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A B S T R A C T   

Chinese ink is a common painting material with intrinsic color of black, excellent water-dispersion stability, and 
proper fluidity. Herein, a conductive melamine foam (CMF) composite with various features was fabricated 
through a dip-coating method to assemble Chinese ink carbon nanoparticles (ICN) on the foam. The CMF 
combines the advantages of strain sensing, Joule heating and photothermal performance. The resistance of CMF 
changes rapidly upon compression or tension, so CMF is employed to monitor physiological activities. Moreover, 
CMF exhibits excellent Joule heating property, which is applied to sensitively detect the fingers bending action. 
In addition, CMF shows good photothermal performance under near-infrared light (NIR) and simulated sunlight, 
which is capable to carry out desalination with high evaporation rate and efficiency. This study provides a new 
strategy to construct a multifunctional light-absorbing and conductive device with very cheap raw materials, 
which shows great potentials in smart sensor and desalination.   

1. Introduction 

Highly sensitive sensor material is the core of the design of smart 
device. Generally, the good electrical conductivity and nanoscale are the 
basic requirements to develop a sensor, while the high signal transform 
efficiency is an another important parameter for smart device [1–9]. 
Accordingly, the materials microstructure is carefully designed for the 
stretchable conductive sensors, and many types of structure were 
explored, such as network structures [10], porous structures [11,12], 
wave structures [13], spiral structures [14,15], and cross-stacked 
structures [5]. With the development of sensitive and flexible mate-
rials, rapid responsive and high conductive sensors have been utilized in 
many fields such as artificial muscles, wearable electrical devices, 
retractable displays, motion sensors, and personal machine interfaces 
[3,16–18]. In recent years, pressure and electrothermal sensing were 
widely explored to fabricate an electrical device in intelligence sensor 
[19–23]. For instance, Cheng et al. developed ultrathin gold nanowires 
by sandwiching ultrathin gold nanowire-impregnated tissue paper be-
tween two thin polydimethylsiloxane sheets. This pressure sensor is 
capable to detect low pressure (13 Pa) and response rapidly (<17 ms) 
with high sensitivity (>1.14 kPa− 1) and high stability (>50,000 loa-
ding–unloading cycles) [24]. Chemical vapor deposition was 

implemented to make graphene growth on copper with ultrathin carbon 
nanotubes films as templates. This chemically hybridized film shows 
high conductivity and exhibits linear and reliable conductivity responses 
to cyclic strains. Therefore, the films act as a strain sensor to detect 
human finger motions with fast response and high accuracy [25]. 
Recently, Yang et al. prepared a stretchable graphene-polymer nano-
composite which was applied as a strain sensor using Joule heating ef-
fect. The sensor displays superior stability over 400 cycles and excellent 
strain sensitivity of 7.03 × 10-4 ◦C− 1%− 1 in strain range of 0–30% [26]. 
Inspired by these researches, the combination of pressure sensing and 
Joule heating was schemed to fabricate a multifunctional wearable 
equipment to monitor human physiological activity. 

Chinese ink, as a conventional black color material, is widely used in 
paint and calligraphy and plays a crucial role in Chinese cultural heri-
tage for thousands of year [27]. Chinese ink derived from the burning 
product of pine tree is mainly composed of carbon nanoparticles which 
possess many advantages such as intrinsic color of black, good water- 
dispersion stability, strong adhesion to material surfaces, proper 
fluidity, and outstanding photothermal performance [28,29]. Therefore, 
ink carbon nanoparticles (ICN) can be utilized in modern high-tech 
fields [30,31], such as solar seawater desalination [29,32,33] and 
tumor treatment [34–36]. For example, Darling et al. coated ICN on the 
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wood and membrane stabilized by atomic layer deposition. The resulted 
materials behave strong and broad light-absorption property from the 
near-infrared (NIR) to UV regions, which exhibit superior photothermal 
properties and excellent evaporation performance under simulated 
sunlight [29]. Besides, ICN was also used as an agent in photothermal 
therapy for metastatic lymph nodes in rectal cancer. Interestingly, ICN 
shows good biocompatibility both in vitro and vivo, which can be able to 
eliminate the metastatic sentinel lymph nodes through NIR irradiation 
[28]. Furthermore, a paper-ICN cathode was fabricated and then a 
highly flexible Li-O2 battery was constructed, which behaves superior 
mechanical strength and excellent electrochemical performances. The 
foldable Li-O2 battery greatly saves the occupation space and signifi-
cantly improves the volume energy density [31]. However, the related 
research on ICN for designing multifunctional light-absorbing and 
conductive device is rare in spite of its merits such as low cost, good 
conductivity, and superior photothermal effect. 

