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ABSTRACT 

Metal-organic frameworks (MOFs) have attracted considerable attention in the past several 

years in the area of hydrogen storage. Various modification strategies have been performed to 

enhance the hydrogen storage capacity in MOFs both at room temperature and cryogenic 

temperatures. In this study a hybrid composite MOF was synthesised by adding activated 

carbon (AC) NORIT-RB3 in situ during the synthesis of MIL-101 and lithium doping at 

various lithium ion concentrations were done in the synthesised composite material. 

Hydrogen adsorption-desorption studies were performed at 77 K and 298 K up to 100 bar in 

all the samples. For all materials studied, isosteric heat of adsorption has been calculated from 

the measured isotherms of adsorption. The results of adsorption showed that the hydrogen 

uptake capacity of MIL-101 could be considerably enhanced by the combined modification of 

MIL-101 using activated carbon and lithium doping. Here we present a simple way which can 

enhance the hydrogen uptake capacity of MIL-101 material at 77 K and 298 K. Activated 

carbon NORIT-RB3 is not costly compared to other carbon materials such as carbon 

nanotubes and thus this method is very cheap also. However the percentage of lithium doping 

should be controlled since large concentrations of lithium destroy the framework structure of 

MIL-101. 

KEY WORDS  
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1. INTRODUCTION  

Hydrogen storage is the key technology to be addressed before using hydrogen as an energy 

carrier for onboard vehicular applications.1 Various materials like zeolites,2, 3 mesoporous 

silica materials,3 carbonaceous materials4 etc have been studied till date for hydrogen storage 

applications but none of them achieved the DOE target for practical hydrogen storage at 

ambient conditions.5 The DOE target for a sustainable hydrogen economy involves 

developing materials which can store up to 5.5 weight percent of hydrogen by 2017. Basically 

two methods were used for hydrogen storage, the chemical storage (chemisorption) of 

hydrogen and physical storage (physisorption). In chemisorption hydrogen binds via strong 

chemical bonds such as in complex hydrides and metal hydrides and in physisorption  

hydrogen binds to the surfaces of porous adsorbents by very weak dispersion interactions.6 In 

comparison with chemisorption, physisorption of hydrogen in porous materials has attracted 

more attention due to its fast kinetics and complete reversibility. 

Metal-organic frameworks are new class of crystalline materials composed of inorganic 

sub units and rigid organic linkers with extremely high surface area values and porosity.7-13 

The porous framework structure in MOFs makes them useful as adsorbents for various gases 

such as hydrogen, carbon dioxide and methane. MOFs have infinite variety of possible 

framework structures with tunable and well defined pores, high surface areas and pores 

volumes. These unique properties of MOFs made them useful in a variety of applications such 

as gas storage,10 gas separation,11 adsorption, catalysis and sensors.12, 13 Since MOFs 

possesses very large surface area values and tunable pores, makes them an attractive class of 

materials to meet these goals and there have been various reports of hydrogen storage in MOF 

materials.  

Different strategies for enhancing the H2-surface interaction have been explored,14 

including systematically varying pore structure,15 minimizing pore size to increase van der 

Waals contacts with hydrogen,16 and embedding coordinatively unsaturated metal centers 

within the MOF structure to interact better with H2.
17 An alternative approach for strong H2 

binding comes from the possibility of doping light alkali metal cations such as Li+, Na+, Mg2+ 

into the porous framework of MOFs and thereby increasing the binding energy for hydrogen 

adsorption.18, 19 Among this lithium ion is more promising due to its low atomic weight and 

high affinity towards hydrogen by charge induced dipole interactions.19 Theoretical studies in 

alkali metal doped fullerenes have shown higher hydrogen adsorption capacity and theoretical 

calculations in lithium coated fullerenes impregnated inside lithium doped IRMOF-10 showed 
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hydrogen storage capacity of 6.3 wt% at 100 bar and 243 K.20, 21 Klontzas et al. by simulation 

studies showed an improved hydrogen storage capacity in MOFs by functionalization of 

organic linker with lithium atoms.22 Simulation studies have shown that doped Li ions in 

MOF donates ~0.9 electron to the MOF linker and results in a H2 binding energy of about 12 

kJ mol-1 and strong binding to Li near MOF corners.23, 24 Ghoufi, Deschamps and Maurin  

reported a substantial increase in hydrogen storage capacities up to 10 wt% in Li modified 

