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a b s t r a c t

We studied structure and oxygen-sensitive photoluminescence (PL) of ZrO2:Eu,Nb nanocrystalline
powders synthesized via a sol-gel route and heat-treated up to 1200 �C. The material containing only 2 at
% Eu3þ was predominantly monoclinic, whereas 8 at% of Eu3þ stabilized tetragonal phase. Comparable
amount of niobium co-doping effectively suppressed the formation of tetragonal phase.

PL of Eu3þ ions was observed under direct excitation at 395 nm. PL decay kinetics showed that the
luminescence was partially quenched, depending on doping concentrations and ambient atmosphere. At
300 �C, the PL intensity of all samples systematically responded (with up to 70% change) to changing
oxygen content in the O2/N2 mixture at atmospheric pressure. At low doping levels, the dominant factor
controlling the PL intensity was an energy transfer from excited PL centers to randomly distributed
defects in the ZrO2 lattice. We argue that the charge transfer between the defects and adsorbed oxygen
molecules alters the ability of the defects to quench Eu3þ luminescence. At high doping levels, another
type of sensor response was observed, where some Eu3þ emitters are effectively switched on or off by the
change of ambient gas. A remarkable feature of the studied material is a reversing of the sensor response
with the variation of the Nb concentration.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Development of nanophosphors has been a popular topic for a
few decades. It is stimulated by special applications (such as bio-
imaging [1]), optimization of display and lighting technologies [2]
as well as by promising nanoscale mechanisms of luminescence
control (quantum confinement, plasmonics, etc). The large surface
ity of Tartu, W. Ostwaldi St 1,
area to volume ratio also suggests chemical sensing possibilities.
Versatility of sensing mechanisms is urgently needed because
chemical sensing applications require optimization of numerous
parameters (sensitivity, selectivity, stability, power consumption,
size, etc). Recent developments show that inorganic luminescent
nanoparticles (from quantum dots to various doped nanocrystals)
provide a versatile arena for implementing novel materials and
methods for optical gas sensing.

Adsorption of different gases on the surfaces of metal oxides has
been extensively studied. For example, it was demonstrated quite
long ago that even at elevated temperatures (�400 �C) oxygen
pickup by ZrO2, occurring over timescales of 102e103 s, is
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Table 1
List of sol-gel-prepared zirconia samples used in this study. For co-doped materials,
impurity concentrations were determined from X-ray fluorescence measurements.
Ta is annealing temperature, C is concentration of crystalline phases other than
monoclinic, L is the crystallite size in dominant phase and Rwp is conventional
Rietveld R-factor (residual error) for the XRD pattern.

Chemical composition (at%) Ta (�C) C (mass%) L (nm) Rwp

ZrO2:Eu(2) 1200 6± 2 19
ZrO2:Eu(2.12)Nb(1.87) 1200 3± 1 21
ZrO2:Eu(1.48)Nb(2.74) 1200 4± 1 49± 8 17
ZrO2:Eu(8) 1000 100 15± 8 8

1200 100 25± 4 ea

ZrO2:Eu(8.68)Nb(8.12) 1000 30± 2 34± 12 27
1200 31± 2 35± 8 33

a Rietveld refinement was not performed. The sample contained only tetragonal
phase of zirconia.

V. Kiisk et al. / Materials Chemistry and Physics 214 (2018) 135e142136
predominately a surface phenomenon [3]. A fraction of oxygenwas
found to be reversibly adsorbed. It was proposed that the adsorbed
oxygen molecule captures an electron from the conduction band
and this electron, in turn, originates from an anion vacancy acting
as electron donor. This scheme seems to be common for many
metal oxides, of which some semiconductors (TiO2, SnO2, etc) are
also good conductometric gas sensors [4].

