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Abstract: Recently, nanostructured surfaces have been extensively studied due to their possibility 

to use them in construction of electrochemical sensors and biosensors. We have prepared tungsten 

working electrode modified with gold nanocolumns via galvanic deposition of gold ions through 

anodic alumina nanoporous template. This nanostructured surface was subsequently electrochemi-

cally characterized by cyclic voltammetry using K3[Fe(CN)6]/K4[Fe(CN)6] probe and compared 

with the results measured on a flat gold electrode. The electroactive areas for both types of elec-

trodes were evaluated and compared. It was found that the nanostructured area affected the re-

sponse on lower scan rates (up to 25 mV.s
-1

) and increased the response at higher scan rates (higher 

than 50 mV.s
-1

) which is probably related to penetration of electrolyte solution among nanocol-

umns. Nevertheless, this fact can help in speed of analyses of huge amount of samples.  

Keywords: nanostructured electrode, electrochemistry, cyclic voltammetry, gold electrode, na-

noporous alumina  

1. INTRODUCTION 

In recent years, fabrication of various nanostructured surfaces has become very actual topic. Great 

interest is especially about self-assembled arrays of nanocolumns because of their possible usage in 

many applications eg. photocatalysis, fuel cells, electrochemical sensors and biosensors [1]. In 

sensing applications of nanostructured surfaces could increase an active electrochemical area sig-

nificantly while a small geometrical area is maintained and thereby improve sensitivity of sensors 

[2]. Electrochemical anodization of aluminium film combined with electrochemical deposition into 

nanoporous templates is well-established method for fabrication of nanostructured surfaces [1, 3]. 

Self–ordered anodic alumina oxide (AAO) offers highly ordered and vertically aligned nanoporous 

templates which are suitable for various material synthesis and alignment of nanosized structures 

[4]. This method also provides relatively cheap fabrication in comparison with lithographic and 

others methods.  

Nanostructures-modified surfaces are usually characterized by scanning electron microscopy and 

by electrochemical methods. The electrochemical cleaning of nanostructured electrodes is key pro-

cess before each electrochemical characterization. Voltammetric cycling in sulphuric acid is gener-

ally used for electrochemical cleaning of nanostructures. This cleaning removes impurities from 

electrode surface and improves wettability of surface. Electrodes are usually studied through the 

changes of cyclic voltammetry signal of (K3[Fe(CN)6]/K4[Fe(CN)6]) probe [5, 6].  

In this study, we prepared and characterized gold nanostructured surfaces on tungsten substrate 

layer. Gold has many advantages eg. biocompatibility, chemical stability and high affinity of bio-

molecules (eg. thiols) to the gold. These properties predicted gold nanostructures for utilization in 

biosensors applications.  
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2. MATERIALS AND METHODS 

2.1. FABRICATION OF NANOSTRUCTURED ELECTRODES  

Firstly, the adhesive titanium layer (99.99%, Porexi, CZ) with thickness of 20 nm was sputtered on 

silicon wafer covered by SiO2 with thickness of 500 nm in order to insulate the nanostructures from 

n-doped silicon wafer and thus to minimize junction effects at the interface between Ti and Si. The 

tungsten (99.999%, Porexi, CZ) layer of 200 nm and aluminium (99.999%, Goodfellow, UK) film 

of 150 nm were subsequently deposited by ion beam sputtering method (Bestec, Germany). Gold 

layer with thickness of 100 nm was also prepared for comparison of gold nanostructures impact on 

the enhancement of electrode active surface area. Self-assembled gold nanostructured surfaces 

were produced by pulse galvanic deposition of gold material from dicyanoaurate (K[Au(CN)2], 

gold content of 68.3% and purity of 99.9%, Safina, CZ) and boric acid  solution (H3BO3, p., Penta, 

CZ) into AAO nanoporous template fabricated via electrochemical anodic oxidation method of thin 

aluminium layer according to our previous papers [5, 7, 8]. The step by step fabrication is schemat-

ically illustrated in Figure 1. In the first step, upper aluminium layer was anodically oxidized in 

