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A B S T R A C T   

Wildfires often cause severe air pollution, substantial economic losses, human mortality, and environmental 
damage. However, their early alarming functionality still needs much improvement. Here, we report a self- 
powered IntelliSense wildfire detection and alarm system (SPIS-WDAS). For this purpose, the all-solid, self- 
healable, sustainable, fire retardant, and safe-to-use hydro-ionotronic batteries were designed to provide the 
long-lasting power supply for Internet of Things (IoT) chipsets in the SPIS-WDAS. In addition, environmentally 
interactive advantages of the ionotronic batteries, including accurate ambient temperature-and-humidity 
responsiveness and high sensitivity to fire emergence, allowed them to be further embedded in the environ-
mental sensor in daily use and to serve as the alarming module for fire emergency. By further optimizing IoT- 
based energy management and clouded-based wireless communication technologies, the SPIS-WDAS could 
finally realize timely alerting for early wildfires and daily temperature monitoring in unattended fields. Relying 
on these advantages, the SPIS-WDAS is shown to be promising in vegetation protection applications, opening up 
new prospects for the design of advanced wildfire detection and alarm installations.   

1. Introduction 

Wildfires bring the most catastrophic disaster to nature, also cause 
substantial economic losses, severe air pollution, human mortality, and 
environmental damage [1–3]. In particular, anthropogenic climate 
change in the past few decades has altered precipitation patterns and 
increased environmental temperatures, resulting in frequent extreme 
wildfire events [4–8]. For example, during the 2019–20 Australian 
bushfire season, an estimated 24.3–33.8 million hectares were burnt, 
over 5900 buildings were destroyed, and at least 34 people died. Nearly 
3 billion animals, of which the vast majority were reptiles, were harmed, 
and some endangered species might be driven to extinction [9–14]. The 
costs of dealing with the bushfires were estimated to exceed 4.4 billion 
Australian Dollars, and tourism sector revenues fell by more than 1 
billion [9,15–17]. The moderate resolution imaging spectro radiometry 
(MODIS) records of the affected area indicated that wildfires destroyed 
an annual global average of 400–500 million hectares (Mha) [18]. 

Accordingly, receiving the timely, high-quality fire information has 
become an urgent task [19,20]. Detection and targeting of wildfires is 
available through satellite and aerial surveillance using unmanned 

aerial vehicles, helicopters, or planes equipped with global position 
systems (GPS) and high-resolution infrared or visible cameras [21–24]. 
However, satellite detection is prone to offset errors anywhere from 
several to ten kilometers, and the observation time can be restricted by 
their orbits. Image resolution and cloud cover may also limit the 
monitoring effectiveness. Wildfire can only be captured after it has 
reached a certain level for imaging-based technologies [25–27]. In this 
regard, public hotlines, fire lookouts in towers, and ground and aerial 
patrols are used in the early detection of forest fires. In recent years, 
electronic detection systems have gained popularity owing to the ability 
to reduce manpower consumption and to avoid human operator errors 
[28,29]. These systems mainly depend on wireless sensor networks that 
measure the temperature, humidity, level of smoke, or additional factors 
such as carbon dioxide concentration produced by fires [30–32]. 

