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Solid AIPO-5 and La doped AIPO-5 (La/AlPO-5) were synthesized by a hydrothermal treatment followed by
crystallization and calcination. The ammonia (NHg) sensing properties of AIPO-5 and La/AlPO-5 were evaluated
by using quartz crystal microbalance (QCM) platform to work out the enhanced effect of La doping treatment. La/
AIPO-5 possessed a higher response to NH3 than that of AIPO-5 with same concentration. In addition to the
favorable sensitivity, La/AlPO-5 based sensor also showed prominent repeatability and selectivity. We also

explored the thermodynamics and humidity-enhanced effect in the NH3 sensing process.

1. Introduction

Ammonia (NHs) is a common harmful gas comes from chemical plant
leakage and fertilizer abuse and leads to mucosal damage, dyspnea, skin
burn, etc. [1,2]. However, the use of NHs in the fields of fertilizer syn-
thesis and fiber manufacturing is inevitable [3]. As a result, rapid
detection of NH3 gas at very low concentration is essential to its trans-
port, storage and usage. Gas sensors are recognized as ideal devices
which are capable of detecting gases. High sensitivity, excellent selec-
tivity and reversibility are crucial desired parameters of sensor quality
[4].

Quartz crystal microbalance (QCM), also known as a precise weighing
equipment, is an emerging gas sensing transducer constructed from
quartz wafer and metallic electrode. Based on Sauerbrey equation, the
change of surface quality of QCM can be transformed into signal of fre-
quency change [5]. Due to its surface modifiability, various specific
sensing materials can detect different hazardous gases based on QCM
transducer by adsorption [6]. QCM gas sensors have many advantages,
such as high sensitivity at ng level, quantifiability for gas concentration,
gas discriminability with e-nose, tunable selectivity, low power con-
sumption, and so on [7]. Besides, QCM sensors are convenient to set up,
operate and intelligentialize [8]. Based on QCM platform, there are some
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materials have been used to detect NH3, such as zinc oxide, graphene
oxide isolation layer, phenylacetic acid-modified nanofibrous poly-
styrene, graphene/polyaniline nanocomposite and so on [9-23]. How-
ever, the detection limits of these NHs sensors can only reach ppm
concentration level, which is not conducive to the timely prevention of
NH; leakage. One of the glaring advantages of QCM sensor over other
sensors is excellent sensitivity, so it is necessary to explore novel sensing
materials that can detect NH3 in ppb concentration level. In addition, few
of these reports on QCM NHj sensor explored the permanent impact of
environmental humidity on the NH3 sensing response.

AIPO-5 is a high stable solid zeolite material with porous framework,
and has been attracted attention in the field of catalysis [24,25]. An
exciting property of AIPO-5 zeolite is that Al and/or P can be replaced by
other elements to form doped AIPO-5 zeolites with enhanced applied
property [26]. Compared with other zeolites, AIPO-5 possesses excellent
water stability and thermal stability, which makes it possible to be used
in gas sensors based on adsorption.

Herein, solid La doped AIPO-5 (La/AlPO-5) is first reported as QCM
surface sensitizing material to efficiently detect NH3; with high sensi-
tivity, excellent repeatability, and satisfactory selectivity, as shown in
Scheme 1. The sensitivity to NHs of La/AlPO-5 was greatly improved
than undoped AIPO-5, which should be attributed to the added active
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Scheme 1. Based on QCM platform, the La doped AIPO-5 can detect NH3 gas of
ppb concentration.

hydroxyl groups. The detection limit of the La/AIPO-5 can reach 60 ppb.
Besides, thermodynamic experiment revealed that the sensing of NH3 by
La/AlPO-5 is attributed to weak physical adsorption. In view of the
disadvantage that NH3 sensing is susceptible to environmental humidity,
we explored the enhancement of relative humidity on the response of
NH; gas. The added response can be corrected by using electronic data
compensation in the future.

