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Abstract
The electron energy-loss near-edge structure (ELNES) and x-ray absorption
near-edge structure (XANES) at the oxygen K-edge has been investigated in a
range of yttria-stabilized zirconia (YSZ) materials. The positions of the peaks
in the near-edge structure are identical in both techniques. Differences observed
in the intensities of the features are attributed to the effect of specimen charging
in the XANES experiments. Analysis of near-edge structure reveals that both
the crystallographic phase and the metal fraction of yttrium present can be
determined directly from the oxygen K-edge data opening up opportunities for
characterization of interfacial phenomena in YSZ materials with sub-nanometre
resolution using ELNES.

1. Introduction

Yttria-stabilized zirconia (YSZ) has been the subject of many experimental and theoretical
studies due to the commercial applications of zirconia-based materials [1, 2]. YSZ is formed
by the addition of Y2O3 to ZrO2 and results in the stabilisation of the tetragonal or cubic phase
depending on the molar fraction of Y2O3. While Y2O3 is probably the most widely used,
stabilisation using other binary oxides such as CaO, MgO and La2O3 is also possible. Pure
ZrO2 exhibits three well defined polymorphs at ambient pressure: monoclinic (<1170 ◦C),
tetragonal (1170–2370 ◦C) and cubic (2370–2680 ◦C) [3]. In addition, it has been reported
that monoclinic ZrO2 can be transformed into orthorhombic and hexagonal phases under high
pressure [4]. The Zr4+ ion in monoclinic ZrO2 is found in sevenfold coordination with the
oxygen anions, while in the tetragonal phase the Zr cation is located in a distorted eightfold
coordination environment. On average the high-temperature cubic phase has the fluorite (CaF2)
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structure with each metal ion in regular eightfold coordination sites with all of the Zr–O bonds
of equal length. However, there is clear evidence of large vibration amplitudes about the
average oxygen position [5,6]. Yttria has a large solid solubility range in ZrO2 and hence can
be used to stabilise both the tetragonal and cubic phases.

In YSZ the aliovalent dopant cations, Y3+ substitute for some of the Zr4+ ions and in order
to maintain charge neutrality, assuming formal ionic charges, one oxygen vacancy must be
created for each pair of dopant cations. The presence of anion vacancies in YSZ reduces the
average cation coordination number from 8, as in pure tetragonal or cubic ZrO2, to a value
between 7 and 8 depending on the dopant concentration. Though the exact nature of the atomic
displacements in YSZ remains unclear, one can suppose that the relaxation of the ions away
from their regular lattice sites results in local coordination environments more similar to those
found in m-ZrO2 [5–7]. Recent x-ray and neutron diffraction experiments suggest that the
cubic YSZ phase contains ‘locally ordered regions of vacancies and dopants’ [8]. It has been
reported that at low concentrations of Y2O3 there are small regions (15–20 Å) that contain
isolated anion vacancies as well as vacancy pairs arranged on the nearest-neighbour anion sites
in the 〈111〉 directions, with the cation site located between them occupied by a Zr4+ ion [8].
Goff and co-workers [8] suggested that another type of defect cluster formed as the Y2O3

content increases: the 〈111〉 vacancy pairs pack together to form aggregates whose size and
number increase slightly with Y2O3 concentration. The number of the isolated vacancies also
increases with yttria content. It is thought that these isolated vacancies become mobile above
1000 K, resulting in a rise of the ionic conductivity of YSZ [9]. Further investigation of the
complex YSZ crystal structure to improve understanding of the local coordination and bonding
environments is necessary. Despite numerous investigations, no full quantitative description
of the stabilisation mechanism of YSZ has been reported. Extended x-ray absorption fine
structure (EXAFS) can distinguish between the host and dopant cations, allowing the individual
coordination polyhedra to be probed [10]. However, EXAFS studies published to date are
somewhat contradictory: several studies have concluded that an Y ion is nearest neighbour
to the vacancy while others have reported that yttrium occupies next-nearest neighbour cation
sites [10,11]. These inconsistencies are partly due to experiments being performed on samples
with different dopant concentrations leading to different displacements of the regular fluorite
lattice sites near to the vacancies.

