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ABSTRACT: Development of efficient hydrogen storage materials is one of the Oxide layer thickness §

great challenges in the area of hydrogen energy and fuel cells. Herein, a La-doped H H H H "\
Ti;,CrMn alloy with high hydriding capacity (2.1 wt % H) and dehydriding —\— e
- g 3 p— SAMTLENTT e m
capacity (1.8 wt % H) was successfully developed. The crystallographic [} Al‘
characteristics, microstructural evolution, and hydrogen storage mechanisms of H . ' H
Alloy matrix Alloy matrix

the alloy were investigated systematically. It was found that the introduction of La
increased the cell volume of alloy and thus improved the hydrogenation kinetic,
practical hydrogenation capacity, and cyclic property. The hydrogenation kinetic
results of the La-doped alloy indicate that it exhibited a higher hydrogenation rate than that of the La-free alloy. It is ascribed to the
formation of LaH;, which provides a fast diffusion channel for hydrogen atoms to enter the alloy matrix. The dehydrogenation
enthalpy (AH) of the La-doped alloy was calculated by the van’t Hoff equation and PCT curves to be ~18.2 kJ/mol. The cycle test
proves that the La-doped Ti, ,CrMn alloy, due to La addition, reduces the lattice expansion and lattice stress and exhibits excellent

Hydrogen absorption rate §

durability.

1. INTRODUCTION

Hydrogen is a promising energy carrier to meet the future
global carbon emission reduction target.”” Efficient hydrogen
storage material development is a key link in hydrogen
energy.” > Hydrogen storage alloys have been considered as
one of the most promising ways due to their high gravimetric
and volumetric capacities and reasonable economics.®™ "’

Currently, the effective hydrogen storage capacity of the
widely developed AB-type alloys does not exceed 1.4 wt
%.'""* Body-centered-cubic alloys intrinsically contain higher
capacities, i.e., nearly 2.4 wt %, but they have not been used for
any application so far because of the high cost, difficulties in
activation, and the slope in the pressure—composition—
temperature (PCT) curve."”'* Recently, researchers found
that several high-capacity materials, such as MgH,, AlH;, and
other complex hydrides, have shown storage capacities of
above 5 wt %."°~'” However, the poor kinetics and great
enthalpy change of the desorption reaction greatly hinder the
practical storage application.”””' Numerous efforts were
reported to enhance the kinetics and reduce the stability of
the hydrides, such as catalysis, substitution, and nanoconfine-
ment.”*”

Among various solid-state hydrogen storage materials, AB,-
type alloys have been extensively investigated due to their
cheap cost and high volumetric content at room temper-
ature.”™*” Ti—Cr—Mn alloys represent one of the suitable
candidates for storage hydrogen due to their high hydrogen
storage capacity (2.1 wt % at —10 °C).”® Agresti et al. and
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Nong et al. also showed that TiCrMn alloy (C14 Laves phase)
exhibited a more excellent hydrogen storage performance than
TiCr, alloy (C15 and C14 Laves phases)*”’’ because the
hydrogen storage performance of TiCr, is altered after Mn
partially substituted for Cr. Hence, the single C14 Laves phase
TiCrMn is regarded as a promising hydrogen storage material.
However, there are still a higher plateau pressure and a lack of
a systemic investigation on the microstructure evolution,
kinetic, and thermodynamic mechanisms of the C14 TiCrMn
intermetallic alloy upon de/hydrogenation process. Further-
more, various literature and our group research proved that
rare earth doping played essential roles in shortening the
activation time and ensuring a homogeneous composi-
tion.”’ > However, the role of La doping in the high-
performance Ti—Cr—Mn alloys for hydrogen storage has not
been studied, especially in kinetic and thermodynamic aspects.
Furthermore, La doping may increase the lattice parameters
and reduce the plateau pressure as a result of the larger atomic
radius of La (0.187 nm) than Ti (0.145 nm), Cr (0.125 nm),
and Mn (0.137 nm) elements.
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Figure 1. XRD patterns of the TiCrMn alloys with different (a) Cr/Mn ratios and (b, c) La doping contents and Rietveld refinement results of the
(d) Ti;,CrMn alloy and (e) 1 wt %, (f) 2 wt %, and (g) 4 wt % La-doped Ti,,CrMn alloy.

In this study, the influence of La doping on the
improvement of hydrogen storage performances of the
Ti,,CrMn alloy is studied in detail. The crystallographic
characteristics, microstructural evolution, and hydrogen
storage mechanisms of the alloys are investigated. Moreover,
the doping mechanism in the kinetic and thermodynamic
aspects was discussed to support further development of high-
performance hydrogen storage alloys.

