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Abstract: Electrical heaters with rapid response, robust mechanical properties and reliable 

chemical stability are highly desirable to meet the requirements for the development of high 

performance heating systems that can be used in extreme conditions. Herein, highly conductive 

silver nanoparticles (AgNPs) functionalized aramid fiber paper (AFP) based electrical heaters 

were fabricated through an efficient plasma treatment and electroless plating method. The 

AFP/AgNPs shows an outstanding electrical conductivity with the electrical resistance as low 

as 0.047 Ω/sq and maintains high electrical conductivity after 20 washing cycles and 1000 

bending cycles. The AFP/AgNPs based electrical heater could reach a temperature of about 210 

°C at a low voltage of 1 V with a rapid response time of 20 s. The electric heater also exhibited 

sufficient heating reliability, stability, and repeatability during long-term (up to 10000 s) and 

180 repeated heating and cooling cycles. Moreover, the electrical heaters maintain satisfying 

heating performances even after being treated with acid/alkali solutions and various organic 

solvents. The overall performance of AFP/AgNPs based electrical heaters has been 

demonstrated in the application of water heating and ice melting, indicating their great potential 

for high-performance heating systems that can be used in various harsh conditions.

Keywords: Aramid fiber paper; Silver nanoparticles; Plasma treatment; Electroless plating; 

Electrical heater.

1. Introduction

With the increasing demands for smart wearables, optoelectronics and temperature-

preservation device, electrical heaters which have light weight, high strength, ultra-flexibility 

and rapid response have received widespread attentions 1-5. Electrical heaters which increase 

temperature by converting electrical energy into thermal energy can meet the requirements for 

different scenes such as smart clothing, defogging, ice melting and water heating 6-9. Under the 

electrical voltage, the electrical current formed in the electrical heaters overcomes the resistance 

to generate Joule heat, which is in accordance with Joule’s law as shown in the following 
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equation:

Q = I2Rt = U2t/R                                                            (1)

Where U is electrical voltage, R is electrical resistance and t is the heating time. According to 

Joule’s law, a low electrical resistance is conducive to generating more Joule heat to reach the 

saturation temperature at a low supplied voltage, thereby achieving better heating performance 

9, 10.

Traditionally, indium tin oxide (ITO) had been used extensively in various electrical heaters 

due to its good electrical conductivity and transparency 11, 12. However, ITO is carcinogenic 

(category 2B carcinogen), brittle and non-flexible, which greatly limits its applications, 

especially in smart clothing that is used in human bodies 9, 13. As an alternative, electrical heaters 

based on conductive polymer composites have attracted increasing concerns in recent years 14-

16. Various conductive components including carbon nanotubes (CNTs) 17-20, graphene 21-24, 

MXene 25-27, metal nanoparticles/nanowires 28-37 have been widely used in fabricating 

conductive polymer composites. Among various conductive components, silver has the highest 

conductivity (1.65 × 10-8 Ω·m of resistivity) and is preferred in fabricating conductive polymer 

composites for electrical heaters with high heating performances 29-31, 35.

Conductive polymer composites can be fabricated through two different methods, one of which 

is blending the conductive components with the polymer matrix 24, 38-41 and the other is coating 

the conductive components on the surface of various polymer substrates 20, 25, 42-46. Electrical 

heaters based on blended conductive polymer composites had better long-term fastness 19, 21, 

whereas in contrast, electrical heaters prepared with surface functionalized polymers showed 

faster thermal response time due to the heat generated by and dissipated on the surface 5, 18, 26, 

which achieved a balance between heat generation and heat dissipation rapidly.

Although there have been some progress on preparation of electrical heaters based on 

conductive polymer composites, it remains a challenge for electrical heaters to simultaneously 
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achieve high temperature at low voltage, rapid response and high stability in extreme conditions. 

Aramid fiber paper (AFP), which is made by hot-press of high-performance pulp and short fiber, 

could act as an excellent substrate for fabricating high-performance paper-based electrical 

heaters owing to the advantages of high-strength, high-flexibility, high temperature resistance 

and excellent chemical stability 47.

