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a b s t r a c t

Novel pigments, consisting of AueAg mixed nanoparticles, were developed for digital decoration by ink-
jet printing of ceramic wares. Special attention was paid to set up a microwave assisted synthesis route,
with a low environmental impact, easily transferable to large-scale production. Several suspensions,
based on Au, Ag and AueAg mixed nanoparticles were prepared, trying to get a core-shell assemblage,
and the synthesis parameters like metal concentration, Ag/Au ratio, time, temperature and chelating
agent amount were optimized. The suspensions are stable over many months and a total reaction yield,
assessed by ICP-AES analysis, was achieved. Particle size, shape, composition and optical properties were
measured by DLS, TEM-EDS, XRD and UVeVIS spectroscopy. The so-prepared inks were applied on
ceramic tiles simulating the ceramic process and the colour performance, assessed by colourimetry, were
expressed in the CIELab parameters.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Metal nanoparticles represent an efficient way to bestow yellow
to red coloration on glass and transparent glazes [1e3]. Colour is
developed through the mechanism of surface plasmon resonance
(SPR) e although it depends also on particle size, particles inter-
distance, alternating dielectric and metal particles-bearing layers
[1] e which is due to charge-density oscillations confined to metal
nanoparticles [4,5]. The excitation of surface plasmons by an elec-
tric field at an incident wavelength, where resonance occurs,
results in strong light scattering, appearance of intense SPR
absorption bands, and enhancement of the local electromagnetic
field. The frequency (i.e. absorption maxima and therefore colour)
and intensity of SPR bands are characteristic of each metal and
highly sensitive to particle size and shape [4e7].

As a matter of fact, nanodispersions of Au, Ag and Cu were used
to colour glass and lustre glassy coatings since Roman times [8], and
particularly during the Middle Age [9e11] and the Renaissance
[12e14]. This property of noble metals has been recently exploited
by the ceramic industry through digital decoration techniques,
primarily ink-jet printing, which make use of gold nanopigments
[15,16]. Current technology of metal inks for ceramics encompasses
.
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various approaches: (i) application of gold precursors then in-situ
nucleation and growth of Au crystals inside the glassy matrix
[17,18]; (ii) synthesis of gold nanoparticles by polyol method and
application as ceramic pigment [15,19]. These Au nanopigments
proved to be particularly stable in a wide range of firing tempera-
tures (up to 1200 �C) and chemical environments (different glazes,
glassy coatings and porcelain stoneware bodies) [16].

However, a strong limitation to gold inks stems from their high
cost, even if efficient colouring performance is achieved with very
low Au concentrations [15,16]. From this standpoint, industry can
take advantage by using silver instead of gold, as Ag is less
expensive than Au by a factor of w50. In addition, inks containing
both silver and gold are expected to exhibit different optical
properties, as the energy of SPR bands changes with the Au/Ag ratio
[1e4]. Moreover, these features may have a beneficial effect on the
technological behaviour of inks, e.g. improving their colouring
performance.

In this paper, we present a simple microwave-assisted route for
producing gold, silver and AueAg structures in the form of stable
nanosuspensions [20] assessing their suitability as ceramic
colorant. Control of particle size and colloidal stability was pursued
through accurate reaction optimization combined with microwave
heating, in order to get a significant process intensification, on
a large scale production too. In fact, both low environmental impact
and long time stability of suspensions can turn into a breakthrough
for industrial scale up.
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Fig. 1. Synthesis flow chart of bimetallic nanoparticles.

Table 1
Composition of prepared bimetallic nanoparticles.

Sample %Au
(mol/mol)

%Ag
(mol/mol)

Ag/Au
(mol/mol)

Metals Conc.
(mol/L)

Au 100 0 e 0.011
Au-80 100 0 e 0.011
(Au)67Ag33 67 33 0.5 0.015
(Au)40Ag60 40 60 1.5 0.008
(Au)18Ag82 18 82 4.5 0.006
Ag 0 100 e 0.05
(Ag)33Au67 67 33 0.5 0.015
(Ag)60Au40 40 60 1.5 0.008
(Ag)82Au18 18 82 4.5 0.006

Table 2
Chemical composition and physical properties of the transparent (F5) and the matt
(S2) glazes.

