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Abstract The structural effects of incorporating Cs

into the monoclinic and tetragonal hollandites Ba1.2–xCsx

Mg1.2–x/2Ti6.8+x/2O16 and Ba1.2–xCsxAl2.4–xTi5.6+xO16 have

been studied using powder neutron diffraction and 133Cs

and 27Al MAS NMR. Addition of Cs to the monoclinic

structure induces a ‘shear-type collapse’, in agreement with

previously published results. NMR spectra show that the

addition of Cs does not change the local structure around

the Al cations within the tunnel walls. An algorithm is

given that allows a prediction of unit cell parameters to be

made for tetragonal hollandites containing barium.

Introduction

Hollandite (Ba2Mn8O16) is a naturally occurring mineral

that gives its name to a class of structures of stoichiometry

A2B8O16 in which a framework of edge- and corner-shar-

ing BO6 octahedra elongated tunnels in which the A

cations are located in 8-fold coordination. The hollandite

structure is versatile and can accommodate a variety of

dopant atoms on both the A and B sites [1]—e.g., on the A

site Ba, Na, Rb, Pb, Cs and K; on the B site it is possible to

mix atoms such as Mo, Sn, Mg, Ti, Al, and Rh - to produce

materials whose properties make them suitable for use in a

variety of technological applications, examples of which

are Li+ ionic conductors [2] and microwave dielectrics [3].

Recent studies have also been undertaken to determine the

behaviour of hollandite at mid ocean ridges [4]. However,

by far the biggest area of interest in hollandite lies in

immobilisation of radioactive nuclides.

The use of nuclear power poses a number of questions

particularly that of how to dispose of the resulting radio-

active waste safely, with minimal affect on the biosphere.

One of the more significant elements that needs to be

immobilised safely is caesium, which has two radioactive

isotopes; 135Cs, half-life ~2 million years, and 137Cs,

~30 years half-life. Both these Cs isotopes are b-emitters,

which can result in high levels of radiogenic heating. One

of the crystalline matrices of choice for immobilising

both 135Cs and 137Cs is based on the hollandite-type sys-

tems Ba1.2–xCsxMg1.2–x/2Ti6.8+x/2O16 and Ba1.2–xCsx

Al2.4–xTi5.6+xO16.

In these systems the framework is built from TiO6 and

AlO6 or MgO6 octahedra, with the A cations (Ba2+, Cs+)

located within the tunnels (Fig. 1). Their crystal structures

can be either monoclinic [5], e.g., Ba1.2Mg1.2Ti6.8O16, or

tetragonal [6], e.g., Ba1.121Al2.24Ti5.76O16. Essentially the
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difference is due to variations in A/B cation radius ratio,

causing a shear-type collapse of the tunnel and a reduction

in symmetry (I4/m fi C2/m). It is reported that if

RB/RA < 0.48 then the structure is tetragonal, while for

larger RB/RA a monoclinic structure forms [7]. Example

crystal structures are shown in Table 1 and in Fig. 1 [5, 6].

In the area of nuclear waste immobilisation it is routine

to base the hollandite on Ti, e.g., Ba1.2Mg1.2Ti6.8O16 [5].

The use of Ti is important, as once Cs+ undergoes b-decay

forming Ba2+ a charge imbalance results. This imbalance is

rectified if a Ti4+ cation in the lattice undergoes reduction

to Ti3+.

Candidate hollandites for immobilisation of Cs isotopes

frequently contain Al3+ or Mg2+ species, which are added

to ensure charge balance is maintained during synthesis,

preventing the premature formation of Ti3+. Such compo-

nents are also used as they modify the tunnel size allowing

the larger Cs+ cations to be accommodated on the A sites,

e.g., Cs+ ~1.7 Å and Ba ~1.4 Å—both ions in 8-fold

co-ordination.

Although, there is a broad understanding of where the

cations are located in the tunnels, i.e., Ba2+/Cs+ locate

there; the exact nature i.e., the ordering/periodicity is not

well understood. Within the tunnels there are many sites

that can be occupied, e.g., in Ba1.121Al2.24Ti5.76O16 there

are, formally, 4 Wyckoff sites available6. However, the

nature of these sites preclude their complete occupancy, the

average distance between the sites being less than the ionic

diameter of Ba2+. This implies a partial occupancy of these

sites. Again using Ba1.121Al2.24Ti5.76O16 as an example the

fractional occupancy is 0.25.

Within the BO6 octahedra framework, cation mixing is

often present, dependent on composition. However, the

degree of mixing is dependent on the exact chemical

composition and is normally random in nature, such

that only a unit-cell average can be determined for the

Fig. 1 Image of a tetragonal hollandite [6], view looking down the c-

axis, large black spheres are the A cations, small black spheres are the

B cations, and large grey spheres are the O anions

Table 1 Example unit cell

information for two hollandites,

1 tetragonal [6] and 1

monoclinic [5]

Atom Wyckoff site X Y Z Frac

Ba1.12Al2.24Ti5.76O16 a = 9.9750 Å b = 9.9750 Å c = 2.92541 Å

SPGR I4/m

Ba 4e 0 0 0.094 0.28

Ti 8h 0.3308 0.1454 0 0.72

Al 8h 0.3308 0.1454 0 0.28

O 8h 0.2982 0.3456 0 1

O 8h 0.0414 0.3344 0 1

Ba1.14Mg1.14Ti6.86O16 a = 10.1816 Å b = 2.97330 Å c = 10.0268 Å

SPGR C12/M1

Ba 4g 0 0.1 0 0.285

Mg 4i 0.3300 0 0.1513 0.1425

Ti 4i 0.3300 0 0.1513 0.8575

Mg 4i 0.8516 0 0.3278 0.1425

Ti 4i 0.8516 0 0.3278 0.8575

O 4i 0.2967 0 0.3483 1

O 4i 0.0414 0 0.3283 1

O 4i 0.6607 0 0.0408 1

O 4i 0.6560 0 0.3004 1

9380 J Mater Sci (2007) 42:9379–9391

123



framework, i.e., it has not currently been possible to

determine if there is any superstructure present.

