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H eterogeneous catalysts, often consisting of metal nanoparticles supported on high-surface-area oxide solids, are common in

industrial chemical reactions. Researchers have increasingly recognized the importance of oxides in heterogeneous catalysts:
that they are not just a support to help the dispersion of supported metal nanopartides, but rather interact with supported metal
nanoparticles and affect the catalysis. The critical role of oxides in catalytic reactions can become very prominent when oxides cover
metal surfaces forming the inverse catalysts.

The source of the catalytic activity in homogeneous catalysts and metalloenzymes is often coordinatively unsaturated (CUS)
transition metal (TM) cations, which can undergo facile electron transfer and promote catalytic reactions. Organic ligands and
proteins confine these CUS cations, making them highly active and stable. In heterogeneous catalysis, however, confining these
highly active CUS centers on an inorganic solid so that they are robust enough to endure the reaction environment while staying
flexible enough to perform their catalysis remains a challenge.

In this Account, we describe a strategy to confine the active CUS centers on the solid surface at the interface between a
TM oxide (TMO) and a noble metal (NM). Among metals, NMs have high electron negativity and low oxygen affinity. This
means that TM cations of the oxide bind strongly to NM atoms at the interface, forming oxygen-terminated-bilayer TMO
nanostructures. The resulting CUS sites at the edges of the TMO nanostructure are highly active for catalytic oxidation reactions.
Meanwhile, the strong interactions between TMOs and NMs prevent further oxidation of the bilayer TMO phases, which would
otherwise result in the saturation of oxygen coordination and the deactivation of the CUS cations. We report that we can also
tune the oxide—metal interactions to modulate the bonding of reactants with CUS centers, optimizing their catalytic
performance.

We review our recent progress on oxide-on-metal inverse catalysts, mainly the TMO-on-Pt (TM = Fe, Co, and Ni) systems
and discuss the interface-confinement effect, an important factor in the behavior of these catalytic systems. We have studied
both model catalyst systems and real supported nanocatalysts. Surface science studies and density functional theory
calculations in model systems illustrate the importance of the oxide—metal interfaces in the creation and stabilization of
surface active centers, and reveal the reaction mechanism at these active sites. In real catalysts, we describe facile
preparation processes for fabricating the oxide-on-metal nanostructures. We have demonstrated excellent performance of
the inverse catalysts in oxidation reactions such as CO oxidation. We believe that the interface confinement effect can be
employed to design highly efficient novel catalysts and that the inverse oxide-on-metal catalysts may find wide applications
in heterogeneous catalysis.
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Introduction

Heterogeneous catalysts, often consisting of metal nano-
particles (NPs) supported on high-surface-area oxide solids,
are widely used in industrial chemical reactions. The impor-
tance of oxides in heterogeneous catalysts has been in-
creasingly recognized that they are not just a support to help
the dispersion of supported metal NPs. Moreover, they can
affect the catalytic process through the interaction with
supported metal NPs. In the case of reducible transition
metal oxides (TMOs), such interaction can become so pro-
minent that the metal-oxide interface is often considered to
play a Kkey role in catalytic reactions.

While our understanding toward the metal—oxide inter-
faces remains mostly phenomenological, a concept, “strong
metal—support interactions” (SMSI), has been regularly used
to describe the prominent role that the metal-oxide interface
can play in heterogeneous catalysis.' ~* Introduced by Tauster
etal.inthe late 1970s,'> SMSI have often been referred to as
the effect that reducible oxides, when heated in a reducing
environment, migrate onto the surface of metal particles,
inhibit the adsorption of reactant molecules, and in certain
cases render the metal catalyst unreactive. The process of
oxide migration and covering can be reversed when the
catalyst is treated in an oxidative environment. In many
cases, the SMSI state, that is, metal surfaces covered by
oxides, is considered detrimental for catalysis, especially
for catalytic oxidation reactions.

