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In Situ Construction of Interface with Photothermal and
Mutual Catalytic Effect for Efficient Solar-Driven Reversible
Hydrogen Storage of MgH2

Xuechun Hu, Xiaowei Chen, Xiaoyue Zhang, Yang Meng, Guanglin Xia,* Xuebin Yu,*
Dalin Sun, and Fang Fang*

Hydrogen storage in MgH2 is an ideal solution for realizing the safe storage of
hydrogen. High operating temperature, however, is required for hydrogen
storage of MgH2 induced by high thermodynamic stability and kinetic barrier.
Herein, flower-like microspheres uniformly constructed by N-doped TiO2

nanosheets coated with TiN nanoparticles are fabricated to integrate the light
absorber and thermo-chemical catalysts at a nanometer scale for driving
hydrogen storage of MgH2 using solar energy. N-doped TiO2 is in situ
transformed into TiNxOy and Ti/TiH2 uniformly distributed inside of TiN
matrix during cycling, in which TiN and Ti/TiHx pairs serve as light absorbers
that exhibit strong localized surface plasmon resonance effect with
full-spectrum light absorbance capability. On the other hand, it is theoretically
and experimentally demonstrated that the intimate interface between TiH2

and MgH2 can not only thermodynamically and kinetically promote H2

desorption from MgH2 but also simultaneously weaken Ti─H bonds and
hence in turn improve H2 desorption from the combination of weakened
Ti─H and Ti─H bonds. The uniform integration of photothermal and catalytic
effect leads to the direct action of localized heat generated from TiN on
initiating the catalytic effect in realizing hydrogen storage of MgH2 with a
capacity of 6.1 wt.% under 27 sun.
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1. Introduction

Hydrogen as a versatile energy carrier is
considered as a key component for devel-
oping the decarbonization strategy of en-
ergy storage, power generation, and chem-
ical industry.[1] The safe and efficient stor-
age and transportation of hydrogen is a vi-
tal bottleneck for the large-scale application
of hydrogen energy.[2] In this regard, MgH2,
a typical solid-state light-weight metal hy-
dride, has attracted tremendous attention
due to its high theoretical gravimetric and
volumetric hydrogen storage capacity (i.e.,
7.6 wt.% and 110 g H2 L−1, respectively),
low cost, and environmental friendliness.[3]

However, a theoretical operating temper-
ature of over 280 °C is required for re-
versible hydrogen storage of MgH2 owing
to its high thermodynamic stability, and
the practical application is even worse in-
duced by the high kinetic barriers that fur-
ther increase the operating temperature up
to over 350 °C.[4] It not only limits the
practical application of MgH2 due to the
mismatch of the operating conditions re-
quired for reversible hydrogen storage and

most current fuel cells but also results in the consumption of a
large amount of extra energy for thermal heating.[5] Moreover,
the traditional energy supply relies mainly on external electric
heating equipment, which further reduces the practical hydro-
gen storage density and hence energy utilization efficiency of the
whole system.[6]

Solar energy, which is clean, sustainable sufficient to fulfill
the energy demand, is usually considered as a promising alter-
native to fossil fuels.[7] Solar-driven reversible hydrogen storage
of metal hydrides could effectively regulate the activity of H2 ad-
sorption and desorption reaction, which opens up a new avenue
for the wide use of renewable solar power to realize the reversible
storage of H2.[8] It is realized based on the combination of the
photothermal effect of a light absorber that generates localized
heat for increasing the temperature of MgH2 and catalytic effect
of thermo-chemical catalysts that is able to decrease the operat-
ing temperature required for the reversible hydrogen storage of
MgH2. The localized heat generated by the photothermal effect
should be able to match the operating temperature required for
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driving reversible hydrogen storage of MgH2 under the catalysis
of thermo-chemical catalysts that are physically separated from
light absorbers. The physical phase separation between the light
absorber and catalytic sites not only postpones the action of heat
generated by the photothermal effect on initiating the catalytic
effect in improving the hydrogen storage performance of MgH2
but also simultaneously results in the loss of heat during transfer
process, which leads to poor catalytic effect and low light-to-heat
efficiency. As a result, an ultrahigh light intensity of 4.0 W cm−2

is still required to realize a reversible hydrogen storage reaction
of MgH2.[9]

