Voltage-Driven Molecular Catalysis of Electrochemical Reactions
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ABSTRACT: Heterogeneous electrocatalysis and molecular redox
catalysis have developed over several decades as two distinct
ways to facilitate charge-transfer processes essential for energy
conversion and storage. Whereas electrocatalytic reactions are
driven by the applied voltage, molecular catalytic processes are
driven by the difference between standard potentials of the cata-
lyst and the reactant. Here we demonstrate that the rate of elec-
tron transfer between a dissolved reactant and a molecular cata-
lystimmobilized directly on the surface of a carbon nanoelectrode
is governed by combination of chemical driving force and electro-
static potential drop across the double layer. DFT calculations
show that varying the applied voltage alters the potential drop be-
tween the surface-bound and dissolved redox species. These re-
sults suggest a new route for designing next-generation hybrid
molecular/electrocatalysts.

The integration of the concepts of electrocatalysis and molecu-
lar catalysis of redox reactions has recently become a popular ap-
proach to developing sufficiently active and durable catalysts for
water oxidation, hydrogen evolution, and other processes central
to energy conversion and storage.’® A conventional molecular
catalyst is a reversible redox couple either dispersed in electrolyte
solution or immobilized on the electrode surface in a monolayer
or multi-layer film.* The charge transfer occurs between the ac-
tive form of the catalyst and the dissolved substrate species, and
the electrode material does not chemically participate in the cat-
alytic reaction.®> By contrast, an electrocatalytic reaction occurs on
active surface sites, and the chemical nature of the electrode ma-
terial as well as its surface features and defect density largely de-
termine the catalytic efficiency.®’ Recent studies focused on sim-
ilarity of concepts in these fields and highlighted the advantages
of combining these catalyst types into hybrid systems.3%12 For
instance, it was suggested that the applied bias affects the activa-
tion free energy and rate of electrocatalytic oxygen evolution re-
action (OER) on iridium oxide through charge accumulation in the
catalyst.® Conversely, electronically coupling a molecular catalyst
to an electrode can yield higher rates at low overpotentials by
eliminating redox intermediates.'? Field-driven catalysis of oxida-
tion and reduction reactions occurring simultaneously at a con-
ductive particle floating at the liquid/liquid interface has also been
reported.

The electrode bias plays different roles in conventional molec-
ular catalysis and electrocatalysis. In the former, the applied volt-
age only drives the outer-sphere oxidation or reduction of the

redox catalyst, whereas in the latter it drives the direct inner-
sphere electron transfer (ET) between the electrode and substrate
molecules.>* Here we show that potential drop can contribute
to the driving force for ET between a molecular catalyst immobi-
lized directly on the electrode surface and a dissolved reactant. In
this way a bimolecular ET reaction can be driven uphill, and a mo-
lecular catalyst can oxidize (or reduce) various substrates with
more positive (or negative) standard potentials, e.g., ferrocenium
(Fc*) or trisbipyridineruthenium (Ru(bpy)s:3*) can oxidize hydrogen
peroxide and water.

Recently reported mediated charge-transfer reactions between
redox moieties attached directly (i.e., without a spacer) to the sur-
face of a carbon nanoelectrode (CNE)® and various substrates dis-
solved in an aqueous solution include the oxidation of hydrogen
peroxide by surface-bound Ru(bpy)s3*:

Ru(bpy);* —e™ = Ru(bpy)3*  (CNE) (1)

H,0, + 2Ru(bpy)3* = 2H* + 0, + 2Ru(bpy)3*
(Ru(bpy);-CNE/solution interface) (2)
A steady-state voltammogram of this process (curve 1 in Figure
1A recorded point-by-point; see Figure S1 and Supporting Infor-
mation for experimental details) exhibits the onset of current at
the potential, E = +0.8 V vs. Ag/AgCl reference that corresponds to
the beginning of Ru(bpy)s?* oxidation® (Reaction 1; Figure S2). At
E=1.0V, essentially all surface-bound Ru(bpy)s?* species are con-
verted to Ru(bpy)s3*, and the current—potential (i~£) dependence
in Figure 1A levels off to the value of ~180 pA corresponding to
the kinetic current of Reaction 2.1 This value is ~1/3 of the diffu-
sion-limited current of 10 mM H,0; to the surface of the 50-nm-
radius CNE (it = 630 pA; Supporting Information). Ata more pos-
itive CNE bias, i increases over a wide potential range (~400 mV)
and eventually reaches the diffusion-limited value. This increase
cannot be attributed to direct oxidation of H,0, on the bare car-
bon surface because the current produced by this process (curve
2 in Figure 1A) is orders of magnitude lower than that in curve 1.
The current measured at the same Ru(bpy)s-modified CNE
(Ru(bpy)3-CNE) with no H,0, is also very low at £ < 1.45 V vs.
Ag/AgCl (curve 1 in Figure 1B). We hypothesize that the rate of
Reaction 2 increases with applied potential due to the contribu-
tion of the voltage drop between the Ru(bpy)s:3* moieties on the
carbon surface and the dissolved H,O, molecules that can ap-
proach the electrode only as close as the outer Helmholtz plane
(OHP).YY

