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A B S T R A C T   

In this paper an environmentally friendly high performance prototype of rechargeable Zn-air battery using 
cellulose based biodegradable matters as additive and diaphragm is reported. During designing we were aspired 
to construct a heavy metal free cell containing nontoxic, commercially available biodegradable feedstock. The fix 
cell geometry was granted by 3D-printing. Charging/discharging cycle tests were performed using cotton lattice 
or cellophane diaphragms separately. The presence of carboxymethyl cellulose sodium salt (CMC-Na, Mn: 90 kDa 
and 250 kDa with f = 0.7 or f = 1.2 average functionality) additives in the electrolyte was also tested. Significant 
difference was found between the cells operated with and without additives. Two main benefits of the appli
cation of CMC-Na salts were observed: (i) by increasing the viscosity of the electrolyte the rate of evaporization of 
the water was decreased; (ii) owing to the higher viscosity of the lye and the good chelating agent properties of 
the carboxyl functional groups more stable cell operation was obtained. Using cotton lattice as diaphragm, 100% 
Coulomb efficiency was detected during the entire measurement (more than 1000 cycles), while the weight of 
zinc electrode was constant and its surface remained smooth. Additional cyclic voltammetry tests were also 
carried out to investigate the electrode processes and the change of the electrode surface was monitored by 
scanning electron microscopy.   

1. Introduction 

In the last decades the use of green, renewable energy and thus, the 
storage and utilization of the energy have become one of the most 
important and developing research area in the energy sector. Owing to 
their high energy density (more than 1080 Wh/kg) nature and safely 
operation zinc-air batteries have attracted much attention as possible 
alternative solutions [1,2]. However, the morphology control of zinc 
deposition upon charging and ensuring appropriate catalyst(s) for the 
oxygen evolution/reduction reactions (OER/ORR) are the two main 
challenges concerning zinc-air cells. The inhibition of dendritic depo
sition promoted by modification of electrolyte [3] can be the cheapest 
and easiest way from the various available methods such as anode en
gineering, ion transfer control, electric field regulation, etc. Neverthe
less, from the cathode point of view, construction of an environmental 
friendly zinc-air cell is a serious challenge. The reversibility of oxygen 
evolution/reduction reactions is essential for improving the 

performance of a zinc-air batteries. Furthermore, the adsorption of the 
oxygen on the different electro catalysts affects the type of the ORR 
reaction (direct four- and two-electron pathways) [4,5]. The applied 
catalysts can be monofunctional by catalyzing the OER [6,7] or the ORR 
[8–10] reactions, while the bifunctional catalyst can promote both re
actions [11,12]. Among the developed catalysts, metal-based and 
metal-free can be distinguished. The metal-based ones usually contain 
heavy metal ions such as platinum, ruthenium, iridium, cobalt etc. 
[13–16]. The metal-free catalysts that can be alternatives for con
structing environmental friendly cells, are usually modified carbon 
nanotubes and graphene [17–19], and though these carbon-based ma
terials are widely used as a mechanically robust skeleton of both types of 
catalysts (metal-free and metal-based) [20,21]. Application of binders 
are necessary for the preparation of these type catalysts. However, 
degradation of the binder can take place during the operation of the cell, 
decreasing the lifetime of zinc-air battery [22], Therefore, to handle this 
problem, binder-free, self-supported catalysts were also developed [23, 
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24]. 
As it turns out from the literature background on zinc-air battery, the 

cells investigated consisted of one or more special components (heavy 
metals, e.g. Pt based catalysts) to ensure the sufficient performance. 
However, these components are very expensive and/or inaccessible on 
the market [25–27] and are not compatible with the aspirations of green 
development. Recently, we have reported a novel rechargeable zinc-air 
cell [28] using binder and heavy metal-free pure charcoal cathode 
obtaining good charging/discharging performance. The dendritic 
deposition on the surface of Zn anode was also minimized by applying 
dicarboxyl poly(ethylene glycol) additive in the electrolyte. As a 
continuation of our earlier works, in this paper, we focus our attention 
on designing a prototype of rechargeable Zn-air battery making it high 
performance operation and more environmental friendly. During 
designing we were aspired to construct a heavy metal free cell con
taining nontoxic, commercially available, cheap biodegradable 
feedstock. 

