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Mg-based hydrogen storage materials often exhibit non-ideal pressure-composition-temperature (PCT) plateaus
and multistage transformations during dehydrogenation, which limits the representativeness of conventional
single-valued thermodynamic descriptors. This study develops a progress-resolved thermodynamic inversion
framework to extract dynamic reaction enthalpy from equilibrium information embedded in PCT curves. Two
complementary reconstruction routes are implemented for validation, including a polynomial baseline for
empirical curve reconstruction and a thermodynamics-based route that reconstructs PCT behavior by introducing
stage-specific dynamic reaction enthalpy into the Van't Hoff relation. The latter better preserves non-ideal
plateau morphology and progress-dependent turning behavior. A literature-scale compilation covering pure
MgH,, catalyst-modified MgH2 composites, and Mg-based alloys reveals statistically comparable dynamic re-
action enthalpy trajectories on a unified normalized progress axis. The mean within-material spans reach 20.60,
24.70, and 24.00 kJ/mol for the three material classes, respectively, indicating substantial progress-dependent
thermodynamic heterogeneity. Global thermodynamic verification further shows that the maximum absolute
differences between the global average reaction enthalpy and the reference plateau reaction enthalpy are 4.03,
15.29, and 16.52 kJ/mol, respectively, demonstrating pronounced system-dependent dispersion. On a unified
progress axis, dynamic reaction enthalpy co-varies with dynamic apparent activation energy with aligned turning
positions, supporting a stage-structured framework spanning early interface establishment, mid-progress plateau-
governed two-phase transformation, and late-stage active-phase depletion. Overall, this work transforms PCT
thermodynamics from a single-value description into a progress-resolved and comparable representation, and
provides a stage-aware thermal descriptor for heat-duty estimation, heating power allocation, and dynamic
thermal management in practical dehydrogenation reactors.

1. Introduction alloying, nano-structuring, and the introduction of efficient catalysts

have been extensively explored to accelerate interfacial dissociation and

Magnesium-based hydrides are among the most intensively investi-
gated materials in solid-state hydrogen storage, owing to their high
theoretical capacity, elemental abundance, and low cost, which make
them attractive for scalable and application oriented hydrogen storage
and supply modules [1-3]. However, their practical dehydrogenation is
constrained by the intrinsically high thermodynamic stability of MgH>
and the concomitantly slow kinetics, which translate into elevated
operating temperatures, limited dehydrogenation rates, and reduced
system-level energy efficiency [4]. To tackle these coupled constraints,

bulk diffusion while tuning the effective stability of the hydride, thereby
improving the overall dehydrogenation behavior of Mg-based systems
[5,6].

In catalytic strategies, NbyOs-based MOF composites promote
hydrogen dissociation at Lewis-acid sites and facilitate mass transport
through MOF channels, thereby lowering the onset desorption temper-
ature and reducing the activation energy [7]. Ti3Cy (MXene)-supported
MnO; forms multiphase interfaces with MgH,, thereby lowering the
dehydrogenation onset temperature and enhancing hydrogen storage
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performance [8]. FeCoNiCrTi high entropy nanosheets introduce defect-
rich interfaces and accelerate hydrogen diffusion, decreasing the main
desorption peak and weakening the stability of Mg—H bonding [9]. The
catalytic centers composed of metallic and oxidized FeNiCu phases
further enhance interfacial activity and continuously improve the
desorption kinetics over the relevant temperature range [10]. Collec-
tively, these catalytic systems weaken Mg—H bonding through multi-
metal electronic modulation and reduce the thermodynamic stability
of the hydride. In alloying strategies, introducing Ni into MggsZngYo
produces Mg,Ni phases in situ and decreases the activation energy [11].
In nanoscale engineering, Mg nanocrystals shorten the diffusion length
and reduce the activation energy [12]. Nanoporous Mg with inter-
connected channels decreases the dehydrogenation activation energy
and lowers thermodynamic stability during dehydrogenation, thereby
improving dehydrogenation kinetics [13]. Therefore, size effects pri-
marily accelerate diffusion kinetics, whereas pore channel effects
enhance interfacial hydrogen dissociation. Catalytic modification,
alloying and nano-structuring improve the desorption behavior of MgH,
through distinct kinetic pathways. Despite these macroscopic improve-
ments, a systematic understanding of the microscopic, progress-
dependent co-evolution of kinetics, thermodynamics, and structure
during dehydrogenation remains lacking.

