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Abstract

Sol—gel silver containing coatings have been prepared and applied upon lead crystal glass. Both undoped and arsenic oxide-doped lead crysta
glasses have been used as substrates. Arsenic oxide was introduced with different percentages as a thermoreducing agent, with the aim to favot
silver ions reduction and aggregation to form nanosized colloids. Such silver colloids yielded a superficial yellow ruby colouring, due to their
known surface plasmon resonance band in the visible rang2Q nm). The influence of the experimental parameters to obtain yellow ruby
colouring (percentage of arsenic oxide in the lead crystal base glass; silver content of the coatings precursor sol; coating thickness; atmosphere
temperature and time for thermal densification; etc.) were investigated. Samples were studied by transmission electron microscopy and optical
spectroscopy (absorption and transmission). Colour co-ordinates, dominant wavelength and colour purity percentage were calculated from the
corresponding transmission visible spectra. The role of the thermoreducing dopant (arsenic oxide) is essential for obtaining superficial yellow
colouring. The higher the percentage of arsenic oxide, the higher is the intensity of the yellow colouring. When the silver content of sols
increased, the same tendency is observed. Thermal densification of the sol-gel coatings have to be carried out under oxidising atmosphere
since heat-treatments performed under reducing atmosphere yielded grey-brownish colouring, due to reduction of the lead from the base glass.
Optimum conditions for obtaining superficial yellow ruby colouring on lead crystal glass were selected.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction by applying a common glass coat on the lead crystal glass
piece, the resulting global quality of such piece is relatively
Lead crystal glass with PbO content in the 24-30wt.% |ower than that of lead glasses coloured by ion-exchange.
range are commonly used for production of high quality |n this latter case the permanent coloured layer is formed in
tableware and decorative objects. However, the fabrication the lead glass bulk, just in the first tens of micrometers from
of bulk coloured lead crystal glass is less frequent. Colouring the free surface. Both artistic and marketing reasons aimed
of such tableware and decorative articles is performed su-the production of high quality coloured lead crystal glass,
perficially by both application of a coloured glassy coat (in- especially for yellow and red ruby superficial colouring, by
layed or “plaqué” glasseSpnd incorporating small metallic  means of a reproducible and low investment procedure. In
colloids by ion-exchang®? These two procedures are es- this paper the authors try to give an answer by using the
pecially advised when ruby colouring (red or yellow) is the sol-gel technology.
final objective. Particularly, the obtaining of pure red and Sol-gel coatings are widely used for different purposes,
yellow colourings is difficult to attain since noble metals as especially those related with optical, semiconductor, protec-
copper, silver and gold have to be incorporated in a very con- tive and sensing applicatiofs’ This kind of coatings show
trolled conditions of metal concentration, kind of precursors, several advantages: low-temperature processigpood ad-
temperature and time for ion-exchange and thermal develop-herence to different substrates (metals, alloys, polymers,
ment, etc. Since inlayed coloured lead glasses are producederamics, composites, glasses, etc.); several application
procedures (dipping, spinning or spraying) at atmospheric
* Corresponding author. Fax:34-921010701. pressure; possibility to prepare multilayered coatifgs;
E-mail addressrfc@fcnv.es (C. Gil). low-cost equipment, etc.
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During the last years the incorporation of noble metals ods to reach such superficial colouring. Concrete objectives
particles (especially silver and gold)in sol-gel matrices  were the determination of chemical and physical parameters
has been developed with the aim to improve some optical involved in the formulation and preparation of adequate sols,
properties, for instance: third order non-linear susceptibility, their deposition upon lead crystal glass substrates and the ex-
very intense coloured filters, photochromic and photolu- perimental conditions for densification treatments. Likewise,
minescent materials, etc. The preparation of noble metalsmicrostructural and optical characterisation of the samples
based ruby glasses by the sol-gel method has been a scierwas undertaken in order to select the optimum parameters
tific and technical objective as wéfl.In fact some physical  that allow the control of the overall procedure in an indus-
and chemical aspects about the incorporation of silver andtrial production environment.
gold in monolithic sol-gel silica matrices are knohft3
Moreover, thin coatings doped with copper, silver and gold
upon common soda lime glass have been produced and?. Experimental
characterised®*1® In this latter case, it has been demon-
strated that the initially introduced Ati-ions are quickly 2.1. Preparation of the lead glass substrates
reduced to gold atoms. Then they aggregated to form
nanoscaled colloids>'® This kind of nanoparticles is re- As colourless substrate, lead crystal glass from the cur-
sponsible for the characteristic gold ruby colouring (purple rent production at the Fundacion Centro Nacional del
and deep pink). As far as for the silver role concerns, itis in- Vidrio (Royal Glass Manufacture) has been used. Such a
troduced into the sols as Agions and after the coating ap- glass fits with specifications of the Spanish standard UNE
plication and thermal densification they are reduced t8,Ag 43-603-799 Bearing in mind the results obtained in recent
depending on the experimental procedure followed (redox works on superficial ruby colouring with this base lead
properties of the other compounds in the sol and atmospherecrystal glass by ion-exchandeseveral doped lead glasses
during the heat-treatment, mainff4.Further formation of ~ were prepared. Arsenic oxide in different amounts (1, 3 and
silver nanocolloids occurs, which are the responsible for 5wt.%) was used as a thermoreducing dopant, since its pres-
the characteristic yellow colouring in silver ruby glas$®s.  ence can affect redox stability of Agions incorporated to

