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ABSTRACT: The kinetics of aqueous outer-sphere electron-transfer (ET)
reactions are determined in large part by noncovalent electrostatic
interactions that originate from the surrounding electrolyte solution. In
this work, we examine the role of spectator cations in modifying the rate of
heterogeneous ET for an [Fe(CN)6]

3−/[Fe(CN)6]
4− redox pair. We

combine the results of electrochemical measurement, in situ surface-
enhanced infrared absorption spectroscopy (SEIRAS), classical molecular
dynamics simulation, and theoretical modeling to demonstrate how changing
the identity of the spectator cation species over a series that includes Li+,
Na+, K+, Rb+ to Cs+ influences the solvation properties and ET kinetics of the
redox species. By analyzing the results in the context of the Marcus−Hush−
Chidsey (MHC) theory, we find that the solvent reorganization energy
increases systematically as the cationic radius decreases. The trend can be
attributed to cation-dependent coordination environments of the redox species, whereby more cations of less charge density such as
Cs+ than Li+ are present in the redox solvation shell in bulk and at the electrified interface, promoting weaker hydrogen bonds and
lowering the effective interfacial static dielectric constant. We discuss the implications of these findings for enabling the tunability of
reaction thermodynamics and rates in electrochemical processes.

■ INTRODUCTION

Efficient chemical transformations by electrochemical reactions
to generate carbon-free or carbon-neutral energy carriers using
solar (and other renewable) energy sources are central to
decarbonizing the production of fuels and other commodity
chemicals.1−3 Understanding and controlling the surface
electronic structure of catalysts have led to significant advances
in the catalytic activity4 and reaction rates.4 For example,
tuning the d-band center relative to the Fermi level4−7 of
metals is shown to govern the binding energy of surface
adsorbates and consequently the catalytic activity of numerous
reactions including hydrogen evolution8,9 and oxygen reduc-
tion.5,7 More recently, changing the electrolyte compositions
has also been shown to alter the kinetics of electrochemical
reactions to exhibit trends such as pH- and cation-dependent
kinetics. Specifically, the reaction kinetics of the hydrogen
evolution reaction (HER) depend on the pH10−14 (2 orders of
magnitude faster in acid than in base), and inert cations15,16 (3
orders of magnitude faster and more active with Cs+ than with
Li+) in the electrolyte, where similar cation-dependent trends
have been noted for the oxygen reduction reaction16−18 and
methanol oxidation reaction kinetics.16 In addition to altering
the activity, tuned selectivity in the presence of inactive alkali
cations has been reported for CO2

19,20 and CO21 reduction

reactions due to electrostatic interaction between cations and
reaction intermediates.19−21 Unfortunately, the specific role of
electrolytes on the activity10−12,15−17 and selectivity19−21 of
these multiple-electron electrochemical reactions is not well
understood in most cases. Here, we focus on understanding
the role of cations in the electrolyte, whose interactions with
the redox species are noncovalent, on the kinetics of a simple
outer-sphere electron-transfer (ET) reaction.
A large number of experimental and computational studies22

have examined the role of structure-making or -breaking ions,
as described by the structural entropy of ions (<50 J mol−1 K−1

for structure makers and >50 J mol−1 K−1 for structure
breakers),22,23 on half-cell reaction entropy24,25 and cati-
on-26−33 or anion-34 dependent kinetics of homogenous26,30−33

and heterogenous27−29,34 redox of metal complexes. For
example, homogeneous electron-transfer reaction rates (Figure
1a) of metal complexes such as [Fe(CN)6]

3−/[Fe(CN)6]
4−
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measured by nuclear magnetic resonance (NMR) are strongly
influenced by the nature of added cations (Li+ < Na+ < K+ <
Rb+ < Cs+).26,30,31,33 This trend can be attributed to cation
catalysis involving the formation of a bridge between two redox
anions by a cation, where the less hydrated cations approach
anions closer and lead to faster reaction rates.26 Smaller cations
with a higher charge density (e.g., Li+ and Na+) tend to interact
more strongly with water molecules than their larger
counterparts (e.g., Cs+ and Rb+).22,23 In addition, the
electron-transfer kinetics of metal complexes35−38 tethered to
the terminal of a self-assembled monolayer (SAM) of an alkane
thiol (Figure 1b) have shown that the reorganization energy
increases and the rate constant of electron transfer decreases
with increasing the SAM thickness of ferrocene/ferrocenium
(Fe(C5H5)2

+/0),35−37 Ru2+/3+,35,38 and 4-[N,N-di(p-tolyl)-
amino]benzylphosphonic acid (TPA+/0).38

The electron-transfer reaction rate of [Fe(CN)6]
3−/[Fe-

(CN)6]
4− redox (Figure 1c on the metal surface) is cation-

dependent (Li+ < Na+ < K+ < Rb+ ∼ Cs+),27−29 and the
reaction rate of the NpO2

2+/NpO2
+ redox center is anion-

dependent (ClO4
− ∼ NO3

− > Cl− > SO4
2− > acetate−).34

These trends have been attributed to the association of
spectator ions with redox centers, which could tune the
energetics of activated complexes in their transition
states,27−29,34 leading to faster rates for systems with more
weakly hydrated cations. However, the influence of these
spectator ions on the solvation properties of the environment
of the electrified interface is yet to be fully understood. In
addition, while spectator cations and anions have been used
extensively to alter the reaction rates of homogenous and
heterogeneous reactions for the redox of metal complexes,
their role on the reorganization energy has been rarely
reported even though the reaction rate scales inversely with
the reorganization energy in the Marcus theory39,40 for
homogeneous electron-transfer reactions or the Marcus−
Hush−Chidsey (MHC) formalism39,41−43 for heterogeneous
(faradic) reactions at electrodes. The solvent reorganization
energy of heterogeneous electron-transfer reactions has been
shown to decrease as the redox centers move closer to the
electrode surface,44,45 which is in agreement with models based
on the dielectric continuum theory, predicting a decrease in
the electron-transfer reorganization energy with decreasing
distance between the redox center and the electrode,46,47 as
well as classical molecular dynamics (MD) simulation.48

Moreover, while previous Raman and Fourier transform
infrared (FTIR) spectroscopy studies have shown that the
solvation structure of the redox species in bulk can be altered

by spectator cations,24 much remains to be understood about
how they influence the solvation environment at the electrified
interface. Understanding this influence is critical to under-
standing spectator-ion-dependent static dielectric constants
underpinning potential changes in the reorganization energy.
In this study, we explore a series of spectator cations that are

redox-inactive yet perturb both the solvation environment of
[Fe(CN)6]

3−/[Fe(CN)6]
4− at the electrified interface and the

redox kinetics. The redox species-spectator ion radial
distribution function (RDF), calculated from classical MD
simulations, shows a decreased number of water molecules and
increased number of cations in the solvation environments of
[Fe(CN)6]

3−/[Fe(CN)6]
4− in the order from Li+ to Cs+. The

kinetic currents of equimolar [Fe(CN)6]
3−/[Fe(CN)6]

4− in an
aqueous solution containing chloride salts of Li+, Na+, K+, Rb+,
and Cs+ have been extracted using a polycrystalline Au rotating
disc electrode (RDE). The exchange current density j0
increases with greater structure-breaking ions on the order of
Li+ < Na+ < K+ < Rb+ < Cs+, which is correlated with a
reduction in the reorganization energy λ via the MHC
theory,41−43 decreasing from 0.59 to 0.23 eV in the order of
Li+ > Na+ > K+ > Rb+ > Cs+. The increased exchange current
density and reduced reorganization energy found for [Fe-
(CN)6]

3−/[Fe(CN)6]
4− can be attributed to having an

increased number of cations and decreased number of water
molecules at the electrified interface. We support this claim
based on in situ surface-enhanced infrared absorption spec-
troscopy (SEIRAS) measurements, which reveal an increasing
fraction of weakly H-bonded water molecules (in the order of
Li+ < K+ < Cs+) and a decreasing fraction of strongly H-
bonded water molecules (in the order of Li+ > K+ > Cs+) from
Li+ to Cs+. Invoking the Born model, we hypothesize that the
cation-dependent properties of the interfacial solvation
environment also extend to the static dielectric constant,
which we infer to be much lower than that of the bulk and
decreasing from Li+ to Cs+. In addition, this argument is in
agreement with the predicted reaction entropy using the Born
model and the experimental results. This work thus advances a
molecular picture of how spectator cations alter the interfacial
water structure and the solvation structure of negatively
charged redox molecules, which consequently alter the
exchange current densities and the reorganization energy of
electron-transfer kinetics.

