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A B S T R A C T   

We report results from a study of the local structure of hydrated nanocrystalline 2 μm films of the well known 
proton conductor BaZr1-xScxO3-x/2 with x = 0.45, 0.54 and 0.64, using infrared (IR) spectroscopy. The films were 
prepared by magnetron sputtering. Analysis of the IR spectra focused on the O–H stretching region 
(2000—3700 cm-1), which reveals the presence of several distinct O–H stretching bands for which the intensity 
and frequency of each band vary in an unsystematic manner with Sc concentration. The spectra for the two 
higher Sc concentrations, x = 0.54 and 0.64, exhibit a distinct, highly intense O–H stretching band centered at 
around 3400–3500 cm-1, which is assigned to relatively symmetric, weakly hydrogen-bonding, proton configu-
rations. The spectrum for the lower Sc concentration, x = 0.45, does not feature such a band but a broader, 
weaker, O–H stretching band between approximately 2500 and 3700 cm-1, suggesting that the protons are more 
homogeneously distributed over a range of different local proton coordinations in this relatively weakly doped 
material. A comparison to the IR spectra of powder samples of similar compositions suggests that for x = 0.45, 
the spectra and proton coordination of films and powder samples are similar, whereas for x = 0.54 and 0.64, a 
larger fraction of protons seems to be located in weakly hydrogen-bonding proton configurations in the films 
compared to the respective powder samples.   

1. Introduction 

Acceptor-doped barium zirconates, such as Sc-doped BaZrO3, typi-
cally exhibit high proton conductivities in the intermediate temperature 
range of 200–500 ◦C and are, therefore, of high interest to be used as 
proton conducting electrolytes in next generation, intermediate tem-
perature, solid oxide fuel cells (SOFCs) [1–4]. For applications in 
miniaturized SOFCs, which are gaining increased attention, the proton 
conductor has to be in the form of a film [5,6]. In comparison to powder 
samples, the fabrication of films is very different and films represent a 
confined state that may be textured, strained, and exhibit varying de-
grees of crystallinity, which may affect significantly the performance of 
the electrolyte [7–9]. As one example of the latter, a film of Y-doped 
BaZrO3 was shown to have two times higher proton conductivity 
compared to the corresponding powder sample of the same chemical 
composition [7]. A thorough understanding about the local structure 

and dynamics of protons in these materials, especially in regard to the 
difference between films and powder samples, is hence critical to un-
derstand the difference in performance of films and powder samples, 
which is at present not fully understood. 

In this work, using IR spectroscopy, we investigate the local structure 
of nanocrystalline films of Sc-doped BaZrO3 (Sc/BZO) as fabricated by 
magnetron sputtering. Previous local structural investigations of Sc/ 
BZO have primarily focused on powder samples of BaZr1− xScxO3− x/2 
with the Sc dopant concentration (x) ranging from 0.1 to 0.6, which 
show that Sc/BZO exhibits an average cubic structure (space group 
Pm3m), however with local deviations of the average cubic structure 
increasing as a function of Sc dopant concentration [10–18]. In com-
parison, studies of proton conducting perovskites in the form of (thin) 
films have focused on epitaxial films of the Y-doped system BaZr1--

xYxO3-x/2, which showed that grain-boundaries have a negative impact 
on proton conductivity [2,7]. Here, we focus on the Sc-doped system 
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with three different Sc dopant concentrations, i.e. BaZr1-xScxO3-x/2 with 
x = 0.45, 0.54 and 0.64. The aim of the study is to get information about 
the local coordination of protons, how it depends on the Sc dopant 
concentration and, notably, how it compares to the much more studied 
powder samples. 

2. Experimental 

2.1. Sample preparations 

The films, about 2 μm in thickness, of BaZr1-xScxO3-x/2 with x = 0.45, 
0.54, and 0.64, were grown on 1 mm thick double-side polished c-plane 
Al2O3 substrates, by magnetron co-sputtering using three different tar-
gets with BaZrO3 as the main source, Sc as dopant and Ba for balance of 
the metallic ratio, i.e. (Ba/(Zr+Sc)) = 1. Details of the preparation and 
structural analysis of the films are reported in ref. [19]. For each 
composition, three identical films were prepared, and hydrated samples 
were prepared by annealing one film for each composition. The 
annealing was achieved by heat treatment in a tube furnace subjected to 
a nitrogen flow with water vapor, while cooling from 600 ◦C to 200 ◦C at 
a rate of 0.2 ◦C/min. Dry samples were prepared by heating one film for 
each composition to 400 ◦C, followed by cooling to 200 ◦C at a rate of 
50 ◦C/min. The degree of hydration for each of the samples was deter-
mined by nuclear reaction analysis (NRA), which shows that the hy-
dration degrees of the films varies from 28% for x = 0.45, through 22% 
for x = 0.54, and to 19% for x = 0.64. Details about the NRA mea-
surements on the films can be found in the Supporting Information (SI). 