The silver ions reduction in common glasses takes place,the sol-gel coating and their further colloidal aggregation.
thanks to the presence of thermoreducing agents, whichDoped glasses were melted in an electric furnace at about
could be present as glass impurities or as an intentionally 1500°C and then they were casted in brass moulds to ob-
added dopant. Usually in common soda lime silicate glassestain ingots 50 mmx 30 mmx 12 mm sized. Glass samples
the residual content of iron oxide is sufficient to reduce the were annealed at 48% to avoid residual stresses. Slabs
silver ions at the ion-exchange temperature (350850 (2 mm thickness) were obtained from the ingots and were
Thus, once the silver ions are reduced, they aggregatepolished up to total reflection by both sides. Such a kind of
quickly to form the colloids responsible for the yellow ruby lead glass samples, as well as the undoped lead crystal glass
colouring. The open question is: what will be the behaviour as obtained at the Fundacién Centro Nacional del Vidrio,
of other glasses different from common soda lime silicate was used as substrates for application of sol-gel coatings.
glasses in whose composition very low content of impurities
is expected? For instance, in sodium borosilicate glasses2.2. Sols formulation and preparation
with impurities content lower than that of common glasses,
the colouring due to silver incorporation is not a clear bright  Silica-based sols containing variable amounts of silver
yellow but pink-beige. Therefore, the impurities level plays (in the 0.1-5mol% range) were prepared starting from
an important role in the reduction and aggregation of silver the following precursors: tetraethoxysilane (Si{#b{z)4,
colloids to display a yellow ruby colouring. In this research TEOS), anhydrous methanol (MeOH), nitric acid (0.5M
it is intended to clarify the relation between the presence HNO3), oxygen peroxide (110vol.% #D;) and silver ni-
of adequate impurities or dopants and the generation of thetrate (AgNQ). Such precursors were selected bearing in
mentioned colouring. As it was demonstrafethe obtain- mind their compatibility and adequate redox properties,
ing of ruby colouring in lead crystal glass (with maximum with the aim to preserve the oxidation state of silver ions
content of FeOs below 0.01 wt.%) by means of silver in the sol, i.e. to avoid a much as possible sol ingredients
ions/colloids, is subjected to the presence of some kind of with reducing properties, which could prematurely reduce
thermoreducing agent in the glass network. the silver ions. All reagents (analytical grade) were used

