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Tailoring the Protonic Conductivity of Porous Yttria-Stabilized 
Zirconia Thin Films by Surface Modification
Erdogan Celik*a, Rajendra S. Negia, Michele Bastianelloa, Dominic Bollb, Andrey Mazilkinb, Torsten 
Brezesinskib, Matthias T. Elm*a,c,d

Porous yttria-stabilized zirconia (YSZ) thin films were prepared by pulsed laser deposition to investigate the influence of 
specific surface area on the electrical and protonic transport properties. Electrochemical impedance spectroscopy was 
carried out as a function of temperature, oxygen activity and humidity of the surrounding atmosphere. At high humidity, 
protons on the surface of the porous YSZ thin films lead to increased conductivity, even for temperatures up to 700 °C. With 
increasing relative humidity, the activation energy of proton transport decreases because of changes in the transport 
mechanism from Grotthuss-type to vehicle-type transport. By coating the porous YSZ films with an amorphous titania (TiO2) 
layer of only few nanometer thickness using atomic layer deposition, the protonic contribution to conductivity is significantly 
reduced. Depositing an 18 nm-thick anatase TiO2 surface layer, the protonic conductivity contribution increases again, which 
can be attributed to enhanced capillary condensation because of the lower pore size. Interestingly, the filling of pores is 
accompanied by a decrease in proton mobility. Theses results demonstrate the significant effect that the porosity and the 
surface properties have on the protonic transport and further provide new design principles for developing nanostructured 
proton-conducting oxides. 

Introduction
Besides tailoring the composition, the properties of oxide 
ceramics can also be altered by nanostructuring,1–4 i.e., by 
increasing the density of interfaces, such as grain boundaries or 
free surface. The reason is that, because of the formation of a 
space charge region, the defect chemistry at interfaces differs 
significantly from that of the bulk,5–10 resulting in changes in 
electronic and oxygen ion conductivity of the nanostructured 
material (especially when the interfaces dominate the overall 
behavior). Additionally, nanostructured oxides attracted much 
interest in recent years, since a significant increase in protonic 
conductivity at low temperatures has been reported for several 
materials, such as Y2O3-stabilized ZrO2 (YSZ),11–13 CeO2

14–17 and 
TiO2.18–21 Because of their protonic conductivity at ambient 
conditions, these materials are interesting for applications as 
sensors,22–24 in energy storage and conversion12,25 or 
heterogeneous catalysis.26

Although there are many literature reports on proton 
conductivity in oxide materials, the transport mechanisms in 
fluorite-type oxides are still under debate. The measurements 

conducted on dense hydrated ceria and zirconia showed no 
evidence of proton conductivity,14 indicating that proton 
transport in the bulk is negligible and the protonic conductivity 
in nanomaterials can be directly related to the nanostructure. 
In principle, it is not obvious whether a large specific surface 
area or a high grain boundary density is decisive for this effect. 
Studies by Avila-Paredes et al. and Chiodelli et al. suggested that 
the grain size has a significant effect on the protonic 
conductivity15,27–29 and protonic transport occurs along the 
grain boundaries. On the other hand, a blocking behavior of the 
grain boundary for protons was reported, caused by the 
positively charged space charge region hindering proton 
transport.30,31 However, most studies attribute the enhanced 
protonic conductivity at low and intermediate temperatures to 
the presence of transport paths along the pores and/or the 
inner sample surface.12–14,32,33 Water molecules adsorbed at the 
surface can then contribute by two different transport 
mechanisms depending on the relative humidity in the 
surrounding atmosphere and the temperature. While for low 
water content and high temperatures a Grotthuss mechanism 
is responsible for protonic transport, at higher water partial 
pressure the proton conductivity arises from vehicle transport 
of H3O+ molecules.11,13,33 Although a high surface area seems to 
be beneficial for protonic transport up to 500 °C,11,12,34 the 
results on mesoporous YSZ thin films with a large specific 
surface area revealed no indication of proton conductivity, but 
instead a decrease in total conductivity under humidified 
atmosphere.35 These results indicate that not only the surface 
area, but also the pore size and surface chemistry affect the 
protonic (surface) conductivity in nanostructured oxides.
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Here, we report on the influence of surface modification on the 
protonic conductivity in porous YSZ thin films prepared by 
pulsed laser deposition (PLD). Because of their high surface-to-
volume ratio, porous materials present an ideal model system 
to study the effect of surface on the transport properties. 
Furthermore, the surface properties can be tailored, which is 
useful to gain a basic understanding of the influence of surface 
on the electrochemical properties. The electrochemical 
impedance measurements as a function of temperature and for 
different water contents in the atmosphere reveal that the 
porous YSZ thin films exhibit protonic conductivity contribution 
even at high temperatures of 700 °C. By surface coating with an 
amorphous titania (aTiO2) film of about 6 nm thickness using 
atomic layer deposition (ALD), the protonic contribution is 
suppressed at temperatures above 120 °C. Increasing the 
thickness of the TiO2 layer results in a crystalline TiO2 (cTiO2) 
coating and reduced pore size, which not only increases the 
surface protonic conductivity contribution again, but 
interestingly also results in a change in activation energy at high 
water content, thus indicating an altered proton transport 
mechanism. Overall, the results emphasize the significant effect 
that surface modification has on the protonic conductivity in 
porous oxide materials.   

