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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The phase stability of (Bi;.xYx)203 (0.1 < x < 0.275) solid state electrolytes synthesized using the sol-gel method
was investigated over prolonged periods under ambient conditions. The cubic polymorph was found to be
metastable under ambient conditions, particularly for 0.1 < x < 0.15 where significant cubic-to-tetragonal
transformation occurred. Spontaneous minor formation of both the rhombohedral polymorph and a bismuth
subcarbonate phase was evident across the doping range but with varied reproducibility. Aging was significantly
more prevalent for samples that had only been calcined (at 450 °C) as compared to those that were subsequently
annealed (at 750 °C). The more highly substituted annealed materials (0.25 < x < 0.275) were initially phase
pure cubic and far more stable, yet some rhombohedral and bismuth subcarbonate phase formation was also
seen. Although the initial source of carbon which leads to the formation of the subcarbonate phase is not known
at this stage, several suggestions are made. Pelletisation with additional sintering, as well as annealing powder
samples under an inert atmosphere, was also shown to enhance the long-term phase stability characteristics of
the cubic phase. This is the first longer term (over 2 years) ambient phase aging study of substituted bismuth
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1. Introduction

The phase stability of the face-centred cubic 8-phase bismuthates has
been the subject of substantial research in context of these materials as
solid oxide fuel cell (SOFC) electrolytes. Early on Harwig [1], Harwig
and Gerards [2], and Rao et al. [3], found the tetragonal B-phase formed
as an intermediate phase when the high temperature §-phase trans-
formed into the stable room temperature monoclinic phase. Previous
studies have also monitored the change in &-phase purity of variously
substituted bismuthates over extended periods of time at elevated
temperatures, corresponding to typical operating conditions of a SOFC
[4-7]. It has been demonstrated that the §-phase transforms into a va-
riety of phases under these conditions which are correlated to the dopant
composition.

Erbium-stabilized bismuthates (12.5-15 mol% Er;03) have shown
5-phase aging into a mixture of the monoclinic, tetragonal and rhom-
bohedral BiyO3 polymorphs [1-3] when annealed at 625 °C for 250 h
[8]. Similar phase mixtures were found for a dysprosium-stabilized
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bismuthate (32.5 mol% Dy,03) when annealed at 815-819 °C for
300-422 h [9]. Terbium-stabilized bismuthates (25 mol% Tb407)
showed the conversion of the §-phase into the rhombohedral phase [10,
11] when annealed at 500 °C for 120 h [5]. The &-phase
yttrium-stabilized bismuthates are significantly less stable when
annealed at lower temperatures. Studies by Takahashi et al. [12] showed
that annealing an yttrium-stabilized bismuthate (20 mol% Y,03) at
500 °C for 24 h produced significant phase transformations.
Yttrium-stabilized bismuthates (25 mol% Y03) also exhibited a
cubic-rhombohedral phase transformation which was observed after
annealing at 600 °C for 100-150 h [13,14]. Interestingly, when the
yttrium-stabilized bismuthate system (25 mol% Y;03) was co-doped
with 2 mol% ZrO,, phase aging could be inhibited for up to ~1000 h
at 600 °C [5,14-17]. Similar inhibition was achieved for ~400 h at
600 °C for the erbium-stabilized bismuthate system (20 mol% Er;O3)
with the addition of 5 mol% ZrO-, [18].

Watanabe [19] and Watanabe and Kikuchi [20] postulated that
yttrium-‘stabilized’ §-phases were not thermodynamically stable but
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were rather quenched high temperature stable phases that are only
metastable at room temperature. 3-phase solid solutions containing
21.5-23.5 mol% Y203 were synthesized by solid-state reaction at 850 °C
for 20 h [19]. These 8-phased materials were then annealed at 650 °C for
>100 h [19] and a rhombohedral phase was formed. ‘Stabilized’
d-phases within the same compositional range were synthesized by
solid-state reaction at 850 °C for 20 h [20]. These 5-phased materials
were then annealed at 650 °C for >160 h and found to completely
transform into the rhombohedral phase. Hence the room temperature
metastability of the 5-phase Y>*-substituted bismuthate system was
proposed. Annealing the §-phase at 650 °C is, however, likely to promote
the cubic-to-rhombohedral phase transformation.

