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On Proton Conductivity in Porous and Dense Yttria 
Stabilized Zirconia at Low Temperature
 The electrical conductivity of dense and nanoporous zirconia-based thin 
fi lms is compared to results obtained on bulk yttria stabilized zirconia (YSZ) 
ceramics. Different thin fi lm preparation methods are used in order to vary 
grain size, grain shape, and porosity of the thin fi lms. In porous fi lms, a 
rather high conductivity is found at room temperature which decreases with 
increasing temperature to 120  ° C. This conductivity is attributed to proton 
conduction along physisorbed water (Grotthuss mechanism) at the inner 
surfaces. It is highly dependent on the humidity of the surrounding atmos-
phere. At temperatures above 120  ° C, the conductivity is thermally activated 
with activation energies between 0.4 and 1.1 eV. In this temperature regime 
the conduction is due to oxygen ions as well as protons. Proton conduction is 
caused by hydroxyl groups at the inner surface of the porous fi lms. The effect 
vanishes above 400  ° C, and pure oxygen ion conductivity with an activation 
energy of 0.9 to 1.3 eV prevails. The same behavior can also be observed in 
nanoporous bulk ceramic YSZ. In contrast to the nanoporous YSZ, fully dense 
nanocrystalline thin fi lms only show oxygen ion conductivity, even down to 
70  ° C with an expected activation energy of 1.0  ±  0.1 eV. No proton conduc-
tivity through grain boundaries could be detected in these nanocrystalline, 
but dense thin fi lms. 
  1. Introduction 

 Yttria-stabilized-zirconia (YSZ) thin fi lms are potential elec-
trolytes for sensors or micro-solid oxide fuel cells and show 
pure oxygen ion conductivity when measured at higher tem-
peratures. [  1  ]  Proton conductivity in YSZ single crystals at high 
temperatures has been reported by Wagner   [2  ]  a]  and later by 
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Y. Nigara et al. [  2  ]  b]  Wagner extrapolated 
the water solubility in YSZ at 1000  ° C and 
1 atm H 2 O to be 1  ×  10  − 4  mol H 2 O per 
mol YSZ. With permeation measure-
ments of H 2  through a polycrystalline YSZ 
tube, he calculated a proton conductivity 
of   σ   Hi   =  1.3  ×  10  − 3  S m  − 1  at 1000  ° C and 
concluded that the proton conductivity 
is negligible compared to the oxygen ion 
conductivity. Similar results were also 
obtained for (CeO 2 ) 0.9 (GdO 1.5 ) 0.1  by the 
Mizusaki group. [  3  ]  

 Recent studies have shown the elec-
trical conductivity of nanocrystalline zir-
conia- and ceria-based oxides to increase 
with decreasing temperature below 
150  ° C. [  4–6  ,  7–11  ]  This effect was attributed 
to the migration of protons in the nanoc-
rystalline material; as in a dry atmosphere, 
no, or a very low proton conductivity was 
found for microcrystalline and nanocrystal-
line zirconia and ceria-based ceramics. [  4  ,  5  ]  
It is also known from resistivity measure-
ments of metal oxide gas sensors that the 
signal is highly dependent on humidity. 
One example of humidity sensors was 
reported by Wang et al., who observed a drastic decrease of the 
resistivity with increasing humidity. [  12  ]  However, it is under 
debate whether the protons are conducted along the YSZ sur-
face or through its grain boundaries. For proton conductivity in 
YSZ, it has been reported that increasing proton conductivity 
occurs with decreasing grain size, which leads to the conclu-
sion that the grain boundaries conduct the protons. [  5–7  ]  This is 
supported by the fi ndings of Kim et al. who presented an open 
circuit voltage across an electrochemical cell with such electro-
lytes of 110 mV at 25  ° C in a water gradient of distilled water 
and humid air. [  13  ]  However, Shirpour et al. raised doubts that 
grain boundaries in YSZ conduct protons as their mobility at 
the grain boundary would be too low for the measured conduc-
tivity. [  4  ]  This is supported by a very recent study of Tandé et al. [  9  ]  
Raz et al. investigated the conductivity of YSZ powder com-
pacts at low temperatures and the effect of humidity on con-
duction. [  10  ,  11  ]  The resistance decreased drastically below 100  ° C 
in humid air and they attributed this conductivity to protons 
along physisorbed and chemisorbed water on the YSZ powder 
surface. 

