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Abstract 
The electrical properties and the charge carrier mechanism of porous 8 mol% yttria-stabilized 

zirconia (8YSZ) ceramic samples have been investigated over wide ranges of relative humidity 

(RH) and temperature (25-400 ºC). The presence of humidity introduces protonic surface 

conduction, and porous YSZ shows pure protonic conduction below ~150 ºC. H/D isotope effect 

studies combined with transport number measurements reveal a change in transport mechanism 

from structural diffusion (Grotthuss type) to vehicular transport when the relative humidity 

exceeds ~60% RH, coinciding with a change in the adsorbed water layer from an “ice-like” to a 

“water-like” structure. Similarly, the activation energy for proton transport decreases from 0.43 

eV to 0.28 eV when the relative humidity increases from 20% RH to 84% RH, reflecting changes 

in the enthalpies of formation and migration of charged species with increasing water layer 

thickness.  

 

1. Introduction 

Proton conduction in adsorbed water in porous nanocrystalline oxides is attracting attention for 

use in various electrochemical devices at near-ambient temperatures.
1-2

 As an example, the 

conductivity of a porous thin film of anatase is reported to be as high as 3.8·10
-2

 Scm
-1

 at 80 °C 

and 81% relative humidity (RH).
3
 Ceramic Y-stabilized ZrO2 (YSZ), known as a pure oxide ion 

conductor under a broad range of conditions, remarkably has shown protonic conduction at low 

temperatures.
1-2, 4-8

 Other ceramic oxides such as CeO2
9-13

 and TiO2,
3, 14-15

 SiO2 gels and 

glasses,
16-20

 and functionalized porous SiO2
21-24

 also show similar behaviour. Moreover, particle 

hydrates, investigated in the early 1990’s
25-27

, and humidity sensors based on the conductivity of 

porous oxides
28-29

 are other examples of protonic conduction in porous oxides known under other 

names. Altogether, we may refer to all of this as surface protonics.  
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Although low temperature protonic conduction thus is well known, it was for a while debated 

whether transport in the “new” class of nanocrystalline ZrO2 and CeO2 oxides occurred along the 

grain boundaries or in the adsorbed water layers of pore surfaces. It is now however established 

that the protonic conduction in porous nanocrystalline oxides at low temperatures primarily takes 

place in the chemisorbed and physisorbed water layers on the pore walls.
2, 8, 15, 30-31

 Moreover, we 

have shown in a recent paper that the protonic surface conduction comprises two series 

connected processes which together compose a parallel rail to the bulk and grain boundary 

conduction of oxide ions.
31

 These are intra-grain transport – along the single grain’s surface and 

inter-grain transport – conduction across the intersection between two adjacent grains, where the 

latter is highly resistive at low relative humidity. However, types of charge carriers, conduction 

paths, and the energetics of the charge carriers involved in surface protonic conductivity are still 

unclear.  

 

A recent study suggested that the protonic transport mechanism in adsorbed water changes from 

Grotthuss-type diffusion (also known as structural diffusion) at high temperatures and low water 

content to vehicular transport (H3O
+
) at lower temperatures and high water content,

8
 based on a 

diminished H/D isotope effect below 50 °C. Several other studies discussed the protonic 

transport mechanism based on activation energies. For instance, the conductivities of porous thin 

films of TiO2 and SiO2 are shown to obey Arrhenius behaviour under fixed relative humidity,
3, 22

 

where the activation energies decrease with increasing RH. Based on activation energies in the 

range of 0.1-0.4 eV, the authors draw the conclusion that proton migration is dominated by a 

Grotthuss mechanism. However, considering that similar activation energies are reported for 

Nafion and other polymeric proton conductors, and strong acids such as HCl where vehicle type 

diffusion dominates,
32-35

 one cannot unambiguously conclude on the transport mechanism based 

on activation energies alone.  

 

A more direct way to distinguish the protonic transport mechanism is through transport number 

determination by measuring the electro-motive force (emf) under a water vapour gradient.
36

 

There are no reports on transport number measurements for porous oxides, but the technique has 

been used as direct evidence of vehicle-type transport of protons in polymeric membranes,
37-38

 

which is generally accepted as the predominant protonic transport mechanism in these materials 

at high RH.   

 

The present contribution is part of a dedicated effort to investigate the protonic charge carrier 

mechanism in porous nanocrystalline oxides as function of temperature and relative humidity. 