■ METHODS

Classical Molecular Dynamics (MD) Calculations.
Classical molecular dynamics (MD) simulations were carried

Figure 1. Schematic of electron-transfer mechanisms in homogeneous and heterogeneous processes. (a) In a homogeneous electron-transfer
reaction, spectator cations in the electrolyte have been proposed to bridge two redox anions, where Cs+ is partially dehydrated (hydration energy at
−283 kJ mol−1) and facilitates ion pairing and electron transfer, while Li+ is difficult to deaquate (hydration energy at −531 kJ mol−1), and thus the
larger electron-transfer barrier. (b) In heterogeneous electron transfer at the metal surface coated by a self-assembled monolayer, where the redox
molecules are held by the film at a fixed distance from the electrode surface. (c) In heterogeneous electron transfer at the metal surface, an activated
complex associated with spectator cations of the supporting electrolyte and redox anions could be formed by ion association/pairing, which could
change the electroaffinity and ionization energy of redox species, and thus the altered kinetics.
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out on two types of systems. The first system, used for bulk-
phase Madelung potential energy distribution analysis
(Appendix S1), contained a representation of the bulk aqueous
electrolyte in a cubic simulation cell periodically replicated in
all directions with 10 738 water molecules, modeled using the
SPC/E force field49 and 119 alkali ions (Li+, Na+, K+, Rb+,
Cs+) with an equal number of Cl− as their counterions, roughly
corresponding to a 0.6 M (∼90 water molecules per ion)
concentration of cations. For alkali ions, the Lennard-Jones
(LJ) parameters from ref 50 were adopted along with the
scaled-ionic-charge model to account for electronic polar-
ization effects in a classical nonpolarizable force field.51−53 The
second system, used to compute the solvation structure and
energetics of [Fe(CN)6]

3−/[Fe(CN)6]
4−, contained 7336

water molecules, 80 alkali ions (∼0.6 M), 80 Cl− anions,
and 8 [Fe(CN)6]

3−/[Fe(CN)6]
4− anions each (∼60 mM),

where [Fe(CN)6]
3−/[Fe(CN)6]

4− anions’ LJ parameters were
adopted from the PCFF+ force field,54,55 as implemented in
the commercialized simulation environment MedeA,56 with
the set of bonding parameters that well-reproduced the
molecule structures in water.57 Lorentz−Berthelot mixing
rules were used to derive mixed Lennard-Jones parameters. All
of the parameters used are summarized in Table S1.
For all of the systems, simulations were performed in

LAMMPS using periodic boundary conditions. A particle-mesh
Ewald algorithm with a real-space cutoff value of 9 Å was used
to calculate long-range electrostatic interactions. The temper-
ature and pressure during the equilibration periods were
maintained by a Nose−Hoover thermostat and a barostat,
respectively, at 300 K and 1 atm. Furthermore, the bonds and
angles of SPC/E water were constrained by the Shake
algorithm.58 The system was initially equilibrated in the
NPT ensemble with a time step of 2 fs for a total equilibration
time of 0.1 ns to achieve an equilibrium density before
equilibrating again in the NVT ensemble for another 0.1 ns. A
final production run of 1 ns was then performed in the NVE
ensemble to collect good statistic.49

The interaction energy is defined as the total interaction
between the [Fe(CN)6]

3−/[Fe(CN)6]
4− anions and water

molecules in the system normalized by the number of
[Fe(CN)6]

3−/[Fe(CN)6]
4− anions, which can be described

by the following equation

E
U

N
i N j M ij1: 1:=

∑ ∑= =

(1)

where N is the number of [Fe(CN)6]
3−/[Fe(CN)6]

4−

molecules, M is the number of water molecules, and Uij is
the interaction energy between each ij molecule pair (including
both the van der Waals and the Coulombic contribution). The
values of the interaction energy are the averaged values for a
time span of 3 ns of MD simulations with a saving frequency of
0.2 ps. The error bar is the standard deviation of these data
(15 000 data points).
Electrochemical Measurements and Electrolyte Prep-

aration. All electrochemical measurements were conducted
with a Biologic SP-300 potentiostat in an isothermal three-
electrode electrochemical system24 under an Ar atmosphere,
where the temperature was controlled by a thermal bath
circulator (Thermo Neslab RTE 7). The working electrode
was a Pt or an Au rotating disk electrode (RDE) (Pine
Instrument). Potentials were referenced to a mercury sulfate
(Hg/HgSO4) reference electrode (MSE). The effect of cations

in the supporting electrolyte on the kinetics of [Fe(CN)6]
3−/

[Fe(CN)6]
4− redox was examined by cyclic voltammetry (CV)

at a scan rate of 10 mV s−1 at 293 K, where the current density
was obtained based on the geometric surface area of RDE
(0.196 cm2). In these electrochemical measurements, electro-
lytes consisted of 2 mM equimolar [Fe(CN)6]

3−/[Fe(CN)6]
4−

and 0.06, 0.2, 0.4, and 0.6 M chloride salts of Li+, Na+, K+, Rb+,
Cs+, or tetrabutylammonium+ (TBA+). For temperature-
dependent measurements, the temperature of the electro-
chemical cell was increased from 293 to 323 K in increments of
10 K. The [Fe(CN)6]

3−/[Fe(CN)6]
4− solution was prepared

from deionized water (Millipore, >18.2 MΩ cm), potassium
hexacyanoferrate(III) (>99%, Alfa Aesar), and potassium
hexacyanoferrate(II) trihydrate (99.5%, Sigma-Aldrich). For
cation-dependent measurements, tetrabutylammonium chlor-
ide (TBACl, >98%, Sigma-Aldrich), lithium chloride
(>99.98%, Sigma-Aldrich), sodium chloride (99.99%, Sigma-
Aldrich), potassium chloride (99.995%, Sigma-Aldrich),
rubidium chloride (99.8%, Sigma-Aldrich), and cesium
chloride (99.9%, Sigma-Aldrich) were used.
To extract the kinetic current density, we performed cyclic

voltammetry (CV) with RDE at rotation rates of 400, 900,
1600, and 2500 rpm, as shown in Figure S1. Kinetic current
density can be extracted from rotation-rate-dependent CV
using the traditional Koutechy−Levich equation (slow kinetic
model)59

j j j j nFA D C
1 1 1 1 1

0.62k L k O
2/3 1/2 1/6

Oω ν
=

′
+ =

′
+

′ *−
(2)

