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H I G H L I G H T S  

• We report solid-state synthesis of cuprorivaite starting from silica nanoparticles. 
• The synthetized material displays an exceptionally high quantum yield (ΦEM ≈ 30 %). 
• The synthesized tiny crystals are almost devoid of any copper-rich glassy phase. 
• We demonstrate how limiting the glassy phase increases the external quantum efficiency. 
• The results can greatly boost the use of cuprorivaite in energy saving and biomedicine.  
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A B S T R A C T   

The exceptionally high NIR photoluminescence of the ancient pigment Egyptian blue is due to its very stable 
phase cuprorivaite (CaCuSi4O10). This compound has recently attracted significant attention, leading to 
numerous applications for sensors, luminescent solar concentrators, energy-saving, and biomedicine. Here we 
report an innovative manufacturing process for producing high-grade cuprorivaite, characterized by fine crystal 
grains and a significantly increased NIR photoluminescence emission. The unprecedented ultra-high NIR emis-
sion (quantum yield ΦEM ≈ 30 %) is almost three times higher than the best one reported so far. This is an 
important turning point for the extension of applications of cuprorivaite to new sectors and can greatly boost its 
exploitation. The new high-efficiency cuprorivaite is obtained by solid-state synthesis, using silica nanoparticles 
as a starting material and avoiding fluxing agents. No doping with rare-earths or other elements has been 
employed, making synthesis straightforward and sustainable. The material obtained has been fully characterized 
in terms of crystalline, morphological, and optical properties and compared to cuprorivaite obtained through 
traditional melt-flux synthesis. The main difference observed is that the tiny crystals obtained through the new 
synthesis method are practically devoid of the glassy phase, rich in copper and impurities, that is instead largely 
present in Egyptian Blue pigment synthesized with traditional melt-flux synthesis. We speculate that this glassy 
phase is responsible for the partial suppression of the intrinsic photoluminescence of cuprorivaite, demonstrating 
how limiting the glassy phase can increase the external quantum efficiency of Egyptian blue.   
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1. Introduction 

One of the main goals of modern materials science is to prevent 
looming supply crises and health or environmental risks. This aim can be 
achieved by replacing strategic products from rare or dangerous sources 
with high-performance, naturally abundant, safe and suitable materials. 

Help can come from newly discovered properties of traditional and 
commonplace materials. A well-known case is the exploitation of 
graphite and the synthesis of graphene that has been harnessed to 
address extraordinary applications. Many other promising substances 
with unique photonic properties have been studied with this purpose 
and are under evaluation, among them is the ancient pigment Egyptian 
Blue (EB). 

EB is a bright blue inorganic pigment mainly constituted by sub-
millimeter crystals of CaCuSi4O10. It is extremely stable [1] under a very 
wide range of temperature, pH, oxygen content and light irradiation and 
since it is made up of abundant, safe and inexpensive elements, it has a 
great potential as substitute of less sustainable or problematic modern 
blue pigments [2]. However, in addition to its color, EB has recently 
attracted high and growing interest for its functional characteristics [3] 
i.e. antibacterial, angiogenic, and osteogenic activity [4,5], and most 
notably, high NIR reflectance [6] and outstanding NIR photo-
luminescence (PL) [7]. 

Already produced more than 5000 years ago [8], EB is considered the 
first synthetic blue pigment [1,9]. It was the most popular blue in the 
classical era [6] but the secret of its synthesis was lost during the Middle 
Ages [2]. A method to produce EB was fully recovered only in the late 
19th century, following efforts of Chaptal [10] and Davy [11]. During 
the 1900s, EB was primarily studied within archeology and by scientists 
evaluating its mineralogical and crystallographic properties [7,8,12]. 
The use of EB as a modern blue pigment was also attempted [13], but 
found only limited success, mainly due to the difficulty of obtaining a 
fine bright blue thin powder after the production via melt-flux that de 
facto was the only available route of synthesis [14,15]. 

