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Abstract: Accurate determination of the state of hydrogen (SOH) in solid-state hydrogen storage materials is essential not only for optim-
izing hydrogen release kinetics and enhancing storage efficiency but also for ensuring system safety in practical applications. While most
existing studies have concentrated on thermodynamics and kinetics, direct monitoring of residual hydrogen content, a parameter of critic-
al engineering relevance, has rarely been reported. This highlights the urgent need to realize online SOH detection through new physical
properties. In this study, we propose a non-invasive, real-time SOH monitoring strategy for magnesium hydride (MgH,), based on optical
properties and combining density functional theory (DFT)-based optical calculations with experimental validation. Using DFT, the optical
properties of MgH, and its dehydrogenated form (Mg) were systematically calculated across the infrared, visible, and ultraviolet spectral
ranges. Theoretical results revealed strong linear correlations between SOH and specific optical parameters, such as reflectance at
1200 nm and 550 nm and refractive index at 250 nm, with the coefficient of determination exceeding 0.99 and mean absolute errors be-
low 0.05. To validate these predictions, reflectance measurements were conducted at 940 nm, a wavelength identified as highly sensitive
to hydrogenation, and a consistent decrease in reflectance with increasing hydrogen uptake was observed. The underlying mechanism was
attributed to band structure evolution and electron density redistribution, supported by density of states analysis and Drude model inter-
pretations. This work establishes a robust theoretical and experimental framework for optical SOH diagnostics, emphasizes the import-
ance of residual hydrogen detection for advancing solid-state hydrogen storage from fundamental research toward practical engineering
applications, and provides new insights into the design of intelligent, optically responsive hydrogen storage systems, paving the way for
the development of spectroscopic SOH sensors in next-generation hydrogen energy technologies.

Keywords: magnesium hydride; state of hydrogen; density functional theory; optical properties; reflectance measurements

1. Introduction [18-23]. Nevertheless, several technical challenges remain
unresolved [24-30]. Among them, one of the most critical in-
vestigated issues is the accurate assessment of the state of hy-

drogen (SOH) within storage materials. Precise SOH monit-

Hydrogen energy, with its zero emissions and high energy
density, is widely recognized as a promising solution to rising

global energy demand and escalating environmental chal-
lenges [1-6]. As a clean and low-carbon energy carrier, hy-
drogen provides a viable alternative to fossil fuels, mitigating
air pollution and enhancing ecological sustainability [7—10].
Furthermore, its storage capacity allows hydrogen to mitig-
ate the intermittency of renewable sources such as solar and
wind, thereby improving the reliability and resilience of
modern power systems [11]. Among the various hydrogen
storage technologies, solid-state storage based on metal hy-
drides stands out due to its high volumetric hydrogen density,
intrinsic safety, and operational stability under ambient con-
ditions [12—17].

Solid-state hydrogen storage technology demonstrates
considerable potential for efficient hydrogen retention
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oring is essential, as it directly influences hydrogen release
kinetics, storage capacity, system safety, and operational dur-
ability. Conventional SOH detection techniques, including
pressure—composition—temperature  (PCT) measurements
[31] and mass flow monitoring, remain the most commonly
employed methods. However, both approaches suffer from
intrinsic limitations, including system complexity, response
lag, and susceptibility to external disturbances.

While PCT testing can estimate the SOH by tracking vari-
ations in pressure, temperature, and hydrogen concentration,
it lacks the capability for in situ or real-time monitoring, with
measurement results often subject to significant feedback
delays [32-34]. This limitation becomes especially critical
during the dynamic cycling of hydrogen storage materials,

) Springer


mailto:juanchen@sjtu.edu.cn
mailto:yangwj@ncepu.edu.cn
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6
https://doi.org/10.1007/s12613-025-3284-6

Y.X. Liu et al., Establishing optical indicators for the state of hydrogen in MgH, 1437

where environmental fluctuations can compromise data ac-
curacy and introduce substantial deviations [35]. In contrast,
mass flow meters allow real-time hydrogen flow monitoring
and indirectly reflect SOH variations. However, their per-
formance degrades over repeated cycling, resulting in in-
creased measurement errors and reduced reliability [36]. Ad-
ditionally, the deployment of mass flow meters adds to sys-
tem complexity and incurs higher installation and mainten-
ance costs. Collectively, these shortcomings highlight the in-
adequacy of current SOH detection techniques in delivering
real-time, precise, and cost-effective monitoring, underscor-
ing the pressing need for the development of more advanced
and efficient detection methods.

