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1. Introduction

Alloys, especially bimetallic alloy systems comprising Pt and
a non-noble transition metal (TM), are widely used as catalysts
[1-10] because they have unique activities in various catalytic
reactions, such as water-gas-shift reaction [11], oxygen reduc-
tion reaction [12-15], and hydrogenation [16,17]. The Pt-Ni
alloy has received special attention because it was found that
the Pt3Ni(111) surface with a Pt-skin surface exhibited a much
higher activity for oxygen reduction that was ten times that of
Pt(111) and 90 times higher than a commercialized Pt/C cata-
lyst [18]. Also, a “sandwich-like” structure comprising NiO1-x/
Pt/Ni/Pt(111) has shown the highest activity for CO oxidation
[19]. It was further found that the surface structures of the
Pt-Ni bimetallic system changed reversibly under the different
conditions of an oxidizing or a reducing atmosphere [20,21].

These results indicated that the chemical properties of an
alloy surface such as its reactivity, selectivity, and stability

strongly depend on its composition, structure, and chemical
state. Under a reactive environment, the adsorption of reac-
tants on the alloy surface can result in surface reconstruction,
segregation, and oxidation or reduction, which affect the cata-
lytic mechanism and activity [22]. A systematic and quantita-
tive study of the structural evolution of the alloy surface under
a catalytic reaction environment can reveal the important fac-
tors that should be considered in the design and improvement
of the stability and activity of the catalyst.

This work is a comprehensive study of surface segregation
and oxidation under an oxygen environment of the Pt3Ni(111)
surface by an ab initio atomistic thermodynamic method
[23-25]. We discuss the role of the bulk alloy reservoir by con-
sidering the effect of a small amount of non-stoichiometry in a
PtsNi bulk alloy. The thermodynamic surface phase diagram of
Pt3Ni(111) under an oxygen environment was constructed. In
addition, we analyzed the influence of the segregation energy,
difference in the oxygen binding energy to Pt and Ni, and the
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oxygen chemical potential on the structural evolution.
2. Methods

2.1. Gibbs free energy of formation of the alloy surface under an
oxygen environment

For a given temperature T and oxygen partial pressure poz,
the stability of the alloy surface is described by the Gibbs free
energy of formation, which is defined as follows for the Pt-Ni
bimetallic system:

y = (Gs = Nsxptppt — Nsxnipni — Nopo) /A 1
where Ns and No are the numbers of metal atoms and oxygen
atoms in the system, and xpt and xni are the mole factions of Pt
and Ni (xpe+xni = 1). A is the normalized surface area, which is
equal to the twice of one side surface area of the cen-
ter-symmetric model as below. Gs is the Gibbs free energy of
the alloy system, which is usually approximately equal to the
total energy Es [24]. uo is the oxygen chemical potential at a
specified temperature and pressure condition:

po = 0.5 x (Eoz + Auoz(T, p°) + ksTIn(poz/p°)) =
0.5 x Eoz + Apo(T, po2) 2
where kg is the Boltzmann constant, and Eozis the total energy
of an isolated Oz molecule. Auoz(T, p°) can be obtained from
tabulated enthalpy and entropy values at the standard pressure
p°=0.1 MPa. ppt and uni are the chemical potentials of Pt and Nj,
respectively. For bulk PtsNi alloy in equilibrium, 4upsni = 3upt +
uni, where ppini is the chemical potential of the PtsNi alloy,
which is approximately equal to the total energy per atom
(Er3ni) of the bulk PtsNi alloy. Eq. (1) can be rewritten as
y = (Es = NsEpisni — NsAppeni(xpe = 0.75) = 0.5 x
NoEoz — NoApo(T, poz))/A 3)
where Appeni = ppt — uni is the difference between the chemical
potentials of Pt and Ni in the alloy system, and 0.75 is the mole
faction of Pt in stoichiometric bulk Pt3Ni.

With a Ptrich or Ni-rich condition, the corresponding
chemical potential upt or uni in the alloy is higher. However,
their values are lower than that of pure bulk Pt or Ni, namely,
Upt < Upt(fec) and Uni < Unicfe), because otherwise the Pt-Ni alloy
will not be stable. Because 4upisni = 3upt + pni, Apeeni can only
vary in range

Appeni (Ni-rich) < Appeni < Appeni (Pt-rich) “4)
where Appeni (Ni-rich) = (upsni - pnige)/0.75, and  Appeni
(Pt-rich) = 4(upt(fecc) — upeani). By approximating ppytec) and pnifec)
by the total energy of bulk face centered cubic (fcc) Pt and Ni,
Ept(tec) and ENitee), the lower and upper limits of Aupe.ni are Appeni
(Ni-rich) = -0.67 eV and Appeni (Pt-rich) = -0.32 eV, respec-
tively.

