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Abstract

Core-shell Ni/Au nanoparticles are synthesized in a two-stage process in aqueous 
solutions. The core-shell structure of the synthesized particles is proven by using 
results of HRTEM, TEM, SAXS and CVA methods. The thickness of the core 
is estimated at 1 nm and it is formed from 1–2 layers of mutually oriented gold 
crystallites. The CVA results show that the Au-shells are nanoporous, and that a 
layer of nickel oxidation products is formed. These results were obtained by using 
Vis spectrophotometer, TEM, HRTEM, SAXS, CVA and elemental analysis.

1. Introduction

Nanosized systems of the metals of the iron 
group/noble metals (Au, Pt, Ag) with a core-shell 
structure are enjoying increasing applications in 
medicine, biology, magnitotechnique and micro-
electronics [1–6]. Development of new simple and 
effective methods for the synthesis of such systems 
is of particular importance.

Most synthetic methods (Fe, Co, Ni/Au, Ag) [7–
15] are carried out in non-aqueous conditions. They 
are difficult to realize and there is limited informa-
tion about the morphological characteristics of these 
particles. There is a need for a more detailed study 
of the structural features and composition of the 
particles: shell continuity and its efficiency in core 
protection against corrosion; existence of reducing 
agents and metal cores oxidation products in parti-
cles; possible formation of mixed nanophases at the 
interfaces of the core-shell and complication of the 
particle structure caused by these processes.

Synthesis and methods of materials investigation

Analytical grade NiSO4, sodium citrate, NaBH4 

and HAuCl4∙4H2O were used without additional pu-
rification. Bidistilled water was used.

The synthesis involves the combination of a gal-
vanic displacement reaction between HAuCl4 and 

Ni nanoparticles (Ni0 + Au+3 → Ni+2 + Au0) and re-
duction of HAuCl4 by remaining NaBH4 after gen-
eration of Ni nanoparticles [12, 16].

In a typical experiment (12 ± 1 °C), 25 ml of wa-
ter was added to aqueous solutions of NiSO4 (0.5 
ml, 0.1 M) and sodium citrate (0.5 ml, 0.1 M). Af-
terwards, 1 ml of freshly prepared NaBH4 (0.1 M) 
was added dropwise but rapidly for 20 min into the 
stirring system. The complete reduction was con-
trolled by verifying the absence of the surface plas-
mon resonance band for NiSO4 in the visible spec-
trum range.

Then, 20 min later, aqueous HAuCl4 solution 
(0.5 ml, 0.1 M) was added in two stages. First 2–3 
drops of HAuCl4 were added and 10 min later the 
remaining quantity of HAuCl4 was added to obtain a 
stable Au-shell over Ni nanoparticles. The solution 
was kept stirring for 30 min. A complete reduction 
was controlled by verifying the absence of the sur-
face plasmon resonance band for NiSO4 in the visi-
ble spectrum range.

Vis absorption spectra were recorded with a PE-
5400V spectrophotometer. XRD patterns were re-
corded with a X-ray diffractometer DIFRAY-401 
(iron radiation). Quantitative analysis of the ele-
mental composition was acquired by using optical 
emission spectroscopy (OES) in an inductively cou-
pled plasma spectrometer iCAP-6500 DUO. Three 
aliquots 0.1 ml Ni/Au were taken. Samples were 
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transferred to the measuring tubes (50 ml), and aqua 
regia (2 ml) was added. After complete dissolution 
of the particles the measuring tubes were filled with 
distilled water up to the maximum mark. The result-
ing solution was injected into the spectrometer at-
omization unit and they were analyzed with a sample 
flow rate of 1.0 ml/min. Spectrometer calibration was 
carried out by using standard solutions gold ions (0.1 
mg/cm3) and nickel ions (1 mg/cm3). The resulted 
calibration curves were described by a linear equa-
tion with a correlation coefficient equal to 1 (stan-
dard deviation from the linear dependence is 0.001).

