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The Out-of-Plane C─S Bonds Boosting Reversible Redox in
Copper Sulfide Cathodes for Ultradurable Magnesium
Battery

Qin Su, Weixiao Wang, Jiajun Chen, Juan Ji, Wenwen Wang, Wen Ren,* Lei Zhang,*
Jun Xie,* and Qinyou An*

As a typical conversion-type cathode material, CuS has shown great potential
in the field of rechargeable magnesium batteries (RMBs) due to its excellent
energy density, stable voltage platforms, and low cost. However, the poor
phase conversion reversibility in CuS cathodes has resulted in low Coulombic
efficiency and short cycling life, impeding its further development. Herein, an
abundance of C–S heterointerfaces is meticulously crafted by the CuS
nanoparticles anchored on rGO nanosheets (CuS@G). The out-of-plane C─S
bonds effectively reduce the activation energy of sulfur atoms within Cu-S
tetrahedrons, facilitating the formation of S─S bonds in the Cu2S crystal
structure and driving the reversible phase conversion between Cu2S and CuS
during the charge/discharge process. Furthermore, a more reversible phase
conversion could diminish copper ion dissolution induced by volume
expansion. Consequently, the CuS@G cathode exhibits one of the most
remarkable rate performances to date (160.5 mAh g−1 at 1 A g−1), retaining
64.7% of its capacity after 1000 cycles. Additionally, a durable CuS@G||Mg
pouch cell is successfully assembled, delivering a high capacity of 9.5 mAh.
These fundamental insights provide valuable guidance for the design of
high-performance conversion cathode materials for next-generation RMBs.
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1. Introduction

Rechargeable magnesium batteries (RMBs)
have emerged as one of the most promis-
ing alternatives to Li-ion batteries, thanks
to the abundant magnesium resources, en-
hanced safety, and high volumetric capacity
(3833 mAh cm−3).[1–3] Significant progress
has been made in the development of
Mg electrolytes, yet the quest for efficient
Mg2+ storage cathodes remains an ongoing
challenge.[4–6] Presently, two primary cate-
gories of inorganic cathode materials are
capable of storing Mg2+: intercalation-type
and conversion-type.[7–9] Intercalation cath-
odes, such as V2O5,[10] MoO3,[11] Mo6S8,[12]

VS4,[13] and WSe2,[14] have garnered con-
siderable research interest due to their
high operating voltage and minimal volt-
age hysteresis.[15] However, these materi-
als offer relatively limited specific capac-
ities due to the constraints of fixed-layer
spacing.[16] Conversely, conversion cath-
ode materials, which leverage the multi-
valence states of elements and are not

restricted by a rigid lattice structure, exhibit much higher specific
capacities.[17,18]

In recent years, the conversion cathode has therefore at-
tracted increasing attention. Among them, CuS, a prototypical
conversion-type material, has drawn widespread interest for its
theoretical specific capacity of ≈560 mAh g−1 and low cost.[19,20]

However, its practical application is hindered by the poor re-
versibility of the conversion reactions.[21,22] Various strategies
have been explored to address these challenges. Xu et al. demon-
strated that reducing CuS particle size to ≈100 nm can facili-
tate Mg2+ diffusion, achieving reversible conversion from Cu to
Cu2S.[23] Similarly, Mai et al. found that combining CuS with
MXene can enhance electron transport, thereby improving the
reaction kinetics of Cu to Cu2S.[24] Subsequently, Cao et al. pro-
posed that strong Se-C interactions could effectively anchor sele-
nium, suppress its dissolution, and facilitate the redox activity of
Cu+.[25]However, despite these advances, the reverse conversion
from Cu2S to CuS remains difficult to achieve.[26]

When comparing the crystal structures of Cu2S and CuS, it
can be inferred that the formation of S─S bonds is a pivotal step
in phase conversion.[27] Upon activation, adjacent sulfur atoms in
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Figure 1. Schematic illustration effect of C─S bonds on the phase conversion barrier of the CuS cathode: a) phase conversion process of pure CuS
cathode; b) phase conversion process of CuS@G cathode. c) Graphene and Cu2S work function calculations. d) Charge transfer calculations between
Cu2S and graphene. e) Calculation of the formation energy of S─S bonds.

