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Abstract

Overcoming slow kinetics and high overpotential in electrocatalytic oxygen evolution reaction (OER)
requires innovative catalysts and approaches that transcend the scaling relationship between binding energies
for intermediates and catalyst surfaces. Inorganic complexes provide unique catalyst designs with
customizable geometries, which can help enhance their efficiencies. However, they are unstable and
susceptible to oxidation under extreme pH conditions. Immobilizing complexes on substrates creates single-
molecule catalysts (SMCs) with functional similarities to single-atom catalysts (SACs). Here, an efficient
SMC, composed of dichloro(1,3-bis(diphenylphosphino)propane) nickel [NiCl2dppp] anchored to a
graphene acid (GA), is presented. This SMC surpasses ruthenium-based OER benchmarks, exhibiting an
ultra-low onset and overpotential at 10 mAcm-2 when exposed to a static magnetic field. Comprehensive
experimental and theoretical analyses imply that an interfacial charge transfer from the Ni center in
NiCl2dppp to GA enhances the OER activity. Spectroscopic investigations reveal an in-situ geometrical
transformation of the complex and the formation of a paramagnetic Ni center, which under a magnetic field,
enables spin-selective electron transfer, resulting in enhanced OER performance. The results highlight the
significance of in-situ geometric transformations in SMCs and underline the potential of an external
magnetic field to enhance OER performance at a single-molecule level, pushing the boundaries of volcano

limits.
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1. Introduction

Electrochemical energy devices, such as water-splitting devices,' metal-air batteries,” and fuel cells* have
limited practical use due to their dependence on precious metal catalysts for enhancing the kinetics of oxygen
electrocatalytic reactions like oxygen evolution reaction (OER) and oxygen reduction reaction (ORR). Using
expensive and scarce catalysts makes energy from these devices costly and commercially unviable. As a
result, researchers propose both homogeneous and heterogeneous alternative catalysts to replace these
precious metal benchmarks.!'*) Homogenous catalysts, evenly distributed in a reaction mixture, provide the
highest catalyst efficiency and activity. However, heterogeneous catalysts are preferred for industrial
applications due to their ease of use and increased stability under harsh conditions. Though a few metal-free
heterogeneous catalysts have been reported, bimetallic catalysts and catalysts based on sustainable and
abundant materials, such as earth-abundant metals, still exhibit significantly higher catalytic activity."’!
Among heterogeneous catalysts, single-atom catalysts (SACs) have emerged as promising candidates due to
their high atom efficiency and lower metal content. While significant progress has been made in developing
SACs with high OER efficiency and mass activity,** the challenge of enhancing their surface density and
preventing the aggregation of active sites during operation into clusters that reduce their activity remains a

bottleneck.

Coordination complexes, formed by the interaction of a metal ion with ligands, display a wide array of
structural and chemical properties that depend on the metal ion, ligand type, and coordination geometry."”!
Such design flexibility enables their use in various fields, including catalysis!'”, magnetic materials!'"!, and
biological systems.!'?! In particular, coordination complexes are widely explored as homogeneous catalysts,
as their unique structural topologies facilitate the formation of well-defined catalytic sites. The coordination
of individual metal ions with ligands generates highly active "single-atom coordinated molecular sites,"

[13-16

resulting in high catalytic efficiency. ] Moreover, modifying the metal ion, ligand, or coordination

[17-19

environment can tune the structural and chemical properties of complexes, ! enabling the development

of catalysts with specific activities for a wide range of reactions, including oxygen electrocatalysis. 2 12!]
For example, nickel selenide ([Ni{(SeP'Pr2):N}])**! and [M(OTf)>(Me,Pytacn)] (M = Ni, Co, Fe, Mn, OTf
= CF3S0; )" complexes are reported to catalyze OER effectively. However, coordination complex-based
catalysts have some limitations that restrict their utility.**) In addition to the difficulty of separating or
recovering them from the reaction mixture, one of the major challenges is their instability.**! In some cases,
the organic ligands in the coordination complex can undergo oxidation and form metal oxides that can
negatively impact the catalytic activity of the complex.>*%! Additionally, many coordination complexes are
sensitive to environmental conditions, such as pH and temperature, and can undergo ligand exchange or

degradation, leading to the loss of catalytic activity or the formation of unwanted side products.*’-*!
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Various strategies are practiced to enhance the stability and performance of coordination complexes-based
catalysts, such as using protective ligands and nanostructured substrates to anchor the complexes.*”! The
latter case involves extending the SAC concept to coordination complexes and immobilizing on suitable

supports. Anchoring organometallic complexes to conducting supports, such as graphene oxide or acetylene

30-34

black, can enhance their stability while maintaining or boosting their catalytic activity.?*>% For instance,

heterogenization of cobalt complexes by immobilizing them on doped graphene improved electronic

communication and enhanced CO; reduction.” In contrast to Co-complexes, nickel-based coordination

§[22

complexes'”?! have shown great promise as potential OER catalysts due to their low overpotentials, good

36-40 41-43

stability, and high reaction rates.***%! Despite their extensive study as homogeneous catalysts,!*'*! the use

of nickel-based coordination complexes as heterogeneous catalysts is poorly investigated.* We contend
that immobilizing OER active Ni complexes on conductive supports could improve their stability and

catalytic performance towards OER.

