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Abstract

Monoclinic and orthorhombic FeNbO4-based materials have been developed for many applications, 

including as hydrogen sensors and solid oxide electrolysis cell (SOEC) electrodes. Here, we have 

employed density functional theory (DFT) calculations to investigate the bulk and surface properties 

of the monoclinic FeNbO4 structure, as well as water adsorption and dissociation on its pristine 

surfaces. Our calculations show that the high spin state Fe3+ cations have a relatively smaller Bader 

charge than the Nb5+ cations, which accounts for Nb-O bonds that are stronger than the Fe-O bonds. 

The analysis of the density of states (DOS) shows that the O 2p orbital occupies most of valence 

band, including its maximum (VBM), with negligible contributions from the 4d and 3d orbitals of 

Nb and Fe cations, respectively. We found that the 3d orbitals of Fe occupy the conduction band 

minimum (CBM), which explains that electrons are conducted via the Fe-O-Fe framework. The 

calculation of the elastic constants demonstrates that pure monoclinic FeNbO4 is mechanically 

stable. We have also considered the thermodynamic stability and structures of the seven low Miller-

index surfaces and found that the (010) facet has the lowest surface energy and expresses the largest 

area in the Wulff crystal shape of the particle. Finally, we have simulated the interaction of water 

with the Fe3+ and Nb5+ sites of the four most stable surfaces and found that the dissociative 

adsorption of water takes place only on the (110) surface, which has important implications for the 
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use of this material as a SOEC electrode.

Introduction

In recent years, research has intensified into the development of the ABO4-type oxides, including 

iron niobate (FeNbO4)1-6. So far, three different FeNbO4 phases have been reported, i.e. the 

monoclinic wolframite-type structure (m-FeNbO4, space group P2/c), the orthorhombic 2-

type structure (o-FeNbO4, space group P2/c) and the rutile-type structure (r-FeNbO4, space group 

P42/mnm)7. Under ambient conditions, m-FeNbO4 has the most stable structure,7-8 where both Fe3+ 

and Nb5+ are coordinated by six oxygen ions, forming stable octahedra. In addition, the Fe3+ and 

Nb5+ cations are distributed in an ordered fashion along zig-zag chains of [FeO6] and [NbO6] 

octahedra.8 The m-FeNbO4 phase is stable up to 1050 ,7 which is the temperature at which the 

cation distribution becomes disordered. The complete phase transformation is observed near 1100  

with the resulting materials showing a typical  and rutile-type structure in the range of 

temperatures 1100 - 1380  and 1380 -1450 , respectively 7-9.

Out of the three iron niobate phases, m- and o-FeNbO4 are promising materials for many 

applications. For example, m-FeNbO4 has excellent potential as a gas sensor material10-12, owing to 

its good electrical properties due to the similar radii but different valence states of the Fe and Nb 

cations, whereas o-FeNbO4 has been investigated as a photodetector for solar energy conversion 

devices13-15 and an anode material in solid oxide fuel cells (SOFC)2, 16. Conventionally, nickel metal 

particle-based materials have been used widely in the cathodes of solid oxide electrolysis cells 

(SOEC) owing to their significant advantages, i.e. low cost, good catalytic ability and high 

electronic conductivity17-19, although they also have disadvantages, such as coarsening and depletion 

of Ni particles20-21. In order to improve the stability of the cathode, suitable ABO3 perovskites are 

being explored as replacements for the Ni metal, or other metals are introduced form more stable 

alloys with Ni18-20. Interestingly, both m- and o-FeNbO4 have shown potential as replacement 

materials for the Ni metal, owing to their proven catalytic efficacy and anti-depletion properties in 

the cathodes of SOEC5, where the splitting of water vapor takes place. 

However, no computational studies have been carried out on the surface properties and reactions 
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with gases, especially the water vapor splitting, of the m- and o-FeNbO4 phases. In this work, we 

have employed density functional theory (DFT) methods to study the bulk and surface properties, 

as well as water molecule adsorption and its dissociation reaction, on the m-FeNbO4 material.

Computational methods

In this study, all DFT calculations were carried out using the Vienna Ab initio Simulations Package, 

VASP (version 5.4.4)22-25. The projector-augmented wave method (PAW)26 and the generalized 

gradient approximation (GGA)27 with the Perdew-Burke-Ernzerhof (PBE) density functional were 

used to describe the ion-electron interaction and the exchange-correlation interaction, respectively. 