Cu2S spontaneously combine to form more stable S─S bonds.[28]

However, Cu2S possesses a relatively stable Cu─S tetrahedral
structure, which results in a high activation energy for the sulfur
atoms and a substantial S─S bond formation energy (Figure 1a).
Thus, reducing the formation energy of S─S bonds and lowering
the energy barrier for Cu2S to CuS conversion are the primary
challenges for CuS cathode materials.

In this context, we propose the introduction of C─S bonds
to diminish the energy barrier for the Cu2S to CuS conversion
(Figure 1b). The presence of C─S bonds effectively reduces the
activation energy of sulfur atoms within the Cu-S tetrahedrons,
lowers the formation energy of S─S bonds, and facilitates the
conversion from Cu2S to CuS during the charging process. DFT
calculations were employed to validate this approach. The work
function calculations indicate that electrons flow from graphene
to sulfur atoms in Cu2S (Figure 1c; Figure S1, Supporting In-
formation). Further charge differential analysis reveals a charge
transfer of 0.14 e− (Figure 1d; Figure S2, Supporting Informa-
tion), rendering the sulfur in Cu2S unstable and promoting the
formation of S─S bonds. As shown in Figure 1e, under the influ-
ence of C─S bonds, the formation energy of S─S bonds is calcu-

lated to be −6.24 eV (Figure 1e; Figures S3 and S4, Supporting
Information).

Moreover, enhanced phase conversion alleviates stress, re-
duces the dissolution of Cu ions caused by particle disintegra-
tion, and effectively prevents Cu ion deposition from damaging
the solid-electrolyte interphase (SEI) of the magnesium anode.
These remarkable attributes have led to one of the most impres-
sive rate performances to date (160.5 mAh g−1 at 1 A g−1), with a
capacity retention of 64.7% after 1000 cycles. More significantly, a
sustainable CuS@G||Mg pouch cell was successfully assembled,
boasting a peak capacity of 9.5 mAh. These findings underscore
the critical role of C─S bonds in reversible phase conversion and
the mitigation of Cu dissolution in CuS, unlocking new avenues
for the design of high-performance cathode materials for RMBs.

2. Results and Discussion

2.1. Morphology and Structure Characterisation

CuS@G was synthesized using a template method as depicted
in Figure S5 (Supporting Information). The introduction of the
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Figure 2. Morphological and structural characterizations of CuS@G. a) TEM images. b) HRTEM images. c) SAED pattern. High-resolution XPS spectra:
d) C 1s and e) S 2p. f) Raman spectra. g) Plot of the pair distribution function. h) Schematic diagram of the C─S bond distribution. i) Thermogravimetric
curves (Ar).

templating agent, tris-aminomethane (THAM), moderates the
nucleation rate, allowing for the in situ growth of small CuS par-
ticles (diameter <50 nm) on graphene. Subsequently, hydrazine
hydrate (N2H4), acting as a reducing agent, was employed to re-
move any residual template.

After preparation, the morphologies of CuS@G and pristine
CuS were characterized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). SEM im-
ages revealed that CuS nanoparticles were uniformly distributed
across the graphene matrix (Figures S6 and S7, Supporting
Information). Furthermore, the particle size remained rela-
tively unchanged after compositing with graphene, with diam-
eters consistently below 50 nm. TEM images of CuS@G il-
lustrated that some CuS particles were dispersed on the sur-
face of the graphene sheets, while others were encapsulated
(Figure 2a), corroborating the SEM findings. High-resolution

