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Herein, highly branched Pt@Ag core-shell nanoparticles (Pt@Ag NPs) were fabricated by a facile one-pot
wet-chemical approach, where poly(ethyleneimine) (PEI) served as structure-directing and capping
agents. Their structure, morphology and composition were mainly characterized by a set of techniques.
And their growth mechanism was discussed in some detail. The prepared catalyst exhibited remarkable
enhancement in catalytic activity of 4-nitrophenol (4-NP) reduction as a proof-of-concept application,
surpassing commercial Pt black and home-made Ag NPs catalysts. Also, the as-obtained catalyst showed
superior stability without sacrificing the catalytic activity. These observations endow the catalyst possi-
bility for practical applications in nitrophenols environmental remediation.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

As one of the most refractory pollutants, nitrophenols are
widely existed in environment, which can severely damage human
health, and endanger central nervous system, liver, kidney and
blood [1]. Most notably, 4-nitrophenol (4-NP) and its derivatives
are formed from the production processes of pesticides, herbicides
and synthetic dyes [2]. Hence, various methods have been devel-
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oped for transferring 4-NP to harmless products such as 4-
aminophenol (4-AP, which usually works as photographic devel-
oper, anticorrosion lubricant and intermediate for medicine),
including photodegradation [3], chemical reduction [4], biodegra-
dation [5], and solid-phase extraction [6]. Among these methods,
extensive attention was paid on catalyzing the hydrogenation of
4-NP to directly produce 4-AP by the aid of sodium borohydride
(NaBH,) [7]. Therefore, mild and economical catalysts are essential
to enhance the conversion efficiency in these researches.
Recently, noble metals (e.g. Au, Ag, and Pd) have gained sub-
stantial attention for 4-NP reduction [8]. For instance, Zhao et al.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2018.11.109&domain=pdf
https://doi.org/10.1016/j.jcis.2018.11.109
mailto:ajwang@zjnu.cn
https://doi.org/10.1016/j.jcis.2018.11.109
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

350 Z.-S. Lv et al./Journal of Colloid and Interface Science 538 (2019) 349-356

prepared Ag NPs on halloysite nanotubes for catalytic reduction of
4-NP [9]. Naik and his coworkers synthesized Ag NPs within the
pores of SBA-15 to catalytically reduce 4-NP efficiently [10]. These
examples verify Ag NPs as effective catalysts for 4-NP environmen-
tal remediation.

Unfortunately, Ag NPs tend to self-aggregate together because
of the high surface free energy, leading to obvious decrease of their
surface areas [11]. To improve the catalytic performance and sta-
bility, it is feasible to incorporate Ag NPs with another metal such
as Pt [12]. To this regard, bimetallic noble metals with alloy- [13],
core-shell [14] and hetero- [15] nanostructures have drawn signif-
icant interest, mainly due to the improved catalytic performances
in contrast with monometallic counterparts [16]. Among them,
core-shell structures are rich in defects and rough surfaces, which
would maximize the synergistic effects of the bimetals and eventu-
ally contribute to the catalytic characters [17,18]. For example,
reduced graphene oxide (RGO) supported hollow Ag@Pt core-
shell nanospheres (hAg@Pt-RGO) showed the improved electrocat-
alytic activity and durability toward ethylene glycol oxidation [19].

Many methods have been developed to synthesize bimetallic
core-shell architectures, including seeding growth [20], electroless
plating [21], and surface reduction [22]. Jiang’s group developed a
sequential deposition-reduction method to synthesize Au@Ag
core-shell particles on metal-organic frameworks [23]. Chen et al.
fabricated Ag/Pt core-shell crystals by depositing Pt over Ag col-
loidal seeds via a seed-growth method [24]. Unfortunately, the
aforementioned synthetic procedures are usually time-
consuming and complicated [25].