where j denotes the measured current density; jk′ is the kinetic
current density from the slow kinetic model; jL is the limiting
current density; n is the number of electrons transferred during
the reaction; F is the Faraday constant; A′ is the surface of the
electrode; DO and CO* are the diffusion coefficient and bulk
concentration of the oxidant, respectively; ν is the cinematic
viscosity of the electrolyte; and ω is the rotation rate. The
model assumes that (1) the redox process is a reversible and
first-order reaction; and (2) the electron-transfer rate is slow
(e.g., jk′/jL < 0.1) and governed by kinetics rather than mass
transport, where the current is described by j = FA′kf(E)CO(y
= 0), where y is the distance from the electrode surface.
However, for electrochemical reactions in moderate and fast
kinetic regions (e.g., 0.1 < jk′/jL < 1), the current could be
limited by mass transport, j = nfA′DO[CO* − CO(y = 0)]/δO,
with δO denoting the diffusion-layer thickness of the oxidant at
an electrode. In this regime, the fast kinetic model59 can be
more accurate for the Koutechy−Levich analysis

j FA k C k C
D k D k

j
D k D k

1 1
( ) 0.62

1
0.62k

f O b R

O
2/3

f R
2/3

b
1/6 1/2

O
2/3

f R
2/3

b
1/6 1/2

ν ω

ν ω

=
′ * − * +

+

= +
+

− −

−

− −

−
(3)

where DR denotes the diffusion coefficient of the reductant and
kf and kb are the rate constants of forward and backward
reactions, respectively. Instead of the constant slope of the plot
1/j vs ω−0.5 in the traditional Koutechy−Levich equation (slow
kinetic model, eq 2), the fast kinetic model (eq 3) proposes
varied slopes (Figure S2) due to the overpotential-dependent
kf and kb. The electron-transfer process of 2 mM [Fe-
(CN)6]

3−/[Fe(CN)6]
4− in the aqueous electrolyte of 0.6 M

chloride salts of Li+, Na+, K+, Rb+, and Cs+ is reversible (Figure
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S3a). The slow kinetic region for jk′/jL < 0.1 was located at an
overpotential range within a few millivolts for both oxidation
and reduction, which is too narrow to explore kinetic
parameters using electron-transfer theories. Moderate and
fast kinetic regions for 0.1 < jk′/jL < 1 were located at
overpotential ranges up to 30−70 mV (e.g., 30 mV for K+, Rb+,
and Cs+; 50 mV for Li+ and Na+; 70 mV for TBA+; see Figure
S4) for the Au electrode, where the fast kinetic model could be
more suitable for the extraction of kinetic current.
To extract kinetic parameters, including reorganization

energy, from the kinetic current density, the Butler−Volmer
equation and the Marcus−Hush−Chidsey (MHC) formal-
ism41,42 have been employed. The widely used Butler−Volmer
equation is an empirical relationship, which can be motivated
by assuming that the electrostatic energy of the reaction
transition state of the reaction is an average of the reduced and
oxidized states, weighted by the charge-transfer coefficient. In
contrast, the microscopic MHC formalism accounts for the
quantum mechanical nature of electron transfer and considers
the solvent reorganization energy of the solvation shell and the
electron energy levels in the metal electrode, which can be
more accurate and predictive for reactions at liquid−solid
interfaces.

j A
x e

k T
x
x k T

( ) exp
( )

4
d

1 exp( / )

red/ox
MHC

2

B

B

∫η λ η
λ

= − − ±

+

−∞

∞ i
k
jjjjj

y
{
zzzzz

(4)

A
H

h k T
2

(4 )
AB
2

B
1/2

π
πλ

=
(5)

where λ is the reorganization energy, kB is the Boltzmann
constant, T is temperature, η is the overpotential, and A is the
pre-exponential factor,39,40 accounting for the electronic
coupling strength, where h is the Plank constant and HAB is
the electronic coupling energy. The electronic density of states
(DOS) of the electrode, x, accounts for the Fermi statistic of
electron energies distributed around the electrode potential.
The first term in the integrand is the classical Marcus rate for
the transfer of an electron of energy x relative to the Fermi
level, and the second factor is the Fermi−Dirac distribution
assuming a slowly varying DOS, which to first approximation
can be considered uniform. The corresponding exchange
current density can be calculated as follows41

j
H

h k T
2
4 2

erfc
1

20
AB
2

B

π
πλ

πλ λ λ
λ

= − +i

k

jjjjjj
y

{

zzzzzz
(6)

The MHC formalism also includes the standard free energy of
activation, which consists of the inner-sphere and outer-sphere
contributions arising from the structural reorganization of the
reactants and the surrounding solvent. The solvation free
energy of reactants is largely based on the Born model,
assuming that the solvent is a dielectric continuum and each
reactant is treated as a sphere, having the first solvation layer
dielectrically saturated.
The activation energy of the [Fe(CN)6]

3−/[Fe(CN)6]
4−

redox reaction has been estimated from temperature-depend-
ent exchange current density via the Arrhenius equation27

j A
E T S

RT
exp0

a= −
− Δ ≠i

k
jjjjj

y

{
zzzzz

(7)

and our analysis will compare this approach with the MHC
formalism (eqs 4−6).

X-ray Absorption Spectroscopy (XAS). X-ray absorption
spectroscopy measurements at the iron K-edge (7112 eV) were
performed at the inner-shell spectroscopy (ISS) 8-ID at the
National Synchrotron Light Source II at Brookhaven National
Laboratory (BNL). The sample holders (2 × 2 cm2

polyethylene resealable bags) were filled with 200 μL of
electrolyte and mounted at an angle of roughly 45° with the
respect to both the incident beam and the detectors. The
irradiated spot size on the sample was about 25 μm in
diameter. All measurements were made at room temperature in
the fluorescence mode. All samples were measured with a Fe
metal foil reference simultaneously for correct energy align-
ment of individual spectra during data analysis. Data
processing (spectra alignment, averaging, and normalization)
was done using Athena. Normalized spectra were fitted
utilizing Artemis with theoretical structural models created
with FEFF6. A higher concentration than that used in
electrochemical measurements, 0.2 M (K3Fe(CN)6 or K4Fe-
(CN)6), was used in the XAS measurements to obtain reliable
XAS signals. Chloride salt (2 M) of CsCl, RbCl, KCl, NaCl,
LiCl, or TBACl was added to have a reasonable cation/redox
ratio, allowing for the observation of the appropriate cation
effect.

In Situ Surface-Enhanced Infrared Absorption Spec-
troscopy (SEIRAS). Pt or Au was deposited on a hemi-
spherical Si prism (radius 22 mm, Pier Optics). The prism was
mounted on a spectro-electrochemical three-electrode cell with
a Ag/AgCl reference electrode and a platinum-wire counter
electrode. The SEIRAS spectra were obtained with a Fourier
transform infrared (FTIR) Vertex 70 (Bruker) spectrometer
equipped with an mercury−cadmium−telluride (MCT)
detector. The optical path was fully replaced with N2 gas.
The SEIRAS spectra were obtained with 4 cm−1 resolution at
7.5 kHz scan velocity in the 500−4000 cm−1 spectral range;
128 scans were averaged. The SEIRAS spectra were recorded
using a single-reflection attenuated total reflection (ATR)
accessory (Pike Vee-Max II, Pike Technologies) with a Si
prism at an incident angle of 68°. Further details of in situ
SEIRAS can be found elsewhere.60 For in situ SEIRAS
measurements, electrolytes consisted of 2 mM [Fe(CN)6]

4−

or [Fe(CN)6]
3− and 0.6 M chloride salts of Li+, K+, or Cs+. To

further amplify the cation effect, the measurements were
repeated in electrolytes at a higher concentration, consisting of
0.1 M [Fe(CN)6]

4− or [Fe(CN)6]
3− and 2 M chloride salts.

