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A B S T R A C T

The dehydrogenation of magnesium hydride is widely believed to involve the burst effect, in which surface 
hydrogen atoms rapidly desorb during the early stage, followed by a diffusion-controlled release from the bulk. 
However, direct kinetic evidence validating this two-stage mechanism remains limited, hindering its integration 
into practical hydrogen storage design. To address this gap, the present study proposes a data-driven dynamic 
modeling strategy based on extensive experimental data. Within a modified Johnson-Mehl-Avrami-Kolmogorov 
(JMAK) framework, both segment-based and continuously evolving activation energy models are established. By 
analyzing a large number of dehydrogenation kinetic curves collected from published literature, the dynamic 
evolution of kinetic parameters is quantitatively reconstructed, thereby providing solid evidence for the burst 
effect. The results demonstrate a sharp decline in activation energy during the initial 10 % to 20 % of the re
action, followed by stabilization in the 10 % to 90 % percent range. This trend is consistently observed across 
diverse datasets, reinforcing the statistical validity of the burst feature. Furthermore, a comparative analysis is 
conducted using average and median activation energy values from three distinct sources: theoretical calcula
tions, experimental fittings, and dynamic model reconstructions. It is found that the initial activation energy 
obtained from the continuously evolving kinetic profile closely corresponds to theoretical results, while the 
equilibrium activation energy agrees well with experimental values. This dual correspondence reveals the 
physical origin of discrepancies between simulation and experiment. Overall, this work provides a data-driven 
framework that not only confirms the burst effect with robust experimental support but also facilitates the 
unified understanding of dehydrogenation kinetics in solid-state hydrogen storage systems.

1. Introduction

Under the global pursuit of sustainable and efficient energy solu
tions, hydrogen energy has gained increasing attention due to its high 
gravimetric energy density, long-term availability, and potential to 
decarbonize multiple sectors [1,2]. For large-scale deployment, the 
development of safe, cost-effective, and compact hydrogen storage 
technologies remains a critical challenge. Common strategies include 
high-pressure gaseous storage [3], cryogenic liquid storage [4], and 
solid-state storage [5]. Among these, solid-state hydrogen storage based 
on metal hydrides offers a promising balance between storage capacity, 
safety, and system integration potential, making it particularly suitable 
for stationary and mobile energy storage systems [6]. Among metal 

hydrides, magnesium-based hydrogen storage materials are of particular 
interest due to their high theoretical hydrogen capacity, low raw ma
terial cost, and natural abundance [7,8]. These characteristics make 
them attractive candidates for integration into renewable energy storage 
systems, portable hydrogen supply modules, and hybrid power devices. 
However, the practical use of magnesium-based materials is signifi
cantly hindered by their inherently slow hydrogen absorption and 
desorption kinetics, especially under moderate temperatures and pres
sures [9]. These kinetic limitations are particularly pronounced during 
the dehydrogenation process [10–12]. The release of hydrogen from 
MgH2 involves complex and rate-limiting steps, such as nucleation of the 
Mg phase, growth of the Mg/MgH2 interface, and solid-state hydrogen 
diffusion [13–15]. Furthermore, strong Mg–H bonding results in high 
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activation energies, while surface passivation and limited catalytic ac
tivity further suppress the reaction rate [16].

To address this challenge, considerable efforts have been devoted to 
elucidating the dehydrogenation mechanisms of magnesium-based sys
tems. Various classical kinetic models have been proposed to interpret 
the isothermal dehydrogenation behavior and to uncover the correla
tions between observed reaction rates and the underlying physical or 
chemical transformations [17]. Among them, the contracting volume 
model assumes that the reaction proceeds inward from the particle 
surface and is controlled by either interfacial reaction or diffusion, 
making it suitable for systems with regular particle morphology [18,19]. 
Diffusion-controlled models, including 1-D, 2-D and 3-D frameworks, 
consider hydrogen diffusion through the product layer as the rate- 
limiting step and are commonly used to analyze the diffusion- 
restricted stage in the latter part of the reaction [20]. The Prout- 
Tompkins model incorporates autocatalytic effects to describe systems 
where the reaction rate accelerates with conversion, especially during 
self-accelerating reaction phases [21]. In addition to these models, re
searchers have also employed iso-conversional methods under 
isothermal conditions, such as the Friedman method and other model- 
free techniques, to extract kinetic parameters. However, these ap
proaches mainly focus on data fitting and lack physical modeling of the 
reaction mechanism [22,23]. Among the various kinetic models, the 
Johnson-Mehl-Avrami-Kolmogorov (JMAK) model has been widely 
adopted due to its physical significance in describing nucleation and 
growth mechanisms during dehydrogenation of magnesium-based ma
terials [24–26]. In recent studies, several extensions of the JMAK model 
have been developed, including variable nucleation rates, non-uniform 
grain distributions, particle size effects and interfacial resistance, in 
order to enhance its applicability [27–30]. However, the conventional 
JMAK model yields fixed kinetic parameters, which limits its ability to 
reveal the intrinsic dynamic characteristics of the dehydrogenation 
process in magnesium-based hydrogen storage materials.

