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Abstract

:

The screening of all non-radioactive metals without lanthanides for thermochemical hydrogen storage was performed based on physical chemistry calculations. The thermodynamic data were collected from the NIST (National Institute of Standards and Technology) public data repository, which was followed by calculations regarding the change in enthalpy, entropy, Gibbs free energy and equilibrium reaction temperature. The results were critically evaluated based on thermodynamic parameters, viable metals were identified, and their hydrogen storage densities and energy–enthalpy ratios were evaluated. The elements viable for controlled thermochemical hydrogen storage via the reversible reduction and oxidation of metal oxides and metals are manganese (Mn), iron (Fe), molybdenum (Mo) and tungsten (W). Manganese has the largest theoretical potential for hydrogen storage with reversible reduction and oxidation of metal oxides and metals. The second candidate is iron, while the other two (Mo and W) have much lower potential. More research efforts should be dedicated to experimental testing of the identified metals (Mn, Fe, Mo and W) and their different oxides for thermochemical hydrogen storage capabilities both on laboratory and pilot scales. Ferromanganese alloy(s) might also prove itself as an efficient and affordable thermochemical hydrogen storage material. Our theoretical investigation expanded the knowledge on thermochemical hydrogen storage and is accompanied with a brief literature review revealing the lack of experimental studies, especially on oxidation of metals with water vapor occurring during the hydrogen release phase of the cycle. Consequently, accurate modelling of transport, kinetics and other phenomena during hydrogen storage and release is scarce.
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1. Introduction


Since hydrogen will act as an energy buffer [1] in the future decarbonized society where the majority of power sources are intermittent, e.g., wind power plants, its effective and efficient storage will play an important role in adoption of the hydrogen economy by the energy sector. Hydrogen can be stored in multiple manners e.g., compressed hydrogen, liquefied hydrogen, cryocompressed hydrogen, physically adsorbed hydrogen, metal hydrides, complex hydrides, liquid organic hydrogen carriers (LOHC) or liquid organic hydrides [2,3]. On the other hand, hydrogen can also be converted into other hydrogen-containing compounds, e.g., ammonia [4] and methanol [5], and stored. Another way to store hydrogen is by the reduction of selected metal oxides and its subsequent release by metal oxidation with water vapor, which is known as the reversible reduction and oxidation of metal oxides [6]. This thermochemical storage method is schematically presented in Figure 1.



Brinkman et al. [6] listed six different metal oxide/metal pairs for thermochemical hydrogen storage: Fe3O4/Fe, ZnO/Zn, SnO2/SnO, GeO2/Ge, WO2.722/W and MoO2/Mo. They stated that the pairs were chosen because their change in the standard Gibbs free energy of the reduction reaction allows for a reversible redox process at reasonable temperatures. Their physical chemistry calculations were made with two aims: (i) minimal 10% conversion of the hydrogen during reduction and (ii) at least 50% conversion of the steam during oxidation. The conversion extent was identified as more critical during oxidation, since excess unreacted steam is energetically expensive to produce and must be later condensed out of the product to extract pure hydrogen. They identified zinc and tin as unfavorable candidates from the perspective of process conditions. Germanium and iron have the highest gravimetric storage densities with germanium being too expensive (for most of the applications). This analysis has left us with three viable metal oxide/metal pairs: Fe3O4/Fe, WO2.722/W and MoO2/Mo. They also concluded the raw material cost of all options besides Fe3O4/Fe and ZnO/Zn is higher than the estimated cost of a gaseous hydrogen storage vessel. Considering all these aspects, iron oxide (Fe3O4/Fe) was selected as a promising candidate for hydrogen storage and was further studied in their article [6].



Iron (Fe) has been and is studied the most for the purpose of thermochemical hydrogen storage [7,8,9,10]. Efforts [7,8] in improving activity and stability (resistance to sintering) of the solids (metals and their oxides) along multiple cycles have been made by the addition of other metals, e.g., Al and Ce to iron.



