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A B S T R A C T   

Sol-gel synthesis using alkoxides is employed to obtain fluorine-modified BaZr0.8Y0.2O3-δ nanopowders with Ba 
excess at 750 ◦C. Possible effects of F loss at high temperature were limited on densifying at the low temperature 
of 1200 ◦C for 4 h on addition of ZnO as sintering agent. The presence of F in sintered samples was confirmed by 
X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry. XPS and Raman 
spectroscopy indicated that F doping of BZY inhibits carbonate formation. Conductivity measurements for 
prolonged periods in wet H2-containing and CO2-containing atmospheres at 500 ◦C also demonstrated chemical 
stability. The temperature dependence of the electrical conductivity of sintered samples in wet and dry N2 and O2 
indicates that the grain-boundary dominates the electrical behaviour to 500 ◦C, above which the bulk process 
dominates. Ionic conduction is prevalent at low temperature, with a transition to a mixed ionic-electronic 
conducting behaviour at 450 ◦C.   

1. Introduction 

Yttrium-doped barium zirconate perovskites (BaZr(Y)O3-δ, BZY) are 
excellent candidates for application in protonic ceramic fuel cells 
(PCFCs) and protonic ceramic electrolyser cells (PCECs) due to good 
protonic conductivity in an intermediate temperature range (400–700 
◦C) and improved stability against acidic gases such as CO2 compared to 
the barium cerate-based analogues [1–3]. The mixed protonic-electronic 
conductivity of BZY-metal composite membranes may also be exploited 
for hydrogen-separation [4,5]. Membrane reactors based on BZY that 
promote (de)hydrogenation reactions are also of considerable interest, 
with co-ionic conduction of oxide ions and protons facilitating, for 
example, nonoxidative methane dehydroaromatization [6]. 

The high sintering temperatures which are usually required to 
overcome the refractory nature of BZY and densify membranes cause 
barium loss and elemental segregation. Alternative synthesis routes 
have been employed with Ba(Ce,Zr)O3-based solid solutions to improve 
sinterability and exploit the higher ionic conductivity offered by higher 
Ce content on the Zr site of the perovskite [7,8]. Nevertheless, BZY 
compositions remain of interest due to their higher stability and several 
strategies have been successful in lowering the sintering temperature, 
including the employment of dopants [9] and sintering agents [10–13], 
as well as reactive sintering [14,15]. One of the more studied sintering 

additives is ZnO, as it offers a low sintering temperature (1300 ◦C) and is 
not known to form secondary phases [10,11,16]. Recently, it was shown 
that the mechanism of ZnO addition (substituting for Y, Zr or as B-site 
cation excess) does not significantly alter the degree of densification but 
minor differences in the electrical properties were observed [17]. 

We recently reported that the sintering temperature for achieving 
dense BZY membranes could be lowered to 1200 ◦C on synthesising 
reactive powder by a sol-gel method, and employing both ZnO as sin-
tering aid and Ba excess in the starting composition [18]. This very low 
sintering temperature facilitates co-sintering with adjacent cell compo-
nents and limits BaO loss which occurs above 1250 ◦C. It was found that 
a higher specific grain-boundary conductivity for the BZY sintered at 
low temperature largely compensated a slightly lower bulk conductivity 
compared to the same composition sintered at higher temperature. 

Recently, Gao et al. [19] showed that F doping on the anion sub-
lattice of BZY improved proton conductivity, suggesting that weaker 
cation-oxygen bonds enhanced the mobility of ionic-transport species. 
Similarly, Tarasova et al. [20] reported that Cl- and F-doping of the 
double perovskite Ba2CaNbO6-δ increases oxide-ion and proton mobil-
ities. We also recently found enhanced oxide-ion and proton conduc-
tivity in Br-synthesised BaCe0.9Y0.2O3-δ in wet and dry conditions, 
respectively [21]. However, high-temperature sintering led to almost 
complete evaporation of Br and the improved conductivity was 
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attributed to a greater vacancy concentration arising from Ba deficiency 
[21,22]. In contrast, a study of Zhou et al.[23] reported impaired con-
ductivity of BaCe0.9Gd0.1O3-δ in air on doping with F or Cl. 

It is well documented that the basic nature of perovskite proton 
conductors may give rise to stability problems, particularly in acidic 
gases, and more so for the cerate series than for the zirconates [2]. 
However, the stability of barium zirconate in high water-vapour partial 
pressures is poor [24], and carbonate species form on the surface of BZY 
in CO2-containing atmospheres, which may inhibit surface reactions 
[25,26]. In addition to altering electrical properties, halogen doping 
may be expected to improve stability. Whereas F atoms are more elec-
tronegative than elemental O and may thus lower the basicity of the 
anion sublattice, Cl and Br are less electronegative (more basic) but the 
lower charge of the monovalent halogen anions may impart less basic 
character than O2- anions, thereby improving stability in acidic envi-
ronments. Wang et al. [27] reported improved stability and higher 
proton conductivity in Cl-doped BaCe0.8Sm0.2O3-δ, whereas we found 
that Br-synthesised BaCe0.9Y0.2O3− δ, but with no Br in the final 
composition, exhibited lower stability in CO2 than the parent phase 
without Br addition [21]. 