Melamine foam is a kind of economical, technologically mature, 
commercial and hydrophilic porous material, which has been applied in 
various fields, such as sensors [37], oil–water separation [38], super-
capacitors [39], photocatalysis [40], electrocatalysis [41], and flame 
retardants [42]. Melamine foam has many advantages of being highly 
porous, lightweight, highly elastic, and low thermally conductive [43]. 
Wang et al. fabricated a novel hybrid aerogel using melamine foam as 
the supporting framework while graphene nanoplatelets as the 
conductive path. This composite shows excellent photothermal and 
electro-thermal energy conversion abilities [44]. 

In this work, ICN was assembled to the melamine foam through a 
simple dip-coating method. The conductivity, piezoresistive properties, 
Joule heating effect, and photothermal performance of the conductive 
melamine foam (CMF) were studied. The resistance of CMF changes 
sensitively with the compression or tensile stress, so CMF was conducted 
to monitor small and large human activities. Furthermore, CMF exhibits 
excellent Joule heating property, for instance, the surface temperature 
of 10% CMF rises to 124.7 ◦C within 60 s. The elevated temperature is 
related to applied voltage, concentration of ICN, and working distance. 
The temperature changes quickly with the shape deformation which 
demonstrates that CMF is able to detect the fingers bending action. In 
addition, the outstanding photothermal performance makes CMF as a 
novel material in seawater desalination under NIR irradiation and 
simulated sunlight. This multifunctional material owns strain sensing, 
Joule heating and photothermal property and combines the advantages 
of low cost, simple preparation process, and environmentally friendli-
ness, which shows promising potential in smart equipment and 
desalination. 

2. Materials and methods 

2.1. Materials 

Zhujiang ink was purchased from Guangzhou jinjian office 
manufacturing plant, China. Melamine foam was obtained from Yong-
kang jingshang industry and trade Co., China. Ultra-pure water was 
originated from Milli-Q Integral Water Purification System. 

2.2. The preparation of CMF composites 

The solid content of raw ink was determined as 11.46%. Before the 
dip-coating process, the ink was diluted to a certain concentration (2%, 
4%, 6%, 8%, 10%) by adding the ultra-pure water. The CMF composites 
were prepared according to our previous study with slight modification 
[45]. First, a certain amount of diluted ink was mixed with ultra-pure 
water in a 500 mL beaker. Then the melamine foam was soaked in 
above suspension, squeezed repeatedly until there was no bubble and 
dried at 100 ◦C for 6 ~ 8 h to obtain a uniform composite. During the 
drying process, the modified foams were turned over every half an hour 
to ensure even distribution. 

2.3. The Joule-heating performance 

Typically, the prepared composite was cut into a strip with a 
dimension of (length, width, thickness) 3.0 × 1.5 × 0.9 cm. Afterwards, 
the strip was loaded at regulated direct current (DC) power supply 
(GRRTTEN, APS3005S-3D) with 1.0–2.5 cm working distance and the 
surface temperature was recorded by an infrared imager (TiS 55, Fluke 
Electronic Instrument Ltd., USA). Finally, the Joule-heating perfor-
mance of CMF was applied in detecting bending action of fingers. 

2.4. The desalination behavior 

The conductive composite was put on the seawater with the irradi-
ation by 808 nm fiber-coupled laser (MD-III-808, Changchun New In-
dustry Optoelectronic Technology Ltd., China) or simulate solar light 
(Newport, Oriel Class A, 91195A, AM 1.5 G, 100 mW/cm2). Simulta-
neously, the weight loss of seawater was measured using an analytical 
balance and the surface temperature was detected through the infrared 
camera. The evaporation efficiency was calculated through the 
following equation: 

η =
mh
Q  

h = CΔT +Δh 

where m is the mass change rate (kg/m2/h), C is specific heat ca-
pacity of water (4.18 J/g⋅K), h is the total phase change enthalpy, Δh is 
the liquid–vapor phase change enthalpy under the change of tempera-
ture, and Q = 1000 W/m2 or 20,000 W/m2 which is dependent on the 
light source, ΔT is temperature difference between started and final 
temperature. 

