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ABSTRACT: Various well-defined Ni—Pt(111) model catalysts are constructed at atomic-

level precision under ultra-high-vacuum conditions and characterized by X-ray photoelectron e
spectroscopy and scanning tunneling microscopy. Subsequent studies of CO oxidation over ~ ©
the surfaces show that a sandwich surface (NiO,_,/Pt/Ni/Pt(111)) consisting of both
surface Ni oxide nanoislands and subsurface Ni atoms at a Pt(111) surface presents the &
highest reactivity. A similar sandwich structure has been obtained in supported Pt—Ni
nanoparticles via activation in H, at an intermediate temperature and established by ©o
techniques including acid leaching, inductively coupled plasma, and X-ray adsorption near- or
edge structure. Among the supported Pt—Ni catalysts studied, the sandwich bimetallic g o
catalysts demonstrate the highest activity to CO oxidation, where 100% CO conversion

@c

occurs near room temperature. Both surface science studies of model catalysts and catalytic reaction experiments on supported
catalysts illustrate the synergetic effect of the surface and subsurface Ni species on the CO oxidation, in which the surface Ni oxide
nanoislands activate O,, producing atomic O species, while the subsurface Ni atoms further enhance the elementary reaction of CO

oxidation with O.

B INTRODUCTION

Bimetallic catalysts are widely used in many heterogeneous
catalytic processes. With rational design of the catalyst structure,
enhanced stability, activity, and selectivity can be achieved in
comparison to their parent metals.''' For example, modifying
Pt nanoparticles (NPs) with Au clusters can stabilize Pt oxygen-
reduction fuel-cell electrocatalysts against dissolution under potential
cycling regimes.” The oxygen reduction reaction (ORR) activity has
been increased by 1 order of magnitude on the Pt;Ni(111) surface
compared to the corresponding Pt(111) surface.” Improved selec-
tivity of oxidation of alcohols to aldehydes with O, was obtained by
alloying Pd nanocrystals with Au.®

Among the bimetallic catalytic systems, the most frequently studied
are Pt-based bimetallic catalysts, which are often used in many
important reactions, such as ORR>*'*™* hy«:].rogenation,10’?'4_3’l
water—gas shift (WGS),” and oxidation reactions.® *° In past
decades, extensive research efforts have been made to prepare
highly efficient catalysts and illustrate the reaction mechanism in
the Pt-based bimetallic systems. It has been well established that
Pt-skin structures with transition metals (TMs) in the subsurface
regions are the active surface phase in ORR, hydrogenation, and
WGS. The d-band center of the Pt-skin surfaces often shifts away
from the Fermi level. Adsorption of both atomic and molecular
adsorbates such as H, O, OH, O,, and CO on the surfaces is
weakened, which consequently increases the catalytic activity of
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these reactions. Both the compressive strain effect and the ligand
effect contribute to the modification of the surface catalytic
properties.'>***"3 Moreover, the Pt-skin surfaces are indeed
the stable surface structure in acid solutions for the ORR
SIB1771953 and in the reductive atmospheres for the
hydrogenation reactions.”* ™%

In contrast, there is no consistent picture for the active surface
structure of the Pt-based bimetallic catalysts in oxidation reac-
tions, such as the CO oxidation. Over Pt—Fe catalysts, a “bifunc-
tional mechanism” was proposed, in which both Pt and Fe need
to be present at the topmost surface, acting as adsorption sites for
CO and O,, respectively.35’38’40’57’58 However, core—shell NPs
made of a TM core (Ru, Rh, Ir, or Pd) covered with a Pt shell
demonstrate better activity and selectivity of preferential CO
oxidation (PROX) in H,-rich environments than the corre-
sponding monometallic and bulk nonsegregated bimetallic
nanoalloys.”~* In addition, isolated monometallic NPs have
been proposed as the active structure in Pt—Ni*' and Pt—Co*
catalysts for CO PROX.

