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Egyptian Blue (EB, Cuprorivaite, CaCuSi4O1o) is a novel candidate for nanomaterial-based sensors in water, as its
infrared (IR, 910 nm) emission has high quantum yield in comparison with current commonly-used IR reporters.
IR signals for bioimaging and environmental sensing penetrate biological matrices (i.e. tissues) deeper and with
less scattering than visible light. This work reports the effects of heating rate on the solid state synthetic yield of
EB and formation mechanism is discussed. EB synthesis was investigated with thermogravimetric analysis

coupled with mass spectrometry and in-situ high temperature X-ray diffraction. A reproducible maximum in EB

yield was observed at a heating rate of 7 °C/min with samples containing CaCOs3 precursor. We report the

optimized reaction conditions, yields, and the photoluminescent response of the synthesized EB layered mate-
rials. The precursor content (O2, CaCOs3, CuO and SiO) also had a subtle effect on EB yield.

1. Introduction

Near-infrared (NIR) optical imaging has been given a considerable
amount of attention in the past decade, especially in biomedical appli-
cations [1-5], but the library of nanoscale probes has been somewhat
limited. The family of 2-D layered materials useful for optical devices is
even more restricted [6]. Single wall nanotubes, quantum dots, semi-
conducting polymers and small molecule organic dyes such as indoc-
yanine dye are among these probes [7], none of which join the exciting
new layered materials that are 2-D. An ancient pigment, Egyptian Blue
(EB, CaCuSisO,) or cuprorivaite, a 2-D nanoparticulate material, has
received an increasing amount of attention recently in such applications
due to its very high quantum yield (P = 10.5%) and long luminescence
lifetime (107 ps) [8]. EB was first synthesized around 3100 B.C. in Egypt
[9-11] for decorative purposes and is only very recently being investi-
gated as an active nanomaterial in optical sensors [1-5] and microwave
emitters [12] due to its intense near-infrared (NIR) emission at 910 nm
[13]. Several methods of EB synthesis have been explored [14-21],
however the mechanism of the synthesis, factors affecting the purity and
control of uniformity of the product have been reported only sporadi-
cally. The synthesis mechanism, factors affecting the purity of the
product, and better understanding of control of uniformity of the
product size and shape are needed to engineer a uniform coating of EB
nanoparticles to enable its use in sensing. Uniform, nano-sized particles

of EB will be needed to ensure the performance of the sensor’s coating.
EB is generally formed in a high temperature solid synthesis, where
control of nanoparticle size is less understood. Borisov et al. [ 1] reported
a ball milling process during which they obtained microparticles (1-5
um) of EB though these are not small enough for many applications in
nanotechnology such as bioimaging [3-5] and latent fingermark
detection [22]. Borisov et al. did not report the uniformity of these EB
particles. Johnson-McDaniel et al. [20] reported a hydrothermal for-
mation method for EB, in which they produced 40-60 um crystals with
uniform, flowerlike morphology. In their particle size distribution
analysis, the most frequent particles were between 45 and 55 um. The
traditional salt-flux method [23] and solid-state synthesis [19] can also
be used to produce EB, however neither route provides control over
product morphology or size [20].

Johnson-McDaniel et al. [19] reported a melt flux, as well as a
solid-state synthesis, where they reacted CaCO;, CuO and SiO; in a 1:1:4
M ratio, respectively, at 1020 °C for 16 h to obtain EB, compared to 72 h
for the hydrothermal process described by Johnson-McDaniel [20]. The
morphology of EB samples made with the melt flux and solid-state
methods were compared with transmission electron microscopy
(TEM). The TEM images showed that the lateral dimensions of EB par-
ticles ranged from hundreds of nanometers to several microns. The EB
sample made with the solid-state method had rougher edges, which
suggested a more heterogeneous composition compared to the EB with a
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more homogeneous surface produced with the melt flux. A more ho-
mogenous surface (distinct platelets) suggested a better quality of EB
[20].

Current commonly used infrared reporters [24,25] for fluorescent
emission have luminescence quantum yields of @ = 0.00014-0.47%. EB
has at least an order of magnitude greater luminescence quantum yield
(@ = 10.5%) and a long luminescence lifetime (107 ps) [8]. This
extremely high luminescence quantum yield and long emission lifetime
makes EB a potential candidate for a fluorescent emission analysis in
applications such as the biomedical or environmental fields (bioimaging
of neurotransmitters and pathogens) [3-5], silica based optical ampli-
fiers [26-28], laser technology [29], and microwave emitters [12].

