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Enhanced catalytic activity in Nb-doped TiO2 for electrochemical oxygen reduction reaction
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TiO2 has wide applications in catalysis and photocatalysis and is an attractive alternative to Pt or Pt-based
catalysts due to its abundance, low cost, and nontoxicity. However, it does not display any worthwhile catalytic
activity as far as the oxygen reduction reaction (ORR) is concerned. Attempts have been made to improve
the activity of TiO2 by doping and creating defects on the surface. Nb-doped TiO2 is experimentally found
to have good conductivity and electrochemical activity for low-Nb concentrations. This paper presents a
systematic modeling study of how Nb doping influences the ORR activity of anatase TiO2 using plane-wave
density-functional theory method. We elucidate the probable dopant sites, the effect of Nb doping on the oxygen
binding capability at active sites, the favored reaction pathway, and the transition state. We find a remarkable
enhancement in the capability of TiO2 to catalyze ORR upon doping with Nb. We have also modeled the effect
of solvation on the binding of oxygen and other reaction intermediates, using a model where water molecules are
added as a monolayer over Nb-doped TiO2. Solvation introduces additional hydrogen bonding, which improves
the binding of intermediates to the active site and lowers activation barriers. Our model for ORR in Nb-doped
TiO2 agrees with recent experimental results on the same.
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I. INTRODUCTION

Proton-exchange membrane fuel cells (PEMFCs) have
gained significant research attention due to their high
energy-conversion efficiency, high power output, absence of
environmental pollution, and potential applications in pow-
ering transportation and portable electronic devices [1–3].
During the discharging process in PEMFCs, the oxygen re-
duction reaction (ORR) occurs at the cathode. However,
the reaction is hindered by slow kinetics. An efficient cat-
alyst is required for the ORR to occur at a reasonable
rate. Pt and Pt-based materials have been widely employed
as catalysts for the ORR [4–6]. Nevertheless, the high
cost, low abundance, poor CO tolerance, and low durabil-
ity of Pt hinder the large-scale deployment of fuel cells.
Highly efficient cathodic catalysts are required to overcome
these challenges [7]. Thus, developing nonprecious-metal
based catalysts, such as transition-metal oxides (TMOs) [8],
perovskites [9], carbon-based materials [10], and metal ni-
trides [11,12] for replacing Pt catalysts is a much-pursued
research goal.

TMOs are potential candidates for ORR electrocatalysts
by their variable oxidation state, corrosion resistance, and
electronic conductivity [13–15]. Among these, TiO2 is widely
employed in catalysis and photocatalysis [16,17] due to its
abundance, nontoxicity, and stability under various condi-
tions. TiO2 occurs in nature in two different structures,
rutile and anatase. Rutile is the thermodynamically stable
phase of TiO2, while anatase is a technologically important
metal oxide widely used in various catalytic applications
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[18]. Unfortunately, in the case of ORR, anatase TiO2 is
inactive because its surface exhibits weak oxygen binding.
This weak binding hinders the breaking of the O–O bond,
which affects the overall progress of the ORR [19,20]. These
limitations can be overcome by employing various strate-
gies, such as metal doping, structural defects like oxygen
vacancies, and promoting strong metal-support interactions.
These strategies also trigger the electrical conductivity and
increase the donor density, enhancing the overall catalytic
performance.

Doping heterogeneous atoms is one of the straightforward
ways to enhance the ORR activity of TiO2. Previous reports
suggest that molybdenum-doped TiO2 with Pt support shows
resistance against carbon and enhances its ORR activity [21].
Elezović et al. [22] suggested that doping TiO2 with Ru in
the presence of a Pt support resulted in enhanced catalytic
activity compared to Pt/C. A novel Fe-doped TiO2-based
aerogel was developed, enhancing mass transfer and exposing
more active sites as an ORR catalyst. The presence of oxygen
vacancies and Fe doping in anatase increases the electrical
conductivity by generating impurity-energy levels, thereby
improving the kinetics of ORR [23]. Theoretical calculations
performed on Zn-modified TiO2 suggest a synergistic effect
between surface H and subsurface Zn interstitial, favoring
O2 dissociation [24]. Liu and co-workers conducted density-
functional theory (DFT) calculations and employed nudged
elastic band (NEB) method to investigate O2 adsorption on
anatase TiO2 (101) surfaces with subsurface Ti interstitials.
Their results revealed that the presence of subsurface Ti sig-
nificantly improved the O2 dissociation, thereby enhancing
the catalytic performance [25]. Deposition of noble metals
such as Au or Pt on the TiO2 surface enhances the ORR
activity [20,26,27]. Li et al. [28] synthesized novel TiO2 with
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oxygen vacancy-supported Pd nanoparticles, demonstrating
superior ORR activity and methanol tolerance. DFT calcu-
lations reveal the electron transfer from defective TiO2 to
Pd, resulting in an electron-rich environment that enhances
the ORR activity. However, due to the high cost of no-
ble metals, these materials are not beneficial for large-scale
applications.