On the basis of a joint research effort from model systems and
real catalysts, we have identified monolayer-dispersed FeO nano-
structure on Pt surfaces to be the active Pt—Fe surface for the CO
oxidation. The key aspect is that coordinatively unsaturated
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ferrous (CUF) atoms confined at edges of the two-dimensional
(2D) FeO nanoislands help to activate O, and produce highly
reactive O atoms.*® In the present article, we will show that the
same interface confinement effect can be applied to Pt—Ni
catalytic systems. Monolayer NiO nanostructures have been
stabilized on Pt surfaces, which are highly active for the CO
oxidation. Moreover, the promotional effect of subsurface Ni
atoms on the reaction has been revealed. A sandwich Pt—Ni
structure containing both surface Ni oxide and subsurface Ni
presents improved reactivity. Since the sandwich surface struc-
ture can be simply obtained by activation of the Pt—TM catalysts
in H,, which is often applied as pretreatment of powdered
catalysts, this highly active structure should be widely present
in many bimetallic catalyst systems, in which the synergetic
catalytic mechanism is indeed dominant. On the other hand, our
results indicate that the methodology applied here, in which
studies on model catalysts are correlated with those from sup-
ported catalysts, is of general interest to understanding the
bimetallic catalytic mechanism in one aspect and to fabrication
of highly efficient bimetallic catalysts in another aspect.

B EXPERIMENTAL SECTION

Ni—Pt(111) Model Systems. Experiments on the model cata-
lysts were carried out in an Omicron multiprobe ultra-high-vacuum
(UHV) system, which consists of a preparation chamber, a spectroscopic
chamber, and a microscopic chamber.”” ! The system is equipped with
a hemispherical energy analyzer (Omicron EA12S S-channeltron) for
X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS), a variable-temperature scanning tunneling micro-
scope (Omicron VT STM/AFM), a high-resolution electron energy loss
spectroscope (HREELS; LK ELSS000), a photoemission electron
microscope (Focus IS-PEEM), and an independent chamber for sample
preparation. A clean Pt(111) surface was obtained through cycled Ar™
sputtering (1.5 KV, 7.5 x 10~® mbar) and UHV annealing at 1060 K
until no contamination was detected by XPS and STM. The Ni
evaporation source was made up of a tungsten filament (99.95% purity,
Johnson Matthey) wrapped with Ni wire (¢ = 0.1 mm, Alfa Aesar,
99.994%). Deposition of Ni was carried out by passing constant current
through the tungsten filament. Coverage of Ni overlayers was controlled
by the evaporation time, with the deposition rate of 0.011 monolayer
(ML)/min. Gases, such as O, (99.9999%) and CO (99.999%), were
introduced into the vacuum by backfilling the chambers. Gas exposure is
given in units of langmuir (1 L =1 x 10~ Torr-s). XPS spectra were
acquired using Mg Kat (1253.6 V) radiation with the pass energy of 30
eV. UPS signals were recorded in the normal emission direction using
He Il (40.8 eV) as the excitation source. STM images were acquired in
constant current mode using a W-tip at room temperature.

Supported Pt—Ni Nanoparticles. Pt—Ni NPs supported on
carbon black (CB) were prepared by wetness co-impregnation using
H,PtCls and Ni(NO;), as the precursors. After aging and drying
overnight at 60 °C, fresh Pt—Ni/CB catalysts were obtained, in which
the loading of Pt and Ni was controlled at 4 wt % and 0.3 wt %,
respectively (molar ratio of Pt:Ni = 4:1). Subsequently, the fresh
catalysts were reduced in flowing H, (30 mL/min) for 2 h at various
temperatures. A pure Pt catalyst (4 wt % Pt/CB) was prepared by the
same process.

Fresh and reduced Pt—Ni catalysts, S0 mg each, were washed in 20
mL dilute acid solutions (HCI or HNO3, 2.5 x 10> mol/L). The
concentrations of Pt and Ni ions in the leached solutions were analyzed
by inductively coupled plasma atomic emission spectrometry (ICP-AES;
Thermo Intrepid II). The acid leaching and the ICP measurements are
employed to determine the distribution of Ni at the Pt—Ni NPs. The

Figure 1. STM images of the surfaces of 0.16 ML Ni/Pt(111) (a), 1.3
ML Ni/Pt(111) (b), Pt/Ni/Pt(111) (c), and 0.16 ML NiO, _,./Pt(111)
(d). Conditions: (a) —0.350 V,2.50 nA, 200 x 200 nm’; (b) —0.302V,
1.700 nA, 200 x 200 nm?; (c) —0.275 V, 0.957 nA, 200 x 200 nm?; (d)
2.365V, 0.025 nA, 100 x 100 nm*.

Pt—Ni NPs’ size was characterized by using transmission electron
microscopy (TEM; FEI Tecnai G2 Spirit, 120 kV).