Understanding the formation mechanism of solid-state synthesized
EB layered materials will lead to improved control of yields and po-
tential control of uniformity of morphology. Solid-state synthesis re-
quires extreme temperatures (~1000 °C), and heating rate should be
explored as possibly affecting yield. Thermogravimetric analysis (TGA)
coupled with mass spectrometry (MS) and high-temperature X-ray
diffraction (HT-XRD) were used for the exploration of such reaction
mechanisms as related to yield, when heating rate was the independent
variable.

2. Materials and methods
2.1. Materials

Two mixtures were tested, both of which have been reported in the
literature [17,19] as synthetic starting materials in solid-state synthesis.

2.1.1. Mixture 1

A reaction mixture of CaCOj; (99.98%, Mallinckrodt), CuO (98%,
Aldrich Chemical Company, Inc.) and amorphous SiO, (99.9%, CERAC,
incorporated) (see Supplemental Information for XRD pattern, Fig. S15)
was prepared in a 1:1:4 M ratio, respectively, with a mortar and pestle

[19].

2.1.2. Mixture 2

A reaction mixture of CaO (99.95%, Thermo Fisher Scientific), CuO
(98%, Aldrich Chemical Company, Inc.) and amorphous SiO, (99.9%,
CERAC, incorporated) was prepared in a 1:1:4 M ratio, respectively,
with a mortar and pestle [17].

2.2. Synthesis using thermogravimetric analyzer (TGA)

The thermal syntheses were performed using a Thermogravimetric
Analyzer (TGA, Discovery) coupled with a quadrupole mass spectrom-
eter (MS, Discovery) at the Polymer Characterization Lab at The Uni-
versity of Tennessee, Knoxville. Five fresh samples of bulk Mixtures 1
and 2 were heated in a ceramic pan in the TGA. The temperature ranged
from 23 °C to 1050 °C with five different heating rates of 5, 6, 7, 8, and
10 °C/min in air. The samples were held isothermally at 1050 °C for 5
min at the end of the scan opposed to the suggested very long reaction
times, such as 16 h, reported by Johnson-McDaniel [19].

Ton currents were measured continuously for m/z 1-300 AMU with
the MS. The ion currents belonging to m/z of nitrogen (14, 28, and 29
(isotopic) AMU), oxygen (16, 18 (isotopic), and 32 AMU), and argon (40
AMU) (air contains argon) were removed from scans presented here and
largely attributed to interference by carrier gas composition. In later
sections Si (m/z = 28 AMU) and isotopic Si (m/z = 29 AMU) might have
been expected to show up in the gas stream but the size in N, peak (also
m/z = 28 AMU) and isotopic N, peak (also m/z = 29 AMU) would make
it difficult to de-complex. Si will show up as other species if present, such
as SiO- radical [30-32].
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2.3. Characterization using X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was performed using a Rigaku Ul-
tima IV diffractometer. A normal line focus CuK. radiation tube was
used with power settings of 40 kV, 44 mA. Measurements were made
using a D/teX Ultra High-Speed Detector with the detector discriminator
set in a fluorescent reduction mode. All samples for a given processing
condition were loaded into an automatic rotary sample changer, and
diffraction patterns were recorded using a scan speed of 2.00°/min and a
scan range from 10.0 to 70.0° 26. The raw data were imported into the
PDXL: Integrated X-ray powder diffraction software package for phase
analysis. These were then compared with the standard patterns in the
International Center for Diffraction Data (ICDD) database.

2.4. Thermal synthesis using X-ray diffraction

Five fresh samples of bulk reaction Mixtures 1 and 2 were heated in
the Rigaku XRD instrument from 23 °C to 1050 °C with five different
heating rates of 5, 6, 7, 8, and 10 °C/min in dry air atmosphere (30 mL/
min). XRD patterns were obtained at the starting temperature (23 °C),
then at every 100 °C until 1000 °C, at 1020 °C, 1050 °C, 1050 °C after 5
min isothermal, and finally at 23 °C again once cooled off. This tem-
perature profile mirrored that of the TGA experiments. In some cases, a
surface layer was formed during the scan (to be discussed more in depth
later). Each sample was then separately homogenized with a mortar and
pestle, and then rescanned in the XRD instrument at constant temper-
ature of 23 °C. The yields were calculated by the software using the
Reference Intensity Ratio (RIR) method [33].

