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Highlights: 

 Proton conductivity reveals an optimal dopant amount of 5 mol.% of Eu2O3 in ZrO2. 

 In situ spectroscopies demonstrate water conductivity by Grotthuss’ mechanism. 

 WGS reaction performance is enhanced by a proton conductor for water activation.  

 

Abstract 

Eu-doped ZrO2 solid solutions have been synthesized in order to prepare proton 

conductors as water-enhancer additives for the WGS reaction. Elemental 

characterization has been carried out revealing homogeneous dopant distribution 

resulting in fluorite-type solid solutions for Eu2O3 contents up to ~9 mol.%. 

Representative samples of the Eu-doped ZrO2 series have been analysed by 

Impedance Spectroscopy (IS) in inert, oxygen and wet conditions. The solid solution 

with 5 mol.% of Eu2O3 has presented the highest conductivity values for all tested 

conditions indicating an optimal amount of dopant. Moreover, the presence of vapour 

pressure results in an increment of the conductivity at temperatures lower than 300 ºC, 

meanwhile at higher temperatures the conductivity is the same than that in inert 
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conditions. To elucidate these results, in situ DRIFTS studies were carried out. These 

experiments evidenced the existence of water dissociation at oxygen vacancies (band 

at 3724 cm-1) as well as the presence of physisorbed water at temperatures up to ~300 

ºC where the band at 5248 cm-1 characteristic of these species disappeared. These 

results points to a layer model where the physisorbed water interacts with surface 

hydroxyls generated by dissociated water that improves the proton conductivity through 

Grotthuss’ mechanism in the RT-300ºC temperature range. These samples were 

successfully tested in WGS reaction as additive to a typical Pt-based catalyst. The 

presence of the mixed oxide reveals an increase of the catalyst’ activity assisted by the 

proton conductor, since improves the water activation step. 

Keywords: Eu-doped zirconia; Solid Solution; Proton Conductivity; WGS reaction. 

 

1. Introduction 

Ionic conductors and, more specifically, proton conductors are very attractive for a wide 

range of technological applications, e.g. mixed ionic-electronic conducting (MIEC) 

oxides as gas sensors, as catalysts, for clean energy production, for oxygen/hydrogen 

separation membranes [1,2], or in solid-oxide fuel cells (SOFCs) to convert the 

chemical energy of fuels into electrical energy [3]. 

Generally, high temperature ion conductors consist in oxide materials doped with 

aliovalent cations. For instance, this is the case of acceptor-doped perovskites (ABO3) 

where the substitution of A-site or B-site cations for others metals with different 

oxidation state creates oxygen vacancies [4,5]. The conduction mechanism depends 

on the oxide structure, the carrier species and the created defects (electronic or 

structural) [6,7]. Different conduction mechanisms have been proposed such as the 

hopping mechanism or the Grotthuss’ mechanism [8,9]. Regardless the conduction 

mechanism, the high stability of these structures and the presence of oxygen 

vacancies allow the conductivity of ions like O2-, OH- or H+. However, synthesis of 

materials with both high ionic conductivity and high stability has been challenging 

during the last years [10]. For example, BaCeO3-based perovskites was reported to 

present high conductivity but they showed very low phase stability, whereas CaZrO3 

materials exhibits good stability but very low conductivity [11]. In this context, cubic 

zirconium based oxides have been extensively studied owing to the good stability of 

doped zirconia, easily synthesized to obtain cubic structures (perovskite, pyrochlore or 

fluorite-type structures) [12,13]. Thus, doping zirconia with aliovalent cations creates 

good ionic conductors with high stability. Magrasó et al. [14] reported ionic 

conductivities for BaZrO3 in wet atmospheres at 700 ºC in the range of 10-4 S·cm-1, and 

Babilo et al. [15] found a conductivity of 7.9·10-3 S·cm-1 for BaZr0.8Y0.2O3-δ at 600 ºC 

under humidified nitrogen in an attempt to prepare BaZrO3 based compounds with 

reproducible conductivities. These are state-of-art electrolyte materials for proton 

conductivity showing high proton conductivity within the material grains (~10-2 S·cm-1) 

with good chemical and mechanical stability but high resistance at grain boundaries. 

Besides perovskite-type materials, the conductivity and stability of pyrochlore/fluorite 

type oxides has also been studied [16,17]. In general, doping with rare earth metals 

(La, Sm, Eu, Gd…) results in enhanced chemical stability and good ionic conductivity 

ACCEPTED M
ANUSCRIP

T



at temperatures lower than undoped oxides. In this context, conductivities of ~10-2 

S·cm-1 at 900 ºC and ~10-3 S·cm-1 at 600 ºC were reported by Xia et al. [18] for Sm- 

and Eu-doped zirconium oxide. 

Water plays a crucial role in many catalytic processes. Water may interact with oxide 

surfaces forming weak bonds (physisorbed layers) or forming strong bonds through 

dissociative chemisorption resulting in hydroxyl saturated surfaces. Three main 

processes involving water in catalytic processes may be considered: (i) a promotional 

role of molecular water including the solvation‐like effect and water‐mediated H‐

transfer, (ii) a promotional role of OH/OH− and H/H+ species, and (iii) miscellaneous 

effects of water, such as water‐assisted carbon removal, surface reconstruction, and 

active sites blocking [19]. Concretely, the rate limiting step in the water gas shift (WGS) 

reaction involves the activation of water species on the catalyst surface that may occur 

either at the active metal sites or at the support surface [20–25]. The adsorption and 

activation of water molecules is being a subject of intensive interest in order to clarify 

the role of metals and supports and the catalytic activity of the WGS catalysts. A DFT 

study of water dissociation on Pt(111) results in supporting the formation of hydroxyl 

groups on the Pt surface under H2-rich atmospheres [23]. The activation energy for 

adsorbed water dissociation into adsorbed OH and H species on Pt(111) is estimated 

to be 72 kJ·mol-1 in close agreement with the results of Michaelides et al. [26] and 

Grabow et al. [27] that reported 66 and 85 kJ·mol-1, respectively. Experimentally, 

activation energies in the range 68-86 kJ·mol-1 have been calculated for Pt/Al2O3, 

Pt/CeO2 and Pt/CeO2-Al2O3 catalysts [20,21,24,28–32]. These values are also close to 

those found both experimental (61 kJ·mol-1) and theoretically (67 kJ·mol-1) for Pt/TiO2 

catalysts [33]. The interaction of H2O with the CeO2 surface has been the object of 

numerous studies since its implication in many catalytic reactions. As reviewed by 

Mullins [34], molecular and dissociated water molecules are evidenced on the ceria 

surface although several explanations are given on their relative stability. DFT and 

molecular dynamics simulations of water adsorption/activation on oxidized and reduced 

CeO2 (111) surfaces have shown that the heterolytic dissociation of H2O is the most 

favourable path occurring with a very low activation barrier of less than 10 kJ·mol-1 [35]. 