CO oxidation was carried out in a fixed-bed microreactor with four
parallel reaction channels under identical conditions. The reaction gas
consisted of 1% CO, 20% O,, and 79% He, and the gas hourly space
velocity was set at 30000 mL g~ " h™ . The tail gas was analyzed online
using a multichannel mass spectrometer (Omnistar). For each reaction
experiment, one of the four channels was empty and used as the blank,
and a pure Pt catalyst (4 wt % Pt/CB) was put into another channel for
comparison. CO conversion can be quantitatively determined on the
basis of these reference data. Before reactions, all catalysts were reduced
in flowing H, for 2 h at the specific temperature. After cooling to room
temperature and purging the reactor with He, temperature-dependent
CO oxidation was performed from room temperature to 200 °C.

X-ray absorption near-edge structure (XANES) spectra were mea-
sured at the BLI4W1 beamline of the Shanghai Synchrotron Radiation
Facility (SSRF). The Pt—Ni/CB catalysts reduced at various tempera-
tures were characterized by Ni K-edge XANES in a fluorescence mode.
Reduction of the fresh catalyst in flowing H, and subsequent CO
oxidation of the reduced catalysts were investigated by XANES using an
in situ reaction cell. For comparison, a 0.3 wt % Ni/CB sample was
oxidized in air at 300 °C, and the Ni-edge XANES spectrum was
recorded from this sample.

B RESULTS AND DISCUSSION

Ni—Pt(111) Model Systems. Various Ni—Pt(111) surfaces
were constructed in a well-defined way by using molecular beam
epitaxy (MBE). First, Ni was epitaxially grown on Pt(111) under
UHYV conditions at room temperature. STM images show that
2D Ni islands with a coverage of 0.16 ML formed on the surface
(Figure 1a). All the Pt(111) steps were decorated by the Ni
islands, demonstrating the preferential growth of Ni at these
defect sites. Ni islands with a size of 5—10 nm were also observed
on the terraces. A height profile of the Ni islands reveals that all
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Figure 2. XPS Ni 2p3, spectra of the surfaces of 0.16 ML Ni/Pt(111)
(a), 1.3 ML Ni/Pt(111) (b), Pt(111) with 1.3 ML subsurface Ni, Pt/Ni/
Pt(111) (c), 0.16 ML NiO,_,/Pt(111) (d), and 0.16 ML NiO,_, on
Pt/Ni/Pt(111) (e). To compare the line shapes, each spectrum has been
multiplied by various numerical factors, which are indicated in the figure.

the islands are monolayer-dispersed, with thickness around 0.2
nm (Figure S1a). When the Ni coverage was increased to 1.3 ML,
islands with thickness ranging from 1 to 3 ML were obtained
(Figure 1b). In this case, the Pt(111) surface was fully covered by
the Ni overlayers. The binding energy (BE) of XPS Ni 2p3,, on
the two surfaces is 852.7 eV, which indicates a metallic state of the
deposited Ni overlayers (Figure 2a,b).

Second, the 1.3 ML Ni/Pt(111) surface was annealed at
elevated temperatures in UHV. With increasing temperature,
the ratio of the Ni 2p to the Pt 4f peak intensity kept decreasing
(Figure S2). After heating at 800 K for S min, the Ni 2p intensity
was attenuated by 67% (Figure 2c). At the same time, STM
images show that Ni overlayers disappeared, and the surface
presents a morphology similar to that of the clean Pt(111)
(Figure 1c). However, a network of white lines can be observed
on the terraces, which is characteristic for the Pt-skin structure
containing TMs in the subsurface regions.32’60’62’63 The above
results confirm that UHV annealing of the Ni/Pt(111) surface at
an appropriate temperature, e.g. 800 K, can induce inward
diffusion of the surface Ni into the subsurface region, producing
the Pt-skin surface, Pt/Ni/Pt(111).

