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Deep eutectic solvents (DESs) have proved to be an effective
substitute for conventional electrolytes for energy storage
applications because of their unique properties and ability to
adapt them to specific applications. In this regard, this study
examines an easy-to-produce, widely available and cheap
manganese nitrate concentrated electrolyte that holds DES
traits. The electrolyte (i. e., manganese nitrate; (Mn(NO3)2 · 6H2O
with a weight composition of 42%) revealed its eutectic

behaviour by benchmarking the eutectic distance (53 °C),
thermal expansion coefficient (3.9×10� 4 K), activation energy
for conductivity (~2.45 kJmol� 1), and viscosity (14 kJmol� 1).
What’s more, it was successfully incorporated into a two-
electrode symmetric supercapacitor comprising activated car-
bon electrodes and demonstrated specific capacitance reten-
tion of 93% (170 F g� 1) through 2000 consecutive galvanostatic
charge-discharge cycles at 25 and � 20 °C.

Introduction

Aqueous electrolytes are commonly used in electrochemical
systems and processes due to their effectiveness and viability
towards sustainability. Their ionic conductivity can stretch to
values greater than 150 mScm� 1 (except for very low temper-
atures), markedly higher than non-aqueous electrolytes.[1] Be-
sides, they are safe, non-flammable,[2] non-toxic, in several
instances affordable[3] compared to their peers (i. e., organic
solvents,[3] supercritical fluids,[4] room-temperature ionic liquids[5]

and poly-fluorinated compounds[6]), widely available, and easy
to synthesize. Yet, they are hindered by their thermal and
electrochemical stability.[7] For example, in supercapacitors,
conventional aqueous electrolytes (e.g., H2SO4, KCl, and KOH)
are hindered by low voltage, which in turn limits their energy
density.[8] Both hydrogen and oxygen evolution reactions
require an overpotential that is contingent on the electrode
material,[9] and when exceeded can propagate decomposition
and instability within the medium and the electrode(s) (e.g.,
corrosion and leakage[10]), reducing the performance and life-
span of the device. Therefore, novel ways to improve their
performance are actively researched and developed. It has been
reported that the interaction between ions and solvents in

electrolytes can mitigate the water decomposition process and
the production of hydrogen gas, especially in concentrated
aqueous solutions,[11] allowing for high-voltage operation and
effectively competing with non-aqueous solutions.[12]

Another strategy to tackle the constraints of aqueous
electrolytes entails the inception of new, environmentally
friendly, and sustainable electrolytes. Deep eutectic solvents
(DESs) fit those requirements.[13,14] They exhibit low toxicity and
non-flammability and in doing so, are deemed suitable for
industrial processes and electrochemical applications.[15] DESs
commonly consist of a hydrogen-bond-accepting (HBA) compo-
nent and a hydrogen-bond-donating (HBD) component at a
specific molar ratio.[16] They are typically liquid at ambient
conditions and comprise two components, with the freezing
point of the DESs being much lower than the melting points of
the two components.[17]

DESs can be aqueous-based; that is composed of ice and
another component such as metal salts.[18] An early X-ray
diffraction study[19] described a model with hydrated ions
M(H2O)n-X (where M denotes Mn, Fe, Ce, Zn, Al and X represents
SO4

2� or NO3
� ) as independent components (in the thermody-

namic sense) interacting with the outer shell of water
molecules. This intriguing attribute gives rise to unconventional
aqueous salt hydrates that can be introduced in a wide range of
industrial applications, including advanced batteries based on
Zn, Mg and Ca[20] and supercapacitors.[21] Mixtures of water and
certain di- and trivalent metal salts in polyhydrated congruent
state (i. e., MX(H2O)n where M denotes Mn, Mg, Ca, Zn and X is
the counter ion) form liquid eutectics at low temperatures and
exhibit all the known properties of DESs when considering
hydrated cations as independent entities. More specifically, the
complex M(H2O)n acts as the HBA (H-bond acceptor) compo-
nent of the DES and water (ice) assumes the role of the HBD
component.

