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ABSTRACT: During the detection of industrial toxic gases, such as triethylamine
(TEA), poor selectivity and negative humidity impact are still challenging issues. A
frequently reported strategy is to employ molecular sieves or metal—organic
framework (MOF) membranes so that interference derived from surrounding gases
or water vapor can be blocked. Nevertheless, the decline in the response signal was
also observed after coating these membranes. Herein, an alternative strategy that is
based on a hydrophobic, TEA adsorption-selective p—n conjunction core—shell

p type shell *,

heterostructure is proposed and is speculated to simultaneously enhance selectivity, ntype core

sensitivity, and humidity resistance. To verify the practicability of the proposed pm/ {:Mm

strategy, a thickness-tunable nitrogen-doped carbon (N—C) shell-coated a-Fe,O, ;“?3*;(, Relat P o ii;_*}*%

nano-olive (N—C@a-Fe,O; NO)-based core—shell heterostructure that is obtained O gx jigt herierrvin ety ;‘\;f
na. Y

via a unique all-vapor-phase processing method is selected as the research example.
After forming the core—shell heterostructure, a relatively hydrophobic and TEA
adsorption-selective N—C@a-Fe,0; NO surface was experimentally confirmed. Particularly, a chemiresistive sensor that comprises
N-C@a-Fe,O; NOs exhibits satisfactory selectivity and response magnitude to TEA when compared with the sensor using a-Fe,O;
NOs. The detection limit can even reduce to be 400 ppb at 250 °C. Furthermore, the sensor based on N—C@a-Fe,O; NOs shows
desirable humidity resistance within the relative humidity (RH) range of 30—90%. For practical usage, a sensing prototype based on
the N—C@a-Fe,O; NO probe is fabricated, and its satisfactory sensing performance further confirms the potential for future
applications in industrial organic amine detection. These promising results show a bright future in enhancing the humidity resistance
and selectivity as well as sensitivity of chemiresistive sensors by simply designing a hydrophobic and target gas adsorption (e.g,
TEA) preferred p—n junction core—shell heterostructure.

KEYWORDS: hydrophobic core—shell heterostructure, N—C@a-Fe,0;3 nano-olives, TEA selective, humidity resistance,
all-vapor-phase processing method

Sensitivity Enhanced Selectivity Improved

T riethylamine (TEA) is one of the most important organic instance, the intrinsic sensitivity of metal oxides to moisture
materials used in the production process while it is a and/or other surrounding gases causes a significant signal
typical toxic,"” inflammable, and explosive industrial chemical. fluctuation when humidity and/or the level of interfering gases
Exposure to TEA (>10 ppm) can cause severe health changes,”' hindering their application in sensing TEA in real
problems,3 such as pulmonary edema, expiratory headache, conditions.

comatose state, and eye irritation.”® Therefore, there is an To date, molecular sieves or metal—organic framework
urgent need to propose an effective and real-time sensing (MOF) coated sensing materials have been often reported for
device for detecting TEA at trace levels, particularly in the area enhancing the selectivity and humidity resistance.'~'*
close to chemical plants. For the purpose of timely warning of Benefiting from the filter effect derived from the molecular
the leakage of TEA, numerous chemical sensors have been sieves or MOF, negative interference is effectively eliminated.
explored for detecting TEA vapors in recent years, and most of

them are based on metal oxide semiconductor (MOS) Received: December 20, 2019

chemiresistive materials.*™® Although promising advancements Accepted: February 4, 2020

have been witnessed over the past decade, two major technical Published: February 4, 2020

challenges, namely, poor selectivity and negative humidity
effect, still remain for these MOS-based gas sensors. For
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Figure 1. Ilustration of the proposed strategy for selective and sensitive detection of the target gas with enhanced humidity resistance.

