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a b s t r a c t

The discovery of new perovskite compounds under high pressure mainly focuses on the ABO3 compo-

sitions and the compositions highly deviated from ABO3 are less explored. Here we demonstrate that

the La6Sr3Si6O24 silicate composition can be stabilized as a hexagonal perovskite-related structure with

isolated tetrahedra anions under high pressure of 6 GPa. The compound adopts 9-layer shifted hexago-

nal perovskite-like structure with both B-cation and oxygen deficiencies and contains pseudo-cubic (c′)
(La/Sr)O2 layers and hexagonal (h) (La/Sr)O3 layers stacked according to (c′hh)3 sequence. This structure

features both B-cation vacancy ordering between the two consecutive hexagonal layers and oxygen va-

cancy ordering in c′-(La/Sr)O2 layers, resulting in isolated tetrahedral SiO4 anions and ionic conduction

behavior. This work demonstrates the practicability of accessing new perovskite-related functional mate-

rials from the compositions highly deviated from ABO3 under high pressure.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Silicates are known for their natural abundance and are thus

widely used in domestic ceramics, glassware, refractories, and

building and construction materials [1,2]. Apart from these applica-

tions as structural materials, silicates also display interesting func-

tional properties including ferroelectricity [3], nonlinear optical ef-

fects [4], luminescence host [5], and ionic conduction [6]. With

a variety of chemical composition and structural variations, sili-

cates have the tetrahedral SiO4
4− anion with relative rigidity and

strong covalent interactions as the basic structural feature under

ambient pressure (AP). The SiO4
4− anions could be isolated [7], or

connected into small polymers [8,9], one-dimensional (1D) chains

[10], two-dimensional (2D) layers [11], and three-dimensional (3D)

framework [12] via apex-oxygen sharing, hosting a great variety of

metal cations in the resulted voids to compensate the charge.

The ionic metal oxide usually adopts a close packing arrange-

ment of oxygen (and large-size cations) with the metal cations fill-

ing in the resulted voids with oxygen coordination number (CN)

≥ 6, typically BO6 octahedron and AO12 truncated octahedron in

ABO3 perovskites [13]. In contrast to the ionic metal oxide case,
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the oxygen ions in the silicates are loosely stacked to satisfy the

tetrahedral coordination requirement of Si4+, leading to low space

utilization and small CN for the metal cations. For example, typ-

ical sodium silicates Na2SiO3 [14] and α-Na2Si2O5 [15] have 5-

coordinated Na+ cations, while the other ternary ionic metal ox-

ides normally have 6-12 coordinated environments for Na+, such
as those in NaMnO2 [16] and NaNbO3 [17].

Applying high pressures would alter the loosely anionic stack-

ing of the silicates and lead to structural modifications. For ex-

ample, the stable phase of MgSiO3 enstatite [18] at ambient

conditions contains alternative layers of MgO6 octahedron and

SiO4 tetrahedra (Fig. S1a in Supporting information), which would

transform into MgSiO3 ilmenite (Fig. S1b in Supporting informa-

tion) with SiO6 octahedral layers at 20-24 GPa (1373-2273 K)

[19,20]. Further increasing pressure above 23 GPa (T > 1473 K)

leads to the stabilization of MgSiO3 perovskite (Fig. S1c in Sup-

porting information) [21,22], which would convert into the post-

perovskite CaIrO3 structure with edge-sharing SiO6 octahedral

chains at pressures > 125 GPa (T > 2500 K) (Fig. S1d in Sup-

porting information) [23]. Due to the different initial size con-

trast between the ions and atomic compressibility of elements, the

structural variation with pressure are different when the cations

are changed, as shown by that CaSiO3 parawollastonite [10] with

1D SiO3
2− chains (Fig. S1e in Supporting information) can also
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transform into perovskite at 14-16 GPa [24] and SrSiO3, which are

composed of alternating layers of Si3O9
6− rings and layers of 8-

coordinated Sr atoms (Fig. S1f in Supporting information) [9], con-

vert into hexagonal perovskite at 20 GPa then cubic perovskite at

32 GPa [25,26]. Generally, the non-perovskite silicates MSiO3 with

small B-site cations would adopt perovskite structure at certain

pressure as those observed in other ABO3 systems with small A-

site cations [27].

Recently lanthanum silicates have been explored extensively

under AP for their interesting properties on luminescence and

ionic conduction, e.g., La2SiO5 [28], La9.33+x(SiO4)6O2+1.5x (x=0-

0.67) [29,30] and La2Si2O7 [8,31,32]. La2SiO5 features an isolated

SiO4 tetrahedron and oxosilicate nature with some oxygen anions

only bonding to La cations (Fig. S1g in Supporting information).

