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Abstract

The oxygen evolution reaction (OER) of water splitting is essential to electrochemical energy
storage applications. While nickel electrodes are widely available heterogeneous OER catalysts,
homogeneous nickel catalysts for OER are underexplored. Here we report two carbene-ligated
nickel(II) complexes that are exceptionally robust and efficient homogeneous water oxidation
catalysts. Remarkably, these novel nickel complexes can assemble a stable thin film onto a metal
electrode through poly-imidazole bridges, making them supported heterogeneous electrochemical
catalysts that are resilient to leaching and stripping. Unlike molecular catalysts and nanoparticle
catalysts, such electrode-supported metal-complex catalysts for OER are rare and have the
potential to inspire new designs. The electrochemical OER with our nickel-carbene catalysts
exhibits excellent current densities with high efficiency, low Tafel slope, and useful longevity for
a base metal catalyst. Our data show that imidazole carbene ligands stay bonded to the nickel(II)

centers throughout the catalysis, which allows the facile oxygen evolution.



1. Introduction

The oxygen evolution reaction (OER, 2 HoO > 4 H" + 4 e + Oz 1) of water splitting remains a
central challenge in solar energy storage due to the slow and inefficient four-electron transfer
process.! The search for an efficient and cost-effective water oxidation catalyst (WOC) presents
two significant challenges: (1) OER usually requires highly oxidative conditions, under which
many catalysts are easily decomposed;? (2) the catalyst must be based on abundant materials to
meet global deployment demand. To solve these problems, the community has pursued new
catalyst development with first-row transition metal complexes bearing inexpensive ligand sets.?
Meaningful progress has been made in recent years in devising WOCs based on copper,*
manganese,’ iron,® and cobalt’ complexes. Rather curiously, although nickel oxide is a leading

commercial heterogeneous WOC, homogeneous nickel complexes for OER is less explored.!-3

2. Results and Discussion

2.1. Catalyst Design and Discovery

Our search for efficient OER systems comprised a combination of 1) chemical homogeneous
catalysis and 2) electrochemical heterogeneous catalysis. We focused on metal-carbene
complexes for OER,’ as we were intrigued by our lab’s finding that metal-carbene complexes
show much more flexible redox properties compared to their carbene-free congeners,!'”
particularly on nickel,!! and by the literature reports that a metal-carbene design can promote
catalyst longevity in OER.!? In our hands, iridium complex 1'%%® and nickel complexes 2 and 3
(Figure 1)!! stay active for hours for water oxidation at a uniform rate in the presence of cerium
ammonium nitrate (CAN, method see supporting information). When the loading of catalyst 2 is
doubled at 50 °C, gas formation doubles proportionally, consistent with saturation catalysis by a
single nickel species. Our focus gravitated toward these nickel complexes, because they present a
promising solution to OER using an abundant, inexpensive material. The catalytically active
nickel species persist under those harsh conditions employing concentrated CAN, as we observe

linear kinetics throughout more than 1000 turnovers, or 50% conversion of CAN. Furthermore,



homogeneous nickel-carbene complexes can catalyze OER with remarkable activity under both
chemical conditions and electrolysis, if immobilized onto an electrode surface. Designing such
well-defined molecular catalysts that are stably bound to an electrode surface is exceedingly
challenging; successful examples are rare.'* Our nickel catalysts seem to bind the surface
through one or more interactions to metal electrode in a way that is available both for nickel and
platinum substrates. We expect this is happening through the ligand’s imidazole ligand’s
nitrogen atoms. To the best of our knowledge, this is the first example of stably-surface-bound
base-metal catalyst that originated from designs at the molecular level. This feature enlightens
the possibilities to adopt new reactivities or novel mechanisms from homogeneous studies, and
the opportunities to attune the reactivity and functionality of heterogeneous catalysts at an

