
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 4
:4

0:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhancing room
Key Laboratory of Thin Film and Microfabric

of Micro/Nano Electronics, School of

Engineering, Shanghai Jiao Tong University

zhiyang@sjtu.edu.cn

† Electronic supplementary informa
10.1039/d0ra10310a

Cite this: RSC Adv., 2021, 11, 5618

Received 7th December 2020
Accepted 26th January 2021

DOI: 10.1039/d0ra10310a

rsc.li/rsc-advances

5618 | RSC Adv., 2021, 11, 5618–5628
-temperature NO2 gas sensing
performance based on a metal phthalocyanine/
graphene quantum dot hybrid material†

Wenkai Jiang, Xinwei Chen, Tao Wang, Bolong Li, Min Zeng, Jianhua Yang,
Nantao Hu, Yanjie Su, Zhihua Zhou and Zhi Yang *

Metal phthalocyanine (MPc) has a great saturation response value, but its low conductivity and slow

response speed limit its practical application. A novel hybrid material composed of graphene quantum

dots (GQDs) and metal phthalocyanine derivatives has been obtained. GQDs can be anchored onto the

surface of MPc nanofibers through p–p stacking. The response to NO2 can be significantly enhanced

under certain component proportion matching, which is much better than their respective response to

NO2. The introduction of GQDs greatly increases the conductivity of phthalocyanine fibers, leading to

a faster response of the hybrid material. In addition, the reproducibility, selectivity and stability of the

hybrid materials are excellent, and the minimum response concentration can reach 50 ppb. Ultra-low-

power laser irradiation was used to solve the problem of slow recovery of metal phthalocyanine. Overall,

we present the advantages of combining MPc nanofibers with GQDs and pave a new avenue for the

application of MPc–GQD hybrids in the gas sensing field.
1. Introduction

Nowadays, with the rapid increase of industrial and automobile
exhaust emissions, nitrogen dioxide (NO2) has become one of
the major air pollutants, and has been considered to be an
important factor in acid rain. Furthermore, small amounts of
NO2 are sufficient to damage the human respiratory system and
lung tissues. The U.S. Environmental Protection Agency (EPA)
has set air quality standards for NO2 at 53 ppb, which poses
a high challenge to relevant research.1

So far, numerous sensors based on different materials have
been made to detect NO2 to achieve the goal of high sensitivity
and low detection limit.2 Metal oxide semiconductors (MOS)
such as ZnO, SnO2, WO3, In2O3, CuO and TiO2, are the most
widely studied materials for NO2 sensors because of their high
sensitivity, low detection limit, and easy synthesis.3,4 The
drawbacks of MOS are also obvious. MOS-based NO2 sensors
cannot operate at room temperature, usually above 100 �C.
This leads to inconvenience and high energy consumption in
use. Carbon nanomaterials such as graphene, graphene oxide,
and carbon nanotubes, owing to their low-cost and eco-
friendly features as well as their unique mechanical,
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chemical, and superior electronic properties, have been widely
studied in recent years.5,6 As a NO2 sensor, carbon materials
can be operated at room temperature, but the sensing
performance is poor and the recovery time is long. They are
more suitable as components to combine with other materials
to form hybrids for the detection of NO2 gas.7,8 Furthermore,
metal phthalocyanine (MPc) is the main derivative of Pc with
metal at the center of the molecular.9–11 With the in-depth
studies of the physicochemical properties of MPc, except for
the application in dyes, the wider applications are being
explored.12–14 Moreover, as a p-type organic semiconductor,
MPc is applied as sensitive material to gas molecules in the
environment. MPc has therefore attracted enormous interest
for gas detection at low temperatures in recent years.15–18

However, the MPc-based sensors could not be applied on
a large scale because of their long response and recovery
time.19–21 In this research, we will explore a new combination
method to solve the problems.

