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1. Introduction
Zinc oxide (ZnO) is a versatile semiconductor material 

with a wide range of applications in optoelectronics, 
sensors, and energy storage [1]. ZnO exists in various forms, 
including bulk (3D) materials, 2D structures, nanowires, 
nanobelts [2, 3]. Recently, two-dimensional (2D) ZnO with 
a monolayer, known as an ultra-thin film, has attracted 
significant attention due to its unique properties and potential 
applications [4]. ZnO ultra-thin films can be produced 
through various methods, including exfoliation of bulk ZnO 
crystals and chemical vapor deposition on suitable substrates 
[5, 6]. This film can be successfully synthesised in a free-
standing form [7]. However, pure ZnO films are limited 
in certain applications that require higher charge carrier 
concentrations. To achieve the desired applications, doping 
with heteroatoms is a promising approach. For instance, 
doping with gallium (Ga), indium (In), and aluminium (Al) 
can enhance n-type, while doping with lithium (Li), sodium 
(Na), and potassium (K) can convert materials to p-type. 
Additionally, doping with equivalent metals such as copper 
(Cu) can reduce the band gap, making the material suitable 
for adsorption and catalysis [8-10].

Among the important applications, ZnO materials have 
been utilised in various catalytic processes, such as CO2 
conversion, hydrogen production, and methanol production, 
in which hydrogen spillover processes play a crucial role 

[11, 12]. The hydrogen spillover process involves several 
sequential steps. Initially, hydrogen molecules adsorb and 
dissociate onto the supported metal surface (hydrogen non-
spillover). These hydrogen atoms subsequently migrate and 
diffuse onto the support (hydrogen spillover), ultimately 
leading to the storage of hydrogen [13]. These steps are 
related to the energetic stability of hydrogen non-spillover 
and hydrogen spillover. However, on pristine ZnO, the 
hydrogen spillover process is limited and cannot occur [9]. 
To enhance hydrogen spillover, metals can be deposited 
onto ZnO ultra-thin films [14]. This approach can overcome 
the limitations of pristine ZnO and promote the formation 
of the hydrogen spillover process, thereby enhancing the 
catalytic activity of ZnO films. Among supported metals, 
Ni, Pd, and Pt are the most promising candidates for 
promoting hydrogen spillover processes [15]. However, the 
use of these metals results in inefficient utilisation and high 
costs due to their large particle size. Therefore, reducing the 
particle size of the metal to the smallest possible dimensions 
aims to achieve the highest utilisation efficiency. However, 
stabilising small-sized metals on the support requires 
different techniques due to the metals’ high surface energy, 
which leads to diffusion and aggregation. Doping metals 
onto supports is a promising approach to overcome these 
challenges and achieve efficient metal utilisation as well as 
high selectivity [16]. In these materials, single metal-doped 
atoms serve as active centres for adsorption and catalysis. 
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However, there is a lack of information regarding the nature 
of metals doped onto ultra-thin ZnO films for hydrogen 
spillover.

In this study, the hydrogen spillover on M (M=Ni, Pd, 
Pt) doped ZnO ultra-thin films is theoretically investigated 
using the DFT+U method. A range of hydrogen atom 
numbers, from the lowest coverage (1H) to saturated 
coverage, is considered. While the spillover process on Ni- 
and Pt-doped ZnO ultra-thin films occurs when the number 
of adsorbed hydrogen atoms reaches saturation, hydrogen 
spillover can occur on Ni-doped ZnO ultra-thin films with 
50% hydrogen coverage. This study demonstrates that 
hydrogen spillover on ZnO ultra-thin films can be applied 
to other doped metals and for further desired applications.

