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Abstract: Co-adsorption of multi-components in ZrCo-based hydrogen storage materials can lead
to a number of synergistic effects, such as the modification of adsorption sites, and further worsen
the hydrogen storage capability. In this work, we explore the co-adsorption of H and CO on the
ZrCo(110) surface and find that the molecular CO can be adsorbed on the clean alloy surface and
thus decrease the hydrogen storage ability of the alloy. Moreover, CO occupies the adsorption site
of H and therefore prevents the adsorption and diffusion into the interior of the lattice. Fortunately,
the Hf dopant reduces the number of adsorption sites of the CO molecule and inhibits the formation
of carbides to a certain extent. In addition, the partial density of states (PDOS) result shows that
there is almost no interaction between the s orbital of H and the s orbital of Co on the pure surface of
pre-adsorbed CO, while on the Hf-doped surface of pre-adsorbed CO, the s orbital of H overlapped
greatly with the s orbital of Co, indicating that Hf doping inhibits CO toxicity in the interaction
between H and the surface. Hence, the doping of Hf has the effect of giving resistance to CO toxicity
and is conducive to the adsorption of H.

Keywords: ZrCo alloy; Hf doping; H adsorption; CO toxicity effect; computer simulations

1. Introduction

Hydrogen, with its advantages of being green, non-polluting and rich in abundance,
is a promising alternative energy carrier [1,2]. However, its commercialization is limited
due to the high temperature of the storage and release of hydrogen, poor reversibility and
low efficiency. Specifically, the disproportionation reaction reduces the hydrogen storage
capacity and shortens the life cycle of the alloy. In a high-temperature plasma environment,
the structural material of a fusion reactor inevitably contains impurity gas, which is more
likely to react with the ZrCo alloy than a hydrogen isotope, resulting in a significant
decrease in the hydrogen absorption rate and hydrogen absorption capacity. Safe and
efficient hydrogen storage is one of the biggest and most challenging obstacles to the more
widespread usage of hydrogen [3-5]. Among different hydrogen storage systems [6-9],
alloys are important and widely used as hydrogen storage materials. From the perspective
of practical application, the hydrogen storage alloys should be stable and must be able
to resist the toxic effect of impurity gases [10,11], such as carbon monoxide (CO), that are
produced in the process of steam hydrogen production. It is important to understand the
mechanism and poisoning processes of the interaction of CO adsorption on metallic surfaces
because they can block the hydrogen-active sites on the surface [12]. With the development
of computer and simulation methods, the adsorption of CO on different surfaces, such
as pure metal [13,14], alloy [15-18], clusters [19-22] and oxides-containing [19,23-25], has
been studied extensively in recent years.

Sandrock et al. [26] studied the hydrogen storage and release durability of LaNis hy-
drogen storage materials. Hydrogen, O,, H,O and CO were used for hydrogen absorption-
desorption cycles, and the results showed that CO gas did the greatest damage to the
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hydrogen storage capacity of the materials. Tanaka et al. [27] studied in detail the hydrogen
storage and release cycle durability of Ca-Mg-Ni and Ti-V alloys in pure H, and H; con-
taining CO impurities. It was found that, with the increase in CO concentration of the gas,
the hydrogen storage capacity of the material was seriously reduced. Song Han et al. [28]
have investigated the cycle durability against CO and degradation mechanism of the LaNis
hydrogen storage alloy with CO-containing Hj. They determined that the molecular CO
can be adsorbed strongly on the clean alloy surface and thus decrease the hydrogen storage
ability of the alloy. Additionally, after long-term storage, there will be the obvious tritium
aging effect of the La—Ni alloy, i.e., irreversible tritium stagnation [29].

Fortunately, the intermetallic compound ZrCo seems to be a suitable candidate mate-
rial for the ITER Tritium Storage and Delivery System (SDS) [30] as it is non-radioactive
and non-pyrophoric [31] at room temperature and exhibits the most favorable properties
in comparison with the reference material, uranium, regarding storage capacity [32], Hp
equilibrium pressure, desorption temperature [33] and helium retention [34,35]. However,
because impurity gases in industrial production react with the surface and cause surface
composition variation, these excellent properties can be seriously affected. Previous experi-
ments have studied the reaction of ZrCo powder with several impurity gases (such as Co;Hy,
CHy, Np, CO,, CO, Oy), and the results show that the hydrogen storage capacity of ZrCo
gradually decreases with the increase in temperature and reaction time [36]. Therefore, it is
very important to improve the hydrogen storage performance by reducing the toxicity of
impurity gases.

