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Abstract 

In this work, DFT calculations have been employed to delve into the structural, electronic, 

and optical properties of low-index (010), (100), (101), (110), (011), and (114) surfaces 

of AgNbO3. Wulff construction was used to predict the available morphologies of this 

material and their transformations, which were matched with the experimental images 

obtained by electron microscopy to support our findings.  Our data indicate that the 

undercoordinated O anions and Ag and Nb cations on these surfaces act as frustrated 

Lewis base and acid pairs, respectively, to control their structure and electronic properties. 

These sites at the (110) and (010) selectively bind H2O and O2 molecules, opening an 

energetically favorable pathway for the dissociation of H2O to enhance the initial stages 

of the formation of reactive oxygen species, ⋅OH, ⋅O2
- and ⋅OOH radicals, which adsorbed 

strongly on both surfaces within a simplified model. Overall, the results demonstrate that 

careful consideration of the impacts of surface chemistry on the behavior of AgNbO3 

surfaces is required to further understand and tailor the reactivity based on the generation 

of these highly reactive species. 

 

Keywords: AgNbO3, DFT calculations, surfaces, adsorption of H2O and O2, reactive oxygen 

species.  

 

1. Introduction 
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The remarkable properties of semiconductors based on transition metal oxides, 

such as electrical, optical, thermal, and antimicrobial, largely depend on structure, 

exposed surfaces at the morphology, and other tunable characteristics that form the 

backbone of many industrial processes, including catalysis, photocatalysis, sensing, 

among others.[1-4] The arrangement of atoms is generally different for each surface, 

which can lead to differences in electronic properties that often can define the surface 

chemistry as well as the reactivity.[5, 6]  

In the field of photocatalyst, the surface atomic arrangement and the related 

electronic configuration provide the active sites for the photogenerated charge carrier 

transfer, which can be fine-tuned.[7, 8] Specifically, the generated electron-hole pairs at 

the surfaces may react with H2O and O2 to form reactive oxygen species (ROS), such as 

hydroxyl radical (⋅OH) and superoxide radical (⋅O2), respectively. The effectiveness of 

these transformations not only depends on the surface atomic arrangements of these 

complex oxides but also on the alignment of the conduction band (CB) and valence band 

(VB) of the exposed surfaces and the redox potential of the target reactions involving both 

H2O and O2 molecules, increasing the probability of ROS  generation.[9, 10]  This 

alignment would favor the transfer of photoexcited electrons from CB  to O2 to form ⋅O2,  

while the photoexcited holes at the VB can react with H2O to generate ⋅OH along a 

splitting process  

ROS are the basis of advanced oxidation processes, such as oxidative stress, which 

is the condition where there is an imbalance between the generation and elimination of 

ROS, which, in turn,  has a strong impact, during their short lifetime, on cells and tissues 

of organisms to cause serious damage to nucleic acids, lipids, and proteins,  and inhibit 

or exterminate microorganisms and pathogens and it is frequently observed in several 

diseases.[11-13], and triggers antimicrobial effects by oxidizing membrane lipids and 

other essential bacterial components on the semiconductor’s surface.[14, 15] In addition 

they can decompose organic and inorganic compounds to transform contaminants into 

less damaging materials, organic synthesis, or heterogeneous catalysis.[16-21]  Therefore, 

controlling the surface structure and morphology and modulation of electronic properties 

of transition metal oxides has been an emerging theme to reveal the role that redox 

chemistry plays in optimizing their functionalities.  

Silver niobate (AgNbO3) is a complex metal oxide that contains two d transition 

metals, Ag and Nb,  with a small band gap (∼2.8 eV), and it has recently been attracting 

a lot of interest for its excellent properties, which can find applications in many fields[22] 



due to its high electrical conductivity[23, 24], photoluminescence emissions[25, 26] and 

it has shown good antimicrobial capabilities and very low toxicity.[27-29] AgNbO3 

exhibits ferroelectric properties, which can effectively promote the migration of photo-

generated carriers responsible for the piezo-photocatalytic process to lead to efficient 

redox reactions on the catalyst surface for the degradation of different pollutants,[30-34] 

which are mainly attributed to the generation of ⋅O2
- and ⋅OH radicals from low-reactivity 

O2 and H2O, respectively.[35] The presence of these ROS is regulated by the exposed 

crystal surfaces in their morphology, defining how they interact with their environment 

and how they are absorbed, formed, and react with molecules and cells and, by extension, 

their effectiveness in application possibilities.[34] This control over exposed surfaces at 

the morphology with specific atomistic structures allows us to tailor these materials with 

desired properties for specific purposes and develop morphology–property relationships, 

enhancing their performance to open new guides of their rational design. However, 

atomic-scale details of surfaces and their geometry and electronic properties are difficult 

or impossible to ascertain experimentally.  

At this point, we must stress that most of the theoretical works have focused on 

the bulk, and less attention has been paid to surface-related properties of AgNbO3,. 