2. Computational methods and models
The computational calculations were carried out by 

using the Quantum Espresso software suite v.7.3.1 [17-19]. 
The exchange-correlation functional was approximated by 
using the generalised gradient approximation (GGA) within 
the Perdew, Burke, and Ernzerhof (PBE) functional [20]. 
The interaction of ions and core electrons was evaluated 
employing the GBRV ultrasoft pseudopotential [21]. The 
valence electrons were explicitly characterised as Zn(2s, 
3p, 3d, 4s), O(3s, 3p), Ni(2s, 3p, 3d, 4s) , Pd(2s, 3p, 3d, 
4s), Pt(2s, 3p, 3d, 4s), H(1s). To partly compensate for the 
lack of accuracy of PBE method, the author used DFT+U 
approach [22], in which U parameters were set of 10 and 7 
eV for 3d Zn and 2p O, respectively [9]. The U parameters 
can effectively reproduce the cell parameters and electronic 
band gap of bulk wurtzite ZnO, which is in good agreement 
with experimental data. In particular, the calculated band 
gap is 3.13 eV, while the experimental band gap is 3.37 
eV [23]. Calculated and experimental cell parameters are 
a=b=3.268 Å and c=5.2281Å,  a=b=3.255 Å and c=5.207 
Å, respectively [24]. The U value does not apply to doped 
metals; the effect is negligible, as mentioned in a previous 
study [10]. A k-point mesh of 3×3×1 was used to sample 
the Brillouin zone. The convergence threshold for self-
consistency is set to 10-8 Ry. A plane-wave kinetic energy 
cutoff of 40 Ry and Gaussian smearing technique were used 
to facilitate Brillouin Zone integration. 

Fig. 1. (A) Top view and (B) side view of monolayer ZnO 
where Zn and O are green and red spheres, respectively.

ZnO ultra-thin film models adopted a (3×3) supercell of 
a monoatomic layer, creating a vacuum of 15 Å to avoid 
interaction between layers (Fig. 1). A Zn lattice cation was 
replaced by an M atom (M=Ni, Pd, Pt) in the doped ZnO 
ultra-thin film models. This corresponds to about 11% wt. 
of doping, which has been found in previous studies [10, 
25]. The adsorption energies per H atom (Eads/H in eV) were 
computed by Equation (1):

Eads/H = (E(nH/S) - E(S) - n*E(H))/n		   (1)

where E(nH/S), E(S), and E(H) are total energies (eV) of the 
adsorption complexes of nH on ZnO films, M-doped ZnO 
films, and the H atom, respectively, and n is the number of 
H atoms.

The difference in adsorption energies between spillover 
and non-spillover configurations (∆E in units of eV) of n 
number of H atoms adsorption on M-doped ZnO ultra-thin 
films is calculated by Equation (2):

∆E = E(ads/H)sp - E(ads/H)nonsp			    (2)

where E(ads/H)sp and E(ads/H)nonsp are the adsorption energies per 
H atom (eV) of spillover and non-spillover configurations, 
respectively.

The effective charge of the atoms was evaluated by 
employing the Bader method [26-28].

3. Results and discussion
3.1. The electronic characteristics of Ni, Pd, Pt doped 

ZnO ultra-thin films

First, the author evaluated the electronic properties of 
undoped ZnO ultra-thin films. The ZnO ultra-thin film was 
obtained by cutting a monolayer of ZnO from the (001) 
plane of bulk wurtzite ZnO. Unlike bulk ZnO, where Zn 
and O localise on distinct planes, the Zn and O reside in 
the same plane with an identical Zn-O bond length of 1.89 
Å (Table 1) and a Zn-O-Zn bond angle of 120o, forming 
a graphitic-like structure (Fig. 1). In other words, the Zn 
and O bond via sp2 hybridisation in ZnO ultra-thin films, 
compared to sp3 hybridisation in bulk ZnO. However, the 
band gap is reduced from 3.21 eV in bulk to 1.96 eV in ultra-
thin film ZnO. This indicates that the ZnO ultra-thin film 
still exhibits insulating character. To evaluate the oxidation 
state of Zn in ultra-thin film ZnO and the doped metal, the 
author computed the Bader charge of these cations. It is 
clear that the oxidation state of Zn in undoped ZnO ultra-
thin films is +2, corresponding to a Bader charge of +1.21 
|e|. Note that the Bader charge of cations is qualitative to 
the oxidation state of cations and can be used to evaluate 
the formal oxidation state of cations [29]. Furthermore, 
the undoped ZnO ultra-thin film exhibits non-magnetic 
behaviour, similar to bulk ZnO, as indicated by a magnetic 
moment of 0.00 µB (Table 1) and a symmetric density of 
states (DOS) for spin-up and spin-down (Fig. 2A).
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Table 1. The characteristics of the M (M=Zn, Ni, Pd, Pt) 
-doped ZnO ultra-thin films, band gap (Eg), average bond 
length between single atom M and O (d(M-O)), Bader 
charge of M (Q(M)), and magnetic moment (Mag.).