Guild et al. [36] reported and experimental and theoretical study of the WGS on CeO2 

(100) surfaces. These authors also propose the heterolytic water dissociation on ceria 

as the most probable path on both oxidized and reduced (100) ceria surface. Further 

studies on the interaction of H2O with the (100) surface of ceria nanocubes using MAS 
1H NMR have also shown an almost barrier free water dissociation [37]. However, DFT 

studies on model Pt/CeO2 (111) catalysts by Lykhach et al. [38] suggest that adsorption 

of molecular water on stoichiometric ceria terraces is favoured over dissociatively 

adsorbed water but dissociation is favoured on partially reduced CeO2 (111) surfaces. 

The enhancement of water dissociation on partially reduced ceria has also been 

evidenced experimentally [39–43]. On the other hand, Aranifard et al. [44] have shown 

that for Pt/CeO2 catalysts H2O dissociation at the metal support interface only occurs 

after attaining a complete surface coverage by hydroxyl groups of the ceria surface. 

Therefore, the hydroxyl coverage of the support is a key parameter in the catalytic 

activity in the WGS reaction. 

In previous studies we have shown that the support ability to promote surface water 

diffusion determines the catalytic activity [24]. To boost the catalytic activity of 

conventional Pt-based catalysts for the WGS reaction its mechanical mixing with ionic 
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conductors has been proposed by us; this substantially improves the catalyst 

performances [45]. Therefore, to comprehend the key role played by water in this 

reaction, it is essential a mechanistic understanding of the promotional effect caused 

by the ionic conductor. The knowledge of the adsorption and activation of water 

molecules on the catalyst surface is thereby imperative to develop more efficient 

catalysts. 

In the present work, we analyse the ionic conductivity and the structure of a rare-earth 

(europium) doped zirconium oxide using a combination of in situ Diffuse Reflectance 

Fourier Transform Infrared Spectroscopy (DRIFTS), Raman spectroscopy, and 

impedance spectroscopy (IS) under different conditions of moisture and temperature. 

Furthermore, we have studied the influence of the physical mixture of the ionic 

conductor with a typical Pt-based catalyst in the performance of the WGS reaction. In 

this respect, the main objective is to correlate the surface changes caused by the 

adsorption of water with the ionic conductivity of the materials and their water-

promotional effect in the WGS reaction. 

2. Experimental procedure 

2.1 Preparation of materials. 

Europium-doped ZrO2 materials with different amounts of Eu2O3 (2, 5, 7, 9, 10, 12 and 

15 mol.% of Eu2O3, named as ZrEu_x, where x is the mol.% of the Eu2O3) were 

prepared by co-precipitation. An appropriate amount of 0.1M aqueous solution of 

europium (III) nitrate pentahydrate (Sigma-Aldrich) was slowly added to a 0.1M 

aqueous solution of zirconium (IV) oxynitrate hydrate (Sigma-Aldrich) under continuous 

stirring. The initial pH value of the solution was in the 1-2 range, then the pH was 

increased until 8 by adding an ammonia solution (30 vol.%, Panreac). Afterwards, the 

solution was aged for 1.5 hours at room temperature under stirring. The obtained white 

precipitate was filtered and washed with distilled water and then submitted to dryness 

at 100 ºC overnight. Finally, the solid was calcined in air at 500 ºC for 5 h to remove the 

nitrate leftovers. 

The Pt-based catalyst (labelled PtCeAl) for the catalytic tests in WGS reaction was 

used following a preparation method previously reported by our research group [24]. A 

2 wt.% of Pt was loaded over a commercial CeO2/Al2O3 (mass ratio of 20:80 of 

ceria/alumina, Puralox) by wet impregnation method. The final catalyst was calcined at 

350 ºC for 8 h. 

2.2 Elemental characterization. 

The chemical composition of the prepared solids was obtained by X-ray fluorescence 

spectrometry (XRF) using an AXIOS PANalytical spectrometer with Rh source of 

radiation.  

The textural properties of the materials were determined by N2 adsorption at liquid 

nitrogen temperature using a Micromeritics Tristar II instrument. Previously, the 

samples were degassed at 250 ºC for 4 h in vacuum.  
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The XRD structural analysis of the solids was performed on an X’Pert Pro PANalytical 

instrument. Diffraction patterns were obtained using Cu Kα radiation (40 mA, 45 kV) 

over a 2θ-range of 10-90 º and using a step size of 0.05 º and a step time of 80 s.  

X-ray photoelectron spectra (XPS) from calcined powders were recorded on a Leybold-

Hereus LHS-10/20 spectrometer equipped with an ultra-high vacuum (UHV) system 

operating at 5·10-9 Torr and a dual X-ray source, of which the Al Kα (1485 eV) was 

used. Binding energy correction was performed by fixing C 1s level at 284.6 eV. 

Spectra were analysed with CasaXPS software and Gaussian-Lorentzian (70:30) 

curves were used for the fittings. Narrow scans were acquired at binding energy 

intervals associated with the Zr 3d, Eu 3d, O 1s and C 1s levels. In order to quantify the 

band areas and obtain superficial atomic percentages, Zr 3d5/2 and Eu 3d5/2 peaks 

areas corrected with their respective Scofield factors for Al Kα source were used. 

Transmission Electron Microscopy (TEM) micrographs were recorded on a Philips CM-

200 instrument. Powder samples were supported on a holey carbon-coated copper grid 

without using any liquid.  

The UV–vis spectra were recorded on an Avantes spectrometer model AvaLight-DH-S-

BAL. All the spectra were collected in absorbance mode using BaSO4 as reference. 

Raman spectroscopy analysis was carried out in a dispersive Horiva Jobin Yvon 

LabRam HR800 microscope. Raman spectra were obtained by using a 532.14 nm 

laser excitation source with a ×50 microscope objective. The power of the laser on the 

sample is 20 mW with a 600 g·mm-1 grating. Two types of filters were used: D1 filter 

which reduces the laser to 2 mW to avoid a saturated signal in the 1000 – 4000 cm-1 

range, and D0.6 filter to have a laser of 5 mW for the 200 – 1000 cm-1 range. A 

confocal pinhole of 1000 µm was employed for all the measurements reported. Prior to 

the analysis, the Raman spectrometer was calibrated using a silicon wafer reference. 

2.3 Ionic conductivity measurements. 

In order to analyse the conductivity, calcined powders were sintered by Spark Plasma 

Sintering (SPS) technique in a Dr. Sinter Inc. Instrument (Kanagawa, Japan) model 

515S equipped with a 10 mm diameter cylindrical graphite die/punch setup in a 

vacuum chamber. The sintering temperature was 900 ºC for 5 minutes with a heating 

rate of 100 ºC·min-1 and the applied uniaxial pressure was 50 MPa. Pellets were then 

cooled to room temperature and polished in order to eliminate the carbon deposited on 

the surface. This treatment does not modify phase composition as stated by XRD. The 

conductivity measurements were performed in an impedance spectrometer Agilent 

(HP) model 4294A over a frequency range of 100 Hz to 4 MHz with an AC voltage of 

0.1 V. Pellets were previously coated with silver by painting both surfaces of the pellets 

with a colloidal solution and then removing the solvent at 600 ºC in Ar for 3 h. The 

silver coating is the contact film between sample and platinum electrodes. The 

impedance measurements were carried out from room temperature to 700 ºC in a flow 

of Ar, O2/Ar (from 10 to 100 % of oxygen) and H2O/Ar (20 vol.% of water), thereby 

studying the influence of oxygen and water on the conductivity. Before the impedance 

measurements, the samples were dehydrated in situ in dry air at 600 ºC for 3 h. 

