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The mechanism of hydrogen trapping in carbides via transition metal alloying is essential for material design of
hydrogen barrier coatings in hydrogen energy applications, which however, is still elusive. Herein we have
investigated the effect of transition metal solutes (Ti, Cr, Zr, Nb, and Mo) doping on multiple hydrogen trapping
in vanadium carbide using density functional theory calculations. The hydrogen binding energetics with alloying
elements depends on the local atomic environment of neighboring interstitial sites. The hydrogen trapping ability

is ordered by Cr > Zr > Nb > Ti > Mo. Cr dopant has a distinctive performance, because its first-nearest-neighbor
trigonal interstitial sites are more stable, and up to six hydrogen atoms can be trapped, surpassing other ele-
ments. This distinction is partially attributed to less lattice contractive distortion and lower loss of charge. Charge
transfer and electronic analysis indicate that C—H interactions play a critical role in hydrogen binding energies.
The stability of multiple hydrogen could be measured by the length and strength of the C—H bond.

Introduction

Hydrogen can significantly affect the properties of structural mate-
rials [1-5]. With severe neutron irradiation in fusion reactors, structural
materials contain large amounts of hydrogen [6,7], and the penetration
of hydrogen atoms is inevitable. In addition to the leakage the precious
tritium, hydrogen embrittlement is a critical concern. Applying
hydrogen barrier coatings with a high permeation reduction factor
(HPRF) can effectively resist the intrusion of hydrogen atoms and the
tritium uptake without damaging the substrate [8,9]. It has been shown
that vanadium carbide (VC) coatings have a lower hydrogen diffusion
coefficient [10] and reduced chemical interaction with the fuel cladding
compared to conventional Al;O3 [11]. Moreover, VC coatings also
significantly improve the hardness and wear resistance of the substrate
[12-14]. Therefore, VC is an attractive hydrogen barrier material [15].
Enhanced performance under high-energy neutron irradiation is an
essential concern of VC hydrogen barrier coatings.

Generally, the permeation reduction factor is modified by the trap-
ped hydrogen atoms at lattice defects (e.g., vacancies, solute atoms)

[16-18]. Although the strong attraction of vacancies increases the sol-
ubility of hydrogen [19], hydrogen diffusion becomes easier with
increasing vacancy content [15]. Studies have shown that doping ele-
ments enhance hydrogen trapping and retard hydrogen diffusion
[20,21]. Kim et al. [22] found that hydrogen permeability was reduced
by 80 % in carbon-doped TiZrN coating. The findings from Somyjit et al.
[23] showed that doping with Si and Ti at 1 ppm can significantly reduce
the hydrogen solubility and diffusion rate in Al;O3. A large number of
trapping sites in the VC crystal structure weaken hydrogen diffusion and
significantly diminish hydrogen embrittlement sensitivity [24,25].
Nagao et al. [26] found that hydrogen embrittlement was lessened due
to Mo-doped TiC in martensitic steels. Dey et al. [27] found a linear
relationship between hydrogen solubility and doped Cr content in Fe3C
and Fey3Ce. Elemental doping is a critical factor in improving the
hydrogen trapping of carbides [28,29]. It also improves performance in
terms of strength, wears resistance, and creep resistance [30-33]. For
doping VC, previous investigations have been focused mainly on me-
chanical properties. Sun et al. [34] pointed out that (V, M)C (M = W, Mo,
Cr) has better performance in terms of thermal and mechanical stability
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and better ductility along with high hardness than pristine VC. Sangio-
vanni et al. [35] highlighted that (V, Nb, Ta, Mo, W)C high-entropy
carbides are highly ductile at room and high temperatures. All these
efforts suggest that the enhanced trapping of hydrogen by doped atoms
promotes the performance of hydrogen barrier coatings. However, the
interaction of doping with hydrogen in VC is still in the mist.