In this study, MPc–GQD based gas sensor will be prepared
using the excellent performance of both MPc and graphene
quantum dots (GQDs) for the detection of NO2. The composite
material exhibits a better stacking structure due to the similar
molecule size of GQDs and MPc, which shows better gas
sensitivity. As the newest member of the graphene family,
graphene quantum dots (GQDs) not only have excellent
properties from graphene, but also exhibit a series of new
features, such as semiconductor and uorescence properties,
due to quantum connement effect and boundary effect.22

GQDs have attracted wide attention from scientists in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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elds of electronics, chemistry, physics, materials and
biology.23–26 In recent years, the research on this new type of
zero-dimensional material has made great progress in both
experiment and theory.27,28 Since the size of GQDs is below
10 nm, there are stronger quantum connement effects and
boundary effects, which has found many attractive applica-
tions in the elds of gas sensing, energy storage, photoelectric
conversion, ion detection, cell imaging, and drug trans-
portation.29–31 GQDs is used as a gas sensitive material to
avoid stacking because of its nanometer level size.32,33 Pure
GQDs humidity sensor and NH3 sensor have been re-
ported.34–36 Researchers on composites of GQDs with Fe2O3 or
polyaniline (PANI) used in gas sensing have been studied.37,38

The results demonstrate that GQDs not only have certain gas
sensing performance, but also can improve the performance
for other gas-sensitive materials, showing a great research
space in gas sensing. However, there are few reports on the
high sensitivity detection of GQD-based gas sensor and its
sensing mechanism. The gas-sensitive mechanism of GQDs is
very important for the preparation of high performance GQD-
based gas sensor and the promotion of its commercial
application.

To the best of our knowledge, this is the rst report on the
employment of MPc–GQD composite as gas sensor material.39

Our study has shed new light on the rational design of high-
performance nanomaterials gas sensors by harnessing the
synergetic effects of different materials.
2. Experimental section
2.1. Synthesis of graphene oxide (GO)

GO has been prepared with the modied Hummers method.40,41

The procedure was as follows. 2 g of graphite (500 meshes) and
1.25 g of NaNO3 were added into a 250 mL of ask in an ice-
water bath under vigorous stirring. 50 mL of concentrated
H2SO4 was then added to the ask. Aer keeping stirring for
0.5 h, 7.3 g of KMnO4 was added in small portions during 1 h.
The temperature was adjusted to 35 �C. The reaction was
allowed to keep for 2 h. Subsequently, the reaction was
quenched by adding 55mL of ice water and 7mL of H2O2 (30%).
Fig. 1 Schematic diagram for the preparation process of GQDs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The products were ltered and washed with plenty of aqueous
HCl (3%). The resultant suspension was dialysed for 7 days.
Finally, the GO was dried at 40 �C for 24 h in a vacuum oven,
producing bright yellow sheets.
2.2. Synthesis of graphene quantum dots (GQDs)

GQDs were obtained by cutting GO sheets.42 The schematic
diagrams of the synthetic process for GQDs are shown in Fig. 1.
100 mg of GO sheets were dissolved into 100 mL of deionized
(DI) water, and stirred with ultrasonic. Then 100 mL of hydrazine
was added, and the mixture was heated to 100 �C for 3 h. The
products were reduced graphene oxide (rGO) sheets. 50 mg of
rGO sheets were oxidized in 10 mL of concentrated H2SO4 and
30 mL of HNO3 under mild ultrasonication (200 W, 40 kHz) for
12 h. The solution was diluted with deionized water and ltered
through a microporous membrane to remove the acids. The
puried oxidized rGO sheets (O-rGO) were re-dispersed in
deionized water (40 mL) and the pH value of the solution was
tuned to 8 with NaOH (1.0 M). The suspension was transferred
to a Teon-lined autoclave (50 mL) and heated at 200 �C for
10 h. The resulting suspension was ltered and further dialyzed
in a dialysis bag (retained molecular weight: 5000 Da) for 7 days.
The graphene quantum dots outside the dialysis bag containing
rich oxide groups (O-GQDs) were further treated. O-GQDs were
heated in a tube furnace at 500 �C for 6 h, with a heating rate of
5 �C min�1 in a N2 atmosphere. The products were graphene
quantum dots (GQDs) associated with few oxygen-containing
groups.
2.3. Synthesis of metal phthalocyanine