Equation (3) indicates that the Gibbs free energy of for-
mation of the alloy surface depends on the relative contents of
Pt and Ni, and also on the chemical potential of oxygen. We note
that under a high Apuo, the alloy surface can be oxidized to sur-
face oxides and even bulk oxides. For simplicity, we limit the
present work to the chemisorption regime with oxygen cover-
ages up to one monolayer (ML) only. These results from oxygen
chemisorption as a precursor, however, provide valuable in-
sights for the subsequent oxidation.

2.2. Computational details

Spin-polarized density functional theory (DFT) calculations
were performed using the Vienna Ab initio Simulation Package
(VASP) [26,27] using the all-electron projected augmented
wave (PAW) potentials [28,29] and the Perdew-Wang 91
(PW91) exchange-correlation functional [30]. The wave func-
tion was expanded in plane waves with a kinetic cutoff of 400
eV. The Monkhorst-Pack method (containing the T point) was
used for k-point sampling in the reduced Brillouin zone. For the
bulk fcc structures of Pt, Ni, and Pt3Ni, a grid of (12x12x12)
was used. The optimized lattice constants were ao(Pt) = 0.399
nm, ao(Ni) = 0.352 nm, and ao(Pt3Ni) = 0.389 nm, which agreed
well with a previous study [31]. The alloy surfaces were simu-
lated by using the (1x1) structures of center-symmetric slab
models with 7 layers, and the two identical surfaces were sep-
arated by a vacuum of 1.5 nm. The middle 3 layers were fixed
as the bulk while the other layers were fully relaxed during
structure optimization. For the oxygen covered surfaces, oxy-
gen atoms were allowed to adsorb symmetrically on both sides
of the unit cell. (6x6x1) Monkhorst-Pack k-point grids were
used in the surface structure calculations. For the computation
of gaseous oxygen, a (1.45 nm x 1.50 nm x 1.56 nm) cell was
used. The force convergence for all structural relaxation was
set to less than 0.1 eV/nm.

3. Results and discussion

The structure of the bulk Pt3Ni alloy is L1z, with a stoich-
oimetric ratio of 3:1 for Pt:Ni in the bulk. For the Pt3Ni(111)-
(1x1) surface, each layer contains three Pt atoms and one Ni
atom. In order to study the effect of nonstoichiometry, the rati-
os of Pt:Ni in the outer two layers (for each side of the symmet-
ric cell) were allowed to change gradually from 8:0 (Pt-rich
condition) to 0:8 (Ni-rich condition), while the bulk phase (the
middle 3 layers) was fixed at 3:1. Taking into account the rela-
tive positions of the bulk atoms, there are 35 possible substrate
configurations. Based on these clean surface structures, oxygen
adsorption was considered by placing from zero up to four O
atoms on each side of the unit cell onto the fcc sites, which cor-
responded to oxygen coverages 6o = 0.00, 0.25, 0.50, 0.75, 1.00
ML, respectively. A combination of C; + C; + C; + C, + C; =16
possible O adsorption configurations for the surface grid was
obtained (6o = 0 ML was considered one type of adsorption).
From these, we constructed 560 (35x16) possible structures.
They were some equivalent surface structures, but to make it
easier to manipulate in the batch program, we kept all the con-
figurations. We calculated the total energy of each configura-
tion after structure optimization by DFT and used this in Eq. (3)
to get the relative stability of the configurations for different
oxygen chemical potentials under Ni-rich (Fig. 1) and Pt-rich
(Fig. 2) conditions. A higher coverage of oxygen gave a steeper
slope of the lines of Gibbs free energy of formation, and a high-
er sensitivity to the oxygen environment. For a given oxygen
chemical potential, the surface configuration with the lowest
Gibbs free energy of formation (the lowest line in Fig. 1 and Fig.
2) is the thermodynamically most favorable structure.
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3.1. The phase diagram of the Pt3Ni(111) surface

Figure 1 shows the Gibbs free energy of formation of the
Pt3Ni(111) surface under Ni-rich conditions versus the oxygen
chemical potential Auo. At the very low oxygen chemical poten-
tial conditions of Auo < -1.68 eV that pertain to a high temper-
ature and low pressure (see the upper axes of Fig. 1), the most
stable surface structure is a clean Pt-skin structure with 100%
Pt in the first layer and 100% Ni in the second layer. As illus-
trated in Fig. 1(a), the outer two layers have a Pt-Ni ratio of 4:4,
which is lower than the bulk value (3:1), manifesting a Ni-rich
condition. With increasing oxygen chemical potential, the dis-
sociative adsorption of oxygen on the surface becomes exo-
thermic, and the coverage of oxygen increases gradually. When
Auo > -1.68 eV, a structure of 6o = 0.50 ML with 100% Ni in the
first layer (Ni-skin) and Pt:Ni = 3:1 in the second layer is the
most stable (Fig. 1(b)). In this structure, the Pt-Ni ratio in the
outer two layers is 3:5, which is also a Ni-rich condition. Under
the condition of Auo > -1.58 eV, the most stable structure is
shown in Fig. 1(c), with an oxygen coverage of 6o = 0.75 ML. At
even higher oxygen chemical potentials of Auo > -0.62 eV, the
coverage of oxygen reaches 1 ML, as shown in Fig. 1(d). During
the evolution of the surface from Fig. 1(b) to 1(d), the configu-
rations in the outer two layers are the same as in Fig. 1(b), and
the Pt-Ni ratio is always 3:5 under the Ni-rich condition.

pOZ (Pa) 1 s 1 0 1
800 K Q p p 1 1

y (eVInm?)

