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A B S T R A C T   

Aiming at boosting the photocatalytic activities of rutile and anatase TiO2 surfaces, an in-depth investigation of 
stoichiometric and reduced rutile TiO2 (110) and anatase TiO2 (101) decorated with bipyramidal and trape-
zoidal Ag5 atomic quantum clusters (AQCs) is carried out. In this study, density functional theory (DFT) plus a 
Hubbard correction (U) is implemented to explore the geometric and electronic properties of such systems. It is 
found that the silver AQCs donate electrons to both stoichiometric and reduced TiO2 surfaces resulting in the 
formation of a single polaron at either a fivefold coordinated (Ti5c) atom or a sixfold coordinated (Ti6c) atom, 
indicating improved surface activity. Depositing Ag5 AQCs on both TiO2 surfaces can produce mid-gap states 
within the band gap of the bulk, thereby improving the optical response of the composite in the visible and 
infrared. As expected, the number of mid-gap energy states increases further by introducing a single oxygen 
vacancy into the studied surfaces, which means that Ag5 AQCs and oxygen vacancies can reinforce each other, 
leading to higher efficient photocatalytic activity. We also find that upon adsorption of Ag5 AQCs on an anatase 
TiO2 (101) surface, the energy required to form an oxygen vacancy is lower than that of rutile TiO2 (110). 
Moreover, the adsorption of both bipyramidal and trapezoidal Ag5 AQCs on both TiO2 surfaces generally leads to 
significant distortion of the clusters, which accounts for the significant reduction in the total energy as compared 
to the pristine TiO2. This detailed investigation provides insight into new mechanisms for enhancing photo-
catalytic efficiency of both rutile TiO2 (110) and anatase TiO2 (101) surfaces.   

1. Introduction 

Titania (TiO2, titanium dioxide) has attracted considerable attention 
from scientists and engineers due to its high chemical and thermal sta-
bility, non-toxicity and relatively low cost [1–3]. These facts make it 
usable in multiple applications, such as solar cells [4], catalyst supports 
[5], waste-water treatment [6], water splitting [7–10], biomedication 
[11], micro-organism inactivation (such as viruses and bacteria) [12], 
reduction of carbon dioxide [13] and batteries [14]. TiO2 has various 
polymorphs that naturally crystallise as well as some of which could be 
synthetically produced [15]. Rutile and anatase are the most abundant 
natural polymorphs [16,17]. However, the following drawbacks hinder 
their application in the photocatalytic activities [18]. First, the band gap 
energy (Eg) is approximately ~ 3.2 eV [19,20], which only allows the 
absorption of ultraviolet light (UV) (~4% of the solar radiation energy) 
and severely limits the response to visible light (~50 % of the solar 
radiation energy). Second, TiO2 exhibits a large percentage of charge 

recombination of the photo-generated electrons and holes, which lowers 
down the photocatalytic process. 

In order to overcome the above-mentioned disadvantages and 
improve the photocatalytic activities, numerous techniques have been 
implemented, such as combining other semiconductor materials with 
TiO2 [21,22], dye sensitisation in photovoltaic cells [23], doping with 
metal [24] and non-metallic ions [25], and the deposition of noble 
metals [26]. It has been proved that depositing micro- and nanoparticles 
consisting of noble metals, such as palladium (Pd), platinum (Pt), gold 
(Au) and silver (Ag) as cocatalysts on TiO2 surfaces can considerably 
enhance photocatalytic activities [27–34]. For example, Rusinque et al. 
[35] used a sol–gel approach to fabricate mesoporous TiO2 decorated 
with Pd to study photocatalytic performance. Among the different 
amounts of doped Pd cocatalysts (i.e. 0.25–5 wt%), 0.25 wt% Pd@TiO2 
yielded the highest activity in the presence of ethanol as a hole scav-
enger under the visible light. Yu et al. [36] synthesised Pt fabricated on 
TiO2 nanosheets with exposed (001) facets using a simple hydrothermal 
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process. In their study, an ethanol solution was used as a sacrificial re-
agent for trapping holes. It was found that loading with 2 wt% of Pt 
nanoparticles exhibited the highest photocatalytic performance, and 
this can be attributed to the efficient charge separation caused by 
loading Pt nanoparticles. 

