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Herein, we report a type of enhanced ammonia (NH3) sensing materials formed by the functionalization of
reduced graphene oxide (RGO) with 1,8,1522-tetra-(4-tert-butylphenoxyl)-metallophthalocyanine
(TBPOMPc, M = Cu, Ni, and Pb) via a solution self-assembly method based on 7t—7 stacking interactions. The
RGO/TBPOMPc hybrids exhibit excellent sensitivity, high response value, and fast response and recovery at
room temperature, especially the RGO/TBPOPbPc sensor. The enhancement of the NHs-sensing
performance by TBPOMPc with a rigid phenoxyl-substituted group is attributed to the self-assembly behavior
of TBPOMPc molecules. The rigid structure of TBPOMPc effectively prevents the intermolecular aggregation
behavior. On the one hand, it expands the specific surface area of the RGO/TBPOMPc hybrids, which is
propitious for the physical adsorption and diffusion of NHz molecules and reduces the response and recovery
time. On the other hand, it weakens the electronic interaction between TBPOMPc molecules and results in
reducing the resistance of charge transfer from NHz to TBPOMPc. Moreover, TBPOMPc is beneficial to
enhance the sensitivity and selectivity of the RGO/TBPOMPc sensors towards NHs. By contrast, the response
of various RGO/TBPOMPc sensors decreases in the order of RGO/TBPOPbPc > RGO/TBPOCuPc > RGO/
TBPONIPc. Furthermore, the rigid structure and central metals of TBPOMPc play a critical role in the
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1. Introduction

NH; as a highly toxic gas is widely used in refrigeration, refining,
manufacturing, cleaning, and nitrogenous fertilizers.»* Exposure
to high concentrations of NH; (ca. > 300 ppm) can cause serious
health problems in humans.® To date, a number of studies have
been reported on NH; sensors such as inorganic, inorganic oxide/
dioxide, and conducting polymers.*” However, most of these
sensors cause high power consumption and exhibit low response
to low concentration of NH;, poor selectivity, and slow recovery
time at room temperature. Therefore, an NH; sensor that causes
lower power consumption and exhibits higher sensitivity, better
selectivity, and fast recovery time at room temperature is urgent
and significant for human demand.

Reduced graphene oxide (RGO) as a novel carbon material
has a broad prospect in the field of gas sensors due to its high
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electrical conductivity, high chemical activity, and large specific
surface area, which is beneficial for charge transfer and gas
adsorption and desorption.®*'* RGO gas sensors have shown
higher sensitivity for the detection of polar gases such as NO,,
NO, NH;, CO,, H,S, etc."*™* However, these sensors require
improvement in terms of their selectivity, recovery time, and
response to low concentration of gases. Therefore, functionali-
zation of RGO is important to improve its sensitivity, selectivity,
and speed up the recovery time at room temperature.

The surface of RGO retains partially polar functional groups
such as -COOH, -OH, C=0, -0, etc. All of these endow RGO with
good dispersibility in the solvent and make the functionalization
of RGO easy.*** Metallophthalocyanine (MPc) is a well-known
organic semiconductor material that has been identified as
a promising gas sensor due to its macrocyclic 7w-7 conjugated
system with an interesting structure, physical properties, and
convenient chemical modification. When the central metal and
the peripherally substituted groups are changed, MPc sensor
exhibits high sensitivity, good selectivity, steady reproducibility,
and fast response and recovery at room temperature in the
detection of NO,, NH;, CO, H,, etc.>** However, the MPc mole-
cules tend to aggregate during the film formation process, which
is not conducive to the charge transfer and physical adsorption
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between gas molecules and MPc.**~*® Therefore, considering the
advantages of RGO and MPc, a gas sensor containing both
RGO and MPc combined via -7 non-covalent hybridization can
be obtained. Our group has reported a type of NH; sensors
obtained via the functionalizing of RGO with tetra-o-iso-
pentyloxymetallophthalocyanine (TIPOMPc, M = Cu, Ni, and
Pb). The RGO/TIPOMPc hybrids exhibited superior NH;-sensing
performance.” To date, to the best of our knowledge, there are few
reports related to the influence of central metals and the
substituted group of MPc on the NH;-sensing property of RGO/
MPc hybrids. Herein, we demonstrated a type of NH; sensors
that contains RGO modified by MPc with a rigid substituent group
(4-tert-butylphenoxyl) and different central metals. Compared to
the flexible chain substituted TIPOMPc, our results indicated that
TBPOMPc with a rigid substituted group more effectively pre-
vented the intermolecular aggregation formation. Its influence on
the NH;-sensing behavior was due to the following two aspects:
one is the specific surface area of RGO/MPc hybrids and the other
is the charge transfer resistance of RGO/MPc hybrids. RGO/
TBPOMPc hybrids have larger specific surface area but smaller
charge transfer resistance than RGO/TIPOMPc hybrids. The
former is conducive to the physical adsorption and diffusion of
gas molecules, thus reducing the response and recovery time;* the
latter is beneficial to the electron transfer from NH; to TBPOMPc
and the decrease of hole carrier, resulting in the enhancement of
sensitivity and selectivity to NH;.*