2.5. Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS)

A Hitachi Ultra-High-Resolution Schottky Scanning Electron Micro-
scope (SEM) SU7000 with a ZrO/W Schottky Emitter, operated at 5 kV
was used to determine the morphology of the synthesized EB samples.
Energy Dispersive Spectroscopy (EDS) data were collected with an Oc-
tane Elect EDS system, using the APEX™ software. The samples were
prepared for SEM by putting fragments of the synthesized EB on a car-
bon tape. The samples were not coated with any metallic element.

2.6. Fluorescence spectroscopy

Fluorescence spectroscopy was carried out on a Horiba Scientific Lab
RAM HR 800 instrument with a CCD detector at Fisk University in
Nashville, TN. The laser (532.14 nm wavelength) used was a Ventus
(diode-pumped solid-state laser) from Laser Quantum.

3. Results and discussion
3.1. Thermogravimetric analysis results

The samples were analyzed initially for evidence of off-gas produc-
tion using TGA coupled with MS. The reactions expected to produce a
gas were: CaCO; = CaO + CO; [10]. Five fresh samples of Mixture 1 and
Mixture 2 were heated in the TGA from 23 °C to 1050 °C with five
different heating rates. Samples were not processed at higher tempera-
tures because degradation has been reported above 1050 °C [15]. A
representative TGA-MS scan of Mixture 1 (containing CaCQOs) is shown
in Fig. la.

Degradation events were observed at two temperature ranges, at
600-700 °C and at 1020-1025 °C. The 600-700 °C event might be
explained as the decomposition of CaCO; to CaO [10]. The event at
1020-1025 °C is could be the evaporation of SiO, during the EB syn-
thesis. Si0; is able to form volatile compounds (mainly SiO, with m/z =
44) at high temperatures and low O, partial pressures and evaporate
into the annealing atmosphere [30-32]. Similar TGA profiles were
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Fig. 1. a) TGA (dashed line) coupled with MS (solid line) profile of EB synthesis with a heating rate of 7 °C/min in air, starting with CaCOs. TGA off gas was recorded
in MS at ion current of m/z = 44 AMU (COz). CO: was lost with maximum at 685 °C. b) TGA (dashed line) coupled with MS (dotted and solid lines) profile of EB

synthesis with a heating rate of 7 °C/min starting with CaO in air.

obtained with the five different heating rates, supporting that the
heating rate had no effect in this early analysis (see Figs. S16-19). The
ion current curve will be discussed in section 3.2.

A TGA-MS scan of Mixture 2 (containing CaO) with a heating rate of
7 °C/min is shown in Fig. 1b.

This coupled analysis can confirm the hypothesis of CO, production
and SiO, volatile compound formation. Decomposition events were
observed at two temperature ranges, between 340 - 400 °C and
970-1000 °C. The first event is attributed to the decomposition of Ca
(OH); (e.g. CaO exposed to environmental moisture) to CaO [34]. The
second event is attributed to the evaporation of SiO, during the EB
synthesis. Note that the synthesis with Mixture 2 (containing CaO)
occurred at a lower temperature than with Mixture 1 (containing
CaCO03).

3.2. Mass spectrometry (MS)

TGA off-gas was analyzed with a coupled MS. There was a large peak
in the ion current belonging to m/z = 44 AMU between 600 and 700 °C
for Mixture 1, with a maximum at 685 °C. This is attributed to off-gas of
CO, from decomposition of CaCOj; in air and has been documented by
Wiedemann and Berke [10]. The areas under the ion current curves with
different heating rates were determined (Table 1).

From the increase in area, we conclude that the amount of evolving
CO; increased with the heating rate. This observation had implications
for the yield in Mixture 1 if it was a result of the CaCOj; not converting
completely to CaO at lower heating rates and if CaO was a necessary
reactant to produce EB.

An increase in the same ion current (m/z = 44 AMU) was observed as
the temperature reached the 1020-1025 °C range, possibly due to the
Si0O, evaporating in the form of SiO from the sample. Another peak was
observed in the ion current belonging to m/z = 12 AMU between 600
and 700 °C for Mixture 1. The peak belonging to the m/z = 12 AMU was
attributed to the carbon ion fragment originating from the CO,.

