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A two-stage precipitation process for preparing core-shell NiPt 
nanoparticles is disclosed. The Ni cores were first synthesized by 
partially reducing nickel carbonate in polyol at 180 oC. A NiPt 
alloy shell was subsequently formed by continuously adding a 
platinum salt in the dispersion containing the Ni cores and 
unreacted nickel carbonate. The slow reduction of Ni2+ ions 
during the platinum addition yields a NiPt shell in which the 
concentration of the noble metal increases gradually toward the 
periphery of the particles. The size of the Ni cores and the 
thickness of the alloy shell can be adjusted by varying the length 
of the Ni cores formation stage and the amount of noble metal 
added. Comparable deposition rates for the two metals during the 
shell formation were possible by using a new platinum complex 
(ethanolamine-Pt(II) carbonate). The core-shell Ni/NiPt alloy 
nanoparticles have an electrochemical surface area (ECSA) of 
~45 m2/g and are suitable for use in proton exchange membrane 
fuel cells (PEMFC). 

 

 
 

INTRODUCTION* 

 Long term use of fossil fuels for transportation 
purposes remains environmentally unsustainable. 
This predicament represents a strong incentive for 
developing alternative solutions.1,2 Fuel cells3–5 and 
lithium-air batteries5 have been recognized lately 
as the most credible options. Pt and Pt-alloy 
nanocrystals effectively catalyze the oxygen 
reduction reaction (ORR) taking place in the 
former.6–10 When deposited on carbon support, they 
exhibit superior electrocatalytic performance3,4,11,12 

                                                      
* Corresponding author: dgoia@clarkson.edu 

and good operating efficiency. The electrochemical 
performance of Pt-based catalysts varies with 
particle size,13–16 shape,8,9 composition,6,7,17 and 
surface topography.15,18,19 While small (3–4 nm) Pt 
nanoparticles are well known for their high ORR 
activity14–16,20–22. PtNi4,6,12,18 and PtCo7,23–25 entities 
of similar size are equally effective and provide 
excellent stability during fuel cell operation. 
Consequently, these alloy compositions can not 
only lower noble metal consumption but also 
improve cell durability and reliability. The amount 
of platinum incorporated in a vehicle is the best 
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measure of fuel cell operating efficiency. Over the 
last decade, this parameter has decreased by a 
factor of 3 to ~0.3 g/kW.6,26 As suggested by 
Hansen,27 the quantity of platinum required to 
provide a given power output can be predicted by 
taking into account the composition, structure, 
size, and electrochemical performance of the 
catalyst. In the case of the 3–5 nm particles, the 
amount of platinum per car decreases from 80, to 
30, and 15 g when using Pt,18 Pt alloys,8,28,29 and 
respectively Pt core-shell catalysts.7,30,31 In the 
latter case, by increasing the size of particles to 
>20 nm,9 the noble metal consumption can be 
further reduced to 5–10 g.6,15,18,19 NiPt alloys are 
particularly attractive as suggested by recent 
research showing a 9-fold enhancement in the 
area-specific activity for a Pt3Ni (111) surface6. 
They also tend to limit the damage of the carbon 
support,27,32 a major problem when using 
electrocatalysts containing platinum only.33 The 
preparation of Pt-base catalysts with controlled and 
reproducible size and structure remains a 
challenging task. Impregnation/annealing,4,6,10,25,34  
galvanic displacement,9 and liquid phase 
reduction11,24,35 are the most widely used 
approaches. As shown elsewhere,36–39 the latter 
route provides distinct advantages in controlling 
the properties of core-shell NiPt nanoparticles.  In 
this study, the polyol process40 was modified to 
provide greater flexibility in controlling the size of 
Ni cores and tailoring the structure of the shell. 
The particles prepared consist of large (~30 nm) 
crystalline Ni cores encapsulated in a NiPt alloy 
layer in which the noble metal content increases 
toward particle periphery. This unique shell 

structure eliminates the lattice difference between 
the two metals making the epitaxial deposition of 
an external Pt shell possible.  