Nevertheless, these molecular sieves or MOF membranes also
block part of the target gas molecules from reaching reaction
sites, resulting in a decrease in the response signal. This is
definitely unsuitable to detect analytes at low concentration. A
p—n junction was often adopted to improve gas response,
while it should be noted that a p—n Eunction for enhancing the
humidity resistance is less reported. > ~>° In a word, effectively
declining the negative impact of water vapor while maintaining
desirable response sensitivity and selectivity is still a concerned
issue. An alternative strategy to address these problems is to
construct sensing materials coated with a hydrophobic and
target gas adsorption-selective porous membrane with
controlled thickness to facilitate the diffusion and transmission
of gas molecules, which enables both humidity resistance and
high selectivity.">'~>* Particularly, a p—n junction on the
membrane-coated MOS is speculated to bring about significant
enhancement in the response signal and sensitivity as well as
low limit of detection (LOD).'”**™*° In comparison with
those reported approaches that primarily rely on molecular
sieves or MOF membranes, the strategy proposed in this article
offers the opportunity of simultaneously enhancing selectivity,
sensitivity, and humidity resistance as well as the low LOD via
a more efficient and cost-effective way. Herein, the
practicability of the proposed strategy will be experimentally
verified by designing a hydrophobic and TEA adsorption-
selective core—shell heterostructure. In addition, the sensing
behavior of the chemiresistive sensor based on the proposed
core—shell heterostructure will be systematically evaluated.
Moreover, interrelationship between the enhanced sensing
performance and the proposed strategy will be particularly
focused and discussed in depth. Finally, a sensing prototype
will be built and operated in real working conditions to further
support the success of the proposed strategy.

B EXPERIMENTAL SECTION

Preparation of N—C@a-Fe,0; Nano-Olives (NOs). The details
of synthesizing a-Fe,0; nano-olives (NOs) were described in the
experimental details in the Supporting Information. A certain amount
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of the obtained a-Fe,O; NOs was put onto the bottom of a smaller
crucible. Then, the smaller crucible was placed upside down in a
larger crucible as illustrated in Figure S1 of the Support Information.
At the bottom of the larger crucible was evenly sprinkled an
appropriate amount of melamine. Afterward, two sets of crucibles
were heated in a muffle furnace at 550 °C for 2 h. During the thermal
polycondensation process as reported previously,””*® melamine
sublimed and formed a uniform nitrogen-doped carbon shell (N—
C) on the surface of an a-Fe,0O; NO product. For a reasonable
comparison of sensor performance, the sample without N—C coating
was also treated in the same way as the N—C-coated one but in the
absence of melamine, and the treated sample is named as annealed a-
Fe,0; NOs to be distinct from the as-synthesized sample. Besides, to
discuss the role and impact of the N—C shell on the gas sensing
performance, various samples with different additive mass ratios of
melamine to a-Fe,O; NOs such as 1:1, 5:1, and 8:1 were used and
denoted as N—C@a-Fe,O; NOs (3 nm), N—C@a-Fe,0; NOs (5
nm), and N—-C@a-Fe,0; NOs (8 nm); wherein, 3, S, and 8 nm
represent the N—C shell thickness, respectively. More rigorous was
that the mass ratio of melamine to a-Fe,O; NOs as 10:1 had also
been complemented to explain the quantitative change of shell
thickness with the additive amount of melamine.

Materials Characterization. The samples were characterized by
powder X-ray diffraction (XRD) analysis (Rigaku Ultima IV, Japan,
Cu Ka radiation, 4 = 1.5418 A), field-emission scanning electron
microscopy (FESEM) (Hitachi SUS000, Japan), transmission
electron microscopy (TEM), high-resolution TEM (HRTEM), and
energy-dispersive X-ray spectroscopy (EDS) (FEI Tecnai G2 f20 s-
twin, 200 kV), X-ray photoelectron spectroscopy (XPS) (Thermo
SCIENTIFIC ESCALAB 250Xi, Al Ka X-ray monochromator),
contact angle (VCA Optima XE, AST Ltd.), Fourier transform
infrared spectroscopy (FTIR) (IRTrace-100, SHIMADZU, Japan),
thermogravimetric (TG)-FTIR (TGA 8000-FT-IR, PerkinElmer),
ultraviolet photoelectron spectroscopy (UPS) (ESCALAB 250Xi,
Thermo Fischer), and UV/Vis spectroscopy (PE 950, PerkinElmer).

