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Although coupled ion-electron transfer (CIET) has emerged as a powerful framework to rationalize the
kinetics of Faradaic reactions, its mechanism has lacked a fully microscopic, first-principles description.

Here we show that the coupling of electron transfer to ion transfer can be understood as an extension of
Marcus theory in which the ensemble of diabatic nuclear configurations is conditioned on a classical
collective variable describing the interfacial anisotropy. This formalism enables direct construction of the
CIET free-energy surface from constrained ab initio trajectories, providing a first-principles route to
electrochemical current-overpotential relations. We demonstrate this method for CO, redox on a gold
electrode and find that the resulting two-dimensional saddle-point barriers differ substantially from
one-dimensional treatments that consider only electron- or ion-transfer coordinates individually.
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Marcus free energy curves relate macroscopically
observed electron transfer (ET) reaction rates to a microscopic
picture of solvent fluctuations [ 1-3]. The iconic parabolic free
energy curves that describe the ET landscape arise from the
fact that the energy gap between the reactant and product
diabatic electronic states is mediated by the instantaneous
nuclear configurations of the solvation environment, and
that the probability distribution of such energy gaps is
Gaussian to a good approximation; taking the logarithm of
this distribution yields the parabolas [4—6]. Crucially, this
framework assumes that nuclear configurations are sampled
from a single, global ensemble—a simplification that may
break down in anisotropic environments such as electro-
chemical interfaces or biomolecular structures [7-10].

In this Letter, we show that in the presence of such
anisotropy, ET can become coupled to a classical collective
variable (CV) that characterizes the broken symmetry. This
is suggested by the fact that the nuclear ensembles, when
conditioned on different values of the CV, are generally
distinct. As a result, the Marcus curves associated with each
value may differ in curvature, vertical shift, and electronic
coupling. The reaction landscape is thus more appropriately
viewed as a 2D manifold of Marcus curves parametrized by
the classical CV.

Extensions of Marcus theory to cases in which ET is
coupled to another degree of freedom have already found
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applications. Proton-coupled electron transfer (PCET) gen-
eralizes Marcus theory by extending the reaction coordinate
to include a proton degree of freedom [9,10]. However, the
proton is typically treated quantum mechanically and
associated with a reaction coordinate involving vibronic
excitations rather than a classical CV. More recently,
coupled ion-electron transfer (CIET) has emerged as a
framework to rationalize the rates of redox reactions in
commercial lithium-ion battery electrodes [11,12]. In this
theory, the Marcus ET coordinate is coupled to a classical
ion transfer (IT) coordinate related to the distance from the
electrode-electrolyte interface, and the resulting rate expres-
sions fit the experimentally observed current-overpotential
curves significantly better than rate expressions that do not
account for ion-electron coupling [7,12,13]. Unlike methods
which use a single ground-state pathway determination to
compute the barrier, CIET requires integration over such
paths for a band of electrode states in order to directly derive
the current-overpotential relationship [7,14,15].

We note that, although Marcus theory provides the
standard microscopic picture of ET reactions, the Butler-
Volmer (BV) equation has empirically described Tafel-like
current-voltage relations for reaction-limited electrochemi-
cal currents for nearly a century [16,17]. In its usual form,
however, BV corresponds to effectively linear diabatic free-
energy curves, whereas Marcus theory is based on quad-
ratic free-energy surfaces [1,2]. CIET resolves this apparent
discrepancy by postulating a two-dimensional free-energy
surface which, in the simplest approximation, is quadratic
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along the Marcus ET coordinate and linear along the ion-
transfer collective variable [7]. As a result, the CIET rate
expression reduces to Marcus-Hush-Chidsey (MHC) or
Butler-Volmer-like kinetics in the appropriate limits,
depending on which direction in the landscape controls
the barrier [7,14,18,19]. This provides a physical basis for
why different kinetic expressions succeed in different
electrochemical regimes and suggests that conditioning
ET on a symmetry-breaking classical coordinate offers a
general extension of Marcus theory for anisotropic con-
densed-phase environments [20,21].

While the success of CIET in phenomenologically
describing Faradaic kinetics has been promising
[7,13,15,22], no microscopic formulation of CIET ame-
nable to first principles calculation has been reported.
Although ab initio calculation of CIET parameters has
recently been explored in Ref. [11], the framework
accounted neither for finite-temperature fluctuations
[4,23,24] nor the effect of the electronic coupling on the
free energy surface [14] (see Supplemental Material [25]).
Here we present a physically consistent formalism to
compute finite-temperature free-energy surfaces for ET
coupled to a classical CV, expressed entirely in terms of
quantities derived from constrained ab initio trajectories.
By computing the transition state (TS) of the CIET surface
as a function of the thermodynamic driving force, our
method enables the calculation of current-overpotential
relations from first principles and advances the prospect
of ab initio electrochemical kinetics. Importantly, we note
that practical analyses using these multidimensional sur-
faces are expected to become more feasible with concurrent
improvements in sampling methods and machine-learned
potentials [36—41].

