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Abstract 

 The tuning of catalyst activity via stereoelectronic modulation of the active site structure 

remains a grand challenge in heterogenous catalysis. In homogeneous catalysis, the redox 

non-innocent ligands can be introduced to organometallics fragment to donate electrons to 

the metal center and fine-tune the catalytic activity. Analogously, lithium-ion battery 

materials, such as lithium manganese oxide (LMO), lithium titanium oxides (LTO), etc., can 

serve as redox non-innocent catalyst support to modulate the electronic structures of active 

site via lithiation, hence catalytic activity tunning of supported active sites. Experimentally, 

the Ni single-atom site was supported by LiMn2O4 via oxidative grafting and exhibits no 

catalytic activity towards hydrogenation of cyclohexene. After introducing additional Li into 

the catalyst support forming Li2Mn2O4, the Ni single-atom site becomes active with the 

catalytic rates increasing as a function of the lithiation for Li:Mn ratios > 0.9. In this paper, 

density functional theory (DFT) calculations are performed to study the Ni site structure via 

X-ray Absorption Near Edge Structure (XANES) simulations and investigate the electronic 

properties of Ni single-atom site before and after addition of intercalated lithium in the LMO 

spinel structure. Furthermore, the study of the reaction mechanism is also carried out to 

understand the thermodynamically and kinetically favored pathways. XANES simulation 

suggests that the Ni single-atom site is likely to stay in the Li channel of the spinel support 

structure and form an octahedral structure. After Li intercalation, the Ni site becomes less 

positively charged, indicating the partial reduction of the Ni site. The simulated reaction 

energy profile over LiMn2O4 support exhibits high energy barriers (1.07 eV) for 

hydrogenation of cyclohexene; however, Li2Mn2O4 support is able to better stabilize low 

coordinated ion sites and improve ion mobility, leading to lower overall energy barriers (0.64 
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eV). The reduced and low coordinated ion site, thus, can better stabilize the reaction 

intermediates and promotes hydrogenation reaction. Similarly, other transition metal ions (Fe, 

Co, and Cu) are also considered over LiMn2O4 and Li2Mn2O4 catalyst support for 

hydrogenation reaction.  
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1. Introduction 

The catalysts implemented for the largest volume industrial processes are heterogeneous, 

featuring high stability, durability, and separation from products compare to homogeneous 

catalysts; however, they generally lack of electronic tunability as observed in homogenous 

catalysts via ligand-metal interactions.1 In molecular metal complexes, the redox non-innocent 

ligands can play a prominent role in the chemical bond activation.1-4 For instance, these ligands 

can increase Lewis acidity on the metal center; they can also act like “electron reservoir”, which 

allows metal centers to store or accept electrons in elementary steps.2 Thus, the upgrade of 

general strategies for the electronic tuning of the active site via catalyst support engineering is a 

critical ongoing challenge in heterogeneous catalysis.2 

The redox non-innocence concept can also be used in heterogeneous catalysts, via 

modulating the electronic metal support interactions (EMSI), a subset of strong metal-support 

interactions (SMSI). EMSI can be viewed as a heterogeneous analogy to redox non-innocent 

ligand interactions, i.e. grafting of an organometallic compound onto a redox active substrate.1 In 

recent years, supported single-atom catalysts have attracted attention due to its high tunability of 

electronic structure, hence catalytic activity.1, 5-14 In surface organometallic chemistry, silica and 

alumina have been frequently used as catalyst support;15-19 however, their surface properties 

afford limited opportunities to rationally tune the electronic environment of supported active 

sites. By utilizing EMSI, the dynamic interplay between the electronic structures of the support 

and the active site, the catalytic activity can be fine-tuned. For instance, Bruix et al.20 have 

demonstrated that the charge transfer from CeO2 to supported Pt nano particles plays a critical 

role in facilitating water splitting reaction. Furthermore, Gunasooriva et al.21 also reported the 

ethylene hydrogenation reaction over Pt nano particles can be facilitated by withdrawing charges 
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from TiO2 anatase support. Despite the great progress that has been made in understanding the 

importance of and utilizing the EMSI, methods for the manipulation of charge transfer between 

surface organometallics and catalyst supports to control catalytic outcomes are limited.22-25 

Given the idea of redox non-innocent ligand and EMSI, the catalyst support can be treated as 

chemically dynamic ligands. By modulating the electronic structure of the catalyst support, the 

catalyst activity can be tuned. Lithium-ion battery cathode and anode materials, such as lithium 

manganese oxide (LMO) (LixMnO2) and lithium titanium oxide (LTO) (LixTiO2) with tunable 

surface potentials as a function of lithium intercalation, are great candidate for redox non-

innocent catalyst supports.26 In recent reports by our group1, 27, single-atom Ni catalysts 

supported on LMO were synthesized via oxidative grafting of low-valent organonickel complex, 

bis(cyclooctadiene)nickel(0), at room temperature, followed by surface reduction via Li 

intercalation by introducing n-butyllithium, as demonstrated by scheme 1. The initial 

