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ABSTRACT: Owing to the smaller Stokes radius and desolvation energy of
Na+ compared to those of Li+, an unusual ultralow-concentration electrolyte
is proposed for Na-ion batteries to further reduce the cost and expand the
working temperature range, benefiting from the low viscosity of a dilute
electrolyte and the formed organic-dominated solid electrolyte interphase.
The novel dilute electrolyte chemistry provides new solutions for the
operation of rechargeable batteries under extreme conditions, which can
accelerate the exploitation of low-cost and durable energy storage systems.

Electrolytes are indispensable in energy storage devices,
and regulating electrolyte concentration is a key
strategy for achieving functional design. In the past

few years, increasing the salt concentration has been proven to
be an effective solution for Li-metal batteries, aqueous
batteries, etc. because of the special bulk and interface
properties in salt-concentrated electrolytes (Figure 1a).1−4

On the opposite end, decreasing the salt concentration to form
a super dilute electrolyte has not been explored yet,
considering the possible concentration polarization5 from low
ionic conductivity. Thus, the standard concentration of 1 M
(mol/L) is still commonly used today.4 However, because of
the smaller Stokes radius and desolvation energy of Na+ than
those of Li+, it is possible for Na-ion batteries (NIBs) to
employ the low-concentration electrolyte to obtain enough
kinetics performance.6,7 Furthermore, reducing the expensive
salt content can effectively control the cost of NIBs (Figure
S1),8 which is beneficial for application in grid storage. Herein,
we propose using an ultralow-concentration electrolyte (0.3
M) for the practical Na-ion full cells for the first time,
surprisingly, which achieves good performance in the wide
working temperature range benefitting from the dilute
electrolyte chemistry. This attractive electrolyte formulation
was provided from an inverse design, offering new insights for
solving the failure problem of rechargeable batteries under
extreme conditions.
A series of electrolytes with different concentrations was

prepared by dissolving NaPF6 in ethyl carbonate (EC)/
propylene carbonate (PC) (1:1 vol %) without extra additives
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Figure 1. (a) Overview of the electrolytes from high concentration
to lower concentration and the related variations about
physicochemical properties, interactions between molecules/ions,
and interfacial components. (b) Concentration dependence of
ionic conductivity and viscosity at 25 and 0 °C for NaPF6 in EC/
PC electrolyte. (c) Cyclic capability of NIBs using electrolytes with
different concentrations at a current rate of 0.3C (30 mA g−1) at 25
°C.
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as an example to investigate the change rule of physicochem-
ical properties. In Figure 1b, the ionic conductivity accords
with a downward-parabola-like relationship to the concen-
tration, i.e., the higher the concentration, the slower the rate of
increase in conductivity, affected by the ionic carrier number
and mobility. The change of the ion conductivity with the
growth of the concentration at the lower temperature is smaller
than that at the higher temperature. Viscosity grows in an
upward-parabola-like way with the concentration increase,
which undergoes more dramatic change at lower temperature.
Figure 1c further compares the electrochemical performances
of the standard Na-ion full cells based on the disordered
carbon anode and layered O3−Na[Cu1/9Ni2/9Fe1/3Mn1/3]O2
cathode,9 using the aforementioned electrolytes with different
concentrations. The 0.3 M electrolyte (abbr. ULCE) provides
the highest specific capacity (∼119 mAh/g) among the 0.1−
0.5 M electrolytes at a moderate rate (0.3C, the most common
rate in practical applications). Further reducing the concen-
tration results in the capacity retention decay, as seen for 0.1 or
0.2 M electrolyte. Although the NIB using the 1 M electrolyte
(abbr. CCE) exhibits a higher specific capacity (∼121 mAh/g),
the average Columbic efficiency is lower (∼98−99%) than that
using the low-concentration electrolytes (∼99.9%) during
cycling, indicating an unstable cycling process. Therefore, the
ULCE is selected for the following detailed analysis.
In order to detect the kinetics limit of the ULCE, rate tests

from 0.1C to 2C were carried out. In Figure S2, the ULCE can
support 1C rate (∼106 mAh/g@0.3 M vs ∼117 mAh/g@1 M)
but capacity decay occurs (more obvious at 2C). However, this
problem can be solved via asymmetric cycling protocols, i.e.,
slow charge and fast discharge. In Figure S3, ULCE can
provide a better capacity retention in 0.1C charge−0.5C
discharge and show a similar capacity to that of CCE in 0.3C
charge−1C discharge. Moreover, the performance was
evaluated at lower temperature with slow kinetics. In Figure
2a, the initial Columbic efficiency (ICE) of the NIB slightly