2.4 In situ spectroscopic experiments. 

ACCEPTED M
ANUSCRIP

T



In situ Raman experiments were performed in a Linkam CCR1000 cell coupled to the 

Raman spectrometer equipment. This cell is capable of operating under flow conditions 

up to 1000 ºC. The sample was initially dehydrated in situ at 450 ºC for 1 h with a 

heating rate of 10 ºC·min-1 in a flow of 50 mL·min-1 of nitrogen. Afterwards, the sample 

was cooled down to 200 ºC and a flow of 50 mL·min-1 of nitrogen saturated with water 

at room temperature was introduced. The temperature was increased up to 450 ºC 

recording a spectrum every 50 ºC after 15 min stabilization using the same 

experimental conditions mentioned above. 

In situ DRIFTS measurements were performed in order to investigate the effect of 

adsorption/dissociation of water on the samples and establish an ionic conductivity–

structure correlation. The experiments were carried out in a THERMO/Nicolet model 

iS50 spectrometer equipped with a MCT detector and a Praying Mantis High 

Temperature Reaction chamber with ZnSe windows (Harrick). Spectra were obtained 

by averaging 32 scans with a resolution of 4 cm−1. Typically, 200 mg of sample was 

placed in the Harrick reaction chamber. The spectrometer bench was continuously 

purged with pure nitrogen to eliminate CO2 and water vapour contributions to the 

spectra. The background spectrum was collected without sample using an aluminium 

mirror. Before water adsorption, the samples were dehydrated in situ at 600 ºC for 1 h 

in 50 mL·min-1 of a 10% H2/Ar flow and then cooled down to 200 ºC under Ar flow. 

Finally, the study of water adsorption was performed passing through the sample a flow 

of 50 mL·min-1 of 10% H2O/Ar and increasing the temperature from 200 to 450 ºC. For 

it, the adequate amount of water was fed continuously by using a HPLC pump and 

vaporising the liquid in a homemade evaporator. 

2.5 Catalytic activity in WGS reaction 

The WGS reaction has been carried out at atmospheric pressure in a home-made rig 

coupled to an on-line ABB gas analyser (AO2020) equipped with an IR detector in a 

tubular fixed bed reactor of 9 mm in diameter. The catalytic tests were studied in the 

temperature range of 180 ºC to 350 ºC using a feed of 4.5% of CO, 30% of H2O and N2 

as balance. Previously, the catalysts were reduced in 10 % of H2 balanced with N2 for 

30 min at 350 ºC. The space velocity was 80000 mL·h-1·gcat
-1 respect to the 0.1 g of 

PtCeAl catalyst used in all the experiments. Physical mixtures of PtCeAl and an ionic 

conductor in a mass ratio of 1:5 (to ensure a complete contact with the ionic conductor) 

as well as PtCeAl alone were studied. Particles sizes sieved between 600 and 800 µm 

were selected and the catalytic bed volume was always of 0.4 cm3 (adding inert quartz 

in the same particle size when is needed), providing an also constant volumetric space 

velocity of 20000 h-1. 

3. Results and discussion 

3.1 Crystal structure, physicochemical properties and morphology. 

The cation radius of the Eu3+ dopant, 0.95 Å, is slightly higher than that of the Zr4+ 

cation, 0.84 Å, of the hosting lattice. Despite the good matching between the cation 

radii ZrO2 and Eu2O3 are not completely miscible and, therefore, cubic solid solutions 

appear just in a limited compositional range. These solid solutions may contain a 

relative large number of environments for Eu3+ cations, from isolated ions to large 

associates of Eu3+ ions with oxygen vacancies [46]. For Eu:Zr molar concentrations 1:1 
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oxygen vacancies order and cubic pyrochlore structures develop [47]. The lattice 

constant of low Eu content defective fluorite solid solutions follows Vegard’s law, which 

implies an enlargement of the lattice constant as well as an increase in the number of 

oxygen vacancies [47]. Deviations from this model may be due to the existence of 

short-range pyrochlore-like structures over the extended defect fluorite structure of the 

solid solution [48]. To elucidate the structural properties of the prepared materials XRD 

measurements were carried out. In Figure 1a it is shown the diffractograms of the 

prepared samples once calcined. For Eu2O3 loadings below 9 mol.%, the solids 

maintain a cubic fluorite type structure (Fm3̅m) characteristic of Eu-doped ZrO2 solid 

solution [47–49]. All the diffraction peaks slightly shift toward lower angles on adding 

europium to the ZrO2 phase. At higher europium loadings, either a segregated 

europium oxide phase or short-range defect ordering appears. A close inspection of the 

diffraction line corresponding to the (111) crystallographic plane, Figure 1b, allows 

noticing the enlargement of the FWHM on increasing the Eu content as well as the 

presence of a shoulder that may be compatible with both the presence of a segregated 

europium oxide phase and of short-range defect ordering producing pyrocholore-like 

structures within the cubic material. At the highest Eu2O3 contents analysed diffraction 

lines tend to overlap, which difficult further analysis. Therefore, 9 mol.% Eu2O3 

corresponds to the maximal content of europium allowed in the host zirconium lattice. 

In consequence with this experimental observation, we can establish that the limit of 

solubility of Eu2O3 in ZrO2 resulting in homogeneous defect fluorite solid solutions is 

around 9 mol.% of Eu2O3. Figure 1c shows the relationship between the estimated 

lattice parameters and the europium content reflecting all the above considerations. 

 

FIGURE 1. XRD of the synthesized samples: a) complete diffractograms, b) 

magnified zone on the (111) crystallographic plane and c) calculated lattice 

parameters of the samples. 
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Table 1 includes the crystallite sizes estimated by using the Scherrer´s Equation on the 

(111) crystallographic plane of the solid solution. Overall, it should be noted a decrease 

of the crystallite size when increasing the europium content, this behaviour is similar to 

that previously observed for the solid solutions formed between CeO2 and aliovalent 

trivalent cations including europium [50,51]. The crystallite size trend is usually 

associated with surface energetics and is related to the number of surface oxygen 

vacancies induced by doping with aliovalent cations in ZrO2 or CeO2 matrices [52]. This 

crystal growth pinning induced by the presence of dopants may be overestimated due 

to the presence of other phases, as stated above, that may appear on increasing the 

Eu content. 

 

 

 

 

 

 

 

 

 Table 1. Chemical composition, crystallite sizes and textural properties of calcined 

samples. 

