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{100} facets were synthesized by a mild and controllable seed mediated growth method. The
growth mechanism of the Pd PSNFs was investigated by time dependent morphology evolution

through TEM imaging. Due to the specific structure, Pd PSNFs show highly enhanced ethanol
oxidation reaction (EOR) activity, high EOR anti-poisoning and stability, much better than Pd
nanocubes, {111} facets dominated dendritic urchin-like Pd nanoparticles and Pd black.

1. Introduction

Palladium nanoparticles (NPs) have gained great deal of attention in
the area of catalysis such as C-C coupling,! CO oxidation,? oxygen
reduction reaction,? formic acid oxidation,* > and also direct alcohol
fuel cells.®® Optimizing the morphology and crystal structure of Pd
NPs can tremendously improve their catalytic activity.” For instance,
porous nanostructures have shown great enhancement of the catalytic
activity due to high specific surface areas and plentiful atomic steps
with high index facets.'® ' Pd porous nanostructures is normally
prepared through the aggregation of small nanostructures formed by
rapid reduction of the precursor,'> 13 or through the seed mediated
overgrowth and etching process.'* > During the reduction of
precursor, metallic atoms are randomly arranged on all facets of
small nanostructure or preferably deposited onto some high energy
sites to form thermodynamically stable facets with the lowest surface
energy. {111} facets always encase the lowest surface energy for the
case of Pd, which performs face-centered cubic (fcc) metallic
nanostructure.'® Therefore, almost all of the Pd porous
nanostructures were either polycrystalline formed by aggregation of
small nanostructures or single-crystalline structure with {111} facets
dominated rooted in the thermodynamic control growth process.!” 18
As the catalytic activity of Pd NPs strongly depend on their exposing
facets, in terms of experiments and theoretical simulation,
researchers have found that the open Pd {100} facets present a better
catalytic activity than closed-packed Pd {111} facets and also the
stepped Pd {110} facets in most of the catalytic field.'>?} Herein, we
report a simple route based on seed mediated growth to the synthesis
of Pd porous single-crystalline nanoflowers (PSNFs) bounded by
enriched {100} facets. To the best of our knowledge, this work
provides the first report on a porous single-crystalline Pd
nanostructure with high catalytic activity {100} facets dominated.
As-prepared Pd PSNFs exhibit significantly enhanced catalytic
activity, higher stability and anti-poisonous ability relative to other
Pd-based catalysts for electro-oxidation reaction of ethanol owing to
their specific structure such as porous, single-crystalline, {100}
facets dominated, abundant atomic steps with high-index facets as
catalytic active sites.”*

This journal is © The Royal Society of Chemistry 2013

2. Experimental

2.1 Material and reagents

Palladium chloride (PdClz, 99.999%), FTO (~7 Q/sq),
Hellmanex™ lotion, Pd black (Pd>99.9%), were obtained from
Sigma-Aldrich. Hydrochloric acid (HCl, AR), sulphuric acid
(H2S804, AR), ascorbic acid (AA, AR) were obtained from
Beijing chemical works, China. H2PdCls4 aqueous solution was
prepared from hydrochloric acid (HCI) aqueous solution and
palladium chloride (PdClz). Cetyltrimethyl ammonium bromide
(CTAB, AR), cetyltrimethyl ammonium chloride (CTAC, CR),
potassium hydroxide (KOH, AR), and ethanol (AR) were all
purchased from Sinopharm chemical reagent, China. The water
(18.2 MQ cm') used in all experiments was prepared by
passing through an ultrapure purification system.

2.2 Synthesis of palladium nanocube seeds

Cubic Pd seeds were synthesized according to a published
procedure.?” In a typical synthesis, 45.6 mg of CTAB was
dissolved in 10 mL water within a 20 mL vial and heated at 95
°C under magnetic stirring. After 5 min, 0.5 mL of 10 mM
H2PdCls was added. After another 5 min, 80 pL of 0.1 M
ascorbic acid solution was quickly added. The reaction was
stopped after 10 min and stored at 30 °C for future use.

