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Light irradiation enhanced ZnO/ZnFe, 04 sensors for triethylamine gas detections have been reported in
this paper. ZnO/ZnFe, 04 composites with a hexagonal nanostructure were synthesized by calcination of
Zn, Fe layered double hydroxides (ZnFe-LDH) at certain temperatures. Focusing on the general prob-
lem that the metal oxide gas sensors for triethylamine detection often have high working temperatures
around 200°C, the assistance approach of light irradiation has been conducted in our work. Under the
light irradiation, the gas sensing measurement indicates that the sample calcined at 600 °C shows consid-
erable response to triethylamine at the working temperature of 80 °C. For comparison, the introduction of
light irradiation has lowered the working temperature markedly, which might have potential to monitor
TEA in industrial production in the future.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Triethylamine (TEA), a colorless liquid, has been widely used as
solvent, curing agent, corrosion inhibitor, polymerization inhibitor,
preservative, and synthetic dye [1-4]. Meanwhile, triethylamine
is also one of the volatile organic compounds (VOCs) with a
strong ammonia smell, which is flammable, combustible and pesti-
lent as well. There is a strong irritant to the respiratory tract
after inhalation due to its strong pungency, which can cause pul-
monary edema and even death [4]. Therefore, it is very necessary
to detect triethylamine momentarily. Nowadays, many analytical
methods have been established for the determination of amines in
water, including gas chromatography, electrochemistry analysis,
immunoassays, thin-layer chromatography, high-performance lig-
uid chromatography (HPLC) and so on [5]. However, most of these
means are limited for the detection of volatile TEA gas for its non-
portable character and often accompany with a high testing cost.
For solving this problem, it is time for the portable gas sensors
appear to construct the routine examination of TEA vapor. Recently,
sensors based on metal oxide materials have been extensively
investigated due to their high sensitivities, low costs, portability
and simplicities of synthesis [6-8]. Actually, there already have a
few gas sensors based on metal oxide semiconductors, which have
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shown high selectivity and rapid responses to TEA. For example,
Liu et al. has reported that nano-sized LaF;-CeO, shows high sen-
sitivity and selectivity to TEA at 205°C [4]. Zhang et al. has also
reported that the Sn0,-ZnO nano composite sensor shows high
and quick responses to TEA at 330°C [9]. Although all the above
sensors exhibit good responses towards TEA, their working tem-
peratures are inevitably high. Obviously, it is dangerous to detect
this flammable and combustible gas of TEA at high temperature of
200-300°C. As we all know, at low working temperature like below
200°C, metal oxide gas sensors often exhibit poor sensing ability or
even show no response to target gas. To solve this problem, light-
assisted gas sensor has attracted growing attentions because they
can obtain higher response than that of classical heat-assisted gas
sensor at low temperature with the help of light irradiation [10-12].
It has been proved that light irradiation may be an effective mean
for metal oxide gas sensors to achieve low temperature detection
characteristic.

As we all have known, the key part of sensor is sensing material.
Layered double hydroxides (LDHs) are synthetic two dimen-
sional nanostructured anionic clays with the general formula with
the general formula [M2*; _M3*y(OH), [X*(A™" )y,-mH,0, where
MZ2*and M3* are divalent and trivalent cations, respectively, X is
equal to the ratio M3*/(M2*+M3*) and A" represents the inter-
layer guest anions in the hydrated interlayer galleries [13,14]. Using
LDHs as a source precursor, metal oxide composites can be obtained
by roasting the layered nanosheets. The resulting products not only
show high stability against sintering but also exhibit homogeneous
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dispersion between the elements, all of that have been supposed
to be contributive to better gas sensing properties [15,16].

Herein, a strategy for producing ZnO/ZnFe, 04 composites with
Zn,Fe-LDH as a single source precursor has been presented. The gas
sensors based on ZnO/ZnFe,04 composites not only exhibit good
gas sensing ability towards TEA as a traditional heat-assisted gas
sensor at a higher working temperature between 200 and 300 °C,
but also show considerably sensitivity and fast response/recovery
speed towards TEA at a lower working temperature such as 80°C
with the help of light irradiation, which are proved to be potential
light-assisted gas sensing materials in the field of TEA detection.

