Chem

¢? CellPress

Observation of a potential-dependent switch
of water-oxidation mechanism on Co-oxide-
based catalysts

Chaochao Lang, Jingyi Li, Ke R.

3 2 Yang, ..., Victor S. Batista,

Matthias M. Waegele, Dunwei

‘\‘ 0/0 Wang

victor.batista@yale.edu (V.S.B.)

H H waegele@bc.edu (M.M.W.)
SvaZ .
s O dunwei.wang@bc.edu (D.W.)
(e]
OH OH 00 o~ OH, oH~—"

1
/""'éo'“‘\o/""'éo"’\ == ///:,,(-lén‘o/ll%om‘ ”'n,éom“O//u,,éom“ - /’/u,éonv‘o/'/u,éonv‘
v WO w T NO N v WO W v WO v

Highlights
A key superoxo intermediate for
water oxidation was detected with

SEIRAS-ATR

> <

mechanistic switch

5

A potential-dependent O-O
\(0 bond-formation mechanism is
U

revealed

///ué w\O/,,,[& i The i
:Col :Co e intramolecular oxygen
v wo v

o)
2 Q
OO OH, OH, ,@Q
‘6 QO
>

coupling mechanism dominates at

Q
/o
% S

9, 0,
9,

low potentials

The water nucleophilic attack
mechanism prevails at high
potentials

The O-O bond formation is a key elementary step of the water-oxidation reaction,
of which the dependence on the applied potential remains ambiguous. Using
water-in-salt electrolyte, we systematically tuned the water activity and probed the
mechanism as a function of applied potentials. We found that the mechanism is
sensitive to the applied potential. The O-O bond forms via an intramolecular
oxygen coupling mechanism at low potentials, whereas it proceeds through a
water nucleophilic attack mechanism at high potentials.
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SUMMARY

O-0 bond formation is a key elementary step of the water-oxidation
reaction. However, it is still unclear how the mechanism of O-O
coupling depends on the applied electrode potential. Herein, using
water-in-salt electrolytes, we systematically altered the water activ-
ity, which enabled us to probe the O-O bond-forming mechanism on
heterogeneous Co-based catalysts as a function of applied poten-
tial. We discovered that the water-oxidation mechanism is sensitive
to the applied potential: At relatively low driving force, the reaction
proceeds through an intramolecular oxygen coupling mechanism,
whereas the water nucleophilic attack mechanism prevails at high
driving force. The observed mechanistic switch has major implica-
tions for the understanding and control of the water-oxidation reac-
tion on heterogeneous catalysts.

INTRODUCTION

Intense research on the water-oxidation catalyst (WOC) center in photosystem Il (PSIl)
over the last decades has revealed deep insights on the mechanisms by which nature
liberates electrons and protons from H,O, two critical ingredients for downstream reac-
tions such as CO, reduction and N, fixation."” This knowledge has propelled research
on using molecular catalysts to oxidize water, and impressive progress has been made in
terms of catalyst performance as measured by turn-over frequencies (TOFs) and turn-
over numbers.>* From a technological development perspective, there is a strong
incentive to perform the reaction on heterogeneous catalysts, especially on those of
low-cost and outstanding stability. Indeed, recent years have witnessed a surge of
such research activities.” ' Despite the apparent variety of these catalysts, they share
important commonalities in the chemical mechanisms. For instance, it is generally
believed that the reaction proceeds through a series of proton-coupled electron transfer
steps that lead to the formation of M=O (where M represents an active metal center) in-
termediates.'”'? It is also agreed upon that the subsequent O-O bond formation is of
critical importance to the overall reaction.'* However, the details of the O-O formation
and the subsequent steps have been the subject of diverging views. At least two
possible pathways have been proposed and supported.'* '® One involves direct nucle-
ophilic attack of water, followed by O, release and regeneration of the catalyst. In the
literature, this mechanism is referred to as water nucleophilic attack (WNA) (Figure 1,
right pathway).”'> The other involves the coupling of two metal-oxo intermediates
followed by O, release, which is referred to as intramolecular oxygen coupling
(IMOCQ) (Figure 1, left pathway)."®
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The bigger picture

As the first step in natural
photosynthesis, the oxidation of
water is of paramount importance.
It liberates electrons and protons
that are required for downstream
reactions such as CO, and N>
reduction. Substantial research
efforts have been devoted to
understanding and, ultimately,
performing this reaction at high
efficiency with low-cost, long-
lasting catalysts. Exciting
progress notwithstanding, much
remains poorly understood about
the reaction, especially when it is
performed on heterogeneous
catalysts. A key elementary step of
the water-oxidation reaction is the
formation of the O-O bond.
Herein, we report a potential-
induced switch of the O-O bond-
forming mechanism on Co-oxide-
based catalysts. This mechanistic
insight is expected to help
advance the design of efficient
water-oxidation catalysts.
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Figure 1. Proposed water-oxidation mechanisms by heterogeneous Co phosphate (Co-Pi)
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catalysts
Two possibilities have been proposed, the intramolecular oxygen coupling pathway (IMOC, left)
and the water nucleophilic attack route (WNA, right).