Recently, cellulose paper loaded with graphene oxide (GO) and two- 
dimensional titanium carbide showed fast response of 2 s under 300 ℃, 
owing to the temperature dependent electrical resistance switching ef-
fect of GO [33]. Liu et al. used polydopamine-modified GO/hydrox-
yapatite paper combined with a triboelectric nanogenerator to achieve 
early forest fire detection through monitoring the sensor voltage [34]. 
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Yu et al. applied thermogalvanic effect for self-powered heat boosting 
alarm [35]. Triboelectric nanogenerator technology involved with 
thermal-induced flexible aerogel fibers (Fe3O4 nanoparticles/silver 
nanowires/calcium alginate) has realized self-powered fire alarming, 
showing application potential in firefighting protective clothing [36]. 
The sensors can also be solar-powered [37], battery-powered, or 
tree-recharged [38]. Other capabilities such as night vision, brightness 
detection, and color change detection may also be incorporated into 
sensor arrays [39]. However, heat detection relying on the resistance 
decrease effect at high temperatures may cause false alarms in hot 
weather or in long-time direct sunlight. Besides, wildfire monitoring 
systems are often installed in high-risk areas [40]. Detectors usually 
need to be regularly maintained and replaced, and require complex 
support platforms. Furthermore, the forest environment is presented by 
mostly the uninhabited areas with complex terrains, the environmental 
friendliness of the materials used also needs to be considered. Therefore, 
development of a low-cost, high-precision, all-terrain, and timely wild-
fire detection and alarm system (WDAS) has become paramount. 

To match the needs for wild environment use concerning the wildfire 
monitoring, this work aims to design a novel self-powered IntelliSense 
WDAS (SPIS-WDAS) based on the following aspects. First, the materials 
for SPIS-WDAS must be cheap, scalable, and sustainable. Second, the 
detection must be reliable, while false alarms caused by complex envi-
ronmental influences should be avoided. Third, the SPIS-WDAS must be 
self-powered and self-healing to fulfill the demands for long-term use in 
complex natural environments. Last but not least, the SPIS-WDAS must 
be simple enough to be portable, but capable of interactively commu-
nicating with control centers or persons through wireless remote con-
trol. These communications include active modes, such as fire warning, 
and passive modes, such as ambient temperature and humidity moni-
toring. Meeting these stringent requirements would allow SPIS-WDAS to 
be left unattended in natural wild conditions with subsequent real-time 
environmental temperature or early-stage wildfire progression 

monitoring by the staff in the urban zone. 

2. Results and discussion 

SPIS-WDASes that match the above demands were realized through a 
synergetic design of four core modules, including a power-supply unit, a 
sensing and fire alarming unit, an energy management unit, and a 
remote wireless communication unit (Fig. 1). Among them, the first two 
units were primarily obtained via material design and structural opti-
mization, while the last two units were based on Internet of things (IoT) 
technologies. More specifically, conductive (Fig. S1a, Supporting In-
formation) and scalable (Fig. S1b, Supporting Information) silk fibroin/ 
Ca2+ hydro-ionotronics (SF/CaHIs) were selected as the basis material 
for constructing a power-supply system. More details about the prepa-
ration processes and properties of SF/CaHIs, including conductivity 
(Fig. S2, Supporting Information), adhesion (Fig. S3, Supporting Infor-
mation), self-healing (Fig. S4, Supporting Information) and mechanical 
property (Fig. S5, Supporting Information) characterization can be 
found in Supplementary Note 1 in the Supporting Information. Briefly, 
for SF/CaHIs, silk fibroin (SF), a natural protein derived from Bombyx 
mori silk, provides structural supports to enhance the mechanical 
properties of the system, while the Ca2+ ions primarily contribute to the 
electric conductivity (Fig. 2a) [41]. Both SF and Ca2+ ions are sustain-
able, thereby ensuring the environmental friendliness of the 
SPIS-WDAS. 

According to Fig. 2a-d, SF/CaHIs can be assembled into lightweight 
(~4 g for a 3 × 4 cm2 battery) and flexible metal-air batteries. In these 
batteries, SF/CaHIs as the solid electrolyte are sandwiched between two 
belt-shaped electrodes (Fig. 2a). The working electrodes can be Zn, Sn, 
Fe, Cu, and Pt plates (Fig. S6a, Supporting Information). In contrast, the 
counter electrode can be activated and unactivated carbon fibers (ACF 
and CF), carbon nanotube films (CNT-F), graphite membranes (GM) and 
Cu membranes (CuM) (Fig. S6b, Supporting Information). Here, Zn and 

Fig. 1. Schematic diagram of the workflow of SPIS-WDAS. 
The SPIS-WDAS consisting of a power-supply unit, a 
sensing and fire alarming unit, an energy management 
unit, and a remote wireless communication unit. SPIS- 
WDASes placed in unattended wild environments wire-
lessly send the detection signals to the cloud through 
wireless routers, then staffs in the monitoring center 
receive the environmental temperature or early-stage 
wildfire alarming information from the Internet cloud in 
real-time.   

