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Abstract: Corrosion and discharge behavior of battery-grade zinc particles coated with a silica layer
doped with bismuth was investigated and compared with untreated zinc powder. Electrochemical
investigations were carried out in half-cell configuration. The electrolyte was 6 M KOH in excess.
Coated zinc particles provided a discharge capacity of 737 mAh g−1 (89.9% DoD) versus 633 mAh g−1

(77.2% DoD) of untreated zinc particles after a dwell time of 1 h in KOH. The silica coating reduced
the direct contact of the zinc surface with the electrolyte and thus minimized the hydrogen evolution
reaction, which led to an increased discharge capacity. Additionally, bismuth doping enhanced
conductivity within the silica coating and increased zinc utilization. Those coated zinc particles
inhibited corrosion, i.e., corrosion efficiency reached 87.9% compared to uncoated zinc. Additionally,
the coating achieved a capacity retention of 90.9% (670 mAh g−1) after 48 h dwell time in 6 M KOH.
The coatings were prepared by sol-gel technology and characterized by Fourier transform infrared
spectroscopy (FTIR), X-ray diffractometry (XRD), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), and Brunauer-Emmett-Teller (BET) surface determination.
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1. Introduction

Through the worldwide expansion of renewable energies, the development of energy storage
technologies has become an essential part of research and development activities nowadays.
In particular, electrochemical storage systems such as batteries are in focus. Due to their long cycle life
and high specific energy density, mainly Li-ion batteries are used today to store energy electrically.
However, they also have disadvantages such as use of toxic materials, restricted resource availability,
high costs, and safety problems due to the use of inflammable solvents and electrolytes. Consequently,
research is increasingly being focused on alternative battery systems like metal-air batteries [1–3].
Among metal-air batteries, the zinc-air battery shows significant advantages such as high specific
energy (1350 Wh kg−1), low costs, high availability of raw materials, good material recyclability,
and safety [4–9]. Despite these beneficial properties, zinc-air batteries are not preferred as rechargeable
but as primary batteries, especially in hearing aids, due to their low cycle life [4,10,11]. Especially
the zinc anode does not meet the requirements for secondary zinc-air batteries due to degradation
mechanisms such as dendritic growth, shape change, and passivation [12–14]. Various measures
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such as modifications of the electrolyte, addition of composites, and functional coatings of zinc were
investigated to overcome these limitations recently [9,15–23].

Corrosion of zinc in the alkaline electrolyte affects both, primary and secondary zinc-air batteries,
because zinc has a more negative reduction potential than hydrogen. This leads to evolution of
hydrogen gas on the surface of the zinc particles. The hydrogen evolution reaction is expressed by
Equation (1).

Zn + 2H2O→ Zn(OH)2+H2 ↑ (1)

Hydrogen evolution is an unwanted side reaction during discharge and during storage in the
alkaline electrolyte. As a result, zinc is partially consumed during shelf life, i.e., the electrochemical
efficiency is reduced [11,13].

One measure to overcome this problem is alloying of zinc. Lee et al. [24] demonstrated that
alloying Zn with 2.5% indium and 7.5% nickel is favorable to raise the hydrogen overpotential and
reduce the hydrogen evolution. However, alloying elements such as Pb, Ca, Hg, or Bi have also shown
their ability to reduce the hydrogen evolution reaction [2,25]. In particular Bi is used as alloying
element due to its higher environmental compatibility compared to Pb. Moreover, Zhang et al. [26]
were able to show by adding Bi to zinc electrodes that the discharge capacity was increased due to
an electronic network caused by the dispersed metallic Bi particles. Another promising strategy for
minimizing self-discharge is the coating of zinc particles. Schmid et al. [27] applied a silica shell on zinc
particles by chemical vapor deposition, resulting in a 20 nm thick Zn2SiO4 layer. This layer improved
the discharge capacity of zinc due to reduced passivation and corrosion. Cho et al. [28] prepared zinc
particles with a Li2O-2B2O3 coating, thus increasing discharge capacity and decreasing the hydrogen
evolution reaction. Lee et al. [29] found that zinc particles with an Al2O3 coating were significantly
more resistant to hydrogen evolution reaction than uncoated zinc particles mixed with Al2O3 powder.

