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Abstract

In the vast majority of studies, methanol production via CO2 hydrogenation is realized using 

bifunctional catalysts, commonly CuZnO phases. The basic motivation of this study is to 

confront main concerns regarding typical copper-based catalysts, which are the aggregation of 

the active metal nanoparticles and its concomitant deactivation. For this, an extensive research 

on composites of mesoporous iron trimesate MOFs (crystalline MIL-100(Fe) and 

semiamorphous FeBTC), loaded with copper clusters (CuCs) into the pores, is here performed, 

being this study pioneer in the area. The growth and aggregation of CuCs are hindered by the 

confinement of the active entities into the MOF mesocages. From the two studied MOFs, only 

the copper loaded semiamorphous FeBTC behaves as a catalyst. To further enhance the 

catalytic activity, CuCs@FeBTC NPs are dispersed on the plates constituting a reduced 

graphene-oxide (rGO) aerogel. Main steps in the preparation of these complex catalysts involve 

the use of sustainable technology based on supercritical CO2, used either as a solvent or drying 

agent. The reduction strategy designed to obtain the active catalyst (Cu2+ to Cu+/Cu0 in CuCs) 
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was crucial to upgrade the end product performance. A double reduction route, applying 

ascorbic acid preceding thermal H2 reduction, turns out to be necessary to attain a significant 

catalytic activity of the confined Cu2+ species. The as-synthetized and spent catalysts were 

analyzed in regard of the structure (X-ray diffraction, infrared), bulk (mass spectrometry) and 

surface (X-ray photoelectron spectroscopy) composition, morphology (microscopy and energy 

dispersive spectroscopy) and textural properties (N2 physisorption). The catalytic performance 

of reduced CuCs@FeBTC and [CuCs@FeBTC]@rGO composites was tested in the CO2 

hydrogenation reaction at 10 bar. Methane and methanol were obtained as valuable reaction 

products. When using the [CuCs@FeBTC]@rGO aerogel, methanol yield was noticeably high, 

in comparison to reported data, in the order of 86 mgMeOHgCu
-1h-1; while the amount of side 

products (methane, CO) was almost totally hindered up to 260 °C.



3

1. Introduction

Massive demand for goods and energy, together with population's lack of recognition of current 

climate emergency, are disturbing the ecological equilibrium of Earth. In the last decades, CO2 

concentration in the atmosphere, linked to climate change, has increased continuously due to 

the growing energy demand that is mainly supplied by fossil fuels and carbon.1 It is widely 

recognized that mitigation of emitted CO2 is essential to decelerate greenhouse effect. Ahead 

from CO2 capture, there are two essential pathways expressed to contribute to the reduction of 

CO2 present in the atmosphere. Formerly, the most evident tactic involves moving towards 

green industrial technologies.2 For this reason, the concept of sustainable manufacturing3 is 

becoming increasingly important, with a focus on reducing the vast quantities of consumed 

organic solvents.4 Since the use of solvents is frequently unavoidable, reduced solvent impact 

comes by replacing concern by green solvents, the latter represented essentially by water, ionic 

liquids or supercritical CO2 (scCO2) and few carefully chosen traditional organic solvents.5-7 

The second approach consists in re-utilizing CO2 through its direct conversion into added-value 

chemicals.8 A large variety of different products, from hydrocarbons to oxygenated carbons, 

such as methane (CH4), short-chain olefins, aromatics, methanol (MeOH) or ethanol (EtOH), 

are chemically produced using CO2 as a reagent. In these processes, CO2 is not considered 

waste product, but a C1 chemical feedstock. This research addresses the two factors stated for 

CO2 mitigation, e.g., the use of CO2 as a solvent for synthesis and the re-use of CO2 for goods 

production. In point of fact, the main objective of this investigation is the scCO2 green synthesis 

of catalytic materials optimized for the hydrogenation of CO2 to MeOH and/or CH4, both 

molecules scrutinized as renewable fuels. MeOH is of particular interest for the production of 

biofuels due to its high energy density, with additional advantages related to easy storing.9 

Methanation processes using waste CO2 and renewably-sourced H2 offers an alternative to 

natural gas extraction with low carbon footprint.10 
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CO2 reduction with H2 implies the use of a catalyst that must be selected properly to design a 

sustainable catalytic design.11 Currently, catalysis is known to play a major role at mitigating 

the environmental impact of chemical industry by radically reducing energy and materials 

consumption. Typically, the CO2 hydrogenation reaction comprises a catalyst with active metal 

sites dispersed on a support, all together offering an immense variety of possibilities.12 Overall, 

Cu/ZnO-based catalysts are used for MeOH production, while composites containing transition 

(Fe, Co, Ni) or noble (Pd, Ru, Rh) metals have been investigated in methanation reactions.13 

The use of inexpensive, earth-abundant, non-noble metals as catalysts should be favored, not 

only by economic reasons, but also because of the significantly minor negative impact on the 

environment.14 The use of a support is necessary to increase the dispersion of the metal active 

centers in the bulk catalyst, as well as to improve the electronic properties of the metal, 

providing further advantages by increasing the selectivity and the conversion. Porous oxides 

(alumina, silica or zirconia), carbides, zeolites, carbon-based compounds (activated carbon, 

graphene, carbon nanotubes, etc) and polymers are frequently used supports.15-18 

Recently, metal-organic frameworks (MOFs) have been introduced in the area of catalysis as 

a new class of materials that can simultaneously have functions of both, active center and 

support.19 MOFs are porous materials constituted by metallic nodes and polytopic organic 

linkers, which can be designed with high structural and thermal stability, large internal pore 

volume and an interconnected network of pores. Some examples of reactions involving 

CO/CO2 performed using MOF catalysts are alkene hydrogenation, epoxidation or 

oligomerization, the synthesis of N-heterocycles mediated by transition metals-based 

catalysts,20,21 as well as those involving water (dehydration or esterification).22 The 

archetypical microporous UiO-66, HKUST-1 and ZIF-8 -with Zr6O8, Cu2 and Zn nodes, 

respectively- and the mesoporous NU-1000, MOF-5 and MIL-100 family -with Zr6O8, Zn4O 

and Al3O/Fe3O/Cr3O nodes, respectively- have prominently been investigated in the area of 
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MOF catalysis, either as pristine compounds (Fig. 1a) or by forming composites with active 

metal particles (Fig. 1b).23,24 In some cases, net MOFs (Fe, Cu, etc) can straightforwardly be 

used as catalysts thanks to the inherent internal network of metal nodes, e.g., by involving 

various oxidation states  (Fig. 1aI).25 To increase the catalytic capabilities, or to make a MOF 

catalytically active, these compounds can be subjected to a post-synthetic reaction usually to 

modify the linker by addition of basic/acid groups, functional molecules or active centers to 

missing-linkers defects (Fig. 1aII).26-28 MOFs with mixed metal nodes acting as catalyst can be 

straightforwardly obtained by synthesis or by post-transmetalation (Fig. 1aIII).29,30 The 

catalytic activity in MOFs can be attained by composing them with species that are not part of 

the framework, but are dispersed in the bulk, e.g., by adding metallic nanoparticles (NPs) that 

can be either covering the surface of the MOF particles (Fig. 1bI) or forming core-shell 

structures in which the MOF grows surrounding the catalyst (Fig. 1bII).31,32

Figure 1. Schematic representation of diverse structures of MOFs used in catalysis: (a) net 