Q. Liu et al.                                                                                                                                                                                                                                      



Nano Energy 101 (2022) 107630

3

graphite membranes were chosen after balancing the cost, initial voltage 
and processibility (Table S1, Supporting Information). Owning to its 
good flexibility, a SF/CaHI battery belt with a width of 10 cm, a thick-
ness of 0.5 mm, and a length up to 20 m was produced via laboratory- 
built automatic aerosol deposition technique and collected by a roller 
within an hour (Fig. 2a). The as-produced battery belt was then cut into 
smaller units with desired sizes and shapes (i.e., 3 × 4 cm2 in our cases). 

Due to the selected low-cost raw materials and simple fabrication pro-
cess, the cost of each laboratory produced battery unit for SPIS-WDAS 
was approximately $0.12. 

Since SF/CaHI batteries were solid, they were connected facilely 
through either series or parallel mode to reach the required voltage. For 
instance, a series connection of thirty battery units provided a DC output 
voltage of about 16 V, which enabled one to light an incandescent lamp 

Fig. 2. Physical properties of SF/CaHIs and electrical characteristics of the SF/CaHI battery for SPIS-WDAS. (a) Photographs and schematic of the continuous 
fabrication process of SF/CaHI Zn-air battery ribbons via laboratory-built automated aerosol deposition technique, and schematic diagram of the composition of SF/ 
CaHIs. (b) The lightweight SF/CaHI Zn-air battery can be placed on a leaf of similar size. (c) The flexible and bendable SF/CaHI zinc-air battery. (d) Thirty SF/CaHI 
Zn-air batteries (3 × 4 cm2) connected in series and rolled up and lighting an incandescent lamp. (e-h) Photographs of the SF/CaHI Zn-air battery working under 
extreme conditions: (e) Subzero temperatures (− 10 ℃); (f) high temperatures (around 100 ℃); (g) in room-temperature water and (h) in boiling water. (i) Output 
voltage-load resistance and load power-load resistance diagrams of the batteries. (j) Discharge voltage plateau of the SF/CaHI Zn-air battery under different gal-
vanostatic currents. (k) Comprehensive capability comparison of the SF/CaHI Zn-air battery with other self-powered systems. (l) Responses of open circuit voltage of 
the SF/CaHI Zn-air battery to ambient temperature and humidity. 
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(Fig. 2d). Furthermore, SF/CaHIs showed excellent anti-freezing and 
heat resistance stabilities due to the good thermal stability [42] and 
water retention function [43] of SF and the existence of calcium ions 
also reduces the freezing point [44]. The resultant batteries could 
perform reliably when exposed to some extreme environments (Movie 
S1 and Fig. S7, Supporting Information), such as subzero (− 10 ℃) 
(Fig. 2e) and high (around 100 ℃) temperatures (Fig. 2f), and even 
when placed in ambient temperature water (Fig. 2g) and boiling water 
(Fig. 2h). Characterizations of the secondary structure of SF in SF/CaHIs 
indicate that the β-sheet content increased from 31.34% to 47.28% after 
discharge, which would provide stronger tensile stress and create a more 
stable electrode/electrolyte interface (Fig. S8, Supporting Information). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107630. 

