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ABSTRACT 

 

Probing Active Sites of Heterogeneous Catalysts by X-Ray Absorption Spectroscopy 

 

by 

 

Li Li 

 

In order to design more effective catalysts, we deployed X-ray absorption spectroscopy 

(XAS) to develop structure-activity relationships for supported heterogeneous catalysts. 

Starting from carefully-designed synthesis, the metal ions are uniformly dispersed on the 

support. The pre-treatment and other synthetic modifications are strategically chosen to alter 

the structure and reactivity of the metal sites. Specially, we explored catalytic systems in which 

the active sites are mononuclear metal complexes grafted on the oxide supports. XAS is 

essential for probing the local structures of the metal centers, such as electronic properties and 

coordination geometry. The applications of the catalysts include olefin metathesis, propane 

dehydrogenation and C-O hydrogenolysis.  

Monomolybdate sites with relatively uniform first coordination spheres were synthesized 

by a direct solid-solid reaction between MoO2Cl2 and silica. The resulting Mo(=O)2(OSi)2 sites 

were characterized and compared to the spectra of several well-defined model molybdate 

compounds. In extended X-ray absorption fine structure (EXAFS) analysis, the attenuation of 

the long-range EXAFS features at ca. 3 Å in Mo(=O)2(OSi)2 sites suggests the attachment to 

the silica surface as molybdasiloxane rings of variable ring size. The partially well-defined 

Mo(=O)2(OSi)2 sites were treated with a few common activation methods, but failed to 
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catalyze propylene metathesis. Only exposure to olefins at high temperatures (>500 C) leads 

to promoting propylene metathesis at 23 C and resulting in an active site fraction as high as 

36%. However, the co-existence of multiple types of metal sites makes it difficult to identify 

the active sites. 

GaiBu3/γ-Al2O3 catalyst promotes propane dehydrogenation at 550 °C, and the Ga species 

present under reaction conditions were unknown. We used operando XAS to monitor the 

evolution of Ga K-edge from as-prepared to catalytic conditions. The X-ray absorption near 

edge structure (XANES) reveals that isobutyl ligands are replaced by oxygen-donor ligands 

derived from the alumina surface in a single, gradual process, leading to a 3-coordinate 

mononuclear Ga site at 550 °C. Additional, minor Ga(I) species may form simultaneously. 

DFT-based simulations elucidate the ligand influence on the Ga K-edge XANES features, such 

as the white line intensity and edge position. This structural insight sheds light on the 

correlation between the mononuclear Ga site and the subsequent catalytic activity. 

The direct synthesis of single-atom Fe catalysts supported on nitrogen-doped carbon gives 

five-coordinate Fe(III), with four in-plane pyridinic nitrogen donors and one axial hydroxyl 

ligand. These Fe catalysts exhibit high selectivity, activity, and reusability for C–O bond 

hydrogenolysis using H2 at temperatures as low as 170 °C. The characterization of the catalyst 

shows the reduction of Fe(III) to Fe(II) sites with loss of the hydroxyl ligand under reaction 

conditions. The four-coordinate Fe(II) sites are the active sites for H2-splitting. The interaction 

between metal sites and the support is critical to promote activity.   
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 Introduction 

 X-ray absorption spectroscopy in heterogenous catalysis 

X-ray absorption spectroscopy (XAS) probes atomic structures directly.29 The XAS data 

reflect the nature of the neighboring environment. The catalysts are scanned by tunable 

synchrotron X-rays near the binding energy (-200 – 1000 eV) of core electrons. Once the 

incident X-ray energy surpasses the binding energy, the atom will strongly absorb X-rays and 

show a sharp increase in the X-ray absorption coefficient, μ(E). This sharp increase is described 

as an “edge jump.” As the energy increases, μ(E) consists of oscillations that gradually fade 

near the end of the scan. Due to different electronic transition mechanisms, XAS data are 

divided into two regions, and analyzed by different approaches: X-ray absorption near-edge 

spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS). 

XAS has several advantages in heterogeneous catalysis research. Firstly, the measurement 

selectively targets the element of interest without interference from other elements. The test 

capability is independent of crystallinity, isotope labeling, etc.48 More importantly, the low 

concentration limit (as low as 50 ppm) is suitable for dilute supported catalysts under a flexible 

range of testing conditions, from -269 – 1200 °C, from vacuum to high pressure.49 These 

advantages make XAS a unique technique for understanding supported metal sites. However, 

it also comes with limitations. As a bulk characterization technique, the XAS spectrum 

represents average structural information; namely, the minor species in the sample cannot be 

identified. In particular, if the active site fraction in metal-supported catalysts is unknown or 

small, the conclusion deduced from XAS may be misleading. Moreover, XAS data analysis 
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relies on model input; thus, preliminary characterization of the sample should be conducted 

before XAS characterization.  

 

1.1.1 X-ray Absorption Near-Edge Spectroscopy (XANES) 

The XANES region (-50 – 150 eV from the absorption edge) is associated with the 

electronic transition from the inner shell to the valence orbitals (i.e., 1s electron excitation at 

the K-edge), following the dipole selection rule (Δl = ±1).50 As a result, the XANES features 

can be used as a fingerprint to quickly access structural information, such as oxidation states 

and geometry. The higher oxidation states require higher incident energies to excite core 

electrons. As a result, the rising edges of higher oxidation state materials are expected to be at 

higher energy positions. For example, the edges from Mo foil, MoO2, and MoO3 shift to 

progressively higher energy positions, Figure 1.1. However, the oxidation state is not the only 

factor to determine the edge locations. Spin states, ligands, and coordination numbers affect 

the edge position simultaneously, complicating the correlation between oxidation state and 

edge energy.51-52 Therefore, the determination of oxidation state should not only reply on the 

edge position. 
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Figure 1.1 The Mo K-edge XANES comparison for Mo foil, MoO2, and MoO3. 

 

In addition to the main edge, pre-edge features appear in the rising edge region. They arise 

from transitions to valence orbitals or quadrupolar transitions (Δl = ±2); thus, the pre-edge 

intensity is weaker than the main edge (dipole transition).53 In the Mo K-edge XANES, the 

pre-edge intensity is primarily affected by the Mo geometry. Non-centrosymmetric structures 

have strong pre-edge features due to the p-d mixing, whereas non-centrosymmetric structures 

show little pre-edge intensity. For instance, MoO2 contains octahedral MoO6 and does not 

show any pre-edge feature, Figure 1.2. Na2MoO4 has tetrahedral MoO4 and shows a strong 

pre-edge. If the octahedral geometry is distorted, a pre-edge feature can still be observed, but 

the intensity is lower than in tetrahedral geometry.54 In addition to these qualitative 

interpretations, principal component analysis (PCA),55 linear combination fitting (LCF),56 and 

XANES deconvolution57 are often used to assess changes in concentrations of species over 

time, providing kinetic information about reactions. 

 



4 

 

19980 20000 20020 20040
0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
o
rm

a
liz

e
d
 a

b
so

rb
a
n
c
e

photon energy (eV)

 Na2MoO4

 MoO2

 

Figure 1.2 The Mo K-edge XANES comparison for Na2MoO4 and MoO2. 

 

Although the XANES interpretation can be as easy as described above, a deeper 

understanding of the electronic transition benefits from theoretical approaches. The various 

simulation methods are widely used to decipher the experimental XANES data, including 

FEFF,12 StoBe,13 ORCA,14 etc. 15 Recently, the advanced algorithm such as neutral network 

and machine learning was introduced to investigate nanoparticles in catalytic reactions.16-18 

These simulation approaches become more critical when oxidation states or geometry cannot 

easily explain unusual features. 

 

1.1.2 Extended X-ray Absorption Fine Structure (EXAFS) 

EXAFS is collected after the XANES region, at ca. 150 – 1000 eV after the edge energy. 

EXAFS can offer the average atomic neighboring information, such as atomic species and 

distances. Unlike XANES, the EXAFS data analysis requires several steps: normalization, 

background subtraction, conversion to k-space (wavenumber of photo-electron), visualization 
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by Fourier transform (R-space), and quantitative curvefittings. The local information is 

acquired by simulating the back-scattering paths with the EXAFS equation in eq. 1.19  
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���
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���
�

�
���
�(�)                              (1) 

 

The amplitude factors include reduction term S0
2, degeneracy N, Debye-Waller factor σ2, 

and amplitude term Fi(k). Except for Fi(k), the rest parameters are refined, constrained, or fixed 

in the fitting process. Fi(k) is directly stimulated and given in the data process software because 

it primarily depends on the atomic weight, Z. Thus, the EXAFS is unable to differentiate the 

atoms with similar weights (ΔZ < 5) at the same distances, like oxygen and carbon atoms at 

ca. 2.0 Å. The weight-dependent Fi(k) term also means the hydrogen atom is too light to be 

detected in the EXAFS. δi(k) and distance R are the phase shift terms.  

 

1.1.3 Quick-EXAFS 

The typical EXAFS setup in the beamline hutch consists of a monochromator, ion 

chambers, sample stations, and fluorescence detectors (if needed).66 The incident beam from 

the synchrotron ring is tuned by a monochromator (a set of two parallel Si-made crystals), 

following Bragg`s law, n� = 2� ����. As a result, the change of incident energy is achieved 

by moving the monochromator vertically. Then, the beam passes the first ion chamber (I0), 

sample, second ion chamber (I1), reference foil, and third ion chamber (I2) in order.  Inert gases 

filling in ion chambers are ionized upon X-ray passes through. The applied electric field on the 

ion chamber panels drives charged ions to the opposite sides, which generates a small current 
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(proportional to X-ray intensity). This small current is amplified and converted to I0, I1, and I2 

readings during the experiments. The XAS measurement generally takes 15 – 40 min per scan 

to record the EXAFS region up to k = 16 Å-1. The number of XAS scans is usually 4 – 6, 

depending on the data quality. Such an acquisition time is sufficient for ex-situ experiments 

but too slow to capture the evolution of catalysts under reaction conditions, which can happen 

within minutes. 

The demand for in-situ/operando XAS experiments in catalysis kinetic research led to the 

development of quick scanning EXAFS.67-68  To speed up XAS scanning, the monochromator 

and ion chambers are redesigned. The monochromator for quick-EXAFS is operated with a 

camshaft or a direct-drive motor, reducing the mechanical complexity of crystal movement.69 

Thus, the data acquirement no longer needs deadtime between every data point. The 

monochromator rotation is driven by a high-torque alternative-current motor, allowing for 

scanning one EXAFS spectrum as fast as 10 ms.70 The standard ion chambers suffer from slow 

response time if the acquisition rate is within seconds per scan. The response time is primarily 

compromised by the slow velocity of positively charged ions; thus, a grid electrode is inserted 

into the ion chamber to take up these positive ions.71 By doing so, the remodeled ion chamber 

will only count electrons for measuring X-ray intensity to meet the quick-EXAFS speed.  

 

 Mo-based Olefin Metathesis Catalysts 

In an olefin metathesis reaction, the C=C bonds of two identical or different olefins 

exchange substituents to form a pair of new olefins. The participation of a catalyst is essential. 

Generally, olefin metathesis catalysts can be classified as homogeneous or heterogeneous. The 

molecular catalysts developed by Schrock26 and Grubbs27 are the most representative 
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homogeneous metathesis catalysts and have been widely used in organic synthesis (for which 

the inventors were awarded the Nobel Prize). For large-scale industrial processes, 

heterogeneous catalysts are preferred for ease of use in continuous (flow) reactors and because 

they are readily regenerated. Starting in the 1960s, these types of olefin metathesis catalysts 

have been used in a limited number of petrochemical processes (e.g., the Phillips Triolefin 

Process, the Shell Higher Olefins Process (SHOP) and the production of neohexene).28 Their 

synthesis and activation are simple: typically, Mo or W oxides are dispersed on a porous 

support such as silica or alumina and calcined. Recent improvements have led to higher 

catalytic activities, longer catalyst lifetimes, better tolerance of polar groups and solvents, and 

varying E/Z selectivity. However, the activation mechanisms are often poorly understood, 

limited to empirical parameter optimization without molecular-level information. 

The synthesis of a conventional, heterogeneous olefin metathesis catalyst usually involves 

impregnating a support with an aqueous solution containing a soluble metal precursor, 

evaporating the excess solvent, then activating the solid.29 In addition to activation by high-

temperature calcination30, researchers have investigated treatment with various reducing 

agents31, or alkylating co-catalysts.32-33 Although these methods can improve activity, a major 

obstacle in mechanistic studies remains the low fraction of active sites, typically ca. 1% 

according to active site counting34 and poisoning experiments.35 There are always multiple 

types of sites, and it is difficult to correlate them directly with the active sites in a 

heterogeneous catalyst prepared by a conventional synthesis route. Furthermore, the 

heterogeneity of the support complicates the identification of active sites.12  

Spectroscopic characterization can provide helpful evidence for active site structures and 

activation mechanisms. IR36, Raman37, UV-vis38, XAS39, and isotopic exchange40 have been 
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widely applied to heterogeneous metal oxide catalysts. However, most spectroscopic studies 

describe the majority inactive sites rather than the minority active sites.36 In-situ or operando 

techniques may help identify changes that occur upon activation, but they have limitations. 

First, sensitivity is an issue because of the low fraction of active sites. Second, peak 

assignments are based on models whose validity is still debated. Finally, some techniques like 

X-ray absorption spectroscopy give average structural information about mixtures. Thus, all 

spectroscopic information should be analyzed cautiously and not over-interpreted. 

One strategy to minimize the number of variables involves dispersing a well-defined metal 

complex precursor uniformly on a simple support to create a material with a single type (or 

small number) of sites. Such materials can explain the relationships between particular 

structures and their catalytic activity in olefin metathesis. Re2O7/Al2O3 is the most active 

metathesis catalyst at room temperature; however, Re is one of the rarest metals on Earth.41 

WO3/SiO2 catalysts are cheaper but less active and can only promote metathesis reactions at 

250 ℃ or higher.42 In our study, we focus on molybdenum oxide supported on silica 

(MoO3/SiO2). MoO3/SiO2 system uses cheaper and abundant metal, which is active at 

temperatures from 25 to 200 ℃, depending on the activation method.  

The pseudo-tetrahedral dioxomolybdenum(VI) structure, Mo(=O)2(OSi)2 has been 

discussed most frequently in activation mechanisms; many researchers regard this structure to 

be the immediate precursor to the active sites, by analogy to the well-known molecular Schrock 

catalysts.43 The presence of Mo(=O)2(OSi)2 structures is based on the assignment of the Raman 

spectrum,38 however, this does not prove that they are present or that they are the precursors 

of the active sites. Unfortunately, little previous work has intentionally ruled out other 

possibilities.  
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Investigating activation mechanisms for well-defined catalyst structures can provide 

fundamental information about how active sites form and more efficient promotion. The first 

stage is the synthesis and characterization of a well-defined, dioxomonomolybdenum structure 

supported on silica via grafting of a molecular precursor under mild conditions. To ensure four-

coordiante geometry at molybdenum, the requirements for an effective molecular precursor 

are (1) pre-existing di-oxomolybdenum structure; (2) good leaving groups such as halide or 

alkyl ligands; (3) enough stability to maintain the same molybdenum geometry after grafting. 

The second stage is to observe the reactivity of the grafted di-oxomolybdenum sites towards 

olefins. Several possible activation mechanisms are shown in Scheme 1.1.36 We will 

investigate whether any of them occur when the well-defined dioxomolybdenum sites react 

with olefins. One approach is to analyze the organic products of these reactions. Two main 

challenges are: (1) ensuring the fraction of active sites is large enough to detect the organic 

products; (2) maintaining the uniformity of the molybdenum sites during the grafting process 

and subsequent reactions.  

 

Scheme 1.1 Proposed mechanisms for initial carbene formation upon contact of the catalyst 

with olefins. 
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 Ga-based Propane Dehydrogenation Catalysts  

Propane dehydrogenation benefits from providing propylene directly with high selectivity, 

along with H2 as a valuable co-product. The propane feedstock can be obtained from natural 

gas liquids, often at a cost advantage over propylene from naphtha cracking.44 Two commercial 

on-purpose propylene processes, Catofin and Oleflex, are based on CrOx/Al2O3 and Pt-

Sn/Al2O3 catalysts, respectively.45-47 The environmental hazards of Cr and the high cost of Pt, 

together with their complex modes of catalyst regeneration, motivate the search for alternative 

catalysts. One active area of research focuses on Ga dispersed on oxides. These catalysts are 

(1) 1,2-hydrogen shift mechanism 

(4) Pseudo-Wittig mechanism 

(2) π-complex mechanism 

(3) H-assisted mechanism 
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likely related in their function to Ga-modified zeolite catalysts used in alkane 

dehydroaromatization (including the Cyclar process which converts propane and butanes to 

BTX aromatics),48 in which ion-exchanged Ga catalyzes alkane dehydrogenation, then 

Brønsted acid sites catalyze subsequent olefin oligomerization and cyclization.49  

The synthesis of Ga-based oxide catalysts for propane dehydrogenation is typically 

achieved by impregnating a high surface area support with an aqueous solution of Ga(III) ions, 

which are then activated by calcination.45 These materials can also be made by anhydrous 

deposition of an organogallium(III) complex onto the dry support, without calcination.50-53 

Since propane dehydrogenation is highly endothermic; the reaction is typically conducted at 

500 – 800 °C. Under these conditions, the desired reaction is often accompanied by undesired 

cracking and coking. The experimental availability of information regarding the active sites is 

limited by the severe conditions, resulting in an on-going controversy about the catalytic 

mechanism.  

High temperature reduction in H2 (> 500 °C) is reported to improve dehydrogenation 

activity in Ga-based catalysts,1 suggesting a role for lower Ga oxidation states. The redox 

mechanism invokes a Ga(I) site, which reacts with propane by C-H oxidative addition.1 

Ensuing β-H elimination from a propylGa(III) hydride intermediate is proposed to be followed 

by reductive elimination of H2 from a Ga(III) dihydride, regenerating Ga(I). Alternatively, 

oxidation of Ga(I) was proposed to occur by proton transfer from a nearby Brønsted acid site, 

resulting in a hydridoGa(III) site that activates propane.54 Heterolytic cleavage of the C-H bond 

in propane by Ga(III) has also been proposed, generating a propylGa(III) site and a proton 

associated with support oxygen.54-58 Alternatively, the reaction has been suggested to generate 

a hydridoGa(III) site and a propylcarbenium ion associated with the support.59-60 In both 
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heterolytic cleavage mechanisms, propylene and H2 are formed in subsequent steps, which 

may or may not be concerted.61 Yet another mechanistic suggestion involves the synergistic 

action of neighboring Al(III) and Ga(III) sites.62 Computational discrimination of these 

mechanisms is hampered by a lack of direct evidence for the active sites.56 Therefore, 

identifying the spectroscopic signatures of various Ga sites that may be present in supported 

Ga catalysts will be critical for guiding future simulations. 

As a prelude to attempting to describe the active sites, it is necessary to understand the 

types of dispersed Ga sites created during catalyst synthesis. The proposed sites present in 

Ga/oxide materials have been variously described as mononuclear [Ga]+, [GaO]+, 

[GaH(OH)]+, [Ga(OH)2]+, [GaH]2+, and [GaH2]+,1, 57, 63-64 as well as dinuclear [Ga2O2]2+ and 

[Ga2O2H2]2+.65-66 All are formally Ga(III), except for [Ga]+. The range of ligands includes 

hydrido, terminal oxo, hydroxo, bridging oxo (GaOGa), and support oxygens. Stoichiometric 

uptake of H2 and formation of H2O at 600 °C were also interpreted as support for [Ga]+.54 

Similarly, titration of the proposed [Ga]+ sites with N2O was presented as evidence for their 

existence and quantitative conversion to [GaO]+.50 IR peaks in the range 1980 - 2059 cm-1
 that 

appear after exposure to H2 at 500 – 800 °C were assigned to a variety of Ga(III) hydrides.64, 

67-68 

After calcination, coordination numbers for Ga/silica and Ga/zeolite catalysts are close to 

4, with Ga-O distances from 1.73 to 1.93 Å.63-64, 69 The shorter distances are associated with 

anionic ligands (1.73 – 1.80 Å), while the longer distances are typical of neutral oxygen donors 

(1.90 – 1.93 Å). Upon flowing H2 at 650 °C, the intensity of the first major peak in the non-

phase-corrected FT-EXAFS at ca. 1.5 Å decreases, consistent with a reduction in average 

coordination number and/or replacement of one or more oxygen-donor ligands by hydrogen.63, 
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69 Since Ga scattering is distinctly different, Ga nuclearity can also be established by XAS 

analysis of these longer-distance peaks in the Fourier transform (FT).53, 63 However, their 

intensities are often weak in catalytic materials due to static disorder, and the thermal disorder 

in high-temperature in-situ experiments makes their interpretation even more challenging.  

Subtle changes in the XANES are often more sensitive than EXAFS, especially when a 

distribution of sites is present, although rigorous XANES assignments can be more difficult. 

The energies and intensities of the 1s  4p transitions at the Ga K-edge reflect both oxidation 

state and local bonding geometry (e.g., tetrahedral vs. octahedral). After calcination, supported 

Ga catalysts show broad white lines at 10,375 – 10,380 eV, in the range of peak positions for 

inorganic Ga(III) standards such as Ga2O3 and Ga(acac)3.69-70 In a study of β-Ga2O3 and 

Ga/silica materials, deconvolution of the overlapping peaks at 10,375 and 10,379 eV (assigned 

empirically to tetrahedral and octahedral Ga(III), respectively) was used to estimate the 

fraction of 4- vs. 6- coordinate Ga.71  

The Ga K-edge XAS is crucial for identifying the active sites in supported Ga 

dehydrogenation catalysts and proposing reaction mechanisms. However, the systematic 

interpretation of Ga XANES is not well established. For example, the peak at 10,368 – 10,373 

eV can arise from Ga(I) or 3-coordinate Ga(III).70 Such an ambiguous assignment does not 

help pinpoint any active sites. Moreover, Ga(III)-hydride species are proposed as the active 

sites, primarily based on IR and stoichiometry experiements.55-56, 72 Although Hydrogen is too 

light to contribute EXAFS signal, the XANES of Ga-hydride may have some characteristics. 

Investigating and simulating the XAS spectra of [Ga]+, Ga(III)-hydride, and 3-coordinate 

Ga(III) give more confidently assign the spectra of the heterogeneous catalysts.  
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 Objectives 

 Our goal is to use XAS to investigate well-defined catalysts in various reactions. We 

aim to graft uniform metal sites onto the surfaces, and characterize them by XAS and other 

techniques. Then, the structural information is correlated with catalytic activity to identify the 

active sites and propose activation mechanisms. 

 In Chapter 2, we describe the synthesis of partially uniform dioxomolybdate sites on 

fumed silica, Mo(=O)2(OSi)2. XAS characterization provides details of the structural evolution 

during the grafting process. Although the first coordination sphere is well-defined, the long-

range paths are challenging to observe. We show how single- and multiple-scattering paths 

interfere, reducing the EXAFS amplitude at ca. 3 Å. The impact of the intrinsic heterogeneity 

of the attachments to the support on reactivity should be considered.  

In Chapter 3, we examine the activation of Mo(=O)2(OSi)2 for olefin metathesis, compared 

with conventionally made MoO3/SiO2 catalysts. The comparison of catalytic performances 

explains why Mo(=O)2(OSi)2 site is not likely to represent an active site on MoO3/SiO2 

catalysts. The high-temperature olefin treatment is only effective for some supported Mo 

catalysts, which may undergo the pseudo-Wittig mechanism to activate Mo(=O)2(OSi)2. 