2. Experimental

2.1 Preparation of the RGO/TBPOMPc hybrids (M = Cu, Ni,
and Pb)

Preparation of GO and TBPOMPc (M = Cu, Ni, and Pb). We
synthesized micrometer-sized GO flakes from graphite powder
using a modified Hummers method.** TBPOMPc was synthe-
sized by refluxing (p-tert-butylphenoxyl)phthalonitrile with
DBU and anhydrous CuCl,, NiCl,, and PbCl, in anhydrous
isopentanol, followed by column chromatography separation
according to an established procedure.”* For a detailed
description, see GO and TBPOMPc synthesis section in the
ESL¥

Preparation of RGO/TBPOMPc (M = Cu, Ni, and Pb). The
schematic of the interaction process for the preparation of RGO/
TBPOMPc hybrids is illustrated in Fig. S1B.T The prepared GO
was sonicated in DMF, and the TBPOMPc DMF solution was
added to the abovementioned solvent, followed by sonication in
the dark for about 2.0 h and continuous stirring for 24 h. After
this, the final product was purified through filtration and
centrifugation. Finally, the hybrid was obtained and dried in
vacuum for 24 h. The GO/TBPOMPc hybrid was added to
a solution of NaOH (pH = 11) and ultrasonicated for 90 min.
Hydrazine hydrate (N,H,) was added to the abovementioned
solution and the mixed solution was heated at 90 °C for 2.0 h
followed by centrifugation at 9000 rpm. Finally, the product was
washed with DI water and ethyl alcohol and dried in a vacuum
oven at 80 °C for 24 h. For comparison, RGO was also prepared
via the similar procedures without TBPOMPc.
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2.2 Structural characterization

RGO/TBPOMPc hybrids were characterized via Fourier
transform infrared spectroscopy (FTIR, PE instruments,
Spectrum One FTIR spectrometer), Raman spectroscopy
(JobinYvon HR800 with excitation from the 450 nm laser
source), ultraviolet-visible spectroscopy (UV-vis, Perkin-
Elmer Lambda 900 spectrophotometer), thermogravimetric
analysis (TGA, Perkin-Elmer TGA-7 system), and X-ray
photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD
system using monochromatic Al Ko, X-ray source 1486.6 eV).
The surface morphology and thickness of the films deposited
on the silicon wafer were investigated via atomic force
microscopy (AFM, Digital Instrument Nanoscope IIIa),
transmission electron microscopy (TEM, JEM 2100 instru-
ment at 200 kV), and scanning electron microscopy (SEM,
Hitachi $4800). The film thicknesses of RGO/TBPOMPc
placed on the electrodes were investigated via a stylus
surface profilometer (KLA-Tencor, Alpha-step D-100 Stylus
Profiler).

2.3 NH;-sensing test

The sensing device was a 5 x 5 mm interdigitated electrode; it
was fabricated using beam lithography on Al,O; substrate
through sputtering Au as a conductor layer, and the RGO/
TBPOMPc hybrid was dispersed in DMF to create a suspen-
sion (0.5 mg mL™", 10 mL) by ultrasonication for 2 h. Then, a 2
puL suspension was spotted on the gold electrodes. After
annealing treatment at 100 °C for 1 h in an Ar flow to remove
the residual DMF, the RGO/TBPOMPc hybrid was connected
with the gold fingers. Fig. S21 shows film thicknesses of RGO/
TBPOMPc (M = Cu, Ni, and Pb) placed on the electrodes. The
results show that the film thicknesses are about 80 nm. For
comparison, a gas sensor of free RGO was also fabricated via
similar procedures.

The sensor testing was carried out under practical condi-
tions (i.e. room temperature 25 °C, relative humidity 50% RH;
NH; and N, (99.9%) were purchased from GuangMing Research
and Design Institute of Chemical Industry, PR China) using
a homemade gas sensing measurement system.*”** One typical
sensing test cycle has three steps in a sequential manner: first,
N (99.999% purity) was introduced into the sensing chamber
(2 L min™") to obtain a baseline until the resistance remained
unchanged for about 30 min. Second, different concentrations
of NH;, varying from 0.3 ppm to 3200 ppm, were injected into
the chamber and the fan inside the chamber was turned on to
make the gas uniform. We observed and obtained the resistance
value when it remained unchanged for about 10 min. Finally,
99.999% purity N, (2 L min~ ') was introduced again for sensor
recovery. Multiple testing cycles were performed by continu-
ously repeating the same test several times. The room temper-
ature dynamic sensing response sensitivity S was defined as AR/
R = (Ry — R)/R, where R is the average sensor resistance in the
presence of N, and R, is the sensor resistance after exposure to
NH; gas. The response and recovery time were defined as the
times needed to reach 90% of the final resistance.