Here, we show that, oxides covering metal surfaces, when
controlled in a proper way, can be utilized to enhance the
catalytic performance. Highly dispersed TMO nanostruc-
tures may be deliberately constructed on the surface of
NMs, forming oxide-on-metal inverse catalysts. The surface
TMO phases are often metastable and two-dimensional
(2D), owing to the strong interaction between TM cations
and NM atoms underneath.®~® TM atoms at the periphery
sites of the 2D TMO nanostructures are coordinatively un-
saturated, which exhibit extraordinary reactivity and stability
in their interaction with reactants.'®'" Therefore, the TMO-NM
interfaces exert a unique chemical environment to confine the
active metal centers, which are not in their thermodynamically
stable state but can be Kinetically trapped at the interface and
in certain reaction environments.

In this Account, using the TMO/Pt system as an example,
we show that such interface-confined oxide nanostructures
can be generally realized through direct synthesis'®'?~4 or
catalyst pretreatments.'*'>~'7 The inverse catalysts have
demonstrated extraordinary performance in low temperature
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catalytic oxidation reactions. Taking advantage of the interface
confinement effect, it is feasible to design highly efficient
oxide/metal catalysts and obtain more mechanistic understand-
ing of the role of metal—oxide interfaces in many reactions.

Oxide-on-Metal Inverse Catalysts

Scheme 1 compares the configuration of conventional
oxide-supported metal catalysts with that of oxide-on-metal
inverse catalysts. In supported metal catalysts, the density of
metal—oxide interfaces is limited by the low contact area
between the metal and the oxide (Scheme 1A). To maximize
the density of metal—oxide interfaces, highly dispersed TMO
nanostructures can be decorated on the surfaces of metal
NPs, in which rich boundaries form between TMO surface
structures and NM NPs (Scheme 1B).

Most metals have larger surface energy than oxides.
According to the Young's equation, yoxide = Ymetal €COS 0 +
Yinterface, it IS €xpected that three-dimensional (3D) nonwet-
ting metal NPs are favored on oxide surfaces,®>'® whereas
oxides tend to wet metal surfaces forming 2D islands (Figure 1).
From an atomic view of the metal—oxide interface, multilayer
metal nanocrystallites are favored on oxides (Figure 1B). In
contrast, oxide nanostructures of monolayer thickness are
often observed on metal surfaces (Figure 1D).°”'%'® The
planar surfaces of the inverse model systems allow the em-
ployment of surface science techniques to obtain an atomic
understanding of the structure—reactivity relationship. It has
been found that the atomic structure and electronic states of
the metal-supported oxides are different from those of their
bulk counterparts, resulting in new chemical properties.

Inverse Model Catalysts. The inverse model catalysts can
be prepared by depositing submonolayer oxide nanostruc-
tures on single crystal metal surfaces.®~'"' The growth pro-
cess consists of the evaporation of TM in an oxygen
atmosphere at relatively low substrate temperatures and
the subsequent annealing in ultrahigh vacuum (UHV) at
elevated temperatures. For example, a 0.25 ML FeO/Pt(111)
surface can be prepared by evaporating Fe in O, (Po,=1.3 x
1078-1.3 x 107° mbar) onto a Pt(111) substrate kept at
150-250 K, followed by annealing in UHV up to 673 K.°
Scanning tunneling microscopy (STM) images (Figure 2A)
show that the prepared FeO nanostructures have a uniform
thickness and display a Moiré pattern. The FeO nanoislands
present a bilayer structure, with the top layer terminated by
oxygen atoms and the lower layer composed of iron atoms
bonded with Pt atoms.?° Tunneling spectroscopy taken at
the edges of FeO islands shows a distinct electronic state at
0.65 eV above the Fermi level, which can be attributed to the
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SCHEME 1. Structural Configurations of Conventional Supported Metal Catalysts (A) and the Oxide-on-Metal Inverse Nanocatalysts (B)*

“The formed oxide—metal boundaries are marked by dotted lines. With the same amount of metal, the boundary density is much higher in the oxide-on-metal system

than that in the oxide—supported metal system.

