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Abstract 21 

Graphene oxide (GO) coupled with inorganic materials, from 0D coordination complexes to 22 

3D Metal-Organic Frameworks (MOFs) offer promising perspectives. The synergic effects 23 

of these two materials can lead to enhanced or even new properties. The nature of the 24 

interactions between the carbon-based material and the hybrid one strongly depends on the 25 

synthetic method. As these composites bring more and more attention, this review aims at 26 

giving a global scope of the different synthetic routes used in the literature, as well as the 27 

characterizations and applications of such systems. 28 

Abbreviations: DNP, dynamic nuclear polarization; FTIR, Fourier transformation infra-red; GO, graphene 29 
oxide; HER, hydrogen evolution reaction; MOF, metal-organic framework; OER, oxygen evolution 30 

reaction; ORR, oxygen reduction reaction; PB, Prussian blue; PXRD, powder X-ray diffraction; rGO, 31 

reduced graphene oxide; SEM, scanning electron microscopy; TEM, transmission electron microscopy; 32 
TGA, thermogravimetric analysis; XPS, X-ray photoelectron spectroscopy.  33 

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0010854518304879
Manuscript_99b7ef4d855d390d3bff06d1a0f1f08f

http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0010854518304879
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0010854518304879


2 
 

I. Introduction 1 

 2 

Inorganic-organic hybrid materials are widely used nowadays in commercial production, such as 3 

the sol-gel process. They also remain an active topic for fundamental research due to the efficient 4 

combination of the properties exhibited by the organic and inorganic components.[1, 2] Among 5 

them, zero-dimensional (0D) coordination complexes were discovered first and have been 6 

extensively studied since.[3] Molecular hybrids can also be used as building blocks for higher 7 

dimension objects such as 1D chains, 2D coordination polymers (or networks) as well as 2D and 8 

3D metal-organic frameworks (MOFs).[4] MOFs, also described as porous coordination 9 

polymers, are very well described in several reviews.[5-8] Among the different classes of 10 

micro/meso-porous materials, MOFs show some advantages, such as their large structural and 11 

chemical tunability, allowing to control their pore sizes, shapes and also their selectivity toward 12 

strategic gases or vapors, to name a few. They have attracted a lot of attention over the past two 13 

decades for a wide range of potential applications.[9-13] Nevertheless, they face several 14 

important challenges such as their low electrical conductivity, and sometimes limited chemical, 15 

thermal or mechanical stability. 16 

To address these drawbacks, research efforts have focused on different strategies including post 17 

synthetic modifications [14, 15], linker functionalization [16-20], inorganic building unit 18 

connectivity and dimensionality [21-23], MOFs-based composites etc.[24, 25] Among these 19 

latter, MOF/Graphene Oxide(GO) based composites are particularly promising due to the 20 

possibility to achieve synergic effects between the porous solid (controlled porosity, selectivity, 21 

catalytic activity etc.) and GO (conductivity, light absorption, mechanical stability etc.). 22 

GO is generally obtained from graphite using strong oxidizing agents, based on Hummer’s 23 

method.[26] The oxygenated groups (mainly hydroxyl and epoxy on the basal plane and carbonyl 24 

at the edges) that cover the GO sheets provide interesting possibilities such as covalent or 25 

metallic bindings.[27] The chemical reduction or thermal annealing conditions of GO to rGO 26 

determine its chemical composition and structure, and therefore properties.[28-32] Respectively, 27 

these two graphene derivatives show great promises for various applications.[33, 34] They have 28 

been extensively investigated as well as several GO-based composites like noble metals/GO or 29 

polymers/GO and their applications that are described elsewhere.[35-37]  30 
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MOF/GO and MOF/rGO composites have brought attention for a large range of applications such 1 

as CO2 capture, gas separation, catalysis, supercapacitors etc.[38-48]  A few reviews have 2 

focused on these systems.[49, 50] For instance, Liu et al. reported the syntheses, properties and 3 

applications of MOF/carbon-based materials, including the benefits of covalent or non-covalent 4 

functionalization of GO and rGO by MOFs.[49] However, to our knowledge, no paper describes 5 

the different synthetic approaches used to make such systems or the interactions occurring at the 6 

materials’ interface which influence the composite properties. 7 

Here, we propose an overview of the different synthetic strategies leading to the formation of 8 

composites, ranging from 0D coordination complexes to 3D MOFs coupled with GO or rGO by 9 

covalent and non-covalent functionalization as well as the use of MOF/GO as precursors for the 10 

formation of metal oxide/rGO composites. We also discuss the challenges related to the 11 

characterization of these systems and the need for a better understanding of the mechanisms 12 

involved at the materials’ interface. Finally, we highlight the importance of the MOF/GO-based 13 

composites synthetic strategy on the final material morphology and homogeneity as well as its 14 

properties. 15 

II. Coordination complexes/GO (or rGO) 16 

 17 

Coordination complexes/GO (rGO) composites have been extensively studied for a wide range of 18 

properties related to spintronic[51], sensing[52, 53], catalysis[54-61], energy[62, 63] or medical 19 

applications[64], to quote a few. Due to its oxygenated functional groups (hydroxyl, epoxy and 20 

carbonyl), GO can bind directly to metal cations.[55] The metal ion is then connected through 21 

metallic bonds to the oxygenated groups of GO. Several reports also described the anchoring of 22 

chemical species on GO which can coordinate to metal species in a later step.[54, 57, 59, 65-67] 23 

