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[40_TD$DIFF]A B S T R A C T

Graphene quantum dots (GQDs) have both the properties of graphene and semiconductor quantum dots,
and exhibit stronger quantum confinement effect and boundary effect than graphene. In addition, the
band gap of GQDs will transform to non-zero from 0 eV of graphene by surface functionalization, which
can be dispersed in common solvents and compounded with solid materials. In this work, the SnO2

nanosheets were prepared by hydrothermal method. As the sensitizer, nitrogen-doped graphene
quantum dots (N-GQDs) were prepared and composited with SnO2 nanosheets. Sensing performance of
pristine SnO2 and N-GQDs/SnO2 were investigated with HCHO as the target gas. The response ( [41_TD$DIFF]Ra/Rg) of
0.1% N-GQDs/SnO2 was 256 for 100 ppm HCHO at 60 �C, which was about 2.2 times higher than pristine
SnO2 nanosheet. In addition, the material also had excellent selectivity and low operation temperature.
The high sensitivity of N-GQDs/SnO2 was attributed to the increase of active sites on materials surface
and the electrical regulation of N-GQDs. This research is helpful to develop new HCHO gas sensor and
expand the application field of GQDs.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
As an important chemical material, HCHO is widely used in
home decoration, chemical industry, wood industry, textile
industry and so on [1]. HCHO vapor may cause eye, nose or throat
irritant reaction, which leads to sneezing, coughing, nausea, or
even carcinogenesis [2]. Hence, it is imperative for developing
HCHO gas sensors to protect people’s health [3]. Metal oxide
semiconductors (MOS), such as SnO2, WO3, TiO2 and ZnO, have
been widely used in semiconductor gas sensors due to their high
sensitivity and low cost [4]. However, for HCHO gas detection, the
poor selectivity and instability due to high operating temperature
hinder practical application of MOS sensors [5]. The structural
regulation and composite sensitization have been used to improve
their sensitive properties. For example, 2D SnO2 nanosheets with a
large specific surface have good HCHO gas-sensing property due to
abundant active sites on the surface [6]. Furthermore, many
studies proved that carbon materials such as graphene oxide (GO),
reduced graphene oxide (rGO), carbon nanotubes (CNTs) and
g-C3N4 as sensitizers can effectively improve the sensitive property
or decrease the operating temperature of MOS gas sensors [7–12].

GQDs with single or few-layer graphene have been considered
as a potential material by the unique size-dependent of energy
ng).
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band gap, photoluminescence and electron transport ability.
Because of these unique properties, GQDs have attracted an
increasing interest in the application of energy conversion [13],
anticorrosion [14], photodetectors [15], photocatalyst [16], and
sensors [17–19]. However, it is still the early stage of development
for applications in gas sensors [20,21] because of the drawbacks
such as low sensitivity and slow response. Element-doping of
GQDs may be a facile solution. GQDs can be easily doped with
other elements to modulate their semiconducting properties
[22,23]. Many studies indicated that nitrogen dopants could
drastically alter the electronic characteristics of GQDs and
offer more active sites, thus producing new phenomena and
unexpected properties [24].

