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We report a simple, reliable and one-step method of synthesizing ZnO porous structures at room 

temperature by anodization of zinc (Zn) sheet with water as an electrolyte and graphite as a counter 

electrode. We observed that the de-ionized (DI) water used in the experiment is slightly acidic (pH = 

5.8), which is due to the dissolution of carbon dioxide from the atmosphere forming carbonic acid. 

Porous ZnO is characterized by scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), Raman spectroscopy and photoluminescence (PL) studies. The current-transient measurement is 

carried out using a Gamry Instruments Reference 3000 and the thickness of the deposited films is 

measured using a Dektak surface profilometer. The PL, Raman and X-ray photoelectron spectroscopy 

are used to confirm the presence of ZnO phase. We have demonstrated that the hybrid structures of ZnO 

and poly (3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) exhibit good rectifying 

characteristics. The evaluated barrier height and the ideality factor are 0.45 eV and 3.6, respectively. 
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1. INTRODUCTION 

 
Metal oxide semiconductors are significant materials which have engulfed a lot of interest by researchers 

as they com- prehend a wide range of band gaps and find applications in semiconductor industries and 

in other technological ap- plications. Of these, ZnO is a material of extensive interest because of its wide 

band gap (3.37 eV) and large excitonic binding energy (60 meV), which makes it a suitable material for 

optoelectronic devices. ZnO has drawn a lot of interest by researchers because of its unique electrical and 

optical properties [1, 2] which can be explored for a great deal of applications as LEDs [3], as a transparent 

conducting oxide [4], in solar cells [5], as gas sensors [6–10] and as nanolasers [11]. It has been produced 

in various morphologies such as nanorods, nanotubes, nanowires and nanobelts, which have a direct impact 

on the physical and chemical properties. Thus, one has to choose carefully the desired morphology, which 

has a clear impact on the property of the nanostructures [12]. 
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Among the various morphologies of ZnO nanostructures, porous structures with large surface have 

gathered a lot attention in the fields such as catalysis [13], sensors [14] and electronics [15]. Synthesis of 

porous structures is feasible by various deposition routes such as the hydrothermal method [16, 17], the 

starch-assisted method [18], the wet chemical method [19], electrochemical deposition [20], anodization 

[7, 21] etc. Anodization of Zn metal resulting in porous structures by using various oxalic acid 

concentrations was explored [21, 22]. There are also reports on the synthesis of various ZnO 

nanostructures such as nanoneedles, nanoparticles, nanosheets and sunflower-like structures by 

anodization of Zn in different electrolytes [23–25]. In general, harm- ful chemicals involving various acids 

or bases are utilized for the anodization of metals. A recent report on the synthesis of ZnO 

nanorods/nanobelts on Zn substrates by the electrochemical route uses just hydrogen peroxide as that 

focuses on the minimized usage of any harmful chemi- cals. In this article, we report a very simple method 

of synthesizing porous structures of ZnO on Zn metal by just anodizing the metal in presence of deionized 

(DI) water as an electrolyte at room temperature. The DI water used in the experiment is slightly acidic 

(pH = 5.8), which is probably due to the dissolution of carbon dioxide from the atmosphere forming 

carbonic acid. Overall, the method uses no harmful chemicals for the synthesis of porous structures. We 

have also demonstrated that hybrid structures of ZnO and poly (3,4-ethylenedioxythiophene):poly 

(styrene sulfonate) (PE- DOT:PSS) exhibit rectifying characteristics. 
 
