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Jun ware is stoneware created in the late Northern Song dynasty (1
transparent-blue and whitish-opaque submillimetric areas.

The glaze has a glass nanostructure with lime-rich droplets in a silica-rich matrix resulting from a high
temperature liquid-liquid phase separation. Calcium-rich opaque and calcium-poor transparent areas are com-
bined. Iron is more oxidised in the calcium rich areas (~17-20% Fe“) than in the calcium poor areas (=60-70%
Fe?") of the glaze. Therefore, iron is oxidised in the lime-rich droplets and reduced in the silica-rich matrix. The
sky-like appearance of the glaze is due to the combination of the light absorption in the transparent-dark-blue

century) with a blue glaze combining

Fe?* rich areas and scattering in the white-yellowish Fe3* rich areas.
Copper appears mainly oxidised but in the red areas a few small copper nanoparticles are present and iron
appears more oxidised. The result indicates the simultaneous reduction of copper and oxidation of iron.

1. Introduction

Jun ware is one of the five famous wares created in the Northern
Song dynasty (960-1127) in the first quarter of the 12" century [1-3],
and which continued being produced during the Jin (1115-1234), Yuan
(1271-1368) and early Ming (1368-1435) Dynasties. Jun ware is a
high-fired grey-bodied stoneware with a subtle high temperature glaze
of a pale bluish tone [1-3]. Finally, red and purple colours were ob-
tained adding copper to the glazes, either as brush strokes or as a layer
applied on the surface (Fig. 1).

The blue glaze combining transparent-blue and whitish-opaque
submillimetric areas (some tens of micrometres) give to the glaze a
sky-like appearance (Fig. 1). Opacity results from scattering of the glass
nanostructure [4] developed due to the high SiO5:Al;03 ratio (above
7:1), which, when fired at temperatures of about 1200 °C, undergoes a
liquid-liquid phase separation [4-8]. Two glass nanostructures, a lime
rich (enriched also in Fe, Mg, P and Ti) and a silica rich (enriched also in
K and Na) were reported [4,9] (Fig. 1), similarly to what is found in
basaltic systems [4,10-12]. A recent study of the nanostructure of Jun
glazes [4] has shown that a higher CaO content is responsible for a
greater volume fraction of lime rich larger droplets (isolated or inter-
connected) and the different refraction indices of the two glasses for the
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scattering of the light, the so-called Mie scattering. The light travels
thorough the glaze until it is scattered in the nanostructure (after mul-
tiple scattering processes) or absorbed by the metal ions present in the
glaze. The back-scattered light eventually reaches the surface of the
glaze and, consequently, a large volume fraction of droplets produces a
high total diffuse reflectance (more lightness and opacity) [4].

As different submillimetric (tens of micrometres) areas of the glaze
contained various amounts of CaO, more and larger droplets form in the
calcium rich areas (more opaque) while smaller and fewer droplets are
present in the calcium poorer areas (more transparent). Consequently,
the final colour (dark or light blue) and the pearly translucency to the
glazes results from the combination of submillimetric calcium rich and
poor areas and the blue colour given by Fe?" ions dissolved in the glaze
is responsible for the blue colour (large and broad Fe?* absorption NIR
band at 1100 nm extending in the red) [13,14]. Assuming that iron is
mainly present in its reduced state.

Another characteristic of Jun ware glaze is that the reaction between
the glaze and the stoneware ceramic gives rise to chemical inter-
diffusion, so that an Al,O3 richer (SiO2:Al;03 < 7) dark olive-brown
glaze layer is formed at the interface which does not show glass nano-
structure (Fig. 1) [3,4,7-9]. The brown colour is due to the incorpora-
tion of TiO, from the ceramic and the simultaneous oxidation of Fe?*
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Fig. 1. (Top) Surface appearance of the blue and red side from JS24. (Middle) Cross section and (Bottom) nanostructure of the blue (left) and red (right) glazes. The
white droplets are calcium rich in a darker silica rich matrix. Small precipitates of metal copper nanoparticles are present in the red glaze. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

into Fe®" and reduction of Ti*" into Ti" [15,16]. Mossbauer spectro-
scopic analysis of the blue and some brown-greenish Jun glazes proved
that the brown glaze is more oxidised than the blue glaze [4]. However,
Mossbauer spectroscopy is a macroscopic analytical technique and,
therefore, the Fe oxidation state in the submillimetric calcium rich and
poor areas of the glazes could not be obtained.