An investigation of the electrochemical response 
of the Ni/Au particles was carried out by means of 
cyclic voltammetry with a potentiostat/galvanostat 
PARSTAT 4000 in a three-electrode cell. Ni/Au 
particles, preliminary cleaned by water or etching 
agents, were immobilized on the surface of a car-
bon paste electrode fabricated from chemical pure 
graphite powder (C3) and paraffine oil. Counter and 
reference electrodes were platinum wire and Ag, 
AgCl/0.1 M KCl respectively. All voltammetric 
experiments were performed in 0.1 M KCl solution 
with addition of HCl (pH = 2.5) as background elec-
trolyte. ICP atomic emission spectroscopy was used 
for the determination of the elements (Ni, Au, B) 
concentrations in the etching solutions.

Small-angle X-ray scattering (SAXS) measure-
ments were carried out using KRM-1 diffractometer 
in the iron characteristic radiation by counting the 
pulses in discrete points in the range of 0.002–0.348 
Å–1. The particle size distribution functions were 
computed from the SAXS curves in the approxima-
tion of homogeneous spheres and the «core-shell» 
model. The computer treatment of experimental data 
(collimation correction, calculation of particle size 
distribution functions) was carried out according to 
computer programs created by the authors [17]. For 
the SAXS measurements the investigated powders 
were glued as a thin layer (~ 50–100 microns) on 
lavsan film so that their surface density, estimated 

from X-ray absorption was 0.7–0.8 or 3–4 mg/cm2.
TEM images were acquired by using a transmis-

sion electron microscope JEM – 2100.

2. Experimental

2.1. Electron microscopy

Typical TEM micrographs of Ni/Au nanoparti-
cles obtained in this work are shown in Fig. 1a–b. 
High resolution TEM micrographs are shown in Fig. 
1c.

It can be seen that the particles have a tendency 
to form filamentous and coalescence forms (aggre-
gation). Non-aggregated particles have a spherical 
shape, a slight variation in size (see the size dis-
tribution histogram in Fig. 1b) and a «core-shell» 
structure.

The brighter shade of the Au-shell is associated 
with a greater scattering of the electrons in gold, 
and the observed image contrast suggests that the 
Ni-cores are sphere-like, with a (diameter between 4 
and 8 nm), a thickness of the Au-shell of about 1 nm 
and the average for an array of 100 particles gives a 
nickel content of 20–35 wt.% (in the approximation 
of an absence of nickel oxidation products).

The images of the particles show the atomic 
planes with distinct atomic rows. In some cases they 
form a regular hexagonal structure with the (111) 
planes of densest packing. The measured interatom-
ic spacing of 0.288 nm is in good agreement with 
the calculated lattice parameters of 0.2884 nm for 
gold. There is also a good agreement between the 
measured spacing rows 0.250 nm and the value of 
0.2498 nm inherent to the gold lattice. At an incli-
nated view of the 111 planes the hexagonal pattern 
disappears because the particles are spherical and 
the rows can only be visually distinguished in one 
direction. The spacing between them is reduced in 
such a projection, depending on the angle of incli-
nation to 0.22–0.24 nm or less.

Fig. 1. TEM (a, b) and HRTEM (c) images of Ni/Au nanoparticles. Insert in 1b: size distribution histogram.
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Occasionally there are particles with a spacing 
between the rows of 0.26–0.28 nm and 0.16–0.20 
nm. Both groups are well matched to the distances 
between the atomic rows of gold at oblique arrange-
ment of the (200) planes already mentioned above 
(0.2884 nm interatomic spacing) and d200 (0.2039 
nm). Thus, the surface of the Au-shell is present-
ed as the main plane of the type (111) (octahedron) 
and (200) (cc), which are the most typical ones in 
the formation of crystals with the FCC lattice. At 
the same time there are particles which have not 
ordered nanocrystals in the Au-shells. Although of 
nanometer thickness, the Au-shell is substantially 
continuous and covers the whole or a part of the 
bulk surface Ni-core in according to the HTEM mi-
crographs. Occasionally there is no fixed gold on the 
observed area because of the FCC lattice interplanar 
spacings specified above. An absence of surfactants 
leads to some aggregation of the particles (Fig. 2).

