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AB,-type alloys have been widely used for metal hydride hydrogen compressors and hydrogen storage systems.
The crystal structure and hydrogen storage properties mostly rely on their composition and atomic distribution.
Thus, revealing the relationship between structure and properties can lead to the design of alloys with optimized
properties for hydrogen storage application. Here, the structure stability, bonding energy, thermodynamic and
kinetic properties of TiCraxMny (x = 0, 0.25, 0.5, 0.75, 1) alloy/hydride have been firstly investigated by
combining density functional theory calculation and experiment. It demonstrates that Mn-doped TiCr alloy has a
stable C14 phase, and Mn can optionally substitute for Cr sites. Additionally, with increase of Mn content, the
desorption plateau increases and the AH value decreases. In particular, the AH values of TiCry.(Mny hydrides are
consistent with the heat released when H atoms occupy the interstitial interstices. Finally, the hydrogen ab-
sorption kinetics simulation shows that Mn is unfavorable to the hydrogen absorption kinetics, in which TiCrMn
is 124 s longer than TiCry when 90% hydrogen-absorption capacity is reached. The relationship between cal-
culations and experiments presents here can be used as a reference for subsequent screening of alloying elements
with high melting point and cost for metal hydride system.

1. Introduction suitable plateau pressure, especially those serving at room temperature

to 80 °C [15]. TiCr-base ABy-type alloys show the best potential due to

Hydrogen is a clean, renewable, high energy efficiency and prom-
ising green energy carrier for future development [1-5]. Metal hydrides
(MHs), such as hydrogen compression materials and solid-state
hydrogen storage materials, are strategic materials for the extensive
use of hydrogen-based energy systems [6-9]. However, there are only a
few of alloys, including TiCr-base [10-12] and ZrFe-base [13,14]
AB,-type alloy, can be developed as the candidates. With the increasing
requirements for high hydrogen storage capacity, low hysteresis and

their wide plateau, high hydrogen storage capacity and stable phase
structure [16], as well as the low cost. However, the original TiCrs alloy
cannot be used as hydrogen compression material due to its low capacity
and high slope. Therefore, a lot of studies [17], both experimental and
theoretical, have been carried out on element substitution of TiCr; alloy.

In order to avoid the formation of two temperature-dependent allo-
tropes of original TiCry alloy, Beeri et al. [18,19] attempted to substitute
Mn for some of Cr and succeeded in obtaining a single-plateau TiCrMn
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alloy. Similarly, Bruzzone et al. [20] obtained single-phase C14 struc-
ture alloy by substitution Cr with Fe. The thermodynamic stability of
TiCr; 94.xFex hydride decreases with the Fe addition. Furthermore, more
alloying references of TiCrp-base alloys are summarized in Supplemen-
tary Materials Table S1.

Alloying with transition elements to improve the comprehensive
properties of the original alloy is effective but time-consuming.
Computational tools for predicting phase structure and hydrogen stor-
age properties are essential to efficiently navigate in the endless sea of
compositions available. Nong et al. [21] confirmed that Mn atoms can
optionally substitute on the Cr sites of TiCr; alloy by the first-principles
calculations and successfully predicted the hydrogen storage perfor-
mance of ternary intermetallic TiCrMn. Furthermore, Li et al. [22] re-
ported that partial substitution Cr with transition metal Fe in TiCry leads
to a decrease in the hydrogen absorption/desorption kinetics, while V
leads to an increase in the hydrogen absorption/desorption kinetics.

Unfortunately, despite considerable experimental and theoretical
studies on TiCry-base alloy, there are still barely able to provide a
thorough illumination for the relationship of how components and
atomic distribution of the alloying elements affect the structure and
hydrogen storage properties of the host binary metals. Moreover, the
kinetics of dissociation of Hs on the surface and the diffusion of H atom
in the bulk alloy also play important roles in determining the application
of TiCro-base alloys.

Here, we perform the first-principles calculations and corresponding
experimental investigations to clarify the relationship of components
and atomic distribution on structure stability and the hydrogen storage
behaviors of Mn-doped TiCry alloy. The present studies show that the
crystal structure and hydrogen storage properties of TiCry.xMny alloys
both in theory and experiment are in good agreement. In addition, the
effect of Mn addition on the kinetics of TiCro xMny alloys were also
revealed theoretically.

2. Methods
2.1. Computational details

All calculations of TiCrpxMny (x = 0, 0.25, 0.5, 0.75, 1) alloys and
their hydride were performed using the Vienna ab initio simulation
package (VASP), where the projector-augmented wave (PAW) method
was adopt within the Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA) for the exchange-correlation functional [23,24]. A
cutoff energy of 500 eV and a k-points mesh with 9 x 9 x 6 were applied.
For all alloy structures, the spin polarized calculations were considered.
In addition, the structural relaxation was fully conducted until the en-
ergy difference tolerance and the total force were less than 1 x 107 eV
atom™! and 0.01 eV A~ respectively. In order to deal with the 3d
electron—electron correlation [25], GGA + U type calculations are car-
ried out during structural optimization. And the values of Hubbard U
parameter of Ti, Cr and Mn were tested and fixed at 2.96, 2.97 and 3.19
eV, respectively. Climbing image nudged elastic-band (CI-NEB) method
was employed to calculate the Hy dissociation and H atom diffusion
barriers during the hydrogen absorption/desorption process.

