
This is the accepted version of the journal article:

Rosado, Albert; Borrás, Alejandro; Fraile, Julio; [et al.]. «HKUST-1 metal-
organic framework nanoparticle/graphene oxide nanocomposite aerogels for
CO2and CH4Adsorption and separation». ACS applied nano materials, Vol. 4,
issue 11 (November 2021), p. 12712-12725. DOI 10.1021/acsanm.1c03301

This version is available at https://ddd.uab.cat/record/308609

under the terms of the license

https://ddd.uab.cat/record/308609


1 
 

HKUST-1 Metal-Organic Framework Nanoparticle/Graphene Oxide 

Nanocomposite Aerogels for CO2 and CH4 Adsorption and Separation 

Albert Rosado,1 Alejandro Borrás,1 Julio Fraile,1 Jorge A. R. Navarro,2 Fabián Suárez-García,3 

Kyriakos C. Stylianou,4 Ana M. López-Periago,1 José Giner Planas,1,* Concepción Domingo,1,* 

Amirali Yazdi1,* 

 

Author Information: 

Albert Rosado: Materials Science Institute of Barcelona, ICMAB-CSIC, Campus UAB s/n, 

08193, Barcelon, Spain. Email: arosado@icmab.es 

Alejandro Borrás: Instituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus UAB 

s/n, 08193, Barcelon, Spain. Email: aborras@icmab.es 

Julio Fraile: Instituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus UAB s/n, 

08193, Barcelon, Spain. Email: julio@icmab.es 

Jorge A. R. Navarro: Departamento de Química Inorgánica, Universidad de Granada, Av. 

Fuentenueva S/N, 18071, Granada, Spain. Email: jarn@ugr.es 

Fabián Suárez-García: Instituto de Ciencia y Tecnología del Carbono, INCAR-CSIC, 

C/Francisco Pintado Fe 26, 33011, Oviedo, Spain. Email: fabian@incar.csic.es 

Kyriakos C. Stylianou: Department of Chemistry, Oregon State University, Corvallis, OR 97331, 

USA kyriakos.stylianou@oregonstate.edu 

Ana M. López-Periago: Instituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus 

UAB s/n, 08193, Barcelon, Spain. Email: amlopez@icmab.es 

José Giner Planas: Instituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus UAB 

s/n, 08193, Barcelon, Spain. Email: jginerplanas@icmab.es. Corresponding author 

Concepción Domingo: Instituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus 

UAB s/n, 08193, Barcelon, Spain. Email: conchi@icmab.es. Corresponding author 

Amirali Yazdi: Instituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus UAB 

s/n, 08193, Barcelon, Spain. Email: amirali.yazdi@yahoo.com. Corresponding author 

 

 

 

 

KEYWORDS: Supercritical CO2, composite materials, HKUST-1/GO, aerogels, gas 

adsorption, gas separation.  

mailto:arosado@icmab.es
mailto:aborras@icmab.es
mailto:julio@icmab.es
mailto:jarn@ugr.es
mailto:fabian@incar.csic.es
mailto:kyriakos.stylianou@oregonstate.edu
mailto:amlopez@icmab.es
mailto:jginerplanas@icmab.es
mailto:conchi@icmab.es
mailto:amirali.yazdi@yahoo.com


2 
 

Abstract 

The development of nanostructured composites made of metal-organic frameworks (MOFs) and 

graphene-based components, including exfoliated nanoplates of graphene oxide (GO) or reduced 

(rGO) graphene oxide, is an area of great interest in gas storage and separation. To improve the 

industrial viability, it is commonly demanded to build these nanocomposites with the shape of 

compact units, such as monoliths, foams, pellets or films. Methods to generate those 3D 

nanocomposites involving rGO are abundant; however, they become scarce when GO is the 

desired support due to the difficulty in maintaining the carbon matrix oxidized during the 

structuration process. In this work, a methodology based on the use of supercritical CO2 (scCO2) 

is described for the synthesis of nanocomposites involving a discontinuous MOF phase, e.g. 

nanoparticles (NPs) of HKUST-1, decorating the surface of a continuous GO matrix, with 

surface oxygen groups favoring MOF attachment. The use of this new supercritical 

methodology allows the nanostructuration of the composite in the form of 3D aerogels, 

while avoiding the reduction of GO. Enhanced values of textural properties, determined by low-

temperature N2 adsorption-desorption, were observed for the nanocomposites in comparison to 

the values calculated for similar physical mixtures, highlighting an increase of 40-45 % in the 

value of surface area for samples with high percentage of HKUST-1. Moreover, the composite 

aerogels, displaying a type II isotherm, outperform pristine HKUST-1 in regard of CH4 practical 

working capacity at high pressure. Particularly, a composite exhibiting more than 2-fold the 

working capacity of net HKUST-1 NPs was obtained. Columns involving the composite aerogel 

as the stationary phase were used to study the separation of N2/CO2 and CH4/CO2 gas mixtures. 

The results showed a high selectivity of the nanostructured HKUST-1@GO composites for CO2, 

with breakthrough times of ca. 20 ming-1 and stable cyclic operation.  
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1. Introduction 

For high-technology applications, the processing of powders, specially nanopowders, 

into useful objects such as nanostructured monoliths, foams, pellets or films, becomes 

essential in various sectors, not only due to better performance, but also due to issues related 

to easy handling of nano-objects and worker's safety.1 In this respect, nanoporous non-particulate 

sorbents are being developed to replace the traditional beds of powder or granules in order to solve 

the drawbacks of flow maldistribution, channeling, high pressure drop and mass transfer 

resistance, particularly when high throughputs are required, as well as in cyclic processes to 

increase kinetics and, thus, production.2,3 Graphene-based nanomaterials, including activated 

carbon, nanotubes, or graphene and its oxidized analogs graphene oxide (GO) and reduced 

graphene oxide (rGO), are some of the most studied matrixes in nanostructured adsorbents, 

which have been widely used in the sorption of hazardous materials and for the photocatalytic 

degradation of pollutants in water remediation, as well as for the physisorption and chemisorption 

in processes of separation of gases.4 Most of the advantageous properties found in these sorbents 

can be improved by building them as nanocomposite materials to achieve more sophisticated 

characteristics and, thereby, to increase their usability by integrating the unique properties of 

composing nano-units. Particularly, the category of composites made of metal-organic frameworks 

(MOFs) and GO has received tremendous attention in the past years.5,6,7 On one hand, the 

nanoporous MOFs family is one of the most promising class of solid materials selected, together 

with zeolites, for gas storage and separation.8,9,10 On the other hand, GO is an easily processable 

nanomaterial with numerous surface oxygen groups favoring MOF attachment.  

First reported GO/MOFs composites were hydrothermally synthesized by epitaxial 

growth,11 and they are described as constituted by a matrix of MOF microcrystals with 
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intercalated rGO nanosheets.12,13 More recently, composites involving a discontinuous 

MOF phase, usually nanoparticles (NPs), decorating the surface of a continuous rGO matrix 

have been described.14 These hybrids can be obtained either by the solvothermal in situ 

crystallization of the MOF in the presence of dispersed GO flakes or by the ex situ physical 

mixing of pre-synthesized components. When a 3D structuration of the composite affording 

aerogels is pursued, the formation of a gel-derived precursor is required previous to the 

drying process. The gel is generally obtained following a hydro/solvothermal approach 

which inevitably leads to GO reduction.15 Only a few examples of non-reduced MOF/GO 

aerogel composites have been reported, obtained by freeze-drying as very fragile foams.16,17 

Although much research has been devoted to the development of GO/MOFs nanostructured 

adsorbents in the last decade, there is still a need to design new methods that avoid harsh chemicals 

and/or elevated temperatures during synthesis, thus obtaining nanocomposites of highly 

exfoliated and oxidized GO.  