 
 
2. EXPERIMENTAL METHODS 
 
The Zn sheet used in the experiment was purchased from Sigma Aldrich and was used as received without 
any further purification. A 1 cm × 1 cm piece of the Zn sheet is cut and used in the experiment for ZnO 
deposition. The Zn sheet is cleaned by sonication, in acetone for 5 min. Synthesis of porous ZnO on Zn 
sheet utilizes a two-electrode configuration. Graphite is employed as the counter electrode and the Zn sheet 
as the working electrode. The electrolyte, i.e. water, is taken in a beaker and the whole electrode arrangement 
is plunged into water. Zn sheet is anodized by varying the bias for different durations under potentiostatic 
conditions. The deposition is carried out at different voltages ranging from 1 to 9 V. The deposition time is 
varied from 6 to 12 h. For an applied voltage of 3 V, the reaction time is varied as 6, 8, 10 and 12 h. 
Morphology of the deposited film is studied by scanning electron microscopy (SEM), the phase is 

determined using transmission electron microscopy (TEM) and com- positional analysis is done by using 

energy dispersive X- ray spectroscopy (EDS) attached to the TEM. The presence of ZnO phase is 

confirmed by X-ray photoelectron spectroscopy (XPS) using a ThermoFisher Scientific Multilab 2000. 

Photoluminescence (PL) spectra of the grown sam- ples were exploited using a Jobin Yvon 

spectrophotometer. The Raman map for the verification of presence of ZnO was done using a WITec 

spectrophotometer. The electrical property of the sample was assessed by using a Keithley 6403. The 

thickness of the as-deposited films was measured using a Dektak surface profilometer and the current 

density during the process of anodization was measured using a Gamry Instruments Reference 3000. 
 
 
 
3. RESULTS AND DISCUSSION 

 
The schematic of the anodization set-up is as shown in Fig. 1. Graphite is used as a counter electrode 

and Zn sheet is used as a working electrode. Water is the only electrolyte used in the experiment. SEM 

images of the anodized samples at different voltages are shown in Fig. 2a–f. Figure 1 shows initial 

formation of a wall-like structure at 1 V, which   
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Fig. 1 Schematic of the anodization set-up. 
 
 
becomes prominent as the voltage is increased, and a well- defined porous structure is formed at 9 V. 

Figure 3a–d show the SEM images of the samples anodized at 3 V for different durations, namely S1, S2, 

S3 and S4. Time is varied from 6 to 12 h at an interval of 2 h. With time, two or more pores merge to 

yield a larger pore. As a consequence, the pore size increases and the pore density decreases with time. To 

understand the mechanism involved in the formation of porous structures, the current density variation with 

the time is studied for an anodization period of 12 h at 3 V. The plot in Fig. 4 depicts an initial drop in 

the current density (shown in the inset) as the application of voltage initially results in the formation of an 

oxide layer on the surface [24]. Application of voltage for a longer time results in the dissolution of ZnO 

and the current density increases and reaches almost saturation. The thickness of the porous film as 

measured using a Dektak profilometer decreases with time. The measured thickness value is 7.8 µA for 

the deposition time of 12 h with an approximate etching rate of 0.65 µm per hour. It has been found that 

the morphology of ZnO greatly depends on the current density of the sample [25]. 

The TEM image of the wall-like membrane is shown in Fig. 5. The sample for the TEM is prepared by 

scratching the porous film from the substrate. Scratching the deposit care- fully drops the wall-like 

membrane into acetone. It is sonicated for 1 h and then dropped onto the copper grid and dried under a 

lamp. The image reveals that the porous membrane is electron transparent. The selected area electron 

diffraction (SAED) on the membrane expresses the polycrystallinity of the sample. EDS analysis 

confirms that this membrane is composed of zinc and oxygen with 34 and 66 atomic per- centages, 

respectively. 

XPS is performed on the sample S4 in order to check the purity or to check the formation of any 

undesirable com- pound on the surface. There is observed a binding energy shift in the XPS spectra and 

the calibration was done using the carbon peak at 284.6 eV [26]. The XPS spectra of the Zn 2p and O 1s 

core level regions are shown in Fig. 6. The peak located at 1021.1 eV [27, 28] is correlated to ZnO and 
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Fig. 2   SEM images showing the morphology of the samples anodized for 6 h at varying voltages. (a) 1, 

(b) 4, (c) 5, (d) 6, (e) 8, (f) 9 V  

 

 

 
 

