
HAL Id: hal-04681160
https://hal.science/hal-04681160v1

Submitted on 29 Aug 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Microwaves induced epitaxial growth of urchin like
MIL-53(Al) crystals on ceramic supports

Limor Ben Neon, Martin Drobek, Mikhael Bechelany, Bertrand Rebiere, Anne
Julbe

To cite this version:
Limor Ben Neon, Martin Drobek, Mikhael Bechelany, Bertrand Rebiere, Anne Julbe. Microwaves
induced epitaxial growth of urchin like MIL-53(Al) crystals on ceramic supports. Scientific Reports,
2024, 14 (1), pp.20067. �10.1038/s41598-024-71150-7�. �hal-04681160�

https://hal.science/hal-04681160v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


1

Vol.:(0123456789)

Scientific Reports |        (2024) 14:20067  | https://doi.org/10.1038/s41598-024-71150-7

www.nature.com/scientificreports

Microwaves induced epitaxial 
growth of urchin like MIL‑53(Al) 
crystals on ceramic supports
Limor Ben Neon 1, Martin Drobek 1, Mikhael Bechelany 1,2, Bertrand Rebiere 3 & Anne Julbe 1*

Shaping Metal–Organic Frameworks (MOFs) poses a significant challenge for their widespread 
application on a large scale. In particular, a precise control over crystal orientation and arrangement 
on substrates are expected to provide exiting opportunities for novel materials with customized 
characteristics and enhanced performance in catalysis, gas storage, sensing, optics and electronics. 
Here we demonstrated for the first time that microwave irradiation can induce well controlled 
epitaxial growth of urchin-like MIL-53(Al) crystals via the hydrothermal conversion of Atomic Layer 
Deposition alumina layers on SiC foams. The resulting large, ordered crystals feature specific size, 
homogeneity, dispersion, and quantity that strongly correlate with the nature of the ceramic support 
and its ability to absorb microwaves. Furthermore, the supported MIL-53(Al) urchins were considered 
as templates for generating nanostructured alumina fibers on SiC foams, providing attractive catalyst 
carriers with high specific surface areas.

Metal–organic-frameworks (MOFs) are porous structures built from metal ions coordinated with organic 
ligands1. Due to their tunable structure, flexibility, high specific surface and porosity, MOFs have emerged as 
valuable candidates for gas storage, membrane separation, environmental remediation, sensors, drug delivery, 
catalysis and other applications1,2. Among the best known and most studied MOFs, special attention is paid to 
MIL-53 due to its unique structure, built from metal ions (e.g. Cr, Fe or Al) octahedrally coordinated to two 
hydroxyl groups and four oxygen atoms of the deprotonated terephthalic acid ligand (TA). Indeed, MIL-53(Al) 
is proved to be a promising material for gas separation (i.e. CH4/N2)3, gas sensing (CO2)2, VOC adsorption4, 
desalination of dye solutions5 or catalysis2. However, despite the wide-range of potential applications, their 
industrial use is still rather scarce. In fact, long synthesis times and the difficulty of shaping MOFs into robust 
and mechanically stable macroscopic bodies such as pellets, beads, granules etc. limit their use on larger scales1. 
Generally, MOFs are obtained in the form of microcrystalline powders and their pulverous nature complicates 
their industrial application since it can lead to clogging of pipelines and loss of active material. Moreover, 
powders pose also storage and transport difficulties and can cause health issues during handling. In addition 
to their shaping as self-supported materials, an efficient growth/dispersion of MOFs on macroscopic substrates 
such as membrane supports, fibers and foams is required. This is a crucial step for the practical implementation 
of MOFs on an industrial scale.

In this regard, one can consider either the deposition/dispersion of the already synthetized MOF powder 
on an appropriate support (e.g. polymer matrix6) or its direct growth on the support itself. For the latter, the 
conversion of oxide-to-MOF appears to be a very promising strategy to obtain hierarchically structured MOFs 
with well-organized polycrystalline structures7. In fact, the ceramic’s surface is serving as a metal-ion source 
reacting with organic linkers to form MOF structures directly on the support as demonstrated elsewhere8,9.