2. Experimental
2.1. Synthesis process

All the reagents were analytical grade and were used as
received without further purification. The starting materials were
Zn(NOs3),-6H,0 (99.0% purity from Guangfu Chemical Co., Ltd.),
Fe(NO3)3-9H,0 (98.5% purity from Guangfu Chemical Co., Ltd.),
Sodium dodecyl sulfate (SDS) (85% purity from Xilong Chemical
Co., Ltd.) and NaOH (96.0% purity from Beijing chemical plant).

2.1.1. Preparation of ZnyFe-LDH precursor

The precursor ZnyFe-LDH with sodium dodecyl sulfate (SDS)
as an interlayer guest anion was prepared following a classical
co-precipitation method and a hydrothermal process. In a typi-
cal experiment, Zn(NOs3),-6H,0 (5.95 g, 0.02 mol), Fe(NO3)3-9H,0
(4.04 g, 0.01 mol) were dissolved in 15 ml deionized water to form
a homogeneous solution. Afterwards, SDS (5.77 g, 0.02 mol) was
introduced into the above solution, after vigorously stirring for one
hour, a solution of NaOH (1 M) was added drop wise over 30 min to
the above mixture until the pH of the slurry reached at 8. Another
vigorously stirring for six hours was imposed to the slurry before
it was transferred into a Teflon-line autoclave, after aging at 100 °C
for 10 h. The product was separated by filtration, rinsed with dis-
tilled water several times, and then dried at 60°C for 12h in an
oven.

2.1.2. Preparation of ZnO/ZnFe;04 composites

The LDH precursors were calcined respectively at 600, 800,
1000°C for 5h in air with a rate of 2°C min~! in a muffle stove, and
the resulting composite oxides were obtained, which were named
as Zn0O/ZnFe;04-600, ZnO/ZnFe;04-800 and ZnO/ZnFe;04-1000,
respectively.

2.2. Characterization

The crystalline phase of materials was examined using X-
ray diffraction (XRD) characterizations on a Rigaku XRD-6000
diffractometer using Cu Ko radiation (A =0.15418 nm) at an accel-
erating voltage of 40kV and current of 30 mA. Scanning electron
microscopy (SEM) images were obtained using a Zeiss SUPRA
55 at 20kV, with the surface of the samples coated with a thin
platinum layer to avoid a charging effect. High-resolution trans-
mission electron microscope (HRTEM) was recorded on a JEOL
J-2100 to examine the morphologies, lattice fringes and crystal
boundaries of the composites. The specific surface area was esti-
mated using the Brunauer-Emmett-Teller (BET) equation based
on the nitrogen adsorption isotherm obtained with a Micromerit-
ics Gemini VII apparatus (Surface Area and Porosity System). The
chemical surface’s valence states of elements were performed using
Thereto VGESCALAB 250 X-ray photoelectron spectroscopy (XPS)
with all of the binding energy corrected by contaminant carbon (C
1s=284.6¢eV).

Fig. 1. Schematic illustration of gas sensor based on ZnO/ZnFe,04 composites.

2.3. Gas sensing measurements

All gas sensing measurements were performed on a measuring
system of chemical gas sensing-8 (CGS-8) from ELITE TECH. China.
The metal oxide materials were grinded with a small amount of
deionized water to form a paste, and then were evenly coated on
alumina ceramic tube (as shown in Fig. 1). Two gold electrodes
were printed on the ceramic tube with a gap of about 1 mm, each
of which was connected with two platinum wires. A small Ni — Cr
alloy coil was placed through the tube as a heater, and the work-
ing temperature can be controlled by adjusting the heating current.
After aging at 80 mA for 24 h in air, the gas sensor can be used for
preliminary measurement. The gas response (sensitivity) was des-
ignated as Ry/R¢, where Ry was the sensor resistance in air (base
resistance) and R; was the sensor resistance at a certain time in the
test. The time taken by the sensor to achieve 90% of the total resis-
tance change in the case of adsorption and desorption was defined
as the response and recovery time respectively.

The target gas or the interference gases were prepared by inject-
ing the liquid into a container inside the chamber and evaporating
it with a heater. A fan in the test chamber was used to make evap-
orated gas mixed evenly.