TEM (HRTEM) analysis identified two types of lattice fringes
in CuS@G. The well-defined lattice spacing of 3.23 Å corre-
sponds to the (101) plane of hexagonal CuS, while the blurred
green regions indicate amorphous graphene (Figure 2b). More-
over, the gradual transition of the lattice fringes into an amor-
phous phase without a distinct domain boundary suggests a de-
gree of bonding between CuS and graphene (Figure S8, Sup-
porting Information). Selected area electron diffraction (SAED)
patterns further confirmed this interaction, displaying diffrac-
tion spots corresponding to the (110) and (102) planes of
polycrystalline CuS, alongside the (002) plane of graphene
(Figure 2c). The composite structure of CuS@G was also verified
by energy-dispersive X-ray spectroscopy (EDX), which showed
even distribution of copper and sulfur across a carbon sub-
strate, with atomic ratio close to 1:1 (Figure S9, Supporting
Information).
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The interaction between CuS particles and graphene was fur-
ther explored using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and Pair Distribution
Function (PDF) analysis. XRD patterns (Figure S10a, Supporting
Information) confirmed that all samples shared the same crys-
tal structure, belonging to covellite (CuS, JCPDS No. 06–0464).
XPS C 1s spectra (Figure 2d) exhibited peaks at 284.8, 286.5, and
288.7 eV in pure CuS, corresponding to C─C, C─O, and C═O
bonds, respectively. In CuS@G, a new peak at 287.2 eV was ob-
served, indicative of a strong C–S interaction. The XPS spectra
in Figure 2e further confirmed the presence of C─S bonds in
CuS@G. The intensive S 2p peaks of CuS@G were deconvo-
luted into four pairs of peaks. The peaks at 161.8 and 163.1 eV
represent Cu─S bonds, where copper is coordinated with four
sulfur atoms. The adjacent peaks at 163.7 and 163.1 eV also cor-
respond to Cu─S bonds, where copper coordinates with three
sulfur atoms. The peaks at 167.8 and 169.0 eV correspond to
S─O bonds, likely arising from the oxidation of the CuS sur-
face. All three pairs of peaks appear consistently in both the
CuS and CuS@G spectra. Notably, strong new peaks at 168.9
and 170.1 eV were attributed to the C─S bonds formed between
graphene and CuS, indicating an abundance of C─S bonds in
the graphene/CuS heterojunction. This interaction led to a 0.3 eV
shift in the XPS spectra of Cu LMM (Figure S10b,c, Supporting
Information).

The Raman spectrum of pure CuS displays a distinct peak at
455 cm−1, which corresponds to the S─S bond within the crystal
structure. In contrast, the Raman spectra of CuS@G (Figure 2f)
reveal characteristic peaks of graphene at 1349 cm−1 (D band)
and 1595 cm−1 (G band). Additionally, the emergence of new
peaks at 601 and 1054 cm−1 can be attributed to the interaction
of C─S bonds (Figure S11, Supporting Information). PDF anal-
ysis was also employed to probe the short-range local electronic
structures, offering further insights into the bonding interactions
between CuS and graphene.[29] As shown in Figure 2g, two new
peaks at 1.89 and 3.36 Å appear in the CuS@G spectrum. Based
on the schematic diagram of CuS@G (Figure 2h), the new peak
at 1.89 Å corresponds to the bond between the outermost sul-
fur atoms (L1) and graphene, while the peak at 3.36 Å corre-
sponds to the bond between the sub-outer sulfur atoms (L2) and
graphene. Upon refining the PDF curve, it was found that the in-
troduction of C─S bonds led to an increase in the CuS unit cell
parameters (Figure S12 and Table S1, Supporting Information),
which may also explain the reduction in S─S bond formation
energy.