Yoxide

(€)

Yoxide Oxide
Yinterface

Metal support

Ymetal
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FIGURE 1. Schematics of an oxide-supported metal catalyst (A) and an oxide-on-metal inverse catalyst (C). (B) and (D) are the atomic views of the
metal-oxide interfaces shown in (A) and (), respectively. yoxide is the surface energy of oxide, ymetal is the surface energy of metal, yinterface is the

interface free energy, and 6 is the contact angle.

3d state of CUS Fe cations exposed at the boundary sites
(Figure 2B).° The intensity ratios of XPS peaks, O 1s to Fe2ps,»,
measured from the FeO nanostructures are always less than
that of the fullHayer FeO film (Figure 2C). The O/Fe ratio
decreases as the density of the island periphery increases,
suggesting that oxygen deficiency mainly occurs at the per-
ipheries of the FeO nanostructures.

In comparison, iron oxide was grown on a highly orientated
pyrolytic graphite (HOPG) surface using the same growth recipe.
The binding energy of Fe 2ps,; of the FeO,/HOPG surface shifted
2.0 eV upward from that of the FeO/Pt(111) surface and is close
to that of the stable Fe,05 structure. Moreover, 3D NPs instead
of 2D islands form on the HOPG surface. The compatison
between the growth of iron oxide on Pt(111) and on HOPG
surfaces reveals the constraint that the Pt substrate exerts on the
formation of monolayer FeO nanoislands.’

Similarly, submonolayer NiO or CoO nanostructures can
be prepared on Pt(111), which are oxygen-deficient and
denoted as TMO, _,/Pt(111) (TM = Fe, Co, Ni). For instance,
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the formed NiO;_ nanoislands are highly dispersed and
exhibit planar structure.?’ Besides the P(111) substrate,
submonolayer TMO nanostructures have also been grown
on other precious metal surfaces, such as Ru(0001),%2
Au(111),%® Ir(100),* and Rh(111).%

Inverse Supported Nanocatalysts. The oxide-on-metal
inverse nanocatalysts can be prepared by sequential
deposition,'®2® coimpregnation,'*'>2127 or gas-induced
surface segregation.?23' In the sequential deposition pro-
cess, supported Pt NPs were first prepared via solution
synthesis and then mixed with TM salt solution, for example,
Fe(NOs)s, followed by reduction in H,. The formation of
TMO, nanopatches partially covering metal NPs was con-
firmed by X-ray diffraction (XRD), transmission electron
microscopy (TEM) and CO adsorption.'® Alternatively, TMO,
nanopatches can be deposited on Pt NPs via a reductive
deposition precipitation (RDP) process.3* The deposited TM
cations stay exclusively on the surface of Pt NPs, as con-
firmed by acid leaching together with inductively coupled
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FIGURE 2. (A) STM image of FeO nanoislands on Pt(111) (25 nm x 20.8 nm).
(B) di/dV spectra acquired at 5 K on the surface of FeO islands, at the
FeO-—Pt interface, and on Pt(111). (C) Ratios of XPS O 1s to Fe 2ps,, peak
intensity from FeO/Pt(111) surfaces with different periphery density of
FeO nanoislands. Samples 1—3 are 0.25 ML FeO nanoislands prepared
at 1.3 x 10~® mbar O, and annealed in UHV at 473, 573, and 673 K,
respectively. Sample 4 is the full-monolayer FeO film on Pt(111). The size
of STM images are all 100 nm x 100 nm. Reproduced from ref 10.

plasma atomic emission spectrometry measurements.2®
The TMO,-on-Pt (TM = Fe, Co, and Ni) structures can also be
synthesized using the coimpregnation process. An inert sup-
port, such as silica and carbon black (CB), was mixed with the
solutions of Pt and TM precursors and then reduced in H; at
stepwise increasing temperatures. Pt precursors were reduced
first, producing Pt NPs. The reduction of TM cations was then
facilitated in the presence of Pt NPs, forming TMO, patches on
Pt NPs.3334 Finally, TMO, nanostructures have been grown on
Pt surfaces via mild oxidation of Pt-based alloy NPs.'%2729-31
The oxidation-induced surface segregation of TM at Au sur-
faces also produces oxide-on-Au inverse catalysts.'”>