2.3 Synthesis of palladium porous single-crystalline nanoflowers

In a typical synthesis, 20 mL of 0.1 M CTAB solution was
injected into a 40 mL scintillation vial and kept in a 40 °C water
bath. Then 250 pL of 10 mM H2PdCls solution was injected and
gently mixed. 5 minutes later, corresponding amount of Pd
nanocube seeds was added into the solution. After completely
mixed, 400 pL of freshly prepared 0.1 M ascorbic acid solution
was injected and the solution was gently mixed. The resulting
solution was placed in a water bath at 40 °C without
disturbance. After 12 h, when the reaction completed, the
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products were collected by centrifugation (12000 rpm, 5 min).
The supernatant was discarded and the precipitate was
redispersed in 40 °C water. The centrifugation-redispersion
procedures were repeated for another two times and the final
product was redispersed in 1.5 mL of water. For the 52, 65, 73,
and 81 nm porous single-crystalline Pd nanoflowers, 480, 360,
240, and 160 pL of the Pd nanocube seed solution were added
respectively.

2.4 Synthesis of palladium large nanocubes

In a typical synthesis, 20 mL of 0.1 M CTAB solution was
injected into a 40 mL scintillation vial and kept in a 40 °C water
bath. Then 500 pL of 10 mM H2PdCls solution was injected and
gently mixed. To obtain the 65 nm Pd nanocubes, 5 minutes
later, 140 puL of Pd nanocube seeds was added into the solution.
After completely mixed, 400 pL of freshly prepared 0.1 M
ascorbic acid solution was injected and the solution was gently
mixed. The resulting solution was placed in a water bath at 40
°C without disturbance. After 12 h, when the reaction
completed, the products were collected and washed the same
way as the Pd PSNFs.

2.5 Synthesis of palladium urchin-like nanoparticles

In a typical synthesis, 20 mL of 0.1 M CTAC solution was injected
into a 40 mL scintillation vial and kept in a 40 °C water bath. Then
250 pL of 10 mM H2PdCl4 solution was injected and gently mixed.
To obtain the 69 nm Pd urchin-like NPs, 5 minutes later, 360 uL of
Pd nanocube seeds was added into the solution. After completely
mixed, 400 pL of freshly prepared 0.1 M ascorbic acid solution was
injected and the solution was gently mixed. The resulting solution
was placed in a water bath at 40 °C without disturbance. After 12 h,
when the reaction completed, the products were collected and
washed the same way as the Pd PSNFs.

2.6 Characterization

Transmission electron microscope (TEM), high resolution
transmission electron microscope (HRTEM), sclected area
electron diffraction (SAED), scanning transmission electron
microscope (STEM), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images and
energy-disperse X-ray (EDX) spectrum were acquired by using
a JEM-2100F transmission electron microscope equipped with a
high-angle annular dark-field detector (JEOL Co., Japan). X-
Ray diffraction (XRD) patterns were obtained by using a
Bragg-Brentano diffractometer (D8-tools, Germany), and the
source was a Cu-Ka line at 0.15418 nm. X-ray photoelectron
spectroscopy (XPS) data was acquired with an ESCALAB-250
instrument (Thermo Fisher Scientific, USA), performed with a
monochromatic Al-Ko (1486.6 eV) radiation source and a
hemisphere detector with an energy resolution of 0.1 eV.
Inductively coupled plasma mass spectrometry (ICP-MS) data
were determined by an ELAN 9000/DRC ICP-MS system. Fast
Fourier transform (FFT) contrast refined HRTEM images were
obtained by Gatan digital micrograph software. TEM snapshot
was achieved by quenching 800 pL of the growth solution by
high speed centrifugation (16000 rpm, 1 min) and washed two
times with 40 °C deionized water. Finally, 5 pL of solution with
suitable concentration was drop-cast onto a carbon supported
film and dried at room temperature in an enclosed environment.