This journal is © The Royal Society of Chemistry 2017
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2.4 The influence of MPc with a rigid substituted group on
the NH;-sensing behavior

The self-assembly behavior of TBPOMPc and TIPOMPc on the
surface of RGO was investigated via scanning tunneling micros-
copy (STM, UNISOKU USM1400SA); the specific surface area of
both RGO/TBPOMPc and RGO/TIPOMPc were investigated by N,
adsorption and desorption analysis (Micromeritics TriStar II),
and the samples were out gassed for 18 h at 90 °C under vacuum
before carrying out the measurements. The pore size distribution
was calculated using the Barrett-Joyner-Halenda (BJH) method.
The current-voltage (I-V) characteristics of the fabricated sensors
were measured using a Keithley 4200 semiconductor parameter
analyzer with a two-point probe setup via sweeping the potential
between —2 and +2 V under a 0.01 V s~ scan rate. Electro-
chemical impedance spectra (EIS) were obtained using an IM6e
electrochemical working station at room temperature (frequency
range from 0.01 Hz to 100 kHz at the open circuit potential with
a 5 mV amplitude).

3. Results and discussion

3.1 Structural characterization

The FTIR spectra of RGO before and after modification by
TBPOMPc are shown in Fig. 1(A) and S3.1 The typical peaks of
RGO are located at 3427 cm™* and 1059 cm ™!, which correspond
to the O-H stretching and vibration mode of absorbed water. The
peak around 1507 cm ™" corresponds to the »(C-O-C) frequency.
After modification, the characteristic peaks of TBPOMPc and
RGO were found in the RGO/TBPOMPc hybrids (such as RGO/
TBPOCuPc) at about 2955 cm™ ', 1507 cm ™', 1252 cm™ ', 581
cm ™, and 543 cm ™. All these observations indicate that RGO/
TBPOMPc hybrids were successfully obtained.

The UV-vis absorption spectra of TBPOMPc (2.0 x 10> mol
L™, 25 °C), RGO, and RGO/TBPOMPc hybrids (0.1 mg mL ", 25
°C) in DMF solutions are given in Fig. 1(B) and S4.f TBPOMPcs
show typical electronic absorption spectra with two strong
absorption regions. The first region at about 335 nm (B-band)
originates from the a,, (HOMO) — a., (LUMO) transition, and
the second region at about 600-700 nm (Q-band) is attributed to
the transition from the a;, (HOMO) to the a.; (LUMO). For the
typical electronic absorption region of RGO at about 255 nm, the
weak absorbance is attributed to the poor dispersion in DMF. After
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RGO was modified with TBPOMPc, the characteristic peak of RGO
red-shifted at about 300 nm, and the Q-band of TBPOMPc (
Cu, Ni, and Pb) broadened with the decreasing intensity and red-
shifted at about 26 nm, 53 nm, and 5 nm, respectively. All of them
indicate the electron transfer from the electron donor TBPOMPc to
the electron accepter RGO, which proves the strong - interac-
tion between RGO and TBPOMPc.*>*

Fig. 2(A-C) shows the Raman spectra of RGO before and after
modification by TBPOMPc. RGO shows a (G) peak at 1591 cm ™
and a (D) peak at 1367 cm ™', which are the characteristic peaks of
sp> and sp® hybridized carbon atoms in graphene that distin-
guish the order and disorder/defect in the structure, respec-
tively.** After modification, the (G) peak and (D) peak appeared in
RGO/TBPOMPc as well, which evidently indicated that RGO/
TBPOMPc hybrids were obtained. The G band (~1591 cm™ ')
corresponds to the first-order scattering of the E,; mode observed
for the sp” carbon domain, whereas the D band (~1367 cm ™) is
attributed to a common feature of the sp® defect in carbon. As
a consequence, the intensity ratio Ip/I; is usually a measure of
the disorder/defect in graphene and further explains the covalent
or non-covalent modification of graphene.* After modification,
no obvious difference in the Ip/I; of RGO/TBPOMPc (0.90) and
the Ip/I; of RGO (0.91) was observed, which evidently indicated
that RGO/TBPOMPc hybrids were obtained via non-covalent
hybridization. The (G) peak of RGO/TBPOMPc (M = Cu, Nij,
and Pb) shifted to a short wavelength by about 4 cm™*, 9 cm™,
and 7 cm™?, respectively; moreover, the intensity of pyrrole C=C
stretching (about 1530 cm™ "), C-N stretching (about 1350 cm ™ %),
and isoindole ring stretching (about 1450 cm™"') of TBPOMPc
obviously decreased. All these observations indicate strong -7
electronic interaction between RGO and TBPOMPc. TBPOMPc
provides abundant charge carrier to RGO and raises the Fermi
level.***®

The thermogravimetric analyses (TGA) results of RGO,
TBPOMPc, and RGO/TBPOMPc hybrids are shown in Fig. 2(D).
For the analyses, the samples were vacuum dried at 90 °C, the
temperature was increased from 20 °C to 800 °C at 20 °C min %,
and the flow rate of oxygen was 100 mL min . The results show
that the weight loss rate of RGO was about 2% when the
temperature was below 600 °C, and it is probably due to water
and solvent evaporation, which were adsorbed on the surface of
RGO. When the temperature was increased to 600 °C, the weight
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(A) FTIR spectra and (B) UV-vis absorption spectra of RGO, RGO/TBPOCuPc, and TBPOCuPc.
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Fig. 2
TBPOMPC, and RGO/TBPOMPC hybrids.