Experimental Section
Porous thin films of 9.5 mol% YSZ were deposited on (0001)-
oriented single-crystalline sapphire substrates using PLD at 10 
Pa oxygen background pressure and 300 °C substrate 
temperature. The deposition was performed with a KrF-excimer 
laser, a repetition rate of 10 Hz, and with a distance of 6 cm 
between the substrate and the target. The laser fluence was set 
to about 2.3 J/cm². After deposition, the films were annealed 
for 3 days at 800 °C, resulting in a porous structure. After 
annealing, the films exhibit a thickness of approximately 70 nm. 
Interdigitated platinum microelectrodes36 were prepared on 
the top surface of the porous thin films using photolithography. 
For this, a positive photoresist (ma-P 1215, micro resist 
technology GmbH) was used. The platinum electrodes with a 
thickness of 200 nm were deposited by electron-beam 
evaporation. The interdigitated electrodes used consist of 21 
fingers of 3 mm length and 47 μm width, with the distance 
between the fingers being 33 μm.
For structural investigations, the scanning electron microscopy 
(SEM) images were taken with a MERLIN from Carl Zeiss at 5 kV. 
The grazing incidence X-ray diffraction (GIXRD) measurements 
were performed at an angle of incidence of 1° on an X’Pert PRO 
MRD from PANalytical instruments (λ = 0.15406 nm). The 
Raman measurements were carried out on an inVia Raman 
microscope from Renishaw in backscattering geometry (λ = 633 
nm). Electrochemical impedance spectroscopy (EIS) was 
performed in the frequency range from 10 MHz to 10 mHz at an 
AC amplitude of 100 mV using a Novocontrol Alpha-A 
impedance analyzer. The oxygen partial pressure in the gas 
atmosphere was controlled by gas mixtures of O2 and Ar. The 
impedance spectra were evaluated using the software RelaxIS 
3.37 

TiO2 was deposited by ALD on two YSZ thin films using an ALD 
R200 Standard system from Picosun. Tetrachloride (TiCl4) and 
water were used as precursors at a substrate temperature of 
150 °C. Under these conditions, the growth rate of TiO2 was 
determined to be 0.06 nm per cycle. The TiO2 coatings had 
thicknesses of 6 and 18 nm. Transmission electron microscopy 
(TEM) was performed on an FEI Titan 80-300 aberration-
corrected (image) microscope operated at 300 kV. The samples 
for TEM investigations were prepared using the FEI STRATA 400 
S dual-beam system, with the Ga-ion beam operating at 30 kV, 
followed by final polishing at 2 kV for the surface quality 
improvement. Energy-filtered (EF) TEM was carried out with an 
image filter (Gatan Tridium 863) using the µ-probe EFTEM 
setup. The Zr M45, O K and Ti L32 edges were used to determine 
the spatial distribution of the corresponding elements.    