In our previous paper, we showed that coating of zinc particles with a Bi2O3-Li2O-ZnO glass is able
to reduce the passivation of zinc during charging cycles due to effective immobilization of discharge
products in the glass layer and formation of metallic bismuth and zinc phases, which form a conductive
network spread over the glass coating [9]. In contrast to [27], our approach focuses on coating
battery-grade zinc with a silica coating doped with bismuth by sol-gel technology. The silica coating
prevents direct contact of the electrolyte with the zinc particle surface, thus minimizing the hydrogen
evolution reaction. The bismuth doping increases the hydrogen overvoltage and consequently reduces
the hydrogen evolution. Besides, it shall create an electronically conductive network in situ in the
oxidized zinc phases in order to increase the discharge capacity. The combination of these materials is
studied analytically and electrochemically with the aim of investigating its effect on discharge capacity,
self-discharge, and capacity retention in KOH after dwell times of 1 and 48 h, respectively. A schematic
illustration of this concept is provided in Figure 1.Batteries 2018, 4, x FOR PEER REVIEW  3 of 13 
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The resulting coating was characterized by Fourier transform infrared spectroscopy (FTIR),
X-ray diffractometry (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM), and Brunauer-Emmett-Teller (BET) surface determination. Electrochemical analysis was
performed by galvanostatic discharge analysis in half-cell configuration with excess electrolyte.

2. Experimental Setup

2.1. Synthesis of Zinc Composite Material

Battery-grade zinc alloy powder from Grillo Werke AG (as received: d50 = 30 µm; alloying
agents were determined by ICP-OES: Pb 28 ppm, In 215 ppm, Bi 220 ppm; BET surface area: 0.0455
m2 g−1) was used with d ≥ 25 µm as reference material. The coating of zinc particles was carried
out by a sol-gel process according to the following procedure: 10 g zinc powder was mixed with
23.98 g ethanol absolute (C2H5OH, Merck Millipore, Burlington, MA, USA), 11.07 g H2O and 5.48 g
tetramethylammonium hydroxide solution (TMAH, (CH3)4NOH, Alfa Aesar, Ward Hill, MA, USA,
25 wt.% in methanol) for 10 min at room temperature. Subsequently, 2.08 g tetraethyl orthosilicate
(TEOS, (C2H5O)4Si, Alfa Aesar, 99.9%) was added. For the bismuth-doped silica coating 0.1 or 0.21 g
of bismuth-isopropoxide (Bi[OCH(CH3)2]3, Alfa Aesar) was added to the TEOS solution. The mixture
was kept for 2 h under stirring at room temperature. Afterward, ethanol was slowly evaporated
at 80 ◦C. The coated zinc powder was then washed with ethanol absolute until the filtrate became
colorless. Finally, the coated zinc particles were dried at 80 ◦C for 24 h.

2.2. Analytical Methods

Polycondensation of silica on the zinc particles was confirmed using Fourier transform infrared
spectroscopy (FTIR, Vertex 70, Bruker Corporation, Billerica, MA, USA) in the wave number range
from 600 to 3600 cm−1. Furthermore, X-ray diffraction (X’Pert-MPD System PW 3040/00, Philips
Analytical X-ray B.V., EA Almelo, The Netherlands) was used to identify bismuth phases in the
coating. Diffraction patterns were acquired with Cu Kα radiation at scattering angles from 20◦ to
65◦ in increments of 0.02◦. In addition, X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe
II, Physical Electronics GmbH, Ismaning, Germany) was used to determine the chemical state of Bi
in the coating. For surface analysis, monochromatic Al Kα X-rays (1486.6 eV) were used. The X-ray
beam voltage was set to 15 kV with a power of 50 W. The pass energy was 26 eV with a step time of
50 ms and a step size of 0.05 eV. Scanning electron microscopy (SEM, JSM-840A, JEOL, Tokyo, Japan)
in combination with energy dispersive X-ray spectroscopy (EDX, INCA 4.05 EDS, Oxford Instruments
Microanalysis Limited, Abingdon, UK) was used to determine the coating quality and the structure
of zinc particles. In addition, the layer thickness of the coating was determined graphically using
SEM pictures. Hence, coated zinc particles were embedded in epoxy resin, and cross sections were
prepared by polishing. Further, BET surface area was calculated from nitrogen adsorption isotherms
(ASAP 2020, Micromeritics, Norcross, GA, USA).