Otsuka et al. [7] tested the reduction and oxidation of the iron oxide samples with various metal additives in a conventional gas flow system with a fixed bed at a gas mixture pressure of 101 kPa and flow rate of 100 mL/min (at standard temperature and pressure, STP). The reduction experiments were performed by heating the sample from 563 to 823 K with a rate of 7.5 K/min while maintaining a steady stream of 50:50 vol% gas mixture of hydrogen and argon, respectively. After the temperature reached 823 K, this temperature was maintained until the consumption of hydrogen stopped. The oxidation of the reduced samples by water vapor followed after the reduction experiments. The reduced sample was cooled to room temperature, and the remaining hydrogen was purged with argon out of the system. The oxidation was initiated with a steady stream of 5:95 vol% of water vapor and argon mixture, respectively. Simultaneously, the temperature of the bed increased from 373 to 873 K with a rate of 4 K/min. After it reached 873 K, the temperature was kept at this temperature until hydrogen formation ceased. Al, Mo and Ce were favorable metal additives for preserving the Fe/Fe3O4 sample from decaying its reactivity by repeated cycles.



Lorente et al. [8] performed isothermal experiments of reduction with hydrogen-rich flows and oxidation with steam with Al, Cr and Ce as second metals in nominal amounts from 1 to 10 mol% added to the hematite. The experiments were performed in a thermobalance with a sample mass of 20.0 mg, a sieve fraction of 100–160 μm, a total gas flow rate of 750 mL/min (STP), temperature of 450 °C and at atmospheric pressure. A gas mixture of 50:50 vol% of hydrogen and nitrogen was used for the reduction step. The remaining gases were then purged with nitrogen. In the oxidation step, a mixture of steam and nitrogen was fed at the partial pressure of steam equal to 0.2 bar. The reduction–oxidation cycles were repeated seven times. The addition of Al, Cr and Ce to the iron oxide greatly improved the stability and oxidation activity of the solids during the repeated reduction–oxidation cycles. For all cases, an optimum percentage of metal additive (around 5 mol%) could be found, for which the maximal hydrogen storage density was measured and remained practically constant along the cycles. However, the reduction kinetics was slowed down with additions of Al and Cr, while it remained similar by adding Ce compared to pure iron oxide.



At present, a group of students are working on Iron-based Hydrogen Storage (IRHYS) technology, which offers an alternative to existing hydrogen storage options [9]. They are trying to show proof of concept, build a reactor, optimize the process and make IRHYS technology economically feasible.



Recently, kinetic mechanisms of the reduction–oxidation reactions of iron oxide–iron pellets under different operating conditions were investigated by Gamisch et al. [10]. A single pellet consisting of iron oxide (90% Fe2O3, 10% stabilizing cement) was reduced with different hydrogen concentrations at temperatures between 600 and 800 °C. Oxidation of the previously reduced pellet was initiated by the introduction of water vapor at different concentrations in the same temperature range. Nitrogen was used as a carrier gas, while flow rates of gas mixtures were kept at 250 mL/min. With application of the shrinking core reaction mechanism model, the concentration- and temperature-dependent reduction and oxidation rates were accurately reproduced. The activation energies of reduction and oxidation were found to be 56.9 and 16.0 kJ/mol, respectively.



Thaler and Hacker [11] considered 18 different metals and their corresponding oxides for their potential as thermochemical hydrogen storage material and concluded that Ge, Mo, W and Fe are potential candidates for the separation process with high hydrogen concentration in the product gas and excellent reduction and oxidation capability. Their isothermal thermogravimetric experiments of reduction of metal oxides with pure hydrogen and the later oxidation of metals with water vapor at temperatures of 670 °C (MoO2 ↔ Mo), 620 °C (GeO2 ↔ Ge), 720 °C (WO3 ↔ W) and 800 °C (Fe2O3 ↔ Fe) demonstrated the practical feasibility of the processes. The first step of reduction of the metal oxides with hydrogen was successful in all four cases and led to complete reduction within 15 min. However, they discovered that the re-oxidation part of the experiment led to only partial oxidation within 20 min with the exception of tungsten, which almost completely re-oxidized within the same timeframe. The slower reaction rate of re-oxidation most likely originates from the sintering of the samples, since iron, germanium and molybdenum were visibly sintered after just one cycle of operation. The slow oxidation reactions could be at least partially compensated with (i) taking a longer time for the process of re-oxidation to be (more) complete, (ii) changing the process parameters, e.g., temperature, gas flow rate, (iii) replacing the rector (type and/or size), (iv) grinding the materials between the reduction/oxidation phases of the thermochemical hydrogen storage cycle and (v) adding a small amount of other metal(s), which increases the thermal stability of the material. Some combination of the previously stated measures might also favor the re-oxidation process.



