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1. Introduction

Controlling thermal radiation from objects 
has become an attractive method for 
applications in infrared camouflage,[1–4] 
thermography,[5] and radiative thermal man-
agement.[6–12] Materials with tunable mid-
infrared emissivity are the key to flexible 
radiative heat regulation, and therefore have 
been intensely investigated, including ther-
mally induced phase transition materials[1,2,13] 
mechanically driven elastomer materials,[7,14] 
and electrically stimulated electrochromic 
materials.[3,4,8–10,15] Recently, graphene-based 
flexible electrochromic film has been shown 
to be a new type of active thermal surface 
capable of efficient and fast electrical-control 
of thermal radiation in mid-infrared range.[3,4] 
However, this functional film suffers from 
quick performance degradation, dropping to 
half of the initial modulation depth over hun-
dreds of cycles. Meanwhile, the complicated 
fabrication process by etching the metal foil 
substrate of graphene could pose a signifi-
cant challenge to large-scale, low-cost electro-
chromic applications.

Similar to graphene, single-walled 
carbon nanotubes (SWCNTs) possess 

adjustable Fermi levels and electrical conductivity, making them 
useful candidates as electrochromic materials.[16–20] It has been 
reported that the visible and near-infrared absorptivity of semi-
conductor SWCNT films can be efficiently modulated by elec-
trochemical doping or electrolyte gating, thereby suppressing 
interband transitions as the Fermi level changes.[18–21] In addi-
tion, Haddon and co-workers found that the changing free car-
rier excitation of semiconductor SWCNTs results in adsorption 
modulation in the mid- and far-infrared spectral range.[18] How-
ever, little work has been done on the electrochromic charac-
teristics of multiwalled carbon nanotubes (MWCNTs), which 
are not yet considered ideal electrochromic candidates owing 
to their metallic electronic properties. In this work, we develop 
a universal roll-to-roll process to manufacture large-scale mid-
infrared electrochromic films based on MWCNTs, which act as 
the electrochromic layer and electrode at the same time. The 
functional films exhibit an efficient electrochromic modulation 
capability with a thermal emissivity in the range of ≈0.15–0.7 by 

Mid-infrared tunable materials have attracted increasing attention for 
thermal radiation management in various applications ranging from 
infrared camouflage to radiative thermoregulation. Functional films 
based on graphene and carbon nanotubes by electrical gating are 
promising candidates because of their ultrawide spectral range from 
visible to terahertz and structural flexibility. However, challenges in 
practical applications remain, such as short cycle life, rapid performance 
degradation, and difficulties in the synthesis of large-scale electrochromic 
films. In this paper, a scalable strategy to produce large-scale mid-infrared 
electrochromic films with long-term stability is demonstrated, in which 
a sandwich-structured thin film based on multiwalled carbon nanotubes 
(MWCNTs) is fabricated via a universal roll-to-roll process. By ionic 
liquid gating, the electrochromic films exhibit tunable thermal emissivity 
from ≈0.15–0.7 and excellent stability with 96% modulation retention 
over 3500 cycles. This mid-infrared electromodulation behavior is 
mainly ascribed to the change in free carrier concentration of few-walled 
carbon nanotubes in MWCNT films via a reversible ion-induced doping 
process. The electrochromic films are found to enable effective radiative 
thermal regulation, dependent on tunable thermal emissivity. Moreover, 
applications in infrared displays for secret communication and infrared 
camouflage for varied environmental backgrounds are also demonstrated 
with 10 × 10 multipixel arrays.
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ionic liquid (IL) gating and a cycling stability that is over gra-
phene-based electrochromic films, reaching about 3500  cycles 
with 96% modulation retention. Both anionic intercalation 
into the MWCNTs and ionic adsorption on the MWCNTs could 
contribute to a noticeable increase in the hole or electron con-
centration of few-walled carbon nanotubes in the MWCNT 
networks, which leads to increased electrical conductivity and 
decreased emissivity in the mid-infrared spectral range. Finally, 
we demonstrate the applications of these electrochromic films 
as an adjustable radiative cooling film for temperature regula-
tion, and as a fundamental building block in infrared displays 
or camouflage. More importantly, this MWCNT film has been 
commercialized on a meter-scale, which is much cheaper than 
SWCNT and graphene film. This may greatly advance the prac-
tical application of electrochromic devices based on MWCNTs.

