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Abstract
In this work we present a unique method to synthesize χ‐Al2O3 and α‐Al2O3

doped with Cr3+ (ruby). The ruby is synthesized by mechanical milling of pseu-

doboehmite that is doped in‐situ with chromium. The doping is carried by adding

chromium sulfate hydrate to an aqueous solution rich in aluminum sulfate hydrate.

The pH in the solution is controlled to be between 9 and 10 by using ammonia,

which induces the pseudoboehmite precipitation. The Cr3+ is added for its

remarkable effects on the detectability of ruby emitting luminescent R1 and R2

bands that are traceable in Raman spectroscopy. The formation of ruby is detected

at milling times as short as 5 hours and increased with the milling time. Ruby

phase is further confirmed by means of true atomic resolution Transmission

Electron Microscopy (TEM).

1 | INTRODUCTION

Alumina is an abundant ceramic with a wide‐range of
applications from cooking to electronics, aerospace, auto-
motive, and defense.1–3 This is mainly attributed to its
hardness and high‐temperature characteristics. Alumina is
ideal for coatings for extreme conditions and opto‐electro-
nics.4 It is known that the binary system Al2O3‐Cr2O3

forms a complete solid solution by the octahedral substitu-
tion of Al3+ for Cr3+. The resulting solid solution is com-
monly known as ruby.5–7 Ruby is known as a gemstone;
however, it has remarkable applications in physics, opto-
electronics, spintronics, fluorescent target for biomolecular
imaging, and lasers.8–11 Ruby lasers exhibit a characteristic

long optical emission, in the millisecond range, that
involves electron transitions between the electronic states
4A2,

4T2, and
2E. This phenomena is responsible for the

sharp resonant bands R1 and R2, which are susceptible to
residual stresses and temperature.12–14 For those character-
istics, ruby has emerged as desirable pressure and tempera-
ture sensor.15 Conventionally, ruby is synthesized at
temperatures as high as 1200°C,10,16 and recently we
demonstrated its potential synthesis at lower temperatures
(<1000°C).17

In the present communication, we report a new method
for the synthesis of ruby at room temperature; this includes
high‐energy milling and pseudoboehmite doped with Cr3+

as starting powder. Here, it is demonstrated the effective
synthesis of χ‐Al2O3 and α‐Al2O3+Cr

3+ (ruby) at room
temperature purely by high‐energy milling (0‐50 h). The
precursor materials are raw pseudoboehmite doped with
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chromium. Our hypothesis is that ruby synthesis takes
place by the mechanical substitution of the host aluminum
atoms by Cr3+ ions. The characterization and identification
of ruby is mainly carried by Raman spectroscopy and fur-
ther confirmed by true atomic resolution transmission elec-
tron microscopy (TEM).

2 | EXPERIMENTAL PROCEDURE

2.1 | Synthesis of pseudoboehmite doped with
chromium

Chromium doped pseudoboehmite was synthesized by using
deionized water, aluminum sulfate hydrate (Al2(SO4)3·
XH2O, purity≥98% from Sigma Aldrich, St. Louis, MO)
and chromium sulfate hydrate (Cr2(SO4)3·XH2O from Sigma
Aldrich). Initially, the specific amounts of both sulfates were
dissolved in deionized water using a weight ratio of
99.1:0.09 for Al2(SO4)3 and (Cr2(SO4)3·xH2O respectively.
The mixing process was carried out under vigorous stirring
and constant temperature of 60°C. This solution was sub-
jected to an ammonia gas (NH3) treatment to reach a con-
stant pH between 9 and 10. The precipitates of the reaction
were filtered and washed with deionized warm water several
times. Subsequently, the product was dried at 100°C for
24 hours, which yielded a slightly purple powder.

2.2 | Mechanical milling

Ruby is produced by milling the pseudoboehmite‐chro-
mium doped powders. The milling is carried out from 0 to
50 hours in a high‐energy Spex mill with sets of five steels

balls, two of 12.5 mm and three of 6 mm. The milling load
was of 10 g with no control agent.