Auo (eV)
@ (b)
(©) (d)

Fig. 1. Surface free energy of PtsNi(111) versus oxygen chemical poten-
tial Apuounder Ni-rich condition. Each line corresponds to one possible
surface configuration. The red segments (a, b, ¢, and d) represent the
most stable structure for the range of Auo. The corresponding struc-
tures (top view) are shown at the bottom. The red dashed line (s) cor-
responds to the stoichiometric PtsNi(111) surface with 8o = 0.75 ML, as
shown in Fig. 2(s). The blue, green, and red balls are, respectively, Pt, Ni,
and O atoms. The correlation between Auoand oxygen partial pressure
at 800 K is indicated at the top.

It should be emphasized that we considered all possible
compositions and configurations with different oxygen cover-
ages. With increasing oxygen chemical potential, there are only
two types of stable structures, namely, the clean Pt-skin surface
and the Ni-skin surfaces with 8o = 0.50 ML. There were no Pt-Ni
bimetallic surfaces (e.g. the stoichiometric Pt3Ni surface in Fig.
1(s), with the schematic structure shown in Fig. 2(s)) nor
structures with oxygen coverages less than 0.25 ML that exists
as stable structures, that is, these are only metastable. The rea-
son is the interplay between the segregation energies and oxy-
gen-metal binding energies of Pt and Ni, which will be dis-
cussed later.

The phase diagram of Pt3Ni(111) under a Pt-rich condition
is presented in Fig. 2. When Auo < -1.48 eV, the most stable
surface is composed of 100% Pt in the first layer (Pt-skin) and
Pt:Ni = 3:1 in the second layer without any adsorbed O on the
surface (Fig. 2(a)). With increasing oxygen chemical potential,
the dissociative adsorption of oxygen on the surface starts to be
exothermic, and the coverage of oxygen increases correspond-
ingly. Our calculations show that when Apo > —-1.48 eV, a struc-
ture of 6o = 0.75 ML with 100% Ni in the first layer (Ni-skin)
and 100% Pt in the second layer is the most stable (Fig. 2(b)).
At the even higher oxygen chemical potentials of Auo > -0.68
eV, the coverage of oxygen reaches 1 ML, as shown in Fig. 2(c),
where the configurations in the outer two layers of this Ni-skin
surface are the same as Fig. 2(b).

Similarly to the Ni-rich condition, with increasing oxygen
chemical potential, there are only two types of stable surface
structures, namely, the Pt-skin surface without adsorbed O and
the Ni-skin surfaces with 6o = 0.50 ML. Pt-Ni bimetallic surfaces
(e.g. the stoichiometric PtsNi surface alloy in Fig. 2(s)) and

Poz (Pa) N 0 J

y (eV/Inm?2)

2 15 1 05 0
Aug (eV)
(® (b)
(©) ()

Fig. 2. Surface free energy of PtsNi(111) versus oxygen chemical poten-
tial Auounder a Pt-rich condition.
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structures with oxygen coverage of 0.25, and 0.50 ML are only
metastable.

3.2. Segregation energy and oxygen-metal binding

To understand the above results, we define three quantities
as follows:

Eseg = ES™ - s](ﬁ;m] - NsAupeni(xpe — 0.75) (5)
Ev=(Es- E*™ - 0.5 x NoEo2)/No (6)
ypeni = (Epowy — NsEpiani) /A (7)

where Eseg is the segregation energy, which is the energy cost of
the particular surface configuration (without adsorbates) with
respect to the stoichiometric surface, and E*" and Ejay, are
the corresponding total energies. Eb is the average adsorption
energy per O atom on the particular surface. ypi3ni is the surface
energy of the stoichiometric PtsNi(111) surface. Equation (3)
can be rewritten as

y = ypiani + (Eseg + NoEb — NoApo(T, po2))/A (8)
Equation (8) indicates that the Gibbs free energy of formation
of a particular surface is determined by the segregation energy
Eseg, average O adsorption energy Eb, and oxygen chemical po-
tential in addition to the surface energy of stoichiometric
Pt3Ni(111). The dependence of Eseg and Eb on composition and
configuration will be discussed below.