Reports on the effects of halogen doping both on stability and elec-
trical properties are, thus, somewhat contradictory. The behaviour may 
be complex to interpret, partly due to high-temperature sintering of 
ceramic membranes, which may promote halogen evaporation leading 
to uncontrolled amounts of halogen in the final sintered body. Moreover, 
electrical properties detailing contributions of different transport spe-
cies usually require specific methods [28,29]. 

Here, we report the synthesis of F-doped BaZr0.8Y0.2O3-δ by sol-gel, 
employing an alkoxide route to introduce fluorine and achieve highly 
sinterable nanopowders at low temperature. The presence of F in the 
final sintered body is examined by X-ray photoelectronic spectroscopy 
(XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). A 
comparison of chemical stability of F-doped and F-free samples is un-
dertaken employing Raman spectroscopy and XPS, in addition to pro-
longed conductivity measurements in wet CO2- and H2-containing 
atmospheres. Detailed electrical measurements are also performed in 
wet and dry oxygen and nitrogen to determine the effects of F doping 
and sintering temperature on the electrical-transport properties. 

2. Experimental 

Nominal compositions of the series BaZr0.8Y0.2O3-δFx, (x = 0 and 0.1, 
labelled hereafter as BZY20 and BZY20–10F, respectively) were pre-
pared by a sol-gel processing route using alkoxide precursors. The syn-
thesis procedure has been described previously [18,30], and shall only 
be summarised briefly. In the case of the F-doped material, BZY20–10F, 
trifluoroacetic acid was employed and the molar ratios of barium: 
yttrium (III) butoxide: zirconium (IV) propoxide: trifluoroacetic acid: 
2-methoxyethanol: water were 1.1:0.2:0.8:1/30:60:3; 10 mol% of 
barium excess was employed to achieve low-temperature densification 
and to limit the effects of barium loss during sintering [18]. Barium 
filings were dissolved in excess 2-methoxyethanol while stirring at room 
temperature under an Ar atmosphere for 3 h to form a precipitate-free 
solution of barium alkoxide (Ba(O2C3H7)2). A solution of M-O-R (M: 
Ba, Y, Zr) species was obtained on addition of zirconium (IV) propoxide 
and yttrium (III) butoxide followed by controlled condensation reactions 
involving ionic exchange and formation of n-butanol and i-propanol. In 
the case of BZY20–10F, trifluoroacetic acid was added to the homoge-
neous mix of M-O-R species to provide the nominal content of fluorine, 
which is incorporated in the structure through reaction of tri-
fluoroacetate anion with metal alkoxides. After stirring the solutions for 
30 min at room temperature, a second solution of 2-methoxyethanol and 
water was then added dropwise to initiate hydrolysis and condensation 
reactions. 

Homogeneous, transparent solutions were obtained after mixing for 
3 h at room temperature. The organic solvent was largely removed in a 

rotavapor by vacuum distillation, yielding a very viscous caramel-like 
gel which was heated at 350 then 750 ◦C for 4 h under argon atmo-
sphere to ensure the complete elimination of synthesis alcohols and 
water, with an intermediate step of grinding the product in an agate 
mortar. 

Zn(NO3)2⋅6H2O (Alfa Aesar, 99.998 %) as sintering aid was added to 
the powders (4 mol%) and the mixture ground in a Pulverisette 6 
planetary ball mill for 2 h at 600 rpm in a medium of 2-propanol then 
sieved (100 µm). The powders were uniaxially pressed into pellets at 
37.5 MPa then isostatically pressed to ~196–294 MPa (~2000–3000 
kg/cm2). Final firing of the pressed pellets was performed at 1200 ◦C for 
4 h in air. Apparent density was determined from the geometric di-
mensions and mass of the sample. 

X-ray diffraction (XRD) was employed to determine the progress of 
the sol-gel reaction using a Bruker D8 high-resolution diffractometer 
(monochromatic Cu Kα1 radiation, λ = 1.5406 Å) over the range 20 ≤ 2θ 
≤ 100º. For preparation of fine powders for Rietveld refinement, the 
surface layer of sintered pellets was firstly polished off with SiC paper 
before grinding. Crystallite size, ϕ, was calculated from the X-ray 
diffraction powder profiles with the Scherrer formula: 

ϕ =
0.94⋅λ

cos(θ)⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

B2 − B2
i

√ (1)  

where θ corresponds to the angle of the most intense diffraction peak of 
the perovskite phase, B is the full width at half maximum, and Bi is the 
instrumental broadening; the constant value of 0.94 is a common factor 
used for spherical crystals [31]. A perovskite structural model was fitted 
to the XRD data by Rietveld refinement with the Fullprof software [32], 
employing a pseudo-Voigt profile function and refinement of selected 
background points. 

A Hitachi S-4700 field-emission scanning electron microscope was 
used to observe the microstructures of fracture surfaces. The average 
grain size was determined from the micrographs by the linear- 
interception method employing the ImageJ software. 