A more recent study was conducted by Gogoi et al. [37]. In their 
study, a simple chemical reaction technique was implemented for syn-
thesising an Ag-modified TiO2 photocatalyst. It was found that among 
different amounts of Ag deposited on TiO2, 1.5Ag@TiO2 yielded the 
highest photoactivity for hydrogen generation in the presence of sacri-
ficial agents (i.e. a mixture of Na2SO3, Na2S and ethanol). This could be 
explained by the presence of oxygen vacancies, efficient charge sepa-
ration and surface plasmonic resonance (SPR) resulting in minimisation 
of the band gap energy. Another recent work was reported by Ren et al. 
[38]. In their work, density functional theory (DFT) was employed to 
systematically study the influence of deposited 4d transition metals 

(TM) on photocatalytic activities of an anatase TiO2 (101) surface. It 
was concluded that among the different studied 4d TM atoms, the 
deposition of both Ag and yttrium (Y) can effectively enhance the 
visible-light response of anatase TiO2 (101) surface. 

Lopez-Caballero et al. [39] theoretically studied the effect of the 
small Ag5 atomic quantum clusters (AQCs) on perfect and reduced rutile 
TiO2 (110) surfaces and the mechanism of improved photocatalytic 
activity via first-principles modelling. It was predicted that Ag5 AQCs 
induce the formation of surface polarons by donating unpaired electrons 
to TiO2, which tailor the band gap of titania and therefore, boosts its 
photocatalytic activity. These studies demonstrate that Ag5 atomic 
clusters on both perfect and reduced rutile TiO2 (110) surfaces improve 
the optical response of the substrate by enlarging its absorption range 
toward the visible light region. Moreover, Lopez-Caballero et al. [32] 
carried out X-ray absorption spectroscopy (XAS) and diffuse reflectance 
spectroscopy (DRS) measurements to investigate the properties of 
Ag5@TiO2. These were accompanied by DFT calculations of their elec-
tronic and optical properties. It was pointed out that photogenerated 
large polarons are formed at the interface of Ag5-modified TiO2. Their 
results also indicated that Ag5@TiO2 are visible-light photo-active ma-
terials and show potential for CO2 reduction. 

Even though extensive studies have been experimentally and theo-
retically conducted, the essential mechanisms required to design higher 
of levels photocatalytic materials are still not fully investigated. 
Importantly, for anatase titania, which has higher mobility for charge 
carriers, longer electron-hole pair life time and is more active than rutile 

Fig. 1. Bipyramidal (a) and trapezoidal (b) Ag5 isomers in the gas phase. Red numbers represent the net Bader charge distribution on each atom. r1-r4 show the 
Ag-Ag bond lengths. The corresponding values are shown in Table 1. (c) Density of states and frontier molecular orbitals of bipyramidal Ag5. (d) Density of states and 
frontier molecular orbitals of trapezoidal Ag5. SOMO: singly occupied molecular orbital. The yellow and blue reference colours of isosurfaces represent the positive 
and negative phases of wave functions (Note: the same reference colours are defined for all the wavefunction plots in subsequent figures.) and the isosurface value is 
3.42 × 10− 9 (a.u.). The vertical dashed line represents the Fermi energy level, which is set at a reference energy of 0 eV. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Bond lengths of bipyramidal and trapezoidal Ag5 isomers obtained using the 
hybrid functional HSE06.  

Bond length (Å) Bipyramidal Ag5 Trapezoidal Ag5 

r1  2.67  2.68 
r2  2.75  2.69 
r3  2.80  2.75 
r4  3.04  2.73  
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for certain chemical reactions [40], the corresponding calculations are 
lacking in literature. Furthermore, an investigation of the photocatalytic 
performance of Ag5 AQCs is particularly timely, because they can now 
be synthesized in bulk [41,42]. Therefore, these materials are becoming 
technologically relevant and it is important to carry out reliable calcu-
lations of their fundamental properties, in particular using the hybrid 
functional HSE06 for calculations of band structures and density of 
states. In this paper, DFT is used to understand the geometrical stabil-
ities and the corresponding electronic structures that underpin the 
functioning of photocatalytic materials. Here, we investigate the doping 
effects of Ag5 AQCs on the surfaces of stoichiometric and reduced 
anatase TiO2 (101) and rutile TiO2 (110). It is found that both Ag5 AQCs 
and oxygen vacancies are able to change the photocatalytic activity of 
both TiO2 surfaces by forming mid-gap states within the band gap of 
titania, which could allow the Ag5@TiO2-x system to absorb longer 
wavelength photons than the pristine TiO2. It is also found that the Ag5 
AQCs are easily adsorbed on the stoichiometric rutile TiO2 (110) sur-
face, compared with the anatase TiO2 (101) surface, as demonstrated by 
their relative adsorption energies. In contrast, the formation energy of 
oxygen vacancy for Ag5@ anatase TiO2-x complex is lower than that of 
Ag5@ rutile TiO2-x complex. 