 In a recent study, we have demonstrated that pores of 
less than 10 nm in YSZ thin fi lms still form a continuous 
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percolating network throughout the sample. [  14  ]  Therefore, 
we investigated the conductivity in YSZ thin fi lms in order to 
elucidate whether the proton conductivity is due to adsorbed 
water at the inner surface of porous specimens or whether it is 
related to H  +  -migration through grain boundaries of nanocrys-
talline YSZ. 

 The aim of this study is to report the microstructures and 
conductivity of nanocrystalline YSZ thin fi lms from room 
temperature to 400  ° C. YSZ thin fi lms were deposited by dif-
ferent methods in order to vary their porosity, grain size, and 
shape. The electrical conductivity was measured by impedance 
spectroscopy in a cross-plane confi guration that allows reliable 
measurements even down to room temperature. 

   2. Results 

  2.1. Infl uence of the Preparation Techniques on YSZ 
Microstructures 

 The microstructures of the YSZ thin fi lms and bulk specimens 
deposited by different techniques are described, as follows, and 
their characteristic microstructural features are summarized in 
 Table    1  .  

  2.1.1. Spray Pyrolysis (SP) Thin Films 

 The YSZ thin fi lms deposited by SP are predominately amor-
phous with a few embedded crystalline nuclei of 3-nm diam-
eter. [  15  ]  During heating, the material starts to crystallize and 
to develop grain boundaries. The fi lms annealed at 600  ° C 
for 0 h are  ≈ 30% crystalline according to DSC measurements 
with a grain size of 5 nm determined by XRD and TEM. [  15  ]  
The YSZ reaches full crystallinity either by a further increase 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag

   Table  1     Microstructural features of YSZ thin fi lms and bulk materials
annealing conditions. [  15  ,  18  ,  20  ]  

Yttria content Preparation 
technique

Preparation 
conditions a) 

An

Thin fi lms 8YSZ SP 370  ° C

SP 370  ° C

SP 370  ° C

SP 370  ° C

AA-CVD 450  ° C

AA-CVD 600  ° C

PLD 700  ° C, 2.7 Pa

3YSZ PLD 450  ° C, 7 Pa

PLD 450  ° C, 1 Pa

bulk materials 8YSZ tape Sintering of powder 1350  ° C

3YSZ bulk Sintering of powder 850  ° C

    a) substrate temperature and oxygen partial pressure or sintering temperature;  b) colu
in temperature (T  ≥  900  ° C) or by an isothermal dwell above 
600  ° C ( t   ≥  17 h). The crystals grew to 9 and 13 nm after an 
isothermal dwell for 20 h at 600  and 800  ° C, respectively. All 
heat-treated thin fi lms are nanoporous with a pore size similar 
to the grain size. [  14  ]  As an example, an STEM micrograph of a 
SP thin fi lm annealed at 600  ° C for 20 h is shown in  Figure    1  a, 
where grains (bright) and pores (dark) are visible. According to 
fl uctuation in Z-contrast observed in the STEM micrographs 
(not shown here; see ref.  [  14  ] ), the as-deposited thin fi lms are 
most likely porous, although some of the contrast might also 
be due to residual organic material. For thin fi lms annealed at 
800  ° C for 20 h a porosity of about 43 vol% was estimated by 
FIB nanotomography. [  14  ]  In summary, the SP fi lms show ran-
domly oriented nanocrystalline microstructures with different 
grain sizes as shown in Table  1 , depending on the temperature 
and annealing duration. More details on the microstructural 
changes during heat treatments and the porosity can be found 
in the literature. [  14  ,  15  ] 

