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Ni(0) nanoparticles (NPs) are unstable and tend to aggregate in water, which poses a considerable challenge in their catalytic application. To overcome these drawbacks, integrated Ni-noble metal bimetallic
NPs with a hollow-structured support are expected to enhance performances in heterogeneous catalysis.
Herein, we present a simple approach for facile fabrication of Ni NPs embedded in a carbon layer on raspberry-like SiO2 hollow nanocages with a hydrophobic surface (SiO2@C-Ni). Owing to the high aﬃnity
between Ni and histine-rich protein, the resultant raspberry-like SiO2@C-Ni composites exhibit good performance in the adsorption of His-rich protein. Moreover, by the galvanic replacement reaction between
Ni and Pd2+, hollow structured SiO2@C-PdNi composites are easily obtained, while endowing the
SiO2@C-PdNi composites with a hydrophilic surface, greatly beneﬁcial for the catalysis reaction in the
aqueous phase. More attractively, the synthetic strategy could be extended to the synthesis of other NiReceived 20th May 2020,
Accepted 9th July 2020

based bimetallic alloy NPs, such as SiO2@C-AgNi and SiO2@C-AuNi composites. This work highlights the
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superiority of transition metal ion mediated RF chemistry, the sol–gel process and emulsiﬁer-free
polymerization in the ingenious design of hollow structured materials embedded with well-dispersed
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metal alloy NPs.

Introduction
Recently, much attention has been paid to the catalytic applications of noble metal nanoparticles (NPs) due to their high
catalytic activity.1–5 However, small noble metal NPs tend to
easily aggregate due to their large surface area to volume ratio,
a

College of Chemistry and Chemical Enginerring, Shanghai University of Engineering
Science, Shanghai 201620, PR China. E-mail: zhangmin@sues.edu.cn
b
School of Chemistry and Pharmaceutical Engineering, Qilu University of Technology
(Shandong Academy of Sciences), Jinan 250353, China. E-mail: lbliu@qlu.edu.cn
c
Institute of Plasma Physics, Chinese Academy of Sciences, P.O. Box 1126,
230031 Hefei, PR China
d
School of Food and Biological Engineering, Key Laboratory of Metabolism and
Regulation for Major Diseases of Anhui Higher Education Institutes, Hefei University
of Technology, Hefei, 230009, PR China. E-mail: fql.good@hfut.edu.cn
† Electronic supplementary information (ESI) available: Fig. S1: the SEM image
of CPS@SiO2 with the amount of CPS 25 mg (a and b), 100 mg (c and d), 150 mg
(e and f ). Scale bars: 300 nm in (a, c and e), and 500 nm in (b, d and f ); Fig. S2:
XRD diﬀraction patterns of CPS (a); CPS@SiO2 (b) and CPS@SiO2@RF-Ni2+ (c);
Fig. S3: Photographs of water droplets on the surfaces of CPS@SiO2@RF-Ni2+ (a,
b and c), SiO2@C–Ni (d, e and f ) and SiO2@C-PdNi (g, h and i); Fig. S4 (a and c):
TEM images of SiO2@C–Ni and SiO2@C-PdNi respectively; (b and d) the distribution curve of Ni NP diameter (b, SiO2@C–Ni and d, SiO2@C-PdNi); Scale bars:
200 nm in (a and c); Fig. S5: enlarged XRD diﬀraction patterns of SiO2@C–Ni(a)
and SiO2@C-PdNi (b); Fig. S6: SEM images of SiO2@C-PdNi (1 mg); Fig. S7: XRD
diﬀraction patterns of SiO2@C-PdNi(10 mg); Fig. S5: SEM and TEM images of
SiO2@C-PdNi(10 mg). Scale bars: 1 µm in (a), and 200 nm in (b) and etc. See
DOI: 10.1039/d0qi00596g