At the end of the millennium, an intriguing technological break-
through was triggered by the discovery of the exceptional NIR PL of EB 
and related materials, which can be induced by NIR, and visible light 
[8], as well as UV [16]. Starting from archaeometry studies [9], this 
feature has been exploited in an increasingly wide range of applications 
spanning the fields of sensors [17], energy saving (i.e. “cool” pigments) 
[2,18–20], phosphors [21], forensic science [22], and luminescent solar 
concentrators [23]. In 2013, the development of a method to exfoliate 
EB and produce 2D photoluminescent nano-sheets [24] further 
increased the interest in the pigment, expanding the family of 2D ma-
terials [25–27]. This newly discovered feature opened the way to ap-
plications in next-generation fields such as security inks [28,29] and 
especially biological imaging and biomedicine [5,30–33]. 

EB owes its blue color to Cu2+ ions in square-planar coordination 
[34]. This chromogenic unit is contained within the main constituent of 
EB, namely crystalline CaCuSi4O10, a compound also commonly referred 
to as cuprorivaite i.e. the rare natural mineral with same composition 
and structure [35]. Cuprorivaite is a phyllosilicate within the family of 
gillespite (BaFeSi4O10), tetragonal space group P4/ncc [36]. It is iso-
structural with the closely related mineral effenbergerite (BaCuSi4O10 – 
the main constituent of the ancient pigment Chinese blue) and wesselsite 
(SrCuSi4O10) [36,37], both showing color and photoluminescence 
properties similar to EB [8,18]. It is noted that apart from cuprorivaite, 
EB commonly contains unreacted silica, other calcium and copper 
compounds and overall, an amorphous glassy phase rich in copper and 
impurities [38]. Indeed, the presence of a relatively extended glassy 
matrix is peculiar in EB produced using melt-flux production techniques. 
These methods are the most popular manufacturing techniques for 
producing EB, and similar methods were also used in antiquity. 
Melt-flux methods (also reported as salt-flux syntheses) imply the use of 
a flux (e.g. soda or plant ash) that lowers the melting point of silica, 
allowing the production of cuprorivaite in the 800–900 ◦C temperature 

range [15,24]. 
Cuprorivaite can also be produced through a direct solid-state syn-

thesis without the use of any flux, by raising the temperature to about 
1000 ◦C [24,39,40]. In this case the main processes involved can be 
considered surface diffusion of Ca and Cu ions on the surface of silica 
particles [38,41]. Overall, this second method almost completely avoids 
the formation of a glassy matrix [38,41], but it is not very efficient, as 
the production of cuprorivaite is limited to the surface of the starting 
silica grains [42,43]. Recently, cuprorivaite has been produced through 
other methods such as hydrothermal synthesis [44], solution combus-
tion synthesis [45], sol-gel synthesis [2,4,46], and pseudomorphosis 
[47]. However, the impact of the route of synthesis on the PL quantum 
yield has not yet been properly discussed. 

In general, cuprorivaite shows an intense PL between 910 and 918 
nm, with a lifetime ranging from 100 μs to 140 μs7,21,49,55. This emission 
is associated with the electronic transition 2B2g→2B1g, centered on Cu2+

complex ions in a D4h symmetry, and is stimulated by a broadband ab-
sorption at 630 nm (2B1g→2Eg), with other important bands at about 
780 nm[48] (2B1g→2B2g) and 536 nm (2B1g→2A1g) [21]. Recently, it has 
been demonstrated that EB absorbs also in the UV [16]. 

