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MOF-derived nanostructured catalysts for low-temperature
ammonia synthesis

Ignacio Luz*, Sameer Parvathikar, Michael Carpenter, Timothy Bellamy, Kelly Amato, John
Carpenter and Marty Lail*

Nanostructured catalysts for low-temperature ammonia synthesis have been developed via thermal treatment under
nitrogen of Ru-containing MOFs. Resulting catalysts reveal high concentration of small Ru nanocrystals (< 4nm) well-
dispersed on a graphitic carbon shell demonstrating stable ammonia rates at low temperature. Additional acetylene pre-

treatment leads to more

Introduction

Ammonia is vital as an active nitrogen source for important
chemicals including fertilizers, polymers, dyes and explosives,
and has also been proposed as a futuristic hydrogen storage
material.! Despite the technological developments within the
past century, ammonia production by the conventional Haber-
Bosch process over promoted magnetite (Fes0,4) catalyst is a
high energy and capital-intensive industry due to the high
operating temperatures (400-500 °C) and pressures (150-300
bar) required, which results in high energy consumption.? As
an alternative process, high ammonia yields of approximately
40-50% have been achieved at lower pressure and
temperature conditions (370-400 °C and 50-100 atm) by using
Ru-based catalyst supported on graphitic carbon and
promoted by combination of alkaline or alkaline-earth metal
oxides (such as Na, Cs and Ba), which lower the energy barrier
for N, dissociation by electron injection (Kellogg advanced
ammonia process).>* Approaches for reducing while stabilizing
the Ru crystalline domains as well as for providing better
control over the interactions between Ru active surface and
promotors are still challenging, which are key factors for the
further development of active and stable commercial catalysts
for low-temperature ammonia synthesis.

In heterogeneous catalysts, dispersing the catalytically
active metallic phase by reducing its crystalline domain down
to a few nanometers, or even further to sub-nanometric
clusters,® typically leads to an enhancement of the catalytic
performance.® Nevertheless, in the absence of strong metal-
support interactions to immobilize them, these nanometric
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active catalysts containing stable sub-nanometric Ru clusters.

metallic species tend to sinter under reactive environments,
thus reducing their active surface area and decreasing catalytic
performance over time. Several attempts to provide them with
more stability via strong bonding between support and metal,”
or even by encapsulation within supports cavities,® have not
been sufficient under harsh reaction conditions. Fortunately, a
couple of recent approaches revealed excellent stabilization of
those metal species, such as trapping them during the
crystallization of small pore CHA zeolite (8 member ring
window), or covering them with a carbon shell by thermal
decomposition of metalorganic precursors,® including metal
organic frameworks (MOFs).10

MOFs have been recently used as versatile precursors for
the preparation of advanced heterogeneous catalysts and
electrocatalysts.’ 12 The versatility of MOFs as precursors is
mainly due to their unique and highly tunable features, such as
well-defined metal sites spaced by organic struts displayed
along a crystalline structure with permanent porosity, which
can play two simultaneous roles acting as template and
precursor upon applying the proper conditions at high
temperature, such as controlled pyrolysis under nitrogen,
calcination under air, or reduction under hydrogen.!* Upon
this transformation, MOFs can lead to well-defined and
nanostructured catalytically active species, which are well-
dispersed within a microporous carbonaceous matrix.14 15 16

In this work, active and stable nanostructured catalysts for
low-temperature ammonia synthesis have been developed via
thermal treatment under nitrogen of Ru-containing MOFs. The
resulting catalysts reveal small Ru nanocrystals (< 4nm) well-
dispersed on a graphitic carbon shell demonstrating stable
ammonia rates. Furthermore, the addition of a pre-treatment
with acetylene leads to more active catalysts containing stable
sub-nanometric Ru clusters.
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Experimental
MOF synthesis

(RU)HKUST-1 containing 100 % of benzene tricarboxylic acid
(RUMOF), and 50 % of benzene tricarboxylic acid and 50 % of
pyridine-3,5-dicarboxylic acid (Ru(N)MOF) were prepared
according to literature.’” In a typical synthesis, 1 g of Ru
precursor, 600 mg of the appropriate mixture of organic
ligands 1,3,5-benzenetricarboxylic acid and pyridine-3,5-
dicarboxylic acid, 5 mL of acetic acid and 25 mL of H,0 were
loaded into a 100-mL autoclave and heated at 160 °C for 24
hours. The resulting powder was thoroughly washed with H,O
in a filtration funnel and purified in a Soxhlet apparatus with
MeOH. All the samples were evacuated at 150 °C under
vacuum.

