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The development of advanced hydrogen storage materials is

essential for the adoption of hydrogen-powered vehicles as a

sustainable alternative to fossil fuels. Metal–organic

frameworks (MOFs) have emerged as promising candidates

for meeting the Department Of Energy (DOE) storage targets.

This study employs grand canonical Monte Carlo simulations

to evaluate the usable gravimetric and volumetric storage

capacities of hydrogen in newly synthesized Zn- or Cd-based

MRT (Moldova Research Team) MOFs. These results are

systematically compared to those of carefully selected MOFs

that share either similar metal compositions or analogous pore

structures and densities. Among the four MRT MOFs

examined, MRT2 and MRT4 stand out as the most promising,

exhibiting remarkable hydrogen storage capacities at ambient

and low temperature and moderate pressures (25–35 MPa).

In particular, the total volumetric and gravimetric storage

capacities of MRT2 and MRT4 exceed the DOE targets at

77 K and ∼5 MPa. Their hydrogen storage performance at

room temperature proves highly competitive when assessed

against MOFs with comparable metal compositions or

porosity-density characteristics. The autonomy range of a

hydrogen vehicle using MRT2 or MRT4 has been assessed,

revealing that it can match that of a compressed hydrogen
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revealing that it can match that of a compressed hydrogen

system while operating at lower pressures, but requiring a

larger tank volume.

Topics

Fossil fuels, Hydrogen energy, Hydrogen storage, Porous

media, Monte Carlo methods

REFERENCES

1. L. Zhang, C. Jia, F. Bai, W. Wang, S. An, K. Zhao, Z. Li,

J. Li, and H. Sun, Fuel 355, 129455 (2024).

https://doi.org/10.1016/j.fuel.2023.129455

Google Scholar Crossref

2. S. Chakraborty, S. K. Dash, R. M. Elavarasan, A. Kaur,

D. Elangovan, S. T. Meraj, P. Kasinathan, and Z. Said,

Front. Energy Res. 10, 893475 (2022).

https://doi.org/10.3389/fenrg.2022.893475

Google Scholar Crossref

3. M. Schlichtenmayer and M. Hirscher, Appl. Phys. A

122, 379 (2016).

https://doi.org/10.1007/s00339-016-9864-6

Google Scholar Crossref

4. European Environment Agency, Transport and mobility,

https://www.eea.europa.eu/en/topics/in-depth/transport-an

d-mobility; accessed 21 April 2025, published on

November 2024.

5. “Net Zero by 2050, A roadmap for the global energy

sector,” https://www.iea.org/reports/net-zero-by-2050;

accessed 21 April 2025, published on May 2021.

6. “The long-term strategy of the United States, pathways

to net-zero greenhouse gas emissions by 2050,” https://un

fccc.int/sites/default/files/resource/US-LongTermStrategy-2

021.pdf; accessed 21 April 2025, published on 2021.

7. G. Sdanghi, G. Maranzana, A. Celzard, and V. Fierro,

Energies 13, 3145 (2020).

https://doi.org/10.3390/en13123145

Google Scholar Crossref



8. Office of Energy Efficiency & Renewable Energy and

Fuel Cell Technologies Office, “DOE technical targets for

onboard hydrogen storage for light-duty vehicles,” https://

www.energy.gov/eere/fuelcells/doe-technical-targets-onbo

ard-hydrogen-storage-light-duty-vehicles; accessed 21

April 2025, published on 2018.

9. R. Hren, A. Vujanović, Y. Van Fan, J. J. Klemeš, D.

Krajnc, and L. Čuček, Renewable Sustainable Energy Rev.

173, 113113 (2023).

https://doi.org/10.1016/j.rser.2022.113113

Google Scholar Crossref

10. C. Chu, K. Wu, B. Luo, Q. Cao, and H. Zhang, Carbon

Resour. Convers. 6, 334 (2023).

https://doi.org/10.1016/j.crcon.2023.03.007

Google Scholar Crossref

11. D. P. Broom, C. J. Webb, K. E. Webb, P. A. Parilla, T.

Gennett, C. M. Brown, R. Zacharia, E. Tylianakis, E.

Klontzas, G. E. Froudakis et al, Appl. Phys. A 122, 151

(2021). https://doi.org/10.1007/s00339-016-9651-4

Google Scholar Crossref

12. P. Breeze, Power System Energy Storage

Technologies (Elsevier, London, 2018), Chap. 8, pp. 69–

77.

