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ARTICLE INFO ABSTRACT

Keywords: Although Mg(BH,), has been widely studied in the hydrogen storage field for its high hydrogen density, its
Hydrogen storage terrible dehydriding kinetics and cycling features remain impediments to practical applications. Herein, intro-
Mg(BHa)2 ducing different MXenes (Ti3Cy, Ti2C, NboC) with novel two-dimensional structures as catalysts into Mg(BH4)2
Ié/[:::;est has been demonstrated to be an efficient approach to boosting the hydrogen storage properties. 30 wt% MXenes

in Mg(BH4)2 causes a considerable reduction in its hydrogen release temperature, remarkable increases in its
dehydrogenation rate and capacity, and an enhancement to its reversibility. The Mg(BH4)2-30Ti2C as the most
excellent composite starts to liberate hydrogen from 132 °C, 143 °C lower than that of Mg(BH,),. Furthermore, at
260 °C, the Mg(BH4)2-30TiyC composite desorbs 10.2 wt% Hj, which is much higher than that of Mg(BHy) (1.5
wt%). Theoretical calculations elucidate the weakening of B-H bonds caused by the electron transfer at the Mg
(BH4)2/MXenes interfaces, and the dehybridization effect between the B and H orbits. X-ray photoelectron
spectroscopy (XPS) analyses prove the in-situ formation of multiphase interfaces resulting from the interaction of
Mg(BH,4)2 and MXenes during milling and dehydrogenation processes, which could increase electron conduction
and facilitate hydrogen diffusion. These factors contribute to the outstanding dehydrogenation properties of Mg
(BHg)2.

DFT calculation

1. Introduction and reversible H, capacity need to be comprehensively considered when
choosing suitable materials for hydrogen storage applications. Mg(BHy)2
is deemed a potential candidate for the very large Hy capacities (weight-

wise, 14.9 wt%; volume-wise, 82 ~ 147 g/L) [6,7]. Regrettably, it re-

Under the background of the global energy crisis and environmental
issues, hydrogen is widely believed to be a very promising alternative to

fossil fuels in view of its cleanliness and renewability [1,2]. However,
the deficiency of solutions to secure and high-efficiency hydrogen
storage and transportation is an urgent problem, which has been
limiting its large-scale applications. Currently, high-pressure compres-
sion and low-temperature liquefaction are prevalent methods to store
hydrogen [3]. While the solid-state hydrogen storage technology, which
stores hydrogen in various solid materials through physisorption and
(or) chemisorption, shows significant advantages concerning safety and
efficiency [4,5]. Factors such as Hy density, dehydrogenation/rehy-
drogenation conditions mainly including temperature and Hj pressure,
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leases hydrogen only at higher temperatures and lower rates, and gains
partial reversible hydrogen absorption under harsh hydrogenation
conditions [8]. Multiple measures including doping with catalysts or
additives [6,9], preparing nanostructures [10], mixing with other metal
hydrides or complex hydrides to form unstable systems [11,12], syn-
thesizing derivatives such as ammonates of Mg(BH4)2 [13,14], have
been taken to ameliorate these issues. Studies have revealed that the
utilization of transition metal-based catalysts in Mg(BH4)2 could
ameliorate its hydrogen storage properties, particularly the dehydriding
kinetics [15].
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Some excellent modifying effects exist in titanium-based and
niobium-based catalysts [16-20]. According to the research by Bardaji
et al. [16], the addition of 5 mol% NbCls or TiCl; to Mg(BH4)2 brought
about a considerably lowered initiation temperature of dehydrogenation
in the composites compared with that in pure Mg(BH4),. At 300 °C, high
amounts of hydrogen (5.5 and 6.3 wt%) could be released from the two
composites, which were far more than that from Mg(BHy4)2. However,
the influencing mechanism of the additives on the dehydrogenation
reaction was not clarified in detail. It was reported that NbFs resulted in
outstanding dehydrogenation behavior in Mg(BH4), such as extremely
low onset dehydriding temperature (~75 °C) and large H; yield at 150
~ 300 °C (3.7 ~ 10.0 wt%) in the 15 wt% NbFs-catalyzed sample) [17].
Additionally, Wang et al. [18] also declared the superior dehydrogena-
tion properties and reversibility existing in the NbFs-catalyzed Mg
(BH4)2 composite. NbF5 was proved to react with Mg(BHy4)o, generating
MgF; and NbB, during the dehydrogenation process, which were spec-
ulated to be a reason for the enhanced hydrogen storage performances.
As clarified by Sulaiman et al. [19], the 2LiAlH4 + Mg(BH,4)2 composite
could be further destabilized by adding 5 wt% of TiFs. Concretely, the
TiF3-catalyzed composite could release hydrogen from a decreased
temperature at 60 °C, enhance the isothermal de/hydrogenation ki-
netics, and sharply lower the activation energies for the three main
decomposition steps. According to the structural studies, Ti-Al, TiH,
LiF, and MgF, formed as 2LiAlH4 + Mg(BH4)2 + TiF3 decomposed,
altering the de/hydrogenation pathways. As reported by Wang et al.
[20], the optimizations of dehydriding kinetics and reversibility of Mg
(BHy4)2 were achieved through utilizing Ti nano-particles (NPs) which
resulted from the generation of TiHj 924, TiB, and TiB,. These results
manifested that Ti metal, TiX, and NbX (X = Cl, F) both showed modi-
fication effects on Mg(BH4)2 mainly through participating in its dehy-
drogenation reactions.

