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bstract

obalt-doped willemite is a promising blue ceramic pigment, but some important aspects concerning crystal structure, optical properties and techno-
ogical behaviour are still undisclosed. In order to get new insight on these features, willemite pigments (Zn2−xCoxSiO4, 0 < x < 0.3) were synthesized
y the ceramic route and characterized from the structural (XRPD with Rietveld refinement), optical (DRS and colorimetry), microstructural (SEM,
TEM, TEM, EDX, EELS) and technological (simulation of the ceramic process) viewpoints. The incorporation of cobalt in the willemite lattice,

aking preferentially place in the Zn1 tetrahedral site, induces an increase of unit-cell parameters, metal–oxygen distances, and inter-tetrahedral
ilting. It causes shifting and enhanced splitting of spin-allowed bands of Co2+ in tetrahedral coordination, implying slight changes of crystal field
trength Dq and Racah B parameter, but increasing spin-orbit coupling parameter λ. Willemite pigments impart deep blue hue to ceramic glazes

nd glassy coatings with a colouring performance better than commercial Co-bearing colorants in the 800–1200 ◦C range. Detailed SEM-TEM
nvestigation and microanalysis proved that no diffusion phenomena occur at the pigment–glassy coating interface and that willemite pigments are
hemically inert during firing at 1050 ◦C.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Willemite, Zn2SiO4 (trigonal, R-3H) with phenakite struc-
ure is an orthosilicate with all atoms in general position and
omposed by a framework of tetrahedra accommodating zinc
nd silicon in three different fourfold crystallographic sites:
wo slightly different zinc sites Zn1 (〈Zn–O〉 1.950 Å) and Zn2
〈Zn–O〉1.961 Å), and Si (〈Si–O〉1.635 Å), so resulting in rhom-
ohedral symmetry with lattice parameters a = b∼ 13.948 Å,
nd c∼ 9.315 Å.1–4

Such a rigid lattice, with only non-centrosymmetric cationic

ites, gives the chance to get special optical properties; in fact,
ynthetic willemite is meeting an increasing interest for its
otential as phosphor host (e.g. with Eu3+, Mn2+, Tb3+, Ce3+
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oping),5–10 glass–ceramics,11,12 dielectric ceramics for wire-
ess applications,13 and it has been proposed, because of its
igh-temperature stability, as ceramic pigment.14–16 As in the
ase of the well-known spinel pigments (Zn,Co)Al2O4 (DCMA
3-26-2 and 13-28-2), a deep blue colour is obtained by dop-
ng the willemite structure with cobalt, that replaces zinc ions
n tetrahedral positions. The advantage of willemite pigments
omes from suitably saturated hues that can be obtained with
lower Co amount with respect to spinel CoAl2O4 or olivine

Co2SiO4, DCMA 5-08-2) colorants.15

In this study, production and characterization of willemite
eramic pigments, obtained by using ZnO powders which
re industrial by-products, were undertaken. Different pigment
ompositions, having Zn2−xCoxSiO4 stoichiometry (where

< x < 0.3), were designed and synthesized in order to get a
ew insight into the interrelationships between crystal structure,
oloration and technological behaviour. In particular, structural
eatures (XRD), optical properties (DRS) and thermal stabil-

dx.doi.org/10.1016/j.jeurceramsoc.2010.08.013
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Table 1
Chemical composition of raw materials used in pigment preparation. The chemical composition of raw materials (Co3O4 and ZnO) were determined by X-ray
fluorescence spectrometer (XRF, Rigaku RZS Primus).

wt% ZnO (from slag) Co3O4 (Ferro) SiO2 (Riedel-de Haen) ZnO (Fluka)

ZnO 95.5 – – ≥99.0%
Co3O4 – 96.7 – –
PbO 1.62 – – –
NiO 0.02 – – –
CuO 0.53 – – –
Fe2O3 0.14 0.053 – –
Al2O3 – 0.105 – –
CaO 0.07 0.024 – –
K2O 0.25 – – –
Na2O – 1.49 – –
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gO – 0.034
iO2 0.12 0.043
O3 1.74 1.56

ty and pigment–glaze interactions (SEM, TEM, EELS) were
ppraised investigating the Zn2−xCoxSiO4 join before the tran-
ition to the olivine structure-type.