These studies do not, however, provide sufficient detail on the
ambient stability of the §-phase which is essential to evaluate the suit-
ability of these materials as SOFC electrolytes. The phase stability under
ambient conditions plays a role when a device is idle or in storage. Thus,
while being essential to the successful functioning of a material in a
device, ambient metastability is often overlooked. This is done for the
first time in this work where changes in the phase purity of stabilized’
5-phase materials were monitored upon storing under ambient condi-
tions for extended periods of time. Moreover, the metastable behaviour
of several bismuthate materials comprising &+p-phase mixtures at
different stages in the synthesis are also compared when kept under
these conditions. Two strategies to enhance the ambient, long-term
stability of the §-phase are also investigated.

2. Materials and methods
2.1. Synthesis and sample preparation

2.1.1. Synthesis of (Bij.xYy)203

All samples of the (BijxYx)203 (yttrium substituted BisO3 — YSB)
system were prepared by means of a citrate sol-gel process [21]. Stoi-
chiometric amounts of Bi(NO3)3-5H20 (99.99 % pure, Sigma-Aldrich)
and Y(NO3)3-6H20 (99.8 % pure, Sigma-Aldrich) were dissolved in
acetic acid (98 % pure, MK Chemical, 99 %) under moderate heating and
stirring. Aqueous solutions were avoided to prevent the hydrolysis of
Bi®" [21]. Excess citric acid (ACS reagent, Sigma-Aldrich) was added,
and the resulting mixture evaporated under constant stirring to form a
metal complex precursor gel. The dried gel was calcined at 450 °C for 18
h. The material was slow-cooled in the furnace (~ 1 °C min’l) to room
temperature and then ground into a fine powder. A portion of the
calcined sample was kept aside (named YSB#), while the rest was further
annealed at 750 °C for 8 h. Both the calcined and further annealed
samples were investigated in this case. Additionally, two unique batches
of annealed samples of identical composition were prepared and are
labelled as batch A and batch B.

2.1.2. Preparation of YSB pellets

Pellets of the annealed YSB materials were prepared by mixing the
powders with a minimal amount of 2 % polyvinyl alcohol aqueous so-
lution (as a binder) and thereafter dried at 120 °C for 20 min. The
resulting powder was uniaxially pressed at 100 kPa into pellets using a 5
mm diameter die to produce pellets of ~0.85 mm thickness. The pellets
were heated at 250 °C for 4 h to remove the binder and then sintered at
750 °C for 4 h.

2.2. Powder X-ray diffraction

Powder diffractograms of the calcined YSB¥ and annealed YSB ma-
terials were collected at the Pair-Distribution Function (PDF) beamline
28-ID-1 (. = 0.1671 A) at the National Synchrotron Light Source II
(NSLS-II). Each 2D diffractogram was collected for 30 s and then
reduced into 1D diffraction data using Fit2D [22]. Powder X-ray dif-
fractograms of pelletized samples were collected on a Bruker D2 Phaser
using Fe filtered CoK, radiation (A = 1.7887 108) and that for samples
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annealed under varying atmospheres were collected on a Bruker D8
advance using Ni filtered CuK, radiation (A = 1.5404 10\). Identical
27.5YSB samples were heated to ~700 °C at ~1 'C/min under air or Ny
atmospheres and diffractograms were collected before and after heating
under each atmosphere. The final diffractogram collected for each aged
sample was collected at the PDF beamline described above. To allow for
easy comparison of diffractograms measured using different wavelength
X-rays, the intensities were plotted against the momentum transfer (Q)
rather than 20, where Q = {4n sin(20/2)}/A. All diffractograms were
collected at room temperature. Phase identification of diffractograms
was done using Bruker AXS DIFFRAC.EVA V4.2 linked to the crystal-
lography open database (COD) [23]. Rietveld refinement of the dif-
fractograms was done using Bruker AXS TOPAS-Academic Version 6
[24]. For the refinements of all the diffractograms collected, the in-
strument resolution function (IRF) [25] was determined using NIST
660a (LaBg). For the calibration of all instruments, the IRF was described
using the Thompson Cox Hastings (TCHZ) Pseudo-Voigt function [26]
with the divergence-related asymmetry effects described in an empirical
way using the simple axial model [25]. In each refinement, the param-
eters refined were the scale factors, selected corrections, and lattice
parameters. Atomic positional parameters were fixed to those published
for the respective crystal structures and atomic thermal parameters were
fixed to reasonable values.