This mechanism implies that in sufficiently fine-grained ma-
terials most donor sites become ionized when exposed to oxygen.
It is possible that majority of optical centers in the material also
participate in or are influenced by the charge transfer. The sensor
response of luminescence centers is especially interesting as
luminescence is a two-step process (excitation and emission), so
that external influences have more chances to intercept the
photon emission. Such oxygen sensing effect has been recently
observed in several trivalent rare earth (RE) activated nano-
crystalline matrices: CePO4:Tb3þ [5], TiO2:Sm [6,7], ZrO2:Eu3þ

[8,9], and Pr:K0.5Na0.5NbO3 [11]. In most cases, it is believed that,
at certain charge state, the electron donor site becomes lumi-
nescence quenching center. Unlike the conventional oxygen
probes based on direct quenching of the PL by oxygen molecules
[12], this mechanism can cause either increase or decrease of the
PL intensity as the material is exposed to oxygen. At least in the
case of TiO2:Sm and ZrO2:Eu the physics of adsorption and/or
luminescence quenching is such that a significant luminescence
response is realized already at oxygen concentrations below 1 vol
% [7,9]. Hence, such materials may be promising for trace oxygen
sensing, or oxygen sensing over a wide dynamic range. Advan-
tages of Eu3þ over other RE ions and the intrinsic luminescence
centers in ZrO2 were argued elsewhere [9]. In particular, the
emitter can withstand elevated temperatures frequently required
for viable sensor operation or industrial setting.

The common stable phase of nominally pure zirconia is the
monoclinic one (m-ZrO2). At sufficiently high temperatures a
martensitic transformation first into tetragonal (t-ZrO2) and then
into cubic (c-ZrO2) polymorph takes place [10]. Due to charge dif-
ference (and sometimes also size mismatch), trivalent RE ions do
not naturally substitute into MeO2-type crystalline hosts. Doping
with such aliovalent impurities may induce charge compensating
defects, such as anion or cation vacancies. It is believed that the
structural distortion induced by oxygen vacancies constitutes one
of the mechanisms by which the metastable t-ZrO2 or c-ZrO2
phases become stable at room temperature [13]. On the other hand,
the large amount of defects and the phase stability issues limit the
performance and maximum usable concentration of RE ions for
luminescence applications. At least in the case of ZrO2:Er3þ, it has
been reported that niobium (Nb) co-dopant improves the (up-
converted) luminescence performance as well as stability of the
dominant monoclinic phase [14,21]. It was shown that in
ZrO2:Eu,Nb the niobiumwas incorporated as Nb5þ, at least close to
surface [9]. Hence, comparable amount of Nb co-dopant should
compensate the charge difference of the RE3þ and Zr4þ ions.
Moreover, the ionic radii of Zr4þ, Eu3þ and Nb5þ are 78, 101 and 69
pm, respectively (due to Shannon [22], for coordination number 7,
as inm-ZrO2). Hence, there is a chance that Nb5þ also compensates
for the lattice distortion induced by Eu3þ.

In this work, a comprehensive study of the structural, lumi-
nescence and gas sensing properties of ZrO2:Eu and ZrO2:Eu,Nb
were carried out. We demonstrate that co-doping with Nb indeed
dramatically affects the phase stability, Eu3þ luminescence and its
oxygen sensing behavior. These dopings presumably affect mainly
the defectiveness in the material bulk. Future studies should also
address surface treatment to optimize the oxygen chemisorption
[23].
2. Experimental details

ZrO2:Eu and ZrO2:Eu,Nb gels were synthesized using a sol-gel
route based on ZrCl4 (99.9%), Eu2O3 (99.99%), Nb2O5 (99.5%) and
glycine (99.7%) as precursors (all supplied by Sigma-Aldrich),
following the procedure described by Smits et al. [14]. The nomi-
nal concentrations of Eu and Nb dopants during synthesis were
either 2 or 8 at%. One additional sample was prepared where the
concentration of Nb was notably higher than that of Eu (Table 1).
The dried gels were annealed at 1200 �C for 2 h, except for the
samples with the high dopant concentration, which were initially
annealed at 1000 �C and then at 1200 �C to observe the effect of
annealing temperature. Annealing resulted in white powdered
materials.