2. Computational techniques 

In order to simulate the electronic energy levels and charge densities 
of Ag5 clusters and understand their ability to absorb photons, optimised 

geometries and electronic structures of Ag5 AQCs and Ag5/TiO2 are 
obtained by implementing the hybrid exchange–correlation functional 
HSE06 with periodic boundary condition via Vienna initio Simulation 
Package (VASP 5.4.4) [43–46]. In the HSE06, the exchange correlation 
functional involves a short-range and long-range components of the 
Perdew-Burke-Ernzerhof (PBE) exchange functional, a short-range HF 
exchange and a PBE correlation functional [47]. To describe the inter-
action between valence electrons and the ion core, the projector 
augmented wave (PAW) method [48,49] and PAW-PBE [50,51] pseu-
dopotentials are employed. The Ti (3 s, 4 s, 3p, 3d), O (2 s, 2p), and Ag 
(4d, 5 s) atomic orbitals are explicitly treated as valence electrons. Due 
to the self-interaction error resulting in artificial electron delocalization 
in the standard DFT methodologies, the generalised-gradient approxi-
mation (GGA) plus Hubbard term (U-term) is employed, in order to 
predict the accurate polaronic states [52] and band gap values of TiO2. 
The U value implemented to titanium (3d) orbital in this work is 4.2 eV, 
which was originally reported in the literature [53–55]. 

The stoichiometric rutile TiO2 (110) surface is modelled by building 
12.04 Å x 13.12 Å unit cells containing four O-Ti-O trilayers (Ti64O128) 
with a 20 Å vacuum layer on top of the surface. The stoichiometric 
anatase TiO2 (101) surface is modelled by 10.37 Å x 15.38 Å unit cells 
containing three O-Ti-O trilayers (Ti48O96) with a 19 Å vacuum layer on 
top of the surface. Large supercells of (30 × 30 × 30 Å3) are used for 
isolated bare Ag5 AQCs to ensure that no interaction takes place between 
the supercell and its periodic images. A k-point mesh was sampled, 
based on the Monkhorst-Pack scheme [56,57], in which all the 

Fig. 2. Wavefunction and density of states of 
reduced anatase TiO2 (101) surface. The green, 
red and blue show the states located on titanium, 
oxygen and silver atoms, while the pink and cyan 
peaks between − 1–0 eV represent the polaronic 
states located on titanium atoms. SOMO-1: the sec-
ond singly occupied molecular orbital and the iso-
surface value is 9.59 × 10− 9 (a.u.). The vertical 
dashed line represents the Fermi energy level which 
is set at 0 eV. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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simulations are made using a single value of k-point. The cut-off energy 
for the planewaves basis set is fixed to 500 eV. A Gaussian smearing 
value of 0.05 eV is used for the band occupation due to the large 
supercell used in the tetrahedron. For the self-consistent electronic 
minimisation, a convergence threshold value of 10-4 eV is employed, and 
all modelled structures are allowed to relax with a threshold force value 
of 0.02 eV/Å. 

The spin-polarised PBE combined with the Becke-Jonson (BJ) 
damping function in Grimmme’s technique [58] is carried out in order in 
include van der Waals (vdW) corrections due its ability to predict ac-
curate adsorption and binding energies of metal oxides materials [59]. 
In particular, Antonio et al. [60] included the vdW forces at different 
levels (DFT + D2, DFT + D2′, and vdW-DF method) to study the role of 
dispersion forces on Au, Ag single atoms and Au4, Ag4 clusters on TiO2 
and ZrO2 (101) surfaces. It was found that the inclusion of vdW in-
teractions can modify the order of stability of various isomers and lead 
to significant corrections to the adsorption energies. Furthermore, the 
adsorption properties will impact the diffusion and reaction properties 
of the adsorbates on AQC/oxide surfaces. Lara-Castells et al. [33] also 
used the vdW-corrected DFT-D3 technique to investigate the interaction 
energies of Ag clusters on a rutile TiO2 (110) surface. It was pointed out 
that the vdW term also plays a key role, increasing rapidly the binding 
energies. Further tests, with and without vdW for Ag5/anatase TiO2 are 

