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Abstract 19 

Metal-organic frameworks (MOFs)/Graphene oxide (GO) composites are of growing interest due 20 

to their properties which can exceed those of the pure components, including post-combustion CO2 21 

capture. Series of composites suitable for CO2 capture under flue gas conditions based on the 22 

microporous water stable MIL-91(Ti) have been prepared with different GO contents, following 23 

two routes, in situ and post-synthetic. It was observed that the 5wt% GO in situ composite exhibits 24 

a semi-conducting behavior, while the post-synthetic materials are insulating, even with high 25 
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(20wt%) GO content. As a consequence, this composite absorbs microwave radiation more 26 

efficiently compared to the pure MOF and post-synthetic materials. Finally, we report that CO2 27 

desorption is much faster under microwave irradiation compared to direct electric heating on 28 

MOF/GO in situ materials, paving the way for future energy-saving Microwave Swing Adsorption 29 

processes.  30 

Introduction 31 

Metal-organic frameworks (MOFs)/Graphene oxide (GO) composites have recently attracted a lot 32 

of attention due to the synergic effects between the two materials, leading to enhanced properties 33 

compared to the individual components.1-3 It has for instance been shown that MOF/GO composites 34 

can exhibit higher porosity than the parent MOF and are suitable candidates for gas adsorption, 35 

including CO2 capture.4-7 In post-combustion industrial processes, the use of adsorbents usually 36 

involves pressure swing adsorption (PSA) or thermal swing adsorption (TSA) processes. The latter 37 

consists of using steam or hot gas sent into the separation column during the desorption step to 38 

regenerate the material through thermal transfer between the steam/hot gas and the adsorbent. This 39 

process allows for a lower energy penalty compared to other regeneration methods when dealing 40 

with relatively low CO2 content as in post-combustion processes.8, 9 However, it requires a uniform 41 

and fast heating rate of the material in the separation column. Unfortunately, MOFs exhibit very 42 

low thermal conductivities and the use of TSA (direct heating with steam or gas) or conventional 43 

electric heating (direct electric heating of the column through Joule effect, namely the Electric 44 

Swing Adsorption process10) is associated with slow desorption kinetics, which limits the practical 45 

use of MOFs despite their suitable adsorption properties. Therefore, there is a need to find more 46 

efficient alternative desorption processes that would decrease the energy penalty related to the 47 
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material regeneration. Among reported innovative desorption processes, the use of microwave 48 

irradiation, called microwave swing adsorption (MSA), has proven to lead to faster CO2 release 49 

compared to conventional heating on solid adsorbents such as activated carbons.11 Also, Lee et al. 50 

have shown that the use of microwave radiation can be more efficient compared to conventional 51 

heating for MOF activation.12 Therefore, these electromagnetic radiation should lead to faster CO2 52 

release compared to thermal or electrical heating, without damaging the adsorbent.  53 

However, except for a few conductive 2D-MOFs that are not really suitable for CO2 capture due 54 

to their lack of interactions with CO2, their high cost and their poor hydrolytic stability,13,14 MOFs 55 

usually exhibit very low electrical conductivity, associated with low dielectric losses and low 56 

microwave heating15 that would hamper their use for MSA processes. 57 

By combining them with graphene oxide or reduced graphene oxide, the electrical conductivity can 58 

however be significantly enhanced, which is of interest for CO2 capture through the MSA process 59 

but also for the development of new batteries, supercapacitors or to address catalytic challenges2 . 60 

To date, several synthetic methods to prepare MOF/GO materials have been reported.3 The most 61 

common routes are the in situ and the post-synthetic (ex situ) methods. The first one consists of 62 

mixing the MOF’s precursors with GO prior to using the conditions required for the MOF 63 

synthesis. In this case, some of the oxygen-bearing groups of GO form coordination bonds with 64 

the metal of the MOF and hence act as nucleation sites for the MOF growth.16-18 The second method 65 

consists of mixing the pre-formed MOF particles with GO nanosheets, usually at a pH value at 66 

which the two materials exhibit oppositely charged surfaces to allow for electrostatic interactions. 67 

To our knowledge, only one study has compared these two types of composites in terms of 68 

microstructure and catalytic properties and has shown that they both strongly depend on the 69 
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preparation route.19 However, the electrical conductivity of these composites has never been 70 

compared. Recently, some of us have shown that the in situ formation of MIL-69(Al) in the 71 

presence of GO can lead to core-shell MIL-69(Al)-GO nanostructures. The peculiar microstructure 72 

of this composite strongly impacts their electron transport properties.20  73 

Here, in order to develop suitable MOF/GO composites for CO2 capture using the MSA process, 74 

displaying both a good CO2 adsorption capacity and semi-conducting behavior, we report the 75 

synthesis via in situ and post-synthetic routes of new MOF/GO composites with different GO 76 

contents. The water stable microporous Ti bisphosphonate MIL-91(Ti) that has already been shown 77 

to be promising for post-combustion CO2 capture was selected.21 We report first that in situ and 78 

post-synthetic materials exhibit significant differences in terms of electrical conductivity and 79 

microwave absorption properties, in relation to the composites’ respective microstructures. Finally, 80 

as a proof of concept, we evidence the faster CO2 desorption rate under microwave radiation 81 

compared to conventional heating on microwave absorbing MIL-91(Ti)/GO in situ composite. 82 

