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Abstract 

 

We report on a concept of co-pelletization using mechanically robust hydroxylated 

UiO-66 to develop a metal-organic framework (MOF) monolith that contains 5 wt% 

electrospun polymer nanofibers, and consists of an architecture with alternating layers 

of MOF and nanofiber mats. The polymers of choice were the microporous Polymer 

of Intrinsic Microporosity (PIM-1) and non-porous polyacrylonitrile (PAN). Co-

pelletized UiO-66/PIM-1 and UiO-66/PAN monoliths retain no less than 85% of the 

porosity obtained in pristine powder and pelletized UiO-66. The composition of the 

pore size distribution in co-pelletized UiO-66/PIM-1 and UiO-66/PAN monoliths is 

significantly different to that of pristine UiO-66 forms, with pristine UiO-66 forms 

showing 90% of the pore apertures in the micropore region and both UiO-66/nanofiber 

monoliths showing a composite micro-mesoporous pore size distribution. The co-

pelletized UiO-66/nanofiber monoliths obtained improved usable H2 capacities in 

comparison to pristine UiO-66 forms, under isothermal pressure swing conditions. The 

UiO-66/PIM-1 monolith constitutes the highest gravimetric (and volumetric) usable 

capacities at 2.3 wt% (32 g.L-1) in comparison to 1.8 wt% (12 g.L-1) and 1.9 wt% (29 

g.L-1)  obtainable in pristine UiO-66 powder and UiO-66 pellet, respectively. The co-

pelletized UiO-66/PAN monolith, however, shows a significantly reduced surface area 

by up to 50% less in comparison to pristine UiO-66, but its pore volume only 13% less 

in comparison to pristine UiO-66. As a result, total gravimetric H2 capacity of the co-

pelletized UiO-66/PAN monolith is 50 % less in comparison to that of pristine UiO-66, 

but crucially the usable volumetric H2 capacity is 50% higher for the UiO-66/PAN 

monolith in comparison to pristine UiO-66 powder. The co-pelletization strategy 

provides a simple method for generating hierarchical porosity into an initially highly 



3 
 

microporous MOF without changing the structure of the MOF through complex 

chemical modifications. The UiO-66/nanofiber monoliths offer improvements to the 

typically low H2 usable capacities in highly microporous MOFs, and open new 

opportunities towards achieving system-level H2 storage targets. 

 

Keywords: Co-pelletization; Hydrogen usable capacity; UiO-66; Metal-organic 

framework; Hierarchical porosity 

 

1. Introduction 

 

Hydrogen (H2) storage in metal-organic frameworks (MOFs) is still an ongoing 

research challenge, and testing of MOF properties in their shaped forms, e.g. pellets, 

fibers, or aerogels, is still in its inception despite having significant implications on MOF 

end use. There has been a rise in the development of strategies to improve MOF 

properties aimed at system-level H2 storage applications [1–5]. The development of 

MOFs has even reached levels where commercialization of MOF materials is a 

possibility, with Farha et al. [6] highlighting strategies towards commercial viability of 

MOFs. In H2 storage applications, efforts to improve the balancing of the usable 

volumetric and gravimetric H2 capacities are highlighted by in a recent review by 

Broom et. al. [7] which summarizes various strategies such as the synthesis of 

interpenetrating MOF as a means of improving volumetric H2 capacity. The benefits of 

interpenetration were explored by Balderas-Xicohtèncatl et al. [8] where an 

interpenetrated MOF, CFA-7, achieved twice the volumetric H2 capacity compared to 

an equivalent but non-interpenetrated MOF, MFU-4l. The gas uptake of most MOFs 

can be described by type I sorption isotherms, which means that MOFs typically 



4 
 

display usable capacities that are much lower than the total gas (e.g. CH4, CO2, or H2) 

uptake capacity [9–12]. The US Department of Energy (DOE) targets for H2 storage 

systems are exclusively based on the usable/deliverable H2 capacity of the system 

(see Table 1), and are, therefore, a big challenge for most promising MOFs that show 

typical type I H2 uptake isotherms.  

 

Table 1: Summary of a selected US DOE system targets for on-board H2 storage 

applications [13]. 

 

Storage parameter Units  2020 2025 Ultimate  

System gravimetric capacity  

Usable gravimetric capacity kWh/kg  
(kg H2 / kg system) 

1.5 
(0.045) 

1.8 
(0.055) 

2.2 
(0.065) 

System volumetric capacity 

Usable volumetric capacity kWh/L  
(kg H2 / L system) 

1.0 
(0.030) 

1.3 
(0.040) 

1.7 
(0.050) 

Durability / operability 

Min. deliverable pressure from 
storage system 

bar (abs) 5 5 5 

Max. deliverable pressure from 
storage system 

bar (abs) 12 12 12 

 

Materials with Type I H2 uptake isotherms have typically low usable capacities and, 

therefore, tend to fall far short of the DOE system targets for mobile H2 storage 

applications. A variety of so-called flexible MOFs, including “breathing MOFs”, have 

been investigated and do show some promise towards achieving high usable 

capacities for H2 storage, but such strategies require the synthesis of new MOFs. A 

further challenge is that all such modified MOFs would still likely suffer loss of structural 

integrity when compacted at high pressure to produce pellets [7,14–16]. Flexible 

MOFs have been shown to exhibit a sigmoidal (S-shaped) type of gas adsorption, 

whereby the amount of H2 adsorbed at low pressure is close to zero and adsorption 
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increases at moderate to high pressures [17–19]. The reason is linked to the presence 

of heterogeneous surface energies as the adsorption sites (pores) are not identical 

and require adsorption-induced activation at pressures typically greater than 1 bar, as 

shown in CO2 and CH4 uptake (263 K, up to 30 bar) in MIL-53(Al) and its amino-

modified analogue, NH2-MIL-53(Al) [20]. This type of sigmodial adsorption isotherm 

shows gas uptake is close to zero for low-pressure adsorption and could possibly 

ensure a usable gas uptake retained close to 100% of the total/absolute gas uptake. 

