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Introduction

A controllably fabricated polypyrrole nanorods
network by doping a tetra-p-carboxylate cobalt
phthalocyanine tetrasodium salt for enhanced
ammonia sensing at room temperaturet

Shijie Gai, @2 Xiaolin Wang,® Runze Zhang,? Kun Zeng,? Shoulei Miao,? Yiqun Wu®
and Bin Wang & *2

The morphology adjustment and functional doping optimization of polypyrrole (PPy) are of great
significance in improving its gas sensing performance. Here, the PPy-0.5TcCoPc nanorods with
a uniform dispersed 3-D network were prepared using one-step in situ polymerization using the
electrostatic interaction between dopant counterion substituents in tetra-B-carboxylate cobalt
phthalocyanine tetrasodium salt (TcCoPcTs) with larger space structure and pyrrole (Py) molecules, in
which TcCoPcTs is not only used as a dopant molecule crosslinking PPy chains to obtain a 3-D network,
thus improving the conductivity, but also as a sensor accelerator to improve the gas-sensing
performance. The resulting PPy-TcCoPc hybrid exhibits superior NHz-sensing properties than PPy and
tetra-B-carboxylate cobalt phthalocyanine (TcCoPc) under the same test conditions, especially the PPy-
0.5TcCoPc sensor shows ultrafast response/recovery time to 50 ppm NHs (8.1 s/370.8 s), low detection
limit of 8.1 ppb and excellent gas selectivity at room temperature (20 °C). Besides, the PPy-0.5TcCoPc
sensor also maintains superior response (49.3% to 50 ppm NHs3), humidity resistance and conspicuous
stability over 45 days. The excellent NH3z-sensing performance of the PPy-0.5TcCoPc hybrid arises from
the excellent gas selectivity of TcCoPc, the remarkable response mechanism between PPy and NHs, the
high electrical conductivity, abundant active sites and good electron transport ability of the unique 3-D
network with large specific surface area. The morphology regulation and functional doping optimization
strategy of TcCoPcTs doped PPy broaden the research direction of ideal gas sensor materials.

Depending on the sensing mechanisms and testing condi-
tions, gas sensors are mainly divided into: semiconductor gas

Ammonia (NH;) is a common chemical raw material, which is
used in fertilizers, pharmaceuticals, light industry, organic
intermediate preparation and many other industrial fields.
Meanwhile, it is also produced in livestock waste, industrial and
automobile emissions."™* However, NH; is a harmful gas, which
can cause serious damage to human health when inhaled in
large amounts for a short period or when exposed to low
concentrations for a long time. It is understood that the NH;
exposure limit is 25 ppm (TWA).>® Therefore, there is a need for
the rapid and efficient detection of NH;.

“Key Laboratory of Functional Inorganic Material Chemistry, Ministry of Education,
School of Chemistry and Materials Science, Heilongjiang University, Harbin,
150080, China. E-mail: wangbin@hlju.edu.cn

*School of Material and Chemical Engineering, Heilongjiang Institute of Technology,
Harbin, 150050, P. R. China

‘Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, P.O.
Box 800216, Shanghai, 201800, China

t Electronic supplementary information (ESI) available:
characterization. See DOI: https://doi.org/10.1039/d3ra00103b

Other detailed

© 2023 The Author(s). Published by the Royal Society of Chemistry

sensors,”** electrochemical gas sensors,"'* acoustic sensors*
and optical sensors.’*'® Compared with electrochemical
sensors, which require electrolytes and noble metal electrodes,
and the other two types of gas sensors, which are more
cumbersome, semiconductor gas sensors are currently a hot
research topic because of their ease of operation, simple prep-
aration and compatibility.">*

As a P-type semiconductor material, conductive polymers not
only have a good gas response to NHj;, but also have the ability
to work at room temperature. Among them, polypyrrole (PPy) is
considered a promising material to detect NH; because of its
high affinity and low redox potential for reduced NH; molecules
and pyrrole (Py) main chains,* especially fast response speed.
However, pristine PPy still has the disadvantages of low sensi-
tivity, weak recovery ability, poor selectivity, and short life due to
the disordered aggregation structure, low utilization of Py
monomers, which still do not meet the demands of real appli-
cations.?*** Therefore, it is very important to overcome its own
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shortcomings and improve its conductivity, response, recovery
ability and selectivity towards NH;.