Our work includes the theoretical screening of all non-radioactive metals without lanthanides and their respective oxides based on physical chemistry calculations for a reversible reduction and oxidation of metal oxides. We selected only non-radioactive metal elements since we wanted the materials to be stable hydrogen storage materials while the lanthanides were excluded, since they are high-value commodities which will be used in the green energy transition and will be better utilized in various different devices, e.g., wind turbine generators. The main goal was to find the potential candidates (metals) which would theoretically enable thermochemical hydrogen storage with the reversible reduction and oxidation of metal oxides and metals.




2. Methods


All of the non-radioactive elements of metals with the exception of the lanthanides (45 elements) were systematically screened for their potential as thermochemical hydrogen storage material via the reversible reduction and oxidation of metal oxides and metals, respectively (Figure 2). The screening itself consisted of the following: (i) selection of metal oxides (in stable form), (ii) retrieval of thermodynamic and other relevant (e.g., melting point) properties of metals and the selected metal oxides, (iii) physical chemistry calculations of metal oxide reduction reactions, (iv) feasibility evaluation based on physical chemistry calculation results, (v) hydrogen storage performance evaluation of the viable materials and (vi) estimation of the potential for thermochemical hydrogen storage.



Thermochemical hydrogen storage follows the reactions of reversible reduction of metal oxides (MexOy) during the hydrogen storage phase and oxidation of metals (Me) during the hydrogen release phase, which are shown below:


    M e   x     O   y     s   + y   H   2     g   ↔ x M e ( s , l   f o r   H g ) + y   H   2   O ( g )  



(1)







The values of molar mass (M), standard enthalpy of formation (ΔfHo), standard molar entropy (So) and the melting point temperature (Tm) are presented for both the selected metals (Table 1) and their corresponding oxides (Table 2). The thermodynamic data originate from the NIST (National Institute of Standards and Technology) public data repository [12].



The reactions of reversible reduction and oxidation of metal oxides and metals were evaluated with physical chemistry calculations [13]. The hydrogen gas has the values of standard enthalpy of formation (ΔfHo) and standard molar entropy (So) equal to 0 kJ/mol and 130.68 J/(K·mol), respectively. The water vapor has the values of standard enthalpy of formation (ΔfHo) and standard molar entropy (So) equal to −241.83 kJ/mol and 188.84 J/(K·mol), respectively.



The reactions in the direction to the right (reduction of the metal oxide with gaseous hydrogen) were considered, and the changes in enthalpy (ΔHo), entropy (ΔSo), Gibbs free energy (at 298.15 K, ΔGo) and the equilibrium reaction temperatures (Teq) were calculated with the following equations:


  ∆   H   o   =     H   o     f i n a l   −     H   o     i n i t i a l    



(2)






  ∆   S   o   =     S   o     f i n a l   −     S   o     i n i t i a l    



(3)






  ∆   G   o   = ∆   H   o   − T ∆   S   o    



(4)






    T   e q   =   ∆   H   o     ∆   S   o      



(5)







The results were evaluated in terms of feasibility for thermochemical hydrogen storage in realistic conditions. After, that the viable materials were characterized in their hydrogen storage capacities. The two hydrogen storage densities were determined as follows:


    S D   1   =   y   M     H   2       x   M   M e      



(6)






    S D   2   =   y   M     H   2       x   M   M e   + y   M     H   2   O      



(7)







The first one (SD1) considers only the mass of the metal, while the second one (SD2) also takes into account the mass of the water vapor.



The ratio of energy stored with hydrogen as its higher heating value (HHVH2) of 285.8 kJ/mol [14] to reduction reaction enthalpy (stored heat) was also examined and marked as EER (energy–enthalpy ratio):


  E E R =   y   H H V   H 2     ∆   H   o      



(8)







Higher values of EER are desirable for efficient hydrogen storage, since a larger proportion of the stored energy is actually contained in hydrogen compared to heat. It is worth pointing out that the heat required to produce the water vapor (from water at 25 °C) required for hydrogen release represents circa one-sixth of the higher heating value of the stored hydrogen, which is valid for all possible metal oxide/metal pairs following the reaction (1).



By consideration of the thermodynamics, hydrogen storage capacity and energy–enthalpy ratio, the viable materials for thermochemical hydrogen storage via reversible reduction and oxidation were identified, and their potential was evaluated.




