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A B S T R A C T

The lithium redox at the Li/electrolyte interface have significantly influences on the road achieving high
performance lithium metal anode (LMA). Lithium dendrite formation caused by inhomogeneous Li
deposition at Li/electrolyte interface is one of the critical challenges for rechargeable Li metal batteries
(LMBs). Besides, the incompatibility of commonly used commercial ester-based electrolytes with
metallic lithium also limits the application of LMA, while some reported additives can only maintain
their efficiency in ether-based electrolytes. In this work, 2-Mercaptopyridine (2Mpy), which we have
proposed in ether-based electrolyte application, is introduced into commercial ester-based electrolyte
as a redox promoter and the evolution of Li deposition and the mechanism of additive has been further
investigated. The redox of Li+/Li is accelerated and the cycling performances of LMBs in ester-based
electrolyte are greatly improved with 2Mpy participated. This work further demonstrates the effec-
tiveness of charge transfer mediator additives such as 2Mpy in ester-based electrolyte, opening up a
practical path to achieving high-performance additive for lithium metal batteries.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Lithium metal batteries (LMBs) based on Li metal anodes have
attracted worldwide attention due to their extraordinary high
theoretical energy density. However, growth of lithium dendrites
still hinders the practical application of metallic lithium as anode
to replace graphite anodes [1,2]. The dendrites growth is consid-
ered to be uncontrollable, result in fast electrolyte consumption
and low Coulombic efficiency (CE) [3]. Worse still, lithium den-
drites not only form “dead lithium” reducing the capacity of bat-
teries, but may also penetrate the separator, causing internal short
circuits or even explosions in LMBs, which is not acceptable for a
commercial application [4,5]. Various strategies have been

developed to suppress dendrites growth, including: (1) intro-
ducing three-dimensional current collectors or structure
designing [6—9]; (2) the electrolyte engineering or adding elec-
trolyte additives [10—14]; (3) introducing artificial protective
layers [15—18]; (4) using solid state electrolyte to block Li metal
dendrite growth [19—22].

In previous study, we develop a Li+/Li redox accelerating
mechanism through a charge transfer mediator additive of 2Mpy
to achieve dendrite free Li metal deposition in ether-based elec-
trolyte, which presented a novel concept for Li anodes protection
[23]. A conjugated 2Mpy molecule with stable electrochemical
properties, can be specifically adsorbed on Li metal surface and
promote charge transfer at the Li metal/electrolyte interface.
Therefore, a fast electrochemical kinetic and accelerated Li depo-
sition can be achieved. However, the ether-based electrolytes are
compatible with the Li metal and are more resistant against
reduction, thus leading to a thinner SEI on the anode and
higher initial Coulombic efficiency, compared with ester-based
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electrolytes [24]. However, ether solvents are prone to becoming
oxidized when operating beyond 4.0 V (vs Li/Li+), and tend to
volatilize easily, complicating battery fabrication processes [25].
Therefore, although the investigation is continuous, ethers are
believed to be less useful and rarely considered as electrolytes in
practical application. The carbonate ester-based electrolytes,
which are the most commonly used and mature electrolyte sys-
tems in commercial LIBs, are incompatible with the lithium metal
anode, as the carbonate solvents (e.g., ethylene carbonate,
dimethyl carbonate, ethyl methyl carbonate) can be attacked and
reduced readily by the electrons and then form a thick solid
electrolyte interphase (SEI) layer on the Li metal [26,27]. This thick
SEI slow down the diffusion of Li+ and hinders the Li+ desolation
process during lithium plating/stripping. What's worse is that the
slowmigration of Li+ can promote the growth of lithium dendrites
and pose safety concerns. Therefore, investigation of the 2Mpy's
effect in ester-based electrolyte still remains a significant chal-
lenge [28].

2Mpy is a promising charge transfer mediator additive for the
Li+/Li redox accelerating mechanism. Although its effects on the
uniform Li deposition in ether-based electrolyte system were re-
ported, the effectiveness of the 2Mpy's accelerating mechanism in
ester-based electrolyte is still maintain uncertainty. In this paper,
the behavior of 2Mpy in ester-based electrolyte during Li deposi-
tion has been further investigated. The effects of 2Mpy on the
properties and morphologies of deposited Li at different current
rates, and repeated plating/stripping processes have been further
employed via several different approaches.

