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Abstract 

High-pressure intrusion−extrusion experiments of water in hydrophobic zeolitic imidazolate 

framework (ZIF-8) were performed by two techniques: porosimetry and manometry coupled 

with calorimetry measurement. This study focuses on the variation of experimental duration 

(3−900 h) for both techniques in order to study the impacts of this parameter on the energetic 

performance of a “ZIF-8−water” system and the stability of ZIF-8. Prior to performing intrusion 

measurements, tests have been conducted in order to highlight that mechanical compression 

at 0.2 ton force to form pellets and outgassing at 473 K for 12 h under vacuum do not alter the 

structural and textural properties of starting ZIF-8 powder. The post-intruded samples have 

been characterized by X-ray diffraction, nitrogen sorption at 77 K, and scanning electron 

microscopy in order to evaluate the impact of experimental duration on the stability of the ZIF-

8 framework. It has been observed that the duration of intrusion−extrusion tests affects system 

behavior. If the measurements’ duration is less than 4 days, the “ZIF-8−water” system acts as 

a molecular spring with fully reversible intrusion. In these conditions, the intrusion process is 

shown to be exothermic and the ZIF-8 framework is preserved. In contrast, for longer 

measurement durations, the system displays a combination of spring and bumper behaviors. 

This phenomenon is related to partial but gradual transformation of ZIF-8 into the nonporous 

ZIF-dia(Zn) phase. Complementary experiments have highlighted that both water and high 

pressure play crucial roles in this transformation of ZIF-8. 
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1. Introduction 

The energy needs necessary to satisfy the development of the current social and economic model 

are constantly increasing. As a result, many alternative approaches have been developed in recent 

decades to replace fossil fuels while meeting the growing need for energy.1 Energy storage is one 

of the most important challenges in this field.2 More specifically, the storage of mechanical energy 

by intrusion−extrusion of nonwetting liquids into porous materials was discovered by Eroshenko.3 In 

such systems, which are also called heterogeneous lyophobic systems (HLS), the energetic storage 

concept is based on the fact that to make a nonwetting liquid penetrate into the pores (intrusion), it 

is necessary to apply a higher pressure than the capillary one, which obeys the Laplace−Washburn 

equation 

𝑃 =
2 𝛾 𝑐𝑜𝑠𝜃

𝑟𝑝𝑜𝑟𝑒
   (1) 

where γ is the surface tension, rpore is the radius of the pores, and  is the contact angle between the 

liquid and the solid ( >> 90°). 

The mechanical energy E required to make the nonwetting liquid phase enter in solid pores is given 

by the relation 

𝐸 = ∫ 𝑃. 𝑑𝑉
𝑉𝑓

𝑉0
   (2) 

In this case, during the intrusion step, E = Es (the stored mechanical energy), P = Pint (the intrusion 

pressure) and V = Vint (the intrusion volume) which is also equal to the difference between Vf (the 

volume at the end of the volume variation step) and V0 (the volume at the beginning of the volume 

variation step). When the pressure is released, the recovery of the mechanical energy occurs under 

extrusion of liquid out of the pores. Consequently, the terms displayed in eq 2 become E = Er (the 

restored mechanical energy), P = Pext (the extrusion pressure) and V = Vext (the extrusion volume) 

which is still expressed according to V0 and Vf. Nevertheless, depending on material structure and 

composition as well as on the nature of the liquid, HLS can demonstrate spring, shock absorber, or 

bumper behavior by storing, dissipating, or absorbing the supplied energy, respectively. The first two 

behaviors correspond to fully reversible intrusion with small or large hysteresis between intrusion 

and extrusion curves, respectively, whereas the nonwetting liquid is not extruded for the bumper 

behavior. The energy supplied, in this case, is therefore not restored, but absorbed by the system. 
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A simplified version of eq 2 also exists and is often used to calculate the stored (Es) / restored (Er) / 

absorbed (Ea) energy of the HLS:  

𝐸 = 𝑃. 𝑉  (3) 

where E = Es or Ea, P = Pint and V = Vint, or E = Er, P = Pext and V = Vext 

HLS were first developed from porous silica and liquid metals, then these two components were 

replaced by hydrophobic silica and water, a nonwetting and eco-friendly liquid.4 

According to eq 2 (and eq 3 also), the higher the intruded volume and the intrusion pressure, the 

higher the stored mechanical energy. Furthermore, the intrusion pressure can be increased by using 

porous solids with a smaller pore diameter and higher hydrophobicity as highlighted in eq 1. It is to 

follow this strategy that, first, hydrophobic zeolites,5-8 then Zeolitic Imidazolate Frameworks9 have 

been used in pioneering works as porous matrices into HLS.10 

Regarding zeolitic imidazolate frameworks (ZIFs), they are a subclass of metal−organic frameworks 

(MOFs), that include divalent metal ions (e.g., Zn2+, Co2+, Cd2+···) connected in an extended 

crystalline network by imidazolate-type linkers.11 They have zeolite-related frameworks with various 

topologies due to the metal−linker−metal angle close to 145°, which is similar to the Si−O−Si angle 

in zeolites.12,13 ZIFs have remarkably high pore volume and tunable surface properties that make 

them very interesting and promising materials for various applications such as gas storage,14-17 liquid 

phase adsorption,18-20 separation,11, 21, 22 sensors,23 and heterogeneous catalysis.24 Owing to the 

concept of reticular chemistry offered by MOF-type materials,25 it is possible to modulate the 

chemical composition of materials’ frameworks (including their hydrophobic feature) while adapting 

their pore size and porous volume (toward a low aperture size and large volume, respectively, for 

the targeted application). In 2013, Ortiz et al. paved the way for their use in HLS by studying water 

intrusion−extrusion under high pressure in ZIF-8.9 It has been shown that the behavior of this system 

was defined as spring with a stored energy of 13 J·g−1. Since then, the energetic performances of 

the same HLS or others based on different ZIFs have been further studied.26-33 These studies have 

emphasized various effects of the crystal size and shape, the nature of the linker, and the topology 

and the nature of nonwetting liquid on the energetic performances of the investigated systems. ZIF-

8 remains the most studied material, but most of the studies have been realized at room temperature 

and for a short experimental duration.26, 28, 30, 34, 35 



3 

ZIF-8 is generally considered to be stable in air and in water.12 However, Liu et al. described that 

hydrothermal treatment at low mass ZIF-8/H2O ratio leads to the collapse of ZIF-8 crystalline 

structure and formation of ZnO.36 Yin et al. noted that the ZIF-8 structure is less stable in a steam 

atmosphere than in argon and air at high temperature (673 K). Moreover, Grosu et al. have shown 

that water intrusion− extrusion cycles at 360 K under high pressure leads to irreversible modification 

of the ZIF-8 structure consisting of a loss of symmetry from cubic to orthorhombic.35 More recently, 

James et al. reported that the ZIF-8 structure is preserved after treatments (20 h at 473 K) in inert, 

oxidizing, and reducing environments.37 In the work of Zhang et al., it was found that the ZIF-8 

material degrades in water at room temperature after 72 h of immersion time and that the degradation 

rate increases with decreasing the mass ratio of ZIF-8 to water.38, 39 Besides, it was recently 

highlighted that ZIF-8 is not stable at temperatures below 573 K in the presence of air. The material 

undergoes hydrolysis which leads to a novel pseudo-polymorph of ZIF-8.40 At last, ZIF-8 has been 

used in a diamond anvil cell through high-pressure experiments using water, methanol, ethanol, 

CO2, SF6, or CHClF2 as pressure transmitting media (PTM).41-43 ZIF-8 shows pressure- induced 

amorphization in SF6 but remains crystalline with water under a pressure of 2.16 GPa. Thus, the 

thermal stability of ZIF-8 in addition to the one regarding the contact with aqueous solutions is a 

matter of debate. 

