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A one-step electrodeposition of homogeneous and vertically 

aligned nanotubes with parahydrophobic properties (high water 

adhesion) 

Thierry Darmanin and Frédéric Guittard 

Here, we report for the first time parahydrophobic (high water 

adhesion) vertically aligned nanotubes by a one-step 

electropolymerization of naphtho[2,3-b]thieno[3,4-e][1,4]dioxine 

(NaphDOT) without surfactant and hard template. The formation 

of nanotubes is probably due to the stabilization by the polymer 

of gas bubbles produced in-situ during electropolymerization 

process. The nanotubes are obtained by cyclic voltammetry or at 

constant potential, but their formation is highly dependent on the 

deposition method. By cyclic voltammetry, the size of the 

nanotubes is extremely large (∅ ≈∅ ≈∅ ≈∅ ≈ 300 nm) and independent of 

the number of deposition scans, while only the density of 

nanotubes increases. At constant potential, all the seeds for the 

nanotube formation are created in the first moments, while the 

size of the nanotube increases with the deposition charge. Here, 

θθθθw up to 135° are obtained even if the polymer is intrinsically 

highly hydrophilic (Young angle θθθθ
Y
 = 63.6°). Moreover, water 

droplets put on these substrates remain stuck even after an 

inclination of 90° revealing extremely high adhesion. Such 

materials could be used in water transportation and harvesting, 

energy systems and biosensing. 

Introduction 

 

In nature, many plants and insects possess special wetting 

properties.
1
 Amongst them, species having superhydrophobic 

properties, characterized by high water contact angles (θw) and 

low water adhesion or hysteresis (H), are completely resistant 

to water wetting during rainfalls or have the ability to walk on 

water surfaces, for example.
2-4

 By contrast, other species 

having parahydrophobic properties,
5
 characterized by high 

water contact angles (θw) but also high water adhesion are 

able to capture water droplets even in hot environments. This 

is the case of rose petals, gecko feet and peach skin.
6-9

 

Materials with high water adhesion are in high demand for 

different applications, especially for water harvesting and 

transportation.
10-12

 Usually, superhydrophobic properties with 

high robustness can be reached combining surface structures 

often at a micro/nanoscale with low surface energy 

materials.
13,14

 For parahydrophobic properties, the water 

adhesion can be increased by modifying the shape of the 

surface structures and/or using materials of higher surface 

energy.
15-21

 For example, Li et al. reported the formation of 

parahydrophobic silver nanostructures by electroless galvanic 

deposition and without any surface post-functionalization.
18

 In 

their work, parahydrophobic properties were obtained after 

surface oxidation by storage showing the importance of the 

surface energy. Moreover, the parahydrophobic properties can 

also be controlled with the shape of the nanostructures as a 

function of the deposition conditions.  

 

Both surface structures and surface energy can be easily 

controlled using conducting materials. There are many 

strategies employed to obtain nanostructured conducting 

polymers with various shapes.
22,23

 These nanostructured 

materials can be produced in solution by self-assembly but in 

order to reduce the number of steps, it is preferable to induce 

the formation of nanostructures directly on substrates. This is 

possible by different methods including preferential growth, 

vapor phase polymerization, plasma polymerization and 

electropolymerization.
22,23

 Electropolymerization allows rapid 

deposition of conducting polymer films with a wide variety of 

monomers. Amongst all the available polymerizable cores, 3,4-

ethylenedioxythiophene (EDOT) and its derivatives are 

probably the most interesting for both their exceptional 

polymerization capacity
24

 but also the extreme variability of 

the shape of the surface structures with the 

electropolymerization conditions
25

 and the presence of a 

substituent.
26-29

 For example, nanofibers, spherical particles, 

nanosheets, flower-like structures and cauliflower-like 

structures have all been reported. While fluorocarbon and 
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hydrocarbon chains were often used to reach 

superhydrophobic properties, parahydrophobicity can be 

obtained using substituents of higher surface energy. This is 

possible using branched hydrocarbon chains or aromatic 

substituents (phenyl, naphthalene, pyrene, etc).
30,31

 

 

Here, we report for the first time the formation of conducting 

polymer nanotubes with parahydrophobic properties. 