The coordination complex is then covalently immobilized on the GO surface. One of the main 24 

advantages of these systems in catalysis is that the coordination complex is easily recovered after 25 

its use. Also, the grafting of the catalyst on the GO can affect its properties, sometimes leading to 26 

an improvement of the activity compared to the parent single complex. When the ligand contains 27 

aromatic cycles, it can also interact through π – π stacking with the basal plane of GO.[61, 62, 68, 28 

69]. Reviews in this field have been published although they are still scarce.[70-73] One can 29 

nevertheless consider metal complexes/GO composites as model systems, particularly to 30 
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understand the way the metal species interact with the GO when dealing with coordination 1 

polymer/GO composites.  2 

III. Coordination polymers/GO (or rGO) 3 

 4 

Coordination polymers are 1D, 2D or 3D organic-inorganic hybrid structures.[74-76] MOFs are a 5 

sub-class of coordination polymers with 2D or 3D porous architectures.[77] Since MOF/GO and 6 

MOF/rGO will be described in the next section, we will focus here on other types of coordination 7 

polymers.  8 

Among them, Prussian Blue (PB)/GO (or rGO) composites have been studied to overcome some 9 

limitations or to enhance the properties of PB. For instance, it has been shown that the use of GO 10 

as a platform for PB immobilization improves the sensor stability (by preventing the PB from 11 

aggregating) and activity due to the synergetic effects between PB and GO (or rGO).[78-82] 12 

Also, the use of GO allows for an easier recovery of PB that usually requires extensive washing 13 

steps. Others reported that PB/GO and PB/rGO systems have a better electrocatalytic activity 14 

toward H2O2 reduction compared to other reported PB composites or single PB.[79, 81, 82] It was 15 

proposed that such a phenomenon was due to the enhanced electron transfer allowed by the GO. 16 

Kong et al. studied several PB/GO systems with different PB particle sizes for H2O2 17 

detection.[82] They managed to obtain PB particles of 5-nm size using an interfacial site-directed 18 

growth. More precisely, they added the iron complex very slowly to the GO suspension to 19 

promote the interactions between the iron species and the oxygenated groups of GO and therefore 20 

to favor the PB nucleation on the GO sheets. They compared the sensitivity toward H2O2 between 21 

PB simply mixed with GO and the PB/GO composite. Although the authors did not compare the 22 

sensitivity limit of the PB/GO systems with PB particles of different sizes, they assigned the 23 

observed higher sensitivity obtained with the site-directed growth composite to the very small 5-24 

nm size of their PB particles. The better catalytic results of this composite compared to the PB 25 

mixed with GO was assumed to be due to the closer contact between PB particles and GO in the 26 

case of very small nanoparticles (Fig 1). 27 

 28 
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Figure 1. Schematic illustration of PB/GO composites synthesis by a) physical mixing b) direct coordination c) interfacial directed 1 
growth d) TEM and e) HRTEM of the PB/GO composite obtained by interfacial directed growth f) Amperometric responses of Ti 2 

substrate, graphene, PB nanoparticles mixed with graphene and 5nm PB nanocrystal + graphene. Reprinted with permission 3 
from [82] 4 

When dealing with other types of coordination polymers/GO composites, an improvement of the 5 

catalytic activity compared to the pristine coordination polymer material was also observed. For 6 

instance, a zinc coordination polymer/GO [83] and a cobalt coordination polymer/GO [84] 7 

showed better photocatalytic properties towards the reduction of Cr(VI) and the hydrogen 8 

evolution reaction (HER), respectively. A few studies also reported the covalent grating of a 9 

ruthenium coordination polymer on rGO for photovoltaic applications.[85, 86] 10 

As for coordination complexes, the coordination polymers are either reacted with GO through 11 

covalent bindings using the organic linker as connector or through metallic interaction between 12 

the metal ions and the oxygenated groups of GO. So far, these systems have mostly been studied 13 

for electrochemical applications, taking advantage of the synergetic effects between the two 14 

materials. 15 

d 

e 

f 
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IV. Synthetic methods of MOF/GO and MOF/rGO 1 

 2 

Since the synthetic conditions might strongly impact the nature of the interactions between the 3 

MOFs and the GO or rGO and therefore the composite properties, different synthetic strategies 4 

have been developed. Generally, the carbon-based starting material is GO. However, it has been 5 

shown that the GO undergoes a reduction when the synthesis temperature reaches or exceeds 100 6 

°C.[87, 88] Thus, we will not separate the preparation of MOF/GO composites from MOF/rGO 7 

as one may only consider the temperature of the reaction but not the synthetic route.  8 

1. In Situ 9 

 10 

The in situ synthesis route consists of synthesizing the MOF directly in the presence of GO. The 11 

most straightforward way is to mix MOF precursors and GO (or rGO) together at ambient 12 

temperature, prior to heating the solution under solvothermal or reflux conditions required for the 13 

