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ABSTRACT: A noble metal (NM) can stabilize mono-
layer-dispersed surface oxide phases with metastable
nature. The formed “oxide-on-metal” inverse catalyst
presents better catalytic performance than the NM because
of the introduction of coordinatively unsaturated cations at
the oxide−metal boundaries. Here we demonstrate that an
ultrathin NM layer grown on a non-NM core can impose
the same constraint on the supported oxide as the bulk
NM. Cu@Pt core−shell nanoparticles (NPs) decorated
with FeO patches use much less Pt but exhibit perform-
ance similar to that of Pt NPs covered with surface FeO
patches in the catalytic oxidation of CO. The “oxide-on-
core@shell” inverse catalyst system may open a new
avenue for the design of advanced nanocatalysts with
decreased usage of noble metals.

Many industrial catalysts consist of noble metal (NM)
nanoparticles (NPs) supported on a transition metal

oxide (TMO), in which the metal is the primary active
component. However, the oxide, particularly a reducible oxide
such as TiO2, Fe2O3, or CeO2, may not only act as a support for
the dispersion of metal NPs but also promote the metal-
catalyzed reactions.1 The important role of the oxide support
and metal−oxide interface in surface reactions has been
extensively studied and is highlighted by the “strong metal−
support interaction” (SMSI) concept.2 It has long been
recognized that in the SMSI state, the oxide close to the
metal−oxide boundary often becomes defective, which
contributes to the promotional effect of the oxide support.1−3

To make use of metal−oxide interfaces in surface reactions,
nanostructured TMOs can be constructed on NMs, forming
“oxide-on-metal” inverse catalysts (Scheme 1).4 Therein, the
supported TMO is often monolayer-dispersed and metastable
because of the constraint imposed by the NM surface.4,5 TM
atoms at the peripheries of the supported two-dimensional
(2D) oxide nanoislands are coordinatively unsaturated and thus
highly active for many reactions.6,7 For example, we have
demonstrated that a Pt surface decorated with monolayer-
dispersed FeO nanoislands is much more active than a pure Pt
surface in CO oxidation at low temperature. The coordinatively
unsaturated ferrous (CUF) atoms confined at the peripheries of
the 2D FeO nanoislands help to activate O2 and alleviate CO
poisoning.4b,7 Similar “oxide-on-Pt” structural configurations

have been successfully built in “NiO-on-Pt” and “CoO-on-Pt”
systems.4a,8 A general interface confinement effect between
TMOs and NMs that enhances the catalytic performance of the
NMs via introduction of the coordinatively unsaturated (CUS)
cations at the oxide−metal boundaries has been established.
Since NMs are expensive and scarce, further effort to reduce

their use in inverse catalysts is needed. It is known that the
construction of non-NM@NM core−shell nanostructures has
been regarded as an effective way to use NMs efficiently.9

Core−shell NPs containing TM cores and Pt shells have been
widely used as catalysts for the oxygen reduction reaction
(ORR), hydrogenation, dehydrogenation, the water-gas shift
reaction, and preferential oxidation of CO in excess H2
(PROX).9,10 Motivated by these results, we suggest that an
ultrathin Pt structure may be applied to stabilize monolayer-
dispersed TMO patches. Consequently, the “oxide-on-NM”
configuration can be converted into the “oxide-on-NM shell”
system, which uses much less NM (Scheme 1).
In this communication, the “oxide-on-NM shell” scenario is

successfully exemplified by “FeO-on-Cu@Pt” catalytic system.
Cu@Pt core−shell NPs decorated with surface FeO patches
show much higher activity for PROX than pure Pt NPs and are
comparable to the “FeO-on-Pt” NP catalyst. The high efficiency
of the “FeO-on-Cu@Pt” catalyst indicates that the ultrathin
NM layer can stabilize coordinatively unsaturated cations on its
surface. The “oxide-on-core@shell” catalytic system may open a
new avenue for the design of advanced nanocatalysts with
decreased usage of NMs.
Cu@Pt core−shell NPs were prepared by a sequential polyol