After deoxygenation of the electrolyte solution, obtained by
purging Ar, the prism surface was cleaned by cycling the
potential between 0.6 and 1.2 VRHE. The equilibrium potential
is ∼0.9 VRHE for electrolytes containing 0.1 M [Fe(CN)6]

4− or
[Fe(CN)6]

3− and 2 M chloride salts. For the oxidation of
[Fe(CN)6]

4−, the reference spectrum I0 was measured at 0.5
VRHE in the electrolytes containing [Fe(CN)6]

4− and chloride
salt. SEIRAS spectra were collected at 0.7, 0.9, and 1.1 VRHE at
room temperature. During the reduction of [Fe(CN)6]

3−, the
reference spectrum I0 was measured at 1.2 VRHE in the
electrolytes containing [Fe(CN)6]

3− and chloride salt. SEIRAS
spectra were collected at 1.1, 0.9, and 0.7 VSHE at room
temperature. All spectra are shown in absorbance units defined
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as log(I0/I), where I0 and I represent the spectra at the
reference and sample potentials, respectively.
For ex situ ATR/FTIR measurements of bulk electrolytes,

the spectra were acquired in the ATR mode using a Si prism
(Pier Optics) without surface deposition at an incident angle of
70°. Spectral settings were the same as in situ SEIRAS
measurements.

■ RESULTS AND DISCUSSION
Cation-Dependent Solvation Structures of Redox

Anions and Cations from Molecular Dynamics Simu-
lations. The results from the MD simulation show that the
local solvation environment of redox anions is strongly cation-
dependent. Analysis of the Fe-cation radial distribution

functions (RDFs) reveals increasing first peak intensity in the
order of Li+ < Na+ < K+ < Rb+ < Cs+, as illustrated in Figure
2a,b. In addition, the first peak in the RDF was found to be
narrower for [Fe(CN)6]

4− than for [Fe(CN)6]
3−, suggesting

that the more highly charged anion binds neighboring cations
more tightly. This difference can be attributed to stronger
Coulombic interactions associated with the higher charge of
[Fe(CN)6]

4−, in agreement with previous works.25,57 On the
other hand, RDFs of Fe−O for [Fe(CN)6]

4− (Figure 2c) and
[Fe(CN)6]

3− (Figure 2d) had broad distributions centered at
∼5.0 Å for all of the cations, with decreasing peak intensities in
the order of Li+ > Na+ > K+ > Rb+ > Cs+, as illustrated in
Figure 2c,d. By integrating over the first peak, we find that the
coordination number of water molecules in the solvation

Figure 2. Changes in the water and cation occupancy within the first solvation shell of the [Fe(CN)6]
3−/[Fe(CN)6]

4− redox center calculated
using classical MD simulation. Systems contain 7336 water molecules, 80 cations, 80 Cl− ions, and 8 molecules of [Fe(CN)6]

4− and [Fe(CN)6]
3−

each in the presence of different chloride salts of Li+, Na+, K+, Rb+, and Cs+ in classical MD simulations, corresponding to 60 mM [Fe(CN)6]
3−/

[Fe(CN)6]
4− and 0.6 M chloride salts in water. Fe-cation radial distribution function (RDF) for (a) [Fe(CN)6]

4− and (b) [Fe(CN)6]
3−. Fe−O

RDF for (c) [Fe(CN)6]
4− and (d) [Fe(CN)6]

3−. (e) Fe−O and Fe-cation coordination number at the outer boundary of the first solvation shell (r
= 5.5 Å) along the sequence of different cations, revealing that the decrease in water molecules is compensated for by an increase in cations. (f)
Schematic showing the altered redox [Fe(CN)6]

4− solvation shell by 1 Li+ with 16 water molecules and 3 Cs+ with 12 water molecules. For the
coordination number of Fe-cation and Fe−O as well as N−H RDF and coordination number of [Fe(CN)6]

4− and [Fe(CN)6]
3−, please refer to

Figure S6.
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sphere decreases from approximately 16 to 12 for [Fe(CN)6]
4−

as the cation is changed from Li+ to Cs+ (and from
approximately 14 to 12 for [Fe(CN)6]

3−), respectively.
These results are plotted in Figure 2e. This trend is in
agreement with the decreasing interaction energy, E (see eq 1),
between [Fe(CN)6]

3−/[Fe(CN)6]
4− and water in the order of

Li+ > Na+ > K+ > Rb+ > Cs+ (more information on the
interaction energy is available in Figure S5). The reduced
coordination of water molecules from Li+ > Na+ > K+ > Rb+ >
Cs+ was accompanied by the increased coordination with
cations (Figure 2e), indicating that cations are displacing water
molecules within the first solvation shell of the redox species,
as illustrated in Figure 2f.

To better understand the influence of different cations on
the electrostatic fluctuations of the bulk electrolyte solution, we
analyzed the electrostatic potential fluctuations felt by various
species in solution. We quantify these fluctuations in terms of
the probability distribution of the Madelung potential
(Appendix S1) evaluated for cations and the oxygen of water
molecules inside and outside of the cationic solvation shell.
The fluctuations in this potential drive Marcus-like outer-
sphere electron-transfer reactions. The width of the associated
probability distribution in particular can be related to the
reorganization energy.48

Figure 3a shows the structure of the simulation cell
containing 0.6 M LiCl in water, and Figure 3b highlights the
aqueous solvation environment of Li+. The electrostatic

Figure 3. Electrostatic potential distribution analysis of systems containing 10 738 water molecules, 109 cations, and 109 Cl− ions in classical MD
simulation, corresponding to 0.6 M chloride salts in water. (a) Image of the unit cell of the simulation; (b) image highlighting a Li+ ion surrounded
by four water molecules in its first solvation shell; (c) Madelung potential energy distribution of the oxygen atoms in bulk water molecules; (d)
Madelung potential energy distribution of the oxygen atoms of water molecules in the solvation shell of cations; and (e) Madelung potential energy
distribution of cations. The Madelung potential energy was normalized to the Li+ case.
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potential distributions for water oxygen in the bulk of the
electrolyte were found to exhibit negligible dependence on the
identity of the cation species, as illustrated in Figure 3c. This
observation implies an expectation that the long-range
contribution of electrolyte fluctuations to the bulk water
structure should be cation-independent. Hence, we focus more
specifically on the region around the cations. Figure 3d
contains a plot of the Madelung potential distribution for the
oxygen of water molecules within the first solvation shell of a
cation. We observe that with the exception of Li+, the
distributions are nearly identical, suggesting that even local
electrostatic fluctuations are not strongly affected by the
cations. For Li+, strong water coordination shifts the mean but
reduces the variance only slightly. Notably, the widths of these
distributions do not exhibit the systematic changes that would
be required to account for observations of cation-dependent
ET rates in homogeneous reactions reported previ-
ously.26,30,31,33 We thus conclude that these observations
arise through the changes in redox solvating structures due to
noncovalent interactions associated with redox centers,
spectator cations, and water molecules.
This conclusion is further supported by calculations of the

potential distributions at the positions of the cations
themselves. As Figure 3e illustrates, these distributions vary
systematically in their mean and variance as the identity of the
cation is changed, with the mean and variance increasing as
Cs+ < Rb+ < K+ < Na+ ≪ Li+ (Figure 3e). More detailed
information about these calculations is presented in the
Supporting Information (Figure S7). Below, we examine the
influence of cation-dependent solvation environments of redox
anions and cations in the electrolyte on the electron-transfer
kinetics of the [Fe(CN)6]

3−/[Fe(CN)6]
4− redox couple.

