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ABSTRACT: The rapid development of a NH3 sensor puts forward a great challenge
for active materials and integrated sensing systems. In this work, an ultrasensitive NH3
sensor based on two-dimensional (2D) wormlike mesoporous polypyrrole/reduced
graphene oxide (w-mPPy@rGO) heterostructures, synthesized by a universal soft
template method is reported, revealing the structure−property coupling effect of the
w-mPPy/rGO heterostructure for sensing performance improvement, and demon-
strates great potential in the integration of a self-powered sensor system. Remarkably,
the 2D w-mPPy@rGO heterostructrure exhibits preferable response toward NH3
(ΔR/R0 = 45% for 10 ppm NH3 with a detection limit of 41 ppb) than those of the
spherical mesoporous hybrid (s-mPPy@rGO) and the nonporous hybrid (n-PPy@
rGO) due to its large specific surface area (193 m2/g), which guarantees fast gas
diffusion and transport of carriers. Moreover, the w-mPPy@rGO heterostructures
display outstanding selectivity to common volatile organic compounds (VOCs), H2S,
and CO, prominent antihumidity inteference superior to most existing chemosensors, superior reversibility and favorable
repeatability, providing high potential for practicability. Thus, a self-powered sensor system composed of a nanogenerator, a lithium-
ion battery, and a w-mPPy@rGO-based sensor was fabricated to realize wireless, portable, cost-effective, and light-weight NH3
monitoring. Impressively, our self-powered sensor system exhibits high response toward 5−40 mg NH4NO3, which is a common
explosive to generate NH3 via alkaline hydrolysis, rendering it a highly prospective technique in a NH3-based sensing field.
KEYWORDS: ultrasensitive, wormlike mesoporous, polypyrrole/graphene heterostructures, high response, self-powered integrated system

■ INTRODUCTION

With the rapid development of the industry, uncontrolled
emission of hazardous gas makes environmental problems
much more serious and affects people’s health at the same
time. Among which, ammonia (NH3) is a common gas that
widely exists in industrial processes, fertilizer productions, food
processing, and explosives (e.g., NH4NO3).

1−6 Owing to the
strong irritation to the respiratory system, skin, and eyes of a
human, NH3 is quite harmful to human health, not only
causing acute poisoning when exposed at around 50 ppm of
NH3 gas in air,7−10 but also related to a certain disease, which
can be detected from human breath.11 Thus, the sensors for
monitoring NH3 with high sensitivity and good selectivity are
highly in demand, and there are already plenty of sensors
designed for NH3 detection.12−15 Nowadays, the portable,
wearable, and implantable integrated systems for reversible gas
monitoring have attracted extensive interests, which are widely
applied in real-time monitoring of target gas to control
industrial processes, reduce environmental pollution, and
manage physical health.16−18 However, from an individual
gas sensor to its integrated systems, high-response sensing
material remains a great challenge to improve sensing
performance.

Two-dimensional (2D) materials as a fast-growing family of
recently emerging nanomaterials have attracted immense
research interests in many fields, such as catalysis, super-
capacitor, photoelectric device, and sensor.19−21 Although
remarkable properties could be observed in 2D nanomaterials
due to their unique structure with one dimension restricted to
few-atom layers while other dimension could be up to a few
micrometers,19 there are still some existing drawbacks such as a
relatively low specific surface area and reduced performance
owing to the uncontrollable layer restacking.22,23 Especially for
sensors, a single 2D material is always difficult to satisfy our
needs, for example, graphene possesses outstanding electrical
conductivity but is insusceptible for sensors, while conducting
polymer (CPs) nanosheets are sensitive to target gas but
inferior to graphene in terms of electrical conductivity. To
overcome this issue, 2D heterostructures assembled with
graphene and CPs nanosheets by a sandwich-like structure and
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accompanied by the introduction of mesopores at the same
time undoubtedly guarantee a preferable sensing behavior,
which is attributed to the strong synergistic effect of graphene
and CPs to enhance the specific surface area from the
mesoporous structure and speed up the carrier transport. As far
as we know, the intrinsic structure−property relationship
referring to how the size and structure of mesopores in a 2D
heterostructure affect the sensing property is still unexplored.
In this work, we have developed a highly sensitive gas sensor

