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Abstract—Cs2O–Al2O3 ceramic samples containing 20 and 33 mol % cesium oxide were prepared by сeramic
technique and by the glycine–nitrate combustion process. The prepared samples were identified and charac-
terized by X-ray powder diffraction and X-ray f luorescence analyses, scanning electron microscopy, and dif-
ferential thermal analysis. X-ray powder diffraction and scanning electron microscopy showed that the phase
composition and surface of the samples change significantly and nonmonotonically depending on the syn-
thetic method used and the heat treatment parameters of the batch. Optimal synthetic conditions and heat
treatment parameters for preparing Cs2O–Al2O3 samples were elucidated.
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INTRODUCTION
Despite the large amount of literature on oxo- and

hydroxo aluminum compounds, works aimed at
developing methods for preparing, studying, and using
oxide alumina-base ceramics are still relevant [1–3].
This relevance is due to the high chemical, thermal,
and mechanical stability of alumina [4–6] and its rich
polymorphism [7–9].

The Cs2O–Al2O3 system is the least studied of the
alumina-comprising systems. In recent years, how-
ever, approaches have been successfully implemented
to the preparation of europium-doped luminescent
ceramics CsAlO2 : Eu3+ [10], nanosized CsAlO2 parti-
cles, which are candidates for use in optical devices
[11], and Cs2O–Al2O3 catalysts [12, 13]. A feature of
cesium oxide systems is the ability to form X-ray
amorphous and glassy states [14, 15], with attendant
difficulties in choosing the synthetic approach to the
manufacture of cesium oxide–containing ceramics.
Despite the high scientists’ and practitioners’ interest
in aluminum oxide and cesium oxide ceramics, the
phase diagram for the Cs2O–Al2O3 system is not yet
available [16].

Characteristic features of the Cs2O–Al2O3 system
are the hygroscopicity of oxo cesium compounds, the
dependence of the alumina crystal structure on the

synthetic methods and parameters, and the volatility
of cesium compounds at high temperatures [17, 18].

The factors were responsible for the recognition of
the problem to choose the optimal and adequate
method for preparing Cs2O–Al2O3 samples. Сeramic
technique is a priority method for the synthesis of
oxide ceramics [19–22]. The benefits of this method
are known to include its rapidity and ease of embodi-
ment. The method consists in homogenization of the
mixture of precursor materials and subsequent calci-
nation of the homogenized mixture at high tempera-
tures. Since diffusion is a low-rate process in solid-
phase technology, it is extremely important to achieve
a uniform distribution of the reagents throughout the
volume of the batch during homogenization. In some
cases, this is not an optimal approach, and then one
has to use what we call chemical homogenization in
aqueous solutions [23, 24].

Along with ceramic technique, another widely used
process is glycine–nitrate combustion [24, 25], where
product particles are formed in the course of short-
term combustion of the batch [24, 25]. The underlying
idea of the method is a redox reaction in aqueous solu-
tion between nitrate ions and glycine. Since glycine
plays both the role of an oxidizing agent and the role of
an organic fuel, special attention is paid to its amount
911



912 FEDOROVA et al.
necessary for synthesis, which is individual depending
on the chemical nature of the system [26].

In view of the unavailability of a phase diagram for
the Cs2O–Al2O3 system and the hygroscopicity and
volatility of cesium, our goal in this work was to study
the usefulness of ceramic technique and the glycine–
nitrate combustion process for manufacturing Cs2O–
Al2O3 ceramic samples containing 20 and 33 mol %
cesium oxide with subsequent identification of the
thus-prepared samples.

EXPERIMENTAL
The chemicals used to prepare test ceramic samples

by ceramic technique technology were γ-Al2O3 pre-
pared in a laboratory and Cs2CO3 (99.9%, chemically
pure grade, TU 6-09-638-80, Russia). The γ-Al2O3
low-temperature phase was prepared via thermolysis
of Al(NO3)3·9H2O (97%, pure grade, GOST (State
Standard) 3757-75, Russia) at 573 K. The cesium car-
bonate was calcined at 1073 K for 12 h prior to use.