Fig. 3 SEM images of the samples anodized for varying times. (a) S1, (b) S2, (c) S3, (d) S4 
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The shoulder at 1020.1 eV corresponds to Zn. The spectrum of O 1s can be deconvoluted into four peaks 

at 523.4, 526, 

528.5 and 531.2 eV as shown in Fig. 6b. The peaks at 526,  528.5 and 531.2 eV are believed to be due to 

ZnO, ZnOx and adsorbed oxygen. It is found that the binding energy corresponding to the adsorbed 

oxygen on the surface is more than the ZnOx  binding energy [29]. There are no reports on the O 1s peak 

at 524 eV, which needs further investigation. The PL spectra shown in Fig. 7 confirm the formation of ZnO 

as a near-band-edge emission originating due the recombina- tion of free excitons observed at 380 nm. 

All samples show the emission corresponding to the band gap of ZnO with a slight shift in the peak 

position as the deposition time is in- creased. Several reports have shown that the possible blue shift in 

the peak position is due to the quantum size effect. There is a strong trap-state emission around 560 nm 

that can be attributed to oxygen vacancies. 

  

 
Fig. 4 Current–time transient during anodization. Plot showing the variation of current density for an 

anodization period of 12 h at 3 V. Inset showing the initial decrease in current. 

 

The Raman spectra of the samples shown in Fig. 8a show peaks at 378, 438 and 563 cm−1 , which can be 

assigned to A1 (TO), E2 (high) and A1 (LO) symmetry modes, respectively. The peaks corresponding to 

only ZnO are observed as the other compounds formed are the byproducts of the reaction. Raman mapping 

reveals the distribution of a particular phase over a selected area. The images (Fig. 8b–e) reveal the 

distribution of ZnO in all sets of samples. The mapping shows a uniform distribution of ZnO phase in all 

the samples. The image is recorded corresponding to the 438 cm−1 

Raman peak for ZnO. The image indicates the uniform distribution of ZnO with a brighter contrast region 

corresponding to ZnO phase in the sample.  
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 Fig. 5  (a) TEM image showing the porous membrane, inset: diffraction pattern of the membrane. 

(b) EDS spectrum taken on the membrane showing the presence of Zn and O 

  

 

 

 Fig. 6  XPS analysis. The XPS peaks corresponding to (a) Zn 2p3/2 and (b) O 1s1/2 

 

ZnO porous structures on Zn sheet are used for accomplishing the electrical measurement. It should be 

noted that the work function of Zn is 4.3 eV and that of ZnO is ∼5.0 eV, which indicates that Zn can 

provide an ohmic contact to ZnO. Generally, ZnO is an n-type semiconductor and PEDOT:PSS is used to 

fabricate heterostructures. A drop of PEDOT:PSS is cast on the porous ZnO region of the sample. Contacts 

are taken from the top of the PEDOT:PSS using sil- ver paste and another contact is taken from the Zn sheet. 

The schematic of the measurement set-up is shown in Fig. 9a and the current–voltage (I –V ) characteristic is 

shown in Fig. 9b. 
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Fig. 7 Normalized PL spectra of samples anodized at 3 V. Comparison PL spectra showing the blue shift in 

the peak position. 

 

 

It can be noted that the combination of the porous struc- ture with PEDOT:PSS exhibits a good 

rectifying behavior. The ideality factor and barrier height are evaluated to be 3.6 and 0.45 eV, which are 

comparable with the reported results [30, 31]. 

