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Abstract
The structural and adsorption properties of activated graphene/metal–organic framework (MOF) composites are investigated 
for four samples synthesized by in-situ crystallization and sonication-assisted methods. Depending on the method used, the 
composites showed different morphology, structure and consequently adsorption properties toward  H2 and  CH4. Addition of 
KOH-activated graphene during synthesis of an aluminum-containing MOF (MOF520) under sonication conditions boosted 
adsorption capacities of the resulting composite with respect to both adsorbates, while the in-situ crystallization of MOF520 
in mesopores of the  CO2-activated graphene assured very effective coupling of both components. Such comparative study 
is valuable for the design and synthesis of MOF-based composites for various applications.
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1 Introduction

Negative effects of industrial development such as rising 
energy demands and emission of hazardous gases into 
atmosphere require immediate solutions. These serious 
issues can be defused by searching for sustainable energy 
sources such as  CH4 and  H2, and reducing emissions of 
greenhouse gases (mainly  CO2), which are produced in large 
quantities by the industry and other human activities. One of 
the possible solutions of the issues is the use of nanoporous 
materials for capture of harmful gases and energy storage 
applications (Hu et al. 2018; Hedin et al. 2013; Düren 2007; 
Nishimiya et al. 2002; Siqueira et al. 2017), which nowadays 
can be designed and synthesized with desired properties.

Metal–organic frameworks (MOFs) are crystalline 
microporous materials obtained by coordinating metal 
ions/clusters with appropriate organic ligands. MOFs have 
received a lot of attention due to tremendous opportunities 
in tailoring their composition, functionality and structural 
properties. Some MOFs feature large surface area and pore 

volume, thus they can exhibit excellent gas adsorption prop-
erties (Gándara et al. 2014; Weber et al. 2016; Boutin et al. 
2011; Furukawa et al. 2013; Chen et al. 2005). Furthermore, 
coupling them with carbonaceous materials can provide ben-
efits such as increased thermal stability and water resist-
ance as well as enhanced adsorption properties (Kumar et al. 
2013; Szczęśniak et al. 2018; Yang et al. 2014). For instance, 
graphene oxide (GO) samples can be prepared with high 
specific surface area, which make them ideal for incorpora-
tion into various materials (Szczęśniak et al. 2017; Chen 
et al. 2017; Zhou et al. 2015b). Moreover, graphene oxide 
can be modified before its coupling with MOFs. This modi-
fication can involve attachment of specific functional groups 
of high affinity toward organic linkers to increase the num-
ber of uncoordinated metal sites in MOF (Policicchio et al. 
2013; Lee et al. 2012; Zhao et al. 2013).

In the last several years the properties of graphene-MOF 
composites have been extensively studied because they 
represent a very important class of materials with potential 
applications in adsorption, catalysis, electrochemistry and 
related areas (Kumar et al. 2014; Liu et al. 2013; Zhou 
et al. 2015a; Menzel et al. 2016; Huang and Liu 2016; 
Zhang et al. 2014; Kaur et al. 2017; Banerjee et al. 2015). 
Various strategies have been reported to prepare graphene-
MOF composites, which can be generally divided into in-
situ and ex-situ methods. The former is known also as 
in-situ crystallization (Ji et al. 2017; Szczęśniak et al. 
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2018; Ge et al. 2017; Wang et al. 2016; Qiu et al. 2015; 
Jin et al. 2016), while the latter are less popular (Xu et al. 
2017). The most widely used method, i.e., in-situ crystal-
lization of MOFs on graphene sheets, usually dispersed in 
a solution, is somehow limited. The main problem is that 
graphene or graphene-derivative could interact with MOF 
precursors disturbing its growth. This can lead to a low 
concentration of MOF, so it is more difficult to control the 
weight ratio of graphene to MOF in the resulting compos-
ites (Szczęśniak et al. 2019). Moreover, the morphology 
and structure of MOFs and the distribution of each com-
ponent within composite are also difficult to predict. Thus, 
the development and improvement of simple and efficient 
coupling methods would be beneficial for the synthesis of 
graphene-MOF composites.

