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Three reversible ammonia (NHsz) gas sensors were fabricated using tetra-o-(p-aminobenzyloxy)
phthalocyanine cobalt (ABOPcCo), tetra-a-aminophthalocyanine cobalt (APcCo) and substituent-free
phthalocyanine cobalt (FPcCo) functionalized reduced graphene oxide (rGO), with cost-efficient, highly
sensitive and stable sensing performance. These hybrid materials were prepared via a facile physical
solution mixing self-assembly reaction with rGO and PcCo solutions. The obtained PcCo/rGO hybrid
sensors exhibit excellent sensing performance; especially the ABOPcCo/rGO sensor, whose response is
about 23.3% (50 ppm), with a limit of detection as low as 78 ppb, and response and recovery times about
as fast as 225 s and 250 s. The performance of the PcCo/rGO hybrid sensors can be optimized by
adjusting the concentrations of the PcCo/rGO aqueous dispersions. More importantly, the NHz-sensing
performance of the PcCo/rGO sensors was tuned by adjusting the substituent structure of PcCo. The

enhanced NHsz-sensing performance may be attributed to synergistic effects between PcCo and rGO,
Received 9th September 2018 ¢ q ‘i int ti bet PcC ith ; h bstit t and NH= th
Accepted 1st December 2018 e.g., stronger adsorption interactions between PcCo with an aminophenoxy substituent an 3, the
high electrical conductivity of rGO, and fast charge transfer between PcCo and rGO. These are further

DOI: 10.1039/c8ra07509¢ confirmed via first-principle density functional theory (DFT) calculations and electrochemical impedance
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1. Introduction

During the last few decades, gas sensors have boosted advances
in agriculture, the food industry, industrial chemicals, and
environmental and security areas.’™ Obtaining highly selective,
sensitive, cost-efficient and stable sensing materials is one of
the key points for the development of new gas sensors for
environmental and human health applications. Nanocomposite
materials have recently attracted extensive interest for gas
sensing applications due to synergetic and complementary
effects.>® Among them, graphene and its nanocomposites, with
two-dimensional sp>-hybridized carbon atoms, are currently,
without any doubt, the most attractive gas sensing materials
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due to their large specific surface areas and electron transport
through them being highly sensitive to the absorption of gas
molecules.®™*

In 2007, Novoselov's group reported the first graphene
sensor for detecting gases.'® They showed that conductance
changes in graphene are dependent on the nature of the gas
molecules, which indicates that charge transfer between the gas
molecules and graphene is responsible for the conductivity
changes. This study has opened the door for a new type of gas
sensor based on 2D graphene. While there are a few drawbacks
relating to the limits of sensitivity and lack of selectivity with
respect to graphene based sensors, defective and functionalized
graphene may result in gas sensors with improved and efficient
gas sensing performance, such as increased sensitivity, selec-
tivity, response and recovery, through promoting charge trans-
fer between graphene and the gas molecules.””** Owing to there
being certain amounts of oxygen groups in reduced graphene
oxide (rGO) that provide reactive sites for gas adsorption and
further functionalization, rGO based gas sensors show
improved sensing characteristics. Moreover, the conductance of
such sensors can be restored through a chemical reduction
process.'”*>* The functionalization of rGO with functional
materials (such as polymers, metals and metal oxide nano-
particles) has also been reported to improve its sensing
efficiency.>*°

This journal is © The Royal Society of Chemistry 2018
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Metal phthalocyanines (MPcs) show improved sensing
characteristics due to their 18m-conjugated skeletons, fine-
tuned structures and high solubilities in solvents.*3*
However, the low conductivities of MPc based gas sensors have
limited their practical applications.* Importantly, MPcs are an
ideal candidate for the functionalization of rGO, considering
their possible further modification.**** The use of nano-
composites of MPcs and rGO may result in gas sensors with
improved and efficient gas sensing characteristics, which may
help to solve particular shortcomings through synergetic and
complementary effects. Our group has reported gas sensors
based on carbon nanotube (CNT)/MPc, graphene oxide (GO)/
MPc and rGO/MPc hybrids.**** These sensors showed higher
sensitivity toward NH; than their carbon material counterparts.
It was observed that the presence of functional MPcs played an
important role in the sensing process. Nowadays there have
been many studies reporting the effects of substituents on
pristine MPcs for gas sensing,**** but few systematic studies to
date have reported the effects of substituent groups on the NH;
sensing characteristics of rGO/MPc hybrids.*