. Experimental procedure

.1. Sample preparation

Reagent grade SiO2 (Riedel-de Haën) and Co3O4 (Ferro)
lus ZnO from industrial metal slag were used as raw materials
Table 1). No mineralizer was added.

All pigment compositions were designed and prepared
ccording to the following stoichiometry:

n Co SiO
2−x x 4

where x = 0, 0.05, 0.1, 0.2, and 0.3. Prepared pigment com-
ositions were labeled as WX and given in Table 3. X represents
he Co content in the pigment composition.

1

m
d

able 2
hemical composition and main physical features of glazes and glassy coatings used

omponent/property Unit Glassy coatings

F1 F2 F

iO2 wt% 63.9 57.1
rO2 <0.1 <0.1

2O3 11.7 8.9
l2O3 9.5 9.0
gO <0.1 1.1
aO 0.5 7.9
nO 1.0 5.0
aO <0.1 1.4
bO 5.5 2.7
i2O <0.1 <0.1
a2O 6.1 2.0

2O 1.1 4.1

rystalline phases after firing wt% <10 5–15
oftening temperaturea ◦C 930 940
emperature of half spherea ◦C 1265 1180 1
oeff. thermal expansion α20–400 ◦C MK−1 4.96 5.59

a Determined by hot-stage microscopy.
– –
≥98.0% –

–

The pigments were synthesized by the conventional ceramic
rocess: wet mixing of raw materials, drying in oven, pulveriza-
ion in agate mortar, then calcination in alumina crucible in an
lectric kiln in static air at maximum temperature of 1300 ◦C for
h (heating rate of 2 ◦C/min, natural cooling). Furthermore, a

eference sample (Zn2SiO4) was synthesized entirely from pure
aw materials.

.2. X-ray powder diffraction (XRPD) and structural
haracterisation

X-ray powder measurements were performed using a D8
dvance (Bruker, Karlsruhe, Germany) equipped with a Si(Li)

olid-state detector, set to acquire Cu K�1/K�2 radiation. Scans
ere recorded in the 15–130◦ 2θ range, with a counting time of

0 s per 0.02◦ 2θ step.

The structural refinements were performed by the Rietveld
ethod using the GSAS-EXPGUI software packages.17,18 The

iffraction peak profiles were modelled by a pseudo-Voigt

in technological tests.

Glazes

3 F4 S1 S2 S3 S4

62.9 49.3 53.5 51.1 49.7 61.3
0.2 0.2 <0.1 <0.1 8.1 6.0

11.8 19.8 <0.1 1.2 2.4 <0.1
10.7 3.3 25.2 22.6 19.7 11.2

0.2 0.3 3.4 1.4 0.2 1.1
2.9 2.5 8.9 13.5 12.6 9.9
2.5 6.0 <0.1 5.1 <0.1 0.2
2.8 9.2 <0.1 1.4 3.2 <0.1
0.2 0.8 <0.1 0.9 <0.1 <0.1

<0.1 2.0 <0.1 <0.1 <0.1 0.1
2.7 5.1 5.6 2.6 2.2 3.4
2.6 1.1 3.0 0.6 1.3 0.4

<10 <10 10–20 40–50 10–20 5–15
910 720 1210 1150 1100 1210
240 820 1275 1200 1195 1300

4.55 6.07 6.83 5.54 4.97 5.62
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Fig. 1. Plot of Rietveld refinement performed on X-ray powder diffraction data
of sample W30. The experimental data are indicated by cross signs, the calculated
pattern is the continuous line and the lower curve is the weighted difference
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Fig. 2. Unit-cell volume (V: diamonds) and lattice parameters (a = b: circles; c:
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etween the calculated and observed patterns. The rows of vertical tick marks
hows the allowed reflections for the crystalline phase present in the sample.

unction with one Gaussian and two Lorentzian broadening coef-
cients plus an asymmetry contribution. Besides the shifted
hebyshev polynomial coefficients to reproduce the back-
round, all refinements included a scale factor, the profile
oefficients and the cell parameters. The willemite structure
efinement was carried out in the R-3H space group, starting from
he model of McMurdie and co-workers.4 A typical Rietveld plot
s reported for un-doped willemite (sample W30) in Fig. 1.