Ru precursor [Ru,(CH3COO0),Cl] was prepared according to
literature!® by mixing 10 gr of RuClz-xH,0 (40 wt.% Ru) and 12
g of LiCl (anhydrous), previously evacuated at 80 °C overnight
in a vacuum oven, with 70 mL of acetic anhydride and 350 mL
of glacial acetic acid. The mixture was stirred and refluxed for
2—4 days until the solution turned into reddish color. After
cooling down, the Ru precursor was collected by filtration and
was thoroughly washed with acetone.

Characterization

N, sorption isotherms. The samples were analysed in a
Micromeritics ASAP  (Accelerated Surface Area and
Porosimetry) 2020 System. Samples were weighted into tubes
with seal frits and degassed under vacuum (<500 um Hg) with
heating. Samples were initially heated at 150 °C and held for 4
h, and finally cooled to room temperature and backfilled with
N,. The samples were re-weighted before analysis. The
analysis adsorptive was N, at 77 K. A multi-point BET surface
area was determined from 6 measurements at relative
pressures (P/Py) ranging from 0.05 to 0.30. Single point
adsorption total pore volume was measured near saturation
pressure (Pg = 770 mmHg). Adsorption average pore width was
also calculated. Pore size distribution plot was determined by
Horvath-Kawazoe method using the Cylinder Pore Geometry
(Saito-Foley) with Cheng-Yang Correction.

X-ray diffraction. XRD was used to study the crystalline
structure of the MOF catalyst. XRD patterns were recorded
using a Panalytical Empyrean X-ray diffractometer with Cu Ka
radiation (A=1.54778 A). The samples were prepared by filling
the holder with the dry powder. Crystalline phase stability was
investigated using an XRK900 high temperature oven chamber.
Sample was first heated in the chamber from 25 °C to 800 °C
with a heating rate of 3 °C/min. Diffraction patterns were
measured throughout the whole heat treatment using Cu Ka
X-ray radiation with a wavelength of 1.5418 Aand a 26 range
of 4.5°-60°. Each pattern was measured for 4 min using a step
size and count time of 20 = 0.0263° and 147 s/step,
respectively.

Thermogravimetric analyses (TGA) combined with mass
spectrometry (MS) analysis. TGA-MS analyses of the MOF
catalysts were performed using a TA Q500 unit coupled to a
benchtop quadrupole mass spectrometer (TA).
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Raman spectroscopy. Raman analyses were performed on a
Horiba XploRA PLUS Confocal Raman Microscope.

CO Chemisorption. CO chemisorption analyses were
performed using an AutoChem Il 2920 reactor (Micromeritics)
equipped with a built-in TCD detector. Samples were activated
at 350 °C under 10% H2/He and were measured under CO at
35°C.

Transmission electron microscopy (TEM). TEM experiments
were performed in a JEOL JEM-2000FX S/TEM microscope with
LaB6 emitter at 200kV with a 120 pum condenser lens aperture
and 80 um objective lens aperture inserted. STEM-HAADF
images were acquired in a FEI Titan 80-300 probe aberration
corrected scanning transmission electron microscope (STEM)
with monochromator.

XPS measurements. X-ray Photoelectron Spectroscopy (XPS)
was performed using a monochromatized Al Ka source (hv =
1486.6 eV), operated at 225 W, on a Kratos Axis Ultra DLD with
a pass energy for narrow scan spectra of 20 eV, corresponding
to an instrument resolution of approximately 600 meV. Survey
spectra were collected with a pass energy of 80 eV. Spectral
fitting was performed using Casa XPS analysis software.
Spectral positions were corrected by shifting the primary C 1s
core level position to 285.0 eV, and curves were fitted with
quasi-Voigt lines following Shirley background subtraction.

The main text of the article should appear here with headings
as appropriate.