Under ambient conditions (i.e., 23 ℃ and 86% RH), a 5 × 5 cm2 

battery unit provided a maximum load power of 32 mW/m2 (Fig. 2i), 
ensuring the routine use of thermo-hygrometer and watch display. The 
discharge voltage plateau of one 3 × 4 cm2 battery was ~0.9 V under a 
galvanostatic current of 0.025 mA cm-1, while the higher voltage (above 
2 V) was obtained by connecting four batteries in series (Fig. 2g). 
Moreover, strong hygroscopicity of the Ca2+ ions (each Ca2+ ion can 
bind up to 6–8 water molecules)[45,46] allowed the 
long-term-operation stability of SF/CaHI batteries at even 40% RH, 
which corresponded to natural drought conditions (in dry areas, fires 
often occur at RH levels below 55%). This is because the SF/CaHI system 
can continuously absorb moisture, providing power until the Zn elec-
trode is mostly exhausted. Theoretically, a 3 × 4 cm2 SF/CaHI Zn-air 
battery unit can work continuously for 30 days at the output power of 
32 mW and RH of 85%. Compared with other self-powered systems such 
as photoelectric, piezoelectric, and triboelectric systems, the SF/CaHI 
batteries successfully combined the elegance trade-off of cost, safety, 
flexibility, power consumption, and production (Fig. 2h and Table S2, 
Supporting Information) [40, 47–61]. 

Our previous works have revealed that SF/CaHIs are highly sensitive 
to environmental temperature and humidity changes and show a posi-
tive correlation between conductivity and water content [42,62]. Hence, 
the SF/CaHI batteries themselves are potential IntelliSense sensors for 
temperature and humidity monitoring. Different from monitoring cur-
rent or resistance change of sensors in most sensing systems, SF/CaHI 
batteries directly output voltage signals that respond to environmental 
changes without extra energy consumption. As demonstrated in Fig. 2l, 
the open-circuit voltage of the SF/CaHI batteries varies with tempera-
ture and humidity in a theoretically predictable manner: the tempera-
ture response follows the rate of the proton rearrangement reaction, 
while the humidity-related plot meets the percolation theory (Supple-
mentary Note 2, Supporting Information) [41]. The response accuracy 
reached 1 ℃ and 5% RH for temperature and humidity sensing, 
respectively (Fig. S9, Supporting Information). Therefore, the 
SPIS-WDAS under consideration does not need the use of auxiliary 
temperature and humidity sensors. Instead, the SF/CaHIs batteries 
themselves can serve both as the energy supply and environmental 
sensing units. 

Another merit of SF/CaHI batteries is their excellent flame retard-
ancy during long-term burning (before fully carbonized) (Fig. 3a and b). 
This feature is essential for the safety of SPIS-WDAS as it prevents them 
from spontaneous combustion or explosion in a fire environment. In 
particular, the SEM and TGA-MS results revealed that the flame retar-
dant of SF/CaHI batteries originated from the synergistic effects of 
dehydration, multilayer thermal shielding, and dilution of the gas phase. 
More details about the flame retardant mechanism are available in 
Supplementary Note 3 in the Supporting Information. Briefly, when the 
SF/CaHI system was directly in contact with flame, a significant foaming 
(volume expansion) process (Fig. 3a and c) of the SF/CaHI occurred due 
to the release of non-combustible gases such as water vapor, CO2, NO, 
and NO2 (Fig. 3d). The porous surface of these SF/CaHIs was then 
carbonized, which provided the maximum flame retardant performance 

at avoiding flame self-propagation (Movie S2, Supporting Information). 
Supplementary material related to this article can be found online at 

doi:10.1016/j.nanoen.2022.107630. 
More remarkably, in the flame-induced foaming process (see Fig. 3e- 

h), the volume expansion of SF/CaHI is recoverable (Fig. 3f and Fig. S10, 
Supporting Information) once the fire is removed, and such a cyclic 
response to the flame can be directly reflected in the output voltage 
signal of the battery. As shown in Fig. 3e, it took less than 5 s when a 
characteristic voltage peak had been fully obtained. Then the flame was 
removed before the local temperature of SF/CaHI battery rose to 250 ◦C 
(Fig. S11, Supporting Information). Under this condition, repeatable and 
specific responses in the output voltage during five ignition-flameout 
cycles were detected before the battery failed, and no apparent slow-
ing down of the response time was observed (Fig. S12, Supporting In-
formation). In each cycle, when in contact with a fire, a rapid increase in 
the local temperature of the SF/CaHI electrolyte led to a suddenly 
elevated ion diffusion coefficient due to the thermal effect (Fig. S13, 
Supporting Information), as well as a drastic rise in the voltage output. 
Meanwhile, the heat-induced local water gasification (dehydration) and 
foaming of the electrolyte (Fig. 3g and h) were conducive to a significant 
decrease in the voltage output. 