Sensor Fabrication and Evaluation of Sensing Character-
istics. The details of gas sensor fabrication and sensing test can be
found in our previous works and part ii of experimental details in the
Supporting Information.”® Sensing characteristics of the fabricated
sensors were evaluated by a CGS-8 intelligent test system (Beijing
Elite Tech Co. Ltd., China), which provides precise control of gas
flow and dilution, measurement of electrical resistance (Figure S2 of
the Supporting Information). Initially, dry air was used as the
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Figure 2. FESEM images of (a) a-Fe,O; NOs and (b) N—C@a-Fe,O; NOs (3 nm) and (c) HRTEM image of the interfacial layer of N—C@a-
Fe,0; NOs (3 nm). The 3 nm shell makes the gas diffusion easier, avoiding the decrease in the response signal. Contact angle of (d) a-Fe,O; NOs
and (e) N—C@a-Fe,0; NOs (3 nm) with water. The relatively increased contact angle indirectly confirmed a relatively hydrophobic N—C shell,
which is helpful to minimize the impact of humidity in sensing TEA; (f) FTIR spectrum of @-Fe,O; NOs and N—C@a-Fe,O; NOs (3 nm) after

exposure to 100 ppm TEA and other selected interfering gases. The extra peak appearing within the wave number range of 2800—3000 cm

-1

indicates the preferred adsorption of TEA on the N—C shell after N—C@a-Fe,O; NOs were exposed to TEA.

reference and diluted gas. Then, when investigating the impact of
relative humidity (RH) on the sensing performance, a certain amount
of water vapor had been premixed with TEA vapor and air at room
temperature of 20 °C to reach specific RH. It should be noted that all
RH measurements were performed at room temperature, and then the
mixed gases were introduced into the test chamber of the CGS-8
intelligent test system. The sensor was heated by the Ni—Cr heating
alloy to modulate the test temperatures from 150 to 350 °C. The
sensor response is defined as S = R,/R, where R, is the sensor
resistance in reference air and R, is the sensor resistance when the
target chemical is present.’”" The response/recovery time is defined
as the time required for a device resistance change to reach 90% of the
total resistance change.”® The variation of the response signal is
presented by error bars.

B RESULTS AND DISCUSSION

Figure 1 summarizes the general strategy of the research: (1) a
sensing material with poor selectivity and sensitivity to TEA is
selected as the “core” candidate and experimental control,
since the research objective of the study is to clarify the impact
of a hydrophobic and TEA adsorption-selective “shell”; (2) a
hydrophobic and TEA adsorption-selective shell is coated on
the surface of the core to form a core—shell heterostructure. In
light of the fact that a hydrophobic surface is unfavorable to
adsorb water vapor, it is deduced that TEA adsorption should
dominate the whole sensing process. In other words, high
selectivity to TEA against other interfering gases (including
water vapor) is speculated; (3) due to the fact that a p—n
junction is usually formed the core—shell heterostructure and
is beneficial to improving the response magnitude, significant
improvement in the sensitivity and LOD is expected. To verify
the practicability of the proposed strategy, the following steps
are implemented: owing to the fact that a minor response
magnitude and poor selectivity to TEA were observed in our
pilot study, a-Fe,O; NOs are selected as the core material in
the research. Besides, as a metal-free nitrogen-doped carbon
(N—C) nanofilm has been frequently used as surface coating
to raise the catalytic activity of MOS materials,**** a N—C
nanofilm is selected as the shell candidate, as these N—C-
coated composite materials exhibit better adsorption property,
larger specific surface area, and faster electron-transport
property. 3437