For Ir- and Ru-based molecular catalysts, density-functional theory (DFT) calculations
predicted that the IMOC pathway dominates at low overpotentials, whereas the WNA
pathway becomes accessible at higher overpotentials.”"'” The two pathways were
also predicted to be competitive on a heterogenized dinuclear Ir oxide cluster.!” With
optical pump-probe spectroscopy, Cuk et al.'® monitored the microsecond decay of
oxyl (Ti-O-+) and bridge (Ti~O--Ti) intermediates on SrTiO3 photoelectrodes. They
found that the two species decay with distinct reaction rates on a microsecond timescale.
[twas suggested that Ti-O- s convert to Ti-O-O-Ti by dimerization (IMOC pathway) and
Ti—-O-«-Ti converts to Ti-OOH by nucleophilic attack of water (WNA pathway). Further-
more, it was found that the relative predominance of the two pathways was controlled
by the ionic strength of the electrolyte, with the WNA pathway dominating at low ionic
strength. However, how the relative predominance of these mechanisms depends on the
applied electrode potential has not been investigated in experiments. Herein, we
address this central question.

Inspiration on how to further this understanding could be drawn from progress made
in molecular WOC-based studies. To discern different pathways for the water-oxida-
tion reaction by molecular catalysts, researchers have resorted to a strategy of corre-
lating the reaction rate with the catalyst concentrations.” With the help of additional
experiments such as isotope labeling, significant knowledge has been gained.?®~%*
However, similar approaches are challenging to implement for heterogeneous cat-
alysts, because the active sites, including their structures and densities, are often
poorly defined on a heterogeneous catalyst. The challenge could be circumvented
using clever experimental designs. For instance, Durrant et al.?* have identified a

change of reaction orders relative to the hole concentration from the first to the third
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order on Fe,Oj3 using photoinduced absorption spectroscopy. Frei et al.’® have suc-
ceeded in observing both the metal-oxo and superoxo species, using an infrared
spectroscopy (IR) technique. In both studies, different reaction mechanisms were
proposed for different light intensities. Nevertheless, owing to the lack of detailed
information on the active centers, particularly their density under different condi-
tions, it remains difficult to directly corroborate these early observations for an un-
ambiguous understanding of water oxidation on heterogeneous catalysts. Although
it is possible to address this challenge by synthesizing heterogeneous catalysts with
well-defined active centers, as has been demonstrated recently by others and
us,?*?° the catalyst library remains limited, and significant work is needed before
the values of such catalysts can be materialized. An alternative approach is to study
how the reaction kinetics changes as a function of water activity, which is the main
strategy for this present work.

To appreciate the significance of this strategy, it helps to examine the proposed
WNA and IMOC pathways on a heterogeneous Co phosphate (Co-Pi) catalyst (Fig-
ure 1). Previous studies have suggested that the initial electron/proton transfer steps
(vertical arrow in the center) are fast in comparison with the O-O formation. There-
fore, these steps are quasi-equilibrated, whereas O-O formation limits the rate of
the reaction. From the oxidized state of the catalyst shown on the bottom of the
scheme, the water-oxidation process can proceed through two distinct pathways:
the WNA pathway involves a water molecule within the electric double layer in the
rate-determining O-O forming step (right arrow). By contrast, the IMOC pathway
only involves surface species in the rate-determining step (RDS) (left arrow). On
the basis of this simplified mechanistic picture, the water-oxidation reaction is ex-
pected to be (pseudo) first order in the water activity when proceeding through
the WNA pathway, whereas it is (pseudo) zeroth order when proceeding through
the IMOC pathway. This simplified view assumes that the change in the water activity
does not significantly affect the positions of the quasi-equilibria before the pre-
sumed RDS of O-O bond formation, as discussed later. Therefore, it is possible to
discern the reaction mechanisms even without detailed knowledge of the active cen-
ters by altering the water activity, which has not been investigated previously.

The problem is now reduced to how to alter water activity in a water-oxidation reac-
tion. Indeed, most previous studies on this subject have treated water as a substrate
of invariant activity, such that it was excluded in most kinetic considerations.?*"?’
Only recently did we see advances where the water activity could be suppressed
significantly in aqueous solutions.”®° The so-called “water-in-salt” electrolyte con-
taining high concentrations of salts (e.g., up to 21 m [mole per kg of H,O]) represents
one such system. The strong solvation effect of the high-concentration ions renders
its H,O behaviors drastically different from those in bulk H,O. It becomes possible to
perform water-oxidation reactions in an aqueous system where the water activity is
no longer unity. Therefore, we are offered an opportunity to test the hypothesis pro-
posed in the previous paragraph. That is, we expect a different sensitivity of the ki-
netics on the water activity for different mechanisms.

To prove this concept, we have chosen Co-oxide-based catalysts as a study platform
because they represent a class of most studied heterogeneous WOCs, with Co-Pi
receiving arguably the most attention. A broad knowledge base has already been
generated.'>?/*1%¢ For example, the coordination environment of Co has been
identified by a suite of spectroscopic techniques.?® That the O-O formation is the
RDS has been supported by numerous studies.'>?/*"32353¢ Both WNA and
IMOC mechanisms have been proposed and supported by either experimental or
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computational studies for this catalyst.'>*?*>~*? Herein, we report the new observa-
tion of a switch from the IMOC pathway at low applied potentials to the WNA mech-
anism at high applied potentials.