In this new rechargeable Zn-air battery, the graphite/charcoal 
cathode was immersed into concentrated KOH solution saturated with 
K2[(Zn(OH)4)] electrolyte containing high molecular weight carbox
ymethyl cellulose sodium salts (CMC-Na), as a commercially available 
chelating additive [29,30]. The charcoal owing to its adsorptive nature 
serves as a reservoir for the “in situ” evolved oxygen in the cathode 
during the OER reaction. The higher viscosity of the electrolyte by 
addition of CMC-Na can also aid keeping oxygen in the charcoal. In 
addition, the separator is a crucial part of the cell providing the 
appropriate ion conductivity and separation of the electrodes [31,32]. 
To develop and to simplify of our prototype cell, we used cellulose 
based, single layer separator for our environmental friendly zinc-air cell. 
Furthermore, to ensure the fix cell geometry, 3D-printer was used for 
printing polypropylene parts of the cell out. 

2. Materials and methods 

2.1. Materials 

The graphite rod electrode with spectroscopic purity was purchased 
from Ceramics Praha (Czech Republic, Prague). Zinc foil (thickness 0.65 
mm, Rheinzink, EN/DIN 988) was used. The zinc electrodes were rinsed 
with n-hexane then allowed to dry before use. n-Hexane (HPLC grade), 
Potassium hydroxide (analytical grade), Charcoal (analytical grade), 
Zinc oxide (analytical grade), were purchased from VWR (Debrecen, 
Hungary). The carboxymethyl cellulose Na salts (CMC–Na, Mn = 90 
kDa and 250 kDa with different (f = 0.7 or f = 1.2) functionalities, 
respectively) and zinc wire (diameter: 0.5 mm, 99.99%) were obtained 
from Sigma-Aldrich. All chemicals were used as received. 

2.2. Potentiostat 

The cyclic charging discharging test of 3D-printed zinc-air 
rechargeable battery and the cyclic voltammetry (CV) measurements 
were performed by BioLogic SP-150 potentiostat (Seyssinet-Pariset, 
France) equipped with EC-Lab software package. The working potential 
range was chosen from 0.7 V to 1.9 V for the charging/discharging cycle 
tests with current density 

2 mAcm− 2, while the voltammograms were recorded in the range of 
− 0.5–0.55 V vs. cell potential with 20 mV/s scan rate. 

2.3. Scanning electron microscopy (SEM) 

The morphology of the surface of Zn electrode was visualized by 
Scanning Electron Microscopy (SEM) (Hitachi S-4300 scanning electron 
microscope (Tokyo, Japan)). 

2.4. Viscosimetry 

The viscosimetric measurements were carried out by a Master Smart 
viscometer produced by Fungilab S.A. (Barcelona, Spain), at the tem
perature of 25 ◦C. 

2.5. Construction of Zn-air rechargeable batteries 

The skeleton of Zn-air battery cells were designed by Tinkercad 
(Autodesk, Inc, online cloud platform) then all parts of the cell were 
printed out by Prusa i3 MK3S 3D printer using polypropylene (PP) 
filament (Fiberlogy). The applicability of the PP was tested by soaking it 
in lye (6 M KOH solution containing 0.25 M ZnO) for 24 h. Based on 
three parallel measurements no significant changes in the weight of the 
PP container were observed. Then two different orientations (horizontal 
and vertical) of the cells were planned and used for the measurements. 
The arrangements of the Zn-air rechargeable batteries are shown in 
Fig. 1 and Fig. 2. Cellophane or cotton (soaked in lye for 1 h before use) 
was used as diaphragm for the cell, the shape of the diaphragm was 
constructed for fitting into the inner space of the polypropylene (PP) 
skeleton. The zinc anode plate (cut from the zinc foil, length 10 cm, 
width 10 mm, thickness 0.65 mm) was fixed to the PP skeleton keeping 
constant distance (1.5 mm) between the zinc anode and the diaphragm. 
Then a mud was made from charcoal and 6 M aqueous potassium hy
droxide solution containing ZnO and CMC-Na at a concentrations of 
0.25 M and 2 m/v% (2 g CMC–Na was dissolved in 100 mL lye), 
respectively. The mud obtained was loaded into the PP skeleton interior 
space containing approximately 22 g charcoal. The filled PP skeleton 
was placed into the PP container in which the level of the lye was kept 
constant. 