MIL-101 at 77 K by grand canonical monte carlo (GCMC) simulations.25 Simulation studies 

by Meng et al. in lithium doped IRMOF-9 have shown hydrogen storage capacity of  4.04 

wt% at 298 K and 100 bar.26 Theoretical studies have also shown that lithium doped MOFs 

and COFs can store more than 6 wt% of hydrogen at ambient conditions.27, 28 Experimental 

studies by Li et al. have shown hydrogen storage capacity  of 6.1 wt% at 1 bar and 77 K in 

lithium doped conjugated microporous polymers.29 There was also experimental reports that 

lithium doped MOFs have shown increased uptake capacity at 77 K.30-34 Researchers have 

shown increase in low pressure hydrogen uptake capacity by lithium doping using a post 

synthetic alkoxide formation in MOFs containing peculiar functional groups.33, 34 But this 

modification method can only be applied to a few MOFs having peculiar functional groups in 

their framework, therefore a new lithium doping method should be developed which can be 

applied in variety of other MOFs. Another approach for increasing hydrogen uptake capacities 

in MOFs are by doping with carbon nanotubes and activated carbon.35, 36 Doping of these 

carbonaceous materials in MOFs have given them an enhanced composite performance with 

unusual mechanical and hydrophobic properties.37 Moreover these hybrid composite MOFs 

have more thermal stabilities and better moisture resistance compared to bare MOFs. Based 

on these observations in our present study we have synthesised a hybrid composite MOF by 

incorporating activated carbon into the porous framework of MIL-101 in situ during the 

synthesis and performed lithium doping in this composite MIL-101 using lithium 

naphthalenide (C10H7Li ) to get the synergic effect of both activated carbon incorporation and 

lithium doping. MIL-101 was chosen for this study to obtain a fine dispersion of the doped 

activated carbon and lithium insides the pores of MOF as it possesses very high surface area 

values, pore volume and thermal stabilities compared to other MOFs. MIL-101 is a chromium 

(III) terephthalate MOF material first reported by Ferey et al.38 with a mesoporous zeotype 

architecture assembled by corner-sharing super tetrahedra, which consist of Cr3O trimers and 

1, 4-benzenedicarboxylic acids. It contains numerous unsaturated Cr metal sites, and two 

types of mesoporous cages (29 and 34 Å in diameter) with microporous windows (12 and 16 

Å in diameter).39 This material has a giant cell volume, a very high surface area, large pores 
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and high thermal and chemical stabilities which makes it an important candidate for diverse 

applications such as gas adsorption, separation and catalysis.40 Activated carbon NORIT- RB3 

is very much cheaper and easily available compared with carbon nanotubes (price 5700 times 

lower according to Sigma Aldrich) which were used as dopants for MOFs in previous 

studies.35, 37  

2.  EXPERIMENTAL  DETAILS 

2.1. Materials and methods 

Chromium (III) nitrate (Cr(NO3)3·9H2O), 1,4-benzenedicarboxylic acid (H2BDC), acetic acid 

(C2H4O2), nitric acid (HNO3), hydrogen peroxide (H2O2), ammonium fluoride (NH4F), 

naphthalene (C10H8) were supplied  by Sigma-Aldrich and were used as received. 

Tetrahydrofuran (THF) purified by the solvent purification system (MBRAUN) was used for 

synthesis. Lithium wire (Aldrich) was immersed in THF to remove excess mineral oil and the 

surface oxide coating to get the metallic surface. All the preparation procedures for lithium 

naphthalenide (C10H7Li) and lithium doping were performed under argon atmosphere in a 

glove box.  

2.2. Preparation of activated carbon (AC) incorporated MIL-101 (AC-MIL-101) and Li Doping 

The NORIT-RB3 activated carbon (AC) obtained from Sigma Aldrich was treated with 

HNO3/H2O (1:1 v/v) for purification and functionalization. The functionalized AC (25 mg) 

was mixed with 60 mL of H2O containing 4.0 g of chromium (III) nitrate nonahydrate 

(Cr(NO3)3·9H2O), 1.66 g of 1,4-benzene dicarboxylic acid (H2BDC), and 0.56 mL of acetic 

acid.  The mixture was ultrasonicated during 10 minutes in a 75 mL Teflon lined stainless 

steel autoclave and the bomb was placed in a preheated oven at 493 K for 8 h. After the 

reaction the bomb was cool down to room temperature. The reaction mass was then double 

filtered first with glass frit of pore size 2 and then with pore size 5 to remove the residual 

