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1  Introduction

Palladium NPs have attracted considerable attentions 
because of their excellent catalytic properties and their 
practical application, such as C–C coupling reactions [1, 
2], hydrogenation reactions [3] and oxidation reaction [4]. 
However, the agglomeration of Pd NPs is inevitable as a 
result of van der Walls forces [5]. In order to overcome this 
obstacle, a promising strategy has been made to immobilize 
Pd NPs on porous materials, such as zeolites [6], MOFs [7], 
polymers [8], etc.

In recent years, a special class of core–shell structures 
encapsulated Pd NPs has received increasing attention and 
has been widely applied in important catalytic reactions 
because of the following advantages: (I) the moveable core 
can expose more active sites to interact with the guest mol-
ecules more effectively; (II) the outer shells can prevent 
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the aggregation of neighboring Pd NPs; (III) the hollow 
spaces between the cores and the shells can provide homo-
geneous micro-environment for the catalyst and reactants, 
which greatly improves the catalytic activity and stability 
[9–11]. Therefore, hollow porous structures incorporated 
with catalytically active cores have shown promise as nano 
reactors for catalysis. For example, Liao et al. reported Pd 
NPs loaded a mesoporous hollow silica sphere (Pd/MHSS) 
for phenol hydrogenation as an effective catalyst. However, 
the easy aggregation of MHSS results in a weak interaction 
between MHSS and Pd NPs, which decrease the utilization 
for Pd NPs storage [12]. Recently, N-modified silica spheres 
have been widely used for stabilizing ultra-small Pd NPs 
owing to nitrogen lead to enhanced interaction between an 
N-doped carbon material and Pd NPs [13–15]. For example, 
the PdAg/SiO2-NH2 catalyst, loading Pd and Ag NPs onto 
NH2-modified SiO2, was successfully prepared by professor 
Li’s group. It was found that NH2 functional group largely 
enhanced its catalytic nitrate reduction performance. In 
another work, Pd@SiO2-NH2 exhibited great activity and 
stability in the Cr(VI) reduction due to the coordination abil-
ity and electron-donating properties of NH2 [16]. Hence, 
we prepared amine-functionalized mesoporous hollow SiO2 
spheres (MHSS-NH2) as support material to load Pd NPs. 
As described in Scheme 1, MHSS were firstly prepared. 
Next, the MHSS-NH2 was obtained successfully by coated 
with (3-aminopropyl)trimethoxysilane. Finally, PdCl2 was 
supported on the surface of MHSS-NH2, and the Pd(II) was 
reduced to Pd(0) NPs by NaBH4. The catalytic properties of 
the resultant Pd/MHSS-NH2 catalyst are evaluated by reduc-
tion of 4-nitrophenol as a model reaction. Furthermore, the 
reusability of Pd/MHSS-NH2 catalyst was also investigated, 
which could be easily separated from reaction by centrifuga-
tion and recycled several times without obvious deterioration 
in catalytic activity.

2 � Experimental Details

2.1 � Materials

(2-(Acryloyloxy)ethyl) trimethylammonium chloride 
(AETAC, 80 wt% in water), hexadecyltrimethylammonium 
bromide (CTAB, > 99.0%), 2,2′-azobis(2-methylpropiona-
midine) dihydrochloride (V-50, > 97.0%), (3-aminopropyl) 
triethoxylsilane (APS), styrene and tetraethyl orthosilicate 
(TEOS) were purchased from Aldrich without further 
purification.

2.2 � Preparation of Mesoporous Hollow SiO2 Spheres 
(MHSS)

The mesoporous hollow SiO2 spheres were synthesized 
according to the literature with some modification [17]. To 
prepare the polystyrene, 1.0 g of AETAC (80 wt% in H2O) 
was dissolved in 390.0 g water in a 500 mL round-bottom 
flask. 40.0 g styrene was added slowly to the solution and 
kept stirring at 800 rpm by mechanical raking for 30 min. 
The mixture was purged with nitrogen for 20 min and then 
heated to 90 °C with an oil bath. Afterwards, 10 mL of an 
aqueous solution containing 1.0 g V-50 was added. The 
emulsion was kept at 90 °C for 24 h under nitrogen to 
complete the polymerization.