According to the ceramic technique, calculated
amounts of cesium carbonate and γ-Al2O3 were
homogenized together with an agate mortar and a pes-
tle for 1 h. Due to the hygroscopicity of cesium car-
bonate, the precursors were triturated with isopropa-
nol. Since the parameters of solid-phase reactions to
prepare Cs2O–Al2O3 samples are not available in the
literature, the amount of isopropanol for the homoge-
nization of the reagents was selected experimentally.
In order to identify the effect of the amount of isopro-
panol on the characteristics (phase composition and
surface morphology) of samples that were prepared by
ceramic technique, a smaller amount of isopropanol
was used to homogenize the calculated amounts of
reagents for a 20 mol % cesium oxide sample than for
a 33 mol % cesium oxide sample. The amount of iso-
propanol taken to prepare the 33 mol % cesium oxide
sample was greater than calculated for the batch.

The thus-prepared batch was pressed into tablets
using a organic glass mold, and the tablets calcined in
a muffle furnace in open corundum crucibles at the
temperatures and for the times as follows: at 773 K, for
15 h; at 873 K, for 10 h; at 973 K, for 15 h; at 1073 K,
for 10 h; and at 1373 K, for 10 h. Once fulfilled, each
of those annealing steps was followed by X-ray powder
diffraction and X-ray f luorescence analyses to study
phase and elemental compositions.

In view of the exceptionally high tendency of
cesium oxide to evaporate, glycine–nitrate combus-
tion was also chosen as an alternative method for pre-
paring test samples. The precursors used to prepare
Cs2O–Al2O3 samples containing 20 mol % cesium
oxide via glycine–nitrate combustion were Cs2CO3
(99.9%, chemically pure grade, TU 6-09-638-80,
Russia) and Al(NO3)3·9H2O (97%, pure grade, GOST
(State Standard) 3757-75, Russia). The calculated
RUSSIAN JOURNAL O
amounts of the precursors were dissolved in dilute
nitric acid under constant heating on a sand bath. The
water-to-acid ratio was 1 : 2 vol/vol. After the precur-
sors dissolved completely, glycine was added to the
solution in the ratio (ni):  :  : 
= 1.0 : 8.1 : 17.2 mol/mol; afterwards, heating contin-
ued to remove the solvent until the mixture boiled.
After the solvent evaporated upon boiling, the sponta-
neous combustion of the reaction mixture was
observed. Once the combustion was over, the mixture
was a white fine powder with dark inclusions of car-
bon; the powder was compressed into tablets using an
organic glass mold and then calcined in a muffle fur-
nace at the specified temperatures for the specified
times: at 773 K, for 15 h; at 873 K, for 10 h; at 973 K,
for 15 h; at 973 K, for 365 h; and at 973 K, for 870 h.
Each calcination was followed by the X-ray powder
diffraction and X-ray f luorescence analyses of the test
samples in order to determine their phase and quanti-
tative compositions.

The glycine–nitrate combustion process was also
used to prepare 33 mol % cesium oxide samples of the
Cs2O–Al2O3 system. The precursors used were CsNO3
(CAS Sample no. 7789-18-6, 99.9%, chemically pure
grade, TU 6-09-437-75, Russia) and Al(NO3)3·9H2O
(97%, pure grade, GOST (State Standard) 3757-75,
Russia). After the calculated amounts of metal nitrates
dissolved in distilled water, glycine was added to the
solution in the molar ratio calculated as

where n is the number of moles of the reducing agent
per mole of the product [27].

It should be mentioned here that the amounts of
metal nitrates and glycine to be taken to prepare the
33 mol % cesium oxide sample were calculated to
ensure a lower intensity of batch combustion. The
thus-produced mixtures were compressed into tablets
and then calcined at the specified temperatures for the
specified times: at 773 K, for 15 h; at 873 K, for 10 h;
at 973 K, for 15 h; at 1073 K, for 10 h; at 973 K, for 365 h;
and at 973 K, for 870 h. As in the preceding case, the
samples were identified by X-ray powder diffraction
and X-ray f luorescence analyses after each calcination
step.