Inspired by the above progress, it is expected that the homo-
geneous integration of advanced photothermal agents and cat-
alytic sites is a theoretically ideal design to realize solar-driven
reversible hydrogen storage. Herein, flower-like microspheres
comprising uniformly constructed N-doped TiO2 nanosheets
coated with TiN nanoparticles (referred to as TiN@N-TiO2)
are fabricated to integrate light absorption and thermochemical
catalysis at a nanometer scale. During the initial mixing process
with MgH2, the N-doped TiO2 undergoes an in situ transforma-
tion into TiNxOy and TiH2 nanoparticles, which are uniformly
distributed inside the TiN matrix. Both TiN and TiH2 serve as
light absorbers, exhibiting a strong localized surface plasmon res-
onance (LSPR) effect with full-spectrum light absorption capabil-
ity. This results in a temperature of 283 °C under a light intensity
of only 19 sun, which is over 112 °C higher than that achieved
with TiO2 alone. On the other hand, it is theoretically and ex-
perimentally demonstrated that the introduction of TiH2 clus-
ters thermodynamically promotes the detachment of H atoms
from MgH2 by breaking Mg─H bonds and forming new Ti─H
bonds within TiH2 matrix. Additionally, the spontaneous transfer
of H atom from MgH2 into TiH2 simultaneously weakens Ti─H
bonds and hence kinetically facilitates H2 desorption from the
combination of weakened Ti─H and Ti─H bonds. As a result,
the homogeneous distribution of TiNxOy and TiH2 nanoparticles
within the TiN matrix facilitates the integration of photothermal
and catalytic effects on a nanometer scale, which enables the di-
rect utilization of localized heat to initiate the catalytic activity
of TiNxOy and TiH2 nanoparticles, thereby realizing solar-driven
hydrogen storage of MgH2 with a reversible capacity of 6.1 wt.%
under a light intensity of 27 sun.

2. Results and Discussion

As schematically illustrated in Figure S1 (Supporting Informa-
tion), the flower-like TiO2 microspheres were first synthesized by
the solvothermal reaction of tetrabutyl titanate in acetic acid and
the subsequent calcination at 500 °C.[10] Subsequently, flower-
like N-doped TiO2 microspheres uniformly coated with TiN
nanoparticles could be obtained after the calcination of mixed
TiO2 and melamine under an H2/N2 atmosphere. By adjusting
the mass ratio between TiO2 and melamine (MA) (1:x, x = 3, 5,
20, respectively), denoted as TNTx, the amount of thus-formed
TiN could be facile tuned. The coexistence of N-doped anatase
TiO2 (N-TiO2) and TiN was validated by X-ray diffraction (XRD)
patterns (Figure 1a) in the as-synthesized TNTx. As the mass ra-
tio of melamine increases, the diffraction peaks of anatase TiO2 at
25°, 47°, 53°, and 55° gradually weaken in intensity and exhibit
a slight shift toward lower 2𝜃 degrees. These observations sug-

gest the replacement of O2− ions by larger N3− ions and/or the
insertion of nitrogen atoms into the TiO2 lattice, resulting in the
formation of N-doped TiO2.In addition, new diffraction peaks ap-
pearing at 42° and 63°, attributed to the (200) and (220) plane re-
flections of TiN, become evident as the reaction between TiO2 and
melamine progresses. Moreover, the X-ray photoelectron spec-
troscopy (XPS) survey illustrates the presence of Ti 2p, O 1s, and
C 1s peaks in the as-synthesized TiO2 (Figure S2a, Supporting
Information) and the characteristic peaks of N 1s at 396–400 eV
in the as-synthesized TNT5, confirming the successful doping
of N atoms into TiO2. In addition to the characteristic peaks of
TiO2 at 458.7/464.5 eV, the presence of peaks corresponding to
the Ti─O─N bond at 457.3/462.6 eV and the Ti─N bond of TiN at
455.8/460.7 eV[11] could be observed in high-resolution Ti 2p XPS
spectrum of TNT5, which provides additional evidence for the co-
existence of N-TiO2 and TiN in TNT5. This result coincides well
with the high-resolution N 1s and O 1s XPS results,[12] which also
validates the presence of interstitial N atoms and O vacancies for
adjusting unbalanced electron distribution due to the introduc-
tion of N3− (Figure 1c; Figure S2b, Supporting Information).