In addition to designing novel catalysts, researchers have applied various innovative strategies, including

461,[47

improving mass transfer,*”! increasing the intrinsic activity and number of active sites,' ! modulating

47-49 50-52

electronic structure,””*) and increasing the exposed surface area,’*>% to significantly reduce OER

overpotentials. Nonetheless, many catalysts still show several hundreds of mV overpotential for OER. One
of the reasons for this high overpotential is the spin state transition that is necessary between the reactants
and products during OER. The OER is a quantum-mechanically prohibited process involving the conversion
of diamagnetic oxygen species (such as OH or water) to paramagnetic oxygen molecules. This means

53,54

additional energy is required to drive the reaction, resulting in high overpotentials.’*** Recently, the spin

polarization in magnetic catalysts under a magnetic field has been shown to significantly decrease the barrier
for transferring an electron with a selective spin (spin filtering) and increase the efficiency of OER.P’!

Although the benefits of applying a magnetic field on catalytic processes are well-established, until recently,

56-58

the impact on electrocatalysis was attributed to various indirect effects,>*>* while spin-based effects were

[53,54

largely overlooked. However, after Garcia's”>*** prediction about the spin-dependence of electrocatalytic

water splitting, significant research has explored magnetic catalyst-induced spin effect experimentally. Most

59,60

spin-based enhancement has been reported in ferromagnetic bulk catalysts,>* ! with only a few examples

(61621 Coordination complexes are ideal for studying the spin effects in

of atomic or molecular systems.
molecular catalysts because they possess a well-defined crystal field, and the orbital occupancy and binding
energy can be tuned by selecting the ideal ligands and crystal structure. Therefore, creating stable,
heterogeneous coordination complex-based catalysts by immobilizing them on suitable substrates and
enhancing their activity through spin regulation by an external magnetic field can open up new opportunities
in oxygen electrocatalysis. However, to the best of our knowledge, such an effort has not yet been

undertaken.
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In this study, we developed a novel heterogeneous catalyst by immobilizing a Ni-based coordination
complex on a graphene matrix through noncovalent interactions that spontaneously get magnetically active
in an alkaline medium. We refer to this type of catalyst as single molecule catalysts (SMCs) due to their
similarity to SACs in terms of their behavior as single molecules. The SMCs outperform typical SACs in
both adaptability and versatility when it comes to fine-tuning their catalytic properties. Contrary to SACs,
which primarily depend on metal-atom substrate interactions for activity tuning, SMCs provide the added
flexibility of catalytic activity modification, not only through substrate interactions but also via customized
coordination environments. This tailoring of the coordination environment can be achieved by altering the
ligand structures, changing the number of coordinating ligands, or even substituting ligands with different
molecules that possess similar base chemistry. Moreover, SMCs allow for the interchangeability of the metal
center, by using different metals or different oxidation states of the same metal with the same set of ligands.
This level of control at the molecular level enables precise tuning of catalytic properties in SMCs, rendering
them superior to SACs. Our SMC incorporates a dichloro(1,3-bis(diphenylphosphino)propane) nickel,
termed NiClodppp hereafter, as the OER molecular catalyst due to the abundance of nickel and pnictogens,
and its appropriate alignment of the conduction and valence band edges with the water oxidation

63,64

potential.[****! We identified graphene acid (GA) as the ideal substrate to anchor the NiCl.dppp complex due

to its high conductivity, surface area, potential for interfacial charge transfer, and known stability under OER

65-67

conditions.[>¢”) The formulation of NiCl.dppp complex anchored on GA (NiGA) catalysts enhances the
stability and activity of the complex. Our results show that under OER conditions, the NiCl.dppp complex
undergoes a transition from square planar to trigonal bipyramidal geometry by coordinating with additional
-OH ligands in the medium, resulting in a paramagnetic Ni*" site. Leveraging the in situ generated
paramagnetic centers in the catalysts, we present the first evidence that magnetically active single-molecule
catalysts can significantly improve OER activity when exposed to a magnetic field. Through various
experimental and theoretical investigations, we prove the in situ structural changes in the NiCl.dppp complex
that make it sensitive to external magnetic fields, leading to spin polarization and spin-selective catalysis
that significantly reduce their onset potential (230 mV) as well as overpotential at 10 mAcm™ (11 of 340
mV), substantially lower than benchmark Ru and Ir-based systems. We anticipate that the insights derived

from the study will pave the way for magnetically active SMCs with peerless catalytic activity and contribute

to future energy sustainability.

2. Results and Discussion
Analysis of structure and composition. Figure 1a depicts the preparation of NiCl.dppp and NiGA SMC.
Due to the presence of sp* hybridized carbons (n electrons) and other electron-rich atoms in the structure,