Considering the above-mentioned reasons, herein, we
design three types of PcCo compound, tetra-o-(p-amino-
benzyloxy)phthalocyanine cobalt (ABOPcCo) and tetra-a-ami-
nophthalocyanine cobalt, (APcCo) containing different amino
substituents, and substituent-free phthalocyanine cobalt
(FPcCo), and combine them with rGO functionalization to
develop new high performance chemiresisitor-type NH; sensors
based on the ABOPcCo/rGO, APcCo/rGO and PcCo/rGO hybrids
(as shown in Scheme 1). The PcCo/rGO sensors show better
responses, and excellent selectivity and recovery characteristics
in NH; sensing. The gas sensing characteristics of the rGO
based gas sensors are improved considerably due to the func-
tionalization of rGO with PcCo.

2. Experimental and calculation
details
2.1 Reagents

PcCo compounds were synthesized using 1,8-diazabicyclo[5,4,0]
undec-7-ene (DBU) as a catalytic agent (the detailed process is
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Scheme 1 Schematic diagram showing the preparation and NHsz-
sensing of sensors composed of PcCo/rGO hybrids.
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shown in the ESIt). Graphene oxide (GO) was used, as in our
previous reports.** Ultrapure water was obtained using a Milli-
pore Milli-Q system (Millipore Corp. Bedford, MA, USA).
Graphite was purchased from Nanjing XFNANO Materials Tech
Co., Ltd. 3-Nitrophthalonitrile (99% purity) and DBU (98%
purity) were purchased from Sigma-Aldrich Co. LLC. All other
reagents in this work were of analytical grade and used without
further purification.

2.2 Preparation of PcCo/rGO hybrids

Two PcCo/rGO hybrids were prepared via the same general
method: 20 ml of 1.0 mg ml~" ABOPcCo DMF green solution
was added dropwise to 10 ml of 1.0 mg ml~' GO DMF suspen-
sion. The mixtures were magnetically and ultrasonically stirred
for 12 h under light-avoiding conditions. Then 3 ml of ammonia
and 0.03 ml of hydrazine hydrate were added into the above
reaction mixture, which was heated at 100 °C for 24 h. The crude
product was cooled to room temperature and washed several
times successively, first with boiling water, and then with
ethanol and tetrahydrofuran to remove impurities, until the
filtrate was clear. The resulting black product was dried in vacuo
for 12 h at 60 °C. Other PcCo/rGO hybrids were prepared using
the same method as given above.

2.3 Sensor assembly and sensing measurements

The gold interdigitated electrodes (IDEs) and gas sensor testing
device used were as shown in our previous studies.*>*' PcCo/
rGO hybrids were dispersed (0.5, 1.0, 1.5 and 2.0 mg ml™') in
DMF under ultrasonic waves for 2 h. Then, 10 ul of PcCo/rGO
suspension was dropped onto the IDE gaps using a micro-
syringe. Sensor films were deposited after the solution was
evaporated and dried in a vacuum oven for 2 h at 80 °C. The
sensor resistance was adjusted by varying the concentration of
the PcCo/rGO hybrid in the DMF solution. For comparison,
purified rGO and PcCo sensors were also obtained via the above
methods.