2. Results and Discussion

2.1. Fabrication and Modulation Performances  
of MWCNT-Based Functional Films

A sandwich-structured mid-infrared radiation modulator was 
fabricated using a scalable roll-to-roll process (Figure  1a), using 
carbon nanotube films as electrochromic materials as well 
as electrodes, mid-infrared transparent porous membranes 
(Celgard2325, 25  µm thickness, polypropylene/polyethylene/
polypropylene) as the spacer, and HMIm[NTf2] (1-hexyl-3-methyl
imidazolium bis(trifluoromethylsulfonyl)imide) as the ionic 
liquid. The carbon nanotubes, composed of MWCNTs with 
a diameter between 4 and 15  nm (Figure S1, Supporting 

Information), were synthesized by a floating catalyst chemical 
vapor deposition (CVD) method, then rolled into a uniform film 
and further densified by ethanol–water solution. The thickness of 
the resulting MWCNT films was ≈10 µm and the surface density 
was about 0.47  mg cm−2 in the latter part of this study without 
otherwise specified specification. Two layers of the MWCNT films 
were attached to the Celgard membrane by surface adhesion of 
the ionic liquid via the roll-to-roll process. It is worth noting that 
an appropriate amount of ionic liquid, roughly as thick as the 
Celgard membrane per unit area, was sprayed onto the Celgard 
membrane to prevent excessive ionic liquid from penetrating and 
contaminating the outer surface of the MWCNT films.

As shown in Figure 1b, the mid-infrared radiation modulator 
based on MWCNT films can be gated by nonvolatile ionic liquid 
through electrochemical doping. By electrical modulation, the 
electrochromism of MWCNT films could be attributed to two 
types of processes: 1) adsorption/desorption of cations or anions 
on the surface of the MWCNTs and 2) intercalation/deinterca-
lation of anions into the graphite layers of the MWCNTs. This 
will be discussed in detail in Section  2.2. A large flexible elec-
trochromic thin film with a size of 28 × 14 cm2 was fabricated 
as shown in Figure  1c. This large-area and infrared radiation-
modulated MWCNT device can be widely used in thermal man-
agement applications. By applying an electrical voltage to the two 
MWCNT electrodes, this functional film can act as an infrared 
cloak for human stealth. As shown in Figure 1d, when a voltage 
of −1.7 V was applied to the top layer of the MWCNT film, the 
waist of the human body exhibited a state of high emissivity. 
When the voltage was 4 V, the human body could blend into the 
surrounding environment with low emissivity. In addition, even 
for large-area devices with 45 × 7.5 cm2, the voltage drop on the 

Figure 1.  Fabrication and thermal camouflage of the MWCNT-based mid-infrared modulator. a,b) Schematic of the roll-to-roll process to fabricate a 
sandwich-structured MWCNT/IL-Celgard/MWCNT film. c) Optical image of a flexible large-area functional film adhered to human waist. d) Thermal 
images of the as-fabricated film with negative (−1.7 V) and positive voltages (4 V), respectively.
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surface of the MWCNT film in the length direction was less than 
0.05 V, and there was almost no voltage drop in the width direc-
tion (Figure S2, Supporting Information). Such a small voltage 
drop was ascribed to the high conductivity of the MWCNT film 
with a sheet resistance of 1 Ω sq−1, resulting in uniform modula-
tion performance even for large-area devices.