Fig. 2. X-ray powder pattern of Ni/Au system. 1 – Ni-core 
sizes 4–8 nm, 2 – Ni-core sizes near 12 nm.

2.2. X-ray analysis

Only the basic reflections of gold are seen in the 
X-ray patterns of the Ni/Au powders (Fig. 2).

In according with the considerably lower diffus-
ing capacity of nickel compared to gold, the rela-
tively low content in the particles (1.1, 1.4, 1.6) and 
a strong broadening of the reflections (due to the 
nanodimension of the core and the shell) it is not 
possible to find even the strongest nickel reflection 
(111) on a background of the (200) gold reflection. 
As such it is also impossible to distinguish the weak-
er nickel reflection of (200) at 66.9°, not even in 
samples Ni/Au with a Ni-core size 2–3 times larger 
than that of the standard sample (12 nm see Fig. 2). 
The phases of possible oxidation products of nickel 
are not detected.

An average crystallite size is measured by Scher-
rer broadening of the (111) gold reflection for the 
standard and the samples having a large size Ni-
core. The results are 2 and 10–12 nm, respective-
ly. However, the average size consists of the three 
contributing relatively large size in the direction 
roughly along the shell and a smaller one, which is 
its thickness. As a result, the true thickness may be 
only half of the average, or even less.

2.3. Elemental composition of particles

The analysis is realized for three identical sam-
ples; for each basic element it was carried out with 
three wavelengths (197.82; 201.20 and 242.79 nm 
for Au; 221.68; 232.0 and 361.94 nm for Ni).

The results are shown in Table 1.

Table 1
The results of elemental composition of particles

Sample W (Ni), % W (Au), %
1 42.5 57.5
2 42.8 57.2
3 42.6 57.3

Average 42.7 ± 0.5 57.3 ± 0.5

W – mass % of Ni and Au

2.4. Cyclic voltammetry

Electrochemical measurements were performed 
in the following steps:

1. Cyclic voltammograms (CV) scanning in 
the nickel oxidation area (‒0.6 ÷ 0.2 V) with
increasing of the maximum potential up to +0.8 V 
(step of 0.2 V).

2. Cathodic reduction at –1.5 V CV and CV 
scanning in the potential window –0.6 ÷ 0.2 V.

3. CV scanning in the potential window
–0.6 ÷ 0.95 V, in this case the gold oxidation area 
is reached.

4. Preliminary anodic oxidation of gold at 
+1 ÷ +1.3 V during 10 s and CV scanning (–0.6 ÷ 
1.2 V) including the stage of cathodic reduction at 
–1.5 V.

The typical (CV) are represented in Fig. 3. The 
absence of the nickel oxidation peak near –0.3 V 
(step 1 of the electrochemical measurements) indi-
cates the absence of nickel available for the electro-
lyte, including the Ni located at the surface of the 
Au-shell. That generally corresponds to the con-
ditions (reaction sequences) of synthesis of Ni/Au 
particles. 
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The presence of a reproducible nickel oxidation 
peak in the second step of measurements (after ca-
thodic reduction) clearly indicates the presence of 
oxidized forms of Nickel (NiO, Ni(OH)2) in the 
Ni/Au particles. These compounds may be located 
on the outer surface of Au-shell or, in view of its 
discontinuity, in the nanopores of the shell or on 
the outer surface of the Ni-core and prevent access 
of the electrolyte to the Ni-core, thus blocking the 
processes of anodic oxidation of nickel during the 
first step of the experiment. Within the cathodic 
half-cycle the oxidized forms are reduced to nickel 
or dissolve in the acidic electrolyte to enhance the 
cathodic nickel crystallization, which is oxidized in 
the anodic half-cycle, as is demonstrated by the cor-
responding peak (Fig. 3).

CV obtained at the maximum potential window 
after reduction at –1.5 V (fourth step of measure-
ments) shows no increase of the nickel oxidation peak.

