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Deposition of ZnO on bismuth species towards a
rechargeable Zn-based aqueous battery†
JaeWook Shin,‡ Jung-Min You,‡ Jungwoo Z. Lee, Rajan Kumar, Lu Yin,
Joseph Wang* and Y. Shirley Meng*

Zn aqueous batteries typically suffer from poor cycle life because water soluble zincate ions are formed

during the oxidation of Zn. When Zn is oxidized, most of the Zn2+ ions detach from the current

collector and become electrochemically inactive, leaving the battery non-rechargeable. Numerous

reports demonstrate the use of Bi2O3 as an electrode additive to enhance electrochemical performance

and they attribute this phenomenon to the improvement in electrical conductivity. However,

conductivity does not have an effect on the intrinsic solubility of the zincate ion. We conduct a series of

characterizations to provide a comprehensive mechanistic role of Bi2O3 in the Zn electrode. We find

that upon oxidation, zincate ions are formed but they relax into ZnO on the surface of the bismuth

species. This work proposes that the reason for the prolonged cycle life is due to the deposition of ZnO

through relaxation and this prevents losing electrochemically active materials. This finding paves the way

for further improving the cycle life and understanding the mechanism of the Zn based rechargeable

aqueous batteries and possibly other conversion types of rechargeable batteries.

1. Introduction
Rechargeable or secondary batteries have become an essential
part of everyday life. A battery is the most efficient way of
storing energy because it does not need an external conversion
mechanism.1 While the need for a low-cost battery is rising,
lithium-ion batteries (LIBs) dominate the secondary battery in
the market even though the material synthesis for a LIB is
energy intensive and expensive.2–5 LIBs utilize ceramic oxides
and highly ordered graphite, which require high temperature
synthesis and organic electrolytes, which are flammable and
require expensive casing. One attractive option to lower the cost
of energy storage is to design secondary batteries with aqueous
electrolytes. Zn anodes are a promising aqueous battery
material because they are a nontoxic, earth abundant, low-
cost, and energy dense resource.6 Utilizing the Zn anode also
raises the working voltage due to its low reduction voltage; thus
applying a rechargeable Zn anode can lead to a dramatic drop
in the cost of secondary batteries.7

Zn anodes are one of the oldest electrochemical electrodes
dating back to the batteries invented by Alessandro Volta in the
1800s, yet commercially rechargeable Zn anode implementation

is scarce because the Zn anode suffers from a critical intrinsic
issue. It has long been discovered that when Zn oxidizes (or
discharges), zincate ions are formed and relax into ZnO.8 The
problem is that the zincate ions are soluble in an aqueous
alkaline electrolyte. When the zincate ions are formed, the ions
detach from the Zn surface and dissolve in the electrolyte.
Eventually the Zn particles lose electrical connection rendering
the anode no longer rechargeable. As the Zn anode is a promising
anode for both alkaline batteries7,9 and metal–air batteries,6,10,11

resolving the rechargeability with the Zn anode is beneficial for
the field of electrical energy storage.

To overcome this issue, there are numerous reports utilizing
various methods including composite addition, electrolyte
modification, and nanostructuring.12–16 Among them, the
composite addition of Bi2O3 is notable for its simplicity and
effectiveness. Some reports show that Bi2O3 significantly
improves the cycling performance of the Zn anode; however
much of the literature suggests that enhanced cycle perfor-
mance is due to advanced electrical conductivity.16,17 Moser
et al. observed Bi metal formation through in situ powder X-ray
diffraction (PXRD) and concluded that the Bi metal further
increased the conductivity.17 However, it is difficult to argue
that Bi2O3 is the most effective additive to elevate the electrical
conductivity. Bi2O3 exhibits p-type electronic conductivity at
room temperature, but it is heavy and not easy to obtain a high
surface area.18 Using Bi2O3 as a conductive additive makes the
whole electrode too heavy without providing much electrical
connection. A more optimum choice to increase the conductivity
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is to employ simple conductive carbon with a high surface area.
But it is known that the benefit of Bi2O3 surpasses that of the
carbon.19 Therefore, a more comprehensive understanding of
the mechanism of a Zn and Bi2O3 composite electrode is
needed. This paper proposes that when the zincate ions are
formed, the ions are deposited onto the surface of the bismuth
species, which allows the Zn anode to be rechargeable. The
authors prove this with various characterizations of the composite
electrode at different states of electrochemical cycles.

