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Itis of great significance to develop low-cost, eco-friendly backup power sources for driving gas sensors. In
this work, a gas sensor based on the PANI/NiCo,O4 composite was driven by a gelatin-polyimide based
triboelectric nanogenerator (GP-TENG) for the detection of NHz at room temperature. Nanostructured
gelatin films prepared with abrasive paper as the template dramatically enhanced the output
performance of the GP-TENG and showed excellent degradability in water. The peak-to-peak voltage of
the GP-TENG could reach 400 V, and the output power could reach 6.16 mW. The GP-TENG could not
only drive low-powered electronic devices such as LEDs and calculators, but also could perform motion
detection, such as finger touch, elbow bending, etc. A circuit module of rectification and voltage
regulation was designed to convert AC voltage from the GP-TENG into stable 24 V DC voltage, which
could provide constant voltage input for the gas sensor. The GP-TENG, the circuit module of
rectification and voltage regulation, and the PANI/NiCo,O4 gas sensor were integrated to construct
a GP-TENG-driven ammonia gas sensor (GPAS). The GPAS exhibits excellent response (Vq/V, = 467%
@20 ppm) towards NHz sensing, and also shows good repeatability, selectivity and long-term stability.
This work provides an eco-friendly and economical solution to fabricate a reliable backup power source
to achieve self-powered function for NHz gas sensors, which paves the way for the construction of
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1. Introduction

Ammonia (NHj;) is a colorless and toxic gas with a strong
pungent smell." It is widely used in the fields of agricultural
production, pharmaceuticals and synthetic fibers and has
a tremendous application value.** However, the leakage
problem of NH; is inevitable. Long-term exposure to NH; could
burn the skin, eyes and mucous membranes of respiratory
organs, which can even lead to death when humans inhale too
much NH; at one time.® Hence, it is essential to achieve rapid
and accurate detection of NH;. With the fast growth of Internet
of Things (I0T) technology, the sensing unit is gradually devel-
oping in the direction of wireless, portability, miniaturization,
multifunction and low power consumption.® At present,
conventional NH; sensors need an additional power source,
which can't meet the above-mentioned requirements.” There-
fore, it is of vital importance to develop a self-powered NH;
sensor.
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The phenomenon of friction is very common in our daily life.
Easily overlooked behaviors such as walking and arm swinging
can cause friction.® In 2012, Z. L. Wang's group presented the
idea of triboelectric nanogenerators (TENGs), which could
convert the disorderly and irregular energy scattered in the
environment into effective electricity.® So far, TENGs have great
potential in three major application fields. First, TENGs are
used as a micro-nano energy source. TENGs could be used to
harvest energy generated by raindrops and be applied in cardiac
pacemakers.'® Secondly, TENGs are used for self-powered
sensing. The measurement of various physical/chemical
parameters can be achieved through detecting the voltage or
current signals of TENGs."”** Thirdly, TENGs are used as blue
energy, which could harvest ocean wave energy. It is a promising
sustainable energy technology for the future.'®'” Up to now,
numerous excellent self-powered gas sensors driven by TENGs
have been reported. Su et al. prepared a variety of self-powered
gas sensors to detect NO,, NH;, C;H¢O and other gases, which
exhibited brilliant gas-sensing performance.'®*' Therefore, it is
feasible to utilize TENGs to drive gas sensors to realize self-
powered capability.

The selection of friction materials is the most critical step in
preparation of TENGs.” However, extensively used friction
materials of TENGs are polymers including poly(tetrafluoro-
ethylene) (PTFE), poly(vinylidene fluoride) (PVDF), and metals

J. Mater. Chem. A, 2022, 10, 10935-10949 | 10935


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ta01788a&domain=pdf&date_stamp=2022-05-21
http://orcid.org/0000-0001-9238-4176
http://doi.org/10.1039/d2ta01788a
https://doi.org/10.1039/d2ta01788a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010020

Published on 08 2022. Downloaded on 04-12-2025 5:16:29.

Journal of Materials Chemistry A

including copper and aluminum.* These materials are expen-
sive and non-degradable, which greatly limits their practical
application. Therefore, it is imperative to seek a cheap, light-
weight and degradable friction material to replace the afore-
mentioned materials. Gelatin is a transparent, colorless and
unscented macromolecular hydrocolloid. It is obtained by
processing collagen extracted from bones and skins of animals,
which is extensively used as an excipient and thickener in the
food industry.>**® Gelatin holds advantages of inexpensiveness,
biocompatibility and degradability. It is also rich in amino acid
residues with electron donor groups, which can serve as elec-
tron donors and give gelatin potent capability to lose electrons
during the process of contact and separation.”® As a result,
gelatin is an ideal positive friction material. Besides, modifi-
cation of the surface of selected friction materials is an effective
means to improve the performance of TENGs.”” The increase in
surface roughness through preparing nano/micro patterns on
friction materials could improve the effective contact area.”®
Numerous techniques are applied to increase the surface
roughness of friction materials, such as electrospinning,
etching, plasma treatment and so on.>**