The ion currents of m/z = 18 AMU vs temperature were compared for

Table 1
Integrated areas under the MS ion current curves (m/z = 44
AMU, COz production) with different heating rates.

Heating rate (°C/min) Area (unit)
5 0.1502
6 0.1924
7 0.2224
8 0.2324
10 0.2888

Mixtures 1 and 2 (Figs. S3 and S10, respectively). No significant jumps
were observed in the ion current of m/z = 18 for Mixture 1 at any
temperatures. This suggested that Mixture 1 did not contain detectable
amounts of water (m/z = 18 AMU). Therefore, the small ion current of
m/z = 18 AMU for Mixture 1 was attributed to isotopic oxygen. A large
peak was detected in the same ion current for Mixture 2 between 340
and 400 °C, which was attributed to water loss due to the decomposition
of Ca(OH), to CaO [34]. A representative mass spectrum is shown for the
EB synthesis at 1020 °C starting with CaCOs in Fig. 2a.

The ion currents belonging to m/z = 17, 20, 34, and 44 AMU were
found to be significant at 1020 °C. The m/z = 44 AMU was attributed to
SiO radical. The ion currents of m/z = 17, 20, and 34 AMU were plotted
versus the entire temperature range, however no significant jumps were
observed in these ion current profiles. A mass spectrum is shown for the
EB synthesis at 1020 °C starting with CaO in Fig. 2b.

The ion currents belonging to m/z = 20, 27, 34 and 44 AMU were
found to be significant at 1020 °C. The m/z = 44 AMU was again
attributed to SiO- radicals. The ion currents of m/z = 20, 27, and 34 AMU
were plotted versus the entire temperature range; however, no signifi-
cant jumps were observed in these ion current profiles. The volatile
nature of SiO, at elevated temperatures such as 1020 °C is a very
interesting observation and can be confirmed by other scientific sources
[30-32].

3.3. Thermal synthesis using X-ray diffraction

High temperature XRD synthesis of EB was performed as a comple-
ment to the TGA-MS data to better understand the phases formed and
lost during the synthesis. A representative scan of Mixture 1 (containing
CaCQOs) with a heating rate of 7 °C/min is shown in Fig. 3a.

The scan at 23 °C confirmed the presence of the starting materials:
CaCO; (CC) and CuO (CU). The SiO, was not detected by the instrument,
presumably due to its initial amorphous nature. The scan at 800 °C did
not show detectable CaCOj; peaks; instead CaO (CA) peaks appeared at
this temperature. The scan at 1050 °C showed that there were Ca,CuOs
(D), CuO (CU), high quartz (Q), and cristobalite (S) in the system.
Similar XRD patterns with different relative peak intensities were
observed for all heating rates.

The resulting powders formed in the XRD temperature scans
exhibited two visibly different layers. The top layer, which was in con-
tact with air, had a grey color. The bottom layer, which was in contact
with the sample holder, had a dark blue color. The top layer was sepa-
rated manually and rescanned in the XRD instrument at room temper-
ature. The XRD results indicated that the top layer contained unreacted
CuO, Ca,CuO;, and alpha-quartz (SiO;). No EB was measured. The
bottom layer was scanned, as well, and the resulting XRD pattern
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Fig. 2. a) Ion current profile of EB synthesis at 1020 °C with a heating rate of 7 °C/min. The sample contained CaCOj precursor. b) Ion current profile of EB synthesis

at 1020 °C with a heating rate of 7 °C/min. The sample contained CaO precursor.

a)

'L I I NN O T DN N N N N N N N NN NN U N N N NN N N N N
I D-Ca,Cu0, CC-CaCO; S -Cristobalite |
[ Q- Quartz high CU - Cu0 CA-Ca0

cu

1050 °C + iso ]

TTT
7]
o
o
S _q
c
o
c
1

o
[
HENEN

o
>

u 800 °c

Relative Intensi
TTTT | TTTT
g
E’

cc

TTTTTTTTT
prraliaed

TN T T T T T T T O Y
10 20 30 40 50 60 70

26 (%)

b)