Photosensitive properties of the sensors were carried out by
employing a mercury-xenon lamp with a power of 150 mW/cm?
at A>320nm. To avoid the effect of light irradiation cycles on the
sensor application, the composites sensors were first irradiated
with mercury-xenon lamp for 12 h prior to photosensitive mea-
surements. Light irradiation enhanced gas sensing measurements
were conducted as follows: Typically, the gas sensitive test was
carried out in the instrument’s chamber, which was coated with a
light shielding paper except a circular breach to let the light pass
through. For one cycle, the gas sensing element was placed in the
instrument test bench until its resistance value reached stable, and
then the light (150 mW/cm? at \ >320 nm) was turned on. After an
irradiation time of 300 s, the target gas was injected into the cham-
ber. When the resistance value of the gas sensing element reached
stable in the target gas, the light was removed and the chamber
was opened to let the air in.

3. Results and discussion
3.1. Structural and morphological characteristics
Powder X-ray diffraction (XRD) was conducted to identify the

composition and crystalline phase of the precursor. Fig. 2 shows
the XRD patterns of Zn,Fe-LDH precursor and its calcined products
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Fig. 2. XRD patterns of Zn,Fe-LDH precursor (a) and its calcined products at 600 °C
(b), 800°C (c) and 1000°C (d).

at three temperatures. The main diffraction peaks (003, 006, 009)
observed in Fig. 2a are the typical symmetric (00l) lines of layered
double hydroxide, corresponding to the basal spacing and higher
order reflections [17]. The basal spacing calculated from the (003)
reflection is 2.69 nm, which is much larger than that of the LDH

with the intercalated anion of CO32~ (0.75nm) [18]. As the calcu-
lated length of the SDS molecule is 21.3 A and the layer thickness
is about 4.8 A, the sum of which basically coincides with the basal
spacing of the layered material. It indicates that the sodium dode-
cyl sulfate was oriented perpendicularly in the gallery of LDH [19].
As shown in Fig. 2, the layered characteristic of the Zn,Fe-LDH are
replaced by the peaks of hexagonal ZnO phase (JCPDS Card No. 36-
1451) and the cubic structure of ZnFe,04 (JCPDS Card No. 22-1012)
after calcined at three calcination temperatures. No extra diffrac-
tion peaks for other Fe related phases such as FeO, Fe, 03, and Fe304
are observed in the XRD patterns, indicating that all of the three cal-
cined products are mainly composite oxides of ZnO and ZnFe;04.
The relative intensities of related signals grow stronger and sharper
with the increase of calcination temperature, indicating the better
crystallinity of the calcined products at higher temperatures.

The morphology images of Zn,Fe-LDH precursor and the cal-
cined products are observed by SEM. As shown in Fig. 3, we
can clearly see that the lamellar structure of Zn,Fe-LDH precur-
sor (Fig. 3a) transformed into well-crystallized hexagonal crystals
with high degree of order after calcination at 600°C (Fig. 3b). The
calcined products emerged a thicker crystals’ thickness with the
increase of calcination temperature and its morphology turned to
round pie shape when the firing temperature rose to 800 °C (Fig. 3¢c)
and 1000 °C (Fig. 3d).

As displayed in Fig. 4a, the typical TEM image of hexagonal nano
sheets of ZnO/ZnFe,0,4-600 is consistent with the morphology dis-
played from the scanning electron microscopy (Fig. 3b). The size
of hexagonal nano sheets is average 15nm. From the image of

Fig. 3. Typical SEM images of Zn,Fe-LDH precursor (a) and its calcined products at 600°C (b), 800°C (c) and 1000°C (d).
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Fig. 4. Typical TEM images of ZnO/ZnFe,04-600 (a, b), HRTEM image of ZnO/ZnFe;04-600 (c) and the corresponding SAED pattern of ZnO/ZnFe,04-600 (d).