.3. UV–vis-NIR diffuse reflectance spectroscopy (DRS)

Electron absorption spectroscopy was performed by diffuse
eflectance (�19 spectrophotometer, Perkin Elmer, Waltham,

S) using 300–2450 nm range, 0.1 nm step size, 480 nm/min
can rate, BaSO4 integrating sphere and BaSO4 white reference
aterial. Reflectance (R∞) was converted to absorbance (K/S)

y the Kubelka–Munk equation: K/S = 2/(1−R∞)·(2R∞)−1,
hich accounts for absorption (K) and scattering (S).20

bsorbance bands (Gaussian) were deconvoluted (PFM, Origin-
ab, Northampton, MA) in order to obtain energy (peak
entroid) with good fitting (X2 < 1%) and an experimental error,
ncluding background correction and reproducibility, around
%. Crystal field strength 10Dq and interelectronic repulsion
acah parameter B were calculated by fitting the mean energy
f spin-allowed transitions in the Tanabe-Sugano diagram for
7 ions in tetrahedral coordination (the same of d3 in sixfold
oordination).21,22 The spin-orbit coupling parameter λ was cal-
ulated fitting the energy of sub-bands of the threefold split
T1(4P) transition.21

.4. Technological performance

Technological performance of willemite pigments was eval-
ated by adding 5 wt% of pigment W30 into different types
f glassy coatings (i.e. frit giving rise to a transparent coat-

ng) and glazes (i.e. mix of frit and minerals giving rise to an
paque vitro-crystalline coating) for ceramic tiles and sanitary-
are (Table 2).23,24 Every batch was wet mixed and the slip

prinkled on porous ceramic tiles, then dried in oven and fired

w
2
d
h

quares) of willemite pigments as a function of cobalt doping (white symbols);
eference sample WR (grey symbols).

ith different schedules in electric roller kiln (800–1200 ◦C, 1 h
old-to-cold) or chamber furnace (1250 ◦C, 12 h cold-to-cold).
he colour stability was evaluated by measuring the CIELab
arameters of coatings by MSXP4000 Miniscan spectrometer
Hunterlab, white glazed tile reference x = 31.5, y = 33.3, illumi-
ant D65, 10◦ observer). The colouring performance of willemite
igment was compared with commercial Co-olivine and Co-
luminate colorants, that were added taking care that the Co
mount be the same in all glazes/glassy coatings.

.5. Pigment–coating interactions

In order to evaluate its chemical stability, the W30 Co-
illemite pigment was admixed to glassy coating F1 and fired

t 1050 ◦C with dwell time of 30 min. The pigment was selected
ince it has the most intense blue colour and the coating was
elected since it contains the lowest amount of ZnO among the
ompositions here considered. Samples were polished with cross
ection polisher (Jeol SM-09010, Japan) for scanning electron
icroscope (SEM) examinations (Zeiss, Supra 50 VP, Ger-
any). Focus ion beam lift out method (FEI-Nova 600 NanoLab
ualBeamTM, USA) was used for transmission electron micro-

cope (TEM) sample preparation. Electron transparent samples

ere characterised by using 200 kV field emission TEM (Jeol
100F, Japan) attached with an energy filter (Gatan GIF Tri-
iem), parallel electron energy loss spectrometer (PEELS), a
igh angle annular dark field scanning transmission electron
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Fig. 3. Mean metal–oxygen distances in the tetrahedral sites Zn1 (circles) and
Zn2 (squares) of willemite pigments as a function of cobalt doping.