Sample 
code 

Chemical 
composition 

(Eu2O3 mol.%)* 

Crystallite 
size 

(nm) 

SBET 

(m2 g-1) 

Pore 
volume 

(cm3 g-1) 

Pore size 

(nm) 

ZrEu_2 2.35 (2) 24 68 0.072 3.8 

ZrEu_5 6.04 (5) 33 42 0.020 3.4 

ZrEu_7 9.10 (7) 21 19 0.015 2.2 

ZrEu_9 - 19 25 0.021 2.4 

ZrEu_10 - 6 10 0.008 2.3 

ZrEu_12 13.51 (12) - 9 0.007 2.5 

ZrEu_15 - - 1 0.001 3.1 

*Eu2O3 mol.% determined by XRF. Among parentheses are presented the nominal 

values of Eu2O3.  

The textural properties of the prepared samples once calcined are summarized in 

Table 1. The specific BET surface area, pore volume and average pore radius 

decreases on increasing the europium content. A monomodal pore size distribution 

(not shown) with diameters in the range 2-4 nm is always observed. 
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On the basis of the textural properties and XRD data, samples containing 2, 5, 7 and 

12 mol.% of Eu2O3 were selected as representative materials and, therefore, submitted 

to more specific characterizations. ZrEu_2 and ZrEu_5 are the samples with the 

highest BET surface area and ZrEu_12 sample consist in a solid solution containing Eu 

up to the solubility limit together with segregated europium oxide phase. The chemical 

composition measured by XRF is in fairly good agreement with the target values, Table 

1. On analyzing the bulk-to-surface atomic ratios of Eu and Zr by XPS (Figure 2) it is 

clear that for all solid solutions are quite homogeneous being the surface and bulk 

compositions almost identical. On the other hand, it is evident that in the ZrEu_12 

sample an excess of Eu oxide remains on the surface likely forming a segregated 

europium oxide phase in good agreement with the results obtained by XRD. 

 

FIGURE 2. Comparison of the atomic percent of Eu and Zr determined by XPS in 

the surface and XRF in the bulk for the samples ZrEu_x (x = 2, 5, 7 and 12). 

Representation of the deviation of 10 % (dot line) from the ideal homogeneous 

solid solution (solid line). 

The monomodal porous size distribution is confirmed by TEM. Figure 3 presents the 

TEM analysis for the samples ZrEu_2, ZrEu_5, ZrEu_7 and ZrEu_12 showing in all 

cases a high porosity of the samples. Moreover, the average pore diameters measured 

using TEM images for every sample (between 2 and 3 nm) are consistent with the 

values obtained by N2 adsorption. On the other hand, it is also noticeable that the pore 

concentration decreases on increasing the europium content. This suggests the 

formation of a segregated europia phase as above mentioned. 
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FIGURE 3. TEM micrographs and pore size distribution of the samples ZrEu_x (x 

= 2, 5, 7, 12). 

All the synthesized Eu-doped zirconia compounds exhibit a polycrystalline nature. For 

example, the inspection of the images of the ZrEu samples shown in Fig. 3 could lead 

us to confirm the presence of particles constituted by very small oxide crystals. 

However, in some cases the analysis, by selected area electron diffraction (SAED), of 

this type of particles clearly demonstrates their monocrystalline character. The electron 

diffraction pattern shown as an inset in Fig. 3 corresponds to the ZrEu_7 particle of the 

figure. A typical electron diffraction pattern taken along [111] zone axis of the cubic 

phase is clearly recognized. In Figure 4, a different electron diffraction pattern taken 

from a larger area on sample ZrEu_2 is shown. The presence of typical diffraction rings 

demonstrates the polycrystalline nature of the sample. The observed rings are mainly 

due to the presence of the fluorite structure of the mixed oxide as revealed by their 

match with the first five theoretical reflections, inset in the image. Apart of these 

characteristic rings, some other reflections, in the form of light weak spots between the 

second and third rings, are observed on the experimental diffraction pattern. The 

measurements of the d-spacing that originates these extra spots are in agreement with 

the (211̌) planes of a zirconium oxide monoclinic phase. Focusing on the analysis of 

High Resolution Images, it is also possible to distinguish different nanocrystals showing 

both cubic and monoclinic structure. In this sense, zone A of image in Fig. 4 shows 

periodic contrasts at 2.9 Å which can be assigned to (111) planes of the cubic 

structure. The digital diffraction pattern (DDP) obtained from this image corresponds to 

the [110] zone axis of the fluorite structure of the mixed oxide. On the contrary, the 

monoclinic phase is detected in the zone B of the image. The interplanar spacing of 3.7 

Å could be associated to the (001) or (110) planes of the monoclinic phase. Other 

areas have been analysed and interplanar spacings of 5.0 Å, according to the (100) 

planes of the monoclinic phase, have been measured. These observations are in 

agreement with the presence of the monoclinic phase in the ZrEu_2 sample, indicating 

that in some parts of the solid exist segregated monoclinic ZrO2 due to the poor 

europium content in this sample. For samples containing above 5 mol.% of Eu2O3, the 
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cubic structure is identified as the unique phase according to the formation of the solid 

solution analysed by XRD. 

 

FIGURE 4. TEM micrograph and electron diffraction diagrams of the selected 

areas of the sample ZrEu_2. 

In light of the exposed results, we can deduce that the used synthesis method results 

in homogeneous solid solutions, in which a homogeneous oxygen vacancies 

distribution is expected. 

3.2. UV-Vis and Raman spectroscopy  

Fig.5 displays the UV-Vis absorption spectra of the ZrEu_5, ZrEu_7 and ZrEu_12 

samples as well as that of a monoclinic ZrO2 reference sample for comparison. As 

shown in Fig. 5, the presence of Eu3+ ions in the host zirconia structure provokes the 

appearance of a strong charge transfer transition band below 350 nm that exhibits a 

red-shift on increasing the europium content. This phenomenon can be explained by a 

narrowing of the band gap, by the appearance of intragap energy levels caused by the 

dopants or by the absorption caused by the created oxygen vacancies as reported by 

Serpone [53]. Besides this strong absorption feature in the UV region, much weaker 

characteristic absorptions ascribed to Eu3+ were also identified. These can be assigned 

to transitions from the 7F0 ground state to 5D1, 5D2 and 5L6 states of Eu3+, respectively 

[54–56]. 
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FIGURE 5. UV-Vis spectroscopy at room temperature of the synthesized samples 

and ZrO2 spectrum as a reference for comparison. 

Fig.6 shows the Raman spectra of the ZrEu_5, ZrEu_7 and ZrEu_12 samples where 

f→f electronic transitions due to the europium luminescence caused by the excitation at 

530 nm dominate. In fact, the zirconia Raman spectrum is hidden by the europium 

luminescence. Table 2 compiles all the transitions according to the Raman shift 

position and the total absorption energy [57,58]. The luminescence profiles 

(wavelengths, relative intensities and widths) of these samples are in general similar to 

those observed for Eu3+ ions in other materials [59–61]. In general, transitions towards 

the 5D1 excited state are observed at wavenumbers below 560 nm (Raman shift less 

than ~1000 cm-1). At 579 nm the 7F0 → 5D0 transition occurs, this transition only 

appears for Eu3+ ions with low symmetries which indicate that Eu ions are associated to 

oxygen vacancies. The 7F1 → 5D0 transition is identified at ~591 nm. This transition 

splits in three components between 588 and 594 nm (1791, 1860 and 1954 cm-1 

Raman shifts), this splitting necessarily indicates that the symmetry is orthorhombic or 

less which again points to the association between Eu and oxygen vacancies [57]. 

