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Mitigation of CO poisoning on functionalized
Pt–TiN surfaces†

R. Q. Zhang,ab C.-E. Kim,a B.-D. Yu,c C. Stampflda and A. Soon*ad

It has been previously reported that the system of single Pt atoms embedded in N-vacancy (VN) sites on

the TiN(100) surface (Pt–TiN) could be a promising catalyst for proton exchange membrane fuel cells

(PEM FCs). The adsorption of molecules on Pt–TiN is an important step, when it is incorporated as the

anode or cathode of PEM FCs. Utilizing first principles calculations based on density functional theory,

systematic investigations are performed on the adsorption of several atomic and molecular species on

the Pt–TiN system, as well as the co-adsorption of them. The favorable binding sites and adsorption

energies of several molecular species, namely carbon dioxide (CO2), carbon monoxide (CO), oxygen (O2),

hydrogen (H2), hydroxyl (OH), an oxygen atom (O), and a hydrogen atom (H), are explored. For each, the

adsorption energy and preferred binding site are identified and the vibrational frequencies calculated.

It is found that CO2, CO and H prefer the Pt top site while OH and O favorably adsorb on the Ti top site.

When CO and OH are co-adsorbed on the Pt–TiN(100) surface, OH weakens the adsorption of CO. The

weakening effect is enhanced by increasing the coverage of OH. A similar behavior occurs for H and

OH co-adsorption on the Pt–TiN(100) surface. Because co-adsorption with OH and H species weakens the

adsorption of CO on Pt–TiN, it is expected that the acid and base conditions in PEM FCs could mitigate

CO poisoning on functionalized Pt–TiN surfaces.

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 (PEM FCs) have
received broad attention due to their low operating temperature,
low weight, low emissions and quick start-up time.1,2 Two major
drawbacks for the efficient use of PEM FCs are namely their
high production costs (due to the use of the Pt catalyst) and
their low material durability (resulting in poor cycle life).3

In order to increase the efficiency per Pt atom and enhance
the durability, our previous work demonstrated that the system
of a single Pt atom embedded in the VN site on the TiN(100)
surface (Pt–TiN) could be a promising candidate for a catalyst
in PEM FCs.4 The use of a single Pt atom decreases high production
costs, and the high resistance to corrosion of TiN ensures high
material durability in PEM FCs. Recent studies have found that
TiN nanoparticles showed a relatively high performance for
PEM FC reactions (especially under alkaline conditions),5 while
another report claims that the catalyst of a single-atom Pt
anchored to graphene exhibited significantly improved catalytic
activity (up to 10 times) over that of the state-of-the-art commercial
Pt/C catalyst.6

Adsorption of atomic or molecular species on surfaces
modifies the electronic and structural properties, thus affecting
their catalytic properties. The interaction between adsorbates
such as atoms, molecules, and ions on catalyst surfaces is key
to understanding catalyzed reactions. A detailed knowledge of
the adsorption properties of the Pt–TiN system is necessary before
undertaking further study of its catalytic properties. Carbon
dioxide (CO2) and carbon monoxide (CO) are the contaminants
in the reactions of PEM FCs. Oxygen (O2) and hydrogen (H2) are
reactants for the cathodic and anodic reactions, respectively.
In addition, the adsorption of hydroxyl (OH), oxygen atoms (O),
and hydrogen atoms (H) determines the activation energies of
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the reactions. Thus, we systematically investigate the adsorp-
tion behaviors of these atomic and molecular species on the
Pt–TiN system.

Carbon monoxide (CO) poisoning of catalysts is one of the
important challenges that hinder the large-scale commercializa-
tion of proton exchange membrane fuel cells. In addition, the
effect of CO2 contamination on the anode catalyst is similar to
that of CO. Carbon dioxide is reduced to CO, which strongly
adsorbs on Pt, blocking H2 adsorption. There have been many
studies aimed at resolving this CO poisoning issue.7–10 Effects of
electron and hole doping in Pt4 clusters suggested an effective
method to prevent the CO poisoning through regulating the total
charge in Pt4 clusters.7 It is reported that intermetallic compounds
show superior catalytic properties. CO on the PtBi2 and PtBi surfaces
presents much lower adsorption energies than on metallic Pt by
raising the Fermi level of the PtBi2 and PtBi surfaces. Then it
decreases CO poisoning effects on PtBi2 and PtBi electrodes.8 Kapur
et al. demonstrated that Bi-modified Pt(111) surfaces reduced CO
poisoning because Bi dopants prohibit CO adsorption.9 Bimetallic
Pt–Ti nanoalloys exhibit enhanced properties compared to pure Pt
catalysts, because of the weaker binding of CO on these alloys
compared to pure Pt clusters.10