On another note, few data have been reported about the thermal energy of intrusion of water in this 

MOF-type material. The determination of the intrusion heat of water in porous materials such as 

zeolites and mesoporous silica has been performed by Coiffard et al. and Karbowiak et al.44, 45 These 

authors have developed their own apparatus combining calorimetry and manometry to measure the 

thermal effects during intrusion. The intrusion calorimetry technique provides rich information about 

the intrusion process. For example, it has been shown that the intrusion process in zeolites can be 

endothermic or exothermic depending on the pore geometry and interaction with silanol defects.46 

Thermal energy is not negligible compared to mechanical one. The evolution of the intrusion heat 

during successive intrusion−extrusion cycles shows whether the material undergoes some 

modifications during the intrusion−extrusion process.45, 47 Concerning ZIF-8, to the best of our 

knowledge, Grosu et al. are the only authors to have studied the intrusion of water in this well-known 

material by calorimetry.35 They found that the intrusion of water is endothermic with a value of the 



4 

intrusion heat of around 4 J·g−1 at 300 K. Nevertheless, no calorimetric data obtained after several 

intrusion−extrusion cycles are given.  

All data reported in the literature about the intrusion of water in ZIF-8 are not sufficient for having a 

clear and detailed understanding of the intrusion−extrusion process. In partic- ular, the 

thermodynamic stability of ZIF-8 in the presence of water for several long intrusion−extrusion cycles 

has not been established. As mentioned above, contradicting conclusions about the stability of ZIF-

8 were drawn according to the effect of water and contact duration. Kinetics seems to play an 

important role, but it has not been studied up to now. Furthermore, the thermal effects occurring 

during intrusion− extrusion cycles have not been studied in detail. 

The present work is therefore devoted to the study of the intrusion−extrusion of water in ZIF-8 at 

room temperature by using intrusion porosimetry and in situ calorimetry, with particular emphasis on 

the stability of the material. To achieve this goal, successive intrusion−extrusion cycles were 

performed by altering the cycle duration in a wide range and the properties of the post-intruded       

ZIF-8 samples were characterized in detail.  
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2. Methods 

2.1. Materials 

2.1.1. Reactants, Additive and Solvent 

Zinc nitrate hexahydrate (Zn(NO3)26H2O, 99%), 2-methylimidazole (C4H6N2, Hmim, 97%) and 

aqueous solution of ammonia (NH3, 32%) were bought from Alfa Aesar, ABCR and Roth, 

respectively, and used without further purification. Methanol (MeOH, 99.9%) was provided by Carlo 

Ebra and deionized water was used. 

2.1.2. Syntheses of ZIF-8 Powder 

The synthesis protocol was readjusted from the one supplied by He et al.48 with modifications 

concerning quantities (ca. 48 times up-scaling) and recovering of material (filtration instead of 

centrifugation) process. 

Briefly, 28.7 g (96.5 mmol) of Zn(NO3)26H2O are dissolved in 162.6 g (9023 mmol) of deionized 

water in a glass beaker and stirred at 500 rpm for 18 minutes to give a solution (Solution 1). At the 

same time, 15.7 g (191.7 mmol) of 2-methylimidazole (Hmim) are mixed in 163.9 g (3080 mmol) of 

aqueous ammonia in a glass flask, and stirred at 1000 rpm for 10 minutes to form a solution (Solution 

2). Then, Solution 1 is poured in an addition ampoule and added in 1 minute to Solution 2 under 

stirring at 500 rpm. The mixture composition is 1 Zn(NO3)2 : 2 Hmim : 32 NH3 : 164 H2O. The stirring 

conditions are maintained for 10 minutes in order to obtain a white suspension before stopping. A 

white solid is recovered by filtration, washed with deionized water (2880 mL by portions of 40 mL) in 

order to decrease the filtrate pH to ~ 8. The solid is soaked in 400 mL of MeOH for 2 hours and 

recovered by centrifugation at 7000 rpm for 15 minutes after elimination of the supernatant. This 

activation stage is repeated three times under the same conditions. The last stage consists of 

redispersing the recovered material in MeOH to get a final suspension and performing filtration 

before drying the solid overnight under air and at room temperature. 10.1 g of crystalline, white, and 

dried powder are collected with a yield of 46 % 

2.1.3. Preparation of ZIF-8 Pellets 

Around 100 mg of ZIF-8 material are outgassed at 423 K for 1 h then compacted by using a hydraulic 

press (at 0.2 ton force) into a self-supported pellet (1 cm of diameter) during 2 min in order to limit 
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the volume variation under intrusion−extrusion experiments related to powder compacting and 

intergranular porosity filling. 

2.2. Characterization Techniques 

The samples obtained after intrusion−extrusion experiments were characterized in the two different 

laboratories involved in the present study. The porosimetry measurements were performed at the 

Institut de Science des Matériaux de Mulhouse (IS2M) and the ZIF-8 samples collected after these 

measurements were characterized in this laboratory. The calorimetric measurements were realized 

in Laboratoire Interdisciplinaire Carnot de Bourgogne (ICB) and the corresponding samples were 

characterized in this laboratory. For this reason, the analyses conditions of each technique used in 

the two laboratories are listed in the next paragraphs. 

2.2.1. Powder X-Ray Diffraction 

X-ray diffraction patterns of the starting samples and the ones collected after porosimetry were 

recorded in transmission mode on an STOE STADI-P diffractometer equipped with a curved 

germanium (111), primary monochromator, and a linear position-sensitive detector (6° in 2θ) using 

Cu Kα1 radiation (λ = 1.5406 Å). Measurements were achieved for 2θ angle values in the 5−50° 

range, with a step of 0.04° in 2θ. 

The X-ray diffraction (XRD) measurements for the samples after calorimetry experiments were 

realized in reflection mode in the range of 3−50° (in 2θ) with a diffractometer Bruker D8-A25 Discover 

equipped with a LynxEye XE detector using a nonmonochromatic Cu Kα radiation. 