Poly(ethyleneimine) (PEI, Fig. S1, Supporting Information, SI)
has wide application in industry as water soluble polymer [26],
owing to its unique surface property and strong chelating ability
[27]. For example, Cu NPs were prepared with PEI as a protecting
agent [28]. In another case, PEI was adopted to attach Au seeds
onto magnetite particles, effectively preventing them from larger
aggregates [29].

In the present work, a facile PEl-assisted one-pot approach was
developed for constructing highly branched Pt@Ag core-shell
nanoparticles (Pt@Ag NPs) in the alkaline solution at room temper-
ature. Their catalytic performance was evaluated by utilizing the
catalytic reduction of 4-NP as a model system.

2. Experimental
2.1. Synthesis of highly branched Pt@Ag NPs

For typical fabrication of highly branched Pt@Ag NPs, 1.50 mL of
PEI (0.5%) was firstly dissolved into water, followed by sequentially
adding 1.00 mL of AgNOs solution (2 mM) and 0.52 mL of HyPtClg
solution (2 mM) under vigorous stirring at 25 °C. Afterwards, the
pH was adjusted to 10.0 with a freshly-prepared NaOH solution
(10 mM). Next, 0.10 mL of a hydrazine hydrate solution (0.1 M)
was dropwise injected into the above mixture, causing instant
color change from yellow to black. After reacting for 30 min at
room temperature, the final product was collected by centrifuga-
tion at 6000 rpm, and completely washed with water and ethanol,
finally drying under vacuum at 60 °C for 24 h.

For comparison, monometallic Ag NPs were prepared by only
using AgNOs as the precursor, while the other experimental condi-
tions were kept the same.

2.2. Catalytic reduction of 4-NP

The catalytic properties of the highly branched Pt@Ag NPs were
investigated by UV-visible (vis) spectroscopy via the conversion of
4-NP to 4-AP as a benchmarked model, using NaBH, as a reductant.

Typically, 2.70 mL of an aqueous 4-NP solution (0.10 mM) was
mixed with 030mL of a freshly-prepared NaBH, solution
(0.10 mM). It is observed that the mixture turns from light yellow
to bright yellow. Subsequently, after adding 0.05mL of the
obtained Pt@Ag NPs suspension (1.0 mg mL™!), the reaction was
immediately launched and the solution color vanished quickly.
The reduction progress was simultaneously monitored by UV-vis
spectroscopy. The absorption peak intensities at 400 nm decrease
as a function of the reaction time, which corresponds well to the
reduction of 4-NP [30]. For comparison, Ag NPs and commercial
Pt black were also used as the contrary catalysts under the identi-
cal conditions.

The recyclability of 4-NP was examined based on the previous
work [31]. In the recycling test, 0.50 mL of a 4-NP solution
(7mM) was sequentially mixed with 1.00 mL of water and
1.00 mL of a freshly-prepared NaBH, solution, followed by inject-
ing 0.05mL of the highly branched Pt@Ag NPs suspension
(1 mg mL™1). After the first cycle, another 0.05 mL of the 4-NP solu-
tion was added to the system again for next cycle.

More detailed information of Materials and Characterization
were offered in SI.

3. Results and discussion
3.1. Characterization

Transmission electron microscopy (TEM) was first employed to
investigate the morphology and structure of the typical product.
Fig. 1A and C displays the low- and medium-magnification TEM
images, which shows a lot of well-defined particles with good dis-
persion. Moreover, each particle contains a dark center and a gray
shell incorporating many highly branch-like structures. It confirms
the formation of the core-shell structure. Additionally, the particle
size is mainly located in the range of 100-200 nm, with a mean
size of 185.47 nm (Fig. 1B).

High-resolution TEM image of the sample exhibits many well-
defined lattice fringes. Furthermore, the lattice fringes taken from
the marked sections on the shells are very clear, highly ordered
and continuous, with a lattice spacing of 0.24 nm (Fig. 1E and F),
which well correspond to the (111) planes of Ag (JCPDS 04-
0783) [32]. These observations show the generation of the external
Ag shell and the inner Pt core, which are completely consistent
with the above TEM analysis. Moreover, the boundaries (Fig. 1E
and F) exhibit a wavy-like undulating structure, reflecting the rich
defects on the surface and low coordination atom steps [33]. The
atomic steps and structural defects show abundant active sites
available for catalysis [34].

