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Abstract
A modified alcohol reduction process by controlling the complexation and reduction of metallic ions was developed 
to obtain compositionally and structurally controlled Ni–Pt nanoparticles (NPs) with sizes less than 20 nm in a high 
yield. The characterization of NPs synthesized under different experimental conditions suggested that the reduction of 
Pt and subsequent formation of cubic-shaped Ni–Pt NPs were strongly dependent on the formation of Pt-oleylamine 
(OAm) complexes. Thus, prior to the synthesis of Ni–Pt NPs, the formation and reduction process of Pt complexes in the 
solution-state were investigated by in situ UV–Visible and X-ray spectroscopies. The complexation of Pt ions along with 
their reduction prior to the formation of Pt metal and their influence on the size and the elemental distribution of Pt 
within the Ni–Pt NPs were revealed. Then, the above findings were actively utilized to design and to obtain Pt(core)–
Ni(shell), Ni–Pt alloy, and Ni(core)–Pt(shell) nanostructures by regulating the OAm concentration in the system. The 
specific distribution of Pt on the Ni–Pt surface was confirmed by decolorization of methylene blue. Furthermore, Ni–Pt 
NPs with a Pt concentration of 10 at.% exhibited a mass activity four times larger than that of commercial Pt during the 
oxygen reduction reaction (ORR).

Keywords  Ni–Pt nanoparticles · Complexation · In situ UV–Visible and X-ray spectroscopies · Fuel cell · Oxygen 
reduction reaction (ORR) · Catalysis

1  Introduction

Noble metal nanoparticles (NPs) with well-defined sizes, 
shapes, facets and compositions are being actively used 
in electronic, biological, medical, plasmonic and catalytic 
fields due to their exhibition of very specific properties 
compared to other metals [1–8]. Especially, platinum (Pt) 
is extensively used as it possesses high catalytic activity 
and stability. In the case of automobiles, Pt is used to con-
vert the toxic exhaust gases such as carbon monoxide, 
NOx and hydrocarbon into carbon dioxide, nitrogen and 

water. In another case, the use of Pt in fuel cells has been 
investigated extensively and the lethargic oxygen reduc-
tion reaction (ORR) on Pt is reported to limit their perfor-
mance [9–13].

Furthermore, the size also has been found to affect the 
catalytic property of even in the nanoscale and NPs in the 
range of 30–1 nm has been observed to exhibit higher 
catalytic performance with decreasing size [14]. In addition 
to the size, the crystal plane is also considered to have an 
influence on the catalytic property. For example, in the 
case of dehydrogenating cyclization reaction of n-butane, 
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the reaction rate on Pt {111} has been found to be about 
five times that of {100} plane [15].

However, Pt is too expensive and their resource is 
limited. Thus, the reduction in consumption is being 
attempted by the following two techniques. One is to 
reduce the size of the catalyst particles, which subse-
quently leads to the increase in specific surface area. And 
the other is to alloy Pt with less costly elements (such as 
Co, Ni, Fe, etc.) that possess relatively moderate catalytic 
activities [16–30].

Alloying Pt with transition metals could lead to the 
modification of electronic structure of Pt, and the degree 
of its modification depends on the microstructure of the 
NPs with modified elemental distribution. The surface 
modification of NPs is reported to influence the electronic 
structure of Pt showing higher specific and mass activities 
for the ORR and methanol oxygen reduction (MOR) than 
the commercial Pt/C [31–34]. Similarly, the segregation of 
single Pt surface layer on Pt3Ni (111) surface had permit-
ted the discovery of phenomenally ORR active NPs which 
is considered due to shift in the electronic Pt valence d 
bands [35, 36]. Subsequently, concentrated effort on the 
synthesis and electrochemical investigation of octahedral 
skin Ni–Pt NPs has been promoted [37–39]. Furthermore, 
a delicate balance between the thickness of the Pt shells, 
the subsurface Ni content and the ratio of remaining {111} 
facets has been found to determine the ORR activity [40]. 
However, the Monte Carlo simulations have predicted that 
the formation of Pt skin ‘surface-sandwich’ structure could 
be realized irrespective of the shape and composition of 
particles [41].

Taking these findings into consideration, Ni–Pt NPs with 
different structures have been synthesized and high cata-
lytic performances have been reported [34, 42–45]. How-
ever, in most cases, the NPs are synthesized mainly at ele-
vated temperatures under prolonged reaction time, and 
also in small quantities. On the other hand, the authors 
succeeded in synthesizing novel Ni–Pt nanocubes with 
Pt segregated on their edges and corners at lower reac-
tion temperatures by using 1-heptanol as a weak reducing 
agent [27]. The investigation on the growth mechanism 
of the Ni–Pt nanocubes revealed that the Pt atoms in the 
particle diffuse and reach the surface of the cubic-shaped 
Ni particles to form the Pt cage structure [46]. These par-
ticles exhibited about three times higher catalytic activity 
than the commercial Pt [21], due to its unique elemental 
distribution in nanoscale [46].

