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Copper phthalocyanine (CuPc) is adopted as an electrolyte additive to stabilize lithium anode for lithium-
sulfur (Li-S) batteries. CuPc with a planar molecular structure and lithiophilic N-containing group, is likely
to be adsorbed on the surface of Li anode to form a coating layer, which can restrict the direct contact
between Li anode and solvents, and guide the uniform deposition of Li* ions. The Li||Li symmetric cells
demonstrate a stable cycle performance, and Li||Cu cells show high Coulombic efficiencies. In Li-S batter-
ies, the formed stable solid-electrolyte interface (SEI) film containing copper sulfides can protect Li anode
from the polysulfide corrosion and side reactions with the electrolyte, leading to the compact and smooth
surface morphology of Li anode. Therefore, the Li-S batteries with CuPc additive deliver much higher ca-
pacity, better cycle performance and rate capability as compared to the one without CuPc additive.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal Li represents one of the most perspective anode materi-
als owing to its high theoretical capacity of 3860 mAh/g and the
most negative potential of —3.04V [1-5]. When coupled with a
high-capacity sulfur cathode, the equipped Li-S battery offers a rel-
atively high energy density of ~2600Wh/kg, which exceeds over
3-times to that of commercial Li-ion batteries [6-10]. However,
the dissolution-deposition reaction of sulfur cathode comes with
a lot of problems that need to be solved. Firstly, solid sulfur con-
verts to soluble long-chain lithium polysulfides (LiPSs) in the elec-
trolyte, which will then cross through the separator to Li anode
side, causing irreversible loss of active materials and the rapid ca-
paicty decay [11-16]. Secondly, the reaction between Li metal and
the electrolyte, and the nonuniform deposition of Li result in un-
stable solid electrolyte interface (SEI). The SEI continuously breaks
during repeated plating/stripping process, and allows the fresh Li
metal to be exposed, which is highly reactive to further react with
the electrolyte [17-19]. In addition, the uncontrolled growth of Li
dendrites can pierce the separator and lead to the direct connec-
tion of cathode and anode, resulting in short circuit phenomenon
[20,21]. These problems eventually cause low columbic efficiency
and inferior cycling stability of Li-S batteries.

To address the challenges arising on Li anode side, investigators
have found several solutions, such as adopting three-dimensional
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current collectors [22-26], creating artificial layers of solid elec-
trolyte [27-29], and using solid-state electrolyte with high me-
chanical modulus [30-34]. Compared with these strategies, mod-
ifying the electrolyte with functional additives is more simple, and
these additives are helpful to in situ form a stable passivation film
on the surface of Li anode, so as to improve its cycling lifespan
[35-41]. For example, inorganic nitrates have been added into the
ether-based eletrolytes to improve the Coulombic efficiency owing
to the formed stable LixNOy layer on Li anode surface [42,43]. Our
group previously demonstrated rare-earth metal nitrates as elec-
trolyte additives, and these nitrates showed advantages in stabi-
lizing Li anode for Li-S batteries [44]. In addition, some organic
molecules have also adoped to regulate the electrochemical depo-
sition of Li* ions for dendrite-free Li anodes [45-48]. In view of
the simple operation and remarkable effectiveness, the exploration
of electrolyte additives is very meaningful to realize long-lasting Li
anode for efficient Li-S batteries.

In this work, we have employed copper phthalocyanine (CuPc)
as an additive to protect Li metal anode and thus enhance the elec-
trochemical performance of Li-S batteries. In particular, CuPc con-
tains lithiophilic N-functional groups, and is likely to be adsorbed
on the Li anode surface, which can not only protect Li anode from
the side reactions with the electrolyte, but also effectively reg-
ulate the deposition of Li™ ions. In addition, the formed stable
SEI film containing copper sulfides can effectively passivate the
Li anode and suppress the continuous consumption of Li by both
the solvents and LiPSs, thus benefiting for achieving the compact
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Fig. 1. Electrochemical performance of Li||Li cells. (a) Voltage profiles at 1mA/cm? (1 mAh/cm?), and (b) enlarged plots of (a). (c) Rate performance at various current
densities with a fixed capacity of 1 mAh/cm?. (d) EIS profiles of Li||Li cells before and after 25 cycles with different electrolytes at 1mA/cm? (1 mAh/cm?2). Top-view and

side-view SEM images of cycled Li anode (e, f) with or (g, h) without CuPc additive.

and smooth surface morphology of Li anode. With 1 mmol/L CuPc
added into the electrolyte, Li||Li cells show excellent durability and
Li||Cu cells show high Coulomb efficiencies. Moreover, when ap-
plied in Li-S batteries, the CuPc additive can provide a noticeable
enhancement in the rate capability and stable performance.

