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ABSTRACT: Electrocatalytic water oxidation is a key transformation in many

Using EPR to Investigate WOC Mechanisms

strategies designed to harness solar energy and store it as chemical fuels. 60, 160150 150,

Understanding the mechanism(s) of the best electrocatalysts for water oxidation
has been a fundamental chemical challenge for decades. Here, we quantitate evolved
dioxygen isotopologue composition via gas-phase EPR spectroscopy to elucidate the
mechanisms of water oxidation on metal oxide electrocatalysts with high precision. Kt
Isotope fractionation is paired with computational and kinetic modeling, showing that
this technique is sensitive enough to differentiate O—O bond-forming steps. Strong

M_m1+mz

agreement between experiment and theory indicates that for the nickel-iron layered
double hydroxide—one of the best earth-abundant electrocatalysts to be studied—
water oxidation proceeds via a dioxo coupling mechanism to form a side-bound peroxide rather than a hydroxide attack to form an

end-bound peroxide.

B INTRODUCTION

The sun-driven electrochemical decomposition of water to
oxygen and hydrogen gases, commonly known as solar water
splitting, has been an increasingly popular topic for the
advancement of noncarbon-based renewable fuels." Nickel—
iron oxides, NiFeO,, are attractive water splitting catalysts
because they efliciently facilitate the 4-electron oxidation of
water (as evidenced by their low overpotentials), they are
composed of earth-abundant metals, and they show excellent
stability over time.” Nickel—iron layered double hydroxides
([NiFe]-LDHs) have recently come into focus as easily
synthesizable by several methods and show particularly high
current densities and Faradaic efficiencies.” > Although
[NiFe]-LDHs have been extensively studied, there remains
significant uncertainty about the mechanism of water oxidation
due to the complexity of the material and whether it operates
differently than other catalysts, such as the archetypal iridium
oxides. A hydroxide attack mechanism has been proposed,
which involves the attack of water (or hydroxide) on a metal—
oxo species to form an O—O bond.® We previously suggested
that an intramolecular dioxo coupling may be an operative
mechanism, and that water oxidation occurs at the high-valent
oxidation state iron sites located at the 60° corner site.” The
gold standard method for investigating these materials is to
quantify the O, isotopologue products formed (1°0,,'¢,'*0,,
30,) when thel(’O—containing catalyst is introduced to, and
oxidizes, H,'®0. The use of membrane inlet mass spectrometry
(MIMS)” and differential electrochemical mass spectrometry
(DEMS)® marked a watershed in this field, which allowed for
rapid time-course measurement of electrochemical properties
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in situ. The drawbacks are (1) the poor collection efficiency of
oxygen, which radiates hemispherically from the electrode, and
(2) the inability to quantify truly minute levels of oxygen. The
latter is a major hurdle; oxygen produced at early times—even
within the first turnover—is the most important quantity to
measure since it has the potential to differentiate between the
mechanisms currently proposed in the literature. Here, we
introduce a complementary technique, gas-phase continuous-
wave electron paramagnetic resonance (CW EPR) spectros-
copy, to quantify the O, isotopologue products of several
electrocatalysts for the oxygen evolution reaction (OER) in
aqueous base. We demonstrate that this is a fast and
ultrasensitive technique that provides insight into the
mechanism of several important OER catalysts, compared to
other spectroscopies, which measure bulk changes in oxidation
state and fail to capture the kinetically “fast” states, which are
critical to the mechanism.> ™"

In situ spectroscopic methods have been recognized as
critical to detect the reaction intermediates that may populate
the catalytic cycle; while ex situ measurements are clarifying,
their applicability to the real mechanism is at times
uncertain.'”"’In situ X-ray absorption spectroscopy (XAS)
and Mossbauer spectroscopy have confirmed the existence of
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high-valent metal ions under working conditions.”'' Fur-
thermore, surface Raman spectra identified both nickel—oxo
and iron—oxo species, which may play different roles
depending on the exact structure of the material (e.g, the
concentration of nickel in an iron oxide matrix)."* In summary,
multiple active sites, such as Ni**/** and Fe*', and multiple
intermediates, such as M(=0), and M—O—0O—M, have been
identified."’ These results have promoted a healthy debate
within the community, and they demonstrate the need for
further evidence to determine the atomic mechanism of the
OER. However, the data are ambiguous and dependent on a
multitude of experimental factors.