2.6. Air cathode 

The air cathode was constructed from the charcoal and the graphite 
rod. The charcoal was soaked for 8 h in the electrolyte to obtain the mud 
before the use. No further additive and/or catalyst were used. 

3. Results and discussion 

The development of Zn–air rechargeable batteries is a widely 
investigated research area nowadays. However, most of the research 
concentrate on the general challenges of the Zn anode and the appli
cation of bifunctional catalyst systems [33]. Additionally, many studies 
are applying only half cells, thus the importance of membranes is not 
properly investigated yet. However, the membrane has very important 
role in the performance of Zn-air batteries, since the membrane can 
effectively regulate the ion transport between the anode and the cathode 
[34]. In our previous work, we have used a combination of cellophane 
and cotton cloth as a membrane and charcoal based air cathode in our 
novel Zn-air rechargeable battery. Herein, we investigated the applica
bility of both membranes separately. 

First, the applicability of swollen cotton cloth in the Zn-air 
rechargeable battery was checked by charging-discharging tests and 
we found an excellent battery performance. Fig. 3. shows 1000 cycles of 
charging-discharging events. The working potential range is small, it is 
around 0.2 V (1.2V-1.4 V), and stable performance was observed during 
the whole 1000 cycles. At the beginning of the cycling test higher po
tential range was recorded, however, stable working potential range was 
achieved after some cycles. 

The working potential seems to be low, compared to those reported 
in the literature, where 1.65 V equilibrium cell potential is typically 
accepted. However, in our prototype, the pure charcoal acts as a catalyst 
for oxygen evolution/reduction reactions (ORR/OER) by adsorbing the 
”in situ” formed O2. Low redox potentials for O2 reduction, even near 
zero under alkaline conditions have been reported for different types of 
carbon-based electro catalysts. The low potential value was explained by 
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the higher activity of edges serving as active sites for reduction of oxy
gen [35]. Furthermore, Qu and Yeager suggested the formation of 
peroxide ion pathway to explain the lower potentials obtained [36,37]. 
The gross electrochemical processes are shown in Scheme 1. 

As it can be seen in Scheme 1, if the reduction of the oxygen takes 
place according to the 4 electron pathway, the well-known ~1.65 V 
equilibrium potential can be obtained for a zinc-air battery. However, it 
was also shown that using carbon based cathode the two electron 

pathway process (shown in Scheme 1) may become dominant [37]. In 
our particular case, the cell potential of our zinc-air battery was lower 
(~1.3 V) than 1.65 V. Based on this experimental finding we came to the 
conclusion that the two electron pathway as dominant process takes 
place in the cathode compartment. In this case, the equilibrium cell 
potential calculated from the standard electrode potentials is 1.195 V. 
Furthermore, it has been reported that the HO2

− adsorbed on carbon is 
stable under alkaline conditions. Thus, during the investigated cycling 

Fig. 1. Arrangements of the Zn-air rechargeable battery with horizontal orientation (dimensions w = 65 mm, s = 30 mm, h = 42 mm, l = 129 mm).  

Fig. 2. Arrangements of the Zn-air rechargeable battery with vertical orientation (dimensions w = 60 mm, s = 30 mm, h = 110 mm, d = 1.5 mm, l = 50 mm, f =
100 mm). 
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time applied for the cycling test its significant decomposition should not 
take place in the absence of additional catalyst [37]. The stability and 
the negligible decomposition of HO2

− was supported by the high 
reproducibility of cycling test (Fig. 3). 