According to the Stefan–Boltzmann law, the radiant energy 
per unit area is determined by the temperature of the object and 
its surface emissivity. As shown in the experimental setup in 
Figure 2a, a thermal camera (spectral range: 7.5–13 µm, PI640, 
Optris Inc.) was used to measure the emissivity–voltage rela-
tionship of a functional film with a size of 1 × 1 cm2 and 10 µm 
thickness, which was placed on a 70 °C heating plate. The total 
mass of both the top and bottom layer MWCNTs was only about 
0.94 mg. As shown in Figure 2b–e, when the voltage of the top 
MWCNT layer varied from −1.7 to 3  V, the IR temperature of 
the film decreased significantly from ≈60 to 33 °C. The electro-
chromic modulation of this film in the voltage range −4 to 3 V 
was investigated by considering the electrochemical window of 
the ionic liquid that we used.[22] Owing to the symmetry of the 
structure, both MWCNT layers of the film exhibited the same 
emissivity modulation characteristics (Figure S3, Supporting 
Information). The integrated emissivity can be determined 
by a commonly used procedure, as described in our previous 
work.[1,4] Briefly, the integrated emissivity of the target was 
determined by modifying the emissivity in the thermal camera 
until the infrared temperature was equal to that measured by a 
thermocouple. For the top-layer MWCNT film, the integrated 
emissivity could be adjusted from ≈0.7 at −1.7 V to 0.15 at 3 V 
(Figure  2f). Moreover, the emissivity modulation performance 

was independent of film thickness between 10 and 20  µm, as 
shown in Figure S4 in the Supporting Information. The average 
power consumption to maintain the corresponding states were 
0.94 and 4.85 W  m−2, respectively. Such a high modulation 
depth of the MWCNT film can suppress thermal radiation by 
6.7  dB, making this MWCNT-based functional film a prom-
ising material for adaptive infrared camouflage. With respect 
to power consumption, the MWCNT electrochromic device 
could maintain a relatively low emissivity in an open circuit. As 
shown in Figure S5 in the Supporting Information, the emis-
sivity of the full charged device at 2.5 V increased from 0.17 to 
0.28 during the initial 4 h of the open circuit. The fraction of ∆ε 
retained decreased to 80%. Until the 17th hour, the emissivity 
remained stable, retaining ≈80% of the emissivity. The fraction 

of ∆ε retained is defined as max t

max min

ε ε
ε ε

−
−

× 100%,[23] where εmax is 

the emissivity of the charge-neutral state at −1.7  V, εmin is the 
emissivity of the holes-doped state at 2.5  V, and εt is the real-
time emissivity of the open-circuit device. This allowed for a 
lower total power consumption compared to that required for a 
continuous power input to maintain a stable state.

The response time and long-term stability are also critical 
parameters for electrochromic films in future applications. The 
cycling stability of the functional films was observed using a 
continuous square wave voltage input of 2.5 and −1.7 V for the 
low and high emissivity states, respectively, for a period of 30 s 
at 50  °C. As shown in Figure S6 in the Supporting Informa-
tion, the current decayed exponentially as a function of time 
under the square wave voltage, indicating capacitive charging. 
Integrating the current yielded a total injected charge of 0.05 C 