The emergence of various metal—oxygen species can be
influenced by the applied potential because of capacitive
behavior, and some may merely be spectators idle in the
catalytic cycle.” Observation of a high concentration of an
intermediate species may indicate that sequential OER steps
are too sluggish to be “on path” for catalysis. Metal oxide
catalysts also complicate water oxidation by allowing for both
adsorbate evolution mechanisms (AEMs) and lattice oxygen-
mediated mechanisms (LOMs)."””> AEMs suggest that O,
evolution is mostly accomplished by redox transformations of
water adsorbed onto the catalyst surface; this has been
challenged by evidence, showing the incorporation of lattice
oxygen in products.'”"” To address this question, exquisite
time resolution near the start of catalysis is necessary since the
restructuring of lattice oxygen can be a competitive process.

Isotopic labeling can be used to probe the products of OER.
Pioneering reports on 'O labeling in water oxidation have
revealed some participation of lattice oxygen in catalytic
cycles,” and researchers have elucidated properties of the rate-
limiting step through the study on kinetic isotope effects
(KIEs) of '0/"0 reactivity.'"® Notably, Haschke et al.
investigated the KIE by studying the '®O enrichment after
hours of steady-state electrolysis.18 From these data, it was
concluded that O—O bond formation is the rate-limiting step,
corroborating other reports. Here, we propose that a
methodology based on EPR spectroscopy and chronocoulom-
etry would provide high sensitivity compared to existing
methods.® EPR spectroscopy is capable of resolving and
quantifying all O, isotopologues, and in conjunction, electro-
chemistry can quantify individual electrons via the integration
of current (i).

B RESULTS AND DISCUSSION

Resolution of Dioxygen Isotopologues by CW EPR.
Gas-phase O, in its spin-triplet ground state, with two unpaired
electrons in its two z* orbitals, features a unique X-band
(~9.23 GHz) continuous-wave (CW) EPR spectrum, in which
the combination of rotation, spin—spin coupling, spin—
rotation coupling, and Zeeman interactions results in 100
observable transitions below 700 mT for '°0, at room
temperature.'””” The sample must have enough O, to be
detected, but not too much to cause broadening due to excess
collisions, hence being EPR silent in atmosphere. Since
rotational and spin—rotation coupling energies are dependent
on the reduced mass, different O, isotopologues (including
150,, 1°0'%0, and *0,) yield transitions at different magnetic
fields.

Between 650 and 660 mT, each of these three oxygen
isotopologues produces a strong EPR transition (Figure 1)
corresponding to (N, ], M; = M;) = (1,2, 0 — 1) for '°0, and
80, and (N, J, M; = M) = (1,2, =1 — 1) for *0'0 (see
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Figure 1. (Top) Experimental (black) and simulated (red) CW EPR
spectrum of O, gas (21.73% '°0,, 49.41% '°0'%0, 28.08% '°0,, and
0.78% 'O isotopologues). (Bottom) Individual simulated isotopo-
logue spectra. Experimental parameters: 199 mTorr, room temper-
ature, 2 mW microwave power, and 0.08 mT modulation amplitude.
Simulations are based on parameters listed in Supplementary Table 1.

Supporting Information for details)'” and can be detected
down to 0.547 nanomole of oxygen (Supplementary Figure 3).
Possible gaseous contaminants are EPR silent. We use the
double integrals of these three lines, in combination with
calibration curves obtained from O, gas standard samples at
various pressures, to determine the relative abundance of the
isotopologues in the sample (Supplementary Figure 7). This
approach was inspired by and previously used to study the
bimolecular reaction of geroxyl radicals”’ and the thermal
decomposition of KBrO,.*”

Here, we leverage the unique sensitivity of EPR detection of
O, to study the initial turnover of oxygen on cobalt oxide
(CoOx) and [NiFe]-LDH as well as the steady-state oxygen
evolution on iridium oxide and [NiFe]-LDH.