2.7 Electrochemical measurements
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The electrochemical measurements were conducted by using a
CHI650D electrochemical workstation (Shanghai, Chenhua Co.,
China). A three-electrode cell was equipped with a saturated calomel
electrode (SCE) as the reference electrode, a platinum foil electrode
(lemx3cm) as the counter electrode and a nanoparticle modified
FTO electrode (lcmx3cm) as the working electrode. Before
modification, the FTO electrode was ultrasonic cleaned with 1%
Hellmanex™ aqueous solution for two hours and rinsed with great
amount of deionized water. Cleaned FTO was then put in a glass
garden and the catalyst solution with suitable concentration was
uniformly drop-cast onto the surface of FTO electrode. The liquid
drop was slowly dried at room temperature in a sealed environment.
Before each  electrochemical test, the electrode was
electrochemically activated in a N2 saturated 0.5 M H2SOa4 solution
by performing cyclic voltammetry scanning at -0.3-1.2 V for 50
cycles until stable voltammograms were obtained. Ethanol oxidation
reaction (EOR) catalytic activity and stability tests were all
performed in a N2 saturated solution containing 1 M KOH (aq) and
IM ethanol. Catalytic activity and cycling stability measurements
were all carried out by cyclic voltammetry scanning at -0.9-0.6 V
with a scan rate of 50 mV s’. Long-term stability test was recorded
by taking a Chronoamperometric (CA) scanning at a constant
potential of -0.2 V. All of the electrochemical tests were performed at
room temperature.

3. Results and discussion

3.1 Characterization of Pd PSNFs

Pd PSNFs samples were prepared by a seed mediated epitaxial
growth method in aqueous solutions. Pd nanocube seeds
(23£1.9 nm in diameter) were synthesized and characterized
according to previous report (Fig. S1).2° The TEM image of the
Pd PSNFs indicates that nanoparticles are monodispersed with a
flower-like morphology as shown in Fig. 1a. HRTEM image of
the Pd PSNFs is displayed in Fig. 1b, which shows the lattice
space of the nanostructure is 1.95 A; inset shows the FFT
pattern and FFT contrast refined HRTEM image of the red
square area in Fig. 1b, the characteristic square spot array of the
FFT pattern and the distinctive square tight atomic arrangement
indicate a single-crystalline nature and confirm that the Pd
PSNFs are enclosed by {100} facets.?® 27 XRD patterns
recorded on the Pd-based catalysts were shown in Fig. lc.

/J zc)i

Pd PSNFs

X Pd nanocubes,
i .

- Pd urchin-like NPS‘

T s o poFus. 1043

(111) (200) (220)
30 40 50 60 70 80
26 / deg.

Normalized

) shows the
magnified image of a Pd PSNFs, the inset of (b) shows the corresponding FFT
pattern and FFT refined HRTEM image of the region indicated by the red box in
(b) recorded along [001] zone axis. (c) XRD pattern of Pd nanostructures. (d—e)
Bright field STEM and HAADF-STEM of Pd PSNFs. (f) High magnified HAADF-STEM
of Pd PSNFs.
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Fig. 2 (a) TEM image of nine Pd PSNFs by random sampling. (b—j) Magnified TEM
and SAED images of corresponding Pd PSNFs, all of these SAED patterns were
taken from whole individual nanoparticle (scale bars of image b—j are all 20 nm
as shown at the right bottom corner).

Peaks located at 40°, 46° and 68° can be indexed to the (111),
(200), and (220) planes of fcc palladium, respectively. XRD
patterns of the Pd PSNFs and Pd nanocubes show an
abnormally intense (200) peak, suggesting a relatively large
proportion of these Pd NPs were oriented with their {100}
facets parallel to the substrate.?® However, the urchin-like Pd
NPs synthesized as described previously with slightly
modification was dominated by {111} facets.”> The
corresponding HAADF-STEM images displayed in Fig. 1d—f
clearly reveal the porous structure of the Pd PSNFs.?’ Nz
sorption measurements were failed to be performed owing to
the aggregation and coalescence caused by drying during the
measurements. In order to determine the real surface area, we
calculated the mass electrochemical active area (ECSA) instead
(details are described in SI). Elemental and electronic state
analyse of Pd PSNFs are shown in Fig. S2. From the EDX
spectrum and XPS data, we can infer that PSNFs are Pd
nanoparticles with slight capping agents on their surface. In

