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Nanosized (10-70 nm) Al,O5 doped with manganese ions (Mn3*) was obtained by com-
bustion method. It was found that the resulting powder consists of a mixture of transition
aluminas (8%, 8, 0), among which §"-phase is dominant. It was shown that a part of Mn ions exists
in the oxidation state +2 and occupies tetrahedral positions in 6"'!"—A|203, causing a broadband
luminescence with a maximum at ~ 520 nm. Annealing in air at temperatures 21130°C results in
the formation of stable c-polymorph. It is shown that the §%, 6 — 0—Al,04 phase transition
is followed by oxidation of Mn2*/Mn3* ions and the stabilization of some amount of
manganese ions in the oxidation state +4 on octahedral Al positions.

Keywords: nanoparticles, aluminum oxide, manganese, luminescence.

Hamopasmepnsrit (10-70 am) Al,O;, aKTHBHPOBAHHBIN HMOHAMU MAapraHIA (Mn®%), mouay-
YeH MEeTOJOM TrOpPeHHsA. ¥ CTAHOBJIEHO, UTO KOHEUHBIH IIPOAYKT IIPEeICTAaBJSAEeT CODOl cMech
MeracTabuabHBIX Mopuduranuit (87, §, 0) Al, O, cpesu KOTOPBIX 8*-(asa oxaspIBAETCH LOMU-
Hupywoieit. IToxasano, 4ro uacts moHoB Mn HaxoguTCcad B COCTOSHUM OKHCJIEHUSA +2 u
3aHUMAET B 8*—AI203 TeTPas pPUUYECKUe [I03UIUN, O0YCIOBAUBAA IIUPOKYIO II0JOCY JIOMUHE-
cueHnuu ¢ mMakcumymom npu ~520 mm. OG:ur Ha Bosgyxe mpu Temieparypax >1130°C
IPHUBOAUT K (POpMUpOBaHMIO cTabunbHol O-mopubpurammu Al,O,. IToxasamo, uTo (hasoBbIi
mepexox o, 6 — 0—Al,O5 compoBoxgaeTca OKUCISCHIEM MnZ* /Mn®*, u cra6mansanmeit HeKo-
TOpPOl YacTH MOHOB MapraHila B COCTOSHUM OKMCJeHUA +4 B oKTapapuuecKux mosunuax Al

CTanyM OKHCHEHHA Ta MIKPOCTPYKTYpa IOMIIIKOBHX LIEHTPIB MaHraHy y HaHOPO3MipHO-
my Al,O;, orpumanomy meromom ropimna. I.B.Bepesoscvica, O.B.Xomenwo, M.I.IToremace,
M.€Xnebnurosa, I.B.Cmoanosa, H.II.€pprowuna, B.II. Joyenro.

Illnaxom rasodasuoro ropinusa orpumano Hanoposmipuuii (10—70 mM) okcux anxmomiiio
(Al,O3), axTuBOBaHUWEI ioHaMmu MaHTaHY (Mn3"). BeramoBieno, 1o KiHIEBUH NIPOAYKT SBISE
co6oto cymim meracTablapunx mogudirarii (5%, §, 0) oxeuny amomimio, cepen axmx 8 -pasa €
poMinyiouoro. Ilokasano, 110 yacTHHA iOHIB MAHIraHy S3HAXOJWUTHCA V CTAHI OKMCHEHHSA +2, saiiMae
y CTPYKTYpPi TeTpaexspuuni mosuilii Ta 00yMOBIIIOE IIMPOKY CMYTy JIIOMiHECIIeHIIil 3 MAaKCHMyMOM
npu ~ 520 mM. Buman Ha mositpi mpu Temmneparypax >1130°C npussoauth m0 (popmMyBaHHSA
crabinproi o-mopudikanii Al,O,. Iloxasano, mo dasosuit mepexin 5, 0> 0—AlL, O, cymposog-
KYETbCSA OKUCHEHHAM Mn2+/Mn3+ Ta crabinisamiero MmanraHy y craHi OKMCHeHHS +4 B OKTa-
enpuuHnx mosmiiax Al.
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1. Introduction

Aluminum oxide (Al,O3) exists in numer-
ous polymorphs. Thermodynamically stable
o-polymorph is one of the most important
functional materials due its exceptional
properties such as high hardness, chemical
inertness and a very high melting tempera-
ture. It finds a variety of applications in
micro- and optoelectronics, different tech-
nologies of composition materials. Because
of fine particle size, large surface area
(0.5-1.5-102 m2/g), the metastable poly-
morphs also have applications, e.g., as
adsorbents, abrasives and components of dif-
ferent catalysts. In the structure of a—Al,Og,
all the AIP* ions are octahedrally coordi-
nated, whereas in metastable polymorphs
AI®* ions occupy tetrahedral (Al,,;,) and oc-
tahedral (Al,.) sites. According to [1], the
crystal structures of the metastable poly-
morphs can be described as ordered or par-
tially disordered Al atoms arrays on the in-
terstitial sites of an approximately -close-
packed oxygen sublattice. The phase
transitions between these polymorphs involve
mainly the arrangement of aluminum ions on
the interstitial sites of the oxygen sublattice.

