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Abstract: In this work, the possibility to make small, handy but efficient Zn-air batteries has been studied. 

Battery anode has been constructed by dendrite-free Zn electrodeposition on conductive substrates made of 

either carbon cloth or brass. Brass was an alloy containing 71% Cu and 21% Zn. Zn electrodeposition has been 

monitored by applying several (negative) electric potentials ranging between 0 and −0.5 V. Dendrite-free 

deposits were obtained for voltages ranging between 0 and −0.2 V while extensive dendrite formation was 

observed with voltages equal to −0.5 V. Uniform Zn deposits were obtained by using the brass substrate. Zn 

electrodeposition could be realized with a renewable electricity source, in particular by using a photocatalytic 

fuel cell or a photovoltaic cell. The substrate (electrode) with deposited Zn film was subsequently employed as 

anode electrode in a Zn-air battery and the battery characteristics have been monitored. The procedures followed 

in this work support solar energy conversion and storage in a Zn-air battery. 

 

Keywords: Zn-air batteries; Zn electrodeposition; dendrite-free electrodeposition; brass substrate; carbon cloth 
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1. Introduction 
 

Zn-air batteries are a promising technology for energy storage and release. They are based on a simple 

construction involving a Zn anode, an air cathode and a (usually) alkaline electrolyte [1,2]. There are many 

advantages associated with this type of batteries: they depend on Zn, which is abundant in the earth’s crust, 

therefore, they are not expensive; they carry an aqueous electrolyte, therefore, they are environmentally benign 

and they have a high theoretical energy density of 1086 W h kg-1 and specific capacity of 820 A h kg−1. In 

addition, they are rechargeable, in the sense that Zn metal is consumed during battery discharging and produced 

during battery charging. Details on Zn-air battery charge-discharge operation as well as recent challenges faced 

by their commercialization can be found in many recently published works [1–14]. 

 In the present work, we have studied the construction of small Zn-air batteries by simple procedures 

based on the use of renewable electricity for Zn electrodeposition on common electrodes and have also studied 

battery operation and its power storage and yield. Larger batteries can be always made by upgrading; however, 

small batteries may find applications in electronic devices with small energy demand, for example hearing aids 

[14]. Particular attention has been presently paid to the conditions of Zn electrodeposition by avoiding dendrite 

formation [15–27]. Dendrite formation is one serious reason for fast battery deterioration. When a Zn-air battery 

is charged, Zn metal is deposited on the anode electrode.  This may lead to dendrite formation. Several 



 

Materials Plus  2 | Vasiliki Premeti, et al. 

procedures have been adopted to avoid such a formation. Notably, several researchers have regulated dendrite-

free Zn deposition by paying attention to the composition of the electrolyte [17, 20, 26] or by exploiting the 

magnetodynamic effect during Zn deposition [16]. Brass [15] and a Zn-Sn alloy [19] have been used as 

preferable substrates for dendrite-free metallic Zn deposition while other researchers relied on the beneficial 

presence of carbon nanostructures to assure the same effect [21–24]. Finally, 3D printing is a handy method for 

Zn electrode construction and appropriate inks have been developed for dendrite-free Zn deposition [25]. The 

question of dendrite formation is not limited to Zn but it is a matter that concerns as well the popular Li-based 

batteries [27]. Herein, we have adopted these published procedures to make Zn electrodes by choosing the most 

easy and simple approach. More specifically, carbon cloth and technical grade brass have been employed as 

electrodes for anodic Zn electrodeposition by using an external source of electricity. The use of carbon cloth or 

similar materials provides the additional advantage of making flexible batteries. Particular attention has been 

paid to the employment of renewable energy resources such as a photocatalytic fuel cell (PFC) and a silicon 

photovoltaic cell.  