Scanning electron microscopy (SEM) image (Figure S3,
Supporting Information) verifies that the as-synthesized TiO2
exhibits flower-like hierarchical microspheres with a diameter of
≈1–1.5 μm assembled by densely stacked uniform nanosheets
with a thickness of 20 nm. High-resolution TEM (HRTEM)
image of the as-synthesized TiO2 illustrates the presence of the
(101) plane of TiO2 with a typical d-spacing of 3.53 Å (Figure S4,
Supporting Information), corresponding well with XRD results.
After the nitridation process, the flower-like hierarchical micro-
spheres of TiO2 are well preserved (Figure 1d). The observation
of the lattice spacing of 3.56 Å corresponding to the (101) plane
of N-doped TiO2 at the center of the nanoparticles and the lattice
spacing of 2.10 Å corresponding to the (200) plane of TiN on the
surface of nanoparticles in the HRTEM image (Figure 1e) pro-
vides direct evidence to the formation of TiN uniformly decorated
on the surface of TiO2, which corresponds well with the selected
area electron diffraction (SAED) results (Figure 1f). As the
nitridation process progresses, there is a noticeable emergence
of TiN nanoparticles forming and adhering to the surface of
TiO2 nanosheets. These nanoparticles subsequently aggregate,
resulting in the development of wrinkled flower-like morpholo-
gies, as depicted in Figure S3 (Supporting Information). The
energy dispersive X-ray spectroscopy (EDS) elemental mapping
(Figure S5, Supporting Information) confirms the homogeneous
distribution of Ti, N, O, and C elements, which further confirms
the uniform coverage of TiN on the surface of N-doped TiO2 in
TNTx. Moreover, an amorphous carbon layer with a thickness
of ≈2 nm is observed on the surface of TiN@N-TiO2 due to the
retention of certain carbon atoms from melamine under inert
conditions (Figure 1e). Considering EDS and TG results (Figures
S6 and S7, Supporting Information), the weight content of N in
TNT5 is determined to be 5.4 wt.%, and the ratio of N is tunable
by adjusting the proportion of melamine (Table S1, Supporting
Information). Moreover, an amorphous carbon layer with a
thickness of ≈2 nm is observed on the surface of TiN@N-TiO2
due to the retention of certain carbon atoms from melamine
under inert conditions (Figure 1e). The progressive generation
of TiN particles and the deposition of an amorphous carbon
layer contribute to a gradual elevation in the specific surface area
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Figure 1. a) XRD patterns of the as-synthesized of TiO2 and TiN@N-TiO2. b) High-resolution Ti 2p XPS spectrum of TiO2 and TNT5. c) High-resolution
N 1s XPS spectrum of TNT5 and TiN. d) SEM, e) HRTEM images, and f) SAED pattern of TNT5. g) The relationship between the temperature and the
light intensity for TiO2, TNT5, and TiN after an irradiation time of 15 min. h) UV–vis–NIR absorption spectra of TiO2, TNT3, TNT5, and TiN (inset:
digital photos of blue – TiO2, green – TNT3, red – TNT5, and orange – TiN). i) Theoretical FDTD simulated localized electric field enhancement profiles
of TiN@N-TiO2, with TiO2 included for comparison.

of TiO2 from 72.8 to 107.1 m2 g−1. Simultaneously, there is a
slight reduction in the average pore size from 23.4 to 19.1 nm
attributed to the occupation of pore space by in situ formation
of TiN nanoparticles (Figure S8, Supporting Information).

After the nitridation process, an obvious change of color could
be visually observed (the inset of Figure 1h). The initially syn-
thesized TiO2 exhibits a pristine white color, whereas following
nitridation, its coloration deepens to a profound black, resem-
bling the appearance of commercial TiN, indicating the ability
to absorb sunlight across the entire spectrum as evidenced by
the UV–vis–NIR absorbance spectrum (Figure 1h). Typically, a
weak broad absorption peak between 400 and 600 nm could be
observed for TiN due to its localized surface plasmon resonance
(LSPR) effect[13] and the absorption curve of TiO2 indicates strong
UV light harvesting capability and weak vis–NIR light absorbance
with an absorption edge at only 400 nm. By comparison, a better
UV-light absorbance and a redshift of the absorption edge are
observed from TNT3. Based on the plots of the Kubelka–Munk

remission function[14] according to the adsorption curves of TiO2
and TNT3, the bandgap of the as-synthesized TiO2 is calculated to
be 2.97 eV, while this value is significantly reduced to 1.89 eV for
TNT3 (Figure S9, Supporting Information). This result directly
demonstrates the enhancement of the light absorption capabil-
ity of TiO2 via the doping of N that leads to the formation of O
vacancies, which could effectively narrow the bandgap of TiO2 by
introducing additional energy levels within the band structure.[15]

With the increased formation of excellent light-absorbing TiN,
the light absorption of TNT5 in the UV–vis range has further im-
proved (Figure 1h).

To clarify the mechanism of plasmon-enhanced photother-
mal properties induced by TiN, the cross-sectional electric field
distributions of TNTx and pure TiO2 are theoretically investi-
gated using the finite-difference time-domain (FDTD) simula-
tion (Figure 1i). The profiles of electric fields are obtained when
the 525 nm incident light is perpendicular to one of the facets.
Localized “hot spots”[16] could be observed clearly around TiN
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Figure 2. a) H2 desorption curves and b) Kissinger’s plots of MgH2 under the catalysis of TiO2, TNT5, and TiN, respectively, with ball-milled MgH2
included for comparison. c) Isothermal H2 adsorption curves of MgH2 at 250 °C under the catalysis of TNT5 and TiO2, respectively, with ball-milled MgH2
included for comparison. d) The activation energy for hydrogenation of MgH2 catalyzed by TNT5 is fitted by the JMA equation. e) Cycling isothermal H2
desorption curves and capacity retention of MgH2 under the catalysis of TNT5 and TiO2 at 260 °C.