System Eg (eV) d(M-O) (Å) Q(M) (|e|) Mag. (µB)

ZnO 1.96 1.89, 1.89, 1.89 1.21 0.00

Ni-doped ZnO 0.45 1.86, 1.86, 1.86 1.16 2.00

Pd-doped ZnO 0.00 2.00, 2.00, 2.00 0.95 2.00

Pt-doped ZnO 0.00 2.00, 2.00, 2.00 0.97 2.00

When Zn is substituted by Ni, the Ni-O bond length is 
slightly truncated by 0.03 Å compared to the corresponding 
Zn-O bond length of undoped ZnO (Table 1). This is due 
to the radius of Ni2+ (0.078 Å) being smaller than that of 
Zn2+ (0.083 Å) [30]. Furthermore, the smaller radius of Ni2+ 
results in a slightly smaller Bader charge of Ni2+ in doped 
ZnO (1.16 |e|) compared to 1.21 |e| for Zn. This also leads to 
a lowering of the valence band and a reduction in the band 
gap by 1.51 eV with respect to undoped ZnO ultra-thin films 
(Table 1, Fig. 2A). Unlike undoped ZnO films, the Ni-doped 
ZnO films exhibit magnetic behaviour, with a magnetic 

Fig. 2. Top view (left), side view (middle), and density of states profiles (right) of (A) undoped ZnO, (B) Ni-doped ZnO, 
(C) Pd-doped ZnO, (D) Pt-doped ZnO ultra-thin films. Zn, O, Ni, Pd, Pt are green, red, pink, light blue, and white spheres, 
respectively. The transparent yellow clouds are the spin density with a surface value of 0.003 |e|.bohr -3.



PHYSICAL SCIENCES | PHYSICS, CHEMISTRY, ENGINEERING

10 DECEMBER 2025 • VOLUME 67 NUMBER 4

moment of 2.00 µB (Table 1). The magnetic properties of 
Ni-doped ZnO films are illustrated by spin density and DOS 
profiles (Fig. 2B).

Considering Pd- and Pt-doped ZnO ultra-thin films, 
similar electronic structures were observed, in which the 
Pd-O or Pt-O bond length is 2.00 Å, and the Bader charges 
are 0.95 and 0.97 (|e|), respectively, with a magnetic moment 
of 2.00 µB. This is also confirmed by the spin density and 
DOS profiles for doped Pd and doped Pt (Figs. 2C, 2D). 
However, the Pd- and Pt-doped materials exhibit metallic 
properties, as indicated by the presence of the DOS crossing 
the Fermi level (Figs. 2C, 2D). This is due to the strong 
interaction between the Pd- and Pt-doped metals and the 
framework oxygen atoms, compared to that of Ni-doped 
ZnO (see DOS profile in Fig. 2). This interaction also leads 
to the lowering of the valence bands of ZnO ultra-thin films 
with respect to undoped ZnO ultra-thin films.

3.2. nH adsorption on Ni, Pd, and Pt doped ZnO ultra-
thin films

For comparison, the author evaluated the hydrogen 
spillover process on undoped ZnO ultra-thin films. To this 
end, the author considered the adsorption of 2H in undoped 
ZnO via both non-spillover and spillover structures. 
However, the 2H atoms spontaneously form H2 and reside 
at a considerable distance from the ZnO films (3.023 Å), as 
shown in Fig. 3. This indicates that the undoped ZnO ultra-
thin films are unable to adsorb nH in either spillover or non-
spillover configurations.