Figs. 1a and b show the voltage distribution of Li||Li cells in the
electrolytes with or without 1 mmol/L CuPc additive under a cur-
rent density of 1mA/cm? and a capacity of 1 mAh/cm?. The volt-
age profile of the cell without CuPc additive shows obvious fluctu-
ation and high overpotentials, which may be attributed to the ex-
posure of Li metal caused by SEI fragmentation, and rapid uneven
growth of Li dendrites. On the contrary, the cell with CuPc addi-
tive is able to achieve an excellent stability over 500 h with a low
overpotential of ~20 mV. The impact of the concentrations of CuPc
additive on the Li depostion behavior has also investigated. As dis-
played in Fig. S1 (Supporting information), at a low concentration
of 0.5mmol/L CuPc, the cell shows a steady voltage profile over
240h, while the cell with 2 mmol/L CuPc shows obvious voltage
fluctuations after about 150h, as like the control cell withou CuPc.
These results suggest that a reasonable concentration of CuPc addi-
tive is needed for better performance of Li||Li cells. In addition, Pc
molecule without a metal center is also investigated as the addi-
tive for Li||Li cells. As shown in Fig. S2 (Supporting information), Pc
additive can also induce steady voltage of Li||Li cell during cycling,
indicating the positive role of Pc molecule in regulating Li deposi-
tion behavior. On the other hand, the overpotential value (~25mV)
of the cell with 1 mmol/L Pc is a little higher than that of the cell
with 1 mmol/L CuPc, suggesting the exsitence of Cu center further
contribute to the regulation of Li deposition bahavior. When tested
under a higher capacity of 3 mAh/cm? (Fig. S3 in Supporting in-
formation), or a higher current density of 4mA/cm? (Fig. S4 in
Supporting information), the cells with CuPc additive deliver ex-
cellent stability with low overpotentials. The plating/stripping tests
are further investigated at different current densities ranging from
1mA/cm? to 4mA/cm? with the capacity of 1 mAh/cm? (Fig. 1c).
As seen, the much lower overpotentials indicate the better rate ca-
pability of the cell with CuPc additive. Fig. 1d shows electrochem-
ical impedance spectroscopy (EIS) profiles of Li||Li cells before and

after 25 cycles at 1mA/cm? (1 mAh/cm?). The impedances of the
cell containing CuPc additive are much lower than that of the con-
trol cell, which proves the improved Li/electrolyte interfacial affin-
ity and faster kinetic bahavior of Li* ions. In addition, the exchange
current density (Ip) in Li||Li cells with CuPc additive were calcu-
lated as 1.06 mA/cm? from Tafel plots (Fig. S5 in Supporting infor-
mation), higher than that of the cell without CuPc (0.812 mA/cm?).
This implies the better charge transfer capability across a smooth
and flat surface of Li anode at the presence of CuPc. Moreover, the
transfer number of Li* ions is assessed by using the potentiostatic
polarization (Fig. S6 in Supporting information) and EIS measure-
ments (Fig. S7 in Supporting information). The value in the cell
with CuPc additive is calculated as 0.78, which is higher than that
for the cell without CuPc additive (0.72). It is probably because of
the complexation between Li* ions and the lithiophilic N elements
in CuPc. As a result, CuPc molecules are likely adsorbed on Li an-
ode surface as a coating layer, which can not only promote the Li*
ion transfer, but also reduce the direct contact between Li anode
and the solvents and inhibit the growth of dendrites. Therefore, a
stable SEI film can be produced to enable excellent cycle stability
of Li||Li cells.

