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ABSTRACT: In this study, by in situ reduction of Pd®" ions attached on the surface of the sulfonated polystyrene (PS-SOsH) spheres,
complete and dense palladium (Pd) nanoparticles (NPs) layer were deposited around PS-SOs;H spheres. The PS@Pd spheres were
wrapped by polypyrrole (PPy) shell, which could avoid escaping of Pd NPs. After selectively etching the PS core, the hollow structures
with Pd NPs embedded in PPy capsule shell were obtained. The as-prepared Pd@PPy hollow capsules showed excellent catalytic activ-
ity toward the reduction of 4-nitroaniline because of the high Pd NPs loading. Furthermore, good reusabilty was demonstrated seven

times without any detectible loss in activity. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43933.
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INTRODUCTION

Noble metal (Au, Ag, Pd) nanoparticles (NPs) have drawn
much attention due to their high catalytic activities toward dif-
ferent types of reactions.'™ However, their applications suffer
from the aggregations caused by high surface energy and diffi-
cult separation due to their small size. Although anchoring
metal NPs on supports to form core/shell-structured composites
had been proven to be an effective method to solve above draw-
backs,*™® the noble metal NPs decorated on the surface of sup-
ports might escape outside during catalytic procedures, which
resulted to low reusability. To overcome this disadvantage,
recently, some efforts have been made to fabricate multilayer-
structured composites.”™'® This strategy involved loading metal
NPs on the supports (cores), followed deposition of another
layer material on the surface of supports/metal composites. For
example, Yin’s group prepared a novel Fe;0,@SiO,-Au@me-
soporous SiO, catalyst.” The outermost SiO, shell not only
avoided the leaching of the metal NPs but also allowed the dif-
fusion of the chemical species to metal NPs in catalytic reac-
tions. Besides mesoporous silica layer, conducting polymer-
polypyrrle (PPy) is also proved to be an ideal shell material and
the PPy shell wrapped the metal NPs did not weaken the cata-
lytic activity of relevant catalysts.'” For example, Yao et al. used
polystyrene (PS) spheres as cores to adsorb Au NPs, followed
deposition of PPy shell. The as-prepared composites exhibited
good catalytic activity toward methylene blue dye.'® In spite of
recent popularity, in this multilayer-structured composite sys-

tem, loading of metal NPs on the surface of the supports
(cores) usually based on the electrostatic attraction between the
metal NPs and supports. In most cases, low loading density of
metal NPs on the supports surface was observed due to the
weak interaction between metal NPs and supports and the
strong electrostatic repulsion of the metal NPs. Therefore,
obtaining high loading of metal in multilayer-structured com-
posite is still a challenge.

Herein, we prepared a PPy-wrapped PS@Pd composite with
high Pd loading. High loading of Pd NPs could be realized by
the attraction of Pd** ion on the sulfonated polystyrene (PS-
SO;H) spheres, followed the in situ reduction using NaBH,.
PPy shell was wrapped around the PS-SO;H@Pd spheres surface
and the Pd@PPy hollow capsules could be obtained by etching
the PS core with tetrahydrofuran (THF). The application of the
as-prepared Pd@PPy hollow capsules as catalysts was investi-
gated, and relevant results showed that the high Pd loading and
hollow structures could effectively promote catalytic activity
and reusabilty of the catalyst.

EXPERIMENTAL

Materials

Poly(vinyl pyrrolidone) (PVP, M, = 550,000) was purchased
from Sigma-Aldrich. Azoisobutyronitrile (AIBN), styrene,
PdCl,(>99.8%), NH,OH (25%), concentrated sulfuric acid,
sodium borohydride, pyrrole, FeCl;*6H,O, anhydrous ethanol
and 4-nitroaniline were obtained from Sinopharm Chemical

Additional Supporting Information may be found in the online version of this article.
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Reagent Co. (Shanghai, China). AIBN was crystallized again.
Styrene and pyrrole were distilled under reduced pressure before
being used. Other chemicals were used as received.

Fabrication of PS-SO;H@Pd Spheres

Synthesis of PS spheres and relevant sulfonation process were
carried out according to the previous reports (see Supporting
Information).'**® 17.5 mg of the as-obtained PS-SO5;H spheres
and 7.2 mg of PdCl, were added into 20 mL of deionized water
and the above mixed solution was heated to 60°C under stir-
ring. After 1 h, the solution was centrifuged and the precipitate
was redispersed in 20 mL of deionized water. Then, 2 mL of
NaBH, (30 mg) aqueous solution was added, and the reaction
was allowed to proceed for 1 h. Finally, the resultant product
was separated by centrifugation and washed with deionized
water three times.