we envisage different noncovalent interactions between the NiClodppp complex and GA sheets, resulting in
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the formation of the NiGA SMC. We analyzed the potential noncovalent interactions using Gaussian 16
(based on Reduced Density Gradient). Our analysis showed the possibility of hydrogen bonding between the
lone pairs of chlorine atoms (NiCl.dppp complex) and the hydrogen atoms of -OH groups on GA. Other
interactions are predominantly van der Waals forces, including pi-pi stacking between the benzene rings of
NiCLdppp complex and GA, and weak London dispersion forces. Steric effects from two phosphorous atoms
and phenyl rings on the dppp can also be seen. Results of the analysis are shown in Figures 1b and 1c, with
blue, green, and red regions representing H-bonding, van der Waals, and steric forces, respectively. The
NiGA and NiCl.dppp catalysts were examined using different spectroscopic techniques to better understand
their structural and chemical properties. In our experiment, we prepared NiGA by combining NiCl.dppp and
GA at various weight ratios, including 1:1 (Smg:5mg), 2:1 (10mg:5mg), 3:1 (15mg:5mg), and 4:1
(20mg:5mg). The best catalytic activity was demonstrated by the 2: 1 NiGA sample (data shown later in the
electrochemical characterization section) and hence was analyzed in detail. First, the successful formation
of the NiClLdppp complex was confirmed using 'H and *'P Nuclear Magnetic Resonance (NMR)
spectroscopy (Figure Sla and S1b). To obtain more detailed structural information, we crystallized the
NiCLdppp and analyzed it using single-crystal X-ray diffraction (SC-XRD) (Figure S2 and Table S2). The
SC-XRD confirmed that the NiCl.dppp complex has a square planar geometry. The samples were also
analyzed using powder X-ray diffraction (PXRD). Figure 1d illustrates the PXRD profiles for GA,
NiCLdppp, and NiGA SMCs. The P-XRD profiles of the NiCl.dppp complex and NiGA had close similarity
indicating the successful anchoring of the complex on GA and that the complex retains its structure in the
NiGA SMC. Detailed analysis showed that, compared to NiCl.dppp, features around 25° (26) were slightly
broader, and the background intensity increased. The above change may be due to the graphitic (002) feature
seen at 24.9° in GA merging with the NiCl.dppp features in NiGA. We simulated and compared the XRD
spectrum to the experimental spectrum to confirm this observation. Figure le shows the experimental
(observed) and simulated (calculated) PXRD patterns of NiGA. With a 96% match and minimal differences,
it is clear that the proposed structure is accurate for the prepared NiIGA SMC. To gain a deeper understanding
of the chemical nature and to identify any potential charge transfer of metal sites, we analyzed the samples
using X-ray photoelectron spectroscopy (XPS). Figures 1f-k, S3, and S4 show the XPS analysis of NiGA
and its components. While GA did not exhibit any presence of Ni (Figure S3b), NiCl.dppp and NiGA
demonstrated Ni features, confirming the presence of Ni center due to NiCl.dppp. Figures 1g and h show
the high-resolution XPS spectrum of the Ni 2p region of NiCl.dppp and NiGA, confirming that Ni is present
in the Ni*" state in both structures. Interestingly, we observed a shift of ~80 meV for Ni in the NiGA complex
compared to the NiCl.dppp complex, which could be attributed to charge transfer between GA and
NiCLdppp in NiGA.I®} We also analyzed the high-resolution carbon 1s spectra for NiGA, GA, and
NiCLdppp, respectively (Figure i-k). Further, the Cls spectrum of NiGA upon deconvolution (Fig. 1i)
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demonstrated four components, comprising the prominent sp* carbon feature from the NiCl.dppp complex

and GA and the other features corresponding to the functional groups in GA.[®) We tested the thermal

stability of NiCl.dppp complex and NiGA and confirmed that the NiCl.dppp and NiGA are stable up to 60

°C (Figure S5).
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Figure 1 (a) Schematic depicting the preparation process of NiCl.dppp and NiGA SMCs (atoms selection

by color: Blue, green, purple, nude, red, and white correspond to nickel, chlorine, phosphorus, carbon,

oxygen, and hydrogen, respectively) (b) shows the scatter plot of the Reduced Density Gradient (RDG)

function plotted w.r.t the electron density, p. (¢) shows the RDG isosurface for the fragment, including
NiClodppp and Graphene Acid (GA). (d) PXRD profiles of as-synthesized GA, NiCl.dppp & NiGA (e)
Comparison of observed PXRD pattern of NiGA with simulation calculation (f) Survey XPS for NiGA (g-

h) Ni 2p XPS spectrum of NiGA and NiCl.dppp (i-k) C 1s XPS spectrum of NiGA, GA, and NiCl.dppp.

Microscopic morphology analysis. After confirming the structure and chemical configuration of NiGA, we

investigated the morphology of NiGA SMC using different microscopic techniques. High-resolution high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) analysis of the NiGA

catalyst confirmed the presence of the NiCl.dppp complex anchored on the GA sheet, as shown in Figure
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2a. The HAADF-STEM image displayed clear white bright spots <0.1 nm in size — corresponding to the
individual Ni atoms — in addition to the wrinkled multilayer sheets and edges in GA, indicating the potential
molecular nature of the supported NiClodppp complex in NiGA. Compared to the high-resolution
transmission electron microscopy (HRTEM) image (Figure 2b), HAADF-STEM better identified the
presence of NiClodppp in the NiGA SMC. Electron energy loss spectroscopy (EELS) spectra (Figure 2¢)
were collected from an equivalent region as the STEM image (Figure S6), revealing the signal of Ni (L-
edge), C (K-edge), and P (L-edge). The samples were also examined using atomic force microscopy (AFM).
Considering the lower resolution of AFM to identify molecules and get a better image, we used a higher
concentration of NiClodppp in the NiGA sample (4:1) used for AFM analysis. The AFM analysis showed a
preferential binding of NiCl.dppp on the GA sheet, presumably due to different noncovalent interactions (as
indicated in Figures 1 b and c). The AFM image and the height profiles for NiGA in Figure 2d show that the
GA substrate comprises multiple sheets (thicknesses of ~12nm) and some large assembled structures of
NiCLdppp (thicknesses of ~200 nm), respectively. Assembly of similar complexes at high concentrations to
form bigger aggregates is reported.’” This was further confirmed by the AFM analysis of the NiCl.dppp
complex alone, which showed similar aggregated structures (Figure S7). Further, aggregates were also
observed in HRTEM analysis of samples with a higher content of NiCl.dppp (Figure S6) in NiGA (4:1). Our
scanning electron microscopy (SEM) analysis of the NiGA sample (Figure 2e) further confirms the sheet-
like morphology of the NiGA SMC, while energy dispersive spectroscopy (EDS) analysis and elemental
maps in Figure 2e confirms the presence of uniformly distributed Ni on the GA sheets. The corresponding

EDS spectrum is given in Figure S8.
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Figure 2 (a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image and (b) HRTEM images of NiGA (c) EELS spectrum from an equivalent region shown in HAADF-
STEM image for NiGA. (d) AFM image of NiGA and height profiles from two different regions showing
the thickness of multilayer GA sheets and the aggregates of NiCl.dppp. (¢) SEM image of NiGA sample and

the corresponding elemental maps.