HRTEM (Fig. 4b), the lattice fringes are clearly observed, such as the
fringe spacing of 0.487 nm, 0.254 nm, 0.247 nm, which are consis-
tent with the interplanar spacing of (111) and (311) planes of cubic
structure of ZnFe, 04 (JCPDS Card No. 22-1012) and (311) planes of
hexagonal ZnO (JCPDS Card No. 36-1451), respectively. Fig. 4cis the
selected area electron diffraction (SAED) pattern of ZnO/ZnFe,04-
600, a series of diffraction rings can be clearly observed from it,
which indicates that the ZnO/ZnFe;04-600 nanosheets are poly-
crystalline. Obviously, the uniform distributed hexagonal crystals
of ZnO and ZnFe, Q4 are obtained successfully by calcination of LDH
precursor.

To get more information about the chemical state and compo-
sition of the as-synthesized ZnO/ZnFe, 04 composites, XPS analysis
was employed (Fig. S1), conforming the coexistence of Zn, Fe,
and O in the composite. Major peaks observed in XPS spectra
imply the Zn2* and Fe3*oxidation state in ZnO/ZnFe, 04 composites,
which are in accordance with the references [19-21]. Therefore, the
Zn0O/ZnFe,04 composites have been obtained successfully by one
single source precursor.

3.2. Gas sensing properties

Since the operating temperature is a key parameter for a semi-
conductor oxide sensor to exert its sensing properties [22], the
relationships between the responses and the operating tempera-
ture of the sensors were investigated. Fig. 5 shows the responses
of three sensors based on ZnO/ZnFe,04 composites to 100 ppm
TEA under different operation temperatures. It can be seen that

the response of ZnO/ZnFe;04-600 sensor reaches its maximum
sensing value of 28 at 240°C, which is its optimal operating tem-
perature. Similarly, the maximum response of ZnO/ZnFe;04-800
and ZnO/ZnFe,04-1000 sensors is 11 and 13 at 210°C and 265°C,

Fig. 5. Response of ZnO/ZnFe;04-600 (a), ZnO/ZnFe;04-800 (b) and ZnO/ZnFe;04-
1000 (c) to 100 ppm TEA at different operation temperatures.
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Fig. 6. Time-dependent photoresponse of ZnO/ZnFe,04-600 measured by turning
on and off the light with a A >320 nm and a power of 150 mW/cm? at 80°C.

respectively. Apparently, their maximal responses appear at differ-
ent temperatures. Among the three composites, ZnO/ZnFe,04-600
always has a highest response at the operation temperature range
of 80°C-340°C, which should be attributed to the highest specific
surface area. Normally, the smaller its grain size is, the higher spe-
cific surface area is. As indicated from the specific surface area of
these three composites, the specific surface area of ZnO/ZnFe;04-
600 (59.9m?/g) is much larger than that of ZnO/ZnFe,04-800
(17.7m2/g) and ZnO/ZnFe,04-1000 (27.7 m2/g). Thus the high
specific surface causes high oxygen adsorption quantity, accompa-
nying the high gas response of ZnO/ZnFe,04-600 [23]. The larger
specific surface, the more reactive sites will be provided for tar-
get gas, therefore ZnO/ZnFe,04-600 presents a higher response
than ZnO/ZnFe,04-800 and ZnO/ZnFe,04-1000. For comparison,
Zn0-600 has been prepared by the same approach for the prepara-
tion of ZnO/ZnFe,04-600 without adding ferric nitrate. However,
the response of ZnO-600 to the same concentration of TEA is only
5 at the optimal working temperature (Fig. S2). Obviously, the
introduction of ZnFe, 04 has significantly improved the gas-sensing
properties of pure ZnO.

Nevertheless, it is noticed that when the working temperature
falls below 100°C, all of the three sensors show poor sensing ability
with low response values and longer response time. Below 80°C,
there is almost no response for any of the three sensors. The lowest
detection temperatures for ZnO/ZnFe;04-600 and ZnO/ZnFe;04-
800 both are 80°C and for ZnO/ZnFe;04-1000 is 200 °C. Therefore,
in spite of ZnO/ZnFe,04-600 has wonderful gas sensing property
to triethylamine vapor, it is obviously not safe for detection of TEA
above 200°C due to its flammable and explosive characteristic.
Inspired by the reports that UV irradiation can make metal oxide
sensors work at lower temperature with considerable response
[24,25], the gas sensing properties of ZnO/ZnFe;04-600 under light
radiation at a working temperature around 80 °C were further stud-
ied.