The TMO,-on-Pt inverse catalysts were characterized by in
situ X-ray absorption near edge structure (XANES) to identify
the active structure under reaction conditions. Figure 3A shows
the Fe K-edge spectra of a Pt—Fe/CB catalyst exposed to
various reaction environments. The pre-edge feature of the
Fe K-edge spectra from the Pt—Fe NPs during the preferential
oxidation reaction of CO in the presence of H, (PROX) is located
in the middle between those from the reduced and fully
oxidized Pt—Fe catalysts, suggesting the presence of low-
valent ferrous species under the reaction condition. Thus, the
active structure of Pt—Fe NPs during PROX should comprise the
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Pt-rich core and surface ferrous spedies, like the structure
demonstrated in the FeO/Pt(111) model system. Similarly,
the CoO-on-Pt and NiO-on-Pt surface architectures have been
identified as the active structures during PROX and CO oxida-
tion in the absence of H, (COOX).">?"27 In addition, recent
works have shown that low valent Co,>33* sn,33° and Re®’
(mostly in TM?*) species formed in their oxide nanostructures
with high reactivity, when in close contact with Pt NPs.

Interface Confinement Effect. Both model studies and in
situ characterization of supported nanocatalysts reveal that
the Pt-supported TMO surface phases have low valent state
(mostly in TM?") and planar TM-O structure. Their distinct
structural characters should be attributed to the strong
interaction between TM cations and Pt atoms underneath.
Our density functional theory (DFT) calculations show that
the adhesion energy at the FeO/Pt(111) interfaceis —1.53 eV
per FeO formula. The strong bonding between interfacial Fe
and Pt atoms can be seen from the extensive orbital hybri-
dization of two elements (Figure 4A).'>38 The bilayer TMO
nanostructures are thermodynamically unstable and, in
principle, would favor surface reconstruction in UHV or bind
with more oxygen atoms in an oxidative environment. Pt, or a
NM with high electron negativity and low oxygen affinity, can
form strong interfacial bonds with CUS cations, which rivals the
interaction between the NM and oxygen atoms. Subsequently,
the formation of interfacial NM—oxygen bonds is prohibited
and CUS cations are Kinetically stabilized in an oxygen-termi-
nated bilayer TMO nanostructure, remaining undersaturated
by oxygen atoms. At the periphery sites of TMO islands, CUS
TM atoms exhibit great flexibility in their interaction with
reactants. Therefore, the TMO—NM interface demonstrates a
unique chemical environment to confine active metal centers
with considerable flexibility and stability.

TMO-on-NM Catalysts for Catalytic Oxidation

Bifunctional Reaction Mechanism at TMO/Pt Boundary.
We use CO oxidation on TMO/Pt(111) to demonstrate the
role of interface-confined oxide nanostructures in catalytic
oxidation reactions. CO oxidation on bare Pt-group metal
surfaces is usually inhibited by the strong chemisorption of
CO, especially when the reactant ratio is stoichiometric or CO
rich.3° On the CO dominant surfaces, the reaction is limited by
the adsorption of O,. The presence of interface-confined TMO
nanostructures, however, drastically alters the adsorption
strength of CO and O, on the surface.'®*° DFT calculations
show that the adsorption energy of O, is greatly enhanced at
the boundary sites of TMO-Pt(111), rising from —0.77 eV
on bare Pt(111) to —1.48 eV at FeO/Pt(111), —1.20 eV at
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FIGURE 3. In situ Fe K-edge XANES spectra of the Pt—Fe/CB (A) and Cu@Pt—Fe/CB (B) catalysts treated at various gaseous environments. Reduction
condition: 10% H, and 90% He; 250 °C. PROX: 1% CO, 0.5% O, 10% H,, and 88.5% He; room temperature. COOX: 1% CO, 20% O,, and 79% He;
room temperature. The spectra from Fe foil and anFe,O5 standard are also included.

