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Abstract
In this paper, a sol-spray pyrolysis route was employed to fabricate (Cs, Ba)-hollandite ceramic waste forms. The high-phase 
purity (Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 (0 ≤ x ≤ 0.4) ceramics were synthesized at 1050 °C using the produced powders 
by sol-spray pyrolysis. The results show that all samples show tetragonal hollandite with rod morphology. Additionally, the 
sintered (Cs, Ba)-hollandite ceramics exhibit a good chemical durability. The normalized release rates of Cs and Ba were 
< 10−2 g m−2 d−1 after 14 days. These results indicate that hollandite ceramics are promising candidate for immobilizing 
radioactive cesium.
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Introduction

Hollandites with general formula A2B8O16 have long been 
consider as possible hosts for immobilization of radioac-
tive cesium because of their high chemical durability, good 
thermal stability and high radiation resistance [1–3]. Due 
to excellent structural tolerance, hollandite-type oxides can 
accommodate larger A+ or A2+ cations (Rb+, Cs+ and Ba2+) 
at A-site, while the B-site is occupied by tri- and tetra-valent 
cations such as Al3+, Fe3+, Ti3+ and Ti4+ etc. [4, 5]. Moreo-
ver, the charge compensation in hollandite lattice could be 
achieved through reduction of Ti4+ to Ti3+ [6], suggesting 
that the hollandite ceramics are a promising host for immo-
bilizing radioactive Cs.

Various techniques have been employed to fabricate high 
quality hollandite ceramics, such as hot-pressure sintering, 
melting process and sol–gel method, etc. Unfortunately, 

some key problems should be solved in these methods. For 
instance, a higher pressure of about 40 Mpa is required in 
hot pressing sintering [7]. On the other hand, a higher tem-
perature of above 1500 °C is requested in the melting pro-
cess [8]. Last but not least, the pH and ageing time need to 
be controlled by using the sol–gel method [9]. Comparing 
with the shortages in these methods, spray pyrolysis (SP) 
has its own priorities in continuous, simple and inexpensive 
characteristics [10, 11]. Powders with uniformly homogene-
ity and good dispersity were prepared by atomizing a precur-
sor solution with SP technology [12–14]. It indicates that the 
high quality hollandite ceramics are expected to be synthe-
sized using the generated powders by SP at a lower sintering 
temperature for immobilizing volatile radioactive cesium.

In our present work, the high purity (Cs0.8−xBa0.4+x)
(Al1.6+xTi6.4−x)O16 ceramics were synthesized firstly from 
powder prepared by a spray pyrolysis process. Then sub-
stitution effects of Ba2+ for Cs+ on the crystalline phase, 
morphology and chemical durability of the as-prepared (Cs, 
Ba)-hollandite samples were investigated in details. Finally, 
a summary of the study is given.
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Experimental procedures

Materials preparation

A homemade spray pyrolysis system was employed to 
prepare primary hollandite powders. The self-assembly 
SP equipment mainly included an atomization device, an 
air extractor, a resistance heating furnace, and a powder 
collector. In a typical process, the overall solution con-
centration was fixed at 0.1 mol L−1. The solution com-
prised of Cs+, Al3+ and Ba2+ was prepared by dissolving 
CsNO3, Al(NO3)3·9H2O and Ba(NO3)2 in distilled water, 
respectively. 100 mL of ethanol and 10 mL nitric acid 
are mixed in a 200 mL flask. 6.8 mL tetrabutyl titanate 
(Ti(OC4H9)4) is dissolved in the nitric acid alcohol solu-
tion to restrain hydrolyzation of the tetra-n-butyl titanate, 
and dilute with ethanol to 200 mL with stirring for 30 min. 
After that, the precursor solution with nominal composi-
tions of (Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 was obtained by 
mixing the two solutions prepared before. Then citric acid 
and polyethylene glycol were added to the mixed solution 
in proportions of 8 and 5 g per 100 mL solution and was 
stirred for 2 h. Precursor powders were produced in the 
self-assembly SP equipment at 400 °C in air atmosphere. 
To remove residual organic species, the as-prepared pow-
der was heated at 800 °C for 2 h. Finally, the post-treated 
powders were pressed into pellets 12 mm in diameter 
and 3 mm in thickness at the pressure of 12 MPa using a 
hydraulic press and sintered in air at 1050 °C for 5 h.

