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Abstract 

Carbon Capture, Utilisation and Storage (CCUS) technologies are utilised to minimise net CO2 

emissions and hence mitigate the impact of anthropogenic emissions on the global climate. One 

example of CO2 utilisation is the production of carbon-neutral methane fuel via catalytic CO2 reduction 

with H2 (methanation). Thermal activation of a metal impregnated metal-organic framework (MOF), 

1wt%Ru/UiO-66 in the presence of H2 and CO2 provides in situ synthesis of a highly active 

methanation catalyst: H2 promotes the formation of Ru0 nanoparticles, and CO2 behaves as a mild 

oxidant to remove framework carbon and promote ZrO2 crystallisation. The nature of the active MOF-

derived Ru0/ZrO2 catalyst was studied by PXRD, TEM, and XAS, and the evolution of the parent 

1wt%Ru/UiO-66 during thermal activation monitored in operando by synchrotron PXRD. The Ru 

impregnated Zr-based MOF collapses on heating in H2 and CO2 to form an amorphous C and Zr 

containing phase that subsequently crystallises as tetragonal (t-) ZrO2 nanoparticles. These t-ZrO2 

nanoparticles undergo a subsequent phase transition to the more stable monoclinic (m-) ZrO2 

polymorph. In situ activation of Ru/UiO-66 generates a highly active catalyst for CO2 methanation by 

transforming the MOF precursor into a (carbon-free) crystalline t-ZrO2 support that stabilises highly 

dispersed metallic Ru nanoparticles. This insight may guide the rational design of future MOF-derived 

catalysts. 
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1. Introduction 

Rising anthropogenic CO2 emissions and the consequent increase of atmospheric CO2 

concentrations is a significant environmental concern due to the associated impact on the global 

climate. In 2018, the Intergovernmental Panel on Climate Change (IPCC) published a special report 

entitled  , which highlighted the contribution of fossil fuel use to CO2 

emissions, and the need for a transition to renewable and low emissions technologies to limit the 

global temperature rise to 1.5 °C [1]. This shift away from traditional fossil energy sources and 

technologies will favour less carbon intensive options such as renewable energy (e.g. solar and wind), 

biofuels, electrification, advanced battery technologies and carbon capture, utilisation and storage 

(CCUS). Catalytic processes will play a critical role in many of these technologies, particularly for 

biofuels and CO2 utilisation, for which new and improved catalysts may enable cost-effective 

pathways for marketable low-carbon fuels and chemicals. An attractive but challenging option is the 

conversion of atmospheric CO2 into fuels (e.g. hydrocarbons and oxygenates). Although the 

combustion of such fuels will release CO2 back to the atmosphere, the overall cycle has the potential 

to afford zero net CO2 emissions. An important reason for considering such fuels is that they can be 

distributed and used with existing infrastructure, and thus have the potential to facilitate the transition 

to renewable energy resources. 

The catalytic hydrogenation of CO2 produces hydrocarbons and oxygenates depending on the 

process conditions and catalyst selected [2]. The hydrogenation of CO2 to methane, generally known 

as CO2 methanation or the Sabatier reaction, is a well-known process which typically proceeds with a 

high rate of CO2 conversion and high selectivity for methane. The reaction takes place at elevated 

temperatures (300-400 °C) [3] and  is highly exothermic (-165 kJ/mol CH4). In industrial processes, 

CO2 methanation catalysts are widely used to remove low concentrations of CO2 from feed gases. 

The potential of CO2 methanation for carbon-neutral fuel production has renewed interest in 

methanation catalyst development with a focus on catalytic activity and stability for concentrated CO2 

and H2 feed streams.  

Ruthenium, rhodium, nickel and cobalt are the main catalytic metals studied for CO2 methanation [4, 

5], and the lower cost of Ni makes it preferable for large-scale applications, although the high activity 

and stability of Ru catalysts can result in economic gains. Ru, Rh, Ni and Co catalysts are typically 

prepared by impregnation or co-precipitation on metal-oxides or zeolites, however these methods 



offer limited control over the resulting metal morphology and distribution, and hence catalytic activity 

and stability. Catalyst supports, notably ZrO2 and CeO2, are demonstrated to directly participate in 

methanation through providing adsorption sites for CO2 [6-9]. Synthetic methods are therefore 

required that provide good control over both metal and support to create well-defined active sites and 

reproducible catalyst performance. 

Metal-organic frameworks (MOFs) are porous materials composed of inorganic nodes coordinated by 

organic linkers [10]. MOFs have been predominantly investigated for application to challenges in gas 

storage [11-15], gas separation [16-18], and catalysis [19-21]. Recently, MOF-derived materials have 

attracted significant attention, evidenced by recent reviews [22-29]. Specifically, the use of MOFs as 

sacrificial templates for functional materials has been shown to significantly impact the composition 

and morphology of the derived materials, and consequently improve their performance, particularly for 

electrochemistry [22, 24-26, 29] and catalysis [23, 24, 27-29]. Their intrinsic porosity and the potential 

to tailor their periodic structures (i.e. spacing between inorganic nodes) renders MOFs novel 

precursors for the synthesis of functional materials with complex and controlled compositions [30-32]. 

However, lack of a fundamental understanding of the MOF-templating" -derivatio  

mechanism is a limitation for the directed synthesis of new materials [22-29]. Efforts in this direction 

have been reported by Xu et al. who investigated the pyrolysis of a Ni-MOF into Ni0 nanoparticles 

embedded in carbon by in situ TEM [33]. They observed the growth of Ni nanoparticles within a 

carbon matrix, the detachment of these nanoparticles from the matrix, and consequent agglomeration 

at higher temperatures. This knowledge enabled optimisation of the catalyst synthesis. In summary, 

understanding the mechanism of MOF-derivation is expected to enable the development of more 

sophisticated, tailored catalysts. 

MOF-derivation is usually achieved via heat-treatment of the precursor MOF under inert (pyrolysis) or 

oxidising (calcination) atmospheres. Generally, pyrolysis yields metal, metal oxides or carbides 

nanoparticles embedded in a porous carbon matrix, whereas calcination leads to removal of carbon 

and the formation of metal oxide nanoparticles. Only a few reports have explored the use of reducing 

conditions (i.e. thermal treatment in H2) in MOF-derivation [34, 35]. We previously reported a highly 

active Ru0/ZrO2 catalyst derived from a MOF subjected to CO2 methanation conditions (80% H2 and 

20% CO2 at 350 °C) [30]. This report exemplified the potential of using reducing atmospheres to 

synthesise metallic species from MOFs with controlled distribution and morphology. Here we 



investigate the transformation of Ru/UiO-66 into an active CO2 methanation catalyst by in operando 

PXRD. In addition, room temperature PXRD, TEM, XANES and EXAFS were also used to verify the 

nature of the MOF derived Ru0/ZrO2 catalyst.  