We first calculated Eseg for all the structures considered.
Figure 3 is the calculated Eseg (per unit surface area) as a func-
tion of the Pt concentration in the topmost layer (xpt). At a given
xpt, only the result with the least segregation energy is plotted.
Regardless of the structures present under Pt-rich or Ni-rich
conditions, the segregation energies decrease linearly with xp.
When xpt is more than 75%, Eseg even becomes negative (exo-
thermic). This implies that in the absence of oxygen adsorption,
Pt atoms tend to segregate to the surface. This is understanda-
ble because the surface energy of Pt(111) is lower than that of
Ni(111) [32]. As seen in Fig. 3, when the surface configuration
changes from the Ni-skin (xpt= 0%, containing 4 Ni atoms in the
top layer of the unit surface area) to the Pt-skin (xpt= 100%,
containing 4 Pt atoms in the top layer of the unit surface area),
the segregation energy decreases by 2.54 (Pt-rich) and 1.97
(Ni-rich) eV. That is, there is an average energy cost of 0.56
eV/atom when a surface Pt atom is substituted by a bulk Ni
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Fig. 3. Segregation energy per (1x1) surface as a function of Pt concen-
tration in the topmost layer (xr) for all the clean surface configurations.
Only the lowest value at each xp is shown.
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Fig. 4. Average adsorption energy of oxygen as a function of the per-
centage of O-Pt bonds over all O-metal bonds, xo-r:= N(O-Pt)/(N(O-Pt)
+ N(O-Ni)), for different coverages of oxygen. The line is a linear inter-
polation between the average adsorption energy of oxygen (0.25 ML)
on Ni(111) and Pt(111) surfaces and is given as a guide to the eye.

atom.

Using Eq. (6), we calculated the average oxygen dissociative
adsorption energy (Eb) and studied its dependence on surface
composition and oxygen coverage. For a given oxygen cover-
age, the calculated Eb was very sensitive to the percentage of
O-Pt bonds of all the O-metal bonds (xo-pt). As shown in Fig. 4,
Eb increases with xo-p.. This means that the oxygen-metal bond
strength decreases with more O-Pt bond, which is under-
standable because the O-Ni bond strength is higher than that of
the O-Pt bond, as seen from the calculated oxygen average
adsorption energy of -2.44 and -1.23 eV on Ni(111) and
Pt(111) at 6o = 0.25 ML. It was found further that at a given
Xo-pt, a higher coverage of oxygen gave a higher average adsorp-
tion energy, which was due to the increase of lateral repulsion
between adsorbed oxygen. From the above results, the differ-
ence in the O-metal bond strength between O-Ni and O-Pt on
Pt3Ni and their dependence on oxygen coverage were extract-
ed. For 6o = 0.25 ML, when xo-pt increases from 0% (three O-Ni
bonds) to 100% (three O-Pt bonds), Eb decreases by 1.62 eV.
Thus an O-Ni bond strength is on average 0.54 eV stronger
than that of the O-Pt bond. With the increase of oxygen cover-
age to 0.50, 0.75, and 1.00 ML, the difference in the bond
strength increases to 0.64, 0.69, and 0.70 eV, respectively.

3.3.  The trends of oxygen-induced segregation

The above analysis indicates that once a Ni atom segregates
onto the surface by substituting for a Pt atom, the energy of the
system rises about 0.56 eV. As a consequence, at a low oxygen
chemical potential without dissociative oxygen adsorption, the
segregation of the more noble metal is preferred in order to
minimize the total Gibbs free energy, which finally gives a clean
Pt-skin surface. While increasing oxygen chemical potential in
the range of Auo > -1.68 eV (Ni-rich, Fig. 1) or Auo > -1.48 eV
(Pt-rich, Fig. 2), oxygen from the gas environment starts to ad-
sorb dissociatively on the surface. From Fig. 4, we note that
when 6o = 0.25 ML, the difference between the O-Ni bond
strength and O-Pt bond strength is 0.54 eV, which would not
compensate for the cost of the segregation energy of Ni atom
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from the bulk to the surface (about 0.56 eV). However, when 6o
2 0.50 ML, the difference between the O-Ni bond strength and
0-Pt bond strength increases to 0.64, 0.69, and 0.70 eV respec-
tively, which are all large enough to compensate the cost of the
segregation energy. On the other hand, when6o = 0.50 ML, all
metals on the top layer will bind to at least one O atom.

Thus, once the thermodynamic condition for oxygen disso-
ciative adsorption is reached, oxygen-induced Ni segregation
will occur to maximize the O-Ni bonds, so that a Ni-skin surface
with 6o = 0.50 ML chemisorbed O will be formed, if there is no
kinetic restrictions. To better see why the Pt-Ni bimetallic sur-
faces are only metastable, we consider a stoichiometric
Pt3Ni(111) surface with a oxygen coverage of 0.75 ML. Alt-
hough its segregation energy is lower than that of the Ni-skin
surface, the weaker O-Pt bond leads to a higher Gibbs free en-
ergy of formation (shown by the red dashed lines (s) in Figs. 1
and 2) compared to the Ni-skin surface with the same oxygen
coverage.