CoO/Pt(111), and —0.89 eV at NiO/Pt(111). Meanwhile, the
adsorption energy of CO is ~0.1 eV weaker near the boundary
sites of TMO/Pt(111) than that on bare Pt(111) (—1.65 eV).
Therefore, O, adsorption on TMO/Pt(111) can compete with
the adsorption of CO, given their comparable adsorption
energies.

At the TMO/Pt(111) surfaces, the most active sites for O
dissociation have switched from Pt to the boundaries sites of
TMO/Pt; that is, O, adsorbs on Pt and interacts with the edge
sites of TMO. The calculated dissociation barriers at the
TMO-Pt boundary (TM = Mn, Fe, Co, Ni, Cu, Zn) are all below
0.22 eV, in contrast to 0.51 eV on bare Pt(111). Meanwhile,
the dissociated oxygen atoms coordinate with the CUS
cations and the less-reactive Pt atoms (Figure 4B), and thus
exhibit modest bonding strength (—1.37 ~ —1.02 eV/0),
which enable the subsequent reaction with the neighboring
adsorbed CO to complete the catalytic cycle. Among the 3d
group VIIIB TMO/Pt(111) systems, FeO on Pt(111) gives the
lowest activation barrier, ~0.2 eV, for CO oxidation and is
thus a suitable candidate for low temperature CO oxidation.
Overall, the Pt-cation ensemble at the TMO-Pt boundary
provides dual sites for O, activation and CO adsorption,
facilitating the low temperature CO oxidation via a bifunc-
tional mechanism (Figure 4B).%° Note that, previous studies
have invoked that the presence of other reactant molecules,
such as H, or H,O, could open another reaction channel to
oxidize CO with hydroxyl groups.>3#! Similar to the activa-
tion of O,, water could dissociate at the step edges of FeO
nanostructures producing the hydroxyl groups.*'*? Our
catalytic studies show that adding water to the reactant
gases can not improve the activity of CO oxidation, which
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FIGURE 4. (A) Projected density of states for interfacial Fe, O, and Pt
atoms at fcc domains of FeO overalyer on Pt(111) using (84)'/2 x (84)'/3)-
R10.9° — FeO/Pt(111) supercell. (B) Schematic structures of O, activation
and CO oxidation at the TMO/NM(111) boundaries. The initial state of O,
adsorption (up) and the final state of O, dissociation (down). The blue, red,
green, and gray spheres represent NM, O, 3d-TM, and C atoms,
respectively.

suggests that the hydroxyl channel might not be a dominant
mechanism.

FeO-on-Pt Structures for PROX. Figure 5A compares the
reactivity for CO oxidation on a few model catalysts, includ-
ing Pt(111), 0.25 ML Fe/Pt(111), Pt(111) with subsurface Fe,
0.25 ML FeO,_,/Pt(111), and Pt(111) covered by 0.25 ML
strongly oxidized FeO, . layer. The reactivity results show
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FIGURE 5. (A) Reactivity for CO oxidation on the surfaces of Pt(111), 0.25 ML Fe grown on Pt(111) (Fe/Pt(111)), Pt(111) with subsurface Fe (Pt/Fe/
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energies of Fe 2p are also included. (B) Dependence of reactivity of CO oxidation on the periphery density at 0.25 ML FeO, _,/Pt(111) surface.

Reproduced from ref 10.

that the FeO_,/Pt(111) surface exhibits the highest activity
in CO oxidation. When the Pt(111) surface is fully covered by
an FeO layer, there is no CO adsorption at room tempera-
ture, thus exhibiting minimal reactivity at this temperature.
The FeO film on Pt(111) can however exhibit enhanced
activities for CO oxidation at temperatures above 400 K
due to the formation of an FeO, trilayer structure, which is
active at high temperatures for the CO oxidation but through
the Mars—van Krevelen mechanism.*?