Raman spectroscopy was performed using a Confocal Micro-Raman 
instrument (Witec alpha-300R, Ulm, Germany) with laser excitation of 
532 nm and a 100 × objective lens (NA = 0.9) for pellets heat-treated at 
1200 ◦C for 4 h in air. The optical resolution diffraction of the confocal 
microscope is limited to 200 nm laterally and 500 nm vertically, and 
Raman spectral resolution of the system is down to 0.02 cm− 1. Surface 
chemical states of BZY20 and BZY20–10F pellets heat-treated at 1200 ◦C 
for 4 h were also studied by XPS using an Ar+ ion source. X-ray photo-
electron spectroscopy (XPS) data were acquired on a K-Alpha–Thermo 
Scientific spectrometer with a monochromatic Al Kα X-ray source 
(1486.68 eV). Elemental quantification was performed using the Shirley 
method for complete spectra and a peak fit program (Advantage 4.6 
Thermo). Compositional depth profiling of the pellet BZY20-10F treated 
at 1200 ◦C for 4 h in air was carried out using a ToF-SIMS Ion Tof. A 
pulsed 25 kV Bi32+ ion source was employed for analysis over a 
10 × 10 µm2 area. Sputtering was performed using a 2 kV oxygen beam 
over a 250 × 250 mm2 area. Data acquisition and post-processing ana-
lyses were carried out using Ion-Spec software. 

Electrical behaviour was characterised by impedance spectroscopy 
employing an Autolab Frequency Response Analyser PGStat302N-FRA2 
operating in the frequency range 0.1 ≤ f ≤ 106 Hz using a signal 
amplitude of 50 mV. Pt paste (Metalor) was first painted on polished 
pellet surfaces, followed by firing at 950 ◦C for 1 h to prepare electrodes 
for measurement of the pellets. The temperature dependence of con-
ductivity was determined in the temperature range 150–950 ◦C on 
cooling in steps of 50 ◦C in wet and dry flows of O2 and N2 regulated by 
Bronkhorst electronic mass-flow controllers; equilibration time at each 
temperature was at least 45 min (higher temperatures) and up to 1 h 
30 min for lower temperatures. The gases were either passed through a 
drying column with a packed bed of commercial aluminosilicate and 
zeolite beads (Supelco) to achieve dry atmospheres, or were bubbled 
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through KBr-saturated H2O at room temperature to obtain wet atmo-
spheres (pH2O ~ 0.022 atm). The impedance contributions were iden-
tified as bulk, grain-boundary and electrode processes from the 
capacitance values [33] and appropriate equivalent circuits were ana-
lysed with the Zview 2.9c program (Scribner Associates). 

In addition to spectroscopic methods, stability was further assessed 
on monitoring the impedance response in wet (pH2O ~ 0.022 atm) at-
mospheres of 90 % Ar-10 % CO2 and 90 % N2-10 % H2 at 500 ◦C for 
periods up to 72 h followed by post-operation analysis by XRD. As 
carbonation of BZY-based ceramics is favoured at low temperatures, the 
chemical and mechanical stability was also evaluated on exposing 
fracture surfaces of dense pellets to laboratory air for up to 14 days 
followed by analysis by XRD of the milled samples. 

3. Results and discussion 

3.1. Phase analysis, crystal structure, densification and microstructure 

Formation of perovskite material isostructural with BaZrO3 (ICDD 
6–0399) was confirmed by XRD for the nominal composition BaZ-
r0.8Y0.2O2.9-δF0.1 on thermal treatment of the sol-gel powder at the low 
temperature of 750 ◦C under an Ar atmosphere. Rietveld refinement of 
the cubic perovskite structural model was performed (space group, 
Pm3m), and is shown in Fig. 1 a); corresponding structural parameters 
and agreement factors are provided in Table 1. 

A minor amount of BaCO3 (ICDD 45–1471) was discerned, 3.21 wt%, 
as calculated by the refinement, indicating incomplete formation of the 
perovskite phase, most likely due to remaining organic compounds from 
the high content of alcohol of the precursors reacting with the initial 
excess of barium. The lattice parameter of BZY20–10F prepared at 

750 ◦C, a = 4.2080(1) Å, is lower than expected for fully reacted BZY20. 
However, it is known that the lattice parameter of BZY20 goes through a 
maximum at 1250 ◦C, with lower lattice parameter below this temper-
ature attributable to incomplete Ba incorporation in the structure [34]. 
The average crystallite size of BZY20–10F on heat treatment at 750 ◦C, 
calculated from the (110) XRD peak by the Debye-Scherrer equation, 
was 25 nm, in the same range but slightly lower than that reported for 
F-free BZY20 prepared in the same manner [18]. A scanning electron 
micrograph of the sol-gel powder treated at 750 ◦C, Fig. 2a), shows 
agglomerated crystallites and confirms the nanometric grain size. 