For oxygen-induced segregation to cause the change from
the Pt-skin to Ni-skin, the corresponding oxygen chemical po-
tential should be Auo = -1.68 eV (Ni-rich) and Apo = -1.48 eV
(Pt-rich). As indicated in the top panel of Figs. 1 and 2, these
correspond to oxygen partial pressures of 3.5 x 10-¢ Pa
(Ni-rich) and 1.2 x 10-3 Pa (Pt-rich) at 800 K, respectively. At
300 K, they are equivalent to 5.6 x 10-43 Pa (Ni-rich) and 2.9 x
10-36 Pa (Pt-rich), which are far less than possible at ultra-high
vacuum (UHV) conditions. This means that oxygen-induced Ni
segregation to form the Ni-skin surface occurs easily at elevat-
ed temperatures. However, with possible kinetic hindrance at
low temperatures, metastable structures can however be
formed.

There is no systematic experimental study of Pt3Ni(111)
under oxidizing conditions so far. However, there was an ex-
perimental study of the Pt(111) surface deposited with 1.3 ML
Ni [21]. It was found that at UHV and 800 K (corresponding to
Auo < -1.8 eV), all the Ni atoms diffused into the subsurface
region to leave a Pt-skin surface. On increasing the pressure to

poz = 5.2 x 1075 Pa (Auo = -1.6 eV), most Ni atoms segregated
onto the surface and a NiO film was formed. Considering the
errors in the DFT calculations from the exchange-correlation
functional and the difference between the Pt3Ni(111) alloy and
the 1.3 ML Ni/Pt(111) system, the agreement between theory
and experiment is satisfactory. The experimental study also
found that when the temperature was decreased to 700 K but
with the same oxygen pressure of poz = 5.2 x 10-5 Pa, there was
less Ni segregation and oxidation. Because the corresponding
oxygen chemical potential (equivalent to Auo = -1.4 eV) was
even higher than that at the higher temperature, this means
that kinetic hindrance to Ni segregation on Pt3Ni(111) was
present at 700 K.

4. Conclusions

A systematic ab initio atomistic thermodynamics study on
the structural evolution of the Pt3sNi(111) surface with oxygen
adsorption up to 1 ML coverage was performed. With increas-
ing oxygen chemical potential, there are only two types of
thermodynamically stable structures, namely, the clean Pt-skin
surface and Ni-skin surfaces with oxygen coverage higher than
0.50 ML. The interplay between the segregation energy and the
difference in oxygen bonding strength between Pt and Ni plays
an essential role in the structural evolution in the presence of
oxygen. Surface alloys are metastable, but they can be formed
when there is kinetic hindrance to structural change.
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JSE (R P R AR D R FEL It T b P — o E AR A A )
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YRS PE-NifA 2 (1 11] 2 2% A1 LS U1 S A0 BOE 5 R, R
{30 A T 5, L T 9L AR e R SR
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R g, S g i CO AU S B 192,

i BRI, eI TE. R ket S
HERWPA . WM EMEREEME. FEREN
JUART 5 ¥ R E 35 e S5 1 o BE RS ) T 5 B A 4y, SOUR
A F& S A, 78 SEBR RS R, RN 5 FIEE
SRR M AR B, BT 7 56 &R & A0 A B
TERAGFIEZE S, FEA SR EH S R EN SR
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B4 PN G B2 rh PURINI S & ] BE (AR, & B
WFIC T 126 4 3 1 A R0 3R T S8 A7 0, TG T
R R E 2 — AN R E I T A, A,
MARHTRE T BE AR A A SR TR R, R E AL
PRI R T A0 R FOA TR 208 &, LU
X AL 2 (10 i) 2 AR S 2% A 5 M AR e ME AR A
Fija k.