Recently, 2D transition metal carbides (MXenes), such as Ti3Cp, TisC,
Nb,C and V2C, have been used as efficient catalysts in various hydrogen
storage materials, including metal borohydrides [21,22], metal hydrides
[23-27], and NaAlH4 [28]. Zheng et al. [21] reported that the addition
of 40 wt% Ti3Cy to Mg(BH,), resulted in a hydrogen release of 10.8 wt%
at 330 °C within 15 min, as well as an improved kinetics in the dehy-
drogenation cycles. Based on investigations into the catalytic mecha-
nism, TigCy could prevent Mg(BH,), particles from agglomerating
during cycling, and the in-situ formed Ti metal particles on the surfaces
of TisCy served as active catalysts, promoting the breakdown of B-H
bonds during dehydrogenation. Other transition metal carbides, such as
TipC and Nb,C, have been proven to result in excellent hydrogen storage
performances in MgHs [23]. The MgH>@Nb,C and MgH;@Ti,C com-
posites exhibited significantly reduced dehydrogenation apparent acti-
vation energies (111.49 kJ mol~! and 86.48 kJ mol!) and higher
capacity retention (95 % and 97 %) after 30 cycles [23]. The authors
clarified that the unique layered structures in the MXenes and the
valence state changes of the surficial multivalent transition metal atoms
facilitated hydrogen transport and electron transfer in MgHj,. Based on
these catalytic mechanisms, it is speculated that TioC and NboC MXenes
should be capable of catalyzing the dehydrogenation of Mg(BH,)2,
although there have been no relevant reports to date.

Herein, inspired by these studies, TioC and Ti3Cy were synthesized
through etching and utilized along with the commercially purchased
NbyC MXene to catalyze the de/rehydrogenation performances of Mg
(BHy4),. Isothermal and non-isothermal desorption measurements were
exploited to comparatively assess the dehydrogenation properties of the
Mg(BH4)2-30MXenes (TisCy, TioC, NboC). The enhanced dehydrogena-
tion kinetics and increased Hy contents are observed in all three Mg
(BH4)2-30MXene composites, and the catalysis of TioC triggers the op-
timum dehydrogenation properties. In the TPD (temperature-pro-
grammed desorption) test, the Mg(BH4)>-30TioC composite liberates
13.2 wt% Hy when heated to 500 °C with an initiation temperature of
132 °C. Besides, it yields 10.2 wt% Hj at a relatively moderate tem-
perature of 260 °C during the isothermal test. The structural evolutions
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of Mg(BH4), and MXenes during the TPD tests were analyzed. By means
of theoretical calculations and structural characterizations, the cata-
lyzing effects of the MXenes are confirmed to stem from multiple factors.
Furthermore, the improved reversibility of Mg(BH4)2-30MXenes as well
as the products of Mg(BH4),-30TioC during the cycles was also
discussed.

2. Experimental methods
2.1. Materials and chemicals

Magnesium chloride (MgClz, 99 %), sodium borohydride (NaBHjy,
98 %), and lithium fluoride (LiF, 99.99 %) were purchased from
Aladdin. Powders of titanium aluminum carbide (Ti3AlCy) and multi-
layered niobium carbide (NboC) were provided by 11 Technology, Co.,
Ltd. Ti2AlC powder was bought from Foshan Xinxi Technology Co., Ltd.
Hydrochloric acid (36 %~38 %) and diethyl ether (AR) were acquired
from Sinopharm Chemical Reagent, Co., Ltd. Prior to use, diethyl ether
was dried overnight with calcium hydride (CaHj). Furthermore, the
remaining chemicals were employed in their original state without any
additional treatment.

2.1.1. Synthesis of Mg(BH4)2
Mg(BH,4), was synthesized using a previously described method
[29], which was based on the reaction outlined below.

2NaBH, + MgCl,—Mg(BH,), + 2NaCl )

Under an argon atmosphere, NaBH, and MgCl, were ball-milled utiliz-
ing a planetary ball mill (Frisch Pulverisette-6) with a molar ratio of 2:1.
The ratio of weight between the balls and powder was 120 to 1, and the
milling process continued for a total time of 18 h at a rotational speed of
500 revolutions per minute (rpm). The milling stopped for 6 min every
12 min and then continued in the opposite rotation direction. Following
the initial milling process, an ample amount of dehydrated diethyl ether
was introduced into the stainless steel pot. To guarantee complete des-
olvation of the produced Mg(BH,4), in diethyl ether, the mixture un-
derwent an additional 24-hour wet milling at a speed of 300 rpm. After
filtering, the solution of Mg(BH4)2 was separated from the insoluble
NacCl, and was subsequently heated at 200 °C under a dynamic vacuum
for 24 h to obtain a pure powder of Mg(BH4),. The preparation process
was under an air-free environment, and the obtained Mg(BH,4)2 was
stored in a glovebox (Mikrouna Super 1220/750/900, Mikrouna
(Shanghai) Ind. Int. Tech. Co., Ltd.) full of argon, with concentrations of
03 and H0 < 0.01 ppm.

2.1.2. Synthesis of TisCy and TioC MXenes

Initially, 0.5 g of lithium fluoride was mixed with 10 mL of 9 M
hydrochloric. Subsequently, the mixture was stirred for 40 min and
gradually added with 0.5 of TigAlC; powder. Next, the etching process
was continued for 24 h with continuous stirring at 35 °C. The resulting
solid mixture was then separated from the solution through centrifu-
gation and rinsed multiple times with deionized water to ensure the pH
level above 6. About 5-10 min sonication and handshaking were con-
ducted during each wash to assist in the removal of impurities. After-
ward, the near-neutral turbid liquid containing TizCy was subjected to a
ten-minute centrifugation at 800 rpm and the upper suspension was
collected. The pure Ti3Cy MXene was ultimately obtained after vacuum
freeze-drying of the suspension. To synthesize TiyC, 0.6 g of TizAlC
powder was added slowly to the etchant of LiF (0.5 g)/ HCI (15 mL, 9 M)
and etched with a 48-hour stir. The subsequent washing, extracting, and
drying procedures were identical to those of TizCp.

2.1.3. Preparation of the Mg(BH4)2-MXene composites
Before use, the freeze-dried Ti3Cs, TizC, and the as-received Nb,C
powders were heated at 105 °C with vacuumizing for 12 h to further



Y. Lv et al.

remove Ho0. Mg(BHy)2 doped with 30 wt% MXene (Ti3Cp, TioC, NbyC)
(donated as Mg(BH4)2-30Ti3Cy, Mg(BH4)2-30Ti2C, Mg(BH4)2-30NboC
throughout the text) were prepared. A mixture of 90 mg of MXene and
210 mg of Mg(BH4)2 was milled for 10 h at 500 rpm with a 120:1 ball-to-
powder ratio. The Mg(BH4)2-xTioC (x = 10, 20, 40 wt%) composites as
well as the as-milled Mg(BH4)2 were obtained under the same processing
conditions.