3. Results and discussion

3.1. Investigating the ambient phase stability of the 450 °C calcined YSB”
materials

The calcination step involves the volatilisation of organic compo-
nents (introduced in the sol-gel synthetic procedure) resulting largely in
the formation of metal oxide phases. This is an intermediate step in the
synthesis (hence the samples are labelled YSB¥). Analysis of the calcined
(at 450 °C for 18 h) precursor gels with 10-27.5 % Y3+ content (i.e., 10-
27.5YSB?) indicated phase mixtures of p-tetragonal (P4,/nmec, SG
#137), 8-cubic (Fm 3 m, SG #225) and rhombohedral (R 3 m, SG #166)
substituted bismuth oxide, as well as an orthorhombic bismuth sub-
carbonate phase (Imm2, SG #44). The latter two phases were minor
phases and have previously been detected in as-synthesized YSB samples
[27]. The crystal structure of bismuth subcarbonate (Bi;O,CO3), more
commonly known as the mineral bismutite, was first reported by Grice
in 2002 [28]. This structure comprises alternating layers of (BizOz)2+
and isolated (C03)2' planar groups (Fig. 1) [29]. In general, for the as
synthesized materials, the cubic phase content increased as the Y*
concentration increased (from 38 % for 10YSB” to 92 % for 27.5YSB*)
and the tetragonal phase content decreased (from 60 % for 10YSB* to 8
% for 27.5YSB*) as shown in Table 1. Small amounts of the rhombo-
hedral and bismuth subcarbonate phases were present, except in
27.5YSB”, the material with the highest dopant concentration.

When these calcined materials were stored in powder form under
ambient conditions for extended periods of time, spontaneous phase
transformations readily occurred (Fig. 2) and were quantified using
Rietveld refinement analysis of the diffraction data (Table 1). As an
example, the Rietveld analysis of the calcined 10YSB* material aged for
35 months is shown in Fig. 3. For the samples with relatively low Y3+
concentrations (10, 12.5 and 15YSB#), similar phase transformations
were evident over the 35-month period, even though the tetragonal
phase was initially more dominant for 10YSB¥ and the cubic phase was
initially more dominant for 12.5 and 15YSB¥. A decrease in cubic and
tetragonal phase content (less so for the tetragonal phase) was directly
correlated to a significant increase in the orthorhombic subcarbonate
phase content, while the minor rhombohedral phase content remained
largely unchanged. It should be noted that the accuracy of the quanti-
tative analysis of these minor phases is limited. The initial source of
carbon which leads to the carbonate content is unknown, but three
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Fig. 1. Crystal structure of bismuth subcarbonate (Bi,O,CO3). Purple, bronze
and red spheres represent bismuth, carbon and oxygen ions, respectively [28].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Variation of the phase composition for the series of YSB* materials calcined at
450 °C when stored under ambient conditions.

