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Abstract

Metal-organic frameworks (MOFs)/Graphene oxide (GO) composites are the subject of a growing
interest due to their properties which can exceed those of the pure components, including post-
combustion CO; capture. Series of composites suitable for CO; capture under flue gas conditions
based on the microporous water stable MIL-91(T1) have been prepared with different GO contents,
following two routes, in situ and post-synthetic. It was observed that the in situ composite with

5wt% GO exhibits a semi-conducting behavior while the post-synthetic materials are insulating,



even with high (20wt%) GO content. As a consequence, this composite absorbs microwave
radiations more efficiently compared to the pure MOF and post-synthetic materials. Finally, we
report that CO; desorption is much faster under microwave irradiation compared to conventional
heating on MOF/GO in situ materials, paving the way for future energy saving Microwave Swing

Adsorption processes.
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Introduction

Metal-organic frameworks (MOFs)/Graphene oxide (GO) composites have recently attracted a lot
of attention due to the synergic effects between the two materials, leading to enhanced properties
compared to the individual components.!-* It has for instance been shown that MOF/GO composites
can exhibit higher porosity than the parent MOF and are suitable candidates for gas adsorption,
including CO» capture.*’ In post-combustion industrial processes, the use of adsorbents usually
involves pressure swing adsorption (PSA) or thermal swing adsorption (TSA) processes. The latter

consists of heating the column during the desorption step to regenerate the material and should



allow for a lower energy penalty compared to other regeneration methods.® * However, it requires
a homogeneous and fast heating rate of the material in the separation column. Unfortunately, MOFs
exhibit very low thermal conductivities and the use of conventional heating is associated with slow
desorption kinetics, which limits their practical use despite their suitable adsorption properties.
Therefore, there is a need to find more efficient alternative desorption processes that would
decrease the energy penalty related to the material regeneration. Among reported innovative
desorption processes, the use of microwave irradiation, called microwave swing adsorption (MSA),
has proven to lead to faster CO» release compared to conventional heating on solid adsorbents such
as activated carbons.!? Also, Lee et al. have shown that the use of microwave irradiation can be

' Therefore, these

more efficient compared to conventional heating for MOF activation.!
electromagnetic radiations should lead to faster CO» release compared to thermal or electrical

heating, without damaging the adsorbent.

However, except from a few conductive 2D-MOFs that are not really suitable for CO: capture due
to their lack of interactions with CO,, their high cost and their poor hydrolytic stability,'>!* MOFs
usually exhibit very low electrical conductivity, associated with low dielectric losses and low

microwave heating!* that would hamper their use for MSA processes.

By combining them with graphene oxide or reduced graphene oxide, the electrical conductivity can
however be significantly enhanced, which is of interest to develop new batteries, supercapacitors

or address catalytic challenges? and for CO» capture through MSA process.

To date, several synthetic methods to prepare MOF/GO materials have been reported.’> The most
common routes are the in situ and the post-synthetic (ex sifu) methods. The first one consists of

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



synthesis. In this case, some oxygenated groups of GO act as nucleation sites for the MOF, which
leads to the formation of coordination bonds between these groups and the metal of the MOF.!5-17
The second method consists of mixing the pre-formed MOF particles with GO nanosheets, usually
at a pH value at which the two materials exhibit oppositely charged surfaces to allow for
electrostatic interactions. To our knowledge, only one study has compared these two types of
composites in terms of microstructure and catalytic properties and has shown that they both
strongly depend on the preparation route.'® However, the electrical conductivity of these
composites has never been compared. Recently, some of us have shown that the in sifu formation
of MIL-69(Al) in the presence of GO can lead to core-shell MIL-69(Al)-GO nanostructures. The

peculiar microstructure of this composite strongly impacts their electron transport properties.'

Here, in order to develop suitable MOF/GO composites for CO, capture using MSA process,
including a good CO; adsorption capacity and semi-conducting behavior, we report the synthesis
by in situ and post-synthetic routes of new MOF/GO composites with different GO contents. The
water stable MIL-91(Ti) that has already shown to be promising for post-combustion CO; capture
has been selected.?’ We report first that in situ and post-synthetic materials exhibit significant
differences in terms of electrical conductivity and microwave absorption properties, in relation with
the composites’ respective microstructures. Finally, we evidence the faster CO, desorption rate
under microwave irradiation compared to conventional heating on microwave absorbing MOF/GO
in situ composites based on MIL-91(Ti) and UiO-66-btc(Zr). We believe that in situ composites

are therefore of strong interest for the future design of MSA based CO- capture processes (Figure

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

Results and Discussion
Characterizations

MIL-91(Ti) is a microporous Ti(IV) phosphonate MOF made of corner-sharing chains of titanium
octahedra connected by a bis-phosphonate linker delimiting narrow 1D pore channels (Figure 2).2!
This solid, together with its Al analogue MIL-91(Al), is a rare example of 3D metal phosphonate
MOF that has shown promising results for post-combustion CO, capture with a high CO»/N;
selectivity and CO» adsorption capacity .2° This hydrothermally stable material was synthesized

using green conditions according to a modified literature procedure (Supporting information).’