3. Results and Discussion


After performing the physical chemistry calculations, the results (Table 3) were critically evaluated. If the equilibrium reaction temperature (Teq) was below the melting points of both the metal and its considered oxide, a tick mark was added to the metal as being a potentially viable option for thermochemical hydrogen storage via the reversible reduction and oxidation of metal oxides and metals, since we wish to avoid any loss of materials via evaporation (from liquid metal and metal oxide). The potentially viable metals according to this criterium are Mn, Fe, Co, Ni, Cu, Mo, Ru, Rh, Pd, Ag, Cd, W, Re, Os, Ir, Pt, Au, Hg, Tl and Pb (20 elements with tick marks in the Table 3). Among those, only four elements have equilibrium reduction reaction temperatures above 25 °C: Mn, Fe, Mo and W (green tick marks in the Table 3). Therefore, their oxides would not spontaneously react with hydrogen at room temperature.



According to our physical chemistry calculations, the elements viable for controlled thermochemical hydrogen storage via the reversible reduction and oxidation of metal oxides are manganese (Mn), iron (Fe), molybdenum (Mo) and tungsten (W). In all four cases (Mn, Fe, Mo and W), hydrogen storage (reduction of metal oxide) is an endothermal process (ΔHo > 0 in Table 3), while hydrogen release (oxidation of metal) is an exothermal process. Therefore, the heat could be in cases where the hydrogen storage/release cycle is not too long (up to 2 weeks, [15]) stored [16] during hydrogen (and heat) release and released during hydrogen (and heat) storage.



Figure 3 presents the Gibbs free energy dependence on temperature for the hydrogen reduction of MnO2, Fe2O3, MoO2 and WO3 to Mn, Fe, Mo and W, respectively.



The reduction of MnO2 to MnO is feasible below 1000 °C (Barner and Mantell [17] studied it in the range from 200 to 500 °C), while the conversion from MnO to metal (Mn) would require much higher temperature (above the melting point of Mn) and low water vapor content in the gas phase (at pH2O/pH2 ratio below 3 × 10−4). However, multiple experimental studies [17,18,19,20] reported the fact that MnO2 cannot be reduced fully into metallic Mn but rather into suboxides, following the reaction sequence: MnO2 → Mn2O3 → Mn3O4 → MnO. This is supported by the work of Thaler and Hacker [11], where MnO was identified as a stable metal oxide. Autocatalytic behavior was found on Mn3O4 reduction by Tatievskaya et al. [21]. Whether MnO can be completely reduced by hydrogen to Mn (or just to MnO), and at which process conditions this could take place, should be thoroughly investigated.



The temperature-programmed reduction (TPR) of Fe2O3 in the 5.8% H2, 1.2% H2O, Ar mixture to iron (Fe) terminated at 970 °C [22]. Zieliński et al. [22] found three possible routes for the reduction of hematite, which mainly depend on the water vapor content. When there is no water vapor (or if it is present in extremely low concentrations), the reduction reaction follows: Fe2O3 → Fe. If the water vapor to hydrogen molar ratio is below 0.35, the reaction is Fe2O3 → Fe3O4 → Fe. In case the water vapor to hydrogen molar ratio is above 0.35, the reduction reaction is Fe2O3 → Fe3O4 → FeO → Fe. Temperature is also influencing the hematite reduction sequence, since below 570 °C, it follows: Fe2O3 → Fe3O4 → Fe, while above 570 °C, we can observe the sequence: Fe2O3 → Fe3O4 → FeO → Fe [23]. Fine iron ore was reduced in a fluidized bed reactor [24]. The sticking of fine iron ore particles is identified as a problem causing interruptions to the reduction process [25]. The reduction of iron ore should take place at the temperature above 420 °C, while above 570 °C, Wüstite (FeO) formation is favorable as an intermediate product [6]. The direct reduction of iron oxides is governed by mechanisms stemming from a complex interaction of several chemical (phase transformations), physical (transport), and mechanical (stresses) phenomena [23]. Natural iron ores were considered by Bock et al. [26] as an inexpensive storage material for large-scale mid- and long-term energy storage via reversable reduction and metal oxidation. Siderite was tested in thermogravimetric analysis (TGA) and in a 1 kW fixed-bed reactor. The raw siderite ore was stable for over 50 consecutive cycles at operating temperatures of 500–600 °C. However, the initial hydrogen storage capacity depletes in the first 15 cycles and then stabilizes. A hydrogen release step should take place between the temperatures of 100 and 500 °C, while temperatures above 500 °C would increase the energy consumption and potentially decrease the cycling stability [6].



