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Abstract 

New composites have been synthesized containing nanographite (nGr) particles as platforms for 

the deposition of UiO-66 crystals. The samples were analyzed by X-ray diffraction, 

thermogravimetry, N2 adsorption and scanning electron microscopy. The addition of nGr 

markedly increased the porosity determined by N2 adsorption (0.5 nm ultramicropores were 

formed, and the volume in pores > 1.1 nm increased). This was the result of defects formation 

either on UiO-66 or at the nGr/UiO-66 interface. To assess the adsorptive properties and the 

accessibility of the pores, adsorption of H2, CO2, C2H4 and C2H6 was measured. The results have 

shown that not only the extent of the porosity but also the interactions with the graphite phase 

and the accessibility to the pores affect the amount adsorbed and the strength of adsorption. 

Generally, the formation of composites had a positive effect on the adsorption properties owing 

to an increased surface heterogeneity and porosity. 

 

Keywords: metal organic framework; nanographite; small gas molecule adsorption; defects; 

porosity; isosteric heat of adsorption 
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1. Introduction 

Metal–organic frameworks (MOFs) are a group of materials represented by a variety of 

structures and chemistries affecting their properties and applications [1, 2]. Even though they are 

perfect crystals, this perfection is not always beneficial for the target performance, especially in 

catalysis. Therefore, in recent years, research has been carried out with focus on increasing the 

defects populations in otherwise perfect MOFs [3]. The defects in MOFs can arise from crystal 

imperfections caused mainly by partial ligand replacement [4, 5], missing clusters [6], 

heterogeneity of ligands [7, 8] or a use of modulators during the MOF synthesis [9, 10]. 

UiO-66 is a well-studied MOF, which exhibits a high surface area, chemical, mechanical and 

thermal stability [11-13]. The synthesis of this MOF is relatively easy and enables the tunability 

of its structural defects [4-10]. These defects, besides being known to increase pore volumes and 

surface areas, also change pores’ morphology/distribution and affect the adsorption of gases such 

as CO2 [14-18], H2O [19, 20], H2 [15, 21-23], C2H6 [24-27] or C2H4 [25]. 

Adsorption of CO2 on UiO-66 has been extensively studied in search of sufficient sequestration 

media. Both experimental [15-17] and theoretical approaches have been explored [14, 17]. At 0.1 

MPa and 0°C, adsorbed amounts of ~ 2 mmol/g have been reported [15, 16]. While the heat of 

adsorption measured by adsorption methods was between 22 and 28 kJ/mol [15, 16] and 

increased with the introduction of defects [16], results of infrared spectroscopy at variable 

temperature suggested that the heat of CO2 adsorption by hydrogen bonding reaches 38 kJ/mol, 

and 30.2 kJ/mol - by dispersive interactions [14]. Recently, we have reported that defects in UiO-

66, synthesized in the presence of nanocellulose crystals of various chemistries, not only 

increased the amount of CO2 adsorbed by about 30 % at 0°C, compared to UiO-66 (3.25 mol/g 
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as compared to 2.5 mmol/g), but also led to an increase in the heat of adsorption from 20 to 27 

kJ/mol [28]. 

 In the case of H2 adsorption on UiO-66, the amount adsorbed at – 196°C and 0.1 MPa increased 

from 1.25 % to 1.50 % upon changing the solvent from ethanol to DMF used in its synthesis 

[21]. This also resulted in an increase in the homogeneity of the crystals (well defined sizes of 

150-200 nm in DMF) and in an increase in the surface area from 784 m
2
/g in ethanol to 1358 

m
2
/g in DMF. In this case, the lower surface area of the sample synthesized in ethanol was linked 

to impurities due to polymerization products of benzenedicarboxylate (BDC). Nanosized UiO-66 

of an enhanced porosity due to the more effective removal of solvent and unreacted BDC from 

the pores had a surface area of 1434 m
2
/g and a H2 uptake of 1.50 % [15]. Ren et al. studied 

adsorption of hydrogen in UiO-66 synthesized with various amounts of formic acid as a 

modulator [23]. They found that the increase in the amount of modulator increased the size of the 

crystals and the surface area to 1367 m
2
/g. On this material, 1.5 % of H2 was adsorbed at – 

196°C and 0.1 MPa. 