nanoparticles and in the interfacial regions between TiN and
TiO2. The presence of TiN notably extends the reach of the sur-
rounding electric field, thereby confirming the strong LSPR ef-
fect of TiN in enhancing the photothermal performance of TNTx.
Consistent with the full-spectrum absorbance trend, the LSPR ef-
fect of TNTx could also enlarge the area of localized “hot spots”
around TiN nanoparticles, even in the near-infrared range, as
demonstrated by the adoption of 1200 nm incident light (Figure
S10, Supporting Information), which offers further evidence of
the broadened light absorption capability of TiO2 through the
nitridation process. As a result, under a light irradiation inten-
sity of 19 sun, the surface temperature of TiO2 reaches 171 °C
only within 15 min due to its limited light absorption ability. By
comparison, a high temperature of 241 and 283 °C could be ob-
tained for TNT5 and TNT20, respectively, which directly demon-
strates the superior photothermal properties induced by the ni-

tridation process. In addition, a linear relationship between the
surface temperature and light intensity in the range of 16–22 sun
could be observed and as expected, TiO2 after nitridation exhibits
higher photothermal conversion efficiency than that of pure
TiO2 (Figure 1g). Maintaining an unaltered composition and mi-
crostructure after light irradiation, it is of great importance that
nitrided TiO2 demonstrates stable and efficient light absorption
and photothermal conversion capabilities (Figure S11, Support-
ing Information).

The hydrogen storage performance of MgH2 under the pres-
ence of TiO2 before and after nitridation with a weight ratio of
10 wt.% is first investigated using traditional external thermal
heating via temperature-programmed desorption (TPD) method
(Figure 2a). Owing to the sluggish kinetics and high thermal sta-
bility of reversible hydrogen storage of MgH2, a high operating
temperature of 300 °C is required for the dehydrogenation of
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Figure 3. a) The surface temperatures of MgH2 under the catalysis of TNT5, TiO2, and TiN, respectively, with a light intensity of 27 sun. b) UV–vis–NIR
absorption spectra of MgH2 under the catalysis of TiO2, TNT5, and TiN, respectively, with ball-milled MgH2 included for comparison. c) Solar-driven H2
desorption of MgH2 under the catalysis of TiO2, TNT5, and TiN, including ball-milled MgH2 for comparison. d) H2 desorption curves of MgH2 under
the catalysis of TNT5 under various light intensities over time. e) Cycling H2 desorption curves of MgH2 catalyzed by TNT5 under a light intensity of 35
sun and the corresponding surface temperature after 5–10 min irradiation.

MgH2.Under the catalysis of TiO2, MgH2 is capable of releasing
H2 at 198 °C with a peak temperature of 215 °C, indicating the
effective catalytic role of TiO2 in enhancing the hydrogen storage
performance of MgH2. By comparison, the peak temperature for
the dehydrogenation of MgH2 catalyzed by TiN reaches 290 °C,
which is comparable to that of the ball-milled MgH2, indicating
the limited catalytic effect of TiN in improving H2 desorption
of MgH2. Under the catalysis of TiO2 after nitridation, the peak
temperature for the dehydrogenation of MgH2 could be main-
tained at ≈220 °C, with a terminal temperature of 250 °C, which
directly demonstrates the superior catalytic effect of TNTx in pro-
moting H2 desorption of MgH2. Among them, the apparent ac-
tivation energy (Ea) of MgH2 catalyzed TNT5 calculated by the
Kissinger’s equation that is determined to be 74.3 kJ mol−1 is the
lowest, which is 60 kJ mol−1 lower than that of ball-milled MgH2
(Figure 2b; Figure S12, Table S2, Supporting Information). It pro-
vides direct evidence of the effective role of TNT5 in catalytically
improving H2 desorption of MgH2.

Upon the reversible hydrogenation process, the effective role
of TNT5 in optimizing H2 adsorption of Mg could also be ob-
served. Specifically, 5.92 wt.% H2 could be charged within 30 min
under 5 MPa H2 at 250 °C, corresponding to 90.7% of its maxi-
mum capacity, while this value is decreased to 80.8% and 76.9%
for MgH2 catalyzed by TiO2 and ball-milled MgH2 under iden-
tical conditions (Figure 2c). Upon decreasing the temperature
down to 100 and 50 °C, 5.03 and 3.54 wt.% of H2 could still
be recharged into dehydrogenated MgH2 catalyzed by TNT5
within 30 min (Figure S13, Supporting Information). According

to the Johnson–Mehl–Avrami (JMA) equation,[17] the Ea for the
hydrogenation of MgH2 catalyzed by TNT5 is calculated to be
26.6 kJ mol−1, much lower than that of bulk MgH2 (Figure 2d).
Hence, considering the superior photothermal performance and
catalytic effect, TNT5 is selected for driving reversible hydrogen
storage of MgH2 using solar energy.