2.2.2. Nitrogen Adsorption-Desorption Measurements 

The nitrogen adsorption−desorption isotherms of the starting samples and the ones collected after 

porosimetry were carried out at 77 K using a Micromeritics ASAP 2420 setup. Prior to the adsorption 

measurements, the samples were outgassed at 473 K during 12 h under vacuum. 

Brunauer−Emmett−Teller surface areas, denoted as SBET, were calculated in a 0.0004 ≤ p/p0 ≤ 0.004 

range for all materials in agreement with the criteria given in the literature.49 The microporous 

volumes (V) were determined using the t-plot method (Harkins and Jura model). 

The nitrogen adsorption−desorption isotherms of the samples after calorimetry experiments were 

measured using ASAP 2020 equipment from Micromeritics. The solids were degassed for 15 h at 
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473 K before measurements. The same treatment conditions as previously mentioned were followed 

to determine the surface area and the microporous volume. 

2.2.3. Thermogravimetric Analyses 

For all samples, TGA measurements were performed on a TG Mettler Toledo STARe apparatus, 

under an air flow, with a heating rate of 2 K·min−1 from 300 to 1173 K. 

2.2.4. Scanning Electron Microscopy 

The size and the shape of ZIF-8 particles were determined using a JEOL JSM-7900F scanning 

electron microscope equipped with an energy-dispersive X-ray spectrometer composed of two 

XFlash 6−30 X-ray detectors from Bruker (Billerica). Before analysis, the samples were sputter 

coated with gold in order to provide sufficient resolution to observe the fine structure of materials. 

Scanning electron microscopy (SEM) images were acquired using an in-lens electron detector. 

2.2.5. Water Intrusion-Extrusion Experiments (Porosimetry) 

The intrusion−extrusion experiments have been performed at room temperature over three cycles 

using a modified mercury porosimeter (Micromeritics Model Auto-pore IV).50 Typically, around 100 

mg of pelletized ZIF-8 and around 500 mg of water are directly introduced in the polypropylene 

cylinder cell of 2 mL capacity and sealed. This cell is introduced in the 15 mL glass cell of the 

porosimeter which is filled with mercury. The values of the intrusion (Pint) and extrusion (Pext) 

pressures are determined from the incremental pressure variation. Pressure is expressed in 

megapascals (MPa) and volume in milliliters per gram of sample (mL·g−1). The intruded and the 

extruded volumes (Vint, Vext) correspond to volume variations between the beginning and the end 

of each step (intrusion and extrusion). The stored (restored) energy (Es or Er) corresponds to the 

product of the pressure and volume according to eq 3. In this study, the energetic behavior of an 

HLS is classified as a shock absorber or spring based on a complete extrusion of the intruded liquid 

from the solid with an energy yield (Er/Es) lower or higher than 80%, respectively. It should be noted 

that the impact of the shaping of ZIF-8 powder in pellet form on the pressures and volumes of 

intrusion and extrusion have been studied before using the pellets for the intrusion−extrusion 

experiments aiming to investigate the influence of experimental duration (Section 3.1). In this case, 

the maximum pressure of around 100 MPa was achieved along 3 cycles of around 3 h each leading 

to a whole duration of 9 h. Main experiments of deionized water intrusion−extrusion with different 
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experimental duration: 2 days, 3 days, 4 days and 9 days have been carried out on pellets of ZIF-8 

material in order to determine how the duration of cycles impacts the intrusion−extrusion 

characteristics and ZIF-8 stability. An additional study of intrusion−extrusion 

(compression−decompression) with oil (Micromeritics high-pressure fluid, Ref: 920/16001/00) for 9 

days of duration has been performed in order to study the influence of high pressure on ZIF-8 stability 

in the absence of water. 

After water intrusion−extrusion experiments, all the samples were recovered by filtration, washed 

with 100 mL of deionized water, and then dried under air at room temperature overnight. ZIF-8 

samples after oil intrusion−extrusion (compression−decompression) experiments were soaked in 

100 mL of diethylether (DEE) overnight, followed by a sonication during 30 min, filtration, washing 

with 100 mL of DEE and drying under ambient air overnight. 

2.2.6. Water Intrusion-Extrusion Experiments (Calorimetry) 

The heat released during the intrusion and extrusion of water have been measured with a home-

made apparatus combining calorimetry and high-pressure manometry (Figure S1). This device is 

similar to the one described in detail in a previous work.45 Basically, it is composed of a Setaram 

C80 differential calorimeter equipped with specific vessels supporting high fluid pressure (up to 400 

MPa). The calorimetric vessel containing the sample is directly connected to the manometric device 

containing water and equipped with a hand pump that allows compressing the liquid water to the 

desired pressure. The reference vessel is filled with water and maintained at atmospheric pressure. 

The displacement of the pump piston can be measured with a dial indicator to follow the variation of 

the fluid volume at the condition that the displacement is slow enough (slow compression). Thus, it 

is possible, after correction for the water compressibility to assess the volume of intruded water. The 

mass of the sample used is around 0.5 g. Prior to experiments, it is outgassed in situ under primary 

vacuum at room temperature for about 10 min. Then, water is introduced and measurements are 

performed at 298 K in the pressure range 1−50 MPa, or even 200 MPa in some cases. 

Two experimental procedures are used to characterize the thermal effect of intrusion or extrusion 

(Figure S2). The first one is to rapidly compress the liquid water up to the final pressure (50 MPa). 

In this case, the integration of the calorimetric signal directly gives the integral heat of interaction of 

water with the solid 
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𝑄𝑤𝑧,𝑖𝑛𝑡 =
1

𝑚
(𝑄𝑐𝑎𝑙𝑜 − 𝑄𝑙𝑖𝑞𝑢𝑖𝑑)   (4) 

with 𝑄𝑐𝑎𝑙𝑜 the integral calorimetric heat and 𝑄𝑙𝑖𝑞𝑢𝑖𝑑 the integral heat of compression of liquid water. 

The final pressure is reached in 2 min and maintained for 1 h 30 min before returning to the initial 

one (this time is necessary for the calorimeter to go back to its steady state). Thus, an 

intrusion−extrusion cycle is performed in 3 h. These experiments are referenced as “fast procedure” 

in the following. The second procedure consists in increasing the pressure in successive increments 

of around 2 MPa up to the final pressure. At each pressure increment, the heat flux given by the 

calorimeter is integrated along time to obtain the calorimetric differential heat δQcalo. Then, the 

differential heat of water/ ZIF-8 interaction Q̅wz,int is calculated using the equation 

𝑄̅𝑤𝑧,𝑖𝑛𝑡 =
1

𝑚
(

𝛿𝑄𝑤𝑧,𝑖𝑛𝑡

𝑑𝑃
)

𝑇
=

1

𝑚
(

𝛿𝑄𝑐𝑎𝑙𝑜

𝑑𝑃
−

𝛿𝑄𝑙𝑖𝑞𝑢𝑖𝑑

𝑑𝑃
)

𝑇
   (5) 

where 𝑚 is the mass of sample, 𝑑𝑃 is the pressure increment and 𝛿𝑄𝑙𝑖𝑞𝑢𝑖𝑑 is the heat of compression 

of liquid water. The integral heat of water/ZIF-8 interaction is given by 

𝑄𝑤𝑧,𝑖𝑛𝑡 = ∫ (
𝛿𝑄𝑤𝑧,𝑖𝑛𝑡

𝑚𝑑𝑃
)

𝑇Δ𝑃𝑖𝑛𝑡
𝑑𝑃  (6) 

where ∆𝑃𝑖𝑛𝑡 is the pressure domain of intrusion. 