carried out in the SI and agree well with literature. (See Fig. S8 of SI for 
more details). Therefore, the electronic structures of rutile TiO2 (110), 
anatase TiO2 (101) surfaces and Ag5 deposited on both stoichiometric/ 
reduced surfaces are carried out with spin-polarised HSE06 calculations 
based on the relaxed structures in the earlier DFT-D3 (BJ) calculations. 
The stability of the catalysts during chemical reactions is one of the most 
critical problems for practical utilisations. Therefore, the adsorption 
energy of Ag5 cluster, Eads, is computed to evaluate the adsorption sta-
bility based on the following formula, 

Eads = Etotal − Eslab − Em 

where Etotal is the total energy of slab and adsorbate in the same cell, 
Eslab is the total energy of the slab and Em is the total energy of the iso-
lated bare Ag5 cluster. From the definition of adsorption energy, a 
negative value represents stable adsorption. When considering the 
presence of defects, the formation energy of an oxygen vacancy, EVo , can 
be calculated using the following formula, 

EVo = Esurface+Vo −
1
2

EO2 − Esurface 

where ESurface+VO is the total energy of the reduced/defective slab, EO2 

is the total energy of free oxygen in gas phase and ESurface is the total 
energy of the perfect/stoichiometric slab. It is worth mentioning that 

Fig. 3. Wavefunction and density of 
states of reduced rutile TiO2 (110) sur-
face. The green, red and blue show the 
states located on titanium, oxygen and sil-
ver atoms, while the pink and cyan peaks 
between − 0.6–0 eV represent the polaronic 
states located on titanium atoms. The iso-
surface value is 9.83 × 10− 8 (a.u.). The 
vertical dashed line represents the Fermi 
energy level which is set at 0 eV. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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both adsorption and formation energies are evaluated at the GGA + U 
levels. All the presented structures are constructed and visualised using 
VESTA software [61]. 

3. Results and discussions 

3.1. Geometrical and electronic properties of Ag5 cluster 

The optimised structures of both bipyramidal and trapezoidal Ag5 
AQCs in the gas phase are presented in Fig. 1(a) and (b). Both structures 
shown in Fig. 1 are obtained for the doublet state. These calculations 
reveal that in the gas phase, the trapezoidal shape (Fig. 1(b)) is more 
stable than the bipyramidal shape (Fig. 1(a)) by 0.49 eV in energy. The 
bipyramidal Ag5 cluster shown in Fig. 1(b) is not precisely of D3h 
symmetry and is composed of equatorial Ag atoms (a triangular ring) 
with axial Ag atoms (top sites) above and below the ring. The three 
equatorial atoms are not all equivalent, since the three bonds shaping 
the triangle i.e., r1 are equal to 2.67 Å, whereas the remaining bond i.e., 
r4 is 3.04 Å. The bonds r2 and r3 formed by axial Ag with the three 
equatorial sites are equal to 2.69 Å and 2.75 Å respectively (see details in 
Table 1). The single unpaired electron of the Ag5 (doublet with S = ½) 
(see Fig. 1(c)) is mainly situated on the two axial Ag atoms, and is similar 
to the charge distribution of Cu5 [62] and Cu7 cluster [63]. 

An unrestricted spin scheme utilising VASP.5.4.4 was implemented 
to appropriately treat the spin-polarisation of Ag5 clusters. The bipyra-
midal configuration has energy gaps of 0.95 eV and 1.35 eV for spin up 
and spin down, respectively, which are smaller than those of trapezoidal 
Ag5 (spin up: 1.85 eV, spin down: 1.8 eV). The singly occupied molecular 
orbital (SOMO)-lowest unoccupied molecular orbital (LUMO) gaps of 
both structures were also estimated (0.95 eV for bipyramidal and 1.85 
eV for trapezoidal configurations) from the DOS figures (see Fig. 1(c) 
and (d)). 