RESULTS AND DISCUSSION 

 The catalyst particles consisting of crystalline 
Ni cores and a continuous NiPt alloy shell were 
prepared by a three-stage polyol reduction process. 
In the first step, a controlled number of Pt seeds 
were generated at lower temperature from an easily 
reducible noble metal precursor added in the nickel 
salt/polyol dispersion. In the second stage, nickel 
crystalline cores of controlled size were grown by 
reducing slowly part of the nickel basic carbonate 
at higher temperature. The NiPt alloy shell was 
formed in the final stage by adding, over an 
extended time, a stable Pt precursor in the Ni 
cores/polyol dispersion. The overall process is 
showed schematically in Fig. 1. 

Sorbitol effect 

 Sorbitol was found to play an important role in 
the process. By controlling the nucleation rate and 
preventing the aggregation of Pt seeds it helped 
form more uniform Ni core particles. At the same 
time, it had an effect on the rate of Pt complex 
reduction during the formation of NiPt shell. When 
the amount of sorbitol was increased, the flow of 
Pt could be increased without causing the 
formation of Pt clusters. 

 

 
Fig. 1 – Schematic depicting the stages of Ni-NiPt core-shell particles synthesis. (A) addition of platinum 'seeding' precursor;  

(B) Pt seeds formation; (C) Ni cores growth; (E–G) formation of NiPt|Pt shell. (D, F) sorbitol additions. 
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Formation of Pt seeds 

 The nucleation of Ni was controlled by 
seeding.43 For this purpose, a small amount of an 
easily reducible platinum salt [(EA)2[Pt(II)(OH)6] 
was introduced into the nickel carbonate dispersion 
and reduced at 110–115 °C. The size of Ni cores 
was adjusted by generating a controlled number of 
Pt seeds in the nickel carbonate/polyol 
dispersion.41 The amount of noble metal needed to 
grow Ni cores of a desired size was calculated 
based on equation 1.  

 
3

3 3
seed seed

seed Ni
Ni Ni seed

dm m
d d

ρ
ρ

= × ×
−

  (Eq. 1) 

where , ,seed seed seedm d ρ  and , ,Ni Ni Nim d ρ   are the 
mass (g), the diameter (nm) and the density (g/cm3) 
of the seeding metal and nickel, respectively.  The 
model used assumes that the noble metal ‘seeds’ 
do not aggregate and all serve as heterogeneous 
nucleation sites for subsequent Ni deposition.41 
The amount of Pt required (0.3 wt.% based on the 
total Ni present) to yield Ni cores of desired size 
(~14 nm) was established in a previously published 
work42. The TEM analysis (Fig. 2) of the Pt seeds 
collected at 130 oC was 2.1±0.7 nm, in agreement 
with the predictions of the model42.  

Growth of Ni cores 

 A slow nickel deposition onto the Pt seeds is 
essential for obtaining highly crystalline base metal 

cores. Below 160 °C the reduction of nickel 
carbonate was not possible even after heating the 
dispersion for several days. At 180 °C, however, 
the reduction rate increased sufficiently to ensure a 
slow Ni reduction. At this temperature, the time 
necessary to yield ~14 nm Ni cores and leave 
sufficient nickel carbonate (~50% from the total 
used) for the shell growth stage was 5 hours. The 
field emission electron micrograph, histogram, and 
XRD pattern of the Ni particles collected at this 
point are presented in Fig. 3. While not highly 
uniform in size or shape, the highly crystalline 
cores have well defined facets suitable for the 
epitaxial deposition of NiPt shell. XRD analysis 
revealed the presence of isotropic nanocrystals 
with a face-centered cubic (fcc) structure (JCPS 
004-0850). The fact that their average diameter 
observed by electron microscopy was comparable 
to the crystallite size estimated with the Scherrer’s 
equation (~12 nm) confirmed that the Ni cores 
were essentially single crystals. 

By varying the point when the addition of Pt 
complex is started, it is possible to tailor the Ni 
cores size and the amount of nickel carbonate left 
for the NiPt shell growth. Smaller base metal cores 
and more nickel carbonate left for the alloy shell 
growth correspond to an early Pt addition. 
Conversely, larger Ni cores are formed and less 
Ni(II) ions are left unreduced when the noble metal 
addition is delayed. 
 

 

 
Fig. 2 – Transmission electron micrograph of Pt seeds (average size ~2.1 nm)  

formed in polyol when using EPH as noble metal precursor. 

10 nm 
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Fig. 3 – (a) FESEM of the core Ni particles prepared by using EPH for seeding; (b) particle size histogram obtained by measuring 

200 randomly selected particles; (c) XRD pattern of Ni core particles matching the JCPS 004-0850 standard (the calculated crystallite 
                                                                               size using Sherrer’s equation is ~12 nm). 