Cation-Dependent Exchange Current Densities of
the [Fe(CN)6]

3−/[Fe(CN)6]
4− Redox Couple. RDE measure-

ments show that the electron-transfer kinetics of [Fe(CN)6]
3−/

[Fe(CN)6]
4− are strongly dependent on the nature of cations

in the electrolyte (Figures 4 and S8), increasing in the
sequence of tetrabutylammonium+ (TBA+) < Li+ < Na+ < K+ <
Rb+ < Cs+. Cyclic voltammogram of 2 mM equimolar
[Fe(CN)6]

3−/[Fe(CN)6]
4− dissolved in Ar-saturated 0.6 M

LiCl and KCl collected from an Au RDE revealed a well-
defined kinetics-limiting regime (overpotential of ∼±0.03 V)
and linear increments of transport-limiting currents with
increasing rotation speeds from 400, 900, 1600 to 2500 rpm
at 293 K, as shown in Figure 4a,b, respectively. Kinetic currents
of the [Fe(CN)6]

3−/[Fe(CN)6]
4− redox couple were obtained

by removing the influence of transport from rotation-
dependent currents using a method typically used for fast
electron-transfer reactions59 (eq 3 and Figure S2 for the
Koutecky−Levich plot). The kinetic current density normal-
ized by the geometric surface area (0.196 cm2) of Au RDE is
shown in Figure 4c, from which the exchange current density,
j0, was extracted. Comparable exchange current densities were
obtained from the Butler−Volmer (triangles in Figure 4d) and
MHC analyses41−43 (circles in Figure 4d), which were found
to increase by 2 orders of magnitude in the sequence of
tetrabutylammonium+ (TBA+) < Li+ < Na+ < K+ < Rb+ < Cs+,
from 0.2 for Li+ to 22.6 mA cm−2 for Cs+. Similar cation-
dependent kinetics have been reported for [Fe(CN)6]

3−/
[Fe(CN)6]

4− by electrochemical impedance spectroscopy on
Au,29 a current impulse method on Au,27 and a microelectrode
study on Pt61 and for the reaction constants for self-exchange
reactions of [Os(CN)6]

3−/[Os(CN)6]
4−,26,33 [Mo(CN)8]

3−/

[Mo(CN)8]4−,26 and [W(CN)8]
3−/[W(CN)8]4−26 measured

by NMR.26,33

The cation-dependent trend in the exchange current density
remained when the concentration of cations was decreased
from 0.6 to 0.06 M (Figure S9). The exchange current density
of 2 mM [Fe(CN)6]

3−/[Fe(CN)6]
4− decreased linearly on

lowering the concentration of cations in the supporting
electrolyte (Figure S9a). For example, the exchange current
density decreased from 0.24 to 0.01 mA cm−2 for Li+ and from
3.15 to 0.2 mA cm−2 for K+ when the concentration of MCl
was changed from 0.6 to 0.06 M. The first reaction order on
the cation concentration (Figure S9a) is in agreement with the
previously reported reaction order found for the exchange
current density of [Fe(CN)6]

3−/[Fe(CN)6]
4− redox (KCl)27

and for the rate constants of self-exchange reactions of
[Os(CN)6]

3−/[Os(CN)6]
4− ,26,33 [Mo(CN)8]

3−/[Mo-
(CN)8]

4−,26 and [W(CN)8]
3−/[W(CN)8]

4−26 in the electro-
lytes of chloride salts of Li+, Na+, K+, Rb+, and Cs+ from NMR
measurements.26,33 The exchange current density of 2 mM
equimolar [Fe(CN)6]

3−/[Fe(CN)6]
4− redox in the presence of

cations in the electrolyte such as K+ translates to a
heterogeneous reaction rate constant khetero

0 of 0.016 cm s−1,
which is in agreement with those from previous RDE studies
reported by Kůta et al. (0.02 cm s−1),28 Angell et al. (0.02 cm

Figure 4. Cation-dependent kinetics of 2 mM equimolar [Fe-
(CN)6]

3−/[Fe(CN)6]
4− in aqueous electrolyte electrodes. Cyclic

voltammograms measured in an Ar-saturated aqueous solution of 0.6
M (a) KCl and (b) LiCl on the Au RDE electrode at 10 mV s−1 and
400, 900, 1600, and 2500 rpm at 293 K. (c) Kinetic current density jk
measured on Au and extracted by the fast kinetic model of Koutechy−
Levich analysis59 (eq 3). (d) Exchange current density j0 measured on
Au fitted by the Butler−Volmer and MHC formalisms41 for the fast
kinetic model. The values of reaction entropy were taken from ref 24.
Error bars were obtained from the standard deviation of three
independent measurements.
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s−1),62 and Kawiak et al. (0.02 cm s −1),61 electrochemical
impedance spectroscopy studies (0.06 cm s−1),29 and the
current impulse method (0.06 cm s−1).27 These rates also
compare well with self-exchange reaction rates khomo

0 of 0.7 M
s−1 30 (corresponding to an equivalent heterogeneous rate
khetero
0 ′ of 0.06 cm s−1 using khomo

0 ′ = khomo
0 × [C] × δO,

59 where
[C] is the redox concentration and δO is the thickness of the
diffusion layer of [Fe(CN)6]

3−/[Fe(CN)6]
4− being ∼10−6 m

from δO = 1.61DO
1/3ω−1/2ν1/6,59 with further details found in

the Table S2, Supporting Information).
Cation-Dependent Reorganization Energy of the

[Fe(CN)6]
3−/[Fe(CN)6]

4− Redox Couple. The reorganization
energy for the kinetics of the [Fe(CN)6]

3−/[Fe(CN)6]
4− redox

reaction was found to increase in the order of Cs+ ∼ Rb+ < K+

< Na+ < Li+ ∼ TBA+ (Figures 5a and S9), which was extracted
by fitting kinetic currents (Figure 4c) measured from 2 mM
equimolar [Fe(CN)6]

3−/[Fe(CN)6]
4− with 0.6 M MCl on Au

using the MHC formalism.41−43 The reorganization energy (λ)
increased from 0.23 eV for Cs+ to 0.59 eV for Li+, which was

accompanied by the increasing reaction entropy ( )S E
T

d
d

1/2Δ =
measured by the temperature-dependent formal potential of
r e d o x r e a c t i o n s

( )E E Eln lnRT
zF

RT
zF1/2 0

Ox

Red 0
Ox

Ox

Ox

Red
= + = +γ

γ
γ
γ

[ ]
[ ]

as reported

previously.24 The reaction entropy of [Fe(CN)6]
3−/[Fe-

(CN)6]
4− redox was found to become more negative (from

−140 to −167 J mol−1 K−1) on the order of Li+ < Na+ < K+ <
Rb+ < Cs+, suggesting that cations could alter the disordering
within the redox solvation structure, which could consequently
lead to changes in the activity of redox molecules and in the
half-cell potential (from 0.89 VRHE for Li+ to 0.92 VRHE for
Cs+) (Figure S3b). Figure 5a shows that the reorganization
energy of the [Fe(CN)6]

3−/[Fe(CN)6]
4− redox process can be

strongly correlated with the reaction entropy, and thus the
disordering in the redox solvation structure induced by the
cations, where the reorganization energy increases on
increasing the ordering in the solvation shell with a lower

Figure 5. Temperature-dependent kinetics of 2 mM equimolar [Fe(CN)6]
3−/[Fe(CN)6]