Here, the surface energy Eg,s of the slab model is defined as [26,27]:
(€))

1 ; 1, . ‘
Esm_‘/' — (Egmz'lax _ NE[,) + Z (E:Yz'lax + Egnrehu)

24
where A is surface area of the cleaved surface, E¥"*!** and E{!®* are the
total energy of the slab model before and after relaxation, N presents the
number of the unite in the slab, Ej, is the bulk energy per unite.

The adsorption energy E,4; of H atom on the alloy surface is calcu-
lated as follows [28,29]:

1
(E.x[ub—N(H) — Egap — NEH>

Euz[.x (2)

N
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where N is the number H atoms, Egqng) is the total energy of the slab
structure with H atom. Egg, are the total energy of the slab structure
without H atom, Ej is the total energy of free H atom.

2.2. Experimental

The TiCroxMny (x = 0, 0.25, 0.5, 0.75, 1) alloys weighted 15g for
each ingot were prepared by non-consumable vacuum arc furnace.
Before melting, the Mn pieces were sealed in a quartz tube of 10~ Pa
and then annealed at 900 °C for 20 h to remove the oxide layer. After
melting, the ingots were annealed at 850 °C for 10 h to eliminate in-
ternal stresses and lattice defects [30]. The crystal structures were
determined by X-ray diffraction (PANalytical Empyrean with Cu Ka
radiation) and the cell parameters were obtained by Rietveld refinement
using GSAS software [31]. The morphologies and elemental contents of
these alloys were observed using scanning electron microscopy (SEM,
Zeiss Supra 40/VP) with an energy dispersive X-ray spectrometer (EDS,
Oxford INCA).

The hydrogen storage properties were tested on a high-pressure
pressure-composition-temperature system from 0 to 40 MPa under a
temperature range of 10-70 °C. Before testing, all alloys were activated
completely under 40 MPa at —20 °C for 8 h, and then the kinetics of the
first hydrogen absorption was tested under 30 MPa at 30 °C.

3. Results and discussion
3.1. Structural stability and characterization

The TiCr, alloy of C14-type possess a hexagonal structure, and the
cell molecular formula is Ti4Crg [32], as shown in Fig. 1 (a). The original
structure parameters for density functional theory (DFT) calculation of
TiCry (a = 4.877 A, c = 7.868 A and V = 162.05 A®) draw on the work by
Svechnikov et al. [33]. The Mn atoms were considered to optionally
substitute for the Cr sites of TiCry to form the ternary intermetallic
TiCra4Mny [21]. Therefore, the total number of possible structures
composed of TisCrg.Mny is 28 dues to the alternative Cr atoms within
the primitive cell is 8. In practice, however, 38 identical structures were
obtained after removing the equivalent structures by the structural
recognition [34,35]. The stability of the obtained structures can be
determined by the formation enthalpy E;. A negative formation enthalpy
indicates a high stability of the obtained structures and Ey for a given
structure ABoyMy (M = substitution metal) can be defined as [34,
36-38]:

E;=E, — (1 —x) X Exp, — XEau, 3)
where E;, Exp, and Eay, are, respectively, the total energy of the given
structure, the end-point solids AB; and AMy, x is the ratio of variable M
atoms to their sum. The calculated Ef for these 38 cells of TiCr,.xMny
alloys are showed in Fig. 1 (b). All the substituted structures possess the
negative formation enthalpies, indicating that all substituted structures
for certain stoichiometry are stable. Again, these show that Mn atoms
can optionally substitute for the Cr sites of TiCrp alloy [21]. Further-
more, the structures of Mn substitute for Cr with the lowest Ef for each
stoichiometry from x = 0 to 1 exhibit ordered substitution in order of
fractional coordinates (1, 0, 0.5), (1, 0, 1), (0.83, 0.17, 0.25), (0.17,
0.83, 0.75), as shown in Fig. 1 (a). However, it is worth noting that Cr
and Mn are actually disordered substitutions in TiCry,Mny alloys,
because it’s not possible to separate Cr and Mn atoms by using X-ray
scattering.