We have for this purpose examined the H/D isotope effect of porous nanocrystalline YSZ as 

function of temperature under wet conditions and as function of RH at 25 ºC. The type of charge 

carrier and mechanism is investigated further by transport number measurements at 30 ºC under 

wet conditions. Moreover, activation energies for the protonic transport are determined as 
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function of temperature at different distinct levels of RH. Based on variations in transport 

number, isotope effect and activation energy with temperature and relative humidity we discuss 

the charge carrier mechanism of protons in adsorbed water in porous oxides. Finally, a 

mathematical expression relating surface conduction to simple physical properties is derived to 

shed light on the different material specific properties which govern proton conduction on oxide 

surfaces.  

 

2. Water structure on oxide surfaces 

The protonic surface conductivity is reported to increase drastically with increasing relative 

humidity,
3, 22, 31, 39

 and consequently with the properties of the adsorbed water layers. We will 

therefore briefly introduce the properties of the water layers on oxides as a function of 

temperature and humidity. 

 

The amount of water adsorbed on an oxide surface is described by Langmuir and BET theory,
40-

41
 and depends on the thermodynamics of the water adsorption reaction. Figure 1 shows 

qualitatively the structure of the adsorbed water layer. The chemisorbed water layer comprises a 

layer consisting of terminated and multi-coordinated hydroxyls, and molecular adsorbed water 

with hierarchically hydrogen bonded layer.
8
 The hydroxyls are stable up to temperatures higher 

than 600 °C and the hydrogen bonded layer to temperatures around 200 °C at pH2O=0.025 atm.
8
  

 
 

 
Figure 1. Qualitative sketch of the water layer struture on a YSZ surface. The hydroxyls and the hydrogen bonded layer 

together comprise what we refer to as chemisorbed water.   
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The amount of physisorbed water in the sample is determined by the relative humidity. At 30% 

RH, the water layer consists of three monolayers; two chemisorbed layers and one monolayer of 

physisorbed water that in combination display an “ice-like” structure.
42

 From 30-60% RH, the 

second physisorbed layer adsorbs and comprises a transitional structure between “ice-like” and 

“water-like” structure. Above 60% RH the water molecules are more loosely bonded and behave 

more similar to free water. Multilayers form above 80% RH. Thus, it is reasonable to expect that 

the protonic transport in the surface water layer changes significantly with increasing amount of 

adsorbed water on the surface.  

 

3. Transport number measurements 

In general, a gradient in the activity of a dissolved chemical species x ionized to x
z
 will give rise 

to an electromotive force (emf) over a material. If there is only one dominating ionic charge 

carrier and the sample is equipped with two equal and inert electrodes at the same absolute 

temperature T, and no external current is drawn, the measured voltage over the sample is
36

: 

 

𝑬𝐈𝐈−𝐈 =
−𝒌𝐁𝑻

𝒛𝒆
∫ 𝒕𝒙𝐳

𝐈𝐈

𝐈
𝒅 𝐥𝐧 𝒂𝒙        (1) 

 

where kB is the Boltzmann constant, z the charge, e the elementary charge, ax the activity of the 

neutral species x, and 𝑡𝑥𝑧 is the transport number for the charged species x
z
 defined as 𝑡𝑥𝑧 =

𝜎𝑥𝑧

𝜎total
, 

where 𝜎 denotes conductivity. 

 

When small activity gradients are used and a mean transport number can be assumed constant 

throughout the sample, Equation 1 can be integrated to give:  

 

𝑬𝐈𝐈−𝐈 = 𝒕𝒙𝒛
−𝒌𝐁𝑻

𝒛𝒆
 𝐥𝐧 (

𝒂𝒙
𝐈𝐈

𝒂𝒙
𝐈 )        (2) 

 

If the activities of x are known by controlling the atmospheres on both sides of the sample, the 

mean transport number can be calculated by the measured voltage (𝐸II−I) across the sample. For 

evaluation of the protonic transport number and charge carrier mechanism for porous oxides 

under wet conditions, the chemical equilibrium between water and oxygen must be taken into 

consideration:   

 

2H2O = 2H2 + O2          (3) 

 

By inserting various protonic species for x in Equation 2, and using the equilibrium between 

water and oxygen (Equation 3) expressions for the emf in each case can be obtained. For H
+
, OH

