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Abstract

When reductive gases pass over the surface of nanosized catalysts, a kind of chemiluminescence named cataluminescence (CTL) can
be generated due to the production of excited intermediates. Here we report the observation of an energy transfer process between excited
intermediates and the nanosized catalysts. The CTL is quenched when introducing Ho3+, Co2+ and Cu2+ into the catalyst, while new intensive
C
c d during the
r
e e ETCTL
f lectivity
a r on pure
c t work by
t
©

K

1

v
o
o
h
a
o
o
a
a
o

ed
ively
arged
)

op-
Cord
or

(CL)
op-
as
d
tum

ls to

0
d

TL peaks appear when the catalyst is doped with Eu3+ or Tb3+. Further study indicates that the new CTL peak on Eu3+- or Tb3+-doped
atalyst originates from the luminescence of the doped ions, excited by the energy transferred from excited intermediates produce
eaction. Based on this novel energy-transfer CTL (ETCTL), an ethanol sensor is developed with Eu3+-doped nanosized ZrO2 that is linear to
thanol concentrations from 45 to 550 ppm, with the whole linear range lower than the lower limit of the previous CTL sensor. Th

rom Eu3+-doped in nanosized ZrO2 shows 72 times higher sensitivity than the CTL from excited intermediates in the sensor. High se
nd stability are also obtained for this sensor. The results also indicate that the main factor limiting the sensitivity of CTL senso
atalyst may be the inevitable energy quenching of excited intermediates with the catalyst, which is artfully utilized in the presen
he introduction of Eu3+ that effectively absorbs this part of energy and transfers it into light energy.

2004 Elsevier B.V. All rights reserved.
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. Introduction

The development of nanoscience and technology has pro-
ided great challenges and opportunities to the development
f novel analytical methods and techniques[1–5]. Among
thers the luminescence properties of nanosized materials
ave attracted much attention nowadays. One of the most
ctive research fields is to apply fluorescence properties
f quantum dots into bioanalysis[6,7]. The utilization
f donor–acceptor energy transfer between quantum dots
nd receptors for conducting recognition-based assays has
lso been studied[8]. Electrochemiluminescence (ECL)
n nanosized materials is another attractive field that has

∗ Corresponding author. Tel.: +86 10 6278 7678; fax: +86 10 6277 0327.
E-mail address:xrzhang@chem.tsinghua.edu.cn (X. Zhang).

been studied extensively[9–13]. ECL has been observ
during the electron transfer reactions between posit
and negatively charged Si nanocrystals (or between ch
nanocrystals and molecular redox-active co-reactants[9].
Similar ECL was also observed with CdSe[10,11] and Ge
[12] nanocrystals.

However, still few literatures on chemiluminescent pr
erties of nanosized materials have been reported. Mc
et al. found that porous silicon treated with nitric acid
persulfate could result in intense chemiluminescence
[14]. Konig et al. observed that the agglomeration of c
per or silver atoms in a matrix to form small clusters w
accompanied by CL emission[15]. Poznyak et al. reporte
the observation of bandgap CL of semiconductor quan
dots in solution and in nanoparticulate layers[16]. How-
ever, analytical application of CL on nanosized materia

003-2670/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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the design of chemical sensors or biomarkers is still lack in
literature.

Our laboratory has successfully applied nanosized
materials as catalysts for the design of cataluminescence
(CTL) sensors[17–21]. CTL is one kind of CL that is
produced during catalytic oxidation of reductive gases on
the surface of solid catalysts. The most attracting advantages
of CTL sensors are their high selectivity, high stability and
simpleness of apparatus. Nanosized materials are employed
as catalyst for CTL sensors in our laboratory to utilize
their advantages of high surface areas, good adsorption
characteristics and high activity, and the CTL of ethanol
has been observed on several pure nanosized materials.
Previous mechanism studies have revealed that CTL orig-
inates from excited intermediates rather than the nanosized
materials.