In the present study, we proposed a method for preparing a highly conductive silver 

nanoparticles (AgNPs) functionalized AFP (AFP/AgNPs) based electrical heater with rapid-

response and excellent chemical stability by combining low-temperature oxygen plasma 

treatment and electroless plating. The plasma treatment significantly enhances the interfacial 

interaction between the AFP substrate and the AgNPs, as well as the mechanical performance 

of the AgNPs functionlized AFP through the etching effect and the introduction of oxygen-

containing groups. The electrical conductivity and heating performance of the AFP/AgNPs 

were investigated. The results show that the AFP/AgNPs has an outstanding electrical 

conductivity with the electrical resistance as low as 0.047 Ω/sq. The AFP/AgNPs based 

electrical heaters exhibit rapid response, excellent stability and reliability upon long-term and 

repeated heating/cooling cycles as well as satisfying heating performances after being subjected 

to washing, bending deformation and chemical corrosion. The performance of the AFP/AgNPs 

composites based heater were demonstrated in water heating and deicing.

2. Experimental

2.1. Materials

Meta-aramid fiber papers with a thickness of 0.18 mm were supplied by ZhongFang Special 

Fiber Co., Ltd, Dongying, China. Ethanol, silver nitrate (AgNO3), sodium hydroxide (NaOH), 

ammonia (NH3·H2O), glucose, sodium hydroxide (NaOH), hydrochloric acid (HCl), acetone, 

N-heptane and xylene were purchased from Sinopharm Chemical Reagent Co., Ltd, Shanghai, 

China.
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2.2. Preparation of AFP/AgNPs Composites

Initially, AFP were ultrasonically washed with 50 vol % of ethanol for 30 minutes to remove 

surface impurities and dried in vacuum at 60 °C for 2 h. Then, the AFP were treated by using a 

plasma treater (AS 400, Plasmatreat GmbH, Germany) at a nozzle speed of 1 m/min, a plasma 

cycle time of 80% and a nozzle height of 4-5 cm. Immediately after the plasma treatment, the 

AFP were immersed in a ammoniacal silver nitrate solution (5 ~ 30 g/L of AgNO3 concentration) 

for 30 minutes and then, glucose (with a concentration of 30 g/L) as a reducing agent was added 

to the ammoniacal silver nitrate solution at a dropping rate of about 60 drops/minute. The 

reaction was allowed to proceed at 30 °C for 24 h. After electroless plating, the silver-coated 

MAFP was rinsed with deionized water three times and dried in vacuum oven at 60 °C for 24 

hours. The AgNPs coated AFP obtained with AgNO3 concentration of 5, 10, 15, 20 and 30 g/L 

was denoted as AFP/AgNPs-5, AFP/AgNPs-10, AFP/AgNPs-15, AFP/AgNPs-20, 

AFP/AgNPs-30, respectively. 

2.3. Characterization

The surface morphology of AFP, plasma treated AFP and AFP/AgNPs was observed by using 

a scanning electron microscopy (SEM) (VEGA3, TESCAN, Czech). The surface element was 

scanned by using an energy dispersive spectrometer (EDS) (E1856-C2B, EDAX, USA). The 

chemical composition was investigated by using an X-ray photoelectron spectroscopy (XPS) 

(ESCALAB 250XI, Thermo Fisher Scientific, USA) with an Al Kα X-ray source (1486.6 eV 

photons). The thermal property of AFP, plasma treated AFP and AFP/AgNPs composite papers 

was studied by using a TG/DSC synchronous thermal analyzer (STA 449 F3, NETZSCH 

GmbH, Germany). The measurement was conducted from 40 to 800 °C with a heating rate of 

20 °C/min. The crystalline structure of the samples was investigated by using an X-ray 

diffractometer (XRD, Rigaku Ultima IV, Japan) of Cu Kα radiation with a wavelength of 

1.54056 Å. The mechanical property of different AFP was investigated by using a universal 
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tensile testing machine (Instron 5965, USA). The sheet resistance of AFP/AgNPs composite 

papers was measured by using a multifunction digital four-probe tester (ST-2258C, Suzhou 

Jingge Electronic Co., Ltd, China). For the heating performance tests, The AFP/AgNPs with a 

dimension of 60 mm × 10 mm was mounted with conductive copper tape as the electrode. Silver 

paste was employed to connect the tiny gap between samples and the copper tape to guarantee 

good contact. Constant or repeatedly or gradiently changed voltages were applied to the 

electrical heaters by using a precision power supply (B2901A, Keysight, USA). The real-time 

surface temperature of the electrical heater was measured by using a contact thermometer 

(UT320A, Uni-Trend Technology Co. Ltd, China) and the infrared thermal images were 

captured by using an infrared thermal imager (TiS50, Fluke Electronic Instrumentation, USA).

