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Density functional theory (DFT) is used to calculate the most stable structures of Zr, (n = 2-5) clusters as well as
the adsorption energy values of Zr, (n = 2-5) clusters after adsorbing single water molecule. The results reveal that there
is a significant linear relationship between the adsorption energy values and the energy gaps of the Zr, (n = 2-5) clusters.
Furthermore, the calculations of the reaction paths between Zr, (n = 2-5) and single water molecule show that water
molecule can react with Zr, (n = 2-5) clusters to dissociate, producing hydrogen, and O atoms mix with the clusters to
generate Zr,O (n = 2-5), all of which are exothermic reactions. According to the released energy, the Zry4 cluster is the most
efficient in Zr,, (n = 2-5) clusters reacting with single water molecule. The natural population analysis (NPA) and density
of states (DOS) demonstrate the production of hydrogen and orbital properties in different energy ranges, respectively,
jointly forecasting that Zr, O (n = 2-5) will probably continue to react with more water molecules. Our findings contribute
to better understanding of Zr’s chemical reactivity, which can conduce to the development of effective Zr-based catalysts

and hydrogen-production methods.

Keywords: density functional theory, hydrogen evolution reaction, NBO analysis, reaction pathways

PACS: 61.46.Bc

1. Introduction

Clusters are microscopic or submicroscopic aggregates
formed by the physical or chemical bonding of several or even
thousands of atoms, molecules, or ions. The physical and
chemical characteristics of clusters vary with the number of
atoms present, differing from those of single atom or molecule,
and cannot be obtained by their epitaxy. Owing to their po-
tential utility as functional nanomaterials, electronic compo-
nents, and nanocatalysts, transition metal atomic clusters have
been substantially studied experimentally and theoretically in
recent years.[!? A surge in studies into hydrogen preparation
has emerged recently because of the critical need for sustain-
able energy in the global community.>-%! Therein, the hydro-
gen evolution reaction (HER) between metal clusters and wa-
ter has been a research hotspot as a potential hydrogen energy
preparation method. For example, Zhou et al.l’! investigated
the reaction mechanism between small Ce clusters and sin-
gle water molecule, and they discovered that the three clusters
were all capable of easily dissociating water molecules. The
interactions of Ge; and GegAl clusters with water to create
hydrogen were explored by Lei et al.'8! According to the first-
principles, Li et al. calculated the chemical reaction pathways
of AlgSi and AlgCu clusters for hydrogen extraction from wa-
ter molecules.[%10]

The zirconium atom is a typical of 4d transition metal
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with an electronic configuration of 4d*5s.l''l Metal zirco-

nium and its compounds are frequently utilized as nuclear

reactor structural materials,[12-10 17-20]

[21-24

| refractory materials,|
and catalyst materials | because of their excellent prop-
erties. Meanwhile, zirconium and zirconium-based clusters
have been widely studied as an excellent hydrogen storage

11.25-27] Sheng et al. investigated the evolutions of

material. !
small Zr clusters and the dissociative chemisorption of Hp
on Zr clusters.l''] The structures and electronic properties
of (ZrHy), (n = 5-24) clusters were analyzed and evaluated
based on density functional theory by Huang et al.!*>! Accord-
ing to the density functional theory and coupled cluster meth-
ods, Syzgantseva et al. theoretically explored the dissociation
of H, on ZrO; molecular clusters, which reacted to generate
ZrO and water.*%! Although Zr clusters are widely used in the
field of hydrogen storage, Zr clusters have not been utilized to
extract hydrogen from H,O so far.

In this work, we verify that Zr,, (n = 2-5) clusters can re-
act with water, dissociate and produce hydrogen by hypothesis
and calculation. We repeat the previous studies on Zr,, (n = 2—

[1.28291 and select the stable structure

5) clusters structures
with the lowest energy from various configurations. We will
pay special attention to the HER mechanism of reaction be-
tween a single water molecule and Zr, (n = 2-5) clusters.

Through calculated reaction paths, we can directly see how the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Zr, (n = 2-5) clusters extract H, from water molecules. Our
finding provides a more in-depth understanding of the chemi-
cal reaction properties of Zr, which may pave the way for de-
veloping more effective Zr-based catalysts.