Thermogravimetric analysis (TGA) was conducted in an Ar at-
mosphere within a temperature range of 25–700 °C. Pure CuS
thermally decomposes at 220 °C in Ar, yielding S and Cu2S
as decomposition products.[30] However, after compositing with
graphene, the decomposition temperature of CuS increased sig-
nificantly to 419 °C, nearly doubling its original value. The
strong C–S interactions likely contribute to stabilizing the crystal
structure of CuS, thereby greatly enhancing its thermal stabil-
ity (Figure 2i). TGA performed in air allowed for the calculation
of the graphene content in CuS@G, which was ≈20% (Figure
S13, Supporting Information).[31] Furthermore, an investigation
into the impact of the graphene-to-copper sulfide ratio on per-
formance demonstrated that optimal results are attained at a
graphene content of 20% (Figure S14, Supporting Information).

2.2. Effect of the C─S Bond on Electrochemical Performance

To further explore the impact of the C─S bond on the elec-
trochemical properties, the samples’ electrochemical behav-
iors were evaluated. As shown in Figure 3a, the incorpora-
tion of graphene markedly alters the cyclic voltammetry (CV)
curves. In the first three cycles, the reduction peak inten-
sity of pure CuS gradually diminishes, while the peak inten-
sity of CuS@G remains largely unchanged. Additionally, af-
ter the initial two cycles of activation, the CV curves of pure
CuS display two reduction peaks at 1.75 and 1.90 V. In con-
trast, CuS@G exhibits three distinct reduction peaks at 1.54,
1.80, and 1.90 V during the third cycle. This suggests a dif-
ferent charging reaction mechanism compared to pure CuS.
The shared peak at 1.90 V is likely associated with electrolyte
decomposition.[32]

Theoretically, during charging, CuS cathodes exhibit two
plateaus, corresponding to the conversion of Cu to Cu2S and
Cu2S to CuS.[33] However, in the first three cycles, pure CuS con-
sistently displays only one charging plateau at 1.75 V (Figure 3b).
This phenomenon, widely reported in previous studies, is at-
tributed to the irreversible formation of S─S bonds during charg-
ing, which causes the active material to transition from its ini-
tial CuS state to Cu2S.[34] In contrast, the strongly interacting
C─S bonds in CuS@G promote the formation of S─S bonds,
allowing for two distinct charge plateaus at 1.54 and 1.80. The
1.54 V plateau corresponds to the Cu to Cu2S conversion, while
the 1.80 V plateau represents the Cu2S to CuS transition. This
indicates that the C─S bond facilitates the formation of CuS,
aligning with the results of the CV tests. Furthermore, CuS@G
demonstrates a reduced activation energy of 27.6 kJ mol−1, af-
firming that C─S bonds play a pivotal role in diminishing the
activation energy of sulfur atoms within Cu2S (Figure S15, Sup-
porting Information). In the first cycle, the discharge capacities of
CuS@G and pure CuS are quite similar. However, by the second
cycle, CuS@G achieves a significantly higher discharge capac-
ity of 254.5 mAh g−1, compared to 208.1 mAh g−1 for pure CuS.
Moreover, both CuS and CuS@G exhibit high Mg2+ diffusion
coefficients and conductivity, further confirming their favorable
electrochemical performance (Figures S16 and S17, Supporting
Information).

The cyclic and rate properties of the samples were further ex-
amined, revealing significant differences in cycling stability be-
tween CuS@G and pure CuS. The pure CuS cathode experi-
ences rapid capacity decay during cycling, while the CuS@G
cathode maintains a stable capacity of 212 mAh g−1 and 83.2%
capacity retention after 100 cycles at 100 mA g−1 (Figure 3c,d).
As shown in Figure 3e, the CuS@G cathode exhibits remark-
able improvements in rate performance. At a current density of
50 mA g−1, it delivers capacities exceeding 280 mAh g−1 (Figure
S18, Supporting Information). Even when the current is progres-
sively increased to 1 A g−1, the CuS@G cathode retains a ca-
pacity of 160.5 mAh g−1, corresponding to 57.3% of its initial
capacity.