2.2. Material characterizations

X-ray diffraction (XRD) tests on a Bruker D8 Advance instrument
were conducted to analyze the crystal structures, in which Cu Ka (1.542
A) radiation was employed. The samples were sealed with tape in a
glovebox before the test to insulate them from the air. Fourier transform
infrared spectroscopy (FTIR) analyses were performed on a Bruker
Vertex 70 spectrometer to detect the bond characteristics. Each powder
sample was fully dispersed in dried KBr with a 1:200 weight ratio, and
the mixture was pressed into a transparent pellet in the glovebox for
each measurement. Scanning electron microscope (SEM) pictures and
energy dispersive X-ray spectroscopy (EDS) elemental mappings were
acquired on an FEI Nova NanoSEM 450 to observe the morphologies. X-
ray photoelectron spectroscopy (XPS) spectra were acquired on a
Thermo Fisher Nexsa with a monochromatic Al Ka (1486.6 eV) X-ray
source to examine the chemical valence states of Ti, Nb, Mg, B, and F.
The XPS primary data of all the elements were calibrated before fitting
according to the binding energy of Cls (284.8 eV).

2.3. Hydrogen storage property measurements

The dehydrogenation measurements for the Mg(BH,4)2-MXene com-
posites as well as pure Mg(BH4), based on the Sieverts method were
performed on a homemade HPSA-auto apparatus, which had been
carefully calibrated. About 30 mg of the specimen was sealed within a
stainless steel tubular reactor with a known volume in a glovebox. After
being connected to the instrument, the pressure and the temperature
inside the reactor were monitored and recorded in real-time. These
collected data were employed to calculate the amount of hydrogen
released using the ideal gas state equation. The Hy desorption capacity in
this work was calculated according to the content of Mg(BH,)s in each
composite. Under an initial pressure of < 1 x 10~ bar, temperature-
programmed desorption (TPD) tests were performed by heating the
samples to 500 °C at 5 °C min~!. Isothermal dehydrogenation tests were
conducted by rapidly heating the samples to a certain preset tempera-
ture (240, 260, 280 and 300 °C) and holding them for 6 h. The
isothermal dehydrogenation data were adopted to calculate the dehy-
drogenation apparent activation energy (E,) of each sample based on the
Arrhenius equation [30] as follows.

rate(wt%/h) = koexp( — E,/RT) 2)

Where k is a constant, R is the gas constant (8.314 J mol ' K™1), and Tis
temperature (in Kelvin).

After the isothermal dehydrogenation tests at 260 °C, the products
underwent hydrogenation at 300 °C under 100 bar H; pressure for 8 h.
Subsequently, the dehydrogenation cycle performance was determined
by the second and third isothermal dehydrogenation at 260 °C.

2.4. Computational methods

To investigate the dehydrogenation of Mg(BH4), influenced by
TizCy, TiaC, and NbyC, density functional theory (DFT) calculations were
conducted with the Vienna ab initio simulation package (VASP 5.3.5,
Vienna, Austria) [31]. The interaction between electrons and ions was
depicted utilizing the projector augmented wave pseudopotential [32],
while the exchange-correlation energy of interacting electrons was
treated using the Perdew-Burke-Ernzerhof generalized gradient
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approximation [33]. The plane wave basis energy cut-off was set to 500
eV. The geometry optimization of the Mg(BH4)2 molecule involved
placingitintoa 10 x 10 x 10 A box, with a relaxation process completed
employing a 3 x 3 x 3 Monkhorst-Pack k-point grid, the optimized
result is shown in Fig. S12 (Supporting Information). The geometry
optimization of MXene and Mg(BH4)>-MXene was performed employing
a 2 x 2 x 1 Monkhorst-Pack k-point grid, while electronic structure
calculations were executed on a significantly denser k-point grid. To
simulate the surfaces of Ti3C,, Ti»C, and NbyC, slab models were con-
structed with a surface period of (4 x 4) and separated by more than 15
A of vacuum. All structures considered were fully optimized, ensuring a
force of < 0.01 eV/A on per atom. The atomic charge was computed
using the Bader analysis algorithm [34]. The adsorption energies of Mg
(BH4)2 molecule on different MXenes were calculated according to the
following formula.

Eadsurptiun = Eoa — Egrface = Emolecule (3)

where Enolecule @nd Egyrface are the energies of Mg(BH4)2 molecule and
the MXene surface, respectively. Eiqta is the total energy of the system
that Mg(BH4)2 molecule adsorbed on the MXene surface.

3. Results and discussion

The two-dimensional morphologies, as depicted in Fig. 1a-c, of the
as-synthesized Ti3Cy, TizC, and the commercial NboC MXene are evi-
denced using scanning electron microscope (SEM). From Fig. 1a, the
obtained Ti3Cj is observed to exhibit a few-layered sheet structure. The
Al layer being etched away, and the in-situ generated LiCl by the reac-
tion of HCl with LiF acting as an intercalator [35] contribute to the TizCs
sheets easily being delaminated in the washing process. Unlike the Ti3Cs
MXene, the TiyC and NbyC MXenes exhibit multi-layered accordion-like
structures (Fig. 1b-c).