In Chapter 4, we used operando XAS to monitor the evolution of as-prepared 

GaiBu3/Al2O3 during activation and reaction. Ex-situ characterization of GaiBu3/Al2O3 shows 

a 3-coordinate mononuclear Ga site (AlO)GaiBu2, with a long, non-bonded Ga-O path. We 

observe how the di-isobutylgallium(III) ion is transformed into a 3-coordinate Ga oxide on the 

support. The C/O ligand exchange at similar distances is not obvious in EXAFS, whereas Ga 

K-edge XANES shows clear changes in energy positions and white line intensities.  
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In Chapter 5, we investigate single-atom Fe catalysts on the nitrogen-doped carbon 

support. These Fe catalysts catalyze C–O bond hydrogenolysis with H2 at temperatures as low 

as 170 °C, and their activities are affected by carbonization temperatures at the catalyst 

synthesis step. The EXAFS curvefitting analysis provides the metal-support interaction 

information, including the average coordination number of Fe and ligand distances from Fe.  
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 X-ray Absorption Spectroscopy Investigation into the Origins of 

Heterogeneity in Silica-supported Dioxomonomolybdates 

 

 Introduction 

Mo oxides have long been known as components of catalysts in diverse reactions such as 

alkane dehydrogenation,45, 72-73 selective oxygenation of hydrocarbons and oxidation of 

oxygenates,74-79 ammoxidation of alkenes,80-81 as well as in olefin epoxidation and 

metathesis.82-83 Many of these catalysts have simple compositions, consisting of an active Mo 

oxide phase dispersed on a relatively inert support such as silica or alumina. A typical synthesis 

involves impregnation of the support with an aqueous solution of a Mo precursor (typically, 

ammonium paramolybdate), followed by evaporation of the water and calcination at high 

temperature.30 In these conventionally-made Mo-based catalysts, several molybdate structures 

with different coordination numbers and nuclearities are proposed to co-exist, Scheme 2.1a-

d.84-85  

 

 

 

 

 

 

 

Scheme 2.1 Comparison of proposed structures for supported molybdate sites: (a) 4-coordinate 

supported dioxomolybdate; (b) 5-coordinate supported mono-oxomolybdate; (c) a supported 
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dimolybdate; (d) a supported polymolybdate, as well as (e) structures of two molecular 

molybdenum oxoalkoxides,86-88 (f) active site structures of two molybdate-containing 

enzymes: sulfite oxidase and DMSO reductase,89 (g) dimethoxyethane adduct of MoO2Cl2,90 

and (h) the extended solid structure of MoO2Br2.91  

 

 

 

At lower Mo loadings, four-coordinate monomeric Mo(=O)2(OSi)2 sites (Scheme 2.1a) 

are proposed to dominate the site distribution,92-93 and are inferred to be the immediate 

precursors of the active sites. They often serve as a starting point for computational modeling 
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of supported Mo catalysts.94-95 An alternate monomeric structure, the 5-coordinate 

Mo(=O)(OSi)4 site in Scheme 2.1b, was also proposed in silica-supported catalysts on the basis 

of Raman and UV-vis spectroscopic assignments.96-97 Both monomeric structures have analogs 

in well-characterized molecular molybdenum oxoalkoxides (Scheme 2.1e). However, a 

computational study suggested that formation of supported Mo(=O)(OSi)4 on partially 

dehydroxylated silica is unlikely, since the initial density of hydroxyl groups is rarely high 

enough to generate four closely co-located Mo-O-Si linkages.98 The Mo(=O)2(OSi)2 structure 

resembles that of Schrock-type olefin metathesis catalysts, with two multiply-bonded ligands 

and two bulky alkoxide ligands.43 For the silica-supported analog, there is as yet little direct 

evidence for its spontaneous activation (oxoalkylidene transformation).36, 99 In addition, the 

low coordination number (4) contrasts with the strong preference for higher coordination 

numbers in molybdate-containing enzymes (Scheme 2.1f), cis-dioxoMo(VI) complexes that 

lack bulky anionic ligands, such as MoO2Cl2L2 (where L may be an ether, amine, or phosphine, 

Scheme 2.1g),100-102 and solid MoO2Br2 (Scheme 2.1h).91  

Oligomeric Mo sites that co-exist with monomeric molybdates in supported catalysts may 

include dimolybdates and sites with even higher Mo nuclearities (Scheme 2.1c,d).103 These 

oligomers are generally considered to be less catalytically active than monomeric sites 

(particularly in olefin metathesis).30, 104 The presence of multiple types of Mo sites, combined 

with the heterogeneity of the amorphous support,105 continue to thwart efforts to definitively 

correlate molybdate structures with their activity. Furthermore, given the low active site 

fractions in conventional catalysts, features belonging to the active sites may have intensities 

below the detection limits of many techniques such as Raman, UV-vis, NMR and XAS 

spectroscopies. Lacking molecular-level information, much catalyst development therefore 
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relies on empirical parameter optimization. Access to uniform silica-supported molybdates 

would facilitate investigations of the relationships between the structure of an active site and 

its immediate precursor, leading to insight about activation mechanisms.  

A powerful approach for obtaining uniform dispersed molybdenum sites involves grafting 

molecular complexes onto a support under mild conditions. Several reported attempts have 

resulted in at least partial success. MoO2Cl2(DME) grafted onto carbon was characterized as a 

dispersed, 4-coordinate dioxomolybdate, although the precise nature of the anchoring to the 

carbon surface was not specified.106 An attempt to graft MoO2Cl2(THF)2 onto MCM-41 silica 

led to 6-coordinate Mo(=O)2(OSi)2(THF)2.8 The molecular complexes Mo(=O)2[OSi(OtBu)3]2
 

and Mo(=O)(OtBu)4 were deposited onto silica with the goal of creating well-dispersed 

Mo(=O)2(OSi)2 sites via a two-step reaction sequence.107-108 While both experiments were 

deemed successful, their reported Mo K-edge EXAFS data differ markedly, suggesting 

variability (of unknown origin) in the resulting structures.  

In this work, we report a new, direct route to well-defined monomeric dioxomolybdate 

sites via the solid-solid reaction of SiO2 with MoO2Cl2. Although it has an extended, 6-

coordinate structure in the solid state, MoO2Cl2 generates isolated, 4-coordinate molybdates 

anchored at surface hydroxyl sites. Structural insight about molybdate-silica interactions 

provided by X-ray absorption spectroscopy, with careful comparison to molecular analogs, 

lays a foundation to relate the structures of grafted molybdates to their activation and 

subsequent catalytic performance. 

  

 Experimental Methods 
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Materials. MoO2Cl2 and several Mo-containing standards (MoO3, MoO2, and Na2MoO4) 

were purchased from Sigma-Aldrich and used as-received. Since MoO2Cl2 is easily 

hydrolyzed, it was stored and used inside a N2-filled glovebox. Ag2MoO4 (99%, Alfa Aesar), 

Ph3SiCl (96%, Sigma-Aldrich), 1,2-dichloroethane (anhydrous, 99.8%, Sigma-Aldrich) and 

acetonitrile (anhydrous, 99.8%, Sigma-Aldrich) were used as-received. MoO2(OSiPh3)2 was 

synthesized from Ag2MoO4 and Ph3SiCl, according to a published method.88 Fumed SiO2 

(Aerosil 380, B.E.T. surface area 383 m2/g) was obtained from Evonik Degussa. BN (99.5%, 

Alfa Aesar) was used as-received, except for when it served as a solid diluent for air-sensitive 

materials. Then it was dried under dynamic vacuum (0.1 mTorr) at 500 °C for at least 12 h. 

Anhydrous dichloromethane, toluene, and pentane (UHP grade, Glass Contours) were passed 

through a distillation-free solvent purification system (JC Meyer) and stored over 4 Å 

molecular sieves (Sigma-Aldrich) inside a N2-filled glovebox. O2 (UHP grade, Airgas) was 

transferred into a storage bulb containing 3 Å molecular sieves (Sigma-Aldrich) prior to use.  

Synthesis of supported molybdate. SiO2 was heated under dynamic vacuum (0.1 mTorr) 

at 200 °C for at least 12 h before use, and stored in a N2-filled glovebox. MoO2Cl2 (pale yellow 

flakes) was ground using a mortar and pestle into a fine powder. The pretreated SiO2 (500 mg) 

was combined under N2 with the MoO2Cl2 powder (30 mg, 0.15 mmol) in a 120 mL Schlenk 

flask. The amount of MoO2Cl2 was chosen to achieve a Mo loading suitable for transmission 

XAS measurements (ca. 3 wt%). The solid mixture was agitated using a magnetic stirring bar 

at room temperature under dynamic vacuum (0.1 mTorr) for 3 h. It was washed with anhydrous 

dichloromethane (20 mL, chosen for MoO2Cl2 solubility) and filtered. Because of the low 

volatility of dichloromethane, the solid was also washed sequentially with toluene and n-
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pentane (20 mL each) and filtered following a previously described procedure.109 The resulting 

solid was dried under vacuum (0.1 mTorr) at room temperature overnight.  

To remove residual chlorine, the solid was loaded into a quartz flask and heated in 100 

Torr O2 at 10 °C/min to 600 °C and held at that temperature for 1 h. The reactor was evacuated 

for 10 min, then cooled to room temperature while evacuating. Grafted Mo was extracted by 

stirring the solid (ca. 20 mg) in 0.1 M HNO3 at 70 °C for 1 h and filtering. The Mo content was 

determined by ICP-AES (Thermo iCAP 6300). Cl analysis was performed on a 400 mg sample 

by ALS Environmental Laboratory (Tucson, AZ). The reported detection limit is 0.0025 wt% 

Cl.  

Spectroscopy. IR spectra were acquired using self-supporting pellets (ca. 20 mg, 5 mm 

diameter), made with a quick press (International Crystal Laboratories) inside an Ar-filled 

glovebox. Spectra were recorded in transmission mode over the range 4000−400 cm-1 using a 

Bruker Alpha FTIR spectrometer, accumulating 32 scans at a resolution of 2 cm-1. The 

absorbance was normalized by the peak intensity of the silica overtone at 1856 cm-1.  

XAS spectra were recorded at the Mo K-edge (20,000 eV) on beamline 4-1 at the Stanford 

Synchrotron Radiation Lightsource, which operates at 3.0 GeV with a current of 500 mA. Data 

were acquired in transmission mode, using N2-filled ionization chambers as detectors. Spectra 

were acquired under a protective atmosphere of He in a cryostat at 10 K. Mo standards were 

diluted to ca. 3 wt% Mo with BN. For energy calibration, a Mo foil was placed after the second 

ionization chamber, following the incident beam direction. The energy of the first maximum 

in the first derivative of its XANES was defined to be 20,000 eV.110  

XAS data were processed and analyzed using the Demeter software package.111 A linear 

function was subtracted from the pre-edge region, then the edge jump was normalized using 
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Athena software. The χ(k) data were isolated by subtracting a smooth, third-order polynomial 

approximating the absorption background of an isolated atom. The cut-off value for Rbkg was 

set to 1.0 to ensure removal of the artificial peak that can appear below 1.0 Å. The k3-weighted 

χ(k) data were Fourier-transformed after applying a Hanning window function. The amplitude 

reduction factor (S0
2), coordination numbers (Ni), distances to the scattering atoms (Ri), and 

mean-squared displacements (σi
2) were obtained by nonlinear fitting, with least-squares 

refinement, of the EXAFS equation to the Fourier-transformed data in R-space, using Artemis 

software. EXAFS spectra of individual paths were simulated using FEFF6,111 using imported 

crystallographic information files of model compounds.  

 

 Results and Discussion 

 

Grafting MoO2Cl2 onto silica. Molecular oxometal halide complexes (M = Cr, Mo, W) 

are known to react with partially dehydroxylated silica surfaces via M-X bond protonolysis to 

give high-valent oxometal sites. Depending on the reaction stoichiometry, the outcome may 

be a single type of grafted site (with or without residual halide ligands), or a mixture (Scheme 

2.2). For example, CrO2Cl2 vapor reacts with silica at room temperature to give exclusively 

monopodal SiOCrO2Cl sites.112 MoO2Cl2 is not readily grafted from the vapor phase, due to 

its low volatility. In solution, it forms monomeric MoO2Cl2L2 complexes, with coordinated 

solvent (L).113 Attempts at its solution-phase grafting onto silica were reported to give 

materials with low Mo loadings (ca. 1 wt%), suggesting that protonolysis is reversible.8, 114 

Our attempts to graft MoO2Cl2 onto silica (pretreated at 200 °C) from a THF solution at room 

temperature led to Mo(=O)2(OSi)2(THF)x sites which, according to IR spectroscopy, retain 
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THF ligands. The solvent was not removed even after heating at 300 °C under dynamic 

evacuation overnight. Consequently, we sought a solvent-free route to prepare Mo(=O)2(OSi)2. 

 

Scheme 2.2 Examples of silica grafting reactions reported for oxometal(VI) chloride 

complexes8, 109, 115 

 

 

In a previous report, the solid-solid reaction of WOCl4 with SiO2 (partially dehydroxylated 

at 200 °C) was achieved at 80 °C.109 The compound has a polymeric structure116 and a low 

vapor pressure (ca. 3.5 Torr at 120 °C).117 The outcome of the grafting reaction was a mixture 

of monopodal and bipodal W sites (Scheme 2.2). Expecting analogous reactivity for solid 

MoO2Cl2, the yellow powder was combined with dry, partially dehydroxylated SiO2 in a 

mixture containing 2.7 wt% Mo. The initial density of accessible silanols on the silica (partially 

dehydroxylated at 200 °C) was ca. 1.9 OH/nm2 (1.2 mmol OH/g),118 such that the Mo/SiOH 
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ratio was 1:4, i.e., silanols were present in excess. The mixture was allowed to react under 

dynamic vacuum (0.1 mTorr) for 3 h at room temperature, during which time it changed color 

from yellow to white. The solid was thoroughly washed with various organic solvents (see 

Methods) to ensure complete removal of unreacted MoO2Cl2 and residual solvent.  

The IR spectra in Figure 2.1 show that grafting causes a decrease in the intensity of the 

SiO-H stretching modes. The change is consistent with protonolysis of MoO2Cl2 by surface 

silanols. Based on the difference spectrum (Figure S2.1), the reactive silanols include non-H-

bonded hydroxyls that give rise to the sharp peak at 3747 cm-1,119-120 as well as internal 

hydroxyls in H-bonded silanol chains that give rise to the band at 3524 cm-1.119 Internal (i.e., 

inaccessible) silanols, responsible for the band at 3620 cm-1,121 appear to be unreactive. 
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Figure 2.1 IR spectra of silica (Aerosil A380, pretreated overnight at 200 °C under dynamic 

vacuum), before (black) and after (red) grafting MoO2Cl2 in a solid-solid reaction at room 

temperature, and after calcination at 600 °C (orange). All spectra were baseline-corrected, then 

normalized to the absorbance of the silica overtone at 1865 cm-1. Spectra are offset vertically 

for clarity. 

 

According to elemental analysis, the resulting solid contains 2.6 wt% Mo, confirming that 

most of the MoO2Cl2 reacted with the silica. The solid also contains 2.7 wt% Cl, corresponding 

to an atomic ratio Cl:Mo = 0.28. Thus, MoO2Cl2 grafting appears to lead to a mixture of 

monopodal and bipodal molybdate sites (Scheme 2.3), in a 1:2.6 ratio.  
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Scheme 2.3 Grafting of MoO2Cl2 onto partially dehydroxylated silica, via a solid-solid 

reaction. 

 

 

XANES investigation of local molybdate symmetry. To assess the local structure of the 

grafted molybdate sites, we first explored the Mo K-edge XANES of four well-defined Mo 

compounds: Na2MoO4, MoO2(SiPh3)2, MoO2, and MoO3. Their spectra are shown in Figure 

2.2. The Mo K-edge position is assigned operationally as the first maximum after the pre-edge 

peak in the first derivative. As expected, the edge energy is lower for MoO2 (20,011.0 eV) than 

for any of the Mo(VI) standards (20,011.6 – 20,016.7 eV), Table S2.1.  
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Figure 2.2 Comparison of Mo K-edge XANES for four model compounds: MoO2(OSiPh3)2 

(green), Na2MoO4 (purple), MoO3 (orange), and MoO2 (olive). 

 

The 1s4d quadrupole transition appears in the XANES as a pre-edge peak. Since this 

transition is only allowed in non-centrosymmetric systems, its intensity reflects the local Mo 

symmetry. As expected, the spectra of both four-coordinate compounds, Na2MoO4 (Td) and 

MoO2(OSiPh3)2 (C2v), show strong, well-resolved pre-edge features, at 20,003.4 and 20,003.2 

eV, respectively (Figure 2.2). In distorted six-coordinate MoO3 (C3v), the pre-edge feature is 

slightly less intense and appears at a higher energy (20,006.4 eV). Octahedral MoO2 has a very 

weak shoulder in the pre-edge region (seen more clearly in the first derivative of its XANES, 

Figure S2.2).  

The Mo K-edge XANES of MoO2Cl2 is shown in Figure 2.3a (and is also directly 

compared to those of the molybdate model compounds in Figure S2.2). The edge is located at 

20,011.6 eV. This position is considerably lower than for MoO3 (20,015.0 eV), and more 

closely resembles the edge energy for MoO2 (20,011.0 eV). However, the presence of other 

peaks in the edge region complicates precise identification of the edge position.15 In particular, 
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the 1s4p shakedown transition associated with Cl-to-Mo charge transfer appears superposed 

on the edge, lowering the apparent edge position.122-123  

 

 

Figure 2.3 Comparison of Mo K-edge XAS: (a) XANES, and (b) FT-EXAFS magnitude, for 

MoO2(OSiPh3)2 (green), MoO2Cl2 (blue), MoO2Cl2/SiO2 (red) and MoOx/SiO2 (orange). 

 

Although the crystal structure of MoO2Cl2 has not been reported, one study124 suggested 

that it likely has an extended, layered structure similar to those of MoO2Br2 (Scheme 2.1h) and 
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WO2Cl2. In both compounds, the metal atoms are 6-coordinate, with 4 bridging oxygen atoms 

and 2 terminal halide atoms.91, 125 In position and intensity, the incompletely resolved pre-edge 

peak in the XANES of MoO2Cl2 resembles that of MoO3, consistent with a distorted octahedral 

geometry for MoO2Cl2. A similar weak pre-edge feature was observed in the XANES of 6-

coordinate MoO2Cl2(THF)2.8 

Grafting onto silica causes the pre-edge peak of MoO2Cl2 to become more intense and 

better resolved, Figure 2.3. In both its shape and position (20,004.3 eV), it now resembles 

closely the spectrum of 4-coordinate MoO2(OSiPh3)2 (C2v). These changes are consistent with 

a decrease in Mo coordination number upon grafting, from 6 to 4. In addition, the apparent Mo 

K-edge energy increases, from 20,011.6 to 20,015.2 eV. This value lies between the edge 

positions for MoO2(OSiPh3)2 and Na2MoO4, Figure S2.3 and Table S2.1. Since an increase in 

Mo formal oxidation state is obviously not possible for MoO2Cl2, the apparent edge shift upon 

grafting instead reflects the loss of chloride ligands, and the resulting lower intensity of the 

peak associated with the shakedown transition.  

EXAFS investigation of molybdate structure. The FT-EXAFS of MoO2Cl2 is shown in 

Figure 2.3b. Two major peaks at 1.3 and 1.9 Å in the FT magnitude (not phase-corrected) arise 

due to Mo-O and Mo-Cl single-scattering, respectively. The peak at 1.9 Å likely also includes 

contributions from the expected longer Mo-O path, by analogy to the structure of MoO2Br2 

(Scheme 2.1h). The broad intensity in the region 3 – 4 Å in the FT-EXAFS of MoO2Cl2 is 

consistent with Mo-Mo single-scattering in the extended solid-state structure. 

Grafting MoO2Cl2 onto silica causes the broad peak at ca. 1.4 Å to resolve into two peaks, 

located at 1.1 and 1.6 Å (Figure 2.3b). The intensities in the FT magnitude at ca. 1.9 and 3.5 Å 

decrease strongly relative to the spectrum of MoO2Cl2, Figure 2.3b. Suppression of the peak 
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at ca. 1.9 Å suggests replacement of most chloride ligands by less strongly-scattering oxygen-

donor ligands, while the loss of the peak at 3.5 Å is consistent with disruption of the extended 

structure (and therefore disappearance of the Mo-Mo path). Below 2 Å in R-space, the 

appearance of grafted MoO2Cl2 closely resembles the EXAFS of MoO2(OSiPh3)2. 

In the FT-EXAFS of MoO2Cl2/SiO2, a weak feature at ca. 2.9 Å (more visible in the 

imaginary component of the FT, see below) represents a scattering interaction involving atoms 

of the silica support. The spectrum of MoO2(OSiPh3)2 has a surprisingly intense peak at about 

the same distance. It represents contributions principally from three paths: Mo-Si single-

scattering at 3.45 Å, and two multiple-scattering paths: Mo-O-Si at 3.47 Å, and Mo-O-Si-O at 

3.48 Å (Scheme 2.4). FEFF6 simulation predicts the highest intensity for the Mo-O-Si double-

scattering path due to its higher degeneracy, Figure 2.4a. Other multiple-scattering paths 

involving the Mo(=O)2 moiety, such as Mo-O-O-Mo double- or rattle-scattering, are predicted 

to have much smaller intensities and are not considered further here.  

 

 

 

 

 

Scheme 2.4 Paths predicted by FEFF to contribute to the FT-EXAFS magnitude at ca. 3 Å in 

the non-phase-corrected spectrum of MoO2(OSiPh3)2: (a) Mo-Si single-scattering path (N = 2, 

light blue); (b) Mo-O-Si-O triple-scattering path (N = 2, dark blue); (c) Mo-O-Si double-

scattering path (N = 4, pink). 
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Figure 2.4 FEFF-predicted long-range paths in the Mo K-edge EXAFS of (a,c) 

MoO2(OSiPh3)2, with a MoOSi angle of 164 °, and (b,d) MoO2(OSiPh3)2(PPh3), with MoOSi 

angles of 139 and 144 °: (a,b) k3-weighted χ(k) functions, and (c,d) k3-weighed EXAFS, for 

Mo-Si (light blue, N = 2), Mo-O-Si (pink, N = 4), Mo-O-Si-O (blue, N = 2) paths, and their 
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sum (heavy red line). The following parameters were fixed in the FEFF6 simulation: S0
2 = 1, 

ΔE0
 = 0 eV, σ2 = 0 Å2.  

 

The FT-EXAFS magnitude of MoO2(OSiPh3)2 at ca. 3 Å reflects the contributions of three 

Si-containing paths. For the Mo-Si single-scattering path, the χ(k) contribution is similar in 

amplitude but out-of-phase with that for the Mo-O-Si-O triple-scattering path. Thus, the major 

contributor to the long-range path in the FT-EXAFS magnitude is the Mo-O-Si double-

scattering path, Figure 2.4c. However, the EXAFS intensity of a multiple-scattering (MS) path 

depends strongly on its bond angle. In particular, MS intensities are significant for larger angles 

(in the range 150 – 180 °), due to the focusing effect.126-127 According to the crystal structure 

of MoO2(OSiPh3)2, ∠Mo-O-Si is 163.6 °.88 Coordination of PPh3 results in smaller ∠Mo-O-Si 

values for MoO2(OSiPh3)2(PPh3), 138.7 and 143.9 °. Although FEFF predicts little change in 

the intensity of the Mo-Si single-scattering path as a result of PPh3 coordination, the intensities 

of the multiple-scattering paths (especially that of the Mo-O-Si-O path) are much weaker 

(Figure 2.4b). Since the simulated χ(k) functions for the Mo-Si and Mo-O-Si paths are out-of-

phase, the overall result is a much lower total intensity in k-space (Figure 2.4d). Therefore, a 

decrease in ∠Mo-O-Si is manifested in strong suppression of the corresponding feature in the 

FT-EXAFS spectrum. A similar phenomenon is also observed in the spectrum of grafted 

MoO2Cl2, consistent with a smaller average ∠Mo-O-Si values for linkages between the 

molybdate and the silica surface. 