At the most active 0.25 ML FeO,_,/Pt(111) surfaces, we can
change the dispersion of FeO nanoislands by varying the
growth parameters.® The length of the periphery of FeO nanois-
lands per unit area of the Pt substrate, termed as specific
periphery density (SPD), can be varied in a controllable way,
though at the same FeO coverage (Figure 20). When the rate of
CO removal was plotted as a function of SPD, a linear correlation
between the rate and SPD can be seen (Figure 5B), suggesting
that coordinatively unsaturated ferrous (CUF) sites at the edges
of the FeO nanoislands are active centers for CO oxidation.'®

Inreal catalysts, the reactivity of Pt—Fe (4 wt % Pt/0.5 wt % Fe)
NPs supported on CB or silica was tested for PROX and
compared to that of the supported Pt (4 wt %) catalyst. For
the PROX reaction, CO conversion over the Pt/CB catalyst is
negligible around room temperature and increases slowly with
temperature. In contrast, the Pt—Fe/CB catalyst exhibits high
activity with almost 100% CO conversion and 100% CO
selectivity at room temperature (Figure 6), and the FeO-on-Pt
surface configuration has been identified as the active structure
under the reaction condition (Figure 3A).'%'2 In addition, the
Pt—Fe catalysts show no deterioration in their performance
after 40 h of reaction at room temperature. When tested under
the working condition of a proton exchange membrane fuel
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FIGURE 6. Temperature-dependent CO conversion of PROX over the
4 wt % Pt/CB, 4 wt % Pt/0.3 wt % Fe/CB, and 1.1 wt % Cu@0.9 wt % Pt/
0.1 wt % Fe/CB catalysts (1% CO, 0.5% O,, 50% H,, and 48.5% He; space
velocity, 30 000 mL-g*1 -h~"). The insets illustrate the structures of a Pt
NP, an FeO-on-Pt NP, and an FeO-on-Cu@Pt NP.

cell (PEMFQ), typically from 353 to 373 K and with 25% CO,
and 20% H,O in gas, the Pt—Fe catalysts can maintain their
excellent performance and yield 92% CO conversion at
353 K.'° Previous studies have also reported the remarkable
PROX adtivities of Fe oxide-promoted Pt catalysts above
323 K.'>' Qverall, catalytic studies on the supported Pt—Fe
nanocatalysts are in excellent agreement with above model
studies on the FeO/Pt(111) surfaces, which darifies the essential
role of surface FeO patches in enhancing the PROX performance.

FeO-on-Pt Shell Structures for PROX. Though the Pt—Fe
catalyst is an exceptional catalyst, the usage of Pt, 4.0 wt %
for instance, is not negligible. To reduce the usage of Pt, we
designed a catalyst architecture with a FeO-on-Pt shell
grown on a nonprecious metal core. In this architecture,
similar interfacial confinement could be imposed on the
surface CUF species by the ultrathin Pt film as was done by
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bulk Pt.?® Cu@Pt core—shell NPs were prepared by a se-
quential polyol deposition process. The Cu@Pt NPs sup-
ported on CB were further decorated with Fe via the RDP
process, forming the Cu@Pt—Fe/CB catalyst. The K-edge
spectrum of the operating Cu@Pt—Fe/CB catalyst in PROX
at room temperature indicates the presence of CUF species
during reaction (Figure 3B). The FeO-Cu@Pt NP catalyst ex-
hibits extraordinary activity and stability in PROX, similar to
those of the FeO-on-Pt NP catalyst (Figure 6).° Nonetheless,
the Pt loading has been decreased from 4.0 to <1.0 wt % in
the FeO-Cu@Pt NP catalyst, using a core—shell nanostructure
to support FeO patches.