Constructing the CIET surface in the diabatic
representation—Within the Born-Oppenheimer approxi-
mation, an ab initio trajectory constrained to a diabatic
electronic state can be modeled using constrained density
functional theory (cDFT) [23,42-44], as implemented in
various software packages [45—47]. Consider a simulation
of N atoms with the electronic state fixed to |a) = |a(R)),
where R €R*M denotes the nuclear configuration. Let
R,(7) denote a nuclear trajectory under this constraint.
At steady state, the probability of finding the system in
configuration R is given by the time-independent distri-
bution p,(R). Letting @ = O, R denote the initial and final
(e.g., oxidized and reduced) diabatic states of the electron
transfer, the ET coordinate of R is defined by the energy
gap [4,48,49]

q(R) = (O(R)|H|O(R)) = (R(R)|H|R(R)). (1)

where H is the Hamiltonian. Now suppose £ = &(R) is a
CV that characterizes the anisotropy. Then the histogram
N o(q, &) is obtained from the trajectory by integrating
over the appropriate region of the phase space

N .8 = / dr / PVRA(q(R (1)~ 9)3(ER (1) — &),
@)

The probability distribution is then given by p,(g, &) =
N o(q. &)/ [dqdéN ,(q, &), and the 2D excess free energy
[50] surface is given by

Gg'(q.8) = —kT'In po(q. &) + Co. (3)

where C, is a constant. It is convenient when applicable to
define the equilibrium coordinates for each state

(9a: &) = argrr;aXpa(q, g). (4)
q,

Then, noting that the constants C, and C must be related
such that the reaction free energy between these equilib-
rium states is the thermodynamic driving force AGg%, a
natural choice is

Co =kgTnpp(qp,&o), (5a)
Cr = AG3g + kgT'In pr(qg, r) (5b)

so that the equilibrium reactant state has G (g, &) = 0.

A practical challenge is that in the presence of high
reaction barriers, the sampled histogram p,(q, £) is often
unpopulated for many regions in the 2D reaction coordinate
space including, crucially, near the TS. However, this
challenge can easily be overcome by employing methods
common in Marcus theory (for ¢) and classical enhanced
sampling (for £). Sampling over the CV can be achieved by
standard techniques such as metadynamics or harmonic
restraints [36,51,52]. If U5%(£) is the resulting bias
potential, the true distribution p,(q,&) can be obtained
from the observed distribution via

Pa(@.&) = pS>(q. &) exp[+ UGS (&) /kgT].  (6)

Once ¢ is sampled, the cross-sectional Marcus free energy
curves are obtained by invoking the standard assumption
that they are parabolic, whereby

I S A Ul (5]
Paldlé) = 4ﬂkBT/1a(§)ep( dkpT2,(E) > 72)
aule) = 2820, (70)

or under the assumption that the ET is symmetric,

1u(8) = 4(8) = ) [Ex(4l®) ~Bo(gl8).  (8)
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Here E,(¢|€) and Var,(g|&) denote, respectively, the mean
and variance of the conditional distribution p,(g|¢), which
can be approximated from p3®(g|¢€) [53].

In the standard case where the sampling is performed
such that p3™(&) = [dqp3™(q.&) is constant, using
Egs. (5)—(7), we now obtain for our free energy surfaces

[9—Eo(ql9)]?

G309 =-[UF" (- Ug~ o)+ 05, (9
G (9.8, AGy) = —[UF™(&) — UR™(&r)]
lq — ER(‘I|§>]2

+ + AG,.  (9b)

4R (8)

(We assume that both the ET and CV coordinates are
overdamped, with the CV relaxing on a slower timescale
than the ET coordinate, allowing p,(¢|&) to be obtained
from enhanced sampling [20,54]. These assumptions will
be revisited in future work).