 
NiPt shell growth 

 In principle, depositing a continuous Pt shell 
consisting of just a few atomic layers is desirable 
as it offers significant cost advantages.27 While the 
epitaxial deposition of a thin Pt layer on gold cores 
was demonstrated recently by the authors, 43 in the 
case of nickel the large difference in the lattice 
parameters of the two metals (~10%) makes the 
task more difficult. In this study we started from 
the hypothesis that this obstacle can be eliminated 
by depositing a transitional NiPt alloy layer in 
which the Pt/Ni ratio gradually increases. Several 
conditions are required to build a shell with such 
structure. First, the two metals must be reduced at 
comparable rates to ensure their co-deposition. 
Secondly, the Pt2+/Ni2+ ratio in the polyol must 
gradually increase during the process to ensure the 
progressive increase of the lattice parameter. 
Finally, the reduction of both elements must be 
slow enough to permit the epitaxial deposition of 
NiPt alloy shell.  
 The first condition is the most difficult to meet 
due to the large difference (>1.0 V) between the 
redox potentials of Pt2+/Pt0 and Ni2+/Ni0 systems, 
which translates in drastically different reduction 
temperatures in polyols.40 For nickel carbonate, 
160 °C was the lowest value at which it was 
reduced at a practical rate, while 180 °C was 
optimal for a slow reaction needed to growth 
crystalline cores. In contrast, all commercially 
available platinum complexes were rapidly 
converted to the metal between 110 and 145 °C.42 

This quandary was solved by developing 
specifically for this work a more stable complex 
(EPC, ethanolamine-platinum-carbonate) that 
reacts slowly with the polyol at ~170 °C.42,44,45 The 
second condition, a gradual increase in the Pt/Ni 
ratio during the process, was met by adding the 
platinum precursor at a constant rate during the 
reduction of the remaining nickel carbonate. 
Finally, the possibility of exceeding the Pt atoms 
supersaturation and forming Pt clusters was 
eliminated by adding the EPC solution slowly. For 
the experimental setup used, it was found that the 
addition rate must be below 1.25 mg Pt/min. In 
these conditions, the Ni2+ ions are gradually 
depleted during the constant addition of EPC and 
the composition of the shell becomes progressively 
rich in platinum. The amount of noble metal added 
was chosen so that a final NiPt shell consisting of 
8-10 atomic layers is formed. For the 14 nm Ni 
cores this corresponds to a Pt content in the final 
catalysts of ~25 wt.%. If the addition of Pt is 
extended beyond the point when all nickel 
carbonate is reduced, a pure Pt surface eventually 
emerges. On the other hand, if the addition of Pt is 
stopped before all nickel is reduced, a Pt rich alloy 
surface is obtained. While the former scenario is 
conceptually ideal, the latter offers intriguing 
opportunities for automotive applications.27 
Indeed, it has been shown recently that leaching Ni 
atoms from the surface of NiPt-alloy particles 
followed by surface annealing leads to significant 
ORR enhancement.4,17  
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 Fig. 4 shows TEM images of the final core/shell 
Ni/NiPt particles. The shell is clearly visible at 
high-resolution as a dark region at the periphery 
(Fig. 4c). The examination of >200 individual 
particles of various sizes did not reveal 
discontinuities in the shell. Its hermetic nature was 
confirmed by the fact that only a slight blue 
coloration of the supernatant was observed when 
the catalyst was kept in a 0.1 mol.dm-3 HNO3 
solution for 24 hours. 

HRTEM was used to assess the depth 
composition of the shell. The lattice structure was 
resolved for selected areas using Fast Furrier 
Transform (FFT). The data showed that Pt and, to 
a lesser extent, Pt rich regions were present at the 
periphery of the particles. Areas closer to the Ni 
cores were purposely under-focused in order to 
collect structural information from deeper shell 
regions (Fig. 4c). In this case, the FFT analysis 
revealed only NiPt compositions. Based on these 
findings, a schematic representation of the particle 
structure was generated (Fig. 5). It depicts the 
gradual increase in the crystal lattice due to the 

gradual insertion of the larger Pt atoms in the Ni 
lattice, which results in a shell progressively richer 
in platinum and, eventually, to an external 
continuous Pt 'skin'. The transition in the lattice 
dimensions across the shell is the key element that 
makes possible the elimination of the structural 
and energy mismatch between Ni and Pt and the 
epitaxial deposition of the noble metal onto the 
base metal surface. 