However, long synthesis times, high energy consumption and excessive use of organic solvents inducing 
toxicity and environmental pollution limit the industrial implementation of such systems. Thereby, to make this 
process eco-friendly and more attractive for manufacturers, the use of microwaves (MW) appears to be an ideal 
solution. Indeed, MWs are known for their beneficial impact on reaction kinetics, enabling shorter reaction 
times and lower reaction temperatures10,11. In addition, MWs could favor specific reaction pathways which are 
not achievable with conventional heating, generate less waste, induce high reaction yields and phase purity in 
very short reaction times10,12. Heating under MW irradiation is induced by the capacity of the solvent, precursors 
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and/or the solid support to transform the absorbed MWs into thermal energy. This capacity is reflected by the 
dielectric loss (ε’’) which is specific to each solvent and solid12.

Water and the semiconductor SiC exhibit high dielectric losses. Combining both compounds for the metal 
oxide-to-MOF conversion reaction under MW-assisted heating thus appears as an economical and environmental 
friendly strategy to grow MOFs on ceramic supports.

Water is a green solvent acting as a moderate thermal dissipator13 under MW irradiation. It enables fast and 
uniform heating of the reaction medium compared to conventional heating methods. When the boiling point of 
water is exceeded, the hydrogen bonds between water molecules break and the water becomes less polar, behav-
ing more like an “organic solvent”. This ability improves the dissolution of organic linkers, which are usually 
preferentially soluble in organic solvents. Additionally, SiC is well known for its high thermal conductivity under 
MW irradiation (ε′′⁓28), leading to rapid and homogeneous heat dissipation on its surface14. Given this specific 
property of SiC and its commercial availability on a large scale with relatively low cost, this material can be con-
sidered as a very attractive support for the in-situ growth of MOF polycrystals under MW irradiation. Finally, 
since the solid and liquid phases are affected by MW irradiation, their mutual interface can be easily polarized, 
thus forming a hydrothermal micro-environment promoting high reaction efficiency15. Such MW-derived inter-
facial effects might favor the growth of uniform MOF crystals distributed homogeneously on the SiC surface.

Based on this premise, and in order to apply the oxide-to-MOF conversion strategy, the SiC support must be 
coated with a metal oxide layer that will serve as the only metal source for the selected MOF. For this purpose, 
Atomic Layer Deposition (ALD) is a particularly suitable technique, producing uniform and conformal coat-
ings with controlled thickness and composition, even on supports with complex geometries such as SiC foams. 
This vapor phase deposition method does not require any solvent and consumes a minimum quantity of metal 
precursor. The possibility of transforming ALD metal-oxide layers into MOFs in the presence of organic ligands 
and organic solvents has already been reported by the authors7,16–18. For example, ALD coatings such as ZnO 
and Al2O3 were easily converted to ZIF-8 and NH2-MIL-53(Al), respectively16–18.

Based on this expertise and the attractive behavior of water and SiC under MW irradiation, we hereby report 
for the first time a green and eco-friendly MW-assisted approach to grow directly MIL-53(Al) crystals on SiC 
foams. The strategy consists first in coating the SiC foams with an alumina (Al2O3) layer by ALD. This layer is 
then converted to MIL-53(Al) via a MW-assisted hydrothermal reaction in the presence of an aqueous solution 
of the selected organic ligand (e.g. terephtalic acid for MIL-53 (Al)). After synthesis, the ligand solution could 
be recovered, filtered and recycled for subsequent reaction runs. This option can thus have a positive environ-
mental and economic impact on a large scale, especially when taking into account also the reduction of energy 
consumption and synthesis time. In addition, this work demonstrates that the reaction conversion under MW 
irradiation significantly impacts on the growth, orientation, shape and distribution of MIL-53(Al) crystals formed 
on the SiC support.

