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High content of hydrogenated pyridinic-N
in a SNO,/NGO heterogeneous material as an
ultra-high sensitivity formaldehyde sensorf

Jing Lu, ©2* Yajun Wang, 2 Can Xu, Ying Zhang and Zijin Fu

Developing ultrasensitive materials with high selectivity and low detection limit has always been a
challenge in the gas sensor field. In this work, SnO,/N-doped graphene oxide (NGO) heterogeneous
materials are prepared by a facile hydrothermal method. The different N-doped moieties in NGO play a
very important role in regulating the microstructure and sensing properties of the composite. The results
show that SnO,/NGO with a high content of hydrogenated pyridinic-N exhibits excellent sensing
performances towards formaldehyde. It shows good response linearity in the concentration range of
100-1000 ppb and 1-10 ppm. The actual detection limit is reduced to 100 ppb, and the response time
and recovery time are 46 s and 63 s. The material shows high selectivity to formaldehyde, and the anti-
interference coefficients are 8.6, 11.3, and 11.2 for ethanol, ammonia and acetone, respectively. The high
selectivity and sensitivity of SNnO,/NGO are attributed to the following aspects: (i) large specific surface
area and strong adsorption ability; (i) selective adsorption originated from different activated regions of
hydrogenated pyridinic-N; (iii) catalytic effect on redox reactions between HCHO and O~ by the
hydrogenated pyridinic-N structure; (iv) uniformly distributed heterojunctions facilitate carrier separation

rsc.li/materials-advances and transport.

Introduction

Formaldehyde (HCHO) is a common chemical reagent, which
has been widely used in the textile, home decoration, medical,
chemical and many other industries."”> However, it is a toxic
and harmful gas that has a strong effect on inducing abnormal
immune functions, liver and central nervous system damage,
respiratory illness and even cancers.>* The World Health
Organization (WHO) has proposed the maximum safe exposure
concentration of formaldehyde for human life to be 80 ppb.>®
It is of great significance to detect formaldehyde vapor at the
ppb level.

Tin dioxide (Sn0O,) is an excellent semiconductor gas-sensing
material, which exhibits high sensitivity, fast response and high
stability to many kinds of volatile organic compounds.”®
However, the detection range of pure SnO, to HCHO is still
concentrated in the ppm level."*'° For environmental monitoring
and human health protection, the formaldehyde sensitivity needs
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to be further improved. In addition, a sensor’s selectivity is very
important because the real indoor air often contains several
interfering gases.

In recent years, people have developed various methods to
improve the sensitivity of SnO,. In particular, heterogeneous
materials’*™ composed of SnO, and graphene-related materials
have attracted much interest."*™"” Graphene and its derivatives
have large specific surface area, good conductivity and adjusta-
ble surface chemistry, and the related composites usually exhibit
significantly enhanced sensitivity."®'® For example, the SnO,/GO
materials have lower working temperature than SnO, because of
the good conductivity at low temperature."*"> The response
value also can be improved such that the GO/hollow nanotube-
like SnO, composite shows a 5 times higher value than Sn0,."
Wan et al. prepared a 3D-SnO, nanosheet/GO composite, which
shows a response of 280 to 100 ppm formaldehyde at a working
temperature of 60 °C."® Another SnO,/GO with a mesoporous
structure shows a much higher response of 2000 to 100 ppm
formaldehyde at the same working temperature.’”” Considering
the need for ppb level detection and high selectivity in actual
detection, the sensitivity of the material deserves further
improvement.

Nitrogen doped graphene has N atoms that interact with the
sp” carbons via n-r interactions and donating electrons into
graphene’s matrix. N-doping can effectively change the spin

© 2022 The Author(s). Published by the Royal Society of Chemistry
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density and charge distribution of adjacent carbon atoms,
which results in more active sites for adsorption and tunable
chemical and physical properties.’”*! It also changes the
bandgap and makes it possible to adjust the conductivity
and the electronic behavior of graphene. Therefore, N-doped
graphene has electrocatalytic activity,>* > particularly in the
oxygen reduction reaction (ORR). Formaldehyde sensitivity
involves the redox reaction between HCHO and O,, which is
closely related to the ORR.'°"3 It is supposed that N-doped
graphene would improve selective adsorption and promote
sensing reactions. So a highly sensitive SnO,/NGO heteroge-
neous material deserves exploration and in-depth investigation.