The crystal structure of TiCrp xMny (x = 0, 0.25, 0.5, 0.75, 1) alloys
are further confirmed by XRD analysis using the as cast alloys, as shown
in Fig. 1 (c). There is only a single C14 Laves phase in TiCry,Mny alloys
with hexagonal MgZn,-type structure. The results of the backscattered
electron images, elemental mappings and EDS analysis, as shown in
Supplementary Materials Fig. S1 and Table S2, further confirm this
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Fig. 1. The structure stability of TiCr, \Mny alloys: the site of Mn substituted for Cr in TiCr, ,Mny alloy in DFT (a), formation enthalpy (b) and XRD patterns of TiCrs.

xMny annealed alloys (c).

single-phase structure, which is in good consistency with the phase
structure predicted by formation enthalpy analysis. The elemental
compositions analysis of these alloys agree well with the desired com-
positions. In addition, the lattice constants a, ¢ and cell volumes V of
annealed alloys are derived from Rietveld refinement, as shown in
Fig. S2 and Table 1. As seen, a is sensibly reduced by substitution of Cr
by Mn. While, unlike the results of Agresti et al. [39] that ¢ remains
almost unchanged in TiCr; 75 xMny alloys. Here, the c increases firstly
from 7.9885 A for TiCry to 7.9913 A for TiCry sMng 5 then decreases to
7.9672 A for TiCrMn, which have a good agreement with the same
compositions alloys (TiCry.xMny (x = 0.5, 0.75, 1)) reported by O. Beeri
et al. [18]. The lattice constants obtained from structure optimization

Table 1
The calculated and experimental lattice parameters of TiCr,.Mny alloys.

Alloy Lattice constants (calculated) Lattice constants (annealed)
a/A c/A Volume a/A c/A Volume
v/A3 V/A3
TiCry 4.9179  7.9981 167.52 4.9109 7.9885 166.85
@ @™ 3
TiCry7sMng2s  4.9014  7.9554 165.51 4.8987 7.9897 165.92
@ @ @
TiCry.sMng 5 4.8982  7.8987 164.12 4.8762 7.9913 164.55
@ @ @
TiCry 5sMngys  4.8998  7.8696  163.62 48640 7.9812  163.53
(€3] (€8] (€D)]
TiCrMn 4.8987  7.8533 162.21 4.8550 7.9672 162.64
@ @ @
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are in good agreement with the experimental results and the deviation of
lattice constants V is within 0.4%.

3.2. Electronic structure

3.2.1. Electronic properties

The interaction between doped atoms and interstitial atoms is
necessary to be clarified for the study of the hydrogen storage behavior
of alloys. The addition of Mn not only causes the lattice distortion, but
also affect the chemical interactions between atoms to some extent. And
the essence of the change in chemical interactions around the interstitial
atoms is a change in the electron structure. Fig. 2 (a) and (d) shows the
total density of states (TDOS) of the most stable structures based on the
formation enthalpy analysis of TiCra xMny alloy. The calculated results
reveal that TiCroMny and TiCroyMny-H exhibit obvious metallic
behavior because of the large states near the Fermi surface. Further-
more, a notable difference between TiCry.,Mny from x = O to 1 is that the
TDOS shift appreciably to low energy with the increase of the Mn con-
tent. Obviously, the TiCry 4 Mny system becomes less stable in structure
stabilities after the addition of Mn [40]. Additionally, as shown in Fig. 2
(b—c) and (e-f), with the addition of Mn atoms, the d-orbital hybridi-
zation among Ti, Cr and Mn obviously lead to an enhancement in the
strength to metal bond, implying that charges are involved in the hy-
bridization. And the strong chemical interaction between the H atoms
and Ti/Cr/Mn atoms, which directly affects the diffusion and dissolution
of the H atoms in TiCry.xMny of alloys.

Furthermore, the charge density distribution of the TiCry ,Mny-H
system is also conducted by adding a H atom to the A3Bj tetrahedral
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Fig. 2. Total and partial DOS of the most stable structure of TiCry Mny and TiCrs xMn,-H system.

interstice as shown in Fig. 3. There are strong directional bonds between
H atom and neighbor Cr/Mn atom. Compared with the Cr—H bond (1.71
[D\), the bond length of Mn-H bond (1.66 A) is shorter. It indicates again
that stronger interactions existing between H and Mn atoms compare
with H and Cr atoms, which further confirms the results of the alloys and
hydrides in DOS analysis.

3.2.2. Bonding energy model

To quantify the bonding energy between the atomic pair in the TiCry.
Mny (x = 0, 0.25, 0.5, 0.75, 1) alloy/hydride, a first-neighbor bond
energy model (BEM) is introduced, based on the total energy of given
substituted structures. The expression of BEM is given as below [41]:

Eppy = Z nidii + Z nJji + Z Ny e + Z nudy + Z nJee @

Where ny, nj;, ni, ny, ny, - are the total number of these first-neighbor
Ti-Ti, Cr-Cr, Mn-Mn, H-H, Ti-Cr, ...bonds (i, j, k, 1 = Ti, Cr, Mn, H) in
all alloy crystal, Jj;, Jjj, Jik, Ju, Jij -+ are the bond energy of these bonds,
respectively. Here, total energy of alloy is divided among these first-
neighbor bonds. Hence, there are 38 substituted structures (see in
Section 3.1) of TiCry.4Mny alloy to fit the parameters in BEM, as shown
in Fig. 4. There is a linear dependence of the calculated total energies
from DFT (Epgr) on those from BEM (Epgy), indicates the total energies
of TiCry.xMny and TiCrp4Mny —H system can be well described by the
bond energy model. It is important to bear in mind that the BEM intends
only to find reasonable values for relative bond energy and not an

accurate description of the bond energy of TiCrp xMny alloys and hy-
drides. As a result, Ti-Mn bond is positive with 0.0097 eV, while Ti—Cr
bond is negative with —0.0125 eV, indicates the total energy of TiCrs.
xMny system will shift to a positive value. In addition, the comparison of
Cr-H bond (0.0220 eV) and Mn-H bond (0.0310 eV) shows that, simi-
larly, the addition of Mn causes the MHs structure to become less stable
than that of TiCrp. It is possible that the thermodynamic stability of
TiCro xMny hydrides from x = 0 to 1 will gradually decrease.