2.3 | Characterization

Characterization was carried out by means of XRD (X‐ray
diffraction) in a Rigaku Smart Lab SE Multipurpose X‐Ray
Diffraction system with Cu‐Kα radiation (λ = 1.5418 Å).
The Raman spectroscopy was conducted on an Xplora™

Horiba JY using 532 and 638 nm excitation sources. For
Raman measurements the as‐milled powders were placed
onto a glass substrate and lightly pressed onto another glass
substrate to flatten the sample's surface. The atomic resolu-
tion transmission electron microscopy imaging was carried
in the TEAM 0.5 microscope with aberration‐correction at
80 kV with a spherical aberration coefficient of
−0.015 mm and a focus spread of ~10 Å under low dose
conditions. The dose rate is ~20 e−/Å2s for images in focal
series of 40 images. The focal series reconstruction was
carried using the software MacTempas® (Berkeley, CA).
This procedure produces phase and amplitude images with
atomic resolution.

3 | RESULTS AND DISCUSSION

Figure 1A shows the XRD characterization for the raw and
milled samples for up to 50 hours. These results suggest that
the complete transformation to χ‐Al2O3 take place between
30 and 50 hours of milling. The reaction rate is a function of
the ratio: mass:milling media:milling severity. In other
words, similar results can be accomplished at different times

FIGURE 1 Characterization of the raw
and milled material by means of (A) XRD
and (B) Raman. The subindex PB and χ
stand for pseudoboehmite and chi‐alumina
(χ‐Al2O3) respectively. In (C) are compared
the Raman spectra of pseudoboehmite, γ‐
Al2O3 and α‐Al2O3 and in (D) is compared
the increase on the Raman intensity for the
R1 and R2 bands as a function of milling
time
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using alternative conditions. After 10 hours of milling the
XRD reflections of pseudoboehmite become shorter and
wider. Further milling (20 and 30 hours) shows a further
widening of the reflection peaks that can be associated to
transformation of the original components, the loss of mate-
rial crystallinity and a reduction in grain size. After 50 hours
of milling the chemical transformation is finished and the
sample shows a new set of reflections corresponding to χ‐
Al2O3 with no traceable evidence of pseudoboehmite. The
χ‐Al2O3 is identified using the 13‐0373 JCPDS chart. Other
reports have also demonstrated the successful synthesis of
χ‐Al2O3 and α‐Al2O3 by milling.18,19 However, to the best
of our knowledge there are no reports of room‐temperature
synthesis of ruby, except for our previous work where we

use two precursors (pseudoboehmite and Cr2O3),
17 instead

of pure Cr‐doped pseudoboehmite. The formation of χ‐
Al2O3 is evident from XRD, however, to identify α‐Al2O3

we resorted to use Raman. In a parallel research we have
demonstrated that ruby can be produced by milling pure
pseudoboehmite and pure chromium oxide (Cr2O3).

17 In the
current work we start with Cr‐doped pseudoboehmite.

The XPS and XDR techniques show no traces of Fe. Fe
contamination during mechanical milling is normally found
in other reports including our previous work.17–19 Never-
theless now it has been clearly reduced due to the soft nat-
ure of the precursors in use.

Figure 1B displays the Raman spectra of the raw and
milled samples. The presence of ruby phase is clearly

FIGURE 2 A,B, True Atomic Resolution (TEM) images and interplanar measurements for the 20 hours and 30 hours milled samples, and
C, SEM microstructures of the raw and milled samples for up to 50 hours
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identified by its characteristic luminescent Raman bands R1

and R2. They are observed in the frequency range of
4300 cm−1‐4500 cm−1 for a 532 nm excitation. Figure 1B
shows that the intensity of the ruby phase bands increases
with milling time up to 50 hours. This is associated to the
increasing amount of transformed ruby. Figure 1B shows
the change in the intensity of both resonant ruby bands as
a function of milling time and in combination with the
XRD results of Figure 1A, it can be concluded, that this is
due to a higher degree of crystallinity.