Here we report a novel kind of CTL that originates from
the luminescence of luminescent-ions-doped nanosized ma-
terials instead of excited intermediates. Mechanism studies
suggest that this novel kind of CTL stems from an energy
transfer process from excited intermediates produced during
the reaction to the luminescent-ions-doped nanosized cata-
lyst. Base on this energy-transfer CTL, an ethanol sensor is
developed with Eu3+-doped nanosized ZrO2 as the catalyst.
In the present sensor, the ETCTL at 620 nm from Eu3+ doped
in nanosized ZrOshows 72 times higher sensitivity than the
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doped with other metal ions were synthesized in a similar
way.

X-ray powder diffraction experiment was carried out
in a Rigaku DMAX-2400 diffractometer with nickel-
monochromated Cu K� radiation. The XRD patterns of the
various as-synthesized nanosized ZrO2 are shown inFig. 1.
The XRD pattern of undoped ZrO2 is shown as curve a, which
is assigned to the monoclinic phase. Curve b is the XRD
pattern of 5%-Eu3+-doped ZrO2 calcined at 600◦C, which is
assigned to the cubic phase. The XRD pattern of ZrO2 doped
with 5% Tb3+, Ho3+, Er3+, Y3+, Cu2+, Co2+ and 10% Eu3+, to-
gether with 5%-Eu3+-doped ZrO2 calcined at 500 and 700◦C
are similar to curve b, and are assigned to the cubic phase.
Curve c shows the XRD pattern of 1%-Eu3+-doped ZrO2,
which is assigned to the monoclinic phase. Curve d is the
XRD pattern of 5%-Eu3+-doped ZrO2 calcined at 200◦C and
is amorphous. The average sizes of the powders are calculated
by the Scherrer equation (DC =Kλ/β cosθ), whereDC is the
average crystal size,K the Scherrer constant equal to 0.89,λ

the X-ray wavelength equal to 0.1542 nm,β the full-width at
half-maximum andθ the diffraction angle. The results show
that the average sizes of undoped ZrO2 and 5%-Eu3+-doped
ZrO2 calcined at 500, 600, 700◦C are 16, 17, 17 and 17 nm,
respectively.

The grain sizes of the undoped ZrO2 and 5%-Eu3+-doped
ZrO particles calcined at 600◦C were also examined by a
t an).
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TL at 460 nm from excited intermediates. Accordingly,
resent work initiates a new approach to the design of h
ensitive solid CL sensors.

. Experimental

.1. Synthesis and characterization of catalysts

All chemicals were of analytical grade and used as
eived from the suppliers. Following chemicals were u
n the experiment: ZrO(NO3)2 (Chemical Plant of Liulid
an, China), Eu2O3 (Beijing Chemical Reagents, Chin
uSO4 (Beijing Chemical Reagents, China), CoCl2·6H2O

Beijing Chemical Reagents, China), Tb4O7 (Xinxing Chem-
cal Plant, China), NH3 solution (Yili Fine Chemicals, China
nd ethanol (ATOZ Fine Chemicals, China). Deionized w
as used throughout.
A wet chemical method was used to synthesize

%-Eu3+-doped ZrO2 nanoparticles. Ammonia was add
apidly into the solution mixture of 10 ml 0.1 M ZrO(NO3)2
nd 2.5 ml 0.02 M Eu(NO3)3 with vigorous stirring
he obtained white precipitate was filtered and was
ith deionized water for three times, which after dr
t 120◦C, was calcined in a muffle furnace for 3 h
ifferent temperatures to examine the effect of calc

ion temperature. ZrO2 nanoparticles doped with oth
oncentrations of Eu3+ were obtained by simply varyin
he amount of Eu(NO3)3 used in the first step. The u
oped ZrO2 nanoparticles, as well as ZrO2 nanoparticle
2
ransmission electron microscope (H-800, Hitachi, Jap

orking at an accelerating voltage of 200 kV, the image
ained is shown inFig. 2, from which the average grain siz
ere determined to be about 15 nm for both the undope
u3+-doped ZrO2 particles.
BET (Brunauer–Emmet–Teller) surface areas of the

lysts were measured by an ASAP-2010C adsorptionm
ndoped ZrO2 prepared in this study is found to have a s
ific area of 37.98 m2 g−1, while the catalyst doped with 5
u3+ has a slightly higher specific area of 42.11 m2 g−1 (see
igs. 1 and 2 of Supporting Information).

