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Abstract
In this paper, hydrogen adsorption in metal-organic framework (MOF) MIL-101(Cr) is investigated through a combination of sorption experiments, modelling of experimental isotherms, differential scanning calorimetry, neutron scattering, in-situ synchrotron powder X-ray diffraction, and molecular simulations. The molecular simulations at 77 K for H2 adsorption in the material show excellent correspondence with excess uptakes determined from experimental isotherms. The simulations also indicate that H2 adsorption at a low pressure is mainly located in the 0.7 nm super-tetrahedron and then with increasing pressure H2 starts to accumulate in the small (2.9 nm) and large (3.4 nm) cages with increasing pressure. The inelastic neutron scattering results show that, in contrast to reports for hydrogen adsorption under the same conditions for microporous carbons, there is no solid-like H2 or any higher density H2 phases adsorbed in the pores of MIL-101(Cr). This indicates that, with increasing pressures, the adsorbed density of the MIL-101(Cr) remains constant but the volume of adsorbate increases, and that higher densities for adsorbed hydrogen require pore sizes smaller than 0.7 nm, which is the size of the smallest pore in MIL-101(Cr). The enthalpies of adsorption are also investigated for this material using simulations, the Clapeyron equation applied to the isosteres and differential scanning calorimetry, with the direct calorimetric method showing good agreement at zero-coverage with the other two methods. The simulations and the Clapeyron equation are also in good agreement up to 6 wt.% coverage.

Introduction

As a low-carbon, non-polluting alternative to fossil fuels, the widespread utility of green molecular hydrogen (H2) as a sustainable energy vector for mobile applications is inhibited by the difficulties associated with storing it at acceptably high densities for practical applications [1, 2]. Gaseous H2 above its bulk liquid-vapour critical temperature of 33 K will not condense to form a higher-density bulk liquid or a solid with increasing pressure making the efficient and economic storage of molecular H2 a major technological challenge [1]. One option for increasing storage densities is via adsorption of H2 in microporous materials, i.e., materials with pore diameters below 2 nm, as micropore volume has shown to be well-correlated with higher H2 uptakes [3]. In these materials, densification of H2 is promoted via the enhancement of attractive van der Waals interactions between the adsorbed H2 molecules and the solid substrate, arising from overlapping potentials from opposite pore walls. With many porous materials being developed as potential storage media, especially high-surface area adsorbents such as metal-organic frameworks (MOFs), the ability to quickly and accurately screen materials for their gas storage properties is a valuable tool for accelerating progress in this area, as has been shown recently in a number of studies [4, 5].

Hydrogen storage materials have been fully characterised over the past decade and a number of helpful metrics have been used to assess these. The US Department of Energy has put forward system storage targets for onboard light-duty vehicles, which include gravimetric and volumetric capacities, delivery pressures and temperatures, cost, charging and discharging times, and fuel purity [6]. Looking specifically at porous materials, there are many helpful parameters that have been developed to assess materials. Hydrogen storage capacities at 77 K correlate very well with the Brunauer-Emmett-Teller (BET) surface area [7]. This was developed into an empirical rule that has become known as Chahine’s rule, which states that there will be approximately 1 wt.% H2 uptake at 77 K and 2 MPa for every 500 m2 g-1 of measured BET surface area in the material [3, 7, 8]. More recently, Noguera-Díaz et al. showed similar types of correlations, using BET surface areas and por volumes to determine total hydrogen uptakes in a range of MOFs [9]. Equally important for H2 storage is the pore size of the adsorbent material, and it has been argued that ultramicropores (widths below 0.7 nm) are thought to contribute the most to storage of hydrogen in a porous material [10-13]. More recently, other parameters such as void fraction and volumetric surface area have been used to guide large scale screening of potential H2 storage materials [4]. Using these large scale screening methods, MOF NU-1501-Al was reported with one of the largest reported surface areas (7,310 m2 g-1) alongside exceptional methane and H2 uptake [5].