Conducting nanotubes are excellent candidates for various 

applications in electronic devices for energy systems and 

biosensing.
32-34

 However, the methods to develop vertically 

aligned nanotubes on various substrates are often lengthy or 

need specific or expensive equipment.
35-42

 For example, 

densely packed carbon nanotubes were reported by chemical 

vapor deposition.
36,37

 Superhydrophobic properties were 

obtained after a post-treatment with PTFE coating. Otherwise, 

titanium nanotubes can also be created by anodization but 

highly corrosive fluorinated electrolytes are necessary.
38

 

Aligned polystyrene nanotubes were also fabricated via 

solution casting or by electrodeposition/electropolymerization 

using an anodized aluminum oxide (AAO) membrane as hard 

template, which was later dissolved in NaOH solution to obtain 

nanotubes.
16,17,39

  

Hence, methods to develop in one-step and very quickly 

nanotubes on substrates are not numerous. In the literature, 

we have found only one process related to the works of Prof. 

Shi and co-authors who formed nanotubes by direct 

electropolymerization of pyrrole in an aqueous solution of a 

surfactant (β-naphthalenesulfonic acid, (+)- and (-)-

camphorsulfonic acids or poly(styrene sulfonic acid).
43-46

 The 

aim of the surfactant was to stabilize gas bubbles produced in-

situ. 

 

Here, first we show for the first time that it is possible to 

obtain nanotubes in organic solvents, which is extremely 

important because most of the monomers are not soluble in 

water. More precisely, the nanotubes are obtained by a one-

step electropolymerization of an EDOT derivative grafted with 

a naphthalene moiety. The very rigid EDOT derivative named 

naphtho[2,3-b]thieno[3,4-e][1,4]dioxine or NaphDOT is 

represented in Scheme 1. We also explore for the first time 

the possibility to obtain parahydrophobic properties with this 

process. The influence of the electrodeposition conditions and 

monomer nature on the formation of nanotubes and their 

parahydrophobic properties is discussed as well as the 

mechanism of the nanotube formation. 

 

 

Scheme 1 Monomer used in this work to obtain nanotubes. 

 

Materials and methods 
 

The monomer NaphDOT was synthesized following a 

procedure reported in the literature by transetherification 

between 3,4-dimethoxythiophene and 2,3-naphthalenediol 

(Scheme 2).
47

 More precisely, 2.5 g of 3,4-dimethoxythiophene 

(17.4 mmol, 1 eq.), 10 g of 2,3-naphthalenediol (62.4 mmol, 

3.6 eq.), 0.5 g of p-toluenesulfonic acid monohydrate (2.6 

mmol, 0.15 eq.) was added to 120 mL of toluene. The mixture 

was stirred and heated at 100°C for 2 days. Then, 80 mL of the 

solvent was removed by rotavapor and the product was 

purified by column chromatography (silica gel; eluent: 

dichloromethane/cyclohexane 1:1). The spectra of the 

monomer characterization are given in ESI. 

 

 
Scheme 2 Synthetic way to the monomer. 

 

NaphDOT: naphtho[2,3-b]thieno[3,4-e][1,4]dioxine. Yield: 

10%; White solid; m.p.: 205.8°C; δH(200 MHz, CDCl3, ppm): 

7.67 (m, 2H), 7.36 (m, 4H), 6.52 (s, 2H); δC(200 MHz, CDCl3, 

ppm): 140.62, 138.74, 130.47, 126.79, 125.32, 112.57, 101.05; 

FTIR (KBr): νmax/cm
-1 

3107, 2955, 2925, 2850, 1513, 1505, 1476, 

1441, 1278, 873, 762 cm
-1

; MS (70 eV) m/z (%): 240 (100) [M
+
]. 

 

The conducting polymer films were electrodeposited on gold 

plates used as working electrodes. A carbon rod and a 

saturated calomel electrode (SCE) were used as a counter-

electrode and reference electrode, respectively. The 

electrodes were inserted in 10 mL anhydrous dichloromethane 

containing 0.1 of tetrabutylammonium perchlorate (Bu4NClO4) 

and 0.01 M of NaphDOT. In order to perform the 

electrodeposition, the electrodes were connected to an 

Autolab potentiostat of Metrohm. Two different deposition 

methods were used in order to study its influence on the 

polymer growth:  

- cyclic voltammetry from -1.00 V to 1.80 V vs SCE at a scan 

rate of 20 mV s
-1

 and using different deposition scans (1, 3, 5); 

- imposed potential or chronoamperometry at 1.80 V vs SCE 

and using different deposition charges (12.5, 25, 50, 100, 200, 

400 mC cm
-2

). 