a-Fe,0; NOs and N-C@a-Fe,0; NOs (3 nm) were
synthesized via a conventional hydrothermal route and a
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unique all-vapor-phase processing method, respectively. Details
of material characterization and relevant discussion can be
found in the Materials Characterization section in the
Supporting Information. In brief, the global surface morphol-
ogy of a-Fe,0; NOs presents no significant difference after
N—C shell coating, shown in Figures 2a,b and S3 of the
Supporting Information. The thickness of the N—C shell is
roughly estimated to 3 nm (Figure 2c), which is favorable for
gas diffusion. X-ray diffraction (XRD) patterns shown in Figure
S4 of the Supporting Information suggest a pure a-Fe,O;
phase (JCPDS No. 33-0664) for the obtained a-Fe,O4
NOs,***” no matter heat-treated or not. Nevertheless, owing
to the reducing action of the N—C shell, a small amount of y-
Fe,0; is likely to be witnessed in the sample of N—C@a-
Fe,0; NOs (3 nm).*" It must be noted that since only a small
amount of y-Fe,O; is observed in the sample, response
behavior of N—C@a-Fe,O; NOs (3 nm) will be hardly
affected. X-ray photoelectron spectroscopy (XPS) results
shown in Figure S5 of the Supporting Information confirm
the success of coating the N—C shell on the surface of a-Fe,0;
NOs. Furthermore, changes in the binding energy support the
strong interfacial interaction between the N—C shell and a-
Fe,0; NOs.

Since the hydrophobic and TEA adsorption-selective shell is
crucial to achieve humidity resistance and TEA selectivity, the
contact angle of water droplets and gas adsorption on the
surface of a-Fe,O; NOs and N—C@a-Fe,0; NOs (3 nm)
were studied and compared. Figure 2d,e demonstrates the
contact angle of water droplets on each sensing material. It can
be concluded that a hydrophilic surface can be assigned to a-
Fe,0; NOs due to the low value of contact angle (around
6.5°). In contrast, a relatively hydrophobic surface is
speculated for N—C@a-Fe,0; NOs (3 nm) owing to the
minor increase in the contact angle (18.6°). In view of the fact
that a relatively hydrophobic surface may result in more
difficulties in adsorbing water vapor on the surface and leaving
more reaction sites to target gases, it is reasonable to assume
that some part of humidity resistance would be demonstrated
by N—C@a-Fe,0; NOs (3 nm). Regarding the TEA
adsorption capability of N—C@a-Fe,O; NOs (3 nm),
theoretical calculations could be helpful to give a theoretical
guidance. However, the theoretical calculation cannot be done
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Figure 3. (a) Cross-sensitivity of the sensors composed of a-Fe,0; NOs, N—C@a-Fe,0; NOs (3 nm), N-C@a-Fe,0; NOs (§ nm), N-C@a-
Fe,0; NOs (8 nm), and N—C shell. Optimal selectivity and response magnitude are observed for the sensor consisting of N—C@a-Fe,0; NOs (3
nm); (b) transient responses and (c) dependence of the response signal on TEA concentration in the range of 1—200 ppm for the sensor using N—
C@a-Fe,05 NOs (3 nm) (as the sensing material); (d) variation of the response signal with the changing humidity for the sensors composed of a-
Fe,0; NOs and N—C@a-Fe,0; NOs (3 nm). Identical response magnitude to 100 ppm of TEA is witnessed for the sensor using N—C@a-Fe,0;
NOs, within the humidity of 30—90%; (e) impact of the water vapor in the relative content (RH) of 0 (dry)—90% on the response magnitude of
the sensor using a-Fe,0; NOs and N—C@a-Fe,0; NOs (3 nm); (f) response stability of the sensors composed of a-Fe,O; NOs and N—C@a-
Fe,0; NOs (3 nm), operated at 250 °C for almost 1 month. Minor changes are observed for the developed sensor, indicating acceptable long-term

stability in real applications.