One important aspect to consider for H2 storage in porous materials is the adsorbed density. It has been shown, through a combination of modelling and inelastic neutron scattering, that hydrogen can be highly densified in the pores of an activated carbon [14]. That work showed how H2 could reach solid-like densities in these structures, with density values that surpassed 100 kg m-3 (solid parahydrogen at 4 K and 1.2 MPa has a density of 87.6 kg m-3 [15]). More recently, a follow-up study showed the same type of densification in two other carbons, a titanium carbide-derived carbon and a single-walled carbon nanotube [16]. Understanding densification processes in H2 storage materials is a critical aspect when investigating adsorbent storage. Whereas available surface area seems to correlate well with uptake of H2, the densification that occurs upon adsorption is still not very well understood, and any insights into structure or morphology of the material that contributes to higher density states would guide the synthesis of new materials. These insights would be especially important for materials such as MOFs, which have very high BET surface areas and tuneable pore sizes and chemistry.

In addition to densities, design of complete H2-based energy systems also requires knowledge of the fundamental thermodynamic variables for the system. The isosteric enthalpies of adsorption are an indication of the strength of the adsorption interaction. Higher enthalpies indicate stronger interactions between the H2 and the adsorbent, allowing for some hydrogen to be adsorbed at close to ambient temperatures for enthalpies >15 kJ mol-1. Conversely, if the enthalpies are too high (i.e. above 50 kJ mol-1, as in the case of chemisorption), problems arise with removal of the hydrogen from the storage medium. As storage capacities are heavily dependent on the temperature of storage, accurate values for isosteric enthalpies are needed for calculation of the heat released during the exothermic adsorption step so that appropriate heat management systems can be put in place. Hydrogen typically has low energies of interaction, which are reflected in the low enthalpies of adsorption, which is why significant uptakes are only obtained at cryogenic temperatures. There are also issues with correctly assessing enthalpies of adsorption. Experimental approaches to measuring enthalpies include calorimetric methods (which rely on detection of the heat released during adsorption) and techniques such as temperature programmed desorption (which use changes in pressure or mass spectrometry to track the desorption of adsorbed molecules as a function of increasing temperature [17-20]. However, these experiments are generally only performed on systems involving chemisorption of hydrogen, where the enthalpy changes involved (> 50 kJ mol-1) are higher than for physisorption (ca. 5-10 kJ mol-1). Therefore, indirect methods of determining the enthalpies of H2 sorption would be preferable if the enthalpies resulting from such calculations prove reliable. As calorimetry has been especially hard to reconcile with other methods, the most common method for estimating enthalpies of adsorption for H2 in porous materials has been through the isosteric method. This requires measurement of the adsorption excess isotherms at different temperatures, which are then evaluated using different methods (usually the Clausius-Clapeyron approximation or the virial equation) in order to obtain estimates of the enthalpies of adsorption [21, 22]. 

In addition to experimental methods, computational modelling and simulation have proven a very valuable tool to reduce the time and effort in screening potential materials and predict gas uptakes for a variety of systems. Molecular simulation allows prediction of the behaviour of a material and its properties under conditions of pressure and temperature which cannot easily be attained experimentally [23]. In addition, simulation can be used to look more closely at the origins of such phenomena as density distributions and enthalpies of adsorption from a molecular viewpoint, providing insights into supercritical adsorptive storage at a molecular level [23]. Furthermore, simulation does not rely on the production of a pure-phase product, and can even be performed on theoretical materials or those that are challenging to synthesise. However, complex materials can be computationally expensive to model and new or unusual results are sometimes treated with scepticism. Molecular modelling has been especially useful to look at new materials such as MOFs [23]. MOFs are one of the newest classes of designer porous materials and have been tested for many applications in gas storage and separations, but many MOFs have very complex structures, and thus can be difficult to accurately describe with molecular modelling techniques. Due to the large number of MOF materials that could potentially be investigated for gas storage, it is essential that methods designed to evaluate and screen these materials for capacities (i.e. isotherm models and molecular modelling) give consistent and accurate results. 