Figure 2. Crystal structure of MIL-91(T1i) along the 1) b axis with the structure of the linker 2) c axis. The titanium
octahedra are represented in blue, the carbon, oxygen, nitrogen, phosphorus atoms in grey, red, dark blue and pink,
respectively.

To optimize the sorption and physical properties of the composites for their use in CO; capture
using MSA, in situ and post-synthesis MOF/GO materials were synthesized using variable amounts
of GO (2-20 wt %). They will be denoted as MOF/GOxwt% where x is the theoretical mass of GO

compared to that of the MOF.

To obtain the MIL-91(T1)/GO post-synthesis composites, the zeta-potential of the pure components
was first measured in deionized water to determine a pH range for which the two materials’ surfaces

(MOF, GO) are oppositely charged (Figure S4). Then, the MOF was dispersed in water and mixed



with a specific amount of GO at room temperature under a controlled pH value, close to 2.5, to

lead to the self-assembly of the two materials through electrostatic interactions.

The preparation of MIL-91(Ti)/GO in situ composites was then investigated. Similar synthetic
conditions as of the pure MOF were first considered, as reported for the synthesis of other MOF/GO
in situ composites.* > 17-2228 The MOF’ precursors were thus mixed with the GO nanosheets in
water at room temperature prior to heating the mixture overnight under reflux. However, these
conditions led to MOF/GO composites with a large amount of unreacted linker, suggesting a
competition between the oxygenated groups of GO and the MOF linker to react with the metal
species. Therefore, alternative synthetic conditions were investigated, consisting of adding the GO
nanosheets dispersed in water to the reaction medium after the initial stage of the MOF’s nucleation
has begun, here after 6 hours under reflux. The reaction mixture was then left for an additional 16

hours under reflux (Supporting information).

The resulting composites were characterized by PXRD. As shown in Figure S5 the composites’
patterns are similar to the one of the pure MIL-91(T1), giving evidence of the successful in situ
crystallization of the MOF. Note that the Bragg peak related to the [001] plane of pure GO, at
10.3°, is not observed for any of the composites. This suggests that for both types of composites,
the long-range stacking of GO sheets is lost, in agreement with a disordered intercalation of some
MOF’s particles between the nanosheets. Also, for the in situ composites, the Bragg peaks width
is slightly larger when increasing the GO content (Table S2). Although the particle size distribution
is not narrow, this is in agreement with a decrease in particle size evidenced by TEM images
(Figure S6). This decrease in size for the in situ materials with increasing the GO content has been

attributed previously to the nucleation of the MOF on some oxygenated groups of GO, limiting the



growth of MOF particles related to the Ostwald ripening.!”- 2 It suggests that the in situ synthesis
successfully led to the formation of coordination bonds between the metal of MIL-91(Ti) and some
oxygenated groups of GO. This is in agreement with the higher thermal stability of the in situ
composite compared to the post-synthetic one (Figure S7). In addition, when comparing the
nitrogen porosimetry of the in situ composite with Swt% GO with those of the pure MOF and post-
synthetic composite with similar GO content, a higher BET surface area was obtained for the in
situ material (Figure 3, Table 1). This is due to the creation of microporosity at the materials’
interface, resulting from the coordination bonds between the two materials that maintain a close
interface, as already discussed by Petit ef al.!> Those extra-micropores lead to a higher micropore

area of the in situ composite compared to the two other materials (Table 1).

The effect of the GO content, between 2wt% and 20wt%, on the porosity was also studied by
nitrogen porosimetry. As shown in Figure 3, the MIL-91(T1)/GO2wt% in situ sample exhibits the
highest BET surface area with 420 m2.gl. With 5wt% GO, a slightly lower BET surface area of
400 m2.g"! was obtained, which remains higher than that of the pure MOF (370 m2.g!). When
increasing the GO content up to 10 and 20wt% GO, a lower BET surface area of 230 m2.g"! was
however obtained. This decrease cannot be explained only by the presence of non-porous GO.
Therefore, it suggests a partial pore blocking of the MOFs’ channels by GO nanosheets, particularly
when considering the very narrow pores of MIL-91(T1). This was confirmed by the decrease of the
accessible micropore area when increasing the GO content within the composite (Table S3). In
addition, the adsorption isotherms show different shapes when the GO content increases, in

agreement with an increase of the external surface area within the material (Table S3).