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 TEM images of Pd PSNFs with different sizes (Scale bar: 100 nm). (a) 52+2.7
nm. (b) 65+1.9 nm. (c) 73+2.5 nm. (d) 81+2.4 nm. (e) Statistics of the particle
diameter distribution of Pd PSNFs with different sizes. (f) Linear relationship
curve of Pd nanocube seed solution additive amount and obtained Pd PSNFs size.

order to further demonstrate the single-crystalline nature of the
PSNFs, we characterized the crystalline structure of the
individual Pd PSNFs with SAED, as shown in Fig. 2. The
characteristic square spot arrays of SAED patterns indicate the
single-crystalline nature and confirm the Pd PSNFs are
enclosed by {100} facets. Fig. S3 shows HRTEM image of a
randomly picked Pd PSNF with crystalline grains arranged by
the same orientation and unchanged punctiform FFT pattern
over the entire nanoparticle, which once again demonstrate the
single-crystalline nature.’® The diameter of the Pd PSNFs can
be readily controlled by varying the volume of the seed solution,
and a linear relationship can be obtained between the size of the
PSNFs and the additive seed amount as shown in Fig. 3. For
further application of the Pd PSNFs, we calculated the
relationship between the seed solution volume and the obtained
particle size by formula:

(-0.0912))( Vseed solution (llL) + 96.176 = dpa psNFs (nm), R=0-99,

Where Vieed soiution 18 the volume of seeds addition, dpa psnrs 1S
the diameter of obtained Pd PSNFs.

3.2 Growth mechanism of Pd PSNFs

To better understand the growth mechanism of the Pd PSNFs,
we analysed the reaction time dependent morphology evolution
by TEM imaging (Fig. 4). TEM snapshot started from 0 minute
which is the time point when ascorbic acid was added into the
reaction system and reduction of Pd?* began. Fig. 4 and Fig. S4
show the obvious changes of morphology, particle size and
solution colour during the reaction. The results show that a fast
size increase happens at the initial 20 min while the cubic shape
of Pd NPs is retained. At the same time, slight concavity is
formed at the six faces of each nanocube. After that, the
concave nanocubes change into convex nanocubes and finally
transform into spherical flower-like shape with slowly size
increase. Based on these observations, we propose a mechanism
as shown in Scheme. 1. Where V1 means the diffusion rate of
Pd precursor to nanocube seeds, V2 indicates the generation rate
of Pd atoms and also the consumption rate of Pd precursor on
the nanocube surface, V3 stands for the surface diffusion rate of
Pd atoms.?'- 32 At the beginning, the reaction processes quite
fast because of the high precursor concentration as illustrated by
the first 15 min state in Fig. 4m. In this state, the rates
mentioned above arrange in the order of: V1,V2 > V3 due to the
relative low reaction temperature and fast addition of the Pd

J. Name., 2012, 00, 1-3 | 3



Nanoscale

400 600 800

0 200
Time / min

Fig. 4 (a—I) Time dependent morphology evolution of Pd PSNFs. TEM images of
the products obtained at: (a) 0 min, (b) 5 min, (c) 15 min, (d) 20 min, (e) 30 min,
(f) 45 min, (g) 60 min, (h) 120 min, (i) 240 min, (j) 360 min, (k) 480 min, (I) 720
min. (scale bars of image a—I are all 100 nm as shown at the right bottom corner).
(m) The diameter increasing profile and morphological transformation of singular
crystal grain indicate the growth mechanism of the Pd PSNFs.

Nanoscale

Slower

Y
~ CTA*Br >0 Fast
e Pd* ion
® Pd atom 006 growth

)

High index facets

3
Y- 3 36

000 . ¥

o4 33 00
::,;‘ S ope
% o8¢
600

® ~
b+ + 4 =+ /

4 b 4 <

g
o305 0
Nul 33 §
5

-

Q;wm

44
4
-

b+ 44

pores Atomic steps

Scheme. 1 Proposed growth mechanism of Pd PSNFs.

