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Abstract 

The investigation of oxide ion conductivity in apatite 

germanates has attracted significant interest due to potential 

applications in SOFC electrolyte materials. These systems 

conduct via interstitial oxide ions, and a range of studies have 

indicated the importance of the GeO4 units in the conduction 

process. In this paper, we investigate the effect of boron 

incorporation on the structure and conductivity. Studies show 

that heat treatment of La10Ge6O27 with H3BO3 leads to an 

expansion in cell volume, attributed to incorporation of borate 

groups in the oxygen ion channels within the structure.  For low 

levels of dopant i.e La10Ge6O27(BO1.5)0.5, a small enhancement 

in conductivity was observed attributed to a transition from a 

triclinic to a hexagonal apatite. For further increases in boron 

content, the conductivity was shown to decrease attributed to 

the blocking of the conduction pathway down the apatite 

channels. Interestingly, significant oxide ion conductivity was 

still observed, which provides the first experimental support for 

a secondary conduction mechanism perpendicular to the apatite 

channels proposed by prior modelling studies. 

 

Introduction 

The development of new materials for use in solid oxide fuel cells (SOFCs) has 

attracted considerable interest, with a view to improving their performance and 

lowering their operating temperature.  Traditionally SOFC electrolyte work has focused 

on perovskite and fluorite systems, in which enhanced conductivity is observed through 

doping to introduce oxide ion vacancies (1, 2). Recently, however, there has been 

growing interest in alternative structure types, where interstitial oxide ions are the key 

defect.  In this respect, apatite-type rare earth silicates and germanates have attracted 

particular interest (3-60). In these interstitial oxide ion conductors, the complexity of 

the conduction mechanism has made detailed understanding non-trivial, and a range of 

studies have attempted to clarify the conduction pathways (10, 16, 20).  

 In terms of these materials, the ideal apatite stoichiometry can be written as 

A10(MO4)6O2 (A = rare earth/alkaline earth; M = Ge, Si), and their structure can be 

viewed as an A4(MO4)6 framework (consisting of corner linked MO4 tetrahedra and 

AO6 trigonal metaprisms), with the remaining A6O2 units within the “channel” of this 

framework (figure 1) (23, 24). The variation in the size of the A6O2 
“channels” can be 

correlated with variations in the AO6 metaprism twist angle (23). It has been reported 

that the apatite structure can accommodate excess interstitial oxide ions, which 



contribute to the high conductivity of these systems. Different locations for these 

interstitial sites have been proposed, particularly for the apatite silicates, with most 

proposing a site close to the channel centre (7, 38, 39, 46).  

 

Figure 1: A visualisation of the A10(MO4)6O2 apatite structure (Space Group P63/m) 

with A6O2 units filling the channels within the A4(MO4)6 framework. 

 For the apatite germanates, there is more general consensus that the interstitial 

oxide ions, that are responsible for the high conductivity, are located neighbouring the 

GeO4 tetrahedra, converting some of these into GeO5 units (24, 25, 40, 43, 49, 50, 61, 

62).  

 An interesting recent observation in phosphate apatite systems is the potential 

for the incorporation of borate groups into the channels, with some reports claiming 

linear BO2
- units (63, 64). We have therefore examined the possabillity that borate can 

be accommodated into the channel sites of the silicate/germanate apatite systems. 

Preliminary studies on the silicate systems suggested a reduction in cell volume 

consistent with partial substitution of silicate by borate as shown previously (65, 66). 

In contrast a reaction of apatite germanates with either B2O3 or H3BO3 shows an 

expansion in unit cell volume consistent with borate incorporation into a new site. In 

this paper, we report the effect on the structure and conductivity of this borate 

incorporation. Providing evidence for the first time of a secondary oxide ion conduction 

pathway. 

 

 

 

 

 

 

 

 

 

 

 



 

Experimental 

 Samples were synthesised via a Pechini Method. Stoichiometric amounts of 

La(NO3)3, Y(NO3)3, and GeO2 were all dissolved in deionised water whilst heating (100 

⁰C) and stirring. Citric Acid and Ethylene Glycol were added in the ratio 1:1:3 (Metal 

content : Ethylene Glycol: Citric Acid) and left to stir under heating for roughly 3 hours 

until a gel formed. The samples were then heated at 350 ⁰C (1 ⁰C min-1) for 1 hour to 

burn off the organics. The resulting precursors were ground and the required 

stoichiometric amount of H3BO3 added, before heating at 700 ⁰C for 2 hours, 

regrinding, and reheating at 950 ⁰C for 12 hours. The powders were then pressed into 

pellets before a final heat treatment at 1100 °C for 4 hours.  