However, the drawback of this process was that the 
yield of the particles was very low due to the difficulty 
in reducing Pt ions. Consequently, the size was relatively 
large compared to conventional catalyst particles [46]. 
Considering the formation mechanism, the size and yield 
can be improved by increasing the number of Pt seeds 

formed at the initial stages of the reaction. In the conven-
tional method, oleylamine (OAm) influenced the formation 
of cubic shaped-Pt cage structure but large concentration 
of Pt ions remained in the solution even at the end the 
reaction. This is because OAm may have facilitated the for-
mation of metal-OAm complexes [47], which are relatively 
difficult to reduce [46].

All the above studies suggest that the potential of Pt 
or Pt-based catalysts is immense and the development 
of morphologically and structurally controlled Pt nano-
structures or novel Pt-based materials is urgently required 
to meet the ever-increasing demand in the energy and 
related fields. However, it should be noted that the syn-
thesis of Pt or Pt-based alloy catalyst NPs is only the conse-
quence of the synthesis process employed. Though limited 
information related to the formation process is revealed in 
some cases, the designed-synthesis of Pt-based alloys has 
not been achieved due to lack of information during the 
synthesis, especially at ionic states in liquid prior to the 
formation of the solid precipitation.

Therefore, the formation of Pt seeds in the initial stages 
of the reaction and the growth mechanism of these NPs 
needs to be studied to design Pt-based alloys. In this work, 
a novel reaction cell has been designed by the authors to 
carry out in situ UV–Vis and in situ XAS measurements for 
the evaluation of the structural changes of Pt precursor 
during the reaction in the liquid. The details of the reaction 
cell is given in the experimental section.

Thus, a novel synthesis technique is developed in the 
present study to obtain a large number of Pt seeds that 
subsequently get coated with nickel. This result in obtain-
ing small-sized core (Pt)–shell (Ni) NPs in high yield, in 
which the Pt atoms diffuse to the surface as the reaction 
progresses [46]. The catalytic property evaluated using 
decolorization reaction of methylene blue confirmed the 
successful synthesis of designed Ni–Pt NPs with varying 
Pt distribution on the surface. Furthermore, electrocata-
lytic properties of Ni–Pt NPs and commercial Pt NPs were 
attempted through the ORR in acidic system.

2 � Experimental section

2.1 � Materials

Nickel(II) acetate tetrahydrate (Ni(OAc)2·4H2O, 98% 
purity), and dihydrogen hexachloroplatinate hexahy-
drate (H2PtCl6·6H2O, 98.5%), sodium borohydride (NaBH4, 
90.0%), methylene blue and solvents such as 1-heptanol 
(98%), methanol (99.8%), toluene (99.5%), nitric acid (69%), 
hydrochloric acid (36%) were purchased from Wako Pure 
Chemicals Ltd., Japan. Oleylamine (OAm, 70%) were pur-
chased from Sigma-Aldrich Co.
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2.2 � Synthesis of Ni–Pt NPs

In a typical procedure to synthesize Ni–Pt NPs, 100 mL 
1-heptanol containing 0.2 mmol H2PtCl6·6H2O and OAm 
was heated from room temperature (R.T.) to 130 °C at a 
heating rate of 10 °C/min. Once the color of the solution 
just changed from yellow to black in around 60 min at 
130 °C, a solution containing 3.8 mmol of Ni(OAc)2·4H2O 
and 42 mmol of OAm was injected. Then, the temperature 
of this mixed solution was raised from 130 to 173 °C and 
kept at this temperature for 2 h. The resulting NPs were 
collected using a magnet and washed with a mixture of 
methanol and toluene to remove unreacted compounds 
and excess OAm. The NPs were finally re-dispersed in 
toluene.

2.3 � Theoretical estimation of (Pt, Ni)‑OAm binding 
energy

Three-dimensional coordinates of target molecules were 
obtained by using CS Chem 3D Ver. 7.0 [48]. The coordi-
nates of the prepared target molecule were sufficiently 
optimized by using HF/Lanl2DZ in Gaussian 09 Rev. E.01 
[49]. Lanl/2DZ [50–53], which is one of the effective core 
potentials, is used for including metal atoms. Regarding 
the adsorption energy between alkylamine and metal, 
conformational isomers of the target molecule were 
neglected in order to avoid complexity derived from con-
formers. Also, in order to minimize the interactions to be 
considered, the alkyl chain moiety in the target molecule 
was assumed linear. Regarding the evaluation of adsorp-
tion energies, single point calculations were performed 
at distances between the optimized target molecule 
and the metal from 1.50 to 20.0 Å. The reference point of 
energy was assumed at 20.0 Å since the first derivative of 
energy at this point was almost 0. From this, the adsorp-
tion energy was defined as the energy difference between 
the energy at reference point to the point at which the 
energy was most stable.

