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ABSTRACT: Heterogeneous catalysis often involves
charge transfer from catalyst surface to adsorbed
molecules, whose activity thus depends on the surface
charge density of catalysts. Here, we demonstrate a unique
solution-phase approach to achieve controllable interfacial
lengths in oxide-metal hybrid structures. Resulting from
their different work functions, surface polarization is
induced by the Ag-CuO interface and acts to tailor the
surface charge state of CuO. As a result, the designed
hybrid catalysts exhibit enhanced intrinsic activities in
catalyzing CO oxidation in terms of apparent activation
energy, as compared with their counterparts. Moreover,
the CO conversion rate can be enhanced by maximizing
the Ag-CuO interfacial length and thus the number of
active sites on the CuO. This work provides a new strategy
for tuning catalytic performance by controlling interface in
hybrid catalysts.

Heterogeneous catalysis represents an important route to
facilitate various reactions such as CO oxidation, in which

charge transfer typically occurs between adsorbed species and
catalyst surface. The efficiency of such charge transfer is thus
dependent on the surface charge density of catalysts, opening
possibilities to tuning catalytic performance.1−3 In the past
years, tremendous efforts have been made to control the surface
facets of catalytic materials;3−7 however, it remains a grand
challenge to arbitrarily tailor the surface charge state of these
solid materials.
To maneuver the charge state, surface polarization has been

identified as a general method by modifying the electronic
structures of materials.8−10 In hybrid structures, the variation in
material work functions may cause polarization at the interface
of components.9,10 In traditional two-dimensional models, the
interface polarization can drive charges to reach surface and
thereby sustain surface polarization, when the layer thickness of
catalytic materials is confined at the atomic level.9,10 However,
the fabrication of such structures generally requires expensive
atomic layer deposition (ALD) technique. Alternatively, it
represents a more cost-effective approach that hybrid structures
are constructed by stacking the nanocrystals with different
electronic structures to form interfacial lines for catalytic
reactions.11 To exploit practical applications, however, it is
imperative to fundamentally prove whether surface polarization

can effectively take place in such nanocrystal-based systems.
Technically, it is also needed to develop methods for in situ
growing high-quality interface (e.g., single crystal) to facilitate
the surface polarization, as well as controlling the interfacial
lengths to tune catalytic activities.
Here, we report the controllable growth of Cu2O layers

(partial coverage with varied interfacial lengths versus full
coverage) on Ag nanoplates, which offers an excellent platform
for investigating the effect of surface polarization on CO
oxidation. This hybrid combination is chosen for our study due
to two reasons: (1) Ag nanoplates have a flat surface allowing
the precise deposition of Cu2O in solution phase, and the
possibility of growing Cu2O on other noble metals has been
previously validated;12,13 and (2) Cu2O can be converted into a
stable catalyst for CO oxidation; CuO after a simple oxidation
step.7 Based on this synthetic approach, we find out that the
catalytic CO conversion rates are strongly correlated to the
interfacial lengths between the resulted CuO and the Ag,
providing a versatile knob for tuning catalytic performance.
More importantly, this interface enables significantly lower
activation energy as compared with bare CuO, making use of
the surface polarization mechanism.
We first synthesize the template substrates of Ag nanoplates

by following a hydrothermal process.14 The Ag nanoplates have
edge lengths of 500−900 nm and {111} facets exposed on
surface (Figure S1). To controllably coat single-crystal Cu2O
on the edges, we intentionally manipulate two parameters: (1)
concentration of Cu precursor CuCl2 is maintained low so as to
supply insufficient Cu stock for Cu2O growth; and (2)
poly(vinylpyrrolidone) (PVP) is used as a capping agent to
promote the formation of Cu2O{111} flat surface (aligning to
the Ag{111}), as the PVP is known to be selectively adsorbed
on the {111} facets of Cu2O nanocrystals.15 As a result, Cu2O is
partially deposited on the area close to the edges of Ag
nanoplates, leaving the central part uncovered (Figure 1a,b).
This growth mode leads to the formation of a unique Ag-Cu2O
hybrid structure with both Ag and Cu2O surface exposed.
Scanning and transmission electron microscopy (SEM and

