
1

Experimental demonstration of dynamic temperature-dependent 

behaviour of UiO-66 metal-organic-framework: Compaction of 

hydroxylated and deydroxylated forms of UiO-66 for high pressure 

hydrogen storage

Sonwabo E. Bambalazaa,b, Henrietta W. Langmic*, Robert Mokayad, Nicholas M. 

Musyokaa*, Lindiwe E. Khotsengb 

aHySA Infrastructure Centre of Competence, Energy Centre, Council for Scientific and 

Industrial Research (CSIR), PO Box 395, Pretoria 0001, South Africa.

bFaculty of Natural Science, University of the Western Cape, Bellville, Cape Town 

7535, South Africa. 

cDepartment of Chemistry, University of Pretoria, Private Bag X20, Hatfield 0028,

South Africa
dSchool of Chemistry, University of Nottingham, University Park, Nottingham, NG7 
2RD, UK

*Corresponding author 1: henrietta.langmi@up.ac.za Tel: +27 12 420 2800
*Corresponding author 2: nmusyoka@csir.co.za Tel: +27 12 841 4806

mailto:henrietta.langmi@up.ac.za
mailto:nmusyoka@csir.co.za


2

Abstract

High-pressure (700 MPa or ~100 000 psi) compaction of dehydroxylated and 

hydroxylated UiO-66 for H2 storage applications is reported. The dehydroxylation 

reaction was found to occur between 150 – 300 oC. The H2 uptake capacity of 

powdered hydroxylated UiO-66 reaches 4.6 wt% at 77 K and 100 bar, which is 21% 

higher than that of dehydroxylated UiO-66 (3.8 wt%). On compaction the H2 uptake 

capacity of dehydroxylated UiO-66 pellets reduces by 66% from 3.8 wt% to 1.3 wt%, 

while for hydroxylated UiO-66 the pellets show only a 9% reduction in capacity from 

4.6 wt% to 4.2 wt%. This implies the H2 uptake capacity of compacted hydroxylated 

UiO-66 is at least three times higher than that of dehydroxylated UiO-66, and therefore 

hydroxylated UiO-66 is more promising for hydrogen storage applications. The H2 

uptake capacity is closely related to compaction induced changes in the porosity of 

UiO-66. The effect of compaction is greatest in partially dehydroxylated UiO-66 

samples that are thermally treated at 200 and 290 oC. These compacted samples 

exhibit XRD patterns indicative of an amorphous material, low porosity (surface area 

reduces from between 700 and 1300 m2/g to ca. 200 m2/g and pore volume from 

between 0.4 and 0.6 cm3/g to 0.1 and 0.15 cm3/g) and very low hydrogen uptake (0.7 

- 0.9 wt% at 77 K and 100 bar). The observed activation temperature-induced dynamic 

behaviour of UiO-66 is unusual for MOFs and has previously only been reported in 

computational studies. After compaction at 700 MPa, the structural properties and H2 

uptake of hydroxylated UiO-66 remain relatively unchanged, but are extremely 

compromised upon compaction of dehydroxylated UiO-66. Therefore, UiO-66 

responds in a dynamic manner to changes in activation temperature within the range 

in which it has hitherto been considered stable.



3

Keywords: Hydrogen storage; UiO-66; dehydroxylation; hydroxylation; metal-organic 

framework; compaction

1. Introduction

Metal-organic frameworks have shown great promise in applications such as gas 

storage, gas separation, water treatment, catalysis, and as support materials in 

batteries 1–3. The system integration of MOFs in application-specific technologies is 

envisaged on shaped MOF materials compared to MOFs in their pristine powder form 

4–6.  The most common and successful shaping techniques used for shaping MOFs 

have been those that offer MOFs in the form of pellets 7, granules 8–10, membranes, or 

fibers 11. There has, therefore, been interest in exploring the properties of MOFs in 

their shaped or fabricated forms. The shaping of MOFs is not only intended to improve 

the ease of handling MOF-based materials but may also play a role in enhancing some 

MOF material properties that are inherently diminished in the as-synthesized MOF 

powder form. For example, we have recently demonstrated a rare occasion where 

high pressure (~700 MPa) compaction of the zirconium-based MOF, UiO-66, into 

pellets drastically improves its volumetric H2 storage capacity without compromising 

the gravimetric H2 uptake 12. Such property improvements on compaction may be 

attributed to the inherently high mechanical strength of the UiO-66 framework even in 

defective crystals. The property improvements were, however, reported for UiO-66 

samples where the post-synthesis degassing/activation was carried out at 80 oC for 

32 hours prior to all gas uptake measurements. It is, however, important to consider 

the fact that UiO-66 has been shown to exist in two stable forms, namely hydroxylated 

UiO-66 made up of Zr6O4(OH)4 inorganic clusters and dehydroxylated UiO-66 that is 
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made up of Zr6O6 clusters 13. The deydroxylation process occurs to completion at ca. 

300 oC as follows 13,14:  

                                                         Eqn. (1)𝑍𝑟6𝑂4(𝑂𝐻)2(𝑠)→ 𝑍𝑟6𝑂6(𝑠) + 2𝐻2𝑂(𝑔)

This transition may be virtually undetectable by PXRD analysis as shown in previous 

studies 14,15. However in computational studies by Vandichel et al. 16,17, Rogge et al. 

18 and others 19–21, dehydroxylation has been shown to have major implications on the 

mechanical stability of UiO-66.  

