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at lower pressure. The adsorption isotherms show that the 
nanocomposite has a good  CO2 adsorption affinity com-
pared to MIL-101. The best adsorption capacity is about 
1.6 mmol g−1 obtained for the nanocomposite material 
which is two times higher than that of MIL-101, indicating 
strong interactions between  CO2 and MIL-101@g-C3N4. 
This difference in efficacy is mainly due to the presence of 
the amine groups dispersed in the nanocomposite. Finally, 
we have developed a simple route for the preparation of an 
effective and new adsorbent for the removal of  CO2, which 
can be used as an excellent candidate for gas storage, catal-
ysis, and adsorption.
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1 Introduction

The metal organic frameworks (MOF’s) are a new gener-
ation of porous materials which can be straightforwardly 
constructed by the self-assembly of metal ions and/or 
metal-containing clusters with appropriate organic link-
ers [1]. Their key factor is related to their high surface 
area  (SBET) and pore size which are considerably larger 
than those of mesoporous and microporous materi-
als (case of MCM-41, SBA-15, zeolites) [2, 3]. Due to 
these properties, the MOF’s have been extensively inves-
tigated in different fields such as gas storage, catalysis, 
separation, and adsorption [4]. Among the most famous 
MOF’s, there is MIL-101(Material of Institute Lavoisier 
n°101) that has drawn much attention due to its high sta-
bility compared with other metal–organic frameworks 
[5]. MIL-101 was first synthesized by Férey et al. in 
2005 and has been widely applied in adsorption [6]. This 
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material has a mesoporous zeotype architecture, with a 
cubic structure (unit cell parameter a ~ 89 Å, cell volume 
of 70200 Å3), and pores size close to 3.4 nm. All these 
properties expand the application field of MOF’s espe-
cially in the gas adsorption [7]. However, due to low den-
sity of atoms in the structure, the MOFs cannot provide 
strong force to efficiently adsorb the gas molecules under 
ambient pressure [8].

For these reasons, several attempts have been devel-
oped to solve these issues by either the modification of 
the framework itself in the synthesis process [9], or the 
metal motifs could be integrated into crystalline metal 
organic framework [10, 11]. Recently, new strategies 
have been focused on the incorporation of active species 
into the MIL-101 frameworks [12]. Lin et al. [13] have 
immobilized polyamine into the MIL-101(Cr) pores; they 
have demonstrated that this adsorbent displays higher 
selectivity towards  CO2 adsorption (using mixture of gas 
 CO2/N2 and  CO2/CH4) compared to that of MIL-101(Cr). 
The graphene oxide (GrO) has been used for the synthe-
sis of composite GrO@MIL-101 [13]. It possessed higher 
specific surface area with the larger total pore volume 
compared to its parent MIL-101(Cr). This new compos-
ite material has an excellent adsorption performance for 
some gases such as  CO2 and  CH4, and also for the  CO2/
CH4 separation.

Carbon nitride (g-C3N4) has attracted an intense inter-
est due to its particular electrical and optical properties. 
It constitutes a useful raw material for improving the 
mechanical and thermal properties of resulting products 
[14–16]. g-C3N4 has been used in several fields such as 
biosensor [17, 18], electrochemical agent [19, 20], cata-
lyst support [21], photocatalysts [22], and sorbent mate-
rial [23]. The application of the carbon nitride in  CO2 
adsorption showed that this material has a high affinity 
towards  CO2 molecules due to the strong acid/base inter-
actions between terminal amines in the g-C3N4 frame-
work and the  CO2 acid molecules [24, 25].

By reviewing the previous works in the nanocom-
posite synthesis, the use of g-C3N4 in the synthesis of 
MIL-101@g-C3N4 composite materials has not yet been 
investigated so far. So, it is interesting to combine the 
advantages of both MIL-101 and carbon nitride materials 
to gain new insights that can be useful for applications 
in catalysis, sensors, environmental protection and espe-
cially in gas adsorption, even though a large number of 
composites based on MOF’s is known [26].

This work focuses on the synthesis, characterization, 
and application of MIL-101@g-C3N4 nanocomposite in 
 CO2 adsorption as a new contribution for this class of 
materials. Adsorption properties were measured by the 
static volumetric method at temperatures 280, 288, 273, 
and 298 K.