Note that to select the most appropriate composite for the MSA process, a compromise between
the porosity and microwave absorption properties must be found. Indeed, as GO is the microwave
absorber, its content within the composite must be high enough to efficiently lead to an increase of
the temperature under microwave irradiation without using an excessive power. Therefore, despite
the slightly higher BET surface area of the MIL-91/GO2wt% in situ composite, we selected the

MIL-91/GO5wt% in situ material for the next steps of this study.
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Figure 3. Nitrogen adsorption isotherms at 77 K of MIL-91(Ti) (red), MIL-91(Ti)/GO2wt% in situ (grey), MIL-
91(T1)/GO5wt% in situ (orange), MIL-91(Ti)/GO10wt% in situ (green), MIL-91(Ti)/GO20wt% in situ (blue), MIL-
91(Ti)/GOSwt%post-synthesis (dark blue).



Table 1. N2 BET surface area, external surface area, micropore area, micropore volume of MIL-91(Ti), MIL-
91(Ti)/GO5wt% in situ and post-synthesis (T=77 K, Po=1 atm.).

Seet (M?/g) | Sext (M?/g) | SMicro (M¥/g) | VMicro (cm?/g)

MIL-91(Ti) 370 12 358 0.13
MIL-91(Ti)/GO5wt% in situ 405 2 380 0.14
385 23 362 0.14

MIL-91(Ti)/GO5wt% post-synthesis

The 5wt% GO composites were further characterized by electron microscopy. It showed that in
both cases (i) MOF particles are in close contact with the GO sheets together with a few isolated
bare MOF nanoparticles (Figure S8, S9) and (ii) MOF crystals exhibit a rod-like morphology with
a high polydispersity in size (Figure S6.1, S10). Energy-dispersive X-ray spectroscopy (EDS)
mapping shows a homogeneous distribution of titanium and phosphorus elements within the MOF
crystals with similar Ti/P ratio of 0.50 and 0.48 for the in situ and post-synthetic samples,
respectively (theoretical value : 0.5) (Figure S11).2° Noticeably, only the EDS mapping of the in
situ composite reveals that the GO sheets are covered by phosphorus and titanium atoms, in
agreement with the Ti2p XPS spectra that shows two chemical environments (Supporting
information, Figure S13). This is in line with a complexation of titanium cations on the oxygenated
groups of GO and confirms that those groups act as nucleation sites for the MOF growth, as already
observed for other MOF/GO systems.! 332 In addition, when the synthesis of pure MIL-91(Ti)
was carried out under similar concentration conditions (30 mL water at t = 0 min and addition of

30 mL water after 6 hours, see experimental section), the resulting solid was amorphous. This
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further confirms that the oxygenated groups of GO participate actively to the heterogeneous

nucleation and growth of the MOF in these conditions.

SAED measurements performed on the in situ composite showed that the MOF growth occurs
along the [010] direction, corresponding to the Ti-O-Ti corner-sharing chains of Ti octahedra

(Figure S14).

As the main objective here is to design MOF/GO composites with sufficient electrical conductivity
for CO; capture by MSA process, the study of the Csp? content of GO, that tailors the electron
pathway, through XPS C1S spectrum is of particular interest. As illustrated by Figure S15, the Cls
spectra of MIL-91(Ti)/GO5wt% in situ shows a peak at 284.3 eV that is not observed for the post-
synthetic material. This binding energy corresponds to Csp? which suggests that GO was partially
reduced during the synthesis (see Figure S16 and Table S4 for the XPS Cl1s spectrum of pure GO).
It has been previously reported that GO reduction under heating is more efficient in polar solvent
such as water or DMF than in air.>* To confirm this GO reduction, pure GO sheets were placed in
water under reflux overnight. As shown in Figure S17 the GO was indeed slightly reduced, as
revealed by the increase of the contribution of Csp? compared to the initial GO together with a C/O
ratio (from XPS) of 2.4 instead of 2.0 for the initial GO. Therefore, the synthetic conditions of the
in situ composite leads to a slight reduction of GO that might affect the composites’

physicochemical properties.
Electrical conductivity and dielectric properties

To use the composites in MSA process, the microwave absorption of the material must be high
enough to trigger a temperature increase through energy dissipation. The interaction of microwaves

with an ideal material that consists of non-interacting dipoles with one relaxation time is described
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by the Debye relaxation.'* It is usually expressed by the complex permittivity £* that decomposes
into a real part (€”), associated with the energy storage ability of the material and an imaginary part

(€”) which is related to the dielectric losses and the dissipation of the absorbed energy into heat.