The solvothermal synthesis of UiO-66 is commonly carried out in 

dimethylformamide (DMF) as the solvent due to the high solubility of terephthalic acid 

and zirconium chloride 22. Upon completion of UiO-66 crystal growth, DMF molecules 

may remain trapped inside the UiO-66 pores, which necessitates post-synthesis 

evacuation. The most commonly used evacuation/activation methods include thermal 

treatment under vacuum at temperatures above the boiling point of DMF, or solvent 

exchange with a more volatile solvent such as ethanol or acetone 23,24.  It is therefore 

common practice for UiO-66 post-synthesis activation to be performed at 200 or 300 

oC 25.  Using PXRD analysis, Valenzano and co-workers have shown that the structure 

of UiO-66 activated at these temperatures shows little change to crystalline phases 

and peak positions compared to the as-synthesised UiO-66 14. They found, however, 

a more detailed structure of the dehydroxylated UiO-66 compared to its hydroxylated 

form.  Using extended X-ray absorption fine structure (EXAFS) analysis, Valenzano 

and co-workers showed that the crystalline structure of dehydroxylated UiO-66 (i.e., 

with Zr6O6 clusters) is more distorted compared to the hydroxylated UiO-66 form 

consisting of Zr6O4(OH)4 inorganic clusters.  Computational simulation studies by  

Vandichel et al. 16,17 and Hajek et al. 21 further predicted the possibility of bond 

rearrangements that may occur upon dehydroxylation of UiO-66. The computational 
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simulations of Vandichel et al 16,17 also detailed structural changes that may occur in 

UiO-66 during dehydroxylation processes up to 320 oC and proposed the possibility of 

two transition states involving bond rearrangements within the zirconium nodes. In 

addition, the study emphasized the role of defects on the extent of dehydroxylation, 

and that defects may result in significant compromising of the mechanical strength of 

the UiO-66 framework. The hydroxylated and dehydroxylated UiO-66 forms have 

further been shown to exhibit significant differences in their gas adsorption capacities 

for CO2, CH4, and H2 26,27, with dehydroxylated UiO-66 generally showing less 

adsorption capacity compared to hydroxylated UiO-66.  

To our knowledge, there are hardly any experimental studies on the high-

pressure compaction of dehydroxylated UiO-66, particularly as it relates to H2 storage 

applications, and, furthermore, post-synthesis thermal treatment conditions vastly 

differ in previous reports 22,23,28,29.  In a sense, the importance of the thermal treatment 

(activation) temperature as it relates to material properties of UiO-66 has not always 

been given any consideration. In this regard, careful analysis of the effects of 

compaction of UiO-66 after post-synthesis thermal treatment (activation) in the 

temperature range of 80 to 320 oC, can provide valuable experimental information 

about the mechanical stability of hydroxylated and dehydroxylated UiO-66.  This study, 

therefore, aimed to elucidate the effects of compaction not only on fully hydroxylated 

UiO-66 but also partially dehydroxylated and fully dehydroxylated UiO-66 samples and 

to propose optimum conditions for activation of UiO-66, towards hydrogen storage 

application.
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2. Materials and methods

2.1. Chemicals

1,4-benzenedicarboxylic acid (BDC, Sigma Aldrich, 98 %), N,N-dimethylformamide 

(DMF, Sigma Aldrich, 99.8 %), zirconium (IV) tetrachloride (ZrCl4, Sigma Aldrich, 99.5 

%), formic acid (HCOOH, Sigma Aldrich, 95 %), and acetone (H3COCH3, Sigma 

Aldrich, 99.8 %). All the chemicals were purchased and used without further 

purification.

2.2. Preparation of UiO-66

The growth of UiO-66 crystallites was specifically done via an acid-modulated 

solvothermal method with formic acid (FA) as the monocarboxylic modulator. The 

synthesis method was adopted from our previous study 12 and typically involved 

sonicating a mixture containing 1:1:100 ZrCl4:BDC:HCOOH in 300 mL DMF. The 

mixture was transferred to a round-bottom flask and maintained at 120 oC under reflux 

for 6 hours. After the synthesis, the white solid product was collected under 

centrifugation and washed in DMF for 3 hours.  In order to remove DMF molecules 

possibly remaining within the pores, the product was further washed 3 times in acetone 

for 1 hour prior to recollection and drying under vacuum at room temperature for 24 

hours.

2.3. Post-synthesis heat treatment and compaction

UiO-66 powder samples were heat-treated in a Micromeritics SmartVac at specified 

temperatures for 16 hours under vacuum (~10-7). The temperatures of choice were as 
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follows:  80, 110, 140, 170, 200, 230, 260, 290, and 320oC in order to obtain fully 

hydroxylated, partially dehydroxylated and fully dehydroxylated UiO-66 samples. For 

each of the heat-treated powder samples, a 400 mg portion was compacted at ~700 

MPa using a Specac Manual Hydraulic Press and held at that pressure for 5 minutes.

2.4. Characterisation

To investigate the stability of the UiO-66 crystal structure, samples were analysed by 

powder X-ray diffraction (PXRD) whereby both powder and pellet samples were first 

ground into fine powder using an agate mortar and pestle.  It is acceptable to grind the 

UiO-66 pellets after compaction since the uniaxial compaction of UiO-66 is an 

irreversible process 7,30–33.  The sample analysis was done on a Rigaku Ultima IV X-

ray diffractometer with each measurement recorded from 2Ɵ angle of 3 to 90o using 

0.154 nm Ni-filtered Cu-Kα radiation (40 kV and 30 mA) at a scan rate of 2o s-1.  The 

thermogravimetric (TG) plots for as-synthesised UiO-66 were obtained on a Mettler 

SDTA 851e TG analyser and a Discovery series Hi-resTM TGA-MS for the 

compositional analysis of gaseous by-products given off during decomposition of UiO-

66 in air and up to 1000 oC. The chemical composition of the UiO-66 structure 

remaining after heat treatment was analysed by Fourier transform infrared (FTIR) 

spectroscopy using a benchtop Bruker ALPHA II FTIR spectrometer from 4000 to 400 

cm-1 at room temperature. Transmission electron microscopy (TEM) was used for 

imaging UiO-66 crystallite shapes and sizes obtained under the specified synthesis 

conditions. TEM imaging was carried out on a 200 kV JEOL-Jem 2100 model with 

samples first dispersed in methanol and ultrasonicated for 30 minutes prior to imaging.  