Nitrogen-doped graphene shows different chemical structures
possessing several forms of N moieties, such as graphitic-N,
pyridinic-N, pyrrolic-N, hydrogenated pyridinic-N, amine N and so
2627 Recently, there have been many research studies discuss-
ing the effect of N moieties on their sensing performances. It has
been pointed out that N-doping could adjust the adsorption
energy and the distance between doping atoms and gas molecules
for the stable adsorption configurations.”®*° Pyridinic-N has lone
electron pairs and changes the charge transfer greatly. It exhibits
excellent electrocatalytic and selective sensing performances.”®
Pyrrolic-N centers occur in sp>hybridized five-membered rings
and show magnetic sensing effects.”® Graphitic-N atoms facilitate
electron transfer and could be the catalytic center of ORR
reactions.”® Hydrogenated pyridinic-N has gained interest since
it is critical for enhancing adsorption and catalytic properties.>”*°
So far, it is still not clear which N doping structure is favorable for
formaldehyde sensitivity.

Nitrogen-doped graphene composites can be prepared by
many methods, such as chemical vapor deposition (CVD),*® ball
milling,>* heat treatment,**** hydrothermal,>***> chemical
reduction®® and plasma bombardment.?” These fabrication tech-
niques are highly effective in terms of doping. But the types and
levels of incorporated N atoms cannot be well controlled. In this
paper, SnO,/NGO material with a high content of hydrogenated
pyridinic-N moieties was prepared by adjusting the N-doping
reagent in a hydrothermal process. The roles of different hetero-
structures towards formaldehyde sensing properties were
investigated. It was observed that hydrogenated pyridinic-N
can boost formaldehyde sensitivity by acting as the activated
sites for adsorption and redox of formaldehyde and oxygen on
the material surface. The as-prepared SnO,/NGO shows high
response and selectivity to formaldehyde at ppb level concen-
tration. This work provides a controllable strategy for construct-
ing SnO,/NGO materials with different distributions of N-doped
structures. And it suggests the hydrogenated pyridinic-N moiety
as a vital microstructure in SnO,/NGO for ultra-sensitive for-
maldehyde detection.

on.

Experimental
Preparation of SnO,/NGO heterogeneous materials

All reagents are of analytic grade and used without further
purification. The SnO,/NGO heterogeneous materials were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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prepared by a facile hydrothermal method. The N-doped micro-
structure of NGO was controlled by different doping processes
using urea and ammonia hydrate as doping reagents.

In a typical synthesis, 11.3 mg graphene oxide was dispersed
in deionized water with ultrasonic treatment to get a GO
suspension. Then, 0.34 g SnCl,-2H,0 and 0.32 g NaOH were
added into the suspension to get a mixture. The nitrogen
doping reagent was subsequently added dropwise into the
mixture with constant stirring for 30 minutes at room temperature.
Next, the mixture was transferred and sealed into a polytetra-
fluoroethylene lined kettle for hydrothermal reaction at 180 °C
for 12 h. After reaction, the sample was cooled and filtered with
deionized water and ethanol three times, respectively. The final
product was collected and dried in a vacuum drying oven at
80 °C for 8 hours. The N-doping reagent dosage was 0.075 mol,
pure urea was used for preparing the SNG-1 sample, and a
mixture of urea and NH;-H,O with a molar mass ratio of 1:1
was used to obtain the SNG-2 sample. In addition, SnO, and
Sn0,/GO(SG) were also prepared based on the same hydro-
thermal process for comparison.