TEM) images show that the average interfacial length between
Ag and Cu2O is 1550 ± 500 nm (namely, partial coverage I). It
should be noted that the resulted sample has a relatively broad
distribution in interfacial lengths (see Figure S2) resulting from
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the size distribution of Ag nanoplate templates. The structures
of edge and central regions in the hybrid structures have been
characterized by high-resolution TEM (HRTEM) and selected
area electron diffraction (SAED) (Figure 1c,d). The lattice
fringes can be well assigned to the {110} of Cu2O and the 1/
3{422} of Ag, respectively, which agree with the SAED
patterns. The forbidden 1/3{422} reflection is a characteristic
for Ag or Au nanostructures in the form of thin plates or films
bounded by atomically flat {111} surfaces.16−18 These results
indicate that the flat faces of Cu2O and Ag are both bounded by
{111} planes, and the Cu2O has been selectively grown on the
edges of the Ag nanoplates. The compositions and phases of
hybrid structures are further confirmed by X-ray diffraction
(XRD). As shown in Figure 1e, all the diffraction peaks can be
assigned to face-centered cubic (fcc) Cu2O (JCPDS card no.
78-2076) and fcc Ag (JCPDS card no. 65-2871). To identify
the specific deposition location of Cu2O on the Ag nanoplates,
we examine the sample by employing energy-dispersive
spectroscopy (EDS) line mapping (see Figure 1f). The line
mapping profiles along the altitude direction reveal that the
addition of Cu2O is mainly enriched at the edges of the Ag
nanoplate.
The interfacial lengths between Ag and Cu2O in such hybrid

structures can be facilely tuned by adjusting the concentrations
of CuCl2 precursor added to the synthesis. As the added CuCl2
is increased from 1.6 to 2.4 and 3.2 mg, the Cu2O growth tends
to approach the central region of Ag nanoplates, reducing the
interfacial lengths down to 1270 ± 400 and 695 ± 500 nm
(namely, partial coverage II and III), respectively (Figures 2a,b
and S2−4). When the amount of CuCl2 reaches 4.0 mg, the
surface of Ag nanoplates can be fully covered by a single-crystal

Cu2O layer as long as the PVP is sufficient to stabilize the
Cu2O{111} surface (Figures 2c and S5).
Leveraging the controlled synthesis, we perform catalytic CO

oxidation measurements on the samples. In order to evaluate
the role of Ag in the CO oxidation, we have prepared a
reference sample by removing the Ag from the partial coverage
I by KBr etching. As displayed in Figures 2d and S6, the Cu2O
nanostructures appear like frames after the removal of Ag
nanoplates despite the existence of trace AgBr byproduct and
Ag residue. Prior to the catalytic measurements, we first convert
the Cu2O surface into stable CuO by treating all the samples in
a cycle of CO oxidation. After the oxidation, X-ray photo-
electron spectra (XPS, Figure S7) identify the CuII character-
istics in the samples, the Cu 2p3/2 binding energy at 933.3 eV
together with a doublet shoulder for the samples, while the CuI

feature completely disappears, demonstrating that the surface of
Cu2O has been turned into CuO. XRD and HRTEM
characterizations (Figure S8) confirm that the formed CuO is
only present on the surface of Cu2O. Despite the change in
surface composition, the morphologies of samples are largely
maintained (Figure S9).
After the first oxidation cycle, all the samples show improved

and stable catalytic performance owing to the CuO surface
(Figure S10). Fitting the Arrhenius plots (Figure S11), we have
acquired their apparent activation energies as listed in Table 1.
The data used to plot the Arrhenius plots are of conversions
below 10% and within the surface reaction kinetic-controlled
region. The full-coverage sample exhibits apparent activation
energy of about 62.8 kJ/mol, which agrees well with the value
previously observed for the CuO surface that evolves from
{111}-covered Cu2O nanocrystals by oxidation.7 It suggests
that the addition of Ag substrate does not alter the catalytic
performance of CuO/Cu2O(111) catalyst. In stark contrast, all
the three hybrid samples with partial coverage show
significantly lower apparent activation energies (36.7−42.7
kJ/mol), demonstrating the role of exposed Ag-CuO interface
in improving catalytic activities. Note that bare Ag nanoplates
show the vanished catalytic activity in the CO oxidation (Figure
S1), so the activation sites should not be at the flat surface of
Ag. The apparent activation energy of CuO/Cu2O frames is
calculated to be 66.4 kJ/mol, similar to that for the full-
coverage sample. The apparent activation energy of a catalytic
reaction is a constant whose physical meaning depends on the

Figure 1. (a) SEM and (b) TEM images of Ag-Cu2O hybrid structures
(partial coverage I). (c, d) HRTEM images taken from the edge and
central regions in the image b, respectively. The insets show SAED
patterns taken from the corresponding regions. (e) XRD pattern for
the partial coverage I sample. (f) EDS line mapping profiles of a Ag-
Cu2O hybrid structure (partial coverage I) along the altitude direction.