In order to clarify the modification of Li surface morphology
by CuPc additive, Scanning electron microscopy (SEM) images of
Li foils disassembled from tested Li||Li cells after 100 cycles at
1mA/cm? (1 mAh/cm?). Li foil tested with CuPc additive shows a
flat surface with only a few of cracks (Fig. 1e), suggesting that an
uniform dissolution/deposition of Li during cycling. However, the Li
foil tested without CuPc additive displays an uneven surface with
severe pulverization (Fig. 1g). Such a obvious change of surface
morphology suggests the uneven dissolution/deposition of Li in the
basic electrolyte. Side-view SEM images (Figs. 1f and h) show the
thicknesses of the surface passivation films are about 32.5 and
73.3um for the tested Li with or without CuPc additive, respec-
tively. Therefore, the applied CuPc additive helps to construct a ro-
bust SEI on Li surface, and such a stable SEI can suppress the con-
tinuous consumption of both Li metal and the electrolyte.

Li]|Cu cells were further applied to evoluate the Coulombic ef-
ficiency (CE) and Li anode. As shown in Fig. 2a, with the presence
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Fig. 2. Coulombic efficiency of Li||Cu cells at a current density of 1 mA/cm? and the capacity of (a) 0.5 mAh/cm? and (b) 1 mAh/cm?. Top-view and side-view SEM images of
Li deposited onto Cu foils after different cycles at 1 mA/cm? (1 mAh/cm?) in the electrolyte (c-f) without or (g-j) with CuPc. The insets show the digital images of deposited

Li on Cu foils.

of CuPc additive, the Li||Cu cell shows a high initial CE of ~99%
compared with that of the control cell (~97%). However, after 113
cycles, the control cell shows a rapidly falling charge capacity, lead-
ing to the decreased CE to 87.6%. While the cell with CuPc additive
shows stable voltage profiles and higher CE. At a high deposition
capacity, the cell with CuPc additive also shows higher CE com-
pared with the one without CuPc (Fig. 2b). The deposition behav-
iors of Li on Cu foil were investigated by SEM. The tested Cu foils
were disassembled from the Li||Cu cells after cycled at 1 mA/cm?
(1 mAh/cm?). In the basic electrolyte, the deposited Li on the Cu
foil surface shows a loose and cracked morphology, which becomes
more uncontrolled and irregular along with the increasing cycles
(Figs. 2c and e). For the modified electrolyte, the deposited Li ex-
hibits a relatively dense and flat morphology (Figs. 2g and i). The
side-view SEM images demonstrate the thinner deposited layer at
the presence of CuPc (Figs. 2h and j) in comparsion with the basic
electrolyte (Figs. 2d and f). This means that CuPc additive can ef-
fectively homogenize the deposition of Li and help to form a stable
SEI film, thereby greatly restraining the growth of dendrites.

Fig. 3a displays the rate performance of Li-S batteries with or
without CuPc additive. The battery with CuPc additive delivers an
initial specific capacity of 1146 mAh/g at 0.1 C, and shows much
higher capacities at higher C rates. Even at 4 C, a high discharge
capacity of 560 mAh/g is realized, which largely exceeds that of
the cell without CuPc additive (~200 mAh/g). It is known that the
uncontrolled shuttle effect can not only lead to the irreversible
loss of sulfur active materials, but also the rapid degradation of
Li anode due to the continuous deposition of insulating Li,S,/Li,S
layer. This further leads to the capacity decay especially at high
C rates due to the increasing polarization. As reflected in the dis-
charge/charge curves (Fig. S8 in Supporting information), the bat-
tery without CuPc additive shows huge polarization and severe
shrinkage of the discharge plateau, especially the second one that
contributes the majority of cathode capacity. While the battery
with CuPc additive shows typical two-step potential plateau (Fig.
3b) and smaller polarization values between the charge and dis-
charge potential plateaus (Fig. 3c) at various C rates, indicating
the better rate capability of Li-S batteries. In additive, the cyclic