Therefore, investigations on the surface structure, associated acid-base chemistry, and 

how the resulting surface changes by the adsorption process of H2O and O2  to induce the 

generation of  ROS precursors at the surface are needed to improve their performance for 

many applications further. In a joint experimental and theoretical study, our research 

group recently disclosed the surface reactions of H2O and O2 on the Ag3PO4 (110) surface 

for the initial stages of ROS production.[36] In this systematic study, we perform DFT 

calculations to determine the bulk structure, stability, electronic structure, and band 

alignment of different terminated low-index (010), (100), (101), (110), (011), and (114) 

surfaces of AgNbO3.  Within the framework of a simplified model, we analyze the 

adsorption of H2O and O2 molecules, as well the dissociation of H2O on (110) and (010) 

surfaces to disclose the initial steps for the formation of the precursors of ⋅OH, ⋅O2
-, and 

⋅OOH radicals at these surfaces. This research is expected to help identify optimally 

exposed surfaces at the morphology, opening perspectives to drastically improve their 

performance as photocatalysts and biocidal material. 

The paper is organized as follows. First, we will briefly overview computational 

methods and model systems. Subsequently, we will present and discuss the results. First, 

the geometry, stability, and electronic properties of the bulk and different surfaces, using 



the density of states (DOS) and Bader charge analysis. Next, we will present and discuss 

the results on the individual and co-adsorption processes of H2O and O2 molecules on 

(110), (114), and (010) surfaces. Then, the dissociation process of H2O at the (010) surface 

is investigated to gain insight into the nature of the initial steps for the formation of the 

precursors of ⋅OH, ⋅O2
-, and ⋅OOH radicals at these surfaces. Finally, the conclusion 

section closes this article.  

 

2. Computational Methods and Model Systems 

In this study, the structural and electronic properties of AgNbO3 bulk and surface 

models were studied by first-principles calculations at the DFT/WC1LYP[37] level as 

implemented in CRYSTAL17.[38] Such hybrid functional was selected due to the 

validation of previous studies for ferroelectric materials like  LiNbO3 and LiTaO3.[39] 

The Ag and Nb centers were described by the effective core pseudopotential HAYWSC-

311d31G[40, 41], while O and H centers were described by an all-electron GTO basis set 

defined as 8-411G(d) and 3-11G(p).[41, 42] The evaluation of the Coulomb and exchange 

series was truncated to 10−7 for the Coulomb overlap tolerance, 10−7 for the Coulomb 

penetration tolerance, 10−7 for the exchange overlap tolerance, 10−7 for the exchange 

pseudo-overlap in the direct space, and 10−14 for the exchange pseudo-overlap in the 

reciprocal space. The condition for the SCF convergence was set to 10−7 a.u. for the total 

energy difference between two subsequent cycles. Furthermore, default thresholds for 

geometry optimization within the CRYSTAL code were used for all atoms: while the 

maximum and root-mean-square (rms) forces were set to 0.000450 and 0.000300 a.u., the 

maximum and rms atomic displacements were set to 0.001800 and 0.001200 a.u., 

respectively. The k-space sampling for the geometry optimization included a 6 × 6 × 6 

(bulk) and 4 x 4 x 1 (surface) Monkhorst−Pack mesh. The orthorhombic structure (Pbcm) 

was considered for the bulk model, and the (010), (100), (101), (110), (011) low index, 

and (114) surfaces were selected as non-polar, symmetric, and stoichiometric models. The 

(111) low-index and high-index (112) surfaces were not considered due to the polar 

behavior and their convergence problems as functions of the slab thickness. In addition, 

the (114) surface with a low value of surface energy (Esurf), as recently reported, has also 

been studied.[43] 

The equilibrium morphologies of nanoparticles can be obtained once the specific 

Esurf of exposed crystallographic surfaces is calculated.  In the present case, the Esurf values 

were obtained using the following equation: 



 

𝐄𝐬𝐮𝐫𝐟 =
(𝐄𝐬𝐥𝐚𝐛 − 𝐧𝐄𝐛𝐮𝐥𝐤)

𝟐𝐀
                                                   (𝟏) 

 

where Eslab and Ebulk correspond to the total energy of slab and bulk models, respectively, 

n is the number of bulk units in the slab and A is the surface area for symmetric slabs. The 

Esurf values were optimized as a function of the slab thickness, being all models 

represented by 16 unit formulas and thickness of 10.60 Å (010), 10.52 Å (100), 11.19 Å 

(101), 8.41 Å (110), 12.04 Å (011) and 6.33 Å (114), respectively. Using the calculated 

Esurf values and the Wulff construction, we can obtain the ideal and available 

morphologies of AgNbO3 and their possible transformations by tuning the Esurf of the 

different surfaces.[44-47] Further, the calculated and matched with the experimental 

electron microscopy images reported in the literature can be compared. 