MOF synthesis. Most of reported MOF/GO and MOF/rGO syntheses follow this strategy due to 14 

its ease and fast preparation.[38, 40, 42-45, 47, 48, 89-97] C. Petit and T. J. Bandosz were the 15 

first to use this procedure to make various MOF/GO composites based on MIL-100, HKUST-1 16 

and MOF-5.[91, 98] The authors found that the oxygenated functional groups of graphite oxide 17 

can serve as nucleation points for the MOF. They highlighted the effect of GO over the 18 

directional growth of the MOF upon formation of the composites.[99] Because HKUST-1 and 19 

MOF-5 possess a cubic structure, these MOFs grow along both the parallel and perpendicular 20 

directions compared to the GO sheets. However, in the case of MIL-100, it was not possible to 21 

obtain a composite with good crystallinity. This might be due to the more complex chemistry of 22 

iron(III)-based MOFs; when growing, the GO sheets can indeed prevent the MOF from forming 23 

over a long range distance (Fig 2).  24 
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 1 

Figure 2. Schematic of the crystal growth of different MOFs, MOF-5, HKUST-1 and MIL-100 on graphite oxide layers. Reprinted 2 
with permission from [91]  3 

However, another carboxylate iron-based MOF, MIL-88B(Fe) was successfully anchored on GO 4 

using this one-pot synthesis which is likely due to its faster formation kinetics compared to that 5 

of MIL-100 (Fe).[100] 6 

Regarding the composites’ structural features, it was reported that extra porosity (micro and/or 7 

mesoporosity, depending on the MOF) is usually created at the interface of the two materials, 8 

enhancing gas adsorption capacity compared to the pure MOF.[38, 40, 42, 48, 97] It appears that 9 

the optimal amount of GO for gas sorption depends on the nature of the MOF. In the case of CO2 10 

capture, the maximum adsorption capacity was reached with only 5 weight% GO for UiO-66[38] 11 

while 10 weight% GO was needed in the case of ZIF-8.[101] The creation of extra porosity 12 

compared to the parent MOF is associated with the close contact between the two materials as a 13 

result of the interactions at the MOF-GO interface.  14 

However, due to binding competition to the metal cation between the GO oxygenated groups and 15 

the oxygen atoms of the MOF ligand, the formation of a significant amount of free MOF particles 16 

(without GO) can lead to heterogeneous samples. This binding competition can also cause the 17 

density of MOF particles decorating the GO sheets to not be optimal, which might decrease the 18 

synergy effects between the MOF and GO and therefore the overall performances.  19 

To face this limitation, Qiu et al. synthesized MOF/GO composites by reacting the metallic 20 

cation with GO prior to the addition of the ligand to the suspension. Theoretically, this method 21 
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should promote the direct nucleation of MOF particles on the GO sheets.[102] To highlight the 1 

effect of the pretreatment of GO by the metal, the authors compared the one-pot synthesis to this 2 

two-steps synthesis on MOF-253(Al) and MIL-101(Cr). Scanning electron microscopy (SEM) 3 

images clearly showed that the samples obtained with GO pretreatment have a higher density of 4 

MOF particles on the GO sheets, but also bearing a different morphology and size compared to 5 

the sample obtained without pretreatment (Fig 3). To better understand the mechanisms of such 6 

morphology change, the authors performed Fourier Transformation Infra-Red (FTIR) on the 7 

samples with and without pretreatment. For MOF-253, they concluded that aluminum ions 8 

mostly interact with the epoxy and hydroxyl moieties of GO. Also, they observed a stronger shift 9 

of these oxygen-related bands for the sample in which GO was pretreated for 8 hours by the 10 

metal salt compared to the sample without pretreatment. Therefore, the authors suggested that 11 

there were more aluminum nuclei for the MOF growth on the pretreated sample. This higher 12 

density of nuclei induced some steric hindrance that led to smaller MOF particles with changed 13 

morphology. To illustrate the impact of the pretreatment on the composite properties, they 14 

performed catalytic tests of ethylbenzene oxidation on samples obtained from pure MIL-101 and 15 

the composites with and without pretreatment after pyrolysis at 900 °C. It was observed that not 16 

only both composites showed better catalytic activity than the pure MOF, but also that the 17 

composite with pretreatment showed the highest activity. The authors attributed this result to the 18 

smaller size of particles and therefore more exposed active sites of the pretreated sample in 19 

comparison with the two other samples. They also suggested that the higher dispersion of MOF 20 

might explain the catalytic results as there are more MOF particles on GO. This example 21 

highlights the importance of the reactants order of addition on the structure of the final composite 22 

and the impact of the synthesis approach on the final composite morphology and therefore 23 

properties. This aspect will be further addressed in the discussion part. Surprisingly, to our 24 

knowledge, this is the only study that compares different in situ procedures to make MOF/GO 25 

composites. Although others reported similar GO pretreatment by metal salts, they did not 26 

discuss the benefits of following this synthetic strategy to produce MOF/GO composites.[103-27 

105]  28 
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 1 

Figure 3. SEM image of MOF-253/GO composites by a) one-pot in situ synthesis b) two steps in situ synthesis using pretreatment 2 
of GO by the metal source. Readapted with permission from [102] 3 

