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 Role of Transition Metal in Fast Oxidation Reaction on the 
Pt 3 TM (111) (TM  =  Ni, Co) Surfaces  
 The fundamental bonding interactions between oxygen and 
metal surfaces play an important role in understanding com-
mercially important catalytic reactions. [  1  ]  The subtle changes of 
bonding mechanism on the metal surfaces can make a critical 
difference in the electrochemical activity. Pt and Pt-alloys, one of 
the most extensively investigated catalyst systems, are remark-
able catalysts in transforming the chemical state of oxygen in 
a variety of molecules, i.e., oxidation converter for CO [  2–4  ]  and 
NO X  [  5–7  ]  and as uniquely active electrode materials for both 
cathode and anode in fuel cells. [  8–10  ]  However, the realization 
of commercially viable fuel cells for transportation requires sig-
nifi cantly lower Pt content and better reaction kinetics. Recent 
investigations on the Pt-based alloys found that adding transi-
tion metal (TM) resulted in higher catalytic activity [  11–14  ]  and 
suggested that modifi ed electronic structure of Pt-TM system 
could be a source of its improved catalytic reactions. 
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 In explaining trends in catalytic activity of Pt-TM alloys, the 
 d -band electronic model has been proposed. According to this 
model, [  15  ]  the chemical bonding of adsorbates on the metal sur-
faces is closely related to a feature in the total density of states 
(DOS), i.e. average location of DOS contributed by  d  electrons 
(so called  d -band center) near the Fermi level. [  14  ,  16,17  ]  From 
a molecular orbital point of view, modifi cation of the oxygen-
metal bonding comes from changes in the coupling strength 
between oxygen 2 p  and metal  d  states. [  17  ]  That is, the modifi ed 
surface structure, i.e., Pt top-surface/TM sub-surface, alters the 
surface electronic structure and hence changes the coverage of 
all oxygen-containing species at a given electrode potential. The 
change of adsorption properties by so-called spectator species 
through the electronic modifi cation produces the enhanced cat-
alytic activity of the Pt-alloy catalyst. 

 The total DOS is readily accessible from the normal X-ray 
photoemission spectroscopy (XPS). However, for the present 
purposes, it is essential to obtain the energy-and-momentum 
resolved near-surface band structure. Such measurements 
are enabled by angle-resolved XPS (ARPES), but few experi-
mental observations have been performed for bimetallic sys-
tems. Therefore, a deep understanding of (1) the role of TM in 
altering the surface electronic structure of Pt and (2) the cor-
relation between the surface electronic structure and bonding 
with oxygen-containing species is yet to be obtained. 

 Here, we report a direct visualization of surface electronic 
band structure with high performance ARPES, allowing us 
to investigate the bonding interaction between chemically 
adsorbed atomic oxygen and Pt 3 TM(111) (TM  =  Ni and Co) sur-
faces, which is known as one of the most-active catalytic bime-
tallic surfaces for oxygen chemisorption and reduction process. 
It is found that the  d -electrons of subsurface TM do not con-
tribute to direct chemical bonding with oxygen. Supported by 
density functional theory (DFT) calculations, we show that the 
main origin of the weakened Pt-O bonding is due to the sup-
pression of Pt surface-states near the Fermi level, which is a 
result of the change in interlayer potential, i.e. charge polariza-
tion, between Pt-top and TM-subsurface. Our results highlight 
the critical role of the sub-surface TM in modifying the elec-
tronic structure of the Pt surface layer that in turn tunes the 
surface chemical reactivity. 

 The chemical states of oxygen on the Pt 3 TM(111) sur-
faces are characterized with the Pt 4 f  and O 1 s  core level 
spectra as a function of temperature, showing transition 
from a molecularly to chemically bonded state. On the 
clean surface of Pt(111) and Pt 3 TM(111) (see Supporting 
bH & Co. KGaA, Weinheim 1257wileyonlinelibrary.com
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     Figure  1 .     a) Core level spectra of O 1 s  of Pt, Pt 3 Co, and Pt 3 Ni(111) measured at 30 K with 
780 eV. Molecularly adsorbed (physisorbed) and atomically adsorbed (chemisorbed) oxygen are 
labeled. b) Pt 4 f  core level spectra of Pt 3 Ni(111) at 125 eV. The spectral feature of bulk-related, 
surface-related, chemisorbed atomic oxygen, and PtO-component are represented by Pt 3 Ni(B) 
(red), Pt 3 Ni(S) (dark red), O/Pt 3 Ni (blue), and PtO (green), respectively. c,d) Temperature 
dependence of binding energy of physisorbed oxygen molecule and chemisorbed oxygen atom 
in the range of 30  −  51 K. The O/Pt(111) data were obtained from Ref. [   19   ].  
information, Figure S1), oxygen molecules were dosed 
at 30 K. As shown in  Figure    1  a, oxygen molecules are 
adsorbed with van der Waals interaction on the Pt 3 TM(111) 
surfaces, i.e., the physisorbed state, at low temperature 
(T  <  40 K). Then, conversion into a chemisorbed state occurs 
at around 40 K. [  18  ]  During this thermally activated transition 
process, molecular oxygen dissociates into chemisorbed atomic 
oxygen [  19  ]  (O/Pt 3 TM). A surface oxide (PtO) is also formed as 
by-product and was discussed previously. [  19  ]  Another important 
feature in Figure  1 b is that surface-component of Pt 4 f  (i.e., 
Pt 3 Ni(S)) from Pt-skin layer on the Pt 3 Ni(111) is located at the 
higher binding energy ( − 70.70 eV) compared to that of the Pt 4 f  
( − 70.54 eV) [  19  ]  (not shown here) on the clean Pt(111). This vari-
ation of 0.15 eV refl ects the characteristic of charge state of the 
Pt top-surface layer on Pt 3 Ni(111), which is distinct from that 
of Pt(111). The discussion of the charge-distribution on Pt3TM, 
i.e., charge polarization, between surface and surface-subsur-
face layer will be given later.  

