more active catalytic species.
Due to the observed decomposition process, no derived catalytic values such as the TON
or TOF could be effectively calculated.

To probe how CosP> modified electrode 1 decomposed to form such a species, a
chemical chelator, 2,2’-bipyridine (bpy), was used, which effectively scavenges Co?*(aq)
under the experimental conditions.’'#> Whereas Stracke and Finke found that aging 0.5
mM Co4P2 in 100 mM pH 8 sodium phosphate buffer allowed released Co?*(aq) from the
POM to form catalytically active electrode films®, a series of electrochemical experiments
presented here found that bpy prevents the formation of free Co?*(aq) and film formation.
CV revealed that CosP2 aged under the same set of conditions, but in the presence of 0.3
mM bpy, does not give catalytically active electrode films. Instead, a precipitate forms,
which was identified as [Co(bpy)s]?* by FT-IR analysis (not shown). When BE at 1150
mV was performed in the presence of bpy, the catalytic current for water oxidation will
reach a steady state in its presence. The overall catalytic current is smaller in the presence
of bpy as well, and this current likely represents the actual activity of the POM. A similar
series of experiments performed with the related CogPs POM WOC, which behaves

analogously to CosP, gave similar results.*®
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Figure 2.5. XPS spectra series for Co4P, modified electrode 1 before (top panels) and after

(lower panels) one-hour BE at 1150 mV. The left panels are W 4f and the right panels are

Co 2p.
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Figure 2.6. Electrochemical data series for CosP2> modified electrode 1. Panel A : one-
hour bulk electrolyses at 1150 mV in the absence of 0.03 mM bpy. Panel B: one-hour
bulk electrolysis at 1150 mV in the presence of bpy. Panel C: CV traces for electrode
from Panel A, before (red) and after (blue) one-hour bulk electrolysis at 1150 mV. Panel
(D): CV traces for electrode from Panel B, before (red) and after (blue) one-hour bulk
electrolysis at 1150 mV. Note: The anodic limit was 1150 mV in the CV traces in Panel

D. Scan rate: 50 mV/s for CV traces.
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In the more complicated CosP> modified electrode 1 case, CV and BE experiments
again provide strong evidence to suggest that the electrodes decompose via a similar route.
In Figure 2.6, Panels B & D, the influence of bpy on the behavior of the electrode is clearly
observed. Whereas the catalytic current for the electrode was found to increase during the
course of BE at 1150 mV, the opposite is true when the experiment was performed in the
presence of 0.03 mM bpy (Figure 2.6, Panel B). The CV traces before and after the BE
experiment also show this decrease in current (Figure 2.6, Panel D), in agreement with the

behavior of Co4P2 in solution.

Conclusions

Electrostatic immobilization of POMs on cationic electrode surfaces can be a
promising approach toward POM-modified surfaces, however the POM itself must be
stable under the experimental conditions utilized. In the case of CosP2 on EVP, modified
TiO electrodes, the hydrolytic instability of the POM allows for the formation of
catalytically active CoOx species, which overshadows the POM’s electrochemical WOC
performance. Until a more hydrolytically stable POM WOC is found, this electrostatic

immobilization is a poor choice toward the development of a WOC anode.



Chapter 3 Carbon Paste Electrodes for Water Oxidation:
Immobilization of the WOC [C04(H20)2(VWsO34)2]**
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Introduction

Carbon paste electrodes (CPEs) were first reported in the late 1950s from the
Adams Laboratory®®, and since then, have developed into a popular electrode material.%®
Carbon pastes are constructed by mechanically mixing a micron-particle carbon powder,
usually graphite, with a binder, usually paraffin oil, in a mortar and pestle. The paste is
then loaded into an electrode body, which contains a cavity, in place of the solid electrode
material (gold, glassy carbon, platinum etc.). The varieties of carbon paste formulations
available and electrode body designs, the ability to modify the CPE, and its relatively low
cost, have all contributed to their widespread use.