Experimental
Synthesis
Conditioning of ceramic foams
Ceramic foams composed of SiC with 10 PPI (pores per inches) were supplied by EPMF-France. These indus-
trial foams are produced at large scale by FOSECO-VESUVIUS with the reference SEDEX-SiC-10 PPI. Before 
use, the SiC foams were cut into 0.5 × 1.5 × 1.5 cm large pieces with a diamond cut-off-wheel MOD20 (203 mm 
dia. × 0.6 mm × 20 mm dia., Struers). The ceramic particles released during this cutting operation were immedi-
ately flushed out using a strong flow of tap water to avoid any clogging of the foam pores. Afterwards the pieces 
were washed thoroughly with Milli-Q water and finally ethanol (≥ 99.8%, Sigma Aldrich). After drying at 120 °C 
overnight, the foams were thermally treated in stagnant, ambient air at 500 °C for 4 h (5 °C/min) using a muffle 
furnace (Nabertherm L3/11/B170).

Atomic Layer Deposition (ALD) of Al2O3
A home-made ALD experimental set-up (Figure S1) was used to deposit Al2O3 thin layers on the conditioned 
SiC foams. ALD was carried out at 100 °C using sequential exposures of trimethylaluminum (TMA, 97%, Sigma 
Aldrich) and deionized water, separated by a purge of dry argon (≥ 99.999%, from Linde Electronics) with a 
flow rate of 100 sccm. The deposition protocol was as follows: (a) 0.4 s pulse TMA, 30 s exposure and 40 s purge 
with dry Ar; (b) 2 s pulse of H2O, 30 s of exposure, and 40 s purge with dry Ar. 250 cycles were carried out to 
obtain an average coating thickness of 50 nm (thickness verified by ellipsometry on Si-wafer). Each foam was 
weighed (KERN ANT-220-5DNM balance) before and after ALD to estimate the amount of deposited alumina. 
The alumina-coated SiC foams were referenced as ALD-Al2O3.

Metal oxide‑to‑MOF conversion
The thin ALD-Al2O3 layer on SiC foams was converted to MIL-53(Al) using a MW-assisted hydrothermal 
synthesis protocol. Briefly, 0.4 g of terephthalic acid (TA) (98%, Merck) were dissolved in 40 mL of Milli-Q 
water (1 wt% TA solution). This reaction solution and the alumina-coated foams were transferred to a Teflon™ 
pressure vessel and heated for 1.5 h at 220 °C (P = 600W, 44 °C/min) using a Microsynth Milestone microwave 
oven equipped with a HPR 1000/10 rotor. After the reaction, the ceramic foams decorated with MOF labeled 
MIL-53@SiC, were retrieved from the Teflon vessel and washed first with Milli-Q water, then with DMF (N,N-
Dimethylformamide, 99.8%, SigmaAldrich) and finally again with Milli-Q water to remove DMF. Eventually, 
the samples were dried at 120 °C for 12 h in air.

For the sake of comparison, ALD-Al2O3 on SiC was also converted to MIL-53(Al) using conventional heating 
for the hydrothermal reaction step. Herein, the same heating temperature and ligand concentration were used as 
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for the MW-assisted hydrothermal approach. The synthesis protocol was inspired by the work of Yi Liu et al.19 
in which MIL-53(Al) powder was synthesized under classical hydrothermal conditions. Briefly, the SiC foams 
coated with ALD-Al2O3 were introduced into 1 wt% TA solution in an autoclave and heated in a conventional 
oven for 72 h at 220 °C. The supports were washed and dried as previously described. The as-prepared samples 
were labeled MIL-53@SiC-CONV.

All dried samples were weighed before and after MOF synthesis to estimate the amount of MIL-53(Al) 
deposited on ceramic foams.

Morphology, microstructure and elemental analysis
The surface morphology of pristine SiC and MOF-modified foams MIL-53@SiC and MIL-53@SiC-CONV was 
examined by Scanning Electron Microscopy (FESEM, HITACHI S-4800). The dimensions of grown MOF crystals 
were measured using an image processing program (Imagej2x). The elemental distribution of Al, Si, O and C 
was determined by Energy Dispersive X-ray Spectroscopy (EDX) using a Zeiss sigma 300 SEM equipped with 
an Oxford Instruments X-Max N SDD detector. The SiC-based samples were metallized with platinum. Raman 
spectroscopy was used to confirm the presence of MIL-53(Al) on the surface of SiC foams. A HORIBA Jobin 
LabRAM HR800UV Raman spectrometer (λ = 660 nm, 1800 g mm−1 grating) equipped with a Leica PL Fluo-
tar × 50 objective (NA = 0.55) was used.