This journal is © the Partner Organisations 2020

which reduces the active site and is harmful to catalytic applications. Moreover, the high cost of noble metal NPs greatly
limits their practical application. Alloying a parent noble metal
with a non-precious metal provides a better alternative to
improve the catalytic performance and minimize the usage of
noble metals.
Transition metals, such as Cu, Co, and Ni, are also widely
used as heterogeneous reduction non-precious metal
catalysts.6–8 In particular, nickel, as one of the most widely
used elements in metal based catalysts, has recently attracted
growing attention, due to its low cost, magnetic properties and
excellent catalytic activities.9–11 Furthermore, Ni is also known
for its high alloying eﬃciency with all noble metals, which
makes it easier to develop a wide range of composition dependent bimetallic Ni systems for diversified catalytic applications. Recently, there are many reports on the facile synthesis of bimetallic Ni systems, which have shown the potential to replace expensive noble metal catalysts in terms of catalytic activity and stability.12–15 However, these bimetallic NPs
were often aggregated together during the synthesis and application in catalysis. This resulted in their low catalytic activity
and stability. To resolve these issues, anchoring bimetallic NPs
on an appropriate support may be a good strategy.
Hollow nanostructures have attracted growing attention
owing to their unique properties that are related to the hollow
morphology. Some intrinsic features of hollow nanostructures,
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such as low eﬀective density, high specific surface area, and
abundant internal void space, have been used in many fields,
such as biomedicine, batteries, chemical sensors, and
catalysts.16–19 In the past few decades, numerous methods
have been developed to synthesize hollow nanostructures of
many materials including template-assisted,20,21 selective
etching,22,23 Ostwald ripening,24 and Kirkendall eﬀects.25
Recently, hollow structures are envisaged to serve as hosts for
catalysts to enhance their catalytic activity and stability.26,27
Nevertheless, metal alloy NPs supported by hollow structured
materials have been rarely reported owing to the complicated
fabrication processes with harsh reaction conditions and/or
the use of expensive additives. For instance, Wang et al.28 presented a simple approach for facile fabrication of Pd–Cu alloy
NPs embedded in hollow octahedral N-doped porous carbon
(Pd–Cu@HONPC). The resultant Pd–Cu@HONPC exhibits
high catalytic activity, selectivity, stability and recyclability in
the aerobic oxidation of hydrocarbons. However, most of them
cannot be easily separated from the reaction media, greatly
limiting their application in recycling. Thus, it is still highly
desired to integrate bimetallic Ni alloy NPs with hollow structured materials for further improving the catalytic performance and recycle ability of the bimetallic Ni alloys.
Considering all of the above, in this work, for the first time,
we reported a facile and general strategy for synthesis of
hollow SiO2@C-PdNi composites. A simple emulsifier-free
polymerization was employed to prepare carboxyl-functionalized PS (CPS), which were subsequently used as a template for
loading SiO2 NPs to form raspberry-like CPS@SiO2. A thin
layer of nickel ion doped resin-formaldehyde (RF-Ni2+) was
then coated on CPS@SiO2 via an extended Stöber method.
Followed by carbonization under a nitrogen atmosphere and
the subsequent galvanic replacement reaction, bimetallic
SiO2@C-PdNi with hollow structures was harvested for the
catalytic application. The composite shows the following
several advantages: (1) the CPS removal, RF carbonization and
the formation of Ni nanoparticles are all achieved within onestep carbonization process, which greatly facilitates the synthetic procedure. (2) The raspberry-like hollow structure has a
large specific surface area, which can provide more active sites
for catalysis. (3) The galvanic replacement reaction between Ni
NPs and palladium ions can not only enhance the catalysis
activity, but also can change the surface properties of the
material from hydrophobic to hydrophilic, which is beneficial
for the aqueous phase reaction. As expected, the as-prepared
SiO2@C-PdNi served as a good catalyst for the 4-nitrophenol
reduction and it exhibits superior catalytic activity and cycling
stability.

Experimental
Materials
Styrene (St), acrylic acid (AA), potassium persulfate (KPS), and
ammonium hydroxide (NH3H2O, 25–28%) were of analytical
grade and purchased from shanghai chemical reagent
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company. Tetraethoxysilane (TEOS, 95%) and nickel chloride
six hydrate (NiCl2·6H2O) were obtained from the Alfa Aesar
Chemical Company. Resorcinol and formaldehyde solution
(37–40%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Deionized (DI) water and ethanol were used for all
analytical grade experiments. Bovine hemoglobin (BHb) and
bovine serum albumin (BSA) were purchased from Shanghai
Lanji Co. Ltd (Shanghai, China).
Synthesis of carboxyl-functionalized PS (CPS) particles
CPS NPs were synthesized by a facile emulsifier-free polymerization.29 In detail, 90 mL of DI water was added to a flask with
mechanical stirring for 30 min under the protection of nitrogen. Then, St (10.0 g) and AA (1.0 g) monomer were added into
the flask. Next, the flask was heated at 75 °C in a water bath
and the mixture was kept stirring. Subsequently, 5 mL of DI
water containing 100 mg of potassium persulfate (KPS) was
added to the flask. Finally, the mixture solution reacted for
20 h. After cooling to room temperature, the products were
harvested by centrifugation, and washing with ethanol three
times.
Synthesis of CPS@SiO2
SiO2 was coated on CPS with an extended Stöber method.7,30
Typically, the as-prepared CPS was dispersed into a mixed
solvent of DI water (10 mL) and ethanol (90 mL), followed by
adding 3 mL of NH3·H2O and 0.3 mL TEOS. The reaction was
continued for 17 h at room temperature. The resulting
CPS@SiO2 particles were collected, washed several times
with ethanol by centrifugation, and finally air-dried at 50 °C
for 12 h.
Synthesis of CPS@SiO2@RF-Ni2+
50 mg of as-prepared CPS@SiO2 was dispersed into a mixture
of 50 mL ethanol–water (volume ratio = 9 : 1), and then 2 mL of
28–30% NH3·H2O was added. 20 mg resorcinol and 80 mg
NiCl2·6H2O were dispersed in 2 mL of ethanol and 1 mL of deionized water, and then added to the above solution. After
adding 0.28 mL of formaldehyde, the obtained mixture was
sonicated for 7 h. Then, the products were harvested by centrifugation, washed with deionized water and ethanol and
dried at 50 °C overnight to attain CPS@SiO2@RF-Ni2+.
Synthesis of SiO2@C-Ni and SiO2@C-PdNi
The obtained CPS@SiO2@RF-Ni2+ was carbonized under an N2
atmosphere at 500 °C for 5 h to obtain SiO2@C-Ni composites.
Subsequently, in a typical synthesis, 0.02 g of the as-prepared
SiO2@C-Ni was initially dispersed in 10 mL of ethanol to form
a uniform suspension via ultrasonication. Then, 35 mL of
aqueous solution containing 3 mg PdCl2 was added. Then,
this reaction solution was transferred into a 100 mL threenecked flask with mechanical stirring and heated at 65 °C for
3 h. After cooling, the product (SiO2@C-PdNi) was collected by
centrifugation and washed with water and ethanol several
times before drying at 50 °C overnight.
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Characterization