The samples prepared under the conditions speci-
fied in Table 1 were identified and characterized by
X-ray powder diffraction and X-ray f luorescence anal-
yses, scanning electron microscopy, and differential
thermal analysis to be used further to study the physico-
chemical properties of the Cs2O–Al2O3 system.

X-ray powder diffraction experiments were carried
out on a Bruker D2 Phaser diffractometer with a cop-
per cathode (CuKα1,2 radiation, voltage: 30 kV) and a
Rigaku Ultima IV diffractometer with a cobalt cathode.

X-ray f luorescence analysis was performed on an
EDX 800 HS (Shimadzu) energy-dispersive X-ray

2 3Cs COn
3 3 2( )Al NO 9H On ⋅ 2 5 2C H NOn

2 5 2 3C H NO 5 NO( ) ,( 9) /n n −= 
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Table 1. Synthetic parameters for preparing Cs2O–Al2O3 ceramic samples

Sample no.
As-synthesized ratio
Cs2O : Al2O3, mol % Synthetic method Precursors T, K Synthesis 

time τ, h

1

20 : 80 Сeramic technique
Cs2CO3
γ-Al2O3

773 15
2 873 10
3 973 15
4 973 365
5 973 870
6 1073 10
7 1373 10

8

33 : 67 Сeramic technique
with an excess of isopropanol

Cs2CO3
γ-Al2O3

773 15
9 873 10

10 973 15
11 973 365

11а 383 2
12 973 870
13 1073 10
14 1373 10

15

20 : 80 Glycine–nitrate combustion
Cs2CO3
Al(NO3)·9H2O

773 15
16 873 10
17 973 15
18 973 365
19 973 870
20 1073 10

21

33 : 67 Glycine–nitrate combustion
CsNO3
Al(NO3)·9H2O

773 15
22 873 10
23 973 15
24 973 365
25 973 870
26 1073 10
f luorescence spectrometer in vacuo in the range of
characteristic lines of the elements from carbon
through uranium.

The surfaces of samples were studied using a Hita-
chi S-3400N scanning electron microscope equipped
with an Oxford Instruments X-Max 20 spectrometer
for energy-dispersive analysis.

High-resolution electron microscopic observations
were performed using a Zeiss Merlin scanning elec-
tron microscope with a field-mission cathode, a
Gemini-II electron optics column, and an oil-free
vacuum system. ln-lens SE and SE2 secondary elec-
tron detectors were used to record signals. An Oxford
Instruments INCAx-act X-ray microanalysis attach-
ment was used for microanalysis.

The high-temperature thermal analysis of Cs2O–
Al2O3 samples was performed on a Shimadzu DTG-60
thermal analyzer in the range 298–1373 K. Samples
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
for thermoanalytical experiments were thin disks com-
pressed under 200 atm, whose fragments were placed
in a platinum crucible. A blank run with empty cruci-
bles preceded the thermoanalytical experiments in
order to correct the signals from test samples after
records.

RESULTS AND DISCUSSION

X-ray Powder Diffraction Analysis

Сeramic technique and glycine–nitrate combus-
tion process with various precursors and various heat-
treatment conditions, namely, temperature Т and time
τ, were used to prepare Cs2O–Al2O3 samples contain-
ing 20 and 33 mol % cesium oxide. The compositions
and numbering of the test samples, together with the
synthetic methods and parameters for each sample,
l. 68  No. 7  2023
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Fig. 1. X-ray diffraction patterns of Cs2O–Al2O3 samples containing 20 mol % cesium oxide that were prepared by ceramic
technique from Cs2CO3 and γ-Al2O3 with various batch calcination parameters (Table 1).
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are found in Table 1. The numbering of samples as in
Table 1 will be used further in the text.