Ni/LiMn2O4 catalyst was not active for hydrogenation of cyclohexene, while by increasing the Li 

intercalation in the LMO support, the resulting Ni/Li2Mn2O4 was active for cyclohexene 

hydrogenation at room temperature under 95 psi of H2 in toluene, and activity increased 

monotonically as a function of the degree of lithiation above a Li:Mn ratio of 0.9. However, 

limited information about the electronic interactions between Ni single-atom site and the LMO 

support before and after lithium intercalation, the active site structures, and the reaction 

mechanism were available.  
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Scheme 1. Oxidative grafting of Ni(COD)2 onto LiMn2O4 to make Ni/LiMn2O4 followed by  

reduction with n-BuLi to yield Ni/LixMn2O4 (x > 1), reproduced from Ref 1. 

 

To reveal the catalyst active site structure, the X-ray Absorption Spectroscopy (XAS) 

measurement provides the local geometry, oxidation state, coordination environment, bond 

lengths, and bonding interaction, which are useful in understanding the catalyst active site 

structures.28 By combining with X-ray Absorption Spectroscopy Near Edge Structure (XANES) 

simulation, an one-to-one correspondence between individual molecular structure and features 

observed in experimentally measured XANES can be revealed and also helps interpret major and 

subtle features of XANES spectra that are associated with bonding interactions.29 Typically, 

XANES simulation can be carried out using time-dependent density functional theory (TDDFT) 

methods. TDDFT is a practical method to compute the lower lying excited states (pre-edge 

region of the XANES spectra) of small molecular system and clusters. However, the 

computational cost increases rapidly as the size of the system increases. For supported catalysts, 

some support surfaces can be represented by a small cluster model (e.g., SiO2 or Al2O3), while 

transition metal containing support surfaces (e.g., metal oxides, LMO) require extended 

computational models with periodic boundary condition (PBC). Thanks to the recent 

development of the Finite Difference Method Near Edge Structure (FDMNES) ab initio package, 

the XANES simulations of systems with PBC can be performed. In this program, the XANES 

spectra can be simulated using either Green’s function approximation or finite difference method 

based on the DFT calculated density of states (DOS). In practice, XANES simulation can be 
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coupled with experimentally measured XANES to identify the catalyst active site structure. For 

example, Wang et al.30 carried out XANES simulations to reveal the existence of Fe-Co dual 

metal sites embedded in porphyrin-like carbon support. Zhang et al.31 employed XANES 

simulations to distinguish between FeN4 and FeN5 active sites for CO2-to-CO conversion. Our 

recent work employed XANES simulations to illustrate the active site structure transformation 

from atomically dispersed Cu catalyst to Cu cluster/particles with a distribution of particle size 

during the CO2 electrochemical reduction.29 Another example utilized XANES simulations to 

demonstrate that when combining the in situ and computational XANES analyses, the metal 

hydride in dynamic and disordered systems, i.e., amorphous silica supported organovanadium 

catalyst can be qualitatively identified.5-8  

In this report, the cyclohexene hydrogenation reaction over Ni/LiMn2O4 and 

Ni/Li2Mn2O4 was revisited utilizing density functional theory (DFT) and XANES simulations to 

analyze the catalyst active site structures. The mechanism of the reaction was then systematically 

studied to identify the rate limiting step. Bader charge analysis was also employed to reveal the 

change in charge density at the active site upon the Li intercalation. Furthermore, predictions of 

catalytic properties were also made to other first row transition metal elements, i.e. Fe, Co, and 

Cu, as active sites supported by LiMn2O4 and Li2Mn2O4.  

2. Computational Methods 

2.1.Density Functional Theory 

Spin-polarized DFT calculations were carried out using the Vienna ab initio Simulation 

Package (VASP).32, 33 The generalized-gradient approximation (GGA) Perdew-Burke-Ernzerhof 

(PBE) functional was used to account for the Kohn-Sham electron exchange-correlation 

interactions.34 The projector augmented wave (PAW) method was used to represent the ionic 
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cores.35 A cut-off for the plane wave basis set expansion up to 500 eV was used for bulk 

optimization, while 400 eV was used for surface calculations. The break condition for the self-

consistent iteration was set to 1×10-5. Ion relaxation was stopped when the forces on all atoms 

were smaller than -0.02 eV/Å. The Brillouin zone was sampled using a 6 × 6 × 6 k-point grid for 

bulk optimization, and a 2 × 2 × 1 grid was set for all surface geometry optimizations.36 To 

account for the correction for d-electron delocalization, Hubbard U approach was employed.37 

For Mn, Fe, Co, Ni, Cu, the Ueff were set to be 5.138, 39, 4.040, 41, 4.442, 43, 5.9644, and 6.045, 46 eV. 

The energies and geometries of the gas phase species were calculated by placing the molecule in 

a box with dimensions of 25 × 25 × 25 Å3. A single Γ point was used for these calculations.  