After an etching pretreatment of the initial Ni/Au 
samples in a 4 M NH3 (or 2.5 M HCl) solution this 
anodic peak on CV is not observed. This suggests 

Fig. 3. Cyclic voltammogramms for the Ni/Au samples. Numbers (1, 2, 4) corresponds to the steps of the electrochemical 
measurements (see explanation in text). Curve 3 – CV obtained after sample etching in ammoniacal solution.

the chemical dissolution of the Ni-core and its oxi-
dized forms at the previous stages of experiments to 
be almost complete.

The analysis of the etching solutions (containing 
NH3 or HCl) by atomic emission spectroscopy con-
firms the discontinuity of the Au-shell and, there-
fore, the dissolution of the Ni-core and the presence 
oxide-hydroxide nanoinclusions.

It is shown that the preliminary etching treatment 
in NH3 or HCl solutions during 15 and 6 min respec-
tively leads to a complete removal of nickel from 
the analyzed samples (Fig. 4). In this case peaks of 
anodic oxidation and cathodic deposition of nickel 
are not observed on the CV. These results suggest 
that the electrochemical detection of oxide-hydrox-
ide nanophases in CV experiments occurs predomi-
nantly by dissolution in acidic electrolyte.

In the potential range of 0.6÷0.8 V the process-
es, probably, corresponding to oxidation-reduction 
of bimetallic phases AuxNiy (rich in gold) were ob-
served; the formation of these phases does not con-
tradict the Au-Ni phase diagram [19].

Fig. 4. Nickel and boron contents in the etching solutions: 2.5 М HCl (a); 4.5 М NH4OH (b); gold content (c) as a 
function of quantity of consecutive etching operations (duration in minutes indicated in brackets).
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Fig. 5. Raw SAXS experimental curves (slit collimation) 
for Au/Ni samples with a surface density of 0.5 mg/cm2 
(1) and 2.3 mg/cm2 (2); 2ˈ - J(s) curve 2×0.22.

Fig. 6. Size distribution functions Dm(d) of inhomogeneities 
(SDFI) for the system Ni/Au: 1 – computed by 
homogeneous spheres; 2 – computed by three-phase 
shell-core model Ni|Ni(OH)2/Au; 3 – histogram of 
particle size distribution obtained from TEM results.

This assumption was confirmed by the OES-
analysis of the etching solutions (Fig. 4c). It is 
known, that dissolution of low-dimensional gold 
particles in the HCl does not occur. At the same time, 
during etching of the Ni/Au particles, gold was de-
tected in amounts ≈ 0.2÷0.4 wt.% of dissolved nick-
el, and besides, mostly after the first etching. This 
fact means that Au-containing nanophase (AuxNiy) 
is located on the Ni-core surface, i.e. on the bound-
ary with Au-shell.

It should be noted that in the samples significant 
amounts of boron and (or) its compounds were de-
tected (Fig. 4). The presence of boron impurities 
(BO3

–, BO2
–) in the transition metals nanoparticles 

prepared by reduction of aqueous solutions of alka-
li metal tetrahydroborates was described in a num-
ber of papers (see, for example [20]), but it was not 
observed in [7] during the synthesis of Ni/Au core-
shell.

2.5. Small-angle X-ray scattering

Experimental SAXS curves for Ni/Au samples 
with different surface densities are shown in Fig. 5. 
After the transformation to a common scale these 
SAXS curves are nearly identical, an indication for 
the absence of multiple scattering effects.

Size distribution functions of inhomogeneities 
(SDFI) computed from the SAXS curves for differ-
ent variants of particles structure are shown in Fig. 
6. A comparison of experimental SAXS curves with 
theoretical ones for different model types is shown 
in Fig. 7.

The calculations performed in the approxima-
tion of homogeneous spherical particles, i.e. in the 
presentation of the investigated system as a nano-
heterogeneous particle mixture of gold and nickel, 

allows to describe the experimental SAXS data only 
by the bimodal SDFI. This does not correspond to 
the results of HTEM and cyclic voltammetry (1, 4): 
the analysis of photomicrographs shows the absence 
of particles with sizes corresponding to the position 
of an additional maximum on SDFI (about 2.5 nm), 
and the CVA curves in the anode region have no 
peaks of metallic nickel oxidation.

