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Abstract. We present a study of Y2-xZnxRu2O7 pyrochlores as a function of the Zn 

doping level x. X-ray diffraction measurements show that single-phase samples could 

be obtained for x < 0.2. Within the allowed range for x, DC conductivity measurements 

revealed a sizeable decrease in resistivity at all the investigated temperatures for Zn 

doped samples with respect to undoped ones. Neutron diffraction data of the x = 0.2 

sample showed that replacing Y3+ by Zn2+ does not result in the formation of oxygen 

vacancies. X-ray photoemission spectroscopy measurements revealed that part of the 

Ru ions are in the 5+ oxidation state to balance, in terms of electronic charge, the 

incorporation of Zn2+. The results give experimental evidence that the heterovalent 

doping promotes the increase of conductivity in the Y2Ru2O7 pyrochlores making these 

systems promising as intermediate temperature solid-oxide fuel cells cathodes. 
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Introduction 

In pyrochlore compounds, with general chemical formula A2B2O7, both the A and B sites form 

an interpenetrating network of corner-sharing tetrahedra, resulting in a peculiar structure 

capable of exhibiting a spectacular number of fascinating physical properties.1,2,3 Within this 

system, the family of ruthenium pyrochlores displays a multitude of interesting properties due 

to their high chemical and structural flexibility.4,5,6,7,8,9,10,11,12,13 These properties include 

metal-insulator, long-range order and spin-singlet transitions. Moreover, a very good 

electrochemical behavior of Ru based pyrochlores has been observed at temperatures as low 

as 350 °C, which has motivated their study as intermediate temperature solid-oxide fuel cell 

(IT-SOFC) cathodes.14,15,16,17  

The wide variety of ground states observed is due to the fact that Ru can be either in the 4+ or 

5+ oxidation state, promoting good electrical and catalytic properties.6,18 While the majority 

of the work has been done on materials in which the A site is fully occupied by either 3+ 

(Ru4+) or 2+ (Ru5+) cations, there are few studies reporting the effect of having a mixed 

oxidation state on the A site.1,2 Doping the A sites with 2+ cations could result in a hole 

doping effect concomitant with an increased concentration of disordered oxygen vacancies in 

these oxides;19,20,21,22,23 this is expected to provide them with the required ionic conductivity 

to be used as cathodes in IT-SOFC.24,25,26,27,28,29 

In this work, we present a study of the physical properties of Y2‒xZnxRu2O7 (Zn2+ doped 

system).30 Due to the importance of clarifying in detail the effect of this type of doping on the 

cationic and anionic stoichiometry (and on the related structral features) we used a set of 

complementary techniques. X-Ray powder Diffraction (XRD) was employed to provide 
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information on the crystallographic structure and phase purity of the samples. DC transport 

measurements were carried out in order to assess the influence of the Zn doping on the 

electrical conductivity of the specimens. Neutron Powder Diffraction (NPD) was used to 

study possible deviations in oxygen stoichiometry and possible structural changes, on account 

of the contrast between the scattering lengths of the different elements (i.e., NPD is more 

sensitive to lighter elements compared to XRD). Finally, X-ray Photoemission Spectroscopy 

(XPS) was exploited to determine, in particular, the valence state of the elements. 

Our measurements show that single-phase samples of Y2-xZnxRu2O7 could be obtained up to a 

doping level of x < 0.2. Unlike what one would expect, the substitution Y3+ by Zn2+ does not 

result in the formation of oxygen vacancies. Instead, Ru atoms become mixed valent (4+/5+). 

As a result, the resistivity of the doped samples is significantly reduced compared to undoped 

Y2Ru2O7. 