MOFs, and (b) composite MOFs with active catalyst NPs or clusters.
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Recently, two new vectors have emerged in the MOFs arena for catalyst design. On one side, 

the so-called ultradispersed catalysts have been described, involving the confinement of 

catalytically active metal units/clusters (e.g. Cu/Zn, Pd or Pt) into the MOF pores (Fig. 1bIII).33-

35 Only MOFs with large pore size, e.g., mesoporous MOFs, are susceptible of being 

impregnated with metal clusters, and still to remain accessible for the diffusion of the reagents 

and products of the catalytic reaction. On the other side, the relevance of semiamorphous MOFs 

is currently recognized based on the presence of intrinsic structural defects, e.g., metal 

vacancies or missed linkers, often leading to improved catalytic activity.36 Based on the 

described premises, this work aims to achieve significant progress in the fundamental 

understanding of a new category of composites involving semiamorphous mesoporous MOFs 

loaded with catalytically active units into the pores. Iron trimesate mesoporous MOFs 

(crystalline MIL-100 and semiamorphous FeBTC) are chosen for analysis because of their 

noticeable capacity for CO2 adsorption, thus facilitating catalytic reactions involving this gas, 

e.g., the reaction of CO2 hydrogenation. Particularly, FeBTC impregnated with copper clusters 

(CuCs) is taken as the case study. The particulate CuCs@FeBTC catalyst can be further 

dispersed in a meso/macroporous support to improve the catalytic activity. Aerogels of reduced 

graphene oxide (rGO) are chosen for this purpose, based in the previously demonstrated 

efficacy of this support.17 The advantages of the scCO2 technology in regard of processing 

porous compounds are used here in several of the preparation steps necessary to obtain the 

[CuCs@FeBTC]@rGO product, e.g., to synthesize FeBTC, to infuse the metal catalyst 

precursor into the pore channels of the MOF and to shape the GO aerogel composite. The 

reduction stage of the metal precursor (Cu2+) to the active catalyst (Cu+/Cu0) turned out to be 

the key to design a proper material for an effective catalytic reaction. Gas phase (H2) and liquid 

phase (ascorbic acid) reduction routes were tested. Extensive Solid-state characterization of the 

pristine and spent catalysts was performed to understand the catalytic behavior. This work is 



7

motivated by the design of a CO2 hydrogenation process economically attractive and 

energetically sustainable carried out at low pressure (e.g., 10-15 bar).17,18 In this respect, this 

study provides useful guidance in determining catalysts and operating conditions for the 

reaction. Results evidenced that the design of a two-step reduction route was crucial to 

maximize the efficiency of the composite, while the addition of GO had an enormous relevance 

in methanol selectivity. Particularly, the best results were obtained with the catalyst involving 

copper clusters impregnated in FeBTC and using as a support rGO, with MeOH production 

rates in the order of 86 mgMeOHgCu
-1h-1 and MeOH selectivity's nearly 100 wt% at 260 ºC and 

10 bar, which is the highest value of MeOH production found to data in experiments performed 

at such a low pressure.17,18

2. Materials and methods

2.1. Materials

Iron nitrate monohydrate (Fe(NO)3.9H2O), trimesic acid (H3BTC), copper acetylacetonate 

(Cu(acac)2), and ascorbic acid (aa, C6H8O6), were purchased from Sigma Aldrich-Merck , and 

utilized as reagents for MOF preparation, metal catalyst precursor and reduction agent, 

respectively. Regarding the used solvents, dioxane was provided by PanReac, while ethanol 

was delivered by Scharlau. In all cases, the chemicals were used as-received without further 

characterization, while stored in a chemical cabinet. For synthesis, the reagents were weighed 

on a laboratory scale (A&D Instruments GR-200-EC) with accuracy 1 mg. For aerogel 

preparation, a GO dispersion in water (4 mgmL-1) was purchased from Graphenea S.A. 

Pressurized CO2 (99.95 wt%), used for composite synthesis, H2 (99.97 wt%), applied for 

catalyst reduction, and CO2/H2 mixture (mole ratio 1:3), consumed during the catalytic 

experiments, were all delivered by Carburos Metálicos S.A.
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2.2. Methods

2.2.1. Synthesis of FeBTC 

The preparation of FeBTC was carried out following a reported procedure.37 Briefly, a gel 

precursor was prepared in 1.5 mL of dioxane by mixing H3BTC (0.20 g) and Fe(NO3)3.9H2O 

(0.58 g) in a molar ratio of 1:1.5, and was further dried in a stirred high-pressure reactor  

(TharDesign, 100 mL volume), loaded with scCO2 at 200 bar and 70 ºC, recorded with a 

pressure transducer (± 1 MPa) and a thermocouple (± 1 ºC), respectively, during 48 h. Detailed 

description of the reactor and procedure can be found in ref. 37. After isothermal 

depressurization and cooling, a dry orange powder was recovered, which was washed by 

centrifugation first with water (30 mL) and then twice with EtOH (30 mL) at 10000 rpm during 

10 min, and finally dried overnight in a vacuum desiccator. The MOF was activated under high 

vacuum (ca. 0.1 bar) at 150 ºC during 20 h to remove residual traces from the pores, thus 

obtaining a brown powder. For comparison, the crystalline counterpart of FeBTC, the MIL-

100(Fe) phase, was also synthesized. The preparation procedure is detailed in the SI.

2.2.2. Synthesis of Cu(acac)2@FeBTC

A scCO2 method was used to prepare the Cu(acac)2@FeBTC composite. For this, a 100 mL 

high-pressure reactor was loaded with 200 mg of activated MOF, wrapped with a filter paper 

(Labbox Prat dumas hardened quantitative filter paper, slow flow rate, pore 7-9  thickness 

290  and 200 mg of Cu(acac)2, placed into a glass beaker together with a stir bar. The set-

up is schematized in Fig. 2a. The reactor was sealed and filled with scCO2 at 200 bar and 80 

ºC, conditions that were maintained under stirring (200 rpm) for 72 h. After depressurizing and 

cooling the system, the composite sample was recovered from the paper bag.

2.2.3. Synthesis of CuCs@FeBTC

Two different procedures were used for the reduction of Cu(acac)2@FeBTC, with the objective 

of achieving a significant Cu2+ reduction. In the first method (Fig. 2bI), the reduction process 



9

was carried out in a tubular column (0.45×9 cm id×l) holding the powder (ca. 150 mg) 

distributed over glass wool. The sample was subjected during 2 h to a flow of H2 (20 mLmin-1) 

at 260 °C. Samples were labeled as [CuCs@FeBTC]H2. In the second approach (Fig. 2bII), an 

extra liquid-reduction procedure was performed before H2 treatment. For this purpose, 125 mg 

of the precursor were dispersed in 20 mL of EtOH by sonication, to which ca. 100 mg of 

ascorbic acid were added. The reduction reaction was induced by microwave heating (Anton 