To address the challenge of real-time SOH monitoring in
solid-state hydrogen storage systems, this study proposes an
optical detection strategy based on the hydrogenochromism
effect [37]. This phenomenon describes the pronounced
changes in optical properties of certain metal hydrides, such
as magnesium hydride (MgH,), when exposed to hydrogen
[38]. Specifically, under hydrogen-rich conditions, magnesi-
um films transition from a reflective metallic state to a trans-
parent dielectric state [39]. This transformation is strongly
correlated with modifications in the electronic structure,
bandgap, and free electron concentration of the material. By
performing continuous measurements of key optical para-
meters such as reflectance, extinction coefficient, absorption
coefficient, energy loss spectrum, and refractive index, it be-
comes possible to monitor the hydrogen absorption and de-
sorption processes in real time and dynamically estimate the
SOH.

Compared with conventional SOH detection methods, the
hydrogenochromism-based optical approach offers several
distinct advantages. First, it enables in situ and real-time
monitoring without necessitating structural modifications to
the hydrogen storage system, thereby ensuring operational
simplicity and cost efficiency. Second, the method exhibits
high sensitivity, capable of capturing subtle variations in hy-
drogen content, which facilitates more accurate SOH assess-
ment. Notably, at specific wavelengths within the infrared,
visible, and ultraviolet regions, the reflectance and refractive
index of MgH, exhibit strong linear correlations with SOH,
providing a robust theoretical basis for practical implementa-
tion. Furthermore, the optical strategy demonstrates broad
applicability, extending beyond MgH, to encompass a wide
range of metal hydrides and hydrogen storage materials,
highlighting its potential for widespread adoption in next-
generation hydrogen technologies.

Density functional theory (DFT) has established itself as a
powerful and reliable computational tool for probing the hy-
drogen storage properties of MgH, [40—45]. By accurately
modeling the electronic structure and simulating the re-
sponse of the material under various hydrogenation states,
DFT facilitates the prediction of hydrogen adsorption/de-
sorption dynamics, reaction pathways, and associated struc-
tural and energetic changes. These atomistic insights are in-
strumental in elucidating the underlying hydrogen storage

mechanisms and guiding the design and optimization of Mg-
based hydrogen storage systems. With its combination of
high accuracy and favorable computational efficiency, DFT
is particularly well-suited for atomic-scale investigations of
solid-state hydrogen storage materials [46].

Although DFT provides valuable insights into the optical
properties of hydrogen storage materials, theoretical predic-
tions alone cannot fully capture the complexities of real-
world systems. To enhance the reliability and practical relev-
ance of the simulation results, a complementary experiment-
al investigation is also essential. In this work, reflectance at
940 nm, a near-infrared wavelength identified through theor-
etical sensitivity analysis, was monitored during hydrogena-
tion. This qualitative agreement supports the correlation
between infrared reflectance and the hydrogenation state of
Mg-based thin films under the tested conditions.

This work employs DFT calculations to investigate the
variation in the optical properties of MgH, under different
hydrogenation states. The results demonstrate a strong linear
correlation between SOH and key optical parameters, includ-
ing reflectance and refractive index, thus providing a robust
theoretical foundation for real-time SOH monitoring. To val-
idate the theoretical predictions, reflectance measurements
were conducted at 940 nm, a near-infrared wavelength selec-
ted based on its high sensitivity to hydrogenation as identi-
fied through simulation. The experimental results exhibit a
consistent trend with the theoretical model, showing de-
creased reflectance with increasing hydrogen uptake, which
supports the reliability and applicability of the proposed
method. Leveraging the hydrogenochromism effect, this op-
tical detection approach overcomes the limitations of con-
ventional SOH diagnostic techniques by enabling real-time,
non-invasive monitoring without the need for complex in-
strumentation. This integrated theoretical-experimental
strategy not only enhances the feasibility of SOH tracking in
practical applications but also opens new avenues for the de-
velopment of intelligent, optically responsive hydrogen stor-
age systems. With its high scalability and compatibility, the
method holds strong promise for widespread deployment in
the hydrogen energy sector, thereby supporting the commer-
cialization of solid-state hydrogen storage technologies and
contributing to the sustainable advancement of the global hy-
drogen economy.