 

2. Materials and methods 
 

2.1 Materials 
 

All reagents used in the present work were from Sigma-Aldrich unless otherwise indicated. Thus, Zn foil, 

1.6 mm thick, 99% metal basis, was from Alfa Aesar, carbon cloth (CC) from Fuel Cell Earth and carbon black 

(CB) from Cabot Corporation (Vulcan XC72). Brass foil, 2 mm thick, was a commercial technical grade alloy. 

Energy Dispersive X-ray spectroscopy (EDX) analysis showed that it was made of 71% Cu and 29% Zn. 

 

 

 
 

Figure 1. Schematic illustration of the reactor for Zn electrodeposition (A) and Zn-air battery operation (B) 

 

2.2 Deposition of Zn on CC or Brass 
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Carbon cloth or brass electrodes of dimension 3 cm ×1 cm have been used as substrates to 

electrochemically deposit a Zn film. A rectangular reactor made of Plexiglas has been used in all cases (see 

Figure 1A). CC or brass electrodes were used as working electrode while a Zn foil of similar geometry was used 

as counter electrode. Both working and counter electrodes were immersed in an aqueous electrolyte made of 5 

M KOH containing 0.2 M ZnO. The solubility of Zn salts and ZnO in an alkaline electrolyte is very limited; 

therefore, only a tiny quantity of ZnO or, for example, Zn acetate can be introduced in the solution but it suffices 

for the present application. The working electrode was immersed by 1.2 cm in the electrolyte; therefore, the total 

area in contact with the liquid phase was approximately 2.4 cm2, i.e., both sides immersed. The distance 

between the electrodes was 1 cm in all cases. Electrodeposition of metal Zn was obtained under potentiostatic 

conditions at various voltages ranging from 0 to −0.5 V. In some cases, the electric power was provided by 

either a photoelectrochemical cell or a photovoltaic cell (see section 3.2). All electrodes were carefully weighed 

dry before and after deposition. Drying of the electrodes was assured by placing them for a few minutes in an 

oven at 100 °C. After electrodeposition, a film was formed on both sides of the electrode, covering all immersed 

surface. Such electrodes with deposited Zn film were employed as Zn anodes for the construction of Zn-air 

batteries. Characterization of the Zn films was made with Field Emission Scanning Electron Microscopy 

(FESEM) and EDX using a Zeiss SUPRA 35VP system (Germany) and X ray diffraction (XRD) with a Bruker 

D8 Advance diffractometer.  

 

2.3 Construction and operation of Zn-air batteries 
 

A second reactor, also made of Plexiglas has been used to construct and study Zn-air batteries (cf. Figure 

1B). The CC or brass electrode with deposited Zn film was used as anode electrode while a carbon cloth loaded 

with carbon black (CB/CC) was used as air-diffusion cathode. Deposition of CB was made on only one side of 

the CC electrode by using a paste made of 300 mg CB and 100 mg PTFE as binder mixed in 10 ml water or 

isopropanol. By using a laboratory mixer working at high speed, a viscous paste was obtained which was easily 

spread on the CC electrode with a spatula. The film was annealed at 340 °C. The covered side of the CC was in 

contact with the electrolyte while the other side was exposed to the air. The hydrophobic layer of CB prevented 

water (electrolyte) leak. The electrolyte was the same as in section 2.2, i.e., an aqueous electrolyte of 5 M KOH 

containing 0.2 M ZnO. The anode was immersed in the electrolyte by 1 cm, i.e., the total area in contact with the 

electrolyte was 2 cm2.  The active area of the gas-diffusion electrode was 1 cm2. All measurements were made 

with the help of an Autolab potentiostat PGSTAT128N (Utrecht, The Netherlands). 