voltammetry (CV) profiles are compared in Fig. S9 (Supporting in-
formation), and the cell with CuPc additive shows a lower potential
polarization between cathodic peak and anodic peak. This reveals
the better reversibility of sulfur redox reactions by the catalysis ef-
fect of CuPc additive, as reported for CoPc [49,50], FePc [51], and
other metal-based Pc [52]. The effect of the concentration of CuPc
additive on the battery performance has been investigated. Com-
pared with the basic electrolyte, the modified electrolytes with dif-
ferent concentrations of CuPc additive (0.5 mmol/L and 2 mmol/L)
come with the improved rate performance of Li-S batteries (Fig.
S10 in Supporting information). The two-step potential plateau of
the sulfur cathodes maintains well along with the increasing C
rates (Fig. S11 in Supporting information). Besides, an optimal con-
centration of CuPc additive (1 mmol/L) is necessary for best elec-
trochemical performance. This should be related to the wettability
of different electrolytes. As shown in Fig. S12 (Supporting infor-
mation), the introduction of CuPc improve the wettability of the
eletrolyte on the separator surface with lower contact angles. In
addition, with 1 mmol/L CuPc additive, the lowest contact angle
of 30.5° is obtained. Smaller contact angle implies better wettabil-
ity of the electrolyte, which enables better interfacial compatibility
and accelerates the Li* ion diffusion.

In Fig. 3d, the battery with CuPc additive shows a high initial
capacity of 825.6 mAh/g at 0.5 C, and maintains at 677.8 mAh/g
after 150 cycles. The capacity fading rate is about 0.12% per cy-
cle. As a comparsion, the capacites of the battery without CuPc
rapid decrease from 700.3 mAh/g to 516.7 mAh/g, suggesting a
high fading rate of 0.17% per cycle. Moreover, CuPc additive en-
ables higher average CE (~99%). The superiority of CuPc additive
maintains even cycling at 1 C, supported by the better stability
of Li-S battery. In order to further evaluate the advantage of CuPc
additive, the cycling performances of high-loading sulfur cathodes
(~3mg/cm?) were evaluated. Fig. 3e shows that the specific ca-
pacities are 872.1 and 602.4 mAh/g at the 15t cycle, and keep at
698.3 and 552.1 mAh/g at the 50 cycle with the E/S ratios of 9
and 7 pL/mg, respectively. The capacity retentions are about 80.1%
and 91.6%, respectively, implying the good stability. The maintained
two discharge potential plateaus (Fig. 3f) at such harsh operat-
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Fig. 3. (a) Rate performance of Li-S batteries with or without CuPc additive. (b) Galvanostatic discharge-charge curves of Li-S cells with CuPc additive at different current
densities (1 C=1675mA/g). (c) Polarization potential at various rates. (d) Cycle performance of Li-S cell with CuPc additive at 0.5 C and 1 C. (e) Cycle performance and (f)
glvanostatic discharge-charge curves of Li-S cell with CuPc additive with high-loading sulfur cathodes at 0.1 C.
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Fig. 4. Top-view and side-view SEM images of Li anode surface (a, b) without and (d, e) with CuPc additive after cycled at 0.5 C. S 2p spectra of the cycled Li anode (c)

without and (f) with CuPc additive.

ing conditions suggests the good kinetics of sulfur redox reactions
enabled by CuPc additive. As control, the batteries without CuPc
show lower specific capcities and faster capacity decay at the same
condition (Fig. S13 in Supporting information). These results defi-
nitely demonstrate the positive role of CuPc additive in improving
the electrochemical performance of sulfur cathodes.

The morphologies of cycled Li anode were observed by SEM.
In the case of the electrolyte without CuPc additive, the cycled
Li exhibits a cracked and loose surface morphology (Fig. 4a), im-
plying that the formed SEI is fragile during the long-term cycling.
This will do harm to the cycle stability of both Li anode and sul-
fur cathode. However, the Li anode cycled in the electrolyte with
CuPc additive owns relatively compact and smooth surface (Fig.
4d). This further verifies the positive role of CuPc on forming a
stable SEI on Li surface. In the basic electrolyte, Li dendrites are
more likely to be generated due to the uneven SEI formation. It
will cause more serious damage corrosion to Li anode. The thick-