2.2. Infrared spectroscopy measurements 

IR spectroscopy measurements were performed over the frequency 
range of 450–5000 cm-1, using a Thermo Scientific Nicolet Nexus IR 
spectrometer. However, due to strong absorption in the lower-frequency 
part of the spectra, we only analyze the 1900–5000 cm-1 region which 
covers the region of O–H stretching modes in proton conducting oxides 
[17,20,21]. The measurements on films were performed in transmission 
mode. Reference spectra for all films were acquired by taking mea-
surements on a 1 mm thick sample of double-side polished Al2O3 film, 
which is fully transparent in the investigated frequency range of 
450–5000 cm-1. IR absorbance-like spectra were derived by taking the 
logarithm ratio between the reference and sample spectra and this was 
done automatically by the software Thermo Scientific OMNIC FTIR [22]. 
All measurements were performed at room temperature in air. Due to 
unwanted interference caused by the thickness of the substrate, the IR 
spectra of all sample were smoothed using the Savitzky-Golay algorithm 
in the Thermo Scientific OMNIC FTIR software [22]. Examples of the 
non-smoothed raw data on films are shown in the SI. 

3. Results and discussion 

Fig. 1 shows the IR absorbance spectra of the BaZr1-xScxO3-x/2 with 
x = 0.45, 0.54, and 0.64 samples, in both the dehydrated and hydrated 
forms. For the dehydrated samples [Fig. 1(a)], we observe that the 
spectra have an oscillatory-like behavior across the whole spectral range 
of 1900–5000 cm-1. While we are unable to reproduce these oscillations 
by a simple wave function, such as a sinus wave, these oscillations are 
likely to be the result of interference from multiple internal reflections 
within the substrate. However, since the substrates are expected to be 
identical, the fact that the spectra are different for the different samples 
may point towards slight but significant differences in the thickness, and 
structure, of the films. 

Upon hydration, the spectra of all three materials change signifi-
cantly, also as a function of Sc dopant level [Fig. 1(b)]. For the two 
higher Sc dopant concentrations, x = 0.54 and x = 0.64, we observe that 
the oscillation peaking at around 2700 cm-1 is now broadened, but most 
noticeable is the appearance of a relatively intense band at around 

3400 cm-1, whereas for x = 0.45 we do not observe this band. One 
should note, because of the generally weak bands, also after hydration, it 
is most likely that also the hydrated spectra are significantly affected by 
the interference of the underlying substrate and/or due to the films 
themselves. To derive spectra virtually free, or at least with such inter-
ference effects strongly suppressed, we plot in Fig. 1(c) the difference 

Fig. 1. IR spectra of the films of BaZr1-xScxO3-x/2 where x = 0.45, 0.54, and 
0.64. a) dehydrated and b) hydrated films, and c) subtracted spectra of hy-
drated and dehydrated films. The spectra have been vertically offset for clarity. 
The two vertical lines mark out the positions for the distinct 3450 cm-1 and 
weak 3800 cm-1 bands for x = 0.54 (see main text). 

E. Naumovska et al.                                                                                                                                                                                                                            



Vibrational Spectroscopy 130 (2024) 103622

3

spectra between the hydrated and dehydrated films. 
As can be seen, the difference spectra are manifested by a much 

weaker oscillatory nature, suggesting that our analysis is robust. 
Crucially, Fig. 1(c) reveals several differences between the different 
materials. For x = 0. 45, the spectrum is characterized by a broad, weak 
band between 2500 and 3700 cm-1, with no other significant features. 
For x = 0.54, the spectrum is characterized by a very distinct band at 
around 3450 cm-1 and a weak feature at around 3800 cm-1. For 
x = 0.64, the spectrum is similar to the one for x = 0.54, but the 
3450 cm-1 band is now down-shifted to about 3300 cm-1. The other 
features in the spectra for x = 0.54 and x = 0.64 are ascribed to oscil-
lations related to interference in the films. 

For comparison, Fig. 2 shows literature data of the IR spectra of fully 
hydrated powder samples of BaZr1-xScxO3-x/2 with x = 0.10 and 0.50, as 
adapted from Mazzei et al. [18]. As can be seen, the IR spectra of the two 
powder samples are similar, despite the large difference in Sc dopant 
levels. Specifically, the spectra are dominated by a large O–H stretching 
band between 2500 and 3700 cm-1, and an O–H stretching + wagging 
combination band at around 4250 cm-1, and, generally, the intensity of 
all bands increases with increasing Sc dopant level [18]. In more detail, 
the broad nature of the O–H stretching band between 2500 and 
3700 cm-1 is the result of a range of different local proton environments 
in the materials, where the lower-frequency part (2500–3000 cm-1) is 
assigned to protons in relatively non-symmetrical environments, such as 
Zr-OH-Sc and Zr-OH-Sc vacancy, and the higher-frequency part 
(3000–3700 cm-1) is assigned to protons in relatively symmetrical en-
vironments, such as Zr-OH-Zr and Sc-OH-Sc [18,21]. The lower fre-
quency of O–H stretching modes in non-symmetrical proton 
configurations is due to an increased tendency for the formation of 
hydrogen bonds between the protons and neighboring oxygens of the 
perovskite lattice [18,21,23]. Such hydrogen bonding leads to an in-
crease of the O–H bond length and a decreased O–H stretching fre-
quency. Likewise, protons in symmetrical environments are featured by 
weak or no hydrogen bonding to neighboring oxygens. Therefore, the 
generally broad nature of the O–H stretching band for the two powder 
samples manifests a wide distribution of hydrogen-bond strengths be-
tween the protons and neighboring oxygens of the perovskite lattice, as a 
result of a wide range of different local proton configurations. Note, 
some of the cited literature above is on In-doped BaZrO3, and assign-
ments are based on the assumption that Sc behaves similar to In as 
dopant atom in BaZrO3 based proton conductors, which is a reasonable 

assumption considering their similar ionic radii and local structural 
deformation upon doping as seen in previous studies using vibrational 
spectroscopy [18,23]. 