loss rate of RGO was about 10%, which was caused by the
thermal decomposition of oxygen-containing groups on the sheet
edge of RGO. The decomposition temperature of TBPOMPc was
above 400 °C. When the temperature was increased above 650 °C,
TBPOMPc completely decomposed, and the final decomposition
product was MO. The weight loss rates are 91% (TBPOCuPc),
93% (TBPONiPc), and 80% (TBPOPbPc), which is consistent with
the theoretical weight loss rate of TBPOCuPc (93.2%), TBPONiPc
(93.6%), and TBPOPbPc (83.4%), respectively. The decomposi-
tion temperature of RGO/TBPOMPc hybrids is above 350 °C,
ranging from 350 °C to 700 °C, and all the hybrids have a fast
weight loss rate, which indicates that TBPOMPc were combined
with RGO via w-* non-conjugated.*** Above 700 °C, the RGO/
TBPOMPc hybrids completely decomposed, and the weight loss
rate of RGO/TBPOCuPc, RGO/TBPONiPc, and RGO/TBPOPbPc
was 27%, 28%, and 24%, respectively. Fig. S51 shows the ther-
mogravimetric analysis results of RGO, TIPOMPc, and RGO/
TIPOMPc hybrids. Similar to RGO/TBPOMPc, TG analyses
implied that TIPOMPc content in the hybrids ranged from 16.9 to
17.8 wt%.

XPS was also employed to confirm the successful attachment
of RGO/TBPOMPc hybrids and demonstrate charge transfer
from TBPOMPc to RGO. As shown in Fig. 3(A), RGO/TBPOMPc
hybrids exhibited the characteristic peaks of C 1s, N 1s, and O
1s and the characteristic peaks of Cu 2p (934.9 eV), Ni 2p (855.6
eV), and Pb 4f (138.6 eV). As shown in Fig. 4(E), the N 1s peaks of
RGOTBPO/MPc hybrids consist of two split peaks, which are
attributed to two groups of four nitrogen atoms in different
chemical environments in the molecule and further suggests
that the RGO/TBPOMPc hybrids were successfully prepared.

22602 | RSC Adv., 2017, 7, 22599-22609
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(A—C) Raman spectra of RGO, TBPOMPc, and RGO/TBPOMPc hybrids, respectively, and (D) thermogravimetric analysis results of RGO,

Fig. 3(B-D) show that compared with the Cu 2p: 934.5 eV, Ni 2p:
855.5 eV, and Pb 4f: 137.8 eV peaks of TBPOMPc, the Cu 2p
(934.8 eV), Ni 2p (855.6 €V), and Pb 4f (138.6 eV) peaks of RGO/
TBPOMPc red-shifted by about 0.4 eV, 0.1 eV, and 0.8 eV,
respectively; this also agrees with the charge transfer
phenomena of the RGO/TBPOMPc hybrids and their N 1s XPS
peak shifts to higher binding energy compared with that of
TBPOMPc (as shown in Fig. 3(E)). These phenomena indicate
charge transfer from TBPOMPc to RGO in the hybrids. The
binding energy is correlated to the electron density around the
nucleus (the lower the electronic density, the higher the binding
energy).**

3.2 Morphology analysis of the RGO/TBPOMPc hybrids

The morphologies of RGO and RGO/TBPOMPc hybrids were
investigated via AFM, SEM, and TEM. The AFM analysis result is
shown in Fig. 4(I-L). The cross-section analysis indicates that
the average thickness of the RGO film is around 5 nm
(Fig. S6AT), and the theoretical thickness of the single-layer
graphene is about 0.35 nm,* which implies that the film is
composed of ten layers. The thickness of the RGO/TBPOMPc
hybrids is about 6 nm (Fig. S6B-Dt); therefore, the AFM
height confirms the non-covalent attachment of the TBPOMPc
molecule to the RGO basal plane through 7-m interaction.
The SEM images of RGO and RGO/TBPOMPc hybrids are
shown in Fig. 4(A-D). RGO exhibits the flake-like morphology
with a slightly folded edge and flat surface, which is a typical
characteristic of a nanosheet-like structure. After hybridization
of RGO with TBPOMPc, TBPOMPc overlaid the surface of RGO,

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) XPS analysis survey spectra of RGO (a), RGO/TBPOCuPc (b), RGO/TBPONIPc (c), and RGO/TBPOPbPc (d). (B) Cu 2p XPS spectra of

TBPOCuPc and RGO/TBPOCuPc. (C) Ni 2p XPS spectra of TBPONiPc and RGO/TBPONiPc. (D) Pb 4f XPS spectra of TBPOPbPc and RGO/

TBPOPbPc. (E) N 1s XPS spectra of RGO/TBPOMPc hybrids.

and the interface between the layers became fuzzy. The SEM
images of RGO/TBPOMPc show that RGO/TBPOMPc has
a porous surface morphology, which is helpful for the adsorp-
tion and desorption of gas molecules.