In the search for unconventional aqueous salt hydrates,
manganese nitrate (Mn(NO3)2) is a suitable candidate due to its
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high solubility in water, viz., up to 80% in weight of Mn(NO3)2
can be dissolved in water.[22] Manganese is abundant, inex-
pensive ($10 per kg) and has a low environmental load.[23]

Mn(NO3)2 exhibits a complex behavior with four types of
hydrated salt, viz., Mn(NO3)2 ·n(H2O) where n equals 1, 2, 4 and
6, and hence can form several aqueous-based DES mixtures.[24]

The available physical and thermal experimental data are scarce
for these mixtures. There are, however, reported theoretical
models that compute the eutectic phase diagram by an
extended UNIQUAC model[24].[25]

In the field of supercapacitors (SCs), manganese nitrate is
mainly used in the design of electrodes and there is ongoing
work to optimize its performance and overcome any limitations.
For example, manganese nitrate (i. e., manganese nitrate
hexahydrate (Mn(NO3)2 · 6H2O) and manganese nitrate monohy-
drate (Mn(NO3)2 ·H2O)) have been widely used as precursors for
the fabrication of a variety of supercapacitor electrode materials
(e.g., MnO2 nanotubes, microspheres, Mn-doped ZnS nano-
sheets, CoMn2O4 nanofibers)[26] in a cost-effective, simple and
somewhat green manner. However, to our knowledge, no work
has been reported on its use as an electrolyte.

To this end, predicated on the fact that 40% mass of
Mn(NO3)2 in water (4 molkg� 1) shows a DES character,[24] the
physicochemical properties of four concentrated aqueous
solutions of Mn(NO3)2, (considered as deep eutectic Mn(NO3)2-
H2O systems) are investigated in this study followed by their
viability for rapid storage applications. The first part of this
study is devoted to the physical characterization of these
solutions followed by the discussion of their volumetric and
transport properties (conductivity, viscosity, and ionicity) in
relation to their structure at the molecular level. The second
part is dedicated to the suitability of these solutions in
symmetrical two-electrode supercapacitors comprising acti-
vated carbon (which holds a high specific surface area along
with surface oxygenated species) in terms of thermal stability
and cycleability.

Results and Discussion

Physical characterisation

While molten salt hydrates have a concentration limit (e.g., AX,
nH2O) close to that of aqueous solutions, their phase diagrams
are identical to those of all DESs in the Abbott classification,[27]

exhibiting in the eutectic region strong and dissociating HBD-
HBA interactions. Before proceeding with the physical charac-
terization of the investigated solutions (Table 1), their mass

composition on the eutectic diagram was positioned (Figure 1a)
by virtue of previous data.[24] The binary system (ice – Mn(NO3)2)
exhibits several hydrates (i. e., Mn(NO3)2 ·nH2O where n=1, 2, 4
and 6) contingent on the mass fraction of anhydrous salt.
Previous experimental and computational studies (extended
universal quasichemical (UNIQUAC) model[4]) reveal an eutectic
point at a 40% mass fraction of salt and establish the eutectic
depth (ΔT), a metric that sheds light on the diversity and
magnitude of intermolecular interactions.[28] In Figure 1a, ΔT
separates the line of ideality from the eutectic temperature Te.
The solutions are located on either side of the eutectic point in
regions poor (solutions S1 and S2) and rich (solutions S3 and
S4) in salt. The stable solution S3 is practically identical to the
eutectic composition with an eutectic depth reaching 53 °C, in
line with previous reports.[18b,24]

The thermograms of solutions S2 and S3 are presented in
Figure 1b. The temperatures (Tm and Te) recorded on the two
thermograms (Figures 1b) for each solution agree with the
coordinates of the eutectic diagrams (Figure 1a). The onset
temperature of fusion of both mixtures is ca. Te= � 36 °C and
the end of their fusion depends on the composition. The
melting point of the S2 solution reaches � 14 °C and for S3
� 29 °C consistent with the literature.[24] Figures 1c and 1d show
the variation of the density (1) of all solutions as a function of
temperature and its modelled results following the below
equation 1:

ln 1ð Þ ¼ b � aT Kð Þ (1)

The outcome of the modelling yields the thermal expansion
coefficient α, a useful parameter for energy storage applications
as it reflects the structuring ability of the solutions under
thermal agitation and quantifies the volume increase that the
system undergoes in a given temperature range.