2. BILMIRFE

21. SR8/ TEE&REANE
TEAT B4 € IR EE TR R J1po B L T, &4
T A8 E M H R TR B E HH RE SR IR, AH RN B HRE
AR, R EARE. PAPENIXUE B A 4 N, FRHE
B H HHREA
7 = (Gs — NeXpyept — NeXniteni — Noo)/A Q
Forb, NoFING 73 il 2 1k 22 4 J8 I A1 AU 1 ) EVE Xy
Flxni 73 A2 1R 2 PURING R B 7K 4330, Hoxer+xni = 15 A
SRR AR, 72 R SCHTd A O X PR B AT R, S — )
AT AR 218, G ¥ AR R E A0 BT B e, @
HAEOL R AU R R EREELY. iR AR 1 N
A F o N:
#0=0.5x (Eoz+ Auoa(T, p°) +ksTIN(po2/p®)) =
0.5xEoz+Apo(T, Po2) 2)
Ho ke U IR %% 2 B, Bop AN 4 1 11 S RE
Auoo(T, pO)RIER I F M & 15 (p° = 0.1 MPa). ppefhl
uni 73 A FEPURINI AL 25 3. X F A ST i 2 PN R
JF AR HE B 4, 78 78T 22 7 I dupani = 3upe + iy T2
peeani & PN FH & 4 146 5 35, TN PN &
SRR T B2 S BE Epani. 75 8 B S BRIIATRES K
T F8 T PURINGYE AN [F], {754 B2 1R 40 2 35 BT84k,
PR L) A 4 PURINI ) & B S HEIR TR R A —
SE [P 22, 3E T 82 & SR AU T S il
TARGF AR X — 150, K TR (L) S
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Forb, Appeni = ey — pnie N T PRIEPtGNI & < AH 1 A2 E 1T
ARV 5, PURINI I = A A R AR B AR, 40
T A2 papy < papitroe) M pini << tnicree) 36 tepicroe) M penicree) 73 99
s Afifee PtiTfee NiffI 6525y, 23 7% BT & #A (Pt-rich)
FE B (Ni-rich) IR s 15 O, AR Aupani = Bupe+ i, 7T LA
T HH Appeni SO VAL IR G
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K FHPAW #5282 fait fi 1 S B 3 UL (GGA) FIPWOLiZ
B O S TH ik A 7 % 9400 eV, AL 4T 5 1 Monkhorst-
Pack % s J7 2% k2 8] 147 2 Brillouin [X. 73 A B 5, % 14
AHfec 4t #IPt, Ni, DL K PtsNi, k 5 2 Y (12x12x12). AL
i 1 % K0y ) J9ap(Pt) = 0.399 nm, ag(Ni) = 0.352 nm Al
ao(Pt;Ni) =0.389 nm, 5 SCHk[31]— 2. &E&RMEKHTE
(DX 1) HH O Sk BAR 14D JE 7 A2, o i) = J2 ] 5 Sy Ak A
GE, ARGy 5E A TR, BT (1 U B ) B R R LR 4
dL R, B R R 1.5 nm, ki EL(6x6x1). Egpff
5 5% B (1.45 nm x 1.50 nm x 1.56 nm) i 1E 228 & . fr
A AR TSR A 9/ 10,1 eVinm.

3. @RS

A PENI & 42 1 A AR 45 74 L1, PE-NifE 22 1 & B
J93:1. PtaNi(111)-(1x1) df i A B /2 A 453 PR+ FI 1A
NiJ& 1. A 7 W 7 #E Pt-rich FINi-rich 5 F 4% ¢ T PURING
RN, ACELE T REPZEIL T8N E 8 JE T4
XoF B B R AR AR AR B, AH B R PN EE 1] M 81032 i A%
£ 300:8, 1AM (F 1F] = )2) PN SR 45 7E3:1. %€
FIAANHOL B AR 1L, LS RIS AR EM IR IS, X
TR IR A, R R I, RAUNEE T
AU T AE AR E I feehr W B, FLI B AU 1 1A B 03F
i 448 22 4, RJIGE N T4 78 55 % 00 = 0.00, 0.25, 0.50, 0.75,
1.00 ML. 7EAZE BB A AL RLRZ I T, HEHCL +Ch +
C: +Ci +Ci = 16F WL f A B, AT 3545 215607 1] fE
THIF TR, PR O S AN [R] R R R U B BT AR IR R, T N3
F2(3)H, BRI AT 15 2INi-rich (UL 1) F1Pt-rich (I & 2) 1 il
N EMR] R I A LEAS [F A B T AR R e M. 1



SUN Dapeng et al. / Chinese Journal of Catalysis 34 (2013) 1434-1442 1441

FHIE A2 34T, AU (078 76 BE K, A 25 44 1)
TR E B RERE R BEOK, X5 1 28 A B U=, T
R TY R E HH RE S A 1R 25 4 0 B T #4077 2% F et e 1)
SR,

3.1. PtNi(111)FRE+EE

Ni-rich Z& 24 T 1) 2 T AH B L BT L. 7R A0 2 35k
REMH R, Auo<—1.68eV (Kt B T Fild . RIERIEM, &
DL BEIL b5k 2 AR o I ()3 P R 7 18), fecfe e R 285
PR 3R J2 A3 B PR 7 2H BT IR 2 4 8 AN R 721
JS 1 35 A SR 22 B 1 1 Pt-skin 2 T (L B 1(a)). ik
i, T 9 2 A PN B EE 44, 8T AR N AR A A
(3:1), RIS BT Ni-rich (15 &, Bl S Ak 22 35 1 v,
AT AATER T bR AE R B WR BN, I HL 3R T 4000 7 5 3
B KR, HAuo>—1.68eVI, b = 0.50 ML %
7o IR T AR NI JE 1T R JZPENI = 311 %R E 5 H9 (I
EI1(b)). U, 0P A 4 )8 J5 1 I 1 & E APENI
= 3:5, ISR XT B FNi-rich 15 L. 24 Auo>—1.58 eVHT,
R AN 35 A )00 = 0.75 ML, T& R A2 5E 45 7 W
K1(c). *Auo>-0.62 VI, 6 =1.00 ML, 1 1) 45 1)
DLEL(d). fEX g AL R T, R Z T A &8
Ji 7 PN L Al B 5 06 = 0.50 ML AR R, A
KA.