In fact, it has recently been highlighted that the amount of titanium
content of Jun ware glazes (>0.2% TiOy) is high enough to switch the
colour of Jun ware glazes (~2.0% FeO) from blue to green like happens
in other celadons (lime glazes) [17]. The answer to this anomaly has
recently been related to the concentration of titanium in the lime-rich.
However, being the oxidation state of iron in the calcium rich and
poor areas of the glaze unknown, the explanation is not satisfactory.

Finally, the red and purple colours have mainly been associated with
the presence of cuprite [7] or of copper metal nanoparticles. In fact,
recently, the presence of copper metal nanoparticles in the red and
purple glazes was verified [4] (Fig. 1). Copper nanoparticles are char-
acterized by Surface Plasmon Resonance (SPR) extinction peak at
560 nm [18] which absorbs the yellow light giving a red tinge to the
glaze. Iron and copper ions may be present in the glazes as Cu®*, Cu*,
Cu®, Fe?" and Fe3* and react among them. The species present in the
different coloured areas of the glazes have not yet been studied.

The striking appearance of Jun glazes is related to their peculiar
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optical properties and therefore to the scattering of light in the nano-
structure but also to the light absorbed by the metal ions present. The
role of the nanostructure in the optical properties has been the object of
a previous study [4], but the oxidation state of iron in the glazes is not
yet fully understood. In fact, although some glazes were analysed by
Mossbauer spectroscopy, the oxidation state of iron in the lime-rich and
silica-rich nanostructures could not be obtained. Consequently, their
role in the colour and appearance of the glazes is still unknown.

The paper is devoted to explore the oxidation state of iron and of
copper in Jun ware glazes at a microscopic level and the precipitation of
metallic copper nanoparticles and their role in the colour and appear-
ance of the glazes. An X-ray spectroscopic (XAS) study of both iron and
copper is performed. The data obtained will be complemented by
chemical analyses of the glazes and spectroscopic study in the ultra-
violet and visible range.

2. Experimental methodology

A selection of Jun ware samples belonging to the collection of the
Palace Museum in Beijing. They were excavated at Yuzhou (Henan).
Five shards from the excavation of the Juntai kiln (JS24, JS26, JS27,
JS77 and JS78) [19] and one sample (JS4) from the excavation of the
Liujiamen kiln. The blue glazes from JS24 (Fig. 1), JS26, JS27, JS77 and
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JS4, the brown glaze from JS78 and the red glaze from JS24 were
analysed.

XAS spectra at Fe K-edge were collected at the CLAESS beamline
(Alba-CELLS synchrotron) [20]. The energy was selected with a Si (111)
monochromator with energy resolution better than the width of the
corresponding Ko lines. Harmonic rejection was obtained by choosing
proper angle and coating of a vertical collimating and vertical focusing
mirror. The spot size was adjusted to be around 500 (H) x 300 (V) pmz.
Fe K-edge absorption spectra were collected in fluorescence mode (45°C
detection angle) from the glazes and the fluorescent signal collected by a
silicon drift detector (SDD). Additionally, Fe K-edge absorption spectra
from several iron standards (Fe foil, Fe;O3, FeOOH, Fe304, and FeO)
were collected in transmission mode using two ionization chambers to
detect the incident and transmitted intensity. All spectra were calibrated
to the first inflection point in a simultaneously measured Fe foil. Data
analysis was performed using the Athena and Artemis software [21].