Catalyst testing

The catalytic performance for ammonia synthesis was tested in
a Micromeritics PID Effi Microreactor. The Microreactor is a
stand-alone, fully automated system with inlet gas flows
metered through mass flow controllers. Feed gases consisted
of nitrogen and hydrogen, with argon used as an internal
standard. The reactor consisted of a 9mm stainless-steel tube
in a furnace. The reactor and the furnace are contained in a
hot box, with pressure controlled downstream by a back-
pressure regulator. Pressure, temperature and gas flow rates
were all controlled by the Microreactor’s process control
software. The catalyst was diluted with silicon carbide (SiC) in a
1:2 ratio and was placed between two beds of SiC in the
reactor, such that the reactor thermocouple was in the middle
of the catalyst bed. All catalysts were reduced in 75% H,/25%
N, at 370 °C overnight, prior to catalytic activity tests at 95 bar.
Downstream of the reactor system, the composition of the
process gases was analysed by gas chromatography (for
quantifying nitrogen, hydrogen and argon) and MKS MultiGas
FTIR Continuous Gas Analyzer (for quantifying ammonia).

Results and discussion
MOF-derived Ru nanostructured catalysts

A series of nanostructured catalysts were developed for
ammonia synthesis via controlled pyrolysis of microporous
(Ru)HKUST-1 under nitrogen at increasing temperatures up to
900 °C. The resulting catalysts exhibit high concentration of Ru
nanocrystals (up to 80 wt.%) homogeneously dispersed and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 a) TGA-MS analysis of the transformation treatment of MOF precursor into Ru nanostructured catalysts. b) XPS analysis of
the Rus, signal for MOF precursor (150 °C) and nanostructured catalysts (900 °C).

stabilized along a porous carbon scaffold. The transformational
mechanism occurring during pyrolysis of the MOF precursor
was elucidated via combination of characterization techniques,

such as Cu, Co or Fe, under the presence of carbonaceous
species acting as reducing agent.1®
As shown in Fig. 2a, in situ XRD monitoring of the MOF
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Fig. 2 a) In situ XRD monitoring of the transformation of MOF precursor into nanostructured catalysts. b) XRD pattern of catalysts obtained at 900 °C at varying holding
time (0 and 3 h) compared to Ru and RuO; crystalline patterns. c) STEM-HAADF image of nanostructured catalysts.

such as
spectroscopy

X-ray diffraction (XRD), X-ray photoelectron
(XPS), thermogravimetry coupled to mass
spectroscopy (TGA-MS), scanning-transmission electron
microscopy (STEM), Raman spectroscopy, N, sorption
isotherms and CO pulse chemisorption. This understanding
enables the optimization of the physicochemical properties of
the resulting nanostructured Ru catalysts in terms of
nanocrystal size, surface area and level of graphitization, which
have a crucial impact on their reaction rates and long-term
stability.

Monitoring the thermal transformation of MOF precursor
by TGA-MS (Fig. 1a) shows the release of CO, molecules
between 200 and 450 °C, consistent with decarboxylation of
benzene- and pyridine-tricarboxylic acid linkers. This may lead
to the aggregation of Ru dimers into clusters while
decarboxylated phenyl rings are converted into an amorphous
carbonaceous matrix, as previously proposed for carboxylate-
containing MOF-5.2° XPS analysis of the resulting metal
clusters confirms the complete reduction to metallic Ru
nanocrystals of the MOF precursor (Fig. 1b). The direct
reduction of Ru?*/3* into Ru® under these conditions is
characteristic of elements having positive reduction potential,

This journal is © The Royal Society of Chemistry 20xx

transformation into Ru nanostructured catalyst as function of
temperature reveals an advanced attenuation of the
characteristic diffraction peaks corresponding to the MOF
crystalline structure between 400-450 °C. An amorphization of
the MOF crystalline phase may occur at this temperature
range followed by the appearance of broad diffraction peaks
between 26 = 35-50° corresponding to metallic Ru crystalline
phase. The broadness of the signals suggests the initial
formation  of  sub-nanometric  clusters  upon  full
decarboxylation which evolve into larger Ru nanocrystals with
temperature, as the diffraction peaks are converging into
sharper peaks, such as the one centered at 26 = 44° attributed
to the Ru crystalline plane (101). At 900 °C, dwelling time
promotes the aggregation of the small nanocrystals into larger
as indicated by the progressive sharpening of the diffraction
peaks (see Fig 2b). This Ru nanocrystal sintering is attributed to
a rearrangement of the carbonaceous matrix, as discussed in
more detail below (see Fig. 3). The absence of additional XRD
peaks (such as RuO;) also confirms the full reduction of
cationic Ru*¥*3 into metallic Ru® during the pyrolytic
transformation, thus supporting the results obtained by XPS.
STEM analysis of the material obtained at 900 °C with no