Characterizations

The XRD diffraction pattern of the prepared material was
obtained using a D/max2200PC X-ray diffractometer. Raman
spectroscopy was performed using a British Renishaw-invia
micro-confocal laser Raman spectrometer. Thermogravimetric
(TG) curves were obtained with a TGA2 instrument. A Thermo
Scientific Escalab 250Xi photoelectron spectrometer was used
to test the surface chemistry information of the material.
A transmission electron microscope (TEM, Tecnai G2 F20 S-
TWIN, FEI) and scanning electron microscope (SEM, S4800) were
used to characterize the surface morphology and microstructure
of the materials. A specific surface and porosity analyzer
ASAP2460 of American Mike Instruments was used to detect
the N, adsorption-desorption isotherm of the material to obtain
its specific surface area and pore structure information. The
impedance tests were performed using a CHI-660E electro-
chemical workstation.

Fabrication and measurement of the gas sensor

The as-prepared material and the binder were mixed uniformly
and then coated on a ceramic tube with a Pt electrode, and the
working temperature was maintained at 160 °C through a
heating resistor in the tube for 72 h to obtain stable sensitivity.
Next, a certain concentration of target gas was introduced into
the test system, and the change in resistance of the material in
the air (Ra) and in the target gas (Rg) were measured to obtain
the response and selectivity. The response (S) of the material is
defined as S = R./R,. The anti-interference coefficient i is
defined as k = S;/S,, where S; and S, are the response of the
material to the target gas and interference gas, respectively.

Adsorption kinetic study

The sensing material was firstly vacuum-dried to obtain a fresh
surface for adsorption. Then the material was transferred into
the target gas atmosphere with saturated vapor at certain

Mater. Adv., 2022, 3, 5064-5072 | 5065
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temperature. The adsorption amount is obtained by weighing
the mass differences of the sensing materials before and after
adsorption using an analytical balance, recording the adsorp-
tion amount of the material at different times, and drawing the
adsorption isotherms. Then, we fit the adsorption amount per
unit area of the material at different temperatures to get the
slope k. And fit the data points obtained at the three temperatures
for Ink and 1/T to get the slope k*. According to the Arrhenius
formula, the material’s adsorption activation energy for the target
gas can be calculated.

Results and discussion
Characterization

Fig. 1(a) shows the X-ray diffraction patterns of the SnO,, SG,
SNG-1 and SNG-2 sensing materials. It is clear that tetragonal
rutile SnO, (JCPDS 41-1445) is obtained by the facile hydro-
thermal process. As for the heterogeneous materials, the com-
position does not change, but the SnO, crystallinity is reduced.
This phenomenon is more obvious from SNG-1 and SNG-2.
The grain sizes of SnO, in the different samples were further
calculated by the Scherrer formula. The values are 37 nm,
25 nm, 12 nm, and 18 nm for SnO,, SG, SNG-1 and SNG-2,
respectively.*®*? The addition of NGO helps to reduce the grain
size of SnO, obviously, which may promote the adsorption
ability of the SNGs owing to the increased specific surface area.

TG analysis was carried out to study the thermal stability
and phase content of the composites. Fig. 1(c) shows that the
weight loss of the materials can be divided into two stages. The
first weight loss process is caused by the removal of surface
adsorbed water below 100 °C.** The second weight loss during
300-650 °C is attributed to thermal decomposition of GO or
NGO.*>*® After 650 °C, the weight of the material remains
stable and the remaining substance is SnO,. So it can be
concluded that the SG, SNG-1 and SNG-2 sensing materials
exhibit good thermal stability below 300 °C. In addition, the
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Fig. 1 XRD patterns (a) and Raman spectra (b) of the SnO,, SG, SNG-1 and
SNG-2 sensing materials, and (c) TG curves of SG, SNG-1 and SNG-2.
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SnO, content in SG, SNG-1 and SNG-2 was obtained as 95.2%,
94.3% and 94.4%, respectively.

