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Micro-analysis on Chinese over-glaze red
decoration of Linshui Kiln from Jin dynasty
(1115-1234 AD)

Wentao Hao,*® Wugan Luo,*® Yue Chen®"* and Changsui Wang®"

Red and green over-glaze decoration on Chinese porcelains from the Song-Jin periods is critical to the development for
Chinese ceramics. To characterize the identity, crystal size, and band gap width of the red colorant, red and green porcelain
shards from the Linshui kiln produced in the Jin dynasty (1115-1234 ap) are investigated using Raman spectroscopy, X-ray dif-
fractometry, and diffuse reflectance measurements. The colorant is shown to comprise hematite crystallites with the average
diameter around 30 nm, and its crystal lattice is distorted as the result of the low firing of the decoration. The use of crystal
size estimations coupled with band gap width calculations are believed to be employed for the first time on the study of

Chinese archeological artifacts. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Chinese red and green porcelain (Honglvcai) first emerged during
Song-Jin Periods (960-1234 ap), and the decorations attached on
their glaze surface are generally in red, green, and/or yellow
color.™ Among all colors, the red one is particularly significant.
By literature, the raw material of red over-glaze decoration is
the mixture of lead-contained minerals and hematite, which is
obtained from melanterite (FeSO4x 7H,0) by heating, grinding,
washing, and drying. After smearing (drawing) on the surface of
white glaze, the so-called vitriolum red (Fanhong) as the red pig-
ment began to be formed during the low firing process in the kiln
at temperature around 800°C."%

It is widely believed that Honglvcai was first successfully
invented at Cizhou kiln"" Long before the emergence of
Honglvcai, craftsmen in this area began to fire painted potteries
during prehistoric period.®! In Sui-Tang periods (581-907 ap),
white porcelain started to be fired here together with black por-
celain, celadon, and low-fired Sancai* Then from Song to Jin dy-
nasty (960-1234 ap), other inventions arose such as black and/or
brown under-glaze decorations combined with red and green
over-glaze decorations. During Song-Jin periods (960-1234 ap),
porcelain production in Cizhou district gradually peaked, and
the well-known ‘Cizhou kiln system’ formed."") Among all indi-
vidual kilns in Cizhou kiln system, Linshui kiln is especially signif-
icant because of its early emergence dating to Sui-Tang periods
(581-907 ap) and its great influence on adjacent kilns, such as
Guantai kiln and Pengcheng kiln."’

Since the significant status of Cizhou kiln system, a thorough
study on its products is meaningful and necessary. However, sci-
entific researches in this field are quite few. Previous studies on
Chinese porcelains were typically focused on analyses of elemen-
tal compositions’®® and valence states!'®'" In this paper,
investigations on crystal sizes and band gap widths of red color-
ants were carried out on several Honglvcai shards of Jin dynasty

(1115-1234 ap) from Linshui kiln of Hebei province by Raman
spectroscopy analysis, X-ray diffraction (XRD), and ground state
diffuse reflectance measurements. This is probably the first appli-
cation of crystal size estimation and band gap width calculation
on the archeological porcelains.

Experimental
Samples/sampling

All samples were excavated from Linshui kiln site in Hebei
Province dating to Jin dynasty (Fig. S1). From May to June of
2002, Heritage Management Sector of Handan implemented a
rescue excavation in the third coal mine district of Linshui. In this
site, one ceramics kiln, ten kiln basins, and one Honglvcai work-
shop were found, together with large amount of kiln furniture
facilities and porcelain shards covered by green glaze, yellow glaze,
white engobed glaze, Honglvcai, black under-glaze decorations,
and so on. A total of five Honglvcai shards with red decorations
on the glaze were analyzed here, and their numbers are a-3,
a-4, a-5, b-9, and b-16 (Fig. S2).
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Experimental details

Raman spectroscopy is believed to be a powerful tool for micro-
structure analysis of ancient artifacts because of its in situ detec-
tion, nondestructive process for sample measurement, rapid
analysis, and unambiguous characterization and has been widely
employed in studies of ceramic products'*'* glass mate-
rials,"*1°! and pigments.['®1”]