2  Experimental

2.1  Synthesis of materials

The MIL-101 was prepared according the procedure 
described by Kim et al. [27]. A mixture of chromium(III) 
nitrate non hydrated and  H2BDC was placed in a Teflon-
lined autoclave filled with water and HF additive. Heating 
the autoclave in a convection oven at 490 K for 8 h pro-
duced dark green and weakly agglomerated MIL-101. The 
synthesis of the g-C3N4 material was carried out by directly 
heating the melamine at 823 K with a heating rate of 293 K 
 min−1 during 2 h [28]. MIL-101@g-C3N4 nanocomposite 
was synthesized via solvothermal method using 0.02 g of 
g-C3N4 mixed with a solution containing a molar composi-
tion of 1 Cr(NO3)2. 9  H2O: 1  H2BDC: 0.3 HF: 266  H2O. 
The resulting suspension was transferred to a Teflon-lined 
steel autoclave and heated at 293 K for 8 h in a convec-
tion oven. The obtained green colored product was then 
filtered through 100 μm sieves to remove the crystalline 
terephthalic acid  (H2BDC) in excess and through 25 μm 
filter paper to separate the composite. Thereafter, the sepa-
rated product was washed 2–3 times with deionized water, 
followed by a series of purifications: soaking in water at 
343 K for 12 h in hot ethanol at 353 K for 24 h, and in hot 
water at 333 K for 12 h. Finally, the purified product was 
dried under vacuum at 423 K for 12 h after filtration. The 
prepared sample was designated as MIL-101@g-C3N4.

2.2  Characterization

The crystalline structure of the obtained materials was 
determined by X-ray diffraction (XRD) using a Bruker 
AXS D8 Advance diffractometer working with CuKα 
radiation (λ = 1.5418 Å) equipped with a Lynxeye Trade 
Mark(TM) position sensitive stripe detector. Diffracto-
grams were recorded over the range 2θ = 0.5°–30° (step 
size 2θ = 0.02°, step time 4 s) for both MIL-101 and 
nanocomposite and over the range 2θ = 4°–60° (step 
size 2θ = 0.02°, step time 4 s) for g-C3N4. Argon adsorp-
tion–desorption measurements were performed at 87 K 
using a Quantachrome Autosorb-1MP instrument in the rel-
ative pressure range P/P0 from  10−5 to 1. The samples were 
outgassed overnight at 383 K prior to adsorption analysis. 
Specific surface areas,  SBET, were calculated according to 
the Brunauer–Emmett–Teller (BET) method [29]. The 
non-local density functional theory (NLDFT) was explored 
based on the normal DFT method. NLDFT is able to cor-
relate the properties of gas molecules with their adsorption 
performance in different pore sizes. The NLDFT model is 
accurate in depicting the fluid approaching the pore walls 
[30] and getting more reliable size estimation. For the 
obtained samples, NLDFT was used to calculate the total 



pore volume  Vp and average pore diameter  (Dp) from the 
adsorption branch. The NLDFT differential pore volume 
distribution curves of all materials were also illustrated. 
The Ar adsorption–desorption isotherms have been also 
established, in order to get information on the forms of the 
isotherms and their hysteresis loop which are related to the 
pore nature existing in their structure [31, 32]. The Fou-
rier transform infrared spectroscopy (FT-IR) was operated 
on a Fourier transforms infrared spectrophotometer alpha 
bruker pltatinium-ATR in the 4000–500 cm−1 region. Ther-
mogravimetry combined with differential thermal analysis 
(TG/DTA) were performed in air using a LABSYS EVO 
DTA/DSC-Setaram. The MIL-101@g-C3N4 sample was 
heated from 283 to 1073 K with a heating rate of 283 K 
 min−1.

2.3  CO2 adsorption experiment

The  CO2 adsorption/desorption isotherms were deter-
mined by micromeritics ASAP 2020 at 273, 280, 288, and 
298 K. All samples were outgassed at 110 °C under vacuum 
for 12 h before  CO2 (ultra-high purity grade) adsorption. 
The adsorbed amounts were calculated by the volumetric 
method at pressure lower than 1 atm.