BRI I, FIRTHEIRE T A R PURING &
A AR AL E DK SAE 15 B O BTA AT RETE )
KGN, BB Auo 3G N, BT 15 5582 5E 1 3% 1 45 #4)
WA H 06 =0.25 ML H R 45445 [R] B fe A€ [ 2R 1
GE R R TH2H 73 INBEA S Ak 27 T B T P-skin 1 25 44 B 2
b B BINi-skin (1) 45 1), %A PINiZR 1 A 440 1) Hh (8] 45 7
HEL. X2 BT AT B 5 -4 8 B R R] I 2 S A 5
T EL, BARE UG AE T S0 i,

Pt-rich 2%~ )R 1 AH B WL B2, M Auo <-1.48eV
I, S5 T RAER T R AR BRI . X IR R 1T 4
0 R PR T 41 1 X 2% 2 PENI = 3:1 (1) 5 A% 5E (11 Pt-skin
MW E2(). BE&EENFHRT &, S HERT L
R R B PR, LR T AR 7 A FE AR IR T I . 2
Auo>-1.48eVHT, k6o = 0.75 ML, I 22 1 8 72 11 4=
& NiJ5 - (Ni-skin), 17 X3 2 2 PR+ (WL E2(b). 4
Auo>—0.68 eVIrf, Ni-skin# [ - (1) %78 o K 218 31
ML, IR ZE 558 42 PR 1 (K12(c)).

[F b, Bl Apo FHAR B R 28 4k, TR i) 22 T B A
5E [ 45 1 35 R HUBL0o = 0.25, 0.50 ML T | 45 #; 5
Ni-richAH [R], #1321 4 J& 20 73 M0 S84 27 IR B 1)

Pt-skin £ i) B 42 1o I 347 U0 7 R B O N-skinZE 4, JF:
A HBRRSE 1A AU IR B P 3R THTPEN & 4 TR 2544,
3.2. WRHMHESRERTITEER
T BRAR IR TR A, B A B 25 A AR AL
PIBEAR, & XTI =AY
Eseg = EX" — Edsny — NsAttpeni(Xpt — 0.75) ®)
Ep = (Es — E™ — 0.5x NoEo,)/No (6)
7eani = (B — NsEpiani)/A (7
H A Egeg AATRE, X T BT 5 82 1A [FIPURING 75 BB 25
Tt T BE (0 A 4 2R T 5 4 BE R A 25 R b b i AR
PtNi(111)RH I BE %, B I E o A AH B THI ) 5 BE.
Ep A TEAH I (1) A S A THT b 110 A 5 MR B 4 iR 7 1)~ 240
Bt BE, ypanise BEARPtNI(111) R M R T RE. ARSI ML, )5
FEE) TS M
? = ypiani T (Eseg + NoEb—NoAuo(T, po2))/A 8
JiFE@) RN A FIPRINI & B A4S L N A &R KA
B, BA R R I R Y A SR RE . WA RS
AR PtaNi(111) 2 T 1) R THI fg L (R Y s, IR H 2 35 1
AT A=
P32 AR 4 75 2 (5) S AF AN [RI PURING 25 & 1N 1 R [
AR E G I R AT RS S5 AH LI Xp 2 AT R R S5 R
N, T AETEPt-richsiNi-rich 25 £ F, B2 xec8 0, IR AT
REIT LT 2R MR, Zxe K T 75% 0, b REE 248N
BUE. XYL IATE A AR B 15 BT, PUETE ) T 7E R TH
fRHT. X2 S TP R AR BOK, SR AR AR AR
FrEBA, JE AT LRI, 24 3 T Ni-skin (xe = 0%, HL {0
(Ix1) K TH A7 PUASNIJE 1) 48 A Pt-skin (Xp = 100%,
B (Ix1) R T AL PUANPLE ), AT BE PR T 2.54
eV (Pt-rich) F11.97 (Ni-rich) eV. X Wk &K — > E 1fi Pt
JEF B o — AN 75 P 2I#66E0.56 eV,
FRAE 77 2 (6) T 545 2 AU FAE AN FISRTH L -F3
fif BB RE, S5 R LA, T DL Y, 7RSS B EE R TE R,
bt 5 O—PE 7 FT A7 1Y) 48- & @ B P 1 20 LU (Xop)) 3800,
43 il 5 W Y i 2R T v, A 2 B R IRV 1 5, IX 2 R
FO-Nif 3% TO-Pti FTE. LANI(111) FIPt(111) A%, 6o
= 0.25 ML 48 (1) ~F- 35 W% B 8 43 1 J9—2.44 eVIOFI1-1.23
eVIO; 5 —J7 It AH R xope i, Fifi 2 46078 75 B2 1385 I, -~
51 i T I B B I T v, X R T A 4 S A S B Y e
USSR A SRR I SRR T 2 R AL
HUBARHE R AT El: A R s, B R, diEla
AT 1S FA [F PUAINI & & I & 4 R 1H | O-NifI 0Pt ui
JE 22 50 1) 2 e SR UL B A 48U 5 BE ARG R R £ 6o