Third, nickel oxide overlayers were prepared via evaporation
of 0.16 ML Ni onto Pt(111) at room temperature in 1.3 X 10°¢
mbar O,, similar to the procedure used to prepare FeO/Pt(111)
surfaces.®” The XPS Ni 2p3 , spectrum recorded from the surface
peaked at 853.5 eV, close to the Ni*" state (Figure 2d).**%
Meanwhile, the ratio of O 1s to Ni 2p peak area was less than that
of a fully oxidized NiO layer grown on highly oriented pyrolytic
graphite (HOPG) (Figure S3). Thus, the obtained Ni oxide
overlayers are oxygen-deficient and can be denoted as NiO; _,/
Pt(111) (x < 1). STM images indicate that the formed NiO, _,
nanoislands are highly dispersed on the Pt(111) surface
(Figure 1d). More importantly, the oxide nanostructures have
monolayer thickness (Figure S1b), similar to NiO nanostruc-
tures grown on Pt(111)* and Pd(100).%” It should be noted that,
under the same deposition conditions, 3D NiO islands were
obtained on the HOPG surface (Figure S4). Therefore, it can be

concluded that the interface confinement effect between oxide over-
layers and metal substrates also plays a critical role in stabiliza-
tion of the 2D NiO nanoislands. The interaction between TM
oxides and noble metals plays an important role in the interface
effect 466870

The reactivity of the above-mentioned surfaces toward CO
oxidation was investigated by using in situ UPS.***® All the
surfaces were first saturated with CO via adsorption of 10 L CO
at room temperature. The CO presaturated surfaces were
exposed to 4.0 X 10~ ° mbar O, at room temperature, and
UPS He II spectra were acquired simultaneously at one spectrum
per minute. The 50+ 177 and 40 molecular orbits of CO
adsorbed on Pt(111) are the main features in the UPS spectra,
located at 9.4 and 11.8 eV, respectively.*>”"”> The evolution of
the peak intensity with reaction time was used to characterize the
surface reactivity.

On the Pt(111) surface, the intensity of the two CO peaks
does not change, even after exposing the surface to 4.0 x 10 °
mbar O, for 0.5 h (Figure 3a). This result is not unexpected,
considering the well-known CO poisoning effect on pure Pt
surfaces.”? Only at elevated temperatures may CO desorption
occur, which leaves available surface sites for O, adsorption and
helps CO oxidation.

The Pt-skin surface, Pt/Ni/Pt(111), presents reactivity si-
milar to that of Pt(111). As shown in Figure 3b, no obvious
decrease in CO intensity can be observed in the time-elapsed
UPS spectra. Mavrikakis and co-workers calculated the activa-
tion energy for O, dissociation on Pt(111) and Pt-skin surfaces
with subsurface TMs.'>**** They found that O, activation on
the Pt-skin surface becomes more energetically demanding, for
example 0.77 eV on Pt(111) and 0.93 eV on Pt-skin with
subsurface Co. The lost reactivity of the Pt-skin surfaces to O,
activation has been attributed to both strain and ligand effects.'*
We also studied O, dissociation on Pt(111) and a Pt-skin layer
on Pt;Ni, and a similar trend (0.71 eV on Pt(111) vs 0.97 eV on
the Pt-skin) was found.>"”* On the other hand, adsorption of
CO, H, O, and O, on Pt-skin surfaces is weakened by the
subsurface TMs,”!03%5175360 Lyt the destabilization occurs
with a similar magnitude.**>" For example, binding energies
of CO and O, on a Pt-skin with subsurface Ru are —1.25
and —0.26 eV, respectively, compared to —1.82 eV/CO
and —0.65 eV/O, on Pt(111).** On the basis of these argu-
ments, the Pt-skin surfaces are still poisoned by CO, and the
CO oxidation is limited by O, activation in the low-temperature
regime. Therefore, it can be understood that the Pt-skin surface
does not present much higher reactivity toward CO oxidation
than Pt(111).

It should be noted that the Pt/Ni/Pt(111) surface is quite
stable during the CO oxidation process. We performed XPS
measurement of the Pt-skin surface after CO oxidation and
exposure to 4.0 x 10~ ° mbar O, up to 391 K, and no change
in the Ni 2p spectra was observed (Figure SS). Chen and co-
workers studied outward diffusion of Ni at Pt surfaces. The
activation energy for the Ni diffusion was determined to be 17 &
1 kcal/mol.”® It is thus expected that Ni diffusion onto the surface
is kinetically limited near room temperature.