Figures 1–4 show the X-ray diffraction patterns of
the prepared Cs2O–Al2O3 samples. The X-ray diffrac-
tion patterns in Fig. 1 refer to samples 1–6, which are
Cs2O–Al2O3 samples containing 20 mol % cesium
oxide that were prepared by ceramic technique from
Cs2CO3 and γ-Al2O3 with isopropanol trituration. The
batch was calcined at various (temperature and time)
conditions. X-ray powder diffraction showed that all
as-synthesized samples were more than 80% amor-
phous. Therefore, further phase identification in the
prepared samples was difficult.

The sample calcined at 973 K for 365 h (sample 4)
contained the greatest amount of a crystallized phase
in comparison to the samples prepared by the same
method but under other isothermal exposure condi-
tions. The diffraction peaks in sample 4 appeared at
2θ = 28.75°, 25.64°, 37.67°, 18.33°, and 20.35°; they
can be identified with the strongest peaks of aluminum
hydroxide crystal phases: Al(OH)3 (gibbsite) (14,
P121/n1, ICDD PDF-2 Release 2011, Sample no. 01-
080-7022), triclinic Al(OH)3 (2,  ICDD PDF-2
Release 2016, RDB Sample no. 01-077-9948), or eta-
Al2O3 (227, Fd m, ICDD PDF-2 Release 2016, RDB,
Sample no. 00-056-0458), or with CsAlO2 (227,

1,P

3
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Fd m, ICDD PDF-2 Release 2016, RDB, Sample
no. 01-074-2291). An elevation of the batch calcina-
tion temperature to 1073 K yields an X-ray amorphous
sample (sample 6).

It should be noted that, in all samples containing a
large amount of the X-ray amorphous phase, low-
intensity diffraction peaks were identified at the crys-
tal-rotation angles 2θ corresponding to the major dif-
fraction peaks of the crystalline phases found earlier in
sample 4.

In the X-ray diffraction pattern of the 20 mol %
cesium oxide sample of the Cs2O–Al2O3 system pre-
pared by standard ceramic technique and then cal-
cined at 1373 K for 10 h (sample 7), the only crystalline
phase was α-Al2O3. This means that the chosen batch
calcination temperature did not provide the prepara-
tion of Cs2O–Al2O3 samples.

Therefore, batch calcination at 973 K with 365-h
isothermal exposure is the optimal schedule for pro-
viding the highest crystallinity of Cs2O–Al2O3 ceramic
samples prepared by ceramic technique from Cs2CO3
and γ-Al2O3 comprising trituration with isopropanol.

Figure 2 shows the X-ray diffraction patterns for
33 mol % Cs2O samples of the Cs2O–Al2O3 system
that were prepared by solid-phase technology from

3
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Fig. 2. X-ray diffraction patterns of Cs2O–Al2O3 samples containing 33 mol % Cs2O that were prepared by ceramic technique
from Cs2CO3 and γ-Al2O3 with various batch calcination parameters (Table 1).
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Cs2CO3 and γ-Al2O3 with trituration with excess iso-

propanol. In the samples that were prepared with
batch calcination at 773 K for 15 h (sample 8), at 873 K
for 10 h (sample 9), and at 973 K for 15 h (sample 10),
X-ray powder diffraction patterns showed the pre-
dominance of an X-ray amorphous phase with low-
intensity diffraction peaks. The reflection peak posi-
tions for these samples correspond to the Al(OH)3

(gibbsite) structure (14, P121/n1, ICDD PDF-2
Release 2011, Sample no. 01-080-7022). It should be
emphasized that powder samples 8–10 blurred while
interacting with moisture upon prolonged contact
with air, and passed into a plasticine-like state.

The X-ray diffraction patterns for samples that
were prepared with a long-term isothermal exposure
of 365 h (sample 11) or 870 h (sample 12) at 973 K or
of 10 h (sample 13) at 1073 K, are typical of multiphase
samples. The major diffraction peaks for those sam-
ples appeared at 2θ = 28.345°, 18.645°, 33.156°,
34.125°, 14.458°, and 12.489°. These diffraction peaks
lie in the range where the diffraction peaks appear
from Al(OH)3 (gibbsite) (14, P121/n1, ICDD PDF-2

Release 2011, Sample no. 01-080-7022), γ-Al2O3 [28],

and cubic cesium aluminate CsAlO2 (227, Fd m,

ICDD PDF-2 Release 2016, Sample no. 01-074-
2291) [29].

