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Abstract: Large scale syntheses of uniform metal nanoparticles with hollow porous structure
have attracted much attention owning to their high surface area, abundant active sites and
relatively efficient catalytic activity. Herein, we report a general method to synthesize hollow
porous Pd nanospheres (Pd HPNSs) by templating sacrificial SiO2 nanoparticles with the
assistance of polyallylamine hydrochloride (PAH) through layer-by-layer self-assembly. The
chemically inert PAH is acting as an efficient stabilizer and complex agent to control the
synthesis of Pd HPNSs, probably accounting for its long aliphatic alkyl chains, excellent
coordination capability and good hydrophilic property. The physicochemical properties of
Pd HPNSs are thoroughly characterized by various techniques, such as transmission
electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy. The growth
mechanism of Pd HPNSs is studied based on the analysis of diverse experimental
observations. The as-prepared Pd HPNSs exhibit clearly enhanced electrocatalytic activity
and durability for the formic oxidation reaction (FAOR) in acid medium compared with
commercial Pd black.

Keywords: hollow porous Pd nanospheres; polyallylamine hydrochloride; sacrificial SiO2
nanoparticles; formic oxidation reaction
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1. Introduction

Palladium (Pd) plays an important role in a variety of chemical reactions [1-4], such as serving as
an efficient electrocatalyst towards formic acid oxidation reaction (FAOR) in direct formic acid fuel
cells (DFAFCs) [5-7]. Compared to Pt catalysts, Pd has lower cost with relatively higher abundance,
emerging as a promise substitute of Pt especially in the development of DFAFCs [8,9]. Obviously, the
morphology of Pd nanocrystals powerfully influences their electrocatalytic activity and stability
because of structural effects. For example, G. Fu and his group have successfully synthesized Pd
nanoparticles with nanocubes and icosahedra structure [10,11]. For hollow Pd nanosphere with porous
structure, the advantage is prominent, as follows [12]: (1) The hollow porous structure gives birth to a
combination of high specific surface area, low mass-density and enhanced reaction kinetics due to
extra confined internal reaction space [13,14]. (2) Such hollow porous nanostructures not only supply
abundant active sites owning to ample edges and corners, but also improve the mass transfer
promoting the electrocatalytic activity obviously [15]. (3) Homogeneous hollow porous nanocrystals
are less vulnerable to Ostwald ripening, dissolution and aggregation, thus probably restraining the
attenuation of the catalyst activity [16].

In this work, positively charged colloidal modified silica serve as a sacrificial template to synthesize
the hollow porous Pd nanospheres (Pd HPNSs). The layer-by-layer (LBL) approach is used to
functionalize the SiO: template with evenly-spread positive charges around the outside surface
(PAH/PSS/PAH-SiO2) [17]. The positively charged silica could powerfully adsorb the PdCls*~ and
BHa4~, which are negatively charged metal ions, resulting in the reduction reaction mostly taking place
on the surface of the SiOz. The outermost PAH not only functions as polyelectrolyte to strongly adsorb
negatively charged precursors and reductants, but also serves as a stabilizer and complex agent to
effectively avoid the aggregation of the Pd nanoparticle owning to its long aliphatic alkyl chain and
excellent hydrophilic property. NaBH4 is chosen as a strong reductant to rapidly form the uniform Pd
nanospheres. After removing the SiO: sacrificial template, the morphology of the outermost Pd
nanospheres is maintained to obtain the hollow porous nanostructure. The as-prepared Pd HPNSs
exhibit observably enhanced electrocatalytic activity and durability for FAOR compared with
commercial Pd black [18-21].

2. Results and Discussion
2.1. Physicochemical Characterization of Pd HPNSs

Figure 1 shows the schematic representation for the synthesis of Pd HPNSs. SiO2 nanosphere is
chosen as a sacrificial template owning to its hydrophilia, mechanical stability, and controllability of
size and morphology [22-25]. After the layer-by-layer self-assembly of charged polyelectrolyte on
SiO2 template, PACl4*" can be uniformly adsorbed owning to electrostatic attraction, and then be
in-situ reduced by NaBHa, mostly taking place on the surface of the SiO2. After removing the SiO2
sacrificial template, the hollow porous nanospheres structure of Pd HPNSs can be obtained and
remains unchanged even after a long time storage. Photographs are taken to prove the powerful
adsorption of PAH/PSS/PAH-SiOz in solution (Figure 2). After two-phase centrifuging, the precipitate
of modified solid SiO2 nanoparticles in white, and in transparent supernatant liquor, is observed
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(Figure 2A). In contrast, when PdCls>~ was dropped into the mixture, forming a well-distributed
mixture solution, the precipitate turns t yellow and the supernatant liquor stays transparent, indicating
the completely adsorption of PdCl4*". This will make sure the follow-up reduction reaction takes place
on the surface of SiO2 templates (Figure 2B).
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Figure 1. Schematic illustration of the fabrication procedure to produce hollow porous Pd
nanospheres (Pd HPNSs).

