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Abstract:  

    The present study investigates the functionalization of a commercial Metal-Organic Framework 

(MOF) named “MIL-53(Al)” using an NH3 impulse dielectric barrier discharge (IDBD) plasma 

treatment. The main objective of this research is to assess the efficacy of the IDBD treatment in 

grafting nitrogenous groups onto the MOF's organic ligand. Additionally, the impact of the plasma 

functionalization on the hydrogen adsorption capacities of the “MIL-53(Al)” after IDBD treatment is 

also studied. In order to accomplish these objectives, plasma diagnostics and comprehensive material 

characterization techniques are utilized. Structural and thermal analysis by HT-XRD and TGA-MS 

respectively, indicate the excellent thermal and chemical stability of the material against high 

temperatures and ammonia. Chemical analysis of the materials by XPS shows that the IDBD treatment 

effectively functionalizes the MIL-53(Al) by substituting a carbon with a nitrogen within the organic 
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ligand. Finally, the analysis of the hydrogen adsorption capacities at 1 bar and 25 °C reveals that the 

amount of hydrogen stored in the MIL-53(Al) treated by IDBD is significantly higher. Specifically, 

the amount of hydrogen stored surpassed the untreated MIL-53(Al) by approximately 50%.    
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1. Introduction 
 

    Metal-Organic Frameworks (MOFs) are hybrid crystalline porous materials, consisting of metal 

ions or clusters connected through organic ligands by coordination bonds. These compounds have 

received much attention due to their high specific surface area and pore volume
1-5

. MOFs have shown 

high promise for many practical and industrial applications, such as gas storage and separation
6-10

, 

catalysis
11-14

, drug delivery
15-17

, energy
18-21

, etc. Despite these numerous application fields, particularly 

in gas storage, their performance still requires some improvements to achieve higher adsorption 

capacities at standard temperature and pressure.   

Thereby, various strategies have been explored to optimize MOF structures to improve gas adsorption 

capacities, e.g. H2 adsorption
22-26

. Among these methods, MOFs functionalization has been proved 

experimentally and computationally that it is an effective approach for performance optimization. 

Functionalization is achieved mainly by grafting functional groups (e.g. -Cl, -Br, -NH2, etc.) onto 

MOF’ organic ligand. This can be done either during MOF synthesis process (pre-functionalization)
27-

29
, or carried out after MOFs synthesis (post-synthetic modification)

30-32
. Zhang et al.

33
 studied 24 

MOF-177 structures with different functional groups on the benzenetribenzoate (BTB) ligand. Their 

study has shown that mixing of functionalities (-H, -NH2 and -C4H4) is an efficient strategy to enhance 

the H2 uptake by 25%. Xia et al.
31

 investigated the effect of functional groups on the H2 storage 

properties of MOF-808-X (X= -OH, -NO2, -CH3, -CN, -I). The simulation of H2 uptakes and the 

isosteric heat of adsorption at -196°C showed that all these functional groups have a favorable effect 

on H2 adsorption, and that the -CN group is the most promising to improve H2 uptake.  

In general, MOFs functionalization is carried out via wet-chemical methods, which often involve the 

use of solvents and liquids in the process. In a previous paper
34

, we evoked the possibility to 

functionalize these compounds by using low temperature plasma treatments. These latter are widely 

used to modify surface properties of some materials, e.g. polymer
35-37

, cotton
38-40

, metal and alloy
41-43

, 

etc. As a dry chemical method, plasma treatment turns out to be a less harmful and an eco-friendlier 

process compared to conventional chemical ones. During plasma functionalization, reactive gas 

molecules are dissociated, generating energetic species that are accelerated towards the material 

surface within the plasma sheath. The bombardment of the material by these reactive species causes 

the breaking of some covalent bonds and the formation of free radicals. These radicals then interact 
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with the active species of the plasma, resulting in functionalization on the surface of the treated 

material depending on the nature of the gas phase.  Moreover, we demonstrated that it is possible to 

pre-functionalize MOFs organic ligands (terephthalic acid) by grafting amino groups on its aromatic 

ring via an impulse dielectric barrier discharge (IDBD)
 
plasma treatment

34
. The obtained results 

suggest that plasma treatments could be useful to synthesize amino based MOFs. 

