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Abstract 

 Metal-organic frameworks (MOFs), thanks to their well-defined coordination sites, are 

promising for studying catalytically active structures. To understand the effect of metal nuclearity 

in MOF-supported catalysts, we adjusted the nuclearity of oxy-Ni(II) supported on the zirconia-

like nodes of MOF NU-1000 by modulating the Ni loading, where the organic linkers served to 

prevent node-to-node migration of grafted nickel ions. At the single-node level, we grafted 

auxiliary structural linkers, naphthalene dicarboxylate, to reduce the number of binding/grafting 

sites. We found higher catalytic rates at higher Ni loading for ethylene hydrogenation on a per-

nickel-ion basis, despite the similar chemical environment of Ni(II) at different loadings; catalysts 

consisting mainly of pairs of nickel ions were more reactive than those of single nickel ions. These 

observations illustrate the need for at least two proximal nickel ions for effective catalysis – 

presumably one for hydrogen binding and heterolytic splitting and one for ethylene binding and 

activation. 
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Highlights 

• A metal-organic framework (MOF) was used to systematically modulate the nuclearity of 

oxo-Ni(II) catalysts 

• Multinuclear Ni species exhibited higher rates for ethylene hydrogenation than single-Ni 

species 

• Ni species of higher nuclearity accelerated reactions by providing additional coordination 

sites for reaction intermediates 

 

Graphical Abstract 

 

Keywords: metal-organic frameworks, MOFs, nickel catalysts, ethylene hydrogenation, catalyst 
nuclearity, active sites 
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1. Introduction 

A widely implemented strategy to synthesize solid-state catalysts is to disperse catalytic 

species onto a solid support. Downsizing the particles of the catalytic species is generally 

desirable, as smaller particles and clusters present more defect sites that can increase catalytic 

activities.1 Single-atom catalysts (SACs), the smallest achievable catalytic species, are thus of 

significant interest in realizing high catalytic activities. However, several underlying trade-offs can 

hinder SACs from achieving good catalytic performance. The high surface energies endow the 

SACs with high tendencies to aggregation and deactivation.2 In addition, SACs may be 

mechanistically prevented from certain types of catalysis. As a prominent example, single-atom 

Pt supported on α-MoC exhibits lower water-gas-shift activity than catalysts where sub-nanometer 

Pt clusters are present. It was found that the crowding of surface Pt species can more promptly 

remove surface oxygen species, preventing the support from deep oxidation and deactivation.2, 3 

Those precedents illustrate the importance of understanding the interplay between the nuclearity 

of catalysts and catalytic activity, as it will provide crucial insights into optimizing catalytic systems. 

Metal-organic frameworks (MOFs) have been used as solid catalyst supports for dispersing 

catalytic species down to single ions. Constructed from metal ions or clusters (nodes) connected 

by polytopic organic moieties (linkers), MOFs typically possess high internal surface areas and 

porosities. Those features facilitate the uptake of reactants, diffusive transport of catalytic species, 

and the effective release of products. Moreover, thanks to the high tunability of MOFs, additional 

functionalities can be realized during synthesis or post-synthetically.4 For instance, metal ions can 

be grafted to nodes via reactions with terminal nonstructural aqua and hydroxo ligands or triply-

bridging hydroxo ligands (3-OH), concomitant with the release of a fraction of the organic ligands 

from the metal precursor molecule. 5 Thus, for node-grafted metal ions to be rendered capable of 

binding and activating candidate reactants, it is typically necessary to follow grafting with a step 
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that releases/replaces unreacted ligand(s) from the precursor molecule. For remnant precursor 

alkyl or amidinate ligands, repetitive steam-dosing is a common removal/replacement strategy.6  

Alternatively, metal ions can be attached to MOF linkers via coordinate-covalent (typically 

chelating) metal-linker bond formation.7, 8 Also known are variants where: a) catalytic metal ions 

are grafted via insertion between linker-node bonds, combined with recruitment of a nonstructural 

node ligand as a bridge between the added metal ion and the node (rarely encountered), 9, 10 or 

b) intact catalytic complexes are node-tethered in fully molecular forms via reactive substituents 

at the periphery of the complex (often encountered).11, 12 Regardless of the catalyst immobilization 

scheme, the resistance of metal ions to transport across organic linkers, even at temperatures 

approaching MOF decomposition temperatures (ca. 350 to 450 ℃ for typical Zr-MOFs) 13, 14 

serves to prevent node-to-node metal ion migration and catalyst sintering. Thus, the initially 

synthetically defined metal-ion nuclearity tends to be preserved throughout catalyst operation.15, 