Impressively, a reversible capacity of 6.21 wt.% H2, corre-
sponding to a capacity retention of ≈95.8%, could be retained
for MgH2 catalyzed by TNT5 after 40 cycles of H2 desorption
and adsorption, while only a capacity retention of 88.9% could be
achieved for MgH2 catalyzed by TiO2 after 10 cycles (Figure 2e).
This result validates the excellent catalytic stability of TNT5 in im-
proving reversible hydrogen storage of MgH2 as supported by the
repeated transformation between Mg and MgH2 in XRD results
(Figure S14, Supporting Information).

Based on the remarkable photothermal capability of TNT5 and
the exceptional thermal-driven hydrogen storage performance of
MgH2 under the catalysis of TNT5, it is expected that the ther-
mal energy generated by TNT5 upon light irradiation is capable
of driving reversible hydrogen storage of MgH2. Specifically, un-
der a light intensity of 27 sun, the surface temperature of MgH2
catalyzed by TNT5 could reach 240 °C within 2 min, which is
much higher than that of TiO2 (i.e., 225 °C) and, however, lower
than that of TiN (i.e., 250 °C). This result is consistent with the ob-
servation from the UV–vis–NIR absorption test (Figure 3a,b), in
which the average absorbance of MgH2 was gradually increased
with the addition of TiO2 after nitridation, particularly as the rel-
ative TiN content rises, from 0.678 of MgH2 catalyzed by TiO2 to
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0.769 of TNT3, 0.822 of TNT5, and 0.864 of TNT20, and finally,
MgH2 catalyzed by TiN shows the highest light absorbance capa-
bility in the full spectral range, especially in the region of vis–NIR,
with an average absorbance of up to 0.897.

In response to the irradiation with a light intensity of 27
sun, only neglectable H2 could be released from the ball-milled
MgH2 within 60 min owing to its limited photothermal capabil-
ity (Figure 3c), while a capacity of 4.5 wt.% could be released
from MgH2 after the addition of TiN with excellent photother-
mal performance that leads to a high surface temperature of
250 °C. This result validates the effective role of the photother-
mal effect in realizing solar-driven hydrogen storage of MgH2.
On the other hand, although the photothermal capability of TiO2
is much lower than that of TiN, MgH2 catalyzed by TiO2 is able
to release 5.7 wt.% of hydrogen, even 1.2 wt.% higher than that
under the catalysis of TiN, which validates the key role of cat-
alytic effect in realizing hydrogen storage of MgH2 using solar
energy. Therefore, it is essential to carefully adjust the content
of TiO2 and TiN to optimize the solar-driven reversible hydro-
gen storage of MgH2. Induced by the comparable photothermal
performance of TNT5 with TiN and the superior catalytic effect
of TNT5 than TiO2, MgH2 under the catalysis of TNT5 is capa-
ble of releasing 6.1 wt.% H2 within 30 min under a light inten-
sity of 27 sun. As expected, the surface temperatures of MgH2
catalyzed by TNT5 exhibit a linear dependence on light inten-
sity. Specifically, the surface temperatures of 220, 230, 240, and
250 °C are achieved as the light intensity increases to 23, 25,
27, and 30 sun, respectively, which consistently remain 5–10 °C
higher than those observed for TiO2 under identical conditions
(Figure S15a, Supporting Information), This provides direct ev-
idence of the effective role of N-doping in enhancing the pho-
tothermal effect of TiO2, thereby promoting its catalytic activity in
achieving solar-driven hydrogen storage performance of MgH2.
In particular, 5.5 wt.% H2 could be released within 2 min from
MgH2 catalyzed by TNT5, and a complete dehydrogenation with
a capacity of 6.2 wt.% could be achieved within 12 min under a
light intensity of 30 sun (Figure 3d), showing significantly faster
and more sufficient dehydrogenation performance than that of
TiO2 (Figure S15b–d, Supporting Information), which is the best
reported photothermal catalyst for solar-driven MgH2 hydrogen
storage materials so far (Table S3, Supporting Information).

Solar-driven reversible hydrogen storage of MgH2, which is a
critically challenging issue for its practical application, is subse-
quently investigated under a light intensity of 35 sun (Figure 3e).
A reversible capacity of 6.05 wt.% could still be achieved for
MgH2 catalyzed by TNT5 after 15 cycles, corresponding to a ca-
pacity retention of 95%. It is worth noting that the H2 desorption
of MgH2 catalyzed by TNT5 is accelerated after 15 cycles with a
slight increase in surface temperature (Figure S16, Supporting
Information). The light absorbance in the vis and NIR regions
of MgH2 under the catalysis of TNT5 and TiO2 is enhanced af-
ter several cycles, while the absorbance in the UV range is de-
creased, especially for MgH2 catalyzed by TiO2 (Figure S17a, Sup-
porting Information). High-resolution XPS results demonstrate
that, after mixing with MgH2 and the repeated H2 desorption
and adsorption process, TiO2 and N-doped TiO2 are reduced to
Ti/TiHx (Figures S18–S20, Supporting Information), which, in
comparison with TiO2, exhibit superior absorbance in the vis–
NIR region and inferior light absorbance in the UV region.[18]