In 2009, Accorsi et al. [7] determined the exceptional PL quantum 
yield of a commercially available EB (i.e. Kremer Pigmente) as ΦEM =

10.5 %, while, very recently, Rajaramanan et al. have reported the 
production of EB powders via melt-flux synthesis with a slightly higher 
quantum yield (ΦEM = 12.9 %) [49]. The research by Accorsi [7] paved 
the way to the modern exploitation of EB. In the following years, at-
tempts to produce cuprorivaite with improved NIR optical properties 
and PL emission have been carried out, especially for applications as a 
cool pigment. Variously substituted cuprorivaite and doping with 
rare-earth elements were tested to reduce the NIR self-absorption and 
improve the NIR solar reflectance [2,20,46,50]. In 2018, Bredhal et al. 
[18] concluded that an accurate wash with HCl can remove CuO im-
purities from commercial EB, improving the PL efficiency. The effect of 
the glassy matrix and of the route of synthesis were suggested by Nicola 
et al., in 2019 [42,51], showing an increase in PL of EB obtained by 
conventional solid-state synthesis in comparison to that obtained by 
melt-flux synthesis, leading to the hypothesis that the Cu-containing 
glass-matrix could be responsible for the partial suppression of the PL, 
but no definitive conclusions were drawn, nor was a route of synthesis to 
minimize this effect defined. Recently, the emission enhancement of EB 
mixed with gold nanoparticles was investigated, demonstrating a 4-fold 
increase in emission intensity of EB intrinsic photoluminescence [52]. 

As previously quoted, the production of cuprorivaite implies a heat 
treatment at a temperature ranging from 350 ◦C (hydrothermal syn-
thesis [44]) to 850–1100 ◦C [1,4,24,47]. The amount of amorphous 
phase strongly depends on this temperature value as well as on the 
cooling rate, which is often poorly described. The result achieved varies 
and even standardized procedures proposed are not able to achieve a 
homogeneous result since the dimension of silica grains, and other key 
parameters, are seldom or very poorly specified. Indeed, synthesis 
methods generally overlook arbitrary parameters (e.g. how long and 
how intensively reagents are ground) and produce variation in particle 
sizes (e.g. grain size of 5–20 μm after manual grinding) [24]. The 
grinding procedure of the product obtained is another key passage that 
is often overlooked. Indeed, as is observed with phosphors, grinding can 
heavily affect the luminescence output of EB [1,53] and thus the effect of 
manual grinding (i.e. the common procedure adopted by all authors) on 
the properties of the produced EB material should be carefully 
considered. 

In this work, we present the production of EB with an unprecedented 
quantum yield of almost 300 % higher (ΦEM about 30.0 %) than the best 
one reported so far [49], using an improved solid-state synthesis starting 
from silica nanoparticles. In the following, we provide details on the 
employed synthesis method as well the characterization of the newly 
synthesized EB powders in terms of morphological, crystalline, and 
optical properties, comparing it to cuprorivaite particles and 
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commercially available EB pigments, all produced through traditional 
melt-flux synthesis. 

We remark here that a true cuprorivaite standard does not exist. 
Indeed, few manufacturers produce and sell EB (e.g. Kremer Pigmente 
and Natural Pigments) [15] and the vast majority of papers dealing with 
cuprorivaite have employed these pigments as the cuprorivaite refer-
ence [7–9,17,18,23,31,47,49,54–58]. Instead, pure crystalline artificial 
cuprorivaite is not commercially available. Even the self-production of 
pure cuprorivaite is not a feasible way for its supply, since all synthesis 
routes invariably yield impure crystalline cuprorivaite [24] with the 
presence of extraneous and undesired compounds, such as silica [44] (i. 
e. unreacted silica or silica polymorphs) and often also CuO or CaSiO3

1. It 
is noted that XRPD analysis commonly used to assess the purity of 
self-made cuprorivaite [21,39] is not a fully reliable method since, in 
general, it is not able to quantify the amount of the amorphous glassy 
phase present, unless Rietveld refinement is used. Hence, while in this 
paper we used different types of cuprorivaite as references, we point out 
that the search for purer and more homogeneous standards for cupror-
ivaite remains an important challenge that should be addressed in the 
close future. 