ness of the passivation layer on the surface of cycled Li anode cy-
cled is as high as ~68 um (Fig. 4b). While the thickness of the pas-
sivation layer is only ~41pum for the Li anode cycled with CuPc
additive (Fig. 4e). It can be seen that after adding CuPc additive
to the basic electrolyte, the N functional group in CuPc can ef-
fectively regulate lithium ion deposition. X-ray photoelectron spec-
troscopy (XPS) was further carried out to determine the compo-
sition of different SEI films. As presented in Fig. 4¢c, S 2p spectra
shows two obvious peaks for the Li anode cycled in the basic elec-
trolyte. The peak in the low-energy region can be divided to three
components including Li,S (160.9eV), Li,S, (162.3eV), and S-S*0O5
(164.2 eV), while the one in the high-energy region can be assigned
to SOx2~ groups [53,54]. With the addition of CuPc (Fig. 4f), an ex-
tra peak appears at the binding energy of 159.5 eV, which suggests
the formation of copper sulfide species. The formed SEI is not sus-
ceptible to fragmentation, and is conducive for protecting Li anode
from the continuous corrosion by both soluble LiPSs and the sol-
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vents [55]. As a result, the irreversible deposition of Li;S,/Li,S on
the anode surface is greatly suppressed, which can be identified by
the reduced area ratio of Li,S,/Li;S. Moreover, according to the C
1s spectra (Fig. S14 in Supporting information), the peak at 283.3,
285.9, 286.3 and 287.3 eV, can be corresponded to the characteris-
tic peaks of C-C bond in CuPc, shake-up transition of CuPc, C-H
and C-N bond, respectively [56]. Besides, as displayed in the Cu 2p
spectra (Fig. S15 in Supporting information), Cu 2p;j, and Cu 2psp,
peaks at 952.7 and 933.2 eV, respectively [56]. Therefore, it can be
concluded from the above discussion that CuPc participates in the
formation of stable SEI on Li surface, and the formed SEI plays a
positive role in stabilizing Li metal.

The density function theory (DFT) calculation was conducted to
reveal the highest occupied molecular orbital/lowest unoccupied
molecular orbital (HOMO/LUMO) of CuPc, solvents (DOL, DME) and
TFSI-. As shown in Fig. 5a, the energies of LUMO levels of CuPc,
DOL, DME and TFSI~ are calculated as 0.45, 0.51, —0.24 and 2.64 eV,
while the HOMO levels are —6.40, —6.43, —7.42 and —4.39eV, re-
spectively. Obviously, CuPc has the lowest LUMO level, indicat-
ing more favorable reduction of CuPc during the electrochemical
cycling. In other words, Li anode cycled in the basic electrolyte
is easily damaged by the unwanted side reactions with the sol-
vents and TFSI~anion, as well as soluble LiPSs (Fig. 5b), lead-
ing to the overgrown dendrites and nonuniform SEI. However, in
the modified electrolyte (Fig. 5c), CuPc is more easily to partici-
pate in the formation of stable SEI film on the Li anode surface,
thereby proctecting Li anode from the side reactions with the elec-
trolyte, suppressing the dendrite formation and reducing the poly-
sulfide corrosion of Li anode. Thus, the cycle stabilities of both
Li anode and sulfur cathode are significantly enhanced by CuPc
additive.

In summary, we have reported CuPc as an electrolyte additive
to stabilize Li anode for Li-S batteries. CuPc additive is likely to be
adsorbed on Li anode surface as a functional molecule-level coat-
ing layer, which helps to regulate the depotion behaviors of Li,
reduce the direct contact between Li anode the electrolyte, and
suppress the growth of Li dendrites. Li||Li cells with CuPc addi-
tive show excellent cycle stability with low overpotentials and out-
standing rate performance. Meanwhile, in the case of Li-S batteries,
the formed stable SEI film containing copper sulfides can effec-
tively restrict the continuous deposition of Li,S,/Li,S on Li anode
surface, which can not only suppress the formation of dead sul-
fur, but also protect Li anode from the contiunous corrosion of sol-
ube LiPSs. Thus, the Li-S batteries with CuPc additive deliver much
higher capacity, better cycle performance and rate capability. This
work provides a new and simple way to improve the stability of

metal Li anode for Li-S batteries and other advanced rechargeable
Li metal batteries.
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