The XRD analysis also confirmed the complex 
internal structure of the core-shell particles (Fig. 
6a). In addition to the peaks corresponding to Ni 
cores, strong NiPt alloy reflections (JCP 065-9445) 
were detected. The broad peaks of the latter have 
an asymmetrical shape (less steep slope on the 
right side) indicating a gradual increase in the 
lattice parameter due to the gradient of Pt 
concentration in the shell. On the left side, the 
shoulder is rather steep and the peak is shifted 
closer to the Pt (111) reflection in the Pt JCP 004-
0802 standard, in good agreement with the 
HRTEM observations. 

 

 
Fig. 4 – High-resolution transmission electron micrographs of Ni/NiPt core-shell particles taken at different magnifications. 

  

 
Fig. 5 – Schematic representation depicting a cross-section through the outer region of a catalyst particle. 
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Fig. 6 – (a) XRD of NiPt core-shell particles. Reflections corresponding to Ni cores (sharp and symmetrical) and NiPt core-shell of 

varying composition (wide and skewed) are present; (b) Cyclic voltammetry curves of pure Pt (red) and core-shell NiPt (black) 
nanoparticles in argon-purged 0.1 M KOH solution at room temperature and at a scan rate of 50 mVs–1. 

 
 The CV of the synthesized core-shell particles 
(Fig. 6b, black line) revealed features characteristic 
of pure platinum. Peaks a and b (at –0.35 and –
0.5 V) correspond to hydrogen adsorption, whereas 
peaks c, d and e (at –0.67, –0.46 and –0.36 V) 
originate from hydrogen desorption. Peak g at  
-0.02 V corresponds to the reduction of platinum 
oxide, formed in the forward cycle between 0.2 
and 0.6 V.46–48 When comparing NiPt CV to that of 
pure Pt catalyst (Figure 6b, red line), the former 
exhibited features suggesting that a Pt layer was 
present at the surface of the particles. This is 
expected as the pretreatment of the catalyst 
through repeated cycling removes the Ni atoms 
from the few surface NiPt alloy domains. The 
electrochemical active surface areas (ECSAs) of 
the NiPt and pure Pt particles calculated from 
hydrogen desorption/adsorption charge from CV 

data and assuming 210 °C/cm2
Pt was ~43.0 and 

~15.0 m2/gPt, respectively. 

EXPERIMENTAL 

Equipment and reagents 

 All precipitations were carried out under argon in a  
500 cm3 4-neck spherical reactor placed in a heating mantle. A 
stirring device was positioned in the center neck. A condenser 
and a thermocouple connected to the heating mantle were 
inserted in two of the side necks. Technical grade basic nickel 
carbonate tetrahydrate (NiCO3×4H2O, 45 wt.% Ni) was 
supplied by Shepherd Chemical Co./USA. High purity 
propylene glycol (PG) and diethylene glycol (DEG) were 
purchased from Fluka (Milwaukee, WI). D-sorbitol (98% 
C6H14O6) was received from Alfa Aesar (Ward Hill, MA). 
(ETA)2[Pt(II)CO3] (ethanolamine-Pt(II)-carbonate; EPC, 9.22 
wt.% Pt) and (EA)2[Pt(II)(OH)6] (ethanolamine-Pt(II)-
hydroxide; EPH, 8.99 wt.% Pt) were supplied by Umicore AG 

b 
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& Co KG (Hanau, Germany). Potassium hydroxide and 
perchloric acid were purchased from Fisher Scientific (Fair 
Lawn, NJ).  All reactants were used as received.  

Procedures 

Investigation of platinum precursors reactivity 

 The stability of platinum complexes was assessed by 
determining the temperature at which they are reduced when 
heated in the polyol. This is clearly indicated by a sudden 
increase in solution turbidity due to the formation of Pt 
nanoparticles (Ref. 41). When the temperature was increased 
at a constant rate (4oC/min), EPH was reduced at ~113 °C 
while EPC was stable up to ~170 °C. Based on these results,  
EPH was deemed suitable for 'seeding' of Ni cores42 and the 
more stable EPC for the epitaxial growth of NiPt alloy shell. 