Figure 2.  The modulation performance of MWCNT-based functional films with 10 µm thickness. a) Schematic of the experimental setup. b–e) Thermal 
images of the top MWCNT layer in pristine state and biased at −1.7, −1, and 3 V, respectively. f) The voltage-dependent emissivity of the top MWCNT 
layer biased from −4 V to 3 V. g) Long-term stability test for a cycle period of 30 s at 50 °C. h) Transient emissivity response, recorded by the thermal 
camera, to electrical pulse input (20 s at −1.7 V and 10 s at 2.5 V) after 5, 3500, and 6500 cycles, respectively.
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for a sample of 1 × 1 cm2 and 10 µm thickness from the highest 
emissivity (neutral state) to the lowest emissivity (holes-doped 
state). The MWCNT-based electrochromic films exhibited 
much better stability than graphene-based functional films. 
As shown in Figure  2g, the MWCNT-based functional film 
maintained 96% of its initial emissivity modulation depth over 
≈3500 cycles, which was nearly eight times longer than that 
of graphene-based films reported in our previous work.[4] To 
measure the response time of the device, an infrared camera 
(frame rate 32 Hz) was used to record the transient emissivity 
of the film under the square wave voltage input. As Figure 2h 
shows, the low-high and high-low durations (10% and 90% of 
the step height) were about 0.3 and 0.15 s at the 5th cycle and 
increased to 7.3 and 2.3 s after 6500 cycles. The degradation of 
the response time can be ascribed to the generation of byprod-
ucts at the MWCNT/IL interface, which could lead to slower 
ion transport through the interphase as well as into and out of 
the electrode.[24] However, when the device was fully charged 
with enough time in every cycle, the ions could be adequately 
intercalated/deintercalated into the MWCNTs and adsorbed/
desorbed on the MWCNTs, and the emissivity of the functional 
film remained in the initial state even over 10 000 cycles, as 
shown in Figure S7 in the Supporting Information.

In addition, the response times of devices with different 
thicknesses and areas are shown in Table S1 in the Supporting 
Information. The devices were a little slower when the film thick-
ness increased from 10 to 20  µm owing to a longer ion diffu-
sion distance in the MWCNT film. The response time was a little 

change with increasing film areas from 1 × 1 to 2 × 2 cm2. The 
comprehensive performance of our MWCNT electrochromic 
device (such as modulation depth, response speed, lifetime, and 
low cost) was superior to that of other reported mid-IR radiation 
devices as shown in Table S2 in the Supporting Information.

2.2. Characteristics of MWCNT-Based Films during  
Electrical Gating

The electrochromic phenomenon can be attributed to two types 
of processes: adsorption/desorption of cations or anions on 
the surface of MWCNTs and intercalation/deintercalation of 
anions into the graphite layers of MWCNTs, as demonstrated 
by in situ X-ray diffraction (XRD) and Raman spectrum meas-
urements. Figure  3a shows the XRD results of the top layer 
MWCNT films at various voltages. The (002) graphite peak of 
the pristine MWCNT film was observed at 2θ = 25.9°. During 
the first cycle, the (002) peak was nearly unchanged when the 
applied voltages were varied from −3 to 0  V. However, as the 
voltage increased from 0 to 3  V, the (002) peak dramatically 
downshifted and gradually vanished. The changes in the XRD 
spectra can be ascribed to the limited expansion of the tubular 
graphene structure of the MWCNTs due to anion intercalation 
into the MWCNTs. An amorphous structure inside the fully 
charged MWCNTs was formed.[25,26] The position of the (002) 
peak could not completely recover to its initial state at −3 V and 
its intensity gradually weakened in subsequent cycles, which 

Figure 3.  Characteristics of the top layer MWCNT film during the electrochromic process. a) In situ XRD spectra with different applied voltages for 
the MWCNTs/IL-Celgard/MWCNTs sample. The red line corresponds to (002) graphite peak of pristine MWCNT film. b) In situ Raman spectra of the 
device at different applied voltages. The red line corresponds to G-peak at −1.7 V. c) Sheet resistance of MWCNT film as a function of gate voltage 
for the device. d) Dependence of emissivity of the device on its sheet resistance. The red dots and black line represent the experimental results and 
theoretical calculation based on the effective medium theory and Drude model, respectively.
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might be the result of irreversible structural damage during the 
intercalation/deintercalation processes.