Spectroscopic investigation of in-situ geometry change. Our initial SC-XRD and XPS analysis confirmed
that the NiCl.dppp complex is square planar with a Ni** metal center. However, under extreme pH conditions
encountered during electrocatalysis, coordination complexes can undergo structural changes by modifying

24271 For example, "OH ions, which are abundant under alkaline OER

their coordination environment.!
conditions, can function as a ligand, replace labile ligands (such as CI’), and increase coordination. The
thermodynamic energy analysis of the possible coordination changes is given in Figure S9 and table S3. For
NiClLdppp, besides replacing Cl-, adding extra -OH to the Ni center can result in three potential structures:
square pyramidal or trigonal bipyramidal (TBP) with one additional OH attachment (coordination number
5) and octahedral when two OH groups (coordination number 6) attached. However, the formation of an
octahedral complex is unlikely due to the unfavorable bite angle of dppp, which is the angle between two
phosphorus atoms and the metal center.”") Here, adding two extra -OH ligands in our Ni complex would
lead to a bite angle of approximately 82°, which is insufficient to stabilize an octahedral structure.!””!
Moreover, in an octahedral complex, hydrogen atoms on the carbon chain can interact with other OH (or Cl,
if not replaced) ligands, causing ligand dissociation and reverting to a square planar complex.!” This further
decreases the chances of forming an octahedral complex. Among the two possible geometries for five
coordinated complexes, trigonal bipyramidal (TBP) and square pyramidal, TBP is expected to be the most
feasible structure. In square pyramidal geometry, the incoming hydroxyl ion ((OH) would face resistance
due to the out-of-plane carbon chain connected to two phosphorus atoms, making it a less favorable
configuration compared to TBP.!""! We used Addison's model to verify that the TBP geometry is the most
feasible intermediate configuration.”” According to this model, Ts represents the "index of the degree of
trigonality" and is calculated from the two largest bond angles in the structure (labeled as o and B, see Figure
S10). A t5 of 0 indicates square pyramidal geometry, while a s of 1 indicates trigonal pyramidal
geometry.” Our calculated s is 0.956, which is close to 1, indicating that the complex may prefer to form
a distorted trigonal bipyramidal structure. The equatorial Jahn-Teller distortion for TBP geometry is

U7 However, dimerization can occur in the

necessary to remove the degeneracy by splitting the d orbitals.
case of Ni complexes in presence of multiple OH ligands, leading to the formation of square planar dimers.!"®!
Thus, during electrocatalysis, it is possible that an additional hydroxyl ion (OH-) may coordinate with the

Ni?* center, forming an equatorially distorted TBP or a square pyramidal complex as a dimer.
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To experimentally investigate the potential changes in coordination environment and geometry, we analyzed
the NiClodppp complex with and without KOH using UV/Vis absorption spectroscopy. The optical spectra
were obtained in dichloromethane (DCM) and are provided in the Figure S11. The NiClodppp complex has
a square planar geometry with C,, symmetry and can exhibit four possible spin-allowed d-d transitions.
Among these transitions, the transition from 'A; to 'B, occurs at approximately 600 nm, while the other
three transitions ('A; to 'As, 'A; to 'A,, and 'A; to 'By) overlap with the charge transfer bands in the higher
energy region.l””! The spectrum of the pristine NiCl.dppp complex in DCM showed a broad feature at around
600 nm, confirming the square planar geometry. However, this feature disappears when the complex is
exposed to KOH (in DCM + methanol + KOH), indicating a change in coordination environment. Note that
the feature at 300nm seen in Figure S11 is due to methanol present in the system. The transition of Ni centers
from square planar to higher coordination number geometries can generate unpaired electrons, resulting in
magnetic properties (paramagnetism) for the Ni complex.'®”! Consequently, we investigated the potential
magnetism in the in-situ generated Ni species using electron paramagnetic resonance (EPR) spectroscopy.
For this, we simulated the electrochemical cell environment in the EPR tube using methanol and KOH.
However, to minimize the effects of dipole moments from polar molecules and their interference with the
EPR microwave, we utilized a custom-made aqueous cell for the measurement, as shown in the inset of
Figure 3a.®") Our continuous wave (CW) EPR demonstrated a distinct magnetic resonance signal due to the
presence of unpaired electrons (Figure 3a). The results are consistent with other reported paramagnetic

complexes containing Ni*" centers, >

indicating that the in-situ generated Ni complex is indeed
paramagnetic. To further verify the in-situ change in coordination environment suggested by UV/Vis and
EPR spectroscopy, and to estimate the potential number of unpaired electrons in the resulting complex, we
analyzed the in-situ transformation using nuclear magnetic resonance (NMR) spectroscopy. This is feasible
because the change in coordination and geometry also leads to a modification in the magnetic properties of
the NiClodppp complex. The initial NiClodppp complex is square planar, diamagnetic, and lacks unpaired
electrons. However, as previously postulated, upon changing the coordination number to 5 and the geometry
to TBP (or square pyramidal), the d-orbital splitting will change, resulting in the generation of unpaired
electrons and the complex will exhibit paramagnetism. This change from a diamagnetic to paramagnetic
species can be examined using NMR spectroscopy through the Evans method, which evaluates magnetic
susceptibility based on the paramagnetic chemical shift based on a reference chemical shift in a solvent.*!
For this, we simulated the environment of our electrochemical cell and applied them to the complex in an
NMR tube. Figure 3b displays the results of the '"H NMR-based experiment following the Evans method.™"!
The inset in Figure 3b shows the coaxial NMR tube, containing an inner and outer tube filled with a reference
solvent (methanol + methanol-d4) and the complex in a solvent system that simulates the electrocatalytic