The synthesis method of metal phthalocyanine was modied
according to the procedure previously reported by Wang et al.43

The synthetic path of 2,9,16,23-tetracarboxylic cobalt phthalo-
cyanine (CoPc–COOH) is described as below. 0.08 mol (15.37 g)
of 1,2,4-benzenetricarboxylic anhydride (C9H4O5), 0.5 mol (30.0
g) of urea (H2NCONH2), 0.03 mol (7.1379 g) of cobalt chloride
hexahydrate (CoCl2$6H2O) and 2.0 � 10�4 mol (0.2472 g) of
ammoniummolybdate tetrahydrate ((NH4)6Mo7O24$4H2O) were
added into a mortar successively and grounded for about
RSC Adv., 2021, 11, 5618–5628 | 5619
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10 min until they were powdered. Then, the powder was
transferred into a ask, which was heated to 250 � 5 �C in the
heat installation with a protective jacket under vigorous stirring
for 8 h. The obtained black products were soaked in HCl (300
mL, 1.0 M) for 14 h. The resulting products were ltered and
washed several times with deionized water until the pH was
close to 7. Next, the obtained lter cake was transferred to
a ask equipped with NaOH solution (300 mL, 1.0 M), and
boiled for 0.5 h. Aer that, the solid was separated by a centri-
fuge (8000 rpm for 5 min), and dried at 30 � 1 �C in a vacuum
oven for 14 h. The blue-black solid removed from the oven was
2,9,16,23-tetracarboxamide cobalt phthalocyanine (CoPc–
CONH2).

CoPc–CONH2 was transferred into a ask, and then 300 mL
of saturated NaCl solution with 2 M NaOH was added into the
ask. Next, the mixture was heated to 100 �C for 8 h under the
condition of the backow. Aer the solution was cooled, it was
poured into 1500 mL of deionized water, and the insoluble was
ltered out. Then, the pH of the lter liquor was adjusted to
less than 2 with HCl (1.0 M), and the product precipitated
completely for 14 h. The obtained solid at the bottom was
ltered and washed for several times with methanol and
deionized water until pH was neutral. Aer vacuum drying, the
purple solid was 2,9,16,23-tetracarboxylic cobalt phthalocya-
nine (CoPc–COOH). The preparation of the other three types of
MPc (NiPc–COOH, CuPc–COOH, ZnPc–COOH) needs to
change the metal chloride precursor in the synthetic materials
only.
2.4. Fabrication of MPc–GQD hybridized sensing devices

MPc was soluble in DMF, and GQDs were soluble in DI water.
The concentration of the above solutions was 1 mg mL�1. The
MPc solution was slowly dropped into the GQD solution in
different volume proportions (1 : 9, 1 : 4, 1 : 1, 4 : 1, 9 : 1). The
mixed solution was ultrasonicated for 1 h, so as to make sure
the hybrids had been dispersed evenly. Subsequently, the above
Fig. 2 Schematic illustration of the experimental setup for gas sensing t

5620 | RSC Adv., 2021, 11, 5618–5628
solution was dropped onto interdigital electrodes, which were
dried in an oven at 60 �C for 2 h. A network of MPc–GQD hybrids
bridging each electrode gap could be formed. The interdigital
electrodes were obtained by standard fabrication procedures,
which have been previously reported by our group.40 The devices
based on CoPc–COOH without GQDs, with O-GQDs, and with
GQDs at a mass ratio of 4 : 1 are denoted as CoPc, CoPc-OG and
CoPc-G-500, respectively.
2.5. Characterization