Lt o o L L N

B E8 EB - Egyptian Blue
= S - Cristobalite-alpha high =
- W - Wollastonite 2M 2
30000 (~ e -1
- - -
a - -
Q B E8 .
o = -
2> 20000 [~ =
] C ]
s
] = -
-
£ - .
10000 (~ -
-EB I -
0
ol (5 S0 0 ST 6 0 0 O O G A OGO A S O A [ LA O o
10 20 30 40 50 60 70
20 (°)

Fig. 3. a) XRD analysis for the top layer at points of thermal synthesis, ramped at 7 °C/min b) XRD pattern of EB synthesis with 7 °C/min heating rate. Main product
is EB, with cristobalite-alpha high - SiO2 - (S), and wollastonite-2M - CaSiOs - (W) unreacted materials.

confirmed the presence of EB (Fig. 3b) along with unreacted cristobalite
(S) and wollastonite-2M (W).

For the yield calculations, each sample was homogenized to combine
the two layers and then scanned in the XRD at room temperature. The
yields (calculated with the RIR method) were plotted against the
different heating rates (Fig. 4).

For error bar calculation 3 sets of samples were heated in the XRD,
the yields were then normalized for each sample using the yield at 7 °C/
min (highest yield) and then all trial results plotted against the heating
rates (Fig. 5). (Error bars represent the standard deviation relative to the
mean for 3 replicates.)

Both graphs (Figs. 4 and 5) indicated a reproducible maximum in the
yield around the 7 °C/min heating rate. Questions these findings raised
include:

1. Is cristobalite necessary for EB formation? Cristobalite has a more
open microstructure than quartz, which allows a better incorpora-
tion of various other elements into the crystal structure [35].

2. Is O; necessary to form EB?

3. Is either CaCOs; or CaO necessary to form EB?
4. Is a passivating layer formed on the top of the samples that affects
yield through mass or heat transfer effect?
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Fig. 4. First (@), second (M), and third (4) set of EB samples with CaCO3
precursor synthesized in XRD instrument.
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To address the first hypothesis, the percentages of cristobalite and
EB, synthesized from Mixture 1 (containing CaCO3), in each homoge-
nized and rescanned sample were calculated and plotted. No correlation
was found between the percentages of cristobalite and EB. The space
groups of cristobalite (P4,2,2) [36] did not match the spacing of EB
(P4/ncc) [23]. Therefore, cristobalite formation was not supported as an
intermediate precursor to EB. It was also hypothesized that the phase
transformation of the SiO, (conversion to tridymite and cristobalite at
elevated temperatures) removed some SiO; of the quartz phase, vital to
the formation of EB [18]. To assess this hypothesis, quantitative analysis
(RIR) was performed on the XRD pattern of the samples at 1020 °C,
1050 °C, and 1050 °C + iso. No trend (e.g. increasing amount of tridy-
mite/cristobalite with the increase of temperature) was found among
the percentages of tridymite and cristobalite to confirm such a
hypothesis.

Concerning the role of O, in the synthesis, syntheses were also
attempted in N, atmosphere in the XRD ramped at 5, 6, and 7 °C/min.
The CuO was reduced to Cu,O (Fig. 6) between 850 and 1000 °C and no
EB peaks were detected.

When the sample was heated in N, atmosphere, the O, vapor
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Fig. 6. EB synthesis attempt in N2 atmosphere. XRD scan at 23 °C after cooling
from 1050 °C. Peaks belonging to EB and CuO were undetectable, the CuO was
reduced to Cu20.
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pressure in the sample increased. If the upper layer was a barrier to
byproduct diffusion, O, could escape more readily through the porous
upper layer at higher temperatures. As a result, the CuO could be
reduced to Cu,O in the mixture. No measurable EB forming in N, at-
mosphere confirmed the hypothesis that O, is needed for the formation
of EB. This observation is consistent with the necessity of Cu?* ions in
the synthesis. If Cu + ions are present, they do not support the formation
of EB. When in a reducing atmosphere (e.g. N») we hypothesize that Cu*
ions were formed, whereas in the presence of air they could not form.

Another research question was if either CaCO; or CaO was needed to
form EB. Experiments were run with Mixture 2 (containing CaO) and EB
formed (Fig. 7).

The yields with the CaO precursor were very close to the yields with
the CaCOs precursor (Fig. 4), however no correlation was found between
the yield and the heating rate regarding the CaO samples. This indicated
that both CaCO; and CaO are good starting materials for the synthesis
and produce similar yields of EB, but care must be taken with heating
rate if CaCOs is used as the precursor.

