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Solar-Driven Reversible Hydrogen Storage
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Guanglin Xia,* Fang Fang,* Dalin Sun, and Xuebin Yu*

The lack of safe and efficient hydrogen storage is a major bottleneck for
large-scale application of hydrogen energy. Reversible hydrogen storage of
light-weight metal hydrides with high theoretical gravimetric and volumetric
hydrogen density is one ideal solution but requires extremely high operating
temperature with large energy input. Herein, taking MgH, as an example,

a concept is demonstrated to achieve solar-driven reversible hydrogen
storage of metal hydrides via coupling the photothermal effect and cata-

lytic role of Cu nanoparticles uniformly distributed on the surface of MXene
nanosheets (Cu@MXene). The photothermal effect of Cu@ MXene, coupled
with the “heat isolator” role of MgH, indued by its poor thermal conductivity,
effectively elevates the temperature of MgH, upon solar irradiation. The
“hydrogen pump” effect of Ti and TiH, species that are in situ formed on the
surface of MXene from the reduction of MgH,, on the other hand, plays a
catalytic role in effectively alleviating the kinetic barrier and hence decreasing
the operating temperature required for reversible hydrogen adsorption and
desorption of MgH,. Based on the combination of photothermal and catalytic
effect of Cu@MXene, a reversible hydrogen storage capacity of 5.9 wt% is

the reversible hydrogen uptake and
release reaction of these metal hydrides
is extremely endothermic in general with
high kinetic barrier! As a result, high
operating temperature that is achieved
by external heating using artificial energy
(e.g., electricity in general), which would
require large extra energy input and high
operating costs for their large-scale appli-
cation, is now a prerequisite for realizing
reversible hydrogen storage of these
metal hydrides. It would inevitably lower
the hydrogen storage density and energy
efficiency of the whole hydrogen storage
system and more importantly, cannot
eliminate our reliance on fossil fuels.
Unfortunately, this major issue has been
ignored for a long time. An alternative
catalytic strategy that allows the reversible
hydrogen storage of metal hydrides to be
performed under mild reaction conditions

achieved for MgH, after 30 cycles using solar irradiation as the only energy

source.

1. Introduction

The increasing global warming and energy crisis resulting
from the use of conventional fossil fuels has motivated exten-
sive exploration of renewable and sustainable clean energy.l!
Hydrogen has been widely regarded as a predominant candi-
date as a future energy carrier for sustainable development.?!
The lack of an effective and safe strategy to storage hydrogen
with high gravimetric and volumetric density, however, poses
a critical challenge for large-scale application of hydrogen
energy.’l Recently, storing hydrogen in solid-state light-weight
metal hydrides has attracted increasing attention since it has
unique safety characteristics endowed with ultrahigh theoretical
gravimetric and volumetric hydrogen densities.! Nonetheless,
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with minimum energy and cost input is
required in urgent.

Harnessing solar energy for energy
storage has been widely regarded as a cru-
cial pathway to alleviate the global energy
shortage and environment pollution.’! Therefore, the efficient
utilization of renewable solar energy for reversible hydrogen
storage is considered to be one of the most promising strate-
gies to simultaneously mitigate the global energy crisis and
increase the energy efficiency of hydrogen storage process.
Recent progress of photothermal effect of metal-based cata-
lysts based on electron oscillations under light excitation”! and
the localized surface plasmon resonance (LSPR) effect®! dem-
onstrates the generation of localized heating using the solar
energy, which could be applied for initiating and driving revers-
ible hydrogen storage of metal hydrides. Unfortunately, the
research integrating photothermal features to realize photother-
mally assisted reversible hydrogen storage of metal hydrides
has yet to be explored up to now as far as we know. The chal-
lenge regarding the capability of photothermal effect in real-
izing reversible hydrogen storage of metal hydrides remains to
be resolved urgently.

Herein, taking advantage of MgH, as a model example,
we demonstrate a concept to realize solar-driven reversible
hydrogen storage of metal hydrides via coupling photothermal
and catalytic effect of Cu nanoparticles uniformly supported
on MXene (Cu@MXene). First, outstanding photothermal
conversion capabilities of Cu@MXene based on the combina-
tion of the plasmonic properties of Cu nanoparticles and the
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photothermal effect and high thermal conductivity of MXene
nanosheets are adopted to generate localized heat under solar
irradiation for driving H, desorption and adsorption of MgH,.
On the other hand, the “hydrogen pump” effect of Ti and TiH,
species that are in situ formed on the surface of MXene from
the reduction of MgH, is capable of effectively weakening
Mg—H bonds and mitigating relative energy barrier of H, des-
orption from MgH,, which hence plays a catalytic role in effec-
tively decreasing the operating temperature required for dehy-
drogenation and hydrogenation of MgH,. Coincidently, MgH,
has a poor thermal conductivity and hence it could act as “heat
isolator” to reduce the temperature gradient near Cu@MXene
that serves as the photothermal and catalytic sites, which con-
tributes to driving fast H, desorption and absorption of MgH,.
As a result, in comparison to the typical thermal-promoted
solid-state hydrogen storage reaction, the combination of pho-
tothermal conversion with catalytic effect allows Cu@MXene
to collect a heating source to reduce the temperature gradient
near catalytic center and get a higher reactivity at local sites,
resulting in faster response of H, desorption to the solar irra-
diation than that of traditional thermal heating. Accordingly,
using solar energy only, stable reversible hydrogen desorption
and adsorption could be facile achieved for MgH, under the
catalysis of Cu@MXene, delivering a high H, storage capacity
of 5.9 wt% after 30 cycles.