In the present study, Raman spectroscopy analyses were carried
out on the surface of the red decoration shards directly after the al-
cohol rinsing. The Raman spectral signal was recorded by LabRam
micro-spectrometer infinity (Horiba Jobin-Yvon, Longjumeau,
France) at the 532 nm exciting radiation source whose power was
kept low enough to avoid any sample damage. The Raman
spectrometer resolution is about 1 cm ™', and three spectra were se-
lected for each sample. The wavenumber calibration of peak posi-
tion was at 100 times magnification with a piece of crystal silicon.
An Olympus BX41 confocal microscope was employed to focus
the laser beam on red decorations at 50 times magnification. The
segment baseline was subtracted by Lasspec software, and the
corrected Raman spectra were curve-fitted by Gaussian functions
with the oriciN software, and more details could be found in the
study of Robinet!*'® and Colomban.[*2%

The XRD pattern figure was obtained by Rigaku MiniFlex
Il Desktop X-ray diffractometer with Cu Ka radiation
(A=0.15406 nm) on the powders scratched from the red decora-
tion. As another aid, optical diffuse reflectance was measured
directly on the red decoration surface using a VS-450 spectro-
photometer with geometry of 45°/0° dual illumination, 45°
gloss, in the spectral range of 400-700 nm. Spot size was set
6 mm, and standard illumination was chosen D65 with the stan-
dard view angle of 10°.

Results and discussion
Raman characterizations

According to previous researches, red over-glaze decoration of
Honglvcai was ultrafine hematite particles suspending above
the lead-base glass,”>*" and its chemical composition had never
changed before Qing dynasty (1636 ap).?>?*! From the Raman
results of our samples (Fig. 1), it is indicated that red colorant in
our samples is unambiguously hematite because all vibration
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Figure 1. Raman spectra of samples of Linshui kiln.

wavenumber features are consistent with those recorded in pre-
vious literature.”” The optical normal modes of hematite could
be represented in DSy groups as I'= 2A1g+2A1+3A55 +2A5,+5
Eg+4E,. Among these modes, six originate from IR-active vibra-
tions (2A,+4E, modes), while another seven are from Raman-
active vibrations (2A;4+5E; modes) whose wavenumbers are
recorded as 225, 247, 293, 299, 412, 498, and 613cm™ 2% All
the seven typical modes are present in our samples as Fig. 1 shows.

Notably, the abnormal peak at the wavenumber of approxi-
mately 660 cm ™" with rather high intensity appears in the Raman
spectra for all samples. Previous scholars noticed this anomalous
peak although it was quite weak in their work, and explanations
for this peak could be summarized as follows:

1) The superimposition effect of magnetite (Fe;0,4) phase, where
the most intense peak is around 660 cm™"' 11012

2) The breakdown of hematite crystal lattice symmetry
caused by doped ions, thermal treatment, weathering, degra-
dation, and so on. Consequently, the Raman peak at 660 cm ™"
is excited by IR-active mode as the selection rules of Raman
scattering changed.

3) The existence of nano-crystalline hematite that causes pho-
non confinement effect,*>?”! leading to the peak shift and
broadening.

[25,26]

As to results in Fig. 1, the peak at 660 cm ™' for all samples dis-
plays much higher intensity than their peaks at about 610cm™",
which is different from previous studies in which the 660 cm ™"
peaks are fairly weak. Magnetite is in the spinel structure with
Fd3m space group, which has the Fe-O stretching mode corre-
sponding to the peak in the wavenumber range between 550
(Fe?) and 725(Fe**) cm™" .28 Although magnetite is quite likely
to exist, it makes few contributions to this extraordinary peak be-
cause other magnetite characteristic peaks?®>% are not found in
our spectra.?”! To acquire a further insight into the origin of this
special peak, it is necessary to investigate the relationship be-
tween the Raman signal intensity of the peak at 610cm™' and
the microstructure of hematite crystal. Consequently, full width
at half maximum (FWHM ) of 290 cm™" is selected to reflect the
long-range order condition of hematite crystal as it records the
broadening of peak width, and the intensity of peak at 660 cm ™"
is normalized by the peak intensity at 610cm ™' in the form of in-
tensity ratio (Fig. S3). It is found that the ratio of Raman intensity at
660-610cm ™ increases as the FWHM of 290 cm™" peak grows.
The emergence of high intensity peak at 660 cm ™" relates to the
breakdown of long-range order, which could originate from either
the distortion of crystal lattice or decreasing of crystallite size, or
the combination of these two effects.