3. Results and discussion

3.1. Surface plasma treatment and silver plating of AFP

Figure 1 illustrates the preparation process of AgNPs-coated AFP. Firstly, low temperature 

plasma treatment was employed to activate the surface of AFP. In order to evaluate the effect 

of plasma treatment, the surface morphology and chemical composition of AFP before and after 

plasma treatment was studied. Figure 2a and b show the SEM image of pristine AFP and 

plasma-treated AFP, respectively. It can be seen that different from pristine AFP (Figure 2a), 

large amounts of etching spots (as noted by the red cycles) appeared on the plasma-treated AFP 

surface (Figure 2b). EDS results (Figure S1, Supporting Information) further show that the 

content of oxygen element increased from 23.88% to 28.73% after plasma treatment, indicating 

more oxygen-containing groups in the surface of plasma-treated AFP.
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Figure 1. Schematic illustration for the fabrication of AgNPs functionalized AFP.

XPS was used to further study the effect of plasma treatment on the chemical composition of 

AFP. The XPS wide-scan spectra (Figure 2g) of pristine AFP and plasma-treated AFP showed 

three peaks at binding energy of about 285 eV, 400 eV and 532 eV corresponding to C 1s, N 

1s and O 1s, respectively. The C 1s core-level spectrum of pristine AFP (Figure 2h) showed 

three peaks at binding energy of 284.4 eV for -C-C-/-C-H, 285.4 eV for -C-N- and 287.9 eV 

for -C=O, which were ascribed to benzene ring and amide group in AFP. The C 1s core-level 

spectrum of plasma-treated AFP (Figure 2i) show two new peaks at binding energy of 286 eV 

and 288.9 eV belonging to -C-O- and -COO-, respectively, indicating that plasma treatment has 

introduced new oxygen-containing groups on the AFP surface. The N 1s core-level spectrum 

does not change after plasma treatment while the O 1s core-level spectrum of plasma-treated 

AFP show two new peaks at binding energy of 530 eV and 533 eV, which also confirms the 

introduction of oxygen-containing groups via plasma treatment (Figure S2, Supporting 

Information). Quantitative changes in chemical composition of the AFP before and after plasma 

treatment show that the content of carbon and nitrogen elements for AFP changed little after 

plasma treatment while the oxygen content varied obviously, with the O/C ratio increased from 

0.14 to 0.97. The content of -C=O increased from 4.37% to 7.56% and the contents of new 

formed -C-O- and -COO- bonds were 2.64% and 3.22%, respectively. It is known that there is 

a strong π-π conjugation in the molecular chain of aramid, which hinders the reactivity of the 

group 5. The introduction of those oxygen-containing groups after plasma treatment is 

beneficial to break π-π stacking balance and enhance the surface activity of AFP.

Page 7 of 27

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



After electroless silver plating (the 2nd step in Figure 1), dense AgNPs deposited uniformly on 

the AFP surface as can be observed from the SEM images (Figure 2c) and the EDS mapping 

(Figure 2d) of AgNPs-coated AFP. The cross-sectional morphology (Figure 2e) shows that the 

silver coating adhered tightly to the AFP surface. The strong signals derived from Ag in the 

XPS wide-scan and Ag 3d core-level spectra of AFP/AgNPs in Figure 2g demonstrate that 

AgNPs successfully deposited on the AFP surface. The Ag 3d core-level spectrum of 

AFP/AgNPs composite paper show two peaks at binding energy of 374 eV for Ag 3d3/2 and 