Sample Phase composition (weight %)

I:Igzr(;ths Cubic Tetragonal Rhombohedral Orthorhombic
(Fm 3 (P4,/nmc) (R3m) subcarbonate
m) (Imm2)

10YSB*

0 38.0 60.3 0.9 0.8

11 32.8 59.4 2.0 5.8

24 27.1 46.2 1.6 25.2

35 19.7 51.2 2.0 27.1

12.5YSB*

0 64.4 32.6 1.2 1.8

11 64.3 30.8 1.4 3.6

24 26.6 22.8 2.3 48.4

35 20.1 13.3 2.2 61.4

15YSB*

0 60.5 34.1 3.4 2.0

11 48.2 26.0 1.9 23.9

24 37.9 25.7 2.3 34.1

35 229 14.2 2.4 60.4

25YSB*

0 76.1 16.3 2.2 5.5

11 72.8 19.7 1.8 5.7

24 63.2 1.2 25.3 10.4

35 63.4 3.0 23.4 10.2

27.5YSB*

0 92.4 7.6 0 0

11 85.3 2.3 1.9 10.5

24 18.6 5.5 5.5 70.4

35 15.7 4.8 5.6 73.9

* 0 months aged is equivalent to as synthesized.

possibilities are suggested. Firstly, capture of CO, from the atmosphere
into the structure could occur. However, flowing CO, over a 10YSB*
calcined sample for a month did not increase the orthorhombic sub-
carbonate phase content at all, even when done at a slightly elevated
temperature of 80 °C. Secondly, there could be residual carbonaceous
combustion products left due to incomplete calcination which would not
be detected by XRD. It should be noted that there was no visual evidence
of carbon itself which, given the high concentrations of subcarbonate
phase in the aged samples, would be observed if present. The slow
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reaction of these products with the metal oxide could result in the bis-
muth subcarbonate phase. Thirdly, an amorphous subcarbonate phase
could form during the calcination step which becomes more crystalline
upon standing due to crystallite nucleation and hence is detected by
XRD. This was initially thought unlikely since bismuth subcarbonate has
been shown to decompose between 300 and 500 °C, but Sheng et al. [30]
showed that doping with Ca®" increased the decomposition temperature
and reduced the crystallinity. Similar effects could also have occurred
with Y®* as the dopant. However, significant amorphous phase content
(as seen in these calcined samples) is expected to produce a broad peak
in the low Q range of the XRD data [31], but this was not observed for
any of the samples investigated.

Different phase transformation behaviour was evident between the
samples with higher Y3* concentrations (25YSB* and 27.5YSB¥). For
25YSB¥, the cubic phase was significantly more stable than the tetrag-
onal phase over 35 months. A substantial increase in the rhombohedral
phase content was seen (from 2 % to 23 %), with the orthorhombic
subcarbonate phase content almost doubling (from 6 % to 10 %). This
tendency towards rhombohedral phase formation for 25YSB* aligns
with the findings of Watanabe [19] and Watanabe and Kikuchi [20],
who reported the rhombohedral phase to be stable at room temperature
for bismuthates containing 21.5-23.5 mol% Y>*. For 27.5YSB¥, there
was a substantial increase in orthorhombic subcarbonate phase content
(from 0 to 74 %), and a dramatic decrease in the cubic phase (from 92 %
to 16 %), with more minor changes occurring for the remaining phases.
Interestingly, there was a slight increase in tetragonal phase content for
25YSB* between the period of 24 and 35 months and similarly for
27.5YSB* between 11 and 24 months, revealing a dynamic equilibrium
across phases.

Collectively, the phase transformations observed indicate that both
the cubic and tetragonal phases are metastable at room temperature for
these calcined materials and the orthorhombic subcarbonate phase
readily formed when stored at room temperature. For 25YSB¥, it
appeared that the rhombohedral phase is likely to be the room tem-
perature stable phase. There was no trend in the extent of subcarbonate
phase formation with respect to the Y3* substitution in the samples. It
should be noted that during the synthesis, the most difficult step to
control reproducibly is the gel formation step (the step before calcina-
tion) which may influence the phase composition and aging of these
materials.

3.2. Investigating the ambient phase stability of the 750 °C annealed YSB
materials

The annealing step reduces defects and enables crystallite growth,
thereby moving towards an equilibrium state. The cubic phase bismu-
thates are commonly synthesized at temperatures of ~700-800 °C [6,
32-35]. The thermal prehistory (i.e., thermal treatments applied during
synthesis or preparation) of substituted bismuthates has been shown to
affect both the optical [36] and magnetic [37] properties of these ma-
terials. In this work, the long-term ambient phase stability of the
annealed materials is investigated and compared to that of the calcined
materials.