In this paper, a self-powered NH; gas sensor based on the
PANI/NiCo,0, composite was fabricated in order to obtain a gas
sensor that could still detect the NH; concentration on some
occasions when the power source couldn't work, and at the
same time to implement the concept of national vigorous
development of new energy. A backup power source (GP-TENG)
was designed. Nanostructured gelatin films and polyimide (PI)
films worked together to build a multifunctional, inexpensive,
and eco-friendly gelatin-polyimide based triboelectric nano-
generator (GP-TENG). In order to provide stable voltage input
for the gas sensor, a circuit module of rectification and voltage
regulation was designed to convert the AC voltage of the GP-
TENG to a 24 V DC voltage signal. The GP-TENG, the circuit
module of rectification and voltage regulation, and the PANI/
NiCo,0, gas sensor were integrated to build a GP-TENG-driven
ammonia sensor (GPAS). The GPAS could be applied to
continuous and uninterrupted vibration occasions such as
engine vibration and the flow of exhaust gas in factories. When
the power source works normally, the NH; concentration is
monitored by detecting the resistance signal of the gas sensor.
When the power source fails to work normally, the backup
power source (GP-TENG) drives the gas sensor to continue to
work, and the gas concentration could still be monitored by
detecting the voltage signal across the two ends of the gas
sensor. The GPAS has great practical application prospects in
the future.

2. Experimental section
2.1. Materials

Cobalt(n) acetate tetrahydrate (Co(CH3;COO),-4H,0) was from
Macklin Biochemical Co., Ltd. Polyimide (PI) films were ob-
tained from a local market (thickness of 0.025 mm). Abrasive
paper of different grades was obtained from MATADOR Co.,
Ltd. Double-sided copper foil tapes were purchased from 3 M
Co., Ltd (thickness of 0.065 mm). Gelatin granules, nickel(u)
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acetate tetrahydrate (Ni(CH3COO),-4H,0), ammonium bicar-
bonate (NH,HCO;3), ethylene glycol, ammonium persulphate
(APS), aniline (C¢H,N) and hydrochloric acid (HCI) were from
Sinopharm Chemical Reagent.

2.2. Preparation of nanostructured gelatin films

The open circuit voltage (V,.) generated by the smooth gelatin
film and the PI film is pretty low. Through preliminary inves-
tigation, it was found that increasing the surface roughness of
friction materials can enhance the effective contact area,
thereby improving the output performance of the TENG.**
Therefore, abrasive paper of various meshes was used as the
template to prepare gelatin films with different rough surfaces
by a spin-coating technique.

First, 1 g of gelatin granules was added to 20 mL deionized
water and agitated at 60 °C for 0.5 h until gelatin granules were
completely dissolved, at which point light yellow colloids were
formed. Then, the obtained colloids were uniformly coated on
abrasive paper of different meshes via the spin-coating method.
After that, abrasive paper with gelatin colloids was placed in
a vacuum drying oven at 60 °C for 12 h to remove remaining
water. Finally, nanostructured gelatin films were obtained by
peeling them off from the surface of abrasive paper. The as-
prepared gelatin films were cut into a size of 5 cm x 5 cm for
fabricating the GP-TENG subsequently. The preparation flow
chart of the nanostructured gelatin film is shown in Fig. 1(a).

2.3. Synthesis of gas-sensing materials

2.3.1 Synthesis of NiCo,0, nanospheres. The preparation
of NiCo,0,4 nanospheres adopted the hydrothermal method and
calcination method. First, 40 mmol NH,HCO; was dissolved in
80 mL of ethylene glycol. Subsequently, 1 mmol Ni(CH;-
COO0),-4H,0 and 2 mmol Co(CH3;COO0),-4H,0 were added to
the above solution under the conditions of magnetic stirring.
Next, the fully-stirred solution was moved into a 150 mL auto-
clave and thermally treated at 120 °C for 20 h. The obtained
products were repeatedly washed with water and ethanol to
remove the impurities adhering to the surface of NiCo,0,
nanospheres. Pink powders were obtained via drying. Finally,
the pink powders were calcined at 350 °C for 3 h at a heating
speed of 1 °C min~" to get pure black NiCo,0, powder.

2.3.2 Synthesis of PANI nanorods. First, 0.23 g APS was
dissolved in 50 mL deionized water under intense agitation.
Thereafter, 2.5 mL HCI and 1 mL aniline were added to the
above APS solution. Then, the mixed solution was treated in an
ice-water bath (0 °C) for 2 h. Finally, the obtained product was
rinsed with deionized water until the pH was close to 3. Black
PANI powders were obtained after drying.

2.3.3 Synthesis of the PANI/NiCo,0, composite. 0.2 g of
NiCo,0,4 powders and 0.2 g of PANI powders were dissolved in
10 mL ethanol and stirred for 30 minutes, respectively. NiCo,0,
solution and PANI solution with a concentration of 20 mg mL ™"
were obtained through the above step. Then, NiCo,0, solution
and PANI solution were blended at a mass ratio of 1:1, 2: 1,
1 : 2 and sonicated for 0.5 h to get three solutions with different
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Fig. 1 (a) The preparation flow chart of the nanostructured gelatin film with abrasive paper as the template. (b) The assembly flow chart of the

GP-TENG.

ratios for subsequent experiments to screen out the best doping
concentration of NiCo,0, and PANI.