In situ nanoscale observations have revealed that during hydrogen
absorption in Mg, hydrogen preferentially adsorbs and dissociates at
grain boundaries and defected regions and then propagates into grain
interiors along defect networks. In the subsequent dehydrogenation of
MgH,, hydrogen recombination and release likewise initiate at these
interfacial sites, thereby exhibiting pronounced kinetic evolution [14].
Density functional theory calculations further demonstrate that grain
boundary configurations lower the adsorption and dissociation barriers
of hydrogen molecules, reflecting intrinsic interfacial regulation during
hydrogenation [15]. Meanwhile, investigations on mechanochemically
processed Mg-based composites indicate that hydrogen absorption
preferentially proceeds in defect enriched regions and consequently
accelerates activation and hydrogenation kinetics [16]. The interfacial
studies mainly revealed the boundary initiated nature of hydrogen
storage and release, whereas subsequent investigations provided quan-
titative kinetic relations. Computational results show that the activation
barriers of MgH, dehydrogenation decrease from the surface to the
subsequent layers, displaying a rapid initial drop followed by gradual
leveling off along the reaction progress [17]. This progressive release of
activation barriers from the surface toward the interior is accordingly
termed the “burst effect”. Subsequently, further work employed data-
driven kinetic modeling and constructed continuously evolving layer
resolved kinetic descriptors to quantify the dynamic variation of dehy-
drogenation activation barriers along the reaction progress [18]. At the
experimental scale, an improved Johnson-Mehl-Avrami-Kolmogorov
(JMAK) dynamic kinetic model was established from extensive MgH,
dehydrogenation curves to reconstruct the evolution of activation en-
ergy along the reaction progress, thereby further verifying the burst
effect [19]. Building upon these findings, later investigations proposed a
demand driven dynamic heating strategy, which matches the energy
supply with the evolving barriers along the reaction progress and thus
enables faster and more energy efficient MgHs dehydrogenation [20].

Thermodynamically, recent studies have begun to treat reaction
enthalpy as progress dependent quantities rather than single constants.
In metal hydride refrigerant alloys, the desorption enthalpy decreases
with increasing hydrogen concentration, as shown by Lag¢Ceq 1Nis
(29.8 to 27.4 kJ/mol over 0.2 wt% to 1.4 wt%) and LaNi4 7Alg 3 (29.2 to
27.8 kJ/mol over 0.2 wt% to 1.2 wt%) [21]. In a Ti-based AB2 alloy, the
relative partial molar enthalpy also varies with reaction progress, for
instance increasing from 12.7 to 13.0 kJ/mol as r rises from 1.6 to 1.8
[22]. For a multi-component AB5 alloy, the thermodynamics of dis-
solved hydrogen are further analyzed as functions of hydrogen con-
centration, together with resistance variations that track the evolving
state [23]. Collectively, these results show that reaction heat exhibits an
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intrinsic dynamic signature along the reaction progress, with enthalpy
shifting with extent of reaction or hydrogen content. Nevertheless, for
magnesium-based solid-state hydrogen storage materials, comparable
progress-resolved quantification of dehydrogenation enthalpy or reac-
tion heat remains largely unavailable. Meanwhile, the Brgnsted-Evans-
Polanyi (BEP) relation states that for mechanistically related reactions
the apparent activation barrier often scales approximately linearly with
the reaction enthalpy, providing a thermodynamic basis for
thermodynamic-kinetic coupling [24,25]. Accordingly, systematic
studies that couple kinetics and thermodynamics for Mg-based hydrogen
storage materials are still lacking.

To address these issues, this study develops a progress-resolved
thermodynamic inversion framework to extract dynamic reaction
enthalpy from the equilibrium information embedded in PCT curves and
to clarify its operational meaning relative to state-function enthalpy.
Two complementary reconstruction routes are implemented to bench-
mark internal consistency and practical applicability. The validated
workflow is then applied to a literature dataset covering pure MgHo,
catalyst-modified MgH; composites, and Mg-based alloys, thereby
establishing a statistically comparable spectrum of dynamic reaction
enthalpy along normalized reaction progress. Global thermodynamic
verification is further performed by comparing the globally averaged
enthalpy with literature-reported values, and system-dependent differ-
ences are interpreted in terms of non-ideal plateau behavior and trans-
formation complexity. Finally, the co-evolution of dynamic reaction
enthalpy and dynamic apparent activation energy is examined on a
unified progress axis, supporting a stage-structured mechanistic frame-
work and highlighting the engineering relevance of progress-dependent
thermodynamic heterogeneity.

2. Model construction and method

Dehydrogenation studies of Mg-based hydrogen storage materials
published between 2015 and 2025 were systematically collected to
enable data-driven characterization of progress-resolved thermody-
namic features. All data are sourced from the Digital Platform for Solid-
State Hydrogen Storage (Digital Hydrogen-S) (http://digital-hydrogen.
com/storage/index-white.html) [5]. The dataset covers pure MgHoy,
catalyst-modified MgHs composites, and alloyed Mg-based systems.

Conventional processing of PCT data often compresses each isotherm
into a representative plateau pressure and reports a single plateau
enthalpy as a global descriptor. This practice is appropriate for near
ideal flat plateaus, but it becomes ambiguous for the sloping or
segmented plateaus that are common in Mg-based systems, where the
apparent equilibrium pressure evolves with reaction progress. Prior
studies have shown that Mg-based dehydrogenation frequently proceeds
through multiple stages and mechanisms, so the thermodynamic driving
force can vary along the same progress coordinate [26-33]. Dynamic
reaction enthalpy is introduced here as a progress-resolved thermody-
namic descriptor for dehydrogenation. It describes the apparent local
enthalpy response extracted from quasi-equilibrium segments of non-
ideal PCT plateaus as the reaction proceeds. Unlike the conventional
reaction enthalpy of MgH, dehydrogenation, which is a single-valued
state-function difference between specified initial and final states
under fixed conditions, dynamic reaction enthalpy does not redefine the
equilibrium enthalpy itself. Rather, it characterizes how the thermody-
namic response is expressed along reaction progress when the measured
equilibrium pressure varies with reaction progress. This treatment pre-
serves thermodynamic consistency while revealing progress-dependent
thermodynamic heterogeneity that cannot be captured by a single
constant enthalpy value.