Although the separation of alkanes from alkenes is an industrially important process, UiO-66 has 

rather rarely been used in this application, likely owing to the lack of unsaturated metal sites, 

which would provide the specific interactions/-complexation, as in the case of Cu-BTC 

(benzenetricarboxylate) [24]. Nevertheless, Qian at al. [24] reported that the number of carboxyl 

groups in the linkers of UiO-66 affected the C2H6/C2H4 separation. When 1, 2, 4 BTC (in UiO-

66-COOH) was used as a linker, there was no difference between the amount adsorbed of both 

species at 25°C, and about 1.3 mmol/g were reported. Increasing the number of carboxylic acid 

in the linker (1, 2, 4, 5-BTEC; in UiO-66-(COOH)2) increased the amount adsorbed to 1.8 

mmol/g and the surface was slightly more favorable for adsorption of C2H6 compared to that of 
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C2H4 ( ~ 0.1 mmol/g more of C2H6 was adsorbed at 0.1 MPa). The latter happened despite the 

smaller surface area of UiO-66-(COOH)2 (622 m
2
/g compared to 713 m

2
/g for UiO-66-COOH). 

This trend was linked to smaller pore sizes in UiO-66-(COOH)2 compared to those in UiO-66-

COOH. The heats of C2H4 adsorption (Qst
o
) showed the homogeneity of the surface sites (flat) 

and Qst
o
 increased from 24.7 kJ/mol for UiO-66-COOH to 27.4 kJ/mol for UiO-66-(COOH)2 

[24]. The effect of UiO-66 topology on the adsorption of ethane and ethylene was also studied by 

Li and coworkers [25]. On their UiO-66 with a surface area of 1014 m
2
/g, 67 % more of C2H6 

than that of C2H4 was adsorbed, and the heats of adsorption were 26 and 24 kJ/mol, respectively. 

The difference in the heat of adsorption was linked do the difference in the polarity of these two 

molecules. The adsorption of ethane at 30°C on UiO-66 was studied by Llewellyn and coworkers 

[26], who measured a capacity of 1.7 mmol/g and a heat of adsorption of ~32 kJ/mol on a 

material having a surface area of ~ 1050 m
2
/g. 

Considering that a small alteration in the porosity of UiO-66 and defects in their structure were 

reported to affect the gas adsorption behavior, the objective of this paper is to investigate the 

effects of the addition of nanographite (~ 1 to 6 wt. %) with particle sizes of about 19 m on the 

porous properties and the gas adsorption behavior of the final UiO-66/nanographite composites. 

Since the nanographite particles are much larger than crystals/aggregates of UiO-66 [23], they 

are expected to work as platforms for the deposition of the latter. Owing to the lack of functional 

groups on the basal planes of nanographite flakes [29], the UiO-66 deposition might occur 

mainly via dispersive forces and due to the affinity of the organic linker (BTC) for the graphite 

surface. This is expected to create either an interface or defects in the MOF phase and, as a 

consequence, to increase the porosity. Although composites containing UiO-66 and graphite 

oxide have been synthesized and used as CO2 adsorbents, resulting in an increased storage 
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capacity [17, 18], their mechanism of formation was different than that expected here due to the 

lack of oxygen groups on nanographite used in our approach. These defects can be either of 

chemical or physical in nature and their geometric dimensions should be rather small and of the 

order of the fraction of a nanometer. Therefore, to test the extent of the approach applied, the 

surface accessibility of the synthesized materials has been investigated with regard to adsorption 

of N2, CO2, H2, C2H6 and C2H4. Even though nitrogen is commonly used to evaluate the porosity 

[30], despite its known kinetic limitations to access very small pores, we have also measured the 

adsorption of hydrogen at – 196°C. CO2 was not used for the textural characterization owing to 

is possible specific interaction with the surface of adsorbents [31].The isosteric heats of 

adsorption were calculated for CO2, C2H6 and C2H4 from their adsorption isotherms measured at 

least at two temperatures. The heats of adsorption of C2H6 and C2H4 were analyzed in details 

since the larger sizes of these molecules than other chosen by us as the porosity probes might 

affect the surface interactions. Moreover  bond of C2H4 might affect the strength of adsorption 

if acidic groups are on the accessible surface [32]. The adsorption of several small molecules on 

UiO-66/nanographite composites with different contents of nGr allowed understanding the effect 

of nanographite on the final performances of the materials. 

