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Abstract: Two-dimensional Mo,TiC, MXene material was synthesized by etching Mo,TiAIC; and then doped into
MgHj> to tailor its hydrogen storage performance. The initial hydrogen desorption temperature of the Mo,TiC,-doped
MgH, was significantly reduced from 330 °C (pristine MgH>) to 187 °C. Isothermal dehydrogenation analysis indicated
that the MgH>+9 wt.% Mo,TiC, composite rapidly discharged 6.4 wt.% H, at 300 °C within 4 min. For hydrogenation,
the dehydrogenated MgH>+9 wt.% Mo, TiC, uptook 6.5 wt.% H; at 175 °C within 5 min. By calculation, the activation
energy for MgH>+9 wt.% Mo,TiC, was calculated to be (135.6+1.9)kJ/mol for the desorption reaction and
(46.1+0.2) kJ/mol for the absorption reaction. After 20 cycles, 1.0 wt.% H, was lost for the MgH»+9 wt.% Mo, TiC,
composite. Microstructure analysis results showed that the presence of Mo in Mo,TiC; enhanced the thermal stability of
MXene and reduced the amount of active Ti during cycling, leading to poorer catalytic effect of the catalyst compared

to Ti3Cs.
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1 Introduction

As a clean, safe, efficient and renewable
energy, hydrogen is regarded as one of the most
promising alternatives for achieving a carbon-free
society [1]. Served as a bridge connecting hydrogen
production and utilization, the technology of
hydrogen storage plays an important role in
realizing a future hydrogen economy [2—7]. MgHo>,
which can store 7.6 wt.% H> reversibly, safely and
environmentally friendly, meets the harsh requirements
of on-board hydrogen storage [8—10]. Nevertheless,
challenges such as high operating temperatures
and slow reaction kinetics stand in its practical
application [11—-13]. In order to solve the above
problems, attempts including alloying [14,15],
nanosizing [16,17], and catalytic doping [18—20]

have been exerted to enhance the hydrogen storage
performance of MgHo.

Two-dimensional MXene, a grapheme-like
transition metal carbide and nitride family, was
discovered [21-24] and attracted
attention in the research areas of energy conversion
and storage afterwards [25,26]. For example, the
multilayer Ti-CT, MXene showed excellent hydrogen
storage performance by reversibly storing over
8 wt.% H, under 5-6 MPa pressure at room
temperature, which was twice that of previously
reported materials in identical conditions in
Ref. [27]. Recently, materials that can store
hydrogen under moderate conditions have been
demonstrated to be served as hydrogen pump
to accelerate the absorption/desorption kinetics
of MgH, [28-31]. MXene was also verified as a
remarkable catalyst for hydrogen storage materials.
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LIU et al [32] found that the addition of
5 wt.% Ti3C, enabled the Mg/MgH, system to
discharge 6.2 wt.% H, within 1 min at 300 °C and
charge 6.1 wt.% H» within 30 s at 150 °C. CHEN et
al [33] found that the onset dehydrogenation
temperature of LiBHs with 40 wt.% TisC, MXene
was only 120°C. The LiBH4+40 wt.% MXene
sample released about 5.4 wt.% H, within 1h at
350°C. LU et al [34] proved that MgH,+
10 wt.% V,C showed excellent cycle stability
without any capacity loss in up to 10 cycles.