Sample characterization

The phase structure of the sintered (Cs, Ba)-hollandite 
ceramics was identified by X-ray diffraction (XRD) using 
Cu Kα radiation. The Raman spectra of specimens in the 
range of 100–800 cm−1 was recorded with the laser Raman 
spectrometer (InVia, UK) using 532 nm light from an 
argon laser. The morphology of the samples sintered was 
observed using field scanning electron microscopy (FSEM, 
ZEISS ULTRA 55). A transmission electron microscopy 
(TEM) sample was prepared by crushing ceramic frag-
ments in ethanol and depositing a drop of suspension on 
a holey-carbon film. The microstructural information of 
the sample was observed by transmission electron micros-
copy (TEM, Libra 200 FE, Germany). Energy-dispersive 
X-ray spectroscopy (EDX), attached to the TEM equip-
ment, was used to identify the chemical composition of 
the observed sample. A leaching test was conducted to 
examine Cs and Ba leaching from the synthesized samples 
using a modified MCC-1 method. The synthesized (Cs, 
Ba)-hollandite ceramic waste forms were suspended in a 

deionized water in a closed Teflon vessel. Then the vessels 
are placed into an oven maintained at a constant tempera-
ture of 90 ± 2 °C for a period of 1–21 days. After leach-
ing, the concentrations in the leachant are detected by an 
inductively coupled plasma mass spectrometry (ICP-Mass, 
Agilent 7700x, Agilent, U.S.). The normalized elemental 
leach rate (NLi, g m−2 d−1) was calculated according to the 
following Eq. (1):

where Ci (g m−3) is the concentration of element i in the lea-
chate, V (m3) is the volume of the leachates, SA (m2) is the 
surface area of the leach sample, fi (wt%) is the mass fraction 
of element i in the ceramics and tn (d) is the leaching time.

Results and discussion

Phase and structural stability

Figure  1 shows the XRD patterns of (Cs0.8−xBa0.4+x)
(Al1.6+xTi6.4−x)O16 ceramics with various compositions. It can 
been found that all samples are of well-developed crystalline 
structure, with distinct diffraction peaks corresponding to the 
intense reflections of hollandite, suggesting the high-phase 
purity (Cs, Ba)-hollandite solid solution has been formed at 
1050 °C for 5 h and that the Cs+ and Ba2+ ions are success-
fully incorporated into hollandite lattice. Furthermore, the 
observed equivalent Bragg reflections are shifted continu-
ously towards higher angles with decreased cesium content 
(right part of Fig. 1). It can be explained that a decrease 
in unit cell volume resulted from the decreased ionic size 
of Ba2+ (1.42 Å) at the A site compared with that of Cs+ 
(1.74 Å), in accordance with the previous results [2, 6].

It is worth noting that elemental Cs and most cesium 
compounds are volatile in the higher temperature (> 900 °C) 
[15, 16]. The synthesis of Cs-host at lower temperature 
(1050 °C) is conducive to preventing Cs volatilization during 
fabrication and further confirmed by EDX results (Fig. 5f). 
To the best of our knowledge, the (Cs, Ba)-hollandite ceram-
ics were prepared at 1200–1250 °C by an alkoxide nitrate 
precursor route [17, 18], a hot presses sintering [19, 20] or 
a solid state reaction [18, 21]. Furthermore, a water-soluble 
CsAlTiO4 phase is usually present in this system [15], which 
would affect the long-term chemical stability of the radioac-
tive cesium waste forms [22]. Compared to coarser powders 
used in the solid state method, a submicron or nanometer 
size powders with excellent compositional homogeneity 
were generated from a precursor solution by sol-spray pyrol-
ysis [12, 14, 23], which greatly eliminates component 

(1)NLi =
Ci ⋅ V

SA ⋅ fi ⋅ tn
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inhomogeneity appeared in solid state method. As shown in 
Fig. 2, the highly sinterable powders are obtained from the 
atomized droplets, improving the difference in setting time 
for precipitation of different components [24]. Moreover, 
previous results indicated that the high-quality powders pro-
mote the diffusion of particles at short range in the sintering 
process [25]. Therefore, the high purity hollandite ceramics 
are synthesized by Sol-SP only after the as-prepared pow-
ders sintered at 1050 °C for 5 h.