The aim of the present work deals with the study of the po- as received without any further purification. Molar ratio
tential benefits derived from the application of silver doped TEOS/MeOH/HNQ/H,0, was 1/14/5/1 for all the coat-
sol-gel coatings upon lead crystal glass substrates to obtairings prepared. The sols elaboration was as follows: the
superficial yellow ruby colouring. The research performed TEOS amount was firstly diluted with MeOH and then
was planned with the final objective to explore the industrial pre-hydrolysed by adding the aqueous solution of HNO
advantages and/or improvements that could be attained inAfter 15 min stirring, BO, was added to preserve silver as
comparison with other traditional or recent innovative meth- Ag*-ions, avoiding reduction and precipitation as metallic
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silver that could not be incorporated to the sol—gel silica the surface of the coatings previously attacked with diluted
glassy network. During preparation, light and especially HF during 15s.

ultraviolet light were prevented to discard photochemical

reduction of silver ions. Finally, AgN®was added and

the stirring was maintained during 20 min to accomplish 3. Results and discussion

the AgNGQ; dissolution and hydrolysis, as well as the ho-

mogenisation of all the organic and inorganic components. 3.1. Transmission electron microscopy

2.3. Application of coatings and treatments The influence of the lead crystal glass dopant concen-
tration (arsenic oxide) can be observedFig. 1 The sil-
Coatings were applied upon all the lead glass sub- ver colloids size £20-40nm) directly increased with the
strates by dipping them into the corresponding sols. A percentage of arsenic oxide in the base glass. Lead crystal
home-made dip-coater was used at drawing rates in theg|ass doped with 3wt.% A©s showed a very clear back-
0.68-5.54mms! range. ground with very few colloids. These appeared aggregated
With the aim to investigate the influence of the redox con- and, in generaL they are scarce and very small. In turns,
ditions on the reduction of silver ions in the coatings, two in the glass doped with 5wt.% ASs, silver colloids are
kinds of thermal treatment were carried out: under oxidis- well-distributed, both isolated and aggregated with rounded
ing atmosphere (air) and under reducing atmospherekil shape.
mixture, 90-10vol.%). Temperature was ranging between  Sjlver amount in the sol is an important parameter that
450 and 525C, because of the thermal limit imposed by can affect the colloids formatiorfig. 2 show the TEM
the lead crystal base glass, whose transition temperaturgmages from samples coated with sols containing 0.1 and
Ty = 4496°C was determined by dilatometf}. Stabili-  5mol% of silver (compare with the sample containing

sation time at each treatment temperature was varied be-3 mol% silver fromFig. 1b). The coating with the lowest
tween 15 and 60 mirfable 1summarises the eXperimental silver content F|g 2@ showed very small isolated col-

parameters for the tests performed. Coatings thickness was
evaluated from the reflection visible spectra of samples by
means of the interference fringe methiddThe measured
thicknesses of coatings were: 380, 423, 430 and 445 nm, for
drawing rates of 0.68, 2.36, 3.35 and 5.54 mrh gespec-
tively.

2.4. Characterisation techniques

Absorbance and transmission optical spectra of samples
were recorded with a Perkin-ElImer model Lambda 19 spec- :
trophotometer in the 320-800 nm range. Colour parameters OQL’“ 0.2 ym
of samples were calculated from the corresponding trans-
mission spectra: colour co-ordinates, position in the chro- Fig. 1. TEM micrographs of lead crystal base glass doped with: (a)
maticity chart, dominant or complementary wavelength and 3Wt.% A$0s and (b) Swt.% AsOs. Coating parameters: composition
colour purity percemag%g. 3Ag~97S_iQ (mol%), drawing rate 2.36 mnT$, densification at 500C
After aggregation of silver atoms, the resulting nanosized for 60min.
colloids were directly observed by transmission electron mi-
croscopy (TEM) by using a Philips EM 300 and a Hitachi
7000 microscopes. Simple replicas from the samples sur-
faces were obtained by conventional carbon deposits upon

Table 1
Experimental conditions for preparation and thermal densification of silver
containing sol-gel coatings upon lead crystal glass

Thermal densification

B L g
Tgmpergture ©) 450 480 500 g 5 Ll
Time (min) 30 45 60 _ —-—Hs H
Coatings preparation - . -
Silver content (mol%) 0.1 1 5 Fig. 2. TEM micrographs of lead crystal base glass doped with 5wt.%
Drawing rate (mmst) 0.68 2.36 3.35 5.54 As,0s, coated with different sols: (a) 0.1A20.9SiQ and (b) 5Ag95SiQ

(mol%). Coating parameters: drawing rate 2.36 mm densification at
All possible combinations of variables were tested. 500°C for 60 min.
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and aggregation, can precipitate as small silver crystalline
nuclei.

