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Abstract A cataluminescence (CTL)-based sensor is fabri-
cated based on the CTL signals generated from catalytic reac-
tion on the surface of solid catalytic materials. CTL-based
sensors have been developed since the 1990s and have
attracted extensive attention due to long-term stability, linear
concentration dependence, good reproducibility and fast re-
sponse. In recent years, CTL-based sensors and sensor arrays
have played important roles in chemical analysis, and were
applied to determine the presence of organic gas, inorganic
gas, or biological molecules, or to evaluate catalysts. Howev-
er, due to the relatively low catalytic ability of catalysts or low
reactivity of some analytes, high working temperature was
normally adopted, which limited the applications. Recently,
more advanced techniques were introduced into the fabrica-
tion of CTL-based sensors to increase the range of applica-
tions, such as advanced enrichment techniques, advanced
sampling methods, advanced assisted devices, or multiple de-
tections in array or tandem forms. This review summarizes the
recent advancements of CTL-based sensors on development
of advanced equipment, advanced sensing materials, new
working principles examination, and new applications. Final-
ly, we discuss some critical challenges and prospects in this
field.
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Introduction

In 1976, Michele Breysse and co-workers observed a specific
luminescence during the catalytic oxidation of carbon monox-
ide on thoria surface [1]. They proposed that this kind of
luminescence was not the previously observed adsorb-
luminescence but the light emission originating from the an-
nihilation of excitons produced during the catalytic reaction of
adjacent O species and CO" [2], and it was named as
cataluminescence (CTL). Normally, CTL refers to the emis-
sion of electromagnetic radiation generated from the catalytic
oxidation on the surface of solid materials. The signal inten-
sity is in proportion to the catalysis rate of gas [3], which
indicates that the CTL signals could be used to fabricate sen-
sors for gas detection. Nevertheless, in the early days, re-
searchers paid more attention to the adsorption and interme-
diates during catalytic reaction, and CTL-based sensors were
not widely used to determine gases [4].

Then, in 1990, Nakagawa et al. made an effort to explain
the origins of the band spectra observed on the surface of the
heating bulk y-Al,O3 when ethanol vapor passed through [5].
Subsequently, a series of simply equipped CTL-based sensors
were designed to detect gaseous acetone, ethanol, butanol,
butyric acid, as well as odor substances, catalytic materials
of which were bulk solid such as y-ALOs [6-9], Dy*" [10],
or Dy,03 [11] doped y-AlLO;. They also applied temperature
cycle techniques to detect each component in mixed gas sam-
ples by counting the entire CL signals in the warming and
cooling period. Significantly, there was an exactly linear rela-
tion between the gas content and CTL intensity, which was the
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essential assurance to the fabrication of a CTL-based sensor.
These are monumental studies for CTL-based sensors.

In the 21st century, with the rapid development of nano-
technology, nanosized solid materials received widespread at-
tentions. Zhang’s group selected nanosized TiO, as the sens-
ing material to detect organic gas [12], which was considered
as a pioneering work for the combination of nanomaterials
and CTL for sensing. Since then, with the adoption of various
nanocatalysts, including nano-oxides, nano-carbonates and
the nano-composites for CTL reactions, CTL-based sensor
became more sensitive, selective, miniaturized, and efficient
in chemical analysis because of the larger surface area and
diverse structures of nanocatalysts. Meanwhile, due to the
relative low catalytic ability of catalysts or low reactivity of
some analytes, several-hundred-degree working temperature
was normally adopted, which limited the applications with
low performance. Then, more breakthroughs have been intro-
duced for the development of sensors, such as the dielectric
barrier discharge technique for analyte activation [13—16], and
the headspace solid-phase microextraction (HS-SPME) tech-
nology [17] for sample enrichment. Moreover, sensor arrays
emerged based on the cross-reactive signals of different detec-
tion targets on different catalysts in the development process
of CTL-based sensors [18]. With the multifarious
nanocatalysts and improved equipment, CTL-based sensor
has turned out to be a promising transducer, achieving the
following breakthroughs: (1) the types of analytes have dra-
matically expanded from gases or volatile organic substances
to aqueous samples such as saccharides, proteins, and even
cells. (2) The temperature of sensing system decreased greatly
from hundreds of degrees Celsius to less than 100 °C and even
to room temperature. (3) The sensing mechanism became
clearer based on the experimental and calculation results. Af-
ter several years of development, CTL-based sensor shows
significant advantages like fast response, linear concentration
dependence, long time stability, excellent reproducibility, and
high sensitivity. In this review, we focus on the recent ad-
vances on CTL-based sensors on working principles, devel-
oped equipments, diverse sensing materials, and novel
applications.