Kapischke et al. were the first to apply a temperature oscillation 
technique in a non-permeable packed bed of fine-grained material and 
observed that the effective thermal conductivity of MgH2 varied with 
temperature, with related thermophysical quantities such as thermal 
diffusivity and specific heat capacity taken into account in their analysis 
[31]. Zhou et al. investigated the growth behavior of metallic magne
sium during the dehydrogenation of MgH2 nanoparticles and revealed a 
distinct transitional mechanism [32]. The growth of Mg microcrystals 
was divided into three stages, with a slow dehydrogenation rate in the 
first stage followed by a significant acceleration in the second. Karst 
et al. employed a self-supporting membrane for in situ nanoscale im
aging to uncover the kinetic details of the transformation from metallic 
Mg to dielectric MgH2 at the nanoscale [33]. Phonon resonance in MgH2 
was shown to provide unprecedented chemical specificity between 
different states of matter. Their results demonstrated that the hydride 
phase nucleates at grain boundaries and then propagates into neigh
boring nanocrystals, further revealing the dynamic nature of MgH2 ki
netic evolution. In our previous work [34], we systematically 
investigated the layer-by-layer dehydrogenation mechanism of MgH2 
using density functional theory and ab initio molecular dynamics sim
ulations. Through this study, we first proposed and defined the concept 
of the “burst effect”, referring to the phenomenon in which the energy 
barrier for the initial surface hydrogen desorption is markedly higher 
than that for the subsequent hydrogen migration and desorption steps. 
As the surface becomes partially dehydrogenated, the Mg–H bonds 
weaken and the activation energy decreases sharply before stabilizing, 
leading to a clear transition from sluggish to accelerated dehydrogena
tion. Based on this newly identified burst effect, we further established 
the first kinetic prediction model for solid-state hydrogen storage sys
tems [35]. The burst effect highlights the intrinsic dynamic evolution 
during the dehydrogenation of magnesium-based materials, providing 
both mechanistic insight and predictive capability for their hydrogen 
storage performance. However, existing macroscopic kinetic models fail 

to adequately capture this trend. Therefore, there is an urgent need for a 
modeling approach capable of continuously describing the evolution of 
kinetic parameters in order to validate the effectiveness of the burst 
effect at the macroscopic scale. In pyrolysis studies, the Distributed 
Activation Energy Model (DAEM) has been widely adopted to charac
terize the complex kinetics of multistep reactions [36,37]. This approach 
treats the overall reaction as a superposition of numerous elementary 
reactions with different activation energies. By constructing a proba
bility density function of activation energy, DAEM enables statistical 
fitting of diverse reaction pathways and reveals the continuous variation 
of kinetic barriers over the course of the reaction [38–40].

Inspired by this methodology, the present study introduces a data- 
driven modeling framework to construct a continuously evolving ki
netic profile based on a large number of isothermal dehydrogenation 
datasets. To systematically investigate the kinetic evolution of magne
sium hydride during hydrogen release, the framework extends the 
classical JMAK model by integrating both segment-based and contin
uous strategies. A comprehensive set of experimental reaction curves is 
statistically analyzed to reverse-fit the apparent activation energy as a 
function of reaction progress. The resulting profiles consistently 
demonstrate an initial rapid decline in activation energy, followed by a 
stable plateau, which closely aligns with the burst effect observed in 
theoretical simulations. A quantitative comparison of the activation 
energies in early and stabilized stages reveals a difference range that 
corresponds well with the reported discrepancy between theoretical 
predictions and experimental fittings. This dynamic profile, constructed 
from large-scale datasets and validated through model-driven analysis, 
offers strong multiscale evidence for the burst effect and contributes to 
resolving the long-standing disagreement between simulation and 
experiment. Furthermore, by eliminating artificial discontinuities and 
enhancing the physical interpretability of kinetic parameters, the pro
posed modeling framework presents a more accurate and application- 
relevant tool for analyzing solid-state hydrogen storage systems.