Finally, the free energy curves obtained via the
above method can be used to compute the TS and activation
barrier. The intersection of the curves is given by the set

T ={(¢.9): Gg(&.q) =G5(q.9)} (10)

and the TS and activation barrier in the nonadiabatic limit
are given by

(&, qi) = argmin G%(%f), (11a)
(q.8) €T
AGE = Gy (gs.&r). (11b)

For visualization and comparison of landscapes between
systems, it is convenient to nondimensionalize both reac-
tion coordinates. For the CV, the natural choice is

&—¢o
Er—E0’

where £, and & are determined from Eq. (4) and the tilde
denotes a nondimensionalized quantity. If we plot the
CV and ET coordinates on perpendicular axes (see
Supplemental Material [25] for analysis of the coordinate
orthogonality), and enforce that the initial and final Marcus
parabolas in each cross section lie at 0 and 1, respectively,
we obtain for the ET coordinate

E= (12)

_m __ 4—Eo(qld)
1) = Era® - Eold®

Note that the nondimensionalization scheme stretches
the ET coordinate differently at different CV values.
However, it can be easily seen that this transformation
maps only the ranges of the reaction coordinates, and so

(13)

barrier heights in Eq. (11b) are unaffected by the
nondimensionalization.

Once obtained, the activation barrier can be used to
derive ET rate expressions, providing an ab initio route
toward current-overpotential relations. As in standard
Marcus theory, we note that the thermodynamic free energy
AG%y, which determines the shift of the two diabatic
surfaces relative to each other, can depend on factors such
as electrochemical overpotential, which only weakly affect
the shape of the individual surfaces. Thus AGY* =
AG$(AGgy) can be obtained from Eq. (11) numerically,
and the nonadiabatic rate expression for a discrete tran-
sition can be determined from Fermi’s golden rule

2
KAGE,) = — | Hor?P(AG,). (14

P(AGGR) = Q7' exp[-AGT (AGE,) /ksT].  (14b)
where Q = [ dAGSy, exp[-AGS (AGZR)/kpT] is a parti-
tion function and Hog = (O|H|R) is the electronic
coupling.

The rate expression for electron transfer where |R) is a
discrete state and {|O)} is a continuum of states can be
derived using a generalized MHC integral, integrating over
the continuum

2n
k=T Vo0 [ deopleoin(eo)

AGE(AGSy. €0)
xexp | —— % ,

(15)

where p is the density of the continuum, n is the Fermi-
Dirac occupancy, and G§* is now a function not only of
some global shift AGY;, but also the location of the initial
state’s energy &, within the continuum.

Adiabatic corrections—The formalism presented above
is appropriate for the nonadiabatic (weak coupling) limit,
where the electronic coupling is negligible compared to the
reorganization energy [55]. If an effective coupling
Hor(G,&) were known, the adiabatic surface could be
computed by diagonalizing the two-level system

G*(7.E. AGZy)
_ G3(3.8) + G (3.2 AGEy)

2
—5V163(2.8) - G (2.8, MGG + 4|Hor (3. )
(16)
Note that the true coupling value
Hox(R) = (O(R)|H|R(R)) (17)
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corresponding to a nuclear coordinate R can be approxi-
mated from the Kohn-Sham cDFT orbitals according to
Ref. [57], but will fluctuate throughout an ab initio
molecular dynamics (AIMD) trajectory. We can therefore
time average to obtain a mean coupling

Ho(0.5) = / dr / PVRSER o (1)) ~ &) Hor(Ro (1)),
(18a)
Hor(1.8) = / dr / PVRSER (1)) — &) Hor(Ry(1)).
(18b)
Hor(3,8)=Hog(0,8) +g[Hor(1,8) —Hpr(0,&)], (18c)

where T is the total time of the trajectory, assumed to be
sufficiently large. In Eq. (18) we have first averaged along
the minima in the CV direction and then employed a linear
interpolation to approximate the coupling for values 0 <
g < 1 (note that the linear approximation is only a starting
point; more accurate dependencies of the coupling on § can
also be explored. In addition, alternative averaging schemes
for the coupling, such as root-mean-squared averaging,
may also be considered). As discussed in Ref. [14], the
structure of the adiabatic rate expression differs only by the
prefactor

AGE(AGEy, 80)>

Jadiabatic :l//dgop(go)n(é‘o)exp —
kgT

(19)

where v is the classical attempt frequency.

We emphasize that the formalism presented here has been
kept general; the analytical CIET expressions of Refs. [7,14]
can be derived upon specialization to a particular electro-
chemical system and making the assumption that the free
energy surfaces have a particular shape.

Example application: CO, redox—The choice of the
CO, redox system for demonstration of the above method-
ology is motivated by the relative simplicity of approximat-
ing the diabatic states. Defining the diabatic states for
lithium-ion intercalation, for example, is less straightforward
because the lithium ion does not change its oxidation state
during the intercalation process. Instead, the electrode is
reduced to accommodate the lithium ion’s charge, leading to
diabatic states whose definition remains an open scientific
question [12] and will be addressed in future work. Here, we
instead demonstrate our methodology on the supposed rate-
determining step of CO, reduction [58-60], where the
diabatic states—|CO,) and |CO; )—are obtained via simple
constraints, and where a CIET-like approach is less explored.