 

3. Results and discussion 
 

3.1 Characterization of the electrodeposited Zn films 
 

In section 2.2, it was said that Zn films can be electrodeposited on working electrodes made either of CC or 

brass. Other substrates may be also used for the same purpose but have not been examined in this work. The 

quantity of deposited material is a function of deposition time and applied electric bias. For reasons of 

uniformity, all data in this work correspond to a standard deposition time of 30 min. Table 1 shows the quantity 

of deposited Zn for various values of applied electric potential. As expected, the quantity of the deposited Zn 

increased with the strength of the negative bias and of the corresponding current. At positive potentials, no Zn is 

deposited on the working electrode. This is expected, since only the negative voltage attracts Zn2+ ions present 

in solution and reduces them leading to metal Zn deposition. At zero potential, a very small quantity of Zn was 

deposited. The source of deposited Zn is the counter Zn electrode. This can be easily verified since it was 

repeatedly found that the Zn electrode loses mass during operation approximately equal to the quantity of the 

deposited mass. If instead of Zn, another material is used as counter electrode, for example, carbon or stainless 

steel, no measurable quantity of Zn is deposited. The quantity of Zn in solution (0.2 M) is too small to substitute 

for the Zn electrode source. For reasons of uniformity and basic control, the Zn electrode was equal in size and 

geometry with the CC or the brass electrode. However, any Zn source will suffice to supply the necessary 

quantity of Zn, independent of geometry or size.  

 
Table 1. Quantity of deposited Zn on CC or brass electrodes for a standard deposition time of 30 min 

 

Potential 

(V) 
Electrode 

Current 

(mA) 
Mass# (mg) Electrode 

Current 

(mA) 
Mass# (mg) 

0 CC - 1.5 Brass - 1.0 
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−0.1 CC -42 32.1 (25.6) Brass 31 21.3 (18.9) 

−0.2 CC -71 54.2 (43.3) Brass 65 45.4 (39.7) 

−0.5 CC -131 89.7 (79.8) Brass 209 190 (128) 
#The numbers in parentheses are the corresponding calculated values of mass for 100% Faradaic efficiency 

Table 1 gives the values of the current flowing through the reactor during Zn electrodeposition. The 

theoretical quantity of Zn mass which is expected to be deposited by 100% Faradaic efficiency can be calculated 

using the Faraday constant, F = 96 485.33 s A mol−1, the fact that it takes 2 electrons to reduce one Zn2+ cation 

and the atomic weight (AW) of Zn, i.e., 65.38 g mol−1. Therefore, the theoretical mass can be calculated by the 

following formula [2]: 

𝑚(𝑚𝑔) =
𝐼(𝑚𝐴)𝑥𝑡(𝑠)𝑥(𝐴𝑊)

2𝑥𝐹
 (1) 

which is reduced to  

𝑚(𝑚𝑔) = 0.000339𝑥𝐼(𝑚𝐴)𝑥𝑡(𝑠) (2) 

in the case of Zn. The calculated mass values are shown in Table 1 in parentheses. Interestingly, the calculated 

mass was in all cases smaller than the actual mass deposited. From one point of view, this demonstrates a very 

efficient electrodeposition process. The additional mass, may come from adsorbed potassium from the 

electrolyte or from partial transformation of Zn metal to ZnO, even though, as it will be shown here below, the 

percentage of potassium and oxygen was found very small by EDX spectroscopy. Deposition of debris of 

various origins might account for the rest. 

The electrodeposited Zn films were characterized by FESEM and EDX spectroscopy. In all studied cases, 

the film consisted of Zn while a small quantity of oxygen and equally small quantity of K has been detected. 

Potassium, of course, originates from the electrolyte while the small quantity of oxygen indicates that the extent 

of deposited ZnO or oxide produced by exposure to the atmosphere was also limited.  This result has been 

verified by XRD, an example of which is shown in Figure 2 showing the predominant presence of zinc in metal 

form.  

