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Abstract:

Mixed-potential-driven catalysis is expected to be a new heterogeneous catalytic mechanism that
produces products different from those produced by thermal catalytic reactions without the
application of external energy. Electrochemically, the mechanism is similar to that of corrosion.
However, a theory that incorporates catalytic activity as a parameter has not been established.
Herein, we report the theoretical framework of mixed-potential-driven catalysis, including
exchange currents, as a parameter of catalytic activity. The mixed potential and partitioning of the
overpotential were determined from the exchange current by applying the Butler—\Volmer equation
at a steady state far from equilibrium. Mixed-potential-driven catalysis is expected to open new
areas not only in the concept of catalyst development but also in the field of energetics of biological
enzyme reactions.

One-Sentence Summary:
Theoretical framework of mixed-potential-driven reactions in heterogeneous catalysis
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Main Text:

Heterogeneous catalysis is crucial for solving various problems related to environment, energy,
biology, and materials (1-4). Generally, heterogeneous catalysis occurs both thermally and
electrochemically (5-7). Recently, it has been suggested that thermal heterogeneous catalysis
indeed includes electrochemical processes, leading to markedly different selectivity compared to
thermal catalysis (8-10). In particular, electrode reactions that form mixed potentials typified by
corrosion phenomena have attracted attention. Alternatively, the anodic and cathodic half-
reactions occur in pairs on a single catalyst surface, where a mixed potential is expected to form if
the catalyst is electrically conductive and a suitable electrolyte is present near the active sites, as
shown in Fig. 1A. Intriguingly, it has been reported that some heterogeneous catalytic reactions of
gas molecules involve mixed-potential-driven catalysis, showing a different selectivity from
normal thermal catalysis such as H20. production (9), the oxidation of formic acid (10) and
hydroquinone (11), the oxidation of alcohols (hydroxymethylfurfural) (12-14), CO:
hydrogenation (15), and 4-nitrophenol hydrogenation (16). These findings indicate that mixed-
potential-driven catalysis represents a new category of heterogeneous catalysis. Because the
mixed-potential-driven catalysis fundamentally changes the activity and selectivity of catalysts, it
is expected to be applied to industrial catalysts in the future. However, the determining principle
behind both the activity and selectivity, specifically the partitioning of the driving force for each
half-reaction, has not been considered.

Mixed-potential-driven reactions have been mainly discussed in the field of electrochemistry, but
not in heterogeneous catalysis. The mixed potential theory was first introduced by Wagner and
Traud in 1938 in corrosion science (17). As shown in Fig. 1B, the basic principle can be understood
in terms of the polarization curves of two electrochemical reactions described by the Butler—

Volmer equation, where iy, i, and ¢; P, ¢, P represent the current and open circuit potential of

two redox reactions R; 2 0, +e~ and O, + e~ 2 R;,, with ¢,;P > ¢P. When the two
reactions proceed concurrently, i; + i, = 0 is satisfied owing to the conservation of electric
charge forming a mixed potential ¢™*. Here, ¢p™* — P and ¢p™=* — ;P act as the
overpotentials n, and n, in the two reactions (18). In the literature (19-33), mixed potentials and
reaction currents have been formulated for simple pair and parallel reactions with the effects of
mass diffusion. Notably, an overpotential accelerated the electrochemical reactions (33, 34).
Therefore, the partitioning of the overpotential is essential because some kinetically unfavorable
half-reactions can be accelerated with a high overpotential by coupling a kinetically favorable half-
reaction. It is argued that to achieve the same rate, a larger overpotential is required to conduct the
electrode reaction with a higher activation barrier (9). In other words, the energies of the band-
electron intermediates coupling the two half-reactions are affected by changes in the
electrochemical potential of the catalyst, which sets the relative driving force of each half-reaction
(11). Despite advances in the understanding of the mixed-potential-driven catalysis, determining
the overpotential as the driving force based on the catalytic activity has not been elucidated so far.