2. Theoretical and experimental methods
2.1. Structure

Under the MgH, structure with the lowest formation en-
ergy, the unit cell is expanded by a factor of 2, 2, and 3 in the
x, ¥, and z directions, respectively, resulting in a final super-
cell of Mg, H,g, as shown in Fig. 1(a). The CONTCAR file of
the structure at 100% SOH is provided in Table S1, while the
optimized structures of MgH, at different SOH values are
shown in Fig. S1. It is noted that the structures undergo cer-
tain modifications after optimization at different hydrogen
contents; however, the overall framework remains preserved.
Based on this structure, hydrogen atoms are randomly de-
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Fig. 1.
green spheres represent H.

leted in intervals corresponding to 10% of the hydrogen atom
count, simulating the dehydrogenation process until no hy-
drogen atoms remain, leaving pure magnesium metal. Since
the dehydrogenation mechanism of MgH, has not been
definitively validated theoretically, three different structures
were used for calculations at each different SOH state to en-
sure the relative accuracy of the results. Specifically, in each
structure, hydrogen atoms are randomly deleted in three dis-
tinct ways until the final hydrogen atom count is consistent.
Fig. 1(b)«(d) shows the MgH, structures at 70%, 40%, and
10% SOH, respectively. An error analysis is performed on
the calculation results for these three structures, producing a
data plot with the SOH on the x-axis and the corresponding
optical properties on the y-axis. To ensure that the computed
optical properties reflect stable and physically meaningful
configurations, all MgH, structures with different SOH val-
ues were fully relaxed prior to property calculations, thereby
minimizing the impact of vacancy defects introduced during
dehydrogenation.

2.2. DFT Calculation

DFT calculations are widely utilized for predicting and
exploring material properties, owing to their efficiency, ac-
curacy, and relatively low computational cost [47—49]. In this
study, all simulations were carried out using the Vienna ab
initio simulation package (VASP) along with the projector
augmented wave (PAW) method [50]. The exchange-correl-
ation interactions were handled by the generalized gradient
approximation (GGA) and the Perdew—Burke-Ernzerhof
(PBE) functional [51]. Considering the spin-polarized elec-
tronic structure of magnesium hydride (MgH,), a spin polar-
ization was applied (ISPIN = 2) [52]. The electron energy
levels were populated using Gaussian smearing with a width
of 0 = 0.05 eV. To optimize computational efficiency while
maintaining accuracy, various k-point meshes were tested, as
illustrated in Fig. S2. The geometry of the system was first
optimized using a 2 x 2 x 2 I'-centered k-point mesh, with an
energy cutoff of 450 eV and a force convergence threshold of
0.01 eV/A for each atom, where I denotes the center of the
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MgH, structures under different SOH levels: (a) 100%; (b) 70%; (c) 40%; (d) 10%. Orange spheres represent Mg, and

Brillouin zone (k = 0). For the subsequent electronic self-con-
sistent calculations, the same k-point grid was adopted, with a
convergence criterion of 1 x 10~ eV. In the optical property
calculations, the number of bands was chosen to be approx-
imately twice the number of occupied bands, providing suffi-
cient unoccupied states to accurately describe the interband
transitions, particularly in the high-energy (ultraviolet) re-
gion.

After the calculations are completed, the optical proper-
ties of the material are obtained using the Vaspkit toolkit
from the raw data calculated using the VASP code [53]. The
linear optical properties can be obtained from the frequency-
dependent complex dielectric function & (w):

g(w) = & () +ig, (w) (1
where &, (w) and &, (w) are the real and imaginary parts of
the dielectric function, and w is the photon frequency.

The frequency-dependent linear optical spectra, e.g., re-
flectance n(w), extinction coefficient k (w), absorption coef-
ficient a(w), energy-loss function L(w), and refractive in-
dex R(w) can be calculated from the real &, (w) and the ima-
ginary &, (w) parts [54]:

n<w>={‘/‘w+a‘(‘”)r @
a(w) = @[ V() + e (w) - (w)r ©)
bw= Im(szw)) g (af;ia;)% (w) ©)
R(w)= @1+ @) ©)

