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Abstract 

For improved and rational design of catalysts, in-depth knowledge of their formation and 
structural evolution during synthesis is a key parameter. Thus, preparation of a Ni 
methanation catalyst derived from a Ni-containing metal-organic framework Ni(BDC)(PNO) 
under different gas atmospheres (He vs. 10 % H2/He) and temperatures (342°C, 375 °C, 411 °C, 
500 °C) was studied thoroughly using in-situ pair distribution function analysis, X-ray 
absorption spectroscopy and thermogravimetric analysis. Framework decomposition is 
initiated by a distortion of the MOF framework structure, followed by the release of trapped 
solvent molecules. Then, the pyridine-N-oxide (PNO) linker is released from the framework, 
followed by the benzenedicarboxylate linker, leading to the collapse of the framework and the 
formation of 2 nm nickel nanoparticles surrounded by a carbon shell, that grow to 4 nm under 
further heating. Without reducing atmosphere, carbon is intercalated into the Ni structure 
forming a Nihcp side phase, which is inactive in the methanation reaction. 

Introduction 
Metal-organic frameworks (MOFs) feature well-defined crystallinity and the possibility to 
tailor their composition and porosity. Employing mixed metals and designed linkers, MOFs can 
be tuned to achieve different desired properties. This makes them exceptional and structurally 
highly defined precursors to form nanostructured catalysts by treatment in controlled 
atmospheres.1,2 Various synthetic approaches exist to convert MOF precursors to functional 
materials with thermal treatment, such as pyrolysis,3,4 MOF-templated strategies5–7, chemical 
vapour deposition8, electrospinning9 and impregnation methods.10 Variation of the thermal 
treatment conditions yields a broad spectrum of catalysts with different porosity,11 
compositions like mixed oxidation states of the metal ions12 and morphologies like cubes or 
platelets.13,14 During the thermal treatment, the organic linkers are decomposed to form 
porous carbon or volatile oxidized organic species, such as CO2, and the metal ions transition 
to metal or metaloxide nanoparticles.15–17 The organic and metal decomposition products are 
dependent on the atmosphere during thermal treatment. In oder to optimize thermal 
treatment conditions, i.e. gas atmosphere, pressure, temperature and heating ramp, in-situ 
structural studies during formation of the nanostructured materials are of great value. Most 



 

 

studies on MOF-derived nanostructured materials focus on the synthetic procedures and their 
catalytic applications, as well as on the characterization of the final products. For various 
catalytic reactions, like the CO2 methanation, Fischer-Tropsch synthesis (FTS) and the oxygen 
evolution reaction, MOF-derived catalysts have been synthesized 18–20, and the performance 
of the resulting methanation and FTS catalysts has even surpassed commercial catalysts.  
In a previous work, we highlighted the application of a MOF-derived Ni@C catalyst for the 
methanation of CO2, which featured Ni nanoparticles stabilized by a carbon shell.21 The MOF-
precursor for this Ni@C catalyst is Ni(BDC)(PNO), featuring high crystallinity and high amounts 
of carbon per nickel atoms.22 It contains Ni2+ as inorganic nodes, linked by the organic 
benzenedicarboxylate (BDC) and bridged via pyridine-N-oxide (PNO) linkers (see Figure 1). The 
PNO is blocking the pores of the MOF, which increases the amount of carbon and should 
prevent the agglomeration of the metal atoms. 
In order to follow the structural reorganisation from the crystalline MOF, via possibly 
disordered states to nanostructured catalytically active materials, X-ray total scattering with 
subsequent pair distribution function (PDF) analysis is of great value. The PDF displays all real 
space interatomic distances in the sample and is, hence, suited to study the short- to medium-
range order of amorphous and nanostructured materials together with the long-range order 
of crystalline materials.23 While common powder X-ray diffraction is mainly sensitive to 
crystalline matter without access to disordered states of matter with the diffuse diffraction 
signal lying underneath and in between the Bragg peaks, PDF is highly suited to access the 
local structural motifs in disordered materials.  Synchrotron X-ray scattering has the advantage 
of a very high time resolution in the (sub)-second regime thanks to high brilliance combined 
with 2D detectors, and high-energy X-rays can readily penetrate thick samples, making it 
especially suited for in-situ experiments.24,25 Some studies of MOFs with in-situ pair 
distribution function (PDF) analysis exist, mainly involving structural changes during catalytic 
application and formation of the MOF itself.26–28 But only few studies have been done so far, 
which deal with the formation of nanoparticles from MOFs during thermal treatment. For 
example, Folkjær et al. presented an in-situ PDF study on the formation of 10-30 nm Cu2O and 
65-80 nm Cu metal particles by thermal treatment of a Cu-containing MOF in argon 
atmosphere.29 Chen et al. studied the nanoparticle formation from different bimetallic MOFs 
and demonstrated the dependence of the resulting nanoparticle structure on the node 
chemistry of the MOF precursor.30 The short- to medium-range order sensitivity of PDF is 
nicely complemented by X-ray absorption spectroscopy (XAS).31–33 The element specificity of 
this technique allows to track  oxidation state changes of the metal center during thermal 
treatment of MOFs via X-ray absorption near edge spectroscopy (XANES).21  
Here, we perform in-situ PDF experiments to study temperature-induced structural changes 
of Ni(BDC)(PNO) to follow the nanoparticle formation during thermal treatment, partially 
complemented by XANES. The temperature-dependent impact of inert and reducing gas 
atmospheres on the process is contrasted, and correlated with thermal gravimetric analysis 
(TGA) under the respective reaction conditions for mechanistic insight.   
 



