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In this work, zinc oxide (ZnO) was directly electrodeposited onto Fluorine-doped tin oxide (FTO). The physical and chemical 

heterogeneity of FTO have contributed to important and exploitable results. In fact, the doping of tin dioxide (SnO2) with 

fluorine distorts its rutile crystal lattice. This distortion leads to contraction mechanical constraints on the network 

contributing to a rough surface morphology. Moreover, the nano-roughness of FTO surface impedes the epitaxial growth 

of ZnO nanorods. However, this roughness combined with the chemical heterogeneity of the FTO surface leads to favored 

growth sites. This can be explained by the presence of fluorine atoms, into the SnO2 network, with a stronger 

electronegativity which attracts the ZnO nuclei. The accumulation of many nuclei around the same electronegative spot 

contributes to the development of nanoflower-like structures or tilted nanorods. In such case, the non-polar facets of ZnO 

are exposed and the electrodeposited film is highly hydrophobic. The growth of ZnO onto FTO was studied by varying four 

main parameters of the synthesis: time of electrodeposition, temperature, concentration of Zn
2+

 precursor and 

concentration of KCl. The influence of those parameters on the shape, size, growth mechanism, and density of the ZnO 

electrodeposit was discussed. Thus, when the concentration of Zn
2+

 precursor increases from 0.1 to 5 mM, the nanorods’ 

size decreases but the density of these nanostructure increases leading to their organization in nanoflowers. However, the 

increase of KCl concentration from 0.5 to 4 M causes a change of the ZnO nanostructures shape from hexagonal nanorod 

arrays to nanopencil arrays and also a significant decrease of density accompanied with a significant increase of ZnO 

nanostructures size whose diameter varies from 90 to 200 nm. Furthermore, the time of electrodeposition is a key 

parameter influencing the height of ZnO nanorods. Finally, a good crystallization of ZnO is observed at high temperature 

(about 80°C). 

1. Introduction 

Zinc oxide (ZnO) is a low cost and non-toxic material. It has a 

large band gap (3.3 eV) absorbing UV rays hence its application 

as an anti-UV coating
1
. It is used, also, in the absorber layer for 

photovoltaic applications
2
. The structural property of ZnO thin 

films has a major influence on the observed change of its 

electrical, optical, photocatalytic and wettability properties.
3-12

 

These properties can be improved or weakened according to 

the nanostructures size. In fact, when the nano-roughness of 

ZnO film decreases, conductivity and photocatalytic activity 

decrease, on the other hand the transmittance increases.
13, 14

 

Moreover, the nanostructures influence the wettability 

behavior of a surface, playing an amplifier role. A hydrophobic 

surface becomes super-hydrophobic when nano-roughness 

increases and vice versa.
15

 Therefore, the study of ZnO 

nanostructures is very important, since many properties 

depend on their shape and/or size. ZnO nanostructures can be 

grown in forms of nanoplates, nanoflowers, nanorods, 

nanotubes
16

, etc. ZnO nanorod is one of the more interesting 

form for photovoltaic application thanks to the large surface 

area.
17

 The geometric features of ZnO nanorods depend on 

synthesis technique and deposition condition. Electrochemical 

technique is the most efficient method for tuning structural 

properties.
18

 

Several studies were carried out in aim to control the growth 

of ZnO using electrochemical method by varying the 

concentration and nature of supporting electrolyte, or the 

concentration of the precursors (Zn
2+

 and OH
-
). Skompska et 

al.
19

 have presented an extensive review about 

electrodeposition of ZnO nanorod arrays on transparent 

conducting substrates. Tena-Zaera et al.
20

 have studied the 

effect of supporting electrolyte concentration (potassium 

chloride) on the ZnO nanostructure electrodeposited onto 

Fluorine-doped Tin Oxide (FTO) first covered by a seed layer of 

ZnO nanocrystallite. They showed that the increase of KCl 

concentration causes a rise of ZnO deposition efficiency. 