368 eV for Ag 3d5/2, confirming that the silver particles were in the zerovalent state on the AFP 

substrate surface. The formation of dense AgNPs on the plasma-treated MAFP surface is due 

to the etching effect and the introduction of active oxygen-containing groups which could form 

ionic and covalent interacting with AgNPs 48. As shown in Figure 2f, the LED bulbs connected 

in series and formed a logo of “QDU” that was lighted up when the AFP/AgNPs composite 

paper was connected with a power supply of 220 V, indicating the high conductivity of the 

AgNPs coated AFP.
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Figure 2. The SEM images of pristine AFP (a), plasma-treated AFP (the red cycles showing 

some of the etching pots) (b) and AgNPs-coated AFP (c); the EDS mapping of AgNPs-coated 

AFP (d); the cross-sectional morphology of AgNPs-coated AFP (e); lighting LED bulbs formed 

a logo of “QDU” when the AFP/AgNPs was connected with a power supply of 220 V (f); the 

XPS wide-scan spectra of pristine, plasma-treated and AgNPs-coated AFP (g); XPS spectra of 

C 1s peaks for pristine AFP (h) and plasma-treated AFP (i).

As a comparison, AgNPs-coated AFP which was not pre-treated with plasma was prepared, the 

SEM and EDS show that the AgNPs on the AFP surface was not continuous and no electrical 

conductivity was detected (Figure S3, Supporting Information).

3.2. XRD Analysis, Electrical, Thermal and Mechanical Properties of AFP/AgNPs

Figure 3a shows the XRD patterns of pristine AFP, plasma treated AFP and AgNPs coated 

AFP. The diffraction peak at the 2θ value of 27°, suggesting that the pristine AFP is a partly 
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crystalline 49. The crystal structure of AFP did not change after plasma treatment, indicating 

that the plasma treatment had no effect on the crystallinity of the AFP. Five new peaks at 2θ of 

38.2°, 44.4°, 64.5°, 77.5°, 81.6° corresponding to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 

2) planes of face-centered cubic (FCC) lattice phase silver (JCPDS Card No.04-0783) appears 

on AgNPs-coated AFP. SEM images and EDS mapping of AFP/AgNPs prepared with variable 

AgNO3 concentration ranging from 5 to 30 g/L show that the deposited silver layer for each 

sample is uniform and the surface silver content increases from 84.40% to 95.88% (Figure S4, 

Supporting Information). Figure 3b shows the TGA curves of pristine, plasma-treated and 

AgNPs-coated AFP. It can be seen that the thermal degradation of all AFP samples is a two-

step stage process. The 1st stage in the temperature range of 40 °C to 200 °C was due to the 

evaporation of bound water contained in the material and the 2nd stage starting from 430 °C was 

attributed to partial dehydroxylation and alkoxide decomposition. These results indicate that 

the thermal stability of AFP samples is good and is not apparently influenced by plasma 

treatment and chemical deposition of AgNPs.

The relationship between AgNO3 concentration and electrical sheet resistance (Figure 3c) 

shows that as the AgNO3 concentration increases, the sheet resistance decreases sharply from 

0.439 Ω/sq to about 0.076 Ω/sq when the AgNO3 concentration increases from 5 to 15 g/L and 

then decreases slightly to 0.047 Ω/sq when the AgNO3 concentration increase further to 30 g/L. 

The stability of AgNPs coating on AFP was evaluated by measuring the electrical conductivity 

after bending and washing. Figure 3d shows the change in sheet resistance of AFP/AgNPs-20 

as an example with bending and washing cycles. It can be seen that the sheet resistance of 

AFP/AgNPs-20 increases from 0.049 Ω/sq to 0.11 Ω/sq after 1000 bending cycles and to 0.13 

Ω/sq after 20 washing cycles. The above results suggest that the AFP/AgNPs have reliable 

bending and washing fastness.

Mechanical properties are of great importance considering the practical applications of AgNPs-

Page 10 of 27

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



coated AFP. Figure 3e and 3f shows the typical stress-strain curves and the average tensile 

strength and elongation at break of pristine, plasma-treated and AgNPs-coated AFP, 

respectively. It can be seen that compared with pristine AFP, the tensile strength and elongation 

at break of plasma treated AFP increased by 16.1% and 115.4%, respectively. This was due to 

the fact that the increasing surface roughness and content of active oxygen-containing groups 

enhanced the bonding strength between adjacent fibers 50, 51. Interestingly, there are no obvious 

changes in both tensile strength and elongation at break between plasma treated AFP with and 

without AgNPs coating.