 

 

 
Figure 1: Structure of Ni(BDC)(PNO) MOF. Nickel in blue, oxygen in red, nitrogen in grey and the 
aromatic carbon linkers are simplified as brown rings. Note, that hydrogen is omitted for better 
visibility. On the left, the blocked pores by the pyridine-N-oxide are visible. The NiO6  octahedrons are 
arranged in chains, with the Ni atoms bridged via the oxygen of the PNO,  and the chains are linked by 
the benzenedicarboxylate (BDC) (shown on right). The BDC linker form the angle δ (left). 

 
Experimental Section 
Synthesis of Ni(BDC)(PNO) 
The synthesis of Ni(BDC)(PNO) was done according to an earlier publication.21 For this, 
9.887 g (34.00 mmol) of Ni(NO3)2·6 H2O, 5.684 g (34.00 mmol) of terephthalic acid and 
3.804 g (40.00 mmol) of pyridine-N-oxide were dissolved in 200 mL of 
dimethylformamide (DMF) in a 500 mL Schott flask using an ultrasonic bath. 
Subsequently, the reaction solution was heated to 120 °C for 18 h in an oven, and the 
resulting solid was filtered off from the hot mixture and washed with 1x100 mL DMF, 
2x60 mL DMF and 1x60 mL deionized water. The solid green material was dried over 
night at room temperature and subsequently for 3 days at 130 °C in air. The sample 
investigated in this publication is from the same synthesis batch as samples in 21. 
 
Synthesis of Ni3C 
Ni3C was prepared by the decomposition of Ni(acac)2 in oleylamine and octadecene.34 
5.138 g (20 mmol) of Ni(acac)2, 19.2 mL (60 mmol) of oleylamine and 10 mL (31 mmol) 
of octadecene were placed in a three-neck round bottom flask. The reaction mixture 
was heated up to 100 °C in Ar atmosphere and after 30 min the temperature was raised 
to 150 °C and held for 15 min. Finally, the temperature was raised to 200 °C and held 
for another 4 h. The reaction product was centrifuged at 12000 rpm and washed three 
times with an 1:1 acetone/hexane mixture. The black product was dried overnight at 
room temperature and subsequently for 3 days at 80 °C in air. The purity was confirmed 
with Rietveld refinement. 
 
Thermal treatment conditions of Ni(BDC)(PNO) 
We abbreviate the experiments in the style of “10H2–342”, stating first the gas 
atmosphere in % hydrogen and then the final temperature of the experimental run. 



 

 

During the in-situ PDF measurements, the as-synthesized Ni(BDC)(PNO) was treated 
with a heat ramp of 5 °C/min and held at the final temperature 342, 375, 411, and 
500 °C under 10% H2/He until no further changes appeared in the PDF measurements 
(180, 60, 45 and 15 min, respectively). In case of He atmosphere one experiment with 
the final temperature 500 °C and holding time of 60 min was conducted (see Figure 2 
for visualized ramps). This means, that all experiments under 10% H2/He are identical 
up to the temperature 342 °C. The resulting temperatures were calculated after 
calibrating the temperature inside the capillary. The observation for all experiments 
started at 130 °C (after applying a heat ramp of 50 °C/min), as only changes in lattice 
parameter occurred between 20-130 °C confirmed by PXRD and also no mass loss was 
observed (confirmed by TGA). Therefore, 130 °C is referenced as the time 0 min for all 
in-situ experiments.  

 
Figure 2: Temperature profiles of the thermal treatment starting at 130 °C with a heat ramp of 5 °C/min 
up to the respective holding temperatures. 