The results of computer simulation have shown 
that additional maximum on SDFI obtained in the 
approximation of homogeneous spherical particles, 
can also be explained by the presence of an external 
particle shell with a density greater than the density 
(e.g. gold) of their inner core [18].

Electrochemical experiments (see Par. 4), how-
ever, indicate also the presence of products of nickel 
oxidation in the particles. This fact is consistent with 
the SAXS results: the observed intensity of the addi-
tional peak on SDFI connected with the presence of 
a shell with a higher scattering density is lower than 
it should be for a rigorously two-phase Ni-Au core-
shell structure. This may be due to the presence of 
a third phase in the form of a less dense shell (NiO, 
Ni(OH)2) which partially offsets the contribution of 
a gold shell in the SAXS amplitude.

Computer simulation has shown that the results 
of SDFI calculations in terms of a nano-heteroge-
neous three layer particle model are in agreement 
with the experiment, as the monomodal particle 
size distribution shows a good agreement between 
the experimental and calculated SAXS curves (Fig. 
7 – solid line). Simulation was carried out using the 
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Table 2
Dimensional particle characteristics estimated from SAXS

Model 
parameters

Diameter 
of particles

Diameter 
of Ni-core

Thickness of oxide/
hydroxide shell

Thickness 
of Au-shell

Estimation 
method

By average 
value for 
the SDFI 
first mode

By the 
position of 

SDFI 
maximum

By average 
value for 
the SDFI 
first mode

By the 
position of 

SDFI 
maximum

By average 
value for 
the SDFI 
first mode

By the 
position of 

SDFI 
maximum

By average 
value for 
the SDFI 
first mode

By the 
position 
of SDFI 

maximum
Ni/Au/Ni(OH)2+NiO 11.0 8.9 6.6 5.4 1.1 0.89 1.1 0.81
Ni/Ni(OH)2/Au 10.5 7.5 8.3 5.9 0.50 0.40 0.60 0.40
Ni/Ni(OH)2+NiO/Au 10.4 7.5 7.9 5.7 0.62 0.47 0.63 0.43

With the mode of synthesis that was used the 
formation of a hydroxide or oxide-hydroxide lay-
er as an external particle shell seems unlikely. It 
might be the result of an electrolytic substitution 
process (Ni0 + Au+3 → Ni+2 + Au0), diffusion of 
Ni + 2 through available nanopores (see Par. 4) 
of the emerging Au film to the external particle 
surface followed by their recovery to Ni0 and sub-
sequent nickel oxidation. In this case we have to 
presume a greater role of the electrolytic replace-
ment even under the condition of parallel reaction 
of Au+3 reduction by sodium tetrahydroborate. 
The simulation results confirm a small probabili-
ty of this process: the calculated thickness of the 
external oxidized shell turns out too large (nearly 
comparable to the thickness of Au shell in case of 
Ni (OH)2 + NiO or exceeding it by nearly 2 times 

for Ni(OH)2), but this is not detected microscopi-
cally. Besides the content of nickel in these parti-
cles should be less than 25 wt.% which does also 
not correspond to the analysis of their composition 
(see Par. 3).

The more likely structure model of the particles 
is that the Ni core is covered with a layer of Ni(OH)2 
or Ni(OH)2 + NiO of unknown continuity and then 
– an external Au shell. In this case mass fractions of 
Ni, Ni(OH)2 and Au phases are 40%, 6% and 54% 
for Ni/Ni(OH)2/Au particles and 34%, 12% and 
54% for Ni/Ni(OH)2 + NiO/Au particles respective-
ly (at nickel oxide to nickel hydroxide mass ratio of 
1:1) (Fig. 8). The SDFI corresponding to these two 
versions of particles are nearly identical, and the 
theoretical curves are nearly equally corresponding 
to the experimental SAXS curve (Fig. 7).