Ceramic bodies with relative density (r.d.) ~ 95 % were obtained for 
F-containing BZY on addition of 4 mol% ZnO as sintering aid to the sol- 
gel powder followed by isostatic pressing then sintering at 1200 ◦C for 
4 h. As noted in our previous work [18], preparation of the sol-gel 
material with the nominally stoichiometric amount of Ba led to much 
lower densities on sintering at the same temperature, ~ 83 % r.d, so 
these compositions were excluded from further study. A scanning elec-
tron micrograph of a fracture surface of the material sintered at 1200 ◦C 
for 4 h is shown in Fig. 2b); grain size was calculated to be ca. 228 nm 
for the sintered BZY20-10F. The XRD powder data of BZY20-10F sin-
tered at 1200 ◦C were employed for Rietveld refinement of the cubic 
perovskite structural model (Pm3m space group, Fig. 1b)). The lattice 
parameter of the BZY-based phases was first determined on refining the 
structure with the addition of CaF2 as internal lattice-parameter stan-
dard (lattice parameters under different heat treatments and comparison 
with BZY20 lattice parameters are shown in Fig. S1). The observed XRD 
profile of BZY20–10F sintered at 1200 ◦C and the difference between 
observed and calculated patterns are shown in Fig. 2b); selected struc-
tural parameters and agreement factors for the two phases are shown in 
Table 1. Vestiges of Y2O3 (~ 3 wt%; ICDD 41–1105) were discerned in 
the XRD patterns of samples treated at 1200 ◦C. However, as was the 
case for the F-free analogue BZY20 [18], material sintered at 1650 ◦C 
was free of Y2O3 indicating that its presence at the lower temperature 
may be the result of kinetic factors (the XRD powder pattern and Riet-
veld refinement plot of BZY20–10F sintered at 1650 ◦C are shown in 
Fig. S2). It was previously argued that, since some BaCO3 is present at 
the lower temperature of 750 ◦C, but not Y2O3, then a minor amount of Y 
is likely to reside on the A-site of the perovskite at this temperature [18]. 
Ba then displaces the A-site yttrium at 1200 ◦C, forming Y2O3 as a sec-
ond phase. At still high sintering temperatures, further incorporation of 
Ba on the A site occurs concomitantly with incorporation of Y from Y2O3 
on the B site. The lattice parameter, and corresponding lattice volume, is 
slightly higher for the F-synthesised material sintered at 1200 ◦C (a =
4.21055(3) Å in comparison to 4.20521(4) Å for BZY20) contrary to the 

Fig. 1. XRD Rietveld refinement plots of BZY20-10F showing observed (red 
circles), calculated (continuous black line) and difference (continuous blue line 
at bottom) diffraction profiles a) powder heat treated at 750 ◦C for 4 h under an 
Ar atmosphere showing BaCO3 peaks as diamonds (space group Pmcn); b) 
sample sintered at 1200 ◦C for 4 h showing Y2O3 peaks as triangles (space 
group, Ia3). Top and bottom vertical bars indicate the expected position of 
Bragg peaks of the simple cubic perovskite phase (space group, Pm3m) and 
second phase, respectively. 

Table 1 
Structural parameters and agreement factors for BZY20–10F, prepared by sol gel 
with Ba excess and addition of ZnO sintering aid, heat treated at 750 ◦C then 
1200 ◦C, obtained from XRD data.   

750 ◦C (Pm3̄m) 1200 ◦C (Pm3̄m) 

a (Å)* 4.2080(1) 4.21051(3) 
V( Å3)* 74.514(3) 74.647(1) 
Ba position ½ ½ ½ ½ ½ ½ 
Uiso× 100 (Å2) 1.36(5) 0.90(3) 
Occ 1.0 1.0 
Zr/Y position 0 0 0 0 0 0 
Uiso× 100 (Å2) 0.98(6) 0.56(4) 
Occ 0.8/0.2 0.8/0.2 
O/F position ½ 0 0 ½ 0 0 
Uiso× 100 (Å2) 1.2(1) 0.6(1) 
Occ 2.85/0.1 2.85/0.1 
χ2 1.17 2.00 
Rexp 7.35 5.69 
Rwp 7.95 8.05 
RB,BZY 1.30 4.06  

* cell parameter and volume were determined with internal CaF2 standard 
then fixed during Rietveld refinement 
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expectation that substitution of the larger O2- anion for the smaller F- 

anion [35] will lower lattice parameter; the shift in lattice parameter is 
illustrated in Fig. S3 from the (1 1 0) peak of the XRD patterns. 

In the parent BZY20 material, the creation of oxygen vacancies is 
given by the following defect reaction (Kröger-Vink notation): 

BaO + 0.8ZrO2

+0.1Y2O3 ↔ Bax
Ba + 0.8Zrx

Zr + 0.2Y′

Zr + 2.9Ox
O + 0.1V⋅⋅

O
(2) 

However, in the case of the flourine-doped BZY20-10F sample, the 
concentration of nominal oxygen vacancies is expected to be lower: 

0.95BaO + 0.8ZrO2 + 0.1Y2O3 + 0.05BaF2 ↔ Bax
Ba + 0.8Zrx

Zr + 0.2Y′

Zr

+ 2.85Ox
O + 0.1F⋅

O + 0.05V⋅⋅
O (3) 

Computer simulations indicate that, in the absence of changes in 
oxidation state of the cations, the formation of an oxygen vacancy 
produces a contracting effect on the lattice [36]. Although the higher 
lattice parameter for the F-doped phase may result, therefore, from the 
lower nominal oxide-ion vacancy concentration, a more significant 
contributing factor to the larger lattice parameter of BZY20–10F at 
1200 ◦C in comparison to the F-free analogue may be that the Ba content 
of the former is slightly greater at this sintering temperature. As 
mentioned, the lattice parameter of BZY20 increases to 1250 ◦C with 
increasing Ba incorporation [34]. It is possible that the reaction kinetics 
are faster, with greater incorporation of Ba in BZY20-10F at 1200 ◦C 
than in the F-free analogue, leading to a slightly greater lattice param-
eter for the F-containing phase. Although BaCO3 is not observed by XRD 
at 1200 ◦C in either phase, the lattice parameter of BZY20 prepared with 
Ba excess and ZnO sintering agent sintered at 1650 ◦C increases with 
respect to that at 1200 ◦C, further suggesting some Ba is still present in 
an amorphous state at 1200 ◦C in BZY20 (Fig. S1). In contrast, the lattice 
parameter of BZY20-10F is slightly lower at 1650 ◦C than at 1200 ◦C, 
indicating that Ba incorporation is greater at 1200 ◦C, and that there-
after some Ba evaporation takes place between these temperatures [18]. 
We note that, at 1650 ◦C, the lattice parameter of BZY20–10F is actually 
slightly lower than that of BZY20, as may be expected on consideration 
of the ionic radii of the halogen dopant (Fig. S1); this may have a much 
larger effect on the lattice parameter than the lower vacancy content 
arising from F doping (Eq.(3)). However, since evaporation of F may 
occur quite readily at 1650 ◦C, this sample was not subject to further 
study. 