To tune the catalytic effect of catalysts, atom
substitution is widely adopted as it may present a
synergetic effect by forming two or more phases.
ZHANG et al [35] found that the 10 wt.% TiVO3 s-
modified MgH» exhibited optimal hydrogen storage
performance, as it desorbed 5.0 wt.% H; in 10 min
at 250 °C and reabsorbed 3.9 wt.% H, in 5s at
100 °C under 5 MPa hydrogen pressure. Besides, a
Hamamelis-like structure of KyTisO13 showed
a remarkable catalytic effect on improving the
dehydrogenation of MgH, at low temperatures [36].
Inspired by the above results, it is reasonable to
conclude that the catalytic effect of MXene can be
adjusted by constructing a bimetal MXene. For
instance, WANG et al [37] demonstrated that the
MgH>+9 wt.% NbTiC sample had a reduced initial
hydrogen desorption temperature of 195 °C. Lately,
CHEN et al [38] discovered that Mo was beneficial
to the synergy effect between Mo and Ni to promote
the break of Mg—H bonds and the dissociation of
hydrogen molecules, thus greatly improving the
kinetics of Mg/MgH> system. Herein, to investigate
the effect of Mo on the tuning the catalytic effect of
TizC,, Mo,TiC, was synthesized by selectively
etching the Al layer from the Mo,TiAIC; MAX
phase with hydrofluoric acid (HF). The catalytic
effect was investigated by measuring the sorption
behavior of Mo,TiC;-modified MgH,. Combining
hydrogen storage performance with microstructure
analysis, the catalytic mechanism was also studied
in detail.

HF etching

Mo, TiAIC,

Fig. 1 Schematic synthesis process of Mo, TiC,

2 Experimental

2.1 Sample preparation

All raw materials were used as received
without further purification. Mo,TiAIC, powders
with a particle size of 38 um were purchased from
Laizhou Kai Kai Ceramic Materials Co., Ltd. HF
(40 wt.%) was purchased from Aladdin. Mo,TiC;
MXene was synthesized as follows (shown in
Fig. 1): 1.5g Mo,TiAIC, was slowly added to
30 mL of HF and stirred for 2d at 60 °C. The
obtained solution was centrifuged at 8000 r/min
6 times. The obtained precipitates were washed by
pure water until the pH value was above 6. The
product was finally collected after vacuum drying at
60 °C for 24 h. The MgH, powers were prepared
by mechanical ball milling and hydrogenation
treatment in our laboratory [11]. The as-prepared
MgH, was mixed with Mo,TiC, MXene by balling
mill at 400 r/min for 4h to form MgH,+6 wt.%
Mo, TiC,, MgH»+9 wt.% Mo, TiC, and MgHx>+12 wt.%
Mo, TiC, composites, respectively. The mass ratio of
ball-to-material for ball milling was 40:1.

2.2 Characterization

An X’ Pert Pro X-ray diffraction (PANalytical,
the Netherlands, 40kV, 40mA) with CuK,
radiation was used to characterize the phase
composition of samples at a scanning speed of
5 (°)/min. The microstructure of Mo,TiC, MXene
was observed by transmission electron microscope
(TEM, Tecnai G2 F30 S-TWIN). The surface
chemical information was analyzed by X-ray
photoelectron spectroscopy (XPS). The specific
surface area and pore diameter of the samples
before and after etching were analyzed by nitrogen
adsorption—desorption specific surface area test
(BET).

The thermal decomposition behavior of the
samples was studied by differential scanning
calorimetry (DSC). The hydrogen desorption and
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absorption tests were carried out on a Sievert
facility. The non-isothermal dehydrogenation was
conducted by heating 150 mg of sample from 25
to 450 °C at a rate of 2°C/min in a self-made
reactor, and hydrogenation test was carried out from
25 to 400 °C at a heating rate of 1 °C/min under
3.2 MPa H; pressure. In addition, all operations and
transfers were carried out in a glove box filled
with Ar.

3 Results and discussion

3.1 Characterization of as-prepared Mo, TiC;
Mo,TiC, MXene was synthesized by etching
the Mo,TiAIC, matrix. Figure 2(a) presents the
XRD patterns of Mo,TiAIC, and Mo,TiC,. The
XRD data of the prepared Mo,TiC, are consistent
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with previously reported one [39]. After etching, the
intensity of the (002) diffraction peak increased
dramatically, proving the successful formation of
the MXene phase. Figure 2(b) shows the TEM
image of as-synthesized Mo,TiCs. It can be seen
clearly that the synthesized Mo,TiC, presents the
morphology of transparent graphene-like layers
with a thickness of 22.2-28.0 nm. Besides, a typical
interlayer spacing of 1.01 nm is shown in HRTEM
image of selected area in Fig.2(c) [40]. EDS
mappings in Fig. 2(d) revealed that Mo, Ti, and C
were evenly distributed in Mo,TiC,. Figures 3(a)
and (b) show the nitrogen adsorption—desorption
curves (BET) before and after etching. Compared
with Mo,TiAlC,, the specific surface area of
Mo, TiC; was dramatically increased from 6.542 to
26.421 m%/g.
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Fig. 2 XRD patterns of Mo,TiAIC, and Mo,TiC; (a), TEM images (b, ¢) and EDS mappings (d) of Mo,TiC;
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Fig. 3 BET curves of M0,TiAIC; (a) and Mo,TiC; (b) (P is actual gas pressure, Py is saturated vapor pressure of gas at
measured temperature, and ¥ is adsorption capacity)
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3.2 Catalytic effect of Mo,TiC, on dehydro-
genation property of MgH:

The catalytic effect of Mo,TiC; on the dehydro-
genation performance of MgH, was measured by
non-isothermal dehydrogenation experiments at a
constant heating rate of 2 °C/min. Figure 4(a)
shows non-isothermal dehydrogenation curves of
MgH, with and without Mo,TiC,. MgH; and ball-
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Fig. 4 Non-isothermal dehydrogenation curves of MgH,
and Mo,TiCr-modified MgH, (a), isothermal dehydro-
genation curves of MgH, (b) and MgH>t9 wt.%
Mo, TiC, (C)

milled MgH, (4h) began to release hydrogen
at 350°C. Clearly, the addition of Mo,TiC;
can remarkably enhance the dehydrogenation
performance of MgH,. Specifically, the dehydro-
genation process for MgH>+6 wt.% Mo,TiC,
composite began at 216 °C. The onset desorption
temperature of 9 wt.% Mo,TiC; and 12 wt.%
Mo, TiC; was further reduced to 210 and 187 °C,
respectively. With increasing the doping amount of
Mo,TiC,, the initial desorption temperature was
decreased. However, the dehydrogenation capacity
was reduced accordingly. By taking the onset
desorption  temperature and capacity into
consideration, the MgH»+9 wt.% Mo, TiC, composite
which started to release hydrogen at 210 °C with a
final capacity of 6.9 wt.% was chosen for the
following research. Figures 4(b) and (c) show the
isothermal dehydrogenation curves of MgH, and
MgH>+9 wt.% Mo, TiC, at different temperatures,
respectively. It can be found that MgH>+9 wt.%
Mo, TiC, discharged 5.5 wt.% H, in 5 min at 275 °C
and 6.4 wt.% H, in 3.7 min at 300 °C, respectively.
In contrast, higher temperatures of 350 and 375 °C
were needed for MgH, to release 5.6 wt.% and
6.8 wt.% H; in 15 min.

DSC measurements of the MgH, and MgH,+
9wt.% Mo,TiC, composite at different heating
rates (5, 8, 10, and 12 K/min) were carried out, and
the results are shown in Figs.5(a) and (b),
respectively.  Kissinger’s formula (In (C/T3)=
—[E/(RTp)]+A1) (C is heating rate, 7, is thermo-
dynamic temperature at maximum reaction rate, R is
molar gas constant, and 4; is a constant) was used
to calculate the activation energy (£,) of
dehydrogenation reaction [15]. The dehydro-
generation apparent activation energy of MgH» and
MgH>+9 wt.% Mo,TiC, samples was calculated to
be 151.4 and 135.6 kJ/mol, respectively (Fig. 5(c)).
The reduced activation energy was responsible for
the improved hydrogen desorption property of
Mo, TiCr-modified MgH,. Compared with other
MgH,—catalyst systems (Table 1), though the
activation energy of MgH>+9 wt.% Mo,TiC, was
medium, its onset dehydrogenation temperature was
the lowest among them.