2.4. Fabrication of the GP-TENG and the GPAS

The GPAS is composed of three parts: one is the GP-TENG, which
serves as a constant voltage source to drive the NH; sensor.
Another is the circuit module of rectification and voltage regu-
lation. The other is the NH; sensor based on the PANI/NiCo,0,
composite. For the GP-TENG, the gelatin film with a rough
surface and the PI film were transferred to the copper foil tape,
respectively. The nanostructured gelatin film was used as a posi-
tive friction material while the PI film was used as a negative
friction material. Copper foil tapes were used as electrodes. The
back of copper foil tapes was further pasted with support plates,
which could support and protect the copper electrodes and make
the force exerted on the surface of friction materials more
uniform. The GP-TENG was built by assembling them together,
and its effective contact area was 5 x 5 cm®. The preparation flow
chart of the GP-TENG is shown in Fig. 1(b). A linear reciprocating
motor was utilized to simulate external vibrations to drive the GP-
TENG to work. For providing stable voltage input for the NH;
sensor, we designed the circuit module of rectification and
voltage regulation. The physical picture of the circuit board is

This journal is © The Royal Society of Chemistry 2022

displayed in Fig. S1.T It consisted of an integrated rectifier bridge,
a RC filter and two 12 V zener diodes. The GP-TENG was con-
nected with the circuit module of rectification and voltage regu-
lation, which can convert the AC voltage signal output of the GP-
TENG into a stable 24 V DC voltage output signal.

The NH; gas sensor based on the PANI/NiCo,0, composite
was prepared by a spin-coating technique. Three solutions of
PANI : NiCo0,0, with mass ratios of 1:1,1:2,and 2 : 1 as well
as 20 mg mL ™" solutions of PANI and NiCo,0, were coated on
Cu/Ni IDEs, respectively. The preparation process of the PANI/
NiCo,0, composite sensor is exhibited in Fig. 2(a). The experi-
mental test platform of the self-powered GPAS based on the
PANI/NiCo0,0, composite is shown in Fig. 2(b).

2.5. Characterization and measurement instruments

A scanning electron microscope (SEM, Hitachi S-4800) was
utilized to explore surface morphologies of the nanostructured
gelatin film and the PANI/NiCo,0, composite. A transmission
electron microscope (TEM, Jeoljem-2100) was applied to further
study the microstructure of NiCo,O, nanospheres. The phase
analysis of the gas-sensing materials was carried out by using an
X-ray diffractometer (Rigaku D/Max 2500 PC) with Cu Ka radi-
ation. The element composition and chemical binding energy
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Fig. 2 (a) The diagram of preparation process of the NHz gas sensor based on the PANI/NiCo,0,4 composite. (b) The experimental test platform

of the self-powered GPAS based on the PANI/NiCo,O4 composite.

of the PANI/NiCo,0, composite were analyzed by X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha XPS
spectrometer).

The dry NH; gas sample used in our experiments was offered by
Dalian Date Gas Technology Co., Ltd. The desired concentration
could be obtained by diluting the dry NH; gas sample to a specific
volume in a chamber. Various performance parameters of the
GPAS were tested at 23% RH and 25 °C via using a Keysight 34470A.

3. Results and discussion
3.1. Characteristics of the nanostructured gelatin film

In this paper, gelatin films with different surface roughness
were fabricated using abrasive paper of various meshes as
templates. The performance of the GP-TENG was studied
through constructing friction pairs between the prepared gelatin
films and PI films. It is well recognized that the surface rough-
ness of the abrasive paper will increase with the decrease of its
meshes. As shown in Fig. S2, the voltage is low when the
untreated gelatin film and the PI film form a friction pair. The

10938 | J Mater. Chem. A, 2022, 10, 10935-10949

gelatin film fabricated with P1000 abrasive paper as a template
shows the best performance for the GP-TENG. The output
performance of the GP-TENG is the result of the combined effect
of surface charge density and the effective contact area. The
surface charge density of the gelatin film prepared with P1000
abrasive paper as a template has saturated. At this time, as the
mesh of abrasive paper increases, the effective contact area of the
nanostructured gelatin film will decrease, which will lead to
a decrease in the output voltage of the GP-TENG. Therefore,
nanostructured gelatin films applied in subsequent experiments
were all prepared with P1000 abrasive paper. Fig. S31 shows the
SEM images of the nanostructured gelatin film prepared with
P1000 abrasive paper. It can be clearly seen that numerous
concave microstructures on the surface of the gelatin film
because of peeling it off from the surface of the abrasive paper.
Most of microstructures deform or collapse due to the soft nature
of the gelatin polymer, and the size of the microholes is between
10 pm and 15 pm. Nanostructured gelatin films increase the
effective contact area, which can induce more charges through