() 17+ 2 (w)
where c is the speed of light in vacuum, Im denotes the ima-
ginary part of a complex function. In this study, the fre-
quency-dependent dielectric functions of MgH, were com-
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puted along the principal crystallographic directions to ac-
count for its intrinsic anisotropy. For clarity, the results are
predominantly presented as a function of wavelength A (nm),
while photon energy E (eV) is also referenced where appro-
priate. The conversion between photon energy and
wavelength follows the relation:
1240

B2 @

For clarity, the spectral regions are categorized as infrared
(0-1.65 eV, corresponding to wavelengths > 700 nm), vis-
ible (1.65-3.1 eV, 700400 nm), and ultraviolet (>3.1 eV,
<400 nm). This dual representation ensures consistency with
conventional practice in optical studies and provides a clear-
er physical interpretation of the results.

It should be noted that the data presented in this work are
the processed results after applying linear interpolation,
which was performed to smooth the curves and facilitate sub-
sequent analysis and summary. All raw (unprocessed) data
are openly available in a public GitHub repository (https://
github.com/Weijie-Yang/DFT-Optics-Data) for reference
and further analysis.

2.3. Experimental methods

The following steps were taken in the experimental pro-
cedure.

(1) Sample preparation. Pd/Mg bilayer thin films were de-
posited onto quartz glass substrates with a diameter of 37 mm
using direct current (DC) magnetron sputtering. The base
pressure was maintained at 1 x 10°® Torr, and high-purity ar-
gon gas was introduced at a flow rate of 5.0 x 107" m?/s as the
working gas. Prior to deposition, both Mg and Pd targets
were pre-sputtered for 30 s to remove possible surface con-
taminants. The Mg layer was deposited using a DC power of
40 W for 120 s, followed by the deposition of the Pd layer at
80 W for 25 s. The Pd overlayer acts as a catalytic layer to
enhance hydrogen dissociation and absorption into the un-
derlying Mg film.

(2) Optical measurements. The hydrogen-induced optical
response of the thin films was evaluated using a spectropho-
tometer (Hitachi UH-4150). In the experiment, reflectance
was monitored at 940 nm. This near-infrared wavelength was
strategically selected based on a combination of theoretical
sensitivity and practical advantages. Our simulations con-
firmed that this spectral region exhibits a monotonic reflect-
ance response to hydrogenation. Furthermore, the 940 nm
wavelength is particularly advantageous for sensor develop-
ment due to the wide availability of low-cost and reliable
light sources and detectors, making it ideal for the future en-
gineering of portable and affordable devices. Real-time re-
flectance measurements were recorded using a spectrophoto-
meter with a probe beam diameter of approximately 3 mm.
This large spot size ensures the measurement is a macroscop-
ic average of the film’s optical properties.

To enable dynamic hydrogenation experiments, a gas
mixing and flow control system was integrated with the
measurement chamber. The films were exposed to a synthet-
ic air atmosphere with hydrogen concentrations alternating

between 0.25vol% and 0.5vol%. These specific concentra-
tions were determined based on preliminary characterization
of the film’s optical response. The 0.25vol% H, concentra-
tion was chosen as it corresponds to a stable reflectance plat-
eau, indicating a quasi-equilibrium state suitable for estab-
lishing a reproducible baseline. Subsequently, the concentra-
tion was increased to 0.5vol% H, to drive the system into a
distinct and measurable response regime, characterized by a
monotonic decrease in reflectance. This stepped approach,
alternating between a stable plateau and a controlled descent,
allows for a clear and systematic investigation of the film’s
dynamic response to changes in hydrogen concentration.

The total gas flow rate was maintained at 1.67 x 10°° m’/s
under a constant pressure of 0.1 MPa. Real-time reflectance
spectra were recorded to monitor the optical changes as a
function of hydrogen exposure. Synthetic air was used as the
carrier gas. This is a critical choice, as the presence of oxy-
gen creates a dynamic balance between hydrogen absorption
and desorption on the catalyst surface, allowing the film to
stabilize at a controllable, intermediate state of hydrogena-
tion. This condition is challenging to achieve in an inert
H,/Ar atmosphere.

(3) Scanning electron microscope (SEM) and energy dis-
persive spectroscopy (EDS) characterization. The surface
morphology and elemental composition of the thin films
were characterized using an SEM (Helios 5 CX) equipped
with an EDS system. SEM imaging was performed at an ac-
celerating voltage of 5 keV with a beam current of 0.17 nA,
while EDS mapping was conducted at 20 keV and 11 nA to
acquire compositional information.