Initial Oxygen Turnover on Cobalt Oxide and [NiFe]-
LDH. We measured the CW EPR spectrum of the oxygen
produced by '°O-containing [NiFe]-LDH and CoO, as a
function of electrolysis time in 99 atom % '*O-enriched water
with 1 M KOH (hydroxide introduced by reacting labeled
water with potassium metal to limit the amount of '°O and Fe
impurities introduced into the system). We then examined the
spectra as a function of charge passed, which we converted to
bulk turnover number based on the iron or cobalt loading
(Figure 2). For experiments under constant anodic bias, we
assumed that the lattice oxygen does not migrate to a
significant degree, which has been previously reported in iron-
containing systems,”’ and that the dioxygen isotopologues are
indeed from the catalyst and not from the solvent.

Under these conditions, detection above 20 micromoles of
oxygen is limited by collisional broadening of the EPR lines,
and we observed key differences between the oxygen produced
by cobalt oxide and [NiFe]-LDH. First, '*O is incorporated
within the first 0.1 turnover of cobalt oxide, detected as 3020
(orange trace). Incorporation of '*O does not appear until 0.2
turnovers for the layered double hydroxide, and even then, its
incorporation is slow. After a full turnover, the '®O content
only falls to 94% for the LDH, compared to 50% within the
first 0.1 turnover for cobalt oxide. From these data, we find
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Figure 2. Dioxygen evolution from CoO, (top) and from [NiFe]-
LDH (bottom) as a function of charge passed during electrolysis in
99% '80-enriched 1 M KOH. The abscissa indicates the charge
passed. The left ordinate indicates the amount of oxygen produced of
each isotopologue, down to submicromolar quantities. The right
ordinate and the solid blue line indicate the fraction of '°O in the
dioxygen product calculated from the EPR spectra. Vertical gray lines
each indicate 0.1 turnover, calculated from the number of active sites
for both catalysts. Error bars are 10% of the integrated values.

agreement with the literature that there is little exchange
between lattice hydroxide and solution hydroxide when the
LDH catalysts are under potential; significant exchange would
rapidly introduce 80 within the first turnover. Second, no
18080 is observed within the first turnover of the LDH, with a
very small amount appearing after 0.1 turnover for CoO,. The
lower limit of reliable detection is approximately 0.547
nanomole (Supplementary Figure 3). We normalized turn-
overs to the iron and cobalt contents of the LDH and cobalt
oxide, respectively (the Fe:Ni ratio is 1:3 in the LDH).
From these observations, we conclude that the mechanism
of electrocatalytic water oxidation is different on cobalt oxides
than it is on [NiFe]-LDH. Specifically, the [NiFe]-LDH
fractionation is consistent with intramolecular coupling (Figure
3c), in that the initial isotopologues must come from the
catalyst itself, followed by replacement of two sites by %O
hydroxide. The isotopic fractionation for cobalt oxide is more
complex since one would expect a significant amount of

15021

60'0 via a water/hydroxide attack mechanism (Figure 3b).
Although a small amount of *0™0 is detected after 0.1
turnover (3.3 nanomoles), '*O'80 still predominates. This
may arise from a smaller group of “fast” sites, which fully
exchange early in the process, or it may be the result of kinetic
and equilibrium isotope effects, which favor *O—'*0 bond
formation. The former may indicate that rapidly exchanging
oxyl species are operative for cobalt oxide (Figure 3a).

Kinetic Isotope Analysis from Steady-State Concen-
trations on Iridium Dioxide and [NiFel-LDH. To elucidate
the mechanism of [NiFe]-LDH further, we measured the
stepwise (pulsed applied potential) evolution of isotopologues
for iridium oxide-catalyzed OER and compared it to that for
the [NiFe]-LDH. Iridium oxide was chosen because
computations overwhelmingly predict a hydroxide attack
mechanism. These experiments are extremely sensitive and
allowed us to measure the composition of O, produced at the
subturnover level. This is virtually impossible to do with mass
spectrometry since the collection efficiency of the generated
dioxygen is lower and mass spectrometry is inaccurate when
measuring trace amounts of '°O,. Some degree of oxygen
mobility in the lattice is expected under these conditions since
the catalyst does not remain under anodic bias.