Figure 3. The XRD patterns of pristine AFP, plasma-treated AFP and AFP/AgNPs (a); the 

TGA curves of pristine AFP, plasma-treated AFP and AFP/AgNPs (b); the relationship between 

AgNO3 concentration and sheet resistance (c); the variation of sheet resistance of AFP/AgNPs-

20 with bending and washing cycles (d); the stress-strain curves (e) and the tensile strength and 

elongation at break (f) of pristine AFP, plasma-treated AFP and AFP/AgNPs.

3.3. Heating performance of AFP/AgNPs

Figure 4a and b shows the time-dependent temperature under different supplied voltages for the 

two electrical heaters based on AFP/AgNPs-5 and AgNPs-30, respectively. It can be seen that 
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for both electrical heaters, the saturation temperature (Ts) increases with increasing supplied 

voltage and is reached within 20 s, demonstrating their rapid response; When the power was 

switched off, the heater temperature decreases to room temperature within 25 s, demonstrating 

equally rapid cooling response. At a supplied voltage of 1 V, the electrical heater base on 

AFP/AgNPs-30 reached a saturation temperature of around 210 °C, which is higher than other 

silver-coated polymer composites 1-3, 52-54.

Figure 4c shows the experimental data and the linear fittings of saturation temperature versus 

applied voltage. When the voltage is supplied to the electrical heater, the electrical energy is 

converted into thermal energy and the heater temperature rises rapidly; this process is 

companied by the heat generation of the electrical heater and heat radiation to the surrounding 

environment. According to the energy balance principle, the surface temperature of electrical 

heaters would reach an equilibrium when the dissipated power by Joule heating is equal to the 

power losses through conduction, convection, and radiation 34. Accordingly, the surface 

temperature of electrical heaters could be calculated by using the following equation:

                                                  (2)
𝑈2

𝑅 = 𝑚𝑐
𝑑𝑇
𝑑𝑡 +ℎ𝐴(𝑇 ― 𝑇0)

Where U is the supplied voltage, R is the electrical resistance of electrical heater, m is the mass 

of the electrical heater, c is the specific heat capacity, h is the convective heat-transfer 

coefficient, A is the area of electrical heater, T is the surface temperature and T0 is the initial 

ambient temperature. By integrating Eqn. 2 and taking T (t = 0) = T0, the time-dependent surface 

temperature and Ts of electrical heaters could be obtained as shown below 5:

                                              (3)𝑇 = 𝑇0 +
𝑈2

𝑅ℎ𝐴(1 ― 𝑒 ― (ℎ𝐴 ∕ 𝑚𝑐)𝑡)

                                                           (4)𝑇𝑠 = 𝑇0 +
𝑈2

𝑅ℎ𝐴

It can be seen from Figure 4c that the saturation temperature of heaters shows an excellent linear 

relationship with U2, suggesting that the saturation temperature achieved at various supplied 
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voltages can be accurately calculated by the linear fitting within the materials range.

Aramid fiber paper, as a high-performance substance, would also be thermally decomposed 

from about 430 °C as indicated by the TGA measurement shown in Figure 3b. It can be seen 

from Figure 4d that at a certain applied voltage, the heaters temperature reaches the highest and 

then drops to zero, indicating the heater didn’t function anymore. The applied voltage at which 

the temperature starts to drop is 3.2 V and 2.1 V for AFP/AgNPs-5 and AFP/AgNPs-10 based 

heater, respectively and about 1.8 V for AgNPs-15, AFP/AgNPs-20 and AFP/AgNPs-30 based 

heaters. It can also be noted that the highest heating temperature at which all heaters stopped 

function is around 430 °C, which is in consistent with the TGA results (Figure 3b).