 

Figure 1. The optimized bulk structures of LiMn2O4 (a) and Ni/Li2Mn2O4 (b). Color code: 

Purple-Mn, Green-Li, and Red-O.  

 

The calculated bulk lattice parameters for the cubic spinel LiMn2O4 are a = b = 8.24 Å, 

and c = 8.79 Å, which are in good agreement with literature reported theoretical value (a = b = 

8.20 Å, and c = 8.74 Å)47 and experimental value (a = b = 8.11 Å, and c = 8.65 Å)48. According 

to high-resolution transmission electron microscopy (HRTEM) analysis and energy dispersive 
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spectrometry (EDS) elemental mapping, after Ni oxidative grafting and additional lithium 

intercalation, the changes made to the catalyst only up to 1 to 2 nm below the surface.1 Therefore, 

it is reasonable to assume that during these treatments, the bulk lattice parameters should remain 

the same as LiMn2O4. As a result, Figure 1 shows the bulk structure of LiMn2O4 and Li2Mn2O4, 

which represents the further lithiated LiMn2O4. Furthermore, to study the surface reaction, the 

(111) facet was cleaved from the optimized bulk, as this facet was observed abundantly by 

HRTEM.1 To perform the geometry optimization, only the top layer of the cleaved surface was 

allowed to relax, while the sublayers are fixed at its bulk value.  

Transition states and energy barriers were calculated using climbing-image Nudged 

Elastic Band (CI-NEB) calculations, coupled with the dimer method. A total of nine images were 

used for CI-NEB calculations to locate a reasonable transition state structure, then the dimer 

method was used to obtain the energy barrier. Such an approach, combining CI-NEB and dimer 

method for computing the transition state barrier, has been proven successful in previous 

studies.29, 40, 49-52 The optimized transition state structures were confirmed by a single imaginary 

frequency via the harmonic vibrational frequency calculations.  

2.2.XANES Simulation 

To capture the support effect on the Ni single atom site, the periodic models were chosen 

for XANSE simulation utilizing the FDMNES ab initio simulation package.53-55 The radius of the 

calculated cluster was set to be 7 Å. Green’s function approximation and self-consistent field 

(SCF) were utilized together with a spherical basis and quadrupole method for multipole 

expansion. The simulated XANES were then normalized using the Athena software.56 The 

experimental measured XANES were reproduced from previous work.1 
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3. Results 

3.1. Active-site characterization of Ni/LMO 

To understand the catalyst active site structure, experimentally, HRTEM, Extended X-ray 

Absorption Fine Structure (EXAFS), and XANES measurement were performed in previous 

report.1 The experimental characterization indicates that in the as prepared catalyst Ni is at 2+ 

oxidation state, 6-coordinated (octahedral symmetry) with oxygen atoms. In addition, after 

additional Li intercalation into the catalyst support, the Ni atom retains an octahedral 

coordination environment. It is not clear, however, whether the Ni is occupying a Li defect site 

(in the Li channel) or a Mn defect site as indicated by Figure 2; evidence, HRTEM, is provided 

favoring the Li defect site, but it’s not conclusive.1 Furthermore, changes of experimental 

XANES features were also observed upon additional Li intercalation. According to XANES 

measurements, shown in Figure 3a, the pre-edge peaks are located at 8332.40 eV for both 

Ni/LiMn2O4 and Ni/Li2Mn2O4. The edge peak (white line) for Ni/LiMn2O4 is located at 8350.40 

eV, while the edge peak for Ni/LiMn2O4 appears at 8349.20 eV. Furthermore, the post edge 

peaks are located at 8366.20 eV for both Ni/LiMn2O4 and Ni/Li2Mn2O4. More interestingly, the 

subtle feature of XANES evolution before and after additional Li intercalation was also observed 

and indicated by the yellow arrow in Figure 3a. Particularly, the edge peak of Ni/LiMn2O4 is 

wider than that of Ni/Li2Mn2O4. In addition to the changes of the XANES spectra upon 

additional Li intercalation, the causes of the spectra changes, as well as the bonding interactions 

attributed to the subtle features, are still unknown.  
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Figure 2. The Molecular structure of Ni single atom in Li defect (a) and Mn defect (b) of 

LiMn2O4 as well as Ni single atom in Li defect (c) and Mn defect (d) of Li2Mn2O4, respectively. 

Ni locations are highlighted by blue dashed circle. Color code: Purple-Mn, Green-Li, and Red-O, 

Silver-Ni. 