2.5. The piezoresistive performance and sensing application 

A sample with a dimension of 6 × 5 × 3 cm was compressed 
repeatedly and the resistance change was recorded using an electrom-
eter (Kelthley 6514). Subsequently, the resistance change was also 
measured through simple deformation, such as manual compression, 
bending and twist. In addition, the composite was used to detect pro-
nunciation, eye action, mouth action and nod of human. 

2.6. Characterization 

2.6.1. Transmission electron microscopy (TEM) 
0.05 wt% ICN dispersion was dropped on the carbon membrane 

supported copper mesh and dried naturally at room temperature. The 
morphology of ICN was observed by transmission electron microscope 
(JEM, 1400 Flash, JEOL Ltd., Japan) at an accelerating voltage of 100 
kV. 

2.6.2. Scanning electron microscope (SEM) 
The surface morphology of ICN and the cross-section of CMF were 

observed using a SEM machine (Zeiss Sigma 500). The sample of ICN 
was prepared by dropping ICN suspension on a glass piece and drying at 
60 ◦C. Before observation, the surface of samples was coated with a thin 
gold layer. The elements distribution of C, N, O of samples was deter-
mined by energy dispersive spectrometer (EDS). 

2.6.3. Atomic force microscopy (AFM) 
An AFM instrument (Bioscope Catalyst Nanoscope-V, Bruker In-

struments Ltd., USA) was conducted to determine the morphology of the 
ICN. 

2.6.4. Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra of ICN and CMF were obtained using a FTIR spec-

trometer (PerkinElmer, UATR Two) at attenuated total reflection (ATR) 
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model. The scans were taken from 4000 to 400 cm− 1. 

2.6.5. X-ray diffraction (XRD) 
The XRD pattern of ICN and CMF were determined by a Miniflex600 

diffractometer, Rigaku Corp, Japan, with Cu Kα radiation at an accel-
erating voltage of 40 kV and the current of 40 mA. The scanning speed 
was set as 10◦/min and scanning range was 5-90◦. 

2.6.6. Thermogravimetric analyzer (TGA) 
The thermoanalysis curves of ICN and CMF were measured through a 

TGA machine (TGA2, METTLER TOLEDO Co. Ltd., Switzerland) from 50 
to 700 ◦C at a heating rate of 10 ◦C/min under a nitrogen atmosphere. 

2.6.7. X-ray photoelectron spectrum (XPS) 
XPS machine (Thermo SCIENTIFIC K-Alpha) was performed to 

analyze elemental distribution and contents of ICN. The atoms of C and 
O were detected. 

2.6.8. Zeta potential and particle size distribution analysis 
The zeta potential and particle size of 0.05 wt% ICN aqueous 

dispersion were tested by a Zetasizer Nano ZS (Malvern Instrument Co., 
U.K.). 

2.6.9. Raman spectroscopy 
High resolution raman spectrometer (LabRAM HR Evolution) was 

employed to determine the raman property of ICN. The spectrum was 
recorded from 1000 to 2000 cm− 1. 

2.6.10. UV–vis spectroscopy 
The UV–vis spectrum of 0.05 wt% ICN aqueous dispersion was ob-

tained by a UV–visible spectrophotometer (Evolution 201) ranged from 
190 to 1100 nm. 

2.6.11. Mechanical properties determination 
The universal testing machine (Z005, Zwick/Roell Co. Ltd., Ger-

many) was conducted to measure the compression performance of the 
foams. The dimension of the testing samples was 4.9 × 3 × 2.8 cm and 
the compression rate was set as 50 mm/min. On this basis, a conductive 
circuit was build employing a LED bulb, a composite with 10% ICN 
contents and the regulated DC power supply to observe the change of 
brightness of the bulb under compression process. 

2.6.12. Density 
To obtain the density of the CMF, the weight and volume of samples 

must be measured by an analytical balance (readable 0.0001 g, ME204E, 
METTLER TOLEDO Co. Ltd., Switzerland) and digital caliper, sepa-
rately. Each group should be tested five times. The density was calcu-
lated by the following equation. 

Density =
m

lwh 

where m, l, w, and h are the mass, length, width, and height of the 
samples, respectively. 