unprecedented level of control.
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Figure 1. Carbene-supported precursors 1, 2, and 3 and the kinetic profile of an OER catalyzed
by Ni complex 2 and 3 for the first 50% conversion of CAN. Reaction condition: 1.0 mg of
nickel complex 2 (or molar equivalent of 3), 2 mL deionized H>0O, 2.0 g CAN, 70 °C. CCDC
1438246, 1455844, and 1455845 respective contain supplemental crystallographic details for

compounds 1, 2, and 3.
2.2. Chemical Water Oxidation
Homogeneous OER reactivity of complexes 1, 2, and 3 was examined by treatment of each with

an aqueous solution of ceric ammonium nitrate, which is known to evolve O cleanly in the

presence of an appropriate catalyst.!* The results are summarized in Table 1. We observe that



carbene-supported complexes 1, 2, and 3 all exhibit markedly better stability during OER than
their synthetic precursors. For example, under our conditions, iridium complex 1 delivers 325
turnovers in 30 minutes, while [[r(COD)Cl], solution is deactivated immediately upon treatment
with concentrated CAN (compare Table 1, entries 1 and 2). This contrast, as well as literature

123b show that carbene ligands enhance the complex’s stability against oxidative

examples,
decomposition by CAN. Similarly, nickel complexes 2 and 3, each featuring bidentate carbene
ligands, are capable of more than 103 turnovers under chemical OER conditions, which places

them among the most robust homogeneous base-metal water oxidation catalysts. ! °

While CAN is well known selectively to generate O> from aqueous solutions,!* we took several
measures to ensure that kinetic data quantified by formation of product gas are reliable. This
reaction has known background photochemical reactivity, so we (1) protect all CAN reactions
from light and (2) control against background rate, by subtracting the (typically zero) rate of a
metal-free control reaction run on the same batch of reagents (see experimental section). Further,
the fluid in the eudiometer is water, which traps CO2, NH3, or HCI gasses, should they evolve
from the reaction. No pH deviation in the water was observed over continued use, indicating the

absence of these materials.

The direct synthetic precursor of complexes 2 and 3 (Ni(acac)), the imidazole ligands, or a
mixture of both do not exhibit any OER activity (Table 1, entries 5-7). We regard complexes 2
and 3 as pre-catalysts, because they convert to nickel-carbene species such as 6 in aqueous
solutions through cleavage of the -BH>— group in 2 or the homoleptic central nickel atom in 3
(Scheme 1).!! We find that the active OER catalysts are most likely homogeneous nickel-carbene
species rather than metal oxide particles, because 1) we control the conditions so that cerium
oxide particles do not form from thermolysis or photolysis;'* !° 2) the chemical OER’s kinetic
profiles are fast and linear at neutral pH, which is not appropriate for nickel hydroxide catalysts
or for a simple nickel salt, regardless of whether the nickel species is properly supported on a

3b, 6b, 16

surface; and 3) in our hands, the formation of nickel-carbene species 6 in water is

instantaneous and 6 remains intact and reactive in water over a long period of time.!! Although it

6b, 17

is unlikely that metal particles form under these conditions, we tested for surface catalysis

versus homogeneous catalysis with Crabtree’s mercury drop test. OER catalyzed by 2 did not



respond to mercury drops in the reaction over > 1000 TON (Table 1, entry 3), strongly
suggesting a homogeneous reaction. Finke has discussed the validity of the Hg drop test for
nickel(IT) carboxylates:'® these appear to be deactivated by reduction by mercury, much like
palladium(II).! Thus, the reaction passing Finke’s first three criteria for homogeneity
(appearance, clean kinetics through long conversion, and Hg drop test),!® we assign this has
homogenous. It is most likely that there is a catalyst initiation step that happens rapidly, as we
expected for such a high potential stoichiometric oxidant. We have not structurally characterized
this initiation and have characterized the active catalytic species. Quantitative poisoning (Finke’s
fourth test) is not proven in OER, and has not been used, even in controversial cases,?’ so we did
not pursue it. Instead, we included periodate in place of CAN to effect the same reaction and
observed oxygen evolution, confirming OER reactivity in the absence of cerium oxide particles
(Table 1, entry 9). We never encountered any (NHC)Ni complex that has significantly different
reactivity from 2 or 3, which would add some evidence of homogeneity. A reaction of 6 with
CAN would provide this, but we found 6 unstable to the CAN conditions. From these combined
data, and the fast linear kinetic data that supports saturation catalysis without change in reaction
mechanism, we find that the nickel-carbene species most likely retain their natures as
homogeneous catalysts under chemical water oxidation conditions and that, while formation of
rapidly-activating, mercury-inert heterogeneous nickel-containing particles is possible, it is likely

