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bstract

n this study a yellow pigment was obtained for third-fire ceramic decorations, based on silver nanoparticles synthesised by the method of chemical
eduction in aqueous phase, using silver nitrate and polyvinylpyrrolidone as raw materials. Monitoring of the nanoparticle synthesis reaction by
V–vis spectroscopy allowed optimum operating conditions to be defined in preparing these particles for use as chromophores. Under these

onditions, a stable suspension of Ag nanoparticles, which were well dispersed and had an average diameter of 20–30 nm, was obtained. Polyvinyl

lcohol and tetraethyl orthosilicate were then added to the nanoparticle suspension to obtain the pigment precursor. The pigment precursor was
irectly applied on to fired glazed ceramic tile. Subsequent thermal treatment at moderate temperature (700 ◦C) yielded a layer less than one micron
hick, which generated an intense yellow colour.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Ceramic pigments are the most expensive raw material
n ceramic tile manufacture, despite being used in small
roportions with relation to the total mass of the product. Pig-
ents are mainly synthesised industrially by the traditional

eramic method, involving reactions between solid raw materi-
ls (oxides, carbonates, hydroxides, etc.), high temperatures, and
ong residence times.1,2 The method has a number of drawbacks,
owever, particularly because of the high energy consumption
uring thermal treatment and in the milling of the end product.

At present, the ceramic industry is directing research
nto the development of pigments with enhanced colour-
ng strength, cheaper synthesis methods, and alternative
aw materials. In recent years, different ceramic pig-
ent synthesis techniques have been developed on a

aboratory scale with a view to finding alternatives to the tradi-
ional method, as well as to improving the physical and chemical
haracteristics of the synthesised pigments. These techniques
re based for example on coprecipitation,3,4 spray pyrolisis,5

6 7
he sol–gel method, fused salt synthesis, or solution combus-
ion synthesis.8 One of the key features of these techniques is
he mixing on a molecular level of the raw materials. The results
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btained on a laboratory scale suggest that such techniques may
e valid alternatives to the traditional ceramic method. Their
dvantages include fewer process stages, lower synthesis tem-
eratures, control of the product’s particle size distribution, and
he use of alternative raw materials to solid oxides.

Such alternative raw materials include metallic nanoparticles,
hose notable optical properties provide them with signifi-

ant value in nanoscience and in their particular applications.9

heir singular optical properties are due to the so-called sur-
ace plasmon resonance (SPR) phenomenon, which leads to very
trong absorption of certain frequencies of the electromagnetic
pectrum. The solution of Maxwell’s equations for an electro-
agnetic wave interacting with small metallic spheres indicates

hat the SPR depends explicitly on particle size. As the particle
ize increases, the plasmon band red shifts and the bandwidth
ncreases.10

The characteristic SPR absorption corresponds to the visible
ange in the case of gold, silver, and copper nanoparticles,11

hich generates very intense colorations, so that they may
e considered inorganic chromophores.12 Descriptions may be
ound of pigments13 and inks for inkjet printing14–16 made with
old nanoparticles for obtaining reddish tones, based on this
henomenon.

In the case of silver nanoparticles, SPR produces an intense

ellow colour, so that they could be suitable chromophores for
ynthesising alternative ceramic pigments to the currently avail-
ble yellow pigments, which exhibit problems of toxicity in the

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.006
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aw materials (this being the case of (V)ZrO2 and Pb2Sb2O7) or
f chromophore availability (constraints on the praseodymium
upply in the case of (Pr)ZrSiO4

17).
One of the most appropriate methods of synthesising a

ilver nanoparticle suspension is by chemical reduction in aque-
us phase, because of its simplicity, versatility, and cost.18

n this process the Ag(I) ions from a silver salt are reduced
o Ag(0) in an aqueous medium with an organic reagent. A
urther agent can also be added to assure nanoparticle suspen-
ion stability if the organic reagent does not already perform
his function. The nanoparticle synthesis reaction in aqueous
hase is usually monitored by UV–vis spectroscopy, taking
dvantage of the notable changes in colour that the reactant mix-
ure undergoes. Suspension absorbance is usually measured at
bout λ  = 410 nm, at which the maximum absorption of silver
anoparticles occurs.19,20 This technique enables the operating
onditions under which maximum absorption is obtained in the
isible region to be identified, a situation that may be assumed
o correspond to the nanoparticles with the greatest colouring
trength.