The structure of the grafted sites was investigated further by curvefitting. In order to 

reduce the number of adjustable parameters in the fit, the Cl:Mo molar ratio of 0.3 measured 

by elemental analysis was used to fix the Mo-Cl and long Mo-O coordination numbers to 0.3 
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and 1.7, respectively, consistent with a four-coordinate dioxomolybdate structure. The fits are 

shown in Figure 2.5 and Figure S2.4, with curvefit parameters summarized in Table 2.1 

Curvefit parameters a for the analysis of the Mo K-edge EXAFS of MoO2Cl2/SiO2, before 

and after calcination The short Mo=O distance is (1.69 ± 0.01) Å, consistent with the value 

reported for MoO2(OSiPh3)2 (1.690 Å).88 The Mo-OSi path at (1.87 ± 0.01 Å) is significantly 

longer than the corresponding bond distance in MoO2(OSiPh3)2 (1.815 Å), presumably due to 

electronic differences between the silica “ligand” and the triphenylsilanolate ligand. However, 

the EXAFS result is consistent with DFT simulations of silica-supported molybdates, which 

report distances of 1.892 and 1.895 Å for these long Mo-O paths.98 At 2.30 Å, the Mo-Cl 

distance resembles the corresponding bond distance in MoO2Cl2(H2O)2 (2.346 Å).128 Overall, 

the EXAFS is consistent with MoO2Cl2/SiO2 being a mixture of ca. 70% Mo(=O)2(OSi)2, and 

ca. 30% Mo(=O)2(OSi)Cl, as shown in Scheme 2.3. 
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Figure 2.5 Curvefits of the Mo K-edge EXAFS for MoO2Cl2/SiO2, (a) before, and (b) after 

calcination, showing the fit (black lines) superposed on the FT magnitude and its imaginary 

component (points). Fits in k-space are shown in Figure S2.4. 

 

Table 2.1 Curvefit parameters a for the analysis of the Mo K-edge EXAFS of MoO2Cl2/SiO2, 

before and after calcination 
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a S0
2 was fixed at the value refined for Na2MoO4, 0.98. Data ranges: 2.4 ≤ k ≤ 14.0 Å-1, 1.0 ≤ 

R ≤ 4.0 Å. The total number of independent data points is 22.1. b Reference distances for 

Mo=O, Mo-O and Mo-Si paths are from the crystal structure of MoO2(OSiPh3)2.88 The 

reference distance for the Mo-Cl path is from the crystal structure of MoO2Cl2(H2O)2.128 c ΔE0 

= 1(2) eV was refined as a global fit parameter. The total number of variable parameters in the 

fit is 10, with an R-factor of 0.011. d This coordination number was fixed at N = 2. e To limit 

the number of variables in the fit, these coordination numbers were fixed based on elemental 

analysis (Cl/Mo = 0.3), i.e., N(Mo-O) + N(Mo-Cl) = 2.0 and 2N(Mo-O) = 2N(Mo-Si) = N(Mo-

O-Si). Since N is correlated with 2, and since the contributions of these paths vary with ∠Mo-

O-Si, fixing N in this way will cause the corresponding 2 values to increase. f These disorder 

terms were constrained to the same value to limit the number of variable parameters in the fit. 

g ΔE0 = 3(1) eV was refined as a global fit parameter. The total number of variable parameters 

in the fit is 9, with an R-factor of 0.013. h To limit the number of variables in the fit, these 

MoO2Cl2/SiO2 
c 

 

Mo-O 1.816  1.7 e 1.87(1) 2(1) f 

Mo-Cl 2.346 0.3 e 2.30(2) 2(1) f 

Mo-Si 3.448  1.7 e 3.47(2) 5(1) 

Mo-O-Si 3.466 3.4 e 3.52(3) 7(3) 

MoOx/SiO2 
g Mo=O 1.690 2 d 1.68(1) 2(1) 

Mo-O 1.816 2 h 1.88(2) 3(1) 

Mo-Si 3.448 2 h 3.48(4) 7(3) 

Mo-O-Si 3.466 4 h 3.53(3) 9(4) 
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coordination numbers were constrained such that N(Mo-O) = N(Mo-Si) = 2 and N(Mo-O-Si) 

= 4. Since N is correlated with 2, and since the contributions of these paths vary with ∠Mo-

O-Si, fixing N in this way will cause the corresponding 2 values to increase. 

 

Although the FT magnitude for MoO2Cl2/SiO2 has no prominent long-range peaks, a small 

feature is clearly visible at 2.9 Å in the imaginary component of the FT, Figure 2.5b. In studies 

of MoO3/SiO2 made by conventional routes,97, 129-131 similar features have been assigned to 

Mo-Mo paths because their Raman spectra also contain bands at ca. 994 and 818 cm-1 that 

resemble the Mo-O-Mo stretching modes of MoO3. However, assignment to a Mo-Mo path is 

unlikely for grafted MoO2Cl2. Furthermore, modeling this EXAFS feature with such a path 

was unsuccessful. Weak features in this region are typical of the EXAFS of dispersed metal 

complexes supported on oxides, where they are often attributed to scattering paths involving 

atoms in the support. The curvefit in Figure 2.5b and Table 2.1 reproduces this feature with a 

combination of a Mo-Si single-scattering path at 3.47 Å and a Mo-O-Si double-scattering path 

at 3.52 Å. (The Mo-O-Si-O path was omitted from the curvefit, because according to FEFF, it 

is expected to have the lowest intensity.) Using the curvefit values for the Mo-O and Mo-Si 

distances and the reported Si-O bond length in MoO2(OSiPh3)2 (1.669 Å), we estimate ∠Mo-

O-Si 157 °. We note that computational studies of silica-supported oxomethylideneMo(VI) 

sites anchored to silica via two Mo-O-Si linkages report d(Mo-Si) values from 3.4 to 3.6 Å, as 

well as ∠Mo-O-Si values from 121 to 175 °.95, 132 The double-scattering Mo-O-Si path is 

moderately intense, but since it is out-of-phase with the single-scattering Mo-Si path, the 

resulting peak intensity in the FT magnitude is not intense (Figure S2.5).  
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Although the small peak at 2.9 Å may reflect the interaction of the molybdate with the 

silica support, its very low intensity is surprising, considering how strong the feature is in the 

spectrum of MoO2(OSiPh3)2, and the similarity between the ∠Mo-O-Si value for the grafted 

molybdate (157 °) and the molecular complex (164 °). It is possible that the very low intensity 

arises due to heterogeneity in the Mo-O-Si distances for the grafted sites. However, the σ2 

values for the Mo-Si and Mo-O-Si paths, (0.005 ± 0.001) Å2 and (0.007 ± 0.003) Å2, 

respectively, are not unreasonable for such long paths. Consequently, we suggest that the small 

peak at 2.9 Å arises from a subset of grafted molybdates with relatively large ∠Mo-O-Si values, 

while sites with smaller ∠Mo-O-Si values contribute little due to the much lower intensity of 

the double-scattering path and its destructive interference with the single-scattering path.  

The value of ∠Mo-O-Si is a strong function of the molybdasiloxane ring size. DFT 

simulations show that grafted molybdates have smaller Mo-O-Si angles (< 138 °) when the Mo 

atom is part of a 6-membered (MoSi2O3) ring.93, 95 The high fraction of vicinal silanols present 

on partially dehydroxylated amorphous silicas could result in a large fraction of these smaller 

molybdasiloxane rings, which contribute little to the peak intensity at 2.9 Å.120, 133  

Elimination of residual chloride ligands. The remaining chloride in MoO2Cl2/SiO2 (0.3 

Cl/Mo) was removed by calcining in O2 at 600 °C for 1 h, resulting in the material denoted 

MoOx/SiO2. While the Mo content of the solid was unchanged (2.6 wt% Mo), the Cl content 

decreased to 0.025 wt%. In the IR spectrum (Figure 2.1), the broad peak for H-bonded silanols 

disappears as some react with Mo(=O)2(OSi)Cl sites to form Mo(=O)2(OSi)2 sites and HCl 

(Scheme 2.3), while others condense to give water.  

The XANES of MoOx/SiO2 shows little change relative to MoO2Cl2/SiO2 (Figure 2.3a). 

The edge position does not move, although the pre-edge intensity increases slightly and shifts 
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to lower energy (resembling the spectrum of MoO2(OSiPh3)2 even more closely). Therefore 

the XANES is also consistent with conversion of the minority Mo(=O)2(OSi)Cl sites to 

Mo(=O)2(OSi)2. The Mo K-edge EXAFS also changes slightly, the most significant difference 

being a small increase in the peak amplitude at ca. 1.6 Å in the FT magnitude (attributed to the 

higher average coordination number for the longer Mo-O path), Figure 2.3b and Table 2.1. 

Notably, the intensity of the weak feature at 2.9 Å in R-space does not change, suggesting that 

new molybdate sites formed upon high temperature calcination likely contain small 

molybdasiloxane rings, which generate little new intensity in this region. In the EXAFS 

curvefit, the Mo=O, Mo-O, Mo-Si and Mo-O-Si distances are almost unchanged after the 

calcination. Possible structures for the grafted monomolybdate sites are represented in Scheme 

2.5.  

  

Scheme 2.5 Structures of grafted molybdate sites obtained by calcination of MoO2Cl2/SiO2, 

illustrating uniformity in the first coordination sphere and variability in ∠Mo-O-Si: (a,b) 

between molybdate sites, and (c) within a single molybdate site.  
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Structural comparison to other grafted molybdates. In previous reports, the molecular 

complexes Mo(=O)(OtBu)4 and Mo(=O)2[OSi(OtBu)3]2 were grafted onto partially 

dehydroxylated silicas, then subjected to thermal treatment to generate supported molybdates 

in a 2-step process. The proposed reaction of Mo(=O)(OtBu)4 with a silica pretreated at 200 

°C is shown in Scheme 2.6a.32 Initially formed Mo(=O)(OtBu)2(OSi)2 was suggested to convert 

under dynamic vacuum at 250 °C to Mo(=O)2(OSi)2, accompanied by elimination of tBuOH 

and isobutene. The proposed reaction of Mo(=O)2[OSi(OtBu)3]2 with a silica partially 

dehydroxylated at 700 °C is shown in Scheme 2.6b.33 Initially formed 

Mo(=O)2[OSi(OtBu)3](OSi) was suggested to convert to Mo(=O)2(OSi)2 upon thermal 

treatment at 200 – 400 °C. However, the mechanism for forming the second Mo-O-Si linkage 

was not described.  

 

Scheme 2.6 Grafting and subsequent reactions of Mo(VI) oxoalkoxides reported to give 

Mo(=O)2(OSi)2 sites107-108 
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Both materials were characterized by XAS. The fitted Mo=O bond lengths (1.70 – 1.71 

Å, Table S2.2) are consistent with values reported for molecular dioxomolybdates and DFT 

simulations,88, 95, 132 as well as the value found in this work (1.68 Å). However, the Mo-O 

distance reported for the grafted molybdate derived from Mo(=O)2[OSi(OtBu)3]2 is slightly 

longer (1.92 Å) than the corresponding Mo-O paths in silica-supported materials made from 

Mo(=O)(OtBu)4 and MoO2Cl2 (1.87 and 1.88 Å, respectively). The appearance of the EXAFS 

for the monomolybdate sites obtained by the different grafting routes varies considerably in 

both k- and R-space. After calcination, the grafted molybdate made from MoO2Cl2 presents 

two well-resolved peaks in the FT magnitude with similar intensity in the range 1 – 2 Å (Figure 

2.3b). A similar result was obtained for the molybdate made by grafting 

Mo(=O)2[OSi(OtBu)3]2 followed by calcination (Figure S2.6).107 In contrast, the FT-EXAFS 

of the molybdate made by mild thermolysis of grafted [Mo(=O)(OtBu)4] shows a single 

dominant peak (Figure S2.7).108 The k3-weighted χ(k) functions also vary (Figure S2.4-2.7). 

Based on a visual comparison of the data, the differences are not simply a result of variations 

in the k-space data range or quality. 

The possibility of variable coordination of oxygen donor ligands was considered. In 

molecular and silica-supported MoO2Cl2(THF)2, the THF ligands were modeled with a long 

Mo-O path at 2.24 Å.8 In the model for Mo(=O)2(OSi)2 made by grafting Mo(=O)(OtBu)4, a 

very long Mo-O path at 2.39 Å was included representing a weakly coordinated siloxane, 

although the refined value for N(Mo-O) has a large uncertainty, (0.7 ± 0.5). For the silica-

supported molybdate made by grafting MoO2Cl2, inclusion of a long Mo-O path in the curvefit 

returned a distance of 2.39 Å with an unrealistically large σ2 value, 0.015 Å2 (for N fixed at 1) 
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or a low refined value of N, 0.4 ± 0.2. In a computational study of Mo(=O)2(OSi)2
 sites at 

dozens of different locations on a model silica surface, only one Mo(=O)2(OSi)2
 model showed 

a long Mo-O interaction.95 It involved a high energy structure with a nearby silanol at 2.41 Å. 

All other long Mo-O distances in the models exceeded 3.35 Å. Therefore, we conclude that 

such paths are not significant contributors to the EXAFS of the supported molybdates. 

To explore other possible origins for the differences in the spectra, the spectra of supported 

molybdates were simulated using reported curvefit distances for the two grafted oxoalkoxides 

(Table S2.2). The resulting χ(k) functions show extensive destructive interference between the 

Mo=O and Mo-O paths, Figure S2.8-2.9. Minor differences in these distances change the 

interference pattern and have a significant effect on the appearance of the EXAFS, Figure 

S2.10. A similar effect was seen for CrO2Cl2 grafted onto SiO2 pretreated at 200 and 800 °C: 

the resulting CrO2(OSi)2 sites showed subtle differences in the Cr-O paths, resulting in changes 

in the appearance of the FT-EXAFS.115 According to XANES analysis and DFT simulations, 

the changes likely arise from different distributions of chromasiloxane ring sizes (e.g., CrSi2O3 

vs. CrSi3O4) on silicas pretreated at the different temperatures. In the preparation of grafted 

molybdates, different thermal treatments to remove residual ligands could influence the ring 

strain of the resulting Mo(=O)2(OSi)2 sites. The spectra of molybdates calcined at high 

temperatures are more similar, while the molybdate that was not calcined is distinctly different.  

On amorphous silicas, molybdasiloxane rings of varying sizes can have a range of Mo-Si 

distances. A DFT simulation of Mo(=O)2(OSi)2 sites in conventional MoO3/SiO2 catalysts 

described Mo-Si distances differing by as much as 0.4 Å (from 3.27 to 3.52 Å), due to 

variations in the Mo-O-Si bond angles.95 Another potential source of heterogeneity is 

unsymmetrical bonding within a single grafted molybdate site. For example, EXAFS analysis 
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of grafted Mo(=O)2[OSi(OtBu)3]2 refined two Mo-Si distances at 3.39 and 3.52 Å, suggesting 

that the two Mo-O-Si linkages have very different angles. Destructive interference between 

such paths would reduce the intensity in the FT magnitude significantly, Figure S2.11.   

This variability in the attachment of the metal site to the amorphous silica support (or, in 

the case of partially or fully crystalline supports, in the local environment including surface 

defects) can have major repercussions for the activation and subsequent reactivity of the 

grafted sites. It may be a principal cause for the low fraction of active sites in such materials, 

even when the first coordination sphere of the metal atom is relatively uniform. This 

phenomenon was reported for grafted chromates which spontaneously generate active sites for 

polymerization upon exposure to olefin,134-135 and inspired the development of algorithms to 

relate the distortion of grafted structures to their activation barriers.136-137 

 

 Conclusions 

 

Highly dispersed grafted dioxomonomolybdate sites, Mo(=O)2(OSi)2, were synthesized 

by a direct, solid-solid reaction between MoO2Cl2 and partially dehydroxylated SiO2, followed 

by calcination at 600 °C to remove residual chloride ligands. Evidence from elemental analysis, 

IR spectroscopy, and X-ray absorption spectroscopy reveals that 6-coordinate MoO2Cl2 

undergoes several structural changes as it is converted via Mo(=O)Cl(OSi)2 to Mo(=O)2(OSi)2. 

The first coordination sphere of the grafted sites consists of two well-defined Mo=O and Mo–

O bonds, similar to molecular analogs and consistent with simulations.107-108 There is no 

evidence for siloxane coordination, or for molybdate oligomerization.  

On the other hand, molybdate interactions with the amorphous silica surface are not 

uniform. Analysis of the Mo-Si paths in the EXAFS of molecular MoO2(OSiPh3)2 shows that 
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single-, double- and even triple-scattering paths combine to create a strong signal at ca. 3 Å. 

The single-scattering path is weak and relatively invariant to changes in the Mo-O-Si bond 

angle, while the contributions of the multiple-scattering paths are a strong function of this angle 

(164 ° for the molecular complex). In Mo(=O)2(OSi)2, the signal is very weak although the 

Mo-Si distance suggests a similar Mo-O-Si bond angle, 157 °. The low intensity is attributed 

to the distribution of molybdasiloxane ring sizes, and consequently Mo-O-Si bond angles; 

smaller rings with smaller angles result in little contribution to the FT magnitude. 

Consequently, only the fraction of grafted Mo(=O)2(OSi)2 sites with large Mo-O-Si angles 

contribute significantly to this signal. Variability in the Mo-Si distances also arises due to the 

range of angles, which suppresses the intensity further due to destructive interference. 

Relatively uniform Mo(=O)2(OSi)2 sites are interesting to explore in terms of their 

reactivity. For example, Mo(=O)2(OSi)2 sites are often claimed to be the direct precursors of 

active sites in olefin metathesis.36, 99 However, Mo(=O)2(OSi)2 sites prepared by grafting 

Mo(=O)2[OSi(OtBu)3]2  onto silica failed to activate in the presence of the cis-4-nonene at 70 

°C (i.e., no metathesis activity ensued).107 Our Mo(=O)2(OSi)2 sites made by the reaction of 

MoO2Cl2 with silica followed by calcination showed a similar inability to activate in the 

presence of the propylene even at 200 °C, despite the well-defined nuclearity and first 

coordination sphere. Despite the challenges in probing the consequences of site variability 

caused by differences in Mo-O-Si angles experimentally and computationally, such 

understanding will be needed to identify features of the Mo-support interaction essential to the 

activation of grafted sites. 
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 Supporting Information 

 

Figure S2.1 Difference (blue) between IR spectra of silica (Aerosil A380, pretreated overnight 

at 200 °C under dynamic vacuum), before (black) and after (red) grafting MoO2Cl2 in a solid-

solid reaction at room temperature. Both spectra were baseline-corrected, then normalized to the 

absorbance of the silica overtone at 1865 cm-1. The spectra are offset vertically for clarity. 

 

 

 

 

 

 

 

Table S2.1 Mo pre-edge and K-edge positions a for standards and grafted molybdates 
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Compound or material Pre-edge / eV Edge / eV 
Mo foil N/A 20,000.0 b 
MoO2 N/A 20,011.0 
MoO2(OSiPh3)2 20,003.2 20,013.5 
MoO2Cl2 20,004.2 20,011.6 
Na2MoO4 20,003.4 20,016.7 
MoO3 20,006.4 20,015.0 
MoO2Cl2/SiO2 20,004.3 20,015.2 
MoOx/SiO2 20,004.4 20,015.2 
a The pre-edge position is defined as the position of the first peak in the Mo K-edge XANES 

(identified by the first zero-crossing in the first derivative of the XANES), while the edge 

position is defined as the first maximum after the pre-edge peak in the first derivative of the 

XANES. b By convention.110 
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Figure S2.2 Comparison of Mo K-edge XAS for MoO2Cl2 (blue), with data for MoO2(OSiPh3)2 

(green), MoO2 (olive) and MoO3 (orange): (a) XANES, and (b) first derivative of the XANES. 
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Figure S2.3 Comparison of the first derivatives of the XANES, for MoO2(OSiPh3)2 (green), 

MoO2Cl2 (blue), Na2MoO4 (purple) and MoO2Cl2/SiO2 (red). 
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Figure S2.4 Curvefits (black lines) of the Mo K-edge EXAFS (points) in k3-weighted k-space 

for MoO2Cl2/SiO2: (a) before, and (b) after calcination. 
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Figure S2.5 (a) k3-weighted χ(k) functions, and (b) k3-weighed FT magnitudes, for the Mo-Si 

single-scattering path (blue) and Mo-O-Si double-scattering path (pink), extracted from the 

EXAFS curvefit for MoO2Cl2/SiO2 (red). 
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Table S2.2 EXAFS curvefit parameters for Mo(=O)2(OSi)2 made from different precursors 

Precursor Mo=O Mo-O Mo-Si 
 R / Å σ2 / Å2 R / Å σ2 / Å2 R / Å σ2 / Å2 

MoO2Cl2 1.68(1) 0.002(1) 1.88(2) 0.003(1) 3.48(4) 0.007(3) 

MoO2[SiO(OtBu)3]2 
a 1.699(5) 0.0019(5) 1.921(6) 0.0032(11) 

3.39(5), 
3.52(5) 

0.014(12) 

MoO(OtBu)4 
b 1.705(10) 0.0021(3) 1.870(15) 0.0026(4) 3.27(5) 0.011(7) 

a From ref. 107. b From ref. 108.  

 

 

Figure S2.6 Mo K-edge EXAFS, in k-space (top) and R-space (bottom), and curvefits for 

Mo(O)2[OSi(OtBu)3]2 (left) and (≡SiO)2Mo(O)2 made by grafting Mo(O)2[OSi(OtBu)3]2 onto 

silica followed by calcination (right).107 Reproduced from Ref. 107, with permission from the 

Royal Society of Chemistry. 
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Figure S2.7 Mo K-edge EXAFS, in k-space (left) and R-space (right) for (≡SiO)2Mo(O)2 made 

by grafting Mo(=O)(OtBu)4 onto silica followed by mild heating.108 Reprinted with permission 

from ref 108. Copyright 2018 American Chemical Society. 
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Figure S2.8 Individual simulated k3-weighted χ(k) functions for two Mo=O (black) and two 

Mo-O (red) paths at (a) 1.68 and 1.87 Å (this work); (b) 1.71 and 1.86 Å (i.e., slightly longer 

Mo=O path, according to ref. 2); (c) 1.69 and 1.91 Å (i.e., slightly longer Mo-O path, according 

to ref 3), corresponding to curvefit distances reported for grafted molybdates made by different 

routes. The following parameters were fixed in the simulation: S0
2 = 1, ΔE0

 = 0 eV, σ2(Mo=O) 

= 0.002 Å2, σ2(Mo-O) = 0.003 Å2 
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Figure S2.9 The sum of the simulated k3-weighted χ(k) functions shown in Figure S8 for two 

Mo=O and two Mo-O paths at (a) 1.68 and 1.87 Å (this work); (b) 1.71 and 1.86 Å; (c) 1.69 

and 1.91 Å, corresponding to curvefit distances reported for grafted molybdates made by 

different routes. 

 

 

3 4 5 6 7 8 9 10 11 12 13 14

-4

-3

-2

-1

0

1

2

3

4
a

χ
(k

)*
k3

k / Å-1

3 4 5 6 7 8 9 10 11 12 13 14

-4

-3

-2

-1

0

1

2

3

4 b
χ
(k

)*
k3

k / Å-1

3 4 5 6 7 8 9 10 11 12 13 14

-4

-3

-2

-1

0

1

2

3

4

c

χ
(k

)*
k3

k / Å-1



54 

 

 

 

 

Figure S2.10 Fourier transforms of the simulated EXAFS shown in Figure S9, for two Mo=O 

and two Mo-O paths at (a) 1.68 and 1.87 Å (this work); (b) 1.71 and 1.86 Å (ref 2); (c) 1.69 

and 1.91 Å (ref 3), corresponding to curvefit distances reported for grafted molybdates made 

by different routes. 
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Figure S2.11 Simulation of the k3-weighed EXAFS for two Mo-Si paths. One Mo-Si distance 

is fixed at 3.264 Å, while the second Mo-Si distance varies. The spectra show the effect of 

differences in path length (ΔR): (a) from 0 to -0.2 Å; and (b) from 0 to +0.2 Å, in intervals of 

0.02 Å. Colors from red to purple reflect the increasing magnitude of ΔR. The following 

parameters were held fixed in the simulation: S0
2 = 0.98, ΔE0

 = 0 eV, σ2 = 0.003 Å2. 
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 Increasing the Fraction of Metathesis Active Sites in MoO3/SiO2 

 Introduction 

Heterogeneous olefin metathesis catalysts are used in petrochemical processes such as the 

Phillips Triolefin Process,138 the Shell Higher Olefins Process (SHOP),139 and the production 

of neohexene.28, 140 Most catalysts have simple compositions based on a dispersed transition 

metal oxide such as Mo, and require high-temperature calcination as part of the activation 

procedure. Alternative activation methods with reducing gases or alkylating co-catalysts can 

improve the activity, but all catalysts still suffer from the low fraction of active sites, typically 

< 2 %, according to active site counting and poisoning experiments.36 A recently reported, 

highly effective activation method involves exposure to olefins at high temperatures (>500 

C), and the active site fraction can be as high as 10%.32, 82 However, the co-existence of 

multiple types of metal sites makes it difficult to identify the active sites and to design more 

effective activation procedures. 