that the observed OER involves homogeneous catalysis.

Table 1. Water oxidation by carbene supported catalysts under chemical conditions®

Entry Catalyst Time (min) TON
1 1 30 325
2 [Ir(COD)Cl]2 30 —

2 2 30 381
3b 2 300 1030 (1155)¢
4° 3 300 1057
5 Ni(acac)> 300 —

6 Ni(acac), + ligand 300 —

7 imidazole ligand 300 —

8 NiCl 300 —

9¢ 2 30 252

a Reaction conditions: 1 mg of catalyst, 2 mL deionized water, 2.0 g CAN, 70 °C. 5.0 g CAN is
dissolved in 5 mL H>O. ¢ No gaseous product detected. ¢ TON from mercury drop test in
parenthesis. ¢ 2.0 g sodium periodate is the oxidant instead of CAN. CAN = [NH4]2[Ce(NO3)s]



2.3. Electrochemical Water Oxidation

Since nickel complexes 2 and 3 are prolific homogeneous water oxidation catalysts, we tested their
heterogeneous electrochemical reactivity. Electrodes were prepared by mounting 2 or 3 onto a
nickel foam surface (Changde Lyrun, 25 cm?). Imidazole derivatives are known to be effective for
coating surfaces from metal electrodes to quantum dots under neutral to basic conditions,?! so we
reasoned that these substructures should be able to link the molecular nickel center to the surface.,
frequently through a nitrogen atom in an edge-on orientation.?!* Moreover, imidazole’s stability
at high positive electrode potentials should allow desirable catalyst stability in electrochemical
OER.?? Accordingly, we functionalized a nickel foam electrode with nickel-carbene species 2 and
3 to effect electrochemical oxygen evolution (Scheme 1). We chose nickel foam as the electrode,
because it has useful electrocatalytic characteristics—it does not bottleneck the overall OER
kinetics—and maintains suitability for wide adoption. Wet coating of the nickel foam separately
enables complexes 2 and 3 to self-assemble a thin, continuous film on the nickel foam electrode
while maintaining electronical conductivity of the surface. Under kinetic conditions, the coating
of 2 also shows desirable resilience to leaching and stripping compared to those of the nickel
species without a binding bridge. In fact, we see almost no leaching or stripping under conditions
in which other nickel species we tested quickly stripped away from the electrodes. We made this
determination by developing a technique to use *'P NMR line broadening to detect free nickel in
solution (section 4.3). Previously such measurements were limited to cobalt.”> We propose that,
upon interaction with the nickel foam surface, nickel species 2 or 3 most likely forms poly-
imidazole bridges to electrode surface, as illustrated in scheme 1. We find this surface-mounted
catalyst a more active heterogeneous catalyst than either the homogeneous nickel species or the

porous nickel foam electrode.
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Scheme 1. Left: Speculation for the structure for the surface-supported catalyst bound through
imidazole nitrogen atoms. Right: SEM image of nickel foam electrode coated with complex 2, the
latter forming a thin, smooth, and continuous film on the surface. CCDC 1455848 contains

supplementary crystallographic data for 6.