In order to further study hydrogen densification processes that occur in porous materials, and to gain some insight into the enthalpies associated with hydrogen adsorption, we have looked at a well-studied MOF (MIL-101(Cr)) and studied its hydrogen adsorption with a range of experimental and modelling tools. MIL-101(Cr) is an exceptionally stable MOF with very high-surface area (~4,100 m2 g-1), and a very high capacity for H2 storage [24, 25]. It was first described as a “giant pore” MOF, and the Fd3hm unit cell is appropriately large, with unit dimensions of ~8.9 nm, and an exceptionally large cell volume (702 nm3). The structural features of MIL-101(Cr) also make it a challenging structure to model, due to the existence of three distinct pore sizes: 0.7 nm (supertetrahedra), 2.9 nm and 3.4 nm [26]. MIL-101(Cr) has been widely studied in the literature for hydrogen adsorption. The material is an excellent example model material for the investigation of the  densification processes occurring in hydrogen adsorption, as it is a metal-organic framework with high-surface area, excellent hydrogen uptake, an exceptional pore volume and three different pore sizes, covering both the micro and mesopore range. The surface heterogeneity provided by the unsaturated Cr metal centres also makes estimates of the isosteric enthalpies of adsorption more difficult than would be the case for a material with a more chemically homogeneous adsorbing surface. In order to be able to understand the densification phenomena, we use a combination of in-situ synchrotron X-ray diffraction, to assess any changes in the structure, and inelastic neutron scattering, to evaluate the density of the adsorbed H2. This is complemented with previous modelling results obtained on the experimental isotherms and molecular simulations on the material. The enthalpies of adsorption are also studied for the material, with a combination of methods that includes the Clapeyron equation applied using the isosteric method, molecular simulations and differential scanning calorimetry.


Results and Discussion

Molecular simulations and methodologies that analyse excess isotherms to determine absolute and total uptakes in porous solids are usually predicated on the assumption that the pore volume (the adsorption space) is constant. In previous reports, a model was presented that distinguishes between total, absolute and excess adsorption to analyse experimental isotherms [27-29], and the constant volume for adsorption was assumed to be the pore volume. The pore volume in the modelling can either be the result of fitting the model to experimental data, (a parameter results from the fitting based on the best value for the pore volume that fits the experimental data), or it can be used as a fixed parameter. If the latter, then a value needs to be provided, which is usually the experimentally determined value for the pore volume, determined from the application of a given method (Dubinin-Radushkevich, Barrett-Joyner-Halenda, DFT or others) to the nitrogen isotherm at 77 K [22]. This can cause some uncertainties, as the molecular dimensions are different (nitrogen has a kinetic diameter of 0.364 nm and hydrogen has a kinetic diameter of 0.289 nm), so the accessible pore volume to the different probe molecules is different. 

Molecular simulations also assume constant volume of MIL-101(Cr) for adsorption. Verifying the constant volume assumption is important for MOFs, as many of these structures have been reported to be flexible [30]. The flexibility in these structures has been reported to be induced mechanically, chemically, through light, or other stimuli [31]. In order to investigate the flexibility of the structure under different conditions and to ensure the validity of assumptions in the modelling and computer simulations (constant pore volume), the unit cell of MIL-101(Cr) was investigated using synchrotron powder X-ray diffraction at the European Synchrotron Radiation Facility (ESRF) in Grenoble, in a sample cell that was equipped for in-situ gas dosing (details in Supporting Information). The temperatures ranged from 80 to 300 K and the pressure ranged from 0 up to 10 MPa. In order to benchmark those changes, we also tested a material known for its flexibility, MOF MIL-53(Al) [32], under the same conditions, and have presented those results in Supporting Information. The results for the synchrotron powder X-ray diffraction carried out at 0 and 10 MPa and 100 and 300 K are shown in Figure 1. As it can be observed, the material is quite stable at different conditions, with the unit cell of MIL-101(Cr) showing no pressure dependence, and only minimal temperature dependence at cryogenic conditions. This is in contrast to MIL-53(Al) (Fig.S1 in Supporting Information), which shows both pressure and temperature dependence of the unit cell under the same conditions.
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Figure 1 – In-situ synchrotron powder X-ray diffraction spectra of MIL-101(Cr). Left – low-angle diffraction spectra measured from 80 to 300 K. Right – low-angle diffraction spectra measured at 80, 100 and 300 K at 0 and 10 MPa of hydrogen pressure. 

