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Abstract

The development of general strategies for the electronic tuning of a catalyst’s active site is
an ongoing challenge in heterogeneous catalysis. To this end we report the application of cathode
and anode materials as redox non-innocent catalyst supports that can be continuously modulated
as a function of lithium intercalation. A zero valent nickel complex was oxidatively grafted onto the
surface of lithium manganese oxide (Li\Mn,O,) to yield single-sites of Ni** (Ni/LixMn,O,). Its
activity for olefin hydrogenation was found to be a function of the redox state of the support
material, with the most lithiated variant showing the most activity. X-ray absorption, X-ray
photoelectron, solid-state nuclear magnetic resonance and electron paramagnetic resonance
spectroscopies, and electron microscopy techniques established the nature of the nickel species on
Li\Mn,O,. Catalyst control through support redox non-innocence was extended to an
organotantalum complex on lithium titanium oxide (LixTiO.), demonstrating the generality of this

phenomenon.

The discovery of general strategies for the stereoelectronic modulation of active site
structure toward tunable activity and selectivity is a grand and ongoing challenge in heterogeneous
catalysis."3 Industrial processes require robust catalysts that can withstand continuous processing

and separation on a large scale; for that reason, heterogeneous catalysts have dominated industrial
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applications. However, while necessitated by practical considerations, heterogeneous catalysts lack
certain attributes that their homogeneous counterparts possess, namely the electronically tunable
nature of the supporting organic ligand architecture.?

In recent decades, surface organometallic chemistry (SOMC) emerged as a powerful
strategy for the development of heterogeneous, single-site, homogeneous-in-function catalysts
through the chemisorption of molecular precursors onto inorganic support materials.# 5> These
support materials, most commonly silica (SiO,) and alumina (ALO;), play a crucial role in
stabilizing and site-isolating reactive intermediates on the surface.®™ While this strategy has been
leveraged to great effect, the chemical properties of the support are seldom employed to modulate
catalyst reactivity, despite the fact that the surface occupies the inner-coordination-sphere for
single-site catalysts, and therefore plays an intimate role in determining the electronic properties
of the catalyst. The treatment of supports as chemically dynamic ligands, as opposed to high-
surface-area dispersants would allow for the application of lessons learned from the homogeneous
catalysis literature, unlocking unique reactivity. The continuous leveraging of the electronic
structure of the support towards the activity of the surface species represents an opportunity for
innovation in the design and investigation of heterogenized catalyst systems.!

Organic ancillary ligands in molecular catalysts play a major role in determining the
reactivity of the metal centers to which they are bound. Their electronic characteristics, as
determined by their o-/m- donor and acceptor properties, have been shown to serve as useful
handles for manipulating catalyst activity. Beyond control over the electronics of the metal center,
the redox properties of conjugated organic ligands also allow them to play an active role in the
reversible storage of electrons during the catalytic process, especially for first-row transition metals.

These redox non-innocent ligands facilitate key chemical steps by storing and transferring
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electrons, enabling multi-electron redox elementary transformations from metals with
energetically inaccessible or filled d-orbitals (Figure 1A, left).”>>°

While heterogeneous supports are often more decoupled from catalytic reactivity compared
to supporting ligands in homogeneous catalysis, they can play an important role in determining the
properties of a supported catalyst. The dynamic relationship between nanoparticles and reducible
support materials is often rationalized by Strong Metal Support Interactions (SMSI).>" 2> Electronic
Metal Support Interactions (EMSI), a subset of SMSI, can be viewed as a heterogeneous analogy to
redox non-innocent ligand interactions. In an early example of the phenomenon, Rodriguez and
co-workers found that metal-oxide supported nanoparticles offered improved stabilization to
reactive intermediates relative to bare platinum.” In another example of EMSI, Saeys, Seebauer,
and coworkers have shown that the performance of a titania supported Pt nanoparticle catalyst was
dependent on the carrier properties of the support, which was inversely proportional to its size.>*
26 Given the ability to modulate their Fermi levels, band structures, and surface potentials, redox
non-innocent or EMSI capable supports could facilitate catalytic transformations analogous to their
molecular counterparts. Despite the recognition EMSI has gained in the field, there are relatively
few examples in which it is actively leveraged to tune catalytic reaction outcomes. While a few
examples of SOMC systems on reducible support materials such as titania and ceria exist, the

presence of EMSI has not been demonstrated or utilized in those examples (Figure 1A, right).?73>