For [NiFe]-LDH, what would have been the first turnover is
observed to be partially a charging event, charging the nickel-
based electrode from a Ni** state to a Ni’* oxyhydroxide.
Therefore, during this first “turnover,” less oxygen is produced
as the catalyst reaches its resting state. Iridium oxide, on the
other hand, begins oxygen production more rapidly (Supple-
mentary Figures 8 and 9). We assumed that the lattice oxygen
does not migrate to a significant degree, which has been
previously reported in iron-containing systems,”’ and our
experiments showed little to no exchange in the resting state.

We considered two limiting mechanisms for O, evolution:
hydroxide attack on a metal—oxo moiety ([MO]), and oxo
coupling of two metal—oxo ([MOMOY]) species (Figure 3b,a,
respectively). We assumed that O—O bond formation was rate
limiting, and that all other steps in the process are sufficiently
rapid, so that concentrations can be described by equilibrium
values. Given an isotopic composition of the alkaline media
a=[H"0"]/[H'O7], in the absence of isotopic equilibrium
or kinetic fractionation, the relative isotopic compositions of
the three isotopologues are expected to be

[ 1602] _ 1

[ 0,1 + ['°0 0] + ["®0,] (1 + @) (1a)
[ 160 180] _ 20

[%0,] + ['°0 0] + ["f0,] (1 + @) (1b)
[ 1802] _ >

[0,] + [ 0 ®0] + [f0,] (1 +a) (1¢)

In the hydroxide attack model (Figure 3b), the MO species
is assumed to be at a steady-state concentration, and the
predicted ratios of heavy to light O, are given by

[°0 0] _ (kwon K eon
G = + KM‘XO/MMO a
[ 70,] k 1eo 150H (2a)
[ '°0,] kK ison
_— = KMISO M0 (04
[ '°0,] / 150H (2b)
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Figure 3. Three commonly proposed mechanisms for the OER. (a) Two-site M=0O + M=0 coupling, generally formulated as an oxyl radical
attack. Both O atoms originate from the catalyst. (b) Water/hydroxide attacks on a nucleophilic metal oxo. The O—O bond is formed between
unbound water/hydroxide and a metal—oxo or metal—oxyl species. (c) Intramolecular dioxo coupling on a single site. Both O atoms come from

edge/lattice sites.

In eq 2a, the rate constants correspond to H'®O™ attack on
M0 (k 160y); H'®O™ on MO (k' 16534); H'®O™ on MO (
kisgy); and H®O™ on M™¥O (K isqy). The equilibrium
constant Kypsg \iso corresponds to the following isotopic

exchange reaction:
M°0 + H'®*0™ = M0 + H'°O” 3)

The ratios of rate constants appearing in eq 2a are expected
to be <1 (normal mass-dependent kinetic isotope effects),

whereas Kypso/\poo is expected to be ~1.”* Unless this

equilibrium isotope fractionation is very large, the kinetic
contributions are expected to dominate, leading to ['¢0'0]
and ['0,] concentrations lower than expected based on «
alone.

The oxo—oxo coupling model (Figure 3a) involves more
equilibrium steps prior to the rate-limiting O—O bond
formation. The predicted ratios of heavy to light O, are
given by

160 150 . k 165 150
- = 16, 18, 16 16 a
g, )0 o) autoyno) T (42)
180 K k 18 180 2
72 MB0)(M®0) / (M0 (MO (04
leg, - oro)Mto)/ (o) 0T T (4b)

In eq 4a, the rate constants correspond to k 165165 to O—0
coupling in (M'0)(M'0); k 165 150k 165 155 to O—O coupling
in (M'%0)(M'"0); and kigig to O—O coupling in
(M'®*0)(M'®*0). The equilibrium constant
Kooy (MP0)/ (M0) (M o) corresponds to the following isotopic

exchange reaction:

(M'°0)(M™°0) + H"®*0™ = (M'°0)(M*0) + H'°O™
(5)

and the equilibrium constant K0y no), (m'o)(mé0) COITe-
sponds to the following isotopic exchange reaction:

(M'0)(M'°0) + 2H"®0" = (M**0)(M"*0) + 2H"O"
(6)
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Figure 4. Histograms of '*O enrichment factors for O, production using (a) [NiFe]-LDH and (b) IrO, electrocatalysts.