Component/Property Unit F5 S2

SiO2 % wt. 59.0 51.1
B2O3 % wt. 2.0 1.2
Al2O3 % wt. 9.0 22.6
MgO % wt. 2.0 1.4
CaO % wt. 12.0 13.5
ZnO % wt. 11.0 5.1
BaO % wt. <0.5 1.4
Na2O % wt. 1.0 2.6
K2O % wt. 4.0 0.6
Maturing temperature (softening) T1 �C 1010 1150
Temperature of half sphere T2 �C 1170 1200
Temperature of melting T3 �C 1220 1235
Viscosity at T1 kPa s 4.28 4.97
Surface tension at T1 mN m�1 363 394
Refractive index 1 1.546 1.547
Coeff. thermal expansion a20e400�C MK�1 6.21 5.54
Theoretical density g cm�3 2.719 2.775

Table 3
Physical characteristics of the synthesized samples: mean particle diameter by
Dynamic Light Scattering (BDLS) and Transmission Electron Microscopy (BTEM);
Polydispersion Index (PDI); Reaction yield (% of crystalline metal formed).

Sample BDLS
(nm)

PDI (1) BTEM
(nm)

Stand.
Dev (nm)

Reaction
yield (%wt)

Au 16 0.3 7 3 99.8
Au-80 24 0.8 e e 99.6
(Au)67Ag33 29 0.3 6 2 99.8
(Au)40Ag60 32 0.2 9 4 99.8
(Au)18Ag82 36 0.2 12 4 99.7
Ag 65 0.2 18 3 99.8
(Ag)33Au67 62 0.2 e e 99.9
(Ag)60Au40 66 0.3 e e 99.8
(Ag)82Au18 67 0.3 e e 99.7
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2. Experimental

2.1. Synthesis of bimetallic nanoparticles

Au/Ag nanoparticles were prepared by a two-step method, with
the purpose to get core-shell nanostructures, characterized by
synthesis of the shell on the preformed core, which acts as a seed of
nucleation (Fig. 1). Either Au or Ag sols were used as core: labels
indicatemetal at the core (in brackets) while subscripts are referred
to the molar composition (Table 1). Two series, differing for the
metal core (Au-core, Ag-core) were synthesized and for each series
three silver/gold molar ratios were prepared: 0.5, 1.5, 4.5.
Fig. 2. Temperature and output power profile during microwave heating at 90 �C for
5 min.
Au-core and Ag-core sols, exploited as seeds, were obtained
separately throughout the reduction of HAuCl4 or AgNO3 by D(þ)
glucose in alkaline water. PVP-coated metal seeds were synthe-
sized by microwave heating, following a patented procedure [20].
The typical procedure used to synthesize gold or silver seeds
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Fig. 4. TEM images of gold nanoparticles (a) and of Au core samples: (Au)67Ag33; (b); (Au)40Ag60 (c); (Au)18Ag82 (d).
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Fig. 5. XRD spectra of gold and silver nanoparticles (the narrow peaks correspond to
NaCl formed as byproduct during the synthesis of gold).
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requires a water solution containing the chelating agent (poly-
vinylpirrolidone, PVP, Mw 29,000), the reducing agent [D(þ)
glucose] and the needed amount of NaOH in order to maintain
a pH of 6 (for Ag) and of 9 (for Au). Such a solution was heated till
the synthesis temperature: 70 �C (for Ag), and 90 �C (for Au).
Then, a second solution, containing the metal salt, was poured
into the hot solution, keeping the synthesis temperature for 5 min
and obtaining a total metal concentration ranging between 0.008
and 0.011 M depending on the composition and the Ag/Au molar
ratio. By this way, the metal salts were reduced to metallic
nanoparticles and a red or a yellow suspension was obtained for
gold or silver nanoparticles, respectively. For each material, the
control on particle size was exerted by careful optimization of the
solution pH (kept between 6 and 9) and some fundamental molar
ratios: the chelating agent to metal ratio (ranging from 2.5 to 5.5)
and the glucose to metal ratio (comprised between 3 and 1).
Shell metals were synthesized exploiting the previously prepared
seeds as solvent and by using the same parameters optimized for
seeds.

A microwave apparatus (MicroSYNTH plus, Milestone, Italy) e
whose reaction chamber is provided with magnetic stirring, reflux
system, optical fibre temperature controller and a glass container e
was used (microwave power generated by 2 � 800 W magnetrons
with frequency 2.45 GHz). In order to match the scheduled heating
ramp, the power is continuously supplied and automatically
modulated by a software to follow the temperature profile; for each
ramp only the maximum deliverable power can be imposed. A
typical temperature and output power profile, for a reaction at
90 �C, is shown in Fig. 2.
2.2. Characterization of suspensions and nanoparticles

Metal nanosuspensions were characterized for reaction
yield, optical properties, phase composition, particle size and
microstructure.