16 

NU-1000 ([Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4(TBAPy)2]∞ (TBAPy = 1,3,6,8-(p-benzoate)pyrene) ) 

is a mesoporous MOF constructed from Zr6 nodes and tetra-anionic TBAPy linkers. It has been 

used to support metal-oxy and metal-sulfur species to catalyze a wide range of reactions, 

including olefin hydrogenation, 15, 17 alkene epoxidation, 18 oxidative propane dehydrogenation, 19 

singlet-oxygen mediated dialkyl-sulfide oxygenation, 20, 21 olefin dimerization, 17, 22, 23 

oligomerization, 24-26 or polymerization, 27, 28 CO oxidation, 6, 29 xylene isomerization, 30, 31 and 

electrochemically or photochemically driven water oxidation, 32-34 water reduction, 35-37 or aqueous 

nitrate reduction. 38, 39 Each Zr6 node connects to 8 linkers and presents four additional pairs of -

OH/-H2O ligands, suitable for grafting metal ions or carboxylate-terminated auxiliary ligands. Also 

present, regardless of node connectivity, are four Brønsted-acidic μ3-hydroxo ligands that can 

react with alcohols40 or ammonia, 41 or that can participate independently, or in cooperation with 

terminal node-aqua and/or -hydroxo ligands,  in metal-ion grafting. 6, 42 NU-1000 possesses 3 nm 
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diameter hexagonal channels and 1 nm diameter triangular channels down the c-axis of the 

particle, as well as small (~0.8 nm) openings, c-pores, and c1-pores, that lie in the ab-plane and 

laterally interconnect the aforementioned channels (Figure 1).  

While many MOF-node-supported metal ions are proficient catalysts for various gas-phase 

reactions, the interplay between the metal nuclearity and reactivity is largely unexplored. On 

conventional metal oxide supports, SACs can be achieved at extremely low loading, 43 and the 

effect of catalyst coverage can be studied by gradually increasing the metal loading. 44 However, 

studying the progression of metal nuclearity from monomer to dimer and above is challenging on 

metal oxide supports due to polydispersed metal binding sites. In some metal-oxide-supported 

catalysts such as vanadium on zirconia, the target nuclearity is difficult to maintain due to the 

weak metal-support interactions. Vanadium species tend to migrate and form clusters of higher 

nuclearity. 45 In the meantime, the uniform metal nodes in MOF provide monodispersed binding 

sites to realize the progression of increasing nuclearity, while the spatial isolation created by the 

linkers effectively prevent sintering. 

 

Figure 1. Single crystal structure of Ni supported on NU-1000. Blue pyramids show Ni residing 
in the c-pore. 
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In this work, Ni ions were deposited onto the Zr6 nodes of formate-free NU-1000, and the 

effects of Ni nuclearity and siting were studied. According to the previously published single-

crystal structure of Ni on NU-100046 (Figure 1), Ni ions preferentially reside in the c-pores of 

formate-containing NU-1000 single crystals. The effect of Ni residing in different locations in NU-

1000 was therefore investigated by blocking the c-pores with naphthalenedicarboxylic acid (NDC), 

a ligand with similar aspect ratios as the c-pores. Using ethylene hydrogenation as the probe 

reaction, differences in reactivity arising from varied catalyst loadings and sitings were observed. 

The nature of the catalyst species was also studied with various spectroscopic techniques, where 

the presence of Ni-O-Ni sites was identified as crucial to the improved reactivity at high catalyst 

loadings. 

 

2. Materials and Methods 

2.1 Materials 

All chemicals for the NU-1000 synthesis, namely 1,3,6,8-tetrabromopyrene, (4-

(methoxycarbonyl)phenyl)boronic acid, tripotassium phosphate, tetrakis(triphenylphosphine) 

palladium(0), zirconyl chloride octahydrate, benzoic acid, hydrochloric acid, 1,4-dioxane, acetone, 

N,N-dimethylformamide, were purchased from Sigma Aldrich Chemicals Company, Inc. 

(Milwaukee, WI) and were used as received. The linker, 1,3,6,8-(p-benzoate)pyrene, was 

synthesized according to a reported procedure and its purity was confirmed via its 1H NMR 

spectrum. For chemicals used in the deposition of Ni, bis(N,N''-di-t-butylacetamidinato)nickel(II) 

[Ni(amd)2] was purchased from Strem Chemicals (Newbury Port, MA), and the anhydrous heptane 

was purified from HPLC grade heptane from Sigma Aldrich in a solvent purification system. Nitric 

acid, Ni and Zr ICP standards were purchased from Sigma Aldrich. Ultrapure deionized water 

(18.2 MB•cm resistivity) was obtained from a Millipore Milli-Q-Biocel A10 instrument (Millipore Inc., 

Billerica, MA). Deuterium oxide, deuterated sulfuric acid, and deuterated dimethyl sulfoxide used 
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for 1H NMR characterization were purchased from Sigma Aldrich and used as received. 