-
, 

H3O
+
 and generally hydrated protons H2𝑚+1O𝑚

+  these are
36-37

: 
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𝐸II−I = 𝑡H+
𝑘B𝑇

4𝑒
 [−2ln (

𝑃H2O
II

𝑃H2O
I ) +  ln (

𝑃O2
II

𝑃O2
I )]     (4) 

𝐸II−I = 𝑡OH−
𝑘B𝑇

4𝑒
 [2ln (

𝑃H2O
II

𝑃H2O
I ) +  ln (

𝑃O2
II

𝑃O2
I )]     (5) 

𝐸II−I = 𝑡H3O+
𝑘B𝑇

4𝑒
 [−6ln (

𝑃H2O
II

𝑃H2O
I ) +  ln (

𝑃O2
II

𝑃O2
I )]     (6) 

𝐸II−I = 𝑡H2𝑚+1O𝑚
+

𝑘B𝑇

4𝑒
 [−2(2𝑚 + 1)ln (

𝑃H2O
II

𝑃H2O
I ) +  ln (

𝑃O2
II

𝑃O2
I )]   (7) 

 

By measuring under a water vapor gradient only (and no gradient in pO2), we see from Equations 

4-7 that the measured emf and the sign of the voltage will be dependent on the protonic charge 

carrier. If the transport is dominated by OH
-
, the observed emf will have opposite sign compared 

to transport of protons or hydrated protons. If the transport is dominated by the vehicle 

mechanism of hydroxonium ions (H3O
+
), the emf will be three times higher compared to 

transport dominated by Grotthuss mechanism. For hydrated protons in general, the measured 

voltage will be 2m+1 times higher for m molecules constituting the vehicle transporting the 

proton. If combinations of protonic species dominate the transport, the obtained emf will take 

intermediate values. 

 

4. Experimental 

Powders of 8 mol% yttria-stabilized zirconia (8YSZ, TOSOH Corporation, Japan) were cold 

pressed at 100 MPa and sintered at 1100 °C for 2 h in ambient air to porous nanocrystalline 

pellets of approximately 20 mm diameter and 1 mm thickness. The ramp rate for heating and 

cooling was 300 °C·h
-1

. The relative density of the pellets was approximately 50% from the 

sample weight and geometry.  

 

Phase purity and sample morphology of the pellets were analyzed by X-ray diffraction (XRD, 

Bruker D8 Discover, Cu Kα, Bragg-Brentano) and scanning electron microscopy (SEM, Hitachi 

SU8200, operated with acceleration voltage of 5 kV). The BET surface analyses were made 

using nitrogen physisorption measurements at liquid nitrogen temperature in a relative range of 

pressure of 0-0.99 p·p0
-1

 (Belsorp-Mini instrument, Japan). The samples were outgassed under 

vacuum over night at 250 °C before BET measurements. 

 

For the electrical conductivity measurements, circular Pt electrodes of diameter 10 mm were 

painted on both sides of one of the samples using Pt ink (Metalor UK, Pt ink number 6926) and 

annealed at 900 °C for 1 h in ambient air (heating and cooling rates of 300 °C·h
-1

). 

 

For emf measurements, electrodes of Ag were deposited on another sample by electroless 

plating.
43

 Four aqueous baths were prepared using deionized (DI) water: a SnCl2 surface 

activation bath (3 g L
-1

 in ~0.04 M HCl); a PdCl2 catalyst bath (5 g L
-1

 in ~0.06 M HCl); a Ag 
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bath (4.5 g AgNO3, 3.5 mL ammonia solution (NH4OH, 30 wt%), 55 mL DI water, plus a small 

amount of 3,5-diiodo-L-tyrosine as stabilizer); and a salt bath (16.0 g NaKC4H4O6, 1.1 g MgSO4, 

36.0 mL DI water). First, the sample was degreased for 5 min in isopropanol in an ultrasonic 

bath, and then rinsed for 30 s in DI water. Second, the sample was kept in the SnCl2 bath for 90 s, 

and then rinsed for 30 s in DI water. Third, the sample was kept in the PdCl2 bath for 90 s, and 

then rinsed for 30 s in DI water. Finally, the Ag bath and the salt bath were mixed and the sample 

was kept in the mixed bath for autocatalytic Ag plating at room temperature at pH ~11 for 

10 min, and then rinsed for 30 s in DI water. After the deposition, the sample was sanded around 

the edge to define electrodes on top and bottom. Resistance measurements indicated no 

percolating network of plated silver through the sample.  