Furthermore, for a high concentration of KCl (>1M) a lateral 

growth of ZnO is favored. Elias et al.
21

 have investigated the 

effect of the anion nature of the supporting electrolyte on the 

features of the ZnO nanostructures, showing that the change 

of anion nature leads to a difference in adsorption behavior 

onto ZnO nanostructures, causing a variation on OH- 

production rate and therefore a modification of ZnO 

nanostructure sizes. In fact, several studies have been focused 

on the effect of the concentration of Zn
2+

 precursor on ZnO 

nanostructure growth, finding that the concentration of Zn
2+

 

precursor is the major parameter influencing the ZnO 

geometric dimensions; the size of ZnO nanostructures 

increases when concentration of Zn
2+

 precursor rises.
22

 Other 

parameters, as time and temperature of the electrodeposition, 

were studied.
23, 24

 

In this work, we have explored the effect of electrosynthesis 

parameters on the ZnO growth on FTO. Contrarily to the 

majority of the published studies, we made the choice to 

electrodeposit the ZnO thin layer directly on FTO surface in 

order to simplify the operating mode and to benefit from the 

surface nature of the FTO. Most often, only one characteristic 
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is sought such as maximum of hydrophobicity
25

 and few 

studies have considered the variations of the experimental 

conditions on the morphology of ZnO nanostructures directly 

deposited on the FTO. Xu et al.
26

 have examined the effect of 

some additives in order to control the ZnO nanostructures 

growth and especially they sought the better conditions to 

obtain compact epitaxial growth of ZnO nanostructures. In our 

case, we provided four main parameters: the concentration of 

Zn
2+

 precursor, concentration of supporting electrolyte KCl, 

time and temperature of electrodeposition. The variations of 

these key parameters modified the morphology of ZnO 

nanostructures and the growth mechanism.  

2. Experimental 

ZnO was successfully electrochemically deposited by using 

three-electrode classical cell. FTO glass (from Solems, 80 nm 

thickness), a saturated calomel electrode (SCE) and a Zinc rod 

was used as working electrode (WE), reference electrode (RE) 

and counter electrode (CE), respectively. FTO was cleaned 

prior any use with acetone and ethanol, for 10 min each, in an 

ultrasonic bath, afterwards it was rinsed with distilled water.  

To deposit ZnO, the three electrodes (CE, WE and RE) were 

vertically immersed in an aqueous electrolyte containing ZnCl2 

(MERCK, purity>95%) as a source of Zn
2+

, gaseous dioxygen 

(O2) as OH
-
 precursor and KCl (VWR International, purity 99.0-

100.5%) was used as supporting electrolyte to increase the 

electrical conductivity of the solution. The temperature of the 

solution was kept constant using a cryostat bath. 

The electrodeposition of ZnO is generally realized by an 

elevation of the local pH, due to the reduction of the oxygen in 

order to provide hydroxides around the surface. Then, the 

formation of metal oxide is made by chemical reaction 

between the native hydroxides (OH
-
) and the metal cations 

present in the solution, according to the following reactions 

under static-potential (E = -1V/SCE):  

O2 + 4e + 2 H2O  → 4 OH
-
 

Zn
2+

 + 2 OH
-
 → ZnO + H2O    

This can be summed up as 

Zn
2+

 + ½ O2 + 2e → ZnO 

The quantity of ZnO deposited on the cathode was estimated 

from the total electric charge, Q (in Coulombs). The latter was 

calculated from the integration of the chronoamperometric 

curve (Fig. 1). From the Faraday's law, one can write 

� =
�×�

�×�
     (eq.1) 

In which, m is the mass of ZnO electrodeposited on the WE (FTO), F 

(= 96500 C mol
−1

) is the Faraday constant, z is the number of 

transferred electrons per ion which is equal to 2, and M is the molar 

mass of ZnO (81.38 g mol
-1

). 

The morphology of the electrosynthesized ZnO thin films was 

analyzed by field emission scanning electron microscope (SEM-

FEG) ULTRA 55 ZEISS. The crystal structure of ZnO thin films 

was investigated by Empyrean Panalytical X-ray diffraction 

(XRD). 