2. EXPERIMENTAL SECTION

The desired ingot alloys with a nominal composition of La-
doped Ti;,CrMn alloys were prepared by arc melting (WK
Series Vacuum Arc Melter, Physcience, China) in an argon
atmosphere (~90 A). The purity of each element exceeded
99.5 wt %. Each ingot alloy (~10 g) was smelted four times to
ensure a homogeneous composition. Furthermore, an addi-
tional 3 wt % Mn was added because of the volatilization.

40808

The phases of the La-doped Ti; ,CrMn alloys were identified
by X-ray diffraction (XRD; Bruker D8 ADVANCE, Germany)
at a scan speed of 10 °/min (15—90°) with Cu Ka radiation.
The morphology and composition of the samples were
characterized by a scanning electron microscope connected
to an energy dispersive spectrometer (SEM-EDS; MLA650F,
Bruker, Germany) and a transmission electron microscope
(TEM; FEI Tecnai G2 F20, USA). After full activation at 200
°C under a rotary pump vacuum, the hydrogen storage
performance of the samples was tested in a pressure—
composition—temperature (PCT, Zhejiang University,
China) instrument with Sievert style. Approximately 1 g of
samples was kept in a vessel reactor in a glovebox. After every
hydrogen absorption and desorption cycle, annealing at 200 °C
under a rotary pump vacuum was performed to desorb residual
hydrogen before the subsequent absorption. Furthermore, the
practical hydrogen capacity was used to represent the
hydrogen absorption capacity of the alloy at 300 s.
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3. RESULTS AND DISCUSSION

3.1. Effect of Cr/Mn Ratios and La Doping on the
Crystal Structure. The crystal structure of alloys with

Table 1. Effect of La Doping on the Crystal Structure of
Ti, ,CrMn Alloys

lattice
parameter a/c FWHM of
samples phase (112) peak
Ti; ,CrMn Cl4 4.8940/8.0359 0.463
Ti 0, Cro.84Mngg4Llag; C14 + La,O;  4.8956/8.0390 0.457
Ti, 0,Crgg4Mnggilag o, C14 + La,04 4.8962/7.9772 0.458
Ti; 01CrossMnggslage, ~ C14 + La,O3  4.8880/8.0200 0.475

different Cr/Mn ratios and La doping contents was
characterized by XRD with monochromatic Cu Ko radiation.
It can be clearly observed that the Ti—Cr—Mn alloys with
different Cr/Mn ratios are single C14 Laves (hexagonal close-
packed, HCP structure), as shown in Figure la. Figure 1b
demonstrates the effect of La doping on the crystal structure of
Ti;,CrMn alloy. With the increase of La content, a La-rich
phase was precipitated, and the main peak of the alloy (HCP
structure) in (112) was slightly shifted to the right. The La
(PDF#65-1871), La,0; (PDF#65-3185), and La(OH),
(PDF#36-1481) patterns had also been compared in Figure
lc. The correct La-rich phases in Figure 1c are the La,O; and
La phases. La,0; is precipitated for two reasons: (1) There is
often a layer of oxide skin in the raw material of electrolytic Mn
and La. Due to the preferential oxygen absorption of La than
other elements in the smelting process, La,O; is formed. (2)

Since La doping significantly improves the activity of the alloy,
the alloy is easily oxidized during grinding and XRD testing
(exposure to the air).

As shown in Figure 1d—g and Table 1, a larger cell volume
(~164 A%) of the Ti,,CrMn alloy was achieved after La doping
according to the Rietveld refinement results.”* With the
increase of La doping content, the cell volume slightly
increases (Table 1), which could weaken the lattice expansion
of the C14 Laves phase upon de/hydrogenation. It is ascribed
to the fact that the La atom has a larger atomic radius than the
Ti/Cr/Mn atom. This phenomenon is consistent with the Ce-
doped TiZrCrMn alloy reported in our previous work.*
Furthermore, the effect of La doping content on the FWHM of
the alloy was calculated. When the doping content of La is 1 wt
%, the FWHM changes slightly. The FWHM increases with
further increase in La content. It means that lattice stress and
defects increase with the La content. Therefore, a suitable La
doping content is important to the alloy.

A high-resolution TEM image in Figure 2a—c clearly shows
a d-spacing of 0.24 nm corresponding to the (110) planes of
Ti; ,CrMn alloy and a larger d-spacing of 0.25 nm
corresponding to the (110) planes of 1 wt % La-doped
Ti,,CrMn alloy (Figure 2d—f), which are in good agreement
with the XRD results. Furthermore, the Ti,,CrMn alloy lattice
shows good structure and continuity, but the lattice appears to
bend after La doping, and some black regions are also
observed. This is because it is difficult for La atoms to be
doped into Ti,,CrMn cells due to its large atomic radius.
However, when lattice distortion and vacancies occur in

Figure 2. TEM images of (a, b, ¢) Ti;,CtMn alloy and (d, e, f) 1 wt % La-doped Ti;,CrMn alloy.
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Ti; ,CrMn

5um

Figure 3. SEM-EDS of Ti, ,CrMn alloy with different La doping contents.