F
d
(

3

are characterized by electron transitions of Co2+ in tetrahe-
dral coordination (Fig. 5) which exhibit increasing absorbance
values matching fairly well with the nominal cobalt occupan-
322 E. Ozel et al. / Journal of the Europe

icroscope (STEM-HAADF) detector (Fishione) and an energy
ispersive X-ray (EDX) spectrometer (Jeol JED-2300T, Japan).
n the STEM-EDX/EELS analysis, an electron spot with 1–2 nm
n diameter was used and the acquisition time was chosen as 40-
live time. Furthermore, a drift corrector was used to avoid any
ossible drifts that may occur at nano-scale during acquisition
f STEM-EDX spot and line scan elemental analysis. In STEM-
ELS analysis, the convergence and collection semi-angles were
.2 and 15.7 mrad, respectively. The spectrometer energy dis-
ersions were 0.2 and 0.5 eV/channels. The backgrounds of all
cquired EEL and reference spectra were subtracted according
o power-law in this study.25

. Results and discussion

.1. Crystal structure

In our synthesis conditions, the major phase occurring in all
amples is willemite plus a small amount of residual phases due
o the low purity ZnO raw material.

The incorporation of cobalt in the willemite lattice is clearly
roved by the increase of the unit-cell parameters and volume,
roportional to the cobalt doping (Fig. 2). This fact is unex-
ected on the basis of ionic radii (Zn2+ 0.60 Å, Co2+ 0.58 Å, in
etrahedral coordination) but is readily explained by a varying
ovalency degree of the M–O bonding. In fact, it is known that
he Zn–O bonding exhibits an enhanced covalency, due to the
trong hybridization of sp3 orbitals, that promotes particularly
hort Zn–O distances.26 The result of the Co→Zn substitution
mplies a more ionic bond and longer M–O distance.

Doping up to 0.1 apfu produces small crystal structural
hanges, but appreciable increasing of unit-cell volume occurs
or Co additions ≥0.2 apfu (Fig. 2).

Nevertheless, the refined mean 〈Zn1–O〉 and 〈Zn2–O〉 dis-
ances, even with a narrow range of variation, suggest that cobalt
akes place in both Zn1 and Zn2 sites, but with a different
reference: an expansion can be recognized for the Zn1 tetrahe-
ron (the one with originally shorter distances), while the Zn2
etrahedron remains constant or slightly contracts (Table 3). As
eported for different doping of the willemite structure, ions with
maller ionic radii should be hosted in the smaller zinc cation
ite.3,10,27,28 On this basis, Co2+ is expected to be mainly hosted
n the Zn1 sites (average polyhedral volume = 3.770 Å3) with a

aximum tetrahedral deviation δ(Zn1–O) = 0.018 Å, while zinc
toms should be preferentially placed on the Zn2 site (aver-
ge polyhedral volume = 3.910 Å3) with a smaller tetrahedral
eviation δ(Zn2–O) = 0.006 Å (Fig. 3).

Another important evidence, indicating the mechanism of
obalt incorporation in the willemite tetrahedral sites, stems
rom inter-tetrahedral tilting. The analysis of variance among
he three T–O–T angles hinged on each oxygen site shows that
he tetrahedral tilting mostly involves the O4 and O3 hinges.
he T–O4–T angles become more dissimilar with increasing Co

ontent, while the opposite occurs for the T–O3–T angles. This
eans that the tilting arrangement around the O3 and O4 hinges

re made progressively less equivalent by the Co substitution
Fig. 4).

F
a

ig. 4. Variance of T–O–T angles in willemite pigments as a function of cobalt
oping: T–O1–T (diamond), T–O2–T (circle), T–O3–T (triangle), T–O4–T
square).

.2. Optical properties

The optical spectra of cobalt-bearing willemite pigments
ig. 5. Optical spectra of cobalt-bearing willemite pigments (x = cobalt content,
pfu).
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Table 3
Batch composition, X-ray diffraction details, unit-cell parameters, metal–oxygen distances, effective volume and T–O–T angles in willemite structures analyzed.