Recently, it has been demonstrated that CO doesn’t desorb
on an Au(111) surface in aqueous alkaline media. However, on
this CO-modified Au(111) surface, CO can act as a promoter for
the electrocatalytic oxidation of certain alcohols, in particular
methanol.11 This is an excellent example of the promotion
effect by co-adsorbed molecules in electrocatalysis. There
are many studies concerning the adsorption enhancement
of CO on the Au(111) surface by co-adsorbed Cl,12 NO2,13

sulfate ions,14 S,15 and OH.16 This phenomenon is induced by
electron transfer from CO to the other molecules. The more
electrons transferred to the substrate from CO, the greater
the adsorption energy of CO. Meanwhile, Na-induced surface
negative charging weakens CO adsorption on Au(111) sur-
faces15 and NO adsorption on the Pd(111) surface.17 Carbon
monoxide adsorbed on the Au(111) surface significantly
decreases the onset potential for methanol oxidation.11 The
mechanism of this promotion effect is that the presence of
adsorbed CO promotes beta-hydrogen elimination, that is, C–H
bond breaking. The adsorption of OH, induced by CO on
Au(111), catalyses a very specific step in the oxidation of the
alcohol. It is found that the enhancement of CO adsorption by S
on Au originates from a S-induced positive polarization of the
Au surface.15

For the system of Pt particles deposited on TiN surfaces, it is
revealed experimentally that the surface Ti–OH type functional
groups help in reducing the accumulation of CO on the catalyst
surface when OH and CO molecules co-exist.18 It was found
that the electron deficiency on Pt may enhance accumulation of
hydroxyl groups on its surface which would help in the removal
of adsorbed CO on Pt.18 However, for the Pt–TiN system, the Pt
atom presents a negative charge, where a ‘‘ring’’ of negative charge
about the Pt atom appears.4 Thus, it is necessary to investigate
the co-adsorption of CO and OH on the Pt–TiN system, as well
as the co-adsorption of CO and H.

Based on the above description, in the present paper, by
performing first-principles calculations based on density functional
theory (DFT), the adsorption behaviors of different atomic and
molecular species on the Pt–TiN(100) surface are investigated.
It is found that the adsorption energy of CO on Pt–TiN is lower
than that for CO on the Pt(111) surface. Therefore, Pt–TiN
appears to be more efficient than the Pt(111) surface in relation
to reducing the effect of CO poisoning. It is found that, on
Pt–TiN surfaces, OH (or H) decreases the adsorption energy of
CO and hence reduces the accumulation of CO. These results
imply that the CO poisoning may not occur for Pt–TiN in the
alkaline (or acidic) environment.

Computational method

We use the Vienna ab initio Simulations Package (VASP 5.2)
code.19–21 We employ the projector-augmented-wave (PAW)
method and the generalized-gradient approximation (GGA) due
to Perdew, Burke and Ernzerhof (PBE)22 for the exchange–corre-
lation functional. For electron–ion interactions, the projector-
augmented-wave (PAW) method was used.21 The electronic wave
functions are expanded in a plane wave basis set with a kinetic-
energy cutoff of 500 eV. From our previous study of pristine TiN
and its crystal morphology, it is shown that the predominant
facet exposed is the (100) surface and thus we have chosen this
facet to study the Pt–TiN system.23 The Pt–TiN system consists
of a Pt atom adsorbed on a VN site of a TiN(100) p(3 � 3) surface
cell. Details concerning the atomic structures can be found in
our previous work.4 We consider molecular adsorption in
different sites on the surface. Fig. 1(a) shows the adsorption
sites considered, namely the Pt top site (TPt), the Ti top site
(TTi), and the Ti bridge site (BTi). The k-space integration is
performed using a 4 � 4 � 1 mesh in the Brillouin zone for the

Fig. 1 (a) The adsorption sites considered (the smallest balls) on the surface of
the Pt–TiN system. (b) The adsorption energy (with ZPE correction) for the
different atoms and molecules adsorbed on the Pt–TiN(100) surface. The positive
and negative values correspond to adsorption that is either endothermic or
exothermic, respectively. The dotted line indicates the energy zero. The corres-
ponding adsorption energy values are presented in Table S1 of ESI.†
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p(3 � 3) surface cell. A Methfessel–Paxton smearing of 0.1 eV is
used to improve the convergence and the total energy is
extrapolated to zero temperature. Dipole corrections24 of the
electric 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.