All calculations were performed using spin-polarization and we have treated the following as 

valence electrons: Fe(3p63d74s1), Nb(4p65s14d44s2), O(2s22p6) and H(1s). To describe the electronic 

structures, we have used the on-site Coulombic interaction (DFT+U)28 for the Fe 3d electrons with 

an U-J value of 4.3 eV. Following a series of test calculations, the kinetic energy cutoff for the plane 

wave basis was set at 500 eV. The Henkelman algorithm was used to calculate Bader charges.29 

The FeNbO4 bulk unit cell used in this work is the 1x1x1 P/2c monoclinic cell and the surface 

models were obtained using METADISE 30. After cleaving the surfaces, we relaxed the top half of 

the atom layers and kept the bottom half of layers fixed at their bulk positions. The surface energies 

of the relaxed ( ) and unrelaxed ( ) systems can be obtained through the following equations31-34:=       (1)
+ =   (2)

Where  and  refer to the total energy of the unrelaxed and half-relaxed slabs, 

respectively;  refers to the energy of the bulk containing the same number of formula units as 

the surface;  refers to the surface area of one side of the slab. In addition, 6x6x6, 4x4x1 and 1x1x1 

gamma-centered Monkhorst Pack grids were used for the simulation of the bulk, surface slabs and 

isolated water molecule, respectively. The water molecule was modelled inside a large box of 

10x10x10 Å3.

All calculations of the bulk and surface and the water adsorption and dissociation reaction were 
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performed with the conjugate gradients method with a convergence criterion of 0.01 eV/Å. For the 

adsorption calculations, we added a single water molecule above the pristine surfaces. In addition, 

we employed the climbing image nudge elastic band (CI-NEB) method35 to study the transition 

states between the molecular adsorption and the dissociated states of water. For the transition states, 

we inserted four images along the minimum energy path (MEP) to calculate the saddle points, where 

the calculations were carried out using the limited memory Broyden Fletcher Goldfarb Shanno 

(LBFGS) method36 until the forces were smaller than 0.05 eV/Å. We confirmed that each transition 

state has an imaginary vibrational frequency along the reaction direction. 

The variation of the Helmholtz free energy  in the process of adsorption and dissociation can 

be expressed as: =      (3)
where  is the change in energy, T is the temperature and  is the change in entropy.

For a solid phase,  can be calculated as:37-38= EDFT + EZPE     (4)
where , , and  are the variation of the electronic energy obtained from the DFT EDFT EZPE
calculations, the zero-point energy correction, and the vibrational contribution to the entropy, 

respectively. In this work,  and  have been obtained by calculating the vibrational EZPE
frequencies, as shown in the ESI. The thermodynamic data for gaseous H2O are obtained from 

experimental data.39 

The  for the adsorption and dissociation of H2O on the surfaces can be expressed as:EDFT EDFT = Esur + adsorbate (Esur + EH2O)          (5)
where  represents the total energy of the surface-adsorbate system,  represents Esur + adsorbate Esur
the total energy of the pristine surface and  represents the energy of the isolated H2O molecule. EH2O
In this work the adsorption free energy was calculated at the representative temperatures of 0, 300 

and 600 K under a pressure of 1 atmosphere. Once adsorbed at the surfaces, the water molecule is 

treated as a part of the solid phase.

The equilibrium morphology of a FeNbO4 particle was constructed by means of the Wulff method, 

where the free energy of a given surface is proportional to the distance from the center of the 

polyhedron to that surface40. Under the conditions of our calculations, i.e. at 0 K and in the absence 
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of oxygen vapor, the surface energy obtained through static calculations is equal to the surface free 

energy  p)), since the surface slab has the same stoichiometry of the bulk. This method has 

been shown to describe successfully particle morphologies of many materials31, 41-44. The scanning 

tunnelling microscopy (STM) images of the exposed surfaces of FeNbO4 were calculated using the 

Tersoff-Hamman approach as implemented in HIVE45. We selected a range from -1.7 eV to the 

Fermi level to integrate the partial charge density of the STM images.

