The final publication is available at Elsevier via https://doi.org/10.1016/j.jelechem.2019.01.014 © 2019. This manuscript version is made
available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

Accepted Manuscript
Journal of
. . .. . Electroanalytical
Thixotropic gel electrolyte containing poly(ethylene glycol) with Chemistry

high zinc ion concentration for the secondary aqueous Zn/
LiMn204 battery

Aly Mitha, Hongyu Mi, Wenhan Dong, In Sik Cho, Jessica Ly,
Skylar Yoo, Sydney Bang, Tuan K.A. Hoang, P. Chen

PII: S1572-6657(19)30023-2

DOI: https://doi.org/10.1016/j.jelechem.2019.01.014
Reference: JEAC 12844

To appear in: Journal of Electroanalytical Chemistry
Received date: 10 October 2018

Revised date: 3 January 2019

Accepted date: 7 January 2019

Please cite this article as: Aly Mitha, Hongyu Mi, Wenhan Dong, In Sik Cho, Jessica
Ly, Skylar Yoo, Sydney Bang, Tuan K.A. Hoang, P. Chen , Thixotropic gel electrolyte
containing poly(ethylene glycol) with high zinc ion concentration for the secondary
aqueous Zn/LiMn204 battery. Jeac (2019), https://doi.org/10.1016/
j.jelechem.2019.01.014

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


https://doi.org/10.1016/j.jelechem.2019.01.014
https://doi.org/10.1016/j.jelechem.2019.01.014
https://doi.org/10.1016/j.jelechem.2019.01.014
James Zhan
The final publication is available at Elsevier via https://doi.org/10.1016/j.jelechem.2019.01.014 © 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/�


Thixotropic Gel Electrolyte containing Poly(ethylene glycol) with
High Zinc lon Concentration for the Secondary Aqueous

Zn/LiMn.0O4 Battery

Aly Mitha, ® Hongyu Mi,® Wenhan Dong, 2 In Sik Cho, # Jessica Ly,  Skylar Yoo, 2

Sydney Bang, @ Tuan K. A. Hoang, @ P. Chen *

@ Department of Chemical Engineering, University of Waterloo, 200 University

Avenue West, Waterloo, Ontario N2L 3G1, Canada.

b Xinjiang Uygur Autonomous Region Key Laboratory of Coal Clean Conversion and

Chemical Engineering Process, Xinjiang University, Urumgi, PR China

*Corresponding author.
Email: pAchen@uwaterloo.ca
Tel.: +1-519-888-4567 ext. 35586

Abstract

We have designed an aqueous gel electrolyte containing fumed silica as the
thixotropic gelling agent and poly(ethylene glycol) (MW = 300 g-mol™) as the non-
thixotropic gelling agent. Poly(ethylene glycol) is also the dendrite suppressor and the
corrosion inhibitor. Both PEG300 and fumed silica can inhibit dendrite formation,
shown by chronoamperometry results and ex-situ scanning electron microscopy
images. Furthermore, the corrosion current density on the Zn anode in the 4wt.%FS-

1wt.%PEG300 gel electrolyte is 27% less than that of the Zn in the reference aqueous



electrolyte. Secondary Zn/LiMn20O4 batteries using the 4wt.%FS-1wt.%PEG300 gel
electrolyte exhibit higher cyclability (12% and 39% higher capacity retention, after
300 and 1000 cycles, in Swagelok and large cells, respectively) than those using the
reference aqueous electrolyte. The vast improvements in cycling performance,
reliability, and higher resistance to premature failure makes the PEG-FS gel a much
better alternative to liquid electrolytes for maintenance-free energy storage

applications.
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1. Introduction

Zinc (specific reversible capacity: 820 A-h-kg™) is a low cost first order electrode
and an environmentally-friendly material [1]. It has been used as an anode in very
wide range of rechargeable aqueous batteries such as Zn-Ni, Zn-Metal Oxide, Zn-
polymer, Zn-Air, and Zn-ion systems [2-19]. Despite its many advantages, secondary
zinc batteries have not yet been commercialized to the same extent as Li-ion
technologies due to some problems which are fundamentally related to zinc itself. For
instance, dendrite formation & growth on the Zn electrode is a critical issue [20,21]
which leads to cell failure from short-circuiting as well as increased parasitic reactions
versus the specific surface area of the electrode [22]. This problem is more serious in
higher energy density zinc batteries because of higher area of anode — electrolyte

interface and higher quantities of Zn in the anode.