 
In-situ X-ray total scattering analysis 
Total scattering data was acquired at Petra III P21.1 beamline at DESY facility, Hamburg 
(Germany), with an X-ray energy of 102 keV (λ = 0.1215 Å) and a beamsize of 
0.8x1.0 mm2. Data was collected continuously using a Pilatus CdTe 2M detector with 
10 seconds for each detector image over a Q-range of 0.5 – 25.4 Å-1. Radial integration 
was done with the software xpdtools35, PDF calculation with PDFgetX336 and PDF 
modelling with DiffPy-CMI.37 A Si standard was measured to calibrate the detector tilt, 
the sample detector distance, as well as the instrumental resolution parameters 
Qdamp=0.053 and Qbroad=0.013.  
For every experiment, 20 mg of Ni(BDC)(PNO) were filled in a capillary (1.5 mm OD, 
1.48 ID) as a powder and fixed with quartz wool plugs. Prior to the experiment the 
apparatus was flushed with He and the O2 concentration was controlled with an inline 
oxygen sensor. For heating, a hot air blower with homogeneous heating zone of about 
2 mm diameter was placed under the capillary and the total gas flow of 20 mL/min was 
achievied by Bronkhorst mass flow controllers. 
 



 

 

In-situ X-ray absorption spectroscopy 
X-ray absorption experiments at the Ni K-edge (8333 eV) were carried out at PETRA III 
beamline P65 at DESY, Hamburg (Germany). The PETRA III storage ring at DESY operates 
at 6 GeV particle energy with a current of 120 mA in top-up mode keeping the current 
stable at 1%. Measurements have been performed in fluorescence mode using a Ni foil 
for calibration of the beam with the first inflection point of Ni K edge at 8333 eV. For 
beamline P65, an 11-period mini-undulator is the photon source and the incident 
energy is selected using a water-cooled Si (111) double crystal monochromator with a 
beam size of 1.0 × 0.2 mm beam spot size. The XANES analysis and the data preparation 
have been carried out with the program Athena of the Demeter program package.38 
For data evaluation, the spectra background has to be removed in the first instance, 
and, therefore, a Victoreen-type polynomial was subtracted.39–41 The first inflection 
point was taken as energy E(0). 
The in-situ XANES measurements were carried out using a self-designed cell based on 
MACOR ceramics. The cell was heated with heating wires and was isolated with quartz 
glass wool. A custom-built gas dosing system of mass flow controllers was used to 
control the gas flow with an overall gas flow of 100 mL/min while using a sample 
amount of 100 mg Ni(BDC)(PNO). Only 10H2-500 and He-375 with a heating ramp of 
5 °C/min starting from room temperature were measured with XANES. 
 

Thermogravimetric Analysis coupled with Mass Spectroscopy (TGA-MS) 
TGA measurements were performed on a NETZSCH STA 449C Jupiter thermoanalyzer 
equipped with an electromagnetic microbalance with top loading. The TGA resolution 
was 0.1 μg and the relative error of mass determination was 0.5%. A highly sensitive 
sample carrier with Pt/Pt–Rh thermocouples and a controlled gas flow of 100 ml/min 
was used. Both gases Ar and H2 were used with 99.999% purity. The samples were 
positioned into corundum crucibles (85 μl) without lids. The evolving gases during 
thermal treatment were monitored and analysed with a quadrupole mass 
spectrometer (QMS200 Omnistar, Balzers) coupled to STA via a quartz capillary heated 
to 393K. The QMS experiments are performed with an electron ionization energy of 70 
eV and a dwell time per mass of 0.2s. The masses observed included 2, 12, 14, 15, 16, 
17, 18, 20, 26, 27, 28, 30, 32, 39, 40, 44, 46, 50, 52, 54, 55, 65, 67, 77, 78, 79, 84, 85, 95 
m/z. 
 
Results and Discussion 
Temperature-induced changes in the metal-organic framework Ni(BDC)(PNO) 
The PDF of the Ni(BDC)(PNO) framework is dominated by Ni···O and Ni···Ni distances 
due to the stronger scattering power of Ni compared to the lighter elements H, C, N, O. 
Therefore, the Ni-O distance at 2.04 Å from Ni-carboxylate and Ni-pyridine-N-oxide 
interactions of the NiO6 octahedra and the Ni···Ni distance at 3.59 Å from the corner-
sharing octahedrons are most pronounced in the PDF (see Figure 3). When studying 
the structure of MOFs with powder X-ray diffraction (PXRD), one needs to keep in mind 



 

 

that the organic linkers are rigid themselves, but have rotational freedom along the C2 
symmetry axis, due to sp3-hybridized C-C bonds. Kolokolov et al. showed with solid-
state 2H-NMR that the activation energy for the phenylene group rotation via π-flipping 
in the comparable MIL-53 framework is 37 ± 1 kJ/mol and the aromatic ring becomes 
mobile at temperatures higher than 350 K.42 With higher temperatures the π-flipping 
can turn into free rotation, where the aromatic ring is allowed to rotate freely along 
the C2 symmetry axis.43 Increased temperatures lead to an overall decrease in the long 
range order and broadening of interatomic distances (e.g at 2.04 Å representing the 
Ni-O distance) due to higher thermal motion of the atoms and ions, but also due to 
rotations of the organic linker. At a temperature of 170 °C, the peak starts to shift to 
lower distances with the final distance of 2.00 Å at 345 °C. This is anomalous because 
bond lengths should increase with temperature. The anomalous contraction of the Ni-
O distance could stem from a change in ligand chemistry or due to a distortion in the 
framework which hinders the Ni-O distance from relaxing. 
 