The density values of the S2 and S3 solutions are
comparable to those in the literature at room temperature and
a concentration of 2 molkg� 1.[24] On the other hand, they appear
noticeably larger (by 23%) than their alkaline nitrate salt
counterparts such as sodium nitrate (NaNO3) which hold a
density of 1.182 gcm� 3 for a concentration of 4 molkg� 1 at
25 °C.[29] The S1–S4 solutions appear dense and structured as
the salt concentration increases, which is logical for divalent
salts.[30] All exhibit a monotonic variation of density with
temperature (Figure 1c), with a thermal expansion coefficient of
ca. � 3.9�0.2 10� 4 K� 1, lower than the one for water (i. e., � 6.70
10� 4 K� 1) and pure hexahydrate salt (� 5.5�0.2 10� 4 K� 1, Fig-
ure 1a).

The ionic conductivity (σ) of the S1–S4 solutions as a
function of concentration and temperature (� 20 to 80 °C) is
presented in Figures 2a and 2b, highlighting two essential
criteria for energy storage electrolytes, namely a wide temper-
ature window and ionic diffusion. In Figure 2a, the conductivity
at room temperature reaches 120 mScm� 1 at a Mmax of
4 molkg� 1. In this state (i. e., eutectic ratio) the interactions
between the ions are the weakest. The water molecule acts as a
dipole and separates the Mn2+ hydrate and NO3

� ions, which
propagates their self-diffusion. When compared to the max-

Table 1. Composition of the Mn(NO3)2 aqueous solutions in mass ratio,
w (%); molal concentration in salt,M (mol kg� 1) and Mn2+ molar concen-
tration C (molL� 1).

Solution S1 S2 S3 S4

w (%) 0.92 1.84 0.42 0.48
M (mol kg� 1) 1.02 2.05 4.1 5.13
C (mol L� 1) 0.96 1.84 3.43 4.18
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imum conductivity (σmax) of a solution comprising nitrate
monovalent salts (NaNO3), σmax is slightly larger (i. e.,
160 mScm� 1 at Cmax of 4 molL� 1 and 25 °C[31]). This difference
derives from the better diffusion of small cations rendering
them more mobile in water.[32] Taking into account the size,
charge density and polarizability of Mn2+ with other cations
such as Li+, Na+ and Mg2+ (Table 2), the former can be
classified as one of the relatively “strongest” hard acids in the
HSAB theory following the order Mn2+<Mg2+<Na+<Li+.

The classification of cations as “hard acids” in the HSAB
theory depends on their polarizability, size, and charge density.
The environment is equally important, including the solvent
(here water, which is a hard base), the counter anion (i. e., NO3

�

which is a hard base) and the interface with the substrate, for
instance, a negatively polarized electrode for supercapacitor
application as discussed below. The delocalization of the
negative charge leads to a greater polarizability of NO3

� , and
therefore makes it possible to soften the base character of this

anion according to the HSAB theory. The Mn2+ cations (hard
acid) preferentially associate with H2O (a harder base than
NO3

� )[33]) and are easily separated from the NO3
� anions in the

solution. Therefore, the Mn(H2O)n complex in hydrated salts
establishes HBD-HBA (hydrogen bond acceptor) interactions
with water molecules (ice) to promote the formation of an

Figure 1. (a) Eutectic diagram of the aqueous Mg(NO3)2 solution constructed with the aid of reference,[24] incorporating the position of the four solutions used
in this study (S1–S4) (b) Thermograms of S2 and S3 solutions. (c) Evolution of density, 1 as a function of temperature for the S1–S4 solutions (d) Modelling of
density, 1 versus temperature for the same solutions.

Table 2. Ionic radii, charge density, polarizability, acidity in HSAB theory
for Li+, Na+, Mg2+, NO3

� and Mn2+ and NO3
� . The values of the first four

cations are taken from.[34,35]

Properties Li+ Na+ Mg2+ Mn2+ NO3
�

Ionic radius (pm) 76 102 78(a) 91(b) 178
Charge density
(C mm� 3)

52 24 120 84 –

Polarizability (Å3) 0.029 0.181 0.094 0.54 4.13
Hard Acidity (HSAB) + + + + + + + + –

(a) 4-coordinate, tetrahedral, (b) 6-coordinate, octahedral.
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eutectic mixture. The maximum interactions are expected at the
eutectic composition of solution S3, the solution closest to the
eutectic point.