The crystal structures of the TizCy, TioC, NbyC, and their corre-
sponding MAX powders were characterized by employing X-ray
diffraction (XRD) (Fig. 1d-f). As given in Fig. 1d, the (002) peak of
Ti3AlC, located at 20 = 9.5° downshifts to 6.9° after exfoliation, and no
MAX phase is detected in the etched product, indicating the complete
conversion into TizC; MXene [36]. A similar phenomenon could be
observed when comparing the XRD data of Ti»AlC and the as-prepared
TioC. When the Ti;AlC MAX is etched, the (002) characteristic peak
also shifts from 13.0° toward a lower angle (7.8°) (Fig. 1e), implying the
successful formation of TioC MXene [37]. The peaks of Ti>AlC disappear
except for the extremely weak peak at 39.2° in the XRD pattern of Ti,C,
suggesting that the vast majority of the Al layer has been extracted. The
sufficient etchings for Ti3Cy and TiaC MXenes are further confirmed by
the XPS analyses as no obvious peaks related to the Al element are
detected (Fig. S1, Supporting Information). The (002) peak of NbyAIC
appears at 20 = 12.7°, while that of NbyC downshifts to 7.4° (Fig. 1f),
meaning that its interlayer spacing has been enlarged after the removal
of the Al layer. Nevertheless, the presence of some residual Nb,AlIC and
NbC impurities [38,39] are also detected in the as-received NbyC
MXene. The XPS survey spectra of the three MXenes (Fig. S1, Supporting
Information) show that besides the corresponding transition metals and
C element, O, F, and Cl are detected in Ti3Cy and Ti3C, while O and F
elements are detected in NbyC. This represents a difference in functional
groups on the surfaces of the MXenes, which is attributed to the utili-
zation of different etchants (Ti3C; and Ti5C: LiF + excess HCl; Nb,C: HF).

With the ball milling treatment, the Mg(BH,4)2-30MXene (Ti3Co,
TipC, NboC) composites were prepared. The structures and bond vibra-
tions of the three composites as well as the as-milled Mg(BH,4)2 were
studied at room temperature (RT) using XRD and FTIR (Fourier trans-
form infrared spectroscope) techniques (Fig. 2a-b). The XRD data
(Fig. S2, Supporting Information) of the Mg(BHy4), obtained via wet
chemical synthesis in this work agrees well with that of orthorhombic
Mg(BH4)2 (f-phase) [40]. No diffraction peaks of NaBH4, MgCly, and
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Fig. 1. SEM images of (a) Ti3C,, (b) Ti»C, and (c) Nb,C. XRD patterns of (d) Ti3AlC, (PDF # 52-0875) and Ti3Cy, (e) Ti»AIC (PDF # 29-0095) and Ti,C, (f) Nb,AIC
(PDF # 30-0033) and Nb,C.

a ¢Ti.C, VTi,C ¥ Nb,C mNbC b 5(B-H)
W\‘ *NbAIC| “WV(B-H) 5(B-H) V(B-H) .
-~ . © : % !
5 30Ti,C 8 W : .
s ] 8 o525 , '
2 30Ti,C, T ' 12537 1124 : 1
‘@ = W
S = : N : i
Qo @ 27N 12597 11124 ! :
k= g 0~ .
< : / 1125 E :
T 228 12627 : :
10 20 30 40 50 60 70 2500 2000 1500 1000 5002400 2100 1260 1200
20 (degree) Wavenumber (cm™) Wavenumber (cm™)

Fig. 2. (a) XRD patterns and (b) FTIR spectra of the as-milled Mg(BH,4), and Mg(BH,4)»-30MXene (Ti3C,, Ti»C, Nb,C) composites. (¢) SEM image and EDS mapping
results of the as-milled Mg(BH4)2-30Ti,C composite.

NaCl are detected, representing the obtainment of pure Mg(BHy4)o. belonging to the amorphous tape (Fig. 2a). This suggested that the ball
However, for the ball-milled Mg(BHy)2, the XRD pattern presents no milling treatment brings about amorphization of Mg(BH,), aligning
sharp peaks except for a diffuse scattering peak at 15°~25° (26) with the finding presented by Li et al. [41] The as-milled Mg(BHy)s-
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30MXene (Ti3Cp, TiC, NboC) composites exhibit only a few weak
characteristic peaks in the XRD patterns, corresponding to the crystal-
line Ti3Cy, TiyC, and NbyC with the original impurities therein, respec-
tively. Fig. 2b displays the FTIR spectra of the as-milled Mg(BH4)2-
MXene composites as well as pure Mg(BH4);. One broad absorption
band at 2287 cm ™! and two absorption bands at 1262 em ™}, 1125 cm ™
could be seen from the FTIR spectrum of Mg(BH4),, which represents the
stretching and bending vibrations of B-H bonds in the [BH4]  groups
[42]. The Mg(BH4)2-MXene composites are observed to display similar
FTIR spectra to that of Mg(BH4),. However, their B-H vibration bands
are detected to shift towards lower wavenumber (red-shift), e.g., from
2287 cm~! and 1262 cm™! for Mg(BH4)2 to 2265 em!and 1251 cm™!
for the Mg(BH4)»-30Ti>C composite, evidencing that the strengths of the
B-H bonds have been weakened [43,44]. The red-shift extent in the Mg
(BH4)2-30Ti2C composite is the largest, followed by Mg(BH,4)2-30Ti3Cy,
and that in Mg(BH4)2-30NboC is the smallest. This result indicates an
interaction existing between Mg(BH4), and each MXene that could
decrease the stability of B-H bonds, and notably TioC MXene shows the
strongest interaction with Mg(BHy), in this regard. In addition, the
micromorphology of the Mg(BH4).-30Ti2C composite is observed by
SEM as an example (Fig. 2c). From its SEM image, the layered and even
lamellar MXene is found to exist among the particles below several
microns in size. The energy dispersive X-ray spectroscopy (EDS, Fig. S3,
Supporting Information) spectrum displays strong signals from Mg, Ti,
C, O and Cl, as well as weak signals from B and F elements, confirming
the coexistence of Mg(BH4)2 and TiyC. The EDS elemental mapping re-
sults further prove the uniform distribution of the Mg, Ti, O, Cl and F
elements throughout the composite, which indicates the full contact of
Mg(BH4)2 with Ti,C.