Paar Monowave 400) at 100 ºC for 5 min, while stirring the vial vigorously. The obtained 

reddish dispersion was washed thrice with ethanol until the supernatant became colorless, and 

then filtered. The precipitate was dried under vacuum, recovering a powder that was added to 

the previously described tubular reactor. The [CuCs@FeBTC]aa sample was further reduced 

with H2 at 300 °C for 2 h to synthetize the [CuCs@FeBTC]aaH2 catalyst.
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Figure 2. Schematic representation of the used procedures and equipment for: (a) synthesis of 

the precursor Cu(acac)2@FeBTC, (b) reduction routes, (I) H2 for [CuCs@FeBTC]H2, (II) 

ascorbic acid and H2 for [CuCs@FeBTC]aaH2, and (III) ascorbic acid and H2 for 

{[CuCs@FeBTC]aa@rGO}H2, and (c) catalysis.
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2.2.3. Synthesis of [CuCs@FeBTC]@rGO

The double reduction route was followed in this case (Fig. 2bIII). First, 150 mg of the 

[CuCs@FeBTC]aa powder were ultrasonically dispersed in 5 mL of GO in EtOH (ca. 3.5 

mgmL-1).38 Then, the resulting dense dispersion was poured in vials of 1 mL and placed in a 

high-pressure reactor. To eliminate the EtOH phase, the sample was dried in scCO2 at 200 bar 

and 45 °C for 48 h. Finally, the system was isothermally depressurized and aerogel monoliths 

of [CuCs@FeBTC]aa@GO were obtained. The monoliths were broken into small pieces using 

a spatula, and added to the previously described tubular reactor. The sample was then reduced 

with H2 at 260 °C for 2 h, thus preparing the {[CuCs@FeBTC]aa@rGO}H2 catalyst.

2.3. Structural characterization

The as-synthesized and spent catalysts were characterized using mainly solid-state techniques. 

The structural characterization was carried out by powder X-ray diffraction (XRD) in a 

Siemens D5000 diffractometer, using Cu  incident radiation with a step scan of 0.01°. 

Fourier transform infrared-attenuated total reflection (FTIR-ATR) spectroscopy (Jasco 4700 

Spectrophotometer) was used to ascertain the molecular composition of the sample surface. 

The textural properties were determined by N2 adsorption/desorption isotherms acquired at -

196 ºC (ASAP 2020 Micromeritics Inc). The t-method was used to determine the micropore 

volume (Vmp). The surface area (Sa) was determined with the Brunauer-Emmet-Teller (BET) 

equation, while the Barrett-Joyner-Halenda (BJH) method was applied to estimate the pore 

volume (Vp) from the adsorption branch of the isotherm. For weight measurements, a Sartorius 

QUINTIX224-1S analytical balance (accuracy 0.1 mg), placed in a specific balance table, is 

used. This balance has a fully automatic internal calibration system (isoCAL), although 

periodic manual checks are carried out with standards of known weight. Before weighing, the 

balance is washed thoroughly to eliminate any interference in the measurement (debris, dust), 

finalizing with vacuum cleaning. The correct weighing of the sample (before and after 
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degassing) is extremely important to give the results of the textural values per unit of mass. 

Weighing is carried out in the absence of any air stream to avoid generating any type of air 

turbulence in the weighing cabin, in a room maintained at ca. 20 ºC. During measurements, it 

is checked that the weight of the sample does not vary over time due to electrostatic effects. To 

partially alleviate these effects, the balance has been lined with aluminum foil, so that almost 

the entire interior part of the balance, and even the tube support, are at the same electrical 

potential and the movement of the charged particles is minimized. Further, an antistatic kit 

universal from Mettler Toledo, which generates an emission of ions in the tip is used to 

discharge the statically charged sample and the tare tube containers. Under these conditions, 

each sample is tared and weighed inside the tube an average of 15 times, giving the mean value 

as the precise weight. Thermogravimetric analysis (TGA, SDT 650 TA instruments) was 

carried out under N2 flow (50 mLmin-1) up to a temperature of 500 ºC. The morphology of the 

composites was investigated by scanning electron microscopy (SEM, Quanta FEI 200). For 

particular samples, elemental atomic mappings were recorded in a scanning/transmission 

electron microscope (STEM, XHRSEM FEI Magellan 400 L) by using energy dispersive 

spectroscopy (EDS, X–Max Ultim Extreme EDX Oxford Inst.) with a resolution of ca. 1 nm. 

To further study the elemental distribution, a Gemini II column on a Zeiss crossbeam equipped 

with an EDS system (Oxford Ultim Max) was used. Copper and iron contents were 

quantitatively determined in reduced samples by inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7700x), after high temperature solid digestion in a mixture of 

hydrochloric, nitric and hydrofluoric acids (3:1:0.5 v/v). Ex-situ X-ray photoelectron 

spectroscopy (XPS) of the powdered samples, previously compacted into disc-shaped tablets, 

was carried out on a Specs spectrometer, using monochromatic  radiation emitted from 

a double anode at 12 kV and 200 W. Measurements were carried out to determine the oxidation 
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state of the copper in the reduced samples, as well as any potential modification of the iron 

valence in the MOF (see SI for technical description). 

2.4. Catalytic activity tests

Catalytic activity tests were carried out in a hand made equipment settle by Process Integral 

Development Engineered & Tech. (Fig. 2c). The equipment involves a pressurizer cylinder (1) 

loaded with H2:CO2, which, through an open/close valve (2) and a pressure regulator (3), 

deliver the gas mixture to the area in which the reaction takes place. The gas flow is regulated 

and measured by using a mass flow meter (4, Bronkhorst mini Cori-flow). The catalytic activity 

of the CO2 hydrogenation was evaluated in a stainless steel fixed bed reactor (5) with an internal 

diameter of 0.45 and a length of 9 cm. The reactor is connected to the system by two vespel 

and graphite ferrules and settle inside an oven of a 7890A Agilent gas chromatograph (6). The 

exhausted flow pass trough a three-way needle valve (7) used to take aliquots at fixed periods 

of time in a sample bag (SKC FlexFoil PLUS Sample Bag). At the exit, a manometer (8) was 

used to measure system pressure. A ball valve was used to depressurized the system (9). For 

the analyzed samples, measurements were straightforwardly performed in the fixed-bed tubular 

column used for H2 reduction, just by switching the flow of pure H2 to a mixture of CO2/H2. 

The pressure was set at 10 bar, while the gas flow rate was fixed at 10 mLmin-1. After the 

steady state was reached (ca. 20 min), ejected products were determined by collecting three 

aliquots at each settle temperature: 180, 200, 220, 240 and 260 ºC. The chosen H2/CO2 molar 

ratio was 3:1. MeOH was measured using a Shimadzu GC-2010 gas chromatograph with a 

flame ionization detector. Helium was used as carrier gas, and the software used was 

Chromeleon (Version 6.80 SR5b). The inlet and the detector temperature were 260 °C and 280 

°C respectively, and the inlet flow was 50 mLmin-1. The production of CO2, CH4 and CO was 

quantified using an Agilent Tech. 7890B gas chromatograph with a thermal conductivity 

detector and He as a carrier gas. OpenLab (Version A.01.04) was the software used, and the 
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inlet temperature and flow were 120 °C and 20 mLmin-1, respectively. The detector temperature 

was at 150 ºC. All the temperatures were measured with a thermocouple with an accuracy of ± 

1 ºC. During this reaction, presumably other hydrocarbons with longer chains might also be 

formed, but in small quantities and were not quantified.39 MeOH and CH4 space-time yields 

(STY) were estimated by copper weight to facilitated comparison with literature data. CO2 

conversion and selectivity between MeOH and CH4 vs. CO were parameters calculated to 

assess the catalytic performance of the synthesized samples.