3  Results and discussion

3.1  Characterization of the materials

The diffraction patterns of MIL-101, MIL-101@g-C3N4 
nanocomposite, and g-C3N4 are shown in Fig. 1a, b. For 
the case of pure g-C3N4 (Fig. 1a), two distinct peaks were 
observed at 2θ = 13.2° and 27.3°. The first one, related to 
the periodic arrangement of the condensed tris-triazine 
units in the sheets, is indexed as (001). The intense peak at 
27.3° is due to the inter-planar distance of conjugated aro-
matic heptazine layer system units indexed as (002) [28]. 
The diffraction pattern of MIL-101(Cr) (Fig. 1b) is similar 
to that obtained by Férey et al. [6].

For the MIL-101@g-C3N4 composite, the XRD pattern 
(Fig. 1b) is similar to that of MIL-101 with slight decrease 
in the peaks intensities, showing that MIL-101 structure is 
not strongly affected after introduction of low content of 
carbon nitride.

The chemical composition of MIL-101@g-C3N4 nano-
composite is determined by EDX elemental analysis (Fig. 
S1), which confirms the presence of g-C3N4 in the nano-
composite structure. The same trends have been observed 
by Li et al. [33] during the preparation of MIL-101(Cr)/
graphene oxide composites. It is known that MIL-101 has 
octahedron crystals, after modification by g-C3N4, the mor-
phology of the nanocomposite is maintained as indicated 

by TEM analysis (Fig. S2). The size of the crystals varies 
between 80 and 150 nm. No phase of g-C3N4 was detected, 
showing his good dispersion into the nanocomposite.

Figure 2 shows the argon adsorption–desorption iso-
therms of the obtained materials. According to the IUPAC 
classification [29], the adsorption isotherms at 87 K for all 
samples are mostly of type I, which mainly indicates the 
presence of micropores. It is also observed that MIL-101 
exhibits two secondary uptakes near P/P0 = 0.1 and 0.2, 
indicating the presence of two nanoporous windows in the 
framework. The MIL-101@g-C3N4 nanocomposite shows 
small indistinct hysteresis loop which is probably related 
to capillary condensation in large pores in the interparticle 
space.

Textural parameters including specific surface areas 
 SBET, porous volume  Vp, and average pore diameter  (Dp) 
of the prepared materials are summarized in Table 1. 
The MIL-101(Cr) exhibits  SBET of 4252 m2 g−1 and 
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Fig. 1  XRD patterns of the obtained materials



 Vp = 2.9 cm3 g−1. These data are close to previous reported 
values [6]. Furthermore, the specific surface area as well 
as the pore volume decreased after g-C3N4 incorporation 
(837 m2 g−1, 0.4 cm3 g−1). The reduction of these param-
eters might be due to an increase in the distortion of the 
MIL-101 structure owing to the incorporation of g-C3N4. 
Moreover, the same value of pore diameter Dp has been 
obtained for both materials, it seems that this textural 
parameter has no direct relationship with the g-C3N4 
amount.

The pore size distribution profile was calculated from 
the adsorption branch of Ar-isotherms as shown in Fig. 3.

It is clearly indicated that the pore size distribution 
curves of both MIL-101 and MIL-101@g-C3N4 samples 
are similar (Fig. 3). However, the nanocomposite has a 
lower pore volume compared to that of MIL-101, due to the 
filling of the pores by g-C3N4 (Table 1). MIL-101 exhibits 
two types of pores centred at 1.4 and 2.3 nm. As shown in 
Fig. 3S, the pore size distribution of the g-C3N4 material 
indicates small pores diameter.

Therefore, MIL-101@g-C3N4 is in close agreement 
with the porous structure parameters of both MIL-101and 
g-C3N4 samples. This could be ascribed to the assumption 

that g-C3N4 provides new crystallization sites into the MIL-
101 crystallites.

FTIR spectra of MIL-101, g-C3N4 and MIL-101@g-
C3N4 are shown in Fig. 4. In the g-C3N4 spectrum, the band 
in the range of 1200–1650 cm−1 is assigned to the stretch-
ing vibration of heptazine heterocyclic and the sharp band 
at 800 cm−1 is characteristic either of triazine or heptazine 
heterocycle units. The broad absorption bands at 3100 
and 3400 cm−1 are ascribed to the stretching vibration 
modes of residual N–H or O–H bands, which are associ-
ated with uncondensed amino groups or absorbed  H2O 
molecules [28], respectively. For MIL-101, the bands at 
3500 and 1620 cm−1 indicate the presence of adsorbed 
water. The bands at 1502 and 1404 cm−1 correspond to the 
O–C–O symmetric vibrations, implying the presence of 
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Table 1  Textural parameters of MIL-101 and MIL-101@g-C3N4 
nanocomposite

a Specific surface area
b Pore volume
c Pore diameter

Sample SBET
a  (m2 g−1) Vp

b  (cm3 g−1) Dpc (nm)