By combining the results from the analysis of IR spectra of nano-
crystalline films and powder samples, we observe several important 
features, cf. Figs. 1(c) and 2. In particular, we note the quite inhomo-
geneous O–H stretching band profile for the films and, in particular, the 
presence of a distinct, highly intense band centered at around 
3400–3700 cm-1 for the two higher Sc dopant concentrations (x = 0.54 
and 0.64). This suggests that the proton site distribution is less ho-
mogenous in the nanocrystalline films for x = 0.54 and 0.64, with a 
larger fraction of protons in relatively symmetric, weakly hydrogen 
bonding configurations, as compared to the x = 0.45 film and to the 
powder samples. Thus, while the nanocrystalline film for x = 0.54 and 
the powder samples for all Sc dopant levels as investigated here are 
generally characterized by a wide range of proton sites, with no obvious 
preferred local proton configurations, the nanocrystalline films for 
x = 0.54 and 0.64 are featured by a preferred, weakly hydrogen-bonded, 
proton site. Based on the IR data, a compositional threshold for the 
creation of such a preferred proton site may lay between x = 0.45 and 
x = 0.54, above which the spectra are relatively similar. Since the 
nanostructure, i.e. the average particle distribution, does not change 
significantly as a function of Sc dopant level [24], this threshold is likely 
to be associated with a change in the local structural details of the ma-
terial. A comparison to powder samples of cubic-structured barium 
zirconate based proton conductors suggests that an increase of dopant 
concentration normally leads to increased local structural distortions in 
the perovskite lattice, as can be ascribed to tilts of the octahedral moi-
eties [25]. Therefore, above a certain threshold composition between 
x = 0.45 and x = 0.54, the local structural distortions may have reached 
a certain level to create a unique local proton configuration, featured by 
weak hydrogen-bonding interactions, which appears to be only present 
in the films. 

The observation of a different behavior for the x = 0.45 film with 
respect to the x = 0.54 and 0.64 films is highly interesting, yet it is 
difficult to explain and we prefer to not be too speculative in this matter. 
However, we note that an increase in Sc dopant concentration in com-
bination with stresses in the films, possibly due to the lattice-mismatch 
to the Al2O3 substrate, or due to the nature of the film deposition itself, 
may contribute to localized pronounced tilts of the octahedral moieties 
of the perovskite lattice, which may create unique, preferred, proton 
configurations with weak hydrogen bonding in the films with x = 0.54 
and 0.64. The difference in local structure between films with different 
Sc concentrations, and between films and powder samples, may as well 
be linked to the degree of hydration of the respective materials. We note 
that, for the films, the degree of hydration decreases systematically with 
increasing Sc concentration, whereas for the powder samples, both 
samples were reported to be fully hydrated [18]. This may indicate that 
dopant-induced local structural distortions may not, per se, make the 
materials more difficult to hydrate, at least not under the hydration 
conditions as used in this study. Rather, we speculate that dopant 
induced stresses in the films, possibly accelerated due to some 
lattice-mismatch to the Al2O3 substrate, give rise to local structures that 
are associated to the unique O–H stretching band profile and may as well 
be related to the films’ generally lower degree of hydration. 

4. Conclusions 

Our IR spectroscopy study of magnetron-sputtered films of the pro-
ton conducting perovskites BaZr1-xScxO3-x/2 with x = 0.45, 0.54, and 
0.64 reveals the presence of several distinct bands related to O–H 
stretching vibrations and for which the intensity and frequency of each 
bandvary in an unsystematic manner with Sc dopant concentration. In 
particular, the IR spectra for the two higher Sc dopant concentrations 
exhibit a distinct, highly intense band centered at relatively high 
vibrational frequency, 3400–3500 cm-1, which is a signature of that 

Fig. 2. IR absorbance spectra of hydrated powder samples of BaZr1-xScxO3-x/2 
with x = 0.10, and 0.50. 
Adapted from Ref. [18]. 
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most protons are located in relatively symmetric, weakly hydrogen 
bonding, configurations. This is considerably different from the corre-
sponding powder samples, which exhibit a broad O–H stretching band, 
between 2500 and 3700 cm-1, as a result of a wide and relatively smooth 
distribution of hydrogen-bond strengths to the protons in the material. 
That is, the local coordination of protons seems to be less homogenous in 
the nanocrystalline films, as compared to the powder samples. 
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