Structural Characterization
The representative top view SEM images of the porous YSZ thin 
film before and after annealing at 800 °C are shown in Figs. 1 (a) 
and 1 (b), respectively. While the as-deposited YSZ thin film 
shows a relatively smooth surface, the material exhibits grains 
in the size range of 15 to 20 nm and increased porosity after the 
annealing step. Image processing using Otsu’s method38 
revealed a porosity of 47% and an average pore size of (43  ±
2) nm. 

Figure 1. SEM images of (a) as-deposited, (b) porous (annealed), (c) 6 
nm and (d) 18 nm TiO2 ALD-coated YSZ thin films.

To modify the surface properties and to vary the pore size, the 
porous YSZ thin films were coated with a TiO2 layer of 
thicknesses 6 and 18 nm using ALD. SEM images of the resulting 
thin films are shown in Figs. 1 (c) and (d). It can clearly be seen 
that the pore size decreases compared to that of uncoated YSZ 
thin film shown in Fig. 1 (b). The porosity estimated from the 
SEM images was 43% and 38%, respectively. Because of the TiO2 
coating, the average pore size was also significantly reduced to 
(29  2) nm and (18  2) nm, respectively. ± ±
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Apart from SEM, the structural properties of the thin films were 
characterized by GIXRD. This method provides a way to avoid 
the strong reflections from the substrate and thus only the 
crystal structure of the material of interest is probed. The GIXRD 
pattern of an annealed YSZ thin film is shown in Fig. 2 (a). 
Investigation of the coated YSZ films showed no differences 
because of the low thickness of the TiO2 layer. The thin films 
exhibit the expected reflections of cubic YSZ according to the 
reference data.39 The absence of additional reflections confirms 
the deposition of a single-phase material. Using the Scherrer 
equation,40 the crystallite size was calculated to be about 17 
nm, in good agreement with the values estimated from SEM 
imaging. 

Figure 2. (a) GIXRD pattern of porous (annealed) YSZ. For 
comparison, the reference pattern of cubic YSZ is also shown. (b) 
Raman spectra of porous (annealed) YSZ, YSZ/aTiO2 (6 nm) and 
YSZ/cTiO2 (18 nm).   

However, because of the small scattering factor of oxygen and 
the broad reflections caused by the small crystallites, it is 
difficult to distinguish between the cubic and the tetragonal 
phases of YSZ by XRD.41,42 For reliable assessment of the crystal 
structure, the thin films were also probed using Raman 
spectroscopy. The Raman spectra of the uncoated and coated 
YSZ thin films are shown in Fig. 2 (b). For the uncoated YSZ thin 
film and that with 6 nm TiO2, only two modes are observed. The 
mode at 420 cm-1 arises from the sapphire substrate43,44, while 
the second mode (F2g) at about 640 cm-1 is characteristic of the 
cubic fluorite-type phase of YSZ.35,45 No indication of the TiO2 
coating is observed, thus suggesting deposition of an 
amorphous (aTiO2) layer. The YSZ thin film coated with 18 nm 
TiO2 exhibits four additional modes at 143 [Eg(1)], 196 [Eg(2)], 

379 [B1g] and 516 cm-1 [A1g], confirming the successful 
deposition of anatase TiO2 (cTiO2) with tetragonal symmetry.46–

48 From the literature, it is known that, below a critical thickness 
of approximately 6 nm, ALD-derived titania layers are 
amorphous in nature,49 in agreement with the Raman results.
To confirm the successful coating of the surface, HRTEM 
measurements were performed. In Fig. 3 (a), the HRTEM image 
is shown for the YSZ sample with a 6 nm-thick TiO2 coating. The 
absence of any crystalline phase in the TiO2 layer corroborates 
the amorphous structure. Furthermore, the EFTEM image 
shown in Fig. 3 (b) indicates conformal and homogenous surface 
coating of the pores in the YSZ thin film. 

Figure 3. (a) HRTEM image of YSZ/aTiO2 (6 nm) and (b) EFTEM image 
demonstrating the uniformity of the amorphous titania coating. 