For transition-metal sulfides, structural pulverization is a well-
known issue that leads to significant capacity decay.[35] Based on
previous reports, the capacity ramp-up phenomenon, typical of
transition metal sulfides, is often associated with particle pulver-
ization. The slope height during the activation process may
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Figure 3. Electrochemical behaviors. a) CV plots (0.1 mV s−1). Galvanostatic charge and discharge profiles of b) 50 mA g−1 and c) 100 mA g−1. d) Cycling
performance and Coulombic efficiencies at current densities of 100 mA g−1. e) Rate capabilities at current densities of 50 to 1000 mA g−1. f) Cycling
performance and Coulombic efficiencies at current densities of 1000 mA g−1. g) Comparison of electrochemical performance with previously reported
cathode materials.

indicate the material’s resistance to crushing. Figure 3f
demonstrates that CuS@G exhibits a low ramp-up of
166.9% (58 mAh g−1) at 1000 mA g−1, compared to 442.9%
(99.5 mAh g−1) for pure CuS. The rapid capacity decay in the
pure CuS cathode is a result of particle pulverization, leading to
its eventual failure in subsequent cycles. However, the CuS@G
cathode retains 64.7% (101.7 mAh g−1) of its capacity after 1000
cycles at 1000 mA g−1. The enhanced resistance to pulverization
can be attributed to the C─S bond, which promotes reversible
phase conversion, thereby alleviating stress accumulation and
particle fracturing. Remarkably, even compared to other re-
ported RMB cathode materials, the CuS@G cathode exhibits

the highest capacity at 1 A g−1 (Figure 3g; Table S2, Supporting
Information).

2.3. Facilitation of Reversible Phase Transitions

To confirm the role of the C─S bond in promoting phase conver-
sion, ex situ Raman and XRD spectroscopy were conducted. Ex
situ Raman spectroscopy was used to observe the variation of the
S─S bond during the first cycle. As shown in Figure 4a, when
discharged to 0.2 V, the S─S bond in pure CuS vanishes. During
the subsequent charging process, it proves difficult for the S─S

Adv. Funct. Mater. 2025, 35, 2419594 © 2024 Wiley-VCH GmbH2419594 (5 of 11)
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Figure 4. Effect of C─S bonds on reversible phase transitions. Ex situ Raman patterns of a) CuS and b) CuS@G electrodes at different electrochemical
states. Ex situ XRD patterns of c) CuS and d) CuS@G electrodes at different electrochemical states. e) a-axis change of pure CuS and CuS@G during
the charge and discharge process. HAADF-STEM images of g) CuS and h) CuS@G electrodes at the final charging state. Surface roughness comparison
of i) CuS@G and j) pure CuS before and after 100 cycles, area 5 × 5 μm.
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bond in pure CuS to reform. However, in the case of CuS@G, a
strong S─S bond is formed during charging (Figure 4b), indicat-
ing that the C─S bond effectively promotes the formation of the
S─S bond, which is consistent with the theoretical calculations.

Ex situ XRD analysis was performed to further investigate the
phase conversion process during the first cycle (Figure 4c,d). Be-
fore cycling, both pure CuS and CuS@G cathodes show the typ-
ical hexagonal CuS phase. After discharging to 0.2 V, the diffrac-
tion peaks corresponding to the CuS phase weaken, and new Cu
and MgS phases emerge. Both samples undergo a similar phase
conversion process during discharge. However, after charging to
2.2 V, pure CuS transitions to Cu2S (cubic phase), and further
conversion to CuS (hexagonal phase) is difficult (Figure S19, Sup-
porting Information).

In contrast, CuS@G, influenced by the C─S bond, under-
goes a distinct phase transition process during charging. When
charged to 1.6 V, Cu gradually converts to Cu2S, and by 1.8 V,
Cu2S transitions back to CuS. Eventually, all Cu2S is fully con-
verted to CuS (Figures S20 and S21 and Table S3, Supporting In-
formation). The unit cell parameters, particularly the a-axis, were
analyzed throughout the cycling process. Pure CuS undergoes
a transformation into Cu2S after cycling, with its crystal struc-
ture changing from cubic to tetragonal, leading to a 2.1% change
along the a-axis (Figure 4e). In contrast, with the assistance of
the C─S bond, CuS@G undergoes a reversible phase conversion
with minimal change in the a-axis, indicating a lower accumula-
tion of stress during cycling.