Portions of the calcined samples (investigated in Section 3.1) were
immediately ground and further annealed at 750 °C for 8 h (batch A). A
second set of samples (batch B) was prepared for comparison to probe
the possibility of incidental trace or amorphous impurity phase/s per-
sisting after being annealed and to gauge the reproducibility of the aging
process. The phase composition of the annealed materials, as quantified
by Rietveld refinement (Table 2), confirmed that annealing promotes
cubic phase formation, and that mainly cubic-to-tetragonal phase con-
version occurs. Phase pure cubic samples formed when the Y3* con-
centration was 25-27.5 mol%.

After storing the annealed powder materials under ambient condi-
tions, they were analysed (after 8 and 20 months for batch A and after 14
and 25 months for batch B). Spontaneous phase changes were still
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Fig. 2. Diffractograms of the series of YSB* samples calcined at 450 °C collected following their synthesis and after storing the materials in powdered form under
ambient conditions for 11, 24 and 35 months are shown. Calculated diffractograms of the respective phases are also given.
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Fig. 3. Diffractogram showing Rietveld refinement analysis for the 10YSB*
material calcined at 450 °C after aging under ambient conditions for 35 months
(Rup = 7.7, Rex = 7.8, GoF = 1.0). The observed (blue), calculated (green) and
the difference (orange) patterns are shown. Miller indices corresponding to the
cubic (red), tetragonal (black), orthorhombic (purple) and rhombohedral (grey)
phases are shown with tick marks. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

evident but occurred to a smaller extent as compared to the calcined
samples (Table 2). As an example, Rietveld analysis results are presented
in Fig. 4 for the 20-month aged 10YSB-A material (i.e. from batch A).
For the 10YSB samples the initial phase compositions were similar
for the two batches and showed a mixture of cubic and tetragonal
phases, with more of the latter phase being present (on average 48 %
cubic and 52 % tetragonal). Upon aging, cubic-to-tetragonal phase
transformation was observed at an average rate of 0.8 % per month over
the period studied (Table 2, Fig. 5). This indicates the metastability of
the cubic phase for low Y>* content materials. 10YSB-B additionally

Table 2

Variation in the phase composition of the YSB series of samples for batches A and
B (calcined at 450 °C and then annealed at 750 °C) when stored under ambient
conditions.

Sample Phase composition (weight %)
Months — .
aged Cubic (Fm 3 Tetragonal Rhgmbohedral Orthorhombic

m) (P45/nmc) (R3m) subcarbonate

(Imm2)

A B A B A B A B
10YSB
0 46.6 48.9 53.4 51.1 0 0 0 0
8 37.5 - 62.5 - 0 - 0 -
14 - 378 - 61.0 - 1.3 -
20 30.0 - 70 - 0 0
25 - 29.2 - 68.1 - 2.7 - 0
12.5YSB
0 68.7 37.2 31.3 60.7 0 2 0 0
8 56.9 - 43.1 - 0 - 0 -
14 - 24.0 - 69.7 - 4.8 - 1.5
20 51.1 - 489 - 0 0
25 - 22.0 - 72.9 2.8 2.3
15YSB
0 86.0 86.1 14.0 13.9 0 0 0 0
8 73.3 - 216 - 4.4 - 08 -
14 - 60.5 - 10.4 - 0.6 - 28.5
20 66.0 - 27.8 - 5.1 1.1 -
25 - 538 - 16.4 - 0.6 - 29.2
25YSB
0 100 100 0 0 0 0 0
8 984 - 0 - 0.3 - 1.3 -
14 - 96.8 - 0 - 1 - 2.2
20 96.4 - 0 - 06 - 3
25 - 96.8 - 0 - 0.3 2.9
27.5YSB
0 100 100 0 0 0 0 0 0
8 96.2 - 0 - 1.3 - 26 -
14 - 94.7 - 0 - 1.1 - 4.2
20 94.8 - 0 - 0.9 - 4.3 -
25 - 90.6 0 - 4.8 - 4.7

