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Abstract 

During the last decade, the synthesis and application of metal-organic framework (MOF) 

nanosheets has received growing interest, showing unique performances for different 

technological applications. Despite the potential of this type of nanolamellar materials, the 

synthetic routes developed so far are restricted to MOFs possessing layered structures, 

limiting further development in this field. Here, we present a bottom-up surfactant-assisted 

synthetic approach for the fabrication of nanosheets of various non-layered MOFs, 

broadening the scope of MOF nanosheets application. Surfactant-assisted pre-organization of 

the metallic precursor prior to MOF synthesis allows for the manufacture of non-layered Al-

containing MOF lamellae. These MOF nanosheets are shown to exhibit a superior 

performance over other crystal morphologies for both chemical sensing and gas separation. 

As revealed by electron microscopy and diffraction, this superior performance arises from the 

shorter diffusion pathway in MOF nanosheets, whose one-dimensional channels are oriented 

along the shortest particle dimension. 
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The synthesis of 2D nanomaterials has arisen keen interest within the scientific and 

technological communities.[1, 2, 3] This interest originates from their unique physicochemical 

properties, highly desirable for a wide range of applications.[2-4] Examples of 2D 

nanomaterials that have been synthesized as single- and few-layer nanosheets are graphene 

and its group 14 analogues, transition-metal dichalcogenides, boron nitride, 2D layered oxides 

and hydroxides,[2, 3] and recently, metal-organic frameworks (MOFs).[5] The last example is 

particularly exciting: MOFs are crystalline coordination compounds built-up from metal 

atoms or clusters linked together by organic ligands.[6] Their metal-organic make-up allows 

for rich pre- and post-synthetic chemistry, which in some cases can lead to a degree of 

rational design.[7] This opportunity for design, together with exceptional porosity, endows 

MOFs with great potential in many different technological fields,[8, 9, 10-13] their first 

commercial applications being recently announced.[14] 

MOF nanosheets have been prepared by various top-down and bottom-up approaches. 

As a top-down approach, MOF nanosheets have been isolated by exfoliation,[12, 13, 15, 16] one of 

the most extended strategies to synthesize 2D nanomaterials.[1, 2, 3] Bottom-up approaches rely 

on diffusion-mediated[11] and templated synthesis[2, 8a, 9, 17, 18-22] and the use of small capping 

agents or modulators to control crystal growth in certain directions.[10, 19, 20] Despite the 

advances reported, the applicability of the synthetic methods developed so far is mainly 

restricted to MOFs possessing a layered structure. These MOFs consist of stacked 2D layers, 

being more prone to the formation of nanosheets. However, this subfamily of compounds only 

embodies a small fraction of the MOF structures reported to date, severely limiting the 

potential of this promising type of 2D nanomaterials. To the best of our knowledge, only one 

very recent example has been reported so far on the top-down exfoliation of 3D MOFs.[21] 

However, top-down approaches are often associated with particle fragmentation and re-

aggregation of the detached sheets. A bottom-up approach for the synthesis of 3D MOF has 

never been reported. 
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Within this context, we report a novel bottom-up surfactant-assisted approach whereby 

several well-known non-layered 3D Al-containing MOFs can be prepared as free-standing 

lamellae. Our approach is based on decoupling the surfactant-assisted pre-assembly of the 

metallic species in solution from the MOF synthesis, gaining control over the crystallization 

process. In particular, we have selected NH2-MIL-53(Al),[22] CAU-10(Al) and NH2-CAU-

10(Al).[23] Both MOF topologies, i.e. MIL-53 and CAU-10, are based on inorganic trans-

connected AlO4(µ2-OH)2 octahedra forming linear chains and cis-connected AlO6 octahedra 

forming helical chains, respectively. For both topologies, these inorganic chains are connected 

through dicarboxylate linkers to make up the scaffold.[23, 24] In this work we demonstrate that 

the new 2D materials based on these MOF topologies provide a remarkable playground for 

membrane separation, chemical sensing, and device fabrication in general. 

The bottom-up approach we developed here to synthesize NH2-MIL-53(Al) 

nanosheets makes use of surfactants to gain control over the MOF particle morphology.[20] As 

schematically shown in Figure 1a the synthesis was performed from two different solutions: 

(i) one containing the cationic surfactant hexadecyltrimethylammonium bromide (CTAB) and 

the metal precursor (Al(NO3)3·9H2O), (ii) the other the deprotonated linker, 2-

aminoterephthlic acid (2-ATA). Both solutions were separately heated in order to reach the 

NH2-MIL-53(Al) synthesis temperature, 373 K, and mixed after 1 h. This allows for the 

surfactant-assisted preorganization of aluminium species, favored by the known ability of 

aluminium to form oligomeric structures in solution,[25] prior to the MOF formation. 

Small-angle X-ray Scattering (SAXS) provides some initial insight into the formation 

of the 2D material for NH2-MIL-53(Al). After being dissolved in a CTAB solution, the 

aluminium precursor, Al(NO3)3·9H2O, forms a pre-organized vesicular system (blue points). 

The appearance of the quasi-Bragg peak, around q = 1.6 nm-1, is typical for an assembly of 

stacked sheets - a paracrystalline system.[26] The line shape of the quasi Bragg peak, deviates 

from a Gaussian profile. It is broad, and sharpens towards the top. This indicates secondary 
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disorder within the paracrystalline order; a root-mean square deviation of the d-spacing, in 

this case the distance between the stacked sheets.[27] We used a Caillé structure factor to 

approach this factor of disorder,[28a] and obtained an accurate fitting of the quasi-Bragg peak 

(orange curve). The Caillé model takes into account bending fluctuations within the stacked-

sheet system. Its central parameter, the Caillé parameter 𝛿, is inversely proportional to the 

bulk modulus B and the bending modulus K of the sheets, 𝛿 ∝ (KB)-½. The fitting produces a 

d-spacing of 4.34 nm and a Caillé parameter 𝛿 of 0.42. This signals an ordered yet soft system 

of stacked sheets that engage in a process of bending deformations.[28b] That this soft system 

is easily perturbed, is seen when linker, 2-ATA, is added. The system reorganizes, 

paracrystallinity breaks up and the scattering in the low-q region vanishes. Yet now, intensity 

falls off as I(q) ∝ q-1, which indicates that the scattering entities have retained the high aspect 

ratio we expect from nanosheets with one-dimensional channels. As confirmed by TEM, these 

entities indeed involve free-standing nanolamellae and display an extent of nanosheet bending 

and folding. We note that this was also reported for other cases of MOF nanosheets.[10, 12, 16, 18] 

This effect of flexibility hinders an adequate determination of the particle size distribution, 

but it is clear that nanosheets with submicron lateral dimensions are obtained. Furthermore, 

from atomic-force microscopy (Figure S2) the lateral dimensions and thickness of the 

nanosheets can be assessed, being in the range 140 ÷ 400 nm and 35 ÷ 45 nm. 

In order to optimize this synthetic methodology allowing the formation of NH2-MIL-53(Al) 

nanosheets, a systematic experimental study was performed by varying CTAB/Al3+ ratios, 

ranging from 0.1 to 1.5 (Table S1 and Figure S3). Among the different CTAB/Al3+ ratios, we 

found 0.5 to be the optimal in the synthesis of MOF lamellae. This is demonstrated by TEM, 

XRD and gas adsorption (Figure S3 and S5). XRD confirmed the formation of NH2-MIL-

53(Al), the observed reflections corresponding to those expected for the large pore (lp) MOF 

configuration. This is noteworthy – since NH2-MIL-53(Al) is usually found in the narrow 
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pore (np) form.[29] Nevertheless, the relationship between crystal size and framework 

flexibility has been extensively studied revealing that with changing the crystal size and 

surface in flexible MOFs structures, the kinetic behavior of crystal structure transformation 

could be altered drastically.[30] In particular, Kitagawa et. al. demonstrated that crystal 

downsizing to the nanometre scale range can stabilize the transient pore configuration in 

flexible MOF structures, leading to the further thermodynamic and/or kinetic suppression of 

lp-np phase transitions.[30b] This behaviour is not surprising and can be related to the fact that 

reducing crystal dimensions can generally accelerate guest diffusion/mobility and hence 

constrain the structural transformations of the flexible MOFs. Thus, we attribute the 

dominance of the lp configuration of NH2-MIL-53(Al) nanolamellae to both nanocrystal size 

and shorter diffusion length along the crystallographic a-direction. 