The O2 and H2O adsorption energies 𝑬𝒂𝒅𝒔 on the surfaces of AgNbO3 were 

computed following the equation:  

 

𝑬𝒂𝒅𝒔 = [𝑬(𝒔𝒍𝒂𝒃+𝑶𝟐/𝑯𝟐𝑶) − (𝑬𝒔𝒍𝒂𝒃 + 𝑬𝑶𝟐/𝑯𝟐𝑶) + 𝑬𝑩𝑺𝑺𝑬]                       (𝟐) 

 

where 𝑬(𝒔𝒍𝒂𝒃+𝑶𝟐/𝑯𝟐𝑶) is the total energy of the optimized slab with adsorbed O2/H2O  

molecules, 𝑬𝒔𝒍𝒂𝒃 is the total energy of the isolated optimized slab, and 𝑬𝑶𝟐/𝑯𝟐𝑶 is the total 

energy of O2 and H2O molecules in the gas phase. The basis set superposition error 

(BSSE) was calculated following the expression:  

 

𝑬𝑩𝑺𝑺𝑬 = (𝑬𝒔𝒍𝒂𝒃
𝒇𝒓𝒐𝒛𝒆𝒏

− 𝑬𝒔𝒍𝒂𝒃+𝒈𝒉𝒐𝒔𝒕]
𝒇𝒓𝒐𝒛𝒆𝒏

) + (𝑬𝑶𝟐/𝑯𝟐𝑶
𝒇𝒓𝒐𝒛𝒆𝒏

− 𝑬𝑶𝟐/𝑯𝟐𝑶+𝒈𝒉𝒐𝒔𝒕
𝒇𝒓𝒐𝒛𝒆𝒏

)             (𝟑) 

 

where all the energies refer to the geometries of the two separated moieties (slab + 

O2/H2O) frozen in the minimum adsorption configuration, with and without ghost 

functions, respectively. All minima were confirmed by obtaining only positive 

frequencies. 

The H2O dissociation energy 𝑬𝒅𝒊𝒔𝒔 on the surfaces of AgNbO3 was computed 

following the equation: 

 

𝑬𝒅𝒊𝒔𝒔 = [𝑬(𝒔𝒍𝒂𝒃+𝑶𝑯+𝑯) − (𝑬𝒔𝒍𝒂𝒃 + 𝑬𝑯𝟐𝑶) + 𝑬𝑩𝑺𝑺𝑬]                       (𝟒) 



 

The density of states, DOS (total and projected on atoms and orbitals) and band 

structure profiles were calculated based on the optimized wavefunction of  AgNbO3 bulk 

and their (010), (100), (101), (110), (011), and (114) surfaces to understand the degree of 

contribution of the different orbitals of the atoms and the interatomic bonding between 

both O2 and H2O molecules and AgNbO3 surfaces.   

The electron density (ρ) on atoms was computed at a regular 3D grid of points set 

as 80 for the adsorbate/slab system isolated slabs, and O2 and H2O molecules. Further, 

the Bader charges in the Quantum Theory of Atoms in Molecules (QTAIM) framework 

were computed from the electron density grid using the code developed by Henkelman et 

al.[48-51] The charge density difference (CDD), as a measure of the electron transfer 

between AgNbO3 and quimiabsorbed O2 and H2O molecules, was calculated by using the 

following equation: 

 

𝐂𝐃𝐃 = 𝛒𝒂𝒅𝒔𝒐𝒓𝒃𝒂𝒕𝒆/𝒔𝒍𝒂𝒃 − 𝛒𝒔𝒍𝒂𝒃 − 𝛒𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆             (𝟓) 

 

3. Results and Discussion 

3.1. Bulk structure and electronic properties 

The crystal structure of AgNbO3  was indexed to an orthorhombic structure with 

Pbcm space group (JCPDS 01-070-4738),[52] and it contains 8 formula units per unit 

cell. The bulk structure is composed of distorted eight coordination [AgO8] and [NbO6] 

octahedra clusters, which are arranged in chains composed of pairs of edge-sharing 

[NbO6]. It is also observed that these chains are joined in zigzag by corner sharing 

between [NbO6] in adjacent lines, confirming the non-centrosymmetric nature of 

AgNbO3. The [AgO8] clusters present Ag-O bond lengths of 2.497 (2x), 2.558 (1x), 2.597 

(1x), 2.723 (2x), and 2.743 Å (2x), while the [NbO6] centers display Nb-O bond distances 

of 1.889 (1x), 1.895 (1x), 2.007 (2x), 2.195 (1x) and 2.225 Å (1x), consistent with the 

distortion of the orthorhombic structure that generates ferroelectric properties. 

The calculated lattice parameters for the orthorhombic structure were a = 5.665, b 

= 5.714, and c = 15.693 Å. These values agree with previously reported theoretical and 

experimental data, as summarized in Table 1.[53-55]  

 

Table 1. Theoretical and experimental values for lattice parameters of AgNbO3.  



 a b c V 

This Work 5.665 5.714 15.693 507.98 

Theo.[54] 5.453 5.540 15.420 465.83 

Exp.[53] 5.547  5.604  15.642  486.24  

Exp.[55] 5.547  5.603  15.637  485.90  

 

The calculated DOS and band structure are shown in Figure 1. The valence band 

(VB) was mainly composed of O (2p) and Ag (4d) orbitals, while the conduction band 

(CB)  is associated with the empty 4d orbitals of Nb.  The distinct overlap of O 2p and 

Ag 4d orbitals in the VB is an advantage for the mobility of photogenerated charge 

carriers, resulting in improved photocatalytic activity.  Therefore, the electronic excitation 

associated with the band-gap energy can be described as intermetallic charge transfer 

involving the Ag 4d orbitals of [AgO8] clusters and the Nb 4d orbitals of [NbO6] clusters 

mediated by O 2p orbital, i.e., one electron of the [AgO8] cluster is excited to occupy the 

empty electronic level associated to [NbO6] cluster using the O 2p orbital as bridging 

electronic state. The band-gap value was estimated as 2.99 eV being an indirect transition 

between  and S points, in agreement with the experimental values reported in the 

literature (2.78 eV).[52]  

 

Figure 1. Band Structure and orbital-resolved DOS projections for AgNbO3. In all cases, 

the Fermi level was set at zero. 