0.8 g of CTAB was dissolved in a mixture of 29.0 g 
of water, 12.0 g of ethanol and 1.0 mL of ammonium 
hydroxide solution. 10 mL polystyrene solution was added 
dropwise to the above CTAB solution at room tempera-
ture under vigorous stirring, followed by sonication for 
10 min. The derived milky mixture was then magnetically 
stirred for 30 min before adding dropwise 4.0 g of TEOS. 
The mixture was kept stirring at room temperature for 48 h 
before the silica coated latex was harvested by centrifuga-
tion at 7000 rpm for 40 min. The precipitate was washed 
with copious amounts of ethanol and then dried at room 
temperature. Finally the material was calcined in air at 
600 °C for 8 h using a heating rate of 5 °C/min.

2.3 � Preparation of Amine‑Functionalized Mesoporous 
Hollow SiO2 Spheres (MHSS‑NH2)

Briefly, 1.0 g MHSS samples were dispersed in 80 mL 
ethanol solution, then, 2.5 g (3-aminopropyl)trimethox-
ysilane (APS) was dropped into the system. The mixture 
was refluxed for 24 h. After filtration, washing and drying, 
the amine-functionalized MHSS was obtained and denoted 
as MHSS-NH2.

Scheme 1   Schematic illustration for the synthesis of Pd/MHSS-NH2 
catalyst
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2.4 � Preparation of Pd NPs Loaded 
Amine‑Functionalized Mesoporous Hollow SiO2 
Spheres (Pd/MHSS‑NH2)

Pd/MHSS-NH2 was synthesized by a conventional impreg-
nation-reduction method. Typically, 400 mg of MHSS-NH2 
was dispersed in a 50 mL ethanol solution under ultrasonica-
tion for 30 min. Then 0.03 mmol of a PdCl2 aqueous solution 
was added into the above solution. After ultrasonic treatment 
for 10 min, a freshly prepared and excess 0.01 M NaBH4 
aqueous solution was slowly dropped into the above mixture 
with vigorous stirring. After 120 min of reduction, the Pd/
MHSS-NH2 was obtained with the help of centrifugation. 
The product was washed thoroughly with deionized water 
and then dried in a vacuum at room temperature overnight.

2.5 � Catalytic Experiments

The catalytic performance of the Pd/MHSS-NH2 was inves-
tigated by the reduction of 4-NP to 4-AP with NaBH4, which 
was monitored by UV–vis spectroscopy. Generally, the cata-
lyst (10.0 mg of Pd/MHSS-NH2 NPs) was mixed with excess 
NaBH4, which were added into 50 mL of deionized water. 
Then, 2.5 mL of freshly prepared 4-NP aqueous solution 
(0.2 mM) was added into the above solution at room tem-
perature. The color of the reaction solution changed from 
light yellow to dark yellow because of the formation of 4-AP. 
Checking the reaction progress was done by UV–vis spectra. 
For the recycling experiments, the catalyst was recovered 
by centrifugation, washed with water and EtOH, dried and 
reused.

2.6 � Characterization

Transmission electron microscopy of the prepared samples 
was carried out using a beam voltage of 200 keV (JEOL-
2010F). The samples were ultra-sonic dispersed in acetone 
and dropped on a 200-mesh holey carbon coated cop-
per grid. The porosity characteristics of the samples were 
determined by N2 physisorption performed at − 196 °C 
using static sorption procedures (NOVA 3000e). Samples 
were degassed at 200 °C under vacuum for 10 h prior to the 
experiments. The Brunauer–Emmett–Teller (BET) surface 
areas were calculated by linear part of the t-plot. Pore size 
distribution was estimated from the nitrogen adsorption iso-
therms using the Barrett–Joyner–Halenda (BJH) procedure 
[18]. The low-angle X-ray diffraction (XRD) was carried on 
a D8 ADVANCE diffractmeter using monochromatic Cu Kα 
radiation (40 kV, 200 mA). The diffraction counts were col-
lected in the 2θ range 1°–10° at a scan speed of 1(°)·min−1. 
And the high-angle XRD patterns was collected with a 
scanning speed of 8(°)·min−1 and a scanning step of 0.02° 
(Rigaku D/max-2200). Fourier Transform-Infrared (FT-IR) 

spectra were recorded with a Nicolet iS50 spectrometer in 
the wave number range of 4000–400 cm−1. X-ray Photoelec-
tron spectroscopy (XPS) data was collected on a ESCALA-
B250Xi instrument, performed with C1s pesk (285 eV) as 
the reference. Inductively coupled plasma-optical emission 
spectrometer (ICP-OES) were performed on a VISTA-MPX 
spectrometer to measure the Pd content of the catalysts. The 
UV–vis absorption spectra were collected using a UV-2550 
UV–vis spectrophotometer in the absorbance mode.