Figure 4e shows the change in heating temperature upon the gradient voltages for AFP/AgNPs-

5 and AFP/AgNPs-30 based electrical heaters. It can be seen that as the voltage gradually 

changes, the temperature of two heaters rapidly increases or decreases, suggesting the rapid and 

controlled response of the heater to temperature by simply tuning the applied voltage. The 

heating repeatability and long-term heating stability of AFP/AgNPs based electrical heater were 

investigated by using AFP/AgNPs -30 as an example. It can be seen from Figure 4f that when 

the electrical heater is subjected to an alternating voltage of 0 V and 1 V, the heater shows 

simultaneous temperature change between room temperature (23.7 °C) and about 210 °C. 

Moreover, there is no change in the heating/cooling behaviors of the heaters throughout the 

repeated on/off voltage for 10000 s (180 cycles), demonstrating the excellent repeatability of 

the electrical heaters. The stability of electrical heaters was also investigated by applying a 

constant supplied voltage. It can be seen from Figure 4g that at a constant supplied voltage of 

0.5 V, the Ts of the heaters based on AFP/AgNPs-30 is very stable at around 115 °C for the test 

period of 10000 s, indicating good long-term stability of the heater. 
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Figure 4. Time-dependent temperature at different supplied voltage for two electrical heaters 

based on AFP/AgNPs-5 (a) and AFP/AgNPs-30 (b); the linear fitting of saturation temperature 

versus U2 (c); the relationship between surface temperature and voltage for AFP/AgNPs 

electrical heaters (d); surface temperature of electrical heaters based on AFP/AgNPs-5 and 

AFP/AgNPs-30 upon gradiently changed voltages (e); the heating repeatability upon alternating 

voltage of 0 V/1 V (f) and the long-term stability upon a supplied voltage of 0.5 V (g) for 

electrical heaters based on AFP/AgNPs-30.

Electrical heaters are inevitably subjected to various deformations and harsh environmental 

conditions during practical application. Therefore, it is important to evaluate the heating and 

cooling behaviors of the developed heaters in these conditions. Here the electrical heater 

prepared from AFP/AgNPs-15 was used as an example to demonstrate its stability in various 

extreme conditions. 

Figure 5a-c show the heating performance of the electrical heaters before and after 1000 
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bending cycles or 20 washing cycles. It can be seen from Figure 5a that after bending or washing, 

the saturation temperature of the electrical heater remains nearly unchanged, as revealed by the 

fact all heaters reached around 100 °C within 20 s at a supplied voltage of 0.5 V. It can be seen 

from Figure 5b-c that the electrical heater after 1000 bending cycles or 20 washing cycles still 

demonstrates good stability at a constant voltage of 0.5 V. In addition, the electrical heaters 

after bending or washing also show excellent repeatability under the alternating voltage of 0 

V/1 V. The digital and infra-red (IR) images in Figure 5d show the performance of the flexible 

electrical heaters based on AFP/AgNPs-15 in the “straight” and “bent” states with a supplied 

voltage of 0.5 V. It can be seen that the electrical heater reaches 102.4 °C with a supplied 

voltage of 0.5 V in straight state and the saturation temperature remains nearly unchanged in 

the “bent” state (101.1 °C), indicating its feasibility to be used as a flexible electrical heater 

candidate.

To evaluate the chemical stability of the AFP/AgNPs based electrical heater, the AFP/AgNPs-

15 were immersed in acid solution (pH = 2), neutral aqueous solution (pH = 7), alkali solution 

(pH = 12) and various organic solvents including ethanol, acetone, N-heptane and xylene for 3 

days, the electrical conductivity of AFP/AgNPs-15 and heating performance of the electrical 

heaters based on the treated AFP/AgNPs-15 were evaluated. It can be seen from Figure 5e that 

after being immersed in the above mentioned solutions and organic solvents for 3 days, the 

sheet resistance of AFP/AgNPs-15 increased by 12.4%, 5.6%, 3.6%, 24.2%, 1.6%, 2.5% and 

7.0%, respectively, and the saturation temperature of AFP/AgNPs-15 based electrical heater 

decreased by 6.9%, 2.1%, 6.4%, 11.3%, 5.4%, 3.5% and 4.2%, respectively. It can be seen from 