In this study, the optimum conditions for producing a sil-
er nanoparticle suspension that was stable for long periods of
ime and displayed a highly saturated yellow colour were deter-

ined. The solution yielded a liquid precursor that generated
n intense yellow decoration on fired glazed ceramic tile. This
equired introducing additives that prevented the silver nanopar-
icles from agglomerating and subsequently sintering during
he thermal treatment needed to fix the decoration on the fired
laze coating. Glasses have been described in the past that were
oloured by devitrified silver nanoparticles,21 as well as tra-
itional glazes that contained silver and copper nanoparticles
Mediterranean lustre decoration),22–24 but no reports are avail-
ble on the use of previously synthesised silver nanoparticles as
hromophores in pigments for ceramics.

.  Experimental

The raw materials used to synthesise the silver nanopar-
icles were AgNO3 (Panreac Química S.A.U., Spain) and a
olyvinylpyrrolidone with a molecular weight of 10,000 g/mol
PVP, Sigma–Aldrich GmbH, Germany). The additives used to
tabilize the nanoparticles were polyvinyl alcohol (PVA, Mowiol
-88, Clariant Ibérica Producción, S.A.) and tetraethyl orthosil-
cate (TEOS, Acros Organics SPRL, Belgium).

The silver nanoparticles were prepared by adapting the
ethod of chemical reduction in aqueous phase. The optimised

rocess started with 350 ml of a 0.0042 M PVP solution, to
hich 50 ml of a 0.0125 M AgNO3 solution was added. The

eactant mixture was introduced into a glass reactor, which was
eated with a thermostatted water bath. The mixture was con-
inuously stirred under isothermal conditions for 8 h. When the
eaction time had ended, the mixture was allowed to cool to room
emperature. During the reaction, liquid samples were extracted

t intervals proportional to the reaction rate in order to obtain the
bsorption curve in the visible region by spectrophotometry, as
ell as the CIELab coordinates using a CIE standard illuminant
65 and a CIE 10◦ standard observer (Colour-Eye 7000A,

i
g
w
s

eramic Society 32 (2012) 2825–2830

-Rite Inc, USA). Preliminary tests enabled 60 ◦C to be defined
s the most appropriate temperature to carry out the synthesis.

In order to complete the pigment precursor, a 13% by
eight solution of PVA in water, corresponding to 60% of the
anoparticle suspension volume, was added to the nanoparticle
uspension, the mixture being continuously stirred for 30 min.
ight millilitre TEOS was then added and continuously stirred

or a further 60 min.
The resulting solution was immediately applied by airbrush-

ng on to fired glazed red-body ceramic tile. The fired glaze was
hite. After the airbrush application, each tile was dried in an
ven at a temperature of 60 ◦C for 24 h before subjecting it to a
hermal treatment of the third-fire type in a rapid laboratory kiln
Pirometrol S.A., Spain), characterised by a dwell of 15 min at
00 ◦C.

The CIELab chromatic coordinates of the decorated surfaces
ere measured with the same spectrophotometer as above, but
perating in the reflectance mode.

The crystallite size of the silver nanoparticles was evaluated
y X-ray diffraction (XRD) analysis. The XRD diffractograms
ere obtained from the dried suspension using a Theta-Theta
odel diffractometer (D8 Advance, Bruker, Germany) with Cu
� radiation (λ  = 1.54183 Å). The generator settings were 45 kV

nd 40 mA. The XRD data were collected in a 2θ  of 5–90◦
ith a step width of 0.015◦ and a counting time of 1.2 s/step
y means of a VÅNTEC-1 detector. The collected data were
sed in a Rietveld refinement. The 4.2 version of the Rietveld
nalysis program DIFFRACplus TOPAS was used, assuming

 pseudo-Voight function to describe peak shapes. The refine-
ent protocol included the background, the scale factors and the

lobal-instrument, lattice, profile and texture parameters.
The silver nanoparticles and the microstructure of the

esulting decorations were characterised with a field-emission
un environmental scanning electron microscope (FEG-ESEM
uanta 200F, FEI Co, USA), equipped with an energy-dispersive
-ray microanalysis instrument (Genesis 7000 SUTW, EDAX,
SA).

. Results  and  discussion

The reduction of silver nitrate in aqueous phase generated
 liquid with a colour that ranged from saturated yellow to
ark brown, depending on the operating conditions. However,
hen the reaction temperature was held at 60 ◦C, a suspension
ith an intense yellow colour was obtained. This suspension

emained stable for several weeks, without any visually notice-
ble changes.

