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ABSTRACT: Carbon black, a state-of-the-art cathode material for
proton exchange membrane fuel cells (PEMFCs), suﬀers from severe
corrosion in practical applications. Niobium-doped tin dioxide (NTO)
is a promising alternative to support the Pt catalysts at the cathodes.
Here, through a combined density functional theory and nonequilibrium Green’s function study, we investigate the Nb segregation
at Pt/NTO interfaces under operational electrochemical conditions,
and reveal the resulting eﬀects on the electronic transport, as well as the
catalytic properties. We ﬁnd that the Nb dopants tend to aggregate in
the subsurface layers of the NTO substrate, whereas their transport
across the Pt/NTO interface is hindered by a high thermodynamic
barrier under the operating condition of PEMFCs. The interfacial
transport of Sn is, however, more facile, indicating possible formations
of Sn−Pt alloys and tin oxides. The electronic conductivities of the Pt/NTO systems are not particularly sensitive to the distance
of the Nb dopants relative to the interface, but depend explicitly on the Nb concentration and conﬁguration. Through a dopant
induced ligand eﬀect, the NTO substrates can improve the catalytic activity of the Pt adsorbate toward the oxygen reduction
reaction. We also investigate the co-doped SnO2 substrates by both Nb and Sb elements, and ﬁnd that a small amount of Nb
dopants could further improve the electronic transport of the Pt/Sb-doped-SnO2 interface. The fundamental understanding
generated here will help shed light on future applications of Nb-doping and Nb−Sb co-doping in Pt/SnO2 type cathodes for
PEMFC applications.

■

INTRODUCTION
Owing to advantages like high energy eﬃciency, ultralow
pollutant emission, and low operation temperature, proton
exchange membrane fuel cells (PEMFCs) become increasingly
attractive for applications in the automotive industry. Nevertheless, PEMFCs are still too costly and have therefore not
replaced internal combustion engines. While parts of the cost
can be reduced by mass production, e.g., in the case of the
Toyota Mirai fuel cell car, the demand for precious metals like
Pt, used as electrocatalysts at both electrodes of the PEMFC,
would not diminish due to economy of scale. The energy loss
caused by the high overpotential required for the oxygen
reduction reaction (ORR) at the cathode is another problem
that impairs practical application,1 which could be addressed by
alloying Pt with other elements, e.g., lanthanides2 or the 3rd
row transition metals like Ni and Co.3,4
The Pt nanoparticles are typically deposited on carbon black
(the state-of-the-art support material) due to its low cost, high
surface area, and excellent electronic conductivity. This material
is, however, not suﬃciently stable and suﬀers from oxidation
under operating conditions of PEMFCs, such as a high
potential and a low pH.5−9 The corrosion not only deteriorates
the catalytic performance of Pt due to a reduction of
dispersion,10,11 but also may bring about a detachment of the
Pt nanoparticles from the electrodes.12,13 Therefore, much
eﬀort has been placed on searching for alternative support
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materials, which can improve stability at high potentials and
under acidic environments.
Among various materials,14,15 rutile SnO2 has been proposed
as a potential candidate,16,17 which shows suﬃcient stability
under operational conditions of PEMFCs. 18−20 Porous
structures of SnO2 with high surface areas can be synthesized
by using the sol−gel method.21 The electronic conductivity,
which is intrinsically low due to the presence of a large band
gap (3.59 eV),22,23 can be signiﬁcantly increased through n-type
doping, since the dopant can provide an extra electron as the
charge carrier. In the past decades, Sb-doped SnO2 (ATO) has
been investigated intensely, with the main focus on the
electrochemical stability, dopant location, and electronic
conductivity of the material.24−32 Our previous work has also
explored the nonuniform distribution of Sb dopants and its
eﬀect on the conductance of Pt/ATO interfaces through a
synergetic computational and experimental study.33 Recently,
Nb-doped SnO2 (NTO)29,31,34−42 and TiO243,44 have been
considered as the support materials. For the Pt/NTO systems,
while a lot of investigations have been performed experimentally, ab initio studies, which can provide an in-depth
understanding at the atomic scale, are still very limited.
Received: November 15, 2016
Revised: January 7, 2017
Published: February 6, 2017
1641

DOI: 10.1021/acs.chemmater.6b04879
Chem. Mater. 2017, 29, 1641−1649

Article

Chemistry of Materials

exchange-correlation interaction is described by the GGA-type PBE
functional.48 The double-ζ plus single polarization basis sets (DZP)
are used for Sn, O, Nb, and Sb, and the double-ζ basis sets (DZ) are
used for Pt. A 3 × 5 Monkhorst−Pack k-mesh49 is used to sample the
Brillouin zone within the interface plane in the DFT and the
transmission spectrum calculations, and 100 k-points are used along
the transport direction.