 Powder X-Ray diffraction data were collected to determine lattice 

parameters and phase purity of all samples. Data was collected on a Panalytical 

Empyrean diffractometer equipped with the Pixcel 2D detector (Cu Kα radiation). The 

GSAS-II suite of programs was used to determine unit cell parameters (67).  

 FT-IR Spectroscopy measurements were carried out to confirm the presence of 

borate. The measurements were collected on a Bruker Alpha II FTIR-Spectrometer with 

the platinum ATR attachment.   

 For conductivity measurements, the sintered pellets were coated with platinum 

paste on either side, platinum electrodes were attached to both faces, and the samples 

were heated at 950 ⁰C for 1 hour to ensure bonding to the pellet. The conductivities 

were then measured in a temperature range of 400 ⁰C to 800 ⁰C by AC impedance 

measurements (Hewlett Packard 4192A impedance analyser) in the range 0.1 to 103
 

kHz with an AC signal amplitude of 100 mV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Results and Discussion 

B doped La10Ge6O27 

 

 Powder X-ray diffraction data for undoped La10Ge6O27 indicated the formation 

of triclinic apatite with the space group P -1 consistent with previous literature (23,24), 

see figure 2.  

 The synthesis of La10Ge6O27(BO1.5)x (for x= 0.5, 1.0 and 1.5) was also 

performed, and in each case the formation of a hexagonal apatite (P 63 / m) phase was 

observed according to the powder X-ray diffraction data, with evidence for significant 

peak shifts with increasing B content, see figure 2 

Figure 2: Powder X-ray Diffraction data for (from to top to bottom) La10Ge6O27, 

La10Ge6O27(BO1.5)0.5, La10Ge6O27(BO1.5)1.0, La10Ge6O27(BO1.5)1.5 showing a triclinic 

cell for La10Ge6O27 and a hexagonal cell with significant peak shifts for the B doped 

samples. 

 For the B doped samples, a structural model based on an apatite P 63 / m cell 

was successfully refined using the GSAS II suite of programs. The unit cell parameters 

from the refinements are shown in Table I. The unit cell volume was found to show a 

significant increase with increasing borate content. This differs to previous work where 

B was doped into the silicate apatites La10-xSi6O27-3x/2, where a decrease in cell 

parameters was observed. For the silicate apatites, this could be explained by the 

substitution of smaller B in place of Si, with incorporation of up to 2 B possible to give 

La10Si4B2O26 (65). The increased cell volume for the Ge apatites is therefore of interest, 

as one might expect an even larger cell volume reduction, as B is much smaller than 

Ge. This indicates that B is not substituting in place of Ge, and rather B must be 

occupying a different site. Of relevance to this is the fact that it is known from previous 

studies that filling of the apatite channels tends to lead to an expansion along a,b and 

contraction along c, the former allowing for space for extra anions to be accommodated 



without too short O-O interactions (68). Thus, the cell parameter changes suggest 

further filling of the channel sites, which we propose is due to incorporation of borate 

groups into these channels similar to such inclusion in phosphate apatites (63, 64). To 

support this assertation, attempts to prepare La10Ge6-xBxO27-x/2 samples (B substituted 

in place of Ge) were undertaken and these indicated very limited B incorporation. 

Furthermore, pre-preparing La10Ge6O27 and reacting with different amounts of H3BO3 

at 900 oC gave similar cell volume expansions as observed here/ supporting the 

incorporation of borate into new sites, i.e the apatite channels, within the structure. 