The crystallinity of ruby has been directly related to the
luminescent bands R1 and R2.

20 Moreover, the only alu-
mina phase having the R1 and R2 bands is α‐Al2O3 and
those bands have never been associated with any other
Al2O3 phase (eg χ‐Al2O3, δ‐Al2O3 and θ‐Al2O3, pseu-
doboehmite, etc.). In order to prove this, the raw material
(rich in pseudoboehmite) was heat treated to synthesize
pure γ‐Al2O3. The corresponding Raman spectra of both
samples are compared with that of α‐Al2O3 in Figure 1C.
The absence of the R1 and R2 bands in the raw and synthe-
sized materials could not be attributed to the lack of Cr.
This is because all investigated samples were synthesized
using the same raw material; therefore, the absence of the
R1 and R2 bands is not the result of a lack of Cr. Fig-
ure 1C demonstrates that the luminescent bands R1 and R2

are inherent only to the presence of α‐Al2O3. In contrast
with the sharp bands exhibited by ruby (Cr3+‐α‐Al2O3); the
pseudoboehmite and γ‐Al2O3 show only broad bands. This
further demonstrates that our process is effective to produce
ruby as confirmed in Figure 1B.

The amount of synthesized ruby is tunable and increases
with milling time as seen by the change in the intensity of
the resonant bands R1 and R2 for this phase (Figure 1D). The
intensity of R1 and R2 bands from the raw sample to the sam-
ple milled for 20 hours increases linearly. However, the sam-
ples milled for 30 hours and 50 hours show an abrupt
(exponential) increase in intensity. It is likely that the synthe-
sis of χ‐Al2O3 and α‐Al2O3 occurs by the elimination of
water in pseudoboehmite due to milling at early processing
times. The phase transformation from pseudoboehmite to χ‐
Al2O3 and α‐Al2O3 occurs due to localized high‐pressures
exerted on the material by the individual ball collisions.

In Figures 2A,B shows true atomic resolution TEM phase
images for the samples milled for 20 hours and 30 hours
respectively. The analysis of interplanar measurements pro-
vides further evidence that confirms the successful synthesis
of the crystalline α‐Al2O3 in both samples. The grain size
determination by means of Scherrer shows values between 4
and 7 nm for the investigated samples, which is in agreement
with true atomic resolution TEM. The grain size calculated
from Scherrer formula provides a bulk assessment while the
electron microscopy presented herein is rather discrete inves-
tigation of the grain size. It is important to consider that this

is purely a reference number as the Scherrer calculation does
not account for residual stresses and therefore its validity is
compromised. Yet, in a rapid comparison, one can see that
the particles observed by TEM are in the same range as the
results obtained using XRD analysis.

The SEM shows the particle size for the raw sample is
homogeneous ranging in the micrometric scale. All milled
samples have a bimodal particle distribution. The large par-
ticles are >5 μm and smaller particles usually below 5 μm
to submicrometric. The larger particles reach sizes of up to
50 μm. The subnanometric particles are most‐likely debris
due to the milling process. The morphology in all cases is
irregular and each particle is formed by clusters of nanos-
tructures as demonstrated by XRD and TEM.

4 | CONCLUSION

Here, it is introduced a new method for the room‐tempera-
ture synthesis of ruby from Cr3+‐doped pseudoboehmite
purely by milling. Mechanical milling supplies sufficient
energy to transform the pseudoboehmite into χ‐Al2O3 that
is later transformed into Cr3+‐doped α‐Al2O3 or ruby. The
ruby phase is identified with Raman spectroscopy and its
existence is then confirmed by true atomic resolution TEM.
The major novelty of our work is the introduction of a sim-
ple and low cost technique to produce nano‐ruby powders
by using pseudoboehmite doped with Cr3+ as precursor.
The nano‐ruby presents an exceptional opportunity for a
wide range of advanced applications from electronics to
bio and medical uses.
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