The Raman spectra of the SnO,, SG, SNG-1 and SNG-2
sensing materials are shown in Fig. 1(b). The peak at
632 cm~' corresponds to the semiconductor SnO,, which
proves the successful synthesis of SnO, in the composite.
Compared with the SG sample, the D band of SNG shifts
downward from 1580 cm™* to 1578 cm ™!, which indicates that
N is doped into the lattice structure of GO."”"*! The I/l values,
which suggest the lattice-defect density in the carbon materials,
were calculated. The data shows an increase from SG to SNG
materials because of the N doping. The difference between
SNG-1 and SNG-2 is possibly from the different distribution of
N-doped moieties.

Since the surface structure and chemical composition of
sensing materials play a very important role in regulating the
sensing performances, the materials were further characterized
by X-ray photoelectron spectroscopy (XPS). Fig. 2(a) shows the O
1s spectrum. The strong peak at 531.5 eV is attributed to Sn-O
bond,"” and the small peak at 531.0 eV corresponds to the
oxygen vacancies (O,) of the SnO, crystal. When the SnO, was
composited with GO or NGO, both the peaks shift to higher
binding energy. That is caused by the formation of heterojunc-
tions at the interface. A new peak at 532.6 eV corresponding to
Sn-O-C bonds is also observed.”” Compared to SG and SNG-1,
the SNG-2 sample possesses more content of oxygen vacancies
and Sn-O-C bonds, which may provide more active sites for
formaldehyde adsorption and sensing reactions. The relative
content of the O 1s spectrum is shown in Table S1 (ESIf).
Fig. 2(b) shows the Sn 3d XPS spectra. The two peaks at 486.7 eV
and 495.1 eV correspond to Sn 3d;;, and Sn 3ds,,*"** which
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Fig. 2 XPS spectra of the SnO,, SG, SNG-1 and SNG-2: (a) C 1s, (b) O 1s,
(c) Sn 3d and (d) N 1s, and schematic diagram of the N-doped structure of
(e) SNG-1, and (f) SNG-2.
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indicates Sn with the oxidation state of +4 valence. After
composition, the Sn 3d peaks shifted toward a higher binding
energy due to the formation of the Sn-O-C bond. For the SNG
samples the shift tendency is much more obvious because of
the N doping. This also indicates that there are more Sn—-O-C
bonds formed in the SNG-2 microstructure. Fig. 2(c) displays
the C 1s spectra. It is clear that there are many oxygen-
containing functional groups such as C-O bonds and C=O
bonds in carboxyl groups from NGO. Compared to the SNG-2
sample, SNG-1 has more C=N bonds and less C-N bonds. This
suggests that there are differences in the N-doped structure of
the two SNG materials. The N spectrum presents more detailed
information about the type and content of N moieties, which
helps to understand the influence of structural change on the
adsorption and sensing performance of SNG materials. Fig. 2(d)
shows the existence of N in the SNG-1 and SNG-2 samples. For
SNG-1, the N peak can be divided into four peaks at 398.5 eV,
399.4 eV, 400.5 eV and 402.2 eV, corresponding to pyridinic-N,
pyrrolic-N, hydrogenated pyridinic-N and oxide pyridinic-N,>*?”
respectively. The relative contents of different N moieties is
shown in Table S2 (ESIt), which are 18.1%, 10.8%, 55.9% and
15.2%, respectively. As for SNG-2, the N moiety distribution is
quite different. The proportion of hydrogenated pyridinic-N
increased dramatically, whereas the content of graphitic-N is
very low. Such a unique difference is attributed to different
doping processes caused by different nitrogen doping reagents.
Generally, the volatilization rate of ammonia from NH;-H,O is
higher than the thermal decomposition rate of urea into
ammonia at the same temperature. So using NH;-H,O as part
of the N-doped reagent will increase the doping speed or
increase the N incorporation into GO. As a result, a number
of hydrogenated pyridinic-N is generated at the edge of NGO.
Whereas, urea is used as the only doping reagent for preparing
SNG-1. The N-doping process is more uniform and gentle, so
various N moieties such as pyridinic-N, pyrrolic-N, graphitic-N
and oxide pyridinic-N are obtained. But the proportion of
hydrogenated pyridinic-N in SNG-1 is relatively low. The
specific nitrogen doping microstructures of SNG-1 and SNG-2
are illustrated in Fig. 2(e) and (f). The results show different
types and distributions of N-doped moieties in SNG-1 and SNG-
2, which may influence the adsorption and sensing reactions of
the materials.