The next stage was to evaluate the hydrogen uptakes in these structures using a combination of experiments and computer simulations to gain some insights into in-pore densification processes. Hydrogen isotherms at a range of temperatures for MIL-101(Cr) (isotherms at some of the temperatures were previously reported [27, 28]) were measured from 77 K to room temperature and up to 12 MPa (see Fig 2A). The data in Figure 2, acquired from 77 to 292 K and from 0 to 12 MPa, is in the range expected and reported in other papers for hydrogen adsorption in MIL-101 (Cr) [24, 33, 34]. In order to use computer simulations as an indication of the processes that occur during hydrogen adsorption, the first step was to compare amounts adsorbed using computational simulation and modelling applied to experimental gas uptake results. 

The details for the simulation methodology are provided in the Supporting Information. We have adopted Gibbs Ensemble Monte Carlo (GEMC) method, which allows the direct calculation of the excess isotherm. The pressure is an input in the GEMC method, as demonstrated in a previous study [35]. Specifically, two simulation boxes (one for the adsorbent and the other for the bulk adsorbate) are used and allow adsorbate molecules to change between the two boxes. From GEMC method, the bulk density, enthalpy, and excess amounts can be easily calculated (more details in Supporting Information). We find excellent correspondence in Fig. 2B between the simulated excess uptakes and experimentally obtained values. As the uptakes between the model and the simulations were in good correspondence, the simulation snapshots are provided in order to gain microscopic insight into the adsorption and densification process that occurs for hydrogen in MIL-101(Cr). As seen in Fig S2 in Supporting Information, at a low pressure, H2 is located in the super-tetrahedron; with increasing pressure, H2 starts to locate in the small and large cages. 

In Fig 2B, the total and absolute hydrogen uptake are also shown for the MIL-101(Cr). These were calculated used a methodology that was previously reported [29, 36] that distinguishes between excess, absolute and total adsorption, assuming a constant density of adsorbate and available pore volume. The excess is the amount of adsorbed hydrogen determined experimentally, absolute refers to the amount in the pore with a higher density than the bulk (the density is assumed constant, with the volume of adsorbate increasing with pressure) and the total refers to the total amount of gas within the pore (that is, the absolute, which is the denser phase, and the bulk gas present in the pore). Excess, absolute and total adsorption are represented in Eqs. 1, 2 and 3, respectively. 

				(Eq.1)

					(Eq.2)

				(Eq.3)

In Eqs.1, 2 and 3, me is excess adsorption, ma is absolute adsorption, mt is total adsorption, ρa is the density of the adsorbed phase, ρb is the density of the bulk phase, θ is the fractional filling of the micropore, and Vp is the pore volume. The uptakes are reported in wt.%, which is mass of hydrogen over mass of degassed sample, the density units for ρa and ρb are kg m-3, the filling function θ is dimensionless and Vp is in units of cm3 g-1 (g refers to the mass of adsorbent material). The fractional filling θ can be represented using any type I equation. The Tóth equation [37, 38] (Eq.4) is known to produce good results to fitting experimental data under these conditions [29]. 

							(Eq. 4)

In the fittings previously reported [29, 36], ρb is determined from a rational function fitted to the NIST data, which is based on the Leachman’s equation of state for normal hydrogen [36, 39]. The temperature dependence of fitting similar models to hydrogen adsorption in metal-organic frameworks, including MIL-101(Cr), has been investigated in the past [29] and parameters such as the adsorbed phase density were shown not to display an obvious temperature dependence. For this reason and as done in previous studies [14, 27, 36], the adsorbed phase density and the pore volume were assumed constant for all temperatures. The Tóth heterogeneity parameter and the Tóth b parameter were only fitted to the adsorption data at 77 K. This means that the parameters b, c, VP and ρa are determined from the fittings, with VP and ρa constant for all of the temperatures that were fitted (77, 90, 100 and 110 K) and b and c specific for each temperature. The results from the fitting are presented in Table 1. The micropore volume, which is a parameter determined from the fit, has a value of 1.6 cm3 g-1. This is a value that is very close to the pore volumes for the same material obtained using nitrogen and hydrogen adsorption and the Gurvich rule by Streppel and Hirscher [26], which were 1.51 and 1.50 cm3 g-1, respectively.