The adsorption energy Ead with zero-point energy (ZPE)
corrections, for different atoms and molecules adsorbed on
the Pt–TiN(100) surface is defined as follows:

Ead = Etot � EPt
TiN � EM + DZPE (1)

where Etot and EPt
TiN are the total energies of the adsorption

system and Pt–TiN(100) system, respectively. M denotes the
different atoms or molecules adsorbed on the surface. For O
and H atoms, and the CO molecule, the adsorption energy is
with respect to the O2, H2, and CO molecules, respectively. For
the OH molecule, the adsorption energy is with respect to
the H2 and H2O molecules. Thus, EO ¼ 1

2
Emlc
O2

, EH ¼ 1
2
Emlc
H2

,

ECO = Emlc
CO , EOH ¼ Emlc

H2O
� 1

2
Emlc
H2

, where Emlc
O2

, Emlc
H2

, Emlc
CO , and

Emlc
H2O

are the total energies of the free molecules O2, H2, CO, and

H2O respectively. DZPE = ZPEM
Pt–TiN � ZPEM

Free, where ZPEM
Pt–TiN

and ZPEM
Free are the ZPEs of molecules adsorbed on Pt–TiN(100)

and the free molecules, respectively. The adsorption energy of
Pt, Ead

Pt , was also calculated when atoms and molecules are
adsorbed. Here, the ZPE correction is also considered. The
adsorption energy is defined by:

Ead
Pt = Etot � ETiN � EPt

bulk � EM + mN + DZPE (2)

where ETiN is the total energy of the TiN slab with a surface N
vacancy and EPt

bulk is the total energy of bulk Pt. mN is the atomic
chemical potentials of N. Under N-lean conditions, mTi = Ebulk

Ti and
mN = Ebulk

TiN � mTi, while under N-rich conditions, mN ¼ 1
2
Emlc
N2

and

mTi = Ebulk
TiN � mN, where Ebulk

TiN , Ebulk
Ti and Emlc

N2
are the total energies

of bulk TiN, bulk Ti and the N2 molecule, respectively.
For co-adsorption of CO with OH and H groups, the adsorp-

tion energy of CO, Ead
CO, is defined as:

Ead
CO = Etot � EM

Pt–TiN � Emlc
CO (3)

where Etot and EM
Pt–TiN are the total energies of the co-adsorption

system and M (OH or H groups) adsorbed on the Pt–TiN system,
respectively.

We define two kinds of the charge density difference distribu-
tions, Dr1 and Dr2, as follows:

Dr1 = rsys � rPt–TiN � rM (4)

Dr2 = rsys � rTiN � rPtM (5)

where rsys, rPt–TiN, rM, rTiN, and rPtM are the charge densities
of the adsorption system, the Pt–TiN slab system, M (O, H,
CO, OH) molecules, the TiN slab, and Pt atoms with
M molecules, respectively. In the calculation of the latter two
quantities in the above equations, the atomic positions are

fixed as those they have in the adsorption system. Dr1 shows
the electron transfer between molecules and the Pt–TiN slab,
while Dr2 shows electron transfer between Pt with molecules
and the TiN substrate with a N vacancy.

Results and discussion

We firstly calculated the vibrational frequencies for the free
molecules. The effect of spin polarization is taken into account.
The vibrational frequencies (analyzed in bond bending and
bond stretching modes) for each molecule are listed in Table 1.
It is found that our results are in good agreement with experi-
mental and theoretical results.