Figure 2. SEM images of (a) Ag-Cu2O (partial coverage II), (b) Ag-
Cu2O (partial coverage III), (c) Ag-Cu2O (full coverage), and (d)
Cu2O frames.
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detailed reaction mechanism, but it can serve as a useful
parameter to distinguish active sites of different catalysts. In
particular, the activity trends among our catalysts are the same
across all reaction temperatures and CO conversions that we
have measured (see Figures S10 and S12). Thus, these results
clearly prove that the Ag-CuO interfaces of the three hybrid
samples with partial coverage are responsible for the lower
apparent activation energies for catalyzing CO oxidation. In
other words, the active sites of hybrid structures with partial
coverages in catalyzing CO oxidation are more active than
those of fully covered CuO/Cu2O-Ag hybrid structures and
CuO/Cu2O frames.
More interestingly, we have observed strong influence of the

lengths of Ag-CuO interfaces on the catalytic performance.
Figure S12 summarizes the performance of all the Ag-CuO/
Cu2O samples with partial coverage in the catalytic CO
oxidation. The CO conversion rates turn out to decrease in the
order of partial coverage I > partial coverage II > partial
coverage III at all reaction temperatures. This finding illustrates
that increasing the Ag-CuO interfacial length can efficiently
promote the catalytic CO oxidation, further confirming that the
Ag-CuO interfaces determine the number of active sites.
The information gleaned above has identified the importance

of Ag-CuO interface to the CO oxidation. Now we are in a
position to elucidate the underlying mechanism. Previous
studies suggest that the oxide-metal interface is one of the
major factors determining the activity and selectivity of
heterogeneous catalysts.19−22 The difference between the
work functions of two materials would drive charge transfer
through the interface, consequently altering catalytic reac-
tivity.23−26 The open question here is how far from the
interfacial plane this polarization can affect. To address this
issue, we have employed first-principles calculations to examine
our material system as illustrated in Figure 3a. In our system,
the Cu2O(111) is first grown on the flat (111) surface of Ag
nanoplates. According to the symmetry of fcc lattice,16−18 the
side faces of Cu2O should be (100). Our XPS characterizations
have revealed that the surface of Cu2O is oxidized into CuO
after the first treatment cycle. As a result, the newly formed side
CuO layer would be extended to directly interface with
Ag(111) substrate (i.e., the region labeled with b in Figure 3a),
while the top CuO layer only contacts the Cu2O(111). To
resolve the Ag(111)-CuO interfacial structure, we thus simulate
the growth of CuO layer from the Cu2O(100) side face by
optimizing the atomic model for CuO/Cu2O(100) (Figure
S13a). Upon acquiring the optimal CuO surface structure, we
analyze the interface between the side CuO layer and the
Ag(111) substrate to elucidate the interfacial effect (Figure
S13b). Note: (1) the simulation results are consistent
regardless of whether the Cu2O side faces take an undercut
or overcut profile; and (2) the CuO/Cu2O(111) for CO
oxidation has been previously calculated,7 providing a reference
value for examining the role of top CuO layer.
The calculated static potential as in Figure S14, taken along

the direction perpendicular to Ag(111), suggests charge flow
from Ag (higher potential, with work function of 4.45 eV) to
CuO (lower potential, with work function of 5.97 eV). To