2. Experimental section
Cell fabrication

All inks were prepared by first preparing the polyvinylidene
fluoride (PVDF) solution. PVDF solution is prepared by dissol-
ving 1 g of PVDF (MTI, EQ-Lib-PVDF) in 10 ml of n-methyl-2-
pyrrolidone (NMP) (MTI EQ-Lib-NMP). The PVDF was dissolved
overnight after vortex mixing and sonication. Then the appro-
priate amount of PVDF solution was added to the composite
powder. The mass ratio of the composite powder and PVDF is
illustrated in the ESI.† The active electrode area was 0.7 cm �
0.9 cm and the distance between the electrodes was maintained
at 2 mm. Electrode patterns were designed in AutoCAD
(Autodesk, San Rafael, CA) and outsourced for fabrication
on stainless steel through-hole 12 inch framed stencils (Metal
Etch Services, San Marcos, CA). A conductive carbon ink
(ERCON E3449) was printed as a carbon based current collector
layer on a polyethylene terephthalate (PET) film. On the current
collector layer, the respective electrodes were printed. The
printing was performed by employing an MPM-SPM semiauto-
matic screen printer (Speedline Technologies, Franklin, MA).
For the three-electrode cell electrochemical experiments, the Zn
electrode was taped to a glass slide in between two strips of Zn
foil (Sigma-Aldrich 356018). The two strips of Zn foils were
utilized as the counter electrode and the reference electrode.
Then the gel based electrolyte was prepared with polyacrylic
acid.20 The electrolyte was extruded onto the three-electrodes
via a syringe.

Electrochemical tests

The electrochemical tests were conducted using Arbin electro-
chemical cycler channels. All the electrochemical cycling tests
were conducted with galvanostatic discharge at a current
density of 4 mA cm� 2 and constant current constant voltage
charge at a current density of 2 mA cm� 2 and constant voltage
hold for 20 min at � 0.3 V vs. Zn/Zn2+ for three-electrode cells
and 2.05 V vs. Zn/Zn2+ for a full-cell. The three-electrode cells
were cycled in the � 0.3–0.4 V Zn/Zn2+ range and the full-cell
was cycled in the 0.8–2.05 V Zn/Zn2+ range. The three-electrode
cells were cycled with a capacity limit of 1 mA h cm� 2.

PXRD

The pristine sample is the Zn + Bi2O3 electrode. The soaked
sample is the pristine sample soaked in the electrolyte for the
same time as oxidized sample (45 minutes). The oxidized

sample is the pristine sample after electrochemical oxidation
(discharge). Both the soaked sample and the oxidized sample
were washed with running D.I. water and soaked in the D.I.
water overnight. After washing, the electrode was dried in 60 1C
for 3 hours. All the PXRD data were collected at an ambient
temperature on a Bruker D8 Advance diffractometer at 40 kV,
40 mA for Cu Ka (l = 1.5418 Å), with a scan speed of 1 s per step,
a step size of 0.051 in 2y, and a 2y range of B10–801.

Raman spectroscopy

The Raman samples were prepared in the same way as the PXRD
samples. The Raman spectra were recorded using a Renishaw
InVia Raman microscope, with a laser excitation source of 514 nm,
a magnification of 20� , a power of 0.1%, and three accumulations
of 30 seconds. For the oxidized sample, ten different spots were
examined to confirm the consistent results.

Scanning electron microscopy/energy dispersive X-ray
spectroscopy (SEM/EDS)

The SEM/EDX samples were prepared in the same way as the
PXRD samples. After drying, the electrodes were scraped off
from the PET substrate and ground in an agate mortar and
pestle. The electrode powder was then loaded onto a SEM
holder using a carbon adhesive tape. The images and the EDS
mapping were obtained using a 10 kV energy source using the
FEI/Phillips XL30 ESEM.

X-ray photoelectron spectroscopy (XPS)

The electrode samples were prepared in the same way as the
PXRD samples. Then the electrodes were adhered to a Si wafer
using carbon tape. The baseline powders were also adhered to a
Si wafer using carbon tape. XPS was performed using a Kratos
AXIS Supra with the Al anode source operated at 15 kV. The
chamber pressure was o10� 8 Torr during all measurements.
High resolution spectra were calibrated using the hydrocarbon
C1s peak at 284.8 eV. Fitting was performed using CasaXPS
software using a Shirley-type background.

3. Results
The three-electrode system of various Zn cells is electrochemi-
cally cycled (Fig. 1). When the electrode only contains Zn, the
cell cycles only 8 times with a small capacity, followed by a
rapid capacity failure. With the addition of Super-P (SP), a
conductive carbon additive, the capacity retention exponen-
tially decays in the first ten cycles, gradually decreases until
40 cycles, and finally has no capacity after 50 cycles. By
including ZnO, the electrode cycles only two times with zero
capacity output. When added with Bi2O3, the capacity exponen-
tially decays for the first three cycles but increases back to
1 mA h cm� 2 over the next 12 cycles. This Zn electrode with the
Bi2O3 additive is referred to as the Bi2O3 electrode. With the addition
of all three additives, the capacity remains at 1 mA h cm� 2 for at
least 50 cycles. Bi2O3, compared to SP, increases in capacity
after the exponential decay and after 15 cycles, the capacity
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