The morphology regulation and functional doping optimi-
zation of PPy are effective ways to improve its conductivity and
NH;-sensing.**?” It is noteworthy that the morphology and
electrical conductivity of PPy can be optimized by chemical
doping.”® Since pyrrole is easily oxidized to the positive radical
and deprotonated, common dopants used for PPy are some
anions.*** Undoped PPy acts like an insulator, while the doped
PPy exhibits shows doped semiconductors with conductivity of
more than 100 s m~'.>> Therefore, suitable doping of PPy may
facilitate electronic transmission and possibly speed up
response and recovery towards NH;. Many reports claim that
the doping of Py can also obtain the unique morphology of PPy
with a large specific surface area, thus obtaining a large number
of gas active sites.**® In addition, PPy exhibits greater gas
adsorption capacity and improves gas sensing applications by
tweaking the morphology and structure of nanofibers, nano-
rods, nanowires, nanosheets or nanotubes to increase its
specific surface area.*”*®* More notably, in addition to providing
a large specific surface area for large gas active sites, one-
dimensional (1-D) PPy nanostructure also provide a smooth
electron transport channel for rapid gas adsorption and
desorption and increase the conductivity for high gas sensi-
tivity.>® At present, there are many methods to prepare 1-D PPy
nanomaterials.** Although template doping, including hard
and soft templates, is an effective method to prepare one-
dimensional PPy nanomaterials among many syntheses
methods,*** the template removal conditions in the hard
template method are relatively harsh, thus prolonging the
experimental period or even destroying nanostructures. Soft
template method is easy to remove template agents, but may
increase the cost and cause environmental pollution.*® There-
fore, developing a dopant that can not only manipulate the
polymerization morphology of Py, but also improve the gas
sensing performance of PPy, which is a problem that needs to
be broken.

Metal phthalocyanine (MPc), as an organic large ring P-type
semiconductor material, is the most famous gas sensing
materials with room temperature operation, fast response and
unique selectivity due to their 18 m-electron conjugated struc-
ture, active center metal and a variety of peripheral functional
substituents.**** Fortunately, the peripheral sulfonates (-
S0;>7) and carboxylate (-COO~) substituted MPcs can be easily
prepared, which provides the possibility for phthalocyanine to
be used as dopant to regulate morphology and improve the gas
sensitivity of PPy.*”** It has been reported that PPy hydrogel are
prepared by a water-soluble sodium sulfonate copper phthalo-
cyanine as a template using the electrostatic interaction
between the sulfonic acid group and Py, this uniform 1-D PPy
hydrogel enhances the specific surface area and the electrical
conductivity of PPy.*>** On the one hand, the proton base
groups in phthalocyanine and the space structure of MPcs
macrocycle induce the directed polymerization of Py monomers
into nanostructures, and the PPy nanomaterials with unique
morphology are obtained, resulting in higher gas adsorption
capacity than the bulk PPy. On the other hand, substituted
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MPcs as anion doping improves the order of PPy microstruc-
ture, thus improving the conductivity of PPy. In addition, the
active sites of O>~ generated by the central metal in MPcs
facilitates the NH; selective adsorption.**> Obviously, the NH;-
sensing properties of PPy-MPcs hybrids will be improved.

Based on the above exploration and research, in this paper,
a water-soluble tetra-B-carboxylate cobalt phthalocyanine tetra-
sodium salt (TcCoPcTs) doped polypyrrole (PPy-TcCoPc) hybrid
was prepared. The carboxylate (-COO™) groups of TcCoPc are
used as an organic anion dopant template, which links TeCoPc
and positive radical of oxidized Py to form PPy-TcCoPc mono-
mer salts by the electrostatic interaction. These PPy-TcCoPc
monomer salts continue to polymerize over and over to form
PPy nanorods. The effects of reaction ratio of TcCoPcTs, the
reaction time and temperature on PPy-TcCoPc morphology were
explored. In particular, the correlation between concentration
of TcCoPc and conductivity and NH; sensing performance has
been studied systematically. Ultimately, the resulted PPy-
0.5TcCoPc sensor with a 3-D network, higher specific surface
area and electrical conductivity shows a high gas response up to
49.3% for 50 ppm NHj;, accompanied by 8.1 s ultra-fast response
speed, fast recovery ability and very low LOD of 8.1 ppb. Cor-
responding important parameters (including selectivity, repro-
ducibility and humidity resistance) of the gas sensors and the
response mechanism between PPy-TcCoPc and NH; gas were
also tested and analysed.

Experimental

Reagents

Pyrrole (Py, 99% purity), isopropyl alcohol (purity, =99%),
ammonium persulfate (APS, purity, >98%) were purchased from
Sigma-Aldrich LLC. The ultra-pure water is produced by Milli-
pore Milli-Q Water System (Bedford, MA, USA). Detailed
synthesis steps of tetra-B-carboxylate cobalt phthalocyanine
tetrasodium salt (TcCoPcTs) were listed in the support materials
(see the ESI).t All chemical reagents were of analytical grade,
and were used without further processing.