H2BDC present as white needle like crystals in the crude product. The filtered product was 

washed with hot water and dried at 353 K in an oven. The crude MIL-101 was then stirred in 

30 mM NH4F solution at 333 K for 12 h to remove unreacted H2BDC trapped inside the 

pores. The precipitate was filtered under hot conditions and washed several times with 300 

mL of hot water (333 K) to remove any traces of H2BDC and NH4F.  The same procedure was 

used for the preparation of bare MIL-101 except the addition of activated carbon. AC-MIL-

101 samples were activated under vacuum at 423 K for 12 h prior to lithium doping. Lithium 

naphthalenide (C10H7Li) solution was used for the doping of Li+ ions into activated AC-MIL-

101 frameworks. The solution was prepared by addition of an equimolar amount of clean 
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lithium into 0.05 M solution of naphthalene in dry THF under vigorous stirring. The solution 

was ultrasonicated for another 15 minutes for completing the reaction. The lithium 

naphthalenide solution was then calibrated by hydrochloric acid (HCl) of standard 

concentration until the pH is neutral. A precise quantity of the prepared lithium naphthalenide 

solution (corresponding to the concentration of lithium doping) was transferred by syringe 

into 30 mL THF with 200 mg of activated AC-MIL-101 sample in a round bottom flask. The 

mixture was vigorously stirred 12 h and then isolated by filtration and washed with THF and 

immersed in dry THF for one day to remove any traces of adsorbed naphthalene. The quantity 

of lithium naphthalenide was varied to get three different concentrations of lithium doped AC-

MIL-101 samples.  

2.3. Characterization 

Powder X-ray diffraction (PXRD) measurements of  MIL-101, AC-MIL-101 and lithium 

doped AC-MIL-101 samples were performed in a Bruker AXS D8 Advance system in the 2θ 

range 1.5° to 15° at a scan speed of 0.1° sec-1 using CuKα (λ=1.54056 Å) radiation to 

determine the framework crystallinity. The FTIR spectra of all the MIL-101 samples were 

done in a Bruker TENSOR 27 spectrometer with a special accessory for powdered samples in 

the wave number range of 4000-600 cm-1. The thermal stabilities of MIL-101, AC-MIL-101 

and Li@AC-MIL-101-B samples were investigated using Setaram LabSys evo TGA-DTA 

system starting from 303 K–873 K at a heating rate of 10 K min-1 under argon flow of 20 mL 

min-1. The concentration of lithium ions inside the lithium doped samples were measured 

using an atomic absorption spectrometer (Thermo Electron Corporation). Elemental analysis 

for the percentage of carbon inside MIL-101 was performed using CHN analyser 

(PerkinElmer- 2400). The percentage of BET surface area and pore volume of all the MIL-

101 samples were determined in a static volumetric adsorption system (Micromeritics Tristar 

II 3020) using N2 adsorption-desorption isotherm at 77 K up to 1 bar. Before adsorption 

measurements the samples were degased by heating up to 423 K under vacuum for 8 h. The 

BET surface area was obtained with the Brunauer–Emmett–Teller (BET) treatment of the 

isotherms in the p/p0 range of 0.05 – 0.25. The nonlocal density functional theory (NLDFT) 

method was used to calculate the pore size distribution (PSD) curves in MIL-101 and 

composite samples from N2 adsorption data measured at 77 K. 

2.4. High Pressure Hydrogen Adsorption Measurements 

Hydrogen adsorption isotherms at 77 K and 298 K up to 100 bar were measured using 

gravimetric sorption analyzer (Rubotherm IsoSORP® GmbH, Germany) equipped with a 

Page 5 of 22 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 6 

magnetic suspension balance (MSB). There are two different operating positions for the MSB. 