3. Results and discussion

3.1. Catalyst precursors synthesis and characterization 

Even though this work focuses on using of semiamorphous FeBTC as a metal catalyst support, 

the synthesis and analysis of crystalline MIL-100(Fe) were also performed for comparison. The 

description of the synthetic method for the later, as well as the results of the structural (Fig. 

S1), morphological (Fig. S2), textural (Fig. S3a) and thermal (Fig. S4) characterization are 

shown in the SI. Concisely, the method used to precipitate MIL-100(Fe) is based on the slow 

reaction of Fe2+ and H3BTC in water, straightforwardly giving a crystalline phase. In contrast, 

the synthesis of FeBTC entails the fast reaction of Fe3+ and H3BTC in dioxane, thus forming 

an intermediate gel constituted by amorphous colloidal particles. The modus of drying the gel 

highly influences the characteristics of the end product. In this work, the FeBTC gel was dried 

in a scCO2 atmosphere, yielding isometric NPs with sizes in the order of 10-20 nm (Fig. S5a). 

The structural disorder of this phase is reflected in the XRD pattern by strong peak widening 

(Fig. 3a). Nevertheless, the broad peaks at 2 =3.9 and 11º matched the MIL-100(Fe) 

accumulated narrow peaks in these regions, denoting structural similarities among both 

trimesate MOFs.40 The molecular structure of the semiamorphous FeBTC was analyzed by 

FTIR-ATR spectroscopy (Fig. 4a). The spectrum displayed the bands of iron trimesate, 

consisting of various sharp bands in the zone below 1300 cm , and two sets of bands at 1622 
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and 1566 cm  and 1444 and 1370 cm , corresponding to the asymmetric and symmetric 

stretching vibrations of the carboxylate group coordinated to iron. Regarding N2 physisorption, 

FeBTC displayed a type I isotherm, with enhanced adsorption in the low pressure region, 

denoting intraparticle porosity provided by small mesopores accessible through micropore 

windows (Fig. S3b).41

Figure 3. Powder XRD patterns of: (a) as-synthetized and Cu(acac)2 impregnated FeBTC, also 

including the simulated MIL-100(Fe) for comparison, and (b) reduced samples (in the 

[CuCs@FeBTC]aaH2 pattern, * indicates graphite peaks).

Figure 4. FTIR-ATR spectra of: (a) as-synthetized and Cu(acac)2 impregnated FeBTC (in the 

[CuCs@FeBTC]aaH2 spectrum, * indicates peaks for acac moiety), and (b) reduced samples.
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The isotherm of synthetized FeBTC is similar to the one recorded for crystalline MIL-100(Fe) 

(Fig. S3a), but with reduced values of N2 adsorption due to intrinsic defects on the framework 

of the semiamorphous MOF. For FeBTC, the measured apparent BET Sa was 1074 m2g-1, with 

a Vmp of 0.33 cm3g-1. The observed hysteresis at high relative pressures pointed to capillary 

condensation in interparticle mesopores giving a Vp of ca. 0.1 cm3g-1. During pyrolysis, the 

onset of thermal decomposition for semiamorphous FeBTC occurred at temperatures of ca. 

290-300 ºC, whic is ca. 20 ºC lower than for crystalline MIL-100(Fe) (Fig. S4). 

To generate the target catalyst, a precursor of the copper active units must be first incorporated 

into the MOF pores. Persisting on the aim of developing sustainable processes, the use of green 

scCO2 was surveyed for the transport of the chosen precursor into the pores. Related to that, 

the supercritical method has important advantages, such as improved reagent diffusion into 

small diameter cavities, mass transport not hindered by capillary forces, and null competition 

between solvent and solute by the adsorption sites.42 However, an essential prerequisite to use 

this method is to attain significant solubility of the precursor in the fluid under reasonable 

values of pressure and temperature, e.g., < 250 bar and < 100 ºC. The use of low pressure values 

would reduce process costs, while the use of low temperatures avoids the early thermal 

decomposition of the precursor and/or support. In this study, the molecular precursor was 

searched among the organometallic copper family, since typical inorganic copper salts are all 

insoluble in scCO2. In particular, the Cu(acac)2 molecule was chosen, since it has a reasonable 

solubility value in scCO2, in the order of ca. 5 10-5 mole fraction at the selected working 

conditions of 200 bar and 80 ºC.43 Besides, Cu(acac)2 is an elongated molecule with 

approximated dimensions of 0.5 x 0.5 x 0.7 nm. Hence, this precursor has the proper size to 

impregnate the FeBTC cages of almost 3 nm, and also to travel through the small windows of 

ca. 1 nm connecting the mesocages. The scCO2 impregnation was successfully achieved under 

chosen conditions, giving a Cu(acac)2@FeBTC sample with metal percentages, established by 
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ICP-MS, in the order of 5.0 and 15 wt% for copper and iron, respectively. Considering the 

value measured for copper, the percentage of Cu(acac)2 in the sample was estimated as 23 wt%. 

Despite the attained high loading, the XRD pattern did not display the intense peaks of 

crystallized Cu(acac)2 at 2 =11.3 and 11.7º, but only those of FeBTC (Fig. 3a). This result is 

characteristic of guest impregnation in confined spaces of reduced dimensions, in which 

crystals do not have place to grow. Guest molecules are incorporated by the phenomenon of 

pore filling, typically adsorbed on the pore walls in the molecular form or forming small 

amorphous clusters.44 The signal at 2 =2.9º, assigned in net FeBTC to empty mesoporous 

cages, almost disappears from the pattern of the impregnated sample, which is taken as an 

indication of high loading. This signal is assigned in the FeBTC crystal to the ordered 

arrangement of the nanopores. For net FeBTC, this is a sharp diffraction peak indicating empty 

pores in the vacuum activated MOF. The reduction in intensity of low angle peaks in 

nanoporous compounds has been described as an indication of reversible deformation of pore 

walls when they are loaded with guess molecules. The presence of Cu(acac)2 in the 

impregnated composite was further corroborated by FTIR-ATR spectroscopy (Fig. 4a). 

Together with the signals of FeBTC, the spectrum exhibited two extra bands at 1520 and 1021 

cm-1, assigned to symmetric C=O stretching and CH3 rocking from the acac moiety. SEM 

images indicated similar morphology for pristine and impregnated FeBTC (Fig. S5a,b), not 

revealing for the later the typical Cu(acac)2 needles precipitated in scCO2, contrarily to what 

happen for Cu(acac)2@MIL-100(Fe) (Fig. S2b). The successful loading of Cu(acac)2 into the 

pores of the semiamorphous FeBTC was corroborated by the massive volumetric decrease of 

N2 physisorption at low relative pressures (Fig. S3b), giving a negligible intraparticle 

micropore volume, but still maintaining some interparticle mesopore volume of ca. 0.1 cm3g . 

