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Abstract: Non-equilibrium dynamics theory is an important branch of chemical thermodynamics, widely
applied in describing complex chemical reaction systems far from equilibrium. With the advancement of
modern science and technology, an increasing number of chemical reactions exhibit unique behaviors
under non-equilibrium conditions, such as self-organization and periodic oscillations—nonlinear
phenomena. This paper systematically explores the distinctions between non-equilibrium and
equilibrium states, introduces the fundamental principles of non-equilibrium thermodynamics, and
analyzes cutting-edge issues such as nonlinear phenomena and multi-scale dynamics. Additionally, it
discusses the specific applications of non-equilibrium dynamics in far-from-equilibrium reactions,
heterogeneous catalysis, and industrial chemical processes, addressing both theoretical and
experimental challenges. Through the combination of theoretical analysis and practical application, this
paper aims to provide new insights and methodologies for research on non-equilibrium dynamics in the
field of chemistry.
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Introduction

Chemical thermodynamics primarily studies the relationship between energy changes and states
during chemical reactions, with traditional thermodynamics focusing on behavior under equilibrium
conditions. However, in real chemical reaction systems, many reactions occur far from equilibrium and
are often accompanied by complex dynamic behaviors such as self-organization, periodic oscillations,
and the formation of dissipative structures. Consequently, non-equilibrium dynamics has gradually
become an important direction in thermodynamic research.

1. Basic Concepts of Non-Equilibrium Dynamics Theory
1.1 Differences Between Non-Equilibrium and Equilibrium States

In chemical thermodynamics, an equilibrium state system refers to a system in which the
thermodynamic potential reaches a minimum under certain conditions, and thermodynamic parameters
such as temperature, pressure, and concentration remain constant at a macroscopic level, with no net flow
of matter or energy within the system. Equilibrium state systems can be described by classical
thermodynamic laws and typically satisfy conditions of stability and reversibility. However, most actual
chemical reactions occur far from equilibrium, exhibiting complex dynamic characteristics that
significantly differ from those of equilibrium systems.

Non-equilibrium systems, in contrast, are distant from thermodynamic equilibrium, characterized by
continuous exchanges of energy or matter. Unlike equilibrium systems, non-equilibrium systems can
develop complex structures and dynamic behaviors due to energy dissipation or matter flow. For instance,
phenomena like self-organization and dissipative structures are typical features of non-equilibrium
systems. Under non-equilibrium conditions, the evolution of the system does not tend toward equilibrium;
instead, it may exhibit periodic or chaotic behaviors, reflecting nonlinear dynamics. Such phenomena
cannot be described by traditional equilibrium thermodynamics and require non-equilibrium dynamics
theory for analysis.[!]

The distinction between non-equilibrium and equilibrium states is also evident in entropy generation.



The entropy of an equilibrium system remains constant at a macroscopic level, whereas non-equilibrium
systems are accompanied by continuous entropy production. The amount of entropy generated can be
used to measure how far a system is from equilibrium: the farther the system is from equilibrium, the
greater the entropy generation. This difference highlights the nonlinear, irreversible, and dissipative
characteristics of non-equilibrium systems, which are central to the study of non-equilibrium dynamics
in chemical thermodynamics.

1.2 Fundamental Principles of Non-Equilibrium Thermodynamics

The fundamental principles of non-equilibrium thermodynamics describe the dynamic behaviors of
systems far from equilibrium. Unlike equilibrium thermodynamics, non-equilibrium thermodynamics
focuses on flow processes, energy dissipation, and the exchange of matter and energy within a system. A
core concept is entropy generation, which refers to the entropy produced due to irreversible phenomena
(such as diffusion, chemical reactions, and heat conduction) during the process of moving away from
equilibrium. The greater the rate of entropy generation, the farther the system is from equilibrium,
indicating that more energy is required to maintain its dynamic state.