As the G-band depends strongly on the charge carrier density 
of graphite,[27,28] in situ Raman measurements were conducted 
to further understand the electrochromic mechanism of the 
functional film. After several initial cycles, the G-peak showed 
a blueshift in comparison with that at ≈−1.7 V (≈1584 cm−1), as 
shown in Figure 3b, which suggests that the carrier concentra-
tion of the MWCNT film reaches a minimum value at −1.7  V. 
The minimum conductivity at negative voltage may be related 
to the initial p-type characteristics of MWCNTs due to oxygen 
impurities in the atmosphere.[29] As positive voltages are applied 
to the top layer MWCNT film, anions accumulate to form a 
double-layer electric capacitor on the MWCNTs, and a portion of 
them further intercalate into MWCNTs as indicated by the XRD 
spectra in Figure  3a. This is also confirmed by the cyclic vol-
tammetry measurement in Figure S8 in the Supporting Infor-
mation, which indicates physicochemical processes including 
adsorption/desorption and intercalation/deintercalation of the 
ions.[25] The adsorption and intercalation of anions result in 
further hole doping of MWCNTs and increase the conductivity 
of the functional film. However, as the voltages decreased from 
0 to −3 V, the accumulated cations gradually neutralize the elec-
tric field caused by the initial oxygen adsorbates on MWNCTs, 
resulting in an electron doping state with increasing conduc-
tivity when the voltage is lower than −1.7 V. Combining the in 
situ XRD and Raman results given above, it shows that both 
anionic intercalation and adsorption effects occur simultane-
ously in the positive voltage range, while cationic adsorption 
occurs mainly in the negative voltage range. The microscopic 
differences are also reflected in the asymmetric behavior of the 
film’s conductivity with different gate voltages (Figure 3c). The 
sheet resistance of the film tends to have a specific value in the 
negative voltage range owing to the hole doping resulting from 
saturation adsorption of the cations on the surface of MWCNTs, 
while it increases due to electron doping resulting from the 
additional anionic intercalation process at positive voltages.

The effective electrical modulation of the MWCNT film’s con-
ductivity could be attributed to the ionic doping of the few-walled 
CNTs in the film. As shown in Figure S1 in the Supporting Infor-
mation, the diameters of MWCNTs were widely distributed and 
most of these tubes were less than 10 nm in diameter, even with 
double walls, which have low density of states around the Fermi 
level,[30] and thereby their conductivity can be significantly modu-
lated through ionic doping like single walled CNTs.[31,32] The ions 
adsorption and anions intercalation resulted in the p or n doping 
of the few-walled CNTs within the MWCNT film we used, 
changing the film’s conductivity and further the emissivity. In 
order to further validate our explanation, we measured the elec-
trical property of super-aligned MWCNTs[33] gated by ionic liquid. 
As shown in Figure S9 in the Supporting Information, the con-
ductivity of super-aligned MWCNT film was hard to modulate by 
ionic doping, resulting in a small change of thermal emissivity 
from 0.69 to 0.8. Compared with the tangled MWCNT film with 
few-walled CNTs, super-aligned MWCNTs have a uniform diam-
eter distribution of about 15 nm,[33] whose carrier concentrations 
are high and hard to modulate by ionic doping.

To explain the sheet resistance dependence of the thermal 
emissivity, the effective medium theory was used to describe the 

dielectric function of the MWCNT film, which is regarded as a 
mixture of air, ions liquid, and MWCNTs (see details in Section 
12 of the Supporting Information). The dielectric function of 
the constituent MWCNTs was dominated by intraband effects. 
Therefore, the Drude model was used to calculate the dielectric 
parameters of the doped MWCNTs.[34] Considering the relation-
ship between gate voltage and the integrated emissivity of the 
MWCNT film, the dependence of the measured emissivity on 
the sheet resistance is given in Figure 3d. The theoretical model 
fits well with our experimental results (see details in Section 12 
of the Supporting Information).