Fig. 7. Experimental and theoretical SAXS curves for Au-Ni core-shell system. Individual points – treated experimental 
values (with smoothing and collimation correction); dotted line – homogeneous spheres approximation corresponding 
to a bimodal Dm(d). function; solid line – three-phase core-shell model approximation Ni/Ni(OH)2/Au, corresponding 
to a mono-modal Dm(d) function.

known values of electron densities (ρе, е/Å3) of the 
phases in crystalline state making up the particles 
(ρAu = 4.71, ρNi = 2.56, ρNiO = 1.98, ρNi(OH)2 = 1.18) as 
a Ni-core and surrounding spherical Au-shell (that 
corresponds to HTEM results) and an additional 
Ni(OH)2 or Ni(OH)2 + NiO shell, presumably in a 
form of a spherical layer. Two variants of the spa-
tial organization of particles were considered: Ni/

Ni(OH)2 or NiO + Ni(OH)2/Au and Ni/Au/Ni(OH)2 
or NiO + Ni(OH)2. The dimensional particle char-
acteristics corresponding to the positions of maxi-
mum of SDFI (Fig. 6) and the average Ni-core sizes 
for which the function is monomodal and the best 
agreement between the experimental and theoreti-
cal SAXS curves is observed (Fig. 7) are shown in 
Table 2 (in nm).
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The results of the estimation of the particle’s di-
mensional characteristics in function of the assumed 
models are in agreement with ones obtained by other 
methods: the SDFI corresponds to the particle size 
distribution, obtained from HTEM data (Fig. 6), and 
the total amount of nickel in the particles calculat-
ed according to its content in the metallic core and 
in the Ni(OH)2 or NiO + Ni(OH)2 (1:1) shells with 
thickness presented in Table 1 is 43 wt.% and 40 
wt.% respectively, that is in good agreement with 
the results of elemental analysis (42.7 wt.% Ni) giv-
en in (Par. 3).

The possibility of a complete dissolution of nick-
el (both in metal and in oxidized state) in ammoni-
ac and acidic media (Par. 4) that was demonstrated, 
indicates a discontinuity of the Au shell and con-
sequently – the possibility of a partial oxidation of 
the Ni core during the synthesis or storage of the 
samples.

3. Conclusions

Figure 8 shows the most likely model of the syn-
thesized Ni/Au core-shell particles, in accordance 
with the experimental results. According to the HR-
TEM results the particles are spherical, HRTEM 
and SAXS results show they have a narrow size 
distribution (4‒8 nm) and TEM, CVA and SAXS 
demonstrate they have a Ni/Au core-shell structure. 
Based on the HRTEM results, Au shell consists 
from nanocrystallites oriented along (111). Taking 
into account this information and the TEM, and 
SAXS model results, we can conclude that the aver-
age thickness of the Au-shell is about 1 nm.

Comparison of the results from X-ray diffraction 
(crystallite size measured by Scherrer broadening) 
with the TEM and SAXS results, suggest that the 
shell is formed from 1–2 layers of commonly orient-
ed Au crystallites.

CVA results suggests the Au-shells to be 
nanoporous. As a result, during the synthesis or 
storing of the samples there is a possible formation 
of a layer of nickel oxidation products (Ni(OH)2 and 
Ni(OH)2 + NiO) with an unknown continuity and 
an average (relative) thickness comparable to the 
Au-shell. SAXS results indicate this layer is formed 
on the surface of the Ni-cores and under the Au-
shells. According to the CVA results and the analy-
sis of the particles etching solutions it is possible to 
form AuxNiy (x>>y) nanophases in contact with the 
Ni-Au. Also, elemental analysis of the Ni/Au par-
ticles showed the existence of boron impurities (or 
its compounds) as oxidation products of the NaBH4 
that was used in the synthesis.

Thus, these results show that Ni/Au core-shell 
particles with 1 nm Au-coating have a substantially 
more complex composition and structure, than sug-
gested in [7, 12, 20 etc.]. These peculiarities may 
exist in other systems such as the «core (transition 
metals)/shell noble metals» and it should be con-
sidered in their synthesis and in the investigation of 
their properties.
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