In this study we used sonication-assisted method to syn-
thesize activated graphene-MOF composites consisting of 
activated graphene-derivatives and aluminum-containing 
MOF520  [Al8(OH)8(BTB)4(HCOO)4, BTB = 4,4′,4″-ben-
zene-1,3,5-triyl-tribenzoate]. For comparison, we also 
produced analogous composites using in-situ crystalli-
zation method. The as-obtained composites were tested 
as hydrogen and methane adsorbents. MOF520 has been 
chosen, since it exhibits large specific surface area (above 
3000  m2/g) and high methane storage capacity, i.e., 
231 cm3/cm3 at 25 °C and 80 bar (Gándara et al. 2014). 
Activated graphene-derivatives were obtained via KOH 
and  CO2 activation of 3D (three-dimensional) mesoporous 
graphene, which was recently reported by our team as a 
highly efficient benzene adsorbent (Szczęśniak et  al. 
2019). Although KOH activation process enables the prep-
aration of highly porous carbonaceous materials, including 
graphene oxide (Klechikov et al. 2015), it significantly 
deteriorates their structure. In this regard, we propose 
milder activation procedure (using  CO2) that generates 
also better structural parameters such as specific surface 
area and pore volume without damaging 3D network of 
mesoporous graphene.

2  Experimental

2.1  Chemicals

All chemicals were purchased and used without further puri-
fication. They are listed below: graphite powder (99.99%), 
potassium permanganate (99.5%), hydrogen peroxide (30%), 
sulfuric acid (95%), orthophosphoric acid (85%), aluminum 
nitrate nonahydrate (99%),  H3BTB (4,4′,4″-benzene-1,3,5-
triyl-tribenzoic acid, 98%), formic acid (80%), N,N-dimeth-
ylformamide (99.5%), acetone (99.5%), potassium hydroxide 
(85%), methanol (99.8%) hydrochloric acid (35%).

2.2  Synthesis of activated graphene

Firstly, mesoporous graphene (MG) was prepared by simple 
exfoliation of graphite oxide at 300 °C in air (Szczęśniak 
et al. 2019). Carbon dioxide-activated graphene, denoted 
as  GCO2, was prepared by heating the as-obtained MG at 
750 °C in flowing  CO2 for 6 h. To prepare KOH-activated 
graphene (GKOH), mesoporous graphene was activated 
using the previously reported procedure (Klechikov et al. 
2015).

2.3  Synthesis of activated graphene/MOF 
composites

The GKOH/MOF-s and  GCO2/MOF-s composites were 
synthesized by combining aluminum-containing MOF520 
 [Al8(OH)8(BTB)4(HCOO)4, BTB = 4,4′,4″-benzene-1,3,5-
triyl-tribenzoate, denoted as MOF] with GKOH and  GCO2, 
respectively; using an ultrasonic method; s refers to sonica-
tion. Briefly, 0.05 g of activated graphene was dispersed 
in 5 mL of acetone for 45 min in a closed beaker subjected 
to ultrasonication. Next, pre-synthesized MOF crystals 
(according to Gwardiak et al. 2018) were added to assure the 
graphene:MOF weight ratio 1:2. Subsequently, the mixture 
was ultrasonically treated for 30 min, and then for additional 
15 min in an open beaker to evaporate the solvent. Finally, 
the composite material was dried at 70 °C. For comparison, 
GKOH/MOF-c and  GCO2/MOF-c composites were prepared 
by using the same graphene : MOF weight ratio via in-situ 
crystallization of MOF on graphene; details of this synthetic 
method have been reported in our recent study (Szczęśniak 
et al. 2019). Scheme illustrating route for the synthesis of 
all activated graphene/MOF composites is shown in Fig. 1.