2.3. Electrochemical Characterization

Electrochemical measurements were performed in a half-cell configuration (Potentiostat Bio-Logic,
VMP3, Seyssinet-Pariset, France). The electrode material (100 mg) was placed as powder bed on a
copper conductor. The electrolyte was 6 M KOH was added in high excess (80 mL in a 100 mL glass
beaker). An Ag/AgCl electrode (3.5 M KCl) and a platinum plate (3 × 3 cm) were applied as reference
or counter electrode, respectively. Galvanostatic polarization was carried out between −1.45 and
−1.65 V vs. Ag/AgCl reference electrode at 0.1 mVs−1 in order to analyze the corrosion behavior of
uncoated and coated zinc particles. Additionally, electrical impedance spectroscopy (EIS) with an AC
voltage (amplitude 20 mV) in a frequency range from 20 mHz to 1 MHz was applied to investigate the
anode before discharge. The internal resistance, Ri, was calculated from the real part of the complex
impedance in Nyquist plots. In order to characterize the self-discharge behavior, the zinc particles
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were discharged after 1 h dwell time in 6 M KOH at room temperature, and after 48 h dwell time,
respectively. The anode was galvanostatically discharged up to a cell cutoff voltage of U = −0.9 V vs.
Ag/AgCl at a current rate of C/20.

3. Results and Discussion

3.1. FTIR, XRD, and XPS Characterization of the Coating

In order to investigate silica coating formation and doping of the same with Bi, the particles
were analyzed using FTIR, XRD, and XPS analyses. Table 1 provides a schematic overview of the
characteristics of the investigated coatings, consecutively referenced as samples 1–3. Figure 2 compares
the FTIR spectra of uncoated and coated zinc.

Table 1. Characteristics of investigated coated zinc particles (samples 1–3) including amount of educts
and Brunauer-Emmett-Teller (BET) surface areas.

Parameter Value

Sample Name Sample 1 Sample 2 Sample 3

Schematic illustration
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The FTIR spectra in Figure 2 show a broad peak around 1080 cm−1 for all coated samples
in contrast to uncoated zinc. This peak is assigned to Si–O–Si bonds, representing the silica
framework [30]. Thus, we assumed that indeed polycondensation of silica deposits on the zinc
surface was achieved. Furthermore, we observed that the addition of bismuth did not affect silica
formation. However, bismuth is inactive under infrared radiation. Therefore, it is indiscernible by
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FTIR. Instead, Bi is X-ray sensitive while silica is X-ray amorphous, which allows clear recognition of Bi
from X-ray diffraction. Figure 3 illustrates the XRD patterns of uncoated and coated zinc (samples 1–3).
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Characteristic XRD peaks for hexagonal zinc, found at 2θ = 43.23◦, 36.29◦, 38.94◦, and 53.33◦,
are fully expressed for uncoated and coated zinc. Sample 2 and sample 3 show a tiny peak at 27.16◦.
This reflex is assigned to rhombohedral Bi. Due to the low concentration of Bi, Bi doping was confirmed
by XPS measurements. The result is presented in Figure 4.
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According to the Bi 4f spectra of sample 2 and sample 3, peaks for metallic Bi appear at 157 and
162 eV [31]. The presence of these Bi metal peaks demonstrates that the doping of the silica coating
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with metallic bismuth for sample 2 and sample 3 was successful. These peaks at 157 and 162 eV were
not found in sample 1 as it is a pure silica coating. Therefore, it can be excluded that the Bi found in
sample 2 and sample 3 originated from the alloying of zinc raw material.