At this point, it is worth mentioning that, under used experimental conditions, loading of 

Cu(acac)2 into the pores of the studied iron trimesate MOFs was only feasible for the 
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semiamorphous FeBTC, and no for the crystalline MIL-100(Fe) counterpart (see SI). The 

reason of the different impregnation behavior was related to the affinity of the Cu(acac)2 for 

the MOF pore walls, which is considered as the impregnation driven force. The intensity of the 

solute-pore wall interaction can be ascertained through the analysis of the C parameter in the 

BET equation inferred from the N2 adsorption/desorption isotherm, which is exponentially 

related to the energy of the adsorbed solute.45 FeBTC presents an exceptionally high value for 

this parameter (C=315), denoting the heterogeneity of the pore walls conditioned by a large 

number of defects. This value is reduced to 80 in the crystalline MIL-100(Fe), with atomically 

homogeneous pore walls. Hence, in the semiamorphous FeBTC, strong electrostatic 

interactions of Cu(acac)2 on the high-energy surface defects and Brönsted acid sites are favored 

vs. solvation by scCO2, while in the crystalline MIL-100(Fe) solute adsorption is energetically 

discarded.46 The semiamorphous character of FeBTC is clearly an advantage for impregnation 

with the catalyst precursor.

3.2. Catalyst activation by reduction

The Cu(acac)2@FeBTC precursor needs to be activated by reduction to obtain the Cu0/Cu+ 

phase catalytically active in the CO2 hydrogenation reaction. In this work, this is attained by 

the in situ growth of reduced copper clusters (CuCs, e.g., Cu0/CuO) into the constrained void 

space of the FeBTC pores, giving place to structures of the CuCs@FeBTC type. Two different 

routes were used for reduction, the first one performed under relatively mild conditions by 

using H2 at 260-300 ºC, and the second at harsh conditions involving, initially, a treatment with 

ascorbic acid and, then, with H2 at 300 ºC. When using the one step reduction route, based 

exclusively on H2 as the reductant, significant variations between results obtained at 260 and 

300 ºC were not observed. Hence, described experiments were those carried out preferably at 

260 ºC, chosen as a temperature that would largely avoid the collapse of the framework 

structure at the surface. Instead, for the two steps ascorbic acid/H2 reduction process, the 
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catalytic production of MeOH was readily enhanced at 300 ºC, choosing this temperature for 

further reactions, even further amorphization of the FeBTC surface was likely to occur. In both 

cases, H2 reduction is conducted in situ in the reactor used for catalysis, and is performed just 

before the CO2 hydrogenation reaction. Therefore, samples characterization is performed in the 

spent catalysts.

3.2.1. Reduction with H2

To analyze the stability of the Cu(acac)2@FeBTC components under H2 reduction conditions, 

separate tests were performed for pristine Cu(acac)2 and FeBTC. Pristine Cu(acac)2 particles, 

used as-received, were not stable when subjected to H2 reduction at 260 ºC. XRD analysis 

indicated its decomposition in mainly Cu0 (bands at 2 =43.1 and 50.3º), mixed with some 

Cu2O (bands at 2 =36.4º and 42.3°), not depicting neither the intense bands of Cu(acac)2 (at 

2 =11.4 and 11.7º) nor those of CuO (at 2 =35.5 and 38.6º) (Fig. S6). On the contrary, XRD 

(Fig. 3b) and FTIR-ATR (Fig. 4b) structural analysis of the obtained FeBTCH2 sample showed 

a high degree of framework stability under these reduction conditions. N2 adsorption at low 

temperature indicates that the reduced sample was still porous, with a significant Vmp of 0.08 

cm3g-1 and a Vp of ca. 0.1 cm3g-1 (Fig. S7a).

The thermal reduction with H2 of Cu(acac)2@FeBTC lead to [CuCs@FeBTC]H2. Structurally, 

this sample displayed the XRD peaks of FeBTC, but with an additional signal at 2 =43.3º 

indicating the presence of Cu0 NPs, with a diameter of 14 nm estimated by the Scherrer 

equation (Fig. 3b). This cooper phase is ascribed to particles located outside the FeBTC 

channels, with a maximum diameter of 3 nm. Actually, pore-confined entities should be too 

small to be detected as a crystalline compound by routine XRD analysis. The acetylacetonate 

moiety was not visible in the FTIR-ATR spectrum of the composite, which was similar to that 

of FeBTC (Fig. 4b). The percentile amount of metals in the spent catalyst was quantified by 

ICP-MS as 9.5:34 wt% for Cu:Fe, with a Cu/Fe ratio of 0.28, similar to that measured for the 
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precursor Cu(acac)2@FeBTC of 0.31. The slight reduction in the Cu percentage can be 

explained by the evaporation of some Cu(acac)2 molecules during reduction. The elimination 

of acac moieties from the non-porous Cu(acac)2@FeBTC did not open the pores of resulting 

[CuCs@FeBTC]H2, which are now filled with copper clusters (Fig. S7a). The EDS elemental 

mapping of Fe and Cu on a nanometric section of the spent catalysts indicates that both metals 

were homogeneously distributed (Fig. 5). In the copper map, few dense spots can be 

discriminated, assigned to some NPs located outside of the FeBTC pores. These spots are 

believed to be the origin of the Cu0 XRD peak at 2 =43.3º mentioned above (Fig. 3b). These 

metal copper particles would not be effective in the studied catalytic process due to both, their 

relatively large size and low quantity.

Figure 5. STEM image and metal EDS maps of the [CuCs@FeBTC]H2 composite, showing 

iron (red) and copper (green) distributions. 

The [CuCs@FeBTC]H2 composite was further studied by XPS (Table S1 and Fig. S8,S9). 

Comprehensive data discussion is presented in the SI. Succinctly, the analysis indicates excess 

of oxygen and carbon, since the O/Fe and C/Fe atomic ratio have values of 7.5 and 12, 

respectively, higher than the ratios for stoichiometric FeBTC (C9H3FeO6, with O/Fe=6 and 

C/Fe=9). The C1s region shows the typical profile described for trimesic acid units (Fig. 

S8a,b),47 but with an area ratio C=O to C-O of ca. 2, while the ratio expected for stoichiometric 

FeBTC is 1. In the O1s region a large excess of C=O is also observed. The slight O excess, and 

some C excess, can be ascribed to residual acetylacetonate groups not totally reduced on the 
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spent catalyst or even derivatives of this moiety, e.g., acetone or acetic acid.48 Further carbon 

excess might be due to the formation of coke, carbide or graphite deposits during the CO2 

hydrogenation reaction. Regarding the Fe2p region, peaks of Fe2+/Fe3+ (59 at%) and Fe3+ (41 

at%) species are present. Finally, peaks in the Cu2p region are assigned to Cu+/Cu0 (48 at%) 

and Cu2+ (52 at%) species, with a mixture of oxidation states in the sample (Fig. S9). The Fe:Cu 

metallic composition on the surface stablished by XPS is 3.8:1, close to the 4:1 ratio measured 

by ICP-MS for the bulk. These similar values prospect a homogenous distribution of the metals 

on the composite, indicating a low percentage of Cu0 NPs deposited outside the MOF pores, as 

already observed in the EDS elemental mapping (Fig. 5). 

3.2.2. Reduction with ascorbic acid plus H2

With the objective of increasing the copper phase reduction grade, the Cu(acac)2@FeBTC 

precursor was subjected to a harsh reduction process, starting with ascorbic acid in liquid phase 

and finalizing with H2 gas at 300 ºC. Ascorbic acid is considered an environmentally friendly 

and non-toxic reductant, highly efficient for the removal of oxygen groups and with low risk 

of introducing heteroatoms in the reaction products.49 To analyze the stability of the MOF 

framework under these conditions, net FeBTC was first treated following a similar double 

reduction liquid/gas method. The structural analysis of the FeBTCaaH2 sample indicates that the 

principal characteristics of the MOF framework were preserved. Thus, the framework peak at 

2  ca. 11º and the carboxylate functional groups in the 1700-1200 cm  region were discernible 

in the respective XRD (Fig. 3b) and FTIR-ATR (Fig. 4b) spectra. Contrarily to FeBTCH2 (Fig. 