This journal is © The Royal Society of Chemistry 2022
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contact-electrification. Gelatin films also exhibit brilliant
degradability. Water degradation experiments demonstrate that
gelatin films could be easily degraded in water, particularly in hot
water. The degradation process of gelatin films in cold water and
hot water is shown in Fig. S4.1

3.2. Working principle of the GP-TENG

The operation pattern of the GP-TENG is typical contact-
separation. The working principle of the GP-TENG is
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illustrated in Fig. 3(a). When the nanostructured gelatin film
and the PI film are in complete contact for the first time under
the action of external force, positive charges and negative
charges accumulate on the surface of the nanostructured
gelatin film and the PI film due to different electron affinities of
the friction materials, respectively; (i) once the two friction
layers are separated, a potential difference is generated between
the two friction layers due to electrostatic induction, which will
drive electrons to flow from the bottom electrode to the top
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Fig. 3 (a) Working principle of the GP-TENG. (b) The mechanical stability of the GP-TENG (3 Hz). Inset: partially enlarged signal view of the GP-
TENG. (c) Variation trends of the open-circuit voltage (V) and short-circuit current (/s.) of the GP-TENG when the load resistance changes from
0 Qto 1 GQ. Inset: the equivalent measurement circuit diagram. (d) Plot of the power versus the loading resistance. (e) The steady output voltage
of the GP-TENG with a rectification and voltage regulation circuit module. Inset: the signal processing circuit for the GP-TENG.
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electrode through the load resistance; (ii) subsequently, elec-
trostatic equilibrium is reached, and no current flows in the
external circuit at this time; (iii) when the two friction layers
contact again, an opposite potential difference is generated,
which causes electrons to flow in the reverse direction; (iv)
charges are transferred back and forth in the external circuit by
continuous contact and separation.*® Therefore, voltage signals
and current signals are alternately generated.

3.3. Output performance measurement of the GP-TENG

The output performance of the GP-TENG was first optimized by
adjusting the initial separation distance, area, force and vibra-
tion frequency. Fig. S5(a)t shows the output performance of the
GP-TENG for different initial separation distances at 3 Hz and
a force of 20 N. When the separation distance increases from
2 mm to 6 mm, both V. and I, increase, which is attributed to
the increase in the charge transfer speed between the two fric-
tion layers. A further increase in the separation distance will
weaken the electrostatic induction between the two friction
layers, leading to a decrease in output performance of the GP-
TENG. Therefore, the separation distance between the two
friction layers was set to 6 mm in the subsequent experiments.
Fig. S5(b)f shows the output performance of the GP-TENG of
different sizes at 3 Hz and a force of 20 N. The GP-TENG with an
area of 5 x 5 cm” holds the best output performance. The larger
area of the friction layers will increase the charge accumulation,
and the flow of charges during the operation of the GP-TENG
will lead to the increase of V.. and I,.. The influence of forces
on the output performance of the GP-TENG is shown in
Fig. S5(c);T both V,. and I . increase when the force increases
from 2 N to 15 N, which is due to the increase in the effective
contact area of the GP-TENG. When a force of 20 N is applied,
Voe and I, do not increase significantly because the effective
contact area has been maximized. The influence of the vibration
frequency on the output performance of the GP-TENG is shown
in Fig. S5(d).T As the frequency increases from 1 Hz to 5 Hz, V.
remains unchanged while I, increases. At different vibration
frequencies, the total charge of the external circuit remains
unchanged, so V,, is stable. The charge transfer speed becomes
faster at high frequencies, which leads to an increase in Ig.

The output performance of the GP-TENG at different
temperatures and humidities was investigated at 20 N, 3 Hz and
a separation distance of 6 mm. Fig. S6(a)f shows the cycling
stability of the GP-TENG at different relative humidities and
25 °C. The relative humidity has a great influence on the GP-
TENG. With the increase of the relative humidity, the output
voltage of the GP-TENG decreases significantly. Fig. S6(b)t
shows the cycling stability of the GP-TENG at different
temperatures and 23% RH. The V,. change of the GP-TNEG is
not very obvious when the temperature varies from 10 °C to
30 °C.

Long-term stability of the GP-TENG was tested at a vibration
frequency of 3 Hz. As elucidated in Fig. 3(b), the peak-to-peak
value of the GP-TENG could reach 400 V and remains
constant even after 11 400 cycles, which demonstrates that the
GP-TENG holds remarkable mechanical stability. The inset
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Table 1 Performance comparison of different gelatin-based TENGs

Power density

Triboelectric materials Voe (V) (mW m™?) Ref.