Niobium-doped TiO2 (abbreviated as Nb-TiO2) is a
promising catalyst due to its relatively high conductivity
[29,30] and electrochemical stability. Arashi et al. [31] de-
veloped Nb-TiO2 as an electrocatalyst for ORR and found
that the optimal condition for ORR was achieved through
H2 treatment at a relatively high temperature. They observed
a significant decrease in the ORR activity of Nb-TiO2 after
postcalcination, which may be due to the reduction in the
conductivity and the removal of carbon residues. Chevallier
and co-workers proposed an innovative method for synthesiz-
ing Nb-doped nanocrystalline TiO2, which exhibits enhanced
electrochemical properties. Despite the slightly lower mass
activity obtained at 0.9 V vs reversible hydrogen electrode
(RHE), Nb-TiO2 shows the highest stability compared to other
catalysts [32]. Another group synthesized Nb-TiO2 nanofiber
support for Pt using the electrospinning technique and found
enhanced ORR activity and durability [33].

Furthermore, Nb-TiO2 in the rutile phase with Pt support
shows tenfold higher catalytic activity than Pt/C catalyst [34].
Alvar and co-workers pioneered the discovery of embedding
carbon onto Nb-TiO2 nanofibers and tested the ORR activity
with and without Pt support. The experiments also revealed
that Nb-TiO2 with 10% Nb exhibited superior properties to
those with 25% Nb. This is attributed to the higher concentra-
tion of Nb leading to the formation of oxide, while the lower
concentration allows for the incorporation of Nb into the TiO2

lattice [35]. Moreover, Nb-TiO2 films’ resistivity decreased
with the increasing Nb concentration up to 6.4 at. % [36].
A later work by Lee et al. [37] systematically synthesized
Nb-incorporated TiO2 through hydrothermal processes. The
x-ray-diffraction results showed a shift in the diffraction peak
of anatase TiO2 to a lower angle as the Nb content increased,
indicating the exchange of the Ti atom with the Nb atom and
a subsequent reduction in crystallinity.

Previous research [38–41] experimentally validated that
the Nb-TiO2 is ORR active. However, the exact pathway, pos-
sible doping sites/configurations, and the reaction mechanism
remain unknown to the best of our knowledge. Thus, a fun-
damental, model-based understanding of the role of dopants
in ORR catalyzed by Nb-TiO2 is essential, as they can sig-
nificantly alter the properties and performance of the catalyst.
We have carried out our studies of Nb-TiO2 in the low-dopant
concentration regime, where experiments see enhancement of
ORR activity. We have focused on the (101)-oriented anatase
TiO2 surface, which is the stable facet. Nb doping by substitut-
ing a Ti and occupation of interstitial sites are considered. The
stability of the dopant, the resultant changes in the electronic
structure of anatase TiO2, site preference for oxygen and ORR
intermediates adsorption, the preferred ORR pathway, and
the effect of solvation on binding and activation barrier are
investigated. The following section discusses our models and
the details of computational methods. Further, we present our
main results and discuss these.

II. COMPUTATIONAL METHODOLOGY

All calculations were performed using the Vienna
ab initio Simulation Package (VASP) [42,43], with a
spin-polarized first-principles approach. The Perdew-Burke-
Ernzerhof exchange-correlation functional was employed
with an energy cutoff of 540 eV for the plane-wave basis-set
expansion [44]. The van der Waals interaction was included
in all calculations through the semiempirical method of DFT-
D2 proposed by Grimme [45,46]. The interaction between
valence electrons and frozen cores was described by the pro-
jector augmented-wave method [47]. The generalized gradient
approximation plus Hubbard U (GGA + U ) method was used
to calculate the electronic structure of anatase TiO2 in order
to reduce the underestimation of the band gap and guar-
antee a qualitative description of the electronic properties.
The value of the Hubbard parameter was set to 4.2 eV for
Ti 3d as suggested in other theoretical works [48,49]. The
lattice parameter for the bulk anatase TiO2 was obtained as
a = 3.824 Å and c = 9.576 Å with GGA, and a = 3.888 Å
and c = 9.594 Å with GGA + U, which are in agreement with
the experimental values [50].

The anatase (001) facet has been reported to be the most
active surface in catalytic processes, whereas the (101) facet
is the most stable facet [51,52]. A 1 × 3 supercell of (101)
anatase TiO2 was modeled with three stoichiometric layers
(108 atoms in total), of which the bottom layer was fixed to
stimulate the bulk structure and the remaining layers were
relaxed. The Brillouin zone was sampled using a 3 × 3 × 1
Monkhorst-Pack grid [53]. During the structural optimization,
the electronic energy was converged to 10−5 eV and the total
energy to 10−4 eV. An 18-Å vacuum was added along the z
direction of the simulation cell to minimize any interaction
between periodic images.

The electronic structures of pristine and Nb-doped TiO2

were calculated. The formation energy of the substitution-
doped system is calculated by the formula

E f = Etot − ETiO2 − μNb + μTi,

where Etot is the doped system energy, ETiO2 is the pristine
TiO2 energy, μNb = μNbO − μO and μTi = μTiO2 − 2μO.
The formation energy of the interstitial doped system is

E f = Etot − ETiO2 − μNb.