This differential method takes time and requires at least 1 h 30 min for each pressure increment. 

Thus, one intrusion−extrusion cycle takes about 300 h (12.5 days). In the following, this type of 

experiments will be referenced as a “slow procedure”. For both fast and slow procedures, the same 

calculations are used for extrusion when the pressure is reduced after intrusion. 

The heat released during compression of liquid water (𝑄𝑙𝑖𝑞𝑢𝑖𝑑 or 𝛿𝑄𝑙𝑖𝑞𝑢𝑖𝑑) is determined by 

performing blank experiments in the same conditions, but without solid. As these calibrations are 

performed using a sample vessel of volume Vc (Vc = 1.4 mL) filled only with water, it is necessary 

thereafter to account for the volume occupied by the solid. For the fast procedure, as the variation 

of pressure exceeds the intrusion pressure, the heat of liquid compression given by blank 

experiments is multiplied by the ratio 
𝑉𝑐−𝑉𝑠

𝑉𝑐
 with Vs the volume of the solid framework. For the slow 
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procedure, the heat of liquid compression is corrected before intrusion by the ratio 
𝑉𝑐−𝑉𝑠−𝑉𝜇

𝑉𝑐
, with V 

the micropore volume, and after intrusion by the ratio 
𝑉𝑐−𝑉𝑠

𝑉𝑐
. We assume here that the intruded water 

has the same compression heat as the liquid water. That may not be true in general, but since the 

volume of the intruded water (~ 0.2 mL) is much lower than that of the sample vessel, such an 

assumption should not influence the obtained value of heat of interaction. It may be noticed that the 

heat of water/ZIF-8 interaction (𝑄wz,int) is not the heat of intrusion. It takes into account other thermal 

effects than the surface wetting, for example, the compression of the intruded and solid phases or 

the change in the density of water when it is intruded. 
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3. Results and Discussion 

3.1. Influence of Compression and Outgassing of ZIF-8 Samples on the Energetic 

Properties of the “ZIF-8−water” System 

The use of ZIF-8 pellets in the evaluation of energetic performance of the “ZIF-8−water” system is 

expected to decrease the impact of interparticular volume and to facilitate the placing of the sample 

and water in the polypropylene cylinder cell. Several ZIF-8 pellets were prepared by compression of 

ZIF-8 powder at 0.2 ton force for 2 min. The starting white crystalline powder and pellets were 

outgassed at 473 K for 12 h in some cases in addition. 

3.1.1. Characterization of Parent ZIF-8 Powder and Pellets 

The ZIF-8 parent powder and prepared pellets were characterized by XRD and N2 

adsorption−desorption. The XRD patterns of both types of materials are reported in Figure S3 and 

are similar to the simulated one (referenced with CCDC number 823083 and RefCode 

OFERUN0251). The structure and the crystallinity of ZIF-8 shaped as a pellet is thus preserved 

despite the mechanical constraint. The N2 adsorption−desorption isotherms at 77 K of powder and 

pellet samples are given in Figure S4. Both isotherms display the typical profile of ZIF-8 isotherm 

characterized by a hysteresis at low relative pressure.52-54 Table S1 summarizes the textural 

properties of powder and pellet materials and also confirms that the textural properties of ZIF-8 after 

compression remain similar. Figures S5 and S6 display TG curves and SEM images of the ZIF-8 

parent powder and highlight, on the one hand, the absence of occluded molecules in the porosity as 

well as the hydrophobic feature of ZIF-8, and, on the other hand, the submicrometric size and the 

cubic shape with truncated edges of the ZIF-8 particles. 

Water intrusion−extrusion experiments were then performed on powder and pellet samples in order 

to evaluate the influence of compressibility and outgassing on both the energetic properties and the 

stability of ZIF-8 material. 

3.1.2. Pressure-Volume Diagrams 

The Pressure−Volume (P−V) diagrams, obtained during three successive water intrusion−extrusion 

cycles (with pressure up to 100 MPa and 3 h for each cycle), are given in Figure S7. For the three 

cycles, ZIF-8 powder exhibits an intrusion pressure (Pint) around 27 MPa and an intruded volume 

(Vint) of 0.40 mL·g−1 (Table S2). The extrusion pressure (Pext) is around 24 MPa and the extruded 
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volume (Vext) equals 0.40 mL·g−1 for the three cycles. These parameters remain the same regardless 

of the conditions of pretreatment (pelletization and outgassing at 473 K under vacuum) for all cycles. 

For all used pretreatment conditions, the water intrusion−extrusion process is completely reversible 

with a small hysteresis making investigated “ZIF-8−water” systems molecular springs with stored 

energies close to 11 J·g−1 (Table S2). Consequently, both the compression of ZIF-8 powder into 

pellets and the outgassing at 473 K under vacuum do not affect the energetic properties of              

“ZIF-8−water” system. 

3.1.3. Characterization of Post-Intruded Materials 

All samples of ZIF-8 before (Section 3.1.1) and after intrusion−extrusion experiments were 

characterized by XRD and N2 adsorption−desorption at 77 K. For all post-intruded ZIF-8 samples, 

both the structure (Figure S8) as well as the textural properties (Figure S9 and Table S3) are 

essentially preserved. An additional peak with a very low intensity is observed at around 11° (2θ) in 

some of XRD patterns. This could be assigned to a structural disorder rather than chemical change 

leading to a doubling of ZIF-8 conventional lattice (see also Section 3.2.3.1). Hence, it can be 

concluded that the ZIF-8 framework is stable after three water intrusion−extrusion cycles up to 100 

MPa for a total experimental duration of 9 h. 