The disadvantage of such pore flexibility is that these MOFs typically have low 

shear/stress moduli and as a result may undergo crystal changes resulting in reduced 

porosity (surface area and pore volume) upon compaction at high pressure during 

pelletization [15,16,21,22]. As shown in previous studies [23,24], pelletization is an 

important fabrication method that can improve the volumetric H2 capacity of MOFs due 

to improved packing density. In our previous studies [25,26], we have shown that the 

hydroxylated form of UiO-66 can be pelletized at very high pressure (ca. 700 MPa) to 

improve volumetric H2 capacity, but importantly without compromising its gravimetric 

H2 capacity. The results showed great promise towards balancing the volumetric and 

gravimetric H2 capacities within a single MOF-based H2 storage material, however, 

UiO-66 contains a highly microporous framework composed of no less than 90% 

narrow pore apertures (< 10 Å). The highly microporous nature of UiO-66 becomes 

problematic when considering the usable/deliverable volumetric and gravimetric H2 

capacities. Due to this highly homogeneous and microporous structure of pristine and 

defect-free UiO-66, H2 adsorption in UiO-66 is largely governed by Henry’s constant 

and the micropore filling mechanism which are dominant at low-pressure adsorption 

conditions [27]. In addition, UiO-66 is most commonly synthesized containing some 

level of defects in its crystal structure, especially under acid-modulated solvothermal 
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conditions. The presence of defects, such as missing linker sites, potentially create 

open metal sites that exhibit enhanced H2 adsorption due to the strong interaction of 

H2 and metal cation cluster(s) [28]. The combination of defects and narrow pore 

apertures renders typical Type I H2 sorption isotherms in UiO-66, meaning there is a 

greater low-pressure adsorption rate and quantity adsorbed (P < 5 bar), but 

significantly lower at higher pressures. The result is a very low usable H2 

uptake/capacity, typically ca. 50% of the total H2 uptake measured for UiO-66 powders 

[26].  

 

There have been efforts to improve the usable H2 capacities of highly microporous 

adsorbents such as UiO-66. Simulation studies by Tsivion et al. [29] predict that the 

incorporation of catechol linkers metalated with alkali-earth metal ions such as Ca2+ 

and Mg2+ may induce the creation of open metal sites in the UiO-66 framework. This 

is predicted to improve not only the room temperature H2 uptake of the functionalized 

UiO-66 compared to pristine UiO-66, but importantly predicted to improve the usable 

volumetric H2 capacity from ca. 10 g.L-1 to ca. 30 g.L-1. Experimental studies by Liu et 

al. [30] have shown that a hierarchically porous adsorbent, consisting of a combination 

of micropores and mesopores, as one of the successful strategies at improving the 

usable gas uptake of physisorbed gases such as carbon dioxide (CO2) and methane 

(CH4), mainly due to the extension of the pore structure afforded via the creation of 

mesopores into an initially microporous adsorbent. In addition to extending the porosity 

of an initially microporous adsorbent, their study also shows the presence of 

mesopores to increase the rate of gas diffusion during adsorption. 
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The current study attempts to improve the usable/deliverable H2 capacity of a 

mechanically robust and highly microporous MOF, i.e., UiO-66, via composite 

formation (via co-pelletization) with electrospun nanofibers in order to possibly impart 

additional porosity in the resultant monolithic structure. 

 

A variety of MOFs, ranging from zirconium-, iron-, chromium-, and copper-based 

MOFs, have been successfully electrospun with polymers such as polyacrylonitrile 

(PAN), polyvinylidene fluoride (PVDF), Poly-L-lactide (PLL) and polystyrene (PS), 

among others. The advantage of producing MOF/polymer monoliths is that they can 

be obtained as fibrous membranes that are usable in applications such as gas 

separation, chemical sensors, water purification and as polymer-based binders in 

shaping of powdered solid-state adsorbents [31–34]. The disadvantage of 

incorporating MOFs in nanofibers is the tendency for the MOF/nanofiber monoliths to 

show compromised properties compared to the pristine MOF powders. This arises 

from limitations of the electrospinning process, such as the limits on the amount of 

MOF powder that can be loaded onto an electrospinnable MOF/polymer solution [35]. 

In addition to electrospinning of MOF/polymer solutions, porous polymers such as 

polymers of intrinsic microporosity (PIMs) have also been shown to be 

electrospinnable [36]. The advantage of PIMs is that they possess permanently 

microporous structure that is not lost upon processing them into powders, nanofibers, 

or thin films [37]. The H2 storage capacity of porous polymers, including MOF/polymer 

nanofibers, is known to be comparable to that for pristine MOF powders [33,35]. In this 

study, we introduce a concept of co-pelletization of a microporous MOF, namely UiO-

66, with electrospun nanofibers to obtain a MOF-based monolith with hierarchical 

porosity, i.e., a mixture of pore apertures in the micropore and mesopore range. In 
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previous studies, MOFs and MOF monoliths with hierarchical porosity have been 

developed via chemical modifications such as sol-gel [4,8,38–40] and functionalization 

[41–44]. In the proposed co-pelletization strategy we aim to combine two simple 

fabrication techniques, namely compaction/pelletization and electrospinning, to 

generate mesopores into a highly microporous MOF via physical mixing of MOF 

powder with nanofibers. The attraction of porous solids with hierarchical porosity is 

that they can show combinations of types of gas adsorption isotherms. For example, 

a micro-mesoporous material can show Type I adsorption at low pressure and also 

Type II or Type III adsorption at higher pressures [45–48]. This could improve the 

deliverable/usable capacity of the adsorbed gas, which has significant implications in 

system-level H2 storage applications [8]. This study, therefore, exploits the 

mechanically robust nature of the hydroxylated UiO-66 form, as reported in our 

previous studies [25,26], in combination with electrospun nanofibers, in an attempt to 

obtain a UiO-66/nanofiber monolith with improved deliverable/usableH2 capacity 

compared to pristine UiO-66 forms. 

 

2. Experimental  

 

2.1. Reagents 

 

Zirconium tetrachloride (ZrCl4, Sigma Aldrich, 9.5%), 1,4-Benzenedicarboxylic acid 

(BDC, Sigma Aldrich, 98%), N,N-dimethylformamide (DMF, Sigma Aldrich, 99.8%), 

formic acid (HCOOH, Sigma Aldrich, 95%) and dried acetone (Sigma Aldrich, 99.8%) 

were purchased and used without further purification.  Polyacrylonitrile (PAN, Mw = 

150 000 Da, Sigma Aldrich), Polymethylmethacrylate (PMMA, Mw = 120 000 Da, 
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Sigma Aldrich), and PIM-1 (PIM = Polymers of Intrinsic Microporosity) were the choice 

of polymers for electrospinning in this work and were also used without further 

purification after their purchase. The PIM-1 was used in as synthesized form according 

to Budd et al. [49]. 

 

2.2. Preparation of electrospun PIM-1, PMMA@PAN, and UiO-66/PMMA@PAN 

nanofibers  

 

The UiO-66 MOF was synthesised as reported in our previous study using an acid-

modulated solvothermal crystal growth method  [25,26].  

Electrospun PIM-1 nanofibers were prepared by dissolving 0.6 g of PIM-1 granules in 

a 7:3 v/v tetrachloroethane (TCE):tetrahydrofuran (THF) solvent mixture, which was 

then fed through a syringe pump at a flow rate of 3 mL.h-1 and subjected to 16 kV 

applied voltage. The PIM-1 nanofibers were collected on an aluminum foil screen at a 

distance of 15 cm from the needle tip. 