Selective adsorption and real sample analysis

The morphology of the products was characterized by scanning
electron microscopy (SEM, JEOL-4800) and transmission electron microscopy (TEM, JEOL JSM-6700 M). The crystal structure of the sample at diﬀerent stages was characterized by
using X-ray diﬀraction (XRD, BRUKER D2 PHASER with Cu K
radiation). The chemical composition of SiO2@C-Ni and
SiO2@C-PdNi was analyzed by X-ray photoelectron spectroscopy (XPS) measurements on a VGES-CALAB MKII X-ray
photoelectron spectrometer. The magnetic performance of the
SiO2@C-Ni and SiO2@C-PdNi samples was analysed by vibrating sample magnetometry (VSM, MicroSense EV7) at room
temperature. The specific surface area of SiO2@C-Ni and
SiO2@C-PdNi was analysed by the Brunauer–Emmett–Teller
(BET) method.

In order to study the selectivity of SiO2@C-Ni and explore its
practical application in real samples, a protein mixture of BHb
and BSA, and diluted human blood were treated with
SiO2@C-Ni composites. 5 mg of SiO2@C-Ni was vortex-mixed
for 3 h with 4 mL of BSA/BHb binary solution (1 mg mL−1) and
100-diluted human whole blood, respectively. Then, the adsorbent–protein conjugates were isolated by magnetic separation
and the supernatants were collected. Next, the above adsorbents were eluted with 2-methylimidazole (0.2 g mL−1) for 4 h
and the supernatants were collected by magnetic separation.
Finally, all the supernatants were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
respectively.

Catalytic reaction

Results and discussion

The reduction of 4-nitrophenol (4-NP) was carried out in a
quartz cuvette at room temperature. 0.2 mg of the as-prepared
catalysts was added into a solution with 4-NP (10 mL,
0.1 mmol L−1). Then, 10 mg of NaBH4 was added. The reaction
progress was monitored by using a UV-vis absorption spectrometer (UV-2450, Shimadzu) in the scanning range of
250–550 nm at room temperature. For the recycling tests, the
used catalysts were collected via centrifugation and then
washed with absolute ethanol twice.
Isothermal adsorption of the BHb protein
The adsorption capacities of SiO2@C-Ni at room temperature
were measured using the following procedure. All sample solutions were prepared in 20 mM phosphate buﬀered solution
(PBS) ( pH = 7.0–8.0). A BHb protein solution having a concentration of 0.4 mg mL−1 was prepared and then diluted with
PBS solution to obtain a series of working solutions with
diﬀerent concentrations (0.025 mg mL−1 to 0.4 mg mL−1).
Then, 1 mg of SiO2@C-Ni was vortex-mixed for 10 min with
4 mL of BHb solution at diﬀerent concentrations ranging from
0.025 to 0.4 mg mL−1 in a centrifuge tube and shaken for
3 hours. After magnetic separation, the concentrations of BHb
in the initial solution and supernatant were tested using a
UV-vis spectrometer. The equilibrium adsorption capacity
(Qe, mg g−1) was calculated according to the following formula
(eqn (1)):
Qe ¼

ðCo  Ce Þ
V
m

A schematic illustration of the synthetic route is shown in
Fig. 1 for the fabrication of SiO2@C-PdNi hollow spheres.
First, the functionalized carboxyl polystyrene sphere (CPS)
microspheres were synthesized through emulsifier-free
polymerization as templates. Fig. 2(a and b) show the SEM and
TEM images of the CPS. The surface of these microspheres is
smooth and the particle diameter is about 300 nm, which
makes them suitable for a hard template. Then raspberry-like
CPS@SiO2 was formed via a sol–gel reaction process. It is well
known that the hydrolyzed TEOS molecule shows negative
charge in the base-catalyzed hydrolysis process.31,32 In
addition, the carboxyl-functionalized PS spheres show negative
charge in an alkaline environment. Due to the electrostatic
repulsion between the hydrolyzed TEOS molecules and the
COO– groups, silica particles cannot nucleate and grow on the
CPS surface. When ammonia solution was used as a base catalyst, the protonated NH4+ can be assembled on the surface of
CPS via electrostatic interactions. The hydrolyzed TEOS mole-