3.2. Impact of Experimental Duration on the Energetic Properties of “ZIF-8−water” 

System 

3.2.1. Pressure-Volume Diagrams (Porosimetry) 

Several experiments of water intrusion−extrusion in ZIF-8 (by using pellets prepared from outgassed 

powder) have been performed in a pressure range of 1 to 100 MPa with different experimental 

duration for three cycles: 9 h (the duration used in all our previous studies), 2, 3, 4 and 9 days. The 

pressure−volume (P−V) diagrams of three successive intrusion−extrusion cycles are shown in 

Figure 1 and characteristic data are reported in Table 1. The low-pressure range (below 5 MPa) is 

not reported because it corresponds to the filling of intergranular porosity.9, 26, 27  

The most important impact of experiment duration is observed for the reversibility of the 

intrusion−extrusion process, and thus for the intruded volume (Vint) evolution during cycling. For the 

shortest duration (i.e., 9 h), the intrusion is entirely reversible, the intruded and extruded (Vext) 

volumes remain the same for all three cycles. This corresponds to the spring behavior. The 
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intrusion−extrusion curves and corresponding characteristics are very close to those observed in our 

previous works. 9, 28, 30 For longer experiments (i.e., 2 and 3 days), like the shortest duration, the 

intrusion is fully reversible, the intruded volume remains constant for all cycles and a spring behavior 

is observed. It is also worth noting that for the experiment of 4 days, the intruded volume decreases 

slightly by 0.03 mL·g−1 (from the first to the third cycle) while for the experiment with 9 days, this 

evolution, more marked, achieves 0.12 mL·g−1. In these two cases, the system thus displays a 

combination of spring and bumper behavior, the latter being more pronounced for the longest 

duration. 

 

Figure 1. Intrusion−extrusion curves (pressure−volume diagrams) of the “ZIF-8−water” system with different 

experimental durations. For better visibility, the diagrams are shifted by 0.5 mL·g−1 along the y-axis. 

Regarding the intrusion pressure (Pint) for the first cycle, it lies between 26 and 27 MPa regardless 

of the experiments’ duration, while for both the second and the third cycles, a slight decrease of ∼1 

MPa is observed for the longest tests of water intrusion−extrusion (4 and 9 days) (Table 1). However, 

the extrusion pressure (Pext) decreases more with experiment duration (by ∼2.5 MPa for 2, 3 and 4 

days tests and by ∼3.5 MPa for the 9 days) compared to 9 h duration. 
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Table 1. Characteristics of the “ZIF-8−Water” System after Several Intrusion−Extrusion Experiment 

Durations: Intrusion (Pint) and Extrusion (Pext) Pressures, Intruded (Vint) and Extruded (Vext) Volumes, and 

Stored (Es) and Restored (Er) Energies 

Experiments 
Duration 

 
Pint 

(MPa) 
Pext 

(MPa) 
Vint 

(mL·g−1) 
Vext 

(mL·g−1) 
Es 

(J·g−1) 
Er 

(J·g−1) 

9 hours 
Cycle-1 
Cycle-2 
Cycle-3 

26.9 
26.9 
26.9 

23.4 
23.4 
23.4 

0.40 
0.40 
0.40 

0.40 
0.40 
0.40 

10.8 
10.8 
10.8 

9.4 
9.4 
9.4 

2 days 
Cycle-1 
Cycle-2 
Cycle-3 

26.0 
26.0 
26.0 

21.0 
21.0 
21.0 

0.40 
0.40 
0.40 

0.40 
0.40 
0.40 

10.4 
10.4 
10.4 

8.4 
8.4 
8.4 

3 days 
Cycle-1 
Cycle-2 
Cycle-3 

26.9 
26.9 
26.9 

21.4 
21.4 
21.4 

0.40 
0.40 
0.40 

0.40 
0.40 
0.40 

10.8 
10.8 
10.8 

8.6 
8.6 
8.6 

4 days 
Cycle-1 
Cycle-2 
Cycle-3 

26.4 
25.5 
25.5 

20.5 
20.5 
20.5 

0.40 
0.37 
0.37 

0.37 
0.37 
0.37 

10.6 
9.4 
9.4 

7.6 
7.6 
7.6 

9 days 
Cycle-1 
Cycle-2 
Cycle-3 

26.5 
25.5 
25.5 

20.0 
20.0 
20.0 

0.40 
0.34 
0.28 

0.34 
0.28 
0.20 

10.6 
8.7 
7.1 

6.8 
5.6 
4.0 

 

Concerning the stored energy (Es), for the first cycle, it remains unchanged regardless of the 

experiment duration (around 10.5 J·g−1). From 4 days of experiment duration the stored energy for 

both the second and third cycles decrease. The restored energy (Er) decreases also with the 

increasing of experiment duration for the three cycles. As described above, the mechanical energy 

(Es or Er) corresponding to the product of the pressure and volume, consequently an expected 

decrease occurs from 4 days of experiment duration essentially due to notable decrease of the 

intruded volume. 

3.2.2. Intrusion-Extrusion Calorimetry (Thermal Energy) 

3.2.2.1. Fast Intrusion-Extrusion Experiment (3 hours of Experiment Duration) 

The heats measured during a first fast or slow compression−decompression cycle are given in Table 

2. They are expressed in joule per gram of solid. The volumes of water intruded and extruded, which 

are also reported, are those determined from the experiments performed with the slow procedure. 

They are given by the jump of volume observed on the P−V diagram when intrusion or extrusion 

occurs (this jump of volume is not detectable with our apparatus when the fast intrusion−extrusion 

method is used). The P−V diagram obtained with the calorimetric apparatus is the same as the one 

obtained by porosimetry (Figure 1). From this volume variation, considering that the water which 

leaves the liquid phase is that which enters the pores, the heat of water/ZIF-8 interaction can be 
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calculated in joule per mole of intruded water taking for the liquid phase at 298 K a density equal to 

1.00677 and 1.00887 g·mL−1 at 20.9 and 27.0 MPa, respectively.55 It may be noticed that the thermal 

energy (Qwz,int) released during the compression process is not negligible. It represents up to 60% 

of the mechanical energy stored in the system and 37% of the total energy exchanged with the 

environment. Thus, the intrusion of water in ZIF-8 is also a way to store thermal energy. 

 

Table 2. Heats of Water/ZIF-8 Interaction and Volumes of Intruded Water in ZIF-8 Determined by 

Calorimetry Coupled with Manometry during a First Fast and Slow Intrusion−Extrusion Cycle.a 

Experiments 

Duration 

Pint 

(MPa) 

Pext 

(MPa) 

Vint 

(mL.g-1) 

Vext 

(mL.g-1) 

Qwz,int 

(J.g-1) 

Qwz,ext 

(J.g-1) 

Qwz,int,m 

(J.mol-1) 

Qwz,ext,m 

(J.mol-1) 

3 hours 26.4 18.0   -6.5 5.4 - - 

12.5 days 27.0 20.9 0.41 0.33 -5.2 2.7 -226.3 146.3 

a The pressure variation is 50 MPa. Qwz,int and Qwz,ext are given in Joule per gram of ZIF-8 (J·g−1). 

Qwz,int,m and Qwz,ext,m are given in Joule per mol of intruded water (J·mol−1). 