Sample label WR W0 W5 W10 W20 W30

Nominal cobalt content
Zn2−xCoxSiO4; x= 0.00 0.00 0.05 0.10 0.20 0.30

Agreement factors and refinement details
Rwp 0.1242 0.0812 0.0630 0.0442 0.0294 0.0592
Rp 0.0818 0.0520 0.0411 0.0297 0.0213 0.0455
No. of data 6250 6000 6000 6000 6000 6000
RF

2 0.0427 0.0378 0.0457 0.0490 0.0545 0.0679
No. of reflections 1184 1184 1184 1186 1186 1186
No. of variables 77 77 77 77 77 77

Unit-cell parameters (α = β = 90◦; γ = 120◦)
a = b (Å) 13.9378(1) 13.9346(1) 13.9374(1) 13.9382(1) 13.9415(1) 13.9448(1)
c (Å) 9.30867(1) 9.30791(1) 9.31012(1) 9.31125(1) 9.31514(1) 9.31903(1)
Unit-cell volume (Å3) 1566.05 1565.21 1566.21 1566.58 1567.98 1569.37

Tetrahedral metal–oxygen mean distances (Å)
Zn1–O 1.956 1.941 1.951 1.942 1.952 1.959
Zn2–O 1.971 1.977 1.974 1.978 1.976 1.972
Si–O 1.620 1.626 1.620 1.627 1.620 1.619

Polyhedral volume (Å3)
Zn1 3.81 3.72 3.77 3.72 3.77 3.82
Zn2 3.90 3.92 3.90 3.92 3.91 3.90
Si 2.18 2.20 2.18 2.20 2.18 2.17

T–O–T angles
Zn2–O1–Zn2 108.6(5) 110.5(6) 109.5(6) 110.0(7) 110.0(6) 109.3(5)
Zn2–O1–Si 131.5(7) 131.5(8) 132.0(9) 131.6(10) 131.4(10) 128.2(8)
Zn2–O1–Si 119.9(7) 117.9(8) 118.5(9) 118.3(10) 118.6(10) 122.4(9)
Av. 120.0 120.0 120.0 120.0 120.0 120.0
Variance 87.4 75.6 85.5 79.1 77.3 62.5
Zn1–O2–Zn1 109.9(6) 110.4(7) 110.4(8) 111.0(8) 111.0(7) 110.6(6)
Zn1–O2–Si 132.1(8) 130.4(9) 131.3(10) 130.4(11) 131.7(11) 132.0(9)
Zn1–O2–Si 118.0(7) 118.6(8) 117.9(9) 118.1(10) 116.8(10) 117.1(9)
Av. 120.0 119.8 119.9 119.8 119.8 119.9
Variance 84.1 67.4 74.7 64.2 76.0 80.2
Zn1–O3–Zn2 112.4(5) 110.5(5) 110.3(5) 110.3(6) 109.6(6) 111.2(6)
Zn1–O3–Si 127.4(7) 128.9(7) 128.1(8) 128.7(9) 128.7(10) 126.0(10)
Zn2–O3–Si 120.2(7) 120.5(8) 121.5(8) 120.8(9) 121.5(10) 122.6(10)
Av. 120.0 120.0 120.0 119.9 119.9 119.9
Variance 37.5 56.6 54.0 56.8 62.0 40.1
Zn1–O4–Zn2 105.0(4) 105.9(4) 106.1(4) 105.8(5) 105.4(4) 104.6(5)
Zn1–O4–Si 128.4(10) 129.1(10) 129.5(13) 129.9(11) 129.5(11) 129.9(9)
Zn2–O4–Si 123.5(10) 123.5(10) 123.1(12) 122.8(11) 124.0(11) 123.8(9)
Av. 119.0 119.5 119.6 119.5 119.6 119.4
Variance 101.5 97.7 97.5 102.2 106.3 116.2
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ote: Figures in parentheses are standard deviations in the last decimal figure
ariance of the T–O–T angles is defined by

∑
(x− x̄)2/n, where x is the mean

ies. Sample W0, even if nominally Co-free, in reality contains
obalt traces as low as x = 0.002 (likely due to contamination in
nsealed crucible).