It is consistent with the weakening of the light absorbance of
MgH2 catalyzed by TiO2 and TNT5 in the UV region after cy-
cling (Figure S17a,b, Supporting Information). Induced by su-
perior light absorption performance, the surface temperature of
MgH2 after the addition of pure Ti and TiH2 is higher than that of
TiO2, which could further promote its catalytic effect in improv-
ing hydrogen storage of MgH2 (Figure S17c, Supporting Infor-
mation). However, it could be expected that nano-scaled Ti/TiH2
pairs generated by in situ reduction reaction between MgH2 and
TiO2 would construct closer contact interfaces with MgH2 than
by physical introduction, leading to better H2 desorption perfor-
mance, thus highlighting the additional advantages of in situ
nano-sized catalysts in improving solar-driven hydrogen storage
of MgH2 (Figure S17d, Supporting Information). In addition, as
the cycling process progresses, a decreasing fluctuation range of
surface temperature within 5–10 min in Figure 3e indicates that
in situ Ti/TiH2 assists MgH2 in facilitating quicker attainment
of stable temperature and achieving faster dehydrogenation by
enhancing the photothermal conversion efficiency.

In order to unveil the catalytic effect of TNT5 in enhancing
the hydrogen storage performance of MgH2, XPS measurement
is conducted to investigate the phase change during repeated
H2 desorption and adsorption processes. The characteristic XPS
peaks of metallic Ti at 454 eV could be observed with the absence
of TiO2 after the ball milling process between MgH2 and TNT5
(Figure S18, Supporting Information), indicating the formation
of metallic Ti from the reduction of N-doped TiO2 by MgH2 dur-
ing the ball milling process. After the reversible hydrogenation
process, characteristic peaks belonging to Ti─H bonds at 453 and
459.8 eV could be found with the absence of Ti, confirming the
reversible formation of Ti/TiH2 species during the cycling pro-
cess of MgH2. High-resolution Ti 2p and N 1s XPS results of
MgH2 catalyzed by TNT5 at different states (Figure S19, Sup-
porting Information) demonstrate that the characteristic peaks
of TiN and TiNxOy

[19] inside of TNT5 could be well-preserved
throughout the reversible hydrogen storage process. This result
demonstrates the in situ reversible formation of Ti/TiH2 and the
well-preservation of TiN and TiNxOy upon repeated H2 desorp-
tion and adsorption process that could play a catalytic effect in
improving the hydrogen storage performance of MgH2. XPS re-
sults of MgH2 cycling under light irradiation with the addition
of TNT5 also come to the same conclusion (Figure S20, Support-
ing Information), which strengthens the credibility of the above
conclusion. Considering that Ti/TiH2 could also be observed dur-
ing the cycling process of MgH2 catalyzed by TiO2 that exhibits
a comparable catalytic effect with TNT5 with the observation of
only a limited catalytic effect for TiN (Figure S21, Supporting In-
formation), it is concluded that Ti/TiH2, as well as TiNxOy, plays
an important catalytic role in improving hydrogen storage perfor-
mance of MgH2.

Considering that the H2 desorption from MgH2 is an en-
dothermic process with a large enthalpy of 74.1 kJ mol−1 while
the reversible H2 adsorption of Mg is thermodynamically favor-
able and only TiH2 could be detected along the formation of
MgH2, ab initio molecular dynamics (AIMD) simulations are
conducted to unravel the effect of TiH2 in improving H2 desorp-
tion of MgH2 (Figure 4a,b). Upon the proceeding of the simu-
lation, only the formation of disordered structure could be ob-
served for pristine MgH2 with no sign of H2 desorption. In strong
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Figure 4. a,b) Snapshot of the AIMD simulation of the H2 desorption from MgH2 under the catalysis of TiH2 and pristine MgH2, respectively. c) The
bond length of Ti─H bond in TiH2 clusters without and with the presence of MgH2. d) H2 desorption derivative curves of ball-milled MgH2, TiH2, and
MgH2 with the addition of TiH2. e) Energy profile of the self-dehydrogenation of MgH2, TiH2, and Ti16H33.

contrast, after the introduction of TiH2 clusters with a particle
size of ≈1 nm, numerous H atoms of MgH2 will be sponta-
neously not only detached from MgH2 matrix but also trans-
ferred into TiH2 toward the formation of new Ti─H bonds. First-
principles calculations based on density functional theory reveal
that the hydrogen transference through Mg─H bond breaking
and Ti─H new bond formation, along with the interface disorder
reconstruction, is thermodynamically favorable with an enthalpy
of −4.47 eV, which validates the effective role of TiH2 in thermo-
dynamically promoting the dissociation and transfer diffusion of
H atoms in MgH2 matrix. In addition, the energy barrier for H2

desorption from TiH2 is 1.46 eV, which is much lower than that
of MgH2 (2.34 eV) (Figure 4e; Figure S22, Supporting Informa-
tion). This suggests that dehydrogenation through the combina-
tion of Ti─H bonds is more favorable than the breaking of Mg─H
bonds, indicating that the spontaneous transfer of H atoms from
MgH2 to TiH2 could also kinetically promote H2 desorption from
MgH2. As a result, H2 desorption would be observed on the sur-
face of TiH2 clusters after only 3.5 ps from the start of the simu-
lation.