Another example of voltage-driven molecular redox catalysis is
OER at the Ru(bpy)s-CNE (curve 1 in Figure 1B). Since the standard



potential of the Ru(bpy)s>/?* couple (E2 = 1.24 V vs NHE)®8 is not
high enough to provide a sufficient driving force for fast water ox-
idation, the current in Figure 1B remains immeasurably low after
the complete oxidation of Ru(bpy)s?* to Ru(bpy)s®*, i.e.,at 1V < E
< 1.4V vs. Ag/AgCl. At a higher anodic bias, the OER current in-
creases markedly over ~600 mV potential range. By contrast, the
water oxidation at a similarly sized bare CNE is very slow (curve 2
in Figure 1B), suggesting that the current in curve 1 is produced by
ET between water molecules and Ru(bpy)s3* driven by the applied
potential.
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Figure 1. Steady-state voltammograms of H,0, (A) and water (B)
oxidation at Ru(bpy)s-CNE (curves 1) and bare CNE (curves 2). The
electrode radius, a = 50 nm. Electrolyte solution was: (A) 10 mM
H,0, in 0.1 M PBS; and (B) 0.1 M PBS.

Field-driven bimolecular ET processes have also been observed
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with different surface-bound redox mediators. The voltammo-
gram of a ferrocene modified CNE (Fc-CNE) in 40 mM H,0, solu-
tion (curve 1 in Figure 2A) shows high anodic current, whereas the
current measured at the same nanoelectrode without H,0, (curve
1in Figure S3) is incomparably lower. No oxidation wave of H,0,
was observed at a bare CNE under the same conditions (curve 2 in
Figure 1A). The onset of the H,0, oxidation current in Figure 2A
(the inset) is ~¥300 mV less positive than that in Figure 1A due to a
much lower standard potential of the Fc*/Fc couple (E2 = 0.4 V vs
NHE).?® The measurable anodic current in Figure 2A appears at
~0.5 V vs. Ag/AgCl, which is about 250 mV higher than the poten-
tial corresponding to the complete oxidation of Fc moieties. The
subsequent rise in the i — E curve over ~700 mV potential range
represents voltage-assisted oxidation of H,0, by Fc*. This process
is driven by the applied electrode potential because the E2 of the
Fc*/Fc couple is more negative than E2 of H,0, (0.7 V vs NHE),*8
and the chemical driving force for oxidation of H,0, by Fc* is too
small to produce measurable current at £ < ~0.5 V vs. Ag/AgCl.
Figure S5 shows no homogeneous catalysis of H,0, oxidation by
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dissolved Fc. The current of direct H,0, oxidation at a bare CNE
(curve 2 in Figure 2A) is negligible in comparison with the Fc me-
diated ET current.
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Figure 2. Steady-state voltammograms of H,0: (A) and hydrazine (B) oxi-
dation at Fc-CNE (curves 1) and bare CNE (curves 2). The CNE radius, a =
50 nm. Solution contained (A) 40 mM H20;in 0.1 M PBS; and (B) 1 mM
hydrazine in 0.1 M PBS. Potential sweep rate, v=20 mV/s. Inset: the
magnified data showing the onset of the H.0; oxidation current.

The oxidation of hydrazine occurs at significantly lower poten-
tials than that of H,0, (E2 is about 0.15 V vs Ag/AgCl).?° Thus, a
small wave of Fc oxidation (at ~0.1-0.3 V; curve 1 in Figure 2B) is
followed by the continuous increase in j over >800 mV range. By
contrast, the direct oxidation of N,H,4 at a bare CNE (curve 2 in Fig-
ure 2B) is very slow.?? The sharp change in the slope of the i— E
curve at higher potentials points to the onset of water oxidation.
The current increase in this region at the Fc-CNE is much larger
than that at the bare CNE due to the Fc mediated OER (Figure S3
shows OER voltammograms with no hydrazine present in solu-
tion). This observation suggests that the electrode potential can
drive uphill the ET between a surface-bound molecular catalyst
and solution species even if their redox potentials are greatly mis-
matched.

Density functional theory (DFT) simulations were performed to
further understand the voltage-driven bimolecular ET processes.
Figure 3 shows simulated plane-averaged electrostatic potentials
(relative to the electrostatic potentials at the computational po-
tential of zero charge) of a Fc-CNE electrode under various applied
voltages. The electrostatic potential is equal to the electrode po-
tential inside the slab and decays to zero in the bulk solution. A
potential drop between the surface-bound mediator and the OHP,
where the dissolved reactant is considered to be, appears when a
positive bias is applied. The magnitude of potential drop increases
with increasing bias (Figure S6). This potential drop can provide
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Figure 3. (A) The atomic structure of Fc-CNE. C, grey; H, white; O, red; Fe, purple. (B) Plane-averaged electrostatic potential of Fc-CNE at different applied
voltages. The distance along z-axis of 0 A corresponds to the electrode surface; the zero-potential region corresponds to the bulk solution.