Results and Discussion

Bulk Properties

The structural parameters of FeNbO4 after optimization are listed in Table 1. The computational 

prediction of the lattice parameters compares very well with the experimental values, as the 

deviation is within 1.5 %. The optimized  angle is not 90 ° (90.4 °), again in agreement with the 

conditions of a monoclinic structure, and has the same value as in experimental reports (90.4 °), and 

the bond lengths are shown in Figure 1.

Table 1 Lattice parameters of FeNbO4 and related interatomic distances after optimization 

Fe-O (Å) Nb-O(Å) a (Å) b (Å) c (Å)  (°)  (°)  (°)

Simulated

(experiments)10

2.030 

(2.014)

1.997

(1.927) 

2.109

(2.115) 

2.170

(2.161) 

1.981

(2.008) 

1.901

(1.858) 

4.687

(4.637)

5.691

(5.607)

5.038

 (4.992)

90

(90)

90.4

 (90.1)

90

(90)
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Figure 1 Lattice structure of FeNbO4 after optimization.

Furthermore, we have employed an initial high-spin electron distribution for the Fe3+ cations (5.2 

B ) to study the effect of different spin configurations on the magnetization properties of the bulk. 

We have set up a 2x2x2 supercell, where we considered two antiferromagnetic configurations and 

the ferromagnetic structure, which are denoted as AFM1, AFM2, and FM, respectively. As shown 

in Figure 2, adjacent Fe3+ layers perpendicular to the [100] direction have antiparallel spin 

orientation in AFM1, whereas AFM2, in contrast, is characterised by antiparallel spin orientation 

within each Fe3+ layer. For the FM configuration all Fe3+ cations have the same spin orientation. 

The calculated bulk properties are listed in Table S1, which shows that the effect of the magnetic 

ordering on the lattice parameters, the atomic Bader charges (q) and magnetic moments  are 

insignificant for FeNbO4. Specifically, as expected Nb atoms lose more electrons than Fe and thus 

form stronger bonds with O. The Fe cations have a large calculated value of 4.27 B, which is close 

to experiment (4.66 B)46, indicating that these cations are in a high spin state, in both spin channels. 

Unlike the Fe cations, Nb loses all of its 4d valence electrons and thus has a very low, almost zero 

value of  Remarkably, the ground state energy differences of these three types of magnetic spin 

configurations for m-FeNbO4 are negligible (maximum ~0.04 eV/unit cell), that even if we were to 

take the AFM1 structure as the most stable structure, in agreement with earlier assumptions46-48, it 

is likely that there will be a mixture of the three magnetic structures occurring, potentially in 

different domains of the material.
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Figure 2 Three different magnetic structures for m-FeNbO4; (a): antiferromagnetic 
structure 1 (AFM1); (b): antiferromagnetic structure 2 (AFM2); (c): ferromagnetic 

structure (FM);

The PDOS plots of the three magnetic structures of m-FeNbO4 are shown in Figure 3, where the 

distribution of bands near the valence band maximum (VBM) and the conduction band minimum 

(CBM) as well as their band gap energy (~2 eV) are very similar, which is very close to the 

experimental value (1.81-2.2 eV)47. In all three phases, the O 2p orbital occupies almost the entire 

valence band, including its maximum (CBM) with negligible contribution from the Nb and Fe 

cations. Moreover, the t2g and eg orbitals of Fe (3d) occupy most of the  channel of spins of the 

conduction band, including the conduction band minimum (CBM), with minor contribution in the 

 channel. The t2g and eg orbitals of Nb (4d) mostly occupy both the  and  channels in the 

conduction band far from the CBM. This result is consistent with the high and low spin state of the 

Fe and Nb ions, respectively. In addition, both the Fe and Nb t2g orbitals occupy a larger area than 

the eg orbitals in the conduction band, showing the distribution priority of electrons when there is a 

charge transfer process. So far, our results suggest that the electron conduction mechanism involves 

a promotion from the O 2p (VBM) to the Fe 3d orbitals (CBM), i.e. in the Fe-O-Fe framework, 

which corresponds to experimental results48.We have also demonstrated that the spin configuration 

have a minimal impact on the bulk properties of the material and therefore subsequent calculations 

were carried out using the FM phase for the sake of simplicity.
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Figure 3 Projected of the total density states (PDOS) for the Fe, Nb and O in the AFM1, AFM2, 
and FM phase.