It is important to investigate the mechanism behind the formation of pores, even though the exact reason 

behind the pore formation is still unknown. The pH of the electrolyte is found to be 5.8. The Zn sheet 

which is plunged into water gets ionized by getting converted to Zn2+. The electrons thus released move 

to the cathode. The electrolyte, i.e. water, under the applied potential gets dissociated into H+ and OH− 

ions. These OH− ions reach the anode and get converted into Zn(OH)2 . Then it loses water and gets 

converted to ZnO. In the process of anodization, ZnO gets etched under DI water resulting in zinc 

carbonate. The figure shows the porous ZnO structures at various deposition voltages. The reaction that 

is taking place at the anode results in pores which are ascribed to the etching of Zn under the 

potentiostatic conditions in the presence of water. The voltage at which the anodization is carried out is 

varied up to 9 V. The pores are more conspicuous at higher applied voltage [21]. 
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Fig. 8  Raman analysis of the sample. (a) Raman spectra confirming the presence of ZnO phase in the 

sample. Raman mapping of anodized samples. (b) S1, (c) S2, (d) S3, (e) S4 

 

 

 

 

Fig. 9  Electrical characterization of the sample. (a) Schematic of the hybrid structures. (b) The I –V 

characteristic of the Zn/ZnO/PEDOT:PSS sample 
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Pore formation depends on the kinetics of the oxidation and etching rates. Both take place 

simultaneously resulting in the porous structure. It is believed that in the process of pore formation 

the oxide grows due to migration of oxy- gen ions from the electrolyte through the oxide layer to 

the metal surface and simultaneously the drift of Zn ions from the metal into the electrolyte. The 

reaction taking place at the cathode: 

Thus, it results in the field- enhanced etching of the oxide layer which takes place at selective 

places. Once the selective etching is completed, a portion of the etched-out metallic Zn is exposed 

to the acid electrolyte, which results in a thin oxide formation which in turn again gets etched and 

the cycle continues with the an- odization time. As DI water is the only electrolyte made use of in 

our experiment, the acidic environment is maintained naturally by the dissolution of carbon dioxide 

from the atmosphere, which slightly reduces the pH from 7 resulting in the formation of carbonic 

acid. The pH of the water used in the experiment is 5.8. Thus, there is no need of using any 

additional acid for the process to take place as in most of the reports they use mild acids for 

anodization. 
 
 
 
4. CONCLUSIONS 
 
 
Here we report a very simple and reliable method of synthesizing Zn porous structures which 

does not involve any perplexing steps nor require any chemicals. We have just made use of DI 

water as an electrolyte and Zn sheet as the substrate to obtain ZnO porous structures. We observed 

that there is no need of any additional acid as an electrolyte to carry out anodization, as the DI 

water itself is slightly acidic with the pH of 5.8. The synthesized pores are nanoporous and they 

generate a great deal of attention in the areas of gas sensing and photodetection. We have 

showed that these porous structures form a rectifying junction with PE- DOT:PSS. We believe 

that similar eco-friendly techniques can be used for the synthesis of a variety of oxide 

nanostructures. 
 

 
References 
 
[1] Ü. Özgür, Y.I. Alivov, C. Liu, A. Teke, M.A. Reshchikov, S. Dogan, V. Avrutin, S.-J. Cho, H. 

Morkoc, J. Appl. Phys. 98, (2005) 041301  

[2] K. -O. Ong, J. Cheong, -F. Heong, Exp. Theo. NANOTECHNOLOGY 4 (2020) 

11 

[3] J. Liu, Y.H. Ahn, J.-Y. Park, K.H. Koh, Nanotechnology 20, (2009) 445203  

[4] T. Minami, S. Suzuki, T. Miyata, Thin Solid Films 398–399, (2001) 53 

[5] A.B.F. Martinson, J.W. Elam, J.T. Hupp, M.J. Pellin, Nano Lett. 7, (2007) 2183  

[6] J. Zhang, S. Wang, M. Xu, Y. Wang, B. Zhu, S. Zhang, W. Huang, S. Wu, Cryst. Growth Des. 