2. Experimental 

2.1 Synthesis of catalyst precursor 

The precursor for the catalyst (MOF) described throughout this work is a post-synthetically modified 

(PSM) MOF achieved by the impregnation of a Zr-based MOF with RuCl3 to produce 1wt% Ru loading 

on UiO-66. The Zr-based MOF, UiO-66, was synthesised based on the procedure described by Katz 

et al. [36], synthesis and impregnation details can be found in Lippi et al. [30]. In this manuscript 

1wt%Ru/UiO-66 is simply referred to as MOF.  

2.2 Heat-treatment 

The MOF-derived catalysts (MDCs) were obtained after heat-treating the samples at 350 °C in 

different atmosphere compositions. Sample MDC_5H2/N2 was obtained by subjecting the MOF 

(1wt%Ru/UiO-66) to a heat-treatment under 5%H2/N2 gas flow using a tube furnace. The MOF 

sample was loaded into a quartz crucible and placed in a tube furnace. The upstream end was 

connected to a cylinder of 5% H2 in N2 and the downstream end connected to a bubbler, to ensure 

unidirectional flow. The samples were treated at 350 °C for 16 h under continuous gas flow (heating 

ramp rate set to 2 °C/min). 

Reduction in a concentrated H2 atmosphere (i.e. 80% H2/N2 or 80% H2/CO2) was carried out using the 

multi-channel catalyst testing rig described in the catalytic testing section. Specifically, 20 mg samples 

of MOF (Ru/UiO-66) were loaded in 4 different reactors. Reactor 1 and 2 were subjected to heat-

treatment at 350 °C under a flow of 80%H2/N2 for 10 hours (Figure S1A), after that, reactor 1 was 

removed and the MOF-derived catalyst labelled MDC_80H2/N2 . Reactor 2 (pre-treated) remained in 

the rig and reactor 3 (fresh MOF) was added to it and these two samples were subjected to CO2 

methanation conditions for 30 hours (Figure S1B). The resulting samples in Reactors 2 and 3 were 

labelled MDC_80H2/N2 + 80H2/CO2  and MDC_80H2/CO2 Reactor 4 was 

subjected to a long-term CO2 methanation experiment at various temperatures, as described in Figure 

S1C, the MDC_80H2/CO2  

2.1 Catalyst performance tests for CO2 methanation 



The catalytic performance testing was performed in a custom-built high-throughput catalyst testing rig, 

FlowrenceTM (Avantium, the Netherlands), described in Lippi et al. [30]. The rig is capable of 

simultaneously testing 48 fixed-bed microreactors that are distributed in 3 different blocks with 

independent temperature control. All reactors at a given time are subjected to identical conditions of 

gas flow, composition and pressure. In a typical experiment, 20 mg of sample mixed with 50 mg of 

SiC were loaded into quartz micro-reactors. The samples were first dried in pure N2 at 200 °C 

(2 °C/min), then each reactor was exposed to reactive conditions: 2.47 sccm H2, 0.65 sccm CO2, 0.31 

sccm Ar, 350 °C (5 °C/min) at 4 bar. For validation purposes, all experiments included positive and 

negative control samples.  

2.2 Characterisation 

2.2.1 Thermogravimetric analysis (TGA) 

Residual carbon quantification was carried out by heating the samples to 700 °C under a constant 

flow of air (40 sccm) using a Perkin Elmer Pyris TGA. The effluent gas was analysed by a Pfeiffer 

Vacuum, ThermoStar GSD 320 T2 mass spectrometer. 

2.2.2 Transmission electron microscopy (TEM) 

TEM analysis was performed using a FEI Tecnai 12 G2 TEM operating at 120kV. High resolution 

TEM images were collected using a probe corrected JEOL ARM200F equipped with a cold field 

emission gun operating at 200 kV. The samples were prepared by suspension in ethanol and 

deposition on a holey carbon coated Cu grid.  

2.2.3 Powder X-ray Diffraction (PXRD) 

Synchrotron PXRD 

Room temperature and in operando experiments were performed using the powder diffraction 

beamline at the Australian Synchrotron and used a Mythen-II strip detector [37] for pattern collection. 

Patterns were collected with 60 s of acquisition time at each of 2 different detector positions offset by 

 to remove gaps in the datasets resulting from gaps between 

the detector modules. Phase identification was performed using the search and match algorithm in 

, the Netherlands) [37]. The identified phases were quantified via 



Rietveld refinement based quantitative phase analysis [38] using Topas V5 software (Bruker AXS, 

Germany) [39].  

Room temperature PXRD  

The powder samples were loaded in 0.7 mm glass capillaries (Charles Supper, USA) and rotated 

about the long capillary axis during room temperature acquisition. Synchrotron experiments were 

performed at 15, 16 and 17 keV (energy information corresponding to each pattern is in SI section 

5.1).  

In operando PXRD 

For the in operando PXRD, a flow-through cell designed by the Australian Synchrotron was used and 

data was collected at 16 keV. The powder sample was loaded into open ended capillaries of outside 

diameter of 0.7 mm and wall thickness of 0.01 mm. Fibrous quartz glass wool was inserted into the 

exit of the capillary to prevent the sample being blown out by the applied gas flow. The capillary was 

mounted into the cell which was the fitted to the sample stage of the diffractometer. The gas inlet of 

the flow-through cell was connected to a gas mixing manifold using flexible nylon tubing. The gas 

manifold was connected to the capillary, pure N2 and reactive gas mixture (25% CO2 and 75% H2). 

The sample was dried under a stream of N2 while increasing the temperature to 200 °C at 10 °C/min. 