Therefore, as stated by Goff et al. [62] the oxygen vacancies defect clusters depend on 

the concentration of the aliovalent cations justified the modification observed in the 7F1 

→ 5D0 transition upon the increase of the europium concentration. The transition 7F2 → 
5D0 (around 607 nm), at higher Raman shifts, is strongly influenced by the local 

symmetry of Eu3+ ion and the nature of the ligands. According to several authors [59–

61,63], the relative intensity of the 7F2 → 5D0 transition is higher than that of the 7F1 → 
5D0. The intensity ratio (7F2 → 5D0)/(7F1 → 5D0) relates to the symmetry of the Eu 

coordination environment; thus, the lower the ratio, the higher the site symmetry. In 

these samples, the (7F2 → 5D0)/(7F1 → 5D0) ratio increases with the Eu content, this is, 

there is a loss of symmetry of the europium site on increasing the Eu content, 

indicating again the association of the Eu atoms and the oxygen vacancies. Moreover, 

the 7F2 → 5D0 transition is also affected by the contribution of emissions from higher 

excited states (5D1, 5D2, 5D3) in this energy range [57], as it can be noticed in the 634 

nm signal that shifts to higher energies on increasing the europium loading and, at the 

same time, an increase in its intensity is also observed. 
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FIGURE 6. Luminescence spectra extracted from ex situ Raman spectroscopy of 

the synthesized samples at room temperature. 

 Table 2. f → f transitions for synthesized Eu doped zirconia compounds. 

Raman Shift 
(cm-1) 

Wavelength 
(nm) 

Transition 
Raman Shift 
(cm-1) 

Wavelength 
(nm) 

Transition 

260 540 
7F2 → 5D1 
7F1 → 5D1 

1954 594 7F1 → 5D0 

327 542 
7F2 → 5D1 
7F1 → 5D1 

2324 607 7F2 → 5D0 

560 548 
7F2 → 5D1 
7F1 → 5D1 

2443 612 7F2 → 5D0 

628 550 
7F2 → 5D1 
7F1 → 5D1 

2985 633 7F2 → 5D0 

720 553 
7F2 → 5D1 
7F1 → 5D1 

3024 634 7F2 → 5D0 

1530 579 7F0 → 0D0 3180 641 7F3 → 5D0 

1791 588 7F1 → 0D0 
3460 
3472 

652 
653 

7F3 → 5D0 

1860 591 7F1 → 5D0 3645 660 7F3 → 5D0 

 

3.3. Ionic conductivity measurements 

The impedance measurements of the studied Eu-doped zirconia samples were 

measured as a function of the gaseous environment. Three different atmospheres were 

analysed, argon, oxygen - argon and wet argon, oxygen and water partial pressures 

were swept in a wide range to study their influence on the conducting properties of the 

Eu-doped materials. For every gaseous condition, the impedance experiments were 

performed from room temperature to 700 ºC in order to estimate the activation energy 

(Ea) for the conduction process by Arrhenius equation. 

The impedance complex plane plots, in all cases, show distinguishable impedance arcs 

over 200 ºC. Complex impedance plots measured at 350 ºC for all solids in Ar and 20 

% H2O in Ar are plotted in Fig. 7a and Fig. 7b, respectively. Two arcs accounting for 

bulk and grain boundary conduction are clearly shown in Ar dry condition for ZrEu_2, 

ZrEu_5 and ZrEu_7 samples. The total impedance of these materials is significantly 

lower (~105 Ω·m) than that of the ZrEu_12 sample (~106 Ω·m). Moreover, the 

difference between the characteristic frequencies of both conduction processes (bulk 

and grain boundary, represented in Fig. 7a) decreases on increasing the europium 

content resulting in just one arc for the sample containing 12 mol.% of dopant. Unlike 

the capacitance or the resistance, which depend on the geometry, the characteristic 

frequency only depends on the material nature. This allows to measure bulk, grain 

boundary and total impedances, as well as their conductivities of ZrEu_2, ZrEu_5 and 

ZrEu_7 samples. However, as the impedance data for the ZrEu_12 solid show only 
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one arc, these data are not enough by themselves to reveal the magnitudes of either 

bulk or grain boundary conductivities [64]. 

 

FIGURE 7. Complex plane plots of the impedance spectroscopy of the sintered 

samples at 350 ºC in (a) dry conditions (in Ar atmosphere) and (b) wet conditions 

with 20 % H2O. 

The highest total conductivity (lowest impedance), in the studied temperature range, is 

observed for the ZrEu_5 sample as observed in Fig. 7 and 8, for both dry and wet Ar. 

Therefore, the conductivity reaches a maximum for 5 mol.% of Eu2O3. Whatever the 

temperature, the shapes of the impedance arcs are similar to those observed at 350ºC, 

Fig. 7, for the four analysed samples, but for a proportional reduction of the 

impedances on increasing temperature that agrees with a typical semiconductor 

behaviour for which conductivity increases with temperature. By using these calculated 

conductivities, the activation energies for the conduction processes were estimated 

(Fig. 8). The calculated activation energies vary from 0.953 to 1.220 eV on increasing 

the Eu content of the studied solids, Table 3. These values, according to the literature 

[65], are characteristic of pure ionic conductors (~1 eV). Acceptor-doped ZrO2 

compounds have been reported as pure proton conductors [66]. The lower oxidation 

state of the aliovalent cation in these materials requires the formation of oxygen 

vacancies, these results in p-type semiconductor materials whose conductivity in inert 

flow depends on the movement of the oxygen vacancies. 

𝑥𝐸𝑢2𝑂3(𝑍𝑟𝑂2) ⟶ 2𝑥𝐸𝑢𝑍𝑟
′ + 𝑥𝑉𝑂

··                   (1) 
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FIGURE 8. Conductivity of the samples for all temperature measured range in (a) 

dry conditions (in Ar atmosphere) and (b) wet conditions with 20 % H2O. 

Activation energies for the best and the worst samples in both atmospheres 

calculated by Arrhenius equation. 

Table 3. Total activation energies (eV) of the ionic conductors in different atmospheres. 

Sample Inert (Ar) O2/Ar 
Wet Ar 

20 % H2O 50 % H2O 

ZrEu_2 0.953 0.951 0.982 0.988 

ZrEu_5 1.055 1.067 1.063 1.073 

ZrEu_7 1.062 1.086 0.993 1.098 

ZrEu_12 1.220 1.217 1.199 -* 

* ZrEu_12 sample presents an uncertain value of conductivity in presence of water due to its 

high porosity, since the pores are filled with water and the conductivity measurement is affected 

by the water conductivity. 