3 � Results and Discussion

3.1 � Recognition of the Catalyst

Morphology and particle size distribution studies were 
obtained with transmission electron microscope (TEM). 
TEM characterization of the synthesized MHSS-NH2 and 
Pd/MHSS-NH2 were shown in Fig. 1. Figure 1a, b showed 
TEM images of the obtained MHSS-NH2 monodispersed 
particles with a uniform diameter of 210 nm. The TEM 
image confirmed the hollow structure of the resulting sil-
ica particles by calcination of resin-silica nanocomposite 
particles in air, in which the shells appear to be dark. The 
cross-linked shell could well prevent agglomeration after 
successful modification of MHSS with APS (MHSS-NH2). 
The shell thickness of the cross-linked hollow sphere was 
approximately 35 nm. As shown in Fig. 1b, the shell pos-
sessed accessible mesoporous structure, which obtained 
through a cationic surfactant-assisted approach using CTAB 
as the structure-directing agent. The TEM images in Fig. 1c, 
d demonstrated that the Pd NPs had been successfully loaded 
onto the mesoporous hollow silica sphere without obvious 
change of the MHSS-NH2 shell. Interestingly, the Pd NPs 
located exclusively on the surface of MHSS-NH2. Barely 
any Pd NPs were observed separated from MHSS-NH2 hol-
low spheres, because the nitrogen lone pair strongly coordi-
nated with Pd NPs. Notably, the Pd/MHSS-NH2 exhibited 
high dispersion of Pd NPs without aggregation. The Pd NPs 
had a narrow size range of 3–7 nm with the average particle 
size of 5.18 nm measured by TEM (inset of Fig. 2c), further 
confirming the uniform dispersion of Pd NPs.

The pore structure was further confirmed by the nitrogen 
adsorption–desorption isotherms, as shown in Fig. 2. Both 
MHSS-NH2 and Pd/MHSS-NH2 samples exhibited a typical 
type IV isotherm with apparent H4-type hysteresis loop and 
a sharp step at higher relative pressures, indicating the exist-
ence of mesoporous structure. The Brunauer–Emmett–Teller 
(BET) surface area of the MHSS-NH2 were measured to 
be 310.68 m2 g−1. In comparison, the specific surface area 
of the Pd/MHSS-NH2 was approximately 124.91 m2 g−1 
which was surprisingly less than MHSS-NH2 due to the 
Pd NPs imbedding in the pore of the MHSS-NH2. The 
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Barrett–Joyner–Halenda (BJH) method was used to cal-
culate the pore size distribution from deposition isotherm 
curves. The pore-size distribution of Pd/MHSS-NH2 was 
about 2.7 nm in diameter, which was smaller than that of 
MHSS-NH2 (5.99 nm). The smaller specific surface area and 
pore size distribution depicted that Pd NPs might partially 
occupied/blocked the mesoporous channels of MHSS-NH2.

The low-angle and high-angle XRD patterns of MHSS-
NH2 and Pd/MHSS-NH2 were shown in Fig. 3a, b, respec-
tively. In both samples, a well-defined diffraction peak 
around 2θ = 2°–4° was assigned to (100) diffraction peak 
of hexagonal mesoporous framework, which indicated 
the short-range ordered mesostructure of the synthesized 
MHSS-NH2 and Pd/MHSS-NH2. In addition, the (100) 
peak became weaker with addition of Pd NPs, indicating the 
decrease of mesoporous order. Obviously, the formation Pd 
NPs in the channel of mesopore could destruct the regular-
ity of the mesophase. As observed in Fig. 3b, both samples 
exhibited a similar broad peak from 20° to 30° which can 
be ascribed to amorphous silica [19]. As for the sample Pd/