3
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Figure 3 shows the X-ray diffraction patterns for
samples 15–20, which are 20 mol % Cs2O samples of

the Cs2O–Al2O3 system that were prepared by the gly-

cine–nitrate combustion process from Cs2CO3 and

Al(NO3)3·9H2O with various calcination (temperature

and time) conditions. Noteworthy, the X-ray diffrac-
tion patterns of this set of samples (sample 15) feature
a relatively small amount of an X-ray amorphous
phase even at 773 K, unlike in the samples of the same
composition prepared by solid-phase technology.
Moreover, long-term (365-h) calcination at 973 K
made the crystalline phase to disappear (in sample 18).
The only way to achieve the formation of a crystalline
phase in samples prepared by this method is via batch
calcination at 973 K for 870 h (sample 19). The major
diffraction peaks for this sample appeared at 2θ =
28.701°, 18.008°, 25.535°, and 37.632°; they corre-
spond to the aluminum hydroxide Al(OH)3 (gibbsite)

crystallized phase (14, P121/n1, ICDD PDF-
2/Release 2011, Sample no. 01-080-7022). High-reso-
lution X-ray diffraction showed low-intensity peaks of
triclinic Al(OH)3, α-Al2O3, and Cs2(Al2O(OH)6 in

this sample.

Figure 4 shows the X-ray diffraction patterns for
samples 21–26, which are 33 mol % Cs2O samples of

the Cs2O–Al2O3 system that were prepared by the gly-
l. 68  No. 7  2023
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Fig. 3. X-ray diffraction patterns of Cs2O–Al2O3 samples containing 20 mol % Cs2O that were prepared by the glycine–nitrate
combustion process from Cs2CO3 and Al(NO3)3·9H2O with various batch calcination parameters (Table 1). 
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Fig. 4. X-ray diffraction patterns of Cs2O–Al2O3 samples containing 33 mol % Cs2O that were prepared by the glycine–nitrate
combustion process from CsNO3 and Al(NO3)3·9H2O with various batch calcination parameters (Table 1). 
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cine–nitrate combustion process from CsNO3 and

Al(NO3)3 · 9H2O with various batch calcination (tem-

perature and time) conditions. Sample 21, which was

calcined at 773 K for 15 h, contains Al(OH)3 (gibbsite)

and CsNO3 (144, P31, ICDD PDF-2 Release 2020,

RDB, Sample no. 01-079-0009) phases in addition to
RUSSIAN JOURNAL O
the major X-ray amorphous phase. The presence of

cesium nitrate in the sample indicates that the calcina-

tion conditions were insufficient for the complete

decomposition of the intermediates formed during the

synthesis. Minor cesium nitrate remains in sample 22
after calcination at 873 K for 10 h, while the amount of
F INORGANIC CHEMISTRY  Vol. 68  No. 7  2023
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Table 2. Overall weight change (Δm) in Cs2O–Al2O3 samples as shown by thermogravimetric analysis

Sample no. 17 18 19 10 11 11а 24

As-synthesized ratio Cs2O : Al2O3, mol % 20 : 80 20 : 80 20 : 80 33 : 67 33 : 67 33 : 67 33 : 67

