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ABSTRACT: Transition-metal ions regularly undergo charge
transfer (CT) by directly interacting with electrodes, and this
CT governs the performance of devices for numerous applications
like energy storage and catalysis. These CT reactions are deemed
inner sphere because they involve direct formation of a chemical
bond between the electrode and the metal ion. Predicting inner-
sphere CT kinetics on electrodes using simple physicochemical
descriptors would aid the design of electrochemical systems with
improved kinetics. Herein, we report that the average energy of the
d electrons (ie., d-band center) of a transition-metal electrode
rationalizes the kinetic trends of inner-sphere CT of transition-
metal ions. We demonstrate that V**/V*, an important redox
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reaction for flow batteries, is an inner-sphere reaction and that the kinetic parameters correlate with the adsorption strength of the
vanadium intermediate on Au, Ag, Cu, Bi, and W electrodes, with W being the most active electrode reported to date. We show that
the adsorption strength of the vanadium intermediate linearly correlates with the d-band center such that the d-band center serves as
a simple descriptor for the V**/V>* kinetics. We extract kinetic data from the literature for four other inner-sphere CT reactions of
metal ions involving Cr-, Fe-, and Co-based complexes to show that the d-band center also linearly correlates with kinetic trends for
these systems. The d-band center of the electrode is a general descriptor for heterogeneous inner-sphere CT because it correlates
with the adsorption strength of the metal-ion intermediate. The d-band center descriptor is analogous to the d-electron configuration
of metal ions serving as a descriptor for homogeneous inner-sphere CT because the d-electron configuration controls bond strengths

of intermediate metal-ion complexes.
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1. INTRODUCTION

Charge transfer (CT) reactions involving transition-metal ions
are critical in many natural phenomena and applications,
including photosynthesis,"”” biological systems,” > electro-
deposition, ~8 corrosion,” "' chemical sensors,”'* and energy
storage.'”'* In redox flow batteries and metal-air batteries, CT
kinetics of metal ions at an electrode are often a limiting factor
in device performance. For example, the round-trip electrical
efficiencies of vanadium redox flow batteries (VRFBs) are
reduced in part due to slower V>*/V3* charge transfer
preventing VRFBs from operating at high current densities,
increasing their capital costs. > Although Bi,'*7*? Ag,23
Sb,** W, Cu,”® and Sn*’” on carbon supports have shown
improved kinetics for the V2 /V3 reaction, there is little
understanding of the reason behind this kinetic enhancement
and whether there are any trends in the kinetics with electrode
properties. Various challenges have prevented a fair compar-
ison of activity among electrodes for V>*/V*" and several other
transition-metal-ion redox couples,”*™*” including the absence
of reaction rates normalized by the electrochemically active
surface area (ECSA), differences in experimental techniques
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(cyclic voltammetry at different scan rates, CT resistance at
different voltages) and testing conditions (mass transfer
limitations), and not capturing the effect of metal deposition
and functionalization on the properties of the carbon support.
In this work, by addressing the above challenges, we show that
V> /V?* redox kinetics vary by several orders of magnitude
across electrodes. We demonstrate that the d-band center of
the electrode linearly correlates with kinetics for the V**/V**
reaction on a series of metal electrodes, and similar correlations
hold for four other inner-sphere reactions at electrodes
involving transition-metal ions.

The large catalytic effect of the electrode on the kinetics of
heterogeneous inner-sphere CT (het-CT) reactions of
transition-metal ions is poorly understood. Because of the
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importance of the electrode in het-CT reactions, developing an
understanding of what electrode properties control rates would
aid the design of more active materials for this diverse range of
applications. Inner-sphere CT of transition-metal ions at
electrodes involves formation of a chemical bond between
the electrode and the metal ion, typically through a bridging
ligand. The bridging ligand mediates the electron transfer
between the electrode and metal ion. Bridging ligands are
typically molecules containing p-block elements like C, N, O,
P, S, and halides.”’ > The exchange current densities (iy) or
rate constants (k) vary by several orders of magnitude on
different electrodes for het-CT.”*™*’ Changes of this
magnitude in i; and k cannot be attributed solely to double-
layer changes at the electrode—electrolyte interface, so the
electronic structure of the electrode must have an effect on the
energies of intermediate steps.”””” The i, and k have been
shown to correlate with electrode Eroperties such as 4»point of
zero charge,*”*" work function,*”** electronegativity,”** and
polarizability for inner-sphere CT reactions of Fe'/Fe®"
complexes;"* however, there is a lack of physical understanding
of why these properties correlate with kinetics and how
universally these correlations hold.

We hypothesize that the large catalytic effect of the electrode
(i.e., orders of magnitude changes in iy and k) in het-CT is
because of the electrode’s influence on the adsorption energy
of the intermediate. We denote this intermediate species as
*[X—M], where * represents the electrode surface and X is the
bridging ligand through which metal ion M adsorbs. We have
previously shown that for the V**/V®' reaction on carbon
electrodes, the i, apparent activation energy (E,), and
apparent frequency factor are related to the adsorption
strength of the vanadium intermediate (*[X—V*']) and a
three elementary step reaction mechanism involving adsorp-
tion, electron transfer, and desorption is able to explain the
kinetic trends.>”>> Herein, we investigate whether this
relationship between V**/V** kinetics and adsorption strength
of the metal ion extends to metal electrodes and whether an
electrode property exists that can describe the trends in
kinetics for het-CT reactions of transition-metal ions.