If both of these observations are coupled it can be seen

that there is a possibility of some periodicity, e.g., in the

system Ba1.2Mg1.2Ti6.8O16 it is possible to describe a

supercell of 5 unit-cells [5]. In many hollandites is

incommensurate with respect to the underlying lattice. The

effect of adding Cs to a Ba-based hollandite has been

studied before [8, 9], however, in the present study we have

combined two techniques, neutron diffraction and NMR,

which are complementary in nature to provide information

on both the long and short range structure in these mate-

rials. Because the scattering power of an atom for neutrons

has a different dependence on atomic number than with

X-rays, neutron diffraction has particular advantages in the

study of this system. Cs+ and Ba2+, are iso-electronic, as

are Mg2+ and Al3+, thus X-ray diffraction would find it

difficult to distinguish between these two pairs of species,

whereas they have measurable differences in their neu-

tron scattering lengths (bCs = 5.42 fm; bBa = 5.07 fm;

bMg = 5.37 fm; bAl = 3.45 fm). A second advantage in

using neutron diffraction in these systems results from the

negative scattering length of Ti (bTi = –3.44 fm), which

allows for a greater contrast between Al/Ti and Mg/Ti than

would be seen with X-rays.

Nuclear magnetic resonance (NMR) is a technique that

is element specific and provides information about the local

structure in a system. It can be used to study many ele-

ments of which the two used here are outlined below:

i) 133Cs is a spin I = 7/2 nucleus with 100% natural

abundance and a reasonable Larmor frequency

(m0 = 52.4 MHz at 9.4 T). Although, 133Cs is a quad-

rupolar nucleus, it possesses a very small quadrupolar

moment and spectra are generally subject only to a

first-order quadrupolar interaction. The non-radioactive
133Cs nucleus allows directly the investigation of the

local environment and dynamic behaviour of Cs nuclei

within ceramic wasteforms.

ii) 27Al is a spin I = 5/2 nucleus with 100% natural

abundance and a high Larmor frequency

(m0 = 104.3 MHz at 9.4 T). The quadrupole moment of
27Al is much larger than 133Cs and spectra are often

affected by a second-order quadrupolar interaction.

Experimental

Sample preparation using hot isostatic pressing

Stoichiometric amounts, sufficient to prepare ~200 g of

ceramic product, shown in Table 2, of barium acetate

(Aldrich, 99.5%), caesium nitrate (Aldrich, 99.99%), alu-

minium nitrate (Aldrich, 99.5%), and magnesium nitrate

(Aldrich, 99.5%) were dissolved in 250–300 mL of

deionised water. To the resultant solution a stoichiometric

amount of titanium isopropoxide (Aldrich, 98+%) in ace-

tone was added, total volume ~400 mL. A small excess of

Mg/Al (0.1 M) and Ti (0.5 M) was added to prevent the

formation of Ti3+. The resultant flocculant mixture was

then homogenised, and stirred while heating until dryness.

Once the mixtures were dried, they were ground in a ball

mill until a fine powder was formed. Once formed this

powder was then hot isostatically pressed (HIP) at

200 MPa and 1300 �C for 2 h, in a nickel can. Reaction

with the can was not expected and the material for sub-

sequent analysis was taken from the middle of the can.

Elemental analysis using scanning electron microscopy

The samples were checked for purity using a JEOL 6400

SEM operated at 15 kV. Microanalyses were obtained

using a Noran Voyager energy dispersive spectrometer

(EDX) attached to this microscope. The instrument was

operated in standardless mode; however, the sensitivity

factors were calibrated for semi-quantitative analysis using

a range of synthetic and natural standard materials. Spectra

were usually acquired for 500 seconds and reduced to

weight percent oxides using a digital top hat filter to sup-

press the background, a library of reference spectra for

multiple least squares peak fitting and full matrix (ZAF)

corrections.

Neutron diffraction

Time-of-flight powder neutron diffraction data were col-

lected using the POLARIS diffractometer at the UK pulsed

spellation neutron source ISIS, Rutherford Appleton Lab-

oratory [10, 11]. For each composition studied, between

Table 2 Relative molar

quantities of reactants used in

preparation of samples

Figures in brackets indicate

excess added to ensure

minimum Ti3+ formation

Ba(CH2CO2)2 CsNO3 Mg(NO3)2 � 6H2O Al(NO3)3 � 9H2O Ti[OCH(CH3)2]4

1.2 0.0 1.2 (0.1) 6.8 (0.5)

1.1 0.1 1.15 (0.1) 6.85 (0.5)

0.95 0.25 1.075 (0.1) 6.925 (0.5)

1.2 0.0 2.4 (0.1) 5.6 (0.5)

1.1 0.1 2.3 (0.1) 5.7 (0.5)

0.95 0.25 2.15 (0.1) 5.85 (0.5)
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1 g and 10 g of powdered sample were loaded into a thin-

walled, cylindrical vanadium sample can and diffraction

data collected for between 185 and 1500 lAh (equivalent

to ~1–8 h neutron beamtime), depending on sample

quantity. Summed and normalised data collected in the

three available detector banks (A, C, and E) over the time-

of-flight range ~2000–19,995 ls (corresponding to a

d-spacing range of ~0.33–3.2 Å) were analysed by the

Rietveld Method using the GSAS suite of software [12]

with the EXPGUI toolkit [13].