RESULTS AND DISCUSSION

Detection of water-oxidation intermediates

Previous studies have shown that various implementations of infrared and surface-
enhanced Raman spectroscopies are powerful probes of water-oxidation interme-
diates.'?"%1840748 To examine the mechanistic proposal (Figure 1), we employed
surface-enhanced infrared absorption spectroscopy (SEIRAS) in the attenuated to-
tal reflection (ATR) geometry. In SEIRAS-ATR, the surface plasmon resonance of
rough metal films locally enhances the evanescent field, rendering the technique
sensitive to sub-monolayers of species adsorbed on the electrode.”” With this
work, we establish SEIRAS-ATR in the Kretschmann configuration as a tool for
probing water-oxidation intermediates on metal oxide catalysts. For this purpose,
we first electrochemically deposited a thin layer of CoOX(OH)y31 onto a chemically
deposited Au thin film (CoO,(OH),-Au)*” on a micro-machined Si-ATR crystal,”’
which affords high infrared transparency below 1,200 cm™". A scheme of the setup
is shown in Figure ST in the supplemental information. For SEIRAS-ATR,
CoO,(OH), instead of Co-Pi was employed as the prototypical catalyst because
the latter would greatly complicate the interpretation of the IR spectra in the re-

gion around approximately 1,000 cm™'

owing to the phosphate anion and its
response to the applied potentials. As will be discussed in detail later in this
work, the electrochemical behaviors of CoO,(OH), are comparable with Co-Pi. It
also features structurally similar active sites and the same cobalt oxidation states
under water-oxidation conditions as Co-Pi.®"**? The CoO,(OH),-Au film exhibits

a large activity for water oxidation in comparison with the Au substrate (Figure S2).

Figure 2 shows the steady-state spectra of the CoO,(OH),-Au electrode in 0.1 M po-
tassium phosphate (KPi) in D,O, H,O, and H,'80. The absorbance was calculated
according to absorbance = —log(5/R), where S and R refer to the sample and refer-
ence spectra, respectively, taken at 2.21 and 1.61 V. Unless otherwise noted, all po-
tentials in this work are relative to the reversible hydrogen electrode. The spectrum
in the D,O-based electrolyte exhibited a band centered at 1,014 cm ™' (at 2.21 V)
(Figure 2A). The intensity of this band increased with increasing applied potential
(Figure S3), suggesting that it is caused by a water-oxidation intermediate. To assign
the band to a water-oxidation intermediate, we performed the following control ex-
periments: First, to exclude the possibility that the band (1,014 cm™") arises from a
phosphate species in solution, we confirmed that the band also appears when the
electrolyte is 0.1 M KCl in D,O and in H,O (Figure S4). Second, the band is absent
on an Au electrode without the CoO,(OH), film (Figure S4).

These observations strongly suggest that the band centered at 1,014 cm™' is a wa-
ter-oxidation intermediate on CoO,(OH),-Au. According to the proposed mecha-
nism, this spectral feature can be associated with either Co-O-O"-Co from the
IMOC pathway or Co-O-O" or Co-O-OH from the WNA pathway (Figure 1). To
further assign this band, we conducted isotopic labeling experiments with H,O
and H,'80. The lack of an isotopic shift when the solvent was switched from D,O
to H,O implies that the vibrational mode of the species does not involve a hydrogen
atom (Figure 2B). Upon switching to the H,'80 electrolyte, this band shifts to
966 cm™! (Figure 2C). The 48 em ! difference (from 1,014 to 966 cm™") indicates
that the intermediate involves an O-containing motif. These experimental
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Figure 2. Observation of a superoxo intermediate by SEIRAS-ATR on a CoO,(OH),-Au electrode
(A-C) Spectra collected on electrodes in contact with 0.1 M solutions of KPi in: (A) D,O, (B) H,0O, and
(C) H,'80 at a sample potential of 2.21 V. A spectrum at 1.61V served as a reference spectrum. The

band of the superoxo species is centered at 1,014 cm ™ in the presence of D,O and H,O and occurs

at 966 cm ™" in the presence of H,'80. All other spectral changes are attributed to KPi.
(D) Spectrum of a bulk KPi solution.

observations support the conclusion that the 1,014 cm ™" band is associated with the
superoxide intermediates (Co—-O-O®-Co or Co-0-0¢)."***°% The other possible
water-oxidation intermediate, hydroperoxide (Co—O-OH), would feature character-
istic bands in the 740-920 cm ™" region.****>*>> Owing to the absorption by the
H,O librational mode, the signals were too weak to be discernable in that spectral
range. The other bands in the spectra in Figures 2A-2C are due to the enrichment
and depletion of electrolyte phosphate species at the interface with changes in
applied potential. The magnitude of those spectral changes depends on the charac-
teristics of a specific electrode, such as film thickness and homogeneity, and the
electrolyte system. The negative band at ~1,050 cm™" in Figures 2A and 2B is likely
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Figure 3. Potential dependence of the current modulation ratio for different water activities and
solvents

(A) Suppression of the current density due to the water-oxidation reaction on Co-Pi when a,, was
decreased from 1 to 0.83. The water activity was altered by setting the NaNO3 concentration in a
0.1 M KPi buffer at neutral pHto 0, 2, 4, and 7 m. The data were collected on a Co-Pi film on an FTO
substrate under steady-state conditions and under stirring of the electrolyte. The data were
derived from an average of three independent experiments for each a,,. Error bars denote the
standard deviation of three individual measurements. The potential was corrected for the iR-drop.
Further experimental details are provided in the supplemental information.