2. Results and Discussion

2.1. Preparation and Characterization of Cu@MXene

The fabrication process of Cu@MXene is schematically illus-
trated in Figure 1a, in which the few-layer MXene (Ti;C,T,) dis-
persed in deionized water is first prepared by etching the MAX
phase and ultrasonication. After the etching process of MAX
phase, X-ray diffraction (XRD) pattern illustrates the (002) char-
acteristic peak of MXene located at 8.14° (Figure 1b), indicating
the formation of MXene. Subsequently, the positively charged
Cu?" is introduced to uniformly coordinate with the negatively
charged —OH functional group of MXene to realize electrostatic
self-assembly of Cu®* ions, which results in the homogeneous
anchoring of Cu nanoparticles on the surface of MXene sheets
after thermal annealing. As evidenced by the XRD results, three
peaks located at 43.19°, 50.20°, and 73.89°could be indexed
to the (111), (200), and (220) planes of the fcc-structured Cu,
respectively, indicating the presence of Cu nanoparticles inside
of Cu@MXene. In addition, the (002) characteristic peak of
MXene is shifted from 8.14° for MXene to 8.08° for Cu@
MZXene, indicating the enlargement of the d-spacing of MXene
nanosheets! due to the uniform anchoring of Cu nanoparti-
cles on the surface of MXene nanosheets, which would increase
the interlayer spacing to prevent the restacking of MXene
sheets in Cu@MXene.l'”) Moreover, X-ray photoelectron spec-
troscopy (XPS) measurement of MXene and Cu@MXene illus-
trates characteristic peaks of C 1s, O 1s, Ti 2p, Ti 3p, and F 1s
(Figure 1c; Figure S1, Supporting Information). In comparison
to pure MXene, an extra energy band at around 929.3 eV associ-
ated with the characteristic peak of Cu 2p could be observed for
Cu@MXene.™! Two characteristic peaks located at 931.2 eV and
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951.1 eV in Cu 2p XPS spectrum of Cu@MXene (Figure 1d),
corresponding to the binding energies of Cu® 2p;;, and Cu’
2py)5, respectively, provide additional evidence to the presence
of zero-valent copper.[?

Scanning electron microscopy (SEM) images of Cu@MXene
(Figure 1le) illustrate that the layered structures of MXene are
well preserved with the homogeneous anchoring of Cu nano-
particles, possessing particle sizes ranging from 10 to 20 nm.
High-resolution transmission electron microscopy (HRTEM)
(Figure 1f) image of these Cu nanoparticles exhibits the lattice
fringes of approximately 0.21 nm, corresponding to the (111)
plane of Cu, which directly confirms the uniform formation of
Cu nanoparticles on the surface of MXene sheets. The inter-
layer spacing of MXene is calculated to be 1.12 nm (Figure S2,
Supporting Information), which is in good agreement with the
(002) peak of MXene as verified by the XRD results (Figure 1b).
In addition, the energy dispersive X-ray spectroscopy (EDS) ele-
mental mapping (Figure 1g) confirms the homogeneous distri-
bution of Ti, C, and Cu, further validating the uniform disper-
sion of Cu nanoparticles on the surface of MXene nanosheets.
The loading ratio of Cu nanoparticles is determined to be
7 wt% by inductively coupled plasma source mass spectrometer
(ICP-MS) with the detection of a small amount element of O
(10.61%), Cl (1.70%), F (1.50%), and N (1.07%) (Figure S3 and
Table S1, Supporting Information), which could be attributed
to the natural functional groups on MXene surface.l®] These
results demonstrate the homogeneous synthesis of Cu nano-
particles on the surface of MXene nanosheets.