25um

Ti, ,CrMn alloy, part of the La could successfully dope into
Ti; ,CrMn alloy.

3.2. Effect of La Doping on Morphology and
Composition. SEM images and the corresponding EDS
mappings of La-doped Ti;,CrMn alloys with a significant
difference are shown in Figure 3. With the addition of La
content, the distribution of La in the alloy matrix changes from
uniform to enriched. The La-doped Ti;,CrMn alloy is
uniformly distributed with a La content of 1 or 2 wt %. And
the EDS result is also close to the designed ratio. When the
content of La increases to 4 wt %, there is an obvious
enrichment of La,05 (white particles in Figure 3). The alloy
composition deviates obviously from the design value,
especially the La content. Because of the melting point
difference between Mn (1244 °C) and La,0; (2315 °C) in the
smelting process, once the melting current increases, Mn will
be volatilized seriously. The formation of La,O; is due to the
absorbed oxygen in the raw material or equipment, resulting in
the poor fluidity of the alloy. When the addition amount of La
is 1 wt %, there is no obvious La enrichment in the alloy. A lot
of studies conclude that the improvement of the compositional
homogeneity of the alloy is conducive to enhancing the
hydrogen storage properties.”' " The addition of 1 wt % La
does not affect the homogeneous composition (Figure 3) and
phase structure (Figure 1) of the alloy, and 1 wt % La is
selected as the optimum doping content.

3.3. Hydrogenation Behaviors of Alloys with Differ-
ent Cr/Mn Ratios and La Doping Contents. The
hydrogenation behaviors of Ti—Cr—Mn alloys with different
Cr/Mn ratios and La doping contents were tested at 5—25 °C
and an initial hydrogen pressure of 8 MPa after complete

activation. As shown in Figure 4a, the practical hydrogen
absorption capacities of Ti—Cr—Mn alloys were nearly 1.5 wt
% in the equilibrium pressure nearly 6 MPa at 300 s. They
reached practical hydrogen absorption capacities after 120 s.
Figure 4b concludes that the La-doped Ti, ,CrMn alloy has a
slight influence on the practical hydrogen absorption capacity
but significantly improves the hydrogen absorption rate. To
further study the influence of La doping on the hydrogen
absorption rate of the alloys, the hydrogen absorption
behaviors of the alloys at different temperatures were
compared. Figure 4c,d depicts that the hydrogenation rates
and practical hydrogenation capacities decrease with the
increase of hydrogenation temperature due to the hydro-
genation process being an exothermic reaction.

The specific kinetic data are further clearly summarized in
Table 2. The practical hydrogen absorption time required for
1.5 wt % H of the practical hydrogen absorption of the alloys
and 70% of the practical hydrogen absorption of the alloys at
300 s was decreased after slight La doping, especially in a lower
reaction temperature (S or 15 °C). It could be ascribed to the
fact that La reacts preferentially with hydrogen to form
hydride, which provides a fast channel for hydrogen atoms to
enter the alloy matrix. The formation of LaH; was found in the
XRD pattern of the hydriding Ti, ,CrygMnggLagy, alloy,
which is shown in Figure Sa. The main phase of the
Ti;0,Crog4MnggLagg; alloy after hydrogenation is still the
single Laves phase. The impurity peaks of the metallic La phase
were transformed into LaH; (AG < 0 at 25 °C, Figure Sb) and
disappeared after hydrogenation. The impurity peaks of a small
amount of La,O; during the hydrogenation process had not
changed because of AG > 0 at 25 °C (Figure Sb).
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Figure 4. Hydrogenation kinetics of the Ti;,CrMn alloy with different (a) Cr/Mn ratios and (b) La doping contents at 25 °C and the (c)
Ti,,CrMn alloy and (d) Ti, 4;Cryg,MnggsLage, alloy at different temperatures.

