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ABSTRACT: Connected displays are the salient nature of our e-connected society requiring 15 

high-quality electronic conductive materials integrated in smart devices. Herein, we highlight 16 

the use of carbon nanotubes (CNTs) not only as substitutes for ITO (In2O3:Sn) but mainly as a 17 

counter electrode for electrochromic devices (ECDs). Using a dry spinning process, conductive 18 

CNT films with directionally oriented tubes were successfully laid on polyethylene 19 

terephthalate (PET) flexible substrates. The CNTs were synthesized as vertically aligned 20 

spinnable arrays by chemical vapor deposition. The transparency and optical absorption 21 

properties were tuned by adjusting the number of CNT layers (L) within the film from light 22 

gray for 1L to dark black above 10L. The CNT films, showing pseudo-capacitive to capacitive 23 

behavior in lithium-based electrolytes, were further integrated in ECDs based on poly(3,4-24 

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) active layers. The fabricated 25 

PET/ITO/PEDOT:PSS/electrolyte/CNT/PET device exhibited reproducible and clear color 26 

switching from light to dark blue with a coloration efficiency of 88 cm2·C−1. This study 27 

highlights novel architecture of ECDs using CNT-based films as conductive counter electrode. 28 

 29 

1. Introduction 30 

Electrochromic devices (ECDs) able to modulate their optical properties under an applied 31 

voltage find applications in several domains [1–3]. Apart from smart windows for energy 32 

efficiency of buildings, which are mostly based on oxides and particularly WO3 that switches 33 

from a transparent to a blue state upon reduction [4–6], electronic displays represent an 34 



emerging field combining high demand and huge challenges [7,8]. To address this need, 35 

adjustment of both the materials and the appropriate device architecture is required. Often 36 

described as an optical battery, five-type-layer ECDs are based on the transparent conductive 37 

oxide (TCO)/EC1/electrolyte/EC2/TCO chain, in which EC1 and EC2 correspond to 38 

electrochromic layers. The performance of the ECDs, specifically for the switching kinetics, 39 

relies on the TCO layers, among which the most popular is ITO (In2O3:Sn). Considering 40 

sustainable aspects [9], intensive research has been devoted to the replacement of ITO by other 41 

oxides, such as FTO (SnO2:F), ZnO, or other materials including Ag nanowires and graphene. 42 

Herein, special attention is focused on the benefit of carbon nanotubes (CNTs) having in mind 43 

the necessity to be either transparent for transmissive displays or opaque for reflective displays 44 

while simultaneously maintaining a high electrical conductivity. Indeed, thanks to their 45 

outstanding mechanical and conductive properties, CNTs can challenge the brittle ITO. 46 

Following research interest of more than 20 years, CNTs are now promising active players in 47 

various fields including thermoelectric research [10], electronic chemical sensors [11], and 48 

ECDs [12]. In ECDs, the use of CNTs has been mostly illustrated on one hand through 49 

electrochromic properties of CNT films integrated in all CNT ECDs [13–15], and on the other 50 

hand through their mixture with electrochromic materials aiming at increasing their electronic 51 

conductivity [16,17]. In this work, we introduce a novel approach using CNTs as a counter 52 

electrode in a four-layer device configuration, schematized by the ITO/EC/electrolyte/CNT 53 

chain [18]. Additionally, we specifically investigated the application of dry spun thin films of 54 

CNTs, allowing to cover a range of transparent to opaque films [19,20]. 55 

Since the discovery of the electronic-conductivity properties of polyacetylene, conductive 56 

polymers have been highly regarded in the organic semiconductor field. In addition, their 57 

emission and reflection properties make them good candidates for electro-emissive devices. 58 