 

All electrical measurements were carried out in a ProboStat measurement cell (NorECs, Norway). 

The cell was shielded using a steel outer tube functioning as a Faraday cage. The atmosphere 

was controlled using a gas mixer described in detail in Ref.
36

 The humidity was controlled by 

passing the gas through a temperature controlled water stage for pH2O > 0.026 atm, and by 

mixing bottle dry gas and gas passing through a saturated KBr solution at room temperature for 

pH2O  < 0.026 atm. 

 

For the transport number measurements a high temperature silicone (Sika, Norway) was used for 

sealing between the inner alumina tube and the sample. The gas flow over the electrodes was 

kept high to ensure negligible contributions from diffusion through the porous sample. The 

voltage over the sample was recorded using a Keithley 6430 Sub-Femtoamp Remote 

Sourcemeter. In order to subtract any thermal and other offset contributions, the emf was 

recorded also under reversed gas conditions. The emf was measured under small water vapour 

gradients while maintaining a constant oxygen pressure of 0.05 atm on both sides of the cell. Due 

to large electrode resistances, the total DC resistance over the cell was very high. This 

complicates the measurement of small voltage differences over the cell due to parasitic current 

leakages from the high impedance terminal onto the faraday cage encapsulating the measurement 

cell. To minimize the effect of leakage currents, the faraday cage was kept at the same potential 

as the high-impedance terminal by connecting it to the driven shield of the voltmeter.  

 

All AC conductivity impedance measurements were performed with a standard 2-electrode-4-

wire setup and connected to a Novocontrol alpha-A impedance spectrometer with a ZG4 

interface. The impedance spectra were recorded within the frequency range from 10 MHz to 1 

mHz with an oscillation voltage of 0.1 V in dry or wet (pH2O = 0.026 atm or pD2O = 0.023 atm) 

Ar as a function of temperature (25-400 °C), in N2 at RT with varying RH (0.25 – 0.84), or in O2 

as function of temperature (25-100 °C) at fixed relative humidity (0.20, 0.45, 0.60, 0.70, and 

0.84). Specific conductivities for the porous material were calculated from electrode area and 

sample thickness, i.e., without correction for the porosity. 
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Data were analysed and modelled using ZVIEW equivalent circuit fitting software (version 2.9, 

Scribner Associates Inc.). A parasitic parallel capacitance, Cstray, was assumed and included in 

the fitting, using the equivalent model in Figure 2, discussed in detail in Ref.
39

 Data collected in 

dry atmosphere were deconvoluted without the circuit elements related to surface transport. The 

data recorded under wet atmosphere were deconvoluted using the full model, in which 

parameters for resistance and capacitance of bulk and grain boundaries are kept fixed from the 

dry measurement. In the cases when Rinter was too small to be observed and fitted, its associated 

capacitance of the grain boundaries (Cgb) under wet conditions was still allowed to take on a 

value and vary in order to obtain an acceptable fit.  

 

 
Figure 2. Equivalent circuit describing the ionic transport and associated capacitances in porous oxides, comprising 

volume transport in grain bulk and across grain boundaries (gb) and surface transport over grain surfaces (intra) and 

over grain boundary intersects (inter).  

  

 

5. Results 

The XRD analyses show that the samples are phase pure cubic 8YSZ. SEM images show that 

both samples have an open pore structure. The X-ray diffractogram of the sample used for the 

conductivity measurements and a typical SEM image of the samples are shown in Figure 3a and 

b, respectively. The N2 adsorption isotherms and pore size distributions (BJH analyses) suggest 

that there will be marginal contributions from capillary condensation to the amount of water in 

the samples. 
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Figure 3 a) X-ray diffractograms and b) SEM image of the microstructure of 8YSZ sample sintered at 1100 ºC for 2 h. 