The Brunauer-Emmett-Teller (BET) surface areas and pore volumes were calculated 

from nitrogen (N2) adsorption data measured on a Micromeritics 3-flex sorptometer 
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operating at 77 K. Excess hydrogen (H2, 6.0 grade purity) uptake was measured at 77 

K and 298 K up to 100 bar using a Hiden Isochema XEMIS intelligent gravimetric 

analyser.  The H2 uptake method was pre-set at specified time intervals between each 

measurement and the results obtained under non-equilibrium conditions. The H2 

uptake data, for each sample, was corrected for buoyancy effects using measured 

skeletal densities obtained from helium (He) pycnometry measurements at standard 

temperature and pressure (STP).  The absolute or total H2 uptake are calculated using 

Eqn. 2, taking into account H2 adsorbed within the pores of the UiO-66. Calculation of 

volumetric H2 capacity from gravimetric adsorption data has become somewhat 

controversial on whether the crystal density or packing density should be used to 

calculate volumetric H2 capacities in MOFs 6,34–40.  Our previous study 12 was able to 

show strong correlation of the packing density to the volumetric H2 capacity following 

the recommendations made in a publication by Balderas-Xicohténcatl et al. 35.  We, 

therefore, use the MOF packing density for both powder and compacted UiO-66 and 

calculate the volumetric H2 capacity according to Eqn.3.

(2)𝜃𝑇 =  𝜃𝐸𝑥𝑐 + 
𝑑𝐻2 𝑥 𝑉𝑇

(1 + 𝑑𝐻2 𝑥 𝑉𝑇)𝑥 100%

θT = total hydrogen uptake (wt%)

θExc = excess hydrogen uptake (wt%)

dH2 = density (g∙cm-3) of compressed H2 gas at the relevant temperature and pressure.  

The H2 densities at 77 K in the 0 - 100 bar range were obtained from the National 

Institute of Standards and Technology (NIST) website 41.

VT = pore volume obtained from N2 isotherm data.

(3)𝑣𝜃𝑇 = 𝜃𝑇 𝑥 𝑑𝑀𝑂𝐹

vθT= total volumetric uptake (g∙L-1)

dMOF = packing density of MOF material (g∙L-1)
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3. Results and Discussion

The morphology of the UiO-66 crystals obtained in this study show typical octahedral 

shapes consistent with what is reported in literature (ESI Fig. S1).  The crystal structure 

of UiO-66 has been well studied 13,42,43 and has a cubic unit cell (F m – 3 m) with typical 

major peak positions at 2θ angles of ~ 8, 9, and 25o 14,44. The PXRD pattern (ESI Fig. 

S1) shows intense peaks at the expected peak positions of 6, 8, and 25o and the 

diffraction pattern from 2θ ~3 to 90o matches most proposed CIF structures for UiO-

66 synthesised under solvothermal conditions 14. In particular, the two most intense 

peaks occur at 2θ angles of 7.4o and 8.5o, as shown in Fig. S1 (ESI), which shows 

synthesis of fully-formed UiO-66 phase instead of a possible polymorphic form, such 

as the Zr6-based EHU-30 reported by Lee and co-workers 45.  In the case where the 

distinct UiO-66 peak positions are confirmed, the presence of the peak at 2θ ~ 6o 

typically suggests crystallites consisting of a symmetry forbidden phase (1 1 0) which 

has previously been attributed to a UiO-66 crystal with missing linker defects as 

reported by Shearer and co-workers 46. The work of Liang et al. 47 also shows the use 

of formic acid modulator results in a UiO-66 structure with missing linker defects and 

their presence is indicated by a broad peak at 2θ ~ 6o in the measured UiO-66 XRD 

patterns. Indeed UiO-66 is known to be able to withstand a high level of tolerance 

towards structural defects without the crystal structure collapsing. Many studies have 

reported on stable UiO-66 defective structures with defect sites in the structure 

including missing terephthalate linkers or missing zirconia nodes 16,26,48–51. Defective 

UiO-66 crystals have been generally obtained under acid-modulated and solvothermal 

crystal growth conditions similar to this study. In Fig. 1 the thermal decomposition of 
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UiO-66 was investigated by TG analysis, showing UiO-66 to be stable up to at least 

500 oC, which is consistent with previous reports 14. The remarkable thermal stability 

is attributed to the high connectivity of the Zr-O bonding in UiO-66 nodes which can 

be made up of Zr6O4(OH)4 in the hydroxylated form or Zr6O6 in the dehydroxylated 

form 15,52,53. The derivative weight (DTG) curves show the temperatures at which peak 

decomposition occurs. Three peaks observed at ~150, 250, and 500 oC for both the 

UiO-66 sample activated by solvent exchange with acetone and one degassed at 80 

oC. Upon degassing at higher temperatures, i.e., 200 and 290 oC, the two peaks at 

150 and 250 oC are no longer observable, indicating the removal of labile moieties or 

adsorbed molecules from the UiO-66 structure.  
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Figure 1:  TGA curves showing the thermal decomposition of as-synthesised UiO-66 

and after post-synthesis activation: degassed at 80 oC (black); degassed at 200 oC 

(purple); degassed at 290 oC (blue); solvent exchanged with acetone (yellow). 

Measured under 100 mL/h air flow at a heating (ramp) rate of 10 oC/min.
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In Fig. 2, mass spectrometer (MS) signals were coupled to the TG curves in 

order to identify the composition of the gaseous by-products during the decomposition 

of UiO-66.  The most prominent m/z signals showing peaks were m/z of 18, indicative 

of H2O, and m/z of 44 typical for the presence of CO2 54,55. The m/z 18 and m/z 44 

signals both show a peak at ~150 and ~500 oC, with the m/z 18 signal showing a broad 

peak from ~150 to 300 oC and the m/z 44 signal a small peak at ~150 oC. The 

derivative weight loss (DTG) peaks observed up to 100 oC coincide with a large m/z 

18 signal peak and indicate the presence of moisture. The thermal events observed 

above 100 oC may be considered as resulting from the decomposition of the UiO-66 

structure or due to other contaminants other than moisture. From the comparison of 

FTIR spectra for as-synthesised UiO-66, DMF, and UiO-66 after acetone washing (Fig. 