The spectra are dominated by the spin-allowed, threefold
plit 4T1(4F)← 4A2(4F) and 4T1(4P)← 4A2(4F) transitions,
ccurring at about 6000–8000 and 16,000–18,500 cm−1, respec-
ively, together with the low intensity band around 4600 cm−1

ttributable to the 4T2(4F)← 4A2(4F) transition (Fig. 5).
The 4T2(4F) transition was fitted with a single band

Fig. 6(a)). The 4T1(4F) triple band is almost symmetrical

Fig. 6(b)) and was easily deconvoluted in three components
4A2, 4A2, 4A2) originating by the splitting due to both low point
ymmetry of tetrahedral sites in willemite and spin-orbit cou-
ling of Co2+ ions.10,22,29 Deconvolution of the complex band

e
T
c
t

polyhedral volume is calculated as reported by Swanson and Peterson.19 The
e of the sample average and n is the sample dimension.

t 16,000–18,500 cm−1 (Fig. 6(c)) required five peaks: the main
hree are attributed to splitting of the 4T1(4P) transition (4A2,
B1/2, 4B2/1). The others are likely due to spin-forbidden transi-
ions, four of which originate from the 2G term and are expected
o occur, according to the Tanabe-Sugano diagram built with the
xperimental 10Dq and B values, around ∼16,200 cm−1 (2E),
16,900 cm−1 (2T1), ∼18,400 cm−1 (2A1) and ∼19,400 cm−1

2T2).
The Co2+ spin-allowed transitions exhibit a progressive shift

oward lower energy with increasing cobalt content, particularly

vident for the 4T2 and 4T1(4P) bands (Table 4 and Fig. 7(a)).
he crystal field strength Dq and Racah B parameter are nearly
onstant around Dq = 398 cm−1 and B = 810 cm−1 (Fig. 7(b));
hese values are close to willemite with Co doping as low as
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Table 4
Optical properties of willemite pigments.

Sample W0 W5 W10 W20 W30
Co concentration (x) (0.002) 0.05 0.10 0.20 0.30

Spin-allowed transitions SFTa cm−1 cm−1 cm−1 cm−1 cm−1

Td symmetry Cv symm.
4T2 (4F) 4A2 4750 4610 4605 4600 4595

4T1 (4F)

4A2 5700 6150 6150 6130 6120
4A2 6300 6880 6880 6870 6870
4A2 7500 7720 7750 7750 7750

2E 15,520 15,450 15,340 15,280

4T1 (4P)

4A2
2T1 15,300 16,130 16,050 15,950 15,880

4B1/2 17,000 17,210 17,160 17,060 17,000
4B2/1

2A1 18,700 18,350 18,390 18,440 18,450
2T2 20,500 20,500 20,530 20,590

4T1 (4F) band mean energy 6500 6917 6927 6917 6913
4T1 (4P) band mean energy 17,000 17,230 17,200 17,150 17,110
4T1 (4F) band splitting (δ) 1800 1570 1600 1620 1630
4T1 (4P) band splitting (δ) 3400 2220 2340 2490 2570
Crystal field strength (Dq) 475 461 460.5 460 459
Racah B parameter 680 747 747 739 742
R 720 2988 2988 2956 2968
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Table 5
Chemical composition (wt%) of willemite pigment dispersed in glassy coating
(see Fig. 9(a) for the localization of analyzed points).

Glassy coating Pigment Pigment
Point 1 Point 2 Point 3

SiO2 63.36 46.70 40.89
Al2O3 9.29 6.08 5.20
CaO 1.52 0.65 0.64
CoO 2.00 4.95 6.43
ZnO 13.49 31.83 38.48
PbO 4.04 1.67 1.26
N
K
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acah C parameter 2

a Spin-forbidden transitions.

.01 apfu (Dq = 404 cm−1 and B = 792 cm−1).10 This implies
hat little changes of covalency degree and Co–O local distance
ccur going toward the Co end-member. However, the increase
f the 4T1 band splitting and spin-orbit parameter λ, occurring in
he same direction, confirms the change in the local symmetry of
igands observed by XRD in terms of O–Co–O angles (Fig. 7(c)).

.3. Technological behaviour of willemite pigments

Co-doped willemite behaves successfully in the ceramic pro-
ess, imparting intense blue colour to various glazes and glassy
oatings. When compared with commercial Co-aluminate and
o-olivine colorants, willemite pigments exhibit similar trends

n function of coating composition and firing temperature, but
resent the best colouring performance in the 800–1200 ◦C
ange, as shown by the best value of the parameter b* (Fig. 8).
he strong blue shade of willemite implies a characteristic
olour, that is as saturated as that of cobalt aluminate, but less
aturated than that of cobalt silicate, as shown by the lower
alue of L*. These results strengthen previous indications on
he technological behaviour of willemite pigments.15,16

The thermal stability of both willemite and commercial pig-
ents appears to be reduced in high-temperature glazes. Passing

rom 1100 ◦C to over 1200 ◦C, willemite pigments become grad-
ally less blue, as a consequence of the converging action of
ncreasing firing temperature and aggressive chemical environ-

ents due to high concentration of calcium, magnesium and
inc in molten glazes (for example S1 composition).