Fluorescence experiments were carried out in a J
P-6500 spectrofluorometer and a Hitachi F850 fluo
ence spectrophotometer. The fluorescence spectru
cetaldehyde was obtained from saturated acetalde
apor by a Jasco FP-6500 spectrofluorometer. Ten m
iters of 40% acetaldehyde was injected to the bottom

detection cell, and the cell was sealed for the dete
f the fluorescence spectrum of saturated acetalde
apor.

.2. Apparatus

The ETCTL sensor system is the same with the CTL
or systems reported before[17–21]. In brief, the nanosize
atalyst was sintered as a layer with a thickness of 0.1 m
heating tube which was put into a quartz tube with an i
iameter of 12 mm. The air from the pump was mixed w

he analyte and flowed through the quartz tube, in which
nalyte was oxidized on the surface of catalyst by the ox
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Fig. 1. X-ray powder diffraction patterns of the catalysts.

in air. The resultant CTL was directly measured with a
BPCL Ultra-Weak Luminescence Analyzer (Institute of Bio-
physics, Chinese Academy of Sciences, China). Changing
the optical filters, the wavelengths used for detection could be
selected over the range of 400–680 nm with a bandwidth of
20 nm.

To study the mechanisms, a packed column gas chro-
matography system equipped with a flame ionization detector
(model SP-502, Lunan Chemical Engineering & Instruments,
China) was coupled to the CTL system described above to
analyze the products of the catalytic reaction. A GDX403
column (1.5 m× 4 mm) working at 100◦C was used for sep-
aration. The temperature of the vaporizing chamber was
120◦C and the pressure of the Ar carrier gas was 0.4 MPa.
The chemical constitution of the products was identified by
comparison of their retention time with that of the standard
compounds.

3. Results and discussion

3.1. Study of the energy-transfer CTL reaction on doped
nanosized catalysts

Six kinds of rare-earth ions (Eu3+, Tb3+, Y3+, Er3+, Gd3+,
Ho3+) and two kinds of transition metal ions (Cu2+ and Co2+)
were doped into nanosized ZrO2 to test their effect on CTL.
Nanosized ZrO2 was selected as the catalyst substrate since
it has been found to be a low-temperature catalyst for ethanol
CTL detection which guarantees a low incandescent noise
and a stable baseline on the whole spectrum that enables reli-
able detection at long wavelengths. The experimental results
indicate that the effect of doping on CTL can be classified
into three types. In the first type, CTL is totally quenched
on the catalyst and no detectable signals can be observed on
the whole spectrum, as perceived on the catalysts doped with
Ho3+, Cu2+ or Co2+. In the second type, no obvious changes
of CTL are observed compared with pure ZrO2, which in-
cludes Y3+-, Er3+- and Gd3+-doped catalyst. In the third type,
as doped with luminescent rare-earth ions like Eu3+ or Tb3+,
the CTL spectra change greatly with intensive new peaks, as
shown inFig. 3.

The catalyst doped with Eu3+, which has the most in-
tensive new peak, was first investigated. It has been previ-
ously reported that there are two main peaks in the spec-
t
5
e se in
i CTL
o at
6

ight
a
Fig. 2. TEM images of nanosized ZrO2 and nanosized ZrO2:Eu3+.
rum of ethanol on undoped nanosized ZrO2 at 460± 10 and
35± 10 nm[18]. After doped with Eu3+, while these two
mission peaks remain (although with a moderate increa

ntensity), which can still be regarded as the common
f ethanol on ZrO2, an intensive new peak is observed
20± 10 nm.

According to previous research on CTL, a suspicion m
rise that the new strong CTL peak at 620± 10 nm should
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Fig. 3. CTL spectra of ethanol on the nanosized catalysts.

result from new products generated on the doped catalyst.
However, an examination by GC disproved the supposition
as no new products were detected for the doped catalyst,
which is shown inFig. 4. Both the undoped and Eu3+-doped
nanosized ZrO2 exhibit three peaks in the GC chromatogram,
with the first one assigned to air peak. According to the re-
tention time of standard compounds, the second peak at 28 s
is assigned to ethylene and the third peak at 111 s is assigned
to acetaldehyde.