Two structural models, based on hollandites with dif-

ferent symmetries, were refined:

i) Aluminium and tetragonal magnesium samples—space

group I4/m previously published by Cheary [6].

ii) The Ba–Mg–Ti–O sample was refined using a modi-

fied form of Fanchon’s sub-cell structure [5]. The

space group setting was changed from I12/m1 to I112/

m, simply by a transformation of axes, allowing

comparison of the effect of Cs to be easily contrasted

with I4/m.

In all refinements, however, the remaining sets of

parameters refined were identical. A Chebyschev back-

ground function was used in all refinements. In each

refinement the positional and thermal displacement

parameters for those Ba/Cs, Ti/Al and Ti/Mg atom pairs

sharing the same crystallographic sites were constrained to

be equal. The values for fractional occupancy were con-

strained to be equal to those determined by AEM analysis.

The only exception to this constraint was the Ba–Mg–Ti–O

hollandite which had mixing across two sites for Ti and

Mg, the occupancies of these two sites were refined with a

compositional constraint, of Mg+Ti summing to the total

present in the lattice. If after refinement it was found that

there was an overall positive charge on the system, using a

Ti charge of +4, it was assumed that a proportion of the

Ti4+ has reduced to Ti3+. Since the samples once processed

were found to be a pale blue, possibly indicative of small

amounts of Ti3+, this is a reasonable assumption.

Nuclear magnetic resonance

133Cs NMR spectra were acquired using a Varian Infinity

Plus spectrometer, equipped with a 11.7 T magnet and

operating at a Larmor frequency (m0) of 65.6 MHz for
133Cs. Samples were packed into 7.5-mm diameter ZrO2

rotors and rotated at a speed of ~6 kHz. Spectra are ref-

erenced to 1 M CsCl (aq) via a secondary reference of

CsCl (s) at 223.3 ppm [14]. Typically, pulse durations of

~2 ls (p/4) were employed with recycle intervals between

2 and 5 s. Spectra with longer relaxation intervals of ~60 s

were not significantly different to those obtained with

shorter recycle intervals.

27Al NMR spectra were acquired using a Chemagnetics

Infinity spectrometer equipped with a 9.4 T magnet at a
27Al Larmor frequency of 104.3 MHz. Samples were

packed into 4-mm diameter ZrO2 rotors and rotated at a

speed of ~12 kHz. Spectra are referenced to 1 M Al(NO3)3

(aq), with typical recycle intervals of 2 s. Two-dimensional

triple-quantum 27Al MAS NMR spectra were recorded

using a z-filtered pulse sequence [15], resulting in ampli-

tude-modulated data sets. A two-dimensional hypercom-

plex Fourier transform then yields pure-phase lineshapes.

Sign discrimination was achieved through the use of the

States–Haberkorn–Ruben method [16]. The radiofrequency

fieldstrength applied for the first two pulses (those which

excite and convert the triple-quantum coherence) was

m1 � 120 kHz, whilst the third (central-transition selective)

pulse was applied with a much lower radiofrequency

fieldstrength, m1 � 20 kHz. Isotropic projections were

obtained through the use of a frequency-domain shearing

transformation with linear interpolation [17].

Results and discussion

Analytical electron microscopy

The numerical results from the AEM are shown in Table 3.

The results show that the predominant hollandite phase

varies from the intended composition. This is primarily due

to the excess of TiO2 and MgO/Al2O3 which were

added to minimize any Ti3+ formation. In both sets of

samples a TiO2 (rutile) impurity was found, while in the

Al-containing samples Al2O3 (corundum) was also found.

133Cs MAS NMR

Figure 2 shows 133Cs (65.6 MHz) MAS NMR spectra of

Al-containing and Mg-containing hollandites, prepared by

HIP, with varying amounts of Cs substitution. For the

Al-containing hollandites in Fig. 2(a, b), an intense single

peak is observed resulting from the central transition, and a

series of spinning sidebands from the satellite transitions.

Although the quadrupole moment (eQ) of 133Cs is rela-

tively small [18], the satellite transitions are still signifi-

cantly broadened over many kHz and split into sidebands

under MAS. The single resonance arises from Cs within the

channels of the hollandite structure, and as the Cs substi-

tution is increased a small shift in the frequency of the

resonance is observed, from 262 ppm to 254 ppm. This

value is similar to that observed previously in the literature

for an Al-containing hollandite, with the small difference

in chemical shift probably reflecting the small difference in

chemical composition [19]. In both cases, the peak appears

reasonably broad, with a full-width at half-height of around
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2.5 kHz. This results from a distribution of 133Cs chemical

shifts (on the order of ±16 ppm), reflecting the distribution

of Cs local environments within the structure. This may be

due to a disorder in the position of Cs within the channels

or to a disorder in the framework structure.

The 133Cs MAS NMR spectra of the Mg-containing

hollandites are shown in Fig. 2(c, d). Although a broad

resonance is again observed, the substitution of Al for Mg

in the framework results in a significant shift (of around

–50 ppm) of the peak, reflecting the difference in the

extended coordination environment of Cs. As was observed

for the Al-containing samples, the chemical shift of the

resonance decreases with increasing Cs substitution,

although the change is smaller in this case, i.e., from 205 to

201 ppm. Although both resonances are again reasonably

broad, both exhibit a distinct shoulder (around 179 ppm)

indicative of a second distinct Cs environment. This is

particularly obvious for the case of the lower Cs substitu-

tion in Fig. 2c. One possible explanation may be the

presence of differing next-nearest neighbour coordinating

atoms, i.e., Cs–O–Mg and Cs–O–Ti linkages. It should be

noted that the presence of a second peak within the broad

resonance found in the Al-containing hollandites cannot be

discounted.