Working principles of CTL

The examinations on working principles are significant for
designing new sensing systems, optimizing working condi-
tions, and improving the performance of sensors. CTL is gen-
erated in the process of heterogeneous catalytic reactions on
the surface of solid materials. The overall reaction proceeds
through five steps as Fig. 1 illustrates [19], which are:

(1) Reactant (R) and oxygen (O) diffuse from the outer gas
phase, arrive at the catalyst surface.
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Fig. 1 Schematic of overall reaction processes on the catalyst surface

(2) R and O are chemisorbed to form R,q and O,4 at the
surface of catalyst. Meanwhile, some adsorbates are
desorbed to the gas phase again.

(3) Ruq and Oy4 react to form chemisorbed RO,q at the
surface.

(4) The product RO is desorbed from the surface.

(5) RO diffuses off to the gas phase.

Traditionally, there are two developed views to account for
the emission; one is the radiation from the excited species and
the other is the recombination radiation [19]. The former
viewpoint considers that the luminescence is generated from
the photon release during the produced excited species falling
to the ground state. As for the latter viewpoint, it is believed
that the desorption of RO,4 is coupled with annihilation of the
excitons, the recombination of electron and hole resulting in
luminescence. Moreover, with the advent of rare-earth ions-
doped materials to fabricate CTL-based sensors, an energy-
transfer cataluminescence (ET-CTL) mechanism was first pre-
sented by Okabayashi et al. [10]. They measured an extra CTL
spectrum during the catalytic oxidation of hydrocarbon gas on
v-Al,O5 doped Dy*" catalyst, but no emission obtained from
v-ALOs. Similar phenomena were observed in other reports
[20, 21]. The ET-CTL mechanism indicates that the energy
transfer occurs between the excited intermediates and ions like
Dy’" and Eu*" doped in catalyst; the ions would likely catch
the energy of excited species if they have matching energy
structures and then release it as light [21, 22].

In the course of CTL, the rate of photon emission was
related to the generation rate of excited intermediates or
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chemisorption surface state [3], which might be affected by
the working temperature. Therefore, the working temperature
has effect on CTL intensities, which has been proven by pre-
vious works [23]. During the catalytic reaction of ethanol and
acetone on Y-Al,O5 catalyst, researchers found the CTL in-
tensity increased exponentially along with increasing temper-
ature in the “reaction-control region,” yet declined sharply
when reaching a peak value, indicating the catalytic oxidation
came into the “diffusion-control region.” Hence, they con-
cluded that the CTL intensity had positive dependence on
temperature when it was below the critical temperature, while
showing an opposite trend above the critical temperature be-
cause of the temperature quenching of CTL emission. CTL
intensity of a given sample is proportional to gas content un-
der constant flow rate and at the constant working temperature
if the oxygen concentration is high enough; otherwise the
intensity will deviate from the linear characteristics.

In addition, another difficulty in mechanism studies is the
prediction and identification of excited species. A majority of
reports deduced the probable reaction routes through analyz-
ing the exhausted gases of CTL reaction by gas chromatogra-
phy mass spectrometry (GC-MS) [24-27]. Furthermore, the-
oretical calculation becomes a powerful tool to predict the
intermediates of a typical reaction. Significantly, theoretical
calculations can be used for studying CTL mechanism of the
catalytic oxidation of ethyl ether, making the reaction route
explicit and credible [28].

In a nutshell, the study on CTL working principles paves
the way to design CTL-based sensor with high performance.
Whatever the type of CTL working principles, CTL intensity
depends on the catalytic ability of catalysts, reactivity of
analytes, and gas concentration. Thus, creating some novel
devices to enrich gas concentration, seeking catalyst with high
catalytic ability, and enhancing reactivity of analytes are the
key breakthroughs to enhance the sensor’s performance.

Instrumentations of CTL-based sensor

Simplicity of instrumentation is one of the most important
advantages for CTL sensors. The CTL system consists of five
basic parts: (1) a lightproof chamber, (2) a quartz CTL reaction
cell with a gas inlet and an outlet, in which a temperature-
controlled ceramic chip coated with catalytic materials is
placed, (3) a temperature controller for adjusting the chip tem-
perature, (4) an optical filter to select transmittable radiations,
and (5) an optical detector, including a photomultiplier, a pho-
ton counter, and a computer. Figure 2a shows the basic con-
struction of CTL-based sensor in laboratory [29]. The carrier
gas for sending samples is from air pump and the flow rate is
controlled by a flow meter, and the typical flow rates often
range from 100 to 400 mL-min '. The luminescent signal is
recorded by a photomultiplier and then the digitized data were
exported as curves. We can get a lot of information about

Fig. 2 (a) Schematic of the basic a Gas in Gas out Temperature controller
construction of CTL-based sen- l
sor. (b) The appearance of CTL- Carrier gas '
based sensor cell with a ! Analytes
photomultiplier module. (¢) A —l | Catal}'slsl
- - -

photo of a portable CTL-based
sensor

Quartz tube

Computer
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samples by analyzing the CTL curves. Figure 2b is a schemat-
ic of CTL-based sensor cell with a photomultiplier module
designed by Nakagawa [19]. A handheld CTL sensing device
is composed of a miniature photomultiplier tube, a miniature
gas pump, and a simple light seal (Fig. 2¢) [30].