The optical and luminescent properties of
0—Al,O3 are mainly determined by oxygen
vacancies in the form of various F-centers
[2, 3]. Some of these defects were found to
be present in nanostructured Al,Oz poly-
morphs [4-6], but no specific size effects
were revealed. Comparison of the lumines-
cence properties of microsized and nanos-
tructured Al,O; showed that the photolumi-
nescence of nominally pure nanosized Al,O5
(8, O-polymorphs) is mainly caused by the
presence of uncontrolled impurities of d-ele-
ments, namely Ti, Cr, Fe [7, 8].

Due to the polymorphism of Al,O3, the
possibility of controlling the surface mor-
phology of particles, composites of Al,O4
with manganese oxides are effective and
thermally stable catalysts of various chemi-
cal processes [9]. In particular, nanosized
composite Al,O3/Mn30O, has been recently
proposed as a promising catalyst for the
photostimulated degradation of some or-
ganic toxins on the surface of adsorbents
[10]. It is known that nanostructured mate-
rials have some advantages over their mi-
crosized analogues, especially in the field of
different coating technologies and optoelec-
tronics. Despite the use of manganese ions
(Mn3*+)-doped Al,O; as a pink pigment for
the production of color ceramics [11], infor-
mation on the optical and luminescent proper-
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ties of Mn3*/Mn2* ions in ALOj is limited by
a-modification [12]. The purposes of this work
were to obtain nanosized Al,O5 activated by man-
ganese ions, and to analyze the microstructure of
Mn impurity centers in synthesis products.

2. Experimental

Non-doped nanosized Al,O; and Mn3*.
doped Al,O; with nominal concentrations of
Mn 0.1 at.% were obtained by a gas-dis-
persed synthesis (GDS). This method is
based on the combustion of powdered metals
due to exothermic oxidizing reactions be-
tween them and a gaseous oxidizer (typi-
cally O,) [18]. As shown earlier, this syn-
thesis approach provides a favorable mor-
phology of Al,O5 particles and a good
dispersibility of the final product in various
mediums [13, 14 ], which creates the poten-
tial for the production of luminescent ce-
ramic materials and films. The details of
the synthesis method and experimental
setup used in this study were described pre-
viously in [18]. To obtain Mn-doped Al,Os,
the appropriate amount of MnCl, was dis-
solved in ethanol. Then, the resulting solu-
tion was gradually added, with thorough
mixing, to an aluminum powder (ASD-4)
with an average particle size of 4.8 um.
After drying in air at 50°C, the as-obtained
mixture was dispersed in N, and injected
through an inner tube into O, stream. After
ignition by an external source (flame from a
propane torch), a stable two-phase diffusion
dust flame was observed. The condensed
products of aluminum combustion were col-
lected using a fabric filter.

The samples were analyzed in the as-pre-
pared state and after annealing at 800,
1000, 1130 and 1300°C for 8 h in air. X-ray
diffraction (XRD) studies were carried out
on a Shimadzu LabX XRD-6000 automated
diffractometer using Cu K, radiation (A =
1.5418 A). XRD patterns were mainly ob-
tained in step scan mode (20 step 0.02°) at
a count time of 8 s per point. The study of
particles size distribution and their mor-
phology was performed by means of trans-
mission electron microscopy (TEM) on a
Philips EM-400 microscope. The emission
and excitation spectra in UV-visible region
were recorded at room temperature and
77 K using a Fluorolog FL-3-22 (Horiba
Jobin Yvon) spectrofluorometer equipped
with a xenon lamp as an excitation source.
The decay time measurements were per-
formed on a phosphorimeter FL-1040
(Horiba Jobin Yvon). A xenon flash lamp
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Fig. 1. Comparison of XRD pattern of the as-
prepared AIZOS:Mn3+ (2) with data from ICDD
PDF-2 file No. 00-046-1215) for pure 8"-Al,O,
(1); (3) — XRD pattern of AIZOS:Mn3+ after
annealing at 1300°C for 3 h in air. Peaks from
0-Al,O; are denoted by the symbols .

with a pulse duration of ~ 4 us was used in
these measurements. Diffuse reflection
spectra at room temperature were obtained
on a spectrometer Perkin-Elmer Lambda 9.