Upon reaching 200 °C, the sample was held at this temperature for 1 hour and then the gas feed 

switched to the reactive mixture of CO2 and H2. The temperature was varied according to the profile 

displayed in Figure 6B. This process broadly simulated the same activation and reaction conditions as 

those used in catalytic investigations. A flow meter was used to regulate the gas flow to 5 to 6 sccm 

for both N2 and the reactive gas mixture. The cell was oscillated through 40° about the long capillary 

axis during data acquisition in order to maximise the number of crystallites contributing to the 

diffraction process and obtain the powder average. The gas outlet of the flow-through cell was 

connected to an OmniStar GSD 320 O2 mass spectrometer (MS) (Pfeiffer Vacuum GmbH, Germany) 

using flexible nylon tubing due to the oscillation of the flow-through cell. Heating of the capillary was 

achieved using a hot air blower and the temperature controlled and measured using a thermocouple 

positioned about 3 mm beneath the capillary. The hot air blower temperature was calibrated using 15 

high temperature calibration samples under static atmosphere subjected to changing temperature 

from 100 °C to 700 °C, phase transitions were indicative of the real temperatures. Quantification was 



carried out via Rietveld refinement using TOPAS V5 (Bruker AXS). Batch analysis for the 

quantification of the crystalline and amorphous phases is described in detail in SI section 5.2. 

2.2.4 X-ray absorption 

X-ray absorption (XAS) experiments at the Ru K-edge were undertaken at the XAS beamline of the 

Australian Synchrotron. The samples were diluted with cellulose powder to achieve a Ru loading of 

around 1000 ppm, the powders were then loaded onto room temperature stages. Next, they were 

scanned from 21.92 to 23.09 keV using fluorescence mode, and multiple patterns were collected for 

each sample. The acquired data was exported to ASC format using the software Sakura and later 

imported onto software Athena for merging multiple datasets, pre-edge subtraction, normalisation, 

XANES linear combination fitting and background subtraction to . The processed data was loaded 

onto software Artemis for EXAFS analysis. In addition to the samples of interest, the compounds Ru0 

foil, RuO2 powder and RuCl3 powder were also analysed and used as standards for linear 

combination fitting and for EXAFS comparison. For the EXAFS fitting, the amplitude reduction factor 

was obtained from fitting of Ru0 foil and then applied for the EXAFS fitting of the MOF-derived catalyst 

sample. The fitting was performed with the input of two structures hexagonal-Ru0 and tetragonal-

RuO2. The fitting was performed via least square methods considering a window of radial distance (R) 

specified in Table 2. 

3. Results and Discussion 

3.1 Effect of activation under H2 atmosphere 

The effect of a reducing atmosphere for catalyst activation on subsequent CO2 methanation was 

investigated by comparing MOF-derived catalyst (MDC) samples obtained by pre-treatment at 350 °C 

in 5%H2 in N2 (label 5H2/N2) or 80% H2 in N2 (label 80H2/N2) with two MOF samples without any pre-

treatment (Figure 1). Striking differences were observed for the sample pre-treated in 5%H2/N2 after 6 

h on-stream, steady state H2 conversion of 25.5% was observed, significantly lower than the other 

samples. CH4 was the major gaseous product, although its average production of 7.4 mmol 

CH4/gRu.min was lower than expected for the degree of H2 and CO2 conversion observed, suggesting 

carbon deposition on the catalyst. Trace amounts of CO (<0.05 mmol CO/gRu.min) were also detected 

during the first 30 h of the experiment. In contrast, activation occurred over the first 20 h of the 

experiment for the other three samples, evidenced by increased reactant conversion during this 



period, followed by a steady H2 conversion of 95%. These three samples were also 100% selective 

for methane with an excellent mass balance for CO2/H2 conversion and CH4 production (no higher 

hydrocarbons were detected at any point). 

These results suggest that a mild-reduction treatment (350 °C under 5%H2/N2) does not produce a 

highly active catalyst and in fact may result in coking. The catalyst pre-treated in 80%H2/N2 also 

underwent activation during CO2 methanation (80% H2/CO2) similar to the precursor without any pre-

treatment (Figure 1A inset). This activation step indicates that heat-treatment in a H2-rich atmosphere 

is not sufficient to activate the MOF-derived catalyst. Furthermore, it suggests that CO2 plays an 

important role in this catalyst activation. Pure UiO-66 treated in either 5%H2 in N2 or 80%H2/CO2 was 

inactive, confirming Ru as a key active catalytic component in the MOF-derived material. 

 

Figure 1: (A) H2 and CO2 conversion and (B) CH4 and CO productivity during CO2 methanation 

over as synthesised or H2 pre-treated MOF(Ru/UiO-66) samples. Testing of the 80%H2/N2 

(dark blue) pre-treated sample and one sample without pre-treatment (dark red) was limited to 

30 h, whilst the other two samples remained on-stream for >100 h. 

CO2 methanation involves the following main reactions [40]: 



CO2 + 4H2  CH4 + 2H2O, -165 kJ/mol  (1) 

CO2 + H2  CO + H2O,    (2) 

CO + 3H2  CH4 + H2O, -206 kJ/mol  (3) 

Reaction 2 is reversible and always occurs due to its lower activation energy barrier, and reaction 3 is 

usually fast [41], hence the overall methanation rate is determined by reaction 1 (either by direct 

conversion or hydrogenation of reactively-formed CO). Higher pressure favours reaction 1 [42], as 

observed for the MOF-derived catalyst (Figure 2B-D) under isothermal conditions. At 250 C, the 

elevated pressure increased hydrogen conversion and methane production. Temperature also 

increased reactant conversion and selectivity (Figure 2A) up to 300 C, suggesting that the reaction is 

kinetically controlled at lower temperature and reaches thermodynamic equilibrium above 300 C. 

 

Figure 2: CO2 methanation for MOF-derived catalyst activated at 80H2/CO2 as a function of reaction 

temperature and pressure: (A) at 30 bar; or at (B) 250 °C; (C) 330 °C; or (D) 350 °C. 

3.2 Structural investigations 

3.2.1 Room temperature PXRD 

The preceding differences in catalytic behaviour with pre-treatment (5%H2/N2, 80%H2/N2 or 

80%H2/CO2) were explored by TEM, XAS, and PXRD, the latter at room temperature and in operando 



to establish the crystalline phases arising from the MOF precursor in situ. It is evident that the 

activation pre-treatment strongly influences the resulting crystallinity and phase (Figure 3).  

 

Figure 3: (A) PXRD patterns of the parent Ru/UiO-66 MOF, and resulting structures following thermal 

treatment in 5%H2/N2 (MDC_5H2/N2) and 100 h methanation reaction (MDC_80H2/CO2). (B) Samples 

derived from MOF after thermal treatment in either 80%H2/N2, 80%H2/CO2, or both sequentially. 

Crystalline phases are indicated by symbols; unlabelled sharp peaks are SiC diluent. 

Table 1: Rietveld refinement quantitative phase analysis and crystallite size (LvolIB) for the PXRD 

patterns in Figure 3. 