In this work, we measure the V**/V3" kinetics on five
different metal electrodes in sulfuric acid and compute the
adsorption energies of the vanadium intermediate on these
electrodes. We find that V**/V3*i; varies by several orders of
magnitude across electrodes and W has the highest i, of any
reported electrocatalyst for V**/V3*, We demonstrate that the
kinetics follows a trend with the adsorption energy of the
vanadium intermediate. Furthermore, we show that V2*/V3*
kinetics linearly correlates with the d-band center of the
different electrodes. We demonstrate that the d-band center
controls the kinetics by changing the adsorption strength of the
metal-ion CT intermediate. We extend this analysis to show
that the d-band center also linearly correlates with the kinetics
of het-CT reactions involving Cr-, Fe-, and Co-based
complexes on different electrodes reported in the literature.
The d-band correlation is stronger than those of other
electrode properties proposed to explain kinetic trends.

2. RESULTS

2.1. V**/V3* Reaction Kinetics on Metal Electrodes.
We address the challenges highlighted in the Introduction
section that have prevented a fair comparison of V**/V**
kinetics on different electrodes by: (i) using unsupported
metals as electrodes in a single electrolyte to ensure any
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changes in activity are solely from the metal itself, (ii)
measuring ECSA normalized kinetics, and (iii) measuring
kinetic parameters using steady-state current measurements
and CT resistance at open-circuit voltages using a rotating disk
electrode that provides control over mass transfer limitations.
Mitigating these challenges allows us to understand the V**/
V3* reaction mechanism and identify physicochemical
descriptors that explain kinetic trends.

We measure the V>*/V>* kinetic parameters on Au, Ag, Cu,
Bi, and W metal electrodes in H,SO, to isolate the effect of the
electrode on charge transfer. We choose these metal electrodes
for our analysis because of their varying d-band center and
other electronic properties like work function, polarizability,
and electronegativity. The remaining metals in the d-block are
unstable at the V2*/V** redox potential, radioactive, or are
good electrocatalysts for hydrogen evolution reaction (HER)
making it difficult to measure V**/V*" kinetics. Even though Bi
is not a d-block element, we include Bi for our analysis because
Bi is the electrocatalyst used in the best-performing VRFB
reported to date and serves as a benchmark for comﬁaring the
kinetic performance of other metal electrocatalysts.”” Because
V3" interacts with anions present in the electrolyte and often
forms complexed species, we use the same electrolyte to ensure
the structure of reacting vanadium ions remains unchanged
and the role of the metal electrode on V?*/V3* redox kinetics is
isolated.””**** We have shown previously that V> exists as
[V(H,0)4]** and V** exists as a mixture of [V(H,0)50,]*
and [V(H,0)4]*" in H,80,.**

We measure the ECSA to ensure normalized intrinsic V**/
V3* kinetics on Au, Ag, Cu, Bi, and W metal electrodes. We
determine the ECSA of Au using Cu underpotential deposition
(UPD) (Figure S1) and the ECSA of Ag and Cu using Pb
UPD (Figure S2). We observe that Cu and Pb UPD do not
occur on Bi and W. To our knowledge, there is not any other
UPD technique previously shown to estimate ECSA for Bi and
W. A previous study used HER currents to determine the
ECSA of W electrodes; however, it is unclear if the measured
HER currents were mass-transfer limited, and the roughness of
the W electrodes was not considered.”” We measure the ECSA
of Bi (Figures S3 and S4) and W (Figures SS and $6)
electrodes by determining the HER current at a fixed voltage
on our disk electrode and normalizing to the HER current on
Bi and W electrodes deposited to have a roughness factor of
one. We ensure that the HER currents are not mass transfer
limited by operating at sufficiently high rotation or stir rates
where the current is independent of mass transfer. This is the
first time that HER current is used to measure ECSA of Bi
electrodes, to our knowledge. The details of the ECSA
measurement of the metal electrodes are described in the
Supporting Information.