 

The preparation of PMMA@PAN and UiO-66/PMMA@PAN nanofibers was carried 

out using a coaxial electrospinning method where two separate solutions, dissolved or 

dispersed in DMF, were fed through an automated syringe pump system, through a 

concentric needle, at a flow rate of 1.8 mL.h-1 (Fig. S1). The “@” and “/” denote a core-

shell and physical mixture, respectively. The optimum polymer concentrations for PAN 

and PMMA were 8 wt% (0.755 g in 10 mL DMF) and 25 wt% (2.36 g in 10 mL DMF), 

respectively. An applied voltage of 11 kV was used for both the pristine PIM-1 and co-

electrospun UiO-66/PMMA@PAN nanofibers, the latter containing a UiO-66 loading 

of 20 wt% prior to electrospinning. The polymer/MOF solution/emulsion were prepared 



10 
 

to a fixed volume of 10 mL, hence the amount of UiO-66 powder in the PAN solution 

was 0.151 g and 0.472 g in the PMMA solution. The core-shell PMMA@PAN and UiO-

66/PMMA@PAN nanofibers were further subjected to treatment with acetone in order 

to selectively remove PMMA without affecting the PAN and UiO-66 components. The 

PMMA removal step was conducted by soaking the nanofibers in excess acetone for 

10 minutes, followed by severally washing in fresh acetone aliquots. 

 

2.3. Co-pelletization of UiO-66/PAN nanofiber monoliths 

 

The UiO-66 powder and UiO-66/nanofiber were co-pelletized as alternating MOF-

nanofiber-MOF-nanofiber-MOF layers (ESI, Fig. S2) using a manual hydraulic press 

at an applied force of 9 metric tonnes (665 MPa), with each sample maintained at that 

force for 5 min. The co-pelletized monoliths consist of 5 wt% nanofiber, which is 

divided into equal parts (i.e. 2.5 wt%) for each nanofiber layer. In Fig. 1, a schematic 

demonstrates the ratios of nanofiber to MOF powder and compression pressure used 

during the preparation of the monoliths. 

 

 

Figure 1:  Schematic representation of the co-pelletization of UiO-66 with electrospun 

nanofibers. 
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2.4. Characterization 

 

Powder X-ray diffraction (PXRD) patterns of pristine and composite materials were 

collected within the 2θ range of 3o – 60o using a Rigaku Ultima IV X-ray diffractometer 

with CBO technology using Ni-filtered Cu-Kα radiation of 0.154 nm (40 kV, 30 mA) at 

a scanning speed of 5o.s-1. The surface morphology was analysed using an Auriga 

cobra Focused-Ion Beam Scanning Electron Microscope (FIB-SEM) where each 

sample was mounted on a carbon tape and coated with carbon (where necessary) 

prior to analysis. Nitrogen sorption isotherms at 77 K were obtained on a Micromeritics 

3-Flex sorptometer. Ultra-high purity grade (99.999%) nitrogen was used, and each 

sample was degassed on a Micromeritics Smart VacPrep under vacuum (up to 10-7 

bar) at 80 oC for 16 - 32 h prior to analysis. Pore size distribution curves were obtained 

using the Non-Local Density Functional Theory (NLDFT) model. The thermal stability 

of pristine and composite materials was assessed with a thermogravimetric analyzer 

(TGA) (Mettler, Toledo, TGA/SDTA 851e) on degassed samples. For each run, ca. 10 

mg of the sample was heated up to 1000 oC at 10 oC.min-1 and 100 mL.min-1 air flow. 

Excess hydrogen uptake measurements were carried out using a Hiden Isochema 

Intelligent Gravimetric analyser, in the pressure range of 0 to 100 bar at 77 K using 

6.0 grade H2 (99.9999%), additionally purified through a molecular sieve filter. The 

measured excess H2 uptake data was corrected for buoyancy effects by accurately 

measuring the skeletal density of each sample using helium (He) pycnometry 

(Micromeritics AccuPy II 1340 model). The low-pressure adsorption (P < 10 bar) 

measurements were allowed 30 minutes equilibration time prior to measurement of a 

higher pressure. For the moderate to high pressure adsorption (10 < P < 100), the 
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equilibration time was 10 minutes at each pressure. The total/absolute gravimetric and 

volumetric H2 capacities were calculated as reported in our previous work [25,26]. 

 

3. Results and Discussion 

 

3.1. Electrospinning of PMMA and PAN for the incorporation of UiO-66 

crystals 

 

This section reports on the preparation of polymer nanofibers and MOF/nanofiber 

monoliths via electrospinning. The PIM-1 nanofibers were prepared by conventional 

single-nozzle electrospinning, whilst the PAN-based nanofibers were prepared using 

a co-axial electrospinning technique, which generates nanofiber with a core-shell 

morphology. The as-spun core-shell PMMA@PAN and UiO-66/PMMA@PAN 

nanofibers were then subjected to treatment with acetone in order to selectively 

remove the PMMA component and possibly result in the improvement of the UiO-66 

loading without affecting the PAN component of the nanofibers. A combination of 

electron microscopy imaging and chemical analysis techniques are used to elucidate 

the effect of solvent-based selective core removal from the co-electrospun nanofibers. 

 

The results in Fig. 2a and b as well as Fig. S3 (ESI) show the SEM and TEM images 

for microstructural analysis of the nanofibers. In Fig. 2a it can be seen that the co-

electrospinning of PMMA and PAN polymers produced nanofiber with a core-shell 

morphology containing both PMMA and PAN as confirmed by FTIR spectra (ESI, Fig. 

S4). Upon immersion of the PMMA@PAN nanofibers in acetone, the FTIR spectra 

and TGA profile of the remaining nanofibers show that PMMA is completely dissolved, 
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thereby leaving behind only PAN nanofibers (Fig. 2b and ESI, Fig. S4 and S5). The 

incorporation of UiO-66 crystals into PMMA@PAN nanofibers is confirmed by PXRD, 

FTIR, and TGA analyses (ESI, Fig. S6 – S9).  Fig. 2c also shows that the UiO-66 

crystals are encapsulated within the PMMA and PAN polymer matrix. Following the 

immersion of the UiO-66/PMMA@PAN nanofibers in acetone, the FTIR spectrum 

(ESI, Fig. S7) of the resultant composite shows only UiO-66 and PAN vibrational 

bands, a sign that PMMA is successfully removed from the core-shell nanofiber 

composite. The resultant UiO-66/PAN-(AR) nanofibers (AR = after removal), however, 

exhibit a high degree of physical damage that is not observed in the acetone-treated 

nanofibers with no UiO-66 (Fig. 2b and d). It is, however, noticeable that the resultant 

PAN nanofibers from the latter show reduced fiber diameters and become flattened 

following the removal of PMMA (Fig. 2b). It can be seen that in the presence of UiO-

66 crystals, this reduction in diameter and flattening possibly leads to the observed 

damage (grooves) and explains the rupturing observed in the UiO-66/PAN-(AR) 

nanofibers (Fig 2d). 
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Figure 2: Electron microscopy images of co-electrospun nanofibers in the presence 

and absence of MOF crystals: (a) TEM image of as-spun PMMA@PAN nanofibers; 

(b) TEM image of PMMA@PAN nanofiber after removal of PMMA with acetone; (c) 

SEM image of as-spun UiO-66/PMMA@PAN nanofibers, and (d) SEM image of UiO-

66/PAN-(AR) nanofibers after removal of PMMA via immersion in acetone. 