Electron-energy-loss spectroscopy (EELS) via analysis of the energy-loss near-edge
structure (ELNES) has developed into a powerful technique for the investigation of the
unoccupied electronic states of crystals [12]. This is especially true when the technique is
carried out in a modern analytical electron microscope as this enables information to be obtained
with high spatial resolution. ELNES results when the energetic incoming electron excites a
core level electron into an empty state above the Fermi level. Analysis of the energy lost by
the fast electron results in an electron energy-loss spectrum that contains ionisation edges at
the energies associated with the elements present in the material. ELNES can be considered as
the electron analogue of the more established x-ray absorption near-edge structure (XANES)
technique. In XANES the incident x-ray photon radiation can eject a bound atomic electron,
giving rise to an absorption edge. It has been recognized for many years that the fine structure
up to about 50 eV beyond the onset of this edge provides important information about the
electronic, structural and chemical properties of the material [13]. In principle, the same
electronic transitions are probed by both techniques and, to a first approximation, the intensity
in both is controlled by the dipole transition matrix element between the initial and final states.
Thus the information obtained is localized to the site of the excitation by the localized nature
of the initial state and gives information on the unoccupied density of states (DOS) on that site
with symmetries allowed by the dipole selection rule �� = ±1. This means that an electron
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occupying an s orbital in the initial state will be excited into an unoccupied p like state, while
one in a p orbital will be excited into an empty s or d like state. Hence, XANES and ELNES
are probes of the site and symmetry-projected density of unoccupied electronic states around
the excited atom. Considering the theoretical correlation [14] between the techniques it is
somewhat remarkable that few experimental studies that compare in detail the results of the
two methods have been published.

Since ELNES and XANES data are related to the unoccupied DOS, it is possible to
compare the spectra directly with the results of density functional theory (DFT) calculations.
This approach has been used in the past by many authors utilizing a number of different
reciprocal-space and real-space band structure methods [15]. However, the calculation is
complicated by the core hole produced during the excitation process. This influences the
ELNES/XANES spectrum by distorting the local DOS in the vicinity of the excited atom and
means that the correspondence between the calculated angular-momentum-projected DOS and
experimental intensity is not exact. There are a few models that attempt to take this core hole
effect into account. The most widely used is the Z + 1 approximation, where the core hole is
simulated as an increase in the effective nuclear charge at the excited site [16]. Another model,
used recently by Lie and co-workers [17], proposes omission of one of the core shell electrons
and the corresponding addition of one electron to the valence band. It has been shown recently
that use of Slater’s transition-state approximation results in improved agreement between the
theoretical and experimental EELS threshold energy [7, 18]. Within this model half of a core
hole is retained in order to account for the screening effects that are absent in the one electron
approximation.

In the present paper the results of an investigation of the oxygen K edge in a range of YSZ
materials are reported. This is part of study whose principle objective is to correlate changes
in the near-edge structure with the chemistry and crystallography of the YSZ materials. It is
emphasized that in this work the same edge in exactly the same materials has been investigated
using both ELNES and XANES. Thus, it is possible to investigate directly the correlation
between the techniques.

2. Materials and methods

2.1. Samples

The YSZ specimens were synthesized and supplied by MEL Chemicals. Pure zirconia was
purchased from Alfa Aesar (Puratronic, 99.978%). The specimens investigated are listed
in table 1. The specimens were initially characterized by powder x-ray diffraction (XRD—
Philips PW1050/35) to check phase purity. The particle size and chemical homogeneity of
the specimens was investigated using a transmission electron microscope (Akashi 002B) fitted
with a windowless energy-dispersive x-ray (EDX) analyser (Link QX2000). Specimens were
prepared for electron microscopy by breaking up any aggregates in a mortar and pestle followed
by dispersion in propanol. A droplet of the dispersion was then placed on a holey-carbon coated
copper grid.