An alternative strategy to improve activity is to create more uniform pre-active sites that 

should activate more efficiently. The most commonly proposed active site precursor for the 

MoO3/SiO2 olefin metathesis catalyst is the isolated dioxomonomolybdate site, 

Mo(=O)2(OSi)2.36, 99 However, when Mo(=O)2(OSi)2 sites were prepared from 

Mo(=O)2[OSi(OtBu)3]2, most failed to catalyze cis-4-nonene metathesis at 70 C.107 The 

contradictory conclusions about Mo(=O)2(OSi)2 metathesis activity need to be resolved by only 

investigating this uniform site and examining its activity. Thus, we synthesized a silica material 

containing only this Mo(=O)2(OSi)2 site by grafting MoO2Cl2 onto silica, followed by 

calcination. Its subsequent activation for olefin metathesis was explored and compared to a 

conventional MoO3/SiO2 catalyst prepared by the incipient wetness method.  



57 

 

Investigating the activation of Mo(=O)2(OSi)2 sites can provide fundamental information 

about how active sites form and how to promote their formation more efficiently. The pseudo-

Wittig mechanism is proposed as the pathway for activating Mo(=O)2(OSi)2.84, 141-142 In the 

pseudo-Wittig mechanism, a Mo=O bond is proposed to react with a C=C bond by [2+2] 

cycloaddition to form a 4-membered metallaoxetane ring, Scheme 3.1. Cycloreversion results 

in a Mo-methylidene and aldehyde with no change in Mo oxidation state. Other mechanisms 

involve redox processes on the Mo sites. Interestingly, Mo(=O)2(OSi)2 sites derived from 

Mo(=O)(OtBu)4 catalyze metathetic oxidation of 2-butene to acetaldehyde at 300 – 450 ℃.108 

The proposed catalytic mechanism is similar to the pseudo-Wittig mechanism. Therefore, 

unform Mo(=O)2(OSi)2 sites are a good candidate to investigate the pseudo-Wittig mechanism.  

 

Scheme 3.1 Proposed pseudo-Wittig mechanism for activation of metal oxo sites141-142 

 

 

Here, we report high-temperature olefin treatment of Mo(=O)2(OSi)2 sites to increase the 

active site fraction for propene self-metathesis. This activation method turns out to work 

efficiently on only certain supported molybdenum-containing silicas. Although catalytic 

performance is enhanced, side-reactions co-occur, such as oligomerization and reduction. 

Preliminary evidence suggests that the pseudo-Wittig mechanism could generate active sites 

in MoO3/SiO2 catalysts. Meanwhile, the reduced or oligomerized Mo sites due to the side 

reactions may also be responsible for the metathesis activity, requiring further research.  



58 

 

 

 Experimental Methods 

General procedures. O2 (UHP grade, Airgas), 10 vol% CO/N2 (Airgas), propene 

(Praxair, 99.8 %), 2-butene (30/70 cis-/trans-mixture, Aldrich, > 99 %), 13C-ethylene (99%, 

Sigma-Aldrich) and ethylene (Praxair, containing 2 % propane as internal standard) were 

purified by passage through a bed of activated 13X molecular sieves and BTS catalyst (Sigma-

Aldrich), then stored in glass bulbs over 3 Å molecular sieves. Acetaldehyde (99.5%, extra 

pure, Acros Organics) and (NH4)6Mo7O24·4H2O (99.98%, Sigma-Aldrich) were used as 

received. Fumed SiO2 (Aerosil 380, B.E.T. surface area 383 m2/g) was obtained from Evonik 

Degussa. 

Synthesis of supported molybdenum materials. The detailed synthesis of 

monodioxomolybdenum on silica, Mo(=O)2(OSi)2, is described in Chapter 2. In brief, 

MoO2Cl2 was grafted onto SiO2 (pretreated under dynamic vacuum at 200 °C) at room 

temperature via a solvent-free solid-state reaction. The mixture was washed thoroughly with 

organic solvents. The grafted Mo material was dried under dynamic vacuum (0.1 mTorr) at 

room temperature overnight to ensure the complete removal of solvents. The dry material is 

denoted MoO2Cl2/SiO2 (2.6 wt% Mo verified by ICP-AES) 

A conventional supported molybdenum catalyst (MoO3/SiO2) was prepared by wet 

impregnation. SiO2 was calcined at 500 °C overnight prior to use. The desired amount of 

(NH4)6Mo7O24·4H2O was dissolved in 20 mL deionized H2O, then 500 mg SiO2 was added. 

The mixture was stirred with a magnetic stirbar at room temperature overnight. The solvent 

was removed at 110 °C on a hot plate; then the catalyst was calcined at 600 °C for 12 h.  
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Spectroscopy. IR spectra were acquired using self-supporting pellets (ca. 20 mg, 5 mm 

diameter), made with a Quick Press (International Crystal Laboratories) inside an Ar-filled 

glovebox. Spectra were recorded in transmission mode over the range 4000 – 400 cm-1 using 

a Bruker Alpha FTIR spectrometer, accumulating 32 scans at a resolution of 2 cm-1. The 

absorbance was normalized by the peak intensity of the silica overtone at 1856 cm-1.  

The molybdenum materials were packed and sealed into 4 mm zirconia rotors in an Ar-

filled glovebox for NMR analysis. 13C solid-state MAS NMR, frequency 125.74 MHz, was 

acquired on a Bruker AVANCE500 WB spectrometer (11.7 T), at a spinning frequency of 12 

kHz, with a total number of scans of 16804.  

XAS spectra were recorded at the Mo K-edge (20,000 eV) on beamline 4-1 at the Stanford 

Synchrotron Radiation Lightsource, which operates at 3.0 GeV with a current of 500 mA. Data 

were acquired in transmission mode, using N2-filled ionization chambers as detectors. Spectra 

were acquired under a protective atmosphere of He in a cryostat at 10 K. For energy calibration, 

a Mo foil was placed after the second ionization chamber, following the incident beam 

direction. The energy of the first maximum in the first derivative of its XANES was defined to 

be 20,000 eV.110  

XAS data were processed and analyzed using the Demeter software package.111 A linear 

function was subtracted from the pre-edge region, then the edge jump was normalized using 

Athena software. The χ(k) data were isolated by subtracting a smooth, third-order polynomial 

approximating the absorption background of an isolated atom. The cut-off value for Rbkg was 

set to 1.0 to ensure removal of the artificial peak that can appear below 1.0 Å. The k3-weighted 

χ(k) data were Fourier-transformed after applying a Hanning window function.  
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Activation, propene metathesis and carbene site counting. MoO2Cl2/SiO2 (50 mg) was 

placed in a 145 mL quartz batch reactor. The reactor was filled with 100 Torr O2, heated at 10 

°C/min to 600 °C, and held at that temperature for 1 h. The reactor was evacuated for 10 min 

to remove residual chlorine. The flask was filled with 60 Torr ethylene or propene at the desired 

temperature and held at that temperature for 30 min, then evacuated for 10 min at the same 

temperature. The flask was then cooled to room temperature under dynamic vacuum. 

MoO3/SiO2 (50 mg) was heated in 100 Torr O2 at 10 °C/min to 600 °C and held at that 

temperature for 1 h, before exposure to olefin.  

The activity in propene self-metathesis was tested in a 145 mL batch reactor with 50 mg 

catalyst. The reactor was filled with 130 Torr propene (containing 1.99% propane as internal 

standard). Reaction products were analyzed by removal of timed aliquots and injection into a 

GC-FID (Shimadzu GC-2010) with separation on a capillary column (Supelco Alumina Sulfate 

plot, 30 m × 0.32 mm).  

Carbene site counting was performed in a 145 mL batch reactor via the method adapted 

from the active site counting of supported metal oxide catalysts.143 After calcination, 

MoO2Cl2/SiO2 (50 mg) was exposed to 60 Torr ethylene for 30 min at 650 °C. The reactor was 

evacuated for 10 min at the same temperature, then cooled to room temperature under dynamic 

vacuum. Evacuation was continued for 6 h to ensure complete removal of volatile 

hydrocarbons. Finally, the catalyst was exposed to 130 Torr 2-butene (containing 1.99% butane 

as internal standard) for 3 h. The propene formed was analyzed by GC-FID. The analysis 

assumes that 2-butene reacts with the molybdenum methylidene to produce propene 

stoichiometrically. 
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Physical adsorption of acetaldehyde. 100 mg MoO2Cl2/SiO2 was weighed and calcined 

at 500 °C for 1 h in a quartz flask, then cooled to the desired temperature. Acetaldehyde vapor 

(20 – 60 Torr) was added via a vacuum manifold. After 30 min reaction, the flask was 

evacuated for 10 min. The flask was transferred into an Ar-filled glovebox without exposure 

of the contents to air for analysis by IR.  

 

 Results and Discussion 

Upon grafting MoO2Cl2 onto silica at room temperature, the IR spectrum shows a decrease 

in the intensity of the silanol stretch at 3747 cm-1, indicating a reaction with surface hydroxyls. 

The XANES contains an intense pre-edge feature corresponding to a 4-coordinate Mo center. 

The EXAFS confirms that most chloride ligands are replaced by oxygen, and no Mo-Mo path 

is present. However, a mixture of two Mo sites, Mo(=O)2(OSi)2 and Mo(=O)2Cl(OSi) is 

present. Calcination at high temperatures (550 – 650 °C) removes the remaining chloride 

ligands. The EXAFS is consistent with uniform Mo(=O)2(OSi)2 sites. The details are described 

in the previous chapter.  

Activation of Mo(=O)2(OSi)2 sites. Calcination36 and reduction141, 144 are reported to 

activate supported molybdenum catalysts. The Mo(=O)2(OSi)2 sites in calcined MoO2Cl2/SiO2 

(50 mg, 2.6 wt% Mo) were tested directly in metathesis of propene (130 Torr). No reaction 

was observed within 2 h at temperatures between 23 and 200 °C. Next, the Mo(=O)2(OSi)2 

sites in calcined MoO2Cl2/SiO2 (50 mg) were reduced at 600 °C with 30 Torr 10 vol% CO/N2 

in a batch reactor for 1 h. The color changed from white to grey, but there was still no 

metathesis activity towards propene (130 Torr) within 2 h at 23 – 200 °C. Treating calcined 

MoO2Cl2/SiO2 (50 mg) with 30 Torr H2 at 600 °C for 30 min also resulted in no metathesis 
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activity under the same conditions. These differences call into question the hypothesis that 

Mo(=O)2(OSi)2 is the active site in conventionally-made supported molybdenum catalysts.  

Recently, activation of supported molybdate catalysts was reported by heating in the 

presence of a flowing olefin (e.g., propene, ethene) at very high temperatures (> 500 °C).82 

This activation method was adapted for use in a batch reactor. After the activation and cooling 

down to room temperature (23 °C), 130 Torr propene was added, and the evolution of each 

olefin was monitored over time by GC-FID. The metathesis reaction proceeded rapidly to 

equilibrium within 2 h when the catalyst was pretreated in propene at ≥ 550 °C (Figure 3.1) or 

in ethylene at ≥ 600 °C (Figure 3.2). The kinetic profiles are pseudo-first-order. The rate 

constant kobs was normalized by the total amount of Mo and the reactor volume to obtain the 

apparent second-order rate constant, Table 3.1. High-temperature propene activation exhibits 

a volcano trend in activity (550 > 650 >> 450 °C), consistent with results reported previously 

for a conventional catalyst (550 °C > 660 °C >> 450 °C).82 Ethylene pretreatment was reported 

to be more effective at 600 vs. 550 °C.82 Therefore, we tested ethylene pretreatments at 600 

and 650 °C. Activation at 650 °C gave the higher initial turnover frequency (TOF). The value, 

4.5 molC3 molMo
-1 min-1 at 23 °C, is 375× higher than the reported value for only calcined 

MoO3/SiO2 at 50 °C (initial TOF = 0.12 molC3 molMo
-1 min-1).36  
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Figure 3.1 Kinetic profiles for propene self-metathesis and olefin product formation in a batch 

reactor. Mo(=O)2(OSi)2 was pre-activated by propene at 450 °C (blue), 550 °C (black) or 650 

°C (yellow). Reaction conditions: 50 mg catalyst (2.6 wt% Mo), 23 ℃, 0.145 L, 130 Torr 

propene. 
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Figure 3.2 Kinetic profiles for propene self-metathesis and olefin product formation in a batch 

reactor. Mo(=O)2(OSi)2 sites were activated by ethylene at 600 °C (red) or 650 °C (black). 

Reaction conditions: 50 mg catalyst (2.6 wt% Mo), 23 ℃, 0.145 L, 130 Torr propene. 

 

Table 3.1 Comparison of propene metathesis activities after various olefin pretreatments 

Activation 
gas 

Activation 
temperature (°C) 

kobs  

(10-2 min-1) 

k  
(L molMo

–1 min–1) 

Initial TOF 
(molC3 molMo

-1 
min-1) 

C3H6 

450 0.51(0.05) 27(3) 0.38(0.04) 

550 4.6(0.3) 241(16) 3.4(0.2) 

650 2.9(0.1) 153(5) 2.2(0.1) 

C2H4 
600 5.2(0.3) 276(16) 3.9(0.2) 

650 6.1(0.2) 323(11) 4.5(0.1) 
a Conditions: 0.145 L quartz batch reactor, 130 Torr propene, 23 °C, 50 mg catalyst (2.6 wt% 

Mo). kobs was extracted from the first-order curve fits of the propene fraction. k is normalized 

by the total amount of Mo per reactor volume. The calculation is adapted from published 

work.145 
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The same propene activation treatment at 550 °C was tested on a conventional MoO3/SiO2 

catalyst (2.6 wt% Mo) made via the incipient wetness method. Surprisingly, the catalyst 

deactivated very quickly, Figure 3.3. A similar result was reported by another group.40 We note 

that both ineffective MoO3/SiO2 catalysts were made using a non-porous fumed silica, whereas 

the effective MoO3/SiO2 catalyst was made using porous precipitated silica.82 Similarly, 

MoO3/SiO2 was reported to be activated by methane at 650 °C, using SBA-1 (mesoporous 

silica).146 Although the similar ammonium molybdate precursor was used in each case, the 

different silicas may contain different molybdate sites. The porous silica support likely helps 

increase the fraction of Mo(=O)2(OSi)2 sites, while fumed silica cannot achieve such a high 

fraction with ammonia molybdate.147  This comparison indicates that Mo(=O)2(OSi)2 sites 

exist only a small fraction in some conventional molybdena catalysts, and this activation 

method is effective for specific Mo sites.  
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Figure 3.3 Kinetic profiles for propene self-metathesis and olefin product formation in a batch 

reactor, using conventional MoO3/SiO2 catalyst (black) and Mo(=O)2(OSi)2 (brown). Both 



66 

 

were pretreated with propene at 550 °C for 30 min. Reaction conditions: 50 mg catalyst (2.6 

wt% Mo), 23 ℃, 0.145 L,130 Torr propene. 

 

Active Site Counting and Characterization. The changes in the Mo sites occurring 

during activation were investigated. The precatalyst activated by ethylene at 650 ℃ was chosen 

since it showed the highest metathesis activity. The method of active site counting was adapted 

from Chauvin and Commereuc.143 Carbene sites are presumed to form upon exposure to 

ethylene at high temperature, Scheme 3.2. After ethylene activation at 650 ℃, the flask was 

evacuated for 6 h at room temperature to remove physisorbed hydrocarbons. Excess 2-butene 

was added at the same temperature. After 2 h, the liberated propene was quantified by GC-

FID. Assuming that each propene represents an active site, the fraction of Mo which exists as 

[Mo=CH2] is ca. 36%, much higher than reported for calcination-activated MoO3/SiO2 (1 – 2 

%, 50 ℃)36 or olefin-activated MoO3/SiO2 (0.7 – 10.9 %, 20℃).82  

 

Scheme 3.2 Active site counting method. 

 

 

During olefin activation, the color of Mo(=O)2(OSi)2 changed from white to black. The 

black color is presumably due to the deposition of carbon residue. According to GC-FID high-

temperature activation in propene results in the formation of C1 – C6 hydrocarbons including 

a mixture of alkanes, olefins and benzene. In the Mo K-edge XANES, the pre-edge peak 
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characteristic of molybdate sites disappears and the edge position shifts lower by 2.2 eV, 

Figure 3.4, suggesting a change in the average Mo oxidation state. Compared to 

Mo(=O)2(OSi)2, the FT-EXAFS of the activated catalyst shows a very different shape and a 

much lower peak amplitude below 2 Å (representing scatterers in the first coordination sphere 

of Mo), Figure 3.4b. A new peak at ca. 2.6 Å appears after activation. Conducting the EXAFS 

curvefitting at 2 – 3 Å shows the peak could arise from a Mo-Mo path at (2.82 ± 0.01) Å, 

similar to the path in Mo metal, Figure S3.2 and Table S3.1. Therefore, it appears that Mo 

reduction and oligomerization occur even as a large fraction of molybdenum carbene sites are 

generated.  
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Figure 3.4 (a) Mo K-edge XANES, and (b) FT-EXAFS, for Mo(=O)2(OSi)2, before (orange) 

and after ethylene activation at 650 °C (brown). 

 

The nature of the carbene species was investigated by 13C CP/MAS solid-state NMR after 

activation of the Mo(=O)2(OSi)2 sites by 13C-labeled ethylene at 650 °C. A strong, broad 13C 

NMR peak at 120.12 ppm appears, Figure S3.1. Its chemical shift and stability upon exposure 

to air implies that it is primarily aromatic compounds.148 By comparison to homogeneous 

Schrock-type Mo catalysts, the 13C chemical shift for a Mo-methylidene should be higher than 

250 ppm.43, 149-151 No NMR signal for such a site was detected in the activated catalyst. To 

avoid NMR signals from aromatic residues, Mo(=O)2(OSi)2 was first activated with unlabeled 

ethylene, then exposed to 13C-labeled ethylene at room temperature, Scheme 3.3. A sharp NMR 
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signal at 19.84 ppm appears, along with a broad peak at 119 ppm, Figure 3.5. After 1 min 

exposure to air, the intensity of both NMR peaks decreased, showing that they correspond to 

carbon species that are air- and/or moisture-sensitive. Although there is still not carbene NMR 

signal, a previous DFT simulation predicted that Mo-methylidenes are less stable than 

molybdenacyclobutanes (MoC3H6);152 therefore, the NMR signals could arise from a 

metallacyclobutane. The reported chemical shifts for α- and β-carbons in a Mo-cyclobutane 

compound were 100.19 and -0.80 ppm, respectively.149 Similarly, a rhenacyclobutane was 

reported to have two peaks at ca. 120 and 20 ppm, respectively.153 Therefore, the signals at 119 

and 19.84 ppm may be assigned to the α- and β-carbons, respectively, in a 

molybdenacyclobutane.  

 

Scheme 3.3 Formation of a 13C-labelled molybdenacyclobutane at room temperature by 

reaction of ethylene-activated Mo(=O)2(OSi)2 with 13C-labeled ethylene. 
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Figure 3.5 13C CP/MAS solid-state NMR of activated Mo(=O)2(OSi)2 exchanged with 13C-

labeled ethylene, before (brown) and after exposure to air (black). 

 

A DFT study estimated the activation barrier for Mo(=O)2(OSi)2 to react with propene 

undergoing pseudo-Wittig mechanism, at 33.9 kcal/mol.154 To obtain more evidence, the 

carbonyl product from the pseudo-Wittig pathway was sought. However, high temperature 

reactions with ethylene or propene (> 500 °C) lead to the decomposition of carbonyl 

compounds.82 To lower the reaction temperature, 2-butene was used because Mo(=O)2(OSi)2 

sites are reported to catalyze metathetical oxidation of 2-butene to acetaldehyde at 

temperatures as low as 300 ℃.108  A pseudo-Wittig mechanism was proposed for this 

metathetical oxidation, involving [2+2] cycloaddition of the olefin to the Mo=O bond. Since 

propene activation occurs at lower temperatures than ethylene activation, 2-butene is expected 

to react with Mo(=O)2(OSi)2 sites at even lower temperatures without acetaldehyde 

decomposition.  

2-Butene was added at 400 ℃ to the flask containing Mo(=O)2(OSi)2 for 30 min, then IR 

measurement was conducted at room temperature. The IR spectrum of Mo(=O)2(OSi)2 sites 
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after reaction with 2-butene contains a prominent peak at 1707 cm-1, characteristic of C=O 

stretching (Figure 3.6). The adsorption of anhydrous acetaldehyde was performed at different 

temperatures for comparison. At room temperature, the C=O frequency, 1723 cm-1, is similar 

to that of the pure compound, Figure 3.6.155 However, if adding acetaldehyde at 400 °C, the 

C=O shifts to 1620 – 1680 cm-1 at room temperature, indicating several by-products form. The 

IR frequency varies over a wide range at 1730 – 1650 cm-1 depending on the condensation 

products.156 The observed IR peaks of carbonyl species is consistent with a pseudo-Wittig 

reaction. Th Mo(=O)2(OSi)2 sites may undergo a pseudo-Wittig reaction with olefins at 

elevated temperatures. On the other hand, a different redox mechanism generating acetone was 

proposed for the activation of MoO3/SiO2 by propene at 50 °C.36 Since the C=O band for 

acetone adsorbed on silica-alumina appears at 1690 – 1740 cm-1,157 overlapping with 

acetaldehyde, we are unable to rule out the possibility of acetone.  
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Figure 3.6 IR spectra of Mo(=O)2(OSi)2 sites treated with 2-butene and anhydrous 

acetaldehyde vapor at various temperatures. 

 

 Conclusions 

Well-dispersed Mo(=O)2(OSi)2 sites were synthesized and their activation for olefin 

metathesis was explored. The molybdate sites are unable to promote olefin metathesis, even 

after calcination or reduction by CO or H2. However, propene or ethylene treatment at high 
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temperatures do activate the catalyst. At the same time, they induce aggregation and reduction 

of Mo(VI). The observation of carbonyl compounds suggests that activation may occur by a 

pseudo-Wittig mechanism.  

 

 Supporting Information 
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Figure S3.113C CP/MAS solid-state NMR of activated Mo(=O)2(OSi)2 by 13C-labeled ethylene 

at 650 °C. 
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Figure S3.2 Curvefits of the Mo K-edge EXAFS in (a) R-space and (b) k-space for ethylene 

activated MoO2Cl2/SiO2 at 650 °C, showing the fit (black lines) superposed on the FT 

magnitude and its imaginary component (points). 

Table S3.1 Curvefit parameters a for the analysis of the Mo K-edge EXAFS of for ethylene 

activated MoO2Cl2/SiO2 at 650 °C 

a S0
2 was fixed at the value refined for Na2MoO4, 0.98. Data ranges: 2.4 ≤ k ≤ 14.0 Å-1, 2.0 ≤ 

R ≤ 3.0 Å. ΔE0 = -6(1) eV was refined as a global fit parameter. The total number of 

independent data points is 7.0. The total number of variable parameters in the fit is 4, with an 

R-factor of 0.011.b Reference distance for Mo-Mo is from the crystal structure of Mo metal. 