 

2. Experimental 

2.1. Materials 

All chemicals, zirconium tetrachloride (ZrCl4), N,N-dimethylformamide (DMF, 99%), 

terephthalic acid (C8H6O4, 99+%), hydrochloric acid (HCl, 37%) and ethanol (EtOH, 96%) were 

supplied by either Alfa Aesar, Acros organics or VWR and used as received. Nano-sized 

graphite (Nano-19) was supplied by Asbury Graphite Mills Ltd., USA. 
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2.2. Synthesis of materials 

All UiO-66 and composite samples were synthesized following the procedure reported elsewhere 

[11, 12], with slight modifications. The experimental steps were as follows: Step 1: A 120 mL 

vial was loaded with 4 mL of concentrated HCl, 0.5 g of ZrCl4 and 20 mL of DMF. Then, the 

mixture was sonicated for 20 minutes until complete dissolution; Step 2: 40 mL of DMF and 0.5 

g of C8H6O4 (ligand) were added to the solution, sonicated for 20 minutes and then heated 

overnight at 80°C; Step 3: The resulting product was filtered off, washed with DMF (8 × 30 mL) 

and subsequently with EtOH (8 × 30 mL) to remove the excess of unreacted organic linkers. The 

final product was dried in a vacuum oven at 90°C for 24 h before being analyzed. 

The composite materials were synthesized by following exactly the same procedure as described 

above but 1, 2, and 6 % of nanographite (based on the final mass of MOF) were added in the first 

step. The samples were labeled as UiO-66 and UiO-66-nGr1, UiO-66-nGr2 and UiO-66-nGr6 for 

the composites with increasing nanographite contents. 

 

2.3. Analysis Methods 

Textural and morphological characterization 

Nitrogen adsorption isotherms were measured at – 196°C on a Micromeritics ASAP 2020 

instrument. Prior to each measurement, each sample was outgassed overnight at 150°C until a 

constant vacuum of 10
-7

 kPa was reached. The Brunauer-Emmett-Teller (BET) method within a 

relative pressure range of 0.05-0.15 was used to calculate the specific area (SBET) while the total 

pore volume (VT) was calculated from the N2 uptake at relative pressure p/po of 0.998. 

The Non-Local Density Functional Theory in its two-dimensional version, 2D-NLDFT, 

considering slit-shaped pores with energetically heterogeneous and rough walls [33], was used to 
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estimate the volume of micropores, Vmic, and ultramicropores (V<0.7 nm) and to obtain the pore 

size distributions (PSDs). The volume of mesopores, Vmes, was calculated as a difference 

between VT and Vmic. 

X-ray diffraction (XRD) patterns were collected with a Philips PANalytical X’Pert X-ray 

diffractometer using CuKα (40 kV, 40 mA) radiation. All the measurements were acquired in the 

2-theta (2) range from 5° to 70°, in steps of 0.02°, and with a time of 0.5 s per step. 

Scanning electron images were recorded using a Zeiss Supra 55 VP scanning electron 

microscope (SEM) with an electron beam of 5 keV. 

Thermal analysis was performed using an SDT Q600 of TA Instruments. All the samples were 

analyzed under helium and air flow (100 mL/min), heating them up to 1000°C at 10°C/min. The 

two thermogravimetric (TG) curves were collected, and the corresponding differential thermal 

gravimetric (DTG) curves were calculated in order to determine the thermal behavior of the 

samples. 

Adsorption measurements  

CO2 adsorption isotherms at three different temperatures (0°C, 20°C and 40°C) were measured 

using an ASAP 2020 (Micromeritics) up to 120 kPa. Each sample was outgassed for 12 h at 

150°C under vacuum (P < 10
-7

 kPa) prior to each CO2 adsorption test. 