Experimental methods 

Powdered samples of Y2‒xZnxRu2O7 (x = 0, x = 0.1, x = 0.15, x = 0.2, x = 0.3 and x = 0.5) were 

synthesized using the solid state reaction method. Mixtures of Y2O3, ZnO and RuO2 in proper 

molar ratios were intimately mixed by ball milling for 2 hours at 250 rpm, pressed into pellets 

and reacted at 1000-1200 °C for 24 hours in air with intermediate grindings. For the neutron 

diffraction experiment, 3 g of Y1.8Zn0.2Ru2O7 was prepared by ball milling the starting 

reactants (weighed in proper molar ratio) for 3 h at 200 rpm, pressing them into pellets and 

sintering at 1200 °C in air for 24 h with one intermediate grinding. All samples were 

characterized by XRD using a Philips XPert Pro diffractometer with a copper source and 

incident beam monochromator and by scanning electron microscopy (SEM) using a JEOL 
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JSM 5500 LV equipped with an IXRF EDS 2000 backscatter detector (BSE, 20 kV excitation 

voltage, 10 pA beam current, 2 mm beam diameter).  

Room temperature NPD data were collected on 3 g of Y0.8Zn0.2Ru2O7 using the General 

Materials (GEM) Diffractometer at the ISIS Facility, Rutherford Appleton Laboratory, UK, 

via the GEM Xpress service. Rietveld analyses of the X-ray and neutron powder diffraction 

patterns were performed by means of the Fullprof suite and GSAS software packages.31,32  

The electrical resistivity was measured using a HP 34401A Multimeter in the standard DC 

four probe modality. The measurements were carried out as a function of temperature in the 

range 80-300 K on pellets with dimension 2x2x13 mm3, sintered at 1100 °C for 24 h. Due to 

the low conducting ceramic character of the samples, the electrical contacts were improved by 

sputtering a spot of Pd metal for each contact on the surface. 

XPS measurements were performed at room temperature in a ultra-high vacuum system (base 

pressure < 5×10-8 Pa)33 on powder firmly stuck onto an In foil. Spectra were acquired with a 

SPECS Phoibos 150 mm hemispherical electron analyzer operated at a fixed pass energy of 

20 eV. Electrons were excited with Mg Kα radiation (hν = 1253.6 eV). The overall resolution 

was of about 1 eV. Satellites from the X-ray source were subtracted from the experimental 

data. The XPS lineshape analysis, in terms of peaks fitting and spectra deconvolution, was 

based on symmetric profiles made up of a product of Gaussian and Lorentzian line shapes, 

summed to an integral (Shirley) background.34,35 

Finally, in order to ascertain the homogeneity of the prepared samples and to verify that the 

bulk composition is the same as that of the surface, we have performed X-ray fluorescence 

(XRF) by using a Panalytical Epsilon 1 spectrometer, equipped with a thin-window Ag anode 
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X-ray tube, operating between 10 and 50 kV. For each compound, by selective sieving after 

grinding, samples having different crystallite sizes were analysed. In this way it was possible 

to guarantee that the obtained analytical results were representative of the entire bulk and not 

of the sample surface only.  

 

 

Fig. 1 a) X-ray powder diffraction profiles of Y2‒xZnxRu2O7, for x in the range from 0 to 0.5. The inset shows part 
of the diffraction profile revealing the presence of unreacted ZnO (*) for x ≥ 0.2. A peak due to unreacted Y2O3 is 
indicated by Δ. For the sake of clarity, the diffraction profiles have been vertically offset from each other. b) SEM-
BSE images of Y2-xZnxRu2O7 for x = 0. c) and d): same images for x = 0.1 and x = 0.15, respectively. The scale is 
the same for all images. 

Results and discussion 

To determine the limit at which Zn can substitute Y in Y2Ru2O7 we carried out XRD 
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measurements on all prepared samples. The results are shown in Fig. 1a). In all profiles, the 

cubic pyrochlore structure is observed as the main phase. The expanded view presented in the 

inset, however, reveals that for x = 0.2 we start to observe unreacted ZnO. This suggests that 

the maximum solubility limit, under ambient conditions, of Zn into Y2Ru2O7 is just less than 

10 atomic percent. This is lower than what is observed for other reported substitutions by 2+ 

ions; e.g. in the case of Ca the substitution limit appears to be 30 %.1 On the other hand, in the 

case of Ca, 100% substitution can be obtained using high pressure synthesis methods.36  