  

 

 

Figure 3. (a) Normalized experimentally measured Ni K-edge XANES of Ni/LiMn2O4 and Ni/ 

Ni/Li2Mn2O4, reproduced from Ref 1. (b) Normalized simulated Ni K-edge XANES of Ni in Li 

channel of LiMn2O4 and Li2Mn2O4. (c) Normalized simulated Ni K-edge XANES of Ni in Mn 

channel of LiMn2O4 and Li2Mn2O4. 
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To carefully investigate the Ni atom location and active-site structures, Ni K-edge 

XANES spectra of a set of proposed Ni/LMO structures were simulated. As shown in Figure 2a-

d, Ni in both Li defect site and Mn defect site of both LiMn2O4 and Li2Mn2O4 supports were 

considered. Based on the calculated Ni XANES in the Li defect site, Figure 3b, the pre-edge 

peaks appear at 8333.44 eV for both Ni/LiMn2O4 and Ni/Li2Mn2O4. The edge peak energy for 

Ni/LiMn2O4 is 8350.40 eV, while the edge peak energy of Ni/Li2Mn2O4 is 8347.90 eV. The 

energy shift between the edge peak of Ni/LiMn2O4 and that of Ni/Li2Mn2O4 (Figure 3b) is 

qualitatively comparable with experimental spectra (Figure 3a). And the edge peak of 

Ni/LiMn2O4 is also more broadened than that of Ni/LiMn2O4, consistent with experiment. In 

addition, the post-edge peaks for both supports show up at 8363.51 eV. The subtle changes of 

XANES spectra from Ni/LiMn2O4 and Ni/Li2Mn2O4 are highlighted by the yellow arrows in 

Figure 3a, b and c. When comparing the calculated XANES of Ni in the Mn defect site with the 

experimental XANES, Figure 3c, despite the consistency of pre-edge, 8333.44 eV, and edge 

feature, 8350.50 and 8348.11 eV for Ni/LiMn2O4 and Ni/Li2Mn2O4, the calculated post-edge 

feature of Ni/LiMn2O4 is distinguishable from the experimental spectra, as indicated by yellow 

circle in Figure 3c.  Therefore, based on XANES simulation, the Ni single-atom site is located in 

the Li channel and coordinated with six oxygen atoms forming an octahedral geometry, which is 

consistent with the conclusion from spectroscopic, HRTEM, EXAFS, and XANES, 

measurements.1  

To understand the subtle features observed in Ni K-edge XANES, density of state (DOS) 

calculations were performed and compared with the simulated XANES, as shown in Figure 4 

and 5. For the Ni/LiMn2O4 system (Figure 4), the pre-edge region from 8330.00 to 8340.00 eV 
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and the post-edge peak at 8363.51 eV are reflected by the Ni p and O p orbital overlapping 

(Figures 4a, 4b) in the first coordination sphere and Ni p and Mn p interaction (Figure 4c) in the 

second coordination sphere. The DOS shown as the lighter red hues in the respective figures 

indicate the orbital overlaps between the Ni p and O p orbitals of the Ni atom to individual O 

atoms. Similar trends were also observed for the Ni/Li2Mn2O4 system (Figure 5) where the pre-

edge region from 8330.00 to 8340.00 eV and post-edge feature at 8363.51 eV are determined by 

overlapping DOS between the Ni p and O p orbitals (Figure 5a and 5b), as well as Ni p and Mn p 

orbitals (Figure 5c). Furthermore, the difference in the edge feature between Ni/LiMn2O4 and 

Ni/Li2Mn2O4 can also be explained by Ni p orbital and the second-shell coordinated Mn p orbital 

overlapping. The mismatch between Ni p and Mn p orbitals of Ni/LiMn2O4 at the edge region 

(Figure 4c) could result from the wider edge peak of XANES at 8350.40 eV, while the 

overlapping of Ni p and Mn p orbitals of Ni/Li2Mn2O4 at edge region (Figure 5c) results in 

narrower edge peak at 8347.90 eV. The DOS for the orbital overlap between the Ni p and Li s 

orbital also reveals the origin of subtle features through the overlap in the edge region at 8350.40 

eV for Ni/LiMn2O4 (Figure 4d) and 8346.10 eV for Ni/Li2Mn2O4 (Figure 5d). Therefore, the 

primary shape of the Ni K-edge XANES spectrum is largely reflected by Ni 1s-4p transitions and 

observed subtle features in the edge region are primarily due to the second-shell interactions 

between Ni and Mn as well as Ni and Li as opposed to only contributions to first-shell 

interactions between Ni and O.  

Page 13 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14 
 

 

Figure 4. (a) Density of states (DOS) of Ni p orbital and O p orbital superposed onto Ni K-edge 

XANES of Ni/LiMn2O4, and (b) Ni p and O p DOS focused on pre-edge region. (c) Ni p and Mn 

p DOS superposed onto Ni K-edge XANES. (d) Ni p and Li s DOS superposed on to Ni K-edge 

XANES. The black lines in the figures are simulated Ni XANES, the averaged Ni p DOS, O p 

DOS, Mn p DOS, and Li s DOS are shown as blue, red, purple, and green, respectively. The 

lighter shades of each color represent the DOS for each individual atom in the respective first- 

and second-shell coordination sphere of the central Ni atom. 
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Figure 5. (a) Density of states (DOS) of Ni p orbitals and O p orbitals superposed onto Ni K-

edge XANES of Ni/Li2Mn2O4, and (b) Ni p and O p DOS focused on pre-edge region. (c) Ni p 

and Mn p DOS superposed onto Ni K-edge XANES. (d) Ni p and Li s DOS superposed on to Ni 

K-edge XANES. The black lines in the figures are simulated Ni XANES, the averaged Ni p DOS, 

O p DOS, Mn p DOS, and Li s DOS are shown as blue, red, purple, and green, respectively. The 

lighter shades of each color represent the DOS for each individual atom in the respective first- 

and second-shell coordination sphere of the central Ni atom. 