2. Computational method

All the calculations were performed with B3LYP func-
tional based on density functional theory (DFT), which
is a combination functional of Becke’s three parameter

exchange functional (B3)130-31]

with the Lee—Yang—Parr
(LYP)[3?] generalized gradient correction functional. The
LANL2DZ!?%33737] basis set was used for Zr atoms, while
the 6-311++G (3df, 3pd)3® basis set was used for O and
H atoms. To begin with, we performed optimization and fre-
quency analysis of various isomers of Zr, (n = 2-5) clusters to
determine the most stable structures. Then, under the premise
of fully considering different adsorption structures, single wa-
ter molecule was adsorbed to different adsorption sites of the
ground state structures of Zr, (n = 2-5) clusters respectively
and the structure optimization and frequency analysis were
carried out. The most stable structure after adsorption (rep-
resented by Zr, @H,0O) was obtained and selected for subse-
quent research. Following that, the initial guessed structure
of the transition state was optimized and frequency was an-
alyzed by Bernie’s algorithm to calculate the transition state
structure. The structures of reactants and products were de-
termined by forward and reverse intrinsic reaction coordinates
(IRC). Finally, the natural population analysis (NPA) charges
of the products were calculated to study their electronic prop-
erties. All calculation results are achieved with Gaussian 16

program. 3!

3. Results and discussion

3.1. Stable structure of Zr, (n = 2-5) clusters and
Zr, @H,0 (n = 2-5) clusters
Since the electronic configuration of Zr, (n = 2-5) clus-
ter is a closed shell, we consider four spin multiplicities (1,
3, 5, 7) and different geometries to calculate the most stable
structure of Zr, (n = 2-5) cluster. Previous studies of the most

11.28.291 and the re-

stable structure of Zr clusters are repeated,l
sults are in good agreement with each other. As shown in
the Fig. 1, there is no doubt that the most stable structure of
Zr, cluster is linear, and the most stable structure of the Zr;
cluster is triangular. The stable structures of clusters tend to
be three-dimensional when the number of atoms in the cluster
reaches four or more. The Zr4 cluster’s most stable structure is
tetrahedron-like, while the Zrs cluster’s most stable structure
is triangular bipyramid.

On the basis of the stable structures, the symmetry is fully
considered, and single water molecules are adsorbed to differ-

ent adsorption sites, and then the structure optimization and
frequency analysis are carried out to obtain the stable struc-
ture after adsorption as shown in Fig. 2. The ability of clusters
to collect water molecules is measured by adsorption energy.
The following formula is used to compute the adsorption en-

ergy:
Ey = Ezr,en,0 — Ez, — En,o, (1)

and the results are listed in Table 1.

LA D S

Zro Zrs Zry VAE

Fig. 1. Stable structures of Zr, (n = 2-5) clusters.
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Fig. 2. Stable structures after adsorption of single water molecule.

Table 1. Adsorption energy values of Zr, @H,0.

Reaction  Egz, (V)  Egemo (V) osorpuon
energy (eV)
Zrs 4609.581 4610.341 ~0.760
Zn 5875.761 5876.517 ~0.756
7t —7143.137 7143.667 0.530
Zrs 8410157 -8410.820 0.663

Based on the data of adsorption energy in Table 1, com-

s!?! on the energy gap of Zr clusters,

bining previous studie
we speculate that there is a certain correlation between the ad-
sorption energy and the energy gap of the cluster. We use the
following formula to calculate the correlation coefficient be-
tween the adsorption energy and the energy gap and obtain a
result of —0.9558, which indicates that there is a strong nega-
tive linear correlation between the energy gap!?®! of the cluster
and the adsorption energy:

= n):?zl (Xi_X)(nYi_Y) ) 2)

Y (X-7) L (X-7)

i=1 i=1

3.2. Reaction paths between H,O and Zr, (n = 2-5) clus-
ters

We evaluate the overlap of natural bond orbital (NBO)!4"!
donor and acceptor (NBO by Multiwfn!*!! and VMDI#?!) of
Zr,@H,0, which is generated by adsorption of single water
molecule on Zr, cluster, in order to clarify whether the elec-
tronic transfer appears between water molecules and Zr, (n =
2-5 clusters). For Zr, @H,O as shown in Fig. 3, the strongest
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interaction between Zr, @H,O results from the charge trans-
fer of LPO3; —LP*Zr;, which is much stronger than that
of BDO3-H4/BDO3-H5 —LP*Zr;.
late the reaction paths between Zr; cluster and single water
molecule, and the final products are Zr,O+H;. As shown in
Fig. 4, the complete reaction process can be divided into the
three steps that are described as follows. In the first step of
reaction, an OH bond of the water molecule is broken in the
process from A to TS1, and the H atom gradually approaches
the middle of the two Zr atoms, forming an intermediate prod-
uct B. It can be seen that the first H atom of water molecule is
easy to dissociate. In the second step of reaction, the position
of the H atom dissociated in the first step keeps moving, and
the OH radical gradually moves to the middle of the two Zr
atoms, forming an intermediate product C. The O atoms tend
to be fixed and adsorbed between two Zr atoms. In the third
step of the reaction, when the two H atoms are close to one an-
other, the transition product TS3 is generated. In the process
from TS3 to D, the two H atoms approach each other, forming
H; finally. The whole reaction releases 2.59 eV of energy. On
the whole, single water molecule and Zr, cluster are relatively

Furthermore, we calcu-

easy to react and dissociate to generate hydrogen.