3.2. Spectroscopic analysis of stability and fluorine content 

One of the principal drawbacks of proton-conducting perovskites is 
that the alkaline-earth A-site cation tends to form carbonate initiating at 
the surface in CO2-containing atmospheres, particularly at low tem-
perature [22,25]. As mentioned in the introduction, halogen dopants 
may improve stability but their exact role and degree of incorporation 
may lead to inconsistent results due to the tendency for the halogens to 

evaporate on high-temperature sintering. To confirm the incorporation 
of fluorine and its effect on stability in the nominal composition 
BaZr0.8Y0.2O3-δF0.1, prepared and densified by the low-temperature 
route used in the present study, the spectroscopic structural tech-
niques Raman Spectroscopy, X-ray Photoemission Spectroscopy and 
Time-of-Flight Secondary Ion Mass Spectrometry, involving surface or 
bulk analysis of the material in the form of powder or sintered body, 
were employed. 

3.2.1. Raman spectroscopy 
Raman spectroscopy of BZY20 and BZY20–10F (Fig. 3a)) is consis-

tent with cubic perovskite (space group Pm3m), which forms at 750 ◦C, 
in accordance with the XRD analysis. Raman scattering corresponding to 
asymmetric modes of the BO6 octahedra are found at 107, 180, 458 and 
732 cm-1 for first order A1(TO) modes, and at 231 and 408 cm-1 for 
second-order modes. The modes located at 500 cm-1 and the broad re-
gion 600 – 800 cm-1 are assigned to A1(LO)/E(LO) and A1(TO) vibra-
tions of locally distorted Zr(Y)O6 octahedra [37–39]. The presence of 
BaCO3 is confirmed from the active modes at 132, 150, 451, 691, 834, 
1000 and 1060 cm-1, attributable to carbonate-stretching vibrations 
[40], in accordance with the XRD data. However, the BaCO3 bands are 
no longer observed for the BZY20–10F sample sintered at 1200 ◦C, 
(Fig. 3b)). It should be noted that the intensities of the BaCO3 bands in 
the sample BZY20–10F heat-treated at 750 ◦C are relatively high in 
comparison to those of the pervoskite, as BaCO3, with space group Pmcn, 
is more sensitive to Raman spectroscopy [39]. The Raman spectra of the 
perovskite bands of samples with and without F-doping are, in general, 
similar, with the exception of the band at 720 cm-1, which undergoes a 
moderate displacement to high energy (5 cm-1), a change in the band 
morphology, and the appearance of a shoulder at 705 cm-1 in the 
F-containing sample for BZY20–10F heat-treated at both 750 and 
1200 ◦C. 

Such modifications have been assigned to symmetry effects on 
incorporating B-site elements and consumption of oxygen vacancies 
[41–43]. Other authors have attributed this blue shift of the band at 
720 cm-1, which occurs in F-doped BZY, to a volume expansion, which 
would concur with the lattice-parameter data determined by XRD 
(Fig. S1) [44,45]. Although there is no additional Raman band related to 
halogen vibrational modes, modification of the band at 720 cm-1 sug-
gests the possible incorporation of fluorine in the perovskite [46,47]. 

3.2.2. X-ray Photoemission Spectroscopy (XPS) 
XPS was employed to evaluate homogeneity, carbonate formation 

and the presence of fluorine in ceramic pellets of BZY20 and BZY20-10F 
sintered at 1200 ◦C. Fig. 4 a) indicates the modifications undergone by 
the atomic orbitals Zn(2p3/2), Zr(3p), Ba(3d5/2), Y(3d), Zr (3d)+Ba(4p), 
and O(1 s) for the BZY20 sample, and additionally the F(1 s) orbital for 
BZY20–10F. The two spectra are similar, apart from the presence of the 
peak attributable to F(1 s) at 685.7 eV in the BZY20-10F spectrum 
[48–50]. There are no observable variations between the spectra for the 

Fig. 2. SEM images of a) sol gel powder of BZY20-10F heat treated at 750 ◦C; b) fresh fracture surface of dense pellet of BZY20-10F sintered at 1200 ◦C for 4 h with 
Ba excess and ZnO sintering aid. 
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Zn, Zr, Y or Ba peaks. Principal bands associated with Zn (2p3/2) and Ba 
(3d5/2) are centred at 1028 and 785.2 eV, respectively, whereas the 
signals at 352.9 and 337.5 eV may be related to Zr(3p). Signals from the 
Zr3d+Ba4p and Y(3d) orbitals appear at 190–180 and 164 eV, respec-
tively. Fig. 4b) shows the X-ray photoelectron spectra in the energy zone 
of the C(1 s) bond for BZY20 and BZY20–10F pellets heat-treated at 
1200 ◦C in air. The C(1s) singlet was split into a doublet for BZY20, 
implying two distinguishable oxide species at 284.7 and 289.8 eV 
related to the presence of hydrocarbon (CHx species) and carbonate 
formation, respectively [41,51,52]. The peak at 289.8 eV associated 
with carbonate species is of much less intensity in the case of the 
F-containing sample. Hydrocarbon species are a common impurity 
which form at the surface of the sample during measurement in UHV 
systems, and are often used as an internal standard to reference other 
elements [53]. It is expected that XPS detects surface carbonate due to 