 

 
 

Figure 2. XRD spectrum  for a film made by Zn electrodeposition on a brass electrode at -0.2 V (JCPDS card Nos: Zn  03-065-3358; ZnO 

01-079-2205) 

 

Figure 3 shows FESEM images of electrodeposited Zn films on carbon cloth electrodes at various electric 

potentials.  At 0 V, as also seen in Table 1, because of the negligible quantity of deposited Zn, the corresponding 

image shows only the carbon cloth filaments. As the negative potential increased, so did the quantity of Zn. The 

important conclusion to draw from Figure 3 is that when the potential was −0.5 V a clear dendrite formation was 

observed both at low and high magnification. For intermediate potentials, not shown, a hybrid situation has been 

observed so that a potential of −0.2 V is a safe limit for avoiding dendrite formation.  
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Figure 1. FESEM images of Zn films electrodeposited on carbon cloth electrodes at various electric potentials (Volts): (A) 0.0; (B) −0.1; (C) 

−0.2 and (D) −0.5. The scale bar is 100 µm in all cases 

 

Dendrite-free Zn electrodeposition on carbon filaments, of course, under the condition of moderate 

potentials, is in line with previous findings of Zn deposition on defective carbon surface [22] and Turing 

membrane [23]. 

Zn film formation was smoother in the case of brass substrates. The brass used in the present work, as 

already said in section 2.1, was a commercial alloy of technical grade, which was found by EDX to be 

composed of 71% Cu and 29% Zn. Formation of Zn film was negligible at 0 bias but grew with increasing 

negative potential (and current). In the case of −0.5 V, the film grew fast and became very voluminous. Figure 4 

shows the corresponding FESEM images. Once more, it was found that with an electric potential of −0.5 V, 

dendrites were formed but they were not present for potentials up to −0.2 V. Especially in the case of −0.1 V, a 

uniform and smooth Zn film has been formed, smoothly  covering brass electrode over the whole surface 

immersed in the electrolyte. It has been previously found [15] that brass substrate makes such uniform non 

dendritic films and the present data verify the previous finding. It is concluded that by using brass substrates and 

moderate electric potential a uniform dendrite-free Zn film may be formed and may be preferably applicable to 

the construction of small Zn-air batteries, as analyzed below. The markedly large mass deposition and extensive 

dendrite formation at V = −0.5 V is obviously responsible also for the formation of a voluminous film in that 

case. 
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Figure 4. FESEM images of Zn films electrodeposited on brass electrodes at various electric potentials (Volts): (A) 0.0; (B) −0.1; (C) −0.2 

and (D) −0.5. The scale bar is 100 µm in all cases 

3.2 Deposition of Zn on brass by using renewable electricity 
 

Renewable electricity may be used to deposit Zn on brass (or CC or other electrode). This possibility has 

been presently demonstrated by using a Photocatalytic fuel cell (PFC) [2, 28, 29] as a device that converts solar 

radiation into electricity. A PFC is a photoelectrochemical cell composed of a photoanode carrying a 

photocatalyst and an air cathode functioning by oxygen reduction. In the present case the photocatalyst was a 

combination of mesoporous titania sensitized in the Visible by nanoparticulate CdS. As fuel, ethanol was added 

in the electrolyte, which was an aqueous solution of 1 M NaOH. In order to study Zn deposition, the 

combination of devices illustrated in Figure 5A has been used. The connection of the PFC with the electrodes of 

the Zn-deposition-reactor (cf. Figure 1A) is designed in such a way that leads photogenerated electrons to the 

brass electrode. A potentiostat was accordingly connected to monitor the process. Illumination of the 

photoanode was obtained with the help of a solar simulator. First, the functionality of the whole installation has 

been checked by recording a current-voltage profile, which is shown in Figure 5B. The IV curve was plotted in a 

light-chopping mode, in order to highlight the conditions of photocurrent production. It is seen that the 

photocurrent increased fast for voltages beyond −0.9V. At −0.2 V, the current was approximately in a plateau of 

about 2.2 mA. This is a relatively small current (cf. Table 1) but is pure photocurrent and it is obtained without 

any additional bias. In other words, it suffices to sign light on the PFC to automatically put the system into 

operation. The measuring device that interferes in the system of Figure 5A is only for monitoring and may be 

taken out without affecting operation. The above system was indeed used to deposit Zn on a brass electrode. For 

reasons of uniformity, the operation lasted 30 min and deposition was affected potentiostatically at −0.2 V. 