CO2 adsorption further corroborated this. The step in the CO2 isotherm (Figure 1E), 

commonly attributed to the MIL-53 breathing behaviour (starting at ≈ 7 bar for the 

submicron-sized NH2-MIL-53(Al) crystals),[31] does not appear in the case of the MOF 

nanosheets. In fact, an isotherm archetypal for rigid porous materials is obtained, the high 

uptake at low pressures corresponding to the filling of the MOF micropores. Furthermore, the 

slope observed at higher pressures can be attributed to multilayer adsorption on the external 

surface area exposed by the MOF nanosheets. This interparticle porosity was also found for 

N2 adsorption, where the H1-type hysteresis loops observed have been commonly 

encountered for other delaminated materials (Figure S5B).[11] Systematic study on the effect 

of low CTAB/Al3+ ratio and the operating temperature is necessary to delineate the 

mechanism governing the dominance of the large pore configuration. 

Once the suitability of our surfactant-assisted approach to synthesize NH2-MIL-53(Al) 

nanosheets was confirmed, the question then arose, how the 1D diamond-shaped MIL-53 

channels are oriented within the MOF lamellae. This orientation of the 1D channels has 

significant implications for different applications, as the diffusion pathway is much longer if 
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the 1D channels run parallel to the surface of the nanosheets than if they do in the 

perpendicular direction. To gain some insight, high-resolution TEM (HRTEM) and selected-

area electron diffraction (SAED) experiments were performed. Lattice fringes with interplanar 

distances of 13.4 and 16.2 Å were observed by HRTEM, corresponding to the (001) and (010) 

planes of NH2-MIL-53(Al), respectively (Figure 2). Moreover, SAED patterns were acquired 

along the [100] axis and showed diffraction spots corresponding to the (0kl) planes of the 

NH2-MIL-53(Al) nanosheets. Interestingly, comparison between the simulated and 

experimental SAED patterns and the NH2-MIL-53(Al) structure along [100] (Figure 2C and 

insets) points to an orientation of the 1D diamond-shaped channels perpendicular to the 

surface of the MOF nanosheets. Thus, besides the successful synthesis of MOF nanosheets, a 

further advantage of this surfactant-assisted synthetic route is the orientation of the NH2-MIL-

53(Al) channels along the shortest particle dimension. This interesting feature of NH2-MIL-

53(Al) nanolamellae is presumably caused by pre-organization of the CTAB/Al3+ system. In 

order to understand the formation mechanism of the nanolamellae, dynamic light scattering 

(DLS) measurements were performed for CTAB/Al3+ precursor mixtures. The corresponding 

data for DLS measurements are summarized in the supporting information (Figure S1). 

Notably, the value of critical micelle concentration observed by DLS technique (8.2·10-6 

mol·L-1) is close to that determined by surface tension measurements. The increase in the 

hydrodynamic radius (Rh) above CMC suggests a progressive growth of CTAB micelles until 

reaching a maximum at 2.2·10-2 mol·L-1 which corresponds to CTAB:Al3+ molar ratio of 0.1, 

first point of high CTAB concentration series (Figure S1D). When compared to the measured 

thickness of independent lamellae, the hydrodynamic radii obtained from DLS are very 

similar. Thus, we hypothesize that at CTAB concentration ca. 1.5·10-4 mol·L-1, which 

corresponds to a CTAB/Al3+ ratio of 0.5, the aluminium oligomeric structures include 

themselves between the staked CTAB lamellae micelles (Figure S1E). As soon as the 2-

aminoterephthalate anion is added to the system, the substitution of CTAB molecules in 
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micelles by the linker occurs, initiating the formation of NH2-MIL-53(Al) following the 

stacking predefined by the CTAB micelle (Figure S1F) and resulting in pore alignment along 

the channel direction. 

Exploring the versatility of this synthetic approach, this surfactant-assisted method 

was applied to two different well-known Al-containing MOFs, bearing different 

functionalities, namely CAU-10(Al) and NH2-CAU-10(Al). Similarly to NH2-MIL-53(Al) 

nanosheets (vide supra), screening of different CTAB/Al3+ ratios led to optimum values of 0.5 

for CAU-10(Al) and 0.6 for NH2-CAU-10(Al), suggesting that pre-organization of Al is 

crucial for the successful synthesis of nanosheets. The XRD patterns of the product for this 

CTAB/Al3+ ratio demonstrated formation of CAU-10(Al) and NH2-CAU-10(Al) (Figure S6), 

while SEM micrographs evidenced the formation of MOF lamellae. In this case, however, the 

as-synthesized nanosheets were stacked into larger MOF particles with lateral dimensions of 

2.5 ± 0.2 µm and 250 ± 25 nm for CAU-10(Al) and NH2-CAU-10(Al), respectively (Figure 

S8). Interestingly, mild sonication of these stacked particles in THF for 40 min led to 

exfoliation. Indeed, the supernatant of the product obtained exhibits the Tyndall effect with 

laser beam irradiation, pointing to the high dispersion of particles of hundreds of nanometres 

in the colloidal suspension. AFM confirmed that CAU-10(Al) nanosheets were isolated upon 

exfoliation (Figure 3D, E). It should be noted however that this occurs together with particle 

fragmentation, which leads to lamellae with reduced lateral dimensions. 

Furthermore, next to the successful synthesis of several MOF topologies bearing 

different functionalities as nanosheets, preliminary data with other trivalent metals show that 

this approach could be extended to other MOFs, provided that the metal pre-assemblies in the 

presence of CTAB. Indeed, NH2-MIL-53 containing different metals, i.e. Ga, have also shown 

the use of surfactants as a potential approach to gain control over the MOF particle 

morphology (Figure S11). Collectively, these results underscore the potential of our 

surfactant-assisted method to synthesize lamellae of different non-layered Al-containing 
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MOFs. This complements the existing methods to synthesize MOF nanosheets, with a unique 

method for a bottom-up synthesis of MOF lamellae for topologies with a prevalent isotropic 

growth. 

NH2-MIL-53(Al) nanosheets and nanoparticles (Figure 1 and S12) were applied to gas 

separation and molecular recognition applications to assess the potential of MOF lamellae as 

materials with superior performance. In the application of MOFs for gas separation, the use of 

MOFs as fillers in MOF-based mixed-matrix membranes (MMMs), a blend of MOF particles 

in a polymeric matrix, has shown great potential.[32] Specifically, the use of MOF nanosheets 

as fillers has been recently identified by some of us as a particular attractive strategy to 

synthesize advanced composite membranes for gas separation.[11] 

Matrimid®-based MMMs containing NH2-MIL-53(Al) with two different 

morphologies: nanoparticles and nanosheets were prepared. Figure 4A and Table S3 show the 

performance of these membranes in the separation of an equimolar mixture of CO2 and CH4 at 

308 K and 3 bar of trans-membrane pressure difference. For both nanoparticle and nanosheet 

fillers, the membrane permeability increases upon 8 wt% MOF loading, which can be 

attributed to the additional gas transport pathways provided by the porous MOF. This increase 

in permeability is however more pronounced in the case of the NH2-MIL-53(Al) nanosheets, 

reaching permeability values nearly twice than that for the bare polymer. The superior 

performance of the lamellae-based membranes can be ascribed to the more efficient 

utilization of the MOF's porosity. On the one hand, MOF nanosheets have been reported to 

orient parallel to the plane of the membrane, leading to a superior degree of coverage by the 

filler.[11] On the other hand, the 1D channels of MIL-53 are oriented along the shortest particle 

dimension, perpendicular to this plane. This results in the orientation of the MOF channels 

along the direction of the gas flux, facilitating gas transport through the membrane. As for the 

selectivity, it remains unchanged upon MOF loading. This was expected given that NH2-MIL-

53(Al) is in its large pore form (vide supra), which is known to have moderate CO2/CH4 
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selectivity.[33] Figure 4B further shows the influence of the NH2-MIL-53(Al) nanosheets 

loading on the performance of the MMMs. Upon increasing the MOF loading, permeability 

remains unchanged while selectivity slightly increases. We hypothesize that this behaviour is 

related to the rigidification of the polymeric chains surrounding the MOF nanosheets. This 

would result in higher selectivities and to a decrease in membrane permeability. Indeed, upon 

an increase in MOF loading from 8 to 16 % the permeability remains unchanged, given that 

the rigidification of the polymeric chains counteracts the improved transport at higher MOF 

loading. 