 The O 1 s  core level spectra of the physisorbed molecular 
oxygen on the Pt, [  19  ]  Pt 3 Ni, and Pt 3 Co(111) surfaces, displayed 
in Figure  1 c, refl ects the behavior of the Pt 4 f  as the function 
of temperature. As is well known, the oxygen molecules in a 
physisorption state do not form chemical bonds with the metal 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We8 wileyonlinelibrary.com
surface. The interaction can be explained 
in terms of a potential energy surface. [  20    ,    21  ]  
Therefore, physisorbed oxygen molecules 
should experience nearly the same surface 
potential regardless of atom types in the 
subsurface layer. As shown in Figure  1 c, the 
binding energies of O 1 s  for the physisorbed 
state follow similar behavior in all three sur-
faces; this indicates the surface layers of 
Pt 3 TM(111) are covered only with Pt atoms. 
In addition, core level spectra of Co 2 p  and Ni 
2 p  from Pt 3 TM do not exhibit any variation 
regardless of whether oxygen is chemisorbed 
on the surface or not, which again indicates 
the formation of Pt-skin layer on the surface 
(see Supporting information, Figure S2). 
Interestingly, the O 1 s  spectra for the chem-
isorbed atomic oxygen show signifi cant 
changes as substrate varies, as displayed in 
Figure  1 a. The binding energy of chemisorbed 
atomic oxygen on Pt(111) [  19  ]  is clearly higher 
than that on Pt 3 Ni and Pt 3 Co(111) (Figure  1 d). 

 To investigate the details of the bonding 
interaction between Pt surface atom and 
chemisorbed atomic oxygen on the Pt 3 TM(111) 
surfaces, we obtained a constant energy map 
at the Fermi level,  E  F , and valence band struc-
ture in the fi rst Brillouin zone by performing 
ARPES measurements. Here, we present only 
results from Pt 3 Ni(111) as representative of 
general features for all the Pt 3 TM(111) 
surfaces. As presented in  Figure    2  a and 
Figure  2 b, the Fermi surfaces of clean 
Pt 3 Ni(111) undergo little change even after 
chemical bonding with atomic oxygen. 
Figure  2 c and Figure  2 d show a band struc-
ture cut along the  Γ KM direction for clean Pt 3 Ni(111) and O/
Pt 3 Ni(111). For clear comparison, the cuts of the clean surface 
band (fi lled circles) and that of oxygen-adsorbed one (empty 
squares) are plotted together in Figure  2 e, which verify again that 
no signifi cant change occurs after chemical bonding with atomic 
oxygen. This interesting result indicates a weak hybridization (i.e., 
nearly neutral charge-transfer) between oxygen and surface Pt 
atom. Another signifi cant point to be noted is that Pt 3 Ni(111) show 
much less surface-state density than Pt(111) [  22  ]  near the Fermi 
level. The surface-state, which is localized at the surface layer, was 
previously identifi ed as the key component in chemical bonding 
interaction in oxidation mechanism of the Pt(111) surface. [  22  ]  
Especially, one surface-state near M symmetry point, which has 
 d xz,yz   character, was shown to contribute to weak hybridization 
with chemisorbed atomic oxygen, accompanied by minimal 
charge-transfer. [  22  ]  In the present work, we carefully identifi ed 
surface-states of Pt 3 Ni(111) by observing little dispersion of spec-
tral function along momentum axis,  k  ⊥ , perpendicular to the sur-
face (see Supporting information, Figure S3) and reconfi rmed 
the less identifi ed surface-states near the Fermi level. In addition, 
as displayed in Figure  2 , there is no discernible band shift at the 
symmetry points including M point, indicating no considerable 
charge-transfer event was taking place.  
inheim Adv. Energy Mater. 2013, 3, 1257–1261
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     Figure  2 .     a,b) Constant-energy maps at the Fermi level ( E  F ) for the clean Pt 3- Ni and O/Pt 3 Ni(111) surface. Red dashed line denotes the Brillouin zone 
boundary. c,d) Experimental energy band of clean Pt 3- Ni and O/Pt 3- Ni (111) along  ℘⊇ M direction. Black circle and red square are guidelines of the 
band dispersion for the clean crystal surfaces and surface covered with chemisorbed atomic oxygen, respectively. e) Surface band structure for the 
Pt 3 Ni and O/Pt 3 Ni(111).  
 To clarify the specifi c role of TM in bonding interaction with 
chemisorbed atomic oxygen, we performed DFT calculations 
using the VASP code. [  23,24  ]  To model the Pt-TM(111), we used 
a slab consisting of 15 Pt(111) layers and inserted  ∼ 14 Å of 
vacuum between periodic images. Then, we substituted two Pt 
atoms at both sub-surface layers with TM atoms. Total energy 
and band structure calculations with spin polarization were car-
ried out for Pt(111), O(fcc-hollow site)/Pt(111), Pt-TM(111), and 
O(fcc-hollow site)/Pt-TM(111). The adsorption energy of oxygen 
on the Pt-TM(111) relative to that of oxygen on the Pt(111) was 
calculated as follows:

