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Interfaces of metal-oxide heterostructured electrocatalyst are critical to their catalytic activities due to
the significant interfacial effects. However, there are still obscurities in the essence of interfacial effects
caused by crystalline defects and mismatch of electronic structure at metal-oxide nanojunctions. To dee-
ply understand the interfacial effects, we engineered crystalline-defect Pd-Cu,0 interfaces through non-
epitaxial growth by a facile redox route. The Pd-Cu,0 nanoheterostructures exhibit much higher electro-
catalytic activity toward glucose oxidation than their single counterparts and their physical mixture,
which makes it have a promising potential for practical application of glucose biosensors.
Experimental study and density functional theory (DFT) calculations demonstrated that the interfacial
electron accumulation and the shifting up of d bands center of Cu-Pd toward the Fermi level were respon-
sible for excellent electrocatalytic activity. Further study found that Pd(3 1 0) facets exert a strong metal-
oxide interface interaction with Cu,0(1 1 1) facets due to their lattice mismatch. This leads to the sinking
of O atoms and protruding of Cu atoms of Cu,0, and the Pd crystalline defects, further resulting in elec-
tron accumulation at the interface and the shifting up of d bands center of Cu-Pd, which is different from
previously reported charge transfer between the interfaces. Our findings could contribute to design and
development of advanced metal-oxide heterostructured electrocatalysts.
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1. Introduction

Efficient catalyst is indispensable for the electrochemical oxida-
tion of glucose, which has wide applications in biosensors and full
cells [1,2]. Noble metals are traditional electro-catalysts for oxida-
tion of organics including glucose [3-5], however, they are usually
high cost, low selectivity, and easily poisoned by the intermediates
formed during organics oxidation [6]. Although, metal oxide elec-
trocatalysts (Cu,0, CuO, Co304, NiO, TiO,, etc.) are promising can-
didates for glucose oxidation because of their low cost, excellent
anti-interference and anti-poisoning towards interfering species
[7-11]. Unfortunately, the metal oxides usually suffer from still
unsatisfactory electrocatalytic activity and relatively low conduc-
tivity [12].
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Metal-oxide heterostructured catalysts combining the
advantages of metals and oxides usually achieve much higher
performance than their single counterparts or physical mixture
[13-16]. Those excellent catalytic activities are attributed to the
interfacial effects of the strong metal-support interactions (SMSI)
[17-22]. Tremendous efforts have been devoted to this issue since
the concept of SMSI was first proposed for catalysis in 1978
[23-28]. It was further found that electron transfer and oxygen
vacancy were responsible for SMSI, which were proposed to be
caused by the work function discrepancy of the two components
and the oxygen transfer from oxide to metal, respectively
[29-31]. Consequently, more active sites were produced for the
improved catalytic performance of metal-oxide heterostructures
[32-34]. Nowadays, this has been well known and been employed
to design various metal-oxide heterostructured catalysts with good
activity, selectivity and stability [35-37].

Until now, the energetic, electronic and geometric properties of
metal and oxide supports have been mainly investigated to
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elucidate the SMSI effect, but it has not reached an agreement on
SMSI. Because of the different lattice parameters between metal
and oxide support (especially lattice mismatch over 3%) [38], SMSI
effects will lead to their crystal structure changes at the interfaces,
which results in remarkable crystalline defects [39,40]. Such
imperfect lattice could facilitate the catalytic chemical bond break-
ing of the targeted substrates [40,41]. Although the influences of
atomic rearrangement and crystalline defects on the electrocat-
alytic activity of heterostructured catalysts have been mentioned
in several cases, there is rare experimental and theoretical support
[32,40]. Moreover, the interfacial charge state also strongly
depends on the crystal structures of metal and oxide nanojunction.
Therefore, the imperfect crystalline feature of the nanojunction
always comes along with their electronic structure change. Such
specific interfacial effects may give rise to new or improved cat-
alytic activity. Recently, suppressed electron transfer phenomenon
was found by Pt nucleation at defect sites of CeO, [27]. However,
the effect of crystalline defects on electronic structure and catalytic
performance of metal-oxide nanojunction needs to be investigated
in detail.