TEM was employed to further examine the morphology and
phase composition in the fully charged state. For the pure CuS
electrode, severe particle crushing and agglomeration were ob-
served after cycling, likely resulting from stress accumulation
within the particles due to an irreversible phase transition (Figure
S22a, Supporting Information). In contrast, the CuS@G elec-
trode maintained its morphology, which can be attributed to
the C─S bond’s role in facilitating reversible phase conversion
(Figure S22b, Supporting Information).

Moreover, HRTEM images revealed differences in phase com-
position between the two electrodes at the end of charging. As
shown in Figure 4g, the final product of the pure CuS electrode
is a cubic phase (Fm-3m), with lattice spacings of 0.292 nm corre-
sponding to the Cu2S (200) plane. Conversely, the end-state prod-
uct of the CuS@G electrode is a hexagonal phase (P63/mmc),
with lattice spacings of 0.545 nm corresponding to the CuS (002)
plane (Figure 4h). This further confirms that the C─S bond plays
a crucial role in promoting the reversible phase conversion of
CuS.

The 3D morphology of the cycled pure CuS and CuS@G cath-
odes was further examined. The CuS@G cathode exhibited min-
imal surface roughness (Ra = 33.6 nm, Figure 4i; Figure S23a,
Supporting Information) after 100 cycles, indicating a uniform
and stable interface. This smoothness contributes to maintaining
structural integrity and delivering superior electrochemical per-
formance. In contrast, the pure CuS cathode showed significantly
higher surface roughness (Ra= 149.8 nm, Figure 4j; Figure S23b,
Supporting Information). Several large bulges (highlighted in
red) were observed on the surface of the pure CuS electrode,
likely due to severe swelling, uncontrolled solid-electrolyte inter-
phase (SEI) growth, and particle pulverization during repeated
cycling.

The volume expansion behavior of the CuS and CuS@G
electrodes after 100 cycles was also studied using SEM. Cross-
sectional SEM images revealed that the electrode thickness of
pure CuS dramatically increased from 25.2 to 66.9 μm after 100
cycles, resulting in an alarming expansion rate of 265.5% (Figure
S24a,b, Supporting Information). Furthermore, top-view SEM
images showed extensive surface cracks and significant pulver-
ization of active particles on the surface of the pure CuS electrode
(Figure S24c,d, Supporting Information). Such particle crushing
and crack formation are highly undesirable, as they hinder charge
transport across the electrode and may even isolate active parti-
cles, thereby degrading electrochemical performance.[36]

In contrast, the CuS@G electrode exhibits only a minor vari-
ation in thickness, increasing from 20 to 21.3 μm, with a mod-
est expansion rate of 106.3% (Figure S24e,f, Supporting Infor-
mation). After 100 cycles, no cracks or particle agglomeration
are observed on the surface of the CuS@G electrode, indicating
enhanced structural stability and resistance to degradation com-
pared to the pure CuS electrode (Figure S24e,f, Supporting In-
formation). This stability is likely due to the promoting effect of
the C─S bond, which promotes reversible phase transitions and
reduces stress build-up inside the particles throughout repeated
cycling.