Additionally, using a smaller beam size,200(H) x 100(V) pmz, sub-
millimetric glaze features were also measured. In order to select the
areas, X-ray Fluorescence maps from the JS24 blue and red glazes were
previously recorded. Then, both Fe K-edge and Cu K-edge absorption
spectra were obtained from the selected areas. The energy scans at Fe K-
edge were performed from 7005 to 7708 eV and at Cu K-edge from 8870
to 9575 eV.

The pre-edge feature of the Fe K-edge absorption is particularly
sensitive to the valence state and local geometry. The pre-peak area and
the average peak position is known to shift to higher energy as the ratio
of ferric to ferrous iron increases; and a variogram where the average
peak positions (centroids) are plotted against total integrated area can
be drawn [22] giving an estimation of the different species and their
coordination state. Furthermore, a quantification of the Fe?*/Fe ratio
can be obtained provided that an empirical calibration is available for
reference materials of known oxidation state. In glasses, where both
Fe®t and Fe?" are present and the coordination geometry is poorly
constrained, a glass-based calibration is preferred to crystalline mate-
rials [23-26]. Considering that Jun glazes have a double
silica-rich/lime-rich glass nanostructure, the use of a similar glass for the
calibration is preferable. In our case, some of the blue Jun ware glazes
were previously measured by Mossbauer spectroscopy [4] and they will
be used to estimate the oxidation state of the other glazes.

The pre-edge region of the normalized X-ray absorption near-edge
structure (XANES) spectra was analysed developing a python code
based on procedures described in literature [22,23,27]. The absorption
edge onset was modelled by fitting the energy regions below and above
the pre-edge feature with an inclined arctangent function [27], then the
peaks were fitted using a Voigt profile which is the convolution of the
Lorentzian peak related to the lifetime broadening of the 1s—3d elec-
tronic transition (with typical FWHM=1 eV) [24] with a Gaussian
contribution from the experimental set-up. In our code, an exact Voigt
profile has been used instead of the analytical pseudo-Voigt profile.
Profile fitting was performed by using the Trust Region Reflective al-
gorithm, as implemented in the scipy.optimize standard python library
[28]. The region fitted was selected between 7100eV and
7118-7124 eV depending on the edge position. Considering the number
of variables involved, imposing some restriction to the number of
experimental parameters is advisable. For this reason, the Full Width at
Half Maximum (FWHM) and Gaussian fraction were constrained to be
shared by all peaks. Moreover, the Gaussian contribution dominates the
peak profile of the pre-edge spectrum (Xg >0.9) measured in standard
resolution [27]. For this reason, we decided to fix the gaussian contri-
bution to 1. Nevertheless, the results obtained did not vary substantially
fixing a lower Gaussian contribution or even leaving it as a free
parameter of the fit.

The copper speciation was obtained from the analyses of the Cu K-
edge XAS spectra. Copper is normally present in the glaze as Cu™ and
Cu®" in fact, a redox equilibrium between them is known to happen
depending on the composition of the glass and the presence of other
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Fig. 2. Fitted pre-edge peaks corresponding to the Jun ware blue glazes.

transition metal ions is expected. The reducing conditions to which the
glazes are subjected during the firing result in the precipitation of copper
metal nanoparticles, Cu’. In this case, the EXAFS spectrum has been
fitted rather than XANES. Fitting the XANES signal by linear combina-
tion of cuprite, tenorite and metal copper does not give a very good
result, probably because neither tenorite nor cuprite structures are
present in the glass. Moreover, the copper nanoparticles are very small
(~20 nm), consequently, have a large surface/volume ratio which
reduce the metal copper contribution to the spectrum.