Isothermal and non-isothermal reductions of MoO2 powder (to Mo) by pure hydrogen were studied by Dang et al. [27]. They observed a complete reduction to metal (Mo) in both modes of reduction. Their MoO2 powder reduction kinetics model has been proposed, which incorporates various factors, e.g., time, temperature and hydrogen content. Good agreements were found between the experimentally measured and theoretically calculated results. A similar study was performed by Wang et al. [28], which focused on the hydrogen reduction of ultrafine MoO2 powder at the temperature range between 863 (590) and 1023 K (750 °C). They focused on various reaction mechanisms and models (e.g., chemical vapor transport mechanism, nucleation and growth model, diffusion model) and their validity at different reaction conditions. The calculations of Brinkman et al. [6] revealed that a reduction of MoO2 would be favorable at temperatures above 590 °C, while the oxidation of Mo should be induced at temperatures below 1110 °C.



WO3 was completely reduced with hydrogen to W at 875 °C via the formation of two intermediate products: WO2.72 (at 520 °C) and WO2 (at 600 °C) [29]. The initial stage of the WO3 reduction was found to be dominated by the formation of WO2, and it was found to be affected by strong autocatalytic effects associated with the beginning of formation of W. Brinkman et al. [6] found out that the reduction of WO2.722 would be favorable at temperatures above 590 °C, and the oxidation of W would be induced at temperatures below 640 °C.



More details about the hydrogen reduction of non-ferrous metal oxides with a focus on reduction kinetics and mechanisms were summarized by Rukini et al. [30]. Studies on the oxidation of metals with water vapor are on the other hand rare in the current literature. More research efforts should therefore be focused on the oxidation of metals with water vapor.



The hydrogen storage densities and energy–enthalpy ratios for the four viable metals are presented in Table 4. Manganese has the highest hydrogen storage density and energy–enthalpy ratio amongst the selected metals.



Since manganese has a favorable combination of thermodynamic parameters of hydrogen reduction, with the lowest equilibrium reaction temperature amongst the ones above 25 °C, combined with the highest hydrogen storage density and energy–enthalpy ratio, it has the largest theoretical potential for hydrogen storage with the reaction of a reversible reduction and oxidation of metal oxides and metals. In addition to this, manganese is a fairly abundant metal which constitutes roughly 0.1 percent of the Earth’s crust, making it the 12th most abundant element [31]. About 90 percent of Mn is currently consumed by the steel industry [31]. Manganese is the 4th most used metal on Earth (by mass), behind iron, aluminum and copper [32]. Therefore, Mn is a common commodity with an affordable price [33,34], which would enable its large-scale deployment for thermochemical hydrogen storage in the future energy landscape. Manganese was for example also considered as an affordable energy storage material via reversible plating/stripping by Chu and Yu [35].



Iron has the second highest thermochemical hydrogen storage potential, and it has been studied the most for this purpose, which is already described in the introduction. An idea of using of ferromanganese alloy(s), which is commonly used in steelmaking, for thermochemical hydrogen storage comes up, since both of the individual metals (Mn and Fe) exhibit high thermochemical hydrogen storage potentials. A combination of iron and manganese might produce favorable hydrogen storage results, especially if the materials would exhibit high thermal stability resistance to sintering.



Additional research efforts should be dedicated to the experimental testing of the cyclic reduction/oxidation of Mn, Fe, ferromanganese alloy(s), Mo and W. Even if it turns out that it is only possible and/or much more energy efficient (reduction at lower temperature) to reversibly reduce/oxidize between two types of metal oxides, e.g., MnO2 and MnO, this method could also be applicable for thermochemical hydrogen storage. The fluidized bed reactor (for smaller particles), fixed-bed reactor (for larger particles) or some other custom-made reactor solutions should be tested and optimized to enable deployment of the identified metals and their oxides as thermochemical hydrogen storage materials.




4. Conclusions


Our study is based on theoretical screening of all non-radioactive metals without lanthanides and their stable oxides for thermochemical hydrogen storage by the reduction of selected metal oxides and its subsequent release by metal oxidation with water vapor. We considered the reaction thermodynamics and thermal stability of the solid materials to select the viable candidates (metals/metal oxides). The viable materials were further analyzed in terms of their theoretical hydrogen storage performance.