process. First, Cu(acac)2 (acac = acetylacetonate) was reduced
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Scheme 1. Various Structural Configurations of Supported
NP Catalysts: (A) Noble Metal NP; (B) “TMO-on-NM” NP
Consisting of a Noble Metal NP Decorated with Surface TM
Oxide; (C) “TMO-on-NM Shell” NP with TM Oxide
Decorating the Surface of a Core−Shell NP
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in ethylene glycol (EG) at 198 °C in the presence of
polyvinylpyrrolidine (PVP). Transmission electron microscopy
(TEM) images of the resulting Cu colloids indicated that the
Cu NPs had an average size of ∼3.8 nm (Figure S1A in the
Supporting Information). Subsequently, PtCl2 was added to the
Cu/EG colloids at 130 °C under an Ar atmosphere. The
coating of Pt led to a slight increase in the particle size to 4.5
nm (Figure S1B). For comparison, Pt and PtCu alloy NPs of
similar size were synthesized via reduction of Pt(acac)2 and
coreduction of Cu(acac)2 and Pt(acac)2, respectively (Figure
S1C,D).
The obtained monometallic and bimetallic colloids were

supported on carbon black (CB), producing Pt/CB, Cu/CB,
Cu@Pt/CB, and PtCu/CB catalysts. Among them, the Cu@Pt
and Pt NPs were further decorated with Fe through the
reductive deposition precipitation (RDP) process,11 forming
Cu@Pt−Fe/CB and Pt−Fe/CB catalysts. All of the resulting
catalysts were subjected to reduction in H2 at 250 °C for 2 h
and subsequently exposed to air slowly at room temperature.
Scanning TEM (STEM) measurements clearly identified the
supported metal NPs. Elemental mapping images showed that
Pt, Cu, and Fe presented the same spatial distribution over the
catalyst (Figure S2).
The X-ray diffraction (XRD) pattern of the Cu/CB sample

indicated the presence of Cu and Cu2O phases, with main
peaks at 43.3° and 36.4°, respectively (Figure 1A). It is known

that Cu surfaces are prone to oxidation in O2.
12 When the Cu

NPs are exposed to air at room temperature, the surface layers
get oxidized while the core regions remain metallic because of
the kinetic limit of surface oxidation. A complete Pt shell layer
on the Cu@Pt core−shell NP may protect the Cu core against
surface oxidation. Indeed, we observed only diffraction peaks of
the metallic Cu phase in the XRD pattern of the Cu@Pt−Fe/
CB sample. Complementary high-resolution TEM character-
ization showed that the core of each Cu@Pt−Fe NP was
dominated by the face-centered cubic Cu structure, with an
interlayer spacing of 0.21 nm (Figure S2). For the PtCu/CB
sample, the main peak position shifted to a higher 2θ position
by 0.9° relative to that of the Pt/CB sample as a result of
alloying.13

Cu K-edge X-ray absorption near-edge structure (XANES)
spectra of the Cu-containing catalysts were also acquired
(Figure 1B). For comparison, CuO and Cu2O standards and
Cu foil were investigated under the same measurement
conditions.14 The Cu K-edge (k3-weighted) Fourier transform
is displayed in Figure S3. The main features in the spectra of
the Cu@Pt−Fe/CB sample are similar to those of the Cu foil,
again indicating that Cu in the core−shell nanostructures had a
metallic nature because of the passivation of the Cu cores by
the Pt shells. However, the characteristic peaks in the K-edge
spectra of the Cu/CB and PtCu/CB samples lie between those
of Cu foil and Cu2O. Apparently, some of the Cu atoms were
located at the surfaces of the Cu and PtCu NPs and become
oxidized when exposed to air at room temperature. Cu atoms
inside the NPs remained metallic. Therefore, the K-edge
structures of the two samples contain the absorption characters
of both Cu0 and Cu1+ species. No Cu2+ species were observed
in any of the samples.
Non-NM atoms outside Pt-based multimetallic NPs can be

dissolved in dilute nitric acid, while those protected by the Pt
shell or Pt skin structures remain unaffected.4a,8b,15 On the
contrary, a strong acid such as aqua regia can dissolve all metals
no matter which structure the particles have. All of the
supported catalysts were treated in both acid solutions, and the
leached metal amounts were determined by inductively coupled
plasma atomic emission spectrometry (ICP-AES) (Table 1).

