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Zinc ion batteries (ZIBs) are emerging as a promising and cost-
effective alternative energy storage system compared to other
metal-ion batteries. Aqueous electrolytes have been extensively
studied in Zn-ion batteries which has shown issues related to
cathode dissolution. In comparison, little has been looked into
the use of organic electrolytes in ZIBs. Here, we have studied
both protic and aprotic forms of formamide-based organic
electrolytes containing Zn trifluoromethanesulfonate and their
influence on the Zn solvation chemistry, electrochemistry, and
performance of Zn-MnO2 battery. It was observed that protic-

based electrolytes gave a much better capacity and stability for
the Zn-MnO2 battery. A capacity close to 150 mAhg� 1 was
obtained with formamide electrolyte at a current density of
0.25 Ag� 1. For all the other formamide-based electrolytes
tested, the capacity was lower. After 100 cycles, an average
capacity retention of 72% was obtained for formamide-based
electrolyte. This study shows that protic-based electrolytes
might be a suitable option for non-aqueous-based Zn-ion
batteries.

Introduction

The demand for portable electronic devices, transportation, and
grid-storage applications is ever increasing, and therefore the
need for efficient and economical storage devices having high
power and energy density is needed.[1,2] Li-ion batteries (LIBs)
have dominated the electronic markets in the last two decades
and are now being used in the automobile sector. However, the
main issue with LIBs is the limited availability of lithium along
with difficulty in recycling the batteries.[3–5] Therefore, recently
lot more effort has been focused on developing alternate
battery chemistry based on earth-abundant and easily recycla-
ble materials such as Na, Zn, Ca, and Al.[6–8]

Among the various battery chemistry, Zn-based batteries
are attractive due to their low-cost, high theoretical capacity
(820 mAhg� 1), safety of Zn metal, stability in aqueous electro-
lytes, and ease of recyclability.[9–11] Recently, ZIBs have received
much attention as it was shown to intercalate and deinterca-
lated into different host materials, such as vanadium oxide
(V2O5) and manganese dioxide (MnO2), as these metal oxides
have a tunnel structure.[12–16] With MnO2 cathodes, a capacity of
300 mAhg� 1 was achieved based on co-intercalation of H+ and
Zn2+ ions.[14,15] However, it was observed that in aqueous
electrolyte, MnO2 dissolves with time and therefore Mn salts

had to be added to maintain the capacity as further MnO2

deposition takes place during the battery cycling.[14] Further-
more, in aqueous-based ZIBs, other issues also must be
addressed such as Zn corrosion reaction at the anode, hydrogen
evolution reaction during cycling, and loss of capacity due to
side reactions that occur due to local changes in the pH of the
electrolyte.[9,17] In order to reduce Zn corrosion and hydrogen
evolution reaction, coatings on Zn have been shown to improve
the cyclability.[18,19] However, issues would still remain if the
defects occur in the coating with time.

In comparison to aqueous electrolytes, non-aqueous elec-
trolytes such as organic solvents, deep eutectic solvents or ionic
liquids can play a crucial role in improving the performance and
stability of ZIBs.[20–22] Ionic liquids have been shown to inhibit Zn
dendrite formation either by modulating the cationic or anionic
Zn complex or by modifying the interface using an additive in
the electrolyte.[22,23] However, the issue with ionic liquids is the
high viscosity and low ionic conductivity. However, as ionic
liquids modify the electrode/electrolyte interface which
changes the nucleation/growth of Zn, lowering viscosity and
improvement in diffusion kinetics is possible using ionic liquid-
water electrolytes.[24] More recently, bio-ionic liquid-based
electrolytes have shown to inhibit Zn dendrite formation which
opens up new avenues in developing sustainable electrolytes.[25]

Besides ionic liquids, polar aprotic solvents have also been
investigated which avoid hydrogen evolution reaction reac-
tions. Acetonitrile (AN) as a polar solvent has been studied with
various Zn salts of Zn perchlorate (Zn(ClO4)2), Zn trifluorometha-
nesulfonate (Zn(OTf)2), and Zn bis(trifluoromethylsulfonyl)imide
(Zn(TFSI)2) on different cathode materials which has shown
reasonable capacity of about 120 mAhg� 1.[17,26,27] Recently, a
higher dielectric aprotic solvent of dimethyl sulfoxide electro-
lyte containing Zn(OTf)2 showed reasonable capacity of
159 mAhg� 1 at 50 mAg� 1 which decreased by 60% after
1000 cycles.[28] Despite their advantages, aprotic organic electro-
lytes do have a few issues, such large overpotential of Zn
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deposition due to Zn complexation which affects the rate
capability. Also, little is understood regarding the solvation/
desolvation process.[11,21]