Previous work has shown that the presence of any

paramagnetic Ti3+ within the hollandite framework leads

to a considerable shift of the Cs resonance (for example

to around 400 ppm in a Al-containing hollandite and

Table 3 Scanning electron microscopy elemental analysis results, results shown as molar units converted from weight percent as oxides

Element Cs Error Ba Error Sum

Synthesised composition

Ba1.2Al2.4Ti5.6O16 0.007 0.007 1.181 0.013 1.181

Ba1.1Cs0.1Al2.3Ti5.7O16 0.168 0.011 1.034 0.071 1.202

Ba0.95Cs0.25Al2.15Ti5.85O16 0.304 0.045 0.922 0.162 1.231

Ba1.2Mg1.2Ti6.8O16 0.007 0.008 1.095 0.038 1.095

Ba1.1Cs0.1Mg1.15Ti6.85O16 0.169 0.015 0.940 0.065 1.117

Ba0.95Cs0.25Mg1.075Ti6.925O16 0.315 0.011 0.862 0.039 1.177

Element Ti Error Al Error Mg Error

Synthesised composition

Ba1.2Al2.4Ti5.6O16 6.087 0.004 1.903 0.012

Ba1.1Cs0.1Al2.3Ti5.7O16 6.209 0.007 1.771 0.005

Ba0.95Cs0.25Al2.15Ti5.85O16 6.226 0.077 1.753 0.079

Ba1.2Mg1.2Ti6.8O16 7.074 0.019 0.907 0.024

Ba1.1Cs0.1Mg1.15Ti6.85O16 7.128 0.016 0.860 0.015

Ba0.95Cs0.25Mg1.075Ti6.925O16 7.179 0.018 0.809 0.009

Fig. 2 Normalised 133Cs

(65.6 MHz) MAS NMR spectra

of hollandite phases with

nominal composition (a)

Ba1.1Cs0.1Al2.16Ti5.84O16, (b)

Ba0.95Cs0.25Al2.048Ti5.952O16,

(c) Ba1.1Cs0.1Mg1.124Ti6.876O16

and (d)

Ba0.95Cs0.25Mg1.15Ti6.85O16. All

spectra are the result of

averaging 4000 transients with a

recycle interval of 2 s. The

MAS rate was 6 kHz. Spectra

are referenced to 1 M CsCl (aq),

and are shown plotted against

ppm (d). Spinning sidebands are

indicated by *
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~600 ppm in a Mg-containing hollandite [20]) and a

significant spectral broadening. None of the spectra in

Fig. 2 display any evidence of Ti3+ within the framework

structure. In both Al- and Mg-containing materials, the
133Cs T1 relaxation times are relatively long, between

>30 s. This reflects the small quadrupolar interaction (i.e.,

little quadrupolar relaxation) and lack of any significant

motion of the Cs along the channels at room temperature.

In addition, the long relaxation times reinforce the lack of

significant amounts of (paramagnetic) Ti3+ within the

framework.

27Al MAS NMR

As Al is a spin I = 5/2 nucleus it possesses a quadrupole

moment (eQ) which can interact with the electric field

gradient (eq) present at the nucleus, resulting in a broad-

ening of the spectrum. This quadrupolar interaction can be

parametised by its magnitude CQ = e2qQ/h and asymmetry,

g, defined such that 0 < g < 1 [21]. Although the quadru-

polar interaction may be large, broadening spectra over

kHz or MHz, the central (| + 1/2æ M | – 1/2æ) transition is

unaffected by the quadrupolar interaction to first order and

remains sharp, as was observed in the 133Cs spectra in

Fig. 2. However, for 27Al, unlike 133Cs, the quadrupolar

interaction is often very large and a second-order approx-

imation must be considered to describe its effect upon the

spectrum. The central transition is affected by the quad-

rupolar interaction to second-order and exhibits an aniso-

tropically broadened powder-pattern lineshape. Although

MAS can narrow the line it cannot remove second-order

quadrupolar broadening fully and the central transition

remains broadened, with the appearance of the lineshape

dependant upon CQ and g21. However, for disordered solids

the distribution of local environments produces, in addition

to a distribution of chemical shifts, a distribution of

quadrupolar parameters. In this case the central-transition

is further broadened and often displays an asymmetric

lineshape with a ‘‘tail’’ to low frequency [22, 23].

Figure 3 shows 27Al (104.3 MHz) MAS NMR spectra

of spectra of Al-containing hollandites, prepared by HIP,

with varying amounts of Cs substitution. In Fig. 3a, the

spectrum of a hollandite with no Cs substitution, a broad,

slightly asymmetric lineshape is observed with an observed

chemical shift, d, of approximately –6 ppm. This is typical

of Al in an octahedrally coordinated environment [22]. The

lack of any features characteristic of second-order quad-

rupolar broadening suggest that a distribution of environ-

ments is present (and hence a distribution of chemical shift

and quadrupolar parameters) as a result of disorder. This

disorder cannot result from the incorporation of Cs within

the structure and so must result from that present in the

framework. Although asymmetric, the lack of a long tail to

low frequency suggests that the quadrupolar interaction

(or its distribution) are fairly small. As the Cs content of

the hollandite is increased little change is observed in the

spectrum. The width of the resonance increases slightly (as

a result of the increased disorder), shifting the centre-

of-gravity very slightly to lower frequency.

The presence of second-order quadrupolar broadening in

the central-transition MAS NMR spectrum of half-integer

quadrupolar nucleus decreases the resolution of distinct

species and hinders the extraction of useful information.