In the first step when the measurement cell is filled with H2 gas, MSB records the weight 

change of the sample that is placed in the sample container as the high pressure gas is 

adsorbed by the sample. The second measurement position is to measure the in situ density of 

the high pressure gas, which is necessary for the calculation of amount of H2 gas adsorbed 

onto the sample in the cell. Pressure was measured with a two pressure transducers PIRC-1 

and PIRC-2 depending of the pressure inside the system. In a pressure range higher than 34 

bar the pressure transducer PIRC-1 is used and for pressures below 34 bar a more sensitive 

PIRC-2 is used to visualize the pressure inside the system. Hydrogen adsorption measurement 

at 77 K was performed by immersing the measuring cell in a liquid nitrogen bath equipped 

with an automatic level controller which constantly maintains the level of liquid nitrogen 

throughout the time of measurement. For ambient temperature hydrogen adsorption study the 

temperature of the measurement cell was maintained at 298 K throughout during the 

measurement using a Julabo CF-41 temperature controller. In a typical hydrogen adsorption 

measurement initially a blank measurement was performed with H2 without the sample to 

measure the empty weight and volume of the sample cell. The MOF sample was then loaded 

to the sample cell and degassed at 423 K under vacuum over night to remove any pre-

adsorbed gases and solvents. A buoyancy measurement was performed at 298 K using helium 

gas to measure the volume of MOF sample loaded for hydrogen adsorption.41 Hydrogen gas at 

elevated pressure was added incrementally and data points were recorded when the mass 

stability was reached. 

2.5. Isosteric heat of adsorption 

Isosteric heat of adsorption has been calculated from the available experimental data. This 

isosteric heat of adsorption was calculated from the adsorption isotherms measured at 77 K 

and 298 K using the Clausius-Clapeyron equation which relates the adsorption heat effects to 

the temperature dependence of the adsorption isotherm at a specific amount adsorbed. The 

equation used is expressed as follows: 42, 43 

n
T

p
RH 









∂

∂
−=∆

)/1(

)ln(
 

Where R is the ideal gas constant, p the pressure, T the temperature and n the specific amount 

adsorbed. Two approximations are introduced in deriving the Clausius-Clapeyron equation: 

the bulk gas phase is considered ideal and the adsorbed phase volume is neglected. These two 

assumptions are reasonable at low pressures but may be not true at high pressures.42 
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Considering this constraint and the weak hydrogen adsorption at 298 K, the calculations have 

been performed over a pressure (0-20 bar) range and a single specific amount of adsorbed gas 

which correspond to a weight fraction of 0.15%. Additionally the calculations were performed 

using only two isotherms measured over a wide temperature (77-298 K) range and this leads 

to a consequent uncertainty. Nevertheless the results obtained provide an acceptable 

approximation of the isosteric heat of adsorption of the different systems which can be helpful 

to characterise the hydrogen adsorption properties of the materials and to explain the physical 

phenomena of the adsorption process. 

3. RESULTS AND DISCUSSION 

The PXRD patterns of MIL-101, AC-MIL-101 and lithium doped AC-MIL-101 samples 

(Figure 1) were in good agreement with published results in literature.38 This indicates that the 

framework structure and crystallinity of MIL-101 was not affected by activated carbon  

incorporation and lithium doping.36 The FTIR spectra of MIL-101, AC-MIL-101 and lithium 

doped AC-MIL-101samples are shown in Figure 2. The infrared frequency vibrational band at 

1635 cm-1 indicates the presence of adsorbed water and the strong band at 1397 cm-1 is due to 

the symmetric (O-C-O) vibrations dicarboxylate within the framework of MIL-101.44 The 

other bands between 600 and 1600 cm-1 are due to benzene ring. The band at 1510 cm-1 is 

attributed to the (C=C) stretching vibration and bands at 1165, 1020, 880 and 743 cm-1 were 

attributed to the (C-H) deformation vibrations.  

The thermal stabilities of MIL-101, AC-MIL-101 and one lithium doped AC-MIL-101 

samples were studied by thermo gravimetric analysis (TGA). The TGA plots (Figure 3) 

obtained were well matched with the results published in literature and showed three distinct 

weight loss steps.36, 40 The first step from 303 K–473 K corresponds to the loss of guest water 

molecules from the large cages (d = 34 Å).38, 40 The second weight loss step from 473 K–623 

K is due to the loss of water molecules from the middle sized cages (d = 29 Å).45 The third 

weight loss step above 623 K is due to the elimination of –OH and other coordinated groups 

leading to the framework decomposition of MIL-101.38 Results indicate that all samples 

showed remarkable thermal stability with a decomposition temperature  higher than 623 K 

under argon atmosphere. The plots also showed that the thermal stability and hydrophobicity 

of MIL-101 increased after activated carbon incorporation.35, 36 Elemental analysis of AC-