2.2. Photothermal Effect of Cu@MXene

UV-vis—NIR absorption spectra of Cu@MXene and MXene
(Figure 2a) illustrate that Cu@MXene exhibits an overall
stronger absorption than that of pure MXene in the visible
and near-infrared wavelength ranges.' Two absorption peaks
between 400 and 1200 nm owing to the strong enhancement
of light-matter interaction by the LSPR effect could be clearly
observed for pure MXene, which hence could serve as the light
absorber.™ Due to this LSPR-like photothermal effect!® and
nearly 100% internal light-to-heat conversion efficiency,”] the
temperature of MXene reaches 246.0 °C under a light inten-
sity of 1.39 W cm™2 (Figure 2b; Figure S4, Supporting Infor-
mation). It is noteworthy that the characteristic absorption
peak of MXene in the visible range has a red shift from 550
to 590 nm after the homogeneous decoration of Cu nanoparti-
cles,!® which could be induced by the absorption contribution
of the LSPR effect of Cu nanoparticles located at ~590 nm.!"!
As a result, the temperature could be elevated to 263.7 °C for
Cu@MXene under the identical condition with that of MXene,
which directly validates the stronger LSPR response effect of
Cu@MXene due to the combination of the plasmonic prop-
erties of Cu nanoparticles and the photothermal effect of
MXene nanosheets as the photothermal carrier.??! Moreover,
the temperature of Cu@MXene is always higher than that
of MXene under various irradiation intensities between 1.39
and 1.92 W cm™?, exhibiting a linear relationship between the
surface temperature and irradiation intensity for both Cu@
MXene and MXene.?!l The larger slope of Cu@MXene than
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Figure 1. a) Schematic illustration of the fabrication of Cu@MXene. b) XRD patterns and c) XPS survey spectra of the as-synthesized Cu@MXene and
MXene. d) High-resolution Cu 2p XPS spectrum of Cu@MXene. e) SEM image of Cu@MXene. The inset histogram shows the corresponding particle
size distribution of Cu nanoparticles of Cu@MXene. f) TEM image of Cu nanoparticles in Cu@MXene. g) EDS elemental mapping images of Cu@

MXene.

pure MXene within the test range demonstrates that more
heat could be generated for Cu@MXene with the increase of
irradiation intensity under identical condition, which provides
additional evidence to the stronger photothermal conversion
ability of Cu@MXene.?2 Particularly, an ultrahigh temperature
of 330.4 °C could be achieved for Cu@MXene under an irra-
diation intensity of 1.92 W cm™. Moreover, a relatively stable
temperature could be obtained for Cu@MXene within ~50 s
(Figure S5a, Supporting Information), and this phenomenon
is well preserved upon continuously adjusting the light inten-
sity (Figure S5b, Supporting Information), indicating the fast
response of the surface temperature of Cu@MXene to solar
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irradiation. In addition, light-triggered cycling tests were per-
formed on Cu@MXene under a light intensity of 1.60 W ¢cm™2,
in which each cycle is composed of irradiating for about 90 s
and cooling to below 53 °C for 60 s. As shown in Figure S6,
Supporting Information, no deterioration on the temperature
of Cu@MXene could be detected after ten cycles of irradiation
and cooling process, indicating its superior fatigue-free photo-
thermal performance.

In order to visually validate the superior photothermal effect
of Cu@MZXene than that of MXene, the temperature of Cu@
MXene and MXene over the time were in situ captured via
an infrared camera under a 0.40 W cm~? full-spectrum light
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Figure 2. a) UV—vis—NIR absorption spectra of Cu@MXene and MXene. b) The relationship between the temperature and the light intensity observed
for Cu@MXene and MXene after an irradiation time of 120 s. c) In situ detection of surface temperature of Cu@MXene and MXene recorded by an
infrared thermal imager under a light intensity of 0.4 W cm=2. d) FDTD simulated localized electric field enhancement profiles.

(Videos S1 and S2, Supporting Information). During 5 min of
irradiation, the maximum surface temperature of Cu@MXene
is always higher than that of pure MXene, with a more uni-
form thermal field distribution observed inside of Cu@MXene
(Figure 2c). This phenomenon confirms the enhanced light-
to-heat conversion of MXene due to the uniform decoration of
Cu nanoparticles. To understand the mechanism behind the
enhanced photothermal effect of Cu@MZXene, finite-difference-
time-domain (FDTD) simulations were performed to investi-
gate the radiation energy transformation of Cu@MZXene and
MXene (Figure 2d; Figure S7, Supporting Information). In
comparison to pure MXene nanosheets, plasmonic “hot spot”
regions could be clearly observed near each Cu nanoparticle,
which directly validates that the strong LSPR-induced local-
ized electric-field of Cu nanoparticles results in higher tem-
perature than that of MXene nanosheets. In addition, due to
the high thermal conductivity of MXene nanosheets (Table S2,
Supporting Information), the heat generated by the strong
LSPR effect of Cu nanoparticles could be facilely diffused into
MZXene nanosheets, which contributes to uniformly enhancing
the photothermal effect of MXene due to the homogeneous
distribution of Cu nanoparticles on their surface. Induced by
the synergistic LSPR coupling effect between Cu nanoparticles
and MXene nanosheets, Cu@MXene exhibits stronger light
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absorption ability in the full spectral range than pure MXene
nanosheets.