The impedance behaviour, types of arcs, variation of bulk and grain boundary 

conductivities as a function of Eu content as well as the increase of the conductivities 

at higher temperatures is similar to that previously discussed for inert flow for all the 

analysed atmospheres. The highest total conductivity for the ZrEu_5 sample is the 

highest among the studied materials whatever the oxygen or water partial pressure 

used. Moreover, the conductivity is not affected whatever the oxygen partial pressure, 

data not shown. From 10 to 100 vol.% of oxygen in Ar flow, the impedance responses 

and the calculated magnitudes are exactly the same for every sample. Thus, the 

oxygen pressure has not influence on the conduction phenomena. A slight increment of 

the impedance between 0 and 0.1 oxygen partial pressures is observed; this, probably 

due to oxygen adsorbed on the conductor surface according to a Langmuir adsorption 

behaviour. Surface vacancy filling by gaseous phase oxygen should result in a vacancy 

annihilation and therefore in a slight conductivity decrease. Once the solid is saturated 

in oxygen (lower than 10 vol.% of O2), the conductivity is not affected by the oxygen 
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partial pressure. In order to verify this possible oxygen adsorption, other 

characterization techniques will be necessary. 

On the other side, the experiments with different water pressures (represented at 350 

ºC in Figure 7b), show that the impedance arcs are modified by the water presence. 

Consequently, besides the vacancy movement, the conduction behaviour is affected by 

water presence; this may indicate that the Grotthuss’ mechanism operates in these 

solids in good agreement with Scherrer et al.’ work of YSZ compounds [66]. In 

principle, the conductivity should depend on the concentration of oxygen vacancies, 

being higher on increasing the number of oxygen vacancies; however, the ZrEu_5 solid 

shows the highest conductivity in all the tested conditions (inert, oxygen and wet 

atmospheres). This is explained by some authors as a consequence of the association 

of oxygen vacancies and dopant ions, thereby blocking the movement of the holes, 

which results in a decrease of the conductivity [8,67,68]. Both, the increase in the 

number of oxygen vacancies and the oxygen vacancy-dopant ion association result in 

a maximum in the conductivity at 5 mol.% europium doping. The activation energy 

calculation shows an insignificant change of their values as a function of the Eu content 

increasing proportionally to the europium content, thus supporting the idea of an 

association of the oxygen vacancies. 

Finally, it is important to notice that on increasing temperature the impedance decrease 

although for the highest temperatures tested the impedance in either Ar or H2O/Ar (Fig. 

9) is hardly different. The differences in the impedance at low temperatures must be 

related to the presence of adsorbed water on the ionic conductor surface that is 

significant at low temperatures and almost negligible at higher temperatures [66]. 

However, to assess the influence of water in the conductivity, a further characterisation 

of the adsorbed species on H2O/Ar atmospheres was performed by in situ Raman 

spectroscopy and DRIFTS measurements. 

 

FIGURE 9. Complex plane plots of the impedance spectroscopy of the sintered 

samples at different temperatures in (a) dry conditions (in Ar atmosphere) and 

(b) wet conditions with 20 % H2O. 

3.4. In situ spectroscopic studies. 
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In order to understand the role of water in situ spectroscopic studies were carried out 

for the highest conductivity sample, ZrEu_5, and, for the sake of comparison, for the 

sample with the smallest conductivity within the ones tested, ZrEu_12.  

In situ Raman studies were carried out in H2O/N2 flow from 200 ºC to 450 ºC with a 

previous activation in N2 flow at 450 ºC for 1 h to dehydrate the sample. The spectra for 

both samples in wet conditions as a function of temperature are shown in Fig.10 

together with the spectra of the activated samples. The number, positions and relative 

intensities of all the bands are similar for both N2 and H2O/N2 atmospheres whatever 

the temperature tested. It is evident that both samples exhibit the same profile than ex 

situ Raman spectra performed at room temperature (see Fig. 6). In order to compare 

the activation step and the experiments with H2O/N2 flow, it has been displayed the last 

spectrum at 450 ºC in N2 with the spectra in H2O/N2 in temperature for each sample. 

Comparing the profiles at 450 ºC in dry and wet conditions, it can be noticed that the 

intensity and the Raman shift positions hardly changes. The intensity ratio (7F2 → 
5D0)/(7F1 → 5D0) increases less than 5 % upon heating 450 ºC, this must be related to 

the homogeneous distribution of the europium within solid solution which results just in 

the modification of the europium sites at the surface upon dehydration. 

 

FIGURE 10. Luminescence spectra extracted from in situ Raman spectroscopy of 

the samples ZrEu_5 (a) and ZrEu_12 (b) in wet conditions from 200 ºC to 450 ºC 

and in dry conditions at 450 ºC for comparison. 

In situ DRIFTS measurements were used to describe the effect of physisorbed and/or 

dissociated water in the ionic conductivity. Firstly, the samples were pretreated at 600 

ºC for 1 h under flow of H2/Ar to dehydrate the sample and eliminate the water 

adsorbed on the surface. The initial spectra and the final spectra after the pretreatment 

are shown in Fig. 11a and 11b, respectively. As can be observed in Fig. 11a, both 

ZrEu_5 and ZrEu_12 samples before activation are highly hydrated and the spectra are 

dominated by a very broad absorption band centered at 3300 cm-1 that can be 

assigned to the OH stretching modes of both undissociated water molecules and 

hydroxyl species interacting by hydrogen-bonding [69]. On the counterpart, the bending 

mode associated to the vibration δHOH appears as a shoulder at 1647 cm-1 that can be 

attributed to non-dissociated/physisorbed water and also contains contributions from 

lone-pair Lewis-coordinated water [69,70]. The intensities of these bands in both 

samples suggest a lower ability to absorb water of the ZrEu_12 sample. On the other 
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hand, the set of features that appear in the 1100-1600 cm-1 range in both samples can 

be assigned to residual carbonates/carboxylates like compounds [70]. The presence of 

these species is unavoidable since the atmospheric CO2 adsorption on zirconia and 

Eu-doped zirconia leads to the formation of carbonate species during the calcination 

process remaining occluded in the structure of pores of these materials. As revealed by 

high resolution electron microscopy (HREM), the samples present a significant amount 

of micropores with size ranging from 2 to 3 nm and carbonate species can be anchored 

in these cavities. This observation is in good agreement with the results reported by 

Daturi et al. [71]. The spectral dehydration pattern of both ZrEu_5 and ZrEu_12 

samples are presented in Fig. 11b. After treatment at 600 ºC in flow of H2/Ar, it is 

noticeable the disappearance of the broad band associated to non-dissociated water in 

the ZrEu_5 sample and the appearance of a new hydroxyl species. The interaction via 

hydrogen-bonds between the water molecules and the hydroxyl species is responsible 

for the non-appearance of this hydroxyl bands before activation. Additionally, it can be 

observed a new band around 2100 cm-1 that has been attributed to CO occluded in the 

pores or cavities as will be discussed later. In contrast, the sample ZrEu_12 presents 

the broad band around 3300 cm-1 observed before activation (decreased in intensity) 

and any new band attributable to OH species is detected.  

 

FIGURE 11. In situ DRIFTS measurement at room temperature before activation 

(a) and at 200 ºC after activation (b) for the samples ZrEu_5 and ZrEu_12. 