3.2. Morphology Characterization

An indication for the coating quality is the homogeneity of coating and an even distribution of
bismuth on the zinc surface. SEM micrographs were taken to study the coating morphology. The SEM
images of the uncoated and coated zinc powders are shown in Figure 5.Batteries 2018, 4, x FOR PEER REVIEW  7 of 13 
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Figure 5. SEM micrographs (secondary electron detector) of (a) uncoated zinc and coated zinc:
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Figure 5b shows a homogeneous and uniform particle surface. There are no uncoated spots
detectable, i.e., a smooth silica coating was achieved. In contrast, the coatings with Bi doping show
a rougher surface as illustrated in Figure 5c (sample 2) and Figure 5d (sample 3). Increasing the
bismuth content (Figure 5d, sample 3) obviously led to an increase in surface roughness. Agglomerates
were probably formed, as indicated in Figure 5d. The increase in roughness is supported by the BET
measurements presented in Table 1 inasmuch as the BET surface area increases from (0.257 ± 0.003) m2

g−1 of sample 1 to (0.327 ± 0.003) m2 g−1 for sample 2, and finally to (0.448 ± 0.015) m2 g−1 for sample
3. Nevertheless, we assume that a homogeneous silica coating entirely covers all coated samples.

In order to evaluate the elemental distribution of Si and Bi on the zinc surface, EDX mappings
were prepared for sample 3, in addition to the SEM micrograph in Figure 5d. The mappings for, Si, Zn,
and Bi are presented in Figure 6b–d.

The distribution of elemental Si in Figure 6b indicates that silicon is distributed uniformly over the
surface of the zinc particle, confirming the assumption of a homogeneous, closed silica layer. Figure 6d
however shows spots of aggregated Bi in the micrometer scale. Nevertheless, Bi is roughly present
all over the zinc surface. Those Bi clusters may be caused due to the deposition process. As the Bi
precursor is a powder and insoluble in the used solvent, the deposition of Bi on zinc is a solid-state
reaction and most likely dependent on the initial particle size distribution.

In order to investigate coating thickness and distribution of Bi inside the silica layer, cross-sections
of sample 1 and sample 3 were prepared. The layer thickness was determined graphically by using
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SEM images and measuring at seven points along the layer. Mean value and standard deviation were
calculated from these measurements. The SEM images are presented in Figure 7.Batteries 2018, 4, x FOR PEER REVIEW  8 of 13 
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Figure 7. SEM micrographs (back scattered electron detector) of cross sections of zinc coated with
(a) pure silica layer (sample 1) and coated with (b) silica layer doped with Bi (sample 3).

Figure 7a shows the pure silica coating (sample 1). The layer is evenly thick with an average
thickness of (286 ± 23) nm. Figure 7b shows the silica coating with Bi doping (sample 3). Again,
an evenly thick silica coating is observed. The bright dots in the coating indicate Bi aggregates. The Bi
aggregates are placed both, on the surface and inside the silica layer. Thus, we consider the doping
of the silica coating with Bi as a success even though a more homogeneous distribution would have
been favored.

3.3. Potentio-Dynamic Polarization Behavior

In order to study the influence of silica coating and additional Bi doping on the corrosion behavior
of zinc particles, galvanostatic polarization was used. Polarization curves for uncoated and coated zinc
in 6 M KOH are presented in Figure 8. The corrosion potential (Ecorr) and corrosion current (Icorr) were
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derived from Figure 8 by extrapolation of anodic and cathodic Tafel lines. Additionally, the protective
efficiency of the coatings was calculated according to Equation (2),

η = 100%
(I uncoated

corr − Icoated
corr

)
Iuncoated
corr

, (2)

where Iuncoated
corr and Icoated

corr are the corrosion currents of uncoated and coated zinc materials, respectively.
The results are summarized in Table 2.
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Table 2. Corrosion parameters and protective efficiency of uncoated and coated zinc powders.