Samples 

Atmosphere 
composition 

Time 
(h) 

UiO-66 t-ZrO2 m-ZrO2 t-RuO2 

  wt% 
LvolIB 
(nm) 

wt% 
LvolIB 
(nm) 

wt% 
LvolIB 
(nm) 

wt% 
LvolIB 
(nm) 

MOF - - 100 112 - - - - - - 

MDC_5H2/N2 5% H2/N2 16 - - 87.7 9.9 - - 12.3 43 

MDC_80H2/N2 80% H2/N2 10 - a - - a - - a - - a - 

MDC_80H2/N2 + 80H2/CO2 
80% H2/N2 10 

- - 32.6 11.8 67.4 14.3 - - 
80% H2/CO2 30 

MDC_80H2/CO2 80% H2/CO2 30b - - 33.8 11.3 66.2 13.4 - - 



MDC_80H2/CO2 80% H2/CO2 100c - - 16.0 7.7 84.0 10 - - 

MDC_80H2/CO2 long term 80% H2/CO2 250 - - 4.6 10.3 95.5 22.3 - - 

All MDC samples were treated at 350°C; a amorphous phase; b diffractogram displayed in Figure 3B; c diffractogram displayed 

in Figure 3A. 

Mild reducing conditions (MDC_5H2/N2) resulted in the emergence of t-ZrO2 and RuO2 reflections 

(Figure 3A), with quantitative phase analysis (QPA) by Rietveld refinement [38] indicating a 

composition of 87.7wt% t-ZrO2 and 12.3wt% RuO2. Comparison with the 1wt%Ru/UiO-66 precursor 

implies the RuO2 content is overestimated, attributed to the presence of amorphous C and Zr 

containing phases. The carbon content was therefore quantified by temperature-programmed 

oxidation (TPO), which revealed the presence of 32 wt% carbon in MDC_5H2/N2 (Figure S3B). The 

poor catalytic performance of this materials is explained by the presence of large (43 nm) RuO2 

crystallites and heavy coking. Subsequent reduction of such RuO2 particles during CO2 methanation 

conditions would likely produce Ru0 particles of similar size [43] and hence low surface area and 

activity. Mild reduction in 5%H2/N2 induces collapse of the MOF crystalline framework but does not 

remove the resulting fragments of organic linkers. We propose that site-blocking by this residual 

amorphous carbon phase, in conjunction with the formation of large RuO2 particles, accounts for the 

poor methanation performance observed. 

More reducing conditions (MDC_80H2/N2) result in only broad amorphous bands and sharp SiC peaks 

(the catalyst diluent during reactivity tests). The broad peaks agree with the expected reflections for 

m-ZrO2 and t-ZrO2, and are not due to background contribution from the quartz capillary. This 

amorphous material comprises a mixture of MOF breakdown products: amorphous carbon, and Ru 

and Zr phases; TPO revealed 16.6 wt% of carbon remnant (Figure S3C). As indicated by the catalytic 

tests in Figure 1, this sample differs significantly from that obtained by mild reduction (MDC_5H2/N2), 

being amorphous and not exhibiting RuO2 features. Although hydrogen-rich treatment alone is 

insufficient to form the (highly active) metallic Ru catalyst observed during methanation [30], attendant 

formation of an amorphous and carbon-rich state does not inhibit later transformation into the active 

catalyst state on subsequent exposed to methanation conditions (80%H2 in CO2). 

Thermal processing in the presence of CO2 appears essential to produce the crystalline ZrO2 

observed in the highly active catalysts, as seen by comparing the PXRD patterns of the MOF treated 

in 80%H2 in N2 (MDC_80H2/N2) versus that first treated in 80%H2 in N2 and subsequently in 80%H2 in 

CO2 during CO2 methanation (MDC_80H2/N2 + 80H2/CO2). The latter material exhibited little 



difference from that of the MOF directly subjected to 80%H2 in CO2 (MDC_80H2/CO2), and containing 

<2wt% carbon following the first activation step (Figure S3D). Heating in CO2 is reported to selectively 

etch carbon nanotubes, acting as a mild oxidant compared to oxygen or air [44]. We therefore 

hypothesise that CO2 acts as a mild oxidant of the MOF, combusting organic linker fragments and 

supplying oxygen to promote ZrO2 the crystallisation. In tandem, H2 promotes structural 

decomposition of the MOF and the reduction of liberated Rux+ to Ru metal (and maintains it in a 

reduced state).  

Catalyst activation under CO2 methanation conditions (MDC_80H2/CO2) yielded a mixture of m- and t-

ZrO2 phases. PXRD patterns revealed no reflections attributable to Ru phases (Ru0 or RuO2), 

consistent with the formation of highly dispersed Ru nanoparticles; the nature and size of these 

particles is discussed in the following sections. Monoclinic ZrO2 is the thermodynamically stable 

polymorph, converting to tetragonal at ~1188 ºC [45] and to cubic at 2311 ºC [46]. Catalytic activity 

varies among the polymorphs, with t-ZrO2 reported to be more active than m-ZrO2 for CO2 

methanation [47-49]. The tetragonal polymorph has been observed as a product of UiO-66 thermal 

decomposition [50].Tetragonal ZrO2 can be stabilised at room temperature either by doping or the 

formation of a nanocrystalline powder with crystallites below a . This critical size varies 

from 3.7 nm to 29.5 nm depending on the synthesis conditions and nanocrystal morphology [51, 52]. 

Reports suggest that the monoclinic phase forms by coarsening of the tetragonal polymorph, so the 

crystallite size of m-ZrO2 is expected to exceed that of t-ZrO2 [52] in agreement with our observations 

(Figure 3). The mass ratio of monoclinic:tetragonal ZrO2 increases with time on-stream for 

MDC_80H2/CO2, from 66:34 after 30 h, to 84:16 after 100 h and then 95:5 after 250; this confirms the 

progressive evolution from t-ZrO2 to the m-ZrO2 for the active catalyst. The subsequent formation of 

the monoclinic phase does not have a detrimental effect to the catalytic activity. 

3.2.2 TEM 

TEM of the MOF, MDC_5H2/N2, and MDC_80H2/CO2 samples (Figure 4) demonstrates the similarity 

between the MOF and MDC_5H2/N2, and the differences between these samples and the highly 

active catalyst (MDC_80H2/CO2). The observation of translucent particles in Figure 4A is attributed to 

their low electron density and a consequence of narrow particle thickness, single crystal orientation 

and/or the presence of light elements (C, O and H) which comprise the MOF organic linkers. TPO was 

undertaken to quantify the carbon content, and confirmed as 48 wt%, 32 wt% and <2wt% for the 



MOF, MDC_5H2/N2 and MDC_80H2/CO2, respectively. The similar morphology and carbon content for 

both the MOF and MDC_5H2/N2 particles, demonstrate that linker decomposition products persist 

after thermal treatment in a mild reducing atmosphere, consistent with the presence of an amorphous 

carbon phase inferred from PXRD. The activated catalyst MDC_80H2/CO2 is composed of clusters of 

electron-dense <30 nm nanoparticles, which we assigned to the ZrO2 crystallites identified by PXRD.  