Δm 0 –24.57 –17.48 0 –36.32 –21.62 –26.82
the crystalline phase becomes smaller. Both samples
take up water upon long-term contact with air to con-
vert to plasticine-like mass. When the batch is calcined
at 1073 K for 10 h, the sample enters an X-ray amor-
phous state (sample 26). The X-ray diffraction pattern
of sample 23, which experienced calcination at 973 K
for 15 h, corresponds to the profile of a multiphase
sample and also features both an X-ray amorphous
phase and a crystallized phase. The major diffraction
peaks were found at 2θ = 19.495°, 28.696°, 28.786°,
16.973°, 34.128°, 39.376°, 32.112°, 21.015°, 33.366°,
26.671°, 58.539°, and 17.713°. The diffraction peaks
for those samples lie in the range where the diffraction
peaks of Al(OH)3 (gibbsite) and cubic cesium alumi-

nate CsAlO2 appear. In sample 25, which was calcined

at 973 K for 870 h, the major diffraction peaks were
found at 2θ = 28.455°, 18.645°, 33.156°, 34.125°,
14.458°, and 12.489°; they refer to Al(OH)3 (gibbsite),

γ-Al2O3, and CsAlO2 crystallized phases.

The X-ray diffraction patterns of samples that were
prepared with batch calcination at 1373 K for 10 h fea-
ture only an aluminum oxide phase. X-ray f luores-
cence analysis of the same sample verified the absence
of cesium therein. Therefore, the calcination schedule
at 1373 K for 10 h cannot serve to prepare Cs2O–Al2O3

samples.

Thus, X-ray powder diffraction showed an X-ray
amorphous phase in all Cs2O–Al2O3 ceramic samples

containing 20 or 33 mol % Cs2O. The X-ray diffraction

patterns of these samples are typical of multiphase sys-
tems. The amount of the crystalline phase in the sam-
ple depends on the synthetic method and heat treat-
ment conditions.

The alumina percentage in the Cs2O–Al2O3 sam-

ples containing 20 or 33 mol % Cs2O exceeds the

cesium oxide percentage. Some of the alumina can
form various hydroxo species when the sample is
brought in contact with water because of the hygro-
scopicity of cesium compounds. Two stoichiometries
are typical of aluminum hydroxide: Al(OH)3 = Al2O3·

3H2O and AlO(OH) = Al2O3 · H2O [22]. These

hydroxo species can each exist in two crystal phases: α
and γ. Thermal dehydration of aluminum hydroxide
and other aluminum hydroxo compounds can stabi-
lize various alumina polymorphs, depending on calci-
nation temperature, namely: α-Al2O3, γ-Al2O3,

χ-Al2O3, θ-Al2O3, η-Al2O3, or δ-Al2O3. The other alu-
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
mina polymorphs are low-temperature phases and are

stabilized under soft synthesis settings. Amorphous

Al2O3·nH2O of variable composition is also known.

These circumstances, taken together, are responsible

for the multiphase constitution and X-ray amorphous

state of the prepared samples.

Differential Thermal Analysis

The differential thermal analysis was used to char-

acterize the Cs2O–Al2O3 samples containing 20 and

33 mol %cesium oxide that were prepared by ceramic

technique or the glycine–nitrate combustion process

in the range 298–1373 K.

Figure 5 compares DTA signal versus temperature

curves for Cs2O–Al2O3 ceramic samples prepared

under various conditions; the curves are numbered to

match sample numbering in Table 1. Sample 11a was

prepared via an additional 2-h heat treatment of sam-

ple 11 at 383 K before thermal analysis.

Thermal analysis did not detect significant weight

loss in samples 10 and 17 and no thermal events in the

range of temperatures from 298 to 1373 K. The DTA

curves of other samples feature endotherms in the

range of temperatures up to 573 K. The total weight

loss for the studied samples appears in Table 2. Sam-

ple 17 is a dry ceramic powder containing 20 mol %

cesium oxide; it was prepared by the glycine–nitrate

combustion process with subsequent calcination at

973 K for 15 h. The powder of sample 10, which is also

moisture resistant, contains 33 mol % cesium oxide; it

was prepared by solid-phase technology with isothermal

exposure under the same conditions as for sample 17
(973 K for15 h).