Sample Name Parameter

Ecorr in V vs. Ag/AgCl Icorr in µA η in %

Uncoated zinc −1.568 419.8 -
Sample 1 −1.593 65.7 84.3
Sample 2 −1.592 61.2 85.4
Sample 3 −1.593 50.9 87.9

The uncoated zinc powder shows a corrosion potential of −1.568 V vs. Ag/AgCl (Figure 8a) and
a corrosion current of 419.8 µA (Table 2). Sample 1 shows a shift in corrosion potential toward a more
negative potential (−1.593 V), as indicated in Figure 8b. In addition, the corrosion current was reduced
to 65.7 µA (Table 2).

The doping of silica coating with bismuth (sample 2 and sample 3) had no effect on the corrosion
potential. However, the bismuth coating decreased the corrosion current of sample 2 and sample 3
to 61.2 and 50.9 µA, respectively. The results indicated that corrosion of zinc particles in 6 M KOH
was effectively reduced by the coating as hydrogen evolution was suppressed. We assume that the
unwanted side reaction of zinc and electrolyte was partially suppressed by the silica/Bi coating.
Therefore, the layer acted like a passivation barrier and prevented direct contact of the zinc surface
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with the electrolyte. Additionally, Bi has a high hydrogen overpotential, which reduced hydrogen
evolution [26].

In summary, the combination of silica coating and bismuth doping achieved in the best case a
protective efficiency of 87.9% (see sample 3 in Table 2). Based on these results, a lower self-discharge
and thus an improved zinc utilization of zinc particles coated with Bi-doped silica is expected.

3.4. Electrochemical Discharge Behavior

To demonstrate the reduced self-discharge and the expected increase in discharge capacity,
the discharge behavior was investigated in a half-cell configuration. The samples were dwelled for
either 1 or 48 h in 6 M KOH before being completely discharged to a cutoff voltage of 0.9 V vs.
Ag/AgCl. In order to check the protective efficiency of the coating, the capacity retention (Cr) was
calculated using Equation (3)

Cr =
100·c48h dwell time

c1h dwell time
, (3)

where C48h dwell time and C1h dwell time are the discharge capacities after 48 and 1 h dwell times,
respectively. The discharge curves are shown in Figure 9a,b. The corresponding discharge capacities
and capacity retentions are summarized in Table 3. The discharge capacity was related to the total
electrode mass, i.e., mass of zinc mass plus mass of coating. However, the mass of coating at a layer
thickness of (286 ± 23) nm was almost negligible compared to mass of the particle.
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Table 3. Discharge capacities, zinc utilization (DoD) after 1 and 48 h dwell times, and capacity retention
of uncoated and coated zinc (samples 1–3).

Sample Name Parameter

c (mAh g−1)
1 h Dwell Time

DoD in %
1 h Dwell Time

c (mAh g−1)
48 h Dwell Time

DoD in %
48 h Dwell Time

Capacity
Retention in %

Uncoated zinc 633 77.2 461 56.2 72.8
Sample 1 677 82.6 540 65.9 79.8
Sample 2 713 87.0 603 73.5 84.6
Sample 3 737 89.9 670 81.7 90.9

After 1 h dwell time (Figure 9a) uncoated zinc powder had a specific discharge capacity of
633 mAh g−1, which corresponds to a zinc utilization of 77.2%, in relation to the theoretical specific
capacity of zinc. Sample 1 showed a discharge capacity of 677 mAh g−1, which is already equivalent to
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a zinc utilization of 82.6%. The additional doping of the coating with bismuth increased the discharge
capacity for sample 2 and sample 3 to 713 mAh g−1 and 737 mAh g−1, respectively. As a result,
zinc utilization of samples 2 and 3 rose to 87.0% and 89.9%, respectively.

The enhanced discharge capacities of the coated zinc particles confirm the Tafel results in Figure 8
and Table 2. The coating reduced self-discharge of the active material due to decreased hydrogen
evolution, thus preventing premature zinc oxide formation, i.e., preventing zinc from becoming
inactive. As a result, more active material was available for the electrochemical discharge reaction.
Furthermore, the increased discharge capacity of Bi-doped coatings was achieved by improved
conductivity of the electrode. Table 4 illustrates the internal resistance before the discharge. Related
Nyquist plots are presented in the Supplementary File, see Figure S1.