2.2. ELNES experimental procedure

The ELNES investigations were carried out using a 100 kV dedicated scanning transmission
electron microscope (STEM—VG HB5) fitted with post-specimen lenses and equipped with a
parallel electron energy-loss spectrometer (PEELS—GATAN 666) and an EDX analyser (Link
eXL). A convergence semi-angle of 11 mrad was used, giving a probe diameter of 1 nm and
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Table 1. The specimens investigated in this study are listed together with information obtained
from powder XRD and TEM analysis.

XRD phase Average grain Nominal Average Standard
detected size (nm) Y/(Zr+Y) Y/(Zr+Y) deviation

ZrO2 Monoclinic 113 — — —
3 mol% YSZ Tetragonala 76 0.058 0.055 0.021
5 mol% YSZ Tetragonalb 169 0.095 0.072 0.032
10 mol% YSZ Cubic 154 0.182 0.180 0.069
15 mol% YSZ Cubic 89 0.261 0.230 0.059
20 mol% YSZ Cubic 38 0.333 0.255 0.108
25 mol% YSZ Cubic 46 0.400 0.329 0.118
30 mol% YSZ Cubic 66 0.462 0.438 0.029c

a Estimated 5–10% of monoclinic.
b Trace quantity of cubic.
c One grain of pure Y2O3 detected.

a probe current of approximately 0.2 nA. The collection semi-angle used was 12.5 mrad. The
spectrometer dispersion energy was calibrated as 0.1 eV per channel and the energy resolution
at the zero loss peak (FWHM) was 0.6 eV. A background of the form AE−r was removed from
the oxygen K-edge spectra, the low-loss spectrum was used to deconvolute the plural scattering
and the spectra were then sharpened by deconvoluting the detector point spread function. The
spectra from a number of grains of material were checked for consistency and then summed.
Hence the data are averaged over a range of orientations. An EDX spectrum was recorded
from each area analysed by PEELS and was used to determine the local yttrium metal fraction
(Y/(Y + Zr)).

2.3. XANES experimental procedure

The XANES investigations were carried out using the synchrotron radiation source at
Daresbury Laboratory. All of the measurements were performed using the soft x-ray beamline
(station 1.1). The powder specimens were intimately mixed with graphite powder (Carbone
of America) and pressed into a pellet using a 13 mm die. Some variation was observed in the
amount of graphite (40–60 wt%) required in order to ensure the samples were sufficiently
conducting for the measurements. The pellets were mounted on tantalum plates using
conductive tape and immediately prior to insertion in the vacuum chamber the specimens
were gently abraded on using fine filter paper to minimize any signal due to oxygen adsorbed
in the graphite on the surface of the pellet [19]. The carbon and oxygen K-edge spectra were
recorded using total electron yield (TEY) mode in the energy range 200–630 eV. A nickel-
coated spherical grating (1800 lines mm−1) was used to record the electron yield signal Ie.
The incident beam current I0, was recorded using a fine gold mesh placed in the optical path
before the specimen.

Despite the presence of graphite, charging of the insulating zirconia grains during spectrum
acquisition was a major problem in these experiments. When the incident beam of x-rays
irradiates a material, the excited atoms produce secondary and Auger electrons. Consequently,
the material becomes electropositive and hence the TEY as measured by the specimen drain
current is altered if the material is an electrical insulator. This problem was present in all
specimens but was most severe in monoclinic zirconia and in specimens with a high yttria
content. The most serious implication of this effect is modification of the relative intensities of
the peaks observed in the XANES data compared with those observed in the ELNES data of the
same specimen (figure 1). This effect can be corrected using the algorithm described by Vlachos
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Figure 1. Comparison of oxygen K-edge XANES from 10 mol% YSZ before and after charge
correction. The ELNES data from the same specimen are also shown. The first peak in each
spectrum has been aligned, normalized and set to 0 eV.

et al [19]. Figure 1 shows the oxygen K-edge XANES from the 10 mol% YSZ specimen before
and after charge correction along with the ELNES data from the same specimen for comparison.
In figure 1 the ELNES and XANES spectra have been aligned by setting the energy of the first
peak, p1, to 0 eV and have been normalized to the intensity of the second peak, p2. It is clear
that after charge correction there is much improved agreement between the relative intensities
of the first two peaks, p1 and p2, and the shape of peaks p3 and p4.