2.4 � In situ measurements of structural changes 
of Pt precursor during the synthesis

In situ X-ray absorption spectroscopy (XAS) measure-
ments were carried out at Engineering Science Research 
II Beamline (BL14B2) at SPring-8, Japan using a reaction 
cell designed by the authors to perform XAS and UV–Vis 
measurements of the reactants simultaneously from 
R.T. to 173 °C. The reaction cell was made of aluminium 
with quartz glass window at the lower section of the cell 
for UV–Vis measurements and a Kapton window at the 
upper section for XAS measurements. The schematic dia-
gram of the cell and the photograph of the experimental 

setup are given in Fig. 1. The reactants used for the meas-
urements are as follow: 0.01 mmol of H2PtCl6·6H2O, and 
40 mmol of OAm were dissolved in 25 mL of 1-heptanol. 
Then, 5 mL of the above solution was introduced into 
the reaction cell and heated from R.T. to 130 °C at a heat-
ing rate of 6 °C/min and maintained at this tempera-
ture for 3 h. The XAS measurements were made at Pt-L 
edges using 19 element SSD in the fluorescence mode. 
In situ UV–Vis was carried out in the wavelength range 
of 200–800 nm by using deuterium (200–400 nm) and 
halogen (400–800 nm) lamps. UV–Vis and XAS measure-
ments were carried out continuously during heating till 
the particles are formed. For identification of complexes 
formed in the liquid state of the reaction, FEFF (version 
8.2) was used. It is a program designed to fit experimen-
tal XAFS spectra using predetermined model clusters of 
atoms from FEFF.

2.5 � Characterization

The powder X-ray diffraction patterns of the vacuum dried 
samples were measured using an X-ray diffractometer 
(XRD; Rigaku Smart Lab 3) with Cu-Kα radiation to identify 
the crystal phases present. The size and morphology of the 
particles were assessed using the transmission electron 
microscope (TEM; Hitachi H8100) operated at 200 kV. The 
samples for TEM measurement were prepared by deposit-
ing a toluene dispersion of Ni–Pt particles on amorphous 
carbon-coated grids. In addition, high-angle annular dark 
field (HAADF) microscopy, coupled with scanning trans-
mission electron microscopy (STEM) and energy-dispersive 
spectroscopy (EDS) elemental mapping, were performed 
on a JEOL JEM-ARM200F instrument operated at 200 kV 
with a spherical aberration corrector; the nominal resolu-
tion was 0.8 Å. STEM-HAADF imaging and EDS mapping 
analysis allowed us to clearly visualize the relative posi-
tions of Ni and Pt within the individual Ni–Pt NPs.

Reaction cell

Kapton film 
window
for XAS

Thermo-
couple

Heating Unit

Quartz 
window

for UV-Vis

Reaction cell

Incident X-ray
Beam Fluorescent 

X-ray

UV-vis  light source
Fiber optic cable X-ray 

Detector

Fig. 1   Schematic diagram of the cell for in  situ XAS and UV–Vis 
measurements (left side) and the photograph of the experimental 
setup (right side) used during the measurement at SPring-8 Beam-
line BL14B2
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2.6 � Chemical composition of the NPs

The chemical composition of Ni–Pt NPs sampled under dif-
ferent synthesis conditions were analysed using inductively-
coupled plasma mass spectrometer (ICP-MS; SII SPS3100). 
The samples were prepared by dissolving the Ni–Pt NPs in 
aqua regia and the Ni and Pt contents were evaluated from 
the calibration curves obtained using the standard solutions 
of Pt and Ni.

2.7 � Catalytic properties of Ni–Pt NPs 
in the decolouration reaction of methylene blue

In a typical method [54], 5 mL NaBH4 solution (20 mmol) 
and 22.5 mL methylene blue solution (9 × 10−2 mmol) were 
mixed in a glass beaker. In another beaker, 1 mg of Ni–Pt 
NPs were dispersed in 12.5 mL distilled water. Both solutions 
were mixed and then 4 mL of the solution was withdrawn 
every minute for UV–Vis absorbance measurement (Hitachi 
U-3900) in the range between 500 and 800 nm. The methyl-
ene blue solution absorbs part of the visible light and exhib-
its maximum absorbance at 664.5 nm.