At present, there are few reports on the modification of the resistance to CO toxicity of
ZrCo, mainly focusing on the surface modification of the ZrCo alloy via fluorination [37]
or electroless plating and reducing the adsorption force with impurity gases. Since the
powdering is intensified during repeated hydrogen absorption and desorption and the
fresh surface is continuously exposed, the proportion of the original modified surface
which may occupy the powder gradually decreases. Although no related reports show
this, it is foreseeable that using the conventional surface modification process makes it
difficult to improve the life cycle of the resistance to impurity gas toxicity of the alloy.
Alloying has been shown to be an effective method to improve the hydrogen storage
capacity [38] and helium retention [39,40] of ZrCo. In addition, alloying by doping the Fe
element has been confirmed to improve the resistance to toxicity performance of the ZrCr,
hydrogen storage alloy [41]. However, the CO toxicity characteristics and the effect of the
alloying element on the ZrCo surface have not been sufficiently researched. As for the root
cause of the effect of impure gas and doped atoms on the hydrogen storage and release
properties of the ZrCo alloy, the above problems cannot be explained from the atomic scale
by using experimental methods. Through the results of the atomic adsorption structure,
adsorption energy and electronic structure, the theoretical simulation can deeply analyze
the co-adsorption behavior of impure gas and hydrogen on the surface of ZrCo and obtain
the influence mechanism of doping atoms on the co-adsorption behavior. Therefore, to
explain the effect of the alloying element on the effect of the CO toxicity of the ZrCo surface
from the perspective of the theoretical simulation is urgently needed.

The main work of this paper is to study the surface resistance to CO toxicity charac-
teristics of hydrogen storage alloys by introducing the appropriate alloying element Hf,
based on the mechanism of competitive adsorption or adsorption energy. Why is it Hf? For
a tritium storage material, there will be a He atom produced by the (3 decay of tritium. The
He atom will accumulate and precipitate to form vacantly, further decreasing the whole
properties of material. Our recent study [34] showed that the Hf dopant can be a capture
site for He atoms and improve the ability of He retention of ZrCo. Moreover, another work
reports [38] that the number of hydrogen adsorption sites increases on the Hf-doped ZrCo
surface, and, therefore, the hydrogen storage performance of doped ZrCo is better than the
pure one. And, although the Ti dopant can increase the ductility of the alloy, the Hf-doped
ZrCo shows a better structural stability than the Ti-doped [42]. Therefore, it is urgent to
elucidate the role of Hf in the resistance to Carbon monoxide toxicity of the ZrCo surface at
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the atomistic level. The computational details are presented in Section 2. The energetics and
structures of H and CO adsorption on the pure and doped ZrCo(110) surface are presented
in Section 3.1. Later on, the results about the co-adsorption of the species on the pure and
doped surfaces are presented in Section 3.2, followed by the electronic structures” analyses
in Section 3.3. And the main conclusions are presented in Section 4.

2. Computational Details

All calculations in this study were performed with spin-polarized density functional
theory (DFT) and periodic boundary conditions as implemented in Vienna Ab Initio Simula-
tion Package (VASP) [43,44]. The PBE (Perdew-Burke-Ernzerh) functional [45] was used to
model exchange and correlation interactions, while electron-ion interactions were modeled
using projector-augmented wave (PAW) potentials. An energy cutoff of 500 eV was used to
limit the plane-waves and a grid of 3 x 3 x 1 k-points corresponding to the surface was
used for the Brillouin zone integration, following the method described by Monkhorst and
Pack [46].