Compared with inorganic electrochromic materials, organic electrochromic materials reveal 59 

advantages such as a broader color palette, higher coloration efficiency, and greater optical 60 

contrast [21–23]. Recent studies have demonstrated the suitability of many techniques, 61 

including spray coating, ink jet, and doctor blading, for deposition of thin films of conducting 62 

polymers with good control of the process. Indeed, the choice of the processing method not 63 

only affects the energy required to activate the devices, but also their stability. In terms of 64 

materials, most commercially available inks are poly(3,4-ethylenedioxythiophene) (PEDOT)-65 

based. Exploring the feasibility of transferring lab-scale prototypes to commercial products, we 66 

recently developed PEDOT-based devices [18,24]. These devices offer change in color from 67 

colorless or light blue to dark blue depending on film thickness. In this paper, we went a step 68 



forward in building original EC devices by combining CNTs as the counter electrode to a 69 

PEDOT-based active layer. 70 

 71 

2. Experimental 72 

2.1. Synthesis of drawable CNT arrays and CNT film integration 73 

The CNT sheet fabrication starts with synthesis of CNTs using the chemical vapor deposition 74 

process [25,26]. The CNTs are grown as vertical arrays on silicon substrates using the patented 75 

catalyst and synthesis process. These arrays can then be drawn out into sheets owing to their 76 

unique spinnability property. The narrow range of gas flow parameters and catalyst 77 

specifications were perfected over the course of years to give very consistent production of 78 

spinnable CNT arrays. The dry drawn layers have very high purity and thickness of about 100 79 

nm [26]. A fine control of the number of CNT layers (L) allows building displays covering 80 

various optical properties from transparent to opaque. A polyethylene terephthalate (PET) film 81 

was placed on the drums on which the CNT layers were collected. In order to densify the formed 82 

CNT film with different number of layers, acetone carried by Ar through a two-channel nozzle 83 

was sprayed on it immediately after drawing. The two-channel nozzle is part of a small B-290 84 

commercial atomizer made by Buchi. This instrument allows atomization of the feed in the 85 

carrier gas and enables formation of droplets with diameter range of 1–25 μm, when employing 86 

a tip with 0.7-mm diameter. Illustration of the CNT film formation and the home-made setup 87 

used, controlled by a computer, is shown in Fig. 1. The morphology of the layers was 88 

investigated using a JEOL JSM-840 (operating at 15 kV) scanning electron microscope (SEM 89 

JEOL JSM-840, JEOL SAV-Europe, Croissy sur Seine, France). X-ray diffraction (XRD) was 90 

performed on a Philips PW 1820, PANalytical X’Pert instrument, 2θ range of 10–80° and λCuKα1 91 

= 1.54056 Å. 92 

 93 

2.2. Electrochromic ink formulation and film deposition 94 

The electrochromic inks were formulated from commercial, poly(3,4-ethylenedioxythiophene) 95 

polystyrene sulfonate, PEDOT:PSS ink (Agfa Orgacon EL-P5015), here called PEDOT:PSS 96 

paste. This high-viscosity commercial paste (>100,000 mPa·s), made for screen printing, was 97 

first homogenized with a three-roll mill and then diluted with ethanol to lower the viscosity as 98 

follows. For the PEDOT:PSS ink, a mixing ratio of 40 wt % of PEDOT:PSS paste and 60 wt % 99 

of ethanol was prepared. The resulting dilute solution was stirred for 15 min at room 100 

temperature, then dispersed using an ultrasonic bath for 15 min and stirred again for 15 min. 101 



The PEDOT:PSS films were deposited with a bar coater (K control from RK PrintCoat 102 

Instruments, Erichsen RK controle, Valence, France) onto ITO-PET substrates 103 

(commercialized by SOLEMS with a resistance of 90 Ω·□−1 and ITO thickness of 90 nm), then 104 

dried at 120 °C for 5 min on a hot plate. From an earlier study, an optimization of the color 105 

contrast was reported for an 880-nm PEDOT:PSS film deposited using a 40-µm bar (referred 106 

as bar n°4) film [24]. This condition was used in the current study. 107 

 108 

2.3. Display fabrication 109 

All displays were built in an asymmetric configuration, using PEDOT:PSS/ITO/PET as the 110 

working electrochromic electrode and PET/CNT as the counter electrode. Both electrodes were 111 

