
Influence of Nanoparticles (graphene, CuO) and Lithium Ions onMethane (CH₄) and Carbon Dioxide (CO₂) Hydrate Formation underVarious Thermodynamic ConditionsYu. Yu. Bozhko¹,²*, R. K. Zhdanov¹,², K. V. Gets¹,², O. S. Subbotin¹,², and V. R.Belosludov¹,²¹Novosibirsk State University, Pirogova St. 1, Novosibirsk, 630090, Russia;²Nikolaev Institute of Inorganic Chemistry, SB RAS, Lavrentiev Ave. 3, Novosibirsk,630090, Russia;Email: bozhko@niic.nsc.ruClathrate hydrates of low‐molecular‐weight gases (e.g., methane and carbon dioxide)have gained significant attention for both energy applications and environmentalmanagement.1,2 In this work, we investigate the formation of methane (CH₄) and carbondioxide (CO₂) hydrates under various thermodynamic conditions, focusing on the impactof nanoparticle additives (graphene, CuO) and lithium ions (Li⁺). Using moleculardynamics simulations, we examined systems containing varying nanoparticleconcentrations (0.5–5 wt.%) at temperatures near 270 K and pressures of 1.2 MPa (forCO₂) and 2.4 MPa (for CH₄), as well as a broader range of temperature and pressurevalues to assess changes in nucleation and growth kinetics. Our results show that anoptimal nanoparticle content (~1 wt.%) significantly enhances hydrate nucleation,accelerates clathrate cage formation, and increases gas solubility compared to controlsamples without nanoparticles.The promoting effect arises from localized rearrangements of water molecules at thenanoparticle–water–gas interface, leading to a shorter induction period for hydrategrowth.3 However, excessive nanoparticle loading (>1 wt.%) induces a disordered liquidphase that disrupts the hydrogen‐bond network of water, constraining furtherimprovements in formation kinetics.4 Analyses of the structural order parameter (F₄)indicated faster crystallization into hydrate‐like configurations (F₄ ≈ 0.7) without theappearance of ice phases (F₄ ≈ –0.4).3 Additionally, vibrational spectra confirm partialdisorder at higher nanoparticle concentrations, in line with prior findings on thesensitivity of hydrate formation to interfacial phenomena.5These observations highlight the dual role of nanoparticles: while moderateconcentrations (including certain CuO loadings) significantly boost hydrate formationrates, higher doses increase system pressures and promote phase segregation. Likewise,lithium ion additions can alter local water structuring, influencing induction times andoverall hydrate crystallization kinetics. Such tunable modifications may prove invaluablefor optimizing hydrate‐based technologies in greenhouse gas capture, thermal energystorage, and gas transportation under a range of thermobaric conditions. This work wassupported by the Russian Science Foundation (project 22-19-00428).References1. Sloan Jr., E. D.; Koh, C. A. Clathrate Hydrates of Natural Gases, 3rd ed.; CRCPress: Boca Raton, FL, 2008, 1–40.2. Baek, S.; Min, J.; Ahn, Y. H.; Cha, M.; Lee, J. W. Energy & Fuels 2018, 33,523–530.3. Moon, C.; Hawtin, R. W.; Rodger, P. M. Faraday Discuss. 2007, 136, 367–382.4. Zhang, X.; Gong, J.; Yang, X.; et al. ACS Omega 2019, 4, 13496–13508.5. Belosludov, R. V.; Gets, K. V.; Zhdanov, R. K.; et al. Molecules 2023, 28, 2960.
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