Fish gelatin and fish gelatin 500 1000 25
Gelatin and PTFE/PDMS 130 458 26
Gelatin/glycerol and PTFE 58.2 116 34
Gelatin and polyimide 400 2464 This work

partially captures the voltage signal of the GP-TENG. As the
external load resistance varies from 10 Q to 1 GQ, variation
trends of the open circuit voltage (V,) and short circuit current
(Isc) of the GP-TENG are elucidated in Fig. 3(c). The inset depicts
the equivalent circuit diagram. According to Ohm's law, the V.
keeps increasing while the I, keeps reducing as the load
resistance increases. The relationship curve between power and
load resistance is exhibited in Fig. 3(d). When external load
resistance increases, the power first increases and then
decreases. When external load resistance reaches 30 MQ, the
output power could reach 6.16 mW, which is sufficient to drive
low-powered electronic devices, such as calculators, LEDs and
gas sensors, to operate normally. As illustrated in Fig. 3(e), the
AC voltage signal output of the GP-TENG is converted into a 24 V
DC voltage signal after being processed by the circuit module of
rectification and voltage regulation. The inset depicts the test
circuit. It can be seen that the 24 V DC voltage signal is stable.
The performance of the GP-TENG is compared with that of
other gelatin-based TENGs in Table 1. The GP-TENG has
excellent output performance by comparison.>>>%*

3.4. Multifunctional applications of the GP-TENG

The GP-TENG possesses great application potential and can
power microelectronic devices and monitor signals of human
motions. First, the GP-TENG was used as a micro-nano energy
source to power electronic devices. As shown in Fig. 4(a), 82 blue
LEDs connected in series in a “gelatin” pattern could be directly
driven by the GP-TENG (Video 1t). The charging capability of
the GP-TENG was assessed through charging 0.22 pF, 0.33 pF
and 1 uF capacitors, respectively. As illustrated in Fig. 4(b), the
charging time of the GP-TENG got shorter as the capacitance
decreased. Since AC signals generated by the GP-TENG cannot
directly supply power to DC devices such as calculators, AC
signals output by the GP-TENG were converted into DC signals
to drive a digital calculator. Fig. 4(c) indicates that the digital
calculator could run normally under continuous contact-
separation of the GP-TENG. The circuit schematic for driving
low-powered micro electronic devices is depicted in Fig. 4(d).
Secondly, it could be used as a self-powered motion sensor.
The GP-TENG could generate distinct electrical signals from
various human motions without an extra power source. Fig. 4(e)
shows the schematic diagram of the structure of the GP-TENG
for body motion detection. The inset shows the physical
image of the GP-TENG used for body motion detection. The
nanostructured gelatin film and the PI film were cut into a size
of 5 cm X 5 cm, respectively. Copper foil tapes were glued to
their back as electrode layers. Printing paper adhered to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Blue LEDs connected in series in a “gelatin” pattern could be driven by the GP-TENG. (b) Variation curves in the voltage of different
capacitors. (c) The digital calculator could run normally under continuous contact-separation of the GP-TENG. (d) The circuit schematic for
driving low-powered micro electronic devices (e) the schematic diagram of the structure of the GP-TENG for body motion detection. The inset:
the physical image of the GP-TENG used for body motion detection. (f) Output voltage of the GP-TENG upon tapping with different numbers of
fingers. (g) Output voltage of the GP-TENG upon tapping with different forces. (h) Output voltage of the GP-TENG during repeated bending and
releasing of an arm. (i) Two different sport states of running and walking recognized by the GP-TENG in real time.

backside of electrode layers as substrates. Two pieces of mela-
mine sponges (thickness of 6 mm) were used as spacers to
separate the two friction layers. Electricity was generated
through contact and separation of the two friction layers driven
by various human body motions. The GP-TENG can consecu-
tively sense the number of fingers pressed on it. As shown in
Fig. 4(f), the voltage increases as the number of fingers
increases. This is because the increase in the number of fingers
will not only increase the contact area of the two friction layers
of the GP-TENG, but also increase the force exerted on the two
friction layers. Enhancement of output voltage results from
both of the two factors. As exhibited in Fig. 4(g), the magnitude
of the force applied on the GP-TENG could also be monitored.
Output voltage of the GP-TENG varies significantly under two
different magnitudes of gentle press and heavy press. The GP-
TENG could also detect other body motion signals. As eluci-
dated in Fig. 4(h), the GP-TENG was attached to the human
elbow joint. Regular voltage signals were produced after
repeated releasing and bending of the elbow joint (Video 27).
The GP-TENG installed on the sole could recognize two different
sport states of running and walking in real time (Fig. 4(i)).

This journal is © The Royal Society of Chemistry 2022

3.5. Characterization of gas-sensing materials

Fig. 5(a) and (b) show the SEM images of the prepared NiCo,0,
at different scales. The prepared NiCo,0, has a solid nano-
sphere structure and a smooth surface. Fig. 5(c) and (d) present
the SEM images of the PANI/NiCo,0, composite. It could be
clearly seen that nanorod-shaped PANI firmly adhered to the
NiCo,0, nanospheres, which could improve adsorption ability
for the target gas. TEM and HRTEM were utilized to observe
microstructures of NiCo,0,4 nanospheres. Fig. 5(e) and (f) show
the TEM images of NiCo,0, nanospheres at different magnifi-
cations. The high-resolution TEM (HRTEM) image is shown in
Fig. 5(g); neatly arranged lattice fringes are observed, and
a lattice spacing of 0.47 nm corresponds to the (111) plane of
the NiCo,0, crystal.* Fig. 5(h) illustrates that the SAED pattern
of NiCo,0, holds an obvious ring structure. The (440), (511),
(400), (311) and (220) planes accord with the crystal plane of
NiCo,0,, which indicates that the prepared NiCo,0, possesses
a polycrystalline structure.*