After the depositions, the substrates were washed in three 

different solutions of dichloromethane and slowly dried. 

 

The surface properties were characterized by scanning 

electron microscopy (SEM), optical profilometry and 

goniometry. The SEM images were taken using a 6700F 
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microscope of JEOL. An ultra-thin surface metallization was 

performed before each measurement to improve the image 

quality. The arithmetic (Ra) and quadratic (Rq) surface 

roughness were obtained using a Wyko NT 1100 optical 

microscope of Bruker. The measurements were performed 

with High Mag Phase Shift Interference (PSI) working mode, 

the field of view (FOV) 0.5X and the objective 50X. The surface 

wettability was investigated using a DSA30 goniometer of 

Krüss. The water apparent contact angles (θ) were determined 

by taking the angle at the triple point of 2 µL water droplets 

placed on the substrates. Otherwise, the tilted-drop method 

was used to determine the hysteresis (H) and sliding angle (α). 

Here, a 6 µL water droplet was put on the substrate and it was 

inclined until the droplet moved. If the droplet moved, H was 

taken just before it moved. If the droplet did not move even 

for α = 90°, the substrate was called sticky. 

 
Results and Discussion 
 
First, the monomer was electropolymerized by cyclic 

voltammetry in anhydrous dichloromethane containing 0.1 M 

of Bu4NClO4 and at a scan rate of 20 mV s
-1

. In order to study 

the influence of the polymer growth on the surface properties, 

the polymerization was stopped after different deposition 

scans (1, 3 and 5). The cyclic voltammogram after 5 deposition 

scans is given in Figure 1. This voltammogram shows that the 

polymer thickness does not significantly increase as the 

number of deposition scans which may be explained by a 

decrease in the polymer conductivity. Moreover, a peak at 

about -0.3 V vs SCE, which should correspond to the formation 

of H2 from H
+
, is present during each back scan. The presence 

of this peak is extremely important in the formation of 

nanotubes.
43-45

 

 

 
Fig. 1 Cyclic voltammogram (5 scans) of NaphDOT in 0.1 M 

Bu4NClO4/anhydrous acetonitrile; scan rate: 20 mV s
-1

. 

 

Then, the polymer films were characterized by contact angle 

measurements, optical profilometry and SEM. Table 1 

indicates that θ increases as the number deposition scans 

increases from 1 to 3, reaching a maximum (θ = 135.0°) for 3 

deposition scans. θ remains the same for 3 or 5 deposition 

scans. Experiments with the tilted-drop method showed the 

extremely high water adhesion of these substrates. A water 

droplet put on these substrates remained completely stuck 

even after an inclination of 90°, as shown in Figure 2. 

 

Table 1 Roughness and apparent contact angles as a function of the 

deposition method. 

Deposition 

characteristics 
Ra [nm] Rq [nm] θ [deg] 

CV 1 scan 40 58 113.7 

CV 3 scan 550 750 135.0 

CV 5 scan 500 630 134.4 

CP 12.5 mC cm
-2

 9 16 130.0 

CP 25 mC cm
-2

 19 50 110.4 

CP 50 mC cm
-2

 20 40 100.0 

CP 100 mC cm
-2

 350 480 79.3 

CP 200 mC cm
-2

 410 610 75.2 

CP 400 mC cm
-2

 750 1300 77.7 

 

 
Fig. 2 Picture of a water droplet put on PolyNaphDOT, obtained by 

cyclic voltammetry (3 scans), and after a surface inclination of 90°. 

 

Moreover, for 3 deposition scans the surface roughness (Ra = 

550 nm) is also very important. Surprisingly, the SEM images 

revealed the presence of vertically aligned nanotubes (Figure 

3). These nanotubes are large (∅ ≈ 300 nm) and their height (h) 

is slightly higher than 1 µm. Their dimensions are quite similar 

after each deposition scan, but the number of nanotubes 

increases until reaching a maximum after 3 deposition scans. 

After 3 depositions, the nanotubes begin to be inclined. 