Mixed-potential-driven catalysis is classified as a non-equilibrium thermodynamic phenomenon.
The chemical potential drop between the reactants and products becomes the driving force for the
reaction, overcoming the activation energy and converting it into energy to increase the reaction
rate (35). When the equilibrium state is achieved, the driving force becomes zero, which is
converted to the heat of reaction (36). Prigogine constructed a theoretical framework based on
entropy change to conserve the energy (37, 38). However, it has not been explicitly stated that d;S
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(entropy production) corresponds to the overpotentials that promote the reaction in the case of
mixed-potential-driven catalysis. Discussion of the entropy change with this overpotential is
essential for discussing the reaction rate. In this paper, we extend Prigogine's theory to the mixed-
potential-driven catalysis and present the kinetic equations. Enzymatic reaction systems in living
5 organisms, such as glucose oxidase and lactate oxidase, may also proceed via a mixed-potential-
driven reaction, in which the anodic and cathodic reactions are paired (39-43). Thus, the
framework of mixed-potential-driven catalysis is fundamental for considering the energy pathways
of how entropy is generated in the body, which is used to drive metabolic reactions, maintain body
temperature as heat, and dissipated outside. The non-equilibrium theory of mixed-potential-driven
10 reactions is expected to improve our understanding of the energetics of biological systems.

In this study, we present a new equation for the conversion of the Gibbs free energy drop between
the cathodic and anodic reactions into overpotentials by the formation of a mixed potential. In
particular, the equation explains how the catalytic activity plays a pivotal role in determining the

15 mixed potential, overpotentials, reaction current, and selection of the cathodic and anodic reactions.
This is the equation for the new concept of mixed-potential-driven catalysis. This concept is
important in the development of kinetically difficult catalytic reactions, understanding the energy
transfer of enzymatic reactions in living organisms, and in the non-equilibrium theory of chemical
reactions.

20
®
Fig. 1. A typical mixed-potential-driven reaction. (A) Electrons released in the oxidation
reaction from reductant R: to oxidant O are used in the reduction reaction from oxidant O to
reductant Ro. (B) Illustrative polarization curves for the cathodic and anodic half-reactions. The
25 mixed potential is the point at which the net of the cathodic and anodic currents is zero.

Driving force of mixed-potential-driven catalysis

First, we show how the total driving force of the entire mixed-potential-driven catalytic reaction
system is distributed to the overpotentials for accelerating the anodic and cathodic half-reactions,
30 depending on the catalytic activity of the catalysts. For simplicity, we consider a mixed potential
system, as shown in Fig. 2A, where anodic reaction 1 and cathodic reaction 2 can occur in both
components | and 11 of the catalyst, so that four types of electron transfer are possible.

Reaction 1: R; 2 0; + e~ Q)
Reaction2: 0, + e~ 2 R, 2

3
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The net reaction is expressed by the following equation.

0,+R, 2R, +0, (3)
Electrochemically, microelectrodes | and 11 can be regarded as short-circuited, with both electrodes
exposed to identical gas or liquid conditions, regardless of whether they are spatially separated.
Unlike ordinary electrochemical cells, the distinction between the anode and cathode is not fixed

5 before starting the reaction. Consequently, the reaction 1 and 2 can take place on each of catalyst
components | and 11, where one assumes that open circuit potential of reaction 1 (¢, ) is lower
than that of reaction 2 (¢, "). The potential difference of ¢, " — ¢;P corresponds to the total
driving force of the net reaction Equation 3.

A B

Overall reaction: R + 0, — O + R A
i\

O;

R>

i) I O+ e =R,
2

10

Fig. 2. Proposed mixed-potential-driven catalysis model. (A) Schematic of a mixed-potential-
driven catalytic reaction occurring on the catalyst composed of component I and 1l. Cathodic and
anodic half-reactions can occur in each of the component | and Il. Electrons are transferred within
and between the component | and 11. (B) Illustration of the four polarization curves for the cathodic

15 and anodic half-reactions on catalyst component | and Il. The mixed potential is the point at which
the sum of the four currents is zero.

To estimate the mixed potential and current at the mixed potential, it is necessary to analyze the
polarization curve, which depends on the catalytic activity and is expressed by the Butler—\Volmer

20 equation. The currents of the electrochemical half-reactions (1) and (2) on component | are given
by the Butler—\Volmer equation with no mass-transfer effect:

it = il° (G-ar(6™-677) _ gmars (9™ -01)) @)
il = il° (e<1—az)f<¢mi’<—¢§c") — e—azf(¢mi’<—¢;’c‘°)) (5)

where f = F/RT and F, R, and T are the Faraday constant, gas constant, and temperature,
respectively. a; and a, are the transfer coefficients for reaction 1 and reaction 2, respectively. i{o

and i%o are the exchange currents for reactions 1 and 2 in component I, respectively. The exchange
25 current i° corresponds to the catalytic activity and determines the shape of the polarization curve