reaction environment (methanol + methanol-ds + NiCLdppp SMC +KOH), respectively. The relative
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frequency shift (AV = Vmethanol — Vmethanol+ Nici2dppp) 18 S6Hz, and the magnetic susceptibility and moment
calculations are 0.00323 cm*/mol and 2.74 uB, respectively (see calculations in supporting information 11
and composition in table S4). The magnetic moment value suggests the presence of two unpaired electrons
in the solution, indicating that the complex is paramagnetic in the electrochemical environment, potentially
due to the conversion to TBP (or square pyramidal) geometry. As the OH ligand has moderate strength, the
complex will have a high spin configuration, regardless of whether it adopts TBP or square pyramidal
geometry, both having two unpaired electrons (see Figure S12). Therefore, determining whether the complex
is TBP or square pyramidal is not possible in this case, using the Evans method. However, our experiments
proved the spontaneous, in-situ change of square planar, diamagnetic NiCl.dppp in the presence of KOH to
a paramagnetic species with potentially 2 unpaired electrons (TBP or square pyramidal). Figure 3¢ illustrates

the scheme of the geometry change for NiCl.dppp to TBP complex.!””!

To further confirm the single molecule nature of the catalysts and to probe porposed geometrical changes in
NiGA, we analyzed the samples using X-ray absorption near edge spectra (XANES) and extended x-ray
absorption fine structure (EXAFS) methods. The XANES data for parent NiCl.dppp, NiGA (after treatment
with KOH), and Ni metal foil are shown in Figure 3d. Both NiCl.dppp, and NiGA display XANES spectra
shifted to higher energy relative to Ni metal and possess clearly defined pre-edges, both features indicative
of Ni in an oxidized, non-metallic state (Ni*" as verified by XPS). The shape of NiCl.dppp, is consistent
with Ni coordinated to P and CI ligands while NiGA shows a more intense white line and higher energy
rising edge, consistent with partial or complete substitution of Cl ligation with lighter atoms (e.g. O,
N), ] potentially due to the ligand subsitition or attaching incoming OH- ligand when NiGA is treated with
KOH. The nearly identical pre-edge energies of NiClodppp and NiGA indicate similar metal oxidation states
for both species, suggesting that the geometric and/or ligand changes do not result in a change in the metal
oxidation state. To support and augment the conclusions drawn from the XANES, the EXAFS for NiCl.dppp
and NiGA were fit to determine nearby scattering partners and distances (Figure 3e-h) and EXAFS data for
Ni-foil is shown in Figure S13. The fit for NiCl.dppp contains 4 P / Cl scatterers at 2.21 A, as expected based
on the above characterization. For NiGA, poor fits were obtained when attempting to fit the data using a
single shell of either P / Cl or O / N scatterers (Table S5 and S6), though excellent agreement with experiment
was found by including one shell of two O / N scatterers at 1.99 A and another shell of two P / Cl scatterers
at2.21 A. This result confirms the qualitative XANES assessment of partial replacement of the initial ligand
sphere with OH ligands. Also notably, neither NiCl.dppp nor NiGA display any long-range scattering that
would suggest the presence of Ni-Ni interactions. Taking the XANES and EXAFS results together, these x-
ray data provide strong evidence against metal cluster formation and confirms that the Ni complexes remain
isolated within the NiGA structure (with partial ligand exchange with OH), further confirming that the NiGA
is single molecule catalyst. While the best EXAFS fit for NiGA exposed to KOH had an overall coordination
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number of four (two O and two P scatterers), due to the limitations of EXAFS analysis this fit should be
viewed as entirely consistent with the NMR and EPR findings of a 5-coordinate Ni center. Namely, beyond
the inherent +/-25% uncertainty of the coordination number parameter in EXAFS fits, in cases where
multiple shells of scatterers are in close proximity-as is the case here coordination number findings are
known to be artificially depressed due to the failure of the Debye-Waller factor to properly account for the
non-Gaussian spatial distribution in such systems.®! As such, it is reasonable to conclude that the actual Ni
coordination number could be somewhat higher from that determined from the fits. Indeed, Table S6 reveals

that overall 5-coordinate fits (2 P/C1 + 3 O/N) also yield excellent agreement with the experimental data.
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Figure 3 (a) continuous wave electron paramagnetic resonance (CW-EPR) and (b) '"H NMR Evans method
showing the paramagnetic nature of NiCl.dppp under alkaline conditions, illustrating the geometrical
change, and (c) Schematic showing possible structural conversion and change in the electronic configuration
of nickel center. (d) Comparisons of XANES spectra of NiCl.dppp, NiGA after treating with KOH, and Ni
foil (e-f) EXAFS spectrum in k-space (k>-weighted) derived from normalized absorption for NiCl.dppp and
NiGA (g-h) Fourier transformed (FT) EXAFS spectrum (R-space) indicating a lack of Ni-Ni interactions in

catalysts.
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Electrochemical Oxygen Evolution Reaction (OER). After confirming the formation and structure of the
catalysts, we analyzed the electrochemical OER activity of the prepared catalysts, NiGA and its components.
Figure 4a shows the current densities (j) normalized by the geometric area of the electrode (0.071 cm?) for
the different samples. Notably, both NiCl.dppp and NiGA (2:1) exhibit a sharp increase in current density
corresponding to the evolution of O, indicating a facile OER process. The linear sweep voltammetry (LSV)
revealed a notable feature within the 1.40 to 1.45 V range, attributed to the Ni*** redox couple. This
observation verifies the electrochemical accessibility of Ni atoms in the in situ generated Ni complex and