in this research because of the amorphous N—C membrane
presented in the article and the theoretical calculation (e.g,
density functional theory) can only be adopted for the
materials with well-crystallized microstructures. Herein, a
Fourier transform infrared spectrometer (FTIR) was em-
ployed, and the FTIR spectrum is shown in Figure 2f.
Obviously, after N—C@a-Fe, 05 NOs (3 nm) were exposed to
100 ppm TEA, an extra peak appeared in the wave number
range of 2800—3000 cm™". On the contrary, a minor difference
in FTIR spectrum is observed for N—C@a-Fe,0; NOs (3
nm) (or a-Fe,0; NOs) exposed to other studied interfering
gases. Regarding the variation of the FTIR peak at a wave
number of 2340 cm™, it can be attributed to the adsorption of
CO, during the sample preparation.m’41 This interesting
finding directly evidences the preferred TEA adsorption on
the surface of N—C@a-Fe,0; NOs (3 nm), that is, TEA
adsorption dominates the whole sensing process even on
exposing N—C@a-Fe,O; NOs (3 nm) to a gas mixture. In
sum, from the perspective of theoretical analysis, formation of a
N-C@a-Fe,0; NO core—shell heterostructure is helpful in
enhancing the humidity resistance and TEA selectivity.

To confirm the assumption, the sensing performance of the
sensors composed of a-Fe,0; NOs or N—C@a-Fe,0; NOs (3
nm) sensing materials is evaluated. Initially, the operating
temperature of the sensors is optimized. Figure S6 of the
Supporting Information illustrates the variation of response
signal to TEA (100 ppm) at different operating temperatures.
The maximum response signal is observed for the sensor
operated at 250 °C, irrespective of the components of the
sensing materials. To give a clearer vision, the transient
changes based on the actual R, value of two sensors vs
operating temperature is presented in Figure S7 of the
Supporting Information, where R, values are far below 100
MQ and meet the practical application. At the optimal
operating temperature, the sensor using N—C@a-Fe,O; NOs
(3 nm) exhibits almost 7 times higher response magnitude
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than that of the sensor composed of a-Fe,O; NOs, supporting
the view of enhancing the response magnitude by designing a
core—shell heterostructure. What’s more meaningful was that
the quantitative relationship between the thickness of the N—C
shell and the amount of melamine had also been established, as
the thickness of the N—C shell is controllable by tuning the
amount of melamine, as shown in Figure S8 of the Supporting
Information that the thickness of the shell increased from 3 to
8 nm after increasing the ratio of melamine to a-Fe,O; NOs
from 1:1 to 8:1. However,when the mass ratio of melamine to
a-Fe,O; NOs reached 10:1, the surface agglomerated
obviously, which indicates that the upper limit of a
polycondensation film was reached (Figure S9 of the
Supporting Information). Besides, the relationship between
the N—C shell thickness and the mass ratio of melamine to a-
Fe,O; NOs is shown in Table SI1. Cross-sensitivity of the
sensors composed of a-Fe,0; NOs, N—C@a-Fe,0; NOs (3
nm), N—-C@a-Fe,0; NOs (5 nm), N—C@a-Fe,O; NOs (8
nm), and N—C shells was investigated and is presented in
Figure 3a. In this study, several toxic industrial chemicals, e.g.,
nitrobenzene, ammonia, formaldehyde, ethylenediamine, SO,,
and NO,, which can be usually found near chemical plants are
selected as the interfering gas species. Interestingly, in
comparison with the sensor using a-Fe,0O; NOs or N—=C@
a-Fe,0; NOs (3 nm, 8 nm) as the sensing material, the sensor
consisting of N—C@a-Fe,0; NOs (3 nm) shows significant
improvement in the response magnitude to TEA due to the
synergistic effect of the preferred TEA adsorption and p (N—C
shell)—n (a-Fe,O; NOs) junction, while a minor increment is
witnessed for other examined interference gases.””** The
response signal to these selected interfering gases is 5—10
times lower than that to TEA at the same level, resulting in
essential enhancement in the selectivity. Additionally, the
decline in the response magnitude on further increasing the
shell thickness indicates that the shell thickness influences the
gas reaction greatly, which is probably due to the fact that a
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Table 1. Comparison of Sensor Performance of N—C@a-Fe,0; NOs and @-Fe,O; NOs with Other MOS Sensor Materials for

