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Acetonitrile-Based Electrolytes for Rechargeable Zinc

Batteries

Ahmed S. Etman,* Marco Carboni, Junliang Sun, and Reza Younesi*

Herein, Zn plating—stripping onto metallic Zn using a couple of acetonitrile (AN)-
based electrolytes (0.5 M Zn(TFSI),/AN and 0.5 M Zn(CF;SO3),/AN) is studied.
Both electrolytes show a reversible Zn plating/stripping over 1000 cycles at
different applied current densities varying from 1.25 to 10 mA cm 2. The over-
potentials of Zn plating—stripping over 500 cycles at constant current of 1.25 and
10 mA cm 2 are £0.05 and +0.2 V, respectively. X-ray photoelectron spectros-
copy analysis reveals that no decomposition product is formed on the Zn surface.
The anodic stability of four different current collectors of aluminum foil (Al),
carbon-coated aluminum foil (C/Al), TiN-coated titanium foil (TiN/Ti), and
multiwalled carbon nanotube paper (MWCNT-paper) is tested in both electro-
Iytes. As a general trend, the current collectors have a higher anodic stability
in Zn(TFSI),/AN compared with Zn(CF3SO;),/AN. The Al foil displays the
highest anodic stability of ~2.25 V versus Zn®*/Zn in Zn(TFSI),/AN electrolyte.
The TiN/Ti shows a comparable anodic stability with that of Al foil, but its anodic
current density is higher than Al. The promising reversibility of the Zn plating/
stripping combined with the anodic stability of Al and TiN/Ti current collectors

batteries."**”) Among them, nonaqueous
Zn batteries are interesting to consider,
as metallic zinc anode has a higher
volumetric capacity compared with metallic
Mg and Ca anodes (5851 mAh cm > for Zn
compared with 3833 and 2073 mAhcm™>
for Mg and Ca, respectively).'*2%
Furthermore, the Zn*" showed a reasonable
activation energy barrier for its diffusion in
many cathodes (e.g., Prussian blue ana-
logue, V,0s, ZnAl,Co, ,O4, and FePO,),
which provides opportunities for developing
a high capacity nonaqueous Zn batter-
ies. 131719227251 Recent studies have also
shown that carbon-based materials can be
used, for example, graphite can be used
as a cathode material for the rechargeable
Zn batteries.***!

The electrochemical reduction potential

paves the way for establishing highly reversible Zn-ion batteries.

1. Introduction

The research interest in rechargeable batteries and supercapaci-
tors keeps growing due to their application in a variety of
technologies such as portable electronic devices, hybrid vehicles,
grid storage, and so on."® Li-ion batteries have been developed to
commercial application over last 30 years;®'? however, recharge-
able nonaqueous batteries based on multivalent ions (e.g., Mg*™,
Ca®*, and Zn”") have attracted a lot of interest in the last few years
due to their abundancy in nature and their potential to provide a
reasonable energy density compared with the state-of-art Li-ion

of Zn*" [-0.76 vs standard hydrogen
electrode (SHE)] is, however, higher than
that of Mg®" (=2.37V vs SHE) and Ca**
(—2.87 vs SHE),*3% which makes it
less interesting in terms of cell voltage.
Nevertheless, the relatively high electrochemical potential of
Zn’"/Zn leaves metallic zinc within the electrochemical stability
window of most aprotic electrolytes. This means there is no need
of formation of the solid-electrolyte-interphase (SEI) on metallic
zing, rendering possibility for high-rate electrochemical plating—
stripping of Zn®*/Zn. The formation of SEI on metallic Ca and
Mg batteries is indeed one major challenge to achieve reversible
plating—stripping at room temperature.>*3!