Table 1. Experimental and Calculated Isotopic Enrichment Factors for Dioxo Coupling and Hydroxide Attack on Iron and

Iridium d> Models and a NiFe Dimer

experimental calculated
165 18, %02 165 18 o2
species mechanism L © 0 [ ] L 0 9 [ ] % diff
102124 [ léoz]al [ 02120 [ 1602]a2
Fe(VI) dioxo coupling 0.85 0.73 8.12%/7.54%
hydroxide attack 0.92 0.78 0.80 0.64 15.25%/22.37%
Ni(ITI)—Fe(VI) dimer dioxo coupling 0.84 0.72 8.88%/8.99%
Ir(VII) dioxo coupling 0.99 0.86 1.03 0.98 4.24%/11.99%
hydroxide attack ’ ’ 0.97 0.86 1.86%/0.11%

In this model, we anticipate that the ratios of rate constants
will be <1, and the equilibrium constants will be ~1.
Additional derivation of the ideal isotopologue fractionations
can be found in the SI (Supporting Information Section S6).

The time-dependent isotopic fractionation of OER on
[NiFe]-LDH and IrO, electrodes was measured by EPR and
related to the predicted statistical ratios (based on the isotopic
enrichment for each run, @). The isotopic enrichment was
calculated from the 'O content of labeled water (typically
~50%) and the added K'°OH. Histograms of the ratios of
heavy to light O, divided by the predicted statistical ratios for
OER on [NiFe]-LDH (N = 35) and IrO, (N = 30) are shown
in Figure 4, and the experimental values for these ratios are
summarized in Table 1. In general, the deviation from
statistical ratios was greater for the [NiFe]-LDH catalyst
than for IrO,, though not different enough to make a
mechanistic determination without the assistance of computa-
tional methods for the kinetic and equilibrium isotope effects
defined above.

Computational Modeling. In an effort to contextualize
the observed isotopic fractionation in Figure 4, we performed
density functional theory (DFT) calculations on four model
systems: the [NiFe]-LDH catalytic iron sites with high-valent
iron(VI) dioxo and mono-oxo species and the IrO, with high-
valent iridium(VII) dioxo and mono-oxo species. A common
d* electron configuration was chosen as the basis for
comparison, and detailed energies from these calculations are
listed in the SI (Supporting Information Supplementary Table
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2). In all cases, the singlet (S = 0) states were found to be
higher in energy than the triplet (S = 1) states by 5—10 kcal/
mol for Ir(VII) and over 20 kcal/mol for Fe(VI), making the
singlet states inaccessible at room temperature. Lower valent
Fe(IV) and Ir(V) mono-oxo species were computationally
screened; however, we were unable to isolate reasonable
transition states (i.e., transition states along the reaction
coordinate) for the hydroxide attack model in these systems.
Additionally, the pK, of the calculated Ir(VI) mono-oxo
species was too low to sustain adjacent explicit water molecules
without deprotonation of an aqua ligand. For the dioxo
coupling mechanism, we note that an Fe(IV) (d*) metal has a
7-system incapable of sustaining a dioxo moiety, confirmin
arguments that these sites would exist beyond the “oxo wall.”
The corresponding Fe(Il) peroxide species is likewise
unreasonable. The hydroxide attack mechanisms were
modeled using one explicit water molecule with both
[Fe(OH),(OH)(0)]** and [Ir(OH),(OH)(O)]* species.
Along the reaction coordinate, the water underwent deproto-
nation at the hydroxide ligand and subsequent attack at the
metal-oxo site to form a protonated end-bound peroxide. It is
important to note that the transition state for Ir(VII) involved
a hydroxide attack mechanism, whereas that of Fe(VI) showed
a water attack mechanism (e.g, no early deprotonation by the
hydroxide ligand).