3. Results and discussion
3.1. Optical properties at different SOH levels

To investigate the feasibility of employing optical proper-
ties for non-invasive SOH detection in Mg-based hydrogen
storage materials, we systematically analyzed the variation of
four key optical parameters: reflectance, extinction coeffi-
cient, absorption coefficient, and refractive index, across the
infrared, visible, and ultraviolet spectral ranges. All results
were derived from first-principles calculations, with charac-
teristic variation trends illustrated in Fig. 2. The complete
spectral datasets corresponding to different hydrogenation
states are provided in the Supporting Information, as shown
in Figs. S3-S7.

Reflectance exhibits a clear and monotonic dependence on
SOH across both the infrared and visible regions. As shown
in Fig. 2(a), reflectance increases uniformly with decreasing
SOH in the infrared range. A similar pattern is observed in
the visible range, as shown in Fig. 2(b). Furthermore, for
each SOH level, reflectance remains largely invariant with
wavelength across both regions, indicating excellent spectral
stability. This combination of monotonicity and low
wavelength sensitivity makes reflectance a highly promising
candidate for practical SOH detection, especially at selected
near-infrared or visible wavelengths.

The extinction coefficient shows a generally increasing
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Fig. 2. Optical properties of MgH, as a function of wavelength and SOH: (a) infrared reflectance, (b) visible reflectance, (c) in-
frared extinction coefficient, (d) visible extinction coefficient, (e) infrared absorption coefficient, (f) ultraviolet absorption coefficient,
(g) infrared refractive index, and (h) ultraviolet refractive index.
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trend with decreasing SOH, particularly in the infrared range, and 2300 nm, as shown in Fig. 2(c). In the visible range, this
where more significant changes are observed between 1200 trend largely holds, except at SOH = 0 (pure Mg), where a
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slight decrease occurs, likely due to the absence of hydrogen,
as shown in Fig. 2(d). However, unlike reflectance, the ex-
tinction coefficient exhibits relatively poor monotonicity
when the SOH falls below approximately 30% and less con-
sistent variation with wavelength. These irregularities, espe-
cially in the low-SOH regime, suggest that while the extinc-
tion coefficient reflects underlying optical transitions, its ap-
plication in reliable SOH quantification may be limited due
to its non-uniform spectral response.

The absorption coefficient behaves similarly. In the in-
frared region, it increases with decreasing SOH, especially in
the 700-2000 nm range, indicating enhanced absorption as
hydrogen is released, as shown in Fig. 2(e). However, in the
ultraviolet range, the response becomes more complex: in the
200-250 nm region, absorption decreases with decreasing
SOH, whereas from 250 to 400 nm it increases, as shown in
Fig. 2(f). This crossover behavior reflects competing elec-
tronic transitions and suggests that the absorption coefficient
is sensitive to subtle changes in band structure. Nevertheless,
the inconsistent monotonicity and increased wavelength de-
pendence, especially at the spectral edges, reduce its suitabil-
ity as a standalone SOH indicator in practical sensing applic-
ations.

In contrast, the refractive index demonstrates a more
stable and predictable response to SOH. As shown in
Fig. 2(g), in the infrared region (1600-2500 nm), it increases
consistently as SOH decreases. In the ultraviolet region, as
shown in Fig. 2(h), the refractive index shows a steady de-
crease with decreasing SOH, particularly pronounced in the
200-300 nm range. Across both spectral regions, the refract-
ive index generally exhibits low sensitivity to wavelength;
however, enhanced sensitivity is observed in the infrared re-
gion at low SOH values and in the ultraviolet region at high
SOH values, suggesting that it is also a robust indicator for
hydrogenation level. Its smooth variation and spectral stabil-
ity make it a promising complement to reflectance in the de-
velopment of optical SOH sensing methods.

3.2. Linear fitting of optical properties and SOH correla-
tion

The four optical properties discussed above exhibit a
monotonic relationship with SOH in certain wavelength
ranges across different regions of the electromagnetic spec-
trum. To further investigate these relationships, representat-
ive wavelengths were selected for detailed analysis. Specific-
ally, the reflectance was analyzed at 1200 nm and 550 nm,
the extinction coefficient at 1200 nm and 600 nm, the ab-
sorption coefficient at 1200 nm and 200 nm, and the refract-
ive index at 1700 nm and 250 nm. The results of the linear
fittings of these optical properties as a function of SOH at
these selected wavelengths are shown in Fig. 3.