ð1Þ

where Co is the initial concentration of protein (mg mL−1), Ce
is the protein concentration in the supernatant (mg mL−1), V
is the volume of protein solution (mL) and m is the weight of
the adsorbent. The Langmuir adsorption model (eqn (2)):
Qe ¼

Qm Co
ðKd þ Co Þ

ð2Þ

where Qm and Kd are the saturated capacity (mg g−1) and the
decomposition rate in the Langmuir model, respectively.
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Fig. 1 Schematic illustration of the process used for the synthesis of
SiO2@C-PdNi.
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Fig. 2 SEM and TEM images of CPS (a and b), CPS@SiO2 (c and d) and
CPS@SiO2@RF-Ni2+ (e and f ). Scale bars: 1 µm in (a, c and e), and
200 nm in (b, d and f ).

cules nucleate at the CPS surface via weak acid–base interactions (COO−/NH4+/SiO−) which can diﬀuse toward the nucleating sites and the silica particles can grow up gradually. Thus,
raspberry-like CPS@SiO2 particles can be prepared using
ammonia solution.33,34 As shown in Fig. 2c, compared with
the bare CPS, their surface roughness has increased obviously
due to the existence of a lot of silica particles with a diameter
about 50 nm. As can be seen from Fig. 2d, the dark dots dispersed on the composite microspheres prove that a lot of silica
particles have been anchored on the surface of CPS through
the sol–gel process. The weight ratio of the CPS precursor and
TEOS plays a vital role in tuning the structure and morphology
of CPS@SiO2.
In this strategy, a series of control experiments were carried
out by fixing the amount of TEOS (0.3 mL) while changing the
weight of CPS. Fig. S1† presents the SEM results of CPS@SiO2
hybrids at diﬀerent amounts of CPS. When decreased the
amount of CPS from 50 mg to 25 mg, the density of the
surface SiO2 particles was significantly increased. As the CPS
amount was increased to 100 mg, the particle size and density
of the surface SiO2 particles were slightly reduced. When the
amount of CPS is further increased to 150 mg, the particle size
and density of the surface SiO2 particles are drastically
reduced. SEM analyses show that when the amount of CPS was
25 mg and 100 mg, the resultant products have a similar morphology to CPS@SiO2 synthesized with 50 mg CPS. However,
when the added weight of CPS exceeded 150 mg, the rasp-
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berry-like CPS@SiO2 is not observed. This indicates that
uniform CPS@SiO2 could not be formed if the added weight of
CPS exceeded 150 mg while fixing the amount of TEOS. To
obtain high-quality CPS@SiO2 raspberry-like hybrids, the CPS
with an amount of 50 mg was selected. Next, the RF-Ni2+
complex was coated on the CPS@SiO2 composite with an
extended Stöber method. Fig. 2e presents the SEM image of
the RF-Ni2+ coated raspberry like CPS@SiO2. Although we
could still see small particles decorated on the surface of
CPS@SiO2, they become flat and the diameter of the composites was increased to 380 nm, illustrating that a layer of
RF-Ni2+ was covered on the surface of the raspberry-like
CPS@SiO2. Compared with Fig. 2d, we could see from Fig. 2f
that a thin layer of the polymer with a non-uniform thickness
is coated on the surface and the contrast ratio between the
silica particles and CPS becomes smaller. The XRD patterns of
the CPS, CPS@SiO2, and CPS@SiO2@PDA-Ni2+ are also shown
in Fig. S2.† No obvious peaks were observed, indicating that
the above composites were amorphous.
Then, the SiO2@C-Ni hollow composites were converted
from CPS@SiO2@RF-Ni2+ microspheres through pyrolysis
under an inert atmosphere without using any extra reductant.
During the subsequent annealing treatment under a nitrogen
atmosphere, Ni NPs were incorporated into the carbon shell
derived from RF after carbonization, forming SiO2@C-Ni composites with hollow structures (Fig. 3A(a and b)). As shown in
Fig. 3A(a), SiO2@C-Ni still maintains its well-dispersed morphology and relatively uniform dense-like nanospheres.
Notably, there is no structural deformation or shell breakage
to be found for these hollow nanospheres. Interestingly,
Fig. 3A(b) shows that there are numerous Ni nanoparticles on
the surface of a hollow structure with a cavity size of ∼290 nm,
and the thickness of the outer hybrid shell is approximately
55 nm. Since calcination at high temperature will remove most
of the –OH groups on the RF-Ni2+ surface, the calcined
samples have poor dispersity in water, which is consistent
with our experimental observations (see the image in Fig. S3†).
The water contact angle measurement of carbonized
CPS@SiO2@RF-Ni2+ indicated that SiO2@C-Ni was superhydrophobic (θ > 150°) due to the formation of a rougher carbon
surface with plenty of Ni NPs.
Recently, Co NPs synthesized from Co-MOFs were used to
reduce an aqueous Pd(NO3)2 via the galvanic replacement reaction, forming C@CoPd alloys.15 Inspired by this research, Pd2+
was reduced to Pd0 (by the galvanic displacement reaction: Ni0
+ Pd2+ → Ni2+ + Pd0) and deposited on the surface of Ni NPs,
when SiO2@C-Ni and PdCl2 were mixed in an aqueous
medium, forming a novel SiO2@C-PdNi core–shell nanomaterial via a spontaneously galvanic replacement reaction.
The galvanic replacement reaction between Ni NPs and Pd
ions significantly enhanced surface charges, ensuring better
dispersity of the as-prepared composites in water, as evidenced
by the water contact angle measurement after replacing
(Fig. S3†). It is well known that the surface wettability is a very
important factor for catalysts as the catalysis reduction was
carried out in aqueous solution. The as-prepared
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Fig. 4 Elemental mapping of SiO2@C-PdNi. (a) TEM image of an individual SiO2@C-PdNi and elemental mapping of Si (b), O (c), C(d), Ni (e),
Pd (f ) and N (g).