Unreacted metal cations were analyzed by ICP-AES in order to
determine the reaction yield. Samples were prepared as follow:
50 ml of synthesized colloid was poured into a semi-permeable
osmotic membrane (Visking tube) which was immersed in a de-
ionized water bath. Osmotic pressure caused the exchange of
unreacted cations into the external liquid. After 3 h, the equilibrium
was attained and the external liquid underwent ICP (Liberty 200,
Varian, Australia) quantitative analyses (Au line 267.595 Å, Ag line
328.068 Å, plasma power 1.20 kW, plasma flow 15 L min�1, sample
pump rate 15 rpm).

UVeVIS extinction spectra were measured with a Lambda 35
spectrophotometer (Perkin Elmer, UK), using a quartz cuvette as
sample-holder. Samples were prepared by diluting the as prepared
Fig. 6. STEM line scanning across a nanoparticle of sa
colloidal suspension with water in order to get into the cuvette the
same metal concentration for every sample.

Diffraction patterns were collected on the synthesized samples
dripped on a glass slide and dried at 100 �C for 5 min (D8 Advance,
Bruker, Germany) operating with a LynxEye detector (20e80� 2q
range, 0.02 s�1, 0.5 s time-per-step).

Particle size distribution, based on hydrodynamic diameter,
was evaluated by dynamic light scattering (DLS, Nano S, Malvern,
UK) equipped with HeeNe laser (wavelength 633 nm) taking care
to dilute the sample with water and pour it in a polystyrene
cuvette before measurement. Hydrodynamic diameter includes
both the coordination sphere and the species adsorbed on particle
surface, such as stabilizers, surfactants and so forth. DLS analysis
provides also a polydispersion index parameter (PDI), ranging
from 0 to 1, quantifying of the colloidal dispersion degree;
samples can be considered monodispersed for PDI values lower
than 0.2.

The investigation of the particle size distributionwas performed
using a Transmission Electron Microscope (TEM, Tecnai F20, FEI,
The Netherlands) combining electron imaging and STEM mode
with EDX microanalysis. Nanoparticles were dispersed on a stan-
dard copper grid for TEM investigation by simple drop-casting of
the prepared solutions. Samples were left to dry (air atmosphere)
then placed on a hot-plate at 100 �C for 5 min to ensure the
complete evaporation of water before TEM analysis.
mple (Au)18Ag82 and corresponding EDX profile.
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2.3. Application as ceramic inks

The industrial tile decoration process (e.g. by ink-jet printing)
was simulated at the laboratory scale: ceramic tiles were glazed,
then decorated by using an aerospray gun and fired in an electric
roller kiln (maximum temperature: 1150 �C, 5 min soaking, 50 min
cold-to-cold). Two different coatings (F5 transparent and S2 opa-
que) were tested (Table 2). In order to get the same metal
concentration, the suspensions were diluted and applied taking
care that each tile did receive the same amount of pigment
(0.2 g m�2).

Decorated tiles were characterized by colourimetry and X-ray
diffraction (XRD). The colour was measured by diffuse reflectance
spectroscopy (Miniscan MSXP4000, Hunter Lab, USA) in the
400e700 nm range (illuminant D65, observer 10�) taking a white
glazed tile as reference (CIE x ¼ 31.5, y ¼ 33.3). Colour is expressed
in the CIELab parameters: brightness (L* 100 ¼ white, 0 ¼ black)
and chroma (a* ¼ red þ, green e; b* ¼ yellow þ, blue e). The
occurrence of metal nanoparticles after ceramic processing was
verified by XRD on the glaze surface (Geigerflex, Rigaku, 38e39� 2q
range, 0.02 s�1, 10 s time-per-step). The size of coherent diffraction
domains, considered to be a good estimation of crystallite dimen-
sion, was calculated by Scherrer’s equation [21] using FWHM (Full
Width at Half Maximum) of the [111] peak; instrumental broad-
ening was corrected by measuring the LaB6 reference material
(NIST SRM660a).
Fig. 7. a) Color shift observed at different metal composition in Ag-core series; b) UV-VIS
resonance wavelength and particle composition; d) UV-VIS absorbance spectra of Au and A
samples.
3. Results and discussion

3.1. Synthesis and stability of nanosuspensions

In all samples the reaction yield is over 99%, indicating that the
optimized synthesis succeeded in the complete reduction of
precursors (Table 3). Reaction yield represents a key point for large
scale production in order to both optimize the process and know
the actual solid content of suspensions [22].