We evaluate the i, Tafel slopes, E,, and apparent frequency
factors for the V**/V** reaction on Au, Ag, Cu, Bi, and W
electrodes using steady-state current measurements (Tafel
method) and impedance measurements (CT resistance
method). We record the steady-state measurements at different
rotation rates for a range of overpotentials using a rotating disk
electrode setup, and use Koutecky—Levich analysis to
deconvolute the contributions of kinetic and diffusive current
(Figure §7).*® The kinetic currents of the oxidation reaction
are used to estimate i, and Tafel slopes using the Tafel
equation for all metal electrodes except W. We use the Butler—
Volmer equation instead of the Tafel equation to estimate i, on
W because the limiting currents are reached at low over-
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Figure 1. Kinetic parameters for the V?*/V>" reaction on metal and carbon electrodes. (a) Exchange current densities (iy) from the Tafel method at
room temperature (T = 23.3 °C), (b) Tafel slopes at T = 23.3 °C, (c) apparent activation energies (E,), and (d) apparent frequency factors as a
function of state of charge for V?*/V** reaction on Au, Ag, Cu, Bi, and W metal electrodes and edge plane pyrolytic graphite (EPPG) and glassy
carbon (GC) electrodes. The E, and apparent frequency factors are evaluated using iy at T = 23.3, 30.0, 35.0, and 40.0 °C for all metals except W.
We use ip at T = 5.0, 10.0, 15.0, and 23.3 °C to evaluate E, and apparent frequency factors for W because of the difficulty in obtaining accurate i, at
higher T. The vanadium-ion concentration is 0.2 M dissolved in 1 M H,SO,, except for GC (0.5 M H,SO,). The kinetics of V**/V*" reaction on
GC is almost unchanged with changing acid concentration from 0.5 to 1.0 M H,SO, (Figure S19). All kinetic parameters of GC and EPPG are

reproduced from our prior works. Refer to text for references.

potentials on W (Figure S8). Analyzing only the oxidation
region ensures the contribution of HER on the estimated i, is
minimal.***® Electrochemical impedance spectroscopy meas-
urements at open-circuit voltage are fitted to a modified
Randles circuit (Scheme S1) to estimate exchange current
densities from CT resistance method (iy_). The variation of i

with temperature is fitted to the Arrhenius equation to estimate
E, (Figures S10—S12) and apparent frequency factors by the
Tafel method. Similarly, the variation of iy with temperature

is used to estimate apparent activation energies (Ea,Ra) ,and CT

apparent frequency factors (Figures S10 and S11). The
agreement between the kinetic parameters obtained from the
independent Tafel and CT resistance methods (Figures S9—
S12 and Table S1) assists in ensuring reproducibility and
provides information pertaining to the number of electrons
involved in the reaction. More experimental details regarding
the rate measurements are in the Supporting Information.
The large effect of the electrode surface on the exchange
current density in Figure 1a shows that the V2*/V3* reaction is
inner sphere. The i, of the V**/V* reaction on all five
electrodes (Au, Ag, Cu, Bi, and W) measured in this work are
compared with iy on glassy carbon (GC) and edge plane
pyrolytic graphite (EPPG) from our prior works and are shown
V1]
WZ+] + [V3+]
la. We measure the SoC by deconvoluting the contributions of

as a function of state of charge (SoC = ) in Figure
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V2* and V** using UV—vis spectroscopy. All metal electrodes
have a higher i, than Bi and follow the order W > Cu > Ag >
Au > Bi at 50% SoC. The 3 orders of magnitude variation in i,
between the most active (W) and least active (GC) electrode
in Figure la is much larger than the factor of 3—8 times
observed for different electrodes for outer-sphere reactions of
transition-metal ions,”* ™" suggesting that the V**/V>* is an
inner-sphere reaction. Additionally, the 3 orders of magnitude
rate enhancement on metals compared to carbon confirm that
the catalyzing effect observed previously for metals deposited
on carbon supports for the V**/V** reaction is largely due to
the metals themselves and not due to changes in the properties
of carbon supports because of metal deposition. We discuss
controls related to the electrode surface in the Supporting
Information (Figures S13—S15). By comparing iy and i on
different electrodes except W, we show that the rate-
determining step (RDS) of V*'/V3* reaction involves one
electron transfer on all metals (Table S2), similar to GC and
EPPG in H,S0,.*>*

The dependence of V2*/V3* kinetics on SoC for all
electrodes also implies that V**/V*" is an inner-sphere reaction
with electron transfer as the RDS. W, Cu, Ag, and Bi show a
maximum in i, between 30 and 80% SoC similar to EPPG,
whereas iy on Au decreases with decreasing SoC similar to GC
as shown in Figure la. An outer-sphere reaction would not
have a decreasing i, with SoC, as we have previously
discussed.>® Hence, we consider a simplified inner-sphere CT
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Figure 2. V**/V?* kinetic parameters on metals compared to adsorption energies of intermediates on various metal electrodes. (a) Exchange
current density at room temperature (T = 23.3 °C), (b) apparent activation energy, and (c) logarithmic of apparent frequency factor at 50% state of
charge in H,SO, as a function of calculated adsorption energies of *[0—V(H,0),SO,] on Au, Ag, Cu, Bi, and W electrodes for V**/V>* reaction.

The inset in (a) shows zoomed version of the plot excluding W.

reaction mechanism with three elementary steps involving
adsorption, electron transfer, and desorption, consistent with
the reaction mechanism that explains the V**/V®* kinetic
behavior with SoC in different electrolytes.*”** The rate law
for inner-sphere CT reaction with electron transfer step as the
RDS (eq S24) captures the i, behavior with SoC on all
electrodes. On the contrary, rate laws assuming either the
adsorption or desorption of the vanadium intermediate as the
RDS are unable to capture the i, behavior on all electrodes
(Tables S3 and S4). Although we consider a simplified reaction
mechanism here, we recognize that the inner-sphere CT
mechanism might be more complex, such as involving ion
transfer or electron transfer coupled with adsorption or
desorption.