     2.1.2 AA-CVD Thin Films 

 Thin fi lms prepared by AA-CVD at 450  ° C and annealed at 
600  ° C exhibit randomly oriented nanocrystalline micro-
structures featuring nanoporosity (Figure  1 b). These micro-
structures are very similar to those of the SP fi lms (compare 
Figure  1 a with Figure  1 b). Both deposition techniques (SP 
and AA-CVD) are nonvacuum techniques based on organo-
metallic precursors. Nevertheless, the deposition mechanism 
is totally different. Further information on the porosity and 
the deposition mechanism are reported elsewhere. [  14  ,  16  ,  17  ]  
At higher substrate temperatures (600  ° C), thin fi lms with 
columnar grains are deposited, which feature only a few 
pores of about 5 nm embedded in the grains (Figure  1 c). 
More details of the microstructure of AA-CVD fi lms are given 
elsewhere. [  16  ,  17  ]  
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1957–1964

 with respect to the preparation techniques, preparation parameters and 

nealing conditions Microstructure Grain size 
[nm]

Crystallinity 
[%]

As-deposited porous, equiaxed grains 3 0

600  ° C, 0 h porous, equiaxed grains 5 27

600  ° C, 20 h porous, equiaxed grains 9 100

800  ° C, 20 h porous, equiaxed grains 13 100

600  ° C, 20 h porous, equiaxed grains 8 100

600  ° C, 20 h dense, columnar grains 10 to 20 b) 100

600  ° C, 1 h dense, columnar grains 20 b) 100

600  ° C, 1 h porous, columnar grains 20 b) 100

600  ° C, 1 h dense, columnar grains 20b)  100

n.a. dense, equiaxed grains 6  ×  10 3 100

n.a. 50 vol% porous, equiaxed grains 40 100

mn width.   
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     Figure  1 .     HAADF STEM micrographs of YSZ thin fi lms deposited by different methods. 
a) 8YSZ SP ( T  dep   =  370  ° C;  T  pa   =  600  ° C, 20 h), b) 8YSZ AA-CVD ( T  dep   =  450  ° C,  T  pa   =  600  ° C, 
20 h), c) 8YSZ AA-CVD ( T  dep   =  600  ° C,  T  pa   =  600  ° C for 20 h), d) 3YSZ PLD ( T  dep   =  450  ° C,  p  O2  
 =  7 Pa,  T  pa   =  600  ° C, 1 h) with top and bottom electrode, e) 3YSZ PLD ( T  dep   =  450  ° C,  p  O2   =  
1 Pa,  T  pa   =  600  ° C, 1 h), and f) 8YSZ PLD ( T  dep   =  700  ° C,  p  O2   =  2.7 Pa,  T  pa   =  600  ° C, 20 h) with 
top and bottom electrodes.  
   2.1.3. PLD Thin Films 

 Microstructures of YSZ thin fi lms prepared by PLD are shown 
in Figure  1 d–f. For the PLD thin fi lms shown in Figures  1 d–f, 
specimens with Pt electrodes were analyzed to exclude the pos-
sible infl uence of the Pt electrodes on the YSZ microstructure. 
The grains are columnar with a width of 20 nm and have a (101) 
and (002) texture for 3YSZ, and a (111) texture for 8YSZ. [  18  ]  
All PLD fi lms are free of organic residues as they result from 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 1957–1964
ablation of a ceramic target in vacuum. For 
depositions at an oxygen partial pressure of 
7 Pa in the PLD chamber, channel-like pores 
are present between the columnar grains 
(Figure  1 d). However, fully dense fi lms can 
be obtained by lowering the deposition pres-
sures (≤ 2.7 Pa) as shown in Figure  1 e (3YSZ) 
and Figure  1 f (8YSZ). This is in good agree-
ment with our earlier fi ndings for YSZ and 
Ce 08 Gd 0.2 O 1.98  thin fi lms prepared by PLD. [  19  ]  

   2.1.4. Sintered Bulk Materials 

   Figure 2   shows the microstructures of sin-
tered microcrystalline 8YSZ tape and porous 
nanocrystalline 3YSZ bulk material. The 
average grain size for the dense tape is 6  μ m 
(Figure  2 a). The porous nanocrystalline 3YSZ 
bulk material has a porosity of 50 vol% with 
an average grain size of 40 nm (Figure  2 b).