Such result was also observed for another in situ composite based on a MOF exhibiting a different 83 

structure and chemical composition from MIL-91(Ti), namely UiO-66-btc(Zr). We therefore 84 

believe that these in situ composites are of strong interest for the future design of MSA based CO2 85 

capture processes (Figure 1). 86 
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 87 

Figure 1. Schematic illustration of the MSA process compared to the TSA process on MOF/GO composites, illustrated 88 
with MIL-91(Ti)/GO, for CO2 post-combustion capture. 89 

 90 

Experimental  91 

Materials  92 

Graphene oxide was purchased from Graphenea S. A. TiO(acac)2, ZrCl4, benzene-1,2,4-93 

tricarboxylic acid, piperazine 99 %, hydrochloric acid 18%, formaldehyde and acetic acid 99 % 94 

were purchased from Alfa Aesar. Phosporous acid was purchased from Acros.  95 

Syntheses 96 

N,N’-piperazinebismethylenephosphonic acid. Piperazine (103 g, 1.2 moles), phosphorous acid 97 

(196 g, 2.4 moles), water (600 mL) and a solution of HCl 18 % (600 mL) were introduced in a 5 L 98 

reactor. Formaldehyde (389 g) was added dropwise and the reaction was put under stirring at 120 99 
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°C for 3 h 30. The white solid was collected by filtration and dried at 100 °C under vacuum (180 100 

g, 0.7 moles, 58 %). 101 

MIL-91(Ti). N,N’-piperazinebismethylenephosphonic acid (1.14 g, 4.2 mmol) was dissolved in 30 102 

mL water. The solution was stirred and put at 70 °C for 15 minutes. TiO(acac)2 (1.09 g, 4.2 mmol) 103 

was added and the reaction was put under reflux for 16 h. The white solid was collected by 104 

filtration, washed with water and ethanol and dried under vacuum at 100 °C (1.3 g, 3.8 mmol, 90 105 

%). 106 

MIL-91/GO post-synthesis composite. GO (5, or 20wt% compared to the MOF) was dispersed by 107 

sonication in 40 mL water. The pure MOF was added (pH = 2.8) and the suspension was stirred 108 

for 4 h. The grey solid was collected by filtration, washed with water and dried under vacuum. 109 

MIL-91/GO in situ composite. The linker (1.14 g, 4.2 mmol) was dissolved in 30 mL water and the 110 

solution was put under stirring at 70 °C for 15 minutes. TiO(acac)2 (1.09 g, 4.2 mmol) was then 111 

added and the reaction was put under reflux. After 6 h, the GO (2, 5, 10 or 20wt%) was dispersed 112 

in 30 mL water by sonication and added to the reaction which was let under reflux for an additional 113 

16 h. The grey solid was collected by filtration, washed with water and ethanol and dried under 114 

vacuum.  115 

UiO-66-btc(Zr). ZrCl4 (2.4 g, 10.3 mmol), benzene-1,2,4-tricarboxylic acid (4.2 g, 20 mmol), water 116 

(60 mL) and acetic acid (6 mL) were introduced in a 100 mL round bottom flask. The solution was 117 

put under reflux for 24 h. The white solid was collected by filtration and dried at 50 °C to avoid 118 

the formation of anhydride.  119 

UiO-66-btc(Zr)/GO post-synthesis composite was synthesized using the same procedure as for 120 

MIL-91/GO post-synthesis composites except that the pH was set at 1.6 using a HCl solution. 121 
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UiO-66-btc(Zr)/GO in situ composites were obtained by using the same procedure than for pure 122 

UiO-66-btc(Zr) with the addition of 5, 10 or 20wt% GO to the MOF precursors prior to starting 123 

the reflux.  124 

Shaping 125 

3wt% polyvinyl butyral was dissolved in ethanol and added to the MOF powder. The mixture was 126 

mixed vigorously and shaped by rolling the powder in a spherical vessel. The beads were then dried 127 

at 80 °C and sieved. Only the beads of diameter between 1 and 2 mm were kept. 128 

 129 

Results and Discussion 130 

Characterizations 131 

MIL-91(Ti) is a microporous Ti(IV) bisphosphonate MOF made of corner-sharing chains of 132 

titanium octahedra connected by a piperazine bis-phosphonate linker delimiting narrow 1D pore ( 133 

≈ 4Å) channels (Figure 2).22 This solid, together with its Al analogue MIL-91(Al), is a rare example 134 

of a 3D metal phosphonate MOF that has shown promising results for post-combustion CO2 capture 135 

with a high CO2/N2 selectivity and CO2 adsorption capacity.21 This hydrothermally stable material 136 

was also synthesized using green conditions according to a modified literature procedure (see 137 

Experimental section).21  138 
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 139 

Figure 2. Crystal structure of MIL-91(Ti) along the 1) b axis with the structure of the linker 2) c axis. The titanium 140 
octahedra are represented in blue, the carbon, oxygen, nitrogen, phosphorus atoms in grey, red, dark blue and pink, 141 
respectively. 142 