(B) ja1.0/ja0.83 is the ratio of the water-oxidation current densities on the Co-Pi catalyst observed in
electrolytes with water activities of 1 and 0.83. The ratio j.1.0/j.0.83 Was calculated from the data in
Figure 3A. H/D refers to the ratio of the current densities of the Co—Pi catalyst in 0.1 M KPi in H,O
and D,O.

due to a surface-adsorbed phosphate species.”®*” The spectrum of a bulk KPi solu-
tion is shown in Figure 2D. Duplicate experiments confirm the reproducibility of the
spectroscopic results (Figure S5). Taken together, this set of experiments demon-
strates the utility of the SEIRAS-ATR technique for the detection of water-oxidation
intermediates under operating conditions. Importantly, the result confirms the pres-
ence of a superoxo species, consistent with the mechanistic proposal (Figure 1).
Future research should be directed to further distinguish between Co-O-O"-Co
and Co-O-0O".

Electrochemical characterization with varying water activities

To further probe the mechanisms as shown in Figure 1, we monitored the electro-
chemical water oxidation current as a function of electrode potential in water-in-
salt electrolytes of varying water activities. As noted earlier, different reaction orders
with respect to water activity are expected from the two competing mechanisms: a
(pseudo) first-order dependence on H,O activity (a,) is expected for the WNA route,
whereas a (pseudo) zeroth-order dependence on a,, is expected for the IMOC
pathway. In a practical electrochemical system, the dependence of the kinetics on
a,, is likely more complicated because of a number of other factors, including the
participation of H,O as a solvent; these potential complications notwithstanding,
the value of quantitatively analyzing the reaction rates as a function of water activity
becomes obvious.

Figure 3A compares the steady-state electrochemical current densities due to the
oxidation of water on Co-Pi in contact with 0.1 M KPi containing 0, 2, 4, and 7 m
NaNOj. The corresponding water activities are shown in the legend and were
calculated on the basis of empirical equations.”® These values describe the activity
of bulk water in these water-in-salt electrolytes. We caution that the activity of wa-
ter at the electrocatalytic interface may be different from those values. Neverthe-
less, the activities of interfacial water are expected to qualitatively follow the same
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trend with increasing water-in-salt concentration. All electrolytes were at neutral
pH and were stirred during measurements, which were performed on electrode-
posited Co-Pi on fluorine-doped tin oxide (FTO) substrates in a single-compart-
ment electrochemical cell. The potential window was carefully chosen so as to
avoid mass transport limitations (i.e., >1.71 V) or large experimental errors due
to low current densities (i.e., <1.62 V). Details of the data collection protocol are
given in the supplemental information, and a representative dataset is shown in
Figure Sé6. As shown, with increasing molality of NaNO3 and, hence, decreasing
aw, the current density of water oxidation is increasingly suppressed. A similar
trend was observed for CoO,(OH), (Figure S7), suggesting that the observed trend
is a more general feature of cobalt oxide-based catalysts. This finding further cor-
roborates our assertion made earlier that CoO,(OH), is an appropriate alternative
model system for Co-Pi.

The observed suppression of the water-oxidation reaction could arise from a number of
different physical phenomena. First, to test whether the catalyst undergoes irreversible
structural changes in the different electrolytes, we recorded the cyclic voltammograms
(CVs) of the same Co-Pi electrode in 0.1 M KPi before and after collection of 3 cycles of
CVsin the four electrolytes (of molalities 0, 2, 4, and 7 m). As shown in Figure S8, the CVs
in 0.1 M KPibefore and after catalysis in the water-in-salt electrolytes overlap. These data
suggest that no irreversible changes in catalytic activity occur during water oxidation in
the water-in-salt electrolytes.

Second, to test whether the mass transport of water to the electrode limits the reac-
tion rate at high salt concentrations, we collected the steady-state electrochemical
current densities of a Co—Pi-coated Pt rotating disk electrode (RDE) at rotation rates
of 2,000 rpm (Figure S9) and 0 rpm (Figure S10). Comparison of the two figures re-
veals that the recorded current densities on the RDE exhibit the same trend with
increasing salt concentration, irrespective of the rotation rate. Moreover, as demon-
strated in Table S1, the increase in the thickness of the stagnant layer with electrolyte
concentration is expected to be small. Collectively, these results suggest that the
suppression of the water-oxidation reaction is not caused by limited mass transport
of water to the electrode.