Preparation of PPy-TcCoPc hybrids

The freshly distilled Py monomer (1.2 mmol) was dissolved in
2 mL of isopropanol and recorded as group A. Different
amounts of TcCoPcTs (the molar ratio of Py to TcCoPcTs was
40:1.0, 40:0.5 and 40:0.25, respectively) and ammonium
persulphate (APS, 1: 1 molar ratio to Py) were dissolved in 4 mL
ultra-pure water and recorded as group B. All the above solu-
tions were under the condition of 0-5 °C ice bath. The group B
were added to group A and continuously stirred for 8 hours
under an ice bath. The final reaction solution was filtered and
the filter cake was washed successively with anhydrous ethanol
and ultra-pure water until colorless. The PPy-TcCoPc black
powder was dried for 2 h at 60 °C. The PPy-TcCoPc hybrids
synthesized with different molar ratios of Py to TcCoPcTs (40 :
1.0, 40: 0.5 and 40 : 0.25) were distinguished as PPy-1.0TcCoPc,
PPy-0.5TcCoPc and PPy-0.25TcCoPc, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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As a control, PPy was prepared without the addition of
TcCoPcTs (see ESIt). The PPy/0.5TcCoPc hybrid was prepared by
the same preparation process as PPy-0.5TcCoPc hybrid, except
that tetra-B-carboxylate cobalt phthalocyanine (TcCoPc) was
used instead of TcCoPcTs (see ESIt).

Sensors assembling and sensing measurement

The interdigital electrodes (IDEs) were used as load substrates
for sensing materials, and ethanol was used as the solvent to
prepare 0.5 mg mL " PPy-TcCoPc dispersion and ultrasonically
dispersed for 30 min. Then, a minute amount of the solution
was drop-coated on the IDEs surface and dried for 2 h at 50 °C to
form a uniform and stable sensor. As controls, the PPy, TcCoPc,
and PPy/TcCoPc hybrid sensors were assembled by the same
process as PPy-TcCoPc sensor.

The NH;-sensing parameters of the sensors were statically
measured under the conditions of room temperature (20 £ 0.5 °©
C) and relative humidity of 50 & 2% RH in a homemade gas
sensor device. The air and commercially purchased high-purity
NH; were used as blend and test gases, respectively (Dalian
Guangming Gas Co., Ltd, China). The IDEs sensor containing
the sensing hybrid was places in a self-made test container
(total volume was 3 L), the initial resistance baseline was
recorded in the air for a period, then the certified concentration
of NH; was injected and the test was started. The data of
resistance change was recorded. The closed sensing test
container was released after the response was stable for
a period, NH; was volatilized, and the spontaneous inflow of
fresh air caused the resistance of the sensor down to its initial
value. The humidity effect of the sensor was measured by sub-
jecting the closed chamber to humidity changes with different
kinds of saturated salt solutions (11.3% RH of LiCl, 33.3% RH of
MgCl,, 54.3% RH of Mg(NO3),, 75.5% RH of NaCl, 85.1% RH of
KCl and 94.6% RH of KNOs, respectively) at 20 + 0.5 °C.>***
Besides, the response was calculated as: (R; — R,)/R, x 100% =
AR/R, x 100%. Where R, and R, are the resistance values of the
sensing device in air and in NH;, respectively.”>*® The response
and recovery time are defined as the time required for 90% of
the change in the resistance value of the sensing device when
the NH; gas was injected into and removed from the test
chamber, respectively.*”

Characterization

Scanning electron microscopy (SEM) images were scanned by
a S-4800 SEM (Hitachi, Japan). Transmission electron micros-
copy (TEM) images were observed by a JEM-2010 TEM (JEOL,
Japan). UV-vis spectra from UV-2700 (Shimadzu, Japan), Fourier
transform infrared spectra (FT-IR) from spectrum one spec-
trometer (PerkinElmer, USA), and Raman spectra with excita-
tion wavelength of 633 nm from HR800Raman
spectrophotometer (Jobin Yvon, France) were used for struc-
tural characterization. Specific surface areas were obtained
using a Tristar 3020 (Micromeritics, USA) at 77 K and calculated
by Brunauer-Emmett-Teller (BET) method. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using an AXIS Ultra
DLD spectrometer (1235.6 eV, the monochromatic of Mg Ka
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source). The content of TcCoPc was quantitatively analysed by
atomic absorption spectrometer (AAS, PinAAcle 900, Perki-
nElmer). Current-voltage curves (I-V) of IDEs sensing devices
were determined by the two-point probe method (scan rate:
0.01 V s, scan range: —1 to +1 V) (Keithley 4200).