The morphology of the materials was further characterized.
Fig. 3(a) shows an irregularly arranged flake morphology of
pure SnO, particles. Fig. 3(b) shows that the average particle
size of SnO, decreased significantly when it was composited
with graphene oxide. This is consistent with many works that
the presence of GO usually causes the inorganic particle size to
decrease."*** For SNG-1 and SNG-2, the SnO, particle size is
further decreased, and the particle uniformity is obviously
increased. Fig. 3(c) and (d) show that the SnO, from SNG-1
and SNG-2 exhibited more regular shape, smaller particle size,
and better distribution on NGO. Fig. 3(e) and (f) are HRTEM
images of SNG-1 and SNG-2, respectively. Two lattice fringes
with an interplanar spacing of 0.33 nm and 0.24 nm are
observed, which correspond to the (110) and (200) plane of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of (a) SNO,, (b) SG, (c) SNG-1 and (d) SNG-2, lattice
fringes of (e) SNG-1 and (f) SNG-2, (g) EDS mapping of SNG-2, (h) N,
adsorption/desorption isotherms, and pore diameter distribution in the
range of (i) 0-50 nm and (j) 90-900 nm.

the SnO, phase."”**** The micro-area element distribution of

the SNG-2 is shown in Fig. 3(g). The elements of O, C, N and Sn
are distributed evenly, which indicates that SnO, is uniformly
distributed on the NGO. Fig. 3(h) shows the adsorption/
desorption isotherms of different sensing materials. Both
SNG-1 and SNG-2 exhibit characteristic type-IV isotherms with
a distinct hysteresis loop at high relative pressures, implying
the presence of mesopores in the frameworks. Fig. 3(i) and (j)
show the pore distributions of different materials. It is obvious
that there are mesoporous and macroporous structures coex-
isting in SNG-1 and SNG-2. The mesopore size is concentrated
at 38 nm, and the macropore diameter is about 170-200 nm.
The specific surface area of the samples is also calculated: SnO,
(15.4 m* g™ "), SG (28.2 m* g '), SNG-1 (111.7 m* g~ ') and SNG-2
(110.6 m* g~ ). The SNG samples possess larger specific surface
area and more uniform particle distributions.

Sensing performances

The gas sensing performances of SnO,, SG, SNG-1 and SNG-2
were systematically tested and the results are shown in Fig. 4.
All the sensing materials show a characteristic n-type sensing
behavior at the optimal working temperature of 160 °C (Fig. S1,
ESIT). Fig. 4(a) presents the good linear relationship between
formaldehyde concentration and response in the range of 1-10

Mater. Adv., 2022, 3, 5064-5072 | 5067
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ppm. Samples SNG-1 and SNG-2 can even respond to formal-
dehyde at low concentrations of 100-1000 ppb. Among all the
samples, SNG-2 exhibits the highest response.