3.3. Hydrogen storage properties

3.3.1. Hydrogen storage behavior in DFT

Most potential AB,-type alloy with the ideal stoichiometric crystal-
lize as the hexagonal MgZn, (C14), cubic MgCu, (C15) or less frequently
MgNi, (C36) Laves phase [8]. TiCroxMny (x = 0, 0.25, 0.5, 0.75, 1) al-
loys are confirmed to be C14 Lave phase, with four formula units per
unit cell. And the hydrogen atoms in MHs may occupy one or more of
three types of tetrahedral interstices, including AsBs-, ABs- and By-type
tetrahedral interstice, as shown in Fig. S3 and Table S3. There are in
total of 17 such interstices per AB; formula unit, i.e. 12 ABs, 4 AB3 and
1 B4 interstices. However, most of the interstices remain unoccupied
during hydriding due to the electrostatic effects, resulting in a maximum
hydrogen storage capacity of about 6 H atoms per AB, formula unit [42,
43]. In addition, according to Shoemaker’s exclusion rule [44], these H
atoms in both cases should be excluded. One case, the distance between
the faces of tetrahedral interstices to the centre of tetrahedral interstices

Fig. 3. Charge densities of A;B, tetrahedral interstices of TiCrp ,Mny-H alloys: Ti-Ti—Cr-Cr interstice (a), Ti-Ti-Cr-Mn interstice (b), Ti-Ti-Mn-Mn interstice (c).
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is less than 1.6 A, which is below the limiting H-H internuclear distance
of 2.1 A for hydrides proposed by Switendick [45]; the other case, two
tetrahedral interstices having a triangular face in common may not both
accommodate H atom at their centers. Thereby, the actual hydrogen
storage capacity of AB; is lower than that of AB;He.

Here, in order to illustrate the ease with which the alloys absorb
hydrogen, one H atom was added to each of the three types of tetrahe-
dral interstices mentioned above, and the solution enthalpy E, of the
interstitial H atom in bulk alloy can be obtained as [40,46]:

)

Eso1 = Epuikirn — Epu — 5

Hy

where Ep 1 and Epyy are the total energies of the bulk with H atom and
without H atom, respectively. Ep, is the total energy of Hy. As summa-
rized in Table 2, a negative E, denotes an exothermic reaction; a lower
E,, means that the tetrahedral interstice is easier to absorb hydrogen,
which is reflected in lower plateau pressure in PCT. The values of E;,; are
negative for all ApBy tetrahedral interstices. Among them, the 6h;
tetrahedral interstice represents the lowest E;, with —0.1881 eV, indi-
cating that 6h, tetrahedral interstice is the most easily occupied by H
atom. It’s worth noting that the E,, of ABs-type and B4-type tetrahedral
interstices are positive, imply that higher hydrogen pressures are
required for H atoms to occupy these interstices during the hydrogen
storage application [18]. The results of neutron diffraction result by Zhu
et al. [47] and statistical thermodynamics analysis by Beeri et al. [18,19]
also confirmed that H atoms preferentially occupied A,B; tetrahedral
sites in YFep-based alloy and TiCraxMny-H system. Additionally, the
solution enthalpy of H atoms in hydride and bulk alloy were compared.
As shown in Fig. S4, take the E,; of H atoms at the 24l tetrahedral in-
terstices as an example, the value of E, increases almost linearly from
—0.25 eV for 2 H atoms to —0.96 eV for 8 H atoms in hydride. Obviously,
the E;, depends on the type of tetrahedral interstice rather than the
concentration of H in the hydride in both alloys/hydrides.
Furthermore, the E,,; of H atom in the tetrahedral interstice with Mn-

Table 2
The solution enthalpy of H atom at different tetrahedral interstitial.

Tetrahedral interstice type Eso1/eV Eso1 (Mn-doped)/eV
AsB, 6h; —0.1881 (TiTiCrCr) —0.0647 (TiTiCrMn)
6h, —0.1028 (TiTiCrCr) —0.0473 (TiTiCrMn)
12k, —0.1077 (TiTiCrCr) —0.0034 (TiTiCrMn)
241 —0.1405 (TiTiCrCr) —0.0083 (TiTiCrMn)
AB3 4f 0.1575 (TiCrCrCr) 0.1766 (TiCrCrMn)
12k, 0.0404 (TiCrCrCr) 0.0966 (TiCrCrMn)
B4 4e 0.6576 (CrCrCrCr) -

568

doped were calculated, also listed in Table 2. The E,, values of Mn-
doped alloy offset in a positive direction, indicate the desorption
plateau pressure TiCryyMny alloys will increase with the Mn addition.
According to Miedema’s equation [48-50], the derived reaction
enthalpy (AH) of MHs will decrease with the addition of Mn due to the
reduced of heat release when H atoms occupying tetrahedral
interstitials.