 

In order to determine the effect of the nanotubes on the 

surface hydrophobicity, it is first necessary to determine the 

apparent contact angles of the same polymer but smooth 

(without any structures). The apparent contact angles of 

smooth substrates are called Young angles (θ
Y
) are dependent 

on the solid-vapor (γSV), solid-liquid (γSL) and liquid-vapor (γLV) 

surface tensions following the Young equation: cos θ
Y
 = (γSV – 

γSL)/γLV. Here, smooth PolyNaphDOT films were produced using 

a two-step electrodeposition process: a first step at constant 

potential (E = 1.80 V) and using an extremely short deposition 

charges (Qs = 1 mC cm
-2

) in order to cover all the substrate 

while avoiding the surface structure formation; a second 

reduction step by cyclic voltammetry from 1.5 V to -1.0 V in 

order to reduce the polymer.   
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Fig. 3 On the left, SEM images of PolyNaphDOT at the magnification of 10000x without substrate inclination. On the right, SEM images of PolyNaphDOT at 

the magnification of 25000x without substrate inclination and with a substrate inclination of 60°. Here, the substrates were obtained by cyclic voltammetry 

and as a function of the number of deposition scans. 

 

The mean (Ra) and quadratic (Rq) roughness of these smooth 

surfaces are 7 nm and 12 nm, respectively. On these smooth 

substrates, θ
Y
 was found to be 63.6° indicating a high 

hydrophilic behavior (θ
Y
 << 90°). Because polyNaphDOT is a 

highly hydrophilic polymer, the parahydrophobic properties 

cannot be explained with the Wenzel equation cos θ = rcos θ
Y
, 

where r is a roughness parameter.
48

 Indeed, r can increase the 

surface hydrophobicity only if θ
Y
 > 90°, otherwise it increases 

the surface hydrophilicity. Only the Cassie-Baxter equation can 

explain these results, which indicates the presence of air 

trapped between the water droplet and the substrate. The 

Cassie-Baxter equation is cos θ = rffcos θ
Y 

+ f – 1, where rf is the 

roughness ratio of the substrate wetted by the liquid, f is the 

solid fraction and (1 – f) is the air fraction.
49

  

The Cassie-Baxter equation can describe superhydrophobic 

properties with very low adhesion if the air fraction is 

extremely significant but also to parahydrophobic properties if 

the air fraction is much less important. Moreover, 

parahydrophobic states are metastable states between the 

Wenzel and the Cassie-Baxter states and the applying of a high 

pressure induces the transition to the Wenzel state, here 

superhydrophilic properties because θ
Y
 < 90°. 

 

The wettability results reported in our work are in agreement 

with the work of Jiang et al.
16,17

 In this work, the authors 

fabricated aligned polystyrene nanotubes and observed that 

the substrates with nanotubes were parahydrophobic. One of 

the main differences between these two works is the intrinsic 

hydrophobicity of the used materials: the smooth polystyrene 
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is intrinsically hydrophobic and has a θ
Y
 of 95° while 

PolyNaphDOT is much more hydrophilic (θ
Y
 = 63.6°). 

Moreover, the PolyNaphDOT nanotubes are not densely 

packed contrary to the polystyrene nanotubes.
16,17

 Hence, for 

the PolyNaphDOT nanotubes the water droplet should 

penetrate the space between the nanotubes (Wenzel state) 

which highly increases the water adhesion. However, the 

PolyNaphDOT nanotubes are parahydrophobic because the 

water does not penetrate inside the nanotubes (Cassie-Baxter 

state). The interface is, thus, composite (Figure 4) with the 

presence of air only inside the nanotubes and as a 

consequence the parahydrophobic properties are highly 

dependent on the diameter, height of the nanotubes as well as 

the distance between them. Moreover, it can be expected that 

the parahydrophobic properties are also higher if the 

nanotubes are vertically aligned.  

 

 

 
Fig. 4 Schematic representation of a water droplet deposited on 

hydrophilic nanotubes. 

 

Hence, large seeds for the formation of nanotubes are created 

at each deposition scan and the nanotubes are created from 

these seeds. In order to better explain their formation, we 

have looked for related publications in the literature and found 

only one method reported by the research group of Prof. 