2.3. Catalytic Effect of Cu@MXene

Magnesium hydride (MgH,), as one of the most promising
solid-state light-weight metal hydrides, has advantages of high
hydrogen capacity, excellent reversibility, and low cost,?3 but
facing the serious challenges of the high operating tempera-
ture and slow kinetics due to its high thermodynamic stability
(AH = 76 k] mol™) and kinetic barrier (E, = 160 k] mol™).124
Introducing metal-based catalysts has been demonstrated as
one of the most effective strategies to alleviate the kinetic bar-
rier for reversible hydrogen storage of MgH,, which could
effectively decrease its operating temperature for H, desorp-
tion and adsorption.[””! Therefore, the effect of Cu@MXene
in improving hydrogen storage performance of MgH, is first
evaluated by means of traditional electric heating, in which the
amount of introduced catalysts is controlled to be 10 wt%. Tem-
perature-programmed desorption (TPD) results and their dif-
ferential curves (Figure S8, Supporting Information) illustrate
that the onset and peak dehydrogenation temperatures of ball-
milled MgH, reach 315 and 347 °C, respectively, and hence a
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large energy input would be required to drive H, desorption of
MgH,. In strong contrast, the introduction of both Cu@MXene
and MXene results in a significant decrease of both onset and
peak temperature for H, desorption from MgH,. Particularly,
the peak temperature for H, desorption from MgH, could be
decreased to 237 and 248 °C under the catalysis of Cu@MXene
and MXene, respectively, and both of them are ~100 °C lower
than that of ball-milled MgH,. It should be noted that the peak
temperature for H, desorption from MgH, under the catalysis
of Cu nanoparticles is comparable to pure MgH, (Figure S8a,
Supporting Information), indicating that Cu nanoparticles is
inactive in enhancing H, desorption performance of MgH,.
Hence, it indirectly demonstrates the catalytic role of Cu@
MXene and MXene in effectively improving the H, storage
performance of MgH, could be attributed to the presence of
MXene.

To quantitatively evaluate the enhanced H, desorption per-
formance of MgH, induced by the introduction of Cu@MXene,
the activation energy (E,) for dehydrogenation of MgH, is

www.advmat.de

calculated using the Kissinger equation (Equation (S4), Sup-
porting Information). According to the Kissinger’s plots based
on various heating rates (Figures S8c and S9, Supporting
Information), the activation energies (E,) for H, desorption
from MgH, with the addition of MXene and Cu@MXene are
determined to be 86.62 * 2.26 and 90.46 + 3.26 k] mol ™}, respec-
tively, both of which are significantly lower than that of ball-
milled MgH, (136.69 * 6.46 k] mol™). The activation energy
for H, desorption of MgH, under the catalysis of Cu@MXene,
however, is slightly higher than that of MXene, which could be
attributed to the partial replacement of MXene by Cu nanopar-
ticles that have no catalytic effect in enhancing H, desorption
performance of MgH, (Figure S8b, Supporting Information).
Isothermal H, desorption kinetics of MgH, catalyzed by
Cu@MZXene is subsequently evaluated at various temperatures.
Upon heating at 240 °C (Figure 3a), H, desorption capacity
released from MgH, under the catalysis of Cu@MZXene and
MXene reaches 6.3 and 5.5 wt% within the period of only
10 min, while almost no hydrogen could be released from
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Figure 3. a) Isothermal dehydrogenation curves at 240 °C of MgH, under the catalysis of Cu@MXene and MXene, respectively, including ball-milled
MgH, for comparison. b) Isothermal dehydrogenation profiles of MgH, under the catalysis of Cu@MXene at various temperatures. c) Isothermal
hydrogenation curves at 250 °C of MgH, under the catalysis of Cu@MXene and MXene, respectively, including ball-milled MgH, for comparison. d)

Isothermal hydrogenation curves of MgH, under the catalysis of Cu@MXene at various temperatures. e) Calculated energy profiles for the release of

one H, molecule from MgH, under the catalysis of Ti, TiH, and TiH,, respectively.
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ball-milled MgH, under the identical condition. This confirms
the catalytic role of Cu@MXene and MXene in enhancing H,
desorption performance of MgH,. As expected, the increase
of operating temperature leads to the enhanced H, desorption
kinetics of MgH, catalyzed by Cu@MXene (Figure 3b). Par-
ticularly, a capacity of ~6.5 wt%, approaching the theoretical
value of MgH, catalyzed by Cu@MXene, could be released
within 300 s only at 260 °C. The apparent E, of MgH, under
the catalysis of Cu@MXene estimated by the Johnson-Mehl—-
Avrami (JMA) equation and the Arrhenius equation (Figure
S10, Supporting Information) is calculated to be 90.31 £ 5.36 k]
mol~}, consistent with that calculated by the Kissinger equa-
tion, which is among the best reported Ti-based catalyst for
MgH, hydrogen storage materials so far (Table S3, Supporting
Information). During the reversible H, adsorption process at
250 °C under 3 MPa H,, only a capacity of 5.9 wt% H,, cor-
responding to only 79% of its theoretical maximum capacity,
could be adsorbed by pristine Mg within 60 min (Figure 3c). By
comparison, the H, adsorption capacity of Mg under the catal-
ysis of MXene and Cu@MZXene reaches 6.0 wt% (about 93%
of its maximum capacity) and 5.6 wt%, respectively, under the
identical condition within 60 s only. Impressively, 5.0 wt% H,
could be reversibly stored into Mg under the catalysis of Cu@
MXene within 60 min upon decreasing the operating tempera-
ture down to 100 °C and, even at room temperature, it could
adsorb 4.5 wt% of H, upon extending the reaction time to 8 h
(Figure 3d). These results validate the effective catalytic role of
Cu@MXene in simultaneously improving the H, desorption
and adsorption kinetics of MgH,.