Burrell et al.l'”) investigated different nonaqueous Zn electro-
lytes and reported very promising results regarding high reversibil-
ity of Zn plating—stripping and ionic conductivity in acetonitrile
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(AN)-based electrolytes. Moreover, they did not observe Zn-
dendrite growth when Zn(TFSI),/AN or Zn(CF;SO;),/AN was
used as the electrolyte. However, they used three electrode setup
with Pt disk as working electrode to study the efficiency of plating—
stripping and the anodic decomposition potential of electrolytes.™”!
Recently, Zhang et al. studied the Zn plating—stripping in 1M
Zn(TFSI),/AN using symmetric Zn|Zn cells at current densities
ranging between 0.1 and 5 mA cm™~21%®! Therefore, there is a need
to explore the plating—stripping in Zn(CF3;SOj3),/AN using sym-
metric Zn|Zn cells, and also investigate the plating—stripping at
much higher applied current densities.

To approach the development of practical nonaqueous
Zn batteries, we herein report overpotential and rate capacity
of plating—stripping of Zn**/Zn on metallic Zn electrodes
using two different electrolyte salts of Zn(TFSI), or
Zn(CF;S0s3), (can also be referred to as TFSI and Triflate,
respectively) dissolved in AN. The surface of the Zn metal
was analyzed by X-ray photoelectron spectroscopy (XPS) after
plating—stripping cycles. Furthermore, the anodic decomposi-
tion potential of the aforementioned electrolytes on different
current collectors such as aluminum foil (Al), carbon-coated
aluminum foil (C/AL), TiN-coated titanium foil (TiN/Ti),

www.entechnol.de

and multiwalled carbon nanotube paper (MWCNT-paper) is
herein investigated.

2. Results and Discussion

Figure 1 shows galvanostatic plating—stripping of symmetrical
Zn|Zn cells in 0.5 M Zn(CF3S03),;/AN or 0.5 M Zn(TFSI),/AN
electrolytes targeting charge of 1.47 C cm ™2, Both low and high
applied current densities of 1.25 and 10 mA cm ™2 can provide a
stable long-term plating—stripping; however, the electrochemi-
cal performance is slightly different depending on the choice of
zinc salt. When a low current density of 1.25mAcm™? is
applied (see Figure 1a), the cell with Zn(TFSI),/AN electrolyte
requires slightly higher overpotential during the initial
cycles (about 0.30V), compared with the cell containing
Zn(CF;3S03),/AN electrolyte (about 0.10 V in the initial cycles
and 0.04 V after about 23 cycles). This slightly higher overpo-
tential for Zn(TFSI),/AN electrolyte is observable—though
becomes smaller—in long-term cycling as well, in particular
after about 16 plating-stripping cycles the overpotential of
Zn(TFSI),/AN is dropped and stabilized at about 0.07V
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Figure 1. Galvanostatic plating—stripping in symmetrical Zn|Zn cells at constant current densities targeting a charge of 1.47Ccm™2 in 0.5m
Zn(CF3S03),/AN (blue) or 0.5 M Zn(TFSI),/AN (black): a) voltage/time profile for the first few plating—stripping cycles at low applied current density
0f 1.25 mA cm ™2, and b) the corresponding long-term cycling for 500 cycles. c) Voltage/time profile for the last few plating—stripping cycles at low applied

current density of 1.25 mA cm™2, d) voltage/time profile for the first few plating—stripping cycles at high applied current density of 10 mA cm

2 and

e) the corresponding long-term cycling for 500 cycles. f) Voltage/time profile for the last few plating—stripping cycles at high applied current density

of 10mAcm™2.
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(see Figure 1b,c). The latter overpotential result is more
superior than those reported earlier in a symmetric Zn|Zn
cells with 1M Zn(TFSI),/AN,*® as the overpotential was
stabilized at about 0.09V under current density of about
1mA cm™2 However, our results in 0.5M Zn(TFSI),/AN
showed wider variations in overpotential of the first few cycles
as compared with others,’*® which might be attributed to the
difference in the activation of the Zn surface in 0.5 and 1M