For improving sensitivities and expanding applications, the
simple and basic equipment could not meet the demand any-
more; some new strategies and techniques were introduced to
construct a more efficient sensing system, including (1) sam-
ple enrichment technologies, (2) sample introduction tech-
niques, (3) plasma-assisted devices, (4) sensor arrays and im-
aging systems, (5) tandem CTL techniques and so on. The
assisted techniques are listed in Table 1.

Sample enrichment techniques

Enrichment technology is needed because the concentration of
analytes in real-life is normally low. As shown in Fig. 3a, a
novel CTL-based sensor combined with an ionic liquids
(ILs)-based headspace solid-phase microextraction (HS-
SPME) technique was applied for quantitative determination
of acetones levels in human plasma [17]. ILs could be easily
adopted aspseudo-solid carriers for direct loading of acetone
into a CTL sensor without substrate interference. As a result,
CTL intensity of this kind of sensor improved about 80-fold
than the direct injection of the same volume of aqueous
samples.

Another case was that nanosized ZrO, deposited on a
heating filament can be used for the detection of ethanol
[31], which acted as both absorbents and catalysts. Ethanol
was trapped on ZrO, at room temperature and then in-situ
detected at a fast elevated temperature. The detection limit
for ethanol has improved about 3000-fold compared with
the previously techniques using ceramic substrates. Figure
3b shows the key structure of the sensor. Another type of
enrichment device is thermal desorption coupled with
cataluminescence (TD/CTL) [32], which adopted nano-
TiO,-Y,05 (mass ratio 1:3) as sensing element to determine
formaldehyde in air. The concentration of the desorbed form-
aldehyde in the adsorption tube was much higher than that in
air due to the sample accumulation on the surface of adsor-
bent, so the sensitivity is greatly enhanced. A similar equip-
ment was also developed to detect the trichloroethylene (TCE)
gas on ZnO-Y,0O; nanocomposites, improving the sensitivity
greatly [33]. However, it should be noted that the TD/CTL
cannot be operated in continuous monitoring mode, which
needs further improvements.

Sample introduction systems
Conventional CTL constructions were suitable for gaseous

sample detections, and the detection of aqueous samples was
difficult for a long time. Then, some novel aerosol sample
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introduction systems coupled with CTL detectors appeared
for the detection of aqueous samples. For example, the con-
tinuous sampling of aqueous samples was achieved by a
homemade nebulizer. It was a fused-silica capillary (75-pm
i.d., 0.18-mm o0.d.) surrounded by a larger tube (0.35-mm i.d.,
1.2-mm o.d.) through which filtered and pressurized air was
supplied [34]. The angle between the nebulizer and the cylin-
drical ceramic heater was set as 15° to achieve higher sensi-
tivity (Fig. 4a). The saccharides can be successfully detected
with a 70-fold higher sensitivity based on CTL signals on
porous alumina than UV absorbance. Furthermore, based on
electrospray, a Venturi electrosonic spray ionization (V-ESSI)
CTL sensor array was fabricated for discriminating saccha-
rides in solution (Fig. 4b) [35]. It achieved good discrimina-
tion of different saccharides and discriminated four groups of
urine sugar-level for urine samples from diabetic patients. The
sample introduction techniques have enlarged the application
field of CTL sensors.

Plasma-assisted devices

For traditional CTL reactions, because of the relative low cat-
alytic ability of catalysts or low reactivity of some analytes,
high working temperature was normally adopted, and the de-
tection of analytes with low reactivity (such as hydrocarbons)
was hard to achieve [3]. The introducing of non-thermal plas-
ma is a creative method for enhancing CTL performance,
which generated by dielectric barrier discharge (DBD) in at-
mospheric pressure [14]. Non-thermal plasma contains ener-
getic electrons radicals, ions, and metastable species, which
can be applied in wide ranges such as ozone generation, sur-
face coating, contamination destruction, or chemical synthe-
sis. Plasma-assisted catalysis (PAC) [16] could give electrons
sufficient energy to make molecular bonds rupture, which
enabled conventional high-temperature thermally driven reac-
tions to proceed at atmospheric pressure and low temperature.
DBD-based CTL system was first used as a BETX sensor
[36], and later the improved version was subjected to the fab-
rication of sensor array for fast discriminations [15]. Figure 5
is the schematic of plasma-assisted CTL- based (PA-CTL)
sensor [37]. A copper stick in a tube acted as an electrode,
and a piece of copper sheet wrapping the tube as another
electrode. The carrier gas and discharge gas (air, N,, Ar, He)
flowed through the tube at a selected flow rate. The plasma
probe was generated when an alternating voltage was applied.
Based on this equipment, Almasian et al. successfully detected
BTEX on nanosized ZrO, at lower temperature (190 °C) with
higher sensitivity [36]. Our group determined CO at low tem-
perature of about 50 °C on Ag-doped nanocatalyst, and con-
structed a portable CO sensor with low energy consumption
[16]. Recently, room-temperature sensing of CO has been first
employed with the Mn-doped alkaline earth nanomaterials as
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catalysts [37]. PA-CTL sensors have made great contributions
to the development of CTL-based sensor.