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

r_ (&~ €o0)
E=Exnt PR (1)

no__ (85‘_ SOO)wT o
€= 1+ w272 t wEg 2

With €, the permittivity at high frequency limit, &; the static permittivity, w the angular frequency,
T the relaxation time, & is the dielectric constant of free space and o the electrical conductivity at

the frequency w.

The microwave absorption of the material, represented by £”, depends on its polarizability and
electrical conductivity. Therefore, materials suitable for the MSA process should absorb
microwave (i) enough to minimize the energy penalty of the process, and (ii) not too much to avoid
any microwave penetration issues through the adsorption column. To achieve this, they must
exhibit a semi-conducting behavior. The electrical conductivity of the pure components and
composites were measured using complex impedance spectroscopy. As shown by the very low
conductivity value (o < 10®* S.cm™! at 373 K) combined with the absence of the o4 plateau (Figure
4), MIL-91(Ti) is insulating, indicating that no electronic nor ionic charges diffuse over long
distances. This behavior is maintained for the post-synthesis composite whatever the GO content,
while pure GO shows a semi-conducting behavior (c4. = 104# S.cm™). The dilution of GO inside

the insulating MOF particles seems to induce a poor recovery of the Csp? clusters at the sheet-to-
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sheet junctions, preventing the electron hopping and tunneling of GO.** Alternatively, MIL-
91(T1)/GO5wt% in situ behaves like a semi-conducting material, with a conductivity value (G4c =
10 S.cm™) converging towards that of the pure GO despite the presence of the insulating MOF as
a main phase. This may be due to i) the partial reduction of GO during the synthesis and/or ii)
specific MOF/GO interactions allowing to retain the electrical conductivity of pure GO. To support
the first assumption, the electrical conductivity of GO previously soaked in water under reflux
overnight was measured. The obtained electrical conductivity is slightly higher than that of pure
GO, in agreement with a low reduction degree. It is noteworthy that this increase in value is
however too small to explain the higher level of the electrical conductivity of the in situ composite

compared to that of the post-synthesis one.

Thus, the specific electrical behavior of the in situ composite most probably arises from its peculiar
microstructure. The formation of this composite involves a direct complexation of Ti cations on
the oxygenated groups of GO, followed by the crystal growth, most probably on the sp? regions of
the GO sheets. In addition, the reflux itself leads to the removal of oxygen atoms that are not
coordinated to the MOF, leading to the creation of additional sp? clusters, free from any insulating
MIL-91(Ti) crystals. As a consequence, the MOF particles most likely do not interfere with the
electron hopping of GO that occurs between the sp? regions, leading to a material with similar

electrical conductivity than pure GO.

The imaginary parts of the dielectric permittivities of pure MIL-91(Ti), GO and the two composites
with 5wt% GO were then measured at the microwave frequency of 2.45 GHz from 20°C to 120°C

with the cavity perturbation method (Supporting information). As shown in Figure S18, MIL-
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91/GO5wt% in situ exhibits a higher value of the imaginary part (¢”) compared to that of the post

synthesis composite, which is consistent with the electrical conductivity results.
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Figure 4. Real part of the conductivity as a function of the frequency recorded at 373 K for GO, GO after 16 h reflux
in water, MIL-91(Ti), MIL-91(Ti)/GOS5 and 20wt% post-synthesis and MIL-91(Ti)/GO5wt% in situ.

Breakthrough curves and CO; desorption under conventional and microwave heating
Considering the larger microwave absorption and suitable porosity of the MIL-91(T1)/GO5wt% in

situ composite, this material was selected for the CO> desorption under microwave irradiation tests.

First, the pure CO; isotherm of the composite was measured and compared to that of the pure MOF.
The composite exhibits a higher CO, adsorption (Figure S19, Table S5), in agreement with its
higher micropore area (Figure 3, Table 1). This increase of CO» adsorption was already observed
for other MOF/GO systems and was attributed to the adsorption of CO2 molecules not only within

the MOF porosity, but also within the micropores at the MOF/GO interface.> 3%-37
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To avoid any significant drop pressure effects inside the separation column during the desorption
tests, the powder was shaped through wet granulation using 3wt% of polyvinyl butyral as the
binder, yielding 1 to 2 mm size beads. As shown in Figure S19, the single CO- adsorption isotherms
revealed a lower adsorption capacity for MIL-91/GO5wt% spheres compared to the powder,

evidencing a slight pore blocking by the polymeric binder (Table S5).