S7a), N2 adsorption analysis showed negligible microporosity for FeBTCaaH2 (Fig. S7b), likely 

due to the collapse of the MOF framework on the surface, and consequent blocking of pore 

entrance. Similar to FeBTCaaH2 sample, the double reduction of Cu(acac)2@FeBTC produced 

a [CuCs@FeBTC]aaH2 spent catalyst displaying in the XRD pattern the wide peak of the 

semiamorphous FeBTC at 2  ca. 11º (Fig. 3b). In this spectrum, the peak at 2 =43.3º was 
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assigned to Cu0 NPs, with a Scherrer estimated crystal size of ca. 30 nm. A new intense band 

arising at 2 =27.2º, together with the small peak at 2 =54.5º, were attributed to graphite 

formation due to partial decomposition of the organic components in the composite and 

deposits during the hydrogenation reaction. FeBTC carboxylic functionalities were still evident 

in the FTIR-ATR spectrum (Fig. 4b). In regard of N2 physisorption, the sample showed 

negligible microporosity (Fig. S7b). Elemental mapping of [CuCs@FeBTC]aaH2, performed on 

a large section of the sample using a SEM microscope (Fig. 6), indicated homogeneous 

distribution of Cu and Fe, with some dense spots on the Cu map attributed to the large Cu0 NPs 

already observed in the XRD pattern.

Figure 6. EDS distributions of carbon (red), iron (blue) and copper (purple) in a SEM image. 

FeBTCaaH2 and [CuCs@FeBTC]aaH2 were analyzed by XPS, displaying both samples a 

complex behavior that is discussed in the SI (Table S1 and Figs. S10-S14). Briefly, measured 

C/Fe relative amounts on the surface were certainly higher than that corresponding to 

stoichiometric FeBTC, which is ascribed to carbon deposits formed during the hydrogenation 

reaction of CO2. Unlike for the former [CuCs@FeBTC]H2, the C1s and O1s regions for these 

samples were not consistent with the typical profile of trimesic acid units in the FeBTC MOF 

in regard of binding energies and mass balance of C and O species. In particular, for both the 

main C=O band constitutes ca. 90 % of the O1s area, and appeared at a binding energy lower 

that 530 eV, well below values known for common oxygenated carbon species.50 Moreover, 
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peaks in the Fe2p region indicated that iron was in a highly reduced state, involving iron 

carbides (e.g., Fe5C2 and Fe7C3) and oxygen-deficient FeO, with only a small fraction of Fe+3 

oxides. For the [CuCs@FeBTC]aaH2 sample, the Cu2p region displayed peaks at binding 

energies typical of highly reduced species, with surface values of 67 at% Cu+ and 33 at% Cu0. 

Hence, the double ascorbic acid/H2 reduction route was harsh enough to achieve the utterly 

reduction of surface copper. Likely, the concomitant reduction of iron has as a consequence 

the collapse of the FeBTC network on the surface, as already rationalized by the null adsorption 

of N2. The main conclusion from the XPS analysis is that the surface catalytic layer must be 

extremely thin, with a thickness below ~5 nm. The oxygen species prevailing in this thin layer 

might be either adsorbed oxygen51 or nucleophilic oxygen atoms located at the prismatic edges 

of stacked graphene sheets.52 

3.2.2. Reduction with ascorbic acid plus H2 and addition to GO support

In a previous work, it has been demonstrated that the use of rGO as a support improves the 

catalytic behavior of CuZnO NPs in the CO2 hydrogenation reaction.17 This approach was 

tested in this work by dispersing the CuCs@FeBTC catalyst on this support. The target 

composition was ca. 9:1 for [CuCs@FeBTC]:rGO, i.e., highly concentrated in the active 

catalyst. The double reduction route was applied in two steps. In the first one, the precursor 

Cu(acac)2@FeBTC was reduced with ascorbic acid. SEM images indicated that the obtained 

[CuCs@FeBTC]aa sample was forming aggregates of 2-5 µm (Fig. 7a). The [CuCs@FeBTC]aa 

NPs were spread all over the aerogel, constituting the discontinuous phase in the 

[CuCs@FeBTC]aa@GO composite and forming aggregates of less than 1 µm (Fig. 7b). In the 

second reduction step, the composite was treated with H2 at 260 ºC to obtain the 

{[CuCs@FeBTC]aa@rGO}H2 sample. The ascorbic acid reduction was not applied to the 

system involving GO because this reductant has the disadvantage of the irreversible formation 

of graphene agglomerates that are not useful as a support for the NPs. For the double reduced 
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sample, the presence of the typical FeBTC XRD peak at 2 ca. 11º indicates the preservation 

of certain integrity of the MOF framework (Fig. 3b). These peak could be also contributed by 

non-reduced GO, described by a single wide peak at ca. 11.1°, but this assignment is 

unlikely because of the used harsh reduction route. In fact, the reduction of GO to rGO is 

confirmed by the wide band emerging at 2 ca. 25°.53 The FTIR-ATR spectrum displayed the 

main functional groups of FeBTC, as well as an extra band at 1730 cm-1 assigned to >C=O 

functionalities, typically  present in the edges of rGO flakes (Fig. 4b).35 The morphology of 

{[CuCs@FeBTC]aa@rGO}H2 (Fig. 7c) was similar to that of [CuCs@FeBTC]aa@GO (Fig. 7b). 

Regarding N2 physisorption, this sample shows a type IV isotherm with hysteresis at medium-

high relative pressures, indicating significant mesoporosity (Vp ca. 0.3 cm3g-1) given by the 

aerogel support (Fig. S7b).

Figure 7. SEM images of: (a) [CuCs@FeBTC]aa, (b) [CuCs@FeBTC]aa@GO, and (c) 

{[CuCs@FeBTC]aa@rGO}H2.

3.3. Effectiveness in the CO2 hydrogenation reaction

3.3.1. [CuCs@FeBTC]H2 catalyst

In the CO2 hydrogenation reaction, the use of H2 as the reductant would have relevant 

operational advantages, since consecutive reduction and CO2 hydrogenation can be performed 

in a single high-pressure holder, simply by switching the gas inlet, without any transitional 

manipulation of the sample (Fig. 1c). Therefore, first trials in this work were performed by 

thermal H2 reduction of the precursor Cu(acac)2@FeBTC. In the studied reaction temperature 
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interval of 180 to 260 ºC, [CuCs@FeBTC]H2 produced MeOH and CH4 in appreciable 

quantities (Fig. 8a), with MeOH/CH4 selectivity values in the order of 70 wt% (Fig. 8d). The 

source of methane is uncertain. Indeed, the composition of the H2:CO2 feeding gas mixture, 

with a 3:1 molar ratio, was selected anticipating the prevalence of MeOH as the end product 

(CO2 + 3H2  CH3OH + H2O), while the formation of CH4 is optimized at a 4:1 ratio (CO2 + 