Figure 6 shows the pressure—composition—
temperature PCT curves of MgH, and MgH,+
9 wt.% Mo, TiC; at different temperatures. It can be
found that the desorption platform pressures of
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MgH; are 0.227, 0.419, 0.87 and 1.511 MPa at 325,
350, 375 and 400 °C, respectively. The platform
pressures of MgH»+9 wt.% Mo,TiC, at 300, 325,
350 and 375°C are 0.145, 0.281, 0.605 and
0.872 MPa, respectively. As shown in Fig. 6(c), the
enthalpy (AH) of hydrogen desorption reaction of
MgH>+9 wt.% Mo,TiC, estimated by van’t Hoff
equation was 76.2 kJ/mol, slightly lower than that
of pure MgH> (87.3 klJ/mol).
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Fig. 5 DSC curves of MgH, (a) and MgH»+9 wt.%
Mo, TiC; (b) at various heating rates, and corresponding
Kissinger’s plot (c)

Table 1 Hydrogen storage performance of various
MgH-based hydrogen storage materials

Onset- Desorption
Material desorption  activation Source
temperature/  energy/
°C (kJ'mol™")
MgH2+
10 wt.% CeCly 300 149 [41]
4MgH»+Cd 255 143 [42]
MgH2+
10 wt.% LaCls 300 143 [43]
MgH2+
10 wt.% (TiosVo.5)3:C2 210 77.3 [44]
MgH>+
10 wt.% V,C 190 87.6 [34]
M+ This
9 wt.% Mo, TiC, 187 135.6 ok

3.3 Catalytic effect of Mo,TiC, on hydrogen
absorption behavior of MgH>

To explore the effect of Mo, TiC; on hydrogen
absorption property of MgH,, non-isothermal
hydrogen absorption tests were conducted and the
results are shown in Fig. 7(a). The non-isothermal
hydrogenation experiments were carried out at
3.2 MPa hydrogen pressure. MgH, began to absorb
H, at 1829 °C, 2.9 wt.% and 6.0 wt.% H, were
charged at 225 and 275 °C, respectively. In contrast,
the addition of 9 wt.% Mo, TiC, lowered the initial
absorption temperature to about 50 °C and 6.9 wt.%
H, was absorbed at 156 °C. To further study the
hydrogen absorption performance of Mo,TiC»-
modified MgH, system, isothermal hydrogen
absorption tests were carried out, as shown in
Figs. 7(b) and (c).

Undoped MgH, absorbed 3.1 wt.% and
46wt%H, in 30min at 210 and 230 °C,
respectively, showing a rather slow hydrogenation
kinetics. In contrast, the MgH>+9 wt.% Mo,TiC,
composite uptook 3.1 wt.% and 6.5 wt.% H> at 150
and 175 °C in 5 min, respectively.

The hydrogenation activation energy was
calculated based on the data of isothermal
hydrogenation and Johnson—Mehl—Avrami—Kolmo-
gorov (JMAK) linear equation [45]. Figures 8(a)
and (b) show the JIMAK curves with and without
additives. According to the experimental data
obtained from isothermal hydrogenation examination,
the relationship between In[—In(1—a)] (o is mass
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fraction of Mg converted to MgH, within time )
and In ¢ can be obtained. Subsequently, the F, of the
hydrogen absorption reaction was estimated by the
Arrhenius equation:

k=Aexp[—E./(RT)] (1)

where k is the effective dynamic parameter, T is
the operating temperature and A4 means the
pre-exponential factor. Figure 8(c) shows that the
hydrogenation £, of the MgH>+9 wt.% Mo,TiC,
was calculated to be (46.1£0.2) kJ/mol with R*=
0.994, which was significantly lower than that of
pure MgH ((73.8+0.5) kJ/mol, R*=0.991).

8
(@)
Tr -ll.l.lll.lllllll
X o
T 61 "
. o
r "
3 J £
5 4r s S
3 ! :
=3 F :
) o ]
gor ot 3
B ’ ¢—= MgH,+
Z1f ; 9 wt.% Mo, TiC,
ot ¢ MgH,

|
—_

0 50 100 150 200 250 300 350 400

Temperature/°C
7—(b) "'vyvvvvvvvvvvvv
v AAAAAALY
° 6r v A‘AA
X v AAA RO
E I v A“ o"...
8 4 ... LA N1}
S 4r A o ® ann""
2 v a . ..l.
el ° "L
2 3r R ° ---' MgH,
L
©oolr . Wt » 210 °C
€ Jae_ a" *230°C
> L] °
1 A 250 °C
S v 270 °C
0F
0 10 20 30 40 50 60
Time/min
(C)VV'V"VVV'VVV"'VV'V"VV"
6— v
;S v AAAAAAALLY
e L A‘A“A
= 51, N so 000000
S ..o'.
B 4+ A‘ .0'
5 A °* a"awEw
4 A . am N
c 3r, 4 o' "
[=] L] .
3 2_:‘..'. ' MgH,+9 wt.% Mo,TiC,
L= . = 100 °C
ES °125°C
= 4150 °C
ok v 175 °C

