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A B S T R A C T

In eliminating environmental chromium pollution, hexavalent chromium (Cr(VI)) reduction by HCOOH on Pd-
based bimetallic/multimetallic nanocatalysts is attracting an increasing attention. However, it is still a challenge
by precisely controlling the surface interface structure of the nanocrystals (NCs) to obtain highly efficient na-
nocatalysts on Cr(VI)) conversion. Here, a simple and robust synthesis method for Au-Pd core-shell NCs with a
special interface structure has been developed by a novel self-limiting strategy. This interesting structure has a
near surface alloy (NSA) of AuPd layer on Au core with outer surface of monolayer (ML) of Pd shell (denoted as
NSA/ML), which is achieved only by one-pot synthesis. The self-limiting strategy is developed based on the
unique catalysis reduction reaction of Au core, with which the growth of Pd shell is internally regulated by the
surface Au atoms until the Au–Pd NCs with NSA/ML structure i.e. Au@AuPd@PdML NCs are formed.
Furthermore, the Au–Pd core–shell NCs with the shell from NSA to NSA/ML structure can be simply obtained by
adjusting the added amount of Pd precursor. More importantly, the catalytic activities of Au–Pd NCs for the
conversion of Cr(VI) to Cr(III) present a notable difference for the Pd in Au@AuPd and Au@AuPd@PdML

structures, and the Au@AuPd@PdMLNCs exhibited the superior catalytic activity for the conversion of Cr(VI).
The present study demonstrates the core@NSA@shellML is an efficient nanostructure to promote the catalytic
performance of core–shell NCs for practical applications.

1. Introduction

It is well-known that hexavalent chromium (Cr(VI)) is one of the
most common pollutants, which has been recognized as a strong car-
cinogen in the world, and very harmful to human health. Up to now, the
conversion of Cr(VI) to Cr(III) has been considered as one of the most
effective methods to eliminate the Cr pollution [1,2]. Among them, the
reduction of Cr(VI) by formic acid (HCOOH) on Pd-based catalysts has
attracted much attention owing to the simplicity, no secondary pollu-
tion and high efficiency [3–8]. However, its slow kinetics largely limit
its practical applications in environmental remediation of Cr (VI) pol-
lution. To this end, it is highly anticipated to exploit efficient strategies
for designing more effective catalysts.

One of the successful strategies is to construct core-ultrathin shell

(such as core@shell with a monolayer i.e. core@shellML) structured
nanocomposites, because such structure holds the highest possible
utilizing efficiency of shell materials [9–13]. More importantly, such
nanostructures provide better opportunity to regulate their catalytic
properties based on the ligand and strain effects [9,12–14]. However,
the long-term performance stability needs to be considered because
severe changes in surface composition arise due to metal migration
during the catalytic reaction [14,15]. Lots of efforts have been devoted
to reducing the structural deficiency of these nanocomposites. For the
core@shellML structured NCs, based on the difference in the surface
energy and lattice constants, one of the effective ways to improve their
catalytic performance is that an ultrathin near surface alloy (NSA) layer
can be incorporated between the internal core and outer shell layer to
form the core@NSA@shellML nanostructures. For example, Xing et al.
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have demonstrated that a PdAu alloy sublayer was incorporated be-
tween Au core and Pt monolayer to increase not only the durability, but
also the catalytic activity of electrocatalysts [16]. In another article, it
was also observed that alloyed AuPd@PtML nanostructure showed
minimal degradation over 100,000 cycles in fuel-cell stability tests
[17]. Therefore, how to effectively control both the surface and inter-
face structures in shell layer is important for designing highly efficient
and stable core@shell catalysts.

Up to now, synthetic methods for the preparation of core@NSA@
shellML NCs are mainly based on two primary strategies. The first one is
based on the underpotential deposition (UPD) approach, where a sa-
crificial metal is decorated onto the core surface by UPD, followed by
galvanic displacement with shell precursors [16,17]. However, such
approach is limited to the NCs on electrode surface and it is difficult to
be applied on a large scale [9,12]. The second synthesis strategy em-
ploys a seed-mediated growth method, with which it is difficult to
control the shell thickness due to the heterogeneity of core size and the
inaccuracies of core concentration [9,18]. In addition, the synthesis
process is often very complicated because external influence factors
need to be accurately controlled, such as reaction temperature, pre-
cursor concentration, and reaction time [19–21]. For instance, to
eliminate self-nucleation of the shell materials, the concentration of the
precursor must be kept very low in reaction solution. In this context, the
synthesis of core@NSA@shellML NCs needs multistep fine control.
Considering the above issues, a self-limiting method may be more at-
tractive than the above synthesis approaches, because self-limiting
route offers a more efficient, simple and self-controllable strategy for
preparing core@shell nanomaterials with desired surface structure
[22–24].

