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The role of titanium nitride supports for single-atom platinum-based

catalysts in fuel cell technologyw
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As a first step towards a microscopic understanding of single-Pt atom-dispersed catalysts on

non-conventional TiN supports, we present density-functional theory (DFT) calculations to

investigate the adsorption properties of Pt atoms on the pristine TiN(100) surface, as well as the

dominant influence of surface defects on the thermodynamic stability of platinized TiN.

Optimized atomic geometries, energetics, and analysis of the electronic structure of the Pt/TiN

system are reported for various surface coverages of Pt. We find that atomic Pt does not bind

preferably to the clean TiN surface, but under typical PEM fuel cell operating conditions,

i.e. strongly oxidizing conditions, TiN surface vacancies play a crucial role in anchoring the

Pt atom for its catalytic function. Whilst considering the energetic stability of the Pt/TiN

structures under varying N conditions, embedding Pt at the surface N-vacancy site is found to be

the most favorable under N-lean conditions. Thus, the system of embedding Pt at the surface

N-vacancy sites on TiN(100) surfaces could be promising catalysts for PEM fuel cells.

Introduction

Heterogeneous catalysis has received a tremendous amount of

interest, both from a scientific and industrial perspective. Due

to the enormous scale of commercial applications, progress in

catalysis can have a positive economic as well as environmental

impact, particularly in the area of clean energy technologies.

More specifically, the automotive and power generation (e.g.

fuel cells) industries are the sectors that stand to benefit most

directly from breakthroughs that are expected to occur in the

field of catalysis. Amongst the various types of fuel cells studied

thus far, proton exchange membrane fuel cells (PEMFCs) have

received broad attention due to their low operating tempera-

ture, low weight, low emissions and quick start-up time.1,2

However, there still exist some challenges that hinder their

large-scale commercialization, such as the use of the expensive

platinum (Pt) catalyst, carbon monoxide (CO) poisoning of this

Pt catalyst, as well as severe carbon electrode corrosion.3 In

essence, two major drawbacks for the efficient use of PEMFC

are namely, its high production costs (due to the use of the Pt

catalyst) and its low material durability (resulting in poor

lifecycling).4 In order to increase the efficiency on a per Pt atom

basis in Pt-based heterogeneous catalysts, one may attempt

to increase the surface-to-volume ratio of Pt-based nano-

catalysts – confining Pt to the surface as surface-active atoms.

There have been various approaches concerning the reduction of Pt

via nanostructing, such as decreasing the size of Pt nanoparticles,1,4

using a monolayer of Pt in core–shell nanoparticles,5,6 or replacing

it with non-Pt metals for electrode fabrication.3,7

Another aspect that greatly influences the performance of

an electrocatalyst is the nature of the support material. Given

the harsh corrosive operational conditions of the PEMFC, the

search is on for high-performance, durable materials that are

required to withstand the degradation caused due to acidic

and oxidizing conditions. The ideal catalyst support material

should thus be corrosion-resistant under strongly oxidizing

conditions of the PEMFC. Known for its good electrical

conductivity and its high resistance to corrosion and acid-

attack,8 titanium nitride (TiN, see Fig. 1a) is thus considered

one of the best candidates for the metallic support material in

PEMFCs,9 and methanol direct fuel cells,10 demonstrating

clear advantages over traditionally used carbon-based supports

which are prone to electrode degradation in a strong acidic

medium.1 In particular, nanoparticles of TiN have been used as

a catalyst support material for PEMFCs and they demonstrate

higher catalytic performance than conventional platinized

carbon electrocatalysts.11 Also, TiN has been proposed as a

substrate for electrodeposition of metals such as Pt and

Pd.12–14 However, detailed surface mechanisms (at the atomic-

scale) are still clearly lacking which are crucial for durable

materials development.
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In view of all the above-mentioned requirements, we hereby

propose one possible design strategy, i.e. to combine the use of

a durable support material such as TiN and to employ the

concept of ‘‘single-atom’’ catalysis which will attempt to

reduce the loading of the Pt catalyst in PEMFCs, as well as

increasing its per-atom efficiency.