for the fast detection of NH3 at room temperature based on
2D wormlike mesoporous polypyrrole layers stacked on free-
standing reduced graphene oxide (rGO) nanosheets (denoted
as w-mPPy@rGO). Notably, the resulting w-mPPy@rGO
heterostructures displayed greatly improved sensing behavior
compared with the other two counterparts (spherical
mesoporous PPy@rGO and nonporous PPy@rGO) due to
their large specific surface areas (193 m2/g) and unique
mesoporous structures, which offered a pathway for effective
gas diffusion and thus helped for fast response and recovery.
The w-mPPy@rGO heterostructures delivered higher response
(42% to 10 ppm NH3) with a limit-of-detection (LOD) of 41
ppb based on 3σ/k (σ represents the standard deviation of the
baseline and k corresponds to the slope of the standard curve).
Moreover, the chemosensor based on w-mPPy@rGO hetero-
structures demonstrated superb selectivity toward common
volatile organic compounds (VOCs), H2S, and CO, together
with prominent stability for NH3 detection without the
interference of humidity (<65%). Finally, a self-powered
sensor system consisting of a layered triboelectric nano-
generator, a lithium-ion battery, and a w-mPPy@rGO-based
sensor was constructed as a portable and light-weight sensing
device for sensitive, selective, reversible, and steady NH3
wireless monitoring. More importantly, our self-powered
sensor system showed substantially increased resistance
(ΔR/R0 = 17%) toward 5 mg of NH4NO3 as we had expected
before, signifying its potential use in NH3-based detection
aspect.

■ EXPERIMENTAL SECTION
Materials. All of the chemicals were purchased from Sinopharm

Chemical Reagent Co., Ltd and were of analytical grade. All reagents
were of commercial quality and used without further purification.
Characterization. Scanning electron microscopy (SEM) was

performed on a JSM-7800F (Japan) instrument. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
were conducted on a JEM-2100 instrument. Atomic force microscopy
(AFM) was performed on a Cypher ES instrument. Raman spectra
were measured on LabRAM HR 800, 532 nm. Fourier-transform
infrared spectra (FT-IR) were obtained on Bruker Optics hyperion
3000. N2 adsorption/desorption isotherms were conducted on TriStar
II 3020. The specific surface area and the pore size distribution were
evaluated using the Brunauer−Emmett−Teller (BET) and Barrett−
Joyner−Halenda (BJH) methods, respectively. The chemical
component was characterized by X-ray photoelectron spectroscopy
(XPS) with Thermo ESCALAB 250.
Synthesis of Materials. Graphene oxide (GO) was synthesized

from graphite flakes using the modified Hummers method.24,25

The w-mPPy@GO heterostructures were synthesized using a soft
template method.26 Specifically, the pyrrole was in situ polymerized
on a 2D GO surface, and poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) triblock copolymer (P123) micelles
were utilized as a mesoporous template. First, 0.5 g of P123 was
dissolved in 2 mL of tetrahydrofuran and 16 mL of deionized water to
form wormlike aggregation. After stirring for 1 h, 2 mL of GO (1.5
mg/mL) was added into the solution. Next, 60 μL of pyrrole and 180

mg of ammonium persulfate were added to initiate polymerization of
pyrrole. After washing and centrifugation, w-mPPy@GO was
obtained. Then, w-mPPy@rGO heterostructures were obtained via
the reduction of w-mPPy@GO by hydrothermal treatment at 180 °C
for 12 h followed by HCl (1 M) doping overnight.

For comparison, the spherical mesoporous polypyrrole/rGO (s-
mPPy@rGO) nanosheets were synthesized by employing polystyrene-
b-poly(ethylene oxide) (PS100-b-PEO115) as the mesoporous template
instead of P123, and other procedures were kept the same as w-
mPPy@rGO.