In this work, SnO2 nanosheets, GQDs and N-GQDs were
prepared by hydrothermal method, respectively. Then, the
N-GQDs/SnO2 nanocomposite was prepared by impregnation
method. The microstructure, morphology and chemical state of
N-GQDs/SnO2 samples were investigated by X-ray diffraction
analysis (XRD), transmission electron microscopy (TEM), Raman
spectrum and so on. In addition, the operating temperature,
response, selectivity and repeatability of sensors were studied by
using a gas sensor evaluation system. The test results indicated
that the sensing performance of SnO2 to HCHO was enhanced by
addition of N-GQDs. Finally, the gas-sensing mechanism of the
N-GQDs/SnO2 nanocomposite was discussed.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) FTIR spectra of GQDs and N-GQDs; (b) Raman spectra of pristine SnO2, GQDs/SnO2 and N-GQDs/SnO2.
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To synthesis the SnO2 nanosheets [25], 0.5 g polyvinyl
pyrrolidone (PVP) was firstly added into 40mL mixed solution
of ethanol and water (1:1) under vigorous. Then 10mmol
Na3C6H5O7�2H2O and 5mmol SnCl2�2H2Owere successively added
into the mixed solution under vigorous stirring. After stirring, the
resultant solution was loaded into a 50mL Teflon-lined stainless
autoclave, which was sealed and heated to 180 �C for 12 h. The
obtained product was washed by deionized water and ethanol
sequentially, and finally annealed at 500 �C for 2 h. N-GQDs were
synthesized through a hydrothermal route [26]. GQDs were
synthesized for the same method except using sodium hydroxide
instead of urea. N-GQDs/SnO2 composites were prepared as
following: N-GQDs powders were dispersed into deionized water
and sonicated for 2 h to obtain uniform solution. A certain amount
of N-GQDs solution was impregnated into SnO2 nanosheets under
ultrasonic. The nanocomposite was obtained after drying at 60 �C.

FTIR spectra of GQDs and N-GQDs are shown in Fig.1a. Besides the
two peaks including O��H bending vibration at 1390 cm�1 and C–O
vibrationat1260 cm�1forbothsamples[27], thepeaksforN-GQDsalso
includes N��H vibration at �3200 cm�1 [26] and C–N vibration at
1396 cm-1 [28]. The absorption peaks for both GQDs at �3400 cm-1

[26],1718 cm-1 [12] and 1561 cm�1 [28] could be ascribed to theO��H
stretching,C¼OandC¼Cvibrations, respectively. FTIRspectra revealed
that there were abundant organic functional groups on the surface of
GQDs. Fig. 1b showed the Raman spectra of SnO2, GQDs/SnO2 and
[(Fig._2)TD$FIG]

Fig. 2. (a) TEM image of GQDs. (b) HRTEM image of GQDs. (c) TEM image of N-GQDs. (d) H
nanosheets. (g) TEM image of N-GQDs/SnO2. (h) HRTEM of N-GQDs/SnO2. The insets are
areas.
N-GQDs/SnO2. The Raman shift at around 323 cm�1, 479 cm�1,
627 cm�1 and 775 cm�1 were assigned to the Eu, Eg, A1g and B2g
vibrational modes of SnO2, respectively [29]. In addition, the D and G
bandswere also found forGQDs/SnO2 andN-GQDs/SnO2 at 1340 cm�1

and 1575 cm�1, respectively [30], which indicated the existence of
graphene structure in both nanocomposites.

[42_TD$DIFF]Figs. 2a–d showed TEM images of GQDs and N-GQDs, respec-
tively. The lateral size of GQDs andN-GQDswas both in the range of
3�7 nm. TheHRTEM images ofGQDs andN-GQDs indicated that the
interplanar crystal spacing of both samples were 0.21 nm which
assignedtothe(100)planeofgraphene[26].ThemorphologyofSnO2

nanosheets was characterized by SEM. As shown in Fig. 2e, the
sample displayed flower-like structure which was assembled by
nanosheets. In addition, the nanosheets exhibited smooth surface
with the size about 200�400 nm. Fig. 2f showed HRTEM images of
pristine SnO2. The thickness of SnO2 nanosheets was about 5�8 nm,
and the interplanar crystal spacing of nanosheets was measured as
0.33 nm and 0.26 nm corresponding to the (110) and (101) planes of
tetragonal SnO2, respectively [7]. Fig. 2g showed TEM image of
N-GQDs/SnO2. N-GQDs were marked by red circles. Fig. 2h showed
HRTEM images of N-GQDs/SnO2. N-GQDs were marked by red
circles, and the interplanar crystal spacingofN-GQDswasmeasured
as 0.21 nm corresponding to Fig. 2d. The interplanar crystal spacing
of SnO2 nanosheets was measured as 0.33 nm and 0.26 nm
corresponding to Fig. 2f.
RTEM image of N-GQDs. (e) SEM image of SnO2 nanosheets. (f) HRTEM image of SnO2