Another strategy consists of following a covalent or non-covalent pre-anchoring step of the 4 

ligand onto the GO. [41, 106-108]  5 

Jahan et al. covalently functionalized GO with a benzoic acid derivative (named BFG) and 6 

showed that this pre-anchoring step plays a key role in the MOF growth.[108] They observed that 7 

such a functionalization strongly affects the structure of MOF-5 within the composite. The BFG 8 

acts as a linker for the MOF and when using 5 weight% BFG, a lattice distortion was observed 9 

leading to the formation of nanowires along the [200] axis (Fig 4). The functionalization of GO 10 

can thus yield composites with strong interactions between the two materials but can also favor a 11 

preferred orientation for the crystal growth. This change in morphology can be of great interest 12 

for some applications since it can lead to enhanced or even new properties.[109-111] Different 13 

MOF/GO systems were synthesized following this approach and displayed better properties 14 

compared to the pure MOF.[41, 112] For instance, after reduction of GO, Lee et al. considered 15 

the grafting of rGO sheets by azobenzoic acid before the addition of the MOF precursors. They 16 

observed some lattice distortions by Powder X-Ray Diffraction (PXRD) and the SEM images 17 

revealed a change in the MOF morphology from rectangular to triangular when increasing the 18 

GO content.[112] They studied the detection of explosives and found a better sensing response 19 

for the composite compared to the parent MOF. However, at this stage it is still not clear how the 20 

morphology change affects the MOF’s properties and the detailed mechanisms of the template 21 

role of GO.  22 

Recently, the synthesis of NH2-MIL-53/rGO composites using polystyrene (PS) spheres as 23 

template for methylene blue photocatalytic degradation was proposed.[113] It was previously 24 

shown that hollow spheres have good light absorption properties which can be used for 25 

photocatalysis. After wrapping the PS spheres with GO sheets by electrostatic interactions, the 26 

GO was further reduced using hydrazine. To ensure the MOF grafting, the rGO was 27 

a b 
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functionalized by a benzoic acid derivative, prior to the solvothermal synthesis of MOF. To 1 

obtain hollow spheres the obtained material was washed with DMF, leading to an efficient 2 

removal of the polystyrene. 3 

  

 

 

Figure 4. 1) SEM images of a) MOF-5 b) MOF/BFG 1wt% c) MOF/BFG 4wt% d) MOF/BFG 5wt% 2) PXRD patterns of (I) MOF-5 (II) 4 
MOF/GO 5wt% (III) MOF/BFG 1wt% (IV) MOF/BFG 4wt% (V) MOF/BFG 5wt% 3) a) TEM images of MOF/BFG 1wt% b) HRTEM of 5 

MOF/ BFG 5wt%. Reprinted with permission from [108]. Copyright 2018 American Chemical Society 6 

Other studies described the non-covalent functionalization of GO by the MOF ligand.[106, 107] 7 

By introduction of ligands possessing aromatic rings, the large π system of GO allows specific π- 8 

π interactions. This template-structure method theoretically leads to minimized distances between 9 

the GO sheets and the MOF particles and therefore enhanced interactions. Following this 10 

approach, a ‘sandwich-like’ layered MOF/rGO was obtained using pyrene functionalized 11 

GO.[106] The pyrene interacts with GO via π- π interactions and connects the GO and the MOF. 12 

The MOF linker was added first to ensure π- π interactions with the pyrene moieties. After 13 

addition of the metal source, a solvothermal reaction was carried out to synthesize the MOF. The 14 

photocatalytic properties of the composite were studied and compared to the pure MOF and to the 15 

composite made without pyrene. A better photo-response was observed for the composite when 16 

a 

1) 

2) 

3) 
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using pyrene, which suggests that the sandwich-like structure is partly responsible for the 1 

improved catalytic performances.  2 

This non-covalent route appears to lead to different arrangements between the GO and the MOF 3 

compared to the covalent one. However, considering that no direct comparison between these two 4 

in situ procedures is available for a given MOF and GO, the effect of the functionalization 5 

method (covalent or not) on the resulting properties is still not well-understood. 6 

2. Post-synthesis 7 

 8 

To synthesize MOF/GO composites, a post-synthesis approach has also been reported in the 9 

literature.[114, 115] In this case, the GO is directly mixed with the pre-formed MOF at RT. 10 

Because GO and MOF surface have different charges, the electrostatic interactions between the 11 

two materials lead to self-assembly process. 12 

Recently, Li et al. studied the interactions of a family of Zr-MOFs with GO in water at a 13 

controlled pH value.[116] By tuning the pH, the MOFs are either positively or negatively 14 

charged, and thus cannot interact with the negatively charged GO in the same way. When both 15 

materials are oppositely charged, the process is governed by electrostatic interactions. When both 16 

have the same surface charge, although electrostatic repulsion occurs, the authors still observed 17 

adsorption of GO on the MOFs. They suggested that other types of interaction such as π-π 18 

stacking and Lewis acid-base interactions can overcome the electrostatic repulsion. Adsorption of 19 