2. Model construction and method

To characterize the kinetic evolution of the dehydrogenation process 
in magnesium hydride, this work establishes a data-driven modeling 
framework by extending the classical JMAK model [6]. Originally 
developed to describe phase transformations in solid-state materials, the 
JMAK model has been widely adopted in the study of solid-state 
hydrogen storage systems due to its ability to capture nucleation and 
growth mechanisms under isothermal conditions [41–43]. In the context 
of magnesium-based hydrides, the model provides a flexible yet physi
cally interpretable means of describing the apparent reaction rate as a 
function of time and conversion. The proposed framework further ex
pands the classical formulation by allowing both the activation energy 
and the Avrami exponent to evolve continuously with the reaction 
progress. This enhancement enables the model to reflect time-dependent 
changes in the dominant rate-limiting steps, including surface desorp
tion and bulk diffusion. As a result, the framework is capable of 
capturing dynamic kinetic features such as the burst effect, thereby of
fering a more comprehensive and application-relevant interpretation of 
dehydrogenation behavior in solid-state hydrogen storage materials.

The modeling procedure involves two main steps. First, a segment- 
based fitting strategy is implemented to extract apparent kinetic pa
rameters at different conversion levels. Each isothermal dehydrogena
tion curve is divided into multiple equal-conversion intervals, and every 
segment is independently fitted using the JMAK equation to obtain 
discrete values of activation energy and Avrami exponent. This method 
ensures high local fitting accuracy while accommodating the kinetic 
heterogeneity observed during the reaction. Subsequently, the initially 
extracted parameters are further optimized by iterative minimization of 
an error function, which effectively reduces the discrepancies arising 
from data acquisition and fitting, thereby ensuring more reliable kinetic 
profiles.
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Second, continuous activation energy and Avrami exponent profiles 
are constructed through polynomial interpolation of the discrete results. 
This step eliminates non-physical discontinuities and guarantees smooth 
transitions between stages. The resulting continuous kinetic profiles 
provide a coherent representation of the reaction process, allowing for 
direct observation of kinetic transitions across the entire conversion 
range. To enable systematic comparison, three categories of kinetic 
parameters are defined according to their derivation strategies. These 
include the Conventional Kinetic Parameters (CKP), which are obtained 
by fitting the entire dehydrogenation curve with a single parameter set; 
the Segment-Based Kinetic Parameters (SBKP), which result from 
piecewise fitting of the curve within discrete reaction intervals; and the 
Continuously Evolving Kinetic Parameters (CEKP), which are generated 
by interpolating the segment-wise results into smooth functions of re
action progress and temperature.

This modeling approach offers a quantitative tool for detecting non- 
uniform behaviors, such as the rapid release of hydrogen in the early 
stage followed by a stabilized regime under bulk diffusion control. It 
reveals the temporal evolution of underlying mechanisms and provides 
robust evidence for the existence of the burst effect. A schematic over
view of the modeling procedure is presented in Fig. 1, and detailed 
mathematical formulations, implementation details, and parameter 
settings are available in the Supporting information [44–49].

3. Results and discussion

3.1. Modeling results based on segment-based kinetic parameters (SBKP)

To systematically evaluate the applicability of the segment-based 
kinetic model, a large number of experimental datasets on the dehy
drogenation kinetics of MgH2, published between 2012 and 2025, were 
analyzed using a JMAK-guided fitting strategy. The extracted kinetic 
parameters were subsequently refined through error minimization 
procedures to enhance the accuracy of the model. Detailed results for all 
datasets are provided in the Supporting Information (Figs. S1–S18, 
Tables S1–S19). In addition, comprehensive information on the MgH2 
systems used for modeling, including synthesis methods, material pu
rity, morphology, and reaction conditions, is summarized in Table S21 
of the Supporting Information. In the main text, six representative 
datasets were selected for in-depth analysis due to their typical reaction 
characteristics and the availability of measurements at multiple tem
peratures, as shown in Fig. 2 [50–55]. Fig. 2(a1)–(f1) presents com
parisons between experimental data and the Conventional Kinetic 
Parameter (CKP) model, while Fig. 2(a2)–(f2) displays the results ob
tained using the Segment-Based Kinetic Parameter (SBKP) model. 
Although the CKP approach yields reasonable agreement in the mid- 
reaction region, significant deviations appear at the initial and final 
stages. These discrepancies arise because conventional methods 