One approach for the removal of this broadening is the

multiple-quantum MAS (MQMAS) experiment [24]. This

is a two-dimensional experiment involving the correlation

of a ‘‘forbidden’’ multiple-quantum transition (usually

triple-quantum) and the central transition in a two-dimen-

sional experiment under MAS conditions. This removes all

anisotropic broadening but retains isotropic (both chemical

Fig. 3 27Al (104.3 MHz) MAS NMR spectra of hollandite phases

with nominal composition (a) Ba1.2Al2.136Ti5.864O16, (b) Ba1.1

Cs0.1Al2.16Ti5.84O16 and (c) Ba0.95Cs0.25Al2.048Ti5.952O16. All spectra

are the result of averaging 2000 transients with a recycle interval of

2 s. The MAS rate was 11 kHz. Spectra are referenced to 1 M

Al(NO3)3 (aq), and are shown plotted against ppm (d)
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and quadrupolar) shifts [24, 25]. For a well-crystalline solid

this allows the acquisition of a high-resolution or ‘‘iso-

tropic’’ spectrum consisting of sharp, narrow resonances.

High-resolution spectra of disordered solids cannot be

obtained in the same way as these lineshapes are also

broadened by distributions of the isotropic parameters. This

is equivalent to having many ridges with very slightly

differing parameters very closely spaced in the two-

dimensional spectrum. However MQMAS spectra of dis-

ordered solids do offer an increase in resolution and may,

therefore, be able to distinguish whether the broadened

disordered lineshapes result from the overlap of more than

one different Al site [22, 23].

Figure 4 shows two-dimensional 27Al (104.3 MHz) tri-

ple-quantum MAS NMR spectra of hollandite phases with

varying Cs content, prepared by HIP. Spectra were

recorded using a z-filtered pulse sequence [15] and the

States–Haberkorn–Ruben method [16] was used to restore

sign discrimination. A broad resonance is observed which,

on closer inspection, may be seen to comprise of two

closely spaced resonances, indicating two distinct Al spe-

cies. This is more apparent in the isotropic projections also

shown in Fig. 4, obtained from the two-dimensional

spectrum after a frequency-domain shearing transforma-

tion. Although substantial broadening is observed along an

axis of +19/12 (that expected for crystalline materials),

broadening along other axes do confirm the presence of

distributions of both chemical shift (along +3) and quad-

rupolar parameters (along +3/4) [23, 26]. It should be

noted, however that the distribution of the latter appears

reasonably small.

For crystalline materials, the position of the centre-

of-gravity of a two-dimensional lineshape in an MQMAS

spectrum provides information on the isotropic chemical

shift, dCS, (i.e., not the observed MAS shift) and the

quadrupolar product PQ, (given by CQ(1 + g 2/3)1/2). For

disordered or amorphous materials only average values,

<dCS> and <PQ>, can be obtained owing to the distribu-

tions present in these parameters [23]. For the spectrum

shown in Fig. 4(a), values of <dCS> = –4.7 ± 1 ppm and

<PQ> = 2.2 ± 0.4 MHz and <dCS> = –1 ± 1 ppm and

<PQ> = 3.1 ± 0.4 MHz are obtained for the two compo-

nents in order of increasing d1 shift. Both chemical shifts

are typical of octahedrally coordinated Al and both quad-

rupolar coupling constants are relatively small, indicating a

reasonably symmetric local environment. It should be

noted that the substantial overlap of the two species in the

two-dimensional spectrum does hinder the determination

of the exact position of the centre-of-gravity in each case

and the values quoted above should be treated with caution.

Little difference in the spectrum is observed as the Cs

content increases. The width of both resonances increases

slightly as a result of increasing disorder and the resolution

between the two in the isotropic projection is therefore

decreased. The centre-of-gravity of the two peaks remains

very similar giving similar average values of PQ and dCS,

but the distribution of the parameters present appears to

increase slightly.

Fig. 4 Two-dimensional 27Al (104.3 MHz) triple-quantum MAS

NMR spectra and corresponding isotropic projections of hollandite

phases with nominal composition (a) Ba1.2Al2.136Ti5.864O16, (b)

Ba1.1Cs0.1Al2.16Ti5.84O16 and (c) Ba0.95Cs0.25Al2.048Ti5.952O16.

Spectra were recorded using a z-filtered pulse sequence and using

the States–Haberkorn–Ruben method to restore sign discrimination.

In all cases, 240 transients were averaged with a recycle interval of

2 s for each of 80 t1 increments of 50 ls. The MAS rate was 11 kHz.

Spectra are referenced to 1 M Al(NO3)3 (aq). Isotropic projections

were obtained through the use of a frequency-domain shearing

transformation with linear interpolation

J Mater Sci (2007) 42:9379–9391 9385

123



Neutron diffraction

Aluminium-containing samples

In these samples the structure refinement results (Fig. 5),

show that as the concentration of Cs increases there is a

change in the unit-cell parameters (Table 4 and Fig. 6).

This change is to be expected, the ionic radius of Cs+

(1.74 Å) is larger than that of Ba2+ (1.42 Å). Therefore,

any direct replacement of Cs+ for Ba2+ should result in a

proportional change. It should be added that although there

is a change in the Al3+/Ti4+ ratio, with an average ionic-

radius increase, the change here is linked directly with the

addition of Cs+ i.e., Ba2+ fi Cs+ and Al3+ fi Ti4+.

Since Ti4+ (0.605 Å) [27, 28] is larger than Al3+ (0.535 Å)

an increase in unit-cell volume is expected.