The adsorption energies (Eads) of various adsorbents on
(101) anatase TiO2 were calculated through

Eads = Esys − Esurf − EX ,

where Esys, Esur f , and EX are the total energies of adsorbed
systems, the pristine or Nb-doped TiO2, and the energy of
an isolated adsorbate species, respectively. X indicates O2,
OOH, H, O, OH, H2O, and HOOH. More negative adsorp-
tion energies indicate strong adsorption. The enthalpy of the
reaction (�E ) and the activation energy (Ea) for dissociation,
protonation, and diffusion process were calculated using the
climbing-image nudged elastic band (CI-NEB) method [54].
The initial and final states were constructed based on the
adsorption of the chemical species on TiO2. Bader charges
[55,56] were calculated to determine the amount of charge
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FIG. 1. Top and side view of fully relaxed TiO2 slab (a, (b); Nb substituted at Ti6c site (c, (d); Nb substituted at Ti5c site (e), (f); and Nb at
interstitial site (g), (h), where blue, violet, and red spheres represent Ti, Nb, and oxygen, respectively.

transfer for the optimized geometries of free O2, Nb-doped
TiO2, and O2-Nb-TiO2.

III. RESULTS AND DISCUSSION

As stated previously, anatase TiO2 does not show any sig-
nificant ORR activity. Our study investigates the enhancement
of ORR activity in Nb-doped anatase TiO2. For this purpose,
we have constructed a model of the anatase (101) surface and
studied the substitution of Ti by Nb, its stability, and electronic
structure changes due to doping. The adsorption of O2 and
ORR intermediates over Nb-TiO2 was then investigated, with
a detailed study of the reaction pathway and transition state.

A. Niobium-doped structures

The fully relaxed structure of pristine anatase (101) slab
is shown in Figs. 1(a) and 1(b). The substitution of a single
Ti atom by Nb can be done in two different ways: replacing
a six-coordinated Ti (Ti6c), or a five-coordinated Ti (Ti5c).
The relaxed structures after these substitutions are displayed
in Figs. 1(c) and 1(d), and 1(e) and 1(f), respectively. It may
be noted that Nb substituted at Ti5c is at the surface while at
Ti6c, it is subsurface. Figures 1(g) and 1(h) show doping at
the interstitial site. Four distinct interstitial sites are available
for doping. Following Liu et al. [24], the sites are named
S1, S2, S3, and S4 (see Supplemental Material Fig. S1) [57].
S1 indicates that the Nb atom occupies a position along the
surface between two two-coordinated oxygens (O2c), while
S2, S3, and S4 are subsurface sites.

Formation energy of doped structures is calculated as given
in the previous section. All the considered doped systems have
different formation energies. Amongst the substituted sites,
we find that Nb substitution at Ti6c (−1.07 eV) has lower
formation energy than at Ti5c (−0.77 eV) site. The formation
energies for the interstitial doped configurations have been
calculated and tabulated (see Supplemental Material Table S1)
[57]. The results reveal that the S4 dopant site (3.45 eV) is
relatively more stable than the others.

In order to understand more about the stability of the in-
terstitial doping of TiO2 with Nb, we have considered the

possibility of diffusion of the dopant from the surface to
subsurface position. Using the CI-NEB method, the transfor-
mation from S1 to S4 is calculated to analyze the stabilities
of S1, S2, S3, and S4. The results of these calculations are
displayed in Fig. 2. Two metastable interstitials, S2 and S3,
were identified during this transformation. Nb at S1 diffuses
to S2 with a barrier of 0.47 eV, then to S3 with a barrier
of 0.17 eV, and finally to S4 with a barrier of 0.46 eV. The
maximum barrier is thus 0.47 eV from S1 to S4, while for
the reverse diffusion from S4 to S1, it is greater than 0.90 eV.
Therefore, we conclude that interstitial Nb could stably occur
in the subsurface S4 site. Hereon, the term interstitial doping
in this study will refer to only the stable S4 configuration.

It is also found that the computed adsorption energy of O2

on Nb is maximum at the S1 site (−4.60 eV), and lower for
all other interstitial sites. Correspondingly, the bond length
of adsorbed O2 is also very high at 1.48 Å, implying a very
strong binding (see Supplemental Material Figs. S2 and S3)

FIG. 2. Potential-energy profile for diffusion of doped Nb atom
in interstitial site of pristine TiO2 (101), where blue, violet, and red
spheres represent Ti, Nb, and oxygen, respectively.
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TABLE I. Structural parameters of Nb-doped TiO2. All distances
are in Å.