To distinguish empirical curve reconstruction from progress-
resolved thermodynamic inversion, two complementary reconstruction
routes are implemented and benchmarked against experimental PCT
curves. Route 1 provides an empirical baseline for curve-level compar-
ison, whereas Route 2 reconstructs PCT behavior while extracting
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dynamic reaction enthalpy. The workflow first maps composition to a
normalized reaction-progress coordinate and applies consistent data
harmonization across temperatures to enable pointwise comparison. In
PCT-based plots, reaction fraction denotes the hydrogen-content state,
with 0 and 1 representing the hydrogen-free and fully hydrogenated
states, respectively. In the characterization of dynamic parameters, re-
action progress denotes dehydrogenation only and is normalized from
0 to 1. Route 1 determines the reference plateau reaction enthalpy
(RPRE) through cross-temperature Van't Hoff regression using the
equilibrium pressures at 50% reaction progress. The same criterion is
applied to multi-plateau and non-ideal plateau cases within the analyzed
interval to avoid subjective selection of local plateau segments. Each
isotherm is then fitted as a smooth function of reaction progress using a
twelfth-order polynomial, which is chosen to reproduce non-ideal PCT
morphology while preserving a compact empirical baseline for direct
curve-level benchmarking, and the coefficients are provided in Table S1
and Table S2. Route 2 reconstructs PCT behavior through progress-
resolved thermodynamic inversion and simultaneously yields the dy-
namic reaction enthalpy evolution. A set of representative progress
points is defined within the analysis window. For each temperature,
equilibrium pressures corresponding to these fixed progress points are
extracted from the isotherm so that pointwise correspondence is
enforced across temperatures. At each progress point, a dedicated cross-
temperature regression is then performed to infer the local thermody-
namic quantities, and repeating this procedure across all progress points
produces a continuous dynamic reaction enthalpy trajectory along re-
action progress. The resulting trajectory is further averaged over reac-
tion progress to obtain the global average reaction enthalpy (GARE). The
inverted progress-resolved parameters are finally used to reconstruct
isotherms and are compared with experimental PCT curves, which
provides an internal consistency check and a direct test of practical us-
ability. The reconstructed outputs from both routes are finally compared
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with experimental PCT curves, which provides a common validation
basis for reconstruction quality. A schematic of the overall workflow is
provided in Fig. 1. Detailed derivations and step-by-step operational
procedures are given in Supporting Information, Section S1.

3. Results and discussion
3.1. Dual-path reconstruction benchmarked against PCT curves

To benchmark the practical fidelity of the dual-path reconstruction
strategy under non-ideal PCT behavior, representative Mg-based sys-
tems were analyzed by comparing the two reconstruction routes against
experimental PCT curves. Six systems were considered, including MgH,
(low-T), MgH, (high-T), MgH»-Al, MgH>-NiVN, Mg—Ni, and Mg-Ni-TiS,
[34-38]. The datasets were collected from literature-reported PCT
curves, as shown in Fig. 2. These representative systems span pure MgH,
with high and low temperature dehydrogenation regimes, MgH, modi-
fied by single component or multi-component catalysts, and Mg-based
hydrides derived from binary or multi-component alloying. For direct
comparison, Fig. 2(al-fl) shows the polynomial reconstructions
together with the corresponding experimental PCT curves, whereas
Fig. 2(a2-f2) shows the reconstructed PCT curves obtained by
substituting stage-specific dynamic reaction enthalpy into the Van't Hoff
relation for the same datasets. Both methods reproduce plateau seg-
ments reasonably well, whereas polynomial reconstruction more readily
accumulates deviations at the onset and tail regions, particularly for
non-ideal isotherms with sloping or segmented plateaus and pronounced
endpoint upturns. In contrast, the reconstruction obtained by intro-
ducing stage-specific dynamic reaction enthalpy into the Van't Hoff
relation adapts the thermodynamic response along reaction progress
and therefore better preserves curvature and transition details in com-
plex PCT morphology, whereas the difference becomes less evident for

Data Source & Collection: Digital Hydrogen-S Platform
Mg-based Dehydrogenation PCT Curves (2015-2025):
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Fig. 1. Schematic diagram of dynamic thermodynamic reconstruction and polynomial fitting process for PCT curves.