 



3.2. Stability and map of morpholgies, and electronic properties of  (010), (100), 

(101), (110), (011), and (114) surfaces  

The (010), (100), (101), (110), (011) low index, and (114) surfaces, as well as the 

bulk structure, are depicted in Figure 2. The Kröger−Vink notation[56] was used to 

classify the number of Ag-O and W-O breaking bonds of the incomplete superficial 

clusters. Each surface presents coordinated and undercoordinated Ag and Nb clusters and 

neutral oxygen vacancies (represented by VO).   

 

 

 

Figure 2. Schematic representation of bulk and (010), (100), (101), (110), (011), and 

(114) surface models of AgNbO3. For clarity purposes, the type and quantity of 

underocoodinated clusters at each surface are depiected by using the Kröger−Vink 

notation. 

 

The values of surface energy (Esurf) in J/m2 follows this order: (114) < (100) < 

(010)  < (101) < (011) < (110), as can be seen in Table 2.  The (101), (011), and (110) are 

the most unstable surfaces, which contain a large amount of undercoordinated Ag and Nb 

sites.  The most stable surface (114) contains four- and three-fold silver cations combined 

with six-, five- and four-fold Nb sites. The (010) and (100) have close values of Esurf with 

similar number and type of incomplete clusters. 



 

Table 2. Cluster coordination of both Ag and Nb centers at the surfaces. Surface energy 

(Esurf), band-gap (Egap) values are also shown.  

Surface 
Cluster coordination 

Esurf (J/m²) Egap (eV) 
Ag Nb 

(010) [AgO5…3VO] [NbO5…1VO] 0.65 3.33 

(100) 
[AgO6…2VO] 

[AgO5…3VO] 
[NbO5…1VO] 0.64 3.40 

(101) 

[AgO6…2VO] 

[AgO5…3VO] 

[AgO4…4VO] 

[AgO3…5VO] 

[NbO6] 

[NbO5…1VO] 

[NbO4…2VO] 

0.76 3.11 

(110) 
[AgO4…4VO] 

[AgO3…5VO] 

[NbO6] 

[NbO5…1VO] 
0.83 2.77 

(114) 
[AgO4…4VO] 

[AgO3…5VO] 

[NbO6] 

[NbO5…1VO] 

[NbO4…2VO] 

0.56 3.63 

(011) 
[AgO4…4VO] 

[AgO3…5VO] 

[NbO6] 

[NbO5…1VO] 

[NbO4…2VO] 

0.86 2.89 

 

By applying our methodology[46, 57, 58] and combining the calculated values of 

Esurf and the Wulff construction, we obtained the map of the available morphologies of 

AgNbO3, as illustrated in Figure 3. The equilibrium morphology of AgNbO3 obtained by 

the calculated values of Esurf of each surface displays a truncated octahedron shape that 

predominantly exposed the (010), (100), and (114) surfaces, accounting for 11.2%, 

11,4%, and 77.4%, respectively.   



 

Figure 3. Map of available morphologies of AgNbO3 crystals. Experimental micrographs 

are also included for comparison purposes. Reproduced from Ref. [59] with permission 

from Elsevier. Reprinted with permission from Ref. [24], Copyright 2015 American 

Chemical Society. 

 

Comparing the obtained theoretical morphologies with the FE-SEM and SEM 

images reported in the literature [24, 59], the dodecahedron morphology (at the right part 

of Figure 3) was generated from the ideal morphology by decreasing the value of (100) 

and (010) surfaces energies to 0.50 J/m2, and simultaneously increasing the corresponding 

value for (114) to 0.65 J/m2. This morphology is composed of 47.2% of (114), 26.5% 

(010), and 26.3% (100).  On the other hand, The prismatic morphology (at the left part of 

Figure 3) appears by decreasing the surface energy values of (011) to 0.30 J/m2 and of 

(100) to 0.50 J/m2, as well as increasing the (114) Esurf value from 0.80 to 0.90 J/m2. This 

morphology comprised 76.9% of (011), and 23.1% (100).  

The electronic structure of the surfaces was analyzed based on the atom-resolved 

DOS depicted in Figure 4. The band-gap values follow this order: (110) < (011) < (101) 

< (010)  < (100) < (114), as observed in Table 2. Compared with the band-gap values for 

AgNbO3 bulk (2.99 eV), only the (110) surface exhibited a reduced band-gap value, 

whereas the other surfaces presented higher band-gap values. As regards the VB and CB 

compositions, all calculated DOS exhibited a very similar pattern in comparison to the 



bulk (Fig. 2), where the VB is composed of mixed Ag (4d) and O (2p) states and the CB 

is formed by empty Nb (4d) and O (3s) states, confirming that the electronic transition 

occurs from [AgOn] to [NbOn] cluster as a charge-transfer transition mechanism. 