Spectroscopic monitoring of the reaction allowed the gradual
ppearance of a band located in the 410–430 nm range, corre-
ponding to absorption by the silver nanoparticles owing to the
PR phenomenon, to be observed (Fig. 1). This band exhib-

ted a complex evolution with time. During the first 300 min
f the reaction, the band remained well defined, which might

ndicate that nanoparticles of relatively uniform size were being
enerated. After this time, however, the band lost definition,
hich might be caused by the appearance of a wider particle

ize distribution or agglomeration of the already synthesised
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However, when synthesis time was further prolonged, though b*
did not decrease too much, a notably less luminous and some-
what more reddish colour was obtained, which might lead to
ig. 1. Evolution of the absorbance curves in the visible region of the reactant
ixture with elapsed time.

anoparticles. As synthesis progressed, the absorption band
aximum shifted from 410 nm to 440 nm, which was also con-

istent with nanoparticle growth (theoretical calculus for silver
anoparticles in water predicted a maximum in absorbance at
00 nm for particles between 1.5 and 7 nm, maximum that pro-
ressively shifts to 460 nm as the radius of the nanoparticles
ncreases up to 40 nm25). Since there was a large excess of
yrrolidone with respect to silver (30:1 molar), the reduction
f silver was considered to have been completed when reaction
ime ended.

On selecting the absorbance at 420 nm in order to monitor
ts evolution during the reaction, it was noted that absorbance
ncreased linearly with time during the first 2 h. After this point,
owever, the progression stopped, as if an asymptotic trend had
tarted whose limit was not reached during the reaction time
Fig. 2). This behaviour may be interpreted, in accordance with
he Lambert–Beer law, by assuming a linear increase in the chro-

ophore concentration in the liquid, which in this case would
orrespond to the relatively uniformly sized silver nanoparti-
les. However, after 2 h, chromophore saturation would lead to
he observed deviation, which would become more pronounced
s the widening of the silver nanoparticle size distribution also
ontributed to displace the absorption band towards the red end
f the spectrum.

The presence of silver nanoparticles from the reaction in the
uspension was confirmed by drying a fraction of the suspension
nd then analysing the resulting dry residue by SEM and DRX.
lthough the organic matter from the PVP made it difficult to
btain defined images, silver nanoparticles sized between 20 and
0 nm were identified in the residue (Fig. 3), a fraction of which
as agglomerated. Only metallic silver was identified by XRD,

hile other possible phases such as Ag2O were absent, which

s consistent with the assumption that all the silver ions had
een reduced. The measurement of silver crystal size indicated
hat this was 22 ±  4 nm. These results suggest that the particles

F
r

ig. 2. Evolution of absorbance at 420 nm of the reactant mixture with elapsed
ime.

dentified in Fig. 3 were primary crystals of silver, while the
mall number of agglomerates indicates that the spectrophoto-
etric curve shift was mainly due to nanoparticle growth. On

he other hand, the agglomerates did not appear to be linked by
olid bridges, so that they might have formed during drying.

The appropriate operating conditions for synthesising the
anoparticles for the yellow pigment were selected by evaluating
he chromatic coordinates calculated from the spectrophotomet-
ic measurements. The evolution of L*, a*, and b* with reaction
ime (Fig. 4) indicated that the highest values of the yellow com-
onent were obtained at long reaction times (about 350 min).
ig. 3. Photograph of the dry residue of the suspension obtained when the
eaction had ended.
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of silver in the glaze, or silver nanoparticle oxidation to Ag2O.
Independently of the mechanisms involved, the fraction of
silver nanoparticles was sufficiently large to enable the yellow
ig. 4. Evolution of the chromatic coordinates of the reactant mixture with
lapsed time.

 visual impression of a more intense yellow. The operating
onditions corresponding to a reaction time of about 8 h were
hosen, therefore, to synthesise the nanoparticles that were to
ct as chromophores in the pigment.