The average length of Ti─H bonds in pristine TiH2 clusters
is 1.87 Å, while this value is increased to 1.95 Å in the pres-
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Figure 5. The comparison of a) apparent dehydrogenation activation energies and b) H2 desorption curves of MgH2 catalyzed by TNT5 under solar
and electric heating. c) The difference in dehydrogenation completeness ratio over time in MgH2 catalyzed by TNT5 driven by light and at various light
intensities and the corresponding temperatures. d) The comparison of the H2 release rate of MgH2 catalyzed by TNT5 using solar energy and thermal
heating.

ence of MgH2, indicating that the spontaneous transfer of H
atom from MgH2 to TiH2 could in turn weaken Ti─H bonds
(Figure 4c). Hence, after the introduction of one H atom into
TiH2, a lower energy barrier of only 1.24 eV for the H2 desorp-
tion from the H-enriched TiH2 nanoclusters could be observed
(Figure 4e). It could be further supported by the experimental re-
sults (Figure 4d), in which the peak temperature for H2 desorp-
tion from both MgH2 and TiH2 in the mixed composite of MgH2
and TiH2 is much lower than their bulk counterpart. Specifically,
MgH2 could achieve complete dehydrogenation before 300 °C,
and even TiH2, whose initial dehydrogenation temperature is
originally as high as 470 °C, could achieve partial dehydrogena-
tion to form TiH1.5, as depicted in Figure S23 (Supporting In-
formation). This result demonstrates the intimate interface be-
tween TiH2 and MgH2 could not only thermodynamically and
kinetically promote H2 desorption from MgH2 but also simul-
taneously weaken Ti─H bonds and hence in turn improve the
H2 desorption from the combination of weakened Ti─H and
Ti─H bonds, which coincides well with the observation of signif-
icant decrease of H2 desorption from MgH2 under the catalysis
of TNT5 and TiO2. As a result, when the simulation time is in-
creased from 3 to 8 ps, facile H2 desorbed from the surface of
TiH2 with the spontaneous breaking of Mg─H bonds could be
further observed. In addition to TiH2, the energy barrier for H2
desorption from MgH2 under the catalysis of TiNxOy could also
be lowered down to 0.61 eV (Figure S24, Supporting Informa-
tion), 1.7 eV lower than that of pure MgH2, which validates the

additional catalytic role of TiNxOy in improving the H2 desorption
of MgH2.

Elemental mapping results verify the uniform distribution of
Ti and N elements inside of MgH2 matrix, indicating the homo-
geneous mixing of catalytic species with MgH2 during the cy-
cling process (Figure S25, Supporting Information). HRTEM im-
ages reveal that uniform interfaces between TiH2 and TiNxOy as
the effective catalysts and TiN as the light absorber are well pre-
served, coupled with the homogeneous distribution of Ti/TiH2
and TiNxOy inside of MgH2 matrix, which could promote the di-
rect action of localized heat generated by TiN on activating the cat-
alytic effect in improving H2 adsorption and desorption of MgH2.

Subsequently, the comparison between light irradiation and
traditional electric heating in driving hydrogen storage of MgH2
under the catalysis of TNT5 is investigated in detail, where the
solar-driven H2 desorption process using specific light intensity
could be considered as an isothermal heating process. The acti-
vation energy of MgH2 catalyzed by TNT5 under electric heat-
ing calculated by Arrhenius equation according to isothermal hy-
drogen desorption profiles (Figure 5a; Figure S26a, Supporting
Information) is 77.3 ± 2.9 kJ mol−1, comparable to the value of
71.3 ± 5 kJ mol−1 calculated under the light irradiation. There-
fore, it could be concluded that solar-driven hydrogen storage
in MgH2 is essentially a thermo-catalytic process, where light
only serves as a source of energy through photothermal conver-
sion, without the additional role of photocatalysis. Despite this,
compared to traditional electric heating, solar-driven heating still
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exhibited remarkable hydrogen storage performance. Under the
light intensity of 23 sun that corresponds to a surface tempera-
ture of 220 °C, MgH2 under the catalysis of TNT5 is capable of
releasing 4.45 wt.% H2 (corresponding to 73% of its theoretical
capacity) within 10 min, while more than 20 min is required by
means of electrothermal heating as the energy input to reach the
same level of H2 desorption (Figure 5b). This difference could be
attributed to the significant heat loss that occurs during the con-
duction of heat from the heating device to MgH2 in electric heat-
ing, as well as the influence of MgH2 with poor thermal conduc-
tivity. As a result, the temperature rise within the MgH2 is slower.
On the other hand, light can directly act on the uniformly dis-
persed photothermal agent TiN, enabling it to generate heat di-
rectly within the MgH2 matrix upon light irradiation, thus avoid-
ing significant energy loss. Consequently, solar-driven heating
achieves not only a superior fast response to energy input within
a few seconds but also a maximized energy utilization efficiency.