The variation of the conductivity with temperature (Fig-
ure 2b) shows a monotonic increase for all examined solutions.
At 80 °C, smax extends to 238 mScm� 1 for the S3 solution. At
room temperature, the ionic conductivity hinges on
125 mScm� 1 in line with other aqueous electrolytes such as
lithium nitrate (LiNO3, 130 mScm� 1 at ~4 molkg� 1) and sodium
nitrate (NaNO3, 198 mScm� 1 at 12 molL� 1).[36] Surprisingly, Mn-
(NO3)2 attests to a higher conductivity than that of homologous
divalent salts such as Mg(NO3)2 (e.g., 12 mScm� 1 at
4 molkg� 1)[37] where smax is located around 1 mol kg� 1. As
expected, the residual conductivity decreases with lower
temperatures and at � 20 °C extends to 20 mScm� 1, consistent
with aqueous concentrated (7 mol kg� 1) zinc chloride solutions,
viz. 20 and 2 mScm� 1 at � 20 and � 60 °C, respectively.[38]

Therefore, hydrated salts of transition metals appear promising
for integration in low-temperature storage systems.

Figure 2c describes the evolution of the dynamic viscosity
(η) between 5 and 60 °C for the examined solutions. At 25 °C,
the achieved viscosity complies with the literature for the
stoichiometric solution Mn(NO3)2 · 6H2O at 6.5 molkg� 1, i. e., η=

7.7 mPa · s.[18b] A 2.5-fold increase in the manganese concen-
tration results in the doubling of the dynamic viscosity at room
temperature (0.75!1.5 mPa · s). The combination of the fluidity

1
h

� �
and molar conductivity (L) by means of the Walden graph

(Figure 2d) makes it possible to compare the ionicity of the
solutions, normalized and positioned according to the ideal line
of a potassium chloride aqueous solution (KClaq). A super-
position of solution S1 with the line of ideality is evident in
Figure 2d, while the rest move away as the concentration
increases (S2!S3 solutions). The slope of the line (represented

by L ¼ f 1
h

� �
) is close to unity, signifying a total dissociation of

the salt,[39] meagrely affected by temperature. The above finding

Figure 2. (a) Evolution of conductivity as a function of Mn(NO3)2 concentration. Evolution of conductivity (b) and viscosity (c) with temperature for aqueous
solutions of Mn(NO3)2 (S1–S4). (d) Comparison of the ionicity of the studied solutions (S1–S4) through the Walden diagram.
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is consistent with the reported favourable dissociation of
manganese hexahydrate (DHR = � 5 kJmol� 1).[24]

Furthermore, we sought to model the solutions’ transport
properties (η, σ) as a function of temperature and extract the
activation energies of the ion mobility and diffusion processes.
The modelling is based on the Arrhenius and Vogel-Fulcher-
Tammann (VTF) models (Equations 2&3) contingent on the
deviation from the glass transition temperature of the com-
pound. The VTF model provides a parametric correction of the
temperature with T0 representing the ideal gas transition
temperature[40] and Bs , the pseudo-activation energy (Equa-
tion 3). For all solutions, the viscosity is described by the
Arrhenius relationship (Figure 3a), while the conductivity exhib-
its a non-Arrhenius behaviour and has been modelled by the
VTF equation (Figure 3b). The activation energies (Eh

a and Bs) are
presented in Table 3.

h ¼ h0expb
� Eh

a

RT
c (2)

s ¼ s0expb
Bs

T � T0
c (3)

The T0 values stemming from the VTF model are similar for
all solutions (Table 3) and close to the experimental values of
glass transitions of water ice.[41] The activation pseudo-energies
increase slightly at higher salt concentrations (Bs �2.5 kJmol� 1,
Table 3). When compared with energies of solutions comprising

Figure 3. Fitting of the (a) viscosities and (b) conductivities of the solutions under study (S1–S4) by the Arrhenius and VTF models, respectively. (c) Walden
product (L ¼ s � hÞ as a function of temperature for the solutions S1–S4. (d) Effective hydrodynamic radius (rs) of hydrated Mn2+ cations, derived from the
Jones-Dole-Kaminsky (JDK) equation as a function of temperature. For comparison purposes, the Li+, Na+ and K+ radii are taken from.[42]

Table 3. Arrhenius and VTF fitting parameters of the viscosity and
conductivity plots of Figure 2. R2 describes the goodness of fit.