Table 2. The Time Required for 1.5 wt % H of the Practical
Hydrogen Absorption of the Alloys and 70% of the Practical
Hydrogen Absorption of the Alloys at 300 s

1.5 wt %/s

Toy/s

t/s 5°C
Ti; ,CrMn 72
Ti; 0 Crog4Mng g4Lag 44

75
SS

8S

1s°C 25°C S5°C 15°C 25°C
116

35 32 40
25 24 31

3.4. Effect of La Doping on De/Hydrogenation
Thermodynamics. Compared with the hydrogenation
capacity of the hydrogenation kinetics, the hydrogenation
capacity in the PCT curves, due to the longer hydrogenation
time and higher equilibrium pressure, has a higher hydrogen
absorption capacity. As shown in the PCT curves (Figure 6),
the practical hydrogenation capacity of the Ti—Cr—Mn alloy
increases from 1.9 to 2.1 wt % after adding 1 wt % La (Figure
6a). This is because La doping promotes the formation of
LaH; and at the same time reduces the plateau pressure of the
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Figure 5. (a) XRD pattern of the hydriding Ti, o;Crog,MnggsLage, alloy and (b) AG change during the hydriding process of La and La,O5.
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Table 3. Effect of La Doping on Plateau Pressure and Slope at § °C
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Abs-H Peq/MPa 2.63 1.61 2.02 222
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Des-H P./MPa 1.96 1.02 1.22 1.45
S¢ 1.60 2.12 232 2.72
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1.5 van’t Hoff equation, and the AH and AS of the alloy upon de/
hydrogenation are calculated. Figure 6f demonstrates that the
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= Ti; 0,Crog4MnggLagg; alloy is ~18.2 kJ/mol. The higher the
—o— 1st eycle platform pressure is, the easier it is for the alloy to decompose,
054 05 :::lehﬂc f':le and the less heat is released by hydrogen absorption or
—v—20th cycle absorption. The AS first increased and then decreased with the
0.0 . . , increase of La doping content, showing the same change trend
0 50 Tllr(:;/s 150 200 as the AH‘
e T A pe - 3.5. Effect of La Doping on Cyclic Property. The cyclic
Cyeles property of the Ti; o CrygMnggLag,, alloy was tested by

Figure 7. Cyclic property of the Ti, 4,Cryg,MnggsLag, alloy.

alloy, resulting in the increase in hydrogenation capacity under
the limited pressure (<10 MPa). However, the hydrogenation
capacity of the sample decreases with sequential increasing of
La content. It is ascribed to the fact that the addition of La,
resulting in the formation of high-melting-point La,O;, causes
compositional inhomogeneity. The poor homogeneity of the
alloy would increase the lattice stress and tilt the hydrogen
des/absorption plateau of the alloy. The change of the lattice
stress of the main peak of the alloy also resulted in the same
conclusion in the previous XRD characterization. The change
of the hydrogen des/absorption plateau of the La-doped alloy
was calculated in Figure 6d,e and Table 3. It is concluded that
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hydrogenation kinetics at 25 °C. Under the initial hydrogen
absorption pressure of 8.0 MPa, the equilibrium pressure is just
~6.0 MPa, lower than the equilibrium pressure in the PCT
curve (~8.0 MPa). Thus, the maximum hydrogen absorption
capacity in hydrogen absorption kinetics, due to the high
plateau pressure of the alloy, is lower than the maximum
hydrogen absorption in the PCT curve. By comparing the
hydrogen absorption kinetics of the alloy at the 1st, Sth, 10th,
and 20th cycles (Figure 7), it is found that the hydrogen
absorption rate increases with the increase of cycles, but there
is no pronounced effect on the de/hydrogenation performance.
Figure 7 demonstrates that the Ti,,Cryg,MnggLagy, alloy
exhibits excellent cyclic properties. It was concluded that the
presence of a La-rich phase could weaken the lattice expansion
of the C14 Laves phase and enhance the cycle stability.

https://doi.org/10.1021/acsomega.2c03367
ACS Omega 2022, 7, 40807—-40814


https://pubs.acs.org/doi/10.1021/acsomega.2c03367?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03367?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03367?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03367?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03367?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03367?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03367?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03367?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

4. CONCLUSIONS

The effect of Cr/Mn ratio and La doping on the hydrogen
performance of Ti—Cr—Mn alloys was studied, and following
are the conclusions:

(1) All samples consist of the main C14 Laves phase with a
lattice parameter of nearly 0.49/0.80 (a/c) nm. The
doping of La exhibits a slight influence on the lattice
parameter of the C14 Laves phase and precipitates as La
and La,0;.

(2) The La-doped alloy achieves significantly enhanced
catalytic activities, kinetics, and stabilities. The hydro-
genation kinetics of the La-doped alloy exhibits more
rapid hydrogenation kinetics than the La-free alloy. It is
ascribed to the fact that La reacts preferentially with
hydrogen to form hydride, which provides a fast channel
for hydrogen atoms to enter the alloy matrix.

(3) The AH of the La-doped alloy was calculated by the
van’t Hoff equation and PCT curves to be ~18.2 kJ/mol.
The cycle test proves that the Ti; 5 CrjgMnggLagg,
alloy after La doping exhibits excellent durability due to
La addition favoring the chemical homogeneity and
reducing the lattice stress.
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