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Introduction

Noble metal nanomaterials have been attracting
continuous research attentions in the past decades,
mainly thanks to their versatile applications in optics
and/or electronics [1, 2], probes and/or sensors [3],
diagnostic and/or therapeutic agents [3, 4] as well as
catalysts [5, 6]. In catalytic regime, previous studies
have demonstrated that the catalytic activity of these
metal nanomaterials is highly dependent on their
size, shape, composition as well as subtle atomic
arrangement on the nanoparticle surface. To this end,
various structures have been fabricated to maximally
realize their catalytic potentials. One key issue is the
choice of the surface ligand, on the one hand, the
ligands can passivate the metal surface to prevent
bulk aggregation and stabilize the nanoparticle, while
on the other hand, the binding of the ligands to metal
surface can block the access of the substrate and
hence significantly diminish the reactivity. Among all
kinds of ligands or surface stabilizers employed,
peptide has become a promising choice [7, 8]. By
employing peptide, desirable physiochemical prop-
erties can be achieved by rational sequence design.
Peptide-based metal nanomaterials are generally
synthesized at room temperature with water as sol-
vent, which totally avoid the harsh energy-intensive
reaction conditions employed in conventional meth-
ods [8, 9]. Moreover, the inherent specific biological
recognition property as well as versatile biological
functionalities of the peptide sequence can be
imposed onto the metal nanomaterials.

Meanwhile, palladium is a marvelous metal in the
catalytic field, as it can catalyze a variety of reactions
in commercial devices and industrial processes
[10, 11]. Compared with gold or platinum, palladium
is much cheaper with higher earth abundance. Pd
nanoparticles (NPs) have demonstrated remarkable
catalytic reactivity toward various reactions, and
these reactions include C-C coupling reaction
[12-14], 4-nitrophenol reduction [15], olefin hydro-
genation [16, 17], oxidation of alcohol [18] as well as
electrochemical reactions such as oxygen reduction
reaction (ORR) [19-24]. To generate stable and reac-
tive Pd nanocatalysts, a variety of templating agents
including dendrimer [25], polymer [26], surfactant
[27] as well as peptide [8, 28] have been employed. It
has been documented that Pd*" or Pd** ions can be
sequestered in peptide scaffold, and upon reduction,
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Pd nanomaterials with controlled shape/morphology
are formed [7]. Recently, our group reported the
fabrication of a series of peptide-capped palladium
nanoparticles, and strong surface effects were
observed between peptide sequence and oxygen
electroreduction activity [29].

Peptide sequence R5 (SSKKSGSYSGSKGSKRRIL)
was first isolated through a phage display technique
from protein silaffin. Note that, the C-terminal RRIL
motif of R5 can direct the nucleation growth and form
aggregates or other characteristic structures [30].
Thanks to this self-assembly property, R5 has been
successfully employed to regulate the formation of
several nanostructures such as silica [31], titanium
phosphate [32] and titanium oxide [33]. By employ-
ing R5 as the templating agent, Bhandri et al. suc-
cessfully prepared Pd nanomaterials with different
shapes and morphologies, and such Pd nanomateri-
als demonstrated remarkably high catalytic activity
for stille C—C coupling reaction and the reduction of
4-nitrophenol [15]. In addition, they fabricated Pt and
Au nanomaterials templated by R5 and proved that
both of them are versatile and efficient catalysts for
olefin hydrogenation and 4-nitrophenol reduction
[34].

Even if significant advances have been achieved for
R5-templated noble metal nanomaterials as catalyst
upon various organic reactions, however, their elec-
trocatalytic capability is still unknown. For instance,
do R5-templated Pd nanomaterials possess ORR
activity? It is worth noting that, ORR is a key reaction
which determines the efficiency of metal-air batteries
and fuel cells [35-38], both of which have been well
recognized to store cost-effective and environmental
friendly energy devices to resolve the global energy
crisis and associated severe environmental issues
such as ubiquitous air pollution. The following
question should be, as R5 can direct the morphology
of the as-formed Pd nanomaterials, how the shape
affects the ORR activity? Furthermore, can we even-
tually establish a correlation between the shape and
morphology of R5-templated Pd nanomaterials with
their electrocatalytic activity? All the above questions
actually form the aim and motivation of our current
study.