NH2-MIL-53(Al) nanosheets were further investigated for its gas sensing properties 

towards alcohols. These materials were first drop-casted over meander-patterned, planar 

transducer devices (Figure S14) to form a uniform layer over the sensing area (see 

Experimental Section for details).[34] The thickness of the layer was kept at 10 µm to ensure 

that the majority of the electric field lines remain within the MOF layer, avoiding the 

influence of possible MOF coating variations on the sensor response. The coated devices were 

then exposed to different concentrations of alcohols (0-2500 ppm of methanol, 2-propanol and 

1-butanol) and the capacitive response was measured by impedance spectroscopy in a 4-probe 

configuration at 301 K. Figure 5 and Figure S15 clearly show a change in the sensing device 

capacitance upon alcohol exposure, the capacitance response increasing with higher alcohol 

concentrations. The response showed complete reversibility and a return to baseline in ~15 

min over replacing the alcohol vapors in gas phase with dry N2. Hence, the completely 

reversible and sensitive response of NH2-MIL-53(Al) nanosheets-coated transducer devices 

towards methanol, 2-propanol and 1-butanol indicated capabilities of these materials for 

sensing applications. Comparison of the sensor response with that of NH2-MIL-53(Al) 

nanoparticle-coated devices learnt that the time required to reach half of the equilibration (t50) 

and 90% of the equilibrium response (t90) upon exposure to different alcohol concentrations 

was significantly reduced for the devices coated with nanosheets. In the particular case of 2-
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propanol for instance, after exposure to 600 ppm, the response time was reduced by ~180 

times (Figure 5). This decrease in the response time can be attributed to the shorter diffusion 

pathways in the case of the MOF nanosheets, for which the 1D diamond-shaped NH2-MIL-

53(Al) channels are oriented along the smallest particle dimension. 

Our results underline the significance of the development of synthetic routes for the 

fabrication of MOF nanosheets to reveal the true potential of these promising materials. We 

envision that the surfactant-assisted approach presented in this work will lead to the 

development of different methods to fabricate lamellae of MOFs that do not possess an 

intrinsic layered structure. This is crucial for the efficient utilization of MOF materials as 

demonstrated here for gas separation and molecular recognition. 

 

Experimental Section 

Synthesis of NH2-MIL-53(Al) MOF nanosheets: Free-standing NH2-MIL-53(Al) nanosheets 

were synthesized from two different aqueous solutions: one containing 0.84 g Al(NO3)3·9H2O 

(2.2 mmol, Sigma-Aldrich, < 98 %) and 0.40 g hexadecyltrimethylammonium bromide 

(CTAB, 1.1 mmol, Sigma-Aldrich, ≤ 98 %) and the other containing 0.29 g 2-

aminotherephthalic acid (1.6 mmol, Sigma-Aldrich, 99 %) and 2 mL tetramethylammonium 

hydroxide (TMAOH, Sigma-Aldrich, 25 wt.%) in 10 and 5 mL distilled water, respectively. 

Both mixtures were separately stirred until complete dissolution and transferred into two 

different wall-separated compartments of a Teflon®-lined (45 mL of total volume) stainless 

steel autoclave. The autoclave was then placed in an oven and heated to 373 K, temperature at 

which it was kept for 1 h. Then, the autoclave was turned upside down to let the two solutions 

from the separate chambers mix and react at 373 K for 16 h. After cooling, the formed yellow 

solid product was collected by centrifugation for 10 min at 6,000 rpm and washed 3 times 

with water followed by another 3 times with ethanol through re-dispersion and centrifugation. 

The resulting washed material was finally transferred to a petri dish and dried under vacuum 
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at 353 K for 16 h or left suspended in tetrahydrofuran (THF, Sigma-Aldrich, anhydrous) until 

the preparation of the MOF composites. 

Small-Angle X-ray Scattering (SAXS): SAXS measurements were performed on a SAXSLAB 

GANESHA 300 XL SAXS system equipped with a GeniX 3D Cu Ultra Low Divergence 

micro focus sealed tube source producing X-rays with a wavelength λ = 1.54 Å at a flux of 

1×108 ph s-1 and a Pilatus 300K silicon pixel detector with 487 × 619 pixels of 172 × 172 μm. 

Silver behenate was used for calibration of the beam centre and the q range. An aqueous 

solution containing Al(NO3)3·9H2O and CTAB in 10 mL of distilled water (see solution 

described above) was loaded into a 1 mm borosilicate  capillary (Hilgenberg Gmbh, 

Germany). The solution was then heated up to 373 K, temperature at which small-angle 

(SAXS) patterns were acquired. Subsequently, a solution of deprotonated linker (see solution 

described above) was pre-heated at 373 K and added to the reaction mixture. Immediately 

after, another SAXS pattern was acquired. 

Synthesis of MOF-based mixed-matrix membranes: MMMs were prepared following the 

procedure previously described by Rodenas et al.13 Briefly, 0.4 g of Matrimid® 5218 

(supplied by Huntsman Advanced Materials, Mw ≈ 80,000 g mol−1 and Mn ≈ 11,000 g mol−1) 

was added stepwise to a MOF suspension to obtain a final mass ratio solvent/(MOF+polymer) 

of 90/10, where the solvent selected was THF and the MOF NH2-MIL-53(Al). The NH2-MIL-

53(Al)/Matrimid® mass ratio was adjusted to achieve the desired MOF loading in the 

composite materials (i.e. 8 and 16 wt%). For the casting of membranes, the casting suspension 

was poured on a flat glass surface and shaped as a thin film with the help of a doctor Blade 

knife. The solvent was then removed by evaporation, first by natural convection at room 

temperature for 16 h and then under vacuum at 453 K for 24 h. 

Gas separation experiments: Round-shaped membrane sheets with an area of 3.14 cm2 were 

used to test the gas separation performance for two different gas mixtures. CO2/CH4 

separation measurements were performed for equimolar gas mixtures (50 mL min−1 of CO2 
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and CH4) at 308 K. He flow (3.3 mL min−1) was used as sweep gas to increase the driving 

force over the membrane. The trans-membrane pressure difference was adjusted in the range 

of 3 – 9 bar using a back-pressure controller at the retentate side, being the permeate side at 

atmospheric pressure. In all cases, separation selectivity and gas permeability values are 

reported after steady operation regime was reached. 

Fabrication of MOF-coated devices: The sensor devices were fabricated over p-doped silicon 

substrates to obtain planar capacitive electrodes as described in our previous study.50 Briefly, 

the devices were designed to obtain 4 parallel meander-patterned aluminium electrodes by 

photolithography with width of 0.52 μm and a gap of 1 μm. The total electrode area was 

obtained as ~ 2.1 mm2 leading to a high bare capacitance of the sensor devices (~ 22 pF). In 

order to prepare ~ 10 μm thick layers of NH2-MIL-53(Al) nanoparticles and nanosheets over 

these devices, 22.5 mg of MOF particles were dispersed in 480 mg tetrahydrofuran (THF). 5 

μL of the prepared dispersions was drop-casted over the electrode area of the devices 

followed by drying in vacuum at 393 K. 

Gas sensing studies: Sensing measurements were performed in a custom-built gas mixing and 

sensing equipment.49 The addition of gas vapours to the measurement chamber was carried 

out by first generating a saturated stream of the vapours in dry N2 gas and then further diluting 

it with N2 to the desired concentration. The saturated stream was generated by passing the dry 

N2 through a series of bubblers containing either methanol, 2-propanol or 1-butanol at room 

temperature. Changes in the concentration of the vapours in gas phase were analyzed by 

correlation with the changes in the capacitive response of the MOF-coated sensor devices. 