To optimize the sorption and physical properties of the composites for their use in CO2 capture 143 

using MSA, in situ and post-synthesis MOF/GO materials were synthesized using variable amounts 144 

of GO (2-20 wt %). They will be denoted as MOF/GOxwt% where x is the theoretical mass of GO 145 

compared to that of the MOF.  146 

To obtain the MIL-91(Ti)/GO post-synthesis composites, the zeta-potential of the pure components 147 

was first measured in deionized water to determine a pH range for which the two materials’ surfaces 148 

(MOF, GO) are oppositely charged (Figure S4). Then, the MOF was dispersed in water and mixed 149 
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with a specific amount of GO at room temperature under a controlled pH value, close to 2.5, to 150 

promote the self-assembly of the two materials through electrostatic interactions.  151 

The preparation of MIL-91(Ti)/GO in situ composites was also investigated. Similar synthetic 152 

conditions as of the pure MOF were first considered, as reported for other MOF/GO in situ 153 

composites.4, 5, 18, 23-29 The MOF’s precursors were thus mixed with the GO nanosheets in water at 154 

room temperature prior to heating the mixture overnight under reflux. However, these conditions 155 

led to MOF/GO composites with a large amount of unreacted linkers, suggesting a competition 156 

between the oxygen-bearing groups of GO and the MOF linker to react with the metal species. 157 

Therefore, alternative synthetic conditions were investigated, specifically adding the GO 158 

nanosheets dispersed in water to the reaction medium after the initial stage of the MOF’s nucleation 159 

had begun, here after 6 hours under reflux. The reaction mixture was then left for an additional 16 160 

hours under reflux.  161 

The resulting composites were characterized by PXRD. As shown in Figure S5 the composites’ 162 

patterns are similar to that of pure MIL-91(Ti), giving evidence of the successful in situ 163 

crystallization of the MOF. Note that the Bragg peak related to the [001] plane of pure GO, at 164 

10.3°, is not observed for any of the composites. This suggests that for both types of composites, 165 

the long-range stacking of GO sheets is lost, in agreement with a disordered intercalation of some 166 

MOF’s particles between the nanosheets. Also, for the in situ composites, the Bragg peaks width 167 

is slightly larger when increasing the GO content (Table S2). Although the particle size distribution 168 

is not narrow, this is in agreement with a decrease in particle size evidenced by TEM images 169 

(Figure S6). This decrease in size for the in situ materials with increasing GO content has been 170 

attributed previously to the nucleation of the MOF on some oxygen-bearing groups of GO, limiting 171 
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the growth of MOF particles related to the Ostwald ripening.18, 30 It suggests that the in situ 172 

synthesis successfully led to the formation of coordination bonds between the metal of MIL-91(Ti) 173 

and some oxygen-bearing groups of GO. This is in agreement with the higher thermal stability 174 

observed by TGA of the in situ composite compared to the post-synthetic one (Figure S7).  175 

When comparing the nitrogen porosimetry of the in situ and post-synthetic composites with 5wt% 176 

GO with that of the pure MOF, higher BET surface areas were obtained for the composites (Figure 177 

3, Table 1). This is due to the creation of microporosity at the MOF/GO interface. Regarding the 178 

in situ composite, those micropores result from the coordination bonds between the two materials 179 

that maintain a close interface, as already discussed by Petit et al.16 It appears that the electrostatic 180 

interfacial interactions between the MOF and GO surfaces of the post-synthetic composite also 181 

lead to the formation of additional micropores, as already observed for the UiO-66-NH2(Zr)/rGO 182 

post-synthetic material31. Those extra-micropores at the MOF/GO interface for the two composites 183 

result in higher micropore areas compared to the pure MOF (Table 1).  184 

The effect of the GO content, between 2wt% and 20wt%, on the in situ composites’ porosity was 185 

also studied by nitrogen porosimetry. As shown in Figure 3, the MIL-91(Ti)/GO2wt% in situ 186 

sample exhibits the highest BET surface area with 422 m².g-1. With 5wt% GO, a slightly lower 187 

BET surface area of 405 m².g-1 was obtained, higher than that of the pure MOF (370 m².g-1). When 188 

increasing the GO content up to 10 and 20wt%, lower BET surface areas of 228 m².g-1 and 210 189 

m².g-1, respectively, were however obtained. This decrease cannot be explained only by the 190 

presence of non-porous GO. Therefore, it suggests a partial pore blocking of the MOF’s channels 191 

by GO nanosheets, particularly when considering the very narrow pores of MIL-91(Ti). This was 192 
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confirmed by the decrease of the accessible micropore area when increasing the GO content within 193 

the composite (Table S3).  194 

Note that to select the most appropriate composite for the MSA process, a compromise between 195 

the porosity and microwave absorption properties must be found. Indeed, as GO is the microwave 196 

absorber, its content within the composite must be high enough to efficiently heat the bulk of the 197 

material under microwave radiation without using an excessive power. Therefore, despite the 198 

slightly higher BET surface area of the MIL-91/GO2wt% in situ composite, we selected the MIL-199 

91/GO5wt% in situ and MIL-91/GO5wt% post-synthetic materials for the next steps of this study.  200 