The morphologies of the samples were characterized using
a Carl Zeiss Ultra Plus Field Emission Scanning Electron
Microscope (FE-SEM, Germany) and transmission electron
microscopy (TEM, JEM-2100, JEOL, Japan). Fourier transform
infrared spectroscopy (FTIR) spectra were obtained on a Bruker
VERTEC 70 instrument (Germany) at a resolution of 1 cm�1 and
a spectral range of 4000–400 cm�1. The ultraviolet-visible (UV-
Vis) absorption spectra were recorded by a Perkin-Elmer
Lambda 950 UV-Vis-NIR spectrophotometer (USA). The photo-
luminescence (PL) and photoluminescence emission (PLE)
spectra were obtained using a Hitachi F-4600 uorescence
spectrophotometer (Japan).
2.6. Gas sensing measurement

The gas sensors were placed in the test chamber and measured
by an Agilent 4156C semiconductor parameter analyzer with
a constant voltage of 500 mV at room temperature. A home-
made gas-control system improved by the previously reported
work44 is shown in Fig. 2. A certain concentration of the target
gas can be controlled by mixing dry compressed air and
commercial standard NO2 gas (Weichuang, China). Mass ow
controllers (MFC, Beijing Qixing Co., Ltd, China) were used to
monitor the ow rate of target gas and air into the gas mixer.
The target gas with a certain concentration was continuously
introduced into the test chamber for gas sensing measure-
ment (Valves 2 open, Valves 1 and 3 closed). The recovery of
est.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The UV-Vis absorption spectrum, (b) Raman spectra, (c) FT-IR spectra, and (d) XPS survey scan spectra of GQDs and O-GQDs.
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electrical performances of the devices relies on the dry
compressed air and laser irradiation provided by a commercial
laser pen with 405 � 10 nm of purple laser less than 50 mW
(Valves 2 closed, Valves 1 and 3 open). When NO2 stops passing
through the test chamber, laser-assisted irradiation should be
performed during the recovery period, because NO2 is difficult
to be removed on CoPc-G-500 in the presence of only air, as
shown in Fig. S1.† Besides, water vapor and other gases are
prepared under the saturated vapor pressure. The concentra-
tion of the mixed gases is also controlled by mixing standard
compressed air.

The response value (R) was dened as Ra/Rg, where Ra and Rg

were the resistance of the devices in air and the target gas,
respectively. For the gas response performance of CoPc-G-500 as
shown in Fig. S2,† it was difficult to reach a saturation state in
a short time. We thus unied the response time to be 100 s in
each test. The recovery time of the sensors was dened as the
time needed to reach 90% of the original resistance.
3. Results and discussion
3.1. Structure and morphology

Fluorescence performance is a characteristic property of gra-
phene quantum dots (GQDs). The PLE spectrum with the
detection wavelength of 450 nm and the excitation–emission
spectra of the GQDs in aqueous solution are shown in Fig. S3a
© 2021 The Author(s). Published by the Royal Society of Chemistry
and b,† respectively. The PLE spectrum recorded with the
strongest luminescence shows two sharp peaks at 254 and
331 nm. Like most luminescent carbon nanoparticles, the
GQDs also exhibit an excitation-dependent PL behavior.45 As the
excitation wavelength increases in the range of 300 to 390 nm,
the wavelength of emission peak redshis. Through the anal-
ysis of the uorescence phenomenon, the GQDs with small
sizes were obtained.

The ultraviolet-visible (UV-Vis) absorption spectra analysis
of GQDs is shown in Fig. 3a. For the GQDs, a typical absorption
peak at below 300 nm was observed, which is assigned to the
p–p* transition of aromatic sp2 domains.46 For the O-GQDs,
however, besides the strong p–p* absorption peak, a new
absorption band in the range of 300–350 nm was also
observed. The O-GQDs curve shows the absorption bands at
335 nm which can be attributed to the n–p* transition of the
C–O bond.47