J. Cai et al. Journal of Energy Storage 168 (2026) 122655

(a1) (a2) (a3)
pure MgH, 2 %
= = S
810 810 a2
e L a2
3 2 ©
@ @ <80
8 8 T T T U UUUUUUYD g
o cooooooogo & c78 A
5. 4 — 5. 4 . Bos
5 Experimental  Polynomial Fitting 5 Experimental Dynamic Parameters 5
5 —320C © 320C R?=0.859 = —320C © 320C R2=0.994 Q74
s ——340C © 340C R?=0.966 g ——340C o 340C R?=0.988 E
——360C & 360C R2=0.969 ——360C & 360C R2=0.991 §72
0% ——380C v 380C R2=0.938 64 ~———380°C 380C R2=0.995 a_
Y 02 04 06 08 1.0 Y 02 04 0.6 0.8 1.0 ' 0.0 0.2 04 06 0.8 1.0
Reaction Fraction Reaction Fraction Reaction Progress
(v1) (b2) (b3) =
pure MgH, N k3
— T L L A A A AL — » . - e 7 | E9
= 5 I Y-X) - e S e e
&1 7 r— 4 &4 & 4 2
° o616 u’ ‘. T 00000 RQO
5 ngpopoooo0 5 oonppQgpopoo F]
2 2 £
& & 5
1 1
: § gos 1
& Experimental  Polynomial Fitting 5 Experimental Dynamic Parameters g
H —350C o 350C R2?=0.590 H ——350C o 350C R?=0.805 o -
go.1 —375C o 375C R2=0.990 501 —375C o 375C R?=0.708 g 80
——400C & 400C R?=0.558 ——400C & 400C R?=0.921 €
——425C v 425C R?=0.881 ——425C v 425C R?=0.988 S .
0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 ! 0.0 02 04 06 08 1.0
Reaction Fraction Reaction Fraction Reaction Progress
(c1) (c2) (c3) o8
= | Experimental  Polynomial Fitting = {Experimental Dynamic P: 3
8 | —310C o 310C R*=0.965 8 | —310C o 310C R*=0.998 <
@31 ——320C o 320C R?=0.944 031 ——320C o 320C R*=0.997 _Eeo
§ ——330C & 330C R2=0.948 § —330C & 330C R2=0.995 E
8 | ——340C v 340C R2=0.910 e 8 | ——340C v 340C R?=0.996 § [--}-RERE:60 ... -~
a o g
2 2 655
E 5 B GARE: 52.02
S 8 2 i e o by
E_', §' 050
ik Al E
< .
>
Ou4s
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 06 08 10
Reaction Fraction Reaction Fraction Reaction Progress
(d1) (d2) (d3) 9
10 i 10 3
_ MgH,-NiVN _ £%
H] H S
H e 5
3 3
2 2
8 8 e
&4 .y s
§ B g8
= T
2 Experimental  Polynomial Fitting 2 J Experimental Dynamic Parameters g | & RPRE:7591 R
z ——275C o 275C R?=0.814 Z ——275C © 275C R?=0.974 EBf==f======2 GARE: 7480 ]
—300C o 300C R?=0.759 ——300C o 300C R2=0.919 2
——325C 4 325C R2=0.945 ——3256C & 325C R2=0.969 a7
0.1 0.1
0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 0.2 04 06 08 10
( e1 ) Reaction Fraction ( 62) Reaction Fraction ( e3) Reaction Progress
Mg-Ni 2
g 10 E 10 290
2 g P ® . . Iy
g 5 - et 5 PP PP PP PP PP PP PP ] Ses
1 1 c
O o
: : :
H 5 , - Teo
5 o1 Experimental  Polynomial Fitting So1 Experimental  Dynamic Parameters 3
35 ——250C ©o 250C R?2=0.988 3 a —250C o 250C R2=0.993 )
g ——275C o 275C R2=0.981 g ——275C o 275C 988 Ezs GARE: 75.19
——300C & 300C R2=0.980 —300C & 300C 981 13
L ——325C v 325C Re=0.995 001 ——325C v 325C Re=0.998 8 RPRE: 73.20
0.0 02 04 06 08 1.0 0.0 02 04 06 0.8 1.0 0.0 0.2 04 06 08 1.0
(f1 ) Reaction Fraction (f2) Reaction Fraction (g) Reaction Progress
- Mg-Ni-TiS, - £
g 10 g 10 2
e e OO T -
§ L: 55 5 oo PP P P P P P PP i
g 1 g 1 5
‘; E 674
2 i ial Fitt 2 Experimental Dynamic Paramet §
5 o1 Experimental  Polynomial Fitting 501 xperimen ynamic Farameters 3 29 RPRE: 72.25
5 —250C o 250C R?=0.9 ] —250C ©o 250C R?=0.999 Lopfm==- RO+ g
i —275C o 275C R2?=0.996 i —275C o 275C R?=0.999 5
——300C & 300C R2=0.982 ——300C & 300C R?=0.998 €
001 ——325C v 325C R’=0.963 0.09 ——325C v 325C R?=0.997 8
0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 0.2 04 06 0.8 1.0
Reaction Fraction Reaction Fraction Reaction Progress

Fig. 2. Literature-reported experimental PCT curves of representative Mg-based hydrogen storage materials with two reconstruction routes [34-38]. (al-f1)
Polynomial reconstructions together with the corresponding experimental PCT curves. (a2-f2) Fitted reconstruction results obtained by inverting dynamic ther-
modynamic parameters. (a3-f3) Evolution of dynamic reaction enthalpy with reaction progress (GARE and RPRE represent the global average reaction enthalpy and
the reference plateau reaction enthalpy, respectively).
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relatively flat plateaus with mild variations.