3. Results and discussion

The XRD pattern of the as-prepared
AI203:Mn3+ is shown in Fig. 1. It appeared
to be quite analogous to that of the non-
doped sample (see, e.g., [14]). It should be
noted that the diffraction peaks are sharp
and narrow, suggesting a relatively high de-
gree of crystallinity of the sample. From
Fig. 1, it is seen that the main peaks match
well with data from ICDD PDF-2 file No.
00-046-1215 for pure & -polymorph of
Al,O3. According to the XRD data, the sam-
ples consist of a mixture of transition alu-
minas (8%, §, 0), among which 8*-polymorph
is dominant. Note that for high tempera-
ture gas-phase processes the formation of
6*—A|203 is not exceptional phenomenon.
This phase has been found to be dominant
in Al,O5; powders obtained by a liquid-feed
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Fig. 2. TEM image of the as-prepared AIZOS:Mn3+.

flame spray pyrolysis of metalloorganic pre-
cursors [15].

Earlier we showed that DTA curve of
non-doped Al,O5 prepared by the GDS re-
veals a strong exothermic effect in the
1130-1400°C range with a maximum (T,,,,)
at 1296°C, which is due to the 0 — 0—Al,04
phase transition [16]. This phase transition
was the subject of numerous studies, and at
present it is known that o-Al,O5 is formed
through a nucleation and growth process
and depending on the chemical prehistory of
the precursor, the degree of its crystal-
linity, the presence of impurities, etc. the
T ,4r of this transition varies from 950 to
1350°C [1, 17, 18]. In full accordance with
the DTA data [16], annealing at 800 and
1000°C did not lead to changes in the phase
composition of the initial samples, while an-
nealing at 1130°C was accompanied by an
increase in the O-phase content and the for-
mation of some amounts of 0—Al,Oj3. The
X-ray diffraction pattern of the sample an-
nealed at 1300°C for 3 h coincides with the
literature data for a—Al,O3, although trace
amounts (<2 %) of 0-Al,O; were also de-
tected (see Fig. 1).

TEM image of the as-prepared
AlL,O3:Mn3* is presented in Fig. 2. One can
see that its particles are of spherical in
shape with 10-70 nm in diameter, and no
distinet manifestations of coalesce and ag-
glomerate formation are observed. One can
expect that the short time during which
particles are exposed to high temperature
and quick cooling to room temperature
cause spherical form of the particles and
limit their aggregation. Since the dust
flame temperatures for Al-particles combus-
tion (2600-2900°C) [18, 19, 20] are essen-
tially higher than the 0 — o-phase transi-
tion temperatures, one can expect that the
phase composition and particle size distribu-
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Fig. 3. Kubelka-Munk transformed diffuse re-
flection spectrum of the as-prepared AI203:Mn3+.

tion of the materials obtained are mainly
determined by kinetic factors. Note also
that the XRD and electron microscopy data
obtained in this study did not reveal any
significant effect of Mn (for the concentra-
tion of MnCl, used) on the phase and grain-
size compositions of the final produect.

In contrast to non-doped sample, intro-
duction of Mn into the Al,O5 lattice resulted
in the formation of a pink colored sample.
The diffuse reflection spectrum of the as-
prepared AI203:Mn3+ in visible region of
spectrum is shown in Fig. 8. It can be seen
that the spectrum consists of a wide absorp-
tion band in the 400-620 nm region with
local maxima at ~ 490 and 537 nm. Note
that the shape of absorption band, spectral
position of its maxima are very similar to
those for Mn3*-doped a-AlLO; [12, 21].
Analogous absorption spectra were also ob-
tained for Mn3*-doped yttrium aluminates
Y3A|5012 [22] and YA|O3 [23] and inter-
preted as a result of °E, — 5T, transitions
in Mn3* ions at the octahedral Al,. posi-
tions. A substantial half-width (~ 4000 em™
1) of the Mn3* absorption band in Y3Al5O45
was attributed to Jahn-Teller splitting of
both °E, and 5T, states of Mn3* [22]. Thus,
the broad complex absorption band in the
diffuse reflection spectrum of the as-pre-
pared AI203:Mn3+ is mainly due to the
5Eg% 5T2 transitions in Mn3* ions occupy-
ing the octahedral Al ., positions.