the thermal treatment of the surfaces in air. Although it was previously 
shown that BZY20 prepared by the route employed in this study is stable 
for prolonged periods in wet and dry CO2- and H2-containing atmo-
spheres [18], the presence of F may further improve stability towards 
carbonation on lowering the basicity of the anion sublattice. The pres-
ence of carbonate phase (BaCO3) at the surface in F-free BZY20 and its 
near absence in BZY20–10F is consistent with the Raman spectroscopy 
results. 

3.2.3. Time-of-flight secondary ion mass spectrometry 
The principal ions present in BZY20–10F ceramic bodies densified at 

1200 ◦C were examined by ToF-SIMS, providing an elemental distribu-
tion with depth from the surface for the bulk material (Fig. 5). The 
compositional profile reveals a homogeneous distribution of the ele-
ments as a function of depth up to and including the interface with the 
silicon sample holder (~ 300 s of bombardment). As in the case of the 
XPS analysis, the presence of F- anions is apparent at the surface, with 
the depth profile indicating their location throughout the measured 
sample depth. Nevertheless, the surface is richer in F- than the bulk of 
the sample with its concentration diminishing steadily as a function of 
depth. The homogeneous distribution of the other ions present in the 
perovskite structure BaO-, YO- and ZrO- are also shown, in addition to 
ZnO-; previous results indicate that Zn is to be expected both in the 
perovskite lattice and in the grain boundaries [17]. 

3.3. Evaluation of stability with conductivity measurements 

Our previous study indicated that the Ba excess employed in the 
starting composition to promote low-temperature densification did not 
contribute to deteriorating stability. Hence, it is also unlikely that BaO is 
present in the grain boundaries at the sintering temperature of 1200 ◦C. 
In a stability assessment of the fluorine-doped zirconate under poten-
tially reactive atmospheres, conductivity measurements in wet 

Fig. 3. Raman spectra of BZY20 (black) and BZY20-10F (red) powders calcined at a) 750 ◦C for 4 h and b) 1200 ◦C for 4 h.  

Fig. 4. a) XPS profile of BZY20 and BZY20-10F sintered at 1200 ◦C; b) C 1 s 
peaks for BZY20 and BZY20-10F pellets. 

Fig. 5. ToF-SIMS depth profile of BZY20–10F pellet sintered at 1200 ◦C.  
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atmospheres of 90 %Ar-10 %CO2 and 90 %N2-10 %H2 were performed 
for prolonged periods. Fig. 6a) shows that, after a period of ~ 24 h 
stabilisation, the total conductivity of BZY20-10F is essentially constant 
at 500 ◦C in the CO2-containing atmosphere. The conductivity recorded 
in wet 90 %N2-10 %H2 at 500 ◦C, after an initial period of stabilisation of 
4 h, provides a similar stable profile after ~ 3 days. Slight oscillations in 
conductivity were observed in both atmospheres and were attributed to 
small changes in the room temperature of the bubbler system during the 
ageing periods. Mechanical integrity of the sample was completely 
retained after the ageing exposure in both atmospheres, without any 
indication of degradation. Moreover, XRD powder patterns of the milled 
pellet subsequent to the exposure indicated an absence of carbonation or 
hydroxide products, Fig. 6b). 

The stability was evaluated further by exposing pellet fragments (r.d. 
in the range 94–99 %) to laboratory air for 14 days. Carbonation may be 
favoured at low temperature, and it is known, for example, that degra-
dation of BaCeO3-based compositions occurs under such conditions 
[22]. In the case BZY20-10F, neither carbonate formation nor mechan-
ical breakdown was observed visually after the exposure period (inset of 
Fig. 6c)). A similar behaviour was previously observed for BZY20 [18]. 
The XRD powder patterns of the ceramic pieces subsequent to exposure 
in air were free of barium carbonate or hydroxide (Fig. 6c)) Hence, as 
was the case in our earlier study [18], the Ba superstoichiometry present 
in the reactant mixture is unlikely to be present as BaO in the final 
sintered body. Nevertheless, although both BZY20 and BZY20-10F are 

stable under the measured conditions, the greater carbonation of BZY20 
determined by spectroscopic methods likely indicates that the long-term 
stability of the F-containing material is greater. 

3.4. Electrical properties 

Impedance spectra of the F-doped BZY20 were collected in atmo-
spheres of wet and dry O2 and N2 (similar data for the F-free analogue 
prepared in the same way have been published recently [18]). Selected 
low-temperature data, where grain and grain-boundary processes may 
be resolved, are shown in Fig. 7. The spectra were fitted with an 
equivalent circuit consisting of a serial association of simple parallel RQ 
elements for each process (continuous black lines, Fig. 7). The insets at 
150 ◦C (Fig. 7a) and d)) show a magnified region close to the origin, 
where responses with capacitance values in the range 10-11-10-12 F⋅cm-1, 
typical of the grain-interior (bulk) process, are observed [33]. As tem-
perature increases (≥ 250 ◦C), the arc in the high-frequency region is no 
longer observable since the bulk resistance decreases and the associated 
relaxation frequency is beyond the instrumental detection limit (insets 
of Fig. 7b), c), e) and f)). 