The variation in the unit-cell a-parameter is found to be

linear, while that in the c-parameter is not. One possible

explanation for this is that since the a-parameter is directly

related to the diameter of the channels and with no overall

change in the occupancy of tunnel sites (total A site content

remains constant at 1.2 atoms per formula unit) the change

in the a-parameter reflects only a change in the average

radius of the A cations. The variation in the c-parameter

is more complex as this is determined not only by the

(c)

(b)

(a)

Fig. 5 Normalised neutron diffraction patterns collected in

the Polaris backscattering detector bank (<2h> = 145�) from the

Al-containing hollandite samples

Table 4 Results from Rietveld profile refinement for aluminium-containing hollandites

Atom Wyckoff X Y Z UISO Frac

Ba1.181Al1.903Ti6.087O16 a = 9.96476(10) b = 9.96476(10) c = 2.92210(3)

SPGR I4/m wRp = 0.0304

Ba 4e 0 0 0.9023(11) 0.0270(9) 0.2952

Ti 8h 0.1465(2) 0.6680(2) 0 0.0251(3) 0.7609

Al 8h 0.1465(2) 0.6680(2) 0 0.0251(3) 0.2379

O 8h 0.3470 (5) 0.7020(4) 0 0.0063(2) 1.0

O 8h 0.3334(5) 0.9588(4) 0 0.0075(2) 1.0

Ba1.034Cs0.168Al1.771TI6.209O16 a = 9.98353(10) b = 9.98353(10) c = 2.92388(4)

SPGR I4/m wRp = 0.0312

Ba 4e 0 0 0.9089(11) 0.0245(8) 0.2585

Cs 4e 0 0 0.9089(11) 0.0245(8) 0.042

Ti 8h 0.1476(2) 0.6683(9) 0 0.0244(3) 0.7761

Al 8h 0.1476(2) 0.6683(9) 0 0.0244(3) 0.2214

O 8h 0.3463(5) 0.7022(4) 0 0.0054(1) 1.0

O 8h 0.3345(2) 0.9584(4) 0 0.0088(4) 1.0

Ba0.922Cs0.304Al1.753Ti6.226O16 a = 10.0068(8) b = 10.0068(8) c = 2.9247(4)

SPGR I4/m wRp = 0.0336

Ba 4e 0 0 0.9132(13) 0.0268(9) 0.2305

Cs 4e 0 0 0.9132(13) 0.0268(9) 0.0760

Ti 8h 0.1487(3) 0.6677(4) 0 0.0213(3) 0.744(6)

Al 8h 0.1487(3) 0.6677(4) 0 0.0213(3) 0.256(6)

O 8h 0.3460(6) 0.7029(7) 0 0.0059(4) 1.0

O 8h 0.3346(5) 0.9585(4) 0 0.0094(5) 1.0

Figures in brackets are the esds on the least significant figure(s), as calculated by GSAS. Unit cell dimensions are in Angstroms, wRp is the

average value for all 3 detector banks given by GSAS during refinement. The additional phases of TiO2(rutile) and Al2O3 (corundum) have been

omitted from the data above
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constituent atoms, but also the degree of ordering across

the positions available and the partial occupancies

observed.

There is a discrepancy between the Al environments

indicated by the NMR and neutron diffraction experiments.

The NMR spectra provide evidence for two Al species in

the crystal, whilst there is no direct evidence of this in the

structure refined from the neutron diffraction data. The

most likely explanation is to the presence of both edge-

sharing and corner-sharing octahedra. One Al species is

Al–O–Al/Ti in the corner-sharing octahedra, while the

other is Al–O–O–Al/Ti, in the edge-sharing octahedra.

These two slightly different positions result in two Al–Al/

Ti distances which are ~3.0 Å for edge sharing and ~3.4 Å

for corner sharing. Such a difference is geometric in nature,

and arises from one crystal site, as a result MAS NMR sees

slightly different geometry, and local composition once the

disorder present in the B-site is accounted for, as it is more

sensitive to local structure, while neutron diffraction sees

only the one. The presence of two peaks in the Al spectrum

is not a result of Cs/Ba disorder in the tunnels, as two peaks

are also observed in Ba1.2Al2.136Ti5.864O16 (Fig. 7).

Magnesium-containing samples

The results obtained by the Rietveld refinement show a

substantial change as Cs+ is added to the structure, (Table 5

and Figs. 8, 9). Upon addition of Cs+ there is a change

from monoclinic to tetragonal symmetry. Such an obser-

vation has been reported by Cheary as being due to ‘‘the

large Cs ions prevent the tunnel walls collapsing onto the

tunnel ions’’ [8].

The Cs+ containing samples do show a change in cell

volume as the Cs-content is increased, but as there are only

two samples there are insufficient points to be sure of a

trend. There will be a similar effect of radius change upon

Cs+ for Ba2+ replacement, but in these systems there is a

counter effect of Mg2+(0.72 Å) being replaced by the

smaller Ti4+(0.605 Å). Any increase in tunnel size may be

offset by a change in wall thickness.

The degree of shearing from the monoclinic system to

the tetragonal system is ~0.5o, a very small change that has

little effect on the volume of the unit cell. This observation

demonstrates the close relationship between the monoclinic

and tetragonal hollandite structures.

The diffraction data for the Ba1.095Mg0.907Ti7.074O16

system showed no evidence of a super-cell, observed by

Fanchon et al. [5] in Ba1.2Mg1.2Ti6.8O16. This could be due

to many reasons; the most likely is that as these samples

were measured as fine powders sample broadening may

have masked the small degree of monoclinic splitting. The

values do agree however, with the values reported for the

sub-cell.