Sensor arrays and imaging systems

Conventional CTL-based sensor was usually designed for se-
lective and sensitive detection of single analyte (called “key-
to-lock” mode) [38], wherein a specific receptor was applied
for strong, highly selective seizing of the specific analyte.
However, because of the complexity of the real samples, rapid
discrimination of complex samples is urgently needed. A
burgeoning strategy that carries forward the traditional chem-
ical sensing method involves the sensor array discrimination.
The inspiration of sensor array was from the consummate
behaviors of biological mammalian olfactory systems in odors
identification, tracking, and location tasks. Sensor array [39],
called “electronic noses” or “electronic tongues,” has the
cross-reactive feature that one receptor responds to various
analytes and various receptors respond to any given analyte,
creating various signals and providing unique pattern for the
identification of individual analyte. Typically, the optical sen-
sor array is used for detecting chemical substances based on
changes of optical characteristics, such as signal intensity and
wavelength [38, 40-42]. CTL-based sensor array became a
highly discernibly tool for quantitative analysis of mixture
sample by integrating several sensing materials with different
CTL features to form a specific pattern.

It is worth noting that Na and co-workers first constructed a
3 x3 CTL sensor array and an imaging system by depositing 9
nanocatalysts on a ceramic chip (Fig. 6a) [43]. Gas samples
were taken by air passed through the heating sensing units,
which initiated different CTL signals on different sites to form
specific images (Fig. 6b). Ethanol, H,S and trimethylamine
(TMA) vapors were detected by this sensor array, which
showed obvious different signals and the CTL spectrum of
each analyte on each nanocatalyst is shown in Fig. 6c. In
addition, when the sensor array was exposed to ethanol,
H,S, and TMA, it could be conveniently imaged by a camera
and form a unique “fingerprint” according to the luminous
spots and the relative CTL brightness, respectively. For a giv-
en sample on a sensor array, the brightness of images is influ-
enced by sample concentration and sensing temperature.

Since then, another simple but useful sensor array using a
pneumatic nebulizer was designed. As shown in Fig. 7a [44],
tiny and homogeneous aerosols containing analytes were gen-
erated through pneumatic nebulizer in the chamber. The sens-
ing unit was constructed by sintering nanoparticles on a cylin-
drical ceramic heater. The CTL signal from each sensing ele-
ment was recorded by the PMT with orderly injection. Three
saccharides, two organic acids, and nine amino acid solutions
were discriminated on the sensor array with six sensing
materials.

Recently, a CTL-based sensor array was designed for rapid
detection and discrimination of flammable liquid (FL) vapors,
comprised of 10 catalytic nanoparticles (Fig. 7b) [45]. They
directly deposited catalysts on heating filaments to form dif-
ferent sensing elements, and then the obtained sensing units
were fixed to the circular Teflon (TPFE) platform. The sensing
elements were well separated and the CTL signals from each
sensing element were recorded by the PMT in turns to obtain
the fingerprints of vapors for discrimination. Combustions
originated from the carpet in the presence and absences of
gasoline were effectively distinguished by this technique.

Owning to advantages like reversible response, low-cost
sensing element, and simple instrumentation, this “electronic
nose” has played an important role for real-world “smelling.”
Furthermore, with the development of nanotechnology, a va-
riety of catalytic materials can be selected as the sensing ele-
ments, making the CTL sensor arrays represent a wide range
of chemical functionality for the discrimination of different
kinds of analytes and the evaluation of catalysts.

Tandem CTL techniques

Furthermore, the tandem CTL techniques can also be used for
the discrimination. For example, a novel CTL sensing system
composed of two simply connected CTL sensor cells can also
be used for recognitions based on the luminescent intensities
of the analyte (I,) and its products (Ig) [46, 47]. As shown in
Fig. 8a, the analyte passed through the first sensing element,
and the product gases were then regarded as a new reactant
passing through a long air pipe to the second sensing material.
The CTL signals of 15 and Iz were recorded in a short time
using a photomultiplier. Eleven kinds of organic gases were
favorably identified using [5/Ix values, demonstrating the
practicability of this sensing system. The tandem CTL sensor
is impressive for its high sensitivity and high selectivity.