The BZY20-10F sample exhibits a similar response in the mid-low 
frequency range as that observed for both BZY20, prepared in the 
same manner [18], and other zirconate-based perovskites [54,55], in 
which two processes with capacitances in the order of 10-10-10-9 F⋅cm-1 

may be discerned. As reported previously [56], different interpretations 
of the arc at lower frequencies may be responsible for the broad range of 
reported conductivity values for the BZY system. Several authors remark 
that the two superimposed semicircles are associated with the 
grain-boundary contributions [54,55], and may arise from the segre-
gation of amorphous secondary phases leading to inhomogeneities, 
which may cause a distribution of different grain-boundary conductiv-
ities [57]. In the present case, according to the Raman results, which do 
not provide evidence of secondary phases with F, it appears that fluorine 
is, at least partially, located in the perovskite lattice, substituting the 
host oxygen. However, in addition to F, amorphous second phases may 
also arise from the excess Ba content of the starting composition and the 
ZnO sintering aid, which may be present both in the grains and grain 
boundaries [17]. 

The bulk response of the spectra collected at low temperature in wet 
N2 (Fig. 7a), b) c)) shifts to lower resistance with respect to the values 
exhibited in dry O2 (Fig. 7d), e) and f)). These results are the conse-
quence of different species dominating the electrical transport at each 
atmosphere in the low-temperature region, protons in wet N2 and oxide 
ions in dry O2, as will be clarified below. 

A comparison of the dependence of the total conductivity of BZY20- 
10F as a function of temperature in dry oxygen and nitrogen atmo-
spheres is shown in Fig. 8a). Conductivity in the high-temperature range 
is greater in dry O2 than in dry N2 due to the higher contribution of 
electronic species, since the concentration of electron holes in O2 in-
creases at elevated temperatures in comparison to the more reducing N2 
atmosphere according the defect reaction: 

V⋅⋅
O + 1

/
2O2 ↔ O×

O + 2h⋅ (4) 

As temperature in the dry conditions decreases, the conductivities in 
O2 and N2 tend to converge, indicating a lower contribution to transport 
of electronic species. This arises from the annihilation of electron holes 
and the predominance of oxygen vacancies at low temperature due to 
the endothermic character of Eq. 4 [22]. A greater conductivity is 
registered in humidified N2 in comparison to dry N2 below ~ 550 ◦C, 
Fig. 8b), suggesting that protonic species are the principal charge car-
riers in this temperature regime in humid atmospheres. Whereas total 
conductivity practically doubles in wet N2 compared to dry N2 at 500 ◦C 
(3.9 ×10-4 and 2 ×10-4 S.cm-1, respectively), it is almost four times 
greater in wet compared to dry N2 atmospheres at 300 ◦C (9.2 ×10-6 and 
2.5 ×10-6 S cm-1, respectively), revealing the major role of protons in 

Fig. 6. a) Fraction of initial conductivity as a function of exposure time for sol- 
gel prepared BZY20-10F with Ba excess and 4 mol% ZnO sintered at 1200 ◦C 
exposed to atmospheres of wet 10 % CO2:90 % Ar then 10 % H2:90 % N2; b) 
XRD pattern of sample after stability tests in different wet atmospheres; c) XRD 
patterns of BZY20-10F before and after exposure to laboratory air for 14 days; 
corresponding photographic images of pellet fracture are shown as insets. 
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electrical transport in wet conditions as temperature decreases. The 
protonic-defect concentration decreases as temperature increases as a 
result of the exothermic nature of the hydration reaction [21]: 

V ⋅⋅
O +Ox

O +H2O ↔ 2OH⋅
O (5) 

Fig. 8c)-f) show the conductivities of grain and grain boundary under 
dry and wet conditions for both oxygen and nitrogen atmospheres. 
Electrical transport is dominated by the grain-boundary process in the 
low-mid temperature regime; however, as temperature rises, the bulk 
conductivity seems to be the dominating process, with values close to 
total conductivity for temperatures higher than ~ 500 ◦C. The apparent 
change in slope is likely attributable to the change in dominating charge 
carriers from ions to electron holes with increasing temperature. The 
total conductivity is ~ 1.2 × 10-3 S⋅cm-1 at 600 ◦C in wet N2, Fig. 8f), 
which is similar to values reported in the literature for the parent 
barium-zirconate compositions in wet reducing conditions [16,18, 
58–61], although some discrepant higher conductivities have also been 
reported [56,62]. The variance between literature reports may be, in 
part, associated to the interpretation of the low-frequency response of 
the impedance spectra, which is differently ascribed to the grain 
boundary or the electrode processes [55]. Moreover, the existence of 
two different cubic perovskite polymorphs, with conductivities ranging 
between 10-3 and 10-2 S⋅cm-1, as was reported for BaZr0.9Y0.1O3-δ [63], 
may also result in discrepancies. 

Fig. 9a) and b) compare the total, bulk and grain-boundary con-
ductivities of BZY20 and BZY20-10F. In general, it can be stated that the 

conductivity data for the F-doped sample lie in a similar range to those of 
its F-free analogues, and no firm conclusions about the role of F on the 
electrical transport properties of BZY can be drawn. We also note that 
the reported conductivity values for BZY are notorious for exhibiting a 
wide range of values in comparable conditions, which may result from 
different microstructures, compositional inhomogeneities and differing 
interpretation of impedance data, as alluded to earlier. 