0 10 20 30 40 50 60
Time/min

Fig. 7 Non-isothermal hydrogen absorption curves for
MgH, and MgH>+9 wt.% Mo,TiC; (a), and isothermal
hydrogen absorption curves for MgH, (b) and MgH»+
9 wt.% Mo, TiC; (c)



Hao-yu ZHANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3465—3475 3471

@  w210°C
! © 230 °C s
A250°C v
ol v270 °C, Nl
v 4 0'..f
= A o
S 1L & -
e 1 v . . ,}l'
= A . s
| ) g
E 2r . '// MgH,
e ® Slope: 0.879; R?: 0.995
3+ ¢ Slope: 0.805; R?: 0.992
. A Slope: 0.663; R?: 0.971
_ v Slope: 0.597; R?: 0.965
45 50 55 60 65 70 7.5 8.0 85
In(#/min)
2
(b)
1k ",vvw
v v
0k ) 4 v ‘4A“‘“}
v LAt oes® ™
/r§ v LA /.‘.:'-/.ll
é/ “lr v A « e
5 Pl
= 20 4 * MgH,+9 wt.% Mo,TiC,
o = Slope: 0.452; R?: 0.964
3 TN * Slope: 0.592; R%: 0.980
2150 C 4 Slope: 0.531; R 0.979
4 175 °C v Slope: 0.575; R?: 0.983
3 4 5 6 7 8
In(#/min)
RIr) «MgH,+9 wt.% Mo, TiC,
y=—5.54x+5.75
R*=0.994
6t . E=(46.1:0.2) k/mol
~
s Tr
= MgH,
-8r y==8.87x+10.02
R?=0.991
E,~(73.8+0.5) k/mol
-9 . . . .
1.8 2.0 2.2 2.4 2.6 2.8

T71/1073K™!
Fig. 8 Hydrogenation JMAK plots for MgH, (a)
and MgH>+9 wt.% Mo,TiC, (b), and calculated
rehydrogenation activation energy for MgH, and
MgH»+9 wt.% Mo, TiC; (¢)

3.4 Cycling property of MgH,+9 wt.% Mo, TiC;

composite

Cycle stability is an important parameter
for evaluating hydrogen storage performance.
The cycle performance of MgH>+9 wt.% Mo,TiC,
composite was measured at 300°C (3.2 MPa
hydrogen pressure for hydrogenation). As shown in
Fig. 9, for the first hydrogen absorption and

desorption process, the MgH>+9 wt.% Mo,TiC,
composite could quickly release 6.5 wt.% H, and
absorb 6.4 wt.% H». Though a capacity of 6.2 wt.%
H, was maintained after the 10th cycle, the
absorption and desorption capacity gradually
decreased with increasing the cycling number. After
20 cycles, it released 5.5 wt.% H» and only 85% of
the initial capacity was maintained.
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Fig. 9 Cyclic isothermal dehydrogenation/hydrogenation
curves of MgH>+9 wt.% Mo, TiC, composite