While La2Si2O7 has four polymorphs: the A-type (tetragonal, P41),

G-type (monoclinic, P21/c), and H-type (triclinic, P1̄) structures

containing diorthosilicate Si2O7
6− anions built up of two corner-

linked SiO4 tetrahedra (Fig. S1h in Supporting information) [8,31],

the I-type containing a hoof-shaped catena-tetrasilicate Si4O13
10−

ions and two orthosilicates SiO4
4− ions per formula unit (Fig. S1i

in Supporting information) [32]. Among these four polymorphs of

La2Si2O7, the tetragonal A-type phase is thermodynamically sta-

ble at room temperature, while the other phases are metastable

[8]. The La9.33+x(SiO4)6O2+1.5x (x=0-0.67) compositions, which lie

between La2SiO5 and La2Si2O7, adopt apatite structure, which is

built up of isolated SiO4 tetrahedron with La3+ cations located

in the 7- and 9-coordinated sites and the remaining O2− an-

ions occupying channel along the c-axis (Fig. S1j in Support-

ing information). The La9.33+x(SiO4)6O2+1.5x apatite features extra

oxygen atoms or La vacancies, which prompt oxide conduction

through an interstitial mechanism [29,33]. Replacing La partially

with Sr in La9.33+x(SiO4)6O2+1.5x leads to a stoichiometric apatite of

La8Sr2(SiO4)6O2 with the oxide ion mobility reduced significantly

[34]. Compared with the alkaline earth silicates, the lanthanum-

based silicates received less attention on the pressure-induced

structural evolution. A high-pressure (HP) lanthanum silicate has

been reported as La4Si3O12 with a monoclinic cell twenty years

ago. However, the crystal structure of the HP silicate La4Si3O12 is

problematic and contains only rudimentary information [35,36].

For the non-perovskite ABO3 compositions under AP, it is rela-

tively easy to predicate the HP transformation to perovskite struc-

ture although there could be intermediate polymorphs before

reaching the dense perovskite structure. While for the composi-

tions highly deviated from ABO3, the prediction of transformation

to perovskite structure is not straightforward under high pressure.

However, the defected perovskite structures could be expected if

these compositions can form perovskite-related structures under

high pressure, which may provide an effective strategy for new

functional materials. So far there is little attention to HP prepa-

ration of the defected perovskite-related structures from the com-

positions highly deviated from ABO3 [37].

To address the possibility of perovskite-related structure for-

mation in the compositions highly deviated from ABO3, we have

been investigating the structural evolution of the less explored

lanthanum silicates under high pressure. Herein we report that

La6Sr3Si6O24 composition, which forms a mixed apatite and SrSiO3

phase at ambient pressure, transformed to a highly defected

hexagonal perovskite-related structure with both B-cation and oxy-

gen deficiencies under high pressure around 6 GPa. This hexagonal

perovskite-related structure features B-cation and oxygen vacancy

ordering, leading to isolated tetrahedral SiO4 units, and ionic-

conducting behavior.

The synthesis attempt at the composition of La6Sr3Si6O24 at

1473 K and AP leads to a mixed phase of La8Sr2Si6O26 apatite

[34] and SrSiO3 [9], as evidenced by the Rietveld plot shown in

Fig. S2a (Supporting information). The coexistence of two phases

Fig. 1. Electron diffraction patterns of La6Sr3Si6O24 recorded along the (a) [100] and

(b) [001] directions.

with significant compositional contrast is directly observed with

SEM images from backscattered electrons and EDS elemental map-

ping, as shown in Fig. S3 (Supporting information). An unknown

HP phase started to appear on the XRD data of La6Sr3Si6O24 (Fig.

S2b in Supporting information) as the applied pressure reached 3

GPa and above, and its phase content increased with pressure. At

pressure above 6 GPa, the reflections of the AP phases disappeared,

and the HP phase was isolated as a single-phase material. The EDS

elemental analysis of the HP material gives an average cation ratio

of La6.2(4)Sr3Si6.1(2) across the sample (Figs. S4 and S5 in Support-

ing information), which reasonably keeps with the nominal stoi-

chiometric composition of La6Si3Si6O24.

The XRD pattern of HP La6Sr3Si6O24 sample can be indexed

into a hexagonal cell with lattice parameters of a=5.4326(8)

Å and c=19.6174(3) Å, showing the reflection conditions:

hkil:−h+ k+ l=3n and 000l:l=3n, which suggest a rhombohedral

hexagonal lattice type and possible space groups of R3, R3̄, R32,

R3m, and R3̄m. Figs. 1a and b show the SAED patterns of the

La6Sr3Si6O24 sample collected along the [100] and [001] directions,

respectively. No superstructure weak reflections were observed and

all the reflections are compatible with the hexagonal cells and the

possible space groups above. Therefore, the space group R3̄m with

the highest symmetry was chosen in the following structure deter-

mination.

