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Abstract
The energy-efficient removal of high free energy electrons stored in chemical fuels is
a key chemical step in an efficient electron economy. The objective of this project is to
develop efficient electrocatalysts for the oxidation of chemical fuels. We have developed
a versatile method for functionalizing a variety of carbonaceous and metal oxide
electrodes utilizing a new method pioneered by the team. Functionalization of electrode
surfaces with azide, followed by coupling of an alkyne-labeled electroactive metal
complex with the surface generates molecular electrocatalysts covalently bonded to the
electrode surface. These advances have been coupled to developments in molecular
catalysis to generate two new families of supported alcohol oxidation electrocatalysts
based on Ruthenium complexes.
Introduction
The objective of this project is to develop new classes of supported molecular
electrocatalysts for the efficient removal of electrons from chemical bonds. The energy
efficient removal of high free energy electrons stored in chemical fuels is a key step in all
energy technologies. Specific objectives are to develop electrocatalysts for the
electrocatalytic oxidation of alcohols and to illuminate the fundamental chemical and
electrochemical steps required for the selective and energy-efficient oxidative conversion
of hydrocarbon fuels.
Background
Currently, the most efficient electrooxidation catalysts that operate at fast rates and low
overpotentials are Pt catalysts for hydrogen oxidation. Electrooxidation for more energy-

dense liquid fuels (alcohols, hydrocarbons) are plagued by high overpotentials and/or low
current densities that result in low energy efficiency.[1] For methanol, the most effective
electrocatalysts are PtRu alloys, but the poisoning of these electrodes by CO (a partial
oxidation product) leads to high overpotentials to oxidize methanol to CO2.[1,2] Our
objective is to develop an experimental platform to identify new classes of
electrooxidation catalysts for methanol and other chemical fuels. Our approach is to
investigate molecular electrocatalysts supported on electrode surfaces[3] to illuminate the
key chemical steps involved in the extraction of electrons and protons from chemical
fuels. The development of molecular catalysts grafted onto electrode surfaces[4-6] is an
active and promising area of research for electrocatalytic energy conversion[7] and has
proven a powerful approach for the design of electrocatalysts for water oxidation[7,8]
and alcohol oxidation.[9]
Results
Our highly collaborative team is focused on three complementary objectives: (1) the
preparation and characterization of families of electrode surfaces modified with a wide
variety of molecular species in a "plug-and-play" experimental protocol, (2) the
attachment of metal complexes to the modified electrode surfaces to harvest the electrons
from the oxidation of alcohols and other fuels and to understand the mechanisms of
catalysis by surface-attached molecular species, and (3) the synthesis and characterization
of new classes of molecular electrocatalysts targeted at fast rates of oxidation at low
overpotentials.
The ‘Click” Reaction for Electrode Modification. We have adapted our previously
developed methods[10,11] to attach molecular electrocatalysts to glassy carbon
electrodes, indium-tin-oxide (ITO) electrodes[12,13], and gold electrodes utilizing
catalytic 3+2 cycloaddition reactions of surface-bonded azides to alkyne-functionalized
ligands ("click" chemistry).[14] This simple and efficient coupling reaction provides a
versatile synthetic strategy to generate electrode surfaces that can be combined with a
variety of electroactive metal complexes.[10] Figure 1 illustrates the general
methodology for graphite and ITO. The three electrode materials that we have selected
provide complementary properties. Glassy carbon is convenient for electroanalytical
characterization of electrode reactions and is representative of the wide range of
inexpensive carbon-based electrode materials, including the carbon black inks typically
used in polymer-electrolyte fuel cells. Carbon surfaces are stable at moderately positive
potentials and are highly resistant to acid or base hydrolysis or thermal treatments. ITO
is representative of a broad range of metal-oxide electrodes and is completely stable to
oxidation, but less so to extreme hydrolytic conditions. Gold provides the best
understood electrode on which a high level of control of surface-attached species is
possible, making it an excellent platform for mechanistic studies under moderate
conditions. However, it is the least stable to extremes of potential, electrolyte or
temperature. We employ each electrode system as needed to address key issues in
electrocatalysis.