 
Ead = [E O/ Pt−TM

tot − E Pt−TM
tot ] ]− [E O/ Pt

tot − E Pt
tot   (1)   

where  E O/ Pt−TM
tot   ,  E Pt−TM

tot   ,  E O/ Pt
tot   , and  E Pt

tot   indicate the total ener-
gies of the O/Pt-TM(111), Pt-TM(111), O/Pt(111), and the pure 
Pt(111) slab, respectively. 

 First, in order to look into how the TM sublayer affects the 
surface-states, we examined valence band structure projected on 
surface-states.  Figure    3  a and Figure  3 b show the band structures 
of Pt-Ni(111) surface that are color-coded according to the weight 
on surface Pt and subsurface Ni atoms, respectively. It is seen that 
the surface Pt layer on Pt 3 Ni(111) has a relatively weak character 
of surface-states in comparison with that on Pt(111). [  22  ]  In con-
trast, Ni atom in the subsurface layer results in strong surface 
electronic structure near the Fermi level as shown in Figure  3 b.  

 To map out the infl uence of subsurface Ni more clearly, 
the partial DOS (PDOS) for  s ,  d xz,yz  ,  d xy  , and  dz2   of Pt(111) 
and Pt-Ni(111) are compared in Figure  3 c and Figure  3 d. 
Comparing two PDOSs, it is seen that the  d  bands of the 
© 2013 WILEY-VCH Verlag GAdv. Energy Mater. 2013, 3, 1257–1261
surface Pt layer on Pt-Ni(111) overall shift down when com-
pared to that on Pt(111), resulting in the reduced contribution 
of surface  d  bands near the Fermi level, particularly  d xz,yz   states, 
which are key states involved in chemical bonding with atomic 
oxygen. In contrast, the Ni  d  bands in the subsurface layer have 
a pronounced weight near the Fermi level, consistent with the 
band-structure analysis in the above. The shift-down of surface 
 d  bands can be explained based on the induced charge polariza-
tion between surface and subsurface layers. [  25  ]  

 To verify the charge polarization on the Pt surface and Ni 
subsurface layer, Bader charge analysis was performed. The ref-
erence values of Bader charge were set to those for the unre-
laxed, bulk-terminated Pt(111) surface. The charge redistribu-
tion of Pt(111) after interlayer relaxation is negligible: surface 
 =   + 0.05, subsurface  =   − 0.04, 3rd-layer  =   − 0.02, and 4th-lyaer  =  
 + 0.01 (here, the negative sign means that electrons are depleted 
on that layer). On the other hand, the presence of Ni atoms in 
the subsurface layer, i.e., Pt-Ni(111), gives rise to substantial 
changes of local charge distribution: surface  =   + 0.23, subsur-
face  =   − 0.42, 3rd-layer  =   + 0.17, and 4th-lyaer  =   + 0.02 (see Sup-
porting information, Table S1,S2). The signifi cant amount of 
charge redistribution at the surface and subsurface layer (i.e., 
charge polarization) causes a variation of the interlayer poten-
tial resulting in downshift of Pt surface bands. These results 
and analysis are consistent with the above-mentioned core-
level shift of 0.15 eV for Pt surface layer in Figure  1 b. Since 
the surface-states near the Fermi level is mainly responsible 
for the Pt-O bonding, the suppression of these states near the 
Fermi level by the modifi ed potential can account for their weak 
oxygen adsorption properties. 
mbH & Co. KGaA, Weinheim 1259wileyonlinelibrary.com
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     Figure  3 .     Surface band structures a) at Pt surface layer and b) at Ni sub-
surface layer, respectively. The Pt surface layer shows very weak surface-
states while the Ni sub-surface layer shows strong weights near the Fermi 
level. c,d) Partial density of state (PDOS) for  s ,  d xz,yz  ,  d xy  , and  dz2   of Pt(111) 
and Pt-Ni(111), respectively. PDOS of Pt-Ni(111) alloy shows hybridiza-
tion between  s  and  dz2   resulting from the signifi cant potential change 
caused by the charge polarization between top and subsurface layer.  