The structures of the GQDs were further characterized by
Raman, Fourier transform infrared (FT-IR) spectroscopy, and X-
ray photoemission spectroscopy (XPS) analyses. The high
graphitization is also shown in their Raman spectrum (Fig. 3b),
where the ordered G band at 1582 cm�1 is stronger than the
disordered D band at 1372 cm�1 with a large G band to D band
intensity ratio of 1.2. Fig. 3c shows the FT-IR spectrum of the
dried O-GQDs. A strong vibration at 1590 cm�1 is ascribed to the
C]C bonds, and a strong, rather broad vibration at 3400 cm�1
RSC Adv., 2021, 11, 5618–5628 | 5621

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10310a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 4
:4

0:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
belongs to the O–H bonds.48 Given that the sample has been
fully dried just before the FT-IR test, the O–H signal is mainly
ascribed to the hydroxyl functionalization of the GQDs, which is
further conrmed by the vibration of C–OH at 1270 cm�1 in the
FT-IR spectrum.49 The OH-functionalization of the GQDs is also
revealed in the XPS spectra (Fig. 3d). The survey XPS spectrum
shows strong signals of C 1s and O 1s as well as a weak signal
from impurity. There is a negligible N 1s signal at 400 eV. The
high-resolution C 1s spectrum displays the strong signal of C at
284.8 eV and the distinguishable C–OH peak at 288.2 eV. The
high-resolution O 1s spectrum reveals the presence of O–H at
531.4 eV.50 Overall, the XPS analysis demonstrates that 1,3,6-
trinitropyrene is fused into O-GQDs by total removal of the NO2

group under the strongly alkaline hydrothermal conditions. The
hydroxyl group is bonded with the single-crystalline GQD lattice
most likely at the edge sites rather than at the basal plane sites.
This unique edge-site functionalization could not induce any
sp3 defects within the graphene basal plane, which is different
from the random functionalization commonly observed in
graphene oxide and highly defective GQDs cut from carbon
materials.48

The UV-Vis absorption spectra of CoPc, CoPc-OG and CoPc-
G-500 are shown in Fig. 4a. There are two characteristic
absorption peaks in the spectrum corresponding to two main
Fig. 4 (a) The UV-Vis absorption spectra and (b) FT-IR spectra of CoPc, C
spectra of CoPc-G-500 (1) before and (2) after adsorption NO2 and (3) a

5622 | RSC Adv., 2021, 11, 5618–5628
absorption bands of CoPc. One is the Q band located at 600–
700 nm and the other band is the B band located at 300–400 nm
with the strongest peaks located at 667 and 329 nm, respec-
tively.51 In the spectra of CoPc-OG and CoPc-G-500, the two
characteristic peaks were signicantly weakened or even dis-
appeared due to the interaction between CoPc and GQDs,
thereby reducing DE (energy level difference between the
HOMO and LUMO) corresponding to the B band and the Q
band of CoPc, resulting in the redshi of the absorption
wavelength.52,53 The FT-IR spectra of CoPc, CoPc-OG and CoPc-
G-500 are given in Fig. 4b. The intense bands at 1245, 1148,
1090, 947, 847 and 735 cm�1 are the skeleton peaks of CoPc.19

The broadband around 3405 cm�1 is ascribed to the O–H
stretching vibration of the carboxyl group (–COOH). The char-
acteristic peaks of C]O and C–O are located at 1688 and
1333 cm�1, respectively. In the spectra of CoPc-OG and CoPc-G-
500, a strong vibration at 1590 cm�1 is ascribed to the C bonds
from GQDs. The O–H stretching vibration peak is stronger in
CoPc-OG spectrum, which is attributed to its access to many
oxygen-containing groups.54

In our study, laser irradiation was used as an aid to favor the
desorption of NO2 from the samples. The change of UV-Vis and
FT-IR spectra for CoPc-G-500 before and aer adsorption NO2 is
negligible (Fig. 4c and d). There is no detectable change of the
oPc-OG and CoPc-G-500. (c) UV-Vis absorption spectra and (d) FTIR
fter laser exposure, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) SEM images of graphene prepared by the Hummers method. (b) TEM images of GQDs; the inset shows the enlarged images of the
quantum dots and their lattices. SEM images of (c) CoPc–COOH and (d) CoPc-G-500.
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UV-Vis and FT-IR spectra upon the light irradiation of laser. The
UV-Vis and FT-IR spectra together suggest that the molecular
structure of the CoPc-G-500 is well kept.