Suspensions with excellent stability, up to several months of
storage, were obtained for both seeds andmixed sols, implying that
no significant particles aggregation occurred. Since it is expected
that the time stability of mixed suspensions is strictly dependent on
the colloidal stability of core sol, which acts as support for the
subsequent shell nucleation, the hydrodynamic particle diameter
was measured during the storage (Fig. 3). For both metals, the
hydrodynamic diameter remained practically unchanged for the
first five months, indicating that no aggregation occurred; more-
over, no precipitation was observed up to 12 months. As conse-
quence, also bimetallic nanosuspensions showa long time stability:
in fact, no precipitation occurred till 7 months after synthesis.

The hydrodynamic diameter of Au nanoparticles is smaller than
that of Ag ones. Bimetallic samples containing a growing silver
amount exhibit a progressive increase of particle size. For all
samples, the polydispersion index indicates a narrow distribution.
Overall, the diameter of the particles used as seed governs the final
absorbance spectra of Ag-core series; c) linear correlation between surface plasmon
g suspensions physically mixed by following the same molar ratios of the synthesized
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size: Au-core bimetallic particles are always finer than Ag-core ones
(Table 3).

3.2. Nanoparticle characterization

HRTEM observations prove that the actual particle size of noble
metals is finer than the hydrodynamic diameter (Table 3) which
comprises the coordination sphere [23]. For gold and Au-core
particles, HRTEM shows a mean diameter below 12 nm (Fig. 4).
As evidenced by both HRTEM and DLS, samples containing a higher
concentration of shell element exhibit a slight increase in themixed
particle diameter, suggesting that reduction/deposition, rather than
other phenomena, dominates the coating process.

XRD patterns show the characteristic peaks of gold and silver
(Fig. 5) as well as the peak broadening typical of nano-sized crys-
tallites, which mean size was estimated to be w5 nm for gold and
w10 nm for silver, so confirming the coarser size of Ag nano-
particles (reasonably matching TEM data: 7 and 18 nm for Au and
Ag particles, respectively). The Au pattern shows sharp peaks of
NaCl, a byproduct of the reaction, which can be easily removed by
a washing-filtration process. Since Ag and Au have the same crystal
structure (space group Fm-3m) and unit cell parameter very close
each other (a ¼ 4.086 Å for silver, a ¼ 4.072 Å for gold) [24] it was
not possible to discriminate the single contribution of eachmetal in
bimetallic patterns.

EDX-STEM line scanning, carried out to map the chemical
composition across the nanoparticles, supports the presence of an
Aucore/Agshell nanostructure, although the distribution of gold
appears to be rather heterogeneous. In the sample (Au)18Ag82, for
instance, the Au concentration is maximum at the core, while the
Ag concentration is prevailing at the shell (Fig. 6).

As known from the literature, the SPR of noble metal nano-
particles induces a strong absorption in the visible region that is
strictly linked to particles size and shape [24e28]. Nevertheless, the
SPR band is suppressed for coarser particles, because they turn
more similar to the bulk state [29e31]. Since each metal has its
typical absorption wavelength due to SPR [24], the composition
does strongly affect optical properties: for bimetallic particles the
suspensions acquire different colours by changing the Au/Ag ratio
(Fig. 7a). For this reason, while the Au nanoparticles solution has
a characteristic SPR peak at 520 nm, bimetallic samples with
increasing silver content exhibit a gradual blue shift towards the
value of 400 nm, i.e. the characteristic SPR energy of silver (Fig. 7b).
Since for a physical mixing of two metals, as shown in Fig. 7d, two
distinct bands would be observed [5], the SPR shift, shown by the
Agcore series in Fig. 7b, confirms the formation of bimetallic
Table 4
Colouring performance of Au and AuAg nanopigments into opaque and transparent
coatings (CIE L*a*b*).

Sample Au (wt%) Opaque glaze Transparent glaze Crystallite
size (nm)a

L* a* b* L* a* b*

Au 0.04 82.9 4.1 0.6 64.9 22.7 �1.1 58
Au 0.13 77.0 9.3 0.4 49.7 29.2 0.1 94
Au 0.20 75.5 8.4 �0.1 48.8 30.4 0.2 99
(Ag)33Au67 0.19 82.3 6.0 1.4 61.1 25.5 �0.4 82
(Ag)33Au67 0.20 74.1 11.3 1.5 49.3 29.4 2.4 86
(Ag)60Au40 0.08 78.9 8.8 0.7 59.4 27.3 �0.4 56
(Ag)60Au40 0.07 82.6 6.5 0.9 64.0 23.8 �0.8 74
(Ag)82Au18 0.03 88.7 2.7 2.3 71.5 28.4 2.4 61
(Au)67Ag33 0.19 84.9 5.0 1.4 62.5 24.7 �0.9 56
(Au)67Ag33 0.20 81.3 6.1 0.6 50.9 29.4 �0.2 83
(Au)40Ag60 0.07 88.1 2.4 1.3 68.7 20.9 �1.4 82
(Au)40Ag60 0.08 86.4 2.5 0.9 64.9 23.1 �1.5 72