2. Experimental

2.1. Materials characterization

The morphology of metallic lithium anode was characterized
by a scanning electronmicroscope (SEM, Hitachi S-4800, Japan). X-
ray photoemission spectroscopy (XPS) was carried out on an Im-
aging Photoelectron Spectrometer (Kratos Analytical Ltd.). Before
SEM or XPS testing, the electrode should be cleaned three times
with DMC solvent to remove electrolyte components or lithium
salt residues.

2.2. Simulation details

The DFT calculation for complexation is on the basis sets in the
framework of B3LYP hybrid functional in the Dmol3 program,
using Material Studio software. All the molecules were optimized
using DND basis set. The SCF tolerance was 1 × 10- 5 Ha
(1 Ha = 27.2114 eV). The final morphology is determined by the
model when the lowest total energy is reached.

2.3. Preparation of LiFePO4 and NCM811 cathodes

LiFePO4 (LFP) was used as cathode materials. The cathode was
prepared by spreading a slurry of mixing LFP powders, carbon
black and polyvinylidene fluoride (PVDF) binder (dissolved in
NMP) in a mass ratio of 90:5:5 on a piece of Al foil. Then the Al foil
was dried under vacuum at 120 ◦C for 12 h. The loading of LFP is
～8.0 mg·cm- 2.

NCM811 was used as cathode materials. The cathode was pre-
pared by spreading a slurry of mixing LFP powders, carbon black
and polyvinylidene fluoride (PVDF) binder (dissolved in NMP) in a
mass ratio of 90:5:5 on a piece of Al foil. Then the Al foil was dried
under vacuum at 120 ◦C for 12 h. The loading of LFP is
～8.0 mg·cm- 2.

2.4. Preparation of electrolytes and test cells assembling

The bare electrolyte was prepared by introducing 1.0 M LiPF6
into ester solvent (EC: DMC: EMC = 1:1:1 (V/V)). 2-
Mercaptopyridine (2 mg·ml- 1) was added into bare electrolyte
to prepare the control electrolyte. The 2032-type coin cells using
different electrolytes were assembled in a glove box filled with Ar
gas (H2O ＜ 10- 7, O2 ＜ 10- 7). Li || Li symmetrical cells were
assembled with two Li foil electrodes. For Li || Li symmetrical cells
with dendrites-filled Li foil, the Li || Li cells with new Li foils were
cycled in bare electrolyte for 20 cycles at the current density of
1.0 mA·cm- 2 for dendrites growth. Then, the Li foil electrodes with
dendrites were taken down and assembled for Li || Li symmetrical
cells again. The LFP or NCM811 cathodes were assembled with Li
foil anodes for full cells.

2.5. Electrochemical measurements

Electrochemical performance was tested on battery testing
system (Land battery tester, Wuhan, China). The electrochemical
workstation (CHI660E, Chenhua Ltd., Shanghai) was employed for
electrochemical measurement. The EIS were recorded in the fre-
quency ranging from 100 kHz to 0.01 Hz. The scan rate of CV is
10 mV·s- 1. The Li || Li symmetrical cells were tested at different
current densities and capacities. The Li || Li symmetrical cells with
dendrites-filled Li foil were tested at 1.0 mA·cm- 2/1.0 mA·h·cm- 2.
The LFP full-cells were tested in ester electrolyte at different C-
rates in the potential range of 2.5—4.1 V vs Li+/Li. The NCM811 full-
cells were tested in ester electrolyte at 1.0C rate in the potential
range of 2.5—4.25 V vs Li+/Li.

3. Results and Discussion

Fig. 1(a)—(b) illustrates the deposition process of metallic
lithium on pristine substrate. It is well known that the initial
dendrites (tips) are always inevitably formed during the initial
process due to the inhomogeneity of the local electric field and
microenvironment. In the bare ester-based electrolyte, anions and
solvent molecules are adsorbed near the surface and eventually
decompose to form the SEI film. The SEI film consists of an inor-
ganic inner layer and an organic outer layer on the anode surface,
that is, the inner layer is comprised of compact inorganic products
(e.g., Li2CO3, LiF, Li2O, etc.) with a relatively higher mass density
and the outer layer is reduced organic products (e.g., (CH2OCO2Li)2,
ROLi, ROCO2Li, etc.), which has a relatively low density [29]. The
inhomogeneous SEI film leads to severe Li dendritic growth and
finally results in the failure of the batteries.

