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Published: 5 September 2025 Han Blue, on the one hand using what we know about ancient production techniques
from the Han Dynasty, while on the other hand, through the use of modern
techniques, allowing us to obtain a high-purity material that can also find use in
modern optical applications. The synthesis was carried out using the solid-state
synthesis method, particularly focusing on the effect of temperature treatment on
the final physicochemical properties of the obtained samples. Results are showing
that the temperature affects the composition of the powders. It has also been shown
that under certain conditions of Han Blue synthesis, it is also possible to obtain
varying amounts of the side phase of the so-called Purple Han, another synthetic
pigment also used in ancient China, characterized by different optical properties.
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1. Introduction

Han Blue (HB) [1], also known as Chinese Blue, is an ancient material with a history that dates back to
ancient China [2]. Like its counterpart, Egyptian Blue (EB) [1], HB has intriguing features and has been employed
as a pigment in antiquity. The main constituent of HB is a two-layered barium and copper silicate, BaCuSi4Oo,
which shares a structural similarity with CaCuSisOjo found in EB, differing only in the presence of Ba*" instead
of Ca*" [3]. Despite these similarities, it’s noteworthy that HB was developed in China more than 2000 years later
than EB, suggesting an independent historical evolution [4,5]. Additionally, rare natural analogous of HB’s main
constituents have been discovered in Kalahari Manganese Field, South Africa, named “Effenbergerite” [6].
Initially, it was linked to the Han Dynasty due to its discovery in archaeological findings from that period (206
BCE-220 CE) [7]. However, more recent research revealed that Chinese Blue was in use long before the Han
Dynasty [8]. HB shares with EB intriguing photoluminescent properties, particularly in the Near Infrared Region
(NIR). What sets HB apart is its unique photoluminescent behaviour, notably associated with the electronic
transition *Byy — By, [9]. This transition leads to emission wavelengths ranging between 900 and 1000 nm.
What’s fascinating is the variety of excitation sources that can induce this luminescence, including visible light in
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the red and green regions, absorptions in the NIR-I region at around 780 nm [10], and UV light [11]. The
photoluminescence of Han Blue is radiative and mainly attributed to Cu?" ions located within its crystal lattice.
These ions, situated on a fourfold axis and in square planar coordination, are linked to four SiOj4 tetrahedra. This
unique arrangement of Cu?* ions in Han Blue is the key to its distinctive photoluminescent properties [12]. Han
Blue’s photoluminescence is usually used to identify and map the distribution of the pigment through multispectral
imaging methods, such as Visible Induced Luminescence imaging (VIL) [13,14]. VIL has become an
indispensable tool in Conservation Science, enabling researchers to explore the secrets of this ancient pigment in
archaeological sites and conservation institutions. In addition to the knowledge about its emission in the IR region,
the HB is also under investigation for more modern applications such as silica-based optical amplifiers, security ink,
laser technology [15] and it is widely used in biomedical analysis, archaeological imaging and optical sensors [16].

There is no single ancient Chinese manuscript that explicitly transmits the recipe for HB. However, HB has
been discovered on ceramic artifacts, murals, and funerary decorations. Objects recovered from high-ranking
tombs of the Han dynasty are the main sources of knowledge. The details of its composition and production method
have been reconstructed through chemical and archaeological studies. Modern experiments have replicated the
pigment to understand the original processes [1]. However, the solid reaction is usually not enought to obtain pure
products [17,18]. Pure HB and Han Purple (HP) can be obtained combining coprecipitation an hydrothermal
method followed by the thermal treatment [16]. However, in archaeological artifacts, HB is often found in
contamination with HP. This phenomenon is well-documented and occurs primarily because the two pigments
share similar chemical compositions and were often produced within the same technological context. Both
pigments are synthetic silicates, with HB being a barium copper silicate (BaCuSi4O10), while HP is a slightly
different barium copper silicate (BaCuSi>Os). The structural similarity implies that their synthesis could produce
traces of one pigment as a byproduct of the other. During high-temperature synthesis (around 850-1000 °C),
variations in the proportions of the starting materials (copper, barium, silica) could lead to the formation of both
blue and purple pigments. Ancient workshops did not have precise control over chemical conditions as we do
today, so natural contamination between the pigments occurred. In recovered ancient artifacts, such as murals and
ceramics, HB and HP are often found mixed, likely because they were used in close proximity or because the blue
pigment was altered during the fabrication or application process.