The polynomial route provides a convenient phenomenological
baseline for PCT curve reconstruction, offering a compact mathematical
representation of curve morphology. However, because the fitted poly-
nomial coefficients do not have a unique physical mapping to progress-
resolved thermodynamic states, this route is not intended to deliver
mechanistic thermodynamic descriptors. By contrast, introducing dy-
namic reaction enthalpy into the Van't Hoff relation makes the recon-
structed PCT behavior thermodynamically interpretable on a progress-
resolved basis, thereby linking variations in curve morphology to the
evolution of thermodynamic response along reaction progress. Fig. 2(a3-
f3) reports the extracted evolution of dynamic reaction enthalpy along
reaction progress, which provides the progress-dependent thermody-
namic input required by Route 2 and further indicates that a single
constant descriptor may be insufficient to represent the full process,

(@)
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consistent with prior discussions of staged behavior in Mg-based dehy-
drogenation [17]. Notably, the close agreement between GARE and
RPRE across the representative systems shows that, although dynamic
reaction enthalpy varies with reaction progress, its overall average re-
mains close to the conventional single-value enthalpy estimate. This
supports the physical significance of the inverted thermodynamic
response rather than suggesting a purely mathematical artifact. The
quantitative accuracy and cross-sample comparability remain con-
strained by the quality of PCT data, including experimental noise,
plateau slope and segmentation, sparse endpoint points, and the distri-
bution of isotherm temperatures, all of which can propagate uncertainty
in the inversion, especially for strongly non-ideal systems [19,29].
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Fig. 3. The literature compilation presents the dynamic reaction enthalpy values for three categories of magnesium-based hydrogen storage materials, along with the
maximum and minimum values observed in these enthalpy [34-66]. (a,d) Pure MgH, systems. (b,e) Catalyst-modified MgH, composite systems. (c,f) Mg-based
alloy systems.
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3.2. Compilation of dynamic reaction enthalpy data

With the reconstruction routes established, dynamic reaction
enthalpy data are compiled across a broader set of Mg-based materials to
extract statistical trends. All datasets are derived from literature-
reported PCT curves and processed using a consistent inversion work-
flow. Cross-material comparability is facilitated by adopting normalized
reaction progress as a unified horizontal coordinate [34-66]. To
improve statistical reproducibility, only datasets containing at least
three PCT isotherms and a temperature span of at least 30 K were
included in the analysis. Data sources and auxiliary results are provided
in the Supporting Information (Figs. S1-S47 and Table S3). Fig. 3 sum-
marizes the compiled dynamic reaction enthalpy trajectories, and
further reports the within-material ranges defined by the maximum and
minimum values and their differences. For pure MgH,, the trajectories
consistently show an early-stage decrease followed by a stabilized
regime. This pattern is consistent with a transition from initiation-
sensitive thermodynamic responses to a plateau-constrained two-phase
transformation regime [67-69]. At low reaction progress, the apparent
thermodynamic response is sensitive to evolving near-surface states and
the development of Mg and Mg/MgH, interfacial regions, yielding a
rapid decline in progress-resolved dynamic reaction enthalpy. As reac-
tion progress increases, a macroscopic two-phase coexistence region
becomes established and dominates equilibrium behavior, resulting in a
comparatively stable dynamic reaction enthalpy over the mid-progress
regime.

For catalyst-modified MgHj systems, Fig. 3(b) resolves two dominant
early-stage trajectory types, namely decrease-then-stabilize and
increase-then-stabilize. The divergence is primarily governed by the
extent and mode of catalyst-induced surface and interfacial modifica-
tion, whereas the mid-progress regime remains largely constrained by
two-phase plateau equilibrium. In the decrease-then-stabilize type, dy-
namic reaction enthalpy starts at a higher level and drops rapidly before
convergence, consistent with an initiation stage controlled by evolving
interfacial states followed by plateau-controlled transformation. This
behavior is frequently associated with inorganic surface-activation
routes, where transition-metal compounds and their in situ derived
active phases accelerate interfacial reconstruction and the establishment
of reactive Mg/MgH, boundaries, as reflected by oxide-derived and
multi-metal interfacial systems in the compiled dataset. In contrast, the
increase-then-stabilize type is more often observed when initiation is
strongly pre-activated by interfacial electronic modulation. In such
cases, the earliest apparent enthalpy response shifts to lower values and
rises toward a plateau-level steady state as bulk two-phase equilibrium
becomes dominant. This category includes C-based and graphene-
related interfaces and Ni-based active phases coupled with heteroge-
neous coordination or multi-component regulation, exemplified by
60MgH,@Ni SA-pC [63]. These opposite early-stage trends are therefore
not contradictory. Both indicate that catalysts mainly reshape the sur-
face and interfacial environment during initiation, while the sign of the
early deviation reflects whether the dominant effect is removal of
interfacial limitations or strong electronic coupling that destabilizes
near-surface Mg—H bonding before the plateau regime governs [70,71].