Third, at high concentrations of NaNOg, nitrate anions are expected to limit the
enrichment of phosphate anions in the electric double layer with increasing poten-
tial. As a result, the pH buffer capacity at the electrocatalytic interface might
decrease with increasing NaNO3 concentration. Changes in the pH in the vicinity
of the electrode (local pH) could impact the reaction rate and mechanism.?’>” To
exclude local pH effects as a possible reason for the reactivity trends with increasing
NaNOj; concentration, we performed three different control experiments: (1) we
monitored the electrochemical current density as a function of solution pH at a fixed
(absolute) electrode potential. As shown in Figures S11-513, the pH dependence of
the current density was independent of the rotation rate of the RDE. (2) We per-
formed galvanostatic titration experiments. The potential shows an approximately
Nernstian shift of 60 mV/pH for all electrolytes (Figures S11-513). (3) We varied
the concentration of KPi in the electrolytes containing 4 and 7 m NaNOj. As shown
in Figure S14, the potential dependence of the reaction rate is insensitive to the con-
centration of KPi. Taken together, these control experiments suggest that the local
pH does not significantly depend on the concentration of NaNOs.

Fourth, to test whether nitrate anions block catalytic sites, we recorded the electro-
chemical current density as a function of potential in 7 m NaClO,. Perchlorate
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typically does not chemisorb on electrodes.®® As shown in Figure S15, the impact of
7 m NaClOy4 on the current density is similar to that of 7 m NaNOj3. This result indi-
cates that nitrate anions do not block catalytic sites of Co-Pi.

Fifth, alkali metal cations are known to influence the rate of the water-oxidation reac-
tion on various electrocatalysts.®’®° In the case of Ni oxyhydroxides, intercalated
electrolyte cations have been proposed to stabilize reaction intermediates.®”** To
test whether the catalytic activity is affected by the identity of the cation, we conduct-
ed additional control experiments in 2 m KNO3. As shown in Figure S16, the current
modulation ratio virtually overlaps with the one obtained in 2 m NaNOj (higher con-
centrations of KNO3 could not be tested because of the lower solubility of that salt
relative to NaNOs3). This result is consistent with earlier work®® showing that the sub-
stitution of K™ in Co—Pi by Na* has no significantimpact on the catalytic activity of this
catalyst. On the basis of this finding and our observation that the catalytic activity of
Co-Pi is retained after a sequence of CVs in three water-in-salt electrolytes (Fig-
ure S8), we can exclude the incorporation of Na™ into the Co-Pi film as the origin of
the change in catalytic activity with increasing electrolyte concentration. Cations
can alsoinfluence an electrocatalytic process by altering the properties of the electric
double layer in a number of distinct ways,®” which are not fully understood to date.
One of the principal ways in which cations can impact the catalytic activity is by
altering the structure and dynamics of water at the interface.®>“’ This possibility is
included in ourinterpretation of these results in terms of the decreasing activity of wa-
ter with increasing concentration of the water-in-salt electrolytes.

Sixth, to exclude the possibility that impurities, for example, Fe, incorporate into the
catalyst®® with increasing salt concentration, we performed CV tests in electrolytes
with reagent grade and trace metal grade salts. As shown in Figure S17, the same
water-oxidation activity was observed in both electrolytes.

Finally, to test whether the electrochemical currents arise from the oxidation of water
to molecular oxygen, we conducted gas chromatography measurements. Figure S18
shows that O, is produced with near-unity faradaic efficiency. This measurement
demonstrates that: (1) other possible oxidation products (such as H,O,) are not pro-
duced in appreciable amounts and (2) parasitic chemical reactions (such as the
oxidation of nitrate) do not occur.

Taken as a whole, this set of results indicates that the observed suppression of the
water-oxidation reaction is most likely caused by the decrease of water activity
(aw) from 1 to 0.83 as the concentration of NaNOj increases from 0 to 7 m.

To further analyze the data shown in Figure 3A, we plotted the ratio of the current
density at a,, = 1 over that at a,, = 0.83 at different potentials (Figure 3B). This ratio
quantifies the extent to which the reaction rate is modulated by the water activity.
It is clear that the impact of the water activity strongly depends on the electrode po-
tential:at 1.71V, the rate is suppressed by a factor of =4.3. By contrast, at a potential
of 1.615V, the modulation factoris only = 1.2, indicating that the rate of the reaction
is less sensitive to the change in water activity at that potential. Identical trends were
obvious for the other a,/s (i.e., 0.94 and 0.89), albeit with different magnitudes.

That the reaction rate is suppressed by up to a factor of 4.3 by an a,, change from 1 to
0.83 at 1.71 V strongly suggests that H,O is involved in the RDS at that potential.
Conversely, for the same a,,, the modulation is close to unity at 1.615 V, indicating
that H,O involvement in the RDS is less likely. Taken as a whole, the data suggest
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that a mechanistic switch occurs between 1.615 and 1.71 V. A possible mechanistic
switch that is consistent with our observations is the transition from the IMOC
pathway ([pseudo] zeroth order in a,) to the WNA route ([pseudo] first order in a,)
as the electrode potential is increased from 1.615 to 1.71 V.