 

 

Figure 4. Orbital-resolved DOS projections for a) (010), b) (100), c) (110), d) (101), e) 

(114), and f) (011) surfaces of AgNbO3. In all cases, the Fermi level was set at zero. 

 

It is crucial to ensure that the positions of the VB and CB edges are more positive 

than the oxidation potential and more negative than the reduction potential of the redox 

https://www.sciencedirect.com/topics/chemistry/oxidation-potential
https://www.sciencedirect.com/topics/chemistry/redox-potential


potentials of the desired products, or else, the reactions may not occur.[60, 61] This is 

because the reducing and oxidizing powers of electrons and holes, respectively, depend 

on the potential of these band edges and determine if the transfer of charge carriers is 

possible between the photocatalyst/substrate interfaces.[62] Therefore, we can predict 

which reactions can occur on the surface by comparing the surface band positions and the 

potential formation of different ROS. [46, 63]  To ensure the utilization of photogenerated 

electrons for conversion of dissolved O2 molecules to ●O2
- free radicals, the conduction 

band should be located at a more negative potential than the -0.33 V (O2/•O2
-), whereas 

for the valence band, a more positive potential than +1.90 V (•OH/OH‒) or +2.32 V 

(H2O/•OH) is required, as shown in Figure 5. In addition, the potential of methane 

conversion from carbon dioxide is included. 

 

 

Figure 5. Calculated values of the VB and CB edge potentials for the bulk and (010), 

(100), (101), (110), (011), and (114), surface models of AgNbO3. 

 

In this case, it was observed that the CB potentials were calculated to be more 

negative than O2/•O2
- standard potential, indicating that excited electrons can be used to 

activate the adsorbed O2 molecules to generate •O2
-. On the other hand, bulk, (010), (100), 

and (101) surface models exhibit VB edge closer to the H2O/•OH (2.33 V vs NHE at pH 

= 7) standard potential, making them more reactive in comparison to (110) and (114) 

surfaces. An analysis of Figure 5 renders that bulk and (010), (100), (101), (011), and 

https://www.sciencedirect.com/topics/chemistry/redox-potential
https://www.sciencedirect.com/topics/physics-and-astronomy/conduction-band
https://www.sciencedirect.com/topics/physics-and-astronomy/conduction-band
https://www.sciencedirect.com/science/article/pii/S2667022422000792#fig0002


(114) surfaces are active in oxygen and hydrogen evolution reactions (OER and HER) 

associated with the water splitting mechanism.[64, 65]  

Surface frustrated Lewis pairs (SFLPs) on metal oxides consist of proximal Lewis 

acid and Lewis base sites that are spatially prevented from bonding and working 

synergistically to induce polarization of small molecules adsorbed in the surface, allowing 

it to undergo heterolytic cleavage.[66] The SFLP sites on the AgNbO3 surfaces include 

coordinate-unsaturated Lewis acid Ag or Nb atoms and an adjacent Lewis base superficial 

O atoms (twofold coordinated), which can serve as sites for the synergistic activation of 

H2O and O2, as depicted in Figure 6. Specifically, the bonding and antibonding orbitals 

of the H2O molecule interact simultaneously with the empty orbital of Lewis acid and the 

non-bonding orbital of the Lewis base, respectively. The transfer of electrons from the 

bonding orbitals of the H2O molecule to the empty orbitals of the Lewis acid, as well as 

the transfer of lone-pair electrons from the Lewis base to the antibonding orbitals of the 

H2O molecule, resulting in the polarized heteroclinic cleavage of the H2O molecule. Then, 

the O2 and H2O adsorption processes on the AgNbO3 (010), (100), (101), (011), and (114) 

surfaces as a first step for the generation of ROS are studied.   



 

Figure 6. Bader charge values for Surface frustrated Lewis pairs of a) (010), b) (100), c) 

(101), d) (110), e) (114), and f) (011) surface of AgNbO3.  

 

 

3.3. Adsorption process of H2O and O2 at the surfaces 

 

The values of Eads of H2O follow the order: (110) > (010) > (101) > (100) > (114) 

> (011), as can be seen in Figure 7.  The interaction of the adsorbed H2O molecule at the 

(010) and (100) surfaces occurs using the superficial Nb centers, whereas on the other 

surfaces, the interaction is through Ag centers.  In all cases, the adsorption mechanism 

can be classified as a physisorption behavior with non-bonding interactions between 

undercoordinated Nb/Ag centers with the oxygen atom of H2O and concomitant 

formation of a H-bond with adjacent oxygen anions at the surface. 

 



 

Figure 7. Side views of H2O adsorption (cyan) on low-index surfaces a) (010), b) (100), 

c) (101), d) (110), e) (114), and f) (011) surface of AgNbO3. Selected values of Nb-O, Ag-

O, and H-O distances (Å). Values of the adsorption energies (Eads) were included for 

comparison purposes. 

 

 

 

 

 

 



Based on the optimized geometries depicted in Figure 7, it was observed that in 

all cases, one of the O-H bonds (red-color) from H2O molecule becomes larger, 

suggesting that superficial undercoordinated oxygen atoms interact with H species, while 

OH moiety remains adsorbed on the undercoordinated Ag/Nb centers.  