1442 SUN Dapeng et al. / Chinese Journal of Catalysis 34 (2013) 1434-1442

= 0.25 MLE, ®xo.pi 17 EL 151 ML 0% 3 42 100%, R R 1HI 56 4%
HHO—Ni# A% Jy O—Ptig i, 4 ¥ A 25 V- 35 W it R/ 1
1.62 eV. KN B 25 S 1 SR T AE fee i, & — AN U 1A
SANG R R T R, X ERE T R RS &R LY
£~ O—Ni % [k O—Pt i Z 5%0.54 eV. 46, =0.50, 0.75,
1.00 MLIFF, #H 7 () 45> O—Nif 5 L O—Pt/# 50.64, 0.69
070 eV. # 5 , b S8 o5 LN, O-Nifi 5 0-Pt
i T SN
33. MBS RE R RAES

R MR, BANIE TR 2R RS Sk
REBETH 21056 eV. KL, TR A R, A
KA B, O EORIE B A R R, PUR ]
RE/E T AW AT, AT Pt-skingh #4. b B LFn2 0] 41,
2% B TE Auo > —1.68 eV (Ni-rich) fl Auo > —1.48 eV
(Pt-rich) i, % JT 44 7 Pt-skinZ& ] Ak 22 B, i 4]
A, X600 = 0.50F10.75 MLK, B—/NO—-Nif /b [hO-Pt
7377 50.64810.69 eV, 351K T bt — > NiJi 7 2 2%
R T A8 (~0.56 eV). [FI, 24600 = 0.50 MLEY, fiT
T BRAE R F 142 )8 IR 1 #0022 /0 A0 — AN SR
o s 2, — B AT LAAE Pt-skin g% [ - & A= fift B W B, 4
T EIE WA T SR 3 83 /1% BT AR BRI,
i B R B ) SRR R 2 i SN SE AR ATT B R L, BB
T AR 1600 = 0.50 MLAK 2% 5 W B A4 Nii-skin &5 #4) (I
Kl1(b) 1 E2(b)).

b A 2 A 3G TN, IR A A R B T Pt-skin
ShK, EAEY A A (6o = 0.50 ML) I Ni-skin
gy, TR R A LB AR E A, WPENIR [H A & 11

02 e AR PP T (B L PEN(112) 22 T _E A 1k 2 W o
0.75 ML R 1 Frxs L g5 A (0 I 2(s)) & L. 3R 1
- [F B R A PURIN R 7, HLE 8 3:1. REA R, B4R
ZATH MW AT RE N R, 7ERe & L ENI-skin B A R, H
ST _E IR IPUR T, O-PUR B O—-Ni g
FEX LSS, FOAE LR T R BH AR Iz = T (R S0
FEE 2% A4 R Ni-skin w5 (14 25 74 (0 Bl 1 (c) # E12(b)).

25 |, M Pt-skinZg £t 1] Ni-skin 45 4 () 2 145 4 Auo =
—1.68 eV (Ni-rich) f1 Aug = —1.48 eV (Pt-rich). 11712
I, 76800 KIS, A% 48 /1 93.5 x 107° Pafl1.2 x
10°° Pa. 4 A4 31300 KN, B 7 2 Q) A3 FT /& A
JEP% 556 x 107 Pafi2.9 x 107 Pa (88 1 24 i 46 fr

REB B B4 ); BRI BT & A R AR K, (|
BRI S S 8 AR T BE 2 2 B 5L 15411
PR, HAS— 2 LR 2 b A I A ), AR AT R
U R — e AR A 1 v () 45 44

&4 Rk, AR WA KA T PN 240 1
RGHTFL, (HPY(111) 5y EPTRINI (= 1.3 ML) I SEER K
BIlPY, 71800 Kt i B 25 4514 T (Auo <—1.8eV), JLEIHINI
Y ERERIE, R Pt-skin 45 #; 1 2poz = 5.2 x
10°° Paltf (Ao = —1.6 €V), K& 73 Nit fiw By H1 2 T FE %,
NIO L. 2 F& BB T 5 A He O BRI eR I BA LA e AR 3L
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