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Abstract: Octahedral Pt-Ni nanoparticles are considered as promising catalysts for oxygen reduction reaction (ORR). The

relationship between the Pt:Ni atomic ratio and the corresponding ORR activity is presented as a volcano plot without explanation.

Herein, by studying the ORR performance of Pt-Ni octahedral nanoparticles with different Pt:Ni atomic ratios, an abnormal trend of
ORR specific activities in the order of Pt;Ni>PtNi,>PtNi was found. Meanwhile, with the same Pt loading, the sequence of ORR

mass activity is Pt;Ni~PtNi,>PtNi. The degree of surface lattice contraction and the utilization of Pt were considered to account for

these phenomena. The extent of surface lattice contraction is decreased as Pt;Ni>PtNi,>PtNi, consistent with the sequence of ORR

specific activity. While the mass activity is affected by both the specific activity and the surface Pt utilization. The results indicate

that the ORR activity can be adjusted by tuning the surface tension and the surface Pt utilization.
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Proton exchange membrane fuel cells (PEMFCs) are
potential alternative to fossil energy powering devices due to
their advantages such as high efficiency, quiet working
condition and no pollution. However, the commercialization
of PEMFCs was hindered by the sluggish kinetic of cathodic
oxygen reduction reaction (ORR). Pt-based alloy nano-
particles consisting of Pt and 3d transition metals (such as Fe,
Co, Ni and Cu)"""'"! are considered as promising catalyst for
ORR. The pioneering work by Stamenkovic et al confirmed
that Pt;Ni (111) plane shows extremely high activity towards
ORR, being 90 times more active than that of Pt/C!"?. Since
then, numerous effects have been focused on synthesizing
Pt-Ni octahedral nanoparticles with (111) facet™"*'"*l. Cui et
al™! reported the synthesis of Pt-Ni octahedral nanoparticles
with high ORR activity, which was varied with Pt:Ni ratio, but
no detailed explanation was given. Herein, we synthesized
Pt-Ni octahedral nanoparticles with different Pt:Ni ratios
according to the method developed by Cui and co-workers'".
The ORR activities of as-synthesized Pt;Ni (Pt 66 at%), PtNi
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(Pt 47 at%), PtNi, (Pt 27 at%) octahedral nanoparticles were
compared. The results indicated that the relationship between
ORR activity and Pt:Ni atomic ratio does not agree with the
previous reports. The crystal structure and near-surface
composition of the nanoparticles were studied to explain the
abnormal phenomenon.

1 Experiment

1.1  Synthesis of Pt-Ni octahedral nanoparticles with
different atomic ratios

In a typical synthesis developed by Cui and co-workers!"*]
Pt(acac), and Ni(acac), were dissolved and mixed in 50 mL
N,N-dimethylformamide (DMF), the total molar concentration
of precursors was 8 mmol/L (for Pt;Ni: 4 mmol/L Pt(acac),, 4
mmol/L Ni(acac),; for PtNi: 2.2 mmol/L Pt(acac),, 5.8
mmol/L Ni(acac),; for PtNi,: 2 mmol/L Pt(acac),, 6 mmol/L
Ni(acac),). The solution was transferred to a PTFE-lined
autoclave. Then the sealed autoclave was heated from room

temperature to 120 °C within 10 min (held at 120 °C, 42 h).
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Cooling down to room temperature before it was washed with
ethanol/water several times and mixed with carbon support
(Vulcan XC-72) to form Pt-Ni/C (Pt loading was 30 wt% for
all Pt-Ni/C catalyst). The as-synthesized Pt-Ni/C catalysts
were then dried under vacuum at 60 °C for 6 h.
1.2 Electrochemical measurements

The catalyst ink was prepared by dispersing 2.5 mg catalyst
powder into a solution containing 1 mL ultrapure water (18.2

MQ), 1 mL isopropanol and 15 pL of 5 wt% Nafion® solution.

Then the suspension was ultrasonicated until homogenous ink
was formed. A 20 pL aliquot of ink was dropped onto the
rotating disk electrode (RDE) with Pt loading of ~25 pg/cm’.
The ink was dried under room temperature with rotating to
form a uniform thin film at the RDE surface.