Over the 0.16 ML Ni/Pt(111) surface, CO can react with O,
slowly. Figure 3¢ shows that the intensity of the two CO features
decreases gradually with O, exposure time. CO has been
completely reacted away in 20 min. After the reaction, XPS Ni
2p3,, BE shifts from 852.7 to 853.4 eV (Figure S6). This result
indicates that the surface Ni is prone to be oxidized in the
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Figure 3. In situ He Il UPS spectra recorded from the CO-presaturated surfaces exposed to 4.0 x 10™* mbar O, at room temperature: (a) the bare
Pt(111) surface; (b) the Pt(111) with 1.3 ML subsurface Ni, Pt/Ni/Pt(111); (c) the 0.16 ML Ni/Pt(111) surface; (d) the 0.16 ML NiO, _,/Pt(111)
surface. The red line is the onset of the reaction. Inset: gray, Pt; red, Ni; yellow, NiO, _,.

oxidative atmosphere. As discussed below, the formed oxidized
Ni structure may contribute to the observed CO oxidation
activity.

Much higher reactivity was observed on the NiO, _,/Pt(111)
surface. Figure 3d demonstrates that the preadsorbed CO can be
eliminated in 2 min in 4.0 X 10~ ° mbar O,. Furthermore, the
reaction was repeated several times, and the surface reactivity did
not change with the reaction cycle. As established previously,
coordinatively unsaturated cations confined at interfaces be-
tween nanostructured oxides and metal substrates are highly
active for activation of O,.* We suggest that the high reactivity of
the NiO;_,/Pt(111) surface can be attributed to the presence of
2D NiO;_, nanoislands and coordinatively unsaturated Ni
atoms at the island edges as well.

Su et al. studied the effect of subsurface Ni on the elementary
reaction of CO with O on the Pt-skin surfaces using density
functional theory (DFT) calculation. They showed that the
presence of subsurface Ni atoms lowers the activation energy
for CO + O reaction by a few tenths of an electronvolt.”' Nilekar
et al. also calculated CO + O activation energies on a layer of Pt-
skin placed on top of three-layer slabs of Ru(0001), Rh(111),
Pd(111),and Ir(111), and all the values were smaller than that on

the Pt(111) surface, e.g, 0.79 eV on Pt(111) vs 041 eV on Pt*/
Ru(0001).*** Subsurface TMs weaken the adsorption of reactants of
CO and O on metals, which results in smaller reaction barriers and
substantial enhancement of the elementary reaction of CO oxidation
with O.*"78 Obviously, the enhancement effect becomes activated
only if atomic O species are available. As discussed above, O,
activation is still the limiting step for CO oxidation on the Pt-skin
surfaces; thus, the subsurface enhancement effect has not been
observed (Figure 3b). Considering that surface TM oxides help to
facilitate dissociation of Os,* we expect subsurface TMs may enhance
the surface reactivity by working together with surface TM oxides.

To shed light on the synergistic effect from the subsurface Ni
and surface NiO;_, structures, we built another model system,
denoted as NiO,_,./Pt/Ni/Pt(111). This surface was prepared
by evaporation of 0.16 ML Ni onto the Pt-skin surface at room
temperature in 1.3 X 10~ ° mbar O,. XPS measurement confirms
that Ni at this surface presents both oxidized and metallic states
(Figure 2e). Moreover, the Ni oxide deposited on the Pt-skin
surface presents island dispersion and monolayer thickness
similar to those on the Pt(111) surface (Figure Slc).

On the NiO;_,/Pt/Ni/Pt(111) surface, CO can be reacted
away in 2 min in 40 X 10" ° mbar O, at room temperature.
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Figure 4. In situ He IT UPS spectra recorded from the CO presaturated
surfaces exposed to 4.0 x 10~% mbar O, at 220 K: (a) the 0.16 ML
NiO;_,/Pt/Ni/Pt(111) surface and (b) the 0.16 ML NiO,_,/Pt-
(111)surface. (c) Plots of the CO 40 peak area as a function of O,
exposure time on the two surfaces.

In order to see the difference in surface reactivity between the
NiO;_,/Pt/Ni/Pt(111) and NiO;_,/Pt(111) surfaces, we car-
ried out the CO oxidation reaction at 220 K. Under this

Pt Ni ICP-AES

1.0 -

- 1.0

- 0.6

- 0.4

Pt Percentage
Ni Percentage

0.2

0.0
Fresh 423K 523K 623K

Reduction Temperature

Figure 5. Concentrations of Pt and Ni ions in the leached acid solutions
from the fresh PtNi/CB catalyst and the catalysts reduced at 423, 523,
and 623 K. The concentrations were measured by ICP-AES, and the
values from the fresh catalysts were normalized to 100%.

condition, CO oxidation did not happen on the NiO,_,./Pt(111)
surface, while most of the CO was removed by O, in 14 min on
the NiO, —,/Pt/Ni/Pt(111) surface (Figure 4). The in situ reac-
tion data show that the sandwich NiO, _,/Pt/Ni/Pt(111)surface
has the highest reactivity to CO oxidation among the Ni—Pt-
(111) surfaces studied.