Electrocatalyzed CO, reduction is of growing interest for
various industrial processes and sustainability applications

4 b G [eV]
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FIG. 1. Snapshots of the model aqueous CO,—Au interface
constrained to (left) the oxidized and (right) the reduced state.
The circled CO, is linear in the oxidized state and bent in the
reduced state. Au, C, O, H, and K are shown in gold, blue, red,
white, and purple, respectively. The z-axis is taken normal to the
electrode surface. For the snapshot shown, a harmonic restraint is
used to fix Z’ ~ 0.33. Similarly, the cDFT constraints fix § ~ 0, 1
in the left and right panels, respectively. (b) Contour plot, and
(c) perspective visualization of the 2D ground-state diabatic free
energy surface with thermodynamic driving force AGg, = 0.
(d) Same as (c) except setting AGy, = 1 eV, which shifts the
reduced diabat relative to the oxidized. The basins at points (0,0)
and (1,1)—Ilabeled “Ox” and “Red” in the contour plot, respec-
tively—are signatures of a CIET-like mechanism.

[61,62], and gold and silver electrodes are noteworthy for
their high product-specificity for CO [63]. Efficient ET in
this system requires the presence of cations in the solution,
and the mechanistic reason for this requirement has been
debated [64—66]. Recent simulation results have suggested
that the cations lower the barrier for CO, adsorption, thus
facilitating ET [58].

Consistent with this picture, we take as our classical CV
& the z distance of the carbon atom from the electrode
surface, and take |O) and |R) in Eq. (1) to be the electronic
) and |CO5), respectively. While previous
formulations of CIET theory have suggested that the
physically relevant CV is related to the distance from the
electrode [7,8], here we provide two microscopic justifi-
cations for this assumption. First, in Faradaic reactions the
electronic coupling varies strongly with distance from the
electrode, increasing substantially as the reacting molecule
approaches the surface [see Fig. 2(a)] [14]. As a result, the
distance from the electrode captures the dominant variation
in electronic coupling across the reaction landscape. Second,
we find that this CV exhibits dynamics that are approx-
imately orthogonal to the ET coordinate (i.e., weakly
correlated fluctuations), and that alternative CV choices
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such as the O—C—O bond angle exhibit fluctuations strongly
correlated with the ET coordinate (see Supplemental
Material [25] for both analyses). Therefore, although other
CVs may be considered, we find that this distance coordinate
provides a physically meaningful parametrization of the
CIET mechanism for this system.

Using this coordinate system, we compute the diabatic
free-energy surface for CO, redox on a gold electrode in the
presence of K* ions [see Fig. 1(a) and Supplemental
Material [25] for corresponding numerical details].
Figures 1(b)-1(d) show contour and perspective views of
the resulting free energy surface for several thermodynamic
driving forces AGgy. From Eq. (4) we obtain (go.&p) =
(=7.1eV,5.1 A) and (gg. &) = (5.5 eV,2.4 A), which
map to the points (0,0) and (1,1), respectively, upon
nondimensionalization. The contour plot shows relative
minima in both corners corresponding to the oxidized and
reduced state—a signature of a CIET mechanism.

It is instructive to compare the barrier height in the
diabatic 2D landscape with that obtained by considering
only the CV or ET coordinate individually. This compari-
son can be done for both the reduction and oxidation
directions, and for various thermodynamic driving forces

AG%y. Results of this comparison are shown in Table 1. We

denote by va'Red/ 9% the reaction barrier that would be

obtained by considering only the CV dimension, collapsing
the ET dimension to the vertex of each Marcus parabola in

the manifold. We denote by GET’Red/ 9% the reaction barrier

that would be obtained by considering only the ET
dimension, taking cross-sectional Marcus parabolas at

fixed CV. Finally, we denote by G;D‘Red/ % the activation

barrier obtained from the full 2D approach, which is

obtained numerically from Eq. (11). Crucially, while

G;:T'Red/ O Corresponds to a valid (although in general

higher-energy) reaction path, va-Red/OX

spond to a physical reaction path satisfying the Franck-
Condon principle [1,67] and is included only for illustrative
purposes. We see that the CV-only approach consistently

does not corre-

TABLE 1. Comparison of activation barriers (in eV) for CO, —
CO; along the minimum energy path on the diabatic surfaces
using three approaches: (i) considering only the CV dimension
(BV approach), (ii) considering only the ET coordinate (Marcus
approach), and (iii) the full 2D landscape (CIET approach).
Results are shown for different values of the thermodynamic
driving force AGHy.