GO on the different MOFs showed that the process is partially irreversible possibly due to a 20 

rearrangement of the GO sheets within the composites (Fig 5).  21 

 22 

Figure 5. Schematic illustration of possible configurations of aggregation of UiO-67 and GO sheets depending on the materials 23 
charge. Reprinted with permission from [116] 24 
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Liang et al. described two methods for the synthesis of MIL-53(Fe)/rGO. Firstly by mixing the 1 

positively charged MOF particles with the negatively charged GO sheets in water, and secondly 2 

by mixing the MIL-53(Fe) precursors with GO before using the solvothermal reaction required to 3 

produce the MOF.[117] According to Transmission Electron Microscopy (TEM) and X-ray 4 

Photoelectron Spectroscopy (XPS) analysis, the sample obtained by electrostatic assembly 5 

exhibits a closer contact compared to the in situ one. This is likely due to the higher interfacial 6 

contact area when a post-synthetic method is used compared to in situ; in the case of the post-7 

synthetic method, the MOF appeared to be completely wrapped into the GO whereas the in situ 8 

synthesis led to random distribution of MOF and GO. The authors also addressed the issue of the 9 

presence of free MOF particles that can affect the overall composite properties. Indeed, they 10 

observed a better photocatalytic response toward the reduction of Cr(VI) of the post-synthesis 11 

sample compared to the in situ one with 0.5% rGO. However, the in situ composite gave slightly 12 

better results with 5% rGO. This change of trend is explained by the presence of additional bare 13 

MOF particles contributing to the photocatalytic activity for the in situ sample. It suggests that 14 

post-synthetic conditions lead, in that case, to more homogeneous composite.  15 

The post-synthetic method is however not commonly used to produce MOF/GO composites. 16 

Although the interactions between the two materials are theoretically weaker compared to the 17 

direct metallic or covalent bonding in the in situ method, mixing the already prepared MOF 18 

particles with GO sheets seems to lead to different types of arrangement between the MOF and 19 

the GO. Comparison between these two synthesis procedures should give rise to valuable 20 

information and therefore needs further investigation.  21 

3. Other routes 22 

 23 

In addition to the in situ and post-synthesis strategies, less common methods have been proposed 24 

to synthesize MOF/GO composites. Bian et al. described the synthesis of Cu3(BTC)2/GO by 25 

pickering emulsion.[118] The large interfacial area of droplets allows to optimize the surface 26 

contact between the two materials compared to direct MOF growth on bulk GO. As a proof of 27 

concept they compared the CO2 uptake under humid conditions of the Cu3(BTC)2/GO obtained 28 

by pickering emulsion and the one obtained by simply mixing Cu3(BTC)2 with GO. GO sheets 29 

are better exfoliated using the emulsion method and therefore have stronger affinities for water 30 

compared to bulk GO (Fig 6). Due to this affinity, the water molecules are preferentially 31 
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adsorbed on GO instead of the MOF pores. However, for the post-synthesis sample, both CO2 1 

and H2O are adsorbed by the MOF. Therefore, the post-synthesis sample gave lower CO2 uptake 2 

under humid conditions compared to the emulsion sample. Zhang et al. also used the same 3 

emulsion approach to synthesize Zr-BDC-NO2/GO composites.[119]  4 

  
Figure 6. 1) Schematic illustration of the emulsion synthesis of Cu3(BTC)2/GO composite 2) a)c)e) Optical micrographs and b)d)f) 5 

polarized optical micrographs of Cu3(BTC)2/GO composite with different GO amount. Reprinted with permission from [118] 6 
Copyright 2018 American Chemical Society 7 

To ensure covalent interactions between the MOF and GO, Meng et al. used the carmodiimide, 8 

named EDC, to form amide bonds between the carboxylic acid groups of GO and the amine 9 

moieties of the MOF ligand.[120] After mixing the GO sheets with the coupling agent EDC, they 10 

added the pre-formed MIL-88B-NH2 and MIL-101-NH2. The two MOF/GO systems were 11 

studied for photodynamic therapy. Interestingly, after coupling these two MOFs with GO, it was 12 

observed that the stability in water was enhanced compared to the parent MOFs. Indeed, because 13 

the pure MOFs exhibit both a positive zeta-potential at low pH, their stability in water is limited 14 

when the pH increases. However, for the composites, negative zeta-potential values were 15 

measured, explaining the longer time stability in water of these MOF/GO systems. 16 

V. Thermal treatment of MOF/GO composites 17 

 18 

Pure MOFs, as an ideal source of spatially controlled inorganic moieties embedded into an 19 

organic ligand environment, have already been studied as starting compounds to produce various 20 

types of materials through carbonization.[121] After their pyrolysis, a large variety of structures, 21 

for instance, metal or metal oxide (or nitride) nanoparticles can be obtained.[122] The same 22 

1) 2) 
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concept can be applied to MOF/GO composites. Their thermal treatment under oxygen rich 1 

atmosphere can for instance, lead to metal oxide/rGO composites. Kim et al. studied the effect of 2 

the annealing temperatures (250, 450 and 650 °C) on the particle size, CO2 uptake and electric 3 

conductivity of ZIF-8/rGO composites.[103] They showed that the thermal treatment of ZIF-4 