In the present work, we investigate systematically the post-synthetic modification process of a 

commercial MOF, the MIL-53(Al) (Basolite A100), by using an impulse dielectric barrier discharge 

plasma treatment. One of the main interesting features about the “MIL class” of metal-organic 

frameworks relies on their ‘’breathing effect’’
44-46

. This behavior is observed for various external 

stimuli such as the presence of guest molecules within the pores
47

, the variation of gas pressure
47

, 

changes of temperature
47

. Hence, with the presence of one of these stimuli, it involves a flexible-

reversible phase transition between narrow pores (np) and large pores (lp) forms, thus making it 

possible to have an expansion/contraction of the pore volume dimension up to 40% in unit cell 

volume
45

. Therefore, considering the same experimental protocol used in our previous work on 

terephthalic acid, the goal of this study is to examine the efficiency of the IDBD treatment to graft 

nitrogenous groups onto MIL-53(Al) organic ligand. To do so, plasma diagnostics are performed to 

analyze the plasma phase electrically and optically. In addition, materials characterization is carried 

out to investigate the grafting process on the MIL-53(Al) after plasma treatment, and on the 

application side, to examine the H2 adsorption capacities after IDBD treatment.  

2. Experimental setup 
 

2.1. IDBD system and material 

 

    The experimental schematic diagram used for the IDBD treatment is depicted in figure 1. The DBD 

cell comprises two square plane-parallel copper electrodes, both covered with an aluminum nitride 

dielectric in a typical planar symmetric configuration. The upper electrode is connected to the high 

voltage, whereas the lower electrode is grounded. More details about the IDBD system used for this 

study can be found in our previous work
34

. Briefly, the DBD cell is maintained inside a spherical 

stainless-steel reactor. The experiment is carried out within a static gas inlet regime at a constant 

pressure of 0.1 bar. This is reached by first evacuating the reactor via a pumping system down to 10
-9
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bar residual pressure. Then, the reactor is filled in with ammonia gas (Air Liquide, 99.9% purity) to 

achieve an operating pressure of 0.1 bar. The IDBD treatment is performed in a pulsed regime by 

using two high voltage generators (Technix SR15-R-1200) connected to a high frequency switcher 

(BEHLKE HTS 301-03-GSM) that is triggered by a low frequency signal generator (Yokogawa 

FG120). The material to be treated is placed on the bottom dielectric. For the plasma treatment, the 

powered electrode is supplied with 6 kVp-p (+3 kV, - 3 kV) high voltage square pulses at a frequency 

of 4 kHz, for 1 h of treatment, and with 3 mm gap distance between the dielectrics. 

The MOF MIL-53(Al) was purchased from the supplier SIGMA ALDRICH (Basolite A100). Initially 

reported by Férey et al.
48

, MIL-53(Al) has a 3D structure build up from chains of octahedral 

AlO4(OH)2 units connected through 1,4-benzenedicarboxylate anions (terephthalate), as shown in 

figure S1 (supporting information). The general description provided by the supplier shows that this 

material has a BET surface area, ABET, of 1100-1500 m
2
.g

-1
, a bulk density of 0.4 g.cm


. Moreover, 

MIL-53(Al) can be reactivated at 200 °C under vacuum.  

In order to consider the possible effect of ammonia gas on the structure of MIL-53(Al), labelled as 

“MIL-53(Al) untreated”, it was treated in two different conditions: i) direct exposition to ammonia 

gas, and the resulting material was labelled as “MIL-53(Al) expo NH3”; ii) direct exposition to NH3 + 

plasma treatment, and the resulting material was labelled as “MIL-53(Al) IDBD NH3”. Hence, these 

three materials are compared in this study.  
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Figure 1. Schematic diagram of the setup used for the IDBD plasma treatment of MIL-53(Al) with 

NH3. 

 

2.2. Characterization 

 

2.2.1. Plasma diagnostics 

 

 Electrical measurements 

 

    The electrical parameters of the IDBD discharge were recorded by a voltage probe (Cal Test 

CT4028, with a bandwidth from DC to 220 MHz) and a current probe (Magnelab CT-D1.0-B, with a 

bandwidth from 200 Hz to 500 MHz). The two probes are connected to an oscilloscope (LeCroy 

104Xi, with an acquisition frequency of 10 Gsa/s and a bandwidth of 1 GHz). 