 

 The Mn K-edge XANES for both LiMn2O4 and Li2Mn2O4 supports were also 

investigated computationally (Figure S1a) and experimentally (Figure S1b).  In LiMn2O4, there 

is a double peak feature at the pre-edge region at 6540.08 and 6543.27 eV, and the edge peak 

shows up at 6559.97 eV. In addition, the post-edge bump is located at 6573.07 eV. An 

interesting observation is that after additional lithium intercalation, the double peak feature at the 

pre-edge region becomes a single peak at 6541.73 eV, while a shoulder peak shows up at 
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6548.30 eV in the rising edge region. Furthermore, the edge peak energy shifts to lower energy 

at 6557.00 eV, and the post-edge bump also shifted to 6571.21 eV. Such changes in the major 

features of the Mn K-edge XANES upon lithium intercalation were also observed from 

experimental measurements (Figure S1b). Based on the changes in the Mn K-edge XANES 

features due to additional lithium intercalation, by introducing additional Li into the LiMn2O4 

support, the Mn oxidation state and electronic structure are changed, as well as the Ni oxidation 

state and electronic structure.  

3.2.Reaction Mechanism of Hydrogenation of Cyclohexene 

To further understand how lithium intercalation into LiMn2O4 catalyst support can affect 

the catalytic activity towards the hydrogenation of cyclohexene, a systematic reaction 

mechanistic study was conducted on Ni/LMO systems to identify the changes of reaction 

thermodynamics and kinetics due to additional lithium intercalation. Moreover, the catalytic 

reaction mechanisms of Fe, Co and Cu/LMO are predicted to reveal the trend of the catalytic 

activity as a function of metal site. 

As indicated by HRTEM, the (111) facet was the most abundant in the catalyst sample;1 

therefore, the hydrogenation reaction was carried out over the (111) surface of LiMn2O4 and 

Li2Mn2O4. Based on the above XANES analysis, majority of the Ni sites have octahedral 

symmetry, and are located in the Li defect sites, coordinated with oxygen atoms of the LMO 

bulk. Nevertheless, catalytic reactions are more likely to occur on the catalyst surface. Through 

organometallic oxidative grafting reactions,1, 27 a reasonable amount of Ni sites will be located 

on the LMO surface, although this grafting site would not be the dominant species among all the 

Ni sites. Furthermore, surface metal sites are commonly undercoordinated, e.g. some fraction of 

the surface Ni atoms could form a penta-coordinated site on LMO (111) facet with an O vacancy. 
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As reported in the literature57-60, the hydrogen activation can be catalyzed by surface O and O 

vacancy of metal oxides via heterolytic cleavage. Thus, based on previous experiments and 

literature, it is assumed that the hydrogenation of cyclohexene occurs at the O vacancy of the 

surface Ni site. An O vacancy was also introduced at Ni site as the catalyst active site, as shown 

in Figure 6.  

 

Figure 6. Optimized structures of (111) surface of Ni/LiMn2O4 (a) and Ni/Li2Mn2O4 (b). Color 

code: Purple-Mn, Green-Li, and Red-O, Silver-Ni. 
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Figure 7. (a) Reaction Scheme for the hydrogenation of cyclohexene catalyzed by Ni/LixMn2O4. 

(b) Reaction profile for the hydrogenation of cyclohexene with Ni/LixMn2O4 (Li/Mn=0.9-1.13), 

reproduced from Ref 1. 

Experimentally, Ni/LiMn2O4 is not active for hydrogenation of cyclohexene; however, 

the catalytic activity starts to increase monotonically as a function of the degree of lithiation 

(Figure 7). To understand the reaction mechanism, reaction total energies and kinetic energy 

barriers were calculated. The optimized geometries of reaction intermediates, as well as the 

reaction mechanism, on Ni/LiMn2O4 and Ni/Li2Mn2O4 are summarized in Figure 8a and b. The 

reaction mechanism starts with H2 physisorption near the O vacancy site, followed by heterolytic 

cleavage of H-H bond forming a nickel monohydride (Ni-H) species and a surface OH group. 