The co-adsorption measurements were performed by saturating the column with a CO2/N> 15/85
mixture at atmospheric pressure and 30 °C. When saturation is reached, the material is filled by the
gas molecules which leads to the detection of what was injected in the column e.g 15 % molar CO»
and 85 % Na. The desorption was then carried out under conventional heating and under microwave
irradiation at 50 °C (Supporting information). The temperature was monitored by an infrared
camera. To reach the desorption temperature, a continuous MW power of 250 W was required. As
shown in Figure 5.2, CO; is completely desorbed after 150 seconds under irradiation, significantly
faster than under conventional heating which required 240 seconds (Figure 5.1). The
adsorption/desorption cycles are reproducible under both conventional heating and MW radiations,
giving evidence that the desorption processes do not damage the composite and that the adsorption
capacity is maintained. However, the cyclability under MW radiation will have to be investigated
over more cycles in the near future to confirm the long-time stability and efficiency. Noticeably,
desorption under conventional heating was also performed at 80 °C and led to a desorption time of

215 seconds, longer than what was obtained under MW radiations at 50 °C (Figure S20).

To investigate whether this faster CO, desorption under MSA process is specific to MIL-91(Ti)/GO
in situ systems, composites were synthesized with a MOF exhibiting a different structure and

composition (metal, linker) , namely UiO-66-btc(Zr).3® 3% This MOF is a zirconium(I'V) oxo-cluster
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tri-carboxylate material with a cubic architecture delimiting two types of microporous cavities and
exhibits free COOH groups suitable to interact specifically with CO2 molecules (Figure S21).4
Similarly to the MIL-91/GO composites, the UiO-66-btc(Zr)/GO in situ composite exhibited a
higher microwave absorption (£”) compared to the post-synthetic material and pure MOF (Figure
S24). To reach the desorption temperature on the UiO-66-btc(Zr)/GO10wt% in situ composite, a
MW power of 390 W was applied, higher than what was used for the MIL-91(Ti)/GO5wt%
composite, in agreement with its lower MW absorption. The desorption time under microwave
radiations at 50 °C is again much shorter (approximately 120 sec) compared to the desorption time
under conventional heating (approximately 210 sec) at the same temperature (Figure 5.4).
Therefore, it confirms that the faster CO, release under MW irradiation is not governed by the
nature of the MOF itself but rather by the specific structure of the in situ composites. The good

cyclability of the experiment was evidenced by the superimposition of the breakthrough curves.

These results undoubtedly confirm that MW desorption is more efficient that conventional
electrical heating, even at lower desorption temperatures. The faster desorption under MW can be
attributed to a higher heating rate as well as a more homogenous heating. Indeed, under
conventional heating, the sides of the column are first heated, followed by a slow heat transfer from
the sides to the material at the center. On the other hand, MW radiations cause a volumetric heating
of the material and is thus more efficient and homogeneous on these composites. These results
evidence that the use of microwave absorbing MOF/GO in situ materials is a promising strategy

for CO; capture by microwave swing adsorption processes.
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Figure 5. 1) and 3) Breakthrough adsorption curves (mixture CO2/N2 15/85 molar, atmospheric pressure, 30 °C) and
desorption under conventional heating (CH) at 50 °C over 4 cycles. 2) and 4) Breakthrough desorption curves under
MW radiation at 50 °C over 2 cycles compared with the fourth breakthrough desorption curve obtained under CH for
1) and 2) MIL-91/GO5wt% in situ and 3) and 4) UiO-66-btc(Zr)/GO10wt% in situ.

Conclusion

MOF/GO composites suitable for CO; capture based on the robust MIL-91(Ti) material have been
prepared with different GO contents following different synthetic strategies, in situ or post-
synthetic. We have shown that the in situ composite with Swt% GO exhibits suitable electrical
properties for the MSA process. Indeed, the selective growth and crystallization of the MOF over
the sp? areas of GO induces a specific microstructure for which the insulating MOF particles do

not disturb the electron hopping between the sp? clusters of GO. Therefore, MIL-91/GO5wt% in
17



situ exhibits a semi-conducting behavior whereas post-synthesis composites are insulating, even
with relatively high GO content. Finally, MIL-91/GO5wt% in situ composite was evaluated for
CO; capture with a desorption under microwave irradiation. A much faster release of CO> at low
temperature (50 °C) under microwave irradiation compared to conventional heating was observed.
Similar results were obtained with another MOF/GO in situ composite based on the UiO-66-btc(Zr)
structure, highlighting the versatility of our strategy. It evidences the great potential of these

composite materials for CO, capture by MSA process.
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