2.8 � Electrocatalytic properties of Ni–Pt NPs

The samples for electrocatalytic measurements were pre-
pared as follows: 80 mg of ketjen black EC 600 powder that 
was heated at 850 °C for 5 h under an Ar gas flow of 100 mL/
min was dispersed in 100 ml of toluene. The suspension 
was ultrasonicated for 30 min to disperse the ketjen black 
well prior to the addition of 20 mg of Ni–Pt NPs. Then, the 
suspension was stirred at 500 rpm for 2 h to obtain Ni–Pt 
deposited ketjen black (Ni–Pt/C). Finally, the Ni–Pt/C was 
recovered from the suspension using a vacuum filter and 
subsequently heated under a constant Ar/H2 (3% H2) flow of 
100 mL/min at 400 °C for 2 h to remove the surfactant. Then, 
isopropanol, Nafion and Ni–Pt/C powder were mixed and 
subsequently dried to form the electrodes. Cyclic voltam-
metry (CV) was carried out using the electrode prepared. The 
CV measurement was carried out at 25 °C using N2 gas satu-
rated 0.1 M HClO4 as the electrolyte under a sweeping range 
and speed of 0.05–1.00 V and 50 mV s−1, respectively. The 
electrochemically active surface area (ECSA) was evaluated 
from the hydrogen absorption curve. Linear sweep voltam-
metry (LSV) curve was obtained by rotating the disk at 400, 
900, 1600 and 2500 rpm measuring mass activity through 
the ORR under a sweeping range and speed of 0.20–1.20 V 
and 10 mV s−1.

3 � Results and discussion

3.1 � Effect of oleylamine on the synthesis  
of Ni–Pt NPs

In the synthesis of Ni–Pt NPs with Pt cage structure, the 
concentration of OAm influenced the size, cubic-shape 
and segregation of Pt on the edges and corners of the 
cube [29]. This was believed due to the formation of metal-
OAm complexes that deters the reduction of Ni and Pt 
ions. Thus, to enhance the reaction efficiency, initially the 
synthesis of Ni–Pt was carried out for prolonged period of 
time following the experimental conditions reported by 
Nagao et al. [46]. Though the reaction time was extended 
from 2 h to 4 h, a marginal increase of the yield from 50.2 
to 56% was observed. Furthermore, the chemical composi-
tion was determined to be Ni95Pt5 indicating a low reduc-
tion of Pt ions compared to Ni in spite the initial molar 
ratio between Ni and Pt was 80:20. To understand the 
reason, the synthesis of Ni was attempted at 173 °C using 
Ni(OAc)2·4H2O- 1-heptanol (Ni-Hep) and Ni(OAc)2·4H2O- 
1-heptanol-OAm (Ni-Hep-OAm) systems. Surprisingly, 
in both cases, the reduction of Ni ions was completed 
within 1 h. Furthermore, the reduction of Pt at 130 °C using 
H2PtCl6·6H2O- 1-heptanol (Pt-Hep) system was also com-
pleted within 1 h. In contrast, the reduction of Pt ions was 
not possible at 130 °C in H2PtCl6·6H2O-1-heptanol- OAm 
(Pt-Hep-OAm) system, and required high temperature 
and longer reaction time. The above results envisaged the 
formation of a complex between Pt and OAm. Although 
oleylamine has been considered to influence in metallic 
reduction, [47] the formation of metal-OAm complexes, 
their stability and reducibility are not well-known.

Thus, to estimate the relative stabilities between Pt- and 
Ni-OAm complexes, the binding energies were calculated 
using molecular orbital theory. The relative binding ener-
gies were derived from the difference between binding 
energies at 20 Å and at other distances. The relative bind-
ing energies for Pt and Ni with OAm were evaluated to be 
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55.64 and 51.84 kcal/mol, respectively as shown in Fig. 2. 
The results suggested that OAm binds strongly with Pt 
than Ni. Therefore, the preferential bonding of OAm with 
Pt to form Pt-OAm complex could have inhibited the 
reduction of Pt ions. However, experimental information 
related to the complexation of metals with OAm and their 
stability in the solution state has not been verified in the 
past. To investigate the formation of metal complex in 
the solution, prior to the reduction of the metal ions, the 
in situ UV–Vis and XAS measurements of the solutions in 
the temperature range between R.T. and 130 °C were per-
formed using the reaction cell shown in Fig. 1.

3.2 � Elucidation of formation mechanism of Pt 
complexes and their reduction using in situ UV–
Vis and XAS

To understand the behavior of Pt ions in different sys-
tems, first, in situ UV–Vis measurements were performed 
on Pt-Hep, H2PtCl6·6H2O-OAm (Pt-OAm), and Pt-Hep-
OAm (Hep/OAm = 30) solutions from 0 to 60  min at 
130 °C and Pt-Hep-OAm solutions with different molar 
ratios of Hep/OAm at 130 °C for 0 min. The results are 
shown in the supporting information (Fig. S1). Since the 
absorption spectra obtained in the cases of Pt-Hep (Fig. 
S1(a)) and Pt-OAm (Fig. S1(b)) differed, the Pt complexes 
formed in the above cases are inferred to be different. 
And interestingly results were obtained in the case of 
Pt-Hep-OAm, these exhibited temperature dependent 
profiles. At the beginning, the absorption spectrum 
was very similar to the profile corresponding to Pt-Hep. 