In this paper, we have studied a highly dielectric protic
electrolyte of formamide (dielectric constant of 109[29]) contain-
ing Zn(OTf)2 for a Zn-MnO2 battery. We have studied the Zn
solvation chemistry using Raman and infrared spectroscopy, Zn
deposition/stripping process in a symmetric cell, and Zn
electrochemistry on MnO2 cathode. We have also studied the
effect of the side chain of formamide with different dielectric
constants (N methyl formamide, dielectric constant 186,[30]

N,N dimethyl formamide, Dielectric constant 37[29] and
N,N Diethyl formamide, dielectric constant[29]) on Zn electro-
chemistry and Zn-MnO2 battery performance. Using different
characterisation techniques, the studies revealed that the
dielectric constant of the electrolyte plays an important role in
the performance of the Zn battery.

Experimental
Sodium acetate (99.99%), Zn triflate (98%), MnSO4 (98%), Forma-
mide (99%), N-methyl formamide (NMF, 99%), dimethyl formamide
(DMF, 99%), diethyl formamide (DEF, 99%) were purchased from
Fisher Scientific. Zn (99.9%) was purchased from Pi-Kem and
graphite paper was purchased from RS Pro. The electrolytes were
prepared by mixing Zn triflate in different organic solvents at 70 °C
for two hours after which it was cooled to room temperature before
usage.

MnO2 was electrochemically deposited onto the graphite paper
from a solution of 0.2 M Na2SO4 containing 5 mM MnSO4. The
deposition was performed by cycling between a potential of 0 V to
1.5 V vs Ag/AgCl. Ten cyclic voltammetry cycles were performed to
obtain MnO2 on the graphite paper. The deposit was then washed
in water and dried in a vacuum oven at 60 °C for two hours. The
mass loading was found to be between 1–1.5 mgcm� 2. X-ray
diffraction analysis confirmed that the electrodeposited MnO2 was
amorphous.

Electrochemical measurements were carried out in a home-built
Teflon cell consisting of MnO2 MnO2-coated graphite electrode as

the working electrode, Zn foil as the counter, and reference
electrodes with different electrolytes. CV was performed in the
potential range of 0.5–2.2 V vs Zn at different scan rates from 1 to
5 mVs� 1 by using a Biologic VMP 3e potentiostat/galvanostat. The
galvanostatic charge/discharge cycling tests were carried out in a
split cell with Zn anode, a Whatman separator, MnO2 cathode with
different electrolytes by using a battery tester Nanocycler from
Nanobase.

The FTIR and Raman spectra of the electrolyte were acquired using
Shimadzu IRspirit and Renishaw inVia confocal Raman microscope,
equipped with a 514 nm laser (Stellar-REN) and using a diffraction
grating of 1800 lines/mm with a Renishaw CCD camera as the
detector, respectively. For Raman, the samples were run with laser
power at 100% using the 5x objective lens with a 532 nm laser,
respectively.

Results and Discussion

The Zn solvation in the electrolyte was studied using Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy.
Figure 1a compares the IR spectra of Zn(OTf)2 in different
formamide-based protic and aprotic solvents. It is evident that
there are changes in vibration modes in SO3, CH, and NH2 due
to the interaction between the Zn(OTf)2 and different forma-
mide solvents. Compared to formamide, additional peaks due
to the presence of side chains appear in the IR spectra in NMF,
DMF and DEF.

Figure 1b compares the Raman spectra of the different
electrolytes from which it is evident that changes are observed
in vibration modes of formamide as well as CF3 in the Zn(OTf)2.
Additional peaks such as νHNH at 1080 cm� 1 are seen for DMF
and DEF. It is well known that the vibration modes of the anions
are sensitive to the changes in its surroundings from which
metal ion solvation can be evaluated using Raman
spectroscopy.[23,24,31] For the case of triflate anion, both theoret-
ical and experimental studies revealed that the changes in CF3

which occurs between 700 and 800 wavenumbers in the Raman
spectra can be used to understand the metal ion

Figure 1. FTIR and Raman Spectra of different electrolytes, (a) IR spectra; (b) Raman spectra; and (c) magnified CF3 peak of the Raman spectra.
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complexation.[24,31] The Raman in Figure 1c shows this region. It
is evident that the wavenumber of TfO does not change much
when the solvent is changed from formamide to NMF. However,
a large shift to lower wavenumber occurs on using the aprotic
solvents of DMF and DEF. This indicates that the Zn coordina-
tion changes significantly in protic and aprotic electrolytes and
the side chain of the electrolytes also affects the interaction
between the Zn salt and the solvent.