In this work, we computationally investigate the segregation
of the Nb dopants at Pt/NTO interfaces under operational
electrochemical conditions. The Sn segregation processes
across the interface are also taken into account for a
comparative purpose. We ﬁnd that the Nb dopants tend to
aggregate in the subsurface layers of the NTO substrate, and
their transport across the Pt/NTO interface is hindered by a
high thermodynamic barrier under the operating condition of
PEMFCs. The interfacial transport of Sn is, however, more
facile, indicating a possible formation of Sn−Pt alloys and tin
oxides. We explore the eﬀects of Nb segregation on the
electronic transport and the catalytic properties of the Pt/NTO
interfaces. It is found that the electronic conductivity is not
particularly sensitive to the speciﬁc location of the Nb dopants,
but depends explicitly on the Nb concentration and
conﬁguration. The catalytic activity of the Pt adsorbate toward
the ORR can be improved by the NTO substrates through a
dopant induced ligand eﬀect, possibly due to charge transfer
from the support. The simulational results are compared with
available experimental ﬁndings. In addition, in the investigation
of the codoped SnO2 substrates by both Nb and Sb elements,
we ﬁnd a promoting eﬀect of Nb dopants on the electrical
conductance of Pt/ATO interfaces.

■

■

RESULTS AND DISCUSSION
Segregation of Nb Dopants at Pt/NTO Interfaces. We
ﬁrst investigate the driving force for transport of the Nb
dopants within the NTO substrate, i.e., the likelihood of the Nb
segregation, from a purely thermodynamic point of view. In
these studies, the Nb dopants are placed at the preferred Snpositions in the SnO2(110) surface, as shown in Figure 2. Here,

COMPUTATIONAL DETAILS

The interface model in this study is similar to our previous work about
the Pt/ATO interface.33 It contains six atomic trilayers of SnO2(110)
and three layers of Pt(111). The Pt layers are rotated by 13.9° relative
to the SnO2 substrate, in order to reduce strain (a compression of
2.3% on the Pt(111) surface) at the interface caused by the lattice
mismatch. Each SnO2 trilayer has 6 Sn atoms, and each Pt layer
contains 10 Pt atoms. The outermost bridging oxygen atoms of the
SnO2 substrate are removed, to ensure an eﬀective adhesion with the
Pt adlayers.33,45 Geometry optimizations and energy calculations are
performed using Vienna ab initio simulation package (VASP),46,47 with
the energy cutoﬀ of 500 eV and the PBE exchange-correlation
functional.48 A 3 × 5 × 1 Monkhorst−Pack k-mesh49 is used for the
optimizations and a 5 × 7 × 1 k-mesh for the single-point energy
calculations. In the treatment of the valence electrons, the calculations
include the Nb 4s, 4p, 5s, and 4d states; the Sn 5s, 4d, and 5p states;
the O 2s and 2p states; the Sb 5s and 5p state; and the Pt 5p, 6s, and
5d states. A dipole correction to total energies is added to eliminate
spurious interaction between image supercells along the vertical
direction. During the optimizations, the bottom two trilayers of SnO2
are kept frozen, and all other atoms are allowed to relax until the
maximum force is below 0.02 eV/Å.
The optimized structures are then used to construct the Pt/NTO
device model (shown in Figure 1) for the electronic transport studies.
The central region contains eight SnO2 trilayers and nine Pt adlayers,
by extending additional two SnO2 trilayers and six Pt layers. Four
SnO2 trilayers and six Pt layers are used to model the left and the right
electrodes, respectively. The transport calculations are performed
using the density functional theory (DFT) combined with the
nonequilibrium Green’s function (NEGF) method, as implemented in
Atomistix ToolKit (ATK) version 2014.0.50−52 For consistency, the