Fabrication of PS-SO;H@Pd@PPy Spheres and Pd@PPy
Hollow Capsules

The as-prepared PS-SOs;H@Pd spheres were dispersed in 20 mL
of deionized water and 35 mg of PVP was added under stirring.
After 24 h, the mixed solution was centrifuged and the precipi-
tate was washed with deionized water to remove the nonadsorp-
tive PVP. The PS-SO;H@Pd spheres adsorbing PVP were
redispersed in 30 mL of deionized water; then, 15 pL of pyrrole
was added. The mixture was kept stirring at 200 rpm in an ice
bath for 3 h. Subsequently, FeCl;*6H,O (0.5 g in 5 mL of
deionized water) was dropped to above suspension. This reac-
tion was allowed to proceed for 6 h under stirring and the
entire system was kept in an ice bath. Finally, the resultant
dark-green powder was separated by centrifugation and washed
three times with ethanol. To remove PS cores, the as-made PS-
SO;H@Pd@PPy spheres were suspended into 20 mL of THF
solution. After stirring 48 h, the resulting Pd@PPy hollow cap-
sules were separated and washed with ethanol.

Catalytic Performance

The catalytic reduction of 4-nitroaniline (4-NA) was performed
in a 3 mL quartz cuvette at room temperature. Three hundred
microliter of 1.0 X107> M 4-NA stock solution and 300 pL of
0.1 M ice-cold NaBH, solution were added into 2.4 mL of water
and stirred for 1 min. Then, the catalysts, PS-SO;H@Pd@PPy
spheres and Pd@PPy hollow capsules were added into above
mixed solution. The progress of the reaction was monitored
with the UV-vis spectrophotometer (UV-2600, Shimadzu) and
the absorption spectra were recorded.

Characterization

The morphologies of samples were observed by transmission
electron microscope (TEM, H-7650) and field-emission scan-
ning electron microscopy (FE-SEM, SU70). Fourier-transform
infrared spectroscopy (FT-IR 6700, Nicolet) was used to charac-
terize chemical information of the products. The composition
of the samples was analyzed using X-ray photoelectron spectros-
copy (XPS, Axis Ultra dld). The phase and the crystallographic
structure of the products were characterized by X-ray diffraction
(XRD) on a Rigaku D/max-RA XRD meter. Thermogravimetric
analysis (TGA) was determined with a Perkin-Elmer thermogra-
vimetric analyzer (TG-DTA, SSC-5200) at a heating rate of
10°C/min in N, form room temperature up to 750 °C.
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Scheme 1. Schematic illustration of the synthetic procedure for generating
PS-SO3H@Pd@PPy and Pd@PPy hollow capsules. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

RESULTS AND DISCUSSION

The fabrication procedure of the Pd@PPy hollow capsules is
illustrated in Scheme 1. PS spheres were sulfonated, and Pd**
ions were attached on the PS spheres with sulfuric groups. After
the addition of NaBH,, dense Pd NPs were deposited around
PS-SOs;H spheres. PVP adsorbed on the PS-SO;H@Pd spheres
provided active sites for pyrrole monomer loading. In the pres-
ence of FeCls, pyrrole monomer was polymerized, and PPy layer
was wrapped around the PS-SO;H@Pd spheres surface. Finally,
the PS core was selectively dissolved with THE As THF is a
good solvent for PS but a poor solvent for PPy,*' we could
obtain Pd@PPy hollow capsules by selectively removal of the PS
cores with THE

Figure 1 shows the SEM images of PS spheres, PS-SO;H@Pd
spheres, PS-SO;H@Pd@PPy spheres, and Pd@PPy hollow cap-
sule. In Figure 1(A,a), the as-made PS spheres exhibit smooth
surface and narrow size distribution with a size of about 2.7 um
in diameter. When Pd®" ions attached on PS-SOsH spheres
were reduced by NaBH,, except few unavoidable aggregations of
Pd NPs, a homogeneous and dense Pd NPs layer was observed
from Figure 1(B,d) and Figure S1 (see Supporting Information).
In Figure 1(C,c), the PS-SO;H@Pd@PPy spheres show a consid-
erably rough surface, which is the feature of the PPy homopoly-
mer.'®** From Figure 1(D,d), it is found that when the PS core
was removed, the relevant products still remained their spherical
contour, which indicated the PPy shell had enough mechanical
strength to maintain the hollow structure. In this study, we also
found that the control of the dosages of PdCl, and pyrrole was
essential for obtaining the well-defined Pd NPs layer and PPy
shell. More amount of PdCl, and pyrrole resulted into signifi-
cant aggregation of Pd NPs and polymerization of the partial
pyrrole monomer in solution, respectively (see Supporting
Information, Figure S2 and Figure S3).