Fig. 1. Data-driven reconstruction of dehydrogenation kinetics in Mg-based hydrogen storage materials: A JMAK-Guided workflow from segment-based kinetic 
parameters to continuously evolving kinetic parameters.
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Fig. 2. Comparison of experimental measurements and kinetic modeling results for representative pure magnesium hydride systems with varying material properties 
[50–55]: (a1–f1) The CKP modeling results; (a2–f2) the SBKP modeling results; (a3–f3) the segment-based dehydrogenation activation energy.
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typically derive kinetic parameters from the stable portion of the curve, 
thereby neglecting nucleation and desorption phases. In contrast, the 
SBKP model substantially improves fitting accuracy across the full re
action span. This improvement is further validated by the correlation 
coefficients from reverse fitting, summarized in Table 1, which highlight 
the enhanced robustness and physical relevance of the segment-based 
framework.

Fig. 2(a3)–(f3) shows the computed activation energy profiles 
derived from the Segment-Based Kinetic Parameter (SBKP) model. A 
clear and consistent trend is observed: during the first 90 % of the 
dehydrogenation process, the activation energy gradually decreases and 
then stabilizes. This dynamic pattern provides solid evidence in support 
of the burst effect mechanism previously proposed through theoretical 
investigations [34]. Theoretically, this behavior aligns with the under
standing that dehydrogenation is initially limited by hydrogen release at 
grain boundaries, where kinetic barriers are highest [56]. As the surface 
hydrogen is consumed, hydrogen atoms from deeper regions migrate 
toward the Mg/MgH2 interface and desorb more easily, resulting in a 
progressive decline in the apparent energy barrier and the emergence of 
a more uniform reaction profile. Pure MgH2 serves as a typical system in 
which this kinetic feature is prominently observed. In addition, experi
mental dehydrogenation curves from catalyst- and alloy-modified MgH2 
samples (Table S20) were examined. Their activation energy profiles 
display the same initial decline followed by stabilization, further rein
forcing the generality of the burst effect across different material 
systems.

In the final stage of the reaction, metallic magnesium gradually ac
cumulates as the dominant phase due to the progressive conversion of 
MgH2. This behavior is believed to result from the inward propagation of 
the reaction front: dehydrogenation preferentially initiates at grain 
boundaries and other high-defect regions, and gradually progresses to
ward the core of the particles. As the remaining MgH2 becomes 
increasingly isolated and surrounded by metallic Mg, the effective re
action interface is significantly reduced. Together with the gradual 
depletion of hydrogen content, this results in increased resistance to 
dehydrogenation and a slight rebound in the apparent activation energy. 
As shown in Figs. S1–S6, the reaction order typically rises from the early 
to middle stages and then decreases toward the end of the process. This 
trend may indicate a mechanistic transition from one-dimensional to 
two-dimensional and subsequently back to one-dimensional transport 
behavior [32]. However, this interpretation remains hypothetical, as 
direct microstructural observations are currently lacking. The observed 
rebound in activation energy may also be partially attributed to exper
imental noise or limitations in the segment-based fitting methodology. 
Further validation using integrated theoretical simulations and real-time 
experimental measurements is necessary to confirm this dynamic trend. 
Despite these uncertainties, the Segment-Based Kinetic Parameters 
model effectively improves the overall fitting accuracy and reveals key 
mechanistic features underlying the dehydrogenation behavior. Never
theless, the discrete nature of the model introduces non-physical dis
continuities between adjacent segments, thereby limiting its ability to 
represent the smooth evolution of kinetic parameters across the full 
reaction course.