The nonporous polypyrrole/rGO (n-PPy@rGO) nanosheets were
synthesized without using the mesoporous template, and other steps
were the same as w-mPPy@rGO.

Fabrication of the Gas Sensor. Typically, 2D w-mPPy@rGO
heterostructures were dispersed in ethanol and sonicated for several
minutes to obtain the suspension (1 mg/mL). Then, 20 μL of the
slurry was drop-coated on a ceramic tube where two Au electrodes
were printed on and connected with two wires. Gas sensing
measurements were conducted in a 18 L homemade seal chamber,
which includes a heating block to evaporate ammonium hydroxide;
the schematic diagram of the seal chamber and sensor are shown in
Figure S1 (Supporting Information), together with the method for
calculation of gas concentration. The gas response is defined as (eq 1)

Δ =
−

×R
R

R R
R

100%
0

0

0 (1)

Or the gas response is defined as (eq 2)

Δ =
−

×I
I

I I
I

100%
0

0

0 (2)

where R (I) and R0 (I0) are the real-time and initial resistances (or
currents), respectively. The response and recovery time are defined as
the times at which the sensor reaches 90% of the total resistance (or
current) change.

Fabrication of the Nanogenerator and the Lithium-Ion
Battery. A layered triboelectric nanogenerator was fabricated
according to the previous literature with some modifications.27

Typically, a Kapton film with a thickness of 125 μm was folded into a
zigzag with 20 layers and served as the substrate. Then, a Cu film with
an area of 5 cm × 5 cm was adhered to both sides of the Kapton film.
Then, PTFE tapes were attached on both sides of the Cu layer every
other layer in a symmetrical structure. The short-circuit current was
recorded by a Source Meter (Model 2450), and the open-circuit
voltage was obtained via an oscilloscope (UNI-I UTD2202 CM).

As for the battery, the commercially available LiFePO4 (LFP) and
Li4Ti5O12 (LTO) powders were mixed and grinded with a
poly(vinylidene fluoride) (PVDF) binder, conductive carbon black
(8:1:1, weight ratio) in N-methyl pyrrolidone (NMP) to prepare
cathode and anode slurries respectively, which were then blade-coated
on carbon-coated Al and Cu foils and dried under vacuum at 100 °C
for 12 h. Circular electrodes with a diameter of 12 mm were obtained
using a punch machine. The coin cells (CR 2016) were assembled in
an Ar-filled glovebox (c(H2O) < 0.5 ppm, c(O2) < 0.5 ppm) with an
LTO anode, an LFP cathode, a polypropylene separator, and 1 M
LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)
electrolyte. The galvanostatic charge/discharge tests with different
current densities were conducted within the voltage range of 1−2.4 V
using a LAND-CT2001A battery tester at room temperature.

■ RESULTS AND DISCUSSION
Structural and Morphological Characterization. The

schematic fabrication processes of w-mPPy@rGO, s-mPPy@
rGO, and n-PPy@rGO nanosheets are shown in Scheme S1
(Supporting Information). Taking w-mPPy@rGO as an
example, first, P123 was stirred to generate the wormlike
micelle, which was absorbed on GO surface through the
hydrogen-bond interaction. Then, w-mPPy@GO heterostruc-
tures were prepared by in situ polymerization of pyrrole on the
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surface of P123 micelle−GO nanosheets. Finally, the reduction
of mPPy@GO by hydrothermal treatment was performed to
yield w-mPPy@rGO heterostructures. When the soft template
P123 was replaced by PS-PEO, spherical micelles were readily
formed, which at last contributed to s-mPPy@rGO. It is worth
noting that if no template was added, n-PPy@rGO hybrids
with no pores and stacked structure tended to appear. The
usage of different templates yielded different mesoporous
structures, highlighting the essential role of templates for the
formation of specific mesopores. The structure and morphol-
ogy of the as-prepared w-mPPy@rGO heterostructures are
characterized in detail in Figures 1 and S2. As shown in Figure