3. Results and discussion

The samples exhibited the crystallography expected based on their nominal composition
(table 1). The powder XRD patterns revealed that while the majority of the materials were
phase pure some exhibited the presence of other phases. In particular the 5 mol% YSZ
sample contained trace quantities of a cubic YSZ phase while the 3 mol% specimen contained
approximately 5–10% monoclinic zirconia. The amount of the m-ZrO2 phase present was
estimated measuring the XRD patterns of quantitative mixtures of 3 mol% YSZ and m-ZrO2.
The particle size of the powders, measured by TEM, was relatively homogeneous within a given
sample but varied non-systematically between specimens. EDX analysis of a large number
of grains in each sample was carried out to investigate the distribution of Y2O3 both within
and between grains in each specimen. To measure the homogeneity within each particle a
number of EDX spectra were recorded at different points in the grain between the centre and
the edge. This type of measurement was performed for each specimen investigated. In table 2
the results of one of these analyses for the 20 mol% YSZ specimen are shown. It is clear that
the distribution of Y2O3 is relatively uniform within the grain and this was found to be the case
in all of the specimens investigated.

A comparison of the EDX spectra between a number of grains in each sample provided
important information on the overall homogeneity of the Y2O3 distribution. In the majority of
the specimens investigated the Y2O3 distribution was found to be relatively homogeneous. The
results obtained show that the measured yttrium metal fraction is within one standard deviation
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Table 2. Example of the results obtained from EDX analysis of a number of points on a single grain
of 20 mol% YSZ powder. The measured peak areas were corrected for the x-ray cross-section to
obtain the ratio of Y/(Y+Zr).

Point Y/(Y+Zr) Error

1 0.39 0.05
2 0.36 0.05
3 0.38 0.05
4 0.40 0.05
5 0.38 0.06
6 0.34 0.05
7 0.36 0.05
8 0.36 0.08
9 0.38 0.04

10 0.40 0.05
11 0.38 0.03

of the nominal value and for the majority of specimens is very close to the target composition
(table 1). However, in the 20 and 25 mol% YSZ samples the Y2O3 distribution was found to
be very inhomogeneous as evidenced by the large standard deviations of the average yttrium
metal fraction measured in both materials. This observation does not present any difficulties
in the ELNES investigations as the local yttrium metal fraction can be measured using EDX
spectroscopy in each grain analysed. In the case of the XANES studies it is necessary to bear
in mind that the signal is averaged over a large number of grains and in the two specimens
highlighted these grains are not necessarily of the same composition.

Figure 2(a) shows the oxygen K-ELNES data from the range of zirconia samples
investigated. The spectra displayed were recorded from particles that exhibited an yttrium
metal fraction (Y/(Y + Zr)) that is close to the nominal value as measured by EDX. To ensure
clarity in the discussion of the changes in ELNES that occur as the Y2O3 concentration varies
it is helpful to subdivide the spectra into three energy regions: energy region 1 (ER1) is defined
from the edge threshold to 8 eV, energy region 2 (ER2) from 8 to 14 eV and energy region 3
(ER3) from 14 to 25 eV. These regions are indicated by the dashed vertical lines in figure 2.

ER1 contains two peaks, p1 and p2 in all of the specimens examined. The depth of the
minimum between these peaks changes as the Y2O3 concentration varies. Specifically, the 3
and 5 mol% YSZ samples exhibit a more pronounced minimum than either pure m-ZrO2 or the
10, 20 and 30 mol% YSZ samples. As shown in table 1 these samples differ in crystallography
and it appears that a pronounced minimum between p1 and p2 is a characteristic feature of the
tetragonal phase. Perhaps the most significant observation in ER1 is that there appears to be
an increase in the energy difference between p1 and p2 as the Y2O3 concentration increases.
This observation will be discussed in more detail later. The depth and width of the minimum
between ER1 and ER2 also varies with sample composition. In particular this minimum is
relatively shallow and broad in the case of m-ZrO2, becomes deeper in the tetragonal specimens
then finally narrows in the cubic samples.