3.2. Evolution trends of the continuously evolving kinetic parameters 
(CEKP)

To ensure a continuous and physically meaningful representation of 
dehydrogenation kinetics in MgH2, we developed a Continuously 
Evolving Kinetic Parameters (CEKP) framework. Unlike stage-based 
models that treat kinetic parameters as piecewise constants, the CEKP 
approach captures their gradual evolution across the entire reaction 
process through smooth interpolated functions. These functions were 
incorporated into the JMAK model to produce continuous reaction 
curves that more closely reflect the intrinsic dynamics of dehydroge
nation. This methodology eliminates artificial discontinuities at segment 
boundaries and enhances physical interpretability by approximating the 
continuous evolution of kinetic parameters induced by gradual struc
tural and compositional changes during the reaction. Although the CEKP 
model provides smooth and continuous functions for activation energy, 
pre-exponential factor, and reaction order, its reconstructed ξ(t) curves 
show slightly lower pointwise accuracy than those obtained using SBKP. 
However, the main objective of the CEKP framework is not to maximize 
fitting precision at every point, but to recover a continuous and inter
pretable trend that reflects the dynamic nature of the kinetic process. 
Therefore, the model’s validity is primarily evaluated through its 
alignment with known physical features and its ability to generalize 
across datasets.

To validate the physical basis and general applicability of the CEKP 
framework, a comprehensive statistical analysis was conducted using 
experimental kinetic data of pure MgH2 dehydrogenation reported from 
2012 to 2025 [50–55,57–79]. These datasets cover a wide range of 
conditions, including different synthesis methods of MgH2, various re
action temperatures, and distinct experimental environments. Such 
differences in sample preparation, testing setups, and operating pa
rameters can lead to noticeable variations in the absolute values and 
initial peak heights of the activation energy profiles. Despite these 
variations, the reconstructed activation energy profiles consistently 
exhibit a distinct pattern: a steep decline during the initial 10 % to 20 % 
of the reaction, followed by a stable plateau extending up to 90 % 
conversion. This trend provides strong empirical evidence for the burst 
effect mechanism, which was originally proposed based on first- 
principles calculations. It reflects the preferential release of hydrogen 
from high-energy grain boundary regions at the early stage, which re
duces the activation barrier for subsequent desorption. The persistence 
of this declining-then-stabilizing pattern across all datasets confirms that 
these variations in initial values do not alter the underlying kinetic 
evolution, offering compelling support for the validity of the CEKP 
framework. The final 10 % of the reaction, often influenced by noise or 
mass transport limitations, was excluded from comparative analysis. A 
summary of these activation energy profiles is presented in Fig. 3(a), 
demonstrating the data-driven foundation and physical interpretability 
of the proposed model.

Inspired by the distributed activation energy model (DAEM) origi
nally applied in pyrolysis studies [43–47], the statistical characteristics 
of the activation energy profiles collected from the literature were 
further analyzed. Although DAEM describes how reaction behavior 
evolves as a function of temperature under non-isothermal conditions, 
the present study focuses on isothermal reactions and analyzes how 
activation energy changes along the reaction progress. Specifically, all 
dynamic activation energy values derived from CEKP analysis were 
compiled across a wide range of MgH₂ datasets and fitted using proba
bility density functions. As illustrated in Fig. 3(b), these data exhibit a 
clear unimodal distribution with a pronounced Gaussian-like shape. The 
peak of the distribution aligns closely with the stable region of the 
activation energy curve, corresponding to the 10 % to 90 % conversion 
interval in the CEKP model. This approach shares a similar statistical 
philosophy with DAEM but applies it in a different context, where the 
reaction coordinate is conversion rather than temperature. This consis
tency suggests that the majority of kinetic behavior is dominated by a 

Table 1 
Comparison of correlation coefficients between experimental data and CKP or 
SBKP modeling results.

Material CKP modeling R2 SBKP modeling R2 Ref.

T1 T2 T3 T1 T2 T3

Pure MgH2 0.996 0.992 0.989 1.000 0.999 0.999 [50]
0.994 0.999 0.999 1.000 0.999 0.999 [51]
0.982 0.937 0.992 0.994 0.970 0.987 [52]
0.993 0.979 0.993 0.998 0.990 0.997 [53]
0.995 0.994 0.998 1.000 0.998 0.999 [54]
0.969 0.958 0.976 0.996 0.980 0.993 [55]

J. Cai et al.                                                                                                                                                                                                                                       Journal of Energy Storage 136 (2025) 118450 

5 



Fig. 3. Activation energy analysis based on CEKP modeling. (a) Evolution profiles during the first 90 % of pure MgH2 dehydrogenation. (b) Probability distribution of 
interpolated activation energy values.
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relatively narrow range of activation energies associated with bulk 
hydrogen migration and desorption processes. In contrast, activation 
energies extracted from the initial and final stages of the dehydroge
nation reaction are comparatively sparse and exhibit greater variance, 
reflecting their susceptibility to experimental fluctuations and localized 
reaction conditions.