2(b)), it can be seen that a significant amount of DMF is part of the UiO-66 structure. 

The UiO-66 structure after solvent exchange with acetone shows very little evidence 

of vibrational bands at ~3000 cm-1(–CH3 stretch), ~1100 cm-1(-CN stretch) and ~1700 

cm-1(C=O stretch), indicating the significant removal of DMF molecules 56.  The TG-

MS profiles show that the m/z 44 signal can also indicate the presence of DMF 

molecules, which can be ionised in the MS chamber to generate resonance-stabilised 

[N(CH3)]+ ions due to the lone electron pairs of the nitrogen atom 57.  
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Figure 2:  Thermal decomposition and chemical composition of UiO-66: (a) Overlay of 

derivative weight change (%/min) coupled to MS signals obtained during UiO-66 

thermal decomposition under 100 mL/h air flow, and (b) FTIR spectra of DMF, as-

synthesised UiO-66, and UiO-66 after solvent exchange with acetone.

The two most intense m/z signals for DMF are typically m/z 73 and m/z 44, 

which correspond to intact DMF molecules and [N-(CH3)2]+ fragments respectively 55.  

The absence of the m/z 73 signal may indicate sufficiently hot conditions in the MS 

combustion chamber that fragment DMF molecules. Indeed the m/z 44 signal is 

observable as a small peak at ca.150 - 200 oC and a larger peak at 400 – 700 oC.  It 

is important to note that the m/z 44 signal is also very intense for CO2
+, which result 

from the ionization of CO2 molecules in the gaseous mixture 53. The DMF molecules 

in UiO-66 are typically adsorbed solvent molecules within the pores of the as-

synthesized UiO-66 crystallites, which are fully removed by degassing/activation at 
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200 – 300 oC under vacuum as shown in many studies 14,24,58,59. The structure of UiO-

66 is highly stable to heating, with decomposition at 450 – 500 oC, which corresponds 

to complete framework collapse 15,60,61. The TG-MS profiles show that m/z 44 signal 

peaks at 150 – 200 oC represent the evacuation of adsorbed DMF molecules.  The 

peak at 400 – 700 oC can be attributed to the evolution of CO2(g) molecules resulting 

from the complete combustion of the terephthalate moieties from the UiO-66 

framework given that the m/z 44 signal also coincides with the m/z 18 signal within the 

same temperature range. The complete combustion of any hydrocarbon material such 

as the terephthalate moieties in UiO-66 always leads to the production of CO2(g) and 

H2O(g) as final gaseous products 46. The m/z 18 signal is also observed at lower 

temperatures, from 150 – 200 oC, and overlaps with the DMF peak signal (m/z 44). 

The evolution of water in this temperature range shows the dehydroxylation process 

of UiO-66 whereby Zr6O4(OH)2 clusters are converted to Zr6O6 with the loss of two mol 

of H2O 14. This is a well-known and well-defined transition for UiO-66 13,16,53, however, 

the fact that it overlaps with the evacuation of adsorbed DMF molecules may present 

problems in cases where a fully hydroxylated UiO-66 sample is required.  Interestingly, 

in Fig. S4 (ESI), the TGA of solvent-exchanged UiO-66 obtained at different heating 

(ramp) rates of 3, 30, 50 and 100 oC/min under nitrogen (N2) flow, show that there are 

indeed two distinct and consistent decomposition steps within the 150 – 300 oC 

temperature range. The two-step decomposition, represented by two peaks in the 

derivative weight curve, is observed to occur transiently between ~150 and 300 oC 

irrespective of the heating rate and the environmental conditions, since in Fig. 1 the 

two peaks are clearly observed in the thermal decomposition of solvent-exchanged 

UiO-66 under air flow. The results strongly indicates a transition state or intermediate 

UiO-66 structure during its dehydroxylation. The experimental results are consistent 
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with the results obtained in the computational studies conducted by Vandichel and co-

workers 16,17, which predict the presence of transition states to occur during 

dehydroxylation of defective UiO-66. In their simulations, Vandichel and co-workers 

predict transient structural changes to occur via two steps, firstly the decoordination of 

terephthalate and hydroxyl groups from the Zr6O4(OH)4 inorganic nodes; and the 

second step involves the extraction of a proton from bridging hydroxyl groups (µ3-OH) 

by the free or dangling hydroxyl group, effectively recombining it into the Zr6O4(OH)4 

node. The study further shows that the two-step dehydroxylation process occurs in 

both defect-free and defective UiO-66, however, emphasizes that a high degree of 

defects enhances their proposed pathway during the process of dehydroxylation. The 

recent study by Hajek and co-workers 21, further proposes dynamic structural changes 

during dehydroxylation of UiO-66 as their simulation results show that during 

dehydroxylation/dehydration of UiO-66, the removal of hydroxyl groups from 

Zr6O4(OH)4 nodes may trigger dynamic structural changes involving linker 

decoordination, hydrogen-bond stabilization of detached linker(s), and then 

recoordination of the linker(s). 

In Fig. 3(a), the FTIR spectra of UiO-66 activated at 80, 200, 290, and 320 oC 

show a trend where two vibrational bands at ~700 and 550 cm-1 diminish as the 

activation temperature was increased from 80 to 320 oC.  In compounds containing 

Zr-O bonding, the vibrational band at ~700 cm-1 is typically due to Zr-O stretch 

vibrations, which are expected in the UiO-66 inorganic nodes.  A study by Valenzano 

et al. [14] reported the detailed structure of defect-free UiO-66 as consisting of 

Zr6O4(OH)4 nodes coordinated to 12 terephthalate linkers, with each node having four 

bridging hydroxyl (–µOH-) groups and bridging oxo (µ-O-) groups giving rise to the 

typical Fm-3m UiO-66 crystal structure.  The presence of defects, however, may cause 
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the inclusion of other molecules such as H2O, monocarboxylates (e.g. formic acid), or 

other charge balancing molecules that may be present in the reaction mixture 48,59.  