Results and discussion
Preparation and characterization of the PPy-TcCoPc hybrids

The morphologies of PPy-TcCoPc hybrid were investigated by
SEM and TEM. It can be seen from Fig. 1 that the PPy-0.5TcCoPc
hybrid network structure was formed, which is composed of
nanorods with a diameter of about 130 nm interlacing with each
other. In contrast, under the same conditions, the PPy without
TcCoPcTs doping only shows a disorderly agglomerated struc-
ture (Fig. S17). Further observation revealed that the surface of
the PPy-0.5TcCoPc nanorod contains some irregular tiny parti-
cles, which may be formed by PPy aggregation during rod
formation. The TEM images result also show the same
phenomenon (Fig. 1C and D). Unsurprisingly, the microstruc-
ture of PPy NPs has been optimized and changed to PPy nano-
rods because of the anion doping of TcCoPcTs to PPy.***® This
interlacing nanorod network structure is beneficial for
providing a larger specific surface area, porosity and active site,
and favours an enhanced gas adsorption activity. This
improvement of microstructure was also demonstrated by the
N, adsorption-desorption analysis (Fig. S2 and Table S1t). The
results show the specific surface area of PPy-TcCoPc hybrids is
increased, especially in PPy-0.5TcCoPc nanorods, its specific
surface area (66.94 m> g~ ') increases 1.5-fold compared with
PPy NPs (43.62 m® g~ '). As expected, the pore volume and
average diameter size of PPy-0.5TcCoPc have also been
improved (Table S17). The PPy-TcCoPc hybrid nanorod network
structure was obtained by manipulating of TcCoPcTs may
facilitate the improvement of adsorption sites towards NH;
gas'59,60

To further demonstrate the regulatory role of TcCoPcTs in
preparing nanorods, the effects of TcCoPcTs dosage on
preparing PPy nanorods were investigated. Fig. S37 indicates
that the content change of TcCoPcTs plays an important

Fig.1 SEM (A, B) and TEM (C, D) of PPy-0.5TcCoPc hybrid.
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influence on the morphology of PPy-TcCoPc. As the mass ratio
of Py and TcCoPcTs decreased (from 40:1.0 to 40:0.25), the
diameter of PPy-TcCoPc rod increased. It can be understood
that the diameter of PPy-TcCoPc nanorods decreases with the
increase in TcCoPc content, which is similar to previous
studies.*>®* It is also further indicated that TcCoPcTs as
a dopant, is an effective anionic doped molecule for ordered
polymerization of Py due to the electrostatic interaction
between the two. The morphology of PPy-TcCoPc hybrid was
also affected by the synthesis temperature. As shown in Fig. S4,1
the aggregation phenomenon of PPy-0.5TcCoPc hybrid poly-
merized at room temperature is more serious, and its length is
also shorter than that at low temperature (0-5 °C). In addition,
the TcCoPc content of three kinds of PPy-0.25TcCoPc, PPy-
0.5TcCoPc and PPy-1.0TcCoPc hybrids was quantitatively ana-
lysed using the standard curve method with cobalt standard
solution by atomic absorption spectroscopy (AAS, Fig. S5 and
Table S2t). The analysis revealed that the content of TcCoPc in
PPy-0.25TcCoPc, PPy-0.5TcCoPc and PPy-1.0TcCoPc hybrids is
7.25%, 17.2% and 20.8%, respectively.

The change of morphology of PPy-0.5TcCoPc nanorods with
reaction time was observed to verify its formation mechanism
(Fig. S67). Obviously, when the polymerization time is less than
2 minutes, the hybrid still exhibits the morphology of disor-
dered microspheres (Fig. S6At). With the observation of the
reaction process, the reaction solution also changed from dark
blue (the colour of TcCoPc) to black (the colour of PPy), and also
from fluid to hydrogel. When the polymerization time
continued to 10 minutes, the PPy-TcCoPc nanorods were
formed (Fig. S6Bt). Then, as the polymerization time increases,
the PPy-TcCoPc nanorods become longer and dispersed, inter-
twine and form a network structure, but the change is no longer
significant after 8 h of reaction. Observing the above results, the
possible formation mechanism of PPy-TcCoPc nanorods can be
demonstrated by Scheme 1. First, the alkaline -COO™ group of
TcCoPcTs and the acidic *'N-H of Py can be linked to form Py-
TcCoPcTs monomer salts by electrostatic interaction. With the
addition of APS, these salts rapidly undergo directional

H

|

N
5=

il

Q. C" Acid-basedf
¢
&

\ (‘:" | interaction
RS Y,

\ P

View Article Online

Paper

polymerization as reaction units. Ultimately, TcCoPcTs, as
a tetrameric dopant, polymerized along the pyrrole chain with
its supramolecular self-loading interaction to form 1-D PPy-
TcCoPc nanorods.