Dendrite formation on zinc is driven by differences in overpotential along the
surface. Locations with screw dislocations lead to raised edges on the surface of the
zinc electrode, and these sites exhibit a higher overpotential compared to the
surrounding areas on the electrode [23,24]. There is a higher access to 3D diffusion of
ions from the electrolyte on these raised sites resulting in increased rate of reduction
than recessed areas on the electrode. Generally, several different approaches have
been explored in literature to combat dendritic failure in Zn cells. Firstly, additives
can be added into the electrolyte to affect zinc electrodeposition. These additives
include surfactants (SDS and Triton-X) [25], polymers [26-28], organic acids such as

citric, benzoic and tartaric acids [29-31] and metal ions such as Bi** and Pb?* [32,33].



They either have affinity for the ions in solution or to the electrode, and they act by
hindering the formation of large electrodeposits. Secondly, additives may be added
directly to the zinc electrode. Organic binders such as PTFE [34] and PVDF [35] have
been shown to reduce the production of dendritic sites, and metal oxides affect the
distribution of current density on the electrode surface and can optimize the
deposition of zinc [36]. Lastly, the physical structure of the zinc electrode itself can be
tailored to minimize dendrite formation. For example, the in-situ growth of a hyper-
dendritic zinc foam was shown to form a dense secondary zinc dendrite with particle
sizes less than 100 nm [37]. Due to the uniform growth across all the small dendrite

structures, there was no runaway growth of large dendrites.

We propose a new gel electrolyte which consists of an aqueous electrolyte
containing 2M ZnSO4 and 1M Li2SOs, a fumed silica gelling agent, and short-chain
poly(ethyleneglycol) with MW of 300 g-mol™ (PEG300) as the non-thixotropic
gelling agent, for secondary Zn/LiMn2O4 batteries. We aim to use a combined
approach of controlling the diffusion of Zn?* ions in solution as well as guided
deposition by using polymers to restrict reduction and deposition of ions in non-ideal
sites. Using a thixotropic silica gelling agent is beneficial to the battery and
significantly aids in mitigating dendrite formation [38]. Herein, we show that PEG300
is an effective additive, and can further improve corrosion (54% lesser corrosion
current density), dendrite suppression (30% lesser chronoamperometric current
density), reliability, and long-term cycling performance (35.78 mAhg™ higher specific

discharge capacity after 300 cycles) over the 5wt.%FS electrolyte.



2. Experimental

2.1. Preparation of batteries

Electrode preparation has already been described in literature [39]. The reference
liquid aqueous electrolyte was prepared from Li>SO4-H20 (Sigma Aldrich, 98%),
ZnS04-7H>0 (Sigma Aldrich, 98%) and deionized water to obtain a solution
containing 1M Li>SO4 and 2M ZnSO4, pH was adjusted to 4.00 + 0.05. The gelled
electrolytes are prepared by adding respective quantities of Fumed Silica (7 nm,

Sigma Aldrich) and PEG300 (Sigma Aldrich) into the reference electrolyte.

2.2. Electrochemical characterization

The chronoamperometry three-electrode cell consists of ca. 2.5 cm? of polished
zinc (Rotometals) (WE), nickel foam (CE), and SCE (RE). An overpotential of -120
mV vs. Zn%*/Zn was applied for 1 hour using a multi-channel potentiostat (VMP3,

Biologic).

For corrosion measurements, a polished Zn strip with area of ca. 5 cm? (WE), Pt
(CE), and SCE (RE) were used. A linear polarization (LP) sweep was applied from -
0.020 V to + 0.020 V versus the EVT at 0.01 mV-s* using a multi-channel

potentiostat (VMP3, Biologic).

The cycling test was implemented on Swagelok-type cells and a bespoke large (7

mA-hour) cell. Each cell contained a LiMn204/KS-6 /PVdF (86:7:7 wt.%) composite



cathode and a polished zinc metal anode, and an Absorbed Glass Mat (AGM)
separator. LiMn20s, KS-6, and PVdF (HSV 900) are provided by MTI, Imerys
Graphite & Carbon, and Kynar® (Alchema), respectively. The areal loading of the
active cathode material was 4-6 mg-cm. The electrolytes were injected (by syringe)
onto the separator (ca. 0.4 g). Battery testing was conducted on a multi-channel
battery tester (BTS-5V10mA, Neware). The cells were cycled between 1.4 and 2.1 V

at 1 C (1 C is defined as 115 mA-h-g%), at ~ 25 °C.