The possible presence of charge balancing molecules may contribute to extra phases 

in the UiO-66 crystal which would not be expected for a defect-free UiO-66 crystal 

lattice. Fig. 3(b) (and Fig. S2 ESI), show the PXRD patterns for UiO-66 powder 

samples activated by heating for 16 hours under vacuum at the specified 

temperatures. The main peaks at 2θ ~ 8, 9, and 25o remain intact across all the 

activation temperatures indicating that the bulk structure of UiO-66 remains 

unchanged upon heating to 320 oC, a result also confirmed by TG data in Fig. 1.  There 

are noticeable differences at some peak positions which may indicate changes to the 

crystal phases in the structure.  At 170 oC and 200 oC, the peak at 2θ ~ 6o and the two 

peaks between 9 and 12o are not observed. At higher activation temperatures of 230 

and 260 oC, the peak at 2θ ~ 6o re-appears and the intensity of the peaks between 9 

and 12o remains significantly lower compared UiO-66 activated at 80 - 140 oC. The 

peak at 2θ ~ 6o is not observed after activation at 290 oC and, furthermore, the peak 

at 2θ ~ 12o is also not observed, but both peaks (at 2θ ~ 6 and 12o) are observable 

after activation at 320 oC. The disappearance and reappearance of peaks observed in 

Fig. S2 may be an indication of transient or intermediate UiO-66 structure(s) following 

decoordination and protonation reactions during the dehydroxylation process pathway 

proposed by Vandichel et al. 16,17. It is important to consider that the activation of the 

UiO-66 was not done in-situ, rather UiO-66 samples from the same batch were 

activated under vacuum at a specified temperature, i.e. one sample for each 

temperature. The possible structural effects of the observed differences in crystalline 

phases were investigated by analysing the gas sorption properties of UiO-66 following 

activation at the various temperatures. In order to exploit the properties of the fully 
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hydroxylated UiO-66, especially the high structural stability towards compaction 12,52,62, 

the temperature treatment of UiO-66 needs to be tailored to achieve a specific 

structure of UiO-66 (hydroxylated or dehydroxylated).
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Figure 3:  Chemical composition and structural analysis of UiO-66 after heat treatment 

at 80, 200, 290, and 320 oC: (a) FTIR spectra, and (b) PXRD patterns.

The nitrogen sorption isotherms in Fig. 4(a) indicate that there are significant 

activation temperature dependent changes in the porosity of UiO-66. The isotherms 

indicate that the porosity is greatest at activation temperature of 80 oC, and then 

decreases with activation temperature to a minimum at 290 oC, before again 

increasing at 320 oC. This indicates that the relationship between activation 

temperature and porosity is of a dynamic nature. The pore size distribution curves in 

Fig. 4(b) show that there are significant changes to the pore structure of UiO-66 with 

increasing activation temperatures.  UiO-66 is a highly microporous MOF that almost 
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entirely possesses pore channels of size in the micropore range (2 to 20 Å).  The pore 

channels of UiO-66 are typically of size ~6, 8, and 11 Å, which size relates to the free 

spaces in tetrahedral cages, triangular windows, and octahedral cages, respectively 

14,63.  The major pore sizes shown in Fig. 4(b) are ~6, 7, 9, and 12 Å, which is consistent 

with reported literature 13,14,26.  The appearance of larger pore diameters above 12 Å 

may indicate the presence of open metal sites within a possibly defective UiO-66 

structure. In the UiO-66 sample activated at 290 oC, the pore channels of size 6 Å, and 

above 12 Å are not observable, which is further indication of major structural changes 

to UiO-66.  The evidence of possible structural changes can also be observed in 

variations in the surface area and pore volume (Table 1) wherein the order for powder 

samples is UiO-6680
o

C>UiO-66200
o

C> UiO-66320
o

C>UiO-66290
o

C. The higher porosity of 

UiO-66320
o

C compared with UiO-66290
o

C may be due to the suggested structural 

recombination, which is proposed by the work Vandichel et al. 16,17. The trend not only 

indicates that low temperature activation/degassing at 80 oC (16 to 32 hours) was 

sufficient for removal of DMF solvent molecules from the pores of UiO-66, but also 

that dehydroxylation causes significant changes to the pore structure of UiO-66. It is, 

however, noteworthy that the proportion of micropore surface area maintained at ca. 

90% and the micropore volume at ca. 80% (except for sample degassed at 290 oC, 

which had a lower value of ca. 65%). Bsed on the structural
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Figure 4:  (a) Nitrogen adsorption/desorption isotherms at 77 K for UiO-66 activated 

at 80 (circle), 200 (triangle), 290 (square), and 320 oC (diamond).  The open symbols 

represent desorption isotherms down to p/po ≈ 0.02. (b) – (c) Cumulative and 

incremental NLDFT pore size distribution curves, in the micropore region, for UiO-66 

activated at 80, 200, 290, and 320 oC. Isotherms representing repeat samples for UiO-

66 activated at 290 and 320 oC are given in Figures S6 and S7, and corresponding 

textural properties in Table S1 (ESI). 
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Table 1:  Textural properties of UiO-66 samples degassed at 80, 200, 290, or 320 oC 

before (powder) and after (pellet) compaction at 700 MPa.

Volumetric 

surface area 

(m2∙cm-3)d

Sample Surface  areaa 

(m2∙g-1)

Pore volumeb 

(cm3∙g-1)

Packing 

density 

(g∙cm-3)

UiO-66 powder@80oC 1413 (1260, 89%) 0.61 (0.50, 82%) 0.65c 919

UiO-66 pellet@80oC 1300 (1091, 84%) 0.60 (0.44, 73%) 1.52 1976

UiO-66 powder@200oC 1307 (1194, 91%) 0.56 (0.48, 86%) - -

UiO-66 pellet@200oC 252 (208, 83%) 0.15 (0.09, 60%) 1.33 335

UiO-66 powder@290oC 708 (610, 86%) 0.37 (0.25, 68%) - -

UiO-66 pellet@290oC 200 (163, 82%) 0.11 (0.07, 64%) 1.46 292

UiO-66 powder@320oC 1100 (999, 91%) 0.48 (0.40, 83%) - -

UiO-66 pellet@320oC 180 (123, 68%) 0.12 (0.05, 42%) 1.50 270
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 density of UiO-66 powder. dCalculated by multiplying the packing 

density and the surface area [35].