The results showed that most of the Cu in the Cu/CB sample
was leached in a 30 mmol/L HNO3 solution. There was also a
substantial amount of Cu (∼19%) washed away from the
PtCu/CB sample by the acid solution. However, no Cu was
removed from the Cu@Pt/CB and Cu@Pt−Fe/CB samples,
indicating that the Cu cores were completely coated by Pt
shells. When aqua regia was used, all of the metals were
dissolved, and the metal loadings were determined accordingly:
1.1 wt % Cu and 0.9 wt % Pt in the Cu@Pt/CB and Cu@Pt−
Fe/CB samples, 1.0 wt % Pt and 0.3 wt % Cu in the PtCu/CB
sample, and 1.1 wt % Cu in the Cu/CB sample.
The Cu/CB, PtCu/CB, Cu@Pt/CB, and 4 wt % Pt/CB

catalysts were subjected to the PROX reaction (1% CO, 0.5%
O2, 50% H2, and 48.5% He; 30 000 mL g−1 h−1). CO
conversion data from the temperature-programmed reactions
are shown in Figure 2A, and the corresponding selectivity and
O2 conversion results are given in Figure S4. It can be seen that

Figure 1. (A), XRD patterns of Cu@Pt−Fe/CB, Cu/CB, PtCu/CB,
and Pt/CB samples. (B) Cu K-edge XANES spectra acquired from
CuO and Cu2O standards and Cu foil, Cu/CB, Cu@Pt−Fe/CB, and
PtCu/CB samples.

Table 1. Amounts of Cu, Pt, and Fe Ions Leached from the
Different Catalysts by 30 mmol/L HNO3 and Aqua Regia
Solutions, As Determined by ICP-AESa

HNO3 aqua regia

catalystb Fe Cu Pt Fe Cu Pt

Cu/CB − 1.04 − − 1.13 −
PtCu/CB − 0.06 0.00 − 0.31 1.01
Cu@Pt/CB − 0.00 0.00 − 1.10 0.91
Cu@Pt−Fe/CB 0.10 0.0 0.00 0.10 1.10 0.91
Cu@Pt/CBc − 0.01 0.00 − − −
Cu@Pt−Fe/CBc 0.10 0.00 0.00 − − −

aThe contents are reported in units of grams per 100 g of CB support.
bAll of the catalysts were reduced in flowing H2 at 250 °C for 2 h and
slowly exposed to air at room temperature. cThis catalyst was
additionally subjected to the PROX reaction from 27 to 250 °C at a
ramp rate of 1 °C/min and subsequently exposed to air at room
temperature.
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all of the catalysts exhibited very low CO and O2 conversion at
room temperature. Among them, PtCu alloy NPs showed a CO
oxidation onset at 50 °C, but the maximum CO conversion was
only 40%. With the Cu@Pt/CB catalyst, CO conversion started
to increase above 100 °C and reached a maximum (85%) at
215 °C, which is similar to that of the Pt/CB catalyst. In our
previous works, no significant improvement in the CO
oxidation activity was observed over Pt-surface-rich catalysts
with Fe or Ni in the subsurface regions.4a,15a These results
indicate that the 3D-TM@Pt core−shell structure is not a
highly active phase in PROX.
The PROX activity was significantly improved after the Cu@

Pt NPs were decorated with Fe. Various Fe loadings were
deposited on the Cu@Pt/CB samples. Relative to the Cu@Pt/
CB catalyst, the resulting Cu@Pt−Fe/CB catalysts showed
much higher CO conversion, particularly in the low-temper-
ature regime (Figure 3B); 100% CO conversion was observed

at room temperature with Fe loadings of 0.1 and 0.5 wt %. At
high temperature, oxidation of H2 may take place,7 resulting in
a decrease in the CO conversion because of the stoichiometric
mixture of CO and O2. Over the entire temperature range, the
O2 conversions remained nearly 100% (Figure S4). It should be
noted that deposition of the same amount of Fe on the PtCu/
CB and Cu/CB catalysts did not improve the PROX reaction
performance very much (Figure S5).
Under the same reaction conditions, the Cu@Pt−Fe/CB

(1.1 wt % Cu, 0.9 wt % Pt, and 0.1 wt % Fe) and Pt−Fe/CB (4
wt % Pt, 0.3 wt % Fe) catalysts presented comparable
performance (Figure 3A and Figure S6). However, the Pt
loading was decreased by a factor of 4 using the core−shell

nanostructure. For comparison, the Pt loading in the Pt−Fe/
CB catalyst was decreased to 1 wt %, similar to that in the Cu@
Pt−Fe/CB catalyst. In this case, the PROX activity was much
lower, with a CO conversion of 67% at room temperature
(Figure 3A). At a higher space velocity (i.e., 75 000 mL g−1

h−1), the CO conversion over the 1.0 wt % Pt−0.075 wt % Fe/
CB catalyst at room temperature was 25% initially and
decreased with time (Figure 3B). The 2.0 wt % Pt−0.15 wt
% Fe/CB catalyst had a CO conversion of 70%. In contrast, the
Cu@Pt−0.1% Fe/CB and 4 wt % Pt−0.3 wt % Fe/CB catalysts
exhibited 100% CO conversion. No loss of activity was
observed during reaction for 12 h.
On the basis of the average size of the Cu NPs (Figure S1A)