Path d / Å  b N R / Å 10-3 σ2/Å2 

Mo-Mo 2.743 2.6(3) 2.82(1) 8(1) 
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 Investigation of GaiBu3/Al2O3
 structural evolution for propane 

dehydrogenation by operando X-ray absorption spectroscopy 

 

 Introduction 

Propylene (C3H6) is the feedstock for various large-scale chemical products, including 

polypropylene, acrylonitrile, and propylene oxide.158 In recent years, the shale gas revolution 

has resulted in a reduction in the amount of propylene supplied by crackers which, in 

conjunction with expanding production of polypropylene, has created an increasingly large, 

unmet “propylene gap” between supply and demand.159-160 Newer technologies for 

manufacturing propylene include the Methanol-to-Olefins (MTO) process,161 olefin 

metathesis,140 and on-purpose propane dehydrogenation.162-163 In particular, propane 

dehydrogenation has the benefit of providing propylene directly with high selectivity, along 

with H2 as a valuable co-product. Two commercial on-purpose propylene processes, Catofin 

and Oleflex, are based on CrOx/Al2O3 and Pt-Sn/Al2O3 catalysts, respectively.45-47 The 

environmental hazards of Cr and the high cost of Pt, together with their complex modes of 

catalyst regeneration, motivate the search for alternative catalysts  

One active area of research focuses on Ga dispersed on oxides. Gallium oxide dispersed 

on Al2O3 is reported to catalyze alkane dehydrogenation.164-167 Different from well-dispersed 

Ga sites on H-ZSM5, Ga2O3/Al2O3 contains Ga atoms incorporated into Al2O3 support, along 

with Ga2O3 clusters.168 Either pure Ga2O3 or Al2O3 can directly catalyze dehydrogenation 

reaction, but Ga2O3/Al2O3 achieves a higher reaction rate and a slower deactivation than pure 

compounds.62, 169 Another advantage of alumina support is that the absence of strong Brønsted 
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acid sites prevents the aromatization reaction seen in Ga/H-ZSM-5 catalysts. The 

dehydrogenation mechanism of Ga2O3/Al2O3 was proposed to be heterolytic C-H dissociation 

of alkane on a Ga-O bond, resulting in Ga-hydride and gallium alkoxide species.166-167 

Recently, a DFT study suggested the catalytical activity of Ga2O3 /Al2O3 may arise from the 

synergy between neighboring a 3-coordinate Al atom and a 4-coordinate Ga atom rather than 

the Ga site itself.62  

The synthesis of Ga-based oxide catalysts for propane dehydrogenation is typically 

achieved by impregnating a high surface area support with an aqueous solution of Ga(III) ions, 

activated by calcination.45 These materials can also be made by anhydrous deposition of an 

organogallium(III) complex onto the dry support without calcination.50-53 Since propane 

dehydrogenation is highly endothermic, typically conducted at temperatures of 500 – 800 °C. 

Under these conditions, the desired reaction is often accompanied by undesired cracking and 

coking. The experimental availability of information regarding the active sites is limited by the 

severe conditions. Several ex-situ characterizations are deployed to identify present Ga oxide 

species on Al2O3, but most of the results are related to bulk Ga2O3 or the support.164, 167, 170 In 

contrast, The identification of mononuclear Ga oxide species on Al2O3 is unclear, thwarting 

the efforts in the investigation of the dehydrogenation mechanism. 

Grafting tri(isobutyl)gallium (GaiBu3) onto partially dehydroxylated γ-alumina and 

amorphous silica was reported to result in different Ga species on the surfaces at room 

temperature.53 GaiBu3/Al2O3 has a mononuclear Ga structure, whereas GaiBu3/SiO2 is found to 

have dinuclear Ga sites. Then, the Ga catalysts were heated to 550 °C in flowing argon prior 

to propane dehydrogenation. GaiBu3/Al2O3 reaches a maximum of 24% propane conversion, 

much higher than GaiBu3/SiO2 (8% conversion) under the same condition. Both Ga materials 
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are carefully characterized by X-ray absorption spectroscopy at 10 K, as well as solid-state 

NMR at room temperature. However, the ex-situ characterizations are unable to provide direct 

Ga structural information under the reaction conditions. The alkyl ligands are expected to leave 

Ga under thermal treatment, but the pathway and the result are unknown.  

To understand the evolution of GaiBu3/Al2O3 under the thermal treatment and the catalytic 

process, we implemented the operando XAS technique to monitor the structural development 

of Ga species on GaiBu3/Al2O3 from 23 to 550 °C. Operando XAS reveals replacing isobutyl 

ligands by an equivalent Ga-O bond, leading to a 3-coordinate mononuclear Ga site at 550 °C. 

Additionally, other minor Ga species may be formed. The EXAFS curvefitting suggests the 

Ga atom could be doped into Al2O3 support at 550 °C. This structural insight sheds light on 

the correlation between the mononuclear Ga site and the subsequent catalytic activity.  

 

 Experimental Methods 

Materials. GaiBu3/Al2O3 was synthesized according to a published method.53  Helium gas 

(Research grade, Airgas) was used as received. Propane (99.99%, Praxair) was purified by an 

oxygen/moisture trap (Supelpure) before flowing into the reaction cell.  

Operando X-ray Absorption Spectroscopy. XAS spectra were recorded at the Ga K-

edge (10,367 eV) on beamline 2-2, Si(220) phi = 90°, at Stanford Synchrotron Radiation 

Lightsource, which operates at 3.0 GeV with a current of 500 mA. For energy calibration, a W 

foil (LIII-edge, 10,207 eV) was placed after the second ion chamber following the incident 

beam direction. Data were acquired in transmission mode, using N2-filled ionization chambers 

as detectors. Approximately 33 mg of GaiBu3/Al2O3 (Ga 1.97 wt%)53 was loaded into an in-

situ XAS cell in an Ar-filled glove box and handled with careful air-free protection.171 To 
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handle the high temperature and minimize the incident beam absorption, the thin-wall quartz 

capillary (Hilgenberg GmbH, 100 mm in length, 3 mm O.D.) and quartz wool were used to 

accommodate samples. Each quick XAS scan takes about 92 seconds. 4 consecutive scans are 

merged at 550 °C in flowing propane to improve S/N. The pure He flow was set 30 mL/min 

under the thermal treatment and cooling down. 2 mL/min C3H8 and 8 mL/min He was set to 

test propane dehydrogenation reaction at 550 °C.  

XAS data were processed and analyzed using the Demeter software package.111 A linear 

function was subtracted from the pre-edge region, then the edge jump was normalized using 

the Athena program. The χ(k) data were isolated by subtracting a smooth, third-order 

polynomial approximating the absorption background of an isolated atom. The k3-weighted 

χ(k) data were treated with Hanning window function then Fourier-transformed. The distances 

to the scattering atoms (Ri) and mean-squared displacements (σi
2) were obtained by nonlinear 

fitting with least-squares refinement of the EXAFS equation to the Fourier-transformed data 

in R-space, using the Artemis program. To simulate the EXAFS spectra of individual paths, 

the crystallographic information files were imported into Artemis. EXAFS spectra were 

generated using FEFF6.111 Principle component analysis and linear combination fitting were 

conducted with Athena software.  

Online Mass Spectroscopy. An online mass spectrometer (Hidden QGA) was connected 

after the in-situ XAS cell to monitor the gas products released during the reaction. m/z = 2, 4, 

17, 28, 30, 32, 41, and 44 were scanned by a Faraday detector. m/z = 16, 39 and 43 were 

scanned by a SEM detector. The temperature data of Ga materials was measured and recorded 

simultaneously with MS data.  
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 Results and Discussion 

EXAFS analysis of as-prepared GaiBu3/Al2O3. Previously, the reaction of GaiBu3 with 

alumina was reported to remove one isobutyl ligand per Ga, and attachment of the complex to 

the support via a Ga-O-Al linkage. The EXAFS data, acquired at 10 K, were analyzed using a 

simple four-coordinate model, (AlO)(Al2O)GaiBu2, Scheme 4.1.53 In the first coordination 

sphere, a shorter path (N = 1) is associated with the Ga-O bond at (1.89 ± 0.01) Å, in addition 

to a longer Ga-C1 path (N = 2) at (2.07 ± 0.02) Å.53 Longer paths that may contribute FT 

magnitude intensity from 2-3 Å include weakly-bonded surface O, as well as non-bonded Ga 

– C2 and Ga-Al scattering. 

 

Scheme 4.1 Proposed reaction of GaiBu3 with partially dehydroxylated γ-Al2O3, resulting in 

mononuclear, four-coordinate grafted Ga sites.53  

O

Al

Ga
O

Al

Ga Al2O3

1.89 Å
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In this work, the EXAFS of as-prepared GaiBu3/Al2O3 was acquired at room temperature. 

The data are consistent with the previously reported cryogenic data, Figure 4.1 and Figure 

S4.1, and the curvefit parameters are similar, Table 4.1. However, the Ga-C1 distance, (2.00 ± 

0.01) Å, is slightly shorter in the fit of the room temperature data. It is still in the range of Ga-

CH2R distances, 1.97 – 2.06 Å, found in molecular organogallium complexes.172-173 A long 

Ga-O path at ca. 2.5 Å, previously attributed to a weakly coordinated oxygen from the Al2O3, 
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was again included in the curvefit. When the fit was performed without this path, the result is 

visually less satisfying and the R-factor increased from 1.7 to 3.5%, Figure S4.2 and Table 

S4.1.  
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Figure 4.1 Ga K-edge EXAFS (point) for GaiBu3/Al2O3 recorded at room temperature under 

He. The curvefit (line) includes a Ga-O path at ca. 2.5 Å. 

 

Table 4.1 Curvefit Parametersa for Ga K-edge EXAFS of GaiBu3/Al2O3, recorded at room 

temperature under He 

Path d b/ Å N c R / Å σ2 / Å2 

Ga – O1 1.863 1 1.86(2) 0.002(1)d 

Ga – C1 2.066 2 2.00(1) 0.002(1)d 

Ga – O2 2.585 1 2.49(3) 0.008(2)e 

Ga – C2 2.976 2 2.96(3) 0.008(2)e 

Ga – Al 3.325 1 3.24(4) 0.008(2)e 
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a S0
2 was fixed at 1. ΔE0 was refined as a global fit parameter, returning a value of (4 ± 1) eV. 

Data ranges: 3.0 ≤ k ≤ 13.0 Å-1, 1.0 ≤ R ≤ 3.2 Å. The number of variable parameters is 8, out 

of a total of 13.8 independent data points. The R-factor for this fit is 1.7 %. b The Ga-O1 and 

Ga-O2 reference distances are from the crystal structure of Ga2O3
 and SrGa2B2O7, 

respectively.174-175 The Ga-C and Ga-Al distances are from crystal structures of organogallium 

compounds.176-177 c The coordination numbers were constrained to integer values, based on the 

model. d Constrained to the same value. e Constrained to the same value.  

 

Evolution of the organogallium sites observed by operando XAS. The Ga K-edge XAS 

of GaiBu3/Al2O3 was recorded as the sample was heated from room temperature to 550 °C at 

10 °C/min in flowing He, Figure 4.2a. The initial edge position is 10,372.5 eV, with a 

maximum at 10,374.7 eV. For temperatures below 200 °C, the XANES shows only minor 

changes, Figure 4.3a. However, above 200 °C, the edge position shifts to higher energy, as the 

maximum at 10,374.7 eV is gradually replaced by a more intense peak at 10,376.8 eV, Figure 

4.3b. As the temperature approaches 450 °C, the edge position stabilizes at 10,375.3 eV, Figure 

4.3c. Since Ga is initially in its maximum oxidation state, this edge shift of nearly 3 eV must 

arise due to a change in ligand environment, such as replacing isobutyl ligands with O-donor 

ligands derived from the alumina surface.  
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Figure 4.2 (a) Evolution of the Ga K-edge XANES for GaiBu3/Al2O3, recorded in flowing He 

while ramping the temperature from 23 °C (red) to 550 °C (purple) at 10 °C/min. Spectra in 

different temperature ranges are displayed in Figure 4.3. (b) Evolution of the Ga K-edge 

absorbance with temperature 
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Figure 4.3 Evolution of the Ga K-edge XANES for GaiBu3/Al2O3, recorded in flowing He 

while ramping the temperature from 23 to 550 °C at 10 °C/min: (a) 23 – 200 °C (red to orange); 

(b) 200 – 450 °C (from orange to blue); (c) 450 – 550 °C (blue to purple). 

 

The volatile products released during heating were analyzed by online mass spectrometry. 

From 100 – 450 °C, the major hydrocarbons include the expected isobutane (m/z = 43) and 

isobutene (m/z = 39), as well as propane (m/z = 29) and propene (m/z = 41), Figure 4.4. All 

appear simultaneously in this temperature range. Isobutane presumably forms by protonolysis 

involving residual surface protons. Isobutene may form by -H elimination, in a reaction 

resembling the thermal decomposition of GaR3 (R = Et, nPr, nBu),178-179 and the reaction of Et 

groups on the GaAs(100) surface.180 The resulting hydride may also contribute to isobutane 

formation by reductive elimination, although the edge position is not consistent with this being 

a major pathway. Homolytic cleavage of the Ga-C bond is also known in organogallium 

decomposition mechanisms, particularly at higher temperatures. One study reported slightly 

lower barriers for homolysis relative to -H elimination for larger alkyl groups on 
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GaAs(100).180 However, these reactions also imply a reduction in oxidation state for Ga, which 

is inconsistent with the XANES.  
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Figure 4.4 Evolution of gas products released from GaiBu3/Al2O3 as a function of temperature 

recorded by mass spectroscopy in flowing He and while ramping the temperature from 23 °C 

to 550 °C at 10 °C/min. 

 

Above 420 °C, few additional changes occur in the XANES, Figure 4.3c. However, a 

weak shoulder superimposed on the edge appears at 10,372.4 eV, seen more clearly in Figure 

S4.3 and Figure S4.4. Its emergence causes the intensity at 10,376.8 eV to rise slightly. In the 

gas phase, signals for H2 (m/z = 2) and methane (m/z =16) appear at higher temperatures, Figure 

4.4. In principle, these products may arise via reductive elimination from [GaIIIH2] and 

[GaIII(H)(Me)] sites, respectively. However, such reactions would generate Ga(I) sites,57 and 

since the edge position (10,375.3 eV) does not change significantly, it is unlikely that much 

Ga(III) is reduced.  
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The non-phase-corrected FT-EXAFS for GaiBu3/Al2O3 recorded at room temperature 

contains two prominent peaks, at ca. 1.5 and 2.6 Å, Figure 4.5. The peak intensity at ca. 1.5 Å 

initially decreases slightly as the temperature rises from 23 – 200 °C, then increases gradually 

and shifts to a slightly shorter distance (ca. 1.3 Å) as the temperature is raised to 450 °C, Figure 

S4.5. These changes are consistent with the replacement of isobutyl ligands by oxygen-donor 

ligands, since the value of d(Ga-O) = 1.89 Å is shorter than d(Ga-C) = 2.00 Å. Above 100 °C, 

the peak at ca. 2.6 Å becomes broader, then new features appear between 2.5 and 3.5 Å. The 

wavelet-transform EXAFS reveals that the signal in the region 2.5 – 3.5 Å becomes stronger 

and more complex as the temperature is raised, Figure S4.6.  
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Figure 4.5 Evolution of the Ga K-edge EXAFS for GaiBu3/Al2O3, recorded in flowing He while 

ramping the temperature from 23 °C (red) to 550 °C (purple) at 10 °C/min. 

 

Principal Component Analysis. The evolution of the XANES region for GaiBu3/Al2O3
 

from 23 to 550 °C was assessed via principal component analysis (PCA). All 18 XANES 

spectra from 23 to 550 °C, covering the region between 10,322 and 10,522 eV, were used to 



86 

 

find the principal components. Just two components account for 0.9990 cumulative variance, 

Figure 4.6a. The first component (variance 0.9776) consists of a rising edge followed by 

oscillations, similar to a XANES spectrum. Its primary role is to reproduce the edge jump. The 

second component (variance  0.0214) is predominantly a simple oscillation at 10,368 – 10,381 

eV. The contributions of the rest components are minimal.  

The spectra were reconstructed by linear combination fitting (LCF) of the first two PCA 

components. Changes in the contributions of each component are shown as a function of 

temperature in Figure 4.6b. The contribution of the first component is unchanged over the 

whole temperature range. The contribution of the second component decreases slightly from 

23 – 200 °C, becomes negative at higher temperatures, then starts to increase again above 400 

°C. These changes create variations in absorbance at 10,374.7 and 10,376.8 eV in Figure 4.2b.  

The XANES reconstructions suggest that the evolution of GaiBu3/Al2O3
 from 23 to 550 

°C can be represented primarily by a single, gradual process, i.e., the replacement of isobutyl 

ligands with oxygen-donor ligands derived from the alumina surface. It occurs mostly between 

200 and 350 °C. The reconstructed XANES at 23 °C is a good match for the experimental 

spectrum, Figure S4.7. However, the reconstructed XANES at 550 °C lacks sufficient intensity 

at 10,378.6 eV and some of the post-edge oscillations. These discrepancies indicate 

contributions from minor sites not represented by the 2-component PCA. Being a bulk 

technique, XAS generally lacks sensitivity for minor sites.  
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Figure 4.6 (a) The first five components extracted from principal component analysis of the 

XANES for GaiBu3/Al2O3, recorded as a function of temperature from 23 to 550 °C in He. (b) 

Contributions of the first and second components used to reconstruct the experimental 

XANES. 
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EXAFS analysis of GaiBu3/Al2O3 after thermal treatment. The structure of 

GaiBu3/Al2O3 was reassessed after heating to 550 °C in flowing He. During cooling to room 

temperature, the XANES of GaiBu3/Al2O3 almost remains unchanged, while the EXAFS 

amplitude in k-space increases with no other changes in appearance, Figure S4.8. Thus, the 

EXAFS after cooling reflects structural information about the Ga species present at 550 °C 

under He. Two prominent signals appear in the k3-weighed FT-EXAFS after the thermal 

treatment, Figure 4.7. In particular, the signal at 2.5 – 3.5 Å is much stronger than the one in 

as-prepared GaiBu3/Al2O3, implying new features in the interaction between Ga and the Al2O3 

support. To simplify the model, we consider that no Ga-C paths remain. The EXAFS curvefit 

of the region below 2 Å suggests that Ga is 3-coordinate with R(Ga-O) = 1.85 Å, Figure 4.8, 

Figure S4.9, and Table 4.2. Including a second, slightly longer Ga – O path did not improve 

the fit.  
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Figure 4.7 Comparison of Mo K-edge FT-EXAFS for GaiBu3/Al2O3, before (red) and after 

(purple) treatment at 550 °C in flowing He. Both spectra were recorded at 23 °C.  
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Figure 4.8 EXAFS (point) and curvefit (line) for GaiBu3/Al2O3 after heating to 550 °C under 

He and cooling to room temperature. 

 

Table 4.2 Curvefit parametersa for Ga K-edge EXAFS of GaiBu3/Al2O3 after heating to 550 °C 

in He and cooling to room temperature. 

Path d b/ Å N R / Å σ2 / Å2 

Ga – O1 1.803 3.0(2) c 1.85(1) 0.004(1) 

Ga – O2 2.772 1 c 2.97(4) 0.006(1) d 

Ga – Al 3.511 3.0(2) c 3.30(2) 0.006(1) d  

a S0
2 was fixed at 1. Data ranges: 3.0 ≤ k ≤ 13.0 Å-1, 1.0 ≤ R ≤ 4.0  Å. The number of 

independent data points is 18.9. ΔE0 was refined as a global fit parameter, returning a value of 

(-1 ± 2) eV. The number of variable parameters is 8. The R-factor for this fit is 1.7 %. b The 

Ga-O and Ga-Al distances were extracted from a computational model for 3-coordinate Ga 

dispersed in Al2O3.62 c N(Ga-O1) and N(Ga-Al) were constrained to the same value. N(Ga-O2) 
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was fixed at 1, based on the computational model.62 d Constrained to the same value to reduce 

the number of variables in the fit.  

 

The broad signals from 2.5 – 3.5 Å (Figure 4.7) suggest contributions from more than one 

path in this region. Candidates include Ga-O, Ga-Al, and Ga-Ga single-scattering, as well as 

multiple-scattering paths. Since surface heterogeneity complicates curvefitting in this region, 

we attempted to use the fewest paths possible to describe the average environment of the major 

Ga species. Including just one path (Ga-O, Ga-Al, or Ga-Ga) led to the conclusion that the 

broad feature at ca. 2.9 Å arises principally from a Ga-Al path (N = 3.0) at 3.30 Å, Table 4.2. 

A computational model for Ga doped into Al2O3 has a long (non-bonded) Ga-O path at 2.77 

Å.62 Including a similar Ga-O path in the curvefit (with N fixed at 1) resulted in a much longer 

distance, 2.97 Å. The Ga2O3 crystal structure has several Ga-Ga paths at ca. 2.9 Å.174 An 

attempt to include such a path (with N fixed at 1) in the curvefit returned a distance of 2.95 Å 

and a large σ2, 0.011 Å2, Figure S4.10 and Table S4.2. Since the major contribution in this 

region arises from the Ga-Al path, EXAFS curvefitting cannot definitely identify other 

contributions. However, it seems unlikely that the initially mononuclear Ga site becomes 

dinuclear during thermal treatment in an inert atmosphere, particularly since the Ga loading is 

low (2 wt%).53 Therefore, we conclude that thermal treatment of GaiBu3/Al2O3 in an inert 

atmosphere forms primarily mononuclear 3-coordinate Ga sites, Scheme 4.2.  
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Scheme 4.2 Proposed evolution of GaiBu3/Al2O3 during heating to 550 °C in flowing He 
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XAS of GaiBu3/Al2O3 during propane dehydrogenation. The propane conversion by 

GaiBu3/Al2O3 at 550 °C was reported to decrease gradually from 24 to 14% over 200 min.53 

GaiBu3/Al2O3 heated to 550 °C under He was exposed to 20 vol% C3H8/He at the same 

temperature, and Ga K-edge XAS spectra were recorded while flowing propane for 200 min 

to monitor structural change in the Ga sites. Both XANES and EXAFS show small changes 

during this period, Figure 4.9 and Figure S4.11. Specifically, the intensity of the XANES 

shoulder at 10,371.0 eV decreases, while the intensity of the EXAFS peak at 1.4 Å in R-space 

increases slightly. The broad peaks at 2.5 – 3.5 Å remain essentially unchanged.  
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Figure 4.9 Evolution of the Ga K-edge XAS of GaiBu3/Al2O3, recorded in flowing 20 vol% 

C3H8/He at 550 °C for 200 min, in two regions: (a) XANES, and (b) EXAFS. The colors from 

red to purple show the time course (with inset showing the major spectrum changes). 

 

These small changes may be linked to the minor Ga species generated by the thermal 

treatment above 450 °C (see above). Significantly, a XANES shoulder in a similar location 

(10374.2 eV) appeared in flowing He as the temperature was raised from 450 to 550 °C. The 

negative correlation between the XANES intensity at ca. 10,371 eV and the EXAFS peak 

intensity at ca. 1.4 Å (corresponding to Ga-O paths) has been reported for several Ga 

dehydrogenation catalysts upon H2-treatment.56, 63-64, 69-70, 181 However, the assignment of the 

low energy peak (ca. 10371 eV) in Ga K-edge XANES is controversial. Suggestions include 

Ga(I), Ga(III)-hydride or 3-coordinate Ga(III) sites.1, 54, 70 The formation of Ga(III)-hydrides 

seems unlikely in our system since thermal treatment was performed in He rather than H2 

(although the isobutyl ligands may be a source of H). Three-coordinate Ga sites, with a XANES 

peak at ca. 10379 eV, are formed under He before introducing C3H8. It is possible that the 
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shoulder at 10,371 eV arises from a small amount of Ga(I), possibly resulting from the 

reductive elimination of the isobutyl ligands.  