To further demonstrate the role and successful doping of
TcCoPcTs in the preparation of PPy-TcCoPc hybrid, the PPy-
TcCoPc hybrid was analysed by UV-vis, FT-IR and Raman
spectra (Fig. 2A-C, S7 and S8).f The corresponding UV-vis
spectra of PPy NPs, TcCoPc and PPy-TcCoPc hybrids dissolved
in DMF are shown in Fig. 2A and S7A, B.f In addition to
preserving the basic characteristics absorption of PPy (415 nm),
the characteristics Q-band absorption of TcCoPc (686 nm) is
obviously found in PPy-TcCoPc hybrid, and the intensity of
absorption peak increases with the increase of TcCoPc content
(Fig. S7A and Bf). Moreover, this new peak is red-shifted by
18 nm due to the electrostatic interaction between PPy and
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Fig. 2 (A) UV-vis spectra, (B) FT-IR spectra, (C) Raman spectra (Aexc =

633 nm) and (D) /-V curves of PPy NPs, TcCoPc and PPy-0.5TcCoPc
hybrid, respectively.

Scheme 1 Concise schematic of the procedure of PPy-TcCoPc hybrid formation process.
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TcCoPcTs.* Similar results can be obtained in the FT-IR spectra
(Fig. 2B and S7Ct). Compared with PPy NPs, the new peaks at
1325 cm ™" and 1710 em ™" (C-O and C=0 of ~COOH) derived
from TcCoPc are found from PPy-0.5TcCoPc hybrid in the FT-IR
spectra. Moreover, the typical peaks of PPy at 1558 and
1478 cm™* (the C=C bond and the C-N bond) also appear in the
PPy-0.5TcCoPc hybrid.**** Meanwhile, the doping and poly-
merized states of PPy are represented by 1191, 1049, 925 and
794 cm ™' with a certain shift, respectively.®*® The doping of
TcCoPc can be further evidenced from the Raman spectra
(Fig. 2C and S8t). The two main peaks of PPy at 1560 and
1334 cm ™! derived from the PPy ring and the C=C backbone
vibrations, respectively.®”*® When TcCoPc is doped into PPy, the
typical characteristic peaks at 1536 cm ™" (aromatic C-N bond),
1457 cm ™' (C=C pyrrole stretching) and 1333 cm™" (aromatic
C-C bond) derived from TcCoPc are shifted to 1544, 1464 and
1339 cm ™! in PPy-0.5TcCoPc hybrid.*>”® Besides, two new peaks
at 754 and 689 cm ™' (assigned to aromatic atoms vibrating in
out-of-macrocyclic-ring vibrational modes) are also observed in
PPy-TcCoPc hybrid.”* These new peaks and their shift indicate
that Py and TcCoPcTs can be linked by the electrostatic inter-
action. The FT-IR and Raman spectra of PPy-0.25TcCoPc and
PPy-1.0TcCoPc hybrids are similar to that of PPy-0.5TcCoPc
hybrid, except the peak intensity changes significantly with
the increase of TcCoPc content (Fig. S7 and S87).

The morphology change and anionic doping of the conduc-
tive polymer will affect the conductivity of the polymer.” Fig. 2D
and S91 show the I-V curve of PPy NPs, TcCoPc and PPy-TcCoPc
hybrids. Compared to the pristine PPy NPs and TcCoPc, the
conductivity of PPy-TcCoPc hybrid is enhanced, especially in
PPy-0.5TcCoPc hybrid, because of enhanced interchain charge
transport of TcCoPc doped PPy. All results indicate that the PPy-
0.5TcCoPc hybrid prepared by this suitable molar ratio of Py
and TcCoPcTs obtains the superior morphology, large specific
surface area, good electrical conductivity and charge transport
channel, which may improve the gas-sensing performance of
PPy-0.5TcCoPc hybrid towards NH;.