Electrochemical Characterization
Dry atmosphere

The electrical conductivity of the porous YSZ thin film was 
investigated by impedance spectroscopy in the temperature 
range between 200 and 700 °C and for varying oxygen partial 
pressure and humidity. The representative impedance spectra 
(Nyquist representation) recorded at ambient oxygen partial 
pressure, i.e.,  0.67, at 965 K under dry and lg (𝑝(O2)) = ― 
ambient atmospheres are shown in Fig. 4. Under dry conditions 
and at low temperatures, a nearly ideal semicircle is observed 
at high frequencies. With increasing temperature, the Nyquist 
plot shows the onset of a second semicircle at low frequencies 
(not shown) and, finally, at high temperatures [Fig. 4 (a)], a third 
semicircle is observed. Under ambient conditions, i.e., 20.2% 
relative humidity [Fig. 4 (b)], the resistance of the high-
frequency semicircle is significantly reduced, indicating that the 
humidity has a significant effect on the transport properties, 
even at high temperatures.
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To determine the total resistance of the thin films, the 
impedance spectra were fitted using an equivalent circuit 
consisting of three  elements in series (solid lines in Fig. 4). 𝑅𝑄
For the high frequency semicircle, a capacitance of about
5 · 10-12 F was determined, while for the second semicircle a 
capacitance of about 9 · 10-11 F is found. The first semicircle can 
be attributed to the response of the bulk material, which 
typically shows capacitances between 10-12 and 10-10 F. The 
second semicircle corresponds to the response of the grain 
boundaries, exhibiting capacitances in the range between 10-10 
and 10-8 F depending on the grain size.50–53 For nanostructured 
materials, the capacity typically shifts to lower values, often 
resulting in an overlap of the bulk and the grain boundary 
semicircles.1,35 The semicircle at low frequency with a 
capacitance of about 1 · 10-7 F corresponds to the 
electrochemical response of the electrode-electrolyte 
interface.37,50 As the scope of this study is to take a closer look 
on the transport processes of the electrolyte, we did not 
investigate the electrode processes in detail. The total 
conductivity was calculated from the total resistance , i.e., the 𝑅
bulk and the grain boundary resistance, according to: 

                                                                                               (1)𝜎 =
1
𝑅

𝑙
𝑏𝑑

where  denotes the electrode distance,  is the electrode 𝑙 𝑏
length and is the thickness of the porous thin film. Note that, 𝑑 
by using equation (1), the porosity is neglected, i.e., a dense thin 
film is assumed. Thus, the obtained values underestimate the 
total conductivity and should be rather seen as a kind of lower 
limit.

The temperature dependence of the total conductivity of the 
porous YSZ thin film under the dry atmosphere and for varying 
humidity is presented in Fig. 5 (a). At dry conditions, the 
conductivity shows a linear Arrhenius-type behavior over the 
whole temperature range, caused by a dominant oxygen ion 
conductivity. The high oxygen ion conductivity in YSZ arises 
from the isoelectric doping of zirconia with yttria, generating 
oxygen vacancies ( ) to maintain charge neutrality. Using V••

O
Kroeger-Vink notation, the doping is described by:54,55

                                                     Y2O3 
ZrO2

2Y′Zr + V••
O + 3Ox

O         (2) 

where  denotes an  in the  lattice site with a relative Y′Zr Y3 + Zr4 +

charge of -1 and  is the vacancy in the oxygen lattice site with V••
O

a relative charge of +2.  denotes the lattice oxygen with a Ox
O

charge of zero. By changing the oxygen partial pressure, the 
conductivity remains constant as shown in Fig. 5 (d), also 
confirming that the oxygen ions are the dominant charge 
carriers.35,54

The total conductivity  of the YSZ thin film is given by:𝜎(𝑇)