NiO-on-Pt and CoO-on-Pt Structures for CO Oxidation.
Pt—Ni and Pt—Co nanocatalysts have been synthesized and
tested for PROX and COOX.'>?"?” Similar to the Pt-Fe
catalysts, structural characterization and reaction results
suggest that the active catalyst phases consist of Pt NPs
decorated with highly dispersed NiO or CoO nanostructures
during CO oxidation. The comparative study of the sup-
ported FeO,-on-Pt, CoO4-on-Pt, and NiO,-on-Pt nanocata-
lysts reveals that, in these systems, the active phase for CO
oxidation can be unified as the same configuration of TMO-
on-Pt (TM = Fe, Co, and Ni). CUS cations at the edge of TMO
nanostructure, together with their neighboring Pt atoms,
form the active ensembles to catalyze the oxidation reaction
via a bifunctional mechanism.

Synergetic Effect between Surface TMO and Subsur-
face TM. Another interesting aspect of the TMO-on-Pt sys-
tems is the synergetic effect of surface TM oxide and
subsurface TM spedies in promoting the catalytic activity of the
system during CO oxidation. Various well-defined Ni—Pt(111)
model catalysts have been constructed and characterized, and
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combinative STM, XPS, and reactivity studies over these model
surfaces show that NiO nanoislands of monolayer thickness
on Pt(111) are highly active in O, dissodiation.?' Meanwhile,
the presence of subsurface Ni atoms can substantially weaken
the adsorption of CO and O on Pt and subsequently lower the
activation barrier for CO + O reaction by a few tenths of eV.**
Together, a synergetic effect is present between the surface
NiO and subsurface Ni species in enhancing the activity of
Pt—Ni catalysts for CO oxidation.

The synergetic effect observed in model systems can be
translated into real catalysts. Pt—Ni NPs consisting of surface Ni
oxide and subsurface Ni were prepared by the one-step
coimpregnation process. Reduction of the Pt—Ni NPs in H, at
an intermediate temperature, for example, 250 °C, leads to
part of Ni remaining outside of the NP and the rest diffusing to
the subsurface region. The PtNi NPs having the NiO, _,/Pt/Ni
sandwich structure exhibit the highest activity in CO oxidation
and 100% CO conversion could be achieved around room
temperature (Figure 7).2" The similar surface architecture con-
sisting of surface TMO and subsurface TM at Pt surface is often
produced through reduction at an intermediate temperature.
The synergetic role of the surface TMO and subsurface TM has
been observed in Pt—Fe,'* Pt—Co,?” and Pt—Ni'>?" catalysts.

TMO-on-Pt Structures under Various Reaction
Conditions

The stabilization of the active TMO nanostructures may rely
not only on the confinement at the TMO-NM interface, but
also on the gas environment. Reaction studies of the TMO-
on-Pt systems in various gases indicate that the TMO nano-
structures are sensitive to the reaction environment. For
instance, Figure 8 compares the reactivity of the Pt—Fe
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FIGURE 8. CO conversion over the Pt—Fe catalyst during various
reaction gases.
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FIGURE 9. Perspectives in the inverse TMO-on-NM catalyst systems
and the concept of the interface confinement effect.

catalysts during CO oxidations with a variety of CO oxidation
gases. The Pt—Fe catalysts deliver the best performance
during PROX, showing 100% CO conversion throughout
the activity measurements. The activity of the Pt—Fe cata-
lysts drops immediately under the stoichiometric CO oxida-
tion condition without the presence of H, or when O is in
excess. The variation of reactivity of the Pt—Fe catalysts
demonstrates the critical role of reactants in stabilizing/
destabilizing the active FeO-on-Pt structure. During PROX,
excess H helps to stabilize the active Fe—O bilayer structure,
which would otherwise transform into the inactive O—Fe—O
trilayer structure in a H>-free environment and deactivates at
the reaction temperatures.