Google Scholar Crossref

13. H. T. Hwang and A. Varma, Curr. Opin. Chem. Eng. 5,

42 (2014). https://doi.org/10.1016/j.coche.2014.04.004

Google Scholar Crossref

14. G. Assoualaye, A. Tom, and N. Djongyang, SN Appl.

Sci. 2, 1815 (2020).

https://doi.org/10.1007/s42452-020-03627-9

Google Scholar Crossref

15. M. G. Rasul, M. A. Hazrat, M. A. Sattar, M. I. Jahirul,

and M. J. Shearer, Energy Convers. Manage. 272, 116326

(2022). https://doi.org/10.1016/j.enconman.2022.116326

Google Scholar Crossref

16. Office of Energy Efficiency & Renewable Energy and

Hydrogen and Fuel Cell Technologies Office, “High-

pressure hydrogen tank testing,” https://www.energy.gov/e

ere/fuelcells/high-pressure-hydrogen-tank-testing



ere/fuelcells/high-pressure-hydrogen-tank-testing;

accessed 21 April 2025, published on 2022.

17. S.-Y. Lee, J.-H. Lee, Y.-H. Kim, J.-W. Kim, K.-J. Lee,

and S.-J. Park, Processes 10, 304 (2022).

https://doi.org/10.3390/pr10020304

Google Scholar Crossref

18. R. Jose, G. Bangar, S. Pal, and G. Rajaraman,

J. Chem. Sci. 135, 19 (2023).

https://doi.org/10.1007/s12039-022-02130-5

Google Scholar Crossref

19. K. Nath, A. Ahmed, D. J. Siegel, and A. J. Matzger,

Angew. Chem., Int. Ed. 61, e202203575 (2022).

https://doi.org/10.1002/anie.202203575

Google Scholar Crossref

20. D. Zhao, X. Wang, L. Yue, Y. He, and B. Chen, Chem.

Commun. 58, 11059 (2022).

https://doi.org/10.1039/d2cc04036k

Google Scholar Crossref

21. K. A. Forrest, G. Verma, Y. Ye, J. Ren, S. Ma, T.

Pham, and B. Space, Chem. Phys. Rev. 3, 021308 (2022).

https://doi.org/10.1063/5.0072805

Google Scholar Crossref

22. A. Li, J. Phys.: Conf. Ser. 2403, 012022 (2022).

https://doi.org/10.1088/1742-6596/2403/1/012022

Google Scholar Crossref

23. K. Suresh, D. Aulakh, J. Purewal, D. J. Siegel, M.

Veenstra, and A. J. Matzger, J. Am. Chem. Soc. 143,

10727 (2021). https://doi.org/10.1021/jacs.1c04926

Google Scholar Crossref

24. D. E. Jaramillo, H. Z. H. Jiang, H. A. Evans, R.

Chakraborty, H. Furukawa, C. M. Brown, M. Head-Gordon,

and J. R. Long, J. Am. Chem. Soc. 143, 6248 (2021).

https://doi.org/10.1021/jacs.1c01883

Google Scholar Crossref

25. L. Yuan, L. Kang, Y. Chen, D. Wang, J. Gong, C.

Wang, M. Zhang, and X. Wu, Appl. Surf. Sci. 434, 843

(2018). https://doi.org/10.1016/j.apsusc.2017.10.231

Google Scholar Crossref



26. L. Wang, X. Chen, H. Du, Y. Yuan, H. Qu, and M. Zou,

Appl. Surf. Sci. 427, 1030 (2018).

https://doi.org/10.1016/j.apsusc.2017.08.126

Google Scholar Crossref

27. L. Yuan, Y. Chen, L. Kang, C. Zhang, D. Wang, C.

Wang, M. Zhang, and X. Wu, Appl. Surf. Sci. 399, 463

(2017). https://doi.org/10.1016/j.apsusc.2016.12.054

Google Scholar Crossref

28. M. Beckner and A. Dailly, Appl. Energy 149, 69

(2015). https://doi.org/10.1016/j.apenergy.2015.03.123

Google Scholar Crossref

29. L. Donà, J. G. Brandenburg, and B. Civalleri,

J. Chem. Phys. 156, 094706 (2022).

https://doi.org/10.1063/5.0080359

Google Scholar Crossref

30. G. S. Fanourgakis, K. Gkagkas, and G. Froudakis,

J. Chem. Phys. 156, 054103 (2022).

https://doi.org/10.1063/5.0075994

Google Scholar Crossref

31. P. García-Holley, B. Schweitzer, T. Islamoglu, Y. Liu,

L. Lin, S. Rodriguez, M. H. Weston, J. T. Hupp, D. A.

Gómez-Gualdrón, T. Yildirim et al, ACS Energy Lett. 3, 748

(2018). https://doi.org/10.1021/acsenergylett.8b00154

Google Scholar Crossref

32. X. Hu, J. Wang, S. Li, X. Hu, R. Ye, L. Zhou, P. Li, and

C. Chen, RSC Adv. 13, 14980 (2023).

https://doi.org/10.1039/d3ra01788e

Google Scholar Crossref PubMed

33. J. Park, A. Adhikary, and H. R. Moon, Coord. Chem.

Rev. 497, 215402 (2023).