The concept of ‘‘single-atom catalysis’’ was first coined by

Sir John Meurig Thomas.15 The single-atom catalyst not only

has an extremely high atom efficiency and activity,16 but is

also a promising way to reduce the high cost of commercial

noble-metal catalysts in industry. Recently, Qiao et al. have

demonstrated experimentally that single Pt atoms could be

uniformly dispersed on an FeOx support of high surface

area.17 The stabilization of single Pt atoms is believed to be

due to the electron transfer from Pt atoms to the FeOx surface.

This charge-transfer mechanism could well be extended to

other substrates,19,20 e.g. a nitride support which is studied in

this work.18,19 Electrodeposition of Pt metal on TiN substrates20

also shows good electrical conductivity of, and connectivity

between, the deposited Pt and the TiN substrate. Thus, single

Pt atoms dispersed on the TiN substrate is expected to be a

promising electrode system for PEMFCs.21 However, again, an

atomic-level understanding of the Pt/TiN system is still unknown,

such as the explicit chemistry for on-surface anchoring or in-surface

embedding of Pt atoms on the TiN support.

It is evident that first-principles density-functional theory

(DFT) calculations have a distinct advantage of investigating

the energetics of atomic-level processes (e.g. in heterogeneous

catalysis) with high-level precision, as well as providing quantum

mechanical-based insights to the associated electronic structure

of these processes, e.g. how electron transfer could affect the

reactivities of Pt/substrate catalysts.18,23 Thus, in this work, we

use first-principles DFT calculations to understand the funda-

mental properties of the Pt/TiN electrode system to aid in the

rational design of the next generation of PEMFCs. Optimized

atomic geometries, energetics, and analysis of the electronic

structure of the Pt/TiN system are reported for various surface

coverages of Pt. We find that atomic Pt does not bind

preferably to the clean TiN(100) surface, but under typical

PEM fuel cells operational conditions, i.e. strongly oxidizing

conditions,3,4 TiN surface vacancies (e.g. VN) play a crucial

role in anchoring the Pt atom for its catalytic function.

Computational method

For all DFT calculations, we use the Vienna Ab initio Simula-

tions Package (VASP 5.2) code.22,23 We employ the projector

augmented-wave (PAW) method24 for the electron–ion inter-

actions and the generalized-gradient approximation (GGA)

due to Perdew, Burke and Ernzerhof (PBE)25 for the exchange–

correlation functional. With its PAW potentials, VASP combines

the accuracy of all-electron methods with the computational

efficiency of plane-wave approaches. The electronic wave

functions are expanded in a basis set of plane waves with a

kinetic-energy cutoff of 500 eV. In order to study the effect of

the adsorption of Pt atoms on the electronic structure and

properties of the TiN(100) surface as a function of surface

coverage Y, we use a periodic slab model consisting of four

atomic layers with a vacuum region of about 12 Å (See

Fig. 1b). We find that upon increasing the number of atomic

layers to six layers, the difference in binding energy is found to

be less than 0.02 eV/Pt atom. The different surface coverages

are modeled using p(1 � 1), p(2 � 2), p(3 � 3), p(4 � 4) surface

cells, where we consider Y = 0.06 to 1.00 ML. We define Y as

the ratio of the number of Pt atoms to the number of TiN units

in the unit cell of an ideal TiN surface. Pt atoms and the top

two atomic layers are allowed to fully relax while keeping the

bottom two layers fixed. We consider adsorption in various

on-surface sites and surface vacancy sites (substitutional

adsorption). The k-space integration is performed using

12 � 12 � 1, 6 � 6 � 1, 4 � 4 � 1, 3 � 3 � 1 meshes in the

Brillouin zone for the p(1 � 1), p(2 � 2), p(3 � 3), p(4 � 4)

surface cells, respectively. A Methfessel-Paxton smearing of

0.1 eV is used to improve the convergence and the total energy

is extrapolated back to zero temperature. Dipole corrections26

to the electrostatic potential and total energy are imposed

to eliminate dipole–dipole interactions of images between

supercells. The convergence criterion for the total energy is

taken to be smaller than 1 � 10�5 eV, while for geometry

optimization, the ionic relaxations are performed until the

net change in the forces acting on the atoms becomes smaller

than 1 � 10�2 eV Å�1.