Herein, R5-templated Pd nanomaterials with dif-
ferent shape and morphologies were fabricated. All
the as-prepared Pd nanomaterials exhibited excellent
electrocatalytic activity toward ORR, and R5-Pd-90
outperformed other samples among the series. The
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ORR activity of R5-Pd-90 is superior than of bench-
mark commercial Pt/C, within the context of onset
potential, diffusion-limited current density as well as
durability. Notably, R5-Pd-90 demonstrated exceed-
ingly higher long-term stability than commercial Pt/
C. The correlation between the shape and morphol-
ogy of Pd nanomaterials with the ORR activity has
been successfully established.

Materials and methods
Chemicals

Peptide R5 (SSKKSGSYSGSKGSKRRIL, >96%) was
purchased from Top-Peptide (Shanghai, China).
Potassium tetrachloropalladate (K,PdCly, 98%),
commercial Pt/C (20%) and sodium borohydride
(NaBH,4, 98%) were acquired from Aladdin Industrial
Corporation (Shanghai, China).

Synthesis of R5-templated Pd nanomaterials

R5-templated palladium nanomaterials were synthe-
sized by following a modified procedure in the pre-
vious reports [15, 39]. The synthesis of R5-Pd-
X (X = 60,90, 120 and 150, X is the metal-to-R5 ratio)
was conducted as follows: briefly, 2 mg peptide (R5)
was first dissolved in 0.2 mL of deionized water in a
2-mL tube at room temperature to prepare a peptide
solution. 9.86, 6.57, 493 and 3.94 pL peptide R5
aqueous solution (4.97 mM) was added into a 10-mL
round-bottom flask. All the four kinds of solutions
were diluted to 1776.72 pL. 76.28 L. of 38.54 mM
K,PdCl, was then added into the above four solu-
tions separately. After the mixture was stirred at
300 rpm for 15 min, 147 pL of freshly prepared 0.1 M
NaBH, solution was added rapidly where the solu-
tion turned from colorless to brown immediately.
Then, the solution was kept stirring for at least 1 h.
The R5-templated Pd nanomaterials were obtained.

Characterizations

UV-visible absorbance of the peptide-capped PdNPs
was measured using a Shimadzu 2600/2700 UV-
visible scanning spectrophotometer with a 1-cm
quartz cuvette. HR-TEM images were acquired with
high-resolution transmission electron microscope
(JEOL-JEM-2010), where samples were prepared by
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dropcasting a catalyst dispersion directly onto a
copper grid coated with a holey carbon film [40].

Electrochemical measurements

Electrochemical measurements were performed with
a CHI 750E electrochemical workstation (CH Instru-
ments Inc., Shanghai) and rotating disk electrode test
system (Pine Instrument Company, Grove City) in a
0.1 M KOH aqueous solution at room temperature. A
platinum wire and a Ag/AgCl electrode were
employed as the counter electrode and reference
electrode, respectively. The Ag/AgCl reference elec-
trode was calibrated with respect to a reversible
hydrogen electrode (RHE) by the formula of
Erue = Eagiagar + 0.966 V in all measurement. The
working electrode was a ring-disk electrode (diame-
ter 5.61 mm) and cleaned by mechanical polishing
with aqueous slurries of 0.3 pm alumina powders on
a polishing microcloth. 20 pL Nafion (5 wt%,
Aldrich) was diluted to 2 mL by ethanol. The sam-
ples were prepared by dropping 24.78, 25.28, 25.56
and 25.72 pL. R5-Pd nanomaterials aqueous solution
and 10 pL Nafion ethanol solution on the glassy
carbon disk of the working electrode and dried at
room temperature. The catalyst loading was
80.8 ug cm ™ for all the four samples.