 
Figure 3: a) PDFs of Ni(BDC)(PNO) measured at different temperatures in He, with schematics of  NiO6 
octahedra for the two Ni···Ni distances. The blue triangle shows the shift of the Ni-O distance, the red 
circle and black square show the two Ni-Ni distances at 3.34 and 3.59 Å, respectively. b) Corresponding 
changes of the Ni-O distance. c) Ratio of the peak areas of M···M distance at 3.34 and 3.59 Å.  

The Ni···Ni distances of the MOF at 3.59 Å split into two peaks, beginning at around 
195 °C, where the low distance peak is visible as a shoulder. This is even more 
pronounced in the difference-PDFs (dPDFs) obtained by subtraction of the 
measurement at 20 °C (see SI Figure S1). At 345 °C the two peaks are located at 3.34 Å 
and 3.64 Å. One explanation for this splitting is the formation of differently connected 
NiO6 octahedra, for example via different tilt angles of neighbouring octahedra (see 
Figure 3a inset). With XANES we could confirm, that the large majority of Ni atoms stays 
in the oxidation state NiII until 345 °C, as the white line and the pre-peak are showing 
only minor changes, (but with a clear trend towards reduced species) (see SI Fig. S2). 
The change of the Ni···Ni distance is due to tilted corner-shared NiO6 octahedra, also 



 

 

indicating a distortion in the framework with rising temperature. The increase of the 
pre-peak feature also supports this finding, as it hints towards a change of a symmetric 
to a less symmetric NiII environment. 
The PXRDs show no change of space group symmetry (see SI Figure S3). This means 
that the structural transitions in the framework are mostly short-range order effects. 
For further insights into the temperature-induced structural changes of Ni(BDC)(PNO), 
PDF and Rietveld refinements were conducted using the crystal structure of the 
isostructural Co(BDC)(PNO).22 The lattice parameters a, b, c from the PDF refinements 
show nearly linear trends with temperature, where a is decreasing, b is nearly constant 
and c is increasing with temperature (see SI Figure S4). The lattice parameters b and c 
from the Rietveld refinements follow a similar trend but have a large error (see SI Figure 
S5). This is due to the low Q-resolution of the total scattering measurement setup with 
a small sample-detector-distance and the X-rays had a small wavelength, resulting in 
broad overlapped Bragg peaks (see SI Figure S6). The lattice parameter a shows no clear 
trend up to 300 °C, when it starts to decrease with a lower overall error value. The 
trend of lattice parameters leads to a rising angle δ between the BDC linkers (see 
Figure 1 and  
Figure 4). Such behaviour was also found by DeVries et al. for the HMOF-1.44 To our 
knowledge, we are the first to report this on the Ni(BDC)(PNO), being a close relative 
of the MIL-53 framework. Overall, the unit cell volume V of the MOF is increasing 
linearly until 200 °C with a thermal expansion coefficient of αV = 7.6 · 10-5 K-1. Then, the 
cell volume plateaus and finally shrinks slowly due to the dominating decrease of the 
lattice parameter a. To account for finite size dampening in the PDF from crystallite size 
and amorphization, a parameter for the attenuated crystal spherical shape function, 
was used.45 The refined domain size shows a decrease starting at 240 °C with an even 
stronger decrease beyond 315 °C, indicating an accelerated amorphization of the 
framework (SI Figure S7). This amorphization is induced by the release of the solvent 
dimethylformamide (DMF) used in the synthesis, which is trapped inside the MOF 
crystals. This solvent release is proven with TGA-MS, in which a m/z signal attributed 
to a DMF fragment is observed from 220 °C onwards (see SI Figure S12). The boiling 
point of DMF is 153 °C at 1 bar but the crystal prevents the release until enough 
pressure is built up in the pore. The pressure needed for DMF to boil at 220 °C is ca. 6 
bar calculated with the Clausius-Clapeyron equation (see SI). 
The goodness of fit parameter Rw of the PDF refinements worsens with increasing 
temperature. This leads to the conclusion, that structural changes occur that cannot be 
described by the Ni(BDC)(PNO) crystal structure. A comparison between the PDF 
refinements at 20 °C and 345 °C in He is shown in SI Figure S8.  