The water adsorption process implies an electron density transferring from H2O 

to the surface, confirmed in the charge transfer isosurfaces shown in Figure 8.  

 

 

Figure 8. Charge-transfer isosurfaces (0.003 e/Å³) for H2O (in cyan) adsorption process 

on a) (010), b) (100), c) (101), d) (110), e) (114) and f) (011) AgNbO3 surface models. 

 

From an inspection of Figures 7 and 8, it was noted that the highest adsorption 

energy for (110) surface (Figure 7d) is followed by a charge-transfer mechanism between 

superficial oxygen atoms that acts as acceptor (+0.1e in Figure 8d) from the electron 

density associated with the O-H water chemical bonds (-0.1e in Figure 8d). The higher 

adsorption energy was attributed to the double interaction between the O-H and 

superficial oxygen atoms. For the (010) and (100) surfaces (Figures 8a and 8c), higher 

amounts of electron density were transferred, involving not only the H atoms but also the 

oxygen that interacts with the superficial Nb cations receiving +0.2 - +0.3e from the 

undercoordinated cations. In other cases, the surfaces exhibited a slightly reduced charge 

transfer, where the major values were associated with the acceptor (+0.1e) behavior of 

superficial oxygen atoms and donor behavior of undercoordinated silver centers (-0.1e). 



Furthermore, the electronic structure of AgNbO3 surfaces was analyzed after the 

H2O adsorption through the atom-resolved DOS exhibited in Figure 9. In all cases, the 

band gap was slightly reduced compared to pristine surfaces in the adsorption process 

(Fig. 4). The major changes were observed for (114) surfaces with a reduction of 0.2 eV 

after the water adsorption. In all cases, it was noted that the highest occupied molecular 

orbital (HOMO) from water interacts with the Ag/O atomic states. In contrast, the lowest 

unoccupied molecular orbital (LUMO) interacts with the Nb/O atomic states. 

 

Figure 9. Atom-resolved DOS projections for a) (010), b) (100), c) (110), d) (101), e) 

(114), and f) (011) surfaces of AgNbO3 after the H2O adsorption. In all cases, the Fermi 

level was set at zero. 



 

In the next step, the O2 adsorption mechanism was evaluated, as exhibited in 

Figure 10.  

 

Figure 10. Side views of O2 adsorption (cyan) on a) (010), b) (100), c) (101), d) (110), e) 

(114) and f) (011) AgNbO3 surface models. Selected values of Nb-O, Ag-O and O-O 

distances (Å). Values of the adsorption energies (Eads) were included for comparison 

purposes. 

 

In this case, it was observed that the O2 adsorption energies were smaller than for 

H2O, and the computed order was (110) > (114) > (100) > (101) > (010) > (011), being 

the (110) the most active surface. The optimized geometries for O2 adsorption indicate 

that bidentate interaction induced the highest adsorption enthalpies for (110) and (114) 

surfaces. Indeed, for such surfaces the O2 molecules interact with two superficial Ag-

centers, being the major differences associated with the lowest interaction distance for 

(110) surface, resulting in a most stable interaction. On the other surfaces, the adsorption 



mechanism involves only one Ag/Nb center. Furthermore, in all cases the adsorption 

mechanism can be associated with the physisorption process once no chemical bond was 

created after the adsorption. 

The optimized geometries for (010), (100), and (101) surfaces (Figures 10a-c) 

indicate that O2 molecules remain stable after the adsorption process. On the other hand, 

the O2 molecules adsorbed on the (110) and (114) (Figures. 10d-e) surfaces exhibit an 

enlarged O-O bond distance, which can be associated with the charge-transfer mechanism 

that generates the superoxide anion radical ●O2
-. In particular, the (114) surface exhibited 

an O-O bond distance of 1.307 Å, closer to the 1.312 – 1.332 Å values reported in the 

literature for ●O2
- species.[67] 

 

Figure 11. Charge-transfer isosurfaces (0.003 e/Å³) for O2 (in cyan) adsorption process 

on a) (010), b) (100), c) (101), d) (110), e) (114) and f) (011) AgNbO3 surface models. 

 

These results were confirmed by the charge-transfer isosurfaces plotted in Figure 

11. Indeed, the (110) and (114) surfaces exhibit a higher charge-transfer region associated 

with the bidentate interaction of O2 molecules with the superficial undercoordinated Ag 

centers (Figure 11d-e). In this case, the undercoordinated Ag donates electrons (-0.1e) to 

interact with the oxygen atoms that received the electron density (+0.1 or +0.2e). In the 

opposite direction, the other surfaces exhibited a more reduced charge-transfer region 

once one interaction path was formed, i. e., only one undercoordinated Ag or Nb center 

donated electron density (-0.1e) to interact with the O2 molecules.  



In this case, we can argue that the (110) surface is very active for both the H2O 

and O2 adsorption processes. Therefore, as a next step, the coadsorption mechanism was 

investigated for different types of scenarios ((110) and (114) surfaces) for the 

coadsorption of O2 and H2O on AgNbO3. In (110) surface, the obtained geometry is quite 

like the individual adsorption exhibited in Figures 7d and 10d, being the coadsorption 

energy (Ecoads = -173.08 kJ/mol) almost the sum of the individual values (-173.60 kJ/mol). 