Nevertheless, the amplitude of the EXAFS oscillations in the spectra
was not very high, making it difficult to fit more than the first (Cu-O)
shell, and suggesting a lack of any longer-range order which would be
consistent with partially reduced oxide dissolved in the glaze. EXAFS
fitting was carried out with Artemis software. The spectrum as a linear
combination of model compounds each weighted by each compound
fraction and the sum set equal to 1 [29].

The chemical composition and nanostructure of the glazes were
obtained using a crossbeam workstation (Zeiss Neon 40) equipped with
Scanning Electron Microscope (SEM) (Shottky FE) and Gallium Focus
Ion Beam (Ga-FIB) columns. Polished areas of the glazes were obtained
using the Ga ions, acceleration voltage 30 kV, from which Secondary
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Table 1
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Fitted pre-edge data corresponding the blue Jun ware glazes. fwhm, E;, E, A;, A; are the full width at half maximum, energy and area of the fitted peaks; C, A and A
(Fe?*/Fe) are the centre shift, total area and Fe?" peak area fraction. ! Fraction of Fe>" calculated from the XANES data® using the Mossbauer data®. Sample JS4
corresponds to the opposite side of that referred in [4]; this explains the different Fe>*/Fe ) ratio®.

sample fwhm Fe3* Fe?t C A A (Fe*™/Fe)®  Fe®'/Fem'  Fe?™/Feual’
(eV) E; (eV) A (eV) E; (eV) Az (eV) (eV) (eV) (%) (%)

JS24 1.82 3) 7113.62 (€] 0.18 (€] 7111.57 5) 0.044 3) 7113.29 2) 0.255 ()] 0.160 2) 43 @@

JS26 1.61 2) 7113.62 (€B] 0.25 (€8] 7111.76 5) 0.053 3) 7113.25 [€D)] 0.243 ()] 0.198 2) 65 (€]

JS27 1.71 2) 7113.60 (€8] 0.15 (€] 7111.72 5) 0.054 3) 7113.28 (€8] 0.228 3) 0.173 (@3] 51 (€))

JS4 1.80 (2) 7113.60 (€] 0.22 (€] 7111.69 6) 0.050 3) 7113.19 [¢D)] 0.245 ()] 0.214 2) 74 ()] 73(2)°
JS77 1.90 (2) 7113.57 (2) 0.26 (€8] 7111.53 6) 0.043 2 7113.11 (@3] 0.251 5) 0.226 A3 81 5) 82(3)
JS78 1.80 3) 7113.59 (€)] 0.32 (€] 7111.52 5) 0.063 3) 7113.33 (@3] 0.237 “@ 0.125 (@3] 22 (&) 23(3)

Fig. 3. X-Ray Fluorescence maps corresponding to calcium, iron and copper for JS24 (Top) blue glaze and (Bottom) red glaze. The intensities are the same for each
element. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Electron Images (SE) were obtained, acceleration voltage 5 kV. The
chemical composition was measured by Energy Dispersive X-Ray Spec-
troscopy detector (EDS) (INCAPentaFETx3, 30 mmz, ATW2 window and
mineral and glass standards) attached to the SEM, acceleration voltage
20 kV, with 120 s measuring times.

Ultra-Violet and Visible (UV-Vis) diffuse reflectance measurements
were obtained from the surface of the glazes using a double beam
spectrophotometer (Shimadzu 2700) equipped with ISR 3100 Ulbricht
integrating sphere (spot size of 3 mm x 1 mm and 1 nm resolution, D65
standard illumination source, barium sulphate provided a white
standard).

3. Results and discussion

The Fe K-edge pre-edge peaks of the XAS data gives information on
the oxidation state and coordination of iron. First of all, a collection of
standards was measured and fitted to validate the fitting procedure used.
The corresponding fitted data is shown in the supplementary materials,
Table S1 and Fig. S1 and the variogram in supplementary materials
Fig. S2. The values obtained are in good agreement with those obtained
by other authors [22,27].