2. Methods 

2.1. Materials for synthesis 

The chemical reagents used, CuCO3⋅Cu(OH)2 (reagent grade), CaCO3 
(purity ≥99.0 %), and Na2CO3 (purity ≥99.0 %), were purchased by 
Sigma-Aldrich. The regular silica source is pumice powder, 60–65 μm 
supplied by Chimica Strola, Torino. The silica nanoparticles used are 
from amorphous colloidal silicon dioxide (i.e. pyrogenic silica or fumed 
silica), manufactured by Evonik and commercialized as AEROSIL200 
(according to the producer SiO2 purity ≥99.8 %, average particle size 12 
nm). Prior to the synthesis, silica sources were tested with SEM-EDS to 
check for detectable impurities (e.g., K and Al) that can play a role in the 
production process. They resulted with concentrations of those speci-
mens below the detection limit. 

2.2. Reference commercial samples 

Two commercial samples of EB have been purchased from Kremer 
Pigmente, and here are referred to as K120 and K10. According to the 
manufacturer, K120 (Kremer Pigmente item #10060) has pigment 
grains less than 120 μm in diameter, while K10 (Kremer Pigmente item 
#100601, no longer commercially available) has smaller pigment grains 
(diameter up to 10 μm) obtained through mechanical grinding of the 
powder after synthesis. Although Kremer Pigmente does not provide any 
information on the synthesis method used for its EB pigments, it is highly 
likely to have been synthesized by a traditional melt-flux method. 

2.3. Structural characterization methods 

A Hitachi FLEXSEM 1000 was used for electron microscopy obser-
vation. A tungsten filament was used as the electron source at 15 kV. 
SEM-EDS data were instead collected on resin-embedded samples using 
a TESCAN RISE scanning electron microscope. All samples were imaged 
in a low vacuum (30 Pa) with an acceleration voltage of 20 keV (air type: 
N2). Acquisition time for EDS data was 12 h. EDS data were quantified 
using Bruker Esprit 2.1 Software with 2 × 2 data binning and Line-
marker PB-ZAF correction. SEM-EDS data were further processed using 
custom MATLAB (R2019a) scripts. 

XRPD data were collected with a Bruker D8 Advance diffractometer, 
equipped with a copper X-ray source and a LynxEye XE-T detector. The 
measurement conditions of the source were set at 40 mA and 40 kV. The 
radius of the goniometer was set in the standard measurement condi-
tions at 280 mm. For the determination of the amorphous content the 
internal standard material chosen was a commercial rutile produced by 

DuPont known as R900 [59]. Rietveld refinements were performed 
using Topas Academic V.7[60,61]. 

2.4. Optical characterization methods 

PL emission spectra and quantum yields were acquired with a 
HORIBA Scientific Fluorolog spectrofluorometer, equipped with a 450 
W Xenon lamp, and two detectors: a Hamamatsu R928 photomultiplier 
for the measurements in the visible range (sensitivity spectral range 
290–850 nm) and a liquid nitrogen cooled InGaAs photodiode for 
measurements in the NIR region (sensitivity spectral range 850–1600 
nm). The liquid nitrogen cooled InGaAs photodiode was used to acquire 
the emission of Egyptian blue in the NIR region, while the R928 was 
employed to evaluate the absorption of the exciting light at 630 nm. The 
signals, corrected for the spectral efficiency of the corresponding de-
tector, were used to evaluate the absolute QY. For this latter measure-
ment the spectrofluorometer was equipped with a Quanta-φ integrating 
sphere. 

The PL decay kinetic from samples, placed as powder dispersions 
over a thin silica slide, was excited by nanosecond Q-switched laser 
pulses at 532 nm (FTSS 355-50 Crylas GmbH), and detected by a time- 
gated intensified camera (C9546-03, Hamamatsu Photonics) [62] 
equipped with a longpass filter with its transmission edge at 800 nm. 
The detector gating window was set to 50 μs and the decay kinetic was 
recorded through the collection of a series of time-gated images delayed 
from 1 to 750 μs from laser pulses. The temporal decay of the total in-
tensity of the emission in the spectral band 800–890 nm was fitted with a 
mono-exponential decay to retrieve the average emission lifetime of 
each sample. Repeatability measurements on different points of the 
same sample have inferred a lifetime precision of 0.9 μs. 