However, when the solution was heated to higher tem-
peratures, the absorption spectra became very similar 
to that of Pt-OAm and the peak red-shifted from 290 to 
300 nm (Fig. S1(c)). Furthermore, when the absorption 
spectra under varying OAm concentrations were com-
pared, the peak red-shifted considerably with increas-
ing OAm concentrations (Fig. S1(d)). Based on the above 
results, the following mechanism can be proposed. At 
the initial stages of the reaction, the Pt4+ ions coordi-
nated with the hydroxy group (–OH) from 1-heptanol 
and as time progressed these were replaced with amino 
group (–NH2). Furthermore, as coordination with amino 
group progressed, the reduction became difficult. How-
ever, the reduction mechanism of Pt was still not clear. 
To acquire additional information, investigations on the 
structural changes that could have taken place during 
heating were performed using in situ XAS studies.

For the XAS studies, Pt-Hep and Pt-Hep-OAm solutions 
were considered. The above solutions were heated at spe-
cific temperatures for different durations. Figure 3 shows 
the behavior of Pt precursor in 1-heptanol measured by 
XAS and UV–Vis spectroscopy at different temperatures 
during heating and at 130 °C from 0 to 60 min measured 
using Engineering Science Research II beamline (BL14B2) 
at SPring-8. As the reaction temperature is raised, the 
intensities of the post-edge peak in the Pt L3 X-ray Absorp-
tion Near Edge Structure (XANES) profiles decreased as 
shown in Fig. 3a. The post-edge peak depends on the 
valence of Pt ion and the decrease in the intensity sug-
gests the reduction of Pt4+ ions to Pt2+ ions. Furthermore, 
the XANES profile at 130 °C after an elapsed time of 26 min 

Fig. 3   XANES spectra at Pt 
L3-edge measured at 130 °C 
for different reaction times in 
a Pt-Hep and, b Pt-Hep-OAm 
systems. UV–Vis spectra meas-
urements of Pt-Hep system 
c during heating, d from 0 to 
60 min at 130 °C and e Pt-Hep-
OAm solution at 130 °C for 
different reaction times

Energy (eV)

0

1

2

11520 11540 11560 11580 11600 1162011520 11540 11560 11580 11600 11620
0

1

2ecnabrosb
A

dezila
mro

N

R.T. (Pt4+ )
At 130 

2 min (Pt2+ )
26 min (Pt0)
Pt-foil

Pt4+

Pt2+

Pt0

200 300 400
0

1

2

A
bs

or
ba

nc
e

200 300 400
0

1

2

0 min
10 min
20 min
30 min
40 min
50 min
60 min

At 130 

Pt4+

Pt2+

Wavelength (nm) Wavelength (nm)

200 300
0

1

2

0 min
10 min
20 min
30 min
40 min
50 min
60 min

At 130 

A
bs

or
ba

nc
e

200 300 400
0

1

2

Pt4+

Residual Pt2+

200 300 400
0

1

2

ecnabrosb
A

200 300 400
0

1

2

Wavelength (nm)

30 
50 
70 
90 
110 
130 

Pt4+

(a) (b)

(c) (d) (e)
Energy (eV)

0

1

2

11520 11540 11560 11580 11600 1162011520 11540 11560 11580 11600 11620
0

1

ecnabrosb
A

dezila
mro

N

2

2 min (Pt2+)
50 min (Pt2+ )
123 min (Pt0)
Pt-foil

At 130 



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2019) 1:124 | https://doi.org/10.1007/s42452-018-0133-5

exactly matched with that of Pt-metal reference suggest-
ing the formation of metal Pt particles.

Furthermore, variation in the absorption profile was 
also observed in the UV–Vis spectra obtained simultane-
ously (Fig. 3(c)). At room temperature, absorption peaks 
at around 265, 300 and 320 nm were observed. It should 
be noted that the variation in the UV–Vis absorption 
spectra (intensity and shift) at around 300 and 320 nm 
was observed almost at the same time when the XANES 
spectra exhibited a change from the initial state with the 
increase in the reaction temperature. The peak around 
265 nm is assumed to correspond to Pt2+. It has been 
reported that the absorption peaks corresponding to Pt4+ 
and Pt2+ in ethylene glycol were 212 and 268 nm, and 212 
and 228 nm, respectively [55]. From the above results, 
it could be inferred that the peak corresponding to Pt4+ 
appears at higher wavelength compared to Pt2+ and thus 
Pt0 is obtained via the reduction of Pt4+ to Pt2+ [56, 57]. At 
130 °C, the intensity of the UV–Vis peak corresponding to 
Pt4+ decreased and the baseline of the spectra increased 
as shown in Fig. 3d. This behaviour indicates the formation 
of metallic Pt NPs. The shape of the XANES spectra under 
similar conditions proved the same.