Because of the small current (2.2 mA), the quantity of deposited Zn on the brass substrate was only 2.5 mg. Of 

course, this quantity may be increased if a more powerful PFC or a photovoltaic cell is instead used. By 

substituting the above PFC with a commercial (small) photovoltaic cell (cf. graphical abstract), it was again 

possible to electro-deposit Zn on a brass electrode. The presently used PV cell produced a current of 26 mA 

potentiostatically at −0.2 V. The quantity of deposited Zn was in that case 20 mg. It is then possible to deposit 

Zn on brass (or other electrodes) by using solar energy and any device that converts it into electricity. 

 

 

 

 

Figure 5. (A) Schematic illustration of the devices used and their connection for photoelectrochemical Zn deposition. (B) 

Corresponding current-voltage profile recorded in the light-chopping mode 

 

3.3 Construction and operation of Zn-air batteries 
 

A battery has been constructed according to the plan of Figure 1B by using as anode the optimized brass 

electrode, i.e., the one which carried 35.4 mg of Zn and was made at −0.2 V (cf. Table 1). This battery had the 

characteristics of Figure 6A, which were similar with those of Zn-air batteries made by using a commercial Zn 

foil as anode [2]. Interestingly, despite of the fact that the air electrode carried only carbon black, i.e., did not 

carry a powerful electrocatalyst, the battery demonstrated a satisfactory performance with relatively high short-
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circuit current (262 mA) and a satisfactory open-circuit voltage (1.27 V). Galvanostatic operation of the battery 

for several minutes at 10 mA and 100 mA gave the curves of Figure 6B. Some interesting information may be 

calculated out of these plots. 

 

  
 

Figure 6. (A) V-I and P-I characteristics and (B) galvanostatic operation of a battery made by using a Zn film deposited on brass at -

0.2 V as anode and a CB/CC air cathode 

 

The energy delivered by the battery when operated at 10 mA, can be calculated by integrating the 10 mA 

curve in Figure 6B, i.e. by calculating the area below the curve, which directly gives the energy produced by the 

battery in Joules. It was found to be 49.7 J or 0.0138 W h. The quantity of Zn which was consumed during this 

operation was 17 mg. Therefore, the corresponding energy density is 812 W h kg−1. Since the theoretical energy 

density for Zn-air batteries is 1086 W h kg−1, the present battery delivered approximately 75% of its theoretical 

capacity, which is a very satisfactory score. When the battery functioned at 100 mA, the delivered energy was 

40.9 J or 0.0114 W h. The consumed mass of Zn in that case was 30 mg; therefore, the energy density was 380 

W h kg−1 and its efficiency was only 35%. It is true that the lower the current the higher the efficiency of these 

batteries (cf. Ref.[2]). 

 

4. Conclusions 
 

Zn films can be deposited on various electrodes by electrodeposition and by using Zn as metal source. The 

electric power necessary for this operation may directly come from a renewable source, for example, solar 

energy. 

The novelty of the present approach is that a handy battery can be made providing flexibility and easiness 

of construction. In addition, deposition of Zn on carbon cloth or other non-rigid electrodes has the advantage of 

making flexible batteries.  

Dendrites may be formed during Zn deposition; however, dendrite formation can be avoided if moderate 

electric potentials are applied while a brass substrate favors dendrite-free and uniform film deposition. 

An efficient Zn-air battery can be made by using anode electrodes made of Zn deposited on brass 

electrodes. This type of electrodes can be used in handy battery constructions. 

In view of the fact that renewable energy can be used to deposit Zn, the whole approach corresponds to a 

practical renewable energy conversion and storage. 
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