3. Results and discussion 

To study the ZnO growth on FTO substrate, four main 

parameters (concentration of Zinc precursor, of the supporting 

electrolyte KCl, time and temperature of electrodeposition) 

were changed during the ZnO electrosynthesis. 

3.1 Effect of ZnCl2 concentration on ZnO nanorods growth onto 

FTO 

Several aqueous solutions containing the same KCl 

concentration (0.1 M) but different concentrations of ZnCl2 

(between 0.1 to 5 mM) were prepared. All these solutions 

were saturated with oxygen by bubbling. The 

electrodeposition of ZnO on FTO was performed at 80°C during 

1000s at -1 V/SCE. The SEM pictures (Fig. 2) show that at low 

ZnCl2 concentration (< 0.5 mM), the nanorods of ZnO are 

gathered in 2-3 nanorods. For high concentrations of ZnCl2 (> 

0.5 mM), the number of amassed nanorods increases leading 

to a nanoflower shape. Therefore, the density of nano-

columns increases when the concentration of ZnCl2 increases. 

For a concentration of 0.1mM the density is about 21 

nanorods/µm
2
 and for a concentration of 5mM the density is 

about 73 nanorods/µm
2
. 

0 1000 2000 3000 4000 5000 6000 7000
-0.25

-0.20

-0.15

-0.10

-0.05

0.00
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)
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Q = 0.7 C

Fig.  1 The chronoamperograms for the preparation of ZnO nanostructure on FTO at 

−1.0 V/SCE during 7000s in a O2 saturated aqueous medium of 2.5 mM ZnCl2 and 0.1 M 

KCl. 
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Fig. 2 SEM images of ZnO nanorods (plan and cross-sectional views) obtained in different ZnCl2 concentrations, at 80°C, during 1000 s, at E=-1V/SCE, in 0.1M KCl. 

The polarity of underlying surface plays a main role on the 

apparition regions of ZnO nanostructures, as illustrated by Lee 

et al.
27

 and Perillat-Merceroz et al.
28

 who generated a selective 

growth of ZnO by controlling the surface polarity. In our case, 

this underlying surface polarity can explain the observed ZnO 

growth. The difference in electronegativity between FTO 

atoms generates some more welcoming regions for ZnO 

deposition. 

Hence, due to its polarity, the first nucleus of ZnO choose 

fluorine atom to be linked to the surface through its Zn-polar 

facet. The number of nuclei linked to the surface depends on 

the zinc precursor concentration; a high concentration of Zn
2+

 

precursor gives rise to a high density of ZnO nuclei around the 

same region contributing after growth process to nanoflower 

form (Fig. 3). 
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Contrariwise the density, the height and width of ZnO nanorods 

decrease when the concentration of ZnCl2 increases. Thus, when 

the ZnCl2 concentration increases from 0.1 to 5mM, we found a 

diminution in height and width (Fig. 4). This reduction in size of ZnO 

nanorods is accompanied by mass loss (Table 1). The mass of ZnO 

deposited on FTO increases when concentration of ZnCl2 varies 

from 0.1 to 1 mM and decreases for concentration of ZnCl2 higher 

than 1mM (Table 1). This reduction of mass and size can be justified 

by the inequality between diffusion coefficient of molecular oxygen 

and Zn
2+

.
 29, 30

 The diffusion coefficient of molecular oxygen is more 

important than Zn
2+

 what makes the production of OH
-
 ions faster 

than the transport of Zn
2+

. The OH
-
 ions produced at the electrode 

diffuse towards the bulk solution through the ZnO nanostructures 

and adsorb on nanorod tips. The adsorption phenomenon of OH
-
 

ions weakens the polarity of ZnO and therefore its growth. 

Moreover, we have to notice that our results are different from 

those presented by Elias et al.
22

 This is mainly related to the surface 

polarity. Elias et al. have studied the effect of concentration of Zn
2+

 

precursor on ZnO growth on FTO first covered by a buffer layer of 

ZnO finding that the size of ZnO nanorods increases with the 

concentration of Zn
2+

 precursor in the solution. The coating of FTO 

surface by smooth ZnO layer before depositing the ZnO nanorods 

leads to a surface polarity equilibrium forming a homogeneous and 

well-dispersed deposit of ZnO nanorods. 