Fig. 1   TEM images of different mesoporous microspheres: a, b MHSS-NH2 microspheres, c, d Pd/MHSS-NH2 microspheres. The inset (c) dis-
played particle size distribution

Fig. 2   Nitrogen adsorption–desorption isotherms and the corre-
sponding BJH pore size distributions of MHSS-NH2 and Pd/MHSS-
NH2 microspheres
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MHSS-NH2, three obvious new peaks at 2θ = 40.2°, 46.5° 
and 67.9° were indexed to (111), (200) and (220) diffraction 
planes of face-centered cubic Pd nanocrystals (JCPDS no. 
05-0681), manifesting the formation of metallic palladium 
[20]. The XRD results implied that the Pd NPs had been 
successfully incorporated into the framework of mesoporous 
silica. Moreover, the average crystallite size calculated using 
Scherrer’s equation is about 5.37 nm, which was in con-
sistent with the average particle size observed in the TEM 
images.

The modification of MHSS with aminopropyl (MHSS-
NH2) was investigated by FT-IR. The FT-IR spectra of 
MHSS, MHSS-NH2 and Pd/MHSS-NH2 were shown 
in Fig. 4. The MHSS sample exhibited the characteristic 
bands at 1088, 962 and 802 cm−1, which were attributed 

to Si–O–Si stretching vibration, SiO–H and Si–O–Si bend-
ing vibrations [21]. Besides, the Si–OH stretching vibration 
at 3444 cm−1 and bending vibration of physisorbed water 
(H–O–H) at 1632 cm−1 were clearly observed [22, 23]. After 
functionalizations, besides the same adsorption bands with 
MHSS, three new absorption peaks were clearly visible 
around 2939, 1560 and 694 cm−1, which was a factor of the 
C–H stretching and bending vibration of amino-groups [24]. 
This confirmed the presence of amino-groups onto MHSS. 
In addition, peak intensity in the range of 3750–3000 cm−1 
was reduced as a result of functionalizing MHSS with 
aminosilane groups. It’s noteworthy that the characteristic 
bands of mesoporous silica and amino-groups were also 
observed in Pd/MHSS-NH2, demonstrating the chemical 
stability of the MHSS-NH2. The peaks at 1300–1500 and 
3000–3200 cm−1 can be caused by the support of Pd NPs.

Figure 5a showed the representative survey XPS spec-
trum of Pd/MHSS-NH2 catalyst, which clearly demonstrated 
the existence of Pd, Si, O, C, and N elements. In Fig. 5b, the 
Pd binding energy of Pd/MHSS-NH2 exhibited two strong 
peaks centered at 340.5 and 335.2 eV, which were assigned 
to Pd 3d3/2 and Pd 3d5/2, respectively. These values agreed 
with the Pd(0) binding energy of Pd NPs. We found no oxi-
dation state of Pd species, which indicated that Pd(II) would 
be reduced into Pd(0) completely, which was favorable to 
catalytic reduction reaction [25]. So the XPS analysis further 
identified the successful synthesis of Pd/MHSS-NH2.

3.2 � Catalytic Reduction of 4‑Nitrophenol

As discussed above, the prepared Pd/MHSS-NH2 exhibited 
hollow cavities and mesoporous structure shells, as well 
as Pd NPs densely attached on the surface of MHSS-NH2. 
Therefore, Pd/MHSS-NH2 microspheres would be an ideal 

Fig. 3   The low (a) and high (b) angle XRD patterns of MHSS-NH2 and Pd/MHSS-NH2

Fig. 4   The FT-IR spectra of MHSS, MHSS-NH2 and Pd/MHSS-NH2
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catalyst. In order to evaluate the catalytic performance of 
the Pd/MHSS-NH2, the reduction of 4-NP was chosen as 
a model reaction in the presence of excess NaBH4. As 
we known, 4-NP is a typical organic pollutant. On the 
other hand, the corresponding product (4-AP) is a familiar 
pharmaceutical intermediate [26, 27]. Hence, this cata-
lytic reduction is always investigated to test the catalytic 
activity of Pd NPs. The reduction of 4-NP was detected 
by the UV–vis spectra. As shown in Fig. 6a, the cata-
lytic process of 4-NP was failed in the absence of the Pd/
MHSS-NH2, which also confirmed the catalytic abilities of 
our as-prepared catalyst. 4-NP aqueous solution showed a 
strong absorption band at 400 nm when this reduction did 
not occur. After adding the Pd/MHSS-NH2 NPs, the inten-
sity of the absorption band at 400 nm gradually decreased 
resulting from the decreased 4-NP concentration. Mean-
while, a new and increased peak intensity appeared at 
300 nm and which corresponding to the formation of 4-AP. 
The absorption peak at 400 nm disappeared after 8 min 

at room temperature, indicating a complete conversion of 
4-NP into 4-AP.