Comparison of tetragonal hollandites

A statistical analysis of the a and c cell parameters for a set

of 27 synthetic and natural tetragonal hollandite samples

from the literature has been undertaken. The data used for

this analysis were obtained from Sinclair et al. [29];

Cheary [6, 8, 30]; Vogt et al. [31]; Watanabe et al. [32];

(c)

(b)

(a)

Fig. 6 Unit cell parameters for Al-containing hollandite samples

shown as a function of Ba composition, plot (a) shows the

a,b-parameter, (b) the c-parameter, (c) the volume; error bars are

those given by GSAS from the refinements

Fig. 7 Portion of hollandite structure showing the two types of Al–O

bonds in the corner and edge sharing octahedral, large black spheres

are the A cations, small black spheres are the B cations, and large

grey spheres are the O anions
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Pring et al. [33]; Onoda et al. [34]; Weber and Schultz

[35]. We are currently evaluating additional data for future

work of this type, including monoclinic hollandite com-

pounds. The analyses involved modelling of published

lattice parameters against the mean ionic radii (RA) of the

tunnel cations, mean ionic radii (RB) of the octahedral

framework cations, tunnel occupancy x, and the average

formal valence states (VA) of the tunnel cations. Although

the formal valence state is related to the ionic radius, we

tested this parameter as a possible indicator of A-site cation

repulsion in the tunnels. Statistical analyses were per-

formed using the multiple regression module of Statistica,

wherein the lattice parameters are treated as dependent

variables and RA, RB, x, and VA were used as the inde-

pendent variables. We included an intercept in the models,

as is typical for this type of analysis [36, 37]. The best

models were derived using stepwise regression procedures.

Results of this analysis gave the following linear equations

for the lattice parameters of the tetragonal hollandite

structure:

a ¼ 0:4331 ðRAÞ þ 4:1725 ðRBÞ � 0:0995 ðxÞ
� 0:0706 ðVAÞ þ 7:1621 ðR2 ¼ 0:994Þ ð1Þ

c ¼ � 0:0983 ðRAÞ þ 1:8517 ðRBÞ � 0:0175 ðVAÞ
þ 2:0129 ðR2 ¼ 0:888Þ ð2Þ

V ¼ 17:8043 ðRAÞ þ 458:3978 ðRBÞ � 3:9146 ðVAÞ
ðR2 ¼ 0:976Þ ð3Þ

Table 5 Results from Rietveld profile refinement for magnesium-containing hollandites

Atom Wyckoff X Y Z UISO Frac

Ba1.095Mg0.907Ti7.074O16 a = 10.1809(2) b = 10.0158(3) c = 2.9728(4) c = 90.520(2)

SPGR I112/m wRp = 0.0381

Ba 4g 0 0 0.3509(23) 0.0157(14) 0.1825

Ba 2b 0 0 0.5000 0.0157(14) 0.1825

Ti 4i 0.3499 (3) 0.8294 (3) 0 0.0113(6) 0.897(2)

Mg 4i 0.3499 (3) 0.8294 (3) 0 0.0113(6) 0.101(2)

Ti 4i 0.8287 (3) 0.6549 (5) 0 0.0067 (7) 0.872(2)

Mg 4i 0.8287 (3) 0.6549 (5) 0 0.0067 (7) 0.126(2)

O 4i 0.1557 (5) 0.8004 (1) 0 0.0277 (26) 1

O 4i 0.1610 (7) 0.5406 (4) 0 0.0905 (28) 1

O 4i 0.7964 (6) 0.8489 (7) 0 0.0715 (30) 1

O 4i 0.5416 (8) 0.8266 (8) 0 0.0608 (30) 1

Ba0.94Cs0.169Mg0.860Ti7.128O16 a = 10.1130 (1) b = 10.1130 (1) c = 2.9722 (6)

SPGR I4/m wRp = 0.0422

Ba 4e 0 0 0.8985 (15) 0.0168 (11) 0.2350

Cs 4e 0 0 0.8985 (15) 0.0168 (11) 0.0422

Ti 8h 0.1510 (6) 0.6691 (8) 0 0.0140 (6) 0.8910

Mg 8h 0.1510 (6) 0.6691 (8) 0 0.0140 (6) 0.1075

O 8h 0.3452 (8) 0.7023 (7) 0 0.0080(8) 1.0

O 8h 0.3331 (2) 0.9589 (1) 0 0.0079 (2) 1.0

Ba0.862Cs0.315Mg0.809Ti7.179O16 a = 10.1302(2) b = 10.1302(2) c = 2.9710(9)

SPGR I4/m wRp = 0.0397

Ba 4e 0 0 0.8927(13) 0.0176 (10) 0.2155

Cs 4e 0 0 0.8927(13) 0.0176 (10) 0.0787

Ti 8h 0.1520(2) 0.6682(4) 0 0.0132 (3) 0.8974

Mg 8h 0.1520(2) 0.6682(4) 0 0.0132 (3) 0.1011

O 8h 0.3452(2) 0.7030(2) 0 0.0079 (8) 1.0

O 8h 0.3337(9) 0.9592(6) 0 0.0093 (2) 1.0

Figures in brackets are the esds on the least significant figure(s), as calculated by GSAS. Unit cell dimensions are in Angstroms, wRp is the

average value for all 3 detector banks given by GSAS during refinement. The additional phases of TiO2 (rutile) has been omitted from the data
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The full statistics are listed in Table 6. Regression

coefficients indicate that the a cell dimension is mainly

dependent upon the radius of the B-site cation, by a factor

of nearly ten over that of the tunnel cation. The a cell

dimension also has weak, but significant, negative corre-

lations with the tunnel occupancy and valence (see statis-

tics in Table 5). Overall, the dependence of the c cell

dimension on these parameters is much poorer as reflected

by the regression statistics, and the effect of tunnel occu-

pancy is not significant based on the Students t-test.