Solution Conductivity Viscosity
T0 (K) Bs (kJ mol� 1)

�0.05
R2 Eh

a (kJ mol� 1)
�0.05

R2

S1 165 °C 2.38 0.999 14.96 0.998
S2 163 °C 2.48 0.999 13.29 0.997
S3 158 °C 2.50 0.999 15.29 0.997
S4 159 °C 2.63 0.999 14.90 0.997
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alkaline salts in water[42] (i. e., Bs �10 to 15 kJmol� 1 depending
on concentration), they are lower. This difference explains the
dissimilarity in conductivity observed previously (Figure 2).

For the viscosity, the activation energies (Eh
a) linger close to

14 kJmol� 1 with no notable difference between them (Table 3)
and are conforming to other aqueous solution analogues.[43]

The highest activation energy is obtained by solution S3,
probably due to the strong interaction between H2O and Mn2+

in this composition, where the eutectic depth is maximum
(ΔT=53 °C, Figure 1a). This is not surprising since most of the
energy of the viscous flow is related to the hydrogen bonds of
water. The ion mobility (σ) and viscous flux (η) are decorrelated
from temperature since the Walden product, Λ, is not constant
with temperature (Figure 3c). The falling Walden plots attest
that the rate of decrease of the viscosity is faster than the rate
of increase of the conductivity. Similar behaviour has been
reported in concentrated hydrated salts, described as fragile
compounds in Angel’s concept[44] where their ionic mobility is
conserved at low temperatures, in turn leading to the variation
of Λ. It should be noted that Λ is higher at low temperatures
(290!300 K) and for the most concentrated solution (S4). This
can be understood by the dissociating action of water, which
has strong interactions with the cation, especially close to the
eutectic point (Figure 1a).

The salt concentration plays a key role in the intermolecular
interactions, including the van der Waals interactions and the
hydrogen bonding in water. The Jones-Dole-Kaminsky extended
equation (Equation 4) enables the adjustment of the ratio hr at
high concentrations. hr equals to h

h0
, where η and h0 describe

the viscosities of the solution and pure water, respectively.[44] A,
B and D are the adjustment parameters of this equation. The
solute-solvent short-distance interactions (B) are derived from
Equation 5.[45] From this fitting parameter, the effective solute
radius rBs can be computed through Equation 6 using the
Einstein theory on the model of solid spheres in solution and
the solvent crown around solvated ions.[46]

hr ¼ 1þ A
ffiffiffi
C
p
þ BC þ DC2 (4)

hr � 1 ¼ f Cð Þ (5)

B ¼ 2:5
4
3prs

3NA

� �

(6)

An estimation of the hydrodynamic radius rs is given in
Figure 3d where the dimensions of the solvation radius conform
to a sphere with a single crown of solvent at different
temperatures. When compared to other hydrated alkali cations
(Li, Na, K) at 25 °C, (inset of Figure 3d) the manganese cation
has the smallest radius (235 pm), about two times that of
Li(H2O). Yet, this result is counterintuitive when the ionic radii of
these elements are taken into consideration. From Table 2,
r(Li+)< r(Mg2+)< r (Mn2+)< r (Na+). Figure 3d points out that at
elevated temperatures (>40 °C) the Mn2+ radius (260 pm)
remains 1.4 times smaller than that of Li(H2O) (380 pm).[42] This
appears logical since for Mn2+ the hydration is favourable
(hexahydrate), particularly around the eutectic point where the

H2O-Mn2+ interactions are optimal. These observations are in
agreement with previous studies[19,47] in aqueous Mn(NO3)2
solutions up to ~6 molL� 1, where no indication of nitrate
complex formation was observed and also corroborated by
Figure S1 where the bands of the fully hydrated species (for
solution S3), NO3

�
aq and [Mn-(OH2)6]

2+
(aq) are characterized and

assigned by Raman spectroscopy, UV-Vis spectroscopy and FT-
IR.

Overall, taking into account the main requirements for low-
temperature aqueous electrolytes)[42] viz., low activation energy,
small hydration radius, large supercooling ability, and mediator
redox ability, the concentrated manganese hydrate solution S3
fulfils these characteristics and thus is used as an electrolyte in
a symmetric electrochemical double-layer supercapacitor.