𝜎(𝑇) =
𝜎0,ion

𝑇 exp ( ―
𝐸A,ion

𝑘B𝑇 )    (3)

where  is the Boltzmann constant,  is the activation 𝑘B  𝐸A,ion

energy representing the migration enthalpy of the oxygen ions 
, and  is the conductivity pre-factor of the oxygen 𝛥𝐻mig 𝜎0,ion

ions. By fitting the linear behavior in the Arrhenius 
representation using the expression: 

ln (𝜎𝑇) = ln 𝜎0,ion ―
𝐸𝐴

𝑘B𝑇     (4)

an activation energy  = (1.09  0.03) eV was determined, 𝐸A,ion ±
which is in good agreement with values in the range of 0.8-1.2 
eV typically reported for oxygen ion conductivity in YSZ.54,56–58 
For the conductivity pre-factor, a value of  S𝜎0,ion = 5.7 ⋅ 108 ⋅
K/m was obtained. The fits according to equation (3) are shown 
in Fig. 5 (d) as dashed lines. 
After ALD coating with 6 nm amorphous TiO2 (aTiO2), the porous 
thin film reveals a distinct change in the temperature 
dependence of conductivity. Two transport regimes with 
different activation energies are observed in the Arrhenius 
representation, as shown in Fig. 5 (b).

Figure 4. Impedance spectra of porous (annealed) YSZ at high 
temperature and under dry (black) and ambient atmosphere 
conditions (blue).
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At low temperatures, the transport is again dominated by 
oxygen vacancies, as confirmed by a constant conductivity with 
varying oxygen partial pressure. Above 500 °C, the activation 
energy significantly increases, which is attributed to an 
additional conductivity contribution arising from electrical 
transport in the aTiO2 layer. The total conductivity is then given 
by:

𝜎tot(𝑇) =
𝜎0,ion

𝑇 exp ( ―
𝐸A,ion

𝑘B𝑇 ) + 𝜎0,elexp ( ―
𝐸A,el

𝑘B𝑇)   (5)

where  and  are the activation energy and the 𝐸A,el 𝜎0,el 

conductivity pre-factor of the electronic charge carriers, 
respectively. In amorphous semiconductors, electrical transport 
at high temperatures arises from thermal activation of electrons 
from the valence band mobility edge to the conduction band 
mobility edge, i.e., the formation of an electron-hole pair. The 
activation energy is then given by:59 

                                                        𝐸A,el ≈
𝐸g

2            (6)

with  being the band gap of the material. Using equation (5), 𝐸g

the fit to the experimental data shown as dashed lines in Fig. 5 
(e) revealed an activation energy  (1.09  0.05) eV for 𝐸A,ion = ±
the ionic conductivity contribution, in agreement with the 
uncoated YSZ thin film, and a slightly higher pre-factor 𝜎0,ion

 S K/m.  For the electronic contribution, an = (8 ± 0.2) ⋅ 108 ⋅
activation energy ) eV and a pre-factor 𝐸A,el = (1.89 ± 0.02 𝜎0,el

 S K/m were determined. Amorphous TiO2 exhibits = 7.5 ⋅ 109 ⋅
an energetic band energy of approximately 3.3-3.5 eV60,61 and, 
thus, an activation energy of 1.7-1.8 eV is expected, which is in 
good agreement with the observed value of 1.89 eV. 

Finally, Fig. 5 (c) shows the temperature dependence of 
conductivity for the porous YSZ thin film coated with 18 nm 
TiO2. Again, two transport regimes of different activation 
energy are observed under dry conditions, although their 
difference is not as pronounced as for the sample with the 6 nm 
TiO2 coating. In Fig. 5 (f), the p(O2)-dependence is shown for the 
conductivity in the investigated temperature range. At low 
temperatures, the conductivity decreases, with the 
characteristic -1/6 Brouwer slope for increasing p(O2). At high 
temperatures, a decrease in conductivity is only observed for 
low oxygen partial pressures, while at high p(O2), the 
conductivity remains constant. The observed behavior is again 
attributed to an additional electronic contribution of the cTiO2 
coating to the total conductivity of the porous YSZ thin film, as 
the observed slope of -1/6 is typical of anatase under reducing 
conditions.62–64 In this regime, oxygen vacancies are formed in 
TiO2 which is accompanied by an increase in electron 
concentration. In Kroeger-Vink notation, the reduction reaction 
can be written as:

Figure 5. Arrhenius plots of the total conductivity for (a) porous (annealed) YSZ, (b) YSZ/aTiO2 (6 nm) and (c) YSZ/cTiO2 (18 nm). Oxygen partial 
pressure dependence of the total conductivity for (d) porous (annealed) YSZ, (e) YSZ/aTiO2 (6 nm) and (f) YSZ/cTiO2 (18 nm).
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                                ⇌   + 2 + ½                                         (7)Ox
O V••

O e′ O2

with the equilibrium constant

 𝐾Red = 𝐾0exp ( ―
Δ𝐺f

𝑘B𝑇) = [V••
O ][e′]2𝑝(O2)

1
2   (8)

where  denotes the Gibbs free enthalpy for the formation of Δ𝐺f

oxygen vacancies. Using the Brouwer approximation for this 

regime, , the increase in electron concentration as [e′] = 2[V••
O ]

a function of oxygen partial pressure is given by:62

                                                                              [e′] ∝ 𝑝(O2)
1
6                          (9)

While at low oxygen partial pressure the electrons dominate the 
overall conductivity, as shown in Fig. 5 (f), at high temperatures 
and oxygen partial pressure, the constant conductivity arises 
from the ionic plateau of the porous YSZ. Thus, the total 
conductivity of the 18 nm TiO2-coated YSZ thin film is given by:

𝜎tot(𝑇) = 𝜎ion(𝑇) + 𝜎elec(𝑇)  

∝
𝜎0,ion

𝑇 exp ( ―
𝐸A,ion

𝑘𝐵𝑇 ) +
𝜎′0,el

𝑇 exp ( ―
𝐸A,el

𝑘𝐵𝑇)𝑝(O2)
―

1
6       (10)

where  is the migration enthalpy of the oxygen ions and 𝐸A,ion

 is the activation energy related to the formation 𝐸A,el = Δ𝐻f/3
enthalpy  of the titania layer. The fit to the total conductivity Δ𝐻f

using equation (10) is shown as solid lines in Fig. 5 (c). For the 
oxygen ions, an activation energy ) eV is 𝐸A,ion = (1.09 ± 0.2
obtained, again in good agreement with the value determined 
for the uncoated sample. The electronic contribution shows  an 
activation energy  eV, which is in the range 𝐸A,el = (0.95 ± 0.03)
of 0.89-0.98 eV reported for porous anatase,65,66 thereby 
confirming the additional electronic contribution of the surface 
coating to the total conductivity of the coated YSZ thin film. The 
pre-factors are  S K/m and  S𝜎0,ion = 1 ⋅ 109 ⋅ 𝜎0,el = 2.1 ⋅ 107 ⋅
K/(m bar).⋅

Humid atmosphere

To study the influence of porosity and surface coating on the 
protonic conductivity, the electrochemical impedance 
measurements were performed under varying relative humidity 
(RH) in the same temperature range. As shown in Fig. 5 (a), the 
porous YSZ thin film exhibits a significant increase in 
conductivity even for a low RH of 10.6%. The presence of 
humidity leads to the formation of a water film at the top 
surface and thus to protonic surface conductivity, which 
increases with increasing RH by several orders of magnitude, in 
agreement with reports available in literature.12–15,18,20 At 
temperatures above 150 °C and/or low humidity, only 
chemisorbed layers exist, consisting of hydroxyl groups bonded 
to the oxide and relatively strong hydrogen bonded water 
molecules.11,13,67 The chemisorbed species are reported to be 

stable up to 600 °C and 200 °C, respectively.11,13,33,67 The 
mechanism for the adsorption of water on an ideal surface is 
given by:11

 Zr ― O ― Zr + H2O↔Zr ― O + Zr ― OH2↔Zr ― OH + Zr ― OH       (11)

However, also surface defects, such as oxygen vacancies, play a 
significant role in the formation of surface protons as water fills 
the oxygen vacancies and forms hydroxyl groups.68–70 In 
Kroeger-Vink notation, their formation is given by the 
reaction:15,35,71,72