 

Figure 4 shows apparent conductivities for solid volume (bulk and grain boundary) and protonic 

(H and D) surface transport, all using the same geometric specific factor, plotted versus the 

inverse absolute temperature. The volume conductivity under dry conditions follows Arrhenius 

behaviour, with activation energy of 1.05±0.02 eV. The conductivity in both H2O and D2O 

wetted atmosphere differs significantly from that in dry below 350 °C, associated with protonic 

conduction within the chemisorbed and physisorbed water layers. The conductivity generally 

increases with increasing temperature above ~175 ºC where surface transport occurs 

predominantly in the chemisorbed water layer. The observed difference in conductivity between 

H2O and D2O wetted atmosphere is considerable and can only be explained by a free proton 

hopping transport mechanism. Below ~150 ºC the conductivity in wet atmosphere increases with 

decreasing temperature and increasing RH due to enhanced amount of physisorbed water on the 

sample. All observations are thus in agreement with previous reports of conduction in porous 

YSZ.
1-2, 4-8

 Moreover, the isotope effect decreases with decreasing temperature and indicates a 

change from Grotthuss mechanism to vehicle mechanism below 35 ºC. Below 31 ºC the relative 

humidity exceeds 60%, where the water layer shows more liquid-like behaviour.
42
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Figure 4. Apparent individual conductivity contributions for porous YSZ extracted from measurements in dry and wet 

(H2O and D2O) argon as function of inverse temperature at p𝐇𝟐𝐎 = 0.026 atm and p𝐃𝟐𝐎 = 0.023 atm. Dashed parts of the 

graphs show the total conductivity under wet conditions. Solid lines are guides to the eye only. 

 

Figure 5 displays the impedance spectra of the porous 8YSZ sample in wet (H2O and D2O) N2 at 

25 ºC for a) 25% RH and b) 84% RH. They all show one somewhat depressed arc, which is 

attributed to the surface transport of water. As is seen, the isotope effect is strongly diminished at 

high relative humidity.  
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Figure 5. Nyquist plots of porous YSZ recorded under: a) 25% RH and b) 84% RH (H2O and D2O) at 25 ºC. 

 

Figure 6 shows the isothermal conductivity (lower part) and the isotope effect (upper part) of 

porous YSZ as function of RH in the range from 0.25 to 0.84 at RT. The conductivity increases 

drastically with increasing RH and water content, consistent with our previous results.
31

 The 

isotope effect decreases with increasing RH and water layer thickness, and levels out above ~60% 

RH. At low RH, the value of the isotope effect indicates a hopping based migration of protons 

(Grotthuss transport). Above 60% RH, the value of the isotope effect indicates a change to a 

vehicular mechanism for proton transport. The values at the lowest RH go beyond the classical 

value for the Grotthuss mechanism, similar to previously measured isotope effects for surface 

conduction on YSZ.
8
 It may be attributed to the slightly higher activation energy for deuterium 

diffusion as compared to proton diffusion, resulting from different zero-point energies, which is 

well-accepted and observed for bulk proton transport.
44
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Figure 6. Isothermal conductivity (lower part) and isotope effect (upper part) of porous YSZ as a function of relative 

humidity (H2O and D2O) at 25 ºC.  All lines are guides to the eye only. 

 

Figure 7 presents two representative emf measurements with pH2O
II = 0.018 atm (a) and pH2O

II  = 

0.024 atm (b). pH2O
I  was kept constant at 0.026 atm in both cases. The atmospheres are reversed 

twice to enable correction for any thermal offset voltage over the sample. The dashed lines 

indicate the theoretical emf voltages for the cases 𝑡H+  = 1 and 𝑡H3O+ = 1. In the case of low pH2O 

on the dry side (a), the measured emf is lower than the expected voltage for tH+ = 1, whereas the 

emf exceeds this value when the dry side is more humidified (b), approaching the theoretical emf 

for  𝑡H3O+ = 1, i.e., a hydroxonium conductor. We also note that the emf goes through a peak 

threshold – close to the expected emf for 𝑡H3O+ = 1 before slowly decreasing towards its 
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equilibrium value. If only one type of ionic species contributes to the total conductivity, the emf 

is considered a state function, and we should expect instantaneous equilibration of the voltage. 

However, if two or more types of ionic species are mobile, the emf is no longer a state function, 

and slow two-fold relaxation can be expected. Considering that oxide ion conductivity is 

extremely low under these conditions, the long equilibration times can only be explained by the 

contribution of two different protonic species, e.g., H
+
 and H3O

+
, to the overall conductivity of 

the material under these intermediate humidity conditions.  