8/GO involves the creation of additional mesopores that can be tuned with the calcination 5 

temperature. As expected, the higher the temperature the higher the conductivity due to an 6 

increase of GO reduction (Fig 7).  7 

 8 

  
Figure 7. a) SEM images b) BET surface area and c) CO2 uptake isotherms of ZIG-8/GO and the corresponding composites after 9 

calcination at 250, 450 and 650 °C. Reprinted with permission from [103] 10 

The microwave absorption properties of the composites obtained from MOF/GO annealing have 11 

also been assessed.[105, 123] The response of the material to electromagnetic waves is described 12 

by its permittivity and permeability. The permittivity loss ε”, i.e. the ability of a material to 13 

convert the absorbed energy, increases after reduction due to the presence of conductive rGO that 14 

increases the conduction loss. However, high permittivity and permeability losses do not 15 

automatically lead to good electromagnetic absorption properties. Indeed, it also requires a very 16 

good impedance matching, hence close complex permittivity and complex permeability 17 

values.[124] Therefore, the annealing temperature of MOF/GO composites for electromagnetic 18 

absorption must be chosen depending on these parameters. Although the mechanisms responsible 19 

c 
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for such electromagnetic wave response are not very well understood, MOF/GO derived 1 

composites seem to offer a good alternative as microwave absorber materials.  2 

These carbonized composites also raised a significant interest for electrochemical applications. 3 

Due to the thermal reduction of the insulating GO to the conductive rGO, MOF-derived metal 4 

oxide/rGO composites have been reported as interesting battery materials.[65, 125-127] The 5 

electrical conductivity of rGO can indeed overcome the poor electrical conductivity of metal 6 

oxides and also improve the mechanical stability of the material. The use of MOFs as a self-7 

sacrificing template for metal oxide is also believed to enhance the particles dispersion on GO 8 

and therefore maximize the reachability of the active sites. The better performances for Li-ion 9 

batteries of Co3O4/rGO obtained from ZIF-67(Co)/GO compared to pure Co3O4 and Co3O4/rGO 10 

obtained by direct deposition of the cobalt oxide on GO sheets was reported.[127] In addition to 11 

the good conductivity of rGO, the authors attributed these results to the well-dispersed small 12 

nanoparticles resulting from the calcination of ZIF-67 as well as shorter diffusion paths for ions.  13 

Although most of the reported procedures described the first step of the synthesis as the 14 

production of MOF/GO composite prior to its thermal treatment, other routes can be found in the 15 

literature. For instance, the annealing of the MOF before its electrostatic reaction with GO was 16 

described.[128] Cao et al. used a post-synthesis procedure to obtain Mo-MOF wrapped into GO 17 

sheets. After annealing, the rGO-wrapped MoO3 material showed a better supercapacitor 18 

performance compared to pure MoO3.[129]  19 

Due to the intrinsic conductive behavior of rGO and the exposed active metal sites of MOFs, 20 

MOF/GO composites have also been studied as precursors for electrocatalysis.[95, 130-134] 21 

They might offer a good alternative compared to expensive Pt-based materials for hydrogen 22 

evolution reaction (HER), oxygen evolution reaction (OER) and oxygen reduction reaction 23 

(ORR).[95, 135] MOF-74(Ni) appears particularly interesting for HER and OER due to the 24 

possibility of forming nickel sulfide or nickel phosphide after pyrolysis.[130, 131] Based on 25 

previous works [134, 136] Wei et al. studied the performances of ZIF-67/GO based composites 26 

for ORR applications.[137] To highlight the importance of the MOF distribution on the GO 27 

sheets over the composite properties, the authors compared the direct deposition of ZIF-67 on GO 28 

and the use of ZIF-8 seeds for the growth of ZIF-67 on GO as precursors for the preparation of 29 

cobalt nanoparticles/carbon-based composites. In agreement with previous reports,[136, 138] 30 

they observed that direct growth of ZIF-67 on GO sheets led to larger crystals (around 80 nm) 31 



16 
 

and inhomogeneous MOF distribution on GO sheets. However, when using ZIF-8 grafted GO as 1 

seeds for ZIF-67 growth, much smaller particles were produced. After thermal treatment at 900 2 

°C, the core-shell structure showed better catalytic performances compared to the materials 3 

obtained from ZIF-8/GO and ZIF-67/GO precursors, mostly due to a higher coverage density of 4 

MOF (and therefore cobalt active sites after annealing) (Fig 8). 5 

 6 

 7 

Figure 8. 1) SEM images of a) ZIF-8/GO b)c) ZIF-8@ZIF-67/GO d-j) TEM and corresponding mapping of  ZIF-8@ZIF-67/GO 2) 8 
Linear sweep voltammetry curves of Pt/C, ZIF-8/GO, ZIF-67GO and ZIF-8@ZIF-67/GO calcinated at 900 °C. Reprinted with 9 

permission from [137] 10 

1) 

2) 
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The effect of core-shell structure on the catalytic properties of Co-based MOFs was also 1 

reported.[139] It was shown that the presence of metal oxide between the metal and rGO could 2 

increase the generation of hydrogen from NaBH4 due to enhanced synergistic effects at the 3 

interfaces. 4 

The synthesis of porous carbon materials have brought lots of attention and efforts.[140] MOFs 5 

can be used as templates to create additional porosity within GO. It was reported that the 6 

controlled carbonization of ZIF-8 can lead to a narrow distribution of mesopores for the GO 7 

envelope.[141]  8 

VI. Discussion 9 

 10 

GO and rGO have attracted considerable attention in the past decades. However, as promising as 11 

these materials are in terms of potential applications, their in-depth characterization is not trivial. 12 