3.3.2. Hydrogen storage behavior in experiments

Although the hydrogen storage properties of alloys are predicted by
DFT method, they are difficult to quantify. Here, ABo-type hydrogen
storage alloys, which operation temperature is between room-
temperature to 80 °C, have great application potential in stationary
hydrogen compressor of hydrogen refueling station. To study the per-
formance of TiCrp xMny alloys under working conditions, the PCI curves
of the alloys were measured at 10, 30, 50 and 70 °C, as shown in Fig. 5.
The hydrogen storage characteristics, including hydrogen desorption
plateau pressure Py, reversible hydrogen storage capacity Cge, hysteresis
factor Hy, plateau slope factor S¢, and the derived reaction enthalpy (4H)
and entropy (AS), can be obtained from the PCT curves and summarized
in Table 3. As shown in Fig. 5 (a-e), Hy and S¢[51] of original TiCr; alloy
are unacceptable for the application requirement. With the substitution
of Cr by Mn, Hy and S; decrease firstly, the TiCr;sMngs and
TiCr1.25Mng 75 alloys show the smallest Hy and Sy with 1.02 and 0.14,
respectively. However, with the further increase Mn contents in
TiCr,.xMny alloys, the Hy and Sy began to deteriorate.

The reversible capacity Cge can also be obtained from the PCT
curves. The Cge of TiCr; alloy are only 1.49 wt% on its first absorption/
desorption plateau at 30 °C, which only the lower composition hydride
phase (AByHj3 phase) was formed while the high-composition hydride
phase (AByH,4 phase) was not formed [18]. With the substitution of Cr by
Mn, the Cg increases at first to 1.88 wt% for TiCr; sMng 5 alloy, then
decreases to 1.72 wt% for TiCrMn alloy at 30 °C. The same regular are
found at 50 °C. The addition of Mn is beneficial to adjust the hydride
phases and the plateau performance of the alloy [52,53], which can
increase of the hydrogen storage capacity. However, the reduction of
cell volumes prevents further increase of Cg.. Taken together, the
maximum Cge with 1.88 wt% is obtained at x = 0.5 in TiCry.xMny alloys.

Lastly, the hydrogen absorption/desorption plateau pressure is one
of the most important characteristic of hydrogen compression materials,
which can also obtain from the PCT curves. TiCry alloy has been
confirmed to exist on two hydrogen absorption/desorption plateau by
Johnson et al. [16]. Here, due to the constraints of temperature and
pressure, only one plateau can be reached, and the hydrogen storage
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Fig. 5. Hydrogen absorption/desorption performance of TiCrs Mny alloys at 10, 30, 50 and 70 °C (a-e) and Van’t Hoff plot (f).

Table 3
Hydrogen storage behavior of the TiCr, ,Mny alloys.
Sample P4e/MPa Desorption capacity/wt.% AH/kJ/mol Hy AS/J mol 'K ! Ab. kinetics t/s
10°C 30°C 50 °C 70 °C 10°C 30°C 50 °C 70 °C
TiCry - 4.45 6.85 9.69 - 1.49 1.34 1.15 - - 36.7
TiCr; 75Mng 25 - 4.69 6.96 10.19 - 1.74 1.67 1.54 24.88 95.11 57.6
TiCry sMng 5 - 9.16 14.43 19.77 - 1.88 1.81 1.64 22.77 92.68 70.6
TiCr; 25Mng 75 7.05 12.52 20.14 33.10 1.84 1.83 1.80 1.51 21.20 90.98 78.1
TiCrMn 8.18 14.66 23.56 1.80 1.72 1.62 - 20.11 88.60 160.7
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characteristics of TiCr, alloy here are only for a reference. According to
the PCT curves, with the addition of Mn, the P4 monotonically increase
from 4.45 MPa for TiCrs to 14.66 MPa for TiCrMn at 30 °C. Furthermore,
the thermodynamic performance of the metal hydride can be fitted by
Van’t Hoff equation with hydrogen desorption plateau pressures [54,
55]:

| P _AH A4S

P° RT R

(6)

where P?, P4, T AH and AS respectively represent the standard pressure,
the ideal gas constant, the absolute temperature (K), the changes in
enthalpy and entropy of hydrogen desorption process. The AH and AS
can be calculated by the slope and intercept of the fitting curves. As a
result, in Table 3, the absolute values of AH and AS decrease with
increasing Mn content from 24.88 kJ/mol Hy and 95.11 J mol ! K~! for
TiCry.75Mng 25-20.11 kJ/mol Hy and 88.60 J mol™! K~! for TiCrMn,
respectively, suggesting that the stability of the hydride ceaselessly
reduce with the Mn addition. It is interesting that the change of AH is
successfully predicted by the results of first-principles calculations.