The gas sensing performances of the sensors were measured
with a CUST G2 gas sensing test system (Advanced Sensor
Technology Laboratory of Jilin University, China). All measure-
ments were performed at 28 °C £ 1 °C with a relative humidity
of 50% =+ 2%. First, an air flow was introduced into the sensing
test chamber to record a baseline. Then, target gases at certified
concentrations were injected to register sensor signals. Finally,
the sensor was recovered under an air flow. The humidity in the
test chamber was controlled via changing the mixing ratio of
fully humid air and dry air, and the humidity level was checked
using a humidity sensor. In this experiment, we used a high
purity concentration of NH; gas (99.99%) mixed with air as
a carrier, using the static volumetric method to obtain a low
concentration. The response is defined by the relative resistance
change, as follows:

R 100% = % x 100% 1)

a a

Response(%) = A

where R, and R, are the sensor resistance values under the
initial air flow, which was used as background, and under the
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target gas. The response and recovery times are defined as the
times needed for 90% total resistance change upon exposure to
the target gas and air, respectively. High purity NH; gas was
used as the NH; source (Guangming Research and Design
Institute of Chemical Industry, PR China).

2.4 Characterization

UV-vis absorption spectra were recorded with a UV-2700 spec-
trometer (SHIMADZU, Japan). Raman spectra, acquired using
Raman spectroscopy, were obtained with a Jobin Yvon HR800
Raman spectrometer, using a 458 nm laser source. Scanning
electron microscopy (SEM) images were recorded with a Hitachi
S-4800 field emission scanning electron microscope operating
at 15 kV. Samples were drop-deposited onto the interdigitated
electrodes and examined directly. Transmission electron
microscopy was performed with a JEM 2100 instrument at 200
kv, utilizing a JEOL FasTEM system. Samples were dropped
onto Cu grids with lacey carbon film and allowed to dry thor-
oughly before imaging. FT-IR spectra were recorded using
a Spectrum Two spectrometer (PerkinElmer, USA). Electro-
chemical impedance spectra (EIS) were measured using
a CHI600E electrochemical work station at room temperature
(frequency range: 0.01 Hz to 100 kHz; at the open circuit
potential with 5 mV amplitude).

2.5 Calculation details

DFT calculations were performed for the adsorption of NH; on
PcCo compounds using the long-range corrected functional of
CAM-B3LYP with a set of hybrid basis sets (LanL2DZ for metals
and 6-31g(d) for H, C, and N).*® Charge analyses were performed
using the NBO (natural bond orbital) method.*” The Gaussian
09 quantum chemical package was employed for all calcula-
tions in the present work.*®

3. Results and discussion
3.1 Characterization of PcCo/rGO hybrids

The surface morphologies of the PcCo/rGO hybrids were char-
acterized via TEM and SEM. The TEM images exhibit stacked
few layered flakes with amorphous coatings (Fig. 1A and C),
caused by the re-aggregation and folding of few layered gra-
phene sheets and the functionalization of APcCo and ABOPcCo
on the rGO surface.* PcCo/rGO aqueous dispersions of 1.5 mg
ml ™" (Fig. 1E and F) were drop cast onto the IDEs. The PcCo/
rGO hybrids bridged gaps on the IDEs and provided the
sensor with conductive and permeable channels for the diffu-
sion of gas molecules (Fig. 1B and D). The SEM images also
show that the ABOPcCo/rGO sheet sizes range from 20-400 pm>
and they are uniformly and loosely distributed between the two
sides of the IDE; they are smaller and more even than those of
APcCo/rGO. This agrees well with the surface morphologies of
PcCo/rGO sensors at other concentrations of 0.5, 1.0 and 2.0 mg
ml ™" (Fig. S27), and can be attributed to the good dispersion of
ABOPcCo/rGO hybrids evolving from ABOPcCo, containing four
amine phenoxy groups, assembled on the surface of rGO. This is
very useful in fabricating homogeneous gas sensors. Therefore,
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Fig.1 (A and C) TEM images and (B and D) SEM images of ABOPcCo/
rGO and APcCo/rGO; and (E and F) optical photographs of the
equivalent ABOPcCo/rGO and APcCo/rGO hybrids dispersed in DMF
after sonicating at room temperature for 20 minutes.

the influence of ABOPcCo and APcCo molecules on the
dispersion of PcCo/rGO hybrids was further observed. Fig. S3A
and Bf show that the ABOPcCo/rGO and APcCo/rGO hybrids
have good dispersibility in DMF after sonicating. Surprisingly,
the ABOPcCo/rGO hybrid still exhibits excellent dispersibility,
even after 2 months. The good dispersibility of the ABOPcCo/
rGO dispersion bridges the IDE gap more effectively, playing
important roles in the adsorption of gases and electron
transport.*>**°