TEM was used to further examine the microstructures of the
samples. Compared to Figure 2(a), Figure 2(b) shows slightly
rough surface owing to the presence of tiny Pd NPs on the PS-
SO;H spheres surface. Much rougher surface is observed in Fig-
ure 2(c), when pyrrole monomer was polymerized around PS-
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Figure 1. Low-and high magnification SEM images of the samples: (A,a) PS spheres, (B,b) PS-SOsH@Pd spheres, (C,c) PS-SO;H@Pd@PPy spheres,
(D,d) Pd@PPy hollow capsules.

SO;H@Pd spheres. These results are in good agreement with  The XRD patterns of the samples were shown in Figure 3. Fig-
the observations from the SEM images. After removal of PS  ure 3(a) shows a very broad peak at 19.8°, which is attributed
core, Figure 2(d) confirms that the relevant products possess a  to the PS.*> Figure 3(b) displays four diffraction peaks at
well-defined hollow structure with an outer shell. 20 = 39.8, 46.1, 67.7, and 81.6°, which are corresponded to
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Figure 2. TEM images of the samples: (a) PS spheres, (b) PS-SO;H@Pd spheres, (c) PS-SO;H@Pd@PPy spheres, (d) PA@PPy hollow capsules.

(111), (200), (220), and (311) Bragg reflections of Pd crystals,
respectively. The positions of all the sharp peaks are in good
agreement with those reported for Pd NPs,'? indicating Pd NPs
have been loaded on the PS spheres surface. The XRD pattern
of PS-SO;H@Pd@PPy is shown in Figure 3(c), the same diffrac-
tion peaks of Pd compared with Figure 3(b) are observed, con-
firming the Pd NPs have been successfully wrapped by PPy
layer. Figure 3(d) shows the XRD pattern of Pd@PPy hollow
capsules and the broad peak of PS is not observed, which indi-
cates PS core have been completely removed.

The molecular structures of the PS-SOs;H spheres and Pd@PPy
hollow capsules were characterized by FT-IR. Figure 4 shows the
FT-IR spectra of the products. In Figure 4(a), the characteristic
peaks of PS component are found at about 1495, 1454, 755,
and 698 cm™', and one broad absorption band centered at
1179 cm ™' is assigned to the v(S=O) stretching modes of aro-
matic sulfonic acid.**** In Figure 4(b), the peak located at
about 1653 cm ™' is assigned to the coupling between C-C and
the unsymmetrical stretching vibration of the pyrrole rings.*®
The peaks at 1548 and 1450 cm ™" are attributed to the pyrrole
ring-stretching and the conjugated C—N stretching mode,
respectively. 1162 cm™' is assigned to the C—N stretching
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mode, and 785 cm ™! is attributable to C—H wagging vibra-
tion.””*® Above results demonstrate that the capsules shell con-
tains PPy. In addition, the characteristic peaks of PS component

(111)

(200)

(220) (311) @

Intensity (a.u.)

— @

20 (degree)
Figure 3. XRD patterns of: (a) PS-SO;H spheres, (b) PS-SO;H@Pd
spheres, (c¢) PS-SO;H@Pd@PPy spheres, and (d) PA@PPy hollow capsules.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 4. The FT-IR spectra of: (a) PS-SO;H spheres, (b) PA@PPy hollow
capsules. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

are not observed in Figure 4(b), indicating the PS cores have
been completely removed with THE.

XPS was also used to further characterize the chemical structures
of the products. The XPS survey scans of the PS-SO;H@Pd@PPy
spheres is shown in Figure 5(a). Peaks corresponding to oxygen,
nitrogen, palladium, and carbon are clearly observed. In Figure
5(b), the Pd binding energy of PS-SO;H@Pd@PPy spheres shows
two strong peaks centered at 335.5¢V and 340.5 eV, respectively,
which are in good agreement with the reported XPS data of Pd
3ds, and Pd 3ds), in metallic Pd.”

