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Abstract

The preparation of uniform elongated (axial rati@) particles with mean length from 0.2 to 4.5 of Co-doped willemite (Zs5iO,) blue
pigments is reported. The procedure is based on the hydrothermal treatment@tf@e5 h of the dispersions obtained by the precipitation
with ammonia of Zn(ll) and Co(ll) sulphate aqueous solutions containing Ludox silica. The pH and Co concentration of the starting dispersions
were varied to analyse the effects of these parameters on particle size, shape and composition. The crystallochemical, morphological and
colour changes produced by the thermal treatment up to 2@0the hydrothermally prepared powders were also studied by mainly using
scanning electron microscopy, thermogravimetric analysis and optical and X-ray photoelectron spectroscopies.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction neous composition (some unreacted phases are still detected
after calcinationf* which consist of particles with irreg-
Cobalt-doped willemite (Zs5iO4) solid solutions, in ular shape and broad size distribution. The preparation of
which the Co(ll) cations occupy the tetrahedral positions of this pigment by calcination of precursors prepared by a non-
Zn(l), find applications in the ceramic industry as blue pig- conventional method such as the sol-gel process has also
ments suitable for colouring glazéstis well known that for been reported although the obtained particles showed simi-
this application it is very important to control not only the lar heterogeneities (in composition and morphology) to those
powders’ composition but also their particle size and shape, synthesised by the traditional method.
since these morphological parameters may strongly affectthe It has been shown that the hydrothermal treatment at
optical properties (absorption and scattering cross-sections)225°C of aqueous solution containing Zn(ll) salts and col-
of the pigment as well as their chemical (degree of solubil- loidal silica, precipitated by the addition of ammonia before
ity in glaze) and colloidal (degree of particle agglomeration) aging, yielded willemite (ZpSiO;) powders with rather
behaviour during enamellingln general, cobalt-willemite  homogeneous particle sizes and various morpholdyies.
pigments are prepared by the conventional solid state methodThe aim of this work is to explore the applicability of this
which involves the mechanical mixture of the metal oxide method for the preparation of Co-doped willemite pigments
precursors, their calcination at high temperatures (28)0  with controlled particle size and shape. For this purpose,
and a final milling process to reduce and homogenise particlethe effects of the pH and Co content of the solution were
size3* This procedure usually yields powders with heteroge- systematically varied in order to investigate the effects of
these parameters on the composition and morphological
* Corresponding author. Tel.: +34 954 48 95 27; fax: +34 954 46 06 65, features of the resuling powders. The thermal stabil-
E-mail addressmjurado@cica.es (M. Oéa). ity of the so obtained pigments was also studied to get
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information on the extent of the Co-willemite solid solution
formation.

2. Experimental
2.1. Powders preparation

The Co-doped willemite samples were prepared by hy-
drothermal treatment at 22& for 5 h of the dispersions re-
sulting from the precipitation with ammonia (NBH, Fluka,
28%) of aqueous solutions containing 0.1 moldhzinc
sulphate (ZnS@7H,0, Aldrich, 98%), 0.05 moldm?3 Lu-
dox silica (Aldrich, 34%) and the desired concentration of
cobalt(ll) sulphate (CoS£7H20, Merck, 99%). The amount
of ammonia added for precipitation was systematically var-

ied to analyse the effect of pH on particle size and shape.

The Co(ll) content was also varied to optimize the colour of

the resulting pigments. After aging, the samples were cooled

to room temperature, filtered through Millipore membranes

and the precipitated washed several times with doubly dis-

tilled water for purification. Finally, the so obtained powders
were dried at 50C before analyses.

The samples were calcined in platinum crucibles for 2 h at
different temperatures, which were reached at a heating rat
of 10°C min~L.

2.2. Characterization

The particle morphology of the powders was examined by
scanning electron microscopy (SEM) (JEOL JSM5400). The
composition of the solids (Co/Si and Zn/Si mol ratio) was

analyzed by X-ray fluorescence (XRF) (Siemens SRS3000).
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Optical absorption spectra were obtained from diffuse
reflectance measurements for the powdered samples per-
formed using a Praying Mantis accessory for a Varian spec-
trophotometer (Model Cary 500) and using BaSés a
diffuse reflectance standard. The absorption coefficikent (
was obtained from absolute reflectance vali®suging the
Kubelka—Munk equatiof®

The colour of the pigments was evaluated according to
the Commission Internationale de I'Eclairage (CIE) through
L*a*b* parameterS.In this systemL* is the colour light-
ness [* = 0 for black andL* = 100 for white),a* is the
green ()/red (+) axis, andb* is the blue ¢)/yellow (+)
axis. These parameters were measured for an illuminant D
65, using a Dr. Lange colorimeter (Model LUCI 100) and
a white tile ceramic (chromaticity coordinates= 0.315,

y = 0.335) as standard reference. Before measurements, the
calcined samples were gently ground in an agate mortar.