https://doi.org/10.1016/j.ccr.2023.215402

Google Scholar Crossref

34. D. Sengupta, P. Melix, S. Bose, J. Duncan, X. Wang,

M. R. Mian, K. O. Kirlikovali, F. Joodaki, T. Islamoglu, T.

Yildirim et al, J. Am. Chem. Soc. 145, 20492 (2023).

https://doi.org/10.1021/jacs.3c06393

Google Scholar Crossref

35. X. Zhang, Q.-R. Zheng, and H.-Z. He, Int. J. Hydrogen

Energy 72 1224 (2024).



Energy 72, 1224 (2024).

https://doi.org/10.1016/j.ijhydene.2023.05.227

Google Scholar Crossref

36. F.-G. Li, C. Liu, D. Yuan, F. Dai, R. Wang, Z. Wang, X.

Lu, and D. Sun, CCS Chem. 4, 832 (2022).

https://doi.org/10.31635/ccschem.021.202000738

Google Scholar Crossref

37. M. Singh, A. Shukla, and B. Chakraborty, Sustainable

Energy Fuels 7, 996 (2023).

https://doi.org/10.1039/d2se01351g

Google Scholar Crossref

38. I. Cabria, Int. J. Hydrogen Energy 50, 160 (2024).

https://doi.org/10.1016/j.ijhydene.2023.06.298

Google Scholar Crossref

39. A. Granja-DelRío and I. Cabria, Int. J. Hydrogen

Energy 50, 685 (2024).

https://doi.org/10.1016/j.ijhydene.2023.08.023

Google Scholar Crossref

40. D. Caviedes and I. Cabria, Int. J. Hydrogen Energy

47, 11916 (2022).

https://doi.org/10.1016/j.ijhydene.2022.01.229

Google Scholar Crossref

41. V. Lozovan, V. C. Kravtsov, Y. M. Chumakov, N. V.

Costriucova, N. Siminel, O. Petuhov, T. Vlase, G. Vlase, A.

Barba, and M. S. Fonari, Cryst. Growth Des. 23, 3171

(2023). https://doi.org/10.1021/acs.cgd.2c01345

Google Scholar Crossref

42. Z. Nazari, M. A. Taher, and H. Fazelirad, RSC Adv. 7,

44890 (2017). https://doi.org/10.1039/c7ra08354h

Google Scholar Crossref

43. R. S. Ali, H. Meng, and Z. Li, Molecules 27, 100

(2022). https://doi.org/10.3390/molecules27010100

Google Scholar Crossref

44. N. N. A. Jafar, R. J. Albadr, W. M. Taher, V. Jain, S.

Chandra, R. M M, M. Kundlas, G. C. Sharma, A. Devi, M.

Alwan et al, J. Organomet. Chem. 1030, 123572 (2025).

https://doi.org/10.1016/j.jorganchem.2025.123572

Google Scholar Crossref



45. L. Jimenez-Lopez, R. M. Ospino, L. G. de Araujo, A.

Celzard, and V. Fierro, Nanoscale 17, 6390 (2025).

https://doi.org/10.1039/D4NR03969F

Google Scholar Crossref PubMed

46. X.-D. Xu, Y. Liang, A. Mensah, J.-F. Li, L. Zhou, L.-Z.

Chen, and F.-M. Wang, ChemistrySelect 4, 12380 (2019).

https://doi.org/10.1002/slct.201902901

Google Scholar Crossref

47. S. Essalmi, S. Lotfi, A. BaQais, M. Saadi, M. Arab,

and H. Ait Ahsaine, RSC Adv. 14, 9365 (2024).

https://doi.org/10.1039/d3ra08815d

Google Scholar Crossref PubMed

48. V. Mishra and A. Mishra, Advantages and

Disadvantages of Metal Organic Framework MOFs

(Springer Nature, Singapore, 2025), Chap. 13, pp. 191–

208, ISBN: 978-981-96-2147-7.