The previously observed decline in catalytic activity suggests that the minority species 

such as Ga(I) may be responsible for much of the initial dehydrogenation activity, although 

they deactivate quickly. However, redox mechanisms for Ga(I) sites involve interconversion 

with Ga(III) sites. For example, oxidative addition of propane would form the ethyl hydride 

site [Ga(H)(C3H7)]+.50, 58 Alternatively, protonation of Ga(I) could give rise to a Ga(III) 

hydride.54 The amplitude increase in the first coordination sphere is consistent with these two 

proposed activation mechanisms. Meanwhile, 3-coordinate Ga oxide species remain to 

catalyze propane dehydrogenation at a slower rate. Although the 3-coordinate Ga sites appear 

to be less active, they are more robust.182 DFT simulations predicted that a 3-coordinate Ga 

oxide site can undergo concerted (simultaneous formation of alkene) or stepwise mechanisms 

(forming alkylGa sites) to catalyze propane dehydrogenation.62, 182  

 

 Conclusions 

The structural evolution of GaiBu3/Al2O3 from as-prepared to catalytic conditions was 

probed by operando X-ray absorption spectroscopy. GaiBu3/Al2O3 undergoes step-wise ligand 

removal from 23 to 550 °C in flowing He. It is primarily transformed to 3-coordinate Ga(III). 

Replacement of the isobutyl ligands by O-donor ligands in the first coordination sphere alters 

the edge position and white line intensity in the XANES, without a change in oxidation state. 

Principal component analysis of the XANES during thermal treatment suggests that a minor 

fraction of Ga sites forms above 400 °C, presumably Ga(I). These minor sites are more 
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effective catalysts for propane dehydrogenation but they deactivate rapidly. The remaining 

Ga(III) sites show a lower but more stable catalytic performance.  

Supported organometallic catalysts allow to connect the structures of dispersed Ga sites 

to their catalytic activity. Previous studies of Ga/Al2O3 were complicated by the presence of 

Ga2O3
 clusters, which also show measurable catalytic activity. Operando X-ray absorption 

spectroscopy enables the direct observation of even dilute metal sites under reaction 

conditions.  
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Figure S4.1 Curvefits (line) of the Mo K-edge EXAFS (points) in k3-weighted k-space for 

GaiBu3/Al2O3. 
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Figure S4.2 Ga K-edge EXAFS (point) for GaiBu3/Al2O3 recorded at room temperature under 

He. The curvefit (line) DOES NOT include a Ga-O path at ca. 2.5 Å. 

 

Table S4.1 Curvefit Parametersa for Ga K-edge EXAFS of GaiBu3/Al2O3 without a Ga-O path 

at ca. 2.5 Å, recorded at room temperature under He 

Path d b/ Å N c R / Å σ2 / Å2 

Ga – O1 1.863 1 1.87(3) 0.002(2)d 

Ga – C1 2.066 2 2.01(2) 0.002(2)d 

Ga – C2 2.976 2 3.03(5) 0.010(5)e 

Ga – Al 3.325 1 3.24(6) 0.010(5)e 

a S0
2 was fixed at 1. ΔE0 was refined as a global fit parameter, returning a value of (6 ± 1) eV. 

Data ranges: 3.0 ≤ k ≤ 13.0 Å-1, 1.0 ≤ R ≤ 3.2 Å. The number of variable parameters is 7, out 

of a total of 13.8 independent data points. The R-factor for this fit is 3.5 %. b The Ga-O1 and 

Ga-O2 reference distances are from the crystal structure of Ga2O3
 and SrGa2B2O7, 

respectively.174-175 The Ga-C and Ga-Al distances are from crystal structures of organogallium 
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compouns.176-177 c These coordination numbers were constrained to integer values, based on 

the model. d Constrained to the same value. e Constrained to the same value.  
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Figure S4.3 Closeup of the Ga K-edge XANES for GaiBu3/Al2O3, recorded in flowing He 

while ramping the temperature from 23 °C (red) to 550 °C (purple) at 10 °C/min. 
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Figure S4.4 Closeup of the Ga K-edge XANES for GaiBu3/Al2O3, recorded in flowing He 

while ramping the temperature from 23 °C to 550 °C at 10 °C/min: (a) 23 – 200 °C (red to 

orange); (b) 200 – 450 °C (from orange to blue); (c) 450 – 550 °C (blue to purple). 
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Figure S4.5 Evolution of the Ga K-edge EXAFS for GaiBu3/Al2O3, recorded in flowing He 

while ramping the temperature from 23 °C (red) to 550 °C (purple) at 10 °C/min. Left: 22 °C 

(red) and 83 °C (orange); Middle: 114 °C (orange) and 420 °C (blue); Right: 451 °C (blue) and 

543 °C (purple).  
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Figure S4.6 Wavelet-transform EXAFS of GaiBu3/Al2O3, at 23 °C (left) and 550 °C (right). 
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Figure S4.7 Ga K-edge XANES for GaiBu3/Al2O3 at 23 °C (red line) and 550 °C (purple line), 

in comparison with the reconstructed XANES from PCA components at 23 °C (brown dash 

line) and 550 °C (orange dash line). 
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Figure S4.8 The comparison of Ga K-edge (a) XANES, (b) EXAFS in k3-weighted k-space, 

and (c) k3-weighted FT-EXAFS for GaiBu3/Al2O3
 at 550 °C (black line) and cool down to 23 

°C (red line).   
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Figure S4.9 Curvefits (red) of the Ga K-edge EXAFS (points) in k3-weighted k-space for 

GaiBu3/Al2O3 after heating to 550 °C under He and cooling to room temperature. 
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Figure S4.10 Curvefits (line) of the Ga K-edge EXAFS (points) in k3-weighted k-space for 

GaiBu3/Al2O3 after heating to 550 °C under He and cooling to room temperature, with a 

dinuclear Ga model. 

Table S4.2 Curvefit parametersa for Ga K-edge EXAFS of GaiBu3/Al2O3 after heating to 550 

°C under He and cooling to room temperature, with a dinuclear Ga model.   

Path db/ Å N R / Å σ2 / Å2 

Ga – O1 1.803 3.0(3) 1.85(1) 0.004(1) 

Ga – Ga1 3.037 1c 2.95(4) 0.011(4) 

Ga – Al1 3.511 3c 3.31(2) 0.007(2) 

a S0
2 was fixed at 1. Data ranges: 3.0 ≤ k ≤ 13.0 Å-1, 1.0 ≤ R ≤ 4.0  Å. The total independent 

data point is 18.9. ΔE0 was refined as a global fit parameter, returning a value of (-1 ± 1) eV. 

The number of variable parameters is 8. The R-factor for this fit is 1.7 %. b The Ga-O and Ga-

Al distances are extracted from a 3-coordinate doped mononuclear Ga on Al2O3 model.62 The 

Ga-Ga distance is extracted from the crystal structure of Ga2O3.174  c N was fixed based the 

dinuclear Ga structure.    
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Figure S4.11 Evolution of the Ga K-edge EXAFS for GaiBu3/Al2O3 in k3-weighted k space, 

recorded in flowing 20 vol% C3H8/He at 550 °C for 3 h. 

 Non-Innocent Carbon Support Enables a Redox-active 

Atomically-Dispersed Iron Catalyst for C–O Hydrogenolysis 

 Introduction 

Heterogeneous catalysts with atomically-dispersed metal sites are emerging as a new 

frontier in catalytic transformations because of their maximal atom-utilization and unique 

selectivities.183-185 When designing atomically-dispersed catalysts, both stability and activity 

need to be taken into consideration. Stability can be achieved when the metal center is firmly 

anchored onto the support, while the activity may be impacted by a lack of sufficient empty 

coordination sites to bind reactants.186 This compromise between stability and activity can be 

overcome when a non-innocent support provides additional binding sites to assist in the 

chemisorption of intermediates in a catalytic cycle.187 Therefore, atomic-level understanding 

of the metal-support interaction is critical to the design of new catalysts for complex 
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transformations. However, the lack of long-range order for heterogeneous catalysts renders 

structural elucidation and mechanistic understanding rather challenging.188 

The importance of metal-support interactions is well illustrated in the case of hydrotreating 

catalysts (for hydrogenation or hydrogenolysis).189 Selective hydrogenation has been reported 

in the reduction of nitroarenes, carbonyls, and alkenes.190-194 For example, a single-atom Pd 

catalyst on carbon nitride showed high activity and selectivity for the semi-hydrogenation of 

alkynes, in comparison to a catalyst with Pd nanoparticles.191 These reactions do not require 

co-adsorption of unsaturated reactants and have been shown to follow the Eley-Rideal 

mechanism.194 However, there are fewer examples of atomically-dispersed catalysts in 

hydrotreating of other functional groups even with precious metals, for instance, 

hydrogenolysis of ethers195 and conversion of CO2 to alcohols.196-197 Possible explanations are 

the lack of vacant sites or flexible coordination structures to allow cleavage of both H-H and 

C-O bonds at the same metal center.198 

Understanding metal-support interactions is particularly important for base metals (e.g., 

Fe, Co, Ni, and Cu) used as hydrotreating catalysts. Although base metals have weaker abilities 

to activate H2
199 and higher oxophilicity200 compared to precious metals, their high natural 

abundance and low cost201 makes base metals desirable alternatives to precious metals in 

catalytic energy conversion and chemical transformations.202 However, examples of 

hydrotreating with base metals are mostly limited to hydrogenation.203-205 The use of non-

innocent supports can enable base metals to achieve the cleavage and formation of multiple 

bonds in a catalytic cycle.197 

Here, we report the synthesis and study of atomically-dispersed Fe on a non-innocent 

carbon support and demonstrate the role of the metal-support interaction for H2 splitting and 
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C-O bond hydrogenolysis. The presence of atomically-dispersed, five-coordinate Fe sites is 

predominant in the as-synthesized catalyst, based on extensive characterization by X-ray 

absorption spectroscopy, X-ray photoelectron spectroscopy, and electron microscopy, as well 

as theoretical calculations. We further take advantage of the well-defined structure of the Fe-

catalysts to establish the impact of the metal-support interaction on catalyst activation 

involving changes in the coordination number and oxidation state under reducing conditions. 

The contribution of the non-innocent support in catalysis is quantified by a series of probe 

reactions, including poisoning experiments, high temperature H2-chemisorption, and H2/D2 

exchange studies. 

 

 Results and Discussions 

Catalyst synthesis and characterization. The atomically-dispersed Fe catalysts were 

prepared by a co-condensation approach. We adapt our recently-reported synthesis of nitrogen 

assembly carbocatalysts (NACs)206 by in situ incorporation of Fe into the non-innocent NAC 

support, in which assemblies of closely-spaced graphitic N were identified as active sites for 

the activation of H-H, C-O, and C-H bonds.206 Specifically, Fe(acac)3 was dissolved in a 

mixture of ethylenediamine and carbon tetrachloride, which react at 90 °C to form C-N bonds 

while eliminating HCl. Ethylenediamine also serves as a ligand to coordinate and stabilize 

atomically-dispersed Fe species during this process. The condensation was conducted in the 

presence of ordered mesoporous silica (SBA-15) to ensure a high surface area and to maximize 

Fe accessibility. After carbonization at 600, 700, 800, or 900 °C, the silica template was 

removed by etching to afford mesoporous N-doped carbon embedded with atomically-

dispersed Fe sites. These new Fe catalysts are named Fe-NAC-X (where X refers to the 



105 

 

calcination temperature). High Fe loadings can be achieved, from 0.8, 0.9, 1.1 and 1.2 wt % 

for Fe-NAC-600, Fe-NAC-700, Fe-NAC-800 and Fe-NAC-900, respectively. 

The Fe-NACs have a nanorod morphology with uniform particle sizes (~ 300 nm  1 µm), 

according to transmission electron microscopy (TEM) (Figure 5.1a) and scanning electron 

microscopy (SEM) (Figure S5.1). High surface areas (530 - 770 m2 g-1) were determined by 

N2 physisorption (Figure S5.2 and Table S5.1). Ordered mesopores are indicated by the 

diffraction peak at ca. 2 θ = 1° in the small-angle powder X-ray diffraction (SXRD, Figure 

S5.3). The mesopore sizes are centered at ~ 3.0 nm, according to N2 physisorption (Figure 

S5.2and Table S5.1) and TEM (Figure 5.1b). In wide-angle X-ray powder diffraction (WXRD, 

Figure S5.4), no reflections attributable to iron-containing species (such as oxides or carbides) 

are present. Two broad peaks at 25 and 43° are assigned to the C(002) and C(004) reflections, 

respectively, of the N-doped carbon support. Furthermore, high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) clearly demonstrates the 

presence of Fe atoms atomically-dispersed over the carbon nanorods in each of the four 

catalysts, Figure 5.1c and Figure S5.5. The absence of iron clusters or nanoparticles was 

confirmed by HAADF-STEM, except for Fe-NAC-900 (Figure S5.6). STEM-EDS mapping 

of Fe-NAC-800 indicates a homogeneous distribution of Fe and N over the whole carbon 

matrix, Figure 5.1d. 
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Figure 5.1 Electron microscopy images of Fe-NAC-800: (a, b) TEM, (c) aberration-corrected 

HAADF-STEM, (d) EDS mapping, showing Fe (red) and N (blue). 

 

The electronic structure of Fe-NACs was further investigated. The X-Band EPR spectrum 

of Fe-NAC-800 (Figure 5.2a and Figure S5.7) reveals a signal at geff ~ 4.3, characteristic of 

high-spin FeIII (S = 5/2) sites. In highly rhombic systems (|E/D| ~ 1/3),207 such signals arise 

from a transition within the middle Kramers doublet |±3/2> and have isotropic character. 

c

a b

d

3.2 nm
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Simulation of this line afforded the zero-field splitting parameters D = 0.79 cm-1 and E = 0.26 

cm-1 (E/D = 0.32). This ratio is commonly observed for iron-containing metalloenzymes.207 

Spin quantification208 indicates that high-spin FeIII sites comprise ~90% of the total iron present 

in Fe-NAC-800. X-ray photoelectron (XPS) survey spectra (Figure S5.9) only showed the 

existence of Fe signals, and other metals were below its detection limits. High resolution XPS 

in the Fe 2 p3/2 region confirms that Fe is present as FeIII, Figure 5.2b and Figure S5.8.209 

Signals from N atoms bonded to the atomically-dispersed Fe sites are evident upon 

deconvolution of the N 1s region, Figure S5.10. Other N species present include pyridinic, 

pyrrolic, and graphitic N, as well as pyridine N-oxide (Table S5.2).210 The total abundance of 

N in Fe-NAC-800 is 36.7 mol% (Table S5.2-5.3), and the content of N-Fe among all N is 

estimated to 8.1 mol%. 
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Figure 5.2 Spectroscopic analysis of Fe-NAC-800: (a) EPR spectrum and simulation, (b) high-

resolution XPS spectrum, showing the Fe 2p region, (c) Fe K-edge XANES, showing 

comparisons to the spectra of Fe foil, and Fe(acac)3. 

 

Elucidation of Fe coordination. The Fe coordination environments in Fe-NACs were 

investigated by analysis of the extended X-ray absorption fine structure (EXAFS), and by 

density functional theory (DFT) calculations. The analysis of Fe-NAC-800 is representative. 

Variations in bonding structure for the other three Fe-NACs will be discussed below, in the 

context of their impact on catalysis. 

The edge position of Fe-NAC-800, at 7,124.6 eV, is slightly lower than that of Fe(acac)3 

at 7,126.2 eV, Figure 5.2c. The FT-EXAFS magnitude shows a broad peak centered at 1.4 Å 

(not phase-corrected), with a shoulder at 1.8 Å (Figure 5.3a). These features arise from Fe-N 

and Fe-O single-scattering. There is also a broad, poorly resolved feature at 2 – 3 Å that may 

arise from non-bonded Fe-C and/or Fe-Fe single-scattering and/or multiple-scattering paths.211 

As a result, EXAFS curvefitting of this long-rang feature was not attempted. Instead, it was 

investigated qualitatively using the wavelet transform, which can help to distinguish between 
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non-bonded scatterers based on atomic weight.212 The WT-EXAFS of Fe-NAC-800 has two 

features (Figure 5.3b). The more intense feature has a maximum at 1.4 Å in non-phase-

corrected R-space. It arises due to scattering by directly-coordinated light atoms (O, N), which 

give rise to a maximum in k-space at 4.9 Å-1. The weaker feature has maxima in R-space and 

k-space at 2.3 Å and 4.4 Å-1, respectively. The k-space value more closely resembles that for a 

simulated Fe-C path (4.8 Å-1) than an Fe-Fe path (7.3 Å-1), Figure S5.11-12. The location of 

the maximum in the WT-EXAFS of Fe-NAC-800 therefore suggests that the long-range 

feature results from Fe-C rather than Fe-Fe scattering. The EXAFS of Fe-NAC-800 is 

consistent with the HAADF-STEM observation of single-site Fe atoms. 
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Figure 5.3 Fe K-edge EXAFS of Fe-NAC-800 in (a) non-phase-corrected R-space (FT-

magnitude and its imaginary component, points), (b) wavelet transform. The curvefit (lines) 

represents refinement to the first-coordination sphere of a 4N-Fe-O model. Curvefit parameters 

are shown in Table S5.4. 
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The nature and number of Fe neighbors were investigated by EXAFS curvefitting. A 

model based on a reported tetra-coordinated Fe structure (4N-Fe)213 was attempted first (Figure 

S5.13a). However, the fit with the 4N-Fe model does not match the experimental spectrum in 

k-space above 7 Å-1, Figure S5.13b. Moreover, the k3-weighed χ(k) function of Fe-NAC-800 

shows a sudden decrease in amplitude at 8 Å-1, implying a second path that is partially out-of-

phase with the Fe-N path to provide destructive interference. Use of an 4N-Fe-O model gave 

the fit in Figure 5.3 and Table S5.4. The refined Fe-O distance, with coordination number N 

fixed at 1, is (1.87 ± 0.01) Å. This value is consistent with those reported for anionic O-donor 

ligands in 5-coordinate Fe(III) porphyrin derivatives (1.816 – 1.866 Å),214-217 but shorter than 

distances for neutral O-donor ligands (2.090 – 2.314 Å).218-221 The Fe-N distance, (2.03 ± 0.01) 

Å, falls within the range of distances reported for 5-coordinate Fe(III) phthalocyanine 

derivatives (2.012 – 2.066 Å).214-217 Importantly, the Fe-O path is partially out of phase with 

the Fe-N path at k > 8 Å-1 (Figure S5.14), consistent with  the destructive interference 

shown in Figure S5.13. A 6-coordinate model was also refined to the data. To balance the 

charge for Fe3+, we consider that one O ligand is anionic while the other is neutral in this model. 

Since the neutral O ligand distance is similar to the Fe-N distance, they are indistinguishable 

in the EXAFS curvefit. Therefore the 6-coordinate model has N(Fe-N) = 5 to represent 4 Fe-

N paths and 1 Fe-(neutral)O path, and N(Fe-O) = 1 for an anionic O ligand (5N-Fe-O). 

Although the fit reproduces the experimental data in k-space, the value of σ2(Fe-N), (0.015 ± 

0.003) Å2, is suspiciously large, Figure S5.13 and Table S5.4. Therefore, the curvefit analysis 

suggests that a 6-coordinate Fe site is less likely represent to Fe-NAC-800.  

To validate the structures proposed by EXAFS curvefitting, we performed spin-polarized 

DFT calculations of possible models. To create the active site, a carbon divacancy was first 
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replaced by a Fe atom, followed by replacing the four carbon atoms coordinated with the Fe 

by four nitrogen atoms. The structure of FeIIN4 is shown in Figure 5.4a. The Fe-N bond length 

is about 1.88 and 1.89 Å. Next, an OH group or a water molecule was introduced to form a 

penta-coordinate Fe (FeIIIN4-OH), with Fe-O bond lengths of 1.82 Å (Figure 5.4b) and 2.35 Å 

(Figure 5.4c), respectively. Note that coordination of OH causes the Fe-N bonds to be slightly 

elongated and the Fe to protrude locally with respect to the plane of the N atoms; the vertical 

height of Fe is about 0.26 Å above the average height (in the z-direction) of the four N atoms. 

Compared with (FeIIN4-OH2), the FeIIIN4-OH structure is the closest structure to the EXAFS 

curvefit for 5-coordinate Fe, with its Fe-O distance of 1.82 Å, although the calculated Fe-O 

and Fe-N bond lengths are slightly shorter than the curvefit values. We also considered the 

possible presence of a Fe=O moiety, by introducing a terminal oxygen on Fe. However, the 

Fe=O bond length in the optimized structure, 1.65 Å, is much too short compared to the curvefit 

value. We further compared with 6-coordinate species by introducing two water molecules, or 

two O atoms, resulting in FeIIN4-(H2O)2 and FeVIN4O2, respectively, in Figure 5.4e and Figure 

5.4f. The Fe-O and Fe-N bond lengths are very similar to those in the corresponding 5-

coordinate structures. 
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Figure 5.4 DFT-calculated structures for the Fe center, including (a) Fe-N4, (b) coordinated 

with terminal O, (c) OH, and (d) water. Structures with (e) two coordinated waters (e) and (f) 

two terminal O, are included for comparison Fe, O, N, C, and H are colored orange, red, blue, 

gray, and white, respectively. The Fe-N bond length are indicated in the figure, as well as the 

N-Fe-O angles. Note that the Fe-O bond lengths in the water complexes can change slightly 

depending on the orientation of the water molecules. 

 

Combining the information from the EXAFS and the DFT simulations, we conclude that 

the local environment of the Fe sites in Fe-NAC-800 is 5-coordinate, with four N donor ligands 

and one OH ligand. If we consider the carbon support to be an anionic ligand with a 2- change, 

by analogy to phthalocyanine, and the axial OH- to be monoanionic ligand, then the local 
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charge of the FeIII complex is neutral. It should also be noted that FeIIIN4-OH has been proposed 

as the active site for oxygen reduction in proton exchange membrane fuel cells.222 The direct 

synthesis of such a structure could further advance the structural transformation of single-atom 

catalysts with base metals in electrocatalysis. 

Catalytic cleavage of C-O bonds. We investigated the performance of Fe-NAC catalysts 

for the cleavage of the C-O bonds in 2-phenoxy-1-phenylethan-1-ol (PPE, 1), a model 

compound for β-O-4 linkage of lignin. In the presence of 20 bar H2 and with 2-PrOH as solvent, 

the Fe-NACs, and Fe-NAC-800 in particular, show activity in hydrogenolysis at temperatures 

as low as 170 °C. The activities of the various Fe-NACs were compared at 230 °C. An initial 

rate of PPE conversion of 2.5 mM h-1 was observed for Fe-NAC-800. This value is higher than 

those for Fe-NAC-600, -700, and -900 of 0.2, 0.7, and 1.3 mM h-1, respectively (Figure 5.5a). 

After 16 h, PPE is completely converted to phenol and ethylbenzene (Figure 5.5b). Three 

intermediates (Figure S5.15 and Table S5.5) were also identified for all Fe-NAC catalysts: 

styrene, 1-phenylethanol, and acetophenone. For each intermediate, the maximum yields in the 

presence of Fe-NAC-800 catalyst were 4 % (1 h), 6 % (4 h), and 6 % (8 h), respectively. A 

small amount of a minor product, phenethoxybenzene (PEB), was also detected (Figure S5.15 

and Table S5.5) in all cases after hydrogenolysis of PPE C-OH. 
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Figure 5.5 PPE conversion catalyzed by Fe-NAC materials at 230 °C: (a) initial rates, and (b) 

kinetic profiles for Fe-NAC-800, (c) reaction orders in H2 and PPE for Fe-NAC-800, and (d) 

apparent activation energy for Fe-NAC-800. Reaction conditions: 14 mM PPE in 2-PrOH (1.50 

mL), Fe-NAC (5.0 mg), 20 bar H2. 