On the other hand, in the study of Au–Pd core–ultrathin shell
structure, it was demonstrated by Wang et al. that with the Pd shell
thicker than 2 nm, a AuPd alloy phase appeared in the interface be-
tween Au and Pd to release the interface strain induced by the lattice
mismatch (4.6%) to form a Au@AuPd@Pd structure [25]. Whereas, the
previous studies indicated that epitaxial growth of monolayer Pd shell
on Au NCs will not induce a AuPd interlayer between Au core and Pd
ML shell [9,12,25]. Based on the above discussion, we think that de-
veloping an appropriate method, for example, self-limiting strategy, to
achieve Au–Pd NCs with Au@NSA@PdML structure is very desirable. To
this end, the major challenge is how to design the corresponding self-
limiting route to obtain the anticipated nanostructure.

Inspired by our recent synthesis of Au@Pt core–shell NCs with Pt
skin surface [26], here we designed a self-limiting strategy to synthesize
Au@AuPd@PdML NCs, based on the Au catalytic reduction reaction. In
our self-limiting system, the Au NCs served as both the core seeds and
catalyst, and a selected piperazine derivative (4-(2-hydroxyethyl)pi-
perazine-1-(2-hydroxypropanesulfonic acid), HEPPSO) was used as the
reductant for Pd precursor. Under Au core catalysis, the added Pd(II)
ions were reduced to Pd atoms. It should be pointed out that the Pd
atoms loaded on Au surface reach a constant value and will not vary
even with further increasing the Pd precursor. Notably, the as-synthe-
sized Au–Pd NCs have the following atom arrangement: Au core/Au–Pd
NSA layer/Pd shell with 1ML. Therefore, a novel core@NSA@shellML

i.e. Au@AuPd@PdML nanostructure is facilely and self-controlled syn-
thesized. Compared with other methods, our approach has the fol-
lowing advantages. First, because the catalytic effect depends on the
exposed Au atoms on the surface of Au NCs, only one monolayer of Pd
shell can be obtained on the outmost surface. Even if NSA layer is firstly
formed, the exposed Au atoms in the NSA layer can still catalyze the
reduction of Pd precursor, which lead to the continual deposition to
form a Pd monolayer on the surface of NSA until all the surface Au
atoms are completely covered. Second, this synthesis strategy is simple,
rapid, controllable, and without harsh conditions such as high tem-
perature, high pressure, using strong acid/alkali reagents, etc. More
importantly, due to self-limiting effect induced by Au catalysis, the
loading amount of Pd atoms on the surface of Au core can be

conveniently controlled by surface Au content. To our knowledge, we
demonstrate for the first time the deposition of Pd on the Au core with a
structure evolution from Au@AuPd to Au@AuPd@PdML by our synth-
esis approach, but without the formation of simple Au@PdML structure
as reported.

In the present work, the synthesized Au–Pd NCs were used for the
catalytic conversion of Cr(VI) to Cr(III) by using HCOOH as reductant.
We found that the Au@AuPd@PdML NCs have the superior catalytic
activity in the reduction of Cr(VI) by HCOOH even at room tempera-
ture. The obtained turnover frequency (TOF) is even the best one
among the reported Pd-based catalysts, to the best of our knowledge.
Moreover, the results indicate that the catalytic activity of Au–Pd NCs
greatly depends on the Pd atomic geometry of interface surface.