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Ligand-based Metal-based Support-based

elementary steps elementary steps elementary steps
M? M
A A A o” "0 o o
“N—Mm—N"" R R LR-R' SN—Mr 2N T R-R  -R-R' P
AL - Py < - Sy e
z | ) I I z ] s °) o | I mc') (¢] o%
™ " R ’R " ~ b w'w R 'R' L .~'m.
ro ,  Ar -
t NII & O'M\O
N R oMW" R R
T X | RK i o g 0759 w
Ar\N_'Mn_N_Ar Ar\N_’-M"_Z_N,Ar ?,M\? o = ?, \?
\ \ <\Mn n ~Mn-1 n-1
/N . < | | > /N N(So'yl \O'Né~o < | I > N\',o\_dM\O’N‘LO
| +2e +2e | > A +2e +2e ) oL
b
LTO LMO

mio, TiO, >

A\ 4

(Li,TIO,) (LiMnO,)
2

w 4

-3 -2 =1 0 1
Potential (V) vs. SHE

Figure 1. (a) Analogy between redox non-innocent molecular ligands and comparable redox
noninnocence of a solid catalyst support. (b) surface potentials achievable by redox tuning of two
battery anode/cathode materials, lithium titanium oxide and lithium manganese oxide.

In contrast to traditional support materials such as titania and ceria that can participate in EMS],
lithium ion battery cathode and anode materials such as lithium manganese oxide (LMO, LixMnQO,)
and lithium titanium oxide (LTO, LixTiO,) are attractive candidates for redox-active supports due
to their broad range of available charge states and the ability to tune surface potentials as a function
of lithium intercalation (Figure 1B). In this work, the LMO used has the cubic spinel crystal phase
which is stoichiometrically defined as Li,Mn.O,, representing a single phase solubility of chemically
tunable Li. Modulating the degree of lithium intercalation affords a series of materials with
continuously varying potentials, allowing for the discrete electronic tuning of the surface species,
making them ideal for EMSI. Charging the anode material LTO results in a nearly 2 V span of surface
potential between the fully reduced LiTiO, (-2 V vs SHE) and delithiated titanium oxide (-0.2 V vs

SHE). Likewise, stoichiometric lithiation of LMO spans a 2 V range from LiMnO, (o V vs SHE) to

MnO, (2 V vs SHE) 3° Thus, in theory, the two support materials, span nearly 4 V of surface potential
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is accessible, which may imbue previously inaccessible levels of catalyst tunability. Herein, we
report a series of single-site nickel catalysts grafted on lithiated manganese oxides that exhibit
activity as a function of the charge state of the support material. The generality of this phenomenon
is demonstrated by extension to a TiO, supported organotantalum catalyst that exhibits enhanced
reactivity upon lithiation of the support material. This work represents a proof-of-principle for the
general strategy of electronic catalyst modulation through continuous chemical modulation of the

charge state of the support.

Results and Discussion

Synthesis and Characterization of Ni/Li,MnO.. The relatively low density of hydroxyl groups on
the surface of LMO complicates traditional SOMC grafting techniques such as protonolysis and
condensation. However, the oxidizing nature of the support opens the possibility of an orthogonal
mechanism of chemisorption by abstraction of one or more electrons from a low-valent molecular
precursor, leaving the metal active site coulombically and/or covalently bound to the surface.
Similar oxidative chemisorption involving redox interactions have previously been reported in the
grafting of in situ generated Au(o) and Ag(o) on MnO. nano materials, as well as in the
chemisorption of molecular Ru(o) phosphine complex by oxidative addition to the O-H bond of a
silica surface hydroxyl group.’”3° To evaluate the viability of this approach, a solution of
bis(cyclooctadiene)nickel(o) (Ni(COD),) was added to a suspension of LiMn,O,, which was
mechanically agitated and monitored by 'H NMR spectroscopy over the course of 48 hours (Figure
2B). The concentration of Ni(COD), decreased sharply upon exposure to the LMO surface, with
concomitant appearance of between one and two equivalents of cyclooctadiene (vide infra). After
the first hour, the concentration of Ni(COD), decreased only marginally, and saturation was