As alluded to in the previous chapter, modification of an electrode surface with a
molecular catalyst or catalyst material (network solid, amorphous metal oxide etc.) has
been and continues to be well studied.®” CPEs are no exception to this and have been
modified with various catalysts. In practice however, the intention of the catalyst was to
enhance a detection limit with an electrochemical sensor®® rather than in bulk (exhaustive)
electrolyses.

Immobilization of POMs in CPEs was first reported in 2005% with [PM012040]>
and since then, several papers have followed.%®’® These electrodes were employed as
sensors for nitrate and other reducible analytes, due to the POM’s ability to catalyze this
electroreduction process'®. Keggin-type POMs remain the most commonly used members
of the large POM family, and their use in CPEs is no exception. Due to their overall low
negative charge density, they tend to be very water-soluble, which presents a challenge to
immobilization. Recently, the cesium salt of the POM WOC

[Cos(H20)s(OH)3(HPO4)2(PWs034)3® was immobilized in a CPE for water oxidation at
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relatively high overpotentials.”® A key benchmark of a WOC is the overpotential required
for it to drive Equation 1.1 at the anode. The overpotential is the applied potential in
addition to the thermodynamic potential for a reaction.*® Jaramillo, Peters and McCrory et
al. set an ambitious maximum overpotential range for heterogeneous WOCs between 0.35
and 0.43 V™1, which CooPs far exceeds. The stability of CogPs under turnover conditions
for electrochemical water oxidation was previously addressed during the initial
investigation of the water-soluble salt*® but it was shown that in the presence of bpy as a
chelator, that POM was an authentic electrochemical WOC. In contrast, the immobilized,
insoluble cesium salt of this POM could be used in the absence of any chelator, which
implies that its stability as a WOC is attributed to its apparent insolubility.

An alternative approach to POM immobilization is through hydrophobic
interactions between the POM salt and the electrode. Simple salt metathesis of the water-
soluble POM salt, with a hydrophobic quaternary ammonium salt, such as TBA, yields a
water-insoluble POM salt.”? This approach has yielded POM-functionalized nanomaterials
that are capable of catalyzing chemical oxidation of C-H bonds, alcohols and sulfides.”

Here, the TBA salt of CosV2 has been immobilized in a CPE, yielding a
functionalized anode for water oxidation. The CPE serves the role as a conductive support
for the otherwise non-conductive POM salt. Electrochemical studies of the POM-CPE
revealed that the POM does not decompose to form the catalytically active CoOx species,
and spectroscopic techniques confirm that no other POM species is formed after water
oxidation catalysis. However, under the experimental conditions for water oxidation

catalysis, the CPE alone was found to oxidize water as well, albeit with a lower current. To
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explore this unexpected property of the CPE, a different CPE formulation was tested that

gave lower activity for electrochemical water oxidation.

Experimental

Both Cs10[C04(H20)2(VW9034)2] and TBA10[C04(H20)2(VWeO34)2] were prepared
through salt metathesis from the parent Naio[Coa(H20)2(VWg0Osza)2].*2 The purities of the
prepared POMs were confirmed by either FT-IR & elemental analysis (cesium salt), or FT-
IR & *V-NMR (TBA salt).

Carbon paste electrodes were prepared with either BASi carbon paste oil (CF-1010)
or with the ceresin wax-impregnated carbon paste described below. For control
experiments, the carbon paste was simply packed into a BASi carbon paste electrode body
(MF-2010), and the surface smoothed on an index-sized paper card. To prepare POM
modified carbon paste electrodes, the appropriate amount of POM (typically 10% w/w)
was weighed along with the carbon paste, then transferred to an agate mortar and
homogenized with an agate pestle. The agate was found to be superior to porcelain, as it
did not adsorb the carbon paste and could be easily cleaned.