Electrochemical characterisation

The working principle of an electrochemical double-layer
supercapacitor[48] is based on the physical adsorption of high
specific surface area electrodes (in this case activated carbon
with a specific surface area of 2270 cm2). When charging, the
electrode surface accumulates charge and attracts diffused
anions and cations from the electrolyte to adsorb on the
electrode surface in a directional arrangement, which forms a
double electric layer structure. During discharge, the voltage
across the electrodes decreases and the number of ions stored
on the electrodes decreases.

The adsorption/desorption of the manganese cations (Mn2+)
at the polarized AC surface in all the investigated solutions is
corroborated by rectangular cyclic voltammetry plots in Fig-
ure 4a. For the S3 solution, a typical scan rate dependence
study indicates that lower scan rates (i. e., lower normalized
current densities) yield higher specific capacitance values (e.g.,
>200 Fg� 1, Figure 3b) as there is enough time for the Mn2+

ions to penetrate the pores leading to high charges. The
permeation of these ions is quite efficient, since for an eight-
fold increase in the scan rate (5!40 mVs� 1) the difference in
the specific capacitance is less than 12%. It should be noted
that alike behaviour is evidenced for the other solutions too
(Figure S2).

The electrochemical window of the S3 solution lies between
1.0 and 1.6 V (Figure 3c), where a fill factor[49] of 66% is achieved
for the most extended voltage, at 25 °C. Interestingly, when the
temperature drops to � 20 °C, the electrochemical window is
not greatly affected. On the contrary, an extension is observed
while the SC holds the same fill factor (for the same scan rate).
The cycleability of the SC at both temperatures is given in
Figure 5 and at different current densities in Figure S3. In
ambient conditions (i. e., cell voltage of 1.4 V and normalized
current density of 1.9 Ag� 1) for 2000 cycles (Figure 5a) the SC
generates a stable discharge specific capacitance of ~170 Fg� 1

(with 92% capacitance retention). The optimal concentration of
ions in the aqueous hydrate Mn(NO3)2 solution led to the
double-layer of ions at the interface between the activated
carbon and electrolyte becoming more compact, in turn
boosting the charge stored per unit area, namely 170 Fg� 1, in
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line with other studies (Table 4). What’s more, at � 20 °C, the
specific capacitance lays to ~120 F g� 1 for the same number of
cycles and normalized current density. Here, the lower

capacitance stems from the high equivalent series resistance
(i. e., ohmic drop) observed at this temperature, which reaches
300 ohms (compared to 47 ohms for the cell run at 25 °C).

Figure 4. (a) Cyclic voltammetry profiles of two electrode symmetric SCs in deep eutectic Mn(NO3)2-H2O solutions (S1–S4) at 5 mVs� 1. (b) Cyclic voltammetry
profiles of the SC at different scan rates in the presence of the S3 solution. Cyclic voltammetry profiles of the SC at different cell voltages with S3 solution as
an electrolyte at (c) 25 °C and (d) � 20 °C.

Table 4. Specific capacitance of this work against other concentrated aqueous electrolytes. The normalized current density and electrodes (anode &
cathode) are also provided. EC: ethylene carbonate; EG: ethylene glycol; FMD: formamide; NaSO4: sodium sulfate; KI: potassium iodide; LiTFSI: lithium
bis(trifluoromethanesulfonyl)imide; NaClO4: sodium perchlorate; NaFTFSI: sodium (fluorosulfonyl) (trifluoromethanesulfonyl) imide, NaTFSICN: sodium cyano-
trifluoromethanesulfonyl imide; NaFSI: sodium bis(fluorosulfonyl)imide.

Electrode Electrolyte Current Density
(A g� 1)

Specific Capacitance
(F g� 1)

Reference

Wax gourd-based porous carbon 0.5 molL� 1 Na2SO4 1 167 [51]
Carbon nanorods 21 molL� 1 LiTFSI 1 44 [52]
Activated Carbon 8 molL� 1 NaTFSI 1 150 [53]
YP-50F active carbon electrode 17 molL� 1 NaClO4 1 33 [54]
Activated Carbon Deep eutectic (NaFSI/FMD) 0.25 120 [55]
Activated Carbon Deep eutectic (NaFTFSI/EC) 0.5 150 [56]
Activated Carbon Deep eutectic KI/EG 14 217 [57]
Activated Carbon Deep eutectic hydrate Mn(NO3)2 1.9 ~160–170 [this work]

ChemElectroChem
Research Article
doi.org/10.1002/celc.202300183

ChemElectroChem 2023, e202300183 (7 of 11) © 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 06.06.2023