 

Results obtained from the first fast compression−decompression cycle show that the intrusion 

process is exothermic with a heat of water/ZIF-8 interaction (Qwz,int) of −6.5 J·g−1. This result is in 

contradiction with that reported by Grosu et al. who found that the intrusion is endothermic with a 

value of 4.4 J·g−1.35 Nevertheless, the intrusion pressure is in good agreement with the value reported 

by these authors as well as those measured by Ortiz et al. and evaluated by porosimetry (i.e., 26.4 

against 24.6,35 26.6,9 and 26.9 MPa (Section 3.2.1), respectively). The difference between our heat 

of water/ZIF-8 interaction and that determined by Grosu et al. is 10.9 J·g−1 in absolute value which 

is difficult to explain. We suggest that the following reasons can be proposed: (i) the calorimetric 

technique employed by Grosu et al. is different from the ours and they do not specify which 

corrections were made to the measured calorimetric heat; (ii) the sample used by Grosu et al. is a 

commercial material purchased from Aldrich (Basolite Z1200) for which the preparation and 

activation procedures are not reported; (iii) their compression speed (1 MPa·min−1) was much lower 

that the used in our fast procedure (25 MPa·min−1); (iiii) the duration of their 

compression−decompression cycles was shorter (90 min against 180 min in our study). We know 

that all these parameters can have an impact on the energy involved in water intrusion. We carried 

out a number of experiments by modifying the pressure range studied or the compression speed on 

different batches of samples. In these experiments, some variations were indeed observed (∼10% 
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of the measured values), but they never reached such a magnitude. The heat involved during 

decompression are given in absolute value and the extrusion pressure are lower than corresponding 

values related to intrusion. Grosu et al. and Ortiz et al. also found a lower extrusion pressure 

(between 1835 and 229 MPa). The same is true with our measurements carried out by porosimetry 

(23 MPa). 

3.2.2.2. Slow Intrusion-Extrusion Experiment (12.5 days of Experiment Duration) 

Figure 2 shows the global heat measured by calorimetry (Qcalo) and the heat due to the compression 

of the liquid (Qliq) involved during the intrusion process by following the slow procedure. The heat of 

water/ZIF-8 interaction (Qwz,int), obtained by subtracting these two values, is also reported. Results 

show again that the intrusion process is exothermic (Table 2). It may be noticed that the heat of 

water/ZIF-8 interaction related to one intruded water molecule (Qwz,int,m) is very low compared to the 

net adsorption heat of water (ΔHvaporisation + ΔHgas adsorption) which is of a few kJ·mol−1 in hydrophobic 

materials like silicalite-1 for example (around 14 kJ·mol−1).47 This means that the interaction of water 

with ZIF-8 is very weak compared to that of water with siliceous zeolites. Thus, ZIF-8 exhibits a very 

strong hydrophobic character. Though the heat of water/ZIF-8 interaction is of the same order of 

magnitude as for fast compression, the heat involved during decompression is much lower. This 

effect suggests that intrusion−extrusion process of water in ZIF-8 is irreversible. This conclusion is 

further supported by the results of three successive slow compression−decompression cycles. The 

results show that after the third cycle, corresponding to a total contact time with water greater than 

600 h, the heat involved during intrusion is only −3.1 J·g−1 and no heat is detectable during extrusion 

(Table S4). Therefore, it can be concluded from all these results that the porous solid is likely to 

undergo structural and/or chemical changes already after the first long-duration intrusion experiment. 
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Figure 2. Integral heats of water interaction with ZIF-8 determined from slow procedure intrusion 

experiments (Qwz,int = Qcalo − Qliquid). 

 

3.2.2.3. Effect of the Final Pressure on the Thermal Energy 

The fast intrusion experiments discussed above are all performed in the range 1−50 MPa. 

Furthermore, additional intrusion runs have also been carried out up to higher final pressures (200 

MPa). Results are shown in Figure S10 depicting the integral heat of interaction of water with the 

solid Qwz,int as a function of the final pressure. As the intrusion pressure determined from the P−V 

diagram is 26.9 MPa, no thermal effects should occur below and above this pressure. Hence, Qwz,int 

should be zero below 26.9 MPa and −6.5 J·g−1 above. Nevertheless, this is not what was observed: 

above 26.9 MPa, Qwz,int continuously decreases with the final pressure. The same result is observed 

when a slow intrusion−extrusion experiment is performed. The heat integrated from the initial 

pressure to the final pressure (eq 4) continuously decreases after intrusion. Moreover, this value is 

not null before intrusion (Figure 2). This means that another thermal exothermic effect is present 

during the compression phase. This effect can be attributed to the compression of the ZIF-8 

structure. It may also be due, after intrusion, to the compression of the intruded water which could 

be in a different physical state than the bulk liquid. As this exothermic effect is also observed before 

intrusion, it is probably due to the compression of the ZIF-8 framework. It is worth noting that such a 

phenomenon has never been observed in zeolites whose structures are much more rigid than those 

of MOFs to which ZIF-8 belongs. Thus, the relative flexibility of the ZIF-8 structure appears to play a 
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role in the intrusion process of water, at least from a thermal energy perspective. This result is in line 

with those of the literature which provided the evidence of ZIF-8 framework flexibility upon pressure-

induced liquid intrusion.32, 56, 57 According to these authors, such a framework flexibility would be 

accommodated by a gate-opening mechanism progressively induced by the rotation (swing) of the 

imidazolate linkers. 

3.2.3. Characterization of Post-Intruded Materials 

All our results obtained by porosimetry and calorimetry techniques show that during water 

intrusion−extrusion cycles, significant variations occur in intruded volume, pressure, and heat when 

experiments last longer than ∼3 days. This suggests that the ZIF-8 material undergoes some 

structural and chemical modifications when it interacts with water under high pressure and for a 

sufficiently long time. These modifications could be attributed to the partial collapse of ZIF framework 

leading to a consequent decrease of pore volume. The formation of a small number of hydrophilic 

defects in ZIF-8 framework which facilitates water intrusion and thus leads to lower intrusion pressure 

and particular thermal effects could also be suspected. Such effects have been already observed for 

the intrusion of water in hydrophobic zeolites55 and ZIFs.31 In order to characterize changes in the 

host material structure provoked by the intrusion−extrusion of water under high pressure, various 

characterizations (XRD, N2 sorption, SEM) of the ZIF-8 post-intruded materials have been employed 

and the obtained results are reported in the next sections. 