For comparison, two sets of control experiments were 
carried out in the presence of Pd/MHSS and Pd/SiO2-NH2 
catalysts, respectively (Fig. S1). Similarly, the absorption 
intensity at 400 nm became weaker along with the increas-
ing reaction time, while the increase of absorption peak 
around 300 nm. Since the excess amount of NaBH4, it 
could be inferred that the reaction rate was constant during 
reduction process, and the reaction could be considered as 
a pseudo first-order [28, 29]. So we calculated the corre-
sponding pesudo first-order rate constant (Kapp) from the 
linear relationship of ln(C/C0) vs. reaction time, where the 
C and C0 was evaluated using the peaks intensity at 400 nm. 
As shown in Table 1 and Fig. S2, the reaction rate constant 
(Kapp) of Pd/MHSS-NH2 was determined to be 0.006 s−1, 
which was higher than that of Pd/MHSS (0.0043 s−1), Pd/
SiO2-NH2 (0.0011 s−1) and the other reported catalysts [30, 
31], indicating the superior catalytic performance. For a 

Fig. 5   a The survey X-ray 
photoelectron spectrum (XPS) 
of Pd/MHSS-NH2 catalyst and 
b high resolution spectrum of 
Pd 3d

Fig. 6   a The UV–vis spectra of reaction mixture recorded with 1 min interval and b recyclability of the Pd/MHSS-NH2, Pd/MHSS and Pd/
SiO2-NH2 catalysts for the reduction of 4-NP
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quantitative comparison, we introduced the rate constants 
Knor = Kapp/CPd, which was defined as the ratio of rate con-
stant Kapp to the molarity of Pd NPs (CPd) [32, 33]. The 
Knor was calculated to be 0.79, 0.23, 0.073 s−1 mM−1 for the 
reaction using Pd/MHSS-NH2, Pd/MHSS and Pd/SiO2-NH2 
catalysts, respectively. Compared with the reported catalysts 
[30, 31, 34], the Pd/MHSS-NH2 exhibited most efficient 
catalytic activity (Table 1). We considered that the coexist-
ing hollow cavity and mesopores of SiO2 spheres facilitated 
reactant molecules to diffuse and subsequently interact with 
the Pd NPs catalysts.

To explore the practical application, the recycling ability 
and reusability of the Pd/MHSS-NH2 were further investi-
gated as demonstrated in Fig. 6b. Recyclability experiments 
were carried out under the similar reaction conditions (see 
“Experimental Details” section). In this work, the catalytic 
conversion of 4-NP to 4-AP is still up to 97.8% even after 
sixth consecutive runs and exhibited an excellent stability. 
As expected, Pd/MHSS-NH2 nanocomposite exhibited a 
much higher catalytic activity and stability than Pd/MHSS 
and Pd/SiO2-NH2 in the reduction reaction of 4-NP. Firstly, 
amine groups on MHSS support were beneficial to prevent 
the aggregation of neighboring Pd NPs. Secondly, the hol-
low spaces of Pd/MHSS-NH2 can provide homogeneous 
micro-environment for the Pd NPs and 4-NP, which greatly 
improved the catalytic activity and stability. In fact, the 
moveable core can expose more active sites to interact with 
4-NP more effectively.

4 � Conclusions

In summary, we described here a simply procedure of 
preparing amine-functionalized mesoporous hollow SiO2 
spheres (MHSS-NH2) as support materials to load Pd NPs. 
The as-prepared catalysts (Pd/MHSS-NH2) exhibited excel-
lent activity for the catalytic reduction of 4-NP (notori-
ous organic pollutant) under mild conditions. In addition, 

recyclability experiments demonstrated the stability of Pd/
MHSS-NH2 was satisfying, which was making it a promis-
ing candidate for the large-scale industrial application.
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