2.3. Tunable Radiative Thermoregulation Demonstration

The good performance of MWCNT-based mid-infrared films 
with considerable modulation depth, fast response, and long-
term stability makes them a promising building block for 
thermal management. Tunable radiative thermoregulation has 
been in increasing demand to satisfy more flexible tempera-
ture control requirements for humans, buildings, and space-
craft.[6,7,9,35–40] We constructed an experimental setup (Figure 4a) 
to demonstrate that this functional film can act as a mid-infrared 
adjustable surface for a heater to realize radiative temperature 
regulation (see the Experimental Section for details). The temper-
ature of the heater is closely related to the integrated emissivity 
of the top layer MWCNT film, which determines the radiation 
heat transfer to the environment. When the integrated emis-
sivity of the functional film’s outer layer was set to 0.7 at −1.7 V, 
it worked in a cooling state at a temperature of 1.7V

0.7T ε
−

= . When the 
integrated emissivity was set to ≈0.2 at 2.5  V, the heater tem-
perature increased in a heating state at 2.5V

0.2T ε = . The temperature 
variation was defined as T T T2.5V

0.2
1.7V

0.7∆ = −ε ε=
−

= . The input power of 
the heater did not change throughout the experiment. The input 
power of the heater was 0.658 W and the ambient temperature 
was fixed at 15 °C. As shown in Figure 4b, when the outer layer 
MWCNT film was set at 2.5  V, the heating state temperature 

2.5V
0.2T ε =  was 63.1 °C. Inversely, the cooling state temperature 1.7V

0.7T ε
−

=  
with a high emissivity decreased to 55.1 °C. Compared with this 
temperature variation of 8 °C in vacuum, the electrochromic tun-
able temperature variation decreased to 4.7 °C in air due to the 
air convection (Figure S10, Supporting Information).

To theoretically predict the temperature tunability of the func-
tional films, the temperature variation was calculated at different 
ambient and heater temperatures. The details of the theoretical 
model are shown in Section 14 of the Supporting Information. 
When the ambient temperature was kept at 15 °C, the tempera-
ture variation by emissivity modulation dramatically increased 
with the heater temperature 1.7V

0.7T ε
−

=  (Figure 4c), proving the pos-
sibility of ≈9 °C at 1.7V

0.7T ε
−

=  = 65 °C experimentally. The temperature 
variation is inversely proportional to the ambient temperature 
with a fixed heater temperature as shown in Figure 4d.

2.4. Infrared Display and Adaptive Thermal Camouflage 
Demonstrations

The MWCNT-based electrochromic films can also find var-
ious applications in infrared displays and in adaptive thermal 
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camouflage. As shown in Figure  5a, a device was fabricated on 
a printed circuit board with 10 × 10 arrays, which can drive each 
MWCNT element individually. All the elements in the arrays share 
a large MWCNT film as the common ground counter electrode 
(Figure  5b). A silicone rubber heater was pasted on the back of 
the device to simulate a hot source that needed to be hidden. By 
controlling the voltage of each element in the arrays from −3 to 
1.7 V, the integrated emissivity of the corresponding region of the 
top-layer MWCNT film could be adjusted from 0.15 to 0.7. Thermal 
imaging (Figure 5c–f) shows that the device can be modulated to 
display different letters (Movie S1, Supporting Information), where 
the integrated emissivity of the letters was set to 0.7 and the rest 
at 0.15. The clear pixel boundaries between letters and their sur-
rounding regions suggested that each element can be well modu-
lated without its electric field interacting with the others.

This behavior will also facilitate adaptive infrared camouflage in 
complex environments. The total thermal radiance Mtotal detected 
by an infrared camera from an object can be expressed as[1]

total obj obj ambM S Sε ( )≈ − 	 (1)

where εobj is the integrated emissivity of the object and Sobj 
and Samb are the integrated thermal radiance of a blackbody at 
object (Tobj) and ambient (Tamb) temperature, respectively, in the 
infrared camera’s spectral range. Therefore, objects with the 
same thermal radiance (Mtotal) cannot be distinguished by an 
infrared camera, demonstrating infrared stealth. Here we simu-
lated a background environment with different temperature 