Figure 3b shows the XANES spectra at Pt L3-edge of Pt-
Hep-OAm (OAm/Pt ratio = 1) solutions. Though the reduc-
tion of Pt4+ to Pt2+ occurred around the same duration, the 
conversion of Pt2+ to Pt0 was delayed in comparison with 
Pt-Hep case as shown Fig. 3a. On the other hand, a consid-
erable variation in the UV–Vis absorption spectra occurred 
after an elapsed time of 50 min at 130 °C as shown in 
Fig. 3e. The above results suggested that the OAm coor-
dinated with Pt to form Pt-NH2 complex and facilitated 
the reduction of Pt4+ to Pt2+ relatively easily; however, the 
reduction of Pt2+ to Pt0 was deterred. In fact, the degree 
of reduction was low when the OAm concentration was 
increased as shown in Fig. 5a.

The Pt L3 Extended X-ray Absorption Fine Structure 
(EXAFS) spectra Fourier transformed and inverse Fou-
rier transformed profiles of Pt-Hep solution at R.T. and at 
120 °C, Pt-Hep-OAm solution for OAm/Pt ratios of 1 and 
200 at 130 °C and Pt-OAm solution 130 °C are shown in 
Fig. 4a, b.

From the results, Pt ions present in the solution at either 
120 °C or 130 °C are in the divalent state. Next, the radial 
structure function of each EXAFS spectrum was obtained 
by Fourier transformation. And then, the structure of the 
Pt complex was determined by the fitting the EXAFS wave 
function obtained from inverse Fourier transformed peak 
corresponding to the first nearest neighbour (Fig. S2). 
There was no considerable difference between the EXAFS 
spectra of Pt-Hep and Pt-Hep-OAm (OAm/Pt = 1). Here, the 
Pt ions are in the tetravalent state (Pt4+) and are given in 
Fig. S2(a), (b). Fig S2(d), (e) refers to cases where Pt ions 

are in the Pt2+ state. In the case of Pt4+, Pt is coordinated 
with neither O nor N, both in the absence and in the low 
concentration of OAm. It is believed that Pt is coordinated 
with Cl− ions from H2PtCl6·6H2O [58]. In the case of Pt2+ 
(Fig. S2(d), (e)), it is required to distinguish the coordina-
tion of -OH with that of -NH2. However, the distinction 
between O and N is considered difficult since O and N are 
neighbouring atoms and the back-scattering amplitude 
and phase shift are almost similar. However, -NH2 could 
partially coordinated even at low concentration of OAm 
because, when the OAm/Pt ratio increased to 200, there 
was a considerable difference in the EXAFS spectra (Fig 
S2(f )), which indicates that –NH2 have been coordinated 
for certain.

EXAFS analysis suggested that Pt4+ coordinated with 
Cl− derived from the precursor salt either in the absence 
or in the presence of low concentration of OAm. However, 
when Pt4+ is reduced to Pt2+, it coordinates with either 
–OH or –NH2 derived from 1-heptanol or OAm, respec-
tively. Furthermore, it should be noted that at higher OAm 
concentrations, the coordination of –NH2 with Pt4+ and 
Pt2+ is confirmed. These results suggested that the binding 
of –NH2 is comparatively higher than that of –OH and Cl−. 
A proposed scheme describing the structural changes of 
Pt precursor during heating is shown in Fig. 4c.

3.3 � Development of a synthesis scheme for high 
yield Ni–Pt NPs

It is very clear from the in situ analyses that the easiness 
with which the Pt nucleus is formed depends on the OAm 
concentration (Fig. 5a). Thus, an attempt to control the 
formation of Pt nucleus was performed by changing the 
concentration of OAm, not only to increase the yield but 
also to improve the quality of Ni–Pt NPs. First, Pt particles 
were synthesized without OAm. After that, the solution 
containing Ni salt and OAm was injected into the solution 
containing Pt particles. Here, a high yield of Ni–Pt NPs was 
expected through the formation of a large number of Pt 
seeds that get subsequently coated with Ni. In addition, 
as the reaction time progressed, diffusion of Pt from the 
Pt seeds to the particle surface to form Pt cage structured 
Ni–Pt NPs was expected [46]. The yield of Ni and Pt was 
estimated by introducing NaBH4 into the spent solution 
to evaluate the concentration of unreacted metal salts. 
However, no particles were detected suggesting that the 
yield of Ni–Pt NPs is almost 100%. As shown in Fig. 5c, 
the average size of Ni–Pt NPs was 24.9 nm whereas the 
elemental mapping results revealed the presence of Pt 
core and no diffusion of Pt to the particle surface was 
detected. Furthermore, separate phases of Pt and Ni were 
also detected in the XRD profile (Fig. 5b). The reason for 
the above behavior was due to the large gap between the 
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time at which Pt and Ni were reduced. Generally, Pt atoms 
(0.139 nm), whose atomic radius is much larger than that 
of Ni atoms (0.124 nm), tend to migrate outwards to relieve 
the internal strain during the formation of an alloy [59]. 