MIL-101 sample showed 2.6 wt%. of activated carbon was incorporated inside MIL-101 by 

doping. 
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The nitrogen adsorption-desorption isotherms of MIL-101, AC-MIL-101 and Li doped 

AC-MIL-101 samples are shown in Figure 4. The BET surface area of MIL-101 obtained  is 

3148 m2 g-1, which was in good agreement with reported value.38 The total pore volume of 

MIL-101 is estimated to be 2.19 cm3 g-1 and the pore size distribution curve showed two 

domains of pore sizes at 25 and 30 Å which were also in accordance with the literature.38 The 

BET surface area of MIL-101 was increased after activated carbon incorporation as reported 

earlier.36 However after the lithium doping the surface area values and pore volume have 

shown a decreasing trend as the concentration of lithium increased inside the framework by 

doping as the doped Li ions occupies the pores of MIL-101 framework and leads to the 

reduction in surface area values. The NLDFT pore size distribution curves (Figure 5) also 

supports this findings. The NLDFT calculations take into consideration the configuration of 

adsorbed molecules in pores on a molecular level and allows to obtain a more accurate and 

comprehensive pore size analysis over complete micro/meso pore size range compared with 

macroscopic, thermodynamic methods, namely, BJH (Barret-Joyner-Halenda), HK (Horvath-

Kawazoe), SF (Saito-Foley), and DR (Dubinin-Radushkevic).46 Conventional techniques such 

as macroscopic or thermodynamic methods (e.g. BJH which works on Kelvin equation) 

assume bulk fluid-like behaviour for pore fluid and neglect details of the fluid-wall 

interactions. The concentration of lithium, BET surface area, pore volume and hydrogen 

uptake capacities of the lithium doped and pristine samples are given in Table 1. The doped 

lithium is presumably in the ionic state and the lithium cations are coordinated with the 

carboxyl groups as reported in the case of Li doped MIL-53(Al) by Kubo et al. using solid 

state NMR studies.32 The maximum lithium concentration tested was 1078 ppm in Li@AC-

MIL-101-C sample and the BET surface area of this sample was largely reduced due to the 

excessive lithium ion concentration since at high lithium concentration, Li+ ions substitute the 

Cr3+ sites which destroys the framework structure of MIL-101.33  

Hydrogen adsorption studies were performed in MIL-101, AC-MIL-101, Li@MIL-101 and 

Li@AC-MIL-101 samples at 77 K and 298 K up to 100 bar pressure. The high pressure 

hydrogen adsorption-desorption isotherms measured at 77 K and 298 K are shown in Figure 6 

and Figure 7 respectively. The lithium doped MIL-101 sample showed higher hydrogen 

sorption capacity compared to bare MIL-101.30-34 Mulfort et al. have reported that lithium 

doped MOF showed nearly double hydrogen storage capacity of 1.63 wt% compared to 0.93 

wt% in undoped MOF at 77 K and 1 bar pressure.30  In the same conditions of temperature 

and pressure (77 K under 1 bar), the hydrogen storage capacity between the undoped MIL-
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101 and the Li@AC-MIL-101-B materials shows a quite similar behaviour: the Li@AC-MIL-

101-B sample showed a hydrogen uptake of 1.60 wt% compared to 1.20 wt% in undoped 

MIL-101.  The hydrogen uptake capacities of AC-MIL-101 samples at 77 K and 298 K up to 

100 bar pressure were also considerably enhanced by lithium doping. But further doping of 

lithium decreased the hydrogen uptake capacity as excessive doping of lithium destroy the 

structure of MIL-101 as evidenced by PXRD and BET surface area measurements. This 

clearly shows a controlled doping of lithium is necessary to obtain a positive result. The 

sample Li@AC-MIL-101-B with 727 ppm concentration of lithium showed the maximum H2 

uptake capacity of 143.9 and 11.4 mg g-1 at 77 K and 298 K respectively up to 100 bar 

pressure, which is almost double the hydrogen uptake capacity of MIL-101 at the same 

conditions. The hydrogen uptake capacities obtained for MIL-101 at 77 K and 298 K at 100 

bar was 72.5 and 5.50 mg g-1 which were comparable with the reported literature datas of 61.0 

and 4.30 mg g-1 at 77 K and 298 K up to 80 bar respectively as reported by Latroche et al.47 

Almost all the reported experimental works on hydrogen adsorption in lithium doped MOFs 

were at low pressure up to 1 bar only, as per our knowledge experimental reports on high 

pressure hydrogen adsorption studies in lithium doped MOFs were not found in literature. 