regions to demonstrate the infrared stealth capability of the 
functional films. As shown in Figure  5g, an MWCNT-based 
electrochromic device at 70  °C was placed in front of three 
colors of acrylic plates (integrated emissivity 0.95) as back-
grounds, which were heated to 33, 40, and 60  °C with white, 
yellow, and black colors, respectively. By programming the 
thermal emissivity of the elements, the functional device could 
blend naturally into the surrounding background with the 
infrared camera (Figure  5h). The integrated emissivity was 
adjusted to ≈0.15, 0.26, and 0.7 for the white, yellow, and black 
backgrounds, with the voltages of −3, 0.5, and 1.7  V, respec-
tively. And the corresponding calculated values of emissivity 
are 0.18, 0.31, and 0.72 according to Equation (1), respectively. 
The theoretical and experimental deviations are mainly due to 
the temperature inhomogeneity of the backgrounds shown in 
Figure 5i. Figure 5j,k shows the quantitative infrared tempera-
ture distribution of the device and the backgrounds recorded 
by a thermal camera, where except for the edge regions, the 
MWCNT-based arrays match very well with the background 
against infrared surveillance.

3. Conclusion

In conclusion, we have successfully fabricated large-area mid-
infrared modulators based on MWCNT films via a scalable 
roll-to-roll manufacturing process. Ionic liquid doping into 
the MWCNTs leads to a considerable change in the integrated 

Figure 4.  Radiative thermoregulation of MWCNTs/IL-Celgard/MWCNTs device in vacuum. a) Schematic thermal measurement setup of the device. 
b) Real-time thermal measurements of the device with −1.7 V and 2.5 V applied at ambient temperature of ≈15 °C. c) Dependence of tunable ΔT on 
the heater temperature 1.7

0.7T V
ε
−

=  (the black line is the theoretical result and the black squares are experimental results). d) Dependence of temperature 
variation of the heater on ambient temperature (the black line is the theoretical calculation and the black squares are experimental results).
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emissivity from ≈0.7 to 0.15 within a second. The device exhibits 
long-term cyclic stability with 96% modulation retention over 
3500 cycles. The mid-infrared modulator based on MWCNTs 
shows tunable radiative temperature regulation capabilities in 
both vacuum and atmospheric conductions, which makes it 
attractive for the fields of energy-saving and thermoregulation. 
Moreover, the superior performance of the MWCNT-based mid-
infrared modulator with a large modulation depth, fast speed, 
and high stability promises potential applications in infrared 
security communication and adaptive thermal camouflage.

4. Experimental Section
Physical Characterization: The thickness of the MWCNT films was 

measured by a step profiler (P-7, KLA-Tencor Inc.) on a glass substrate. 
transmission electron microscope (TEM) imaging was performed using 
a TEM (JEM-2100F, JEOL Inc.). In situ XRD patterns were measured 
using an X-ray diffractometer (Smartlab Inc.) and Raman spectra was 
measured with a micro-Raman spectrometer (JY HR-800, Horiba Inc.) at 
a laser wavelength of 514 nm. The voltage bias was applied by a Keithley 
2612B source meter in the measurements.

MWCNT Film Synthesis and Device Fabrication: The MWCNT films 
were synthesized using a floating catalyst CVD method. Under a reducing 