The Tafel slopes on all metal and carbon electrodes in
Figure 1b indicate that the V>*/V>* reaction is asymmetric with
electron transfer as the RDS. For a reaction involving one
electron transfer in RDS and completely symmetric (transfer
coefficient, &y, = Q,q = 0.5), the Tafel slope is ~117 mV/
decade at room temperature (T = 23.3 °C) and independent of
SoC." The Tafel slopes are between 130 and 170 mV/decade
on Au, Bi, EPPG, and GC and between 200 and 250 mV/
decade on Cu and Ag. On the contrary, Tafel slopes are close
to 60 mV/decade on W. The use of V**/V3* oxidation region
to estimate i, and Tafel slopes greater than 117 mV/decade on
all electrodes except W indicate that the V¥ /V3* reaction is
asymmetric with @, lower than 0.5. The relatively constant
Tafel slopes with varying SoC confirm that the electron
transfer is the RDS on all electrodes as shown in the
Supporting Information. However, the reaction mechanisms
with adsorption, electron transfer, or desorption steps as RDS
do not explain the very low Tafel slopes on W, indicating the
possibility of a more complex reaction mechanism on W.
Asymmetric transfer coefficients have been previously reported
for several redox reactions including Fe?*/Fe*, Co*"/Co*,
and Cr**/Cr** on metal electrodes.”®*”*~>

The variation of E, and apparent frequency factor with SoC
also indicates that the electron transfer step is the RDS for
V**/V* reaction on all electrodes except W and EPPG. On all
electrodes except W and EPPG, the E, and apparent frequency
factor continuously increase with decreasing SoC as shown in
Figure 1lc,d, respectively. The increasing E, and apparent
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frequency factor with decreasing SoC agree with predicted
trends for a reaction mechanism with electron transfer step as
the RDS (Figure S17). W and EPPG show a minimum in both
E, and apparent frequency factor with SoC as shown in Figure
I¢,1d. The reaction mechanisms with adsorption, desorption,
or electron transfer step as the RDS (Figures S16—S18) do not
predict a minimum in E, and apparent frequency factor with
SoC, indicating the reaction mechanism on W and EPPG is
possibly different than the other tested electrodes. The rate
laws showing the trends in kinetic parameters with SoC are
summarized in Table S4 and available in the Supporting
Information.

To summarize, the experimental V*/V3* kinetics shown in
Figure 1 points to V>*/V®" being an inner-sphere reaction on
metals, with the electron transfer between the adsorbed
vanadium intermediate and the surface serving as the RDS.
Our previous work on carbon electrodes in different
electrolytes indicated that the bridging ligand influenced the
adsorption energy of the formed vanadium intermediate
(*[X=V3*]) and controlled the rate of the V>*/V3*
reaction.””*®> We propose that the electrode will influence
the adsorption energy of the vanadium intermediate on
different metal electrodes.

We hypothesize that a vanadium species adsorbed through
an *O bridge is the CT intermediate in H,SO,, and the energy
of this intermediate affects the i, for metals. We demonstrated
previously that V** adsorbs as *[OH—V(H,0);]" bridged
intermediate in H,SO,.>** Alternatively, the bridging ligand
may come from *OH on the surface (Table SS). To explore
this possibility, we determine the equilibrium coverage of *OH
on different metals by calculating the adsorption energy of
*OH at the V>*/V?* redox potential as a function of coverage
using density functional theory (DFT) (Table SS). The
equilibrium coverage is the coverage at which adsorption is
most thermodynamically favored. All coverage calculations are
performed using the Vienna Ab initio Simulation Package
(VASP).> Additional details are provided in the Supporting
Information. Among all of the metals tested, *OH has a
favorable equilibrium coverage only on Cu and W. Therefore,
the bridging ligand cannot come from *OH on the surface of
Au, Ag, and Bi, although this is plausible on Cu and W. Once
adsorbed, the *[OH—V(H,0);]" intermediate undergoes

https://doi.org/10.1021/acscatal.2c05694
ACS Catal. 2023, 13, 2223-2233


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c05694/suppl_file/cs2c05694_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c05694?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c05694?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c05694?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c05694?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c05694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

electron transfer and a ligand exchange to form *[OH-—
V(H,0),S0,]. We expect ligand exchange to occur immedi-
ately after the electron transfer step in the RDS because the
ligand exchange of V** with SO,>” is thermodynamically
favored.**® We consider the *[OH—V(H,0),S0,] inter-
mediate kinetically relevant in comparison to *[OH-V-
(H,0),]* based on our prior work.>>*® We observe in our
DFT-based metadynamics calculations that *[O-V-
(H,0),S0,] is more favorable to form on metals compared
to *[OH—V(H,0),S0,]. Because the energies of reaction
intermediates are difficult to extract experimentally, we
compute the adsorption free energy of the *[O—V(H,0),SO,]
in the next section and determine if there is a correlation
between the adsorption energy and the CT kinetics.