Four viable elements of metals were identified: manganese (Mn), iron (Fe), molybdenum (Mo) and tungsten (W) with the potential for hydrogen storage via the reaction of the reversible reduction and oxidation of the metal oxides: MnO2, Fe2O3, MoO2 and WO3. Their hydrogen storage densities are Mn > Fe > Mo > W, while their energy–enthalpy ratios follow the sequence Mn > Fe > W > Mo. Therefore, manganese has the largest theoretical potential for hydrogen storage with the reaction of reversible reduction and oxidation of metal oxides and metals, while its low equilibrium reaction temperature of 108.5 °C means that hydrogen release reaction should be performed in the narrow temperature window between the boiling point of water (100.0 °C) and the equilibrium reaction temperature (108.5 °C). The second place in hydrogen storage potential is occupied by iron, which has been studied extensively both for the thermochemical hydrogen storage on its own and also for the hydrogen reduction of iron ore, which plays a significant part in the iron and steel industry decarbonization. The remaining two elements (Mo and W) have according to our estimation much lower potential for thermochemical hydrogen storage and are also much less abundant (both in concentration around 1.5 ppm in Earth’s crust). Therefore, Mo and W could be employed in some small-scale and/or niche applications, e.g., hydrogen storage in space.



Our short literature survey revealed that the reduction of various metal oxides with hydrogen was frequently studied and modeled, while there is a lack of work on the (re-)oxidation of metals with water vapor. Therefore, further research efforts are needed to experimentally test the identified viable metals (Mn, Fe, Mo and W) and their different oxides (e.g., MnO2, Fe2O3, MoO2 and WO3) for cyclic reduction/oxidation capabilities. More laboratory scale tests would be appreciated for Mn, Mo and W, while pilot-scale experiments should be conducted mostly on Fe and Mn. Research in thermochemical hydrogen storage with ferromanganese alloy(s) might also produce promising results. Multiple different process conditions should be investigated, e.g., temperature, gas flow rate, particle size, type and size of a reactor, chemical composition and others. With optimization of the cyclic reduction/oxidation processes, the thermochemical hydrogen storage with the reversible reduction and oxidation of metal oxides and metals has the potential to become an economically feasible technology which can compete with other hydrogen storage technologies in the future decarbonized energy landscape with a large share of intermittent sources of power.
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Figure 1. Schematic representation of thermochemical hydrogen storage with reversible reduction and oxidation of metal oxides combined with heat storage system. 
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Figure 2. Periodic table of the elements with presentation of the screened elements for thermochemical hydrogen storage (colored blue) and the four viable elements based on physical chemistry calculations (green outline). 
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Figure 3. Gibbs free energy for complete hydrogen reduction of MnO2, Fe2O3, MoO2 and WO3. 
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Table 1. Standard thermodynamic values for the selected metals.
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	Metal
	M (g/mol)
	ΔfHo (kJ/mol)
	So (J/(K·mol))
	Tm (°C)