 

 Optical emission spectroscopy (OES) 
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    The chemical species present in the plasma during the IDBD treatment of MIL-53(Al) were 

determined by optical emission spectroscopy (OES) measurement, with a Jobin-Yvon Triax 550 

spectrometer equipped with a 1200 grooves mm


 grating and an intensified charged couple device 

camera (ICCD). The light emitted by the plasma was collected through a quartz window by an optical 

fiber fronting the discharge. The emission spectra were recorded between 250 nm and 700 nm, with a 

spectral resolution of 0.07 nm. The synchronization of the OES measurements with the discharge 

pulses is detailed in our previous work
34

. 

 

2.2.2. Material characterization 

 

 X-ray diffraction 

    The study of the structural behavior of the materials as a function of the temperature was carried out 

via high temperature X-Ray Diffraction (HT-XRD), using a Panalytical X’Pert Pro MPD 

diffractometer, with Cu Kα1 (λ =1.5406 Å) radiation, operated at a voltage of 40 kV and a current of 40 

mA, with a high temperature attachment, in - geometry. The diffraction patterns were recorded over 

a 2θ range between 5° and 40°, with a scan rate of 4 °/min and a step size of 0.02°. The recording of 

the diffractograms were carried out under argon atmosphere, at a heating rate of 5 °C min
-1

, ranging 

from 50 °C to 600 °C, with a diffractogram recorded every 50 °C. The powder samples were prepared 

on a refractory pyrophyllite sample holder. The assignation of crystalline phases was performed by 

using DIFFRACT.EVA software that supports a reference pattern database for phase identification, in 

our case ICDD powder diffraction file (PDF-4)
49

. 

 Thermogravimetric analysis-mass spectrometry (TGA-MS). 

 

    The thermogravimetric measurements, coupled with a mass spectrometer, were carried out using a 

thermogravimetric analyser (SETARAM Setsys Evolution) and a mass spectrometer 

(OmniStarGSD301C-Pfeiffer Vacuum). An amount of 15 mg for each sample was prepared in a 

platinum crucible. The measurements were carried out under a stable helium flow (20 mL.min
-1

), in 

the temperature range of 20-800 °C, at a heating rate of 5 °C min
-1

. 
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 X-Ray photoelectron spectroscopy (XPS) 
- 

    The chemical surface analysis of the samples was carried out by a SPECS GmbH X-Ray 

photoelectron spectrometer, equipped with a non-monochromatized Mg kα radiation (1253.6 eV) and 

with an energy analyzer PHOIBOS 150 (MCD-9 detector). The samples were introduced into the 

analysis chamber where the vacuum was under 6.6.10


 bar. The hemispherical electron energy 

analyzer was operated at pass energy of 50 eV for survey, and 20 eV for high-resolution spectra. The 

spot size of the analysis is 100 µm. Binding energies (BEs) were referenced to the C1s peak (284.5 

eV). Current region sweeps for C1s, O1s, N1s and Al2p were obtained. The CASA data processing 

software
50

 allowed smoothing, background subtraction, peak fitting and quantification. 

 

 Gas adsorption 

 

    The surface areas of the MIL-53(Al) samples were determined by applying the BET method to the 

nitrogen (N2) and argon (Ar) adsorption isotherms in the adequate range of relative pressures (P/P0)
51

. 

The N2 isotherms were performed at -196 °C, whereas Ar isotherms were performed at -186 °C using 

a fully automatized manometric adsorption unit 3Flex (Micromeritics, Atlanta, GA). The volume 

uptake at P/P0=0.97 (V0.97, Gurvich volume) was also determined for both gases. Low pressure (up to 

1bar) H2 isotherms were measured at -196 ºC and 0 ºC using the same manometric device as 

mentioned earlier.  