2.2. Adsorption Energy of the Vanadium Intermedi-
ate as a Descriptor of V**/V3* Reaction Kinetics and
Correlation with the d-Band Center of the Electrode.
We evaluated the adsorption free energy of the *[O—
V(H,0),S0,] intermediate using DFT-based metadynamics
simulations in VASP. Metadynamics is an enhanced sampling
technique involving the use of artificial bias potentials to fill
free energy minima as a function of a collective variable.”*>®
Here, we use the z-coordinate of the vanadium ion as the
collective variable and use the sum of the bias potentials to
estimate the free energy of adsorption. The simulation cell
used for metadynamics calculations (Figure S20), free energy
profiles of the adsorbed vanadium intermediate on metals
(Figure S21), and more details of evaluating adsorption free
energies are given in the Supporting Information.

The computed adsorption free energies of *[O—V-
(H,0),S0,] rationalize the kinetic trends of the V**/V3*
reaction on metal electrodes. We show the iy, E,, and apparent
frequency factor at 50% SoC vs the adsorption free energy of
*[0—V(H,0),S0,] in Figure 2. The i, in Figure 2a increases
with stronger adsorption of the intermediate following the
order W > Cu > Ag > Au > Bi (Table S6) confirming our
hypothesis that changing the metal electrode alters the reaction
energy profile by changing the adsorption energy. The inset in
Figure 2a shows that a linear trend holds even after removing
the most active electrocatalyst W from our analysis. We expect
that as the adsorption energy decreases, both the intermediate
coverage and the E, would increase. The higher intermediate
coverage would lead to a larger apparent frequency factor. The
stronger adsorption would make the desorption more difficult,
increasing E,. All metals except W obey these trends, as shown
by the increasing E, and apparent frequency factor with
decreasing adsorption energy in Figure 2b,c, respectively.
However, W has different Tafel slopes and a different
dependence of E, and apparent frequency factor on SoC
compared to other metals and is most active with the lowest E,.
The different dependence on SoC and low E, on W for low
adsorption energy indicates that the V**/V*" reaction occurs
through a different reaction mechanism on W. A more complex
reaction mechanism involving the formation of several
intermediates, multiple rate-controlling steps like ion transfer
or electron transfer coupled with adsorption/desorption can
potentially explain the differences in Tafel slopes, V**/V**
kinetic trends with SoC, and low E, and apparent frequency
factor for low adsorption energy on W. Regardless, the i,
increases with decreasing adsorption energy, indicating that the
electrodes that bind *[O—V(H,0),SO,] more strongly are
more active.

2227

The adsorption free energy of *[O—V(H,0),S0,]
correlates with the d-band center as shown in Figure 3. We

0
£ aa
= Au
S 40 .
S
2 LW .
Q .80 X\ N
z Y7
=
é f.Cu
s >0
> -120 &
2 i o/ Cr '~
Q
c
(3]
[ =4
S
S 160
172
©
<
r=-0.86 0
L MAE = 16.0 kJ mol"’ =S
-200 I L 1 1 " I L 1
500 -400 -300 -200 -100 O 100 200 300

d-band center / kJ mol™!

Figure 3. Relationship between adsorption free energy of vanadium
intermediate and d-band center of the electrode. Adsorption free
energy of ¥*[O—V(H,0),SO,] shown against the d-band center. The
solid squares are the metals that we experimentally tested for kinetics
and hollow squares are additional metals chosen to span a wider range
of d-band centers of metals. Linear trendline along with the
geometries of adsorbed intermediates on each metal electrode is
indicated. r is the Pearson correlation coefficient, and MAE is the
mean absolute error. The d-band center for metals used in the analysis
is available in Table S9. Atom color legend: red = O, light yellow = §,
purple = V, white = H, yellow = Au, light gray = Rh, silver = Ag, dark
gray = W, blue = Cu, dark blue = Cr, ginger = Fe, and brown = Ta.
Adsorption free energies were evaluated at 300 K using metady-
namics.

observe that the adsorption energy of the *[0—V(H,0),SO,]
intermediate correlates strongly (Pearson correlation coef-
ficient, r = —0.86) with the d-band center of the electrode. The
low mean absolute error (MAE = 16.0 kJ/mol) also indicates
the d-band center can be used as an alternative to adsorption
energy to correlate with the V?*/V®* redox kinetics. We
compute adsorption energies on additional metals including
Fe, Cr, Rh, and Ta that cannot be tested experimentally due to
their instability under reaction conditions or side reactions in
addition to the ones we test experimentally (Au, Ag, Bi, Cu,
and W) to cover the entire range of the d-band center of
metals and test the broad applicability of the correlation. The
correlation between the adsorption energy of the vanadium
intermediate and d-band center exists because the d-band
center controls the strength of the electrode—oxygen bond and
thus is indicative of the adsorption strength of the
intermediate. Resultantly, we hypothesize that the d-band
center should correlate with the V?*/V** kinetics on various
metal electrodes, which we explore in the next section. We
observe a similar linear correlation between gas-phase
adsorption free energies of the vanadium intermediate and d-
band center of the electrode (Figure S22 and Table S7),
indicating that solvent effects do not change the identified
qualitative trends, although the absolute numbers are different.
Gas-phase adsorption free energies are based on the ideal gas
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Figure 4. Correlation between kinetics of inner-sphere charge transfer reactions of transition-metal ions and electrode properties. (a) Pearson

correlation coefficient (r) for linear correlations of exchange current densities (iy) or standard (k) or apparent (k

app) rate constants for various

inner-sphere redox couple | electrolyte combinations vs d-band center of the electrode, electrode polarizability, electronegativity, and work function.