Fig. 4(E-H) show the TEM images and morphology analysis
results of the RGO/TBPOMPc thin films. The TEM images
indicate that RGO retained its lamellar structure and smooth
surface; the layers overlapped each other, and the sheet thick-
ness was about 5 nm. In contrast, RGO/TBPOMPc hybrids were
obviously observed to have some cluster aggregates that con-
tained TBPOMPc covered on the surface of RGO and formed
a blurry rough layer. This further confirmed RGO/TBPOMPc
formation via -1 non-covalent hybridization.

3.3 NH;-sensing properties of the RGO/TBPOMPc hybrids

Fig. 5(A) and S7(A-C)t+ show the variations of the film resistance
with time in the presence of NH; (0.3-3200 ppm) at room
temperature. The results showed that the resistance of sensors
dramatically increased with the increasing concentration of
NH;, and all the RGO/TBPOMPc sensors recovered to the orig-
inal resistance value in the absence of NH;. For pure RGO, it is

This journal is © The Royal Society of Chemistry 2017

hard to recover the resistance of the RGO sensor to the original
resistance with the increasing concentration of NH;. It indicates
the improved recovery performance of the RGO/TBPOMPc
hybrids. For 400 ppm NH;, the response/recovery times are as
follows: RGO/TBPOCuPc (639 s/578 s), RGO/TBPONiPc (807 s/
755 s), and RGO/TBPOPbPc (540 s/422 s), which suggest that
the response/recovery of these sensors is faster than that of
RGO/TIPOCuPc (849 s/687 s), RGO/TIPONiPc (916 s/833 s), and
RGO/TIPOPbPc (887 s/447 s) sensors.*”! It indicates that RGO/
TBPOMPc hybrids are beneficial for the adsorption and diffu-
sion of NH; molecules.

Fig. S7(D)t shows the response of RGO and RGO/TBPOMPc
hybrids to NH3; (0.3-3200 ppm) at room temperature. The
inset plot implies the response to the low concentration of NH;
(0.3-50 ppm). It indicates that RGO/TBPOMPc has better
sensitivity (~2%) towards NH; (0.3 ppm), and excellent linear
response in the range of 0.3-50 ppm and saturation response
towards NH; above 2000 ppm. For the RGO/TBPOMPc hybrid,
the sensitivity to NH; (400 ppm) was as follows: RGO/TBPOCuPc
(12.2%), RGO/TBPONIiPc (13.6%), and RGO/TBPOPbPc (18.6%),
which is higher than those of RGO (7.2%), RGO/TIPOCuPc

RSC Adv., 2017, 7, 22599-22609 | 22603
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Fig. 4

(A-D) Typical SEM images of RGO (A), RGO/TBPOCuPc (B), RGO/TBPONiPc (C), and RGO/TBPOPbPc hybrids (D). (E-H) The TEM images

of RGO (E), RGO/TBPOCuPc (F), RGO/TBPONIPc (G), and RGO/TBPOPbPc hybrids (H). (I-L) The AFM images of RGO (l), RGO/TBPOCuPc (J),

RGO/TBPONIPc (K), and RGO/TBPOPbPc hybrids (L).

(11.5%), RGO/TIPONiPc (10.2%), and RGO/TIPOPbPc (11.4%).
As the concentration of NH; was decreased to 0.3 ppm, the
sensitivity to NH; (0.3 ppm) was as follows: RGO/TBPOCuPc
(1.2%), RGO/TBPONiPc (1.6%), and RGO/TBPOPbPc (2.2%),
which is still higher than that of RGO (0.3%), RGO/TIPOCuPc
(1.8%), RGO/TIPONiPc (1.0%), and RGO/TIPOPbPc (1.4%).>*

The RGO/TBPOMPc hybrids exhibit higher sensitivity than
RGO/TIPOMPc hybrids towards the lower concentration of NHj3,
especially the RGO/TBPOPbPc sensor that shows excellent gas
sensing performance. Most of the MPc hybrids, such as CuPc
and NiPc, present planar configuration; Pb>" with a larger atom
radius will be located on the plane of the Pc ring and form four
pyramid structures due to the limitation of the central space of
Pc.*? The structure of the TBPOPbPc molecule is similar to those
of PbPc* and PbNc>* molecules, which are not planar. This
molecular structure weakens the conjugating power of the
phthalocyanine macrocycle, which is beneficial for the absorp-
tion of gases and central metal and makes it easier for the gas
molecules to deeply adsorb;* thus, the RGO/TBPOPbPc sensor
shows excellent gas sensing performance.

Reversibility is one of the most important characteristics for
gas sensors. Fig. 5(B) shows the resistance of the RGO/

22604 | RSC Adv., 2017, 7, 22599-22609

TBPOPbPc hybrid exposed to 50 ppm NH; (five cycles). The
results show that the films have good repeatability and no
obvious degradation after consecutive measurements was
observed. Moreover, under the atmospheric condition of 50%
RH, the films were rather stable, and the resistance was almost
unchanged within two weeks. After being exposed to air for
about two months, the change in the resistance was within 2%.
The response to NH; changed to only about 5%.