Fig. 3 (A) SEM and TEM images of SiO2@C-Ni (a and b) and
SiO2@C-PdNi (c and d). Scale bars: 1 µm in (a and c), and 200 nm in (b
and d). (B) XRD diﬀraction patterns of SiO2@C-Ni(a) and SiO2@C-PdNi
(b).

SiO2@C-PdNi composites with high water dispersity are therefore great candidates for such applications (see the image in
Fig. S3†). As observed in Fig. 3A(c and d), SiO2@C-PdNi retains
a similar size (∼380 nm) and shape (spherical) to the
SiO2@C-Ni precursors. Moreover, the size of Ni NPs remained
basically unchanged after the replacement reaction, which
indicates that the materials prepared in our work have structural advantages in dispersing Ni (Fig. S4 and Table S1†).
Fig. 3B shows the XRD patterns for hollow structured
SiO2@C-Ni, and SiO2@C-PdNi. It can be seen that Fig. 3B(a)
presents three sharp peaks, which can be attributed to the
(111), (200), and (220) faces of the Ni crystal, indicating the formation of metal Ni particles during the carbonization process
under a nitrogen atmosphere (JCPDS no. 04-0850). After reaction with PdCl2, the characteristic peaks associated with metallic Pd within SiO2@C-PdNi (Fig. 3B-b) were observed clearly
except for the diﬀraction peaks of cubic Ni.35 However, the
peak intensity of Ni is greatly lowered, revealing that the size
of Ni NPs was also decreased owing to the galvanic displacement reaction between Pd2+ and Ni. Moreover, it can be found
that the characteristic peak of nickel has a slight shift in comparison with that of SiO2@C-Ni, which indicates that the palladium atom is doped into the nickel NPs (Fig. S5†). Meanwhile,
to further demonstrate the formation of SiO2@C-PdNi, the

This journal is © the Partner Organisations 2020

energy-dispersive spectroscopy (EDS) mapping of SiO2@C-PdNi
was employed. As shown in Fig. 4, all of the Si, O, C, Ni, Pd,
N elements are almost superimposed on the carbon
skeleton, which further illustrates the successful synthesis of
SiO2@C-PdNi. Furthermore, most of the distribution areas and
dispersion of Pd and Ni elements are overlapped, which
further illustrates the formation of PdNi alloys. Notably, some
large Pd NPs can be observed in the TEM image and element
map of palladium, which can be attributed to excessive palladium ions being reduced by the carbon layer. The excessive
large Pd NPs can be avoided by reducing the amount of PdCl2.
For example, when PdCl2 was decreased to 1 mg, the NiPd NPs
on the surface of the product are evenly distributed, as shown
in Fig. S6.† No extra large Pd NPs were found. Therefore, the
dispersion of Pd NPs can be improved by reducing the amount
of PdCl2. It is worth noting that when the amount of PdCl2
was increased to 10 mg, the characteristic peak of nickel will
no longer exist (Fig. S7†). The main reason was ascribed to the
excessive Pd2+, which increases the intensity of the diﬀraction
peak of Pd and masks the peak of nickel. Fig. S8† shows that
the palladium particles are particularly large, which is consistent with the results of XRD.
Notably, other noble metals can also be reduced by this
method to form alloys such as AgNi and AuNi (see the ESI† for
the detailed synthetic processes). The SEM images of the resultant product are shown in Fig. S9.† The SEM images clearly
indicate that the carbon-confined metallic Ag or Au NPs with a
narrow size distribution are homogeneously flatted on the
carbon nanocages. Fig. S10† shows the XRD analysis of the
prepared SiO2@C-AgNi and SiO2@C-AuNi. It proved that the
SiO2@C-AgNi and SiO2@C-AuNi composites with hollow structures were successfully synthesized. The water contact angle
measurement of SiO2@C-AgNi and SiO2@C-AuNi composites
further proves that they are hydrophilic (Fig. S11†), which are
highly desired in catalysis in aqueous solution.
The Raman spectral analysis of the obtained samples was
performed to confirm the presence of carbon. Fig. 5A demonstrates two distinct bands in the Raman spectrum appearing at
around 1360 cm−1 (D band) and 1590 cm−1 (G-band).6 The D
band is generally related to the vibrations of SP3 hybridized
carbon and defects in plane terminations, and the G band is
associated with the vibrations of SP2-bonded ordered graphitic
carbon atoms.36 The ratio of the intensities of D-band to
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Fig. 5 (A) Raman spectra of SiO2@C-Ni (a) and SiO2@C-PdNi (b); XPS
spectra of SiO2@C-Ni (a) and SiO2@C-PdNi (b): (B) full scan, (C) Pd 3d of
SiO2@C-PdNi, (D)Ni 2p of SiO2@C-PdNi.