Because hydrogen trapping behavior is relatively difficult to measure
in experiment [36,37], theoretical investigation is more feasible [38]. In
recent years, density functional theory (DFT) has been successfully
applied to quantitatively estimate the interaction of doped atoms with
hydrogen in metals [39,40]. Qin et al. [41] showed that the solubility of
hydrogen was reduced, and the diffusion activation energy was
increased by the doping of Ni in the body-centered cubic (BCC) phase of
vanadium. Jiang et al. [42] found that the hydrogen trapping ability of
neighbor sites near the solute atom was enhanced in Ti-doped W alloys.
The hydrogen trapping mechanisms in the lattice defects of pure metals
have been sufficiently explored [43-46]. Charge density was effective
for a number of trapping sites in pristine metals [47]. Trapped H in
metals can gain electrons. In addition, the lack of charge supply can
make the hydrogen cluster unstable. For the origin of hydrogen trapping
at phase boundaries between BCC-Fe and NaCl-type carbides, Zhang
et al. [48] proposed that the Bader volume of hydrogen can quantify
hydrogen trapping, where both chemical and mechanical contributions
are considered. However, VC has more complex local atomic environ-
ments containing mixed metallic, ionic, and covalent bonds [49]. The
origin of multiple hydrogen trapping when doped atoms are involved is
less studied. Whether the Bader atomic volume of hydrogen and charge
density developed for pristine metals and phase boundaries are still
sufficient to assess multiple hydrogen-binding energetics for doping el-
ements desires further exploration.

In this paper, the hydrogen trapping behaviors of five transition
metal elements -Ti, Cr, Zr, Nb, Mo - alloyed in VC have been investi-
gated using first-principles calculations. These elements are selected
because they can form NaCl-type carbides and they are common addi-
tives in steels. Our investigation has three steps. Firstly, the maximum
interaction distance between solute atoms and a hydrogen atom (M—H
pair) and the optimal trapping sites is calculated using the hydrogen
binding energy. Secondly, the hydrogen bonding ability between
neighboring hydrogen atoms (H-H pair) and the farthest interaction
distance is discussed. Finally, the maximum number of multiple
hydrogen atoms trapped near the solute atoms (M—nH complexion) and
the electronic characterization are investigated.

Methods

First-principles calculations were carried out using Vienna ab initio
simulation package (VASP) [50]. The core electrons were considered by
the projector augmented wave (PAW) method [51]. The exchan-
ge—correlation potential was simulated using Perdew-Burke-Ernzerhof
(PBE) [52] in the framework of the generalized gradient approxima-
tion (GGA) [53]. The valence electrons of Ti, V, Cr, Zr, Nb, Mo, C and H
are 3523p63d2452, 3523p63d44sl, 3p63d54sl, 4sz4p64d2552,
4s24p%4d5st, 4s24p®4d°ss!, 25?2p? and 1s! electrons, respectively. The
VC model is a 2 x 2 x 2 supercell with 64 atoms, where cell size and
atomic positions are allowed to relax until the energy change on each
atom converged to 10 eV/atom the residual force was less than 0.01
eV/A. The 4 x 4 x 4 k-mesh was applied to VC supercell which is based
on the Monkhorst-Pack [54] method, and its accuracy is verified in
Fig. S1 of Supplementary Materials. The cutoff energy of the plane
waves is 520 eV. The zero-point energy correction is not considered [55]
because it has little effect on the stability comparison, as shown in
Table S1 of Supplementary Materials. The crystal and electronic struc-
tures was visualized by VESTA [56]. The charge analysis was obtained
by Bader code [57]. The crystal orbital Hamiltonian population (COHP)
was calculated by LOBSTER [58] to analyze the strength of chemical
bonds.
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The hydrogen atom solution energy (E,;) when hydrogen atom oc-
cupies different interstitial can measure the solubility of hydrogen atom.
E,, is defined as [59]:

Eo = Evcn — Eve — 1/2Ey,, @

where Eycy is the energy of VC when the trapped hydrogen atom
occupies interstitial sites, Eyc is the energy of VC, while Ey, is the energy
of the independent hydrogen molecule in free space.

When the VC supercell contains an M atom (M = Ti, Cr, Zr, Nb, Mo)
and n hydrogen atoms (n > 1, and n is an integer), the binding energy
E{;A’”H can describe the strength of the M atom binding to the nth

hydrogen atom, as expressed:

EN™ = (Eyen — Eve) — (Bmn — Exio-in ), )

where Eycy is the energy of VC when the hydrogen atom occupies
the most stable trapping site, and Ey .y is the energy of the VC containing
a M atom and n hydrogen atoms. The positive binding energy indicates
that the system can enhance the trapping of n hydrogen atoms, while the
negative value indicates that the system can enhance the trapping of up
to (n-1) hydrogen atoms.

The binding energy Ef™" can describe the strength of the binding of
two hydrogen atoms. EEH is defined as [60,61]:

Ey™ = (Even — Eve) — (Evean — Even), 3)

where Eyc oy is the energy of the VC containing two hydrogen atoms.