H2 adsorption capacity was evaluated at – 196°C up to 100 kPa by using a 3Flex automatic 

device (Micromeritics) equipped with a high-vacuum system and three 0.013 kPa pressure 

transducers, one per analysis port. The samples were outgassed for 24 h at 120°C under vacuum 

(P < 10
-7

 kPa) for at least 24 h before being weighed. An additional outgassing was carried out 

for at least 6 hours more on the analysis ports at the same temperature and under the same final 

vacuum as in the previous outgassing step. High-resolution H2 isotherms were obtained by 
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dosing small hydrogen amounts, as low as 3 cm
3
/g .The determination of the warm and cold 

volume was carried out after H2 adsorption-desorption analysis to avoid any possibility of a 

helium entrapment in the ultramicroporosity. 

Measurements of C2H4 and C2H6 isotherms at – 58 and – 73°C were carried out using again the 

high-resolution Micromeritics 3Flex adsorption instrument. The latter was equipped with a high-

vacuum system, three 0.1 Torr pressure transducers, and was coupled with a cryostat (Cold Edge 

Technologies). The isotherms of C2H4 and C2H6 as well as CO2 at different temperatures were 

used to calculate the isosteric heats of adsorption. The calculations were performed using the 

analytical form of virial equation [34]. 

 

3. Results and Discussion 

The X-ray diffraction patterns of the synthesized samples are presented in Figure 1. Although the 

diffraction peaks of the composite materials resemble those of UiO-66, two main diffraction 

peaks at 2 less than 10° show a marked disturbance in the crystal structure, indicating some 

shortening of the lattice parameters. This might be related to the pores of smaller sizes than those 

in the parent UiO-66 materials [35]. 



 

 9 

 

Figure 1. XRD patterns of UiO-66 and its composites with nGr. 

 

 

Figure 2. TG (A) and DTG (B) curves under helium flow for pure UiO-66, nGr and UiO-66-nGr 

composite samples. 

TG and DTG curves measured in helium are collected in Figure 2. Based on the thermal stability 

of the composites upon addition of nGr, they bring indirect information about the change in the 

chemical composition of our composites. While the linkers in UiO-66 decompose at 460°C, 

causing the collapsing of the MOF structure [11, 36], this process for all composites takes place 
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at a temperature of about 80°C higher. This shift might be related to the change in a heat capacity 

upon the addition of the nanographite phase. This change in the heat capacity might also be due 

to the expected alteration in the samples’ porosity. Interestingly, the decomposition event of the 

composites overlaps with a small shoulder seen on the UiO-66 DTG curve, which likely suggests 

the imperfection of our UiO-66 structure. A broad peak between 200 and 400°C is linked to the 

removal of the residual solvent. This process occurs over a broader temperature range for the 

composites and might be caused by the interaction of the solvent with the nGr phase. 

The results of thermal analysis in air are presented in Figures 1S and 2S of the Supplementary 

Information. From these data, assuming that the missing linkers are the main defects in our 

materials, and based on the approach of Katz et al. [12], the number of linkers was calculated. 

The obtained results indicate that 8, 7.8, 7.8 and 7.6 linkers are present per node in UiO-66, UiO-

66-nGr, UiO-66-nGr2 and UiO-66-nGr6, respectively. Since the ideal structure is expected to 

have 12 linkers, all our materials can be considered defective and the level of defects is higher in 

the composites and increases with an increase in the nGr content. 

 

Figure 3. Nitrogen adsorption isotherms in linear (A) and logarithmic (B) scale. 
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Figure 4. Differential pore size distributions calculated from N2 isotherms using the 2D-NLDFT 

up to 2 nm (A) and cumulative pore volume (B). 

This increase in the level of defects should be reflected in an increased porosity. The nitrogen 

adsorption isotherms and the pore size distributions calculated from them [33] are presented in 

Figures 3 and 4, respectively. The addition of nGr increased the volume of N2 adsorbed, and the 

calculated surface areas of the composites increased by about 30 % compared to that of UiO-66 

(Table 1). This increase in the surface area is consistent with the decrease in the numbers of 

linkers per node discussed above. Interestingly, no trend in the porosity development was found 

with an increase in the nGr content, and the SBET of all composites remained at the level of about 

1600 m
2
/g. The volumes of ultra-, micro-, mesopores and the total pore volumes of the 

composites are also higher than those of UiO-66. 
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Table 1. Textural parameters calculated from N2 adsorption isotherms at – 196°C. 