 

Interestingly, no arene hydrogenation products were formed for any catalysts, showing the 

unique capability of Fe-NACs in the preservation of aromaticity. Hydrogenation of arenes, 

particularly for phenolics, is frequently encountered for conventional metal catalysts (such as 

Ni and Pd) under comparable reaction conditions.223-224 

Kinetic studies carried out using the Fe-NAC-800 catalyst showing zeroth- and first-order 

behavior with respect to PPE and H2, respectively, Figure 5.5d and Figure S5.16. The zeroth-
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order dependence on PPE suggests that the NAC support adsorbs the aromatic substrate 

strongly and thus increases the reaction rates. Therefore, the rate-determining step is suggested 

to be the dissociation of H2 under the reaction conditions of this work. The activation energy 

was assessed by measuring initial rates in batch mode under 20 bar H2 and Fe-NAC-800 at 

170-230 °C. The apparent activation energy (Ea) for Fe-NAC-800 is 172 kJ mol-1, Figure 5.5c. 

To exclude contributions from leached Fe species in the liquid phase, control experiments 

were carried out using homogeneous catalysts, including Fe(acac)3 and FeCl3 with 

phenanthroline (2 equiv.), Table S5.5. As expected, no activity was observed. Therefore, we 

conclude that the observed catalytic activity originates from Fe-NAC and is not likely to be 

due to dissolved Fe species. 

The robustness of the catalysts was explored by recycling the used material. The most 

active catalyst, Fe-NAC-800, was evaluated in 5 consecutive cycles at 230 °C (Figure 5.6). 

The reaction was stopped after 4 h in each cycle to ensure ca. 50 % (rather than full) conversion 

of PPE. The recycling experiments show that the Fe-NAC-800 is stable, with no apparent 

changes to either conversion (Figure 5.6a) or selectivity (Figure 5.6b). No apparent differences 

were observed between the recycled Fe-NAC-800 and the fresh catalyst in terms of textural 

parameters (such as N2 physisorption and XRD powder pattern). (Table S5.1-5.2 and Table 

S5.6; Figure S5.2-5.4 and Figure S5.7-5.10). No leaching of Fe was observed ( 

entry samples XPS CNH ICP 

 
 C(at%) N(at%) Fe(at%) 

C:N 
(atomic) 

C(wt%) N(wt%) 
C:N 
(atomic) 

Fe 
(wt%) 

1 Fe-NAC-
600 

80.44 12.43 0.18 6.5 66.72 17.59 4.4 
0.84 

2 Fe-NAC-
700 

79.03 12.94 0.20 6.1 64.63 15.56 4.9 
0.94 

3 Fe-NAC-
800 

83.38 11.08 0.21 7.5 70.40 12.58 6.5 
1.1 

4 Fe-NAC- 88.00 4.54 0.23 19.4 74.52 6.53 9.3 1.2 
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Table S5.3). Sintering to Fe-containing nanoparticles is also excluded, as indicated by 

TEM (Figure S5.1) and WXRD (Figure S5.4) studies. HAADF-STEM (Figure S5.17) 

characterization shows the atomically-dispersed Fe species are well-preserved. XAS analysis 

further confirms that the Fe sites remain atomically dispersed (vide infra). Therefore, we 

conclude that Fe-NAC-800 is stable at 230 °C. 

 

 

Figure 5.6 Recycling study of Fe-NAC-800: (a) Conversions of PPE, and (b) yields of major 

reaction species in each cycle. Reaction conditions: 14 mM PPE in 2-PrOH (1.50 mL), Fe-

NAC-800 catalyst (5.0 mg), 20 bar H2, 4 h, 230 °C. 

 

Substrate Scope. The scope of hydrogenolysis catalyzed by Fe-NAC-800 was explored 

for the compounds in Figure 5.7. The catalyst reacts with benzyl phenyl ether and 1-

phenylethanol, affording the corresponding hydrogenolysis products in high yields. In 

addition, 2-phenoxyacetophenone (PPK, 2) is transformed completely to ethylbenzene and 
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phenol, possibly after initial reduction to PPE. Direct conversion of PPK is another possibility 

since no PEB was observed. The PPE derivative 3, with three methoxy groups, is transformed 

to the corresponding products at a faster rate than PPE itself. 2-Phenoxy-1-phenylpropane-1,3-

diol (PPDE, 4) bearing a Cγ-OH group is converted with full cleavage of the aromatic C-OH 

bond and the C-O ether linkage, forming propylbenzene, 1-phenyl-propene, and 3-

phenylpropanol in addition to phenol. The methoxylated PPDE derivative (5) is converted even 

faster than PPDE, with complete cleavage of all three C-O linkages.  
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Figure 5.7 Hydrogenolysis of compounds catalyzed by Fe-NAC-800. Conversions and molar 

yields are shown below the reactants and corresponding products, respectively. Reaction 

conditions: 14 mM reactant in 2-PrOH (1.50 mL), Fe-NAC-800 (5.0 mg), 230 °C, 20 bar H2. 

 

Origin of hydrogenolysis activity. Hydrogenolysis reactions require the cleavage and 

formation of multiple bonds, and are rarely reported for single-site catalysts, particularly those 

with Fe active sites. Therefore, it is critical to understand the origin of the activity of Fe-NAC 
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catalysts and differentiate the unique activity of the FeSA sites from that of the non-innocent 

NAC support. 

We first carried out poisoning experiments by adding different amounts of KSCN to Fe-

NAC-800 prior to conducting PPE hydrogenolysis, Figure 5.8a. The strong binding of SCN− 

to Fe impedes its ability to split hydrogen.209 Addition of 0.2 equiv. KSCN relative to the Fe 

content causes PPE conversion to decrease from 53% to 38%. The conversion decreases further 

to 32% and 20% in the presence of 0.5 and 1.0 equiv. KSCN, respectively. Introducing one 

extra equiv. KSCN resulted in little further impact on the activity. The poisoning study 

indicates that the atomically-dispersed Fe sites are fully accessible and catalytically active. The 

PPE conversion (20%) after full passivation of the Fe sites is almost identical to that of NAC-

800 (19%) under the same reaction conditions, suggesting that the surface nitrogen assembly 

remains active and is resistant to KSCN poisoning. 
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Figure 5.8 Control experiments to probe the reactivity of Fe sites in Fe-NAC-800: (a) KSCN 

poisoning of PPE conversion. Reaction conditions: 14 mM PPE in 2-PrOH (1.50 mL), Fe-

NAC-800 catalyst (5.0 mg), 20 bar H2, 4 h, 230 °C, and (b) estimation of reactivity for Fe sites 

(red) by subtraction of the support contribution from the observed initial rates (black). The 
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polynomial relation between initial rates and the graphitic N ratio (Ag), initial rate = 0.0644 * 

Ag
2 – 0.2083 * Ag + 0.182), was adopted from a previous report.206 

 

Further analysis of the kinetics shows that initial rates for PPE conversion correlate 

linearly with Fe loading (Figure 5.8b), except for Fe-NAC-900, which contains both Fe single-

atoms and nanoparticles. As for Fe-NAC-900, the longer-range feature has a weaker intensity 

at maxima in R-space and k-space of 2.29 Å and 7.0 Å-1, respectively, suggesting Fe-Fe paths. 

This is also consistent with the observation of Fe clusters by STEM (Figure S5.6). Thus only 

single-site Fe and not Fe-containing particles are catalytically active. 

In particular, Fe-NAC-800 is almost 4 times more active than NAC-800, based on initial 

rates (2.45 versus 0.68 mM h-1). Quantitative analysis of the XPS spectra (Figure S5.9) 

combined with deconvolution in the N 1s region (Table S5.6) shows that the molar content of 

graphitic N (4.1 mol%, Table S5.2) is more than one order of magnitude higher than that of Fe 

(0.22 mol% by XPS and ICP-AES) on the surface of Fe-NAC-800. The low Fe content and 

high reactivity of Fe-NAC-800, compared to Fe-NAC-900, imply that the Fe sites play a major 

role in the PPE conversion. 

The contribution of Fe in catalysis can be estimated by subtracting the activity of the NAC 

support. The activity of the close-spaced graphitic N sites is correlated with the graphitic N 

content in a second-order polynomial relationship.206 After subtraction of the NAC-

contribution, the remaining activity attributable to the Fe sites in Fe-NAC-800, 700, and 600 

are estimated as 2.05, 0.95, and 0.42 mM h-1, respectively (Figure 5.8b). However, these 

dramatic differences in activities cannot be explained solely by the small variation in Fe 
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loading (0.8 - 1.1 wt %). They must originate from the interaction between Fe and the NAC 

support. 

To explore the origin of the support effect on Fe coordination, EXAFS curvefitting was 

conducted simultaneously for Fe-NAC-600, Fe-NAC-700, and Fe-NAC-800, while fixing the 

N values and constraining ΔE0
 to the same value for all spectra (Figure S5.19 and Table S5.7). 

All Fe sites are assumed to have a similar coordination environment (FeN4-OH). The EXAFS 

analysis shows that the Fe-O path length remains essentially unchanged at 1.86 – 1.88 Å, 

whereas the Fe-N path lengths decrease from (2.08 ± 0.01) Å to (2.02 ± 0.01) Å as the 

calcination temperature increases from 600 to 800 °C. This change in bond length induced by 

the support is a unique feature of supported atomically dispersed catalysts, which cannot be 

difficult to be achieved with molecular catalysts. The degree of graphitization of the carbon 

support, influenced by the carbonization temperature, not only impacts the Fe site 

electronically but also directly influences the first coordination sphere of Fe site and beyond.  

In addition, the Fe site may work in synergy with the nitrogen assembly sites by providing 

binding sites for chemisorbed intermediates. For instance, we showed previously that the 

nitrogen assembly selectively adsorbs styrene at the -carbon, forming a C-N bond with the 

surface.206 Notably, styrene is most likely the key intermediate leading to the formation of the 

product ethylbenzene (Figure S5.15). However, the absolute content of the various N species 

(e.g., pyridinic, graphitic, pyrrolic, or pyridine N-oxide) varies significantly after calcination 

at different temperatures (Table S5.2). Specifically, the graphitic N content peaks at 4.1 mol% 

for Fe-NAC-800, compared to 0.9, 2.8, and 2.3 mol% on Fe-NAC-600, Fe-NAC-700, and Fe-

NAC-900, respectively (Table S5.2). The variation in graphitic N content can affect the 

distance with neighboring nitrogen assembly sites. Single-atom Fe sites are located far from 
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the nitrogen assembly sites. Even if their surface concentration is high, they will likely be 

active for only H2 splitting but not for C-O hydrogenolysis, resulting in the low observed 

activity of Fe-NAC-600. 

Quantification of Hydrogen Activation. To better quantify the activity of Fe-NAC in 

hydrogen splitting, we carried out high-temperature pulsed H2 chemisorption and reversible 

H2/D2 exchange. Both are critical physicochemical properties of Fe-NAC for future 

development of selective hydrogenolysis catalyst with earth abundant metals. The ability of 

Fe-NAC-800 to dissociate H2 was directly measured using pulsed H2 chemisorption (Figure 

5.9 and Figure S5.20). At 60 °C, the H2 uptake was around 2.0 μmol H2 gcat
-1. Upon raising the 

temperature to 240 °C, the H2 uptake increased 11-fold, to 22 μmol H2 gcat
-1. The amount of 

chemisorbed H2 decreased dramatically to 6 and 0 μmol H2 gcat
-1 at 300 and 360 °C, 

respectively. Note that metal-free NAC-800 can also dissociate molecular hydrogen, with a 

capacity of 5.9 μmol H2 gcat
-1 at 240 °C. This amount is about one-fourth of the capacity of Fe-

NAC-800 (22 μmol H2 gcat
-1). 
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Figure 5.9 Determination of active sites for PPE conversion on Fe-NAC-800. (a) Pulsed H2 

chemisorption by Fe-NAC-800 (black) and NAC-800 (blue) at 60-360 °C. Some of the data 

for NAC-800 are published in ref 206. (b) 1H NMR spectra of benzene-d6 with dissolved gas 

from the headspace after H2/D2 exchange catalyzed by Fe-NAC-800, showing the formation 

of gas HD. All spectra are normalized to the H2 signal. Reaction conditions: NAC-800 (5.0 

mg), n-decane (1.50 mL), 230 °C, total pressure 20 bar (D2 and H2, 1:1 v:v). 

 

Reversible H2 dissociation on Fe-NAC-800 was further demonstrated by performing 

H2/D2 exchange. The study was performed at 230 °C in n-decane rather than 2-PrOH (to avoid 

exchange with the solvent), starting with equimolar H2 and D2 (10 bar each). Formation of 

isotopically-mixed HD was detected by solution-state 1H NMR, after the dissolution of the 

headspace gas in benzene-d6 (Figure 5.9b). 

 

Mechanistic investigation. To explore the impact of the metal-support interaction on the 

reaction mechanism, we first performed DFT calculations of the activation barrier for H2 

splitting on Fe centers in different coordination environments (Figure 5.10), considering the 
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H2 activation is rate-limiting. With no O-donor axial ligand, dissociation of H2 at the FeN4 

center needs to overcome an intrinsic activation barrier of 2.0 eV, forming a hydride bonded 

to Fe and a proton bonded to C adjacent to N. This reaction is endothermic by 1.0 eV. There 

could be an intermediate structure in which H2 first adsorbs on the Fe center, at an energy cost 

of 0.1 eV (Figure S5.22). This hydrogen activation mechanism for Fe-NAC resembles those 

of [Fe]-hydrogenase225 and molecular amine(imine)diphosphinoiron,226 whose ligands are 

hypothesized to participate in H2 activation.  

 

 

Figure 5.10 DFT-calculated reaction profile. The energy reference is H2 in the gas phase. Three 

catalysts are compared, including pristine 4N-Fe (black), with a coordinated OH ligand (red), 

and with a coordinate water (green). The insets show the atomic structures of the three Fe sites. 

The energy unit is eV, and the bond length unit is Å. 
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In the presence of an axial OH ligand on the opposite side of the graphene sheet, the 

activation barrier for H2 splitting increases to 2.5 eV, with an energy cost of 1.3 eV. With an 

axial water on the opposite site, H2 activation needs to overcome an even higher barrier of 2.9 

eV. This analysis of activation barriers suggests that the bare FeIIN4 site should be the most 

active site among the three structures. Note that an activation barrier of 2.0 eV is similar to the 

previously reported value for metal-free NAC,206 and is slightly higher than the experimentally 

measured value (Ea,app = 172 kJ mol-1) in this study (Figure 5.5c). 

 

To obtain more information about structural changes that the active sites undergo during 

reaction, Fe-NAC-800 was recovered after recycling 5 times and subjected to further XAS 

analysis. The edge position decreased by 1.4 eV (Figure S5.22) suggests that some of the 

Fe(III) sites had been reduced to Fe(II) because the oxidation states change from Fe(III) to 

Fe(II) usually causes ca. -2 eV shift. In the FT-EXAFS, the amplitude at 1.4 Å decreased 

(Figure S5.23), consistent with a change in the average Fe coordination environment. 

However, the broad peak at 2 – 3 Å changes little, implying that Fe sites are still located in the 

N-doped graphene plane (Figure S5.24). The EXAFS of fresh and recycled Fe-NAC-800 were 

curvefitted simultaneously to estimate the change in N(Fe-O). N(Fe-O) and ΔE0 were refined, 

while N, R and σ2 for the Fe-N path were constrained to the same values in the spectra of fresh 

and recycled Fe-NAC-800, Figure S5.24 and Table S5.8. The Fe-O and Fe-N distances, at 

(1.88 ± 0.01) Å and (2.03 ± 0.01) Å, respectively, are consistent with the curvefit results with 

fixed coordination numbers presented above for the fresh catalyst. In recycled Fe-NAC-800, 

the value of N(Fe-O) decreases slightly, from (1.0 ± 0.3) to (0.6 ± 0.3). This analysis supports 
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the hypothesis that a portion of the Fe sites lacks an axial O-donor ligand. These are 

presumably the 4-coordinate Fe(II) sites.  

Based on the structural comparison and the kinetic calculations, it is likely that bare FeIIN4 

sites play a major role in activating H2 molecules. It should be noted that the high barrier for 

hydrogen activation by FeIIIN4-OH prohibits the reaction. Considering the non-innocent NAC 

support has a predicted barrier of 1.8-2.2 eV for H2 activation,206 the initial reduction of FeN4-

OH is likely triggered by hydrogen chemisorbed on the NAC support close to the Fe center. 

We calculated the activation barrier for the support-mediated reduction of a FeIIIN4-OH to 

FeIIN4-H2O to be 1.3 eV (Figure S5.25), which is smaller than the H2 activation barriers. 

Desorption of water, with an energy cost of only 0.3 eV, leads to the formation of the bare 

FeIIN4 site. This moderate barrier thus suggests a feasible mechanism for the change in Fe 

coordination number under the reaction conditions. 

The experimental results combined with DFT modeling suggest structural evolution in 

different stages of the reaction, as described in Scheme 5.1 Proposed structural evolution of Fe 

sites under reaction conditions.. Under the reaction conditions, H2 is initially chemisorbed by 

sites on the NAC support, leading to the reduction of 5-coordinate FeIIIN4-OH to 4-coordinate 

FeIIN4. The latter is the active site responsible for further H2 splitting and C-O hydrogenolysis. 

The reduction of Fe is most likely rapid relative to the reaction timescale (hours); otherwise, 

the activity observed in the 5 catalyst recycles (4 h per cycle) would be different. After the 

reaction, FeIIN4 is partially oxidized upon re-exposure to air, resulting in a mixture of 5-

coordinate Fe(III) and 4-coordinate Fe(II) sites in the recycled catalyst. 
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Scheme 5.1 Proposed structural evolution of Fe sites under reaction conditions. 

 

 

The activation of Fe sites generates water as a product, and the presence of water might 

retard the reaction by reversibly binding to Fe. We explored this hypothesis by examining the 

solvent effect (Table S5.9). Slightly higher PPE conversion was observed in n- decane (69%) 

compared to the reaction in 2-PrOH (53%), suggesting that 2-PrOH can bind weakly to the Fe 

center to inhibit the reaction. However, introducing 20 vol% water in 2-PrOH caused the PPE 

conversion to decrease significantly, to 4%. The result indicates that neither FeIIIN4-H2O nor 

FeIIIN4-OH are as active as Fe(III)N4 for the hydrogenolysis reaction. The inhibiting effect of 

water on the Fe-NAC-800 catalyst can also explain the deviation from apparent zeroth-order 

kinetics in PPE in the time-resolved study (Figure 5.5b and Figure 5.5d); more water is formed 
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at higher conversions, the reaction slows down. This inhibition is reversible; otherwise, the 

catalyst would not be recyclable. 

 

 Conclusions 

In this work, we report the synthesis of atomically dispersed Fe catalysts anchored on 

nitrogen assembly carbons (Fe-NACs) to achieve selective C-O bond hydrogenolysis, assisted 

by the metal-support interaction. Systematic studies using spectroscopic, microscopic, and 

theoretical methods reveal that the Fe(III) site in the as-synthesized catalyst is predominantly 

5-coordinate, with four nitrogen donors and one hydroxyl ligand. Catalytic activities of Fe-

NACs were explored in the hydrogenolysis of alkyl C-O linkages in various aromatic 

oxygenates, without arene hydrogenation. Stability against deactivation was observed even 

after five cycles for hydrogenolysis at 230 °C under 20 bar H2. The reduction to 4-coordinate 

Fe(II) site generates the active sites for H2 splitting under the reducing reaction conditions. 

DFT calculations reveal that the resulting site has a lower barrier for H2 splitting; the 

transformation of the Fe sites is likely initiated by the non-innocent NAC support. Mechanistic 

studies distinguish between activity due to Fe sites and the support. The presence of Fe permits 

facile and reversible hydrogen chemisorption, which is the rate-determining step in the C-O 

hydrogenolysis reaction. 

Overall, the observed activity originates from the cooperation of the metal center and the 

support in the relay of H2 splitting and C-O bond cleavage. The critical roles of the support 

include, but are not limited to, stabilizing suitable local coordination structures, promoting the 

structural evolution of the metal site, and providing binding sites necessary to anchor reaction 

intermediates. Understanding the metal-support interaction allows the on-demand synthesis 
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and switch of structures of atomically dispersed catalysts, in particular with base metals. The 

resulting catalysts can be broadly applied in many complex chemical transformations, such as 

hydrotreatment, electrochemical oxygen reduction reaction, and CO2 reduction. 

 

 Supporting Information 

Chemicals. Iron(III) acetylacetonate (99.5%, trace metal), ethylenediamine (99.5%), 

carbon tetrachloride (99.9%), P123 (Mn~5,800), TEOS (98%), 1-phenylethanol (99.5%), 2-

phenylethanol (99%), ethylbenzene (99%), styrene (99%), benzyl phenyl ether (98%) 

decane (99%), guaiacol (98%), dodecane (99%) were purchased from Sigma-Aldrich. 

DMSO-d6 (99.5%, 99.9 atom% D), benzene-d6 (99.5%, 99.5 atom% D), CDCl3-d (99.5%, 99.8 

atom% D), methanol-d4 (99.5%, 99 atom% D), 2-PrOH-d8 (99.5%, 99.8 atom% D) were 

purchased from Cambridge Isotope Laboratories. HCl (TraceMetal grade), hydrofluoric acid 

(TraceMetal grade), acetophenone (99%), 2-PrOH (99.9%) were purchased from Fisher 

Chemical. Ethylenediamine (99%) was purchased from Acros Organics. Guaiacylglycerol-β-

guaiacyl ether (97%) was purchased from TCI Chemical. PPE (99.89%) was purchased from 

BBLDpharm. H2 (99.995%) and D2 (99.99%) were purchased from MATHESON trigas. Pd/C 

(1 wt%) was purchased from Strem Chemicals. All chemicals were used as received. 

Catalyst synthesis. Fe-NAC materials were synthesized based on a modified literature 

method 227. Fe(acac)3 (250 mg) was added into the solution of ethylenediamine (1.80 g) and 

carbon tetrachloride (4.00 g), followed by the addition of SBA-15 (0.80 g). (Caution: this is 

an exothermic reaction with vigorous gas evolution.) The condensation of the mixture was 

carried out at 90 °C for 6 h and dried for 12 h at 120 °C, affording a solid residue. The residue 

was carbonized (3 °C min-1, 2 h) at a given temperature under following Ar flow (MATHESON 
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trigas, 99.999%). The as-prepared sample was treated with a solution of 5 wt% HF in order to 

remove Si. The suspension was filtrated, washed with water for 10 times and dried under 

vacuum at 100 °C, named as NAC-x (x: calcination temperature). The NAC catalysts were 

stored in a desiccator under air before usage. 

Materials characterization. Powder X-ray diffraction (XRD) was performed on a Bruker 

D8A25 diffractometer with Cu Kα radiation (λ = 1.54184 Å) operating at 30 kV and 25 mA. 

N2 physisorption was carried out at -196 °C using an auto-adsorption analyzer (Micromeritics, 

3Flex). Before adsorption measurements, the samples were degassed at 250 °C overnight. The 

total pore volume was determined from the aggregation of N2 vapor adsorbed at a relative 

pressure of 0.99. The specific surface area was calculated using the B.E.T. method, and the 

pore size were estimated using BJH method from the desorption branch of the isotherms. 

Transmission electron microscopy (TEM) images were acquired using a Tecnai G2 F20 

electron microscope operated at 200 kV. Aberration Corrected Scanning Transmission 

Electron Microscope (STEM) images were recorded using the FEI Titan Themis with an 

aberration-ccorrected, mono-chromated, transmission electron microscope operated at 200 kV. 

Elementary analysis of all samples was carried out using a Perkin Elmer 2100 Series II CHN/S 

Analyzer. Scanning electron microscopy (SEM) images were acquired on a FEI Quanta 250 

FE-SEM.  