Figure 5f that the time-dependent temperature changes for electrical heaters prepared from 

treated AFP/AgNPs-15 appear to be similar to that before immersion, and the response time is 

still within 20 s. Figure S5 (Supporting Information) shows the repeatability with pulse voltage 

of 0 V/1 V and long-term stability with constant voltage of 0.5 V for electrical heaters after 
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immersion. It can be seen that all electrical heaters with treated AFP/AgNPs-15 maintain 

excellent repeatability over hundreds of on/off voltage cycles and good long-term heating 

stability with a supplied voltage of 0.5 V for 10000 s. The above results demonstrate that the 

AFP/AgNPs based electrical heater has excellent chemical resistance. The corrosion resistance 

might be related with the enhanced surface roughness and hence the hydrophobicity of 

AFP/AgNPs (the water contact angle of AFP/AgNPs-15 is 106°), which to a certain degree, 

prevent the water or even the corrosion solution diffusing inside the material 55, 56. Besides, the 

integrity of the silver coating layer is well preserved after immersion (Figure S6, Supporting 

Information) due to the enhanced interfacial interaction between AgNPs and AFP contributed 

by plasma treatment.

Figure 5. Time-dependent temperatures of electrical heaters based on AFP/AgNPs-15 after 

1000 bending cycles and 20 washing cycles (a); the long-term stability and repeatability of 

electrical heaters after 1000 bending cycles (b) and 20 washing cycles (c); the digital and IR 

images of electrical heater in “straight” and “bent” state with supplied voltage of 0.5 V (d); the 

sheet resistance and saturation temperature of electrical heaters based on AFP/AgNPs-15 after 

soaking for 3 days (e) and time-dependent temperatures of electrical heaters after soaking for 3 
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days (f).

3.4. Applications of the AFP/AgNPs based electrical heater in water heating and ice melting

Figure 6a shows the use of an AFP/AgNPs-15 based heater to heat water. The electrical heater 

sample with an area size of 2 cm × 2 cm was placed at the bottom of a glass bottle containing 

20 ml deionized water. The water was heated from 25 °C to 57 °C within 15 min upon the 

supplied voltage of 1 V and then reached 84 °C after another 15 min. Figure 6b shows the ice 

melting by using AFP/AgNPs-15 based heater. When an ice cube with a weight of 10 grams 

was left at room temperature without the heaters, it took as long as 50 min for the ice cube to 

melt completely. Whereas in contrast, when an ice cube with the same weight was placed on 

the top of the AFP/AgNPs-15 based heater with a size of 2 cm × 2 cm, the ice cube melt 

completely in only 9 min at a supplied voltage of 0.5 V. The above results demonstrate that the 

AFP/AgNPs based electrical heater has great potential for application in low-voltage and high-

efficiency water heating and ice melting.

Figure 6. The digital images of electrical heaters in water heating with a voltage of 1 V (a) and 

ice melting with a voltage of 0.5 V (b).

4. Conclusions

In conclusion, this work has reported the fabrication and performance of high-performance 

AgNPs functionalized AFP based electrical heaters through a very simple approach combining 

low-temperature oxygen plasma treatment and chemical deposition. The plasma treatment 

greatly favored the efficient deposition of AgNPs on the AFP surface through the etching effect 

and the introduction of oxygen-containing groups. The as-prepared AgNPs functionalized AFP 
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showed excellent electrical conductivity with the electrical resistance as low as 0.047 Ω/sq and 

maintained high electrical conductivity after 20 washing cycles or 1000 bending cycles. The 

electrical heater based on AFP/AgNPs reached a high temperature of about 210 °C at a low 

voltage of 1 V and showed rapid response to the change in applied voltage. The electric heater 

also possessed sufficient heating reliability, stability, and repeatability during long-term and 

repeated heating and cooling cycles. In addition, the electrical heater exhibited outstanding heat 

performance after being treated with acid/alkali solutions and various organic solvents. The 

excellent heating performance of the AFP/AgNPs based electrical heater was demonstrated by 

water heating and ice melting. It can be envisaged that the electrically conductive AFP is a 

promising candidate for developing high performance flexible heating devices for applications 

in extreme conditions.
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