Q
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Temperature-programmed desorption (TPD) and isothermal dehy-
drogenation measurements were conducted to manifest the effects of
MXenes in boosting the dehydrogenation kinetics performance of Mg
(BHy)2. Firstly, for the purpose of finding out the optimal additive
amount that could result in the most enhanced hydrogen desorption
behavior, Mg(BH4), doped with various amounts of Ti»C (10, 20, 30 and
40 wt%), as an example, were subjected to the dehydrogenation tests.
Besides, the TPD and isothermal dehydrogenation curve of pure Mg
(BH,4), were also tested for comparison. As illustrated in the TPD curves
and the corresponding derivative curves (Figs. S4-S5, Supporting In-
formation), all the Mg(BH4)2-xTisC (x = 10, 20, 30 and 40 wt%) com-
posites show significantly decreased onset (148, 144, 132 and 110 °C)
and peak (295, 288, 281 and 252 °C) dehydrogenation temperatures
compared to those of Mg(BH4)2 (275 °C, 359 °C). Thus increasing the
TioC amount could facilitate the decomposition of Mg(BHy), at a lower
temperature. However, introducing TipC also affects the released Hj
content. It should be noted that the Hy desorption capacity in this work
is calculated according to the content of Mg(BHy); in each composite. As
depicted in Fig. S4 (Supporting Information), the Hy desorption capac-
ities (considering only Mg(BH4)2) of the Mg(BH4)2-xTioC composites
improve to 12.2, 12.6 and 13.2 wt% (Mg(BH4)2: 11.9 wt%) at 500 °C
when 10, 20 and 30 wt% TiyC are added, respectively. However, it de-
creases to 11.6 wt% Hy when the TisC content further increases to 40 wt
%. This is mainly due to that part of Mg(BH,4), undergoes reactions with
TioC MXene and its abundant groups such as Cl and F during milling,
resulting in partial loss of Hy capacity [45]. Furthermore, according to
the isothermal dehydrogenation results of the four composites (Fig. S6,
Supporting Information), the highest Hy desorption capacity reaching
10.2 wt% is observed in the Mg(BH4)2-30Ti>C composite within 360 min
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at 260 °C. Therefore, 30 wt% is thought to be the optimal additive
amount of Ti,C when considering both the dehydrogenation tempera-
ture and H; capacity.

Next, the dehydrogenation properties of Mg(BH4)2 doped with 30 wt
% of different MXenes (TisCy, TizC, NbyC) are investigated. From the
TPD results (Fig. 3a) and their derivative curves (Fig. 3b), the Mg(BH4)2-
30TiyC composite shows lower onset and peak dehydrogenation tem-
peratures (132 °C, 281 °C) than those of the Mg(BH4)2-30Ti3Cy (149 °C,
289 °C) and Mg(BH4)2-30Nb,C (141 °C, 293 °C) composites. Nonethe-
less, the Hy release temperatures of all the composites exhibit a signif-
icant decrease in comparison with that of Mg(BH,)2, indicating that
Ti3Cy, TizC, and NbyC all could well catalyze the dehydrogenation of Mg
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(BH4)2. When heated to 281 °C, the Mg(BHy4)2-30MXenes (Ti3Co, TisC,
Nb,C) composites liberates 4.7, 6.5 and 3.9 wt% Hy, respectively, while
pure Mg(BH4), releases only 0.2 wt% Hs. The hydrogen yield of the Mg
(BH4)2-30Ti3Cy composite at 500 °C is 12.5 wt%, 0.7 wt% lower than
that of Mg(BH4)2-30TizC. Whereas the Mg(BH4)2-30NbyC composite
liberates 10.1 wt% Hy (~500 °C), which is even lower than 11.9 wt% of
Mg(BHy)2. It could be caused by the too many F groups on the Nb,C
surfaces derived from the etching agent (concentrated HF solution),
which consumed a certain amount of Mg(BH,), during milling. From the
isothermal dehydrogenation results at 260 °C (Fig. 3c), the hydrogen
yield of Mg(BH4)2-30TiC (10.2 wt%) within 360 min is 1.5 wt% larger
than that of Mg(BH4)2-30TisCy, and 2.3 wt% larger than that of Mg

8 T
g : Mg(BH,),-Nb,C
4} 1
~ I !! 1
> 0 e
2 : Mg(BH,),-Ti,C
g 4 L
_.(E 1
n 0 e :
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Fig. 4. DFT calculation of the Mg(BH,4)2/MXene interfaces. Optimized adsorption structures of the Mg(BH,4)» molecule on the surfaces of (a) Ti3Co, (b) Ti»C, and (c)
Nb,C. Difference charge density (top views and side views) for (d) Mg(BH4)2-Ti3Cs, (e) Mg(BH4)2-Ti>C, and (f) Mg(BH4)2-NbyC. The yellow and blue regions indicate
space charge accumulation and depletion, respectively. (g) Density of states (DOS) for Mg(BHy4)>-MXenes (Ti3Cs, Ti>C, NboC) and pure Mg(BH,),, the dashed line
shows the position of the Fermi energy level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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(BH4)2-30Nb,C. The actual H, desorption capacities of Mg(BH4)o-
30MXenes (TizC, TigCy, NboC) are 7.1, 6.1 and 5.5 wt% respectively,
even so, which are much larger than 1.5 wt% Hy of Mg(BHy)s.

To quantitatively evaluate the improved dehydriding kinetics of the
Mg(BH4)2-30MXenes (TisC, TizCp, NbyC), their dehydrogenation
apparent activation energies (E,) are further calculated using the
Arrhenius formula based on their isothermal dehydrogenation curves at
various temperatures (240, 260, 280 and 300 °C) (Figs. S7-S9, Sup-
porting Information). Through linear fitting analysis of the Arrhenius
plots (Fig. 4d), the dehydrogenation activation energies are obtained to
be 41.82 kJ mol ™! for Mg(BH4)2-30TisC, 72.91 kJ mol ™! for Mg(BH,)--
30Ti3Cy, and 106.17 kJ mol ™! for Mg(BH4)2-30Nb,C, which are all
remarkably lower than the E, (166.86 kJ mol 1) value of pure Mg(BHy),
as calculated in Fig. S10 (Supporting Information). Therefore, the in-
troductions of the MXenes contribute to reducing the kinetic barrier for
Ho desorption from Mg(BH4),. Based on the above results, the Mg
(BH4)2-30TioC composite exhibits the most enhanced dehydriding ki-
netics performance and the highest Hy capacity, suggesting that Ti>C
MXene is the optimal catalyst among the three MXenes for the hydrogen
desorption of Mg(BHy)s.

