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The large volume expansion and rapid capacity attenuation of tin-based electrodes are the main factors
limiting their commercial application. The reasonable design of electrode material structure is partic-
ularly important for improving its electrochemical performance. Herein, phosphorus-modified graphene
encapsulated SngO4(OH), nanoparticles composite (P-Sng04(OH)4@RGO) with crystalline-amorphous het-
erostructure has been successfully designed and prepared. The design of crystalline-amorphous structure
has largely enhanced the active sites, and the construction of a graphene encapsulation structure has
greatly alleviated volume expansion. Notably, P-SngO4(OH);@RGO obtained an excellent high-rate long-
term cycling performance for lithium-ion batteries anode, reaching a high specific capacity of 970 mAh/g
at 1.0 A/g after 1450 cycles. This work demonstrates that restructuring the electrode material’s structure
and phase through phosphorus modification can effectively improve the electrochemical performance of
tin-based electrode materials.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The emergence of secondary batteries, especially lithium-ion
batteries (LIBs), has reduced the burden on fossil fuel consumption
[1-4]. Currently, the application of LIBs is widespread in all aspects
of people’s lives, greatly changing their way of life and making im-
portant contributions to green living. However, in order to meet
the demand for higher energy density, there is an urgent need to
solve the current problem of low capacity of graphite-based anode
electrodes [5,6].

Among numerous candidate materials, such as Si-based [7-9],
Sn-based [10,11], Fe-based [12,13], Ge-based [14], and Zn-based
[15,16], Sn-based oxide electrodes have attracted much attention
due to their high energy storage capacity [17,18]. However, Sn-
based oxide electrode materials exhibit severe volume expansion
and rapid capacity decay during the energy storage process, seri-
ously hindering the practical application process of Sn-based elec-
trode materials [19,20].
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E-mail addresses: haonier2@163.com (H. Zhang), angelanjuan@163.com (J. An),
chem64@163.com (J. Song).
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The structural design of electrode materials is crucial for im-
proving electrochemical performance [21]. In order to address the
aforementioned issues encountered during the energy storage pro-
cess of Sn-based electrodes, researchers have proposed various so-
lutions [22], mainly including nanostructure design [23], composite
carbon-based materials [24], heteroatoms doping [25,26], hybrid
phases construction [27,28]. The aim is to alleviate the volume ex-
pansion of Sn-based materials, improve the conductivity of elec-
trode materials, accelerate the ion transfer rate during the en-
ergy storage process, and increase the reactive active sites to
enhance capacity. A series of advanced electrode materials have
been successfully prepared, such as SnO, nanoflowers/SnO, film
nanocomposite [29], hollow nanostructured SnO,/C composites
[30], SnO,_Ni-carbon nanotube [25], and Mo-SnS,/Sn0,/NG com-
posites [31]. The electrochemical performance of Sn-based elec-
trode materials has been greatly improved through structural mod-
ification and regulation. SngO4(OH)4, as a type of tin-based ox-
ide, was explored by Wang et al. as early as 2005 for its lithium
storage performance [32]. Subsequently, Duh et al. conducted a
more detailed study on it [33]. The above studies all indicate that
SngO4(OH)4 is a highly potential anode electrode for lithium stor-
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Fig. 1. Schematic illustration of the synthesis of P-SngO4(OH);@RGO composite and
lithium storage mechanism.

age. However, how to construct electrode materials with high-rate
and long-term cycling performance still needs to be explored. Ac-
cording to previous research work, it has been known that the
electrode materials can be modified to amorphous through phos-
phating treatment [34], which is beneficial for the stability of the
material structure and improves the ion transfer rate [35]. How to
construct suitable structures to ensure stable cycling of electrode
materials is the key problem to be solved at present.

Herein, a phosphorus-modified graphene encapsulated
Sng04(OH), nanoparticles composite (P-SngO4(OH)4;@RGO) was
successfully designed and prepared through a simple reduction
method combined with solvothermal phosphating. The solvother-
mal phosphating modification treatment enables the uniform
distribution of Sng04(OH); nanoparticles and encapsulated by
graphene. This structure effectively enhances the structural sta-
bility of the electrode, while avoiding direct contact with the
electrolyte and preventing the further growth of solid electrolyte
interface (SEI). Phosphorus modification treatment enables the
electrode material to have a crystalline-amorphous heterostruc-
ture, which enhances the stability of the electrode material while
accelerating ion transport. Thus, the obtained P-SngO4(OH)4;@RGO
composite possesses excellent high-rate and long-term cycle per-
formance (maintained 970 mAh/g at 1.0 A/g after 1450 cycles),
which provides guidance for the preparation of advanced electrode
materials.