On M (M=Ni, Pd, Pt) -doped ZnO ultra-thin films, the 
author considered 1H, 2H, and 4H adsorbed on the doped 
M site with non-spillover structures (nH bound to the M 
site) and spillover structures ((n-1) H bound to the M site 
and 1H bound to the supporting ZnO films in the vicinity of 
the doped M). The author also considered 6H adsorbed on 
the doped M site, but either structure forms H2 molecules or 
remains unbound on the M sites. This demonstrates that the 

saturated coverage of nH on doped M sites 
is 4, corresponding to 100%.

On Ni-doped ZnO ultra-thin films, H 
is bound to Ni with a Ni-H bond length 
of 1.54 Å and H is bound to framework 
O with an O-H bond length of 0.94 Å for 
spillover structures (Fig. 4). The adsorption 
energy per H atom via non-spillover and 
spillover configurations increases in 
magnitude from |-2.54| to |-3.02| eV and 
from |-1.93| to |-3.05| eV, respectively, 
when the number of nH increases from 1 
to 4 (Table 1). The increasing adsorption 
energy per H atom is associated with the 
decreasing Bader charge of doped Ni as 
nH increases in both non-spillover and 
spillover configurations (Table 2). This is 

due to the charge transfer from nH to doped Ni, indicated 
by the slightly positive charge of nH. As the author can 
see, the adsorption energy per H atom of non-spillover 
structures is stronger than that of spillover configurations 
when the number of nH atoms is less than 4. In particular, 

Fig. 3. (A) Top view and (B) side view of H2 adsorbed on ZnO ultra-thin films. 
Zn, O, and H are green, red, and blue spheres, respectively.

Fig. 4. Non-spillover (left) and spillover (right) structures 
of (A) 1H, (B) 2H, and (C) 4H atoms adsorbed on Ni-doped 
ZnO ultrathin films. Zn, O, Ni, H are green, red, purple, and 
blue spheres, respectively.
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the difference in adsorption energy per H atom between 
spillover and non-spillover configurations for 1H and 2H 
atoms is 0.61 and 0.41 eV, respectively. When the number of 
nH atoms exceeds 2, the difference in adsorption energy per 
H atom between spillover and non-spillover configurations 
becomes negative (-0.03 eV). This indicates that hydrogen 
spillover on Ni-doped ZnO ultra-thin films can occur with 
nH greater than 2.

Similar to that on Ni-doped ZnO, H is bound to Pd with 
an average bond length of 1.53 Å and bound to framework 
O with a bond length of 0.97 Å in the case of spillover on 
Pd-doped ZnO (Fig. 5). However, the adsorption energy 
per H atom on Pd-doped ZnO ultra-thin films is stronger 
than that on Ni-doped ZnO by a range of 0.4 to 0.8 eV in 
magnitude (Table 2). The adsorption energy per H atom in 
magnitude also increases with the number of H atoms in 
both non-spillover and spillover structures. In particular, the 
adsorption energy per H atom increases from |-3.37| eV for 
1H to |-3.46| eV for 4H atoms in non-spillover structures 
and from |-3.11| to |-3.52| eV in spillover structures (Table 
2). However, the difference in adsorption energy per H 
atom between spillover and non-spillover configurations is 
negative (-0.06 eV) when the number of H atoms exceeds 2. 
The spillover process can occur on Pd-doped ZnO ultra-thin 
films with a number of H atoms less than that in Ni-doped 
ZnO ultra-thin films (4H).

Regarding hydrogen non-spillover and spillover on Pt-
doped ZnO ultra-thin films, H is bound to Pt with an H-Pt 
bond length of 1.54 Å and bound to framework O with 
an H-O bond length of 0.96 Å (Fig. 6). Furthermore, the 
adsorption energy per H atom in magnitude for the non-
spillover configuration is reduced from |-4.15| eV for 1H 

Table 2. Adsorption energies per H atom (Eads/H) of non-spillover and spillover structures. Bader charge of M (M=Ni, Pd, Pt) 
-doped ZnO ultra-thin films, of total non-spillover H atoms adsorbed on doped M (Q, nH on M), of total spillover H atoms adsorbed 
on doped M (Q, (n-1)H on M), of spillover H on ZnO (Q, H on ZnO); the different energies between spillover and non-spillover 
configurations (∆E) of nH atoms adsorption on M doped ZnO ultra-thin films.