achieved after 24 hours (Figure S2). In contrast, when Ni(COD), was exposed to silica partially
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dehydroxylated under vacuum at 700 °C no significant chemisorption of nickel was observed,

underscoring the role of the oxidizing surface in the grafting reaction (Figure S3,S4).
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Figure 2. (A) The oxidative grafting of Ni(COD), onto LiMn,O, to make Ni/LiMn,0O,, and its
reduction to make Ni/LixMn,0, (X = 0.96 - 2.26). Lithiation biproducts include butane and
butenes. (B) reaction profile for the chemisorption of Ni(COD), onto LiMn,O,, (C) XANES spectra
of Ni/Lio.q6Mn,0,, and some nickel standards, and (D) Ni and (E) Mn XANES spectra of the variably
reduced material Ni/LixMn.O, (X = 0.96 - 2.26). The relative positions of the edges and white lines
support the conclusion that nickel retains its oxidation state while manganese is reduced to Mn +3
from Mn +4/+3.

Preparative scale chemisorption resulted in the isolation of the metallated LMO precatalyst

(Ni/LiMn,O,, o.50 wt % Ni by ICP-MS). Analysis of the isolated material by diffuse reflectance
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infrared spectroscopy (DRIFT) and thermogravimetric analysis (TGA-MS) support the absence of
COD ligands on the surface, suggesting that the residual COD was physisorbed and removed upon
isolation (Figure S5). High-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) images (Figure 3A, S7A), along with Energy-dispersive X-ray spectroscopy (EDS)
maps of Ni/LiMn,O, (Figure 3B-D, S7B-D) corroborate the dispersity of nickel on the surface with
no agglomeration to clusters or nanoparticles. Lithiation of Ni/LiMn,O, was performed via the
addition of n-butyllithium (2.5 M in pentane) to a suspension of the manganese oxide material in
pentane at -36 °C followed by agitation at 22 °C over the course of 18 hours (Figure 1A). Variation of
the n-butyllithium stoichiometry resulted in a series of reduced materials with lithium to
manganese ratios ranging from 0.48 to 1.12 (Table S5). HAADF-STEM and EDS maps of the fully
reduced material, Ni/Li,.sMn,0,, show that upon reduction nickel remains site-isolated and
dispersed on the surface of the support (Figure 3E-H, S8A-D). Electron paramagnetic resonance
(EPR) spectroscopy of Ni/LiMn,O, and Ni/Li..sMn,O, showed similar spectra consisting of a
broad signal centered at g = 2 (» 340mT), typical of Mn3*/Mn#" in an exchange coupled system