Mg-based alloy systems in Fig. 3(c) exhibit more diverse progress-
dependent trajectories, reflecting more complex reaction mechanisms
and phase-transformation scenarios introduced by alloying. Dual pla-
teaus emerge in certain alloys, where the PCT curve displays two plateau
regions and the corresponding dynamic reaction enthalpy trajectory
shows two plateau-like intervals, as exemplified by Mgs 7Ing 3Ag and
Mg77NijsCusLag [45,61]. This behavior indicates at least two thermo-
dynamically distinguishable equilibrium steps separated by a transition
region, consistent with a mechanism switch between plateau regimes.
Beyond the trajectory shapes, Fig. 3(d-f) quantifies the span of dynamic
reaction enthalpy within each material as the difference between its
maximum and minimum values across reaction progress. The mean span
is 20.60 kJ/mol for pure MgH,, 24.70 kJ/mol for catalyst-modified
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composites, and 24.00 kJ/mol for Mg-based alloys. The broader spans
and occasional extreme cases in the latter two categories are consistent
with stronger progress-dependent thermodynamic heterogeneity
induced by interfacial reconstruction, non-ideal plateau behavior, and
multi-process participation. These statistics highlight that thermody-
namic differences across reaction progress are not negligible, and that
collapsing the process into a single constant enthalpy can obscure stage-
specific driving-force variations that are critical for cross-system com-
parison and mechanism interpretation.

Terminal-stage behaviors beyond roughly 90% reaction progress
vary across materials, with dynamic reaction enthalpy showing in-
creases, enhanced fluctuations, or secondary decreases. Contributing
factors include differences in PCT measurements, sample-preparation-
induced heterogeneity, bed-level heat transfer and local non-
equilibrium effects, and amplified inversion uncertainty due to sparse
endpoint data, which together compromise late-stage cross-material
comparability [72]. The terminal rebound or strongly fluctuating region
is therefore not aggregated. The analysis focuses on cross-material
consistent regimes, including the early dynamic state and the plateau-
stabilized regime [73,74]. Overall, this compilation extends conven-
tional single-value plateau descriptions to a progress-resolved dynamic
reaction enthalpy spectrum and provides a stage-structured thermody-
namic signature for Mg-based dehydrogenation at a statistical scale. It
also establishes a physically interpretable reference for subsequent
thermodynamic-kinetic coupling analyses.

3.3. The significance of dynamic thermodynamics for engineering
applications

To characterize the system-dependent dispersion between globally
averaged thermodynamic descriptors and literature reporting and to
assess its engineering implications, the deviation between GARE and
RPRE was systematically analyzed for three categories of Mg-based
systems, as shown in Fig. 4. The differences defined as GARE minus
RPRE span from —3.05 to +4.03 kJ/mol for pure MgHj, from —5.20 to
+15.29 kJ/mol for catalyst-modified composites, and from —16.52 to
+10.80 kJ/mol for Mg-based alloys, while the corresponding absolute
mean differences are 2.24, 4.19, and 4.62 kJ/mol, respectively. Pure
MgH, shows a narrow distribution centered near zero, whereas catalyst-
modified composites and Mg-based alloys exhibit substantially broader
dispersion, indicating that globally averaged enthalpy remains more
consistent with literature-reported values under relatively simple
plateau behavior than under non-ideal or multistage transformations. In
catalyst-modified systems, the broader spread is mainly associated with
catalyst-dependent changes in plateau shape and hysteresis, together
with differences in quasi-equilibrium assessment during PCT acquisition
and thermodynamic extraction. In Mg-based alloys, multiphase coexis-
tence, compositional redistribution, and multi-plateau behavior further
complicate the definition of an equivalent thermodynamic descriptor, so
a single reported enthalpy may reflect only a segment-specific trans-
formation step rather than the full reaction process.

From an engineering perspective, the deviation is not only a vali-
dation metric but also a practical indicator of thermodynamic uncer-
tainty that can propagate through the entire chain from materials
screening to reactor design and operation. Thermodynamic inputs
directly determine heat-duty estimation, heating power sizing, and heat-
exchanger capacity allocation, and systematic underestimation or
overestimation can translate into inefficient energy budgeting, delayed
hydrogen-release response, or temperature overshoot during high-rate
and transient operation. The broad dispersion observed in complex
systems underscores that progress-dependent thermodynamic differ-
ences are non-negligible and that relying on a single literature value can
mask stage-specific heat demand and driving-force variations, which are
critical under fluctuating load and limited thermal headroom. Quanti-
fying this deviation therefore enables uncertainty-bounded parameter
selection for engineering models, supports robust design margins and
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risk-aware operation envelopes, and motivates stage-aware heat-de-
mand budgeting based on progress-resolved dynamic reaction enthalpy.
In this sense, the deviation analysis provides a bridge between ther-
modynamic data quality and engineering reliability, and offers a data-
grounded route to translate non-ideal PCT information into more resil-
ient thermal design, control-oriented operation, and system-level per-
formance prediction for Mg-based solid-state hydrogen storage modules.