The best way to maintain GO exfoliated in a dry product is through the formation of highly 

porous aerogels,15 which can be constructed by using a low-temperature supercritical carbon 

dioxide (scCO2) method to induce gelation,18 as it was demonstrated in our laboratories.19,20 

The method is also able to produce robust nanocomposites involving non-reduced GO. This 

promising technique is here extended to the synthesis of low-density MOF@GO composite 

aerogels by adapting the scCO2 protocol to ex situ and in situ methods. Particularly, HKUST-

1 was chosen as the case study to exemplify the method possibilities. Indeed, the attractive 

functionality of nanoporous HKUST-1, one of the few commercially marketed MOFs,21 has 

already spurred significant efforts directed toward their combination with carbon-based materials 

for gas sorption applications.22,23 
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This work also intends to increase the understanding of the advantages of nanostructuring the 

HKUST-1@GO adsorbent into a 3D aerogel for gas adsorption in batch and under flow in semi-

continuous separation processes. The category of composites combining HKUST-1 and graphene, 

mainly rGO, has previously been exploited to engineer new and beneficial pore structures targeted 

to the adsorption and separation of small gas molecules, e.g., CO2 and nitrogen (N2),
24 methane 

(CH4),
25 and hydrogen (H2),

26 and for gas separation (CH4/CO2 and N2/CO2).
27 The design of new 

sorbent structures must involve a trade-off between chemical and textural characteristics, e.g., 

macroscopic 3D structure, stability, composition, morphology, surface area or pore volume and 

nanoscopic pore topology, which would govern the overall sorbent performance, e.g., uptake, 

kinetics, mass transfer or diffusion paths and selectivity. Accordingly, this study explores the 

influence of some experimental parameters (synthesis method, processing conditions and 

components ratio) on the sorption properties of the end materials. The static adsorption of CH4 at 

high pressure was also measured, since HKUST-1 has been proposed as a microporous material 

for natural gas storage.28 Actually, comparable structures to the aerogels prepared in this work, 

i.e., foams, with inherent large porosity and high surface area values, have been shown to be 

capable of maintaining enhanced adsorption kinetics due to high surface area values and lower 

pressure drop than compacted pellets.2,29 Hence, the prepared systems were also tested as the 

stationary phase for dynamic gas separation of N2/CO2 and CH4/CO2. 

 

2. Materials and methods 

2.1. Materials 

GO nanosheets were purchased from Graphenea Inc. (Spain), supplied as a stable dispersion in 

water with a concentration of 4 mgmL−1. For the preparation of microporous NPs of HKUST-1 
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(Cu3(BTC)2), the used reagents were copper nitrate hydrate (Cu(NO3)2·3H2O, Panreac), benzene-

1,3,5-tricarboxylic acid (H3BTC, Sigma-Aldrich) and sodium acetate (NaAc, Carlo Erba). N,N-

dimethylformamide (DMF), ethanol (EtOH), and methanol (MeOH) were the used liquid solvents 

provided by Acros Organics, Scharlau, and Panreac, respectively. Compressed CO2 (99.95 wt%) 

for synthesis and gasses for adsorption (N2, CO2 and CH4, 99.995 wt%) were all delivered by 

Carburos Metálicos S.A. 

2.2. Preparation methods 

 Nanocomposite samples were prepared starting from a long-term stable colloidal suspension 

of GO nanoflakes in MeOH with a concentration of 4 mgmL−1, which was obtained from the 

commercial GO dispersion in water by following a multi-step water-to-methanol exchange 

procedure described elsewhere.19 Aerogel nanocomposites involving HKUST-1 NPs decorating 

GO flakes were prepared based on the use of scCO2 by either an ex situ or in situ technique (Fig. 

S1). Relevant experimental parameters are summarized in Table 1.  
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Table 1. Experimental procedures used to obtain the different samples. 

 

 

 

 

 

 

 

 

 

 

 

2.2.1. Ex situ preparation of HKUST-1@GO nanocomposite precursor dispersions   

The ex situ method consists in integrating pre-synthesized HKUST-1 NPs (HK) with composing 

GO flakes by direct mixing in MeOH (Fig. S1a). For this, nanosized crystals of HKUST-1 were 

first precipitated employing a previously described method based on the addition of an excess of 

an alkaline salt (NaAc), used as a crystal growth modulator agent.30 Briefly, 1.04 g of 

Cu(NO3)2·3H2O (4.3 mmol) and 0.50 g of BTC (2.4 mmol) were dissolved separately in two 

aliquots of 12 mL of a 1:1:1 solvent mixture of DMF:H2O:EtOH. Both solutions were then mixed 

in a 50 mL vial and 5 equivalents of NaAc, with respect to BTC, were added. The mixture was 

vigorously shaken. The vial was closed and placed into an electrical oven at 353 K for 24 h. After 

cooling, a blue suspension was collected, which was sonicated/centrifuged (x2 in 25 mL MeOH). 

After the last centrifugation step, the solid was re-dispersed in 50 mL of MeOH and left stirring at 

500 rpm overnight. Following, the solid was washed again by sonication/centrifugation (x2 in 25 

Sample  Precursor Added GO:HK  

[wt%] 

Drying 

treatment  

GOsc GO in MeOH 

 

100:0 

scCO2 20 MPa 

333 K 

ex_HKsc HK NPs in MeOH 

 

0:100 

in_HKsc Cu(NO3)2 + BTC + NaAc 

in MeOH 

0:100 

ex_Asc 

 

GO in MeOH + HK NPs 

50:50 

ex_Bsc 

 

25:75 

ex_Csc 

 

10:90 

in_Csc 

 

GO in MeOH + Cu(NO3)2 

+ BTC + NaAc 

10:90 

ex_Cad 

 

GO in MeOH + HK NPs  10:90 air RT 
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mL MeOH). Finally, the centrifuged solid was dried under soft vacuum at room temperature. The 

sky-blue as-synthesized HKUST-1 was activated under high vacuum (10 Pa) at 433 K during 20 

h, becoming purple. The precursor dispersions for the ex situ composites were obtained by 

sonication of different amounts of HK NPs (20, 60, or 180 mg) added to aliquots of 5 mL of a GO 

dispersion in MeOH, corresponding to mixtures of 50:50, 25:75, and 10:90 wt% for GO:HKUST-

1. Moreover, 180 mg of bare HK NPs were dispersed in 5 mL of MeOH free of GO to obtain the 

precursor of an ex situ sample of bare HKUST-1. 