Deuterated sodium hydroxide was purchased from Sigma Aldrich and diluted with deuterium 

oxide to 0.1 M for NMR sample digestion. 

2.2 Catalyst Synthesis 

NU-1000, formate-free NU-1000 (NU-1000-FF). NU-1000 and NU-1000-FF were synthesized 

according to the published procedures.47, 48 Upon thermal activation, the crystallinity of the 

obtained materials was confirmed by N2 isotherm measurements at 77 K and PXRD. NU-1000-

NDC was synthesized according to Peters et al.49 with minor modification. The mixture of NU-

1000 and NDC in DMF was held at 65°C for 12 hours. In addition, the HCl wash at 90°C was 

replaced by repeated DMF wash at 65°C  every 30 min until all excess NDC ligands were removed. 

The amount of formate and NDC ligands were monitored by integrating the corresponding peaks 

in the 1H NMR spectra (Figure S1-S3). 

xNi (x= 0.044, 0.68, 0.86, 2.1, 3.6, 3.8) and 4.9Ni-NDC. Ni deposition was performed by adding 

NU-1000-FF to a heptane solution of Ni(amd)2. An overall synthesis scheme is displayed in Figure 

2. The preparation of precursor solutions and the addition of NU-1000-FF and NU-1000-NDC 

were performed in an Ar-filled glovebox. The amounts of Ni(amd)2 added to 9.5 mL of heptane to 

achieve 0.5, 1, 2, 4, 6, 8 molar equivalence of 50 mg (0.021 mmol) FF-NU-1000 were 4.2 mg, 8.4 

mg, 16.8 mg, 33.5 mg, 50.3 mg, and 67.2 mg, respectively. For 50 mg (0.021 mmol) NU-1000-

NDC, 8 molar equivalence (67.2 mg) of Ni(amd)2 was used. The reaction mixtures were 

subsequentially removed from the glovebox and transferred to a 70°C oven. After 16 hours, the 

reaction mixtures were removed from the oven and allowed to cool to room temperature. The 

samples were then solvent exchanged with heptane five times over a span of 24 hours. The 

catalysts were then dried in a vacuum oven at 70°C for one hour.  



8 
 

 

Figure 2. Synthesis of Ni supported on NU-1000-FF and NU-1000-NDC 

 

2.3 Characterization 

As-synthesized materials were first dried in a 70°C vacuum oven for one hour. The samples were 

then activated under high vacuum for 24 h using SmartVacPrep (Micromeritics, Norcross, GA) at 

120 °C.  

N2 isotherms were measured afterwards using Micromeritics Tristar II 3020 at 77 K. Brunauer-

Emmett-Teller (BET) surface area was determined at the range P/P0 = 0.005-0.1 and pore size 

distribution was calculated via density function theory (DFT) calculations using a carbon slit-pore 

model with a N2 kernel. 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was collected on Varian 

Vista-MDX model ICP-OES spectrometer (Varian, Walnut Creek, CA) with a CCD detector and 

Ar plasma that covers 175-785 nm range. MOF samples were prepared by dissolving 2-3 mg 

materials in 2 mL nitric acid in a 2-5 mL Biotage (Uppsala, Sweden) microwave vial. SPX 

microwave reactor (software version 2.3, build 6250) was used to heat the mixture at 150 °C for 

15 min with stirring for complete digestion. 0.3 mL of the resulting mixtures were diluted to 10 mL 

with ultrapure deionized water and analyzed. For each sample, emissions at 231.604 and 221.647 

nm for Ni, and 339.198, 343.823, and 327.305 nm for Zr, were compared to the standard solutions. 



9 
 

Powder X-ray diffraction (PXRD) patterns were recorded at room temperature on a 

STOESTADIMP powder diffractometer equipped with an asymmetric curved Germanium 

monochromator (Cu Kα1 radiation, λ = 1.54056 Å) and one-dimensional silicon strip detector 

(MYTHEN2 1K from DECTRIS). The generator was set to be 40 kV and 40 mA. The activated 

powder was measured in transmission geometry in a rotating holder with the intensity data from 

1 to 20°. The scan step was set to be 2θ = 4°/min with 0.05° step width. 

X-ray photoelectron spectra (XPS) were measured at Keck-II/NUANCE facility at Northwestern 

University using a Thermo Scientific ESCALAB 250 Xi (Al Kα radiation, 1486.6 eV). An equipped 

electron flood gun was utilized prior to any scans to minimize charging effect. Each spectrum was 

calibrated to C 1s peak at 284.8 eV.  