The PL self-absorption of samples was studied through time-domain 
diffuse optical spectroscopy. The system, fully described elsewhere [63], 
consists of a pulsed picosecond light source (fiber based super-
continuum, SuperK Extreme, NKT photonics), a Time-Correlated Single 
Photon Counting (TCSPC) detection system, and a fiber based optical 
path to deliver and collect the light from the sample. The powder sam-
ple, mixed with NaCl (Sigma Aldrich, ≥99.5 %) in a ratio of 1:100 
(sample:salt), is placed in a black cylindrical holder (Ø 2.5 cm and 
height of about 1.3 cm). The light is injected into the sample and the 
diffuse light exiting from the opposite side of the cylinder is collected by 
an optical fiber. The wavelength of the injection light is scanned over the 
spectral range of 600–1100 nm in steps of 10 nm and time-resolved 
measurements are performed at each injected wavelength. Data anal-
ysis consists in fitting, for each injection wavelength, the distributed 
time-of-flight (DTOF) curve of the light transmitted by the sample with 
the analytical solution of the diffusion approximation of the radiative 
transport equation and applying the Extrapolated Boundary conditions 
to recover the optical absorption coefficient at each wavelength. 

3. Results 

3.1. Preparation of cuprorivaite powders 

The CaCuSi4O10 powders were produced in a ceramic kiln WLF 2000 
Light & Power regulated by a Pixsys ATR243 controller. As proposed by 
Warner [31] and Mazzocchin et al. [58], the syntheses were carried out 
in self-made terracotta crucibles. The clay used to produce the terracotta 
crucibles was purchased from Colorobbia and was of the quality “Argilla 
Raku Bianca Fine”. Prior to the syntheses, the crucibles were heated at 
1000 ◦C for 12 h and naturally cooled down to 20 ◦C. Subsequently they 
were washed in deionized water and naturally dried. 

Two different methods of synthesis were used (Fig. 1):  

(i) The first one, overall referred to as “traditional synthesis” or 
“melt-flux method”, implies a mainly melt-flux dynamic and was 
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employed to produce the sample in the following referred to as 
ME.  

(ii) The second one is referred to as “innovative synthesis” or “solid- 
state nano synthesis” and implies an almost complete solid-state 
reaction [21] occurring on silica nanoparticles. This second 
method was used to produce the NSE sample. 

The ME sample was produced by mixing the reagents in stoichio-
metric ratios and adding approximately 8 % w/w Na2CO3 as a fluxing 
agent and approximately 5 % w/w of extra silica to counteract the excess 
of Na. The respective reactants were finely ground and mixed in a 
ceramic mortar then placed in a terracotta crucible and heated. The 
mixture was initially heated at a rate of 2 ◦C/min until 900 ◦C and then 
held at that temperature for 12 h. At the end, the temperature was 
cooled down to 20 ◦C with a cooling rate of 2 ◦C/min. Once at room 
temperature, the solidified blue-blackish mass was removed from the 
crucible and was crushed. Later, as suggested in the literature [8,21], the 
sample was washed to remove some poorly reacted material (e.g. CuO), 
by soaking it in 50 mL of 1 M HCl for 48 h. Afterward, the powder was 
washed with 50 mL of distilled water and was filtered and dried. Two 
analogous cycles of reheating and crushing were then performed to 
improve the quality of the final product which presented a bright deep 
blue tone. 