To corroborate further this assertion, we measured the steady-state current density
on the FTO-supported Co-Pi electrode in 0.1 M KPi in heavy water (D,0) as a func-
tion of electrode potential. The ratio of the current density of the corresponding
measurement in light water over that in heavy water is the apparent kinetic isotope
effect (KIE). The apparent KIE is close to 2 at 1.625 V and increases to =4.2 as the
potential is tuned to 1.71 V. Because the IMOC pathway does not involve water in
the RDS, we expect the rate of the reaction to be insensitive to H/D substitution.
By contrast, the WNA involves a water molecule in the RDS. Therefore, a depen-
dence of the rate on the isotope of hydrogen is expected. Collectively, the KIE mea-
surements further corroborate our notion that the mechanism switches from the
IMOC route to the WNA pathway with increasing potential.

We note that the interpretation of KIE effects can be highly complex. For example, a
similar KIE dependence on potential might be explained by a switch of the oxidized
substrates from OH™ to H,O, as has been reported by Zhao et al. on Fe,05.%7 How-
ever, that mechanism is not applicable to the Co—Pi catalyst because OH™ is unlikely
to be the oxidized substrate at pH 7. Furthermore, Hammes-Schiffer et al. demon-
strated that the relative contributions that specific reactant/product vibronic states
make to the current density are dependent on the isotope.’® They showed that
this effect could give rise to a potential dependence of the KIE. Although we cannot
fully rule out that such effects contribute to the potential dependence of the KIE in
the present case, the corroboration between the KIE data and the potential-depen-
dent impact of the water activity on the reaction rate supports the conclusion of a
potential-induced switch from the IMOC mechanism to the WNA pathway with
increasing potential. A KIE on the WNA pathway was also reported by Cuk et al. dur-
ing the photocatalytic oxidation of water on SrTiOs."®

As far as the KIE effect is concerned, it is noted that Dau and co-workers also found a
suppression of the water-oxidation reaction in D,O relative to that in H,O.?” Their
electrokinetic results were similar to those reported herein. However, they inter-
preted these data differently. In particular, the authors found that the redox poten-
tial of the pre-equilibrium [Co"-OH] = [CoV-O] + H* + e shifts by approximately
60 mV in the anodic direction upon switching the solvent from H,O to D,0. Because
galvanostatic measurements for water oxidation in H,O and D,O show a similar shift,
they suggested that the suppression of the water-oxidation reaction is due to the
shift in this pre-equilibrium (rather than a KIE on the RDS of the water-oxidation re-
action). This pre-equilibrium is a critical factor determining the activity of Co-oxide-
based catalysts.”’*"" This alternative interpretation could also account for the
observed suppression of the water oxidation in D,O. However, we note that on
the basis of the CVs of Co-Pi in H,O and D,O (Figure S19), we estimated a shift of
=28 mV in the Co(ll)/Co(lll) redox half-wave potential. The relatively small shift in
the pre-equilibrium suggests that it may not be the sole reason for the observed
dependence of the rate of the water oxidation on the H/D isotope. Most importantly,
this interpretation cannot account for the suppression of the current with increasing
salt concentration (Figure 3). As discussed earlier, our control experiments in which
we varied the rotation rate of the RDE (Figures S9 and S10), the pH of the electrolyte
(Figures S11-S13), and the concentration of KPi (Figure S14) confirm that the buffer
capacity is sufficient to maintain the [Co"-OH] = [Co™-O] + H* + e~ equilibrium in
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the water-in-salt electrolytes. To further corroborate this notion, we analyzed the
Co(I1)/Co(lll) redox equilibrium of Co—Pi in contact with the water-in-salt electrolytes
with cyclic voltammetry. As shown in Figure S20, the Co(Il)/Co(lll) redox half-wave
potential is shifted by only 10-20 mV in the cathodic direction with increasing salt
concentration. This small shift indicates the pre-equilibrium is not significantly
affected by the presence of water-in-salt electrolytes. Therefore, when the isotope
effect results are viewed in the context of the electrokinetic results for the water-
in-salt electrolytes, our interpretation provides a cohesive, self-consistent picture,
whereas the hypothesis of the shift in the pre-equilibrium can only partly explain
the collective results. Although the shift may be a contributing factor, we conclude
that it is not the dominating effect.

Rationalization of the potential-induced mechanistic switch

In the following section, we discuss two possible molecular origins for our proposed
potential-induced mechanistic switch. First, we show that the interfacial electric field
at the electrocatalyst/electrolyte contact may affect the relative activation barriers of
the two pathways and, thus, the relative weight of each route as the potential is
altered. Second, we performed a DFT study of the two routes. These calculations
show that only at high potentials does the WNA mechanism become thermodynam-
ically accessible. In a practical system, the two effects may synergistically combine to
favor the WNA pathway at high electrode potentials. Next, we discuss the impact of
the interfacial electric field on the activation barriers; then we describe the insights
derived from the DFT modeling.