Sample 
SBET 

[m
2
/g] 

V<1 nm 

[cm
3
/g] 

Vmic 

[cm
3
/g] 

Vmes 

[cm
3
/g] 

VT 

[cm
3
/g] 

UiO-66 1192 0.240 0.468 0.052 0.520 

UiO-66-nGr1 1598 0.314 0.623 0.028 0.651 

UiO-66-nGr2 1623 0.304 0.635 0.039 0.674 

UiO-66-nGr6 1526 0.290 0.596 0.037 0.633 

 

Table 2. CO2, C2H4, C2H6 and H2 adsorption capacity at 100 kPa. 

 

 

The pore size distributions calculated from the N2 adsorption isotherms (Figure 4) bring more 

details about the alterations in the porous texture of our materials. As expected from the structure 

of UiO-66, the predominant pore sizes should be ~ 0.6 nm and ~ 0.9 nm, which represent 

tetrahedral and octahedral cavities [19]. Defects such as missing linkers and missing clusters are 

expected to increase the sizes of these latter pores [6, 12, 37]. The striking difference between 

Sample 

CO2  

uptake 

[mmol/g] 

C2H4  

uptake 

[mmol/g] 

C2H6  

uptake 

[mmol/g] 

H2  

uptake 

[wt. %] 

0
o
C 20

o
C 40

o
C -58

o
C -73

o
C -58

o
C -73

o
C -196

o
C 

UiO-66 2.51 1.73 1.14 6.77 7.84 6.80 7.47 1.27 

UiO-66-nGr1 2.99 2.02 1.33     1.41 

UiO-66-nGr2 2.87 1.99 1.25 9.62 11.14 9.72 10.66 1.48 

UiO-66-nGr6 2.94 1.99 1.20     1.56 
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UiO-66 and the composites is the appearance, in the latter materials, of pores smaller than 0.5 

nm and an increase in the volume of pores wider than 1.1 nm in their size. This effect is 

especially seen for the composite with the smallest amount of nGr. A detailed comparison of the 

change in the predominant pore sizes based on the PSDs is presented in Figure 5, where it is 

clearly seen that the greatest effect is an increase in pores wider than 0.7 nm upon the composite 

formation. This increase in the porosity is due to both, the pores of diameter between 0.7 and 1.1 

nm, which represent the octahedral cavities, and to pores wider than 1.1 nm, which are assigned 

to defects such as missing linkers [12, 37] and clusters [6]. Pores smaller than 0.5 nm might 

represent the interface between nGr and UiO-crystal deposited on the nGr particles and thus, the 

smallest amount of nGr added might result in the highest dispersion of this phase and therefore in 

a more extended interface. 

 

Figure 5. Pore volumes in the different diameter ranges deduced from the pore size distributions 

given in Figure 4. 

Figure 6 shows SEM images of UiO-66 and UiO-66-nGr2, which confirmed that UiO-66 is 

deposited on nGr flakes and that “wall structures” of UiO-66 are assembled horizontally. This 

morphology might increase the accessibility of the adsorbates to the UiO-66 adsorption 
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sites/pores.  The SEM images of nGr are presented in Figure 3S of the Supplementary 

Information. 

 

Figure 6. SEM images of pure UiO-66 (A) and UiO-66-nGr2 composite (B) samples. The 

assembled wall of nanoparticles on the nGr surface is marked in the bottom middle micrograph. 

 

Figure 7 shows the CO2 adsorption isotherms measured on the four materials at 0, 20 and 40°C. 

The amounts of CO2 adsorbed at atmospheric pressure are compared in Table 2 and are in the 

range of those reported in the literature [14-18]. Upon the composite formation, a ~20 % increase 

in the amount of CO2 adsorbed was found. The best performing sample is UiO-66-nGr1, and we 

link it to its highest volume of pores smaller than 0.5 nm in which the adsorption forces for CO2 

are the strongest and where, at the low relative pressure, the density of CO2 is the highest [38]. 

The amount of CO2 adsorbed on UiO-66-nGr2 and UiO-66-nGr 6 is similar to that on UiO-66-

nGr1, which is in agreement with the similarities in the volume of ultramicropores in the 
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composite materials. The CO2 uptake decreased with the increasing temperature, from 3 mmol/g 

at 0°C to 1.2 mmol/g at 40°C for UiO-66-nGr1, in good agreement with the exothermic nature of 

CO2 adsorption on these materials. 