In the case of (114) surface, unfavorable coadsorption energy (Eads = -89.67 kJ/mol) is 

observed compared to the sum of the individual values (-103 kJ/mol). Although both 

surfaces present surface clusters with different vacancies (surface coordination, see Table 

1) that favor adsorption, the coadsorption process was not favored, which is justified by 

the arrangement and the poor interaction between O2 and H2O molecules on these 

surfaces; however, despite of our computational efforts in testing different configurations, 

the best configuration was the one presented. 

The electronic structure of O2-adsorbed surfaces was investigated through the 

atom-resolved DOS plotted in Figure 12. In this case, the band gap was reduced for all 

surfaces due to the creation of intermediary energy levels within the fundamental band 

gap region of pristine AgNbO3 surfaces (see Fig. 4). These states were associated with 

the triplet spin-density distributed on antibonding (π*2p) O2 orbital, which was located 

between 0.94 – 1.95 eV. 



 

Figure 12. Atom-resolved DOS projections for a) (010), b) (100), c) (110), d) (101), e) 

(114), and f) (011) surfaces of AgNbO3 after the O2 adsorption. In all cases, the Fermi 

level was set at zero. 

 

Subsequently, the coadsorption process was studied on the (010) surface, in which 

the adsorbed H2O molecules interact with the superficial Nb centers, showing quite 

favorable adsorption energy. Figure 13 displays the coadsorption process in the (010) 

surface, yielding a coadsorption energy (Eads = -115.57 kJ/mol) more stable than the sum 

of the individual values (-112.74 kJ/mol). Indeed, the computed bond lengths and 

interaction pathways were calculated and are quite like the individual adsorption (Figures 

7a and 10a). The increased stability of the coadsorption structure can be associated with 



the smaller changes in the interaction process of the H2O molecule, while the O2 showed 

a more perpendicular adsorption process. 

 

Figure 13. a) Side-view of H2O/O2 co-adsorption (cyan) on (010) AgNbO3 surface, b) 

charge-transfer isosurface (0.003 e/Å³) and c) atom-resolved DOS. d) Optimized 

geometry after the H2O dissociation. Selected values of Nb-O, Ag-O, O-H, and O-O 

distances (Å).  

The electronic structure of the coadsorbed model (Fig. 13c) indicates a reduced 

band gap in comparison to pristine (010) (Fig. 4a) mainly due to the triplet spin density 

localization on antibonding (π*2p) O2 orbital, which was located between 1.63 – 2.0 eV. 

The H2O atomic states indicate the interaction of HOMO/LUMO orbitals with the 

fundamental VB and CB of AgNbO3 (010) Surface. 

In this case, the coadsorption process modulates an effective charge transfer path 

from H2O to O2, associated with the dissociation mechanism of water molecules to 

generate hydroxyl radicals •OH and activation of O2 to form a precursor of superoxide 

anion radical ●O2
-. Indeed, the H2O acts as an electron donor, yielding a mean Bader 

charge of 0.10e to the surface of the O anion (2x), resulting in the elongation of the O−H 

molecular bond from 0.97 to 1.02Å. On the other hand, O2 simultaneously acts as an 



acceptor, capturing a Bader charge of 0.1e from the surface, increasing the O-O bond 

distance to 1.262 Å, closer to the values reported in the literature for ●O2
- species.[67] 

The water dissociation energy was calculated as Ediss = -100.28 kJ/mol for the 

(010) surface with the coadsorbed H2O/O2 species. For comparison, the Ediss was 

calculated for the isolated H2O adsorption, where the computed value was higher (-76.45 

kJ/mol) than for the coadsorbed model.  

The dissociated •H and •OH adsorb selectively to specific surface sites, i.e., the 

undercoordinated O anions and Ag/Nb cationic centers, respectively. A twofold 

coordinated O anion adsorbed with an •H forms an sp3 electronic configuration with five 

valence electrons, as shown in Figure 14(a). This site is positively charged after releasing 

one excess electron. The O atom of the •OH adsorbed on the Ag/Nb cation forms, on the 

other hand, an sp2 electronic configuration with seven electrons, as shown in Figure 

14(b). This site is negatively charged after it leaves a hole. The twofold coordinated O 

anion and Ag/Nb catión at the surfaces can be considered as frustrated Lewis base and 

acid pairs, respectively. These Lewis base and acid sites are electron-rich and electron-

deficient with different electronic properties at the surfaces, where the activation of both 

H2O and O2 take place to initiate the formation of adsorbed •OH, •H, and •O2
- radicals, 

respectively. 

 

 

Figure 14. Schematic representation of electronic structures for (a) H-adsorbed and (b) 

OH-adsorbed on AgNbO3 surfaces after the water dissociation. Excess electrons and holes 

are donated to the semiconductor surface.  