The ab initio structure solution of La6Sr3Si6O24 was performed

based on the XRD data in the space group R3̄m by the direct

method using EXPO2014 [38,39], in which the initial positions of

heavier lanthanum and strontium atoms can be directly deter-

mined. Subsequently, silicon and oxygen positions were obtained

by the difference Fourier analysis. Rietveld refinements of lattice

parameters, atomic positions, and isotropic displacement param-

eters (Biso) were carried out simultaneously against the XRD and

NPD data. The mixed occupancies of La and Sr were identified and

refined on the 10 and 12-fold coordinated sites. The initial refine-

ment found a relatively large atomic displacement parameter on

the ideal O1 site 6c (0, 0, z). Therefore, a split general position 18h

with a fractional occupancy of one third was adopted for the O1

site in the following refinements. The final refinement converged

to reliability factors Rwp of ∼4.62% and 6.85% for XRD and NPD

data as shown in Figs. 2a and b, respectively, and the final refined

atomic coordinates are given in Table 1.

The crystal structure of HP La6Sr3Si6O24 can be described

as both oxygen and B-cation deficient hexagonal perovskite (Fig.

3a), in comparison with its corresponding 9-layer B-site deficient

shifted hexagonal perovskite A3B2O9 [40] with the similar stack-

ing sequence of (chh)3 (c and h denote cubic and hexagonal stack-

ing of close-packed AO3 layers, respectively) and oxygen vacancies

filled (Fig. 3b). The stacking sequence of HP La6Sr3Si6O24 is (c′hh)3,
where c′ denotes an oxygen-deficient (La/Sr)O2 pseudo-cubic-

stacking layer (Fig. 3c), and h denotes a close-packed (La/Sr)O3

layer (Fig. 3d). Due to the formation of the (La/Sr)O2 oxygen-
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Fig. 2. Observed (red crosses), calculated (green line) and difference plots (black line) for the structure refinement of HP La6Sr3Si6O24 against (a) XRD and (b) NPD data. The

Rwp (Rp) factors are ∼6.17% (∼7.29%) and ∼4.62% (∼3.49%) for NPD and XRD data, respectively. The inset in (a) enlarges the reflections in the 2θ range from 18° to 36°.

Table 1

Final refined structural parameters for La6Sr3Si6O24
∗ .

Atom Site x y z Occupancy Beq (Å2) BVS

La1/Sr1 3a 0 0 0 0.91/0.09(1) 1.37(2) 2.83/2.45

La2/Sr2 6c 0 0 0.7951(4) 0.55/0.45(4) 0.69(1) 2.76/2.38

Si 6c 0 0 0.5938(7) 1 0.97(6) 4.00

O1 18h −0.3099(3) 0.3099(3) 0.6773(7) 1/3 0.80(3)

O2 18h 0.4968(9) 0.5032 (9) 0.2331(4) 1 0.79(8)

∗a=5.4384(2) Å, c=19.6383(1) Å, space group: R3̄m, Z=1.

Fig. 3. The structure viewed along the [110] direction for (a) La6Sr3Si6O24 oxygen-deficient perovskite and (b) its corresponding 9-layer shifted hexagonal perovskite A3B2O9

without oxygen vacancy. (c) and (d) show the oxygen-deficient c’-(La/Sr)O2 layer and the close-packed h-(La/Sr)O3 layer in La6Sr3Si6O24, as marked with dashed black and

red lines in (a), respectively. (e) The coordination environments of Si, La1/Sr1, and Sr2/La2 from the top to bottom.

deficient layer and oxygen vacancy ordering, the 6-coordinated oc-

tahedral site formed between the neighboring c-layer and h-layer

in A3B2O9 perovskite turned into the 4-coordinated tetrahedral

site, which is occupied by the perovskite B-site cations (here, Si4+

cation). The octahedral sites between the two adjacent h layers are

vacant in La6Sr3Si6O24, leading to a layered arrangement of B-site

Si4+ cations tetrahedra and octahedral vacancies. The SiO4 tetrahe-

dron has two sets of Si-O bonds with essentially identical lengths

of ∼1.63 Å (Fig. 3e top), which keeps with its average value of

∼1.62 Å in the literature [1].