 

 
Figure 7.  Emf voltage as a function of time for an emf measurement with p𝐇𝟐𝐎

𝐈  = 0.026 atm and p𝐇𝟐𝐎
𝐈𝐈 = 0.024 atm (a), and 

p𝐇𝟐𝐎
𝐈𝐈 = 0.018 atm (b).  The dashed lines show the levels of emf’s corresponding to transport numbers of protons and 

hydroxonium ions equal to 1.  

 

The equilibrium emf response is recorded and used to calculate the apparent protonic transport 

number, 

 

𝑡H+apparent =
𝑒𝑚𝑓(measured)

𝑒𝑚𝑓(theoretical)
       (8) 

 

where emf (theoretical) corresponds to the theoretical emf value for 𝑡H+  = 1, and the results – all 

taken with pH2O
I  fixed at 0.026 atm – are plotted in Figure 8 as a function of the gradient applied. 
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Figure 8. Apparent protonic transport number as function of water vapour gradient for porous YSZ measured at 30 ºC. 

For all points, 𝒑𝐇𝟐𝐎
I is fixed at 0.026 atm. The lines reflect linear regressions of two regions allowing extrapolation back to 

zero gradient.  

 

It is immediately clear that the apparent transport number increases significantly as the gradient 

decreases and the average relative humidity exceed 60%. We may also interpret the results to 

represent two different regions; one region under large gradient (and lower average RH) where 

the extrapolated transport number for protons approaches unity (𝑡H+  = 1), and one region at 

lower gradients (and high RH) where the apparent transport number approaches 3 (𝑡H+  = 3 or 

𝑡H3O+  = 1) at zero gradient. These results indicate that protonic transport changes from a 

Grotthuss type mechanism at low relative humidity to vehicular hydroxonium transport at higher 

water content. The drag coefficient of water then equals 1 in Eq. 7. We also note that the slope of 

the curve changes approximately at 60% RH where the upper part of the water layer structure 

changes from a rigid “ice-like” structure into a more loosely bound liquid structure,
42

 which 

corresponds well with observed change of isotope effect at the same water content (Figure 6). 

 

Figure 9 shows the intra-grain conductivity of porous YSZ measured at fixed RH as a function of 

inverse temperature. The conductivity increases with increasing temperature and displays 

Arrhenius type behaviour for all humidity levels. The activation energies are determined by 

linear fitting of log σT vs 1/T and they decrease with decreasing RH. Similar results are observed 

for porous thin films of SiO2 and TiO2.
3, 21-22
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Figure 9. Intra-grain conductivity of porous 8YSZ under fixed relative humidity (20%, 45%, 60%, 70% and 84%) as a 

function of inverse temperature.  

 

According to adsorption theory (BET equation) the amount of adsorbed water on the oxide 

surface is determined by the activity of water (p/p0). Moreover, the protons in the physisorbed 

water layer are considered to be a product of the equilibrium reaction between adsorbed water 

and dominating acidic sites on the surface,
16, 30

 which for ZrO2 is recently suggested to be:
45

 

 

≡ ZrOH2 + H2O (ads) ⇄ ≡ ZrOH− + H3O+(ads)     (9) 

 

The surface becomes negative
46

 compensated by hydroxonium in the water layer which 

constitutes the electrical double layer. The equilibrium constant (KD) for the acid-base reaction 

can be expressed in terms of the activities of each participating species, in turn given as their 

concentrations divided by the standard concentration:  

 

𝐾D =
𝑎

H3O+ ∙𝑎ZrOH−  

𝑎H2O∙𝑎ZrOH2 
=

[H3O+]

[H2O]0  ∙ 
[ZrOH−]

[ZrOH2]0

[H2O]

[H2O]0 ∙ 
[ZrOH2]

[ZrOH2]0

=
[H3O+] ∙ [ZrOH−]

[H2O] ∙ [ZrOH2]
     (10) 
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Here, the concentrations can be expressed for instance as mol per surface area, and it may be 

noted that we use the same the standard concentration given by the Zr surface sites for both types 

of adsorbed species. The protons are considered to be the mobile charged species in the water 

layer,
47

 such that the conduction is dominated by the protonic charge carrier. Moreover, the 

electroneutrality condition [ZrOH
-
] = [H3O

+
] has to be satisfied and the charge carrier 

concentration can be expressed in terms of mol per surface area: 

 

[H3O+] = √[H2O][ZrOH2]𝐾D = √[H2O][ZrOH2] · exp (
∆𝑆D

0

2𝑅
) exp (

−∆𝐻D
0

2𝑅𝑇
)   (11) 

 

where ∆𝑆D
0 and ∆𝐻D

0 are the standard entropy and the enthalpy change for proton formation (Eq. 