HR-TEM investigations were conducted on the catalyst synthesised in situ under catalytic CO2 

methanation conditions (MDC_80H2/CO2) to investigate the nature of the Ru phase. The presence of 

Ru nanoparticles has been previously confirmed by high magnification EDS mapping of catalysts 

formed under these conditions [30]. Here, HR-TEM investigations revealed 2 to 5 nm Ru0 

nanoparticles (Figure 4D and 4E), which were not observable by PXRD. The presence of such small 

and monodispersed Ru0 nanoparticles (and hence high area of active metal) is hypothesised to 

promote the high methanation activity of this catalyst. The presence of lattice fringes indicates the 

presence of some single crystal Ru0 nanoparticles, whereas others appear disordered or amorphous 

in nature, which could be an artefact of particle orientation under the beam; the relative contributions 

of crystalline versus amorphous Ru particles to CO2 methanation requires future experimental and 

computational study.   

 

Figure 4: TEM of (A) MOF, (B) MDC_5H2/N2, and (C) MDC_80H2/CO2; and (D, E) High Resolution 

TEM images of MDC_80H2/CO2. The arrows indicate Ru0 nanoparticles.  



3.2.3 X-ray absorption near edge structure (XANES) 

The local chemical environment of Ru within these nanoparticles was subsequently studied by XAS. 

Ru K-edge X-ray absorption near edge structure (XANES) spectra (Figure 5A) of the MOF-derived 

catalyst (MDC_80H2/CO2) and in its precursor (MOF), and semi-quantitative linear combination fitting 

to Ru foil, RuO2 and RuCl3 standards (Figure S4) reveals mostly metallic Ru in MDC_80H2/CO2 (62% 

Ru0 and 38% RuO2), whereas that in the MOF was mostly tetravalent (78.3% RuO2, 14% RuCl3 and 

7.7% Ru0). Conversion of the MOF to the highly active methanation catalyst is therefore accompanied 

by the reduction of Ru4+ to Ru0. Residual oxidic Ru in the activated catalyst may reflect either partial 

re-oxidation of Ru atoms in the surface of metal nanoparticles on air exposure prior to the analysis, or 

the interaction of Ru with O atoms on the ZrO2 support interface. XANES evaluation of the catalyst 

precursor (MOF), which is prepared by the impregnation of a Zr-MOF with RuCl3, reveals that once 

Ru is impregnated it is no longer in its chloride-bound form. These findings also support our previous 

DFT studies which suggested that Ru can be dispersed throughout the MOF by binding to the 

inorganic node Zr6O4(OH)4 of UiO-66 at sites missing an organic linker [30]. Our UiO-66 synthesis 

method uses HCl as a modulator, which may also increase the number of such 

defects [53]. Creation of a large number of such defect related binding sites would promote a high 

level of Ru atom dispersion throughout the MOF. Ru bound to two oxygen atoms in such a defect 

configuration would appear structurally similar to RuO2. 



 

Figure 5: (A) XANES spectra and (B) k3-weighted Fourier-transform EXAFS spectra for used catalyst 

MDC_80H2/CO2, its precursor MOF and standards Ru0 foil, RuO2 and RuCl3; Phase-corrected Fourier 

transform radial-distribution function and fits for (C) the catalyst precursor MOF and (D) the highly 

active catalyst MDC_80H2/CO2. 

 

3.2.4 Extended X-ray absorption fine structure (EXAFS) 

The structural environment of Ru in the MOF and resulting MOF-derived catalyst MDC_80H2/CO2 was 

investigated by Ru K-edge EXAFS. The Fourier-transform of the catalyst shows an intense shell at 

2.68 Å arising from Ru-Ru contributions and a Ru-O shell ~2.00 Å (Figure 5D and Table 2). The fitted 

Ru-Ru coordination number (CN) of 6.5 is significantly lower than that obtained for Ru0 foil (CN=12), 

in agreement with the high number of coordinatively unsaturated atoms expected for 2 to 5 nm Ru 

nanoparticles. The small Debye-Waller factor ( 2) for the Ru-Ru shell suggests that the Ru0 

nanoparticles are highly ordered [54], and hence mainly in crystalline rather than amorphous form. 

The Ru-O CN of 2.36 is significantly lower than expected for bulk RuO2 (CN=6) consistent with the 

presence of a truncated surface oxide or interaction of Ru nanoparticles with the metal oxide support. 



The Ru/UiO-66 MOF precursor exhibited a Ru-O shell at 2.03 Å (Figure 5C and Table 2) similar to 

that in bulk RuO2 and inconsistent with the spectra of RuCl3 or Ru metal (Figure 5B). This Ru-O 

scattering distance is in good agreement with our previous DFT calculations which predicted Ru-O 

distances of 2.0 and 2.1 Å for Ru binding to the MOF node in the missing linker configuration [30]. 

Incipient wetness impregnation may therefore produce a MOF with Ru integrated in the framework 

which likely accounts for the high dispersion of Ru in the catalyst precursor and subsequent genesis 

of small Ru metal nanoparticles on activation under methanation conditions. 

Table 2: Ru K-edge EXAFS fitted parameters. 

sample shells 
Fitting Range 

(A) 
Coordination 

number 
2 R(A) Delta E0 (eV) R-factor (%) 

MDC_80H2/CO2 Ru-Ru 1.5-3.3 6.5 ± 1.3 0.00475 2.68 -3.80 ± 1.29 1.58% 

MDC_80H2/CO2 Ru-O 1.5-3.3 2.4 ± 1.8 0.00384 2.00 -3.80 ± 1.29 1.58% 

MOF (Ru/UiO-66) Ru-O 1-3 4.8 ± 1.4 0.00485 2.03 0.50 ± 3.84 7.49% 

Ru0 Foil Ru-Ru 1.5-3.3 12 0.00315 2.67 -5.38 ± 1.05 1.85% 

 

3.2.5 In operando PXRD 

The phase transition the MOF undergoes on exposure to the CO2 methanation reaction conditions 

was studied in operando. The aim was to elucidate the structural properties of the MOF-derived 

catalyst that lead to its exceptional catalytic activity and the role of the precursor MOF in achieving 

this structure. The catalyst precursor (MOF) was subjected to simulated CO2 methanation conditions 

in a controlled atmosphere and variable temperature PXRD experiment. Over 700 patterns were 

collected over 33 hours of experiment, representative patterns are displayed in Figure 6A. The 

temperature profile during the experiment is shown in Figure 6B and the numbers indicate changes 

during the experiment. These are described in Table S4 together with our observations. 