For structural and chemical characterization of the obtained
materials, several techniques were used. X-ray diffraction (XRD)
patterns were recorded in BraggeBrentano configuration using
Rigaku™ SmartLab diffractometer (Cu Ka radiation, 8.1 kW tube
power). Apparent volume weighted size of coherently diffracting
domains was calculated (using program AXES) over the first 20
reflections of monoclinic phase or over all reflections of tetragonal
phase. LaB6 (SRM660) was used as reference material for taking
into account geometric broadening of diffraction peaks. Concen-
tration of crystalline phases was evaluated from XRD Rietveld
analysis (program FULLPROF [15]) by taking into account mono-
clinic, tetragonal and cubic phases of zirconia and monoclinic
europium orthoniobate. Structure data of cubic zirconia were taken
from Martin et al. [16] (ICSD collection code 72955) or from
Jørgensen et al. [17] (ICSD collection code 62445), monoclinic zir-
conia fromWang et al. [18] (ICSD collection code 89426), tetragonal
zirconia fromMalek et al. [19] (ICSD collection code 85322) and for
EuxNbO4�1.5(1�x) from Toda et al. [20] (ICSD collection code 92239).

Crystalline phase was additionally confirmed from Raman
spectra, acquired with Renishaw inVia micro-spectrometer using
514 nm laser excitation. Impurity content (only in the co-doped
samples) was evaluated from X-ray fluorescence (XRF) spectra us-
ing Rigaku ZSX 400 spectrometer.

Laser-stimulated PL and its gas response measurements were
carried out using a lab-assembled setup, where the powder was
fixed by a drop of high-purity methanol on the heating/cooling
stage inside a gas-tight chamber with an optical window (Linkam
THMS350V). Mass-flow controllers were used to achieve a constant
flow (200 cm3/min) of oxygen/nitrogen mixture through the
chamber. The 99.999% purity source gases were used. A 395 nm
laser diode (Toptica LD-0395-0120-1) was used for excitation
because of its good resonance with the most pronounced 4fe4f
excitation peak of Eu3þ [24] (see also Supplementary Information).
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The emitted PL was collected in a backscattering geometry,
dispersed by a monochromator (LOMO MDR-23) and detected
either by a CCD camera (Andor DU240-BU) or a photomultiplier
tube (Hamamatsu R2949) with a photon counting multiscaler (Fast
ComTec P7888). The same laser diode was also utilized in PL decay
kinetics measurements by supplying rectangular current pulses
with a duration of 500 ms and repetition rate 100Hz. The good
stability of such pulsed light source allowed comparing more reli-
ably the signal strengths of different decay curves. The time reso-
lution in PL decay kinetics measurements was 100 ns. Gas
sensitivity measurements were always carried out at 300 �C, which
provided stronger and more stable gas response in the PL, as
compared to room temperature [9].
3. Results

Scanning electron microscopy for such kind of material was
reported already in a previous work [9], showing overall meso-
porous structure and strongly agglomerated particle-like forma-
tions with diameters ranging over 200e600 nm. Transmission
electron microscopy could distinguish individual particles as small
as 100 nm (see Supplementary Information). The results of XRF
analysis are in a reasonable agreement with the nominal dopant
concentrations used in synthesis (Table 1). Hereafter we analyze
more systematically the manifestations of impurity content in the
XRD, Raman and PL data.

Phase composition of the samples was evaluated from XRD
analysis. In the case of the three samples with 2 at% nominal Eu
concentration, all reflections, except one at 2q¼ 30.12�, were
identified belonging to monoclinic ZrO2 (Fig. 1). The reflection at
30.12� is a trace of the strongest reflection of tetragonal (or cubic)
ZrO2. The concentration of the tetragonal phase, calculated by
Rietveld analysis, is reported in Table 1. The tetragonal phase con-
centration is the highest (6± 2 mass%) for the sample containing
only Eu dopant. Addition of Nb reduces the amount of this trace
phase.