5c site (Å) 6c site (Å)

In plane Out of plane In plane Out of plane

System x y z x y z

Pristine TiO2 1.99 1.84 1.80 1.95 2.09 1.88
Ti6c 1.97 1.88 1.82 1.95 2.12 1.92
Ti5c 1.99 1.85 1.81 1.93 2.20 2.00
Interstitial 1.99 1.89 1.92 1.95 2.23 1.84

[57]. These numbers help us to understand the reason for the
formation of Nb oxide at high levels of Nb doping, leading
to a loss of ORR efficiency, in the work of Alvar et al. [35].
At low doping levels, Nb would probably reach the available
subsurface positions S4 and fill these up, while at high doping
levels, a large number of interstitial Nb would be present on
the surface, which would then readily bind oxygen to form
oxide.

To further investigate the stability of Nb-doped TiO2,
ab initio molecular-dynamics (AIMD) simulations were per-
formed with a 2000-fs time step for the Ti6c, Ti5c, and the
interstitial doped structures with temperature, employing the
Nosé-Hoover thermostat. From the time traces of the MD
simulation and structures at 300 K, we observe that the total
energy of the doped system has very marginal fluctuations at
300 K (see Supplemental Material Fig. S4) [57]. This tells us
that the Nb-doped TiO2 structures are stable at room temper-
ature, without any distortions or bond breaks.

The TiO6 octahedra is a key element of the TiO2 structure,
with the Ti–O bonds dividing into in-plane (X-Y) and out-of-
plane (Z) directed bonds. In pristine TiO2, the optimized in-
plane Ti–O bond lengths are 1.99 and 1.84 Å, and out of plane
is 1.80 Å for the Ti5c site. For the Ti6c site, it is 1.95 and 2.09 Å
in plane and 1.88 Å out of plane. With doping of Nb, the bond
lengths are changed with further distortion of the octahedra,
as shown in Table I below. In the case of interstitial doped
TiO2, there is significant distortion due to the incorporation of
Nb. Ti atom at the surface immediately above the interstitial
site is pushed upwards by a distance of 0.12 Å from its initial
position to accommodate the Nb atom because of the larger
ionic radius of the Nb atom.

To reveal the influence of Nb doping on the electronic
structure of (101) TiO2 surface, the projected density of states
(PDOS) of Ti6c, Ti5c, and interstitial doped Nb TiO2 was
calculated (Fig. 3) and compared with that of pristine TiO2. In
pristine TiO2, the bottom of the conduction band is composed
of Ti 3d states, while the top of the valence band is composed
of O 2p states, as seen from Fig. 3(a). This description of
TiO2 is in good agreement with several previous descrip-
tions, where the low-energy parts of the conduction band are
deemed to be made of dxz, dyz (π∗), and dxy states of Ti,
while the dz2 and dx2−y2 form the higher-energy σ ∗ states. The
edge of the valence band is made mainly out of nonbonding
out-of-plane O pπ states and the π and σ states produced
out of hybridization of O 2p with Ti 3d . For a more detailed
description, the reader is referred to Peng et al. [58]. With

FIG. 3. PDOS of pristine and Nb-TiO2: (a) TiO2; (b) Nb doped
at Ti6c; (c) Nb-doped Ti5c; and (d) Nb interstitial doped TiO2.

Nb doping at Ti6c and Ti5c sites, the picture remains more
or less the same, with dopant Nb 4d states appearing in the
conduction band [see Figs. 3(b) and 3(c)]. The band gap is
slightly reduced in Nb-TiO2, which impacts the conductivity.
This is consistent with the results of experimental studies
of Nb-doped TiO2 [29]. In the case of interstitial doped Nb
[see Fig. 3(d)], midgap states are prominent close to Fermi
energy and are primarily composed of Ti 3d states; Nb 4d
states contribute to the conduction-band edge, and there is a
significant reduction the band gap compared to pristine TiO2.

B. Adsorption of O2 and ORR intermediates

To evaluate the ORR activity of Nb-TiO2, we examined
the adsorption of O2 and ORR intermediates on the surface.
First, we looked at adsorption of O2 on pristine TiO2, atop a Ti
atom. The initial step for ORR, which is the adsorption of O2,
plays a crucial role in the subsequent steps. The adsorption of
O2 on pristine TiO2 is very weak (see Table II for adsorption
energy), in the nature of physisorption. The gas-phase O–O
bond length, which is 1.23 Å, remains unaltered after adsorp-
tion. Hence, it may be concluded that pristine TiO2 is inactive
catalytically in ORR.

For Nb-TiO2, with Nb at Ti6c and Ti5c sites, the possible
adsorption sites have been identified and marked as A, B, and
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TABLE II. Computed values of adsorption energy of O2, O–O, and metal–O bond lengths for pristine and Nb-doped TiO2.

System Site Eads (eV) dO−O (Å) dM−O (d1, d2 ) (Å)

Pristine TiO2 Ti −0.13 1.23 (2.93, 3.78)
Nb-TiO2 Ti6c site A −0.88 1.32 (2.03, 2.05)

B −0.90 1.32 (2.03, 2.05)
C −0.81 1.31 (2.04, 2.04)

Nb-TiO2 Ti5c site A −0.87 1.32 (2.04, 2.04)
B (Nb) −1.16 1.33 (2.13, 2.13)
C −0.80 1.32 (2.04, 2.04)

Nb-TiO2 interstitial A −1.71 1.44 (1.86, 1.86)
B −2.57 1.45 (1.85, 1.85)
C −1.42 1.42 (1.89, 1.88)

C in Figs. 4(a) and 4(b). It is to be noted that in case of Ti5c,
the site B refers to O2 adsorption atop of Nb atom itself.