Then, cyclohexene physiosorbed onto the surface and reacts with the monohydride and surface 

OH group to form cyclohexane. Shown in the calculated reaction energy diagram in Figure 8c, 

for the initial H2 adsorption, ∆𝐸𝐻2∗,𝑎𝑑𝑠 over Ni/LiMn2O4 is -0.04 eV, and H-H activation reaction 

energy (∆𝐸𝐻−𝐻∗); and activation energy barrier (∆𝐸𝑇𝑆1) are -0.62 and 0.48 eV, respectively. 
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Similarly, ∆𝐸𝐻2∗,𝑎𝑑𝑠 over Ni/Li2Mn2O4 is exothermic by -0.06 eV, while ∆𝐸𝐻−𝐻∗ and ∆𝐸𝑇𝑆1 are -

0.71 and 0.51 eV, respectively. Furthermore, the physisorption of cyclohexene (∆𝐸𝐶6𝐻10∗) over 

Ni/LiMn2O4 and Ni/Li2Mn2O4 were -0.35 and -0.27 eV, respectively. However, the reaction 

intermediate, C6H11*, does not strongly interact with the Ni center in Ni/LiMn2O4, as shown in 

Figure 8a state 7. When C6H11* is bound to the Ni center, the 5-coordinated Ni buckles from the 

surface and becomes a 3-coordinated Ni, which would interact with C6H11*. According to the 

calculations represented in Figure 9a, the Ni migration from catalyst surface to atop the surface is 

endothermic by 1.09 eV. Thus, there is a significant energetic barrier to this Ni migration of the 

surface Ni atom to afford the necessary additional coordination sites to facilitate the catalytic 

process. In contrast, over the reduced Li2Mn2O4 support, according to Figure 9b, the Ni 

migration process is only endothermic by 0.01 eV. These calculations suggest that additional Li 

intercalation provides a catalytically relevant degrees of freedom for Ni migration and given this 

significant stabilization of the surface migration pathway, mechanisms that involve this process, 

such as the interaction of C6H11* with 3-coordinated Ni on the Li2Mn2O4 surface may become 

catalytically competent. Such Ni migration phenomena in metal oxide has also been reported in 

the literature.61, 62 By considering the described mechanism, the first hydrogenation step over 

Ni/LiMn2O4 is exothermic by -0.36 eV with an activation energy barrier, ∆𝐸𝑇𝑆2 , of 0.51eV. 

Whereas the reaction energy of C6H11 formation over Ni/Li2Mn2O4 is 0.06 eV with an activation 

energy barrier, ∆𝐸𝑇𝑆2 , of 0.64 eV. Moreover, the second step of hydrogenation forming 

cyclohexene over Ni/LiMn2O4 is exothermic by -0.18 eV, with an activation energy barrier, 

∆𝐸𝑇𝑆3, of 1.07 eV. On the other hand, over Ni/LiMn2O4, ∆𝐸𝐶6𝐻12∗ and  ∆𝐸𝑇𝑆3 are -0.35 and 0.07 

eV, respectively, which indicates the accessibility of second step of hydrogenation forming 

cyclohexane. Finally, the desorption of cyclohexane from Ni/LiMn2O4 and Ni/Li2Mn2O4 are 0.34 
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and 0.15 eV, respectively. All in all, over the Ni/LiMn2O4 surface, the hydrogenation of 

cyclohexene is limited by a prohibitive reaction kinetic barrier of the second hydrogen transfer 

step. After further Li intercalation, the Ni site of Ni/Li2Mn2O4 becomes more mobile, which 

allows better stability of C6H11* to further promote the hydrogenation reaction with a lower 

activation energy barrier for the second hydrogenation step forming cyclohexane. The mobility 

of the Ni site indicates that LiMn2O4 does not support low-coordinated metal ions, while after 

additional Li intercalation, Li2Mn2O4 can support low-coordinated metal ions. The observed 

structural changes and trends in the reaction profile explained the experimental observation 

where Ni/LiMn2O4 is inactive for hydrogenation while Ni/Li2Mn2O4 promotes this reaction with 

significant activity at low temperature. 
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Figure 8. Optimized reaction intermediates structures over Ni/LiMn2O4 (top panel) and 

Ni/Li2Mn2O4 (bottom panel) and reaction energy diagram of hydrogenation of cyclohexene over 

Ni/LiMn2O4 and Ni/Li2Mn2O4. Color code: Purple-Mn, Green-Li, and Red-O, Silver-Ni, Brown-

C, and White-H.  

  

 

 

Page 21 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22 
 

 

Figure 9. Optimized geometry and reaction energies for Ni diffusion out of surface to stabilized 

C6H11* over LiMn2O4 (a) and Li2Mn2O4 (111) surfaces. Color code: Purple-Mn, Green-Li, and 

Red-O, Silver-Ni, Brown-C, and White-H. 

 

Since the reaction profile (Figure 8c) and associated mechanism and rate limiting 

transition state is found to be consistent with the experimental observations for hydrogenation 

over Ni/LixMn2O4 (x = 1 and 2) systems, the same reaction was investigated on Fe, Co, and Cu 

supported by LixMn2O4 (x = 1 and 2) systems. The activation energy barriers and metal ion 

migration energies are displayed in Table 1. The optimized structures of surfaces and reaction 

intermediates are shown in Figure S2-S4, and the reaction energy diagrams for each metal are 

summarized by Figure S5. Over Fe supported by LixMn2O4 (x=1 and 2) (Figure S5a), where 

∆𝐸𝑇𝑆1 are found to be 0.61 eV for LiMn2O4, while over Li2Mn2O4 support, the ∆𝐸𝑇𝑆1 is 0.63 eV. 