 201 

Figure 3. Nitrogen adsorption isotherms at 77 K of MIL-91(Ti) (red), MIL-91(Ti)/GO2wt% in situ (grey), MIL-202 
91(Ti)/GO5wt% in situ (orange), MIL-91(Ti)/GO10wt% in situ (green), MIL-91(Ti)/GO20wt% in situ (blue), MIL-203 
91(Ti)/GO5wt%post-synthesis (dark blue).  204 
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Table 1. N2 BET surface area, external surface area, micropore area, micropore volume of MIL-91(Ti), MIL-205 
91(Ti)/GO5wt% in situ and post-synthesis (T=77 K, P0=1 atm.). 206 

 
SBET (m²/g) SExt (m²/g) SMicro (m²/g) VMicro (cm3/g) 

MIL-91(Ti) 
370 12 358 0.13 

MIL-91(Ti)/GO5wt% in situ 
405 25 380 0.14 

MIL-91(Ti)/GO5wt% post-synthesis 
405 25 380 0.14 

The 5wt% GO composites were further characterized by electron microscopy. It shows that in both 207 

cases (i) MOF particles are in close contact with the GO sheets together with a few isolated bare 208 

MOF nanoparticles (Figure S8, S9) and (ii) MOF crystals exhibit a rod-like morphology with a 209 

high polydispersity in size (Figure S6.1, S10). Energy-dispersive X-ray spectroscopy (EDS) 210 

mapping shows a homogeneous distribution of titanium and phosphorus elements within the MOF 211 

crystals with similar Ti/P ratio of 0.50 and 0.48 for the in situ and post-synthetic samples, 212 

respectively (theoretical value : 0.5) (Figure S11).21 Noticeably, only the EDS mapping of the in 213 

situ composite reveals that the GO sheets are covered by phosphorus and titanium atoms, in 214 

agreement with the Ti2p XPS spectra that shows two chemical environments (Supporting 215 

information, Figure S13). This is in line with a complexation of titanium cations on the oxygen-216 

bearing groups of GO and confirms that those groups act as nucleation sites for the MOF growth, 217 

as already observed for other MOF/GO systems.16, 32-34 In addition, when the synthesis of pure 218 

MIL-91(Ti) was carried out under similar concentration conditions than the in situ composite (30 219 

mL water at t = 0 min and addition of 30 mL water after 6 hours, see experimental section), the 220 

resulting solid was amorphous. This further confirms that the oxygen-bearing groups of GO 221 

participate actively to the heterogeneous nucleation and growth of the MOF in these conditions.  222 
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SAED measurements performed on the in situ composite showed that the MOF growth occurs 223 

along the [010] direction, corresponding to the Ti-O-Ti corner-sharing chains of metal octahedra, 224 

in agreement with the pores of the MOF being parallel to the GO sheets (Figure S14).  225 

As the main objective here is to design MOF/GO composites with sufficient electrical conductivity 226 

for CO2 capture by the MSA process, the study of the Csp2 content of GO, that tailors the electron 227 

pathway, through XPS C1S spectrum is of particular interest. As illustrated by Figure S15, the C1s 228 

spectra of MIL-91(Ti)/GO5wt% in situ shows a peak at 284.3 eV that is not observed for the post-229 

synthetic material. This binding energy corresponds to Csp2
, which suggests that GO was partially 230 

reduced during the synthesis (see Figure S16 and Table S4 for the XPS C1s spectrum of pure GO). 231 

It has been previously reported that GO reduction under heating is more efficient in polar solvents 232 

such as water or DMF than in air.35 To confirm this GO reduction, pure GO sheets were placed in 233 

water under reflux overnight. As shown in Figure S17, the GO was indeed slightly reduced, as 234 

revealed by the increase of the contribution of Csp2 compared to the initial GO together with a C/O 235 

ratio (from XPS) of 2.4 instead of 2.0 for the initial GO. Therefore, the synthetic conditions of the 236 

in situ composite lead to a slight reduction of GO that might affect the composites’ physicochemical 237 

properties. 238 

Electrical conductivity and dielectric properties 239 

To use the composites in the MSA process, the microwave absorption of the material must be high 240 

enough to trigger a temperature increase through energy dissipation. The interaction of microwaves 241 

with an ideal material that consists of non-interacting dipoles with one relaxation time is described 242 

by the Debye relaxation.15 It is usually expressed by the complex permittivity 𝜀* that decomposes 243 

into a real part (𝜀´), associated with the energy storage ability of the material and an imaginary part 244 
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(𝜀”) which is related to the dielectric losses and the dissipation of the absorbed energy into heat. 245 

They are described according to equation (1) and (2), respectively. 246 

ε´= ε∞+
(εs- ε∞)

1+ ω2τ2
      (1) 247 

𝜀" =  
(𝜀𝑠− 𝜀∞)𝜔𝜏

1+ 𝜔2𝜏2
+ 

𝜎

𝜔𝜀0
      (2) 248 

With 𝜀∞ the permittivity at high frequency limit, 𝜀𝑠 the static permittivity, 𝜔 the angular frequency, 249 