However, the structures and properties of the SF/CaHI batteries have 
not changed obviously in these ignition-flameout cycles (Fig. S14, 
Supporting Information). When the fire is removed, the heat in the 
electrolyte can quickly diffuse through both the zinc and graphite 
electrodes. In this case, the temperature of SF/CaHI batteries (~250 ℃) 
does not reach the carbonization point (Fig. 3d). Therefore, the foamed 
structure could mostly retract within 8 s, causing the voltage to rise 
again. Besides, for the testing and subsequent SPIS-WDAS assembly, we 
placed the graphite electrode on the outside, in direct contact with the 
flame, to avoid severe oxidation of the Zn electrode. The failure after five 
ignition-flameout cycles was mainly due to water loss and partial 
outflow of SF/CaHIs. ATR-FTIR spectrum demonstrated that these 
changes can be recovered when the SF/CaHI batteries absorb water from 
the environment (Fig. S14b, Supporting Information). The recovery of 
SF/CaHI batteries is attributed to the excellent self-healing ability of SF/ 
CaHIs, in which Ca2+ ions provide a strong water absorption capacity. 
The hydrogen bonds between water molecules and silk protein mole-
cules and the reformable chelation interactions between SF and Ca2+

ions allow the SF/CaHIs to recover rapidly. Longer healing time under 
high ambient humidity allowed the voltage output to recover to its 
original state (Fig. S15, Supporting Information). 

It is noteworthy that, unlike the above discussed temperature- and 
humidity-dependent monotonic behavior of open circuit voltage, or the 
environment induced electrical resistance changes of SF/CaHIs, the fire- 
induced changes in the constant current voltage of SF/CaHI batteries 
(Fig. 3e) are highly reproducible and manifest themselves by the peri-
odic sharp peaks. In this regard, they can be considered characteristic 
signals when triggering the fire alarm system. For instance, when a 10% 
increase in the battery output voltage, followed by a 10% decrease 
(here, 1 V is assumed to be 100%) is detected by the SPIS-WDAS, a fire- 
alarming signal will be sent to the control center and/or the mobile 
clients (Fig. S16, Supporting Information). The 5 s alarm response time 
of SPIS-WDAS is longer than most fire detection systems, which provide 
an alarm based on a sudden increase in current or a sudden drop in 
resistance and set the response time within 1–3 s [63–69]. We chose the 
voltage variation region for the task as it can effectively reduce the risk 
of false alarm associated with the monotonic variation in voltage due to 
the specific weather conditions (a sudden rain or slow heating under 
sunlight) or the signal fluctuation caused by animal trampling. We 
further tested the change of the output voltage of SF/CaHI batteries 
under larger flame conditions, which showed the same output signals 
(Fig. S17, Supporting Information). In addition, our screening experi-
ments confirmed that this specific and reproducible signal to the fire 
alarm was unique to the SF/CaHI batteries. For example, no repeatable 
output voltage response to the fire was observed for the batteries 
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Fig. 3. Mechanisms of flame retardancy and fire detection of the SF/CaHI battery. (a) Diagram of the flame retardancy mechanism of SF/CaHI. (b) SF/CaHI shows 
good flame retardancy. (c) SEM image of the porous structure of SF/CaHIs after burning. (d) TGA-MS curve of the SF/CaHI. (e) Specific changes of the output voltage 
of a SF/CaHI battery during five repeated ignition-extinguishment operations, offering five times of alarming signals. (f) Real-time recording of the SF/CaHI battery 
changes (side view) during one fire detection process (the flame was removed after being in contact for about 7 s). (g) Schematic diagram showing the SF/CaHI 
electrolyte foaming and expanding during ignition and its self-repairing after the flame is removed. (h) SEM images and schematic diagram of the SF/CaHI electrolyte 
after providing one alarming signal from the SF/CaHI battery. 
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assembled from commonly used electrolytes such as polyvinyl alcohol, 
cellulose/sodium chloride, and cellulose/potassium chloride systems 
(Fig. S18, Supporting Information). 