In ER2 a rather broad feature is observed that consists of two peaks, p3 and p4. In the
monoclinic phase the two peaks are relatively weak and the splitting between them is not
very clear. In contrast, in tetragonal materials (3 and 5 mol% YSZ) the two peaks are easily
resolvable, appear to be similar in intensity and the splitting between them is quite distinct.
Finally in the cubic phases (10, 20 and 30 mol% YSZ) it appears that p4 is significantly
more intense than p3 and the splitting between them is less distinct than in the tetragonal
materials.
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Figure 2. Oxygen K-edge ELNES (a) and XANES (b), for the specimens investigated. The
XANES data shown have been corrected for the effects of specimen charging.

In ER3 a rather weak feature, p5, can be observed in the monoclinic and tetragonal phases
but this feature is absent in the cubic materials. This peak appears to occur at lower energy-loss
in the tetragonal phases than in the monoclinic phase. In addition there is a very broad peak,
p6, at relative energy-loss of ∼22 eV, which is present in all the phases.

Figure 2(b) shows the oxygen K-edge XANES data from the range of zirconia samples
investigated. All of the data shown in figure 2(b) have been corrected for the effects of specimen
charging. The lack of spatial resolution in the XANES experiments means that the spectra
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recorded are due to excitations in a large number of grains in the specimen. This is particularly
significant in the case of the 20 and 25 mol% YSZ samples, where the EDX analyses revealed
that the yttria distributions are inhomogeneous. Similarly it should be noted that the XRD
measurements of the tetragonal samples revealed the presence of other zirconia phases, albeit
at a low concentration. It is worth emphasizing that specimen inhomogeneity or the presence
of minority phases will potentially complicate the analysis of XANES data while, in contrast,
since the ELNES experiments were performed on individual grains of known yttrium metal
fraction the interpretation is more straightforward.

Nevertheless, an initial analysis of figure 2(b) reveals that the trends observed in the ELNES
data are all reproduced in the XANES spectra. In particular the dependence of the energy differ-
ence between p1 and p2 noted in the ELNES data is also apparent in the XANES data as are the
changes in the shape and number of the peaks in ER2. One additional feature that can be identi-
fied in the XANES data is the splitting of the first peak, p1, in the spectra of m-ZrO2 and 30 mol%
YSZ. This feature is not present in the ELNES data from either of these specimens and is likely
to be associated with sudden discharging of the insulating ceramic grains during data collection.
This effect cannot be corrected using the charge correction algorithm described in [19].

The detailed theoretical interpretation of the near-edge structure on the oxygen K-edge has
been discussed elsewhere [5,7]. In the initial study by McComb [20] the two major peaks, p1

and p2, were interpreted as being due to excitations into unoccupied p-like states on the oxygen
site formed by overlap between the oxygen 2p wavefunctions and zirconium 4d wavefunctions.
However, these d orbitals will not be degenerate due to the point symmetry at the metal sites.
In the simplest case of pure cubic ZrO2 this can be viewed as a ligand field splitting into a lower
energy doubly degenerate level (eg) and a triply degenerate level (t2g) that will be higher in
energy. Thus, the p-projected local DOS at the oxygen sites will reflect this splitting through
the interaction of the oxygen 2p and zirconium 4d wavefunctions. However this simplistic
view provides only limited insight. In fact the local environment around the zirconium ion in
m-ZrO2, the only pure phase that is stable at ambient temperature, is seven coordinate with
three long and four short Zr–O bonds. In the tetragonal and cubic phases, the environments
are even more complex since aliovalent dopant ions and oxygen vacancies are also present.
Previously published results have shown that this complexity must be taken into account in
calculations of the electronic structure and ELNES/XANES of YSZ materials [5, 7].