 

Figure 6: (A) 3D stacked data view of PXRD patterns offset; (B) temperature profile during the 

experiment, numbers indicate events and observations described in Table S4; (C) quantitative 

phase analysis (details in SI); (D) apparent size (LvolIB); (E) CH4 production by mass 

spectrometry; and (E) H2, CO2, N2 and O2 analysis by mass spectrometry. 

 

Upon heating the sample under the flowing gas mixture (75% H2 and 25% CO2), the crystalline MOF 

structure collapsed at ~330 °C producing an amorphous phase. The amorphous material remained 

stable at 350 °C for 8 hours with no formation of ZrO2 or Ru phases. A difference between the set and 

the real temperature of 100-200 °C was inferred by comparison with the catalytic performance 



observed in a conventional reactor. This difference can be explained by the heat-transfer to the cold 

gas flowing through the sample (SI section 5.3). 

As noted, the MOF structure is stable at low temperatures under the H2/CO2 mixture but collapses at 

330 °C (set temperature) with the release of different organic fragments. The remaining solid is 

amorphous causing an increased contribution to the background of the patterns. This amorphous 

contribution to the patterns was quantified by modelling the background increase via indirect 

quantitative phase analysis (QPA) via Rietveld refinement (details in SI). The QPA demonstrated that 

the amorphous phase is stable for over 10 h at 350 °C (set temperature). We note that this phase was 

inactive for CH4 production (Figure 6F). Upon increasing the temperature, the amorphous phase 

undergoes a transition to form ZrO2 nanoparticles. Initially t-ZrO2 is formed and the catalyst begins to 

show moderate CH4 production. At even higher temperatures, m-ZrO2 is formed in addition to t-ZrO2 

and the amorphous phase is no longer observed. The increase in temperature also caused the growth 

of the crystallite sizes although they remained below 20 nm throughout the duration of this 

experiment, which is considerably smaller than the crystallite size of the precursor MOF. Upon growth 

of ZrO2 nanocrystals, the catalytic production of CH4 experienced a 5-fold increase compared to the 

activity of the amorphous phase. Even though ZrO2 is not the catalytically active phase, a direct 

correlation between the high catalytic activity and the formation of ZrO2 nanoparticles was observed. 

This is explained by the role that removal of amorphous carbon has on promoting formation of ZrO2. 

The newly formed t-ZrO2 particles act as a support for the immobilisation of Ru nanoparticles. Once 

Ru binds to t-ZrO2, the strong Ru-O bond inhibits Ru mobility and consequently limits Ru nanoparticle 

agglomeration. Growth of t-ZrO2 particles lead to m-ZrO2, and this phase transition does not 

significantly affect the mobility of Ru nanoparticles given the bond strength in monoclinic and 

tetragonal are comparable [56]. Therefore, the use of a Ru-impregnated MOF as the catalyst 

precursor was key to provide a framework with excellent distribution control of both Zr and Ru. Upon 

collapse of this framework, the proximity of the two elements led to the stabilisation of Ru atoms by t-

ZrO2 seeds. These seeds initially embed in an amorphous carbon phase, then coarsen and transition 

to m-ZrO2. Ru0 nanoparticles that were formed under the highly reducing atmosphere were stabilised 

by the interaction with the support and remained in a size range below the PXRD detection limit. This 

in operando PXRD experiment has elucidated the structural transition that the MOF undergoes during 

CO2 methanation to form the active catalyst. These findings demonstrate the complexity of the 



transformations undertaken by the catalyst and the synergistic effect of an atmosphere with both H2 

and CO2, and are key for the rational design of new structures derived from MOFs.  

4. Conclusion 

In summary, we have investigated a protocol for MOF-derived catalyst activation using a combination 

of H2 and CO2 at 350 °C to produce a nanostructured Ru0/ZrO2 catalyst with high activity for CO2 

methanation. In this investigation, activation in two concentrations of H2 diluted in N2 were compared 

to the in situ activation protocol (Scheme 1A). A low concentration of H2 (5%H2 in N2) during the heat-

treatment of Ru/UiO-66 was found to be detrimental to the synthesis of a highly active catalyst. 

Specifically, the diluted H2 atmosphere promoted the synthesis of large RuO2 nanoparticles (43 nm) 

and amorphous carbon, which account for the poor catalytic performance (25% CO2 conversion). A 

high concentration of H2 (80% H2 in N2) caused the collapse of the MOF-framework into an 

amorphous mixture of MOF-breakdown products containing carbon, ruthenium and zirconium phases. 

This highly reducing atmosphere was not sufficient for the activation of the catalyst, which is only 

activated after 20 hours under CO2 methanation conditions. Once activated, the catalyst has nearly 

identical performance and structure to the catalyst derived from directly subjecting a pristine MOF 

sample to CO2 methanation conditions; both samples displayed CO2 conversion of 95%. These 

results highlight the synergistic role of the H2 and CO2 mixture for the synthesis of the nanostructured 

Ru0/ZrO2 catalyst: H2 acts by breaking down the MOF framework and by reducing Ru atoms; whilst 

CO2 acts as a mild oxidant promoting the removal of carbon. This combination ensures the synthesis 

of Ru0 nanoparticles dispersed through the material during the crystallization of ZrO2 nanoparticles. 

Ruthenium is likely present in the catalyst precursor Ru/UiO-66 bound to the inorganic node of the 

MOF , which would ensure excellent dispersion of Ru in the 

sample and proximity to Zr and O atoms. The phase transitions during the catalyst activation in 

H2/CO2 mixture were elucidated by an in operando PXRD experiment. This experiment demonstrated 

that the crystalline MOF structure collapses into an amorphous phase due to the highly reducing 

atmosphere and increasing temperatures. This amorphous phase is stable at lower temperatures, but 

at higher temperatures the oxidant effect of CO2 promotes the removal of carbon and the formation of 

t-ZrO2 nanoparticles, supporting Ru0 and promoting high catalytic activity for the catalyst. Through 

coarsening of the t-phase, m-ZrO2 is formed (Scheme 1B). Notably, the formation of m-ZrO2 is not 

detrimental to the catalyst as long-term tests showed stable catalytic activity is achieved with 84 to 



95% m-ZrO2. These combined experiments illustrate the delicate interplay of factors in the MOF-

derivation process and moreover, the value of employing reducing conditions, with an additional mild 

oxidant, for converting a MOF template to a highly active catalyst. 