* 0 months aged is equivalent to as synthesized.
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Fig. 4. Diffractogram showing Rietveld refinement analysis for the 10YSB-A
material annealed at 750 °C after aging under ambient conditions for 20
months (Ryp = 13.9, Rex = 5.1, GoF = 2.7). The observed (blue), calculated
(green) and difference (orange) patterns are shown. Miller indices corre-
sponding to the cubic (red) and tetragonal (black) phases are shown with tick
marks. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

showed minor rhombohedral phase formation upon aging which was
not anticipated for samples with low Y3* concentrations.

The initial phase compositions for the two batches of 12.5YSB were
inexplicably very different (cubic content of 69 % for A and 38 % for B),
with 12.5YSB-B giving the expected results based on the trend of
increasing cubic phase content with increasing Y3* content. The reason
for this discrepancy in unknown. Nonetheless, the aging of both samples
were studied out of interest. Both batches also showed cubic-to-
tetragonal phase transformation upon aging, with 12.5YSB-B also
showing minor rhombohedral and orthorhombic subcarbonate phase
formation. The decrease in rhombohedral phase content between 14 and
25 months indicates that the rhombohedral phase is also metastable

Ceramics International 50 (2024) 40079-40086

under ambient conditions for this composition. This variation in phase
aging behaviour is clearly related to the distinct initial phase composi-
tion in this case.

For the 15YSB samples the initial phase compositions for the two
batches were identical and consisted of a mixture of cubic (86 %) and
tetragonal (14 %) phases. However, the aging behaviour for these two
samples was remarkably different. As before, mainly the cubic-to-
tetragonal phase transition occurred for 15YSB-A, with minor rhombo-
hedral and orthorhombic subcarbonate phases also forming. For 15YSB-
B the cubic-to-tetragonal transition still occurred, but a significant
quantity of the orthorhombic subcarbonate phase appeared (29 % after
14 months). In contrast, only 1 % of the subcarbonate phase was present
after 20 months for 15YSB-A. In this case the variation in phase aging
behaviour is not directly linked to the initial crystallite phase compo-
sition. It is suspected that more remnant phases were present in this
sample, be it as residual carbonaceous material (carbon specifically was
not observed microscopically) or amorphous subcarbonates. Since all
samples in batch B were synthesized at the same time, and calcined and
annealed in the same furnace (which had been calibrated), it can only be
speculated that there is a cooler spot in the furnace where this sample
was placed, or that the gelation step was not sufficiently driven to
completion for this sample. This study looked solely at the crystalline
content of the samples, but clearly a more in-depth investigation is
required based on the presented results.

For 25YSB and 27.5YSB, all samples initially showed a pure cubic
phase and no tetragonal phase formation occurred upon aging. How-
ever, minor transitions to the rhombohedral phase did occur, which was
more pronounced for the higher substituted 27.5YSB samples (Table 2,
Fig. 6). Additionally, 3-5% of the orthorhombic subcarbonate phase was
present after 25 months. On average the rate of decrease in the cubic
phase content was 0.16 % and 0.32 % per month for 25YSB and 27.5%
YSB, respectively. These more highly substituted samples are more
stable under ambient conditions and, based on this limited study, it
appears that substitution with 25 % Y3* optimises cubic phase stability.