1a,b, w-mPPy@rGO heterostructures displayed a flat, uniform
2D morphology with well-ordered, wormlike mesopores on a
graphene substrate through the SEM observation. TEM images
also revealed the homogeneous mesoporous structures of w-
mPPy@rGO, which were in accord with the SEM results
(Figure 1c). In contrast, s-mPPy@rGO displayed spherical
mesoporous structures through SEM and TEM (Figure 1d,e),
while n-PPy@rGO exhibited nonporous structures (Figure 1f),
unveiling the successful synthesis of different polypyrrole/
graphene heterostructures. Besides, the AFM image and height

Figure 1. (a, b) SEM and (c) TEM images of 2D w-mPPy@rGO
heterostructures. (d) SEM and (e) TEM images of 2D s-mPPy@rGO
heterostructures. (f) SEM image of n-PPy@rGO heterostructures. (g,
h) AFM topography image and the corresponding thickness
information of w-mPPy@rGO heterostructures. (i) N2 adsorption/
desorption isotherm, and the inset showing the pore size distribution
of w-mPPy@rGO heterostructures.

Figure 2. (a) Real-time dynamic resistance responses of 2D w-mPPy@rGO heterostructures toward NH3 in varying concentrations of 0.2−40 ppm
at room temperature. (b) Response comparison of w-mPPy@rGO heterostructures, s-mPPy@rGO and n-PPy@rGO toward 0.2−40 ppm NH3,
and the inset showing a linear relationship between the response and concentration of NH3 in the range of 0.2−2 ppm NH3. (c) Selectivity of w-
mPPy@rGO heterostructures toward NH3 with 40 ppm, other common VOCs with 500 ppm, and H2S and CO with 100 ppm, respectively. (d)
Effect of water in aqua ammonia for the sensor. (e) Stability of the sensor toward 10 ppm NH3 in 7 days (left coordinate) and the corresponding
response time (right coordinate). (f) Response comparison of w-mPPy@rGO heterostructures to 10 ppm NH3 between 20% humidity (left bar)
and humidity from 25 to 85% (right bar).

Figure 3. (a) Diagrams of layered TENG. (b) Test circuit and the
sensing process toward NH3 in NH4NO3.
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analysis exhibited that w-mPPy@rGO heterostructures pos-
sessed an ultrathin 2D structure with an uniform thickness of
∼30 nm, as seen in Figure 1g,h. N2 adsorption/desorption
isotherm was conducted to investigate the mesoporous feature
and the specific surface area of w-mPPy@rGO, and the narrow
pore size distribution calculated by the BJH method presented
an average pore size of ∼10 nm, consistent with SEM and
TEM observations (Figure 1i). The specific surface area and
pore volume were calculated to be 193 m2/g and 0.516 cm3/g,
respectively. The relatively large surface area amplified the
target−receptor interface, which is beneficial to gas diffusion,
accelerating the response and recovery speed of the sensor
consequently. Moreover, the FT-IR spectrum of w-mPPy@
rGO heterostructures showed typical vibration peaks of
polypyrrole and rGO, including the characteristic peaks of
CC bond at 1550 and 1470 cm−1, N−H group at 1645 and
1375 cm−1, C−N bond at 1279 cm−1, and C−H group at 1035
cm−1,28,29 as shown in Figure S2a, demonstrating the successful
hybridization of rGO and PPy in w-mPPy@rGO hetero-
structures. It is found that from the Raman spectrum, the D
and G peaks of graphene centered at 1350 and 1590 cm−1 were
overlapped with the peaks of polypyrrole at 1340 and 1570
cm−1 corresponding to CC stretching modes (Figure
S2b).16,26,28,30 In addition, the higher intensity ratio (ID/IG)
of 1.03 for w-mPPy@rGO nanosheets than that (ID/IG = 0.99)
before reduction, is indicative of the effective reduction of the
GO interlayer.26,31−36To better understand the chemical
composition of w-mPPy@rGO heterostructures, XPS spectra
were also collected (Figure S2c,d). The C1s main peak was
decomposed into five individual peaks at 284.1, 285.1, 286.2,
287.8, and 290.4 eV, corresponding to β-carbons and α-
carbons in pyrrole rings, polarons, bipolarons, and the π−π*
satellite of aromatic PPy, respectively. The deconvolution of
N1s signals in the XPS spectrum gave three peaks, in which the
main N peak at 399.6 eV was attributed to the neutral N in the
Py ring (−NH−), the peak at 400.5 eV was indicative of
−NH•+− in the polaron charge carrier species, and the peak at
402.5 eV could be assigned to =NH+−, a bipolaron charge
carrier species.37,38 In addition, other relevant characterizations