22448788 Notably, the Ni complex is anticipated

the true OER catalytic center is Ni**, as reported previously.!
to maintain stability, due to the known enhanced stability of Ni complexes bound to low electronegativity
pnictogens atoms. **) Consequently, the presence of two Ni**-P bonds in the catalyst is expected to ensure
its stability under OER conditions, where the initiation of the OER starts by the coordination of OH™ on the
metal without affecting the Ni-P bonds. The onset potential for NiCl.dppp, NiGA, RuO», and GA were 1.55
V, 149V, 1.48 V, and 1.57 V versus RHE, respectively. Compared to the components, NiGA SMC shows
remarkable OER performance with an overpotential 110 of 400 mV, which is comparable to the benchmark
RuO; (390 mV). The OER activity was also confirmed by analysis using calomel electrode which did not
show any change in the onset or overpotentials (Figure S15). Figure S16 confirms that an increase or
decrease in NiCl.dppp in the SMC leads to decreased activity, thus validating the 2:1 NiGA as the ideal
catalyst composition. A lower amount of NiCl.dppp reduces the number of potential active sites, whereas a
higher concentration can cause the formation of multilayer aggregates (as shown in the microscopic
investigations in Figure S6 and S7), reducing the number of accessible active centers. To understand the
catalytic mechanism and kinetics of the OER, we conducted a Tafel plot analysis (Figure 4b). Our analysis
revealed Tafel slopes of 59.1, 85.3, 54.5, and 134.2 mVdec' for NiGA, NiCl.dppp, RuO», and GA,
respectively. It should be noted that NiGA has a smaller Tafel slope than NiCl.dppp, indicating its better
reaction kinetics. The Tafel slope of NiGA (59.1 mVdec™) is also comparable to RuO (54.5 mVdec™),
pointing to a similar OER mechanism with second step (O* formation) as the rate determining step (RDS),
similar to other square planar nickel-macrocycle-based OER catalysts."*!! The performance parameters of
various catalysts, such as onset potential, Tafel slopes, and mass activity, are compared in Table S7,
highlighting the superior performance of NiGA. To better understand the reasons behind NiGA's improved
electrochemical activity, we examined its charge transfer resistance (R.). The R was determined through
electrochemical impedance spectroscopy (EIS) measurements, as shown in Figure 4c. Clearly, NiGA shows
a significantly reduced R of ~160Q compared to NiCl.dppp (~510Q), suggesting enhanced charge transfer

kinetics in NiGA, potentially due to the presence of conductive GA in the sample.
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We constructed a Molecular Electrostatic Potential (MEP) map for the NiCl.dppp showing the electrostatic
interaction energy to gather a preliminary understanding of the potential active sites. From the MEP of the
complex, we can observe that the nickel center has a partial positive charge (indicated by the blue color) as
it has a positive value of interaction energy. On the other hand, the chlorine atoms possess negative charge
density (indicated by the red color) and have a negative interaction energy value. Therefore, Ni is the
electron-deficient center (as indicated by the dotted black circle in Figure 4d) and the potential OER center
in the complex. Subsequently, to understand the reason behind the improved catalytic activity of Ni center
in NiGA compared to NiCl.dppp, we conducted experimental and density functional theory (DFT)-based
theoretical exploration of the catalysts. The formation of heterojunctions between two distinct components,
as in the case of NiGA, is known to modify and control electronic properties, such as the band structure of

%91 Hence, we electrochemically estimated the HOMO-LUMO (or conduction and valence

materials.!
bands) levels of individual components (GA, NiCl.dppp) and NiGA SMC (Figure S17). The formation of
the NiGA SMC resulted in a decrease in its band gap compared to NiCl.dppp and GA (Figure 4e), which
could contribute to the lower charge-transfer resistance observed in the EIS measurement.[”) Furthermore,
the valence band of NiGA was found to be closer to the OER standard potential (1.23V) compared to
NiCLdppp or GA, probably contributing to improved OER activity. The relative band positions in NiCl.dppp
and GA indicate a potential electron transfer from the higher-lying NiCl.dppp to the lower-lying GA,
resulting in the development of a built-in potential. This electron transfer would make the Ni more positive
and active for OER. Our XPS investigation (Figure 1g) clearly showed a shift to higher binding energy for
the Ni 2p features in NiGA compared to NiCl.dppp, confirming the proposed electron transfer. To better
understand the observed OER activity in NiGA, we carried out DFT calculations to examine the energetics
of the process. For this, we optimized the structure of the NiGA SMC with TBP geometry for NiClL.dppp.
Initially, we computed the free energy of the OER intermediates over NiGA and confirmed that among the
various potential active sites investigated, Ni was the most favorable active site for OH adsorption based on
the energy profile (see Figure S18). Our DFT calculations suggested that the second step of the OER process
is the rate-determining step (RDS) for NiGA. Moreover, the Gibbs free energy profile for each individual
OER step revealed that the energy required to transfer *OH to *O is lower for NIGA SMC (~0.70 eV)
compared to NiCl.dppp and GA. Interestingly, the difference in free energy (~1.9 eV) for NiGA is
comparable to the benchmark RuO; (~1.5 eV), as shown in Figure 4f. All Gibbs free energy calculations and
parameters can be found in Table S8 and S9. The density of states (DOS) profile of both NiCl.dppp and
NiGA shows that the combination of GA and NiCl.dppp to form NiGA increases the electron density near
the standard water splitting potential (1.23 V) (Figure 4g), which can also contribute to the improved OER
performance of NiGA.
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Figure 4 (a) Linear sweep voltammetry (LSV) of the NiCl.dppp, NiGA, RuO; & GA for OER (b)
Corresponding Tafel slopes (c) Nyquist plot for NiCl.dppp, GA, & NiGA (d) Molecular electrostatic
potential map for NiCl.dppp SMC (e) Band structure of GA, NiCl.dppp and NiGA (f) Gibbs free energy of
the adsorption of OER reaction intermediates over NiCl.dppp, NiGA, RuO», and GA. (g) Total density of
states (TDOS) profile of NiCl.dppp, GA, and NiGA.