In addition, recently some authors highlighted the use of HB for novel modem applications such as detection
of latent fingermarks [19], optical sensing materials [20], and smart inks, energy storage, bioimaging, and
phototherapy [21,22]. On the other hand, in some cases the HB available in the market, is not a pure HB, but is
proposed to be used for some particular applications. Thus, the knowledge of the effect of synthesis parameters
and how to control the product features is important on the light of the above applications. So that, the goal of this
work was to synthesize HB in order to evaluate its composition depending of the temperature of calcination. To
do this, the traditional procedure of synthesis by solid state method has been used, while employing the modern
technologies [23]. By investigating the effect of the temperature of calcination, we aim to understand the structural
evolution of the pigment.

The investigation of structure and morphology of the obtained powders was performed by X-ray diffraction
and FT-IR Spectroscopy. The visible induced luminescence (VIL) was used to preliminary investigate the optical
properties, observing the emission in the NIR range after using a red LED lamp (centred at 640 nm) as light source.
The luminescence properties were determined by luminescence spectroscopy (emission (PL) and excitation (PLE)
spectra and decay time measurements). The color coordinates have been also calculated.

2. Material and Methods

2.1. List of Reagents

Copper(Il) carbonate hydroxide Cu,CO3(OH), (Sigma-Aldrich (St. Louis, MO, USA), reagent grade CAS
12069-69-1), Barium Carbonate BaCOs (ACS reagent, > 99.0% CAS 513-77-9), SiO; Silica gel (Sigma-Aldrich
high purity grade CAS 112926-00-8), Han Blue (Kremer-Pigmente GmbH & Co. KG, Germany, cod. 10071 040
p, COMM-HB), Han-Purple (Kremer-Pigmente GmbH & Co. KG, Germany, cod. 10075, 40-80 u, COMM-HP).

2.2. Synthesis of HB

The synthesis of the Han Blue (HB) samples was carried out by using the solid- state method. The
stoichiometric ratios used for the synthesis are those precisely required for BaCuSi4Ojo, using BaCOs,
Cu,CO3(OH),, and silica gel as precursors [24]. 0.363 g of BaCO3, 0.200 g of Cu,CO3(OH),, and 0.436 g of silica
gel were weighted, mixed and grounded in an agate mortar. The resulting powder was thus thermally treated at
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950 °C for different time in a GEFRAN 1001 ME320 muffle furnace. The five different pigments HB-1, HB-6,
HB-12, HB-24, HB-48 have been obtained calcinating for 1 h, 6, 12, 24 and 48 h, respectively.

2.3. Methods and Instrumentations

Multispectral Imaging. Photos of in the visible and infrared regions were acquired illuminating the samples
with a UV lamp or a 640 nm lamp, to obtain visible and infrared images, respectively, and using a 20.3 MPX
NX3300 Samsung camera equipped with a manual UV-IR lens and a visible filter and an 850 nm filter for IR
imaging with NEEWER filters.

XRD patterns were acquired by a Philips X’Pert PRO diffractometer (now part of Malvern PANAlytical,
Malvern, UK) equipped with a fast detector (X’Celerator) using Cu-ka radiation (. = 1.5405 A) and operating at
40 kV and 40 mA. Each measurement was performed at room temperature in the 5-80° 20 range with a step of
0.008° and a time for step of 5 s. The phase identification was performed by using the X’pert HighScore Plus®
Software v5.3. In order to obtain information about the phase composition, the cell parameters and the crystallite
size of the phases, the XRD patterns were analysed according to the Rietveld method. The agreement between the
experimental data and the fit was evaluated through the curve of residues and the parameters Ry, (<6%), and Ry
(<5%).