Fig. 6 N2 adsorption–desorption isotherms and the pore size distribution curve of SiO2@C-Ni (A), and SiO2@C-PdNi (B). Magnetic hysteresis curves of SiO2@C-Ni (C) and SiO2@C-PdNi (D).

G-band (ID/IG) for SiO2@C-Ni and SiO2@C-PdNi is 0.848 and
0.857, respectively. The ID/IG values increase after loading Pd
nanoparticles, demonstrating more defects of SiO2@C-PdNi.35
The surface chemical states of nickel and palladium doping in
SiO2@C-Ni and SiO2@C-PdNi were further investigated by
X-ray photoelectron spectroscopy (XPS). Both of them show
similar element peaks, except for Pd of SiO2@C-PdNi in
Fig. 5B. Furthermore, the XPS peak-diﬀerentation-imitating
was conducted to understand the value states of Pd and Ni
elements of SiO2@C-PdNi. The XPS spectra of Pd 3d (Fig. 5C)
present two doublet peaks, corresponding to spin-orbit splitting of Pd 3d5/2 and Pd 3d3/2 for two types of Pd species. The
stronger peaks at 335.7 and 341.1 eV for Pd 3d5/2 and Pd 3d3/2
are from metallic Pd0, and that with a relatively low intensity at
337.0 and 342.3 eV can be assigned to Pd2+, which might be
the formation of Pd–O or Pd–N bonds on the surface of the
catalyst.14,37,38 And the deconvoluted spectra of Ni 2p (Fig. 5D)
also exhibit two similar spin–orbit doublets for Ni2+ at 855.9
and 873.8 eV, each one accompanied by a satellite peak at
861.6 and 879.9 eV, respectively. The peaks at a binding energy
of about 852.6 eV and one satellite at 853.2 eV are observed,
revealing that the metallic nickel with zero valent state existed
in the composites.6,39,40 The above results indicated that
SiO2@C-PdNi magnetic hollow composites were successfully
synthesized.
The surface area and porosity were further investigated
based on the N2 adsorption–desorption isotherm. As seen in
Fig. 6A and B, the adsorption isotherm of all the samples combines the characteristics of type IV isotherms, indicating the
presence of mesoporous pores.41,42 The large number of mesoporous structures can provide more surface area to enhance
the accessibility of the reaction substrates to the SiO2@C-Ni
and SiO2@C-PdNi. The BET surface area of SiO2@C-PdNi is
calculated to be 173.49 m2 g−1, which is smaller than that of
SiO2@C-Ni (198.18 m2 g−1) (Fig. 6A and B). The surface area