More interestingly, ∆𝐸𝑇𝑆2 exhibit high activation barriers of 2.36 eV over Fe/LiMn2O4; however, 
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with additional Li intercalation, a significant reduction of ∆𝐸𝑇𝑆2 was observed. A similar case 

was also found over the Co system (Figure S5b). Over Co/LiMnO2 and Co/Li2Mn2O4, ∆𝐸𝑇𝑆1 are 

0.53 and 0.59 eV, respectively. And a reduction of ∆𝐸𝑇𝑆2 was also observed upon lithiation of 

the catalyst, from 0.51 eV to 0.44 eV. Similar to the Ni active site, the immobility of Fe and Co 

site in LiMn2O4 support was also observed (Table 1) and further Li intercalation could also 

facilitate Fe and Co migration. Energetically, the Fe and Co migration to atop the surface is 

endothermic by 0.18 and 0.30 eV, respectively, to facilitate the second step of hydrogenation. 

For the Cu system (Figure S5c) ∆𝐸𝑇𝑆1  are 0.70 and 0.80 eV over LiMn2O4 and Li2Mn2O4 

support whereas, the ∆𝐸𝑇𝑆2 over Cu/LiMn2O4 is 0.43 eV lower than that of Cu/Li2Mn2O4, 0.26 

vs 0.69 eV. The reaction energy for Cu migration over LiMn2O4 and Li2Mn2O4 was found to be 

0.39 and 0.06 eV, respectively. To summarize, the hydrogenation reaction over Fe/LiMn2O4 is 

limited by the first hydrogenation reaction barrier, while the hydrogenation over Co/LiMn2O4 are 

limited by both H2 activation and first step of hydrogenation. After further Li intercalation, the 

catalytic activities are improved.  The rate limiting step over Fe/Li2Mn2O4 could be both the H-H 

activation and hydrogenation step; however, over Co/Li2Mn2O4, the rate limiting step becomes 

H-H activation. More interestingly, Cu sites on both LiMn2O4 and Li2Mn2O4 support are active 

for cyclohexene hydrogenation reaction with the rate limiting steps also being the H-H activation 

step. 

 When comparing the activity of these systems over LiMn2O4 support (Figure 10a), Fe 

observes the highest energy barrier for ∆𝐸𝑇𝑆2 as well as high energetics for ion migration, which 

makes this material inactive for hydrogenation of cyclohexene. Co/LiMn2O4 observed low 

energy barriers throughout the reaction; however, the immobility of metal ions causes the 

instability of the hydrogenation intermediate, C6H11*, which also causes low activity for 
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hydrogenation. For Ni/LiMn2O4, the second step hydrogenation exhibits a higher energy barrier, 

which also hinders the hydrogenation activity. However, for Cu/LiMn2O4, despite the slightly 

higher activation barrier for  ∆𝐸𝑇𝑆1 compared with Ni/LiMn2O4, the metal ion migration is uphill 

by 0.39 eV with a low activation barrier for both ∆𝐸𝑇𝑆2 and ∆𝐸𝑇𝑆3, which makes Cu/LiMn2O4 an 

active catalyst for hydrogenation of cyclohexene. By investigating the catalytic activity of these 

ions at the Li2Mn2O4 support (Figure 10b) the metal ion migration energies are consistently less 

than 0.4 eV, which indicates that the metal ion migration should not be considered as a rate 

limiting factor. By considering the activation energy barriers, the activity follows the order of 

Co/Li2Mn2O4 > Ni/Li2Mn2O4 > Cu/Li2Mn2O4 > Fe/Li2Mn2O4. When comparing the catalytic 

activity between Co/Li2Mn2O4 and Cu/LiMn2O4, the lower energy barrier in ∆𝐸𝑇𝑆1 of 

Co/Li2Mn2O4 makes it predicted to be the best performing catalyst for hydrogenation of 

cyclohexene.  

 

Table 1. Summary of activation energy barriers and metal ion migration energy (from subsurface 

site to lower-coordinate surface site) of Fe, Co, Ni, and Cu supported by LiMn2O4 and Li2Mn2O4.  