From the ELNES and XANES data presented in figure 2, it can be concluded that analysis
of near-edge structure provides a rapid method for identification of the crystallographic phase
of YSZ confirming the earlier work by McComb [20]. The monoclinic phase can be easily
distinguished from other phases by the shallow minimum between ER1 and ER2 as well as
by the shape of the features in ER2. More significant is the ability to distinguish between
the tetragonal and cubic phases. The tetragonal distortion is relatively weak (c/a ≈ 1.015),
which means that in a randomly oriented powder or ceramic material it can be problematic
to distinguish between such phases using electron diffraction in the TEM [9]. For this reason
the morphology of the grains is often used as a method of identification. However, the grain
morphology may be dependent on the method of preparation and therefore a rapid technique
that provides reliable identification of phase is extremely powerful [21]. The cubic and tetrag-
onal phases are easily distinguished using ELNES and XANES by the depth of the minimum
between p1 and p2 in ER1 and by the splitting of the features observed in ER2. The energy
separation between p1 and p2 is related to the crystallographic phase but as will be become
clear in the following discussion this is a less reliable method of phase identification.

In both the ELNES and the XANES results, it is clear that the energy difference between p1

and p2 in the oxygen K-edge data increases as the Y2O3 concentration increases. This energy
difference, �Ep2–p1, has been measured in all of the materials investigated and is plotted in
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Figure 3. Plot of the energy difference between the first two peaks (�Ep2–p1) in the oxygen K-
edge as a function of the ratio of Y/(Y + Zr) in the specimens investigated. The legend indicates the
measurement technique used as well as the crystallographic phase of the sample. In the XANES
data this is the phase determined by XRD measurements while in the ELNES cases the phase was
assigned to each grain on the basis of the observed fine structure in the recorded ELNES data.

figure 3 against the metal fraction of yttrium. The legend shows both the technique used and
the crystallographic phase assigned to the data point. In the case of the XANES data, the
yttrium metal fraction corresponds to the nominal value for the sample used and the phase is
the dominant phase determined from the XRD pattern. For each ELNES data point, the metal
fraction of yttrium was measured by EDX analysis on the same sample grain and the phase
was determined from the ELNES shape.

In figure 3 it can be seen that the values of �Ep2–p1 measured from ELNES and XANES
data follow the same trend and appear to be linearly dependent on the metal fraction of yttrium
for the tetragonal and cubic phases. The data points for the monoclinic phase lie a little above
this trend line. It should be noted that the value of the splitting obtained from XANES of
m-ZrO2 and 30 mol% YSZ are likely to be unreliable due to the extra feature, attributed to
specimen discharging, that is present on p1. If there are grains with a range of metal fractions
in the irradiated volume, as in the case of the XANES recorded from the 20 and 25 mol% YSZ
samples, this will be reflected in the broadening of p2, providing a method of detecting such
inhomogeneity in a bulk sample.

Clearly it can be concluded from the data presented that �Ep2–p1 is a sensitive measure
of the yttrium metal fraction present in YSZ materials. This ability in combination with the
ability to identify the crystallographic phase of each grain makes spatially resolved ELNES
an extremely powerful analytical technique for the investigation of inhomogeneities in YSZ.
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4. Conclusions

This work has demonstrated that near-edge structure at the oxygen K edge is a
powerful technique for investigation of YSZ materials providing information on both
phase and composition. It has been shown that, although the same features are present
on the oxygen K edge measured by both XANES and ELNES, there are significant
discrepancies in the peak intensities in the raw data. This is due to the effect of
specimen charging during XANES analysis. The effect of specimen charging can be
measured directly and the data can be processed to reduce the discrepancies between the
techniques.

Investigation of a series of YSZ samples with systematically varying compositions has
revealed that near-edge structure analysis can be used to reliably identify the crystallographic
phase of the material. In addition, it has been demonstrated for the first time that the energy
difference between the first two peaks of the oxygen K edge is directly related to metal fraction
of yttrium present in the analysed region.

The results of this study are extremely significant due the spatial resolution of the ELNES
technique when carried out in a modern analytical electron microscope. In current commercial
instruments this type of analysis can be performed with a spatial resolution of 0.2 nm with an
acquisition time of about 4 s. Thus, using ELNES, it is possible to probe simultaneously the
structure and chemistry at homogeneous and heterogeneous interfaces in technical ceramics,
sensors and fuel cells based on stabilized zirconia materials.
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