The remaining two samples had quite different phase compo-
sition (Fig. 1). For the sample containing 8 at% of Eu, all reflections
can be indexed as reflections of tetragonal ZrO2. The broadening of
the reflections is considerably larger compared to the other
Fig. 1. X-ray diffraction patterns of the sol-gel-derived ZrO2:Eu and ZrO2:Eu,Nb pow-
ders annealed at 1200 �C. The top-most pattern was calculated for monoclinic ZrO2

(ICSD collection code 89426). Reflection at 30.12� (labeled), not belonging to mono-
clinic phase, can be indexed as 101 tetragonal or 111 cubic phase. Vertical arrow
pointing at 29.58� marks the position of reflection 111 of cubic Eu0.5Zr0.5O1.75 [17]. The
XRD patterns of the samples with high impurity content are shown both for 1000 �C
(light color) and 1200 �C (dark color) annealing temperatures.
samples. Annealing at 1200 �C retained the pure tetragonal phase
but induced notable growth of crystallites (from 15 to 25 nm, see
Table 1), as shown by a narrowing of the reflections.

Most reflections of the sample ZrO2:Eu(8.68),Nb(8.12), annealed
at 1000 �C, can be indexed as related to monoclinic ZrO2. Relatively
strong reflections at 29.6� and 30.18� can be assigned belonging to
cubic EuxZr1�xO2�x/2 (where x¼ 0.5, ICDD PDF card number 78-
1292 or ICSD collection code 62445) and tetragonal (or cubic) ZrO2,
correspondingly. A few remaining weak reflections (e.g. at 32.13�

and 47.2�) can be assigned to monoclinic EuxNbO4�1.5(1�x) (ICSD
collection code 92239) and the rest (e.g. at 28.9� and 48.4�) to cubic
Eu6Nb2O14 (ICDD PDF card number 26-0633). According to Rietveld
analysis the maximal concentration of the trace phases in this
sample was 30 mass%. Interestingly, further annealing of this
sample at 1200 �C did not induce any remarkable growth of crys-
tallites or detectable changes in phase composition (Table 1).

The Raman spectra are in full agreement with XRD results
(Fig. 2). In the 2 at% Eu-doped sample, one can detect (in addition to
the peaks due to monoclinic phase) also two weak Raman peaks at
150 and 260 cm�1, which indicates that the 3e6 mass% of the
metastable phase detected by XRD is tetragonal one. The spectrum
of ZrO2:Eu(8%) is completely transformed and represents fully
stabilized tetragonal phase; no peaks due to monoclinic (or cubic)
zirconia were detected.

The Raman spectrum of ZrO2:Eu(8.68),Nb(8.12) is very similar to
the spectra of the 2 at% samples except for additional weak lines at
230, 415 and 430 cm�1, which may belong to some of the trace
phases detected by XRD. It is remarkable that the defectiveness
caused by ~17 at% of total impurity concentration and a mixed
phase content cannot induce any notable shifting or broadening of
the Raman peaks. Similar to XRD results, no changes were detected
after annealing at 1200 �C.
Fig. 2. Raman spectra of the sol-gel-derived ZrO2:Eu and ZrO2:Eu,Nb powders
annealed at 1200 �C. For clarity, the spectra are arbitrarily shifted vertically. In the four
topmost spectra, all dominant peaks belong to the monoclinic phase of ZrO2 [25]. In
the last spectrum, all peaks are due to tetragonal phase.
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PL emission spectra (under 395 nm excitation) of all annealed
powders show typical bands appeared due to 5D0/

7FJ 4fe4f
transitions of trivalent Eu (Fig. 3) [26,27]. Presence of the fine
structure shows that all the 7FJ states are distinctly split by the
crystal field, so that Eu3þ emission centers are situated in regular
crystalline surrounding. The development of the spectral fine
structure across the materials correlates well to the structural data
revealed fromXRD and Ramanmeasurements. In the three samples
with a low Eu concentration as well as for ZrO2:Eu(8.68)Nb(8.12),
the fine structure is characteristic to Eu3þ centers in the monoclinic
phase [28e30]. For the sample ZrO2:Eu(1.48)Nb(2.74), a narrowing
of the spectral lines is evident (for instance, the overlapping peaks
at 597 nm and 614 nm are better resolved). The spectrum of the 8%
Eu doped sample is radically different (Fig. 3) and it is similar to the
spectra previously obtained from sol-gel-prepared yttria-stabilized
tetragonal zirconia [31]. For both highly doped samples, the minor
changes in the PL spectra upon heating at 1200 �C are within the
experimental variability and may imply a small inhomogeneity of
the samples rather than annealing-induced structural changes.