The results indicated that all parameters studied influ-
enced on both the size and the aggregation degree of the
silver colloids. The size is proportional to: (i) the dopant
content in the lead crystal base glass; (ii) the molar percent-
age of silver in the coating precursor sol; (iii) the coating
densification temperature; and (iv) the drawing rate from
the sol during the coating application. The colloids aggre-
gation degree increases with the following parameters: (i)
Fig. 3. TEM micrographs of lead crystal base glass doped with 5wt.% the dopant content in the lead crystal base glass; and (ii) the
AspOs5, coated and densified under oxidising atmosphere at different Coating densification tempera‘[ure. The increasing of silver

temperatures: (a) 47€ and (b) 525C. Coatings parameters: composition  y415; nercentage gives rise to more homogeneous colloids
3Ag-97SiQ (Mol%), drawing rate 2.36 mnT$, densification time 60 min. . . . .
aggregation in the entire coating surface.

0.2 um’

loids (~20 nm), while for higher silver content the colloids
appeared bigger~80nm) and interconnected, especially
in the sample coated with the 3 mol% silver sbig. 1b).

The coating densification temperature determines the

colour reached by the sample. Fig. 3 several TEM im- ¢ 5 nstrates were coated with the silver doped silica sols.
ages of sample; coated with the 38gSiC, (mol%) sol The samples were thermally treated under oxidising atmo-
and treated at different temperatures are shown (Comparesphere (air). After densification at the different temperatures,
with the sample treated at 50C from Fig. 1. For the o nsharent and colourless samples were obtained, as was

onvest thermal densification (47C, Fig. 39 silver col- confirmed by the absence of absorption bands in the visible
loids appeared as small aggregates. When the temperatur?ange of the corresponding spectra. This means that silver

was raised up to 500 (seeFig. 1D, both the aggregates o' remain in the coatings and no silver metallic colloids

size (-40-80nm) and the intergonnections increased. Fi- were formed. Thus, the presence of a thermoreducing agent
nally, after the 525C treatmentKig. 3D the aggregates of i, ihe |ead crystal base glass is necessary to favour the sil-

colloids were more compact. ) ver ions reduction and aggregation to form silver colloids,
T_he coatmg th!ckness alsol affected the aggregatlon de_greq'esponsible for the yellow ruby colouring. This behaviour is
of silver colloids in such coatings. The lowestis the drawing  gimijar to that observed for silver ion-exchanged lead crys-
rate during the dlp-cogtlng. process, the IOV_VESt the coating glas$ and for silver ion-exchanged soda lime gl&3s,
thickness. Silver colloids size-@40-100nm) increased for  ; ¢ “gj\er jons need a thermoreducing agent to be reduced,

the thicker coatings; while the colloids aggregation appeared yqreqated and distributed as small colloids by the glass sur-
more intense for the thinner coatings (compé&igs. 1b face to generate yellow colouring
and 4 . Such thermoreducing polyvalent ions are present in the

,lt |s.also remarkable the oqcasmnal presence of crystalsg|ass with their two main oxidation states. For instance, the
prints in the surface of the coatings obtained with the highest /. pairs ST /Sit, F@TIFe, As3H/ASST, SBH/SE
drawing rgte. quever, _the background OT the samples sur- etc. will be displaced to the reduced or to the oxidised state
face obtained with medium and low drawing rate appeared yo,anding on the presence and redox potential of other ions
very clean. This could be attributed to the accumulation of (in this case, Ag-ions) capable to react accordingdig. (1)
sol in such coatings and hence of silver that, after reduction ' '

Ag+ + M < AgO+ M(n+l)+

M"F = Fét, AS*t, SB*F, Srft, ete (1)