Finally, we have calculated the elastic constants Cij where the finite difference technique was 

employed to determine the elastic tensor by performing finite distortions in the direction of each 

Cartesian coordinate of the lattice and deriving Cij through the stress-strain method as:49-50

= 1 2      (6)
where E is the total energy of the stressed cell, V is the equilibrium volume and  is the component 

of the applied strain. For the AFM1, AFM2, and FM spin configurations of FeNbO4, there are 13 

independent elastic constants (C11, C22, C33, C44, C55, C66, C12, C13, C23, C15, C25, C35 and C46), which 

are listed in Table S2. It is clear that the elastic constants for the three phases are virtually the same, 

demonstrating that the spin orientation has a negligible influence on the mechanical properties.

The twelve stability criteria that monoclinic phases must meet are listed in the supplementary 

material.51 Here, we have selected the elastic constants calculated for the FM configuration using 

the 1x1x1 supercell of FeNbO4 (P 2/c) to discuss our results and compare them to other types of 

ABO4 materials in Table 2.
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Table2 Elastic constants for monoclinic FeNbO4, HoNbO4 LaNbO4 and YTaO4.
Elastic constant FeNbO4 (P 2/c) HoNbO4 (P 21/c)52 LaNbO4 (I 2/a)53 YTaO4 (I12/a1)54

C11 (GPa) 274.1 387.8 242.0 354.9
C22 (GPa) 269.8 292.3 177.0 291.9
C33 (GPa) 318.8 383.4 212.0 343.0
C44 (GPa) 74.5 44.6 43.9 88.1
C55 (GPa) 102.1 30.8 11.8 82.8
C66(GPa) 57.1 51.9 53.6 73.5
C12 (GPa) 144.1 147.8 83.8 112.3
C13 (GPa) 148.5 194.9 185 146.1
C23 (GPa) 119.7 141.3 49.8 122.5
C15 (GPa) -6.8 -35.3 4.1 1.0
C25 (GPa) -11.7 -2.7 -16.4 -20.3
C35 (GPa) -22.9 15.2 29.3 -57.5
C46 (GPa) 10.2 7.0 -8.9 -1.6

Few experimental studies of monoclinic ABO4 structures have discussed elastic constants, and in 

Table 2 we have therefore compared with computational results on other monoclinic ABO4 

materials, which shows a similar trend. As regards parameters C11, C22 and C33 which measure the 

stiffness along the a, b and c Cartesian directions, respectively, C22 (269.8 GPa) is smaller than both 

C11 (274.15 GPa) and C33 (318.86 GPa), indicating that m-FeNbO4 is softer along the b direction, 

which is the same trend as seen in the HoNbO4 (space group P 21/c) structure, where the values of 

C11, C22 and C33 are 244.3 GPa, 231.2GPa and 272.1 Gpa, respectively54. As to C44, C55 and C66, 

which are linked to the shear deformation of the (100), (010) and (001) along the b, c and a directions, 

respectively, C66 has the lowest value (57.07 GPa), demonstrating that it is easier for the m-FeNbO4 

phase to shear in the (001) surface along the a direction than in the other two directions, which 

differs from the calculated results for HoNbO4, LaNbO4 (space group I 2/a) and YTaO4 (space 

group I12/a1) where the value of C55 is the lowest54-56. Finally, C15, C25 and C35 are associated with 

the shear strain in the x-z plane when adding a stress along the a, b and c directions in the (100), 

(010) and (001) surfaces, respectively. Their values are negative, which shows that the  angle will 

decrease when a tensile stress is applied along the a, b or c direction, which could be also seen in 

the monoclinic HoNbO4, LaNbO4 and YTaO4 structures52-54.

In a summary, we have demonstrated that the bulk properties would not be affected in a large degree 

by the spin direction of Fe3+ and thereby in order to simplify the calculations in the following section 
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we would take 1x1x1 FM unit cell to build the surface models.