It is well known that ethanol vapor can undergo two routes
of decomposition reactions, dehydration and dehydrogena-
tion, at elevated temperature, depending on the acid–base
properties of the oxide catalysts used[22,23]:

C2H5OH → C2H4 + H2O(onacidicoxidecatalysts)

C2H5OH → CH3CHO + H2(onbasicoxidecatalysts)

F rent
n

As shown inFig. 4, when ZrO2 is doped with 5% Eu3+, the
amount of ethylene produced decreases to about one-half of
that on pure ZrO2, while that of acetaldehyde increases 2.7
times higher than on pure ZrO2, and as the BET surface areas
and the average grain sizes of the doped and undoped ZrO2
are almost the same, the result indicates an enhancement in
the basicity of the catalyst. This result may account for the
moderate increase in CTL intensity at 460± 10 nm, but surely
cannot explain the new intensive peak so strong compared
with the undoped catalyst.

Ethanol’s oxidation products on catalysts doped with Ho3+

and Co2+, on which CTL has been found to be quenched, are
also shown inFig. 4as curves c and d. The results show that
the Co2+-doped ZrO2 actually has the highest basicity, with
no evident ethylene detected and the amount of acetaldehyde
produced 4.5 times greater than on pure catalyst, in spite of the
fact that no CTL can be observed on the catalyst. The catalytic
properties of Ho3+-doped catalyst are similar to Eu3+-doped
catalyst, yet the CTL is again undetectable.

All the results above indicate that the new intensive CTL
peak cannot be explained by the variation of catalytic proper-
ties of catalysts and new mechanisms should be investigated.

Extensively used for the preparation of luminescent mate-
rials, Eu3+ is well known to possess good luminescent prop-
erties. Saraidarov et al. reported the luminescent emission
spectra of Eu(III) compounds in ZrOwith the most intensive
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ig. 4. GC chromatogram from the catalytic oxidation of ethanol on diffe
anosized catalysts.
2
eak at 617 nm (5D0–7F2) [24], which quite consists with th

ntensive new peak observed in the CTL spectrum of eth
n Eu3+-doped ZrO2 obtained with a 620± 10 nm filter. Pre
ious literatures have indicated that the CL of lanthanide
an arise from four processes: energy transfer process,
eactions involving lanthanide ions, electrogenerated l
escence and lyoluminescence[25]. In the present work, it i
bvious that neither electrogenerated luminescence no

uminescence can take place, and it is not likely that the3+

ons would take part in redox reactions in an environm
here oxygen is always excessive. Consequently, it is
osed that this peak comes from the luminescence of3+

hrough an energy transfer process from the excited inte
iates generated during the catalytic reaction to the d
atalyst.

To examine this proposition, the CTL result of nanos
rO2 doped with another important luminescent rare e

on, Tb3+, is compared with the Eu3+-doped ZrO2. As shown
n Fig. 3, similar result is observed for Tb3+-doped catalys
wo new CTL peaks appear at the luminescent emission p
f Tb3+, with the most intensive one detected at 555± 10 nm
orresponding to the most intensive luminescent emis
eak of Tb3+ in ZrO2 at 546 nm (5D4–7F5) [26] and the
econd most intensive peak at 490± 10 nm correspondin
o the second most intensive luminescent emission pe
b3+ in ZrO2 at 489 nm (5D4–7F6) [26]. Fluorescence e
eriments were then carried out to examine the lumine
mission spectra of ZrO2 nanoparticles doped with vario
etal ions to correlate with their CTL behavior, and lumin

ent emission was only observed on Eu3+- and Tb3+-doped
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ZrO2 (seeFigs. 3–5 of Supporting Information), which quite
agrees with the CTL result described above that only ZrO2
doped with Eu3+ or Tb3+ render new intensive peaks corre-
sponding to the luminescent emission peaks of the doping
ions.

The results above indicate that there should be an energy
transfer process from excited intermediates generated dur-
ing the catalytic reaction to the ions doped into the catalysts.
When the ions doped in catalyst have suitable energy struc-
tures, as in the case of Eu3+ or Tb3+, they are prone to absorb
the energy and then release it as light that results in the in-
tensive new CTL peaks at wavelengths at the ions’ emission
bands, and thus the energy lost by quenching with the cata-
lyst is recovered; otherwise, this part of energy would just be
quenched off without emission of light.