Table 4. Internal resistance, Ri, as determined in Section 2.3 for uncoated and coated zinc (samples 1–3)
after a dwell time of 1 h in 6 M KOH.

Parameter Sample Name

Uncoated Zinc Sample 1 Sample 2 Sample 3

Ri/Ω 1.09 ± 0.07 1.10 ± 0.05 0.98 ± 0.05 0.97 ± 0.03

According to Table 4, the coatings do not clearly change the internal resistance. Nevertheless,
a slight decrease from (1.09 ± 0.07) Ω for uncoated zinc and (1.10 ± 0.05) Ω for silica coated zinc
(sample 1) toward (0.98 ± 0.05) Ω for sample 2 and (0.97 ± 0.03) Ω for sample 3 was seen, probably
due to the increased layer conductivity in the presence of metallic bismuth, which in turn increased
discharge capacities of sample 2 and sample 3.

After a dwell time of 48 h (Figure 9b) both, uncoated zinc powder and the coated zinc powder,
showed a decrease in discharge capacity due to extended self-discharge in 6 M KOH. Uncoated zinc had
a specific discharge capacity of 461 mAh g−1 (56.2% DoD), which corresponded to a capacity retention
of 72.8%. Silica-coated zinc (sample 1) showed a discharge capacity of 540 mAh g−1 (65.9% DoD) and a
capacity retention of 79.8%. The increased capacity retention of sample 1 indicated that the coating acts
as a protective barrier during dwelling in KOH, thus reducing the self-discharge of the zinc anode. This
result can be improved by a Bi-doped silica coating due to an increase in the hydrogen overvoltage.
Sample 2 and sample 3 show discharge capacities of 603 mAh g−1 (73.5% DoD) and 670 mAh g−1

(81.7% DoD), respectively, which in turn means a capacity retention of 84.6% or 90.9%, respectively.

4. Conclusions

Battery-grade zinc for zinc-air battery anodes corrode in alkaline electrolyte during shelf life
and discharge. In order to reduce corrosion, those zinc particles were coated with silica by a
wet-chemical sol-gel process in order to prevent the direct contact of the zinc surface with the
electrolyte. Additionally, the coating was doped with bismuth to increase hydrogen overvoltage,
electrical conductivity, and discharge capacity. We confirmed by FTIR, XRD, BET, and XPS that the
zinc particles were coated entirely with a silica layer. SEM micrographs demonstrated a homogeneous
coating with a layer thickness of about (286± 23) nm. In contrast, Bi-doped coatings were rougher with
large aggregates of Bi due to solid-state reaction. However, improved homogeneity of Bi is considered
favorable for battery application. The silica coating with higher amount of Bi reduced hydrogen
evolution and achieved a protective efficiency of 87.9%. That means the parasitic side reaction was
suppressed, and the DoD of coated zinc after 1 h dwelling in 6 M KOH was increased from 77.2%
to 89.9%. Due to the protective effect of the coating against the electrolyte, an enhanced discharge
capacity was achieved, even if the dwell time in 6 M KOH was increased to 48 h. The capacity retention
was more than 90% compared to only 72.8% for uncoated zinc.

In conclusion, the combined strategy with a protective silica coating and doping with electrically
conductive Bi, improved discharge capacity and capacity retention significantly compared to
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as-received battery-grade zinc, i.e., it is a promising material combination for zinc anodes in
zinc-based batteries.

Further studies are in preparation with the aim to reduce passivation and corrosion of rechargeable
zinc-air batteries by combining glass-coated zinc particles as described in [9] with the herein presented
work on silica/Bi coating.

Supplementary Materials: The following are available online at http://www.mdpi.com/2313-0105/5/1/32/s1,
Figure S1: a) Exemplary Nyquist plots of uncoated zinc, sample 1, sample 2 and sample 3. b–d) Zoom on
high-frequency region of EIS to determine Ri from three measurements for sample 1, sample 2, and sample 3.
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