The H2 adsorption isotherms, in Fig. 5, further substantiate the observed effects 

on the porosity.  A similar trend is observable for both the excess H2 uptake (Fig. S5, 

ESI) and the total/absolute H2 uptake as shown in Fig. 5(a).The gas sorption results 

were obtained using volumetric (N2) and gravimetric (H2) techniques, which provides 

robust evidence of the observed post-synthesis thermal treatment induced behaviour 

of UiO-66. The surface area, pore volume, and total H2 uptake of ~1400 m2.g-1, 0.6 

cm3.g-1, and 4.6 wt% (at 77K and 100 bar), respectively, for UiO-66 powder activated 

at 80 oC are similar to results obtained in our previous study 12.  In Fig. 5(b), the H2 

uptake at 298 K was as expected lower compared to 77 K, and shows total uptake of 

~0.8 wt% for hydroxylated UiO-66 (80 oC) and ~0.7 wt% for dehydroxylated UiO-66 

(320 oC). It is typical for highly microporous materials to show near Type I gas 

adsorption isotherms at cryogenic temperatures, with fully Type I isotherms achievable 
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at the boiling point of the adsorbed gas 64, as shown in the N2 adsorption isotherms in 

Fig. 4.
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Figure 5: H2 uptake isotherms for UiO-66 powder activated at 80, 200, 290, and 320 

oC:(a) total/absolute gravimetric H2 uptake at 77 K, and (b) total/absolute H2 uptake at 

298 K for UiO-66 powder activated at 80 and 320 oC. Open symbols represents 

desorption isotherms.

The effect of dehydroxylation on the mechanical stability, and hence gas 

adsorption properties, of UiO-66 was investigated by compacting the activated UiO-

66 samples at ~700 MPa.  In most cases of uniaxial compaction of MOFs, the surface 

area is compromised at increasing applied pressures 7,30–32,65 and to our knowledge, 

few attempts have been made to compact MOFs at a pressure of ~700 MPa. We have 

previously reported on the compaction of hydroxylated UiO-66 activated at 80 oC, and 

therefore in the current study the emphasis was on the possible differences in 

compacting dehydroxylated UiO-66, i.e. activated at 200, 290, and 320 oC. As shown 

in Fig. 6 and Table 1, similar porosity was observed for powdered and pelletized UiO-

66 activated at 80 oC.  The surface area of the UiO-66 pellet was 92% of that for the 

powder and 98% of pore volume was retained in the pellet.  On the other hand, the 
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dehydroxylated UiO-66 (i.e., activated at 200 oC and above) show significantly 

reduced surface area, which reduced by more than 85% while the pore volume 

reduced by up to 80% for dehydroxylated UiO-66 pellet compared to hydroxylated 

UiO-66 powder.  The reduction in porosity is a strong indication that the mechanical 

stability of UiO-66 is significantly reduced upon activation at 200, 290, and 320 oC 

compared to the high stability of UiO-66 activated at 80 oC. In addition to the work of 

Valenzano et al. 14, Chavan and co-workers 66 also demonstrated a “squeezing” of 

Zr6O6 clusters following the dehydroxylation of Zr6O4(OH)4 clusters in hydroxylated 

UiO-66. Their work further demonstrated the effect in the isoreticular analogous Zr-

MOF, UiO-67, and showed that the removal of –OH groups via dehydroxylation could 

result in a structural change that could slightly increase the Zr-Zr bond length and 

possibly compromise the mechanical stability of the Zr-MOF.  The pore size 

distribution curves in Fig. 6(b) show that the pore channels of size 6 Å and above 12 

Å are only observable in hydroxylated UiO-66 pellets and not in dehydroxylated UiO-

66 pellets.  
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Figure 6:  (a) N2 sorption isotherms and pore size distribution curves for UiO-66 pellets 

activated at between 80 to 320 oC prior to compaction to pellets. (b) Pore size 

distribution curves obtained for UiO-66 pellets. Open symbols represent desorption 

isotherms. 

There is also a drastic reduction in the total pore volume on compaction of UiO-

66 activated at 200 to 320 oC. The PXRD patterns in Fig. S3 (ESI) show that the 

compaction of UiO-66 samples activated at temperatures above 170 oC have 

significant amorphous character compared to UiO-66 activated at lower temperatures.  

The peak positions, however, remain unchanged but major peak broadening is 

observable, especially for UiO-66 activated at 200 and 290 oC.  The broadening of 

crystalline PXRD peaks generally represents possible amorphisation of crystallites 

and indeed the compaction of MOFs at sufficiently high pressures has been shown to 

result in partial or complete amorphisation 31. The amorphisation process is particularly 

enhanced for MOFs with diminished or low mechanical strength (i.e., low bulk or shear 

modulus) 31,36,67–69.  The variations in porosity observed in this study strongly suggest 

possible reduction in the mechanical strength of dehydroxylated UiO-66 compared to 

hydroxylated UiO-66, which is a phenomena that has not previously been 

contemplated. Such differences in mechanical stability, which is one of the main 
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attractions of UiO-66, has major implications on the choice of post-synthesis treatment 

(i.e., activation temperature) of UiO-66 especially in applications where mechanical 

stability is essential. One such application is as hydrogen storage material where 

compaction or pelletization is essential.