2.6.13. Porosity 
The weight and size of CMF were measured firstly. Afterwards, the 

samples were soaked in absolute ethanol for 24 h at room temperature. 

Fig. 1. (A) The photo of Zhujiang ink. Characterization of ICN: (B) SEM, (C) TEM, (D) AFM, (E) FTIR, (F) XRD, (G) UV–vis, (H) Raman, (I) particle size distribution 
and zeta potential. 
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The samples were taken out and weighted ultimately. Each group should 
be tested for five times. The porosity was calculated by the following 
equation. 

Porosity =
m2 − m1

ρlwh
× 100% 

where m2 is the weight of the samples after immersing in ethanol 
absolute. ρ is the density of absolute ethanol. m1, l, w, and h are the mass, 
length, width, and height of the samples at initial state, respectively. 

3. Results and discussions 

3.1. Characterization of ICN 

Chinese ink carbon nanoparticles (ICN) may possess excellent con-
ductivity and photothemal performance similar to carbon black and 
carbon nanotubes, so we performed a series of characterizations firstly. 
Fig. 1A displays appearance of Zhujiang ink and the morphology of ICN 
was then characterized by SEM, TEM and AFM (Fig. 1B, C and D). It is 
clear that ICN exists in the form of small sphere-like aggregates 
composed by amorphous sheets, whose size ranges from 20 to 60 nm. 
The FTIR spectrum (Fig. 1E) demonstrates no strong absorbance peaks 
due to the absence of the chemical groups of ICN. However, the peaks in 
the range of 1100–1500 cm− 1 is assigned to the D-band of the ICN 
observed in Raman spectra [46]. XRD pattern of ICN in Fig. 1F shows a 
broad peak at about 25◦ which is assigned to the carbon crystal plane 

(002). This typical characteristic agrees with graphitic carbon materials 
[31]. UV–vis analysis of diluted Chinese ink was conducted (Fig. 1G) and 
the result indicates that the absorption peak at 255 nm is assigned to the 
electronic conjugation in graphite [47]. Raman spectrum of ICN 
(Fig. 1H) shows the D band (1343 cm− 1) and G band (1587 cm− 1), which 
confirms the components of both amorphous carbon and graphene 
sheet-like structure in ICN [48]. The average particle size by DLS 
method and zeta potential of ICN are 167.5 nm and − 25.75 mV (Fig. 1I). 
The larger particle size can be attributed to the slight aggregation of 
carbon nanoparticles. Moreover, the high surface negative potential of 
ICN indicates that the ink possesses excellent water-dispersion stability. 
XPS scanning was conducted on ICN to detect the elements. As showed 
in Fig. S1A and B, the survey and the high-resolution spectra of XPS of 
nitrogen and oxygen element suggest that the components of ICN are O 
and C. C 1 s and O 1 s of the ICN appear at 285.08 eV and 533.08 eV, 
respectively. Carbon content in ICN is 83.76%, which implies it is a high 
conductive and photothermal nanomaterial. 

3.2. Characterization of CMF 

In virtue of the excellent property, ICN was coated on melamine 
foam surfaces to prepare conductive melamine foam (CMF). As dis-
played in Fig. 2A, the foam was soak in the different concentration ink 
solution and squeezed repeatedly, then it was dried at 100 ◦C to obtain a 
series of modified foam (Fig. 2B). The resistance of CMF was determined 
and displayed in Fig. 2C. The resistance declines as the increase of ICN 

Fig. 2. (A) Schematic illustration for the preparation process of the CMF. (B) The photo, (C) resistivity, (D) IR, and (E) XRD of CMF with different ICN contents.  
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contents, which is due to the incorporation of the ICN. FTIR and XRD 
measurement of CMF were performed and the results are showed in 
Fig. 2D and E, respectively. The characteristic absorption peaks of N-H 
stretching vibration (3343 cm− 1), C-H stretching vibration (2968 and 
2897 cm− 1), C-N rings (1171, 1335, 1469, 1550 cm− 1) and N-H bending 
vibration (812 cm− 1) are ascribed to the functional group of the foam 
[49]. The characteristic absorption peaks change slightly and only in-
tensity decreases due to the introduction of ICN on the foam surfaces. In 
Fig. 2E, it is clear that the XRD peaks of the pure foam are located at 
24.42◦ (004) and 27.12◦ (121). After introduction of ICN, the peak at 
24.42◦ gets broad because of influence of the carbon crystal plane (002) 
[50]. 