APcCo and ABOPcCo can be spontaneously loaded onto the
surface of rGO via facile physical mixing, and the existence of
PcCo/rGO hybrids is further confirmed via IR spectra, UV-vis
spectra and Raman spectroscopy. FT-IR spectra of rGO,
ABOPcCo and ABOPcCo/rGO hybrids are shown in Fig. 2A. The
vibration peaks appearing at 1000-1650 cm ™', 3334 cm ™" and
3222 cm ™', and 2930 cm ™' and 2856 cm ™! are characteristic
phthalocyanine ring, amino group N-H stretching and phenyl
ring C-H stretching peaks in ABOPcCo, respectively.”* rGO
shows its main characteristic peaks at 3419 cm™' (vo_p),
1634 cm™" (vc_on) and 1080 ecm ™' (vc_o.c).** The stretching
vibration peaks at about 3300 cm™', 2930 cm ' and 1000~
1650 cm ™" belong to the characteristic fingerprint absorption
peaks of N-H, C-H and the Pc ring of ABOPcCo in the ABOPcCo/
rGO hybrid. Moreover, the APcCo/rGO hybrid shows a similar
phenomenon in Fig. 2B. These results indicate that PcCo/rGO
hybrids have been obtained. The UV-vis spectra of rGO, PcCo
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Fig. 2 FT-IR spectra of rGO and the PcCo and PcCo/rGO hybrids.
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Fig. 3 UV-vis spectra of rGO and the PcCo and PcCo/rGO hybrids.

and PcCo/rGO hybrids in DMF are shown in Fig. 3. The
absorption peaks at 702 nm and 688 nm are the characteristic
Q-band absorption peaks of APcCo and ABOPcCo. The Q-band
absorption peak of ABOPcCo is about 14 nm lower than that
of APcCo. This is due to the introduction of an aminophenoxy
substituent, which reduces the electron donor power of the
amino substituent and increases the gap between the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO).*> These peaks are broadened and
shifted to higher wavenumbers (by about 27 nm and 19 nm) in
the APcCo/rGO and ABOPcCo/rGO hybrids. These results not
only indicate that PcCo has been successfully loaded on rGO,
but they also indicate that 7w—7 stacking between PcCo and rGO
exists in the hybrids.®>** The Raman spectrum is used as
a finger-print for rGO."” As shown in Fig. 4, the strong peaks
appearing at 1364 and 1582 cm™ " are the characteristic D and G
bands of rGO, respectively. The D band is related to structural
defects caused by oxidation or the attachment of functional
groups. The G band is related to first-order scattering of E,,
symmetry.”* Compared with rGO, the Raman spectra of the
ABOPcCo/rGO and APcCo/rGO hybrids are centered at 1360 and
1576 cm™ ', and 1363 and 1575 cm™ ', respectively, and are
shifted to lower wavenumbers. Meanwhile, the Ip/I values of
the APcCo/rGO and ABOPcCo/rGO hybrids are 0.96 and 0.90,
which are smaller than that of rGO (0.98). This indicates that
the functionalization of APcCo and ABOPcCo results in less
defective sites.” These results confirm that APcCo and
ABOPcCo are functionalized onto the rGO surface successfully
via a noncovalent approach.