2. Experimental section

2.1. Synthesis of the Au and Pd NCs

The synthesis of the Au and Pd NCs is based on the reported method
[27]. For the Au NC synthesis, 50mL H2O with 0.0025 g PVP was he-
ated to boiling. 1 mL HAuCl4 (1%) was dropped into the above solution
under rigorous stirring for 3min, and then 1.5 mL sodium citrate (1%)
was rapidly added into the solution. After reaction for 1 h, the solution
was cooled down to room temperature. Finally, the obtained solution
was washed twice by water and purified by centrifugation. In the
synthesis of Pd NCs, 0.0025 g PVP was mixed with 20mL H2PdCl4
aqueous solution (2.94 mM). Then 1.5mL 0.132M NaBH4 was dropped
into the mixture solution under rigorous stirring for 30min at room
temperature. At last, the solution was washed twice with water and
purified by centrifugation.

2.2. Self-limiting synthesis of Au@AuPd@PdML core–shell NCs

A seed-mediated preparation method was used to synthesize
Au@AuPd@PdML NCs. Au NCs with 14 nm in diameter were first mixed
with HEPPSO buffer (pH 7.5) to form a 9mL of mixed solution.
Subsequently, 1 mL H2PdCl4 solution was introduced. The final con-
centrations of Au NCs, HEPPSO, and Pd(II) ions are 2 nM, 15mM and
1mM, respectively. The reaction mixture was incubated at room tem-
perature for 2 h, and then centrifuged twice to remove superfluous Pd
(II) ions. Purified Au@AuPd@PdML NCs were finally obtained and
stored in water. To investigate the influence of Pd(II) concentration on
the synthesis, Au–Pd NCs with different Pd contents were obtained
following the same synthesis procedure, and their properties were in-
vestigated.

2.3. Verification test

For demonstrating the feasibility of the designed self-limiting
growth procedure, the reduction of Pd(II) ions by HEPPSO in the ab-
sence of Au NCs or presence of Pd NCs was also examined. We firstly
studied whether Pd(II) ions can be reduced by the HEPPSO itself or not.
To this end, Pd(II) ions were mixed with HEPPSO (pH 7.5) under stir-
ring, and the final concentrations of Pd(II) ions and HEPPSO are 1 and
15mM, respectively. As a control experiment, Pd NCs were added into
the above mixed solution to examine if Pd(II) ions can be reduced by
HEPPSO with the presence of Pd NCs.

2.4. Electrochemical measurements

Electrochemical experiments were carried out for further exploring
the surface component distribution of various Au-Pd NCs with different
Pd contents. The electrochemical experimental conditions and proce-
dures were chosen and performed according to the literature [26]. In
the experiments, the potential range was set from −0.8 to 0.6 V (vs Ag/
AgCl). For all the studied samples, after stable cyclic voltammetric (CV)
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curves were achieved, the CVs were recorded. All measurements were
operated at room temperature.

2.5. Conversion of Cr(VI) under the catalysis of Au–Pd NCs

10mL mixed solution containing K2Cr2O7 (2mM) and HCOOH
(0.45M) was stirred at room temperature for 10min. Then a certain
amount of catalyst was added into the above solution to study the
conversion of Cr(VI) under the catalysis of the Au–Pd NCs. At each
designed interval, 50 μL of the solution was taken out and diluted to
1mL for UV–vis measurement. Under above experimental procedures,
commercial Pd black and Pd NCs were used for the Cr(VI) conversion as
a comparison. For the recycle experiments, the catalyst was added into
a 10mL of mixed solution containing 2mM K2Cr2O7 and 0.45M
HCOOH. After the above reaction was finished, another Cr(VI) with the
same concentration was introduced to repeat the catalytic reaction.

3. Results and discussion

3.1. Self-limiting synthesis of Au–Pd core–shell NCs

To demonstrate the feasibility of our proposed self-limiting pro-
tocol, we firstly examined if Pd(II) can be reduced by HEPPSO without
the presence of Au NCs. The UV–vis absorption spectra of H2PdCl4 so-
lutions at different conditions are shown in Fig. S1. There appears an
absorption peak at 425 nm (the black curve) that corresponds to Pd(II)
ions [28]. When Pd(II) ions were introduced into the HEPPSO solution,
the absorption peak intensity at 425 nm decreases and a new peak at
about 382 nm appears (the red curve), which could be ascribed to the
complex formed from the coordination of HEPPSO with Pd(II) ions
[29]. The absorption spectrum did not change even if the solution was
placed for 24 h, and the absorption profile is very different from that of
Pd NCs (the green curve) [30]. Further, when Pd NCs were added into
the mixed solution of HEPPSO and Pd(II) ions (the blue curve), the
absorption spectrum of the mixed solution also presents no change as
increasing the reaction time up to 12 h. The above results demonstrate
that HEPPSO holds no reducing ability for Pd(II) ions by itself (shown in
Fig. 1A), even in the presence of Pd NCs (shown in Fig. 1B).