Theoretical studies by Han et al. have predicted gravimetric hydrogen uptake capacity of 51.6 

mg g-1 (5.16 wt%) in lithium doped MOF-C30 at 300 K and 100 bar.27 Simulation studies by 

Cao et al. have suggested doping with lithium in COF-108 and COF-105 enhanced their 

gravimetric hydrogen uptake capacity to reach 68.4 and 67.3 mg g-1 (6.84 and 6.73 wt%) 

respectively at 298 K and 100 bar presure.28 Eventhough the maximum hydrogen uptake 

capacity obtained at 298 K and 100 bar for Li@AC-MIL-101-B sample was much lesser 

compared with the results reported by simulation studies, the method of lithium doping in 

AC-MIL-101 is promising to develop new porous materials for hydrogen storage applications. 

The isosteric heats of adsorption calculated from available experimental data (adsorption 

isotherms measured at 77 and 298 K) for all materials studied are listed in the Table 2. As 

explained in the section 2.5 these calulations are associated to a consequent uncertainty and 

can be considered as an approximation only. Nevertheless, the value calculated of 4.3 kJ.mol-1 

for the MIL-101 material is in very good agreement  with the result of 4.3 kJ.mol-1 obtained 

from Shmitz et al.48 According to the Figures 6 and 7 lithium doping in bare MIL-101 sample 

increases the hydrogen uptake and increases also the isosteric heat of adsorption. This result 

was in agreement with the conclusions of Mulfort et al.33 concerning the lithium doping of the 

DO-MOF. The activated carbon (AC) doping of MIL-101 increases the hydrogen uptake and 
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slightly decreases the isosteric heat of adsorption. Finally the lithium doping of activated 

carbon incorporated composite MIL-101 decrease the isosteric heat of adsorption. This low 

value leads to a small hydrogen uptake at low pressure and a higher temperature dependence 

of the maximum hydrogen uptake.48 These two remarks are in agreement with the adsorption 

measurements represented Figures 6 and 7. MIL-101 contains very large pores which have a 

diameter of 29 and 34 Å and it is not sure yet if adsorption take place in such huge pores or 

rather in smaller void of the material.47-49 Considering this physical property of MIL-101 it is 

difficult to correlate the isoteric heat of adsorption to the pore size of our materials. 

At 77 K the adsorption-desorption isotherms are completely reversible whereas the 

desorption isotherms show a hysteresis at 298 K. According to the Figures 6 and 7, this 

hysteresis is probably due to the difference of kinetic of desorption at the two temperatures. 

To deeply understand this phenomenon, further studies are needed. Finally the doping of a 

little amount of lithium (727 ppm) in activated carbon incorporated MIL-101 almost doubled 

its hydrogen uptake capacity both at 77 K and 298 K up to 100 bar pressure. In MIL-101 the 

open metal sites which are responsible for hydrogen uptake were poisoned by the presence of 

unreacted benzene dicarboxylic acid (H2BDC) moieties present inside the pores. The in situ 

activated carbon doping during synthesis may prevent the coordination of unreacted H2BDC 

with the chromium metal sites and thus it is better available for interaction with hydrogen. 

The formation of ultramicropores inside MIL-101 by activated carbon incorporation also 

contributes towards the hydrogen uptake enhancement in AC-MIL-101 both at 77 K and 298 

K.35, 36 Moreover studies have shown that lithium doping considerably increases the hydrogen 

uptake capacity in MOFs due to the strong affinity of lithium towards hydrogen molecule.18-28 

Hence the enhanced hydrogen uptake in lithium doped AC-MIL-101 sample in the present 

study may be attributed to the combined effect of these three factors, that is the formation of 

ultramicropores by activated carbon incorporation, activation of unsaturated metal sites by 

carbon incorporation and by the strong interaction of doped Li inside the pores of MIL-101 

towards hydrogen. 