This tendency could be much stronger at higher Ni con-
centration. However, in this case, when Ni ions began to 
get reduced, no Pt ions existed in the solution. Thus, the 
formation of alloy NPs was not facilitated. Consequently, 

Fig. 4   a Fourier transformed 
and b inverse Fourier trans-
formed profiles of Pt L3 EXAFS 
spectra measured under 
different temperature and 
OAm concentration. c Scheme 
describing the structural 
changes of Pt4+ ions during 
reduction reaction in absence 
and presence of OAm
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Pt core was formed and no diffusion of Pt was observed. 
Since the catalytic reaction occurs on the surface of the 
catalyst, these NPs are predicted to be unsuitable as a 
catalyst.

TEM and elemental mapping images of the Ni–Pt NPs 
synthesized by controlling the concentration of OAm 
during Pt nucleation are shown in Fig. 5d, e for OAm/
Pt molar ratios of 1.0 and 1.6, respectively. The size of 
Ni–Pt decreased compared to OAm-free case and the size 
decreased with increasing OAm/Pt molar ratio. The aver-
age size decreased from about 25 to 14 nm. Though the 
number nucleus formed in the OAm-free case is expected 
to be high due to the high reduction rate [60], the sub-
sequent aggregation of the nucleus is believed to have 
caused the increase in particle size. The yields of Ni–Pt 
NPs synthesized under both cases were determined to 
be 100%. This was confirmed by chemical analysis of the 
spent solution. Though the presence of Pt was observed 
at the centre of the particle in the OAm-free case, their 
appearance on the particle surface was apparent only for 
low OAm concentrations (Fig. 5d, e). Similar behaviour was 

observed when the samples synthesized with a Ni:Pt pre-
cursor ratio of 95:5 was changed to 90:10 (Fig. 5f ). This is 
believed due to the inhibition of the reduction of Pt ions 
at low temperature, promotion of co-reduction of Pt and 
Ni and subsequent diffusion of Pt ions to the surface. The 
above speculation was also confirmed by XRD analyses 
(Fig. 5b). Though the diffraction lines corresponding to Pt 
and Ni appeared separately in OAm-free case, the peaks 
corresponding to Ni phase shifted towards lower angle 
from 44.3 to 44.1 degrees, and the peaks corresponding 
to Pt (111) merged with that of Ni (111) suggesting the 
progression of alloy formation. The detailed elemental dis-
tribution of Ni and Pt for the particles synthesized under 
different OAm/Pt ratio is given in supporting information 
(Fig. S3).

The reduction in the size of the above particles with 
the increase in OAm concentration is believed due to the 
surface protective effect that inhibited the aggregation of 
particles. Furthermore, the yield was not influenced by the 
addition of a small amount of OAm and the composition of 
the particles was almost similar to the initial ratio between 

Fig. 5   a The influence of OAm 
concentration on the yield of 
Pt NPs, b XRD patterns, c–f TEM 
images and elemental map-
ping of Ni–Pt NPs synthesized 
under different OAm/Pt and 
Ni/Pt ratios
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Pt and Ni. The details on the influence of the OAm concen-
tration in the composition, size, and structure of synthe-
sized Ni–Pt NPs are shown in Table 1. When the particle 
sizes and crystallite sizes are compared, the particle size 
is larger than the crystallite size in all cases. This suggests 
that the particles synthesized here are polycrystalline. It 
should be noted that the crystallite size is larger for high 
OAm concentration. This could be due to retardation of 
the reaction rate through complexation of Pt with OAm.

The formation mechanism of the synthesis scheme pro-
posed for Ni–Pt particles under different concentrations of 
OAm is shown in Fig. 6. By controlling the complexation 
between Pt4+ and OAm, not only the yield but also the 
segregation of the nucleus and subsequent growth was 
inhibited. Consequently, the delay in the reduction of Pt-
complex facilitated the alloying of Pt with Ni and success-
ful synthesis of Ni–Pt particles with varying degree of Pt 
segregation on the surface of the particle is realized.

3.4 � Catalytic activity of Ni–Pt NPs with varying sizes 
and compositions

The high catalytic activity of bimetallic NPs has been 
ascribed to several factors such as the high surface area, 
shape, and the surface composition [61]. In this study, the 
designed-synthesis of Ni–Pt NPs with controlled segre-
gation of Pt on the surface has been achieved. Thus, the 
catalytic activity of the synthesized Ni–Pt NPs with dif-
ferent surface distribution of Pt are evaluated using the 
decolouration of methylene blue by using NaBH4 (Fig. S4). 
Here also, Ni and Pt NPs were used as reference as shown 
in Fig. S4 (a) and (b), respectively. In the case of Ni NPs, 
the decolorization reaction was not observed whereas the 
reaction was very rapid in the case of Pt NPs. Using Pt NPs, 
the peak corresponding to methylene blue disappeared 
and the decomposition reaction ended within 4 min. Tak-
ing these results into account, the core–shell structured 
Pt-Ni NPs did not decompose the methylene blue (Fig. 
S4 (c)) due to the absence of Pt on the particle surface as 
already confirmed through the elemental mapping (Fig. 5).