On consideration of the concentration of ionic charge-carriers alone, 
we should expect a lower oxide-ion conductivity (dry conditions) or 
proton conductivity (wet conditions) for the F-doped analogue (Eqs. (2) 
and (3)). Accordingly, Zhou et al.[23] obtained lower conductivities for 
F- and Cl- doped BaCe0.9Gd0.1O3-δ, which was directly associated to the 
expected decrease of oxygen-vacancy concentration on halogen doping. 
Nevertheless, Gao et al. [19] reported improved conductivity of 
BZY20-10F in comparison to the undoped material. Belova et al. [64] 
also documented enhanced conductivity as fluorine dopant content in-
creases in the proton conductor Ba4Ca2Nb2O11, and suggested that the 
more ionic M-F bonds compared to M-O make the M-O bonds more 
covalent with the consequence that the proton in a fragment F-M-O 
becomes more acidic and mobility of the proton increases. It was also 
argued that Cl- and F-doping of the double perovskite Ba2CaNbO6-δ in-
creases oxide-ion and proton mobilities due to repulsion between the 
donor Cl•O or F•

O dopants and the positive mobile species (oxide-ion va-
cancies (V••

O ) or protons (OH•
O) [20]. It is likely that halogen dopant 

content is critical to determining if there are determinable differences 
between halogen-containing and halogen-free compositions, and, if so, 

Fig. 7. Impedance spectra for BZY20-10F densified at 1200 ◦C obtained under (a, b, c) wet N2 and (d, e, f) dry O2 at (a, d) 150 ◦C, (b, e) 250 ◦C and (c, f) 350 ◦C. 
Continuous lines correspond to fitting results employing equivalent-circuit analysis. Insets in the figures correspond to magnifications in the high-frequency range. 
Selected reference frequencies are indicated. 

Á. Triviño-Peláez et al.                                                                                                                                                                                                                        



Journal of the European Ceramic Society 43 (2023) 99–108

106

Fig. 8. Temperature dependence of total conductivity of BZY20–10F under a) dry nitrogen and b) wet nitrogen; grain, grain boundary and total conductivities under 
c) dry oxygen, d) wet oxygen, e) dry nitrogen and f) wet nitrogen. 

Fig. 9. Comparison of a) total conductivity and b) grain and grain-boundary conductivities as a function of temperature for BZY20–10F (closed circles) and BZY20 
(open squares) under dry oxygen. 
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whether enhanced mobility or lower charge-carrier concentration is the 
most dominating factor. In the present study, the similar electrical 
behaviour between BZY20-10F and BZY20 appears to indicate a negli-
gible effect of fluorine doping on the oxide-ion vacancy content or ion 
mobility, resulting in a similar conductivity to BZY. As both the bulk and 
grain-boundary processes are also similar, this suggests that any possible 
F-based segregation does not significantly alter the space-charge 
grain-boundary properties. It is worth recalling that evaporation of 
halogens, for example in the case of Br-doped BaCe0.9Y0.1O3-δ, can affect 
the electrical properties by changing the stoichiometry of the material 
[21], which complicates the comparison of systems with different 
compositions prepared with different high temperature ranges, where 
the halogen content may not be controlled. Nevertheless, in the present 
study, the presence of F in the sintered body densified at low tempera-
ture has been demonstrated with different spectroscopic techniques. 

4. Conclusions 

Low-temperature synthesis and densification of BZY doped with 
fluorine was achieved employing a sol-gel route with alkoxide pre-
cursors. The formation of reactive nanopowders with Ba excess in the 
starting composition and the addition of ZnO sintering aid contributes to 
a low sintering temperature of 1200 ◦C, necessary for high densification 
with limited halogen loss. The presence of flourine in materials sintered 
at this temperature was confirmed by Raman spectroscopy and ToF- 
SIMS. X-ray photoelectron and Raman spectroscopies indicate that the 
presence of F inhibits surface carbonate formation, suggesting improved 
long-term stability for the F-doped phase. Conductivity studies in both 
wet CO2- and H2-containing atmospheres over prolonged periods at 
500 ◦C demonstrated good stability of F-containing BZY. Electrical 
measurements indicated that the F-doped samples exhibit conductivity 
values within the expected range for BZY-based ceramics. 
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D. Pérez Coll, M. Aparicio, D.P. Fagg, J. Mosa, G.C. Mather, Processing and 
characterisation of BaZr0.8Y0.2O3-δ proton conductor densified at 1200 ◦C, J. Mater. 
Chem. A. 10 (2022) 4428–4439, https://doi.org/10.1039/d1ta09998a. 

[19] J. Gao, Y. Liu, Y. Meng, M. Hu, K.S. Brinkman, Fluoride-Based Anion Doping: A 
New Strategy for Improving the Performance of Protonic Ceramic Conductors of 
the Form BaZrO3, ChemElectroChem 7 (2020) 2242–2247, https://doi.org/ 
10.1002/celc.202000154. 

[20] N. Tarasova, I. Animitsa, Аnionic doping (F− , Cl− ) as the method for improving 
transport properties of proton-conducting perovskites based on Ba2CaNbO5.5, Solid 
State Ionics 317 (2018) 21–25, https://doi.org/10.1016/j.ssi.2018.01.001. 
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