the autocorrelated HRTEM lattice images recorded from the corresponding selected
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XPS was used to study the elemental composition and the
chemical states of the samples. Fig. S1a (Supporting information)
showed the C 1s spectra of GQDs and N-GQDs. The C 1s spectra of
GQDs could be deconvoluted into three peaks including a C¼C peak
with a binding energy of 284.8 eV [27], a C–O peak with a binding
energy of 286.4 eV and an O��C¼O peak with a binding energy of
288.3 eV [31]. The C 1s spectra of N-GQDs could be deconvoluted
into four peaks including a C¼C peak with a binding energy of
284.7 eV [27], a C–O peak with a binding energy of 286.6 eV, an
O��C¼O peak with a binding energy of 288.4 eV and a C–N/C¼N
peak with a binding energy of 285.4 eV [26,31]. These signals
suggested that there were various oxygen containing functional
groups on the surface of GQDs. Fig. S1b (Supporting information)
showed the high-resolution spectrum of N 1s for N-GQDs (Support
information). It could be deconvoluted into two peaks which
included a NH2 peak with a binding energy of 399.9 eV and a N��C
peak with a binding energy of 401.4 eV [31]. It revealed that
nitrogenous functional groups also existed on the surface of
N-GQDs. Fig. S1c (Supporting information) showed the C 1s
spectrum of GQDs/SnO2 and N-GQDs/SnO2. The C 1s spectrum of
GQDs/SnO2 could be differentiated into three peaks centered at
284.8 eV, 286.1 eV and 289.2 eV corresponding to C¼C bonds, C–O
bonds and O��C¼O bonds, respectively. The C 1s spectrum of
N-GQDs/SnO2 could be differentiated into four peaks with centers
at 284.8 eV, 285.6 eV, 286.4 eV and 289.2 eV corresponding to C¼C
bonds, C–N/C¼N bonds, C–O bonds and O��C = O bonds, respec-
tively [26,27,31]. The N 1s spectrum of N-GQDs/SnO2 shown in
Fig. S1d (Supporting information) could be differentiated into two
peaks centered at 399.8 eV and 402 eV, which were assigned to
NH2 groups and N��C bonds, respectively [31].

The HCHO sensing properties of sensitive materials were
studied. The optimal operation temperature was obtained by
testing these sensors from 20 �C to 100 �C. As shown in Fig. 3a, all
optimum temperatures of sensors toward HCHO were 60 �C. The
response value (Ra/Rg) of pristine SnO2, GQDs/SnO2 and N-GQDs/
SnO2 were about 115,153 and 256 at 60 �C, respectively. Obviously,
when SnO2 was composited with N-GQDs, the HCHO gas sensing
propertieswere improvedmore dramatically thanGQDs. As shown
[(Fig._3)TD$FIG]

Fig. 3. (a) Response of pristine SnO2, 0.1% GQDs/SnO2 and 0.1% N-GQDs/SnO2 to 100 ppm
GQDs/SnO2 and 0.1% N-GQDs/SnO2 to 100 ppmdifferent gases at 60 �C. (c) Cycle stability
to 0.1�100 ppm HCHO. (e) The response of sensors to 0.1�5 ppm HCHO. (f) The relations
sensors to 100 ppm HCHO at 60 �C.
in Fig. S2 (Supporting information), [36_TD$DIFF]0.1% was confirmed as the best
N-GQDs amount in N-GQDs/SnO2. As shown in Fig. S1, nitrogen
dopants introduced abundant N-containing species, especially
amino groups on the edges of N-GQDs, which providedmore active
adsorption sites for gas molecules [24]. Besides, nitrogen dopants
also drastically altered the electron delocalization and charge-
carrier density of N-GQDs [26]. Furthermore, the selectivity,
stability and response/recovery of pristine SnO2, GQDs/SnO2 and
N-GQDs/SnO2 gas sensors were also researched. As shown in
Fig. 3b, all sensors showed high response to HCHO, while they had
relatively low response to other typical interfering gas, which
indicated their good selectivity to HCHO. As shown in Fig. 3c, the
cycling stability of N-GQDs/SnO2 was tested for 100 ppm HCHO in
the 5 cycles. The response of N-GQDs/SnO2 almost remained the
same magnitude in the 5 cycles, and the curve could recover the
original state, which presented good stability and repeatability.