 

The removal of PMMA from the UiO-66/PMMA@PAN nanofibers could be expected 

to increase the UiO-66 loading onto the resultant PAN nanofibers and possibly result 

in improved surface area and pore volume. This hypothesis may be true assuming 

that complete retention of the UiO-66 crystals within the PAN matrix and no weight 

(a) (b) 

(d) (c) 



15 
 

loss in PAN are observed after selective PMMA removal, then the UiO-66/PAN-(AR) 

nanofibers would contain an improved UiO-66 loading of 83 wt% with respect to the 

mass of PAN. Since the UiO-66/nanofiber monoliths are predominantly a physical 

mixture of UiO-66 crystals embedded in the polymer matrix, and with little to no 

evidence of chemical interactions in the UiO-66/nanofiber monoliths, then the 

percentage increase in the UiO-66 loading would be expected to correlate to an 

improvement of textural properties (pore volume and surface area) by a factor of four 

(4), due to the UiO-66 loading increasing from 20 wt% to ca. 80 wt% post-PMMA 

removal. Any deviations from the above-mentioned assumptions could compromise 

these expected outcomes. The aforementioned assumptions, however, do not take 

into account the effects of pore blocking that is notoriously observed in polymer/MOF 

composite types, whereby the result is a compromise in some of the MOF’s textural 

properties such as surface area and pore volume [33, 35]. By considering the effects 

of pore blocking, the textural properties of UiO-66/PAN-(AR) nanofibers may not fully 

reach the hypothesized improvement of a factor four (4) increase in the surface area 

and pore volume, but are expected to improve significantly in comparison to the UiO-

66/PMMA@PAN nanofibers as the latter would experience a higher degree of pore 

blocking due to the presence of the PMMA nanofibers. 

 

3.2. Textural properties and H2 storage of free-standing PIM-1 and PAN-based 

nanofibers. 

 

Indeed, it can be seen in Fig. 3 that the N2 sorption isotherms obtained for the UiO-

66/PMMA@PAN nanofibers show lower adsorption capacity in comparison to the UiO-

66/PAN-(AR) nanofibers. Since there was no addition of UiO-66 crystals after PMMA 
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removal, it can be assumed that the observed improvement in the N2 adsorption 

capacity is due to an increase in the UiO-66 loading onto the resultant UiO-66/PAN-

(AR) nanofibers with surface area of 421 and 508 m2.g-1 for UiO-66/PMMA@PAN and 

UiO-66/PAN-(AR), respectively (Table 2). This means, the surface area of the UiO-

66/PAN-(AR) only show an improvement of 21% in comparison to UiO-

66/PMMA@PAN nanofibers. This improvement is much lower than the expected 60% 

increase in UiO-66 loading post-PMMA removal. This can only mean the UiO-66 

loading in UiO-66/PAN-(AR) was much lower than the expected ca. 80 wt%. Some of 

the factors that may influence the surface area of the composite may also originate 

from potential pore blocking in UiO-66 due to the presence of polymer chains in the 

composite. The results in Fig. 2d also show clear physical damage to the UiO-66/PAN-

(AR) nanofibers, which could possibly result in some UiO-66 crystals leaching out of 

the PAN nanofibers through such grooves.  

 

The N2 sorption isotherms observed for PMMA@PAN nanofibers show that the non-

porous nature of PMMA and PAN polymers results in typical type III adsorption 

isotherms with no hysteresis. The small amount of adsorption observable at high 

relative pressure (p/po) is attributed to multilayer adsorption of N2 molecules at 77 K 

[48,52,53]. The N2 adsorption isotherm of PIM-1 nanofibers shows type I with typical 

high adsorption at low relative pressure (p/po < 0.05), showing a highly microporous 

pore structure in PIM-1. The presence of a large hysteresis loop, in the desorption 

isotherm, down to a relative pressure (p/po) of ~0.2 is also observed and according to 

the International Union of Pure and Applied Chemistry (IUPAC) classification of gas 

sorption isotherms, hysteresis loops typically arise in materials that contain mesopores 

[51]. Studies have shown that the micropores in PIM-1 can undergo adsorption-
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induced changes during gas uptake, possibly resulting in mesopore-sized apertures 

at high relative pressure [52]. The hysteresis loop was also observed over a large 

pressure range, a phenomenon that commonly indicates interconnected pores 

consisting of different shapes such as ink-bottle shaped pores. Such pore shapes have 

been shown to delay desorption of gas molecules from condensate within the pores 

[51].  

 

 

Figure 3:  N2 adsorption isotherms at 77 K obtained for pristine and composite polymer 

nanofibers: PIM-1, PAN, core-shell UiO-66/PMMA@PAN, and UiO-66/PAN(AR) after 

removal of the PMMA core. Desorption isotherms are shown as open symbols. 

 

The experimental results in Fig. 4, show the pore structure of PIM-1 to consist of pore 

apertures in the micropore region, at ca. 6, 8, and 13 Å in diameter and mesopores of 

about 50 - 100 Å in diameter. The cumulative plot in Fig. 4c confirms the sharp pore-

filling in PIM-1 at about 6 – 10 Å followed by a gradual filling of pores with diameters 

from 20 to 100 Å, the latter being attributed to the adsorption-induced swelling of the 
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pores. In the PAN-based UiO-66/nanofiber monoliths, the pore size distributions of 

both UiO-66/PMMA@PAN and UiO-66/PAN-(AR) nanofibers, show pore apertures of 

about 12 and 16 Å in the micropore region. These pore apertures are intrinsic to the 

UiO-66 structure as the PAN nanofibers are non-porous. It is noticeable that a pore 

aperture of 6 Å is present in UiO-66/PAN-(AR) nanofibers and not observable in UiO-