To analyze the binding ability between solute atom (Ti, Cr, Zr, Nb,
Mo) and the nth hydrogen atom as well as between two hydrogen atoms
EM™ and E'M are divided into the mechanical (E7*") and
chemical (Egrm) effects [62-67]. The mechanical effect is the energy
effect of local strain resulting from the nth hydrogen atom to binding
energy, and the chemical effect is the energy effect of the local chemical
environment in which the nth hydrogen atom to the binding energy.

in detail,

Et = (Bew — Bvc) = (B = B ) @
ErTlc-ICEH = (El\j/C.H 7EVC) - ( S/C.ZH - E:‘/C.H)* (5)
Eli{]lf’["lnH = E:/['nH - Ekr:le\/?lnH7 (6)
By =By — By )]

where Ey. ,(Eycoy) is the energy of the hypothetical VC supercell
after removing the most stable hydrogen atom (two hydrogen atoms) in
VG, while Ey, , is the energy of the hypothetical VC supercell containing
M atom after removing n hydrogen atoms in VC, which are obtained by
self-consistent calculations for the system after removing n hydrogen
atoms. Since hydrogen atoms are removed, hydrogen atoms no longer
chemically interact with other atoms. Consequently, this equation (4)
and (5) does not account for the chemical effect of hydrogen binding
energy.

Results and discussion
Interaction between the solute and H

Binding energy of M—H pair

The space group of the VC crystal structure is Fm 3 m (No. 225), and
VC is a NaCl-type face-centered cubic structure. The lattice constant
after VC lattice optimization (4.16 10\) is consistent with the experimental
[68] and calculated [15,69] values. The formation energies of these five
transition metal elements (Ti, Cr, Zr, Nb, Mo) in VC are all negative,
indicating that they can be easily doped into VC, as shown in Table S2 of
Supplementary Materials. The possible sites occupied by hydrogen atom
are considered as follows: the hydrogen atom occupies the center of four
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neighboring V atoms (tetrahedral interstitial site, termed as Tet-V), and
the hydrogen atom occupies the center of three neighboring V atoms
(trigonal interstitial site, termed as Tri-V). Their corresponding config-
urations are mapped in Fig. 1(a) and (b). The solution energy of
hydrogen atom present in the Tri-V site is 1.53 eV, which is lower than
that of the Tet-V site (2.06 eV). Therefore, hydrogen atoms located at the
Tri-V site are more stable, consistent with the literature [24,25].

When the V atom is replaced by the solute atom M, the first nearest
neighbor tetrahedral (Tet-Vﬂ}fN) or trigonal (Tri-V,l\,II\IN) interstitial site is
examined. Their corresponding configurations are mapped in Fig. 1(c)
and (d). However, the hydrogen atoms occupying Tet-Viy'™ site, except
for solute Cr, relaxed to Tri-VA™ site after optimization. When the solute
atom is Cr, the hydrogen binding energy of Tet-ViI™N site (—0.37 eV) is
smaller than that of Tri-V]y'" site (0.14 eV). Therefore, only the trigonal
interstitial sites near the solute atom occupied by the hydrogen atom
were considered in the subsequent calculations.

For the interaction of a single hydrogen atom occupying the trigonal
interstitial with the solute atom, the configuration as in Fig. 2(a) is
established (Tri—V]'\‘,[NN), considering the effect of the distance of the solute
atom from the first to the fifth nearest neighbor (1NN to 5NN) on the
binding energy, respectively. The results are mapped in Fig. 2(b). The
binding energy of M—H pair, except for Cr, reaches its maximum at the
Tri-VA™ site. The binding energy is the largest when hydrogen occupies
the Tri-VA\" site near Cr. Only Ti and Zr show positive binding energies
with hydrogen atoms at different distances among the five solutes. The
binding energy is positive when hydrogen atom is located in the Tri-Voy ™
site of Zr. The binding energy of the Tri-V3™ sites of the other solutes
(Ti, Nb, Mo, Cr) is close to zero. The interaction between hydrogen and
solute nearly disappears. If the trapping sites with the largest binding
energy near the solute atoms are considered separately, there is an
attraction between solute atoms and hydrogen. Therefore, the solute
atoms can improve the hydrogen trapping ability of VC. The order of the
enhanced ability of the solute atoms is: Cr > Zr > Nb > Ti > Mo.