Prior to conducting the adsorption experiments, the samples underwent heating at 110 °C and high 

vacuum outgassing (reaching a pressure of 1.3.10


 bar) for a minimum of 12 h. Following the 

evacuation process, the pressure was gradually increased up to 1 bar by dosing the selected gas to 

determine the amount of gas adsorbed as a function of the equilibrium pressure. Temperatures below 0 

°C were reached using a single-stage closed-cycle cryogenic refrigerator, while temperatures above 0 

°C were obtained using a water bath. More details are given elsewhere
52,53

.  
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3. Results and discussions 
 

3.1. U-I characteristics 
 

The current-voltage characteristics of the IDBD with and without the MIL-53(Al) powder material is 

shown in figure 2. By observing the voltage waveforms, it appears that the plasma is ignited for a 

minimal measured voltage applied on the electrodes of ΔV ≈ 2 kV. On the other hand, the maximum 

peak of the discharge current has a duration of Δt = 76 ns. Besides, the absolute current values are 

different between the positive and the negative polarities in both treatments, this difference in absolute 

current values was previously discussed
34

. As a reminder, this is first due to the asymmetry of the 

copper electrodes. The upper one has a square shape while the lower electrode has a typical geometry 

that allows the sample powder to be confined in the center zone of the dielectric. Secondly, as the 

powder is placed at the top of the lower dielectric, the mechanism of ignition and maintenance of the 

plasma according to the reversal of polarity is hence different from the situation where it is only a 

question of a discharge between two identical dielectrics. Furthermore, it is obvious that there is a 

remarkable decrease in current values when adding the material “MIL-53(Al)” during the IDBD 

treatment, and the voltage curves are relatively stable in the two treatments. This behavior can be 

explained by a variation in the dielectric constant of the system caused by the addition in the DBD cell 

of an insulating material that acts itself as a dielectric
34

. Thus, this change of the dielectric constant 

could influence the current evolution of the discharge, but without having a drastic impact on the 

breakdown conditions of the discharge, as shown in the voltage curves.  

Figure 2. Current-Voltage measurements of the IDBD plasma treatment of MIL-53(Al) at 6 kVpp 
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voltage, pressure of 0.1 bar, frequency of 4 kHz, and 3 mm of interelectrode distance. a) falling edge 

of the voltage, b) rising edge of the voltage.  

 

3.2. Optical emission spectroscopy (OES) 
 

    The emission spectrum obtained during the plasma treatment of MIL-53(Al) is shown in figure 3. It 

reveals the presence of various atomic and molecular excited species originated from the dissociation 

of NH3 molecules. These include the presence of N2 emission lines belonging to the second positive 

system (C
3
Πu → B

3
Πg) of molecular nitrogen, with an intense peak at 337 nm, and a peak at 336 nm 

corresponding to the transition (A
3
Π → X

3
Σ

−
) of NH species. Moreover, other bands and lines are 

observed; a wide dominant band is observed between 563 nm and 567 nm, which is attributed to the 

Schutter system of NH3 molecules
54

. Atomic hydrogen is also detected, with a line at 656 nm, 

corresponding to the first transition in the Balmer series (Hα). On the other hand, no emission lines 

(such as Al or C atomic lines or CH, C2 or CN molecular bands) are observed that could reflect a 

possible deterioration of the material due to ammonia and/or plasma treatment. This finding may 

suggest at first sight that MIL-53(Al) is rather stable in NH3 plasma. However, material 

characterization of the MIL-53(Al) treated by IDBD process is necessary to determine the effect of the 

plasma on the material. This is presented in the following sections. 

Figure 3. OES spectrum of an IDBD plasma in NH3, at 6 kVpp voltage, pressure of 0.1 bar, frequency 
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of 4 kHz, and 3 mm of inter-dielectric distance, and an OES spectrum of IDBD plasma with the same 

discharge conditions but with MIL-53(Al) material/powder. 