The selected area electron diffraction (SAED, Fig. 1D) pattern
exhibits the diffraction rings from inner to outside, which are orig-
inated from the (111),(200),(220)and (31 1) planes of the fcc
structure, respectively, reflecting the polycrystalline character of
the synthesized Pt@Ag NPs.

High-angle annular dark-field scanning transmission electron
microscopy-energy dispersive spectroscopy (HAADF-STEM-EDS)
experiments were used to check the compositions and their distri-
bution (Fig. 2A-C) [35]. Notably, Pt atoms mainly emerge in the
inner section, while Ag atoms show up evenly around the bound-
aries. The line scanning profiles (Fig. 2D) further certify the forma-
tion of the core-shell frameworks. Additionally, the EDS analysis
validates that the atomic ratio of Ag against Pt is 48.80:51.20
(Fig. 2E), which is consistent with the ICP-MS analysis (49.67:
50.33).

X-ray diffraction (XRD) analysis was employed to investigate
the chemical composition and crystalline structure, using standard
XRD patterns of pure Ag and Pt as the references. Fig. 3 displays
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Fig. 1. Low- (A), medium- (C), and high-resolution (E, F) TEM images of highly branched Pt@Ag NPs. (B) and (D) show the particle-size distribution and SAED pattern,
respectively.
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Fig. 2. HAADF-STEM-EDS mappings (A-C) of highly branched Pt@Ag NPs. (D) Cross-sectional compositional line scanning profiles and (E) EDS spectrum. Inset in (E) shows
the elemental atomic ratios.

four strong diffraction peaks at 38.18°, 44.70°, 66.90°, and 80.85°, the weak shoulder peak located at near each main peak certifies

which are attributed to the (111), (200), (220), and (311) the appearance of the internal Pt core, further demonstrating the
planes of the face centered cubic (fcc) bulk Ag [36]. Meanwhile, formation of the core-shell Pt@Ag architectures [8].
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Fig. 3. XRD spectrum of highly branched Pt@Ag NPs. Standard XRD patterns of bulk
Pt (JCPDS-04-0802) and Ag (JCPDS-04-0783) were provided for comparison.

The chemical valence and composition are further verifies by X-
ray photoelectron spectroscopy (XPS) [37]. As seen from the high-
resolution Ag 3d XPS spectrum, there are two peaks located at
373.37 eV (Ag 3d3);) and 367.35 eV (Ag 3de2), belonging to metal-
lic Ag® (Fig. 4A). It reveals that the Ag precursor is completely
reduced to metallic Ag [38].

Meanwhile, the Pt XPS segment is mainly divided into two pairs
of peaks (Fig. 4B). Specifically, the stronger couple at 75.7 and
72.4 eV is ascribed to metallic Pt°, while the weaker one at 77.1
and 73.4 eV is attributed to PtO/Pt(OH), [39]. Based on the peak
areas, the atomic ratio of Pt°/Pt*>* is estimated to be 3.95:1.30,
and hence metallic Pt° is the predominant, indicating the complete
reduction of PtCI2~ in this synthesis [40]. By combining the calcu-
lation of the XPS data (Fig. 4), the atomic ratio of Ag against Pt is
estimated to be 54.04:45.96 on the surface, slightly higher than
that obtained from the EDS or ICP analysis, which might be
ascribed to the core-shell structures.