Zn(TFSI),.
1

B 20 cycles at 1.25 mAcm?
B 20 cycles at 2.5 mAcm™2
M 20 cycles at 5 mAcm2

www.entechnol.de

Similarly, for the higher current density of 10 mA cm™?, the
cell with Zn(TFSI),/AN electrolyte displayed slightly higher over-
potential in the very few initial cycles (=4 cycles; see Figure 1d),
but the overpotential becomes stable at about 0.20-0.15V for
both cells over 500 cycles as shown in Figure lef. These values
of overpotentials at high current densities in Zn(TFSI),/AN are
in a good agreement with the previous report.”®) Previous reports
approved that the morphology of the plated Zn is dendrite
free even at high current density; in addition, the purity of

500 cycles at 10 mAcm?

M 500 cycles at 1.25 mAcm
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Figure 2. Galvanostatic plating—stripping in symmetrical Zn|Zn cells at different applied current densities varying from 1.25 to 10 mA cm 2 targeting

a charge of 1.47Ccm™2

: a) schematic presentation for the cycling protocol; b,c) voltage/time profile in cells with 0.5M Zn(CF3SO3),/AN and

0.5M Zn(TFSI),/AN, respectively. d—g) Enlarged voltage/time profiles for the transition between different current densities in Zn(CF3SOs),/AN.
h—k) Enlarged voltage/time profiles for the transition between different current densities in Zn(TFSI),/AN.
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the deposited Zn is very high and its degree of crystallinity is
inversely proportional to the applied current density of the
plating [17-2628]

The coulombic efficiencies of plating—stripping at both low and
high applied current densities are >99.8% (see Figure Sla,b,
Supporting Information), which reflect the high reversibility of
plating—stripping in both electrolytes. It worth mentioning that
this high efficiency of plating-stripping was obtained in a number
of cells with similar parameters, showing high reproducibility of
the results (e.g., Figure S1, Supporting Information, to compare
with Figure 1). Notably, in Figure S1c,d, Supporting Information,
the overpotential of Zn(TFSI),/AN electrolyte is comparable
with that of Zn(CF3;S0;),/AN electrolyte, indicating the slight
difference in the overpotential of the initial cycles might come
from the traces of passive oxide on Zn metal.

The rate capability test for plating—stripping was performed
at different current densities of 1.25, 2.5, 5, and 10 mA cm™2,
targeting charge of 1.47 Ccm 2. Figure 2a shows a schematic
presentation for the cycling protocol. As shown in Figure 2b,c,
the plating—stripping overpotential increases as the current
density increases; however, it did not exceed +0.5V over more
than 300h of cycling. The variation of the overpotential can
be better observed from the enlarged voltage/time profiles for
the transition between a given current density and another
(see Figure 2d-g and Figure 2h-k for the Zn(CF;SOs),/AN
and Zn(TFSI),/AN, respectively). However, after about 350h
(about 800 cycles) plating—stripping, the cell with Zn(TFSI),/
AN started to show an increase in the overpotential (=0.45V
and stabilized after few cycles at 0.15 V). This increase in the
overpotential can be due to cell failure or changes in the surface
upon long-term plating—stripping at low current density (see XPS
discussion later). Overall, the results in Figure 1 and 2 show
that both Zn(CF;3S053),/AN and Zn(TFSI),/AN electrolytes could
be considered as superior electrolytes for Zn plating-stripping

N(SQ.CF,);

Zn 2p O1s

Cycled

Intensity / a.u.
Intensity / a.u.