We investigate now the effect of water adsorption in the 200-450 ºC temperature range 

on the surface of ZrEu_5 and ZrEu_12 samples after activation. These results are 

presented in two different wavenumber regions: 3800–3200 cm-1 for hydroxyl groups 

and 3000–2000 cm-1 for the 7F0 → 7FJ electronic transitions of Eu and possible CO 

occluded in the pores. As can be noted in the wavenumber region for OH-stretching 

modes, the activated sample ZrEu_5 (Fig. 12a) clearly shows two new bands at 3765 

and 3675 cm-1, respectively, ascribable to the OH stretching modes of terminal and 

tribridged hydroxyl groups [69], that are formed during the activation by water 

desorption. Under a flow of H2O/Ar, the appearance of a broad band centered at 

around 3720 cm-1 suggests the formation of a “new” type of hydroxyls. A more detailed 

analysis of difference spectra (taking as reference the spectrum of the activated 

surface) clearly evidences the decrease of the bands at 3765 and 3675 cm-1 and that 
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the broad feature observed at 3720 cm-1 is composed by two bands 3700 and 3724 cm-

1 (Fig. 13). According to Cerrato et al. [69], hydroxyls type (I) of monoclinic ZrO2 

interacts weakly with water molecules, which provokes a shift to lower wavenumbers 

(from 3775 cm-1 to 3695 cm-1). These data permit us attribute the band at 3700 cm-1 to 

type (I) hydroxyls weakly interacting with water molecules. However, the interaction of 

hydroxyls at 3675 cm-1 (tribridged, more acidic ones) with water is stronger and 

generates a broad band at lower wavenumbers (3300 cm-1). The “new” band appearing 

in presence of water at 3724 cm-1, may be tentatively attributed to hydroxyls type (II) 

[69]. Most authors stand up for the absence of these hydroxyls in monoclinic ZrO2 due 

to the short Zr-Zr distance (~2 Å) in this structure that impedes the stabilization of OH 

bonded to two metallic cations. In the case of stabilized cubic zirconia doped with 

trivalent cations, the metal-metal distance become larger [72] and the presence of 

OH(II) may be possible. Therefore, we propose that this band is associated to the 

presence of oxygen vacancies created by doping with Eu3+. 

 

FIGURE 12. DRIFTS difference spectra in wet conditions respect to the dried 

spectrum after activation step (spectra a), from 200 ºC (spectra b) to 450 ºC 

(spectra g). 
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FIGURE 13. DRIFTS difference spectra of ZrEu_5 sample in wet conditions 

respect to the dried spectrum after activation step from 200 ºC to 450 ºC 

magnifying water adsorption regions. 

As the temperature increases (from 200 ºC to 400 ºC) the band at 5248 cm-1 

corresponding to (ʋ+δ(HOH)) combination bands of water molecules [73] progressively 

decreases, being completely absent when the temperature reaches 300ºC. In these 

conditions, the band at 3724 cm-1 is still observed at the same position, which suggests 

that these hydroxyls groups do not interact with the water molecules. We believe that 

the –OH generation takes place on the vacancies on every structural defect close to 

the Eu centers. This explanation is in good agreement with Köck et al. [74]. They found 

that the doping of zirconia with Y2O3 creates defects near the Y3+ centers in which new 

hydroxyls groups can be formed. From these observations, we may propose a surface 

on which free OH groups and water molecules coexist, providing an adequate situation 

to favours the Grotthuss’ mechanism at least at temperatures lower than 300ºC [75]. 

In the 3000–2000 cm-1 region, it is evident the presence of different bands that 

corresponding to low energy transitions from the 7F ground term to the 7FJ levels. This 

type of transitions are characteristic of Eu3+ ions doped inorganic matrices and can be 

observed by Infrared spectroscopy due to its low energy [57]. Additionally, after 

activation a feature composed by two bands at 2195 and 2189 cm-1 that are 

characteristic of CO confined in the cavities of the material pores is observed [71]. The 

occluded carbonates in the pores of the material are reduced in presence of hydrogen 

generating CO that remains anchored inside the cavities. The treatment with water 

upon increasing temperature leads to the complete disappearance of both ʋ(CO) 

bands forming likely again carbonate species that are reversibly restored with the 

treatment. According to the model proposed by Daturi et al. [71], the treatment under 

hydrogen at 600 ºC produces a confined reduction of the surface mobilizing oxygens 

from the bulk and changing partially the coordination inside the cavities. The 

reoxidation with water produces a reconstitution of the previous carbonate species 

inside the cavities or additionally generate new hydroxyl species by dissociation of 

water at the oxygen vacancies. 

Fig. 12b shows the effect of the adsorption of water as a function of temperature after 

activation for the sample ZrEu_12. We must notice that this sample present a 

completely different behaviour to that of the ZrEu_5 sample and the presence of free 
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hydroxyls after activation is much lower. In consequence, the amount of adsorbed 

water could be negligible since the number of centers available for interaction via H-

bond is restricted. As it is well-known, ionic conductivity of pure zirconia is improved by 

the introduction of acceptor dopants like Eu that besides stabilize the cubic structure at 

low temperatures and increase the concentration of oxygen vacancies [8]. However, a 

large amount of dopant element can result prejudicial and the improvement of ionic 

conductivity is no longer observed as it has been analysed above. Moreover, the 

possible formation of segregated europia phases in the ZrEu_12 sample as well as the 

lower specific surface, may result in a decrease in the presence of hydroxyls on the 

surface and thereby the interaction with the water molecules. In the 3000-2000 cm-1 

wavenumber region, the intensity of the bands associated to the f-f electronic 

transitions are notably increased due to the higher concentration of europium. 

However, the bands associated to the CO occluded do not appear. This fact can be 

explained considering that the concentration of pores in this sample is significantly 

lower as can be observed by TEM (Fig. 3).   

Raz et al. [76] investigated the adsorption of water layers on yttrium stabilized zirconia 

and suggested the first water layer to be chemisorbed on the Zr sites whereas the 

second layer is physisorbed on top of the chemisorbed water layer. We propose an 

analogous model in which the dissociation of water takes place on the vacancies. 

Thus, the dissociation of water molecules takes place on specific sites generating 

hydroxyl species whereas the coordination of undissociated water occurs through 

interactions with the surface hydroxyls.   

As we mentioned above, the enhancement of the conductivity caused by the inclusion 

of the water is distinguishable at low temperature but is negligible at high temperature 

(from 300 ºC) as it is shown by its impedance response in Fig. 9 or by its conductivity 

data in Fig. 14a. This behaviour can be explained by desorption of the water because 

of the temperature increase, hence it is obtained the same value of conductivity as in 

argon atmosphere for high temperature. Moreover, the band at 5248 cm-1 ascribed 

above to the physisorbed water, also disappears for high temperature (Fig. 13). 

