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In this paper, we present a method to directly compare the energy levels of intermediates in enzymatic and inorganic
oxygen reduction catalysts. We initially describe how the energy levels of a Pt(111) catalyst, operating at pH = 0, are
obtained. By a simple procedure, we then convert the energy levels of cytochrome c oxidase (CcO) models obtained at
physiological pH = 7 to the energy levels at pH = 0, which allows for comparison. Furthermore, we illustrate how
different bias voltages will affect the free-energy landscapes of the catalysts. This allows us to determine the so-called
theoretical overpotential of each system, which is shown to be significantly lower for the enzymatic catalysts compared
to the inorganic Pt(111) catalyst. Finally, we construct theoretical polarization curves for the CcO models, in order to
illustrate the effect of the low overpotentials on turnover rates per site.

Introduction

Fuel cells are receiving considerable interest as efficient
devices for the transformation of chemical energy into ele-
ctrical energy. In the proton-exchange membrane (PEM),
hydrogen/oxygen fuel cell hydrogen is oxidized at the anode,
releasing protons and electrons, which are then recombined
at the cathode, where gaseous dioxygen is converted into
water.! Despite its promising features, the full potential of
this system is still to be realized, mainly because of the fact
that the cathode reaction is slow. This means that the fuel cell
must be run at a potential considerably less than the ideal for
hydrogen oxidation even for the most efficient precious metal
catalyst, Pt.!> This issue is overcome in nature, where
enzymatic oxygen reduction is known to occur at very low
overpotentials.” Two groups of enzymes are particularly
important with regard to oxygen reduction: the cytochrome
¢ oxidases (CcOs) and the multicopper oxidases (MCOs). In
fact, MCOs have already been employed in enzymatic fuel
cells, where experiments have revealed overpotentials in
laccase as low as 0.1 V for oxygen reduction.*

It would be highly desirable if we could design a cathode
material with electrocatalytic properties similar to those
of the enzymes. In that way, one could combine the low
overpotential of the active sites of the enzymes with the
high surface density of the active sites of the inorganic
cathode materials. However, in order to be inspired by the
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functionality of the enzymes, one must be able to compare the
catalytic features of the inorganic catalyst with those of the
enzyme. The challenge is that the working conditions and
reaction mechanisms of the biological and inorganic catalysts
are quite different. In the present paper, we introduce a
method based on published density functional theory
(DFT) calculations that allows for a direct comparison of
the free-energy levels of intermediates in the reaction over the
two types of catalysts. It opens the possibility of ranking
the catalytic activities at normal PEM fuel cell operating
conditions.

Free-Energy Method for Comparing Catalysts

Pt(111) and Pt Alloys. The approach we take is very
simple and has been introduced to understand the trends
in catalytic activities as a function of the potential and
catalyst for transition-metal surfaces.””’ The oxygen
reduction reaction (ORR) over a Pt(111) surface consists
of a sequence of additions of electrons and protons to
dioxygen:

O,(g) +* +(H" +e~) — OOHx (1)

OOH  +(H* +e¢7) — H,0(l) + Ox (2)
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Ox +(H" +¢7) — HOx (3)
HOx +(H' +¢e7) — H,O(1) + = (4)

Here, * resembles a site on the Pt surface where a molecule
can bond. By definition, the free energy of (H" + ¢")
at a given potential U and pH (at 7' = 298 K) is given
by