Fig. 4(b) shows the dynamic response of the prepared
materials to formaldehyde at 100-1000 ppb and 1-9 ppm,
respectively. SnO, and SG cannot respond to formaldehyde less
than 1 ppm. However, the detection limit of SNG-1 and SNG-2
dropped to 100 ppb, which is very close to the formaldehyde
indoor safety concentration (80 ppb) certified by the WHO. In
addition, the response and recovery time of SNGs are reduced;
the data are shown in Table S3 (ESIf). Fig. 4(c) shows the
selectivity of SnO,, SG, SNG-1 and SNG-2 to the same concen-
tration of formaldehyde, ethanol, ammonia and acetone.
Compared with pure phase SnO,, the response of SNG-1 and
SNG-2 to formaldehyde increased from 5.07 to greater than 10.
Meanwhile, the response to ethanol, ammonia, and acetone
decreased slightly, which indicates the superior selectivity of
SNG-1 and SNG-2. Furthermore, the anti-interference perfor-
mance of different materials was studied. The anti-interference
coefficient x represents the ratio of the material’s response to
the target gas to that of the interfering gas (k = Stormaldenyde/
Sinterference gas)- The higher the ratio, the stronger the anti-
interference ability. The x values were calculated and are listed
in Table 1. It is obvious that the x values of SNG-1 and SNG-2
are generally higher than those of SnO, and SG. Finally, the
long term stability of SNG-1 and SNG-2 was studied in Fig. 4(d).
In the very first 8 weeks of application, the response of the
SNGs decreased slightly. After 8 weeks, the response value
almost kept constant and still reached more than 95% of the
initial value.

In summary, the SNG-2 sample exhibits superior sensing
performance to ppb level concentration of formaldehyde. The
response of SNG-2 to 100 ppb formaldehyde is 2.0, and the
response/recovery time is 46/63 s. It also shows high selectivity
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Fig. 4 (a) Sensing response of SNO,, SG and SNG to formaldehyde in the
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(c) the selectivity performances, and (d) the long-term stability of SNG-1
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Table 1 Sensing response and anti-interference coefficient of the SnO,,
SG, SNG-1 and SNG-2 materials

Sucuno  Sc,uon SnH,  ScHo o KomHoom  Kne,  KoHO
SnO, 5.1 1.9 2.0 1.9 2.7 2.5 2.6
SG 5.6 1.5 1.2 1.1 3.6 4.7 4.8
SNG-1 10.7 1.6 1.2 1.1 6.8 9.1 9.4
SNG-2 14.6 1.7 1.3 1.3 8.6 11.3 11.2

and the anti-interference coefficient reaches 8.6-11.3 to etha-
nol, ammonia and acetone. In addition, the material exhibits
excellent long-term stability. The overall performance suggests
that the as-prepared SnO,/SNG material is a promising sensi-
tive material for indoor formaldehyde detection in the future. A
summary of the related works is shown in Table S4 (ESIf).
Compared with existing formaldehyde sensing materials based
on SnO, and graphene derivatives, the SNG-2 has a much lower
practical detection limit and higher response to ppb level
concentrations of formaldehyde.

Adsorption kinetics study

It is well known that adsorption plays a very important role in
gas sensing processes. To further investigate the selectivity of
SNG-2 to different gases, the adsorption kinetics were studied.
The adsorption curves at different temperature were firstly
fitted and the adsorption rate constant was obtained. Then
the adsorption activation energies to different gases can be
calculated according to the Arrhenius eqn (1).*°7*®

k = A exp(—E./RT) (1)

A is the frequency factor, R is the ideal gas constant
8.314 ] mol™* K%, and T is the temperature in Kelvin. The
activation energy is calculated from the slope of the linear plot
of Ink versus the inverse of the temperature. The higher the
activation energy value, the more difficult for the material to
adsorb the gas. Fig. 5 shows the adsorption curves of SNG-2 to
formaldehyde, ethanol, acetone and ammonia saturated vapor,
respectively. Generally, most of the adsorption isotherms follow
Langmuir’s mode. The corresponding adsorption kinetics data
are listed in Table 2. It is obvious that the adsorption activation
energy of SNG-2 to formaldehyde is significantly lower than the
others. It also proves that SNG-2 has the strongest adsorption
affinity for formaldehyde molecules.

Formaldehyde sensing mechanism

SnO, is known as a typical n-type gas sensing semiconductor
that exhibits high sensitivity, fast response and good stability to
numerous type of gases. When it is composited with graphene
or its derivatives, the sensing performance is generally further
enhanced."”'® In this work, the SNG heterogeneous material
with high content of hydrogenated pyridinic-N moiety shows
high selectivity to ppb level formaldehyde with good anti-
interference capability. Such excellent sensitivity is attributed
to the unique microstructure of SNG.