The gas response studies were conducted on all samples at
300 �C. The sample was cyclically subjected to pure nitrogen and an
oxygen/nitrogen mixture, where the oxygen concentration was
precisely controlled between 6 and 100 vol%. Each exposure lasted
10min while the integrated PL intensity of the strongest Eu3þ

emission band was continuously monitored. All samples system-
atically responded to the change in oxygen concentration, but the
size and sign of the response depended on the sample. In the case of
ZrO2:Eu(2), the PL signal was decreased at increasing oxygen con-
centration (Fig. 4). The relative response of the sample
ZrO2:Eu(2.12),Nb(1.87) was much smaller. More interestingly, the
Fig. 3. PL emission spectra of the sol-gel-derived ZrO2:Eu and ZrO2:Eu,Nb powders
annealed at 1200 �C. The spectra are vertically shifted for clarity. The spectra of the
samples with high impurity content are shown both for 1000 �C (light color) and
1200 �C (dark color) annealing temperatures.

Fig. 4. Temporal behavior of the Eu3þ PL intensity of the ZrO2:Eu and ZrO2:Eu,Nb
powders (annealed at 1200 �C) in response to the ambient oxygen concentration
changes at 300 �C.
response was reversed. Further increase of Nb concentration
(sample ZrO2:Eu(1.48),Nb(2.74)) resulted in a significant increase of
the reversed response. The relative response of this sample (with
respect to 100% O2) is already close to 70% (depending on the
relaxation time allowed in nitrogen). Hence, majority of the Eu3þ

centers are affected by the gas sensing process. For this material it is
also most clearly seen that the response to oxygen is somewhat
faster compared to the response to nitrogen. Based on the simple
Langmuir adsorption model, such observation is in agreement with
the expectation that the primary step of the sensing mechanism is
adsorption or desorption of oxygen.

The oxygen response of the tetragonal sample ZrO2:Eu(8) was
very small after annealing at 1000 �C (not shown). However, further
annealing at 1200 �C induced a more definite oxygen sensitivity,
with the same type of response as in ZrO2:Eu(2). Finally, sample
ZrO2:Eu(8.68),Nb(8.12) behaved similarly to ZrO2:Eu(1.48),Nb(2.74)
with somewhat reduced response.

Concerning the stability of the sensor response, it is evident
from Fig. 4 that, at the end of each 100% N2 pulse, the PL signal
indeed achieves the same level. Usually such behavior was obtained
only during a repeated cycle of gas exposures. Fig. 5 shows an



Fig. 5. Behavior of Eu3þ PL intensity for the sample ZrO2:Eu(8.68),Nb(8.12) during
three successive cycles of gas exposure. The first two cycles are identical to those in
Fig. 4, the last cycle contains alternating exposures to 100% O2 and 100% N2 to test for
the stability of the response. The signal is arbitrarily normalized and should not be
compared to the intensity scale of Fig. 4.
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extended measurement. At the beginning, one can recognize
certain slow background process with a characteristic time con-
stant ~100min, which affects the absolute PL intensity. The signal
becomes stable after 1e2 cycles.

Previous studies have shown that PL decay kinetics is rather
informative in revealing essential aspects of the gas sensing
mechanism [5e7,9]. The PL decay kinetics was recorded only for the
samples that had a significant steady-state oxygen response. For
maximum contrast, only decays in 100% O2 and 100% N2 were
recorded. For all samples, the decay curves were affected by the
Fig. 6. PL decay kinetics of the ZrO2:Eu and ZrO2:Eu,Nb powders (with ~2 at% Eu) in
different atmospheres.