To address this challenge, we engineered Pd-Cu,0
nanoheterostructures with large lattice mismatch of 8.68% as a
model to study their electrocatalytic activity towards glucose oxi-
dation. Experimental characterization demonstrated the interfacial
interaction between Pd(3 1 0) and Cu,0(1 1 1) facets, which play a
crucial role on the improvement of electrocatalytic activity. Differ-
ent from previously reported electron transfer [29,32,35], further
study showed that the metal atom dislocation and defects lead to
electron accumulation at the interface and the shifting up of d
bands center of Cu-Pd toward the Fermi level, and eventually
enhance the activity of Pd-Cu,0 nanoheterostructures to expedite
the electrochemical glucose oxidation [40,42].

2. Experimental
2.1. Materials, preparation, and characterization

2.1.1. Materials

All chemical reagents were analytical grade and used without
further purification. Palladium chloride (PdCl,, >99.9%), copper
chloride dehydrate (CuCl,-2H,0, >99.0%), hydrazine (N,H4-H,O0,
85%), polyvinylpyrrolidone (PVP, K-30), potassium hydroxide
(KOH, >90%), hydrochloric acid (HCI, 37%), glucose (CgH;,0g,
>99.8%), uric acid (CsH4N405, >99.0%), sodium chloride (NacCl,
>99.5%), dopamine hydrochloride (CgH;;NO,-HCl) and ascorbic
acid (CgHgOg, >99.7%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). High purity N, was supplied by the Shen-
zhen Hongzhou Industrial Gases Co., Ltd. (China). Deionized Mini-
Q water (18 MQ cm) was used for all experiments.

2.1.2. Synthesis of mesoporous Cu,0 nanoparticles

A 20 pL of NyH4-H,0 (85%) was injected into 100 mL mixed
aqueous solution that contained CuCl, (1 mmol/L) and PVP
(2 mmol/L) under constant stirring at room temperature. After
reaction for 5 min, the final precipitates were extracted from the
solution by centrifugation, and then washed with distilled water
and ethanol for 5 times, dried in vacuum at 40 °C for 4 h.

2.1.3. Synthesis of mesoporous Pd-Cu,0 nanoheterostructures

A 10 mmol/L H,PdCl, aqueous solution was firstly prepared by
completely dissolved 88.6 mg PdCl, in 50 mL of 20 mmol/L HCI
under ultrasonic treatment 30 min. A 0.5 mL 10 mmol/L H,PdCl,
aqueous solution was rapidly injected into 100 mL of the above
resulting Cu,O colloid, and the aqueous solution immediately
turned into dark green. After 10 min, the obtained solution was

centrifuged and the precipitate were washed with deionized water
and ethanol for 5 times then dried in vacuum at 40 °C for 4 h. In
addition, Pd-Cu,0-10 nanoheterostructures and Pd-Cu,0-80
nanoheterostructures were also prepared as the control samples
using the same procedure through adding 1 and 0.125mL
10 mmol/L H,PdCl, solution, respectively.

2.1.4. Synthesis of Pd nanoparticles

A 100 mL mixed solution containing H,PdCl, (0.5 mmol/L) and
PVP (1 mmol/L) was stirred for 5 min under room temperature.
And then 10 mL 0.1 mol/L NaBH4 aqueous solution was immedi-
ately added to the mixture under vigorous stirring. The obtained
solution was centrifuged and the particles were washed with
deionized water and ethanol for 5 times then dried in vacuum at
40 °C for 4 h.

2.1.5. Synthesis of Pd-Cu,0 mixtures by impregnation method

Mesoporous Pd-Cu,O composite catalysts prepared by impreg-
nation method. A 10 mL of the as-synthesized Pd colloid was added
to 50 mL of the above Cu,0 colloid, then the mixtures was stirred
for 10 min. The solution was centrifuged and the particles were
washed with deionized water and ethanol for 5 times then dried
in vacuum at 40 °C for 4 h.