precursor and reductant similar to previously discussed by Xia
et al’' Meanwhile, {100} facets are covered by Br~ ion,
therefore most of the Pd atoms will deposit onto the corner sites
where {111} and {110} facets are exposed, generating Pd
concave nanocubes as shown in Fig. 4a—4c.’> The total
precursor concentration declines dramatically within 20 min
during the formation of the concave nanocubes. Then there will
be a gradient of the precursor concentration between the convex
and concave area due to the different reduction rate and low
diffusion rate of the precursor. In this state, the concave area
possesses a higher precursor concentration relative to the
convex area. Therefore, the growth rate of concave area
increases significantly and the nanoparticles begin to grow into
convex nanocubes as shown in Fig. 4d—4f. Meanwhile, porous
nanostructure starts to form as indicated by the uneven contrast
of the nanoparticles because of the insufficient precursor supply
as well as etching effects.’® The concentration of the precursor
always declines and finally reaches a growth rate balance, then
spherical nanostructures are finally formed as shown in Fig.
4g—41. Abundant atomic steps with high index facets (indicated
by the arrows) were also observed in this {100} facets enriched
porous nanostructure as shown in Fig. 5, which should be

4| J. Name., 2012, 00, 1-3

important for the improvement of catalytic activity. No obvious
high-index facets can be observed for the commercial Pd black
nanoparticles, as shown in Fig. S5.

Two control experiments were also performed to elucidate
the reasons of Pd PSNFs performing single-crystalline and
mainly {100} facets exposing. The first one is disrupting the
02/Cl™ etching pair by saturating the reaction solution with
argon (Ar).>* Previous works reveal that single-crystalline
structure were always formed by the assistance of etching, in
which particles with enriched lattice defects and stacking faults
could be selectively removed.? In order to reveal the reason for
the formation of single-crystalline nature of Pd PSNFs, we
carried out a control experiment with O2/Cl~ etching pair
disrupted by saturating the growth solution with Ar. These Pd
nanostructures show similar spherical flower like morphology
as Pd PSNFs (Fig. 6a). HRTEM images of three randomly
selected nanoparticles and corresponding live FFTs over each
singular nanoparticle are shown in Fig. 6b—6d. The results show
that there are many stacking faults and lattice defects, as
indicated by FFT refined HRTEM image (inset of Fig. 6b). FFT
patterns are varying from different areas of a singular
nanoparticle as shown in the left bottom of Fig. 6b—6d. Above-
mentioned results clearly indicate that the presence of O2/Cl~
etching pair is essential for obtaining single-crystalline
nanostructures. The single-crystalline Pd PSNFs nanostructures
show higher catalytic activity than that with stacking faults
synthesized in Ar saturated growth solution, as shown by the
inset of Fig. 6d. The second control experiment is replacing
CTAB with CTAC as the capping agent while the other

Fig. 5 (a) HRTEM and (b) FFT contrast refined HRTEM image of Pd PSNFs. Inset in
(b) clearly shows the atomic steps with high-index facets exposed on the surface.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 (a) TEM image of Pd nanoparticles prepared in Ar saturated growth
solution and (b—d) HRTEM images from randomly selected areas indicated in (a).
The bottom of (b—d) show the live FFT patterns from three areas of each singular
Pd nanoparticle. Inset of (b) shows FFT refined HRTEM image of the Pd
nanoparticle with obvious lattice defects; inset of (d) shows EOR activity
comparation of Pd nanostructures synthesized in air and Ar.