Density functional theory (DFT) calculations were conducted to
investigate the effects of Ti3Cy, TioC, and NbyC MXenes, respectively on
the dehydrogenation of Mg(BH4). The three MXene surfaces were
modeled using slabs with (4 x 4) unit cells (Fig. S11, Supporting In-
formation). For each surface, three sites were tested to determine the
optimal adsorption site, from which the adsorption structure of Mg
(BH4)2 molecule on each MXene surface was constructed, as shown in
Fig. S13 (Supporting Information). And the optimized adsorption
structures (Fig. 4a-c) were used to model the dehydrogenation reactions
in the Mg(BH4)2-MXene systems. Through the DFT calculations, the
adsorption energies of Mg(BH,4)2 molecule on the MXenes, the changed
B-H bond lengths, the interfacial charge density difference, the atomic
charge, and the density of states (DOS) were analyzed (Fig. 4d-g;
Table S1, Supporting Information). The models are built with the
following considerations: i) Mg(BH4), crystal is composed of Mg(BHy)2
molecules; ii) the dehydrogenation of Mg(BH4), results from the
breakdown of B-H bonds.

For all the three Mg(BH4)2-MXene adsorption structures in Fig. 4a-c,
the [BH4]" group appears to escape from the pull of the Mg atom and be
adsorbed on the MXene, suggesting that all three MXenes could weaken
the ionic bond between [BH4]™ and Mg. As listed in Table S1 (Supporting
Information), the adsorption energies of the Mg(BH4); molecule on
TizCq, TizC, and NbyC are calculated to be —6.07649, —6.34232 and
—7.24207 eV respectively, indicating the successful adsorption of Mg
(BH4)2 molecule on each surface. The adsorption energy of Mg(BH4), on
Nb,C is the highest (absolute value). Thus, two H atoms break away
from [BH4] and are adsorbed on Nb,C, while only one H atom off [BH4]
is adsorbed on TizCy or Ti,C. Mg(BH4)2 on TiC shows moderate
adsorption energy, which not only ensures the adsorption reaction but
also is convenient for the H escaping from the surface during the later
dehydrogenation process. After adsorption, compared with the B-H
bonds in the Mg(BH4), crystal, those in the Mg(BH,4)2 molecule away
from the interfaces are slightly shortened, while the other ones are
stretched to varying degrees. The extent for the stretch of B-H bonds is
the greatest in Mg(BHy4)2-Ti2C, the second greatest in Mg(BH4)2-TisCo,
and the smallest in Mg(BH,4)2-NboC. Therefore, all the MXenes could
weaken the B-H bonds in Mg(BH4)2, and Ti;C shows the best effect. The
obtained result aligns with the previous analysis result of FTIR as shown
in Fig. 2b.

The difference charge density distributions of the Mg(BH4),-MXenes
are depicted in Fig. 4d-f. It is observed that on all the interfaces, MXene
interacts electronically with [BH4]", providing a large number of elec-
trons to [BH4]". The H atoms gain electrons, while the B atoms lose
electrons. It is this interfacial charge transfer that contributes to weak-
ening the B-H bonds in [BH4]". The corresponding electron transfer
amount obtained by Bader charge analysis is summarized in Table S1
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(Supporting Information). The total charge gain amount of the H atoms
in each adsorption structure is in the following order: Mg(BH4)2-Ti2C >
Mg(BH4)2-TizCo > Mg(BH,4)2-NboC. Additionally, the central Mg atom
undergoes a strong electronic interaction with the MXene, resulting in
the weakening of the ionic bond between Mg2+ and [BH4]". The DOS
(Fig. 4g) shows that the occupations of B-2p and H-1s orbitals in the Mg
(BHy4)2-MXenes are significantly decreased and exhibit a discrete char-
acter compared with that in Mg(BHg)2. This implies a significantly
weakened hybridization between B and H orbitals in the Mg(BHy)s-
MXenes, which is another reason for the weakening of the B-H bonds
[46]. The DFT calculation results bring a deep understanding of the Mg
(BH4)2-MXene (Ti3Cp, TiaC, NboC) interfaces and the catalytic mecha-
nisms of the MXenes for the dehydrogenation of Mg(BH4)-.

To investigate the dehydrogenation mechanism of the MXenes-
involved Mg(BH,4),, a series of structural characterizations were con-
ducted, including XRD, FTIR, and XPS analyses. The XRD patterns
(Fig. 5) and FTIR spectra (Fig. S14, Supporting Information) of the
dehydrogenated Mg(BH,4)2-30MXene (TizCy, TioC, NbyC) composites
after the TPD tests (RT ~ 500 °C) are measured. All the dehydrogenated
Mg(BH4)2-30MXenes exhibit poor crystallinity, and several weak peaks
from MgB, (20 = 33.5°, 42.4°; PDF # 38-1369) and the related MXene
are detected from each XRD pattern in Fig. 5. As shown in Fig. S14
(Supporting Information), the IR absorbance peaks of B-H bonds
disappear in the dehydrogenated Mg(BH4)2-30Ti2C, while the peak of
Mg-H bonds in MgH, at 500-750 cm ™! [47] is visible, indicating an
incomplete dehydrogenation process. For the dehydrogenated Mg
(BH4)2-30Ti3Co, the FTIR spectrum presents some weak B-H vibrations
(stretching: 2293 and 2222 cmfl, bending: 1125 em™Y) of Mg(BH4)2,
and stronger MgH, absorption peak compared with that in the dehy-
drogenated Mg(BH4)2-30TisC, which is related to the lower H; release
amount of Mg(BH4)2-30Ti3Cy during TPD test. As to the dehydrogena-
tion products of Mg(BH4)2-30NboC, besides the MgH» peak, a broad
absorption around 2465 cm ™! and several distinct peaks in the region of
808-1444 cm™! are observed, which are possibly due to the existence of
residual Mg(BH4)2 and some polyborane intermediates such as
MgB;,H; 5 [48]. The FTIR result reveals a low extent of dehydrogenation
reaction in Mg(BH4)2-30NbsC, which results in the lowest dehydroge-
nation content among the three Mg(BH4)2-30MXene composites.