The electrocatalytic activities of 2- and 3-coated electrodes were studied in the OER by steady-
state polarization, which we found to be the most appropriate experiment for our purposes (Figure
2). The reactivity of bare nickel foam was also studied as a (less reactive) positive control. We
note that the onset potentials are very similar for all three electrodes, at ca. 250 mV overpotential,
a relatively low overpotential for base metal catalysts. At 20 mA/cm? the electrodes coated with 2
and 3 required overpotentials of 350 mV and 330 mV, respectively, while the bare nickel foam
demanded a significantly higher overpotential of > 400 mV. Further increasing the overpotential
results in very rapid increase of current density for electrodes coated with 2 and 3, achieving > 40
mA/cm? at 400 mV. In contrast, bare nickel foam struggled to reach 30 mA/cm? at nearly 500 mV.
Fresh electrodes were prepared for each experiment. Trials for assessment of catalyst productivity
were replicated through minimally 6 trials. These data show that while commercial porous nickel
foam is a reactive OER catalyst, 2- and 3-coated electrodes are much more efficient in the OER.
This experiment also shows that our coating process effectively modifies the surface of the
electrodes, knowing that a partially-coated electrode performs similarly to a bare electrode. Given
the low loading of 2 and 3 on the electrodes (as low as ca. 12 ug/cm?: note that the electrode is
large, at 25 cm?, corresponding to an actual weight difference of 0.3 mg), we are excited to see
remarkable specific activity up to 1.6 and 2.6 A/mg at 345 mV overpotential for 2 and 3,
respectively. At each of the potentials measured and at a constant current of 10 mA/cm?, the

potential deviate by less than 1 mV over 10 hours (Figures 2, 3). Thus, OER is the only practical



reaction that can proceed on stoichiometric scale; thus, the product gas was not further
characterized (see supporting information regarding using Faradic measurements to track
kinetics).?* In a worst case, reactions of nickel foam and catalysts derived from 2 and 3 are

controlled against each other.

Further, the Tafel slopes of 40 mV/decade (for 3-coated electrode) and 47 mV/decade (for 2-coated
electrode) were observed over more than a decade of current density contrasted with the 72
mV/decade of bare nickel foam (Figure 2, right). These Tafel slopes of 2 and 3 place them among
the most efficient water oxidation catalysts including noble-metal catalysts IrO> and RuO> and the
state-of-the-art base-metal catalysts (30-60 mV/decade).?* The low values of Tafel slope of both
2- and 3-coated electrodes suggest that these materials allow a lower activation barrier for O-O

bond formation through a novel molecular mechanism, compared to simple nickel oxides.
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Figure 2. Left: steady-state polarization data for oxygen evolution in 30 wt% potassium hydroxide
showing electrodes coated with 2, 3, and bare nickel-foam. Overpotential is calculated as the
difference between the applied potential and the reversible electrode potential for oxygen evolution
in 30% potassium hydroxide. Right: Tafel plots for electrodes coated with catalysts 2, 3, and the

bare nickel foam electrode.
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Figure 3. Left: galvanostatic test of 2-coated platinum electrode at 10 mA/cm? in 30 w/v%
potassium hydroxide at 25 °C. Right: stress test of 2- and 3-coated nickel foam electrodes at 10
mA/cm? in 30 w/v% potassium hydroxide at 25 °C monitored for 10 hours.

The remarkable catalytic reactivity shown in figure 2 must originate nickel species from 2 and 3,
not the nickel foam, because the distinct current-overpotential profiles and Tafel slopes are
evidence for effective surface modification by surface coating. To further support this point, we
coated 2 onto a platinum electrode and observed the coating to enhance the activity of platinum
significantly, platinum being an inefficient electrocatalyst for OER (Figure 3, left). At 10 mA/cm?,
the oxygen evolution overpotential on the 2-coated electrode was ca. 0.5 V lower than a bare

platinum disk electrode.