LPO;;—)LP*ZI‘l
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Fig. 4. Reaction paths between Zr, and H,O.

For Zr; @H,0, as shown in Fig. 5, the strongest inter-
action between Zr3z and H,O is due to the charge transfer of
LPO4 —LP*Zr,, which is much stronger than that of BDO4-
Hs/BDO4-Hg —LP*Zr; . As shown in Fig. 6, the complete
reaction process of Zr3 and single water molecule can be di-
vided into six steps, which are described as follows: first, an
OH bond of the molecule is broken, then the dissociated H

atom gradually moves away from the O atom, and finally the

remaining OH radical is adsorbed between two Zr atoms of the
Zr3 cluster. The activation energy of the reverse reaction of the
first transition state is as high as 3.24 eV, so this step is easy
to react and not easy to rebound. In the second step, the dis-
sociated H atom is initially located in the plane composed of
Zr3, and gradually moves to the same plane as the plane where
Zr3 lies. Then, the H atom transfers to the lower plane and
forms the intermediate product C. In the third, fourth, and fifth
stages, the OH radical constantly exchanges adsorption sites
with the three Zr atoms. It can be seen that the dissociation
of the second H atom is relatively difficult. It is not until the
sixth step that the second OH bond begins to break, and the
two H atoms approach each other to form hydrogen, releasing
3.45 eV of energy.

» >

LPO4—»>LP*Zry

BDO.;‘HS‘)LP*ZI'Q

BDO_l-H,;*)LP*ZI‘g

Fig. 5. Main NBO donor—acceptor overlaps between Zrz and H,O.
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Fig. 6. Reaction paths between Zr3 and H,O.

For Zrs@H;0, as seen in Fig. 7, the strongest interac-
tion between Zr4 and H>O occurs between LP*Hg/LP*H7 and
LP*Zr,, which is different from that between Zr, and H,O and
between Zr3 and H, O, the interaction between O atom and Zr,
in LPOs —LP*Zr; is relatively not very strong. The complete
reaction process of Zrs and single water molecule can be di-
vided into six steps as shown in Fig. 8: In the first step, an
OH bond is still relatively easy to break, and the dissociated H
atom is adsorbed between two Zr atoms. In the second step,
the OH radicals’ adsorption sites of OH radicals are constantly
modified. In the third step, the second H atom begins to dis-
sociate, forming intermediate D. The fourth and fifth steps are

accompanied by the continuous adjustment of the adsorption

positions of the two H atoms. It is worth noting that the po-

sitions of the two H atoms are exchanged in the fifth step. In

the sixth step, two hydrogen atoms move closer to each other
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and far away from Zr4O to form hydrogen, releasing 3.64 eV
of energy. At the same time, it can be seen intuitively from the
potential energy surface that the bond length between hydro-
gen molecule and Zr4O is larger than any of Zr,O (n = 2, 3,
and 5).

LPOs;—>LP*Zr,

LP*He—>LP*Zr,

LP*H;,—>LP*Zr,
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Fig. 8. Reaction paths between Zr4 and H,O.

For Zrs; @H,0, as shown in Fig. 9, the strongest interac-
tion between Zrs and H>O occurs between LPOg and LP*Zr,
but the interactions between LP*H;/LP*Hg and RY *Zr; elec-
tronic transfer are relatively weak. Comparing with Zr, Zr3,
and Zrs, the reaction process of Zrs and water is relatively
complicated. As shown in Fig. 10, the reaction is divided into
eight steps. In the first step, an OH bond is still broken and
the dissociated H atom is adsorbed on the Zrs cluster. In the
second, third, and fourth steps happen mainly the changes of
the adsorption sites of H atoms and OH radicals. Therefore, in
the second, third, and fourth steps of the reaction, the change
of energy is not obvious. The second OH bond does not break
until the fifth step. In this step, the energy barrier drops obvi-
ously. It should be noted that in the process from TS6 to inter-
mediate product G, the energy barrier is extremely low, only

0.001 eV, which is not shown in Fig. 10. The reaction process
of the seventh and eighth steps only involves the change of
the position of the H atom, so the energy change is still very
small, and finally hydrogen and ZrsO are formed. The energy
of 3.19 eV is released in the whole reaction process.