To understand the influence of change in the Zn speciation,
the electrolytes were tested in a Zn symmetric cell. Figure 2
compares the galvanostatic performance of Zn deposition/
stripping from different electrolytes at a current density of
1 mAcm� 2. Comparing the voltage time graphs in Figure 2, it is
evident that the most stable Zn deposition/stripping takes
place in formamide and NMF electrolytes (Figure 2a, Figure 2b).

Some stability is also achieved in 0.5 M Zn(OTf)2 in DEF
(Figure 2d). However, the Zn deposition/stripping stability is

Figure 2. Zn deposition/stripping in a Zn/Zn symmetric cell at a current density of 1 mAcm� 2 (capacity of 0.5 mAhcm� 2) in (a) 0.5 M Zn(OTf)2 in formamide
(b) 0.5 M Zn(OTf)2 in NMF (c) 0.5 M Zn(OTf)2 in DMF (d) 0.5 M Zn(OTf)2 in DEF.

Figure 3. SEM of Zn after cycling at a current density of 1 mAcm� 2 (capacity of 0.5 mAhcm� 2) in (a) 0.5 M Zn(OTf)2 in formamide (b) 0.5 M Zn(OTf)2 in NMF
(c) 0.5 M Zn(OTf)2 in DMF (d) 0.5 M Zn(OTf)2 in DEF (e) XRD of Zn after cycling in different electrolytes.
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worse in DMF electrolytes. Based on the Zn deposition/stripping
experiments, it is evident that side chains affect the Zn
electrochemistry significantly. Furthermore, comparing the
protic electrolytes, the overpotential of Zn deposition is least
for Zn(OTf)2 in formamide.

To further access the Zn deposition/stripping phenomena,
SEM and XRD were performed. Figure 3a–3d shows the
morphology of Zn after deposition/stripping cycles. From the
formamide electrolyte, the formation of the Zn nanoplate

structure is evident. In comparison, the Zn morphology from
NMF and DEF (Figure 3b and c) show a network-like structure
whereas a porous structure is observed on using DMF
(Figures 3d). Comparing the SEM, it is evident that the porous
structure for aprotic electrolytes is much higher than the porous
structure for protic electrolytes. The XRD of the Zn electrode
after deposition/stripping is shown in Figure 3e. It is evident
that based on the electrolyte used, the ratio of Zn(101)/Zn(002)
changes significantly. For the case of formamide and DEF, this

Figure 4. CV of Zn electrochemistry on MnO2 in (a) 0.5 M Zn(OTf)2 in Formamide (b) 0.5 M Zn(OTf)2 in N-methyl Formamide (c) 0.5 M Zn(OTf)2 in N,N dimethyl
Formamide (d) 0.5 M Zn(OTf)2 in N,N diethyl Formamide.

Figure 5. Charge discharge profile of Zn-MnO2 at different current densities in (a) 0.5 M Zn(OTf)2 in formamide (b) 0.5 M Zn(OTf)2 in NMF (c) 0.5 M Zn(OTf)2 in
DMF (d) 0.5 M Zn(OTf)2 in DEF, electrolytes.
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ratio is low (1.16) whereas for NMF (1.36) and DMF (1.2) the
ratio is higher. It has been shown that Zn(100) and Zn(101)
show high self-diffusion barrier whereas Zn(002) show high
chemical stability as their surface energy is lower than that of
(100) and (101) planes.[32] Therefore, an increase in Zn(002)
plane appears to be a useful method to stabilise the Zn anode.
Comparing the XRD in Figure 3e, it is evident that the peak
intensity of Zn(002) is high for formamide and therefore shows
a better Zn deposition/stripping cycle seen in Figure 2.

Next, we tested the electrolytes on an electrodeposited
MnO2 cathode. Figure 4 compares the Zn electrochemistry on
MnO2 from different electrolytes. In formamide electrolyte, at a
lower scan rate (1 mVsec� 1, Figure 4a) two oxidation peaks at
1.5 and 1.7 V are observed and a single broad reduction wave
peaking at 1.2 V is seen. With the increase in scan rate the two
oxidation peaks merge to form a shoulder and a broad wave.
These peaks can be ascribed to the Zn intercalation/deinterca-
lation process in the MnO2 matrix.[33]