Fig. 1(b) displays the adsorption energy (with ZPE corrections)
for the different atoms and molecules adsorbed on the Pt–TiN
system. On the whole, CO2, CO, and the H atom prefer the TPt

site, while O2, OH, and O prefer to adsorb on the TTi site. The
values are listed in Table 2. For CO2 adsorption, when it is
initially placed on the TTi site, CO2 migrates to the TPt site
without an energy barrier. In addition, on the TPt site, the bond
angle of O–C–O of CO2 is 1471, a significant difference to that of
free CO2 which is 1801. The low adsorption energy of �0.17 eV
implies that CO2 could not poison the Pt–TiN system. Here, a
negative value indicates binding and a positive value indicates
that adsorption is not stable. For CO adsorption, although the
TPt site is the more favorable site, CO can also be metastable on
the TTi site, with an adsorption energy of �0.98 eV. When the
CO molecule was initially placed on the BTi site, it diffused to
the TPt site. It is interesting to note that the adsorption energy
of CO adsorbed on the Pt–TiN system, which is �1.24 eV, is

Table 1 Calculated vibrational frequencies for the various molecules. Available
experimental values of the vibrational frequencies are taken from ref. 29. The unit
is cm�1. The bond bending and stretching modes are indicated by d and n,
respectively

Molecule

Frequencies

Vibration modeThis work Exp.

CO 2189 2170 nCO

O2 1615 1580 nOO

CO2 2357, 1316 2349, 1333 nCO and dCO

632 667
H2 4325 4401 nHH
OH 3641 3738 nOH

Table 2 The most stable adsorption site for the different atomic and molecular
species adsorbed on Pt–TiN. The corresponding adsorption energies of Pt under
different conditions (N-lean and N-rich) are also listed

Species The most stable site

Ead
Pt (eV)

N-lean N-rich

CO2 TPt �1.30 2.14
CO TPt �2.35 1.10
O2 TTi �3.41 0.04
H2 TPt �1.05 2.40
OH TTi �1.73 1.72
O TTi �3.75 �0.30
H TPt �1.54 1.91
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higher (less favorable) than that of CO adsorbed on the Pt(111)
surface (�1.68 eV).25 This indicates that Pt–TiN may perform
better than the Pt(111) surface with regard to CO poisoning. For
the adsorption of the O2 molecule and the O atom, both prefer
the TTi site and bind strongly to the surface. As shown in
Fig. 2(b), the adsorption energy of H2 adsorbed on the Pt–TiN
system is positive, i.e. unstable. The adsorption energy of OH is
calculated with respect to H2O and H2 molecules, instead of the
OH species. However, if the adsorption energy of OH is calcu-
lated with respect to the OH species, it is �2.87 eV, �3.02 eV,
and �3.75 eV for the BTi site, TPt site, and TTi site, respectively.
It is found that the TPt and BTi sites are unstable adsorption
sites for OH, while the TTi site is a stable binding site for OH on
the Pt–TiN system. In the TTi site, the H atom of OH tilts at an
angle of 48.71 with respect to the surface plane. We also
calculated the adsorption energy of Pt for molecules adsorbed
on the Pt–TiN system (cf. eqn (2)) under N-lean and N-rich
conditions. The results are listed in Table 2. It is found that the
adsorbed molecules enhanced the adsorption energy of Pt, com-
pared to the situation without molecular adsorption (see Table 2 in
ref. 4). We also calculated the frequencies of the molecular
species adsorbed on the Pt–TiN system, as shown in Table 3.
The shift in frequency can be used as an experimental tool to
probe the properties of adsorbed species. CO, H2, and OH have
blue shifts of 568 cm�1, 542 cm�1, and 1309 cm�1, respectively,
compared to the free molecules, while CO2 and O2 present a red
shift in frequency.

Here, since our goal is to investigate the CO poisoning issue,
we further discuss the properties of CO adsorption. For CO
adsorption, the favorable site is the TPt site. The bond length of CO
adsorbed in this site is 1.168 Å, representing an increase relative to
that of the free CO molecule (1.144 Å). This change is induced
by electron back donation from Pt. In addition, the vibrational
frequency of CO adsorbed on the TPt site is 2757 cm�1, a blue
shift of 657 cm�1 with respect to the vibrational frequency of
CO adsorbed on the Pt(111) surface (2100 cm�1).26

In Fig. 2 the charge density differences of CO adsorbed on
the TPt site of the Pt–TiN system is shown, as obtained from

eqn (4) and (5). Fig. 2a displays the electron transfer between
CO and Pt–TiN, while Fig. 2b presents the electron transfer
between the complex of CO–Pt and the TiN surface. As can be
seen from Fig. 2a, there is depletion of electron density on the
Pt atom and accumulation of electron density around CO, that
is, there is electron transfer from Pt to CO. For the electron
redistribution between the complex of CO–Pt and the TiN
surface, although it is similar to the Pt–TiN system before
adsorption,4 the electron transfer from Pt to CO enhances the
adsorption energy of Pt, as shown in Table 2. Fig. 2c shows the
partial electronic density-of-states (PDOS) of C, O, and Pt atoms
for CO adsorbed on the Pt–TiN system, as well as the PDOS of a
Pt atom in the Pt–TiN system without adsorbed CO. After CO
adsorption, it can be seen that Pt 5d states present a shift to
lower energies and a peak around �2.3 eV appears. These
variations are due to the interaction between Pt 5d states and
CO orbitals, i.e. the electron back-donation to the 2p* orbital of
CO. In addition, the peak around �3.8 eV in the Pt 5d states
and the CO 5s orbital displays the interaction between them.