3.2 NHj; sensing properties of the PcCo/rGO hybrids

The amount of PcCo/rGO hybrid bridging the IE gap and the
resistance of the PcCo/rGO sensors can be controlled using via
the concentrations of ABOPcCo/rGO and APcCo/rGO aqueous
dispersions. Table S11 shows that the resistance values of the
PcCo/rGO sensors are related to the concentrations of PcCo/rGO
aqueous dispersions, as taken from Fig. 5A and C. For example,
the ABOPcCo/rGO sensors show resistances of 2.38 + 0.50, 0.71
+ 0.05, 0.07 &+ 0.05 and 0.06 + 0.05 MQ with ABOPcCo/rGO
aqueous dispersion concentrations of 0.5, 1.0, 1.5, and 2.0 mg
ml ™, respectively (Fig. 5A). As has been shown, the resistance
value of the PcCo/rGO sensor changes inversely to the concen-
tration of PcCo/rGO aqueous dispersion. The higher the
concentration of the ABOPcCo/rGO aqueous dispersion, the
more ABOPcCo/rGO hybrid bridges the IDE gap, leading to
reduced sensor resistance.” More importantly, the NH; sensing

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Raman spectra of rGO and the PcCo/rGO hybrids, obtained at
Aexc = 457.9 nm.

performance is related to the resistance values of the PcCo/rGO
hybrids. It was found that the response increased first and then
decreased as the resistance of the PcCo/rGO sensor decreased at
28 °C (Fig. 5B and D). The PcCo/rGO aqueous dispersion with
a concentration of 1.5 mg ml " led to the preparation of
a sensor showing excellent NH; sensing performance. There-
fore, this concentration was used to prepare sensors for gas
sensing applications. The amount of PcCo/rGO hybrid bridging
the IDE gap, and the number of absorption sites of PcCo/rGO
for NH; increase with an increase in the concentration of
PcCo/rGO aqueous dispersion at low concentrations. However,
a high concentration of PcCo/rGO reduces aqueous dispersion,
leading to aggregation and reduced gas sensing performance.
As a control, the sensing responses of rGO and PcCo mole-
cules towards NH; were also studied. The response intensities
are poor for the rGO and PcCo sensors (Fig. S41). The rGO
sensor shows poor recovery properties, and the resistance of the
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Fig.5 The resistance of (A) ABOPcCo/rGO and (C) APcCo/rGO hybrid
sensors upon exposure to 50 ppm NHsz with PcCo/rGO aqueous
dispersion concentrations of (a) 0.5, (b) 1.0, (c) 1.5, and (d) 2.0 mg m(~%,
respectively, at 28 °C; and the relationship between the response of (B)
ABOPcCo/rGO and (D) APcCo/rGO hybrid sensors and the concen-
tration of NH3z with PcCo/rGO aqueous dispersion concentrations of
(a) 0.5, (b) 1.0, (c) 1.5, and (d) 2.0 mg ml~?, respectively, at 28 °C.
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rGO sensor can't even recover its original resistance within an
hour with an increase in the NH; concentration. By contrast, the
PcCo/rGO sensors exhibit remarkable response and recovery
performances towards NH;, especially the ABOPcCo/rGO
sensor. For example, the ABOPcCo/rGO sensor shows
a response of 23.3% to 50 ppm NH; gas (Fig. 5B), which is over 7
times and 15 times higher than the rGO and ABOPcCo sensors,
respectively. The response and recovery times of the ABOPcCo/
rGO and APcCo/rGO sensors to 50 ppm NH; are 225 s and 225 s,
and 80 s and 250 s, respectively, at 28 °C (Fig. S51). Additionally,
it is clear that the response of the ABOPcCo/rGO sensor is
higher than that of the APcCo/rGO sensor (Fig. 5B and D). For
example, the ABOPcCo/rGO sensor shows a 3.6 times higher
response to 50 ppm NH; gas than the APcCo/rGO sensor. The
responses of the PcCo/rGO sensors to NH; gas concentrations
in the range of 3-50 ppm were approximately linear (Fig. S67).
For ABOPcCo/rGO, the slope of the linear fit was 0.421 ppm "
and the correlation coefficient (R*) was 0.979. The limit of
detection (LOD) was estimated to be 78 ppb at 28 °C (S/N = 3),
according to eqn (2):

RMSnoise

LOD -
OD (ppm) =3 x Slope

)
where RMS,,.ise is the standard deviation of the noise, which is
calculated to be equal to 0.01 based on 11 data points from the
baseline of the response curve.** Similarly, the LOD of APcCo/
rGO was estimated to be 1.3 ppm at 28 °C. In order to certify
the effects of substituents on gas sensing properties, the gas
sensing properties of PcNi/rGO were also studied. Fig. S77
shows the relationship between the responses of the PcNi/rGO
hybrid sensors and the concentration of NH;. Similar to PcCo/
rGO, the ABOPcNi/rGO sensor also shows a better response
than the APcNi/rGO sensor.