 

After H2O dissociates, the excess electrons and holes recombine, while the 

positively charged •H and the negatively charged •OH remain at the surfaces. The positive 

and negative charges have been compensated by uniform negative or positive background 

charges to avoid divergence for the separate calculations of the •H and •OH adsorbed 

surface structures.[68] 



Therefore, the H2O/O2 coadsorption process induces a more stable product for the 

water bond-breaking mechanism, being an important step in ROS generation. When the 

4d orbitals of Ag/Nb are coupled to the 2p orbitals of the H2O and O2 adsorbates, the 

Ag/Nb state splits into localized bonding and antibonding states, showing significant 

overlaps with the 2p orbitals of the O atom, indicating that new bonds were formed and 

that Ag/Nb atoms can be used as the active site of the homolytic dissociation reaction. In 

addition, we can also observe that the density of electronic states crosses the Fermi level 

for the Ag/Nb 4d and O 2p orbitals, introducing abundant unoccupied states near the 

Fermi energy, which can provide channels for oxygen and hydrogen evolution reactions 

(OER and HER) associated with the water splitting mechanism. 

The optimized model after the dissociation (Figure 14c) indicates that the ⦁OH 

species was stabilized through a stronger interaction with vicinal Ag and Nb centers, 

while the remaining adsorbed ⦁H interacts with undercoordinated superficial oxygen to 

generate an OH species linked with Ag/Nb centers. The bond-breaking process 

approximates the adsorbed O2 to the Ag center involved in the ⦁OH stabilization. This 

fact suggests that, after the ⦁OH desorption, the following step involves the ⦁H abstraction 

from •O2
- to generate hydroperoxyl radical (⦁O2H).  

 

4. Conclusions 

Ringe et al. write: “Unlike in the bulk, at the nanoscale shape dictates properties” [62]. 

Thus, investigating the surface of semiconductors based on transition metal oxides is 

necessary to fully understand and improve their performance and application. In this 

work, we systematically investigated the stability, structural, and electronic properties of 

low-index (010), (100), (101), (110), and (011) surfaces, and (114) surface of AgNbO3 

using DFT first-principles calculations. Specifically, the active sites at the surfaces, 

surface energy, the electronic band structure, charge transfer and separation, are analyzed 

in detail. By analyzing the complexities of interactions of H2O and O2 molecules with 

these surfaces, we shed light on new possibilities for the initial stages of the generation 

of ROS. Overall, this work offers insights into the surface chemistry and forms the basis 

for further investigations of catalytic reactions on AgNbO3 surfaces. The main 

conclusions can be summarized as follows: (i) We have found the following stability order 

for the studied surfaces: (114) < (100) < (010) < (101) < (011) < (110); (ii) the 

combination of the calculated values of Esurf and Wulff construction was used to forecast 

the equilibrium morphology (octahedron) and the available morphologies of this material 



and their transformations; (iii) the modulation of Esurf values has allowed us to obtain the 

dodecahedron and prismatic morphologies, which match the previously reported  FE-

SEM and SEM images; (iv) the analysis of CB potentials for bulk and the studied surfaces 

indicated that excited electrons can activate the adsorbed O2 molecules to generate the 

⋅O2
- radical. Meanwhile, only (010), (100), and (101) surfaces exhibited VB edges closer 

to the H2O/•OH standard potential, making them more reactive for the generation of  ⋅OH 

radical; (v) the studied surfaces are composed by undercoordinated O anions and Ag and 

Nb cations, as frustrated Lewis base and acid pairs, respectively. The structure and 

electronic properties of these active centers control their reactivity; (vi) the values of Eads 

for H2O follow this order: (110) > (010) > (101) > (100) > (114) > (011), while for O2, 

the order of the Eads values is as follows : (110) > (114) > (100) > (101) > (010) > (011). 

The Eads of H2O on the AgNbO3 is superior to that of O2; (viii) the (110) surface exhibits 

the strongest Eads for both H2O and O2 molecules;  (vii) both (110) and (114) surfaces 

exhibit a higher charge transfer region associated with the double interaction of O2 

molecules with the superficial undercoordinated Ag centers; (viii) the undercoordinated 

O anions and Ag and Nb cations at the (110) and (010) surfaces selectively bind H2O and 

O2 molecules, opening an exothermically favorable pathway for the initial stages of the 

formation of reactive oxygen species, ⋅OH and ⋅O2
- radicals. Dissociatively adsorbed H2O 

yields the precursor of ⋅H and ⋅OH radicals, which are adsorbed strongly on both surfaces; 

(ix) the coadsorption process on the (010) surface induces an effective charge transfer 

path from H2O to O2, to enhance the dissociation of H2O to generate the precursor of •OH 

and •H, as well as the activation of O2 to form the precursor of ●O2
-; (x) such charge 

transfer induced a more favorable dissociation of H2O for coadsorption process compared 

to single H2O adsorption, in the viewpoint of thermodynamics;  (xi) present findings 

reveal a previously unreported chemical mechanism for the generation of these highly 

reactive species at the surfaces, (xii) our calculations present a solid theoretical analysis 

of the surface properties of AgNbO3-based materials, providing the theoretical basis for 

further studies on the catalytic behavior of these exciting materials; (xii) we remark the 

necessity to describe crucial surface aspects in detail to control the exposure of specific 

crystal surfaces at the morphology that might be beneficial for the performance of these 

materials in a wide range of applications, but are challenging to observe with experiments.  
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