After the investigation of isolated Ag5, in order to gain further in-
sights into the geometrical stability and electronic states when Ag5 AQCs 
are deposited on TiO2 surfaces, we first simulated the pristine TiO2 
(Fig. S1 of SI) as benchmark. Specifically, a four-layer slab of rutile TiO2 
(110) and a three-layer slab of anatase TiO2 (101) were constructed as 
shown in Fig. S1. As expected, the projected density of states presented 
in the right panels in Fig. S1 reveal that the valence band is mainly 
dominated by O (2p) orbitals, whereas the conduction band is mainly 
associated with Ti (3d) orbitals. The calculated band gap using the 
hybrid functional for rutile TiO2 (110) is approximately 3.2 eV, which is 
in good agreement with experiment [19] and with previous DFT studies 
[64]. For anatase TiO2 (101) this is around 3.6 eV, which is close to 
measured values [20,65]. Starting from these structures, defective 
(Fig. 2 and Fig. 3) TiO2 surfaces are studies in section 3.2 and simula-
tions of AQCs on these different surfaces are presented in sections 3.3 
and 3.4. 

3.2. Oxygen vacancies at surface and subsurface sites of anatase TiO2 
(101) and rutile TiO2 (110) 

3.2.1. Reduced anatase TiO2 (101) 
As a benchmark test, the simulations of the relative energetics of 

surface and subsurface oxygen vacancies are carried out. According to 
the results obtained for the different oxygen vacancy sites i.e., surface 
and subsurface (see Fig. S2 of the SI), it is found that the lowest for-
mation energy is 4.26 eV when a twofold coordinated oxygen atom (O2c) 
is removed from the top layer of the slab as shown in Fig. 2. While the 
formation energy of an oxygen vacancy in the sublayer of the slab is a 
0.43 eV higher in energy (see Fig. S2 of the SI). Our findings are in good 
agreement with DFT + U calculations for a higher U values i.e., > 3.5 eV 
conducted by Cheng and Selloni [66]. 

Cheng and Selloni [66] studied the formation energy of oxygen va-
cancy on an anatase TiO2 (101) surface as a function the U value and 
found that the formation energy is extremely sensitive to the choice of U. 
In particular, the formation energy of the sublayer is higher than the top 
layer when U lies between 3.5 and 4.5 eV, whereas the formation energy 
of the top layer becomes higher as compared to the sublayer, when the U 
value ranges between 2.5 eV and 3.0 eV. To illustrate the electronic 

Fig. 4. Wavefunction and density of states of trapezoidal (a) and bipyra-
midal (b) Ag5 clusters deposited on anatase TiO2 (101) surface. The green, 
red and blue show the states located on titanium, oxygen and silver atoms, 
while the pink peak between − 1–0 eV represents the polaronic states located on 
a titanium atom. The isosurface value of (a) is 8.00 × 10− 8 (a.u.), and (b) is 
8.00 × 10− 9 (a.u.). The vertical dashed line represents the Fermi energy level 
which is set at 0 eV. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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structures of the reduced anatase TiO2 (101) surface, Fig. 2 shows its 
optimised configuration. Two excess electrons localise at a fivefold co-
ordinated titanium atom (Ti5c) and a sixfold coordinated titanium atom 
(Ti6c) creating polaronic states (pink peak at − 0.23 eV and cyan peak at 
− 0.60 eV) which are 1.16 eV and 1.53 eV below the conduction band 
edge, respectively. 

3.2.2. Reduced rutile TiO2 (110) 
To compare the results with the reduced anatase TiO2 (101) surface, 

we investigated the relative energetics of the top layer and sublayer 
oxygen vacancies of rutile TiO2 (110) surface, which are extensively 
investigated both experimentally and theoretically. Our DFT + U cal-
culations are carried out for an O2c vacancy at the top layer of the slab 
(see Fig. 3) using a U value of 4.2 eV [53–55]. At the DFT-GGA level, the 
formation energies of oxygen vacancies at the top layer of the slab (see 
Fig. 3) are lower than those at the sublayer (see Fig. S3 of the SI) 
approximately by 0.6 eV, which is in good agreement with previous 
theoretical calculations [66–69]. 

In all studied cases, the O2c vacancy in the top layer creates two 
polaronic states localised at two Ti5c in the top layer of the slab (see 
Fig. 3). As shown in the density of states in Fig. 3, the oxygen vacancy 
energy levels lie at 0.87 and 1.22 eV below the bottom of the conduction 
band. The energies of these gap states are in excellent agreement with 
electron energy loss spectroscopy (EELS) measurements [70]. To 
conclude, the formation of oxygen vacancy of the bridging oxygen (O2c) 
at the top layer of the slab is favoured for rutile TiO2 (110) surface. 