To further analyse the relationship between the PPy and
TcCoPc, XPS measurements were performed. Fig. 3 shows the
survey XPS spectra of PPy NPs, TcCoPc and PPy-0.5TcCoPc. In
addition to the N 1s, O 1s and C 1s peaks, the Co 2p peak is also
clearly found in the survey spectrum of PPy-0.5TcCoPc hybrid,
which confirms TcCoPc was successfully doped into PPy. The C
1s XPS spectrum for the PPy NPs can be decomposed into four
component peaks, which represent B carbon atoms (283.68 eV),
o carbon atoms in the Py ring (284.8 eV), the =C-N"" bond of
PPy polarons (286.19 eV) and the -C=N" of bipolaron charge
carrier species (287.51 eV), respectively.”> When TcCoPc is
doped into PPy, the peak at 286.21 eV (=C-N"") of PPy disap-
pears, and the new peaks at 285.92 eV (C-O™) appear in the PPy-
0.5TcCoPc hybrid derived from TcCoPc. Meanwhile, the new
peaks at 289.88 eV (C=O0) also appear and shift by 1.08 eV
compared with TcCoPc.” It indicates that the -COO™ group of
TcCoPcTs is doped to PPy by the electrostatic interaction (the
inset image (a) in Fig. 3). Similarly, the =NH- bond at 397.59 eV
and the -NH- bond at 399.46 eV are red-shifted by 0.16 eV and
0.06 eV relative to the PPy in the N 1s XPS spectrum of PPy-
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0.5TcCoPc hybrid, respectively.””® All results further evidence
that TcCoPcTs is successfully linked into PPy to form the PPy-
0.5TcCoPc hybrid based on electrostatic interactions.

NH;-sensing properties of PPy-TcCoPc hybrids

According to the previous design, adding TcCoPcTs into PPy as
an anionic dopant will play a chemical synergy between the two,
not only optimizing the morphology and improving the
conductivity, but also improving the NH;-sensing of the PPy-
TcCoPc hybrids. This can be well supported by comparing the
sensing properties of PPy-TcCoPc hybrids and control groups
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Fig. 4 (A) NHs-sensing response of PPy NPs, TcCoPc and PPy-
0.5TcCoPc sensors. (B) Response and recovery curves of PPy-
0.5TcCoPc sensor under different NHz concentration. (C) Response
time and recovery time of PPy-0.5TcCoPc upon exposure to 0.05—
500 ppm NHs. (D) Relationship between NH3 concentration change
and PPy-0.5TcCoPc sensor response at room temperature (20 °C).
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(PPy NPs, TcCoPc) to NH; (Fig. 4A, S10 and Table S37). Fig. 4A
shows that although the TcCoPc sensor has a certain response
for NH, it is difficult to measure because of the problem of high
resistance. In addition, PPy NPs sensor also shows a lower
response similar to TcCoPc, shows a better response/recovery
performance (Fig. S107). In contrast, the PPy-TcCoPc sensors
show a greater breakthrough in NHj-sensing performance
compared with the PPy NPs and TcCoPc, especially the PPy-
0.5TcCoPc sensor has the highest NH;-sensing response, the
fastest response and recovery time (49.32%, 8.1 s and 370.8 s
under 50 ppm). Besides, the response of the PPy-0.5TcCoPc
sensor under different polymerization times to 100 ppm NH;
was also explored. It is observed that the PPy-0.5TcCoPc sensor
with a polymerization time of 8 h presents the highest response
to NH; (Fig. S11t). Therefore, the NH;-sensing properties of
PPy-0.5TcCoPc sensor has been systematically studied in detail
in Fig. 4B-D. Fig. 4B shows the response and recovery curve of
the PPy-0.5TcCoPc sensor under 9 cycles NH; concentration at
room temperature. The PPy-0.5TcCoPc sensor still exhibits fast
response and good recovery speed at 50 ppb NH; concentration,
accompanied by excellent response (3.18% to response value,
20.7/14.4 s to response/recovery time).

Moreover, Fig. 4C also shows that the response speed of the
PPy-0.5TcCoPc sensor was also accelerated than that of PPy NPs
and TcCoPc, and faster response times were also obtained as
NH; concentration increased. At the same time, there are two
good linear relationships between its response and NH;
concentration in Fig. 4D: high slope rises in the 0.05-1 ppm
concentration area (11.1% per ppm), and a slow rise in the high
concentration region of 5-100 ppm (0.47% per ppm).”” The
lowest theoretical limit of detection (LOD) of PPy-0.5TcCoPc for
NH; was calculated by formula (1) and (2) is about 8.1 ppb (S/N
= 3) (Table 1) (ESI showed the formula meaning and calculation
process in detailt).”®®® The excellent response, limit of detec-
tion and fast response time coupled with good recovery time of
the PPy-0.5TcCoPc hybrid make it stand out among many room
temperature gas sensing materials (Table S47). Therefore, the
incorporation of TcCoPcTs into PPy by electrostatic interaction
can not only trigger the orderly polymerization of PPy, optimize
the morphology and increase the specific surface area, but also
NH;-sensing performance can be greatly enhanced, broaden the
scope of application.