X-ray absorption spectroscopy (XAS) measurements at the Ni K-edge (8777 eV) were performed 

on the insertion device beamline of DND-CAT (Sector 5-BMD), at the Advanced Photon Source 

(APS), Argonne National Laboratory. The beamline was detuned to 50% to minimize the presence 

of harmonics. Data were acquired in transmission in step-scan mode in about 15 min using 

ionization chambers optimized for the maximum current with linear response (~1010 photons 

detected/sec) with 10% absorption in the incident ion chamber and 70% absorption in the 

transmission X-ray detector. A Ni foil spectrum was acquired simultaneously with each sample 

measurement for energy calibration. Samples were pressed into aluminum plate holder with a 

thickness chosen to give an edge step of ~1.0. 

1H nuclear magnetic resonance (NMR) spectra were collected on a Bruker S4 Avance III 500 MHz 

system equipped with DCH CryoProbe and automated with a BACS-60 autosampler. Chemical 

shifts for 1H spectra were referenced using internal solvent resonances and reported relative to 

tetramethylsilane (TMS). For NDC quantification, ~2 mg of sample was digested in 5 drops of 

D2SO4 followed by dilution in 0.6 mL d6-DMSO. The number of scans was set to 32. The peak at 

8.53 ppm was integrated for NDC quantification. For formate quantification, 10 drops of 0.1 M 
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NaOD/D2O solution was added to ~2 mg of sample, and the mixture was sonicated for 20 minutes. 

The mixture was then centrifuged, and the supernatant was further diluted with 0.5 mL of D2O. 

The number of scans was set to 64. The peak at 8.38 ppm was integrated for formate 

quantification. 

In Situ Diffuse Reflectance IR Fourier Transform Spectroscopy (DRIFTS) was performed at the 

Reactor Engineering and Catalyst Testing (REACT) core facility at Northwestern University. 

Approximately 10 mg of catalyst was diluted and ground with 100 mg of spectroscopic-grade KBr. 

The mixture was sealed into the praying mantis cell of a Thermo-iS50 infrared spectrometer. The 

sample was pretreated under an argon flow (100 sccm) at 200°C. A background spectrum was 

collected at this condition after one hour. The mixture was then cooled down to 150, 100, and 

50°C.  Background spectra were collected at each temperature point after one hour of stabilization. 

At 50°C, the mixture was exposed to 100 sccm 10% H2/N2, and difference spectra were recorded 

until there was no noticeable change from spectrum to spectrum. Then, the temperature was 

increased to 100, 150, and 200°C. 10 min of Ar purge was performed after each temperature 

ramp. At each temperature point, difference spectra were recorded until there was no noticeable 

change observed. 

Thermogravimetric Analysis (TGA) was performed on a TA Q500 TGA instrument in a flow of 90 

sccm 4% H2/N2 in high-res mode. The temperature was ramped from room temperature to 600°C 

at a ramp rate of 10°C/min. 

2.4 Reactivity Studies 

All reactivity studies were carried out using a packed bed reactor in the REACT core facility at 

Northwestern University. In a typical reaction, ∼20 mg of catalyst was diluted with 1 g of silicon 

carbide (trace-metal grade) and packed in a quartz tube. The height of the bed was approximately 

0.8 cm. The reaction temperature was controlled with a K-type thermocouple at the top of the 

catalyst bed. Pretreatments with 10% H2/N2 were carried out at 200°C for 12 h with a flow rate of 
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50 sccm, with a ramp rate of 10°C/min. Pressure in the reactor was monitored to be ∼10 psig 

using a back-pressure regulator directly downstream from the reactor. To minimize the effect of 

the physiosorbed water and residual amd ligands, all catalysts were pre-treated in 50 sccm of 10% 

H2 in N2 at 200°C for 12 hours on stream prior to the introduction of reactant gases. After 

pretreatment, the temperatures were reduced to 50°C, and the reactant gases were then flowed 

over the sample. Reactant gases were 10% H2/N2 and 4% ethylene/N2, and ethylene:H2 was kept 

at 1:1. Products were analyzed via gas chromatography-flame ionization detection (GC-FID), and 

the gas mixture downstream were separated using a GS-Gaspro column (Agilent, 30m length, 

0.32 mm diameter). Reaction rate was calculated by multiplying the molar flow rate by the 

conversion under each reaction condition and then normalizing to the moles of Ni (mol 

ethane*mol-1 Ni).  

2.5 Calculations 

Intermediates in the proposed reaction pathway were geometrically optimized in the electronic 

ground state using density functional theory (DFT) employing the M06-L functional50 with the 

Gaussian 16 software package. Geometries were optimized using the def2-TZVP basis set51, 52 

on the nickel and zirconium atoms while the SDD pseudopotential53 was applied on the zirconium 

atoms only. The def2-SVP basis set was assigned to the remaining C, H and O atoms. Collectively, 

these basis sets are referred to as bs1. 