 

Figure 7. CO2 adsorption isotherms on UiO-66 composites at 0°C, 20°C and 40°C in the pressure 

range 0−120 kPa on (A) linear and (B) logarithmic scale. 

Figure 8A shows the isosteric heats of CO2 adsorption, whose values are in the range of those 

reported in the literature [15, 16]. Even though there is no visible trend in the amount adsorbed 

with an increase in the amount of nGr, an increase in the heats of adsorption was observed with 

an increase in the nGr content (Figure 9A). The latter suggests that the addition of nGr not only 

enhanced the amount of CO2 adsorbed but also increased the strength of CO2 adsorption, which 

might be related to a denser array of carbon atoms in nGr. It is important to mention that the 

heats of adsorption show little variations with the surface coverage, suggesting the homogeneity 

of the adsorption centers occupied by CO2 in each sample at our experimental conditions. Thus, 

based on the amount of CO2 adsorbed only 0.050 cm
3
/g would be covered. Therefore, the 
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volume occupied by CO2 represents only a small fraction of the total pore volume and, based on 

the N2 adsorption results, the pores that have very homogeneous sizes contribute to this volume 

in all the samples. 

 

Figure 8. Isosteric heats of adsorption (Qst) of CO2 (A) and C2H4 (open symbols)/C2H6 (solid 

symbols) (B) on pure UiO-66 (red) and composite samples (blue).  

 

Figure 9. A) Relationship between the isosteric heat of CO2 adsorption at zero coverage and the 

amount of nGr in the composites; B) relationship between the amount of H2 adsorbed and the 

amount of  nGr in the composites. 
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Figure 10 shows the H2 adsorption-desorption isotherms measured at – 196°C on UiO-66 and its 

composites. Desorption was fully reversible for all materials studied. Table 2 shows the 

hydrogen amounts adsorbed at 100 kPa, which are similar to those reported in the literature [15, 

21, 22]. As in the case of CO2, the amount of hydrogen adsorbed in composites was higher than 

in pure UiO-66. However, unlike CO2, a clear increase in the hydrogen uptake with the increase 

in the nGr content was found observed (Figure 9B). On UiO-66-nGr6, 23 % more of H2 was 

adsorbed than on UiO-66. Even though H2 is expected to be adsorbed in the smallest pores, no 

trend between the amount adsorbed and the porosity could be found taking into consideration the 

pore texture analyzed by N2 adsorption. The molecular diameter of N2 is 0.349 nm while that of 

H2 is 0.296 nm, therefore H2 molecules should have access to pore diameters that are not 

accessible by N2 molecules [39, 40]. Moreover, the absolute quadrupole moment of N2 is higher 

than that of H2, 0.46 and 0.28 [41], respectively, and this could also have an effect on the 

differences observed [40]. Thus, the dependence on the amount of nGr added might be related to 

the specific morphology of the composite and to the enhanced diffusion of H2 at – 196°C to the 

UiO-66 units assembled in the vertical pseudo-walls. 
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Figure 10. H2 adsorption isotherms on pure UiO-66 and its composites at – 196°C in the pressure 

range 0-100 kPa, reported in cm
3
/g and wt. % on both (A,C) linear and (B,D) logarithmic scales. 
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Figure 11.  C2H4 adsorption isotherms in a linear (A) and logarithmic scale (B) and C2H6 

adsorption isotherm in a linear (C) and logarithmic scale (D) on the UiO-66 composites at -58°C  

(blue symbols) and -73°C  (red symbols) in the pressure range 0−100 kPa  

 

To further explore the effects of composites texture and chemistry on the adsorption of small gas 

molecules, the adsorption of C2H4 and C2H6 was measured on UiO-66 and on UiO-66-nGr2 

(Figure 11). Ethane and ethylene, besides having slightly different kinetic molecular sizes ( for 

C2H4 and C2H6 is 0.416 and 0.444 nm, respectively [42]), also differ in chemical properties with 

the former being more basic due to the presence of a -bond [32]. Their adsorption was 

measured at – 58 and – 73°C and the results are summarized in Table 2. In this case, building the 
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composite significantly increased the amounts of both C2H4 and C2H6 adsorbed compared to 

those on UiO-66, and, on UiO-66-nGr2, ~ 42% more of both gases were adsorbed at 100 kPa. 