Table 2 lists the energy barrier for each transition state
according to the reaction routes. In the reaction of Zr,
(n = 2-5) clusters with single water molecule, there are 3, 6,
6, and 8 transition states, respectively. The energy barriers
of rate-determining step are 0.78 eV, 1.31 eV, 2.47 eV, and
1.52 eV, respectively. The Zr, cluster reaction with single wa-
ter molecule, obviously, has the fewest transition states and
the lowest rate-determining step energy barrier. Therefore, the
interaction of Zr, with single water molecule may be thought
of as the strongest in the four processes. By carefully com-
paring the results, it can be said that as the size of the clusters
increases, the reaction rate of Zr, (n = 2-5) with single wa-
ter molecule becomes slower. Among them, 2.59 eV, 3.45 eV,
3.64 eV, and 3.19 eV of energy are released, respectively. The
reaction of Zr4 with single water molecule is the most effective
in terms of energy release.

g .
LP*Hg—>RY*Zr,

LPOg—>LP*Zry LP*H;—»>RY*Zr,

Fig. 9. Main NBO donor-acceptor overlaps between Zrs and H>O.
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Fig. 10. Reaction paths between Zrsand H,O.

Table 2. Energy barriers of Zr, (n = 2-5) clusters reacting with single water molecule.

Reaction Eb; (eV) Eb;, (eV) Ebs (eV) Eby (eV) Ebs (eV) Ebg (eV) Eb7 (eV) Ebg (eV)
Zr,+H,0 0.26 0.69 0.78

Zr;+H,0 0.80 0.01 0.57 0.01 0.02 1.31

Zry+Hy0 0.22 0.09 0.82 0.77 0.75 2.47

Zrs+H,0 0.29 0.55 0.16 0.68 0.60 1.52 0.01 0.13
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3.3. Electronic properties of product stable structures

We calculated the natural population analysis (NPA) and
density-of-states (DOS) to better understand the product. As
shown in Fig. 11, the negative charges are mainly concentrated
on the oxygen atoms, whereas the positive charges are mainly
accumulated on the atoms adsorbed by the O atoms. This
means that the dissociation of H atoms relies heavily on the
adsorption of O atoms by the cluster, and the O atoms need
to be adsorbed between at least two Zr atoms to be fixed. It
can be seen from the figure that only the hydrogen generated
by the reaction of Zrs with water has no charge, and the H;
generated by the dissociation of Zr, (n =2, 3, 5) with water
has some positive and negative charges. In addition, consider-
ing that the common valence state of the Zr atom is +2 and the
highest oxidation state is +4, it can be seen from the figure that
the Zr atom in Zr,O is far from the common valence state or
the maximum oxidation state, and there are still many valence
electrons that can participate in the reaction. Therefore, we

speculate that Zr, O has the possibility of continuing to extract
hydrogen from other water molecules, which deserves further
study.

ﬁ-t

ZI‘{,O-‘ng

Fig. 11. NPA charges of product.
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Fig. 12. Curves of density-of-states of products.

The DOS graphs of the product were drawn by Multiwfn
3.7 programs*! and are shown in Fig. 12, which includes the
total DOS of the product (TDOS) and the partial DOS of the
constituent product (PDOS). The DOS graphs clearly demon-
strate the properties of orbitals in different energy ranges, with
extremely similar contributions to TDOS from each PDOS
of the four product structures. The first peak is mainly con-
tributed by H», the second peak is jointly contributed by the
three parts, and the other peaks are mainly contributed by Zr,

(n = 2-5). In addition, the Fermi levels of the four product
structures all pass through the middle of the energy band, in-
dicating that the electrons are not fully occupied and the prod-
ucts still exhibit the properties of metals. As can be seen, none
of the DOSs between the two peaks on both sides of the Fermi
level of the four product structures is zero but each DOS peak
has a considerable width, which can indicate that the system
is composed of covalent bonds. It is further explained that the
individual atoms that make up the system do not yet reach the
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highest valence. The product may continue to react with other
water molecules, which confirms the conclusion drawn from
the NPA analysis.

4. Conclusions

In summary, the most stable structures of Zr, (n = 2—
5) clusters are predicted by DFT calculations at the level
of B3LYP/LANL2DZ (6-311++G (3df, 3pd) of H and O),
and the chemical reaction of single water molecule with Zr,
(n = 2-5) clusters is theoretically studied by the reaction path
search method. The stable structures of Zr,, (n = 2-5) clusters
after adsorbing water molecules, the adsorption energy of the
stable structure and the correlation coefficient between the ad-
sorption energy and the cluster energy gap are calculated. The
results show that there is a strong negative linear relationship
between the cluster energy gap and the adsorption energy. In
addition, the prediction of the reaction path of Zr, (n = 2-5)
clusters with single water molecule is also discussed. Our re-
sults show that Zr, (n = 2-5) clusters can extract hydrogen
completely from water and release 2.59 eV, 3.45 eV, 3.64 eV,
and 3.19 eV of energy, respectively. According to the released
energy, the Zry cluster is the most efficient in Zr, (n = 2-5)
clusters reacting with single water molecule. Our findings pro-
vide a more in-depth understanding of the chemical reactions
of Zr, which may lead to the subsequent development of effi-

cient Zr-based catalysts.
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