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) CO chemisorption at 35 °C, (b) TEM analysis, (c) N, sorption isotherms at 77K (BET surface area
and carbon elemental analysis), and (d) Raman spectra for MOF-derived catalysts obtained by pyrolysis at

900 °C and different holding times (0, 3 and 12 h).

holding time (Oh) reveals high concentration of well-dispersed
small Ru nanocrystals (85% of Ru, see Fig. S1), suggesting the
existence of a thin carbonaceous matrix separating the
nanocrystals. A close look at the nanostructure by STEM
suggests the existence of a multilayered graphitic carbon
scaffold stabilizing the Ru nanocrystals, as identified by the
typical spacing for a multilayered structures (0.4 nm) as well as
the presence of graphitic carbon confirmed by Raman
spectroscopy (Fig. 3d) and elemental mapping analysis (see
Fig. 3d and S1). This specific nanostructure has been recently
reported for other MOF-derived materials, such as CoMOF-
74.20

In order to provide more insight about the effect of holding
the pyrolysis temperature on the nanostructure of the Ru
nanocrystals as well as the nature of the carbonaceous matrix
acting as support, samples treated at 900 °C for different
holding times (0, 3 and 12h) were characterized by a
combination of techniques, such as TEM, N, sorption
isotherms, CO chemisorption, Raman and elemental analysis.
Long holding times during pyrolysis (12h) lead to the partial
sintering of Ru nanocrystals accompanied by apparent changes
in the composite morphology (see Fig. 3b and Fig. S2).
According to the results obtained by CO pulse chemisorption,
holding times higher than 3 hours result in reduction of the
active surface (Fig. 3a) due to the aforementioned Ru
sintering. Catalyst surface area and pore size distribution also
decreases from 210 m?/g for O h, to 183 or 91 m2/g for 3 or 12
h, respectively (Fig. 3c and Fig. S3). This suggests a
rearrangement of the carbon into a less porous (but more
stable) morphology which is involving a proportional loss of
carbon (each sample contains 16.5, 14.3 and 10.5 wt.% C,

4| J. Name., 2012, 00, 1-3

respectively). In the same way, full release of hydrogen also
indicates the advanced fusion of benzylic rings into 2D-
graphitic structures even at low holding times (Oh), as
determined by elementary analysis.

As shown in Fig. 3d, Raman spectra of the MOF-derived
catalysts exhibit two peaks located at 1326 and 1562 cm™,
which are attributed to vibration bands of carbon in
disordered graphite (D band) and the E,; mode of the graphite
(G band).?! The G to D band intensity ratio (lg/lp) is normally
used to assess the crystalline structure of the graphitic carbon.
This result reveals that the crystallinity and also the
concentration (intensity of the peaks) of graphitic carbon in
the catalyst improves by holding for longer time (12 h) at 900
°C, as lg/lp ratio increases from 0.7 for no holding (Oh) to 1.5
for 12 h. This supports the hypothesis that the loss of catalyst
surface area as a function of holding time may be explained by
a carbon rearrangement into more ordered graphitic carbon.
Better definition and higher intensity of the Raman signals G
and D at longer holding times is consistent with the removal of
non-stable amorphous carbonaceous species, reducing the
background signal and the carbon contained therein.

Mechanism of formation of MOF-derived nanostructured catalyst

As illustrated in Scheme 1, the hypothetic mechanism for
the thermal transformation of (Ru)HKUST-1 into Ru
nanostructured catalysts under inert conditions involves first,
the progressive cleavage of the carboxylate group and release
of CO, between 200-400 °C'2, which may lead to formation of
metallic Ru sub-nanometric clusters embedded within a thin
amorphous carbonaceous matrix resulting from the
polymerization of the benzylic rings. Subsequently, the Ru sub-

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Transformational mechanism of (Ru)HKUST-1 precursor into nanostructured catalysts.

nanometric clusters may start sintering to form larger
nanocrystals between 400-600°C, which are still well-dispersed
on the microporous amorphous carbon matrix. Finally, the
amorphous carbonaceous matrix may be progressively
rearranged into multilayer graphitic carbon at 900 °C, which
leads to a material exhibiting lower carbon content and lower
surface area, but more order, after long holding times (12 h).