Supported Pt—Ni Catalysts. Pt—Ni practical catalysts sup-
ported on carbon black, PtNi/CB, were prepared by wetness co-
impregnation and reduced in H,. Since Pt precursors can be
reduced by H, more easily than precursors of 3d TMs, the initial
structural configuration of Pt-3d-TM catalysts prepared by the
co-impregnation and co-reduction process should be Pt NPs
decorated by 3d-TM overlayers.”” On the other hand, inward
diffusion of surface 3d-TMs into the subsurface or even bulk
regions of Pt crystals may happen upon heating in UHV or
reductive atmospheres (Figure S2).' 156,60,62,7879 Accordingly,
the surface structure of the PtNi/CB catalysts can be simply
controlled by reduction in H,. For this purpose, our PtNi/CB
catalysts were reduced in H, for 2 h at 423, 523, and 623 K,
respectively.

Acid leaching of Pt-3d-TM alloy crystals or NPs can remove
the surface TM atoms but leave those in the bulk unchanéged,
producing the Pt-skin or Pt-skeleton structures."*'”?%%07%* A
fresh PtNi/CB sample without reduction was treated by the
leaching process. In this sample, all Ni and Pt ions were
completely washed away. The measured Ni and Pt concentra-
tions are included in Figure 5 as a reference. After reduction, ICP
data show that only a trace amount of Pt is detected, which
indicates that the Pt precursor is fully reduced under all the
treatment conditions (Figure S). In contrast, there is always a
certain amount of Ni in the leached solutions. In the PtNi/CB
sample reduced at 423 K, more than 75% Ni has been dissolved
away, while only one-third of Ni can be washed from the catalysts
in the case of reduction at 623 K. Accordingly, we can conclude
that a large part of Ni is still located at the outside of the Pt—Ni
NPs reduced at 423 K. In contrast, reduction at 623 K drives
diffusion of most Ni atoms into the NPs, and the formed Pt-skin
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Figure 6. (A) Ni K-edge XANES spectra acquired from different PtNi samples: (a) Ni foil; (b) PtNi/CB catalysts reduced at 623 K for 2 h and then
exposed to air at room temperature; (c) PtNi/CB catalysts reduced at 523 K for 2 h and then exposed to air at room temperature; (d) PtNi/CB catalysts
reduced at 423 K for 2 h and then exposed to air at room temperature; (e) NiO/CB catalysts. (B) Zoomed white line peaks in (A).

surface prevents Ni inside the particles from leaching. In be-
tween, e.g. around 523 K, half of the Ni is present outside of the
NPs, while the rest remains inside.

Ni K-edge XANES spectra were acquired from the PtNi/CB
samples and used to determine the chemical state of the Ni
species. Reduction of the sample in flowing H, was monitored by
in situ XANES. At 423 K, the spectrum was already similar to the
Ni foil spectrum (Figure S7), which indicates that Ni is com-
pletely reduced to the metallic state under this reduction condi-
tion. The reduction of Ni species in the Pt—Ni catalysts at lower
temperatures is facilitated by the promoting effect of Pt.*"*

The samples reduced under different conditions were studied
by XANES in air, and Ni K-edge structures are shown in Figure 6.
For comparison, the spectrum from the NiO/CB sample is also
included. The Ni K-edge structure from the sample reduced at
423 K resembles that of the NiO/CB, with the high intensity of
the white line caused by the Ni—O interaction.’® As the
reduction temperature increases, the intensity of the white line
decreases, and the spectra look more like the Ni foil spectrum.
Furthermore, the peak position of the white line also shifts to
lower energy. All these results suggest the conversion from Ni**-
rich to Ni’'-rich state at the Pt—Ni NPs when the reduction
temperature is increased.