These measurements were performed by impedance spectroscopy using HP 4284A LCR 

Meter at a frequency of 20 kHz and voltage of 1 V in a four-probe configuration. The total gas 

flow rate and temperature during the measurement were kept constant at 200 mL min-1 and 

301 K. 
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FIGURES 

 

 
 

Figure 1. (A) Schematic representation of the synthetic procedure developed and the 

formation mechanism of the NH2-MIL-53(Al) lamellae. The synthesis was performed from 

two different solutions: one containing the cationic surfactant hexadecyltrimethylammonium 

bromide (CTAB) and the metal precursor, the other the linker, 2-aminoterephthalic acid (2-

ATA) and a base to deprotonate the linker, tetramethylammonium hydroxide (TMAOH). Both 

solutions were separately heated at 373 K, and mixed after 1 h. (B) SAXS patterns acquired at 

373 K for an aqueous solution of CTAB and Al(NO3)3·9H2O before and after adding the 

deprotonated linker (blue and black points, respectively). The former pattern is fitted with the 

Modified Caillé structure factor, orange curve. The red line depicts a background profile. (C) 

TEM micrograph of the NH2-MIL-53(Al) lamellae. (D) XRD pattern of the MOF nanosheets 

together with the simulated patterns for the np and lp configurations of NH2-MIL-53(Al). (E) 

High-pressure CO2 isotherm for NH2-MIL-53(Al) nanosheets at 273 K.  
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Figure 2. (A) HRTEM micrographs acquired for the NH2-MIL-53(Al) nanosheets. Lattice 

fringes with interplanar distances of 13.4 and 16.2 Å were observed, corresponding to the 

crystallographic c- and b-axis, respectively. (B) MIL-53 topology represented along the [100] 

direction. (C) SAED patterns of NH2-MIL-53(Al) lamellae showing the diffraction from (0kl) 

planes. Inset: simulated SAED pattern of NH2-MIL-53(Al) along the [100] axis. 
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Figure 3. SEM micrographs of the as-synthesized bulk particles of (A) CAU-10(Al) and (B) 

NH2-CAU-10(Al) synthesized for a CTAB/Al3+ ratio of 0.5 and 0.6, respectively. Insets: 

Photograph demonstrating the Tyndall effect for the CAU-10(Al) nanosheets colloidal 

suspension obtained upon sonication and XRD patterns of (A) CAU-10(Al) and (B) NH2-

CAU-10(Al). (C) Crystalline structure of CAU-10(Al) viewed along c–axis and showing the 

channel system. Aluminium, oxygen and carbon atoms are shown in green, red and grey, 

respectively. Hydrogen atoms have been omitted for clarity. (D) AFM image of the exfoliated 

CAU-10(Al) nanosheets. (E) Height profile corresponds to the blue line shown in the AFM 

image. 

 

 

Figure 4. (A) Influence of the filler morphology on the CO2 and CH4 permeability and on the 

CO2/CH4 selectivity for MMMs containing 8 wt% NH2-MIL-53(Al) nanoparticles and 

lamellae at 308 K and a trans-membrane pressure difference of 3 bar. (B) Influence of the 

MOF loading on CO2 and CH4 permeability and CO2/CH4 mixed gas selectivity measured at 

308 K and a trans-membrane pressure difference of 3 bar for MMM containing NH2-MIL-53 

lamellae. Error bars correspond to standard deviation. 
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Figure 5. (A) Capacitance sensing behaviour of NH2-MIL-53(Al) lamellae towards increasing 

concentration of 2-propanol. t90 equilibration time for NH2-MIL-53(Al) lamellae and 

nanoparticles towards increasing concentration of methanol (B), 2-propanol (C) and 1-butanol 

(D) in a nitrogen flow. 
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The table of contents entry.  

 

A bottom-up surfactant-assisted synthetic approach to synthesize nanosheets of various non-

layered MOFs is reported. The surfactant-assisted pre-organization of the metallic precursor 

prior to MOF synthesis allows for the manufacture of non-layered Al-containing MOF 

lamellae. These MOF nanosheets are shown to exhibit a superior performance over other 

crystal morphologies in different molecular recognition applications. 
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1. Materials and Methods 

 

1.1. Materials synthesis 

 

1.1.1. Synthesis of metal-organic-frameworks 

 

Chemicals 

 

All chemicals were used as received, without further purification. Al(NO3)3·9H2O, 

AlCl3·6H2O, Ga(NO3)3, 2-aminoterephthalic acid (2-ATA), isophthalic acid (IPA), 5-

aminoisophthalic acid (5-AIPA), sodium hydroxide (NaOH), tetramethylammonium 

hydroxide 25 % wt. aqueous solution (25% w/w TMAOH), chloroform (CHCl3), 

tetrahydrofuran (THF), anhydrous N,N-dimethylformamide (DMF), anhydrous acetonitrile 

(CH3CN), anhydrous methanol (MeOH), anhydrous 2-propanol (C3H7OH), anhydrous 1-

butanol (C4H9OH), anhydrous dichloromethane (CH2Cl2) were of analytical grade (Sigma-

Aldrich). Polyimide (PI) Matrimid® 5218 (kindly supplied by Huntsman Advanced Materials) 

was degassed at 453 K overnight under vacuum to remove the adsorbed water.  

 

Synthesis of NH2-MIL-53(Al) nanoparticles 

 

NH2-MIL-53(Al) nanoparticles were synthesized following our previously reported reflux 

procedure.1 In a typical synthesis, 1.90 g 2-aminoterephthalic acid (10.50 mmol, Sigma-

Aldrich, 99%) was dissolved in 10.5 mL of a 2 M NaOH aqueous solution at room temperature. 

Then, 3.94 g AlCl3·6H2O (16.30 mmol, Sigma-Aldrich, ≥99.0 %) was added to a separated vial 

and both volumes were increased to a total of 75 mL by addition of distilled water. The reactants 

were mixed and treated at reflux temperature for 3 d without stirring. The resulting yellow 

powder was filtered under vacuum and activated to remove organic species trapped within the 

pores with N,N-dimethylformamide (DMF, Sigma-Aldrich, >99.8 %) at 403 K, and 

subsequently with methanol under reflux, overnight. Finally, the powder was thoroughly 

washed twice with ethanol and dried at 373 K under vacuum. 

 

Synthesis optimization of NH2-MIL-53(Al) nanosheets 

 

NH2-MIL-53(Al) free-standing nanosheets were synthesized from two different aqueous 

solutions: one containing 0.84 g Al(NO3)3·9H2O (2.2 mmol, Sigma-Aldrich, < 98 %) and the 

corresponding amount of hexadecyltrimethylammonium bromide (CTAB, Sigma-Aldrich, ≤ 

98 %), see Table S1, and the other containing 0.28 g of 2-aminotherephthalic acid (1.6 mmol, 

Sigma-Aldrich, 99 %) and 2 mL tetramethylammonium hydroxide (TMAOH, Sigma-Aldrich, 

25 wt.%) in 10 and 5 mL distilled water, respectively. Both mixtures were separately stirred 

until complete dissolution and transferred into two different wall-separated compartments of a 

Teflon®-lined stainless steel autoclave. Our custom designed Teflon® autoclave is 45 mL of 

total volume and divided up to the half of its height on two champers of 10 mL and 5 mL of 
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volume each. The autoclave was then placed in an oven and heated to 373 K, temperature at 

which it was kept for 1 h. Afterwards, the autoclave was turned upside down so as to let the 

two solutions from the separate chambers mix and react at 373 K for 16 h. After cooling, the 

formed yellow solid product was collected by centrifugation for 10 min at 6,000 rpm and 

washed 3 times with water followed by another 3 times with ethanol through re-dispersion and 

centrifugation. The resulting washed material was finally transferred to a Petri dish and dried 

under vacuum at 353 K for 16 h or left suspended in tetrahydrofuran (THF, Sigma-Aldrich, 

anhydrous) until the preparation of the MOF composites. 

 

Generalization of the surfactant-assisted synthesis approach to other MOFs 

 

To investigate the scope of our surfactant-assisted MOF nanosheet synthesis strategy, the 

method was extended to other MOF structures. 

 

CAU-10(Al) lamellae were synthesized from two different aqueous solutions: one containing 

0.84 g Al(NO3)3·9H2O (2.2 mmol, Sigma-Aldrich, < 98 %) and the corresponding amount of 

hexadecyltrimethylammonium bromide (CTAB, Sigma-Aldrich, ≤ 98 %), see Table S1 entry 

1-7, and the other containing 0.27 g isophthalic acid (1.6 mmol, Sigma-Aldrich, 99 %) and 2 

mL tetramethylammonium hydroxide (TMAOH, Sigma-Aldrich, 25 wt.%) in 8 and 5 mL 

distilled water, respectively. Both mixtures were separately stirred until complete dissolution 

and transferred into two different wall-separated compartments of a Teflon®-lined stainless 

steel autoclave. The autoclave was then placed in an oven and heated to 373 K, temperature at 

which it was kept for 1 h. Afterwards, the autoclave was turned upside down so as to let the 

two solutions from the separate chambers mix and react at 373 K for 16 h. After cooling, the 

formed solid product was collected by centrifugation for 10 min at 6,000 rpm and washed 3 

times with water followed by another 3 times with ethanol through re-dispersion and 

centrifugation. The resulting washed material was finally transferred to a Petri dish and dried 

under vacuum at 353 K for 16 h or left suspended in tetrahydrofuran (THF, Sigma-Aldrich, 

anhydrous) until the preparation of the MOF composites. 