4− in an Ar-saturated aqueous solution containing 0.6 M
chloride salts measured on Au. (a) Reorganization energy (solid circle) and activation energy Ea (open triangle) from the Arrhenius expression of
exchange current densities of [Fe(CN)6]

3−/[Fe(CN6
)]4− against the experimental reaction entropy of [Fe(CN)6]

3−/[Fe(CN)6]
4− redox taken

from a previous work.24 Error bars were obtained from the standard deviation of three independent measurements. Temperature-dependent kinetic
current density at 293−323 K in 0.6 M (b) KCl and (c) LiCl. (d) Reorganization energy of [Fe(CN)6]

3−/[Fe(CN6
)]4− as a function of

temperature in electrolytes with different cations. The temperature-dependent measurements of [Fe(CN)6]
3−/[Fe(CN)6]

4− redox on Au in the
presence of Cs+ and Rb+ (Figure S10a,b) as well as kinetic measurements on Pt were found to have large experimental uncertainty (Figures S11 and
S12), which can be attributed to either significant mass transport limitation due to fast kinetics of [Fe(CN)6]

3−/[Fe(CN)6]
4− (Figure S13 for the

ratio of kinetic current density over limiting current density) or the degradation of [Fe(CN)6]
3−/[Fe(CN)6]

4− on the electrode surface reported
previously.87,88 (e) Interfacial static dielectric constant extracted via reorganization energy without (λSOLV, eq 8) and with (λIONIC, eq 9) ionic
environment effects and via the experimentally measured half-cell reaction entropy (ΔS, eq 10) of [Fe(CN)6]

3−/[Fe(CN)6]
4−. Both approaches

showed similar cation trends on the order of Li+ > Na+ > K+ > Rb+ > Cs+.
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reaction entropy (e.g., Li+). The difference in the reorganiza-
tion energy for different cations observed experimentally could
be attributed to the decrease in water molecules compensated
for by an increase in the number of cations (Figure 2),
facilitating the reorganization of the redox solvation shell
during electron transfer.
The reorganization energy for each cation did not change

with cation concentration in the range of 0.06−0.6 M (Figure
S9b). However, the electronic coupling energy HAB obtained
by fitting MHC formalism was found to increase with cation
concentration and structure-breaking properties of cations in
the electrolytes (Figure S9d), which can be attributed to the
cation-dependent interfacial water structure induced by
cations. The values of HAB in this work were found in the
range of 0.01−0.1 eV (Figure S9d), which were on the same
order of magnitude as that reported previously, ∼0.025 eV by
the theoretical approach.63 More importantly, fitting temper-
ature-dependent kinetics of 2 mM equimolar [Fe(CN)6]

3−/
[Fe(CN)6]

4− with 0.6 M MCl on Au on increasing the
temperature from 293 to 323 K (K+ in Figure 5b, Li+ in Figure
5c and Figure S10c−f) using MHC revealed that the
reorganization energy is not temperature-dependent (Figure
5d). Moreover, the activation energy obtained from the
temperature-dependent exchange current density of [Fe-
(CN)6]

3−/[Fe(CN)6]
4− in 0.6 M MCl was found to be

cation-dependent (Figure S10i−l), increasing from 0.17 eV for
K+ to 0.3 eV for Li+ (Figure 5d), which was proportional to λ,

with a fitted value of
E 1

2
a =

λ
. This ratio is in agreement with

that reported previously ( )E1
1.5

1
3

a> >
λ

for charge-transfer

kinetics of lithium-ion intercalation in porous electrodes.42

Furthermore, combining the analytical expression of exchange
current density in MHC formalism and the Arrhenius
equation, the theoretical value of the ratio of Ea

λ
is estimated

to be 1
3.8

∼ , in agreement with experiments (Figure 5a). Both

temperature-independent reorganization energy and the
activation energy of the exchange current density proportional
to the reorganization energy provide compelling evidence41 for
MHC electron-transfer kinetics of [Fe(CN)6]

3−/[Fe(CN)6]
4−

redox in this work.
The reorganization energy obtained from the kinetics of

[Fe(CN)6]
3−/[Fe(CN)6]

4− measured on Au (Figure 5) in this
work is equal to half of those measured previously for that of
the corresponding homogenous reaction kinetics (1.1 eV),45

which is in agreement with the prediction from the Marcus
theory.59 In addition, the computed reorganization energy of
0.83 eV for the kinetics of [Fe(CN)6]

3−/[Fe(CN)6]
4− redox at

the electrode surface found by Ghosh et al.46 using an implicit
Born model, having no cations in the solvation shell of redox
anions, is larger than that found in this study. Moreover, the
reorganization energies extracted from the measured electron-
transfer kinetics of [Fe(CN)6]

3−/[Fe(CN)6]
4− (in 0.25 M

CF3COONa, λ = 1.13 eV)64 and ferrocene/ferrocenium
([Fe(C5H5)2]

+/[Fe(C5H5)2]
0) (in 1 M HClO4, λ = 0.85 eV)

tethered on the thiol monolayer assembled on Au43 are larger
than those in this work. We propose that these differences can
be attributed largely to different static dielectric constants at
the electrified interface assumed and/or the distance of
[Fe(CN)6]

3−/[Fe(CN)6]
4− (20 Å) from the electrified

interface than those in the electrolyte of this study (estimated
as ∼12−17 Å).

In the Marcus theory,40,59,63,65 the reorganization energy
represents the energy necessary to transform the nuclear
configurations in the reactant and the solvent to those of the
product state. The total reorganization energy of the electron-
transfer is represented by λ = λi + λo, where λi is the inner
component of the reorganization of the chemical bond of
redox species and λo corresponds to the outer contribution of
solvent reorganization during electron-transfer processes. The
inner component of the reorganization energy was estimated at
0.01 eV by the George−Griffith model (Appendix S2),63,65

which is shown to be negligible compared to the outer
reorganization energy λo. Following the Born solvation model
of outer reorganization energy, we estimate the cation-
dependent reorganization energy using the following equa-
tion42,59
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where ε0 is the permittivity of free space, a0 is the effective
radius of the reactant, d is the distance from the center of
[Fe(CN)6]

3−/[Fe(CN)6]
4− to the surface of the electrode, εop

is the optical dielectric constant, and εs is the static dielectric
constant of the electrolyte near the electrified interface.
However, this continuum model assumes that the ionic
environment is described by structureless point particles
within the Debye−Hückel theory and the static dielectric
constant is independent of the electrolyte concentration. To
take into account the effect of the ionic environment, Marcus66

and Ghosh et al.46 further suggested a reorganization energy
model by
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where κ i s the inve r se Debye l eng th , where
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k
jjj

y
{
zzz ,67 Zi and Ci are the charge and

concentration of species i in the electrolyte, respectively, e is
the elementary charge, NA is the Avogadro constant, ε0 is the
permittivity of free space, and εs is the static dielectric constant
of the solvent.
Using the effective radius of the redox, which is the distance

between Fe and O (RDF) (5.5 Å in Figure 2c,d), as a0 and the
distance d between the redox center and the electrode, which is
the sum of the effective radius of the redox and the diameter of
the cations, as d = a0 + dcation (dCs = 11.6 Å and dLi = 7 Å),19

the optical dielectric constant of water was found to be 1.847,68

and the static dielectric constant at the electrified interface was
found to be cation-dependent (Figure 5e), in the orders of Li+