The other studied samples featured weight loss,

which could be explained by the presence of adsorbate

water on their surfaces. Sample 11, which is a Cs2O–

Al2O3 sample containing 33 mol % cesium oxide that

was prepared by solid-phase technology with isother-

mal exposure at 973 K for 365 h, became moist upon a

long-term contact with water. Sample 11 was predried

at 383 K for 2 h before a thermoanalytical experiment

(sample 11a). The DTA curve of sample 11a features

two endotherms at 468.05 and 547.85 K; the total

weight loss is 21.62%.
l. 68  No. 7  2023
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Fig. 5. Comparison of DTA signal versus temperature curves (DTA, µV) for Cs2O–Al2O3 samples 10, 11, 11a, 17–19, and 24.
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Fig. 6. Micrographs with (a) 20- and (b) 1-µm magnification taken from the surface of a Ce2O–Al2O3 sample containing 33 mol %
Cs2O that was prepared by solid-phase technology with 15-h batch calcination at 973 K.

(a) (b)
20 �m 1 �m
Surface Microscopy and X-ray Fluorescence Analysis

Figures 6–8 show the high-resolution scanning
electron micrographs of Cs2O–Al2O3 samples.

Figures 6a and 6b show surface micrographs of
sample 10, which is a 33 mol % cesium oxide sample
prepared by solid-phase technology with calcination
at 973 K for 15 h. The surface of the sample is repre-
sented by irregularly shaped crystal grains of various
sizes. Large particles with sizes ranging within 45–150 µm
amount to 28% of the total number of particles on the
observed surface area of the sample. Fine particles
have sizes in the range 6–45 µm and are 72% of all
particles. Small-sized crystal grains, with unclear
RUSSIAN JOURNAL O
edges and coalesced, can be seen on the surface micro-

graphs of the same sample at a magnification of up to

1 µm (Fig. 6b).

Figures 7a and 7b show the surface micrographs of

sample 17, which is a Cs2O–Al2O3 sample containing

20 mol % Cs2O that was prepared by the glycine–

nitrate process with calcination at 973 K for 15 h. The

images show entities of various shapes and of smaller

sizes than those in sample 10, which was prepared by

ceramic technique. Of the particles on the observed

surface area of sample 10, 10% were particles of sizes

of 20–50 µm, ca. 32% were 10–20 µm in size, and 58%

were particles with sizes of at most 10 µm. The glycine–
F INORGANIC CHEMISTRY  Vol. 68  No. 7  2023
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Fig. 7. Micrographs with (a) 10- and (b) 1-µm magnification taken from the surface of a Cs2O–Al2O3 sample containing 20 mol %
Cs2O that was prepared by the glycine–nitrate combustion process with 15-h batch calcination at 973 K.

(a) (b)
10 �m 1 �m

Fig. 8. Micrographs with (a) 10- and (b) 2-µm magnification taken from the surface of a Cs2O–Al2O3 sample containing 33 mol %
Cs2O that was prepared by the glycine–nitrate combustion process with 15-h calcination at 973 K.

(a) (b)
10 �m 2 �m
nitrate combustion process when used to prepare
Cs2O–Al2O3 samples yields smaller particles than

those produced by ceramic technique. The micro-
graphs of sample 17 taken under 1-µm magnification
show fine grains that do not have a pronounced habit.

The surface micrographs (Figs. 8a and 8b) of sam-
ple 23, which is a Cs2O–Al2O3 sample containing

33 mol % Cs2O that was prepared via glycine–nitrate

combustion and crystallized at 973 K with 15-h iso-
thermal exposure, show cubic grains with a well-
defined habit forming agglomerates of 40–60 µm. On
the micrographs of this sample taken at up to 1-µm
magnification, one can distinguish cube-shaped crys-
tal grains with 1.5–2.0 µm faces, larger grains shaped
in parallelepipeds with faces а = 0.5–1.5 µm, b = 2–
2.8 µm, and irregular-shaped grains having sizes less
than 2.5 µm.

The elemental composition for all of the prepared
samples of the studied system listed in Table 1 was
determined by X-ray f luorescence spectroscopy. Fig-
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
ure 9 shows an energy-dispersive spectrum for one
sample. Only cesium and aluminum characteristic
lines were detected in all samples. The rhodium char-
acteristic lines observed in the spectrum refer to the
anode material of the instrument on which analysis
was carried out.