Fig. 3 shows the charge density differences and projected
density of states (PDOS) for OH adsorbed on the TTi site in the
Pt–TiN system. As shown in Fig. 3a, although OH is adsorbed
on the TTi site, there is electron transfer between Pt and OH
because of the close distance between the Pt and O atoms of
2.505 Å. The O atom gains electron density from the Pt and Ti
atoms, which results in formation of an electron depletion area

Fig. 2 Side view of electron charge density differences of (a) Dr1 (cf. eqn (4)) and (b) Dr2 (cf. eqn (5)) for CO adsorbed on the Pt–TiN system in the Pt site. The insets
show the corresponding top-view. Charge accumulation and depletion are represented by the yellow and light blue regions, respectively. The isosurface levels are
�0.005 e Bohr�3. (c) The partial density-of-states for CO adsorbed on the Pt–TiN system. The PDOS for Pt 5d states in Pt–TiN without CO represented by the shaded
curved are given for comparison. The Fermi energy is indicated by the vertical dotted line at 0 eV.

Table 3 Calculated vibrational frequencies at the G point for molecules
adsorbed on the Pt–TiN(100) surface. The unit is cm�1. The corresponding values
of the free molecules are shown for comparison

Molecule

Frequencies

Vibration modeAdsorbed Free

CO2 1884, 1182 2357, 1316 nCO and dCO
590 632

CO 2757 2189 nCO

O2 1470 1615 nOO

H2 4867 4325 nHH

OH 4950 3641 nOH
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around the Pt and Ti atoms. This is confirmed by the PDOS, as
shown in Fig. 3c. It can be seen that there is an interaction
between the Pt 5d states, Ti 3d states and O 2p states where the
two peaks at �4.7 eV and �3.8 eV appear. From the top view
of Dr1 (Fig. 3c), the charge redistribution is directional and
both Pt and Ti atoms are involved in the charge transfer. For
the electron transfer between the Pt–OH complex and TiN
substrate, as shown in Fig. 3b, it is demonstrated again that
the charge redistribution occurs among Pt, O, and Ti atoms.
Because of the loss of electrons from the Ti atom, there
are more Ti 3d conduction states than that of the Ti atom in
the Pt–TiN system without adsorption, as displayed in Fig. 3c.
Note that the d-band center of Pt exhibits a decrease of 0.14 eV
after OH adsorption on the TTi site. It is expected that this small
variation of the d-band center will not affect the catalytic
properties of the Pt site significantly.

For H atom adsorption, it is stable on the TPt site with an
adsorption energy of �0.43 eV. This is significantly smaller
than that on the Pt(111) surface of �2.7 eV.6 Note that when
H is adsorbed on the BTi site, it is unstable with the positive
adsorption energy of 0.13 eV. For H adsorbed on the TPt site in
the Pt–TiN system, Fig. 4 shows the charge density differences

and the PDOS. It can be seen that H atom gains electron density
from the Pt atom, as shown in Fig. 4a. Combined with the
PDOS shown in Fig. 4c, it is found that a H1s–Pt5dzz hybrid
orbital is formed between the H and Pt atoms, and the electron
redistribution occurs among the energy range from�6 eV to�5 eV.
This results in a shift to lower energies of the Pt 5d states, compared
with that of the Pt–TiN system before H adsorption. Meanwhile, as
shown in Fig. 4b, for the electron transfer between the Pt–H complex
and the TiN substrate, there is a significant electron accumulation
between Pt and Ti atoms, which is similar to the situation of the
Pt–TiN system before H adsorption.4

Next, to afford a general understanding and to mimic the
effect of electrolytes (e.g. H+ and OH�) in the fuel cell environ-
ment,27,28 we study the co-adsorption of H and OH with the CO
molecule on Pt–TiN(100). As a first step, we approximate the
local pH effects of such electrolyte species on the adsorption
properties of CO by varying the local surface coverage of H and
OH up to a full monolayer surface coverage (corresponding to
9 H or OH on Pt–TiN(100)).