Results and discussion

HR-TEM images of R5-templated Pd
nanomaterials

R5-templated Pd nanomaterials were first prepared
by following a modified procedure in the previous
reports [15, 39]. The Pd-to-peptide ratio was con-
trolled as 60, 90, 120 and 150. The sample was
denoted as R5-Pd-X, where X = 60, 90, 120 and 150,
respectively. Figure S1 presents the UV-visible
absorbance spectra of the Pd nanomaterials. One can
see that, for all the samples, exponential decay fea-
tureless absorbance was obtained, reminiscent of the
well-known Pd colloids [41, 42]. The representative
high-resolution transmission electron microscopic
(HR-TEM) images of the as-prepared Pd nanomate-
rials can be found in Fig. 1. It can be seen that the
shape and morphology changed drastically with the
variation of palladium-to-peptide ratio. For the sam-
ple of R5-Pd-60, uniform spherical nanoparticles can
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Figure 1 Representative HR-
TEM images of Pd
nanomaterials templated by RS
with Pd/peptide ratios of a 60,
b 90, ¢ 120 and d 150. The
corresponding size distribution
histogram of R5-Pd-60 is
included in Fig. S2.

be easily identified, and the average core diameter is
determined as 1.7 & 0.4 nm (Fig. S2). For the sample
of R5-Pd-90, spherical nanoparticles disappeared and
nanoribbons dominated the sample. The continuous
increasing of metal loading will lead to the formation
of nanoparticle networks, which can be observed in
both R5-Pd-120 and R5-Pd-150 samples. Nanoribbons
and nanoparticle networks both exist in the sample of
R5-Pd-120, while most of the particles formed net-
works in the sample of R5-Pd-150, and barely indi-
vidual ribbon can be found.

Such morphology change with the metal-to-pep-
tide ratio can be attributed to the self-assembly
properties of the R5 sequence. Note that the RRIL
motif on the C-terminal can drive the sequence to
form characteristic scaffold or matrix, and upon the
addition of the reducing agent, Pd nanomaterials
were formed within such scaffold [7]. However, the
average distance between the individual particles
varies with the change of the Pd loading. With lower
Pd-to-R5 ratios, the interparticle distance is quite
large, which makes the particles well dispersed and
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not aggregated, as shown in the samples of R5-Pd-60
and R5-Pd-90. With higher Pd-to-R5 ratios, small
interparticle distance was generated, which results in
the linear aggregation or assembly of the particles.
Such aggregation or assembly eventually led to the
formation of nanoribbons or nanoparticle networks,
as illustrated in the samples of R5-Pd-120 and R5-Pd-
150.

Cyclic voltammograms of R5-templated Pd
nanomaterials

Next, the samples were subjected for the catalytic
activity tests toward ORR. Interestingly, all the R5-
Pd-X samples demonstrated excellent ORR activity.
As shown in Fig. 2a, a sharp cathodic peak at
~0.88 V from oxygen reduction can be easily
indentified in the cyclic voltammograms of a glassy
carbon electrode modified with each sample in O,-
saturated 0.1 M KOH solution. The cathodic peak
potential is estimated as 0.87 V for R5-Pd-60, 0.88 V
for R5-Pd-90, 0.88 V for R5-Pd-120 and 0.88 V for R5-
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Figure 2 a Cyclic voltammograms of a glassy carbon electrode
modified with R5-Pd-X samples in O,-saturated 0.1 M KOH
solution; b The CV comparison of R5-Pd-90 and Pt/C. Potential
scan rate is 10 mV s~

Pd-150. Such value is quite close; however, the
cathodic peak current density is different for each
sample. R5-Pd-90 exhibited the highest value of
0.59 mA/cm?, slightly larger than other samples in
the series. The results indicate that R5-Pd-90 might
possess the best activity among the series. The ORR
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activity of R5-Pd-90 was further compared with
commercial Pt/C, and Fig. 2b shows the cyclic
voltammograms of R5-Pd-90 and Pt/C. Interestingly,
R5-Pd-90 exhibited much more positive cathodic
peak potential (0.88 V) than Pt/C (0.82 V), and the
cathodic peak current density of R5-Pd-90 is also
larger than that of Pt/C (0.59 mA/cm? for R5-Pd-90
vs. 0.57 mA/cm? for Pt/C). The above findings
indicate that R5-Pd-90 probably possesses superior
ORR activity than commercial Pt/C.