Since the physical characteristics of the silver nanoparticle
uspension were inappropriate for the suspension’s direct appli-
ation on to the fired glazed tiles, it was necessary to add PVA
s a rheological agent to adjust the viscosity of the solution.
his decreased the solution’s surface tension and increased its
apacity to wet the fired glaze. The PVA and the PVP would
lso help avoid silver nanoparticle agglomeration during the
rying stage. On the other hand, various studies indicate that
ilver nanoparticles begin to exhibit sintering effects at tem-
eratures of about 150 ◦C.26 A small quantity of TEOS was
herefore added to the suspension in order to create a silica bar-
ier between the silver nanoparticles during thermal treatment,
hich would reduce their tendency to sinter as far as possible

nd also facilitate the integration of the decoration into the fired
laze on which it was deposited. This approach had been suc-
essfully applied to obtain a pigment based on gold nanoparticles
ispersed inside silica particles.13 In fact, tests conducted at the
aboratory with an analogous suspension to the one described,
ithout a TEOS addition, yielded a final greyish colour, prob-

bly because of silver nanoparticle sintering during the thermal
ycle once oxidation of the organic additives had ended.

The airbrush application of the synthesised precursor and
ubsequent thermal treatment gave rise to a glazed surface with

 quite intense yellow coloration, which indicated that the pig-
ent had been appropriately synthesised. The reflectance curve

n the visible region of this surface exhibited a minimum at
20 nm (Fig. 5), indicating that the silver nanoparticles had, at
east partially, survived the thermal treatment. The chromatic

oordinates corresponded to an intense yellow colour, which
as quite luminous and was comparable to the colours obtained
ith traditional yellow pigments in third-fire decorations.

F
w

ig. 5. Reflectance curve and chromatic coordinates of the glaze surface deco-
ated with the synthesised pigment.

The SEM characterisation of the resulting decoration indi-
ated that the layer thickness was quite uniform (700 ±  20 nm,
ig. 6) and that it contained clearly differentiated silver nanopar-

icles (the results of the microanalysis performed on one of the
ighter-coloured spherical particles confirmed the presence of
g, Fig. 7). The silver nanoparticles in the applied layer exhib-

ted a quite wide size distribution, the presence of particles with
 diameter of about 500 nm particularly standing out, in addition
o particles that had undergone no variation at all (Fig. 8). The
olume percentage of silver in the applied layer was estimated,
y image analysis, to range between 16% and 20%. Further-
ore, about 20% of that volume consisted of silver particles

elow 100 nm.
This result may be interpreted by assuming that the additives

ncorporated into the suspension to avoid agglomeration and
intering of the silver nanoparticles during drying and thermal
reatment had only partly achieved their purpose, so that only

 fraction of the initial nanoparticles had maintained their indi-
iduality. In addition, other mechanisms might have intervened
o define the final distribution of silver in the glaze, such as
ilver nanoparticle growth by Ostwald ripening, the dissolution
ig. 6. Polished cross-section of the glaze with the applied pigment layer, in
hich the spherical chromophore particles may be observed.
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Fig. 7. EDX analysis of a region of the layer displayed in Fig. 6, in which white
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articles had accumulated, confirming the high silver content.

oloration completely to dominate the appearance of the
ecorated surface, but it did not achieve the colour saturation
bserved in the nanoparticle suspension. On the other hand,
ince a standard yellow pigment-containing fired glaze is easily
00 �m thick, the strong colouring strength of the decoration
btained is particularly to be noted, as the thickness of the
eposited layer was about one fifth of the thickness of a typical
red glaze layer.

The results obtained open the way to developing a pigment
ith even greater colouring strength, if the silver nanoparti-

le fraction that keeps the initial nanoparticle size in the final

ecoration on the glaze can be increased.

ig. 8. Surface of the applied layer, showing the notable width of the silver
article size distribution.
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.  Conclusions

The optimum parameters for synthesising a stable suspension
f silver nanoparticles, with an average diameter of 20–30 nm,
ere determined using the method of chemical reduction in

queous phase.
The resulting silver nanoparticle suspension enabled a third-

re pigment precursor to be synthesised, incorporating PVA as a
heological agent and TEOS as a SiO2 generator, which limited
anoparticle agglomeration and sintering during the drying and
ring processes.

A satisfactory third-fire type of decoration on fired glazed
eramic tile was thus obtained: the decoration exhibited an
ntense yellow colour, with a layer that was much thinner than
he thickness required in coatings produced with traditional pig-

ents. However, a part of the nanoparticles initially present in
he suspension underwent sintering processes during the ther-

al treatment, so that their size no longer allowed selective
bsorption by means of the SPR mechanism.

The research currently being conducted focuses on optimis-
ng the precursor, with a view to better protecting the silver
anoparticles. This would allow a greater proportion of these
anoparticles to maintain their individuality throughout the
ntire decorating process and enable pigment colouring strength
o be enhanced.
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