parameters are kept exactly the same. In this non-Br~ ion case,
the dendritic urchin-like Pd NPs with {111} facets dominated
were obtained similar as previous reported results by Yan’s
group,'? as shown in Fig. 7a—7c. The size of urchin-like Pd NPs
(69 nm, inset of Fig. 7b) is larger than Pd PSNFs (65 nm) in the
similar growing environment, which can be interpreted as the
difference between dendritic and porous nanostructures. The
structure distinction also leads to much more inhomogeneous
statistical size distribution of urchin-like NPs than PSNFs. By
comparing the growth process and crystalline structure of Pd
PSNFs and Pd urchin-like NPs, we can reveal the importance of
CTAB as the capping agent for the preparation. The reaction
without Br~ ion in the process ran very fast and performed
obvious color change within 10 minutes. From the XRD (Fig.
1c) and HRTEM analysis, we can conclude that Pd urchin-like
NPs are enclosed by {111} facets, which is different from the
{100} facets dominated Pd PSNFs. All above indicates that
Brion in CTAB is essential for the synthesis of {100} facets
enriched nanostructures in this study.’® The combination of
reaction kinetic and thermodynamic controls Pd nanocube-
mediated epitaxial growth process and determines the
morphology of the obtained nanoparticles, as indicated by
Scheme 2. Pd nanocube seeds are prepared in CTAB solution,
in which Br™ ion is capping on the {100} facets. When the
epitaxial growth takes place in CTAB solution, the reaction still
goes in kinetic control.’” The mechanism of growth at high
precursor concentration is same as the synthesis of Pd seeds,
bigger nanocubes are formed in this case (Fig. 7d—71).3® The
concentration gradient in the growth process at low precursor
concentration will result in the formation of Pd PSNFs as
discussed in Scheme 1. When the epitaxial growth takes place
in CTAC solution, the reaction will goes in the thermodynamic
control. Pd urchin-like nanoparticles with {111} facets

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 (a—b) TEM and (c) HRTEM image of Pd urchin-like nanoparticles. The inset
in (b) shows the particle diameter distribution. (d—e) TEM and (f) HRTEM image
of large Pd nanocubes. The inset in (e) shows the particle diameter distribution.
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Scheme. 2 Schematic illustration of three typical growth modes of Pd
nanostructures at Pd nanocube seed mediated epitaxial growth condition.

dominated were synthesized in this situation.'?

3.3 Electrocatalytic property test of Pd PSNFs for EOR

The electrocatalytic activity of as-prepared Pd PSNFs for ethanol
oxidation was investigated in an alkaline solution. To remove the
excessive CTAB which may bind to the facets of nanoparticles,
electrochemical cleaning process were performed before EOR
measurement, details are described in Fig. S6. We chose other three

Table 1. Mass ECSA and electrochemical roughness data of Pd-based
catalysts.

Catalyst Mass ECSA  Roughness
[cm? mg pa']
Pd PSNFs (81nm) 475.56 2.50
Pd PSNFs (65nm) 669.59 3.52
Pd PSNFs (52nm) 615.17 3.42
Pd nanocubes (65nm) 370.93 1.95
Pd urchin-like NPs (69nm) 340.16 1.73
Pd black 352.14 1.79

a) Roughness = Active surface area/Geometric area.

kinds of Pd-based catalysts for EOR activity comparison: Pd black
(Pd>99.9%), Pd nanocubes (65+2.1 nm) dominated by {100} facets
without porosity and Pd urchin-like NPs (69+2.4 nm) enclosed by
{111} facets with porosity. TEM characterizations of three kinds of
Pd-based catalysts are shown in Fig. 7. Mass specific activities of all
catalysts were evaluated based on the Pd contents obtained by ICP-
MS (ICP-MS and yield data are summarized in Table S1). Mass
ECSA and electrochemical roughness data were illustrated in Fig. S7

J. Name., 2012, 00, 1-3 | 5
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Fig. 8 Electrochemical experimental data: (a) Cyclic voltammograms of four kinds
of Pd-based catalysts recorded at room temperature in a solution containing 1 M
ethanol and 1 M KOH (aq) with a sweep rate of 50 mV s1. (b) Mass activity and j;
/jp for the ethanol oxidation on four different types of catalysts, inset shows the
onset-potential comparation for corresponding catalysts. (c) EOR cycling stability
of the catalysts with a cycle number of 200. (d) Chronoamperometric curves of

four Pd-base catalysts modified electrodes recorded at applied potential of -0.2 V.