 

Scheme 1: (A) MOF-derived materials according to the atmosphere composition during thermal-

treatment. (B) Phase transition during MOF-derivation during CO2 methanation reaction conditions. 
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1. Synthesis 

1.1 Materials 

Zirconium (IV) chloride anhydrous (ZrCl4) 99.99% Sigma Aldrich (Australia), ruthenium(III) chloride 

trihydrate (RuCl3•3H2O) 99% PMO Pty Ltd (Australia), terephthalic acid (H2BDC) 99% Acros Organics 

(Great Britain), N-N-dimethylformamide (DMF) 99.8% Merck Pty. Ltd. (Australia), diethyl ether (DEE) 

for analysis Merck Pty. Ltd. (Australia), hydrochloric acid (HCl) 32% Merck Pty. Ltd. (Australia). 

1.2 MOF synthesis 

UiO-66 synthesis was based on the procedure reported by Katz et al. [1]. In a glass vial, terephthalic 

acid (623 mg, 3.75 mmol) was dissolved in 50 mL of N-N-dimethylformamide (DMF). In a second glass 

vial, ZrCl4 (629 mg, 2.7 mmol) and 5 mL of HCl were dissolved in 25 mL of DMF, the latter vial was 

sonicated for 20 min to ensure complete dissolution. Next, the ZrCl4 solution was mixed with the organic 

ligand solution and the vial sealed with a Teflon lined screw cap and placed in an aluminium heating 

block at 80 °C for 48 hours. The resulting precipitate was centrifuged, washed (4x10 mL DMF and 2x10 

mL of ethanol) and dried at 110 °C for 48 hours to yield UiO-66.  

Table S1: Quantities used for the synthesis of the MOFs. 

MOF 
sample 

Ligand 
Ligand 
(mmol) 

Ligand 
(mg) 

Metal 
precursor 

Metal 
precursor 

(mmol) 

Metal 
precursor 

(mg) 
Modulator 

Modulator 
volume 

(mL) 

DMF 
(mL) 

UiO-66 H2BDC 3.75 623 ZrCl4 2.7 629 HCl 5 75 

 

1.3 Post-synthetic modification of UiO-66 

Impregnation of Ru on UiO-66 was carried out via incipient wetness impregnation previously reported 

[2]. Typically, 250 mg of UiO-66 was impregnated with an aqueous solution of RuCl3 (6.5 mg of 

RuCl3·3H2O and 345 μL of H2O) via incipient wetness impregnation, to yield the catalyst precursor 

1wt%Ru/UiO-66.   

Table S2: Quantities used for the impregnation of UiO-66 with different loadings of Ru. 

Sample 
Ru loading 

(wt%) 
Mass RuCl3.3H2O (mg) 

Mass support UiO-66 
(mg) 

H2O vol. (μL) 

1.00%Ru/UiO-66 1.00 6.5 250 345 

  



 

 

2. Catalysis 

 

Figure S1: Gas composition and temperature/pressure profiles for catalysis experiment studying the 

effect of high H2 concentration in MOF-templating. The vertical solid black lines indicate rig shutdown 

to remove and replace samples (this involved cooling down to room temperature, ambient pressure and 

exposure of samples to air). The vertical dashed line indicated the rig was shut down, but the samples 

kept in the rig at 50 °C under pure N2 gas flow. 

 

 

Figure S2: Reaction conditions and results for the long term (250 hours) experiment that yielded sample 

“Ru/ZrO2-80H2/CO2 long term”. The experiment was paused from 415 until 565 hours, during this 

period the samples were kept under a flow of inert gas at the temperature indicated. 

  



 

 

3. TGA 

 

 

Figure S3: Thermogravimetric analysis results for (A) MOF, (B) Ru/ZrO2-5H2/N2, (C) Ru/ZrO2-

80H2/N2 and (D) Ru/ZrO2-80H2/CO2. 

  



 

 

4. X-ray absorption spectroscopy 

 

 

Figure S4: XANES spectra for MOF-templated catalyst (top left) and for its precursor 1Ru/UiO-66 in 

pristine form (top right) and linear combination of standards Ru0 foil, RuO2 and RuCl3 to fit the samples 

spectra (bottom). 

 

Table S3: Values of the spline range in k used for EXAFS analyses. 

Sample k min k max 

Ru0 foil 3 13.9 

RuCl3 3 10.6 

RuO2 3 12.4 

MOF 3 10.1 

Ru/ZrO2-80H2/CO2 3 12 

 



 

 

 

Figure S5: k3-weighted Fourier transform EXAFS spectra for MOF (Ru/UiO-66) and fit with Ru-O path 

contribution. Magnitude (top) and imaginary (bottom) parts are presented. 

 

 

Figure S6: k3-weighted Fourier transform EXAFS spectra for MOF-derived catalyst (Ru/ZrO2-

80H2/CO2) and fit with Ru-Ru and Ru-O paths contributions. Magnitude (top) and imaginary (bottom) 

parts are presented. 

 



 

 

 

Figure S7: k3-weighted Fourier transform EXAFS spectra for Ru0 foil and fit with Ru-Ru and path 

contribution. Magnitude (top) and imaginary (bottom) parts are presented. 

 

  



 

 

5. Powder X-ray diffraction 

5.1 Laboratory PXRD 

The XRD pattern of UiO-66 as synthesised was obtained on a Bruker D8 Advance X-ray 

Diffractometer operating under CuKα radiation (40kV, 40mA) equipped with a LynxEye detector. Flat 

packed samples were scanned over the 2θ range 3.5° to 130° with a step size of 0.02° and a count 

time of 0.4 second per step. The data were re-plotted at E = 15 keV. 