separated by an electrolytic membrane consisting of a commercial lithium-ionic-liquid-based 112 

solution of lithium bis(trifluoromethanesulfonyl)imide in 1-ethyl-3-methylimidazolium 113 

bis(trifluoromethanesulfonyl)imide (EmimTFSI:LiTFSI (9:1 Molar Ratio, Solvionic, 99.9 %) 114 

blended with 40 wt % of poly(methyl methacrylate) (PMMA) dissolved in butanone. Powder 115 

of TiO2 (titanium (IV) oxide ≥99% Sigma Aldrich, Merck KGaA, Darmstadt, Germany) was 116 

added as a white opaque pigment in weight ratio of 90/10. The resulting mixture was stirred for 117 

15 min at room temperature, then dispersed using an ultrasonic bath for 15 min and stirred again 118 

for 15 min. The electrolyte mixture was then deposited by bar coating (bar n°8, wet thickness 119 

100 µm) on the PEDOT:PSS/ITO/PET electrode. After 30 s of butanone evaporation, both the 120 

counter electrode and the electrolyte/PEDOT:PSS/ITO/PET electrode were assembled and 121 

pressed manually for a final display configuration PET/ITO/PEDOT:PSS/(EmimTFSI:LiTFSI 122 

+ PMMA + TiO2)/CNT/PET. Displays of 2.5 cm × 1.5 cm were built. 123 

 124 

2.4. Electrochromic measurements 125 

Electrochemical measurements of CNT thin films on PET were carried out in a three-electrode 126 

cell configuration using a BioLogic SP50 potentiostat/galvanostat apparatus (BioLogic SP50, 127 

Seyssinet Pariset, France). The counter and reference electrodes consisted of a platinum foil 128 

and saturated calomel electrode (SCE; ESCE = 0.234 V/NHE), respectively. The operating 129 

voltage was controlled between −1.0 and +1.0 V at a scan rate of 20 mV·s−1, in lithium-based 130 

electrolyte: lithium bis-trifluoromethanesulfonimide (LiTFSI, Solvionic, purity N 99.99%) in 131 

1-ethyl-3-methylimidazoliumbis(trifluoromethanesulfonyl)-imide (EMITFSI, purity N 132 

99.99%). All electrochemical measurements were performed at room temperature. The optical 133 

transmittance of CNT thin films was measured in situ using a Varian Cary 5000 UV−VIS−NIR 134 

spectrophotometer. 135 



Regarding the displays, the electrochemical analysis was performed in a two-electrode 136 

configuration, using a BioLogic SP50 potentiostat/galvanostat apparatus. Colorimetry analysis 137 

was carried out using a Konica Minolta CM-700D spectrophotometer with SCE 10°/D65 138 

configuration (Konica Minolta Sensing Europe B.V., Roissy, France), allowing direct 139 

determination of colorimetric parameters of the International Commission on Illumination 140 

(CIE) L*a*b* color space. 141 

 142 

3. Results and discussion 143 

3.1. CNT film properties 144 

The properties of the CNT layers and films are pre-determined by the carbon nanotubes 145 

incorporated in them. The synthesized CNTs within the spinnable arrays are about 350 μm long, 146 

with diameter of 10–12 nm and 2–6 walls. More details about their characterization can be 147 

found in [19,26,27]. The visual appearance of the CNT layers is shown in Fig. 2 as a function 148 

of the number of layers. The higher the numbers of paths, the thicker is the layer and the darker 149 

it appears, from light gray to dark black. Above 10 L, all layers are deep black. The XRD pattern 150 

of the 10-layer CNT is mainly characterized by an intense peak located at 25.83°, characteristic 151 

of a graphitic structure (002) (Fig. 3) [27]. 152 

Detail of the CNT sheet under SEM at different magnifications is shown in Fig. 4, showing the 153 

directional alignment of the CNT bundles. Details about the CNT sheet morphology including 154 

the tubes themselves were observed using TEM at different magnifications (Fig. 5). These 155 

images allow clear observation of the directional orientation of individual CNTs along their 156 

length. 157 

The visual appearance of CNT films deposited on PET substrate for 1–10 layers (i.e. 1L–10L) 158 

as well as the optical transmittance recorded at 250–3000 nm is shown in Fig. 6. The 159 

transmittance spectrum of commercial ITO on PET is added for comparison. The transmittance 160 

spectra of the CNT films above 10L is not included because all CNT films have a dark black 161 

appearance above 10L. Simultaneously, the transmittance rapidly decreases as the number of 162 

paths increases. However, for 1L and 2L CNTs, it remains higher than that for PET-ITO above 163 