In order to investigate the thermodynamic stability of Pt

adsorption in on-surface sites and surface vacancy sites, we

define the average binding energy per Pt atom, Eb
Pt. To address

the possibility of bulk-like clustering behavior of Pt on

TiN(100), Eb
Pt is calculated with respect to the total energy

of bulk Pt Ebulk
Pt . The chemical potentials of N under different

chemical environments can strongly affect the properties of

Pt/TiN surfaces. Given that the operating conditions of PEMFCs

are typically under strongly oxidizing conditions,3,4 in this work we

will address the stability of the Pt/TiN(100) structures under low

chemical potential of N, mN conditions as a first approximation to

these harsh oxidizing conditions. To estimate the thermodynamic

stability of single Pt atoms adsorbed on clean and defective

surfaces of TiN(100), the binding energy of Pt, Eb
Pt, is calculated,

Fig. 1 The crystal structure of bulk titanium nitride, TiN, and the

atomic structure model of Pt embedded in an N vacancy site on the

TiN(100) surface are shown in (a) and (b), respectively. The platinum,

titanium and nitrogen atoms are shown as large yellow, large white

and small blue spheres, respectively. (c) The calculated partial density-

of-states (PDOSs) of bulk TiN. The Fermi energy is indicated by the

vertical dashed line at 0 eV.



16554 Phys. Chem. Chem. Phys., 2012, 14, 16552–16557 This journal is c the Owner Societies 2012

including the cost of vacancy formation energy, as a function

of the chemical potential of N, mN. It is defined as

Eb
Pt = Etot � Eclean

TiN � (nmTi + mmN + lmPt) (1)

where Etot and Eclean
TiN are the total energy of the system for Pt

adsorbed on a vacancy site and pure TiN (surface or bulk),

respectively; n, m and l are the number of the Ti vacancies, N

vacancies and adsorbed Pt atoms, respectively. mTi, mN and mPt
are the atomic chemical potentials of the Ti, N and Pt,

respectively. Here we assume mPt as the binding energy of bulk

Pt Ebulk
Pt . The lower boundary (i.e. under N-lean conditions), is

taken as the chemical potential of N whereby the spontaneous

decomposition of the nitride into titanium metal and nitrogen

gas will become favorable, whereas that of the upper boundary

(i.e. under N-rich conditions) is defined when N2 condensation

takes place on the surface at low temperatures. Thus, under

N-lean conditions, mTi = Ebulk
Ti and mN = Ebulk

TiN � Ebulk
Ti , while

under N-rich conditions, mN ¼ 1
2
Emlc
N2

and mTi ¼ Ebulk
TiN � 1

2
EN2

,

where Ebulk
TiN , Ebulk

Ti and Emlc
N2

are the total energies of bulk TiN,

bulk Ti and the N2 molecule, respectively. We note that for

the stability of a single Pt adsorption in on-surface sites

(i.e. without vacancy), the binding energy can be calculated

by eqn (1) when n=0 andm=0, with mPt = Ebulk
Pt consistently

referred to that of bulk Pt. In eqn (1), a positive binding energy

indicates that the adsorption is endothermic, while a negative

binding energy indicates that the adsorption is exothermic and

thermodynamically more stable than that in bulk Pt.