Isothermal cycling H, absorption and desorption measure-
ments illustrate that a reversible H, storage capacity of 6.1 wt%
could be preserved for MgH, under the catalysis of Cu@
MXene after 10 cycles (Figure S11, Supporting Information),
corresponding to a high capacity retention of 93%. Only char-
acteristic peaks of MgH, could be detected for MgH, catalyzed
Cu@MXene after 10 cycles of hydrogenation process, with the
reversible formation of Mg after cycling H, desorption, which
confirms the excellent cycling stability of MgH, under the catal-
ysis of Cu@MXene (Figure S12, Supporting Information). The
characteristic peaks of MXene and Cu, however, could not be
observed under the strong diffraction signals of Mg and MgH,,
which could be attributed to their amorphous state and/or low
contents.[?®l Fortunately, Ti 1p and C 1s XPS results of MgH,
under the catalysis of Cu@MXene confirm the presence of
Ti—C bonds of MXene and zero-valence Cu of Cu nanoparticles
before and after cycling H, desorption and adsorption process,
indicating the maintenance of Cu nanoparticles and partial
MZXene after cycling. In addition, upon the cycling H, adsorp-
tion and desorption process, the characteristic peak of Ti—C
bonds of MXene remains almost unchanged, which provides
additional evidence to the well-preservation of partial MXene
during cycling hydrogen storage process. The continuous pres-
ence of MXene could exert their photothermal functions upon
light irradiation during reversible hydrogen storage process
(Figures S13, Supporting Information). In addition, only weak
peaks of Ti—O bonds, accompanied with the presence of MgO,
could be observed in the O 1s XPS spectra of MgH, under the
catalysis of Cu@MXene, which could be attributed to the par-
tial reaction between MgH, and MXene and/or the inevitable
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oxidation during the sample transfer process. In addition,
the characteristic peaks of metallic Ti® at 459.4 and 453.4 eV
could also be observed for MgH, under the catalysis of Cu@
MXene after the ball-milling process, indicating the in situ
formation of metallic Ti, which could be attributed to partial
reduction of MXene by MgH,.[*’l Interestingly, the hydrogena-
tion process leads to the formation of Ti—H bonds observed at
459.9 and 453.9 eV with the almost disappearance of metallic
Ti, indicating the presence of “hydrogen pump” effect based
on the transformation between Ti and TiH, during reversible
hydrogen storage process of MgH,, which holds great potential
to improve the H, release and uptake performance of MgH,.
It could be supported by the significant decrease of the peak
temperature for the dehydrogenation of MgH, down to 316 °C
after the addition of commercial Ti nanoparticles (Figure S8a,
Supporting Information), which directly demonstrates the cat-
alytic effect of Ti in improving H, desorption performance of
MgH,. The peak temperature for H, desorption from MgH,
catalyzed by both Cu@MXene and MXene, however, is much
lower than that of MgH, catalyzed by Ti nanoparticles, which
confirms that the in situ formation of Ti from the reaction
between MgH, and MXene could enhance the catalytic effect of
Ti in improving H, desorption performance of MgH,.

In order to unravel the catalytic role of Ti and TiH, based on
their “hydrogen pump” effect, theoretical calculations were con-
ducted based on density functional theory (DFT). It is revealed
that the length of Mg—H bonds in the pristine MgH, monomer
is 1.71 A. Under the support of both Ti and TiH, species, the
corresponding Mg—H bonds are stretched and an obvious
increase of 0.21 A could be observed for MgH, under the
catalysis of TiH, indicating that both Ti and TiH, are capable
of effectively weakening Mg—H bonds (Figure S14, Supporting
Information). As evidenced by charge density difference anal-
ysis, it could be attributed to the charge transfer between Ti
and TiH, species and MgH,, where the charges accumulate in
the interfacial spaces and deplete in the area between Mg and
H atoms, indicating the decrease of ionic interaction of MgH,
molecule. To quantitively understand the catalytic effect of Ti
and TiH,, the H, desorption barrier for MgH, is subsequently
calculated. In the term of MgH,, the relative energy barrier for
H, desorption from MgH, reaches 3.12 eV (Figure S15a, Sup-
porting Information), indicating the presence of large kinetic
barrier for its hydrogen storage reaction, which correlates well
with its high H, desorption temperature of over 370 °C (Figure
S8, Supporting Information). Interestingly, the presence of Ti
and TiH, species leads to the significant decrease of the H,
desorption barrier of MgH,. More importantly, in comparison
to metallic Ti, the catalysis of TiH, and TiH, which are in situ
formed during the formation of MgH, from the reversible H,
adsorption process as verified by the XPS results (Figure S13,
Supporting Information), is most effective in reducing the H,
desorption barrier of MgH,, which could be even decreased
to 1.08 eV under the catalysis of TiH,. The release of H, from
MgH, hence could be effectively promoted at its initial state of
dehydrogenation. Considering the much lower H, desorption
barrier of TiH, (i.e., 1.35 eV) than that of MgH, (i.e., 3.12 eV)
(Figure S15a, Supporting Information), the formation of Ti or
TiH from self-dehydrogenation of TiH, is inevitable and hence
the catalytic effect of Ti or TiH in enhancing the H, desorption
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performance of MgH, should be further evaluated. Impres-
sively, under a stable structural configuration, the hydrogen
of MgH, would be spontaneously transferred into Ti and/or
TiH matrix, which directly demonstrates the “hydrogen pump”
effect of Ti and TiH, species. Moreover, the release of this
transferred hydrogen would be significantly reduced to 1.60 and
1.40 eV under the catalysis of Ti and TiH, respectively, much
lower than that of pure MgH, (i.e., 3.12 eV), directly validating
the important role of the “hydrogen pump” effect of Ti and
TiH, species in promoting the H, desorption performance of
MgH, (Figure 3e). Coincidentally, the in situ formation of Ti
and TiH, species on the surface of MXene nanosheets from the
reduction of MgH, could ensure their homogenous distribu-
tion inside of MgH, with intimate contact, which would effec-
tively promote their catalytic effect in improving the H, storage
performance of MgH,.