On using NMF electrolyte, a similar feature is observed in
Figure 4b. The oxidation peak occurs at 1.6 and 1.8 V and the
reduction peak occurs at 1.15 V which can again be related to
Zn intercalation/deintercalation process. However, compared to
formamide with an increase in scan rate, the two oxidation
peaks remain consistent. On using an aprotic electrolyte of N-
dimethyl formamide, the CV (Figure 4c) again shows two
oxidation peaks at 1.5 and 1.75 V and one reduction peak at
1.2 V whereas for N-diethyl formamide, a shoulder at 1.5 V and
a peak at 1.8 V is observed in the oxidation scan (Figure 4d) and
a reduction peak is observed at 1.15 V. Comparing the four CV
curves in Figure 4, it is evident that the current density of using
aprotic electrolytes is lower than protic electrolytes which could

be due to higher viscosity and change in the Zn solvation
structure in the electrolyte.

To understand the effect of the electrolyte on the capacity
of the Zn-MnO2 battery, galvanostatic charge-discharge was
performed at different current densities. Figure 5 compares the
charge-discharge behaviour at different current densities. The
open circuit potential was found to be close to 1.5 V for
formamide which decreased to close to 1.4 V on changing the
electrolyte to NMF, NDMF, and NDEF.

The capacity obtained for formamide was 150 mAhg� 1 at
0.25 Ag� 1 which decreased considerably to 80 mAhg� 1 at
0.5 Ag� 1, Figure 5a. In comparison, NMF showed a capacity of
130 mAhg� 1 at 0.25 Ag� 1 which decreased to around
80 mAhg� 1 at 0.5 Ag� 1. On using the aprotic organic electro-
lytes, both DMF and DEF showed a capacity of 80 and
90 mAhg� 1 at 0.25 Ag� 1(figure 5c and 5d). Based on the results
from Figure 5, it is evident that the battery capacity of protic
organic solvents is much higher than the aprotic organic
solvent. Furthermore, the side chain in formamide appears to
decrease the battery capacity.

The cyclability of the battery was subsequently tested for
the Zn/MnO2 battery in different electrolytes at 0.25 Ag� 1.
Figure 6a shows the battery capacity and stability in formamide
electrolyte when cycled between 0.5 and 2.1 V. An initial
discharge capacity close to 160 mAhg� 1 is observed which
drops quickly to about 100 mAhg� 1 and remains stable for
100 cycles. Repeated experiments showed that the drop in the
capacity varied and an average capacity retention of 72% could
be achieved. For the case of Zn containing NMP electrolyte, an
initial discharge capacity of 105 mAhg� 1 is achieved which
increases to 110 mAhg� 1 and then decreases to 93 mAhg� 1

after 100 cycles (figure 6b). The change in the behaviour in Zn

Figure 6. Cycling performance of Zn-MnO2 at 0.25 Ag� 1 (a) 0.5 M Zn(OTf)2 in formamide (b) 0.5 M Zn(OTf)2 in NMF (c) 0.5 M Zn(OTf)2 in DMF (d) 0.5 M Zn(OTf)2
in DEF, electrolytes.
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storage can be ascribed to inhomogeneous deposition during
charging as observed during Zn deposition/stripping process
and from the Zn microstructure. For the case of aprotic
electrolytes (Figure 6c and 6d), the stability of the Zn/MnO2

battery decreases significantly. For the case of DMF, an initial
discharge capacity of 170 mAhg� 1 is observed which decreases
to less than 25 mAhg� 1 after 100 cycles whereas for DEF a
decrease from 80 mAhg� 1 to less than 40 mAhg� 1 is observed.
Thus, comparing the protic organic electrolytes to their aprotic
counterpart, it is evident that protic electrolytes are better
suited for the Zn/MnO2 battery.

Conclusions

In this study, the influence of protic and aprotic electrolytes on
Zn-MnO2 battery was investigated. From spectroscopic analyses,
it is evident that Zn solvation changes with a change in organic
solvent, which affects the Zn deposition/stripping process
significantly. It was observed that among all the electrolytes
investigated, formamide showed the lowest Zn deposition
overpotential and showed good cyclability. The electrochemis-
try of the Zn intercalation/deintercalation process in MnO2 did
not show a significant difference in all the electrolytes.
However, the battery storage capacity depended on the
electrolyte. Compared to aprotic organic electrolytes, the protic
electrolytes not only showed a higher Zn storage capacity but
also showed better stability.
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MnO2 battery. A clear distinction
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to a difference in the electrochemical
and charge storage behaviour. Based
on the electrolytes studied, it appears
that protic organic electrolytes are
more suited for Zn-MnO2 batteries.
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