2.2.2. In situ preparation of HKUST-1@GO nanocomposite precursor dispersions   

The in situ method involves the growth of HKUST-1 NPs from a system containing dissolved 

reagents and dispersed GO (Fig. S1b). For this purpose, a weighted amount of Cu(NO3)2·3H2O 

(260 mg) was added to 5 mL of GO dispersion in MeOH and sonicated for 10 min. Then, 125 mg 

of BTC were added to the vial and the mixture was again sonicated for 10 min. Afterward, excess 

of NaAc was provided and sonication continued for 20 min. The obtained suspensions were 

sonicated/centrifuged until the supernatant lost the bluish appearance and became transparent (x4 

in 15 mL MeOH). Finally, each precipitate was re-dispersed in 5 mL of fresh MeOH by sonication. 

The amount of reagents was calculated to have a GO:HKUST-1 weight percentage of 10:90 wt%. 

The same procedure, but without GO, was followed to obtain the precursor of an in situ sample of 

bare HKUST-1. 

2.2.3. scCO2 treatment for aerogel formation 

Three assay tubes of 2 mL were loaded with aliquots of 1 mL of each previously prepared 

precursor dispersion in MeOH. Each set of three vials was placed into a 200 mL high-pressure 

reactor for scCO2 drying. Liquid CO2 was flushed into the vessel at 6 MPa and then heated at 333 

K. The pressure was increased up to 20 MPa by adding compressed CO2. These conditions were 
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maintained for 48 h. Afterwards, the reactor was slowly depressurized to atmospheric pressure 

under isothermal conditions (333 K) and, finally, cooled down to room temperature. Recovered 

samples were denoted with the suffix "sc" (Table 1). For bare materials, powder of ex_HKsc, fragile 

aerogels of in_HKsc and stable cylindrical blocks of GOsc were recovered. For composites, always 

dry robust aerogel cylinders were obtained, named as ex_Asc, ex_Bsc and ex_Csc for the ex situ 

50:50, 25:75 and 10:90 wt% GO:HKUST-1 ratios, and in_Csc for the in situ 10:90 wt% 

GO:HKUST-1 ratio. The recovered aerogel samples were stored under vacuum in a desiccator for 

further characterization in an attempt to reduce the fast atmospheric water adsorption of HKUST-

1 NPs.  

For comparison, aliquots of 2 mL of the ex situ precursor dispersion of ex_Csc, with 

concentration 10:90 wt% for GO:HKUST-1, were placed in an open glass vial and left to dry at 

RT to obtain an air dried (denoted with the suffix "ad") sample (ex_Cad) (Table 1). 

2.3. Characterization 

2.3.1. Composition, structure, and morphology 

The percentage of HKUST-1 in the prepared nanocomposites was determined through the Cu 

atomic ratio measured by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700x) 

after solids digestion in hydrochloric and nitric acids. Weight of main components in the 

composites, as well as thermal stability, were assessed through thermogravimetric analysis in air 

flow (TGA, Netzsch-STA 449 F1 Jupiter) using a temperature increase step of 5 Kmin−1. The 

structure of the composing materials and the composites was characterized by routine powder X-

ray diffraction (XRD) in a Siemens D-5000 diffractometer with Cu Kα radiation. The molecular 

arrangement was investigated using Fourier transform infrared (FTIR) spectroscopy (Jasco 4700 

Spectrophotometer) using the attenuated total reflection (ATR) accessory. The morphological 



10 
 

features were examined by using scanning electron microscopy (SEM, Quanta FEI 200). C, O, and 

Cu distribution were assessed by energy dispersive spectroscopy (EDS) in a high-resolution SEM 

microscope (FEI Magellan 400L, Ultim Extreme Oxford Inst.), placing the sample on a holder of 

silicon wafer and metalizing with Pd/Au. For the nanoparticulate systems, histograms of particle 

size distribution were obtained by measuring ca. 200 discrete particles in images taken with a 

transmission electron microscope (TEM, JEOL 1210) by using the ImageJ program.  

2.3.2. Textural properties and adsorptive behavior 

The textural properties were determined by N2 adsorption/desorption at 77 K using an ASAP 

2020 Micromeritics Inc. equipment. Previous to measurement, samples were outgassed under 

reduced pressure at 353 K during 20 h. The routine (post-)equilibrium time interval between points 

measurement was of 10 s, although in some experiments this time was increased to 120 s to study 

sorption kinetics. The specific surface area (Sa) was calculated by applying the BET (Brunauer, 

Emmet, Teller) equation, while the micropore volume (µPv) and apparent micropore surface area 

(µSa) were determined by the t-plot method. The nanopore volumetric size distribution was 

analyzed following two different methods: (i) the micropore (< 2 nm diameter) was estimated by 

the Dubinin-Astakhov (DA) method extracting information from the low pressure region of the 

isotherms (p/p0 between 0.001 and 0.13), and (ii) the mesopore (> 2 nm - ca. 50 nm diameter) was 

calculated at the intermediate part of the isotherm using the BJH (Barrett, Joyner and Halenda) 

method based on the Kelvin equation.31  

N2, CO2 and CH4 adsorptions at 273 K and 0.1 MPa were also studied using the same equipment 

and the activation procedure described previously. Selected samples were cycled up to five times 

in regard of N2 adsorption at 77 K to test the structural and sorption stability of prepared materials. 

Moreover, CO2 adsorption isotherms were measured up to 0.1 MPa at 273, 298 and 313 K to 
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calculate the isosteric heat of adsorption (Qst), determined through the graphical representation of 

the pressure logarithm (lnp) for a given adsorbed amount (n) as a function of the reciprocal 

temperature (1/T). The Qst at a specific adsorbate loading was then estimated using the Clausius-

Clapeyron equation (1):32   

Qst(n) = -R ln (p2/p1) (T1T2/(T2-T1))    (1) 

Nanocomposing materials and nanocomposites were tested for CH4 high-pressure adsorption 

up to 10 MPa at 298 K in a high-pressure volumetric sorption apparatus (iSorp HP Quantachrome). 

The samples were degassed in situ at 353 K under high vacuum for 10 h. The bulk gas amounts 

were calculated by using the Schmidt-Wenzel type equation of state, defined in terms of Helmholtz 

free energy (National Institute of Standards and Technology -NIST- recommended). The 

experimentally measured data was obtained as excess gravimetric uptake (Nexc), which was 

transformed into absolute gravimetric uptake, also called total uptake (Ntu), by using equation (2): 

Ntu (p,T) = Nexc (p,T) + ρ (p,T)·Pv   (2) 

where ρ is the density of the gas at a certain pressure and temperature, obtained from NIST data 

files, and Pv is the single point total pore volume determined through the BET equation. For net 

HKUST-1, the used Pv corresponds to the μPv. 