In order to uncover the mechanism of the influence of solute atoms
on the hydrogen trapping behavior of VC, the binding energy is divided
into two parts to reflect the chemical and mechanical effects. The results
of the chemical and mechanical effects are displayed in Fig. 2(c) and (d).
The changing trend of binding energy is consistent with the chemical
effect, implying that the chemical effect dominates binding energy. The
influence of the solute atoms on the binding energy is mainly due to the
change in the chemical environment by the solute atoms. The mechan-
ical effect has an opposite trend to binding energy, inhibiting the change
in binding energy. The mechanical effects due to each solute are very
close at the Tri-Vy™ and Tri-V3;™ sites, indicating that the influence of
lattice distortion caused by the interaction between solute and hydrogen
atoms has disappeared.

Electronic structures of M—H pair

In order to discover the reason why the stable hydrogen trapping
sites around the solute atoms are different, the charge transfer (AQ® =

Tri-V
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Q¢ — Ql5*) and the atomic radius difference (ARy = Ry — Ry) be-
tween the solute atom and V atom in VC were calculated, as shown in
Fig. 3. The solute atoms (Ti, Zr, Nb, and Mo) with similar trends in the
above discussion lose more charge than V atoms without doping. The
order of the charge loss of these solute atoms is consistent with the order
of the enhanced trapping ability of solute atoms. Only Cr atom loses less
charge than V atom. This allows more charge to be transferred from Cr to
hydrogen atoms. Furthermore, the atomic radius of Cr is smaller than V,
while the atomic radius of other solutes (Ti, Zr, Nb, and Mo) are larger
than V. This leads to lattice compression caused by doping of Cr atoms,
as opposed to the lattice expansion caused by other solute atoms. As a
consequence, the lattice distortion caused by Cr atoms is different from
that of other solute atoms. Zhang et al. [70] also concluded that the
elastic energy and atomic radius difference would have an important
influence on the forming phases in high entropy alloys. Therefore, the
difference in the most stable trapping site of hydrogen atom near the
solute atom (Tri-V,l\,II\IN or Tri-Vlz\,'I‘IN) is due to the difference in charge
transfer and lattice distortion caused by solute atoms, which changes the
environment where hydrogen atom is located.

Since the hydrogen binding energy is dominated by the chemical
effect, the electron interactions between hydrogen atoms and sur-
rounding atoms are linked to the trapping of hydrogen atoms. To further
analyze the bonding of hydrogen atom to the surrounding atoms, the
partial density of state (PDOS) of the hydrogen atom and the 1NN atom
(C, V, M) is mapped in Fig. 4. The Tri-V\\ and Tri-Vi" sites of the
doped atoms (Nb, Cr) are scrutinized. The strong hybridization of H;
with Cas and Cy;, orbitals occurs in the energy level range of —15 eV to
—10 eV and —8 eV to —5 eV, respectively. In contrast, the metal and
hydrogen atoms have only weak hybridization in these two energy level
ranges. Thus, there is a relationship between the strong C—H bond and
the stability of hydrogen atom.

H-H pair in pristine VC

Before further study of the binding ability of the solute atoms to
multiple hydrogen atoms, the interaction of two hydrogen atoms in the
pristine VC was explored. The change in binding energy for two
hydrogen atoms at different separation is considered. hydrogen atoms
can occupy both trigonal and tetrahedral interstitial sites. Therefore,
there are three possible situations for two hydrogen atoms: (1) both
hydrogen atoms occupy the trigonal interstitial (Tri-Tri); (2) two
hydrogen atoms occupy the trigonal and the tetrahedral interstitial,
respectively (Tri-Tet); and (3) both hydrogen atoms occupy the tetra-
hedral interstitial (Tet-Tet). The distance (d) and the distance change
(Ad) of the H-H pair after optimization are shown in Fig. 5(a). The initial
H-H pair are unstable when Ad is larger than 0.4 A, hydrogen atoms
energetically favorite other sites. Hydrogen atoms are stable in the Tri-
Tri configuration. For the Tri-Tet and Tet-Tet configurations, it is stable
only when the distance between two hydrogen atoms is 3.00 A in the Tri-
Tet configuration and 3.60 A in the Tet-Tet configuration. For all con-
figurations, the optimized H-H pair distance is greater than the bond

Tet-Vi~

OVOMOCOH

Fig. 1. The four types of interstitial H configurations in VC. Tetrahedral (a) and trigonal (b) interstitial sites in pristine VC. Tetrahedral (c) and trigonal (d) interstitial

sites near solute atom.
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of M—H pair at different trapping sites.

length of hydrogen molecules of 0.74 A. It might suggest that hydrogen
molecules are energetically unfavorable to be formed in VC. Most
hydrogen atoms occupying the tetrahedral interstitial in the H-H pair are
unstable and deviate from the tetrahedral interstitial or move to the
trigonal interstitial after relaxation.