3.3.3. Relationship between AH and E,

In addition to fitting the AH of AB; alloy with Van’t Hoff formula,
other formulas can be used to calculate the AH, of which Miedema’s
formula [42,48-50] is widely accepted. According to Miedema’s for-
mula, the value of AH is calculated from summing the heats of formation
of the imaginary binary hydrides formed by each atom around the in-
terstice. The calculation of AH using Miedema’s formula for transition
MHs system shows good agreement with experimental quantities.
Meanwhile, Miedema’s formula yields fairly reasonable estimates of
hydride heats of formation. However, these AH are not true heats of
hydrides formation, just only provide a means of comparison. Inspired
by Miedema’s formula, analogously, the AH value of the TiCry4Mny
alloys can calculate by the heat released when H atoms occupy the
tetrahedron interstices. Here, eight H atoms were stored in the A;By
tetrahedral interstitial of Ti4Crg cell to ensure that the state of hydride
for all TiCryMny (x = 0, 0.25, 0.5, 0.75, 1) were located on the
hydrogen absorption/desorption plateau. In particular, a specific num-
ber of Ti-Ti-Cr—Cr and Ti-Ti-Cr-Mn tetrahedral interstitials occupied
by H atoms were used to simulate hydrides of different Mn content, e.g.
eight 6h;-type Ti-Ti-Cr-Cr tetrahedral interstitials occupied by H atoms
to simulate TiCroHp, while four 6h;-type Ti-Ti-Cr-Cr and four 6h;-type
Ti-Ti-Cr-Mn tetrahedral interstitials occupied by H atoms to simulate
TiCr; sMng sHy. The E, were calculated for specified metal hydrides,
such as TiCI‘sz, TiCr1.75Mno,25H2, TiCrl,sMno.st, TiCr1,25Mn0,75H2
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Fig. 6. The relationship between AH and.E;,
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and TiCrMnH,. As shown in Fig. 6, the E,, values monotonically in-
crease from —0.3642 eV for TiCraHs to —0.0123 eV for TiCrMnHy, in-
dicates that the heat released during hydride generation decrease with
the increase of Mn content, which shows good agreement with the
change of AH values of the TiCrpyMny detected in experiment. The
relationship between E,; and AH can be regarded as a reference for
developing multicomponent AB,-type alloy design.

3.4. Hydrogen dissociation and diffusion kinetics

3.4.1. H, dissociation on (1 1 0) surface

As mentioned in Section 3.1, for TiCry.xMny (x = 0, 0.25, 0.5, 0.75,
1) alloys, the Mn substitute for Cr in order of fractional coordinates (1, 0,
0.5), (1, 0, 1), (0.83, 0.17, 0.25), (0.17, 0.83, 0.75), indicate the sub-
stitution sites are all located on (1 1 0) plane. Therefore, the (1 1 0)
surface was selected as the exposed surface, due to it contains Ti, Cr and
Mn atoms at the same time. As shown in Fig. S5 (a), the (1 1 0) surface
was cleaved and slab model of (1 1 0) surface with 2-6 cells (4-12
atomic layers) and 15 A vacuum layer was geometrically relaxed,
respectively. Fig. S5 (b) compares the Eg,¢ of the slab model which upper
two and three atomic layers were as the relaxation layer. As shown, the
Eg¢ of these two slab models tend to stabilize at 0.1831and 0.1830 eV/
A? as the thickness of the slab model increases in general. Therefore, the
eight layers slab model including three relaxation layers was utilized for
the adsorption model.

For the adsorption model of TiCry (1 1 0) surface, three kinds of
possible adsorption sites, including hollow site (HS), top site (TS) and
bridge site (BS), are considered as shown in Fig. S6. Here, one H atom
was placed on these adsorption sites and their adsorption energy (Eaqs)
for H atom were calculated, as summarized in Table S4. Obviously,
hydrogen atoms can be adsorbed stably at all these positions, and their
vertical distances from the surface are between 1.14 and 1.75 A after
adsorption. Among them, the Ti2-Cr2-Cr3 HS shows the strongest E,gs
of —1.1758 eV, which implies that H prefers to adsorb at the
Ti2-Cr2-Cr3 HS. In addition, as shown in Fig. S6 (a) and Table S4, the
Cr2 and/or Cr3 were substituted by Mn atoms to form Ti2-Mn2-Cr3,
Ti2-Cr2-Mn3 and Ti2-Mn2-Mn3 HS of TiCr, yMny alloys, respectively.
The E.gs of Ti2-Mn2-Cr3, Ti2-Cr2-Mn3 and Ti2-Mn2-Mn3 HS in-
creases to —0.9529, —0.9013 and —0.7937 eV, respectively, indicates
the addition of Mn has a negative effect on the adsorption of H atom on
alloy surface. Furthermore, as shown in Fig. S7 (b) and Table S4, the
value of E,qs of Cr2-Cr3 BS is also greater than that of Mn2-Cr3,
Cr2-Mn3 and Mn2-Mn3 BS, which once again confirms this conclusion.