The difference between the desorption completeness ratio pro-
files over time driven by light and heating further highlights the
advantages of solar-driven over traditional heat-driven hydrogen
storage strategy (Figure S26b–d, Supporting Information). When
90% of H2 desorption is achieved under the light intensity of 30
sun, only 20% of H2 desorption could be obtained at 250 °C, in
which the time to reach a maximum difference of 70% is only
2 min. However, when the light intensity is decreased to 23 sun,
it takes 5 min to reach the maximum difference of 56%, not only
the time is prolonged, but also the difference value is degraded.
This result indicates that the stronger the light intensity, the more
noticeable advantage in response rate and dehydrogenation rate
of solar-driven hydrogen storage over traditional heat-driven hy-
drogen storage could be achieved. The solar-driven method uti-
lizes the localized heat generated by the LSPR effect of TiN that
results in predictable higher temperature than the measured sur-
face temperature of MgH2. Specifically under the light inten-
sity of 23 sun, the measured temperature of MgH2 catalyzed by
TNT5 is ≈220 °C, while TiN nanoparticles could even reach an
instantaneous high temperature of 412 °C. This indicates that
the localized temperature of the TiN in the composite is ≈180–
230 °C higher than the overall temperature, demonstrating the
strong photothermal conversion performance of the nanoscale
photothermal agent (Figure S27, Supporting Information). Ad-
ditionally, the close contact interface between the photothermic
agent and the thermocatalysts allows for the direct action of heat
on the catalytic species, further enhancing their catalytic activity
on MgH2, which leads to superior peak dehydrogenation rate un-
der light irradiation than that of the electric heating (Figure 5d).
On the other hand, MgH2 with low thermal conductivity could
act as a “heat isolator”,[20] which not only reduces the tempera-
ture gradient near TiN nanoparticles but also minimizes the heat
dissipation to the environment. This could further improve the
light-to-heat efficiency of the photothermal effect in promoting
overall solar-driven hydrogen storage of MgH2.

However, solar-driven hydrogen storage still faces the problem
of poor thermal conductivity of hydrogen storage materials. Since
the bottom of the pellet that cannot be directly irradiated by light
needs to achieve dehydrogenation through heat conduction, poor
thermal conductivity will lead to a serious tailing phenomenon
of the dehydrogenation curve. Designing catalyst structures to
improve the thermal conductivity is a typical strategy, but the

ball milling process disrupts the catalyst’s microstructure, which
limits further exploration of its significance in the field of solar-
driven hydrogen storage from the perspective of structure design,
and more attention is focused on the specific chemical compo-
sition’s effects on photothermal and catalytic properties. In the
future, nano-confinement of hydrogen storage materials can be
achieved on well-designed structural carriers, such as flakes and
cavities, which are recognized for their significant advantages
in the photothermal and catalytic fields. Further exploration will
shed light on the significance of catalyst structure in solar-driven
hydrogen storage.

3. Conclusion

In summary, flower-liked microspheres constructed by N-doped
TiO2 uniformed coated with TiN nanoparticles are designed
to integrate light absorbers and thermo-chemical catalysts at a
nanometer scale for realizing solar-driven hydrogen storage of
MgH2. After mixing with MgH2, N-doped TiO2 are in situ trans-
formed into TiNxOy, and Ti/TiH2 pairs are uniformly distributed
within TiN matrix. TiN and Ti/TiH2 pairs serve as the light ab-
sorber, leading to a temperature of 283 °C under a light intensity
of only 19 sun. Furthermore, the introduction of TiH2 clusters
both thermodynamically and kinetically promotes the detach-
ment of H atoms from MgH2, forming new Ti─H bonds inside
the TiH2 matrix. Consequently, the homogeneous distribution
of TiNxOy and Ti/TiH2 within TiN matrix enables the uniform
integration of photothermal and catalytic effect at a nanoscale,
allowing localized heat to initiate catalysis and achieve a hydro-
gen capacity of 6.1 wt.% under a light intensity of 27 sun. There-
fore, this work provides a rational design to realize solar-driven
hydrogen storage of metal hydrides by in situ constructing the
photothermal-catalytic coupling interface.
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the author.
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