 

[ZnCl2] /(mM) Charge density (/C cm
-2

) m(ZnO) (/µg) 

0.1 0.136 57 

0.5 0.197 83 

1 0.199 84 

2 0.165 70 

3 0.160 67 

4 0.150 63 

5 0.145 61 

Table 1 Estimated values of mass for electrodeposited ZnO nanorods according to the 

concentration of zinc precursor. 

3.2 Time effect on ZnO nanorods growth on FTO 

Several ZnO samples were prepared from solution of 0.1M KCl 

and 2.5mM ZnCl2 saturated with oxygen by bubbling. The 

electrodeposition of ZnO is realized at 80°C, constant potential 

(-1V/ SCE) and for an electrodeposition time varying between 

0 and 10000s. 

Fig. 5 depicts some SEM images of different ZnO growths on 

FTO surface as a function of the electrodeposition time. The 

dimension values of ZnO nanorods estimated from SEM 

images are gathered in Fig. 6. As shown on Fig. 5, the density 

of ZnO nanorods increases until time of 2000s. While, the 

density remains almost constant (≈ 20 nanorods/µm
2
) for a 

deposition time higher than 2000s. If we focused on the 

nanostructures size, we can notice that the width increases in 

the first moment and then remains constant (around of 78nm) 

from an electrodeposition time of 3000s. Regarding the height 

variation of ZnO nanorods, a monotonous increase over the 

time was observed, it goes from 300nm for 500s to 1100nm 

for 10000s. Moreover, as seen on Table 2, the mass of 

electrodeposited ZnO on FTO increases as a function of time. 

 

Time (/s) Charge density (/C cm
-2

) m (ZnO) (/µg) 

500 0.048 20 

1000 0.1447 61 

2000 0.181 76 

3000 0.273 115 

4000 0.379 160 

5000 0.479 202 

6000 0.600 253 

7000 0.700 295 

8000 0.825 348 

9000 0.943 398 

10000 1.070 451 

Table 2 Estimated values of mass of electrodeposited ZnO nanorods as a function of 

time 

The growth of ZnO on the rough FTO surface probably begins 

by the appearance of nuclei of ZnO on the anfractuosities due 

to the surface roughness. Those first nuclei adopt the same 

inclination angle than FTO nano-roughness hence the 

appearance of inclined nanorods of ZnO. Ichinose et al.
31

 had 

discussed the influence of surface roughness on the ZnO 

orientation. Moreover, ZnO growth along c axis is mainly 

related to its crystal structure. The Wurtzite crystal structure 
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Fig. 4 Mean values of nanorod dimensions as a function of ZnCl2 concentration, black 

squares for the width (W) and blue circles for the height (H). 

Fig.  3 Schematic illustration of ZnO growth mechanism for different concentrations 

of ZnCl2. 
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of ZnO is non-centrosymmetric. The absence of symmetry 

center leads creating a dipole moment in the ZnO crystal 

lattice along the c axis which causes an instability of ZnO O-

polar facet (0001). 

 

 

 

 

 

 
Fig. 5 SEM images of ZnO nanorods (plan and cross-sectional views) for different electrodeposition times, at 80°C, [ZnCl2]=2.5mM, [KCl]=0.1M and E=-1V/SCE  
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The stability of the structure is then enhanced by binding the latter 

with the Zn-polar plane (0001	) of new ZnO mesh. As a function of 

time, stability / instability process of ZnO polar facets contributes to 

a repetition of ZnO bonding along c axis at the atomic-scale leading 

to long nanorods at nanoscale (Fig. 7). The growth rate of ZnO is 

mainly related to the plane polarity of growth direction. In fact, the 

deposition speed of ZnO oriented along Zn-polar plane is 1.5 times 

higher than ZnO oriented along O-polar plane.
32-35

 The growth rate 

of ZnO in our case is relatively slow due to the O-polar plane (0001) 

which is responsible for growth along c axis. 