a crystallite size is referred to the transparent glaze.
nanoparticles in which gold and silver interact with each other,
causing a clear change of plasmonic band energy.
3.3. Colouring performance as ceramic inks

The colour of pigment-bearing coatings (Table 4) depends on
many factors, including gold concentration, Au/Ag ratio, nano-
particle structure (Aucore or Aushell), particle shape, dielectric
constant and vitreous-to-crystalline-phases ratio of the matrix.
Anyway, colour is a nearly pure red (a*) with a limited yellow
component (b*); saturation varies firstly in function of the kind of
coating (L* is lower in the transparent glaze than in the opacified
one) and secondly of the amount of gold.

The red component is directly correlated with gold concentra-
tion, even if a* values generally do not furtherly grow when Au
content increases approximately over 0.13% Au. Bimetallic nano-
pigments behave similarly to Au nanoparticles (Fig. 8) in both
transparent and opaque coatings. Their colouring performance, in
fact, is nearly the same of gold nanoparticles given the same Au
concentration.

AushellAgcore nanopigments are characterized by a better col-
ouring performance with respect to AucoreAgshell ones. In particular,
AushellAgcore with 0.04% Au and 1.5 Au/Ag ratio exhibits the best
behaviour for both transparent and opaque glazes, as its colouring
performance is practically the same of nanopigments with gold
concentration over 0.1%.

Silver seems not to affect significantly the colour quality and,
despite the deep yellow shade of Ag nanoparticles suspensions,
little contribution is given to the pigment-bearing coatings in terms
of yellow component (b*).
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The crystallite size of nanopigments presents, after firing, an
increment with metal concentration, with a marked trend for gold
(Table 4). Probably, the crystallite growth at higher concentration is
due to a more frequent occurrence of particle coalescence. Since
colour performance of nanometric pigment is strictly related to
their particle size, variations of crystallite size induce a colour
change. Unexpectedly, a* values for gold samples do not increase
proportionally with Au concentration, attaining a maximum value
for intermediate metal content (Fig. 9). This circumstance is
explained by the fact that particles with highermetal concentration
grow faster, causing a detrimental effect on the red component (a*)
because SPR bands have a reduced intensity in coarse particles. As
a result, gold concentration and red performance have to be set in
order to achieve the optimized red colour, avoiding a useless
increasing of metal concentration. Basically, for bimetallic particles
the trend of crystallite growth with metal concentration is
respected, besides the relationships between crystallite size and
colour performance is not as conspicuous as in gold. This occurs
because of the simultaneous presence of silver and gold, at different
ratios, with different core-shell assemblages.

4. Conclusions

Stable bimetallic nanosuspensions (AueAg) were developed by
using a simple and eco-friendly method. Its low environmental
impact, together with the long time stability of suspensions,
represent a great advantage, making this process suitable for large
scale production. As a matter of fact, by dealing with suspensions it
is possible on the one side to avoid nanopowders in the working
ambient and to the other side to set up a continuous flow process.
Microwave heating was developed for large scale production; pilot
plant tests showed satisfactory results, enabling the desired process
intensification to improve its efficiency and efficacy.

The synthesis of bimetallic nanostructures provided a rather
wide range of particle size and optical properties. It is a versatile
route which allows to easily change particles size and composition
only by tuning the process parameters.

Nanopigments so synthesized are suitable for application as
ceramic inks for digital decoration. A set of red colours with
different shades can be obtained in both transparent and opacified
glazes. Particle growth, caused by firing, is faster for higher metal
concentration; this phenomenon is clearly observed in gold
samples, in which a particle coarsening induced a deterioration of
colour performance.

In particular, the nanopigment AushellAgcore with a 1.5 Au/Ag
ratio and an Au concentration of 0.04% has a colouring performance
very similar to gold inks with a concentration over 0.1%. This
implies a substantial cost advantage by reducing the gold content in
favour of silver. Further analysis on this material is now ongoing, in
order to better understand the role of silver when used as core.
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