To verify the validity of the functions between the optical
properties and SOH, optical data for SOH values of 96%,
84%, 75%, 66%, 57%, 45%, 33%, 24%, 12%, and 6% were
calculated for validation. The results of the mean absolute er-
ror (MAE) are shown for these random data in Fig. 4(a). De-
tailed MAE values for each case are provided in the Tables

S2-S9.

These results indicate that the reflectance exhibits the best
linear fit in both the infrared and visible light ranges. Spe-
cifically, in the infrared (1200 nm) and visible light (550 nm)
ranges, the coefficient of determination (+*) for reflectance
are both 0.99, with a MAE approximately 5%. These find-
ings demonstrate a strong linear relationship between reflect-
ance and SOH at these two wavelengths, establishing reflect-
ance as a reliable indicator for SOH monitoring. Further-
more, the optical data fitting results for these two ranges are
stable and accurate, further validating the reliability of re-
flectance in real-time SOH monitoring.

On the other hand, although the absorption and extinction
coefficients show some degree of linearity within certain
wavelength ranges, their fit quality is clearly inferior to that
of reflectance. In the infrared range, the #* values for the ab-
sorption and extinction coefficients are relatively high, at
0.99 for both, but in the visible light range, particularly at
600 nm, the »? value for the extinction coefficient drops to
0.93, and the increase in MAE suggests that the optical re-
sponse at shorter wavelengths is more complex and may be
affected by additional factors. Therefore, despite the poten-
tial application value of the absorption and extinction coeffi-
cients under certain conditions, their weaker linear fitting rel-
ative to reflectance limits their broader utility in SOH monit-
oring.

Finally, the refractive index in the ultraviolet range
(250 nm) demonstrates a high 7* value (0.99) and low error
(MAE of 0.04) during the fitting process, indicating a strong
linear relationship between refractive index and SOH in the
ultraviolet range with excellent fitting accuracy.

Fig. 4(b)—(d) respectively illustrates the distributions of
the fitted linear relationships between the SOH and the re-
flectance at 1200 nm and 550 nm based on random data
points, as well as the distribution of the fitted linear relation-
ship between the SOH and the refractive index at 250 nm de-
rived from random data. The distributions of the fitted linear
relationships between the SOH and various optical proper-
ties at different wavelengths, based on randomly selected
data points, are presented in Figs. S8—S12.

The above results indicate that the applicability of the lin-
ear model depends on the theoretical coupling mechanisms
between the spectral range and parameter combinations. For
parameters such as reflectance and refractive index, their lin-
ear relationship with SOH is theoretically valid within specif-
ic wavelength ranges. However, the relationship for paramet-
ers like extinction coefficient and absorption coefficient re-
quires extension to nonlinear or multivariate theoretical mod-
els. A comprehensive analysis reveals that reflectance in the
infrared range and in the visible light range and refractive in-
dex in the ultraviolet range are the most suitable optical prop-
erties for SOH monitoring, with their superior linear fit and
low error making them powerful tools for future hydrogen
state detection.

3.3. Electronic structure origin of optical responses

From an electronic structure perspective, Mg is a typical
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metal characterized by overlapping conduction and valence
bands (bandgap of 0 e¢V) and exhibits extremely high free
electron concentration. While optical properties can also be
influenced by lattice and nuclear contributions, the present
analysis focuses on the electronic structure, which accounts
for the dominant features of the high reflectance and low
transmittance observed across the visible to infrared spectral
range, consistent with the typical optical response of metals.
Upon the reaction of Mg with H, to form MgH,, the crystal
structure undergoes a transition from hexagonal close-packed
to tetragonal, accompanied by an electronic redistribution
that results in a significant bandgap enlargement to approx-
imately 5.6 eV, which aligns well with previously reported
experimental values ((5.6 £0.1) eV) [55]. This wide bandgap

prevents visible light (energy range of approximately
1.65-3.1 eV) from exciting electronic transitions, con-
sequently rendering MgH, transparent in the visible spec-
trum with reduced reflectance.