Selectivity is also an important property of gas sensors. We
measured the sensing response of the RGO/TBPOPbPc sensor to
several other gases including reducing gases, such as H, and
CO, and an oxidizing gas such as NO,. The sensing test cycle is
the same as that for NH;. Our results show that the RGO/
TBPOPbPc sensor has an excellent selectivity for 25 ppm NH;
among all the test gases. As shown in Fig. 5(C), the sensor has
negligible response to both H, and CO (100 ppm). The result
indicates that NH; is preferable for the RGO/TBPOMPc sensor
among common reducing gases, which acted as an electron
donor. NO, is an oxidization gas and an electron acceptor.
The resistance of RGO/TBPOPbPc to 300 ppm NO, decreased,
suggesting charge transfer from TBPOPbPc to the NO,
molecule.

This journal is © The Royal Society of Chemistry 2017
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sensor exposed to 50 ppm NHs; (C) cross-sensitivities to various gases for the RGO/TBPOPDbPc sensor; (D) relationship of the response of RGO

and RGO/TBPOMPc sensors to varying concentrations of NHs.

3.4 The influence of rigid phenoxyl substituted MPc on NH;-
sensing property

Both RGO and MPc are p-type semiconductor materials, and the
carriers are holes. NH; as an electron donor tends to increase
the electron density of RGO or MPc; thus, the number of hole
carriers is reduced, and the resistance of RGO or MPc is

increased.'>* The gas sensing mechanism is mainly influenced
by a physical process and a chemical process. The physical
process includes the physical adsorption of gas molecules on
the surface of a gas sensor and also the gas diffusion inside the
sensing material, which affects the response and recovery
times. The chemical process includes the charge transfer
between gas and the sensing material, and the production of

Fig. 6 High resolution STM images of RGO/TIPOCuPc (A), RGO/TIPONiPc (B), RGO/TIPOPbPc (C), RGO/TBPOCuPc (D), RGO/TBPONiPc (E),
and RGO/TBPOPbPc (F), 10 nm x 10 nm; tunnel current: 200 pA; sample bias: 1.8 V.

This journal is © The Royal Society of Chemistry 2017
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a carrier, which affects the sensitivity and selectivity.***”
Therefore, the influence of phenoxyl substituted MPc on NH;
sensing property was discussed based on this theory.

3.4.1 The self-assembly morphology analysis of TBPOMPc
and TIPOMPc. The self-assembly behaviors of both TBPOMPc
and TIPOMPc on the surface of RGO were investigated by
scanning tunneling microscopy (STM). All the samples were
dissolved in DMF (chromatographic purity) with a 2 pL sample
solution dropped on the surface of RGO, then the STM tip was
immersed in the solution, and scan imaging was carried out at
room temperature. The tip material was Pt/Ir = 90/10, and the
images were obtained in the constant current mode, with flat-
tening to process the substrate tilt and scanning line illusion
and low-pass was used to eliminate the noise in the scan. The
results are shown in Fig. 6 and S8.f Large-scale STM images
(Fig. S81) show that the surface of RGO orderly arrayed and
formed a wide range of grid structures. Each spot in the grid
structure corresponds to a MPc molecule, and it indicates that
the substrate lattice structure of RGO generated a template
effect on the self-assembly process of MPc. From the high
resolution STM images (Fig. 6), it was observed that all the MPc
molecules exhibited a four-leaf-like structure. We found that
each TIPOMPc molecule associates with four adjacent TTPOMPc
molecules, and each grid cavity size is 1.37 nm> (TIPOCuPc),
1.42 nm?* (TIPONiPc), and 1.22 nm?* (TIPOPbPc). Under the
same test conditions, each TBPOMPc molecule associated with
two adjacent TBPOMPc molecules to form a linear structure,
and the spacing of the straight chain was bigger than that of
TIPOMPc; each grid cavity size was 2.44 nm” (TBPOCuPc), 2.32
nm” (TBPONiPc), and 2.53 nm> (TBPOPbPc). The bigger grid
cavity of TBPOMPc is beneficial for the permeability and
desorption of gas molecules. The discrepant self-assembly
structure is mainly attributed to different substituted groups
on the MPc ring, and the proposed self-assembly molecular
structure model of MPc is shown in Fig. S9.} 4-tert-Butylphe-
noxyl has a rigid structure and larger steric hindrance, and it
effectively prevented the aggregation of TBPOMPc molecules.
However, isopentyloxyl has a flexible structure and smaller
steric hindrance; thus, it is easy for these molecules to inter-
twine with each other.