By contrast, in the presence of Au NCs, the interactions of Pd(II) ions
and HEPPSO were studied, and the UV–vis absorption spectra are
shown in Fig. 2A. There is only one characteristic absorption peak of Au
NCs at 520 nm (the black curve). After enough Pd(II) ions were added,
the absorption peak of Au NCs shows a red-shift by 2 nm, resulting from
the change of local dielectric constant near the metal core [31].
Meanwhile, the absorption peak of Pd(II) ions also appears in the mixed
solution (the red curve). When HEPPSO was introduced, the absorption
peak of Au NCs shows a blue shift and decreased intensity (the green
curve). After 5min, the Au NC peak blue-shifts by approximately 4 nm
with an obvious decrease of peak intensity (the blue curve), and the
absorptive intensity of the Pd(II) ions appears a small decrease, sug-
gesting that a portion of Pd(II) ions is reduced by the Au catalytic
system and the Pd atoms are decorated on the surface of Au NCs
[32,33]. Subsequently, the spectrum of the mixture keeps unchanged
after a 2-h incubation time (the dark yellow curve).

In the following studies, different concentrations of Pd(II) ions were
added into the mixed solution of Au NCs and HEPPSO with keeping the
overall concentration constant. The UV–vis spectra are shown in
Fig. 2B. It can be seen that the absorption peak from Au core gradually
blue-shifts with the increase of Pd(II) ion concentration, which can be
ascribed to the increase of the electron density in Au NCs induced by
the Pd deposition. Meanwhile, the peak intensity gradually decreases,
suggesting that more Pd atoms are deposited on the surface of Au cores.
However, with further increasing the concentration of Pd(II) ions, the
absorption peak of Au–Pd NCs shows no change, which suggests no
longer increase of shell thickness. According to the literature [34], the
ratio of the peak intensity to that at the half peak width can be used to
display the growth of Pd shell on the Au NCs. As shown in Fig. 2B inset,
when the added Pd(II) ions reach a certain concentration (such as
600 μM Pd(II) ions vs 2 nM Au NCs), the Pd shell will not continue to
grow. These results strongly suggest that the loading amount of Pd in
Au@Pd core–shell NCs should be self-controlled due to a self-limiting
process.

3.2. Characterizations

A series of characterizations were performed to further demonstrate

Fig. 1. Schematic representation for the
synthesis of Au@AuPd@PdML NCs by a self-
limiting process. HEPPSO holds no reducing
ability for Pd(II) ions (A) and in the presence of
Pd NCs (B). (C) With the presence of in-
sufficient Pd(II) ions, Au@AuPd nanostructure
is obtained in the mixture of Au NCs and
HEPPSO; accordingly, with the presence of
enough Pd(II) ions, Au–Pd NCs are obtained
with the structure changed from Au@AuPd to
Au@AuPd@PdML.
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the configuration of Au–Pd core–shell NCs, as well as to probe the ar-
rangement of the Pd atoms on the surface of Au core. The inductively
coupled plasma-mass spectrum (ICP-MS) was firstly used to determine
the Pd content in Au–Pd NCs, as shown in Table S1. With increasing Pd
(II) ions in the reaction solution, Pd content increases in Au–Pd NCs.
Ultimately, there are the most Pd content of 9.69% (Pd/Au mass ratio)
in Au–Pd NCs, again demonstrating that this reaction is self-limiting. In
the following characterizations, we mainly investigated the mor-
phology and composition of Au–Pd NCs with the most Pd content. Fig.
S2 shows the transmission electron microscopy (TEM) and high re-
solution TEM (HRTEM) images of the as-synthesized Au seeds, which
present spherical and nearly mono-dispersed nanocrystals with an
average diameter about 14.04 nm. In the HRTEM image, the main lat-
tice fringes with interplanar spacing of 2.4 Å correspond to the Au (111)
crystal plane. After the decoration of enough Pd atoms on the surface of
Au NCs to form Au-Pd NCs, the corresponding TEM and HRTEM images
are shown in Figs. 3A, B and S3. The average diameter of particles
slightly increases to 14.90 nm, and the main lattice fringes of Au–Pd
NCs show almost no change compared with the Au seeds. The powder
X-ray diffraction (XRD) measurements were also carried out to examine
the crystal structures of the two kinds of NCs (Fig. S4). Clearly, no Pd
diffraction peaks are observed in the Au–Pd NCs, indicating that no
isolated Pd clusters or crystals are formed in the synthesis process and
only very thin Pd layer is deposited on the surface of Au seeds [35,36].
To determine the component and distribution of elements in the Au–Pd
NCs, the energy-dispersive X-ray spectroscopy (EDX) and high-angle
annular dark-field scanning transmission electron microscopy (HAADF-
STEM) were further measured. The EDX analysis indicates there