The binding energies between two hydrogen atoms in the optimized
stable configuration and their corresponding chemical effect and me-
chanical effect are illustrated in Fig. 5(b)-(c). The binding energy

between two hydrogen atoms is also dominated by the chemical effect.
When the binding energy is too large or too small (1.38 A, 1.77 A, 2.28
A, 2.88 A, and 3.10 .7\), the distance difference between the H-H pair
before and after optimization is large (greater than 0.11 10\). This is due
to the strong repulsion or attraction between two hydrogen atoms. The
interaction depends on the seperation of the two hydrogen atoms, which
could be classified into four regions. When the distance between
hydrogen atoms is in region I, the main reason why the binding energy is
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Fig. 3. Charge transfer and atomic radius for doping elements in VC before the addition of hydrogen atom. (a) Charge transfer (AQ)S*) and (b) atomic radius (ARy)

difference between the solute atom and V atom of perfect VC.
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less than zero is that the repulsion between hydrogen atoms leads to
excessive lattice distortion. As a result, the negative mechanical effect
weakens the binding energy. The decrease in mechanical effect at 2™y,
2Ny, and 2Ny, is caused by two hydrogen atoms occupying sites near
the same carbon atom, whose configurations are shown in Fig. 5(d).
When the H-H pair distance is in region II, the electron attraction pro-
duced by the chemical effect is greater than the elastic repulsion caused
by the mechanical effect, resulting in attraction. When the H-H pair
distance is in region III, the electron repulsion from chemical effects is
greater than the elastic force caused by mechanical effects, thus exhibit
repulsion. When the H-H pair distance is in region IV, their interactions
converge to zero. In brief, the combination of mechanical and chemical
effects makes the interaction between the two hydrogen atoms show an
overall trend of repulsion, attraction, repulsion, and finally disappear-
ance. The difference from the change rule of H-H pair interactions in
other metals [71,72] (first repulsion, then convergence to zero) may be
due to the addition of the carbon atom in the VC changing the chemical
environment in which the hydrogen atoms are located.

Interaction between the M and multiple hydrogen atoms

Binding energy of the M—nH complexion

Due to the strong attraction of solute atoms to hydrogen atoms, the
ability of solute atoms to enhance the multiple hydrogen atoms trapping
is also a vital issue. Therefore, the behavior of hydrogen atoms trapping
around solute atoms is inspected. It is difficult for hydrogen atoms to
exist stably in the Tet-V site due to multiple hydrogen atoms. Therefore,
in addition to Cr, multiple hydrogen atoms are placed in the 2NN
trigonal interstitial around the solute atom (Ti, Zr, Nb, and Mo), while

hydrogen atoms occupy the 1NN trigonal interstitial around Cr, forming
the M—nH complexion. The most stable configurations of the M—nH
complexion are shown in Fig. 6(d)-(e), which is obtained by structural
optimization of all possible M—nH configurations based on the M—(n-1)
H configurations and screening for the most stable M—nH configurations
with the largest binding energy.

The nth hydrogen binding energy is exhibited in Fig. 6(a)-(c). The
results show that the stable configurations of the M—nH complexion for
the solute atoms (Mo, Nb, Ti, and Zr) are consistent, with a similar trend
in binding energy. The solute atoms (Mo, Nb, Ti, and Zr) can stably trap
four hydrogen atoms, while Cr can stably trap six hydrogen atoms. The
most stable configuration of the solute (Ti, Zr, Nb, and Mo)-nH
complexion is shown in Fig. 6(d), and the solute (Cr)-nH complexion is
mapped in Fig. 6(e). Considering the nth hydrogen binding energy and
the amount of hydrogen atoms trapped, the order in which solute atoms
improve the hydrogen trapping capacity of VC is Cr > Zr > Nb > Ti >
Mo.