 

 

 

Figure 4: Distortion of the framework reflected in the angle δ of the BDC linker, calculated from the 
lattice parameters a and c. Values from Rietveld refinement are shown as green squares (with error 
bars) and values from PDF refinement are showns as black dots. 

We observed that the refined PDF peaks of Ni(BDC)(PNO) at an elevated temperature 
of 245 °C in the range up to 5 Å were too broad and the refined peaks in the range 5-
40 Å were too narrow (see SI Figure S9). This implies that the refined isotropic thermal 
displacement is too high and too low for the respective ranges. While the 
intramolecular distances have low relative displacement, the intermolecular distances 
have high displacements caused by the rotationional freedom of the benzene rings. 
Hence, separate  refinements of the ranges 1-5 Å and 5-40 Å support this finding, as 
the Biso for carbon at 245 °C is 0.3 Å2 in the range 1-5 Å and and 4.1 Å2 in the range 5-
40 Å, respectively. 
 
NMF mapping of the main components 
Non-negative matrix factorization breaks down the whole PDF pattern into its 
components and proved to be a useful tool for in-situ experiments with multiple 
phases.46,47 In the case of MOF decomposition, the main components are the MOF, the 
formed Ni nanoparticles and possibly secondary phases. From the NMF weights of 
these components, we can conclude the course of decomposition to further support 
the sequential PDF refinements. Thatcher et al. showed that the NMF weights are in 
good agreement with the molar phase fractions from Rietveld refinements.46 The NMF 
mapping is also not dependent on any structural information, like a crystal structure, 
which is especially helpful in our case of amorphization of the framework and evolution 
of nanoparticles. To validate the significance of the NMF mapping, we compared the 
NMF weights with the molar contents found by sequential PDF refinements, which 
match well. 
Further, the molar content of the MOF phase in the NMF mapping and PDF refinements 
is in line with the TGA experiments (see Figure 5). In order to compare the progress of 



 

 

decomposition, the point where the NMF weight of the MOF was 50 % was taken as a 
benchmark point. Higher decomposition temperatures lead to faster decomposition. 
50 % of the MOF was already decomposed for two heat ramps at ca. 395 °C (396 °C for 
10H2-411 and 393 °C for 10H2-500 °C). This matches again well with the complementary 
TGA method, where 50% loss of organic linker occurred at 400 °C (for further 
information see SI). The decomposition atmosphere had a significant impact on the 
decomposition rate of the MOF. Without hydrogen as a reducing agent, 50 % 
decomposition occurred only at 418 °C. This can be explained by the reaction of the 
strong reducing agent H2 with the organic linker, breaking the bonds between the 
central NiII and the oxygen of the organic linker, also leading to the reduction of NiII to 
Ni0. 

 
Figure 5: Comparison of the molar content resulting from PDF refinements (black square), TGA (blue 
triangle) and NMF mapping (red circle): a) 10H2-342, b) 10H2-375, c) 10H2-411, d) 10H2-500, e) He-500. 
Note that 10H2-342 is shown over a larger timeframe. 

 
 
 



 

 

In-situ X-ray scattering during the formation of the catalyst in reductive atmosphere 
In-situ PDF experiments during the formation of the catalyst were performed to track 
the nanoparticle growth and identify mechanistic steps during the decomposition of 
the MOF. Complementary TGA-MS and XANES experiments were conducted to 
correlate structural features with the decomposition process. Exemplary, the PDF 
experiment 10H2–375 is showcased. We confirmed the reproducibility of the 
experiments 10H2-342,375,411,500 by comparing the PDF refinements of the MOF up 
to 342 °C (see SI Figure S16). In 10% H2/He the amorphization of the MOF starts at 
around 270 °C, visible in the peak broadening and the loss of intensity of peaks at higher 
distances (see Figure 6b). The peaks at 7.1 Å and 14.2 Å vanish representing a loss of 
crystallinity. TGA showed the first maximum in the derivative curve at 270 °C (see SI 
Figure S11), revealing that a mass loss coincides with the amorphization of the 
framework. As described earlier this is due to trapped DMF in the MOF crystals that 
damages the crystalline structure as soon as it is released as volatile components.  

 
Figure 6: a) Molar fraction of Ni(BDC)(PNO) (red triangles) and Nifcc (black circles) and the 
corresponding domain size of the Nifcc phase from PDF refinements. The domain size was fitted with a 
Boltzmann curve (blue dashed line). b) Heatmap of in-situ PDF measurements of 10H2–375. The onset 
of amorphization at 270 °C, the start of nanoparticle formation at 355 °C and the final temperature are 
marked with dashed orange lines. The heatmap is normalized to the highest G(r) value and G(r) values 
≤ 0 are set to the dark blue color for better visibility. 