This surface derivatization of nickel foam electrode and platinum disk electrode most likely retains
the nickel-carbene moiety as the WOC rather than forming nickel oxide particles because 1) we
do not observe particle formation or oxide growth in the SEM of the foam electrodes (see
supporting information), and 2) the galvanostatic profile of the 2-coated platinum electrode is flat
throughout the test and did not show an initiation phase for particle formation while the electrode
potential is recorded every second (Figure 3, left).’> In fact, 2 and 3 form stable layers on the
electrode surface. For example, when nickel foam electrodes are coated by 2 and 3, we observe
stable OER for hours, much like their homogeneous counterparts. In a stress test on 2- and 3-
coated electrodes at 10 mA/cm? over 10 hours (Figure 3, right), the rate of change of electrode
potential over the 10 hours was small (0.2 pV/sec for 2 and 0.8 puV/sec for 3, or only ca. 2%
degradation for 2 and 8% for 3 over 10 hours), demonstrating useful robustness for electrochemical

OER.



2.4. Mechanistic Discussion

We believe the high reactivity of 2 and 3 as water oxidation catalysts originates from formation of
an active catalyst resulting from combination of the nickel foam with the added soluble nickel
complex, although we have not characterized the structure of this active species. Some qualitative
data that describe this species are available from XPS and Raman studies. We found X-ray
photoelectron spectroscopy (XPS) to be a useful tool to determine the composition of 2- or 3-
coated nickel foam electrodes, as it provides evidence for the proposed nickel-carbene
functionality persisting throughout an OER (Figure 4). Prior to OER use, nickel atoms were
characterized by 2ps/» peaks, and peaks appeared at energies consistent with nickel in both the +2
and 0 oxidation states. Oxygen was detected by its 1s peaks, which appear most consistent with
oxides (529.5 eV), and sp3-hybridized oxygen (531.4 eV), which indicates hydroxide ligands. The
nitrogen 1s peaks at 399.5 eV and 401.0 eV represent the nitrogen atoms in the imidazolium ring
in the deposited nickel complex. We also observe an iodine peak, which appears to arise from the
Ni—I bond in the structure of 2 (see supporting information). While adventitious carbon is
observed at 285.0 eV, the shoulder peak at 288.5 eV is appropriate for N-heterocyclic carbenes
metal complexes as demonstrated in various examples.?® We detect no boron in this data set, which
is consistent with our surface-binding hypothesis in which the cleavage of the boron moiety is
facile (Scheme 1). Data arising from complexes 3 give highly analogous findings to those from 2
and are shown in the Supporting Information. We searched for signals appropriate for iron in the
survey scans for each XPS experiment but found none. As Boettcher points out,?’ trace iron in the
nickel foam could substantially modify our experimental findings. While trace iron could be

present, we were unable to detect it by XPS.
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for 3 in the as-prepared state. XPS data for 2, which also show iodine 3d, are illustrated in figure

Ss.

We re-examined our electrodes using XPS techniques after the electrodes had been subjected to
OER experiments (Figure 5). We find only a small amount of nickel oxide signal, whereas the
oxygen 1s peaks suggested that an increase of the hydroxide on the surface. Thus, the OER test in
potassium hydroxide aqueous solution transforms the surface into a more hydrated structure.
Importantly, the imidazole nitrogen signal remains in the electrode after OER, showing persistence
of the carbene fragments. The nitrogen XPS signal is not strong after reaction. However, it appears
at the same binding energy as the starting sample and it is accompanied by a carbon at the same
binding energy as the starting catalyst. The catalyst had operated over 10 hours before we acquired
the after-reaction data, and we did not expect a strong nitrogen signal, especially as nitrogen is not
as easily detected by XPS as other nucleii. In contrast to the N1s peaks before OER, only one
broad peak matching with C—N bonds at 400.9 eV was found for the electrochemically treated
sample, suggesting a more symmetrical structure of the imidazole ligand, possibly through ligand

“L” substitution by a hydroxide at the mounted nickel center (Scheme 1). Carbon data confirms



the persistence of our apparent imidazolium carbene species at 288.5 eV with the introduction of
potassium (293.3, 296.1 eV) from KOH. Data for a 3-coated electrode, shown in Supporting
Information, is highly analogous to the 2-coated electrode. The XPS data reassure us that the active
catalyst involves a nickel-carbene structure, wherein the imidazole groups are most probably

anchored to the electrode surface.
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after OER activity test. XPS data for 2, which also show iodine 3d, are illustrated in Supporting

Information.