RMSnoise
slope

S2
RMSnoise =\ 2
vy @)

Other important performance parameters of the PPy-
0.5TcCoPc sensor were also tested, including reproducibility,

LODppm =3 x (1)
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stability, humidity tolerance and gas selectivity (Fig. 5). Fig. 5A
shows that the comparative analytical of the PPy-0.5TcCoPc, PPy
NPs and TcCoPc sensors for selectivity to other 50 ppm inor-
ganic gases (including NH;) and 10 000 ppm volatile organic
compounds. PPy sensor has a certain response to NH; due to
the unique redox reaction between PPy and NHj;, but PPy also
has the ability to exchange protons for other inorganic gases,*
which makes it poor selectivity. Compared with PPy, the pres-
ence of active center metals in TcCoPc enables itself to show
better selectivity for NH;. But because there are fewer active
sites, it has a lower response. These deficiencies can be over-
come by TcCoPc doped into PPy, and excellent selectivity
towards NH; is clearly observed in the PPy-0.5TcCoPc sensor.
Fig. 5B depicts the response of the PPy-0.5TcCoPc sensor to 7
consecutive cycles of 10 ppm NH; has no obvious change,
showing good reproducibility. In addition, when the PPy-
0.5TcCoPc sensor was placed in an air environment for 45
days, its response to 10 ppm and 50 ppm NH; was tested every 5
days, resulting in a decrease of only 3.6% and 2.8%, respectively
(Fig. 5C). In order to further verify the shelf life of the PPy-
0.5TcCoPc sensor, the PPy-0.5TcCoPc sensor placed for 3, 6
and 9 months was tested. The comparison diagram of its
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Fig. 5 (A) Comparative analysis of selectivity of PPy NPs, TcCoPc and

PPy-0.5TcCoPc sensors; (inside: EA, Tol, PhH, TCM, DCM, EtOH and
MeOH represent ethyl acetate, toluene, benzene, trichloromethane,
dichloromethane, ethanol and methanol, respectively). (B) Repro-
ducibility of the PPy-0.5TcCoPc sensor for 7 cycles of 10 ppm NHs. (C)
Long-term stability of the PPy-0.5TcCoPc sensor at 10 ppm and
50 ppm of NHs. (D) Response of the PPy-0.5TcCoPc sensor to 50 ppm
of NHs under different relative humidity (RH) conditions at room
temperature (20 °C).

Table 1 Relationship between the change of NHz concentration and the response of PPy-0.5TcCoPc sensor

The concentrations ranging of NH;

Sensing material is from 0.05 to 1 ppm

Limit of detection
(LOD)

The concentrations ranging of NH;
is from 10 to 100 ppm

PPy-0.5TcCoPc Y= 11.1x + 2.99 (R* = 0.993)

13730 | RSC Adv, 2023, 13, 13725-13734

Y = 0.47x + 22.37 (R* = 0.956) 8.1 ppb
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response to NH; gas is shown in Fig. S12.7 It can be seen from
the figure that the sensor has a good shelf life in the range of 6
months in terms of sensitivity to NH; gas. The effect of humidity
on the PPy-0.5TcCoPc sensor was also monitored. Fig. 5D shows
that the PPy-0.5TcCoPc sensor is relatively stable in a wide
humidity range from 11.1 to 75.0% RH. This can be applied in
most environmental conditions.

The sensing mechanism of the PPy-0.5TcCoPc sensor

The charge transfer between PPy, TcCoPc and gas molecular, as
semiconductor gas-sensing materials, is a recognized gas-
sensing mechanism.**** Therefore, improving their electrical
conductivity, active site and interaction force with gas mole-
cules are effective pathway to induce NH;-sensing.** The rapid
response/recovery capabilities and high sensitivity of the PPy-
TcCoPc hybrids are derived from the synergistic effects of
TcPcCo, and PPy (as described in Scheme 2). In the air, due to
the presence of TcPcCo in the PPy, the free-flowing oxygen
molecules can rapidly and spontaneously adsorb on the center
metal atoms of TcPcCo, which further capture electrons,
forming adsorbed oxygen species (O, ). When the PPy-TcCoPc
hybrids are exposed to NHj flow, similar to the case of all
hybrids of PPy, a redox reaction occurs between PPy and NH; (as
described in eqn (3) and (4)), and electrons are transferred from
the NH; molecule to the PPy main chains.®® In addition, the NH;
molecules react with the pre-chemisorbed O,~, thus releasing
a large number of electrons as indicated in the following
equation: 4NH;(g) + 30, (ads) — 2N,(g) + 6H,0(g) + 6e.%° The
abovementioned two processes occur simultaneously and lead
to the reduction of charge carriers of the PPy-TcCoPc
hybrids.*”#*® Contrary to the response process, the PPy-TcCoPc
hybrids can lose electrons quickly by reacting with the reap-
pearing oxygen molecules, and the resistance of the PPy-TcCoPc
hybrid gradually returns to the initial baseline.