1250 nm, suggesting interesting properties in the near infra-red. The cycling properties of CNT 164 

films in three-electrode cells are presented in Fig. 7. The overall rectangular shape of the Cyclic 165 

Voltammogram CV (Fig. 7), in agreement with literature [28–31], typically describes a 166 

capacitive to pseudo-capacitive behavior for CNT-based electrodes. The increase in the number 167 

of CNT layers is associated with an increase in capacity from 3.5 to 14.8 mC·cm−2 for 5L to 50 168 



L, of which evolution remains non-linear. The multiplication of the number of layers by 10 169 

corresponds to an increase of capacity of 4.2, suggesting that as the number of the CNT layers 170 

increases, the overall proportion of the active electrochemical surface decreases. This increase 171 

of capacity with CNT electrode thickness has been demonstrated in previous work on glassy 172 

electrodes [30]. The corresponding chronoamperograms (Fig. 8) illustrate fast kinetics upon 173 

oxidation/reduction increasing within a few seconds with the number of CNT layers, and a good 174 

stability upon cycling with a well-reversible process. 175 

 176 

3.2. CNT-based ECDs 177 

The CNT films were successfully integrated in full devices using PEDOT:PSS as active 178 

electrochromic layers. The electrochemical performance of the PEDOT:PSS/electrolyte/CNT 179 

displays built using various numbers of CNT layers (1L, 5L, and 20L) are shown in Fig. 9a. 180 

The rectangular-like shape of the CV is typical of an overall pseudo-capacitive behavior. The 181 

stability and reversibility are satisfactory upon cycling, even for the device with one CNT layer. 182 

Governed by the electrochromic behavior of the PEDOT:PSS layer, the device switches from 183 

a light blue to a dark blue state (Fig. 9b). The optical contrast was evaluated using the CIE 184 

L*a*b* color system. In the CIE colorimetric space, the color is represented by three parameters 185 

– a luminance axis (L*) and two hue axes (a*) and (b*) – which can be used to define and 186 

quantitatively compare the colors. The optical contrast ΔE* is defined by equation (1): 187 

 188 

ΔE* = [(L*c −L*b)² + (a*c − a*b)² + (b*c − b*b)²]
½  (1)  189 

 190 

The determination of the chromaticity parameters show a modulation of L*, a*, and b*, from 191 

49.62, −3.55, and −7.78 in the oxidized state, respectively, to 40.79, −1.76, and −14.06 in the 192 

reduced state, leading to ΔE* of 9.73. 193 

The well-pronounced reversibility is confirmed for corresponding chronoamperometry 194 

measurements performed at +1.0 and −1.5 V/60 s, showing a symmetrical response in both 195 

oxidation and reduction steps (Fig. 9c). The capacity of the device increases stepwise with the 196 

number of CNT layers showing values of 1.1, 1.8, and 2.4 mC·cm−2 for CNT of 1L, 5L, and 197 

20L, respectively. In comparison with the single layers, the capacity of the device remains lower 198 

suggesting a limitation from the PEDOT layers associated with the use of a solid electrolyte 199 

membrane. Indeed, the full device configuration implies interfaces in between the various layers 200 

of which quality appears to be thickness dependent. Due to poor adhesion between the 201 

electrolyte and the CNT-50L layer, all attempts at building ECDs associating CNT-50L and 202 



PEDOT:PSS films were unsuccessful. Additionally, ion mobility might be hindered in the thick 203 