(b=h) iy or k or k

app

for various inner-sphere redox couple | electrolyte combinations linearly correlating with the d-band center of the electrode

with r and mean absolute error (MAE) shown in the inset. The raw kinetic data for all analyzed redox couples extracted from the literature and
metal electrode properties used to determine the correlations are available in Tables S8 and S9, respectively.

harmonic oscillator model, as explained in the Supporting
Information.

2.3. d-Band Center as a Descriptor for Heteroge-
neous Inner-Sphere Charge Transfer of V-, Fe-, Co-, and
Cr-Metal lons. To explore if the d-band center or other
electrode properties explain kinetic trends of V2*/V** and het-
CT of various other transition-metal ions, we extract kinetic
data for four het-CT reactions from the literature to add to our
V' /V3* work here. To avoid lab-to-lab variations in the
reported k or iy for a redox couple on the same electrode we
only compare kinetic data from the same laboratory measured
using the same methods.’® Additionally, to control for the
effect of the anion on rate constants, we only compare kinetic
data in the same electrolyte. To ensure sufficient points to
draw a correlation, we only select CT reactions where a
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minimum of three metals are used as electrodes. These criteria
result in six sets of data to add to ours for V**/V3* in H,SO,.
Three of those sets of data are for the same redox couple
(Fe**/Fe’*) but done in different laboratories with varying
total Fe concentration and supporting electrolyte. The six data
sets include the kinetic rate constants of [Fe(H,0)s]**/** in
H,SO, (with total [Fe] = 0.1 and 0.01 M) and mixture of
K,SO, and H,SO, (Fe**/Fe**),*"*! [Co(NH;);]NCS**/1* and
cis-([Co(en),](NCS),)**/° in mixture of NaClO, and HCIO,
(Co*/Co?*),” and Cr**/Cr** in NaClO, (Table $8).* The
anions present in the electrolyte or part of the coordination
sphere, e.g, OH™, NCS~, SO,>", act as bridging ligands to
form adsorbed metal-ion intermediate for these redox reactions
undergoing het-CT similar to V**/V3*!
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Scheme 1. Inner-Sphere Charge Transfer Reactions of Transition-Metal Ions at Electrode and in Solution”

(a) Reaction free energy profile for heterogeneous and homogeneous inner-sphere charge transfer
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“(a) Free energy diagram showing typical steps involved in inner-sphere CT of transition-metal ions. Reactant (R), intermediates (I;, I,, and 13),
and products (P) are denoted. The exchange current density and rate constant are a function of the reaction energetics. AG; is the free energy
change of step i, and E* is the activation energy of the rate-determining step. Corresponding reaction steps for (b) heterogeneous and (c)
homogeneous inner-sphere CT involving transition metals M; and M,. Here, x is the oxidation state of M, in homogeneous CT and y is the
oxidation state of M, in homogeneous and heterogeneous CT. L and X are neutral ligands. The density of states of electrode M; and d-orbitals of
metal ion M, for het-CT and d-orbitals of metal ions M, and M, is shown for hom-CT. The p-orbitals of bridging ligand X are also shown. ET is
electron transfer, ey is the electronic energy of the p-orbital of ligand X, and &g is the electrode Fermi-level energy with respect to the vacuum.

The kinetics of all five het-CT reactions linearly correlate
best with the d-band center of the electrode in comparison to
other electrode properties proposed to influence het-CT
kinetics in the literature. The data in Figure 4a shows that r
for kinetics is largest for the d-band center compared to
electrode polarizability, electronegativity, and work function.
The kinetics might also correlate to several combinations of
electrode properties, especially for redox couples with
moderate absolute values of r (0.5—0.7); however, in this
work, we choose a single electrode property to follow the
principle of Occam’s razor.’” Even though the electrode
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electronegativity for [Fe(H,0)s]**/**, electrode work function
for cis-([Co(en),](NCS),)'*/°, and electrode polarizability for
V**/V3 also lead to good linear correlations (Irl > 0.5), d-band
center is the only electrode property that shows good
correlations for all analyzed CT reactions as depicted in
Figure 4a. We observe that the kinetics of het-CT reactions
correlate best with the d-band center regardless of the way the
kinetics is mathematically represented (Figure S23). Although
our analysis is limited to only five inner-sphere CT reactions
due to limited availability of rate constants, the high r value for
the d-band center of the electrode for all CT reactions suggests
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that the d-band center can be used as a descriptor for
understanding and capturing the effect of electrode on the het-
CT reactions. The availability of more kinetic data for inner-
sphere CT reactions on multiple metal electrodes in the same
electrolyte will help in further confirming this analysis.