improves from 25 to 0 °C, indicating a favorable battery
formation process at the low temperature. More surprisingly,
the capacity gap of the NIBs between using the ULCE and
CCE shrinks and the ULCE even delivers a slightly better
capacity retention (96%@0.3 M vs 95%@1 M) after 50 cycles
at 0.3C at 0 °C in Figure 2b. The low viscosity of the ULCE at
0 °C presents a good wettability for the high-mass loading
electrodes, compensating its low ionic conductivity (Figure
1b). An asymmetric cycling protocol can also improve the
power density at 0 °C (Figure S4). We further reduced the
operating temperature to −30 °C and surprisingly found that
the NIB using the ULCE can even deliver more reversible
capacity (∼110 mAh/g) than that using the CCE (∼55 mAh/
g) at 0.05C (Figure S5), suggesting the fast kinetics of this
ULCE at the extreme temperature. In contrast, when operating
the NIB at the high temperature, thermodynamic stability
rather than the kinetics issue is the key factor to be considered.
In Figure 2a, the NIB using the ULCE exhibits a higher ICE
(∼80%) than that using the CCE (∼72%) at 55 °C because of
the less active Na+ loss and electrolyte decomposition to form
the solid electrolyte interphase (SEI).10,11 Furthermore, the
cycling instability of the CCE-based NIB is aggravated at high
temperature (poor average Columbic efficiency), and the
capacity retention is just 86% (vs ∼95%@0.3 M) after 50
cycles at 0.3C in Figure 2b. Instead, the ULCE can support a
very stable long cycling (∼97%@0.3 M vs ∼78%@1 M, after
130 cycles) at the high rate of 1C because of the enhanced
kinetics at 55 °C (Figure S6).
The X-ray photoelectron spectroscopy (XPS) measurements

were performed to investigate the SEI on anodes and cathode
electrolyte interphase (CEI) on cathodes. As summarized in
Figure 2c, d and Tables S1 and S2, the atomic ratios of C plus
O elements using the ULCE are higher than that using the
CCE while the atomic ratios of P plus F elements using the
ULCE are lower than that using the CCE, both of which
conform to SEI and CEI films formed at different temper-
atures. This indicates that the SEI and CEI films in ULCE are
prone to contain more organic components but less inorganic
species than those at CCE. The organic and inorganic
components are mainly derived from the decomposition of
the solvents (EC/PC) and the anion from NaPF6 salt,
respectively, according to the electrical double-layer theory
(Figure S7).12 The hydrolysis products (HF, etc.) from PF6

−

usually destroy the electrode structure and reduce the
electrode stability (more serious at high temperatures).13,14

Thus, decreasing the amount of active NaPF6 will enhance the
thermodynamic stability of NIBs at high temperature. In
addition, the ULCE induces organic-dominated SEI/CEI,
because of the high molar ratio of solvent to salt (Figures S8
and 1a), and may provide favorable kinetics attributed to the
formed porous oligomers and elastic alkyl carbonates,
considering NaF may not be a fast ionic conductor,15 which
explains the better low-temperature performance. Furthermore,
the composition changes with the etching time (depth) and
temperatures are both smaller for SEI/CEI formed in the
ULCE than that in the CCE (Figure S9), demonstrating the
uniform formation of interphases which are stable against the
extreme temperatures.
In conclusion, we surprisingly find that NIBs can work well

in such ultralow-concentration electrolyte (0.3 M) and
demonstrate unexpected advantages. The dilute concentration
not only reduces the cost significantly but also expands the
working temperature range (−30 to 55 °C) for durable NIBs.

Figure 2. (a and b) Electrochemical performance of NIBs using
ULCE or CCE at 0 °C, 25 and 55 °C. (a) Galvanostatic initial
discharge/charge curves at 0.1C. The related ICEs are noted in
parentheses. (b) Cyclic capability at 0.3C. (c and d) Surface
passivation chemistry after one cycle of NIBs at 0.1C from XPS
experiments with Ar+ etching. Atomic ratios of C (C 1s) plus O (O
1s) and P (P 2p) plus F (F 1s) elements detected at (c) the SEI
films and (d) the CEI films.
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Low viscosity and less corrosive risk (less HF attack) would
help improve the interfacial wettability and Columbic
efficiency at low and high temperatures, respectively. More-
over, the formed stable organic-dominated SEI/CEI with
superior kinetics enables the stable operation of NIBs at
extreme temperatures. The new dilute electrolyte chemistry is
expected to extend to other electrolyte systems used in low-
cost rechargeable batteries. Effective additives can further
improve the performance of the ultralow-concentration
electrolyte from bulk and interface regulation in the future.
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