Google Scholar

49. N. Metropolis, Los Alamos Sci. 15, 125 (1987).

Google Scholar

50. J. E. Lennard-Jones, Proc. R. Soc. London, Ser. A

106, 463 (1924). https://doi.org/10.1098/rspa.1924.0082

Google Scholar Crossref

51. G. Soave, Chem. Eng. Sci. 27, 1197 (1972).

https://doi.org/10.1016/0009-2509(72)80096-4

Google Scholar Crossref

52. R. P. Feynman and A. Hibbs, Quantum Mechanics

and Path Integrals (McGraw-Hill, New York, 1965).

Google Scholar

53. A. K. Rappé, C. J. Casewit, K. S. Colwell, W. A.

Goddard III, and W. M. Skiff, J. Am. Chem. Soc. 114,

10024 (1992). https://doi.org/10.1021/ja00051a040

Google Scholar Crossref

54. M. Rzepka, P. Lamp, and M. A. de la Casa-Lillo,

J. Phys. Chem. B 102, 10894 (1998).

https://doi.org/10.1021/jp9829602

Google Scholar Crossref

55. A. S. de Araujo, M. T. Sonoda, O. E. Piro, and E. E.

Castellano, J. Phys. Chem. B 111, 2219 (2007).



https://doi.org/10.1021/jp064835t

Google Scholar Crossref

56. K. Singer, A. Taylor, and J. V. L. Singer, Mol. Phys.

33, 1757 (1977).

https://doi.org/10.1080/00268977700101451

Google Scholar Crossref

57. F. Šebesta, V. Sláma, J. Melcr, Z. Futera, and J. V.

Burda, J. Chem. Theory Comput. 12, 3681 (2016).

https://doi.org/10.1021/acs.jctc.6b00416

Google Scholar Crossref

58. V. P. Filippova, S. A. Kunavin, and M. S. Pugachev,

Inorg. Mater.: Appl. Res. 6, 1 (2015).

https://doi.org/10.1134/s2075113315010062

Google Scholar Crossref

59. M. M. Reif and P. H. Hünenberger, J. Chem. Phys.

134, 144104 (2011). https://doi.org/10.1063/1.3567022

Google Scholar Crossref

60. S. L. Mayo, B. D. Olafson, and W. A. Goddard III,

J. Phys. Chem. 94, 8897 (1990).

https://doi.org/10.1021/j100389a010

Google Scholar Crossref

61. L. Tribe, M. Manning, J. A. Morgan, M. D. Stephens,

W. R. Ronk, E. Treptow, G. M. Nathanson, and J. L.

Skinner, J. Phys. Chem. B 102, 206 (1998).

https://doi.org/10.1021/jp972596r

Google Scholar Crossref

62. P. S. Y. Cheung and J. G. Powles, Mol. Phys. 30, 921

(1975). https://doi.org/10.1080/00268977500102461

Google Scholar Crossref

63. A. K. Soper, Pramana 63, 41 (2004).

https://doi.org/10.1007/bf02704049

Google Scholar Crossref

64. I. Cabria, “A fortran code to perform Grand Canonical

Monte Carlo simulations of the gas storage capacities of

solid materials,” https://github.com/ivancabria/mcmgs/tree/

master, https://zenodo.org/records/15708499; last upload

June 4, 2025.

65. D. P. Broom, C. J. Webb, G. S. Fanourgakis, G. E.



65. D. P. Broom, C. J. Webb, G. S. Fanourgakis, G. E.

Froudakis, P. N. Trikalitis, and M. Hirscher, Int. J.

Hydrogen Energy 44, 7768 (2019).

https://doi.org/10.1016/j.ijhydene.2019.01.224

Google Scholar Crossref

66. M. D. Allendorf, Z. Hulvey, T. Gennett, A. Ahmed, T.

Autrey, J. Camp, E. S. Cho, H. Furukawa, M. Haranczyk,

M. Head-Gordon et al, Energy Environ. Sci. 11, 2784

(2018). https://doi.org/10.1039/c8ee01085d

Google Scholar Crossref

67. A. Granja-DelRío and I. Cabria, Int. J. Hydrogen

Energy 54, 665 (2024).

https://doi.org/10.1016/j.ijhydene.2023.11.258

Google Scholar Crossref

68. J. Zhang, C. Song, J. Zhang, R. Baker, and L. Zhang,

J. Electroanal. Chem. 688, 130 (2013).

https://doi.org/10.1016/j.jelechem.2012.09.033

Google Scholar Crossref

69. R. Mercado, R.-S. Fu, A. V. Yakutovich, L. Talirz, M.

Haranczyk, and B. Smit, Chem. Mater. 30, 5069 (2018).

https://doi.org/10.1021/acs.chemmater.8b01425

Google Scholar Crossref

70. C. M. Simon, J. Kim, D. A. Gomez-Gualdron, J. S.

Camp, Y. G. Chung, R. L. Martin, R. Mercado, M. W.