Furthermore, we performed surface Raman experiments in which we observe a persistent single
peak at near 2850 cm’! (see supporting information figure S8), appropriate for imidazole C—

N(symmetrical) bond in a metal-carbene structure.?®

With all the data consistent with a persistent nickel-carbene catalyst, we reason that the origin of
the catalytic activity of our system is the unique donor ability of the carbene ligand that remains
part of the catalyst throughout the OER. Other ligands on nickel in the initial surface coordination
complex (L in Scheme 1) could be acetylacetonate (from 3), iodide, imidazole (from 2), solvent,

or hydroxide. Quickly upon the initiation of oxygen evolution in aqueous solutions, the groups “L”



in scheme 1 are likely replaced with hydroxide ligands. We interpret our Tafel slopes of 40 and 47
mV/decade to be consistent with a Ni'/Ni'"! couple.’® Therefore we believe that electrooxidation
of a nickel hydroxide is promoted by the strongly donating carbene ligands, forming an
electrophilic oxygen center that engages in bonding with another nickel hydroxide group, as
sketched in scheme 1. We perceive that our structurally-unique carbene ligands enable this process
by 1) facilitating the Ni'!/Ni'! oxidation at the C-ligated nickel center and 2) weakening the Ni—

O bonds trans to the strong-field ligands.

3. Conclusions

We report the first homogeneous nickel water oxidation catalysts that can be anchored on metal-
electrode surface to enable high current densities with an excellent efficiency and low
overpotential while retaining high stability in heterogeneous electrolysis. These nickel catalysts
show reactivities abreast of the best base-metal catalysts for OER, both in homogeneous
chemical catalysis literature and in the heterogeneous electrochemical literature. Our data
support robust and effective modification of both nickel-electrode and platinum-electrode
surfaces, forming highly active heterogeneous catalysts comprising bound carbene-nickel(II)
centers. We propose that these bound carbene-nickel(Il) species are the active catalysts for the
observed OER and those donor carbene ligands can account for the facilitated molecular
mechanism of O—O bond formation. The insight into the molecular structure of the nickel
catalysts, as well as our strategy of preparing stable, surface-supported catalysts using imidazole

carbene complexes, are likely to motivate more interesting discoveries in this field.

4. Experimental

4.1. General Procedures

All air and water sensitive procedures were carried out either in a Vacuum Atmosphere glove
box under nitrogen (2-10 ppm O for all manipulations) or using standard Schlenk techniques

under nitrogen. Tetrahydrofuran is purchased from VWR and dried in a J. C. Meyer solvent

purification system with alumina/copper(Il) oxide columns. High purity water (18.2 Mohm-cm,



4 ppb total organic carbon) is used throughout this project. Iridium complex 1 was synthesized
using a previously reported method.!? Nickel complexes 2 and 3 were synthesized following
reported procedures.!! Nickel foam was acquired from Changde Lyrun (China) with the
geometric area of the active electrode was 25 cm?. A mercury/mercuric oxide (MMO) is used as
a reference electrode (in a 30 w/v % potassium hydroxide aqueous solution, EMMO = ENHE +
0.098 V) and a nickel mesh is used as the counter electrode. The electrolyte is 30 w/v % aqueous
potassium hydroxide solution. Same concentration of potassium hydroxide solution is used for
both the reference electrode and the electrolyte to avoid the development of a liquid junction

potential.

Scanning Electron Microscopy (SEM) were conducted using instrument model JEOL JSM-7001
microscope at an operating voltage of 200 kV, equipped with a Gatan Orius CCD camera.
Surface oxidation states were identified by X-ray-Photoelectron Spectroscopy (XPS)
measurements were made using Kratos AXIS Ultra spectrometer. Raman spectra were measured

with Horiba XploRA Raman Microscope System with both visible and near-IR detectors.