Fig. 5 presents the density of states (DOS) plots corres-
ponding to SOH values of 100%, 80%, 60%, 40%, 20%, and
0. This study focuses on optical properties, and thus, the elec-
tronic energy is examined within the 0-7 eV range. It is evid-
ent that, within the infrared and visible light regions, as SOH
decreases, the DOS curves become steeper, and the absorp-
tion peaks within this energy range become more pro-
nounced, resulting in enhanced light absorption and a sub-
sequent increase in reflectance. In the near-ultraviolet range,
the DOS curves also exhibit a steeper trend with decreasing
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ible boundary; 3.1 eV is the visible—ultraviolet boundary; IR, VIS, and UV represent the infrared, visible, and ultraviolet regions, re-

spectively).

SOH, indicating an increased absorption of ultraviolet light
by MgH,, which slows the propagation speed of light and
thereby decreases the refractive index.

From the perspective of dielectric constant analysis, based
on the Drude model, the complex dielectric constant & (w) of
the material can be expressed as [56]:

Neé?

sw=1- [gom (w? +iyw)]

®)

where N represents the free electron concentration, e de-

notes the electron charge, m signifies the electron mass, and
v indicates the electron scattering rate, and &, denotes the
permittivity of free space. For Mg, the negative real part of its
dielectric constant with a substantially larger imaginary part
is attributed to its high free electron concentration, which in-
herently exhibits metallic behavior. Meanwhile, the free elec-
tron concentration of MgH, decreases drastically (N reduced
by approximately two orders of magnitude), and the simul-
taneous 30% volume expansion further dilutes the electron
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(a) Schematic of the experimental setup for in situ reflectance measurement under controlled hydrogen concentrations. (b1,

b2) SEM images at 30000x (b1) and 100000x (b2) magnifications showing the surface morphology of the Pd/Mg film; (b3, b4) EDS
elemental mapping confirming uniform distribution of (b3) Mg and (b4) Pd. (c) Reflectance () vs. time (7) plot during alternating gas

exposure.

density. This dual effect causes the real part of the dielectric
constant to increase significantly (approaching insulator
levels) while the imaginary part approaches zero, thereby in-
ducing a substantial reduction in reflectance.

3.4. Experimental validation of theoretical predictions

To further validate the reliability of the theoretical predic-
tions, experimental investigations were conducted. A schem-
atic of the experimental system used to measure the hydro-
gen-induced optical response is shown in Fig. 6(a). This
setup enables in situ reflectance monitoring of the Pd/Mg
film during alternating exposure to hydrogen-enriched syn-
thetic air with precisely controlled concentrations. Gas flow
is directed across the sample surface, and reflectance is recor-
ded in real time, allowing step-resolved analysis of hydro-
genation dynamics under varying ambient conditions.

Fig. 6(b) presents the SEM and EDS characterization of
the deposited thin films. At 30000x magnification, the film
surface appears smooth and lacks distinctive morphological
features, indicating uniform deposition. When observed at a
higher magnification of 100000%, fine-scale topographical
texture becomes visible without evidence of cracking or
delamination. This suggests that the bilayer film maintains a
dense and continuous morphology across different length
scales. In addition, EDS elemental mapping confirms that
both Pd and Mg are uniformly distributed over the surface,
with no signs of aggregation. Collectively, these images and
maps confirm the high degree of morphological and compos-

itional uniformity of the prepared films. This uniformity is
critical as it ensures that the optical measurements are reli-
able and representative of the entire film, rather than being
skewed by local inconsistencies.

The real-time optical response of the film under alternat-
ing hydrogen concentrations is shown in Fig. 6(c), where %n
represents the reflectance and 7 denotes the experimental
time. It is important to note that the comparison between the
DFT model (pure Mg) and our experimental data (Pd/Mg) is
qualitative. The analysis focuses on validating the trend of re-
flectance change, as the measured absolute values are influ-
enced by the Pd capping layer. The observed decrease in re-
flectance upon hydrogenation is dominated by the metal-to-
semiconductor phase transition of the 40 nm Mg layer, while
the optical contribution from the very thin (5 nm) Pd layer is
treated as a quasi-static background. The excellent agree-
ment in this trend provides strong validation for our theoret-
ical model. A clear stepwise decrease in reflectance is ob-
served as the sample is alternately exposed to 0.25vol% and
0.5vol% H, in synthetic air. Each exposure cycle results in a
rapid transition followed by a stable plateau, indicating fast
hydrogen uptake and subsequent stabilization at a given hy-
drogenation level. These plateaus suggest that the film
reaches a quasi-steady internal hydrogenation level, corres-
ponding to the specific ambient hydrogen conditions. This
sensitivity to small differences in environmental hydrogen
concentration is reflected in the optical response and shows
qualitative agreement with the simulation results. In the the-
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oretical model, the reflectance of the material was predicted
to vary with the SOH, which represents the hydrogen content
within the film, particularly in the infrared region. It is note-
worthy that the film exhibits a rapid and fully reversible re-
sponse upon cycling the hydrogen concentration. This beha-
vior provides strong experimental evidence that significant,
performance-degrading oxidation of the Mg film is not oc-
curring, as such effects would typically manifest as a slug-
gish response, a drifting baseline, or incomplete recovery.