The NSE sample was produced using the AEROSIL200 silica nano-
particles instead of regular silica and avoiding the use of fluxing agents. 
The other reactants were finely ground in a ceramic mortar and then 
added to the silica in stoichiometric ratios. 10 mL of distilled water was 
added for each gram of nanosilica used to obtain a soft gel. The gel was 
further mixed and then placed in the crucible. The gel was initially 
heated at a rate of 2 ◦C/min until 1000 ◦C and then held at that tem-
perature for 12 h. At the end, the temperature was cooled down to 20 ◦C 
at a cooling rate of 2 ◦C/min. Once at room temperature, the bright light 
blue powdery mass was removed from the crucible and easily finely 
pulverized with a soft touch in the mortar. Afterward, without any 
washing, it was subjected to two similar cycles of reheating and crush-
ing, to improve the quality of the final product. 

To assess the importance of using silica nanoparticles as the starting 
materials, a further sample, quoted as SE sample, was produced: this 
sample was obtained through solid-state synthesis (same conditions as 
NSE) but using regular silica (grains size of 60–65 μm), instead of silica 
nanoparticles as the starting material. 

Finally, two commercial samples of EB purchased from Kremer 
Pigmente, referred to as K120 and K10 (details in the Methods section), 
were analyzed as references. 

The full list of analyzed samples, which include both reference 
commercial pigments and synthesized pigments, is provided in Table 1, 
while in Supporting Information, Fig. S1, the color picture of each 

sample is provided. 

3.2. Morphological and crystalline properties 

Backscattered SEM images on cross sections of ME, NSE and SE 
powders (Fig. 2a) reveal net morphological differences in samples. In 
ME it is evident that the sample is made of large pigment particles 
mainly composed of a glassy matrix that embeds large crystals of 
cuprorivaite. Unreacted grains of silica are visible in the middle of some 
crystals and the remnants of condensation nuclei are also visible. In 
contrast, in SE sample, synthesized through solid-state synthesis, the 
cuprorivaite crystals are present as a tiny layer on the surface of 
micrometer silica grains that remain largely unreacted. In NSE the small 
size of the silica nanoparticles allows for an almost complete reaction 
leaving very little unreacted silica. 

Fig. 1. Schematic view of the synthesis method employed to produce ME and NSE samples.  

Table 1 
List of the analyzed samples reporting information on the synthesis method 
employed for each sample and its visual appearance. The latter is provided 
through the calibrated color image of each sample observed under an optical 
microscope. Details of the employed microscope set-up and full images of 
samples are provided in Supporting Information Figure S1.  

Sample Provenience Synthesis Calibrated 
color picture 

ME In-house synthesized 
cuprorivaite powder 

Traditional melt-flux 
method 

NSE In-house synthesized 
cuprorivaite powder 

Solid-state synthesis from 
nanosilica 

SE In-house synthesized 
cuprorivaite powder 

Solid-state synthesis 

K120 Reference commercial 
sample 

Traditional melt-flux 
methoda 

K10 Reference commercial 
sample 

Traditional melt-flux 
methoda + mechanical 
grinding 

a The pigment producer (Kremer Pigmente) does not provide any information 
on the synthesis method, but, considering the available industrial manufacturing 
methods, it is highly likely that sample K120 and K10 have been synthesized by a 
traditional melt-flux method. 
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It is worth noting that in NSE the characteristic lamellar structure of 
cuprorivaite is clearly visible (Fig. 2b) and that the dimensions of the 
particles are much smaller than those observed in ME and SE, even if 
almost no mechanical grinding has been applied. In fact, NSE particles 
range in size from a few microns to nanometers, while ME and SE par-
ticles are often larger than 50 μm and sometimes exceed 100 μm. Since 
the NSE sample is strictly superior in comparison with SE in terms of 
cuprorivaite content, the SE sample is no longer considered in the 
following of the paper. The SEM analyses on K120 and K10 show the 
presence of matrices rich in fluxes containing sodium. This confirms that 
they were obtained through a melt-flux method. Cuprorivaite crystals 
have a regular morphology in K120, while they appear crushed in K10, 
suggesting that the latter sample was ground to reduce the size of the 
pigment grains. 