In ester-based electrolyte with 2Mpy additive, the molecules of
additive are also a part of adsorbed layer as well as solvent mol-
ecules [23]. 2Mpy can accelerate Li deposition process as a charge
transfermediator and enable to keep its structure stability without
decomposed during cycling. In ester-based electrolyte, the concave
surface would shrink and the convex surface would be expanded
by deformation with the initial Li tips growth. leading the content
increasing of 2Mpy on the concave surface with shrinkage, while
the content of 2Mpy on the convex surface reduced. The content
change of 2Mpy adsorption results in the different rate of Li
deposition on concave or convex surface, the faster Li+ reduction
and deposition occurred on the concave regions. By this way, a
smooth surface of lithium deposition finally achieved on the Li
metal anode.

The morphology of Li deposition on Cu substrate in different
electrolyte were observed by SEM and exhibited in Fig. 1(b) and
Figs. S1 and S2. The uneven surface of deposited layer and
lithium dendrites with irregular shapes formed in the bare
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electrolyte. The loose deposition of lithium and many voids among
the lithium granules are easily noted as well. Comparedwith ether-
based electrolytes, the SEI formed in ester-based electrolytes is
more complex and has fewer inorganic components and poorer
uniformity, so the growth of dendrites is more serious than the
lithium dendritic growth in ether-based electrolytes [23]. Accom-
panied by the increasing of current density or areal capacity for Li
deposition, the Li dendrites become sharper and more severe and a
large number of lithium dendrites perpendicular to the deposited
layer can be observed, which are the culprit for the short circuit of
Li metal batteries. After 2Mpy adding, the surface of Li deposition
became denser and the deposition surface became significantly
smoother. Despite the increase in current density or areal capacity,
the surface of the lithium deposited layer remains smooth.

The electrochemical performance of Li metal anode in ester-
based electrolyte with or without 2Mpy are further verified by Li

|| Li symmetrical cells, as shown in Fig. 2(a) and S3. The sharply
drop of over potential was observed after about 150 cycles for the
Li || Li symmetrical cells in electrolyte without 2Mpy at
1.0 mA·cm- 2/1.0 mA·h·cm- 2, while, the frequent voltage fluctu-
ations appeared when the current density increased to
2.0 mA·cm- 2, the which could be explained by the repeated for-
mation/fracture of SEI and the continuous Li dendrites growth. On
contrast, the symmetrical cells go through stable cycling in ester-
based electrolyte with 2Mpy additive, benefited from its mecha-
nism of accelerating deposition process promoted filling up the
concave regions leading to the leveling effect on Li metal anode. As
a result, a stable Li plating/stripping cycling can maintain over
650 h at 1.0 mA·cm- 2/1.0 mA·h·cm- 2, accompanying with a low
over-potential of ～90 mV. And the performance of a symmetrical
cells with 2Mpy in electrolyte are still better than that with none at
2.0 mA·cm- 2/1.0 mA·h·cm- 2.

Fig. 1. (a) Schematic illustration of Li metal deposited on substrate in ester-based electrolyte without or with 2Mpy additive. (b) The SEM images of Li metal deposited on Cu
substrates with different changeable capacity and current in ester-based electrolyte without or with 2Mpy additive.
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Moreover, the morphology of Li metal anodes after different
cycles under 1.0 or 2.0 mA·cm- 2 was compared, respectively cor-
responding to the cycling performance on the left. Obviously, Li
deposition during the Initial cycle is inhomogeneous. Many pro-
trusions appeared after first cycle at 1.0 mA·cm- 2 in ester-based
electrolyte without 2Mpy adding, as shown in Fig. 2(b) and S4. It
can be observed that irregular dendrites gathered on the surface of
Li anodes. After 20 cycles of rapid plating/stripping of metallic Li,
thicker layer consisted of Li dendrites covered up the anode surface.
After 150 cycles, these sharp Li dendrites may penetrate the sepa-
rator and result in cell short circuit which is reflected in the time-
potential curve in Fig. 2(a). After 2Mpy additivewas introduced into
ester-based electrolyte, although still some uneven area appeared
on the surface of Li metal electrode, the surface is smoother than it
in bare electrolyte. Along with the continuous cycling, the Li metal
electrodemaintained a flat surfacewithout Li dendrites throughout
20 cycles. The electrode still keeps a dendrite-free surface after 150
cycles of Li plating/stripping. When the current density increased
to 2.0 mA·cm- 2, similar law of morphological changes can be
concluded form the SEM images of Li metal anodes after different
cycles. The Nyquist plots of the electrochemical impedance spec-
troscopy of Li||Li symmetrical cells at different cycles were
exhibited in Fig. S3. The impedance reduced after long-term
cycling, The symmetrical cell with 2Mpy additive present smaller
impedance than that of the bare one, which can be attributed to
healthy electrode/electrolyte interface without dendrites' damage.
To prove the efficacy of 2Mpy in improving reversibility under
different C-rate cycling, a series of plating/stripping measurements
were performed under elevated current densities of 0.5,1.0, 2.0, 4.0,
2.0, 1.0 and 0.5 mA·cm- 2 with areal capacity of 1.0 mA·h·cm- 2 of
the Zn reversibly cycled (Fig. 2(d)). The Li || Li symmetrical cell with
2Mpy shows a more stable voltage profile with a smaller plating/
stripping over-potential at each C-rate than symmetrical cell
without 2Mpy adding.