The different surface area A, of RGO and RGO/MPc were
determined by N, adsorption and desorption isotherms. The A4
was calculated by Brunauer-Emmett-Teller (BET) at the relative
pressure of 0.05-0.30, and the pore size distribution was
calculated using the Barrett-Joyner-Halenda (BJH) method for
isotherm desorption branch, and the results are shown in
Fig. S10.f It indicates that all the adsorption isotherms are
typical IV type with an H, hysteresis loop, which are charac-
teristic of a mesoporous structure. The curve slowly increased at
the low P/P, region (0.0-0.1) due to a small amount of micro-
porous adsorbent, and as the pressure increased (0.3-0.8), the
isotherm slope increased, exhibited a mesoporous adsorbent; at
the high P/P, region (0.9-1.0), the isotherm slope that was still
increasing exhibited macroporous adsorption, which is
consistent with the SEM images. As N, condensation took place
in the mesoporous channels, the desorption-adsorption
isotherm is not coincidental, showing a typical H, hysteresis

22606 | RSC Adv., 2017, 7, 22599-22609
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loop, which is characteristic of a typical layered mesoporous
structure. At the P/P, of 0.5-0.8, adsorption capacity rapidly
increased; the P/P, location reflects pore sizes, and the changing
range of P/P, can be used as a measure of the mesoporous
uniformity. Under the condition of the same central metal, the
specific surface areas of RGO/TBPOMPc films are bigger than
those of RGO/TIPOMPc films because the rigid substituted
TBPOMPc effectively prevented the aggregate formation and
increased the molecular spacing, whereas a flexible chain
substituted TIPOMPc has a tendency to locate adjacent to each
other for less steric hindrance. Large specific surface area is
favorable for the adsorption and desorption of gas molecules.
From the inset images shown in Fig. S10,} it was observed that
the mesopores of RGO/TBPOMPc are mainly distributed in the
vicinity of 5-30 nm, the average pore diameter is about 12.1 nm,
and mesoporous distribution is centered at about 12 nm.
Comparison of the pore volume of both RGO/TBPOMPc and
RGO/TIPOMPc in the 2.5-5.0 nm range at the same P/P, indi-
cates that RGO/TBPOMPc has a bigger pore volume. TIPOMPc
molecules are closely adjacent to each other and overlap with
each other; thus, it has a higher capacity to shadow and block
the micropores, thus making the pore volume smaller. Hence,
RGO/TBPOMPc hybrids show better sensing performance
towards NH; than the RGO/TIPOMPc hybrids (Fig. 5(D)) (Table
1).

3.4.2 I-V and EIS analysis. To explore the effect of the
substituent groups, the I-V characteristics of the RGO/
TBPOMPc and RGO/TIPOMPc sensors with the same mass
loading on IDEs were investigated (Fig. 7(A) and S11t). The
linearity and symmetry of the I-V curves suggest an ohmic
contact between the samples and gold electrodes. Evidently, the
device current of various hybrids at the same voltage decreases
in the order of RGO > RGO/TBPOMPc > RGO/TIPOMPc. Low
current means the sensor has a relatively high resistance. For
RGO/TBPOMPc and RGO/TIPOMPc hybrids, the decrease in
device current is possibly caused by the intrinsically high
resistance of TBPOMPc and TIPOMPc, with the donation of
electrons from the p-type TBPOMPc and TIPOMPc to the p-type
RGO backbone.*® Since they have the same central metals, the
distinct difference in the device current of the RGO/TBPOMPc

Table1 The A, (m? g™ and V,, (cm® g™) of RGO and RGO/MPc

Sample RGO RGO/TBPOCuPc RGO/TIPOCuPc
Ag (m* g™ 447.9 205.4 151.2

Ve (cm® g™ ) 0.57 0.33 0.31

Sample RGO RGO/TBPONiPc RGO/TIPONiPc
Ag (m* g™ 447.9 197.0 171.4

Vi (cm® g1 0.57 0.33 0.29

Sample RGO RGO/TBPOPbPc  RGO/TIPOPbPc
Ag (m* g™ 447.9 2771 190.1

Vi (em® g1 0.57 0.41 0.32

This journal is © The Royal Society of Chemistry 2017
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|-V curves of RGO and RGO/TBPOPbPc and RGO/TIPOPbPc hybrids (A) and EIS measurements of RGO, RGO/TIPOPbPc, RGO/

TBPOPbPc, TIPOPbPc, and TBPOPbPc electrodes in a 6 M KOH aqueous solution (B).

and RGO/TIPOMPc hybrids was ascribed to the substituent
groups. Alkoxy (-OR) groups have stronger electron-donating
capability than phenoxy (-OPh) groups. Relative to RGO/
TBPOMPc, the RGO/TIPOMPc-containing alkoxy groups can
provide more electrons to combine with the holes in p-type
semiconductors of TIPOMPc and RGO.* The combination of
electrons and holes can reduce the carrier concentration of the
system, leading to further increase in the resistances of RGO/
TIPOMPc hybrids. Hence, their responses towards NH; are
not as good as that of the RGO/TBPOMPc hybrid (Fig. 5(D)).
Electrochemical impedance spectroscopy (EIS) is a principal
method to examine the fundamental behavior, such as charge
transfer impedance (R.), solution impedance (R;), etc., of
modified electrode materials. The impedances for MPc, RGO,
and RGO/MPc were tested in the frequency range from 0.01 Hz
to 100 kHz at the open circuit potential with 5 mV amplitude.
The results are shown in Fig. 7(B) and S12.} The radius of the
semicircle impedance loop in the high frequency region could
reflect the resistance to mass transfer/diffusion rate of ions
from the electrode to the modified material. The equivalent
circuit model exhibits that the entire capacitor circuit is
constituted by R, Z, R, C, and Q, as shown in Fig. S12C.} Ry is
the sum of the contact resistance and material resistance, which
is related to the ionic conductivity of the electrolyte and elec-
tronic conductivity of the electrodes and current collectors. Z,, is
the Warburg resistance (45° inclined curve) related to the ion
diffusion/transport in the electrolyte. R, is the resistance for