RRDE measurements of R5-templated Pd
nanomaterials

To further probe the shape effects of the Pd nano-
materials upon ORR, we next conducted rotating
ring-disk electrode (RRDE) voltammetric measure-
ments. Table 1 summarizes all the ORR activity of the
R5-Pd-X series and Pt/C as a comparison. As
depicted in Fig. 3a, all the samples exhibited simi-
larly high onset potential of ~0.98-0.99 V, which is
higher than commercial Pt/C catalyst whose onset
potential is 0.97 V. In addition, the diffusion-limited
current density (at +0.50 V and 2500 rpm) was esti-
mated to be 4.84 +0.21 mA/cm® for R5-Pd-60,
5.01 + 0.23 mA/cm?® for R5-Pd-90, 4.80 + 0.12 mA/
em” for R5-Pd-120 and 4.25 & 0.21 mA/cm? for R5-
Pd-150 (Table 1). The results agree well with the
above findings, as the R5-Pd-90 exhibited the best
activity among the series. Once again, as illustrated in
Fig. 3b, the ORR activity of R5-Pd-90 is confirmed to
be superior than of Pt/C, as more positive onset
potential (0.99 vs. 0.97 V) and much larger diffusion-
limited current density (5.01 vs. 4.82 mA/cm?) were
acquired.

Linear scanning voltammogram (LSV) of the R5-
templated Pd nanomaterials with different rotation

Table 1 Summary of Pd nanomaterials templated with R5 and Pt/C including shape, cathodic peak potential (E,,), onset potential (Eqnset),
diffusion-limited current density (j) at 0.50 V and mass activity (MA) at 0.90 V with corresponding metals

Samples Shape E, (V) Eonset (V) j (mA/cm?) at 0.50 V. Mass activity at 0.9 V (A/g)
R5-Pd-60  Spherical particles 0.87 £ 0.013 0.98 £ 0.004 —4.84 + 0.21 44.69 + 0.44
R5-Pd-90  Nanoribbons 0.88 £ 0.005 0.99 £ 0.003 —5.01 + 0.23 55.70 £ 0.18
R5-Pd- Nanoribbons and nanoparticle 0.88 £ 0.002 0.98 £ 0.007 —4.80 = 0.12 54.48 £ 0.08
120 networks
R5-Pd- Nanoparticle networks 0.88 £ 0.005 0.98 £ 0.006 —4.25 + 0.21 34.44 £+ 0.99
150
Pt/C - 0.82 + 0.004 0.97 + 0.007 —4.82 + 0.25 23.18 + 0.23
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Figure 3 a ORR polarization curves of a glassy carbon electrode
modified with the peptide R5-templated Pd nanomaterials in O,-
saturated 0.1 M KOH at 2500 rpm. b ORR polarization curves of
R5-Pd-90 and Pt/C at 2500 rpm.

rates can be found in Fig. S3. Clearly, the voltam-
metric currents density increased with the increasing
of electrode rotation rate. Figure S4 presents the
Koutecky-Levich (K-L) plots of the R5-Pd-X series.
In the potential range of +0.60 to +0.81 V, good lin-
earity was exhibited and all the K-L plots possessed a
consistent slope, implying that the reaction followed
a first-order kinetics with respect to the oxygen con-
centration in the solution. The corresponding Tafel
plots of R5-Pd-X samples and Pt/C can be found in
Fig. S5. The calculated Tafel slope is 53 mV/dec for
R5-Pd-60, 68 mV/dec for R5-Pd-90, 71 mV /dec for
R5-Pd-120 and 55 mV/dec for R5-Pd-150, all of
which is close with that of commercial Pt/C catalyst
(64 mV/dec), suggesting a similar catalytic mecha-
nism, where the first electron transfer to oxygen
molecule is probably the rate determining step in the
catalytic process for both the R5-Pd-X samples and
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the Pt/C catalyst [43]. Note that similar Tafel slope
values have been reported in alkaline solutions for Pd

nanoparticles and nanostructured Pd electrodes
[20, 44].