On the other hand, all the Ni–Pt NPs synthesized using 
a Ni:Pt precursor ratio of 95:5 and low concentration of 
OAm at the nucleation stage showed decomposition of 
methylene blue as shown in Fig. S4(e)-(h). The maximum 
decomposition was exhibited when Ni–Pt NPs synthesized 
using an OAm/Pt = 1.6 was used. When the above results 
were compared with the elemental mapping data, it was 
confirmed that the concentration of Pt on the particle sur-
face increased with the concentration of OAm. It should be 
noted that the catalytic activity of Ni–Pt NPs synthesized 
using an OAm/Pt = 1.6 was higher than the cage structured 
particles synthesized using a similar amount of Pt NPs. 
On the other hand, the catalytic activity of the particles 
synthesized under higher Pt concentration that is a Ni:Pt 
precursor ratio of 90:10, while maintaining OAm/Pt ratio 
at 1.6, was almost similar or a little lesser than the low Pt 
concentration case (Fig. S4(i)). These results suggested that 
besides the segregation of Pt on the surface their thick-
ness and their interaction with Ni atoms are also critical 
for higher catalytic activity. Thus, efforts should be made 

Table 1   Influence of the 
OAm concentration in the 
composition, size, andstructure 
of synthesized Ni–Pt NPs

Molar ratio 
(OAm/Pt)

Precursor ratio 
(Ni:Pt)

Composition 
(Ni:Pt)

Crystallite size (nm) Particle size 
(nm)

Structure

0 95:5 95:5 13.5 (Ni phase) 24.9 Pt core
Ni shell

0.7 95:5 95:5 5.1 12.4 Alloy
1.0 95:5 95:5 5.4 13.8
1.3 95:5 96:4 8.2 15.0
1.6 95:5 96:4 11.0 16.2 Ni core

Pt shell1.6 90:10 91:9 7.2 14.8
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to synthesize designed Ni–Pt NPs with varying concentra-
tions of Pt on the surface in different segregated morphol-
ogies and sizes. In addition, complete alloying should also 
be attempted for different sized Ni–Pt particles.

3.5 � Catalytic activity of Pt and Ni–Pt NPs with 10% 
Pt using ORR evaluation

Based on the catalytic evaluation results, high surface area 
carbon supported Ni90Pt10 NPs were considered for elec-
trocatalytic examination. The results were compared with 
that of commercial Pt catalyst. Figure 7(a) shows the CV 
measurements for Pt/C and Ni90Pt10/C samples. The ECSA 
evaluated for Pt/C and Ni90Pt10/C samples were 75 and 33 
m2g−1Pt, respectively. The reason for the difference in ECSA 
between Ni90Pt10/C and Pt/C was due to the surface area 
resulting from the difference in particle size. The Pt NPs 
were only 3 nm in diameter in contrast to Ni90Pt10, which 
is about 14.8 nm [62]. However, the Ni90Pt10/C exhibited 
a shift in the high voltage region of the LSV curve sug-
gesting high catalytic performance than Pt/C as shown in 
Fig. 7b. Furthermore, the mass activity of the above sam-
ples was estimated using the Koutecký–Levich equation 
based on the LSV curve obtained under different rpm for 
an applied voltage of 0.9 V. It should be noted that in spite 
of the fact that Ni90Pt10/C contained only 10% of Pt, the 
mass activity was four times larger than that of Pt/C and 
the results are shown in Fig. 7c. Thus, we strongly believe 
that Ni90Pt10 with Pt-enriched surface could be considered 
as a potential catalyst.

4 � Conclusions

The technology to synthesize designed Ni–Pt NPs with dif-
ferent Pt distribution has been developed. The behavior of 
Pt-OAm complex, the key for designed-synthesis has been 
successfully elucidated using the in situ UV–Vis and XAS 
analyses. During the reaction, the –OH ligand is replaced 

with –NH2. The complex between Pt and OAm inhibits 
the reduction of Pt and results in low yield. Based on the 
above information, a novel synthesis scheme is proposed 
to synthesize Ni–Pt NPs with varying sizes and composi-
tions. Here, the successful synthesis of Ni–Pt NPs in high 
yield is realized by forming the Pt nucleus under a very low 
concentration of OAm and introducing Ni precursor with 
a high concentration of OAm later. The optimal condition 
for the synthesis of Ni–Pt NPs with Pt on their surface is 
achieved when the molar ratio OAm/Pt was 1.6. As a result, 
high catalytic activity is achieved when the size of the 
particle is smallest and the Pt concentration is high. Thus, 
Ni90Pt10 exhibited a higher mass activity than commercial 
Pt in ORR The surface coverage of Pt atoms seems to have 
influenced the catalytic activity and further enhancement 
could be anticipated by improving the concentration of 
Pt atoms on the surface by aiming nearly alloy Ni–Pt NPs.
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