CV Red ET.Red 2D.Red CV.0: ET.O. 2D.0:
AGH, AGEVR AGETR AGIR AGEVOT AGETO* AGPO

—0.50 0.3 1.5 1.5 0.8 22 2.0
0.0 0.5 1.8 1.8 0.5 1.9 1.8
0.5 0.7 2.2 2.0 0.2 1.5 1.5
1.0 1.0 25 22 0.0 1.3 1.2

underestimates the barrier for nonadiabatic ET in this
reaction, suggesting the importance of ET. At the same
time, the ET-only approach overestimates the barrier
compared to the TS in the two-dimensional CIET
landscape.

While the results reported so far pertain to the diabatic
landscape, CO, electroreduction is thought to be strongly
adiabatic [14,58,60], which we now show. Figure 2(a)
shows a contour plot of the electronic coupling across the
full 2D landscape, while Fig. 2(b) shows a contour plot of
the computed adiabatic free energy surface adjusted
according to Eq. (16). Note that the coupling values are
very large—on the order of 1-3 eV—in remarkable agree-
ment with the theoretical prediction of Ref. [14] and
indicative of an adiabatic mechanism.

To calculate the TS within the adiabatic picture, we note
that the TS is not confined to occur within the set Z defined
in Eq. (10), and so the restriction in the minimization in
Eq. (11a) must be lifted. We therefore located the TS using
a minimax (lowest-saddle) search, in which all neighboring
grid points were connected by edges weighted by the
higher of their energies, and the smallest edge-maximum
path connecting the bottom-left and top-right minima was
located via a Kruskal-style union—find algorithm [68].
Furthermore, note that in contrast to the nonadiabatic
mechanism discussed above, the experimentally observed
driving force AGZ; is no longer strictly equivalent to the
diabatic shift AGg, [14].

The resulting adiabatic barriers are reported in Table II.
We observe that many of the barriers are significantly lower
compared to the diabatic landscape. Similar to the non-
adiabatic case, we do not find consistent agreement
between the CIET barrier and either one-dimensional
approach.

We note that a standard approach for the adiabatic barrier
is to calculate a ground-state free energy path along the CV
coordinate [58,69]. While this standard approach may yield
a qualitative picture of the reaction barrier, it provides only
a single barrier corresponding to a fixed thermodynamic

(@) Hog [eV] (b) G*=[eV]
1.0 1.5 2.0 0.5 1.0
I )
1.0 7
Q 1.0 / Red
W 0.5 4 W 0.5 \/
004 ox
00 T T T T
0.0 0.5 1.0 00 05 1.0
q q

FIG. 2. (a) Heat map of the electronic coupling for CO, redox
across the 2D landscape. (b) Contour plot of 2D ground-state
adiabatic free energy surface setting AGg, = 0 eV.
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TABLE II.

Same as Table I, except using the ground-state adiabatic surface. The quantity AGZ; is defined as the

free energy difference between the reduced and oxidized local minima of the adiabatic surface.

AGS, AGE, A GgV,Red A GET.Red A G%DA,Red A GgV,OX A G?,Ox A G%D,Ox
-0.5 —-0.6 0.3 0.6 0.5 1.0 1.3 1.1
0.0 -0.2 0.4 1.0 0.6 0.6 0.9 0.8
0.5 0.3 0.5 1.4 0.7 0.2 0.5 0.4
1.0 0.8 0.7 1.8 0.9 0.0 0.2 0.1

driving force. In contrast, the CIET framework enables
explicit calculation of the full dependence of the activation
barrier on the driving force, AG$*(AGg), which is
required to evaluate electrochemical rate expressions and
current-overpotential relationships [7,14]. This distinction
is essential: the kinetics of electrochemical reactions are
governed not by a single barrier, but by how that barrier
evolves with applied potential over a band of electrode
states. Furthermore, it is known that DFT-based methods
often struggle with fractional charge states [70,71], whereas
the integer charge states used in cDFT have been shown to
help minimize this issue [42]. For these reasons—in
addition to the quantitative differences between the CIET
and single-dimensional barriers reported—we expect that
the methods presented in this Letter will provide a more
accurate and physically applicable framework for comput-
ing electrochemical activation barriers. Future work will
apply this framework to predict experimental current-
overpotential relations by approximating CIET parameters
[7,14] from the ab initio free energy landscapes.
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