Numbers of electron transfer and H,O,
yields of R5-templated Pd nanomaterials

Based on the RRDE measurements (Fig.3), the
number of electron transfer (1) and H,O, yield in
ORR (Fig. 4) can be quantified by

41,

nN—=——
Ii+I,/N

(1)

and

2001,/N

H ==
202% L/N +1,

2)
where 1; is disk current density, I, is ring current
density and N is RRDE collection efficiency with a
value of 0.37. Within the potential range of —0.03 to
4+0.7 V, the numbers of electron transfer (n) are
3.92-3.95 for R5-Pd-60, 3.94-3.96 for R5-Pd-90,
3.90-3.95 for R5-Pd-120, 3.89-3.95 for R5-Pd-150 and
3.86-3.95 for Pt/C catalyst. All the electron transfer
numbers are quite close to 4, suggesting that a rather
complete reduction from oxygen molecule to water
occurred and negligible amount of H,O, was pro-
duced. Obviously, R5-Pd-90 possessed the highest
electron transfer number. Consistent results were
further obtained in the calculated H,O, yields. The

4.00
3.95
——R5-Pd-60
e 390 ——R5-Pd-90
——R5-Pd-120
3.85F ——R5-Pd-150
3.80 Py C
10
s °f
Q 6
s
o 4
T 2
0 1 1 1

0.0 0.2 0.4 0.6
Potential (V vs.RHE)

Figure 4 Number of electron transfer and plots of H,O, yield and
of a glassy carbon electrode modified with R5-Pd-X and Pt/C
catalyst at 2500 rpm in O,-saturated 0.1 M KOH solution.
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H,0, yields for all the R5-Pd-X samples nanomate-
rials were less than 6%, which are comparable with
that of Pt/C. It is worth noting that, as exhibited in
Fig. 4, R5-Pd-90 possessed an incredibly low H,O,
yield, as a ~3% value remained from —0.03 to 0.7 V.

The electron transfer kinetics can be further ana-
lyzed by using the Koutecky-Levich (K-L) approach
[45-47]. As the voltammetric disk current (Jp)
includes both kinetic (Iy) and diffusion-controlled (I,;)
contributions, the K-L equation can be expressed as
shown in Egs. (3)-(5):

1 1 1 1 1

b LTL L B o
B = 0.62nFACoD>/ v~/ (4)
Iy = nAFkCy (5)

where w is the electrode rotation rate, n is electron
transfer number, F is the Faraday constant
(96485 C mol™!), A is the geometric surface area of
the electrode, C is the oxygen concentration in O,-
saturated solutions (1.26 x 107® mol cm ™), D, is the
diffusion coefficient of O, in 0.1 M KOH aqueous
solution (1.93 x 107° cm?s™!), v is the solution
kinematic viscosity (1.009 x 107> cm?s™!) and k is
the electron transfer rate constant. As shown in
Fig. 54, 5! and »~'/? exhibited excellent linearity
with very consistent slope for each sample, indicating
a first-order reaction with respect to oxygen concen-
tration. Through Eq. (4), corresponding electron
transfer numbers are calculated as 3.92, 3.96, 3.93 and
3.91 (Table S1) for R5-Pd-60, R5-Pd-90, R5-Pd-120 and
R5-Pd-150, respectively. As shown in Table S1, such
numbers were either close or in the range of the
numbers obtained from RRDE measurements.

I J Mater Sci (2017) 52:8016-8026

Durability comparison of the R5-Pd-90
sample and commercial Pt/C

Lastly, the stability and durability of R5-Pd-90 sam-
ple were evaluated and compared with commercial
Pt/C catalyst by chronoamperometric measurements.
As illustrated in Fig. 5a, after continuous operation of
30000 s, cathodic current density of R5-Pd-90 dis-
played a loss of only 14.97%, while for commercial
Pt/C catalyst, the loss is about 34.04%. R5-Pd-90
exhibited remarkably higher long-term durability
than commercial Pt/C catalyst. To further evaluate
the durability of the catalyst, accelerated durability
tests were performed by cycling the catalyst over the
potential range from 0 to 1.166 V at 10 mV s™' in an
oxygen-saturated 0.1 M KOH solution [48, 49]. As
shown in Fig. 5b, the half-wave potential on com-
mercial Pt/C shifted negatively by 22 mV after 5000
cycles test, while R5-Pd-90 displayed a smaller neg-
ative shift of only 17 mV (Fig. 5¢), further attested
higher durability of R5-Pd-90 than of commercial Pt/
C.