The Fe K-edge pre-edge fitted peaks from the blue glazes (JS24, JS26,
JS27, JS77 and JS4) and the brown glaze (JS78) are shown in Fig. 2 and
Fig. S3 respectively and the corresponding parameters, Fe>" and Fe?*
peak positions and areas (Ej, Ep, A and Ay), the centroid (C) and total
area (A) and relative data of the Fe?* peak (A(Fe2+/Fe)) obtained are
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Table 2

Fitted pre-edge peaks corresponding to the blue (B) and red (R) glazes in calcium rich (R) and poor (P) areas.

Fe*'/ Fetotall

A (Fe**/Fe)?
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(%)
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7114.20
7114.21
7114.04
7114.07
7114.23
7114.25
7114.19
7114.12

2
@
(2
(@)
@
(€D)]
@
@

® 0.028

7112.45
7112.44
7112.54
7112.46
7112.45
7112.40
7112.45
7112.50

3)
)
3)
3)
)
)
3)
3)

0.200
0.198
0.158
0.167
0.200
0.202
0.195
0.179

@D
@
[€D)
(2)
@
[€D)
@D
@

7114.44
7114.44
7114.43
7114.43
7114.44
7114.46
7114.45
7114.45

(2)
2)
3)
3)
2)
[€D)
(2)
(2)

1.79
1.77
1.71
1.77
1.79
1.78
1.76
1.77

BR1
BR2
BP1

Ca-rich

Blue

0.115

0.026

(8
(6)
)
@)
@)
(6)

)
(2
@
@
@

0.206
0.185
0.106
0.100
0.128
0.167

0.041

Ca-poor

0.038

BP2
RR1

0.024

Ca-rich

Red

8
24
47

0.023

RR2
RP1

0.224
0.215

0.029

Ca-poor

)

0.036

@)

RP2

3019

Journal of the European Ceramic Society 42 (2022) 3015-3022

shown in Table 1 and the variogram in supplementary materials Fig. S2.
Mossbauer data obtained from the blue glazes JS77 and JS4 and the
brown glaze JS78 [4] were used to calibrate the Fe®" content and are
also shown in Table 1.

The data corresponding to the blue glazes show a relatively good
correlation with the average calcium content of the glazes as is shown in
Fig. 2. The calcium rich glazes appear more oxidized than the calcium
poorer glazes (supplementary materials Fig. S4).

However, the heterogeneous submillimetric lime rich and poor
structures shown by the glazes are large enough to affect the data ob-
tained. For this reason, a smaller beam size was selected and an X-ray
Fluorescence map was obtained from the blue glaze of JS24. Fig. 3 shows
the corresponding fluorescence maps of Fe and Ca which show a good
correlation. Generally speaking, the calcium rich areas are also iron rich
while calcium poor areas are iron poor. In fact, in a previous study, lime
rich droplets were found to be also iron rich while the silica rich (and
lime poor) were also iron poor [4]. Therefore, the X-ray Fluorescence
data showing that iron is concentrated in the calcium rich areas of the
glaze confirms that the lime rich droplets are also iron richer.

Moreover, the pre-edge fitted data is shown in Table 2 and the
spectra corresponding to a calcium rich and a calcium poor area in
Fig. 4. The data shows that iron appears also more oxidized in the cal-
cium rich areas suggesting that lime rich droplets incorporate more Fe3*
than the silica rich droplets.

Fig. 1 shows a SEM image of the glass nanostructure developed in the
blue glaze from JS24. Calcium richer areas have more and larger
droplets than calcium poorer areas. This side of JS24 contains some
copper but below 0.1% CuO even in the richest areas. Previous analyses
of the droplets and the matrix of the glaze [4] have shown that the glass
droplets are enriched in Ca, Mg, Fe, P and Ti (about 3 times those of the
matrix) while the matrix is enriched in Si, Na and K. A simultaneous
oxidation of Fe?" into Fe>* and reduction of Ti** into Ti** which has
been observed at the glaze in contact with the ceramic, suggests that the
higher concentration of titanium in the calcium rich droplets may also
be responsible of the greater oxidation of iron in the calcium rich areas.