 

Exfoliation of CAU-10(Al) material was performed by ultrasonication of the suspension in 

THF for 40 min. 

 

NH2-CAU-10(Al) lamellae were synthesized following a similar procedure to that used to 

prepare CAU-10(Al), but using 0.28 g 5-aminosophthalic acid (1.6 mmol, Sigma-Aldrich, 

99 %) instead of 0.27 g isophthalic acid. After cooling, the formed yellow solid product was 

collected by centrifugation for 10 min at 6,000 rpm and washed 3 times with water and ethanol 

through re-dispersion and centrifugation. The resulting material was finally transferred to a 

Petri dish and dried under vacuum at 353 K for 16 h. 

Similarly to NH2-MIL-53(Al), CAU-10(Al) and NH2-CAU-10(Al), NH2-MIL-53(Ga) sheets 

were synthesized from two different aqueous solutions: one containing 0.56 g Ga(NO3)3 (2.2 

mmol, Sigma-Aldrich, < 98 %) and 0.40 g hexadecyltrimethylammonium bromide (1.1 mmol, 

CTAB, Sigma-Aldrich, ≤ 98 %) and the other containing 0.28 g 2-aminotherephthalic acid (1.6 

mmol, Sigma-Aldrich, 99 %) and 2 mL tetramethylammonium hydroxide (TMAOH, Sigma-

Aldrich, 25 wt.%) in 8 and 5 mL distilled water, respectively. Both solutions were transferred 
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into two different wall-separated compartments of a Teflon®-lined stainless steel autoclave. 

The autoclave was placed in an oven and heated to 373 K, temperature at which it was kept 

for 1 h. Subsequently, the autoclave was turned upside down and the two solutions mixed, 

letting them react at 373 K for 16 h. Upon cooling, the product was centrifuged for 10 min at 

6,000 rpm and washed 3 times with water and ethanol through re-dispersion and centrifugation. 

The resulting material was finally transferred to a Petri dish and dried under vacuum at 353 K 

for 16 h. 

 

1.1.2. Synthesis of MOF-polymer composite materials and membrane casting 

 

To prepare the MOF-based MMMs, the NH2-MIL-53(Al) nanosheets were dispersed in 

tetrahydrofuran and sonicated for 1 h in an ultrasonic bath (50 W and 60 Hz). The polymer 

Matrimid® 5218 (0.4 g), previously degassed under vacuum at 453 K for 24 h, was 

subsequently added stepwise to the NH2-MIL-53(Al) suspension in two portions of 0.2 g, 

keeping a mass ratio solvent/(MOF+polymer) of 90/10. The MOF/polymer mass ratio was 

selected to achieve the desired final MOF loading in the composite materials. The resulting 

suspensions were shacked in a laboratory shaker (5.3 kHz) at room temperature for 12 h. Prior 

to the membrane casting, three cycles were carried out each consisting of dispersing the casting 

suspension in an ultrasonic bath for 15 min, followed by shaking for 30 min. Afterwards, the 

viscous suspension was poured on a flat surface and shaped as a thin film under shear forces 

by a doctor blade knife. 

 

The solvent was then removed by evaporation, first by natural convection at room temperature 

for 16 h, followed by a treatment at 453 K for 12 h under vacuum. This temperature was 

selected below the glass transition temperature (Tg) of the polymer (590 K) to prevent the 

transition into a rubbery-state. The final thickness of the resulting composite films was 

evaluated using a digital micrometer (Mitutoyo, Quickmike Series). For reference purposes, 

neat polymer membranes were prepared following an identical procedure without MOF 

incorporation. 

 

1.1.3. Fabrication of MOF-coated devices 

 

The sensor devices were fabricated over p-doped silicon substrates to obtain planar capacitive 

electrodes as described in our previous study.2 Briefly, the devices were designed to obtain 4 

parallel meander-patterned aluminium electrodes by photolithography with width of 0.52 μm 

and a gap of 1 μm. The total electrode area was obtained as ~2.1 mm2 leading to high bare 

capacitance of the sensor devices (~22 pF). In order to prepare ~10 μm thick layers of NH2-

MIL-53(Al) nanoparticles and nanosheets over these devices, 22.5 mg MOF particles were 

dispersed in 480 mg tetrahydrofuran (THF). 5 μl of the prepared dispersions were drop-casted 

over the electrode area of the devices followed by drying in vacuum at 393 K. 
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1.2. Characterization methods 

 

1.2.1. Powder X-ray diffraction (PXRD) 

 

Powder X-ray diffraction (PXRD) was used to study the crystalline structure of the MOF 

materials. PXRD patterns were recorded using a Bruker D8 Advance diffractometer operated 

with Co Kα radiation (λ = 1.78897 Å). The samples were scanned using a step size of 0.02-

0.04º and a scan speed of 1 s per step in a continuous scanning mode. MOF nanoparticles 

specimens were prepared by filling the holder with the dry powder. In the case of MOF 

lamellae, the specimen was prepared by slow evaporation of a couple of drops from a 

suspension of the material in tetrahydrofuran over a zero-background single-crystal silicon 

sample holder.  

The mass ratios of NH2-MIL-53(Al) orthorhombic Imma and monoclinic Cc framework 

configurations were determined via quantitative calculation based on the PXRD data using the 

PowderCell software.3 Quantification of phase content was carried out with whole powder 

pattern decomposition method (WPDM) routine4 where the percentage of each phase was 

calculated as  

𝑐𝑖 =  𝐼𝑖𝜌𝑖𝑘𝑖𝜇∗ = 𝐼𝑖𝜌𝑖𝑘𝑖 ∑ 𝑐𝑖𝜇𝑖
∗         (eq. 1) 

where ci is the percentage of i-phase, ρi the X-ray density of i-phase, ki the calibration 

coefficient of i-phase, μ* the mass absorption coefficient of the specimen and Ii is the intensity 

of the peaks of i-phase. In our case, the density and mass absorption coefficient for 

orthorhombic Imma and monoclinic Cc phases were known from crystallographic information 

files reported previously.5 During the analysis of each experimental data, simulated PXRD 

patterns for both orthorhombic Imma and monoclinic Cc components was normalized 

according to  

 

𝐼𝑖 = 𝐼𝑖
0 (𝑉𝑢𝑐

2 ∙ 𝜌𝑖)⁄ = 𝐼𝑖
0 (𝑉𝑢𝑐 ∙ 𝑚𝑖)⁄           (eq. 2) 

where ρi is the X-ray density of i-phase, Vuc the unit cell volume of i-phase, mi is unit cell mass 

of i-phase. Thus, the weight fractions are easily determined since the scale factors are normally 

refined by the program and the densities can be evaluated as long as the unit cell volume and 

contents are known. So, the weight fraction for i-component in a mixture of n phases can be 

obtained from the equation: 

 

𝑊𝑖% =  
𝑐𝑁𝑖

∑ 𝑐𝑁𝑖
𝑛
𝑖=1

 ∙ 100%                 (eq. 3) 

where cNi is normalized content value of i-phase and n is number of the phases. 

During the WPDM procedure the scale factors for Imma and monoclinic Cc phases are 

calculated and their values are used for the percentage determination. The ratio of the scaling 

factors is used to determine the partial content of each phase within a two-phase sample. 

Additionally, the background function with the polynom of seventh degree, a constant peak 

width W, the lattice parameters of both phases, the zero shift of the powder pattern have been 

fitted during the analysis. 
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1.2.2. Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy (SEM) experiments were conducted in a JEOL JSM 6010LA 

microscope equipped with a Field-Emission (FE) electron beam source and operated at an 

accelerating voltage of 20 kV. MOF lamellae specimens were prepared by applying a couple 

of drops from a suspension of the material in tetrahydrofuran and let dry over the sample holder. 

To acquire the FE-SEM images shown, it was necessary to sputter the specimens with Au 

conductive layer. 

 

1.2.3. High Resolution Transmission Electron Microscopy (HRTEM) 

 

High resolution transmission electron microscopy (HRTEM), selected area electron diffraction 

(SAED) and energy-dispersive X-ray (EDX) line profiles were recorded on a JEOL JEM-

2100F microscope operated at an accelerating voltage of 120 kV, equipped with a field 

emission gun (FEG) and an ultra-high resolution pole-piece that provided a point-resolution 

better than 0.19 nm. The samples for TEM were dispersed in methanol, sonicated and sprayed 

on a carbon-coated copper grid and then allowed to air-dry. The analysis of MOF-polymer 

composites was performed using cryo-TEM.  