Regression data show that c is also mainly dependent upon

the radius of the B-site cation and has small negative

correlations with the tunnel cation radius and valence state.

These results demonstrate that the size of the unit cell of

tetragonal hollandite is mainly controlled by the radii of the

B-site cations in the tunnel walls. The regression equation

for the unit cell volume follows from these observations,

but in this case the intercept is not significant.

The use of Eqs. 1 + 2, although empirical in nature,

allows a prediction of the unit cell size of hollandites to be

made. If these equations are compared with those previ-

ously published by Zhang et al., Eqs. 4 + 5, a difference is

noticed.

a ¼ 5:130ðRO þ RBÞ � 0:0291ZB þ 0:441dA ð4Þ

c ¼ p2 RO þ RBð Þ þ 0:0366ZB þ 0:552dB ð5Þ

where Ro and RB are the ionic radii of the B-site cations,

ZB the total charge of the B-site cations, dA and dB are

determined by the following equations:

dA = RO + RBð Þ�p2 RO + RBð Þ
if RO + RA �

p
2 RO + RBð Þ

dA = 0

if RO + RA \
p

2 RO + RBð Þ

ð6Þ

dB = RB� 0.414RO if RB � 0.414RO

dB = 0 if RB \ 0.414RO

ð7Þ

If the above equations are used then the obtained results

differ from the experimental values with a larger discrep-

ancy, shown in Table 7 with example plot in Fig. 10, than

those predicted by Eqs. 1 + 2. One likely explanation is

that the generation of Eqs. 1 + 2 used a different basis, in

both published structures used and methodology to

(c)

(b)

(a)

Fig. 8 Normalised neutron diffraction patterns collected in the

Polaris backscattering detector bank (<2h> = 145�) from the Mg-

containing hollandite samples, graph on right is an expanded region

showing the change in symmetry

(c)

(b)

(a)

Fig. 9 Unit cell parameters for Mg-containing hollandite samples

shown as a function of Ba composition, plot (a) shows the a,b-

parameter, (b) the c-parameter, (c) the volume; error bars are those

given by GSAS from the refinements

Table 6 Results obtained from the statistical analysis of hollandites,

the values of R2 and standard deviation (SD) are those outputted by

Statistica

Coefficent Value Error t-Test value

Unit-cell parameter a R2 = 0.994 SD = 0.008

RB 4.1725 0.1311 31.82

x –0.0175 0.0253 –3.93

VA –0.0706 0.0107 –6.60

Intercept 7.1621 0.1301

Unit-Cell Parameter c R2 = 0.888 SD = 0.011

RA –0.0983 0.0411 –2.39

RB 1.8517 0.1497 12.37

VA –0.0175 0.0074 –2.35

Intercept 2.0129 0.1072

Unit-Cell Volume R2 = 0.976 SD = 1.446

RA 17.8043 5.4322 3.27

RB 458.3978 19.7802 23.17

VA –3.9146 0.9817 –3.99

Intercept 3.9416 14.1569

J Mater Sci (2007) 42:9379–9391 9389

123



Eqs. 4 + 5. However, Eqs. 1 + 2 seem to give a better

agreement to the recorded data presented here.

Conclusions

The addition of Cs+ to hollandite lattices results in the Cs+

being located in the tunnels, this has been confirmed by both

neutron diffraction and 133Cs MAS NMR. It has been shown

that increasing the amount of Cs+ present has little effect on

its location within the tunnels, and more importantly it does

not enter and become part of the tunnel wall structure. The
27Al NMR data has shown that addition of Cs+ has little

effect on the ordering of Al, and therefore Ti, in the tunnel

walls. A statistical algorithm has been found that can

describe, with reasonable accuracy, both the a and c unit-cell

parameters in tetragonal hollandites, this can be used to

predict the likely unit-cell sizes for new compositions.
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Table 7 Calculated and observed values for tetragonal hollandites using Eqs. 1–6

System Average

Ra/Å

Average

Rb/Å

Obs

a/Å

New Model

a/Å

Zhang Model

a/Å

Obs

c/Å

New Model

c/Å

Zhang Model

c/Å

Ba0.94Cs0.169Mg0.860Ti7.128O16 1.469 0.620 10.113 9.087 10.139 2.972 2.981 3.856

Ba0.862Cs0.304Mg0.809Ti7.170O16 1.506 0.620 10.130 9.064 10.157 2.971 2.980 3.839

Ba1.181Al1.903Ti6.087O16 1.420 0.592 9.9648 9.055 9.984 2.922 2.932 3.836

Ba1.034Cs0.168Al1.771Ti6.209O16 1.465 0.593 9.9835 9.071 10.012 2.934 2.930 3.840

Ba0.922Cs0.304Al1.753Ti6.226O16 1.499 0.592 10.007 9.080 10.030 2.925 2.928 3.843

Average values for ionic radii taken from Shannon [28, 29] for atoms in octahedral co-ordination. The radius used for Ti has been averaged from

Ti4+ and Ti3+ using calculated values to maintain charge neutrality

Fig. 10 Plots of predicted values from the Zhang model and the new

model presented here for the Al-based systems, (a) a-parameter, (b)

difference between calculated and observed for the a-parameter,

(c) c-parameter, and (d) the difference between calculated and

observed for the c-parameter In all plots the same markers are used. In

(d) the scale to the right is that for the new model, while the left is that

for the Zhang model. In all plots circles are the Zhang model, squares

the new model presented here and the triangles are the recorded data
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