0.3 M oxalic acid ((COOH)2, p.a. Penta, CZ) at 10 °C under the constant voltage of 50 V. During 

this process, aluminium layer was transformed to nanoporous alumina (Al2O3) with hexagonally 

ordered nanopores perpendicular to the surface. Whereas the anodization was being finished, tung-

sten oxide nanostructures were created on the bottom as a result of oxidation of tungsten layer be-

low. Then these WO3 nanostructures were etched in the phosphate buffer of pH 7 at 25 °C, which 

created tungsten nanodimpled surface with AAO above. These nanodimples enable to strongly an-

chor the gold nanostructures below the ambient surface and thus improve their stability. Anodic 

alumina template can be also etched in 5% phosphoric acid for nanopores widening. This treatment 

causes bigger diameter of resulting nanostructures. Pulse deposition of gold into such AAO with 

nanodimpled bottom was performed from dicyanoaurate and boric acid solution. The constant tem-

perature of solution was 50 °C. The number of pulses controlled the length of obtained gold nano-

columns in the AAO template. The last step of production is dissolving of alumina template in the 

solution composed of chromium trioxide (CrO3, p., Penta, CZ) and phosphoric acid (H3PO4, 98%, 

p.a., Penta, CZ).  

Generally, the gold nanostructures shape varied according to the change of fabrication parameters. 

Namely, the anodization voltage proportionally influenced a diameter of nanopores in AAO tem-

plate and thus the shape of deposited gold nanostructure the higher the voltage was applied, the 

wider the nanostructures were obtained. The length of nanostructures is influenced by the thickness 

of alumina template and deposition setup, namely the number of pulses.  

.  

Figure 1: Fabrication process gold nanocolumns modified surface. 

676



2.2. ELECTROCHEMICAL CHARACTERIZATION 

All electrochemical measurements of nanostructured as well as flat gold surfaces were performed 

using µAUTOLAB III/FRA2 in connection with NOVA 1.11 software (Metrohm Autolab, NL). 

Two-electrode arrangement with Pt pseudoreference electrode (Metrohm AG, CH) was used for all 

experiments. The measurement was performed in a droplet of 20 µl volume of solution. The geo-

metrical area of electrodes was determined by circle in parafilm with 3 mm in diameter (i.e. 

7 mm
2
). All fabricated electrodes were electrochemically cleaned by cyclic voltammetry methods 

performed in 0.1 M sulphuric acid (H2SO4, 96% pa, Penta) before each measurement. Cyclic volt-

ammetry (CV) curves were measured in range from -0.5 V to 0.5 V with various scan rates. The 

measurements were proceeded in 0.1 M potassium chloride (KCl, 99.95%, p.a., Penta, CZ) with 

additions of 6 mM potassium ferricyanide (K3Fe(CN)6, 99%, Sigma Aldrich, USA) and 6 mM fer-

rocyanide (K4Fe(CN)6, 99%, Sigma Aldrich, USA). Deionized water (18.2 M) obtained from 

Millipore Synergy system (Millipore Corp., USA) was used for preparation of all solutions. 

3. RESULTS AND DISCUSSION 

The tungsten film electrodes modified by gold nanocolumns were successfully prepared by ano-

dization method with subsequent electrochemical deposition of gold material to the prepared alu-

mina templates. The reproducibility of fabrication process of Au nanostructures was excellent. Be-

fore electrochemical characterization, the homogeneity of surface coverage with gold nanostruc-

tures was verified using SEM (Tescan Mira LMU II, CZ) analysis (Figure 2). According to the 

SEM analysis, the nanocolumns have about 60 nm in diameter and about 200 nm high. 

 

Figure 2: SEM images of prepared nanostructured surfaces. Top view (on the left) and side view 

(on the right), scale bar 1 µm. 

Fabricated nanostructured surfaces were electrochemically characterized by electrochemical method 

namely cyclic voltammetry (CV). It has been found, key role in electrochemical characterization is 

electrochemical cleaning which influences the resulted data significantly. In our case, the cleaning was 

performed by cycling of all electrodes in 0.1 M sulphuric acid. 