(18) > Na+ (6.4) > K+ (4.1) > Rb+ (3.2) > Cs+ (3) and Li+ (9)
> Na+ (3) > K+ (2) > Rb+ (1.8) ∼ Cs+ (1.8) using
reorganization energy models without (λSOLV) and with
(λIONIC) ionic environment effects, respectively, which are
smaller than the dielectric constants in bulk solutions of
chloride salts of Li+, Na+, K+, Rb+, and Cs (∼70), reported
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previously.69,70 The experimentally measured cation-depend-
ent reorganization energy values in Figure 5a can be
reproduced using this formula. Moreover, using these dielectric
constants, we could predict the experimentally measured
cation-dependent trend in the reaction entropy of [Fe-
(CN)6]

3−/[Fe(CN)6]
4− 24 using the Born model of reaction

entropy24,71
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where T is temperature and z and r are the charge and ionic
radii of redox species, respectively. Considering the temper-

ature-dependence term,( ) 1.42
T

d ln
d

s ≈ −ε
,72 which is similar to

that of pure water for approximation (identical for all cations),
the interfacial static dielectric constant extracted via reaction
entropy showed similar cation dependence (Figure 5e), on the
order of Li+ (4.2) > Na+ (4.1) > K+ (4.0) > Rb+ (3.8) > Cs+

(3.6). The difference between the Born model and
experimental values is larger for other cations (Li+, Na+, Rb+,
and Cs+), which might be attributed to the influence of the
cation on the temperature dependence of the dielectric

constant, where a larger temperature dependence of εs is
expected for Li+ (structure-making ions) and a smaller
temperature dependence of εs is expected for Cs+ (structure-
breaking ions). These estimated static dielectric constants at
the electrified interface are much smaller than those of bulk
water (78)70 and bulk solutions (30−75),69,73 as seen from
previous experimental69,70 and MD simulations.73 This result is
in agreement with previous MD simulations of confined water
at the planar surface,75,76 which reveals a much reduced static
dielectric constant (in the range of 1−5). Further support
comes from experimental studies,68 where the local capacitance
measurements for water were confined between two atomically
flat walls separated by various distances down to 1 nm,
suggesting the presence of an interfacial layer with a
vanishingly small polarization such that its out-of-plane
dielectric constant is only ∼2, which can be attributed to the
reduced rotational freedom of water dipoles near surfaces. In
addition, interfacial water within spherical cavities (40−60)76
and the spherical solute surface (4−9)77 has been reported to
have a static dielectric constant greatly different from the bulk.
Moreover, cation concentrations at the electrified interface are
shown to be 60 times greater than those in the bulk,78,79 which
can alter the interfacial dielectric constant. Below, we provide

Figure 6. Altering interfacial structure at the Au surface in aqueous electrolytes through noncovalent interactions associated with the redox center,
inert cations, water molecules, and Au surface. In situ SEIRAS spectra of oxidation of 0.1 M [Fe(CN)6]

4− in an aqueous solution of 2 M chloride
salts of (a) Li+ and (b) Cs+. (c) Cation trends of OH stretching during [Fe(CN)6]

4− oxidation at 1.1 VRHE. (d) Comparison of the relative peak
area of weakly H-bonded water and asymmetric and symmetric H-bonded water. (e) Scheme summarizing the proposed mechanisms of cation-
dependent kinetics where structure-breaking cations could promote weakly H-bonded water molecules at the metal surface and make the redox
solvation shell disordered with loosely bonded water molecules; structure-making cations could promote a strongly hydrogen-bonded (ice-like)
interfacial water layer and make the redox solvation shell ordered with tightly bonded water molecules. (f) Reorganization energy λ and exchange
current density j0 of the [Fe(CN)6]

3−/[Fe(CN)6]
4− redox (Figures 4 and 5) as a function of the relative fraction of the weakly H-bonded water

peak area in OH stretching band features.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c10492
J. Phys. Chem. C 2021, 125, 4397−4411

4406

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10492?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10492?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10492?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10492?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10492?ref=pdf


support to cation-dependent solvation environments at the
electrified interface from in situ surface-enhanced FTIR
measurements, which can potentially give rise to cation-
dependent static dielectric constants at the electrified interface.
Cation-Dependent Solvation Structures at the Elec-

trified Interface. We employed in situ SEIRAS to probe
[Fe(CN)6]

3−/[Fe(CN)6]
4− redox centers and solvation

structures on Au as a function of voltage in the presence of
2 M MCl, including Li+, K+, and Cs+, where CN stretching
(∼2200−2000 cm−1), OH stretching (∼3600−3200 cm−1),
and HOH bending (∼1700−1600 cm−1) were probed (Figures
6, S14, and S15). Figure 6a,b shows in situ SEIRAS spectra of
[Fe(CN)6]

4− oxidation in the presence of Cs+ and Li+,
respectively, and those with K+ are shown in Figure S14a−c for
comparison. The peak growth at 2116 cm−1 and peak
reduction at ∼2040 cm−1 were observed when the potential
was increased from 0.7 to 1.1 VRHE (the equilibrium potential
of 2 mM [Fe(CN)6]

3−/[Fe(CN)6]
4− in 2 M MCl is ∼0.9

VRHE), which could be attributed to the production of
[Fe(CN)6]

3− and consumption of [Fe(CN)6]
4, respectively.80

The reverse trend was noted when the potential was
reversed, as shown in Figure S14d−f. In addition, the peak
intensity changes as a function of voltage were more
pronounced for [Fe(CN)6]

4− than [Fe(CN)6]
3−, which can

be attributed to the greater negative charge of [Fe(CN)6]
4−

and thus the greater electrostatic attraction to positively
charged Au in the voltage range.81 Moreover, in situ SEIRAS
spectra at 1.1 VRHE revealed increasing consumption of
[Fe(CN)6]

4− and production of [Fe(CN)6]
3− in the order of

Li+ < K+ < Cs+, as shown in Figure S14g, in agreement with
faster kinetics on the same order (Figure 4). Furthermore, the
CN stretching wavenumber of 0.1 M [Fe(CN)6]

4− was found
to shift negatively in the order of Cs+ < K+ < Li+ at the
electrified interface (Figure S14i), similar to the results from
our previous FTIR and Raman measurements in bulk
electrolytes.24

The negative shift of the C−N stretching in the order of Cs+

> Rb+ > K+ > Na+ > Li+ can be attributed to the weakening of
C−N bonds due to increasing water molecules and decreasing
cations in the solvation environment of negatively charged
[Fe(CN)6]

3−/[Fe(CN)6]
4− redox centers.24 This argument is

further supported by X-ray absorption spectroscopy (XAS)
measurements of Fe centers.82,83 The Fe K-edge near-edge
spectrum (X-ray absorption near edge structure (XANES)) of
0.2 M [Fe(CN)6]

3− showed a higher white line intensity than
that of [Fe(CN)6]

4−, suggesting a lower electron density
(Figure S16). More interestingly, the white line intensities of
the Fe K-edge of [Fe(CN)6]

3− and [Fe(CN)6]
4− were both

found to increase on the order of TBA+ < Li+ ∼ Na+ < K+ <
Rb+ < Cs+ (with 2 M MCl added, Figure S16b,c), suggesting
reduced electron densities on Fe due to noncovalent
interactions in the presence of cations, having a decreased
number of water molecules and increased number of cations in
the solvation shell. The pre-edge peak of the Fe K-edge (Figure
S16d,e) displayed a similar peak energy for all cations,
revealing that the ligand field of the [Fe(CN)6]

3−/[Fe-
(CN)6]