Pristine
Pristine
Pristine
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on metallic Zn; however, Zn(CF;SO;),/AN outperforms
Zn(TFSI),/AN especially at low plating—stripping rates. The pre-
treatment of Zn foil with 3% HCI showed a slight improvement
in the plating—stripping for the cells containing Zn(TFSI),/AN
(see Note S1 and Figure S2, Supporting Information). In partic-
ular, the overpotentials during long-term plating-stripping
remained steady even at low plating—stripping current density
(see Figure S2c, Supporting Information); however, the overpo-
tentials were relatively higher than those obtained in the
Zn(CF;S03),/AN. This enhancement reflects that the surface
of the pristine Zn plays an important role in the long-term plat-
ing-stripping performance, especially in the Zn(TFSI),/AN.
XPS measurement was performed to analyze any possible
surface layer formation on Zn metal electrodes. The Zn 2p, O
1s, and C 1s spectra shown in Figure 3 indicate that the surface
composition of the cycled Zn electrode in 0.5 M Zn(TFSI),/AN is
very similar to the pristine Zn electrode; therefore, no major
decomposition products formed on the surface of Zn metal.
However, the peaks observed at 688.9, 399.5, 169.1, and
293 eV in the F 1s, N 1s, S 2p, and C 1s spectra, respectively,
of the cycled sample disclose that some of Zn(TFSI), salt
remained—but not decomposed—on the surface of Zn elec-
trode, though the electrode was rinsed with pure AN before
XPS measurement.*” The ratios between the amounts of the
elements on the surface were 5.5 for F/N, 3.7 for F/S, and 1.5
for S/N which are close to the theoretical ratio of 6, 3, and 2,
respectively, expected for TFSI (-N(SO,CFs),) anion.?®?®! This
also indicates that the salt did not decompose and just rather
remained attached to the surface of Zn metal. The total amounts
of F, S, and N originated from the salt species are below
15 atomic% which did not block out signals from the Zn
substrate. Therefore, one possible reason for the relatively
lower performance of Zn(TFSI),/AN cells as compared with
Zn(CF3S03),/AN might be the accumulation of TFSI on the

N(SO,CF3);
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Figure 3. XPS spectra of pristine Zn metal electrode and Zn metal electrode cycled in a symmetrical cell with electrolyte of 0.5 M Zn(TFSI),/AN.

Energy Technol. 2020, 8, 2000358 2000358 (4 of 7)

© 2020 The Authors. Published by Wiley-VCH GmbH

85UB9 1T SUOWILOD BAIIaID a|edljdde sy Aq pausenob e saoite O ‘esn Jo sajni 1oy Alq1 aUlUO A3|1A UO (SUONIPUOD-PUe-SLLB)W0D" A8 | IM ARe1q 1 fou1[U//:Sdny) SUOIPUOD pue sue | 841 8eS *[£202/TT/0E] uo Arigiauliuo Ao|im ‘ohog utey Asieaun eesddn Ag 856000202 @1US/Z00T OT/I0p/LI0D A8 1M Aleig1 Ul Uo//:SAny Wody pepeo|umoq ‘6 ‘0202 ‘96ZvY6TE


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

ion, Conversion, Storage, Distribution

www.advancedsciencenews.com

surface, which changes the surface especially at low current

density of plating—stripping.