3. Results and discussion

The first Co-doped willemite sample (sample A) was pre-
pared with a Co/Si atomic ratio = 0.1 by adding an am-
monia amount (NEHOH/Zn(ll) mol ratio = 3.9) within the
range (from 1.7 to 4.9) previously reported to obtain undoped
willemite ® which gave a pH value after ammonia addition of
7.7 (Table 9. Under these conditions, rather uniform ellip-
soidal particles with length about 2—3.¥ and axial ratio~2
were producedHig. 1a), which according with X-ray diffrac-
tion consisted of single phase willemifgFig. 2). Chemical
analysis Table J showed that the Zn/Si atomic ratio of these
particles was very similar (1.93) to the nominal value (2)
whereas their Co content was much lower (Co/Si atomic ra-
tio = 0.02) than that of the starting solutions (Co/Si = 0.1),

The crystalline phases present in the solids were identifiedindicating that at this pH most Co remained in solution after

by X-ray diffraction (XRD) (Siemens D501). Thermogravi-
metric (TGA) analyses (Seiko EXSTAR 6000) were carried
out in air at a heating rate of 2€ min—1.

Information on the oxidation state and distribution of the

aging. Such a Co amount conferred a light blue colour to the
sample, whosé*a*b* parameters are included Table 1

In order to investigate the effect of pH on the Co con-
tent, size and shape of the formed particles as well as on

Co species in the pigments particles was obtained from thetheir colour, several experiments were conducted in which
X-ray photoelectron spectra (XPS) of the samples measuredthe amount of added ammonia was increased resulting the
with a VG Escalab apparatus (Model 220, West Sussex, UK) pH values shown iffable 1 It was observed that the pH

using the Mg kx excitation source. Calibration of the spectra

increase gave rise to a decrease of particle size (length =

was done at the C1s peak of surface contamination taken a.2-0.3um) as illustrated ifFig. 1b, for the sample prepared
284.6 eV. The peaks areas were corrected by the sensitivityat pH 9.4 (sample B), and to a slight decrease of the Zn/Si

factors of the elements as supplied by the instrument manu-

facturers.

Table 1

ratio of the solidsTable 1), which may be ascribed to the am-
photeric character of zinc hydroxidélt was also found that

Experimental Zn/Si and Co/Si atomic ratios, colour ahd*b* parameters for the Co-doped willemite powders obtained at different pH values by hydrothermal
treatment at 225C from the same raw cobalt (Co/Si = 0.1) and Zn (Zn/Si = 2) contents

pH (Zn/Sikexp (Co/Siexp Colour L* a* b*
Sample A w 1.93 0.02 Blue 74.8 -0.9 —-15.1
8.7 1.90 0.05 Blue 71.9 -1.7 —-19.7
Sample B A 1.85 0.09 Blue 64.4 —-4.0 —-23.7
102 1.80 0.09 Bluish grey 60.1 -41 —17.1
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Fig. 1. SEM micrographs obtained for samples A, B andé&b(es 1 and }4 as prepared (a, b and c, respectively) and after heating for 2 h atC2@0e and
f, respectively).

the Co/Si atomic ratio in the willemite particles increased (0_50,&) cationd? and the low Co content. The evolution of
as increasing pH almost reaching (0.09) the nominal value the L*a*b* parameters for the bluer sample (sample B) on
(0.1) for a pH 9.4 Table 1. This Co content increase was thermal treatment at increasing temperatures up to 1200
accompanied by the development of a bluer (low8rand  are shown inTable 2 As observed, the value of the blue
darker (lowerL*) colour, which was characterised by = parameter If*) shifted from —23.7 to 4.5 after heating at
64.4,a" = —4.0 ancb* = —23.7, for the most Co concentrated  500°C, in agreement with the disappearance of the blue hue
sample (sample B)Table 1. No changes in the Co content i the sample, which was slightly more achromabé &p-
were observed when the pH was further increased from 9.4proached to Zero) when calcined at 8@ A blue colour

to 10.2 Table J). However, the so obtained sample showed a characterised by*a*b* parameters similar to those of the

bluish colour {* = 60.1,a" = —4.1 andb* = —17.1) witha  original sample appeared again after heating at 2@)@nd
grey hue Table 1), due to the presence of a small amount of