and pore volume of SiO2@C-Ni are larger than those of
SiO2@C-PdNi, probably because of the Pd NPs inside the
SiO2@C-Ni, occupying a certain space. As depicted in Fig. 6C
and D, we performed magnetic measurements of SiO2@C-Ni
and SiO2@C-PdNi at room temperature. The VSM curves
show that SiO2@C-Ni has a saturation magnetization of
approximately 7.71 emu g−1, which is higher than that of
SiO2@C-PdNi (4.63 emu g−1). The decreased saturation magnetization of SiO2@C-PdNi is partly attributed to that metallic
nickel is replaced by divalent nickel after the galvanic replacement reaction. In addition, the coercivities (Hc) and remanent
magnetizations (Mr) of SiO2@C-Ni and SiO2@C-PdNi are
derived to be 88.00 Oe/2.90 emu g−1 for SiO2@C-Ni and 79.64
Oe/1.62 emu g−1 for SiO2@C-PdNi (see the inset of Fig. 6C and
D). The decrease of Hc is because metallic nickel is replaced
by divalent nickel. The magnetic properties provided for Ni
NPs are significant for the catalyst to be recycled from the reaction mixture solution.
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Catalytic activity of SiO2@C-Ni and SiO2@C-PdNi
To evaluate the catalytic activity of the as-synthesized
SiO2@C-Ni and SiO2@C-PdNi nanospheres, the reduction of
4-nitrophenol (4-NP) with an excess amount of NaBH4 is
employed as a model reaction. As shown in Fig. 7a, the adsorption peak of 4-NP is red-shifted from 317 to 400 nm immediately upon the addition of NaBH4 solution which corresponds
to a color change from light yellow to yellow green, due to the
formation of the 4-nitrophenolate ion under alkaline conditions.43 After the reduction is completed, the reaction
aqueous solution becomes colorless and the absorbance peak
centered at 300 nm which is assigned to 4-aminophenol
(4-AP). The UV-vis spectra show an isosbestic point at 313 nm
(Fig. 7b and c), suggesting that the catalytic reduction of 4-NP
gives only 4-AP without a by-product.44 Fig. 7b and c show the
absorbance vs. reaction time plots towards 4-NP reduction

This journal is © the Partner Organisations 2020

View Article Online

Published on 10 July 2020. Downloaded by University of Science and Technology of China on 10/29/2020 1:49:56 AM.

Inorganic Chemistry Frontiers

Fig. 7 (a) UV-vis spectrum changes of the reaction mixture in the catalysis progress; (b) UV-vis spectra of the SiO2@C-Ni sample catalysing
4-NP to 4-AP developed at diﬀerent reaction times; (c) UV-vis spectra of
the SiO2@C-PdNi sample catalysing 4-NP to 4-AP developed at diﬀerent
reaction times; (d) plot of ln(C/C0) against the reaction time of 4-NP
reduction over 0.2 mg SiO2@C-Ni sample (green line), and 0.2 mg
SiO2@C-PdNi sample (blue line) respectively.