The morphology of the materials is characterized and
observed by SEM and TEM. As shown from Fig. 5a, the graphene
prepared by the Hummers method has an ultrathin structure,
scattered in the observation area, and the size varies from 0.1 to
10 mm. TEM image of the GQDs is shown in Fig. 5b. The size of
the GQDs is ca. 1–3 nm. In the enlarged gure, the lattice
morphology can be clearly observed. The atomic spacing of the
graphene quantum dots is 0.143 nm, which is consistent with
the theoretical value.48 As shown in Fig. 5c, the morphology of
CoPc–COOH displays a brous shape formed by particles. By
combining with GQDs, the morphology of the hybrid complex is
occulent and the granularity is obviously reduced (Fig. 5d),
which might be ascribed to the addition of quantum dots that
hinders the crystallinity of phthalocyanine.
3.2. Evaluation of gas sensing devices

Fig. S4† shows the gas sensitivity tests of O-GQDs and GQDs.
The gas sensitivity of GQDs before and aer the reduction
treatment is rather low, and they can hardly be used in practical
applications. The reason might be that the GQDs are too small
to form an effective conductive network. When the dose of
GQDs is increased, the stack can cause a sharp decline in gra-
phene's conductivity.55

Fig. S5† displays the response performances of 50 ppm NO2

on MPc and GQDs under different conditions. As can be seen
from Fig. S5a,† when the heating temperature of O-GQDs rises
from 100 to 700 �C, the response values of CoPc–GQD hybrid-
ized sensing devices increase gradually. As the heating
temperatures are at 500 and 700 �C, the performance of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
devices is similar. From the perspective of saving time and
energy, we choose 500 �C as the best heating temperature for O-
GQDs. Similarly, the condition of 500 �C for 6 h was selected as
the optimal choice, as shown in Fig. S5b.† The mass ratio of
MPc and GQDs is also one of the main factors affecting gas
sensitivity performance. It can be seen from Fig. S5c† that the
mass ratio of 4 : 1 is optimal. Fig. S5d† shows a specic
comparison for the detection of the gas sensitivity perfor-
mances from different metal phthalocyanines with GQDs. The
difference in gas sensitivity between the different metal
phthalocyanines with GQDs is negligible. The sensitivity of
CoPc–COOH upon combining GQDs is slightly better than that
of other metal phthalocyanines. Because of the comparison of
the above experiments, we nally chose to mix the CoPc–COOH
with GQDs at 500 �C for 6 h with a mass ratio of 4 : 1, the one
denoted as CoPc-G-500.

In order to show the enhanced gas sensitivity properties of
CoPc–GQD hybridized material, CoPc and CoPc-OG are used to
comparatively test the gas sensitivity performance in the study.
Fig. 6a exhibits the gas sensing I–V curves of CoPc, CoPc-OG
and CoPc-G-500 sensors at room temperature. At a voltage of
500 millivolts, the currents of the three samples are 6.5, 10 and
14.5 nA respectively. The corresponding resistance value is
76.9, 50.0 and 34.5 MU approximately. The results strongly
suggest that the electrical conductivity of the MPc–GQD
composites is signicantly improved by doping GQDs. A
comparison between the single sensing curves of the three
devices towards 50 ppm NO2 is shown in Fig. 6b. The response
value in 100 s for CoPc-G-500 towards 50 ppm NO2 is nearly 16
times, which is much higher than that of CoPc and CoPc-OG.
Each recovery curve reaches the baseline in 125 s with laser
exposure. By combining with O-GQDs, the recovery time of
RSC Adv., 2021, 11, 5618–5628 | 5623
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Fig. 6 (a) The voltage–current curves, (b) response curves, (c) cyclic influence curves, (d) concentration–effect curves, (e) humidity influence
curves, and (f) time impact curves of CoPc, CoPc-OG and CoPc-G-500 at room temperature.
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CoPc-OG takes only about 100 s, which is faster than that of
CoPc. The decrease in the recovery time indicates that the
electron transfer rate has been effectively increased. The
Table 1 Comparison of CoPc-G-500 sensing performance with other r