3.2. Optical spectroscopy

3.2.1. Samples treated under oxidising atmosphere
In the first experiment carried out, undoped lead crystal

On the basis of former resuftdn the present work the redox
pair ASt/As® was selected as the most adequate dopant to
promote and enhance the generation of silver nanopatrticles.
In Fig. 5the visible absorption spectra of three lead crys-

tal base glasses doped with different arsenic oxide amounts
and coated with silver containing silica sol are shown. As
can be seen, the influence of the dopant concentration is
very important: the intensity of the characteristic surface
Fig. 4. TEM micrograph of lead crystal base glass doped with plasmon resonance band of silver colloids at about 420 nm
5wt.% AsOs, coated at 5.54mmrd. Coatings parameters: composition ~ INcreased as the arsenic oxide content in the base glass in-
3Ag-97SiQ, (Mol%), densification at 500C for 60 min. creased. The corresponding samples showed a typical yel-
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Fig. 5. Visible absorption spectra of lead crystal base glass doped with: (a) 1 wt@% AH) 3wt.% A3Os and (c) 5wt.% AsOs. Coatings parameters:
composition 3Ag7Si0, (Mol%), drawing rate 2.36 mnT$, densification at 500C for 60 min.

low ruby colouring that appeared more intense for the high- 15 to 60 min. The intensity of the silver colloids band in-
est dopant percentage. Since 5wt.%®@syielded the best  creased with treatment time. Once again, the visual obser-
result, this dopant percentage was maintained and all thevation of both the 45min and the 60 min-treated samples
other experimental parameters were varied in subsequendemonstrated that no important colouring differences are
tests. present. Therefore, due to the same reasons as for the densi-

The influence of the coating densification temperature can fication temperature, the 45 min heat-treatment was selected
be analysed ifrig. 6. The intensity of the silver colloids ab- as the most adequate.
sorption band increased with the treatment temperature. The The influence of the silver molar percentage in the coating
samples obtained after the different heat-treatments showedrecursor sol is shown iRig. 8 The highest intensity of the
different yellow colouring, from a very pale yellow hue for silver colloids band corresponded to the sample coated with
the sample treated up to 450, to a very deep yellow for  the 5mol% containing sol, while the samples coated with
the sample treated up to 526. From the point of view of 0.1 and 1 mol% containing sols did not show such a band
a visual observation, both samples densified at 500 and atand, hence, the yellow ruby colouring. According to these
525°C showed the same intense yellow colouring. For this results, the optimum silver content in the coating precursor
reason and taking into account a further application to an sol is 5 mol%, though samples coated with the 3 mol% silver
industrial process in which the saving of energy is an im- containing sol showed a relative intense yellow colouring.
portant factor, the densification temperature of 500vas The use of 3 or 5mol% silver containing sols will depend
taken as the optimum. on the final colour intensity required.

Fig. 7shows the absorption visible spectra of coated sam-  Finally, the coating thickness parameter was studied.
ples densified at 500C for different times, ranging from  Thickness was varied by changing the drawing rate during

T T T T T T T T 1

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 6. Visible absorption spectra of lead crystal base glass doped with 5wt%sAsoated and densified under oxidising atmosphere at different
temperatures: (a) 45€, (b) 470°C, (c) 485°C, (d) 500°C and (e) 525C. Coatings parameters: composition 3845i0 (mol%), drawing rate
2.36 mms?, densification time 60 min.



716 C. Gil et al. / Journal of the European Ceramic Society 25 (2005) 711-718

A (a.u)

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 7. Visible absorption spectra of lead crystal base glass doped with 5wt%sAsoated and densified for different times: (a) 15min, (b) 30 min,
(c) 45min and (d) 60 min. Coatings parameters: composition-328Q (mol%), drawing rate 2.36 mnT$, densification at 500C.

0.80 4
0.70 1
0.60

0.50 1

A (a.u.)

0.401
0.30
0.20 - b

0.104

a

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 8. Visible absorption spectra of lead crystal base glass doped with 5wt%sAsoated with different sols: (a) 0.1A30.9SiQ, (b) 1Ag99SIG,
(c) 3Ag97Si®; and (d) 5Ag95SiG (mol%). Coatings parameters: drawing rate 2.36 mi slensification at 500C for 45 min.

the coatings obtaining by dippindtig. 9 shows the op- ing thickness @) and the drawing ratev}, following the
tical absorption spectra of coated samples obtained with expression:

different drawing rates. The intensity of the silver col- d ~ k(v)?/3 @
loids band proportionally increased with the drawing rate.
This confirms the empirical relationship between the coat- peingk a constant?