2.1.6. Characterization

The morphologies and structures of as-synthesized nanoparti-
cles were characterized by field emission scanning electron micro-
scopy (FE-SEM, FEI Nova Nano SEM 450, USA) and high resolution
transmission electron microscopy (HRTEM, Tecnai G2 F20 FEI,
USA), respectively. The X-Ray diffraction (XRD, Rigaku D/Max
2500, Japan) with Cu Ko radiation was taken to measure the crys-
tallographic structure of the as-prepared samples. The electro-
chemical measurements were carried out on electrochemical
workstation (CHI 660E, China).The XPS data were gained from
PHI-1800 X-ray photoelectron spectra spectrometer (XPS, PHI-
1800, Japan). The ultraviolet-visible spectroscopy (UV-Vis) spectra
of as-prepared samples in ethanol were measured on UV-Vis-NIR
spectrometer (Shimadzu UV-3600, Japan) with a wavelength range
of 250-800 nm.

2.2. Electrochemical preparation

The drop-casting films of the synthesized samples on a glassy
carbon electrode (GCE, diameter: 5 mm, area: 0.196 cm?) were
used as the working electrode. The saturated calomel electrode
(SCE) and the platinum-plate electrode (1 cm x 1 cm) were served
as the reference electrode and the counter electrode, respectively.
Prior to electrochemical measurements, the GCE was polished
with 50 nm o-Al,03 powder to a high mirror finish and cleansed
by sonication. The catalysts inks were prepared by dispersing the
as-synthesized catalysts (1.6 mg) in deionized water (1 mL), etha-
nol (2.5 mL) and 0.1 wt% Nafion (0.5 mL). The dispersion was son-
icated for 30 min to form a homogeneous ink. And then as-
synthesized samples solution (10 pL) was deposited on the GCE
and dried at 40 °C. This procedure was repeated 5 times so that
a total amount of 50 pL catalysts ink were loaded on electrode,
with a sample loading of 20 pg, then dried. Next, 10 uL 0.1 wt¥%
Nafion solution was dropped on the surface of the above catalysts
modified CGE and dried at 40°C before electrochemical
experiments.

All electrochemical measurements were carried out in Nj-
saturated 0.1 mol/L KOH solution. A conventional three-electrode
cell system was conducted at room temperature. The drop-
casting films of the synthesized samples on GCE were used as
the working electrode. The SCE and the platinum-plate
(1 cm x 1 cm) electrode were served as the reference electrode
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and the counter electrode, respectively. The cyclic voltammograms
(CVs) were recorded at a scan rate of 100 mV/s from —0.6 to 0.65 V.
The amperometric responses were recorded at 0.5 V. Other electro-
chemical measurements are available in the Supporting Informa-
tion (online).

2.3. DFT calculations

The density functional calculations were performed with the
Vienna ab initio simulation package (VASP). The projector aug-
mented wave (PAW) method was used to describe the electron-
ion interaction. All calculations were performed on periodically
repeated slabs using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. The modeling details and rele-
vant references are given in the Supporting Information (online).

3. Results and discussion

3.1. Construction and investigation of crystalline-defect Pd-Cu,0
interfaces

The mesoporous Cu,O colloids are firstly synthesized by a
reducing precipitation reaction of Cu?* ions and N,H,4-H,0 in solu-
tion with PVP surfactant at room temperature. Then the meso-
porous Cu,O supported Pd nanoheterostructures are fabricated
by the redox reaction of Pd?* ions and mesoporous Cu,O colloids
(Pd?* + Cu,0 + 2H" - Pd + 2Cu?" + H,0)[43]. The representative
morphologies of as-prepared mesoporous Cu,0 particles and Pd-
Cu,0 nanoheterostructures are shown in Fig. 1. The uniform
Cu,0 spherical particles are about 120 £ 20 nm in diameter and
constructed by smaller nanocrystals to form hierarchical structures
with mesopores (Fig. 1a-c). During the preparation, numerous
Cu,0 nanocrystals would initially nucleate from solution via the
rapid reaction between Cu?" ions and N,H,4 and form orange color