 

3.3. High-temperature X-ray diffraction (HTXRD) 

 

    High-temperature X-ray diffraction patterns of the three materials, pristine MIL-53(Al), MIL-53(Al) 

exposed in NH3 (gas phase only), and MIL-53(Al) treated by IDBD in NH3, are depicted in figure 4. It 

is clear that the three materials have the same diffraction peaks, indicating that no structural change 

occurred following the exposure to NH3 and the IDBD treatment in NH3. This seems to confirm the 

good chemical stability of MIL-53(Al) against ammonia. Indexation of the diffractograms show a 

mixture of two phases of the crystalline structure of MIL-53(Al). The first phase presented by the 

diffraction peaks at 2θ = 8.74°, 15.18°, 17.66 °, 25.04°, and 26.57° is attributed to the dehydrated 

phase of the material
55,56

 (PDF 00-067-0849), in this case to the large-pore MIL-53(Al)_lp that 

presents an orthorhombic structure. The second phase presented by the diffraction peak obtained at 

12.39° corresponds to the hydrated phase of the material with narrow pores
55,56

 MIL-53(Al)_np (PDF 

00-066-1097) that has a monoclinic structure. Thus, the studied structure of MIL-53(Al) exhibits a 

phase mixture of large and narrow pores. Table S1 (supporting information) presents the lattice 

parameters of the two phases of MIL-53(Al).  

In addition, the diffractograms obtained from the three materials show a remarkable structural stability 

with the continuous increase in temperature since they maintain their crystalline structure up to 450 

°C, a temperature at which almost all the diffraction peaks disappear, except for the two peaks at 

25.04° (132) and 26.57° (033). The disappearance of the first main diffraction peaks corresponding to 

the (020), (101) and (022) planes is an indication of the structural deterioration of the material at this 

temperature. Beyond 450 °C, the remaining diffraction peaks represent a priori the residue in the form 

of metal oxide. Furthermore, there is a significant increase in the intensity of the main (020), (101) and 

(022) peaks with increasing temperature, suggesting a possible desorption of water and other solvents 

used during MIL-53(Al) synthesis. In addition, a small shift of the peaks is observed under the effect 

of the temperature towards the large angles 2θ for the three MOFs. This behavior could be due to a 

shrinking of MOFs structures caused by the thermal effect, thus influencing the lattice parameters. As 

for the hydrated phase of the materials, we can notice that as the temperature rises, the intensity of the 
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peak at 2θ = 12.39° decreases until it disappears at about 200 °C. Therefore, from 200 °C the material 

has a single phase with large pores. As a result, the analysis proved that the three materials have the 

same structure, and the same thermal stability up to 450 °C.  

Figure 4. HTXRD patterns obtained under argon atmosphere between 50 °C and 600 °C of the 

pristine MIL-53(Al), MIL-53(Al) exposed in NH3 and MIL-53(Al) treated by IDBD in NH3 

 

3.4. TGA-MS analysis 
 

    The thermogravimetric analysis of the three materials; pristine MIL-53(Al), MIL-53(Al) exposed to 

NH3 and MIL-53(Al) treated by IDBD in NH3 is presented in figure 5. The three TGA curves (fig. 5.a) 

show that they have almost the same thermal stability, with decomposition occurring at a temperature 

between 550 °C and 600 °C. This is in agreement with the results obtained previously by XRD, 

confirming the good chemical stability of this material against ammonia, and also the good thermal 

stability of this compound. 

The DTG curves of the three materials show two distinct mass losses. The first mass loss, between 100 

°C and 400 °C, is relatively low and almost identical for the three materials with losses of 1.7% for the 

pristine MIL-53(Al) (fig. 5.b), 1.8% for MIL-53(Al) exposed in NH3 (fig. 5.c) and also for MIL-

53(Al) treated by IDBD in NH3 (fig. 5.d). The origin of this first mass loss on the three materials can 

be attributed to the degassing of water trapped in the pores, as well as other solvents used during the 

synthesis of MIL-53(Al) such as dimethylformamide (DMF). Mass spectrometry measurements (fig. 