First of all, the introduction of NGO reduces the average
particle size of Sn0,,"* which makes the material have a larger

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Adsorption curves of the SNG-2 sensing material to (a) formalde-
hyde, (b) ethanol, (c) acetone and (d) ammonia vapor at different tem-
peratures, and (e) Henry adsorption isotherms.

Table 2 Adsorption kinetics data of SNG-2 towards different gas

molecules
103
Gas T(K) (mgm2>s') Ink k* E, (J mol™")
Formaldehyde 293  7.79 —4.855 —177.6  1477.3
303 7.02 —4.959
313 7.48 —4.895
Ethanol 293 2.83 —5.867 —680.0 5653.8
303 0.47 —7.665
313 2.35 —6.053
Ammonia 293 5.27 —5.246 —4641.7 38591.4
303 2.86 —5.857
313 1.91 —6.261
Acetone 293 7.36 —4.912 —-3051.2 25368.3
303 9.34 —4.673
313 4.81 —5.337

specific surface area and a stronger ability to adsorb gases.’
Furthermore, plenty of mesospheres formed within the
material provide a favorable framework for electron and gas
transport.”>>**97! This may facilitate the mass transfer and
accelerate the sensing response speed. If only taking into
account the response value per unit specific surface area, the
SG samples exhibit the greatest sensitivity. However, the overall
sensing response and selectivity is not as satisfactory as that of
SNG-2. So there should be other important factors for improv-
ing formaldehyde sensitivity.

Secondly, the hydrogenated pyridinic-N moiety from NGO
plays a vital role in promoting selective adsorption and catalyzing
sensing reactions.”® N-doping can effectively change the spin
density and charge distribution of the conjugated
network.>”*>"** Compared to the C atom, N has one more valence

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electron. So N-doping results in some content of positively
charged C and negatively charged N in NGO. It can create
different adsorption sites for gases with different electronegativity.
In the doped C-N conjugated structure of NGO, the C atom has
partial positive charge and tends to adsorb 0,.”*® Different N-
doping structures will affect the adsorption of oxygen by adjacent
C. There are mainly four types of N-doped moieties in our SNG
materials: graphitic-N, pyridinic-N, pyrrolic-N and hydrogenated
pyridinic-N. The C next to graphite N has very weak positive
charge, and the adsorbing oxygen effect is relatively poor.
Hydrogenated pyridinic-N can give rise to the chemisorbed state
of molecular oxygen on their laterally adjacent carbon atoms
because of the strong positive charge.*”****** However,
pyridinic-N or pyrrolic-N may induce too much electropositivity
for the C atom and the O™ adsorption is too strong. Therefore, it is
difficult for O™ to react and remove from the material surface,
which weakens the sensing effect. While positive C in NGO
adsorbs oxygen, formaldehyde is adsorbed around negative N.
So the concentration of adsorbed O~ and HCHO molecules on
the SNG surface increases significantly. The orderly staggered
distribution facilitates the subsequent sensing reactions between
the two species. Therefore, the SNG with a high content of active
adsorption sites could adsorb the target molecules more
accurately under very low concentrations of target gas. In addi-
tion, the high selectivity and good anti-interference of SNG are
speculated to be related to the hydrogenated pyridinic-N structure.
In previous works, if a mixture of many substances is used as the
target vapor, it is generally difficult for the sensor to distinguish
one (e.g., HCHO) from the others, because of their similar sensing
mechanism. However, the as-prepared SNG shows high anti-
interference to ethanol, acetone and ammonia. This is also
attributed to the high content of hydrogenated pyridinic-N
moieties. Because the electric affinity and steric hindrance of
graphitic-N, pyridinic-N, pyrrolic-N and hydrogenated pyridinic-N
are different from each other. Gas molecules only with the most
matching electronic structure and molecular size can be selec-
tively adsorbed. It is supposed that SNG-2 has a high content of
hydrogenated pyridinic-N moieties, which provides the most
favorable microstructure for formaldehyde sensitivity. The rele-
vant selection mechanism needs to be further studied.