colloids (Fig. 1a). The very small Cu,0 nanocrystals with high sur-
face energy would self-assemble into hierarchical Cu,O porous
particles with larger size to reduce the surface energy and prevent
the further aggregation. The mesoporous network interior struc-
tures of Cu,0 particles are also obviously observed in high magni-
fication SEM and TEM results (Fig. 1b and c). After the addition of
H,PdCl, solution into Cu,O colloid, the color immediately changes
to brown green for the formation of Pd-Cu,0 nanoheterostructures
(Fig. 1d). The mesoporous Pd-Cu,0 nanoheterostructures are sim-
ilar to mesoporous Cu,0 particles in shape but with smaller parti-
cle size about 80 + 10 nm and rougher surfaces (Fig. 1d-f). The very
fine white (SEM image) or black (TEM image) dots are obviously
observed on the surface of the Pd-Cu,O nanoheterostructures
(Fig. 1e, f). Fig. 1f illustrates that the Pd nanoparticles with size
of about 5nm are distributed over the entire surface of meso-
porous Cu,0 particles. Oxidative Pd®" ions can etch Cu,0 solid to
form Cu?* ions and metallic Pd nanoparticles due to the different
reducing potential between Cu,0/Cu®* (0.203V) and Pd?*/Pd
(0.987 V) [44]. As some Cu,0 crystallites are dissolved by Pd®* ions
into solution, the Pd metallic atoms simultaneously grow and
anchor on the freshly exposed surface of Cu,O colloids which
served as both reducing agent and support at the high ratio of
Cu,0:Pd?* ions. In addition, the surfaces become rough and the
particle sizes become smaller after metallic Pd deposition on the
surface of mesoporous Cu,0 particles.

N, adsorption-desorption measurements (Fig. 2) further
demonstrate that Brunauer-Emmett-Teller (BET) surface area
(32.82 m?/g) of Pd-Cu,0 nanoheterostructures is significantly lar-
ger than the original mesoporous Cu,O particles (17.86 m?/g)
because of the redox etching reaction at the Cu,0 surface. Besides,
XRD, STEM-EELS (EELS: electron energy loss spectroscopy) map-
ping and overview EDX mapping results also confirm metallic Pd
(Figs. 3, S1 and S2 (online)) and show the uniform distribution of
Pd element on the outer surface of Cu,0 particles, corresponding
to SEM/TEM observation (Fig. 4a and b). As a result, the Pd-Cu,0

&

Fig. 1. (Color online) SEM image (a), the high-magnification SEM image (b) and TEM image (c) of Cu,0 nanoparticles. SEM image (d), the high-magnification SEM image (e)
and TEM image (f) of Pd-Cu,0 nanoheterostructures. Morphology analysis reveals mesoporous structure, rougher surface and in-situ deposition of Pd on Cu,0. Scale bars of

insets are 25 nm.
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Fig. 2. (Color online) N, adsorption/desorption isotherm curve (a) and the corresponding pore sizes distribution (b) of the as-prepared mesoporous Cu,0 nanoparticles and

the mesoporous Pd-Cu,0 nanoheterostructures.
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Fig. 3. (Color online) XRD patterns of the obtained samples: Cu,0 nanoparticles (i)
and Pd-Cu,0 nanoheterostructures (ii).

interfaces are successfully engineered by deposition of Pd
nanocrystals onto the freshly exposed Cu,O surface. This metal-
oxide interface possibly exhibits stronger interfacial interaction
between Pd and Cu,0 for the in-situ redox deposition than the
interaction derived from the physical mixture method.