Dynamic breakthrough tests were performed using stainless steel fixed-bed columns (0.7 x 7 

cm diameter x length) by using aerogels straightforwardly growth inside the column. Gas 

separation of N2/CO2 and CH4/CO2 at atmospheric pressure and 273 K was studied in the home-

made semi-continuous system shown in Fig. S2. He gasses (2 mLmin-1) at 353 K was used as a 

tracer during the experiments for the regeneration of the aerogels, as well as for purging and 

cleaning the lines of the adsorption system. In a typical test, a flow of CO2, diluted with either N2 

or CH4 in a volume ratio of 15:85 v%, was pumped through the column at 0.1 MPa with a total 
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inlet flow rate of 10 mLmin-1. Relative amounts of gases passing through the fixed bed were 

monitored with a mass spectrometer gas analysis system (Pfeiffer Vacuum) detecting ion peaks at 

m/z 44 (CO2), 14 (N2), 16 (CH4) and 4 (He). Selected samples were measured in regard of cycling 

stability up to five times. Based on the breakthrough curves, the adsorption capacity (qi) of each 

gas was calculated in [mmolg-1] as follows (3): 

 qi = (Q · xi · ti) / 22.4                                   (3) 

where Q is the flow rate, xi is the feeding molar fraction of gas i at STP and t is the breakthrough 

time of gas i normalized by gram of adsorbent. With that, the separation selectivity αij could be 

calculated using equation (4):33 

αij = (qi/xi) / (qj/xj)                                  (4) 

 

3. Results and discussion 

3.1. HKUST-1@GO synthesis, composition, morphology and nanostructure 

Nanocomposite precursor dispersions were treated under scCO2 at mild conditions (20 MPa 

and 333 K), by either direct mixing of both nanoentities, involving the ex situ synthesis of HK NPs 

(ex_HK@GO, Fig. S1a), or by the in situ growth of HKUST-1 in the presence of GO 

(in_HK@GO, Fig. S1b). Reference ex_HKsc and in_HKsc products were obtained by processing 

exclusively the HK precursors (Table 1). The recovered pristine ex_HKsc sample was a 

nanopowder (Fig. 1a) with a mean diameter of 41 ± 11 nm measured from TEM images (Fig. 1b). 

Sample in_HKsc was recovered as a brittle aerogel, which was inevitably pulverized during 

manipulation. The in_HKsc NPs, with a mean size of 32 ± 8 nm (Fig. 1c,d), were significantly 

smaller than those obtained by the ex situ method. GOsc aerogel displayed a sponge-like 

nanoporous (meso/macro) structure of multiple exfoliated GO nanosheets (Fig. 1e,f). 
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Figure 1. SEM (a,c,e) and TEM (b,d,f) pictures of individual composing materials: (a,b) ex_HKsc, 

(c,d) in_HKsc, and (e,f) cross section of the GOsc aerogel and optical image of the cylindrical block 

in the inset of (e). TEM derived percentile size distribution histograms are shown for ex_HKsc and 

in_HKsc NPs in (b) and (d), respectively.  

1 µm 

(a) 

(e) 

10 µm 5 µm 

(f) 

500 nm 
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500 nm 

500 nm 

(b) 
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Table 2 shows the composing materials weight percentages determined for the different 

nanocomposite samples by ICP-MS, which closely matched the added initial weight ratios in the 

respective precursor dispersions (Table 1).  

 

Table 2. Summary of the composition and textural properties, including BET surface area (Sa), 

apparent micropore surface area (μSa), BJH meso/macropore volume (mPv) and t-plot micropore 

volume (μPv), of the studied samples. 

Sample GO:HKUST-1 

ICP-MS [wt%] 

Sa 

[m2g-1] 

µSa 

[m2g-1] 

mPv 

[cm3g-1] 

µPv 

[cm3g-1] 

GOsc --- 205 --- 0.49 --- 

ex_HKsc --- 1140 850 0.33 0.33 

in_HKsc --- 1210 945 0.89 0.37 

ex_Asc 54:46 760 555 0.29 0.22 

ex_Bsc  36:64 1125 790 0.41 0.32 

ex_Csc 10:90 1520 1260 0.37 0.49 

in_Csc 14:86 1140 870 0.84 0.34 

 

The XRD patterns recorded for the different HK@GO nanocomposites and the 

individual components are shown in the 2θ range 5-30º (Fig. S3). Pristine GOsc exhibits a 

single wide peak at about 2θ=11°, compatible with highly oxidized graphene.34 For pristine 

ex_HKsc and in_HKsc NPs, the patterns obtained were in accordance with the one simulated from 

the single crystal structure of HKUST-1.35 The somehow low crystallinity observed for 
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in_HKsc, with low-intensity XRD peaks (before normalization) and certain widening, 

reflects the small crystal size of the NPs. For the in situ samples, the XRD analysis was 

extended up to a 2θ of 50º to demonstrate that the precipitation of secondary phases, such 

as copper oxides (CuO or Cu2O), was avoided using the designed protocol (Fig. S4). Both ex 

situ and in situ composites displayed the typical signals of the simulated HKUST-1. The 

rather broad peak of GOsc at ca. 11º was not observed in any of the studied composite samples, not 

even in sample ex_Asc with the highest GO percentage. This was probably due to a decrease in the 

staking of the GO nanoflakes caused by NPs interlayer deposition, rather than to the reduction of 

GO to rGO. Consistently with this reasoning, the typical rGO peak at 2θ ca. 25°36 was not observed 

in any of the samples. To further elucidate the presence of GO vs. rGO in the aerogels, the sample 

ex_Bsc, with a significant percentage of GO, was analyzed by TGA and compared with composing 

materials GOsc and ex_HKsc (mass loss description can be found in the SI, Fig. S5). For the 

nanocomposite, a decay of weight in the interval 448-523 K was observed and attributed to the 

presence of oxygenated groups (hydroxyl and epoxy) in the GO component. This observation 

further supports the fact that the oxygenated groups in GO remain after scCO2 processing, as it 

was already demonstrated for bare GOsc.
19 The ATR-FTIR spectra measured in the region 4000-

600 cm-1 for the different samples showed, exclusively, the typical vibration bands of HKUST-1 

(for band assignation refer to the SI, Fig. S6). 

Aerogel 3D nanostructures, with the shape of the used round bottom vials, were 

recovered for all the nanocomposites, with a bluish color provided by the HKUST-1 (Fig. 

2insets). SEM pictures of aerogels cross-section revealed that the sponge-like skeleton 

observed for pristine GOsc aerogel (Fig. 1e) remained unaltered in both types of prepared, ex situ 

and in situ, composites, which is exemplified in Fig. 2a,b with images of ex_Csc and in_Csc 
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samples. Some differences could be noticed in the distribution of the NPs throughout these 

aerogels. Whereas the NPs were well-dispersed and mostly disaggregated in the ex situ sample, in 

in_Csc a worse distribution and higher degree of aggregation was observed. To further confirm the 

homogeneity of the ex_Csc sample, EDS analysis was performed in a backscattered SEM image to 

identify the C, O, and Cu elemental composition in a piece of the aerogel. The mapping of the 

image established the homogeneous distribution of the three components (Fig. S7). 

 

 

 

 

 

 

 

 

Figure 2. SEM images of aerogel composites: (a) ex_Csc and (b) in_Csc. The insets in the right up 

corners are optical pictures of the as-synthetized aerogel blocks. 