In order to investigate the electrochemical reactions, long-term 
charging of the battery was performed. A charging process is shown in 
the Supporting Information as Fig. S1. 

The 1.65 V charging potential was achieved only after 61.1 h. We 
suggest that the low working potential (<1.4 V) is the result of the 
combination of different possible oxygen reduction pathways. 

To suppress the undesirable dissolution of Zn anode yielding H2 
evolution via [Zn(OH)4]2− , we used concentrated KOH solution satu
rated with K2[Zn(OH)4]. It must be noted, that preliminary experiments 
were carried out to identify the cell potential where the formation of 
hydrogen is relevant. It was found that significant evolution of H2 occurs 
only at charging potential higher than 2 V. 

The Coulomb efficiency has been found to be 100% during the whole 
experiment. This finding shows an excellent balance between the 
charging and discharging cycles in the operating battery. No change in 
the mass of the Zn- electrode was found. Based on these results, the 
swollen cotton cloth membrane properly stabilized the ion transport 
hence, highly regulates the reactions on the surface of the Zn electrode. 
Such regulation is necessary to avoid the formation of an undesired 
metallic Zn dendrite formation on the surfaces the electrode. 

With the parameters of 2 mAcm− 2 charging current density and 10 
min time frame, the capacity was found to be 2.63 mAh. It should be 
noted that similar current densities were applied in several Zn-Air bat
tery studies [19,38–41]. 

The cycling test and the Coulomb efficiency of the 3D-printed rect
angular Zn-air rechargeable battery equipped with cotton cloth 

membrane is shown in Fig. 3. The current density was kept constant at 2 
mAcm− 2, while the time limit of charging and discharging was set to 10 
min (1000 cycle). 

On the other hand, in the case of cellophane (Fig. S2). the cell po
tential was within a low range and stable performance was obtained up 
to 500 charging-discharging cycle. Similarly to the swollen cotton cloth, 
at the beginning of the test higher potential range was observed. Since 
the cell with cotton cloth has higher physical resistance than that of the 
cellophane, only the cell prepared with cotton cloth was used for further 
experiments. 

3.1. Gelation with CMC-Na salts 

The most common electrolyte for the Zn-air batteries is KOH solution 
of different concentrations. However, there are two major problems 
associated with the presence of strong alkaline solutions. The first 
problem is the capturing of CO2 from the air, resulting in the formation 
of undesirable precipitate giving rise to uncontrolled change in the 
composition of the electrolyte solution. The second major problem is the 
evaporation of water from the electrolyte 

Many studies [40] used pure oxygen, however, these results cannot 
be adopted to air electrode systems. We created an open charcoal based 
cathode in which the “in situ” forming O2 is captured by adsorption 
during the charging process. Thus, small amount of supplementary ox
ygen is freely entering the cathode giving rise to limited air transport 
and, hence, the formation of carbonates highly reduces. 

The evaporation of water can be regulated by the viscosity of the 
electrolyte. The higher viscosity decreases the ion transport but usually 
decreases the efficiency of the secondary batteries [42]. Thus the se
lection of a proper viscosity modifier is important. In our rechargeable 

Fig. 3. The cycling test (a, b) and the Coulomb efficiency (c) of the 3D-printed rectangular Zn-air rechargeable battery, equipped with cotton cloth membrane. The 
current density was kept to be constant, i.e., 2 mAcm− 2, while the time limit of charging and discharging was set to 10 min. 
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Zn-air battery, carboxy methyl cellulose Na salts (CMC-Na) with 
different molecular weights and functionality have been applied. 

To test the effect of the molecular weight of CMC–Na on battery 
performance, first CMC-Na salt was tested with lower molecular weight 
(90 kDa, 0.7 functionality). The cyclic performance test was carried out 
up to 400 cycles, as seen in Fig. 4. 