The electrochemical cell was designed to be three necks.
RDE decorated with thin film catalysts layer was adopted as
working electrode. A reversible hydrogen electrode (RHE) and
a Pt plate electrode were used as reference electrode and
counter electrode, respectively. All the potentials in this study
refer to RHE. The electrochemical experiments were
performed by workstation Autolab AUT85938 (Metrohm).

The working electrode was firstly activated by cyclic
voltammetry between 0.02 V and 1.1 V in nitrogen-saturated
0.1 mol/L HCIQ, solution at a scanning rate of 50 mV/s for 20
cycles. The 19th potential cycle was selected to evaluate the
electrochemical surface area (ECSA) of Pt.

Linear sweep voltammetry measurements were conducted
in an oxygen-saturated 0.1 mol/L HC1O, solution by sweeping
the potential from 0.3 V to 1.01 V at a scanning rate of 20
mV/s with rotation speed of 1600 r/min. The kinetic current
(L) can be calculated using the Koutecky-Levich equation!"™
which is expressed by

1 1 1

T @
where / is the measured current and /; is the diffusion limited
current. The I; term can be obtained from the Levich
equation!":

2 -1 1

I, = 0.62nFAD*v ¢ 0*Co, )
where 7 is the number of electrons transferred; F is Faraday’s
constant (96 485 C/mol); A is the geometrical area of the
electrode (0.196 cm?®); D is the diffusion coefficient of O, in
0.1 mol/L HCIO, solution (1.93x10 cm?/s); v is the kinematic
viscosity of the electrolyte (1.01x107 cm’/s); w is the angular
frequency of rotation, w=2nf/60, fis the RDE rotation rate in
r/min and Cy, is the concentration of molecular oxygen in 0.1
mol/L HCIO, solution (1.26x10° mol/cm®). The kinetic
current densities at 0.9 V were selected as an index to evaluate
the ORR performance.

1.3 Physical characterizations

Inductively coupled plasma optical emission spectroscopy

(ICP-OES) was used to analyze the composition of as-

synthesized catalysts. Dried catalyst powders were wet-ashed
through perchloric acid (HCIO, BDH Aristar Trace Metal
grade), and analyzed by a Perkin Elmer Optima 8000 ICP-
OES calibrated with an in-house prepared platinum standard
with a concentration of approximately 3 mg/mL. The accuracy
and precision of this analysis is within 1%~3% of the reported
value on a relative basis.

X-ray diffraction (XRD) data was collected on a Rigaku
Smart Lab 3~9 kW in a parallel-beam configuration using
copper Ka radiation. Data were collected from 30° to 75° at a
fixed incidence angle of 4° using a 0.04° step size and an
integration time of 2 s/step. Phases were identified by
comparing the observed data to reference data from the
International Centre for Diffraction Data (ICDD). Lattice
parameters were calculated from the diffraction peak angle
using Bragg’s Law.

Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM)
observation were performed on a JEOL JEM 2100 (200 kV).
The sample was prepared by suspending the as-synthesized
nanoparticles in ethanol solution and then dropped onto a
carbon-coated copper grid, dried under an infrared light.

X-ray photoelectron spectroscopy (XPS) test was perfor-
med on a PHIS000 VersaProbe II spectrometer with the Mg
Ko radiation (1253.6 e¢V) unmonochromatic Al Ka radiation
(1486.6 eV), and the vacuum in the analysis chamber was
maintained at about 0.9~1.0 kPa or lower, operating at 12.5
kV and 250 W. The surface charging effect was corrected by
fixing the C, peak at a binding energy of 284.6 eV.

2 Results and Discussion

2.1 ORR activities of the as-synthesized Pt-Ni nanoparticles

The as-synthesized Pt-Ni nano-particles were supported on
carbon black before they were loaded on RDE to evaluate
their ORR activity. The loading of Pt on carbon supported
catalysts was fixed at 30 wt%. The CV curves of three
catalysts are listed in Fig.la. The characterized adsorption and
desorption peak of under-potential deposition hydrogen
(HUPD) in the potential range between 0.02 V and 0.4 V
indicates the surface of catalysts is free of Ni. The surface Ni
is leaching during the electrochemical activation process. The
ECSA can be calculated by integrating the charge corresponding
to desorption of HUPD assuming a specific charge of 210
pC/cmzpl 16
Fig.1b. As can be seen, all the as-synthesized Pt-Ni nanopar-
ticles show better ORR activity than commercial Pt/C since the
half-wave potential is positively shifted. The corresponding
Tafel curves in Fig.1c and 1d further confirm the superior ORR