Deem, D. Gunter, M. Haranczyk et al, Energy Environ. Sci.

8, 1190 (2015). https://doi.org/10.1039/c4ee03515a

Google Scholar Crossref

71. Advanced Research Projects Agency - Energy,

Department of Energy, “Methane Opportunities for

Vehicular Energy (MOVE),” https://arpa-e.energy.gov/tech

nologies/programs/move; accessed 21 April 2025,

published on 2012.

72. Cambridge Crystallographic Database Centre, CCDC,

Structural chemistry data, software, and insights, www.ccd

c.cam.ac.uk; accessed 21 April 2025.

73. A. Li, R. Bueno, S. Wiggin, S. C. Ward, P. A. Wood,

and D. Fairen-Jimenez, Matter 4, 1090 (2021).

https://doi.org/10.1016/j.matt.2021.03.006

Google Scholar Crossref



74. A. Kokalj, Comput. Mater. Sci. 28, 155 (2003).

https://doi.org/10.1016/s0927-0256(03)00104-6

Google Scholar Crossref

75. A. Kokalj, “Xcrysden: A crystalline and molecular

structure visualisation program,” http://www.xcrysden.org;

accessed 21 April 2025, last version: 1.6.2, October 28,

2019.

76. B. Wang, H. Yang, Y.-B. Xie, Y.-B. Dou, M.-J. Zhao,

and J.-R. Li, Chin. Chem. Lett. 27, 502 (2016).

https://doi.org/10.1016/j.cclet.2015.12.034

Google Scholar Crossref

77. F.-X. Gao, Y.-J. Ye, L.-T. Zhao, D.-H. Liu, and Y. Li,

Inorg. Chem. Commun. 94, 39 (2018).

https://doi.org/10.1016/j.inoche.2018.05.031

Google Scholar Crossref

78. Y. Wang, X. Wang, X. Wang, X. Zhang, W. Fan, D.

Liu, L. Zhang, F. Dai, and D. Sun, Cryst. Growth Des. 19,

832 (2019). https://doi.org/10.1021/acs.cgd.8b01403

Google Scholar Crossref

79. N. Sikdar, K. Jayaramulu, V. Kiran, K. V. Rao, S.

Sampath, S. J. George, and T. K. Maji, Chem. - Eur. J. 21,

11701 (2015). https://doi.org/10.1002/chem.201501614

Google Scholar Crossref

80. M. Jordá-Beneyto, F. Suárez-García, D. Lozano-

Castelló, D. Cazorla-Amorós, and A. Linares-Solano,

Carbon 45, 293 (2007).

https://doi.org/10.1016/j.carbon.2006.09.022

Google Scholar Crossref

81. A. G. Wong-Foy, A. J. Matzger, and O. M. Yaghi,

J. Am. Chem. Soc. 128, 3494 (2006).

https://doi.org/10.1021/ja058213h

Google Scholar Crossref

82. P. Bénard and R. Chahine, Int. J. Hydrogen Energy

26, 849 (2001).

https://doi.org/10.1016/S0360-3199(01)00018-0

Google Scholar Crossref

83. A. Noguera-Díaz, N. Bimbo, L. T. Holyfield, I. Y.

Ahmet, V. P. Ting, and T. J. Mays, Colloids Surf., A 496, 77



(2016). https://doi.org/10.1016/j.colsurfa.2015.11.061

Google Scholar Crossref

84. W. Shi, X. Jin, C. Zhang, X. Zhang, X. Liu, Y. Gao, W.

Ding, H. Gao, and A. Li, Int. J. Hydrogen Energy 83, 432

(2024). https://doi.org/10.1016/j.ijhydene.2024.08.111

Google Scholar Crossref

85. Toyota Motor, 2024 Toyota Mirai, https://pressroom.to

yota.com/vehicle/2024-toyota-mirai (2024), accessed 21

April 2025.

You do not currently have access to this content.

Pay-Per-View Access
$40.00

Reset
password

Register

Sign In
Username

Password

Sign in via your Institution