3.3. The deposition of trapezoidal and bipyramidal Ag5 on anatase 
TiO2(101) 

3.3.1. On pristine anatase TiO2(101) 
Trapezoidal (see Fig. 4a) and bipyramidal (see Fig. 4b) Ag5 clusters 

are deposited on anatase TiO2 (101) surface with the corresponding 
wavefunctions as shown in Fig. 4. After geometrical optimisation, both 
silver clusters relax to a lying-down trapezoidal Ag5, which is completely 
attached to the substrate surface. The trapezoidal Ag5 cluster transfers 
0.91 e− to Ti atoms, creating a delocalised state located just at the 
bottom of the conduction band edge. This higher energy level state is 
active and could play a key role in photo-catalytical processes. In order 
to confirm this delocalised state, we performed a DFT + U calculation 
using a value of U = 2.5 eV (see Fig. S4 in the SI document). Similarly, 
the bipyramidal Ag5 cluster transfers 0.89 e− to a Ti+3 (3d) in the surface 
of anatase TiO2 (101) leading to the formation of a polaron at 0.9 eV 
below the conduction band edge (see the pink peak at − 0.23 eV). The 
polaronic state can be clearly seen by the wavefunction SOMO in Fig. 4, 
which is located just underneath the silver cluster. To characterize the 
polaron state in the bipyramidal case, we analysed the Ti-O bond lengths 
for the Ti atom, in the vicinity of the polaron, as shown in Fig. S9 and 
Table S1. It is found that the bonds are elongated compared to the 
normal Ti-O bonds in the absence of a polaron. The adsorption energy of 
Ag5 cluster for the former is − 2.88 eV and for the latter is − 3.54 eV. 

The highest occupied molecular orbital (HOMO) of the Ag5 cluster on 
an anatase TiO2 (101) surface mixes stronger with Ti+3 (3d) states than 

Fig. 5. Wavefunction and density of states of trapezoidal (a), tilted trapezoidal (b) and bipyramidal (c) Ag5 clusters deposited on rutile TiO2 (110) 
surface. The green, red and blue show the states located on titanium, oxygen and silver atoms, while the pink peaks between − 1–0 eV represent the polaronic states 
located on a titanium atom. SOMO-2: the third singly occupied molecular orbital. The isosurface value is 4.61 × 10− 8 (a.u.). The vertical dashed line represents the 
Fermi energy level which is set at 0 eV. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Wavefunction and density of states of 
trapezoidal (a), tilted trapezoidal (b) and bipyr-
amidal (c) Ag5 clusters deposited on rutile TiO2 
(110) surface. The green, red and blue show the 
states located on titanium, oxygen and silver atoms, 
while the pink peaks between − 1–0 eV represent the 
polaronic states located on a titanium atom. The 
isosurface value is 4.61 × 10− 8 (a.u.). The vertical 
dashed line represents the Fermi energy level which 
is set at 0 eV. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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the bridging oxygen atoms at − 1.23 eV for the trapezoidal shape and at 
− 0.63 eV for the bipyramidal shape. In contrast, the overlap of the 
second highest occupied molecular orbital (HOMO-1) of the Ag5 cluster 
is stronger with O (2p) states of the bridging oxygen atoms than that the 
Ti+3 (3d) states at − 2.6 eV for the trapezoidal shape and at − 1.84 eV for 
the bipyramidal shape. Furthermore, fewer gap states are found in the 
mid-gap range between − 3.0 eV and 0 eV unlike the gap states formed 
by a Cu5 cluster reported in a previous DFT study [62]. These gap states 
can improve the photocatalytic efficiency of rutile and anatase TiO2 
material [71]. Based on the projected density of states, the Ag5 cluster 
becomes nonmagnetic after donating an electron, while the support 
gains the electron and becomes paramagnetic with one unpaired elec-
tron (see Fig. 4b). This phenomenon was also observed for a Cu5 cluster 
when deposited on a rutile TiO2 (110) surface [62]. 