Simulation of the Low-Miller index surfaces

The m-FeNbO4 lattice shows a high degree of asymmetry, as discussed above, and in order to 

identify the lowest energy and exposed surfaces for potential water adsorption and dissociation, it 

is necessary to consider all inequivalent low-Miller index facets. We have therefore calculated the 

surface energies of the different terminations of each of the 7 lowest Miller index surfaces, listed in 

Table 3. We also determined the type of surface terminations obtained, according to Tasker’s 

method55, which identifies three types of surfaces (type , , and ), depending on the stacking 

of the planes of different types of atoms in an ionic crystal. In a type  surface, the overall charge 

of each plane is zero due to its stoichiometric ratio of cations and anions, which makes it a non-

polar surface. In a type  surface, any dipole moments are cancelled out due to the symmetrical 

stacking of three charged planes. However, in a type  surface, charged planes are stacked in an 

alternating sequence, which causes a net dipole moment perpendicular to the direction of the 

stacking of the planes. As a result, type  or  surfaces are stable and do not reconstruct, since 

there is no net dipole perpendicular to the stack direction within the stoichiometric repeat unit. A 

type  surface, on the other hand, needs to be reconstruction to remove the net dipole, which we 

have achieved by moving half of the ions from the top layer to the bottom of slab to cancel out their 

dipole moments, thereby obtaining a surface slab with overall zero net dipole. From Table 3, we 

can see that the (100), (011) and (111) are type  surfaces, which were therefore reconstructed 

through METADISE30 to obtain a non-dipolar surface slab. In addition, the magnetic moments of 

Fe cations in the top layers decrease with respect to the 4.27 B value simulated in the bulk, where 

the extent of the reduction is based on their reduced coordination number with the surrounding 

oxygen ions. For example, the fully-coordinated Fe cations in the (001) and (111) surface terminated 

with O have a larger magnetic moment (~4.22 B ) than in the (110) surface (4.05 B ), where only 

three oxygen ions are coordinating the Fe cations. Electrons remain in the undercoordinated Fe ion, 

thus causing the reduction of its magnetic moment. 
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Table 3 Surface energy and magnetic moment for the low-Miller index surfaces of FeNbO4

The models of the simplest (001), (010) and (100) facets are shown in Figure 4. All slabs have the 

exposed atoms arranged regularly in the top and bottom layers. Nb and O form stronger bonds than 

Fe and O and, therefore, cleaving the surfaces with Nb in the top layers costs more energy than 

when Fe is in the top layers. For example, despite the Fe and Nb ions exposed in the top layer both 

having 3 dangling bonds in their two respective terminations of the (100) facet, the Nb termination 

has a larger surface energy of 13.25 eV/nm2 compared to 7.23 eV/nm2 for the Fe termination. 

Similarly, the (010) surface with the O-Fe-O termination has the lower energy of 1.97eV/nm2 – and 

the lowest of the series of surface since there are only 2 dangling bonds per Fe atom – whereas the 

O-Nb-O termination also with 2 dangling bonds per Nb atom has a higher surface energy of 4.41 

eV/nm2. These results also highlight the impact of the number of dangling bonds in the top layer on 

the surface energies. 

Surface Termination Tasker 

type

Surface Energy 

(eV/nm2)

Fe B) on top layer

001 O 5.27 4.22

010 O-Fe-O/O-Nb-O 

terminated

1.97/4.41 4.10/-

100 Fe/Nb terminated 7.23/13.25 4.05/-

011 Fe/Nb terminated 3.47/7.51 4.13/4.15

101 O terminated 4.54 4.18

110 Nb-O-Fe/O 

terminated

3.32/4.02 4.19/4.19

111 O/Nb terminated 3.08/4.54 4.21/4.17
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Figure 4 Model of the (001), (010) and (100) FeNbO4 surfaces and their energies: O atoms are in 
red; Fe atoms are in yellow and Nb atoms are in green.

In the more complex (011), (101), (110) and (111) surfaces, which are presented in Figure 5, the 

atomic configuration is less regular than in the previously discussed surfaces. In the (011) facet, 

although there is a similar atomic arrangement in the two different terminations if we ignore the 

type of metal cation type, the surface terminated with Fe cations has a much lower surface energy 

(3.47 eV/nm2) than the Nb terminated surface (7.51 eV/nm2), since the Nb cations in the former 

plane have a larger coordination number than in the latter surface. This situation also occurs in the 