Electrochemical experiments were performed with a Pine WaveDriver 20
bipotentiostat, and unless otherwise specified, 80 mM pH 8 sodium borate buffer with 200
mM sodium perchlorate was used as the electrolyte. The reference electrode was Ag/AgCI
(3 M NaCl) and the auxiliary electrode was either a short platinum wire (3 cm) or coil (10
cm). Cyclic voltammetry was performed in a one-compartment three-electrode cell.
Rotating disk electrode CV experiments were conducted at 1000 RPM, in a Pine 150 mL

cell for rotating electrodes, with a Pine E6 Series ChangeDisk RRDE tip equipped with a
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custom made well for carbon paste as the working electrode. Controlled potential
electrolysis was performed in a custom-built gas-tight-two-compartment cell (Tudor
Scientific) with a Nafion® membrane separating the working and auxiliary compartments.
The cell body was fitted to the cap with a ground glass joint and the cap contained two
Ace®-threaded #7 joints and a 14/20 ground glass joint. The working and reference
electrodes were fitted into the Ace®-threaded joints and a septum was placed into the
ground glass joint.

Prior to the start of the experiments where O2(g) was quantified, the working
compartment was purged with Ar(g) for at least 30 minutes to remove dissolved O2(g). The
working electrode was not placed into the electrolyte until after sealing the cell. Oxygen
measurements were made by GC headspace analysis, as previously described®. The
working compartment in the cell was calibrated for O2(g).

Extraction of the TBA salt of CosV> from carbon paste, either pre- or post- bulk
electrolysis was conducted as follows: the paste was removed from the electrode body via
sonication in toluene. The POM was precipitated out by additional of 2,2-diethyl ether,
while the paraffin binder oil was left in the toluene. The precipitate was dried under air and
weighed to confirm no % change in mass before or after the bulk electrolysis. With a
separate sample, a KBr pellet was prepared from the dried precipitate (3% w/w) to confirm
the stability of the POM by FT-IR. Finally, another sample was used to prepare a >*V-NMR

sample, similar to the method described in Lv et al.*?
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Results and Discussion

Modification of the CPE with either the Cs or TBA salts of Co4V> significantly
enhances the catalytic current for water oxidation, as observed by CV. Like with CosP>,
aside from a catalytic wave, no other observable voltammetric features for CosV> are
present within this potential window (Figure 3.1). The observed shape of the catalytic wave
for the Co4V2 modified CPE (10% w/w) reaches a plateau at around 1200 mV, upon which
the water oxidation process becomes diffusion-controlled. The thermodynamic potential
for water oxidation, Equation 1.1, at pH 8 is 0.55 V vs Ag/AgCI (3 M NacCl), however the
overpotential required for CosV2 is ~.75 V.

Bulk electrolyses (BE) at 1300 mV, with 10% w/w CosV2> modified CPE,
confirmed that water oxidation is the dominant reaction in the system, with a Faradaic
efficiency approaching 100% for O2(g). A TON of 20, where TON is defined as final moles
O/ total moles catalyst, was calculated for the CosV> modified CPE. The current vs. time
profile for a first run CPE gave a noticeable rise in current during the first hour of
electrolysis, followed by a steady state current (Figure 3.2). Subsequent BEs with the same
CPE gave no noticeable increase in current during the same period of time, which
suggested that the increase could be due to transformation of the catalyst to another species.
Due to the propensity of CosP2 to decompose to CoOx species when used on or at an
electrode surface, it was necessary to carefully determine whether CosV> decomposes in
the CPE.

Three lines of evidence support the claim that CosV- is stable and does not
decompose to any CoOx species or any other POM under this set of experimental

conditions. First, the POM salt can be quantitatively extracted out from the CPE before and
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after use in a bulk electrolysis experiment, which implies no catalyst loss. This result was
further corroborated by FT-IR and solution state ®'V-NMR analysis of the extracted salt,
in which no changes in the POM framework were observed. The FT-IR spectra of the TBA
salt of CosV2 pre- and post- extraction are shown in Figure 3.3 and no significant
differences could be discerned between these spectra in the main stretching and bending
modes of the POM between the region of 650 and 1000 cm™, although a difference
spectrum could be used to show 100% stability of the POM. The *V-NMR shift for CosV-
is unaffected after BE experiments from the CPE, and no other VV-containing species were
observed by this method (not shown).