Materials T (�C) NO2

ZnPc with liquid crystalline properties 60 10
CoPc nanobers RT 50
CuPc thin lms 100 3
TiPc lms 180 50
CuPc LB lms 100 500
CoPc with GQDs RT 50

a T (�C): temperature. R: response value (Ra/Rg), where Ra and Rg were th
response time. srec: recovery time. Ref.: references. RT: room temperature

5624 | RSC Adv., 2021, 11, 5618–5628
recovery speed of CoPc-G-500 is slower than that of CoPc-OG.
This is possible because the response value is too high and
it takes longer to desorb NO2 from the material surface. It is
eported MPc sensors for NO2 detectiona

(ppm) R sres/srec (min) Ref.

5.3 <1/150 13
5.2 1.67/1.67 43
8.0 <2/50 59
3.8 3.83/4.67 60
3.6 3.5/35 61

15.8 1.67/1.67 This work

e resistance of the devices in air and the target gas, respectively. sres:
(25 �C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The selectivity of CoPc, CoPc-OG and CoPc-G-500 towards
50 ppm NO2 compared to other 100 ppm analytes.
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hard to possess both excellent response and recovery perfor-
mance for MPc-based or GQDs-based materials. Fig. 6c
demonstrates the reversibility tests for CoPc, CoPc-OG and
CoPc-G-500 to 50 ppm NO2 over 4 cycles with laser-assisted
recovery. The repeatable results clearly indicate that the
three devices have great reversibility for NO2 with the laser-
assisted irradiation method. However, as the number of
repetitions increases, the baseline slightly shis upward,
which may be due to the fact that upon each laser exposure,
some gas molecules are remained on the surface of the devices
and cannot be completely removed. The response of the
sensing devices-based on CoPc, CoPc-OG and CoPc-G-500
Fig. 8 Schematic illustrating the mechanisms of the adsorption and des

© 2021 The Author(s). Published by the Royal Society of Chemistry
towards different concentrations of NO2 ranging from 0.05 to
50 ppm were also studied, as shown in Fig. 6d. The response
values improve with the increase of the concentration of NO2

in 100 s. The response values can be fully recovered to their
initial values with laser assistance. In comparison with the test
concentration of 50 ppm, the gas absorption at other
concentrations is poor. The limit values of the three devices
are measured to be 50 ppb, which is below the threshold
exposure limit of 53 ppb proposed by EPA, implying that the
materials synthesized by us have great application potential
for NO2 gas sensing.56,57 The response value of CoPc-G-500 was
also signicantly improved at low concentration. The inu-
ence of the relative humidity (RH) on the sensor must be taken
into consideration because the water vapor in the air oen
interferes with the sensor sensitivity and becomes a huge
obstacle for practical application. Devices used in the
humidity tests with saturated salt solutions of LiCl, CaCl2,
Mg(NO3)2, NaCl, KCl and KNO3, the corresponding humidity is
15% RH, 31% RH, 54% RH, 75% RH, 84% RH and 95% RH
respectively.58 Fig. 6e shows the inuence of humidity on gas
sensing performance of CoPc, CoPc-OG and CoPc-G-500. It can
be seen from the results that the humidity has a negligible
effect on gas sensing performance for the three devices. At
normal humidity levels (30–60% RH), the response values of
each device change less than 20%, indicating that the gas
sensing materials can be applied to the actual environment
without concerns on humidity interference. Fig. 6f exhibits the
long-term stability of CoPc, CoPc-OG and CoPc-G-500, which
have been measured at different times over 10 weeks. It can be
clearly seen that the responses of the sensors did not show any
signicant changes with the operation time and have reliable
long-term stability.