better examine this interfacial effect, we have analyzed the
differential charge density for Ag(111)-CuO interface. As
shown in Figure 3b, a significant increase in electron density
(indicated by olive color) has been observed at the CuO
surface, along with the reduction of electron density at the
interface layer of Ag(111) (cyan color). Due to this polarization
effect, CuO is negatively charged leading to the enhancement of
CO oxidation, which has been revealed by the simulations for
reaction transition states. As displayed in Figure 3c, the
transition energy barrier for the side CuO layer polarized by
our Ag(111)-CuO interface is as low as 0.24 eV in the CO
activation, showing very high oxidation probability at the CuO
surface. In stark contrast, the energy barrier is increased to 0.60
eV when the Ag substrate is intentionally removed from the
simulation model to exclude the polarization effect (Figure
S15). Note that we also consider the possibility of CO
adsorption at the Ag-CuO interfacial lines, but the simulations
reveal that the CO adsorption cannot be stabilized at the
interface as it preferentially occurs on the CuO side. Together
with the catalytic comparison of partial coverage samples with
CuO/Cu2O frames, this finding indicates that the surface
polarization should be responsible for lowering the activation
energy.
From the differential charge density (Figure 3b), one can

recognize that the electronic polarization effect dramatically
decays with the distance to the Ag(111)-CuO interface. For this

Table 1. Apparent Activation Energies (Ea) of CO Oxidation Catalyzed by Various CuO/Cu2O-Based Samples Calculated from
the Arrhenius Plots Employing the Steady-State CO Conversion Data Measured in the Second Cycle of Catalytic CO Oxidation

sample partial coverage I partial coverage II partial coverage III full coverage frames

Ea (kJ mol
−1) 42.7 ± 1.5 37.0 ± 1.8 36.7 ± 1.3 62.8 ± 2.1 66.4 ± 7.1

Figure 3. (a) Schematic illustration for the Ag-CuO/Cu2O hybrid
structures (side view for cross section). (b) Atomic model for Ag(111)
substrate interfacing with the extension part of side CuO layer (see
more models in Figure S13). Differential charge density by first-
principles simulations illustrates the increase (olive color) and
decrease (cyan color) of electron distributions. (c) Energy profiles
of each elementary step in CO oxidation catalyzed by the side CuO
layer polarized by the Ag-CuO interface, depicted by first-principles
simulations.
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reason, the CuO/Cu2O has to partially cover the surface of Ag
nanoplates, exposing the side CuO layer for CO oxidation. In
the case of full-coverage Ag-CuO/Cu2O sample, the CuO/
Cu2O layers are too thick to exhibit the polarization effect from
the Ag substrates. As such, their activation energy is mainly
determined by the electronic structures of CuO/Cu2O(111).
According to previous simulation results,7 the transition energy
barrier for CuO/Cu2O(111) is 0.37 eV, 0.13 eV higher than
that for our Ag(111)-CuO interface. It suggests that the full-
coverage sample should display relatively high activation
energy, aligning well with our experimental findings (Table
1). Furthermore, this comparison of transition energy barriers
shows that the top CuO layer cannot be as catalytically active
for CO oxidation as the side CuO in the partial-coverage
samples. In this case, their catalytic activities are strongly
dependent on the interfacial lengths of Ag(111) and CuO side
layer. As only few layers of CuO can receive the polarized
charges, the Ag-CuO interfacial lines are the locations to
provide high catalytic activity (i.e., the interface acting like one-
dimensional material). As a result, the specific CO conversion
rates have a strong correlation with the number of active sites
along the interfacial lines at all temperatures (Figure S16). This
argument is also in agreement with other experimental
observations: the thickness of samples follows the sequence
of partial coverage I < partial coverage II < partial coverage III
(average: 80, 110, and 160 nm, see Figure S17), implying that
the thickness is not a key parameter to improving catalytic
efficiency. Otherwise, the CO conversion rates would not
decrease in the order of partial coverage I > partial coverage II
> partial coverage III.
On the other hand, we notice that the adsorption energy of

CO on CuO surface slightly decreases from 3.19 to 2.94 eV due
to the presence of Ag substrate, suggesting that Ag-CuO
polarization does not help attract CO reactants. Meanwhile,
simulations reveal that O2 cannot be adsorbed to the O-riched
CuO surface, but Ag surface can capture O2 with adsorption
energy of 0.84 eV that is not altered with the presence of CuO/
Cu2O. Therefore, we conclude that the polarization at the Ag-
CuO interface mainly helps lower the reaction energy barrier.
In conclusion, we have been able to better activate the CO

oxidation by forming a desirable interface with surface
polarization and further improve conversion rates by increasing
the number of active sites next to the interface. This work
opens up a new strategy for the design of efficient and
economic oxide-metal catalysts through interface engineering.
It is envisioned that future work with better control over size
distributions or combination with ALD technique would
further boost catalytic activities.
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