3.4. Progress-resolved coupling between dynamic reaction enthalpy and
apparent activation energy

Thermodynamic and kinetic descriptors may exhibit parallel evolu-
tion along reaction progress. On this basis, we examine whether dy-
namic reaction enthalpy and apparent activation energy show
repeatable co-variation patterns along reaction progress. This compari-
son enables a progress-resolved discussion of dynamic reaction enthalpy
in parallel with dynamic apparent activation energy. It should be
emphasized that both quantities in this work are obtained through

numerical inversion and fitting of PCT-derived information, and their
absolute values inevitably contain systematic bias and inversion un-
certainty arising from experimental noise, model assumptions, and data
sparsity. Accordingly, this section does not aim to establish a strict one-
to-one numerical correspondence, a mechanistic causal relationship, or
a quantitatively calibrated linear relationship between thermodynamic
and kinetic parameters. Instead, the analysis focuses on stage-resolved
features along reaction progress, including relative trend consistency,
turning-point correspondence, and the repeatability of these coupled
evolution characteristics across different material classes. Following this
progress-resolved perspective, Fig. 5 presents the evolution of dynamic
reaction enthalpy, the evolution of dynamic apparent activation energy,
and their trend correspondence on a unified reaction progress axis for
pure MgHoy, catalyst-modified MgHj, and Mg-based alloy systems.
Across these materials, progress-resolved dynamic reaction enthalpy
and dynamic apparent activation energy co-evolve, with broadly aligned
turning positions separating an early rapidly varying regime from a mid-
progress stabilized regime. For pure MgHj, the coupling manifests as
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Fig. 5. Progress-resolved coupling between dynamic reaction enthalpy and apparent activation energy in representative Mg-based dehydrogenation systems
[34,36-38,45,52,62,63]. (a-c) pure MgH,, (d-f) catalyst-modified MgH, composites, and (g-i) Mg-based alloy systems.

synchronous adjustment at initiation followed by co-stabilization within
the plateau-dominated regime [34,36,52]. This behavior is attributable
to concurrent evolution of the local Mg—H bonding environment and
the interfacial chemical-potential landscape at the Mg/MgH, front,
which jointly reshapes the effective enthalpy scale and the barrier scale
of the rate-controlling step. Once the two-phase plateau is established,
both descriptors become constrained and tend to converge. For catalyst-
modified systems, Fig. 5(d,e) show NiVN and NiSey exhibiting a
decrease-then-stabilize trajectory, where both curves turn and stabilize
within the same progress window [36,38]. This alignment suggests that
catalysts primarily act through surface and interfacial modification
during initiation, tuning the local Mg—H bond-breaking environment
and interfacial reconstruction barrier in concert before plateau con-
straints dominate. Catalyst-derived active interfaces and defect-rich
contact regions can further modify near-surface hydrogen chemical
potential and local driving force, promoting coordinated evolution of
thermodynamic response and kinetic threshold. Fig. 5(f) illustrates an
increase-then-stabilize pattern, consistent with stronger interfacial
coupling or more pronounced Mg—H weakening that elevates both
thermodynamic and barrier scales at initiation, while convergence still
occurs once plateau-governed two-phase transformation dominates
[63]. For Mg-based alloys, Fig. 5(g-i) also shows enthalpy-barrier
coupling, but the detailed shapes depend on multiphase participation
and complex phase-transition pathways [37,45,62]. Alloying introduces

distinct hydrogen configurations and bonding motifs, and secondary
phases impose additional equilibrium constraints, such that different
progress windows can correspond to different rate-controlling steps and
effective reaction coordinates. Dual-plateau alloys exemplify this
behavior, where segmented coupling and a coupled stage transition
emerge across two plateau-related progress windows, consistent with at
least two thermodynamically distinguishable equilibrium steps sepa-
rated by a transition regime.

3.5. Mechanistic origin of the progress-dependent thermodynamics and
kinetics co-evolution

Thermodynamic-kinetic co-evolution refers to the correspondence
between the turning points and stagewise stabilization of dynamic re-
action enthalpy and apparent activation energy during dehydrogena-
tion. This behavior arises from the migration of the rate-controlling step
and from the continuous reconstruction of interfaces and the reaction
front [75-77]. Fig. 6 presents an atomic-scale schematic of this progress-
resolved framework for MgHy and catalyzed MgH,. It maps surface
dehydrogenation to defect-rich surface regions, phase transition nucle-
ation and interface advance to the bulk transformation zone, and ter-
minal islanding to spatially isolated residual MgH, domains embedded
in the Mg-rich product. Alloy systems are not discussed here because
multiphase coexistence, compositional redistribution, and multi-plateau
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transformations can superimpose multiple subprocesses on the same
progress coordinate, thereby compromising mechanistic identifiability.
When an alloy exhibits a single plateau, or a clearly segmentable plateau
feature within a defined temperature and pressure window, and when
distinct transformation intervals can be separated along reaction prog-
ress, the logic developed here remains applicable on a plateau-by-
plateau basis. On this basis, the following discussion analyzes the
mechanism along reaction progress and links interface evolution to the
coupled trends of dynamic reaction enthalpy and apparent activation
energy.

3.5.1. Stage 1. Energy landscape reconstruction triggered by interfacial
initiation and reaction front propagation (surface dehydrogenation)

Dehydrogenation initiates preferentially at interfaces such as sur-
faces, grain boundaries, and defect-rich regions [78-80]. As the reaction
front advances into the particle interior, the local coordination envi-
ronment, defect density, and interfacial chemical state evolve rapidly,
reshaping the effective reaction pathway and the transition-state land-
scape. Experimental evidence has captured nucleation-and-growth fea-
tures during MgHy dehydrogenation together with outside-to-inside
propagation of the transforming region, supporting interface-governed
initiation and rapid early-stage energy-landscape rearrangement [81].
In this window, dynamic reaction enthalpy is more sensitive to inter-
facial heterogeneity and therefore shows a pronounced adjustment.
Apparent activation energy can also vary in a stage-dependent manner
because bond-breaking and mass-transport barriers are redistributed. In
catalyzed MgHoy, the catalyst modifies the interfacial chemical state and
local reaction pathway, which facilitates this rearrangement and
strengthens the coupled turning behavior at the beginning of dehydro-
genation [82-84].