Detection of TEA

LOD operating temperature
materials (ppm) 4
Al,O;/a-Fe,O5 nanofibers 0.5 250
SnO,/Au/Fe,0; nanoboxes 0.05 240
Au/a-Fe,0; nanorods 1 40
a-Fe,O3 microrod 10 275
a-Fe,O;@CuO nanorods 1 40
a-Fe,O;@NiO nanorods 1 40
Au@SnO,/a-Fe,O5 nanoneedles 0.6 300
a-Fe,0; NOs 0.56 250
N-C@a-Fe,0; NOs 0.4 250

concn (ppm)/

res./rec. time

res. s RH (%) res. vs RH refs

100/15 1/17 20-98 negative 1
100/126.8 7/10 S1

50/17.5 12/8 30—80  negative S2
100/11.8 33/70 53

50/12.8 9/20 10—S0  negative S4

50/12.2 8/19 10—50  negative 54
100/30 4/200 S5
100/2.2 15/300 30—90  negative this work
100/13.8 7/250 30-90  humidity resistant  this work

thick shell extends the gas diffusion pathway, thus limiting the
transport of gas molecules and their reaction with the internal
nucleus. Specifically, it is reasonable to conclude that the
satisfactory response behavior is mainly contributed by a-
Fe, 03 NOs, since a negligible response signal is generated by
the sensor solely using N—C. Besides, the decline of response
magnitude after increasing the thickness of the N—C shell
proves that a thinner shell is more favorable for gas diffusion. It
must be particularly noted that the referred all-vapor-phase
processing method plays an important role in coating such a
thin shell. In contrast to other reported synthetic approaches,
such as the traditional hydrothermal route, electron beam
evaporation, magnetron sputtering, and chemical vapor
deposition, the synthesis method presented in this article
features low cost, simple operation, uniform membrane
thickness, and elemental distribution.**~*" Hence, the
proposed coating method will provide a cost-effective approach
to produce thin shells in future sensing applications. Then,
transient responses of the sensors composed of a-Fe,O; NOs
or N—C@a-Fe,0; NOs (3 nm) for the TEA concentration
within the range of 1—200 ppm in dry air are studied and given
in Figure 3b. Both sensors demonstrate fast response when
exposed to high concentration (above 20 ppm). Besides, it can
be deduced from the results shown in Figure 3c that the
response behavior of the sensor using N—C@a-Fe,0; NOs (3
nm) can be correlated to the vapor concentration of TEA
following the conductance model commonly applied to MOS
chemiresistive sensors, S = a[C]? + 1,*** where § is the sensor
response value and C is the vapor concentration of TEA. The
equation can be rearranged in a logarithm format showing the
linear relationship as log(S — 1) = blog(C) + log(a) at certain
operating temperatures. Moreover, the detection limit of N—
C@a-Fe,0; NOs (3 nm) to TEA is down to be 400 ppb
according to the results shown in Figure 3¢, fully meeting the
needs of industrial testing in real applications. Note that both
sensors composed of a-Fe,0; NOs or N—C@a-Fe,0; NOs (3
nm) demonstrate satisfactory reproducibility when detecting
100 ppm TEA at 250 °C, maintaining almost unchanged
response during six consecutive cycles (Figures 3d and S10 of
the Supporting Information).