(111) facet, where there are more dangling bonds per Nb atom in the Nb termination (3.08 eV/nm2) 

than in the O termination one (4.54 eV/nm2), despite a similar atomic arrangement. In addition, for 

the (101) facet there is only one surface type with a surface energy of 4.54 eV/nm2 and although it 

has the same atom coordination as the (011) Fe termination, the latter’s surface energy is remarkably 

larger, due to the loose arrangement of atoms in the (101) surface. Surprisingly, the O termination 

of the (110) facet has a higher surface energy (4.02 eV/nm2) than the Nb-O-Fe termination (3.32 

eV/nm2), despite having fewer dangling bonds, which reflects the impact of the atomic arrangement 

on the surface energies. For example, we would suggest that the existence of the zig-zag FeOx-NbOx 

chains in the top layer could maintain the structural stability of the surface. 

To summarize, the atomic arrangement, the type of cation and number of dangling bonds in the top 

layers all affect the surface energy, which is therefore difficult to predict. The (010) surface with O-

Fe-O termination has the lowest surface energy (1.97 eV/nm2) within this group of low-Miller index 

surfaces, since it has a tight arrangement of surface atoms and only a few Fe-O dangling bonds.
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Figure 5 Model of the (011), (101), (110) and (111) FeNbO4 surfaces and their energies: O atoms 
are in red; Fe atoms are in yellow and Nb atoms are in green.

Following the calculation of the surface energies and in order to explore which surfaces will be 

exposed in the nanoparticles of FeNbO4 and have the potential to adsorb water, we constructed the 

Wulff morphology and calculated the STM images. Figure 6 shows the thermodynamic equilibrium 

crystal shape from the Wulff construction, which compares well with the particle morphology 

obtained experimentally56 where FeNbO4 particles display the gem shape, and we are thus confident 

that our calculations are able to predict the correct relative surface stabilities. Figure 6 indicates that 

the main planes exposed in the nanoparticle are the (111), (110), (010) and (011) surfaces, with the 

(010) facet occupying the largest exposed area. As such, we only focus on these four major facets 

for the analysis of the STM images and the discussion of the water adsorption.

Figure 6 Different views of the equilibrium morphology of the FeNbO4 crystal derived from a 
Wulff construction; a: vertical to <010> direction; b: side view.
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Figure 7 shows the STM images of the FeNbO4 (010), (011), (110) and (111) surfaces, where 

brightness represents height, i.e. the brighter the spot in the image, the closer is the ion to the STM 

probe tip. In the (010) surface, there is a distance of 1.30 Å between the topmost Nb and Fe ions, 

which are coordinated by four oxygen ions, two of which in the top layer and the other two in the 

sub-surface layer. The Fe ions lie above Nb and are therefore more exposed, making them good 

adsorption sites. In the (011) surface, Fe is clearly located in the top layer and is coordinated by two 

oxygen ions also in the top layer. The atom density and arrangement in the (110) surface is less 

packed than in the other three surfaces, which led to atomic rearrangements during optimization. In 

the (111) surface, more Fe cations with one dangling bond are exposed than Nb cations, whereas 

the Fe ions in the sub-surface layers are partially covered by the surrounding oxygen ions from the 

top surface layer.
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Figure 7 Scanning tunnelling microscopy (STM) images of the (010), (011), (110) and (111) 
FeNbO4 surfaces: O atoms are in red; Fe atoms are in yellow and Nb atoms are in green.

Adsorption and dissociation of water at the surfaces

In this section, we explore the adsorption of water, followed by its dissocation, at the Fe and Nb 

surface sites in the four main FeNbO4 surfaces expressed in the morphology, i.e. (011), (010), (110) 

and (111). 

Fe site

The optimized adsorption structures and energies at 0 K are shown in Figure 8. We can see that after 

optimization, the water molecules remain located above the Fe cations in both the (011) and (010) 

surfaces. In addition, the bond length between the interacting oxygen in water and the Fe ion in the 

top layer of the (011) surface (Ow-Fe) is the smallest (~2 Å) and closest to the Fe-O bond in the 

FeO6 octahedron in the bulk of FeNbO4. However, the Ow-Fe distance at the other three surfaces 

has a larger value of almost 2.2 Å. The largest adsorption energies of -1.02 and -0.82 eV were 

calculated at the (011) and (010) surfaces, respectively, which can be explained based on the 

adsorption configuration with the water interacting closely with the surfaces. 