GO itself was discovered in 1859 by Brodie[142], but it is only at the beginning of the 21st 13 

century that this 2D material gained more interest from researchers. In 2007, Stankovich et al. 14 

proposed its chemical reduction using hydrazine.[143] The structure determination of GO and 15 

rGO was possible only through the use of advanced characterization techniques such as high-16 

resolution XPS [144] and high-resolution TEM.[27, 145]  17 

Therefore, if one considers that MOFs are (i) rather fragile materials, sensitive to a fast 18 

degradation under beam irradiation and (ii) composed of a large amount of organic components, 19 

this makes it even more challenging to fully characterize the MOF/GO and MOF/rGO composites 20 

compared to pure GO (or rGO). Indeed, in most cases, usual techniques such as powder X-ray 21 

diffraction, infra-red spectroscopy, electron microscopies and thermogravimetric analysis (TGA) 22 

only confirm that the MOF structure is kept within the composite. In some cases, PXRD pattern 23 

of the composites can nevertheless show the characteristic peak of GO or rGO, slightly shifted, 24 

suggesting some different interlayer distances caused by the MOF intercalation between the 25 

sheets.[104, 119] If considering TGA, special care must be taken for MOF/GO composites. It is 26 

well known that upon heating, CO2 and CO are released from GO. The resulting thermal 27 

expansion leads to a strong mass loss around 200 °C.[143] However, this loss is due to the 28 

expulsion of material during the explosive exfoliation. Therefore, TGA of MOF/GO composites 29 

should not be operated at a high heating rate (above 5 °C/min) under oxygen atmosphere to 30 

provide reliable results. In addition, so far most of the reported composites were made using a 31 
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low GO (or rGO) quantity; thus the resolution limit of TGA must be taken into account when 1 

characterizing composites built up from less than 10 wt% GO. 2 

Nitrogen porosimetry is a well-established and powerful tool to characterize porous solids. Petit 3 

et al. were the first to observe an increase of the BET surface area of MOF-5/GO10% compared 4 

to the parent MOF-5. It was suggested that this increase is due to the creation of extra porosity at 5 

the materials’ interface.[98] The creation of extra porosity suggests a very close contact between 6 

the MOF and the GO sheets. The amount of GO that leads to maximum adsorption depends on 7 

the system. Generally, it appears that 10wt% GO content leads to the highest nitrogen uptake. 8 

Above 10wt%, further addition of this porous material with low porosity usually leads to a 9 

decrease in the BET surface area. Also, GO can partially block the MOF porosity, especially for 10 

microporous MOFs. This phenomena was observed for MIL-125(Ti) with 10% GO.[146] The 11 

surface area of the composite is almost 60% lower than the one of the pure MOF.  12 

Electron microscopies (SEM and TEM) give information on the arrangement (wrapping, 13 

intercalation etc.) between the MOF and the GO. The mapping of elements using high-resolution 14 

TEM also gives information on the MOF dispersion as well as the sample homogeneity. 15 

However, to our knowledge the presence of single components, i.e. free MOF particles (without 16 

GO) or free GO nanosheets (without MOF) is seldom addressed although the composite 17 

homogeneity might impact its properties.  18 

The effect of GO or rGO on MOF crystals was also studied by electron microscopy. It is very 19 

interesting to note that for in situ syntheses, GO can strongly impact the size and shape of the 20 

MOF particles within the composite or even prevent its formation in some cases.[40, 95, 99, 101] 21 

It was suggested that because of the interactions between the oxygenated groups of GO and the 22 

metal centers from the MOF, the growth of MOF particles can be somehow inhibited. Therefore, 23 

in presence of GO, smaller MOF particles are often observed compared to the pure parent 24 

material particularly when the GO content increases. Also, it was shown that one can tailor the 25 

MOF’s morphology by selecting the right composite synthetic method. Indeed, it appears that GO 26 

can act as a template for the MOF either directly by functionalization of its surface or indirectly 27 

by providing dense and close nucleation sites for the MOF growth. This is of great interest 28 

considering that the size and shape often strongly affect the final properties. By monitoring these 29 

structural features, new and/or enhanced properties can emerge.  30 
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Raman spectroscopy is another tool to characterize graphene and its derivatives,[147, 148] and 1 

thus MOF/GO composites. However, there are still some debates about the use of Raman for GO. 2 

Generally, the ratio of the D band over the G band intensity is used to quantify the amount of 3 

defects. However, a few papers highlighted that these two bands consist in fact of a 4 

superimposition of several bands. Therefore, the intensity ratio cannot be directly used to 5 

estimate the disorder degree and therefore the functionalization of GO (Fig 9). [149, 150]  6 

  7 

Figure 9. Deconvolution of the Raman spectra of graphene oxide obtained by oxidation of pyrolytic graphite. Reprinted with 8 
permission from [150] Copyright 2018 American Chemical Society 9 

Among all characterizations reported for MOF/GO, high-resolution XPS appears to be a very 10 

appropriate technique to analyze the interactions between these two materials, particularly to 11 

determine which oxygen group (carboxyl, hydroxyl etc.) is involved.[151]. Indeed, a shift of the 12 

bands (metal, oxygen) compared to those of the pure MOF or pure GO can be observed (Fig 13 