The key distinction between the IMOC and WNA pathways is the involvement of wa-
ter in the RDS of the latter one (Figure 1). On the basis of this observation, we expect
the energetics of the two pathways to exhibit distinct sensitivity to the interfacial
electric field. The magnitude of the interfacial electric field of the electric double
layer increases as the potential of the electrode is increased. It is well established
that electric fields can profoundly impact the rates and selectivity of chemical reac-
tions.”?”’¢ Reaction intermediates with sufficiently large dipole moments and polar-
izabilities can interact with the electric fields. As a result of this interaction, the free
energy profile of the reaction processes can be altered.”’? Narskov et al. have
shown that the impact of electric fields on surface-bound water-oxidation intermedi-
ates (M-OOH, M-OH, M=0) is typically very small because these species have small
dipole moments and polarizabilities.”® On the basis of these findings, it is likely that
the interfacial electric field has a negligible impact on the IMOC pathway. Because
the rate-determining O-O bond-formation step is a chemical step, we expect the
principal activation barrier of the IMOC pathway to be independent of the electrode
potential. By contrast, because water has a relatively large dipole moment and
polarizability, the orientation and dynamics of water molecules at electrified inter-
faces may strongly depend on the electrode potential.””’? It has been suggested
that the water dynamics and structure at interfaces affect the rates of various electro-
catalytic processes, such as water oxidation and reduction.®>’® Therefore, even
though O-O coupling in the WNA as hypothesized in Figure 1 is a chemical step,
we expect the activation barrier of this process to depend on the electrode poten-
tial: AGjyna = AGiyna — AT+ E, where AGyn 4 is the standard chemical free energy
of activation in the absence of an electric field; AW represents the change in the sur-
face dipole when going from the reactant to the activated complex state; and Eis
the interfacial electric field, which depends on the electrode potential. These qual-
itative considerations show that because of the participation of water in the rate-
determining chemical step of O-O bond formation for the WNA mechanism, the
activation barrier of this step is a function of electrode potential. Nevertheless,
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without knowledge of the molecular-level structure of the electrocatalyst/electrolyte
interface at the present time, our considerations must remain qualitative at the
present stage. Irrespective, this model describes one possible origin of the observed
mechanistic switch from the IMOC route to the WNA pathway with increasing
potential.

To explore further other possible causes of the potential-induced switch, we studied the
energetics of the two pathways with DFT. All calculations were performed with the
B3LYP functional and def2-SV(P) and def2-TZVP basis set implemented in the Gaussian
16 software package. Further computational details are provided in the supplemental
information. We constructed atomic models on the basis of previous EXAFS®* and X-
ray pair distribution function analysis.> The Co;054H,7 cluster has a Co ion surrounded
by 6 Co ions at the edge that are connected to the center Co ion by p3-O bridges (Fig-
ure S21). The energetics of the water-oxidation reaction is sensitive to the protonation
state of the cluster.*>?® We considered different protonation states and found that
the lowest energy protonation state is a highly symmetric cluster with one side of the
n3-O being protonated and each pair of edge Co ions having strong hydrogen bonds
between nearby hydroxide and water ligands (Figure S22). The protonation of the hy-
droxide ligand of the edge Co atoms is energetically unfavorable because it destroys
the strong hydrogen bond interaction between OH™ and nearby H,O. However, the
edge OH™ group can be protonated by reducing the corresponding edge Co(lll) to
Co(ll) (Figure S23).

On the basis of this structural model, we investigated the water-oxidation mechanism
(Figure 4) starting from the H,O-Co(ll)—(1-0),—~Co(lll)-OH; intermediates (). We note
that our computational method overestimates the potential for oxidation potential of
Co(lll) to Co(lV) by ~0.3 V (Figure S24). All potentials quoted herein are not corrected
for this systematic error. The oxidation of Co(ll) to Co(lll) requires 0.95 V, which is
much lower than the applied potential during catalysis. The second oxidation re-
quires 1.98 V to generate intermediate lll with one Co oxidized to Co(IV). This oxida-
tion is a metal-center oxidation, consistent with X-ray absorption near edge structure
results of the Co—-Pi catalyst under catalytic conditions, which suggest a valence of Co
greater than 3.7* When the overestimation of the redox potential is accounted for,
this intermediate is predicted to be prevalent under water-oxidation conditions.
Consistent with the prediction, the resting state of the catalyst has been assigned
to intermediate Il in previous reports.'>?/*1325%7% The hydroxide coordinated to
the Co(IV) center in intermediate Ill has a partial radical character as indicated by a
Mulliken spin population of 0.21 (Figure S25). Therefore, the two hydroxides can
couple to form hydroperoxide through the IMOC mechanism. Thermodynamically,
this pathway is favored over the WNA pathway under low applied potentials. The
following two oxidations require low potentials. Therefore, it is fairly easy to form in-
termediate VI. The release of O, and binding of two water molecules complete the
catalytic cycle.

Under high applied potential, intermediate Ill can be further oxidized to form inter-
mediate IV’ with two nearby Co being oxidized to Co(lV). The terminal O atom co-
ordinated to Co(lV) is best described as an oxyl radical because the Mulliken spin
population on the O atom is 0.89 (Figure S25), close to 1 for a perfect radical. The
intermediate IV’ can react with a water molecule from the solution to form interme-
diate V' through the WNA mechanism. The incoming H,O forms hydroperoxide
with the oxyl radical and releases a proton to the nearby OH™ group. Intermediate
V' can be further oxidized to intermediate VI’, which releases O, and adsorbs a wa-
ter molecule to complete the catalytic cycle.
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Figure 4. Possible routes of water oxidation suggested by the DFT calculations

Left: the IMOC mechanism under low overpotential (thermodynamically favored pathway); right:
the WNA mechanism under high overpotential. The calculated free energy changes (AG) are given
in the unit of eV. The numbers shown in green are the free energy changes of electrochemical steps
versus the computed hydrogen electrode.