Sometimes, a single type of signal obtained from an indi-
vidual transducer is not convincing enough to realize analytes
detection; multidimensional information accumulated simul-
taneously in one sensor is becoming popular. A dual-channel
sensing system based on the electrical and optical properties
of SnO, nanocatalyst was designed for the discrimination
(Fig. 8b) [48]. Two-dimensional information including con-
ductivity change of catalyst and CTL signals on tin oxide
nanoparticles were obtained during CTL reactions. The
optical-electrical sensing system is expected to construct a
multifunctional sensor array for identification and discrimina-
tion of complicated samples with higher accuracy.

Sensing materials

Sensing material is a core unit of the CTL-based sensor
system, which will affect sensitivity, selectivity, and
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Fig. 3 (a) Schematic of a
headspace solid-phase &)
microextraction (HS-SPME)- 7
CTL setup coupled with direct
solid-support sample loading. (b) /
In-situ enrichment and CTL de- 3
tection system @
Stirring Bar
I(gale [ /
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CTL sensor @ — ?
eGasification Chamber

E ‘ Air pump

stability of the sensors. Sensing materials with high cata-
lytic activity can accelerate the reaction rate, expand the
detection range, and lower the working temperature, thus
enhancing the performance of sensor. The sizes of sensing
materials underwent the development from bulk to nano-
meter; the components of catalysts experienced the devel-
opment from pure mater to the complex; the morphology
of catalytic material developed from powder, sheet to
crystalline and nanoparticle.

We named the early development of CTL-based sensor as
the bulk solid materials period. To select catalyst for CTL-
based sensor, the classic catalyst of y-Al,O3 was used for
the detection of combustible gases assisted by temperature-
gradient technique at a constant heating and cooling rates of
+9 °C-s ' in a temperature cycle between 200 and 740 °C,
which achieved the limit of detection of 1 ppm [6]. Then, Dy>"
doped y-Al,O; was used to determine the fragrance vapors
and hydrocarbons with lower LOD and lower working tem-
perature than using single y-Al,O5 [10].

New breakthrough of sensing elements to nanomaterials
occurred in 2002 [12], which applied seven nanoparticles,
including nanosized-MgO, Y,O3, TiO,, LaCoO5:Sr*",
Al,O5, SrCO3, and ZnO to detect organic vapors. After the

a
Gas out
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evaluation based on CTL signals, nanosized TiO, was first
chosen as the sensor substrate for fabricating a CTL detector,
relying on its good stability, high activity, and a UV absorption
partially overlapping the solar spectrum. The linear ranges
were 20-200 pug-mL ™' for acetone and 40400 pg-mL ™"
for ethanol, and the LOD was lower than 10 pug-mL™". This
has revealed a pathway for the application of nanomaterilas
into CTL-based sensors.

From then on, many research groups devoted their efforts to
seek high performance nanocatalysts based on nanosized cata-
lysts’ larger surface areas and higher selectivity than bulk ma-
terials. We called it the nanosized material period. The types of
nanomaterials consist of nanometal oxides, carbonates, sul-
fates, rare metal ions doped nanocomposites, carbon nanotube
loaded metal oxide nanocomposites, and so on. The morphol-
ogy of nanomaterials can be categorized into nanoparticles,
nanotubes, microspheres, nanorods, nanoporous, nano-thin
films, nanoflower, nano rices, and so on. In the present review,
we made a simple summary of nanosized materials for the
fabrication of CTL-based sensor. Various types of materials
and analytes are listed in Table 2.

According to Table 2, we can abtain some advances in the
nanosized material period as follows:

b
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Fig. 4 (a) Schematic of the aerosol cataluminescence detection system. (b) Schematic of a V-ESSI CTL sensor array
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Fig. 5 Schematic of plasma-assisted CTL (PA-CTL) sensor

(1) Bulk materials not expected to act as catalysts show high
catalytic activities when they are at nanometer sizes, such
as SrCOs, MgO, ZnO, ZnS, MgSiO; [25, 59, 77, 89, 91]
etc.

(2) Different response can be obtained on the same catalyst for
different organic molecules detection. Nanosized ZrO,
showed different performance for the detection of
propionaldehyde, ethanol, 2-propanol, and dimethylamine

Fig. 6 (a) Schematic of the CTL a

sensor array (left), and the Air flow
arrangement of nanocatalyst spots jee———=_

(right). (b) CTL images of
different samples. (C) CTL 10—
signals (left) and spectra (right) on
different nanomaterials

in different working conditinons [29, 31, 52, 92].
Likewise, a given analyte could initiate different
CTL signals on different catalysts at different tem-
perature. Taking the oxidation of CO as an example,
we obtained different responses of CO on Mn/SiO,,
Co304 nanorods, flower-like CuO nanostructures,
and Lag gSrg,MnOj3 cubes [37, 68, 69, 72].

Various analytes including gases and aqueous samples,
such as BTEX, volatile alcohols, amines, alkanes, ke-
tones, aldehydes, ethers, chloromethanes, and saccha-
rides, can be detected.