Since the differences in the overall porosity between these two samples are not so pronounced 

(the porosity of the composite is only about 25 % higher), this difference might be caused by 

different extents of pore filling processes and in the accessibility of the pores. The affinity of 

hydrocarbons to adsorb on the graphite/graphite-UiO-66 interface might play a role. The biggest 

difference in the porosity between UiO-66 and the composite is in pores with sizes > 0.7 nm, and 

these pores seem to govern the amount of both gases adsorbed. 

The comparison of the isosteric heats of C2H4 and C2H6 adsorption is presented in Figure 8B. 

Qst
o
 for C2H4 is 26.1 and 24.7 kJ/mol on UiO-66 and on the composite, respectively. For C2H6, 

these values are 28.8 and 27.6 kJ/mol, respectively. The heats are consistent with those reported 

by Wang and co-workers [25]. The decrease in Qst
o
 with the coverage indicates that pores of 

various sizes are involved in the adsorption process, especially for ethane, those that are first 

occupied being the narrowest, for which the adsorption potential is the strongest. Therefore, the 

slightly higher heats at low surface coverage on UiO-66 might be due to the volume of pores 

with size 0.5-0.7 nm that is higher in pure UiO-66 than in the composite. Then, with the progress 

of the adsorption process, the octahedral pores and these related to defects are filled and the 

composite has higher volume of such pore than has UiO-66.   

The addition of nanographite had a positive effect on the gases adsorbed either by an increase in 

the narrow porosity or by an increase in the specific interactions with the nanographite phase, 

and could be a strategy to increase the gas adsorption capacity of MOFs. An exceptional 

hydrogen storage has indeed been achieved with SNU-70, UMCM-9, and PCN-610/NU-100, but 

analysis of trends revealed the existence of a volumetric ceiling at ∼ 40 g H2  L
−1

[43]. Surpassing 
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this ceiling is proposed as a new capacity target for hydrogen adsorbents. In the same study, it 

was concluded that usable capacities in the highest-capacity materials are negatively correlated 

with density and volumetric surface area. Instead, the H2 capacity is maximized by increasing 

gravimetric surface area and the porosity, which have been enhanced by nanographite addition in 

the present study.  

 

4. Conclusions 

The adsorption of different small gas molecules allowed to clarify that the addition of even small 

amounts of nanographite phase, targeting 1, 2 and 6 wt. % in the composites during the synthesis 

of UiO-66, resulted in a marked (~ 30 %) increase in the porosity. Ultramicropores narrower 

than 0.5 nm and pores wider than 0.7 nm were formed and they probably have their origin in 

defective UiO-66 deposited on the nanographite particles. These defects increased markedly the 

adsorbed amounts of H2, CO2, C2H4 and C2H6 on the composites compared to those on the parent 

UiO-66. Even though no direct dependence of the porosity on the amount of nanographite in the 

composites was found when the texture was analyzed by N2 adsorption, the increase in the 

quantity of hydrogen adsorbed with an increase in the nanographite content might indicate the 

existence of ultramicropores only accessible to H2. The isosteric heat of CO2 adsorption at zero 

surface coverage almost linearly increased with the nanographite content, suggesting the strong 

adsorption of CO2 on the interface. In the case of H2, its amount depended on the amount of 

nanographite suggesting the extensive effects of the interface or the improved diffusion of H2 to 

the smallest pores owing to the assembly of UiO-66 particle “walls” on the nanographite 

components. In the case of ethane and ethylene adsorption, besides an increased porosity of the 

composite, the interactions of these hydrocarbons with nanographite phase likely contributed to 
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the marked increase in the amount adsorbed on the composite (42%). The trends in the heats of 

adsorption (higher on pure UiO-66 than on the composite) suggested that these molecules 

adsorbed in tetrahedral, octahedral, and defects-related pores. In particular, the addition of 

nanographite appears as an especially interesting strategy to increase H2 adsorption capacity of 

MOFs. 
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