(Figure So).
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Ni/LiMn,O,

Ni/Li, ,sMn,O,

Figure 3. TEM images and EDS maps for Ni/Lio.osMn,O, (left, panels A-D) and Ni/Li,..sMn,O,
(right, panels E-H). The TEM images show the persistence of the morphology of the manganese
oxide particles after reduction while the EDS maps confirm that regardless of the extent of
lithiation, nickel is dispersed, and site isolated on the surface of the support.
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X-ray absorption spectroscopy (XAS) and X-ray Photoelectron Spectroscopy (XPS) were used to
determine the oxidation state of nickel on the surface. The pre-edge and white line features (8331.6
and 8349.2 eV, respectively) in the XANES of Ni/LiMn,O, were consistent with nickel in the +2-
oxidation state (Figure 2C).*° Similarly, the XPS of Ni/LiMn,O, exhibited two sets of peaks with
binding energies of 855.2 and 873.1 eV corresponding to the 2p;, and 2p,. levels, respectively,
consistent with a Ni** ion in an oxygen rich environment distinct from nickel oxide (853.5 eV) and
opposed to nickel metal (852.5 eV) (SI, Figure S10. Both XAS and XPS confirm that nickel is oxidized
upon chemisorption, consistent with an oxidative grafting reaction between Ni(COD), and
LiMn,O,. The Ni-XANES of the variably reduced materials exhibit a very small difference in pre-
edge peak and edge energies relative to the parent Ni/LiMn.O,. The white line narrows and a
shoulder on the high energy side of the white line becomes a valley. As the extent of lithiation
increases, a small increase in the rising edge is observed, possibly indicative of a reduced minor
species or the presence of a more electron rich environment. Alternatively, the increase in the rising
edge intensity and the decrease in the white line may indicate lower Ni site symmetry. These
differences notwithstanding, the majority of the nickel sites remain in the +2 oxidation state
regardless of the stoichiometry of the n-butyllithium reductant added (Figure 2D). In contrast, the
Mn XANES of Ni/LiMn,O, underwent a shift in the edge to lower energy and growth of the pre-
edge feature at 6545 eV upon addition of n-butyllithium, consistent with a full conversion to
manganese 3+ (Figure 2E).#" +* Fitting of the Ni-EXAFS data revealed an oxygen-rich environment
with 5-6 nearest neighbors and the presence of a Mn second nearest neighbor environment. Lon-
range order beyond the second nearest neighbor, such as seen in NiO, LiMn,O,, or LiMnO, was not
observed, ruling out the formation of large nickel oxide nanoparticles (Figure Su1-13). However, the
Ni local structure changes after reduction to increase the Ni-O bond length and the Ni-Mn path

length by an average of 0.023 A and 0.046 A, respectively. Finally, the °Li solid state NMR spectra
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of Ni/LiMn.O, and Ni/Li..sMn.O, were consistent with a reduction of the average manganese
oxidation state from +3.5 to +3 concomitant with a structural rearrangement from the spinel
LiMn,O, to a tetragonal Li.Mn,O, which was further corroborated via X-ray powder diffraction

(Figure S15).

Reactivity of Ni/Li,Mn,O,. The hydrogenation of alkenes was chosen as a model reaction to test
the activity of the variably reduced materials (Figure 4A). It was hypothesized that reduction of the
support would increase electron density at the Ni active site, facilitating the bond activations
involved in the hydrogenation process. Activity was probed using 'H NMR spectroscopy with 0.1 M
cyclohexene solution in CsDs (1 mol% Ni) and approximately 4 atm H,. Ni/LiMn.O, was not active
towards the hydrogenation of olefins regardless of the material loading or reaction conditions
(Figure S16). However, hydrogenation activity was observed upon lithiation at a Li:Mn ratio of 0.90
and above (Figure S17). Control experiments with the nickel-free support did not result in
hydrogenation, and filtration of the reaction mixture at partial conversion resulted in a solution
that was not active for olefin hydrogenation, ruling out the desorption of a catalytically active
species (Figure S18,19). A series of ethereal and aliphatic olefins and alkynes were hydrogenated
efficiently by Ni/Li,..sMn,0,, however, more polar functional groups were not tolerated (Table S6).

Kinetic measurements on the full range of reduced materials were performed by monitoring
the change in hydrogen pressure over time of a toluene suspension of cyclohexene (0.1 M) and
Ni/LixMn.O, (1 mol% Ni) in a batch reactor pressurized with roughly 95 PSI-A of H. (Figure 4A,
S15). No measurable hydrogenation was observed for Ni/Li\Mn.,O, materials with Li:Mn ratios of
up to 0.82. However, an onset of activity was observed for the material with Li:Mn ratio of 0.90, and
catalytic rates increased monotonically with the degree of further support lithiation (Figures S22-