      2.2. Electrical Conductivity of YSZ Thin Films 

 A typical impedance spectrum at 50  ° C of 
a thin fi lm deposited by spray pyrolysis 
and annealed at 600  ° C for 0 h is shown in 
 Figure    3  . From the total resistance of the 
electrolyte the total electrical conductivity was 
evaluated. All measurements were conducted 
on an open setup under ambient conditions.  

 The electrical conductivities of YSZ thin 
fi lms deposited by different techniques and 
annealed under different conditions are 
shown in  Figure    4  a,b. At temperatures above 
400  ° C (regime A) the total electrical con-
ductivity of all fi lms is dominated by pure 
oxygen ion conduction with an activation 
energy of 0.9–1.3 eV as expected. This regime 
is discussed in more detail in a separate 
publication. [  20  ]   

 As shown in regime B of Figure  4 a, 
the conductivity of porous YSZ thin fi lms 
spreads over almost two orders of magnitude 
below 400  ° C for different samples. Even 
for different measurements carried out at 
different times on the very same sample, a 
variation over two orders of magnitude was 
measured. This leads to the conclusion that 
the humidity (in the laboratory atmosphere) 
infl uences the electrical conductivity to a greater extent than 
the amount of porosity or other microstructural properties. The 
corresponding activation energies range from 0.4 to 1.1 eV. At 
around 120  ° C, all porous fi lms show a minimum in conduc-
tivity. Below 120  ° C (regime C in Figure  4 a), the conductivity 
increases with decreasing temperature. Additionally, the sensi-
tivity of the electrical conductivity was estimated by directing a 
humidifi ed air fl ow to the specimen surface. The conductivity 
increases during humidifi cation, especially in regime C. This 
1959wileyonlinelibrary.comheim
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     Figure  2 .     SEM micrographs of a) dense microcyrstalline 8YSZ tape and b) 50 vol% porous 
nanocrytsalline 3YSZ.  
result is not shown here, as the measurements were not con-
ducted in thermodynamic equilibrium. The absolute value of 
the conductivity is not correlated with one of the microstruc-
tural properties such as the grain size or crystallinity. 

 The conductivity of dense but nanocrystalline YSZ thin fi lms 
is shown in Figure  4 b. The dense thin fi lms (grain size: 10  
to 20 nm) show thermally activated conductivities from high 
(450  ° C) to low (100  ° C) temperatures only. Below 100  ° C, the 
resistance exceeded the measurable range of our impedance 
device. Activation energies of 1.1  and 1.0 eV were found for 
8YSZ and 3YSZ thin fi lms, respectively. 

   2.3. Electrical Conductivity of Porous and Dense Bulk YSZ 

 The electrical properties of dense and porous YSZ bulk speci-
mens with different microstructures were measured in dry and 
humid air.  Figure    5  a shows the total electrical conductivity of 
the dense microcrystalline YSZ tape measured in direct current 
mode. The steps in the conductivity data are artifacts related to 
the direct current equipment. The electrical conductivity follows 
an Arrhenius-type behavior and is independent on the humidity 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  3 .     Typical impedance spectrum at 50  ° C of an YSZ thin fi lm depos-
ited by spray pyrolysis and annealed at 600  ° C for 0 h.  
down to 100  ° C with activation energies of 
0.8  ±  0.1 eV. In Figure  5 b, the electrical con-
ductivity of the porous, nanocrystalline YSZ 
bulk specimen is shown. The measurements 
were carried out in direct and alternating cur-
rent modes to exclude a systematic error due 
to the measurement mode. In dry air and 
direct current mode, it was possible to record 
the data down to 150  ° C. The data follow an 
Arrhenius behavior with an activation energy 
of 1.0 eV. In the alternating current mode 
spectra could be obtained down to room tem-
perature. Below 120  ° C, these data become 
independent of temperature. However, at 
these low temperatures water from the humid laboratory air is 
likely to diffuse into the open furnace used for the alternating 
current measurements and may have condensed on and inside 
the porous specimen. In humid air, the electrical conductivity 
of the porous samples resemble the behavior of the porous 
thin fi lms. From high temperatures down to  ≈ 400  ° C it fol-
lows an Arrhenius behavior with an activation energy of 1.0 eV. 
Below 400  ° C, the conductivity is enhanced compared to the 
data obtained in dry air (regime B). The conductivity changes 
gradually resulting in a continuous decrease of the thermal 
dependence and thereby leading a decreasing activation energy. 
Additionally, the conductivity increases with decreasing temper-
ature from below 120  ° C to room temperature, regardless of the 
measurement mode (direct and alternating current).  