To match the practical use in wild environment, SF/CaHI batteries 
were further integrated with a programmable Internet of things (IoT) 
platform (Fig. 4a-c) that consisted of an energy management unit (EMU) 
and an energy user unit (EUU). As a result, a portable and wireless SPIS- 
WDAS was obtained in which twenty SF/CaHI batteries were concate-
nated to provide power energy and an auxiliary SF/CaHI battery served 
for environmental sensing. On the other hand, EMU was designed to 
manage the energy generated by the SF/CaHI batteries and to ensure 
their stability for the long-term use needs. More specifically, EMU pro-
vides more comprehensive signals associated with energy storage. The 
sensing, computing, and transmitting tasks can be carried out more 
robustly by keeping good awareness of the energy generated by the SF/ 
CaHI batteries. Besides, EUU is a Bluetooth Low Energy node for multi- 
channel ADC sampling and single-channel or multi-channel wireless 
transmission, which can also be equipped with additional environ-
mental sensors. More details concerning the design of the SPIS-WDAS 
can be found in Supplementary Note 4 in the Supporting Information. 
With this optimized SPIS-WDAS structure, remote wireless monitoring 
of ambient temperature and fire emergency in the unattended wild en-
vironments could be realized (Movie S3, Supporting Information). 
Moreover, there was no need in additional power supply sources owing 
to the use of twenty SF/CaHI Zn-air batteries, and the ambient tem-
perature changes from room temperature to 50 ◦C were recorded 
(Fig. 4d, e and Movie S4 in the Supporting Information). More experi-
ments combined with artificial intelligence technique will further cor-
rect the detection errors caused by the simultaneous changes of 
temperature and humidity. By using information processing chips that 
can operate in low temperature, the temperature detection range is ex-
pected to be extended to − 30–80 ◦C [41,70]. Besides, the discharged 
SF/CaHI batteries could be self-charged gradually due to the self-healing 
ability of SF/CaHIs in the ambient environments, which further pro-
longed the life span of the SPIS-WDAS (Fig. 4f). In addition, EMU 
managed the SPIS-WDAS’s discharge and self-charge process. As illus-
trated in Fig. 4g, when the battery is discharged to 3.5 V, a self-charge 
program will be activated automatically to charge the battery to 5 V 
and to maintain the stable power supply. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107630. 

To demonstrate the SPIS-WDAS prototype in practice, seven SPIS- 
WDASes were located at different positions in an outdoor environment 
(the minimum distance between them was larger than several kilome-
ters). Prior to this, individual SPIS-WDASes had been tested for the self- 
powering performance over four days, as well as their alarm function 
(Fig. S19, Supporting Information). Two kinds of data receiving termi-
nals, including android APP and PC software, were designed to remotely 
receive the sensing and fire alarm signals from these SPIS-WDASes 
through wireless routers and cloud storage in real-time (Fig. 4h and 
Movie S3, Supporting Information). During daily use, the data receiving 
terminals can trigger the ambient temperature and humidity sensing by 
SPIS-WDASes at specific positions. Once there is a fire, the SP-WDASes 
will alert the data receiving terminals in real-time mode. The fire 
alarm is realized based on the consistency between the analogous signal 
obtained through the AC/DC conversion and the real voltage output 
signal from the SF/CaHI battery in the experiment. As illustrated in 
Fig. S20a and Movie S3 in the Supporting Information, once the fire 
approaches the sensing component of the SPIS-WDASes, the terminal 
displays significant signal changes within 5 s, and an early warning is 
issued synchronously (Fig. S20b, Supporting Information). In this pro-
cess, the SPIS-WDASes at the site are still intact and unburnt. Further-
more, as seen in Fig. S21 in the Supporting Information, the SF/CaHI 
batteries in SPIS-WDASes will not fail until the flame stays on for more 
than 10 s. Even so, such failure is temporary. Finally, the hygroscopicity 
of the SF/CaHI batteries allows them to selfheal in an outdoor 