The crystal structure of the bulk of ZrCo belongs to the simple cubic type, as with
CsCl-type, with lattice parameter a = 3.181 A, in good agreement with the respective
experimental value 3.196 A at room temperature [47,48]. The experimental C-O bond length
of dc.o = 1.15 A of CO has been set [49]. A 3 x 2 supercell for ZrCo(110) is constructed. A
slab model is used to represent the metallic substrate with a vacuum width of 15 A along
the z direction [49], which ensures that the interaction between repeated slabs of atoms
in a direction normal to the surface is small enough. During the optimization, the atoms
in the top two layers of the metal surface are allowed to relax, whereas the bottom layers
are fixed in place. The dipole correction is considered to eliminate the dipole effect caused
by the H/CO atoms” adsorption on ZrCo(110) surface. The adsorption energy (AE,q4 x) in
calculation is defined as AE,q x = Eiota1 — Esurs — Ex [50], where Eyoa1, Egyurf and Ex denote
the total energies of ZrCo surface with adsorbed species (e.g., CO, H), the corresponding
substrate surface, and the chemical potential of X (X = CO, H), respectively, which can be
obtained via the single-point energy calculations. Negative adsorption energy indicates
that the adsorbed species can be stably attached to surface.

The partial density of states (PDOS) of the s orbital of hydrogen atom, sp orbital of the
CO molecule and sd orbital of the metal were obtained and analyzed.

3. Results and Discussions

A first-principles calculation method has been employed to clarify the X (X = H, CO)
adsorption states and their adsorption energies on the pure ZrCo alloy surface and the
one doped by Hf. The possible adsorption sites are as follows: the top of Zr (marked as
Topyz;), the top of the Co atom (Topc,), the Co-Co bridge (Bridgecoco), the Zr-Zr bridge
(Bridgez;7z;), the Zr-Co bridge (Bridgez:c,) and the two hollow sites: one formed by one
Co and two Zr atoms (Hollowc,z:7r) and the other one formed by one Zr and two Co
atoms (Hollowz;coco), all of which are shown in the top view of the ZrCo surface (Figure 1,
left). When a Zr atom was substituted by a Hf atom (as shown in Figure 1, right), the
surrounding atomic environment changed, and four high-symmetry sites related to the
Hf atom were added, such as Topyy, Bridgecops, Bridgez 11 and Hollowz,cops. For the
molecular CO adsorption states, we have placed the CO molecule on the surface in either
parallel (marked as ‘a’) to the surface plane or vertically (marked as ‘b’, including b1 and
b2, representing the O and C atom down to the surface, respectively) pointing toward the
surface, which is similar to the CO adsorption on the NaCl (100) surface [49]. After fully
relaxing all possible adsorption structures, we finally obtained the final stable structures.
The adsorption energies of each configuration, AE,45, were obtained directly via DFT
calculations and the values are summarized in Tables 1 and 2, where the adsorption sites
and the corresponding adsorption energies are shown. The detailed analyses are as follows.
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Figure 1. Top view of ZrCo(110) (left) and Hf-doped ZrCo(110) (right) surface (green, blue and
brown ball represent Zr, Co and Hf atom, respectively).

Table 1. Energetics of H and CO adsorption on pure the ZrCo(110).

Adsorption Energy (eV)
Sit

e H CO (b1) CO (b2)
Topz; —3.703 —0.165 —1.772
Topc, —3.703 —0.001 —1.935
Bridgecoco —3.869 —0.005 —-1.773
Bridgez,z: —3.750 —0.015 —1.558
Bridgez,co - - —1.886
Hollowcozrzr —4.083 - —1.923
HOHOWZrCoCO - —2.154

Table 2. Energetics of H and CO adsorption on the doped ZrCo(110).

Site Adsorption Energy (eV)
H CO (b1) CO (b2)
Topps —2971 —0.125 —1.190
Bridgecoco —3.750 - —1.954
Bridgez, 11 —3.661 - -
Hollowyz,cont —3.961 - -
Hollowcozrzr —3.872 - -
Topco - —0.022 —1.958
Topz, —3.640 —0.187 —1.111

3.1. Energetics and Structures of H and CO Adsorption on Pure and Doped ZrCo(110) Surface
3.1.1. On the Pure ZrCo(110) Surface