Comparing the Pt—Fe, Pt—Co, and Pt—Ni catalysts, the
Pt—Fe catalysts exhibit the best activity during PROX and the
Pt—Ni catalysts have the best activity during COOX.?” FeO is
most readily to be oxidized in O,-rich gases and thus
requires a highly reductive H,-rich environment. NiO, to
the contrary, is more difficult to be oxidized and thus can
sustain in an oxidative environment. The activity of Pt—Ni

Interface-Confined Oxide Nanostructures Fu et al.

catalysts in CO oxidation is enhanced with the increasing
0,/CO ratio. Consequently, high CO conversion was ob-
served over the Pt—Ni catalysts for CO oxidation but not
during PROX. The CoO-on-Pt structure shows intermediate
activity and stability in either CO oxidation or PROX. The
trend of reactivity in these TMO-on-Pt structures reflects the
different stability of TMO toward oxidation under realistic
reaction conditions.*°

Conclusions and Perspectives

We have demonstrated that the careful construction of an
oxide-on-metal surface structure can enhance the catalytic
reactivity of metal catalysts dramatically. In the oxide-on-metal
structure, the active oxide phase is two-dimensional, meta-
stable, and highly dispersed, which is confined by the noble
metal surface. At the oxide—metal interface, TM cations prefer
to bond with NM atoms underneath. Owing to strong interac-
tion between TM and NM, planar TMO nanostructures can be
stabilized at the NM surface and TM cations retain their low
oxygen coordination numbers. Particularly, TM cations ex-
posed at the edges of TMO nanostructures are coordinatively
flexible and become highly active in the dissociative adsorp-
tion of molecules, for example, O, and H,O. The bonding of
dissodiated oxygen atom with the interfacial NM-TM atoms is
modest, leading to facile oxidation reactions at low tempera-
ture. The active NM-TM,s-O complex at the boundary of TMO
and NM provides dual sites for catalytic reactions.

Studies in NM catalysts supported on reducible oxides have
shown that surface defects of the oxides, oxygen vacancies in
particular, play a key role in anchoring active NM NPs.>#° At the
oxygen vacancy, NM atoms are bonded with CUS cations of the
oxide, forming the active NM-TM,c-O complexes at the peri-
meters of NM NPs,>4%47 similar to those at the perimeters of
TMO nanostructures in the TMO-on-NM systems. Interestingly,
the bifunctional reaction mechanism has been identified to
dominate oxidation reactions occurring on oxide supported
NM catalysts as well.*”4® Given these similarities, the formation
of active NM-TM,s-O structural complexes might be widely
present not only in inverse catalysts, but also in metal
catalysts supported on reducible oxides. In this sense, the
effect of interface confinement could be used to optimize the
catalytic performance of a variety of metal-oxide composite
systems and should be of great importance for heteroge-
neous catalysis.

The effect of interface confinement remains to be explored
in more catalytic systems and can be used in the design of
novel catalysts (Figure 9). First, candidates for the supported
1692-1701
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TMO nanostructures may be further extended from 3d TMO to
4d and rare earth TM oxides. The hybridization between f
electrons of rare earth metal with d electrons of NM might yield
novel properties at the TMO/NM interface. Another question
would be whether we can tune the interfacial interaction, or
adjust the confinement effect, through surface functionaliza-
tion of the oxide. The modulation of interface confinement
would allow the catalytic system to be applied to more com-
plex reactions and to increase the selectivity of catalysts.
Finally, can we replace the precious metal component in the
TMO-on-NM system with nonprecious component? We have
described a method to lower the usage of Pt via deposition of
FeO nanostructures on Pt shell or Pt skin surfaces.>® Moreover,
the active surface oxide phases can be confined on Au surface,
producing highly active TMO-on-Au catalytic systems.'®'” A
major challenge now becomes whether we can replace fully
the precious metal component with nonprecious elements or
composites. It has been speculated that carbides and nitrides
could exhibit a NM-like electronic structure near the Fermi
edge. Future attempts to construct TMO-on-carbide or TMO-
on-nitride would allow us to answer this question.
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