To eliminate the uncertainty related to the substrate surface, a
method based on pre-plating and final stripping Li has been re-
ported to calculate the average CE [30,31]. Firstly, a given amount
of charge (QT) is used to deposit Li onto the Cu substrate. Secondly,
a smaller portion of this charge (QC) is used to cycle Li for n cycles.
Finally, an exhaustive strip of the remaining Li reservoir is per-
formed. The final stripping charge (QS), corresponding to the
quantity of Li remaining after cycling, is measured. The average CE
over n cycles can be calculated follow the equation:

CEaverage =
nQC + QS
nQC + QT

As is shown in Fig. 2(d), an average CE of the Cu || Li cell with
2Mpyreaches 87.02% at a current density of 1.0 mA·cm- 2, which is
much higher than that of cells without (70.50%). The better
reversibility of Li plating/stripping can be realized via 2Mpy
introducing.

Meanwhile, the Li foils with dendrites covered, which have
already gone through 20 cycles under 1.0 mA·cm- 2, were used for
evaluate the effect of additive to further investigate the
morphology evolution of Li deposition with the participation of
2Mpy (Fig. S6). The dendrites grown more severe than before after
cycled in original ester-based electrolyte, but healed themselves
and finally achieved flat surface of Li metal anode in electrolyte
with 2Mpy additive. This is can be attributed to the faster
Li + deposition on concave regions than it on convex regions via
more amount of 2Mpy adsorption [32].

Fig. 3(a)- (b) and S7 exhibit the XPS analysis of the anodes
surface after 20 cycles in ester-based electrolyte without or with
2Mpy. The inorganic LiF, and organic products from reduced ester
solvent molecules (e.g. (CH2OCO2Li)2, ROLi, ROCO2Li, etc.), can be
observed on the surface after cycled [33—35]. It should be noted
that no extra components of N or S element appeared on the sur-
face of anode after 2Mpy introduced into electrolyte. the specific

Fig. 2. (a) The Li || Li symmetrical cells in different ester-based electrolytes at 1.0 mA·cm- 2/1.0 mA·h·cm- 2. Insert: detailed analysis of voltage profiles among 100 cycles. (b) The
SEM images of Li metal anodes of Li || Li symmetrical cells after 1, 20 and 150 cycles under 1.0 mA·cm- 2/1.0 mA·h·cm- 2, respectively. (c) The C-rate performance of Li || Li
symmetrical cells in different ester-based electrolytes. (d) Voltage-time curves to calculate the average coulombic efficiency of Cu || Li half cells with and without the 2Mpy
additive at 1.0 mA·cm- 2. The capacity of pre-plated Li is 20.0 mA·h·cm- 2, the cycling capacity is 1.0 mA·h·cm- 2.
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peaks shown in N 1s and S 2p spectrum of Li metal anode cycled in
ester-based electrolyte with 2Mpy added are similar to these in
bare ester-based electrolyte. According to the elements mapping
shown in Fig. 3(c),(d), the same conclusion can be inferred that
2Mpy additive can keep stable during the deposition process of
metallic Li and does not participate in the formation of SEI.