Table 1 – Fitting parameters for the multifit to hydrogen isotherms on MIL-101(Cr) at 77, 90, 100 and 110 K. The ± uncertainly refers to the standard error from the nonlinear fitting. Table adapted and reproduced with permission from reference [29]. Copyright 2013 Springer. 
	
	MIL-101(Cr)

	Adsorbate density, a / kg m-3
	72.4 ± 3.5

	Micropore volume, Vp / cm3 g-1
	1.6 ± 0.5

	Tóth b parameter at 77 K / MPa-1
	6.0 ± 2.8

	Tóth heterogeneity parameter at 77 K, c / -
	0.36 ± 0.09
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Figure 2 – A) Hydrogen isotherms from 77 to RT, with data adapted and reproduced with permission from reference [27]. Copyright 2013 Springer. B) Comparison between GEMC simulated amounts and the excess, and the absolute and total uptakes determined from the experimental excess.

In order to probe the densification of hydrogen and investigate the presence of a high density, solid-like phase in MIL-101(Cr), we applied the same methodologies used in the past to analyse denser phases of hydrogen in microporous carbon TE7, titanium carbide-derived carbon and single-walled carbon nanotubes [14, 16]. Inelastic neutron scattering (INS) is a very powerful technique that provides information about the adsorbed phase of hydrogen that is not possible to obtain using other techniques. Neutrons can penetrate deeply into solid matter and, unlike X-rays, are highly sensitive to the presence of hydrogen. Also, unlike infrared or Raman scattering, the molecular motion (vibration or rotation) detected by neutrons is not dependent on selection rules. INS can therefore provide extra information on the state and strength of the interactions of molecular hydrogen on MIL-101(Cr) at cryogenic temperatures and high pressures, allowing to probe the density of the adsorbed phase. INS was used to show the first experimental evidence of solid-like hydrogen at 77 K in the pores of an activated carbon (TE7). This was further complemented with modelling done on the experimental excess isotherms, which showed densities of adsorbed hydrogen in excess of 100 kg m-3. More recently, INS and computational simulations were used to study three different carbons –TE7,  single-walled carbon nanotubes and a titanium carbide-derived carbon – and again showed how pore sizes in the range of 0.7 nm led to significant hydrogen densification and the presence of a solid-like hydrogen phase [16]. In order to verify if the same phenomena were happening in the MIL-101(Cr), we carried out inelastic neutron scattering experiments in the same instrument used in both studies (TOSCA at the ISIS neutron source at the STFC Rutherford Appleton Laboratory, UK) at 77 K under increasing pressures of hydrogen (0 to 3 MPa). As noted in Table 1, the adsorbed hydrogen density for the MIL-101(Cr) determined from modelling of experimental isotherms was 72.4 kg m-3 (c.f. adsorbed densities of 101.3 kg m-3 for TE7 carbon using the same methodology). In order to check for the presence of solid hydrogen in the MIL-101(Cr) material, we used inelastic neutron scattering on the MIL-101(Cr) under increasing pressures of hydrogen, with results shown in Fig.3.
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Figure 3 – Inelastic neutron scattering (INS) done on the MIL-101(Cr) for increasing hydrogen pressures (from 0.016 to 1.505 MPa). A) INS with scaled intensities for different pressures. B) The rotor peak region for solid hydrogen (14.7 meV). C) The elastic line (-3 to 3 meV) with the Z-axis as the pressures. D) The elastic line (-3 to 3 meV) with the pressures superimposed.