3.5 Evolution of Mo,TiC, during cycling and

catalytic mechanism

To uncover the evolution of Mo,TiC; in the
dehydrogenation and hydrogenation process, XRD
measurement was conducted. Figure 10 shows that
MgH; or Mg was the main phase after ball-milling,
absorption, and desorption. However, no signal of
Mo, TiC, was detected, which may be due to the low
doping content. Thus, XPS analysis was conducted
to better understand the evolution of Mo,TiC; in the
process of hydrogen absorption and desorption.
Figure 11 shows XPS profiles of MgH>+9 wt.%
Mo, TiC; in different stages. The binding energy of
magnesium (Mg 1s) in ball-milled, dehydrogenated
and hydrogenated states is 1302.78, 1303.23 and
1302.88 eV, respectively, meaning that Mg changed
from +2 valence to 0 valence and then to +2
valence in cycling. The binding energies at 229.93
and 233.2 eV are determined as Mo—C peaks
(Fig. 11(d)). The XPS profiles of Mo in Figs. 11(d,
e, f) are almost the same in these three states.
However, we found that the spectra of Ti in
Figs. 11(g, h,1) can be mainly divided into Ti°
(453.9/459.9 V) and Ti*" (456.3/461.5 V). The
occurrence of Ti° suggests the breakage of Ti—C
bond and formation of metallic Ti during cycling.
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Mo,TiC; (a), dehydrogenated MgH>+9 wt.% Mo,TiC;
(b), and ball-milled MgH>+9 wt.% Mo,TiC; (c)
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Figure 12 presents the TEM images of the
MgH>+9 wt.% Mo,TiC, composite in the ball-
milled state. Figure 12(a) shows that the average
particle size of MgH>+9 wt.% Mo,TiC, composite
is about 700 nm. Figures 12(b) and (c) present the
HRTEM images of MgH>+9 wt.% Mo,TiC,. The
d-spacing of 0.260 and 0.258 nm is related to the
MgH> (101) plane, which is larger than 0.251 nm of
MgH: (101) from PDF No. 12—0697, indicating that
the addition of Mo,TiC, slightly expanded the
MgH, lattice and resulted in a decreased AH in
Fig. 6. In addition, Mo,TiC, MXene was clearly
imbedded in the matrix of MgH,, creating Mo, TiCy/
MgH: interfaces to enhance the catalytic effect of
Mo,TiC,. As a good catalyst, Ti can improve the
kinetic performance of dehydrogenation and reduce

Binding energy/eV

@) @ ® »
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Fig. 11 XPS profiles of MgH+9 wt.% Mo,TiC; in ball-milled (a, d, g), dehydrogenated (b, e, h) and hydrogenated

states (c, f, 1)
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Fig. 12 TEM images of MgH»+9 wt.% Mo, TiC, composite in ball-milled state

the activation energy of the dehydrogenation
reaction. In the system of TizCo/MgH,, the in situ
formed metallic Ti facilitated the dissociation and
recombination of molecular hydrogen on its surface,
improving the dehydrogenation/hydrogenation
kinetics of MgH> [32]. In this work, two thirds of Ti
was substituted by Mo and the Mo—C bonds
remained stable in cycling. Though TEM evidenced
that Mo, TiC, MXene had close contact with MgH»,
the amount of in-suit formed Ti was reduced in
Mo, TiCs-modified MgH,, resulting in a poorer
catalytic effect of Mo,TiC; than that of Ti;Co.

4 Conclusions

(1) Two-dimensional Mo,TiC,; MXene was
successfully prepared and doped into MgH, to
enhance the hydrogen storage performance. The
addition of Mo,TiC, not only accelerated the
hydrogen desorption kinetics of MgH», but also
slightly reduced its thermal stability.

(2) The MgH>+9 wt.% Mo,TiC, began to
desorb hydrogen at 210 °C, and 5.5 wt.% Ha could
be released within 5 min at 275 °C. By adding
Mo,TiC,, the dehydrogenation activation energy
of MgH, was decreased from (151.4+1.4) to
(135.6£1.9) kJ/mol. Importantly, the fully dehydro-
genated MgH»+9 wt.% Mo,TiC; could absorb
hydrogen at 50 °C, and 6.5 wt.% H» was charged in
5 min at 175 °C.

(3) Microstructure analysis showed that the
Ti—C bond in Mo,TiC, was broken during ball
milling, while the Mo—C bond maintained stable.
The existence of Mo enhanced the stability of the
MZXene, resulting in the reduced amount of in suit
formed Ti and moderate catalytic action of M0, TiC,
MXene on MgHo.
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