Results and discussion

Firstly, we calculate the properties of bulk TiN, yielding a

lattice constant of 4.249 Å and bulk modulus of 280 GPa,

which is consistent with the experimental results of 4.238 Å27

and 288 GPa,28 respectively, as well as the theoretical values of

4.210 Å and 275.5 GPa in our previous work.29 The electronic

density-of-states, decomposed into Ti 3d and N 2p states, are

shown in Fig. 1c, which shows that TiN is a metal with

0.87 states eV�1 at the Fermi level.8 The largely dispersive

unoccupied bands are composed of Ti 3d states, while the

occupied bands show a strong hybridization of N 2p–Ti 3d states.

The calculated binding energies with respect to the energy of

bulk Pt (per Pt atom) vary as function of the surface coverage

Y, which is presented in Fig. 2. For on-surface adsorption at

each of the surface coverages, Pt atoms are placed in the top

sites (TTi and TN) and bridge sites (BAA and BAB), as shown in

the insert of Fig. 2. It is found that as Y increases from 0.06 to

0.25 ML, the binding energy at all adsorption sites increases,

while for increasing Y to 1.0 ML, the binding energy

decreases. This dramatic variation is attributed to the competi-

tion between the Pt-surface and lateral Pt–Pt interactions.

When compared to the cohesive energy of bulk Pt, the positive

binding energies of Pt at the considered on-surface sites suggest

that the cohesive energy of Pt atoms on TiN(100) is less

favorable than that in bulk Pt. This suggests that single Pt

atom adsorption at these sites is thermodynamically unstable,

and driving the atoms to form more favorable bulk-like Pt

clusters. Here, we also find adsorbed Pt atoms on TiN(100) are

displaced vertically away from the surface by 2.14, 2.28, 2.02,

and 2.22 Å for the BAA, BAB, TN, and TTi sites, respectively

(e.g. at the 0.06 ML coverage).

However, we note that previous theoretical calculations

have reported that nitrogen point defects could influence the

stability and induce atomic-scale structural changes in transition-

metal nitrides.30 Furthermore, recent studies of iron oxide

supported single Pt atoms show that surface vacancies of the

supports could well serve as anchoring sites for single Pt

atoms.17 In this work, we study the N (VN) and Ti (VTi) atom

vacancy formation energies of TiN(100) surface and bulk TiN

under different nitrogen environments (N-lean and N-rich),

which are listed in Table 1. The vacancy formation energy is

calculated by eqn (1) when l = 0. We find that N vacancies

form readily and are exothermic both on the surface and in the

bulk under N-lean conditions. Under such conditions, Ti

vacancy formation at both the surface and in the bulk is found

to be largely endothermic and has a considerable formation

Fig. 2 Calculated binding energies of Pt on TiN(100) surface (calculated

by eqn (1)) in the on-surface sites for various coverages. BAA, BAB, TN

and TTi denote the on-surface adsorption sites of AA bridge (i.e. a bridge

site between two like atoms), AB bridge (i.e. a bridge site between an N

atom and a Ti atom), N top and Ti top, respectively (as shown in the

insert), while PtN and PtTi denote the substitutional adsorption sites of N

and Ti vacancies, correspondingly. For the substitutional adsorption, the

binding energies calculated by eqn (1) under N-lean conditions for PtN
and N-rich conditions for PtTi are shown. For the cases under N-rich

conditions for PtN and N-lean conditions for PtTi, the binding energies

are large and positive values (see Table 2).

Table 1 The N (VN) and Ti (VTi) vacancy formation energy for
vacancies at the TiN(100) surface and in bulk TiN, under different
conditions (N-lean and N-rich). p(3� 3) and p(4 � 4) are the size of the
surface unit cell, which represents different vacancy surface coverages of
0.11 and 0.06 ML, respectively. For bulk TiN, a (3 � 3 � 3) supercell is
used, which is found to be sufficiently large to exclude the interaction
between vacancies (we have checked with a bulk (4 � 4 � 4) supercell
and the conclusion was not changed)