Of these three sites on Ti6c and Ti5c structures, the site
B is the preferred site for O2 adsorption, with adsorption
energies of −0.90 and −1.16 eV, respectively. These values
indicate significant chemisorption of the O2 molecule at these
sites. The adsorption energy for all sites in the Ti6c and Ti5c

structures are tabulated in Table II. We see that in all cases,
there is chemisorption of O2. Atop the Nb atom (B site for
5c), we see a particularly strong binding for the O2 molecule.
The O–O bond is found to be stretched from the gas-phase
values by ∼7%. The Ti–O bond length is now shorter than in
the case of pristine TiO2, with one of the Ti–O bonds being
longer than the other, owing to side-on configuration of the
adsorbed O2 molecule.

FIG. 4. Sites for O2 and intermediates adsorption on Nb-doped
TiO2. Available distinct sites are marked A, B and C on each figure.
(a) Ti6c, (b) Ti5c, (c) interstitial S4, and (d) O2 adsorbed on 6c doped
site, with relevant bond lengths marked. Blue, violet, and red spheres
represent Ti, Nb, and oxygen, respectively. Adsorbed O2 molecule is
in dark brown.

In the case of interstitial doped TiO2, the adsorption sites
are shown in Fig. 4(c). Again, B is the preferred site, showing
strong chemisorption. Additionally, the bond-length extension
of O2 at the B site is found to be 1.45 Å, which is suitable
for the formation of peroxide species (which has typical bond
length of ∼1.49 Å). Inspecting Table II, we see that in general,
adsorption at the interstitial site is stronger than other sites,
with O–O bonds stretched to lengths greater than 1.40 Å.

In all cases of doping, excess electrons from the d orbitals
of doped TiO2 are transferred to the 2π∗ orbital of O2. From
Bader charge analysis, the amount of charge transferred in
Ti6c, Ti5c, and interstitial is 0.42, 0.46, and 0.78 e−, respec-
tively. This results in the elongation of the adsorbed O2 bond
length at these sites. The magnitudes of the charge transfer
agree with the trends in adsorption at these sites. These excess
electrons are transferred from the TiO2 surface to the O2

molecule, leading to the formation of a peroxide radical.
The difference charge density due to O2 adsorption at the

B site in Ti6c, Ti5c, and interstitial are shown in Figs. 5(a)–
5(c). Figure 5(c) illustrates that the electron transfer is more
significant in the case of interstitial doped TiO2, with a
doughnut-shaped electron accumulation on each O of O2. In
contrast, the electron density is much lower in the case of
doping at Ti6c and Ti5c.

We have also optimized the configurations and calculated
the binding energies of other ORR intermediates (OOH, O,
OH, H, H2O2, and H2O) on Nb-TiO2 (see Supplemental Ma-
terial Table S2) [57]. These calculations indicate that the most
favorable adsorption site for all intermediates is the B site in
Ti6c, Ti5c, and interstitial Nb-TiO2. It is observed that O, OOH,
and OH are strongly chemisorbed on the Ti5c and interstitial
sites. Weaker O and OH species adsorption generally result
in higher catalytic activity. Thus, Ti6c Nb-TiO2 is expected to
exhibit better catalytic activity than the Ti5c and interstitial
one. It is also found that H atom binds well onto the O
atoms in TiO2. These sites have either two coordinated or
the three coordinated oxygens, with the two coordinated sites
being preferred for H adsorption (see Supplemental Material
Table S3) [57].

C. Transition-state search for ORR in Nb-TiO2

The initial step of ORR is the chemisorption of O2 on the
electrocatalyst surface. Following this, the remaining ORR
reactions may be grouped into three possible mechanistic
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FIG. 5. Difference charge density of O2 adsorbed at B site of Nb-TiO2: (a) Ti6c; (b) Ti5c; and (c) interstitial (isosurface level = 2 × 10−3

e Å−3; yellow area represents charge accumulation and blue area represents charge depletion), where blue, violet, and red spheres represent Ti,
Nb, and oxygen, respectively.

pathways, namely, (i) the oxygen dissociation mechanism; (ii)
the peroxyl association mechanism; and (iii) the hydrogen
peroxide dissociation mechanism. A flow chart illustrating
the ORR pathway is shown in Fig. 6. In general, each step
involves either the scission of the O–O bond, or a series of
protonation steps. The chemisorbed O2 can undergo an O–O
bond scission via a dissociative path to form ∗O, as shown
in path (i) in Fig. 6. Alternatively, an associative path may
be taken, where the chemisorbed O2 is hydrogenated to form
∗OOH, which then further breaks down to form ∗O and ∗OH,
in an OOH dissociation mechanism [path (ii), Fig. 6], or it
can be hydrogenated to form HOOH, which then is the H2O2