2.4. Inhibits the Dissolution of the Cu Element

Through the analysis of the magnesium anode after 100 cycles,
the shuttling of Cu and S elements during cycling was further in-
vestigated. As shown in Figure 5a, a significant amount of metal-
lic copper (Cu0) was detected on the surface of the Mg anode cor-
responding to the pure CuS electrode, and its content increased
with the depth of etching. This indicates that during cycling, Cu
ions from the pure CuS electrode dissolve into the electrolyte and
deposit on the magnesium anode as Cu metal. Although the con-
tent of Cu0 on the Mg anode surface from CuS@G also increases
with etching time, it remains consistently at a much lower level
(Figure 5b). Inductively coupled plasma mass spectrometry (ICP-
MS) analysis further reveals that the Cu0 shuttle from the pure
CuS electrode is 0.056%, nearly four times higher than that of
the CuS@G electrode, which shows a Cu0 shuttle of only 0.014%
(Table S4, Supporting Information). This reduced shuttle may re-
sult from the fact that CuS@G particles experience less fragmen-
tation during cycling, leading to fewer Cu ions migrating to the
Mg anode.

Observation of the circulating diaphragm also confirms that
the CuS@G cathode exhibits less copper shuttling (Figure S25,
Supporting Information). A polysulfide (MgS×) signal at ≈162 eV
is detected on the surface of the Mg anode from the pure CuS
electrode. In contrast, the Mg anode corresponding to CuS@G
shows not only the MgSx signal but also an additional S─O peak.
This suggests the formation of two distinct solid-electrolyte in-
terphases (SEIs) on the surface of the Mg anodes (Figure S26,
Supporting Information). Additionally, the two Mg anodes show
a slight difference in MgS× content, which may be due to the
low quantity of MgS×, and the semi-quantitative nature of XPS
analysis (Figure S27, Supporting Information).

The impact of Cu shuttling on the SEI of the Mg anode was
further investigated through time-of-flight secondary ion mass

Adv. Funct. Mater. 2025, 35, 2419594 © 2024 Wiley-VCH GmbH2419594 (7 of 11)
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Figure 5. Characterization of the magnesium anode. a) The corresponding XPS spectra of Cu 2p and S 2p on the Mg anode after 100 cycles. b) Cu element
content deposited on Mg anodes probed by XPS at different etch times. c) and d) 3D reconstruction of Cu+, C4H9

−, MgO−, and MgF− fragments on
the at surface of the Mg anodes after 100 cycles. e) Photograph and SEM image of the magnesium anode after 100 cycles, along with the corresponding
mapping of the elemental distribution of Cu (yellow) and Mg (blue). f) Schematic diagram of the effect of copper ion dissolution on the SEI of Mg anode.

spectrometry (TOF-SIMS), and 3D surface reconstruction was
performed to examine the components of the Mg anode surface
after 100 cycles. As shown in Figure 5c,d, in the pure CuS sys-
tem, excessive copper accumulates on the surface of the mag-
nesium anode, resulting in a thin SEI enriched with inorganic
components. The thinning of the SEI occurs because the cop-
per occupies most of the surface area of the magnesium anode,
hindering the growth of the SEI.[37] The SEI becomes enriched
with inorganic components due to redox reactions between Cu+

ions from the electrolyte and the anionic group OC(CF3)3, which
promote the release of more F− ions, thus reducing the MgF2
content within the SEI. This rigid, inorganic-rich SEI is insuffi-
cient to protect the Mg anode from Cl− corrosion (Figure S28,
Supporting Information).

In contrast, under the influence of C─S bonds in the CuS@G
electrode, fewer Cu elements dissolve and deposit on the Mg an-
ode, resulting in an SEI that consists of both organic (C4H9

−) and
inorganic (MgO−, MgF−) components. This organic–inorganic
hybrid SEI effectively protects the Mg anode, likely contributing
to the superior electrochemical performance and reduced capac-
ity fade of CuS@G compared to pure CuS.[33] The inability of the
pure CuS electrode to form such a protective SEI may explain its
rapid capacity decay.