2. Experimental
2.1. Synthesis of La doped AIPO-5 and AIPO-5

All the reagents were purchased from Aladdin Industrial Corporation.
La doped AIPO-5 zeolite was hydrothermally synthesized from an alu-
minophosphate gel containing Tetramethylguanidine (TMG). As a typical
synthesis procedure, aluminum isopropoxide (18.31 g) were added into
deionized water (31.6 ml), followed addition of H3PO4 (7.2 ml). After
formatting gel, of lanthanum (III) nitrate hexahydrate (0.58 g) and TMG
(4.4 ml) were introduced. Then, the above mixture was transferred into
an autoclave and heated in an oven at 150 °C for 6 h. After the hydro-
thermal process, the product was collected and dried, then calcined at
550 °C for 5h. The zeolite product was named as La/AIPO-5. The syn-
thetic procedure of AIPO-5 was the same as the synthesis of La/AIPO-5
except the introduction of lanthanum (III) nitrate hexahydrate.

2.2. Characterization

The morphology of La/AlPO-5 was observed by scanning electron
microscope (SEM) (HITACHI S-4800). The Element composition of La/
AlIPO-5 was collected by X-ray Photo-electron Spectroscopy (XPS)
(ESCALAB 250Xi). Wide angle X-ray diffraction patterns of the materials
were obtained on a Rigaku DLMAX-2550 diffractometer using Cu KR
radiation. Nitrogen adsorption-desorption isotherms were measured at
77 K by using a surface area and porosity analyzer (Micromeritics ASAP
2020). The materials were degassed before the measurements. The BET
method was used to extract the specific surface areas. The amounts of
various elements in La/AIPO-5 were determined by using inductively
coupled plasma atomic emission spectroscopy (ICP-AES) Varian 710-ES.
Infrared spectra were analyzed with a Nicolet Avatar-370 FT-IR spec-
trometer utilizing KBr pellets in the region of 4000-400 cm™!. Thermal
analysis was completed on a Mettler Toledo TGA/SDTA85e thermal
analyzer, the sample was heated from 30 °C to 800 °C at a rate of 10 °C/
min in Ny atmosphere.

2.3. QCM sensor configuration and experiment setup

The QCM based gas sensing experiments were performed by using a
modified setup at 298 K [23]. The water dispersion of zeolites was
drop-casted onto the surface of QCM electrode, and the as-fabricated
sensor was dried thoroughly. The sensor was tested in a closed
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chamber which was placed in a thermostat. Before the measurement, the
sensor was exposed to a Ny stream (15 sccm) until obtained a stable
base-line. The analyte was introduced into the chamber with a heater
which can evaporate the liquid analyte. Then, the sensor was exposed to
the analyte stream until a stable response was obtained. After each
response cycle, nitrogen stream would get rid of the analyte to
re-establish the baseline.

3. Results and discussion
3.1. Preparation and characterization of La/AlPO-5 and AIPO-5

As shown in Fig. 1a, the XRD pattern indicate that AIPO-5 and La/
AIPO-5 all have an AFI structure and well indexed to hexagonal phase
AIPO-5 (JCPDS no. 41-0044). But after La doping, the peak of XRD shifts
slightly to the left, because its lattice constant is increased because of the
doping of La atom which has larger atomic radius than Al atom and P
atom. As shown in the insert of Fig. 1a, the amplified XRD pattern clearly
shows that the peak of AIPO-5 in the 26 range of 7°-8° is shifted after
doping La. It is indicating that La is well doped into the inherent
framework of AIPO-5. In the framework of AIPO-5, AlO4 tetrahedron and
PO, tetrahedron are interlinked alternately. The Al or/and P sites on the
skeleton can be doped by other doping metal elements, this process is
called isomorphism substitution. The isomorphism substitution can be
divided into three types: doping into Al sites, doping into P sites, and
doping into Al and P sites. The type of substitution mechanism depends
on the valence state of the doping element, not the ionic radius. One-
valence, divalent, and trivalent metallic elements will replace Al sites.
Tetravalent and pentavalent metallic elements will replace P sites. Only
silicon (Si) element can replace both Al and P sites [27-29]. It is obvious
that trivalent La is doped into Al sites in the framework of AIPO-5. As
shown in Fig. 1b, the XPS spectrum of La/AIPO-5 indicates that the
material contains Al, P, and O elements which all possess peak. Besides,
the peak of La 3d is also shown in Fig. 1b. This peak has a typical La (IIT)
spectrum, indicating that La has occupied some Al (III) sites and doped
the framework of AIPO-5. As shown in Fig. 1lc, the nitrogen adsorp-
tion/desorption isotherms of AIPO-5 and La/AIPO-5 belong to typical H4
hysteresis loop, it should be attributed to their nanoporous topology
structures. The specific surface area of AIPO-5 and La/AlPO-5 is
130.72 cm3/g and 107.03 cmS/g, respectively. In the relative pressure
range of 0.4-0.6 occurs a slow increase in the adsorption amount, indi-
cating the presence of mesopores. In the relative pressure range of
0.8-1.0, the nitrogen adsorption capacity still increases, indicating the
presence of large pores. These conclusions are in accordance with the
pore size distribution diagram (the insert of Fig. 1c). The SEM image
(Fig. 1d) shows the morphology of La/AlIPO-5 is spherical with a diam-
eter of 8-16 pm.