In the experiment, reflectance was monitored at 940 nm, a
near-infrared wavelength selected based on its theoretically
predicted sensitivity to hydrogenation. The measured reflect-
ance decreases with increasing hydrogen uptake by the film,
which is consistent with the simulation trend where reflect-
ance increases as SOH decreases. Although the SOH in the
simulation is defined by the hydrogen content in the material,
and the experiment controls the hydrogen concentration in
the ambient atmosphere, the observed optical response fol-
lows the same qualitative direction. This agreement between
simulation and experiment supports the correlation between
infrared reflectance and the hydrogenation state of Mg-based
thin films under the tested conditions.

3.5. Conceptual framework for optical SOH detection

The distinct optical responses of Mg and MgH, primarily
arise from their fundamental differences in electronic struc-
ture and free electron concentration. Metallic Mg exhibits
high reflectance due to its abundant free electrons, while
MgH, becomes optically transparent as a result of its wide
bandgap and significantly reduced carrier density. Based on
these characteristics, our theoretical calculations established
clear linear correlations between both reflectance and refract-
ive index with the SOH. In the experimental verification, re-
flectance measurements were performed at a wavelength se-
lected for its high sensitivity, and the observed trend showed
good agreement with the theoretical prediction. Although the
refractive index was not directly measured in this study, the
underlying theoretical framework remains applicable and
consistent. Fig. 7 illustrates a schematic concept for SOH de-
tection in MgH, using optical methods. A light source directs
an incident beam onto the sample, with both reflected and re-
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fracted components captured by detectors. Variations in re-
flectance and refractive index, which are theoretically associ-
ated with the SOH, are monitored simultaneously. The rela-
tionships between these optical properties and SOH are
shown in Fig. 4(b)—(d), revealing clear linear correlations and
their potential for quantitative analysis.

4. Conclusion

As global energy transitions accelerate, hydrogen energy
is increasingly regarded as a cornerstone of sustainable infra-
structure. In this study, we systematically evaluated the op-
tical properties of MgH, across the infrared, visible, and ul-
traviolet spectral regions, and identified robust linear correla-
tions between SOH and specific parameters, such as reflect-
ance at 1200 nm and 550 nm and refractive index at 250 nm
(#*>0.99). These findings provide a solid theoretical founda-
tion for non-invasive, real-time SOH diagnostics in solid-
state hydrogen storage. The reliability of this approach was
further supported by experimental reflectance measurements
in the near-infrared range, which exhibited consistent agree-
ment with theoretical predictions and demonstrated the im-
portance of integrating first-principles calculations with ex-
perimental validation. Beyond establishing fundamental cor-
relations, this work also highlights the potential of optical
sensing as a practical strategy for hydrogen storage monitor-
ing, offering new insights into the design of intelligent, spec-
troscopically responsive systems. Nevertheless, practical im-
plementation will require overcoming challenges related to
environmental signal interference, material stability under
cyclic operation, and sensor integration into compact archi-
tectures. As a key step toward practical application, estab-
lishing precise quantitative calibration to directly correlate
optical signals with absolute hydrogen content will be essen-
tial. Integrating optical measurements with in-sifu mass-sens-
itive techniques, such as quartz crystal microbalance (QCM),
offers a promising pathway to develop robust models linking
reflectance to SOH. Addressing these challenges, alongside
advancing device-level integration and in-situ testing, will be
essential to bridge the gap between laboratory demonstra-
tions and industrial deployment, ultimately contributing to
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safer, more efficient, and sustainable hydrogen-based energy
systems.
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