Figs. 3d and e showed typical response and recovery curveswith
the concentration of HCHO increasing from 0.1 ppm to 100 ppm at
60 �C. The response ofN-GQDs/SnO2washigher than thatof pristine
SnO2andGQDs/SnO2 inall concentrationrange.Therefore, theHCHO
gas sensor of N-GQDs/SnO2 can be used in ppm or sub-ppm levels
detection. In addition, the correlation line between concentration of
HCHO and response of sensors was fitted and shown in Fig. 3f. The
response was proportional to the concentration of HCHO from
0.1 ppm to 100 ppm. As shown in Fig. 3g, the response of sensors
relatively maintained the original value after twenty days, which
indicated the good long-term stability of the gas sensors. The HCHO
sensing properties of N-GQDs/SnO2 are compared with other
SnO2-based gas sensors (Table S1 in Supporting information).
Compared to SnO2-based materials, N-GQDs/SnO2 gas sensor has
a relatively lower operation temperature and higher sensitivity. In
brief, the gas sensor ofN-GQDs/SnO2 exhibited excellent gas sensing
properties in HCHO detection.

The gas sensing activity of MOS is based on the resistance
change of the semiconductor when exposed in target gas [10]. The
schematic diagram of gas sensing mechanism was shown in
Fig. S3 (Supporting information). When the sensors were exposed
to air at an opportune operation temperature, absorbed oxygen
HCHO at operating temperature of 20�100 �C. (b) Response of pristine SnO2, [35_TD$DIFF]0.1%
of [36_TD$DIFF]0.1% N-GQDs/SnO2 to 100 ppmHCHO. (d) Response/recovery curves of gas sensors
hip between the response value and HCHO concentration. (g) Long-term stability of
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(O2
�, O� or O2-) was formed on the surface of the materials.

Meanwhile a thick electron depletion layer and a high potential
barrier also appeared. It generated the increase in the resistance
of the sensors. The kind of absorbed oxygen (O2

�, O� or O2-) was
determined by the operation temperature (top) [8] described by
the following equations:

O2 (gas) → O2 (ads) (1)

[43_TD$DIFF]

O2 (ads) + e� → O2
� (ads) (top < 100 �C) (2)

[43_TD$DIFF]

O2
� (ads) + e� → 2O� (ads) (100 �C < top < 300 �C) (3)

As the optimal operation temperature was confirmed at 60 �C,
the redox reaction between the absorbed oxygen ions (O2

�) and
HCHO molecules could be expressed as follow [7]:

HCHO (g) + O2
� (ads) → HCOOH (g) + e� (4)

HCHO (g) + O2
� (ads) → CO2 (g) + H2O (g) + e� (5)

[44_TD$DIFF]During the reaction, the electrons were released back to their
conduction band, and the injection electrons could reduce the
electron depletion region and increase the conductivity of the
sensor improving [5]. The high sensing performance of N-GQDs/
SnO2 was due to the 2D structure of SnO2 nanosheets, which could
enlarge the specific surface area of the material and help to
improve the adsorption of HCHOmolecules. Furthermore, N-GQDs
could shorten the transport paths of electrons to improve the
charge transfer of sensitive materials [12].

In conclusion, a high sensitivity HCHO sensor based on N-GQDs/
SnO2nanocompositeshasbeensuccessfullysynthesized,which took
advantage of the synergistic effect of SnO2 nanosheets and N-GQDs.
Compared with unmodified SnO2 nanosheets, the N-GQDs/SnO2

nanocomposite exhibited higher gas response. The unique sensing
properties were attributed to the synergistic effect including the
increasing active sites on the surface of nanosheets and regulating
the electrical properties after modifying N-GQDs.[45_TD$DIFF]
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