66/PMMA@PAN nanofibers. This provides some evidence of pore blocking that may 

be predominant in the as-spun UiO-66/PMMA@PAN nanofibers (prior to selective 

PMMA removal). It is further noted that there are mesopores in UiO-66/PAN-(AR) 

nanofibers, with a diameter of about 500 Å, which possibly explain the 500 Å wide 

grooves (Fig. 2d) present on the surface of the UiO-66/PAN-(AR) nanofibers, after 

PMMA removal. Due to the effects of pore blocking by the remaining PAN polymer 

chains, and physical damage to the UiO-66/PAN-(AR) nanofibers, the initially 

assumed four-fold theoretical increase in the UiO-66 loading after the removal of 

PMMA is therefore not achievable under the specified conditions. The results, 

however, do show clear indication of the reduced pore blocking effects after PMMA 

removal and subsequent improvements in the surface area and pore volume. 
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Figure 4: NLDFT pore size distribution curves at 77 K obtained for pristine and 

composite polymer nanofibers: PIM-1, PAN, core-shell UiO-66/PMMA@PAN, and 

UiO-66/PAN after removal of the PMMA core. (a) – (b) NLDFT incremental pore 

volume, and (c) – (d) NLDFT cumulative pore volume. 

 

Fig. 5 shows that the hydrogen sorption isotherms (total uptake) obtained for free-

standing PIM-1 and UiO-66/PAN-(AR) nanofibers both exhibit reversible Type I 

isotherms with maximum excess H2 uptake of 1.9 wt% and 1.0 wt% for PIM-1 and 

UiO-66/PAN(AR) nanofibers, respectively. The total/absolute H2 uptake, at 100 bar, 

for PIM-1 and UiO-66/PAN-(AR) nanofibers were 2.7 wt% and 1.1 wt%, respectively, 

with the respective usableH2 capacities only reaching 35% and 10%, respectively, of 

their total H2 uptake. 

(a) (b) 

(c) 

(d) 
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Figure 5: H2 sorption isotherms obtained at 77 K and up to 100 bar, obtained for free-

standing PIM-1 and UiO-66/PAN-(AR) nanofibers. The open symbols represent the 

desorption isotherms. 

 

The observed low usable capacities are typical for highly microporous materials that 

show Type I sorption isotherms, and indicate that co-electrospinning of UiO-66 with 

non-porous PAN nanofibers maintains the Type I gas adsorption behavior of pristine 

UiO-66 for UiO-66/PAN nanofibers with at least 20 wt% UiO-66 loading. We, therefore, 

investigated the strategy of co-pelletization in order to generate hierarchical porosity 

in a UiO-66/nanofiber composite such that low-pressure H2 uptake (P ≤ 5 bar) is 

reduced while maintaining a high or increasing H2 uptake at moderate to high pressure 

(i.e., 20 to 100 bar). 
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Table 2: Summary of the BET surface area, pore volume, and H2 uptake for pristine 

and composite polymer nanofibers.  

 

Sample Surface 

area 

(m2.g-1)a 

Pore volume 

(cm3.g-1)b 

Excess H2 

uptake 

(wt%) 

Total H2 

uptake 

at 5 bar 

(wt%) 

Total H2 

uptake at 

100 bar 

(wt%) 

Usable H2 

capacity 

(wt%)c 

PIM-1 712 (290) 0.47 (0.12) 1.9 1.9 2.7 0.8 

PAN 26 (-) 0.06 (-) - - - - 

UiO-66/PMMA@PAN 421 (300) 0.26 (0.12) - - - - 

UiO-66/PAN-(AR) 508 (361) 0.37 (0.14) 1.0 1.0 1.1 0.1 

aValues in parentheses represent the micropore surface area. bValues in parentheses represent the micropore 

volume. (-) Showed negative values for micropore surface area and volume. cValues calculated from the difference 

between total H2 uptake at 100 bar (adsorption) and 5 bar (desorption). 

 

3.3. Textural properties and H2 storage of pristine UiO-66 in comparison to co-

pelletized UiO-66/nanofiber monoliths.  

 

The proposed co-pelletization strategy involves the simultaneous pelletization of UiO-

66 powder and electrospun nanofibers, PIM-1 and UiO-66/PAN-(AR), to form 

alternating UiO-66-nanofiber layers as shown in cross-sectional SEM images (ESI, 

Fig. S2). In Fig. S2 (ESI), the UiO-66 powder and nanofiber layers are distinctly clear 

from one another and there are clear differences in the morphology of the layers. In 

the UiO-66 layers, there is evidence of a high degree of densification of the powder 

particles with no evidence of individual crystals, but the nanofiber layers show 

retention of the network or nanofiber mat morphology typically observed for the free-
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standing three dimensional fiber mats. In our previous studies [25,26], we showed that 

pelletization of UiO-66 at ca. 700 MPa does not compromise its crystal structure, and 

hence the densification observed (ESI, Fig. S2) only represents highly packed UiO-66 

particles and possibly reduced grain boundaries amongst the crystals after 

pelletization at 700 MPa. 

 

 

Figure 6: N2 sorption isotherms at 77 K obtained for pristine UiO-66 and co-pelletized 

UiO-66/nanofiber monoliths. The open symbols represent the desorption isotherms. 

 

In Fig. 6 it can be seen that the textural properties of the co-pelletized UiO-66+PIM-1 

and UiO-66+UiO-66/PAN-(AR) monoliths show some distinct differences in 

comparison to those of pristine UiO-66 powder and pellet. In Fig. 6, the N2 sorption 

isotherms for pristine UiO-66 show typical reversible Type I isotherms with no 

evidence of hysteresis, as expected for the highly microporous UiO-66 [53–55]. The 

UiO-66+PIM-1 monolith shows Type I isotherm similar to UiO-66 pellet due to the 

synergic contribution of micropores present in both PIM-1 nanofibers and UiO-66 

crystals. In addition, there is a clear hysteresis loop from p/po ~1 to 0.1, as previously 
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shown in free-standing PIM-1 nanofibers (Fig. 3). The observation of a large hysteresis 

loop on the UiO-66+PIM-1 monolith could be an indication for the PIM-1 nanofibers 

retaining their adsorption-induced pore swelling observed in free-standing PIM-1 

nanofibers, which consequently suggests that the PIM-1 nanofiber mat network 

structure is also maintained within the monolith.  