As shown in Fig. 7 and summarised in Table 2, the hydroxylated UiO-66 pellet 

(activated at 80 oC) has a total H2 uptake of 4.2 wt%, which is only 9% lower than that 

of the hydroxylated UiO-66 powder (4.6 wt%). The levels of hydrogen uptake are 

consistent with the porosity of the samples (Table 1). The relatively similar gravimetric 

hydrogen uptake means that the hydroxylated UiO-66 pellet has significantly higher 

volumetric H2 capacity compared to the powder due to a rise in packing density 

occasioned by compaction. The results obtained for hydroxylated UiO-66 are 

consistent with our previous study 12. The hydrogen uptake of dehydroxylated powder 

samples (200 – 320 oC) decreases compared to that of the hydroxylated sample in 

line with reductions in porosity, with the lowest uptake observed for the powder sample 

activated at 290 oC. Compaction of dehydroxylated UiO-66 results in drastic reduction 

in hydrogen uptake, with the reduction being greatest for samples compacted at 200 

and 290 oC. The reduction in hydrogen uptake for the compacted dehydroxylated 

samples (Table 2) is in line with the changes in porosity (Table 1). We also determined 

the hydrogen storage working capacity, which is the difference in uptake at 100 bar 

compared to 1 bar. While hydroxylated samples (both powder and compacted) and 

powder forms of partially or fully dehydroxylated samples have working capacity of 

between 1.7 and 3.3 wt%, the results in Table 2 show much lower working capacity 

for compacted UiO-66 activated at 200 oC and above, especially for the compacted 

partially dehydroxylated UiO-66 samples activated at 200 and 290 oC. Indeed, the 

working capacity for these compacted partially dehydroxylated samples is almost nil 
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(ca. 0.2 wt%). It is noteworthy that the excess H2 uptake isotherms in Fig. 7(b) show 

maximum excess capacity for hydroxylated UiO-66 powder at 30 bar, while in 

compacted hydroxylated and dehydroxylated UiO-66, the excess H2 uptake maxima 

are shifted to ca. 50 bar and 100 bar, respectively. The observed shifting in excess H2 

adsorption maxima may be attributed to the densification of UiO-66 crystallites in the 

compacted forms. The close packing in compacted UiO-66 crystallites may result in 

grain boundary reductions, lowering the level of accessibility of H2 to the UiO-66 pore 

structure. In addition, the H2 uptake measurements were obtained under non-

equilibrium conditions with pre-set equilibration times (20 minutes) for each 

measurement.  As a result of kinetic effects, such as reduced mass transfer of H2 into 

the pores of compacted UiO-66 70, it is therefore possible to observe, at low pressures, 

low excess H2 uptake in compacted UiO-66 compared UiO-66 powder.  
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Figure 7:  H2 adsorption isotherms (77 K, 100 bar) for pelletized UiO-66 after activation 

at 80, 200, 290, and 320 oC: (a) total H2 uptake, (b) excess H2 uptake, (c) total 

volumetric H2 capacity.
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Table 2:  Summary of the total gravimetric and volumetric H2 uptake, at 77 K and up 

to 100 bar, for powdered and pelletized UiO-66 hydroxylated (activated at 80 oC) and 

dehydroxylated forms (after activation at 200, 290, and 320 oC).

Working 

capacity            

(g∙L-1)d

Sample Maximum 

excess H2 

uptake 

(wt%)a

Total gravimetric

H2 uptake

(wt%)b

1 bar     100 bar

Working 

capacity 

(wt%)c

Total 

volumetric H2 

uptake at 100 

bar 

(g∙L-1)c

UiO-66 powder@80oC 3.1 (2.8) 1.9         4.6 2.7 30 18

UiO-66 pellet@80oC 2.5 (2.6) 1.7         4.2 2.5 64 38

UiO-66 powder@200oC 3.0 (2.6) 1.1         4.4 3.3 - -

UiO-66 pellet@200oC 0.9 (0.5) 0.6         0.9 0.3 12 4

UiO-66 powder@290oC 1.8 (1.4) 0.7         2.9 2.2 - -

UiO-66 pellet@290oC 0.7 (0.4) 0.5         0.7 0.2 10 3

UiO-66 powder@320oC 2.8 (2.2) 2.1         3.8 1.7 - -

UiO-66 pellet@320oC 0.9 (0.4) 0.2         1.3 1.1 20 17

Pressurized H2 cylinder 30
aValues in parenthesis are estimates from Chahine’s Rule. bCalculated using eqn.2.. cCalculated using eqn. 3. dDifference 
between the total H2 uptake at 100 bar and 1 bar.

The volumetric H2 capacity of hydroxylated UiO-66 increases significantly from 

30 to 64 g.L-1 after compaction, consistent  with previous results 12.  Despite their 

increased packing density (Table 1), the compacted dehydroxylated samples 

activated at 200, 290, and 320 oC show much lower volumetric capacity (10–20 g.L-1)  

compared to both powdered (30 g.L-1) and compacted hydroxylated UiO-66 (64 g.L-1).  

The low volumetric capacity of these dehydroxylated UiO-66 pellets samples is due to 

having significantly reduced volumetric surface areas as a consequence of  their low 

porosity (surface area and pore volume) compared to their powdered counterparts 

(Figs. 4 and 6, and Table 1).  In Fig. 7(c) and Table 2 the theoretical volumetric H2 
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capacity of a pressurized cylinder is about 50 % of compacted UiO-66 (65 g.L-1), and 

the working capacity of the latter is ca. 25% higher (38 g.L-1 compared to 30 g.L-1). 

Given that the volumetric working capacity of powder hydroxylated UiO-66 (18 g.L-1) 

is lower than that of a pressurised cylinder, our result clearly shows the effect of 

compaction, and therefore mechanical stability, in improving the working capacity of 

MOFs as hydrogen storage materials. More importantly, our work clarifies on why it is 

important to understand the effects of post-synthesis treatment (such as activation 

temperature) on both the porosity and mechanical stability of MOFs especially those 

such as UiO-66 that are considered to be stable and unchanging over a wide 

temperature range. This work may also serve to show that UiO-66 responds in a 

dynamic manner to changes in activation temperature within the range in which it is 

considered stable. Furthermore, our findings can explain previously noted apparent 

inconsistencies in the porosity (and hydrogen storage capacity) of UiO-66 samples 

from a number of studies and labs. The past inconsistencies may, to some extent, be 

explained by differences in activation temperature, which has typically varied between 

80 and 400 oC.