2399 / 304320 [S. 7/12] 1

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202300183 by U
niversity C

ollege L
ondon U

C
L

 L
ibrary Services, W

iley O
nline L

ibrary on [26/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The Nyquist plots before and after cycling at ambient
conditions (Figure 5c) are quite similar, especially in the high
and medium frequency regions (0.1 MHz!15 Hz). The semi-
circle in the middle-frequency region describes the interfacial
resistance between the electrode interface and electrolyte and

is dependent on the electrolyte solution. With cycling this
resistance increases (11!17 Ohm), leading to higher leakage
resistance, in turn affecting the specific capacitance (depicted
as normalized real specific capacitance in Figure 5d). Besides,
there is a clear shift of the onset frequency towards the lower

Figure 5. (a–b) Discharge specific capacitance as a function of cycle number of the SC under 1.9 Ag� 1 at (a) 25 °C and (b) � 20 °C for the deep eutectic hydrate
Mn(NO3)2 solution S3. (c) Nyquist plot of the SC before and after cycling at 25 °C. (d) Normalized real specific capacitance as a function of frequency at 25 °C.
(e) Self-discharge curve of the SC under open-circuit condition for 23 h after being charged at 1.4 V for 2 minutes. (f) Leakage current at 1.4 V over 1 h (left)
and leakage current at different cell voltages (right). Triplicate experiments were performed for each cell voltage.
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frequency region at the same bias voltage (here the open
circuit potential) indicating slower dynamics for the SC after
cycling (Figure 5d). This could explain the dissimilarity in the
low-frequency region of the Nyquist plot (Figure 5c, a more
inclined curve signifies a deviation from the double-layer
capacity). The Raman spectra of the cycled activated carbon
electrode however, showed a marginal increase in the defect
level (i. e., ID/IG ratio) indicating modest electrode resistance,
stable particle-to-particle conductivity[50] and the formation of a
greater number and/or size of sp2 clusters (Figure S4).

The self-discharge curve of the SC under open-circuit
conditions for 23 h after being charged at 1.4 V for 2 minutes is
presented in Figure 5e. The open circuit of the SC reached
0.05 V after 23 h, with a 56 mV per hour decrease. What’s more,
the leakage current was recorded during a 1 h potentiostatic
holding. The current is decreasing over time and given enough
time, it reaches a steady-state value (i. e., 0.487 mA, Figure 5f).
An almost linear increase in the leakage current is noticed upon
the application of high cell voltage (1.0!1.4 V), still, the leakage
current is significantly lower (×10) than the charging current
(1.9 Ag� 1!unnormalized 8.74 mA). An effective and efficient
charge/discharge of an SC requires that the amount of charge
stored during the charging process should be at least 10 times
higher than the charge that dissipates as a consequence of
leakage.[58]

Conclusion

Aqueous electrolytes are commonly used in energy storage
devices because they offer several advantages over organic
electrolytes, such as lower cost, higher safety, and environ-
mental friendliness. In this context, this study discusses the
value of an easy-to-produce, widely available and inexpensive
concentrated manganese nitrate electrolyte, with intriguing
DES features.

First, the thermograms confirmed that the thermal coordi-
nates (Te and Tm) of the binary mixtures agreed with the eutectic
diagram. Second, the stable hydrate manganese hexahydrate
(Mn(NO3)2 · 6H2O) having a weight composition of 42% (solution
S3) is almost identical to the eutectic composition with an
eutectic distance (ΔT) of 53 °C. Thirdly, the density values
suggest compact and structured solutions as the salt concen-
tration increases, yielding thermal expansion coefficients of
3.9×10� 4 K� 1, lower than the ones for water and pure
hexahydrate salt. An explanation for the behaviour of the
electrolytes’ transport properties (i. e., high σ) lies in considering
the Mn2+ cations as “hard acids”, following the HSAB theory.
What’s more, the modelling of σ and η against temperature and
concentration (i. e., Walden, Arrhenius or VTF, Jones-Dole-
Kaminsky models) signifies a total dissociation of the salt, with
the smallest activation energy values for conductivity (~
2.45 kJmol� 1) meagerly affected by temperature and five times
lower than homologues aqueous solutions comprising alkaline
salts.