The XRD patterns of pure PANI, pure NiCo,0, and the PANI/
NiCo,0, composite are exhibited together in Fig. 6(a). The three
samples were scanned within a diffraction angle of 10°-80°. The
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Fig. 5 SEM images of (a and b) NiCo,0O4 nanospheres at different scales. (c and d) The PANI/NiCo,0,4 composite. TEM images of (e and f)
NiC0,04 nanospheres at different magnifications. (g) HRTEM images of NiCo,0O4 nanospheres. (h) The corresponding SAED pattern of NiCo,O4

nanospheres.

three main characteristic peaks of PANI are located at 26 of
14.8°, 20.4° and 25.5°, which correspond to (011), (020) and
(200) planes of PANIL.* The above three peaks observed are due
to the parallel and vertical periodicity of PANI chains.?® These
peaks indicate that PANI holds extremely low crystallinity due to
the repetition of benzene and quinone rings on PANI chains.*
The dominant characteristic peaks of NiCo,0, nanospheres are
located at 18.9°, 31.3°, 36.8°, 38.4°, 44.7°, 55.5°, 59.5° and 65.2°,
corresponding to planes of (111), (220), (311), (222), (400), (422),
(511) and (440) (JCPDS No. 073-1702).* In the XRD pattern of

10942 | J Mater. Chem. A, 2022, 10, 10935-10949

the PANI/NiCo,0, composite, all main characteristic peaks of
pure PANI and pure NiCo,0, could be observed, and no other
conspicuous peaks are observed, which indicates that doped
composite materials are of high purity.

The XPS survey spectrum of the PANI/NiCo,0, composite is
shown in Fig. 6(b). The existence of Ni, Co, O, N and C has been
confirmed. In the Ni 2p spectrum of the PANI/NiCo,0,
composite, two pairs of spin-orbit doublets at 854.93/872.81 eV
and 853.51/870.58 eV are observed, which correspond to Ni**
and Ni**, and two shakeup satellite peaks of Ni are located at

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) XRD pattern of pure PANI, pure NiCo,O4 and the PANI/NiCo,04 composite. XPS spectra of the PANI/NiCo,0O4 composite: the (b)
survey spectrum, (c) Ni 2p spectrum, (d) Co 2p spectrum, (e) N 1s spectrum and (f) O 1s spectrum.

860.07 eV and 878.90 eV (Fig. 6(c)).** Similarity, the XPS spec-
trum of Co 2p shows the binding energies of Co 2p;/,, Co 2Pz,
and two shakeup satellites. Two fitted peaks of 793.82 eV and
780.60 eV correspond to Co>*, while fitted peaks at 778.90 eV
and 795.0 eV correspond to Co’" (Fig. 6(d)).*> The XPS spectrum
of N 1s is exhibited in Fig. 6(e); two main peaks of 397.90 eV and
399.34 eV are attributed to groups of -NH- and =NH'-,
respectively. The two lower peaks of 396.36 eV and 400.45 €V are
due to the =N- and -NH, "'~ groups, respectively.** The above
results of the N 1s spectrum indicate the successful synthesis of
PANLI. The XPS spectrum of O 1s is shown in Fig. 6(f). Two peaks

This journal is © The Royal Society of Chemistry 2022

with binding energies of 528.03 eV and 529.77 eV are contrib-
uted by the lattice oxide oxygen of Ni-O and Co-0.**

3.6. NH;-sensing properties of the GPAS

A self-powered GPAS is constructed by integrating the GP-TENG,
the circuit module of rectification and voltage regulation and
the PANI/NiCo,0, ammonia sensor. NH;-sensing performance
of the GPAS has been systematically studied. The voltage
response of the GPAS is defined as R = V,/V,, where V; and V, are
the output voltage values of the GPAS when exposed to a certain
concentration of NH; and air, respectively. First, we determined
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the appropriate mass ratio of PANI and NiCo,0, to ensure the
best response of the NH; sensor. The resistance change of the
five samples with different mass ratios at an NH; concentration
of 0-20 ppm is exhibited in Fig. 7(a). The change of response
(Rg/R,) is shown in Fig. 7(b). Pure NiCo,0, nanospheres hold
a very low response towards NH; while PANI nanorods are
extremely sensitive towards NH;. Doping NiCo,0, and PANI can
further improve the response of the sensor. When the mass
ratio of PANI and NiCo,0, is 2 : 1, the resistance response of the
NH; sensor is significantly higher than that of the other
samples. The NH; sensors used in the subsequent experimental
process were prepared according to this mass ratio. The change
curve of the capacitor in the signal processing circuit after three
cycles of charging and discharging is shown in Fig. 7(c). Due to
the presence of two 12 V zener diodes at the rear of the signal
processing circuit, the voltage saturation value is limited to
24 V. When the GP-TENG starts to run, a stable 24 V voltage
signal can be rapidly reached in about 12 s. In order to make the
GPAS have better sensitivity, a 5 MQ resistor is connected in