environment (Fig. 4f). 

3. Conclusions 

In summary, a self-powered IntelliSense wildfire detection and alarm 
system (SPIS-WDAS) was developed based on a sustainable and envi-
ronmentally interactive hydro-ionotronic system composed of silk 
fibroin and calcium ions. This hydro-ionotronic structure was first 
assembled into long-lasting, all-solid, highly flexible, and fire retardant 
metal-air batteries using scalable continuous aerosol deposition tech-
nology. In addition to providing power supply for chipsets in the SPIS- 
WDAS, the unique environmental interaction features, including accu-
rate environmental responsiveness and high sensitivity to approaching 
fire, endowed the SF/CaHI batteries with ambient temperature and 
humidity change sensing property in daily use with the aim of rapidly 
triggering the fire alarm. After further optimization by means of IoT- 
based energy management and wireless communication technologies, 
we finally constructed a low-cost, portable, eco-friendly, all-terrain, 
unattended, and highly sensitive SPIS-WDAS. It allows the real-time 
ambient temperature sensing and brief fire warning (within a few sec-
onds). Finally, the safety of use, long-term effectiveness, sensitivity, and 
sustainability, make the proposed installation promising for further 
promotion and development of new-generation WDASes. 

4. Experimental section 

4.1. Materials 

Formic acid (FA, CAS 64–18–6, 98%) was purchased from Sino-
pharm Chemical Reagent Co., Ltd, Shanghai, China. Calcium chloride 
anhydrous (CaCl2, CAS 10043–52–4, AR) and sodium bicarbonate 
(NaHCO3, CAS 144–55–8, AR) were offered by Meilunbio Co., Ltd, 
Dalian, China. All the above- chemicals were used without further pu-
rification. Bombyx mori (B. mori) silkworm cocoons were collected from 
Jiaxing agricultural markets, Zhejiang province, China. 

4.2. Preparation of degummed silk fibers 

Twenty grams of B. mori silkworm cocoons were boiled twice in 
0.5 wt% NaHCO3 aqueous solution for 30 min, and then thoroughly 
washed with deionized water to obtain sericin-free silk fibers. The fibers 
were afterward air-dried for 12 h in an oven pre-heated to a temperature 
of 60ºC. 

4.3. Preparation of SF/CaHI using FA/CaCl2 solvent 

The dry degummed silk fibers were directly dissolved in CaCl2/FA 
solution to produce silk membranes with desired SF/FA/CaCl2 ratios. In 
a typical experiment, 1 g of CaCl2 (Sigma-Aldrich) was added to 20 g of 
FA (Sigma-Aldrich) solution, and then 3 g of degummed silk fibers were 
added. After shaking agitate for 1 min at room temperature, the solution 
was cast onto a polystyrene petri dish with a diameter of 150 mm, and 
exposed to drying at room temperature and a relative humidity of 50% 
to make the FA evaporate. All steps should be conducted in a chemical 
fume hood with necessary precautions. 