To further investigate the mechanisms, the new CTL peak
of Eu3+-doped ZrO2 at 620± 10 nm, which is the most in-
tensive and not interfered by the common CTL on ZrO2 per
se (seeFig. 3), is now selected as a prototype for study.
In comparison, the new CTL peak on Tb3+-doped ZrO2 at
555± 10 nm is interfered by the ethanol CTL spectrum on
pure ZrO2 and is consequently not chosen for the following
study.

As mentioned before, ethanol’s oxidation reaction pro-
duces two products on both undoped ZrO2- and Eu3+-doped
ZrO catalysts: ethylene and acetaldehyde. Due to the un-
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Fig. 5. Spectral overlap: the emission spectrum of acetaldehyde (a) and the
absorbance spectrum of Eu3+ (b) and Tb3+ (c).

by two factors: the catalytic activity (to produce acetalde-
hyde) and the luminescent quantum efficiency of the catalyst,
because the catalytic activity of the catalyst determines the
amount of the excited intermediates produced, while the lu-
minescent quantum efficiency determines the light-emission
ability after the energy has been transferred to the doped cata-
lyst. Accordingly, the relationship between the CTL intensity
at 620± 10 nm and the catalytic and luminescent properties
of the Eu3+-doped catalyst was investigated to further confirm
the proposed mechanism.

The effect of calcination temperature on the CTL inten-
sity at 620± 10 nm, as well as catalytic and luminescent
properties of 5%-Eu3+-doped nanosized ZrO2 was examined
(Figs. 5 and 6 of Supporting Information). As shown in
Fig. 6, a minimum value is observed at 500◦C for the
catalytic activity (to produce acetaldehyde), which itself
does not agree at all with the trend of the observed CTL

F y at
6 u
d

2
avorable molecular structure for luminescence, ethyle
arely regarded as a luminescent intermediate. Previous
es have indicated that acetaldehyde may be the lumine
ntermediate for CTL[18], as carbonyl group is regard
s favorable for luminescence and its luminescent prope
ave been extensively studied before. Actually, the en

ransfer luminescence from carbonyl compounds to Eu
helates[27] has been reported in solution before. Con
uently, it is advisable to postulate that in the present wo
imilar energy transfer process may occur: excited acet
yde molecules produced by the oxidation reaction of eth
ay transfer their energy to lanthanide ions on the surfa

he catalyst (seeScheme 1).
It is widely known that an energy transfer process

ffectively take place only when the emission spectrum o
onor and the absorbance spectrum of the acceptor ov
his precondition is satisfied in this case as the emission
f acetaldehyde ranging from 325 to 550 nm overlaps q
ell the absorbance spectrum of Eu3+, as shown inFig. 5.
In accordance with the proposed energy-transfer me

ism, the intensity of the new CTL peak should be gove

cheme 1. The proposed energy transfer mechanism for the new CT
t 620± 10 nm on Eu3+-doped ZrO2 catalyst.
ig. 6. The effect of calcination temperature on the CTL intensit
20± 10 nm, catalytic properties and luminescent properties of 5%-E3+-
oped nanosized ZrO2.
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intensity at 620± 10 nm. The luminescence intensity of the
same mass of catalyst calcinated at the various temperatures
was then examined to represent the relative luminescent
quantum efficiency, which is also shown inFig. 6. Peaking
at 500◦C, the quantum efficiency decreases as the calci-
nation temperature continues to increase, which is also not
consistent with the trend of the observed CTL intensity
at 620± 10 nm. The arithmetic products of the catalytic
activity and the relative luminescent quantum efficiency
were then calculated in sequence for the different calcination
temperatures to compare with the trend of the observed CTL
intensity at 620± 10 nm. As shown inFig. 6, the tendency
of the arithmetic product is quite consistent with the CTL
tendency with a correlation coefficient of 0.998, which quite
agree with the proposed energy-transfer mechanism.