MIL-101 4252 2.9 2.3
MIL-101@g-C3N4 837 0.4 2.3
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dicarboxylate within the MIL-101(Cr) framework [6, 34]. 
The other bands between 600 and 1600 cm−1 are attributed 
to benzene, including the stretching of C=C at 1508 cm−1 
and the deformation vibration of C−H at 1107, 940, 760, 
and 707 cm−1 [34, 35]. The IR spectrum of the MIL-
101@g-C3N4 nanocomposite is similar to that of MIL-101. 
However, new bands appeared at 586 and 1013 cm−1, cor-
responding to the C–N–C trigonal bending [36].

The TGA curve of the MIL@g-C3N4 nanocomposite is 
shown in Fig. 5. There is two weight loss steps, the first 
step occurs in the range 25–150 °C, which is related to the 
loss of free and bound water molecules. This result is in 
agreement with FTIR analysis, which proves the existence 
of water molecules in MIL@g-C3N4. The second weight 
loss occurs at 350–373 °C, consequence to the decompo-
sition of the benzenedicarboxylic acid linkers [6, 37]. The 
DTG curve of MIL@g-C3N4 shows a slight loss at 670 °C, 
suggesting that some of g-C3N4 species undergo chemical 
changes [28].

3.2  CO2 adsorption

CO2 adsorption experiments were carried out on MIL-101 
and MIL-101@g-C3N4 at temperatures 273, 280, 288, and 
298 K, and at low pressure (≈1 atm). Firstly, we established 
a comparison between MIL-101 and MIL-101@g-C3N4, 
via  CO2 adsorption using the same conditions. Figure 6 
shows that the composite material has a better adsorp-
tion capacity than MIL-101. This difference is associated 
with the nature of sites linked on the composite surface. 
The presence of amines in graphite is the key factor allow-
ing to the composite of attracting  CO2 molecules by acid/
base interactions. Our results are consistent with the litera-
ture [34, 35].  CO2 adsorption for both materials decreases 
gradually with increasing temperature, confirming that the 
adsorption process takes place via physical interactions 
[38].

As shown in Table 2, our nanocomposite highlights 
interesting results compared to MIL-101, PEHA-MIL-101, 
MIL-53, and amino-MIL-53. This is due to the presence 
of amine groups in the nanocomposite structure, which 
enhance the interactions with  CO2 acid molecules. Among 
exceptions, MIL-96 shows the best adsorption capacity 
probably due to the chemical nature of this product. We 
also note that MIL-101 prepared in this work has a bet-
ter  CO2 adsorption capacity compared to that obtained by 
Anbia and Hoseini [39]. This is strongly due to the large 
specific surface area and pore volume obtained in this 
study. We note that the best results have been obtained for 
amine-modified materials, which result in strong interac-
tions compared to materials containing nanoparticles of 
metals on the surface. Even if the mesoporous materials 
are characterized by large surfaces and high pore diameters, 
without modification these solids have low interactions 
between the silanol groups and  CO2 molecules [40–46].
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4  Conclusion

MIL-101@g-C3N4 nanocomposite and MIL-101 were suc-
cessfully prepared by hydrothermal method and used for 
 CO2 adsorption. Surface area and pore volume obtained for 
MIL-101@g-C3N4 are 837 m2g−1 and 0.4 cm3g−1, respec-
tively. The application of MIL-101@g-C3N4 nanocompos-
ite in adsorption has improved the capacity in  CO2 com-
paratively to the pure MIL-101, which is mainly due to the 
presence of strong basic sites containing amine moiety on 
the surface of nanocomposite. The increase in temperature 
for the both materials results in the decrease of the adsorp-
tion capacity, due to physical interactions between the 
adsorbent and the adsorbate. A comparison between the 
MIL-101 and MIL-101@g-C3N4 materials shows that the 
latter possesses specific interactions with  CO2 molecules 
through the deep implication of amine moiety anchored in 
the pores of nanocomposite.
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