Fig. S2A and B compare density and porosity of CMF. The density of 
CMF increases while the porosity decreases slightly as the increase of 
ICN content. The pure foam has lowest density of 9.73 mg/cm3, while 
the density of 10% CMF is 51.52 mg/cm3. This can be attributed to more 
ICN in same volume. The porosity of pure foam is 95.33%, but the 10% 
CMF still maintain a high value of 82.85%. So, although introduction of 
many ICN on the foam surfaces, the porosity of the foam is not seriously 
damaged. The thermal stability of CMF with different ICN content was 
determined and the TGA curves and DTG curves of CMF and ICN are 
compared in Fig. S2C and D. From 50 to 700 ◦C, the weight loss of ICN is 
25.69% which is ascribed to volatilization of absorbed and bound water. 
It suggests that ICN possesses excellent thermal stability. The weight loss 
of pure foam is 87.74% due to the main decomposition process of foam 

from 360 ◦C to 430 ◦C [51]. After introducing ICN, the TGA curves show 
that the residual of CMF is more than that of pure foam, which can be 
attributed to the high content of ICN. It also demonstrates that the 
thermal stability of CMF is enhanced significantly. The ICN content in 
the foam can be calculated from the difference between residual of CMF 
and pure foam. The ICN content in the foam of 2%, 4%, 6%, 8% and 10% 
CMF is calculated as 28.13%, 37.67%, 43.94%, 53.57% and 58.63%, 
respectively. 

The pore structure of CMF was observed using a SEM machine 
(Fig. 3). It is clear to see that CMF is composed of massive pores which 
has an average diameter of approximate 200 μm and the pore wall is thin 
and narrow. As the ICN content increases, the pore walls are firmly 
attached with more and more ICN via Van der Waals forces and 
hydrogen bonds interactions. The morphology of the ICN on the foam is 
same to the pristine ICN, suggesting no structure change during the dip- 
coating process. Chinese ink possesses outstanding adhesion ability due 
to their small dimensions and high surface activities, so ICN is capable to 
bond on foam tightly through physical adsorption. The difference of 
CMF with varied ICN content is significant, and the energy dispersive 
spectrometer (EDS) was used to investigate element component of C, N, 
and O (Fig. S3). It shows that carbon content of 10% CMF is 82.78% 
which is significantly higher than that of 0% CMF (43.66%). Therefore, 
coating of ICN on the polymer foam can lead to a uniformly conductive 
composite. 

The compression property determination of CMF was conducted 

Fig. 3. SEM images of CMF with different ICN contents.  
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using the universal testing machine. It can be seen from Fig. 4A and B 
that the compressive strength at 80% strain of 10% CMF is 200.9 kPa 
which is 5.88 multiples of that of pure foam (34.2 kPa), but the 
compressive strength (13.3 kPa) at 20% strain of pure foam is high than 
all percentage of CMF. It demonstrates that the introduction of ICN 

endows the foam enhanced compression resistance at high strain but the 
flexibility of CMF would be reduced. This phenomenon is ascribed to the 
increase in density and the decrease in porosity of CMF by the rigid ICN. 
In order to study the conductivity of CMF under different compression 
deformation, a conductive circuit was build employing a LED bulb by 

Fig. 4. (A), (B) Compressive stress–strain curves of CMF with different ICN contents. (C) The change of brightness of the bulb during the compression of 10% CMF.  

Fig. 5. Temperature changes of (A) CMF with different ICN contents under 7.5 V voltage and (B) 10% CMF under various voltage. (C) The relationship between 
temperature and voltage of the 10% CMF and its infrared thermal images. (D) Temperature curves of the 10% CMF under continuous voltage change and (E) different 
working distance at 7.5 V voltage. (F) The relationship between temperature and working distance of 10% CMF and its infrared thermal images. 
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linking a foam with 10% ICN content with the DC power. It is convenient 
to observe the change of brightness of the bulb under compression 
process. In Fig. 4C, the bulb presented weak red light after connecting 
the circuit and got brighter gradually under compression. It suggests that 
the conductivity of CMF gets better with increasing strain due to tighter 
conductive network upon compression. 