Concretely, in Fig. 14b, it can be noted that the intensity of the physisorbed water band 

decreases with temperature and above 300 ºC the signal is almost zero. Though the 

band associated to hydroxyl groups generated on the surface vacancies (3724 cm-1) is 

increasing as we can see in Fig. 14b, we can conclude that the ionic conduction 

phenomena are influenced and improved by the presence of physisorbed water 

available for the Grotthuss’ mechanism according to the impedance and DRIFTS 

analysis as well as Scherrer et al.’ work [66]. Therefore, the conductivity of these 

europium doped zirconia samples is the same in both inert and wet conditions at high 

temperature (from 300 ºC) due to the absence of physisorbed water from this 

temperature. At lower temperatures, on the other side, the dissociated water in the 

oxygen vacancies (band at 3730 cm-1) and the adsorbed water create layers of water 

molecules whose interaction allows proton conductivity by Grotthuss’ mechanism 

increases the total conductivity in this temperature range. This layer model represented 

in Fig. 14c is in agreement with the model suggested by Kock et al. [74]. 
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FIGURE 14. (a) Ionic conductivity of the sample ZrEu_5 in dry (Ar) and wet 

conditions. (b) Variation of the normalized intensity with the temperature of the 

bands associated to physisorbed water (5248 cm-1) and dissociated water (3724 

cm-1) of sample ZrEu_5 analysed by DRIFTS in wet conditions. (c) Water layer 

model proposed for the Eu doped ZrO2 samples and the effect of the water and 

the temperature. 

3.5. Catalytic tests in WGS reaction on proton conductor-promoted PtCeAl 

catalyst  

The WGS reaction has been carried out in the conditions mentioned above. The 

activity exhibited by the bare PtCeAl sample (Figure 15) is in agreement with other Pt 

based catalysts found elsewhere [77,78]. In this work has been used a high space 

velocity in order to avoid getting the maximum conversion easily to see the influence of 

the ionic conductor. Thus, the effect of these promoted catalysts should be noticeable. 

Moreover, according to a future applicability in mobile devices [79], the favourable 

effect of a proton conductor is indeed interesting at high space velocity. 
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FIGURE 15. Catalytic tests in WGS reaction on PtCeAl + ZrEu_x (1:5) compared 

to the activity of the bare PtCeAl catalyst. 

The activities of the promoted catalyst (physical mixtures of catalyst and proton 

conductor) displayed in terms of CO conversion show that the presence of the 

conducting material enhances the performance of the catalyst with all ZrEu series. In 

addition, it is noticeable that the increment of CO conversion with physical mixtures 

catalysts appears at 270 – 290 ºC, where the catalyst operates by itself. Thus, this 

improvement is according to an effect of the proton conductor. This may be related to 

the assistance to the catalyst in the water activation step, since the promotion only is 

observed when the catalyst presents activity. Not surprisingly, the presence of proton 

conductor materials provides the PtCeAl catalyst more available dissociated water 

improving the performance of the water activation. Thus, the catalytic systems that 

include proton conductors exhibit more activity in WGS reaction but only in the 

temperature range that the bare PtCeAl catalyst operates, since the ionic conductor 

only acts as water-enhancer at the service of the catalyst. Moreover, the differences in 

the activity plots showed in Figure 15 only depend on the features of the proton 

conductors. In fact, it is highlighted the lower effect for ZrEu_12 sample than for the 

rest physical mixtures. The ZrEu_12 sample provides the water activation effect since it 

is a proton conductor; however, according to the results of the conductivity analysis by 

impedance spectroscopy, this sample exhibits meaningful lower conductivity and 

higher activation energy than the rest (ZrEu_2, ZrEu_5 and ZrEu_7 samples). 

Therefore, the significantly lower activity of the PtCeAl + ZrEu_12 system than the rest 

physical mixtures is expected. On the other side, the ZrEu_2, ZrEu_5 and ZrEu_7 

samples show similar conductivity values and higher than ZrEu_12 sample, especially 

at operation temperature range of WGS reaction. This fact is also reflected in the 

catalytic tests, where the systems formed by PtCeAl catalyst and these proton 

conductors provide the highest CO conversion plots. 

According to the previously exposed, the ionic conductor increases the activity of the 

catalyst in terms of CO conversion due to its capacity to dissociate water and develop 

Grotthuss’ conductivity. The proton conductor helps the water activation. Moreover, in 

agreement with these observations, ionic conductors and diluent quartz were tested in 

WGS reaction in the same conditions without catalyst in contemplation of verifying their 
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catalytic inactivity. These results support again the role of the proton conductors as 

water-enhancer species but not as active catalysts by themselves. 

In this sense, as it was mentioned in the introduction section, it has been studied by our 

research group the ionic conductor effect with different WGS catalysts which operate 

by different mechanisms [45]. That work revealed again an evident promoter effect in 

the temperature range in which the activity of the catalyst starts to be appreciable. 

Therefore, the catalyst or the ionic conductor, the latter helps the water activation 

according to the proper mechanism of the catalyst. 

4. Conclusions 

A series of europium doped zirconia compounds (2 to 15 mol.% of Eu2O3) has been 

synthetized by precipitation. Fluorite-type cubic solid solutions are produced for dopant 

contents up to 9 mol.% and segregated Eu oxide appearing for higher contents. The 

samples show a decrease of the SBET and the porous volume when the quantity of the 

Eu dopant increases, but all of them exhibit homogeneous distribution of the dopant 

and, consequently, of the oxygen vacancies, and porosity with monomodal distribution 

between 2 and 3 nm. Representative samples (ZrEu_2, ZrEu_5, ZrEu_7 and ZrEu_12) 

were also analysed by impedance spectroscopy in inert, oxygen and wet conditions. 

The experiments show the increment of the conductivity with the temperature typical of 

a p-type semiconductor created by the presence of oxygen vacancies exhibiting 

activation energies around 1 eV according to a pure ionic conductor. Moreover, the 

comparative between the different samples reveals a maximum conductivity for the 

ZrEu_5 sample in every tested condition in agreement with others studies where the 

ionic conductivity requires the presence of the oxygen vacancies but an increment of 

the dopant content implies lower conductivity due to the association between the 

oxygen vacancies and the dopant ions. 

The impedance spectroscopy also shows that the conductivity is affected by water. 

Certainly, wet conditions increase the conductivity at low temperature (until ~300 ºC). 

Temperatures higher than 300 ºC exhibit the same conductivity than in inert 

atmosphere, thereby being negligible the water contribution from this temperature. 

According to DRIFTS and impedance analysis, we conclude a layer model where the 

dissociated water in the oxygen vacancies interacts with adsorbed water improving the 

conductivity by Grotthuss’ mechanism. When the temperature exceeds 300 ºC, the 

physisorbed water disappears because of the high temperature and exhibiting the 

same conductivity than in inert conditions. 

These experiments reveal that the synthetized europium doped zirconia compounds 

are pure proton conductors whose conductivity is improved at low temperatures in wet 

conditions. Therefore, in agreement with was exposed above, the addition of these kind 

of ionic conductors in a catalytic system where the diffusion of the water was a rate-

limiting step like WGS reaction, can play an important role in its performances. Thus, 

the catalytic tests show better catalyst’ activity in terms of CO conversion when it is 

mixed with these proton conductors. Moreover, the improvement appears when the 

catalyst starts to work indicating that the Eu-doped ZrO2 proton conductors act as a 

water-enhancer for the water-activation limiting step. 
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