Moreover, optical and SEM images of the Mg anode after cy-
cling reveal differences in the size and quantity of CuS parti-
cles deposited on the two Mg anodes (Figure 5e). The Mg anode
paired with the CuS@G electrode shows fewer and smaller Cu
particles, consistent with the findings from XPS and TOF-SIMS

Adv. Funct. Mater. 2025, 35, 2419594 © 2024 Wiley-VCH GmbH2419594 (8 of 11)
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Figure 6. Pouch cell performances. a) Schematic diagram of the soft package structure, b) Open circuit potential of the CuS@G||Mg pouch cell. c)
Lighted LEDs by the CuS@G||Mg pouch cells in MPFB electrolytes. d–g) Extreme conditions tested. h) Cycling performance of the CuS@G||Mg pouch
cell at 0.1 C. i) Charge-discharge profiles of pouch cell after the first, second, 10th, and 35th cycles.

analyses. Overall, it is evident that the C─S bond facilitates a re-
versible phase transition that minimizes Cu dissolution and pro-
tects the SEI on the Mg anode from degradation, as illustrated in
Figure 5f and Figure S29 (Supporting Information).

2.5. Pouch Cell Performance

Thus far, the exceptional physicochemical properties of the
CuS@G electrode have been thoroughly evaluated. Owing to the
unique C─S bond in CuS@G, CuS@G||Mg coin cells demon-
strated excellent electrochemical performance. These promis-
ing results motivated us to develop practical and sustainable
CuS@G||Mg pouch cells. The components of the CuS@G||Mg
pouch cells are illustrated in Figure 6a. Specifically, a CuS@G
cathode with dimensions of 5 × 5 cm and a high mass loading
of ≈3 mg cm−2 was prepared, while magnesium foil (≈120 μm
thick, Figure S30, Supporting Information) was selected as the
anode for the pouch cell fabrication.

CuS@G||Mg pouch cells using MPFB electrolyte were suc-
cessfully assembled and used to power a light-emitting diode
(LED) board (Figures 6b,c). To assess safety, the pouch cells were
subjected to both a nail penetration test and a cutting test. Re-
markably, even after being pierced and undergoing multiple cuts,
the pouch cell continued to function without short circuits or
combustion, demonstrating the exceptional safety of these cells
(Figure 6d–g).

Following assembly, the CuS@G||Mg pouch cell underwent
electrochemical charging and discharging processes. After ac-
tivation, the pouch cell delivered a total capacity of 9.5 mAh,
with a gravimetric energy density of 138.6 Wh kg−1 (Figure 6h,i).
These highly encouraging results confirm that the CuS@G elec-
trode maintains excellent performance even when assembled
into CuS@G||Mg pouch cells. The demonstrated feasibility of us-
ing CuS@G for high-energy electrode preparation, along with
the promising cell performance, paves the way for the accel-
erated development of sustainable magnesium-metal batteries,
contributing to a more sustainable future.

Adv. Funct. Mater. 2025, 35, 2419594 © 2024 Wiley-VCH GmbH2419594 (9 of 11)
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3. Conclusion

In this study, we discovered that the strongly interacting C─S
bonds facilitate the transfer of electrons from graphene to the
sulfur atoms in Cu2S. These additional electrons disrupt the sta-
ble Cu-S tetrahedral structure, making it easier for S─S bonds
to form between sulfur atoms. The lower formation energy of
the S─S bonds ultimately promotes the conversion from Cu2S to
CuS. Additionally, this more reversible phase transition leads to
reduced stress accumulation, which in turn minimizes the shut-
tling of active material (Cu). The reduced Cu shuttling to the an-
ode helps form a composite SEI on the Mg anode, consisting
of both inorganic (C4H9

−) and organic (MgO−, MgF−) compo-
nents. Owing to these advantages, the CuS@G cathode exhibits
one of the best rate performances reported to date, achieving
160.5 mAh g−1 at 1 A g−1, with a capacity retention of 64.7%
after 1000 cycles. Moreover, the sustainable CuS@G||Mg pouch
cell was successfully assembled, demonstrating a high capacity
of 9.5 mAh. In principle, the beneficial effect of the C─S bond
could be extended to other conversion-type cathodes (e.g., CoS2,
NiS2, FeS2), enhancing the reversibility of their conversion reac-
tions and reducing active material shuttling.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
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