3.2. N2 adsorption/desorption measurements 

3.2.1. Textural properties 

The textural properties (Table 2) were determined by studying the specific physical 

adsorption and desorption of N2 at low temperature (Fig. 3). Fig. 3a shows the isotherms of 

individual composing nanomaterials. GOsc exhibits a type IV isotherm at low and medium p/p0 

and a type II isotherm at high p/p0, which is characteristic of nanoporous structures with both meso 

and macropores. This isotherm has an H3-type hysteresis loop related to aggregates of plate-like 

particles.37 The BET surface area measured for different samples of this material was in the order 
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of 200-210 m2g-1. The as-recovered ex_HKsc nanopowder displayed a type I isotherm characteristic 

of microporous materials with a hysteresis loop at high relative pressures caused by the 

interparticle voids generated by NPs aggregation. A similar isotherm was observed for in_HKsc, 

but with an increased uptake at nearly atmospheric pressure owing to the fluffy 3D structure 

obtained after the scCO2 slow drying. However, these spongy products had a very fragile nature 

and break during manipulation. The apparent µSa was similar for both supercritically processed 

HKUST-1 samples (ca. 900 m2g-1), value that is slightly lower than the ca. 1300 m2g-1 found for 

HKUST-1 activated NPs. This decrease in surface area is related to a decrease in the MOF 

crystallinity for different reasons. On one side, the presence of traces of water in the supercritical 

reactor during scCO2 treatment would partially hydrolyze the HK NPs. In bare HKUST-1 samples, 

water can be strongly sorbed in the HKUST-1 micropores, dissolved in the CO2 gas, as humidity, 

and so on. In the composites, water also appears as a residue from the H2O/MeOH interchange 

process of GO and can be strongly sorbed on the GO surface. The impossibility of totally 

eliminating water from scCO2 processing is a common issue of this technology,38 which is 

particularly relevant in the studied system because of the nanometric size and the high sensitivity 

of HKUST-1 to water. It should be noted that water becomes extremely acidic in contact with 

scCO2, which would speed the hydrolysis of the MOF. As reported for MOF-5, acid media could 

lead to the protonation of the ligands in the MOF resulting in the breakage of the Cu-O bond and 

leading to partial pore collapse.39 On the other hand, the high pressure conditions inside the reactor 

could be a plausible reason for HKUST-1 irreversible amorphization due to compressive stress, 

originated during pore filling (pressurization) and pore emptying (depressurization), as previously 

described in scCO2 for MOF-177.40 Even a reduced amount of structural defects can cause a 

significant reduction in N2 uptake due to pore blocking in the NPs outer surface. 
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N2 isotherms for the ex situ nanocomposites are shown in Fig. 3b. The three samples exhibited 

high uptake at low relative pressures (type I), provided by the microporous nature of HKUST-1, 

and a continuous uptake with hysteresis loop at high pressures, denoting mesoporosity, originated 

by the 3D GO matrix. The values of the specific volume of adsorbed N2 at the low p/p0 increased 

proportionally to the amount of HKUST-1 in the composite, i.e., ex_Asc < ex_Bsc < ex_Csc. 

Similarly, the values of apparent µSa and µPv increased with the percentage of HKUST-1 (Table 

2). Sample in_Csc also displayed a type I isotherm at low p/p0 but with an increased adsorption at 

high p/p0 (Fig. 3c), resembling in_HKsc, which may be caused by the high degree of NPs 

aggregation, as formerly observed in Fig. 2b.  
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Figure 3. Low temperature N2 adsorption/desorption experimental isotherms of: (a) net 

components, (b) ex situ and (c) in situ aerogel composites, experimental (straight lines) and 

calculated for physical mixtures (dotted lines).  

To further analyze the textural properties of the nanocomposites, the measured N2 adsorption 

isotherms and derived textural parameters were compared with the calculated quantities assuming 

a physical mixture (labeled as "pm"), obtained by integrating the respective weight percentage of 

each nanocomponent processed separately in scCO2 (compounds GOsc and ex_HKsc or in_HKsc). 

The calculated values are given in Table_S1, in comparison with the experimental ones. Results 

are graphically presented for ex situ and in situ samples in Fig. 3b,c, the analysis of which 

(a) (b) 

(c) 
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indicated that the values of N2 adsorption were consistently higher for the synthesized 

nanocomposites in comparison to the values estimated for the physical mixtures of equal 

composition, particularly for ex situ nanocomposites in which, quantitatively, this increase results 

in an enhancement of Sa values of 20, 40 and 45 % for samples ex_Asc, ex_Bsc and ex_Csc, 

respectively. This finding is considered a remarkable achievement and a clear indication of 

synergistic effects occurring between the nanomaterials in the nanocomposite. Synergistic effects 

improving gas adsorption have already been reported for the GO@HKUST-1 system, obtained by 

the in situ growth of HKUST-1 microcrystals with embedded GO nanosheets.12,13 In these 

compounds, new micropores are described to be generated at the interface between both 

components. The same behavior can be extended to the ex situ HKUST-1@GO systems prepared 

in this work. However, in the studied nanoproducts, the differences between the micropore 

apparent surface area and volume of the composites and the correspondent physical mixtures are 

considered too high to be attributed only to this fact. A second reasonable possibility is to consider 

that the presence of GO prevents NPs from strong aggregation when following the ex situ 

approach, thus, reducing HKUST-1 micropore blocking. This would explain the higher 

microtextural values obtained for ex_Csc with respect to in_Csc, both with similar percentages of 

HKUST-1 but with the NPs displaying a different configuration, e.g., degree of aggregation, and 

distribution throughout the aerogel, as previously observed in SEM images (Fig. 2a,b). 

3.2.2. Hierarchical pore size distribution 

A hierarchical pore structure can be assigned to the studied composites involving multi-scale 

nanopores, reflected in a significant pore volume in both the micro and mesopore ranges, as can 

be straightforwardly deduced from the shape of the isotherms in Fig. 3b,c. Moreover, SEM 

micrographs indicate the presence of macropores in the composites (Fig. 2). To further illustrate 
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the hierarchical porous character of the synthetized products, DA and BJH plots of net GOsc 

aerogel and ex_HKsc NPs as well as composite ex_Csc are shown in Fig. S8. Note that two different 

equations are necessary to describe pore filling in micropores (DA) and capillary condensation in 

mesopores (BJH). GOsc aerogel displayed an almost null pore volume in the micropore region, 

while it has a wide pore size distribution in the whole mesopore scale. Contrarily, ex_HKsc NPs 

have its pore volume predominantly distributed in the micropore region, while only a small 

percentage of it is situated in the mesopore region that is due to interparticle void. For the ex situ 

composite, substantial N2 adsorption was observed at low p/p0, indicating the predominant 

microporous character of the samples as shown by the DA plot. Moreover, a similar distribution 

to GOsc mesopores can be observed in the BJH of the composite, indicating mesoporosity provided 

by the 3D nanostructuration of GO. 

3.2.3. Kinetics of adsorption measured through equilibrium time  

N2 gas was used to analyze the kinetics of adsorption at different equilibrium times (10 and 120 

s) by comparing the behavior of samples ex_Csc and ex_Cad, both similar in composition since they 

were synthetized from the same precursor dispersion (Table 1), only that the first one was obtained 

under scCO2 and the second was air dried (see SI for ex_Cad sample characterization). The air dried 

sample was obtained as a film at the bottom of the vial, and its dense morphology was established 

by SEM and XRD (Fig. S9a,b,c). N2 adsorption analysis showed the absence of mesoporosity 

in the dense air dried product (Fig. S9d, Table S2). The increase of the equilibrium time, 

from 10 (routine) to 120 s, produced different effects in the two samples (Fig. S9d). On one 

hand, two superimposed isotherms were obtained by measuring the aerogel ex_Csc at both 

equilibrium intervals. Conversely, a noteworthy increase on the N2 adsorption values (ca. 35 v%) 

of the isotherm recorded for ex_Cad was observed by delaying 120 s the measurement between two 
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equilibrium points, which results in a significant increase of measured micropore apparent surface 

area and volume (Table S2). This set of experiments was performed to illustrate that the loss of 

the hierarchical nanoporous architecture in the ex_Cad sample negatively affects the 

adsorption kinetics, since the air dried sample needed extra time to reach equilibrium.41 

Hence, it can be concluded that the hierarchical combination in an aerogel composite of a 

mesoporous matrix and microporous NPs is beneficial, since micropores would provide for 

a high adsorption capacity, while mesopores enhance gas diffusion and kinetics, favoring 

an easy access to the micropores in the HKUST-1, which is not possible following a conventional 

evaporation method. 