4. CONCLUSIONS 

The modification of MIL-101 both by activated carbon incorporation and lithium doping 

considerably enhanced the hydrogen uptake capacity of MIL-101. The doping of activated 

carbon incorporated MIL-101 with a little amount of lithium (727 ppm) almost doubled the 

hydrogen uptake capacity of the material both at 77 K and 298 K up to 100 bar. However 

excessive lithium doping leads to loss of crystallinity and framework decomposition, and 
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hence decrease in hydrogen uptake capacity. That means controlled doping of lithium and 

activated carbon is needed to get good surface area values and better interaction of hydrogen 

with the finely dispersed lithium inside the pores of MIL-101, which greately enhanced the 

hydrogen uptake capacity. The combined modification of comparatively cheaper activated 

carbon incorporation and lithium doping and subsequent formation of a new hybrid composite 

MOF has provided a new and economically viable strategy for hydrogen sorption 

enhancement in MOFs. 
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Fig. 1 PXRD patterns of (a) MIL-101, (b) AC-MIL-101, (c) Li@AC-MIL-101-A, (d) 

Li@AC-MIL-101-B and (e) Li@AC-MIL-101-C. 

  

Page 14 of 22Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 15 

3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
13

97

58
0

74
3

10
20

11
65

15
10

16
35

e

d

c

b

a

%
 t

ra
ns

m
it

ta
nc

e 
/ 

(a
. u

.)

Wavenumber / cm
-1

 

Fig. 2  FTIR spectra of (a) MIL-101, (b) AC-MIL-101, (c) Li@AC-MIL-101-A, (d) Li@AC-

MIL-101-B and (e) Li@AC-MIL-101-C. 
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Fig. 3  TGA plots of (a) MIL-101, (b) AC-MIL-101 and (d) Li@AC-MIL-101-B. 
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Fig. 4  N2 adsorption-desorption isotherms of (a) MIL-101, (b) AC-MIL-101, (c) Li@AC-

MIL-101-A, (d) Li@AC-MIL-101-B and (e) Li@AC-MIL-101-C. 
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Fig. 5  NLDFT pore size distribution plots of (a) MIL-101, (b) AC-MIL-101, (c) Li@AC-

MIL-101-A, (d) Li@AC-MIL-101-B and (e) Li@AC-MIL-101-C. 
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Fig. 6  High pressure hydrogen adsorption-desorption isotherms of (a) MIL-101, (b) AC-

MIL-101, (c) Li@AC-MIL-101-A, (d) Li@AC-MIL-101-B, (e) Li@AC-MIL-101-C 

and (f) Li@MIL-101 at 77 K up to 100 bar.(Closed symbol = adsorption, open symbol 

= desorption). 
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Fig. 7  High pressure hydrogen adsorption-desorption isotherms of (a) MIL-101, (b) AC-

MIL-101, (c) Li@AC-MIL-101-A, (d) Li@AC-MIL-101-B, (e) Li@AC-MIL-101-C 

and (f) Li@MIL-101 at 298 K up to 100 bar. (Closed symbol = adsorption, open 

symbol = desorption). 
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Table 1. Lithium concentration and N2 adsorption-desorption properties of MIL-101, AC-

MIL-101 and Li doped AC-MIL-101 samples 

 

Material 

Concentration 

of Li  

(ppm) 

BET  

Surface 

Area 

(m
2
 g

-1
) 

Pore 

Volume 

(cm
3
 g

-1
) 

Hydrogen uptake 

capacity at 100 bar 

(mg g
-1
) 

77 K 298 K 

MIL-101 -- 3148 2.10 72.50 5.50 

AC-MIL-101 -- 3458 2.04 116.8 6.90 

Li@AC-MIL-101-A 394.0 2985 1.71 136.0 7.70 

Li@AC-MIL-101-B 727.0 2791 1.65 143.9 11.4 

Li@AC-MIL-101-C 1078 1868 1.09 87.70 8.80 

Li@MIL-101 738.0 2383 1.44 79.20 6.55 

 

 

Table 2. Isosteric heat of hydrogen adsorption calculated for the different samples 

synthesised. 

 

Material 

Isosteric heat of 

adsorption  

(kJ mol
-1
) 

(calculated values) 

Isosteric heat of 

adsorption  

(kJ mol
-1
) 

(literature values)
48
 

MIL-101 4.3 4.3 

AC-MIL-101 4.2 -- 

Li@AC-MIL-101-A 3.8 -- 

Li@AC-MIL-101-B 3.3 -- 

Li@AC-MIL-101-C 3.9 -- 

Li@MIL-101 4.4 -- 
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