X-ray photoelectron spectra (XPS) were recorded on a PerkinElmer PHI ESCA system by 

Physical Electronics (PHI) with a detection limit of 1 at%. Monochromatic x-rays were 

generated by an Al Kα source (1486.6 eV). The binding energy values were calibrated using 

the C1s peak at 284.6 eV. For quantitative analysis with CASA software, the components were 

deconvoluted to Gaussian-Lorentzian lineshapes. The peak area was divided by a sensitivity 
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factor obtained from the element-specific Scofield factor and the transmission function of the 

spectrometer. The uncertainties for deconvolution parameters were estimated using a Monte 

Carlo approach. 

Pulsed H2 chemisorption experiments were performed utilizing a micromeritics 

AutoChem II instrument under the flow of He at 20 mL min-1. Fe-NAC-800 catalyst (100 mg) 

was mounted between quartz wool inside a quartz reactor assembled in a furnace. The 

temperature was measured at the sample position with a K-type thermocouple sealed in a 

quartz capillary. All samples were thermally pre-treated at 400 °C for 4 h to remove any 

possible surface contamination such as carbon species or water present in air. In the pulsed 

chemisorption experiment, H2 consumption was monitored through a thermal conductivity 

detector that measures the signal difference of the desorbed gas versus a reference flow. 

X-ray absorption spectra at the Fe K-edge (7,112 eV) were collected on beamline 4–3 at 

the Stanford Synchrotron Radiation Lightsource, which operates at 3.0 GeV with a current of 

500 mA. The samples were mounted in motorized 4-slots sample holders and placed in a He-

purging box at room temperature. Fe(acac)3 was diluted to ca. 1 wt% Fe with BN Data were 

collected in fluorescence mode using a PIPS detector. For energy calibration, an iron foil was 

placed after the second ion chamber following the incident beam direction. The energy of the 

first maximum in the first derivative of the XANES was defined as 7,112 eV. The data were 

processed using Demeter software package, by subtraction of a linear pre-edge and 

normalization by the edge jump.111 The χ(k) data were isolated by subtracting a smooth, third-

order polynomial approximating the absorption background of an isolated atom. The data were 

k3-weighted before Fourier-transform. The amplitude reduction factor (S0
2), coordination 

numbers (Ni), distances to the scattering atoms (Ri), and mean-squared displacements (σi
2) were 
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obtained by nonlinear fitting with least-squares refinement of the EXAFS equation to the 

Fourier-transformed data in R-space, using the Artemis program. To simulate the EXAFS 

spectra of individual paths, the crystallographic information files were imported into Artemis. 

EXAFS spectra were generated using FEFF6. 

Continuous Cauchy wavelet transform (CCWT) EXAFS used MATLAB computation 

following a previously described procedure.228 The spectra were generated using n = 200 

(default) for Continuous Cauchy wavelet. For CCWT simulations, backscattering amplitude 

functions and phase shifts were calculated using FEFF6. 

Catalytic hydrogenolysis and hydrogenation. The solution (1.50 mL) of the substrate 

of interest, containing 4.4 mmol L-1 dodecane as the internal standard, and Fe-NAC catalyst 

(5.0 mg) were added into a self-built Swagelok reactor (total volume: 5 mL). After purging the 

reactor with H2 7 times, the reactor was pressurized with 20 bar H2, and heated to desired 

temperature under stirring (300 rpm). After the reaction, the reactor was quickly quenched in 

room-temperature water. In addition to authentic samples, intermediates and products were 

also verified using GC-MS (Agilent 6890N/5975) with a 30 m capillary column (Agilent, HP-

1) and He as the carrier gas. The concentrations of reaction species were quantified using GC-

FID (Agilent 6890, FID detector) with a 30 m capillary column (Agilent, HP-1). External 

calibration was carried out with solutions prepared with authentic samples of related species 

(Figure S5.15) and also dodecane. Conversions and yields were further calculated based on the 

calibration curves established on the dependency of the chromatographic areas as a function 

of concentration. 

The carbon balances were calculated for molecules containing C6 and C8 moieties. For 

example, in a typical PPE conversion catalyzed by Fe-NACs, the C6 carbon balance counts for 
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phenol and PEB together with unconverted PPE; the C8 carbon balance includes styrene, 

acetophenone, 1-phenylethanol, ethylbenzene, and PEB together with unconverted PPE. The 

initial rates are determined, using data below 20% conversion. In the recycling study, the 

catalyst can be recovered by centrifugation and then washed three times with 40 mL 2-PrOH 

each, followed by drying at 100 °C overnight for the next cycle. The uncertainties were 

estimated based on results from multiple runs. 

Exchange of H2/D2. Decane (1.50 mL) and Fe-NAC-800 catalyst (5.0 mg) were added 

into a self-built Swagelok reactor (total volume: 5 mL). After purging 7 times with H2, the 

reactor was charged with a total of 20 bar H2 and D2 (1:1). The actual amount of H2 and D2 in 

the reactor were measured to be at 2.8 mg and 5.7 mg, respectively. The reactor was then 

heated to 230 °C under stirring (300 rpm). After different time intervals, the reactor was 

quickly quenched in room-temperature water. The gas (~2 bar) in the headspace of the reactor 

was bubbled into 0.5 mL benzene-d6 inside a 5 mm solution NMR tube. 1H NMR spectrum of 

the obtained benzene-d6 with dissolved gas was acquired immediately using Bruker Avance 

III 600 spectrometer. 
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Figure S5.1 Microscopic characterizations. SEM images of (a) fresh and (b) Fe-NAC-800 after 

5 reaction recycles. TEM images of (c) fresh and (d) Fe-NAC-800 after 5 reaction recycles. 

a b

c d
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Figure S5.2 BET analysis of Fe-NACs. (a) N2 sorption isotherms. (b) Pore size distributions. 

 

Table S5.1 BET analysis of Fe-NACs. 

 

  

a

b

entry samples 
S

BET
 

(m²/g) 
V

pore
 (cm³/g) 

D
p
 

(nm) 
1 Fe-NAC-600 529 0.43 2.9 
2 Fe-NAC-700 768 0.57 2.8 
3 Fe-NAC-800 656 0.59 3.2 
4 Fe-NAC-900 663 0.56 3.1 

5 
Fe-NAC-800 
after 5 cycles 

670 0.65 3.5 
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Figure S5.3 SXRD of Fe-NACs and Fe-NAC-800 after 5 reaction cycles 
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Figure S5.4 Powder XRD patterns of Fe-NACs catalysts, as well as the Fe-NAC-800 after 5 

reaction cycles, which show the C (002) and C (004) planes in graphitized carbons. 
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Figure S5.5 Aberration-corrected HAADF-STEM images (a) Fe-NAC-600, (b) Fe-NAC-700, 

(c) Fe-NAC-800, and (d) Fe-NAC-900. Aberration-corrected HAADF-STEM images showed 

the presence of single-atom Fe. 

 

  

a b

c d
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Figure S5.6 STEM image of Fe-NAC-900. STEM image showed the existence of nanoparticles 

of iron-related species. 
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Figure S5.7 EPR spectrum of Fe-NACs catalysts and Fe-NAC-800 after 5 reaction recycles. 

 

  



141 

 

 

Figure S5.8 Fe 2p XPS of Fe-NACs and Fe-NAC-800 after 5 reaction cycles. 
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Figure S5.9 XPS wide-scan spectra of different Fe-NACs and Fe-NAC-800 after 5 cycles. 
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Figure S5.10 N1s XPS of Fe-NACs and Fe-NAC-800 after 5 reaction cycles. 

 

 

 

 

 

 

 

Table S5.2 N1s fitting data of Fe-NACs. 
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entry catalysts 

N species (%) 

pyridinic N FeN4 pyrrolic N 
graphitic 

N 

pyridine N-

oxide 

1 Fe-NAC-600 45.71 3.36 41.46 5.61 3.84 

2 Fe-NAC-700 40.39 5.35 25.51 21.76 7.47 

3 Fe-NAC-800 38.69 7.90 9.84 36.52 6.24 

4 Fe-NAC-900 22.11 17.05 3.98 47.08 7.75 

5 
Fe-NAC-800 

after 5 cycles 
40.21 1.76 34.58 17.30 6.15 

 

Table S5.3 XPS, Elemental analysis and ICP of Fe-NACs. 

 

  

entry samples XPS CNH ICP 

 
 C(at%) N(at%) Fe(at%) 

C:N 
(atomic) 

C(wt%) N(wt%) 
C:N 
(atomic) 

Fe 
(wt%) 

1 Fe-NAC-
600 

80.44 12.43 0.18 6.5 66.72 17.59 4.4 
0.84 

2 Fe-NAC-
700 

79.03 12.94 0.20 6.1 64.63 15.56 4.9 
0.94 

3 Fe-NAC-
800 

83.38 11.08 0.21 7.5 70.40 12.58 6.5 
1.1 

4 Fe-NAC-
900 

88.00 4.54 0.23 19.4 74.52 6.53 9.3 
1.2 

5 
Fe-NAC-
800 after 
5 cycles 

84.32 8.89 0.22 6.6 64.52 12.49 6.0 1.1 
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Figure S5.11 Wavelet-Transform EXAFS for Fe-C path. The following parameters were fixed 

in the FEFF Simulation: S0
2 = 0.8, ΔE0

 = 0 eV, σ2 = 0.010 Å2. 
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Figure S5.12 Wavelet-Transform EXAFS for Fe-Fe path. The following parameters were fixed 

in the FEFF simulation: S0
2 = 0.8, ΔE0

 = 0 eV, σ2 = 0.010 Å2. 
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Figure S5.13 Curvefitting of the Fe K-edge EXAFS (left) and k3-weighted k-space (right) for 

Fe-NAC-800 with 4N-Fe model (top) and 4N-Fe-2O (bottom), showing the fit (black lines) 

superposed on the FT magnitude and its imaginary component (points). 
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Figure S5.14 The k3-weighted χ(k) functions for Fe-N (blue) and Fe-O path (red) in the EXAFS 

curvefitting of Fe-NAC-800 with 4N-Fe-O model. 

 

 

 

 

 

 

 

 

 

 

Table S5.4 Curvefit Parametersa for Fe K-edge EXAFS of Fe-NAC-800. 

Sample Path N R /Å σ2/Å2 
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4N-Feb Fe – N 4c 1.97(2) 0.007(1) 

4N-Fe-Od 

Fe – O 1c 1.87(1) 0.002(1) 

Fe – N 4c 2.03(1) 0.008(2) 

5N-Fe-1Oe 

Fe – O 1c 1.88 (2) 0.004(2) 

Fe – N 5c 2.03(2) 0.015(3) 

a S0
2 = 0.80 was fixed at the value for Fe(acac)3. Data range: 2.5 ≤ k ≤ 13.5 Å-1, 1.0 ≤ R ≤ 

2.4 Å. The total number of independent data points is 9.6. The reference distances for the Fe-

O and Fe-N paths are taken from the crystal structure of halofantrine-ferriprotoporphyrin. b 

ΔE0 = -2(2) eV was refined as a global fit parameter. The total number of variables is 3, with 

an R-factor of 10.0%. c The coordination number was fixed based on each model. d ΔE0 = 0(2) 

eV was refined as a global fit parameter. The number of variables is 5 with an R-factor of 1.6%. 

e ΔE0 = 0(2) eV was refined as a global fit parameter. The number of variables is 5, with an R-

factor of 1.6%.  

 
 
 
 
 
 
 
 



149 

 

 

 

 

Figure S5.15 Time plots of concentrations of intermediate products during PPE conversion 

over Fe-NAC-800 catalyst. Reaction conditions: 14 mmol L-1 PPE in 2-PrOH (1.50 mL), Fe-

NAC-800 (5.0 mg), 230 °C, 20 bar H2. 

 

  

a b
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Table S5.5 PPE conversion by various control catalysts and Fe-NACs.a 

 

exp catalysts 
conversion 

(%) 

yield (%)  
carbon balance 

(%) 

a b c d e f  C6 C8 

1 None 0 - - - - - -  - - 

2 Fe(acac)3
b 0 - - - - - -  - - 

4 
FeCl3

b +  

phenanthrolinec 
0 - - - - - -  - - 

6 NAC-800d 20 16 3 13 0 3 0  100 99 

7 Fe-NAC-600d 6 5 1 3 0 2 0  101 99 

8 Fe-NAC-700d 20 15 2 3 1 4 10  99 99 

9 Fe-NAC-800d 53 44 4 2 4 9 34  100 99 

10 Fe-NAC-900d 38 28 2 3 0 9 23  99 99 

a Reaction conditions: catalyst, 14 mmol L-1 PPE in 2-PrOH (1.50 mL), H2 (20 bar), 230 °C, 4 

h. b 0.105 mmol; c 0.21 mmol; d 5.0 mg. 

 

O

OH

O

OH
230 °C, 20 bar H2

ec fa b d

OH O

1
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Figure S5.16 PPE concentrations at 230 °C versus time as functions of (a) PPE concentration 

(20 bar H2) and (b) H2 pressure (14 mmol L-1 PPE). 
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Figure S5.17 HAADF-STEM of Fe-NAC-800 after 5 reaction cycles. 
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Figure S5.18 The absolute contents of pyridinic, FeN4, pyrrolic, graphitic, and pyridine N-

oxide nitrogen species in Fe-NACs by deconvolution of XPS spectra. Higher calcination 

temperature leads to the decrease of both pyridinic and pyrrolic N, while graphitic N increases 

with temperature first at 600-800 °C and then drop at 900 °C. 

 

 

 

 

 

Fe-NAC-600

Fe-NAC-700

Fe-NAC-800

Fe-NAC-900
0

2

4

6

8

10

12

14

16

18

20

0.35

0.69

0.970.48

2.14

4.05

2.82
0.69

0.18

1.09

3.30
5.15

0.77

0.88
0.690.42

1.00

4.29
5.68 5.23

 FeN
4

 pyridinic N

a
b
s

o
lu

te
 N

 c
o

n
te

n
t 

(a
t%

)  pyridine N-oxide

 graphit ic N

 pyrrolic N



154 

 

Table S5.6 N1s fitting parameters for NACs. The N1s peak of assigned N species are fitted 

with a narrow range for the binding energy according to theoretical calculation. 

c 
pyridinic N FeN4 pyrrolic N graphitic N 

pyridine N-
oxide 

positi
on 

FWH
M 

positi
on 

FWH
M 

positi
on 

FWH
M 

positi
on 

FWH
M 

positi
on 

FWH
M 

Fe-NAC-
600 

398.1 1.9 399 2.0 400.1 2.2 401.0 1.8 402.8 2.0 

Fe-NAC-
700 

398.2 1.8 399.1 2.0 399.9 1.9 400.9 1.8 402.8 2.2 

Fe-NAC-
800 

398.1 1.9 399.1 2.0 399.8 1.9 400.7 2.1 403.0 2.1 

Fe-NAC-
900 

398.1 1.8 399.1 2.2 400.1 2.0 400.9 2.1 402.9 1.9 
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Figure S5.19 Curvefitting of the Fe K-edge EXAFS for Fe-NAC with 4N-Fe-O model, 

showing the fit (black lines) superposed on the FT magnitude and its imaginary component 

(points). 
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Table S5.7 Curvefit Parametersa for Fe K-edge EXAFS of Fe-NAC, using 4N-Fe-O model 

Sample Path Nb R /Å σ2/Å2 

Fe-NAC-600 

Fe – O 1 1.88(1) 0.003(1) 

Fe – N 4 2.08(1) 0.008(2) 

Fe-NAC-700 

Fe – O 1 1.86(1) 0.002(1) 

Fe – N 4 2.05(1) 0.007(2) 

Fe-NAC-800 

Fe – O 1 1.86(1) 0.002(1) 

Fe – N 4 2.02(1) 0.008(1) 

a
 S0

2 = 0.80 was fixed at the value for Fe(acac)3. ΔE0 = 0(1) eV was refined as a global fit 

parameter. Data range: 2.5 ≤ k ≤ 13.5 Å-1, 1.0 ≤ R ≤ 2.0 Å. The number of variables is 13, 

out of the total number of 20.5 independent data points. The R-factor for this fit is 0.4%. b The 

coordination numbers were fixed. The reference distances for the Fe-O and Fe-N paths are 

taken from the crystal structure of halofantrine-ferriprotoporphyrin.229 
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Figure S5.20 Hydrogen pulse chemisorption of Fe-NAC-800 at 60-360 °C. 

 

 

a b

c d

e f
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Figure S5.21 Mass spectra of PEB after PPE conversion over Fe-NAC-800 catalyst (a) in 

isopropanol and H2 (20 bar), and (b) in decane and H2 (10 bar) and D2 (10 bar). Reaction 

conditions: Fe-NAC-800 (5.0 mg), 14 mmol L-1 PPE (1.50 mL), 230 °C, 4 h. 
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Figure S5.22 Structures for H2 dissociation on the bare Fe-N4 structures. The energy profile is 

shown in Figure 5.10 in the main text. The Fe-H, C-H and H-H bond lengths are labled in the 

transition state and the final dissociated state. 
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Figure S5.23 Comparison of Fe K-edge XAS: (top) XANES, (middle) the first derivative of 

XANES and (bottom) FT-EXAFS magnitude, for fresh Fe-NAC-800 (red) and recycled Fe-

NAC-800 (purple). 
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Figure S5.24 Curvefitting of the Fe K-edge EXAFS (left) and k3-weighted k-space (right) for 

fresh (top) and recycled (bottom) Fe-NAC-800, showing the fit (black lines) superposed on 

the FT magnitude and its imaginary component (points). 
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Table S5.8 Curvefit Parametersa for Fe K-edge EXAFS of fresh and recycled Fe-NAC-800. 

 Path N R /Å σ2/Å2 

Freshb Fe – O 1.0(3) 1.88(1)d 0.002(1)f 

 Fe – N 4c 2.03(1)e 0.009(1)g 

Recycledh Fe – O 0.6(3) 1.88(1)d 0.002(1) 

 Fe – N 4c 2.03(1)e 0.009(1)g 

a S0
2 = 0.80 was fixed at the value for Fe(acac)3. Data range: 2.5 ≤ k ≤ 13.5 Å-1, 1.0 ≤ R ≤ 

2.1 Å. The R-factor for this fit is 0.7%. The total number of variables is 8, out of a total of 14.9 

independent data point. b ΔE0 = 1(1) eV was refined as a global fit parameter. c N(Fe-N) was 

fixed at 4. d Constrained to the same value. e Constrained to the same value. f Constrained to 

the same value. g Constrained to the same value. h ΔE0 = -1(1) eV was refined as a global fit 

parameter.  
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Figure S5.25 Conversion of Fe-OH to Fe-H2O and then to a bare Fe-N4 structure. A surface 

hydrogen binding with a carbon atom can react with the OH moiety to form water with a true 

barrier of 1.3 eV. This process gains energy of 1.6 eV. The formed water can desorb easily 

from the surface with an energy cost of 0.3 eV. This calculation thus suggests that the as-

prepared Fe-OH may be reduced to a bare Fe-N4 structure in the reduction environment. 
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Table S5.9 PPE conversion (4 hour) in different solvents. 

 

exp catalysts solvent 
conversion 

(%) 
yield (%) 

carbon 
balance (%) 

a b c d e f C6 C8 

1 
Fe-NAC-

800 
2-PrOH 

53 44 4 2 4 9 34 100 99 

2 
Fe-NAC-

800 
2-PrOH: 

H2O = 4:1 
4.2 3.5 - - - - 4.8 101 99 

3 
Fe-NAC-

800 
decane 

69 56 7.7 8.7 11 12 28 99 98 

 

 Contributions 

Zhicheng Luo, Renfeng Nie, Uddhav Kanbur, and Abhranil Biswas conducted the catalyst 

synthesis, kinetic measurement, and part of characterizations. Y T. Nguyen provided the 

simulation result.   

O

OH

O

OH
230 °C, 20 bar H2

ec fa b d

OH O

1



165 

 

 Conclusions and Future Directions 

 Conclusions 

Highly dispersed grafted dioxomonomolybdate sites, Mo(=O)2(OSi)2, were synthesized 

by grafting MoO2Cl2 onto partially dehydroxylated SiO2, followed by calcination at 600 °C. 

Analysis of the Mo-Si paths in the EXAFS of molecular compounds and Mo(=O)2(OSi)2  

shows that the combination of single- and multiple-scattering paths contributes to the signal at 

ca. 3 Å. The intensity of multiple scattering strongly depends on Mo-O-Si bond angles. Besides 

the surface heterogeneity, the signal at ca. 3 Å in Mo(=O)2(OSi)2 is weak because of the 

destructive interference between Mo-Si and Mo-O-Si paths. The impact of the intrinsic 

heterogeneity of their attachments to the support on their reactivity must be considered. 

The high-temperature olefin treatment effectively promotes Mo(=O)2(OSi)2, and mixtures 

of various Mo species are generated due to oligomerization and reduction. The common 

activation methods, including calcination and reducing gas treatments, cannot activate 

Mo(=O)2(OSi)2, which is different from conventional MoO3/SiO2 catalysts. The different 

olefin activation results in the literature arise from the porosity of silica supports. The 

MoO3/SiO2 made from porous SiO2 can be activated by ethylene or propylene, whereas the 

olefin treatment does not work on the catalysts made from non-porous SiO2. The carbonyl 

compound and Mo-methylidene from high-temperature olefin treatment strongly suggest that 

the Pseudo-Wittig mechanism can be the activation route.  

GaiBu3/Al2O3 undergoes step-wise ligand removal from 23 to 550 °C in flowing He, to 

become 3-coordinate Ga(III), Ga(OAl)3. The XANES analysis indicates that minor Ga species 

formed during the thermal treatment. Based on the shoulder on the lower edge position, the 

minor species can be Ga(I) sites. The Ga(I) species are more effective for propane 
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dehydrogenation but deactivate rapidly at 550 °C. The remaining Ga(III) sites show a lower 

but more stable catalytic performance.  

The single-atom Fe(III) catalysts, Fe-NACs, are found to be five-coordinate with four 

nitrogen and one axial hydroxyl ligand. Fe-NACs materials catalyze the hydrogenolysis of 

alkyl C-O linkages in aromatic oxygenates without hydrogenation of the arenes. The catalyst 

is stable at 230 °C under 20 bar H2 for five cycles. Under the reaction condition, the Fe(III) 

site is reduced to a more active, four-coordinate Fe(II) site by losing an axial ligand (-OH). 

The metal-support interaction is critical for reducing Fe(III) sites, catalyzing hydrogenation, 

and binding reactants.  

 

 Future Directions 

Although Mo(=O)2(OSi)2 is successfully activated, the uniform sites become a mixture. 

The mixing Mo sites face the same difficulties in identifying the active sites as other 

conventional MoO3/SiO2 catalysts. If activation mechanisms are addressed in the future, the 

critical challenge is to keep the uniform sites after the activation. A mild activation method 

should replace the high-temperature ethylene/propene treatment, like using 2-butene instead. 

Hence, the side reactions can be avoided. Alternatively, other Mo oxide sites can be proposed 

as active sites in MoO3/SiO2. The strategy similar to grafting MoO2Cl2 will still be applicable 

for other Mo sites: look for suitable Mo precursors that allow the formation of a specific Mo 

site uniformly dispersed on the surface. Furthermore, the support porosity appears to be a 

critical factor to increase Mo(=O)2(OSi)2 fraction, where the experiments can help verify this 

hypothesis and optimize the activation condition. Besides SiO2 support, olefin treatment may 

work efficiently on MoO3/Al2O3 and other molybdate-supported catalysts.  
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The Ga K-edge XANES embeds much structural information, helping probe the Ga sites 

on the surface. The understanding of Ga XANES features is still incomplete, in particular the 

influence of Ga-hydride. Hydrogen atom does not contribute any signal in EXAFS but 

participates in the molecular orbital bonding. The XANES simulation for supported Ga-

hydride species will guide the experimental spectra to identify “EXAFS invisible” Ga-hydride 

sites. To confirm the formation of Ga-hydride species, operando XAS may be incorporated 

with operando infrared spectroscopy to detect Ga-hydride IR bands at ca. 2000 cm-1 at the 

beamline.  
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