Magnetic field-assisted OER studies. Recent reports indicate that magnetic single atom catalysts can
facilitate spin selective OER process.”?! Hence, for the first time, leveraging the in-situ changes in
coordination and geometry of our complex, which created paramagnetic Ni centers (unpaired electrons), we
investigate the possibility of using our NiGA catalyst (with the best OER activity) for spin-selective OER
catalysis. Hence, we conducted OER LSV measurements in the presence and absence of a magnetic field
(0.3 T) to investigate the effect of a magnetic field on the OER activity (the experimental procedure and
setup is shown in supporting information). Applying an external magnetic field (perpendicular to the
electrode orientation) resulted in superior OER performance in NiGA, potentially due to the induced spin
selection. Figure 5a shows the OER LSV polarization curves for NiGA with (Hon, red line) and without (Hofr,
black line) an external magnetic field. The inset of figure 5a shows the schematic of the external magnetic
field-aided OER studies. It is evident from the figure that under the magnetic field, the onset potential
decreased from 1.49 V vs. RHE to 1.46 V vs. RHE (1o changed from 400 mV to 340 mV) for NiGA.
Further, the maximum current density increased from 11.2 mA cm™ (Hosr) to 32.5 mA cm™ (H,n), leading to
a magnetocurrent density of 21.3 mA™ (shown in Figure S19), confirming the increased OER activity under
magnetic field. The Tafel slope for NiGA under magnetic field decreased from 59.1 to 48.7 mVdec™,
indicating that the RDS is still the second O* formation step (Figure S19). The Faradaic efficiency (FE) of
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the OER also showed an improvement under magnetic field (from 96% without magnetic field to 97.5 %
under magnetic field) (Figure S20). The corresponding OER polarization curve for NiCl.dppp under the
magnetic field is shown in Figure S21. A similar magnetic field-induced enhancement in the activity
observed in the case of NiCl.dppp indicates that the origin of magnetic field-enhanced activity observed in
the NiGA SMC is from the complex. Interestingly, NiGA under magnetic field outperformed most of the
state-of-the-art OER electrocatalysts, including RuO,.*°

To identify the spin selectivity effect behind the observed magnetic field-induced enhancement and eliminate
any possible contribution from other indirect effects, including magnetohydrodynamic (MHD)"® and
magnetic hypothermia effects, we conducted a series of control measurements. Magnetic hypothermia is
only relevant in an alternating magnetic field and is therefore not applicable in this study, where we use a
permanent magnet. As the first control study, we measured the magnetocurrent density at different
temperatures, as shown in Figure 5b and Figures S22i and S221ii. Although an initial increase in activity was
observed, beyond 60°C, the magnetocurrent density decreased. Our microscopic and spectroscopic analysis
confirmed that the NiGA and NiCl.dppp samples underwent no structural or morphological degradation at
60°C (Figure S23, S24a, S24b, and S25). Hence, the observed decrease in activity could be attributed to the
temperature-induced randomization of spins at the Ni center, which reduces the spin-selected activity of the
catalyst under a magnetic field."> Another possible mechanism through which a magnetic field can enhance
the catalytic process is via the MHD effect,””! where the Lorentz force aided faster bubble removal from the
electrode causes enhanced mass transfer and increases the catalytic activity. To investigate this, we
performed LSV measurements using a rotating disk electrode (RDE), which constantly stirs the electrolyte
during the experiments for NiGA (Figure 5¢) and NiCl.dppp (Figure S26). As expected, the agitation of the
electrolyte slightly improved the activity compared to the stationary electrolyte. However, even under the
agitation of the electrolyte, a significant increase in current density was observed upon applying a magnetic
field, confirming that the enhancement garnered in the NiGA system under the magnetic field is primarily
due to spin effects in the system. Kelvin force is another potential indirect effect that can act under a magnetic
field to increase activity. However, Kelvin force is more pronounced under a non-uniform magnetic field.
Since we are applying a static field using a permanent magnet over a small electrode area (0.07065 cm?), we
do not expect any non-uniformity of the field and hence exclude any contribution from the Kelvin force.®
Another potential effect of a magnetic field is Maxwell stress, which arises from the interaction of the field
with species having a dipole moment. To investigate this, we analyzed the electrochemical active surface
area (ECSA) of NiGA with and without a magnetic field, as any Maxwell stress effect would be manifested
by a change in ECSA (Figure S27). Our measurements showed no appreciable change in ECSA under a
magnetic field, indicating no apparent Maxwell stress effect in our sample.® Hence, our control

measurements have ruled out the possibility of any significant contribution from other indirect effects,
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including MHD, Kelvin force, and Maxwell stress, and have confirmed that the observed enhancement is
mostly due to spin effects in the system. Furthermore, we analyzed the stability of the NiGA complex and
its activity under a magnetic field using chronoamperometry (100h). During our experiment (Figure S28),
the sample retained >98% activity, demonstrating the stability of the catalysts. Our post-catalytic
spectroscopic and microscopic evaluation of the NiGA catalyst (Figure S23, S24 and S25) also proved that
the catalysts did not undergo any structural changes during the catalysis, again indicating the stability.
Control experiments and stability analysis on NiCl.dppp also yielded similar results, indicating an identical

spin selective OER mechanism and stability in the complex as well.