Shi.
43-46

 This method consists in the formation of polypyrrole 

nanotubes or nanocontainers of different sizes by 

electropolymerization of pyrrole in an aqueous solution of a 

surfactant (β-naphthalenesulfonic acid, (+)- and (-)-

camphorsulfonic acids or poly(styrene sulfonic acid). The 

authors demonstrated that the role of the surfactant is to 

stabilize the H2 or O2 bubbles produced in-situ either during 

water electrolysis or the decomposition potential of acidic 

water, respectively. Hence, H2 or O2 bubbles act here as a soft 

template. Moreover, the authors also showed that in organic 

media such as acetonitrile, although gas bubbles are produced, 

they cannot be enwrapped by surfactant and are dispersed in 

the medium or escape from the solution quickly.
43

 Indeed, for 

example, the electropolymerization released H
+
 ions, which 

can lead to H2 bubbles. Based on these findings, we can 

conclude that our work shows that our polymer is able to 

stabilize these bubbles during electrodeposition without 

surfactant. Other experiments showed that the stabilization is 

possible in dichloromethane and not in acetonitrile. This may 

be explained by the fact that the oligomers formed in the first 

instance are more soluble in dichloromethane, which is a 

probably a key factor to stabilize the bubbles. Other related 

monomers with only one phenyl ring such as 

benzo[b]thieno[3,4-e][1,4]dioxine (PheDOT) or without 

aromatic ring such as EDOT have also been tested to see if the 

used monomer in important (c.f. Supporting Information). 

Nothing special was observed with EDOT but very large and 

homogeneous holes were observed with PheDOT. Hence, the 

exceptional capacity of NaphDOT to stabilize bubbles is 

probably due to the presence of the naphthalene group, as 

observed by Shi using β-naphthalenesulfonic surfactant.
43-46

 

 

In order to study the influence of the deposition method, 

PolyNaphDOT was also electrodeposited at constant potential 

(E = 1.80 V vs SCE) and using different deposition charges (Qs = 

12.5, 25, 50, 100, 200 and 400 mC cm
-2

). SEM images are given 

in Figure 5 and the apparent contact angles and surface 

roughness are available in Table 1. Completely different results 

were obtained with this method. This time all the seeds for the 

formation of the nanotubes are created in the first instance 

(Qs = 12.5 mC cm
-2

) and after the size of the nanotubes 

increases with Qs. However, for Qs = 12.5 mC cm
-2 

the size of 

the seeds is extremely low (∅ ≈ 70 nm, h ≈ 100 nm) but the 

number of seeds is extremely important, which leads to the 

highest contact angles (θ = 135.0°) even if the roughness is 

extremely low (Ra ≈ 10 nm). Indeed, it is expected that the size 

of the nanotubes is more important by cyclic voltammetry 

because a large range of potentials is scanned during this 

method. Then, the size of the nanotubes increases as Qs but 

θ decreases because the porosity percentage in contact to the 

water droplet decreases. From Qs = 100 mC cm
-2 

the size of 

the nanotubes become very high (h above 1 µm) and begin to 

be inclined. Moreover, the opening of the nanotubes also 

begins to close, which leads to a very large decrease in θ (θ < 

80°). 

Conclusions 

 

Here, we reported for the time the formation of 

parahydrophobic vertically aligned nanotubes by 

electropolymerization of NaphDOT. It seems that the polymer 

is able to stabilize gas bubbles produced in-situ during the 

electrodeposition, which leads to the nanotube formation. 

These nanotubes were obtained by cyclic voltammetry or at 

constant potential but the growth of these nanotubes was 

highly dependent on the deposition method. By cyclic 

voltammetry, the size of the nanotubes was extremely large 

(∅ ≈ 300 nm) and independent on the number of deposition 

scans while only the density of nanotubes increased. At 

constant potential, all the seeds for the nanotube formation 

were created in the first instances while the size of the 

nanotubes increased with the deposition charge.  
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Fig. 5 On the left, SEM images of PolyNaphDOT at the magnification of 10000x without substrate inclination. On the right, SEM images of PolyNaphDOT at 
the magnification of 25000x without substrate inclination and with a substrate inclination of 60°. Here, the substrates were obtained at constant potential and 

as a function of deposition charge. 
 

Here, θw up to 135° were obtained even if the polymer is 

intrinsically highly hydrophilic (Young angle θ
Y
 = 63.6°). 

Moreover, water droplets put on these substrates remained 

stuck even after an inclination of 90° revealing extremely high 

adhesion. This work is the first step in the formation of 

nanotubes in organic solvent and other monomers will be 
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studied in the future. Such materials can find applications in 

water transportation and harvesting, energy systems and 

biosensing. Indeed, most of these applications need materials 

with tunable water adhesion. 
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Graphical Abstract 
 

 
 
Nanotubes of various dimension and displaying parahydrophobic properties are obtained by a one-step electropolymerization of 
naphtho[2,3-b]thieno[3,4-e][1,4]dioxine (NaphDOT) without surfactant or hard template. 
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