4

https://doi.org/10.26434/chemrxiv-2023-rb0r2 ORCID: https://orcid.org/0000-0002-4472-6992 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-rb0r2
https://orcid.org/0000-0002-4472-6992
https://creativecommons.org/licenses/by-nc-nd/4.0/

10

(44). For Butler—VVolmer equations on component I, "I" in Equations (4) and (5) shall be replaced
by "IL." As shown in Fig. 2B, once a mixed potential is formed, the net current is zero according
to the definition of the mixed potential (17).

d+ill+id+ill=0 (6)

Substituting the equations of currents on component I and Il into Equation (6) and assuming a; =
a, = a, We can obtain a mixed potential of ¢p™™ at the steady-state of reaction as follows:

1 (7 +d%) e o 4 (18" + ") e 027
mix = | (7)

f (i{0+ql°) ~-a)f I (i§°+i§‘ ) IOy

The absolute value of t_he anodic and cathodic currents must be the same, which is the current at
the mixed potential (i™%) for the net reaction.

M =i + 0| = |5+ i (8)

w

ubstituting Equation (7) into Equations (4), (5), and (8) gives i™¥,
jmix _ (i{ ° L i{lo) (9(1—a>f(¢m"‘—¢fcp) _ e—af(¢mi"—¢1“p))
— (4" 1) (i + ) + (18 + i5°) ear (03 =01)
(i1 + ) + (i° + i) e~ Qe (03T =01™)

1-«a

51 2
(i i1%) + (180 + i) e (@27 01")
(1" +04) + (1" + %) enCeor@i-or™)

ocp

9)

%4

It is shown that i™ is a function of the driving force ¢, " — ¢, and the exchange current for
each reaction. ¢, " — ¢, " can be regarded as the sum of overpotential |n,| + |n,| to promote
catalytic reactions as applied from the outside. Here, the partitioning of ¢, P — ¢;F to the
overpotentials |n,| and |n,| can be expressed using Equation (7)

0
i+l
S H) ( t+it)

1
[71] = ™ — $PP = ZIn

10
- (5P-g0) ( +lIIO) (10)
(l;°+ig°)
O
nal = B3 ¢miX=11n ( 0) (11)
e—af(6-47%) 4 (é i )
(@)
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ocp

It should be noted that in Equations (10) and (11) the total overpotential ¢, " — ¢, P is partitioned
to [n4| and |n,| according to the exchange current or catalytic activity. The crucial factor

influencing the overpotential |n;| and |n,| is the ratio of (i{o + i{‘o) : (i§° + ié‘o).

5 Assuming that a single oxidation reaction and a single reduction reaction take place on each
.10 110 . .10 110 _ .
catalyst component (while i~ and i remain, but il and il are zero), it is clearly shown in

Equations (S2-2) and (S2-3) that the ratio of 1°: i1° determines the overpotential |n,| and |n,|
(See Supplementary Section 2). For example, if il « i1°, |ny| > |n,| will be obtained, ||

ocp

and [n,| will approach ¢, — ¢;P and zero, respectively. This example is significant for

10 heterogeneous catalysis because the catalytically difficult reaction 1 with small i{o can be

promoted by applying larger overpotential of |n,| that corresponds to the total driving force
5P — ¢, P of the net reaction.

Approximation of overpotential partitioning depending on exchange current

15 To comprehend the physical meaning of overpotential partitioning, which is the relationship
between the overpotential and exchange current, two approximation methods were adopted. One
is the Tafel approximation and the other is the linear approximation of the Taylor expansion (See
Supplementary Section 1) for the currents. In the linear approximation, for the catalyst
component |, the currents in Equations (4) and (5) are approximated as follows:

il = 4 f(pm* — ¢7P) (12)
iy = i F(p™* — ¢5P) (13)
20 Again, for the currents on catalyst component 11, "I" in Equations (12) and (13) can be replaced by

"I1.” Combining the four equations for currents with Equation (6) yields ¢p™,

.10, .10 oc .10, .q10 oc
(@A) @y (i + 1) g
Pmx =
10 .0 .10 .10
i+ dt 4+ 4l

(14)