The SEM image of single La/AlPO-5 microsphere together with
selected-area element analysis maps of O, Al, P and La in Fig. 2a indicates
that all O (cyan), Al (yellow), P (red) and La (green) atoms are distributed
uniformly through the whole selected-area, revealing a homogeneous
distribution of La in the framework of AIPO-5. This single La/AIPO-5
microsphere was also used for the energy dispersive spectra (EDS)
point analyses (see Fig. 2b), demonstrating the coexistence of O, Al, P and
La atoms distributed on the surface of La/AlPO-5 microsphere. The
overall composition of La/AlPO-5 was obtained from inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis (shown in
Table 1). The amounts of O, Al, P, and La in La/AlIPO-5 are 53.15, 20.48,
24.77, and 1.60 wt%, respectively.

Fig. 3a presents the FT-IR spectra of La/AIPO-5 and AIPO-5. The peaks
appearing at 1108 cm-1, 717 cm™! and 467 cm ™! were characteristic of
AIPO-5. The peak appearing at 1108 cm-1 is attributed to the asymmetric
stretching vibration of the P-O-Al unit. The peak appearing at 717 cm ™
is attributed to the P-O-P or P-O-Al or Al-O-Al symmetrical stretching
vibration in the AIPOs material. The peak appearing at 467 cm-1 is
attributed to the P-O or Al-O bending vibrations in the AIPOs material.
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Fig. 1. (a) XRD pattern of La/AlIPO-5 and AIPO-5. The insert is the amplified XRD pattern in the 26 range of 7°-8°. (b) XPS analyses of La/AIPO-5. (c) N5 sorption
isotherm curves and pore size distribution curves of La/AlPO-5 and AIPO-5. (d) SEM image of La/AlPO-5.
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Fig. 2. (a) Elemental mapping characterization of prepared La/AlPO-5. (b) EDS
profile obtained from La/AlPO-5.
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Table 1
Relative compositions of O, Al, P, and La atoms
obtained from ICP-AES analysis.

Element Amount (wt%)
(0] 53.15

Al 20.48

P 24.77

La 1.60

These peaks are consistent with the FT-IR date of AIPO-5 in the reported
research, indicating the successful synthesis of AIPO-5 [24]. Besides,
compared with AIPO-5, the vibration bands of La/AIPO-5 in the region of
1097 cm’l, 715 cm~! and 466 cm ™! were shifted to lower wavenumbers.
It should be attributed to the longer length of La-O bond than that of
Al-O band. These FT-IR date indicating the success doping of La in the
framework of AIPO-5. Fig. 3b shows the thermogravimetric (TG) curves
of the calcined La/AlPO-5 and AIPO-5. Most of the weight loss occurs at
about 100 °C, which is related to the loss of adsorbed water molecules
existing in the materials. The total weight loss rate of calcined La/AIPO-5
is about 5% and the total weight loss rate of calcined La/AlPO-5 is about
3%. It is indicating that La/AlPO-5 can adsorb more water molecules in
the air than AIPO-5. This TG test indicating that both La/AIPO-5 and
AlIPO-5 materials are stable at temperatures as high as 800 °C.