4− complex in the presence of these cations remained
unchanged.
In situ SEIRAS measurements revealed cation-dependent

solvation environments for the redox of [Fe(CN)6]
3−/

[Fe(CN)6]
4− at the electrified interface from OH stretching

(∼3600−3200 cm−1) and HOH bending (∼1700−1600 cm−1)
features, as shown in Figures 6a−c and S17, respectively. It

should be noted that the OH stretching and HOH bending
features in bulk electrolytes were not sensitive to the nature of
cations (Figure S18) from ex situ ATR/FTIR measurements.
The intensity of OH stretching features was shown to decrease
from Li+, K+ to Cs+ (Figure 6c), indicating fewer water
molecules near the electrified interface. The OH stretching
features were further deconvoluted into three features: weakly
H-bonded water molecules at 3630 cm−1,84,85 asymmetric H-
bonded water molecules at 3462 cm−1 (water−cation
interaction, i.e., water in the solvation shell of cations),84,85

and symmetric H-bonded water molecules at 3247 cm−1

(water−water interaction, i.e., icelike water or bulk
water).84,85 The relative fraction of weakly H-bonded water
molecules at the electrified interface was found to increase
from Li+, K+ to Cs+, while that of strongly H-bonded
(asymmetric and symmetric) water molecules decreased
(Figure 6d). This observation is in agreement with more
cations and few water molecules observed at the electrified
interface for Cs+ relative to Li+, as shown in the schematic
(Figure 6e), which is supported by HOH bending features.
The HOH bending vibration peak (Figure S17) showed
similar trends in the hydrogen-bonding network of interfacial
water molecules, where the peaks at ∼1610 and ∼1650 cm−1

correspond to weakly H-bonded and strongly H-bonded water
molecules, respectively.84 In the presence of Li+, the Au surface
was largely covered by strongly (symmetric and asymmetric)
H-bonded water, which increased its intensity with increasing
potential. In the cases of Cs+ and K+, the intensity of the peak
at ∼1650 cm−1 (strongly H-bonded water) was reduced
compared to Li+; its intensity increased at higher potentials,
resulting in a decreased fraction of weakly H-bonded water
molecules and a negative-going peak at ∼1610 cm−1.

Relating Cation-Dependent Kinetics to Cation-De-
pendent Solvation Structures at the Electrified Inter-
face. The increased exchange current density in the order of
Li+ < Na+ < K+ < Rb+ < Cs+ is coupled with the decreased
reorganization energy extracted from the MHC formalism.41

The MHC model predicts increasing exchange current density
with decreasing reorganization energy.41 Using the analytical
expression of the MHC exchange current density,

j erfcH
h k T0
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4 2
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k
jjj

y
{
zzz,41 the reorganization en-

ergy from 0.23 eV for Cs+ to 0.59 eV for Li+ would translate to
an increase of 44 times for the exchange current density (see
the Method section for more details) considering HAB ∼ 0.025
eV63,65 for the redox of typical transition-metal complexes,
which is in reasonable agreement with experimental measure-
ments of 113 times in Figure 4.
Cation-dependent kinetics of [Fe(CN)6]

3−/[Fe(CN)6]
4− in

terms of the exchange current density and the reorganization
energy can be attributed to cation-dependent solvation
structures of [Fe(CN)6]

3−/[Fe(CN)6]
4− at the electrified

interface. As similar cation-dependent kinetic current densities
were found for RDE measurements collected from Pt (Figure
S12) to those obtained from Au, the cation-dependent kinetics
of [Fe(CN)6]

3−/[Fe(CN)6]
4− redox are unlikely derived from

the positively charged interface, where Pt is expected to have
less positive charge than Au near the equilibrium potential of
[Fe(CN)6]

3−/[Fe(CN)6]
4− (∼0.9 VRHE) due to the higher

potential of zero charge of 0.72 VRHE on Pt,86 than 0.62 VRHE
on Au.81 Of significance to note is that increasing the fraction
of weakly H-bonded water and decreasing the fraction of
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strongly H-bonded water near the electrified interface were
found to correlate with increasing exchange current density in
the order of Li+ < K+ < Cs+ in Figure 4 and decrease with the
reorganization energy of [Fe(CN)6]

3−/[Fe(CN)6]
4− redox in

the order of Li+ > K+ > Cs+ (Figure 5), as shown in Figure 6f.
Having an increasing fraction of weakly H-bonded water
molecules at the electrified interface on the order from Li+, K+

to Cs+ (Figure 6e) supports the fact that the electrified
interface of Cs+ can have lower static dielectric constants than
that in the presence of Li+ proposed in the previous sections.
This argument is in agreement with the fact that the
hydrophobic interface with weakly H-bond water is shown to
have lower dielectric constants than the hydrophilic one.74 In
addition, the proposed mechanism (Figure 6e) is in agreement
with those reported for increasing rate constants of self-
exchange reactions of [Os(CN)6]

3−/[Os(CN)6]
4−,26,33 [Mo-

(CN)8]
3−/[Mo(CN)8]4−,26 and [W(CN)8]

3−/[W(CN)8]4−26

from Li+ < Na+ < K+ < Rb+ < Cs+, where reducing the number
of coordinated water molecules from cations (Figure 1a) can
promote the electron-transfer kinetics by allowing closer
contact of two anions with a bridging cation.26

■ CONCLUSIONS
Classical MD simulation of the bulk electrolyte containing 0.06
M [Fe(CN)6]

3−/[Fe(CN)6]
4− redox and 0.6 M chloride salts

of TBA+, Li+, Na+, K+, Rb+, and Cs+ showed that the solvation
shell of the [Fe(CN)6]

3−/[Fe(CN)6]
4− redox center can be

significantly altered by the spectator cations in the electrolyte,
where water molecules in the solvation shell tend to be
displaced by cations as the cations vary from Li+ to Cs+,
whereas the Madelung potential energy distribution analysis
showed that the overall structure/dynamics of the bulk
electrolyte remains essentially intact. The contribution from
the solvation structures of the redox-inactive structure-
making/-breaking cations to the electron-transfer kinetics of
2 mM equimolar [Fe(CN)6]

3−/[Fe(CN)6]
4− at polycrystalline

Au and Pt electrodes was systematically probed. A cation-
dependent trend for the exchange current density j0 has been
observed, where structure-breaking cations are found to
interact strongly with the [Fe(CN)6]

3−/[Fe(CN)6]
4− redox

center and the electrode surface, which facilitates electron
transfer by lowering the reorganization energy and increasing
the electronic coupling energy. At a given concentration of
supporting electrolyte, the exchange current density j0
increased with greater structure-breaking tendency of the
ions in the order of Cs+ > Rb+ > K+ > Na+ > Li+ ∼ TBA+.
Using the Born model of reorganization energy, the static
dielectric constant of water was found to decrease from 18 for
Li+ to 3 for Cs+, significantly lower than that of bulk water at
78. The electron density on the Fe atom in [Fe(CN)6]

3− and
[Fe(CN)6]

4− was found to increase with stronger structure-
breaking cations, as evidenced by the higher white line
intensity. In situ SEIRAS measurements showed that these
spectator ions might also alter the H-bonding network among
interfacial water molecules and thus induce changes in CN and
OH stretching features. We show that Cs+ ions could promote
weakly H-bonded water, whereas Li+ ions could promote a H-
bonded water network, which might be responsible for the
altered static dielectric constant of interfacial water molecules
and thus the observed cation-dependent kinetics (exchange
current density and reorganization energy) and reaction
entropy change of [Fe(CN)6]

3−/[Fe(CN)6]
4− redox. The

findings of this study may have broader implications for the

role of structure-making/-breaking spectator ions on redox
reactions in concentrated electrolytes and ionic liquids. These
fundamental insights into the control of solvation environ-
ments at the electrified interface can be leveraged to tune the
kinetic rates and selectivity of electrochemical reactions needed
for decarbonizing chemicals and fuels.
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