In Figure 3A and 3B, there is no clear rotor line at 14.7 meV, which was used previously to indicate the presence of solid-like hydrogen. The presence of the peak at 14.7 meV is taken as a fingerprint for solid hydrogen [40, 41]. The fact that no peak is observed for the MIL-101(Cr) at any pressure indicates that there is no solid-like hydrogen forming in the pores of MIL-101(Cr) at the conditions of the experiment (77 K and pressures up to 3 MPa). In addition to the lack of the 14.7 meV peak, there is also no change in the elastic line with increased pressure (Fig 3C and 3D), which also indicates that there are no higher density phases that approach liquid or solid-like hydrogen. 

This, together with the results from the modelling of the experimental isotherms that show lower adsorbed hydrogen densities, indicate that a different mechanism for hydrogen densification to the one seen in the microporous carbons must be taking place here, or at least an adsorbed phase density that is not as highly densified as the ones in the carbon studies. It should be important to note the differences between the TE7 and the MIL-101(Cr). The TE7 has a narrow pore size distribution and a chemically homogenous carbon surface with a slit pore geometry [14, 42]. The MIL-101(Cr) has a trimodal pore size (0.7, 2.9 and 3.4 nm) and a chemical heterogeneous surface [24]. Different explanations could be provided for the differences seen in hydrogen densification, including the heterogeneity of the adsorption sites of the MIL-101(Cr), or a non-ideal pore size or shape for hydrogen adsorption. For carbons, it has been shown that a pore size of 0.7 nm, which is the size of the small cage in the MIL-101(Cr), would result in very high densities of adsorbed hydrogen (~ 120 kg m-3) at 10 MPa, even at 300 K [43]. The inelastic neutron scattering results, together with the empirical modelling and the computer simulations, all indicate that there is no significant formation of a solid-like hydrogen density in the MIL-101(Cr) at these temperatures and pressures. It is interesting to note that, despite having higher hydrogen uptakes than the TE7 at most conditions of pressure and temperature, these results indicate that the density of the adsorbed hydrogen is smaller for the MIL-101(Cr). The fact that the elastic line retains the same full width at half maximum (FWHM) at different pressures and that this approaches the instrument’s resolution (~0.3 meV) suggests an insignificant proportion of the adsorbed hydrogen in a higher density hydrogen phase with increasing pressures [14]. What we postulate happens for the MIL-101(Cr) is that the hydrogen is adsorbed at higher densities in the pores of MIL-101(Cr), probably at densities close to what our modelling suggests (~72 kg m-3) as there is no solid-like hydrogen rotor peak or change in the elastic line. With increasing pressures and increasing amounts adsorbed, the density of adsorbed hydrogen remains stable (as the FWHM of the elastic line remains unaltered with increasing pressure), but the volume of adsorbed hydrogen increases in the pore. The results also show that there is an optimum pore size for higher adsorbed hydrogen densities, as the smallest pores in MIL-101(Cr) are 0.7 nm, and there is no solid-like formation, which suggests that smaller pores are needed for higher density phases. As suggested in the literature [10-12], it seems that pores in the ultramicroporous range (< 0.7 nm) are the ones contributing the most to the higher density phases of adsorbed hydrogen. 

Along with adsorbed density, the enthalpy of adsorption is an important factor when evaluating H2 storage materials. However, determining these appropriately can be challenging, as noted in the introduction. There are different methods to estimate enthalpies of adsorption, including calorimetry, temperature programmed desorption or the isosteric method. The isosteric method relies on adsorption isotherms measured at different temperatures, which are then evaluated at constant amounts adsorbed by applying the Clausius-Clapeyron equation. The Clausius-Clapeyron equation is derived from the exact thermodynamic equation for phase changes, which is the Clapeyron equation (Eq.5):

			(Eq.5)

The Clapeyron equation applies to any phase equilibria of any pure substance and it is commonly used for phase transitions occurring at vapour-liquid or solid-liquid boundaries. It relates the differential of pressure P with temperature T at constant amount adsorbed na (an isostere) to changes in entropy S and molar volume v. The entropy can be determined from the Second Law of Thermodynamics with the enthalpy H and temperature T, so Eq. 5 can be modified to yield the enthalpy of adsorption ΔHads:

			(Eq.6)

The difficulty in determining both the differential for the isosteres over temperature at constant amount adsorbed, and the adsorbed molar volume, means that rather than using the Clapeyron equation, the Clausius-Clapeyron is the equation that is typically used for enthalpy calculations in adsorption. The phase transition referred to is the one that occurs between a molecule in the bulk and a molecule in the adsorbed phase and it relies on two main approximations, which are the negligible adsorbed molar volume when compared with the bulk molar volume (Δv becomes vbulk) and the ideal gas approximation (the molar volume of the bulk is calculated using the ideal gas equation). When these two approximations are applied to Eq.6, it becomes Eq.7:

		(Eq.7)

in which R is the molar gas constant (8.314 J mol-1 K‑1). A common way to present the Clausius-Clapeyron equation is in its integrated form (which assumes ΔHads, is temperature independent) as shown in Eq.8

		(Eq.8)

In Eq.8, Ti and Tf are the initial and final temperatures, respectively, and correspond to the temperatures at which the isotherms are measured. The isosteric enthalpies have been calculated for hydrogen at high pressures for the MIL-101(Cr) and the AX-21 activated carbon using the Clapeyron, the Clausius-Clapeyron and the virial equation, with the study concluding that there can be differences when using the different methods [27], indicating that the approximations of the Clausius-Clapeyron might not be valid for hydrogen adsorption at high pressures. 

The use of the Clausius-Clapeyron equation means that isosteric enthalpies are usually represented as the as a function of coverage, as their determination relies on plotting the logarithm of the isostere (that is, the pressure at equal amount adsorbed) against the inverse temperatures. This can be calculated from just two temperatures, as seen in Eq.8. using a linear fit to the inverse temperatures. When using two or more temperatures, the enthalpy of adsorption for that amount adsorbed is the gradient of the linear fit through the inverse temperature. One of the consequences of this treatment is that the isosteric enthalpies are then solely a function of the coverage and are independent of temperature using this method. If instead the Clapeyron equation is applied to isotherm data (Eq.6), it can yield isosteric enthalpies at different temperatures as a function of coverage. In order to be able to do this, the isosteres need to be differentiated individually against temperature at constant amount adsorbed, and the adsorbed molar volumes need to be determined. As shown previously [27], both these can be achieved using a model that is applied to experimental data and can calculate absolute and total amounts adsorbed in the pore, making it more accessible to calculate isosteres and differences in molar volumes.

[bookmark: _Hlk47426125]In order to compare adsorption enthalpies in the MIL-101(Cr) with direct measurement methods, we used high-pressure Differential Scanning Calorimetry (DSC), using a Setaram μDSC7 Evo module equipped with high-pressure sample holder coupled to a Setaram Hy-Energy PCTPro-2000. Details of the DSC experiments are in Supporting Information.  As can be seen in Fig. 4A, the DSC showed an exothermic peak in the heat flow associated with adsorption at each dose pressure. The heat flows and hydrogen pressures are represented in Figure 4A, with the peak heights associated with the exothermic heat flow decreased with increasing dose pressure, as would be expected. 
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Figure 4 – A) Differential Scanning Calorimetry carried out at 300 K using a high-pressure calorimeter coupled to a high-pressure volumetric apparatus. B) The calorimetric enthalpies and the enthalpies of adsorption calculated from GEMC at 77 K and from using exact Clapeyron equation applied to the experimental excess isotherms 77K as a function of coverage.