Interestingly, the A-site cations La and Sr in La6Sr3Si6O24 are

not randomly distributed over the 3a and 6c sites in the c′ and

h layers although they have a similar ionic radius of 1.44 Å and

1.36 Å (with CN=12), respectively [41]. This partial site occupancy

leads to relatively low bond valence sum (BVS) values of La3+ (2.83

and 2.76) and high BVS values for Sr2+ (2.45 and 2.38) on both

sites, similar to those in La8Sr2Si6O26 [34]. The La atoms prefer

to occupy the 3a site in the oxygen-deficient AO2 layer, forming a

12-coordinated environment (Fig. 3e middle), while the Sr cations

concentrate in the close-packed AO3 layer with CN=10 (Fig. 3e

bottom). This site selectivity is probably driven by the charge dif-

ference rather than the size difference since the slightly larger Sr2+

cation usually prefers a higher CN than La3+ ion. As shown in Fig.

3a, the Si4+ cationic layer (dashed blue line) is much closer to the

h-AO3 layer (red dashed line) than the c′-AO2 layer (dashed black

line), and has dominant electrostatic interaction with the former.

To balance the positive charge of the adjacent Si4+ layer, the h-

AO3 layers prefer to accommodate nearly all available Sr2+ than

La3+ ions to carry more negative charges.

The thermal stability of La6Sr3Si6O24 was investigated by the

thermal analysis (Fig. S6a in Supporting information) and temper-

ature varied XRD (Fig. S6b in Supporting information). No phase

transition was observed on the in-situ XRD data within the 298-

1073 K temperature range, while trace amounts of impurity reflec-

tions appeared at T=1273 K, indicative of decomposition. A com-

plete decomposition was reached for the sample heated at 1273

K for 12 h (Fig. S6c in Supporting information). The decomposi-

tion started below 1173 K, as suggested by the secondary peaks on

the XRD plot of the sample annealed at 1173 K for 6 h. No im-

purity phases were observed for the HP La6Sr3Si6O24 compound

annealed at 1073 K for 10 h, suggesting its good dynamical stabil-

ity. The lattice parameters of HP La6Sr3Si6O24 phase increase lin-

early as the temperature increases (Fig. S6d in Supporting informa-

tion), showing anisotropic thermal expansions of αa =11.7×10−6

K−1 and αc =7.9×10−6 K−1, keeping with rhombohedral struc-

tural anisotropy. This leads to an overall linear volume expan-
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Fig. 4. (a) The 1023 K complex impedance plots for La6Sr3Si6O24 pellets measured

under O2 atmosphere in comparison with those in N2 and 5% H2 in N2 atmospheres

in the inset. Rb denotes the bulk resistivity and the numbers denote the logarithms

of selected frequencies marked by filled symbols. (b) Temperature-dependent bulk

conductivities of La6Sr3Si6O24 pellets in the O2, N2, and 5% H2 in N2 atmospheres

with activation energy (Ea) labeled.

sion of αv =31.6×10−6 K−1 at the 298-1273 K temperature

range.

Generally, the application of high pressure tends to densify the

materials by leading to a shorter atomic distance and thus increas-

ing the CN of the cation and anions [42,43]. The denser atomic

stacking in the HP La6Sr3Si6O24 phase can be understood through

the structure comparison with the AP SrSiO3, La8Sr2Si6O26 phases,

in which although the Si atoms have similar 4-fold coordinations,

the La and Sr atoms have different coordination environments.

The Sr2+ cations are 8-oxygen coordinated in the SrSiO3 phase,

in contrast with the 7 and 9-oxygen coordinated La3+ and Sr2+

ions in the La8Sr2Si6O26 apatite. However, the HP La6Sr3Si6O24

phase has larger CN for Sr and La than both AP phases, i.e., 12

and 10. Thus, the driving force for the phase reaction of 6SrSiO3 +
3La8Sr2Si6O26 → 4La6Sr3Si6O26 can be related to the increasing of

the cationic CN and the more close-packed cations and anions un-

der pressure.

To explore the transport properties of La6Sr3Si6O24, AC

impedance data was collected on the 1027 K annealed pellet,

which has 95.4(1)% of the theoretical density. The samples as-

quenched from the HP synthesis have many strain-induced de-

fects and a large proportion of small grains (Fig. S4), which would

recrystallize during the measurement, evidenced by the exother-

mal thermal peak at ∼600 K (Fig. S6a) and give history-dependent

impedance data. However, the La6Sr3Si6O24 sample annealed at

1073 K contains large grains and well-defined grain boundaries

(Fig. S5) and gives identical conductivities on heating and cooling.