3.2.4. Chemical sensibility to water 

Water vapor, including atmospheric humidity, has a destructive effect on the structure of 

HKUST-1, being more detrimental for nanometric particles with significant external surface for 

hydrolysis.42 The role of essentially hydrophobic rGO as a potential protective agent in a humid 

atmosphere has been reported in the literature for HKUST-1/graphene composites.43,44 This 

analysis was extended here to the materials prepared in this work, containing highly oxygenated 

GO with a primary hydrophilic character. N2 adsorption was used to evaluate the chemical 

sensibility to water of a selected composite (ex_Csc) vs. ex_HKsc NPs. Variations on N2 adsorption 

were measured for the sample just as-recovered from the high pressure reactor and after a period 

of three weeks under 60-75 % relative humidity (Fig. S10). A similar reduction of ca. 25 v% in 

the values of N2 adsorption was observed for both pristine NPs and nanocomposite material. This 

behavior is related in both cases to HKUST-1 NPs degradation by water. Nevertheless, this result 

also demonstrated that the presence of hydroxyl and epoxy functionalities in GO did not accelerate 

the process of HKUST-1 NPs degradation due to hydrolysis.  
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3.2.5. Mechanical stability 

The macrostructural mechanical stability of the aerogels was confirmed in regard of static 

adsorption by performing cycles of N2 adsorption/desorption in sample ex_Csc. Obtained isotherms 

are shown in Fig. S11a, demonstrating the complete stability of the sample in regard of adsorption 

and no affectation towards kinetics, as the duration of the adsorption/desorption process was 

maintained in the five studied cycles (Fig. S11b). After five cycles, the recovered sample showed 

similar cylindrical visual appearance, structure determined by XRD (Fig. S11c) and morphological 

aspect observed by SEM (Fig. S11d) than the original sample (Fig. 2a). 

3.2.6. Volumetric working capacity 

Aside from enhanced absolute uptakes and gravimetric working capacity (moles of gas 

adsorbed per unit mass of adsorbent) and good mass transfer kinetics, even flow distribution and 

no fluidization, highly nanoporous structured adsorbents should also exhibit a satisfactory 

volumetric working capacity (loading per unit system volume), commonly associated with 

compensating low voidage for minimizing the size of the adsorbent. In general, aerogels are 

materials with low values of bulk density, and the supercritically prepared GO aerogels in this 

work are not an exception. Certainly, a density value in the order of only 5 mgcm-3 was calculated 

for the as-synthesized GOsc aerogel. Density values increased to ca. 7, 14, and 32 mgcm-3 for 

ex_Asc, ex_Bsc, and ex_Csc composites, respectively. Hence, the large percentages of empty void 

space in aerogels could compromise their volumetric adsorption capacity. This characteristic can 

be considered a drawback especially important in industrial applications in which the adsorbent 

must be confined in a given volume. The disadvantage of low volumetric adsorption in aerogels 

could be solved by applying mechanical densification to the prepared aerogel cylinders, attaining 

a compromise between enhancing the volumetric working capacity and maintaining fast gas 
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diffusion kinetics. To proof this aspect in this work, mechanical densification of the aerogels was 

manually carried out by using a 2 mL syringe, sealed at the end with Teflon, and filled with aerogel 

cylinders of GOsc and ex_Csc samples (Fig. 4a). By using this device, an increase in the bulk 

density of 30 and 5-fold, respectively, was easily attained. Consequently, the resulting values of 

density for compressed ex situ composites were above 150 mgcm-3, closer to that of pristine 

HKUST-1 NPs, measured in this work as 280 mgcm-3. Importantly, the microporous and 

mesoporous characteristics were preserved in the N2 isotherms of the compressed aerogels (Fig. 

4b). For these nanocomposites, even if mechanical pressing caused the visual collapse of the 

aerogel macrostructure due to the destruction of large macropores, the SEM analysis indicates that 

the nanoporous internal framework originated by GO flakes assembly was, at least, partially 

preserved, as shown in Fig. 4c,d for densified GOsc (ρx30) and ex_Csc (ρx5) samples.  
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Figure 4. Characterization of the mechanically compressed samples GOsc (ρx30) and ex_Csc (ρx5): 

(a) device used for mechanical densification an optical pictures of the ex_Csc composite as-

synthetized and compressed, (b) N2 isotherms, and SEM pictures of compressed GOsc (c) and 

ex_Csc (d).  

3.3. CO2 adsorption measurements 

Enhanced adsorption capacity for polarizable gasses, such as CO2, at low pressures is 

commonly observed for MOFs in which the removal of terminal bound solvent molecules exposes 

coordinative unsaturated metal centers, as it is the case of HKUST-1.45 For example, the measured 

CO2 uptakes in the ex_HKsc sample at atmospheric pressure and 273 K was relatively high, of the 

order of 6.6 mmolg-1, in comparison to bare GOsc, with adsorption values of only 1.1 mmolg-1 (Fig. 
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5a). The studied nanocomposites ex_Csc and in_Csc samples provided similar values to bare 

HKUST-1, around 6.0 and 5.5 mmol g-1, respectively (Fig. 5b). 

 

 

 

 

 

 

 

 

Figure 5. CO2 adsorption isotherms at 273 K for representative studied products: (a) scCO2 treated 

HKUST-1 and GO, and (b) selected nanocomposites. 

To understand the behavior of nanoporous materials in applications such as gas separation, 

information about the temperature dependency of the adsorption isotherms becomes necessary. 