Before the test of light assisted gas sensing, the photoresponse
cycles of ZnO/ZnFe, 04 sensor were tested by turning on and off the
light periodically, as shown in Fig. 6. It can be seen an increase of
Ro/Rt, Rg represents the initial resistance of the sensor in the air
ambient and R; represents the resistance of senor at certain time,
which indicates the decrease of the sensor resistance (R;) after the
light was turned-on. The responses of the five cycles keep similar,
which indicates the good reproducibility of ZnO/ZnFe, 04 sensor to
light and the practicability of light assisted gas sensing. Compared
with Zn0-600, ZnO/ZnFe,04-600 sensor shows higher photoelec-

Fig. 7. Response-recovery curves of ZnO/ZnFe;04-600 to different TEA concentra-
tions under light irradiation at the working temperature of 80°C.

tric response signal to the light, which means ZnO/ZnFe,04-600
can utilize the visible light effectively (Fig. S3).

To evaluate TEA sensing performance of ZnO/ZnFe,04 based
sensor at low temperature, independent resistance change mea-
surements were investigated at a working temperature of 80°C.
Before the chamber was injected with TEA liquid which was fur-
ther evaporated into TEA gas, the chamber was irradiated under a
light with A\ >320 nm and power of 150 mW/cm?2. Fig. 7 shows the
typical response-recovery characteristics of the ZnO/ZnFe;04-600
sensor to TEA with different concentrations from 5-1000 ppm. It
can be seen a slow increase of Ry/R; in Fig. 7, which indicates the
decrease of the sensor resistance (R;) after the light was turned-
on. Normally, when the sensor is put into the air ambient, the
oxygen molecules would grab the electrons from surface of the
metal oxide and become the adsorbed O, . After the target TEA
gas is introduced into the chamber, the gas would react with the
chemical surface adsorbed oxide ions and make the captured elec-
trons transfer back to the sensor, which brought on the resistance
(Rt) decrease and thus Ry/R; continues to increase. Afterwards, the
sensor’s response (Rg/R;) decreases to the initial value after the
light is turned off and the air is poured in. The response values of
Zn0/ZnFe,;04-600 sensor are approximately 3.4, 4.8, 6.0, 7.4, 10,
and 12.8 to 5, 10, 50, 100, 500, and 1000 ppm of TEA respectively
with response time of about 100s.

Fig. 8 presents a more intuitive comparison between the
response of ZnO/ZnFe;04-600 sensor with and without light irra-
diation. Accordingly, under these same concentrations of TEA
and without the assistance of light irradiation, the responses of
Zn0/ZnFe,;04-600 sensor are only 1.5, 1.8, 4.0, 4.2, 6.2, and 7.3,
respectively. Obviously, enhanced gas sensing properties could be
clearly observed under light irradiation to all the TEA concen-
trations. Typically, the response value to 5 ppm TEA under light
irradiation is 3.4, which is almost twice as that in the darkness (Fig.
S4). Considering the response time, it takes around 300s for the
sensor responses to the TEA gas at the same operation temperature
of 80°C without light irradiation. Evidently, the light irradiation
can effectively increase response values of Ry/R; and shorten the
response time of ZnO/ZnFe,04-600 sensor to TEA.

To confirm the stability of the present ZnO/ZnFe,04-600 TEA
gas sensor, the gas sensing measurements of the sensor exposed to
five continuous cycles to 50 ppm of TEA were carried out. As shown
in Fig. 9, one can see a slow increase of the sensor response (Rg/R¢)
once the light is turned-on. Another sharp increase can be also seen
after the TEA gas is introduced into the chamber. The responses of
the five cycles keep similar, which indicates the good reproducibil-
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Fig. 8. Comparison of TEA responses of ZnO/ZnFe;04-600 under and without light
irradiation at 80°C.