3.2.3.1. X-Ray Diffraction 

The XRD patterns of the samples before and after water intrusion−extrusion experiments with 

different durations are shown in Figure 3. Compared to the ZIF-8 parent pellet materials, the ZIF-8 

structure is preserved in the case of the shortest experiment (9 h). However, 3 additional peaks of 

very low relative intensities at 11.06, 12.14, and 18.40° (2θ), with corresponding d-spacings of 8.00, 

7.29, and 4.82 Å, appear for the experiments with the duration of 2 days and more. They do not 

correspond to the organic precursor, ZnO or Zn(OH)2. In addition, they can not be assigned to ZIF-

kat(Zn) or ZIF-L, some ZIF-8 polymorphs.58−60 A concordance with diffraction peaks of ZIF-CO3−1,61 

a hydrolysis residue of ZIF-8 often highlighted by Zhang et al.,38−40 can be ruled out. On the other 

hand, these three peaks can be attributed to a crystallographic solution where a = b = c ∼ 34.05 Å 

corresponds to a doubling of the lattice parameters of the conventional lattice. This means that the 
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ZIF-8 framework undergoes a disorder rather than a chemical alteration. Moreover, for the longer 

time experiments (4 and particularly 9 days), another crystalline phase is formed. This phase 

corresponds to ZIF-dia(Zn) phase (Figure 3), a denser polymorph of ZIF-8.62, 63 The transformation 

of ZIF-8 in this dense phase explains well the decrease of intruded volume observed for the longest 

experiments. This partial transformation ZIF-8 → ZIF-dia(Zn) is irreversible in the conditions of our 

study and probably occurs by the partial transformation of parent material under the combined effect 

of high pressure and water exposure during intrusion−extrusion experiments. The experiments allow 

determining which factor is responsible for the observed ZIF-8 → ZIF-dia(Zn) phase transformation 

are presented in Section 3.3. 

 

Figure 3. XRD patterns of simulated ZIF-8 and ZIF-dia (Zn), parent pellet sample, samples recovered after 

water intrusion−extrusion tests of different duration after 9 h and 2, 3, 4, and 9 days. Marks Δ correspond to 

ZIF-dia(Zn) and marks ○ highlight non-indexed peaks for conventional ZIF-8 unit-cell. 

It is important to note that the same structural transformation of ZIF-8 is observed for the sample 

after calorimetric measurements (Figure S11). After one cycle of slow intrusion−extrusion 

experiment (12.5 days), XRD shows also that the ZIF-dia(Zn) phase starts to appear in the sample. 

Increase in the number of cycles to three (37.5 days) results in the formation of a significant amount 

of the same phase, but the sample is not completely transformed, indicating a rather low rate of 

structural transformation. Observation of the same transformation after analysis by the two different 
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techniques suggests that it is not an effect specific to a certain set of conditions, but a general 

phenomenon occurring when ZIF-8 is exposed to water under pressure. 

3.2.3.2. Nitrogen Adsorption-Desorption at 77 K 

Figure 4 represents nitrogen adsorption−desorption isotherms at 77 K of ZIF-8 materials after water 

intrusion−extrusion experiments by porosimetry (a and b) or calorimetry (c and d) for different 

durations. Except for the sample after the slow procedure calorimetry experiment with a duration of 

37.5 days, all isotherms display hysteresis at low relative pressure characteristic of ZIF-8 solid.52−54 

Compared to the parent pellet material, the BET specific surface area of ZIF-8 samples decreases 

from 1361 to 1336, 1326, and 1314 m2·g−1 after 2, 3, and 4 days of experiments duration of water 

intrusion by porosimetry, respectively (Table 3). The microporous volume also decreases from 0.65 

cm3·g−1 for the parent material to 0.64 and 0.63 cm3·g−1 after 2, 3, and 4 days of experiments duration 

under the same conditions, respectively. This decrease is significantly much more pronounced after 

9 days of experiment. BET surface area and microporous volume fall down to 730 m2·g−1 and 0.35 

cm3·g−1 in this case. The decrease of textural parameters is even more pronounced for the sample 

obtained after three cycles of slow procedure calorimetric experiments of a total duration of 37.5 

days (Figure 4 and Table 3). For this sample, a BET surface of 161 m2·g−1 and a pore volume of 

0.08 cm3.g−1 are obtained. This result can be explained by the partial transformation of ZIF-8 into the 

nonporous (dense) ZIF-dia(Zn) phase in agreement with XRD analysis. 
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Figure 4. N2 adsorption−desorption isotherms at 77 K of ZIF-8 parent sample (black) and the samples after 

water intrusion−extrusion by porosimetry with different experimental durations: (orange) after 2 days, (gray) 

after 3 days, (blue) after 4 days and (green) after 9 days; (red) after 12.5 days and (purple) after 37.5 days 

after calorimetry measurements. The plots are given with (a, c) a linear scale and (b, d) a logarithmic scale of 

the relative pressure. Filled and empty symbols correspond to the adsorption and desorption branches, 

respectively. 

 
 

Table 3. Textural Properties of Post-Intruded ZIF-8 Samples with Different Experimental Durations, 

Microporous Volume (Vμ) and BET (SBET) Surface of ZIF-8 Samples 

Techniques 
Experiments 

duration 

Non-wetting 

liquid 
SBET (m2.g−1) Vµ (cm3.g−1) 

Porosimetry 

Parent Pellet / 1361 0.65 

9 hours Water 1348 0.65 

2 days Water 1336 0.64 

3 days Water 1326 0.63 

4 days Water 1314 0.63 

9 days Water 730 0.35 

Calorimetry 

Parent Powder / 1401 0.67 

12.5 days Water 1301 0.63 

37.5 days Water 161 0.08 
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3.2.3.3. Scanning Electron Microscopy 

SEM images of ZIF-8 samples before and after water intrusion−extrusion tests are presented in 

Figure 5. SEM image for the parent ZIF-8 material exhibits the crystals of cubic shape with truncated 

edges which is expected for this type of synthesis.48 The crystal size ranges from 350 to 1125 nm 

and with a median size of 550 nm. After 9 h or 2 days of water intrusion−extrusion tests, the ZIF-8 

crystal morphology (shape and size) for the samples is similar to the parent pellet materials (Figure 

5a−c). After 3 days of experiment duration, it is different as larger crystals (∼3−5 μm) of different 

shapes start to form (Figure 5d). This can be ascribed to the formation of a new phase. After longer 

experiments (4 and 9 days) micrometric crystals of 7−10 μm, probably the ones of the new phase, 

seem to continue to grow while the small crystals lose their edges and their shape becomes less 

defined (Figure 5e,f). These results can be related to the formation of the ZIF-dia(Zn) phase and 

confirm the results obtained with XRD and nitrogen sorption. 

 

Figure 5. SEM images of (a) ZIF-8 parent sample and the samples after water intrusion−extrusion with 

different duration experiments, (b) after 9 h, (c) 2 days, (d) 3 days, (e) 4 days, (f) 9 days, and (g) 9 days of oil 

intrusion−extrusion. 

3.3. Role of Different Factors in ZIF-8 Phase Transformation 

ZIF-8 → ZIF-dia(Zn) transformation is an interesting phenomenon which deserves to be investigated 

more in detail. It can occur by two different ways: (a) solid-to-solid structure reorganization or (b) 

solid−liquid-solid trans-formation with partial hydrolysis of ZIF-8 leading to the formation of partially 

hydroxylated species followed by the condensation of these species to produce ZIF-dia(Zn). 