SEM-BSE images are shown in Fig. 1b), 1c) and 1d) for the x = 0, x = 0.10 and x = 0.15 

compositions. Such images show neither inhomogeneities nor spurious phases, therefore 

confirming that the low-doped samples are pure in phase. Concerning the XRF analysis, all 

the values of chemical composition obtained for the various portions of each sample, as 

described in the Experimental methods section, were identical within one estimated standard 

deviation. As far as the zinc content is concerned, we have obtained compositions, expressed 

in terms of ZnO wt%, that were consistent with the respective theoretical values. In particular, 

the ZnO content was in the ranges 3.28(7) - 3.37(7) for Y1.80Zn0.20Ru2O7 (expected value 3.34 

wt%); 2.47(8) – 2.54(8) for Y1.85Zn0.15Ru2O7 (expected value 2.50 wt%); 1.57(9) - 1.60(9) for 

Y1.90Zn0.10Ru2O7 (expected value 1.66 wt%). 

Table 1 summarizes the effect that the substitution of Y by Zn has on the lattice parameter of 

Y2‒xZnxRu2O7, as obtained from Rietveld fits of the XRD profiles shown in Fig. 1. From 

Table 1 we can see that, as the Zn content increases up to about x = 0.10-0.15, the lattice 

parameter decreases. This reduction is due to the fact that the ionic radius of Zn2+ is smaller 

than that of Y3+.37 For x > 0.15, on the other hand, no significant change to the lattice 
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parameter is observed. This is consistent with the observation of unreacted ZnO in the X-ray 

diffraction patterns shown in Fig. 1, confirming that the solubility limit of Zn into Y2Ru2O7 is 

less than 10%. 

Table 1 Lattice parameter dependence of Y2−xZnxRu2O7 due to substitution of Y by Zn.‡  

Doping level, x Lattice parameter (Å) χ2 RBragg Rf 
0.00 10.1427(5) 1.54 23.4 % 15.8 % 
0.10 10.1296(5) 1.75 27.7 % 16.5 % 
0.15 10.1295(5) 2.46 10.9 % 12.3 % 
0.20 10.1302(5) 3.18 7.44 % 10.3 % 
0.30 10.1283(5) 3.12 8.5 % 10.5 % 
0.50 10.1278(5) 7.13 11.0 % 15.1 % 

 

 

DC transport measurements are displayed in Fig. 2 for x = 0 and x = 0.15. The data related to 

the undoped sample can be nicely fitted by a Arrhenius-type law ( )TkE Baexp0ρρ =  

(dashed line in the inset of Fig. 2) with an activation energy of the hopping conduction of the 

localized holes aE  = 0.19(1) eV. This is in agreement with the Mott-Hubbard insulating 

behaviour previously observed for Y2Ru2O7.38 The non linear behavior displayed in the inset 

for x = 0.15 indicates that the Zn doped sample does not follow a simple Arrhenius-type law. 

A detailed study of its temperature dependence is beyond the scope of this work. Noteworthy, 

for the Zn doped sample the electric resistivity is reduced by about a factor 102 at room 

temperature and even more at low temperature. This gives clear evidence that the heterovalent 

Y3+ by Zn2+ substitution makes the system significantly more metallic. These changes of the 

electric properties can be due either to Ru becoming mixed valent (Y2‒xZnxRu4+
2‒xRu5+

xO7) or 

                                                        
‡ The values of the lattice parameter as a function of x were obtained by Rietveld analysis of the 
diffraction profiles shown in Figure 1. The goodness of fit parameters are reported in Table 1; Rf, RBragg 
and χ2 are R (agreement) and goodness of fit parameters, respectively. 
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staying 4+ valent while the system creates oxygen vacancies (Y2‒xZnxRu4+
2O7‒x/2) to charge 

compensate substitution. 

 

 

Fig. 2 Temperature dependence of the electric resistivity of Y2-xZnxRu2O7 for x = 0 (circles) and x = 0.15 

(triangles). The inset shows the same data in the semilogaritmic scale as a function of inverse temperature. The 

continuous lines are guides to the eye.  