This information can be summarized in the isosteric heat of adsorption, used to describe the 

average enthalpy of adsorption of the gas at a specific surface coverage. This variable is directly 

related to the interaction between adsorbate molecules and the surface of the adsorbent. In this 

work, Qst was evaluated by collecting CO2 adsorption isotherms up to 0.1 MPa at 273, 298 and 

313 K for each pristine component, GOsc (Fig. S12a) and NPs of activated HK at 433 K, ex_HKsc 

and in_HKsc (Fig. S12b), and composites ex_Csc (Fig. S12c) and in_Csc (Fig. S12d). For all the 

studied compounds, the amount of adsorbed CO2 decreases with the increase of temperature, 

indicating exothermic sorption. Calculated Qst values at different surface coverages are shown in 

Fig. S13. For activated HK NPs, a constant Qst value of -24 Jmmol-1 was obtained, independent of 

(a) (b) 



27 
 

the fractional coverage, indicating an energetically homogeneous adsorbent surface. This value is 

in agreement with the computational enthalpy of adsorption calculated for the pair CO2/HKUST-

1.46 The supercritically treated ex_HKsc and in_HKsc samples also displayed a nearly constant Qst 

value of -25 Jmmol-1 up to a surface coverage of 2 mmolg-1 of CO2. In the case of GOsc, a clear 

decrease of -Qst from 30 to 16 Jmmol-1 was noticed when increasing surface coverage, denoting 

heterogeneity of GO energy surface, caused by the presence of a great range of functionalities and 

possible defects. Due to the low percentage of GO in the studied composites (ca. 10 wt%), these 

products have similar behavior to HK NPs composing units, maintaining the CO2 affinity nearly 

constant with Qst values of ca. -25 Jmmol-1. The high CO2 uptake and low and constant Qst make 

nanocomposite aerogels promising materials for CO2 gas separation.47 

3.4. High-pressure CH4 adsorption 

Natural gas, mainly composed of methane, is considered a more sustainable transportation fuel 

in comparison to other traditional fossil fuels, principally due to its abundant natural reserves, 

reduced pollutant (CO2) emissions, and high hydrogen to carbon ratio.48 However, the use of this 

fuel in vehicles has, currently, a critical bottleneck related to its low storage density at ambient 

temperature. A key challenge is to find a nanoporous material being mass- and volume-efficient, 

with ambient-temperature high-density storage capacity via physisorption.49 In this respect, 

HKUST-1 has been reported to be sizable for methane adsorption (CH4 molecular kinetic diameter 

= 0.38 nm), since this MOF contains three types of cages with pore diameters of ca. 0.5, 1.1 and 

1.3 nm.50 Dense CH4 adsorption at 298 K and up to 10 MPa was analyzed in this work for the 

ex_Csc nanocomposite, as well as for bare GOsc aerogel and ex_HK NPs composing units. 

Important parameters considered in assessing the material performance for CH4 uptake were the 

volumetric and gravimetric working capacities. 
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Total CH4 gravimetric adsorption [gCH4gadsorbent
-1] capacities of the different studied samples at 

298 K are plotted as a function of pressure in Fig. 6a. Pristine GOsc displayed a type III isotherm, 

denoting physisorption with low energetic interactions between CH4 and the adsorbent, while the 

isotherm of bare ex_HKsc NPs resembled type I, with significant uptake at low pressures and 

tendency to reach a plateau, typical of a microporous compound. The nanocomposite ex_Csc 

displayed a Type II isotherm, with increased uptake at low pressures and deprived of adsorption 

restrictions at high pressures. Samples ex_Csc and ex_HKsc had a similar gravimetric uptake at low 

pressures, provided by the MOF microporosity, but at pressures higher than 0.5 MPa, the 

contribution of the meso/macroporous nature of the GO matrix became important and, as a result, 

a significant adsorption was observed for the nanocomposite up to a pressure of 10 MPa. The total 

uptake at 10 MPa was 0.28 gg-1, a value considerably higher than others reported in the literature 

for pristine HKUST-1 with gravimetric uptake values around 0.18 gg-1.51 The deliverable 

gravimetric capacity under practical working conditions is estimated as the difference in the uptake 

at the industrially viable maximum (e.g., 10 MPa) and minimum (e.g., 0.5 MPa) working 

pressures.52 Hence, type I isotherm, always obtained for bare microporous HKUST-1, would lead 

to a low gravimetric working capacity due to high uptake at low pressures followed by a plateau. 

Increased gravimetric working capacities are obtained for adsorbents with the sigmoid isotherm 

type II, here observed for the studied nanocomposite ex_Csc aerogel, which exhibits more than 2-

fold the working capacity of net ex_HKsc NPs. This is a remarkable result that highlights the 

importance of the hierarchical nanoporous structure on the composites for industrial high pressure 

applications.  
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Figure 6. CH4 adsorption isotherms up to 10 MPa at 298 K representing: (a) gravimetric, and (b) 

volumetric uptakes. Blue and green square shows the practical working capacity of ex_HKsc and 

ex_Csc, respectively.  

The absolute volumetric uptake [cmCH4STP
3cmadsorbent

-3] was calculated for these samples from 

the gravimetric adsorption isotherms by using the density values of the adsorbent and that of CH4 

at STP under working conditions (0.0007 gcm-3). Calculated values are plotted in Fig. 6b. The 

calculated volumetric adsorption values for ex_HKsc at different pressures were, to a certain extent, 

lower than reported for other pristine HKUST-1 systems,51,53 which is partially ascribed to the 

somewhat lower micropore volume values in NPs vs. commonly used microparticles, and also to 

the lower density value used for the calculation. In the literature the density value of either the 

non-activated sample (ca. 400 mgcm-3) or even the crystallographic value (883 mgcm-3) is 

frequently employed.53 However, in this study, it has been considered more realistic to use the 

density value measured for the activated NPs (280 mgcm-3). As expected, the values of volumetric 

adsorption for the as-recovered aerogels were very small in the range of studied pressures (Fig. 

6b), but the drawback of low volumetric adsorption can be easily solved by sample densification, 

(a) (b) 
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as previously explained. Indeed, the mechanical compression of the ex_Csc (ρx5) nanocomposite 

up to a density of 160 mgcm-3, would drastically improve the CH4 uptake on a volumetric basis, 

without losing sample permeability as formerly demonstrated for N2 adsorption (Fig. 4b), even 

achieving higher volumetric working capacities than net ex_HKsc sample (Fig. 6b). On the 

contrary, densification of strictly microporous materials often results in pore blocking and comes 

at the expense of slow adsorption kinetics.51 

3.5. Dynamic adsorption measurements 

Dynamic gas sorption in fixed-bed columns is a commonly used standard test to evaluate the 

gas separation capability of a specific adsorbent.54 The conventional procedure to prepare fixed-

bed columns for gas separation consists in packing adsorbent powder together with an inert 

material needed for flow distribution. Important drawbacks of this method are the high amount of 

adsorbent required and the lack of consistency in adsorbate diffusion. Currently, industrial efficient 

dynamic gas separation processes are preferentially performed by nanostructuring the solid into 

monoliths, foams, pellets or extrudes of aggregated crystals.55 The use of nanostructured 3D 

adsorbents in semi-continuous processes performed under flow commonly decreases the 

vulnerability to compaction and consequent pressure drop compared to packed bed 

systems.56 For instance, structured MOF adsorbents have been obtained by applying high 

pressure to microcrystalline powders, involving occasionally polymeric binders.57,58 However, 

crystals sintering and compression stress on micropores have been described to have detrimental 

effects regarding total gas uptake and kinetics.51 In view of that, composites involving MOF 

particles have been deeply explored to improve sorption characteristics.10 In this work, HKUST-

1@GO aerogels have been considered as good candidates to act as the stationary phase in dynamic 

gas separation processes due to the hierarchical nanopore structure of the material. For this 
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application, N2/CO2 and CH4/CO2 separations were explored. The former is relevant in post-

combustion CO2 capture,59 while the latter is important in applications of natural gas upgrading.60 

These three gases are characterized by a zero dipole moment and a comparable kinetic diameter 

(3.3, 3.6, and 3.8 Å for CO2, N2, and CH4, respectively), which make challenging their separation 

due to the close similarity between molecules. The main appreciable difference in terms of physical 

properties is the significant quadrupole moment shown by CO2, which is minimum for N2 and 

negligible for CH4.
61 This difference leads to lower HKUST-1 -Qst values for N2 and CH4, reported 

as 15.5 and 17 Jmmol-1, respectively,46,50 than for CO2, measured as 25 Jmmol-1 in this work. In 

this respect, the charge-dense points of HKUST-1, with open metal sites, provide an opportunity 

for discriminating CO2 in gas mixtures based on its quadrupole moment.45 Gas uptakes at 273 K 

and atmospheric pressure were first measured in sample ex_Csc to have an indication of 

nanocomposite affinity for the different gases. Obtained loadings were 0.2, 1.3 and 6.0 mmolg-1 

for N2, CH4 and CO2, respectively. Hence, the synthetized nanocomposites are expected to display 

a significant selectivity for CO2 adsorption when mixtures of these gases are used, since measured 

CO2 uptake was ca. 5 and 30 fold higher when compared with CH4 and N2, respectively.  