Finally, the impact of the fluctuation in humidity on the
sensing characteristics is investigated. The response signal of
the sensor using N—C@a-Fe,0; NOs (3 nm) to 100 ppm
TEA was tested for a wide range of humidity (0—90% RH), as
shown in Figures 3e and S11, S12 of the Supporting
Information. Impressively, when the RH increases above
30%, the response signal of the sensor consisting of N—C@
a-Fe,0; NOs (3 nm) remains almost constant with a further
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increase in RH till the level of 90%. This robustness against
humidity change (particularly in the high RH region) helps to
develop a sensor for quantitative detection, since humidity
effect is always one of the unpredictable factors causing
fluctuations. Compared to the performance in dry air, the
sensor response under RH of 30% or above shows ca. 40%
decrease in magnitude, which is due to the competitive
adsorption of water molecules on the surface of sensor
materials. This suggests that a more hydrophobic shell is
needed to be explored. Note that the operating temperature of
250 °C may also enhance the humidity resistance due to a
preferred desorption for water vapor at such a high
temperature.”’ In other words, although minor increment is
observed in the contact angle for water droplets, the synergetic
effect derived from the high operating temperature and the
relatively hydrophobic surface leads to enhanced humidity
resistance when sensing TEA. Stability for the sensor is another
concerned issue in real applications. Consequently, the sensing
performance of the sensors composed of a-Fe,0; NOs and
N—C@a-Fe,0; NOs (3 nm) to 100 ppm TEA is continuously
investigated for 1 month. The stability test shown in Figure 3f
implies acceptable durability within the examined period. The
average values of these sensors for100 ppm TEA are 13.8 and
2.2, respectively.

Table 1 summarizes the comparison on sensing behavior of
the sensors consisting of the proposed N—C@a-Fe,O; NOs
that based on relatively hydrophobic and TEA adsorption-
selective core—shell heterostructure and other reported sensing
materials. Conclusively, the overall sensing performance of N—
C@a-Fe,O3 NOs for detecting TEA is superior to other MOS
sensors previously reported (including a-Fe,O; NOs),
regarding the sensitivity, LOD, response time, and humidity
effect. Specifically, all these pilot results supported the
proposed strategy and achieved the expected research
objectives. The success of the proposed strategy offers an
efficient and convenient approach to modify the sensing
properties of the sensor toward the expected research
objective.

In view of the above excellent gas sensing performance,
particularly, the enhanced humidity resistance, a portable
sensing prototype is assembled for remote monitoring of TEA
via wireless transmission. As shown in Figure 4a—c, the TEA
sensing prototype consists of the circuit in a box with the
volume of 200 X 130 X 80 mm?® (width X length X height),
and a detection probe based on the sensor comprised of N—
C@a-Fe,0; NOs (3 nm) is placed inside. The operating
temperature can be set by adjusting the heating current
through the knob. When switch to detecting mode, real-time
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Figure 4. (a—c) Photograph of details for the portable TEA sensing
prototype based on the N—C@a-Fe,0; NOs (3 nm) probe, (d, e)
simulated TEA gas testing, and (f) transient dynamic response—
recovery curves of the sensing prototype to the simulated TEA
atmosphere.

response signal in terms of resistance changes is transmitted via
blue-tooth and appeared in the application interface. To
demonstrate the availability of the TEA monitor, a simulation
experiment was implemented. As can be seen from Figure 4d, a
stable baseline appears in the application interface when the
probe is placed outside the fume hood, and when the probe is
placed inside the fume hood where the TEA gas environment
is simulated (under the RH of 70%), the resistance drops
significantly (Figure 4e). When the detection probe is taken
out, it returns to the background value. Figure 4f shows the
dynamic response—recovery curves of the N—C@a-Fe,0;
NOs (3 nm) sensor, and according to the linear fitting
equation in Figure 3c, the concentration of TEA in the fume
hood is calculated to be 12 ppm which is consistent with the
theoretically set value. Conclusively, the developed sensing
prototype that based on the N—C@a-Fe,O; NOs (3 nm)
probe can be potentially applied in industrial organic amine
detection, even in high humidity.