Fig. 6A shows the selectivity of rGO, ABOPcCo/rGO and
APcCo/rGO sensors towards several normal gas samples (NH;
and NO,: 50 ppm; other gases: 3200 ppm) and volatile organic
compounds (VOCs: 3200 ppm) at different humidity levels at
28 °C. The responses of the rGO sensor to NH;, NO,, EtOH,
MeOH, PA and 90% RH, other gases and VOCs are 3.2%, 2%,
1.5%, 1%, 1% and lower than 1%, respectively. Surprisingly, the
responses of the ABOPcCo/rGO and APcCo/rGO sensors to NH;
increase to 23.3% and 6.4%, but the responses to other gases
and different relative humidity levels are still less than 2%. It
should be pointed out that the PcCo/rGO sensors exhibit high
responses to NH; and low responses to NO, at the same
concentration (50 ppm), which is usually not easily achieved.
The results demonstrate that the functionalization of APcCo
and ABOPcCo on rGO offers a very effective way to tune and
boost the gas sensing performance, such as producing
improved responses and selectivities.

Fig. 6B shows the long-term stabilities of the ABOPcCo/rGO
and APcCo/rGO sensors upon exposure to 200 ppm and
50 ppm NH; over 30 days at 28 °C. The responses of the
ABOPcCo/rGO and APcCo/rGO sensors up to 30 days reduced by
less than 5%, indicating that the PcCo/rGO sensors display
excellent long-term stability. Meanwhile, the ABOPcCo/rGO
sensor also displays 3.6 and 2.4 times higher responses to
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Fig. 6 (A) Cross-sensitivities to various gases shown by the rGO and

PcCo/rGO hybrid sensors: MeTH = methanal; MeOH = methanol;
EtOH = ethanol; DMK = acetone; DCM = dichloromethane; TCM =
trichloromethane; CTC = carbon tetrachloride; Tol = toluene; THF =
tetrahydrofuran; PA = propionic acid; DEE = diethyl ether; and EA =
ethyl acetate; (B) the responses of PcCo/rGO hybrid sensors to 50 and
200 ppm NH= over long-term storage; and (C) the responses of PcCo/
rGO hybrid sensors upon exposure to 50 and 200 ppm NH3 at different
relative humidity levels at 28 °C.

50 ppm and 200 ppm NH;, respectively, than the APcCo/rGO
sensor. Moreover, the effects of humidity on the NH;-sensing
properties of the PcCo/rGO sensors were also studied. Fig. 6C
shows the responses of the ABOPcCo/rGO and APcCo/rGO
hybrid sensors upon exposure to 200 ppm and 50 ppm NH; at
different relative humidity levels at 28 °C. As can be seen, the
responses of the PcCo/rGO sensors did not change obviously
below 60% RH. However, the response decreases under a high
RH of 80%, which might be ascribed to competitive adsorption
between NH; and H,O molecules.>**®

Fig. 7 displays the dynamic resistance curves of PcCo/rGO
sensors upon exposure to different NH; concentrations, from
3200 ppm to 750 ppb, and in 200 ppm NH; gas over ten
continuous cycles at 28 °C. The resistance goes through a rapid
increase followed by a slow increase in NH; gas. Then, the
resistance sharply decreases when the sensors are exposed to air
again (Fig. 7A and C). The sensors can detect relatively low
concentrations of NH;, as low as 78 ppb. Fig. 7B and D show
dynamic resistance curves over ten cycles of exposing the
ABOPcCo/rGO and APcCo/rGO sensors to 200 ppm NH;. The
resistance curves show similar continuous recycling and the
error is less than 3% over ten continuous cycles. The sensor
shows a fast recovery time. Clearly, the PcCo/rGO sensors have
good stability and repeatability, which are crucial for further
applications. The high sensitivities, low detection limits and
fast response and recovery times of our NH; sensors are also
significantly superior to previously reported sensors (as shown
in Table S27).