Surface Pt Sub-surface Ni
 To confi rm the charge polarization effect due to the alloyed 
TM atoms, we extended the calculations to other Pt-TM alloy 
systems.  Figure    4  a–e presents the calculated  d  band local 
DOS (LDOS) for surface and subsurface layer of Pt(111) and 
Pt-TM(111). In Figure  4 a–e, it is clearly seen that (1) the overall 
downshift of  d  band LDOSs of Pt surface layer and (2) the 
enhancement of  d -band weight of TM near the Fermi level. To 
be consistent with ARPES results, the  d -band LDOSs for sur-
face layer of Pt-Ni and Pt-Co(111) overall shift down, resulting 
in suppression of surface-states near the Fermi level, while that 
for Ni(Co)-subsurface layer is enhanced near the Fermi level 
(Figure  4 c and d). The difference of LDOS distribution around 
the Fermi level between surface and subsurface layer gradually 
increases from Pt-Ni(111) to Pt-Ti(111).  

 To see the correlation between the degrees of surface polari-
zation and oxygen adsorption energy, we calculated how oxygen 
adsorption energies depend on the charge polarization on each 
Pt-TM(111) surfaces. Figure  4 f shows oxygen adsorption energy 
on the Pt(111) and Pt-TM(111) surfaces as a function of the dif-
ference in the LDOS center between surface ( E  d  surf ) and subsur-
face layers ( E  d  subsurf ), which represents the charge polarization. 
© 2013 WILEY-VCH Verlag G260 wileyonlinelibrary.com
The inset of Figure  4 f displays how the oxygen adsorption 
energy depends on the Bader charge of Pt-surface layer evalu-
ated with respect to the pure Pt(111) surface ( Δ  q   =   q – q  Pt ). The 
linear relationship supports that the oxygen adsorption is weak-
ened as the charge polarization is enhanced. 

 In summary, we demonstrated that TM atoms in the subsur-
face layer soften the chemical bonding between Pt and adsorbed 
atomic oxygen due to the suppression of surface-states on the 
Pt surface layer. Modifi ed surface-state of Pt surface layer is the 
key component that affects chemical bonding between oxygen 
atom and Pt 3 TM(111) surface. The TM atoms in the subsur-
face layer induce charge redistribution between Pt-surface and 
TM-subsurface layer resulting in different interlayer potential, 

     Figure  4 .     a–e) The  d  band local DOS (LDOS) for surface and subsurface 
layer of Pt(111) and Pt-TM(111). f) Oxygen adsorption energy on the 
Pt(111) and Pt-TM(111) surfaces as a function of the difference in center 
LDOS distribution between surface and subsurface layer. Inset shows the 
Bader change of Pt-surface layer on the Pt-TM(111) relative to that on 
Pt(111) ( Δ  q   =   q – q  Pt ).  
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 1257–1261
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i.e. charge polarization, and suppression of surface-state. By 
showing that the degree of charge polarization plays an impor-
tant role in modifying chemical reactivity of surface, we believe 
that the present results provide a deeper understanding on how 
the surface electronic structures can be altered by the subsur-
face potentials in metal alloy systems.  

 Experimental Section 
  Sample preparation : A clean Pt(111) and Pt 3 TM(111) (TM  =  Ni, Co) 

surfaces, showing a well-ordered (1  ×  1), were carefully prepared by 
repeated sputtering and annealing. No carbon or O contamination was 
detected on the prepared surface by X-ray photoemission spectroscopy. 

  HR-XPS and ARPES measurements : The core-level HR-XPS and ARPES 
measurements were performed at beamline 7.0.1 of the Advanced Light 
Source. The ARPES band structures were measured by the photon energy 
of 120 eV. The ARPES map along  k    (surface normal) were collected by 
scanning the photon energy from 100 to 160 eV. 

  DFT calculations : The cut-off energy for the plane-wave basis is set 
to 400 eV. For  k -point sampling, 14  ×  14  ×  1 meshes are used for the 
slab structure and all atoms were allowed to relax until the Hellmann–
Feynman force on them become less than 0.03 eV/Å.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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