The emission spectra of non-doped &—
Al,O5 depend strongly on the excitation
wavelength. At A, =270 nm, the spec-
trum consists of a band with a maximum at
450 nm and a shoulder at 412 nm. It was
shown previously [16] that these features
are caused by surface defects, the presence
of which is quite typical for nanoscale inor-
ganic materials. As can be seen from Fig. 4,
the introduction of Mn ions leads to the
appearance in the luminescence spectrum of
a wide band in the region of 480—-630 nm
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Fig. 4. Emission spectrum (I) at )»exc =

445 nm and excitation spectrum (2) of the
as-prepared AlL,Oz:Mn®* (A, = 520 nm). The
spectra were obtained at 293 K.

with a maximum at ~ 520 nm. It is evident
that due to its spectral position this band
cannot be associated with Mn3* ions. One
can suppose that this feature is due to the
presence of Mn2* ions, whose emission maxi-
mum position is strongly dependent on the
crystal field strength at Mn2* site.

Taking into account the literature data
[24, 25] one can conclude that the lumines-
cence with a maximum in the 510-530 nm
range is typical for the 4T1g(G) - 6AIg(GS)
transitions of tetracoordinated Mn2* iomns.
This supposition agrees with the excitation
spectrum for the emission band at 520 nm
(see Fig. 4). According to the Tanabe-
Sugano diagram for ions with 3d® configu-
ration (Mn2*) [26], broad bands with max-
ima at 490 and 445 nm should be attributed
to the 6AIg(GS) - 4T1g(G) and
6AIg(GS) - 4ng(G) transitions, respectively.
The relatively narrow and intense band at
425 nm, whose spectral position is charac-
teristic for the tetracoordinated Mn2* ion
[24-26], is evidently caused by the
64,,85) - 4E,, %A;,(G) transition. In the
short-wavelength region of the spectrum
there are bands at 342, 358 and 383 nm,
which correspond to the 6AIg(GS) - 4T1g(P),
6AIg(GS) - 4Eg(D) and 6Alg(GS) - 4ng(D)
transitions of Mn2* ions. As can be seen
from Fig. 8, the long-wavelength bands at ~
490, 445 and 425 nm are absent in the dif-
fuse reflection spectrum of the as-prepared
sample. This can be explained by small os-
cillator strengths of the corresponding tran-
sitions from the ground level 64;, of Mn2*
ions because these are spin- and parity-for-
bidden. Besides, one can expect that the
concentration of Mn2* jons in §"-Al,O5 is
significantly lower than that of Mn3*.
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The decay of the luminescence emission
at 510-530 nm was found to show a dis-
tinct deviation from the exponential behav-
ior, and only in first approximation its
main stage can be characterized by a time
constant of T=~ 7.4 ms. This value of
decay time is close to those (T = 4.8—-6 ms)
reported in the literature for tetrahedrally
coordinated ions Mn2* in ZnAl,O, [24], MgAION
[25]. The nonexponential character of lumi-
nescence decay for Mn2* jons in §"-Al,Oj3 is
probably due both to the structural disorder
of metastable modifications and to local dis-
tortions of the symmetry of the Mn2* cen-
ters located in proximity to the surface of
the nanoparticles.

Thus, the as-prepared sample contains,
in addition to Mn3*, a part of Mn impurity
ions in the oxidation state +2. It is clear
that the Mn2* content depends on the con-
centration of oxygen vacancies, which are a
typical kind of intrinsic defects in various
modifications of Al,Oj. Their concentration
in 8"-Al,03, obtained by the GDS method, is
determined by a number of factors, includ-
ing the partial pressure of O, in the reac-
tion zone, the cooling rate of the combus-
tion products, but it is expected to be rela-
tively high, since one of the intermediate
products of Al combustion is suboxide Al,O,
[19, 20].

The interpretation proposed above for
the luminescence and diffuse reflection
spectra of the as-prepared Al,O5:Mn3+/2+
sample is supported by character of changes
in these spectra caused by additional an-
nealing in air for 8 h at 1130 and 1300°C.
Note that annealing at 800 and 1000°C did
not lead to any significant changes in the
intensity and spectral composition of the
emission, whereas the luminescence spectra
of AI203:Mn3+ samples annealed at 1130 and
1300°C differed markedly from the spec-
trum of the as-prepared sample. In particu-
lar, in the luminescence spectra of the sam-
ple annealed at 1130°C, in addition to the
band at 520 nm, there is an intense band in
the 625—-800 nm region with a maximum at
678 nm and a shoulder near 694 nm. There
is no doubt about the nature of the band at
678 nm, because the identical spectrum was
obtained earlier for Mn-doped 0—Al,O5 [12,
27], and was interpreted as a result of the
2E, — %A, transition of Mn*" ions. There-
fore, the band at 678 nm should be attrib-
uted to Mn4* ions in a-modification, the for-
mation of which at 1130°C agrees with the
XRD data. This conclusion does not contra-
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Fig. 5. Emission () and excitation (2) spectra
of AI203:Mn3+ at 293 K after annealing at
1300°C in air. The inset shows the emission
spectrum at 77 K. The emission spectra were
recorded upon excitation at A, = 8325 nm.