9). Assuming a dilute system, where the concentrations of protons and ZrOH
-
-defects remain 

small compared with the ZrOH2-sites, [ZrOH2] can be replaced by [ZrOH2]
0
. The concentration 

of water can further be expressed by the multilayer BET-equation, such that Eq. 11 becomes: 

 

[H3O+] = √
𝑐(

𝑝

𝑝0
)vm

(1−(
𝑝

𝑝0
))∙(1+(𝑐−1)(

𝑝

𝑝0
))

√[ZrOH2]0 · exp (
∆𝑆D

0

2𝑅
) exp (

−∆𝐻D
0

2𝑅𝑇
)   (12) 

 

Here, c is the BET constant. vm expresses by tradition the “volume” of the monolayer, here 

defined in terms of mol per area. Moreover, if we multiply by the specific surface area (SBET) and 

the gravimetric density of the sample (𝜌), the charge carrier concentration for a specific sample 

is expressed in terms of mol per volume sample. If we further assume an activated mobility: 

 

𝜇 = 𝜇0
1

𝑇
exp (

−∆𝐻mob

𝑅𝑇
)         (13) 

 

the full expression for the conductivity of the sample reads:  

 

𝜎𝑝ℎ(𝑇, 𝑝) = √
𝑐(

𝑝

𝑝0
)𝑣𝑚

(1−(
𝑝

𝑝0
))∙(1+(𝑐−1)(

𝑝

𝑝0
))

√[ZrOH2]0 · 𝑆BETρ𝐹exp (
∆𝑆D

0

2𝑅
)

𝜇0

𝑇
exp (−

1

2
∆𝐻D

0 +𝐻mob

𝑅𝑇
)   (14) 

 

Here, F denotes the Faraday constant. From the full expression for the protonic conductivity of 

the sample, the temperature dependency under fixed RH observed in Figure 9 can be ascribed to 

the enthalpies of defect formation (∆𝐻D
0) and mobility (∆Hmob) only. Thus, the observed decrease 

in activation energy with increasing relative humidity must have its origin from a reduction in 

the enthalpy of charge carrier formation, the enthalpy of the mobility, or both.  
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6. Low temperature proton conduction mechanism of porous oxides 

The conductivity measurements of porous YSZ as a function of temperature at fixed pH2O and 

those as a function of relative humidity are in agreement with previous reports of protonic 

conductivity in porous YSZ.
1-2, 4-8, 31, 39

 The charge carrier mechanism is studied by H/D-isotope 

analyses as function of temperature and relative humidity together with transport number 

measurements. Our wide temperature span and range of methodologies have enabled a more 

complete picture of the transport mechanism of surface protonic species in porous YSZ 

specifically, but should also be generally applicable for other porous oxides, especially those 

with an acidic surface termination.  

 

At intermediate temperatures and wet conditions, protonic conduction primarily occurs within 

the hydrogen bonded layer. For porous SiO2 and YSZ, vehicular transport of H3O
+
 has been 

suggested as the dominating conducting species in the hydrogen bonded layer at low coverage, 

which changes to a predominantly Grotthuss type mechanism for continuous coverage at higher 

RH and/or lower temperature.
16, 30

 However, recent results have suggested that Grotthuss-type 

structural diffusion dominates for the entire coverage range.
8
 Our (H/D) isotope study in the 

temperature range 150-300 ºC support this, clearly indicating proton transport via Grotthuss-type 

migration both at low and continuous coverage of the hydrogen bonded layer above 150°C.  

 

At lower temperatures, where protonic transport in the physisorbed water layer dominates,
2, 30, 39

 

the isotope effect indicates a free proton hopping transport mechanism above 30 ºC and vehicular 

transport below. The relative humidity exceeds 60% RH at 31 ºC, which agrees well with the 

observations from the transport number measurements performed at 30 ºC and the isotope study 

at RT, showing that hydroxonium is the predominant charge carrier above 60% RH. In the study 

of nano-grained YSZ by S. Miyoshi et al.,
8
 the transition between the Grotthuss and vehicle 

mechanism is observed around 50 ºC (for pH2O  = 0.023 atm), rationalized by capillary 

condensation at that specific temperature resulting in a more liquid-like water layer. Our BET 

and BJH analyses indicate minor contribution of capillary condensation for our material, such 

that the transition into a more liquid-like water structure occurs at the temperature when the 

relative humidity exceeds ~60% RH.
42

 Thus, the two studies agree that the conduction 

mechanism changes from Grotthuss to vehicle type mechanism when the water layer changes 

from “ice-like” to “liquid-like” in its properties.  