The XANES results further support the structural configurations of
the Pt—NiNPs as derived from the leaching/ICP experiments, which
indicate that the distribution of Ni at the Pt—Ni NPs can be simply
modulated by reduction in H,. At low reduction temperature, e.g. 423
K, most Ni species are still outside of the particles and oxidized upon
exposure to air at room temperature. The remaining Ni atoms
diffusing into the NPs are protected from oxidation by air. Upon
reduction at 623 K, most of the Ni atoms diffuse into the subsurface or
bulk regions of the NPs, which remain metallic in air. The observed
metallic state of subsurface Ni species in the supported NPs by
XANES also confirms the high stability of Pt-skin surfaces when
exposed to an oxidative atmosphere at relatively low temperature, e.g.
20% O, in air at room temperature.

The reactivity to CO oxidation (1% CO, 20% O,, He balance)
was studied over the PtNi/CB samples reduced in H, at various

T
80 4 [ 7

| 7 ._;’
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CO Conversion(%)

—e—b
20- Rl

L . |
04 e

40 60 80 100 120 140 160 180
Reaction temperature (°C)

Figure 7. Temperature-dependent CO conversion in the CO oxidation
over the PtNi/CB catalysts reduced at (a) 423, (b) 523, and (c) 623 K,
respectively; For comparison, the results on the Pt/CB catalyst (d) and
the leached PtNi/CB catalyst (e) are also included.

temperatures. The dependence of CO conversion on the reac-
tion temperature is shown in Figure 7. It is interesting to see that
the best reactivity is observed on the PtNi/CB sample reduced at
an intermediate temperature, 523 K. With this catalyst, 100% CO
conversion occurs at 320 K. By contrast, the catalysts reduced at
423 or 623 K demonstrate worse performance, in which 100%
CO conversion takes place at 356 and 340 K, respectively.
Moreover, CO conversion of the two catalysts at room tempera-
ture is much less than that reduced at 523 K. Reaction data from
the Pt/CB catalyst (4 wt %) are included in Figure 7 for
comparison. It can be seen that the Pt/CB catalyst has much
lower CO oxidation activity than the Pt—Ni catalysts, and only at
410 K does complete CO oxidation happen. The Pt/CB catalyst
was reduced in H, at the three temperatures, and no effect of the
reduction temperature on the activity was observed. It is known
that supported metal NPs may sinter at elevated temperatures.
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The PtNi/CB samples reduced at 423 and 623 K were investi-
gated by TEM (Figure S8). Both samples showed similar catalyst
size distribution in the range of 2—6 nm. Therefore, the sintering
effect can be excluded within this temperature range (between
423 and 623 K). On the basis of these results, we can conclude
that the effect of the reduction temperature on the reactivity of
the PtNi/CB catalysts is mainly due to the variation of the surface
structure at the PtNi NPs.

Architecture of Pt—Ni Catalysts for CO Oxidation. Using
surface science experiments, we show that the reactivity of
Ni—Pt(111) surfaces to CO oxidation increases in the sequence
of Pt(111) < Pt/Ni/Pt(111) < Ni/Pt(111) < NiO,_,./Pt(111) <
NiO;_,/Pt/Ni/Pt(111). On the basis of the results, two im-
portant factors in CO oxidation over the Ni—Pt(111) surfaces
can be derived. First, the presence of highly dispersed NiO;_,
nanostructures on Pt surfaces plays a critical role in dissocia-
tive adsorption of O,, which helps to alleviate CO poisoning on
Pt and produces atomic O species. Second, subsurface Ni
enhances the elementary reaction of CO oxidation with O.
The CO oxidation with O, can be promoted by the subsurface
Ni species in case that atomic O species are produced by the
surface NiO;_, nanostructures. It is reasonable to expect that the
sandwich NiO,_,/Pt/Ni/Pt(111) surface demonstrates the highest
reactivity.

For the supported Pt—Ni NPs, the XANES and leaching
experiments clearly show that location of Ni at the Pt—Ni NPs
can be simply controlled by reduction in H,. The surface Ni gets
oxidized when exposed to oxidative atmospheres, e.g. 4 x10 °
mbar O, (Figure S6), air (Figure 6), and CO oxidation gases (1%
CO, 20% O,, He balance, Figure S7), while the subsurface Ni
remains metallic near room temperature under oxidizing condi-
tions due to the kinetic limit of outward diffusion of Ni. With the
reduction temperature at 423 K, most of the Ni species are still
outside of the NPs, and the surface structure of the Pt—Ni NPs
resembles the NiO,_,/Pt(111) surface. High-temperature re-
duction, e.g. 623 K, produces the Pt-skin structure, like the Pt/
Ni/Pt(111) model system. At an intermediate temperature of
523 K, around half of the Ni is outside and the rest is inside of the
NPs. Under the oxidation condition, this catalyst contains both
surface Ni oxide and subsurface Ni atoms, which presents the
sandwich surface structure as the NiO, _,/Pt/Ni/Pt(111) model
surface.