PdCl2

Figure 2. Photographs of (A) PAH/PSS/PAH-modified SiO2 solution after centrifuging
and (B) Mixture of PdCl4*>~ and PAH/PSS/PAH-modified SiO: solution after centrifuging.

The morphology of the as-prepared nanoparticles at different stages is investigated by SEM and TEM.
Figure 3 represents the SEM/TEM images of SiO2, Pd-SiO2 and Pd HPNSs. As shown in Figure 3A,B, the
Si0: particles possess a similar size of ca. 200 nm. The images of Pd-SiO2 as shown in Figure 3C,D
confirm that when Pd was sequentially deposited on the surface of polyelectrolyte-modified SiO2
nanoparticles, the surface becomes less smooth and rougher without obvious morphology change. No
individual Pd nanoparticles can be found except on the surface of SiO2 templates (shown in the yellow
area in Figure 3D), demonstrating the in-situ formation of Pd nanoparticles. After removing the SiO2
template, hollow porous nanospheres structure of Pd HPNSs can be obtained (Figure 3E, F). The
yellow arrow highlights one of the broken hollow nanospheres, from which it is clear that the inner space in
the as-prepared Pd HPNSs was vacant, indicating that the template of SiO2 was removed, leading to a
hollow structure. The TEM image of Pd HPNSs in Figure 3F also demonstrates that the structural integrity
of most produced Pd HPNSs with narrow distribution is well maintained even after sonication for a long
period of time, indicating superior mechanical properties of the as-prepared Pd HPNSs.
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Figure 3. SEM images (A, C and E) and large-area TEM images (B, D and F) of SiO2 (A
and B), Pd-SiO: (C and D) and Pd HPNSs (E and F).

Representative large-area TEM image (Figure 4A) and middle-resolution TEM image (Figure 4B)
of an individual Pd HPNS clearly show the inner and outer surfaces of the hollow porous spheres,
displaying the interconnection through shared outside surface and good dispersibility of the Pd
nanoparticles (~4—-5nm). Further magnified HRTEM image (Figure 4C) from yellow region of Figure 4B
shows an interplanar spacing with 0.225 nm, which is close to the {111} lattice spacing of face-centered
cubic (fcc) Pd. The selected-area electron diffraction (SAED) image of an individual Pd HPNS shows
diffraction rings corresponding to various facets of face-centered cubic (fcc) (inset in Figure 4C),
demonstrating that Pd HPNSs have polycrystalline structure. To observe more clearly about the
distribution of Pd nanoparticles, the EDS mapping (Figure 4D) are performed. The resulting patterns
show the uniform distribution of Pd throughout the whole Pd HPNS, a strong evidence for the
formation of Pd HPNSs as well. Then, the product of different stages is further investigated by XRD
(Figure 4E). XRD pattern demonstrates that SiO2-Pd nanospheres have both diffraction peaks of SiO2
and Pd, while the diffraction peak of SiO: disappears from the XRD pattern of Pd HPNSs,
demonstrating the completely remove of SiOz template. What’s more, from XRD pattern of the Pd
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HPNSs, fcc structure can be identified as the diffraction peaks of the products are located at the same
position as those of pure fcc Pd (PDF#46-1043) crystal phases. The average particle size of the small
Pd nanoparticles is 4.3 nm calculated from the peak width of the Pd (111) diffraction according to the
Scherrer’s equation. It is well known that the near-surface composition plays a critical role on the
electrocatalytic behavior of noble-metal catalysts. Thus, the near-surface compositional feature of the
Pd HPNSs is examined by XPS (Figure 4F). As observed, no obvious signals of Si and O can be
observed and the signals of Pd are strong. Further, the Pd 3d signals are deconvoluted into two
components: Pd 3ds»2 (340.6 eV), Pd 3ds2 (335.2 eV) and Pd 3ds32 (341.7 eV), Pd 3dsn2 (336.3 eV),
which are assigned to Pd’ and Pd" species, respectively. By measuring the relative peak areas, the
percentage of Pd” species in the Pd HPNSs is calculated to be 92.1% (Pd%/(Pd’+Pd")), much higher
than the reported value of Pd nanoparticles.
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Figure 4. (A) Representative large-area transmission electron microscopy (TEM) image of
Pd HPNSs. (B) Middle-resolution TEM image of an individual Pd HPNSs. Insert:
histograms of the particle size distribution (C) Magnified HRTEM images recorded from
Figure 4B. Inset in Fig. C: selected-area electron diffraction (SAED) pattern of an
individual Pd HPNSs. (D) EDX elemental mapping patterns of Pd HPNSs. (E) X-ray
diffraction (XRD) patterns of the SiO2 templates, SiO2-Pd nanospheres, and Pd HPNSs. (F)
XPS spectra of Pd HPNSs in the Pd 3d regions.