AG(U,pH) = eU + kgT In(10)pH

if U is measured relative to the standard hydrogen
electrode (SHE). e is the electronic charge, and ky is the
Boltzmann constant. This means that if we can calculate
the free energy of adsorbed OOH, OH, and O at the
water—Pt(111) interface (including local field effects out-
side the surface ®), we can obtain the free energy of all
intermediates in the ORR. This is illustrated in Figure la
at pH = 0 corresponding to the acidic conditions of a
PEM fuel cell. The free energy levels are shown for bias
voltages of 0 and 1.23 V and the highest voltage where all
reaction steps are downbhill in free energy. Irrespective of
any additional reaction barriers for proton transfers, this
defines the potential where the thermodynamics of the
intermediates start to slow down the reaction. We define
the difference between the equilibrium potential (1.23 V
at pH = 0) and this potential [0.78 V for Pt(111)] as the
theoretical overpotential. The figure shows the origin of
the large overpotential for the ORR over Pt(111). The
O and OH bonds to the surface are so strong that at the
equilibrium potential a large free energy is required to
remove them. A surface that binds oxygen weaker, such
as Au(l11), will not have this problem, but now the
oxygen—surface bond is so weak that the formation of
OOH becomes uphill at potentials above 0.18 V. In a
previous study, it was predicted that linear relationships
exist between the binding energy of the various inter-
mediates in the reaction sequence.’ With the above-men-
tioned assumption of no additional barriers, it becomes
possible to correlate the activity of each reaction step to a
single descriptor, namely, the binding energy of atomic
oxygen. This gives rise to a so-called volcano plot, as seen
in Figure 1b. Here, the measured activity is plotted
against the binding energy of atomic oxygen, in the same
diagram as the theoretical volcano. Itis seen that, on pure
platinum, oxygen is bound too strongly to the surface. A
large amount of research is presently devoted to finding
metal alloys that bind oxygen a little weaker than Pt, and
the best known inorganic electrocatalyst at the moment
is a Pt;Ni(111) surface,'®™'" which binds oxygen by
~0.25 eV less than Pt(111). However, even a material at
the very top of the volcano will need a substantial over-
potential, which is seen for Pt, where the OOH formation
is also uphill at high potential even though Pt is on the
strong binding side of the volcano.
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Figure 1. (a) Free-energy diagram for oxygen reduction on Pt (black)
and Au (red) at U=0 V (full line) and 1.23 V (dashed line) and at the
potential where the least exothermic (H' + e”) charge-transfer step
reaches equilibrium, corresponding to the theoretical overpotentials
(dotted line). (b) Measured current densities for Pt-containing catalysts
reported in the literature versus oxygen binding energies calculated with
DFT; both axes are normalized to Pt. The data points marked with 4 are
fromref 12, the x pointis from ref 10, the O points are from ref 13, and the
O point is from ref 14. The binding energy is in this case estimated by the
binding on Pt;Fe. The dashed lines correspond to the theoretically
determined volcano plot as depicted in ref 5.

Enzymes. Of the two groups of oxygen reduction enzy-
mes mentioned in the Introduction, we will concentrate in
the following on the CcOs because here two sets of very
detailed DFT calculations have been performed.'™'®
Kaukonen'® and Blomberg and Siegbahn'® have calcu-
lated free energies for all the intermediates in the reaction
based on a bovine CcO crystal structure and various
experimental data.Very recently Blomberg and Siegbahn
have investigated the O to E transition;'”'® however,
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Table 1. Free-Energy Levels of the CcO Model Proposed by Kaukonen'> and Blomberg and Siegbahn
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at CcO potential and pH = 7

atU=0VandpH =0

G (eV) G'° G (eV) G'® (eV)
R+4H" +¢) 2.06 2.00 4.92 4.92
Py + 4H' +¢7) 1.98 1.78 4.84 4.70
F+3H'"+¢) 1.19 1.28 3.32 3.48
O+ 2H" +e) 0.85 0.59 2.28 2.05
E+ H'" +e) 0.51 0.13 1.24 0.86
R + 2H,O (1) 0 0 0 0

“Energy levels are shown under physiological and standard conditions. The intermediates correspond to the intermediates of the overall reaction

mechanism illustrated in Figure 2a.

these new studies are not included in this paper because
they do not report a full catalytic cycle. This could change
the values for the O and E levels slightly. The calculated
values are collected in Table 1. There have also been
calculations for the MCOs, " but they are presently not as
detailed because the rereduction process of the active site
is still to be elucidated.

CcO is the final enzyme in the respiratory chain,
situated in the mitochondrial membrane, where it con-
verts molecular oxygen in the gas phase into water.
Coupled to the free-energy release is a transmembrane
proton transfer, which creates a charge gradient across
the membrane, subsequently utilized in the production of
adenosine triphosphate. For this to occur, eight protons
are taken from the inside of the membrane, four of which
are released to the outside of the membrane, while the rest
are consumed in the formation of water.>*° The overall
reaction is