The detailed preparation process of P-Sng04(OH);@RGO com-
posite material is shown in Fig. 1. The abundant functional groups
on the surface of GO are conducive to the adsorption of Sn%*
on the surface [36], which is then reduced to metallic Sn by
NaBH4. At the same time, GO is also reduced. During the reac-
tion, the graphene layers loaded with Sn nanoparticles are stacked
and wrapped around each other, forming Sn@RGO composite. By
further phosphating treatment, P-SngO4(OH)4;@RGO composite is
obtained using red phosphorus as the phosphorus source and
ethylenediamine as the solvent through solvothermal reaction. The
prepared P-Sng04(OH);@RGO composite has a three-dimensional
network like graphene structure, which can effectively alleviate the
volume expansion of the electrode and provide a channel for elec-
tron transport. In addition, the unique crystalline-amorphous het-
erostructure can enhance the reaction active sites of the electrode
and improve ion transport efficiency.

The morphologies and nanostructures of the as-prepared com-
posites were examined by Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) measurements. Fig.
2a shows that graphene in Sn@RGO composite presents three-
dimensional wrinkled shape, and Sn nanoparticles with different
sizes are encapsulated by graphene layer. TEM image shown in Fig.
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Fig. 2. SEM images of (a) Sn@RGO and P-SngO4(OH);@RGO, TEM images and
HRTEM images of (b, ¢) Sn@RGO and (e, f) P-SngO4(OH);@RGO. SEM image
of (g) P-SngO4(OH)4;@RGO. (h) EDS mapping images and (i) EDS result of P-
Sng04(OH),@RGO.

2b further verify this point, and the high-resolution TEM (HRTEM)
image displayed in Fig. 2c with a lattice spacing of 0.30 nm corre-
sponds to the (200) crystal plane of Sn. The P-Sng04(OH);@RGO
composite obtained by phosphating has a similar nanostructure
to Sn@RGO, which is also a structure where nanoparticles are
anchored on three-dimensional wrinkled graphene. Figs. 2d and
e show that SngO4(OH); nanoparticles uniformly distributed in
the graphene matrix with particle size ranging from 50nm to
100 nm. Compared with Sn@RGO, it can be seen that the size
of Sn nanoparticles increases when they were converted into
SngO4(OH), during solvothermal phosphating. The HRTEM image
displayed in Fig. 2f with a lattice spacing of 0.35 nm corresponds to
the (112) crystal plane of SngO4(OH),. From Fig. 2f, it can be clearly
seen that the prepared P-SngO4(OH);@RGO nanocomposite has a
mixed structure of crystalline and amorphous states, which is orig-
inated from phosphating modification. This unique structure can
effectively increase the active sites of electrode materials, increase
structural stability, and accelerate ion transfer efficiency. The EDS
mapping images in Figs. 2g and h show that Sn, P, C and O are
homogeneously distributed in P-Sng04(OH),@RGO. EDS spectra re-
sult of P-SngO4(OH)4@RGO depicted in Fig. 1i demonstrate the ex-
istence of elements Sn, P, O, C and N elements.

Fig. 3a presents the XRD patterns of Sn@RGO and P-
SngO4(OH)4@RGO. The obtained samples of Sn@RGO and P-
SngO4(OH)4@RGO corresponds to tetragonal phase Sn (PDF#89-
4898) and tetragonal phase SngO4(OH), (PDF #84-2157), respec-
tively. The results indicate that the Sn phase is transformed into
SngO4(OH)4 during the phosphating process. Raman spectra of
Sn@RGO and P-Sng04(OH)4@RGO were shown in Fig. 3b, and the
two main peaks at 1350 and 1585 cm~! correspond to D band and
the G band of GO, respectively [37,38]. The Ip/I; value for Sn@RGO
(1.28) and P-Sng04(OH)4@RGO (1.77) is higher than that of GO
(0.82), indicating that GO has been reduced to RGO. The high value
of Ip/lg for P-SngO4(OH)4@RGO proves the existence of a large
number of defects, which is beneficial for lithium ion storage. Fig.
3c gives the TGA curves of Sn@RGO and P-SngO4(OH)4@RGO. The
weight change in the temperature range of 50-800°C includes the
combustion of graphene and the oxidation of Sn or SngO4(OH)y,
the final residue of the two composites is only SnO, after heat-
ing in air to 800°C. The content of Sn in SN@RGO and SngO04(0OH),
in P-SngO4(OH)4,@RGO was determined to 60.1% and 68.4%, re-
spectively. Figs. 3d and e show the nitrogen adsorption-desorption
isotherms and pore size distribution curves of P-Sng04(OH)4@RGO,
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Fig. 3. (a) XRD patterns, (b) Raman spectra and (c) TGA curves of Sn@RGO and P-SngO4(OH)4@RGO. (d) N, adsorption-desorption curves and (e) corresponding pore size
distribution of P-SngO4(OH)s@RGO. High-resolution XPS spectra of (f) Sn 3d, (g) P 2p, (h) C 1s and (i) O 1s for P-SngO4(OH)4@RGO.

and it possesses a specific surface area of 165.0 m2/g along with
a pore-size distribution around 3.3 nm. A high specific surface area
will facilitate the infiltration of electrolyte and the transmission of
lithium ions [39].