Both calcium rich and poor areas of the red glaze were also measured
and the fitted parameters and spectra are also shown in Table 2 and
Fig. 4 respectively. The copper content in this side is 0.2%CuO, which is
associated with the presence of 0.3%SnO; and 0.2% PbO which in-
dicates the reuse of bronze. We can see that the iron in the calcium rich
and poor areas of the red glaze is more oxidized (10-12% Fe?" and
24-47% Fe?") than the corresponding calcium rich and poor areas of the
blue glaze (17-20% Fe" and 57-70% Fe?"). Fig. 1 shows the nano-
structure developed in the calcium-rich areas of the JS24 red glaze.
Although the nanostructure is the same, a few copper nanoparticles,
absent in the blue area, are found in the red area. The copper particles
are formed at the interface between the droplets and the matrix.

UV-Vis data was also obtained from the blue and the red sides of
JS24. Besides the small copper content present in the red side (0.2%
CuO) and the scarcity and small size of the copper nanoparticles, the
Surface Plasmon Resonance (SPR) absorption is an important contri-
bution to the scattering contribution of the glass nanostructure and Fe?*
absorption characteristic of the blue glaze (Fig. 5).

The position of the absorption XANES edge shifts characteristically
with oxidation state (8982.3 eV for Cu°, 8983.8 eV for cuprite, Cu™ and
8986.9 eV for tenorite, Cu?h). From the XANES spectrum (Fig. 6) it is
quite evident that Cu is present mainly as Cu’ due to the absence of a
1s—3d transition and the intense feature at 8983 eV.

The copper K-edge and the 1% derivative XANES spectra from copper
standards and the blue and red areas of JS24 are shown in Fig. 6. Copper
K-edge XANES spectra of both Cu?* and Cu™ contain features charac-
teristic of the oxidation state and speciation [30]. The pre-edge feature
which corresponds to dipole-forbidden electronic transitions from core
1 s levels to the first empty 3d states (but hybridized by 2p orbitals of the
O ligands). For cu® and Cut in Cuy0, there is no empty 3d initial states,
so the pre-edge is the signature of Cu?*. Due to only one empty 3d
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Fig. 4. Fitted pre-edge peaks corresponding to the calcium rich and poor areas of the blue and red JS24 glazes.
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Fig. 5. UV-Vis spectra from the Blue and Red sides of JS24. The large scattering
contribution between 400 nm and 600 nm from the droplets structure and the
broad absorption of Fe>* (maximum at ~1100 nm) extending to the red part of
the visible spectra is also clearly seen. In the red side the Surface Plasmon
Resonance Absorption peak corresponding to metal copper nanoparticles (A, ~
560 nm) is clearly seen. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

orbital to accept the excited 1s electron, the feature has an extremely
weak intensity.

Fig. 6 shows no pre-edge features characteristic of metallic copper
(Cuo), Cu™ in cuprite or Cu®t in tenorite. The feature located near
8982 eV is attributed to the 1s—4p electric dipole transition and is often
considered a signature of Cu™ [31]. Actually, this transition is intense
and sharp in cuprite (Cug0), in which the copper atoms are located in a
linear geometry (2-coordinated by oxygens) [32]. The edge shift be-
tween Cut and Cu®" is typically large (>5 eV) and derives from an
intense Cu' pre-edge feature (1s — 4p) that merges with, and is usually
referred to as, the absorption edge [33]. Features comprising the edge
are often more easily identified in the derivative spectra, shown also in
Fig. 6, in which inflections appear as peaks. The energy positions of the
feature discriminate between Cu™ and Cu?*. In general, Fig. 6 shows the
expected shift of absorption edge to higher energy with increasing
oxidation state and differences in the edge shape.