The Pd-Cu,0 nanojunction is clearly shown in Fig. 4a. The lat-
tice fringes of Cu,0(1 1 1) facets do not extend across the interface
between Pd and Cu,0, suggesting that the disordered Pd nanocrys-
tals only non-epitaxially deposit on Cu,0 surfaces for the large lat-
tice mismatch of 8.68% (cell parameter: Pd 3.89 A, Cu,0 4.26 A;
lattice mismatch: 8.68%), because the tolerable lattice mismatch
for epitaxial growth is generally less than 3% [38]. The SAED pat-
terns of Cu,O and Pd (Fig. 2a insets) agree with the face-centered
cubic (fcc) crystalline of Cu,O and Pd. The lattice fringes of
(111) facets are not coherently extended across the interface
between Cu,0 and Pd nanoparticle. Most importantly, according
to the observation of HRTEM in Fig. 4b, we can identify the initially
monolayer Pd as (3 10) facets as junction facet with Cu,0(111)
surface. On the other hand, the atom vacancy and edge dislocation
(closed by the dotted oval ring and rectangle) are clearly observed
at the nanojunction (Fig. 4b). These crystalline defects are ascribed
to the large lattice mismatch that can cause serious lattice distor-
tions and/or defects to facilitate the formation of stable interfacial
bonds between Pd and Cu,0 [40]. The single Cu atom (circled by
the solid ring in Fig. 4b) slightly deviate toward Pd from original
position or Cu,0(1 1 1) crystal facet, so does Pd atom (circled by
the dotted ring in Fig. 4b). This directly demonstrates the interfa-
cial atomic rearrangement at the Pd-Cu,O nanojunction because
of the strong interaction between Pd and Cu,O. The crystalline-
defect Pd-Cu,O interfaces are eventually engineered by taking
the large discrepancies of lattice parameters of Pd and Cu,0.

XPS analysis is further performed to investigate the metal-oxide
interaction and chemical state of Pd, Cu, and O. Comparing with

Fig. 4. (Color online) Construction and investigation of Pd-Cu,0 interfaces. (a) HRTEM image taken from Pd-Cu,0 interface and the selected-area electron diffraction (SAED)

pattern. (b) The amplification region enclosed with dotted square in (a).
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Cu,0 nanoparticles, Cu 2ps;; binding energies of Pd-Cu,O
nanoheterostructures are slightly shifted toward higher (0.6 eV)
after Pd deposition on the Cu,0O surface (Fig. 5), implying that a
strong interaction between Pd and Cu,0 is responsible for charge
transfer from Pd to interfaces of Pd(3 1 0)-Cu,O(1 1 1). However,
the binding energy shift is not observed for Pd-Cu,0 physical mix-
tures obtaining by conventional impregnation method (Fig. 5). It
shows that the physical impregnation is not reliable method to
achieve strong interaction for electron transfer owing to no chem-
ical bond formation between Pd and Cu,O. To further confirm the
interface interaction, the surface electron states are inspected by
high-resolution XPS analysis (Fig. 6 and Table 1). The atomic ration
of surface Cu(I):Cu(ll) and Pd(0):Pd(ll) of Pd-Cu,0
nanoheterostructures are much less than that of the Cu,0 particles,

Pd-Cuzo mixtures

Intensity (a.u.)

970 965 960 955 950 945 940 935 930 925
Binding energy (eV)
Fig. 5. (Color online) Cu 2ps, XPS spectra of Pd-Cu,0 nanoheterostructures, Pd-

Cu,0 mixtures, Cu,0 nanoparticles, and Pd nanoparticles. The binding energies of
Cu in Pd-Cu,0 nanoparticles are slightly shifted comparing with other products.

Table 1
Details of surface electron state of as-prepared products derived from XPS spectra.

cu(n:cu(ln) Pd(0):Pd(1)

Pd-Cu,0 83.0:17.0 69.1:30.9
Pd-Cu,0 mixtures 87.0:13.0 85.0:15.0
Cu,0 88.8:11.2 -

Pd - 85.3:14.7

Pd-Cu,0 physical mixtures and Pd nanoparticles, respectively, sug-
gesting that the strong interfacial interaction is responsible for
changing the surface atom chemical state at nanojunction. More-
over, the blue-shifted peak of UV-Vis spectra also confirm electron
transfer for Pd-Cu,0 nanoheterostructures (Fig. S3 online).