3.3. Joule heating performance 

Considering the good electrical conductivity of CMF, the prepared 
CMF material can be used as high-performance Joule heaters with 
excellent thermal management performances. Fig. 5A and B show tem-
perature changes of CMF with different ICN contents under 7.5 V voltage 
and the CMF with 10% ICN content under various voltage. As the con-
tent of ICN and the voltage increase, the surface temperature at 60 s 
enhances significantly owing to the generation of greater Joule heat 
which is caused by decreases of resistance and the higher current. For 
example, the surface temperature of 10% CMF at 7.5 V voltage quickly 
reaches 124.7 ◦C within 60 s while that of 2% CMF only is 45.8 ◦C. 
Similarly, the surface temperature of 10% CMF under 2.5 V voltage is 
only 37.0 ◦C within 60 s, while it rises to 95.5 ◦C under 6.5 V. Fig. 5C 
gives the experimental data and linear fitting of surface temperature 
versus U2 at 60 s. A favorable linear relationship between surface tem-
perature and voltage square of the CMF is identified, which is consistent 
with relevant reported in previous studies [52,53]. And the infrared 
thermal images also support this result. This can be explained by that the 
equation of heat energy Q = U2t/R = cmΔT (Q = heat energy (J); U =
voltage (V); t = time (s); R = resistance (Ω); m = mass of a substance 
(kg); c = specific heat (J/kg∙K)), which suggests that the temperature 
rising (ΔT) is proportional to the U2. 

Fig. 5D illustrates that the surface temperature of CMF can be 
adjusted by change the output voltage, which may be attributed to the 
high sensitivity of generated Joule heat. Fig. 5E and F demonstrate that 
the temperature rising is related to the working distance. As working 
distance gets shorter, the CMF behaves higher surface temperature. For 
example, the surface temperature of 10% CMF with 2.5 cm working 
distance under 7.5 V voltage within 60 s is 105.3 ◦C while the value with 
1.0 cm is 158.3 ◦C. The superior thermal management performance of 
CMF shows great potential in wearable device. Therefore, 10% CMF was 
further employed to detect the bend action of fingers. As displayed in 
Fig. 6, the surface temperature of CMF changed quickly within short 
time of 2 s during bending and recovery of the finger. For instance, the 
temperature of CMF is 88.4 ◦C when index finger is straight and the 
temperature decreases to 54.6 ◦C rapidly while the finger is at bent state. 
The middle and ring finger attached by the CMF also display the quickly 
changed temperature phenomenon. It indicates that CMF is capable of 
using as a strain sensor for wearable device. Graphene-polymer 

nanocomposites were reported in previous study, which shows superior 
sensing ability through Joule heating effect [26]. However, the fabri-
cated process of materials is complicated and raw materials are expen-
sive compared with the present research. 

3.4. Seawater desalination 

The photographs and photothermal images of calligraphy and CMF 
are shown in Fig. S4, and it is visible that the ICN and CMF possess 
excellent photothermal performance under sun which may be applied in 
seawater desalination. First, 808 nm laser was employed as the light 
source to simulate seawater desalination process. Fig. 7A presents the 
photothermal images and it is clear that the surface temperature is 
related with concentration of ICN and laser power. Fig. 7B and C show 
the surface temperature change of the CMF with different ICN contents 
and laser power. The surface temperature rises sooner and higher as the 
ICN contents and power increase. For example, when samples are irra-
diated by 808 nm laser (2 W/cm2), the temperature of 10% CMF in-
creases to 86.2 ◦C within 1 min and further rises to 106.7 ◦C within 15 
min, whereas control group (pure water) and the pure foam only reach 
30.8 ◦C and 45.2 ◦C within 15 min, respectively. The temperature rising 
is proportional to the laser power, and the low power leads to limited 
temperature rising. For example, the temperature of 10% CMF only 
reaches 33.9 ◦C within 15 min under 0.5 W/cm2 irradiation. 