VN (eV) N-lean N-rich VTi (eV) N-lean N-rich

p(3 � 3) �0.42 3.02 p(3 � 3) 3.40 �0.04
p(4 � 4) �0.37 3.07 p(4 � 4) 3.45 0.00
Bulk (3 � 3 � 3) �0.87 2.58 Bulk (3 � 3 � 3) 2.96 �0.49
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energy of B3–3.5 eV. On the other hand, under N-rich condi-

tions, N vacancies are difficult to form, yielding a large formation

energy ofB2.5–3 eV. The formation of Ti vacancies, however, is

found to be slightly easier than that of N vacancies, but their

formation energy is marginally exothermic. We have also found

that a nitrogen mono-vacancy is considerably easier to form on

TiN(100) than a di-vacancy, under N-lean conditions.31

The high stability of surface vacancies under certain conditions

has prompted us to further investigate the adsorption properties

of Pt at these sites. We considered so-called substitutional

adsorption of Pt atoms in the Ti and N vacancy sites, which

are labeled PtTi and PtN, respectively. Again, as shown in Fig. 2,

the binding energies at all other considered sites are always

positive with respect to that of bulk Pt, with the exception

of Pt adsorption at the N vacancy site (PtN) under N-lean

conditions. This leads us to believe that the binding of Pt to

TiN surfaces is strongly mediated via these surface VN, high-

lighting the importance of surface defects for this system. When

compared to the cohesive energy of bulk Pt, the negative binding

energy of Pt at VN implies that the cohesive energy of a Pt atom

on defective TiN(100) is higher than that of bulk Pt atoms.

Nevertheless, the positive binding energy of Pt adsorption at VTi

under N-rich conditions denotes that the Ti vacancy site

is unfavorable for Pt adsorption, even when compared to

on-surface Pt adsorption. Concerning the atomic structures,

for the PtN system, the vertical displacement of Pt from the

TiN(100) surface is found to be 1.41 Å (and bond length of

Pt–Ti, dPt–Ti is 2.66 Å), while that of the PtTi system is found to

be 0.30 Å (and dPt–N is 2.17 Å).

In a nutshell, Pt atoms prefer to be ‘‘embedded’’ on

the surface of TiN(100) only at the VN site, while all other

on-surface adsorptions are largely unfavourable with respect

to bulk Pt. This somewhat resembles the result of Pt single

atoms bound to the Fe2O3 surface, as seen in experiments.17

Given that the diffusion of Pt into the carbon supports is one of

the well-known reasons for poor efficiencies of Pt/carbon catalysts,

we find it necessary to check the thermodynamic stability of Pt

atoms in bulk TiN. To check this, we calculate the binding energy

of PtTi and PtN in bulk TiN using a (3� 3� 3) bulk TiN supercell,

i.e. substituting a Pt atom at the Ti, and N site, respectively. In

Table 2, we list the atomic binding energy of Pt atoms adsorbed on

the N and Ti surface vacancy sites under N-lean and N-rich

conditions, compared to that in bulk TiN. For Pt in both the N

and Ti vacancy sites of bulk TiN, the positive and large binding

energies indicate that it is thermodynamically very unlikely for Pt

atoms to occupy N and Ti sites of bulk TiN. These large positive

values are attributed to the large size mismatch between Pt and

the smaller N and Ti atoms in bulk TiN. In addition, the

binding energies of PtN at the TiN surface are very similar for

both the p(3 � 3) and p(4 � 4) surface unit cells, i.e. for

coverages of 0.11 and 0.06 ML, respectively. This indicates

that the p(3 � 3) surface unit cell should be large enough to

minimize the lateral interactions between Pt atoms. Thus, we

can conclude that Pt atoms can be stably embedded in the

N vacancy site of TiN(100) surface, without forming bulk-like

Pt clusters, nor diffusing into bulk TiN. From a thermo-

dynamic point-of-view, the Pt/TiN system could offer a possible

route to improve the efficiencies of Pt-based nanocatalysts for

the PEMFC.

In Fig. 3, with increasing chemical potential of N, mN,
i.e. from N-lean to N-rich conditions, the binding energy of

Pt at the N vacancy increases, while that of Pt at the Ti

vacancy decreases. It can be seen that when DmN o �2.33 eV,

PtN at TiN(100) is the only system for which the binding

energy is found to be negative, i.e. thermodynamically stable.