Fig. 7. PL decay kinetics of the ZrO2:Eu and ZrO2:Eu,Nb powders (with ~8 at% Eu) in
different atmospheres.
ambient atmosphere (Figs. 6 and 7). Their behavior is qualitatively
in agreement with Fig. 4. At long time delays from the laser pulse,
all PL decays become nearly single exponential with a time constant
about 1.1 ms. This represents the natural lifetime of the 5D0 excited
state (i.e., radiative decay and possibly some ordered quenching by
the immediate surrounding of the Eu3þ emitter). Typical reported
lifetime of Eu3þ emission inm-ZrO2 and t-ZrO2 is 1e2 ms [30,31]. It
is noteworthy that in the 100% O2 atmosphere the sample
ZrO2:Eu(1.48),Nb(2.74) had the strongest PL signal as well as nearly
perfect single exponential decay (Fig. 6). This must correspond to
the state of minimal number of randomly located quenching de-
fects in the crystal. Other conditions introduced certain amount of
quenching in ZrO2:Eu(2%) and ZrO2:Eu(1.48),Nb(2.74), as charac-
terized by the gradually decreasing slope of the PL decay profile.
Note that the difference between the initial intensities at the
beginning of the decay profiles can be attributed to the relatively
long excitation pulse (see Appendix).

For the ZrO2:Eu(8) sample, the slight curvature of the decay
curves also implies a small amount of quenching due to energy
transfer to randomly located acceptors. However, one cannot
recognize any change in the decay profile in the oxygen sensing
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experiment. Instead, the decay profile effectively appears to be
vertically shifted (Fig. 7), which implies that the number of active
Eu3þ centers have changed.

The PL decay profile of ZrO2:Eu(8.68),Nb(8.12) is different and
clearly contains two components. Some Eu3þ centers experience a
strong quenching, as revealed by the fast initial decay (especially
for the 1000 �C annealing). The rest are regular Eu3þ centers
exhibiting an exponential PL decay with time constant ~1.1 ms. The
contribution of the fast decay is substantially reduced by annealing
at 1200 �C. At least for the intermediate annealing state, this sample
also did not show any notable change of the decay profile as the gas
composition was changed.

4. Discussion

The results of structural characterization show that sufficient
doping with trivalent europium (about 8 at%) is able to stabilize the
material as t-ZrO2 with no detectable traces of m-ZrO2 or other
phases. The structure is stable against heating to temperatures as
high as 1200 �C or even more. Such phase purity did not realize
when both Eu and Nb dopants were present. Instead, significant
reduction in the t-ZrO2 content was achieved when Eu and Nb
concentrations were approximately equal. However, an excess of
Nb, as in the sample ZrO2:Eu(1.48),Nb(2.74), was not efficient to
further suppress t-ZrO2 formation. This is not surprising, because
Nb doping alone is also known to stabilize t-ZrO2 [33]. Hence,
complementary pairs of impurity ions can be found (in this case
Nb5þ and Eu3þ) which separately both stabilize t-ZrO2, but simul-
taneous doping with the impurities effectively cancels the stabili-
zation. This allows introducing rather high concentration of
activators while preserving m-ZrO2 as the dominant phase.

This was best demonstrated by the highly doped sample
ZrO2:Eu(8.68),Nb(8.12), where Eu3þ emission pattern typical to
monoclinic surrounding was surprisingly well recovered (Fig. 3),
considering the very large (~17 at%) total impurity concentration.
However, for lower annealing temperatures, rather strong
quenching of luminescence takes place (Fig. 6). Not all Eu3þ emit-
ters equally experience this PL quenching, as indicated by the rapid
initial decay followed by an exponential decay with the regular
time constant ~1.1 ms. It is also known that the emission from the
Eu3þ 5D0 level is not susceptible to cross-relaxation via the long-
distance resonant multipolar interaction [34]. The strong PL
quenching may characterize specially segregated Eu3þ emitters,
such as the Eu3þ ions situated in the europium-rich phase
Eu0.5Zr0.5O1.75 detected by XRD analysis. Increased energy migra-
tion between such segregated ions can lead to a premature relax-
ation of the excitation energy at some defects, and cross-relaxation
through non-resonant exchange mechanism can also become
relevant [34]. This explanation is compatible with the PL spectra
which indicate only Eu3þ ions in the monoclinic phase. One can
even speculate that the Eu-rich phase effectively separates the
grains of monoclinic zirconia. That would explain why annealing at
1200 �C did not yield further growth of the monoclinic domains.