At around 355 °C, Ni nanoparticles start to form, featuring seven coordination shells 
within a measurement time of 10 s, i.e. the time resolution of the experiment, since 
Ni···Ni distances of a Nifcc structure appear up to 6.7 Å (see Figure 6b). The Ni···Ni 
distances of the first nanoparticles at 355 °C are elongated by 0.7% compared to bulk 
Ni (taking into account the thermal expansion coefficient of ca. 14·10-6 K-1 and the 
lattice parameter 3.5238 Å for bulk Ni in the literature).48,49 Furthermore, the peaks 
corresponding to the Ni nanoparticles are very broad (see SI Figure S18), especially for 
the higher coordination shells. This underlines the disordered nature of these 
nanoparticles. The sample becomes inhomogeneous with co-existing amorphous MOF 
and Nifcc phase. To shed more light onto the phase evolution, two-phase PDF 
refinements were carried out with a Nifcc and Ni(BDC)(PNO) phase in which the lattice 



 

 

parameter, the molar content, the domain size and isotropic thermal displacement 
parameters were refined for each phase (see SI Table S3). The Ni(BDC)(PNO) molar 
content starts to decrease slowly at around 340 °C and the degradation was 
accelerated at 370 °C (see Figure 6a). At 370 °C, it was possible to reliably refine the 
first Ni nanoparticles with a domain size of ca. 20 Å.  
Further, XANES indicates the first formation of Ni0 nanoparticles by the shift of the edge 
position towards lower energies, thus indicating reduced species. The increasing 
intensity of the pre-peak at 355 °C shows the reduction of a fraction of NiII to metallic 
Ni0 (see Figure 7), which is completed at 500 °C. 

 
Figure 7: XANES spectra of 10H2-500 at selected temperatures. The inset is a zoom into the pre-peak 
region.  

 
According to TGA, at 355 °C the main mass loss starts to take place, see shoulder in 
derivative curve in Figure 8. The mass spectrum showed first a fragment at m/z = 79 
belonging to pyridine and at higher temperatures a fragment at m/z = 78 belonging to 
benzene. Hence, the PNO linker is released from the framework first followed by the 
BDC linker at higher temperatures. This is also visible in the PDFs in the intensities of 
the C-C and Ni···N distances in the temperature range 365-410 °C (see SI Figure S17). 
The intensity of Ni···N, stemming from Ni···PNO interaction, is decreasing much faster, 
than the intensity from C-C, stemming from PNO and BDC intramolecular distances. 
Further, reduced benzene species like cyclohexene and cyclohexane could be observed 
in TGA-MS, showing that reduction of the organic linkers took place (SI Figure S12). 



 

 

 
Figure 8: TGA-MS of 10H2-500 with derivative relative weight curve (top) and corresponding MS signal 
for pyridine and benzene (bottom). 

After initial formation, the nanoparticles grow quickly to a domain size of 35 Å upon 
reaching the final temperature of 375°C, at which they remain stable, at least for more 
than two hours under thermal treatment conditions. At the end of the decomposition 
experiments, besides the Nifcc phase, a small signal of graphitic carbon remains in the 
PXRD (see SI Figure S19), underlining the conversion of the organic linker to a stabilizing 
carbon matrix, which we identified based on TEM investigations before.21 
With XANES the nanoparticle growth and a change of Ni0/NII ratio are visible in the 
increase of the pre-peak up to 400 °C together with a shift of E0 to lower energies in 
Figure 7. The white line intensity decreases while the intensity of the first oscillation 
increases. This is typical for samples with high elemental metal content, as the lighter 
backscatterers in the direct coordination environment of the MOF are replaced by 
heavier backscatterers in the nanoparticles. At higher temperatures, the pre-peak and 
edge are not distinguishable, which is typical for metallic species.50 At 500 °C the edge 
is at 8333 eV, the value for Ni0, which indicates the complete reduction of Ni species.51  
The TGA of 10H2–375 and 10H2–500 showed a distinctive difference in the relative mass 
loss curves and their derivatives, see SI Figure S15. The mass loss attributed to the 
framework decomposition starts for both at 355 °C and proceeds in the same manner 
up to 375 °C: From there on, the mass loss in 10H2–500 is accelerated, visible in a 
maximum in the derivative curve at 400 °C and the framework decomposition is 
finished at ca. 420 °C. The mass loss for 10H2–375 is decelerated after reaching 375 °C 
and approaches the same relative weight of 28 % after a longer holding time (see SI Fig. 
S16). For 10H2-500 a second decomposition step after 420 °C is visible in the TGA. The 
m/z signal coinciding with this mass loss belongs to CH4 (see SI Figure S13), which could 
evolve via hydrogenation of carbon that is surrounding the Ni nanoparticles.  
XANES of the samples with longer time on stream at 500 °C showed that the two 
features in the white line swap intensity (see SI Figure S20 inset). Thus, at the beginning, 
the direct white line feature (around 8350 eV) is higher than the neighboring one 
(around 8357 eV), which represents a mixing of the backscattered radiation of the 
nearest neighbors. With increasing holding time, the intensity of the first white line 
feature (8350 eV) becomes lower than the first oscillation (around 8357 eV). This 
indicates that lighter components such as carbon or oxygen are being removed from 