With the same level of theory and basis set, the frequency analysis was performed. Since the 

quintet was assumed to be the ground state, open-shell DFT formalism was used. Harmonic 

vibrational frequencies were computed and confirmed to have no imaginary values. For low 

frequency vibration modes, Grimme’s entropy interpolation correction54 was applied with the zero-

point energy frequency correction factor of 0.97655 to achieve the correct molecular 

thermochemical parameters. Since electronic energy is sensitive to the basis set quality, def2-

TZVPP basis sets were assigned on the nickel and zirconium atoms while the SDD 
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pseudopotential was applied on the zirconium atoms. The def2-TZVP basis set was assigned to 

the remaining C, H and O atoms. Collectively, these basis sets are referred to as bs2. Final Gibbs 

free energy values of single species were obtained by adding electronic energies from the M06-

L/bs2 single point calculations and the corrected free energy correction under 473.15 K and 1.68 

atm from M06-L/bs1 frequency analyses. Reaction free energies were obtained from the 

difference of the summed free energies of the products and reactants. In searching and optimizing 

of the transition state structures, the default Berny algorithm was applied with M06-L/bs1. After 

the procedure, a single imaginary frequency along the expectation direction was confirmed. Once 

a transition state was located, a single-point calculation was performed with M06-L/bs2. 

3. Results and Discussions 

3.1 Catalyst Characterizations 

3.1.1 Physical Properties 

The retention of crystallinity and porosity of the MOF catalysts were confirmed by PXRD (Figure 

3) and N2 physisorption (Figure 4). Other properties, including the BET surface areas, Ni loading 

by weight and per Zr6 node quantified by ICP-OES, are summarized in Table 1. In formate-free 

NU-1000, Ni loading increases with an increase amount of precursor in solution and reaches 3.8 

Ni per node, close to the maximum number of single-site cation sites that a Zr6 node can 

accommodate (4). A decrease in BET surface area is generally observed as Ni loading increases. 

1.4Ni is found to have lower-than-expected surface area, which is likely due to batch-to-batch 

variation in surface areas of the formate-free NU-1000. 
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Figure 3. PXRD patterns of the as-made catalysts. 
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Figure 4. (a-b) N2 isotherms and DFT differential pore size distributions of 0Ni~3.4Ni. (c-d) N2 
isotherms and DFT differential pore size distributions of 3.8Ni and 4.9Ni-NDC. 

Table 1. Property table 
 

Catalyst Ni(amd)2 
addeda 

Ni 
(wt%) 

Ni/node Ni/siteb Surface 
Area 
(m2/g) 

Pore 
Volumes 
(cm3/g) 

0Ni n/a 0 0 0 2166 7.2, 10.4 
0.044Ni 0.5 0.067% 0.044 0.01 1632 3.3, 6.7 
0.68Ni 1 1.3% 0.68 0.17 1425 2.7, 5.5 
0.86Ni 2 1.7% 0.86 0.22 1536 2.6, 8.5 
1.4Ni 2 2.8% 1.4 0.35 1281 2.6, 5.5 
2.1Ni 4 2.5% 2.1 0.53 1539 2.5, 10.3 
3.8Ni 8 5.4% 3.8 0.95 1262 1.4, 5.6 
0Ni-NDC n/a 0 0 0 1790 1.8, 8.8 
4.9Ni-NDC 8 6.2% 4.9 2.5 1274 1.8, 4.9 
a Molar equivalents Ni(amd)2 per node added during synthesis 
b Based on a theoretical 4 cation binding sites per node of NU-1000-FF and 2 cation 
binding sites per node of NU-1000-NDC.  
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3.1.2 Structural Investigations 

In-situ DRIFTS confirmed the presence of amd ligands from the Ni precursor in the as-

made catalysts (Figure 5). The spectra were collected at 200°C under 10% H2, mimicking reaction 

conditions. While the introduction of H2 did not perturb the spectra of 0Ni, various negative 

features emerged for the Ni catalysts. The sharp negative peak at 1630 cm-1 is present in all Ni-

containing samples and is assigned to loss of the bending vibration of aqua groups. The negative 

feature at 3645 cm-1 in the spectra for 2.1Ni and 3.8Ni, and as a shoulder in 4.9Ni-NDC, is also 

attributed to the loss of aqua ligands. A negative feature centered at 3280 cm-1 is present in all 

Ni-containing samples; the peak is broadened and blue shifted for 4.9Ni-NDC. This feature arises 

from a combination of N-H from the amd ligands and O-H stretches on the nodes, both of which 

are perturbed by the H2 treatment. The negative 2970 cm-1 peak is assigned to the C-H stretch of 

the t-butyl groups on the amd ligands. None of these features are present in the spectrum of 0Ni, 

showing that these aqua and hydroxyl groups affected by H2 treatment at 200°C are associated 

with Ni atoms, as indicated in the structure shown in Figure 5. Overall, the DRITFS spectra 

confirmed the presence of amd ligands on Ni before catalysis, and that the amd ligands and aqua 

ligands on the nodes are perturbed thermally under reducing environment.  
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Figure 5. DRIFT spectra of 0Ni, 0.86Ni, 2.1Ni, 3.8Ni and 4.9Ni-NDC. Background spectra were 
collected following catalyst pretreatment in Ar at 200°C for 1 hour. The gas was then switched to 
100 sccm 10% H2/N2 and difference spectra were collected until no further changes in spectra 
were observed. 