𝜏 the relaxation time, 𝜀0 is the dielectric constant of free space and 𝜎 the electrical conductivity at 250 

the angular frequency 𝜔.  251 

The microwave absorption of the material, represented by 𝜀”, depends on its polarizability and 252 

electrical conductivity. Therefore, materials suitable for the MSA process should absorb 253 

microwave (i) enough to minimize the energy penalty of the process, and (ii) not to such an extent 254 

that would disrupt microwave propagation throughout the adsorption column. To achieve this, they 255 

must exhibit a semi-conducting behavior. The electrical conductivity of the pure components and 256 

composites was measured using complex impedance spectroscopy. As shown by the very low 257 

conductivity value ( < 10-8 S.cm-1 at 373 K) combined with the absence of the σdc plateau (Figure 258 

4), MIL-91(Ti) is insulating, indicating that no electronic nor ionic charges diffuse over long 259 

distances. This behavior is maintained for the post-synthesis composite whatever the GO content, 260 

while pure GO shows a semi-conducting behavior (dc = 10-4.8 S.cm-1). The dilution of GO inside 261 

the insulating MOF particles induces a poor recovery of the Csp2 clusters at the sheet-to-sheet 262 

junctions, preventing the electron hopping and tunneling of GO.36 Alternatively, MIL-263 

91(Ti)/GO5wt% in situ behaves like a semi-conducting material, with a conductivity value (σdc ≈ 264 

10-5 S.cm-1) converging towards that of pure GO despite the presence of the insulating MOF as a 265 
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main phase. This may be due to i) the partial reduction of GO during the synthesis and/or ii) specific 266 

MOF/GO interactions allowing to retain the electrical conductivity of pure GO. To examine the 267 

first assumption, the electrical conductivity of GO previously soaked in water under reflux 268 

overnight was measured. The obtained electrical conductivity is slightly higher than that of pure 269 

GO, in agreement with a low reduction degree. It is noteworthy that this increase in value is 270 

however too small to explain the higher level of the electrical conductivity of the in situ composite 271 

compared to that of the post-synthesis one. 272 

Thus, the specific electrical behavior of the in situ composite most probably arises from its peculiar 273 

microstructure. The formation of this composite involves a direct complexation of Ti cations on 274 

the oxygen-bearing groups of GO, followed by the crystal growth, most probably on the sp3 regions 275 

of the GO sheets. In addition, the reflux itself leads to the removal of oxygen atoms that are not 276 

coordinated to the MOF, leading to the creation of additional sp2 clusters, free from any insulating 277 

MIL-91(Ti) crystals. As a consequence, the MOF particles most likely do not interfere with the 278 

electron hopping of GO that occurs between the sp2 regions, leading to a material with similar 279 

electrical conductivity to pure GO.  280 

The imaginary part of the dielectric permittivity of pure MIL-91(Ti), GO and the two composites 281 

with 5wt% GO was then measured at the microwave frequency of 2.45 GHz from 20°C to 120°C 282 

with the cavity perturbation method (Supporting information). As shown in Figure S18, MIL-283 

91/GO5wt% in situ exhibits a higher value of the imaginary part (𝜀”) compared to that of the post 284 

synthesis composite, which is consistent with the electrical conductivity results.  285 
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 286 

Figure 4. Real part of the conductivity as a function of the frequency recorded at 373 K for GO, GO after 16 h under 287 
reflux in water, MIL-91(Ti), MIL-91(Ti)/GO5wt% and 20wt% post-synthesis and MIL-91(Ti)/GO5wt% in situ. 288 

 289 

Breakthrough curves and CO2 desorption under conventional and microwave heating 290 

Considering the larger microwave absorption and suitable porosity of the MIL-91(Ti)/GO5wt% in 291 

situ composite, this material was selected for the CO2 desorption under microwave irradiation tests. 292 

Note that these experiments are a proof of concept of the MSA process based on MOF/GO in situ 293 

composites. The impact of several parameters (heat transfer, temperature, flow rate) is beyond the 294 

scope of this study and will be reported elsewhere.   295 

First, the pure CO2 isotherm of the composite was measured and compared to that of the pure MOF. 296 

The composite exhibits a higher CO2 adsorption (Figure S19, Table S5), in agreement with its 297 

higher micropore area (Figure 3, Table 1). This increase of CO2 adsorption was already observed 298 
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for other MOF/GO systems and was attributed to the adsorption of CO2 molecules not only within 299 

the MOF porosity, but also within the micropores at the MOF/GO interface.5, 37-39  300 

To avoid any significant pressure drop effects inside the separation column during the desorption 301 

tests, the powder was shaped through wet granulation using 3wt% of polyvinyl butyral as the 302 

binder, yielding 1 to 2 mm size beads. As shown in Figure S19, the single CO2 adsorption isotherms 303 

revealed an adsorption capacity for MIL-91/GO5wt% spheres a bit lower compared to the powder, 304 

in agreement with a slight pore blocking by the polymeric binder (Table S5). 305 

The co-adsorption measurements were performed by saturating the column with a CO2/N2 15/85 306 

mixture at a flow rate of 2 NL/h under atmospheric pressure and at 30 °C. When saturation is 307 

reached, the material is filled by the gas molecules which leads to the detection of what was injected 308 

in the column e.g 15 % molar CO2 and 85 % N2. The desorption was then carried out under 309 

conventional heating (direct electric heating) at a heating ramp of 0.9 °C/sec and under microwave 310 

irradiation at approximately 50 °C (Supporting information). The temperature was monitored by 311 

an infrared camera for the MW desorption and by a temperature probe for conventional heating 312 