4H2  4 + 2H2O). In the first stages of reaction, the possibility of being the hydrogenolysis 

of residual acetyl acetonate the source of methane was considered.54 However, a blank 

performed with pristine Cu(acac)2 reduced in situ with H2, as described in section 3.2.1, did 

not showed any catalytic activity under studied CO2 hydrogenation conditions, neither 

regarding CH4 nor MeOH (Table 1), thus discarding this hypothesis. Actually, Cu0 NPs 

prepared in this way grow to sizes of more than 10 nm, which would result in a very low 

catalytically active surface area. Some authors have described the blending of Cu/Cu+ and 

Fe+2/Fe+3 to constitute a catalyst with efficiency in the formation of methane.55 The option of 

being reduced FeBTC the catalysts promoting methane formation was tested in a separate 

hydrogenation experiment involving exclusively the MOF. The FeBTCH2 sample showed some 

measurable catalytic activity itself, giving MeOH STY values of ca. 0.1 mgMeOHgFeBTC
-1h-1 at 

260 ºC, but negligible CH4 production. It is worth pointing that, under similar working 

conditions, the catalytic activity of crystalline MIL-100(Fe)H2 was negligible regarding both 

MeOH and CH4 production. Such disparities on the catalytic behavior of both trimesic iron 

MOFs are related to the different structural characteristics. Likely, defects in FeBTC entail a 

large number of bare coordination sites in the Fe3+/Fe2+ nodes, which might promote the 

dissociation of some H2.56 The importance of defects in the structure of this MOF has been 

already illustrated in acid catalyzed acetalization and epoxide ring-opening reactions.57,58 

For the [CuCs@FeBTC]H2 catalyst, the efficiency of the CO2 hydrogenation reaction can be 

considered as low, with CO2 conversion values in the order of 0.3 wt%, which, together with a 
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reduced MeOH/(CO+CH4) selectivity of only 11 wt%, end in reduced STYMeOH of 11 

mgMeOHgCu
-1h-1. The STYCH4 was 5 mgCH4gCu

-1h-1, half of the STYMeOH. Since the XPS 

estimated surface composition was 47 at% Fe2+/Fe3+, 32 at% Fe3+, 11 at% Cu2+ and only 10 

at% Cu+/Cu0, the low efficacy of this catalyst is related to the moderate amount of reduced 

copper found on the sample surface. Even though pristine Cu(acac)2 could be totally reduced 

to Cu+/Cu0 phases using H2 flow at 260 ºC (Fig. S6), the confinement of the precursor into the 

MOF pores hinders their extensive reduction under similar experimental conditions, likely due 

to diffusion restriction (H2 in and acac out of pores). It should be pointed out that the catalytic 

activity of the material obtained from the reduction of net Cu(acac)2 was negligible, indicating 

extensive growth and sintering of Cu0 particles. Actually, the main reason behind impregnating 

the copper metal precursor into the pores of FeBTC was to avoid these undesired processes of 

growth, sintering and crystal ripening during reduction to CuCs and further catalytic reaction 

at high temperature.

3.3.2. [CuCs@FeBTC]aaH2 catalyst

With the objective of designing a more efficient catalyst by increasing the number of surface 

active Cu0/Cu+ centers, the use of a strong reductant for the confined Cu(acac)2 was considered. 

For this, Cu(acac)2@FeBTC was first treated with ascorbic acid, a soft-chemistry reductant. 

However, the resulting [CuCs@FeBTC]aa samples did not improve the catalytic performance 

in comparison to [CuCs@FeBTC]H2. Further reduction was then established by processing the 

[CuCs@FeBTC]aa sample with H2 at 300 ºC. Following the two-step reduction route in the 

[CuCs@FeBTC]aaH2 sample, CO2 conversion values were multiplied by a factor of 10 with 

respect to [CuCs@FeBTC]H2, reaching 3.1 wt% at 260 ºC, which can be increased up to ca. 7 

wt% at 300 ºC. However, the main reaction product at these high temperatures was CH4, with 

a STYCH4 of 67 mgCH4gCu
-1h-1 at 260 ºC (156 mgCH4gCu

-1h-1 at 300 ºC), instead of MeOH, with 

a STYMeOH of ca. 20 mgMeOHgCu
-1h-1 at both mentioned temperatures (Fig. 8b). The 
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(MeOH+CH4)/CO selectivity value was ca. 30 wt% (Fig. 8e), but with a MeOH/(CH4+CO) 

selectivity of only 6 wt%. The main surface particularity found in XPS for [CuCs@FeBTC]aaH2 

is that Fe3+ and Cu2+ were highly reduced to Fe2+/Fe0 and Cu+/Cu0 phases, respectively. Thus, 

in general lines, the enhanced catalytic activity of [CuCs@FeBTC]aaH2 with respect to 

[CuCs@FeBTC]H2 can be explained by an increased number of reduced copper species on the 

surface. Nevertheless, the influence of reduced iron species must be also taken into account, 

particularly to explain the increased amount of produced CH4. This reasoning was proved by 

synthetizing net FeBTCaaH2 catalyst, which displayed more competent values than FeBTCH2. 

At 260 ºC, three and four-fold increase in STYMeOH (0.63 mgMeOHgFeBTC
-1h-1) and STYCH4 (0.43 

mgCH4gFeBTC
-1h-1) were observed for FeBTCaaH2. In samples treated with ascorbic acid, e.g., 

FeBTCaaH2 and [CuCs@FeBTC]aaH2, XPS indicates the formation of iron carbides (Fe5C2 and 

Fe7C3) and oxygen-deficient FeO that must have some catalytic activity. These surface species 

are consistent with the reported mechanism of CO2 hydrogenation with iron, in which cationic 

surface iron is first reduced to iron NPs, and then carburized with dissociated carbon species 

(CO2 CO C) to form an amorphous iron carbide layer that is the active phase for the 

hydrogenation of CO (reduced CO2).59 The catalytic activity may also arise from the 

nucleophilic oxygen atoms observed by XPS (see SI), and located at the prismatic edges of 

stacked graphite sheets.50,51 Graphitic forms of carbon are known to have interesting potential 

for catalysis in reactions of hydrogenation, oxidation, etc.52 Although CH4 is considered less 

valuable as end product than MeOH, it can be used as an intermediate specie, since it has been 

shown that secondary processes of CO and CH4 to form chemicals and fuels can increase the 

overall CO2 hydrogenation yield through a less energy-intensive pathway.60

3.3.3. {[CuCs@FeBTC]aa@rGO}H2 catalyst

Two factors have been recognized to limit the catalytic activity of CuCs@FeBTC samples. 