3.2. Gas-sensing properties

We first studied the selectivity of La/AIPO-5 and AIPO-5 via using
seven kinds of interfering gases at a concentration of 100 ppm (Fig. 4a). It
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Fig. 4. (a) Selectivity of La/AlPO-5 and AIPO-5. (b) The relationship between the response signals of materials and the NH3 concentrations (c) Typical response signals

of La/AlPO-5 and AIPO-5 to 60 ppb NHj.

is indicating that La/AIPO-5 shows a highest response value to NH3 than
other gases, and the response value of La/AlPO-5 to NH3 is approximately
2.5 times higher than that of AIPO-5. The sensors based on AIPO-5 and
La/AlPO-5 samples were tested in NHg with different concentrations to
evaluate NH3 sensing characteristics. Fig. 4b plots the relationship be-
tween NHj3 concentration (x) and response (y) for the sensors based on
AlIPO-5 and La doped AIPO-5 (La/AlPO-5). The corresponding equations
are y = —757.02 + 321.63 x In(x+4.38) and y = —914.90 + 565.73 x
In(x-2.88), respectively, and the regression coefficients (Rz) are 0.99186
and 0.99519 for AIPO-5 and La/AlPO-5, respectively. It is indicating that
these two materials exhibited logarithm relationship between the NH3
concentration and response. Besides, the response of La/AIPO-5 based
sensor exhibits a higher response and to NH3 gas than that of AIPO-5 in
the whole concentration range (10 ppm—400 ppm). Fig. 4c shows the
response curves of the two materials to 60 ppb NHs. It is indicating that
the response of La/AlPO-5 is more than 6 Hz, and the response time and
recovery time is 228s and 58s, respectively. On the contrary, the
response of AIPO-5 is negligible. These experimental results suggesting
better selectivity and sensitivity of La/AlPO-5. Table 2 lists the detection
limits of some NHj3 sensing materials (including La doped AIPO-5 of this
paper) based on the QCM platform. The detection limits of these reported
NH; sensing materials can only reach ppm concentration level, but La
doped AIPO-5 can detect NH3 gas of 60 ppb concentration, indicating its
advantage of detecting low concentration NHs.

The characterization part of results mentioned that the specific sur-
face area of AIPO-5 is larger than that of La/AIPO-5, so the increased
response and enhanced sensitivity of La/AlPO-5 compared with AIPO-5
to NH3 might be ascribed to the following aspects: (i) When La is
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Table 2
Comparison between QCM based NHj sensors in reported work and this work.
Reference Material Detection
limit
[9] zinc oxide 50 ppm
[10] graphene oxide 100 ppm
[11] phenylacetic acid-modified nanofibrous polystyrene 1.5 ppm
[12] graphene/polyaniline 10 ppm
[13] clay/polyelectrolyte 1 ppm
[14] Pd2+ doped ZnO 30 ppm
[15] Plasma-Polymerized Membrane 500 ppm
[16] Cellulose acetate nanofibers coated with 1 ppm
polyethylenimine and graphene oxide
[17] Graphene oxide/polystyrene 1 ppm
[18] dirhodium(ILII) complex 1wt%
[19] poly (styrene-block-maleic acid) 1.5 ppm
[20] carbon nanotubes 6.7 ppm
[21] silica nanoparticles/poly(allylamine hydrochloride) 2 ppm
[22] Zn-Porphyrin Networks 10 ppm
[23] aldehyde-functionalized mesoporous SBA-15 1 ppm
This La doped AIPO-5 Less than
paper 60 ppb

added into the AIPO-5 framework, the zeolite will possess structural
defects. The doped La can provide extra hydroxyl sites on its surface,
which can adsorb NH3 by N-H ...:0 weak hydrogen bond [30]. Besides,
when the ratio of aluminum and phosphorus changes, in order to
maintain the neutrality of zeolites, P-OH or Al-OH will be produced,
these functional groups also enhance the ability to adsorb NH3 [31]. (ii)
The ability of zeolite to adsorb external gas molecule by hydrogen bond
adsorption is related to the difference of electronegativity between Al
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(1.6) and P (2.2) [32]. The doping of La (electronegativity 1.1) enhances
the difference of electronegativity between metal atom and P atom. Thus,
the adsorption capacity of AIPO-5 is enhanced. In brief, addition of trace
La in AIPO-5 zeolite can improve its NH3 absorption capacity.