dissociation mechanism [path (iii), Fig. 6].
We have calculated the enthalpy of reaction (�E ) and acti-

vation energy (Ea) of all the reaction intermediates, tabulated
in Table III. �E refers to the change in enthalpy (heat of
reaction) during a particular step in any of the pathways. A
positive (negative) enthalpy change indicates an endothermic
(exothermic) reaction. The activation energy Ea is defined as
the energy difference between the transition and initial states.
The structures of the initial and final states are obtained by
adsorption of the reactants and products, respectively, of the
chemical reactions involving the intermediates. The optimized
geometries of the initial state (IS), transition state (TS), and fi-
nal state (FS) of ORR intermediates for the O–O bond scission
and hydrogenation in the case of Ti6c Nb-TiO2 are shown as
an example in Fig. 7.

FIG. 6. Flow chart of ORR pathway showing three possible
mechanisms.

While adsorption of O2 has been understood in detail
the previous section, it is still unclear whether the adsorbed
O2 further gets dissociated or hydrogenated. The results of
CI-NEB calculations indicate that the barriers for the dissoci-
ation of O2 in Ti6c, Ti5c, and interstitial Nb-TiO2 are too high
compared to those for its hydrogenation (as seen by compar-
ing the Ea values of the first row under dissociation and first
row under hydrogenation in Table III). This is so even at the
interstitial site, where the adsorption energy of O2 is relatively
higher. However, a glance at the reaction enthalpies (�E )
shows that the dissociation pathway for interstitial doped TiO2

is also favored due to the high exothermic value for the dis-
sociation at the interstitial site. Meanwhile, in the cases of

FIG. 7. Initial state (IS), transition state (TS), and final state (FS),
for hydrogenation of (a) O2, (b)OOH, (c) OH, and (d) dissociation
of H2O2 in 6c Nb-TiO2, where blue, violet, red, and white spheres
represent Ti, Nb, oxygen, and hydrogen, respectively. Adsorbed O is
in dark brown.
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TABLE III. Calculated enthalpy of reaction (�E ) and activation energy (Ea) for various intermediate steps of ORR on Ti6c, Ti5c, and
interstitial doped site.

Site Ti6c Ti5c Interstitial

Intermediate reaction �E (eV) Ea (eV) �E (eV) Ea (eV) �E (eV) Ea (eV)

Dissociation O2
∗ → O∗ + O∗ +1.32 1.84 +0.60 1.94 −2.69 1.10

HOO∗ → O∗ + HO∗ +0.57 1.03 +0.18 0.94 −3.43 0.70
H2O2

∗ → HO∗ + HO∗ −0.13 0.26 −0.35 0.24 −3.48 0.00

Hydrogenation O2
∗ + H∗ → HOO∗ −0.16 0.34 +0.04 0.59 −0.09 0.54

HO∗ + H∗ → H2O∗ −0.46 0.29 −0.03 0.53 +0.33 0.69
O∗ + H∗ → HO∗ −0.60 0.33 −0.14 0.77 −0.46 0.79
HOO∗ + H∗ → H2O2

∗ −0.04 0.48 +0.34 0.90

Ti6c and Ti5c, the barrier values seem to encourage hydro-
genation. These observations suggest that both dissociation
of O2 and hydrogenation can contribute to the ORR at room
temperature.

Thus, the hydrogenation of adsorbed O2 to form ∗OOH
occurs at Ti6c, Ti5c, and interstitial sites. The intermediate
species ∗OOH binds strongly to the Nb-TiO2 with an ad-
sorption energy of −2.28 eV (Ti6c), −2.77 eV (Ti5c), and
−3.27 eV (interstitial). Following the generation of OOH,
either the O–O bond scission occurs [path (ii) in Fig. 6],
or hydrogenation of OOH [path (iii) in Fig. 6] takes place.
The activation barrier for dissociation of ∗OOH is 1.03 eV
(Ti6c) and 0.94 eV (Ti5c), and the reaction is endothermic
(Table III). Compared with this, the hydrogenation of OOH
is energetically favorable, with a barrier of 0.48 eV (Ti6c) and
0.90 eV (Ti5c).

The dissociation of H2O2 occurs with the scission of the
O–O bond, with a barrier of 0.26 eV (Ti6c) and 0.24 eV (Ti5c).
This barrier is lower than the values reported for Pt3Ti (0.47
eV) [59], which is Ti-doped Pt(111) surface, or for Pt(111)
surface itself (0.79 eV) [60]. This is indeed an indication that
Nb-TiO2 could be an effective substitute for Pt-based cata-
lysts. At the interstitial site, it is found that H2O2 dissociates
through a barrierless pathway (see Table III, third row, under
dissociation). This reaction is exothermic and suggests that
hydrogen peroxide dissociation occurs spontaneously follow-
ing the hydrogenation of OOH. We may therefore conclude
that the H2O2 dissociation mechanism is the favored pathway
[path (iii) in Fig. 6] for ORR on Nb-TiO2.