2.2. Electrocatalytic Tests

The electrocatalytic properties of Pd HPNSs for the FAOR were examined and compared with
commercial Pd black. The electrochemically active surface areas (ECSA) of Pd HPNSs and
commercial Pd black were measured by CO-stripping measurements (Figure 5A). It is observed that
the ECSA of Pd HPNSs on glassy carbon electrode is 1.4 cm? 1.20 times higher than that of the
commercial Pd black (1.2 cm?), which can be ascribed to the small particle size and hollow porous
structure of Pd HPNSs. The mass-normalized cyclic voltammogram shows the FAOR peak potential
on Pd HPNSs negatively shifts 110 mV compared to that of commercial Pd black in the forward scan
(Figure 5B). Moreover, FAOR peak current on Pd HPNSs reaches a value of 203.2 mA mg ™!, which is
about 1.4 times higher than that of commercial Pd black (140.6 mA mg'). It is well-known that the
specific kinetic activity (normalized to the ECSA) of a catalyst can effectively evaluate the actual
value of the intrinsic activity. Further ECSA-normalized cyclic voltammograms show FAOR peak
current on Pd HPNSs is 1.2 times higher than that on commercial Pd black (Figure 5C). The lower
FAOR onset oxidation potential and peak potential, the bigger mass-activity and specific activity
demonstrate that Pd HPNSs have good electrocatalytic performance for the FAOR, holding promise as
potentially practical electrocatalysts for the FAOR. The improved electrocatalytic performance may
mainly originate from the unique hollow porous structure. The electrochemical stability of Pd HPNSs
for the FAOR is investigated by chronoamperometry at 0.1 V potential (Figure 5D). FAOR current on
Pd HPNSs is higher than commercial Pd black during the whole reaction process. At 3000 s, formic
oxidation currents on the Pd HPNSs and Pd black decrease to 30.76% and 5.15% of their initial values
(taken at 20 s to avoid the contribution of the double-layer discharge and hydrogen adsorption),
indicating Pd HPNSs have superior durability for the FAOR.
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Figure 5. (A) CV curves of the Pd HPNSs and Pd black in N2-saturated 0.5 M H2SOs solution
at 50 mV s~'. (B) The metal mass-normalized cyclic voltammograms for the Pd HPNSs and Pd
black in solution of 0.5 M HCOOH + 0.5 M H2SOs at a scan rate of 50 mV s
(C) ESCA-normalized cyclic voltammograms of Pd HPNSs and Pd black in solution of 0.5
M HCOOH + 0.5 M H2SOs4 at a scan rate of 50 mV s~!. (D) Chronoamperometry curves
for the Pd HPNSs and Pd black in solution of 0.5 M HCOOH + 0.5 M H2SO4 for 3000 s at
0.1 V potential.

3. Experimental Section
3.1. Reagents and Chemicals

Poly (allylamine hydrochloride) (PAH, weight-average molecular weight 150 000) was supplied from
Nitto Boseki Co., L t d. (Tokyo, Japan). Poly (sodium 4-styrenesulfonate) (PSS, Mw< 700 000 Da), was
purchased from Alfa. Aesar Co. Ltd. (Tokyo, Japan). Potassium tetrachloropalladite(Il) (K2PdCls4) and
sodium borohydride (NaBHa4) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Commercial Pd black were purchased from Johnson Matthey Corporation (London, UK). All
the reagents were of analytical reagent grade and used without further purification.