Equation (14) clearly shows that the mixed potential is determined by internal division with a ratio
of (i{o + i{‘o) : (i‘o + ié‘o). Simultaneously, the current at the mixed potential was obtained as

follows:

(i + i) (8" +24°) oo oc
i{0+i{10+iéo+i§10 (d)z — ¢ ) (15)
25 i™iX corresponds to the apparent catalytic activity in the mixed-potential-driven catalysis, which

ocp

is determined by exchange current and the driving force of ¢, P — ¢;

- mi .10, .10 i
jmix — (l{ + l{l )f(d)mlx _ d)fcp) —

In addition, the overpotentials |n,| and |n,| are rewritten using ¢™* of Equation (14).
B 0 'IIO

. i, +1;
Ml =™ =T = ——— e (b — ) (16)

6
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0
ll + lH ocp ocp

1% 40 4y
1 1 2

Then, the ratio of the overpotential is expressed by.

oc
2l = ¢y " — p™* =

i1° + ig" i1% 4 11°
ocC ocC ocC ocC
Inl:m2l = 5 i (627 — %) 10 0 4 10 4 (627 — %)
i +i +2 +1i i tip +i; +i (18)
— 1 . 1
LR L) S
Here, it is clear that the driving force of the entire reaction, ¢; " — ¢, P, is partitioned to
overpotentlal In1| and |n,| according to the ratio of the sum of the exchange current 11 + r” and
zg ® for reactions 1 and 2, i.e., the catalytic activity. Fig. 3 is a conceptual electric series
5 circuit representlng a mixed-potential-driven catalytic reaction where ¢, ? — ¢;? corresponds to

the electromotive source due to reaction 1 and 2, and |ny| and |n,| corresponds to the
overpotentials of reaction 1 and 2 without external electric work. Here, r; and r, are the so-called

charge- transfer resistances depending on the catalytic activity, which are proportional to 1/ (i{0
i1y and 1/(iL° + il1°) for the half-reactions 1 and 2, respectively (28, 44). The partitioning of the

10 driving force ¢, P — ¢, P into |n,| and |n,| in the mixed-potential-driven catalysis follows the

voltage divider rule in the series circuit as i™*r; and i™Xr, . This implies that a larger
overpotential is partitioned to accelerate processes with a higher charge-transfer resistance.

Overall reaction:R; + O, - O, + R,

] ] )
|'”tema' R, = e +0, O,+e = R, |
1}
| OCP OCP |

0] 0]
| 1 2 1 1 |
10 110 oC r1 |r’1| |r’2| I, o< 10 110
| |
I+ 1 2 Ty
\ )
Without external work ’-mix
Short circuit
(Short circuit)
ﬁ_
e
OoCP OCP = jmix
2 = = ||+ ol =177(r + 1)
15 Fig. 3. A conceptual electric series circuit illustrates a mixed-potential-driven catalytic

reaction. The internal total voltage ¢, ? — ¢;" is due to the Gibbs free energy drop —AG, across

the entire mixed-potential-driven catalytic reactlon. The charge-transfer resistance (r; and ry),
proportional to the reciprocal of the exchange current, plays a role similar to electrical resistors in
acircuit. The voltage drops, i™*r; and i™%r,, signifies the overpotentials |n,| and |n,|, following
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the voltage divider rule. The energy utilized for driving reactions 1 and 2 eventually transforms
into Joule heat (ni).

One can regard this as short circuit where no external work and the Gibbs free energy term is
converted to the overpotentials of |n,| and |n,| away from equilibrium. Here, the driving force

5P — P corresponds to the Gibbs free energy change AG; of the net reaction with certain
concentration of molecules involved at which the reaction proceeds (32, 45, 46).
—AG, = F(¢;% = ¢;P) = F(Inul + [n2]) (19)

This mechanism efficiently drives reactions by utilizing the overpotential to accelerate the forward
reaction and decelerate the backward reaction (46). This differs from thermocatalytic reactions,
which use a driving force to accelerate both the forward and backward reactions. This is a non-
equilibrium steady-state, which is discussed in detail below. However, it is noted here that the
energy used to drive reactions 1 and 2 will be dissipated as Joule heat. This dissipated energy is
given by Joule’s law, which can be expressed as:

;1 B B S
N1l 2 Mily ¢ M2ly 272l

_ .10 ) .10 ) .10 ) 110
—771Xl10f771- 771Xlo1 f’h-’lzxolzf'lz-nzi)(lz fn:
il if! i} iy (20)

10 r0\2 /10 L 10\2 (10, o0\% (.10 | .pi0)?
(l{ + il ) (l{ + il ) (l; + il ) (l; + il )
Equation (20) indicates that the heat generated by each reaction was determined by the exchange
current. By contrast, thermochemical reactions directly convert the Gibbs free energy to heat. This

distinction is one of the secrets to how mixed-potential-driven catalysis can efficiently accelerate
reactions.