In the hollandite A2B8O16, the structure can adapt 
to a tetragonal or monoclinic symmetry, depending on 
the mean radius ratio of cations in the A and B sites. For 
(Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 solid solution, the ionic 
radius of Al3+ and Ti4+ are 0.585 and 0.605 Å, while that 
of Cs+ and Ba2+ are 1.74 and 1.42 Å [26], respectively. The 
chemical difference between Cs and Ba are likely to impair 
the stability of the hollandite matrix. The structural stabil-
ity of A2B8O16 hollandite can be predicted using the radius 
ratio tolerance factor tH following Eq. (2) defined by Kesson 
and White [27]:

where rA is the average A-site cation radii, rB is the average 
B-site cation radii, and rO is the oxygen ion radius (1.4 Å). 
The average ionic radius of rA and rB in (Cs0.8−xBa0.4+x)
(Al1.6+xTi6.4−x)O16 (0 ≤ x ≤ 0.4) compositions are estimated 
using the following Eqs. (3) and (4):

The calculated results of tH and rB/rA were collected in 
Table 1 and the calculated tH as a function of Cs content is 
depicted in Fig. 3.

Although the tH values ranging from 0.93 to 1.16 were 
predicted to be a stable hollandite phase [27], Cs cannot 
substitute all Ba atoms in hollandite lattice because of size 

(2)tH =

[

(

rA + rO
)2

−
1

2

(

rB + rO
)2
]1∕2

√

3

2

(

rB + rO
)

(3)rA = (0.8 − x)rCs + (0.4 + x)rBa

(4)rB = (1.6 + x)rAl + (6.4 − x)rTi

Fig. 1   XRD patterns of the 
(Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)
O16 (0 ≤ x ≤ 0.4) ceramics pre-
pared by the Sol-SP method

Fig. 2   Schematic illustration of the synthesis procedures of hollandite ceramic with SP
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constraints (r+
Cs~1.74 Å > rBa

2+~1.42 Å) [4, 28]. As reported, 
the 

[

CsxBay

]

[

(

Al
3+
, Ti

3+
)

2y+x
Ti

4+
8−2y−x

]

O16 solid solution was 
only prepared in the range of 0.4 ≤ x, y ≤ 0.83 [19], suggest-
ing a finite (Cs, Ba)-hollandite solid solution is formed when 
the tH value is very closer to 1 (Fig. 3). As seen in Table 1, 
the tH values is limited to the range of 1.017 ≤ tH≤ 1.065 in 
the (Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 (0 ≤ x ≤ 0.4) ceramics, 
and the variation of tH is slighter than that of 0.93–1.16. 
Additionally, the value of rB/rA is less than 0.48 over the 
whole Cs content range. Thus, all compositions display a 
stable tetragonal structure, and supported by the XRD 
results.

Microstructure

To explore the substitution of Ba2+ for Cs+ on the struc-
ture and symmetry of the synthetic samples, the Raman 
spectra of (Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 (0.0 ≤ x ≤ 0.4) 
samples in the 100–800 cm−1 spectral region are shown in 

Fig. 4. As seen in Fig. 4, six active modes are observed, 
at 145, 380, 445, 509, 609, 700 cm−1. The observed bands 
are all indexed as Raman scattering from a tetragonal hol-
landite, in agreement with previous results reported [29, 
30]. This result indicates that the synthetic (Cs, Ba)-hol-
landite system does not undergo the structural transition 
with the resultant substitutions of Ba2+ for Cs+ and Al3+ 
for Ti4+. The band at 380 and 700 cm−1 are assigned to the 
Ag mode, corresponding to the symmetric stretching vibra-
tion of the (Al, Ti)–O bond [31, 32], whereas the band at 
445 cm−1 is assigned to the Eg mode [33, 34]. Also noticed 
that the bands around 380 cm−1 and 700 cm−1 appear a 
slightly shift toward higher frequencies in the (Cs, Ba)-
hollandite samples, which can be explained as the change 
of the strength of the O–B–O bond [32], due to the substi-
tution of Al3+ for Ti4+. Combined with the XRD results, it 
further confirms that the 