In the case of an oxo—oxo coupling mechanism, the reaction
is predicted to be close to energetically neutral for a cis-dioxo
Ir(VIIL) species (—2.8S kcal/mol) with a large activation energy

https://doi.org/10.1021/jacs.3c13868
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of 33.84 kcal/mol, but the reaction is relatively exothermic for
the Fe(VI) case (—40.41 kcal/mol) with a small driving force
of 9.06 kcal/mol to form the O—O bond. Furthermore, for the
hydroxide attack mechanism at Ir(VII), the reaction has an
activation energy of 15.84 kcal/mol and is exothermic by 32.28
kcal/mol, whereas water attack at Fe(VI) involves an activation
energy of 0.73 kcal/mol and is exothermic by 51.81 kcal/mol.
The energetics are depicted in Figure 5. Kinetic and
equilibrium isotope effects were computed for each mechanism
by searching for ground and transition states and augmenting
the resulting Hessians with heavy oxygen ('*O). Nonelectronic
contributions to the Gibbs free energy were compared to
determine ratios of rate constants. Calculated rate constants
were similar for both metals, indicating that the primary driver
of the kinetic isotope effect is the metal-insensitive formation
of the O—O bond. The calculated isotopic fractionation results
are presented alongside experimental values in Table 1. A small
scaling factor of 0.92 was applied to both the ratios of rate
constants and in determining equilibrium isotope effects for
dioxo coupling and hydroxide attack on iridium to bring the
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calculated values within range of the experimentally
determined enrichment effects.

The calculated isotopic enrichment factors for oxo—oxo
coupling at Fe(VI) showed close agreement with experimental
values (8.12%/7.54% difference), whereby both enrichment
factors were within one standard deviation of the mean for
[NiFe]-LDH without the need for a scaling factor (the
standard deviation for the IrO, experiments was 0.05,
compared to 0.1 for [NiFe]-LDH). Worse agreement was
shown for calculations simulating water attack at iron, in which
the percent differences from experiment were 15.25%/
22.37%—only within two standard deviations of the mean.
From these models, we propose that dioxo coupling is the
primary mechanism for O—O bond formation at Fe(VI),
which is consistent with previous literature.”*® The calculated
enrichment factors for hydroxide attack and dioxo coupling at
Ir(VII), on the other hand, showed 1.86%/0.11% and 4.24%/
11.99% deviation from the experimental values, respectively.
Both enrichment factors calculated from the hydroxide attack
simulations were well within one standard deviation of the
experimental values. In the model for dioxo coupling, though
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the ['*0'80]/['°0,] value was within one standard deviation
from experiment, the value for ['*0,]/['0,] was beyond two
standard deviations for a given a”. Considering the
thermodynamic data calculated for Ir(VIL), it is predicted
that dioxo coupling would be more rapid than hydroxide attack
on IrO, (AAG* = —18 kcal/mol), but hydroxide attack is a
better model for the isotopic enrichment observed. Addition-
ally, the mechanism of water oxidation occurring via water/
hydroxide attack has already been precedented.”””* The dioxo
coupling mechanism for a Ni(III)—Fe(VI) dimer was also
computationally screened in order to determine any effect that
a p-oxo-bridged Ni(III) center would have on the kinetic
isotope enrichment factors. However, the adjacent nickel site
had no significant effect on either enrichment factor, showing
8.88%/8.99% difference from experiment—remarkably similar
to the Fe(VI) case.

B CONCLUSION

Compared to mass spectrometry that is unable to distinguish
between atmospheric '°0, and '°O, evolved from water
oxidation, X-band EPR spectroscopy has increased sensitivity
due to resonance effects and, when paired with improved
collection of oxygen gas, allows for the detailed analysis of
isotopologues from cobalt oxide, iridium oxide, and nickel—
iron layered double hydroxides. A study of the initial
composition of O, evolved implicates that [NiFe]-LDH
incorporates significantly more lattice oxygen than cobalt
oxide. Computational modeling using DFT found the isotopic
enrichment factors (eqs4a and 4b) to be robust and resistant
to computational fluctuations due to their interrelated
parameters, e.g., KIEs and equilibrium constants that appear
in both ratios and energies, which form the basis of multiple
rate constants. We conclude that O—O bond formation for
nickel—iron layered double hydroxide electrocatalysts likely
occurs by dioxo coupling, modeled here on the same high-
valent iron center. Water oxidation on iridium oxide, however,
is better described as a hydroxide attack, though we cannot
rule out that both mechanisms may proceed simultaneously
based on the computations reported herein. This technique is
broadly applicable to the large class of water oxidation
electrocatalysts and can be used to differentiate mechanisms
by examining the initial steps of the oxygen evolution reaction.
By discriminating between O—O bond-forming steps that have
been debated for decades, we envision efforts to design better
catalytic materials and bring this technology closer to

feasibility.
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