 
∆E

TS1
, eV ∆E

TS2
, eV ∆E

migration
, eV ∆E

TS3
, eV 

Fe/LiMn
2
O

4
 0.61 2.36 1.13 0.58 

Fe/Li
2
Mn

2
O

4
 0.63 0.64 0.18 0.46 

Co/LiMn
2
O

4
 0.53 0.51 0.77 0.24 

Co/Li
2
Mn

2
O

4
 0.59 0.44 0.30 0.38 

Ni/LiMn
2
O

4
 0.48 0.51 1.24 1.07 

Ni/Li
2
Mn

2
O

4
 0.51 0.64 0.01 0.06 

Cu/LiMn
2
O

4
 0.70 0.26 0.39 0.54 

Cu/Li
2
Mn

2
O

4
 0.80 0.69 0.06 0.38 
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Figure 10. Reaction energy diagram of hydrogenation of cyclohexene over Fe, Co, Ni, and Cu 

supported by LiMn2O4 (a) and Li2Mn2O4 (b). 
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3.3.Redox Non-Innocent support 

As indicated by the reaction energy diagrams (Figure 8 and 10), the hydrogenation 

reactivity is significantly improved with additional Li intercalation into the LiMn2O4 catalyst 

support. For Fe, Co, and Ni, systems, the reduction in the C-H bond formation energy barrier can 

be observed. Nevertheless, a slight increase in the H-H dissociation barrier (∆𝐸𝑇𝑆1) is also seen 

upon additional Li intercalation. Therefore, the electronic communication between the active 

sites and the catalyst support could facilitate the C-H bond formation. To verify redox non-

innocent behavior of the support, Bader charge analysis was performed on these active centers. 

As shown in Table 2, the ions on LiMn2O4 are positively charged; however, after Li intercalation 

to form Li2Mn2O4, the Bader charges on these ions are less positive, indicating the additional Li 

intercalation could reduce the oxidation state of the active site ions by introducing more charges 

at the ion sites, which could potentially facilitate C-H bond formation. More interestingly, when 

comparing the Bader charges at the hydrogenation intermediate step, C6H11*, the Bader charges 

on the ions over LiMn2O4 are very similar compared with the bare sites; however, over 

Li2Mn2O4, the active site reductions were consistently observed over the supported ions. The 

change in the oxidation state of the active site ions demonstrated the redox non-innocent property 

of the catalyst support. More interestingly, the increased ion mobility by additional Li 

intercalation over Li2Mn2O4 resulted in the formation of low-coordinated ions on the LMO 

surface, which demonstrated that additional Li in Li2Mn2O4 support can result in lower valent 

metal centers and would require fewer coordination numbers. These lower valent, low-

coordination metal sites can better stabilize the reaction intermediates and promote the 

hydrogenation of cyclohexene. In conclusion, the synergy between the electronic modulation and 
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increased ion mobility via additional Li intercalation increased catalytic activity of 

hydrogenation reaction. 

Table 2. Bader charge analysis of Fe, Co, Ni, and Cu at LiMn2O4 and Li2Mn2O4 catalyst support 

at bare sites and hydrogenation intermediate state, C6H11*(state 7 and 17 in Figure 8).  

  Bare Sites C
6
H

11
* 

  LiMn
2
O

4
 Li

2
Mn

2
O

4
 diff LiMn

2
O

4
 Li

2
Mn

2
O

4
 diff 

Fe 1.38 1.32 -0.06 1.37 1.15 -0.22 
Co 1.29 1.22 -0.07 1.28 0.87 -0.42 
Ni 1.22 1.12 -0.10 1.18 0.90 -0.28 
Cu 1.11 0.99 -0.11 1.09 0.76 -0.33 

 

4. Conclusions 

XANES simulations were performed to identify the Ni active site structure of the 

experimentally synthesized Ni/LiMn2O4 and Ni/Li2Mn2O4. Overall, most of the Ni ions are 

located in Li channel and form octahedral structure. By carrying out DOS calculations, not only 

was the electronic communication between Ni and coordinated O atoms observed, but also the 

second shell interaction between Ni and the Mn and Li atoms. The second-shell interactions 

demonstrate the electronic communication within the support itself, and the potential of having 

redox non-innocence. A mechanistic study was done to carefully investigate the reaction 

mechanism of hydrogenation of cyclohexene. The hydrogenation reaction was limited by both C-

H bond activation and the migration of Ni site out of the surface to stabilize the C6H11*. With 

additional Li intercalation into catalyst support, the active site charge density increases to 

facilitate C-H bond formation and the mobility of active site, which demonstrates that Li2Mn2O4 

can support low-coordinated ion sites and allows the low-coordinated ion sites to interact with 

reaction intermediates. The combination of these two factors increases the catalytic performance 

for hydrogenation of cyclohexene. By comparing the catalytic activity of other ions supported by 
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LiMn2O4 and Li2Mn2O4, the best performing catalyst is predicted to be Co/Li2Mn2O4. Thus, the 

future work will be focused on experimental study of LMO supported Co single atom catalyst to 

validate theoretical prediction. It would also be significant to explore other redox non-innocent 

support, such as LTO, with different supported single atom sites and intercalation, such as singly 

charged cations (i.e. K+ and Na+) or doubly charged cations (i.e. Mg2+ and Ca2+). This work 

demonstrated the catalytic activity tuning of supported single site ions utilizing the redox non-

innocent properties such as LMO support via Li intercalation, which represents a new approach 

to rational catalyst design with surface organometallic chemistry.   
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