27, Tables S6). The nickel and manganese XANES and EXAFS spectra of Ni/Li,..«Mn.O, post
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catalysis were similar to the pristine material, suggesting that a significant structural rearrangement
does not occur under reaction conditions (Figure S29). The correlation between the catalytic rates
and the Li:Mn ratios of Ni/Li\Mn.O, suggests that lithiation plays a critical role in the generation

of catalytically active nickel species and stabilization of reactive intermediates.
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Figure 4. (A) Reaction scheme and conditions for the hydrogenation of cyclohexene to
cyclohexane. (B) Reaction profile for the hydrogenation of cyclohexene with Ni/LixMn,O, (X =o0.9
-1.12) and (C) Experimental catalytic rate constants (mmol olefin per s, normalized to mol nickel),
as a function of the lithium content for the screened materials measured in the presence of 0.1 M
cyclohexene under 95 PSI-A of H,. Each measurement was performed in triplicate and materials
were compared within the same batch of Ni/LixMn,O, to eliminate any batch-to-batch variability.
Vertical error bars represent one standard deviation. (D) DFT optimized structure of Ni/LiMn,O,
and Ni/LiMnO.,, and thermodynamics of their activation of H,. (E) Oxygen p-orbital density of
states (DOS) for oxygen adjacent to the nickel active site, reflecting an increase in filled states below
the Fermi level.
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To gain insight into the range of possible nickel coordination environments and to further
understand how surface lithiation might impact the reactivity of the nickel center, a series of active
site models were computationally investigated. The (111) facet was chosen for study as it is known
to exhibit the highest stability among all LiMn,O, facets.*> 4 Structures where nickel occupied a
manganese vacancy, a lithium vacancy and a tripodal coordination mode on an oxygen termination
were calculated for both the LiMn,O,and the LiMnO, surface (Table S8). The nickel in the tripodal
surface site and the lithium vacancy both showed a small change in magnetization upon lithiation,
which is associated with a slight increase in electron occupancy in the d-orbital, while the
magnetization of the nickel in the manganese vacancy was unchanged. Further insight into how
lithiation might influence the reactivity of these sites was obtained by investigating the
thermodynamics of dihydrogen activation by both oxidative addition and heterolytic activation
across the Ni-O bond (Table Sg). Homolytic H, activation as found uniformly to be significantly
higher in energy than the heterolytic activation, and so further investigation focused on the latter
mechanism. While heterolytic H, activation was roughly isoenergetic for the lithium vacancy site,
lithiation was found to lower the energy of bond activation by 7.5 kcal/mol for the nickel in a
tripodal surface site (AG = 9.4 kcal/mol and 1.9 kcal/mol respectively, Figure 4D). As this bond
activation is oxidizing with respect to the surface, it is logical that increased electron density at the
active site upon lithiation would lower the energy of the transformation. Indeed, while the nickel
site undergoes only a minor change in magnetization, the oxygen atom that participates in the
heterolytic bond activation undergoes a much larger change in magnetization upon lithiation of
the support (Table Si0), reflecting a significant buildup of partial charge at the oxygen atoms on

the surface, rendering them more reactive toward heterolytic bond activation. This increase in
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electron density is further demonstrated by the appearance of a significant increase in the density

of states for the oxygen p-orbitals just below the Fermi level of the material (Figure 4E).

Extension to Anode Material Lithium Titanium Oxide.

In order to evaluate the generality of support lithiation as a strategy for modulation of
catalyst reactivity, an analogous system was targeted on the reducing anode material lithium
titanium oxide. Tris(neopentyl)tantalum dichloride (Ta(CH,C(CHj;););Cl.) was chemisorbed on
anatase TiO, nanoparticles, which resulted in the release of two equivalents of neopentane per
tantalum complex deposited on the surface based on in situ '"H NMR spectroscopic monitoring of
the grafting reaction, suggesting a bipodal complex on the surface.*> The chemisorption reached
saturation with a loading of 0.8 wt % of Ta, affording Ta/TiO, (Figures 5A, S30). This material was
reduced with an excess of lithium naphthalide (LiNap), to afford Ta/LixTiO, (0.458 wt% Ta, x =
0.77). It was not clear if the Ta site would also be reduced upon exposure to Li napthalide. To
evaluate this, Ta/TiO. and Ta/Li,TiO. were examined by XAS. Ti K-edge XANES displayed a shift
in both the absorption edge and the pre-edge features to lower energy upon lithiation, as well as a
decrease in white line intensity, consistent with a decrease in the average oxidation state of titanium
(Figure 5D). In contrast, the Ta XANES of Ta/TiO, and Ta/LixTiO, exhibited qualitatively similar
edge energies and very little change in the magnitude of the white line, suggesting that the