The observed normal distribution reinforces the physical credibility 
of the CEKP framework, as it confirms that dynamic interpolation be
tween adjacent stages produces smooth, continuous energy profiles that 
are statistically centered around the most representative kinetic regime. 
Moreover, the statistical symmetry and central tendency of this distri
bution provide quantitative support for the burst effect mechanism, 
indicating that the high-energy barrier at the early stage is transient and 
followed by a kinetically favorable plateau [6]. This finding reflects a 
transition from localized surface-driven reactions to diffusion-controlled 
bulk processes, and is in excellent agreement with theoretical pre
dictions [31–35]. Together, these insights offer a unified understanding 
of the entire dehydrogenation pathway in MgH2, bridging atomic-scale 
models and macroscopic kinetic observations with strong experimental 
support.

3.3. Difference analysis between theoretical calculation and experimental 
fitting

After establishing the continuous activation energy model for the 
dehydrogenation of magnesium hydride, a significant gap was observed 
between the peak value and the stabilized value along the entire acti
vation energy profile. Currently, there are two primary approaches for 
determining the activation energy of magnesium hydride dehydroge
nation. One is based on first-principles calculations using density func
tional theory at the atomic scale, referred to as theoretical calculation 
[8,80–87]. The other relies on mathematical fitting of experimental 
dehydrogenation kinetics curves, referred to as experimental fitting 
[59,61,64,66,68–78]. To better understand the origin of this discrep
ancy, we compiled representative activation energy values reported in 
the literature using both methods. For theoretical calculations, we 
selected only studies focused on pure MgH2 systems without catalytic 
modification, and specifically those that reported activation barriers for 
surface hydrogen desorption processes. These values typically corre
spond to the formation of the first hydrogen vacancies and represent the 
most energetically demanding steps at the early stage of dehydrogena
tion. The reported values were obtained under idealized modeling 
conditions, such as slab geometries with defined crystallographic sur
faces and limited hydrogen coverage. Therefore, they are particularly 

Fig. 4. (a) Statistical distributions of activation energies from theoretical calculations and experimental fittings. (b) Comparison of initial and equilibrium activation 
energies derived from the CEKP model. (c) Differences between initial and equilibrium activation energies based on CEKP analysis. (d) Violin plot of the activation 
energy differences.

J. Cai et al.                                                                                                                                                                                                                                       Journal of Energy Storage 136 (2025) 118450 

7 



suitable for comparison with the initial high-barrier region of the CEKP- 
derived activation energy profiles.

As shown in Fig. 4(a), the activation energy values obtained from 
literature using theoretical calculation and experimental fitting exhibit 
two distinct probability distributions. Most activation energy values 
derived from theoretical calculations exceed 155 kJ/mol, whereas those 
obtained from experimental fitting are often lower than this threshold. 
Theoretical values derived from density functional theory show an 
average of 214.4 kJ/mol. In contrast, experimental fitting yields an 
average of 135.9 kJ/mol. These data reflect a consistent numerical gap 
between the two methodologies. Fig. 4(b) presents the reported ranges 
of initial and equilibrium activation energies from representative 
studies. It can be observed that the initial activation energy in each case 
falls within the theoretical range, whereas the equilibrium values closely 
align with the experimental fitting range. This observation supports the 
conclusion that the discrepancy arises from their respective focus on 
different reaction stages, with the burst effect serving as the key factor 
responsible for the divergence. This observation supports the conclusion 
that the discrepancy arises from their respective focus on different re
action stages, with the burst effect serving as the key factor responsible 
for the divergence.