After a short instacionary state, the potential range is decreasing, 
reaching a range of 0.3 V (1.05–1.35 V). This range is close to the one 
measured with the electrolyte in the absence of a viscosity modifier. In 
addition to the excellent cyclic performance, high Coulomb efficiency 
was also observed. Capacity was found to be the same as in the case of 
electrolyte containing CMC-Na (250 kDa, 1.2 functionality). In both 
experiments, the batteries were charged and discharged with the same 
current density without reaching the set potential limits. The perfor
mance of the cycling tests with the use of CMC–Na (250 kDa, f = 1.2) is 
shown in Fig. 5. 

As seen in Fig. 5, applying CMC-Na (250 kDa, f = 1.2), the perfor
mance of the secondary battery is appropriate, since none of the cycles 
reaches the set potential limits (0.7 V and 1.9 V). 

The Coulomb efficiency during the cycling test was constant (100%). 
On the contrary, CMC-Na salt with the same molecular weight but with 
lower functionality (0.7 vs. 1.2) resulted in poorer performance (Fig. S3 
in supporting information). All the cycles reached the set potential limits 
within the applied time frame, and changing capacity was observed 
from cycle to cycle. Despite the lower performance, the Coulomb 

efficiency was still 100%, which suggests an appropriate charging- 
discharging balance. 

In addition, the energy efficiencies were also calculated. The highest 
value was obtained in the case of the additive-free cells (91%). Applying 
additives CMC–Na 90 kDa, f:0.7, 250 kDa, f:1.2 and 250 kDa, f:0.7, 
80%, 64% and 60% energy efficiencies were obtained, respectively. The 
energy efficiency versus cycle number plots are shown in the Supporting 
Information (Figs. S4–S7). 

3.2. Mathematical modeling of discharging process 

In order to model mathematically the potential change during the 
discharging process of a battery, the 200th cycle was selected in each 
case. Recently, we have shown that the stretched exponential function, 
supplemented by a fast decay component was successfully applicable to 
model the potential change during the discharging steps [28]. In gen
eral, the stretched exponential function is suitable for the mathematical 
modeling of different disordered systems such as electrochemical re
actions with a broad activation energy distribution [43]. The following 
equation was fitted (Eq. (1)) to the 200th cycle of all the cycling per
formance tests. 

Ebattery(t) = ΔEfe− kf t + ΔEse− (kst)μ
+ E∞ (1)  

where ΔEf and ΔEs are the potential change, kf and ks are the rate 

Fig. 4. Cycling test and Coulomb efficiency of 3D-printed Zn-air battery filled with KOH saturated with K2[Zn(OH)4] electrolyte containing 2 m/v% CMC-Na (90 kDa 
with 0.7 functionality). 
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Fig. 5. Cycling test and the Coulomb efficiency of 3D-printed Zn air battery filled with KOH saturated with K2[Zn(OH)4] electrolyte containing 2 m/v% CMC-Na 
(Mn=250 kDa, f = 1.2). 

Fig. 6. Discharging (200th cycle) of the Zn-air rechargeable battery in the absence (a) and presence of CMC–Na viscosity modifiers, Mn=90 kDa, f = 0.7 (b), 
Mn=250 kDa, f = 1.2 (c), Mn=250 kDa, f = 0.7 (d) The black solid lines represent the fitted curves by Eq. (1) while the fitting parameters are shown in the tables. 
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coefficients of the fast and slow decay, respectively. The µ is the 
stretching exponent, while the E∞ is the terminal potential. 

In the case of additive-free electrolyte the stretched exponential 
function was applied, without the fast decay component of Eq. (1). As 
seen in Fig. 6., good agreements were found between the measured and 
fitted curves in each case. However, complex, two component decay was 
observed only with CMC–Na (90 kDa, f:0.7), where the ΔEf and kf were 
obtained to be 0.013 V and 158,000 min− 1, respectively. For other ad
ditives, CMC–Na 250 kDa, f:1.2 and f:0.7, the fast decay term was not 
necessary to be involved in the model. Similar stretching exponents were 
found for the additive-free and CMC–Na (90 kDa, f = 0.7) systems 
(0.32). The stretching exponent increases with the molecular weight of 
the CMC–Na. The highest value was determined for the CMC–Na (250 
kDa, f = 0.7). 