4.2. Oxygen Evolution under Chemical Oxidation Conditions

In a typical reaction, various amounts of iridium or nickel complex (1.3 pmol (carbene)metal
loading) and cerium ammonium nitrate (CAN, 2.0 g, 3.6 mmol, 2800 equiv. per metal atom) are
dissolved in deionized water (2.0 mL) in a 25 mL round bottom flask. The reaction flask is
wrapped in aluminum foil to eliminate potential photochemical reactivity. The reaction is then
heated in an oil bath to the temperature specified in the main text and stirred on a standard stir
place (ca. 100 rpm) and gas evolution is measured by eudiometry, with oxygen collected over

water in a 1 L graduated cylinder.

The gas volume is corrected for water vapor content and atmospheric pressure (by leveling water
levels before reading) and controlled against catalyst-free, otherwise identical runs. The
experiment setup is drawn in detail in the figure S1. In the case of the mercury drop test, liquid
mercury was added to one of two reactions, prepared as above once the catalyst was initiated. No

deviation in reactivity was observed.



4.3. Immobilization of Nickel Complexes

A macroporous nickel foam with a density of 420 g/m? and thickness of 2.2 mm provides a high
surface area to host the nickel complexes. The geometric area of the electrode is large, at 25 cm?
with a 5 cm x 5 cm cross section. The pores ranged from 500 to 800 microns. Nickel complex 2
or 3 is dissolved in a solution of 1% water in THF. The aforementioned nickel foam is aged in
the assembling solutions of 2 or 3 for 3 hours before it is removed from the solution and dried in
an oven at 30 °C for 2 hours. Any excess, unbound nickel is then washed away with a gently
flow of deionized water. The foam is again put in a drying oven at at 30 °C for overnight. The
loading mass of the nickel complexes can be calculated from the difference of the nickel foam
before and after this treatment. We find this method reliable and reproducible, consistently
loading ca. 12 pg nickel complex 2 per cm? onto the electrode. A structural diagram for the

product is sketched in figure S2.

4.3. Leaching and Stripping Test

Some transition metals are known to induce *!P line broadening.?® We found nickel complex 2 and
several other nickel(II) species to also induce line broadening of the peak of 10.0 mg PPhs in THF-
ds in3'P NMR. We are able to establish a linear relationship between the concentration of nickel(IT)
2 in solution and linewidth of the PPh; peak (Figure S3). When testing the efficiency of wet loading
of nickel species onto electrodes, and the degree nickel(II) is leached or stripped from electrodes,
we measured the nickel(IT) concentration by converting 3'P NMR linewidth to its corresponding
concentration value. Typically, we put coated electrodes under vigorous stirring in 30% KOH
solution to trigger leaching and stripping and monitor the process overtime. Under our kinetic
conditions, most nickel(II) species see significant leaching and stripping, while Ni 2 stays stably

bound to the electrode (Figure 6).
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Figure 6. Leaching and stripping of nickel(Il) species from loaded electrodes over time.
Leaching of Ni 2 is not statistically significant (95% likelihood of zero leaching and stripping).

4.4. Electrochemical Measurements

Steady state potentiostatic polarization measurements were carried out by holding the electrode
potential for 15 minutes at each chosen value of potential step. Using the steady-state polarization
technique instead of linear sweep voltammetry we ensured that slow changes to the surface
chemistry did not interfere with the accurate determination of the kinetic parameters. All the
electrode potentials have been reported after correcting for potential drop due to uncompensated
solution resistance between the working and reference electrodes. Typically, the experiments were

performed at 25 °C.

4.5. XPS Measurements

The electrode foam immobilized with nickel complexes are studied under XPS both before and
after OER. While the measurements coming from a sample based on 3 are reported in figures 4
and 5 above, respectively collected before and after OER experiments. We also report analogous
XPS data measured for electrode with 2; these are shown in figures S5 and S6. These differ from
those of 3 in that the nitrogen signal is very weak after electrolysis. Figure S7 shows XPS data for
iodine before and after OER. The iodine ligand of 2 remains associated with the catalyst before
and after electrolysis. As expected, it is evident that iodide is oxidized to iodate under the OER

conditions.