3. Results and Discussion

Chronoamperometry (CA) was used to physically quantify the rate of zinc growth
on a target electrode. This rate is related to the responded CA current density because
each Zn?* from the electrolyte will accept 2 electrons to be converted to neutral Zn
and deposit on the surface of the working electrode. Under the same overpotential, the
absolute value of CA current density and the time duration required for equilibrium
are related to the characteristics of the deposit, which can be measured ex-situ by
microscopy and crystallography. The chronoamperograms of Zn electrodes from the
different electrolytes are shown in Figure 1 (a). In the reference electrolyte, the
absolute value of current density rapidly increases over time. This trend signifies an
increase in surface area as the test proceeds — this is only possible if the aspect ratio of
surface features increases. In the 5wt.%FS electrolyte, the absolute current density
shows a sharp decrease in value after approximately 150 s such that the final absolute
current density is significantly lower (-6.35 mA-cm2 vs. -20.39 mA-cm2) than the

reference electrolyte. This shrinkage points to decreasing aspect ratio of surface



features which will lead to much flatter surface morphology [40]. Introduction of
PEG300 to the gel electrolyte significantly inhibits nucleation, 2D and 3D diffusion
processes compared to reference electrolyte. This indicates that PEG polymers affect
the reduction and diffusion mechanisms of Zn ions, and a decrease in the respective
currents may result in highly uniform morphology of the electrode [26]. The
concentration of the PEG additive exhibits positive effect on dendrite inhibition:
increasing from 1wt.% to 2wt.% shows a slight decrease in the absolute current

density (-5.10 mA-cm2vs. -4.47 mA-cm™).

SEM images of the Zn WE after testing with reference, 5wt.%FS, 4wt.%FS-
1wt.%PEG300, and 3wt.%FS-2wt.%PEG300 electrolytes are presented in Figure 2.
The reference aqueous electrolyte sample exhibits uncontrolled dendritic growth with
large and jagged boulder-type dendrites observable on the surface. In contrast, in the
5wt.%FS gel electrolyte, the surface features are much flatter and more aggregated.
The edges of the surface features are also smoother. This observation confirms the
chronoamperometry result of the 5%FS gel exhibiting much lower 3D diffusion
current after 1 hour. Fumed silica therefore prevents high aspect ratio dendrites from
forming [40]. While this is highly desired, the corrosion rate of Zn in this electrolyte

is increased compared to the reference electrolyte [41].

In the 4wt.%FS-1wt.%PEG300 and 3wt.%FS-2wt.%PEG300 electrolytes,
deposits have a flake-type morphology instead of boulder-type observed without
PEG. These features are also much smaller (< 1 um) than those observed without

PEG (> 10 um). Increasing the concentration of PEG300 in the gel decreases the size



of the dendrite flakes. This size difference explains the decrease in absolute current
density between the 4wt.%FS-1wt.%PEG300 and 3wt.%FS-2wt.%PEG300

electrolytes.

Tafel extrapolation was applied to linear polarization of zinc to obtain the
corrosion potentials and current densities in different electrolytes (Figure 1 (b), table
1). It is immediately evident that the corrosion on the Zn electrode is much higher in
5wt.%FS gel electrolyte than in the reference aqueous system (0.0073 V and 2.571
HA-cm lower potential and higher current density, respectively). The increased
corrosion current signifies a higher rate of reaction which is harmful to the electrode
in the long-term. The 4wt.%FS-1wt.%PEG300 and 3wt.%FS-2wt.%PEG300
electrolytes exhibit both lower corrosion current densities as well as higher (more
positive) equilibrium potentials. The corrosion current density decreases significantly,
from 5.980+0.714 pA-cm to 4.952+0.515 pA-cm2, when increasing the PEG300
content from 1wt.% to 2wt.%, respectively, in the electrolyte. This result proves
PEG300 is a substantial corrosion inhibitor and can be used in lieu of other toxic

additives such as Pb?* [42].

Hydrogen gas evolution — the counter process of corrosion — is significantly
reduced in the PEG-FS gel electrolytes [43]. Decreased hydrogen gas production has
two effects: firstly, it improves the safety of the battery since there will be much less
internal pressure buildup, and secondly, more H* ions are retained in the gel hence
preserving the pH of the electrolyte. Overall, these advantages improve the lifetime

and reliability of aqueous batteries.