 

3.3 Effect of KCl concentration on ZnO nanorods growth on FTO 

The effect of KCl concentration was carried out at constant 

temperature (80°C), time (1000s) and potential (-1V/SCE) of 

electrodeposition. The concentration of Zn
2+

 precursor is kept 

constant for all samples (2.5mM) and the KCl concentration varied 

from 0.1 to 0.5M in the electrolyte solution saturated with oxygen. 

SEM images (Fig. 8) and estimated mass results (Table 3) show that 

the concentration of the electrolyte support, KCl, plays an inhibitor 

role on the ZnO electrodeposition when present in excess in the 

solution. The mass of ZnO electrodeposited on FTO and the density 

of ZnO nanorods decrease for a concentration of KCl higher than 

0.5M.  

 

[KCl] (/M) Charge density (/C cm
-2

) m(ZnO) (/µg) 

0.1 0.144 61 

0.5 0.154 65 

1 0.138 58 

2 0.130 55 

3 0.126 53 

4 0.097 41 

Table 3 Estimated values of mass for ZnO nanorods electrodeposited for different 

support electrolyte concentrations. 

Besides, the size of ZnO nanorods shows a significant growth at the 

level of the width and the height keeping the preferential direction 

of the growth according to c axis (Fig. 9). 

 On the one hand, the presence of KCl excess prevents ZnO nuclei 

from binding to the surface. This excess contributes to adsorption 

of K
+
 and Cl

-
 ions on the surface forming a barrier which impedes 

ZnO from depositing and weakens the polarity of the surface. Also, 

the adsorption of Cl
-
 and K

+
 on the surface causes a decrease of OH

-
 

around the surface contributing to a decrease of ZnO deposition 

rate. However, the first ZnO nuclei which appear near the surface 

bind to it and form a very attractive center for ZnO deposit (Fig. 10). 

 Effect of KCl concentration on ZnO growth on FTO covered by 

nanocrystalline ZnO buffer layer has been reported by Tena-Zaera 

et al.
20

 finding that the increase of KCl concentration mainly 

enhanced the longitudinal and lateral growth for a concentration of 

KCl higher than 1M. This result is also observed in our case. Tena-

Zaera et al.
20

 found also that an increase of KCl concentration 

causes an increase of ZnO deposition efficiency. This result is 

observed for a concentration lower than 0.5M. But high 

concentrations of KCl (>0.5M) cause a decrease of ZnO deposition 

efficiency. 

Structurally, two main forms of ZnO nanorods can be distinguished 

according to the KCl concentration. The first one is ZnO nanorod 

arrays observed for a KCl concentration lower than 0.5M. For this 

form, ZnO nanorods retain the hexagonal form of ZnO with a flat 

end. The second one is ZnO nanopencil arrays observed for a KCl 

concentration higher than 0.5M. This form is generated by 

adsorption of K
+
 ions on the O-polar plane of ZnO which weakens 

the 
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Fig. 6 Mean values of nanorod dimensions as a function of time, black squares for the 

width (W) and blue circles for the height (H).

Fig.  7 Schematic illustration of ZnO growth mechanism for different synthesis 

times. 
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Fig. 8 SEM images of ZnO nanorods (plan and cross-sectional view) for different KCl concentrations. T=80°C, [ZnCl2]=2.5mM, time=1000s  and E=-1V/SCE. 
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polarity of the plane (001) and prevents the natural growth of ZnO. 

The adsorption effect is more important on the edges than on the 

center of ZnO nanorods. Xu et al.
26

 reported the effect of the 

adsorption of compounds other than KCl on the apparition of 

nanopencil arrays of ZnO. 

 

 

3.4 Temperature effect on ZnO nanorods growth on FTO 

From the same electrolyte solution saturated with oxygen made of 

ZnCl2 (2.5mM) and KCl (0.1M), a series of sample was synthetized at 

the same potential (-1V/ SCE) and time (1000s) of electrodeposition 

but at various temperatures in the range of 30 to 80°C.  