X-ray diffraction patterns

In addition to the 660cm™"

610cm ™' peak towards low wavenumber at around 605cm
(Fig. 1), which is obviously lower than the range 612-613cm™
reported in previous literature.”* This shift is also unlikely to re-
sult from the existence of nano-scale crystal unless the crystalline
size is below 8 nm.”*"

In the XRD pattern, the major phase is quartz, and most charac-
teristic peaks of hematite also appear. This is reasonable because
powders scratched from the decoration inevitably contain
engobe, glaze, and/or even the body of porcelain. To estimate
the hematite crystallite size roughly, powders of each sample

peak, there is a clear shift for
—1

1

J. Raman Spectrosc. 2014, 45, 224-227

Copyright © 2014 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jrs




Journal of

RAMAN
SPECTROSCOPY

were scanned at lower speed about 0.5°/min in the range of
32-42° (Fig. 2). The broadening of the diffraction peaks at 33° is
used based on Debye-Scherrer formula given as follows:

KA
" wcosd

where D is the average diameter of crystallites, 4 is the wave-
length of radiation source (0.15406 nm in this work), 0 is the an-
gle of diffraction, w is the FWHM of the diffraction peak after
broadening effect calibration of the instrument, and K is the
constant whose value is often chosen as 0.9.52734 Calculation
process was carried out by the software Jape 5.0, and crystallite
sizes estimated are in the range of 26-40 nm (Table 1), which
is far from tiny enough to cause obvious peak shift. In fact, the
broadening of diffraction peak originates not only from the
reduction of scale but also from the existence of strain inside the
crystal lattice. On purpose of simplification, the latter effect is not
considered in our calculation. Consequently, the crystal sizes
estimated here should be smaller than their real values. Even in
this case, the size is still much larger than 8 nm, thus implying
that the main origin of 660cm ™' peak in Raman spectra is the
distortion of crystal structure instead of nanometer size effect.

Band gaps

Optical spectral reflectance (Fig. S4) is utilized to determine the
band gap widths of hematite in our samples, and the equation

used is given as follows:>>3¢!

[F(Rw)hv]* = C(hv — Eg)
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Figure 2. X-ray diffraction characterization of samples with the scan
speed of 0.5°/min.

Table 1. X-ray diffraction peak widths and average estimated sizes
of crystallites

Sample FWHM (degrees) 26 (degrees) D (nm)
a-3 0.32 33.11 29
a-4 0.23 33.15 40
a-5 0.35 33.11 26
b-9 0.28 33.17 33
b-16 033 33.27 28
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Figure 3. Plots of Kubelka-Munk transformed reflectance spectra of the
samples.

where C is a proportionality constant, hv is the photon energy,
and £, is the band gap width. R. is the reflectance for an optically
thick samples, measured at a specific wavelength, and F(R.) is
Kubelka-Munk function defined by the equation:

(1—Ro)?

FR-) =5

By previous literature, nano-sized hematite crystallites with the
diameter around 8 nm also display the band gap of 2.2eV,*”
while those with smaller sizes show higher band gap values in
the range of 2.2-6.2 eV.*® For our samples, all gaps estimated fall
into the range of 2.14-2.16 eV (Fig. 3), which is consistent with
those provided by previous researchers. In this work, existence
of the tiny hematite crystallite with a diameter below 8 nm could
not be absolutely excluded, but the major origin of 660cm™"
peak in our spectra is crystal structure distortion. Substitution of
metal impurities is inevitable because of the weathering effect
from the burial environment. For hematite doped by ferrous or ti-
tanium ions, the intrinsic band gap is generally masked to be
about 1.8eV.2”! In M-doped (M=Al, In, or Y) hematite, there is
broadening of the 225-290 cm™' doublets and upshift especially
for about 405 cm ' as the Raman signature. In our results, effects
of the metal impurity substitution are not so obvious as influ-
ences of manufacture.®® As Honglvcai wares were produced
after the two firing experiences: the first for the manufacture of
white porcelain at high temperature and the second for the for-
mation of over-glaze decoration at low temperature, it is thus as-
sumed that the distortion mainly happened during the second
firing process.

Conclusion

In the present study, red decorations on the glaze of Honglvcai
shards excavated from Linshui kiln in Jin dynasty (1115-1234 ap)
were analyzed by a series of scientific techniques. Further infor-
mation of the colorant in the level of crystal size and band gap
width was surveyed for the first time. Raman spectroscopy, X-ray
diffractometry, and diffuse reflectance measurement were carried
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out to acquire information on the identity, crystal size, and band
gap width of the colorant. It was indicated that colorant of the
red decorations is hematite crystallite whose average diameter
is around 30nm, and the crystal lattice structure was distorted
perhaps because of thermal treatment during the second firing
process at low temperature.
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