Reflectance spectra were acquired using an Ocean Optics USB 2000 + XR1 portable spectrometer consisting
of an XR grating operating in the spectral range between 350—1000 nm, with an optical resolution of 1.7-2.1 nm
(FWHM). The high-intensity UV-Vis-NIR source Ocean Optics DH-mini (Gernamy) consists of two deuterium
and tungsten-halogen lamps, and the reflection probe is of the R400-7—UV/VIS type. Spectra were acquired with
the following parameters: integration time: 5 s, scans to average: 4, boxcar width: 5. Data analysis was performed
using OceanView software 2.0.8. The tool is able to provide both reflectance curves and colorimetric coordinates.
The latter were acquired by setting a CIE D65 standard illuminant, a CIE 10 stardardimetric observer and the CIE
L*a*b* colour space as the reference system. The values of L*, a* and b* were derived from the reflectance spectra
by processing the experimental data using OceanView software 2.0.8.

Scanning electron microscope (SEM). SEM micrographs were acquired using an FEI Company, Hillsboro,
OR Quanta 200 scanning electron microscope (SEM) instrument coupled with an energy dispersion detector (EDS)
for elemental analysis. The samples were fixed on an aluminum substrate using double-sided conductive carbon
tape and were observed without metallization process.

Photoluminescence emission (PL) and excitation (PLE) spectra were measured using the FLS980
Fluorescence Spectrometer from Edinburgh Instruments (Livingston, UK). The 450 W Xenon lamp for both PL
and PLE were used as an excitation source. The R928P side window photomultiplier tube from Hamamatsu was
used as a detector. The excitation arm was supplied with a holographic grating of 1800 lines/mm, blazed at 300
nm, while the emission arm was supplied with ruled grating, 1800 lines/mm blazed at 500 nm in Czerny Turner
configuration. The scanning range was from 250 nm to 850 nm for PLE spectra and from 750 nm to 1200 nm for
PL spectra. All spectra were corrected for the sensitivity of the detection channel (PL) and the intensity of incident
radiation (PLE).

The lifetime measurements were carried out using the same instrument while a 150 W Xe pulsed lamp was
used as the excitation source. A mono-exponential decay curve as described in Equation (1) was fitted to the decay
curves.

I(t) = I0 + e(_(t_tO)/tl) + Ioffset (1)

3. Results and Discussion

All obtained powders are showing the characteristic emission in the IR region (Figure 1).
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Figure 1. Photos of HB powders in VIS range (up) and NIR emission after irradiation by a 640 nm red LED lamp

(down).

The powders were characterized by acquiring the X-ray diffraction (XRD).

From the phase analysis carried out on the XRD patterns (Figure 2, up), the presence of the BaCuSisOi
phase, known as Effenbergerite, the HB know phase, was confirmed in all the samples. However, in the HB-1 and
HB-6 powders, the BaCuSi,Os, known as Colinowensite, BaCu,Si»O7, known as Scottyite [25], and BaSiO; are
present. After 12, 24 and 48 h of treatment, only Colinowensite BaCuSi»Os [26] is present together with
effenbergerite. The Colinowensite is the mineral constituting the Han Purple (HP), which amount is increasing
with the treatment time (Table 1). These two phases are present also in two commercial HB and HP powders
(Figure 2, down).
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Figure 2. XRD patterns of HB-1, HB-6, HB-12, HB-24 and HB-48 powders with reference phases and of the

commercial powders.

Table 1. Phase composition HB-1, HB-6, HB-12, HB-24, HB-48 powders and of two commercial HB and HP
powders. BaCuSisO1o is Efferbengerite and BaCuSi20Os is Colinowensite. The blue and purple color of the phase is
an indication of the pigment color.