 

The incorporation of the non-porous PAN-based nanofibers are found to give 

significantly different isotherms. In Fig. 6, the N2 sorption isotherm obtained for UiO-

66+UiO-66/PAN-(AR) monolith shows significantly lower adsorption at low relative 

pressure (p/po < 0.1) compared to pristine UiO-66 forms and UiO-66+PIM-1 monolith, 

however, with increasing N2 adsorption at p/po close to 1.0. The observed isotherm 

shape for the UiO-66+UiO-66/PAN-(AR) monolith is a composite type I/type III 

isotherm, which indicates a hierarchically porous structure. Indeed, in Fig. 3, the free-

standing as-spun PMMA@PAN nanofibers show a reversible Type III isotherm, and 

both powder and pelletized pristine UiO-66 forms show Type I isotherms (Fig. 6). The 

observed composite isotherm in the UiO-66+UiO-66/PAN-(AR) monolith suggests 

strong correlations to the contributions of Type III adsorption character from the PAN 

nanofibers, a phenomenon that was clearly not observed in the N2 sorption isotherm 

of free-standing UiO-66/PMMA@PAN and UiO-66/PAN-(AR) nanofibers (Fig. 3). The 

significantly reduced low-pressure adsorption (at p/po < 0.1) in the UiO-66+UiO-

66/PAN-(AR) monolith in comparison to pristine UiO-66, coupled to the increasing 

adsorption at moderate to high relative pressure (p/po > 0.1), is an indication of the 

presence of a hierarchically porous / micro-mesoporous monolith structure. To confirm 

the composition of the pore structure of the samples, the pore size distributions of 

each sample is given in Fig. 7.  
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Figure 7: NLDFT pore size distribution curves at 77 K obtained for pristine UiO-66 and 

UiO-66/nanofiber monoliths: UiO-66 powder, UiO-66 pellet, UiO-66+PIM-1 monolith, 

and UiO-66+UiO-66/PAN(AR). (a) – (b) NLDFT incremental pore volume, and (c) – (d) 

NLDFT cumulative pore volume. 

 

The incremental and cumulative pore size distributions in Fig. 7a-d clearly show pore 

apertures, for both UiO-66 powder and pellet, to predominantly occur in the micropore 

region (< 20 Å), with negligible amounts of meso- or macropore apertures. In Fig. 7a 

and b, the UiO-66+nanofiber monoliths both show the same pore apertures as pristine 

UiO-66 in the micropore region, although the pore volumes is reduced for pores 12 ~ 

20 Å wide, suggesting some degree of pore blocking possibly via the crystal-nanofiber 

interactions. In addition, there is clear evidence of mesopores of ca. 50 Å in size for 

(a) 

(d) (c) 

(b) 
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both the UiO-66+PIM-1 and UiO-66+UiO-66/PAN-(AR) monoliths. Further 

confirmation of mesopores in the monoliths can be seen in the cumulative distribution 

curves (Fig. 7c-d), which show gradual pore filling within pore widths ranging from 25 

– 100 Å. The possibility of mesopore formation can be contemplated by considering 

the packing of UiO-66 particles/crystals within the nanofiber layers in the monoliths 

(Fig. S2, ESI). In the layers, it can be assumed that the crystal-crystal packing and 

densification is reduced due to the presence of nanofibers in comparison to the highly 

densified UiO-66 layers (Fig. S2, ESI). The reduced densification and crystal-nanofiber 

surface interactions may possibly result in ‘new’ porosity generated at the crystal-

nanofiber surface interfaces resulting in the observed mesopores. The mesopore 

filling, in Fig. 7c-d, is also most prominent in the UiO-66+UiO-66/PAN-(AR) monolith, 

while a lower amount is observable in the UiO-66+PIM-1 monolith. In Fig. 4, however, 

there was a significant contribution of mesopores, between 50 – 100 Å, in free-

standing PIM-1 nanofibers that were not observed in free-standing UiO-66/PAN-(AR) 

nanofibers. The presence of the 50 Å wide mesopores in the UiO-66+UiO-66/PAN-

(AR) monolith can, therefore, be attributed to being a direct result of the co-

pelletization strategy of UiO-66 powder with the UiO-66/PAN-(AR) nanofibers. 
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Table 3:  Summary of the BET report and packing/bulk densities obtained for pristine 

UiO-66 and co-pelletized UiO-66/nanofiber monoliths. 

 

Sample BET surface  

areaa (m2∙g-1) 

Pore volumeb 

(cm3∙g-1) 

Packing 

densityc 

(g∙cm-3) 

Ref. 

 

UiO-66 powder 1413 (1260, 89%) 0.61 (0.50, 82%) 0.65d [23] 

UiO-66 pellet 1300 (1091, 84%) 0.60 (0.44, 73%) 1.52 [23] 

UiO-66+PIM-1  

co-pellet 

1113 (902, 81%) 0.59 (0.36, 61%) 1.41 This work 

UiO-66+UiO66/PAN-

(AR) co-pellet 

702 (350, 50%) 0.52 (0.14, 27%) 1.38 This work 

aValues in parenthesis are micropore surface area and percentage micropore surface area of the total 
surface area. bValues in parenthesis are micropore volume and percentage micropore of the total pore 
volume. cTapped for UiO-66 powder and pellet dimensions for UiO-66 pellet/co-pellets . dMeasured from 

the tapped mass of 1 mL UiO-66 powder (degassed) in a 5 mL measuring cylinder. 
 

The results suggest that the incorporation of UiO-66/PAN-(AR) nanofibers via co-

pelletization induces the formation of mesopores previously not present in the as-spun 

nanofibers and in pristine UiO-66. In Table 3 it is shown that even though the UiO-

66+UiO-66/PAN-(AR) monolith has a surface area 50% lower than that of UiO-66 

powder, its pore volume was only 15% lower. The micropore volume of UiO-66+UiO-

66/PAN-(AR) monolith is ca. 27% of its total pore volume, showing considerable 

contribution of the mesopores to the total pore volume of the monolith. The micropore 

volume of pristine UiO-66 powder and UiO-66 pellet are in excess of 70% of their 

respective total pore volumes, illustrating the highly microporous character of pristine 

UiO-66. The PIM-1 nanofibers consist of micropores in their base polymer structure, 

and as shown in Fig. 4 and Table 2, the degree of microporosity and thus micropore 
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volume in UiO-66+PIM-1 monolith is considerably higher in comparison to that of the 

UiO-66+UiO-66/PAN-(AR) monolith, meaning the ratio of mesopores:micropores in 

UiO-66+PIM-1 is lesser in comparison to that of UiO-66+UiO-66/PAN-(AR) monolith. 

 

The results demonstrated in the N2 sorption isotherms (Fig. 6 and Table 3) and pore 

size distribution curves (Fig. 7) indicate a clear engineering of mesopores through co-

pelletization of UiO-66 with PIM-1 and PAN-based polymer nanofibers, thereby 

inducing hierarchical porosity in the UiO-66/nanofiber monoliths in comparison to the 

predominantly microporous UiO-66 pristine forms. In Fig. 8 and 9, and Table 4, the H2 

uptake of pristine UiO-66 powder and pellet are compared to the monoliths of UiO-

66+PIM-1 and UiO-66+UiO-66/PAN-(AR) in order to investigate the possible effect of 

hierarchical porosity on hydrogen sorption. 