The mechanical and chemical effects of the solute atom with the nth
hydrogen atom are shown in Fig. 6(b)-(c). The chemical effect still
dominates the binding energy. The changing trend of the mechanical
effect is opposite to the binding energy, weakening the influence of
binding energy. The abrupt changes in the binding energy and me-
chanical effects of the solute atom Cr with the 2nd and 4th hydrogen
atoms are due to the excessive distortion of the 2nd and 4th hydrogen
atoms by sharing a carbon atom with another hydrogen atom. In brief,
the solute atoms (Ti, Zr, Nb, Mo, and Cr) can improve the hydrogen
trapping capacity of VC by modulating the hydrogen trapping sites. The
doping of alloying elements can reduce the hydrogen permeability of the
VC matrix by increasing the number of hydrogen trapped in the lattice,
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Fig. 5. H-H pair behavior at different distances in VC. (a) Distance change (Ad) and distance (d) of the optimized H-H pair. (b) Binding energy, chemical effects, and
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which are repulsive, attractive, repulsive, and converging to zero, respectively.

of which Cr is a good alloying element. Experiments have also found that
the multi-component carbides formed by V, Cr, and Mo can improve the
hydrogen embrittlement resistance of the material [73-75]. Therefore,
our results agree qualitatively with experiment.

Electronic structures of the M—nH complexion

Another important question is why the nth hydrogen atom is un-
stable. The charge transfer of (n-1) stable hydrogen atoms and the n-th
unstable hydrogen atom under the most stable configuration of the
M-nH complexion are presented in Fig. 7(a). The hydrogen atoms
receive charge (Q%"°) on the whole, as the charge received by the 5th
unstable hydrogen atom of solute atoms (Ti, Zr, Nb, and Mo) is less than
that received by the first four stable hydrogen atoms. In contrast, the 2nd
and 3rd hydrogen atoms of Cr receive little charge due to sharing the
carbon atom with other hydrogen atoms. However, the 1st and 4th
hydrogen atoms get a lot of charges, which may account for the large
increase in chemical effects with the addition of the second 2nd and 4th
hydrogen atoms in Fig. 6(b). This allows them to occupy the site stably
even if they share a carbon atom with another hydrogen atom. There-
fore, the stability of hydrogen atoms is affected by the chemical envi-
ronment in which they are located.

The Bader volume of hydrogen (VB3 is further analyzed, because it
reflects the charge characteristics in different chemical environments
through the zero-flux surface of charge density [48], as shown in Fig. 7
(b). Except for the 2nd and 3rd hydrogen atoms in Cr that share a carbon
atom with other hydrogen atoms, the Bader volume of the nth unstable
hydrogen atom is smaller than the stable hydrogen atom. When the
solute atom is Cr, the average Bader volume of two stable hydrogen
atoms sharing a carbon atom (1st and 2nd hydrogen atoms, 3rd and 4th
hydrogen atoms) are also larger than that of the 7th unstable hydrogen
atom. These results reveal that for the solute atoms Ti, Zr, Nb, and Mo,
the charge transfer of hydrogen atom and its corresponding Bader
atomic volume can explain the reason why the nth hydrogen atom is
unstable. However, due to the presence of two stable hydrogen atoms

sharing a carbon atom in the stable configuration of Cr-nH complexion,
these two descriptors are still not effective. Thus further discussion is
needed as follows.

The results of PDOS analysis in Fig. 4 indicate that the hydrogen
atoms mainly strongly hybridize to the 1NN carbon atoms. To quanti-
tatively analyze the bonding properties of hydrogen atoms to the 1NN
atom (C, V, M), the COHP analysis of the M—nH complexion is illus-
trated in Fig. 8. Both stable and unstable hydrogen atoms in the M—nH
complexion mainly form bonds with the 1NN carbon atoms, and the
strength of C—H bonds is much stronger than that of M—H bond and
V—H bond. Therefore, analysis of PDOS and COHP can confirm that the
C—H bond between the hydrogen atom and the 1NN carbon atom is the
key factor determining whether the trapped hydrogen atom is stable.

Since the charge transfer of the hydrogen atom is affected by the
neighboring carbon atom and the hydrogen atom mainly bonds with the
INN carbon atom, the electron transfer of the 1NN carbon atom of
hydrogen atom (Q*, which is defined as the charge transfer of the
carbon atom before and after hydrogenation) is discussed, as shown in
Fig. 9(a). The 1NN carbon atoms of the unstable hydrogen atom of the
solute atom loose less charge than the 1NN carbon atoms of the stable
hydrogen atom. This results in the charge received by the stable
hydrogen atom and its corresponding Bader atomic volume being larger
than that of the unstable hydrogen atom. The charge transfer of the
solute atom affects hydrogen trapping, as illustrated in Fig. 5(b).
Through the above analysis, it can be judged that the solute atom con-
trols the charge available to hydrogen atom by influencing the charge of
carbon atom around the transition metal atom, which in turn has an
indirect effect on hydrogen trapping. Therefore, the stability of
hydrogen atom is closely related to the charge transfer from carbon atom
to hydrogen atom.