We propose the positive or negative sign of the correlation
between kinetics and d-band center depends on whether
increasing the adsorption strength of the metal-ion inter-
mediate increases or decreases the rate. The kinetics linearly
correlate with the d-band center for all five het-CT reactions.
The kinetics of V**/V** in H,SO, (Figure 4b), Cr**/Cr**
(Figure 4c), and [Fe(H,0),]*/*" in H,SO, (Figure 4fg)
correlate positively with the d-band center. On the other hand,
the kinetics of cis-([Co(en),](NCS),)!*° (Figure 4d), [Co-
(NH;)]NCS**/!* (Figure 4e), and [Fe(H,0)s*** in a
mixture of K,SO, and H,SO, (Figure 4h) correlate negatively
with the d-band center. The r of correlations vs d-band center
is improved if the kinetics is considered in the logarithmic
scale; however, the sign of the correlation for all redox couples
is unchanged (Figure S23). For V**/V*" and the others with
positive correlations, a higher d-band center increases the
adsorption strength of the intermediates, increasing the rate. If
the intermediate adsorbs too strongly, the kinetics will decrease
with higher d-band center leading to a negative correlation
because the electrode will adsorb the intermediate even more
strongly, and desorption becomes more difficult. Resultantly,
there is an optimum value for intermediate adsorption strength
or d-band center of the electrode that would maximize the CT
kinetics based on Sabatier’s principle.”*Figure 4e shows the
kinetics of [Co(NH;);]NCS*/1* are faster on Au compared to
Ag and Pt indicating that possibly the d-band center of Au
allows the intermediate to adsorb with optimum adsorption
strength, maximizing the kinetics. However, kinetics of
[Co(NH;)s]NCS**/™* on more metal electrodes is needed to
confirm this. The positive d-band center correlation of
[Fe(H,0)4]*/3" kinetics in H,SO, vs the negative correlation
of kinetics in K,SO, and H,SO, may arise because of the
presence of potassium cations influencing the double-layer
structure and the d-band center of the metal electrode or due
to the differences in complexation of Fe** and Fe** species in
these electrolytes, which affect the bridge involved in the
formation of the adsorbed metal-ion intermediate. Regardless
of the changing sign of correlations in Figure 4b—h, the MAE
for correlations of kinetics vs d-band center is at least an order
of magnitude smaller in comparison to the kinetics on the most
active metal for all five het-CT reactions, indicating the
correlations capture the kinetic trends on metals quantitatively.

Compared to the d-band center, the smaller r value for
electrode properties like polarizability, electronegativity, and
work function is expected because none of those other
electrode properties govern the adsorption strength of the
bridged intermediate. The identification of the d-band center
as a descriptor will enable the rational design of bimetallic
alloys or core—shell catalysts with a desired d-band center to
improve redox kinetics for het-CT reactions.

3. DISCUSSION

It is critical to understand the reaction energetics and
mechanism to rationalize the correlation of the d-band center
with the kinetics of heterogeneous inner-sphere CT reactions.
Here we discuss how the kinetic parameters, that is, i, or k, E,,
and apparent frequency factor, depend on a general reaction
free energy diagram for forming an oxidized product P from a
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reduced reactant R, as depicted in Scheme 1la. Inner-sphere CT
of transition-metal ions involves multiple elementary steps with
the formation of intermediates in series. Here we assume three
intermediates form: I, I,, and I;. The energies of the
intermediates and of the transition states of these elementary
steps dictate the overall rate of charge transfer (Scheme 1a).
For the case where electron transfer to form I; is the RDS, the
apparent frequency factor is related to the concentration of the
intermediates (I; and I,) formed in steps before the RDS and
depends on the free energies of forming I, (AG;) and I,
(AG,). The E, is related to the difference in the transition
states (fpps) energy and the energy of I,, denoted by E*ws,
Therefore, with AG;, AG,, and E™, one can in principle
predict the kinetics of charge transfer for inner-sphere CT. The
rate law’s dependence on AG,, AG,, and E**s for inner-sphere
CT is shown in the Supporting Information. If the electron
transfer step is not the RDS or multiple reaction steps are rate-
controlling, the kinetics of CT will depend on the free energies
of relevant intermediates and transition state energies. For
heterogeneous inner-sphere CT (het-CT), the free energy of
the final step from I; to P (AG,) is the energy of intermediate
I, and is related to E* by adsorbate scaling relationships.>®
The intermediate I, is an adsorbed, oxidized metal ion for het-
CT (Scheme 1b), which for V**/V** is *[0-V(H,0),S0,].
We show above that iy, E,, and apparent frequency factors scale
with the computationally predicted adsorption energies (AG,)
of *[0—V(H,0),S0,] on metal electrodes in Figure 2.