0.90 d

0.80
oo
3 0.60
< 0.50

0.40

0.30

0.20

0.10

Wavelength (nm)

Fig. 9. Visible absorption spectra of lead crystal base glass doped with 5wk@sAsoated at different drawing rates: (a) 0.68 mrh,gb) 2.36 mms?,
(c) 3.35mms? and (d) 5.54 mms!. Coatings parameters: composition 396SiQ (mol%), densification at 500C for 45 min.
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Those coatings obtained with drawing rates higher than 3.3. Chromatic co-ordinates
2.36 mm 51 showed some heterogeneity by the borders and,
thus, more possibilities to become cracked. Moreover, the Chromatic co-ordinates, y andz corresponding to the
thicker the coatings, the lower the bonding forces and the sample coated under the best experimental conditions (i.e.
adherence to the glass substrate. Bearing in mind these limbwt.% arsenic oxide as a base glass dopant, 5mol% sil-
its, a drawing rate at about 2.4 mmiswas considered as  ver containing sol and thermal densification at 5Q0for

the optimum. 45min), were calculated according to the standard UNE
40-080-84%° The results were plotted in the chromaticity
3.2.2. Samples treated under reducing atmosphere chart of theFig. 10 where the co-ordinates are located

Several coated samples were submitted to thermalin the yellow domain, with dominant wavelength in the
treatments under reducing atmosphere with the aim to 560-590 nm range. The colour purity percentage is about
enhance the silver ions reduction and aggregation to col-96%, which means that the final colouring attained fits well
loids. After such treatments, all the samples obtained werewith the requirements stated in the objectives of the present
grey-brownish independently of the experimental condi- work.
tions with which they were obtained (different silver molar
percentage in the sol, dopant content in the substrate glass,
thermal densification temperature and time; Jable J). 4. Conclusions
The grey-brownish colouring appeared more intense for the
higher treatment temperatures in the entire samples surface, The ability of sol-gel silver containing coatings as su-
both for the coated and the uncoated area. Such colouringperficial yellow ruby colouring on lead crystal glass has
was attributed to the lead reduction in the base glass, duebeen demonstrated. This colouring arises as a consequence
to the strong reducing conditions used. Thus, for this kind of the silver ions reduction and aggregation to form nano-
of lead crystal glass substrates, the silver containing coat-sized colloids (the well-known surface plasmon resonance
ings densification under reducing conditions is not possible, band at about 420nm is the responsible for the yellow
in contrast to the results obtained with soda lime silicate ruby colouring attained). To reach such colouring, doping
glasses coated with silver containing sol-gel fifhSince of the lead crystal base glass with a thermoreducing agent
lead crystal glass is essential as substrate for the presentarsenic oxide), is absolutely necessary. Thermal densifi-
research, the procedure of treatment under reducing atmo-cation of the sol-gel coating under oxidising atmosphere
sphere was discarded to promote and enhance the silveallows the formation of metallic silver colloids, whereas
reduction and formation of colloids, responsible for the those heat-treatments performed under reducing atmosphere
yellow ruby colouring. yielded a superficial grey-brownish hue, rather than yellow

ruby colouring, due to reduction of lead from the substrate

0800 glass. Both thermoreducing dopant content in the lead crys-

y ' tal base glass and silver percentage in the coating precursor
sol enhance the superficial yellow ruby colouring.

The optimum sol—-gel based yellow ruby coatings were ob-
tained with lead crystal base glass doped with 5wt.% arsenic
oxide, 5mol% silver containing sol and heat-treatments at
500°C for 45—-60 min. The experimental method here inves-
tigated for obtaining superficial yellow ruby sol-gel coatings
on doped lead crystal glass, appears as a suitable process
from the industrial point of view (good reproducibility and
low-cost investment processing).
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