    3. Discussion 

 The electrical conductivity data of the porous materials pre-
sented in this paper can be divided into three temperature 
regimes: (i) temperatures higher than 400  ° C (A), (ii) tem-
peratures between 120  and 400  ° C (B) and (iii) temperatures 
lower than 120  ° C (C). In the high temperature regime (A, 
T  >  400  ° C), the electrical conductivity is only dependent on the 
microstructure and dopant, and not on the humidity, which is 
in accordance to published data. [  21  ]  In this temperature range, 
the conductivity is exclusively caused by the migration of oxygen 
ions. Further details separating grain and grain boundary con-
ductivity are discussed elsewhere. [  20  ]  

 Between 400  ° C and room temperature, the conductivity of 
the porous materials is highly sensitive to moisture. The lack 
of reproducibility from measurement to measurement obtained 
for the porous thin fi lms is due to an uncontrollable humidity 
in the open measurement setup. If the humidity is controlled, 
as it was done for the direct current measurements of the bulk 
specimens (closed furnace), reproducible values are obtained 
(Figure  5 ). In the following section, the two temperature regimes 
(B and C) of the electrical conductivity are discussed and con-
duction mechanisms are proposed. 

  3.1. Temperature Regime between 120 and 400  ° C 

 In the temperature regime B (from 400  down to 120  ° C), the 
porous specimens show a drastically increased conductivity in 
heim Adv. Funct. Mater. 2013, 23, 1957–1964
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     Figure  4 .     Total electrical conductivity of YSZ thin fi lms measured in laboratory atmosphere. The data was acquired during cooling, except for the as-
deposited SP thin fi lm (heating curve). a) Porous thin fi lms prepared by SP (deposited at 370  ° C, as-deposited:  ∗ ; post-annealed at 600  ° C for 0 h:  � ; 
600  ° C for 20 h:  � ; 800  ° C for 20 h:  � ), AA-CVD:  �  and  �  (deposited at 450  ° C, post-annealed at 600  ° C for 20 h) and PLD: � (deposited at 450  ° C, 
 p  O2   =  7 Pa (3YSZ) and post-annealed at 600  ° C for 0 h). b) Dense thin fi lms prepared by AA-CVD: � (deposited at 600  ° C and post-annealed at 600  ° C 
for 20 h); and PLD:  �  (deposited at 450  ° C,  p  O2   =  1 Pa (3YSZ) and post-annealed at 600  ° C for 0 h) and  �  (deposited at 700  ° C,  p  O2   =  2.7 Pa (8YSZ) 
and post-annealed at 600  ° C for 20 h).  
humid air compared to the dense specimens or porous speci-
mens measured in dry air. This spread is observed for thin 
fi lms as well as bulk samples. At temperatures of 400  ° C and 
lower, water starts to adsorb chemically on the oxide surfaces, 
most likely at the vacancy sites and dissociation then results in 
hydroxyl groups. [  11  ,  22  ,  23  ]  These hydroxyl groups start to desorb 
at temperatures above 250  ° C, but some persist even after heat 
treatments at 500  ° C. [  23–25  ]  The electrical conductivity of zirconia 
hydrate and zirconia with chemisorbed water shows an activa-
tion energy of about 0.3 eV. [  11  ,  26  ]  The activation energies for 
the porous specimens in our study are somewhat higher with 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1957–1964

     Figure  5 .     Electrical conductivity of a) dense 8YSZ tape with  ≈ 6  μ m grain si
measured in dry and moistened air. Data measured during cooling are sho

a)
0.4  to 1.1 eV. This suggests that besides the oxygen ion con-
ductivity manly proton conduction contributes to the measured 
total conductivity. The degree of the hydroxylation is correlated 
with the humidity and is refl ected in the absolute conductivity 
value and in the activation energy. It can be concluded that the 
hydroxyl groups which are present at the inner surface of the 
porous YSZ are the reason for the enhanced conductivity and 
the lower activation energy observed in a humid atmosphere. 
No evidence of proton conduction through grain boundaries 
was obtained as no enhanced conductivity was found for dense 
but nanocrystalline specimens (grain size: 10–20 nm). 
1961wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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   3.2. Temperature Regime below 120  ° C 