3.5.2. Stage 2. Quasi steady locking dominated by the phase transformation
plateau (phase transition nucleation)

After entering the two-phase coexistence regime associated with the
pressure plateau, transformation proceeds primarily via sustained mo-
tion of phase boundaries within a relatively narrow chemical-potential
window. The dominant pathway type and phase-boundary evolution
statistics become more stable, establishing a quasi steady progression
[85,86]. Accordingly, dynamic reaction enthalpy remains relatively flat
over a finite progress interval, and the fluctuation amplitude of apparent

activation energy decreases, reflecting plateau-driven locking of the
coupled trend. Kinetic modeling under constant pressure indicates that
when the thermodynamic driving force is approximately stable within
the plateau regime, the reaction rate exhibits a more stable stage-wise
behavior, consistent with quasi steady locking [87]. Catalysis can shift
the onset, termination, and stability of the locking interval, while the
plateau regime remains governed by phase-boundary propagation
[88-92].

3.5.3. Stage 3. Hindrance enhancement induced by terminal depletion and
interface recession (terminal islanding)

At high reaction progress, the active phase is gradually depleted, the
reaction front contracts, and the effective phase-boundary area de-
creases, reducing the number of reactive sites. As the interface recedes,
the remaining MgH; can become spatially isolated as residual domains
embedded in the Mg-rich matrix, so dehydrogenation proceeds within
confined islands rather than along an extended front. Thickening
product layers and elongated diffusion pathways intensify mass-transfer
limitations, increasing kinetic hindrance and manifesting as an upturn
or enlarged fluctuations in apparent activation energy [93]. Prior
studies have shown that hydrogen uptake and release in magnesium-
based systems can become controlled by solid-state hydrogen diffusion
in certain regimes, rationalizing diffusion-limited rate decay that is more
readily expressed near the end of dehydrogenation [94-97]. In parallel,
dynamic reaction enthalpy is more likely to deviate from plateau-like
flat behavior and can show a rebound or increased dispersion. For
catalyzed MgH», an additional decrease in effective catalytic interface
can further amplify the terminal deviation.

The terminal anomalies should be distinguished between mecha-
nistic effects and the stability boundary of inversion. At high reaction
progress, the signal-to-noise ratio decreases and heat and mass transfer
constraints become stronger, so dynamic reaction enthalpy and
apparent activation energy are more susceptible to sparse end-point
data, amplified interpolation or fitting errors, measurement noise, and
local non-equilibrium effects [29]. Reactor-scale experiments and sim-
ulations further indicate that coupled heat and mass transfer constraints
can substantially affect apparent kinetics and performance in the late
stage of MgH, dehydrogenation, increasing the likelihood of non-
intrinsic deviations in the terminal regime [98-100]. Therefore, termi-
nal behavior should be interpreted on the basis of interval-level
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consistency rather than single-point excursions, and the credible range
of the inverted results should be constrained by uncertainty evaluation
in subsequent analysis.

4. Conclusions

This study addresses the challenge of progress-resolved thermody-
namic characterization during dehydrogenation of Mg-based solid-state
hydrogen storage materials. A data-driven analytical framework is
developed based on pressure-composition-temperature curves to extract
dynamic reaction enthalpy along reaction progress and to benchmark its
evolution across pure MgH,, catalyst-modified composites, and Mg-
based alloys. The framework is validated by PCT back-reconstruction
and shows improved fidelity over a polynomial regression baseline in
preserving non-ideal plateau morphology and progress-dependent
turning behavior. Literature-scale analyses further confirm non-
negligible within-material enthalpy spans and pronounced system-
dependent differences between globally averaged enthalpy and
literature-reported values. Thermodynamic-kinetic coupling analyses
further demonstrate repeatable co-variation between dynamic reaction
enthalpy and dynamic apparent activation energy with aligned turning
positions. These observations support coupled thermodynamic-kinetic
evolution and are organized into a stage-structured, three-mechanism
framework spanning interface establishment, plateau-governed two-
phase transformation, and late-stage depletion with strengthened mass-
transfer limitation.

Overall, this work renders thermodynamic information embedded in
pressure-composition-temperature data computable and comparable in
a progress-resolved manner. It provides a general methodological basis
for quantitative mechanism interrogation of Mg-based solid-state
hydrogen storage materials and supplies a stage-aware heat-demand
descriptor to support heat-duty estimation, thermal design, and robust
transient operation of practical dehydrogenation reactors. Future work
should expand the material spectrum under stricter data-quality control
to build a standardized progress-resolved thermodynamic database.
Integrating this framework with multiphysics modeling, data assimila-
tion, and machine learning will further enable a closed loop from curve
inversion to mechanism recognition, parameter mapping, and perfor-
mance prediction, thereby supporting material design and dynamic
control strategies under engineering-relevant operating conditions.
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