Direction of the current flow or electron transfer

In mixed-potential-driven catalysis, the direction of current flow or electron transfer is governed
by the exchange current or catalytic activity. Understanding how electrons are transferred between
the components is crucial for catalyst design. However, before starting the reaction, the anode and
cathode components are unknown. After initiation of the reaction, the magnitude of the exchange
current or catalytic activity determines the direction of the current flow or electron transfer and
distinguishes between the anode and cathode. Essentially, the roles of Components | and Il are
uncertain and interchangeable.

This uncertainty leads to three possible cases regarding the direction of the current flow or the
designation of components I and 11 as the anode and cathode of the catalyst, respectively, as shown
in Fig. 4. Case (A): Overall, the anodic current predominated in component I, and the cathodic
current predominated in component Il. Case (B): Cathodic current predominates in component |
and anodic current predominates in component I1. Case (C): Anodic and cathodic currents proceed
in pairs in components | and Il, respectively, resulting in no current flow between them. By
substituting the approximation equations (both the Tafel and linear approximation methods yielded
identical results) for the currents of reactions 1 and 2 on components I and I, the direction of the
net current in the three cases can be expressed by the exchange currents as follows (see
Supplementary Section 3):
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10 .10 .10 110

l l L
Case A: 110 >25 00 5> (21)
12 12 12
IO iéo l{o -IIO
Case B: 110 <Zg or 10 < 110 (22)
iy iz L2
;10 i£0 ;10 0
CaseC: —5=="5 0Of —5= :10 (23)
l l l
1 2 2 2

Equations (21)—(23) indicate that the current flow direction is kinetically governed by the exchange
current or catalytic activity ratio. By adjusting the exchange current to control the current direction,
researchers can harness the benefits of the internal electric field of the catalyst and enhance
selectivity for the desired products.

C i/+i)=0andi"+i,"=0

A i1'+i2'>Oandi”+i”<0 B i'+i'<0oandi"+i">0

i
(Anode) | <— || (Cathode) (Cathode)l —> Il (Anode)

110

i1'° / I'1"0> I-2|0/ I-Zuo I1'0 /i P i2'0/ /2”0 ,-1|0 / i1”0= I-2|0/ I-2||0

Fig. 4. Direction of the current flow or electron transfer on the catalyst between component
I and 11 occurs through three possible cases. (A) Component | is anode and component 11 is
cathode, i.e., the current flows from 11 to I; (B) Component I is cathode and component Il is anode,
i.e., the current flows from I to 1I; (C) The current flows within both components I and Il but there

is no current flows between | and II.

Non-equilibrium thermodynamics for mixed-potential-driven catalysis at steady-state

Herein, non-equilibrium thermodynamics at steady-state are discussed for mixed-potential-driven
catalysis based on the entropy production concept proposed by Prigogine. The starting point of
Prigogine’s theory is to express the changes in entropy as the sum of two parts:

ds = d.S + d;S (24)

where dS is the total internal variation in the entropy of a system, d.S is the entropy change of the
system owing to the exchange of matter and energy with the exterior, and d;S is the entropy
produced by the irreversible processes inside the system (38). The entropy production term d;S,
can serve as a basis for the systematic description of irreversible processes occurring in a system.
Moreover, in the steady-state, the total entropy of the system dS remains constant at time dt (38,
47):

dS _deS &S _ o diS_ deS
& dr Tdae % e T T

For chemical processes in a closed system at constant pressure and temperature, the rate of entropy
production can be expressed in the form of Gibbs free energy (38):

9

(25)
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d;S dGys dGsys dé dé
de ~  dt | dé€ ar = A6 &
where dGgys is the change of total Gibbs free energy of the reaction system, ¢ is the extent of
reaction, d¢/ dt is the rate of the reaction, and —AG, is the driving force for the net reaction
corresponding to affinity A in Prigogine’s textbook (defined as —dGsys/d€). In electrical

conduction system, the rate of entropy production corresponds to the Joule heat (per unit time) (38,
48, 49):

(26)

T =yl =—— (27)

where V is the potential difference across the entire conductor, I is the convention electric current,
and dQ’ is the Joule heat generated from the electric current.