nH
Non-spillover Spillover

∆Eads/H (eV)
Eads/H (eV) Q, M (|e|) Q, nH on M (|e|) Eads/H (eV) Q, Ni (|e|) Q, (n-1)H on M (|e|) Q, H on ZnO (|e|)

Ni:ZnO

1H -2.54 1.12 -0.02 -1.93 0.97 - 1.00 0.61

2H -2.72 1.09 0.02 -2.30 0.94 -0.16 1.00 0.41

4H -3.02 0.96 0.14 -3.05 0.77 -0.10 1.00 -0.03

Pd:ZnO

1H -3.37 0.93 -0.01 -3.11 0.59 - 1.00 0.26

2H -3.43 0.90 0.12 -3.49 0.65 -0.10 1.00 -0.06

4H -3.46 0.86 0.22 -3.52 0.58 -0.03 1.00 -0.06

Pt:ZnO

1H -4.15 0.91 -0.03 -3.42 0.53 - 1.00 0.73

2H -3.99 0.85 0.09 -3.86 0.61 -0.07 1.00 0.13

4H -3.91 0.90 0.18 -4.01 0.70 -0.18 1.00 -0.10

Fig. 5. Non-spillover (left) and spillover (right) structures 
of (A) 1H, (B) 2H, and (C) 4H atoms adsorbed on Pd-doped 
ZnO ultra-thin films. Zn, O, Pd, H are green, red, light blue, 
and blue spheres, respectively.
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to |-3.91| eV for 4H, while this trend is observed in the 
opposite direction for spillover configurations, where the 
adsorption energy per H atom increases from |-3.42| eV for 
1H to |-4.01| eV for 4H (Table 2).

Fig. 6. Non-spillover (left) and spillover (right) structures 
of (A) 1H, (B) 2H, and (C) 4H atoms adsorbed on Pt-doped 
ZnO ultra-thin films. Zn, O, Pt, H are green, red, white, and 
blue spheres, respectively.

The difference in the trend of adsorption energy per H 
atom on Pt-doped ZnO ultra-thin films can be explained 
by the deformation of structures. While the non-spillover 
configuration mostly leaves the ZnO structures unchanged, 
a large local deformation of the ZnO structures is observed, 
in which the symmetry of the hexagonal structure of Pt is 
broken, as indicated by the difference in Pt-O bond length 
(Fig. 6). However, the spillover of H can be observed on 
Pt-doped ZnO ultra-thin films when the number of H atoms 
exceeds 2 (Table 2).

In all M-doped ZnO ultra-thin films, the Bader charge 
of H is negative for 1H, turning into a positive charge, 
indicating that charge transfer occurs from doped M to H in 
non-spillover configurations for 1H. The positive charge of 
H is found in the spillover configurations, which is due to 
the charge transfer from H to ZnO films when H spillover 

occurs, illustrated by a positive charge of +1 |e| (Table 2). 
The results demonstrate the different nature of the metals, 
causing variations in hydrogen adsorption and spillover 
processes.

4. Conclusions
The author has investigated the hydrogen spillover 

process on M-doped (M=Ni, Pd, Pt) ZnO ultra-thin films 
using the DFT+U method. Doping with different metals can 
alter the electronic properties of ZnO films. In particular, 
Ni doping reduces the band gap of the ZnO film, while Pd 
and Pt doping results in metallic characteristics for the ZnO 
films. In all M-doped ZnO films with saturated H coverage, 
the spillover process was observed. However, hydrogen 
spillover was noted on Ni- and Pt-doped ZnO films with 
a saturated coverage of adsorbed H atoms (100%), while 
hydrogen spillover on Pd-doped ZnO films occurred at a 
lower coverage of adsorbed H atoms (50%). Conversely, 
hydrogen spillover was not observed on undoped ZnO 
films. This finding suggests that, in terms of H spillover, 
Pd-doped ZnO ultra-thin films exhibit a stronger preference 
than Ni- and Pt-doped ZnO ultra-thin films. 
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