H2O(g) + V••
O + Ox

O↔2(OH)•
O         (12)

In the chemisorbed layer, the proton transport is expected to 
occur because of the formation of defects and proton hopping 
(Grotthuss-type mechanism):11

2[Zr ― OH]↔ZrOH +
2 + ZrO ―     (13)

By combining equations (9) and (10), the water partial pressure 
dependence of the protonic defects is given by:17,34,72

[ZrOH +
2 ] ∝ [Zr ― OH] ∝ 𝑝1/2

H2O           (14)

The conductivity as a function of water partial pressure is shown 
in Fig. 6. As the conductivity is proportional to the charge carrier 
defects, the observed slope of approximately 1/2 confirms a 
dominant protonic conductivity under humidified conditions.  

Figure 6. Protonic conductivity of porous (annealed) YSZ depending 
on the water vapor partial pressure. 

At lower temperatures, the physisorption of water molecules 
takes place and, at a RH ≈ 30%, an “ice-like” layer with an 
additional physisorbed layer is formed. With increasing RH, the 
number of physisorbed water layers further increases and, for 
RH > 60%, the transport is expected to take place by hydronium 
ions via vehicle mechanism.11,13,33

Zr ― OH2 + H2O⟷Zr ― OH ― + H3O +          (15)

Interestingly, for the porous thin films studied in this work, the 
protonic contribution is significantly higher compared to other 
literature reports.12,13,15 For example, even at 700 °C, a protonic 
contribution is clearly observed, while typically an increase in 
conductivity under humidified conditions is only found for 
temperatures up to 400 °C. 

The large increase in protonic conductivity indicates that the 
nanostructure and the pore size is crucial for the incorporation 
of water and the transport of protons along inner surfaces of 
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the oxide, in agreement with previous studies. Miyoshi et al. 
observed a comparable protonic contribution up to 650 °C for 
nano-grained YSZ.33,34 They attributed the high conductivity 
under “wet” conditions to hopping transport of protons in 
interfacial hydrated layers within the YSZ material. Likewise, 
Gregori et al. ascribed the protonic conductivity of 
nanocrystalline samples to the presence of a water layer formed 
in residual pore openings due to capillary condensation.14 
However, sol-gel derived YSZ thin films with an average pore 
size of 24 nm revealed no signs of proton conduction at 
temperatures above 250 °C. Instead, a reduction of oxygen ion 
conductivity was found, which was attributed to the 
annihilation of oxygen ion vacancies at the surface due to water 
adsorption and the formation of hydroxyl ions.35

The situation changes completely when the surface of the 
porous YSZ thin film is coated with a TiO2 layer, as shown in Figs. 
5 (b) and (c). Although the pore size is decreased in these 
samples, i.e., capillary condensation should be more favorable, 
the coated YSZ thin films exhibit a significantly reduced protonic 
conductivity compared to the as-prepared porous YSZ thin film. 
At temperatures above 400 °C, YSZ/aTiO2 (6 nm) shows no 
protonic conductivity contribution anymore and, in the 
temperature range between 150 and 400 °C, the proton 
conductivity is only observed for RH > 10%. At lower 
temperatures, an increase in conductivity with decreasing 
temperature and increasing RH is found, as typically observed 
for porous TiO2.18–21 In the case of YSZ/cTiO2 (18 nm), the 
protonic conductivity increases again with a protonic 
contribution even at temperatures above 400 °C, as shown in 
Fig. 5 (c), but it still remains lower compared to the uncoated 
thin film.  

The decrease in conductivity compared to the uncoated 
material is attributed to the different hydrophilic properties of 
the TiO2 surfaces. While water on YSZ surfaces is adsorbed 
mainly in its dissociative form,67 the TiO2 surfaces are 
predominantly covered by molecular water.73 Thus, the TiO2 
surfaces exhibit a lower coverage with hydroxyl groups, which 
are responsible for the proton conduction in the chemisorbed 

layer.11 This behavior can be attributed mainly to the reduced 
amount of oxygen vacancies on TiO2 surfaces compared to YSZ, 
which act as active sites for water adsorption.69,70,74 
Furthermore, DFT calculations suggest that on amorphous TiO2 
the adsorption of hydroxyl groups is even less favorable 
compared to anatase TiO2,75 which is also supported by the 
lower protonic conductivity in the case of the amorphous 
coating, especially at higher temperatures. However, water 
condensation in the pores may also play a role in the higher 
protonic conductivity in the case of the YSZ thin film with the 
crystalline TiO2 (note that the pore size is also reduced due to 
the coating).