To sum up, it has been demonstrated that the observed
novel intensive CTL (at 620± 10 nm in this specific case),
which is hereby named as energy-transfer cataluminescence
(ETCTL), comes from the luminescence of doped ions (in this
case Eu3+), through an energy transfer process from excited
intermediate molecules (in this case acetaldehyde) generated
during the catalytic reaction to the doped ions, which provides
a way to recover the excited intermediates’ energy lost that
results from the quenching on the catalyst.

It should be noticed that the excited intermediates’
collision and consequential quenching on the catalyst is
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Fig. 7. Effect of Eu3+-doping concentration on the intensity of ETCTL.

Fig. 7, based on which 5% was selected as the best doping
concentration for ethanol detection.

The dependency of ETCTL intensity on calcination
temperature can be found inFig. 6. A continuous increase
is observed for ETCTL intensity as the calcination temper-
ature increases from 200 to 700◦C. However, the catalyst
calcined at 600◦C was selected for the following studies
to achieve the maximum luminescent quantum efficiency.
It is instructive to note that here the ETCTL intensity is
related directly to the properties of the nanoparticles rather
than the properties of excited molecular intermediates,
which is quite different from the previously reported CTL
[18].

Fig. 8 shows the working-temperature dependency of
ETCTL intensity observed on Eu3+-doped ZrO2, and 295◦C
is selected as the optimal working temperature, which
is 100◦C higher than that on undoped ZrO2 and is not

F back-
g ses
p

nevitable in CTL sensors. Collisional quenching betw
as molecules has been regarded as the bottleneck

ntensity in homogeneous gas reactions, which is norm
ealt with by reduction of gas pressure[28–30]; in CTL
ystems, however, excited intermediates’ inevitable colli
nd consequential quenching on the catalyst becom
ain hindrance of CTL intensity, as excited intermedi
re produced right on the huge surface of the catalyst, w

argely limit the sensitivity of the previously develop
TL sensors[17–21]. The doping of suitable luminesce

ons described in this paper has demonstrated a new w
ecover the energy that would otherwise be quenched wi
mission of light, and release it as light again for m
ensitive optical detection. Although the intensity of ETC
s further restrained by the luminescent quantum efficie
f the catalyst when compared with that of common C

he former is nevertheless around two orders of magn
tronger than the latter, which again reflects from ano
ngle that the quenching on the catalyst should be the
indrance of sensitivity for the previously developed C
ensors.

.2. Application of ETCTL to ethanol sensor

To demonstrate the possible application of ETCTL in
ign of sensors, the optimal working conditions and ana
haracteristics, as well as selectivity and stability, were
estigated for the ethanol–ZrO2:Eu3+ sensor system.

The effect of Eu3+-doping concentration on the intens
f ETCTL was investigated with the result shown
ig. 8. The working-temperature dependency of ETCTL intensity and
round noise on Eu3+-doped ZrO2. (Background noise refers to the noi
roduced from incandescent radiation of the heated catalyst.)
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favorable to detection. Fortunately, it is found that this
increase of working temperature does not notably interfere
with detection, as the incandescent radiation and background
noise remain low, as also shown inFig. 8.

The flow rate dependence of the ETCTL intensity was
also examined. The results show that ETCTL intensity
increases gradually with an increase in the flow rate when
the flow rate is low, and saturates when the flow rate is
above 160 ml/min. Thus 160 ml/min was selected as the
optimal flow rate for detection to achieve the highest ETCTL
intensity.

For undoped nanosized ZrO2 particles, the linear range of
CTL to ethanol has been reported as from 620 to 62,000 ppm
with a detection limit of 230 ppm[18], which reaches the
maximum permitted concentration of 1000 ppm ethanol va-
por in working place as set up by the American Conference
of Governmental Industrial Hygienists (ACGIH) but is still
higher than the US illegal breath alcohol content (BrAC) level
of 186 ppm and the BrAC level in most of the other countries
of 116 ppm.