9, (2009) 3532  

[7} P.K. Basu, S.K. Jana, M.K. Mitra, H. Saha, S. Basu, Sens. Lett. 6, (2008) 699  

[8] Y.-J. Chen, C.-L. Zhu, G. Xiao, Sens. Actuators B, Chem. 129, (2008) 639 



108 

Exp. Theo. NANOTECHNOLOGY 5 (2021) 99 – 108  

 

 

[9] Q. Wan, Q.H. Li, Y.J. Chen, T.H. Wanga, X.L. He, J.P. Li, C.L. Lin, Appl. Phys. Lett. 84, 

(2004) 3654  

[10] T. Wagner, T. Waitz, J. Roggenbuck, M. Fröba, C.-D. Kohl, M. Tiemann, Thin Solid Films 

515, (2007) 8360  

[11] H. Zhou, M. Wissinger, J. Fallert, R. Hauschild, F. Stelzl, C. Klingshirn, H. Kalt, Appl. 

Phys. Lett. 91, (2007) 181112  

[12] S.N. Das, J.P. Kar, J.-H. Choi, S. Byeon, Y.D. Jho, J.-M. Myoung, Appl. Phys. Lett. 95, (2009) 

111909 

[13] M. Wang, G.T. Fei, L.D. Zhang, Nanoscale Res. Lett. 5, (2010) 1800 

[14] J. Liu, Z. Guo, F. Meng, T. Luo, M. Li, J. Liu, Nanotechnology 20, (2009) 125501 

[15] Q. Cui, K. Yu, N. Zhang, Z. Zhu, Appl. Surf. Sci. 254, (2008) 3517  

[16[] J.X. Wang, C.M.L. Wu, W.S. Cheung, L.B. Luo, Z.B. He, G.D. Yuan, W.J. Zhang, C.S. 

Lee, S.T. Lee, J. Phys. Chem. C 114, (2010) 13157 

[17] M. Chen, Z. Wang, D. Han, F. Gu, G. Guo, J. Phys. Chem. C 115, (2011) 12763 

[18] G. Zhang, X. Shen, Y. Yang, J. Phys. Chem. C 115, (2011) 7145 

[19] X. Cao, N. Wang, L. Wang, L. Guo, J. Nanopart. Res. 12, (2010) 143 

[20] Z. Liu, Z. Jin, W. Li, X. Liu, J. Qiu, W. Wu, Mater. Lett. 60, (2006) 810 

[21] P.K. Basu, E. Bontempi, S. Maji, H. Saha, S. Basu, J. Mater. Sci., Mater. Electron. 20, 

(2009) 1203 

[22] P.K. Basu, N. Saha, S. Maji, H. Saha, S. Basu, J. Mater. Sci., Mater. Electron. 19, (2008) 

493 

[23] J. Yang, G. Liu, J. Lu, Y. Qiu, S. Yanga, Appl. Phys. Lett. 90, (2007) 103109 

[24] S.J. Kim, J. Choi, Electrochem. Commun. 10, (2008) 175 

[25] X. Wu, G. Lu, C. Li, G. Shi, Nanotechnology 17, (2006) 4936 

[26] P.-T. Hsieh, Y.-C. Chen, K.-S. Kao, C.-M. Wang, Appl. Phys. A, Mater. Sci. Process. 90, 

(2008) 317 

[27] B.R. Strohmeier, D.M. Hercules, J. Catal. 86, (1984) 266 

[28] T.L. Barr, M. Yin, S. Varma, J. Vac. Sci. Technol. A 10, (1992) 2383 

[29] S. Lee, S. Bang, J. Park, S. Park, W. Jeong, H. Jeon, Phys. Status Solidi A 207, (2010) 1845 

[30] M. Nakano, A. Tsukazaki, R.Y. Gunji, K. Ueno, A. Ohtomo, T. Fukumura, M. Kawasaki, 

Appl. Phys. Lett. 91, (2007) 142113 

[31] J.P. Kar, M. Kumar, J.H. Choi, S.N. Das, S.Y. Choi, J.M. Myoung, Solid State Commun. 

149, (2009) 1337 

 

 

 

 

 

 

 
© 2021 The Authors. Published by SIATS (http://etn.siats.co.uk/). This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/).   

http://etn.siats.co.uk/
http://creativecommons.org/licenses/by/4.0/