(Figure S20). To reach the desorption temperature, a continuous MW power of 250 W was 313 

required. As shown in Figure 5.2, CO2 is completely desorbed after 150 seconds under irradiation, 314 

significantly faster than under conventional heating which required 240 seconds. The 315 

adsorption/desorption cycles are reproducible under both conventional heating and MW radiation, 316 

giving evidence that the desorption processes do not damage the composite and that the adsorption 317 

capacity is maintained (Table S6). However, the cyclability under MW radiation shall be 318 

investigated over more cycles in the near future to confirm the long-term stability and efficiency. 319 

Noticeably, desorption under conventional electrical heating was also performed at 80 °C and led 320 
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to a desorption time of 215 seconds, longer than what was obtained under MW radiation at ~ 50 321 

°C (Figure S21).  322 

To investigate whether this faster CO2 desorption under the MSA process is specific or not to MIL-323 

91(Ti)/GO in situ systems, composites were synthesized with another MOF exhibiting a different 324 

structure and composition (metal, linker), namely UiO-66-btc(Zr).40, 41 This MOF is a 325 

zirconium(IV) oxo-cluster tri-carboxylate material with a cubic architecture delimiting two types 326 

of microporous cavities and which possesses free COOH groups suitable to interact specifically 327 

with CO2 molecules (Figure S22).42 Similarly to the MIL-91/GO composites, the UiO-66-328 

btc(Zr)/GO in situ composite exhibits a higher microwave absorption (𝜀”) compared to the post-329 

synthetic material and pure MOF (Figure S25). The desorption time under microwave radiation at 330 

~ 40 °C is again shorter (approximately 120 sec) compared to the desorption time under 331 

conventional electrical heating (approximately 210 sec) at the same temperature (Figure 5.4). 332 

Breakthrough desorption curves under conventional heating at 50 °C were also measured and 333 

showed that the desorption time is longer compared to that under MW radiation at ~ 40 °C (Figure 334 

S27). Therefore, it confirms that the faster CO2 release under MW irradiation is not governed by 335 

the nature of the MOF itself but rather by the specific structure of in situ composites. The good 336 

cyclability of the measurements was evidenced by the superimposition of the breakthrough curves 337 

and similar adsorbed and desorbed CO2 amounts over the cycles (Table S7).  338 

These results undoubtedly confirm that MW desorption is faster than conventional heating, even 339 

at lower desorption temperatures. It can be attributed to a higher heating rate as well as a more 340 

uniform heating. Indeed, under conventional heating, the sides of the column are heated first, 341 

followed by a slow heat transfer from the sides to the material at the center. On the other hand, 342 
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MW radiation causes a volumetric heating of the material and is thus more efficient and uniform 343 

on these composites. These results evidence that the use of microwave absorbing MOF/GO in situ 344 

materials is a promising strategy for CO2 capture by microwave swing adsorption processes.  345 

 346 

Figure 5. Breakthrough adsorption (mixture CO2/N2 15/85 molar, atmospheric pressure, 30 °C) and desorption curves 347 
under conventional heating (CH) over 4 cycles at 1) at 50 °C on MIL-91/GO5wt% in situ 3) at 40 °C on UiO-66-348 
btc(Zr)/GO10wt% in situ. Breakthrough desorption curve obtained under MW radiation and CH 2) at 50 °C on MIL-349 
91/GO5wt% in situ 4) at 40 °C on UiO-66-btc(Zr)/GO10wt% in situ. 350 

 351 

Conclusion 352 

MOF/GO composites suitable for CO2 capture based on the robust microporous MIL-91(Ti) 353 

material have been prepared with different GO contents following different synthetic strategies, in 354 
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situ and post-synthetic. We have shown that the in situ composite with 5wt% GO exhibits suitable 355 

electrical properties for the MSA process. Indeed, the selective growth and crystallization of the 356 

MOF over the sp3 areas of GO induces a specific microstructure for which the insulating MOF 357 

particles do not disturb the electron hopping between the sp2 clusters of GO. Therefore, MIL-358 

91/GO5wt% in situ exhibits a semi-conducting behavior whereas post-synthesis composites are 359 

insulating, even with relatively high GO content. Finally, the MIL-91/GO5wt% in situ composite 360 

was evaluated for CO2 capture with a desorption under microwave irradiation. A much faster 361 

release of CO2 at low temperature (50 °C) under microwave irradiation compared to conventional 362 

heating was observed. Similar results were obtained with another MOF/GO in situ composite based 363 

on the UiO-66-btc(Zr) structure, highlighting the versatility of our strategy. It evidences the great 364 

potential of these composite materials for CO2 capture by MSA process.  365 

Author contributions 366 

M. Muschi synthesized and characterized of pure MIL-91(Ti) and the MIL-91(Ti)/GO composites 367 

and participated in the writing of this article. S. Devautour-vinot performed and analyzed the 368 

electrical conductivity measurements and contributed to the writing of this article. D. Aureau 369 

performed and analyzed the XPS measurements. N. Heymans performed the breakthrough 370 

experiments and helped with the writing of this article. S. Sene synthesized and characterized pure 371 