oxidation state of Ta, +5, remains constant upon the lithiation of the titania surface (Figure 5C).
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Figure 5. The grafting and lithiation of tris(neopentyl)tantalum on titania to make Ta/Li,TiO, and
Ta/LixTiOs.-inv. (B) Reaction profile for the hydrogenation of cyclohexene with Ta/LixTiO,, Ta/Lix.
TiO,.-inv, and Ta/Ti0,. (C) tantalum and (D) titanium XANES spectra for the materials. The relative
positions of the edges and white lines support that conclusion that tantalum retains its oxidation
state while titanium is reduced upon lithiation.

The activity of the reduced and unreduced materials for the hydrogenation of cyclohexene
was evaluated in a batch reactor under conditions described above (for further detail, see SI Pages
S29-S31). No measurable activity was observed for the unreduced Ta/TiO,, while Ta/LixTiO,
catalyzed the reaction with a half-life of approximately 9 hours, and an induction period was
observed, consistent with the formation of a secondary active species (Figure 5B). To further test
the hypothesis that the activity of Ta/LixTiO, stems from the charge state of the support as opposed
to direct reduction of the surface species, the tantalum precursor was chemisorbed onto the pre-

lithiated support to afford Ta/LixTiO,.inv (inv denoting the inverse order of metalation and

lithiation) (Figure 5A). The Ta XANES of Ta/LixTiO.-iny, like that of Ta/Li TiO., did not display a
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shift in edge energy, suggesting that the +5-oxidation state of Ta is maintained regardless of the
order of metalation and lithiation (Figure 5C). Ta/LixTiO.,-iny was found to effect the hydrogenation
of cyclohexene at a similar rate to Ta/LixTiO,, further supporting the role of electronic
communication between the support and the active supported catalytic complex. Interestingly, the
kinetic profile obtained from the hydrogenation of cyclohexene using Ta/LixTiO,.-inv did not display
an induction period, suggesting that the species generated by direct grafting on the pre-reduced
surface may be more similar to the active species than that generated by chemisorption followed
by reduction. A parallel can be drawn between the Ta/LTO system and the Ni/LMO system. In both
systems, the catalyst activity can be modulated as a function of lithium intercalation, and while the
bulk support material undergoes reduction upon lithiation, minimal redox changes are observed at
the supported active sites.

This work describes a general approach to the modulation of the activity of a single-site
heterogeneous catalyst system by a continuously tunable variable, the reduction and intercalation
of lithium ions into the matrix of the support material. The series of Ni/LixMn,O, (X = 0.96 - 2.26)
materials is an example of a system in which the support acts as a redox active ligand and its
electronic properties are used to control its catalytic performance. The extension of these results to
the Ta/LixTiO, system demonstrates the generality of this phenomenon. Notably, for both the
Ni/LMO and Ta/LTO systems, the redox modulation in the support, consistent with the facile
electronic communication between support and active site, and possible redox non-innocent
behavior of the support throughout the catalytic cycle. The utilization of this new orthogonal axis
to modulate catalytic outcomes represents a new frontier at the interface of organometallics,
catalysis, and material science. Further leveraging the “redox non-innocent” properties of cathode
materials towards catalysis is expected to result in novel systems capable of facilitating difficult

transformations through innovative mechanisms. Support materials with appropriate fermi levels
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and band structures could store multiple equivalents of electrons, allowing for complex, multi-
electron transformations such as N, and CO, reduction. Work in this area will draw on the wealth
of knowledge surrounding lithium intercalation derived from the development of Li-ion battery
cathode and anode materials. Future efforts will concentrate on the expansion of the scope of the
reactivity of the current materials, and elucidation of the electron storage and transfer dynamics

between the bulk and the surface.
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