Whatever the mechanism is, this transformation requires the cleavage and formation of Zn−N bonds 

since the dia network contains only 6 membered rings whereas 4 and 6 membered rings are present 

a)

Parent Pellet 1 µm 1 µmWater intrusion (9 h)

b) c)

Water intrusion (2 d) 1 µm 1 µm

d)

Water intrusion (3 d)

1 µm

e)

Water intrusion (4 d) 1 µm 1 µm

f) g)

Water intrusion (9 d) Oil intrusion (9 d)



23 

in the SOD structure of parent ZIF-8. In order to demonstrate the influence of water and pressure on 

this transformation, two separate studies of ZIF-8 stability were realized. The first one is based on 

compression−decompression cycles of ZIF-8 pellet with silicon oil as a nonwetting liquid under high 

pressure (up to 100 MPa) for 9 days as experimental duration. Since oil does not contain water, only 

the effect of mechanical compression can be considered. In the second experiment, a pellet of ZIF-

8 is immersed in water for 12.5 days under atmospheric pressure. In this case, only the effect of 

water is assessed. According to XRD measurements, after both experiments, the structure of the 

ZIF-8 sample remains unchanged (Figures S12 and S13). 

N2 adsorption−desorption isotherms of ZIF-8 samples after 9 days of silicon oil compression under 

high pressure (by porosimetry) and after 12.5 days of immersion in water under atmospheric 

pressure have been compared with that of initial ZIF-8 (Figure S14). Only a slight or even negligible 

decrease is observed from 1361 to 1335 m2·g−1 and from 0.65 to 0.64 cm3·g−1 in terms of BET 

surface area and microporous volume, respectively, after silicon oil compression−decompression 

under high pressure tests (Table 4). Moreover, textural parameters for the sample after 12.5 days of 

contact with water under ambient conditions remain identical. 

Table 4. Textural Properties of Parent Pellet ZIF-8, Post-Intruded ZIF-8 Sample with Silicon Oil, and ZIF-8 

Sample Immersed in Water for 12.5 Days 

Experiments 

duration 

Non-Wetting 

liquid 

SBET 

(m2.g−1) 

Vµ 

(cm3.g−1) 

Parent Pellet / 1361 0.65 

9 days Oil 1335 0.64 

12.5 days Water 1360 0.65 

 

In order to complete the analyses, SEM images of ZIF-8 materials after 9 days of oil intrusion were 

recorded, and as expected, the shape and the crystal size of ZIF-8 materials are preserved (Figure 

5g). 

These results reveal that the ZIF-8 → ZIF-dia(Zn) transformation occurs under combined effects of 

water and high pressure. It can be therefore concluded that both water and pressure play each one 

a crucial role in ZIF-8 transformation. Accordingly, it could be assumed that ZIF-8 → ZIF-dia(Zn) 

transformation occurs in a two-step solid−liquid−solid way. First, partial hydrolysis of ZIF-8 



24 

framework takes place. Then the species, possibly from liquid phase, form the more 

thermodynamically stable dense ZIF-dia(Zn) phase. 

The conclusion about the partial hydrolysis of ZIF-8 during its transformation into ZIF-dia(Zn) is 

surprising and raises a new question because of the absence of any hydrolysis products after water 

intrusion. Indeed, one can wonder why the hydrolysis mechanism of ZIF-8 does not go to completion 

giving for example Zn(OH)2 and 2-methylimidazole (Hmim). The following thermodynamic argument 

can be advanced to explain this peculiar behavior. It can be calculated that the transformation of 1 

mole of ZIF-8 (227.57 g) into 1 mole of ZIF-dia(Zn) produces a decrease in volume of the solid phase 

from 246.8 to 144.3 cm3 given the densities of these two phases (0.92 g·cm−3 for ZIF-851 and 

1.58 g·cm−3 for ZIF-dia(Zn)62). In contrast, the transformation of 1 mole of ZIF-8 through the 

hydrolysis into 1 mole of Zn(OH)2 with a density of 3.09 g·cm−3,64 and 2 moles of Hmim with a density 

of 1.14 g·cm−3,65 would generate a volume of 176.5 cm3. This calculation is a rough estimation but 

shows that the transformation of ZIF-8 into dia(Zn) yields a solid having a smaller volume than the 

hydrolysis products. Therefore, according to the Le Chatelier principle, under high pressure, the 

formation of ZIF-dia(Zn) is a thermodynamically favored process. We suggest thus that species with 

Zn−O bonds formed during water intrusion are intermediate and transient ones. Their formation 

allows possibly to decrease the activation energy of ZIF-8 → ZIF-dia(Zn) transformation. 
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4. Conclusions 

The stability of the ZIF-8 phase during water intrusion−extrusion under high pressure (up to 100 

MPa) has been studied by two complementary approaches: porosimetry and manometry coupled 

with calorimetry. For both techniques, the duration of measurements was varied in a wide range 

(3−900 h) in order to characterize the impact of this parameter on the stability of ZIF-8 and other 

parameters in relation to water intrusion. The post-intruded samples have been systematically 

characterized by XRD, N2 adsorption−desorption at 77 K, and SEM. It is shown that the structural 

and textural properties of ZIF-8 are preserved if the duration of the measurements does not exceed 

∼3 days. Under these conditions, the water intrusion−extrusion process is fully reversible and the 

intrusion process is shown to be exothermic with heat of water/ZIF-8 interaction of −6.5 J·g−1. The 

latter result is in disagreement with previously published data suggesting an endothermic character 

of water intrusion in ZIF-8.35 

If the duration of experiments involving water intrusion−extrusion in ZIF-8 is longer than ∼3 days, a 

nonporous ZIF-dia(Zn) phase appears leading to lower surface area and microporous volume and 

poorer energetic performances of ZIF-8-based heterogeneous lyophobic systems. The process of 

transformation is, however, rather slow as it is not completed even after ∼37.5 days of 

measurements. Additional experiments have evidenced that the combination of two factors, i.e., high 

pressure and the presence of water, is required to trigger the observed transformation of ZIF-8 into 

ZIF-dia(Zn). Our findings demonstrate that the well-known porous ZIF-8 is not a thermodynamically 

stable phase in the presence of water under high pressure. 
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textural data of ZIF-8 powder and pellet with or without outgassing recovered after water 

intrusion−extrusion experiments; heats of water/ZIF-8 interaction measured for three successive 

intrusion−extrusion cycles performed on the same sample; integral heat of water/solid interaction 

determined from slow intrusion experiments; XRD patterns of ZIF-8 samples recovered after fast 

and slow calorimetric procedures; XRD patterns of the ZIF-8 sample after 9 days in oil 

compression−decompression cycles under high pressure, and ZIF-8 sample after 12.5 days in water 

under atmospheric pressure; XRD patterns of ZIF-8 samples after water and oil intrusion−extrusion 

experiments (calorimetry setup); and nitrogen adsorption−desorption isotherms at 77 K of ZIF-8 

samples after 9 days of oil compression−decompression experiments under high pressure and after 

12.5 days in water under low pressure 
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