With increasing mN, the binding energy of PtN at TiN(100)

increases and finally becomes positive and larger than that of Pt

adsorbed on the surface of clean TiN(100) (average on-surface

adsorption: Eb = 1.21 eV) when DmN 4 �1.12 eV. Thus, it can
be inferred that Pt at the surface N-vacancy is the most

favorable system under N-lean conditions, and as mN increases,

it becomes increasingly less favorable, and ends up being less

stable than the on-surface adsorption systems. Considering the

energetic stability of the Pt/TiN structures under varying

N conditions, it is concluded that embedding Pt at the surface

N-vacancy site is the most favorable under N-lean conditions,

Table 2 The binding energy of Pt atoms adsorbed on N and Ti
vacancy sites at the TiN(100) surface and in bulk TiN, which are
denoted by PtN and PtTi , respectively (calculated by eqn (1)). p(3 � 3)
and p(4� 4) are the surface unit cells used, which represent different Pt
surface coverages of 0.11 and 0.06 ML, respectively. For bulk TiN, a
supercell of (3 � 3 � 3) is used, containing 54 atoms, which is large
enough to exclude the interaction between Pt atoms

Eb
Pt (eV)

PtN PtTi

N-lean N-rich N-lean N-rich

p(3 � 3) �1.11 2.33 5.12 1.68
p(4 � 4) �1.06 2.38 5.11 1.66
Bulk (3 � 3 � 3) 3.44 6.89 7.64 4.19

Fig. 3 According to eqn (1), the binding energy of Pt, Eb
Pt, in the bulk

and surface N- and Ti-vacancy sites changes as a function of chemical

potential of N, mN, for the (3 � 3 � 3) bulk TiN and the p(3 � 3)

TiN(100) systems. DmN is defined by DmN ¼ mN �1
2 E

mlc
N2

, where Emlc
N2

is

the total energy of the N2 molecule. The thermodynamically allowed

range of DmN is between �3.45 eV (N-lean) and 0.00 eV (N-rich). PtN
and PtTi denote the substitutional adsorption sites of N and Ti

vacancies in the TiN bulk and surface, respectively. The dot dashed

line denotes the average binding energy of Pt for the situation of

on-surface adsorption of the p(3 � 3) TiN(100) system, in the most

favorable site, which is 1.21 eV.
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which seems to be a reasonable first approximation to strongly

oxidizing conditions (i.e. close to PEMFC operating conditions).

To provide further insight into the electronic structure of the

systems, we consider the partial density-of-states of Pt atoms

adsorbed in both Ti and N vacancy sites, as shown in Fig. 4. In

both cases, we observe a renormalization of Pt 5d states,

compared with Pt 5d states of the clean Pt(100) surface and

bulk Pt. The stability of Pt adsorbed on the N vacancy site is

reflected in the lower energy position of the electronic states,

which are mainly distributed in the range from �3 to �2 eV,

compared to that of Pt adsorbed on the Ti vacancy site, which

are mainly distributed in the range from �2 to �1 eV. We also

calculated the d band centre, ed, of Pt and Ti atoms in the

different systems, as shown in Table 3. For PtN, the ed of Pt 5d
bands in the PtN system is lower than that of the PtTi system,

because of the interaction between Pt 5d states and Ti 3d

states. Simultaneously, the ed of the Ti 3d bands for the PtN
adsorption is higher than that of the Ti 3d bands of the clean

TiN(100) surface and bulk TiN.