The porous structure of the supported MIL-53(Al) materials has been investigated by N2 physisorption experi-
ments. Samples were first outgassed under vacuum at 150 °C for 12 h and N2 adsorption/desorption isotherms 
were recorded with a Micromeritics ASAP 2020 equipment. The specific surface area (SBET) was calculated by 
the multipoint Brunauer–Emmett–Teller (BET) method. The total pore volume (Vp) was evaluated at a P/P0 
close to 0.995.

Mechanical stability of MOF crystals on ceramic foams
Since the designed system is intended to be applied in fluid filtration or continuous flow catalysis, a good adhe-
sion of MIL-53(Al) to ceramic foams is of utmost importance. Sonication is a simple, quick, and reliable method 
used to test the adhesion of thin films on corrugated supports, for which standard adhesion tests as scratch-tape 
tests are not applicable. It involves immersing the coated substrate in a liquid medium and applying ultrasonic 
waves. High-frequency vibrations create intense agitation in the liquid which can challenge the adhesion of the 
film. This procedure is classically used by the authors and other groups for evaluating the durability and robust-
ness of supported ceramic films and membranes20,21. To simulate mechanical stress on foam samples, sonication 
experiments were conducted in ethanol using Fisher Bioblock 86480 sonicator with an applied power of 345 
W for 15 and 60 min. Typically, 0.25 g of MIL-53@SiC were introduced into a 50 mL beaker containing 25 mL 
ethanol. Aluminum concentration [Al] was determined via EDX to evaluate any eventual loss of MIL-53(Al) 
during sonication. Moreover, SEM observations were conducted before and after sonication tests to visualize 
any change in the crystal dispersion and morphology.

Results and discussion
Metal oxide‑to‑MIL‑53(Al) conversion of ALD‑alumina coated SiC foams
The conversion of Al2O3 layers deposited by ALD on pristine SiC foams (Fig. 1a) into MIL-53(Al) resulted in 
the formation of large, rectangular crystals as observed by SEM (Fig. 1b,c). Indeed, the surface of SiC foam is 
uniformly covered with MOF crystals forming a unidirectional urchin-like pattern. We note an average MIL-
53(Al) crystal size of 2.5 ± 0.8 µm × 0.5 ± 0.2 µm. Moreover, the crystal length of MIL-53(Al) is rather constant, 
around ⁓ 2.0 µm (Fig. 1d). Thus, the upwards growth of MIL-53(Al) crystals in the presence of MWs (i.e. in 
the direction of their length) appears to be homogeneous on SiC support. The nature of the MOF material was 
confirmed by Raman spectroscopy due to the observed characteristic vibration bands of MIL-53(Al) in the range 
800–1800 cm−1 (Figure S2). To the author’s knowledge, such large MOF crystals presenting this type of urchin-
like morphology, well-ordered and anchored to the surface of a ceramic support have never been reported in 
the literature.

EDX mapping (Figure S3) is evidencing the uniform distribution of MOF crystals on the surface of SiC 
foam. Moreover, the latter showed that carbon and oxygen atoms present in the MIL-53(Al) framework were 
solely located on the ceramic foams’ surface, confirming virtually zero growth of MOF crystals in the bulk of 
the supporting material.