The electrochemical cyclic voltammetry (CV) was also
employed to investigate the Li plating/stripping behaviors
(Fig. S8). The redox peaks in the voltage region among - 0.5 - 0.7 V
corresponded to the Li depositing (negative scan) and stripping
(positive scan) reactions. Without additive in electrolyte, the peak
current (IP) was 20 mA corresponding to peak potential (UP) of
0.529 V. After introducing 2Mpy into electrolyte, a higher IP

(23.5 mA) and lower UP (0.505 V) can be observed was 0.28 V,
indicating a better kinetic of Li redox benefiting from 2Mpy.

As we furtherly investigated, although the LUMO energy level
of 2Mpy is lower than that of ether solvent molecules [36,37],
which makes 2Mpy molecules more likely to accept electrons, it
can remain stable after accepting electrons thanks to the overall
conjugated structure of 2Mpy. The lower LUMO energy level
makes it easier for electrons to transfer into the 2Mpy molecule
and transfer it to Li+ to maintain the electrical neutrality of the
molecule, acting as a charge transfer mediator and promoting the
lithium deposition reaction. Here, the HOMO and LUMO energy
levels of 2Mpy are compared with those of ester or ether solvent
molecules, as shown in Fig. 4(a). It was able to be inferred that the

Fig. 3. (a, b) The XPS analysis of Li foil after 20 cycles in ester-based electrolyte without or with 2Mpy; (c, d) The elemental mapping of the Li foil after 20 cycles in ester electrolyte
without or with 2Mpy.

Fig. 4. (a) The energy level of ester solvent molecules, 2Mpy additive and ether solvent molecules; (b) the Schematic illustration of Li deposition without or with 2Mpy additive
participated.
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same regular rule can be extended to ester-based electrolyte. In
short, whether it is ether-based electrolyte or ester-based elec-
trolyte, a similar process of 2Mpy participating in the lithium
deposition occurs (Fig. 4(b)), in which charge transfer mediator
additive of 2Mpy can adsorbed on anode surface and promote
charge transfer at the Li metal/electrolyte interface [38], rather
than decomposing like the original adsorbed ester solvent mole-
cules such as EC, DMC or EMC, resulting in slow lithium deposition.

LiFePO4||Li and NCM811||Li full-cells were also assembled to
evaluate the performance of the 2Mpy additive. As shown in
Fig. 5(a), the specific capacity of Li||LiFePO4 using a bare ester-
based electrolyte decreased when the C-rate increased from 0.5
to 10.0C. In particular, the capacity decays significantly in only 6
cycles in just 6 cycles under 10.0C. On the contrary, in electrolyte
with 2Mpy, the LiFePO4||Li cell presented increased specific ca-
pacity at high C-rates and the specific capacity can recover well
when current density returned to 1.0 C. As demonstrated in
Fig. 5(b)—(c), the specific capacity of Li||LiFePO4 cell in bare elec-
trolyte exhibited a continuous decay, which may cause by uncon-
trollable dendrites growth and repeated fragmentation and
formation of SEI leading to the adverse reaction betweenmetallic Li
and ester-based electrolyte. However, with 2Mpy additive, the
LiFePO4||Li cell has a smaller polarization in its first cycle and
performed a stable cycling with average coulombic efficiency of
99.53% over 1000 cycles at 1.0 C. For NCM811||Li full-cells, the
specific capacity improved with 2Mpy introducing into ester-based
electrolyte (Fig. 5(d)). The reason was able to infer form the po-
larization curve of each cycle, as shown in Fig. 5(e)—(f). The additive
significantly reduced the increase in polarization of NCM811||Li full
cell, which may be due to the participation of 2Mpy in achieving a
smooth and dendrite-free electrode/electrolyte interface, thereby
reducing the side reactions of the electrolyte.

4. Conclusions

In summary, we have developed application of a universal
2Mpy additive for ester-based electrolyte and achieve long-term
cycling of lithium metal batteries. The 2Mpy enable to achieve

dendrite-free surface by accelerating Li redox as a charge transfer
mediator, and keeping stable during long-term cycling, finally a
smooth and uniform anode surface can be achieved. This kinds of
additive with stable conjugated structure can work in ester-based
electrolyte, and enhance the performance of Li metal anode for
practical application. We believe that this unique additive can
advance the realization of safe and high-performance lithium
metal batteries.
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