Thirdly, the hydrogenated pyridinic-N moiety is considered
to be an important structure for catalyzing the formaldehyde
sensing process. Generally, hydrogenated pyridinic-N atoms are
predominantly formed on the edges of defect sites in the
graphene plane, as shown in Fig. 3(f). Such carbon atoms at
armchair edges of the graphite material are much more active
than those within the plane of graphene. It is believed that this
unique doping structure create some activated regions on the
graphene surface,””**>°
reactive intermediates that proceed to accelerate the oxygen
reduction reactions. Considering that the formaldehyde
sensing process is based on the redox reaction,”®”” it can be
reasonably speculated that hydrogenated pyridinic-N plays an

resulting in enhanced adsorption and

important catalytic role in the formaldehyde sensing process.
According to the XPS analysis, we supposed that SNG-2 has a
high content of hydrogenated pyridinic-N dopants at armchair

Mater. Adv., 2022, 3, 5064-5072 | 5069
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edges of graphene. This N-doped structure can give monoden-
tate activation to selective chemisorption and chemical reac-
tions between O~ and HCHO.

Finally, the heterogeneous interface takes part in enhancing
the sensing performances. The addition of NGO to SnO, can
effectively change the valence band structure, by increasing n
electron density near the Fermi level and reducing the perfor-
mance function.®>***® The impedance test (Fig. S2, ESIt)
proved that after composition of SnO, with NGO, the resistance
of the heterogeneous material is significantly reduced. This
implies that the material interface improves the separation and
conduction of carriers, and the sensitivity is greatly enhanced.
The energy band structure of SNG and the corresponding
carrier migration process are shown in Fig. 6.

In summary, when the SNG-2 is exposed to the air, oxygen
molecules are firstly adsorbed on the surface, and transfer into
oxygen ions (O,  and O7) at the optimal working temperature
of 160 °C, shown as formula (2), (3) and (4).*°

0, (gas) — O, (ads) (2)
0O, (ads) + e~ - O, (ads) (3)
0, (ads)+e” — 20" (ads) (4)

With the chemical adsorption of oxygen, formaldehyde
molecules are selectively adsorbed around O~ because of the
activated regions from the hydrogenated pyridinic-N structure.
Then, the HCHO molecules react with O™ under the catalysis of
the hydrogenated pyridinic-N to produce CO, and H,O
efficiently.’®”” The electrons captured by O~ are released,
causing the resistance of the material to decrease.

HCHO + O~ — OCH,O0 + e (5)
OCH,0 + O~ — CO, +H,0 + e (6)

The change of the electrical signal is manifested as the
response of the sensing material. During the sensing process,
the heterogeneous interface promoted the transport of carriers
significantly. Owing to the high content of hydrogenated
pyridinic-N structure and uniformly distributed heterojunctions,
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the SNG-2 exhibits excellent selectivity and sensitivity to formal-
dehyde, which is applicable for ultra-sensitive formaldehyde gas
detection.

Conclusions

In this work, the SnO,/NGO heterogeneous material with a high
content of hydrogenated pyridinic-N moiety was prepared by a
hydrothermal method using a mixture of urea and NH;-H,O as
the nitrogen doping reagent. The material exhibits high
response and good linearity at a formaldehyde concentration
of 100-1000 ppb and 1-10 ppm. It also shows high selectivity
to formaldehyde and good anti-interference. The excellent per-
formances are attributed to selective adsorption, the catalytic
effect and the heterogeneous interface. This work provides a
feasible method for regulating nitrogen-doped moieties in NGO,
and constructing an ultrasensitive SnO,/NGO material to detect
formaldehyde at the ppb level.
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