Fig. 9. Response-recovery cycles of ZnO/ZnFe;04-600 to 50 ppm TEA under light
irradiation at 80°C.

ity of ZnO/ZnFe,04-600 TEA gas sensor to the light as well as to
the TEA gas. In addition, the same experiments were conducted
six months later after the sensor was prepared. Five continuous
cycles to 50 ppm of TEA were shown in Fig. S5, and the responses

of ZnO/ZnFe;04-600 sensor still floated around 6, which show the
excellent long term stability of ZnO/ZnFe,04-600 TEA gas sensor.

Selectivity is another important factor for practical application
of a gas sensor, a sensor with good selectivity means one can detect
target gas even in multicomponent gas environment [21]. Fig. 10a
shows the response values of ZnO/ZnFe,04-600 to thirteen vapors
under the same concentration of 500 ppm at 240°C. It is observed
that ZnO/ZnFe;04-600 shows a higher response to (C;Hs)3N but
less response to C4HgOH, C3H70H, CH3COCH3 C;Hs0H, NH3 and so
on. The response value of ZnO/ZnFe;04-600 to TEA is almost twice
as high as that to C4HgOH and 3.8 times to C3H;OH, not to mention
other vapors. Fig. 10b depicts the selectivity of ZnO/ZnFe,04-600
to 500 ppm vapors at low temperature of 80 °C under light irradi-
ation. It is clear that ZnO/ZnFe,;04-600 almost shows no response
to other gases except TEA, the response of ZnO/ZnFe,04-600 to
500 ppm TEA is 12.7, almost 24 times as that to C4HgOH. Obviously,
Zn0/ZnFe,;04-600 has better selectivity in detecting TEA under
light irradiation even it is detected at such a low temperature of
80°C. High selectivity means more accurately detection of target
gas and better application prospect, which is practicable for a gas
Sensor.

3.3. Possible mechanism

It is well known that the chemical potential of oxygen is below
the conduction band of ZnO and ZnFe, 04, which causes O~ forms
on the surface through capturing electrons from n-type oxide
semiconductor [26-29] at low temperature below 150°C. Thus a
high resistance depletion layer is formed near the surface of the
Zn0/ZnFe,04 composites in air. Continues with the light irradia-
tion, the target gas is introduced into the test chamber and reacts
with the adsorbed oxygen ions on the surface of ZnO/ZnFe, 04 com-
posites as follows:

2Et,N—CH,—CHj(ads) + 0, (ads) — 2Et,N—CH=CH,
+2H,0 + e7[30, 31]

At the same time, the electrons trapped by the adsorbed oxygen
molecules transfer back to the conduction band, which induces a
great thinning of depletion layer (as showninFig. 11)and adecrease
in resistance of ZnO/ZnFe,04 composites, thus a high response of
Ro/R; to the target gas is observed.

The adsorption type of oxygen molecules is physisorption
which is quite weak at low operating temperature, therefore low
responses are observed without light irradiation. The high response
under light irradiation may be due to the enhanced activity of

Fig. 10. Selectivity of ZnO/ZnFe;04-600 to 500 ppm vapors at 240 °C without light irradiation (a) and at 80°C under light irradiation (b).
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Fig. 11. Schematic illustration of sensing mechanism of the ZnO/ZnFe,04-600 sen-
sor.

adsorbed oxygen molecules during the light irradiation, which shift
the equilibrium of the reactions and facilitate a higher reaction rate
[32,33] between TEA and the adsorbed oxygen molecules. In addi-
tion, illumination often influences the gas adsorption rate and the
activation energy [33,34], thus, the responses of the ZnO/ZnFe;04
sensor for TEA are greatly improved.

4. Conclusions

The synthesis of ZnO/ZnFe,;04 composites with Zn,Fe-LDH as
a single source precursor has been described. ZnO/ZnFe,04 com-
posites show good response to TEA at 240°C and weak response
to TEA at low temperature of 80°C. Enhanced sensing proper-
ties with respect to TEA have been observed through the exciting
of light irradiation. Typically, the sample calcined at 600°C per-
forms impressive TEA sensing behaviors with advantages of good
sensitivity, satisfactory stability and high selectivity. The present
finding clearly demonstrates that light excitation is greatly helpful
to improve the sensitivity of metal oxide gas sensors and lower the
operating temperature, which might have potential to monitor TEA
in industrial production in the future.
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