The same composition of catalysts with different mor-
phology possessed different catalytic activities. The rela-
tions of crystal structure and catalytic activity has been
demonstrated in detail [73]. Taking Lag gSry,MnOj3
cubes (Cs) and nanoparticles (NPs) for the detection of
CO oxidation as an example (Fig. 9a), CTL signals
on the two sensing materials demonstrted the higher
CTL signals catalyzed by NPs than signals by the Cs
before calcination. However, after calcining, the ma-
terials with cubic crystalline showed higher CTL in-
tensity and catalytic activity. Catalysts with a high
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Fig. 7 (a) Schematic of CTL sensor array. (b) Structural schematic diagram of CTL sensor array

surface area (NPs) could provide more active sites
than a small surface area (Cs), which favors the ad-
sorption and activation of the reacting molecules. A
similar conclusion was obtained from the comparison
of controllably synthesized Mn3O4 micro-octahedra

and hexagonal nanoplates for acetone determination
[78], which showed that Mn;O4 micro-octahedra was
a better choice because of the catalyst’s higher sta-
bility and strong CTL intensity than hexagonal
nanoplates.
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Fig.8 (a) CTL signals by two connected CTL sensors (left) and the principle diagram of the connected tandem CTL system (right). (b) Illustration of the
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(5) Catalysts doped by metal ions have significantly differ-
ent properties from each other in catalytic reactions. Tak-
ing the detection of ethanol by YVO, and YVO4:Eu®"
luminescent nanocrystals as an example [20], the maxi-
mum CTL emission wavelengths were quite different
between the two catalysts. Based on the CTL spectra
and the fluorescence spectra (Fig. 9b) of YVO4:Eu*"
and YVO, nanocrystals, an energy transfer mechanism
from the excited species to the YVO,:Eu®" nanocrystals
was proposed to account for the phenomenon. Na’s work
also discovered that Mn”" doped in SiO, with different
percentages would cause different CTL signals under
constant reaction condition [37].

Besides commonly used nanomaterials, other types of cat-
alysts also emerged in recent years. Zeolite has been used as
catalysts for tracing n-hexane in air with a detection limit of
0.155 pg-mL ™" [129]. The luminescent characteristics of ac-
etaldehyde in the cages of large-pore zeolites has also been
examined with a linear response range of 0.06-31.2 pg-mL™"
[128]. It was speculated that the collisional pairs of analytes
could be generated in the three-dimensional network, and the
adsorption resembled a carbonium ion to strongly stabilize by
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Fig. 9 (a) SEM photos of Lag gSry ,MnO; cubes (Cs) (a), the nanoparti-
cles (NPs) (b), CTL spectra of Lag gSrg ,MnOj catalysts (right). (b) The
CTL spectra of ethanol on nanocrystals, and fluorescence emission of

the lattice of zeolite for the selective detection of acetaldehyde.
A Y-doped metal-organic framework (MOF) also acted as a
catalyst to sense isobutanol, showing excellent adsorption and
catalytic properties [126]. In addition, borate glass and ceram-
ic were used as sensing elements for sensing ethyl ether and
dimethyl ether, respectively [28, 123].

Briefly, catalyst plays an important role in expanding the
applications of CTL-based sensors. Recent studies demon-
strated that chemical composition, particle size, morphology,
crystalline structure, and other parameters related to the con-
ditions of material preparation have profound influence on
their catalytic properties.

Applications of CTL-based sensor

With the development of sensing materials and improved equip-
ments, the application range of CTL-based sensor has been
broadened extensively. Nowadays, CTL-based sensors can be
used for detecting gaseous samples as well as the compounds in
aqueous solutions such as biomolecules. In addition, CTL-based
sensor array can also be applied to evaluate catalysts.

Undoped YVO,

£ 2
g &

FL Intensity (a.u.)

ol
200

650 T00

600

250 300 350
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nanocrystals for undoped YVO, and 1.5 % Eu’"-doped YVO,. (Cs750
and NPs750: Cs and NPs calcined at 750 °C for 48 h in air, respectively)
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Gaseous samples detection

CTL-based sensors can be used for the detection of gaseous
samples, including organic gas or volatile organic compounds
(VOCs) and inorganic gases. The organic gas or VOCs, such
as acetone, ethanol, vinyl acetate, ethyl acetate, formaldehyde,
trimethylamine, BETX, propanal, tetrahydrofuran, chloride,
pinacolyl alcohol, tert-butyl mercaptan, dimethyl ether, ether,
and ethylene dichloride, have been selectively detected by
CTL-based sensors or sensor arrays in recent years (Table 2).