Figure 2. Potential energy surfaces for the segregation of a single Nb
dopant (4.2 atom %) within (a) a stoichiometric, and (b) a partially
reduced SnO2(110) substrate without Pt adlayers. The doping sites
correspond to the labels on the left side. The big gray and small red
spheres represent the Sn and O atoms, respectively.

the interstitial sites within SnO2 are not taken into account.
Such sites may play a role as the intermediate states in the
segregation pathway, and may also aﬀect the transport kinetics
owing to a change of the diﬀusion barriers and electronic
structure.53 However, both aspects are beyond the scope of this
paper, and therefore, only the Sn lattice positions are
considered as the Nb locations.
The segregation of a single Nb dopant within a bare
SnO2(110) substrate, without any Pt layer, is investigated
initially. The corresponding potential energy surfaces (PESs),
i.e., the energy changes with respect to the diﬀerent doping
positions, are shown in Figure 2. It should be noted that the
thermodynamic barrier in the PES is a lower bound, while a
higher kinetic barrier would exist between adjacent doping
positions. Here, the s4a doping site of the Nb atom is used as
the energy reference, and both the stoichiometric (Figure 2a)
and the partially reduced (Figure 2b) SnO2(110) substrates are
considered. There are two types of Sn atoms at the outermost
layer, labeled as s1a and s1b, respectively. For the stoichiometric
SnO2 substrate, the s1b site is the most favorable location of the
Nb dopant, with a thermodynamic driving force as high as 1.15

Figure 1. Conﬁguration of the Pt/NTO device model for transport
calculations. The gray, red, blue, and cyan spheres represent the Sn, O,
Pt, and Nb atoms, respectively.
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eV. The PES of the other pathway, i.e., toward the s1a site, is
rather ﬂat, and the energy proﬁle displays an increase of 0.12
eV. For the partially reduced SnO2 substrate, the top layer is
still the most preferred location, but in this case, the s1a site is
more stable, with a driving force of 0.60 eV, whereas the PES
toward the s1b site becomes ﬂat. Depending on the
experimental conditions, the SnO2(110) substrate may exhibit
diﬀerent stoichiometries. Nevertheless, the Nb dopants could
segregate to the surface layer according to the simulational
results.
We then place three Pt layers above the partially reduced
SnO2 substrate and investigate their inﬂuence on the
segregation of the single Nb dopant. Upon deposition of the
Pt layers, all 24 doping sites of the Nb atom are nonequivalent
and are fully considered, with the PES shown in Figure 3.

Figure 4. Structures and relative energies of six conﬁgurations
containing two Nb atoms within a 72-atom SnO2 supercell. With the
conﬁgurational entropy taken into account at 353.15 K, the relative
free energies become 0.00, 0.25, 0.22, 0.26, 0.28, and 0.29 eV,
respectively, for the six structures. The cyan spheres represent the Nb
dopants.

nature of the Nb-pairs is beyond the scope of this paper. We
note that the attractive interaction between the Nb atoms is
diﬀerent from that of the Sb dopants which is repulsive.33 The
results agree with an inhomogeneous doping of Nb and a
homogeneous distribution of Sb within the SnO2 host observed
in recent experiments.42
When more Nb dopants are placed into the Pt/NTO
interface, it is worth noting that identifying the most stable
conﬁguration is not trivial. The Nb atoms prefer to aggregate,
as mentioned above, and the energy gain upon the aggregation
is larger than the energy variation regarding the diﬀerent
locations of the Nb dopants. It is thus diﬃcult to determine the
most stable conﬁgurations merely from the PES in Figure 3.
Therefore, we consider a large number of possible conﬁgurations, in order to ﬁnd the most stable one. For example, 29
structures are investigated in the case of ﬁve Nb dopants. In
Figure 5, we present the most stable conﬁgurations for each
number of the dopants N (N from 1 to 5, corresponding to a
dopant concentration from 4.2 at. % to 20.8 at. %), with the
doping sites listed. As expected, the Nb atoms tend to
aggregate, and mainly locate in the second and the third layers
of the SnO2 substrate. The driving force of the Nb segregation
is also given, which is deﬁned as the energy diﬀerence between

Figure 3. Potential energy surface for the segregation of a single Nb
dopant (4.2 atom %) within a partially reduced SnO2(110) substrate
deposited by three Pt layers. The doping sites correspond to the labels
on the left side.