C0304 (black) in this sample as detected by X-ray diffraction pe 2

(Fig. 2. Colour and_*a*b* parameters obtained for sample Bble 1), as prepared
To investigate the formation of a solid solution between and after heating for 2 h at different temperatures

the Co cations and the willemite lattice in the hydrothermally Heat treatmentC) Colour L* a* b

prepared samples, we studied the stability of the blue colour z¢ yrepared Blue 644 40  —237

on calcination, since other more appropriate methods such 500 Green 566 —6.6 45

as the refinement of the willemite unit cell parameters are 800 Greenish grey 535 42 -11

not useful in this case due to the similarity between the ionic 1000 Blue 64.7 —44 236

radius of tetrahedral Co(ll) (0.5?8) and tetrahedral zZn(ll) 1200 Blue 511 15 308
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solid solution in our sample, which is responsible for the
blue colour. In agreement with the colour change from blue
to green, the spectrum recorded after heating at’80@is-
played, in addition to the bands due to dissolved Co(ll), a new
band around 900-1000 nm, a shoulder around 600—700 nm
and a very large absorption band edge in the blue region
(<500 nm). These features can be attributed to the presence of
CoO*which would confer the green colour to the sample.
U sp It should be noted that this phase could not be detected by X-
ray diffraction probably due to its low concentration or its low
crystallinity. After heating at 1200C, only the VIS and NIR
triplets characteristic of dispersed €oions in tetrahedral
pH =94 coordination were detecte#ig. 3), which were much more

intense than those in the original sample, in agreement with
the deeper and bluer colour observed. Such behaviour seems
U to indicate that at least two kinds of Co species are present
in the original blue Co-doped willemite particles. The ap-
pearance of the bands triplets due to tetrahedral Co(ll) in all
spectra irrespective of the heating temperature is a clear indi-
pH=77 cation ofthe presence of Co(ll) ions dissolved in the willemite
lattice in the original sample. The identification of the other
possible Co compounds is more difficult. They should be blue
A A A | ﬁ A or show a low optical activity so that the blue colour due to the

Co(ll)-willemite solid solution is not appreciably modified.

pH = 10,2

-

T T T T T T Therefore, the presence of CoO (green) and@;o(black)
10 20 3 40 50 60 70 must be disregarded. Such an unreacted Co compound might
20 consist ofa-Co(OH), considering that the precipitates ob-

_ _ _ _ _ tained just after the addition of ammonia to the starting solu-
Fig. 2. X-ray diffraction patterns for the samples obtained at different pH tions showed a pale pink colour as that corresponding to this

values from the same raw cobalt (Co/Si = 0.1) and Zn (Zn/Si = 2) contents . . .
as described iffable 1 The main peak of the G®4 spinel, which can be Co hydroxide phaSée' This pale pink shade should not affect

better observed in the magnified patterns (inset) has been labelled with Sp.the stronger blue hue due to dissolved Co(ll) in a significant
manner. This hydroxide phase dehydrates on heating from 25

became bluer(* decreased) and strongéfdecreased)ona  to 200°C,17 in agreement with the TG analysis of this sample
further calcination at 1200C. These colour changes, which  which showed a weight loss in this temperature range higher
were also observed for the other prepared samples, suggestel %) than an undoped willemite blank (0.5%) prepared by the
variations in the oxidation state and/or atomic environment same proceduré-{g. 4). As a consequence, CoO was formed
of the Co cations on heating, which were first investigated by in our case, which was detected after heating at°&)Cas
optical absorption spectroscopy. We only give here a qual- above stated. This finding is in contrast with other previous
itative discussion of the effect of the thermal treatments on studies in which CgO4 was reported as the main decomposi-
the distribution of the Co species in the samples based on thetion product!’ suggesting a certain influence of the presence
changes of the spectral features. It should be noted for an acof willemite on this process. A CoO-@04 transformation
curate quantitative determination of the concentration of the might occur on a further calcination at 800, which would
absorbing species, some sample factors such as the particlgustify the grey hue observed after this treatmé&iatie 2 due
size or surface preparation must be thoroughly controlled, to the presence of the black €, spinel. It is well known
since they affect the intensity and width of the reflectance that this compound reduces to the Co monoxide in air atmo-
bands. sphere at-950°C,1’ which would account for the weight loss
The optical absorption spectra in the NIR and VIS regions (0.8%) detected between 800 and 1000y TGA for this
for sample B as prepared and after heating at different tem-sample Fig. 4). The Co(ll) cations finally diffuse toward the
peratures are given ifig. 3. The two main absorption band  willemite structure at=1000°C, thus increasing the amount
triplets detected in the 1000-1850 nm and 500—700 nm spec-of Co(ll) in solid solution and therefore yielding a bluer and
tral ranges for the as prepared sample coincide with those preimore intense colour.
viously reported for C&" doped ZnSiOy single crystals® A further support to this interpretation is afforded by the
which were assigned to thé, — 4T1 (*F) and*A, — 4T variation of the Co/Si atomic ratio obtained from the inten-
(*P) optical transitions of Gd™ ions in the distorted tetrahe-  sity of the Co2p and Si2p peaks of the XPS spectra obtained
dral environment of the 2t cation site of the willemite lat-  for this pigment as a function of the heating temperature. As
tice. This finding suggests the formation of a Co(ll)-willemite observed inFig. 5, the value of this magnitude for the as
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Fig. 3. Optical absorption spectra for sampleTBlfle 1), as prepared and after heating for 2 h at different temperatures.