Table I:  Cell parameters and goodness of fit values for La10Ge6O27(BO1.5)x 

x a (Å) c (Å) 
Unit Cell 

Volume (Å3) 
wRp Rp χ2 

0.50 9.9320(4) 7.2820(7) 622.103 5.53 1.89 2.92 

1.00 10.0466(7) 7.2314(6) 632.122 5.97 1.88 3.18 

1.50 10.1509(9) 7.1948(4) 642.049 6.55 1.93 3.48 

 When comparing the cell volumes of the La10Ge6O27(BO1.5)x series, a linear 

increase with increasing borate concentration (0.5≤x≤1.5) is observed, attributed  to the 

incorporation of borate within the channel, Figure 3. There is some deviation at x=0, 

which may be related to the change in cell symmetry (x=0, triclinic; x≥0.5 hexagonal) 

or may indicate a low level of B substitution for the GeO4 site initially. 

Figure 3: Unit Cell Volumes vs Borate content for La10Ge6O27(BO1.5)x  

 FT-IR spectra analysis was used to gather more information regarding the borate 

group within the apatite structure. Peaks attributed to borate were observed in the 

regions 860-920, 920-1000 and 1200-1400 cm-1. Borate peaks in the regions of 860-

920 and 920-1000 cm -1 can be attributed to BO4 units whilst peaks in the region 1280-

1350 cm-1
 are usually assigned to a BO3 unit. (69) The undoped material was observed 

to have no peaks present in these regions, with low level borate material showing the 

860-920 and 920-1000 cm-1 peaks, while only the highest borate containing materials, 

La10Ge6O27(BO1.5)1.0 and La10Ge6O27(BO1.5)1.5 showed 1200-1400 cm-1
 bands present, 

Figure 4.  



Figure 4: IR Spectra from top to bottom: La10Ge6O27(BO1.5)1.5, La10Ge6O27(BO1.5)1.0, 

La10Ge6O27(BO1.5)0.5 and La10Ge6O27; data show the presence of 3 borate band regions.  

 The conductivity data for all samples are shown in Figure 5. These data show 

that there is an initial increase in conductivity on borate doping for x=0.5. This increase 

in conductivity can be attributed to a change in cell symmetry from triclinic (undoped) 

to hexagonal (doped), as seen for other doping strategies (12, 16, 21, 35). This appears 

to outweigh any negative consequence of borate blocking the apatite channels at this 

doping level. 

 



Figure 5: Plot of log σ versus 1/T for La10Ge6O27 and La10Ge6O27(BO1.5)x 

 With increased dopant levels, i.e. La10Ge6O27(BO1.5)1.0 and 

La10Ge6O27(BO1.5)1.5, a decrease in conductivity is observed compared to the undoped 

La10Ge6O27 sample at low temperatures. We attribute this decrease to increasing 

blockage of the central channel by the inclusion of borate and thus a loss of the c-

direction oxide interstitial conduction mechanism. However, the most interesting 

observation is that substantial oxide ion conductivity still occurs suggesting that a 

secondary conduction mechanism is still present. This has not been experimentally 

reported prior, however has been suggested via computer modelling studies. These 

studies have proposed a conduction mechanism perpendicular to the channels, via a 

SN2 type mechanism (49), and so this work adds support for this mechanism.  

 At higher temperature La10Ge6O27(BO1.5)1.5 shows a rapid increase in 

conductivity comparable to the x=0.5 and undoped sample, which warrants further 

study, but may involve some sort of cooperative mechanism involving the borate 

groups.  

 

 

 

 

 

 

 

 

 

 



Conclusion 

 In this paper we have shown that borate can be incorporated within La10Ge6O27 

resulting in the synthesis of the hexagonal apatite series, La10Ge6O27(BO1.5)x 

(0.5≤x≤1.5). The presence of this borate is confirmed by IR (peaks in the regions 860-

920, 920-1000 and 1200-1400 cm-1), and we propose that the borate is accommodated 

within the apatite channels in line with the observed increase in cell volume. 

 Conductivity measurements showed there was a general improvement for 

La10Ge6O27(BO1.5)x materials for low levels (x=0.5) of borate incorporation, with a 

decrease in conductivity with higher concentration of borate (x≥1). Nevertheless, all 

samples show high levels of oxide ion conductivity despite the postulated inclusion of 

borate within the apatite channels (the main conduction pathway proposed for apatite 

materials). This would therefore support the existence of a second pathway 

perpendicular to the channels, as proposed by prior modelling studies.   
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