 

The decrease in activation energy with increasing humidity is in agreement with previous results 

of the protonic surface conduction of TiO2 and SiO2.
3, 22

 When seen in conjunction with the large 

increase in conductivity with increasing relative humidity (Fig. 6), it is clear that the local 

chemical environment becomes increasingly favourable for protonic conduction in a water layer 

with increasing thickness. The observed change from 0.43 eV at 20% RH to 0.28 eV at 84% RH 

reflects a change in the conductivity of more than two orders of magnitude, which is part of the 

reason for the large increase in the conductivity as a function of RH as seen in Fig. 6. The 
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amount of water is in the same interval increased just 2-3 times, verified by sorption 

measurements in previous work.
31

   

 

Kreuer et al.
48

 proposed long ago that the thermodynamics of charge carrier formation and 

mobility changes with increasing relative humidity due to dynamical disorder and decreasing 

binding energy to the surface. From ab initio molecular studies on ZnO surfaces it is found that 

the proton hopping barrier decreases from 0.16 eV to 0.07 eV from a monolayer to multilayer 

water structure due to increased flexibility of the water structure.
47

 Similar computational results 

are also reported for proton migration along other oxide surfaces.
49-50

 Moreover, the activation 

energy for Nafion is found to decrease from 0.24 eV at 55% RH to 0.17 eV above 90% RH, 

attributed to an increased dissociation of the sulfonic acid at higher level of hydration.
32, 51

 The 

observed change in the activation energy in this study is larger than the change in enthalpy of 

migration on ZnO and the change in activation energy in Nafion, supporting that our change in 

activation energy for YSZ may be related to changes in the enthalpy of both dissociation and 

mobility. Any further decoupling of the mobility and concentration contribution to the overall 

activation energy cannot be done on the basis of the present data set. The gradual decrease in 

activation energy observed in this work coincides with a change in transport mechanism from 

predominantly Grotthuss-type into vehicle type transport. Thus, we may speculate that a 

decreased binding energy to the surface at high relative humidity results in free and more mobile 

hydroxonium ions that move within the adsorbed water layer on the surface with lower migration 

barriers.  

 

Porous nanocrystalline oxides show many similarities with polymeric proton conductors, where 

the conduction mechanism is broadly studied, and changes from Grotthuss at low RH to a 

vehicular mechanism at higher RH.
51-52

 Both materials act as an acidic host material for adsorbed 

water inside the material wherein protonic conduction can occur. Polymers are able to swell and 

keep the water inside, while porous nanocrystalline oxides on the contrary need high RH and 

small pore sizes, allowing pore condensation, to keep the water in the material. By transport 

number measurements, the average number of water molecules the proton is carrying in the 

vehicle (n in Equation 7) is determined to be 2.65 H2O in Nafion at full hydration.
34, 37-38

 We 

may therefore expect that the drag coefficient also increases to values larger than unity for 

porous oxides at high relative humidity and thick water layers.   

 

7. Conclusions 

The electrical properties and the charge carrier mechanism of porous YSZ ceramic samples have 

been investigated over wide ranges of relative humidity and temperature. Humidity introduces 

protonic surface conduction, making porous YSZ a predominantly protonic conductor below 

~150 ºC. In the chemisorbed water layer free protons migrate by the Grotthuss mechanism. By 

transport number measurements and isotope studies the transport mechanism in the physisorbed 

layer is shown to change to a vehicle mechanism around 60% RH, at the RH level where the 



18 

 

adsorbed water layer is changing from an “ice-like” to a “water-like” structure. The activation 

energy of the protonic transport is shown to be dependent of the water layer thickness, caused by 

changes in the enthalpy changes probably of both migration and defect formation. The activation 

energies are found to be of similar magnitude for both Grotthuss and vehicular transport, 

showing that the transport mechanism cannot be evaluated solely on measured activation 

energies. 
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