prepared sample was much higher (0.23) than the value cor-energy than that of the Co2p bands in the Co2p XPS spec-
responding to the overall solid (0.09)able J indicating an tra of the sample as prepared and after heating and X200
enrichment of Co in the willemite particle outer layers, which (Fig. 6), indicated that only Co(ll) species are present in these
should be mainly associated to the Co species undissolved irsamplesi® as above suggested. It should be also noted that
the willemite lattice. This Co/Si ratio progressively decreased the Co2p spectrum of the sample heated at"&8D®as simi-

on heating at increasing temperatures reaching a value of 0.1ar (Fig. 6), which would be in agreement with the formation
at 1200°C, confirming the progressive diffusion of the Co of CoO on calcination at 50CC.

cations to the inner part of the willemite particles and there-  In view of these results, the raw Co/Si atomic ratio was
fore the progress in the solid solution formation. In addition, varied from 0.05 to 0.2 in order to evaluate the effects of
the intensity of the two satellites observed at lower binding this parameter on the amount of Co(ll) incorporated to the

100 —— Willemite blank
------ Sample B

99 -
S
-
L
2
(]
2 %4 e

97 -

T T T T T T T T T T T
0 200 400 600 800 1000 1200

Temperature (°C)

Fig. 4. TGA curve obtained for sample Bgble 1) and for an undoped willemite blank.
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Fig. 5. Co/Si atomic ratio obtained from the XPS spectra for samplEaBl¢ 1) as prepared and after heating for 2 h at different temperatures.

as prepared willemite particles and on the colour developed
after calcination. These experiments were carried out for the

500°C

As prepared

optimum pH value (9.4) above determind@ble ), i.e. the
Co2p, , minimum pH at which the amount of Co precipitated was
781.3 maximum. It was found that in all cases most of the initially
added Co £80%) was incorporated to the precipitates and
that the colour shifted from blue to grey as increasing the Co
content Table 3. Thus, the sample most diluted in Co (Co/Si
atomic ratio = 0.04) showed a blue colour with similar hue
(a* andb* parameters)Table 3 than that having a Co/Si
atomic ratio = 0.09Table J), although it was lighter (higher
L*) due to its lower Co content. However, the increase of the
Co amount from 0.09 to 0.12 gave a grey hue to the sample
characterised bylat increase from-23.7 (Table ) to —14.4
(Table 3. A further increase in the Co content (Co/Si = 0.16)
yielded a dark grey sample with almost no blue shdife (

= —3.7) (Table 3. As above mentioned, the appearance of
the grey hue can be attributed to the presence of th®©go
spinel, detected by X-ray diffraction for this sampled. 7).
Finally, all these samples showed a blue colour after calci-
nation at 1200C, irrespective of their Co contentdble 3.
However, the sample containing a Co/Si atomic ratio of 0.09
was even bluer (lowdr*andL*) (Table 9 than those having

a higher Co contenfl@ble 3 probably due to an incomplete
solid solution formation in the later samples, which seems to
indicate that the presence of the Co spinel in the as prepared
. samples unfavours Co diffusion.

I
810 805 800 795 790 785
Binding energy (eV)

Fig. 6. Co2p XPS spectra for sample Babple 1),
heating for 2 h at different temperatures.