 

 

the sample and the sample is becoming more metallic which could be an indication of 
nanoparticle growth. This poses a problem to the stability of the nanoparticles when 
the thermal treatment at high temperatures is executed longer.  
The domain sizes and their growth varied significantly between the different end 
temperatures. For 10H2-411 and 500, we observed fast nanoparticle growth within 
45-55 minutes until a stable particle size was reached (see Figure 9a). For 10H2-375, the 
particle growth is slowing down at 50 minutes, which can be explained by the slower 
framework decomposition detected by TGA, NMF and PDF (see Figure 5). For 10H2-342, 
the domain size growth is even slower from the very beginning, and did not enter a 
plateau after 80 min, well in line with the TGA results. The scattering of data points in 
the curves could stem from the movement of the powder in the capillary during 
decomposition when gases were released. 

 
 

Figure 9: Refined domain size of 10H2–342 (black squares), 375 (red dots), 411 (blue triangles), and 500 
(green diamonds) a) plotted versus time and b) plotted versus the molar fraction of the MOF. 

We used the refined molar content of the MOF (see SI Figure S21) to check the 
dependence of Nifcc domain sizes on the degree of decomposition, by plotting the 
domain sizes vs. the molar content, see Figure 9b. The domain sizes follow a similar 
trend of growth independent of the end temperature, but mostly dependent on the 
degree of decomposition. This means, that the domain size can mainly be controlled 
by the holding time at the specific temperature. Overall, the mechanism of 
decomposition and formation of nanoparticles was comparable for different 
temperatures. 
 
In-situ total scattering during the formation of the catalyst in non-reductive atmosphere 
In He atmosphere, the decomposition follows a different pathway than in the reductive 
one. In He, the amorphization of the MOF starts around 275 °C and the first 
nanoparticle formation is visible at 360 °C, which is 5 °C higher than in reductive 
atmosphere. This was confirmed by TGA, where the mass loss is observed at ca. 10 °C 



 

 

higher temperature under inert conditions (see SI Figure S14). TGA-MS revealed 
additionally, that no reduced aromatics like cyclohexene and cyclohexane were 
released during the decomposition in non-reductive atmosphere. The second 
decomposition step present in reductive atmosphere, during which carbon is 
hydrogenated to CH4, is also missing in He. Further, a side phase appeared at 410 °C 
that persisted even upon reaching the end temperature 500 °C after 74 min, see Fig. 
9b. The NMF mapping also detected one side phase, which could be assigned to NiO 
(see SI Figure S22). 

 
Figure 10: a) In-situ PDF heatmap of He–500. b) Zoom into the region 45-75 minutes (corresponding to 
350-500 °C). Key temperatures are showcased by dashed orange lines. The formation of the side phase 
is marked with dashed white arrows. 

In order to identify the crystalline side phases, we indexed the PXRD patterns and found 
not only one side phase already visible in the PDFs, but two side phases that formed 
consecutively (see SI Figure S23). The first phase formed is a hexagonal phase, which 
could either be Ni3C or Nihcp. Ni3C and Nihcp are difficult to distinguish because Ni3C is 
isostructural to Nihcp with carbon on interstitial sites of the hexagonal lattice.39 The 
identified hexagonal side phase matches the reference measurement of a synthesized 
Ni3C. Since Nifcc is known to form metastable hexagonal phases by the introduction of 
lighter elements on interstitial sites, we propose that initially Ni3C is formed given the 
large carbon content in our sample.52 The scattering power of C is very low compared 
to Ni, which results in identical PXRD patterns with a slightly larger lattice parameter 
for Ni3C compared to Nihcp. 
The second phase can be attributed to cubic NiO, which is formed by the oxygen-rich 
organic linker. In reductive atmosphere, the formation of NiO was suppressed by the 
addition of H2. The decomposed organics, that formed the carbon residuals are able to 
reduce NiO, which happens at higher temperatures and leads to the conversion of NiO 
to Nifcc in non-reductive atmosphere.  
To quantify these qualitative observations, sequential four-phase PDF refinements with 
Ni(BDC)(PNO) (CCDC entry 947945), Nifcc (ICSD entry 111370), Nihcp (ICSD entry 76668) 
and NiO (ICSD entry 131090) crystal structures starting at 305 °C were done (see Figure 
11 a). The Ni(BDC)(PNO) phase was removed from the refinement when it approached 
zero at 55 min. The refined relative molar content shows a steep rise of Nifcc in the 360 
– 430 °C regime and afterward a continuous rise up to 80 % at 500 °C. The hexagonal 



 

 

Ni phase starts to form at 370 °C and has a maximum of 40 % at 405 °C. It then 
decreases back to around 10% transforming either to Nifcc or NiO. The NiO molar phase 
content starts rising at 405 °C to a maximum at 455 °C and then decreases to <10% at 
500 °C. 