The equations above are generally present in textbooks (38, 47—-49). Applying these equations
to mixed-potential-driven catalysis allows us to describe the energy conversion pathway within
the framework of non-equilibrium thermodynamics at steady-state, as follows:

diS  dGyys oy 4 deS  dQ
dt - dt dt dr - dt
where dQ denotes the Joule heat generated due to the reaction. Equation (28) can be illustrated
using a closed, isothermal, and isobaric mixed-potential-driven catalytic reaction system at steady-
state, as depicted in Fig. 5. We may consider that the surroundings of the reaction system are
enclosed by rigid adiabatic walls, meaning that the surroundings achieve equilibrium throughout;
that is, the temperature, pressure, and chemical potentials remain constant (47). Clearly, the mixed-
potential-driven catalysis theory can be categorized as a non-equilibrium theory. Note here that
the mixed-potential-driven catalysis provides a mechanism of internal driving force transformation
where the Gibbs free energy drop of the net reaction (—AG,) is converted to overpotentials for the
two half-reactions (|n,| and |n,|) inside the reaction system. Thus, it can be concluded that mixed-
potential-driven catalysis converts the Gibbs free energy driving force to internal electric energy
and finally to Joule heat.

(28)

(ny |+ I imix = —

d ocC o
= (—AGy) d_i = F(¢2 P — ¢,

10
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Non-equilibrium thermodynamics for mixed-potential-driven catalysis at steady-state

Surroundings

Overall reaction: R, + 0, —» O, + R,

i - Reaction1 —— [ Reaction 2 -
— a" - |
| Ry= e+ 0, | 0,+& =R, |

(I S N A |
1 e |

Gibbs free energy decrease === Electric energy Heat
dLS _ dG - df _ .mix | _ deS dQ

Driving force transformation

—AG,= F(®,F = 0> ) = F(Ini| + |nal)

Closed mixed-potential-driven
reaction system

Fig. 5. Steady-state mixed-potential-driven catalysis occurs in a closed, isothermal, and
isobaric system. Surroundings are enclosed by rigid adiabatic walls, completely isolated from the
external world, a common experimental approximation. At steady-state, the “internal” entropy
5 created in the reaction system (Td;S/dt) which exactly balances the “exchange” entropy to the
surroundings (—Td.S/dt), and would be dissipated as heat (dQ/dt) in the surroundings. At any
particular time, in mixed-potential-driven catalysis, Gibbs free energy drop of the net reaction
(—AG,) undergoes transformation into the overpotentials (|| and |n,|), which serve to accelerate
each of half-reactions, and are ultimately dissipated as Joule heat to the surroundings through the
10 exchange entropy.

Conclusions

Mixed-potential-driven catalysis occurs when the anodic and cathodic reactions are short-circuited

15 in an appropriate electrolyte, and the difference in Gibbs free energy between the anodic and
cathodic reactions converts into overpotentials to promote both reactions. In this study, we
generalized the theory of mixed-potential-driven catalysis, including the parameters of catalytic
activity. Multiple anodic and cathodic reactions occur depending on the catalytic activity, which
determines the mixed potential and overpotential. By forming this mixed potential, the Gibbs free

20 energy driving force is converted to an overpotential, and is used to drive the reaction. We
formulated the relationship between Gibbs free energy and overpotential using the exchange
current density as the catalyst activity. Thus, we clearly demonstrate how the mixed potential is
determined, overpotential is partitioned, and anode and cathode are selected by the exchange
current. Mixed-potential-driven catalysis theory is categorized as a non-equilibrium theory, as

25 proposed by Prigogine. The theoretical framework developed in this study provides guidelines for
researchers to predict and design heterogeneous catalysts, including both thermal and
electrochemical processes. Moreover, it is expected to provide a basis for understanding the
kinetics and energetics of biological enzymatic reactions that convert the Gibbs free energy drop
to overpotential at a steady-state far from equilibrium.
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