7;30 775 It should be noted that all samples prepared at~g#H5
showed irregular particle size and shape after calcination at
1200°C as a consequence of sintering as observé&ignle

as prepared and after  for the case of sample B. As expected, such asintering process
was much less important in samples with higher particles size
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Table 3
Experimental Co/Si atomic ratio obtained for the Co-doped willemite samples prepared at pH 9.5 by hydrothermal treatme@tfedr@2fifferent nominal
Co contents and a nominal Zn/Si atomic ratio = 2

As prepared 1200°C

(Col/Sihom (Co/Siexp Colour L* a* b* Colour L* a* b*
0.05 0.04 Blue 69.9 —-2.2 —227 Blue 57.4 -5.6 —-21.4
0.15 0.12 Bluish grey 55.5 -5.7 —14.4 Blue 48.6 -5.4 —-19.2
0.20 0.16 Grey 46.5 -3.1 -37 Blue 46.7 -3.0 —-21.9

The colour and_*a*b* parameters observed for these samples, as prepared and after heating for 2 Iy @tdr20flso included.

obtained at lower pH as is illustrated for sampleFAg( 1d). Table 4

Unfortunately, we have shown that under these conditions Experimental Co/Si atomic ratio obtained for the Co-doped WiII_emite sam-
the amount of Co incorporated to the willemite samples is ﬁf;iﬂggecdoiigﬂssigé%?;?;gfrzrzzi”ﬁ;ﬁr?:t?; iﬁzm'ﬁom different
much lower than that added to the starting solutions, which - -

therefore results in a much lighter blue colotiakle 1. Sev- (COSthom _ (CofSikp Colour L7 & b

eral experiments were finally conducted in order to achieve a SampleC 0.2 0.08 Blue ~ 60.5-79 -195

Co content (Co/Si = 0.09) similar to that of the best pigment — O'i* - 0'1‘:’ - B'“jf th55'4 _4'|8 ;25:3 .

H H : e colour ana."a arameters opserved for these sampiles aiter neatin
obtained at pH 9.5 (sample Bable 2 in samples with larger ~ "¢07EL 70 ° 2 a'?so eucdod. P 9
particle sizes. For this purpose, the synthesis was carried out
at lower pH (8.5) and the raw Co content was progressively
increased. We found that a similar Co content (Co/Si atomic calcination at 1200C showed a lighter colout{ =60.5 and
ratio = 0.08) to that of sample B could be obtained from araw b* = —19.5) (Table 4 than that observed for sample B*(
value of 0.2 Table 4. However, the pigment obtained after = 51.1 ando* = —30.8) (Table ). A further increase of the
raw Co/Si ratio to 0.3 resulted in uniform elongated particles
with length~4.5um and axial ratio~2 (Fig. 1c), having a

Co/Si mol ratio of 0.13 (sample Qable 4. After heating
( this sample at 1200C, no important sintering was detected

w (Fig. If) and theL*a*b* parameters of this pigment{ =
,J 55.4,a* = —4.8 andb* = —25.8) were more similar to those
N} of the sample B.

Col/Si=0,16 \A\ K

SP)

4. Conclusions

We have shown that uniform elongated (axial ratid)
particles with different mean size (length from 0.2 to drf)
Co/Si=0,12 and Co content (Co/Si atomic ratie 13) of Co-doped
willemite (ZnpSiOy4) blue pigments can be synthesised by
hydrothermal treatment at 228& for 5 h of the dispersions
obtained after the precipitation by the addition of ammonia
U of Zn(ll) and Co(ll) sulphate aqueous solutions containing
Ludox silica, by an adequate control of pH and Co con-
tent. The amount of precipitated Co in relation to that ini-
tially added increased as increasing the pH of the dispersions,
which also caused a decrease of particle size. The hydrother-
mally prepared blue samples consisted of a Co-willemite
U solid solution along with a small amount of an amorphous

Co/Si = 0,04

Co(Il) compound, probably-Co(OH),. On calcination up to
1200°C, the later compound experimented several transfor-
10 20 30 40 50 60 70 mations ¢-Co(OH)-Co0-C@04~CoO) after which, most
Co(ll) cations diffused toward the willemite lattice, thus re-
sulting a deeper a more intense blue colour. After this treat-
Fig. 7. X-ray diffraction patterns for the Co-doped willemite samples pre- ment, only the pigments composed by the bigger particles

pared at pH 9.5 with different Co contents as describ&irie 3 The main (Igngth~4.5pm) retained their original elongated shape and
peak of the CgO4 spinel has been labelled with SP. Size.

20
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