3.2. Electrocatalytic activity of the Pd-Cu,0 nanoheterostructures

As typical CV curves shown in Fig. 7a, Pd-Cu,O
nanoheterostructures display larger current and more negative
onset potential than Pd-Cu,0-10 nanoheterostructures (Fig. S4
online), Pd-Cu,0-80 nanoheterostructures (Fig. S5 online), Cu,0
nanoparticles and Pd nanoparticles toward glucose oxidation, thus
superior  electrocatalytic  activity. Moreover, Pd-Cu,0
nanoheterostructures exhibit larger successive oxidation current
than their counterparts (Fig. 7b, c and Fig. S6 (online)). The sensi-
tivity of Pd-Cu,0 nanoheterostructures is 1.395 mA/(cm? mmol/L),
which is much higher than that of Pd-Cu,0-10 nanoheterostruc-
tures (1.095 mA/(cm? mmol/L)), Pd-Cu,0-80 nanoheterostructures
(1.078 mA/(cm? mmol/L)), Cu,O nanoparticles (0.480 mA/(cm?
mmol/L)) and Pd nanoparticles (0.042 mA/(cm? mmol/L))
(Fig. 7d). In consideration of effect of the interfacial interaction
on electrocatalytic activity, Pd-Cu,0 physical mixture is also used
as comparison. Expectedly, the oxidation currents and sensitivity
of Pd-Cu,O mixtures are far less than that of Pd-Cu,O
nanoheterostructures (Fig. 7a and d), suggesting that Pd-Cu,O
mixtures do not exhibit the obviously enhanced catalytic
activity owing to lack of strong interfacial interaction. Obviously,
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Cu2p

Intensity (a.u.)
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Fig. 6. (Color online) The high-resolution XPS spectra of the as prepared Pd-Cu,0 nanoheterostructures, Cu,0 nanoparticles, and Pd-Cu,0 mixtures and Pd nanoparticles.

(a-c) Cu 2p spectrum, (d-f) Pd 3d spectrum.
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Fig. 7. (Color online) The effect of crystalline-defect interfaces on the catalytic activity of the as-prepared nanoheterostructures was investigated by electrochemical glucose
oxidation. (a) CV curves of the modified electrodes in N,-saturated 0.1 mol/L KOH solution with 4 mmol/L glucose. (b) Amperometic response of the modified electrodes in
N,-saturated 0.1 mol/L KOH solution with the presence of glucose. (c) The corresponding calibration curves of the electrodes. (d) The corresponding sensitivities of the
electrodes at a potential of 0.5 V. Inset: the corresponding electrochemical performance curves of Pd nanoparticles.

crystalline defects (vacancies and edge dislocations) and strong
interaction at Pd-Cu,O0 interfaces of Pd-Cu,0 nanoheterostructures
play a critical role in enhancing electrocatalytic activity.

In practical application, the selectivity is an important factor to
evaluate the electrocatalytic performance of biosensors because
the glucose detection might be interfered by the other chemicals
such as ascorbic acid (AA), dopamine (DA), uric acid (UA) and NaCl,
which co-exist with glucose in human blood serum [45,46]. It
should be noted that the normal physiological level of these spe-
cies (0.1 mmol/L) is much lower than the glucose. The influence
of the above interferents is investigated by amperometric mea-
surements at different potentials (Fig. 8a and Table S1 (online)).
During the test, 0.1 mmol/L different interfering species are added
into 0.1 mol/L KOH electrolyte containing 1 mmol/L glucose. The
signal changes at lower potentials (0.4 and 0.5 V) can be neglected
comparing to that from glucose oxidation. At 0.6V, the current
response from the interferents is below 3.5%. Further, the addition
of NaCl does not show any effect on the current of glucose oxida-
tion although the chloride ions are easily to poison the sensitivity
and efficiency for noble metal glucose sensors. The charge rear-
range of nanoheterstructures from Cu,O might improve the chlo-
ride ions poisoning resistance of Pd nanoparticles. The above
results indicate that the Pd-Cu,0 nanoheterostructures have excel-
lent selectivity and high chloride tolerance. Electrochemical oxida-
tion of glucose is a kinetically controlled sluggish reaction, which
could be improved by the electron interaction in the interface of

nanoheterostructure and nanoscopic electrochemical active sur-
face area. Whereas, it is a diffusion-controlled electrochemical
reaction for oxidation of AA, UA and AA. The currents of interfer-
ents are proportional to the apparent geometric area, regardless
of the mesoporous roughness of the catalysts. The most of elec-
troactive interferences in the blood do not show noticeable respon-
sive currents at lower potential for the increased roughness factor
on the electrode surface.