Reported solid-state syntheses generally require very long reaction
times, such as 16 h, at elevated temperatures (e.g. 1050 °C) [19]. The
samples analyzed for this paper were held at 1050 °C only for 5 min.
Good yields (60-70%) of EB were still obtained (Figs. 4 and 7). The
bottom part of the reaction mixture (in contact with the sample holder)
was closer to the heating coils of the furnace. Due to the time limit and
possible uneven distribution of heat, the grey upper layer, containing
some unreacted starting materials (Figure 3a), perhaps represented a
moving boundary as reaction proceeded.

3.4. Fluorescence spectroscopy

XRD gave evidence of EB formation in this solid-state synthesis, but
to confirm its performance as a sensor, fluorescence emission of syn-
thesized EB (in the HT-XRD with a heating rate of 7 °C/min) was also
measured. The excitation wavelength was 532 nm in the spectrofluo-
rometer. The strong fluorescent signal shown at 910 nm (Fig. 8)
confirmed the presence of functional EB.

3.5. SEM-EDS

SEM-EDS was performed on the EB samples synthesized in the XRD
(Fig. 9).

The calculated weight percentages of the O, Si, Cu, and Ca atoms in
EB were 42.6%, 29.8%, 16.9%, and 10.7%, respectively. The sample
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Fig. 7. First (@), second (M), and third () set of EB samples with CaO pre-
cursor synthesized in XRD instrument.
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with a heating rate of 7 °C/min. This fluorescent signal is characteristic of EB.

Fig. 9. SEM micrograph of synthesized EB.

analyzed (Fig. S20) contained 44.9% O, 32.0% Si, 13.0% Cu, 10.1% Ca.
These measured weight percentages were very close to the calculated
percentages of the respective atoms in EB, so the chemical composition
of the sample matches that of the EB. The morphology of the synthesized
EB samples looked very similar to the solid-state synthesis product re-
ported by Johnson-McDaniel [19]. Our product did not exhibit flat 50
um surfaces that Johnson-McDaniel found in their melt flux synthesis.
However, we found some of the smaller crystallite features of 1-15 um
(Fig. 9). The controlled formation of particular shapes or sizes of EB
particles is beyond the scope of these early studies, but will be explored
in future work.

4. Conclusions

Egyptian Blue (cuprorivaite) is an inorganic 2-D layered material
which fluoresces with extremely high quantum yield in the near IR.
Important utility in the burgeoning arena of materials for novel optical
devices in bioimaging and environmental sensing has been reported.
The solid-state reaction mechanism of EB was explored through TGA-MS
and HT-XRD analyses. The MS profile revealed the CaCO; decomposi-
tion around 600-700 °C and the volatile nature of SiO, in the form of
SiO' radicals at elevated temperatures (e.g. 1020 °C). The resulting
powders from the HT-XRD scans in the presence of air exhibited two
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visibly different layers. The top layers (in contact with air) had a grey
color. The bottom layers (in contact with the sample holder) had a dark
blue color. The yields of Mixture 1 (containing CaCOj3) indicated a
reproducible maximum in the yield around the 7 °C/min heating rate,
which could imply that the CO, production is sensitive to the heating
rate. No maximum was found in the yield with Mixture 2 (containing
CaO). Cristobalite formation at high temperatures (e.g. 1020 °C) was not
supported as a precursor to EB, nor was a trend found that cristobalite
would remove a reactant through the phase transformation of quartz.

EB synthesis was attempted in N, atmosphere, however no measur-
able EB was formed, which confirmed the hypothesis that O, was needed
for the synthesis, if only to prevent the formation of Cu+. This obser-
vation also implied that Cu®+ ions are needed during the synthesis. Both
CaCOj; and CaO were good starting constituents for the synthesis and
produced similar yields of EB, however care must be taken with heating
rate if CaCOs is used as the precursor. The samples were held at 1050 °C
for only 5 min instead of 16 h. Even though this gave the precursors
significantly less time to react, good yields (60-70% by XRD) of EB were
still obtained. The reaction time and potential uneven distribution of
heat at these short times might have supported a moving boundary layer
of reaction extent. Fluorescence spectroscopy confirmed the presence of
optically functional 2-D layered material. SEM-EDS measurements
found small crystallite features of 1-15 um in the morphology of the
synthesized EB, previously reported in the literature.
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