 

1.2.4. Atomic Force Microscopy (AFM) 

 

AFM topography images were recorded in air with a NTEGRA (NT-MDT) microscope 

operating in tapping mode. Rectangular silicon cantilevers HA_NC from NT-MDT with a 

spring constant of k ~ 12 N/m, resonance frequency of ωo ~ 235 kHz and tip radius of r ~ 8 

nm were used. The MOF samples were applied to a previous annealed silicon wafer substrate. 

Before microscopy inspection, a couple of drops from a suspension of MOF nanosheets in 

tetrahydrofuran were drop cast and let dry over the silicon substrate. 

 

1.2.5. Thermogravimetric analysis (TGA) 

 

TGA was applied to determine the MOF purity and content in the MOF-polymer composites. 

The experiments were performed in a Mettler Toledo TGA/SDTA851e apparatus by heating 

the sample from room temperature to 1273 K at a rate of 5 K·min-1 in flow of synthetic air 

(100 mL·min-1). The MOF content was derived from the mass of the residual Al2O3 after 

complete combustion. 

 

1.2.6. Gas sorption isotherms 
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Sorption isotherms of the MOF materials were determined with N2 (at 77 K) and CO2 (at 273 

K, low pressure region) using a Tristar II 3020 Micromeritics equipment. Prior to the 

measurements, the adsorbent was outgassed at 423 K under dynamic vacuum for 16 h. 

Adsorption equilibrium measurements (high pressure region) of carbon dioxide were 

performed using a Rubotherm gravimetric-densimetric apparatus G-Hp-Flow, composed 

mainly of a magnetic suspension balance (MSB) and a network of valves, mass flow meters, 

and temperature and pressure sensors. The adsorption temperature can be controlled within the 

range of 77 K to 423 K. In a typical adsorption experiment, the adsorbent is precisely weighed 

and placed in a basket suspended by a permanent magnet through an electromagnet. Then the 

cell housing the basket is closed and vacuum or high pressure is applied. The gravimetric 

method allows the direct measurement of the reduced gas adsorbed amount (). Correction 

for the buoyancy effect is required to determine the excess amount using equation 4, where 

Vadsorbent and Vss refer to the volume of the adsorbent and the volume of the suspension system, 

respectively.   

      (eq. 4) 

The buoyancy effect resulting from the adsorbed phase may be taken into account via 

correlation with the pore volume or with the theoretical density of the sample.   

These volumes are determined using the helium isotherm method by assuming that helium 

penetrates in all open pores of the material without being adsorbed. The density of the gas is 

determined experimentally using a volume-calibrated titanium cylinder. By weighing this 

calibrated volume in the gas atmosphere, the local density of the gas is determined. Therefore, 

simultaneous measurement of adsorption capacity and gas-phase density as a function of 

pressure and temperature is possible. 

The pressure is measured using two Drucks high-pressure transducers ranging from 0.5 to 34 

bar and 1 to 200 bar, respectively, and one low pressure transducer ranging from 0 to 1 bar. 

Prior to each adsorption experiment, about 100 mg of the sample was outgassed at 423 K for 

12 hours under a residual pressure of 10-6 mbar. The temperature during adsorption 

measurements was maintained constant using a thermostat-controlled circulating fluid at 

273K. 

 

1.2.7. Small-Angle X-ray Scattering (SAXS) 

 

SAXS measurements were performed on a SAXSLAB GANESHA 300 XL SAXS system 

equipped with a GeniX 3D Cu Ultra Low Divergence micro focus sealed tube source 

producing X-rays with a wavelength λ = 1.54 Å at a flux of 1×108 ph/s and a Pilatus 300K 

silicon pixel detector with 487 x 619 pixels of 172x172 μm. Silver behenate was used for 

calibration of the beam centre and the q range. An aqueous solution containing Al(NO3)3·9H2O 

and CTAB in 10 mL of distilled water (see solution described in 1.1.1) was loaded into a 1 

mm borosilicate capillary (Hilgenberg Gmbh, Germany). The solution was then heated up to 

373 K, temperature at which small-angle (SAXS) patterns were acquired. Subsequently, a 

solution of deprotonated linker (see solution described in 1.1.1) was pre-heated at 373 K and 

added to the reaction mixture. Immediately after, another SAXS pattern was acquired. 

 

1.2.8. Surface tension 

)( ssadsorbentgasexcess VVm  
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The Wilhelmy plate method was employed to measure the equilibrium surface tension of 

CTAB/Al3+ solutions, making use of a KRÜSS GmbH digital tensiometer K100MK2 equipped 

with a platinum plate. The plate was washed thoroughly with ethanol and carefully dried after 

each series of measurements. The CTAB solutions were prepared separately at two 

concentration ranges: low concentrations and high concentrations which have been explored 

in the NH2-MIL-53(Al) nanolamellae synthesis optimization. The amount of Al(NO3)3 salt 

was kept constant, 0.22 mol·L-1. Special attention has been paid to the temperature stabilization 

of the solution in the measuring vessel in the tensiometer chamber (20 min).  

 

1.2.9. Dynamic light scattering (DLS)  

 

Dynamic light scattering (DLS) was measured at 30 °C using a Zetasizer Nano ZEN 3600 

instrument (Malvern Instruments) equipped with a helium-neon 4-mW laser (wavelength of 

632.8 nm). The scattering angle was equal to 173 °. Prior to measurements, the samples of low 

CTAB concentrations (see caption of Figure S1) were dust-removed by filtration into the 

measurement cell through Millipore membrane filters with pore diameter of 0.45 µm. The 

samples of high CTAB concentrations were filtered warm (at 100 °C) directly into the 

measurement cell, cooled down and kept at 30 °C for one hour prior the measurements. The 

concentration of Al(NO3)3 in all prepared sample solutions was 0.22 mol·L-1. 

 

1.3. Gas permeation experiments 

 

Round-shaped membrane areas of 3.14 cm2 were cut from the casted films, placed on a 

macroporous support and mounted in a flange between Viton O-rings. This flange fit in a 

permeation module which was placed inside an oven in a permeation setup described 

elsewhere.6 An equimolar mixture of CO2/CH4 (100 mL·min-1 total flow rate) was employed 

as gas feed. He (3.3 mL·min-1) was used as sweep gas for the permeate stream and kept at 

atmospheric pressure. The trans-membrane pressure was adjusted using a backpressure 

controller at the retentate side. An on-line gas chromatograph equipped with a packed 

Carboxen 1010 PLOT (30 m × 0.32 mm) column and TCD and FID detectors was used to 

periodically analyze the permeate stream.  

Gas separation performance was defined by the separation selectivity and the gas 

permeabilities (P) of the individual components.7  

The permeability for component j (Pj) was calculated as shown in equation (5): 

 

𝑃𝑗 =
𝜑𝑛,𝑗  ∙ 𝛿

∆𝑝𝑗 ∙ 𝐴
         (eq. 5)             

where φn,j denotes the molar flow rate of component j, δ is the thickness of the membrane, Δpj 

the partial pressure difference of component j across the membrane and A the membrane area. 

The SI unit for the permeability is mol·s-1·m-1·Pa-1. However, here gas permeabilities are 

reported in the widely used non-SI unit Barrer, where 1 Barrer = 3.35·10-16 mol·m·m-2 ·Pa-1·s-

1. The separation factor or mixed gas selectivity (𝛼) was calculated as the ratio of the 
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permeability of the more permeable compound (CO2) to the permeability of the less permeable 

compound (CH4) as given in equation (6).  

𝛼 =
𝑃𝐶𝑂2

𝑃𝐶𝐻4

                     (eq. 6) 

 

1.4. Sensing studies 

 

Sensing measurements were performed in a custom-built gas mixing and sensing equipment.2 

The addition of gas vapours to the measurement chamber was carried out by first generating a 

saturated stream of the vapours in dry N2 gas and then further diluting it with N2 to obtain the 

desired concentration. The saturated stream was generated by passing the dry N2 through a 

series of bubblers containing either methanol, 2-propanol or 1-butanol at room temperature.  