XPS was used to analyze the chemical state of Ti and Nb elements in
the as-prepared and dehydrogenated Mg(BH4),-30MXenes (Fig. 5b-d).
For comparison, the XPS spectra of Ti 2p in Ti3C; and TioC MXenes, and
that of Nb 3d in Nb,C MXene are also displayed. It is worth noting that
the chemical state of Ti in Ti3Cy and Ti,C MXenes is complicated owing
to the oxygen-containing groups distributing on the surfaces [49,50].
For instance, considering the spin—orbit splitting [51], the Ti 2p3/2/2p1,
5 double peaks of Ti-C, Ti?*, Ti®", and Ti**, centered at 454.9/460.9,
455.8/461.3, 457.1/462.7 and 459.0/464.7 eV, respectively, could be
seen through fitting the XPS spectrum of TiyC (Fig. 5¢). However, after
milling with Mg(BH4),, the intensities of Ti** and Ti3* peaks are found
to sharply decrease, and zero-valent titanium (Ti® 2ps3/2/2p1/2: 453.9/
460.1 eV) appears due to the reducibility of Mg(BHy4),. After the TPD
test, the Ti**, Ti®", and Ti?* are further reduced to metallic Ti as the XPS
spectrum of the dehydrogenated Mg(BHy4)2-30Ti2C presents. Similarly,
the reduction of Ti with higher valences (Ti*", Ti®*, and Ti?*) to Ti® is
also observed in the as-milled Mg(BH4)2-30TisCy composite and its
dehydrogenation products (Fig. 5b). The XPS Nb 3d spectrum of the
NbyC MXene (Fig. 5d) is fitted with three components including Nb-C,
Nb**, and Nb>', the Nb 3ds/5/3ds/2 peaks of which are located at
203.7/206.4, 206.6/209.3, and 207.3/210.0 eV, respectively [52]. Part
of Nb®* is reduced to Nb° (202.9/205.7 eV) in the as-milled Mg(BH4)2-
30Nb,C. After dehydrogenation, the peaks related to Nb> and Nb** are
greatly weakened and those of Nb® dominate the XPS spectrum. Thus,
the reaction between Mg(BHy) and the high-valence Ti or Nb ions in the
MXenes occurs during both the ball milling and heating stages, resulting
in a gradual increase in the in-situ generated Ti® or Nb?, which is
distributed on the surfaces of the MXenes. However, there is no obvious
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change in the Ti-C or Nb-C peaks in the Mg(BH4)»-30MXenes at different
stages, indicating the structural stability of each MXene.

Taking the Mg(BH4)2-30TioC composite as a representative, the Mg
and B-containing phases in the dehydrogenation products were further
investigated by XPS. As Fig. 5e shows, the peaks of Mg 1s and B 1s in the
as-prepared Mg(BH4), are located at 1304.6 eV and 192.6 eV, respec-
tively, while a very faint peak in the XPS B 1s spectrum around 187.7 eV
is assumed to be an undetermined impurity. Combining the XPS results
of Mg 1s, B 1s and F 1s in the Mg(BH4)2-30Ti2C composite (Fig. Se;
Fig. S15, Supporting Information), a small amount of Mg(BH4), has
transformed to MgF2 (Eng 15 = 1304.5 V) [53] during ball milling. After
dehydrogenation at 500 °C, the MgF, amount increases according to the
XPS result in Fig. S15 (Supporting Information), confirming the further
interaction of Mg(BH4)2 and F group on the TiyC surface. The decon-
voluted Mg 1s spectrum of the dehydrogenated Mg(BH4)2-30TizC ex-
hibits four peaks centered at 1303.3, 1303.8, 1304.5 and 1305.3 eV,
respectively, which are assigned to Mg metal [54], the combination of
MgB, [55] and MgHz (Emg 1s = 1303.7 eV obtained from Fig. S16,
Supporting Information), MgFs, and MgO [56], respectively. The B 1s
spectrum could be fitted into four peaks located at 186.6, 187.2, 188.4
and 191.6 eV, which correspond to MgB,, elemental boron, and B,O,

respectively [55,57]. The above results prove that the surficial F groups
and transition metal ions with high valences in the MXenes react with
Mg(BH4) during the milling and dehydrogenation process, generating
zero-valent transition metals, MgFo, etc.