using diﬀerent catalysts. After addition of the as-prepared
SiO2@C-Ni, the absorption intensity of 4-NP at 400 nm
decreased rapidly within 18 minutes and a new peak occurred
at around 300 nm due to the formation of 4-aminophenol, as
shown in Fig. 7b. Similar types of absorption spectra with
SiO2@C-PdNi were also found within 8 minutes as shown in
Fig. 7c. The reduction rate can be assumed to be independent
of NaBH4 because of the presence of a high concentration of
NaBH4 solution compared to 4-NP (CNaBH4/C4-NP = 264); it can
be regarded as a constant throughout the whole reduction
process. Thus, the pseudo-first-order rate kinetics with respect
to 4-NP concentration could be used to evaluate the catalytic
rate, which is written as ln(C/C0) = −kt, where k is the apparent
rate constant, t is the reaction time; C and C0 are the concentrations of 4-NP at time t and 0 respectively. Fig. 7d displays
the linear relationship of the 400 nm peak depletion by
measuring UV-vis absorption recorded at diﬀerent times. The
rate constant K is 1.79 × 10−3 and 4.56 × 10−3 s−1 for
SiO2@C-Ni and SiO2@C-PdNi, respectively. However, the rate
constant K is not entirely reasonable for comparing diﬀerent
catalysts due to the direct eﬀect of the catalyst concentration
on the rate constant. Therefore, the activity parameter κ which
is defined as the ratio of k (the rate constant) to the loading
amounts of catalysts was introduced, which provides strong
evidence on comparing the reaction speeds of the diﬀerent
supported catalysts for diﬀerent loading amounts.45 Based on
the ICP data, as shown in Table S2,† the κ value of SiO2@C-Ni
and SiO2@C-PdNi was calculated to be 62.33 × 10−3 and
244.42 × 10−3 mg−1 s−1, respectively. The results clearly
demonstrate that all the as-prepared samples exhibit excellent
catalytic activities. In particular, SiO2@C-PdNi is a more
eﬃcient catalyst than SiO2@C-Ni. The reason may be attribu-
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ted to the higher catalytic activity of palladium. There may be
two reasons for this, one is that the catalytic activity of palladium is higher than that of nickel, and the other is that the
doping of the Pd atoms made the material hydrophilic, which
was also beneficial for the catalytic reaction. Additionally, a
full comparison of our as-prepared catalysts and other related
catalysts is summarized in Table S3.† From the comparison it
can be seen that the catalytic activity of SiO2@C-PdNi is much
higher than those of most of the other catalysts, revealing a
higher catalytic activity.46–53
In addition, the reusability and stability for SiO2@C-Ni and
SiO2@C-PdNi were examined in the reduction of 4-NP. After
the reaction, the nanocatalysts were separated from the reaction mixture by centrifugation and washed with ethanol, and
reused for the next run under the same conditions. The result
demonstrated that the activity of the SiO2@C-Ni and
SiO2@C-PdNi catalysts for the reduction processes was durable
in the following catalytic cycles (shown in Fig. S12†), indicating that the prepared SiO2@C-Ni and SiO2@C-PdNi catalysts
possess high stability. Notably, the SEM image shows that the
shape of the used SiO2@C-Ni and SiO2@C-PdNi sample
remained almost unchanged after five cycles (Fig. S13†).
Therefore high stability under the reaction conditions
enables the recyclability of the as-fabricated SiO2@C-Ni and
SiO2@C-PdNi.
In order to further illustrate the general applicability of the
prepared nanocatalyst, the reduction of methylene blue (MB)
by NaBH4 was also carried out in the presence of both catalysts
(experimental details are shown in the ESI†). As shown in
Fig. S14,† the SiO2@C-PdNi also showed a higher activity than
SiO2@C-Ni, which needs 5 min and 15 min to completely catalyze MB, respectively.
Isothermal adsorption of the BHb protein
In addition to be the precursor of SiO2@C-PdNi, the raspberrylike SiO2@C-Ni could also be used for the adsorption of hisrich protein (BHb), since the metallic Ni NPs have a good
aﬃnity for his-rich protein (BHb). The isothermal binding and
selective BHb adsorption tests were performed. A Langmuir
isotherm model30,54–61 was used to describe the equilibrium
isotherms Linear fitting of the Langmuir model and the
adsorption isotherm of BHb was obtained (see Fig. S15(a and
b).† By fitting the experimental data to the Langmuir equation,
Qm and Kd are estimated to be Qm = 500 mg g−1 and Kd =
0.040 mg mL−1 respectively.
Selective adsorption and real sample analysis
To evaluate the selectivity of SiO2@C-Ni for his-rich proteins
and explore its practical application in real samples, the mixtures of binary protein BHb and BSA solutions and diluted
human blood were treated with SiO2@C-Ni composites. Firstly,
a protein mixture of BHb and BSA, and diluted human blood
were incubated with SiO2@C-Ni composites for 3 h, respectively. Then, the adsorbent–protein conjugates were isolated by
magnetic separation and the supernatants were collected.
Then, the above adsorbents were eluted with 2-methyl-
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imidazole (0.2 g mL−1) for 4 h. The supernatant solution and
the eluted solution of SiO2@C-Ni composites from the adsorbent with 2-methylimidazole solution (0.2 g mL−1) were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). As shown in Fig. S16,† marker (lane 1)
revealed two bands with molecular weights of 14.4 kDa and
66.2 kDa, which were attributed to hemoglobin and albumin,
respectively. After treatment with the SiO2@C-Ni composite,
the BHb band faded significantly, while the BSA band was
almost the same as before (lane 3). The eluted solution from
SiO2@C-Ni showed an adsorbed BHb and BSA band, which
indicated specific absorption of his-rich protein (lane 4). It is
worth noting that most of the protein adsorbed by SiO2@C-Ni
is BHb, which can be because BHb is a his-rich protein containing 24 surface-exposed his residues, while BSA contains 2
surface-exposed his residues.62 However, compared to BHb
and BSA, the two bands of SiO2@C-Ni adsorbed in 100-fold
diluted human whole blood solution are not very obvious,
which can be attributed to human blood containing many proteins, including Human serum albumin (HSA) and Human
hemoglobin (HHb). And the interaction between diﬀerent proteins in human blood will lead to a decrease in HHb adsorption capacity. As a result, followed by treatment with
SiO2@C-Ni, the bands of the absorbed solution were almost
the same as the original diluted human blood band ((lane 5,
lane 6)). However, the bands of HHb and HSA proteins are still
observed in the eluent of the adsorbed SiO2@C-Ni (lane 7).
The above analysis result indicated the utility of SiO2@C–Ni
for the selective removal of high abundance HHb and HSA in
blood samples.

Conclusions
In this study, raspberry-like SiO2@C-Ni hollow magnetic composites were successfully prepared by emulsifier-free polymerization, the two-step Stöber method and the carbonization
process, and exhibited good performance in the adsorption of
his-rich proteins. Followed by a subsequent galvanic replacement reaction with PdCl2, the obtained SiO2@C-PdNi with Pd
atoms on its surface not only increases the utilization of Pd,
but also can change the wettablility of the material from hydrophobic to hydrophilic, greatly beneficial for catalysis reaction
in the aqueous phase. Meanwhile, the as-prepared
SiO2@C-PdNi can be easily separated from the solution using
an external magnet because of the magnetic properties of
metallic Ni. When being used for reduction of 4-nitrophenol
(4-NP), the raspberry-like SiO2@C-PdNi composites showed
much higher catalytic activity than most of the other noble
metal and non-noble catalysts. Moreover, the present work
might open a new avenue for artificially designed bimetallic
(non-noble@noble metal) hollow structured nanocatalysts.
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