Figure 1 (c) presents the results of the cyclability test following a CC-CV protocol
(0.1 C current cut-off). After 300 cycles, the gelled batteries exhibit 10-12% higher
capacity retention than the reference batteries. The best performing system, 4wt.%FS-
1wt.%PEG300, was then selected for extended testing in the bespoke large battery. In
this test, as shown in Figure 1 (d), the reference electrolyte achieves an initial capacity
of 114.00 + 4.26 mAh.g™* while the 4wt.%FS-1wt.%PEG300 battery is able to reach
up to 141.00 + 1.29 mAh.g* at the initial cycle. After 1000 cycles, the reference
battery shows 15% of capacity retention, 39% less than the gelled system.
Additionally, the rapid decline in discharge capacity of the reference large battery
after approximately 730 cycles, together with the highly fluctuating coulombic
efficiency, shows the failure of the system from dendrite formation. The trend of
increasing difference in capacity retention between the aqueous and gel electrolytes

during cycling shows the impact of PEG300 on lifespan and reliability of batteries.

Voltage profiles at 1%, 500", and 1000™ cycles of both reference and gelled
batteries are plotted in Figure 1 (e) and (f), respectively. They share the same shape,
which is characteristic of LiMn2O4, with two plateaus corresponding to a two-step Li*
intercalation process [44-46]. The gelled battery offers higher coulombic efficiency at
first cycle, and exhibits higher discharge capacity over the entire cycling test. The
4wt.%FS-1wt.%PEG300 electrolyte only loses 10% discharge capacity between 500
and 1000 cycles, while the reference electrolyte experiences a 58% capacity decline in
the same period. This result reinforces the benefit of PEG300 in extending cycling

lifespan.



Figure 3 (a and b) show low magnification SEM micrographs of the large battery
anodes post-cycling, for the first time. While the anode from the 4wt.%FS-
1wt.%PEG300 system has reasonable dendrite growth on the surface, large holes
were observed in some sections of the anode from the reference system. This is
correlated to the increased corrosion in the reference system which leads to the rapid
degradation of the Zn anode during operation. Figure 3 (c and d) show higher
magnification SEM micrographs of the cycled anodes. Both anodes show typical
layered zinc deposits signifying net growth of the anode over time. However, the
anode from the reference battery exhibits much larger features (8-10 um) while those
from the PEG-FS gel anode are much smaller (2-3 um). This gives physical evidence
to aforementioned observation of battery failure from dendrite formation. Lastly,
Figure 3 (e and f) show the cathode surface post-cycling. No major differences in the
morphology of the two cathodes were observed leading us to conclude that the

interactions of the PEG gel electrolyte are solely with the zinc anode.

4. Conclusions

A new thixotropic gel electrolyte containing fumed silica and PEG300 as the
corrosion inhibitor, dendrite suppressor, and gelling agent is successfully prepared.
Chronoamperometry and ex-situ scanning electron microscopy studies confirm that
this electrolyte protects the Zn electrode from excessive dendritic Zn deposits. The
addition of PEG300 to the gelled battery increases reliability, exhibiting 27-40%
lower corrosion current density on the Zn anode. In comparison to the reference

battery, the gelled battery exhibits significantly higher cycling performance after 300

10



cycles at 1 C rate (12% higher capacity retention) and 39% higher capacity retention

after 1000 cycles in the large battery. This shows great prospect for scale-up of this

battery for use in large energy storage systems.
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Figure 1: (a) Chronoamperometry and (b) Linear polarization curves of zinc
electrodes in different electrolytes. Cycling performance of (c) Swagelok and (d)
Large batteries. Large battery voltage profiles of €) Reference, and f) 4%FS-
1%PEG300 electrolytes.
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Figure 2: SEM images of post-chronoamperometry zinc electrodes from: (a)

reference 1M Li2SO4-2M ZnSO0s4, (b) 5%FS, (c) 4%FS-1%PEG300, (d) 3%FS-
2%PEG300 electrolytes
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Figure 3: SEM images of large battery anodes after 1000 cycles from (a and c)

Reference and (b and d) 4%FS-1%PEG300 electrolytes. SEM images of large battery
cathodes after 1000 cycles from (e) Reference and (f) 4%FS-1%PEG300 electrolytes
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Table 1: Corrosion performance of zinc in different electrolytes.

Electrolyte Corrosion Potential (mV) Corrosion Current (uA-cm)
Ref -1006.6+0.1 8.237+0.057

SWt.%FS -1013.9+0.7 10.808+0.692
Awt.%FS-1wt.%PEG | -1001.95+0.35 5.980+0.714
3wWt.%FS-2wt.%PEG | -1002.05+0.42 4.952+0.515
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Highlights

We report the following improvements through the use of the novel gelled
electrolyte:

1. 27% decrease in the corrosion current density of the zinc electrode.

2. 75% reduction in the chronoamperometric current density of the zinc
electrode compared to the reference, indicating a vast improvement in
dendrite inhibition.

3. 39% improvement in the capacity retention after 1000 cycles compared
to the control when measuring cycling performance in our bespoke large
battery system.
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