materials and also for blocking the movement of the ions into
the solution and separator. C and Q present the capacitor layers,
which are formed during the charge-discharge process. The
values of impedance calculated using ZSimpWin software are
summarized in Table 2. Obviously, the R, value reflects the
conductivity that has a great influence on the charge transfer
from NH; to gas sensitive material. As we expected, the R, value
of the RGO/TBPOMPc hybrid is higher than that of RGO but
lower than that of TBPOMPc, and for the RGO/TIPOMPc hybrid,
it is the same as that for the RGO/TBPOMPc hybrid. On the one
hand, RGO has poor selectivity and low sensitivity towards the
low concentration of NH; due to its excellent conductivity. Too
fast charge mobility could lead to weak electronic interaction
effect between RGO and NHj or similar reducing gas (low
concentration); thus, the response value is hard to detect. The
R, value of the RGO/MPc hybrids shows a marked increase than
that of RGO, which indicates that an electron is first transferred
from NH; to MPc and then it enhances the electronic interac-
tion effect between NH; and RGO. Therefore, the selectivity and
sensitivity of the RGO/MPc sensor will be enhanced over those
of the RGO sensor. On the other hand, RGO/MPc hybrids
effectively improve the conductivity of MPc, which favors the
electron transfer from NH; to MPc, thus changing the electron
density of MPc and the number of hole carriers. Therefore, the
sensitivity of RGO/MPc to NHj is higher than that of MPc. Under
the conditions of the same central metal, the R.; value follows
the order TBPOMPc < TIPOMPc and RGO/TBPOMPc < RGO/

blocking the ions from entering the pores of the electrode TIPOMPc. The reason for this is the rigid phenoxyl
Table 2 The values of R calculated through the impedance spectra using ZSimpWin software

Sample RGO TBPOCuPc TIPOCuPc RGO/TBPOCuPc RGO/TIPOCuPc
R (Q) 0.565 2.662 3.736 1.355 1.901

Sample RGO TBPONiPc TIPONiPc RGO/TBPONiPc RGO/TIPONiPc
R (Q) 0.565 3.176 4.226 1.654 2.134

Sample RGO TBPOPbPc TIPOPbPc RGO/TBPOPbPc RGO/TIPOPbPc
R (Q) 0.565 2.560 4.154 1.332 2.219

This journal is © The Royal Society of Chemistry 2017
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substituent of TBPOMPc that effectively prevents the aggrega-
tion formation of MPc; thus, the intermolecular electron cloud
does not effectively overlap and the electronic interaction effect
of TBPOMPc is lower than that of TIPOMPc. The lower the
values of R, the stronger the electron transport. As a result, the
resistance of charge transfer from NH; to TBPOMPc is reduced,
and the conductivity of TBPOMPc is enhanced. Therefore, the
NH; sensitivity of RGO/TBPOMPc is higher than that of RGO/
TIPOMPc.

4. Conclusions

In summary, we demonstrated the fabrication and application of
RGO/TBPOMPc (M = Cu, Ni, and Pb) in NH; gas sensors at room
temperature. RGO/TBPOMPc hybrids with rigid phenoxyl
substituted groups were synthesized by noncovalent assembly.
Compared to RGO/TIPOMPc sensors, the obtained RGO/
TBPOMPc sensors, especially the RGO/TBPOPbPc sensor, show
high sensitivity (15.5% to 50 ppm NH; with a LOD of 300 ppb),
excellent stability and reproducibility, fast response/recovery, and
excellent selectivity. The significant enhancement in NH; sensing
is associated with the combination of TBPOMPc with a rigid
phenoxyl substituted group and RGO. First, the rigid phenoxyl
substituted MPc prevents the aggregation behavior of TBPOMPc
molecules on the surface of RGO. As a result, RGO/TBPOMPc
hybrids have larger specific area and lower charge transfer resis-
tance, which is propitious for the adsorption and diffusion of gas
molecules and charge transfer from NH; to TBPOMPc. Second, as
a conductive agent, RGO provides continuous pathways for charge
transportation, leading to a fast and sensitive response. More
importantly, charge transfer between TBPOMPc and RGO can be
achieved via -7 stacking interaction. In this system, the rigid
structure and central metals of TBPOMPc have a great influence
on the NHj;-sensing performance. It is suggested that through
changing the peripherally substituted group and central metals of
MPc, we could regulate its molecular aggregation behavior on the
surface of RGO to adjust the NH;-sensing behavior.
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