3.2. Formation mechanism of highly branched Pt@Ag NPs

Herein, series of controlled experiments were performed to
depict the formation mechanism of the highly branched Pt@Ag
NPs. As Fig. S2A (SI) illuminates, insufficient PEI (0.2%) induces
the formation of much aggregated particles with broad size-
distribution, very unlike the typical Pt@Ag NPs at 0.5% PEI
(Fig. 1). Alternatively, sufficient PEI yields small grains without
any specific morphology (e.g. 1.0% PEI, Fig. S2B, SI). These phenom-

ena demonstrate that PEI acts as a structure director to efficiently
tune the size and shape during the synthesis. It is mainly attributed
to the strong chelating ability and electrostatic interactions of PEI
with the metal salts [41].

Specifically, PEI has great impacts on the reduction potentials
(i.e. Ag* and PtClZ"), as depicted by linear sweep voltammetry
(LSV) curves (Fig. S3, SI). The reduction potentials of Ag'/Ag
(Fig. S3A, SI) and PtCIZ~/Pt (Fig. S3B, SI) are 0.541 V and 0.617 V
in the absence of PEI, respectively, while they have obvious posi-
tive shifts after the addition of PEI. What’s more, the reduction
potential of PtCI2~/Pt has the larger shift (0.888 V) alternative to
that of Ag*/Ag (0.592 V) under the identical conditions (Fig. S3C,
SI). It means that the PEI-PtClg~ complexes preferentially reduce
to form initial Pt cores in the system.

In order to deeply uncover the growth mechanism of Pt@Ag
NPs, the intermediates at different reaction time were collected
for investigation. Fig. S4 (SI) depicts the TEM images. At the reac-
tion time of 5 min (Fig. S4A (SI)), many small irregular particles
emerge. The heterogeneous pompon-like structures gradually
appear by extending the time to 15 min (Fig. S4B (SI)). By further
prolonging the time (i.e. 30 min), the well-defined core-shell parti-
cles with highly branch-like structures are generated (Fig. 1).

Taken together, Fig. 5 describes the formation mechanism of
highly branched Ag@Pt NPs. Firstly, the two precursors initially
complex with PEI in the aqueous system. After adding the hydra-
zine hydrate, the PEI-PtCI2~ complexes are preferentially reduced
to Pt atoms, which are stabilized by the adjacent PEI molecules.
Then, Pt atoms continuously transform to Pt nuclei to minimize
the overall surface free energy, thereby forming spherical Pt parti-
cles [42]. At the same time, PEI molecules would selectively adsorb
onto the (1 1 1) planes of Pt to guide the subsequent deposition of
the metallic crystals. Under the guidance of PEI for the oriented
growth, the reduction of the Ag precursor occurs and highly-
branched Ag shell appear around the Pt nuclei after complete con-
sumption of the Pt precursor, eventually forming highly branched
Pt@Ag NPs.

3.3. Catalytic performance of highly branched Pt@Ag NPs

Generally, it is common to examine the catalytic performances
of photocatalysts via the reduction of 4-NP to 4-AP as a model sys-
tem, with NaBH, behaved as a reducing agent [43]. More impres-
sively, the strong absorption peak at 316 nm shifts to 400 nm
after the addition of NaBH,4 in the aqueous system, due to the for-
mation of 4-nitrophenolate anions (Fig. 6A) [30]. Fig. 7 exhibits the
time-dependent UV-vis absorption spectra with the as-prepared
highly branched Pt@Ag NPs by using home-made Ag NPs and com-
mercial Pt black as the contrasts. As Fig. 7A displays, the peak
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Fig. 4. High-resolution (A) Ag 3d and (B) Pt 4f XPS spectra of the Pt@Ag NPs.
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Fig. 6. UV-vis absorption spectra (A) of 4-NP before and after the addition of NaBH,. The time-dependent UV-vis absorption spectra without any catalyst (B).

intensity of 4-NP at 400 nm significantly decreases in the presence
of the Pt@Ag NPs, along with the emergence of a new peak at
300 nm originated from 4-AP [4], reflecting the efficient transfor-
mation of 4-NP to 4-AP without any other by-product [44]. This
observation has much difference from that without any catalyst,
where the peak almost remains constant even by further extending
the reaction time (Fig. 6B), due to the failure of the reaction with-
out any catalyst.