3.3.2. On reduced anatase TiO2 (101) 
Having analysed the electronic structure of Ag5 clusters deposited on 

a pristine anatase TiO2 (101) surface in the ground electronic state, we 
further investigated the electronic structure of Ag5 clusters deposited on 
a reduced anatase TiO2 (101) surface. Upon adsorption of an Ag5 
cluster, Ag5 and an oxygen vacancy are able to induce three surface 
polarons demonstrated in Fig. 5. The trapezoidal Ag5 cluster transfers 
0.87 e− to anatase TiO2 (101) surface, which is a 0.02 e− lower charge 
transfer than the stoichiometric anatase TiO2 (101) surface. The for-
mation energy of an oxygen vacancy in anatase Ag5-TiO2 (101) is 4.31 
eV, which slightly increases by a factor of 0.05 eV as compared to the 

pristine anatase TiO2 (101). Thus, it is concluded that the deposition of 
the Ag5 cluster on anatase TiO2 (101) does not affect the process in 
which an oxygen vacancy can occur. Further optimal configurations 
using different sites of oxygen vacancy can be found in Fig. S5. 

3.4. The deposition of trapezoidal and bipyramidal Ag5 on rutile 
TiO2(110) 

3.4.1. On pristine rutile TiO2 (110) 
Three adsorption configurations of Ag5 clusters deposited on the 

rutile TiO2 (110) surface are evaluated: the upstanding trapezoidal, 
tilted trapezoidal and bipyramidal Ag5 clusters. The corresponding 
density of states and most relevant frontier molecular are shown in 
Fig. 6. From Fig. 6a, we can see that the trapezoidal shape of Ag5 per-
sists. However, when the trapezoidal Ag5 cluster is tilted towards the 
TiO2 surface (see Fig. 6b), it is drastically deformed to a new planar 
shape, which is more stable compared to the upstanding configuration 
by a 1.24 eV lower energy. In contrast, as clearly seen in Fig. 6c, upon 
adsorption, the bipyramidal Ag5 cluster is deformed to a new pyramidal 
configuration, which becomes the most stable structure differing by a 
1.81 eV compared to the up-standing trapezoidal Ag5 (see Fig. 6a). 

As depicted in the projected density of states in Fig. 6, one polaron 
state forming the singly occupied molecular orbital (referred to as 
SOMO) is located on a Ti3+ (3d) in the sublayer of the substrate for the 
trapezoidal configurations and located on a Ti3+ (3d) in the top layer of 
the substrate for the bipyramidal configuration (represented by the pink 

Fig. 7. Wavefunction and density of states of trapezoidal Ag5 deposited on reduced rutile TiO2 (110) surface. The green, red and blue show the states located 
on titanium, oxygen and silver atoms, while the pink, brown and purple peaks between − 1–0 eV represent the polaronic states located on titanium atoms. The 
isosurface value is 1.00 × 10− 7 (a.u.). The vertical dashed line represents the Fermi energy level which is set at 0 eV. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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peaks next to the wavefunction SOMO in Fig. 6). Owing to the fact that 
the states formed by silver align mainly with the valence band, the ex-
istence of the polaronic state is crucial for absorbing photons in the 
visible light region [72]. Based on Bader charge analysis, the trapezoidal 
Ag5 clusters shown in Fig. 6a and b are positively charged and transfer 
about 0.74 e− and 0.94 e− to the substrate, respectively. Additionally, 
the bipyramidal Ag5 cluster presented in Fig. 6c is positively charged 
and donates approximately 0.89 e− to the substrate creating the polaron 
at − 0.3 eV, which is approximately 1.2 eV below the edge of the con-
duction band. The same value was obtained by Di Valentin et al for a Ti5c 
(3d) state in reduced and hydroxylated rutile TiO2 (110) [73]. 

3.4.2. On reduced rutile TiO2 (110) 
Based upon the optimised configurations illustrated in Fig. 6, we now 

study the effect of the presence of one oxygen vacancy. A similar trend to 
the reduced anatase TiO2 (101) surface is observed for the reduced 
rutile TiO2 (110) where both Ag5 and an oxygen vacancy are able to 
induce three surface polarons as can be seen in Fig. 7 and Fig. 8. The 
deposition of an Ag5 cluster and the presence of an oxygen vacancy 
reinforce each other and lead to the formation of three polaronic states, 
in which one is formed due to the charge transfer from Ag5 cluster to the 
support and the other two are formed due to the presence of the oxygen 
vacancy for both cases. In particular, in the corresponding projected 
density of states, the localised Ti+3 (3d) orbitals (occupying the SOMOs) 
lie between 0.78 eV and 1.03 eV below the conduction band edge for the 
upstanding trapezoidal shape and between 0.92 eV and 1.13 eV below 
the conduction band edge for the new planar shape. These states will 
affect the dynamics of the photogenerated charges [74] as well as 
decelerating the electron-hole pairs recombination resulting in 
improved catalytic activity. 