Compared to the ordered urchin structure of MIL-53(Al) formed by alumina conversion under MW irradia-
tion (i.e., MIL-53@SiC), conventional heating generates entangled and disorganized nanorods (average diam-
eter ~ 0.20 µm) when applying the same synthesis temperature and ligand concentration (Fig. 2). In addition, a 
significant difference in support weight increase was noticed between the two samples after MOF growth: 6.5 
wt% and 9.1 wt% for MIL-53@SiC-CONV and MIL-53@SiC respectively (Table 1). Thus, as expected, higher 
conversion rates of ALD alumina to MIL-53(Al) were therefore achieved via MW heating. However, the mor-
phological effects associated to the heating method do not seem to impact on the specific surface area and pore 
volume of the MOF. Indeed, the SBET values determined for MIL-53@SiC and MIL-53@SiC-CONV are very 
similar (80 and 77 m2/g, respectively—Table 1).

Hence based on these observations one would question which concomitant phenomena are occurring in the 
presence of MWs and are inducing the particular observed morphology of MIL-53(Al) and its epitaxial growth. 
Indeed, as mentioned in the beginning SiC is an excellent thermal dissipater under MW irradiation14,22. Addi-
tionally to this property, SiC is benefitting from its native silica layer rich in hydroxyl groups necessary for the 
germination process of MOF(Al) on the SiC support23. Herein a synergistic effect of these two characteristics 
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Fig. 1.   SEM images of pristine SiC (a) foams; MIL-53(Al) urchin-like crystals grown on SiC foam (b,c) and its 
cross-section (d) by MW-assisted hydrothermal conversion of a thin ALD-alumina layer.

Fig. 2.   SEM images of MIL-53@SiC-CONV synthesized via the hydrothermal conversion under conventional 
heating of a thin ALD-alumina top layer.



5

Vol.:(0123456789)

Scientific Reports |        (2024) 14:20067  | https://doi.org/10.1038/s41598-024-71150-7

www.nature.com/scientificreports/

needs to be considered since it could favor the creation of “anchoring sites” for MIL-53(Al) nuclei, leading to a 
uniform distribution of MIL-53(Al) crystals on SiC surface.

Besides, since the SiC-foam surface is expected to be heated more homogeneously during the reaction under 
MW irradiation due to high dielectric loss constant (Table S1), it enables a better control of crystal growth. Yet, 
it does not explain the formation of epitaxial grown urchins.

Therefore, one can question the role of ALD-Al2O3. The thin ALD-Al2O3 layer is amorphous, rich in hydroxyl 
groups and very reactive. In the work of Kim et al.24 it was demonstrated that the epitaxial growth of MIL-53(Al) 
on metal particles seemed to depend strongly on the competition between coordination and dissolution kinet-
ics. The later was favored at synthesis temperatures exceeding 200 °C, and subsequently induced the growth of 
1D oriented MOF(Al) crystals. Since ALD-alumina is strongly reactive the dissolution of Al3+ at 220 °C might 
have favored the epitaxial growth of urchins. Interestingly, comparative experiments carried out on γ-alumina 
Accu®spheres (St-Gobain) led to the same epitaxial growth of urchin-like MIL-53(Al) crystals (Figure S4). The 
amorphous nature of the ALD-alumina layer as well as the SiC support are therefore not responsible for both 
the formation of urchin-like crystals and epitaxial growth.

Yanai et al.25 demonstrated the feasibility of aligning ZIF-8 crystals under an imposed electric field. Similarly, 
when MW-heating is applied, samples are also exposed to the electric component of MW irradiation. Indeed, 
during the oxide-to-MOF conversion, the coordinated aluminum-terephthalic acid (Al-TA) complexes and water 
molecules are sensitive to the orientation of the electric field. Given their high dielectric constant (ε’) (Table S1)13 
and dipolar characteristics, they orient themselves based on the applied electric field (Fig. 3a). Laybourn et al.13 
have demonstrated that the dielectric properties of Al3+ and water are strongly affected by the concentration of 
Al-substrate and applied temperature. In short, when the concentration of Al(III)-salt is low (i.e. around 5 mM) 

Table 1.   Textural characteristics measured for MIL-53(Al) grown on SiC foams and extrapolated to the 
MIL-53(Al) material- Values of SBET and pore volume (Vp) were attributed to the sole contribution of the MOF 
material (An error of ~ 10% is estimated on the SBET, Vp). a Δm = m(sample after conversion) − m(pristine foam).