Table 1 lists the comparisons of CoPc-G-500 sensor with
previously reported MPc sensors for NO2 detection.
orption of NO2 on CoPc-G-500.

RSC Adv., 2021, 11, 5618–5628 | 5625
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Remarkably, CoPc-G-500 sensor presents prominent advantages
of response value and recovery time at room temperature with
laser exposure. These comparisons fully prove that the study
can promote the application of phthalocyanine in gas sensors,
especially in the detection of NO2.

Selectivity is an important criterion for evaluating the
quality of gas sensing devices.59 Response results of CoPc,
CoPc-OG and CoPc-G-500 upon exposure to different gases at
room temperature for 100 s are shown in Fig. 7. The concen-
tration of NO2 is maintained at 50 ppm, and the concentration
of other gases is raised to 100 ppm to better reect good
selectivity. We use Ra/Rg to measure the response of gas
sensors upon exposure to NO2, and Rg/Ra as the measurement
of the response of gas sensors to other gases. The comparison
results are less than 2 times for each device, suggesting that
the three devices all can be considered as potential candidates
for practical use in the detection of NO2. In particular, for
CoPc-G-500, the difference in response values between NO2

and other gases is more obvious.
3.3. Gas sensing mechanism

The mechanisms of adsorption and desorption of NO2 on CoPc-
G-500 are shown in Fig. 8. GQDs can be anchored onto the
surface of MPc nanobers through p–p stacking. As a result,
a charge transfer conjugate can be formed. Metallic phthalo-
cyanine is a typical p-type semiconductor and has good gas
sensitivity to NO2. The improved conductivity of GQDs
promotes the response speed of metal phthalocyanine. NO2 is
a kind of strong electron acceptor. Aer the reaction with the
complex, the electron is trapped by NO2, producing NO2

� ions.
Rich holes are therefore produced in the nanobre surface,
signicantly changing the conductivity of the sensors. High
energy beams, such as ultraviolet and laser light, have been
widely used to facilitate gas removal in the eld of carbon
nanomaterials.62–64 In this study, a purple laser was used to
shorten the recovery time of the sensing materials. The photo-
desorption of NO2 from the sensing materials might result from
the thermal and non-thermal effects of light irradiation. Since
the energy of the laser source is quite low (less than 50 mW) and
the irradiation time is short (about 100 s), and the gas sensor
can be reused, the explanation of the thermal effect that causes
the desorption of NO2 can be ruled out. The non-thermal effect
is considered to be the most suitable mechanism to explain the
desorption of NO2.65,66 Electron (e�) and hole (h+) pairs are
excited by laser on metal phthalocyanine bers.65 Subsequently,
the adsorbed NO2 molecules undergo transitions from NO2

� to
NO2 by taking one hole and leaving the nanobre surface along
with continuous dry air ow.
4. Conclusions

In summary, we have prepared the MPc–GQD-based NO2

sensors. The gas sensitivity performance has been signi-
cantly enhanced at room temperature. GQDs can be anchored
onto the surface of MPc nanobers through p–p stacking to
form a charge transfer conjugate. The gas-sensitive response
5626 | RSC Adv., 2021, 11, 5618–5628
of the hybrid materials to NO2 is much better than that of
a separate material at room temperature. In addition, the
reproducibility, selectivity and stability of the hybrid materials
are greatly improved. The minimum response concentration
can be as low as 50 ppb. Ultra-low-power laser irradiation was
used to solve the problem of slow recovery for metal phtha-
locyanine. The excellent achievement of MPc–GQD derivative
hybrid sensors is expected to pave a new avenue for gas
sensing applications with the advantages of low cost, low
power, and portable properties.
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