In order to study the co-adsorption behavior of H and CO on the ZrCo(110) surface,
the individual adsorption was studied first. Using the optimized ZrCo(110) surface as the
substrate, H atoms and CO molecule are placed on the surface for adsorption behavior
investigation. Due to the simple adsorption configurations of H, only the structures of CO
adsorption on the pure ZrCo(110) surface with bl and b2 direction are depicted, as shown
in Figures 2 and 3, respectively, where the green, blue, red and dark brown ball represent
the Zr, Co, O and C atom, respectively. They are all located at different local chemical
environments of the surface atom. We note that the orientation of the CO molecule on the
ZrCo surface is different from the H adsorption structures. The conspicuous feature is the
presence of a tilted angle between the C-O bond and normal direction of the ZrCo(110)
plane and along the normal direction with the C atom being below. Since all configurations
in present calculations are optimized without any symmetry constraints, the tilting of CO
reflects the attractive interaction of CO molecule with the ZrCo surface. Additionally, the
structure is also closely related to adsorption energy. For example, for the Topc, structure,
the CO is 1.729 A above the surface and the adsorption energy is —1.935 eV, while it
increases to —1.773 eV when the distance decreases to 1.923 A for the Bridgecoc, site.
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Figure 2. Structures of CO adsorption on the pure ZrCo(110) surface (b1), where the green, blue, red
and dark brown ball represent the Zr, Co, O and C atom, respectively.
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Figure 3. Structures of CO adsorption on the pure ZrCo(110) surface (b2).

Table 1 lists the adsorption energy of H and CO on the pure ZrCo surface individually.
As can be seen from the data in Table 1, the most stable adsorption site of H is Hollow z,coco,
followed by the Bridgecoco, Bridgez:z:, Topco, and Topyz; sites. In general, the absolute
value of H adsorption energy is greater than the adsorption energy of CO, indicating that
H adsorption is stronger than CO. The interaction between the CO and ZrCo surface is also
strong, which was evidenced by experimental results [36]. In contrast, the C atom of CO is
more likely to interact with the Co atom. Moreover, there are seven adsorption sites of CO
(b2), which is more than those of H. And the adsorption energies of sites containing a Co
atom, such as Hollowz,coco, Topco, Hollowcozrzy, Bridgez:c, and Bridgecoco, are smaller
than those of Topz, and Bridgey,z;. It is indicated that CO mainly reacts with Co [36],
which catalyzes the decomposition of CO into graphite and CO, and forms carbides of
Co, accompanied by the generation of oxides such as ZrOy. However, the literature [51,52]
elucidates that Co is an important active site for the hydrogen molecules’ dissociation in
ZrCo alloys, so the reaction of CO and Co prevents the adsorption and further dissociation
of H on the surface of the ZrCo alloy and the diffusion into the interior of the lattice.

3.1.2. On the Doped ZrCo(110) Surface

Table 2 lists the energetics of H and CO adsorption separately on the Hf-doped
ZrCo(110), and the corresponding structures are shown in Figures 4 and 5. It can be seen
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from the data in Table 2 that the adsorption strength of H is greater than that of CO after
Hf doping. There are six stable adsorption sites, more than those on the pure surface. For
the adsorption of CO (b2) on the doped surface, the Topc, sites are energetically most
preferable. The adsorption of CO (b2) at the Topc, and Bridgecoc, sites (—1.958 eV and
—1.954 eV) is stronger than at the Topy; and Topyz, sites, respectively. Therefore, the
subsequent stages of the co-adsorption were calculated only for CO (b2) at the Topc,
and Bridgecoc, site. Additionally, Hf doping reduces the number of CO adsorption sites
whether it is ‘b1” or ‘b2’. There are only four stable adsorption sites for CO (b2) on the
doped surface, while it is seven for the pure surface. Table 1 shows that the C atom of
CO is more likely to interact with the surface atom characterized by the lower adsorption
energies, which can also be seen from the data in Table 2. Therefore, the presence of Hf
inhibits the formation of carbides to a certain extent, thereby improving the resistance to
CO toxicity performance of ZrCo.
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Figure 4. Structures of CO adsorption on the doped ZrCo(110) surface (b1).
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Figure 5. Structures of CO adsorption on the doped ZrCo(110) surface (b2).