	Li
	6.941
	0
	160.7
	180.5



	Be
	9.012
	0
	9.5
	1287



	Na
	22.990
	0
	51.5
	97.8



	Mg
	24.305
	0
	32.7
	650



	Al
	26.982
	0
	28.3
	660.32



	K
	39.098
	0
	64.7
	63.5



	Ca
	40.078
	0
	41.4
	842



	Sc
	44.956
	0
	34.6
	1541



	Ti
	47.867
	0
	30.7
	1668



	V
	50.942
	0
	28.9
	1910



	Cr
	51.996
	0
	23.6
	1907



	Mn
	54.938
	0
	32.0
	1246



	Fe
	55.845
	0
	27.3
	1538



	Co
	28.010
	0
	30.0
	1495



	Ni
	58.693
	0
	29.9
	1455



	Cu
	63.546
	0
	33.1
	1084.62



	Zn
	65.380
	0
	41.6
	419.53



	Ga
	69.723
	0
	40.8
	29.76



	Rb
	85.468
	0
	69.5
	39.3



	Sr
	87.620
	0
	52.3
	777



	Y
	88.906
	0
	44.4
	1522



	Zr
	91.224
	0
	39.0
	1855



	Nb
	92.906
	0
	36.5
	2477



	Mo
	95.960
	0
	28.6
	2623



	Ru
	101.070
	0
	28.5
	2334



	Rh
	102.906
	0
	31.5
	1964



	Pd
	106.420
	0
	37.6
	1554.8



	Ag
	107.868
	0
	42.6
	961.78



	Cd
	112.411
	0
	51.8
	321.07



	In
	114.818
	0
	57.8
	156.6



	Sn
	118.710
	0
	51.5
	231.93



	Cs
	132.905
	0
	85.1
	28.44



	Ba
	137.327
	0
	62.3
	727



	Lu
	174.967
	0
	51.0
	1652



	Hf
	178.490
	0
	43.6
	2233



	Ta
	180.948
	0
	41.5
	3017



	W
	183.840
	0
	32.7
	3422



	Re
	186.207
	0
	36.9
	3185



	Os
	190.230
	0
	32.6
	3033



	Ir
	192.217
	0
	35.5
	2446



	Pt
	195.084
	0
	41.6
	1768.2



	Au
	196.967
	0
	47.4
	1064.18



	Hg
	200.590
	0
	76.0
	−38.83



	Tl
	204.383
	0
	64.2
	304



	Pb
	207.200
	0
	64.8
	327.46
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	Oxide
	M (g/mol)
	ΔfHo (kJ/mol)
	So (J/(K·mol))
	Tm (°C)





	Li2O
	29.881
	−595.8
	37.9
	1438



	BeO
	25.012
	−609.4
	13.8
	2578



	Na2O
	61.979
	−416.0
	73.0
	1132



	MgO
	40.304
	−601.6
	27.0
	2852



	Al2O3
	101.961
	−1675.7
	50.9
	2072



	K2O
	94.196
	−363.2
	94.0
	740



	CaO
	56.077
	−635.0
	40.0
	2613



	Sc2O3
	137.910
	−1908.8
	77.0
	2485



	TiO2
	79.866
	−945.0
	50.0
	1843



	V2O5
	181.880
	−1550.6
	131.0
	681



	Cr2O3
	151.990
	−1128.0
	81.0
	2435



	MnO2
	86.937
	−520.0
	53.1
	535



	Fe2O3
	159.688
	−824.2
	87.4
	1539



	Co3O4
	148.028
	−910.0
	114.4
	895



	NiO
	74.693
	−240.0
	38.0
	1955



	CuO
	79.545
	−156.0
	43.0
	1326



	ZnO
	81.379
	−350.5
	43.7
	1974



	Ga2O3
	187.444
	−1089.1
	85.0
	1725



	Rb2O
	186.935
	−339.0
	126.0
	500



	SrO
	103.619
	−592.0
	57.2
	2531



	Y2O3
	225.810
	−1905.3
	99.1
	2425



	ZrO2
	123.223
	−1080.0
	50.3
	2715



	NbO
	108.906
	−405.9
	48.1
	1937



	MoO2
	127.959
	−588.9
	46.3
	1100



	RuO4
	165.068
	−239.3
	146.4
	25.4



	Rh2O3
	253.809
	−405.5
	75.7
	1100



	PdO
	122.419
	−112.7
	39.6
	750



	Ag2O
	231.736
	−31.0
	122.0
	300



	CdO
	128.410
	−258.0
	55.0
	950



	In2O3
	277.634
	−925.8
	104.2
	1910



	SnO2
	150.709
	−577.6
	49.0
	1630



	Cs2O
	281.810
	−345.8
	146.9
	490



	BaO
	153.326
	−582.0
	70.0
	1923



	Lu2O3
	397.932
	−1878.2
	110.0
	2490



	HfO2
	210.489
	−1144.7
	59.3
	2758



	Ta2O5
	441.893
	−2046.0
	143.1
	1872



	WO3
	231.838
	−842.9
	75.9
	1473



	Re2O7
	484.410
	−1240.1
	207.1
	360



	OsO4
	254.228
	−394.1
	143.9
	40.25



	IrO2
	224.216
	−274.1
	80.4 *
	1100



	PtO2
	227.083
	171.5
	80.4 *
	450



	Au2O3
	441.931
	−13.0
	80.4 *
	298



	HgO
	216.589
	−90.0
	70.0
	500



	Tl2O
	424.766
	−178.7
	126.0
	596



	PbO
	223.199
	−219.0
	66.5
	888







* The values of the standard molar entropy were estimated to be equal to 80.4 J/(K·mol) based on the mean value of the other metal oxides, since the missing three values were not found in the literature.