5.b, c, d) show that this first mass loss corresponds to m/z= 18 (H2O), which correlates with the data 

obtained by XRD for the hydrated phase, and also to m/z=16 (CH4), m/z=44 (CO2) and m/z=78 

(C6H6), potentially attributed to material activation. 
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The second mass loss between 450 °C and 670 °C is also similar for the three samples: 52.7% for the 

reference MIL-53(Al), 54.7% for the MIL-53(Al) exposed in NH3 and 52.6% for MIL-53(Al) treated 

by IDBD in NH3. This second main mass loss is attributed to the decomposition and the collapse of 

MOFs structure. The thermal decomposition of MOFs gives some aluminum oxide residues. Data 

collected by mass spectrometry during the second mass loss show detection of signals at m/z=12 (C), 

m/z=15 (CH3), m/z=16 (CH4), m/z = 44 (CO2) and m/z = 78 (C6H6). All these signals confirm the 

deterioration of the material in this temperature range.  
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Figure 5. (a) TGA curves of pristine MIL-53(Al), MIL-53(Al) exposed in NH3 and MIL-53(Al) treated 

by IDBD in NH3, (b) DTG-MS curves of pristine MIL-53(Al), (c) DTG-MS curves of MIL-53(Al) 

exposed in NH3, (d) DTG-MS  curves of MIL-53(Al) treated by IDBD in NH3 

 

3.5. XPS analysis 
 

    The surface chemical analysis by XPS of the three materials is presented in figure 6.  The atomic 

percentage of the different chemical elements present in the three samples are reported in table S2 

(supporting information). The C1s spectrum of the untreated MIL-53(Al) (fig. 6.a) reveals two main 
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contributions, coming from the C-C (284.4 eV) and C(=O)-O (288.5 eV) moieties. Regarding MIL-

53(Al) exposed in NH3 (fig. 6.b) and MIL-53(Al) treated by IDBD in NH3 (fig. 6.c), an obvious 

change in the chemical structure is observed in the C1s spectrum. Three main contributions are 

observed: the first two correspond to C-C and C(=O)-O moieties, as it was for the pristine material, 

and the third contribution corresponds to the C-N (285.5 eV) bonds. For the O1s spectra of the three 

samples, they show two main contributions: the first at 531 eV is attributed to the O-Al (O-metal) 

bonds, the second at 532 eV corresponds to the O=C moieties. As for the N1s spectrum, since the 

chemical composition of the pristine MIL-53(Al) is devoid of nitrogen, we present only the N1s spectra 

for MIL-53(Al) exposed in NH3 and MIL-53(Al) treated by IDBD in NH3. The N1s spectrum of MIL-

53(Al) exposed in NH3 (fig. 6.g) shows a noisy signal with a poor signal to noise ratio, which suggests 

that there is quasi no nitrogen grafted on the material while in contact with ammonia. This seems to 

indicate that certain chemical reactions between MIL-53(Al) and ammonia gas could have taken place 

by simple contact. On the other hand, the N1s spectrum of MIL-53(Al) treated by IDBD (fig. 6.h) 

reveals two contributions: a first one at 398.1 eV that is attributed to a pyridine-type bond, and a 

second contribution at 399.9 eV corresponding to N-C bonds. This result highlights a successful 

modification of the organic ligand of MIL-53(Al) by IDBD plasma treatment, by substitution of a 

carbon present in the benzene ring of terephthalic acid by a nitrogen to form a pyridine. It can thus be 

deduced that the exposure to NH3 alone is insufficient to insert nitrogen in the MIL 53(Al) structure. 

On the other hand, the role of the plasma is decisive to insert nitrogen in the MOF structure.  
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Figure 6. C1s spectra (a-c), O1s spectra (d-f) and N1s spectra (g,h) of pristine MIL-53(Al), MIL-53(Al) 

exposed in NH3 and MIL-53(Al) treated by IDBD in NH3. 

3.6. Textural properties  

 

    Figure 7.a shows the N2 adsorption isotherms obtained at -196 °C on the three materials, all of them 

showed a significant N2 uptake at very low relative pressure (P/P0), below 10
-3

, indicating an important 

fraction of microporosity (pores under 2 nm) 
57

 in the following order MIL-53(Al) expo NH3 ˃ MIL-

53(Al) IDBD NH3 ˃ MIL-53(Al) untreated At P/P0 between 0.1 and 0.85 there is not a plateau but a 

continuous N2 uptake indicating the presence of large micropores and mesopores. The N2 isotherm 

presents a change in slope from a relative pressure of 0.85, characteristic of capillary condensation. 
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The BET areas, ABET, increased after the NH3 treatments, from 410 m
2
.g

 
for MIL-53(Al) untreated, 

to 615 and 560 m
2
.g

 
for MIL-53(Al) expo NH3 and MIL-53(Al) IDBD NH3, respectively. V0.97 

followed the same tendency as ABET and ranged from 0.45 to 0.55 cm
3
.g


, for MIL-53(Al) untreated 

and MIL-53(Al) expo NH3, respectively.
 