4.4. Preparation of Zn air self-powered using SF/CaHI 

A silk fibroin/CaCl2/FA solution with a weight ratio of 1/3/20 was 
firstly atomized and deposited onto the surface of the graphite belt 
under the air pressure of 0.8 Bar and the gas output of 10 L/min, and 
then transported to the collecting roller at a thrust of 55 mm/s. Since the 
FA is very easy to evaporate in the air environment, a heat source and a 
ventilation system have been involved to ensure that the FA is 
completely removed before the deposited graphite approaches the 
convery belt (the stroke is 1 m). At the end of the conveyor belt, the 
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Fig. 4. Working principle of the remote wireless alarming and applications of SPIS-WDAS. (a) Structural diagram of the SPIS-WDAS. (b) Diagram of the working 
principle of the SPIS-WDAS. (c) Photograph of an assembled SPIS-WDAS. (d) Real-time ambient temperature monitoring by a SPIS-WDAS and data display by a 
mobile phone applet (the SPIS-WDAS is heated with an IR lamp). (e)Temperature data furnished by the SPIS-WDAS (experimental), and the temperature data 
recorded by a commercial thermometer (standard) under the same condition for comparison. (f) Self-charging of a SF/CaHI battery at 85% RH. (g) Threshold setting 
of the automatic conversion between working mode and self-charging mode of the SPIS-WDAS. (h) Seven SPIS-WDASes distributed in different locations of a 
university campus, providing real-time temperature monitoring and subsequent fire alarm through an Android app and PC software. 
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deposited graphite was bonded with the zinc belt and then entered a 
double-roller-based extrusion system to press it into the sandwich 
structure. The final SF/CaHI Zn-air battery was collected continuously 
using an automatic roller. 

4.5. Mechanical tests 

For the tensile tests, 20 mm segments of the SF/CaHIs were fixed on 
an Instron 5966 machine (Instron, Norwood, USA). The strain rate was 
fixed at 10 mm/min. The samples were tested at room temperature with 
abiment RH. There were more than five replicates for each mechanical 
test. 

4.6. TGA-MS spectrometry 

The TGA-MS experiments were performed at the Shanghai Institute 
of Ceramics, Chinese Academy of Sciences, using a thermogravimetric- 
mass spectrometry analysis instrument (Netzsch STA449F3 @QMS 
403) in air at atmospheric pressure. Approximately 10 mg of each 
sample were taken for thermal analysis under air atmospheric condi-
tions. The materials were heated from 25◦ to 1000◦C at a flow rate of 
300 mL min-1 and a heating rate of 10 ◦C min-1, respectively. The 
qualitative analysis of the mass spectra at an arbitrary temperature was 
automatically performed by the QMS 403 TGA-MS setup, and complex 
multistage reactions along with translational reactions were investi-
gated through simultaneous dynamic TGA and MS measurements. 

4.7. Electrical measurements 

The resistance and voltage of the materials were measured on a 
digital multimeter (Keithley DMM-6500) in 2-wire mode at a resolution 
of 100 ms by employing a zinc-air battery of 3 × 4 cm2. The electro-
chemical impedance spectroscopy and cycling voltammetry tests in 
constant current-constant voltage charge/discharge modes were carried 
out using an electrochemical workstation (CHI 660E). A programmable 
electrometer (Keithley 6514) and an oscilloscope (TBS-1052EDU, 
Keithley, USA) were adopted to measure the open-circuit voltage, the 
short-circuit current, the transferred charge, and the output voltage at 
different external loads. 

4.8. Structural characterization 

The morphological characterization of SF/CaHIs was carried out 
using a polarizing optical microscope (Olympus BX51-P, Japan) and a 
high-resolution scanning electron microscope (SEM) (JEOL JSM-7800 F, 
Tokyo, Japan) at an acceleration voltage of 5 kV. For the SEM mea-
surements, all the samples were coated with a gold layer at a spray time 
of 20 s to provide conductivity before observation. The Fourier trans-
form infrared (FTIR) spectra were recorded using a Bruker 66 v/s FTIR 
spectrometer in AIR mode. For each acquisition, 128 interferograms 
were coadded and transformed by employing a Genzel-Happ apodiza-
tion function to yield the spectra with a nominal resolution of 4 cm-1. 
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