X-ray diffraction data, analyzed through the Rietveld Refinement, 
demonstrate that the NSE sample has the highest content of crystalline 
cuprorivaite (around 76 %) and the lowest content of amorphous com-
pounds (22 %), while the other samples, synthetized through the melt- 

flux method, have an amorphous content always higher than 36 % 
(Table 2). 

By combining XRPD and SEM-EDS analysis (Fig. 3) we finally infer 
that cuprorivaite is present in all samples. However, cuprorivaite is 
surrounded by different amounts of an amorphous matrix depending on 
the sample, the remaining crystalline phases being mainly constituted 
by very low percentage of silica polymorphs (i.e. quartz, tridymite and 
cristobalite). 

3.3. Optical properties 

All the analyzed samples exhibit the same PL spectrum, with a 
maximum emission around 915 nm (Fig. S2 in Supporting Information) 
and a microsecond lifetime similar for all the samples (average between 
samples < τ ≥ 135 ± 2 μs), apart for sample K10, which shows a shorter 
lifetime, τ = 123 μs (decay kinetics data are provided in Fig. S3 in 
Supporting Information). Instead, the samples display a strong vari-
ability in terms of quantum yield, equal to 29.9 % for NSE and below 11 

Fig. 2. (a) Backscattered SEM (SEM-BSE) images on cross sections of ME, NSE and SE powders. (b) Lamellar structure of cuprorivaite clearly visible on sample NSE 
through SEM-BSE image at higher magnification. 

Table 2 
Morphological and crystalline properties of ME, NSE, K10 and K120 samples retrieved through SEM, SEM-EDS and XRPD analyses.  

Sample Pigment particle size 
[μm] (SEM) 

Crystal size and morphology 
(SEM-BSE) 

Cuprorivaite weight % 
(XRPD) 

Amorphous weight % 
(XRPD) 

Silica polymorphs weight 
% (XRPD) 

Glass-matrix distribution 
(SEM-EDX) 

ME 100 Large tabular crystals 55.7 44.3 0.0 widespread 
NSE 2–3 Small tabular crystals 76.5 22.1 1.4 trace 
K10 7–10 Crushed tabular crystals 61.9 35.7 2.4 limited 
K120 80–100 Large tabular crystals 45.1 49.3 5.6 quite widespread  
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% for all the others (see Fig. 4). The samples exhibit a strong variability 
also in terms of absorbance in the NIR spectral region. In detail, in the 
spectral region around the emission peak (895–925 nm) the NSE sample 
has the lowest absorption coefficient (0.03 cm− 1), while samples pre-
pared through the melt-flux method (ME, K120 and K10) have an 
absorbance value higher than 0.20 cm− 1 (Fig. 4). 

4. Discussion 

Morphological and crystalline data demonstrate that EB synthesized 
starting from nanoparticles through innovative solid-state synthesis 
(NSE sample) is made of tiny cuprorivaite crystals (2–3 μm in diameter 
size) almost devoid of the glassy phase rich in copper and impurities, 
which is instead largely present in all EB samples synthesized with 
traditional melt-flux synthesis. 

Optical data show that the PL of EB is greatly influenced by the route 
of synthesis and, in particular, by the presence and size of the glassy 
matrix surrounding cuprorivaite crystals. We speculate that the presence 

of a Cu-containing glass-matrix, formed as a result of melt-flux synthesis, 
is one of the main factors involved in a partial PL suppression. Indeed, by 
considering the higher NIR absorption coefficient measured for samples 
produced with a melt-flux method (ME, K120 and K10), it is possible to 
infer that the glassy matrix partially suppresses the cuprorivaite optical 
emission. This assessment can be explained by the chemical environ-
ment around Cu2+ when present in the glass-matrix that is different from 
that of Cu2+ in cuprorivaite. In crystalline cuprorivaite Cu2+ is in square- 
planar coordination and has specific absorptions at around 540, 625 and 
780 nm, while in the glass-matrix Cu2+ can be present in a distorted 
octahedral site with a large optical absorption at longer wavelengths 
centered at 835 nm[64]. Therefore, this large absorption band, that 
partially overlaps with the optical emission of EB at around 915 nm, can 
decrease the actual emitted light because of auto-absorption or 
non-radiative energy transfer phenomena. This feature implies that a 
substantial decrease in EB luminescence can be produced because of 
increased vitrification (e.g. due to higher contents of fluxes or higher 
temperatures reached during synthesis). 