The adsorption energy of CO for co-adsorption with OH
(or H) species on Pt–TiN(100) is shown in Fig. 5. Insets are the
top views of the atomic structures. As a whole, the adsorption

Fig. 3 Side view of electron charge density differences of (a) Dr1 (cf. eqn (4)) and (b) Dr2 (cf. eqn (5)) for OH adsorbed on the Pt–TiN system, 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 �0.005 e Bohr�3. (c) The partial density-of-states for OH adsorbed on the Pt–TiN system. The PDOS for Pt 5d states in Pt–TiN without OH represented by the
shaded curved are given for comparison. The Fermi energy is indicated by the vertical dotted line at 0 eV.

Fig. 4 Side view of electron charge density differences of (a) Dr1 (cf. eqn (4)) and (b) Dr2 (cf. eqn (5)) for H adsorbed on the Pt–TiN system, 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�0.005 e Bohr�3. (c) The partial density-of-states for H adsorbed on Pt–TiN system. The PDOS for Pt 5d states in Pt–TiN without H represented by the shaded curved
are given for comparison. The Fermi energy is indicated by the vertical dotted line at 0 eV.
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energy of CO increases (becomes less favorable) with increasing
number of OH (or H), namely, OH (or H) weakens the adsorp-
tion energy of CO. For co-adsorption of CO and OH, when the
number of OH increases from 0 to 4, the adsorption energy of
CO increases from �1.27 eV to �0.71 eV, a variation of 0.56 eV.
OH can be the oxidant for the oxidation of CO. However, when
CO binds to the Pt atom and OH binds to the Ti atom, the
distance between the carbon monoxide carbon atom of CO and
the oxygen atom of OH is too large for the formation of a COOH
species. Furthermore, we calculated the adsorption energy for
CO on the TPt site and OH occupying all the TTi sites in Pt–TiN
system. The adsorption energy of CO is just 0.01 eV, which means
that it cannot adsorb on the Pt–TiN system. In the situation of
co-adsorption with OH, the bond length of C–O is 1.147 Å,
which is almost same as free CO of 1.144 Å. This result implies
that the CO poisoning would not occur for the Pt–TiN system in
OH alkaline environment. We also considered the average
adsorption energy of OH on Pt–TiN without CO. The average
adsorption energies exhibit only a small variation of about
0.1 eV when the number of OH increases.

For co-adsorption of CO and H, although the adsorption
energy of CO decreases slightly (CO becomes more stable) when
the number of H increases from 2 to 3, for 4 co-adsorbed H
atoms, the adsorption energy of CO increases from �1.27 eV to
�0.53 eV, a variation of 0.74 eV. This represents a greater weakening
effect compared to OH. This can be understood by combining
structures of single H atom adsorption and co-adsorption of H
and CO. As mentioned above, a single H atom is unstable on
the TTi site. When H atoms co-adsorb with CO, the initial
position of H and CO are TTi and TPt site. However, the final
optimized structures are H and CO co-adsorbed on Pt atom.
It results in the greater weakening effect for CO adsorption.

Overall, compared with CO adsorbed on Pt(100) and (111)
surfaces, the adsorption energy of CO on the Pt–TiN surface

is weaker. Especially, co-adsorption with H or OH species
weakens the adsorption energy of CO. Therefore, Pt–TiN
appears more effective than the Pt(111) surface in relation to
CO poisoning.

Conclusion

In summary, from the first-principles calculations based on
density-functional theory, the adsorption of several molecular
species – namely CO2, CO, O2, H2, OH, O, and H, on the Pt–TiN
system, as well as the co-adsorption of CO with H or OH, were
performed and systemically investigated. We find that the mole-
cular adsorbates CO2, CO and H bind preferentially to the TPt site,
whilst other molecular absorbates like OH and O prefer the TTi site.
We also find that surface functional groups (e.g. OH or H) in the
presence of the CO adsorbate drastically weaken the CO adsorption
energy on the Pt–TiN(100) surface. On the basis of these findings,
we propose that the acid and base conditions in PEM FCs could
well provide a possible way to minimize CO poisoning on these
surface-functionalized Pt–TiN surfaces.
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