dict the emission and luminescence excita-
tion spectra of the AI203:Mn3+ sample an-
nealed at 1300°C (see Fig. 5). At room tem-
perature, the emission spectrum contains an
intense band at 678 nm with a long-wave-
length tail extending up to 770 nm, which,
as mentioned above, are due to the
2E, — %Ay, transition of Mn** ions and vi-
bronic transitions, respectively. It is seen
from Fig. 5 that at 77 K the emission spec-
trum exhibits a fine structure which corre-
sponds to the above-mentioned interpreta-
tion of the room temperature spectrum. It
consists of two relatively narrow bands at
672.9 and 676.4 nm, known as R-lines, and
broader bands of lower intensity at 683—
702 nm caused by the electron-phonon in-
teraction in the Mn4* impurity center of
0—Al,O5 [12]. It is important to note that
the spectra do not contain the luminescence
band at 520 nm characteristic for the Mn2*
ions in 5*—A|203, which confirms the ab-
sence of this modification in the sample an-
nealed at 1300°C.

It can also be seen from Fig. 5 that the
excitation spectrum for the luminescence of
Mn4* ions in 0—Al,O3 consists of a broad
intense band with a maximum at 323 nm
and a less intense one at 476 nm. The latter
is obviously due to the 4A2g - 4T2g transi-
tion of Mn4* ions, whereas interpretation of
the former band is multi-valued. In [12],
the band at 323 nm was attributed mainly
to a charge-transfer transition from 2p orbi-
tals of O atoms to the Mn4* vacant orbitals.
An analogous band at 817 nm was shown to
be present in the luminescence excitation
spectra for Mn** ions in GdAIO;. Based on

Functional materials, 25, 3, 2018
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the calculations for Mn4* energy levels in
GdAIO3 in the framework of the exchange
charge model of crystal-field theory, it was
interpreted as a superposition of the O
— Mn#* charge transfer band and a band
due to the %A,, — 4T,, transitions of Mn#*
ions located in Al,,; positions [28]. Note
that the as-prepared sample and the prod-
ucts of its annealing at 800—1300°C did not
show any luminescence that could be attrib-
uted to Mn3* ions. This result agrees with
the conclusion of the authors [12] about the
absence of any luminescence from Mn3* ions
in 0—Al,0O5 even at 4.2 K.

Thus, in the present work, the possibility
of doping Al,O; with Mn3*/2* jons in the
process of aluminum combustion in a gas-
dispersion system is shown. Since the syn-
thesis method allows its adaptation to ob-
tain Al,O5; with Mn concentrations up to 1-
2 at.%, and taking into account the
favorable particle size distribution and high re-
activity of the final product, one can suppose
that nanosized Al,O3:Mn3*/2* can also be of in-
terest as an effective precursor for producing
transparent luminescent ceramics with compo-
sition MgAION:Mn2* recommended for use in
high-power light emitting diode sources [25].

4. Conclusions

The possibility of doping Al,O5 with Mn3*
ions in the process of aluminum combustion
in a dust flame was shown. The final prod-
uct was found to consist of a mixture of
transition aluminas (8%, §, 0), among which
the 8*-phase is dominant. By the means of
luminescent spectroscopy it was shown that
some part of Mn impurity ions exists in the
oxidation state +2 and occupies tetrahedral
positions in the §"-Al,03, causing a broad
luminescence band with a maximum at
520 nm. Additional annealing in air at tem-
peratures >1130°C results in the formation
of stable o-modification and significant
changes of the luminescent properties. It is
shown that the §*, 6 — 0—Al,O3 phase tran-
sition is followed by oxidation of Mn2*/Mn3*
ions and the stabilization of some amount of
manganese ions in the oxidation state +4 on
octahedral Al positions.

It is expected that, because of the favor-
able particle size and high reactivity, the
nanoscale Al,05:Mn3*/2* obtained by the
combustion method can also be of interest
as an effective precursor for the production
of a transparent luminescent ceramic with
composition MgAION:Mn2*,
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