The results provide direct quantitative evidence that the CEKP model 
effectively captures the dynamic evolution of activation energy and 
bridges the gap between theoretical and experimental approaches. This 
agreement can be primarily attributed to the fundamental difference in 
spatial and temporal resolution between theoretical simulations and 
experimental kinetic fittings. Theoretical calculations typically operate 
on the atomic scale and within picosecond timescales due to computa
tional limitations, and thus predominantly capture the initial surface 
desorption processes [88–93]. When simulations are extended to include 
multiple hydrogen-containing layers and longer timescales, the char
acteristic burst effect, characterized by a sharp drop in activation en
ergy, begins to emerge [34]. In contrast, experimental fittings are based 
on macroscopic measurements over much longer durations, often 
emphasizing the steady-state regime of dehydrogenation and over
looking the high-barrier initial stage [94–97]. This intrinsic mismatch in 
kinetic observation windows is a major source of the apparent discrep
ancy in activation energy between simulations and experiments. Fig. 4
(c) presents the energy difference between the initial and stabilized 
stages calculated from the CEKP model ranges from 31.4 to 133.3 kJ/ 
mol, which is consistent with the range reported in both experimental 
and theoretical studies. Furthermore, Fig. 4(d) shows the statistical 
distribution of these energy differences in the form of a violin plot. The 
average difference between the initial and stabilized activation energies 
is calculated to be 60.2 kJ/mol, which closely matches the 78.5 kJ/mol 
average difference observed between theoretical and experimental re
sults in Fig. 4(a). This numerical consistency further confirms the 
capability of the CEKP framework to provide a unified kinetic inter
pretation that accommodates both simulation and experimental per
spectives, and demonstrates that the burst effect is not a computational 
artifact, but rather a physically meaningful transition embedded in the 
dehydrogenation pathway.

These findings provide a data-driven and physically interpretable 
explanation for the divergence between theoretical simulations and 
experimental fittings, and establish a unified kinetic perspective that 
encompasses both the early-stage surface processes and the later-stage 
bulk evolution. Rather than attempting to eliminate such differences, 
it is more meaningful to recognize and utilize the dynamic transition 
revealed by the burst effect. In this context, catalysts are expected not 
only to enhance reaction kinetics at the surface but also to effectively 
modulate the entire dehydrogenation pathway. By promoting the onset 
of the burst effect and facilitating subsequent bulk hydrogen diffusion, 
catalytic strategies can substantially improve the practical hydrogen 
release performance of magnesium-based materials. This insight offers 
valuable guidance for the rational design of next-generation solid-state 
hydrogen storage systems and their application in energy storage 

technologies [98]. For example, the identification of high activation 
energy in the initial stage suggests that efforts should be directed toward 
overcoming the early-stage kinetic barrier. Surface modification ap
proaches such as nanosizing, catalyst doping, or the introduction of 
lattice defects may help lower the initial energy threshold, thereby 
triggering the burst effect earlier and enabling a more efficient overall 
dehydrogenation process.

4. Conclusion

This study proposes a dynamic kinetic modeling framework to sys
tematically investigate the dehydrogenation process of magnesium hy
dride. Emphasis is placed on providing direct macroscopic evidence for 
the burst effect. By integrating a large volume of literature-reported 
kinetic data and utilizing a data-driven modeling approach based on 
the JMAK framework, the dynamic evolution of activation energy 
throughout the reaction process is reconstructed. The results reveal a 
consistent trend across various experimental conditions: an initial sharp 
decline in activation energy followed by stabilization, which offers 
reproducible evidence for the burst effect mechanism.

The continuity and statistical robustness of the constructed kinetic 
profiles bridge the long-standing discrepancy between theoretical cal
culations and experimental fittings. The proposed evolving activation 
energy function captures both the high-energy barrier associated with 
surface desorption and the subsequent diffusion-limited regime, 
providing a unified physical interpretation of the dehydrogenation 
process. This approach not only validates the burst effect with quanti
tative kinetic evidence but also reinterprets the divergence between 
theoretical and experimental activation energies from a dynamic 
perspective. Despite the demonstrated robustness of the continuously 
evolving kinetic parameter framework, localized deviations may still 
arise due to data segmentation and experimental uncertainties. Future 
research should incorporate high-accuracy theoretical calculations and 
real-time kinetic measurements to further refine the activation energy 
landscape and strengthen the physical foundation of the model.

Looking forward, the definitive validation of the burst effect provides 
not only a physical foundation for understanding the dehydrogenation 
behavior of magnesium hydride but also new possibilities for practical 
applications in the energy storage field. The two-stage kinetic feature, 
comprising an initial rapid hydrogen release followed by a stable 
diffusion-limited phase, offers measurable parameters for multiscale 
simulation, thermal management design, and precise dehydrogenation 
control. In engineering practice, strategies such as increasing the surface 
area or optimizing the interface structure may further amplify the ki
netic advantages of the burst stage. Additionally, the proposed modeling 
approach can be generalized to other gas-solid systems, contributing to 
the identification and control of kinetic heterogeneity in complex re
actions. Continued investigation of the burst effect will support the 
development of intelligent hydrogen storage systems and promote the 
integration of data-driven methodologies in solid-state reaction kinetics.
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