2.4. Reversible Hydrogen Storage of MgH, Driven by Solar
Energy

Based on the photothermal performance of Cu@MXene and
the hydrogen storage performance of MgH, under the catalysis
of Cu@MZXene, it is concluded that the heat generated by Cu@
MXene under solar irradiation, coupled with its catalytic effect
in improving H, storage performance of MgH,, is capable of
driving the reversible H, storage of MgH,. Hence, a customized
solar-driven H, absorption and desorption equipment was built
to investigate the solar-driven H, storage performance of MgH,
(Figure S16, Supporting Information). Owing to the introduc-
tion of Cu@MXene with strong light adsorption ability (Figure
S17, Supporting Information), the surface temperature of MgH,
under the catalysis of Cu@MXene approaches 209 °C within
5 min under a light intensity of 2.61 W c¢m2, which is able
to thermally drive H, desorption of MgH, catalyzed by Cu@
MXene (Figure 4a). In response to this irradiation, rapid H, des-
orption with a capacity of 3.9 wt% H, could be clearly observed
for MgH, under the catalysis of Cu@MXene (Figure 4b). By
comparison, since MXene exhibits comparable catalytic effect
in improving H, storage performance of MgH, with Cu@
MXene but with relatively weaker light absorption ability, only
a temperature of 200 °C could be achieved, resulting in the
release of H, with a capacity of only 3.0 wt%, which is ~1.0 wt%
less than that of MgH), catalyzed by Cu@MZXene. More interest-
ingly, under the light intensity of 2.61 W cm™, the surface tem-
perature of MgH, with the addition of Cu nanoparticles reaches
243 °C (Figure S18a, Supporting Information), much higher
than that of Cu@MXene (i.e., 209 °C). This result provides
direct evidence to the strong LSPR effect of Cu nanoparticles,
which could be further supported by the obvious absorption
peak at around 600 nm in visible light range detected by UV-
vis—NIR (Figure S18c, Supporting Information), in elevating the
temperature of MgH,. Hence, the temperature of Cu@MXene
under the identical light irradiation is much higher than that of
MZXene due to the uniform decoration of Cu nanoparticles on
the surface of MXene. In addition, induced by the LSPR effect
of Ti nanoparticles, the surface temperature of MgH, with the
addition of Ti nanoparticles is also comparable to that of Cu@
MXene. Although the surface temperature of MgH, with the
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addition of Ti nanoparticles or Cu nanoparticles is comparable
to or even much higher than that of MgH, with the addition
of Cu@MXene under the light intensity of 2.61 W ¢cm™2, the
H, capacity released from MgH, catalyzed by Cu nanoparticles
and Ti nanoparticles (Figure S18b, Supporting Information)
is only 0.56 and 0.95 wt%, respectively, which could be attrib-
uted to their limited catalytic effect in improving H, desorption
performance of MgH,. These results confirm the synergistic
effect of the photothermal and catalytic role of Cu@MXene is
capable of achieving H, desorption of MgH, using solar irra-
diation only. Furthermore, with the increase of light intensity,
the temperature of MgH, increases (Figure 4c), which would
increase the degree of H, desorption from MgH, (Figure 4d;
Figure S19, Supporting Information). Particularly, a complete
dehydrogenation of MgH, with a capacity of 6.2 wt% could be
achieved within 60 min under a light intensity of 3.10 W cm2,
and a faster H, release kinetics with almost constant amount
of hydrogen desorption is observed upon increasing the light
intensity to 3.35 W cm™2,

It could be noted that the dehydrogenation rate has an expo-
nential relationship with the light intensity (Figure S20a, Sup-
porting Information), indicating that the photothermal effect
mainly accounts for the increase of dehydrogenation rate.l?®!
Comparing the amount of H, desorption at various tempera-
tures (Figure S20b, Supporting Information), the H, desorp-
tion performance under solar energy is similar to that driven
by thermal heating, that is, MgH, releases hydrogen through a
photothermal pathway induced by the light-to-heat conversion
ability of Cu@MXene rather than photocatalytic principle.?% In
addition, the apparent activation energy under light irradiation
is calculated to be 86.49 + 4.98 k] mol™!, which is comparable
to that driven by thermal heating (i.e., 90.31 + 5.36 k] mol™)
(Figure S20c, Supporting Information). These results vali-
date that the solar-driven dehydrogenation of MgH, is mainly
achieved based on heat produced by photothermal effect of
Cu@MXene with the combination of its catalytic effect. In
strong contrast, no hydrogen release could be observed for ball-
milled MgH, even under a high light intensity of 3.35 W cm™,
which provides direct evidence to the important role of Cu@
MXene based on its photothermal and catalytic effect in real-
izing H, desorption of MgH, using solar irradiation as the only
energy input (Figure 4d).