Regarding the sensing principle, it can be interpreted
through the migration of electrons, which plays an important
role in the surface oxidization of target organic molecules, thus
can affect the response/recovery speeds, sensitivity, or
selectivity of the sensor. To have a deeper insight, the energy
band diagram of such heterojunction has been particularly
analyzed. Figure S13 of the Supporting Information schemati-
cally illustrates the electronic band structures of both a-Fe,O,
NOs and N-C@a-Fe,0; NOs (3 nm), and the relevant
discussions are presented in the section of materials character-
ization of the Supporting Information. In summary, an obvious
narrowed band gap (Eg) from 1.85 to 1.75 eV and work
function (@) from 2.95 to 2.75 eV was observed after the
effective coating of N—C shell, thus facilitating the transfer of
electrons to conduction band (CB) under heating conditions
then to oxygen to form more negative ions to enhance the
sensing reaction performances. As for the optimal operational
temperature at 250 °C observed in the research, thermal
gravimetric (TG) combined with FTIR analysis was
implemented to understand the reaction progress at different
temperatures. In the Supporting Information, the TG curve of
N-C@a-Fe,0; NOs (3 nm) with the decomposition
temperatures from 25 to 800 °C under N, gas proves a spot
of desorption of physically adsorbed H,0 and CO, molecules
and slight mass loss of N—C Shell via polycondensation of the
Supporting Information demonstrate the TG-FTIR results for
N-C@a-Fe,0; NOs (3 nm) pre-treated by saturation
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adsorption of TEA with the heating temperatures from 25 to
350 °C (covering the working temperature of the gas sensing
test) under N, gas, in the wave number of 400—4000 cm™'.
These results shown in the Supporting Information suggest
that the partial reaction of TEA still maintained a good form of
chemi-adsorption on the surface of N—C@a-Fe,O; NOs at
100 °C, accompanied by a small amount of oxidation.
Gradually, with the temperature rising to 350 °C, the
remaining TEA was quickly oxidized and exceeded the TEA
volatilization rate. In a word, the balance of chemi-adsorption
and fast oxidation rate results in the sensor that using N—C@
a-Fe,0; NOs (3 nm) demonstrated optimal sensing perform-
ance at the operating temperature of 250 °C.

B CONCLUSIONS

Aiming to efficiently enhance the humidity resistance and TEA
selectivity of MOS-based chemiresistance sensor, a novel
strategy that based on the hydrophobic and TEA adsorption-
selective core—shell heterostructure is proposed. To verify the
practicability of the proposed strategy, a-Fe,O; NOs that is
confirmed to be poorly selective and sensitive to TEA is
selected as the core candidate and experimental control
Additionally, N—C@a-Fe,O; NOs are prepared by a novel,
simple, widespread, and controllable evaporating coating
method. In comparison with a-Fe,0; NOs, when exposed to
TEA an increase in contact angle of water droplets and
apparent changes in IR spectrum are observed after coating the
N—C shell on the surface of a-Fe,O; NOs core, suggesting a
relative hydrophobic and TEA adsorption-selective N—C@a-
Fe,0; NOs core—shell heterostructure. The sensing perform-
ance of the sensors using a-Fe,0; NOs or N—C@a-Fe,0;
NOs indicates the fact that the N—C shell indeed modified the
sensing characteristics by demonstrating enhanced humidity
resistance (within RH 30—90%), selectivity, and sensitivity, as
well as LOD to TEA. In particular, a sensing prototype based
on the N—C@a-Fe,0; NOs (3 nm) probe is fabricated and its
satisfactory sensing performance further confirmed the
potential of its future applications in industrial organic amine
detection. These promising results disclose a bright future of
enhancing the humidity resistance and selectivity as well as
sensitivity of MOS-based chemiresistance sensor by simply
adopting a hydrophobic and target gas adsorption (e.g,, TEA)
preferred core—shell heterostructure.
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