Compared with that in Figure 2b, the features of this PES
change signiﬁcantly. The outermost layer of SnO2 is no longer a
favorable doping site for the Nb atom, and the second layer
becomes the most preferred location. In addition, with the Nb
dopant being in diﬀerent layers, the energy change of the Pt/
NTO system is rather small, only 0.2 eV. The results indicate
that, at the Pt/NTO inferface, the Nb dopants mainly distribute
in the subsurface layer of SnO2. This situation is quite diﬀerent
from that of Sb-doping at the Pt/ATO interface, where the
outermost layer is the most favorable doping site with a large
thermodynamic preference.33
In the next step, we increase the number of the Nb dopants
in the unit-cell and investigate the inﬂuence of the
concentration on the Nb segregation. Before such studies, it
is necessary to understand how the Nb atoms interact with each
other in bulk SnO2. Thus, we consider a few conﬁgurations
containing two Nb dopants in a SnO2 supercell with a total
number of 72 atoms. The structures and the relative energies
are shown in Figure 4. It can be seen that when the two Nb
dopants are linked by only one O atom, the conﬁguration has
the lowest energy. Otherwise, the energy of the system
increases by 0.20−0.28 eV, depending on the relative positions
of the two Nb atoms. The eﬀect of conﬁgurational entropy is
quite small and should not change the most favorable
geometry. The results indicate that the Nb dopants prefer to
aggregate within the SnO2 bulk, which may likely be due to the
formation of Nb3+−Nb5+ or Nb4+−Nb4+ pairs, where the latter
have been found experimentally in Nb-doped TiO2.44 Due to
challenges associated with the assignment of speciﬁc valences of
Nb and the small relative diﬀerences in unit-cell volumes of
NTO upon Nb-doping, an assertive assignment of the speciﬁc

Figure 5. Thermodynamic driving force for the segregation of the Nb
dopants toward the subsurface region. A negative value represents an
exothermic process. The most stable site for each of the N Nb dopants
is provided by listing their locations. With the conﬁgurational entropy
taken into account at 353.15 K, the free energy diﬀerences become
−0.14, −0.07, −0.23, 0.00, and −0.55 eV, respectively.
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two conﬁgurations. In one conﬁguration, all the N Nb dopants
are placed in their most stable geometry, while in the other one,
we adopt the most stable structure of N − 1 Nb dopants, and
place the remaining Nb dopant in the fourth layer. Since most
of the Nb dopants are in the second and the third layers, such a
deﬁnition is not ideal but, nevertheless, could provide a
qualitative description of the driving force. Upon doping with
Nb atoms, the conﬁgurational entropy from the mixed cation
lattice should also be considered when analyzing the
thermodynamic driving force. For the dopant concentrations
from 4.2 to 20.8 at. % under investigation here, the
conﬁgurational entropy changes are below 0.1 eV at 353.15
K54 and thus do not change the thermodynamic trends. From
Figure 5, one can see that the values are rather irregular with
respect to the number N. For instance, the driving force is
largest in the case of ﬁve Nb dopants, but negligible when N is
four. It originates from the mutual interaction between the Nb
dopants and the resulting aggregation. Overall, the results
indicate that the segregation of Nb atoms is favorable toward
the Pt/NTO interface, although they do not prefer to locate at
the outermost layer.
Next, we investigate the transport of Nb atoms out of the
SnO2 host, i.e., the likelihood of dopant depletion in the
electrochemical environment of PEMFCs. We divide the whole
process into two stages: The ﬁrst corresponds to Nb alloying
with the Pt layers, and the second step is the oxidation of the
Nb atoms that have moved out from the Pt catalysts. Here, we
choose Nb2O5 as the ﬁnal oxidation products of the Nb species.
In the oxidation step, a number of intermediate structures may
exist but are omitted, since we mainly focus on the
thermodynamic driving force rather than the detailed processes.
The Nb atom transport and the Gibbs free energy proﬁle are
schematically shown in Figure 6.

formations from C1 to C2 and from C4 to C5, the number and
type of atoms are no longer the same. For example, compared
with C1, C2 contains one additional Sn atom and one less Pt
atom. Therefore, the free energy change in this transformation
is expressed in eq 1.
ΔGC1→ C2 = ECDFT
− μSn + μPt − ECDFT
2
1