(

Cs0.8−xBa0.4+x

)(

Al
3+
1.6+x

Ti
4+
6.4−x

)

O16 
solid solution retains a stable crystalline structure for the 
resultant substitutions of Ba2+ for Cs+ and Al3+ for Ti4+.

Figure 5 displays the SEM, TEM and EDX images of 
the (Cs0.6Ba0.6)(Al1.8Ti6.2)O16 sample. It can be found that 
the sintered sample exhibits the rod morphology (rod-
like grains) through Fig. 5a, which is a typical hollandite 
structure [35–37]. The rod grains are further observed by 
TEM and the results are shown in Fig. 5b–d. It can been 
found that a well-developed rod grains with a length of 
~ 300 nm is observed clearly (Fig. 5b). Furthermore, the 
clear orderly lattices with 0.711 nm illustrates the char-
acteristic of tetragonal structure (Fig. 5c), assigned to the 
(110) lattice plane of hollandite phase [PDF#78-0018]. In 
the SAED pattern, the homogeneous periodic spots further 
confirm a tetragonal hollandite phase by the existence dif-
fraction planes at (000), (130), (240) and (110) along the 

Table 1   The tolerance factor of (Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 
(0.0 ≤ x ≤ 0.4)

Compositions Mean rA (Å) Mean rB (Å) rB/rA Tolerance 
factor (tH)

Cs0.8Ba0.4Al
3+

1.6
Ti

4+

6.4
O16

1.568 0.601 0.383 1.065

Cs0.7Ba0.5Al
3+

1.7
Ti

4+

6.3
O16

1.542 0.601 0.389 1.053

Cs0.6Ba0.6Al
3+

1.8
Ti

4+

6.2
O16

1.517 0.601 0.396 1.041

Cs0.5Ba0.7Al
3+

1.9
Ti

4+

6.1
O16

1.491 0.600 0.403 1.029

Cs0.4Ba0.8Al
3+

2.0
Ti

4+

6.0
O16

1.466 0.600 0.409 1.017

Fig. 3   The calculated tH for (Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 ceram-
ics as a function of Cs content

Fig. 4   Raman spectra of the (Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 
(0 ≤ x ≤ 0.4) samples
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[0 0 1] direction, in agreement with the results of XRD 
and Raman.

The EDX mapping images of Cs0.6Ba0.6Al1.8Ti6.2O16 sam-
ple are also shown in Fig. 5. It can be found that the elements 
Cs, Ba, Al, Ti, and O are distributed uniformly throughout 
the entire crystal surface (Fig. 5e), and no evidence of the 
enrichment or deficiency of elements is observed in this 
mapping image. Moreover, EDX analysis indicates that 
the stoichiometry of Cs, Ba, Al, Ti, and O in the hollan-
dite phase was 0.53, 0.68, 1.56, 5.77 and16 (Fig. 5f), which 
is close to the target values 0.6, 0.6, 1.8, 6.2 and16 (i.e., 
Cs0.6Ba0.6Al1.8Ti6.2O16). However, the sum of the calculated 
positive charges is lower than 32. The positive charges defi-
cient compared to oxygen rich could be explained by the 
following two reasons. First, the sum of positive charges 
decreases as metallic impurity (such as Co, Ni, Cu and 
Fe) deducted due to a chemical reagents impurity. Second, 
an oxygen rich or deficient presents usually in the oxides 
depending on the composition and process variables, and 
the low atomic number oxygen is very difficult to measure 
accurately. Thus, the positive charges of observed sample 
shows a slightly low than that of the expected composition.