To provide further information on the molecular adsorption, we have also plotted the charge transfer 

by calculating the charge density difference  according to Eq (7):
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     7= 4 2 4 2
which is shown in Figure 8, where yellow color represents charge depletion and blue color 

represents charge gain. We found a clear charge transfer for all four surfaces with electron 

accumulation near the Ow-Fe bond, confirming the formation of this bond during adsorption, which 

is also consistent with the adsorption energy analysis.

Figure 8 Most stable adsorption structures of H2O on the Fe site of the FeNbO4 (011), (010), (110) 
and (111) at 0 K and the related charge density difference: O atoms are in red; Fe atoms are in 

yellow and Nb atoms are in green.

We next analyzed the dissociation reaction pathways of the water molecule on the same four 

surfaces at 0, 300 and 600 K, shown in Figures 9 and S2. The values of zero point energy and 

vibrational entropy obtained from DFT calculations are listed in Tabe S3-5. The IS (initial state) 

represents the adsorption configuration where the surface-H2O interface is formed. We found that 

all the adsorption energies increase as the temperature rises, indicating that it becomes more difficult 

for a water molecule to attach to the surfaces, a process that becomes endothermic at large 

temperatures. Once adsorbed on the surfaces, the energy barriers from IS to TS are essentially the 

same on each surface for all temperatures. Specifically, in the mechanisms studied, the adsorbed 

water molecule dissociates to form surface-bound –H and –OH groups (final state: FS). On the (011) 

and (010) surfaces, we note a similar reaction path, where the bond between H and OH in the water 

molecule is broken and the H attaches itself to the nearest surface O in the top layer, with both 

adsorbate fragments binding the same FeO4 group. However, this reaction on the (010) surface has 
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the largest free energy barrier  = 2.6 eV, showing that the dissociation reaction is more difficult a
and less likely to proceed on the (010) surface than on the other three surfaces. On the (111) surface, 

the dissociation reaction pathway involves the H atom bonding the nearest surface O anion in the 

neighboring NbO6 octahedron, with a barrier of 0.66 eV. On the (110) surface, a remarkable 

difference from the above three pathways is observed in the dissociation process. After adsorption 

of H2O, the bridge between the FeO4 and NbO4 group in top layer is broken and the linking surface 

O anion moves towards its neighboring Nb cation. As a result, each H atom from the water molecule 

forms a hydrogen-bond with the surface O anion that used to connect the FeO4 and NbO4 groups, 

with an activation energy of just 0.16 eV, i.e. the smallest barrier observed for the four surfaces at 

0 K. During the dissociation process, the H atom from the water molecule coordinates the former 

bridging oxygen atom, which now belongs to the NbO6 octahedron. We can conclude that owing to 

the migration of the bridging O anion in the top layer and the formation of the hydrogen-bonds 

during the dissociation process, the (110) surface displays the most favorable pathway with the 

smallest barrier. In summary, the dissociation process on the (010) surface requires the largest 

energy to overcome the activation energy barrier, and the reaction on the (110) surface is therefore 

the most likely process to occur, since it requires the smallest activation free energy  = 0.16 eV a
and the largest free energy for the dissociation reaction  = -0.43 eV.diss

Figure 9 Water dissociation pathways in the FeNbO4 (011), (010), (111) and (110) surfaces; W+S 
refers to isolated water molecule and surface; IS refers to initial state; TS refers to transition 

state; FS refers to final state.
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Nb site

In this section, we investigated the reaction of a water molecule with the Nb cations in the top layer 

of the (011), (110) and (111) surfaces. Note that we did not consider this process on the (010) surface, 

since no Nb sites are exposed in the (010) surface. The adsorption structures after optimization at 0 

K are shown in Figure 10, from which it is clear that on all three surfaces the bond distance between 

the water molecule and the Nb sites is longer than at the Fe sites discussed in the previous section. 

On both (011) and (111) surfaces, the exposed Nb cation coordinates five oxygen anions from the 

top surface layer and the dangling bond is used by the adsorbed water molecule, which has a similar 

position and distance of ~2.28 Å to the two facets. The adsorption energy of a water molecule 

binding to the (011) surface is -0.87 eV at 0 K, which is smaller than at the Fe site (-1.02 eV). Note 

that Nb has a larger Bader charge and we therefore should expect the interaction between Nb and O 

to be stronger than between Fe and O. However, we consider that these unexpectedly lower 

adsorption energies are caused by steric effects at the adsorption sites from the neighboring atoms. 