In addition, it is found that the amount of charge transfer from the 
Ag5 cluster to the support is slightly less, as compared to the stoichio-
metric rutile TiO2 (110) surface (see Fig. 6a). For example, the up-
standing trapezoidal Ag5 cluster donates 0.73 e− to the reduced rutile 
TiO2 (110) surface, which is a 0.01 e− less charge transfer than the 
stoichiometric surface (see Fig. 6a). The new planar Ag5 cluster (shown 
in Fig. 8) donates 0.85 e− to the reduced rutile TiO2 (110) surface, 
which is a 0.04 e− less than the stoichiometric surface (see Fig. 6c). This 
could be attributed to the presence of the oxygen vacancy, where the 
charge distributes to a less extent than on defective TiO2 surfaces [39]. 
The formation energy of an oxygen vacancy in reduced rutile Ag5-TiO2 
(110) is 4.44 eV for the upstanding configuration (see Fig. 7) and is 4.47 
eV for the new planar configuration (see Fig. 8). It is worth mentioning 
that upon the deposition of the Ag5 cluster on reduced rutile TiO2 (110), 
the formation energy of oxygen vacancy in the case of the up-standing 
configuration increases approximately 0.38 eV and in the case of the 
new planar configuration raises 0.41 eV as compared to pristine rutile 
TiO2 (110). Further optimal configurations using different sites of ox-
ygen vacancy can be found in Fig. S6 and Fig. S7. 

4. Conclusion 

We have studied the stability of trapezoidal and bipyramidal Ag5 
AQCs in the gas phase and demonstrated that the trapezoidal Ag5 AQC is 
more stable than the bipyramidal Ag5 AQC. We have also systematically 
studied the electronic structures of Ag5 AQCs deposited on both anatase 
TiO2 (101) and rutile TiO2 (110) surfaces, with and without the pres-
ence of an oxygen vacancy and have shown that mid-gap states are 
formed due to the adsorption of Ag5 AQCs and the presence of oxygen 
vacancies. Both the trapezoidal and bipyramidal Ag5 AQCs create only 

Fig. 8. Wavefunction and density of states of new planar Ag5 deposited on reduced rutile TiO2 (110) surface. The green, red and blue show the states located 
on titanium, oxygen and silver atoms, while the pink, brown and purple peaks between − 1–0 eV represent the polaronic states located on titanium atoms. The 
isosurface value is 1.00 × 10− 7 (a.u.). The vertical dashed line represents the Fermi energy level which is set at 0 eV. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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one polaronic state in both TiO2 surfaces either on the top layer or on the 
first sublayer. Two more polaronic states are created, when introducing 
an oxygen vacancy into Ag5@TiO2 complex of both surfaces. Impor-
tantly, the polarons and other gap states persist, which reveals that Ag5 
and oxygen vacancies can reinforce each other. Moreover, the creation 
of an oxygen vacancy requires less energy for the Ag5@ anatase TiO2 
(101) complex as compared to the Ag5@ rutile TiO2 (110) complex. 
Distortion of Ag5 AQCs have been clearly demonstrated when adsorbed 
on both TiO2 surfaces. Upon surface adsorption, both bipyramidal and 
trapezoidal Ag5 AQCs are oxidised, donating their electrons to the 
substrates of all the modelled structures. The highest net charge is 
correlated with the highest adsorption energies obtained. It has also 
been demonstrated that deposited Ag5 AQCs and the created oxygen 
vacancy on photocatalyst surface of both titania surfaces can efficiently 
separate the electron-hole pairs and therefore, could enhance their 
photocatalytic activity. The theoretical findings presented in this study 
shed light on new strategies for improving the photocatalytic efficiency 
of such systems. 
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A. Vidal, M.P. Murphy, M.A. López-Quintela, F. Domínguez, Silver clusters of five 
atoms as highly selective antitumoral agents through irreversible oxidation of 
thiols, Adv. Funct. Mater. 32 (29) (2022) 2113028. 

[42] I.R. Arias, D. Buceta, G. Barone, M.C. Giménez-López, H. Lozano, M. Lazzari, 
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