4. Conclusion

In this study, the post-synthesis heat treatment of UiO-66 up to 320 oC was monitored 

by TG-MS analysis and the results show a three-step decomposition process involving 

the removal of H2O molecules via a two-step process between ~150 and 300 oC, 

termed dehydroxylation, and the third step involves framework collapse at ~500 oC. 

The TG-MS results also show the removal of DMF molecules at ~150 oC but FTIR 

results show that washing as-synthesized UiO-66 with acetone can sufficiently remove 
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DMF molecules without altering the UiO-66 structure and the three-step thermal 

decomposition of UiO-66 is maintained. In addition, TG results also showed that 

thermal decomposition of UiO-66 followed a three-step process even under inert 

conditions irrespective of heating (ramp) rates applied, which strongly suggests the 

dehydroxylation process to involve two UiO-66 transition states. The analysis of 

thermal decomposition in air shows that UiO-66 is stable up to ~500 oC, FTIR spectra 

reveal the removal of –OH groups from Zr6O4(OH)4 nodes at 200, 290, and 320 oC, 

but PXRD patterns corresponding to those temperatures showed dynamic changes to 

some crystalline phases in response to high-temperature activation, which further 

provides evidence of dynamic temperature-dependent structural changes as proposed 

by Vandichel et al. 16,17. Nitrogen sorption studies also confirm differences in the 

textural properties (surface area and pore volume) and pore structure of UiO-66 upon 

activation at 200, 290, and 320 oC.  At these temperatures UiO-66 powder samples 

show reductions in surface areas of up to 30% compared to UiO-66 powder activated 

at 80 oC. There are drastic reductions of porosity for partially dehydroxylated UiO-66 

(activated at 200 and 290 oC), after compaction at ~700 MPa, strongly indicating a 

compromise in the mechanical strength of UiO-66 at these temperatures. The 

computational studies on the high-pressure behaviour of UiO-66 with defects, reported 

by Vandichel et al. 17 and Rogge et al. 18, have previously proposed significant 

reductions in mechanical stability in UiO-66 with defects, which we, for the first time, 

experimentally evidence in this study. The work conducted by Vandichel et al. 16,17 

also proposes the existence of transition states during the dehydroxylation process of 

UiO-66. In this study, the partially dehydroxylated UiO-66, activated at 200 and 290 

oC, show very similar crystalline phases in the powder form and similarly show 

apparently high amorphous character, and almost nil hydrogen storage working 
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capacity (gravimetric and volumetric) after compaction at ~700 MPa. Interestingly, the 

PXRD patterns of dehydroxylated UiO-66 activated at 320 oC show peak positions that 

are similar to that of hydroxylated UiO-66, and also a higher hydrogen storage working 

capacity (at 77K, and 100 bar to 1 bar) for the compacted sample of 1.1 wt% (20 g.L-

1 volumetric). The experimental results may, therefore, suggest that the mechanical 

stability of UiO-66 is possibly at its weakest at ~200 and ~290 oC followed by some 

degree of structure recombination post-dehydroxylation at 320 oC. This may also 

confirm the predicted dehydroxylation pathway proposed in the computational findings 

of Vandichel et al. 17 and Hajek et al. 21, whereby both defect-free and defective UiO-

66 undergo decoordination, protonation, and recoordination reactions, which are 

enhanced in a highly defective UiO-66 crystal.  Our results show total gravimetric H2 

uptake (at 77 K and 100 bar) for hydroxylated UiO-66 of 4.6 wt% (0.8 wt% at 298 K) 

for UiO-66 powder and 4.2 wt% for compacted UiO-66. The dehydroxylated UiO-66 

activated at 320 oC shows total gravimetric H2 uptake of 3.8 wt% (0.7 wt% at 298 K) 

for the powder and 1.3 wt% for compacted UiO-66. This shows only a 17% difference 

in the H2 uptake between hydroxylated and dehydroxylated UiO-66 powders, but after 

compaction at ~700 MPa, the difference in H2 uptake increases to ~70%. A similar 

trend is observable on the total volumetric H2 capacities. The results obtained in this 

study give clear indication of the compromise in mechanical stability of UiO-66 in its 

dehydroxylated form and the resultant reduction in its textural properties and high-

pressure H2 uptake at 77 K and 298 K, which has implications for practical 

applications. It also clearly shows the effectiveness of solvent exchange prior to low-

temperature activation (~80 oC), and how UiO-66 activation at 200 and 290 oC may 

generate UiO-66 structures with unexpectedly low mechanical stability. This study 

shows that the thermal decomposition of UiO-66 between 150 and 300 oC correspond 
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strongly to the predicted dehydroxylation pathway proposed by Vandichel et al. 17. 

Based on TGA data, evidence of the presence of transition states during 

dehydroxylation was observable and dynamic changes to certain peak positions in the 

UiO-66 PXRD pattern may signify the dynamic structural changes (decoordination and 

protonation) predicted by Vandichel et al. 17. It was also evident that the porosity, and 

hence gas adsorption properties, of UiO-66 is extremely sensitive to the high-

temperature activation. Based on the results obtained in this study, we recommend 

that optimum post-synthesis treatment for UiO-66 should ideally include solvent 

exchange of the as-synthesised UiO-66 with volatile solvents (such as acetone or 

ethanol) followed by low-temperature activation not exceeding 150 oC. The proposed 

conditions should maintain the UiO-66 structure in its hydroxylated form, which is 

favourable for hydrogen storage applications.

Supplementary Information 

Seven additional figures and one table, showing TEM images, XRD patterns, excess 

hydrogen uptake, and nitrogen isotherms and corresponding textural properties.
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