Co-doping should induce drastic changes in the vacancy con-
centration depending on the Nb5þ/Eu3þ doping ratio. If an oxygen
vacancy occupied a nearest neighbor position of Eu3þ, then one
would expect a notable change of local symmetry and crystal field
strength around the emitter as the vacancy is removed. Interest-
ingly, Nb co-doping induced only small changes in the fine struc-
ture of Eu3þ PL spectrum (Fig. 3). Various studies of yttria-stabilized
zirconia have suggested that oxygen vacancy occupies not a nearest
neighbor but a next nearest neighbor position which is energeti-
cally favored [13]. The assumption is also in agreement with the
observation that only single Eu3þ site with well-known emission
pattern (as in Fig. 3) is commonly identified in the PL spectra of m-
ZrO2:Eu materials. This is the case even in samples prepared by
drastically different methods, such as by implantation of Eu3þ ions
into zirconia films [35].

Although an excess of Nb slightly increased t-ZrO2 content, the
sample ZrO2:Eu(1.48),Nb(2.74) had the best luminescence and
sensor performance: i) a narrowing of the spectral lines is evident
(Fig. 3); ii) the PL decay kinetics (in oxygen-containing ambient) is
very close to single exponential decay (Fig. 6); iii) strongest oxygen
sensing response in the PL intensity is observed (Fig. 4). Tentative
scheme explaining these observations is the following. Due to the
excess of Nb, only a small amount of oxygen vacancies remains in
the material. Hence, the regularity of the crystal lattice is improved
leading to a narrowing of the spectral lines. The vacancies are able
to hold one or two electrons, forming F-centers. Supposedly, there
is certain probability of energy transfer from the excited Eu3þ ions
to the F-centers resulting in a slight quenching of Eu3þ lumines-
cence. The acceptors are likely quite randomly distributed leading
to a PL decay with gradually decreasing slope (Fig. 6). In an oxygen-
rich atmosphere, the adsorbed oxygen molecules capture most of
the electrons and ionize nearly all of the remaining vacancies. As a
result, the vacancies are not any more capable accepting the energy
of excited Eu3þ ions and maximum luminescence yield is observed
(i.e., single exponential decay with a long lifetime).

Computational quantum mechanical modelling of vacancies in
m-HfO2 (which is structurally almost identical to m-ZrO2) have
predicted optical transitions from middle-gap occupied vacancy
states (Vþ, V0 and V�) to a resonant state in the conduction band
with transition energies about 2.4e2.7 eV and relatively large
oscillator strengths [38]. This absorption is spectrally close to the
emission transitions of Eu3þ. At least for yttria-stabilized zirconia
(YSZ), several absorption bands in this region have also been
observed experimentally [36,37].

Sample ZrO2:Eu(2) showed in both 100% O2 and 100% N2 a
stronger PL quenching compared to ZrO2:Eu(1.48),Nb(2.74), but the
mechanism of quenching (based on the PL decay profile, Fig. 6)
looks similar. This is expected owing to the higher amount of ox-
ygen vacancies present in ZrO2:Eu(2) due to uncompensated Eu3þ

ions. More interestingly, the oxygen response of the PL is reversed.
An intermediate case is ZrO2:Eu(2.12),Nb(1.87), which contained
slightly less Nb. The PL of this sample showed only very small ox-
ygen sensitivity (Fig. 4). The observations suggest the following
explanation. Oxygen vacancies can exist in several charge states.
For the sake of discussion, let's suppose that V0, Vþ and V2þ (i.e.,
oxygen vacancies containing 2, 1 or 0 electrons, respectively) are
involved, where only Vþ occurs to be in a good resonance with Eu3þ

emission. Upon adsorption of oxygen molecules, certain amount of
electrons become trapped at the surface. As a result, some Vþ

centers are converted into V2þ whereas some V0 centers become
Vþ. Hence, the concentration of Vþ may either increase or decrease
depending on the number of electrons available in the system. In
the sample ZrO2:Eu(2.12),Nb(1.87), the rates of V0/Vþ and
Vþ/V2þ induced by oxygen adsorption happen to be nearly equal
so that only a small change of PL intensity is observed. However, it
remains to understand the connection of such model to the charge
compensation caused by Nb co-doping.