Fig. 3. SEM-BSE (left) and SEM-EDS (right) images of ME (top row) and NSE (bottom row) samples.  
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EB produced via solid-state synthesis shows a by far lower amount of 
amorphous structure and is thus preferable as a luminescent material. 
Nevertheless, as shown in Fig. 2, using commonly available micrometer 
grains of silica as a source of silicon for solid-state synthesis is a poor 
strategy. In fact, as observed for the SE sample, the formation of 
cuprorivaite is limited to the surface of the grains of silica, while the 
large part of the grain core stays unreacted. Instead, a better method to 
obtain EB with high quantum efficiency luminescence is starting from 
micrometer and submicrometer silica grains size or Synthetic Amor-
phous Silica (SAS) nanoparticles such as AEROSIL 200 (see also Patent 
application filed in Italy, number 102023000009153). The NSE sample 
obtained in this way displays superior emission features in comparison 
with EB obtained through other high-temperature synthesis routes and 
with commercial EBs that have been published as a high quantum-yield 
reference [7]. This enormous increase in quantum yield combined with 
the extremely high stability of EB in a wide range of temperature [21] 
and conditions and its high biocompatibility [4,5] can promote the 
replacement of luminescent materials based on toxic (i.e. CdS in Lumi-
nescent Solar Concentrators - LSC) or easily depleted materials (i.e. Rare 
Earth Elements REE in several applications such as near-infrared fluo-
rophores for biomedical imaging) [27,31]. Indeed, such high efficiency 
in NIR phosphors is currently achievable using REE containing com-
pounds such as SrF2:Nd or LaF3:Nd [65] or using fluorophores like 
modified boron dipyrromethenes (BODIPY) and others that, in general, 
can suffer of low photostability and/or biocompatibility issues [65,66]. 

An additional advantage of the NSE synthesis is that extensive 
grinding and milling are not required because the products are almost 
free from glass-matrix and made of smaller particles. In fact, it has to be 
noted that another aspect that can influence the luminescence output is 
the intensity of grinding. Heavy grinding has been considered respon-
sible for a potential loss of luminescence due to the formation of defects, 
as expected for many phosphors [17]. An explanation could be that 
defects or changes in symmetry due to grinding enable non-radiative 
decay pathways or increase the radiative rate constants, as suggested 
in Selvaggio et al. [27] and noted in sample K10 in comparison with the 
unground K120 sample. While the aim of this research is to assess the 
impact of the route of synthesis, in the future more extensive work is 
needed to evaluate the impact of grinding and exfoliation on the lumi-
nescence output. 

5. Conclusions 

This work demonstrates that the quantum yield of EB can be 

modulated and improved using proper synthetic routes and has the 
potential to become even higher than the outstanding ca. 30 % recorded 
here (that is about 300 % higher than the one observed previously). The 
high quantum yield has important implications in the exploitation of EB 
in fields such as bioimaging, LSC and cool pigments. In particular, the 
mechanics described here can have a strong impact on the production of 
highly effective and sustainable new materials [8]. Indeed, EB is a highly 
sustainable material, with copper the only heavy metal present. Unlike 
many other fluorophores, its constituents are commonly available and 
safe, even in extensive applications such as bioimaging, cool pigments 
and LSC. 

Finally, this work may impact the study of archaeological materials 
such as EB and closely related glassy materials, e.g. Egyptian green and 
blue Egyptian faience. In particular, the differences in PL due to degree 
of vitrification could be exploited to study ancient methods of produc-
tion of the pigment, and as markers for the identification of ancient 
workshops or trade routes. 
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