 

Changes in the concentration of the vapours in gas phase were analysed by correlating it with 

the changes in the capacitive response of the MOF-coated sensor devices. These measurements 

were performed by impedance spectroscopy using HP 4284A LCR Meter at a frequency of 20 

kHz and voltage of 1 V in a four-probe configuration. Total gas flow rate and temperature 

during the measurement were kept constant at 200 mL/min and 301 K. 
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2. Supplementary Figures 

 

 

  

Figure S1. Surface tension measurements taken from the CTAB/Al3+ solutions of A, low-concentration 

range (0; 0.5·10-5; 1.0·10-5; 5.0·10-5; 1.0·10-4; 1.5·10-4; 5·10-4; 1.0·10-3; 1.5·10-3; 2.0·10-3; 1.0·10-2 mol·L-

1) and B, high concentration range (2.2·10-2; 4.4·10-2; 6.6·10-2; 8.8·10-2; 0.11; 0.132; 0.22; 0.242; 0.33 

mol·L-1) used for nanolamellae synthesis optimization. Inset shows a zoomed area of CMC region (blue 

dashed line). Z-average (hydrodynamic radius, Rh) of CTAB micelles formed in solutions of C, low-

concentration range and D, high concentration range determined by dynamic light scattering 

measurements. The concentration of Al(NO3)3 salt in all studied solution was kept constant, 0.22 mol·L-

1. E-F, Schematic representation of hypothesized mechanism of NH2-MIL-53(Al) nanolamellae 

formation. 
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Surface active behaviour of CTAB/Al(NO3)3 aqueous solution was measured over low- and 

high CTAB concentration ranges, whereas the content of Al(NO3)3 in each solution was kept 

constant (0.22 mol·L-1). The surface tension versus CTAB concentrations in the low 

concentration region is shown in Figure S1A. The surface tension decreases progressively as 

CTAB concentration increases up to a plateau, beyond which no considerable change is noticed. 

The critical micelle concentration (CMC) of the studied CTAB/Al(NO3)3 system was 

determined as the inflection point on the surface tension curve (see inset Figure S1A) and found 

to be 7.5·10-6 mol·L-1. Notably, the series of CTAB/Al(NO3)3 solutions with high CTAB 

content (Figure S1B) exhibit almost constant surface tension values over the CTAB 

concentration range explored for the NH2-MIL-53(Al) nanolamellae synthesis optimization 

(Table S1). This observation indicates that NH2-MIL-53(Al) nanolamellae synthesis was 

carried out in the range of CTAB concentrations above CMC at which the CTAB micelles were 

formed. 

Dynamic light scattering was used to probe the variation in the micellar size at increasing CTAB 

concentration. Similar to surface tension measurements, two ranges of CTAB concentrations 

(low and high content) were evaluated by dynamic light scattering. The plot of Z-average 

(hydrodynamic radius, Rh) versus CTAB concentration in low-concentration regime (Figure 

S1C) shows a break at the vicinity of the CMC. Notably, the value of critical micelle 

concentration observed by DLS technique (8.2·10-6 mol·L-1) is close to that determined by 

surface tension measurements. The increase in the hydrodynamic radius above CMC suggests 

a progressive growth of CTAB micelles until reaching a maximum at 2.2·10-2 mol·L-1 which 

corresponds to CTAB:Al3+ molar ratio of 0.1, first point of high CTAB concentration series 

(Figure S1D). In high concentration region, the hydrodynamic radius of micelles decreases up 

to 46 nm following by plateau zone for CTAB concentration of 5.0·10-5; 1.0·10-4; 1.5·10-4; 

5·10-4 mol·L-1 after which the decrement continues. This decreasing behaviour can be attributed 

to high charge repulsion forces between the CTAB micelles which increase their diffusion. 

Noteworthy, at CTAB concentration of 1.5·10-4 mol·L-1 the micelles are packed as stacked 

sheets, according to the SAXS data (see Figure 1). 

 Thus, we hypothesize that at CTAB concentration ca. 1.5·10-4 mol·L-1, which corresponds to 

the CTAB/Al3+ ratio of 0.5, the aluminium oligomeric structures include themselves between 

the staked CTAB lamellae micelles (Figure S1E). As soon as the 2-aminoterephthalate anion is 

added to the system, the substitution of CTAB molecules in micelles by the linker occurs 

initiating the NH2-MIL-53(Al) growth in a specific manner where the thickness of the MOF 

lamellae particle determined by length of the former CTAB micelle (Figure S1F).   
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Figure S2. A-B, AFM height profile of the NH2-MIL-53(Al) nanosheets synthesized at 0.5 CTAB/Al3+ 

molar ratio. 
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Figure S3. Transmission electron microscopy images for NH2-MIL-53(Al) synthesized at different 

CTAB/Al3+ molar ratios: A, 0.1; B, 0.2; C, 0.3; D, 0.4; E, 0.5; F, 0.6; G, 1.0; H, 1.1 and I, 1.5. 

 

 

 

 

 



     

37 

 

 

Figure S4. SEM micrographs of NH2-MIL-53(Al) synthesized at 0.1 (A), 0.2 (B), 0.3 (C), 0.4 (D), 0.5 

(E), 0.6 (F), 1.0 (G), 1.1 (H) and 1.5 (I) CTAB/Al3+ molar ratio via surfactant-assisted synthesis method.  
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Figure S5. A, PXRD patterns acquired for NH2-MIL-53(Al) synthesized at different CTAB/Al3+ molar 

ratios. Simulated patterns for the narrow pore (np) and the large pore (lp) configurations are included 

for comparison (lp: orthorhombic, space group Imma, a = 6.642 Å, b = 16.387 Å, c = 13.367 Å; np: 

monoclinic, space group Cc, a = 19.756 Å, b = 7.4814 Å, c = 6.589 Å, β = 105.7 º).5 B,C N2 sorption 

isotherms at 77 K for the activated materials. C,E Low- and high-pressure CO2 sorption isotherms 

acquired at 273 K for selected NH2-MIL-53(Al) samples after evacuation at 423 K. Closed and open 

symbols correspond to the adsorption and desorption branches, respectively. 

 

The XRD patterns of the NH2-MIL-53(Al) synthesized at different CTAB/Al3+ molar ratios 

are shown in Figure S5A. The expected diffractograms for orthorhombic Imma (lp) and 

monoclinic Cc (lp) were built basing on the reported structural models.5 The corresponding 

diffraction angle of lp phase and np phase possesses typical peaks ca. 10, 12, 14.5, 16, 18.5 

and 8.9, 12.5, 17.5 2theta, respectively. 
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By comparing with the simulated XRD pattern of lp and np phases, it is clear that all NH2-

MIL-53(Al) synthesized at different CTAB/Al3+ molar ratios contain different amount of 

Imma (lp) and monoclinic Cc (lp) forms and mainly consist of the mixture of both phases 

coexisting in the samples. Their relative content was determined by quantitative X-ray analysis 

(see for the details 1.2.1) and summarized in the Table S2. 

The typical XRD pattern of NH2-MIL-53(Al)-0.1, 0.2, 0.3, 0.6, 1.0, 1.1 and 1.5 is a 

combination of signals of lp and np phases, which agrees with the simulated pattern of lp and 

np. However, the XRD pattern of NH2-MIL-53(Al)-0.4 and 0.5 mainly consist of lp form and 

minor fraction of np, as suggested by quantitative analysis (Table S2). 

Notably, the NH2-MIL-53(Al) nanoparticles (Figure S12) and nanolamellae synthesized at 

CTAB/Al3+ molar ratio of 0.5 have very similar content of orthorhombic Imma (lp) and 

monoclinic Cc (lp) phases, ca. 90:10 wt%, respectively. 

 

 

 

 

 

Figure S6. PXRD patterns obtained for A, CAU-10(Al) and B, NH2-CAU-10(Al) synthesized for 

different CTAB/Al3+ molar ratios (0.1; 0.2; 0.3; 0.4; 0.5; 0.6 and 1.0, Table S1). Simulated patterns are 

included for comparison (CAU-10(Al): tetragonal, space group I41, a = b = 21.55 Å, c = 10.38 Å; NH2-

CAU-10(Al): tetragonal, space group P4n2, a = b = 21.45 Å, c = 10.84 Å).8 
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Figure S7. N2 sorption isotherms acquired at 77 K for CAU-10(Al) synthesized at A, 0.1, 0.2, 0.3 and 

0.4 and B, 0.5, 0.6 and 1.0 CTAB/Al3+ molar ratios. Closed and open symbols correspond to the 

adsorption and desorption branches, respectively. 