3  Measurements and calculations

Scanning electron microscopy (SEM), X-ray diffraction 
analysis (XRD) and nitrogen adsorption were used to char-
acterize the composition, morphology, and structure of the 
selected samples. The SEM images were performed on a 
scanning electron microscope LEO 1530 manufactured by 
Zeiss (Germany) operated at 2 kV acceleration voltage. The 
XRD analysis was performed on a Bruker D2 PHASER 
diffractometer with Cu Kα X-rays operating at 30 V and 
10 mA. Gas adsorption measurements were carried out using 
a volumetric adsorption analyzer ASAP 2020 manufactured 
by Micromeritics Instrument Corp. (Norcross, GA, USA). 
Each sample was degassed in a vacuum at 150 °C for 12 h 
prior to adsorption measurements. The specific surface area 
 (SBET) was calculated using the Brunauer–Emmett–Teller 
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method based on nitrogen adsorption isotherms in a rela-
tive pressure range of 0.05–0.2. Pore size distributions were 
determined using the non-local density functional theory 
method (2D-NLDFT) for carbon slit-shaped pores by taking 
into account energetic heterogeneity and geometrical cor-
rugation of the surface (Jagiello et al. 2015).

4  Results and discussion

4.1  Structural characterization

Figure 2a shows the SEM image of octahedral crystals of 
MOF. Figure 2b–d shows that the  CO2 activation preserves 
the layered 3D interconnected structure of mesoporous 
graphene (MG) in  GCO2 (Fig. 2d) as opposed to GKOH 
(Fig. 2c). The latter shows highly defected and rather irregu-
larly shaped structure. Figure 2e–h displays SEM images 
showing MOF crystals attached to activated graphene sheets. 
Both GKOH and  GCO2 originate from graphite oxide, thus 
possess many residual oxygen-containing functional groups. 
Those groups play an essential role in the formation of gra-
phene-MOF composites, since they can coordinate with alu-
minum ions from MOF precursors and/or crystals. Appar-
ently,  GCO2 was better merged with MOF crystals due to 
large (~ 22.5 nm) mesoporous voids in its layered structure in 
comparison to GKOH. These mesopores with exposed sur-
face functional groups attached to graphene sheets provide 
efficient interacting sites for MOF crystals.

Figure 3 shows the XRD pattern of graphite oxide, MG, 
 GCO2 and GKOH. Characteristic peak of graphite (002) at 
26.6° 2 theta shifts to 10.7° 2 theta for graphite oxide due to 
the combining incorporated oxygen-functional groups and 
water molecules during the oxidation process of graphite. 
The (002) peak for MG and  GCO2 are markedly broadened 
and have a dramatically reduced intensity, which suggest that 
these materials are largely composed of efficiently separated 
graphene sheet. A considerable increase in the low-angle 
scatter from GKOH is associated with the presence of a 
high density of small pores. Figure 4 displays XRD pat-
terns of MOF and all activated graphene-MOF composites. 
The characteristic peaks of MOF are in agreement with the 

earlier report on MOF520, indicating that this material has 
the structure as expected (Gándara et al. 2014). The XRD 
patterns of GKOH/MOF-c and  GCO2/MOF-c are a combi-
nation of those of the bare MOF and the activated graphene 
material. While, the patterns of MOF dominate in the pat-
terns of GKOH/MOF-s and  GCO2/MOF-s suggesting the 
presence of larger MOF crystals. Thus, sonication-assisted 
method does not provide an efficient way of merging the 
components into composite as the case of in situ crystal-
lization. The latter method is especially favorable for the 
preparation of mesoporous graphene/MOF composites since 
small MOF crystals are formed as evidenced in our recent 
study (Szczęśniak et al. 2019).