We employed simulated sun light to carry out the seawater desali-
nation. Fig. S5 shows the photo of desalination device under one sun 
light. The surface temperature of 10% CMF increases to 42.3oC from 
28.8oC within 60 min. The laser with 2 W/cm2 power was used to 
determine the mass loss of seawater. As displayed in Fig. 7D, 10% CMF 
exhibits quicker and more mass loss of seawater than other groups, and 
higher ICN percentage of CMF performs better capability as expected. 
The mass loss of blank, 0%, 2%, 4%, 6%, 8%, and 10% CMF are 0.20, 
0.58, 2.13, 2.25, 2.54, 3.05, 3.26 kg/m2, respectively. The evaporation 
rate and efficiency are shown in Fig. 7E which demonstrate an 
increasing trend with ICN concentration. The evaporation rate of 10% 
CMF is 3.26 kg/(m2⋅h) which is much higher than that of control (0.20 
kg/(m2⋅h)) and 0% CMF (0.56 kg/(m2⋅h)). Specifically, the evaporation 
efficiency of 10% CMF is 74.71% which is much higher than that of 
control (0.11%) and 0% CMF (3.04%). The porous structure of mel-
amine foam offers abundant water channels, and the excellent photo-
thermal effect of the carbon nanoparticles can convert light energy into 
heat energy with high efficiency. These results indicate that CMF pos-
sesses superior photothermal conversion capability, which support the 
prepared CMF is a good alternative for desalination. 

Fig. 6. The relationship of finger action and the temperature change for the 10% CMF in wearable devices.  
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3.5. Piezoresistive sensor 

Fig. 8A shows the relation between conductivity of CMF and contents 
of ICN, which demonstrates that the conductivity of CMF increases with 
ICN content. The conductivity increases sharply when percentage of ICN 
improves from 4% to 6% (0.31–1.24 S/m). This suggests that the 
conductive network threshold occurs at 6% ICN treated foam sample. 
The 10% CMF was employed to conduct the following work because of 
its high conductivity. The resistance of CMF is very sensitive to 
compression strain (Fig. 8B), and the R/R0 of CMF under 0%, 20%, 40%, 
60% and 80% strain is 1.0, 0.90, 0.74, 0.54 and 0.39, respectively. The 
relationship between R/R0 and strain is also displayed in Fig. 8C. The 
tighter conductive network of CMF is obtained by compression, larger 

resistance change ratio of CMF is occurred. The resistance of CMF ex-
hibits good repeatability and stability after 1000 s compression-recovery 
cycles with slightly changed resistance (Fig. 8D). It is worth noting that 
the R/R0 shifts to high value in the later period, which is due to that the 
ICN conductive network is destroyed or deformed partly caused by the 
long period of compression cycle. Since the damage of ICN network is 
unable to be self-repaired, the baseline offset is commonly found in the 
recycle curves [17,54]. 

The CMF was then used to detect bending action of finger and wrist, 
and the R/R0 curves are displayed in Fig. 8E and F. When the index 
finger bends, the resistance of CMF appears to significantly increase due 
to the stretching of the conductive network. The resistance recovers to 
its original level while the finger is straightened, which arises from the 

Fig. 7. Seawater evaporation behavior the 10% CMF under irradiation of 808 nm laser. (A) Photothermal images; Temperature change of CMF with (B) different ICN 
contents and (C) various laser power. (D) Mass change versus time and (E) evaporation rate and evaporation efficiency. 
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reconstruction of the ICN network in the CMF. The signal produced by 
the bending action of finger maintains a high degree of similarity. It 
demonstrates that CMF behaves fast response and stable electrical signal 
in detection of body movement of human. Furthermore, the CMF was 
fixed to the volunteer’s wrist joint and the real-time signal of resistance 
was recorded under repeated bending-stretching movement of the wrist. 
Fig. 8F illustrates that the R/R0 reduces while bending the wrist, which 
is caused by the squeeze of CMF. Similarly, the action of manual 
bending, manual compression and manual twist were conducted on the 
CMF, and the corresponding curves with different shape are recorded in 
Fig. 8G, H and I. The decreases of R/R0 are also due to the squeeze of 
CMF which leads to the decline of resistance. In additon, the CMF are 
capable to monitor human activities such as pronunciation, eyes action, 
mouth action, nodding and finger bending (Fig. S6), which can be 
applied in the manufacture of smart device in healthcare equipment. 