Sample
Δm
(wt%)a

SBET
(m2/g)

Vp
(cm3/g)

SBET (MIL-53(Al))
(m2/g)

Vp (MIL-53(Al))
(cm3/g)

MIL-53@SiC 9.1 7 0.019 80 0.200

MIL-53@SiC-CONV 6.5 5 0.010 77 0.154

Fig. 3.   (a) Orientation of Al-TA complexes and water molecules in an electric field. (b) Schematic 
representation of the proposed mechanism for the formation of urchin-like MIL-53(Al) crystals on a ceramic 
support coated with ALD-alumina, by reaction with the TA ligand in water and under MW irradiation. (The 
electric field is present at all stages).
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the dielectric properties of Al3+ are dominated by those of water, but at higher Al(III)-salt concentrations (i.e. 
500 mM) the effect is opposite. If the total amount of ALD-Al2O3 (i.e. 4 wt% determined by EDX) was accessible 
for MOF conversion, the reaction solution would have a maximum alumina concentration of 10 mM—a value 
closer to the range in which dielectric properties of water are the main parameter governing the reaction mecha-
nism. As a result, it seems plausible that the water molecules are aligned with the applied electric field under MW 
irradiation and likely do orient also the Al-TA complexes. Yet, at the solid/liquid interface, a gradient of concen-
tration does exist. Herein, it is most likely that many point areas are present on the surface, generating hotspots 
due to the increased dielectric loss of Al-ions at higher concentrations. Those hotspots could potentially promote 
coordination and nucleation on the surface of supported alumina layers, forming so-called “anchor points”.

In addition, by simply forming a metal–ligand complex with Al3+ (Table S1), ε’ increases from 2.53 to 7013. 
As a results, Al-TA complexes in solution and when grafted to the anchor sites on Al2O3 coating, are oscillat-
ing with the electric field. Hence, we hypothesize that dissolved Al-TA complexes or pre-organized nuclei are 
assembled a long the direction of the electric field, inducing the formation of bundled fibers with a rectangular 
cross-section. At this stage it is expected that MW irradiation induces an abundance of closely spaced anchor 
points and an excess of Al3+ ions or Al-TA complexes in the aqueous solution. This rapid accumulation of species 
could lead to steric effects at the anchor points, resulting in the formation of urchin-like structures. Contrary, 
without these steric effects, parallelly, ordered fibers would have been formed on the substrates. The proposed 
mechanism is illustrated schematically in Fig. 3b.

Potential applications of the designed materials
As mentioned in the introduction, the as-synthetized supported materials could be used in many fields such as 
adsorption, filtration or catalysis. In all cases, good adhesion of the MOF to the support and high mechanical 
stability of the system are crucial. Sonication tests carried out in ethanol with MIL-53@SiC clearly validated the 
stability of the sample and the excellent adhesion of crystals to the support in the tested sonication conditions. 
Indeed, SEM observations confirmed the preservation of urchin-like crystals on SiC foams (Figure S7). Further-
more, EDX analysis proved that the aluminum loss was very low (⁓0.4 wt%) even during extended sonication 
treatments (Table S3), therefore confirming the system’s stability and the good adhesion of MOF crystals to the 
SiC substrate.

Attractively, the proposed synthesis approach can be applied to other ceramic supports such as ZrO2 (Figure 
S8). It is however important to note that a much smaller quantity of MIL-53(Al) crystals was grown on the ZrO2 
support which is quasi-inert to MW irradiation (ε’’⁓ 0.02 and 28 for ZrO2 and SiC, respectively). Therefore, a 
weight increase of only 1.1 wt% was measured for the ZrO2 support while it reached 9.1 wt% for SiC (Table S4).