 In the low-temperature regime (regime C, T  <  120  ° C), the elec-
trical conductivity increases with decreasing temperature, but 
again only for porous specimens. Below 120  ° C, physisorbed 
water is present at the YSZ surface of the percolating nanopo-
rous network in addition to the chemisorbed water. The phy-
sisorbed water partially dissociates like normal water and forms 
OH  −   and H 3 O  +   ions. The proton of a H 3 O  +   ion is transferred 
from one water molecule to a lone pair of the neighboring water 
molecule. This transport mechanism is known as the Grotthuss 
mechanism and is described elsewhere in detail. [  27  ]  This proton 
conductivity is not thermally activated but varies at least over 
one order of magnitude depending on the relative humidity at 
a fi xed temperature. [  24  ,  26  ,  28  ]  When changing temperature only, 
the relative humidity increases by a factor of 25 with decreasing 
temperature from 100  ° C to room temperature and as a con-
sequence, the absorbed water increases. [  29  ]  This results in an 
exponential increase of the physisorbed water molecules on the 
zirconia surface with decreasing temperature at fi xed absolute 
water content in the atmosphere. [  30  ]  The enhanced coverage 
of physisorbed water at the surface of the YSZ results in an 
increased conduction path width for the protons, which are the 
mobile species. The larger conduction path width overcompen-
sates the only slightly thermally-activated mobility of the pro-
tons. This conduction path over the pore surface explains the 
strong dependence on the water partial pressure as well as the 
independence of the dopant concentration reported here and 
in literature. [  5  ,  7  ]  The surface of the pores (i.e., the porosity and 
tortuosity) is more important than the grain size for this con-
duction mechanism. We can thus conclude that the protonic 
conductivity at temperatures below 120  ° C in the YSZ is due 
to proton migration via the internal surface, whereas the lat-
tice and grain boundary conductivity is too low at these tem-
peratures. This is supported by results of dense nanocrystalline 
and dense microcrystalline YSZ specimens which showed no 
conductivity in humid air at room temperature (Figure  4 b and 
Figure  5 a). The few measurement points at room temperature 
are thought to be caused by protons which are conducted via 
the external surface [  9–11  ]  and not through the bulk or grain 
boundaries as suggested in the literature. [  5–8  ]  

    4. Conclusions 

 The cross-plane conductivity of YSZ thin fi lms and bulk speci-
mens, both dense and nanoporous, was measured down to 
room temperature. Three different conduction mechanisms are 
present in porous YSZ depending on the temperature regime. 
Above 400  ° C, the electrical conductivity is exclusively due to 
the migration of oxygen ions. Between 400  and 120  ° C, the 
enhanced conductivity in porous materials is due to transport 
of protons via chemisorbed water at the inner surface (pore 
walls) in addition to oxygen ion conductivity. The protons are 
formed by the dissociation of water to hydroxyl groups. Below 
120  ° C down to room temperature, conductivity in porous YSZ 
increases with decreasing temperature. This conductivity is due 
to the migration of protons within the physisorbed water over 
the inner surface of YSZ which increases as the thickness of 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
www.MaterialsViews.com

the adsorbed water layer increases with decreasing tempera-
ture. In dense nanocrystalline YSZ, only oxygen ion conduction 
prevails down to 70  ° C, which leads to the conclusion that grain 
boundaries are not permeable to protons. 