The currents were normalized by corresponding mass of Pd on each electrode.

and Table 1 (the details for calculation of electrochemical roughness
are shown in Table S2). It is shown that Pd PSNFs exhibit the
maximum mass ECSA and electrochemical roughness corresponding
to the highest catalytic activity. As a probe reaction, EOR was carried
out to investigate the catalytic activity. EOR is characterized by well-
separated anodic peaks in the forward and backward scans. The
magnitude of the forward scan peak current density (jr) is directly
proportional to the amount of ethanol oxidized at the electrode, and
the ratio of forward scan peak current density to backward scan peak
current density (j¢/jb) indicate the anti-poisoning ability of catalysts.
Anodic peak onset-potential reveals the kinetics of the EOR.3® Blank
cyclic voltammograms recorded in 1M KOH (aq.) display no
obvious oxidation peak are shown in Fig. S8. Fig. 8a shows the
cyclic voltammograms for four kinds of Pd-based catalysts in EOR.
The amplified onset potential areas of CVs are shown in Fig. S9 for
better observation. Fig. 8b shows the statistical data of mass activity,
ratio of forward scan peak current density to backward scan peak
current density and the onset-potential (inset of Fig. 8b). Pd PSNFs
still exhibit great enhancement for EOR with higher forward scan
mass specific peak current density (3.761 A mg pa’!), more negative
onset-potential (-0.796 V vs. SCE), and high j¢/jb value (2.913) owe
to its specific structure. In order to examine the intrinsic activity of
these Pd-based catalysts, ECSA specific activity data were also
shown in Fig. S10. It shows that Pd PSNFs possess enhanced ECSA
specific activity than other three Pd nanocatalysts with the highest
peak current density of 5.64 mA ¢cm. The EOR peak potential on Pd
PSNFs is 0.12 V more positive than that on Pd black. This is maybe
due to the possibility that the active sites are covered by trace
capping agent ions on Pd PSNFs, which to some extent, hinder the
adsorption of ethanol molecules or hydroxyl species on the Pd
surface, and therefore delayed the formation of Pd-OH or Pd-
C2Hs0H, consequently render the EOR at a higher potential.*®4! To
evaluate the electrocatalytic stability of the catalysts under
continuous operating conditions, EOR cycling stability and long-
term stability experiments were carried out.*>> ¥ Cycling stability
curves in Fig. 8c reveal that Pd PSNFs give a better stability than
other catalysts with a 90.19% remaining current density after 200
cycles scanning, which is much higher than 78.55%, 72.85% and
67.96% for Pd nanocubes, Pd urchin-like NPs and Pd black catalyst,

6 | J. Name., 2012, 00, 1-3

respectively. Long-term stability was demonstrated by showing the
CA curves recorded at -0.2 V for 8000 seconds in Fig. 8d. After 8000
seconds running, the Pd PSNFs remain a higher current density than
other three Pd-based catalysts, which implies a better long-term
stability. Relationship between particle size and EOR activity were
also investigated by preparing three sizes (52+2.7, 65+1.9, and
8142.4 nm) of Pd PSNFs, as shown in Fig. S11, middle sized 65nm
Pd PSNFs exhibit the highest EOR activity because of the synergistic
effect by size and porosity of the catalyst.!”> We compare the mass
ECSA and the electrochemical roughness of Pd PSNFs with different
size and the data are illustrated in Table 1. Pd PSNFs with the size of
65nm shows the highest mass ECSA and electrochemical roughness
which indicates the largest catalyst activity area per unit mass Pd.
The result reveals that the 65nm Pd PSNFs have the highest porosity
and matches well with our supposition. The highly enhanced
catalytic activity can be ascribed to the high specific surface area,
enriched EOR activity {100} facets and sufficient accessible atomic
steps with high index facets as active sites.***’ The high
electrocatalytic stability can be boiled down to the nanostructure
pore confinement efficiency which can enhance both of the cycle and
long-term stability.*$

4. Conclusions

In summary, we have demonstrated a simple, facile, and size
controllable seed mediated growth approach for the fabrication
of palladium porous single-crystalline nanoflowers contain
enriched high catalytic activity {100} facets and atomic steps
with high-index-facets as active sites that present significantly
enhanced electrocatalytic activity, high anti-poisoning and
stability toward ethanol oxidation in alkaline media. The
forming mechanism of the Pd PSNFs was investigated based on
the study of time-dependent morphology evolution by TEM
imaging during the growth process. The present work provides
a facile method to the synthesis of porous Pd-based catalyst
dominated by desired high catalytic activity facets and
demonstrates their potential applications in catalysis.
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