The presented synthesis method can also be be exploited for the preparation of original catalyst carriers with 
high specific surface areas, by calcining the final ceramic supported MOF material. The concept is applicable to a 
wide range of ceramic supports, with special interest for MW-absorptive substrates such as SiC-based ceramics. 
SiC offers attractive physicochemical properties (chemical inertness, thermal conductivity, mechanical stability, 
magnetic, semiconductor, optical and electronic properties)26, but the low specific surface area limits its use as 
catalytic carrier. In order to overcome this issue, MIL-53(Al) urchin-like crystals synthetized in this work could 
be further advantageously transformed into hierarchical nano-structured porous alumina via calcination. As 
demonstrated in Fig. 4, Table S4 and Figure S9, calcination of MIL-53@SiC at 1000 °C leads to the formation of 
a major θ-Al2O3 phase with a specific surface area of ⁓227 m2/g. Obtaining remarkably high SBET values at high 
calcination temperatures opens the possibility to advantageously exploit these materials for the dispersion of 
active species (e.g. metal nanoparticles, transition metal dichalcogenides, etc.), yielding novel heterogeneous 
catalysts. At the same time, the high thermal and mechanical stability of the as-synthetized θ-alumina and its SiC 
support endows the composite material with robustness relevant for a variety of multiphase reactions conducted 
under harsh conditions (i.e. high pressure and temperature). Finally, preserving the urchin-like structure could 
strongly improve the contact of the active surface with reactants.

Fig. 4.   SEM images of Al2O3 fibers obtained on SiC support after calcination of MIL-53@SiC at 1000 °C in air.
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Conclusion
In this work, we have developed a robust, green and economical synthesis strategy to orient the growth of MIL-
53(Al) crystals uniformly covering the accessible surface of industrial ceramic supports. This strategy leads to 
an increase of supports’ specific surface area, which could be advantageously exploited for the design of active 
adsorbents or catalytic carriers. Starting from ceramic foams uniformly coated with Al2O3 by ALD, the MW-
assisted hydrothermal reaction of the ALD-Al2O3 thin layers in the presence of terephthalic acid results in the 
formation of large, long, oriented and well-ordered MIL-53(Al) urchin-like crystals homogeneously covering 
the surface of ceramic substrates.

Results suggest that the epitaxial growth of large MIL-53(Al) crystals is induced by the electric-field applied 
during MW-assisted heating. Additionally, it has been demonstrated that ceramic supports with high dielectric 
losses (e.g. SiC) enable significant heat dissipation, which activates the reaction at the solid/liquid interface, thus 
generating a high number of nucleation sites and uniform growth of MOF crystals. The homogeneity and the 
quantity of crystals obtained under the proposed synthesis conditions guarantee an excellent coverage rate of 
the SiC support with very good adhesion.

It is assumed that the formation mechanism of urchin-type crystals is induced by a coupling of chemical 
reactions (i.e. oxide surface dissolution, crystal germination/growth, competition between crystal growth and 
re-dissolution, etc.) with specific physical phenomena occurring under MW irradiation (i.e. orientation of species 
in electromagnetic field, thermal gradients at interfaces, etc.). An in-depth computational study is now envisaged 
to further elucidate the complex growth mechanisms of MOF crystals on ceramic substrates by the oxide-to-MOF 
conversion strategy under MW irradiation. This type of study will be the next step forward in obtaining diverse 
in-situ grown MOF crystals with perfectly controlled morphology on various supports.

From an economic and ecological point of view, the combination of ALD and MW-assisted heating makes this 
process also attractive, since the reaction is very short and can be carried out in the absence of organic solvents. 
Thus, the proposed synthesis protocol generates less waste, avoids the utilization of metal-salts and reduces energy 
consumption. Advantageously, the as-prepared supported MIL-53(Al) can be used as an adsorbent, a catalyst or 
even as a template for the generation of nanostructured alumina fibers by calcination. The latter material can be 
used, for instance, as a catalyst carrier for bi-phasic or three-phasic reactions. Furthermore, the proposed syn-
thesis strategy could also be applied to other ceramic substrates and with different families of MOFs, eventually 
converted into original nano-structured metal oxide supported materials. These original materials could reveal 
useful in a variety of industrial applications, ranging from selective adsorbents to sensors, including electrodes 
and catalytic membrane contactors.

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary 
Information file.
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