Onsager's laws are an important principle in non-equilibrium thermodynamics, describing linear
irreversible processes in systems close to equilibrium. Within the Onsager framework, there is a linear
relationship between flows in the system (such as heat flow and material flow) and thermodynamic forces
(such as temperature gradients and chemical potential differences). While the Onsager laws apply to
systems near equilibrium, behaviors in conditions further from equilibrium often exhibit nonlinear
characteristics, requiring more complex nonlinear equations for description.

Another key principle of non-equilibrium thermodynamics is Prigogine's theory of dissipative
structures. Dissipative structures refer to ordered structures formed due to entropy generation under non-
equilibrium conditions. Although systems far from equilibrium typically accompany higher entropy
generation, under certain conditions, a system can form stable ordered structures through energy
dissipation that cannot exist in thermodynamic equilibrium. The emergence of dissipative structures is
an important phenomenon in non-equilibrium dynamics, prevalent in various fields such as chemical
reactions, living systems, and ecological systems.!

2. Frontiers and Challenges in Non-Equilibrium Dynamics Theory
2.1 Nonlinear Phenomena and Self-Organization in Non-Equilibrium States

In non-equilibrium dynamics, nonlinear phenomena are characteristic of systems far from equilibrium,
particularly in chemical reaction systems where self-organization and the formation of complex
structures frequently occur. Nonlinear dynamics make it impossible to predict or control system behavior
through simple linear relationships. Typical nonlinear phenomena include periodic oscillations, chaotic
behavior, and the emergence of complex temporal and spatial structures. For example, the Belousov-
Zhabotinsky reaction exhibits periodic and spatially structured nonlinear chemical oscillations.

Self-organization refers to the spontaneous formation of ordered structures in non-equilibrium
conditions, even as the system continuously consumes energy to remain away from equilibrium.
Prigogine's theory of dissipative structures indicates that a system can develop stable spatiotemporal
structures through energy dissipation when it is far from equilibrium. Self-organization is widely
observed in nature, such as molecular aggregation in biological systems and dune formation in geological
systems. Research on self-organization in chemical reactions aids in understanding interfacial behavior
in catalytic reactions, crystal growth, and structure formation during material synthesis.

The study of nonlinear phenomena and self-organization holds significant theoretical and practical
value in the field of non-equilibrium dynamics. It not only provides a theoretical basis for explaining the
dynamic behavior of complex chemical systems but also has important implications in the design of new
materials, catalyst development, and biochemical reaction mechanisms. However, the complexity of
nonlinear systems presents a considerable challenge in accurately describing and predicting these
behaviors.

2.2 Multiscale Dynamics Issues

A key frontier in non-equilibrium dynamics is addressing multiscale phenomena, where dynamic



processes occur simultaneously across different temporal and spatial scales. In chemical thermodynamics,
reaction processes may involve multiple levels, ranging from microscopic molecular scales to
macroscopic systems. For instance, there is a complex coupling between molecular-level reaction
dynamics and macroscopic thermodynamic properties, complicating the description of the overall
system's dynamics.!

In catalytic reactions, atomic-level reactions on the catalyst surface are coupled with macroscopic
transport processes in the reactor. Similarly, gas-liquid-solid interfacial reactions in multiphase reactions
exhibit multiscale characteristics. Developing reasonable models to bridge these different scales and
employing cross-scale approaches to describe reaction processes is one of the critical challenges in non-
equilibrium dynamics theory. Current research attempts to use multiscale simulation methods, such as
combining molecular dynamics simulations with continuum models, to address these issues. However,
the complex coupling relationships between different scales pose significant difficulties for accurate
modeling and computation.

Resolving multiscale issues not only deepens the understanding of the dynamic mechanisms in
chemical reactions but also provides theoretical guidance for the design of new catalysts and optimization
of reactors. Future research needs to further develop cross-scale simulation methods and integrate
experimental validation to overcome the challenges currently faced in multiscale modeling.