The variation of the C—H bond length (L¢_y) is further examined, as
shown in Fig. 9(b). The C—H bond length of the unstable hydrogen atom
is longer than that of stable hydrogen atoms. This means that the un-
stable hydrogen atom deviates from the stable hydrogen trapping site.
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Therefore, solute atoms can no longer trap the hydrogen atom stably.
Finally, the change of bond length also alters the bond strength. The
C—H bond strength was analyzed by the integral of crystal orbital
Hamilton populations (ICOHP). The C—H bond in carbides is an
essential factor in determining whether the trapped hydrogen atom is

M=Cr

energy, (b) chemical and (c) mechanical effects of the solute atom with the nth
complexion (d) and Cr-nH complexion (e). Here, the numbers indicate the nth

stable [76,77]. A lower value of ICOHP means a stronger bond [78-80].
The ICOHP results are shown in Fig. 9(c). After structural optimization,
the nth unstable hydrogen atom would shift a short distance from
trigonal interstitial to tetrahedral interstitial, making the C—H bond
length longer and causing a lower C—H bond strength for the nth
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unstable hydrogen atom than that for the stable hydrogen atom. This can
explain the abrupt change in the mechanical and chemical effects of the
solute atom and the nth unstable hydrogen atom.

The displacement of hydrogen atom from the trigonal interstitial to

the tetrahedral interstitial results in a larger interstitial radius at the site
occupied by the hydrogen atom. This leads to smaller lattice distortions,
which weaken the adverse effects of the corresponding mechanical ef-
fects. While the displacement of hydrogen atom also leads to a reduction
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hydrogen atom added.

in the favorable effects of chemical effect. It can be understood as the
hydrogen atom moving away from the most stable site. The chemical
effect dominates the binding energy. As a result, the chemical effect of
the nth unstable hydrogen atom is numerically greater relative to the
most stable site. It can be concluded that the reason for the unstable
hydrogen atom in doped VC is that the chemical environment substan-
tially weakens the charge provided by the 1NN carbon atom to the un-
stable hydrogen atom and the strength of the C—H bond.

Conclusions

The performance of the five transition-metal alloying atoms (Ti, Cr,
Zr, Nb, and Mo) on the behavior of hydrogen trapping in vanadium
carbide have been examined by means of first-principles calculations.
The interaction between the H-H pairs in the VC has been scrutinized.
The electronic structure analysis is used to rationalize the differences in
the stable trapping sites for different solutes and the maximum trapping
number. The hydrogen atom tends to occupy the second-nearest-
neighbor (2NN) trigonal interstitial site in VC after doping the solute
atoms (Ti, Zr, Nb, and Mo), while it changes to the first-nearest-neighbor
one by the Cr doping.

Four hydrogen atoms can be stably trapped in the VC after doping the

solute atoms (Ti, Zr, Nb, and Mo), while it becomes six hydrogen atoms
after doping the Cr. The effects of the different doped atoms on the
hydrogen trapping ability in VC are ordered by Cr > Zr > Nb > Ti > Mo.
The doping of alloying elements can reduce the hydrogen permeability
of the VC matrix by increasing the number of hydrogen trapped in the
lattice, of which Cr is a good alloying element. The Cr has a distinct
effect on the hydrogen trapping in the VC due to the less lattice
contraction distortion from the smaller atomic radius of Cr and the lower
loss of charge.

Charge transfer and the integral of crystal orbital Hamilton pop-
ulations analyses indicate that the charge transfer from the carbon atom
to the hydrogen atom affected by solute doping and the C—H bond
strength is the main reason that the solute atoms cannot stably trap the
nth hydrogen atom. Our results show that multi-component carbons can
enhance the hydrogen trapping capacity of hydrogen barrier coatings.
Our first-principles insights into the mechanism of multiple hydrogen
trapping might benefit the material design of hydrogen barrier coatings
for hydrogen energy and fusion energy.
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