Pt seeds formation and Ni cores growth 

 An amount of 2.22 g nickel carbonate (containing ~1.0 g 
Ni metal) and 0.1 g sorbitol were added to 150 ml polyol 
mixture (1:1 PG/DEG). The dispersion was heated to 80 °C 
under vigorous stirring. After 30 min, 30 mg of EPH dissolved 
in 5 cm3 polyol mixture were added rapidly to the nickel 
carbonate. The dispersion was immediately heated at a rate of 
4 °C/min to 180 °C where nickel was deposited over 5 hours 
onto the Pt seeds formed at lower temperature.  

NiPt shell growth 

 A volume of 250 cm3 DEG containing 1.0 g of Pt metal 
(as EPC complex) was pumped over 16.6 hours at a rate of 
0.25 ml/min into the dispersion containing the freshly formed 
Ni cores and the remaining unreduced Ni carbonate. To 
compensate for the increase in volume, 0.6 g sorbitol was 
added at the beginning of Pt addition and 1.0 g after 10 hours. 
After cooling the dispersion, the NiPt core-shell particles were 
separated from polyol, repeatedly washed with water, dried, 
and analyzed. 

Catalyst characterization 

The size and shape of NiPt particles were assessed by 
transmission (STEM JEOL-2010) and field emission scanning 
(FESEM JEOL-7400) electron microscopy. The TEM 
instrument was operated at 200 kV for microstructural 
characterization. FESEM was used for both routine particles 
inspection and compositional analysis. Secondary and 
backscattered electron imaging was carried out at 5 and 15 kV. 
The crystallographic data was acquired with a Bruker-AXS 
D8 Focus X-ray diffractometer (XRD). The scanning step was 
0.01 degree and the step period 4 sec. The source, sample, and 
detector slits were 2, 0.6, and 1 mm, respectively. The data 
was processed through Rietveld refinement with TOPAZ 
Academic software. The crystallite size was determined using 
Scherrer’s equation.49 

The electrochemical measurements were conducted in a 
three-compartment electrochemical cell with a CHI 
potentiostat. Ag/AgCl electrode, a glassy carbon electrode 
(GCE), and a platinum wire were used as reference, working, 
and counter electrodes. All potentials reported were against 
normal hydrogen electrode (NHE). The electrolyte was 
prepared using ultrapure Millipore Milli Q water with a 
resistivity of 18.2 mΩ·cm at 25 °C. In all electrochemical 
measurements, the metal loading was kept constant at 0.14 mg 
cm-2. The Ni/Pt dispersion was prepared by mixing 1.0 mg 
catalyst with 1 ml DI water. A 10.0 µL aliquot was deposited 
on the GCE followed by overnight drying under argon. Cyclic 

voltammetry experiment were carried out at 50 mVs–1 in argon 
saturated 0.1 M KOH and 0.1 M HClO4 solutions. All 
electrodes were pre-treated to remove any surface 
contamination before the ORR testing by cycling 50 times the 
potential between +0.05 and +1.00 V in 0.1 M HClO4 at a 
sweep rate of 50 mVs–1. For electrodes characterization, the 
potential was continuously cycled between –0.9 V and 0.4 V 
until a stable cyclic voltammogram was obtained. 

CONCLUSIONS 

 This study discloses a novel strategy for 
synthesizing core-shell Ni-NiPt and core-shell-shell 
Ni/NiPt/Pt nanoparticles. They consist of highly 
crystalline Ni cores encapsulated in a continuous 
NiPt or NiPt|Pt shell. The novelty of the synthesis 
process consists in the ability to gradually increase 
the concentration of Pt in the NiPt alloy shell 
deposited. In doing so, the lattice and energy 
mismatch between the two metals are eliminated 
making possible the epitaxial deposition of the NiPt 
intermediate shell and, ultimately, of a pure Pt 
external layer. The deposition strategy presented 
allows tailoring the surface and depth composition of 
the shell in order to achieve an increased mass 
specific catalytic activity. Despite their large size, the 
bimetallic particles prepared possess a high ORR 
activity that makes them promising electrocatalysts 
for PEM fuel cells. The methodology used in the 
synthesis of the catalyst nanoparticles may provide a 
blueprint for the synthesis of other complex 
hierarchical nanostructures.  
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