3.2. Synthesis of Hollow porous Pd Nanospheres (Pd HPNSs)

SiO2 sphere templates with a diameter of ca. 200 nm were synthesized by tetraethyl orthosilicate
(TEOS) hydrolyzation in alkaline condition. Typically, 100 mL ethanol, 6 mL ammonium hydroxide,
6 mL H20, 3 mL TEOS were mixed and mechanically stirred for 5 h. After the reaction, the obtained
Si02 templates were separated by centrifugation at 8500 rpm for 5 min, washed several times with
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water, and then dried at 60 °C for 5 h in a vacuum dryer. Then, the positively charged modified SiO2
was prepared through a layer-by-layer self-assembly method via electrostatic attraction between
charged species. SiO2 templates were treated with Poly (allylamine hydrochloride) (PAH) and poly
(sodium 4-styrenesulfonate) (PSS) in sequence, yielding positively charged PAH/PSS/PAH-modified
SiO2 templates [22]. To obtain the Pd HPNSs, 30 mg PAH/PSS/PAH-modified SiO2 and 30 mg
K2PdCls were added into 40 mL water and then sonicated for 30 min. After sonication, 10 mg NaBH4
was added into the mixture and mechanically stirred for 1 hour at room temperature to obtain SiO2-Pd
nanospheres. Then, 15 mL 2 M NaOH solution was used to remove the SiO:2 sacrificial template,
followed by centrifuging, washing with distilled water and ethanol, and then dried in a vacuum oven at
50 °C to obtain the Pd HPNSs.

3.3. Electrochemical Instrument

All electrochemical experiments were measured with a CHI 660 C electrochemical analyzer (CH
Instruments, Shanghai, Chenghua Co.). All electrochemical measurements were carried out at
30 £1 °C. A standard three-electrode system (consisted of a saturated calomel reference electrode
(SCE), a catalyst modified glassy carbon electrode as the working electrode, and a platinum wire as the
auxiliary electrode) was used to test all electrochemical experiments. An evenly distributed suspension
of catalyst was prepared by ultrasonic the mixture of 10 mg catalyst and 5 mL H20 for 30 min, and
6 uL of the resulting suspension was loaded on the surface of the glassy carbon electrode (3 mm
diameter, 0.07 cm?). Thus, the working electrode was obtained, and the total mass loading of catalyst
on the electrode was about 12 pg. We used the same amount of total metal of Pd HPNSs and
commercial Pd Black to make a comparison. Throughout the cyclic voltammetry experiment, cyclic
voltammetry tests were performed in Nz-saturated 0.5 M H2SOs4 solution with or without 0.5 M
HCOOH at a scan rate of 50 mV s~!. Chronoamperometry curves were obtained in N2-saturated 0.5 M
HCOOH + 0.5 M H2SO4 mixture solution for 3000 s at 0.1 V applied potential.

3.4. Instruments

Transmission electron microscopy (TEM) images were surveyed from a JEOL JEM-2100F
transmission electron microscopy operated at an accelerating voltage of 200 kV. X-ray diffraction
(XRD) patterns were obtained from a Model D/max-rC X-ray diffractometer by using Cu Ka radiation
source (A = 1.5406 A), operating at 40 kV and 100 mA. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Thermo VG Scientific ESCALAB 250 spectrometer with an Al
Ka radiator. The vacuum in the analysis chamber was maintained at about 10~ mbar and the binding
energy was calibrated by means of the C 1s peak energy of 284.6 eV.

4. Conclusions

In summary, the hollow porous Pd nanospheres with high surface area, low mass-density and
abundant active sites are synthesized by a sacrificial template method over PAH. The layer-by-layer
(LBL) approach is used to modify the SiO2 template in order to make it positively charged. PAH not
only functions as polyelectrolyte to strongly adsorb negatively charged precursors, ensuring the


javascript:void(0);

Catalysts 2015, 5 1000

reduction reaction completely take place on the surface of the SiO2, but also serves as stabilizer and
complex agent to effectively avoid the aggregation and collapse of the Pd HPNSs owning to its
coordination capability, good hydrophilic property, and high chemical stability. Undoubtedly, this
method is more promising from an environmental standpoint, adding advantage over the use of
high-temperature reaction and toxic organic solvents. Electrochemical measurements demonstrate that
Pd HPNSs exhibit superior electrocatalytic activity and long-term durability compared to commercial
Pd black. Thus, the superior electrocatalytic performance of Pd HPNSs provides a promising support
for good electrocatalyst in DFAFC applications.
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