To further aid our understanding, we discuss this difference

via plots of charge density differences, as shown in Fig. 5 for

the Pt atoms adsorbed on N and Ti vacancy sites of the

TiN(100) surface systems. The charge density difference, Dr,
can be derived by considering: Dr = rsys � rPt � rTiN, where
rsys, rPt and rTiN are the charge densities of the supercell

Pt/TiN slab system, the Pt atom and the slab of TiN(100)

surface with N (or Ti) vacancy, respectively. In calculation of

the latter two quantities, the atomic positions are fixed as

those they have in the Pt/TiN system. From these redistribu-

tions, it is found that for PtN, there is a bonding between the Pt

and Ti atoms. As we can see, the depletion (blue) of electron

density on both the Pt and Ti atoms, and a significant (yellow)

accumulation between them. There is a ‘‘ring’’ of negative

charge about the Pt atom, which is consistent with our

calculated Bader charge result (�0.49|e|). For Pt atoms adsorbed

on an N vacancy site, it suggests that a single Pt atom embedded

into the TiN surface experiences a significant increase in the

occupation of the 5d states due to coordination by the

four neighboring surface Ti atoms, where the electronegativity

of Pt (Pauling value of 2.28) is larger than that of Ti (Pauling value

of 1.54). The charge transfer is localized around Pt and Ti atoms.

For Pt atom adsorption on Ti vacancies, the charge redistribution

is directional and both N and Ti atoms are involved in the charge

transfer. Also, there is some kind of directional interaction

between the Pt and N atoms; one of the main effects is considered

to be a depletion of the planar Pt 5d states, and increase into the

perpendicular dzz states. This could give rise to the (presumably)

anti-bonding type Pt states at/near the Fermi level (seen in

Fig. 4b), which result in the unfavorable Pt adsorption energy.

As a first step towards the atomic and electronic understanding

of single-Pt atom-dispersion on TiN surfaces for catalysts in

Fig. 4 The partial density-of-states for Pt atoms adsorbed on (a) an N vacancy site, and (b) a Ti vacancy site. The Fermi energy is indicated by the

vertical dash line at 0 eV.

Table 3 The d-band centre, ed, with respect to the corresponding
Fermi level for the different systems. PtTi and PtN denote the systems
of Pt adsorbed on Ti and N vacancy sites in the TiN(100) surface,
respectively

ed
(eV)

Bulk
Pt

Clean
Pt(100) PtTi PtN

Clean
TiN(100)

Bulk
TiN

Pt �3.092 �2.118 �2.158 �2.746 — —
Ti — — — �3.946 �4.074 �4.606

Fig. 5 A side-view of electron charge density differences for the substitu-

tional adsorption of Pt atoms on the (a) N and (b) Ti vacancy sites,

respectively, where the inset shows the corresponding top-view. Charge

accumulation and depletion are represented by the yellow and light blue

regions, respectively. The isosurface levels are set to �0.005 e bohr�3.
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PEMFC, by using first-principle calculations, we study the

stability of single-Pt atoms on the (100) surface of the non-

conventional support material TiN. Single-Pt atoms prefer to

occupy the N vacancy sites in the TiN surface under N-lean

conditions. In order to realize the application of this platinized

TiN surface in PEMFCs, further research is being pursued to

investigate the stability of Pt/TiN electrodes in different

electrolytes via surface Pourbaix diagrams.

Conclusion

In summary, utilizing first-principles DFT calculations, TiN

supports for single-atom platinum-based catalysts are investigated.

It is found that a Pt atom prefers to be embedded in the surface of

TiN at the N vacancy sites. According to the binding energy of Pt

atoms, with respect to that of bulk Pt, single Pt atoms could be

stable on the N atomic vacancy site rather than forming Pt metal

clusters. The substitutional adsorption of Pt atoms at Ti vacancy

sites in bulk TiN is energetically unfavorable. We found that

atomic Pt does not bind preferably to the clean TiN surface, but

under typical PEM fuel cells operational conditions, i.e. strongly

oxidizing conditions, TiN surface vacancies play a crucial role in

anchoring the Pt atom for its catalytic function.Whilst considering

the energetic stability of the Pt/TiN structures under varying

N conditions, embedding Pt at the surface N-vacancy site is found

to be the most favorable under N-lean conditions, where Pt

presents negative charge.
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