ECSA tests and shape effects elucidation

To unravel how the shape and/or morphology affect
the ORR activity, we conducted the electrochemically
active surface area (ECSA) test of the R5-Pd-X sam-
ples [20]. The ECSA (m®/gpq) of the catalysts is esti-
mated according to the equation of ECSA = Qy/
(A x Wpg) [50], where Qp is the total charge (uC),
A is the charge density of Pd, which has been
reported to be 424 nC/cm? [51], and Wpy represents
the Pd loading on the electrode. According to the
cyclic voltammograms in Fig. S6, the ECSA value was
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Figure 5 a Chronoamperometric responses for ORR at R5-Pd-90
and Pt/C electrodes in an O,-saturated 0.1 M KOH solution at
+0.5 V and 900 rpm for 30000 s. The potential scan rate is
10 mV s~ !. The accelerated durability tests (ADT) of commercial
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solution.
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determined. Note that the palladium mass loading is
3.87 ng for R5-Pd-60, 3.96 ng for R5-Pd-90, 4.00 pg for
R5-Pd-120 and 4.02 pg for R5-Pd-150. The ECSA
value is calculated as 24.70 m*/g for R5-Pd-60,
28.50 m*/g for R5-Pd-90, 23.12 m*/g for R5-Pd-120
and 20.75 m?/g for R5-Pd-150. The sample of R5-Pd-
90 possessed the highest ECSA value in the series.
This is probably the cause for the remarkably higher
ORR activity. Moreover, by normalizing the current
density at 0.90 V, the mass activity (MA) with respect
to corresponding metal was calculated [29, 52], as
listed in Table 1 and shown in Fig. 57 as well. Inter-
estingly, all the R5-Pd-X samples exhibited higher
MA value than Pt/C. The R5-Pd-90 sample possessed
the best MA value, and it is about 2.5 times of Pt/C.

Compared to size, shape actually plays a more
important role in controlling the catalytic activity, as
shape not only determines the facets, but also dictates
the physiochemical properties of surface atoms at
corners, edges, vertexes and planes [10]. Note that the
surface atoms can significantly affect the outcome of
the ORR activity [53, 54]. Multiple research groups
have contributed to elucidate the shape effects of Pd
nanoparticles upon ORR. In 2009, Kondo et al. sys-
tematically investigated the ORR activity of the dif-
ferent low-index planes and found that Pd (100) is the
most active plane [55]. Zhuang group revealed that
the specific activity of Pd nanorod is at least tenfolds
higher than that of Pd nanoparticles [56], while Shao
and Xia discovered that the ORR activity of Pd
nanocubes was an order of magnitude higher than
that of Pd octahedra, and their performance is com-
parable with commercial Pt/C [57, 58]. Such findings
were further confirmed by Erikson et al. as Pd
nanocubes possessed threefold ORR activity of
spherical nanoparticles or bulk palladium [59, 60].
Herein, strong shape effects of Pd nanomaterials
templated by R5 toward ORR were observed, as
nanoribbons exhibited better catalytic activity than
spherical nanoparticles or nanoparticle networks.
Note that the conventional approach to acquire deli-
cate morphological control with desirable index
facets normally requires tedious preparation proto-
cols, harsh reaction conditions as well as high-energy
input. The great virtues including simple and
straightforward sample preparation, environmentally
friendly conditions and extremely low-energy input
of the peptide-templating approach make it a
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promising strategy for fabricating noble metal nano-
materials with desired shape or morphology as
highly efficient catalysts for electrochemical
reactions.

Conclusions

In summary, R5-templated Pd nanomaterials were
fabricated and employed as potent electrocatalysts
for ORR. The shape and morphology of the Pd
nanomaterials can be manipulated by tuning the
palladium-to-R5 ratio. The as-prepared Pd nanoma-
terials exhibited excellent ORR activity, and R5-Pd-90
with nanoribbons is the best sample among the ser-
ies. The correlation between the shape/morphology
of R5-templated Pd nanomaterials and their corre-
sponding ORR activity has been successfully estab-
lished. Notably, the ORR performance of R5-Pd-90 is
superior than of commercial Pt/C, as more positive
onset potential, much larger diffusion-limited current
density, greater mass activity as well as markedly
higher long-term stability were achieved. The results
might pave a pathway for the rational design of Pd
nanomaterials with desirable morphology and opti-
mized electrochemical properties for electrocatalytic
reactions.
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