3.2. Co-Adsorption on the Pure and Doped Surfaces

As seen above, both H and CO adsorb strongly on the ZrCo(110) surface. For the
hydrogen storage materials, CO can passivate the ZrCo surface and reduce the performance
of storage and release. To study the effect of the CO on the H atom adsorption on the ZrCo
surface, the CO and H atoms co-adsorbed on the ZrCo surface were calculated and analyzed.
We selected the combination of the three most stable structures of H adsorbed on the ZrCo
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surface and the two most stable structures of CO adsorbed on the ZrCo surface to obtain
the co-adsorption structure. In this scenario, the CO-precovered ZrCo(110) surface was the
substrate for the adsorption of H atoms. The study shows that, after relaxation, there are
three co-adsorption structures on the pure surface, namely Hollowz.coco + Hollowcozizy,
Topco(b2) + Bridgecoco and Topcy(b2) + Hollowcozyz:. The most stable configuration is
Topco(b2) + Hollowcozyzy with an adsorption energy of —4.101 eV (shown in Table 3), and
the structure is shown in Figure 6a. The energy of adsorption of H increases from —4.083 eV
to —3.922 eV on a hollow site. The variance in adsorption energy may be due to the change
in the surface atomic electronic structures resulting from the interaction with CO moclecule.

Table 3. Energetics of H and CO co-adsorption on the pure ZrCo(110).

Site Adsorption Energy (eV)
Hollowz,coco + Hollowcozrzy —3.922
Topco(b2) + Bridgecoco —3.846
Topco(b2) + Hollowcozyzy —4.101
PO0V9OC PP0VOWVC

PO00Q@00GC P00000¢ ,

co cO
p00000¢0 H 000000¢ }
P00000C 0o & S 2000000 PS4

ndadMafa PpOOOOOC
(a) Topco(b2)+ Hollowcozize (b) Topco*+ Hollowcyz,z:

Q@ 0 O o o

Zr Co Hf C O H

Figure 6. The most stable structures of CO and H co-adsorption on the pure (a) and doped (b)
ZrCo(110) surface: (a) Topco(b2) + Hollowcozyzr and (b) Topco + Hollowcozyzy, where the green, blue,
brown, red, dark brown and light pink ball represent the Zr, Co, Hf, O, C and H atom, respectively.

For the doped surface, the configurations containing ‘Bridgecoco(b2) + Bridgecoco,
Bridgecoco(b2) + Hollowz,conf, Bridgecoco(b2) + Hollowcozrzr, Topco + Bridgecoco, Topco
+ Hollowz,copis and Topc, + Hollowcozz,” are stable after relaxation. Among them, the
most stable structure is Topc, + Hollowcyzz:. The most stable structure of H and CO
co-adsorption on the doped surfaces is shown in Figure 6b, where the green, blue, brown,
red, dark brown and light pink ball represent the Zr, Co, Hf, O, C and H atom, respectively.
The Hf dopant makes the height of the H atoms decrease from 1.220 A to 0.968 A, enhancing
interaction with the surface. On the other hand, from the adsorption energy results, one
can see that the hydrogen adsorption energy at the clean surface is —4.083 eV without
doping the Hf. The H adsorption on CO-precovered surfaces is weakened by the presence
of CO. After doping with Hf, AE,4 11 takes a value of —4.094 eV (shown in Table 4), which
approaches the value for the pure clean surface. Even with a CO molecule on the surface, a
Hf atom decorating the surface could improve the hydrogen adsorption energy to the level
of the clean surface.
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Table 4. Energetics of H and CO co-adsorption on the doped ZrCo(110).

Site Adsorption Energy (eV)
Bridgecoco(b2) + Bridgecoco —3.991
Bridgecoco(b2) + Hollowz,copt —3.709
Bridgecoco(b2) + Hollowcozyzy —4.084
Topc, + Bridgecoco —3.678
Topco + Hollowz,coprt —4.035
Topc, + Hollowcoz:zs —4.094

3.3. Electronic Structures

It is of interest to understand the effects of Hf atoms on the resistance to CO toxicity of
the ZrCo surface from the view of the electronic structure, and the electronic structures of
single H and CO adsorption on the pure and doped surface are calculated and compared
with each other, as is shown in Figure 7.
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3 (s .6 -
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Figure 7. The projected DOS of different adsorption structures on the pure and doped surface:
(a) H on ZrCo surface (Hollowcyzyzr), (b) CO on the ZrCo(Hollowcyz:zr), (¢) H and CO on the
ZrCo(Topco-Hollowcoz: 7). (d) CO on the doped ZrCo(Topc, (b2)), and (e) H and CO on the doped
ZrCo(Topc, (b2)-Hollowcozrzy))-