EDFT
C2

(1)

EDFT
C1

Here,
and
are energies from the DFT calculations,
while μSn and μPt are the chemical potentials of the Sn and Pt
elements, respectively.
The Pt species is regarded as in equilibrium with Pt bulk,
which undergoes the same amount of compression as in the Pt/
NTO interface. Thus, μPt is calculated using eq 2.
DFT
DFT
μPt = (E NTO
− Pt(4L) − E NTO − Pt(3L))/10

(2)

EDFT
NTO−Pt(nL) is the DFT energy of the Pt/NTO interface
including n Pt layers, each of which contains 10 Pt atoms. In
this way, the same amount of strain is ensured in the
calculation.
The Sn element in the Pt/NTO interface is assumed to be in
equilibrium with SnO2 bulk in the electrochemical environment, i.e., Sn + 2H2O ⇌SnO2 + 4H+ + 4e−. Thus, μSn is
expressed in eq 3.
DFT
μSn = ESnO
+ 4(μH+ + μe− ) − 2μH O(l)
2
2

(3)
1,55

Using the standard hydrogen potential as the reference,
the sum of the chemical potentials of a proton and an electron
is calculated using eq 4.
μ H + + μ e− =

1 0
μ
+ kBT ln a H+ − eU
2 H2(g)

(4)

μH0 2(g)

Here,
is the chemical potential of a hydrogen molecule at
the standard conditions (pH2 = 1 bar and T = 298.15 K) in the
gas phase, aH+ is the activity of the protons, and U is the
electrode potential relative to the standard hydrogen potential.
From the DFT calculations, the μH0 2(g) term is expressed in eq
5, where ZPE represents the zero-point energy and S0 is the
standard entropy taken from thermodynamic tables.56
μH0 (g) = E HDFT
+ ZPE H2(g) − TSH0 2(g)
2
2

(5)

Under the vapor−liquid equilibrium conditions, the chemical
potential of water in the liquid phase μH2O(l) is equal to that of
water in the gas phase μH2O(g) at the temperature T and the
corresponding vapor pressure peq:g ⇌l (0.032 bar at 298.15 K
and 0.474 bar at 353.15K). μH2O(l) can thus be calculated using
eq 6.

Figure 6. Gibbs free energy diagram of the processes from the Nb
segregation through Pt adlayers to the formation of the Nb2O5 bulk.
The labels Ci represent diﬀerent conﬁgurations. Three conditions, i.e.,
the unbiased condition (U = 0 V, T = 25 °C, pH = 1), start/stop
conditions of PEMFCs (U = 1.2 V, T = 80 °C, pH = 1), and operating
conditions (U = 0.8 V, T = 80 °C, pH = 1) are taken into account,
with the corresponding results shown in blue, red, and green,
respectively. The Sn (Nb) atoms are represented by gray (azure)
spheres.

μH O(l) = μH O(g) = E HDFT
+ ZPE H2O(g)
2O(g)
2

2

− TSH2O(g)(eq:g ⇌ l)

(6)

The free energy change from C4 to C5 is calculated in a
similar way and is expressed in eq 7.
ΔGC4 → C5 = ECDFT
+ μ Nb − μPt − ECDFT
5
4

Among the six conﬁgurations, a few of them contain the
same number and type of atoms, like C0 and C1, as well as C2,
C3, and C4. Thus, the free energy changes from C0 to C1 and
from C2 to C4 can be simply approximated as a variation of the
DFT energies, because volume and entropy variations are
usually negligible in such processes in solids. In the trans-

(7)

Here, the Nb element is regarded as in equilibrium with Nb2O5
bulk in the same electrochemical environment, i.e.,
5
1
Nb + 2 H 2O ⇌ 2 Nb2 O5 + 5H+ + 5e−. μNb is thereby expressed in eq 8 and calculated in the same way as μSn.
1644
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μ Nb =

1 DFT
5
ENb2O5 + 5(μ H + + μe− ) − μ H O(l)
2
2 2

(8)

The values of the ZPE and the entropy terms in the above
calculations are listed in Table 1. Conﬁgurational entropy from
locations of Nb atoms in diﬀerent layers is below 0.1 eV at
353.15 K,54 which is too small and thus not included in the
Gibbs free energy diagram.
Table 1. ZPE and TS Terms of H2 and H2O (Unit: eV) in
the Thermodynamic Analysisa
ZPE
TS (298.15 K)
TS (353.15 K)
a