 

 

Figure 8: Total/absolute gravimetric H2 sorption isotherms at 77 K and up to 100 bar 

obtained for co-pelletized UiO-66/nanofiber monoliths. The open symbols represent 

desorption isotherms. Excess H2 sorption isotherms are given in Fig. S10 (ESI). 
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The gravimetric H2 isotherms in Fig. 8 show both the pristine UiO-66 forms and UiO-

66+nanofiber monoliths exhibit fully reversible H2 sorption isotherms at 77 K and up to 

100 bar, with no evidence of hysteresis. This could provide evidence that the 

adsorption-induced swelling of PIM-1 pores observed in N2 sorption isotherms may 

not be transferrable to H2 sorption under the same conditions of 77 K and up to 100 

bar, especially that the temperature/pressure conditions lie above the critical point of 

H2. It is, therefore, evident that the low-pressure H2 uptake (P < 5 bar) follows the 

order, UiO-66powder > UiO-66pellet > UiO-66+PIM-1 > UiO-66+UiO-66/PAN-(AR), 

consistent with the trend observed in BET surface areas. In Table 2, the 5 bar H2 

uptake of UiO-66 pellet is 18% lower than that of UiO-66 powder, but only 9% lesser 

at 100 bar. Since UiO-66 has been demonstrated to be robust and remains unchanged 

after pelletization at 700 MPa, the observed difference is explained by the slower H2 

diffusion rates into the densified UiO-66 pellet at low pressure and also by the non-

equilibrium measurement conditions used during the H2 sorption measurements. A 

detailed discussion of the effect of compaction/densification on H2 uptake under non-

equilibrium conditions is mentioned in our previous studies [25,26]. 

 

In the UiO-66/nanofiber monoliths, however, it is clearly evident that the 5 bar H2 

uptake was even lower in comparison to the pristine UiO-66 powder and pellet. The 

total 5 bar H2 uptake of the UiO-66+PIM-1 monolith is 25% lesser in comparison to the 

pristine UiO-66 forms, with that of UiO-66+UiO-66/PAN-(AR) being a staggering 70% 

lesser in comparison to pristine UiO-66. The 100 bar H2 uptake, on the other hand, 

differs in that the UiO-66+PIM-1 monolith is only 7% lesser in comparison to pristine 

UiO-66 pellet and that of the UiO-66+UiO-66/PAN-(AR) monolith is 55% lesser than 
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that of pristine UiO-66 pellet. These differences clearly show that the usable 

gravimetric H2 capacity of the UiO-66+PIM-1 monolith is the largest of the current 

series of materials, at 2.3 wt% and at least 17% higher than both pristine UiO-66 

powder and pellet. This observation is supported by results in Fig. 7a, as it is evident 

that there is a reduction in the incremental pore volume for apertures of 13 - 20 Å 

width, in both UiO-66+PIM-1 and UiO-66+PAN-(AR) monoliths. Due to the polymeric 

nature of PIM-1 and PAN nanofibers, pore blocking at the UiO-66/nanofiber interfaces 

can be enhanced, thereby reducing the number of adsorption sites within the 

aforementioned micropore region, consequently resulting in low isosteric enthalpies 

(heat of adsorption) typical of H2 adsorption in MOFs and MOF composites, ca. 4 

kJ.mol-1 to 8 kJ.mol-1 [7]. This affected micropore region (13 – 20 Å) is also attributed 

to the presence of defect-containing UiO-66 crystals since a defect-free UiO-66 

contains apertures of 6, 8, and 11 Å as highlighted in our previous study [25]. Defects 

are strong H2 adsorption sites in MOFs since they may be open metal sites, thereby 

resulting in higher heat of adsorption in the pristine UiO-66 forms in comparison to the 

UiO-66+nanofiber monoliths that experience pore blocking. In the UiO-66+PAN-(AR) 

monolith, the degree of pore blocking may be significantly greater in comparison to 

UiO-66+PIM-1 since the PAN nanofibers are non-porous and the PIM-1 nanofibers 

contain micropores with apertures of 6, 8, and 13 Å as shown in Fig. 4 and Fig. 7. 

Additionally, in Fig. S10 (ESI) the excess H2 adsorption isotherm for UiO-66+PIM-1 

monolith does not show a decrease up to 100 bar, a sign for possible adsorption-

induced swelling of the PIM-1 internal porosity, thereby increasing H2 uptake. In Fig. 

3, the N2 adsorption/desorption isotherm of the UiO-66+PIM-1 monolith also shows a 

large hysteresis loop, supporting the possibility of adsorption-induced pore swelling 

[52]. 
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The volumetric H2 capacities, in Fig. 9 and Table 4, show a different trend in 

comparison to the gravimetric H2 capacities. The largest total volumetric H2 capacity 

at 100 bar is obtained in the pristine UiO-66 pellet, followed by the UiO-66+PIM-1, then 

UiO-66+UiO-66/PAN-(AR), and lastly pristine UiO-66 powder.  

 

 

Figure 9: Total/absolute volumetric H2 sorption isotherms at 77 K and up to 100 bar 

obtained for co-pelletized UiO-66/nanofiber monoliths. The open symbols represent 

desorption isotherms.  

 

The results clearly show a strong correlation of the total volumetric H2 capacity to the 

packing density of the material, as demonstrated in our previous studies [25,26] and 

detailed in the work of Balderas-Xicohtèncatl et al. [8]. Interestingly, even with the very 

low BET surface area and gravimetric H2 capacity of the UiO-66+UiO-66/PAN-(AR) 

monolith, its volumetric H2 capacity and most importantly the usable volumetric H2 
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capacity exceeds that of pristine UiO-66 powder. This outcome is clearly due to the 

reduced low-pressure H2 adsorption/uptake observed in the UiO-66+UiO-66/PAN-

(AR) monolith, and gradually increasing H2 uptake at moderate to high pressure (i.e. 

at P > 5 bar). 

 

Table 4:  Total H2 uptake and usable H2 capacities obtained for pristine UiO-66, co-

pelletized UiO-66/nanofiber monoliths, and benchmark Zn-, Al- and Zr-MOFs. The 

measurements were collected at a temperature of 77 K and up to 100 bar pressure.  

 

Sample Excess H2 

uptake 

(wt%)a 

Total H2 uptake at 5 barb Usable H2 capacityc  

Gravimetric 

(wt%) 

Volumetric 

(g.L-1) 

Gravimetric 

(wt%) 

Volumetric 

(g.L-1) 

   Ref. 