Fig. 4a shows typical complex impedance plots at 1023 K mea-

sured at different atmospheres, which are essentially identical and

consist of one symmetric semicircle arc and apparent Warburg-

type electrode response tails. The semicircular arc can be mod-

eled with a parallel Resistor-Capacitance (RC) circuit: the inter-

cept of the semicircular arc at low frequency is estimated as R;

the associated C value calculated from the equation 2π fmaxRC=1

(fmax is the frequency corresponding to the maximum imaginary

impedance Z
′ ′
max) is ∼4.9 pF/cm. This value is close to that (∼5.4

pF/cm) estimated from the maximum imaginary modulus M
′ ′
max

using the equation ε0/(2M
′ ′
max) (ε0 is the capacitance of free

space, 8.854×10−14 F/cm). This confirms that the semicircular arc

can be ascribed to a single bulk component response [44,45]. The

electrode responses in the impedance data of La6Sr3Si6O24 pel-

let show large capacitances of ∼10−8-10−6 F/cm in the 10-0.1Hz

low-frequency region, which is indicative of ionic conduction in

La6Sr3Si6O24 [45]. Apart from the semicircular-arc bulk response

and the inclined-line electrode response, no apparent semicircular

arc was observed from the grain boundary response, which how-

ever could be disguised between the bulk and electrode responses

as indicated by the capacitances around 10−11-10−9 F/cm in the

104-102 Hz frequency range.

Recently the B-cation and oxygen-deficient hexagonal per-

ovskite transitional metal oxides (e.g., Ba3WNbO8.5 [46],

Ba7Nb4MoO20 [47,48], and Ba7Y2Mn3Ti2O20 [49]) have been

shown to transport the oxide ions. In these hexagonal perovskites,

the oxygen-vacancy ordered c’-AO2 layers could transform to

oxygen-vacancy disordered c-AO3−x layers thus allowing the oxide

ion migration within the oxygen-deficient layer among the sites

corresponding to tetrahedral/octahedral units. Here to find out

whether the mobile species in La6Sr3Si6O24 are oxygen ions, we

conducted tests in different atmospheres of oxygen, nitrogen, and

5% H2 in N2 and found that the electrode responses are almost

independent of the atmosphere (Fig. 4a). This phenonium is

unlike the typical behavior of electrode response with the partial

oxygen pressure change for the oxide ion conductors with good

oxide ion conductivities (e.g., >10−3 S/cm) [50,51]. However, for

materials having small and constant carrier concentrations which

are determined by intrinsic thermal activation rather than ex-

trinsic oxide-ion substitution from the atmosphere, the oxide-ion

conductivity could be independent of pO2 and the inclined elec-

trode response line could be hardly affected by the atmosphere

change. Considering low total conductivities within 10−6-10−4

S/cm with large activation energy (∼0.93 eV), as well as its

atmosphere-independent nature (Fig. 4b) although minor p-type

conduction can be still discerned, such low-level ionic conduction

in La6Sr3Si6O24 could be still ascribed to the oxygen ions. Such

oxide ion conduction could be correlated with the oxygen-vacancy

ordered c’-AO2 layers in La6Sr3Si6O24, similar to the hexagonal

perovskite oxide ion conductors mentioned above. As indicated

by the larger atomic displacement parameter compared with the

La2/Sr2 atoms, the La1/Sr1 atoms in the oxygen-deficient c’ layers

were also considered to be the likely ions for the migration due

to their relatively loose packing nature in the structure. However,

as indicated by the SEM-EDS results (Fig. S7 in Supporting infor-

mation), both surfaces of the pellet adjacent to the negative and

positive electrodes, and also the cross-section of the pellet parallel

to the current direction, show homogeneous elemental distribu-

tions and an identical La:Sr:Si ratio with the nominal value (2:1:1)

after direct current (DC) polarization. This observation indicated

no apparent La or Sr aggregation near the negative electrode side,

thus excluding these cations as the ionic conduction species in the

sample.

In summary, the 9-layer B-cation and oxygen-deficient

shifted hexagonal perovskite-related structure was stabilized

on La6Sr3Si6O24 composition under high pressure at 6 GPa. Com-

bined Rietveld refinements of XRD and NPD data indicate B-cation

vacancy ordering between two consecutive h-(La/Sr)O3 layers and

4
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oxygen vacancy ordering in the c′-(La/Sr)O2 layers, and stacking

order of (c′hh)3 in La6Sr3Si6O24. The HP La6Sr3Si6O24 features

isolated SiO4 tetrahedral anions between c’ and h layers and

low-level ionic conduction behavior. The results here indicate that

it is practicable to design and synthesize new perovskite-related

functional materials from the compositions highly deviated from

ABO3 under high pressure.
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