H2(g)

H2O(g)(eq:g⇌l)

0.27
0.40
0.50

0.56
0.67
0.73

Figure 7. Gibbs free energy diagram of the processes from the Sn
segregation through Pt adlayers to the formation of the SnO2 bulk.
Results under the unbiased condition (U = 0 V, T = 25 °C, pH = 1),
start/stop conditions of PEMFCs (U = 1.2 V, T = 80 °C, pH = 1), and
operating conditions (U = 0.8 V, T = 80 °C, pH = 1) are shown in
blue, red, and green, respectively. The Sn (Nb) atoms are represented
by gray (azure) spheres.

The ZPE values are taken from ref 55.

In Figure 6, we consider three conditions of PEMFCs, i.e.,
the unbiased condition (blue), start/stop conditions (red), and
operating conditions (green). It can be seen that the most
stable conﬁguration is C3 under the unbiased condition, where
the Nb dopant alloys with the Pt layers. Nevertheless, since the
Nb dopants do not prefer to locate at the outermost layer of the
SnO2 substrate, this transport is hindered by a thermodynamic
barrier of 0.45 eV as well as a potential kinetic barrier. We note
in passing that the higher doping concentration (20.8 at. %) in
this case leads to a larger Nb thermodynamic barrier compared
to that in Figure 3 (4.2 at. %). The corresponding kinetic
barrier is expected to be even higher, which further limits the
transport process. Upon increasing the electrode potential, we
ﬁnd a larger thermodynamic driving force for the Nb oxidation.
However, because the barrier of the Nb transport into the Pt
layers exhibits a signiﬁcant increase under these conditions,
such a process is expected to be kinetically limited by the Pt
adsorbates. In other words, the Pt catalysts can help to keep the
Nb dopants inside the SnO2 host. This result is consistent with
the experiments, which ﬁnd an enhancement of the electronic
conductivity upon the attachment of Pt on NTO.38 As a note, if
the Pt layers do not completely cover the NTO substrate, the
Nb dopants may leave the NTO system, leading to the Nb
depletion and a consequent accumulation of oxides. In this
sense, covering of the NTO substrate by Pt, given that it can be
experimentally realized, may be used to improve the performance of the electrodes in PEMFCs.
In a similar way, we investigate the alloying of Sn with the Pt
layers and its oxidation to SnO2. The results are schematically
shown in Figure 7. Under the unbiased condition, the Sn atoms
prefer to penetrate into and alloy with the Pt layers, e.g.,
forming Pt3Sn, which could aﬀect the activity of the Pt catalysts
toward the ORR. Under operational conditions, the Sn atoms
are less likely to alloy with Pt but tend to be oxidized on the
catalyst surfaces. The thermodynamic barrier of the Sn
transport under a potential of 0.8 V, interestingly, is much
lower than the value of Nb, indicating a higher possibility of
oxide formation in the case of Sn than that of the Nb dopants.
As a result, SnO2 oxides may cover the Pt catalysts and lead to a
decrease of the activity as well as the electronic conductivity of
the electrodes.
Charge Transport Properties across Pt/NTO Interfaces. The device model for the electronic transport studies
has been shown in Figure 1. Since the Nb atoms prefer to
aggregate in the SnO2 host, two adjacent Nb dopants are placed