 

With the aim of establishing which is the correct scenario, we performed a NPD study on 

Y1.8Zn0.2Ru2O7 (Fig. 3). Careful analysis of the data revealed that the sample adopts the cubic 

pyrochlore, and that it contains 0.8(1) mass % and 1.0(1) mass % of unreacted RuO2 and 

ZnO, respectively. No evidence was found of any long-range structural change when 

substituting Y by Zn. Allowing the relative Y/Zn occupancy to vary (but fixing the overall 

occupancy for the A site to 1) showed that the amount of Y substituted by Zn in this sample, 

x = 0.22(2), is very close to the theoretical value x = 0.2.  
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Fig. 3 Neutron powder diffraction (NPD) pattern of Y1.8Zn0.2Ru2O7 from the GEM 63.62° 2θ detector bank, 

collected at room temperature. The solid black line shows the Rietveld fit to the data; the residual of the fit (blue 

line) is shown at the bottom of the plot. The upper, middle and lower tick marks indicate Bragg reflections coming 

from the crystal structure of either Y1.8Zn0.2Ru2O7 or the RuO2 and ZnO impurity phases, respectively. 

 

In order to determine whether the substitution of Y3+ by Zn2+ gets charge compensated by the 

formation of O2‒ vacancies, we tried to refine the occupancies of the O-sites. In all three cases 

(refining the occupancy of either only O(1) or only O(2) or both O sites) the occupancy of the 

O-sites refined (within experimental error) to 1. Therefore, from our NPD study we find no 

evidence for the formation of oxygen vacancies within the material, suggesting that Ru should 

be mixed valent. The results of the best fit to the data (fixing the O occupancies to 1 and 

allowing the Y/Zn occupancy of the A site to vary) are shown in Fig. 3 and Table 2. We notice 

that the difference between the lattice parameters derived from either XRD (Table 1) or NPD 

(Table 2) is much likely due to the better experimental resolution of the latter technique.  
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Table 2 Structural parameters of the best fit to the neutron powder diffraction pattern of Y1.8Zn0.2Ru2O7.§ 

Atom Site x y z B (Å2) Occupancy 
Y 16d 1/2 1/2 1/2 0.49(1) 0.89(1) 
Zn 16d 1/2 1/2 1/2 0.49(1) 0.11(1) 
Ru 16c 0 0 0 0.14(1) 1 
O(1) 48f 0.33438(6) 1/8 1/8 0.45(1) 1 
O(2) 8b 3/8 3/8 3/8 0.47(2) 1 
a = 10.1141(1) Å Global χ2 = 4.59    
63.62° 2 θ detector bank: RBragg = 2.87 % Rf  = 3.18 %  
91.3° 2 θ detector bank: RBragg = 2.74 % Rf  = 5.00 %  
154.4° 2 θ detector bank: RBragg = 4.20 % Rf  = 4.62 %  

   

In order to check for the presence of mixed valence Ru states, the effects of Zn doping on the 

electronic states of Ru were investigated by means of XPS. In particular, mixed valence 

would correspond to the occurrence of multiple peaks in core level features, originated by the 

chemical shift that would occur on account of the different charge transfer.39,40  Fig. 4 shows, 

in panel a, a wide XPS scan of the Y2Ru2O7 sample, covering the binding energy region from 

the Fermi level down to about 1000 eV. In such an overview scan, the main contributions 

coming from Y, Ru and O core levels are evidenced by the peak labels. In particular, the 

spectrum features a contribution also from the C 1s core level, due to the presence of 

contaminants on the surface (typically airborne components). Since such a core level 

superimpose to the Ru 3d states, the following analysis was carried out by inspecting the 

lineshape of the Ru 3p states. 