presents a fairly small amount of Pd in the Au–Pd NCs (Fig. S5).
Meanwhile, from the HAADF-STEM and the corresponding elemental
mapping images shown in Fig. 3C–F, the Pd and Au signals can be
clearly observed, and Au is mainly located in the core and Pd is only
dispersed on the surface of the NCs. Such Au–Pd structure is further
demonstrated by the line profile of a single Au–Pd NC (Fig. S6), which
states that an ultrathin Pd shell has been coated on the surface of Au
seed.

Further, the cyclic voltammetry (CV) measurements are used to
characterize the surface composition of the Au–Pd NCs. The CVs of the
Au–Pd NCs with different Pd/Au mass ratios are shown in Fig. 4 within
the potential range of −0.8 to 0.6 V. It can be seen that without Pd(II)
ions added, there is an obvious voltammetric feature of Au for the pure
Au NCs (the black curve). With increasing Pd content in the Au–Pd NCs,
the peak intensity from Au gradually decreases, and at last disappears.
Meanwhile, the voltammetric peaks from Pd gradually increases. Ac-
cording to the CV results, the relative Pd atomic content on the surface
can be calculated based on the following equation: mR= SPd/
(SPd+ SAu), where mR, SPd and SAu refer to the relative content of Pd,
and the integrated reduction peak intensity from Pd and Au oxides in
the CVs, respectively [37]. Calculation results are listed in Table S2.

Further, combining the data shown in Fig. 4, Table S1 and S2, we
can gain a deeper understanding of the surface and interface structure
of Au–Pd NCs. As mentioned above, with the present Au catalytic
synthesis strategy, only one Pd monolayer should be ultimately formed
on the outer surface of Au–Pd NCs. Here, assuming only the formation
of unique Pd shell structure, the shell thicknesses with different Pd
contents in Au–Pd NCs were calculated according to the data measured

Fig. 2. The UV–vis spectra of (A) the different
mixed solutions and (B) the mixtures of Au NCs
and HEPPSO with different concentrations of
Pd(II) ions. The inset in B represents the re-
lationship between absorption intensity ratio
of Au–Pd NCs (at 600 vs at 520 nm) and the
concentration of Pd(II) ions in the reaction
solution. The concentrations of Au NCs and
HEPPSO are 2 nM and 15mM, respectively.
The concentrations of Pd(II) ions are 0, 5, 12,
16, 30, 50, 80, 200, 400, 600 and 1000 μM,
respectively. (For interpretation of the refer-
ences to color in the text, the reader is referred
to the web version of this article.).

Fig. 3. TEM (A) and HRTEM (B) images of Au–Pd NCs with the most Pd content, STEM image of a single Au–Pd NC (C), and the elemental mapping images of Au (D),
Pd (E) and overlap of Au and Pd (F).
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by ICP-MS, as shown in Table S1 (the calculated details are shown in
Supporting information). With increasing Pd content from 0.39 to
9.69% in Au–Pd NCs, the calculated thicknesses of Pd shell change from
0.1 to 2.5 atomic layers on the Au core surface. For instance, when the
mass ratio of Pd/Au is 3.98%, the Pd shell with 1ML should be exactly
formed on the Au core (Table S1), which means Au core surface is
completely covered by Pd atoms, and no Au atoms are exposed on the
surface. However, according to the CV data (the red curve in Fig. 4),
there are 69.4% of Au and 31.6% Pd exposed on the outermost surface
of particle, respectively (Table S2). The contradictory results suggest
that there presents an alloy of Au and Pd on outer surface of Au–Pd NCs,
defined as a Au@AuPd but not Au@PdML structure. Similarly, with
increasing the Pd content to 8.03%, a calculated 2.1MLs of Pd shell
should be covered on the Au surface (Table S1), but in fact, there still
has 26.8% of Au exposed (the blue curve in Fig. 4 and Table S2),
suggesting that the Pd shell is still less than 1ML on the outer surface of
Au–Pd NCs. Only when the Pd content reaches the maximum in the
Au–Pd NCs (9.69% of Pd), the Au–Pd NCs show no CV feature of Au