3.3. Cyclic voltammetry 

For the investigation of anode reactions, i.e., zinc deposition and 
dissolution, further cyclic voltammetry measurements were carried out. 
The reference electrode was a zinc wire, and the voltammograms were 
recorded in the range of − 0.5–0.55 V vs. cell potential. The voltam
mograms obtained in the presence and in the absence of CMC–Na salts 
are shown in Fig. 7. 

All the cyclic voltammograms show clear oxidation and reduction 
peaks. Characteristic data obtained from the cyclic voltammetry mea
surements are summarized in Table 1. 

Without any viscosity modifier, both anodic and cathodic peak po
sitions are around 0.061 V and − 0.128 V with peak separations 
approximately 0.2 V. Applying CMC–Na salts, higher anodic and 
cathodic shifts were recognized as compared to the additive-free elec
trolyte. It was found that the anodic peak shift was the highest for the 
CMC–Na with Mn=250 kDa and f = 0.7 functionality, while in the case 
of other two CMC–Na salts similar anodic shifts were observed. The 
cathodic shifts are higher than the anodic ones but their values are very 

similar. By applying the shifts, the peak separation can be calculated. 
Low separation is preferable since usually, it means low over potential. 
Low separations were found in the case of additive-free electrolyte 
(0.189 V). In the presence of CMC–Na additives in the electrolyte 
higher peak separation were obtained. The CMC–Na additives with 
Mn=250 kDa (f = 1.2) and 90 kDa (f = 0.7) have similar values, while 
the CMC–Na with Mn=250 kDa (f = 0.7) resulted in higher separation 
(0.3 V). The peak separations are likely depend on the viscosity of the 
solution and the functionality of the applied CMC–Na. The dynamic 
viscosity of the CMC-Na salt-containing electrolytes are 7.5, 48 and 75 
Pas for the Mn=90 kDa (f = 0.7), Mn=250 kDa (f = 0.7) and Mn=250 kDa 
(f = 1.2) additives, respectively. In spite of the fact that there is one 
order of magnitude difference in the viscosities, similar peak separation 
was found for the CMC–Na additives with Mn=250 kDa (f = 1.2) and 
Mn=90 kDa (f = 0.7). This finding reflects the double functions of the 
additives i.e., altering the rate of the electrochemical reactions on the 
surface of the Zn electrode through the control of ion mobility by the 
electrolyte viscosity and formation of stable chelate complex with Zn2+

ions. These findings are in line with the cycling tests of the batteries with 
different viscosity modifiers. The profiles of the cyclic voltammograms 
at low voltages i.e., at around − 0.5 V vs. cell potential can be ascribed to 
the electrochemical processes accompanied by the corrosion of Zn 
electrode. 

In order to investigate the low charging potentials, additional CV 
measurement was carried out applying the charcoal-based cathode in 
the presence of additives (CMC–Na, 250 kDa (f = 1.2) The parameters 
all were the same as those used for the other CV measurements. The 
obtained cyclic voltammogram is shown in Fig. 8. 

The cyclic voltammogram is similar to those presented in Fig. 7. 
Accordingly, clear oxidation and reduction peaks are observed indi
cating the presence of electrochemical reactions, i.e., the charcoal 
cathode does not act as a (super)capacitor. 

Fig. 7. Cyclic voltammograms obtained in the absence and in the presence of CMC-Na additives.  
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3.4. Scanning electron microscopy 

Visually, the formation of deposits was not observed. In order to get 
deeper knowledge on the morphology change of the surface of Zn 
electrode, scanning electron microscopy measurements were carried 
out. After completing the experiments, the electrodes were washed with 
water and acetone then stored in cyclohexane prior to analysis. 