PPy* + NH; — PPy® + NH,* adsorption (3)
PPy’ + NH," — PPy" + NHj desorption @)
The above sensing performance of PPy-0.5TcCoPc hybrid can

be verified by XPS O 1s and N 1s spectra. Fig. 6A shows that the
O, content in the PPy-0.5TcCoPc hybrid rapidly decreases by

) s
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Scheme 2 Response mechanism of the PPy-TcCoPc sensor to NHs.
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Fig. 6 Effects of NHz exposure on changes in XPS spectra of the PPy-
0.5TcCoPc sensor high-resolution (A) O 1s and (B) N 1s.

up to 13.7%, which means that O,  reacts with NH; when
exposed to NH; atmosphere. Moreover, from the high-
resolution N 1s XPS spectra in Fig. 6B, the content of -NH " -
decreases obviously while the content of -NH- increases when
the PPy-0.5TcCoPc hybrid is exposed to NH;. This further proves
the redox process between PPy and NHj;, which is reflected in
the protonation change of -NH-. In addition, the nanorod
structure of the PPy-0.5TcCoPc hybrid formed by the regulation
of TcCoPcTs greatly increases its specific surface area, thus
increasing the active site of interaction between the PPy-
0.5TcCoPc sensor and NHj3, and improving the response to
NH;. Therefore, once the composite is exposed to NHj;, the
generated electrons can be transmitted effectively, resulting in
rapid response and recovery speed.

To further demonstrate the role of TcCoPcTs in the NH;-
sensing performance of the doped PPy-TcCoPc. Through the
similar preparation method of PPy-0.5TcCoPc, only TcCoPc is
used to replace TcCoPcTs, PPy/0.5TcCoPc hybrid was prepared
and characterized by UV-vis, FT-IR and SEM (see ESIf for the
synthesis process). SEM results show that PPy/0.5TcCoPc hybrid
only shows a disorderly agglomerated structure similar to PPy
NPs, but does not form nanorod structure (Fig. S131). The NH;-
sensing results show that although PPy/0.5TcCoPc hybrid
shows good response and recovery speed similar to PPy-
0.5TcCoPec, its response to NHj is significantly lower than PPy-
0.5TcCoPc (Fig. S14A-C%). It can be seen from the I-V curve in
the Fig. S15A,7 the conductivity of PPy/0.5TcCoPc hybrid is 2.7
times smaller than that of PPy-0.5TcCoPc hybrid. The BET
results also show that the specific surface area of PPy/0.5TcCoPc
(59.96 m> g ') was 1.12 times smaller than that of PPy-
0.5TcCoPc (66.94 m”> g '), lower numerical of pore volume
and average diameter size (Fig. S15B and Table S5).T Therefore,
the NH;-sensing performance of PPy-0.5TcCoPc is significantly
better than that of PPy/0.5TcCoPc hybrid. This further confirms
that the improvement of the morphology and conductivity of
the hybrid mainly comes from the anionic doping of
TcCoPcTs,* which plays a vital role in enhancing the NH;-
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sensing performance. Based on the above, TcCoPcTs can not
only be used as an anionic dopant to adjust the micromor-
phology, increase the specific surface area of PPy and increase
the active site to NH;3, and improve its conductivity and accel-
erate charge transfer, combined with the response of PPy to
NH;. PPy-0.5TcCoPc hybrid exhibits fast response/recovery
speed, high response and specific selectivity for NH;.

Conclusions

In conclusion, PPy-0.5TcCoPc nanorod was successfully
prepared by phthalocyanine anion doping. The prepared PPy-
0.5TcCoPc hybrid showed fast response speed, high response
value, better stability and selectivity of NH;-sensing properties.
The unique 3-D network nanorod structure with high specific
surface area and electrical conductivity, the synergistic optimi-
zation of PPy and TcCoPc provides more active sites for NHj,
stronger interaction with NH;, faster electron diffusion and
transmission speed. This work provides a new approach to
control the morphology, conductivity and gas-sensing of poly-
mers using phthalocyanine doping, and further expands the
application of phthalocyanines and conducting polymers in gas
Sensors.
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