UiO-66-btc(Zr) and the UiO-66-btc(Zr)/GO composites. R. Emmerich carried out the desorption 372 

under MW radiation experiments in collaboration with N. Heymans and G. De Weireld. A. 373 

Ploumistos contributed to the preparation and characterization of the MIL-91(Ti) samples. A. 374 

Geneste contributed to the electrical conductivity measurements. N. Steunou helped in the 375 

interpretation of the data and the writing of this article. G. Patriarche carried out the HRTEM and 376 



21 

 

EDS measurements. G. De Weireld supervised the breakthrough adsorption and desorption 377 

experiments and helped with the writing of this article. C. Serre was the coordinator of the study 378 

and supervised the writing of this article.   379 

Conflicts of interest 380 

The authors declare no competing interests. 381 

Acknowledgements 382 

The authors would like to acknowledge the EU Research and Innovation program Horizon 2020 383 

(H2020/2014-2020) for funding the research presented in this article under Grant Agreement No. 384 

727619 (project Gramofon). The authors would like to acknowledge B. Alonso, A. Ortega from 385 

Graphenea S. A. (www.graphenea.com) for providing the graphene oxide. The electrical 386 

measurements were performed with the support of the Balard Plateforme d’Analyses et de 387 

Caractérisation (PAC Balard). The authors acknowledge John Brown for his help in revising the 388 

manuscript. 389 

  390 



22 

 

References 391 

1. X.-W. Liu, T.-J. Sun, J.-L. Hu and S.-D. Wang, Journal of Materials Chemistry A, 2016, 4, 392 

3584-3616. 393 

2. Y. Zheng, S. Zheng, H. Xue and H. Pang, Advanced Functional Materials, 2018, 28, 394 

1804950. 395 

3. M. Muschi and C. Serre, Coordination Chemistry Reviews, 2019, 387, 262-272. 396 

4. X. Zhou, W. Huang, J. Liu, H. Wang and Z. Li, Chemical Engineering Science, 2017, 167, 397 

98-104. 398 

5. Y. Cao, Y. Zhao, Z. Lv, F. Song and Q. Zhong, Journal of Industrial and Engineering 399 

Chemistry, 2015, 27, 102-107. 400 

6. R. Kumar, D. Raut, U. Ramamurty and C. N. R. Rao, Angewandte Chemie International 401 

Edition, 2016, 55, 7857-7861. 402 

7. K. Jayaramulu, K. K. R. Datta, C. Rösler, M. Petr, M. Otyepka, R. Zboril and R. A. Fischer, 403 

Angewandte Chemie International Edition, 2016, 55, 1178-1182. 404 

8. C. A. Trickett, A. Helal, B. A. Al-Maythalony, Z. H. Yamani, K. E. Cordova and O. M. 405 

Yaghi, Nature Reviews Materials, 2017, 2, 17045. 406 

9. K. Adil, P. M. Bhatt, Y. Belmabkhout, S. M. T. Abtab, H. Jiang, A. H. Assen, A. Mallick, 407 

A. Cadiau, J. Aqil and M. Eddaoudi, Advanced Materials, 2017, 29, 1702953. 408 

10. C. A. Grande and A. E. Rodrigues, International Journal of Greenhouse Gas Control, 2008, 409 

2, 194-202. 410 

11. T. Chronopoulos, Y. Fernandez-Diez, M. M. Maroto-Valer, R. Ocone and D. A. Reay, 411 

Microporous and Mesoporous Materials, 2014, 197, 288-290. 412 

12. E. J. Lee, J. Bae, K. M. Choi and N. C. Jeong, ACS Applied Materials & Interfaces, 2019, 413 

11, 35155-35161. 414 

13. L. S. Xie, G. Skorupskii and M. Dincă, Chemical Reviews, 2020, 120, 8536-8580. 415 

14. L. Sun, M. G. Campbell and M. Dincă, Angewandte Chemie International Edition, 2016, 416 

55, 3566-3579. 417 

15. B. Quan, X. Liang, G. Ji, Y. Cheng, W. Liu, J. Ma, Y. Zhang, D. Li and G. Xu, Journal of 418 

Alloys and Compounds, 2017, 728, 1065-1075. 419 

16. C. Petit and T. J. Bandosz, Journal of colloid and interface science, 2015, 447, 139-151. 420 

17. X. Qiu, X. Wang and Y. Li, Chemical Communications, 2015, 51, 3874-3877. 421 

18. R. Kumar, K. Jayaramulu, T. K. Maji and C. N. R. Rao, Chemical Communications, 2013, 422 

49, 4947-4949. 423 

19. R. Liang, L. Shen, F. Jing, N. Qin and L. Wu, ACS Applied Materials & Interfaces, 2015, 424 

7, 9507-9515. 425 

20. M. Muschi, A. Lalitha, S. Sene, D. Aureau, M. Fregnaux, I. Esteve, L. Rivier, N. Ramsahye, 426 

S. Devautour-Vinot, C. Sicard, N. Menguy, C. Serre, G. Maurin and N. Steunou, 427 

Angewandte Chemie International Edition, 2020, 59, 10353-10358. 428 

21. V. Benoit, R. S. Pillai, A. Orsi, P. Normand, H. Jobic, F. Nouar, P. Billemont, E. Bloch, S. 429 

Bourrelly, T. Devic, P. A. Wright, G. de Weireld, C. Serre, G. Maurin and P. L. Llewellyn, 430 