Figure 5.  Infrared display and adaptive thermal camouflage demonstrations for an MWCNT-based multipixel device. a) Optical picture of a multipixel 
device with 10 × 10 MWCNT arrays on a printed circuit board. b) Schematic diagram of the device, composed of bottom MWCNT arrays, Celgard mem-
brane with ionic liquid, a common ground counter MWCNT film, and a drive circuit for the printed circuit board. c–f) Thermal images of the device at 
≈65 °C to display different letters “CAST” by programming the emissivity of the arrays. g,h) Visual and thermal infrared images of the MWCNT-based 
multipixel device at 70 °C in front of three colors of acrylic plates, white 33 °C, yellow 40 °C, and black 60 °C. i) Thermal infrared image of the back-
grounds. j,k) Horizontal and vertical IR temperature distribution of the thermal images in (h,i).
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H2 and Ar environment, a mixed liquid of ethanol, thiophene, and 
dicyclopentadienyl iron was injected into the furnace at 1200–1300  °C. 
The formed continuous and fluffy MWCNTs were collected on a roller 
and further moved to the platform to be compacted and densified by 
a methanol–water solution.[41] The device fabrication process was as 
follows: the compacted MWCNT film with a thickness of 10  µm was 
cut into pieces with suitable size by a blade. Then, enough ions liquid 
was dropped onto the surface to fully wet one MWCNT film, which 
was defined as the bottom layer MWCNT film. A larger area Celgard 
membrane was then covered with the bottom layer of the MWCNT film. 
It is important to ensure the wettability of the ionic liquid on the surface 
of MWCNT film and the Celgard membrane. Finally, the top layer of the 
MWCNT film covered the Celgard membrane through a homemade roll-
to-roll setup to ensure that there are no air bubbles between the layers. 
Note that a small amount of ionic liquid was sprayed on the upper 
surface of the Celgard membrane to ensure its adhesion with the top-
layer MWCNT film. The electrodes were formed by two wires attached to 
the two MWCNT films by silver conductive adhesive.

Integrated Emissivity and Thermochromic Response Measurement: 
The integrated emissivity was measured by a thermal camera (PI640, 
Optris Inc. spectral range from 7.5 to 13  µm, frame rate 32  Hz) 
following a standard procedure in industry. The temperature of the 
MWCNT-based functional films was measured by a thermocouple (Pt100 
temperature sensor) and controlled using a temperature controller 
(Model 332 temperature controller, Lake Shore Cryotronics Inc.). The 
integrated emissivity was obtained by adjusting the emissivity in the 
thermal camera until the infrared temperature was the same as that of 
the thermocouple. The thermochromic time response was obtained by 
analyzing each frame of a video recorded by the thermal camera at a 
frame rate of 32 Hz.

Radiative Thermoregulation Demonstration: The temperature of the 
heater was measured at a vacuum ambient temperature. The heater 
was assembled using a ceramic electric heater (2 cm × 2.3 cm), a thin 
copper wire and 3M tape, and then surrounded by the MWCNT-based 
device. A thermocouple (Pt100 temperature sensor) was embedded in 
the copper layer to monitor heater temperature in real time. The entire 
device was enclosed in an IR-opaque, visibly transparent acrylic chamber 
with recycled water to control the chamber air temperature, which was 
measured by the same thermocouple located above the center of the 
heater. When a voltage of −1.7 or 2.5  V was applied to the device, the 
temperature of the heater changed to the corresponding values due to 
the emissivity change of the top layer MWCNT film. It is worth noting 
that Joule heating of the MWCNT-based device contributes little when 
reaching thermal equilibrium in the measurement.

Fabrication of the MWCNT-Based Multipixel Device, Infrared Display 
and Adaptive Thermal Camouflage Demonstrations: The MWCNT-based 
multipixel device consisted of bottom MWCNT arrays, a Celgard 
membrane with ionic liquid, a common counter MWCNT electrode, 
and a drive circuit for the printed circuit board. A large-area MWCNT 
film was cut into 2 × 2 cm2 pieces using a laser. The small pieces 
were transferred to a printed circuit board with 100 independently 
controllable channels to form 10 × 10 arrays. Then, the arrays were 
successively covered by a Celgard membrane with an ionic liquid and 
a 20 × 20 cm2 MWCNT film. The top MWCNT film was grounded and 
the bottom MWCNT elements were electrically controlled through a 
drive circuit. Silicone rubber heaters were pasted on the back of the 
multipixel device and acrylic plates for temperature control. Three 
colors of acrylic plates were employed to simulate backgrounds at 
different temperatures. Thermal images and videos were recorded 
using a thermal camera. By programming the voltages applied to the 
elements, the multipixel device can display the designed infrared letters 
or structures in the thermal camera.
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