The solar-driven reversible H, storage performance of MgH,,
a key challenging aspect for the practical application, is sub-
sequently investigated under the catalysis of Cu@MZXene.
Under the light density of 4.00 W cm™2, the operating tempera-
ture for H, desorption and absorption of MgH, is determined
to be approximately 275 and 240 °C, respectively (Figure S21,
Supporting Information). Impressively, a reversible capacity
of 5.9 wt% could be achieved for MgH, catalyzed with Cu@
MXene after 30 cycles of H, adsorption and desorption, cor-
responding to a capacity retention of 91% (Figure 4e), and the
reversible formation of MgH), after the first cycle of H, adsorp-
tion could be clearly demonstrated by XRD results (Figure S22,
Supporting Information). More importantly, the H, desorption
kinetics of MgH, under the catalysis of Cu@MXene is well-
preserved after 30 cycles of hydrogen storage process (Figure
S21c, Supporting Information), indicating its excellent sta-
bility of the photothermal and catalytic effect of Cu@MXene
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Figure 4. a) The response of temperature to light irradiation and b) the corresponding H, desorption curves of MgH, under the catalysis of Cu@MXene
and MXene, with pure MgH, included for comparison. c) The response of temperature to light irradiation and d) the corresponding H, desorption
curves of MgH, under the catalysis of Cu@MXene under different light intensities. e) Cycling H, desorption curves of MgH, under the catalysis of

Cu@MXene using a light intensity of 4 W cm™2.

(Figure 5a). This result corresponds well with the stable cycling
performance of MgH, under the catalysis of Cu@MXene upon
thermal heating (Figure S10, Supporting Information), which
indirectly demonstrates the excellent stability of the catalytic
effect of Cu@MXene attributed to the space-confinement role
of MXene nanosheets in inhibiting the agglomeration of cata-
Iytic Ti/TiH, species and photothermal Cu nanoparticles. On
the other hand, nearly no change of the absorbance perfor-
mance could be observed for MgH, under the catalysis of Cu@
MXene after 15 cycles of H, adsorption process compared with
its pristine ball-milled state (Figure S18d, Supporting Informa-
tion), indicating the well-preserved photothermal effect, which
is indispensable to drive reversible hydrogen storage reaction
of MgH, using solar irradiation. In addition, it is interesting
to note that the thermal conductivity of powdery MgH, is less
than 1 W (m K)7.B% which is far below that of Cu (397 W (m
K)!) and MXene (55.8 W (m K)71).BY Thus, under the catalysis
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of Cu@MZXene, MgH, with poor thermal conductivity could act
as “heat isolator” to reduce the temperature gradient near Cu@
MXene that acts as “nanoheater” and effective catalysts, which
could contribute to driving fast H, desorption and absorption
reactions of MgH,.?% As a result, MgH, under the catalysis of
Cu@MXene could release 4.9 wt% of H, within a time period
of only 10 min when using solar irradiation with an intensity of
2.85 W cm™ as the energy input, while a saturation time as long
as 30 min is required for that of MgH, when using external
heating as the energy input (Figure S23, Supporting Informa-
tion). This result demonstrates that, in comparison to the typical
thermal-promoted solid-state H, storage reaction, the combina-
tion of photothermal conversion with catalytic effect allows the
catalysts to collect a heating source to reduce the temperature
gradient near catalytic center and get a higher reactivity at local
sites, resulting in faster response of H, desorption to the solar
irradiation than that of traditional thermal heating.
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Figure 5. a) Schematic diagram of the solar-driven reversible hydrogen storage of MgH, based on the photothermal and catalytic effect of Cu@MXene.
b) The surface temperatures, c) UV-vis—NIR absorption spectra, and d) the comparison of H, desorption degree of MgH, under the catalysis of Cu@

MXene with various ratios using a light intensity of 2.61 W cm2.