                                                        
§ The parameters were collected in the 63.62°, 91.3° and 154.4° 2θ detector banks at room temperature 
on GEM. B is the isotropic thermal factor. Rf, RBragg and χ2 are R (agreement) and goodness of fit 
parameters, respectively. The crystal structure is cubic with space group mFd 3 . 
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Fig. 4 Panel a: XPS wide spectrum of the Y2Ru2O7 sample. The contributions from the different core levels are 

evidenced by the peak labels. Bottom row: background subtracted XPS spectra of  Ru 3p3/2 peaks, for x = 0 (panel 

b), x = 0.1 (panel c) and x = 0.2 (panel d). Fittings of the peaks in panels from b to d are given in blue (Ru4+) and 

yellow (Ru5+), while background-subtracted data are shown as dots. The red solid line is the sum of the two fitting 

contributions. The inset reports the as-collected XPS spectrum of  Ru 3p3/2 peaks, for x = 0.2, together with the 

relative integral background, before subtraction. 

 

Panels b, c and d of Fig. 4 show, in particular, the Ru 3p3/2 XPS peaks (circles) for samples 

characterized by x = 0, x = 0.1 and x = 0.2. The shadowed profiles represent instead spectral 

deconvolutions of the XPS peaks, based on symmetric profiles (see the Experimental methods 

section). Both spectra and their deconvolutions are represented after the subtraction of an 

integral background. When inspecting the spectral lineshapes and the corresponding 

deconvolutions, it was seen that the peak relative to the undoped sample (panel b) could be 
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fitted by a single contribution at a binding energy (BE) of 463.4(3) eV, which is well within 

the range of 4+ valence state for Ru.41,42,43,44 On the other hand, the measured peaks relative 

to the doped samples (panel c and d) could not be fitted by a single contribution. The 

hypothetical possibility of having mixed valent Ru would correspond to the detection, in the 

spectra, of the presence of a contribution from Ru atoms in the 5+ valence state. Such a 

contribution would be located at a slightly higher binding energy with respect to that 

associated to Ru4+ species. References to the value of such a chemical shift are very scarce in 

the literature, so that a prediction of the energy position for a secondary peak is difficult. On 

the other hand, fitting the XPS spectra of the doped samples with two contributions was 

indeed possible. The first contribution (shaded in blue) is located at the same binding energy 

as the undoped one and can therefore be associated with Ru in the 4+ valence state. The 

second one (shaded in yellow) is located at 465.9(3) eV and can be ascribed to Ru5+. 

The peak associated with Ru5+ species appears only when substituting Y with Zn. From the 

relative intensities of such peaks it is also possible to perform a quantitative analysis and 

estimate the relative amount of Ru atoms in the 5+ valence state. The intensity of each peak 

was calculated as the integral of the subtended area; this was then normalized by a proper 

relative sensitivity factor, on account of the different photoemission cross-section for each 

element.  

In the case of perfect stoichiometry, one would expect the Ru5+/ (Ru5++Ru4+) intensity ratio to 

be equal to x. Even if our analysis is hindered by the relatively low intensity of the signals, the 

results confirms a good agreement between the nominal Zn stoichiometry and the estimated 

fraction of Ru5+. The XPS results give therefore clear experimental evidence that each Zn/Y 
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substitution induces a hole yielding to a mixed valent Ru5++Ru4+ state. This process is 

responsible for the sizeable increase of the conductivity of the Y2‒xZnxRu2O7 for x = 0.15 with 

respect to the undoped one, as shown in Fig. 2. 

Conclusions 

In summary, we presented an electrical, chemical and structural characterization of Zn doped 

Y2‒xZnxRu2O7 pyrochlores, giving evidence of successful Y substitution for x < 0.2 and of an 

increase in electric conductivity after doping. 

While neutron diffraction data suggest that no oxygen vacancies form as a consequence of 

doping, X-ray photoemission spectroscopy data reveal that a fraction of Ru atoms, fairly 

corresponding to the nominal doping level, acquires the 5+ valence state in the doped 

compounds. Ru in Zn doped Y2‒xZnxRu2O7 pyrochlores is therefore in a mixed valent 

Ru5++Ru4+ state. These results encourage further studies of doped phyroclores as intermediate 

temperature solid-oxide fuel cells cathodes. 
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