Figure 1. Covalently attached complexes to graphite and ITO electrodes
We have developed a series of methods to characterize modified electrode surfaces. As
is typical of surface science, a combination of methods is required. This past year we
have demonstrated an important new tool: reflection-absorption infrared spectroscopy
from ITO surfaces. This is a particularly sensitive, convenient and inexpensive way to
monitor the surface azides and their reactions. Figure 2 provides an example where the
disappearance of the surface bound azide can be used to monitor the progress of the
reaction. The IR absorption can be calibrated by electrochemical measurement of the
number of electroactive species coupled to the azides.

Figure 2. Representative IR spectra of azidophenylphosphonic acid on ITO
before (̶ ̶ ̶ ) and after ( ̶ ̶ ) a click reaction.
Metal Complexes Attached to Electrode Surfaces. In parallel with our investigations
of the electrode surface modification chemistry, we have developed a flexible and
modular method for introducing reactive metal species onto the modified electrode
surfaces. A key advance was the development of a modular method for introducing
ligands onto electrode surfaces that can then be combined with a variety of different
metals.

For instance, terpyridine (tpy) is a versatile supporting ligand for oxidation
catalysis.[15,16] The direct attachment of an iron containing two tpy ligands
[Fe(tpy)(tpy- C≡CH)](OS(O)2CF3)2 can be quantified readily by its electrochemical
signature (Figs. 3 and 4). We showed that the same surface complex assembles in an
indirect, stepwise synthetic procedure by first attaching the ligand and subsequently
adding a solution of the iron tpy (Fig 3). We extended this method to generate a surfaceimmobilized Co(tpy)2 complex, demonstrating the generality of this procedure.
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Figure 3. Direct and indirect assembly of ITO-immobilized M(tpy) complexes.
We have extended the preparation of terpyridine surface complexes to a new surface
complex containing both terpyridine (tpy) and bipyridine (bpy), identified by its distinct
redox potential 0.2 V negative of the surface Fe(tpy)2 redox potential (Fig. 4).

Fe(tpy)(bpy)
Figure 4. Voltammograms of surface-immobilized complexes: (a) Fe(tpy)(bpy); (b)
Fe(tpy)2. (0.1 M NaClO4; Pt counter electrode; Ag/AgCl/1M KCl reference electrode;
0.25 V/s.)
This octahedral complex has five coordination sites occupied by polypyridyl ligands,
and shows the feasibility of preparing a Fe complex with a sixth coordination site
available for exchange with surrounding species, a key attribute for inner-sphere
chemistry. Because a strong driving force exists toward forming coordinatively saturated

Fe(bpy)3 or Fe(tpy)2 complexes in solution, the stability of the Fe(tpy)(bpy) complex is
enabled uniquely by the surface immobilization strategy. We further confirmed the
presence of the bpy in the ligand sphere by the preparing a series of surface bpy
complexes with substituted bipyridines (proton, methyl and methoxy substituents). This
series shows the expected range of reduction potentials due to the increasingly electrondonating character of the bpy ligands across this series.
We have also confirmed the stability of the covalently immobilized tpy linker through
cyclic depletion and reconstitution of the immobilized Fe(tpy)2 complex (Fig. 5).

Figure 5. (a) Repeated reconstitution of the covalently immobilized Fe(tpy)2 complex;
(b) surface coverage over four cycles.
Covalent attachment of complexes to electrodes not only allows access to stable
complexes, but can also provide mechanistic insight into transient intermediates in
catalytic cycles. In a study of the electrocatalytic reduction of dioxygen, we have varied
the coverage of surface-attached Cu phenanthroline complexes on glassy carbon. At low
coverages, where all Cu phenanthroline complexes are isolated, only two-electron
reduction of dioxygen to hydrogen peroxide occurs. At high coverage, four-electron
reduction to water is the primary product. This coverage dependence led us to propose
that a binuclear complex (Figure 6) is the key intermediate in the 4-electron reduction of
dioxygen to water. We are now extending these studies to other electrodes, other
complexes and other cases in which binuclear species may be key intermediates for
efficient electrocatalysis.

Figure 6. Proposed formation of a binuclear copper complex with O2 that is the key
intermediate in the 4-electron reduction of dioygen to water.