View Article Online
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series with the gas sensor based on the principle of voltage
division, which can better realize the differentiation of different
NH; concentrations. Fig. 7(d) exhibits the voltage change curve
of the GPAS at six different NH; concentrations. The output
voltage of the GPAS is proportional to the NH; concentration.
The inset shows the fitting curve between the NH; concentra-
tion and voltage response. It can be seen that the GPAS
possesses great linearity (R”> = 0.9767) and excellent sensitivity
(0.166). Fig. 7(e) and (f) display response/recovery output voltage
curves at NH; concentrations of 1 ppm and 10 ppm, respec-
tively. The response/recovery time is 39 s/54 s at an NH;
concentration of 1 ppm and 25 s/59 s at an NH; concentration of
10 ppm, which indicates that the GPAS has relatively fast
performance of response and recovery. Fig. 7(g) demonstrates
the repeatability characteristic of the GPAS at NH; concentra-
tions of 1 ppm and 3 ppm, respectively. The voltage of the GPAS
can still return to the original state after three cycles of gas
injection and exhaust, which shows that the GPAS has awesome
repeatability. The selectivity test result of the GPAS is shown in
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Fig.7 (aand b) The resistance change and response (Ry/R,) change of the five samples with different mass ratios at an NHz concentration of 0—
20 ppm. (c) The change curve of the capacitor in the signal processing circuit after three cycles of charging and discharging. (d) The voltage
change curve of the GPAS at six different NHs concentrations of 500 ppb, 1 ppm, 3 ppm, 5 ppm, 10 ppm and 20 ppm. (e and f) The response/
recovery output voltage curve at NHz concentrations of 1 ppm and 10 ppm, respectively. (g) The repeatability characteristic of the GPAS at NHz
concentrations of 1 ppm and 3 ppm. (h) The selectivity test result of the GPAS. (i) Long-term stability of the GPAS at various NH3 concentrations in

one month.
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Table 2 NHs sensing properties of the GPAS based on the PANI/NiCo,04 composite in this work compared with those of previous studies

Response/recovery
Sensor materials Signal type time Response Ref.
PANI/MWCNTSs Self-powered voltage 120 s/137 s 2.55 (100 ppm) 19
PANI/Nb,CT, Self-powered voltage 105 s/143 s 3 (100 ppm) 20
C-PANI NFs Self-powered voltage 40 /255 s 1.25 (500 ppm) 45
Ce-doped ZnO/PANI Self-powered voltage 109 s/233 s 1.75 (25 ppm) 46
PANI/NiC0,0, Self-powered voltage 22 s/62 s 4.67 (20 ppm) This work

Fig. 7(h). The voltage response of the GPAS towards five
different gases (NH;, NO,, SO,, CO, and H,S) was studied at
a concentration of 20 ppm. It can be seen that the GPAS exhibits
the highest selectivity towards NH;. The response of the GPAS
was tested at three NH; concentrations of 1 ppm, 5 ppm and
20 ppm every seven days within a month. Fig. 7(i) shows vari-
ation trends of the GPAS response in one month. The response
value of the GPAS within one month only slightly decreases,
which indicates that the GPAS holds excellent long-term
stability. The detection limit is calculated to be 216 ppb based
on a signal to noise ratio of 3(g/S). Fig. S7(a)t shows the
response (Ry/R,) of the PANI/NiCo,0, gas sensor towards
10 ppm NH; in different humidity environments (23-67% RH).
The change of RH has an influence on the sensor response
toward NH; sensing. Fig. S7(b)f shows the response (V,/V,) of
the GPAS under 23-67% RH. The effect of humidity on the GPAS
is significantly reduced. The comparison results between this
work and previously reported NH; sensors are summarized in
Table 2. The GPAS exhibits quite excellent advantages for
detecting NH; gas.'??%15:46

3.7. NH;-sensing mechanism

The gas-sensing mechanism of semiconductor gas sensors is
related to the resistance changes of gas-sensing materials
exposed to different concentrations of target gases.*” This process
follows the charge transfer model. The increase or decrease of the
sensor resistance depends on the oxidation/reduction charac-
teristics of the target gas and the majority carrier type (electrons/
holes) of the gas-sensing material.*® Both NiC0,0, and PANI are
p-type semiconductors, where holes are majority carriers.*>* The
gas adsorption and desorption processes occur on the surface of
NiCo,0, nanospheres. Fig. 8(a) and (b) vividly depict the gas
adsorption and desorption processes on the surface of NiCo,0,
nanospheres in air and NH;, respectively. In air, O, is chemically
adsorbed on the surface of NiCo,0, nanospheres and converted
into O, by extracting free electrons from the conduction band of
NiCo,0, nanospheres.*® When the sensor is placed in NH;, NH;
molecules will be oxidized by O, and the trapped electrons will
be released to the surface of NiCo,O, nanospheres.* The
concentration of holes will be reduced because these released
electrons will combine with holes.