 

Powder X-ray diffraction patterns were collected with synchrotron and with laboratory source 

X-rays. The X-ray source and respective energy for each image presented in the manuscript are 

described below: 

• Figure 3A plotted at 15 keV, collected as below 

o MOF(Ru/UiO-66) Synchrotron at 15 keV 

o Ru/ZrO2-5H2/N2 Synchrotron at 15 keV 

o Ru/ZrO2-80H2/CO2 Synchrotron at 16 keV 

• Figure 3B all patterns, synchrotron at 17 keV 

• Figure S8: 

o UiO-66 Cu radiation 8.04 keV 

o UiO-66 after treatment in 5% H2/N2 Synchrotron at 15 keV 

o UiO-66 after treatment in 80% H2/N2 Synchrotron at 16 keV 

• Figure 6 (in operando): Synchrotron 16 keV 

For comparison of PXRD patterns at the same energy, the patterns displayed in Figure 3A and 

Figure S8 which were not collected at 15 keV were plotted for E = 15 keV using Eq. 6: 

Planck–Einstein relation 

𝐸 = ℎ𝜈 ⇒ 𝐸 = ℎ
𝑐

𝜆
 (Eq. 1) 

|
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 (Eq. 2) 

Bragg’s law 

𝑛𝜆 = 2𝑑 ∙ 𝑠𝑖𝑛𝜃 (Eq. 3) 
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Combining Eq. 2 and 4 
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Figure S8: PXRD patterns for UiO-66 and its derived structures after heat-treatment under different 

atmospheres. 

 

5.2 Rietveld refinement 

Rietveld refinement is a least-squares method to refine a calculated model based on the 

observed pattern profile.[3] The method seeks to minimize the difference between observed and 

calculated patterns (R_wp). For the models to be calculated the structures and background functions 

should be manually defined and selected structural parameters and individual phase scale factor are 

refined. Here, the crystalline structures considered are: monoclinic ZrO2, tetragonal ZrO2 and UiO-66.[4] 

Parameters refined include: scale factor, unit cell parameters, and Lvol or LvolIB (Lvol values were 

extracted from peak width and shape using Integral breadth) [5].  

t ZrO 
2



 

 

5.2.1 Amorphous phases fitting 

Using the pattern of the first dataset, which presented the starting materials, UiO-66, in the 

most crystalline form, the capillary background was refined using six pseudo-voigt peaks. Once the 

capillary background was refined for this pattern, the relative intensities of this capillary phase were 

fixed and associated with a scale factor, capable of multiplying intensity of the peaks while keeping the 

relative intensities constant. Next, the first completely amorphous dataset pattern was selected and 

refined only with the capillary phase. A misfit between the calculated and observed data was observed, 

which was due to the amorphisation of the sample. To assign the contribution another phase was 

created by adding a total of five pseudo-voigt peaks and they were refined to improve the fit of the 

phase. Once the relative intensities were adequate to comprise the amorphous phase, the relative 

intensities of these 5 peaks were fixed and another scale factor was assigned to the amorphous phase. 

The peaks group of the amorphous phase was verified on other datasets of the amorphous region 

before the batch refinement. 

5.2.2 Batch Rietveld refinement 

As over 700 datasets were collected in total, 93 patterns were selected to be representative of 

the total phase transition. Where phase transitions were observed, more datasets were selected and 

where the phase was stable, less datasets were selected for the analysis. In total 5 phases were refined: 

UiO-66, monoclinic ZrO2, tetragonal ZrO2, amorphous peak phase and capillary peak phase. The 

datasets were evaluated for the presence of crystalline phase. Accordingly, datasets collected in the 

first 8 hours, were refined for UiO-66, amorphous peak phase and capillary peak phase, whereas 

datasets collected after the first 8 hours of experiment were refined for m-ZrO2, t-ZrO2, amorphous peak 

phase and capillary peak phase. The datasets were refined in sequence using the launch mode of 

TOPAS V5.[6] The refined values of the previous dataset were used as starting point for the refinement 

of the subsequent dataset. An example of input file is presented at the end of this document. 

5.2.3 Indirect quantitative phase analysis 

Direct quantitative phase analysis via Rietveld refinement is only possible for crystalline phases 

[7], however, as the amorphous phase contribution is observable and the sample is contained within 

the capillary (i.e. no material added or removed), the indirect quantitative phase analysis of this 

amorphous phase is possible. In this work, the maximum scale factor (Figure S9 A) observed for the 



 

 

amorphous phase was defined as 100 wt% amorphous phase content, with proportional values for other 

values of scale factor. The results from the direct quantitative phase analysis of the crystalline phases 

(UiO-66, m-ZrO2 and t-ZrO2) were considered for the remaining phases (i.e. not-amorphous content). 

When considering the crystalline phases, misquantification of phases was noted due to the 

amorphisation of the sample. Apparent crystallite sizes (Lvol-IB) close to the minimum limit are evidence 

of the misquantification (Figure S9 C and D). Figure S9 C shows the independent quantification of the 

amorphous phase and the crystalline phases and Figure S9 D shows the apparent crystallite size (Lvol-

IB) constant and value on the minimum limit. 

Therefore, the quantification of the phases, including the amorphous phase was calculated 

using the following equation: 

𝑊%𝐶𝑟𝑦𝑠 𝑝ℎ𝑎𝑠𝑒 𝑟𝑒𝑎𝑙 = 𝑊%𝐶𝑟𝑦𝑠 𝑝ℎ𝑎𝑠𝑒 𝑅𝑖𝑒𝑡𝑣𝑒𝑙𝑑 ∙

(

 
100 −

𝑆𝐹𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 ⋅ 100
𝑆𝐹𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑀𝐴𝑋

100

)

  

Where: 

• 𝑊%𝐶𝑟𝑦𝑠 𝑝ℎ𝑎𝑠𝑒 𝑟𝑒𝑎𝑙 is the weight percentage considering the amorphous phase, presented in 

Figure 6C; 

• 𝑊%𝐶𝑟𝑦𝑠 𝑝ℎ𝑎𝑠𝑒 𝑅𝑖𝑒𝑡𝑣𝑒𝑙𝑑 is the weight percent of a crystalline phase calculated directly via Rietveld 

refinement (Figure S9 C); 

• 𝑆𝐹𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑀𝐴𝑋 is the maximum scale factor observed for the amorphous phase (1.08), 

where the sample is completely amorphous; 

• 𝑆𝐹𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 is the scale factor for the respective dataset. 

No other manipulation was performed in the data. 

 



 

 

 

Figure S9: Rietveld refinement results: A) Scale factors for the two fitted amorphous phases: capillary 

and MOF-derived amorphous phase; B) Weighted profile R (Rwp); C) Quantitative phase analysis as 

obtained from the refinement; D) Apparent crystallite size (Lvol). 

 

Figure S10: Photo of in operando PXRD set-up. 



 

 

 

Figure S11: Photo of water drop in the effluent gas nylon tubing, affecting mass spectrometry data 

collection. 
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