The reproducibility and repeatability of the biosensors are per-
formed by a series of 6 assaying sensors prepared in the same con-
dition. The relative standard deviation (R.S.D) of 4.3% is obtained
towards 0.3 mmol/L glucose (Fig. 8b), and the 5 successive mea-
surements of a single sensor for 0.3 mmol/L glucose reveal a R.S.D
of 5.1% (Fig. 8c), suggesting the good reliability of the method.
The biosensor based on Pd-Cu,0 nanoheterostructures still remain
high sensitivity of 96.2% the initial response after 30 d, implying the
excellent long-term stability (Figs. 8d and S7 (online)), which is
suitable for repeating and long duration applications. To further
demonstrate the feasibility of the prepared biosensors in practical
analysis, it is applied to detect glucose in human blood serum. A
serum sample of 80 pL is added in 20 mL of KOH solution before
the measurements, and each sample is analyzed using a standard
addition method with three times addition of a standard glucose
solution. The corresponding results in Table S2 (online) indicate
the excellent recoveries of sensors, suggesting that the proposed
Pd-Cu,0 nanoheterostructured electrocatalysts may have a promis-
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Fig. 8. (Color online) (a) Amperometric response of the sensor to successive additions of 1 mmol/L glucose, 0.1 mmol/L interferents in N,-saturated 0.1 mol/L KOH solution at
0.5, 0.6 and 0.7 V. (b) The reproducibility of the sensor is performed by a series of 6 assaying sensors prepared in the same condition. (c) The repeatability of the sensor is
measured by the 5 successive measurements of a singer sensor in Np-saturated 0.1 mol/L KOH at 0.5 V. (d) The aging tolerance of the prepared sensor over 30 d storage period.

Cu,0(111)

Galvanicreplacement reaction Monolayer Pd deposition In situ redox growth
o Pd © Cu e O

Fig. 9. (Color online) (a) Pd atomic model of the (3 1 0) plane projected along the (0 0 1) axis. The dotted line represents Pd (3 1 0) facets. (b) Cu,0 atomic model (side view) of
the (11 1) plane. (c) Redox non-epitaxial growth mechanism of Pd-Cu,0 nanoheterostructures.
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ing potential for practical application for glucose oxidation and
detection. Besides, the morphology and composition of Pd-Cu,0
nanoheterostructures are also investigated after the CV test for
100 cycles in N,-saturated 0.1 mol/L KOH solution with 4 mmol/L
glucose. The results show the rough surface is well-preserved
Fig. S8 (online), which is consistent with the original morphology
(Fig. 1e), and the atomic ratio of Pd is slightly decreased.

3.3. DFT calculations on Pd-Cu,0 nanoheterostructures

The DFT calculations are used to further explore the effects of
Pd-Cu,0 interfaces in essence. As the HRTEM provide clear hints
that Pd(3 1 0) facet grows on the Cu,O(1 1 1) facet in Fig. 4d, the
facets interfacing deduction for Pd(3 1 0) and Cu,O(11 1) is per-
formed to uncover the underlying pattern (Section 4 of Supporting
Information online). The mathematical deduction result shows
junction of these two facets, although the surface Pd distances
for the (3 1 0) facet is 6.26 A, around 8.66% larger than that for sur-
face dangling O atoms distances (do = 6.03 A) on the Cu,0(111)
surface as shown in Fig. 9a and b. Because the facets do not match
perfectly, periodic model for Pd(3 1 0) growth on the Cu,0(11 1)is

not practical. Instead, Pd cluster models are built to simulate the Pd
(31 0) growth on Cu,0(1 1 1) facet (Fig. 9¢) as Pd cluster model can
also preserve the facet ideally based on our calculations (Figs. S9
and S10 online). The Pdy; and Pdgs clusters are built to model
the ideal Pd(310) facet and Pd(310) facet with a vacancy
(Fig. S11 online).