It is worth noting that more than 85% of the targeted Cs 
concentration was retained in the observed hollandite sam-
ple, implying the sintering temperature (1050 °C) only leads 

to a slight loss of volatile Cs. However, only about 50% and 
30% of the targeted Cs content remained by the solid state 
method and melt processing in previous reports [15, 20], 
due to a high fraction of cesium vaporized during higher 
temperature sintering (i.e., 1200 °C and 1675 °C, respec-
tively). In Sol–SP, a lower sintering temperature employed, 
which effectually retards Cs volatilization during synthesis. 
Consequently, a good Cs retention is observed in the sin-
tered ceramic samples, reflecting the key advantage of this 
method.

Durability

In order to evaluate the chemical durability of hollandite 
ceramic waste forms, a leaching test of the synthetic (Cs, 
Ba)-hollandite ceramics was carried out. The normalized 
elemental release rates of Cs and Ba in the (Cs0.8−xBa0.4+x)
(Al1.6+xTi6.4−x)O16 samples are shown in Fig.  6. It can 
be found that the normalized release rates of Cs and Ba 
decrease rapidly in the 1–7 days and decrease gradually after 
7 days, and then nearly keep constant values after 14 days. 
The leach rates of Cs and Ba are about 7.8 × 10−3 g m−2 d−1 
and 8.3 × 10−3 g m−2 d−1 in the 21st day, respectively, in 
agreement with previous results reported in hollandite 

Fig. 5   SEM, TEM and EDX images of the Cs0.6Ba0.6Al1.8Ti6.2O16 
sample after sintering at 1050  °C for 5  h: a representative SEM 
image; b TEM image; c HRTEM image and the inset is FFT image; d 

SAED pattern, corresponding to b; e EDX elemental mappings and f 
EDX spectrum corresponding to e 
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ceramics [17, 38, 39]. Moreover, the normalized release rate 
of Ba is a slight lower than that of Cs for all time periods up 
to 21 days. The lower normalized release rate of Ba com-
pared to Cs is ascribed to the larger bond energies of Ba–O 
than those of Cs–O in the hollandite structure [40].

It should be noted that the release rates of Cs is slight 
higher than the reported Cs release rates in hollandite ceram-
ics [2], which can be attributed to a poor compactness of 
the products. As shown in Fig. 5a, the microstructural mor-
phology is not compact in the bulk sample observed. The 
loose microstructure leads to a substantial increased reac-
tive surface between ceramic sample and aqueous solution, 
and an increase of reactive surface sites in a ceramic host 
accelerates chemical attack during leaching test. As a result, 
a slightly high Cs leach is observed in the (Cs0.8−xBa0.4+x)
(Al1.6+xTi6.4−x)O16 ceramics. However, the Cs release 
rate is about two orders of magnitude lower than that of 
~ 10 g m−2 d−1 in the glass waste forms [40–42], exhibiting 
a good chemical durability. Combined with XRD, Raman 
and TEM results, it can be concluded that hollandite ceramic 
waste forms can provide a stable treatment for immobilizing 
radioactive Cs.

Conclusions

In summary, a series of (Cs0.8−xBa0.4+x)(Al1.6+xTi6.4−x)O16 
(0 ≤ x ≤ 0.4) ceramics were synthesized from powders fab-
ricated by sol-spray pyrolysis. The effects of substitution 
of Ba2+ for Cs+ on phase structure and morphology of the 
(Cs, Ba)-hollandite ceramics were investigated using XRD, 

Raman, SEM and TEM–EDX. It was found that the resultant 
substitutions of Ba2+ for Cs+ and Al3+ for Ti4+ in the (Cs, 
Ba)-hollandite matrices do not cause substantial variation 
in phase structure and morphology. The synthetic (Cs, Ba)-
hollandite ceramics show a tetragonal structure (I4/m) with 
a good Cs retention at 1050 °C for 5 h. Moreover, the nor-
malized release rates of Cs and Ba in the (Cs, Ba)-hollandite 
waste forms were kept in a low value below 10−2 g m−2 d−1, 
exhibiting a high Cs and Ba leach resistance.
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