These results seem striking in light of the thorough work done on Co4P>, so let it be
further discussed here. A key difference here may be that the TBA counterions prevent the
parent POM from decomposition. The exact reason for this in not entirely known, but could
be attributed to the complete insolubility of the TBA Co4V2 salt in water. Along this line
of reasoning, one preliminary step in the decomposition of the CosX> POMs (X =V or P)
to CoOx is by merely its dissolution in buffered water. It should be noted that CosP> slowly
releases Co?*(aqg) upon dissolution in buffered solutions and that this process is buffer-
dependent.®” Early in this investigation of the CPE, the slightly soluble Cs salt of CosV2
was used and despite a low solubility, growth of CoOx from the CPE was observed upon

extended BE (greater than 6 hours).
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Figure 3.1. CV traces for unmodified CPE (blue) and TBA Co4V2 modified CPEs (red).
The CV trace of Cs CosV2 (not shown) is nearly identical to that of TBA Co4V2. Scan rate:

100 mV/s



35

AR i

| |

o

KRR W R
Time (hr)
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inefficient removal of Oz bubbles during the experiment.
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Figure 3.3. FT-IR spectra of the TBA salt of CosV2 pre-BE (black) and post-BE (red),

extracted from the CPE.
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Another curious discovery along the way was that of the CPE electrochemically
oxidizing water under the same experimental conditions employed here (Figure 3.2).
Stranger still is that the Faradaic efficiency is near unity for the unmodified CPE, which
begs the question, “why use a catalyst?” If the green and red traces in Figure 3.2 are
compared, it becomes abundantly clear that the catalyst does increase the rate of water
oxidation, thereby giving purpose to its incorporation. In direct contrast to the
aforementioned report of CogPs in a CPE, no such activity was reported for the CPE alone.
Another fact of interest here is that another common electrode material, glassy carbon (a
different carbon allotrope), can be oxidized to carboxylate under similar conditions.”* CPEs
prepared for this study and used for water oxidation electrolysis do not appear to give the
characteristic FT-IR stretches for carboxylate functional groups. Further, with a near unity
Faradaic efficiency, no electrons could be spared for surface oxidation chemistry, which
may be attributed to the effect that the pasting liquid, or binder, imparts on the graphite.
The binder, much like the source of carbon itself, has an immense effect on the potential
window of the electrode, or the voltage limits for an electrode under specified conditions.®®

In that light, some preliminary work was conducted in an attempt to hamper the
CPE’s ability to oxidize water under these experimental conditions. One important reason
for this is that the exact sites for water oxidation at the CPE are not known, nor are of
interest within the purview of the study described here. Lindquist found that ceresin, a wax
derived from an odiferous paraffin, extended the potential range of CPEs.” Following his
method’®, a batch of ceresin wax modified carbon paste was prepared and tested. A RRDE
(with ring disconnected) was utilized here to compare the two CPEs, with the eventual aim

to measure Faradaic efficiency, however that data will not be discussed here. In the anodic
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regime, between the commercially available CPE and that of the ceresin wax modified CPE
are given in Figure 3.4. A clear lower background current is observed for the ceresin wax
modified CPE, which demonstrates the effect that the wax has on the electrochemical
properties of the electrode. The cause of this lower background current is still not known,
but could be realized through comparison of the current response to a well-known redox
couple such as [Ru(NHs)s ]?*3*. If the current responses were nearly identical, that would
suggest that the conductivity of the paste was not affected, but rather the wax reduces the

ability of graphite to oxidize water under these experimental conditions.
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Conclusions

While a CosV> modified CPE can catalyze water oxidation in an electrochemical
cell, the overpotentials at which it operates are high (~0.75 V), which detracts from the use
of these electrodes as WOC anodes in a fuel-generating cell. Since the unmodified CPE
can also efficiently oxidize water under these conditions, albeit with lower activity, the
nature of its activity should be investigated. However, the ultimate price for the observed
activity here is through the use of high overpotentials, so a more competent catalyst that
can operate at lower overpotentials (closer to the range 0.35 to 0.42 V) would vastly

improve the feasibility of CPE as a WOC anode material.
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