H or CO adsorption. Figure 7a presents the partial density of states (PDOS) for the
system of the H atom adsorbed on the pure ZrCo surface. It is obvious that the peak at
—6.0 eV is the H 1 s orbital. The PDOS of the s of the Co atom is also around —6.0 eV
when the hydrogen atom is adsorbed, clarifying a strong interaction between the H and Co
atoms, which coincides with the analyses of adsorption energies. For the CO adsorption on
the ZrCo surface, one can see that the p states of CO give rise to an anti-bonding at about
1.0 eV above the Fermi level (Figure 7b). The overlap between the PDOS of CO and Co
happens mainly at about —10.9 eV, —7.8 eV and —6.8 eV, showing the strong interaction of
CO and the Co atom, verifying the results of adsorption energy. Additionally, the overlap
between CO and Co atoms only happens at about —6.8 eV for the doped system, as shown
in Figure 7d. These results hint that Hf doping can make the interaction between CO and
surface atoms weaken, coinciding with the adsorption sites.

H and CO co-adsorption. To deepen the understanding of the effect of Hf doping
on CO toxicity, the PDOS of H and CO co-adsorption on the pure and doped surface are
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analyzed, as shown in Figure 7c,e. The anti-bonding 27t* produced by the p state of CO is
slightly modified in comparison with that presented in Figure 7b, which is shown by the
variance in the peak of the CO-p state. The peak of the lowest energy is located at about
1.0 eV for the H and CO co-adsorption. There is an interaction of the Co s orbital with the
CO s orbital revealed by the appearance of a shoulder at the peak around —6.7 eV and at
—9.9 eV, as shown in Figure 7c. The interaction between the s orbital of Co and s orbital of H
is weak compared with the CO s orbital for the case of H and CO co-adsorption on the pure
surface, while it is obviously in the range of [-5 eV, —7 eV] for H on the ZrCo surface, as
shown in Figure 7a. The result indirectly indicates that CO inhibits the interaction between
H and Co. On the other hand, the distance between H and CO increases from 1.151 A
to 3.443 A after optimization during the process of structural relaxation, indicating that
there is a large repulsion interaction between them. One can see from Figure 7c that there
is almost no interaction between the s orbital of H and the s orbital of Co, while on the
doped surface of pre-adsorbed CO (Figure 7e), the s orbital of H overlapped greatly with
the s orbital of Co in the vicinity of —6.5 eV to —2.3 eV. The results show that Hf doping
inhibits the CO toxicity on the interaction between H and surface. In other words, doping
Hf could improve the resistance to CO toxicity on a ZrCo surface, which is conducive to
the adsorption of H and then beneficial to the performance of the storage of hydrogen.

4. Conclusions

A series of density functional theory calculations have been performed to investigate
the adsorption of H and CO and the co-adsorption of both species on the pure and doped
ZrCo(110) surfaces, comparing the effect of the Hf dopant on the CO toxicity of the ZrCo
surface with the CO-free surface. The main conclusions are as follows.

1. It can be understood that the CO occupies the adsorption site of H and therefore
prevents the adsorption and diffusion into the interior of the lattice.

2. Fortunately and interestingly, the presence of Hf reduces the number of adsorption
sites of CO and inhibits the formation of carbides to a certain extent.

3. Moreover, the PDOS result shows that Hf doping inhibits the CO toxicity on the
interaction between H and the surface atom, which is indicated by the great overlap
between the s orbital of H and the s orbital of Co on the doped surface.

The DFT data and analysis thus demonstrate that the ability of the resistance to
CO toxicity of the surface doped by Hf is more favorable than that of the clean surface,
providing an example for reducing the CO toxicity at the ZrCo surface for hydrogen
adsorption. However, the present results lack experimental validation. In the next work,
further experimental validation by IR, Raman, XPS and EELS will be processed. The
adsorption configurations of H/CO on the ZrCo surface can be investigated with infrared
and Raman spectroscopy by measuring vibrational frequencies of the species on the surface.
With the XPS and EELS techniques, the possible types of bonding can be explored further.
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