4.5. Galvanostatic Test on Platinum Disk

Galvanostatic measurements were carried out on a Pt disk electrode coated or not coated with
catalyst 2. The diameter of the Pt disk electrode is 5 mm. The galvanostatic experiments were
run at 10 mA/cm? (2 mA in total) in 5.35 M KOH solution and the electrode potential was
monitored for 2100s. Mercury/mercury oxide was used as reference electrode and Pt wire as

counter electrode. Typically, the experiments were performed at 25 °C.
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Figure S3. Standard curve of nickel(II) concentration in solution versus *'P NMR peak linewidth.
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SEM Images
Immobilized nickel catalysts were observed under SEM showing macroporous structure of

the electrode. No significant difference has been observed for the foam before and after the OER.
We conclude the immobilized nickel forms a very thin film that is contiguous across the nickel
foam surface.

100pm 3/9/2016
10:57

Figure S4. SEM images of electrodes before OER: 2-coated nickel foam (top left), 3-coated
nickel foam (top right). Images of electrodes after OER: 2-coated nickel foam electrode (bottom
left), 3-coated nickel foam electrode (bottom right).
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XPS Data for 2
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Figure S5. Binding energy of nickel 2ps» (a), carbon 1s (b), oxygen 1s (c), and nitrogen 1s (d)

for 2 in the as-prepared state.
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Figure S6. Binding energy of nickel 2p (a), carbon 1s (b), and oxygen 1s (c) for 2 after OER

activity test.
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Figure S7. High-resolution XPS spectra showing binding energy of iodine 3d, before (left) and
after (right) the OER.

Raman Spectra
Nickel foam coated with catalyst 2 were measured by a Raman microscopy system before

and after the OER run. The only distinguishable peak for the surface organic residue was found
near 2850 cm™. Due to the difficulties in sample preparation and experimentation, the intensities
do not reflect the relative concentrations.

0.018 0.006 =
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—_— [
0.004 = 0.001
0.002
0 0
2800 2850 2900 2950 3000 2800 2850 2900 2950 3000
Raman shift (cm-1) Raman shift (cm-1)

Figure S8. Raman spectra of nickel foam electrode coated with 2 before OER (left) and after
OER (right).

To help better understand these spectra, we formulated a catalyst based on coating a gold disk
with compound 3 and repeating the experiment above. We saw an analogous peak at 2858 cm-1
that persisted through steady state catalysis (figure S9) at potentials from 400 to 700 mV (v Hg/HgO,
figure S10). We were unable to assign or observe post-reaction other peaks in the starting Raman
spectrum.
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Figure S9. Raman spectra of gold disk electrode coated with 3 before OER (left) and after OER
(right).
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Figure S10. Steady state current vs. potential for OER with a 3-modified gold disk.

Comment on Faradic Measurements to Track Kinetics
Kempler provides criteria for when Faradaic measurements can be used as a tool to quantify
product in OER reactions.! Our analysis thereof for our case follows.
¢  Could multiple products be formed at the applied potential at the working electrode?
We see no reasonable stoichiometric process that can compete with OER.
e  Are reactants/contaminants present in the cell environment (e.g., O;) that are competitive as

defined by the applied potential at the working electrode?

We see no reasonable reducing agent that could be responsible for a stoichiometric reaction.
e  Are all components of the electrocatalyst and its support (carbon is of particular concern for
OER) stable at the applied potentials and in the presence of other possible reactants and products
(e.g., Oz, H;0,, or H")?

All components are stable to the potentials described. We do not add peroxide or acid, and we
see that the system is stable to all of the components that we add. We have shown that our

1 Kempler P.A.; Nielander, A. C. Reliable Reporting of Faradaic Efficiencies for Electrocatalysis Research. Nat.

Commun. 14 (2023) 1158.
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(carbene)nickel functionality is stable to protic environments in reference 11. Nickel foam is well
known to be stable to hydroxide solutions.
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