Overall, the metastability of 3-phase bismuthates is evident in the
annealed YSB and especially in the calcined YSB¥ samples reported in
this work. Partial transformation to the rhombohedral phase was
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Fig. 5. Diffractograms of the 10-15YSB samples annealed at 750 °C for batches A and B are compared. The diffractograms were collected after synthesis and then
after storing in powdered form under ambient conditions. Prominent changes are indicated by * symbols.
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Fig. 6. Diffractograms of the 25 and 27.5YSB samples annealed at 750 °C for batches A and B are compared. The diffractograms were collected after synthesis and
then after storing in powdered form under ambient conditions. Prominent changes are indicated by * symbols.

observed to varying extents. This phase is proposed by Watanabe [19] to
be the true stable room temperature phase for Bi»Os solid solutions
containing 21.5-23.5 mol% Y203, but was not exclusively found in
samples close to that concentration range in this work. Watanabe [38]
also reported that the rhombohedral phase of several substituted bis-
muth oxides containing Ca?*, Sr?* or Ba®", synthesized using the con-
ventional solid-state route, had limited stability when exposed to a
humid atmosphere at room temperature. Under these conditions, the
rhombohedral phase decomposed into monoclinic a-BioO3 together with
an ‘unknown’ phase. Based on their presented data, it cannot be
confirmed that this unknown phase is bismuth subcarbonate. In this
work, the orthorhombic bismuth subcarbonate phase readily formed
under ambient conditions for the calcined and several annealed samples
with varying Y>* concentrations. This was significantly more prevalent
in the calcined materials, supporting the hypothesis that occurrence of
this phase is due to trace residual carbonaceous or amorphous material.

The ambient metastability is not limited to the Y,Os-substituted
bismuth oxide system or to materials synthesized via the citrate sol-gel
method.  (Bij.xyDyxEry)203 (DESB) and (Bijyy.,DyxEryW;)203
(DEWSB) systems, synthesized using both the sol-gel and solid-state
methods, also exhibited bismuth subcarbonate formation (see Section
S2 in the Supporting Information). In the solid-state synthesis, acetone
was introduced when grinding hence a carbon source is present in this
process too. The formation of the subcarbonate phase was found to be
reversible with the phase disappearing on reheating.

3.3. Investigating the effect of pelletisation on the ambient phase stability
of YSB materials

In SOFC devices, the electrolyte used is in the form of a densified,
sintered layer [39]. Valuable insights can thus be gained from investi-
gating the ambient phase stability of densified materials, approximated
as thin sintered pellets in this work. Both 10YSB and 27.5YSB were
looked at due to the large dopant concentration difference resulting in
distinct phase compositions for these materials. For this, annealed ma-
terials were again synthesized (i.e., batch C) and a portion of the powder
samples was used to make the sintered pellets. The powder and pellet

samples were stored under identical ambient conditions and then ana-
lysed via laboratory based PXRD after 14 and 20 months, respectively.
From the diffractograms (Fig. 7) it is noted that the cubic phase content
of 10YSB-C stored as a powder, significantly decreased over 14 months,
with an average rate of cubic-to-tetragonal phase conversion of 1.8 %
per month (Table 3). When pelletized, the cubic phase purity signifi-
cantly increased, and the average rate of cubic-to-tetragonal phase
conversion was about 0.04 % per month over the 20-month period. For
the 27.5YSB-C material, no phase transformations were evident in either
powder or pellet form over the same timeframes. No rhombohedral or
orthorhombic phase content was detected in any of these samples, most
likely due to the limited resolution of the laboratory instrument.

The results for the 10YSB-C sample indicate that the pellet prepar-
ative methodology, which includes application of high-pressure fol-
lowed by sintering thereby causing densification and average grain size
growth, promotes the formation of the cubic phase and enhances its
ambient long-term stability. It is noteworthy that the X-rays have only
superficial penetration of the pellet, thus the diffractograms do not
necessarily represent the bulk material, but rather a surface layer
(~10-20 pm [40]). If the phase transformations are induced by the at-
mospheric conditions, it is expected that the surface would be most
affected.