   5. Experimental Section 
  Thin Film Deposition:  8 mol% yttria-stabilized-zirconia (8YSZ) thin 

fi lms were deposited by wet spray pyrolysis (SP); details on this method 
are found in reference  [   31   ] . The precursor solution was pumped to a 
spray gun (Compact 2000KM, Bölhoff Verfahrenstechnik, Germany) 
where it was atomized with 1 bar air pressure and sprayed on substrates 
heated to 370  ±  5  ° C. The precursor solution consisted of zirconium 
2,4-pentane dionate (ABCR, 95% purity) and yttrium chloride hydrate 
(Alfa Aesar, 99.9% purity) dissolved in 80 vol% tetraethylene glycol 
(TEG, Aldrich, 99%), 10 vol% polyethylene glycol 600 (PEG 600, Fluka) 
and 10 vol% ethanol (Fluka, 99.9%). The total salt concentration was 
0.05 mol L  − 1 , corresponding to 0.0426 mol L  − 1  zirconium 2,4-pentane 
dionate and 0.0074 mol L  − 1  yttrium chloride hydrate. A molar ratio of Zr: 
Y  =  85.2: 14.8 was chosen to obtain a 8 mol% yttria-stabilized zirconia 
fi lm composition. [  32  ]  The liquid fl ow rate was 5 mL h  − 1  and two spray 
cycles of 20 min with intermediate cooling to room temperature were 
conducted for each fi lm. The working distance between the spray nozzle 
and the hot plate was kept at 39 cm during all experiments. 

 For 8YSZ thin fi lm deposition by aerosol-assisted chemical-vapor-
deposition (AA-CVD), precursor solutions consisting of zirconium 
2,4-pentane dionate (95% purity, ABCR) and yttrium 2,4-pentane 
dionate (99.9% purity, Alfa Aesar) in pure ethanol ( > 99.8% purity, A15 
Alcosuisse) were nebulized in a custom-made spray setup. [  16  ]  The nebula 
was transported to a heated substrate (450  or 600  ° C) using synthetic 
air (600  ° C) or N 2  (99.995% purity, Pangas; 450  ° C) at a fl ow rate of 
4 L min  − 1  as carrier gas. The total metal concentrations were 0.025 mol 
L  − 1  (450  ° C) or 0.005 mol L  − 1  (600  ° C). The Zr: Y ratio of the solutions 
was set to 80: 20 to obtain Zr: Y ratios of 84: 16 in the thin fi lms. [  16  ]  

 Pulsed laser deposition (PLD) was used to deposit fully crystalline 
3  mol% yttria-stabilized-zirconia (3YSZ) thin fi lms at a temperature of 
450  ° C. The cylindrical target was fabricated from 3YSZ powder (Tosoh 
Corp., Japan) by uniaxial pressing at 4  ×  10 8  Pa and subsequent sintering 
for 4 h at 1400  ° C. The ablation was done with a KrF excimer laser at a 
wavelength of 248 nm (Lambda Physik, Germany). To reach a fl uence of 
1.2 J cm  − 2  the laser beam was reduced by a lens to a rectangular area of 
2.2 mm 2 . The substrates were placed on a rotating sample holder at a 
distance of 4 cm from the revolving target. A total of 24 000 pulses at a 
repetition rate of 5 Hz were used. The depositions were performed in an 
oxygen atmosphere at a pressures of 1.0 and 7.0 Pa. In the case of PLD 
8YSZ thin fi lms, the pill target was sintered from 8YSZ powder (Tosoh 
Corp., Japan) for 4 h at 1400  ° C. The ablation was performed in a PLD 
workstation (Surface, Germany) with a KrF Excimer Laser (25 000 pulses 
at 10 Hz). The fl uence was 2.9 J cm  − 2  and the distance from the target 
to the substrate 8.5 cm. Depositions were conducted at 700  ° C at an 
oxygen chamber pressure of 2.66 Pa. 

 After deposition, the YSZ thin fi lms were subsequently annealed at 
temperatures between 600 and 800  ° C in ambient air. The thicknesses of 
the thin fi lms were determined from cross-sectional SEM micrographs. 