and the relative weights of Cu and Pt in the Cu@Pt NPs (Table
1), the coverage of the Pt shell on the Cu core was calculated to
be ∼1.4 monolayer (ML), assuming a simple cubic shape for
the NPs. The increase in the particle size due to coating of the
Cu NPs with Pt (from 3.8 to 4.5 nm; Figure S1) also confirmed
the ultrathin Pt shell structure. After the Cu@Pt and Cu@Pt−
Fe catalysts were reduced in H2 at 250 °C and subsequently
subjected to the PROX reaction from room temperature to 250
°C, little Cu was removed in the leaching process (Table 1).
Therefore, the Cu@Pt core−shell structure was well-main-
tained during the reduction and reaction processes. For the
Cu@Pt−Fe/CB sample, the leaching experiment indicated that
almost all of Fe species were outside the NP shells (Table 1). In
the RDP process, the reduction of Fe ions must be facilitated by
the Pt surface, and the deposited Fe should stay exclusively on
the Pt surface. Similarly, according to the average size of the
Cu@Pt NPs and the Fe loading (0.1 wt %), the coverage of
surface Fe on the Cu@Pt NP surface was estimated to be ∼0.33
ML, which is similar to the value of 0.28 ML determined by CO
chemisorption over the Cu@Pt/CB and Cu@Pt−Fe/CB
catalysts. According to this discussion, we can conclude that
the “Fe(or FeOx)-on-Cu@Pt” surface architecture was
established and well-maintained during the reaction.
To determine the chemical state of the surface Fe species

under the PROX reaction conditions, the Cu@Pt−Fe/CB
sample was investigated by in situ XANES (Figure 4). The Fe
K-edge of the operating Cu@Pt−Fe/CB sample at room
temperature was between those in the spectra of Fe foil and an
Fe2O3 standard. This result confirms that the metallic Fe in the
reduced Cu@Pt−Fe/CB sample was transformed into ferrous
species in PROX, as in the Pt−Fe catalytic system.7 The FeO
surface structure was stabilized by the confinement effect at the

Figure 2. (A) Temperature-dependent CO conversion in PROX over
the Cu@Pt/CB, Pt/CB, PtCu/CB, and Cu/CB catalysts. (B)
Temperature-dependent CO conversion in PROX over the Cu@Pt/
CB catalysts decorated with various amounts of Fe. The space velocity
was 30 000 mL g−1 h−1.

Figure 3. (A) Temperature-dependent CO conversion of PROX over
the 1.1 wt % Cu@0.9 wt % Pt−0.1 wt % Fe/CB, 4 wt % Pt−0.3 wt %
Fe/CB, and 1 wt % Pt−0.075 wt % Fe/CB catalysts. The space
velocity was 30 000 mL g−1 h−1. (B) Time-dependent CO conversion
of PROX over the catalysts. The space velocity was 75 000 mL g−1 h−1.
The corresponding O2 conversion is shown in Figure S6.

Figure 4. In-situ Fe K-edge XANES spectra of the Cu@Pt−Fe/CB
catalyst reduced in H2 (10% H2, 90% He; 30 mL/min) at 250 °C for
40 min and subjected to PROX (1% CO, 0.5% O2, 10% H2, 88.5% He;
30 mL/min) at room temperature for 20 min and at 250 °C for 20
min. The spectra of Fe foil and an Fe2O3 standard are also included.
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oxide−Pt interface. The interface confinement effect was also
illustrated by research on a model system in which monolayer
FeO nanoislands were stabilized by the Pt skin grown on a
Cu(111) surface (Figure S7). The in situ study also indicated
that FeO was reduced back to the metallic state at elevated
temperature (e.g., 250 °C), which may favor oxidation of H2
and contribute to the observed decrease in CO conversion at
high temperature.
In conclusion, we have shown that a Pt shell can be applied

to stabilize surface ferrous species. The “FeO-on-Cu@Pt” NPs
consisting of Cu@Pt core−shell NPs decorated with surface
FeO nanostructures presented similar extraordinary activity and
stability in PROX as the FeO-on-Pt/CB catalyst. More
importantly, the Pt loading was decreased from 4.0 to <1.0
wt %. The successful fabrication of the highly active Fe/Pt/Cu
trimetallic nanocatalyst demonstrates that the “oxide-on-core@
shell” catalyst presents a new architecture leading to enhanced
catalytic performance with much less usage of noble metals.
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