Cyclic voltammetry performed in redox electrochemical system is useful for evaluation and compari-

son of electrochemically active surfaces of working electrodes. In this study, CV analysis was per-

formed in 0.1 M potassium chloride with concentration of 6 mM of potassium ferro-ferricyanide redox 

couple. It is obvious that the electroactive electrode area of electrodes is often very different than ge-

ometrical electrode area due to roughness of electrode surface or various surface modifications. Evalu-

ation of CV results can reveal a real penetration of electrolytic solution into the space among the gold 

nanostructures. The higher current response of CV voltammogram means the higher electroactive area 

involved in reaction. The peak height is also dependent on the electrolyte concentration. CV voltam-

mograms for flat gold electrode without any modification and for nanostructured surface with gold 

nanostructures are shown in Figure 3. The heights of peaks were determined.  
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Figure 3: Cyclic voltammograms measured in 6 mM ferro–ferricyanide in 0.1M KCl. Flat gold 

electrode (on the left) and electrode modified with gold nanostructures (on the right). 

In Figure 4, there are dependencies of cathodic peak heights on square root of scan rates for both types 

of measured electrodes. Both dependencies are linear. We can also observe that flat gold electrode 

exhibits higher peaks at low scan rates (< 25 mV.s
-1

) and nanostructured surface shows higher peaks at 

higher scan rates ( 50 mV.s
-1

). It is obvious; electroactive area of nanostructured electrode is changed 

with scan rate. Higher scan rate means higher electroactive area than electroactive area for flat gold 

electrode and vice versa. Nevertheless, the electroactive area of electrodes is also evaluated as a ratio 

of the slopes of dependencies of peak heights on square roots of scan rates. According to this fact, 

nanostuctured electrode exhibits approximately 2.5 times higher electroactive area.  

 

Figure 4: Dependencies of peak heights on square root of scan rates for two types of measured 

electrodes. 

The change of the electroactive area depending on the scan rate  is probably related to difficult 

penetration of electrolyte to the gaps between nanostructures at lower scan rates because the kinet-

ics of mass transport near the interface between electrode and electrolyte plays an important role 

influencing the current responses of electrochemical sensors [9]. Anandan et all. [10] studied bare 

gold nanopillar array electrodes at various concentrations of redox K4Fe(CN)6. Electrodes with dif-

ferent nanopillar heights exhibited almost the same sensitivity response, although the sensitivity of 

nanopillar array electrodes was much higher than sensitivity of the flat electrode. It was speculated 

that the electroactive species of the redox probe may had difficulties in its transport to the small 

spaces between the nanopillars as a result of a low diffusivity or a fast-electron transfer rate con-

stant. When the diffusivity is low, it is difficult for ions to diffuse deep into the small spaces be-

tween the nanopillars, and when the electron transfer rate constant is high, most of the species will 
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get oxidized near the top ends of the nanopillars before it gets diffused deep down the gaps. Under 

these circumstances, it is possible that only the top ends of the nanopillars are serving their active 

duty in transferring electrons to oxidize redox probe. They declared the situation for functionalized 

nanopillar array electrodes is quite different. The sensitivity of these nanopillar array electrodes in 

glucose detection increased as the height of the nanopillars increased.  

4. CONCLUSION 

The tungsten electrodes modified with gold nanocolumns were prepared by electrochemical ano-

dization and subsequent deposition of gold into nanoporous alumina templates. The flat gold elec-

trodes were also prepared for comparison with nanostructured surfaces. All electrodes were elec-

trochemically cleaned and then studied by CV in the presence of potassium ferro-ferricyanide 

probe to determine the electroactive area of nanostructured electrode. It was found, the electroac-

tive area is changing with scan rate.  Nanostructured surfaces showed impact at higher scan rates 

(from 50mV.s
-1

). This fact is probably caused by difficult penetration of electrolyte to the spaces 

between nanostructures at lower scan rates. 
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