The highest reactivity of the sandwich PtNi/CB catalyst to CO
oxidation among the supported Pt—Ni catalysts investigated
here (Figure 7), and the highly active NiO,_,/Pt/Ni/Pt(111)
surface compared to other Ni—Pt(111) model surfaces
(Figure 4), suggest the important role of both surface Ni oxides
and subsurface Ni in the CO oxidation. As discussed above, the
surface Ni oxide monolayer nanoislands contain coordinatively
unsaturated cations at the island edges, which provide active sites
for O, dissociative adsorption. On the other hand, the subsurface
Ni atoms enhance the elementary reaction of CO oxidation, with
atomic O species produced at the edges of the surface oxide
islands. Since the Pt-skin surface was produced by the surface
segregation process, the ligand effect seems to be more critical than
the strain effect in the observed subsurface enhancement.>* The
synergetic effect of surface and subsurface Ni species at the Pt—Ni
catalysts for the CO oxidation reaction is illustrated by Scheme 1.

To further confirm this synergetic effect, CO oxidation was
performed on a leached PtNi/CB catalyst. The fresh PtNi/CB
sample was reduced at 523 K to form the highly active sandwich
structure. It was then leached in the acid solution to remove the

Scheme 1. Synergetic Effect of Surface Ni Oxide and Sub-
surface Ni Species at Pt—Ni Catalysts on the CO Oxidation”

&

“ Surface Ni oxide structure activates dissociation of O, and subsurface
Ni atoms promote CO reaction with O. O, yellow; Ni, brown; Pt, cyan;
C, light blue.

surface Ni species. After activation in H, at 423 K, a temperature-
dependent reaction was performed on the catalyst. The reaction
data indicate that the reactivity of the leached sample is similar to
that of the Pt/CB catalyst (Figure 7). Although ICP data show
that the leaching washes only half of the Ni from the Pt—Ni NPs
(Figure S), removal of surface Ni species and formation of the Pt-
skeleton structure lower the surface reactivity significantly.

The results from the Ni—Pt(111) model systems and the
supported Pt—Ni catalysts are consistent with each other, and
both of them illustrate the synergetic effect in Pt—Ni catalytic
systems. Although the surface structure of the supported catalyst
NPs is complex, in particular for the multicomponent catalysts, a
bridge between model systems and practical catalysts made in
this work helps to understand the reaction mechanism at the
microscopic scale and to construct highly efficient practical
nanocatalysts.** Furthermore, our work demonstrates that acti-
vation in H, is a simple but effective route to manipulate the
surface architecture of multicomponent catalysts and produce
the active sandwich Pt—Ni catalysts. Considering that activation
of powdered catalysts in H, is the most frequently used pretreat-
ment, the sandwich Pt—TM catalysts produced by the reduction
process should be generally present in many Pt—TM systems but
are often ignored. Therefore, we expect that the synergetic
catalytic mechanism may be widely applied in other Pt-based
bimetallic catalytic systems.

B CONCLUSIONS

A well-defined sandwich Ni—Pt(111) surface consisting of
both surface 2D NiO,_, nanoislands and subsurface Ni atoms
presents high reactivity to the CO oxidation. The surface NiO; —,,
nanoislands provide the active edge sites for O, dissociative
adsorption, producing atomic O species, while the subsurface Ni
atoms enhance the elementary reaction of CO oxidation with O.
A similar sandwich structure was constructed at Pt—Ni practical
catalysts via a simple reduction process. Upon heating the
supported Pt—Ni NPs in H, at an intermediate temperature of
523 K, half of the Ni remains outside of the NPs and the rest diffuses
to subsurface regions, which transform to surface Ni oxide and
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subsurface Ni, respectively, after exposure to an oxidative atmo-
sphere. The synergetic effect of the surface and subsurface Ni
species in this supported Pt—Ni catalyst results in high surface
reactivity as well. The bridge between model systems and real
catalysts helps to illustrate the bimetallic catalytic mechanism and
to fabricate highly efficient practical bimetallic catalysts.
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