Stability of MOF-derived Ru nanostructured catalysts for ammonia
synthesis

The thermal and chemical stability of MOF-derived
catalysts has been evaluated under ammonia synthesis
conditions for 4 hours (H, at 400 °C) by in-situ and ex-situ
characterization techniques, such as TEM, Raman and XRD.
TEM analysis of the material before and after exposure to
reaction conditions reveals a morphological change in terms of
the apparent Ru nanocrystal size. After H, activation, Ru
nanocrystals for the sample prepared with 0 h holding time
seems to be smaller (3-4 nm) than as-synthetized materials (6-
7 nm). Furthermore, Raman spectroscopy shows better
definition and higher intensity of the signals after the H,
activation (Fig. 4b) while thermo-XRD reveals no change on the
size of the crystalline domain (Fig. 4c). The combination of
these results suggest that only amorphous carbonaceous
species are released during the H, activation, as Raman
relative intensities and the Ru nanocrystal size are maintained
during the treatment. Evidence for amorphous carbon loss is
obtained by mass spectroscopy detection of a small amount of
CH; during the activation stage of CO pulsed-chemisorption
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Fig. 4 Ru nanostructured catalyst stability under ammonia synthesis conditions|
characterized by TEM (a), Raman (b) and thermo-XRD (c).

experiments, which lead to the enhancement of the available
Ru sites upon H, activation (see Fig. S4). This finding supports
the hypothesis that the Ru active species catalyse the
methanation of the non-stable amorphous carbon under
reaction conditions, which lead to a highly stable catalyst
composed by 3-4 nm Ru nanocrystals stabilized by highly pure
graphitic carbon.

Catalytic performance of MOF-derived Ru nanostructured
catalysts for ammonia synthesis

MOF-derived catalysts were promoted with Ba and Cs salts
following literature reports for other carbon-supported Ru
catalysts.??2 Ru:Ba:Cs promotion ratio of 1:0.05:0.2 was found
optimal for achieving the highest ammonia production rate at
350 °C, gas hourly space velocity (GHSV) of 15,000 h'! and 95
barg. (Table S1). The reaction was also carried out with the
optimal promotion at higher GHSVs (30,000 and 60,000 h) to
eliminate equilibrium constraints, as shown in Fig. S5 and S7.
MOF-derived nanostructured catalysts show ammonia
production rates per gram of catalyst ca 5 gnyz 8cart h! (see
Table S3), similar to some of the best Ru catalyst that have
been used for commercial ammonia production, such as Ba-Cs-
Ru/C.# 23 This production rates per gram of catalyst are
attributed to the high concentration of well-dispersed Ru
nanocrystals, which is crucial to reduce the reactor
dimensions compared to catalysts exhibiting low Ru loadings.

In order to probe the potential of the graphitic carbon
environment to improve the catalytic performance of RUMOF-
derived catalysts, we also evaluated two alternative
approaches to reduce and preserve the metal nanocrystal size
of MOF-derived materials. In the first approach, RuMOF
precursor is doped with nitrogen via incorporation of defective
ligands, and second, RUMOF precursor is pre-treated with C,H,
at 500 °C prior to the pyrolytic treatment at 900 °C with N,.

Alternative MOF precursors: N-containing (Ru)HKUST-1

J. Name., 2013, 00, 1-3 | 5
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and 95 barg.

According to literature,’* the presence of N-containing
ligands in MOF precursors provides improved stabilization of
sub-nanometric metal clusters upon pyrolysis. Here, the
pyrolysis of defect-engineered (Ru)HKUST-1 (Ru(N)MOF) with a
combination of ligands (3,5-pyridinedicarboxylate and 1,3,5-
pyridinetricarboxylate!’) has been evaluated as an alternative
route to obtain smaller Ru nanocrystals, and therefore, more
active MOF-derived catalysts. As shown in Fig. 5, TEM analysis
reveals the presence of sub-nanometric Ru clusters for the
Ru(N)MOF precursor pyrolyzed at 500 °C compared to the N-
free MOF precursor exhibiting nanocrystals of 2-3 nm. In
addition, the surface area of the material containing N ligands
(533 m?/g) is more than 2 times greater than in the case of the
N-free MOF pyrolyzed at 500 °C (250 m?/g). Therefore, this
confirms the role of N-doped carbonaceous species as
excellent stabilizers of sub-nanometric Ru clusters during the
early stage of the thermal transformation (between 400-600
°C).