Electrocatalytic Oxidation of Alcohols with Immobilized Ruthenium Complexes. Armed
with this battery of electrode surface modification procedures, in the last grant period we
have used these methods to generate surface-supported molecular species as
electrocatalysts for alcohol oxidation. Our initial investigations have focused on two
families of Ru complexes, which are active oxidation catalysts in solution when
combined with added oxidants. A key objective is to identify those catalysts that can
mediate electrochemical oxidations in which the electrode mediates the removal of
electrons rather than a molecular oxidant such as O2.
Ruthenium oxo complexes have been demonstrated to be versatile oxidation catalysts
using either oxo-transfer or one-electron outer-sphere reagents.[17] The Ru complex
[Ru(TPA)(DMSO)(Cl)]•PF6, which is a competent pre-catalyst for both alcohols and
alkanes,[18,19] was modified with an ethynyl group[20] to enable its immobilization
onto ITO and GC azide modified electrode surfaces. Cyclic voltammetry (CV) of this
complex in acetonitrile solution exhibits a Ru(II)/Ru(III) reversible oxidation at a
potential of E0 = 970 mV vs. NHE. Electrocatalytic oxidation of alcohols with the ITO
and GC surface immobilized Ru complex shows no catalytic activity.
The GC immobilized complex can be activated for catalysis by exposure to light or basic
conditions to form an active catalytic complex. Catalysis is seen in a pH 7 phosphate
buffer solution for methanol, isopropanol, and benzyl alcohol with an onset of catalysis
around 750 mV vs. NHE (Figure 3). The immobilized active catalyst shows a dependence
on pH that is typical of ruthenium aquo complexes. Although not yet optimized, this
system exhibits some of the highest turnover numbers known for the electrocatalytic
oxidation of benzyl alcohol.[9] Further studies will probe the identity of this Ru TPA
active species.

Figure 7: Electrocatalytic oxidation of alcohols by a GC-TPA-Ru Species (a) CV (10
mV/s, pH 7 phosphate buffer) of catalytic oxidization of 0.1 M benzyl alcohol (solid
red), 0.1 M isopropanol (solid blue), 0.1 M methanol (solid red), ITO-TPA-Ru complex
background (dashed red)
The second class of Ru oxidation catalysts that we have targeted is based on a family
of molecular catalysts known to mediate the transfer hydrogenation of alcohols and
ketones.[21] In transfer hydrogenation, an alcohol is oxidized and a ketone is reduced
(Equation 1). Equilibrium is reached rapidly in the presence of these Ru catalysts. From

these facts, we propose that these catalysts will mediate the electro-oxidation of alcohols
to ketones at low overpotential.
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We have found that edge-plane graphite electrodes with these Ru complexes
physically adsorbed to their surfaces electro-oxidize methanol and isopropanol with rates
on the order of 1 turnover per metal atom per second, but at high overpotentials (~1.1-1.2
V). We concluded that these catalysts are transforming into ruthenium-oxide species,
which are responsible for the alcohol oxidation observed. Homogeneous solution
measurements indicated that the initial rate of transfer hydrogenation with alcohols is
slow, limiting our ability to observe electrocatalysis at lower potentials. Solution phase
cyclic voltametry of these complexes at higher Ru concentrations (~1 mM) in neat
isopropanol show an onset of oxidation at 300 mV, illustrating the potential of these
complexes to mediate electrocatalytic oxidation of alcohols at low potentials.
Progress
Progress in this year includes new strategies for generating and characterizing
electrodes functionalized with molecular electrocatalysts. Our progress further includes
the development of unique metal complexes on the electrodes and mechanistic insights
into their catalytic function. Finally, we are expanding the types of catalysts and
mechanisms for electrocatalysis by developing new electrocatalysts that can be attached
to electrode surfaces. Ultimately, these new developments could have a significant
impact on greenhouse gas emissions by maximizing the useable energy that could be
derived from chemical fuels per unit mass of CO2 generated.
Future Plans
We will continue our study of the formation of metal complexes on different
electrode surfaces with a particular focus on the mechanisms of catalytic reactions. We
will also continue our exploration of new mechanisms to accelerate the oxidation of
alcohols and other fuels including the transfer hydrogenation catalysts, the formation of
binuclear intermediates and structures that facilitate proton-coupled electron transfer.
We have prepared highly active Ru transfer hydrogenation catalysts[22] and are
currently investigating their electrocatalytic behavior for alcohol oxidation.
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