In the PANI/NiCo,0, composite, PANI plays a dominant role in
the response towards NH; gas. The mechanism of PANI towards
NH; is related to protonation/deprotonation (Fig. S8t). In NHj,
protons in the acidified PANI are captured by NH;. This process
causes PANI to change from a conductive emeraldine salt (ES) state

This journal is © The Royal Society of Chemistry 2022

to a non-conductive emeraldine base (EB) state, which will
increase resistance of the pure PANI sensor.”® Resistance of the
pure PANI sensor will decrease because this process is reversible in
air. Compared with pure PANI, doping PANI and NiCo,0, greatly
improves the response of sensors towards NH;. This phenomenon
can be explained by three factors: the unique morphological
structure formed by doping PANI and NiCo,0,4; formation of a p—p
heterojunction; the “electrical catalytic” effect of NiC0,0,.

First, regulation morphologies of nanomaterials can effectively
boost the diffusion of oxygen molecules/target gases on the surface
of gas-sensing materials.*® Numerous nanorod-shaped PANI
spread on the smooth surface of NiCo,0, nanospheres can provide
more surface active sites and a larger specific surface area, which
promotes adsorption ability of the target gas. Secondly, a hetero-
junction will be generated at the contact interface when different
semiconductor materials are in contact with each other, which can
regulate resistance of the sensitive materials to improve the
sensing performance.* The energy band structure diagram before
contact of PANI and NiCo,0, is exhibited in Fig. 8(c); the energy
band gap of PANI and NiCo,0, is 2.8 eV and 2.6 eV, respectively.*>>*
When two materials are in contact with each other, electrons will
transfer from PANI to NiCo,0, while holes will flow in the reverse
direction since the Fermi level of PANI is higher than that of
NiC0,0;. This could cause the formation of a hole depletion layer
(HDL) on the NiCo0,0, side while a hole accumulation layer (HAL)
on the PANI side (Fig. 8(d)). A potential barrier will be constructed
at the interface of PANI and NiCo,0,. At the same time, the energy
band will be bent in order to balance the Fermi level, which will
result in the creation of an extra potential barrier (gAE,).*” In air,
some holes will be generated in the process of oxygen molecules
being converted into chemically adsorbed oxygen anions. These
holes will be transferred to the hole depletion layer (HDL) due to
the difference in the hole concentration, which will make the HDL
narrow and then result in a reduction in the height of the potential
barrier (Fig. 8(e)). The reaction of NH; molecules with chemically
adsorbed oxygen anions will release trapped electrons back to the
surface of gas-sensing materials. The combination of released
electrons and holes will widen the HDL layer and increase the
barrier height (Fig. 8(f)). The relationship between the resistance
value of the semiconductor sensor and the barrier height of the
heterojunction could be represented by the following formula:*®

R = Ry exp(qEIKT) (1)

where R is the resistance of the sensor, and R, is the initial
resistance of the sensor. E and ¢q are the barrier height of the
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(a and b) Gas adsorption and desorption processes on the surface of NiCo,O4 nanospheres in air and NHsz, respectively. (c and d) The

energy band diagram of PANI and NiCo,QO,4 before and after contact, respectively. (e and f) The energy band structure of the PANI/NiCo,04

heterojunction exposed to air and NHs, respectively.

heterojunction and the electron charge, respectively. K and T
are Boltzmann's constant and absolute temperature, respec-
tively. It can be seen from eqn (1) that resistance of the sensor
has an exponential relationship with the heterojunction barrier
height, which means that even a small variation in E will cause
a drastic change in the resistance of the sensor.*® The p-p het-
erojunction serves as a hole pump to regulate the resistance of
the sensor which is a crucial factor to enhancing the response of
chemoresistive gas sensors.* Finally, the highly oxidized redox
pair Ni**/Ni** and Co**/Co®" present in NiCo,0, will be more
conducive to the adsorption of O,.*® The “electrical catalytic”
effect enables NiCo,0, to absorb more NH;, which will result in
better performance.

4. Conclusion

To sum up, a high-performance NH; sensor based on the PANI
nanorod/NiCo,O, nanosphere composite driven by

10946 | J Mater. Chem. A, 2022, 10, 10935-10949

a degradable, eco-friendly gelatin-polyimide based triboelectric
nanogenerator (GP-TENG) was demonstrated. The GP-TENG
could generate stable voltage output through the contact-
separation of the nanostructured gelatin film and the poly-
imide film, which could drive LEDs and digital calculators and
also could sense physiological signals. The PANI nanorod/
NiCo,0,4 nanosphere composite was coated on IDEs through
a spin-coating technique to establish the NH; sensor. In order
to provide stable voltage input signals to the gas sensor,
a rectification and voltage regulation circuit module was
designed. The GPAS shows excellent response and rapid
response/recovery time towards NHj. It also possesses great
repeatability and long-term stability. In addition, the GPAS
holds excellent selectivity towards NH;. The enhanced perfor-
mance of gas-sensing is attributed to the unique nanostructure
formed by doping PANI nanorods and NiCo,O, nanospheres,
the formation of the p-p heterojunction, and the “electrical
catalytic” effect of NiCo,O, nanospheres. This study also

This journal is © The Royal Society of Chemistry 2022
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provides novel ideas for the design of wearable gas sensors and
human motion sensors.
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