 

Although, the determination of the textural properties of porous materials is done mostly by N2 

adsorption at -196 °C. The IUPAC
58

 recommends the use of Ar as a more suitable gas for surface and 

volume analysis of porous materials. Indeed, compared to the N2 molecule, Ar has a spherical 

symmetry and so a null quadrupolar moment. Therefore, textural properties determination are not 

affected by specific interactions between Ar and the surface
51

. The adsorption of different gases, as N2 

and Ar, could be useful to evaluate specific interactions of these gases with the adsorbent surface. 

Figure 7b shows Ar adsorption isotherms at -186 °C on the three materials. If the shape of these 

isotherms is very similar to that of N2 isotherms, the order of the adsorbed quantity of Ar at P/P0 below 

10
-3

 is this time greater in the case of untreated MIL-53(Al) than on MIL-53(Al) expo NH3 and MIL-

53(Al) IDBD NH3. This fact shows that N2 interact with N-fontionalities on the MOF surfaces and so 

N2 uptake is not only due to texture but also to surface chemistry properties and should not be use to 

asess of the porosity. The ABET was 680, 515 and 540 m
2
.g


 for MIL-53(Al) untreated, MIL-53(Al) 

expo NH3 and MIL-53(Al) IDBD NH3, respectively. V0.97 exhibited a contrasting trend compared to 

ABET, the highest Ar uptake was observed in MIL-53(Al) expo NH3 and the lowest in MIL-53(Al) 

untreated. ABET primarily reflects microporosity, indicating that N-functionalization process reduces 

microporosity (pore diameter below 2 nm) in favor of mesoporosity (pore diameter between 2 and 50 

nm) volume. The structural shrinkage of MOFs observed by XRD due to thermal effects may impact 

both micro and mesoporosity, leading to the merging of micropores and the formation of mesopores. 

The increase in total porosity, V0.97, from 0.43 to 0.50-0.51 cm
3
.g


 due to the treatments suggests that 

the structure could be partially damaged, and the removal of metallic ions and connectors cannot be 

excluded. Precisely determining micropore and mesopore volumes in MOFs is challenging, even when 

using Ar adsorption at 87K, as we did. Unlike carbons and zeolites, which have been studied for a long 

time, there are no Density Functional Theory (DFT) models specifically developed for each MOF that 

allow obtaining a pore size distribution (PSD). For this reason, and although the model developed for 

metal-exchanged zeolites provided by Micromeritics yielded logical tendencies for the microporosity, 

which decreased from 0.28 cm
3
.g

-1
 to 0.21-0.22 cm

3
.g

-1
, we decided not to present these results. This 
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decision is based on the fact that the model does not really consider the actual interactions between the 

hydrogen molecule and our MOF surfaces. 

Table 1 shows ABET and V0.97 determined by N2 and Ar adsorption for the three materials. Based on 

these results, it can be concluded that the sucessful N-functionalization achieved through NH3 

exposure appears to slightly decrease the microporosity of the material. However, this N-

functionalization could have potential benefits for H2 adsorption, as the molecule can be polarized 

similar to N2. 

 

Table 1. BET areas and pore volume at P/P0=0.97 of the untreated MIL-53(Al), MIL-53(Al) exposed in 

NH3 and MIL-53(Al) treated by IDBD in NH3 determined by N2 and Ar adsorption isotherms at -196 

and -186 °C, respectively 

 

 

MOF N2 Ar 

ABET 

[m
2
 g

-1
] 

V0.97 

[cm
3
 g

-1
] 

ABET 

[m
2
 g

-1
] 

V0.97 

[cm
3
 g

-1
] 

MIL-53(Al) untreated 410  0.45 680  0.43 

MIL-53(Al) expo NH3 615  0.55 513  0.51 

MIL-53(Al) IDBD NH3 560 0.52 540  0.50 
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Figure 7. (a) N2 adsorption isotherms at -196 °C and (b) Ar adsorption isotherms at -186 °C on MIL-

53(Al) ref MIL-53(Al) expo NH3 and MIL-53(Al) IDBD NH3, The insert in the figures shows the gaz 

uptake at relatives pressures under 0.1. 