Figure 5 shows low-temperature nitrogen adsorption 
isotherms measured on mesoporous graphene (MG), and 
activated graphene materials (GKOH and  GCO2), while 
Fig. 6 displays isotherms measured on MOF, and activated 
graphene-MOF composites: GKOH/MOF-c,  GCO2/MOF-c, 
GKOH/MOF-s, and  GCO2/MOF-s. Figures 7 and 8 show 
the corresponding pore size distributions (PSD) determined 
for all samples studied. The nitrogen adsorption isotherms 
and PSD curves for MG and MOF were published in our 
previous study of MG/MOF composites (Szczęśniak et al. 
2019). KOH-activation of MG with specific surface area 
 SBET = 640 m2/g and pore volume  Vt = 3.03 cm3/g gave 
microporous carbon with highly increased surface area  SBET 
(3190 m2/g) and reduced pore volume  Vt (1.81 cm3/g). In 
contrast,  CO2 activation of MG resulted in an increase its 
both  SBET and  Vt reaching 950 m2/g and 4.53 cm3/g, respec-
tively. Surprisingly,  CO2 as a soft activation agent expanded 
mesoporous structure of the precursor, but basically did 
not much alter its microporosity unlike in the case of other 
 CO2-activated carbonaceous materials reported so far 
(Rasines et al. 2015; Yun et al. 2014). Apparently, the acti-
vation process of MG resulted in an additional exfoliation 
of graphene sheets. Table 1 collects structural parameters 
calculated for all samples studied. Composites containing 
 GCO2 showed high total pore volumes reaching 3.11 cm3/g 
as well as high  SBET up to 2840  m2/g  (GCO2/MOF-c). 
The largest  SBET = 3100 m2/g was observed for composite 
obtained by coupling KOH-activated graphene with MOF 
via sonication-assisted method (GKOH/MOF-s). This can 

Fig. 1  Scheme illustrating route 
for the synthesis of activated 
graphene/MOF composites
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be attributed to the enlarged contact between GKOH and 
MOF provided by ultrasonication. In contrast, during in situ 
crystallization process, the presence of MOF precursors may 

result in the aggregation of GKOH due to the strong attrac-
tion between graphene-derived layers.

Apparently, for the synthesis of  GCO2 containing MOF-
graphene composites, in situ crystallization method seem to be 
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Fig. 2  SEM images of MOF (a), MG (b), GKOH (c),  GCO2 (d), GKOH/MOF-c (e),  GCO2/MOF-c (f), GKOH/MOF-s (g) and  GCO2/MOF-s (h)
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more adequate, since MOFs can easily grow in the relatively 
large void spaces between graphene layers. Whereas coupling 
MOFs with highly microporous carbon materials like GKOH 
via sonication-assisted method seems to be more efficient due 
to the better distribution of components.

5  Adsorption of  H2 and  CH4

The composite obtained by coupling the KOH-activated 
graphene with MOF using the weight ratio of 1:2 and 
ultrasound-assisted method (GKOH/MOF-s) adsorbed 
the highest amount of  H2 at − 196 °C (10.4 mmol/g) and 
 CH4 at 20 °C (0.83 mmol/g) under 1 bar among all com-
posites studied. These values are higher by 22% and 20%, 
respectively, in comparison to those on the bare MOF. 
This enhancement results from the addition of micro-
mesoporous activated graphene GKOH that exhibits excel-
lent adsorption properties toward the adsorbates studied. 
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Fig. 3  XRD patterns of graphite oxide, mesoporous graphene and 
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therms measured on mesoporous graphene and activated graphene 
materials
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Nevertheless, sonication of the bare MOF (MOF-s) and 
GKOH (GKOH-s) have a slightly negative influence on 
the adsorption properties toward  H2 and  CH4 (~ 5% lower 
uptakes) (Table 2). Analogues composite obtained by 
in situ crystallization of MOF in the presence of GKOH 
(GKOH/MOF-c) showed similar adsorption properties 
as MOF for both adsorbates, despite lower values of its 
structural parameters  (SBET = 2270 m2/g,  Vt = 1.19 cm3/g) 
(Figs. 9, 10). This can be attributed to enhanced inter-
actions between adsorbed molecules and walls of the 
composite containing GKOH. Contrary, composites 
with mesoporous additive, i.e.,  GCO2/MOF-s and  GCO2/