additional driving force for the ET between the mediator and the
reactant besides the chemical driving force, and explains the uphill
reactions observed in our experiments. Similarly, a potential in-
crease between the surface-bound mediator and the OHP is ob-
served when a negative bias is applied. This suggests that, in ad-
dition to oxidation catalysis, a molecular catalyst immobilized on
the electrode could also reduce substrates with more negative
standard potentials. In terms of the energy levels, we find that the
Fermi level of the surface-bound mediator can be shifted under
the applied bias due to electronic coupling to the electrode, driv-
ing the uphill reactions (Figure S7). In a conceptually similar sys-
tem—a self-assembled monolayer film anchoring a redox mole-
cule, e.g., Fc, to the electrode surface—the potential drops almost
entirely between the surface and the attached redox centers. A
minor part of the potential dropping between the Fc and solution
results in a shift in the apparent formal potential of Fc.?!

Figure S8 shows the simulated plane-averaged electrostatic po-
tential and ionic excess profile for a bare CNE at a positive bias.
Due to the specific adsorption of ions, there is a potential decrease
from the OHP to IHP. Thisimpedes ET from the dissolved reactant
to the electrode and explains the very slow catalysis observed at
the bare CNE. Likewise, because of the specific adsorption, there
are potential valleys/peaks near the carbon surface when posi-
tive/negative bias is applied to the Fc-CNE (Figure 3B). Thus, ET
between the dissolved reactant and the underlying carbon is also
unlikely to occur in the presence of a surface-bound mediator. Ad-
ditionally, a shorter distance between the dissolved reactant and
the mediator further facilitates ET between them, as the ET rate
constant decays exponentially with the separation distance.

It is important to exclude the possibility that the observed
potential-dependent electrocatalysis is an artifact caused by the
formation of metal or metal oxide residues via decomposition of
the metal complexes on the CNE surface. Although there is no
evidence in the literature of such processes involving either
Ru(bpy)s or Fc in aqueous media, the decomposition of Mn-con-
taining complexes?? and ferrocene reaction with oxygen in ace-
tonitrile?®> have been reported. Two control experiments showing
that voltage-driven molecular catalysis is unrelated to the for-
mation of metallic active sites on the electrode surface are dis-
cussed in Supporting Information.

Although catalytically inert CNEs are especially suitable for stud-
ying voltage-driven molecular catalysis, this phenomenon can also
be observed at metal (e.g., Pt) electrodes. In the voltammogram
obtained at a Fc-modified 50 nm Pt electrode (Fc-Pt; curve 1 in
Figure 4A), the onset potential of the H,0, oxidation (~0.25 V vs.
Ag/AgCl) is more negative than that measured at the Fc-CNE (Fig-
ure 2A), suggesting that direct electrooxidation at the Pt surface
contributes to the current. However, at more positive
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Figure 4. Oxidation of H,0; at Fc-Pt and bare Pt nanoelectrodes. (A)
Steady-state voltammograms at the same 50 nm Fc-Pt electrode in 0.1 M
PBS containing 1 mM H:0: (1) and blank PBS (2). (B) Four consecutive
voltametric cycles obtained with a Fc-Pt (curves 1) and a bare Pt (curves
2) nanoelectrodes in 1 mM H,02. v=5mV/s.

potentials, the H,0, oxidation current at a bare Pt nanoelectrode
decreases sharply due to surface passivation and almost vanishes
after four voltametric cycles (Figure 4B, curves 2). By contrast,
four consecutive voltammograms recorded at a Fc-Pt nanoelec-
trode (curves 1) show no signs of surface passivation, and the in-
crease in anodic current over ~600 mV range points to voltage-
driven molecular catalysis.

The immobilization of the redox mediator on the electrode sur-
face without any spacer results in fast ET to (from) the electrode
and a significant potential drop between the surface-bound cata-
lyst and dissolved substrate, thus revealing the effect of electrode
bias on the rate of molecular catalysis that was not previously ob-
served at chemically modified electrodes.* The voltage applied
across the interface between two immiscible electrolyte solutions
can also contribute to the driving force for the catalytic ET be-
tween molecules confined to the different phases.?* However, for
such reactions the attainable interfacial potential drop is typically
limited by the width of the polarization window.

In summary, we demonstrated that the applied voltage contrib-
utes to the driving force for ET between a molecular catalyst at-
tached to the electrode surface and dissolved molecules. Such re-
actions can be driven uphill, e.g., Fc* and Ru(bpy)s3* can oxidize
water. Hybrid voltage-assisted molecular catalysts are noble-
metal-free and do not suffer from passivation and surface fouling,
which typically affect the performance of electrocatalysts.
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Supporting Information. Experimental details, protocols for
chemical modification of CNEs, additional current-time recordings
and voltammograms, TEM images of CNEs, control experiments,
computational methods and additional computational results, in-
cluding Figures S1 - S10. This material is available free of charge
via the Internet at http://pubs.acs.org.
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