 

3.7. H2 adsorption capacities  

 

Figure 8 shows the H2 adsorption measurements up to 10
5
 Pa at -196 °C (fig. 8.a) and 25 °C (fig. 8.b) 

for the 3 samples. H2 adsorption capacity at -196 °C was greater for N-functionalized materials 

compared to the pristine MIL-53(Al) despite the reduction of the ABET determined by Ar adsorption. 

This can be explained by the increase of specific interactions of the H2 molecule with the N-

functionalities. The H2 adsorption capacity was 1.3 wt. % at 1 bar for the pristine MIL-53(Al), which 

is within the range reported in the literature
59-60

. At an absolute pressure of 5.10
4
 Pa, H2 absorbed was 

0.9 wt.% for MIL-53(Al) untreated, and 1.0 wt.% for MIL-53(Al) expo NH3 and MIL-53(Al) IDBD 

NH3. Therefore, both functionalized materials showed an increase in H2 uptake due to specific 

interactions. When increasing pressure up to 10
5
 Pa, the H2 adsorption capacities were 1.3 wt.% for 

MIL-53(Al) untreated and MIL-53(Al) IDBD NH3. This can be attributed to the higher ABET of MIL-

53(Al) untreated, 680 m
2
.g


, compared to MIL-53(Al) IDBD NH3, 550 m

2
.g


 after plasma treatment, 

as measured by Ar adsorption. Nevertheless, the H2 adsorption capacity at 10
5
 Pa remains higher for 

MIL-53(Al) expo NH3, reaching 1.4 wt.%, despite having the lowest ABET measured by Ar adsorption, 

515 m
2
.g


. This is attributed to stronger interactions between the H2 molecule and this material, which 
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is confirmed by the fact that the ABET measured by N2 adsorption is the highest for this material. Both 

N2 and H2 have a quadrupolar moment, making them sensitive to the chemical composition of the 

surface. Figure 8.b shows H2 adsorption at 25 °C for the three materials, the adsorbed quantities were 

much lower and uncertainties in these measurements could be important, especially for MIL-53(Al) 

expo NH3. MIL-53(Al) IDBD NH3 showed the best performance at 25 °C, obtaining an increase of ~ 

50 % of the H2 storage capacity compared to MIL-53(Al) untreated. The adsorbed quantities at 25 °C 

are low when compared to the results obtained at -196 °C but remain promising in the context of this 

study and for an optimization of MIL-53(Al) in use under environmental conditions of pressure and 

temperature.  

The presented results have successfully validated the effectiveness of plasma treatment in grafting N-

functionalities within the structure of MIL-53(Al). Moreover, this study paves the way for future 

research opportunities, particularly in the area of H2 storage.  

Figure 8. (a) H2 adsorption isotherms at -196 °C  and (b) 25 °C on MIL-53(Al) untreated, MIL-53(Al) 

expo NH3 and MIL-53(Al) IDBD NH3, 

4. Conclusion 
 

This study focuses on the functionalization process of MIL-53(Al) using impulse dielectric barrier 

discharge (IDBD) plasma treatment under an NH3 atmosphere. The results confirmed the effectiveness 

of the IDBD treatment in grafting N-groups onto the organic linker of MIL-53(Al). Plasma diagnostics 

and optical measurements revealed successful functionalization without material deterioration and 
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high-temperature X-ray diffraction patterns indicated good chemical stability against ammonia and 

maintained crystalline structure up to 450 °C. XPS analysis confirmed the presence of nitrogen in the 

treated material, validating the successful functionalization. Additionally, the study showed an 

approximately 50% increase in hydrogen storage capacity for MIL-53(Al) treated with IDBD, 

promising the development of materials with higher adsorption capacities at room temperature and 

atmospheric pressure. These outcomes highlight the potential of IDBD plasma treatment for N-

functionalization and pave the way for further research in functionalizing other metal-organic 

frameworks and enhancing gas adsorption applications. 
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