MOF-c showed lower  H2 and  CH4 adsorption capaci-
ties in comparison to MOF despite highly enhanced pore 
volume up to 3.11 cm3/g. These composites, regardless 
of the synthesis method used, adsorbed almost the same 
amounts of both adsorbates, despite quite different val-
ues of their structural parameters. The reason for this is 
that the amount of MOF, which was the same in the both 
 GCO2/MOF composites, plays a key role in these adsorp-
tion processes. Thus, higher mesoporous volume in these 
materials had no beneficial influence on neither  H2 nor 
 CH4 adsorption.

Adsorption data obtained for GKOH/MOF-s are com-
petitive to those reported for other solid-state adsorbents. 
For instance, Zr-containing MOF/GO composite reported 
recently (Musyoka et al. 2017) adsorbed 9 mmol/g of  H2 
at − 196 °C and ~ 1 bar. At the same conditions, graphene 
oxide without and with  Fe3O4 nanoparticles adsorbed 8.5 
and 10.5 mmol/g of  H2, respectively (Moradi 2015). For 
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Table 1  Structural parameters of the samples studied

SBET BET specific surface area, Vt total (single-point) pore volume 
obtained from the amount adsorbed at p/p0 ≈ 0.99, Vmicro volume of 
micropores (pores < 2 nm) obtained on the basis of DFT PSD, Micr-
oporosity percentage of  Vmicro to the total pore volume  (Vt)
a Data published in Micropor. Mesopor. Mater. (Szczęśniak et  al. 
2019)

Sorbent SBET
(m2/g)

Vt
(cm3/g)

Vmicro
(cm3/g)

Microporosity
(%)

MGa 640 3.03 0.11 3.6
GCO2 950 4.53 0.13 2.9
GKOH 3190 1.81 0.93 51.4
MOFa 3160 1.34 1.34 100
GKOH/MOF-c 2270 1.19 0.84 70.6
GKOH/MOF-s 3100 1.61 1.11 68.9
GCO2/MOF-c 2840 3.11 0.97 31.2
GCO2/MOF-s 2190 2.23 0.77 34.5

Table 2  Adsorption uptakes for  H2 and  CH4 at 1 bar on the samples 
studied expressed in mmol/g

Sorbent H2 adsorption
(T = − 196°)

CH4 adsorption
(T = 20°)

MOF 8.5 0.69
GCO2 6.1 0.42
GKOH 14.6 1.54
GKOH/MOF-c 8.6 0.72
GKOH/MOF-s 10.4 0.83
GCO2/MOF-c 7.1 0.54
GCO2/MOF-s 7.0 0.54
MOF-s 8.2 0.67
GKOH-s 13.7 1.45
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comparison, MOF-5-derived carbon exhibited very high  H2 
adsorption capacity, reaching 16.3 mmol/g at − 196 °C and 
1 bar (Yang et al. 2012).

6  Conclusions

The aim of this study was to compare the most commonly 
used methods for the synthesis of graphene-MOF com-
posites i.e., in situ crystallization and sonication-assisted 
methods. Adsorption capacities for  H2 and  CH4 on the alu-
minum-containing MOF have been successively improved 

by incorporation of KOH-activated graphene via sonication-
assisted method. This method seem to be more adequate for 
the preparation of MOF-containing composites with highly 
microporous carbonaceous additives. Whereas, mesoporous 
carbons can be efficiently merged with MOFs by in situ crys-
tallization method. Hence, the selection of coupling method 
for the preparation of graphene-MOF composites is impor-
tant from the viewpoint of tuning their porous structures and 
morphology, and consequently adsorption properties.
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