10).[89, 106] This shift shows that the local electronic environment of one material is affected by 14 

the other, giving proofs of covalent or non-covalent interactions between the MOF and the GO. 15 

Therefore, XPS not only gives information about the nature of the interactions between the 16 

materials but also about which specific atoms are involved. Also, XPS can be used as a probe to 17 

assess the degree of homogeneity of the composite.  18 
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 1 

Figure 10. Zr3d XPS spectra of UiO-66-NH2 and UiO-66-NH2/rGO2%. Reprinted with permission from [106] 2 

Surprisingly, no solid-state NMR study was reported for MOF/GO composites so far. Although, 3 

13C solid-state NMR was previously used to characterize the structure of bare GO which shed 4 

light on the nature of oxygen groups at the GO surface.[152, 153] One possible explanation could 5 

be the very low content of NMR nuclei (H, C) at the MOF-GO interface which certainly makes 6 

the NMR analysis much more challenging. One possibility to overcome this issue would be to 7 

consider Dynamic Nuclear Polarization (DNP) to provide meaningful information on the MOF-8 

GO interface. This technique can lead, through the use of radicals that diffuse within the pores, to 9 

a spectacular enhancement of the signal to noise ratio of the NMR signals.[154, 155] Another 10 

way to boost the sensitivity of the NMR spectra would be to enrich the composite with 13C or 17O 11 

species, as done recently for MOF characterization.[156, 157] 12 

By combining several characterization techniques, useful information regarding the nature of 13 

interactions involved, size, shape, arrangement etc. of particles can be obtained. However, there 14 

is still a lack of understanding regarding (i) the impact of the GO or rGO dispersion on the 15 

structure of the composite (ii) the GO quantification within the composite.  16 

When GO is produced from graphite, the exfoliation method and duration, as well as its 17 

concentration strongly affect its dispersion. Among the reports on MOF/GO synthesis, several 18 

derivatives of the Hummer’s method were used, leading to different GO dispersions (and degree 19 

of oxidation). It was reported that the electrostatic repulsion between the GO sheets and 20 

intercalation of water molecules enables to obtain well-dispersed colloidal suspension of GO 21 

monolayers in aqueous media.[143, 158] However, as several exfoliation methods to produce GO 22 

exist, we believe that the dispersion quality might seriously affect the arrangement of the MOF 23 

and GO particles. Also, the reduction of GO to rGO leads to a less hydrophilic material that can 24 
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easily agglomerate in water.[159] The degree of exfoliation of GO or rGO is thus an important 1 

parameter to consider when producing MOF/GO composites. This is even more important when 2 

considering a non-aqueous synthetic medium as it was shown that GO can take on different 3 

shapes, more or less compact, by self-assembly depending on the treatment method.[160, 161] 4 

Also, as synthetic procedures usually describe the addition of an average weight percentage of 5 

GO compared to the pure MOF, considering that the MOF yield might change due to the 6 

presence of GO, the theoretical content of GO is probably slightly different from the 7 

experimental one. In addition, as the GO content within the composites is generally low, a precise 8 

quantification would require a combination of very sensitive advanced characterization methods. 9 

 10 

VII. Conclusion 11 

 12 

The development of advanced organic-inorganic hybrid materials/GO-based composites with 13 

promising properties has made significant progress over the past few years. From the smaller unit 14 

i.e 1D coordination complexes to 3D MOFs, the addition of graphene oxide can indeed improve 15 

several properties compared to the bare hybrid material. This has been particularly demonstrated 16 

for MOFs. Indeed, MOF/GO composites can show enhanced gas adsorption, mechanical and 17 

chemical stability, conductivity etc.. These final composite properties can be easily tailored by 18 

varying the synthetic approach. It has been shown that the synthetic conditions not only affect the 19 

nature of interactions between the two materials, but also the MOF particle size, shape, 20 

homogeneity and distribution density on GO. This is of great interest as properties often depend 21 

on the MOF morphology. These composites can also be used as precursors to prepare various 22 

types of materials, depending on the reduction temperature and method. Therefore, MOF/GO-23 

based composites appear as a versatile platform associated with enhanced properties compared to 24 

the pure materials. However, their precise characterization, particularly at the microscopic level, 25 

remains challenging. Recently, few examples have demonstrated that combining advanced 26 

experimental characterization and modelling tools can give a better understanding of the 27 

materials’ interface microstructures. For instance, the ZIF-8/GO interface was described.[162] 28 

The authors shed light through DTF and force-field-based molecular dynamics calculations, on 29 

the nature of interactions between MOF and GO and where MOF distribution is favored on GO. 30 

They showed that ZIF-8 and GO have a good affinity and were able to predicted the trends in 31 
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tensile strength of their composites. Their simulations were then confirmed by experimental 1 

studies. We believe that, in the near future, it will be possible to predict the suitability of a 2 

synthetic approach to reach a specific property and to understand the mechanisms that improve or 3 

create new properties compared to the parent materials. Considering the large number of existing 4 

hybrid species, as well as the tunability of GO surface, it is likely that this field has a broad 5 

potential that demands further investigations. 6 
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