After that, as shown in Fig. S8, the interactions between H; and the
most stable position (Ti2-Cr2-Cr3 HS) of TiCry (1 1 0) surface were
studied, where the initial configuration of Hy was first divided into
parallel a, b and c axis to the (1 1 0) surface, respectively. Based on the
distance of H atoms adsorb stably at the surface, the distance between Hy
molecule to the surface (dys.surf) Was set as 1.75 A. After optimization, as
listed in Table S5, the H-H bonds all break and bonds length (dy.p) in-
crease from 0.7509 A to 2.6455-2.9244 10\, which indicates there is a
strong interaction between alloy surface and H at this distance. And it’s
a stable chemisorption. Compared with the configuration of Hy parallel a
and b, Hj is preferentially adsorbed in a perpendicular manner because
it has the lowest E,qs with —2.1890 eV. There is a good consistency with
the reported in the literature [27].

In the same way, the Cr2 was substituted by Mn atom to form
Ti2-Mn2-Cr3 HS of TiCry4xMny alloys. Then, the Hj is set vertically at
Ti2-Mn2-Cr3 HS and the E,q4s after the optimization were also sum-
marized in Table S5. Although H, dissociates at Ti2-Mn2-Cr3 HS, the
value of E,qs increases with the addition of Mn atoms from —2.1890 to
—1.7881eV. This once again confirms that the substitution of Cr by Mn is
unfavorable to the surface adsorption of Hj.

The above E.qs calculation results indicate that the most stable
chemisorption of vertical Hy occurs at Ti2—Cr2-Cr3 HS. Besides, the
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stable physical adsorption model was optimized by gradually increasing
in the vertical distance (dyo.surf) between the Hj to surface. As listed in
Table S5, when the distance between the Hy and surface reaches ~3.8 f\,
Hy is stable adsorbed to Ti2-Cr2-Cr3 HS. The H-H bond length (dy.p) is
~0.7527-0.7530 A, which is almost equal to our calculation for that of
free Hy (0.7509 [o\), indicating that Hy is not dissociated. The Hy mole-
cule is physically adsorbed at Ti2-Cr2-Cr3 and Ti2-Mn2-Cr3 HS with
an adsorption energy of —0.1039eV and —0.025eV, respectively.

Based on the above stable physisorption model and chemisorption
model at Ti2-Cr2-Cr3 HS, the possible dissociation path and energy
barrier of Hj at the stable adsorption site of TiCrp (1 1 0) surface were
simulated by CI-NEB method. The energy barrier and structure diagrams
of Hy dissociation at Ti2-Cr2-Cr3 HS are plotted in Fig. 7 (a). For Hy
dissociation reaction, the initial reactant Hp was firstly physisorption at
a distance of 3.95 A. Then, as the transition state model moves closer to
the surface, the bond length of H-H bond gradually becomes longer until
it breaks. Finally, two isolated H atoms were formed. This dissociation
step needed to overcome an energy barrier of 1.80 eV, meanwhile
release energy being —2.09 eV. The H-H distance spread from 0.75 A to
2.92 A.

In the same way, the energy barrier and structure diagrams of Hy
dissociation at the Ti2-Mn2-Cr3 HS of TiCry.xMny alloys are plotted in
Fig. 7 (b). The distance of initial Hy is 3.83 A to Ti2-Mn2-Cr3 HS. Then,
two isolated hydrogen atoms were formed via the dissociation of Hp.
Finally, the energy barrier of the dissociation of Hy at the Ti2-Mn2-Cr3
increases slightly to —1.87 eV. This once again confirms that the sub-
stitution of Cr by Mn is unfavorable to the surface adsorption and
dissociation of Hs.

3.4.2. H atom diffusion kinetics in the bulk alloys

After that, the H atom adsorbed on the surface diffuses into the
subsurface driven by hydrogen pressure. The results of Es, of TiCro-H
system indicate that 6h; tetrahedral interstice is the most stable site for
the occupation of H atom in the bulk of TiCry alloy. Therefore, the
diffusion kinetics of H atoms from the surface Ti2-Cr2-Mn2 HS to the
subsurface 6h; tetrahedral interstice was calculated by CI-NEB
approach. As shown in Fig. 8 (a), for TiCry alloy, H atom must over-
come an energy barrier of 1.38 eV to diffuse from the surface into the
bulk. Meanwhile, the heat equivalent to 0.90 eV is released when H
atom enters the bulk from adsorption state to form hydride, indicating
that the total energy of hydride decreases, which is consistent with the
conclusion of thermodynamics results. After Mn is substituted for Cr to
form Mn substituted surface, as shown in Fig. 8 (b), the energy barrier of
H atom increases to 1.52 eV. However, because the enthalpy value of
TiCro xMny is lower than that of TiCry, only 0.82 eV heat is released

@),

© © -]
.0 H
=4 [ -] 1
T e |
S |
2 / 1.80 eV'! °
S 0{e——-_____ !
=
)
=11]
ot
2
= -1
24 Y

Reaction coordinate (A)

Renewable Energy 197 (2022) 564-573

when hydride formed.