The novel ethanol sensor based on ETCTL described in
this paper meets all these requirements under its optimal
working conditions. The dependency of ETCTL intensity
at 620± 10 nm on ethanol concentration is shown inFig. 9.
With a detection limit of 15 ppm (signal/noise = 3), the
sensor is quite sensitive to ethanol, and the linear regres-
s
( e
i
i TL
s y be
d sites
o

en-
s sion

F
a

equation ofI = 0.00787c+ 6.3 (r2 = 0.994) is obtained in its
linear rage of 550–11,000 ppm, whereI is the observed CTL
intensity at 460± 10 nm andc is the concentration of ethanol
(in ppm), which is also shown inFig. 9. The CTL signal at
460± 10 nm saturates at much higher concentrations of up
to 11,000 ppm, which may be due to the saturation of all the
catalytic sites on the catalyst.

It can be observed that the ETCTL from Eu3+ doped in
nanosized ZrO2 at 620± 10 nm shows 72 times higher sensi-
tivity than the CTL from excited intermediates 460± 10 nm
in a concentration range below the lower limit of the CTL
sensor. Combining the ETCTL result at 620± 10 nm and the
CTL result at 460± 10 nm, a wide linear working range of
45–11,000 ppm is obtained with a detection limit of 15 ppm
for this single sensor.

CTL sensors have been reported to demonstrate high se-
lectivity to ethanol[17–19], as a gas can produce CTL signal
only when it can be catalytically oxidized on the catalyst and
at the same time produce excited intermediates that fall back
to ground states with emission of photons. Similar precon-
ditions must be met before ETCTL can occur on catalysts
doped with luminescent ions: the gas must be able to be
catalytically oxidized on the catalyst and at the same time
produce excited intermediates that can transfer their energy
to the luminescent ions. Therefore, it is not surprising that
the ETCTL sensor developed in the present work should also
s ted
f ased
o
C and
m of the
E (ac-
e

n on
t on of
C bon
d e
ion equation for the ETCTL peak isI = 0.566c− 23.7
r2 = 0.988) in its linear range of 45–550 ppm, wherI
s the observed ETCTL intensity at 620± 10 nm andc
s the concentration of ethanol (in ppm). The ETC
ignal seems to saturate above 550 ppm, which ma
ue to the saturation of the 5% energy transfer
f Eu3+.

The calibration curve of the common CTL emission int
ity at 460± 10 nm was also investigated, and a regres

ig. 9. Calibration curves of the observed ETCTL intensity at 620± 10 nm
nd the common CTL intensity at 460± 10 nm.
how high selectivity. No ETCTL signals could be detec
or the other seven kinds of gases by the ETCTL sensor b
n Eu3+-doped ZrO2, including NO2, SO2, CO2, NH3, CCl4,
2H4 and HCOH. It should be noted that acetaldehyde
ethanol could cause the ETCTL responses. The rate
TCTL intensity of these three gases is 258.0:19.6:100.0
taldehyde:methanol:ethanol).

It has been reported previously that carbon depositio
he catalyst is a major factor that causes the deteriorati
TL intensity[17]. As rare-earth elements show anti-car
eposition abilities in catalysts[31,32], it is expected that th

Fig. 10. Stability of the ETCTL-based ethanol sensor.
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introduction of rare-earth elements into the catalyst would
be favorable to the stability of the sensor for long-term us-
age. As shown inFig. 10, the ETCTL sensor really shows
high stability to ethanol during the 96-h test period with the
ETCTL intensity obtained remained stable within a variation
of 3.9%.

4. Conclusions

A novel kind of CTL, ETCTL, is introduced and inves-
tigated in this paper, with the ethanol–ZrO2:Eu3+ system as
a typical model. Based on ETCTL, a novel sensor is devel-
oped with good sensitivity and selectivity to ethanol, as well
as good stability. Combining the ETCTL and CTL in the
present sensor, all the detection requirement of ethanol can
be met.

Recently, CTL of sulfur-containing and nitrogen-
containing compounds has been observed in our labora-
tory. Using catalysts doped with luminescent rare earth ions,
ETCTL of such species is also observed. Therefore, ETCTL
has shown good promise to design new high sensitivity sen-
sors for various kinds of reductive gases with high selectivity,
fast response and good stability. Moreover, in view of the fact
that liquid-phase CL sensors based on solid reagents[33–35]
h oping
l lied
t tion,
t ns to
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f CTL
i tion-
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