O2(g) +8H " (in) +4e~ — 2H,0 +4H " (out) (5)
Electrons are donated by cytochrome ¢, a small electron
shuttling protein with a redox potential of ~0.3 V vs SHE.
With the potential of 0.815 V, for dioxygen reduction at
pH =7, this results in a free-energy gain of ~2 ¢V for a
complete catalytic cycle, without considering the mem-
brane potential. In order to facilitate this complicated
strategy, CcO employs a total of four redox centers, where
Cuu and heme a are only involved in electron transfer
while Cug and heme a3 form the binuclear center (BNC),
where the reduction of dioxygen occurs.® Over the years,
much attention has been devoted especially to the redox
centers of the BNC. Various spectroscopic experiments,
along with X-ray crystallography, have played a pivotal
role in elucidating the structure of intermediates in the
catalytic cycle. It has been established that Cugis a redox-
active complex, where Cu alternates between the 1 + and
2+ oxidation states, while heme a; has a porphyrin ring
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with a redox-active Fe alternating between the 2+, 3+,
and 4+ oxidation states.”' “° By combination of the
intermediate structures with experimentally determined
parameters, a general reaction mechanism has now been
accepted, where dioxygen binds to the fully reduced
transition metals of the BNC, which subsequently deli-
vers three electrons to the dioxygen, with the fourth
electron being delivered by a nearby tyrosine residue.
This is followed by rereduction of the BNC and the tyro-
sine residue, supposedly by four subsequent (H" + ")
steps, where the electrons are delivered via Cup and heme
a. Eventually, two water molecules are released and the
BNC returns to the fully reduced state. The overall
mechanism is illustrated in Figure 2a, while the structure
of the BNC is illustrated in Figure 2b.

Figure 2a shows that, despite the fact that the enzyme
reaction is quite different from the inorganic coun-
terpart, the enzymatic process also proceeds via a series
of (H" + ¢7) transfer steps. We can therefore compare
the energy levels of the intermediates found in the
enzymes with those described in the mechanism for
Pt(111).

The free energies found in refs 15 and 16 (in Table 1;
G" and G', respectively) need to be converted into
standard free-energy values (pH = 0, potentials relative
to SHE). The overall change in the free energy of the full
catalytic cycle at physiological conditions is ~2.0 eV. At
standard conditions, the chemical potential of (H™ + ¢7)
is so that the overall change in the free energy of the ORR
i 4.92 eV. That means that in the conversion to standard
conditions the chemical potential of each (H" + &)
changes with (4.92eV — 2.06 eV)/4 for column 3 and (4.92
eV —2.00eV)/4 for column 4 in Table 1. Each free-energy
state is changed according to the number of (H™ + e7).
In the first reaction step, R to Py, dioxygen is bound and
reduced at the BNC. This process can be viewed simply as
a local rearrangement with no charge-transfer steps
occurring, and it is seen in Table 1 that the energy gain
obtained under standard conditions compared to physio-
logical conditions is unaltered for this step. Figure 3
shows the energy levels of the CcO intermediates calcu-
lated from Kaukonen and from Blomberg and Siegbahn
at different potentials. We note that the simulations of the
enzyme are done with a different kind of basis set and a
different functional for describing the nonclassical part
of the electron—electron interaction than what was used
for the Pt surface. However, because only differences
between binding energies are considered, we expect that
the comparison is robust concerning the calculation
setup.
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Figure 2. (a) Generally accepted overall reaction mechanism of CcO. Modified from ref 14. Underlined letters refer to the various intermediates in the
mechanism, with the states of the redox centers shown below. The R to Py step includes binding and full reduction of dioxygen in a local rearrangement
reaction. In Py to R, the oxidized redox centers are rereduced by four subsequent (H' + e~) charge-transfer steps, which result in the release of two water
molecules and regeneration of the active site. (b) Schematic of the active site, in bovine CcO (1V55), which facilitates the binding and reduction of dioxygen
with subsequent release of water molecules. Histidine ligands directly coordinated to the Fe-containing heme a; and the Cu-containing Cug centers are

shown along with Tyr244, which delivers the fourth electron to dioxygen.
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Figure 3. Free-energy diagram for oxygen reduction of two CcO mod-
els: model a;'> model b.'® In addition to 0 and 1.23 V, energy levels are
shown at the potential where the least exothermic (H* + e~) charge-
transfer step reaches equilibrium, corresponding to the theoretical over-
potentials.

Small variations in the free energies are observed
between the two enzyme calculations because they use
slightly different models for the enzyme. In Blomberg
and Siegbahn’s model, the theoretical overpotential of
1.23V —0.86 V=0.37 Vis seen to originate from the last
(H" + e7) transfer step where E is converted to R, while
the overpotential in Kaukonen’s model, 1.23 V—1.04 V =
0.19 V, originates from two isoenergetic steps, F to O and
O to E. Considering the energies at the potential
U=1.23V, it is observed that all intermediates in both
models are bound too strongly to the active site. Another
interesting observation at U = 1.23 V is the similar level
of the most stable intermediates in each model. The most
stable intermediate in Blomberg and Siegbahn’s model is
the O intermediate at —0.41 eV, while the most stable
intermediate in Kaukonen’s model is the F intermediate

at —0.36 eV. This similarity is interesting considering
the difference in theoretical overpotentials, and it serves
to illustrate the importance of having more than one
(H" + e7) transfer step to overcome the free energy of
a too stable intermediate.