Hence, the second/third isothermal dehydrogenation tests at 260 °C
were conducted to determine the reversible hydrogen storage properties
of the Mg(BH4)2-30MXenes. As illustrated in Fig. 6a, the second/third
dehydrogenation capacities of the Mg(BH4)2-30TisCy, Mg(BH4)o-
30Ti,C, and Mg(BH4)2-30Nb,C composites within 360 min are 3.5/3.2,
3.6/3.3, 3.0/2.9 wt%, respectively, all being obviously lower compared
with their initial hydrogen discharge capacities shown in Fig. 3c. The Mg
(BH4)2-30TiC exhibits the highest reversible capacities and the fastest
Hy release rate among the three composites. The structural evolution of
Mg(BH4)2-30TioC during the isothermal dehydrogenation and rehy-
drogenation process was specially studied through XRD, XPS, and FTIR
characterizations. However, the information gained from the XRD pat-
terns (Fig. S17, Supporting Information) of the first dehydrogenated and
first rehydrogenated Mg(BH4)2-30TisC is limited, as there is no visible
difference in the two curves, in which only MgB, and Ti,C phases could
be detected. Therefore, XPS and FTIR were used to investigate whether
Mg or Ti-related hydrides were produced after hydrogenation. From the
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similar XPS results of Ti 2p for the two samples (Fig. S18, Supporting
Information), The TioC MXene as well as the polyvalent Ti ions (Ti4+,
Ti3+, Ti*") and Ti metal on the surface remain unchanged from the
dehydrogenation produces to the hydrogenation produces. It could be
deduced from the XRD and XPS analyses that the metal titanium is not
hydrogenated. FTIR spectra for the Mg(BH4)2-30TioC after the first
dehydrogenation (DEH1), the first hydrogenation (REH1), and the third
dehydrogenation (DEH3) processes present obvious differences as
shown in Fig. 6b. For the products of DEH1, multiple IR absorption
peaks corresponding to B-H bonds in Mg(BH4)» (stretching: 2366-2223
cm™!, bending: 1262-1121 cm ™), polyborane intermediates (~2465
cm’z, 717-1025 cm™2), and Mg-H bonds in MgH; (555 cm™?) are
detected as marked out in the profile, suggesting the incomplete
decomposition of Mg(BH4)2-30Ti,C under 260 °C. After hydrogenation
at 300 °C, the absorption peaks at 2361 cm ™' and 555 cm™! become
stronger, showing increased amounts of Mg(BH4), and MgH;. New
strong peaks centered at 2246, 1238, 1105 and 991 cm ™! are detected by
FTIR, which are ascribed to the B-H vibrations in polyborane in-
termediates or their combination with Mg(BHy4),. However, it is noto-
riously difficult to provide accurate assignments for the peaks owing to
the highly complex decomposition mechanism of Mg(BH,)2. The result
demonstrates that some hydrogen is absorbed and stored in Mg(BHy)2,
polyborane intermediates, and MgH, during the rehydrogenation pro-
cess. The hydrogen storage in the rehydrogenated sample is reversible,
as the sample of DEH3 exhibits a similar FTIR spectrum to that of DEH1.
The stronger peak of MgHj in the third dehydrogenated products sug-
gests that the hydrogen release kinetics has slightly deteriorated with
cycling, leading to a reduced Hjy release amount in the third dehydro-
genation cycle of Mg(BH4)2-30TioC. This phenomenon has also been
observed in the cycling tests of Mg(BH4)2-30TisCy and Mg(BHy)o-
30Nb,C. Nevertheless, their reversible hydrogen capacities and dehy-
drogenation rates are still superior to those of pure Mg(BHg)2 (1.5 wt%)
in the first dehydrogenation.

According to the above-mentioned results, the three MXenes mark-
edly improve the dehydriding properties of Mg(BH4),. First, once Mg
(BH4), comes into close contact with the MXene surfaces, strong elec-
tronic interactions occur at the interfaces, thus contributing to weak-
ened bond energies between B and H. This is a crucial reason for the
destabilization of Mg(BHg)s. Additionally, the plentiful high valence
transition metals on the surfaces of MXenes react with the reductive Mg
(BH4)2 during ball milling, resulting in the formations of Ti or Nb metal
particles, which will become the active sites for catalysis [21].
Furthermore, that the abundant groups such as F on the surfaces of
MXenes react with Mg(BHy), leads to the generation of stable MgFs,
which could accelerate the decomposition reaction of Mg(BHy4)2. The
above reactions take place during the dehydrogenation process as well,
letting Mg(BH4), maintain a rapid desorption rate. The in-situ generated
Ti or Nb particles distribute on the surfaces of lamellar MXenes, and
keep in close contact with Mg(BH,4)2 and MgF,. Those phases constitute
multiple interfaces, which provide excellent charge transfer and
increased hydrogen diffusion channels, and thus facilitate the dehy-
drogenation of Mg(BHy4)s [45,58,59]. Besides, the Mg(BH4)2-30MXenes
exhibit good reversible performances, although a reduction in reversible
hydrogen capacity could be caused by the generations of MgFs, MgO,
and B,O,. The catalytic abilities of the MXenes therefore are related to
both the carbides themselves and their surficial groups. TisC is found to
be the best catalyst among the three MXenes. However, there is still
room for amelioration in the dehydriding performances of Mg(BH,4),.
Moreover, reducing the TioC addition amount on the premise of an
excellent catalyzing effect is another important aspect. Our subsequent
studies will focus on the engineering strategies of TioC MXene to achieve
better catalytic performances in the hydrogen storage of Mg(BH4)».
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4. Conclusions

In summary, the catalytic effects of multiple transition metal car-
bides (TisCy, Ti2C, Nb2C) on the hydrogen storage performance of Mg
(BH4), have been studied. The Mg(BH,4)>-30MXene (Ti3Cy, TizC, NbyC)
composites show the reduced initial dehydrogenation temperatures of
149, 132 and 141 °C, the increased isothermal dehydrogenation
amounts of 8.7, 10.2 and 7.9 wt% within 360 min under 260 °C, and the
decreased dehydriding apparent activation energies of 72.91, 41.82 and
106.17 kJ mol ™}, respectively, compared with those of pure Mg(BH4)s.
This means that the MXenes could catalyze the dehydrogenation re-
actions of Mg(BH4), and significantly enhance the dehydriding kinetics,
with the catalytic effects of the three MXenes ranked in the following
order: TioC > Ti3Cy > NbyC. The catalytic effects could mainly be
ascribed to two points through DFT calculations and structural charac-
terizations: i) the interfacial charge transfer between Mg(BH4)2 and
MXenes, and the dehybridization of B and H orbitals weakening the B-H
bond strengths in [BH4]%; ii) the multiphase interfaces consisting of
MXenes, transition metal particles, Mg(BH4)2, and MgFs, etc., due to the
interactions between MXenes and Mg(BH,), facilitating the charge
transfer, accelerating the breakdown of B-H bonds, and increasing the
diffusion channels for hydrogen. In addition, the MXenes are also found
to be beneficial in improving the reversibility of Mg(BHy4)2. This study
may arouse some interest and provide some ideas in the selection of
catalysts with novel structures for improving the hydrogen storage
properties of Mg(BH4)o.
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