We have illustrated the fully relaxed geometry of IS, TS,
and FS for pathway (iii), which involves hydrogenations of
∗O2, ∗OH, ∗OOH, and the dissociation of H2O2 in case of Ti6c

Nb-TiO2 in Fig. 7. We see that H2O2 adopts a twisted config-
uration, with one O-H pointing downward and the other along
the slab’s surface [Fig. 7(d)]. This is so for all configurations
of doping investigated here. In the final state, the bond length
between OH–OH is 2.48 Å (Ti6c), 2.15 Å (Ti5c), and 2.98 Å
(interstitial), showing that H2O2 is completely dissociated.

The rate-determining step (RDS) is the step with the high-
est barrier in the proposed pathway. The final step in path (iii)
is the protonation of OH. For this, the initial state consists of
OH adsorbed atop a Ti in both Ti6c and interstitial and atop Nb
in Ti5c, H on O2c, and the final state is the formation of H2O.
The barrier for hydrogenation of ∗OH is 0.29 eV (Ti6c), 0.53
eV (Ti5c), and 0.69 eV (interstitial). In case of interstitial, the

desorption of OH has a high barrier due to the strong binding
of OH to Nb-TiO2, which makes the removal of OH difficult
and hinders its activity. As a result, the protonation of OH is
the RDS for interstitial Nb-TiO2. For the Ti6c and Ti5c sites,
the highest activation barrier is for the protonation of ∗OOH,
i.e., 0.48 and 0.90 eV, respectively, and thus is the RDS. Study
by Duan et al. demonstrated that RDS for Pt is (111) is OOH
dissociation, with a 0.79-eV barrier [60]. Our results above
indicate that the barrier in the RDS in the case of Ti6c and
interstitial doping is lower than that of pure Pt (111).

To summarize, we repeat the oft-quoted Sabatier principle,
which says that an optimal catalyst interacts with the interme-
diates strongly enough so that the reactant can bind and react,
but weakly enough so the products can easily desorb. These
two acts can be correlated using the activation barrier. If the
binding of the catalyst surface is too strong, it will hinder the
substrate from achieving the transition state, which is reflected
as a high activation energy. On the other hand, if the binding is
too weak, the transition state will not stabilize, resulting again
in high activation energy. Figure 8 compares activation ener-
gies for various intermediate steps. It is seen that for Nb-TiO2,
the average activation energy for various intermediates at the
Ti6c site is relatively low compared to Ti5c and interstitial sites.
Thus, the activity follows the order Ti6c > interstitial > Ti5c.

FIG. 8. Variation of activation energies of ORR intermediates for
various Nb-doped TiO2.
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We conclude that Nb doping leads to enhanced ORR activity
in anatase-TiO2, enhancing its activity to compare favorably
with Pt or Pt-derived materials.

D. Effect of solvation on the ORR pathway

Finally, to bring in an element of environment or medium
into our model, we have considered solvation effects. Solva-
tion effects can modify activity at sites and change activation
barriers for reactions involving ORR intermediates. The
chemisorbed water molecules play a crucial role in developing
a more realistic model of the environment-electrode interac-
tion, thereby bridging the gap between experiment and theory.
To investigate the effect of solvation on ORR in Nb-TiO2, we
have considered water molecules coadsorbed on sites nearest
to the active site, with the O atop a Ti, and H atoms pointing
away from the TiO2 slab. In a 1 × 3 supercell of TiO2, there
are 6 five-coordinated Ti sites. To model the solvated surface,
we adsorbed 4 H2O molecules on the surface, resulting in a
coverage of 0.67 ML. This model is similar to the previous
work done on pristine and defective TiO2 anatase (101) by
Tilocca and Selloni [61,62], and of Liu et al. [63] on Pt (111).
The optimized configuration shows that the H2O molecules
are tilted at an angle of 55 ° to the surface (Fig. S5 in Sup-
plemental Material [57]). The solvated model is also stable
at room temperature, as seen through AIMD simulations per-
formed on the solvated interstitial Nb-TiO2, controlled by
Nosé-Hoover thermostat for 5000 fs. We monitor the distance
dTi−O between the O atom of the adsorbed water molecule,
and the five-coordinated Ti atom at 300 K and find that dTi−O

does not have any large fluctuations. This establishes the
room-temperature stability of our solvation model. The time
evolution of dTi−O is displayed in Fig. S6 in Supplemental
Material [57]. The hydrogen of water molecule forms hy-
drogen bond with the bridging O2c. We do not observe any
H2O − H2O bond, or dissociation of H2O. For the pristine
TiO2 the water molecule remains close to average distance of
2.09 − 2.69 Å from the five-coordinated Ti site. In the case of
interstitial doped TiO2 the average distance is 2.03 − 2.75 Å.

Following this, the adsorption energy of O2 and other
ORR intermediates is calculated for all the sites (Table S4 in
Supplemental Material) [57]. According to our calculations,
solvation impacts adsorption strength of all intermediates,
which agrees with previous studies [64,65]. This may be
attributed to the formation of hydrogen bonds in case of inter-
mediates ∗OH, ∗OOH, and ∗O2H2 with the coadsorbed H2O
molecules.