4. Conclusions 

We present a facile dip-coating method to prepare CMF composites 
using cheap and abundant Chinese ink. The CMF combines the merits of 
strain sensing, Joule heating and photothermal property. CMF exhibits 
excellent electric heating property, for instance, the surface temperature 
quickly improves to 124.7 ◦C within 60 s. The surface temperature of 
CMF is strongly related to applied voltage, concentration of ICN, and 
working distance, and also changes rapidly with the deformation of 
CMF. Taking the advantage of the accurate temperature change, the 
CMF can detect the fingers bending action sensitively. CMF shows good 
photothermal performance and is able to perform desalination under 
NIR and simulated sunlight with good evaporation rate and evaporation 

efficiency. In addition, the resistance of CMF changes rapidly and 
sensitively with the compression or tensile deformation, therefore they 
are capable to monitor human activities such as pronunciation, eyes 
action, mouth action, nodding and finger bending. This work offers a 
rapid, simple and cheap strategy to design multifunctional sensor ma-
terials, which shows promising applications in intelligent product and 
seawater purification. 
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Fig. 8. (A) Conductivity of CMF with different ICN contents. (B) Resistance change and (C) relationship with the deformation of 10% CMF under various deformation 
and (D) fatigue resistance. (E-I) Resistance change of the 10% CMF under different actions. 
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Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.compositesa.2021.106535. 
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Fig. S1. The survey of (A) XPS spectra of ICN and (B) high resolution scanning of 

ICN.  

 

Fig. S2. (A) Density, (B) porosity, (C) thermogravimetric curves and (D) derivative 

thermogravimetric curves of CMF with different ICN contents and ICN. 



 

Fig. S3. (A) EDS elemental mapping and (B, C) atomic percentage of 0% and 10% 

CMF. 

 

 

Fig. S4. Photographs and photothermal images of calligraphy and CMF. 

 

 



 

Fig. S5. Seawater evaporation behavior of the 10% CMF under irradiation of one sun. 

(A) Appearance of the device; (B) Photothermal images; (C) Temperature change of 

the sample with different ICN contents; (D) Mass change of water versus time; (E) 

Evaporation rate; (F) Evaporation efficiency. 

We employed simulated sun light to carry out the seawater desalination. Fig. S5A 

shows the photo of desalination device under one sun light and three groups (blank, 0% 

and 10% CMF) were performed. Photothermal images are displayed in Fig. S5B, 

which provides obvious difference about surface temperatures. The surface 

temperature of 10% CMF increases to 42.3oC from 28.8oC within 60 min (Fig. S5C). 

In contrast, the surface temperature of pure foam and blank only reached 36.6oC and 

38.0oC from 30.2oC and 28.1oC, respectively. The light reflection of white pure foam 

leads to low photothermal conversion ability which is even not as good as the blank 

sample. Fig. S5D shows the mass loss of the three groups. The 10% CMF shows 

rapider and more mass loss of seawater than other groups. The mass loss of blank, 0% 

and 10% CMF is 0.45, 0.55 and 1.11 kg/m2, respectively. As expected, the 

evaporation rate (Fig. S5E) of 10% CMF is much higher than that of blank and 0% 



CMF, and the evaporation efficiency (Fig. S5F) of 10% CMF is 92.24% which is 

much higher than that of blank (29.52%) and 0% CMF (20.34%). It also demonstrates 

that CMF can be an excellent photothermal material used in seawater desalination. 

 

Fig. S6. Physiological monitoring application of the 10% CMF in (A-D) 

pronunciation, (E-F) eye action, (G) mouth action and (H) nodding. 

In order to further investigate the ability of CMF acting as a strain sensor to 

monitor tiny human activity, the sample was employed to detect routine physiological 

actions of human body, such as pronunciation, eyes action, mouth action and nodding. 

Firstly, a CMF strip was attached to the throat of the volunteer (Fig. S6A) and various 

signals (Fig. S6B, C and D) were detected by speaking different words (such as hi, 

open and wonderful). The characteristic signal generated by the sensor is related with 

the different words because certain form of muscle motion in the throat, and the tiny 

strain is accurately transferred into a distinct electrical signal. This specific 

recognition property of pronunciation shows promising potential in speech 

recognition device. Afterwards, the CMF was fixed at other position of tester such as 

right side of eye, mouth corner and neck. The corresponding characteristic signals are 



presented in Fig. S6E, F, G, H. These signals possess good repeatability and reliability. 

In conclusion, the CMF sensor is capable to monitor tiny movement of human body, 

which can be applied in the manufacture of smart device in healthcare equipment. 
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