Polarization Curves

To allow for a comparison of the turnover rates, or current
densities, between the inorganic catalysts and the enzyme
models, we will now develop a simple model for the turnover
rates. We write the rate constant of each (H™ + ¢7) step as

k = ko exp[(AGy + eU)/kpT] (6)

where k is a prefactor and AGj is the free-energy change at
zero potential. The overall rate is given by the rate of the
slowest step at a given potential. This method is a theoretical
construct that can be used to compare different catalysts
under the assumption that all reaction barriers for proton
transfer, in addition to those given by the thermodynamics,
are constant. The comparison is on a per site basis so
differences in the densities of the active sites are not taken
into account in this analysis. In the present case, this means
that the model can be used to evaluate the relative ranking of
the active sites in the hypothetical situation where they all
have the same density at a surface where proton transfer is
from an adjacent water layer. The model has been success-
fully used to describe the effect of alloying on the catalytic
properties of Pt surfaces (see Figure 4).

The model polarization curves for the two enzyme models
show these sites to be considerably more effective than
Pt(111) on a per site basis. Especially, the model by Kauko-
nen'> shows a significant current close to the optimal limit of
1.23 V. Another interesting feature of Figure 4 is the agree-
ment between the predicted and experimental polarization
curves, observed in the top half of the diagram for the Pt(111)
and Pt3Ni(111) surfaces. In this region, diffusion has negli-
gible effects on the current density. The observed agreement
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Figure 4. Theoretical and experimental per site polarization curves. The
solid lines illustrate theoretical polarization curves of the cathode poten-
tial versus current density of the Pt(111), Pt3Ni(111), and CcO models, as
estimated from eq 6: model a;15 model b.16 Here, the least exothermic
charge-transfer step is assumed to dictate the overall current density.
Equivalent &k, values are assumed, and no diffusion limits are considered.
The dashed lines refer to experimentally determined polarization
curves.10 Comparison of the theoretical and experimental curves is only
valid at low current densities because diffusion eventually restricts the
experimental densities.

supports the assumption of no potential-independent bar-
riers in the rate-determining proton-transfer step of either Pt
catalyst.

Discussion

The method described above provides evidence, in terms of
reaction energetics, of how CcOs may be able to outperform
inorganic oxygen reduction catalysts on a per site basis. This
is supported by the observed low overpotentials of the
MCOs. Obviously, the density of the active sites and thereby
the current and power densities are much smaller for the
enzymes than for a surface. The best bioinspired catalyst
FeN, incorporated in graphitic sheets®” shows a current
density of 1 order of magnitude smaller than Pt and 2 orders
of magnitude smaller than Pt;Ni.*® The ideal system would
have a site density of a metal surface and the catalytic activity
per site of the enzyme. A more qualitative evaluation of the
differences and similarities among the inorganic and biolo-
gical catalysts may therefore be in order. Significant differ-
ences are obviously inherent in the environment of the
catalytic systems, but these will not be addressed here.
Instead, we will try to provide a short overview of some of
the more chemically related similarities and differences
between the systems.

First, looking at the similarities, the four (H" + ¢7)
transfer steps that eventually complete the catalytic cycles
of both systems should be mentioned. This is the feature that
allows us to make the comparison of the two systems.
Another interesting similarity is the possibility of rapid
electron transfer. In the inorganic catalysts, rapid electron
transfer is available from electrons at the Fermi level, ensur-
ing that this process is not rate-limiting in the overall cycle.
The importance of rapid electron transfer is also evident in
the enzymes, where rapid electron transfer prevents the

(27) Lefevre, M.; Proietti, E.; Jaouen, F.; Dodelet, J. Science 2009, 324,
71-74.

(28) Gasteiger, H. A.; Markovic, N. M. Science 2009, 324, 48—49.
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DeWitt, D. L.; Babcock, G. T. Science 2000, 290, 1588-1591.

Inorganic Chemistry, Vol. 49, No. 8, 2010 3571

release of toxic oxygen radicals.”’ To emphasize this, rates
of intermolecular versus intramolecular electron transfer in
the MCOs could be mentioned. In MCOs, electrons are
delivered from various substrates to a type 1 Cu ion, which
resides approximately 13 A away from the so-called tri-
nuclear cluster. Electrons are redistributed from the type 1
Cu to the trinuclear cluster, which is a three-Cu-ion cluster
that provides the scaffold for dioxygen reduction.®® It is
possible to distinguish between the electron-transfer rates
from the substrate to the trinuclear cluster, via the type 1 Cu,
and again from the trinuclear cluster to dioxygen. The first
rate varies significantly from enzyme to enzyme,’' whereas
the second rate is rapid and almost identical among MCOs.*
Because the Cu ions of the trinuclear cluster all have to be
reduced prior to dioxygen binding,*® this indicates that
MCOs are optimized to prevent the release of oxygen radicals
despite their varying substrate specificities.