The computation of reaction barriers and enthalpy for sol-
vated case of each site is very expensive. Hence, we have done
these calculations only for the interstital site, for which we
have the largest binding energies for O2 and intermediates.
The calculated enthalpies and activation energies for various
ORR intermediates in solvated interstitial doped TiO2 are
tabulated in Table IV.

Figure 9(a) shows the schematics of O2 dissociation for
the interstitial doped TiO2, with the initial, transition, and
final states. The activation energy required for the dissociation
of O2 in the solvated case is only 0.52 eV. This is a very
significant reduction from the nonsolvated case, where the
activation energy is 1.10 eV. O2 dissociation with solvation

TABLE IV. Calculated enthalpy of reaction (�E ) and activation
energy (Ea) for various intermediate steps of ORR on solvated-
interstitial doped site.

Site Interstitial (solvated)

Intermediate reaction �E (eV) Ea (eV)

Dissociation O2
∗ → O∗ + O∗ −3.01 0.52

HOO∗ → O∗ + HO∗ −3.29 0.09
H2O2

∗ → HO∗ + HO∗ −3.83 0.10
Hydrogenation O2

∗ + H∗ → HOO∗ +0.03 0.43
HO∗ + H∗ → H2O∗ −0.13 0.37
O∗ + H∗ → HO∗ −0.44 0.82
HOO∗ + H∗ → H2O2

∗ −0.18 0.15

is shown in Fig. 9(b). In the transition state, the O–O bond
distance is enlarged to 1.88 Å, and in the final state, the two O
atoms are coadsorbed on Ti with an O–O distance of 2.96 Å.
The greater O–O bond length in the transition state and the
consequent reduction of the barrier for O2 dissociation must
be the result of hydrogen bonding in the solvated interstitial
Nb-TiO2. In the final state, we note that OH is formed, as
seen clearly in Fig. 9(b). The reaction enthalpy is now more
negative (−3.01 eV, Table IV) and therefore the dissociation
is spontaneous. Liu and co-workers showed that the barrier for
O2 dissociation in interstitial Ti-doped TiO2 is 1.50 eV [26],
without considering solvation effects. We observe that this is
quite high compared to interstitial Nb-TiO2, with and without
solvation effects.

It is interesting to note in Table IV that the enthalpy of
intermediate reactions exhibits high exothermicity for disso-
ciation compared to protonation despite a marginal increase in
activation energy for O2 dissociation, in the case of solvated
interstitial doped TiO2. Thus, the dissociation pathway is
thermodynamically favorable due to its higher enthalpy of re-
action than the hydrogenation. One cannot completely ignore
the possibility of dissociation occurring at room tempera-
ture. The increased thermodynamic stability of the dissociated
intermediates can be attributed to the stronger binding of

FIG. 9. O2 dissociation in case of (a) interstitial site and (b)
solvated interstitial site. Dotted lines in (b)indicate possible hydrogen
bonding, where blue, violet, red, and white spheres represent Ti, Nb,
oxygen, and hydrogen, respectively. Adsorbed O2 molecule is in dark
brown.
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Ti-O compared to Ti-OOH. The additional stability for the
dissociated intermediates in the solvated state is the result
of hydrogen bonding. The optimized configurations of the
solvated intermediates for the interstitial Nb-TiO2 are added
to the Supplemental Material [57] as Fig. S7. It is again
emphasized that the hydrogenation path, which has a lower
barrier, is also possible, which is validated by the small quan-
tity of H2O2 formed during the reaction. This is so because
H2O2 dissociation is also calculated to be highly exothermic
(−3.83 eV). This observation is also supported by other works
[66].

Solvation significantly impacts the activation energy and,
therefore, the RDS of reactions. Table IV indicates that the
activation energy for the protonation of O2 and OH is reduced
by 0.11 and 0.32 eV, respectively. Moreover, the barrier of the
RDS is significantly reduced from 0.69 eV without solvation
to 0.37 eV with solvation. Therefore, based on our theoretical
model, we conclude that solvation strongly influences the
kinetics of the ORR.

IV. CONCLUSION

In this paper, we have presented a systematic modeling
study of Nb-TiO2, in order to elucidate the observed ORR
activity and the pathway through which it progresses. In the
regime of small dopant concentration, we have considered
stable configurations of Nb doped at the Ti6c, Ti5c, and

interstitial sites and calculated the adsorption energy of O2

and intermediate species which appear in ORR. We have
established that the ORR proceeds via a four-electron mecha-
nism. The RDS of ORR activity for different sites have been
determined. The order of activity of various sites is deduced
to be Ti6c > interstitial > Ti5c. We emphasize that high-Nb
concentrations would lead to strong O2 binding and inhibition
of ORR. It is found that including solvation effects reduces
activation barriers significantly. These conclusions are in line
with recent experimental observations and establish Nb-TiO2

as an excellent material for catalyzing ORR. The fact that
anatase TiO2 is inexpensive and nontoxic, and that Nb dop-
ing improves conductivity, additionally makes it a promising
material for immediate electrochemical applications.
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