For example, despite both Fe and Nb having six-fold bulk coordination, the Fe cation in the (011) 

surface is coordinated by only four oxygen anions, making it a more available adsorption site than 

the Nb cation, which has a coordination number of five and is therefore less accessible for molecular 

adsorption. Moreover, for a similar arrangement of the surface O near the adsorption site, we found 

that the adsorption energy released at the Nb site is 0.02 and 0.78 eV larger than at the Fe site of the 

(110) and (111) surfaces at 0 K, respectively, despite the longer Nb-O bond distance compared to 

the Fe-O interaction.

Figure 10 Most stable adsorption structures of H2O on the Nb site of the FeNbO4 (011), (110) and 
(111 at 0 K and the related charge density difference: O atoms are in red; Fe atoms are in yellow 
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and Nb atoms are in green.

To gain further insight into the interaction mechanism, we next calculated the charge transfers 

between the water molecules and surfaces, shown in Figure 10. Similar to the result at the Fe site, 

we found charge transfers between all the three surfaces and the water molecules, with the electron 

density accumulating near the interacting Nb-Ow bond.

Finally, we calculated the water dissociation pathways at the Nb site on the three surfaces, which 

are shown in Figure 11 and S3. Similar to the reactions on Fe site, our simulations also suggest that 

the adsorption becomes endothermic with the increment of temperature and after water dissociation 

the H migrates and attaches to the nearest O in the top surface layer. We also found that during 

water dissociation on the (110) surface, the system only needs to overcome a very small activation 

energy barrier of 0.27 eV at 0 k, compared to a barrier of 0.82 eV on the (011) surface and 0.36 eV 

on the (111) surface. Our calculations indicate that the water dissociation reaction on the (110) 

surface releases 0.43 eV of energy at 0 K, whereas this process on the other two surfaces is 

endothermic, requiring 0.53 eV and 0.12 eV, respectively. Unlike the process at the Fe site, the 

dissociation pathway at the Nb site on the (110) surface, does not induce the migration of the 

bridging O towards the Nb cation. In summary, the water dissociation reaction at the Nb site of the 

(110) surface is the most easily achieved with the smallest activation free energy value  = 0.27 a
eV and the largest free energy for the dissociation reaction  = -0.423eV. diss

Figure 11 Water dissociation pathway in the FeNbO4 (011), (110) and (111) surface; W+S refers 
to isolated water molecule and surface; IS refers to initial state; TS refers to transition state; FS 
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refers to final state.

Conclusions

In this work, we have carried out a comprehensive computational study of the bulk and surface 

properties of the monoclinic phase of FeNbO4, including the adsorption and dissociation reaction 

of water on its surfaces. The optimized bulk structure shows a typical monoclinic lattice with a 

unique axis b  where the Fe cations stay in a high spin state with a magnetization of 4.27 

B. The Bader charge of the Nb cations is larger than for the Fe atoms, which explains the stronger 

Nb-O bond compared to the Fe-O bond. The PDOS plot explains that the electron conduction takes 

place through the Fe-O-Fe sub-lattice, which is consistent with the experimental results. The 

calculated elastic constants meet all the stability conditions for the monoclinic phase. 

The (010) facet has the lowest surface energy and occupies the largest area in the Wulff construction 

morphology, where the (011), (110) and (111) facets are also exposed. The surfaces terminated with 

Nb cations with four- or three-fold oxygen coordination have the largest surface energy, owing to 

the strong Nb-O bond.

Finally, we studied the adsorption and dissociation reaction of a water molecule at the Fe and Nb 

sites exposed in the four surfaces expressed in the morphology. For all surfaces, the adsorption 

reaction will turn into endothermal with the increment of Temperature and, the most favorable water 

adsorption takes place at the Nb site of the (111) surface and at the Fe site of the (011) surface, 

realising adsorption energies of -1.17 and -1.00 eV, respectively. The dissociation of water at both 

the Fe and Nb sites could be achieved most easily on the (110) surface, which also displays the 

lowest activation energy barriers at 0 K, supporting the feasibility of this process. 
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