(the cyan curve in the Fig. 4), which indicates that the decorated
amount of Pd on the surface is just 1ML, but not 2.5 MLs from the
calculated data in Table S1. The above results clearly indicate that the
growth of Pd shell on Au core surface, by this self-limiting procedure,
firstly forms AuPd alloy layer interface, and at last produce the
Au@AuPd@PdML structure (denoted as NSA/ML). The self-limiting
synthesis for Au–Pd NCs with NSA/ML structure is illustrated schema-
tically in Fig. 1C, which clearly represent the structure evolution.

Also, we try to illustrate the atomic arrangement in the Au–Pd NCs
by this Au–catalytic self-limiting synthesis strategy. In general, the
surface of Au NCs contains various kinds of defects such as vacancies,
corners and edges, which usually are the active sites with the highest
catalytic activity [38,39]. Therefore, in the initial stage, the Pd(II) ions
located at these active sites can firstly be reduced and inclined to be
decorated at these sites, leading to a much instable Au–Pd composite.
Driven by the stable ordered structure, the Au atoms would diffuse from
the inside to the surface and meanwhile the Pd atoms would be in-
corporated into the inside to make the surface reconstruction. When
this alloying process i.e. NSA layer reaches a balance, the additional Pd
atoms begin to decorate on the particle surface, until a Pd ML is formed.
The NSA/ML shell structure is eventually obtained. Consequently, the
Au–Pd NCs with NSA/ML shell structure can be easily formed by the
present self-limited synthesis procedure based on the Au-catalytic
strategy.

In addition, because the difference between alloy and core-shell
structures makes the interaction of Au and Pd atoms transform from
ligand effect to strain effect, the electronic properties of Au and Pd
should change accordingly [40–43]. Thus, the X-ray photoelectron
spectroscopy (XPS) of Au–Pd NCs with different loading amount of Pd
was further studied. The high-resolution Pd 3d spectrum of the
Au@AuPd@PdML NCs shown in Fig. 5A displays the presence of zero-
valent Pd. Moreover, from the XPS spectra of Au–Pd NCs with different
Pd contents, we can see that the peak positions of Pd 3d (Fig. 5B) and
Au 4f (Fig. 5C) show obvious shifts with the change of Pd contents. For
clearly displaying the evolution of these Au-Pd NCs, the dependence of
binding energies of Pd (3d5/2) and Au (4f7/2) on the Pd content in the
Au-Pd NCs are shown in Fig. 5D. It can be seen that the similar trends of
the binding energy change can be obtained for both Pd 3d5/2 and Au

Fig. 4. CV curves of the as-synthesized Au–Pd NCs with different mass ratios of
Pd/Au measured in 0.1M KOH at a scan rate of 100mV/s. (For interpretation of
the references to color in the text, the reader is referred to the web version of
this article.).

Fig. 5. A. High resolution Pd 3d XPS of
Au@AuPd@PdML NCs; high resolution Pd 3d
(B) and Au 4f (C) XPS spectra of Au–Pd NCs
with different Pd contents; the binding en-
ergies of Au 4f7/2 and Pd 3d5/2 in the Au–Pd
NCs as a function of the loading amount of Pd
with Pd/Au mass ratios of 0.39, 2.47, 3.98,
6.33, 8.03 and 9.69%, and the blue and ma-
genta bars represent the binding energy of Au
4f7/2 in the Au NCs and the binding energy of
Pd 3d5/2 in the Pd NCs, respectively. (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).
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4f7/2, that is the binding energies have positive shift firstly and then
negative shift with increasing Pd content. However, for the Au 4f
binding energies in Au-Pd NCs, the electron transfer from Au to Pd
atoms in the Au–Pd interface induces an overall positive shift (the black
dot line in Fig. 5D), compared to that of Au NCs (the blue bar). By
contrast, the binding energies of Pd 3d have an overall negative shift
(the red dot line) relative to that of Pd NCs (the magenta bar) [44,45].
More notably, the binding energies of Au 4f and Pd 3d don’t vary lin-
early with the increase of Pd content. For the Pd 3d binding energy,
when the Pd/Au ratio is low (for example 0.39% shown in Fig. 5D), the
Pd 3d5/2 binding energy shows the most negative shift, relative to that
of Pd NCs. With the increase of Pd content, the binding energy of Pd 3d
begins to gradually approach to and then shift away from that of Pd
NCs. Conversely, the binding energy of the Au 4f gradually shifts away
from and then approaches to that of Au NCs. The existence of inflection
points in the curves also suggests the change of atomic arrangement in
the formed NSA/ML shell.