We further studied the sensing performance of La/AIPO-5 to NHs.
Fig. 5a shows the continuous real-time response curve of the La/AIPO-5
to low concentrations of NH3 range from 60ppb to 400 ppb. The
response to each test is excellent and can be recovered quickly. It is
indicating that La/AIPO-5 based sensor can work stably at the concen-
tration of ppb level. The five consecutive responses of La/AIPO-5 to the
100 ppm NHs are shown in Fig. 5b, indicating the continuous detection
ability in a short period of time. Furthermore, as shown in Fig. 5c, the
response of the La/AIPO-5 to 100 ppm NHj is also less fluctuating within
30 days, indicating that the sensor can detect NHj stably for a long time.

The working basis of mass-sensitive platform, including QCM plat-
form, is the adsorption between sensing material and gas. Based on
verified thermodynamic experiment, we can extract the adsorption
enthalpy (AH) and determine the adsorption mode of the sensing ma-
terial to the target gas [33-36]. We measured the response of La/AIPO-5
to several low-concentration NH3 at 298 K and 313 K, respectively, and
converted the response to the value of the adsorption mass by using
Sauerbrey equation [5]. Then, the AH can be extracted by combining the
obtained adsorption isotherms and Clausius-Clapeyron equation. As
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shown in Fig. 6, the AH between La/AlPO-5 and NH3 is —27.59 kJ/mol.
Based on classical adsorption theories, the selectivity of reversible
physical adsorption is slightly weaker than other adsorption modes when
the value of AH is in the range of —40 to 0 kJ/mol. Strong chemical re-
action would not possess reversibility when the value of AH is less than
—80 kJ/mol. Taking into account the selectivity and reversibility, weak
chemical adsorption is desired for gas sensor when the AH value is in the
range of —80 to —40 kJ/mol [37]. Obviously, the calculated AH values
between La/AIPO-5 and NHj3 is belong to physical adsorption.

The effect of humidity cannot be ignored for sensing material based
on mass transducer at room temperature. It is obvious that NH3 can
absorb H,O molecules and form metastable NHzeaH50. Therefore, we
explored the humidity-enhanced NHs sensing effect of La/AIPO-5 based
on the previous research [38]. As shown in Fig. 7a, we listed the response
of different concentrations (60 ppb and 180 ppb) of NH3 under different
relative humidity conditions (0% RH and 50% RH). Then, the
crystal-water number of NH3-oH20 can be worked out by the following
equation.

m(NH;) + (x — 1)m(H,0) _17+ 18(a—1)

m((NH)) 7o

(€Y

Where « is the crystal-water number. We can calculate the hydrated
NHjs in 50% RH wet air is NH3e2.05H0. Besides, the hydrated NH3 in
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90% RH wet air is NH302.54H,0, which can be calculated from the data
of Fig. 7b. It is obvious that the presence of water molecules can increase
the response of La/AlPO-5 to NH3 because of the formation of hydrating
NH3zeaH0. But we can measure the molecular formula of hydrated NH3
under different humidity, and use post-processing, such as error
compensation method, to ensure the practicality of the sensing material
in the future.

4. Conclusion

In this work, we report a new solid sensing material, La doped AIPO-5,

for NHj3 sensing system based on QCM, which works at room temperature
with detection limits down to ppb level. Due to the doping of La, the
sensing performance of AIPO-5 had been greatly improved. The ther-
modynamic extraction experiment indicated that the NH3 sensing per-
formance of La doped AIPO-5 is attributed to physical adsorption, which
is in accordance with its fast recovery ability. Besides, environmental
humidity can slightly increase the response because of the hydrating
NHseaH50, and further correction is required. The proposed new type of
sensing material is expected to be used in practical industries where NH3
must be used.
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