The residual amd ligands and the degree of hydration of the catalysts were quantified with 

thermogravimetric analysis (TGA) in H2 (Figure 6). Several stages of weight loss were observed 

in the TGA curves. Below 120°C, the weight losses originated from a combination of physisorbed 

water and the aqua ligands on the nodes, as suggested by the DRIFTS studies and TGA 

measurements on formate-free NU-1000. 48 4.9Ni-NDC is significantly less hydrated than the rest 

of the samples (Table 2).  

For the 0Ni sample, three distinct peaks at 50, 91, and 113°C were observed. The peaks 

for Ni-containing samples were less resolved, possibly because to the physisorbed water and the 

aqua ligands were removed rapidly and/or in a consecutive manner. In addition, the weight loss 

in the temperature range of 110~210°C only appeared in the Ni-containing samples and is 

assigned to the removal of the amd ligands, consistent with the amd ligand detachment 

temperature observed for Ni(amd)2 deposited on SiO2 films.56 For Ni supported on NU-1000-FF, 

one amd remained per Ni (Table 2), consistent with attachment reaction such that one of the two 

amd ligands in the precursor was replaced by the hydroxyl and bridging oxygens on the Zr6 nodes, 

leaving the second amd ligand behind. 4.9Ni-NDC contains significantly fewer remaining amd 
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ligands per Ni and lower water content. We interpret this as arising from a different Ni nuclearity, 

as illustrated in the proposed catalyst structures in Figure 8. The lower hydricity in 4.9Ni-NDC 

could be the result of -OH/H2O being consumed as amd ligands hydrolyze and detach from Ni. 

 

Figure 6. (a) Thermogravimetric analysis from 25-600°C. (b) Derivative weight curves from 24-
250°C showing weight loss from physisorbed water and aqua ligands below ~125°C, and amd 

ligands at higher temperatures. 
 

Table 2. Quantification of catalyst hydration and amd ligand remaining. 
 

Sample Water 
(wt.%)a 

Ni 
(mmol/g)b 

amd 
(mmol /g)a 

amd:Ni 

0Ni 7.70% n/a n/a n/a 
1.4Ni 10.2% 4.8 5.8 1.2 

2.1Ni 5.35% 7.5 5.9 0.8 

3.8Ni 9.70% 8.9 7.8 0.9 
4.9Ni-NDC 1.29% 10.6 2.0 0.2 

a from TGA 
b from ICP-OES 

The local coordination environments of Ni in 0.86Ni, 2.1Ni, 3.8Ni, and NDC-4.9Ni were 

studied with X-ray absorption (XAS). The Ni edge energies extracted from the X-ray absorption 

near edge structure (XANES) are centered at 8345.3 ± 0.1 eV for all samples (Table 3), shifted 

slightly from that of Ni(OH)2 at 8346.9 eV. The pre-edge feature at 8333.5 eV is also present in 

all the spectra, which is assigned to the Ni 1s → 3d transition for octahedrally coordinated Ni2+ 
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species. The octahedral coordination of Ni2+ in all Ni-containing samples is confirmed by the first-

shell EXAFS fittings, where the Ni-X (X = N or O) coordination numbers were extracted from fitting 

against the Ni-O scattering path of the Ni(OH)2 standard (Table 3). Overall, Ni exhibits similar local 

chemical environment in all catalysts, consistent with the similar binding energies of Ni and Zr 

observed in XPS (Figure S4). However, the second-shell EXAFS fitting results reveal significant 

Ni-O-Ni contribution for 4.9Ni-NDC, where each Ni is bridged to approximately two other Ni by 

two oxygens, while Ni in the other catalysts remain isolated. Detailed fitting parameters can be 

found in Figure S6, S7, and Table S2. This is consistent with the overall stoichiometry reported in 

Table 1.  

 

 

Figure 7. (a) XANES of 0.86Ni, 2.1Ni, 3.8Ni, 4.9Ni-NDC, and Ni(OH)2 standard. (b) Pre-edge 
features at 8333.5 eV. (c) EXAFS in r-space with the fitting window shown in black. 