Next, we try to elucidate the evolution of binding energies of Pd 3d
in Au–Pd NCs through the change of the electronic properties in the
formation process from NSA to NSA/ML structure. At the formation
stage of NSA structure, with the lowest content of Pd in Au–Pd NCs, the
amount of Au atoms surrounding the Pd atom is the maximum. On this
condition, the influence on Pd atoms imposed by Au atoms is the big-
gest, leading to the most negative shift of Pd 3d binding energies [46].
With the increase of Pd content (before the inflection point in Fig. 5D),
the interaction between Au and Pd atoms gradually weakens due to the
dilution of the increased Pd atoms [46], and therefore the shift of
binding energies of Pd in Au–Pd NCs becomes smaller and smaller.
After the formation of AuPd alloy layer, the ML Pd shell begins to form
on the surface of NSA. At this stage, the strain effects induced by the
monolayer Pd shell will occur. Consequently, the increase of the density
of states at the Fermi level is easier to ‘ionize’ the metal, resulting in the
decrease of the binding energy of Pd [45,47]. Thus, with increasing Pd
content (after the inflection point), the binding energies of Pd in Au–Pd
NCs are again far away from that of pure Pd NCs, because the strain
effect becomes more and more significant. Similarly, the binding en-
ergies of Au 4f are first increase, and then decrease, compared to that of
Au NCs. The above results indicate that the dominant role of Pd for
determining the electronic structure of Au@AuPd@PdML NCs under-
goes a very meaningful evolution from ligand effect to strain effect.

3.3. Catalytic conversion of Cr(VI)

The dichromate (Cr2O7
2−) ion was selected as the Cr(VI) source

because it has a typical absorption peak at 350 nm (coming from ligand
to metal charge transfer), whereas the product of Cr(III) shows no ab-
sorption. Thus, the reaction can be easily to be monitored by measuring
the absorption change of Cr(VI).

In the absence of the Au@AuPd@PdML NCs, the absorption intensity
of the mixture of Cr2O7

2− (2 mM) and HCOOH (0.45M) at 350 nm
doesn’t change during the 29-h monitoring period, suggesting that the
reduction reaction cannot occur without the catalyst (Fig. S7). In con-
trast, the absorption intensity at 350 nm rapidly decreases and then
disappears within 3min after the addition of the Au@AuPd@PdML NCs
into the solution (Fig. 6A). The catalytic reaction can be visually ver-
ified from the color change of the product solution from yellow to
colorless. After adding NaOH, the colorless solution changes to green
(Fig. 6A inset), indicating the existence of Cr(III). For comparison, the
Pd NCs and commercial Pd black were used as catalysts for the reaction.
As shown in Fig. 6B, C, the catalytic reduction times for conversion
from Cr(VI) to Cr(III) are 25 and 100min, respectively, which are 8 and
33 times longer than that with Au@AuPd@PdML NCs. The reaction rate
(k) was then calculated to further estimate the catalytic activity of
Au@AuPd@PdML NCs, based on the equation of –ln(Ct /C0)= kt [6].
From Fig. 6D, the k constants are calculated to be 1.025, 0.119 and
0.024min−1 for Au@AuPd@PdML NCs, Pd NCs and Pd black,

respectively. The results demonstrate again the much enhanced cata-
lytic activity of Au@AuPd@PdML NCs in the conversion of Cr(VI). Re-
cycle experiments were also performed to evaluate the reusability of the
Au@AuPd@PdML NCs in the practical applications [48,49]. As shown in
Fig. S8, after eight cycles, the catalytic activity of the NCs shows no
obvious loss, demonstrating the excellent stability of the Au@AuPd@
PdML NCs. Futhermore, the Au@AuPd@PdML NCs for catalytic con-
version of Cr(VI) with changing experimental conditions have been
studied (the data shown in Fig. S9). For example, under the experi-
mental conditions of 5mM Cr2O7