An additional advantage of the used supercritical CO2 methodology is the fact that it permits 

the straightforward fabrication of the aerogels inside a fixed-bed column. For gas separation 

analysis, aerogels, either of bare GOsc or composed with HKUST-1 NPs, were grown inside 

stainless steel columns, following the described ex situ or in situ scCO2 protocol, which were 

further inserted in a gas chromatograph system (Fig. S2). The aerogels were formed with the shape 

of the columns (cylinders), filling most of the empty space (Fig. 7, middle). The columns were 

used to evaluate the separation performance of the aerogels by performing dynamic breakthrough 

experiments of binary N2/CO2 and CH4/CO2 mixtures at 273 K in a volumetric ratio of 85:15 v/v%. 
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The mass of the aerogels grown inside the columns was weighted as 15 and 100 mg for pristine 

GOsc and ex_Csc or in_Csc samples, respectively. Using these mass values, the breakthrough time 

was normalized to 1 g in the plots of Fig. 7. For the pristine aerogel GOsc, the outlet gas 

concentration rapidly matches the feed gas concentration, being the CO2 breakthrough time of only 

a few seconds for both studied gas mixtures (Fig. 7a,b), thus indicating the very low capacity of 

this nanomaterial for the separation of the studied gasses. Contrarily, for the examined 

nanocomposites, the CO2 breakthrough time was of ca. 20 ming-1 for both N2/CO2 (Fig. 7c,e) and 

CH4/CO2 mixtures (Fig. 7d,f). As expected, CO2 was selectively adsorbed in the composites, 

giving rise to a large elapsed time for these adsorbents. In order to quantify the CO2 selectivity, it 

was first required to calculate the total uptake of each gas (qi), as explained in section 2.3.2. The 

calculated q for CO2 was ca. 1.4 mmolg-1 in the composites, value close to the one observed in 

CO2 isotherms of both studied samples (Fig. 5b) at pCO2 = 15 kPa, which is the corresponding 

partial pressure of CO2 in the process. This value was ca. 1.7 mmolg-1 for CH4 and close to zero 

for N2 at their working pressure (p = 85 kPa). Hence, the selectivity of CO2 over N2 could not be 

accurately calculated, though it could be graphically confirmed in the separation curves shown in 

Fig. 7c,e. For the CO2/CH4 mixture, the selectivity was calculated as 4.7, value similar to the one 

estimated from the gas uptakes at 273 K and 0.1 MPa, i.e., ca. 5.0.  
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Figure 7. 1st cycle breakthrough curves obtained at 273 K and 0.1 MPa for gas mixtures of N2/CO2 

and CH4/CO2, both at 85:15 v/v% and 10 mLmin-1 flow: (a,b) GOsc, (c,d) ex_Csc, and (e,f) in_Csc 

(dashed lines in (e) correspond to the 5th cycle). Arbitrary units are used in axis y because the 

system also detects He. The used column and the extracted ex_Csc aerogel grown inside is shown 

in the middle.  
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The presented design of the chromatographic columns (Fig. S2) has several benefits. First, the 

nanocomposite hierarchical nanoporosity, involving micro and meso/macropores provided by the 

MOF and GO nanocomponents, together with the low-packing density and good distribution of 

the adsorptive moieties along the axial direction of the column, would facilitate gas diffusion, 

allowing to easily reach thermodynamic equilibrium of adsorption in all the MOF NPs. Second, 

as it has been described for foam adsorbents, the flow friction and hence the pressure drop is 

expected to decrease in aerogels due to the presence of wide channels in a network of 

interconnected voids, which allow the radial mixing of the flow.62 Potential fluidization or severe 

flow resistance in column operation are prevented by immobilizing the nanoparticulate adsorbent 

on GO supporting material. Finally, nanostructuring the composites in the form of aerogel 

cylinders avoids the collapse of the structure at high flow due to mechanical forces and increases 

the reusability of the adsorbent in prolonged cyclic operation, which is an important technical 

parameter in industrial gas separation processes.63 To test this parameter, multi-cycle tests (up to 

five) of N2/CO2 separation were performed for sample ex_Csc (see doted lines in Fig. 7e). This 

result indicates that the column exhibits satisfactory performance over long-term operation. 

 

4. Conclusions 

Ex situ and in situ supercritical CO2 methods were used for the preparation of GO-based 

nanocomposite 3D nanostructures, avoiding its reduction to rGO and allowing the control 

of nanocomponents fraction. The composite HKUST-1@GO was chosen in this work as 

the case study to exemplify the potential advantages of the method on the preparation of 

gas adsorbents. The obtained aerogel nanocomposites display hierarchical nanoporosity 

with a mixture of micro and meso/macroporosity that is maintained even after performing 
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mechanical compression. It is proved that the presence of GO in the nanocomposite does 

not compromise the chemical stability of the MOF nanoparticles, but rather fosters 

adsorption by synergistic effects. The generation of new micropores at the interface 

between the composite nanocomponents, and the increase of accessible MOF micropores, 

originated by the decrease of NPs aggregation are two potential reasons for the observed 

synergy. Similar to HKUST-1, CO2 adsorption Qst values for aerogel nanocomposites 

remain low and nearly constant during the whole range of studied surface coverage, which 

is commonly demanded in applications related to gas separation. Nanocomposites were used 

to investigate their separation performance for N2/CO2 and CH4/CO2 gas mixtures in dynamic 

flow experiments, showing that breakthrough times for CO2 of nearly 20 min g-1 could be reached 

and maintained for several cycles. Remarkably, regarding high pressure CH4 adsorption, the 

studied nanocomposite exhibited more than 2-fold the gravimetric working capacity of pristine 

HKUST-1 nanoparticles, holding a sigmoid isotherm (type II), commonly desired in high pressure 

processes. The newly developed methodology to obtain aerogels from drying alcogels with 

scCO2 has clear advantages versus the conventional air drying protocols, where powders are 

obtained, in regard of gas adsorption and kinetics, since, on one hand, it makes possible to 

maintain GO exfoliated generating meso/macroporosity and, on the other hand, the use of gels as 

precursors allows the shaping of the final product. The developed method can be applied to a large 

number of solid nanocomposites in which having a GO matrix is an advantage.  
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