EXAFS data was fitted to determine the distances, coordination
number, and neighbour atoms. The signal corresponding to the Cu-Cu
bond length could not be fitted, probably because of the few particles
present, their small size and their large surface/volume ratio. The cop-
per atoms at the particles surface have other atoms than copper as near
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neighbours, this reduces even further their contribution to the EXAFS
spectra. The k® weight k-space and R-space experiment data (points) and
the corresponding fits (solid lines) of a calcium poor area from the blue
glaze (BP2) are shown in Fig. 7. Full results of the fitting of the spectra
are given in Table 3 together with the crystallographic information
corresponding to cuprite (ID: mp-361; DOL: 10.17188/1207131) and
tenorite (code COD: 9014580). The R factor gives the misfit and it is used
as an estimator for the goodness of the fitting.

The data indicates that copper is mainly present as Cu™ and Cu®*
appearing more oxidised in the calcium rich areas, Cut/(Cu*+Cu®")
~ 0.6-0.7, than in the calcium poor areas, Cu™/(Cu*+Cu?") ~ 0.8-0.9.
The ratio in the red and the blue glazes is essentially the same. We know
that in the red side we also have copper nanoparticles. However, the
copper nanoparticles are so few and their size so small that it has been
not possible to identify the corresponding back-scattering paths in the
EXAFS signal.

Copper is dissolved in a glaze as Cut and Cu?*, the relative ratio of
both depends on the composition of the glass and on the firing atmo-
sphere. The composition of both, the blue and the red side is equivalent
in the calcium rich and calcium poor areas and the firing atmosphere
was the same. Consequently, the reduction of copper to the metallic
state and precipitation of copper metal nanoparticles can only be related
to simultaneous oxidation of the other transition metal ions present, iron
and titanium. The reduction of copper from Cu" to Cu® is obtained by
the simultaneous oxidation of Fe?* to Fe3*. In fact, iron appears more
oxidised in the red glaze (24-47% Fe®" in the calcium rich areas and
8-11% Fe?* in the calcium poor areas) than in the blue side (57-70%
FeZ" in the calcium rich areas and 17-20% Fe?" in the calcium poor
areas).

The sky-like appearance shown by the blue Jun ware glazes is due to
the combination of transparent-blue and whitish-opaque submillimetre
areas: the presence of large droplets in the calcium rich areas increases
the light scattered, resulting in an opaque glaze, while in the calcium
poor areas containing small droplets the light is mainly absorbed in the
silica-matrix, resulting in a transparent glaze. Now we have demon-
strated that iron is more reduced in the calcium poor transparent areas
than in the calcium rich opaque areas (57-70% Fe?" instead of 17-20%
Fe®h). This indicates also that iron is more oxidised in the lime-rich
droplets than in the silica-rich matrix where it appears mainly as Fe?".
The concentration of titanium in the calcium rich droplets explains why
iron is more oxidised. Moreover, the reduced content of titanium in the
silica matrix explains why, even in Jun glazes with TiO5 above 0.2%, the
transparent areas of the glazes appear blue instead of green.

Consequently, the calcium rich areas where the iron is mainly oxi-
dised will appear white-cream opaque, and the calcium poor areas



M. Yuan et al.

Journal of the European Ceramic Society 42 (2022) 3015-3022

|-

so70 | s

8990

Normalized Intensity (a.u.)

1s—-4p

Red Ca-poor RP2
Red Ca-poor RP1
Red Ca-rich RR2
Red Ca-rich RR1
Blue Ca-poor BP2
Blue Ca-poor BP1

Blue Ca-rich BR2
Blue Ca-rich BR1

; +
First Derivative Normalized Intensity (a.u.)

T
8960

T
8980

T
9000

Energy (eV)

I
9020

9040

T
8980

Energy (eV)

9000
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Table 3

Curvefit parameters® for Cu K-edge EXAFS for JS24 glazes.