2−, 2.3M HCOOH and 50 °C, the
catalytic reaction is completed within 1.5–2.0 min. The results indicate
that the reaction time on Cr(VI) conversion are greatly affected by the
initial concentration of Cr(VI), the concentration of reducing agent
(HCOOH), and catalytic temperature. The above experiments also show
that AuPd binary nanostructures can achieve a good catalytic effect on
conversion of Cr(VI), which is not only decided by the features of Pd
and Au, but also because of the special morphology of nanostructures
[5].

Because the surface structure of Au-Pd NCs can be regulated from
NSA to NSA/ML by the present self-limiting process, the catalytic ac-
tivities of the Au-Pd NCs with different interface structures were further
studied for the conversion of Cr(VI). By comparison, the conversion
time from Pd NCs (25min, as shown in Fig. 6B) is much less than that
from Au NCs (1800min, as shown in Fig. S10). Moreover, from Figs.
S11–14 and 6 A, with the increase of Pd content in the Au–Pd NCs, the
reaction time rapidly decreases from 1800 to 3min. The above results
demonstrate that the efficient reduction of Cr(VI) is from the intrinsic
catalytic nature of Pd element, but not from the Au element. In order to
evaluate the effects of surface and interface composition and structure
on the catalytic activity, we further calculated the turnover frequency
(TOF) of Pd on the Cr(VI) reduction, in which, TOF=NCr(VI)/
(mPd× t), where NCr(VI), mPd and t represent the amount of Cr(VI)
(mmol), mass of Pd in Au–Pd NCs (mg) and reaction time (min), re-
spectively. The calculated results based on outer-surface Pd content
(according to the CVs shown in Fig. 4 and the data in Table S2) are
shown in Fig. 7 and Table S3. The TOFs of Au-Pd NCs with different Pd
contents are higher than that of pure Pd NCs, which indicates that in-
troducing Au can greatly increase the catalytic activity of Pd. When the
shell structure gradually transforms from NSA to NSA/ML, the TOF
shows a leaping increase, and the TOF of Au@AuPd@PdML NCs is about
23 times higher than that of Pd NCs. Furthermore, the catalytic activity
of Au@AuPd@PdML NCs was compared with those of other previously
reported Pd-based catalysts (Table S4). Obviously, the calculated re-
action rate from the present Au@AuPd@PdML NCs is much higher than
those obtained from the other catalysts even if our reaction occurs at
room temperature (see detail in Supporting information). To the best of
our knowledge, the catalytic activity of our prepared Au@AuPd@PdML

NCs is the highest one so far for the Cr(VI) reduction catalyzed by the
Pd-based nanostructures.

4. Conclusions

In summary, we have demonstrated the synthesis of Au–Pd core–-
shell NCs with a near surface AuPd alloy and monolayer Pd shell
structure (i.e. Au@AuPd@PdML NCs) could be realized by a self-lim-
iting growth procedure, and such nanostructure exhibited high catalytic
performance for the reduction of Cr(VI) to Cr(III). Based on the Au
catalysis principle and the interaction between the core-shell interface
atoms, the Au atoms of core surface can finely control the arrangement
of the shell atoms from Au@AuPd to Au@AuPd@PdML nanostructure. It
is interesting that these NCs showed interface structure-dependent
catalytic properties and there appears a notable improvement of cata-
lytic activity from NSA to NSA/ML structure. Furthermore, The
Au@AuPd@PdML NCs show the best catalytic activity compared with
the reported Pd-based catalysts for the Cr(VI) conversion even if at
room temperature. These results prove Au@AuPd@PdML NCs is an
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effective catalyst in remediating Cr(VI)-induced environment problems.
Moreover, we hope that this study can inspire further understanding on
the structure-activity relationship of core–shell nanostructures to design
superior nanocatalysts from the viewpoint of interface construction.
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