To obtain further insight into the effects of amino substit-
uents on gas sensing properties, a substituent-free phthalocy-
anine cobalt/rGO (FPcCo/rGO) hybrid was synthesized via
noncovalent  interactions. = The  dynamic  response,

This journal is © The Royal Society of Chemistry 2018
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Fig.7 The resistance of (A) ABOPcCo/rGO and (C) APcCo-rGO hybrid
sensors upon exposure to varying concentrations of NHz with a PcCo/
rGO aqueous dispersion concentration of 1.5 mg ml™%; and ten sensing
cycles of (B) ABOPcCo/rGO and (D) APcCo-rGO hybrid sensors being
exposed to 200 ppm NHz with a PcCo/rGO aqueous dispersion
concentration of 1.5 mg ml~* at 28 °C.

reproducibility, and relationship between the response of the
PcCo/rGO sensor and the concentration of NH; were also
investigated (as shown in Fig. S81). It's clear that the response of
the FPcCo/rGO sensor increases as the concentration of NH; is
increased. Although the FPcCo/rGO sensor exhibits fast
response and recovery times and good reproducibility, its
response is so much lower than those of the ABOPcCo/rGO and
APcCo/rGO sensors that no response can be observed at
concentrations less than 12.5 ppm NH;. As shown in Fig. S8D,f
the responses of the various sensors decrease in the order:
ABOPcCo/rGO > APcCo/rGO > FPcCo/rGO > rGO. Owing to the
same central metal phthalocyanine loading, the discrepancies
in responses are mainly due to differences between the PcCo
compounds or, to be more specific, the substituents, for
example, the electron donating ability and the electron cloud
density, especially interaction effects between NH; and different
PcCo compounds. Amino groups have stronger electron-
donating capabilities. They can provide more electrons to
combine with the holes in the p-type semiconductors of PcCo
and rGO. The combination of electrons and holes can reduce
charge transfer between APcCo/rGO and the adsorbed gas
molecules, reducing NH; gas and leading to further speeding
up the recovery time. On the contrary, aminophenoxy groups
have weaker electron-donating capabilities than amino groups.
This can improve charge transfer between ABOPcCo/rGO and
the adsorbed gas molecules, reducing NH; gas and leading to
a further increase in the gas response.*® These results further
indicate that the substituents of PcCo molecules are of primary
importance in tuning the gas sensing performance. The effects
of amino substituents on the sensing properties will be dis-
cussed using DFT studies.