Based on the integrated PL intensity only, the oxygen responses
of the samples ZrO2:Eu(8) and ZrO2:Eu(8.68),Nb(8.12) could be
interpreted in a similar fashion. However, the PL decay profiles of
these samples did not show notable changes as the ambient was
changed (Fig. 6). The vertical shift of the decay curves rather sug-
gests that the number of active Eu3þ centers have changed. This
might indicate a different kind of reversible redox reaction that can
completely switch off the Eu3þ center. For instance, the sign of the
response of ZrO2:Eu(8.68),Nb(8.12) conforms to a possibility that
Eu2þ ions may exist in the material and they are oxidized into
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3 þ state when interacting with oxygen. In nitrogen environment,
the Eu3þ ions would then reduce back into Eu2þ. However, so far, it
has not been possible to detect Eu2þ emission in ZrO2, even when
using selective excitation combined with time-resolved spectros-
copy [28].

5. Conclusions

Based on the study of sol-gel-prepared crystalline ZrO2:Eu,Nb
nanopowders, we have confirmed that Nb co-dopant has a charge-
compensating effect in ZrO2:Eu. In particular, comparable amount
of Eu3þ and Nb5þ dopants strongly suppress formation of t-ZrO2. At
the same time, Nb co-doping only weakly affected the spectral fine
structure of Eu3þ luminescence, implying that neither Nb5þ ions
nor other charge-compensating defects have direct contact with
the Eu3þ ions.

PL decay kinetics showed that certain random defects in the
ZrO2 lattice (possibly oxygen vacancies) partially quench Eu3þ

luminescence. A weakly doped material, where Eu3þ was slightly
overcompensated by Nb5þ, exhibited minimal PL quenching and
the best oxygen sensing performance, attributed to a markedly
reduced amount of oxygen vacancies. As the main gas sensing
mechanism, we propose that adsorbed oxygen molecules capture
electrons from the defects and thereby alter their capacity to
quench Eu3þ luminescence. Presence of several different types of
defects could cause the observed reversing of the sensor response
with the variation of dopant content and annealing.
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Appendix

Let us analyze the effect of the long excitation pulse on the decay
kinetics. Let's suppose that the PL quenching is due to F€orster-type
energy transfer from excited Eu3þ ions to some defects uniformly
distributed over the crystal. Then a short excitation pulse would
induce the following PL decay:

IðtÞ ¼ e�at�b
ffiffi
t

p
(1)

Here a is the natural decay rate (¼ 1=t0) and b ¼ c=
ffiffiffiffiffi
t0

p
, where c

is proportional to the concentration of acceptors. It is known that
such decay profile corresponds to the following distribution of

decay rates [32]: PðkÞ ¼ b

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðk�aÞ3

p exp
�
� b2

4ðk�aÞ

�
, where k ¼ a…∞.

If the excitation pulse is long (with a duration already comparable
to t0), then nearly stationary regime is achieved and the resulting
distribution of emitters is more accurately described by PðkÞ=k.
Corresponding decay profile is

IðtÞ ¼ a
Z∞

a

PðkÞ
k

e�ktdk (2)

The factor a is included to make Ið0Þ ¼ 1 for b ¼ 0 (as in formula
1). One can numerically evaluate Eqn. (2) for different values of c
(Fig. A1). The results quite accurately reproduce the PL decays of
ZrO2:Eu(1.48),Nb(2.74). Hence, we can conclude that the difference
between the initial intensities at the beginning of the decay profiles
of the sample ZrO2:Eu(1.48),Nb(2.74) (and possibly ZrO2:Eu(2) as
well) can be attributed to the long excitation pulse and does not
imply that the number of emitters have changed.

Fig. A1. Simulated PL decay profiles for short excitation pulse (Eqn. (1), solid curves)
and long excitation pulse (Eqn. (2), dashed curves). Parameters a ¼ 1=t0 (where t0 ¼
1:1 ms) and b ¼ c=

ffiffiffiffiffi
t0

p
(values of c are indicated on the graph).
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