of s-mPPy@rGO and n-PPy@rGO are given in Figures S3 and
S4.

Gas Sensing Properties. To verify the influence of pore
structures and morphologies on sensing performance, w-
mPPy@rGO, s-mPPy@rGO, and n-PPy@rGO were tested
under the same conditions. In Figure 2a, the real-time dynamic
resistance responses of w-mPPy@rGO heterostructures toward
ammonia in varying concentrations of 0.2−40 ppm at room
temperature were measured. Evidently, the resistance of w-
mPPy@rGO heterostructures was substantially increasing
upon exposure to NH3, elucidating the typical p-type
semiconductor behavior for reducing gas.18,39 The whole
sensing process was less than 200 s followed by exchanging of
fresh air, and the resistance approximately recovered within 10
min. The short response and recovery time were attributed to
the large specific surface areas of w-mPPy@rGO hetero-
structures, which could accelerate gas diffusion and carrier
transport. Moreover, w-mPPy@rGO heterostructures ex-
hibited a remarkably enhanced response (ΔR/R0 = 45% for
10 ppm NH3) than the other two counterparts (s-mPPy@rGO
and n-PPy@rGO) from 0.2 to 40 ppm NH3 (Figures 2b, S5,
and S6). Together with good linear regression between the
response of a sensor and concentration of NH3 from 0.2 to 2
ppm, the LOD of w-mPPy@rGO heterostructures was
calculated to be 41 ppb based on 3σ/k, where σ represents
the standard deviation of the baseline and k corresponds to the
slope of the standard curve (Figure 2b). Meanwhile, the
sensing performance of our w-mPPy@rGO-based sensor is in
excess of most reported sensors based on polymer or polymer/
graphene composites in terms of response value, response/
recovery times, and limit-of-detection (LOD) (Table S1,
Supporting Information). To gain a deep insight into the
prominent sensing performance of 2D w-mPPy@rGO
heterostructures, specific surface areas of these three materials
are compared, showing a higher specific surface area of 193
m2/g for w-mPPy@rGO in comparsion with s-mPPy@rGO
(138 m2/g) and n-PPy@rGO (125 m2/g). Taking all of the
above mentioned points into consideration, it is speculated
that the synergistic effect of the large specific surface area and
typical wormlike mesopores in a w-mPPy@rGO hetero-

Figure 4. Curves of the short-circuit current (a) and open-circuit voltage (b) of the as-prepared TENG changing with time. (c) Voltage integrated
by the energy conversion module increasing to 3.3 V with a long time. (d) Charge−discharge profiles at 0.5C, 1C, 2C, 3C, and 5C for the LTO/
LFP full cell. (e) Current response of the sensor toward different amounts of NH4NO3 from 5 to 40 mg. (f) Linear relationship between the current
response (ΔI/I0) and different weights of NH4NO3 from 5 to 40 mg.
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structure plays a key role in inducing an outstanding response,
which promotes the gas diffusion and carrier transport, and
thus realizes high response signals.
To evaluate the anti-interference property of a sensor, the