  YSZ Bulk Samples:  Porous 3YSZ samples were prepared by isostatic 
pressing (300 MPa) of 3YSZ powder (TZ-3YB, Tosoh Corp., Japan). The 
pressed cylinders were sintered at a rate of 1  ° C min  − 1  up to 850  ° C 
with a dwell time of 120 min. This resulted in a 50 vol% porous 3YSZ 
material from which a 1-mm-thin sample with ø  =  2.5 cm was cut. The 
mean pore diameter after sintering was 25 nm measured by a mercury 
intrusion method. Further details can be found elsewhere. [  33  ]  

 Dense 8YSZ tapes of 150- μ m thickness were obtained from Kerafol, 
Germany. The tape was used as purchased to perform the microstructural 
analysis and the electrical conductivity measurements. 

  Microstructures:  Top-view micrographs of the thin fi lms were acquired 
by a scanning electron microscope (FEG-SEM, Zeiss LEO Gemini 1530, 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1957–1964
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Germany) with an in-lens detector. Prior to imaging, the thin fi lms were 
coated with platinum in order to avoid charging and to allow imaging at 
higher resolutions. 

 Scanning transmission electron microscopy (STEM) in high-
angle annular dark-fi eld (HAADF) mode was used to characterize 
the microstructure of the thin fi lms on sapphire. The microscope was 
a FEI Tecnai F-30 (fi eld emission gun) with an accelerating voltage of 
300 kV and post-column CCD camera. Cross-sectional TEM lamellae of 
thin fi lms deposited on silicon substrates were prepared traditionally 
by polishing, dimpling and ion milling (Gatan precision ion polishing 
system at 3.5 keV and 4.0  °  angle of incidence from top and bottom). 
TEM lamellae for the cross-sectional views of the thin fi lms deposited on 
sapphire substrates were prepared by focused ion beam (FIB) technique 
on a CrossBeam NVision 40 from Carl Zeiss with a gallium liquid metal 
ion source, a gas injection system and a micromanipulator MM3A from 
Kleindiek. After electron beam deposition of carbon in SEM mode at 
low scan rate, thin fi lms were protected by a carbon cap. TEM lamellae 
were cut free with trenches from both sides with 13  and 3 nA at 30 kV. 
After the lift-out was performed, the lamellae were polished to ion 
transparency with currents down to 10 pA at 30 kV. The amorphization 
was diminished by low kV showering for several seconds at 5 and 2 kV. 

  Electrical Characterization : For the electrical characterization, YSZ 
thin fi lms were deposited on randomly-oriented sapphire single crystals 
(Stettler, Switzerland) which were coated with approximately 10 nm 
sputtered tantalum (as adhesion layer) and 100 nm platinum (as bottom 
electrode). On the thin fi lms, platinum electrodes (as top electrode) with 
different sizes in the range of 0.2  to 9 mm 2  were sputtered. The standard 
size was 1 mm 2 . The electrodes were contacted by microprobes and the 
samples were measured on a hot-plate in ambient air. The temperature 
was measured with a thermocouple placed on sapphire right next to 
the sample. For measurements as a function of humidity, synthetic air 
(150 sccm) was passed through a bubbler with water at 50  ° C and 
directed to the sample using a funnel. 

 Porous 3YSZ samples and dense 8YSZ tape were contacted on both 
sides with platinum sputtered through a shadow mask, platinum paste 
(C 3605 S, Heraeus, Germany) and platinum wire. The temperature of 
the sample was measured with a thermocouple placed right next to the 
sample in the heating furnace. The air fl ow in the furnace of 50 sccm 
was dried over silica gel or moistened through a water bubbler heated 
at 25 or 60  ° C. 

 Electrical impedance was measured by an impedance bridge (Zahner 
IM6, Zahner Electric, Germany; and Solatron 1260, Solartron Analytical, 
UK), operated between 100 mHz and 4 MHz using an oscillation 
amplitude of 20 mV. The impedance spectra were recorded during 
heating and cooling at a rate of 1  ° C min  − 1 . The conductivity of porous 
3YSZ pellet and the dense 8YSZ tape were measured in direct current 
pseudo 4-probe mode in air. The resistance was measured during 
heating and cooling at a rate of 3  ° C min  − 1  by a multimeter (Keithley 
2700) and recorded every 30 s by a custom made LabView program. 
From the resistance ( R ) of the electrolyte contribution, the electrode 
area, fi lm thickness, and the total conductivity of the specimens were 
obtained. The porosity was not considered in the calculation. 
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