 

 

 

 

Figure S8. SEM micrographs of A, CAU-10(Al) nanosheets and B, NH2-CAU-10(Al) nanoslabs 

obtained surfactant-assisted synthesis method.  
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Figure S9. Transmission electron microscopy images for CAU-10(Al) synthesized at different 

CTAB/Al3+ molar ratios: A, 0.1; B, 0.2; C, 0.3; D, 0.4; E, 0.5; F, 0.6 and G, 1.0. 
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Figure S10. Transmission electron microscopy images for NH2-CAU-10(Al) synthesized at different 

CTAB/Al3+ molar ratios: A, 0.1; B, 0.2; C, 0.3; D, 0.4; E, 0.5; F, 0.6 and G, 1.0. 
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Figure S11. A, SEM micrograph of NH2-MIL-53(Ga) sheets obtained with our surfactant-assisted 

synthesis method. B, PXRD patterns acquired for NH2-MIL-53(Ga) sheets. Simulated patterns for the 

very narrow pore (vnp), narrow pore (np) and the large pore (lp) configurations are included for 

comparison (vnp: monoclinic, space group Cc, a = 19.903 Å, b = 7.195 Å, c = 6.689 Å, β = 104.6 º; np: 

monoclinic, space group Cc, a = 20.686 Å, b = 7.966 Å, c = 6.679 Å, β = 112.5 º; lp: orthorhombic, 

space group Imma, a = 6.748 Å, b = 16.403 Å, c = 13.719 Å).9 C, TEM micrograph of NH2-MIL-53(Ga) 

sheets obtained at CTAB/Al3+ molar ration of 0.5. 
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Figure S12. A, TEM micrograph of NH2-MIL-53(Al) nanoparticles. B, PXRD patterns of NH2-MIL-

53(Al) nanoparticles. Simulated patterns for the narrow pore (np) and the large pore (lp) configurations 

are included for comparison (lp: orthorhombic, space group Imma, a = 6.642 Å, b = 16.387 Å, c = 13.367 

Å; np: monoclinic, space group Cc, a = 19.756 Å, b = 7.4814 Å, c = 6.589 Å, β = 105.7 º).5 C, 

Thermogravimetric profiles of NH2-MIL-53(Al) nanoparticles compared to NH2-MIL-53 nanosheets 

(0.5 CTAB/Al3+ molar ratio). D, CO2 adsorption isotherms acquired at 273 K for NH2-MIL-53(Al) 

nanoparticles after activation at 453 K. Closed and open symbols correspond to the adsorption and 

desorption branches, respectively. 

 

 

The thermogravimetric analysis (Figure S12C) suggests that NH2-MIL-53(Al) nanoparticles 

(black) and nanolamellae (red) decompose at the temperature around 500 °C and show similar 

weight loss. The firs mass loss step for both materials was attributed to the loss of the solvent 

(water) and occurs at temperature below 150 °C. This temperature was chosen for materials 

activation. 
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Figure S13. A, Digital photo of a flexible NH2-MIL-53(Al) nanosheet@Matrimid® composite 

membrane with a MOF loading of 16 wt% and thickness of ca. 41 µm. B, HRTEM image of edge area 

of MOF nanosheet/polymer MMM. C, orientation of NH2-MIL-53(Al) lamellae in the polymeric matrix. 

D-I, EDX line profiles at the edge of the MMM showing the evolution of carbon (blue area) and 

aluminium (red area) concentrations. The line profile was collected along the yellow line in the panels 

D and G and the direction of the profile indicated by arrows. 
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Figure S14. A, Photograph of the home-built electrical measurement chamber equipped with 

controlled gas flow and temperature. B, Optical image of the gas sensing device coated with NH2-

MIL-53(Al) nanolamellae. C, Schematics of the meander pattern of the electrodes. D, Optical image 

of the sensor substrate illustrating the meander pattern of the electrodes. 

 

 

 

 

Figure S15. Quantitative, cumulative response towards methanol (A) and 1-butanol (B) by a sensor 

device coated with NH2-MIL-53(Al) lamellae. 
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Figure S16. Comparison of the capacitive responses of NH2-MIL-53(Al) nanoparticles (A, C) and 

nanolamellae (B, D) coated sensors towards different concentrations of 1-butanol (A, B) and 2-propanol 

(C, D). The steps indicate response over exposure to 200, 400, 600 and 800 ppm of corresponding 

alcohol, respectively (from left to right). 

 

Figure S16 shows a comparison of the capacitance responses of NH2-MIL-53(Al) nanoparticles 

and nanolamellae coated devices to changes of alcohol concentrations. It can be observed that 

NH2-MIL-53(Al) nanoparticles display bigger equilibration times (calculated as t50 and t90) compared to 

NH2-MIL-53(Al) nanolamellae (Figure 5). This behaviour can be attributed to the faster diffusion in 

case of nanolamellae due to the shorter pathlength within the particles. 

 



     

48 

 

 

3. Supplementary Tables 

 

Table S1. Synthesis optimization of NH2-MIL-53(Al) nanosheets through the screening of different 

CTAB/Al3+ ratios. 

Entry Sample 
Al(NO3)3·9H2O CTAB 

CTAB/Al3+ ratio 
[g] [mmol] [g] [mmol] 

1 NH2-MIL-53(Al)_0.1 0.84 2.2 0.08 0.22 0.1 

2 NH2-MIL-53(Al)_0.2 0.84 2.2 0.16 0.44 0.2 

3 NH2-MIL-53(Al)_0.3 0.84 2.2 0.24 0.66 0.3 

4 NH2-MIL-53(Al)_0.4 0.84 2.2 0.32 0.88 0.4 

5 NH2-MIL-53(Al)_0.5 0.84 2.2 0.40 1.10 0.5 

6 NH2-MIL-53(Al)_0.6 0.84 2.2 0.48 1.32 0.6 

7 NH2-MIL-53(Al)_1.0 0.84 2.2 0.80 2.20 1.0 

8 NH2-MIL-53(Al)_1.1 0.84 2.2 0.88 2.42 1.1 

9 NH2-MIL-53(Al)_1.5 0.84 2.2 1.23 3.30 1.5 

 

 

Table S2. Summary of the structural compositions (wt%) and the textural characteristics for NH2-MIL-

53(Al) materials obtained through the screening of different CTAB/Al3+ ratios. 

Sample 
Weight (%) a S (m2·g-1) 

b
 

Imma (lp) Cc (np) Total (SBET) Micropore External 

NH2-MIL-53(Al)_0.1 57 43 249 137 112 

NH2-MIL-53(Al)_0.2 57 43 322 33 289 

NH2-MIL-53(Al)_0.3 68 42 400 130 270 

NH2-MIL-53(Al)_0.4 89 11 404 228 176 

NH2-MIL-53(Al)_0.5 91 9 736 431 305 

NH2-MIL-53(Al)_0.6 64 36 377 198 179 

NH2-MIL-53(Al)_1.0 42 58 237 137 100 

NH2-MIL-53(Al)_1.1 38 62 193 46 147 

NH2-MIL-53(Al)_1.5 36 64 183 34 149 

a 
Weight % compositions of orthorhombic Imma (lp) and monoclinic Cc (np) framework configurations5 in 

the prepared NH2-MIL-53(Al) materials were obtained from quantitative analysis performed on the 

experimental PXRD patterns. 

b 
Textural properties were obtained from N2 adsorption isotherms at 77 K.  
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Table S3. Summary of the gas separation performance obtained with polymer and MOF-polymer 

composite membranes with different filler loading under several operation conditions. 

MOF loading (wt%) 0 

Membrane 

thickness (μm)a 
53 ± 1 

∆P (bar)  3 6 9 

PCO2 (Barrer)b 6.80 ± 0.10 6.60 ± 0.40 6.50 ± 0.50 

PCH4 (Barrer)b 0.22 ± 0.00 0.22 ± 0.01 0.22 ± 0.01 

Selectivity (-) 30.5 ± 0.60 30.2 ± 0.2 29.1 ± 0.3 

MOF loading (wt%) 8 16 

Membrane 

thickness (μm)a 
86 ± 1  41 ± 1 

∆P (bar)  3 6 9 3 6 9 

PCO2 (Barrer)b 13.32 ± 0.06 11.73 ± 0.03 10.77 ± 0.03 13.5 ± 0.04 13.29 ± 0.02 13.70 ± 0.07 

PCH4 (Barrer)b 0.43 ± 0.00 0.37 ± 0.01 0.30 ± 0.00 0.39 ± 0.01 0.39 ± 0.00 0.41 ± 0.00 

Selectivity (-) 31.06 ± 0.30 31.93 ± 0.99 35.58 ± 0.53 34.40 ± 0.53 33.81 ± 0.20  33.13 ± 0.12  
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