First, the encountered difficulties in reducing the confined Cu(acac)2 precursor, shortcoming 
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that was solved by using a double reduction route. Second, restricted diffusion into the channels 

of FeBTC, when it is charged with CuCs species, which limit the mass transport of reagents 

(H2 and CO2) to the catalytically active sites, as well as products (MeOH, CH4, CO and H2O) 

out of the pores. In an attempt of reducing diffusion drawbacks, the composite catalyst was 

dispersed on a substrate. A GO aerogel, with demonstrated advantages in the hydrogenation 

reaction, has been selected for this purpose.17 CO2 hydrogenation tests performed with 

{[CuCs@FeBTC]aa@rGO}H2 indicate that the incorporation of GO results in a significant 

improvement of the catalytic performance in regard of MeOH production rate, concomitant 

with null production of CH4 (Fig. 8c). This increase in methanol yield is observed even the 

total CO2 conversion has a value of only 0.3-0.5 wt%, because the selectivity for the production 

of the alcohol is near 100 wt% at all the studied temperatures (Fig. 8f). As a consequence, a 

STYMeOH value of 86 mgMeOHgCu
-1h-1 was reached at 260 ºC, which represents a four-fold 

increase with respect to [CuCs@FeBTC]aaH2 lacking of GO support. The increase in MeOH 

selectivity has been attributed to the hydrophobic nature of rGO, which inhibits water 

adsorption and protects the deactivation of the active Cu+/Cu0 metal centers, as it was 

demonstrated in a previous work involving Cu/ZnO@rGO.17
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Figure 8. Catalytic data obtained for the different samples as a function of the reaction 

temperature at 10 bar: (a,d) [CuCs@FeBTC]H2, (b,e) [CuCs@FeBTC]aaH2, and (c,f) 

{[CuCs@FeBTC]aa@rGO}H2. In (a,b,c) STYX represents STYMeOH (solid line) or STYCH4

(dotted line). In (d,e,f) Sx represents S(MeOH+CH4)/CO (solid line) or SMeOH/CH4 (dotted line). 

3.3.4. Comparison to literature data

To analyze the effectiveness of the designed catalysts, MeOH yield obtained by the synthetized 

catalyst was compared to that of the typical CuZnO catalyst used for MeOH production in the 

CO2 hydrogenation reaction, and to other CuZnO-based systems involving different porous 

supports. Results obtained in this work with the different analyzed samples are summarized in 

Table 1. 
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Table 1. Catalytic data (at 260 ºC and 10 bar) obtained in this work for the prepared samples.

Sample STYMeOH

[mgMeOHgMOF
-1h-1]

STYCH4

[mgCH4gMOF
-1h-1]

SMeOH/CO SCH4/CO

[Cu(acac)2]H2 0 0 -- --

MIL-100(Fe) 0 0 25 --

FeBTCH2 0.1 0 2 --

FeBTCaaH2 0.63 0.43 6.5 3.6

[mgMeOHgCu
-1h-1] [mgCH4gCu

-1h-1]
[CuCs@FeBTC]H2 11 5 11

[CuCs@FeBTC]aaH2 20 67  5 17

{[CuCs@FeBTC]aa@rGO}H2 86 0 92 --

Taking into account that catalytic tests in this work were performed at standard temperatures, 

but at a pressure of only 10 bar, results are compared to that obtained with catalyst tested under 

similar conditions. At 260 ºC and 10 bar, net CuZnO NPs provided STYMeOH values below 5 

mgMeOHgCu
-1h-1, while applying the NPs to porous supports, such as activated carbon, zeolite 

or graphene oxide, gave values in the interval of 15-23 mgMeOHgCu
-1h-1.17,18,61 These MeOH 

production rates are in the range of the values measured in this work for the 

[CuCs@FeBTC]aaH2 sample, with 22 mgMeOHgCu
-1h-1. Published Cu-MOF systems of the core-

shell type, involving ZIF-8, MIL-100, UiO-66, reported MeOH production rates significantly 

lower than samples in this work, in the order of 1-12 mgMeOHgCu
-1h-1, although data were 

obtained at only 2 bar.62 In this work, the insertion of GO as a support for the CuCs@FeBTC 

NPs produced the best results with a STYMeOH of 86 mgMeOHgCu
-1h-1, which represent a three- 

to four-fold increase respect to published values, with methanol selectivity values of nearly 100 

wt% and null production of methane.



31

4. Conclusions

The direct use of MOFs composite in the catalytic transformation of CO2 into methane and/or 

methanol is presented. In the overall process, green chemistry concepts are applied to the 

choice of catalyst, substrate, solvents and reducing agents. Relevance of using semiamorphous 

vs. crystalline MOFs is proved trough the use of iron trimesate MOFs: FeBTC vs. MIL-100(Fe). 

Semiamorphous FeBTC is synthetized through a less energy intensive pathway in sustainable 

solvents, not requiring extensive post-processing like the crystalline counterpart, moreover 

leading to enhance catalytic activity. Graphene oxide is used to further increase catalysts 

performance. Precursor composite catalysts of the type [Cu2+@FeBTC]@GO are synthesized 

using green methods involving mainly green supercritical CO2 for the nanostructuration. In this 

respect, this work opens the spectrum of possibilities for the scCO2 synthesis of composites 

involving metal clusters into MOF pores by selecting adequately the organometallic precursors. 

The synthesis continues with catalyst reduction to obtain [CuCs@FeBTC]@rGO. However, to 

preserve the integrity of the MOF, typical thermal reduction with H2 could not be performed at 

the temperature values necessary for an efficient conversion of Cu2+ to Cu+/Cu0, which are 

described to be in the order of 320-350 ºC for different substrates. Ascorbic acid, a green and 

inexpensive reductant used in water, is selected to increase copper phase reduction, thus 

avoiding the use of toxic hydrazine or sodium borohydride, which causes the accumulation of 

waste harmful to the environment. The basic concept for all the studied systems is to disperse 

CuCs into the porous structure of FeBTC, thus confining the clusters into the mesoporous cages 

that physically hinders the growth and aggregation of the copper species during reduction and 

catalysis. From the three studied catalysts, [CuCs@FeBTC]H2 gives a low CO2 conversion with 

minimal production rates of both MeOH and CH4; [CuCs@FeBTC]aaH2 leads to relatively high 

CO2 conversion values and increased CH4 yield; and {[CuCs@FeBTC]aa@rGO}H2 produces 

large amounts of MeOH even at low CO2 conversion. The [CuCs@FeBTC]aaH2 composite has 
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the particularity of producing large amounts of CH4 without the use of noble metals, which was 

favored by increasing the temperature, reaching a STYCH4 value of 67 mgCH4gCu
-1h-1 at 260 ºC. 

For this sample, CO2 conversion reached a value of 3 wt% at 260 ºC, which is increased up to 

7 wt% at 300 ºC, values which are rarely reached at the working H2 pressure of only 10 bar. 

Even the high yield of CH4 attained by sample [CuCs@FeBTC]aaH2 could have some industrial 

interest, the main focus of the CO2 hydrogenation reaction is in producing MeOH. For the 

studied catalysts, values of 11, 22 and 86 mgMeOHgCu
-1h-1 were reached at 260 ºC for 

[CuCs@FeBTC]H2, [CuCs@FeBTC]aaH2 and {[CuCs@FeBTC]aa@rGO}H2, respectively. With 

difference, sample {[CuCs@FeBTC]aa@rGO}H2 exhibited the highest STYMeOH value, 

producing large amounts of methanol without the incorporation of ZnO species. This sample 

has the additional advantage of presenting MeOH selectivity values of nearly 100 wt% at the 

high temperatures necessary for CO2 conversion. Hence, the low reaction pressure used, a 

detrimental factor for total CO2 conversion, is compensated with improved MeOH selectivity 

at high temperature. This key outcome implies that by using rGO in the sample, the formation 

of CO and CH4 was inhibited, which is one of the most important parameters in industrial-scale 

processes, saving important separation costs of CO/CH4 from unconverted and recycled feed 

gas (CO2/H2). 
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