3.3 The NH; sensing mechanism of PcCo/rGO hybrids

The NH; sensing mechanism of the PcCo/rGO hybrids is based
on the resistance changes of the PcCo/rGO sensors upon
exposure to NHj, which are attributed to charge transfer
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between PcCo/rGO and adsorbed gas molecules. A reducing gas
(NH;) donates electrons to PcCo/rGO, which could lead to
a decrease in charge carriers (holes) and an increase in the
electrical resistance of the hybrid (Fig. 5 and 7). This hypothesis
is further confirmed upon interaction with an oxidizing gas,
such as NO,. An oxidizing gas (NO,) withdraws electrons from
PcCo/rGO, which could lead to a contrary change in the elec-
trical resistance of a hybrid (Fig. 6A). ABOPcCo and APcCo
loaded rGO hybrids display improved NH; sensing perfor-
mances, which are attributed to the following factors. Firstly,
rGO as a conductive agent has a large specific surface area and
high carrier mobility and plays an important role in the elec-
tronic properties of PcCo/rGO hybrids, which show great
promise for sensor performance enhancement. Secondly, the
functionalization of APcCo and ABOPcCo on the surface of rGO
offers more active NH; sensing sites. Meanwhile, the amino
groups of APcCo, as a stronger electron-donating group, provide
more electrons to combine with the holes in the p-type semi-
conductors of APcCo and rGO, weakening charge transfer
between APcCo/rGO and adsorbed gas molecules, reducing NH;
gas and accelerating the recovery time. On the contrary, the
aminophenoxy groups of ABOPcCo weaken the donation power,
decreasing the combination of electrons and holes and
increasing charge transfer between ABOPcCo/rGO and adsor-
bed gas molecules; this reduces NH; gas and enhances the NH;
sensing response of ABOPcCo/rGO for NH; molecules,
decreasing the recovery ability. These results show promise in
tuning the sensitivity and recovery performance of rGO-based
gas sensors, which was confirmed via DFT calculations. Due
to less interaction between NH; and rGO, only the interactions
between NH; and PcCo molecules were calculated. Table 1
shows the net charge on the NH; moiety and the distance
between cobalt and NH;. Fig. S91 shows the structures of
adsorbed NH;-PcCo molecules, with top and side views. The
smaller the distance between cobalt and NH3;, the larger the net
charge on NH;, the greater the charge transfer between PcCo
and NH; gas, and the better the gas sensing performance of
PcCo/rGO for NH;. The distance in ABOPcCo-NHj; is shorter,
and the net charge on the NH; moiety is larger than that for
APcCo-NH; and FPcCo-NHj;, so the NH; sensing properties of
ABOPcCo/rGO are better than those of APcCo/rGO and FPcCo/
rGO. Thirdly, charge transfer between PcCo and rGO can be
achieved via m-7 stacking interactions, which can accelerate
charge transfer between the PcCo/rGO hybrids and adsorbed
NH; molecules. In order to verify the electron transportation
abilities, electrochemical impedance spectroscopy (EIS) data of
PcCo and PcCo/rGO hybrids were studied (Fig. S10t). The

Table 1 Calculated adsorption energies, major bond distances, and
net charges in the adsorption of NHz on the PcCo examples

Sub.* Net charge” dM-R)* (A)
ABOPcCo 0.168 2.214
APcCo 0.162 2.216
PcCo 0.160 2.240

“ Substrate. ? The net charge on NH;. © The distance between the metal
and NH;.
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semicircle in the high-frequency range for PcCo/rGO is smaller
than that of PcCo, which corresponds to the charge transfer
resistance (R in Table S37). R is related to electron trans-
portation in the gas sensor. The lower the value of R, the
stronger the electron transport. The R values of the PcCo/rGO
hybrids are lower than that of PcCo. The electrons can easily
transfer from NH; to PcCo/rGO. Moreover, the R, value of
ABOPcCo/rGO is much lower than that of APcCo/rGO. There-
fore, the ABOPcCo/rGO sensor displays better NH; sensing
performance.

4. Conclusions

Three NH; gas sensors based on ABOPcCo/rGO, APcCo/rGO and
FPcCo/rGO hybrids have been fabricated with significantly
improved sensitivities, selectivities and recoveries through
optimizing the concentration of a PcCo/rGO aqueous disper-
sion. For example, compared with pure rGO, ABOPcCo/rGO,
APcCo/rGO and FPcCo/rGO hybrids showed twenty-three-fold,
six-fold and two-fold higher responses to 50 ppm NHj, respec-
tively, and improved recovery times for NH; sensing. Addi-
tionally, the performances of the PcCo/rGO hybrids may be
tuned by adjusting the PcCo substituent. Compared with many
existing NHj; sensors, the obtained sensors, especially the
ABOPcCo/rGO sensor (23.3% to 50 ppm NHj, with a LOD of
78 ppb and a 250 s recovery time), exhibit better responses.
These performances are mainly ascribed to: (a) the amino-
phenoxy groups reducing the electron donation power of the
amino groups and increasing the charge transfer between PcCo/
rGO and NH3; (b) rGO providing high conductivity and contin-
uous pathways for charge transportation; and (c¢) PcCo/rGO
hybrids showing excellent electron transportation abilities.
EIS and DFT calculations confirm that the aminophenoxy
groups of PcCo play a critical role in the NH; sensing perfor-
mance. This systematic study provides a valid way to improve
the performances of rGO based NH; sensors.
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