cross response of w-mPPy@rGO heterostructures to some
other interfering gases including common volatile organic
compounds (VOCs) such as methanol, ethanol, acetone,
acetonitrile, ethylacetate, toluene, carbon tetrachloride, chlor-
obenzene, and inorganic gases such as water, H2S, and CO
were tested to explore its selectivity. In contrast tests, the
concentration of VOCs was 500 and 100 ppm for H2S and
CO, while the concentration of NH3 was just 40 ppm. As
shown in Figure 2c, w-mPPy@rGO heterostructures exhibit
much higher response toward NH3 than other mentioned
gases, reflecting the desirable anti-interference performance. In
addition, because the sensing experiments were conducted by
evaporating aqua ammonia to release gaseous NH3, the effect
of water should not be ignored. Different amounts of water
(1−5 μL) were added to the homemade seal chamber, and
then heated to evaporate; negligible variation of resistance was
observed compared with the addition of 0.56 μL of 25%
ammonium hydroxide (corresponding to 10 ppm NH3)
(Figure 2d), demonstrating that water in aqua ammonia has
little effect on the whole sensing process. To illustrate the
reproducibility of the sensor, a w-mPPy@rGO heterostructure-
based sensor was evaluated during periodic exposures to 10
ppm NH3 every 24 h for 7 days. It is indicated that the
response values almost remain at 40% in seven cycles along
with a short response time less than 400 s, revealing superior
reversibility and favorable repeatability of the w-mPPy@rGO-
based sensor, as seen in Figure 2e. As far as we know, it
remains a great challenge for a polymer-based sensor working
in a high humidity atmosphere,40 and the antihumidity
property of the sensor is a vital parameter for the real
application, thus antihumidity interference tests of a w-mPPy@
rGO-based sensor were also carried out. Different humidity
atmospheres were generated by injecting various amounts of
water into the chamber monitored by a hygrometer. It is
clearly seen that under relative humidity from 25 to 65%, there
was almost no influence on the response of the w-mPPy@
rGO-based sensor. When the humidity was higher than 65%,
an obvious response reduction came out, which could be
ascribed to gaseous NH3 redissolved in water in high humidity,
leading to a lower concentration of gaseous NH3 than the
theoretical value (Figure 2f).
Sensing Mechanism of the w-mPPy@rGO-Based

Sensor. The sensing mechanism of 2D w-mPPy@rGO is
ascribed to the following factors: first, PPy as a typical p-type
semiconductor owns the hole conduction property.41,42 When
the electron-donating NH3 molecules adsorb onto the PPy
surface, the electrons transfer from NH3 to the π backbone of
PPy, which undoubtedly reduces the hole in PPy, and thus
increases the resistance of PPy. As for the desorption process,
the electrons return from PPy to NH3, leading to the recovery
of PPy resistance.37,43,44 Further, with respect to the whole
sensing process, the outstanding electrical conductivity of rGO
as well as the affinity of PPy and rGO is favorable for effective
electron conduction during the sensing process. Besides, rGO
consists of a large amount of sp2-bonded carbons, vacancies,
structural defects, and residual oxygen groups. They create a
hole-transporting matrix, acting as a p-type semiconductor as
well.45 The absorbed NH3 molecules in the sensing process are
able to transfer electrons onto the surface of rGO too, resulting

in the increment of resistance. Overall, the synergistic effect of
p-type PPy and rGO plays a key role in NH3 sensing. In
addition, the prominent conductivity of rGO behaving as a
bridge for electronic transmission and the large specific surface
area of w-mPPy@rGO beneficial to fast adsorption/desorption
further improve sensing performance consequently.