It is noted that the relatively high light intensity is required to
drive the reversible hydrogen storage of MgH, even under the
catalysis of Cu@MZXene. Although high-intensity irradiation
could be obtained by simply adding the Fresnel lens (j = 12 cm)
to the Xenon lamp, for example, the low-intensity light (1.04-
1.53 W cm™) could be concentrated to 3.73-5.70 W cm2,
roughly increasing the light intensity to 3.6 times than that
without any Fresnel lens, which makes it possible to drive
reversible hydrogen storage reactions by natural light.’3 In
order to verify this, an outdoor experiment of solar-driven H,
desorption of MgH, under the catalysis of Cu@MXene using
natural solar is performed via a low-cost PMMA Fresnel lens
(j = 36) (Video S3 and Figure S24, Supporting Information).
Hydrogen bubbles could be observed to dramatically emerge
from the pipe upon the addition of the PMMA Fresnel lens,
and more importantly, XRD results demonstrate that the
main phase of MgH, catalyzed by Cu@MXene is Mg after
this H, desorption process (Figure S24e, Supporting Informa-
tion). These results provide direct evidence to the feasibility
of driving solid-state hydrogen storage of MgH, by natural
solar energy. However, the economy and the maximization
of photothermal efficiency of this strategy should be further
investigated in the future toward enhanced hydrogen storage
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performance of MgH, using natural solar as the only energy
source. Taking Cu@MXene as an example, the effect of cata-
lysts with various ratios is further explored for solar-driven H,
storage of MgH,. As expected, the increase of the loading ratio
of Cu@MXene leads to the elevation of the stable temperature
under the same illumination intensity (Figure 5b) due to the
increase of its absorbance ability of the composite. As a result,
upon increasing the loading ratio of Cu@MZXene to 20%, the
temperature of MgH, could be elevated to 235.6 °C, 273 °C
higher than that with a loading ratio of Cu@MXene of 10%.
The increase of temperature of MgH,, however, is limited to
16.5 °C upon increasing the loading ratio of Cu@MXene to
30% from 20%, indicating the decreased efficiency of Cu@
MXene in elevating the temperature of MgH, via increasing
loading ratios. On the other hand, the increase of the loading
ratio of Cu@MXene would decrease the systematic H, storage
capacity down to 4.9 wt% (Figure S24, Supporting Informa-
tion). Accordingly, the balance between photothermal effect of
Cu@MXene and the systematic H, storage capacity should be
optimized for practical applications. For instance, under a low
light intensity of 2.61 W cm™2, the hydrogen release amount of
MgH, containing 20% of Cu@MXene reaches the best, with
an H, desorption degree of 96.8%, which is close to saturation
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(Figure 5d). By comparison, MgH, with a loading ratio of 10%
of Cu@MZXene could not reach the required temperature for its
complete dehydrogenation owing to the limited photothermal
effect. Although the increase of the loading ratio of Cu@
MXene to 30% would result in a higher H, desorption degree
of 971%, the theoretical H, capacity of this system would be
significantly decreased to approximately 5.2 wt% H,. More
importantly, the increase of Cu@MZXene could facile increase
the normalized H, capacity released from sample pellets with
higher thickness (Figures S26, S27, Supporting Information),
and the differences of H, capacity released from sample pel-
lets that exhibits adjacent thicknesses are much lower than that
with a weight ratio of Cu@MZXene of 10% (Table S4, Supporting
Information). In particular, after doubling the thickness of the
sample pellet from 0.16 to 0.31 mm, the normalized H, capacity
loss for the sample pellet with a weight ratio of Cu@MXene of
10% reaches 18.3%, while this value could be reduced to 10.8%
after increasing the weight ratio of Cu@MXene to 20%. There-
fore, when designing a solar-driven hydrogen storage system,
it is necessary to consider the balance between the photo-
thermal conversion efficiency and the thus-obtained systematic
hydrogen storage capacity.

3. Conclusions

This work creatively presents a strategy to realize solar-driven
reversible hydrogen storage of light-weight metal hydrides
based on the combination of the photothermal and catalytic
effect. Specifically, Cu nanoparticles uniformly supported on
MXene that combines plasmonic properties of Cu nanoparti-
cles and the photothermal effect and high thermal conductivity
of MXene nanosheets are constructed to realize solar-driven
reversible hydrogen storage of MgH,. The high photothermal
conversion of Cu@MXene is able to generate localized heat
under solar irradiation for thermally driving H, desorption and
adsorption of MgH,. On the other hand, the favorable inter-
action between MgH, and Cu@MZXene results in the in situ
formation of Ti and TiH, species distributed on the surface
of MXene, which are capable of effectively weakening Mg—H
bonds, and meanwhile, the “hydrogen pump” effect of thus-
formed Ti and TiH, species significantly decreases the relative
energy barrier of H, desorption from MgH,. These synergistic
effects lead to the significant decrease of the operating tem-
perature required for dehydrogenation and hydrogenation of
MgH,. More importantly, due to its poor thermal conductivity,
MgH, itself could act as “heat isolator” to reduce the tempera-
ture gradient near Cu@MXene that acts as the photothermal
and catalytic sites, which contributes to driving fast H, desorp-
tion and absorption of MgH,. Hence, the combination of high
photothermal conversion with effective catalytic effect allows
Cu@MXene to collect a heating source to reduce the temper-
ature gradient near catalytic center and get a higher reactivity
at local sites, leading to faster response of H, desorption to
the solar irradiation than that of traditional thermal heating.
Consequently, reversible hydrogen desorption and adsorption
could be facile achieved for MgH, under the catalysis of Cu@
MXene by using solar energy only. Our study on solar-driven
hydrogen storage of metal hydrides may enlighten the interests
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in developing new solid-state hydrogen storage technologies
and solar-to-chemical energy reactions.
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