UiO-66 powder 3.1 2.8 (4.6) 18 (30) 1.8 12 [26] 

UiO-66 pellet 2.5 2.3 (4.2) 35 (64) 1.9 29 [26] 

UiO-66+PIM-1  2.1 1.6 (3.9) 23 (55) 2.3 32 This work 

UiO-66+UiO66/PAN-(AR)  0.8 0.7 (2.3) 10 (32) 1.6 22 This work 

MOF-5 powderd - 3.5 (8.0) 23.9 (55) 4.5 31.1 [56] 

IRMOF-20 powderd - 3.8 (9.5) 18.6 (52) 5.7 33.4 [56] 

PCN-610 / NU 100d - 3.9 (14) 9.5 (45) 10.1 35.5 [56] 

NU 1500-Al - 8.6 46.8 8.2e 44.6e [57] 

NU 1501-Al - 14.5 47.9 14e 46.2e [57] 

aMaximum measured excess H2 uptake, the results may have varying pressures. bValues in 
parentheses represent the H2 uptake at 100 bar. cValues calculated from the difference between total 
H2 uptake at 100 bar (adsorption) and 5 bar (desorption). dBased on measured results assuming an 
isothermal pressure-swing H2 storage system. eUsable capacities under combined temperature and 

pressure swing conditions of 77 K/100 bar →160 K/5 bar [57]. 
 

In Table 4, the volumetric H2 capacity of the UiO-66+PIM-1 monolith is clearly lower 

than that of the pristine UiO-66 pellet at both 5 and 100 bar, however, the usable 

capacity is higher in comparison due to the low-pressure H2 uptake observed in the 

UiO-66+PIM-1 monolith. This low-pressure H2 uptake is attributed to the reduction of 

adsorption sites in the micropore region (13 – 20 Å) resulting from polymer-induced 
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pore blocking in both UiO-66+PIM-1 and UiO-66+PAN-(AR). The presence of 

mesopores in the monoliths, which are absent in pristine UiO-66, is achieved by 

applying a simple method of co-pelletization to impart a hierarchically porous structure 

in UiO-66-based materials, which facilitate increasing H2 uptake at moderate to high 

pressures (i.e. 5 bar < P ≤ 100 bar).  

 

The comparison of the experimental results obtained in this study to two benchmark 

Zn-based MOFs, MOF-5 and IRMOF-20 (Isoreticular MOF-20), and a ultrahigh surface 

area Zr-based MOF, PCN-610/NU100, shows that the volumetric H2 capacity of the 

UiO-66+PIM-1 monolith is higher in comparison to that of MOF-5, but lesser compared 

to IRMOF-20 and PCN-610/NU100. Considering the large differences in the measured 

BET surface areas and gravimetric H2 capacities of the MOF benchmarks and PCN-

610 [50], the total and usable volumetric H2 capacities obtained for the UiO-66+PIM-1 

monolith are competitively viable for the application of UiO-66-based MOF materials 

for H2 applications. Furthermore, the comparison in Table 4 is based on 

pristine/powder forms of MOF-5, IRMOF-20, and PCN-610. The pristine MOF-5, in 

particular, is notoriously known for losses in textural properties with increasing 

pelletization pressures, owing to the gradual loss of crystallinity as pelletization 

pressures are increased [5]. It would thus be expected that the UiO-66+PIM-1 monolith 

would outperform MOF-5 pellets compacted at 665 MPa with respect to total and 

usable volumetric H2 capacities. A similar result would be expected for IRMOF-20 as 

it is shares topological similarities to MOF-5, however, the Zr-based PCN-610 would 

be expected to show little losses to textural properties and H2 capacities upon 

pelletization at 665 MPa [58]. The results in this study are also compared to the 

impressively high gravimetric and volumetric H2 capacities obtained onto Al-based 
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MOFs, NU-1500-Al and NU-1501-Al, reported by Chen et. Al. [57] with the latter 

showing some of the highest measured usable H2 capacities of 14 wt% (gravimetric) 

and 46 g.L-1 (volumetric). Their study, however, does not report on the total and usable 

H2 capacities of shaped NU-1500 and NU-1501 counterparts, and also considers 

conditions of combined temperature and pressure swing in comparison to isothermal 

pressure swing conditions reported in this study. The study by Purewal et al. [12] 

showed that MOFs achieve improved usable volumetric H2 capacities under 

temperature and pressure swing conditions in comparison to isothermal pressure 

swing conditions. It can thus be expected that the usable volumetric H2 capacities 

obtained in the current study would be significantly greater under temperature and 

pressure swing conditions than the currently reported values obtained under 

isothermal pressure swing conditions, and possibly comparable to that of NU-1500-Al. 

 

4. Conclusion  

 

The aim of this study was to investigate the effect of co-pelletization on the adsorption 

behavior of UiO-66/nanofiber monoliths in comparison to pristine UiO-66 powder and 

pellet forms, with particular interest in H2 storage applications. In the co-pelletization 

strategy, polymer nanofibers were compressed simultaneously with UiO-66 powder at 

ca. 700 MPa, forming a layered monolith structure. This type of architecture is found 

to introduce mesopores in the monolith that are not observable in the pristine UiO-66 

powder or pellet, thereby creating a monolith with a hierarchically porous structure. 

The results show that the typical Type I sorption isotherm of UiO-66 can be converted 

to a composite Type I/Type III sorption isotherm in the UiO-66+nanofiber monoliths. 

This hierarchical porosity enables significant reductions in low-pressure H2 uptake (i.e. 
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P < 5 bar), while maintaining a comparatively high H2 uptake at moderate to high 

pressures (5 bar < P < 100 bar). The usable capacity of the UiO-66+PIM-1 monolith 

shows a considerable improvement of ca. 30%, both gravimetrically and 

volumetrically. For the UiO-66/nanofiber monolith containing non-porous PAN-based 

nanofibers, it is found that the extent of mesoporosity is enhanced and the low-

pressure H2 uptake is the lowest in comparison to pristine UiO-66 and the UiO-

66+PIM-1 monolith. The significant reduction observed on monoliths with non-porous 

PAN nanofibers could show the importance of using porous nanofibers (with intrinsic 

pores or possibly fabricated onto the surface of the nanofibers) for the successful 

improvement of usable capacities using the proposed co-pelletization strategy. 

Interestingly, the difference in the usable volumetric H2 capacity of UiO-66/nanofiber 

monoliths with non-porous PAN nanofibers and pristine UiO-66 powder was more than 

40% but only 11% lesser than pristine UiO-66 powder in usable gravimetric H2 

capacity. The reported co-pelletization strategy, was useful for both improving the 

packing density of UiO-66 monoliths compared to UiO-66 powder and also impart 

hierarchically porous structure to improve the usable H2 capacities of UiO-66-based 

MOF materials. 

 

Supplementary Information  

 

Ten additional figures showing experimental images, SEM images, XRD patterns, 

FTIR spectra and TGA curves. 
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