2.3 Challenges in Integrating Experiment and Theory

Another frontier challenge in non-equilibrium dynamics theory is effectively integrating experimental
and theoretical approaches. Due to the complexity of non-equilibrium systems, many phenomena, while
theoretically framed, face significant challenges in experimental validation. For instance, self-
organization phenomena and the formation of dissipative structures in chemical reaction systems require
precise control of the reaction environment under specific conditions to be observed. Constraints in
reaction conditions, system complexity, and experimental precision create a gap between experiment and
theory.

Moreover, non-equilibrium dynamics models often rely on simplified assumptions and ideal
conditions, while the non-ideality of real experiments (such as heterogeneity in reactions and external
disturbances) can lead to discrepancies between experimental results and theoretical predictions.
Therefore, the selection and precise control of experimental conditions are crucial for validating non-
equilibrium theories.™

To overcome this challenge, modern research increasingly adopts strategies that combine theory and
experimentation. On one hand, advanced experimental techniques—such as high-resolution microscopy,
synchrotron radiation, and time-resolved spectroscopy—provide powerful tools for studying non-
equilibrium dynamics experimentally. On the other hand, tightly coupling computational chemistry with
experimental data improves model parameter calibration and enhances the accuracy of theoretical
predictions. Additionally, iterative cycles of experimental-theoretical feedback can progressively
optimize theoretical models, bringing them closer to experimental realities.

3. Applications of Non-Equilibrium Dynamics in Chemical Thermodynamics
3.1 Reaction Kinetics Far from Equilibrium

Chemical reaction systems that operate far from equilibrium are widely present in nature and
industrial production. The reaction kinetics of these systems exhibit complex nonlinear characteristics
that traditional equilibrium thermodynamics cannot effectively describe. Far from equilibrium, reaction
dynamics typically involve high-energy excited states, complex reaction pathways, and the generation
and disappearance of various intermediates. For instance, the Belousov-Zhabotinsky (BZ) reaction is a
classic example of a nonlinear chemical oscillation reaction whose kinetics cannot be explained through
simple equilibrium analysis. Under non-equilibrium conditions, the relationship between reaction rates
and intermediate concentrations displays nonlinear characteristics, leading to phenomena such as
periodic oscillations, which highlight the unique behavior of chemical systems in non-equilibrium states.

In non-equilibrium conditions, chemical systems often exhibit higher energy dissipation, resulting in
more complex reaction pathways. The interactions between reactants and intermediates not only
influence reaction rates but can also alter the direction of the reaction or produce unique products. For
example, certain chemical reactions under non-equilibrium conditions may demonstrate autocatalytic



effects, enhancing the self-accelerating nature of the reaction. In catalytic reactions and materials
synthesis, non-equilibrium conditions can often promote selectivity in reactions or yield distinctive
chemical products. This phenomenon is especially significant in industrial settings, where adjusting
reaction conditions such as temperature, pressure, or reactant concentration can optimize product
selectivity and increase yield.

By studying the kinetic behavior of reactions far from equilibrium, researchers can gain insights into
the underlying mechanisms of chemical reactions and the impact of reaction conditions on product
selectivity. For instance, in drug development, simulating non-equilibrium reactions can help predict the
synthesis pathways and stability of drug molecules. Additionally, certain novel functional materials in
materials science, such as self-healing materials or smart polymers, rely on complex reaction mechanisms
under non-equilibrium states. The kinetics of reactions far from equilibrium not only advance chemical
theory but also open new research pathways for synthesizing novel materials and developing
pharmaceuticals, thereby expanding the applications of chemical reactions in both scientific and
industrial fields."

3.2 Applications of Non-Equilibrium Dynamics in Heterogeneous Catalysis

Heterogeneous catalytic reactions are extensively utilized in industrial chemistry, such as in
petroleum cracking, ammonia synthesis, and automotive exhaust purification. These reactions are
inherently non-equilibrium processes, particularly when catalysts and reactants are in different phases,
resulting in continuous exchanges of energy and matter at the reaction interface. In heterogeneous
catalysis, the reactions occurring on catalyst surfaces involve not only the dynamics of catalytic sites but
are also constrained by mass transfer and diffusion processes, necessitating an understanding of their
mechanisms through non-equilibrium dynamics. Non-equilibrium catalytic reactions typically exhibit
higher reaction rates because the chemical potential gradients present under non-equilibrium conditions
drive the reactions forward, enabling more effective material conversion.