Then, H atom at the subsurface further diffuses from 6h; to the
closest neighboring tetrahedral interstices. Fig. S9 shows the diffusion
energy barrier of an H atom from 6h; tetrahedral interstice diffuses to
6hy, 12ko, 6h;, 12k, 241 and 4f tetrahedral interstice. Among them, the
diffusion path of 6h; to 6hy shows the lowest diffusion barrier with 0.21
eV, which indicated the path of 6h; to 6h; is favorable in the bulk TiCry
alloy. In addition, the path of 6h; to 6h, in hydride with different H
contents were compared. As shown in Figs. S10 and S11, the volume of
hydride expands linearly when H atoms are absorbed into 241 tetrahe-
dral interstices. And the cell volume 6h; and 6h, tetrahedron increase
first with the increase of cell volume of hydride, then decrease due to the
extrusion of the neighboring 241 tetrahedron interstices occupied by H
atoms. The CI-NEB kinetics simulation results of H diffusion from
6h;-6h5 indicate that the increase in the volume of tetrahedral interstice
is conducive to the diffusion of H atoms in hydride, which decrease from
0.20 to 0.17eV. However, as the concentration of H in the hydride
continues to increase, the tetrahedron is squeezed and the diffusion of H
is blocked. This is consistent with the analysis results of hydrogen ab-
sorption rates at different hydrogen absorption stages by Mintz et al.
[56].

In addition, the diffusion properties of H atoms in the bulk of TiCrs.
xMny alloys were also studied by substituting Cr by Mn in 6h; and 6hy
tetrahedral interstice. Thus, two diffusion types from 6h;-6h; tetrahe-
dral interstice after substitution were study, namely Ti-Ti-Cr-Cr —
Ti-Ti-Cr-Mn and Ti-Ti-Cr-Mn — Ti-Ti-Cr-Mn, as shown in Fig. 8 (c).
The type of Ti-Ti—Cr-Cr to Ti-Ti-Cr-Cr represents the lowest diffusion
barrier with 0.21 eV among them. The type of Ti-Ti-Cr-Mn to
Ti-Ti-Cr-Mn represents the highest diffusion barrier with 0.29 eV.
Obviously, the addition of Mn increases the diffusion barrier of H atom
in the bulk of TiCry.xMny alloys.

Fig. 8 (d) shows the normalized isothermal hydrogen absorption
curves of TiCry.xMny (x = 0, 0.25, 0.5, 0.75, 1) alloys at 30 °C under 30
MPa Hs. It should be noted that the hydrogen absorption kinetics is very
fast, and when the system pressure begins to decrease monotonously,
the amount of hydrogen absorption has reached more than half. For the
TiCro alloy, 90% hydrogen absorption capacity is reached in 36.7 s,
whereas with the addition of Mn, TiCrg sMng 5 is in 70.6 s. With the Mn
content continues to increase to x = 1, the total time of 90% hydrogen
absorption increases to 160.7 s. There is a good agreement with the
results of H atom diffusion kinetics in the bulk alloys by DFT.

4. Conclusions

In this work, the structural stability, hydrogen storage
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Fig. 7. Dissociation of H, molecules on Ti3—Cr2-Cr3 HS of TiCr, (1 1 0) surface (a) and Ti3-Mn2-Cr3 HS of TiCr, yMny (1 1 0) surface (b).
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thermodynamic and kinetic performances of TiCroxMny (x = 0, 0.25,
0.5, 0.75, 1) alloys have been studied by using a combination of first
principles methods and experiments. The TiCry.xMny alloys are ener-
getically favorable stable according to the formation enthalpy analysis,
and Mn atoms can optionally substitute for the Cr sites. In addition, the
solution enthalpy of interstitial H atom decreases with the Mn addition,
which provides a reference for predicting the trend of enthalpy of alloys.
Finally, the kinetics simulation show that the addition of Mn is unfa-
vorable to the dissociation of Hy on the surface and the diffusion of H
atoms in the bulk alloys. On the other hand, the experimental in-
vestigates were carried out under the guidance of calculated results.
With the addition of Mn, the alloys maintain a single C14 structure. And
the hydrogen storage capacity increases firstly, then decreases due to the
decrease of cell volume. Specially, the derived reaction enthalpy of
TiCry.xMny hydride decrease, which is consistent with the enthalpy
trend predicted by solution enthalpy. There is also a good agreement
with the DFT results of hydrogen dissociation and diffusion kinetics in
the bulk alloys, which the TiCrMn alloy takes 124 s longer than the
original TiCr; alloy when 90% hydrogen absorption capacity is reached.
The analysis above provides a reference for adding alloying elements
with the similar properties as Mn to further improve the plateau pres-
sure, so as to achieve the application of hydrogen compression. In
addition, the kinetics of TiCrMn alloy is need to further improve by more
modification.
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