We note that both IMOC and WNA mechanisms feature a superoxo intermediate (VI
and VI, respectively). This prediction is consistent with our spectroscopic results,
which indicate the presence of a superoxo species. On the basis of the simulated
O-O vibrational frequencies (Figure S26) alone, we cannot identify which of the
two species gives rise to the vibrational band at 1,014 cm™! (Figure 2). We reserve
a more detailed assignment for future investigations.

Although alternative reaction pathways may be available,***° the DFT computations
show that: (1) the IMOC and WNA pathways are feasible from a thermodynamic
perspective and (2) their energetics are consistent with the proposed mechanistic
framework (Figure 1) and the interpretation of our electrokinetic results (Figure 3);
at low overpotential, the IMOC pathway predominates, whereas the WNA pathway
becomes accessible at high overpotential. Finally, it is noted that, in line with previ-
ous precedence, we only considered the thermodynamics of the pathways.'"?° The
calculation of the activation barriers is complicated by spin-state changes during the
conversion of intermediate Ill to IV. Furthermore, the activation barriers are sensitive
to the protonation state of the catalyst, which is a complex function of applied elec-
trode potential and reaction conditions. Fully accounting for these complications will
require additional research that is beyond of the scope of the current work.

Taken as a whole, the thermodynamic description of the two pathways and the qual-
itative considerations of the impact of the interfacial field on the relative magnitude
of activation barriers of the O-O bond-forming steps provide strong support for the
conclusion of a potential-dependent mechanistic switch. The DFT modeling predicts
that a certain threshold potential for the WNA pathway needs to be surpassed
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Figure 5. Schematic representation of the key findings and conclusions of this work

before this pathway becomes thermodynamically feasible. In addition, the involve-
ment of water in the RDS may further lower the activation barrier for the O-O
bond-formation step for the WNA route, leading to a further acceleration of the re-
action rate. Our conclusions are graphically summarized in Figure 5.

Broader implications

Previous research on homogeneous water-oxidation mechanisms has revealed that
the 4-proton, 4-electron process of water oxidation can take place on a mononuclear
or a dinuclear catalyst. Whether WNA or oxygen coupling is the preferred mecha-
nism has been at the center of intense studies for the natural PSIl and for molecular
catalysts. In testing the various hypotheses for the reaction mechanisms, researchers
mainly relied on kinetic models that depend on the information of key species, such
as the concentration of the catalyst and the TOFs. In principle, the same methodol-
ogy could be applied for the establishment of a similar knowledge base for hetero-
geneous water-oxidation reactions. However, the lack of knowledge on the detailed
information of the catalytically active centers creates a critical challenge for such an
approach. Our strategy of probing the kinetics of heterogeneous water oxidation by
varying water activities is new. It generates information that permits the verification
of hypotheses that are difficult or impossible to obtain by other methods. How the
water-oxidation reaction proceeds is sensitive to a number of factors, including
the local catalytic environment (e.g., the availability of mononuclear, dinuclear, or
multinuclear active centers), substrate concentration, and the driving forces (see,
e.g., a recent report on how varying applied potentials change water-oxidation
products on a copper porphyrin in acidic solutions.?") Although our studies suggest
that the WNA mechanism is favored at high driving force, we are inspired to under-
stand that in a practical water-oxidation system (such as the oxygen evolution cata-
lyst in PSIl or in an electrolyzer), both mechanisms may co-exist. The fact that this
switch is observed on Co-Pi and CoO,(OH), (Figures S7 and S27) suggests that
the potential-induced changes in pathway may be a more general phenomenon of
Co-oxide-based electrocatalysts. The dynamic switch of the mechanisms could
help to explain how nature ensures the most efficient route for the utilization of solar
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energy to liberate electrons and protons; it also implies that future designs and opti-
mization of heterogeneous catalysts for large-scale engineering implementations of
water oxidation should consider the facile switch of reaction mechanisms. It is noted
that the WNA mechanism could proceed through a mononuclear site or a dinuclear
site depending on the catalytic conditions."**?#? However, it likely makes only a mi-
nor contribution to our study because of the narrow and low overpotential regime
investigated and the equivalent involvement of a water molecule in the RDS on
both sites. Finally, although we envision that studying water oxidation by varying wa-
ter activities indeed adds a new dimension to the tool kit, it faces limitations for sys-
tems at highly alkaline conditions where OH™ but not H,O is being oxidized.

In conclusion, this work introduced two key innovations. Using SEIRAS-ATR, we de-
tected a key intermediate corresponding to O-O bond formation in Co-based water
oxidation. This information lends support to the proposed mechanisms. By varying
the water activity, we established a kinetic model that allowed us to verify the two
competing mechanisms of water oxidation. We found that the dinuclear route
(i.e., IMOC) is favored at relatively low driving forces, whereas the mononuclear
route (i.e., WNA) is preferred at relatively high driving forces. The results contribute
significantly to the understanding of water oxidation by heterogeneous catalysts.
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