Turning to the differences between the inorganic and
enzymatic oxygen reduction catalysts, we first point to the
discrepancy in the applied reaction mechanism. In the inor-
ganic catalysts, dioxygen is reduced by four subsequent
(H" + ¢7) charge-transfer steps. In CcO, dioxygen is reduced
by four electrons; all transferred are locally in potential-
independent reactions, as depicted in the R — Py step of
Figure 2a. Interestingly, a similar strategy is employed by the
MCOs. This potential-independent reduction can only be
slightly exorgenic if the overpotential of the catalytic cycle is
to be kept at a minimum because any large release of free
energy will have to be overcome in the following (H™ +¢")
charge-transfer steps. As seen in Table 1, this requirement is
fulfilled in the CcO models.

One of the features that allows the enzymes to employ the
described mechanism may be the utilization of multiatomic
reaction sites.>* As mentioned, CcOs utilize two different
transition-metal ions with a capacity to release a total of three
electrons to dioxygen. A similar feature is seen in the MCOs
where the three Cu ions of the trinuclear cluster alternate
between the 14 and 2+ states, providing three electrons for
dioxygen reduction. As for the CcOs, the last electron is
transferred from a nearby donor, namely, the type 1 Cu ion.
These reaction sites deviate from the sites on the 111 catalysts,
where the binding and reduction of dioxygen occur on a
single-type metal atom.

Another feature that may facilitate the described mechan-
ism is the structural elasticity that resides in the enzymes. It is
well-known that enzymes are highly dynamical molecules,
where motion in and around the active site often facilitates a
given reaction. An example of this is observed in the MCOs,
where the Cu—Cu distance between two of the Cuions in the
trinuclear cluster changes from ~5 A in the fully reduced
state®® to ~3.3 A in the fully oxidized state.*®

Furthermore, it is interesting to note how the metal ions
are assisted by nearby residues in the reactions of CcOs and
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(32) Bukh, C.; Lund, M.; Bjerrum, M. J. J. Inorg. Biochem. 2006, 100,
1547-1557.

(33) Cole,J. L.; Tan, G. O.; Yang, E. K.; Hodgson, K. O.; Solomon, E. I.
J. Am. Chem. Soc. 1990, 112, 2243-2249.

(34) Ma, Y.; Balbuena, P. B. Chem. Phys. Lett. 2007, 440, 130-133.

(35) Messerschmidt, A.; Luecke, H.; Huber, R. J. Mol. Biol. 1993, 230,
997-1014.
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K. O.; Solomon, E. I. J. Am. Chem. Soc. 2002, 124, 6180-6193.
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MCO:s. For instance, consider the dioxygen-reduction strat-
egy outlined by Blomberg and Siegbahn. Here, it is proposed
that protonation of a lysine residue in the vicinity of the BNC
lowers the activation barrier of the O—O bond breaking by
~0.24 eV to a level more consistent with the experimental
value.'®

The above-mentioned examples illustrate some of the
features that may be required to employ a reaction mechan-
ism similar to that of the enzymes. The large flexibility of the
enzymatic active site stands in sharp contrast to the rigid
structure of the inorganic catalysts. This may serve as a
guideline to the design of future catalysts.

Conclusion

In this paper, we have shown how oxygen reduction
enzymes can be compared directly to inorganic catalysts by
applying the previously developed free-energy method. The
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energy levels of intermediates at pH = 7 for two CcO models
were converted to corresponding energy levels at pH=0. This
allowed for a direct comparison with the energy levels in
inorganic catalysts. By allowing the cell voltage to drop, we
determined theoretical overpotentials and found these to be
significantly lower for the enzymes compared to the Pt(111)
catalyst. One enzymatic model showed a theoretical over-
potential as low as 0.19 V, close to the experimentally
determined overpotential of the most efficient oxygen reduc-
tion enzyme known: the multicopper oxidase laccase. Finally,
we presented a simple rate expression that allowed us to
construct theoretical per site polarization curves for each of
the catalysts.

Acknowledgment. CAMD is funded by the Lundbeck
Foundation. This work was supported by the Danish
Center for Scientific Computing.