Samples Phases Yownw
BaCuSi4010 32
BaCuZSizO7 38
HB-1 BaCuSiO% 12
BaSiO; 18
BaCuSi4010 34
BaCuZSizO7 36
HB-6 BaCuSiO% 13
BaSiO; 17
BaCuSi4Om 50
HB-12 BaCuSiOq 50
BaCuSi4Om 52
HB-24 BaCuSiOq 48
BaCuSi:O1 36
HB-48 BaCuSiO% 64
BaCuSi4010 86
COMM-HB BaCuSirOs 14
BaCuSi4010 28
COMM-HP BaCuSihOs 7

Since the composition of HB-24 is the most closed to the HB commercial references, the morphology and
the optical properties were investigated only for this powder. The morphology, observed through SEM, of the
powders is reported in Figure 3a. As we can see, the particle shape is irregular and the average particle size is
around 13 pm (Figure 3b).

https://doi.org/10.xxXxx/XXx 5 0of 9



Briuccia et al. J. Photonic Mater. 2025, 1(1), 100001

Particle size (um)

Figure 3. SEM micrograph of HB-24 (a) and distribution of particle size (b).

The reflectance spectrum of the HB-24 is shown in Figure 4a. As you can see, the UV-vis reflectance spectra
profile is very similar to the one of the commercial Han blue. The CIEL4, graph, reported in Figure 4b, shows that
the color coordinates of the powder are located in the blue region of the chart. However, there are a few small
differences with the commercial samples, reflecting the color coordinates (Figure 3b), probably due to the bigger
particle size, 40 pm in average.

The excitation spectra (Figure 5a) of the HB-12, HB-24 and H-48 powders show the presence of four bands:
the charge transfer band (CTB) at approximately 250 nm, the band related to the 2By, — 2A |, transition at around
550 nm, the main band associated with the 2B, — 2E, transition at about 628 nm, and the band related to the ?B,
— 2By, transition at approximately 780 nm [9]. The presence of these bands in the Han Blue excitation spectrum
can be attributed to the fact that the crystal structure of effenbergerite belongs to the gillespite group (BaFeSisO10)
with a tetragonal crystal system and space group P4/ncc, which is the same as that of cuprorivaite [27,28].
Therefore, the Cu?* ion has the same coordination environment, with a square planar structure, from which the
aforementioned bands originate [9]. The emission spectrum (Figure 5b) shows a band centred at ~950 nm, which
is also related to the 2B, — 2B, transition. As we can see, despite a small shift in the excitation band centred at
628 nm of HB-24, no large differences can be observed in all spectra. On the other hand, the luminescence decay
profiles and the lifetimes of the of HB-12, HB-24 and H-48 samples, reported in Figure 6, are in line with the
literature-reported range of 100150 ps [21].
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Figure 4. Reflectance spectra (a) and color coordinates (b) of HB-24 and of commercial samples.
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Figure 5. Excitation spectra at Aemi 950 nm (a) and emission spectra at Aexc 628 nm (b) of HB-12, HB-24 and H-

48 powders.
Tgee=151.3 0.4 us —— HB-12
Tgee=141.2 + 0.4 us |—— HB-24
1000 - Tgee=147.8 + 0.8 ps |—— HB-48

Log Counts

100

0 250 500 750 1000 1250 1500 1750
Time (ps)

Figure 6. Decay time profile of HB-12, HB-24 and H-48 powders.

4. Conclusions

The goal of this study was to understand how the synthesis of Han Blue was influenced by the calcination
time. The HB pigment was synthesized by a solid state method followed by a calcination at 950 °C. The results
showed that the powder composition is affected by the temperature and that the composition of powder treated at
24 h is the closest to the commercial Han Blue. In this condition, the particle shape is irregular with the average
size of 13 pm Both the color coordinates that the optical properties are the one related to the HB. However, it is
necessary to underline that the Han Blue pigment is constituted also by the Purple Han, a synthetic pigment used
in ancient China alongside the closely related Han Blue and the optical properties are affected by the powder
composition.

The findings contribute to the broader field of heritage science by facilitating the creation of authentic replicas
for conservation purposes and offering insights into ancient manufacturing technologies. This research bridges
historical craftsmanship with contemporary material science, highlighting the enduring significance of Han Blue
in art and technology.
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