Non-equilibrium dynamics plays a crucial role in explaining surface reconstruction and changes in
reaction pathways within heterogeneous catalysis. For example, during the adsorption and desorption of
reactant molecules on metal catalyst surfaces, uneven distributions of surface energy can lead to the
formation of localized high-activity sites when the catalyst is far from equilibrium. These sites can
accelerate reaction rates and alter reaction selectivity. This phenomenon of surface reconstruction means
that reactions depend not only on the types of chemical species involved but also on the local dynamic
states of the catalyst surface. Therefore, studying non-equilibrium catalytic phenomena allows scientists
to gain a deeper understanding of catalytic mechanisms and develop efficient catalysts that can adapt to
varying reaction conditions. Moreover, reactions under non-equilibrium conditions often display
dynamic behaviors; for instance, under high temperature or pressure, the reactivity and selectivity of
catalyst surfaces may fluctuate with changes in external conditions.[®!

In electrochemical catalytic systems, such as fuel cells and water electrolysis, reactions frequently
occur under non-equilibrium conditions. The presence of electric fields at the electrode surfaces
significantly influences the kinetics of the reaction processes. Electric fields can not only modulate the
charge distribution on electrode surfaces but also alter the binding energies of adsorbates, thus optimizing
catalyst activity. In these systems, non-equilibrium dynamics theory can be used to describe key steps in
the reactions, such as electron transfer, molecular adsorption, and desorption. Investigating these
complex interfacial processes using non-equilibrium dynamics theory can help develop more efficient
and durable catalysts, enhancing energy conversion efficiency. Additionally, this research contributes to
technological innovations in the field of renewable energy, such as high-efficiency hydrogen fuel cells
and clean energy technologies.

Conclusion

Through the study of non-equilibrium dynamics theory, this paper systematically elucidates its key
role in chemical thermodynamics. The distinction between non-equilibrium and equilibrium states
enables a better understanding of nonlinear phenomena and multiscale dynamics in complex chemical
reactions. Non-equilibrium dynamics finds wide applications in industrial chemistry, particularly in
catalytic reactions and materials synthesis that are far from equilibrium, effectively enhancing reaction
efficiency and selectivity. Future research should further strengthen the integration of theory and
experimentation, especially in exploring more efficient application methods in chemical engineering.
Additionally, the expansion of non-equilibrium dynamics theory will provide new directions and



technological support for addressing global energy issues, environmental management, and the
development of new materials.

References

[1]Hu, S. Q. Study on Non-Equilibrium Electron-Phonon Dynamics from First Principles [D]. University
of the Chinese Academy of Sciences (Institute of Physics, Chinese Academy of Sciences), 2022.

[2]Cao, Y. J., Yang, Z. N., Xu, Q. H., et al. Application of Flipped Classroom in the Basic Teaching of
Chemical Thermodynamics. Guangzhou Chemical Industry, 2023, 51(12): 315-317.

[3]Wang, J. X., Yang, L. X., Hong, J. H. Exploration and Practice of Multi-Mode Teaching Methods in
Chemical Thermodynamics. Guangzhou Chemical Industry, 2021, 49(08).: 168-170.

[4]Wang, J. J., Jin, B., Han, B. X. Preface: Special Issue on Progress in Chemical Thermodynamics
Research. Science in China: Chemistry, 2022, 52(05).: 645-646.

[5]Chen, S. H, Jin, Z., Ma, J., et al. Reflections on Teaching Chemical Thermodynamic Functions.
Guangzhou Chemical Industry, 2023, 51(04): 257-258 + 267.

[6]Li, Y H., Han, M. L., Wu, H. X. Exploration and Practice of Ideological and Political Education in
Chemical Thermodynamics Teaching. Guangzhou Chemical Industry, 2023, 51(08): 227-228 + 234.