Fig. 10a and b shows the optimized structures for Pd4; and Pd4e
cluster in facet (3 1 0) junction with Cu,0(1 1 1). Although differ-
ing only one vacancy, the interface of Pd4s-Cu,0 shows much more
chemical bonds than that for Pd4;-Cu,O. The reason is attribute to
the lattice parameter mismatching of Pd(3 1 0) and Cu,0(11 1),
which introduces the strain at the interface of Pd(3 1 0) and Cu,0
(111), resulting in the sinking of the O atoms and protruding of
Cu atoms. The introduced vacancy hereby lessens the strain stress
to strengthen interfacial bonds formation. It excellently bears out
experimental observation on Cu deviation as shown in Fig. 4d. As
a result of the interfacial Pd-O and Pd-Cu bonds formation, the
electron accumulation is discovered at the interface of Pd-Cu,O
as shown in the differential charge density analysis (Figs. 10c
and S12 (online)). The negatively charged Pd-Cu,O interface as
the active place absorb the glucose molecules with the positive

=8 a 1 s 1 A 1 I

Projected DOS (eV™)

Fig. 10. (Color online) DFT calculations on Pd-Cu,0 nanoheterostructures. Optimized Pd4; (a) and Pd4s (b) cluster on Cu,O(1 1 1), modeling the interface of Pd(3 1 0)-Cu,0
(11 1). (c) Differential charge density for the interface of Pd4s(3 1 0)-Cu0(1 1 1). (d) Charge density contour map for the middle plane between the Pd(3 1 0) and Cu,0(11 1)
surface for the Pd4s/Cu,0(1 1 1) system. (e) Projected density of states (PDOS) for the Cu,O(1 1 1), Pd47-Cuy0(1 1 1) and Pdse-Cu,0(1 1 1). The d band centers (g4) are

calculated for Cu (Cu,0), Cu and Pd (for Pd47-Cu,0 and Pd4-Cu,0), respectively.
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charged H and thus facilitate the electrochemical oxidation of glu-
cose (Fig. S13 online). Accordingly, the charge density near the
interface on both the Pd and Cu,0 sides decrease (Fig. 10c), indicat-
ing that the formation of interfacial Pd-O and Pd-Cu bonds is
responsible for the donation of electrons from nearby Pd and Cu
atoms. The charge analysis was also performed to discover the
electron transfer. Net electron transfer neither from Pd to Cu,O
nor from Cu,0 to Pd was not observed. However, from the charge
density contour shown in Fig. 10d, it is found that charge density of
the junction area increase significantly, confirming the strong junc-
tion between Pd(3 1 0) and Cu,O(1 1 1) surface and the electron
accumulation at the interface.

4. Conclusions

Pd nanoparticles were deposited onto Cu,0 by non-epitaxial
growth method, and the resulting nanoheterostructures deliver a
high electrocatalytic activity toward the glucose oxidation and have
a promising potential for practical application of glucose detection.
Based on experimental characterizations, mathematical deduction
and DFT calculations, Pd(3 1 0) facets are identified to exert a strong
metal-oxide interface interaction with Cu,0(1 1 1) facets, which
arises from their lattice mismatch. This leads to the sinking of O
atoms and protruding of Cu atoms of Cu,0, and the Pd dislocations
and vacancies, which facilitate the formation stable interfacial
bonds between Pd and Cu,O. Such interaction induced electron
accumulation at the interface of Pd(3 1 0) and Cu,0(1 1 1), which
was further confirmed by the shifting up of d bands center of Cu-
Pd toward the Fermi level. This work finds a novel metal-oxide
interfacial effect of Pd-Cu,0 nanoheterostructures caused by crys-
talline imperfections and electron accumulation, which provides a
new route to design and develop high-performance electrocatalysts
via the interaction of mismatched facets.
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