.4. Pigment–coating interactions
In order to assess the chemical stability of Co-willemite pig-
ents, backscattered images of W30 particles dispersed in the

lassy coating F1 were taken at high magnification under SEM

r
g
P
w

a2O 5.07 7.65 6.72

2O 1.23 0.48 0.43

nd composition of elements in pigment particles were deter-
ined by line scan EDX analysis (Fig. 9). The absence of image

ontrast indicates that there is no reaction layer between the
igment particle and the matrix within the resolution limit of
EM (Fig. 9(a)). Looking at the line scan analysis, the Ca, K
nd Pb concentration is almost the same in both pigment and
lass, implying that a diffusion of Ca and K occurred from glass
o willemite; Co and Zn amounts seem to decrease when the
dge of the pigment grain is reached (Fig. 9(b)). Spot analy-
is at different points, shown in Fig. 9(a), partially confirms
hat glass contains Zn and Co, likely diffusing from the pig-

ent particle (Table 5), but a certain effect of electron beam
roadening during EDX analysis cannot be ruled out. Therefore,
EM is needed to go in depth in the pigment–glass interactions
uring firing at 1050 ◦C (Fig. 10). The whole length size of
ample prepared with focused ion beam technique was approx-
mately 15 �m× 6 �m, which was limited to only the glass

egion around one single pigment particle to avoid underneath
rain effect causing misleading results in chemical analysis.30

rior to chemical analysis, STEM-HAADF imaging technique
as carried out to highlight any chemical contrast to assess



E. Ozel et al. / Journal of the European Ceramic Society 30 (2010) 3319–3329 3325

F

w
S
t
t
c
i
t
C
a
H

Fig. 7. Optical parameters of willemite pigments as a function of the cobalt
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ig. 6. (a–c) Deconvolution of the optical spectra of willemite pigment W30.

hether there is any reaction layer at the interface, since in
TEM-HAADF the image intensity is approximately propor-

ional to the square of the atomic number (Z2),31 which means
hat any chemical difference would create an atomic number
ontrast to chemically visualise diffusion layer formation at the
nterface (Fig. 11). As a result of the number of electrons inelas-

ically scattered from higher atomic number elements, such as
o (Z = 27) and Zn (Z = 30), present in the pigment, the glass
ppears black coloured and willemite grey. From the STEM-
AADF image shown in Fig. 11(a), it can be deduced that no

S
o
b
c

ontent: (a) energy of the Co transitions; (b) crystal field strength Dq and
nterelectronic repulsion Racah B parameter; (c) Co2+ band splitting.

iffusion layer is present at the interface. At this point, the ques-
ion to be answered is whether there is any diffusion between
lass and pigment or not. For this purpose, EDX analysis at
TEM mode was performed due to the fact that the spatial res-

lution of this technique is around a few nanometres, so much
etter than EDX under SEM.32 STEM-EDX line scan analysis
onfirms that the pigment composition contains only Co, Zn,
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Fig. 9. (a) Backscattered SEM image of pigment grains embedded in the glassy
coating and (b) line scan analysis of Al, Si, K, Ca, Zn, Co and Pb elements along
the white line shown in (a).
ig. 8. Colour change vs. maximum firing temperature of pigments when used
n different glassy coatings (F1–F4) and glazes (S1–S4).

i, and O, while in the left hand side of Fig. 11(b) the inten-
ity profiles of Co–K and Zn–K characteristic X-ray lines are
lmost zero up to a specific point (marked with A) plotting in
he glass region, whereas going closer to the pigment grain a lit-
le increase of Co and Zn is observed. EDX spot analyses were
cquired from glass and pigment (points 1 and 2 in Fig. 11(a))
nd shown in Fig. 11(c) and (d), respectively. Comparing these
ine scans end point analysis, it can be deduced that no elements
iffused and particularly Co and Zn did not migrate from the
igment to the glass.