in the left electrode, corresponding to a doping concentration
of 8.3 at. %, and remaining unchanged in the calculations.
We ﬁrst investigate the dependence of the electric current on
the location of Nb dopants. A single Nb atom is placed
sequentially from the ﬁrst to the fourth layer of the SnO2
substrate, with the calculated I−V curves shown in Figure 8a. It
can be seen that the current is similar for diﬀerent Nb locations,
especially at a low voltage. It means that the transport
properties are not particularly sensitive to a speciﬁc position of
the Nb dopant. The results are in sharp contrast with the Sbdoping, where the current can vary ∼500% depending on the
doping sites.33
We then increase the number of Nb dopants and investigate
the eﬀect of concentration on the transport properties. The Nb
atoms are increased one by one, with the maximum
concentration corresponding to ﬁve dopants out of 24 doping
sites (i.e., 20.8 at. %) in the subsurface regions. The calculated
I−V curves are shown in Figure 8b. Here, all the conﬁgurations
correspond to the most stable ones at the respective
concentrations. We ﬁnd that the electric current does not
increase monotonically, but instead it shows an irregular trend.
Under a positive bias, the interface that contains two Nb
dopants has the lowest conductance (blue line), while the
electric current becomes much larger and is almost the same in
the cases of three (red line) and ﬁve (green line) Nb dopants.
The results show that the dependence on Nb concentrations is
much more complicated compared with the Sb-doping,33 but
generally, a relatively higher conductance is observed for odd
numbers of Nb-dopant atoms compared to the even numbers,
which would tend to support the formation of Nb4+−Nb4+ pairs
that have been found not to contribute to the electronic
conductivity.44 Thus, depending on the experimental preparation and the Nb distribution in NTO samples, the electric
conductivity could change a lot. This ﬁnding is consistent with
the variety of the reported values in diﬀerent experiments.29,31,34−37,39
Codoping at Pt/SnO2 Interface. At the Pt/SnO2 interface,
the preferred doping site for Nb and Sb atoms varies. The Nb
dopants tend to localize in the subsurface regions of the SnO2
substrate, whereas for the Sb dopants, the ﬁrst layer is
preferred.33 This indicates that the two elements do not
compete with each other in terms of the preferred doping
1645
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Figure 8. Calculated I−V curves of the Pt/NTO interface (a) with one Nb dopant located in the diﬀerent SnO2 layers and (b) with diﬀerent Nb
concentrations in the subsurface regions of SnO2.

position, especially at low concentrations. Meanwhile, both Nb
and Sb atoms could potentially contribute an extra electron as
the charge carrier. Thus, it is interesting to investigate whether
the transport properties of the Pt/SnO2 interface could be
further improved by codoping with Nb to a system which has
already been Sb-doped.
We substitute one Nb atom and one Sb atom into the SnO2
host, to study the situation of a low doping concentration. We
place the Nb dopant in the second layer of the SnO2 substrate,
i.e., its most favorable doping site, and adjust the position of the
Sb atom. Similarly, we also put the Sb dopant in the ﬁrst layer,
and change the Nb location accordingly. In such a way, seven
codoped conﬁgurations are constructed, as listed in Table 2.
We ﬁnd that the most stable conﬁguration corresponds to the
one where the two dopants locate at their respective favorable
doping sites.
Table 2. Relative Energies of the Seven Constructed
Codoped Conﬁgurations at the Pt/SnO2 Interfacea
conﬁguration

energy (eV)

Sb(ﬁrst)−Nb(ﬁrst)
Sb(ﬁrst)−Nb(second)
Sb(ﬁrst)−Nb(third)
Sb(ﬁrst)−Nb(fourth)
Sb(second)−Nb(second)
Sb(third)−Nb(second)
Sb(fourth)−Nb(second)

0.30
0.00
0.07
0.09
0.70
0.56
0.54

a

The labels in the parentheses represent the layers of location of the
two dopants.

The calculated I−V curves are shown in Figure 9. Two
diﬀerent types of left electrodes, ATO (4.2 at. % Sb) and NTO
(8.3 at. % Nb), are used in the device model, in order to
simulate an Sb-dominant and a Nb-dominant situation,
respectively. With the ATO electrode (Figure 9a), the codoped
interface shows improved transport properties compared with
the single-dopant case. Remarkably, the codoped interface has a
larger conductance than the Sb-doped interface containing two
Sb atoms, although the latter potentially provides the same
number of charge carriers. This result indicates that a small
amount of Nb may improve the transport properties of a Pt/
ATO interface under a low dopant concentration. From Figure
9b, we ﬁnd that, upon full substitution of the ﬁrst layer by Sb,
further addition of a Nb dopant does not increase the
conductivity, indicating that a saturation point may also exist
in the concentration−conductance relation as in the Sb-doping
case.33 The results of the NTO electrode are presented in
Figure 9c. It is found that the conductance of the codoped

Figure 9. Comparison of the calculated I−V curves between the
codoped and the single-dopant systems. An ATO electrode, doped by
one Sb atom, is used for parts a and b, and an NTO electrode, doped
by two Nb atoms, is used for part c.