 
Figure 11: a) Evolution of molar phase fractions during four-phase (up to 54 min) and three-phase 
(after 55 min) sequential PDF refinements of He–500 °C. Ni(BDC)(PNO) (open blue triangles), Nifcc 
(open black squares), Ni3C (green diamonds) and NiO (red dots) structures were refined. The 
Ni(BDC)(PNO) structure was removed from the refinement when it approached zero at 55 min. The 
temperature ramp is shown above. b) Lattice parameters a (black squares) and c (blue triangles) of the 
refined hexagonal phase are displayed, together with the phase scale of Nihcp. The jump of the lattice 
parameter is visualized by the lattices of Ni3C (left) and Nihcp (right). 

 

The Nihcp lattice parameters were also refined and showed a significant drop at 450 °C 
(see Figure 11 b), coinciding with the drop of the the molar content of the hexagonal 
phase. This can be attributed to a partial phase transformation from Ni3C to Nihcp, as 
the carbon is leaving the interstitial sites of the hexagonal lattice, which contracts the 
lattice parameters a and c from 2.673 and 4.363 Å to 2.504 and 4.058 Å, respectively.53 
In our previous work, we observed a hexagonal phase in the pre-catalyst with ex-situ 
X-ray scattering.21 With this in-situ study, we can now demonstrate that Ni3C is formed 
in presence of carbon and under inert atmosphere at temperatures around 370 °C. It is 
then further converted to Nihcp at higher temperatures of 450 °C. 
 

Conclusions 

With in-situ PDF and XANES experiments we elucidated mechanistic details of the 
thermal decomposition of the Ni(BDC)(PNO) MOF, leading to active CO2 methanation 
catalysts. The MOF structure is structurally stable up to ca. 170 °C and higher 
temperatures lead to more rotational freedom of the benzene ring of the BDC linker. 
Further heating triggers a structural transformation, where the Ni-O distance contracts 



 

 

and the NiO6 octahedra tilt. At 240 °C this distortion begins to disturb the crystalline 
long-range order leading to amorphization. Additionally, TGA-MS showed that DMF is 
trapped inside the MOF and is released, correlating with amorphization. 
Besides the temperature-induced changes of Ni(BDC)(PNO), we studied the influence 
of the atmosphere (He vs. 10% H2/He) and thermal treatment temperature on the 
course of the decomposition. 
Under reductive atmosphere, small Ni nanoparticles form at around 355 °C, which 
rapidly grow until a stable domain size of 35-40 Å is reached. From the parameters 
investigated, the domain size growth only depends on the degradation degree of the 
MOF, which is influenced by the gas atmosphere and holding time at the chosen 
temperatures. TGA-MS shows that the decomposition of the framework starts with 
PNO leaving the framework, followed by the BDC linker at higher temperatures or 
longer holding times. A fraction of graphitic carbon is visible in the PXRD after each 
decomposition experiment (10H2-342, 375, 411, 500 and He–500), leading to the 
conclusion, that the nanoparticles are stabilized in a carbon matrix as previously 
observed in TEM. Under reductive atmosphere and higher temperature, further 
decomposition of this carbon shell was observed with TGA-MS. 
The decomposition in non-reductive He atmosphere proceeds with the formation of 
two different hexagonal Ni side phases and a cubic NiO side phase. The first hexagonal 
phase forms at 370 °C by intercalation of carbon into the Ni lattice to yield Ni3C. At 
higher temperatures the carbon leaves the interstitial atom sites, reflected in the jump 
in the lattice parameter of the hexagonal phase. A metastable Nihcp evolves, which 
partly transitions to the stable Nifcc phase. A small Nihcp fraction remains until the end 
of the decomposition process, possibly stabilized by the surrounding carbon. The NiO 
phase, which forms at 405 °C by the oxygen-rich organic linker, disappears almost 
entirely after reaching 500 °C. 
From these in-situ PDF and XANES experiments we conclude, that for the formation of 
a MOF-derived Ni@C methanation catalyst, a reducing atmosphere is needed to obtain 
a single phase product. The decomposition temperature plays a crucial role in the 
process, as high temperatures lead to further undesired decomposition of the 
stabilizing carbon matrix. Most synthetic procedures for MOF-derived catalysts in the 
literature were done under inert atmosphere, only.54 The use of a reductive 
atmosphere could pose an optimization for further rational catalyst and material 
design. 
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