Moreover, the reduction rate is dramatically facilitated by the
Pt@Ag NPs catalyst, which is finished within 8 min. This value is
much shorter than those of home-made Ag NPs (Fig. 7B, 20 min)
and commercial Pt black (Fig. 7C, 35 min) under the similar condi-
tions, reflecting the superior catalytic property of Pt@Ag NPs.
Besides, the reaction time is smaller than those of Ni NPs
(60 min) [45] and Au NPs-polyaniline (PANI) composite nano-
sphere (AuNPs@PANI, 20 min) [46]. The catalytic reduction mech-
anism of 4-NP on Pt@Ag NPs is described in Fig. 8.

Furthermore, the pseudo-first-order kinetics is usually adopted
to evaluate the rate constant for the catalytic reaction, because the
NaBH,4 concentration is much higher than that of 4-NP in the aque-
ous system [46]. The first-order rate constant (k) of 4-NP was cal-
culated by the following equation: —kt=In(C/Co)=1n(Ai/Ao),
where A; and Ag represent the absorbance at certain time and ini-
tial stage [30], respectively.

For direct comparison of the catalytic performances of the
investigated catalysts, linear plots were obtained of —In(A/Ao) ver-
sus (vs.) the reaction time. Clearly, the k is found to be 0.355 min~!
for Pt@Ag NPs (Fig. 7D), which is much greater than those of the
contrary Ag NPs (0.116 min~') and Pt black (0.047 min~') under
the same conditions, revealing significant enhancement in the cat-
alytic activity of Pt@Ag NPs relative to those of the referenced cat-
alysts. Additionally, this value is also much larger than those of Ag
nanoshell-coated cationic polystyrene beads (0.31 min~') [47], and
yolk-shell Au@C (4.8 x 10~*s71) [48].

Besides, turnover frequency (TOF) is another important param-
eter to assess the catalytic efficiency of a catalyst [49]. The TOF is
about 0.088 mol g~! min~! for Pt@Ag NPs, which is higher than
those of Ag NPs (0.035 mol g~! min~') and Pt black (0.02 mol g ! -
min~!). The higher k value and larger TOF demonstrate Pt@Ag NPs
as an efficient catalyst for reduction of 4-NP.

It is significant for a catalyst to explore its stability and recycla-
bility [50]. The obtained Pt@Ag NPs catalyst was reused in the recy-
cling test under the same operation conditions (Fig. 9). The catalyst
was recycled and reused for at least five cycles in the test. The con-
version efficiency almost remains constant, outperforming those of
AuPd NPs and Pt-Ni/RGO nanocatalyst [8,30]. Moreover, the mor-
phology of the catalyst was almost unchanged even after five
cycles (Fig. S5, SI). These phenomena strongly prove the good sta-
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bility and acceptable recyclability of the as-prepared catalyst in
this research.

The superior catalytic characters of the Pt@Ag NPs catalyst are
mainly attributed to the following three aspects: (1) Pt and Ag play
the synergistic roles in the catalytic reaction. (2) PEI acts as the
structure director that can efficiently prevent Pt@Ag NPs from
large aggregates, ultimately modulating their size and shape. (3)
The specific core-shell structures provide enriched defects and
rough surfaces easily available for 4-NP reduction.

4. Conclusions

In summary, we have developed a simple one-pot wet-chemical
strategy for synthesizing highly branched Pt@Ag NPs in the alka-
line system, where PEI behaved as the structure-directing agent.
In contrast with the contrary catalysts, the fabricated Pt@Ag NPs
exhibited dramatically improved catalytic activity, superior stabil-
ity and recyclability for reducing 4-NP under the similar circum-
stance. The as-synthesized catalyst has potential applications in
catalysis and the developed method can be extended for preparing
novel bimetallic nanocatalysts.
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