interface is only slightly larger than that of the Pt/NTO
interface (1 Nb atom), meaning that, at a Nb-dominant
interface, addition of additional Sb atoms does not improve the
conductivity of the system.
Catalytic Properties of the Pt Adlayers toward the
Oxygen Reduction Reaction. Pt is an excellent catalyst
toward the ORR at the cathode of PEMFCs. Its catalytic
activity can be aﬀected by the supporting materials like the
NTO substrates studied in this work. Here, we investigate the
eﬀects of the concentration and location of the Nb dopants on
the catalytic properties. The adsorption energy of an OH group
is used as the descriptor for the activity, from which the optimal
1646
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■

CONCLUSIONS
In summary, through a combination of DFT and NEGF
calculations, we investigate the Nb segregation at the Pt/NTO
interfaces under diﬀerent electrochemical conditions. The
corresponding eﬀects on the electronic transport and the
catalytic properties are also studied. We ﬁnd that the Nb
dopants tend to aggregate in the subsurface layers of the NTO
host, whereas under the operating condition of PEMFCs, their
transport across the interfaces is limited due to a high
thermodynamic barrier. In contrast, the similar transport of
Sn is more facile, indicating the possible formations of Sn−Pt
alloys and tin oxides. The electronic conductivity of the Pt/
NTO interface is not particularly sensitive to the distance of the
Nb dopants relative to the interface, but depends explicitly on
the Nb concentration and conﬁguration, e.g., Nb−Nb pairing.
Moreover, the NTO substrate can improve the catalytic activity
of the Pt adlayers toward the ORR via a ligand eﬀect. This work
sheds further light on future applications of Pt/NTO-based
materials as possible cathodes for PEMFC applications.

catalyst should bind the OH group about 0.1 eV weaker than
Pt(111).57−60
The OH group is placed at the top site of the Pt layers, and
its binding energy is calculated using eq 9, with reference to
H2O and H2 as in ref 1.
1 DFT
DFT
Ead(OH) = E Pt/NTO
E H (g)
− OH +
2 2
DFT
− (E Pt/NTO
+ E HDFT
)
2O(g)

(9)

In Table 3, we list the relative OH binding energies on a few
Pt/NTO interfaces compared to the value on an isolated and
Table 3. Relative Binding Energy (Unit: eV) of an OH
Group on the Diﬀerent Pt Pt/NTO Systemsa
3 layers of Pt
no Nb atom
1 Nb atom (s5)
1 Nb atom (2s5)
1 Nb atom (3s4)
1 Nb atom (4s1)
2 Nb atoms
3 Nb atoms
4 Nb atoms (a)
4 Nb atoms (b)
5 Nb atoms
Pt slab (strain)
Pt slab (unstrained)

Article

0.11
0.09
0.11
0.11
0.10
0.13
0.11
0.12
0.12
0.16
0.07
0.00
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unstrained three-layer Pt(111) slab. With this approach, the
functional dependence on the adsorption energy is largely
canceled. It is important since the PBE functional leads to an
overbinding of the OH group compared to, for example, the
RPBE functional.61
According to Table 3, the OH binding on the Pt/NTO
systems is weakened by 0.09−0.16 eV, compared to that on a
pristine unstrained Pt(111) slab. This value is very close to the
requirement for the optimal catalyst toward the ORR. In a
comparison with the Ead(OH) result on an isolated Pt slab
under the same amount of compression, we ﬁnd that the strain
eﬀect, coming from the construction of the Pt/NTO interface
model, accounts for 0.07 eV. The rest of the binding energy
change is therefore attributed to the NTO substrate. In fact,
since NTO is an n-doped semiconductor, the dopant induced
ligand eﬀect could also contribute to a weakened OH binding.
For example, the NTO substrate may donate electrons to the
Pt layers, which results in a further decrease of Ead(OH).
Focusing solely on the dopant induced ligand eﬀect, the
binding energy of OH is weakened by an additional 0.03−0.09
eV, depending on the speciﬁc concentration and conﬁguration
of the Nb dopants. Thus, the strain and the ligand eﬀects in this
case are equally important. It is worth noting that an
improvement of the Pt activity by the NTO substrate has
also been experimentally reported.38 This could lead to
enhanced catalytic activity of the Pt/NTO system, and a
detailed analysis on the eﬀects of, e.g., Pt layer thickness and
possible surface reconstructions would be interesting for further
studies.
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