Detection of hydrocarbons is a hot topic for CTL sensing.
A 4 x3 plasma-assisted sensor array was fabricated using
alkaline-earth nanomaterials as catalysts for fast detecting
and discrimination of gaseous hydrocarbons (Fig. 10a) [15].
The characteristic pattern was formed based on strong and
unique CTL signals. Considering the different content of hy-
drocarbons in exhaled breath of healthy and unhealthy people,
exhaled breath of healthy people and lung cancer patients
were tested. A pretty good discrimination was achieved,
which showed great potential in fast clinical diagnosis
(Fig. 10Db).

Smoking is harmful to our health because of the exis-
tence of some pernicious organic molecules. A 3 x7 CTL-
based sensor array composed of 21 catalysts [130] was
used to identify the evaporated flavors of different heated

N

P-2 -
Pre-sample processing

0,
wlls : co,
" 7> Cata ummcsceny

Ceramic heater — @ — Quartz tube

HOH,CHO) Wi

Cd:'- ,

Fig. 10 (a) Schematic of the plasma-assisted cataluminescence sensor
array. (b) The LDA of exhaled breath samples from normal or lung
cancerous people (right). (¢) Schematic of the experimental apparatus
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Post-sample processing

&= Dicthyl ether

{3 Oxygen vacancy

tobaccos. The obtained CTL patterns of six brands were
distinguishable from each other. This has demonstrated
that the sensor array can possibly discriminate closely
related odorant compounds if the sensing materials are
with high catalytic activities. Also, six drug precursor
gases were detected by a 4 x4 portable embedded gas
detection device [131].

In addition, CTL intensity sometimes can be developed
as a simple probe for oxygen vacancies in nanoparticles.
The CTL intensity of diethyl ether during catalytic oxida-
tion on the surface of TiO, nanoparticles is in proportion
to the content of oxygen vacancies (Fig. 10c) [79]. The
abundant chemisorbed O, in oxygen vacancies would re-
act with chemisorbed diethyl ether molecules on the sur-
face of heated catalysts to improve CTL intensity. Judging
from the experimental results, there was a corresponding
relationship that existed between CTL intensity and
amount of oxygen vacancies. Moreover, the CTL intensity
of diethyl ether varied with the change of Cu doping con-
tent in TiO, (Fig. 10d). Therefore, it was assumed that the
increase of CTL intensity of diethyl ether on the surface
of Cu-doped TiO, may generate from an increase in oxy-
gen vacancies.

For inorganic gases, CO, NH3, H,S, (NHy),S, and CS, were
detected on Cos0,4 nanorods, flower-like CuO nanostructures,

1—-Control 1
2--Control 2
3—-Control 3
4—Control 4
S5—Patient 5
6—Patient 6
7-Patient 7
8-—-Patient 8
9—Patient 9
10--Patient 10

I
TR

0.0 05 1.0 15 20 25
Cu Doping Content (wt%)

2 & g g

Relative CTL Intensity (a.u.)

=

for detection of oxygen vacancies. (d) Relative CTL signals of 100 mM
diethyl ether on the surface of TiO, and Cu-doped TiO, with different
doping contents
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Fig. 11 (a) Schematic of a sweeteners recognition CTL-based sensor array. (b) CTL intensity histograms of five beverages on the sensor array

«-Fe,05 nanotubes, nano-TiW3Cr,0y4, Fe;0,/CNT compos-
ites and so on. Thedetails are shown in Tables 1 and 2.

Aqueous sample detection

The detection of aqueous samples by CTL-based method
is difficult because the high content of water in solution
probably interferes with the analytes, and a high working
temperature is needed during the vaporization of aqueous
samples [132]. However, in recent years, with the assis-
tance of some improved devices and newly developed
nanomaterials, samples detected by CTL-based sensor ar-
rays were not limited to gases but also expanded to aque-
ous testing samples.

Fig. 12 (a) The schematic of the a

sensing process of TCL, and the

LDA result of TCL signals of S, 5
proteins on the nanomaterials. (b)
Schematic of the array system for
protein discrimination, and LDA

As reported, an original aerosol CTL-based sensor array
containing six catalytic nanoparticles used for the pattern rec-
ognition of three saccharides, two organic acids, and nine
amino acids was proposed [44]. Sample aerosols produced
distinct CTL response patterns during the catalytic
oxidization, which can be differentiated by linear discriminant
analysis (LDA). Eight beverages were successfully discrimi-
nated, showing the applicability of this array for real samples.
More attractively, the unknown samples at different concen-
trations can be identified by the training matrix formed by
samples at a certain concentration. In addition, a sweeteners-
recognition CTL-based sensor array with nine elements was
reported (Fig. 11a) [133], which resulted in distinct CTL pat-
terns and well dispersed clusters of five sugars and five artifi-
cial sweeteners in aqueous solutions. Moreover, five real

.
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samples were successfully discriminated based on their CTL
signals (Fig. 11b).

A Venturi electrosonic spray ionization (V-ESSI) CTL sen-
sor array has also been used for the discrimination of four
groups of urine sugar-level in urine samples from diabetic
patients [35], indicating a potential practicality in clinical di-
agnoses, environment monitoring, food industry, and marine
monitoring.