Self-Powered Sensor System for the Detection of
NH4NO3. To realize wireless, portable, sustainable, and self-
powered NH3 detection for practical application, the
integration of an energy harvesting device, an energy storing
device, and a NH3 sensor is highly required to achieve this
goal. As is known to all, the triboelectric nanogenerators
(TENG) as a kind of energy harvest device could harvest
electrical energy from the environmental mechanical energy or
human mechanical energy, and it can provide a safe, effective,
and eco-friendly way to drive portable electronics.46−48 Till
now, TENG has been widely investigated in many fields, such
as motion detection, pressure measurement, and chemical
sensing area.49−52 As for the energy storing device, we choose a
lithium-ion battery owing to its advantages of high voltage,
high energy density, long cycling life, and good environmental
compatibility, which is usually used as a convenient power
source for portable electronics.53 Consequently, a self-powered
sensor system assembled with TENG, a lithium-ion battery
(LTO/LFP), and a w-mPPy@rGO heterostructure-based
sensor was successfully applied to explosive detection, in
which NH4NO3 was selected as the target readily releasing
NH3 via alkaline decomposition. The schematic diagrams of
TENG and the sensing process of NH3 in NH4NO3 are clearly
shown in Figure 3a,b. Typically, as for the layered TENG in
the initial state, with an external force, the TENG is
compressed till the PTFE film and the metal electrode contact
each other tightly. Due to different electron-withdrawing
abilities, the PTFE surface is negatively charged resultantly.
Then, after releasing the force, the electrons on the back
electrode transfer to the metal electrode through an external
load driven by the electrostatic induction. Next, in the released
state, electrons stop flowing when the electrostatic equilibrium
is formed. Finally, when the TENG is compressed again,
electrons transfer from the metal electrode to the back
electrode until film surfaces touch closely again in line with the
initial state.27 The curves of the short-circuit current and open-
circuit voltage of the as-prepared TENG changing with time
are shown in Figure 4a,b, the values of which are both high, so
the obtained power value is sufficient enough to drive the
energy conversion module. The voltage integrated by the
energy conversion module increased to 3.3 V immediately,
which could steadily charge the battery used in this experiment
for a long time (Figure 4c). Once charged by layered
triboelectric nanogenerators, the LTO/LFP full battery
exhibited a specific capacity of 135 mAh/g (Figures 4d and
S7, based on the mass of LFP) and stable cycle performance at
1 C (Figure S8), demonstrating satisfying rate capability and
cycling performance of this energy storage device. Then, the
battery was employed to drive a w-mPPy@rGO-based sensor
and connected to a multiple circuit with an amperemeter and
external load resistance (Figure 3b). Afterward, different
amounts of NH4NO3 were added to the seal chamber followed
by alkaline hydrolysis via 1 mol/L NaOH, and the current
signal was recorded. It could be clearly seen that dynamic
current changed with the weight of NH4NO3 with good linear
regression between the current response and weight of
NH4NO3, and the response toward 5 mg of NH4NO3 could
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reach 17%, indicating high sensitivity and superiority of the as-
fabricated integrated system, as seen in Figure 4e,f. Therefore,
the self-powered sensor system composed of TENG, a lithium-
ion battery, and a w-mPPy@rGO-based sensor holds great
promise to realize in situ determination of NH3-based analytes
with fast response, convenient operation, and cost-efficiency.

■ CONCLUSIONS
In summary, 2D wormlike mesoporous polypyrrole/graphene
heterostructures were demonstrated for an ultrasensitive NH3
sensor and its self-powered integrated system. The resulting
2D w-mPPy@rGO-based sensor displayed remarkable re-
sponse (ΔR/R0 = 45% for 10 ppm NH3 with LOD of 41 ppb)
toward 0.2−40 ppm gaseous NH3, demonstrating its fast gas
diffusion and transport of carriers owing to a large specific
surface area (193 m2/g) and an unique mesoporous structure.
Moreover, a 2D w-mPPy@rGO-based sensor disclosed
prominent selectivity toward VOCs, H2S, and CO, favorable
antihumidity performance, and easy operation at room
temperature. Remarkably, an independent, miniaturized,
sustainable integrated system assembled with layered TENG,
a lithium-ion battery, and a w-mPPy@rGO-based sensor was
constructed to sensitively monitor NH4NO3 as an example.
High response and favorable linear regression between the
current response and weight of NH4NO3 make our self-
powered sensor system a prospective tool in the NH3-related
sensing field. Our research not only paves a new way in 2D
mesoporous heterostructures employed in sensing materials,
but also gives a guide to creating the miniaturized, flexible, self-
powered electronics for toxic gas monitoring, environmental
protection, and personalized healthcare.
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