Journal of Materials Chemistry A, 2016, 4, 1383-1389. 431 

22. C. Serre, J. A. Groves, P. Lightfoot, A. M. Z. Slawin, P. A. Wright, N. Stock, T. Bein, M. 432 

Haouas, F. Taulelle and G. Férey, Chemistry of Materials, 2006, 18, 1451-1457. 433 



23 

 

23. Y. Hu, J. Wei, Y. Liang, H. Zhang, X. Zhang, W. Shen and H. Wang, Angewandte Chemie 434 

International Edition, 2016, 55, 2048-2052. 435 

24. N. A. Travlou, K. Singh, E. Rodriguez-Castellon and T. J. Bandosz, Journal of Materials 436 

Chemistry A, 2015, 3, 11417-11429. 437 

25. C. Petit and T. J. Bandosz, Advanced Functional Materials, 2011, 21, 2108-2117. 438 

26. S. Liu, L. Sun, F. Xu, J. Zhang, C. Jiao, F. Li, Z. Li, S. Wang, Z. Wang, X. Jiang, H. Zhou, 439 

L. Yang and C. Schick, Energy & Environmental Science, 2013, 6, 818-823. 440 

27. Y. Shen, Z. Li, L. Wang, Y. Ye, Q. Liu, X. Ma, Q. Chen, Z. Zhang and S. Xiang, Journal 441 

of Materials Chemistry A, 2015, 3, 593-599. 442 

28. X. Zhou, W. Huang, J. Shi, Z. Zhao, Q. Xia, Y. Li, H. Wang and Z. Li, Journal of Materials 443 

Chemistry A, 2014, 2, 4722-4730. 444 

29. Y. Zhou, Z. Mao, W. Wang, Z. Yang and X. Liu, ACS Applied Materials & Interfaces, 445 

2016, 8, 28904-28916. 446 

30. N. Liu, W. Huang, X. Zhang, L. Tang, L. Wang, Y. Wang and M. Wu, Applied Catalysis 447 

B: Environmental, 2018, 221, 119-128. 448 

31. L. Shen, L. Huang, S. Liang, R. Liang, N. Qin and L. Wu, RSC Advances, 2014, 4, 2546-449 

2549. 450 

32. M. Jahan, Z. Liu and K. P. Loh, Advanced Functional Materials, 2013, 23, 5363-5372. 451 

33. L. Yang, B. Tang and P. Wu, Journal of Materials Chemistry A, 2015, 3, 15838-15842. 452 

34. J. Wei, Y. Hu, Y. Liang, B. Kong, J. Zhang, J. Song, Q. Bao, G. P. Simon, S. P. Jiang and 453 

H. Wang, Advanced Functional Materials, 2015, 25, 5768-5777. 454 

35. Z. Lin, Y. Yao, Z. Li, Y. Liu, Z. Li and C.-P. Wong, The Journal of Physical Chemistry C, 455 

2010, 114, 14819-14825. 456 

36. C. Mattevi, G. Eda, S. Agnoli, S. Miller, K. A. Mkhoyan, O. Celik, D. Mastrogiovanni, G. 457 

Granozzi, E. Garfunkel and M. Chhowalla, Advanced Functional Materials, 2009, 19, 458 

2577-2583. 459 

37. B. Szczęśniak, J. Choma and M. Jaroniec, Journal of colloid and interface science, 2018, 460 

514, 801-813. 461 

38. B. Chen, Y. Zhu and Y. Xia, RSC Advances, 2015, 5, 30464-30471. 462 

39. W. Li, C. Y. Chuah, Y. Yang and T.-H. Bae, Microporous and Mesoporous Materials, 463 

2018, 265, 35-42. 464 

40. S. Biswas, J. Zhang, Z. Li, Y.-Y. Liu, M. Grzywa, L. Sun, D. Volkmer and P. Van Der 465 

Voort, Dalton Transactions, 2013, 42, 4730-4737. 466 

41. F. Ragon, B. Campo, Q. Yang, C. Martineau, A. D. Wiersum, A. Lago, V. Guillerm, C. 467 

Hemsley, J. F. Eubank, M. Vishnuvarthan, F. Taulelle, P. Horcajada, A. Vimont, P. L. 468 

Llewellyn, M. Daturi, S. Devautour-Vinot, G. Maurin, C. Serre, T. Devic and G. Clet, 469 

Journal of Materials Chemistry A, 2015, 3, 3294-3309. 470 

42. S. Biswas and P. Van Der Voort, European Journal of Inorganic Chemistry, 2013, 2013, 471 

2154-2160. 472 

 473 