I The curves of ORR polarization are shown in

activity for the as-synthesized Pt-Ni nanocatalysts. The kinetic
current of ORR was calculated according to Eq. (1) and (2),
and then the kinetic current was further normalized to mass
and ECSA of Pt, obtaining mass current density (j,) and
specific current density (j;), respectively. The values of j,, and
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RDE characterization of PtNi nanoparticles synthesized with different Pt:Ni atomic ratios: (a) cyclic voltammograms of the catalysts in

Np-saturated 0.1 mol/L HCIO, at 25 °C (50 mV/s), (b) ORR polarization curves in O,-saturated 0.1 mol/L HC1O4at 25 °C and 1600 r/min

(20 mV/s), and (c, d) mass activity and specific activity of different PtNi nanoparticles (insets show the activity of the reference

commercial Pt/C at 0.9 V)

Js at 0.9 V on as-synthesized nanocatalysts and commercial
Pt/C are compared as inserted in Fig.1c and 1d. It is clear that
the specific ORR of as-synthesized Pt-Ni
nanocatalysts at 0.9 V is 7~14 times as high as that on

activity

commercial Pt/C, while the Pt mass activity is enhanced by a
factor of 4~5.4.

Notice that, both j,, and j; are varied with Pt:Ni atomic ratio.
A volcano plot relationship between the Pt:Ni atomic ratio and
the corresponding j,, and j value has been reported before!'”.
However, neither j,, nor j, follows that volcano plot trend here.
As shown in insets of Fig.1c and 1d, the relationship between
the Pt:Ni atomic ratio and the corresponding ORR activity is
shaped as a “crater plot”. PtNi/C, with an intermediate Pt:Ni
atomic ratio, shows the poorest ORR activity among the three
Pt-Ni/C nanocatalysts.

2.2 Structural characterization of the as-synthesized Pt-
Ni nanoparticles

To explain the unconventional crater plot relationship
between the Pt:Ni atomic ratio and the corresponding ORR
activity, TEM and X-ray diffraction (XRD) were applied to
analyze the morphology and structure of the as-synthesized
Pt-Ni nanoparticles. Fig.2 shows the typical transmission
electron microscopy (TEM) images of as-synthesized Pt-Ni
nanoparticles with different Pt:Ni atomic ratios. It is clear that

most of nanoparticles are in octahedral morphology. The
results of high-resolution transmission electron microscopy
(HRTEM) further confirm that the as-synthesized Pt-Ni
nanoparticles are surrounded by (111) facet. The d-spacing of
as-synthesized Pt-Ni nanoparticles varies with the Pt:Ni
atomic ratio. For Pt;Ni, PtNi and PtNi,, the d-spacing are
measured to be 0.213, 0.220 and 0.216 nm, respectively. All
the d-spacing values of as-synthesized Pt-Ni octahedral
nanoparticles are smaller than that of Pt (111) (0.229 nm),
indicating crystal contraction due to the incorporation of
smaller Ni atom into the Pt lattice. The average particle size of
as-synthesized Pt;Ni, PtNi and PtNi, octahedral is 8.02 + 1.48,
5.00 £ 0.84 and 7.90 + 1.89 nm, respectively. Since the
as-synthesized Pt-Ni nanoparticles are all in octahedral shape,
it is clear that the d-spacing and the particle size are
influenced by the Pt:Ni atomic ratio.

The XRD patterns of as-synthesized Pt-Ni octahedral
nanoparticles are shown in Fig.3a, and the vertical line on the
bottom corresponding to the XRD patterns is standard sample.
For all of the three Pt-Ni octahedral nanoparticles, peaks
corresponding to (111), (200) and (220) crystal planes are
observed, while no diffraction peak corresponding to pure Pt
or Ni is observed, indicates the formation of Pt-Ni alloy with
the face-centered-cubic (fcc) structure. For all the Pt-Ni
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Fig.2 TEM (a~c), HRTEM (d~f) images and particle size distribution (g~i) of PtNi nanoparticles synthesized with different Pt:Ni atomic ratios:

(a,d, g) 3:1; (b, e, h) 1:1; (c, £, 1) 1:2

octahedral nanoparticles, the (111) peaks are shifted toward
higher 26 value compared with Pt (111), indicating that the
Pt-Pt distance is shortened by the formation of Pt-Ni alloy, in
agreement with the results from HRTEM. Small shoulder
peaks appearing at lower 26 value suggests the Pt segregation
on the surface. The crystallinity of Pt;Ni octahedral nano-
particles is higher than that of PtNi and PtNi,, as indicated
from the peak intensity in Fig.3b. From Fig.3b, it can also be
observed that the 26 value of the (111) peak is in the order of
Pt;Ni>PtNi,>PtNi. Based on Bragg’s law, the higher 26 value
means lower d-spacing, and thus the results from XRD
coincide with that from TEM with the d-spacing order of
Pt;Ni<PtNi,<PtNi. The positive shift of the diffraction peak
indicates the contraction of surface lattice!"™'”, which results
in the downshift of the d-band center of P!, As a result,
the strength of Pt-O band is weakened. As illustrated by the

density functional theory (DFT) calculation, the optimum
ORR catalysts should adsorb the oxygen species around 0.2
eV weaker than that on Pt(111)*'!. In our study, the oxygen
species adsorbed on all three Pt-Ni octahedral nanoparticles
are weakened by surface contraction, resulting in enhanced
ORR activity compared with Pt/C. What’s more, the extent of
surface contraction is in the order of Pt;Ni>PtNi,>PtNi as
indicated by XRD, which explains the “crater plot” trend of
ORR activity.
2.3 Surface electronic properties of the as-synthesized Pt-
Ni nanoparticles

XPS was adopted to further investigate the surface property
of as-synthesized Pt-Ni octahedral nanoparticles as demon-
strated in Fig.4. The binding energy (BE) of Pt in all the Pt-Ni
samples is shifted to higher energy. As previously reported, the
upshift of BE implies a downshift of d-band center of Pt,
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Fig.4 Area normalized Pt 4f;, XPS spectra of PtNi nanoparticles

synthesized with different Pt:Ni atomic ratios

resulting in the weakened Pt-O bond™. The upshift trend of
BE is shown in Fig.4, and the result confirms the former
discoveries in TEM and XRD. As j; is normalized to the
surface Pt area, j, is always considered as the instinct activity
of the catalyst, which is related to the morphology and surface
structure. Therefore, the value of j; should be directly related
to the surface properties such as surface contraction. While
considering the cost, j,, is more realistic, which is determined
by both the instinct activity and the Pt utilization. The
relationship of j,, j, and ECSA (calculated from Fig.1a), can
be described as below:

J. (mA/mg, ) = ECSA(cm’/mg,, ) x j.(mA/cm®) 3)

Table 1 Pt:Ni atomic ratio of near-surface, bulk and
the Pt utilization

Pt;Ni PtNi PtNi,
Near-surface 0.71/0.29 0.64/0.36 0.53/0.47
Bulk 0.73/0.27 0.53/0.47 0.34/0.66

Pt utilization 0.97 1.21 1.56

From Eq.(3), it is clear that the j, can be increased by
enlarging the ECSA, which explains the enhancement in j,, of
PtNi and PtNi, due to their high ECSA, regardless of their
relatively low j,. Table 1 lists the Pt:Ni atomic ratio of near-
surface and bulk, which is calculated form results of XPS
(Fig.4) and ICP-AES, respectively. With the increasing atomic
ratio of Ni in bulk, the Pt utilization (defined as near-surface
Pt at% divided by bulk Pt at%) is increased accordingly. This
increases ECSA and enhances j,, of the Pt-Ni nanoparticles
with the high bulk Ni atomic ratio.

3 Conclusions

1) Here we studied the ORR activities of Pt-Ni octahedral
nanoparticles with Pt:Ni atomic ratio of 1:2, 1:1 and 3:1.

2) The results of structural characterization suggest that the
extent of surface lattice contraction is affected by the Pt:Ni
atomic ratio, which is considered as a key factor that can
influence the absorption/desorption strength of the O-species
on Pt surface.

3) The kinetics of ORR is controlled by the adsorption/
desorption strength of the surface species, and the ORR
activity is directly related to the surface contraction caused by
Ni incorporation. The different extent of surface contraction is
determined by the Pt:Ni ratio, and thus the ‘“crater plot”
relationship between the Pt:Ni atomic ratio and ORR activity
can be explained.
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