The coupling of the energy levels between the metal ion and
the electrode, the d-electron configuration of the metal ion,
and the ligand field strength affect AG,, AG,, and E*ws for het-
CT. In het-CT, one of the redox species is an electrode (M,),
so in Scheme 1b, we depict the density of states and Fermi-
level (eg) for M. We also show the electronic energy (ex) of
the p-orbital of the ligand X in metal-ion complex M}X¢. MjX,
adsorbs on M, to form L,. AG; (M}X, ligand dissociation) and
AG, (M}X, adsorption to M;) depend on the d-electron
configuration of M, and the ligand field strength of X
Additionally, AG, also depends on the electronic structure of
M,. I, undergoes electron transfer in the RDS through
transition state xpg to form M; — X — M3*'X; (that is, I; or
#[X — M3™']). Here, we consider the bridging ligand X comes
from metal ion M,’s coordination sphere, however, X present
on electrode M, initially could also participate in forming the
intermediate. I; desorbs to form the product P. The adsorption
energy of the metal ion on the electrode through the bridging
ligand (*[X — M3™']) depends on the electronic structure of
the electrode and controls E, From a molecular perspective,
for a fixed ligand X and metal ion M,, the adsorption strength
of X on electrode M, is dictated by the occupancy of the
antibonding states of X, which depends on the position of
antibonding states relative to er. The positions of antibonding
states of atomic adsorbates such as H, N, O, and S and
molecular adsorbates such as CO, NO, and C,H, are described
well by the d-band center of the electrode (i.e., average energy
of the d-electrons with respect to &;).”"° The occupancy of
antibonding states of X is higher with a lower d-band center,
which leads to weaker adsorption of X. The weaker adsorption
of X leads to weaker adsorption of the *[X — Mj3*']
intermediate for fixed X and M, and vice versa. This d-band
model has successfully rationalized kinetic trends of several
inner-sphere reactions in heterogeneous catalysis that involve
the formation of an adsorbed intermediate such as HER®"'
and the oxygen reduction reaction.’” Since we observe similar
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trends between the d-band center and adsorption energies for
metal ion adsorbate, ie., ¥*[O—V(H,0),SO,] in Figure 3, the
d-band center captures the coupling of energy levels between
the metal ion and electrode and rationalizes the effect of the
electrode on the kinetics of het-CT of transition-metal ions in
Figure 4.

The influence of the d-band center on the kinetics of het-CT
is analogous to the influence of d-electron configuration for
homogeneous inner-sphere CT (hom-CT). In hom-CT
(Scheme 1c), the reactants undergo CT as two metal ions in
solution, MTL4 and M}X,. MiL, first loses ligand L to form I,
with energy AG,”" Next, MiLs and M}X, form a bridged
precursor intermediate I, (LsM} — X — M}X;) with free energy
of reaction AG,.”" I, subsequently undergoes electron transfer
with activation energy E*s to form a bridged successor
intermediate I, which proceeds to form the products P. The
free energy to form P, i.e., AG, accounts for the changes in the
structure of I; and ligand association energies of products
M 'L and M3"'X. The d-electron configuration of metal ions
M, and M, and the ligand field strength of ligand X govern the
d-orbitals involved in forming I, and I, and control AG, and
AG,. The symmetry of the d-orbitals of the metal ions
available for overlapping with the p-orbitals of the bridging
ligand controls the M;—X—M, bond strength, and hence Ewos
and E,.*' The properties that control AG,, AG,, and E™s and
hence the rate for hom-CT (Scheme 1c) include the d-electron
configuration of the transition-metal-ion redox couples and the
ligand field strength. The d-electron configuration controlling
the bridged intermediate bond strength in hom-CT is similar
to the d-band center controlling the intermediate adsorption
strength for het-CT, indicating analogous reaction mechanisms
for homogeneous and heterogeneous inner-sphere CT.

4. CONCLUSIONS

Intrinsic kinetic measurements for the V?*/V>* reaction on five
metal electrodes demonstrate that W is the most active
electrocatalyst for the V2*/V>* reaction reported thus far. The
large variation in exchange current density with the electrode
explains the electrocatalytic effect of metals in redox flow
batteries and confirms that the V>*/V®' is an inner-sphere
charge transfer reaction, involving an adsorbed intermediate.
The V**/V** kinetics correlates with the adsorption strength of
the intermediate, rationalizing the effect of the electrode. We
identify that the d-band center of the electrode controls the
adsorption strength of the metal ion intermediate and hence
correlates with kinetics of several heterogeneous inner-sphere
CT reactions. The linear correlation of the redox kinetics with
the d-band center we report here for reactions involving
transition-metal-ion adsorbates is similar to correlations for
many heterogeneous catalytic reactions involving atomic and
molecular adsorbates. The observation that the d-band center
controls the heterogeneous inner-sphere charge transfer rate is
also analogous to the d-electron configurations of transition-
metal ions controlling rates in homogeneous inner-sphere
charge transfer. The d-band center of a metal electrode can be
tuned by alloying with different metals at various compositions,
nanostructuring (e.g., changing the fraction of exposed surface
facets), or introducing lattice strain, opening an avenue to
design electrodes for heterogeneous inner-sphere charge
transfer reactions of transition-metal ions.
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