Our spin density analysis demonstrated that, compared to the spin density in the absence of a magnetic field
(random coupling), the spin alignment with spin polarized DFT leads to a higher spin density in NiGA
around the Ni center. The calculation indicates that the spin density at the Ni center in [NiCl(dppp)(OH)|
is ~ 0.65 without spin alignment and ~ 0.82 with spin alignment (Figure 5d). As the spin density is directly
proportional to the magnetic moment, the observation indicates a ferromagnetic ordering of electrons on the
Ni center. This higher magnetic moment leads to heightened interaction between the magnetic Ni center and
the adsorbed oxygen species and leads to a smaller electron—electron repulsion and a spin-dependent
conductivity channel to enhance OER.% Thus, we propose a spin-dependent OER mechanism on Ni active
sites on NiGA SMC (Figure 5e). As confirmed by our experiments (Figure 3), under alkaline conditions, the
geometry and coordination environment of NiClodppp undergoes a transition from a square planar to a TBP
geometry, resulting in the Ni center possessing two unpaired electrons. When an external magnetic field is
applied, it is favorable for the unpaired electron to be aligned in the direction of the magnetic field.’® The
electron transfer at the catalyst-adsorbate interface occurs via tunneling, with the highest tunneling
probability achieved when electrons in both the catalyst and adsorbate possess identical spin alignment.””!
This phenomenon results in an energy splitting of the spin up (1) and spin down () levels at the magnetic
center (Ni center here), thereby generating spin polarization and reducing the tunneling barrier for a
particular spin, such as spin up (7). The spin polarization selectively facilitates electron transfer (e.g., spin
up (1)) from the adsorbed OH™ ion to the NiGA SMC, as illustrated in the schematic (Figure 5f), with
stabilization occurring through exchange interactions. This selective electron transfer process produces a
spin-down O(|)~ species, leading to the formation of a triplet-state intermediate, O(])O(])H, with a lower
activation energy barrier. Ultimately, the triplet-state intermediate O(])O(])H species promotes the

generation of triplet-state O,, thereby enhancing OER activity, as reported previously in isolated metal sites.

To verify the proposed mechanism involving the in-situ generated paramagnetic Ni center under alkaline
conditions, we carried out magnetic OER measurements under acidic conditions (Figure S29). The limited

availability of OH™ anchoring in acidic conditions prevents geometry transitions for NiCl.dppp in the acidic
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medium. Since NiCl.dppp is diamagnetic, no influence is expected in the acidic environment. As expected,
our results did not show any improvement in OER activity, which confirmed that under acidic conditions,
NiClLdppp does not undergo the required geometry transition and no unpaired electrons are present to
facilitate spin polarization. To understand the energetic foundation behind the spin-dependent activity, we
leveraged spin-dependent DFT analysis and investigated the effect of spin alignment on the free energy of
adsorption at various OER steps. The energy diagram with and without spin alignment for NiGA at 0 V (vs
RHE) to produce triplet oxygen is shown in Figure 5f. Our analysis indicates that all the oxo-adsorbed
species involved in the OER reaction require lower energy under spin alignment, indicating that the process
is more thermodynamically favorable. Thus, the lower free energy in the spin-aligned catalyst explains the

observed enhancement of OER activity under magnetic field, in our study.
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(e) Proposed spin-selective OER mechanism (f) Gibbs free energy of the adsorption of OER reaction
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intermediates over NiGA with and without spin alignment.

Conclusions

In this study, we identified an SMC consisting of a coordination complex, NiCl.dppp, supported on GA,
under the assistance of a magnetic field, that surpasses the OER activity of benchmark RuO, catalysts by
facilitating spin-selective OER catalysis. By employing various spectroscopic and microscopic techniques,
we characterized the prepared SMC and confirmed that the Ni centers in the NiCl,dppp molecules are the
active sites. Our analysis demonstrated that immobilizing NiCl.dppp on GA results in an interfacial charge
transfer from the Ni center to GA due to the favorable band alignment between NiCl.dppp and GA in the
SMC. This charge transfer further activates the Ni center for OER, enhancing its catalytic activity. Moreover,
we established that, under highly alkaline conditions, the complex undergoes a geometrical transition,
leading to the electronic redistribution of the Ni center, making it paramagnetic. Consequently, under a static
magnetic field, the unpaired electron in the Ni center aligns parallel to the magnetic field, enabling low
energy, spin-selective transfer of electrons with the same spin from the adsorbed oxygen species and
enhancing OER catalytic activity. As a result, the OER overpotential (110) under the magnetic field decreased
to 340 mV, while the maximum current density increased by ~ 300%. Through various control experiments,
we demonstrated that the observed enhancement in OER activity is attributed to spin-selective electron
transfer rather than any indirect magnetic field-induced effects. Our theoretical investigation supported the
alignment of electrons at the Ni center, as evidenced by the increased spin density under the magnetic field,
and showed that the reaction becomes energetically more favorable, leading to significantly improved OER
kinetics. These findings indicate the need to study potential in-situ geometrical changes in active sites for
inorganic molecules during OER and will inspire the development of novel SMCs as highly active OER

catalysts.
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