Unfortunately, pyrolysis of Ru(N)MOF precursor at 900 °C,
which is required for the carbon graphitization, leads to less
porous materials (200 m?/g) exhibiting larger Ru nanocrystals
(2-3 nm). This may be caused by the carbon rearrangement
during graphitization at 900 °C, as seen for N-free RuMOF
precursor. Promotion with barium and cesium leads to
catalysts with similar activity levels as the N-free RuMOF
catalysts as demonstrated in Fig. 5d. Additionally, the
Ru(N)MOF-derived catalysts showed higher deactivation
(3%/h) compared to RUMOF catalysts (0.3%/h). Unfortunately,
the stability test performed over Ru(N)C material prepared at
500 °C (without additional treatment at 900 °C) under
ammonia synthesis conditions lead to full degradation of the

6 | J. Name., 2012, 00, 1-3
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non-graphitic matrix and sintering of the sub-nanometric Ru
domains. Nevertheless, this highly dispersed Ru catalyst may
be stable for other heterogeneously catalyzed reactions
operating at lower temperatures.

Acetylene pretreatment

studied for the
preparation of carbon nanotubes or carbon-encapsulated
metal particles.?* Recently, the use of acetylene deposition on
the pores of MOFs resulted in an efficient approach for the
precisely-controlled manufacture of ultra-small
nanoparticles within porous carbon shells (core/shell
metal/C).2° As shown in Fig. 6, the pre-treatment of RUMOF
precursor with acetylene at 500 °C resulted in the formation of
carbonaceous species filling the MOF micropores, which

Acetylene deposition has been well
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stabilize sub-nanometric Ru clusters upon pyrolysis at 900 °C
under N, in contrast to non-pre-treated samples (Fig. 6b).

CO chemisorption study reveals that the pyrolytic
treatment at 900 °C is crucial to uncover the available active
surface of Ru (Fig 6a), which also leads to an increment of the
surface area (Fig 6c). This can be attributed to the release of
amorphous carbon species that were blocking the Ru surface.
The stabilization of the sub-nanometric Ru clusters via
acetylene pre-treatment was confirmed by TEM and XRD. TEM
images in Fig. 6b highlight the effect of the additional
acetylene pre-treatment on reducing the Ru particle size, as
suggested by the absence of larger Ru nanocrystals (> 1nm).
This is supported by the highly broad XRD diffraction peaks
collected for acetylene-treated samples (Fig. 6d). As shown in
Fig. 6e,f and Table S2, this increment on the active surface
area of the C,H,-treated catalysts resulted in a 2-fold
enhancement on the catalytic activity. For instance, TOF 50-10"
3s51vs20:103 st at430°C, and 1.6:103 s vs 0.7-103 s at 300
°C were measured for RuC (C,H,+N;) vs RuC (N,) respectively.

This result shows that the enhancement of ruthenium
active surface (Fig 6a) by reducing the particle size does not
result in a proportional enhancement of the catalytic activity.
This suggests that the accessibility of the gas reagents to the
active sites may be reduced by mass transport limitations
within the bulky catalyst particle. This limitation can be
overcome by further pre-dispersing MOF nanocrystals on a
stable support prior carbonization, as recently demonstrated
by our group for transformation of single MOF nanocrystals
into single nanostructured catalysts!®> 2°. Moreover, the
activity of MOF-derived catalysts may still be limited by the N,
dissociation step occurring over the promoter surface rather
than the hydrogenation step over Ru active sites, as recently
demonstrated by the use of barium-doped calcium amides (Ba-
Ca(NH,),) as dual support/promoter (Table S3).26

Conclusions

Active and stable nanostructured Ru catalyst for low-
temperature ammonia synthesis have been developed via
pyrolytic treatment of Ru containing MOFs. The optimization
of the thermal treatment conditions resulted in small Ru
nanocrystals (<4nm) well-dispersed on a graphitic carbon
matrix demonstrating good activity and stability for ammonia
synthesis. An additional pretreatment with acetylene allows to
stabilize smaller and more active sub-nanometric Ru clusters
upon an additional pyrolytic treatment at 900 °C in N, required
to release the available catalytically active surface. This two-
step strategy provides an efficient and general route to
develop highly stable and active MOF-derived heterogeneous
catalyst, serving as a versatile platform to improve the
interactions between Ru active surface and alkaline/alkaline-
earth promotors via atomic design of the proper multi-metallic
MOF precursors.
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