Direct comparison of enthalpies determined from the isosteric method or from computational simulations is difficult, because of assumptions inherent to computational simulations and the assumptions on the data analysis for the experimental calorimetric data. To compare with other enthalpy determination methods across the whole range of uptake, each peak would have to be assigned to a specific hydrogen uptake, which even if using an appropriate model (such as the absolute function presented in Eq.2) would be highly sensitive to the pressures used. In addition, the experiments were done at room temperature, where hydrogen uptakes are very small and the uncertainty of the measurements is greater.  In order to reduce uncertainties, the DSC was used to determine the zero-coverage enthalpy only. The first exothermic peak in Fig. 4A (at ~500 secs) was integrated using OriginLab, and a value for the zero-coverage enthalpy was calculated (details in Supporting Information). This calculated experimental value was compared with the enthalpies calculated with the Clapeyron equation, which were previously determined and from the GEMC simulations at 77 K (details in Supporting Information). In Fig. 4B, the enthalpies for the MIL-101(Cr) determined from the Clapeyron method at 77 K are shown, along with the zero-coverage enthalpy from the calorimetry and the enthalpies of adsorption obtained from GEMC simulations at 77 K. The enthalpies determined from the Clapeyron equation were previously calculated [27] by averaging the enthalpies across all temperatures to enable comparisons between the virial and Clausius-Clapeyron equation across all temperatures. As was the case for the hydrogen uptakes, the enthalpies of adsorption from simulations and from the Clapeyron equation are in good agreement, and both are in good agreement with the zero-coverage enthalpy obtained for calorimetry, with values between 4.5 and 7.0 kJ mol-1. The lowest coverage point (at 0.5 wt%) calculated from the Clapeyron equation at 77 K is 9.94 kJ mol-1. This is within the range reported by Latroche et al. [24] (9.3 – 10.0 kJ mol-1), who reached these values using microcalorimetry at low coverages for hydrogen in MIL-101(Cr).The enthalpies then decrease with coverage and are close to 2.0 kJ mol-1 at 6 wt.%. The accurate determination of the enthalpies of adsorption has important implications for thermal management in hydrogen storage systems. If these rely on adsorbent materials, 77 K is the most likely temperature of operation and a difference as small as 1.0 kJ mol-1 in estimating these enthalpies could represent a difference of almost 1 MJ of heat released upon absorption when considering a 4 kg hydrogen storage system, which is why it is important to improve our understanding of the differences between these methods of estimation. 

Conclusions
Hydrogen adsorption in metal-organic framework MIL-101(Cr) was analysed with a combination of methods that include variable pressure and temperature in-situ synchrotron powder X-ray diffraction and inelastic neutron scattering, modelling applied to excess experimental isotherms, molecular simulations and differential scanning calorimetry. The in-situ synchrotron X-ray diffraction shows negligible change in the unit cell of the MIL-101(Cr) at temperatures ranging from 80 to 300 K and at pressures up to 10 MPa, unlike other metal-organic frameworks from the MIL family, such as the MIL-53(Al), which under the same conditions shows pressure and temperature variance. This is important as the main assumptions in simulations and in the modelling of the experimental isotherms are the constant volume of adsorption. The simulation results show very good correlation with the absolute uptakes calculated from adsorption experiments at 77 K and provide an insight into the densification mechanism that happens at the molecular level. The simulations indicate that H2 adsorption at a low pressure is mainly located in the super-tetrahedron (0.7 nm) and then with increasing pressure in the small (2.9 nm) and large (3.4 nm) cages. To further investigate this, inelastic neutron scattering was done at increasing hydrogen pressures, showing no signs of higher density (solid or liquid-like) adsorbed hydrogen. Modelling on the experimental excess isotherms indicates an adsorbed density around 72.4 kg m-3, which is smaller than the density of solid hydrogen density at 4 K and 1.2 MPa, which is 87.6 kg m-3. The results indicate that the smaller pores in MIL-101(Cr), which are 0.7 nm, are not small enough for high adsorbed densities, such as the solid-like densities seen in activated carbons. Finally, the enthalpies of adsorption are studied with a combination of the Clapeyron equation applied to the experimental excess isotherms, simulations at 77 K, and differential scanning calorimetry done at room temperature, showing good correspondence, with zero-coverage values in the 4.5 – 6.0 kJ mol-1 range and values of 2.0 kJ mol-1 at 6 wt.% for the simulations and the Clapeyron method. 
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