19 
 

Table 3. Ni K edge EXAFS fitting results. 
Sample Edge 

Energy 
Ni-X R 
(Å)a 

Ni-X Na Ni-X σ²a Ni..Ni R 
(Å)b 

Ni..Ni Nb,c Ni..Ni σ²b 

0.86Ni 8345.36 2.052 ± 
0.002 

6.4 ± 0.3 0.0085 ± 
0.0004 

3.067 ± 
0.009 

1.4 ± 0.7 0.0053 ± 
0.0010 

2.1Ni 8345.27 2.047 ± 
0.003 

6.5 ± 0.2 0.0077 ± 
0.0005 

3.101 ± 
0.038 

0.4 ± 0.2 0.0085 ± 
0.0039 

3.8Ni 8345.38 2.043 ± 
0.003 

6.5 ± 0.2 0.0072 ± 
0.0005 

3.040 ± 
0.021 

0.3 ± 0.1 0.0011 ± 
0.0023 

4.9Ni-
NDC 

8345.59 2.038 ± 
0.002 

6.7 ± 0.2 0.0077 ± 
0.0004 

3.033 ± 
0.006 

2.4 ± 0.2 0.0072 ± 
0.0007 

a Ni-X first shell bond distance (R), coordination number (N) and Debye-Waller factor 
b Ni..Ni second-shell distance (R), number of scattering paths (N) and Debye-Waller factor 
c possible contribution from Ni-O-Zr scattering in this low-loaded material 

3.1.3 Proposed Active Site Structures 

Based on the characterization discussed above, two catalyst structures are proposed in 

Figure 8. For Ni on formate-free NU-1000, octahedrally coordinated Ni ions reside on the -OH/H2O 

ligand pairs of the Zr6 nodes. In the case of Ni on NDC-NU-1000, Ni ions recruit the μ3-O in 

addition to the -OH/H2O ligands, resulting in the formation of Ni-O-Ni sites. Given a loading of 4.9 

Ni per Zr6 node on NDC-NU-1000, it is likely that there is also presence of Ni species of 

nuclearities higher than 2. 

 

Figure 8. Representative, average, structures of Ni ions in formate-free NU-1000 (left) and in 
NDC-NU-1000 (right). Each node of NU-1000 contains up to three additional Ni atoms in similar 
coordination environments. The nodes of NDC-NU-1000 contain only one other binding site due 
to blocking by the NDC ligands. All Ni ions should be octahedrally coordinated; hydroxyl and/or 

precursor ligands on Ni ions are omitted for clarity. 

 

 



20 
 

3.2 Reactivity Studies 

A representative conversion vs. time-on-stream plot is given for 3.8Ni in Figure 9(a), where 

conversion steadily increases over the temperature range of 55~95°C. The initially high reactivity 

at 55°C is due to Ni being saturated with hydride species after the H2 pre-treatment. As this step 

is found to be the rate-determining step from the subsequent studies, a decrease in reactivity 

approaching steady state is expected. Figure 9(b) shows the rate at 150 °C for the studied 

catalysts. At loadings below 1 Ni per node, the rates are low and close to that of the bare NU-

1000. Rates per Ni atom increase when the loading reaches 2.1 Ni per node and continue to 

increase for 3.4 Ni per node. The rates for 4.9Ni-NDC are close to ten-fold higher than that for 

3.8Ni. However, further reactivity studies on 3.8Ni and 4.9Ni-NDC reveal reaction orders of 0.8 

and ~0 for H2 and ethylene, respectively (Figure 10), indicating that similar mechanisms operate 

on these two exemplar catalysts. Finally, the apparent activation energies extracted from the 

Arrhenius plots are 22 kcal/mol for 3.8Ni and 17 kcal/mol for 4.9Ni-NDC. We hypothesize that 

slightly higher activation energy observed for 3.8Ni could be the result of less Ni-O-Ni sites present 

at a lower Ni loading. The formation of new Ni-O-Ni sites from mobile Ni monomers with increasing 

temperatures in 3.8Ni could also be a potentially contributing factor. 
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Figure 9. (a) Conversion vs. time on stream (TOS) for 3.8Ni at five temperatures. Conditions: 
~20 mg catalyst diluted in 1 g of SiC, pre-treated in 50 sccm 10% H2/N2, 12 h at 200°C, followed 
by 1:1 H2:C2H4 (10 sccm 10% H2/N2 and 25 sccm 4% ethylene/N2). (b) Ni-normalized reaction 

rates at 150°C. (c) Arrhenius plots of 3.8Ni and 4.9Ni-NDC from 50-90°C. 
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Figure 10. Reaction orders of H2 and ethylene measured for (a)-(b) 3.8Ni, and (c)-(d) 4.9Ni-NDC 
at 100°C. H2 reaction order measured at constant ethylene mole fraction of 0.01 and H2 mole 

fraction varied from 0.01-0.075. Ethylene reaction order measured at constant H2 mole fraction 
of 0.01 and ethylene mole fraction varied from 0.014-0.02. 