 





Table 3. Calculated reduction reaction parameters.
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	Metal
	ΔHo (kJ/mol)
	ΔSo (J/(K·mol))
	ΔGo (kJ/mol)
	Teq (°C) *
	Solid Metal and Oxide





	Li
	354.0
	341.6
	252.1
	763.1
	



	Be
	367.6
	53.9
	351.5
	6542.6
	



	Na
	174.2
	88.1
	147.9
	1704.1
	



	Mg
	359.8
	63.9
	340.7
	5356.7
	



	Al
	950.2
	180.2
	896.5
	4999.6
	



	K
	121.3
	93.5
	93.5
	1024.6
	



	Ca
	393.2
	59.6
	375.4
	6325.7
	



	Sc
	1183.3
	166.7
	1133.6
	6826.3
	



	Ti
	461.3
	97.0
	432.4
	4483.5
	



	V
	341.5
	217.7
	276.6
	1295.6
	



	Cr
	402.5
	140.7
	360.6
	2587.3
	



	Mn
	36.3
	95.2
	7.9
	108.5
	✓



	Fe
	98.7
	141.6
	56.5
	423.8
	✓



	Co
	−57.3
	208.3
	−119.4
	−548.2
	✓



	Ni
	−1.8
	50.0
	−16.8
	−309.7
	✓



	Cu
	−85.8
	48.3
	−100.2
	−2049.8
	✓



	Zn
	108.6
	56.1
	91.9
	1661.8
	



	Ga
	363.6
	171.1
	312.6
	1851.5
	



	Rb
	97.2
	71.1
	76.0
	1094.1
	



	Sr
	350.2
	53.3
	334.3
	6301.6
	



	Y
	1179.8
	164.3
	1130.8
	6909.5
	



	Zr
	596.3
	105.0
	565.0
	5405.2
	



	Nb
	164.0
	46.5
	150.1
	3251.9
	



	Mo
	105.3
	98.6
	75.9
	794.2
	✓



	Ru
	−728.0
	114.8
	−762.2
	−6616.4
	✓



	Rh
	−320.0
	161.8
	−368.2
	−2250.5
	✓



	Pd
	−129.1
	56.2
	−145.9
	−2571.8
	✓



	Ag
	−210.8
	21.3
	−217.2
	−10188.7
	✓



	Cd
	16.2
	54.9
	−0.2
	21.3
	✓



	In
	200.3
	185.9
	144.9
	804.2
	



	Sn
	94.0
	118.8
	58.5
	517.7
	



	Cs
	104.0
	81.5
	79.7
	1001.8
	



	Ba
	340.2
	50.5
	325.1
	6462.7
	



	Lu
	1152.7
	166.4
	1103.1
	6652.5
	



	Hf
	661.0
	100.6
	631.1
	6301.1
	



	Ta
	836.9
	230.7
	768.1
	3354.0
	



	W
	117.4
	131.3
	78.3
	621.4
	✓



	Re
	−452.7
	273.7
	−534.3
	−1926.9
	✓



	Os
	−573.2
	121.3
	−609.4
	−4997.2
	✓



	Ir
	−209.6
	71.4
	−230.8
	−3208.2
	✓



	Pt
	−655.2
	77.6
	−678.3
	−8721.4
	✓



	Au
	−712.5
	188.9
	−768.8
	−4045.1
	✓



	Hg
	−151.8
	64.2
	−171.0
	−2638.7
	✓



	Tl
	−63.1
	60.5
	−81.2
	−1316.3
	✓



	Pb
	−22.8
	56.4
	−39.7
	−678.1
	✓







* We are well aware that the equilibrium temperatures below absolute zero (−273.15 °C) could not be achieved and are just a result of the calculations.













 





Table 4. Hydrogen storage densities and energy–enthalpy ratios of Mn, Fe, Mo and W.
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	Metal
	SD1 (/)
	SD2 (/)
	EER (/)





	Mn
	0.0734
	0.0443
	15.73



	Fe
	0.0541
	0.0365
	8.69



	Mo
	0.0420
	0.0305
	5.43



	W
	0.0329
	0.0254
	7.30
















	
	
Disclaimer/P