To use any of the aforementioned electrolytes in full-cell
Zn Dbatteries, they need to be stable at high potential where an
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applied cathode performs. Burrell et al'”) used a platinum
electrode to measure the anodic stability of these electrolytes,
leading to high stability up to 3.6-3.8 V (vs Zn/Zn>"); however,
the anodic stability on practical current collectors was not
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Figure 4. Electrochemical stability of Al-current collector in AN-based electrolytes: a,c,e,g,i) CVs in 0.5M Zn(TFSI),/AN; b,d,fh) CVs in 0.5m
Zn(CF3S0s),/AN. The black, red, and blue curves represent first, second, and third scans; respectively. j) LSV on Al-current collector in 0.5m
Zn(TFSI)2/AN, and the inset SEM image showing surface of Al after the LSV. The scan rate in all CV and LSV experiments was 10mVs™ .
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discussed. Later on, it was shown that Ti foil can be used as a
current collector, and its stability in Zn(TFSI),/AN is higher than
that in Zn(CF;S0;),/AN.*®) We therefore conducted electro-
chemical measurements on some other current collectors which
could be used in a full-cell setup. Cyclic voltammetry (CV) was
conducted to explore the anodic stability of the Al current
collector in Zn(CF;S0s),/AN and Zn(TFSI),/AN electrolytes.
Figure 4b,d,f shows cyclic voltammograms (CVs) using Al foil
as the working electrode in Zn(CF;S03),/AN electrolyte. The
results disclose that the anodic charge in the cell with
Zn(CF3S03),/AN increased upon cycling even at relatively low
upper cutoff voltage of 1.75 or 2.0 V versus Zn>*/Zn, indicating
the low anodic stability of Al in this electrolyte. Notably, when the
upper cutoff voltage was raised further to 2.25V, the anodic
charge increases tremendously (see Figure 4h). This poor anodic
stability in Zn(CF3S0;),/AN is in agreement with the previous
report,”® and can be attributed to the decomposition of the
electrolyte and/or enhancement of the current collector oxidation
in the presence of Triflate anion.

On the contrary, CVs of Al in Zn(TFSI),/AN displayed more
promising anodic stability up to ~2.25V (see Figure 4a,c.e,g).
However, when the upper cutoff voltage was raised to 2.5 or
2.75V, the anodic charge started to increase (see Figure 4i).
To further enrich the picture, linear sweep voltammetry (LSV)
was used to Al foil in Zn(TFSI),/AN electrolyte, where the
potential was swept from open-circuit potential (OCP) to 2.8V
(see Figure 4j). The current remained almost constant until
the cell reached the potential of 2.25V, and then it increased
linearly with the potential, indicating the decomposition of the
electrolyte and/or the corrosion of the Al current collector.
The scanning electron microscopy (SEM) images confirmed
the corrosion of the Al after the LSV test (inset of Figure 4j).
Moreover, the anodic stability of other current collectors such
as C/Al, TiN/Ti, and MWCNT-paper was investigated in
Zn(TFSI),/AN and Zn(CF;S0;),/AN electrolytes (Figure S3-S5,
Supporting Information). The results showed that Al is the most
stable collector in both electrolytes compared with C/Al and
MWCNT-paper. TiN/Ti shows an anodic current density higher
than that of Al foil, but its anodic stability is comparable
with Al. This observation suggests that TiN/Ti is another applica-
ble current collector for nonaqueous Zn batteries. Recent studies
have shown that the anodic dissolution of the Al current collector
can be suppressed using a highly concentrated Li-TFSI electro-
lyte.®3 Therefore, future studies are need to explore the possibility
of improving the anodic stability of the current collectors in highly
concentrated Zn(TFSI),/AN and Zn(CF3SOs),/AN.

3. Conclusion

In summary, Zn’"/Zn can be reversibly plated—stripped
on metallic Zn in both 0.5M Zn(TFSI);/AN and 0.5M
Zn(CF;3S03),/AN electrolytes. The plating—stripping coulombic
efficiency was >99.8% for more than 500 cycles at current den-
sities of 1.25 and 10 mA cm™% However, the Zn(CF;S03),/AN
electrolyte showed slightly lower overpotential during the initial
cycles and better plating—stripping over long-term cycling. The
XPS analysis confirmed that no SEI layer is formed on Zn metal
surface after plating—stripping. On the contrary, Zn(TFSI),/AN
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electrolyte displayed better anodic stability on Al current collector
where almost no corrosion current was measured up to 2.25V.
The TiN/Ti showed an anodic stability comparable with that
of Al current collector. Other investigated current collectors such
as C/Al and MWCNT-paper offered an inferior performance
compared with Al foil. This work sheds light on the next steps
toward the development of full-cell nonaqueous Zn batteries and
Zn-ion-based hybrid supercapacitor (Zn-HSC).l*”)
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