CNT-50L counter electrode. 204 

 205 

The corresponding diffuse reflectance for the oxidized (+1.0 V) and reduced (−1.5 V) states are 206 

shown in Fig. 9d. A value of ∆R of 13% is reached, associated with a color modulation from 207 

light to deep blue (Fig. 9d). In addition to the reflectance modulation ∆R, coloration efficiency 208 

(CE) is one of the key parameters to be taken into account when aiming at applications. The CE 209 

is defined as the change in optical density (OD) per unit charge density (Q) and can be calculated 210 

using equation (2): 211 

CE = ΔOD/Q   (2) 212 

where ΔOD = log(Roxi/Rred), Q is the electronic charge injected into the electrochromic material 213 

per unit area, Roxi is the reflectance in the oxidized state, and Rred is the reflectance in the reduced 214 

state. A CE of 88 cm2 C−1 is obtained. Interestingly, this value is higher than that reported for 215 

ECDs in similar four-layer configuration using an Ag layer as the counter electrode (i.e. ECDAg, 216 

CE = 69 cm2·C−1 [24]) showing the key role that CNTs could play as counter electrodes for 217 

novel ECDs in the field of displays. 218 

 219 

 220 

4. Conclusion 221 

Herein, using a dry spinning process, transparent-gray to opaque black CNT films were 222 

successfully deposited and used as substitutes of the ITO layer and counter electrodes in ECDs. 223 

The PEDOT:PSS/electrolyte/CNT device exhibited reproducible and clear color switching 224 

from light blue to dark blue with CE of 88 cm2·C−1. Further improvement of EC performance 225 

using CNT counter electrodes is in progress by adding metallic particles on top of the CNTs. 226 

This work opens new directions for ECDs with original architecture that allow addressing a 227 

large panel of optical modulation. 228 

 229 
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Figures 

 

 

Fig. 1. (a) Home-made setup for dry spinning process of CNT arrays to form one-layer film 

accumulated on a rotating Teflon belt. The spinnable CNT array grown on a Si substrate is 

placed on a movable platform thus allowing to cover the entire area of the Teflon belt with 

CNT film. (b) Picture of CNT film consisted of multiple layers resting on the Teflon belt. 

 

 

Fig. 2. Visual appearance of CNT films with different layers (1L, 2L, 4L and 10L). 

 

 

Fig. 3. X-ray diffraction pattern of the CNT 10 L. 

 



 

Fig. 4. SEM images of multilayer CNT sheet. Magnification increases from (a) to (c). 

 

 

Fig. 5. TEM Images of CNT sheet (ribbon) at different magnifications. Magnification increases from (a) 

to (d). 



 

Fig. 6. Optical transmittance spectra of the PET/ITO and PET/CNT with different layers (1L, 2L, 

4L and 10L). 

 

 

Fig. 7. Cyclic voltammograms of the PET/CNT (5L, 10L, 20L and 50L) in LiTFSI-EMITFSI 

between −1.0 V and 1.0 V with a 20 mV s−1 scan rate. 

 

 

Fig. 8. (a) Chronoamperograms (CA) of the PET/CNT (5L, 10L, 20L and 50L) in LiTFSI-EMITFSI. 

Potentials of +1.0 V and −1.0 V were applied for 60 s alternatively. (b) Magnification of the 

119–125 s region. 

 



 

Fig. 9. (a) Cyclic voltammograms of the electrochromic displays (2.5 *1.5 cm2) built from CNT with 

varying layers from 1L to 20L. (b) Schematic and visual appearance of EC device in the reduced and 

oxidized states. (c) chronoamperograms (CA) of the PET/ITO/PEDOT:PSS/LiTFSI-

EMITFSI + PMMA + TiO2/CNT(5L, 20L and 50L/PET. Potentials of +1 V and −1.5 V were applied for 60 s 

alternatively. (d) In-situ optical reflectance spectra at oxidized and reduced states of the 

electrochromic displays PET/ITO/PEDOT:PSS/LiTFSI-EMITFSI + PMMA + TiO2/CNT(10L)/PET. 