The SEM images confirm the results of visual analysis, i.e., the lack of 
formation of deposits on the surface of the electrodes (Fig. 9). The 
morphology of the electrode surface changed differently in the absence 

and in the presence of CMC-Na additives, mossy-like deposition was 
formed without additive (after 1000 charging-discharging cycles). 
Applying the CMC-Na as viscosity modifier, dendrite and mossy de
positions were significantly suppressed. 

Additionally, the elemental analysis was performed by energy 
dispersive spectroscopy for all electrodes, where in addition to zinc, ti
tanium, copper potassium carbon and oxygen have been found. EDS 
spectra are shown in the supporting information (Figs. S8–S12). The 
titanium and the copper are the alloying elements of the zinc (standard 
EN/DIN 988) while the potassium originated from the alkaline solution. 

4. Conclusion 

A rechargeable Zn-air alkaline battery was created applying 3D- 
printing and utilizing biodegradable and commercially available mate
rials. The swollen cotton cloth proved to be a suitable cell membrane. 
High regulation on the ion transfer resulting in the significant suppres
sion of dendrite and mossy formation and stable long-term battery 
performance were attained over 1000 charging-discharging cycles. The 
Coulomb efficiency was determined to be 100%, and no change in the 
mass of the Zn anode before and after use was found. It is to be noted 
that H2 evolution was not observed during the cyclic performance tests. 
We have successfully applied carboxymethyl cellulose sodium salts 

Table 1 
The results of cyclic voltammetry including the electrolyte densities, the positions of anodic/cathodic peaks, the current densities and the peaks separations.  

Additive Viscosity of 
electrolyte(mPas) 

Anodic peak position(E vs 
cell potential) 

Cathodic peak position(E 
vs cell potential) 

Anodic/Cathodic 
peakseparation 

Anodic current 
density(mAcm− 2) 

Cathodic current 
density(mAcm− 2) 

no additive 1.5 0.061 V − 0.128 V 0.189 V 27.3 9.1 
90 kDa, (f =

0.7) 
7.5 0.096 V − 0.177 V 0.273 V 20.5 13.5 

250 kDa, (f =
0.7 

48 0.114 V − 0.188 V 0.302 V 9.7 5.7 

250 kDa, (f =
1.2) 

75 0.088 V − 0.164 V 0.252 V 10.7 4.4  

Fig. 8. The cyclic voltammogram obtained from the test of our Zn-air 
rechargeable battery prototype. 

Fig. 9. The SEM images of the zinc electrode, obtained with the battery equipped by cotton cloth diaphragm in the absence and presence of CMC-Na additives (the 
electrodes were obtained from cyclic performance tests presented in Fig. 7.). 
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(CMC-Na) with different molecular weights and functionality to solve 
the general problem of water loss and to control the ion mobility in the 
electrolyte. However, the CMC-Na salts were found to have double 
functions: (i) increase the viscosity of the electrolyte thus decreasing the 
rates of evaporation of water and (ii) control the electrochemical re
actions to form stable complex with the Zn2+ ions minimizing the zinc 
deposit formation. Based on these results, the lower viscosity of elec
trolyte and higher functionality of CMC-Na salts may be more preferable 
for a high-performance battery. 

To investigate the Zn electrode reactions cyclic voltammetry mea
surements were carried out. Higher peak separation was observed for 
the CMC-Na containing electrolytes than for the additive-free one as it 
was expected based on their higher viscosities. 

The discharging steps of the 200th cycle of all electrolyte systems 
were modeled mathematically by a stretched exponential function. 
Excellent agreement was found between the measured and calculated 
values. Applying the CMC-Na (90 kDa, f = 0.7) complex discharge 
process was identified since a fast decay component was necessary to 
implement into the model. The obtained stretching exponent was found 
to increase with the increasing molecular weight of CMC-Na additive, 
while a lower functionality resulted in a further increase. All our find
ings have been supported by scanning electron microscopy measure
ments showing that smooth electrode surface was obtained after long- 
term performance tests. 
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