JS24 Path N° R/A 62 @/ A2 RY factor (%) Cu™/ (Cu*+Cu?")
Blue Ca-rich BR1 Cu-01 2.0 1.84(1) 0.003(2) 0.6% 0.7(1)
Cu-02 4.0 1.94(1) 0.003(2)
BR2 Cu-01 2.0 1.84(2) 0.003(3) 2.1% 0.7(2)
Cu-02 4.0 1.94(2) 0.003(3)
Ca-poor BP1 Cu-01 2.0 1.87(1) 0.002(1) 0.2% 0.89(6)
Cu-02 4.0 1.97(1) 0.002(1)
BP2 Cu-01 2.0 1.86(1) 0.002(1) 0.5% 0.87(9)
Cu-02 4.0 1.96(1) 0.002(1)
Red Ca-rich RR1 Cu-01 2.0 1.84(1) 0.003(1) 0.2% 0.65(8)
Cu-02 4.0 1.94(1) 0.003(1)
RR2 Cu-01 2.0 1.83(1) 0.004(1) 0.3% 0.6(1)
Cu-02 4.0 1.93(1) 0.004(1)
Ca-poor RP1 Cu-01 2.0 1.85(1) 0.003(1) 0.9% 0.8(1)
Cu-02 4.0 1.95(1) 0.003(1)
RP2 Cu-01 2.0 1.86(1) 0.003(1) 0.2% 0.84(7)
Cu-02 4.0 1.96(1) 0.003(1)

25,2 was obtained from the analysis of Cu foil and fixed to 0.81. Data ranges: 3.0 <k < 10.5 A}, 1.0 <R< 2.3 A. ® These coordination numbers were constrained as N
(Cu-01)= 2 and N(Cu-02)= 4 based on the crystal structure of Cu,0 and CuO. ¢ The Debye-Waller factors were constrained as 62(Cu-01)= 6%(Cu-02) to decrease
variable parameters. ¢ R factor is the goodness of fit parameter.
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where the iron is mainly reduced will appear transparent blue. Finally,
the combination of both effects is a blue glaze with white opaque areas, a
sky with clouds appearance.

The high absorbance associated to the Surface Plasmon Resonance at
A ~ 560 nm of copper metal nanoparticles is responsible for the red and
violet colour to the white/yellowish and blue areas of the glaze
respectively even if very few nanoparticles are present.

4. Conclusions

A glass nanostructure is developed in Jun ware glazes due to the high
Si04:Al,03 ratio (above 7:1), which, when fired at temperatures of about
1200 °C, undergoes a liquid-liquid phase separation. A double glass
nanostructure, lime-rich (enriched also in Fe, Mg, P and Ti) droplets in a
silica-rich matrix (enriched also in K and Na) is developed. A XAS study
has demonstrated that iron is more oxidised in the calcium rich areas
than in the calcium poor areas of the glaze, ~ 17-20% Fe?* and
~ 60-70% Fe* respectively, implying that iron is predominantly oxi-
dised in the lime-rich droplets and reduced in the silica-rich matrix.

Consequently, the sky-like appearance shown by the blue Jun ware
glazes is due to the combination of the light absorption in the
transparent-dark-blue Fe?* rich and titanium poor areas and light
scattering in the white-yellowish Fe>* rich areas.

Copper was also added to the glazes to imprint red/violet colours.
Copper appears mainly as Cu™ and Cu* in the glaze, the ratio between
both is known to depend on the composition of the glaze and atmo-
sphere. Iron is more oxidised in the red glaze where copper metal
nanoparticles are present than in the blue glaze where they are absent.
This effect is more pronounced in the calcium poor areas (containing
more Fe?t) than in the calcium rich areas (containing more Fe®). The
results obtained point out to the simultaneous reduction of copper from
Cu* to Cu® and oxidation of iron from Fe?" to Fe3.
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