The TGA results are shown in Figure 6. Curves a, b, and ¢ cor-
respond to the sample PS-SOs;H spheres, PS-SO;H@Pd spheres,
and PS-SO;H@PA@PPy spheres, respectively. The weight loss
below 200°C is attributed to the evaporation of water and
residual organic solvent. In curve a, PS begins decomposing at
about 380 °C, and PS completely vanishes when the temperature
reaches about 450°C. Comparing curve b with curve a, the
decomposed temperature of PS is up to 410°C due to the pres-
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Figure 6. TGA of samples: (a) PS-SOsH spheres, (b) PS-SO;H@Pd
spheres, and (c) PS-SOsH@PA@PPy spheres. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

ence of Pd NPs shell. In curve b, the content of residuals (Pd
NPs) is about 16.2 wt%. From curve ¢, it is found that the resi-
due percentages of PS-SO;H@Pd@PPy spheres after TG analysis
in air are 25.7% because PPy cannot be completely decomposed
in air and is carbonized to form graphitic structures.*

The catalytic performance of the PS-SO;H@Pd@PPy spheres and
Pd@PPy hollow capsules were examined by catalyzed reduction of
4-nitroaniline(4-NA) to p-phenylene diamine (p-PDA) in the
presence of NaBH,. The reaction rate was monitored by successive
UV-vis absorbance measurements of the reaction solution as 4-
NA and p-PDA exhibited distinct peaks at 380 and 238 nm,
respectively. Compared Figure 7(a) with Figure 7(b), it is found
that in the presence of the PA@PPy hollow capsules, the reaction
is faster than that using PS-SOsH@Pd@PPy spheres as catalysts
because the hollow structure promotes diffusion and mass trans-
fer of reactants.'?
NaBH, is much higher as compared to 4-NA, the catalytic reac-
tion follows the pseudo-first-order reaction kinetics.’">* There-
fore, the apparent rate constant (k/s) in the catalytic reductions is
calculated using the following equation:

As the initial concentration of reducing agent

Binding energy (ev)

1 3d
@ ) i (b) Pd3d %m
I
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Figure 5. XPS spectra of: (a) PS-SO;H@Pd@PPy spheres, (b) Pd 3d of PS-SO;H@Pd@PPy spheres. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 7. (a) Time-dependent UV-vis spectra of the reduction of 4-NA to p-PDA catalyze by PS-SO;H@Pd@PPy spheres, (b) Time-dependent UV-vis
spectra of the reduction of 4-NA to p-PDA catalyze by Pd@PPy hollow capsules, (c) Plot of logarithm of (A,/A,) at 380 nm versus reduction time with

different catalysts, (d) conversion of 4-NA in seven successive cycles of reduction with Pd@PPy hollow capsules. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

In(A,/Ay)=—kt

where A, is the absorbance of 4-NA at time t, and A, is the
absorbance of 4-NA at time 0. The pseudo-first-order rate con-
stant (k) was calculated from the slop of plot of In(A/A,) ver-
sus time [Figure 7(c)]. The rate constant (k) was calculated to
be 2.18 X 10 % s~ ' and 3.88 X10 % s~', respectively. The k
value of Pd@PPy hollow capsules catalyst is higher than that of
PS-SO;H@Pd@PPy catalyst. In addition, because of high Pd
loading in catalyst, above both values are also far higher than
that reported by other research group.'” The reusability of the
Pd@PPy hollow capsules catalyst was also examined and seven
successive catalytic reactions were carried out. The results in
Figure 7(d) show that no significant decrease in catalytic activ-
ity of PA@PPy hollow capsules is detected, which indicates the
catalyst has good reusability. This result also indirectly confirms
Pd NPs are embedded in the capsules shell, which makes Pd
NPs hardly escape from the capsules and is favorable for remain
catalytic properties of Pd NPs in catalytic reaction.

CONCLUSIONS

In conclusion, we reported the synthesis of PA@PPy hollow cap-
sules with high Pd loading and good catalytic activity. Dense Pd
NPs shell could be obtained by the attraction between Pd** and
PS-SO;H spheres, followed the in situ reduction by NaBH,. PPy
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layer was deposited around the PS-SO;H@Pd spheres surface
and Pd NPs were embedded in the PPy shell, which avoided
escaping of Pd NPs in catalytic reaction. After removal of PS
cores, the obtained Pd@PPy hollow capsules exhibited excellent
catalytic activity and good reusability.
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