Electron energy loss spectroscopy (EELS) was also applied to
ppraise if cobalt-doped willemite is chemically inert in contact
ith the glassy coating at 1050 ◦C. The spectrum acquired on
he pigment (Fig. 12(a)) exhibits the Co-L3,2 (779 and 794 eV)
nd Zn-L3,2 (1020 and 1043 eV) edges along with O K edges; in
ontrast, the EEL analysis performed very close to the pigment
rain neither Co nor Zn edges are visible (Fig. 12(b)). This con-

Fig. 10. Z-contrast STEM-HAADF image of FIB prepared sample showing a
pigment grain in glassy coating at low magnification.
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Fig. 11. (a) The STEM-HAADF image of pigment dispersed in glassy coating,
magnified image of dashed rectangular area in Fig. 10, (b) STEM-EDX line
scan analysis of Zn, Si, Co, Al elements along the white line shown in (a), (c)
STEM-EDX spot analysis of glass region (point 1) and (d) pigment grain (point
2) shown in (a).

Fig. 12. EEL spectra of (a) pigment, and (b) glassy coating in the 525–1350 eV
energy loss rangef.

Fig. 13. The EEL spectra showing Co-L3,2 edges of (a) pigment grain and (b)
reference CoO.
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rms the STEM/EDX data in Fig. 11, leading to the conclusion
hat no diffusion layer is present at the pigment–glass interface,
hich means that the cobalt-doped willemite pigment produced

n this work was chemically inert, at least at 1050 ◦C.
About the valence of Co ions in Zn2SiO4, a fingerprint-

ng analysis was performed comparing the EEL spectra of the
igment and CoO taken as reference (Fig. 13). It can be appre-
iated that the energy of Co-L3 and Co-L2 edges is the same in
oth EEL spectra and the intensity ratio of the Co-L3 to Co-
2 is 1.76± 0.03 for the pigment and 1.75± 0.03 for CoO.
hus, the oxidation state of cobalt ion in the blue willemite
igment is Co(II+),33,34 confirming the previous results on
he Zn2SiO4 crystal structure obtained by using a different
echnique.10

. Conclusions

Cobalt-doped willemite performs successfully as ceramic
igment, bestowing intense blue coloration on a wide range of
lazes and glassy coatings. Thanks to its satisfactory chemi-
al stability and optical features, willemite exhibits a colouring
erformance – comparing the same Co amount in the ceramic
oating – better than conventional blue colorants, such as spinel
oAl2O4 or olivine Co2SiO4.

A detailed microstructural investigation – involving SEM-
DX, STEM-HAADF and TEM-EELS – supports technological

ests, confirming that willemite pigments are chemically inert in
ontact with the ceramic matrix in which they are dispersed.
o interface layer was formed and no diffusion phenom-

na were revealed between pigment and glassy coating at
050 ◦C.

Cobalt incorporation in the willemite structure occurs with
ncreasing unit-cell volume and parameters. Besides the ionic
adius of Co2+ is smaller than that of the Zn2+ ion, cobalt dop-
ng causes an elongation of the mean metal–oxygen distance at
he Zn1 site, which implies a preferential Co occupancy of this
etrahedral site. Growing the amount of cobalt induces an impor-
ant change of the local symmetry of ligands – witnessed by the
hange of intertetrahedral tilting and TOT angles – confirmed
y increasing splitting of Co2+ optical bands and spin-orbit cou-
ling parameter. This enhances the distortion of tetrahedral site,
hich low point symmetry is likely to be the reason of the best
ptical properties of willemite with respect to cobalt aluminate
pinel and cobalt silicate.

A deeper understanding of properties and behaviour of Co-
oped willemite is gained from these insights which, on one
ide, prove that high quality pigments can be actually obtained
sing secondary precursors, e.g. ZnO recovered from slag, and
n the other side that (Zn,Co)SiO4 does is a promising pig-
ent for novel ceramic applications, particularly new decoration

echniques.35,36
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