The temperature plays an important role on the ZnO formation. A 

precipitation of zinc hydroxide is promoted after oxygen reduction. 

The zinc hydroxide is thermodynamically unstable, a high 

temperature promotes their dehydration and therefore the ZnO 

formation. 

The mass of ZnO electrodeposited on FTO surface increases with 

the temperature (Table 4). The rise in temperature leads also to an 

increase of ion mobility which promotes the ZnO deposition. 

 

T (/°C) Charge density (/C cm
-2

) m(ZnO) (/µg) 

30 0.032 13 

40 0.106 45 

50 0.137 58 

60 0.138 58 

70 0.181 76 

80 0.204 86 

Table 4 Estimated values of mass for ZnO nanorods electrodeposited at various 

temperatures 

The SEM images (Fig. 11) show the temperature effect on ZnO 

growth on FTO. As a function of temperature, the thin film of ZnO 

changes its appearance from a smooth thin film to nanostructure 

thin film, through randomly structures. For temperatures between 

40 to 50°C, ZnO growths on the surface as small grains having a 

rough wall. For temperature between 50 to 70°C, ZnO nanorods 

begin to appear, but with a rough wall. For temperature equal to 

80°C, the hexagonal nanorods of ZnO grows with smooth walls and 

marked crystalline plans.  
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Fig.  9 Mean values of nanorod dimensions as a function of KCl concentration, 

black square for the width (W) and blue circles for the height (H). 

Fig.  10 Schematic illustration of ZnO growth mechanism for different 

concentrations of KCl. 
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Fig. 11 SEM images of ZnO nanorods (plan and cross-sectional view) for different temperatures. Time=1000s, [ZnCl2]=2.5mM, [KCl]=0.1M and E=-1V/SCE. 

 

The XRD patterns results of ZnO nanostructured thin films showed 

that only at 80°C, ZnO was crystallized under Wurtzite crystal 

structure. The Wurtzite crystal structure is identified by (100), (002), 

(101), (102), (110), (103), (200) and (112) crystal planes locating at 2θ 

values of 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9°, 66.4°, and 68.0°, 

respectively.  

Moreover, the peaks at 2θ values of 27° and 52° correspond to FTO 

crystal structure (Fig. 12). These results agreed with several works 

which have studied the temperature effect on crystallization of 

material
23, 24

 finding that high temperatures give rise to a good 

crystallization of the material. Moreover, in our case, we can notice 

that the intensities of (100) and (101) planes are higher than this of 

(002). This is related to the surface roughness and especially to the 

inclination of ZnO nanorods revealing the most hydrophobic planes as 

mentioned by Chang et al.
36

  

4. Conclusion 

The electrodeposition in one step of ZnO nanorods on FTO is carried 

out under different conditions. The effect of four main parameters 

(concentration of Zn
2+

 precursor, time of electrodeposition, 

concentration of supporting electrolyte and temperature of 

electrodeposition) on the ZnO growth is studied. The concentration 

of Zn
2+

 precursor mainly plays a role on the density of nanorods. A 

high concentration of Zn
2+

 precursor causes a high nucleation rate 

around the fluorine atoms of the surface leading to nanoflower-like 

structures after growth process (Fig. 13 (a)). The electrodeposition 
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Fig.  12 XRD patterns of ZnO synthesized at 40, 60, and 80°C 
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time of ZnO mainly influences the height of nanorods (Fig. 13 (b)). 

Moreover, the temperature is an important parameter regarding 

the transfer of matter in the electrolyte and the appearance of ZnO 

nanorods with accented crystalline planes (Fig. 13 (c)). Finally, the 

concentration of KCl influences the nanorods density. A high 

concentration gives rise to a low density of nanorods. However, a 

high temperature increases the conductivity of the solution and 

promotes the dehydration of zinc hydroxide guaranteeing the 

electrochemical deposition of ZnO (Fig. 13 (d)).  
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