Table 3 lists the elemental compositions of Cs2O–

Al2O3 ceramic samples that were prepared by ceramic

technique or glycine–nitrate combustion process with
subsequent heat treatment of the batch under various
(temperature and time) conditions.

When the batch prepared by solid-phase technol-
ogy was calcined at 1373 K for 10 h (for samples 7 and
14), cesium completely vaporized from the batch;
accordingly, the spectra of these samples featured only
aluminum characteristic lines. The X-ray diffraction
patterns of these samples also featured only one crys-
tallized phase, which was identified as α-Al2O3. Thus,

1373 K is a too high synthesis temperature to prepare
Cs2O–Al2O3 oxide ceramics.
l. 68  No. 7  2023
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Fig. 9. Energy-dispersive spectrum of a 20 mol % Cs2O + 80 mol % Al2O3 sample prepared by the glycine–nitrate combustion
process.
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Table 3. X-ray f luorescence analysis of Cs2O–Al2O3 samples

Synthetic method
Calcination parameters As-analyzed ratio Cs2O : Al2O3, mol %

T, K τ, h Cs2O Al2O3

As-synthesized ratio 

Cs2O : Al2O3, mol %

20 : 80

Solid-phase tech-

nology

873 10 20.18 ± 0.33 79.82 ± 1.20

973 15 20.13 ± 0.30 79.87 ± 1.20

973 365 19.93 ± 0.30 80.07 ± 1.20

973 870 19.92 ± 0.30 80.08 ± 1.20

1073 10 19.97 ± 0.30 80.03 ± 1.20

1373 10 0 100

Glycine–nitrate 

process

873 10 20.42 ± 0.31 79.58 ± 1.20

973 15 20.14 ± 0.30 79.86 ± 1.20

973 365 19.62 ± 0.29 80.38 ± 1.20

973 870 19.84 ± 0.30 80.16 ± 1.20

1073 10 19.91 ± 0.30 80.09 ± 1.20

33 : 67

Solid-phase tech-

nology

873 10 33.80 ± 0.51 66.20 ± 0.993

973 15 33.75 ± 0.51 66.25 ± 0.99

973 365 33.28 ± 0.50 66.72 ± 1.00

973 870 30.02 ± 0.45 69.98 ± 1.05

1073 10 31.84 ± 0.48 68.16 ± 1.02

1373 10 0 100

Glycine–nitrate 

process

873 10 33.88 ± 0.51 66.12 ± 0.99

973 15 32.95 ± 0.49 67.05 ± 1.00

973 365 32.19 ± 0.48 67.81 ± 1.02

973 870 33.92 ± 0.51 66.07 ± 0.99

1073 10 33.45 ± 0.50 66.55 ± 0.10
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Noteworthy, regardless of the chosen synthetic
method, Cs2O–Al2O3 ceramic samples containing 20

or 33 mol % cesium oxide prepared at lower tempera-
tures have the tailored amounts of Cs2O (to the error

bar of the method).

CONCLUSIONS

Conditions have been considered to manufacture
Cs2O–Al2O3 ceramic samples containing 20 and

33 mol % cesium oxide by ceramic technique and by
glycine–nitrate combustion process with various iso-
thermal exposure parameters. The heat treatment of
the batch at 773 K is insufficient, and in addition to an
X-ray amorphous phase, diffraction peaks character-
istic of unreached precursors appear on the X-ray dif-
fraction patterns. Batch calcination at 1373 K leads to
the complete vaporization of cesium from the sample.
The phase composition, elemental composition as
analyzed by X-ray f luorescence spectroscopy, and sur-
face morphology of the prepared samples show that
ceramic technique and glycine–nitrate combustion
process are advised for preparing Cs2O–Al2O3 sam-

ples. The optimal parameters for the heat treatment of
the batch to prepare Cs2O–Al2O3 samples are a tem-

perature of 973 K and calcination time of 365 h when
standard solid-phase technology is used and 870 h for
the glycine–nitrate combustion process.
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