 

3.3 Mechanistic Investigations via DFT 

The mechanism for ethylene hydrogenation that has been studied with DFT for the mono-

nickel case involves the heterolytic slitting of the H2 followed by the formation of the nickel-hydride 

activated species. 15,46 We explore a similar mechanism for the dinickel case. We only study the 

catalytic cycle of the hydrogenation and the barriers involved in this reaction. The mechanisms 

for catalyst synthesis and catalyst activation are not studied. The relative free energies and 

enthalpies along the reaction are shown in Figure 11 and the absolute energies are reported in 

the SI. 
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Given the structure determined by EXAFS, we modeled an initial structure, such as might 

exist before the catalyst pretreatment, consisting of two Ni atoms linked by μ3-O bridges with three 

aqua ligands surrounding each Ni atom. Three elementary steps were then studied (Figure 11 

and Figure S11), namely the first C-H bond formation (step 1~2), and the second C-H bond 

formation (step 2~3) and catalyst regeneration/ H2 splitting (step 5~6). 

The Ni to the μ3-O distances for the two Ni are 1.96 Å in the pristine di-Ni structure, where 

both Ni are fully coordinated with water ligands. Those distances are comparable to the 2.04 Å 

determined from the EXAFS fitting for 4.9Ni-NDC. Meanwhile, this distance was found to be 2.12 

Å for the mono-Ni structure. Considering the distance between Ni and the O of the aqua ligands 

being 2.00 Å, the average Ni-O distance is also close to the 2.05 Å extracted from the EXAFS 

fitting for 0.86Ni. 

In the previously proposed mechanism for the mono-nickel case, the heterolytic splitting of 

H2 and the protonation of the ethyl group to make ethane needed to occur in one step because 

there is no other place for a proton to bond upon splitting. The presence of Ni2-O2 moiety in the 

di-nickel case, better accommodates this heterolytic splitting by forming a Ni-hydride and a 

hydroxy group. This is the active species of the catalyst. The reactant ethylene molecule adsorbs 

on the other Ni atom (that hasn’t formed the hydride). Following the previous studies of the 

catalytic cycle,46 this is used as the energy reference for the reported relative energies in Figure 

11. The η2-bound ethylene is only weakly activated at this stage with dC-C = 1.35 Å, as compared 

to 1.33 Å in free ethylene. This is followed by the migratory insertion of the hydride to form a 

nickel-ethyl species. This step has a free energy of activation of 12.7 kcal/mol. The subsequent 

attack of the adjacent proton to form the ethane has an activation free energy of 2.4 kcal/mol. The 

ethane is only weakly adsorbed on the Ni atom. The Ni-hydride starting species is regenerated 

when another H2 molecule displaces the ethane and undergoes the subsequent heterolytic 

splitting of that has an apparent barrier – i.e. free energy of TS56 with respect to the bare structure 

(species 4) – of about 24 kcal/mol. This high apparent barrier (partly entropic as H2 molecule is 
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first adsorbed and partly enthalpic because the H2 is split) might justify the experimental 

dependence of the rate on the H2 activity. This, however, needs to be verified with further studies 

and kinetic modeling.  

 

Figure 11. DFT-calculated enthalpies (yellow) and free energies (gray) for intermediates and 
transition state structures. Energies given in kcal/mol relative to species 1. The lower portion of 
the node and linkers bound to the Zr6 nodes are omitted for clarity. 

We also note that a mechanism exactly like the mono-nickel case was explored for the di-

nickel catalyst – where one Ni is the active site, and the other Ni is a spectator. Intermediates for 

this mechanism were hard to obtain and would converge to one of the species reported 

mechanism. Another possibility of the H2 splitting in a way to form Ni-hydride and protonating the 

the  μ-O of the node (below the Ni) was also considered. This does not lead to product formation 

because the ethyl group (after the migratory insertion of the hydride) attaches to the other Ni and 

thus is too far from the proton for the reaction to complete. Both these mechanisms were thus 

discarded.     

 

4. Conclusions 
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 We found that the nuclearity of NiOx supported on MOF NU-1000 can be controlled by 

systematically adjusting the overall Ni loading. We are also able to increase NiOx nuclearity by 

introducing node-connecting auxiliary ligands (NDC anions) that change the Zr-MOF node from 

eight-connected to ten-connected and thus decrease the number of potential grafting sites 

presented by each node. The structural differences between mononuclear Ni cations and Ni-O-

Ni sites are reflected in their different ethylene hydrogenation reactivities, where single-site Ni at 

loadings below 1 Ni per Zr6 node is significantly less reactive. The most reactive catalyst is Ni 

supported on NDC-NU-1000, which is predominantly composed of Ni-O-Ni sites. Changing the 

catalyst loading and otherwise manipulating metal-ion nuclearity has a profound impact on the 

“per site” catalytic performance. 
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