Biomacromolecule detection

The detection of biomacromolecules is much difficult than the
gaseous samples as well as the small molecules in solution. This
has been overcome by means of thermochemiluminescence
(TCL)-based sensor arrays. For example, protein sensing and
cell discrimination have been achieved by a TCL-based sensor
array (Fig. 12a) [134]. The protein solutions or cell suspensions
were directly added on heated ceramics sintered with
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nanocatalysts, and then the analytes were trapped on the surface
of catalysts after the volatilization of water. When the temper-
atures of nanocatalysts were raised to 205 °C, analytes were
thermally oxidized with distinct CTL emission. Four real-life
cells containing three cancerous cell lines and one normal cell
line were well discriminated. Similarly, researchers further dis-
criminated albumin from human serum (HSA), bovine serum
(BSA), and porcine serum (PSA) based on the ‘fingerprints’ of
CTL patterns (Fig. 12b) [135].

Evaluation of catalysts

The catalytic activity of the catalysts greatly affect the CTL
intensity, which means that the CTL signals can intuitively
reflect catalytic activity of catalysts. Therefore, CTL-based
sensors could be applied to evaluate or screen catalysts. A
catalysts-screening system was first designed based on the
CTL responses of CO oxidation on Au-doped oxide
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nanocomposite catalysts [136]. CO was oxidized on these
catalysts producing different CTL intensities, and the pattern
was imaged simultaneously on a monochromatic film
(Fig. 13a). The brightness of the image was in accordance
with the catalytic activities of these catalysts. According to
the brightness, the order of catalytic activities could be ranked
as Au/TiO, > Au/MgO> Au/SiO, > Au/ZrO, > Au/ZnO.
Thus, the evaluation of catalysts could be rapidly obtained
according to the CTL signals recorded on images, which made
the sensor array become a rapid and effective tool for catalyst
screening.

Thousands of nano-materials have emerged in the field of
CTL, which makes the high-throughput screening crucial. Na
et al. later integrated a 4 x4 array for the high-throughput
screening of the catalysts by depositing catalysts on a ceramic
chip to record signals of CO oxidation (Fig. 13b) [137]. The
catalysts were heterogeneous catalysts with the monometal or
bimetal loaded on the substrate of TiO,, the total loadings of
metal were 0.5 %, 1.0 %, and 2.5 %, with atomic ratios of 1:1,
1:2, and 2:1 (Au/Pt). The catalytic activities of these catalysts
were evaluated parallelly by both the CTL imaging and the
GC method. As a result, the correlation coefficient of the two
techniques was 0.914, demonstrating that the CTL imaging
technique can be used for the evaluation of the catalytic activ-
ities. Coincidentally, de-NO, catalysts were screened relied on
the CTL array images at different working temperatures [138].

In biodiesel production examinations, CTL intensity
was proven to be closely related to the amount of
medium-strength basic sites of heterogeneous base cata-
lysts [24]. There was also a good match between the CTL
screening method and CO,-temperature-programmed de-
sorption (CO,-TPD) measurements. This easily operated
and quickly responsive CTL-based screen system
achieved better understanding of the intrinsic nature of
CTL on nano-materials and showed great potential to find
expanding applications in discrimination of basic sites of
various catalysts.

Conclusions and perspectives

In the past decades, a wide range of applications of CTL-
based sensors in chemical analysis have emerged, mainly
focused on environmental analysis, commodity quality ap-
praisal, disease diagnosis, and process monitoring. The
performance of CTL sensors has been enhanced greatly
with the help of a mushroom growth of nano-materials
and hyphenated techniques, and CTL-based sensors have
exhibited great potential in practical detections. We are
looking forward the emergence of CTL-based sensors in
the commercial market in the not too distant future.
Despite numerous advancements, CTL-based sensors still
have much room for progress. Future possible improvements

in CTL-based sensor will probably focus on the following
directions:

(1) To establish an accurate cataluminescence theory, devel-
oping a method to detect the intermediates produced in
the course of catalytic reaction is required.

(2) New materials with better catalytic activity and better
selectivity are encouraged for discovery, which can low-
er the working temperatures to ambient temperatures or
even subzero degree.

(3) The miniaturization of sensing system is beneficial to the
portability and in situ testing, thus simplifying the equip-
ment of CTL-based sensors but not lowering the detec-
tion performance.

(4) Hyphenated techniques sensors or multi-channel trans-
ducers combined with CTL-based sensors (array) may
enhance the accuracy of detection, especially for the
complex molecules.

(5) Only limited types of the biomedical analytes can be
detected by the present studies. Diversifying the biolog-
ical testing samples will be an appealing area in the de-
velopment of CTL-based sensor.

CTL-based sensors or sensor arrays have made great con-
tributions in chemical analysis, which are expected to further
play more significant roles in the future.
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