3.4. Investigating the effect of the annealing atmosphere on the ambient
phase stability of 5-phase YSB materials

The effect of the annealing atmosphere on the long-term ambient
phase stability of phase pure cubic 27.5YSB material was also investi-
gated. A 27.5YSB material was again synthesized and annealed at 750 °C
as before (i.e., batch D). Two separate portions of this material were
reheated to ~700 °C at ~1 'C/min, one in air and the other in a nitrogen
atmosphere, then slow cooled to room temperature in the respective
atmospheres at ~1 'C/min, and finally stored under ambient conditions
for 11 months. The sample heated in air showed significant formation of
the rhombohedral phase after 11 months (~6.2 %), whereas the sample
that was heated under a nitrogen atmosphere showed only trace
rhombohedral phase formation (Fig. 8). The apparent lower phase
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Fig. 7. Laboratory-based diffractograms of 10YSB-C and 27.5YSB-C annealed at 750 °C showing the varying effects on phase stability under ambient conditions when
materials are stored in powder and pelletized forms. The diffractograms collected after materials were synthesized and then stored in powdered or pelletized form
under ambient conditions are indicated. Prominent changes observed for the 10YSB powder and pellet are indicated by * symbols in the inset.

Table 3
Variation in phase composition of the 10YSB-C sample stored as an annealed
powder and a sintered pellet.

10YSB-C Cubic (Fm 3 m) Tetragonal (P4,/nmc) % change/
phase % phase % month
Powder as 49.1 50.9 1.8
synthesized
Powder after 14 23.3 76.7
months
Pellet as 98.3 1.7 0.04
synthesized
Pellet after 20 97.6 2.4
months

stability of the material heated in air could be attributed to formation of
trace amorphous rhombohedral phase content during the thermal cycle,
which then slowly crystallizes under ambient conditions. Additionally,
loss of oxygen from the structure could occur when the material is
heated under the nitrogen atmosphere. This decrease in oxygen content
could enhance the stability of the 8-phase under ambient conditions,
resulting in the reduced rate of rhombohedral phase formation. This
suggests that additional heating under an inert atmosphere could be
beneficial to the long-term phase stability of cubic YSB materials.

4. Conclusion
Longer-term stability studies have revealed that substituted BizO3

ceramics undergo spontaneous phase transformations even under
ambient conditions. For materials annealed at 750 °C, those doped with

transformations. Formation of the rhombohedral phase occurred to a
small extent in most materials with 10-27.5 % Y>* content, with the 25
% doped sample displaying the highest cubic phase stability. These
transformations were seen to a much larger extent in all samples that
had only been calcined at 450 °C, showing the importance of the
annealing step. The formation of an orthorhombic bismuth sub-
carbonate phase upon aging under ambient conditions was also far more
pronounced in the calcined materials than the annealed materials.
Although the source of this phase is not fully understood, it is speculated
that it is due to either incomplete combustion of organic components
leading to further reaction, or trace subcarbonate phase being present
initially as an amorphous phase which crystallises with time resulting in
its detection by XRD. The organic components are added as complexing
agents in the sol-gel synthesis or as wetting agents in the case of the
solid-state synthetic procedures. This ties in with the subcarbonate
phase being more prevalent in materials that were only calcined. Further
investigation into the bismuth subcarbonate phase formation mecha-
nism using techniques such as SEM-EDS and Raman spectroscopy.
Additionally, quantifying the amorphous phase content of these mate-
rials by more advanced approaches, such as adding a crystalline internal
standard to samples when doing XRD measurements [31], is also
required.

In general, the aging behaviour is not fully reproducible as variations
were observed between batches of what initially appeared to be iden-
tical samples. This points to possible subtle differences in the thermal
prehistory playing a role. Furthermore, it was shown that pelletisation of
10YSB appreciably enhanced the cubic phase purity and reduced aging
when compared to the powdered sample. Annealing of 27.5YSB in a
nitrogen atmosphere revealed increased ambient phase stability of the

10-15 % Y>' mainly underwent cubic-to-tetragonal phase cubic phase over extended periods of time.
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Fig. 8. Diffractograms of 27.5YSB annealed at 750 °C showing the effect of the heating atmosphere on the ambient phase stability of the §-phase. The diffractograms
collected after the material was synthesized, heated under air and N, atmospheres and then stored under ambient conditions are indicated. Prominent rhombohedral

phase peaks are indicated in the inset.
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