These “unconventional” DESs comply with the requirements
of electrolytes for energy storage applications. Hence, upon the

realization of two-electrode symmetric supercapacitors, the
reversibility of Mn2+ adsorption/desorption (rectangularity of
the cyclic voltammetry and 93% specific capacitance retention)
and the stability of the examined electrolytes within the applied
potential limits (that can extend up to 1.6 V) were validated
through 2000 consecutive galvanostatic charge-discharge cycles
at 25 and � 20 °C, showing applicability in different temperature
environments.

In conclusion, in pursuit of alternative electrolytes (to
traditional organic solvents) for energy storage applications,
DESs show promising potential due to their high conductivity,
wide electrochemical stability window, and environmental
sustainability. As demonstrated in this study, they can be
tailored to have specific properties by adjusting the composi-
tion of the solvent mixture, allowing for customization of their
properties for specific (rapid) energy storage applications and
more.

Experimental section

Preparation and physicochemical characterization of the
electrolytes

A known quantity of manganese nitrate anhydrous salt (Mn(NO3)2,
ACS reagent, 99%, Sigma Aldrich) is added by weighing 5 g of
deionized water so that the mixture is homogeneous. All prepared
solutions are liquid and remain liquid at 25 °C. The concentrations
(in molkg� 1) and the mass percentages of the prepared solutions
are given in Table 1. The water content of the manganese nitrate
was determined by Karl-Fischer titration (Mettler Toledo DL32 Karl
Fischer coulometer using the HydranalTM-Coulomat E, Riedel-de
Haen as analyte). The distilled water used for the formation of all
solutions was passed through a reverse osmosis system and further
treated with a Milli-Q plus 185 water purification equipment. The
prepared solutions are termed S1, S2, S3, and S4 in the rest of the
manuscript (Table 1).

Differential scanning calorimetry (DSC) was performed with a
PerkinElmer DSC 4000 calorimeter. The samples were initially
cooled to � 23 °C, followed by a five-minute isothermal plateau at
this temperature, and then heated up to 81 °C at a rate of
5 °Cmin� 1. The dynamic viscosity and density of the electrolytes
were measured using an Anton Parr densitometer comprising a
digital vibrating tube densitometer and a rolling-ball viscometer
(Lovis 2000 M/ME, Anton Parr, France). The densitometer and
viscometer were pre-calibrated with ultra-pure water. The ionic
conductivity measurements were performed by a BioLogic® multi-
channel conductometer based on a frequency response analyzer
(MCM 10) that was connected to a Peltier-based temperature
control functioning between � 20 and 75 °C. The conductometer
was pre-calibrated with a standard potassium chloride (KCl, Sigma-
Aldrich) solution.

The Raman spectra of the S3 solution and the activated carbon
electrodes were obtained by an inVia™ confocal Raman microscope
(Renishaw) under a 532 nm laser excitation and a 20× magnifica-
tion lens. The deconvolution of the D and G bands of the activated
carbon was done by Lorentzian fitting. The S3 solution was placed
in a quartz glass cuvette (Ossila, JGS3 UV) and monitored by optical
spectroscopy (PerkinElmer, Lambda 750S). The S3 solution was
further characterized using Fourier transform infrared spectroscopy
(FT-IR, Shimadzu IRAffinity-1S). The FT-IR, UV-Vis and Raman
measurements were performed in air.
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Supercapacitor assembly

Activated carbon (AC), coated on aluminium provided kindly from
Blue Solution©, (France) and used as positive and negative electro-
des of the supercapacitor (SC). The physical and textural parameters
of the AC have been described in a previous report.[59] The AC
electrodes had a diameter of 1 cm (geometric surface area of
0.785 cm2). The separator (Whatman filter paper, GF/C, ϕ=12 mm)
and electrodes were dried in a Buchi oven at 80 °C for 12 h to
remove residual water. An electrolyte volume of 150 μL was used
for the SCs. Galvanostatic charge-discharge (GCD), cyclic voltamme-
try (CV), potentiostatic electrochemical impedance spectroscopy
(PEIS), leakage current and self-discharge measurements were
performed by a Biologic potentiostat (Biologic, France) using a two-
electrode Swagelock® cell. CV plots were performed relative to the
set electrochemical window at designated scan rates and normal-
ized with respect to the active mass of the activated carbon (i. e.,
~4.6 mg). The specific capacitance (F g� 1) of the EDLC was
determined according to equations reported in previous studies.[60]
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