To gain further insights in the transport mechanism, the 
conductivity at fixed RH was plotted as a function of the inverse 
temperature (Fig. 7). For all three samples and RHs tested, a 
linear Arrhenius-type behavior is found, where the activation 
energy depends on the enthalpies of defect formation  and Δ𝐻D

mobility 11,13Δ𝐻mob.

𝐸A =
1
2Δ𝐻D + Δ𝐻mob      (16)

The activation energy of the transport process was determined 
by linear fitting of  versus the reciprocal temperature log (𝜎𝑇)

 and is shown as a function of RH in Fig. 8. At 10% RH, the 1/𝑇
YSZ thin film exhibits an activation energy of about 0.59 eV, 
which decreases with increasing RH. The comparable values for 
the activation energy of proton transport in porous YSZ (varying 
between 0.3 and 0.6 eV) and a decrease in  with increasing 𝐸A

RH were reported by other groups.11,13,34 Stub et al. interpreted 
the linear decrease in  with a change in the dominant 𝐸𝐴

transport mechanism from Grotthuss-type to vehicle-type 
transport, which was supported by measurements of the 
apparent proton transference number.13

Figure 7. Determination of the activation energy of protonic conduction for temperatures below 100 °C: (a) porous (annealed) YSZ, (b) YSZ/aTiO2 
(6 nm) and (c) YSZ/cTiO2 (18 nm).
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However, a change in defect formation enthalpy with RH may 
also affect . For the porous YSZ thin film coated with 𝐸A

amorphous TiO2, the same behavior is observed, in agreement 
with other reports available in literature,20 indicating the same 
change in dominant transport mechanism as observed for the 
uncoated YSZ. However, a slightly reduced activation energy of 
0.5 eV is determined at low RH. The lower activation energy 
compared to pristine YSZ is attributed to a lower , as the Δ𝐻D

same value is also observed for the thin film coated with 
anatase TiO2. Interestingly, the activation energy is found to 
increase with increasing RH for YSZ/cTiO2 (18 nm).  A similar 
finding was made by Vichi et al.,19 who also studied protonic 
conductivity in mesoporous TiO2. They attributed the change in 
activation energy to a decrease in mobility, i.e., an increase in Δ

 caused by complete filling of the pores. In the pores, the 𝐻mob

water molecules form bridges between the hydrated pore walls, 
leading to the observed decrease in mobility. The same should 
be true for the anatase-coated YSZ thin film, as the pore size is 
significantly reduced by the 18 nm-thick coating.

Conclusions
To investigate the influence of free surface on the electronic 
and protonic transport properties in oxides, porous YSZ thin 
films were prepared by PLD and characterized using 
electrochemical impedance spectroscopy. Under high humidity 
conditions, the porous YSZ revealed a significant increase in 
total conductivity due to protonic transport taking place at the 
surface. Modifying the surface by depositing an amorphous TiO2 
layer of 6 nm thickness using ALD resulted in an additional 
electronic transport pathway in the coating under dry 
atmosphere, while under humidified conditions, the protonic 
conductivity contribution was significantly suppressed. After 
deposition of an 18 nm-thick anatase coating, the protonic 
conductivity increased again because of filling of the reduced-
size pores with water. Furthermore, with increasing humidity, 
the activation energy of the transport process also increased, 

which is attributed to a decrease in proton mobility when the 
pores are filled with water. The results demonstrate that not 
only the porosity but also the surface properties have a strong 
effect on the protonic transport, which may help in designing 
and optimizing proton-conducting (nanoscale) oxides for 
technological applications through tailored surface 
modification.
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