The surface chemical composition and valence state of P-
Sng04(OH)4@RGO was verified by XPS analysis. Fig. 3f shows the
high-resolution Sn 3d spectrum, and there are two peaks of Sn
3ds); (486.4eV) and Sn 3d3j, (494.7eV) [40]. In the P 2p spec-
tra (Fig. 3g), the two peaks located at 129.1 and 132.8 eV belong
to P-Sn and P-N/POy, while the two peaks of 138.2 and 140.9eV
are assigned to P-O bond [41]. The result indicates that phospho-
rus was successfully introduced and bonded with tin atoms during
the phosphating process. The C 1s spectrum in Fig. 3h shows four
peaks at 284.7, 285.5, 286.8 and 287.5eV, corresponding C=C, P-C,
0=C-0 and C=0 bonds, respectively [42,43]. The results show that
phosphorus is also bound to graphene matrix. Fig. 3i shows the
O 1s spectrum, and the peaks at 530.4, 531.2 and 531.9eV can be
assigned to O(,qy”, Sn-O and H-O/C-O bonds [34,40,44].

The electrochemical performances of P-SngO4(OH)4@RGO were
investigated by CV measurement. Fig. 4a shows the first
five cycle CV curves for the P-SngO4(OH);@RGO electrode at
0.2mV/s. The broad peak between 1.0V and 1.5V existed dur-
ing the initial discharge process is attributed to the con-
version reaction (4LiT +SngO4(OH)4 +4e” — 4LiOH +4Sn0 + 2Sn,
2LiT +Sn0 + 2e” — Li; 0+ Sn) [33,45]. The weak peak at 0.88V that
only appeared in the first circle corresponds to the decomposition
of the electrolyte to form the solid electrolyte interface (SEI) film.
The broad peak below 0.76V can be assigned to Li-Sn alloying re-
actions. During the first charge process, there are two peaks at 0.58
and 1.10V were attributed to Li-Sn dealloying reactions and the re-
versible formation of SnO, respectively. From the second cycle, the
peak current of CV curves gradually increased, indicating that the
capacity of electrode material gradually increased.

Fig. 4b gives the cycling performance of Sn@RGO and P-
Sng04(OH)4@RGO electrodes at 0.5 A/g. At the initial stage,
the capacity of Sn@RGO is obviously higher than that of P-
Sng04(0OH)4@RGO. However, as the cycle continues, the capacity of
Sn@RGO gradually decreases, on the contrary, the capacity of P-
Sng04(0OH)4@RGO steadily increases, and when reaches to the 90th
cycle, its capacity is equal to that of Sn@RGO. After 200 cycles, the
capacity of Sn@RGO and P-SngO04(OH)4@RGO can be maintained at
550.9 and 928.3 mAh/g, respectively.

The first three charge/discharge curves of P-SngO04(OH);@RGO
tested at 0.5 A/g were displayed in Fig. 4c. The initial discharge
and charge capacities reached to 1569.6 and 888.2 mAh/g, respec-
tively. The initial discharge and charge capacities reached to 1569.6
and 888.2 mAh/g, respectively. The initial Coulombic efficiency is
56.5%, and there are several possible reasons for the loss of ca-
pacity in the first cycle: firstly, the large surface area of the elec-
trode material, as well as the structural rearrangement during the
first lithium storage process will exacerbate the formation of the
SEI layer [46,47]; Secondly, part of the active lithium ions can no
longer be dislodged after being embedded in the anode electrode,
and the consumption of this part of the lithium ions reduces the
Coulombic efficiency [48,49]; lastly, the decomposition of the elec-
trolyte will also lead to the reduction of the Coulombic efficiency
[50]. Considering this issue, a pre-lithiation strategy can be used to
improve the initial irreversible capacity of the P-Sng04(OH);@RGO
anode when applied to a full cell. From the second cycle, the
Coulombic efficiency raised to 93.7%, and maintained at 95.4%
at the third cycle. The voltage platform appeared in the charge-
discharge curves is consistent with the CV result. Fig. 4d shows the
rate performance of SN@RGO and P-SngO4(OH)4@RGO electrodes at
various current densities ranging from 0.2 A/g to 20.0 A/g. The P-
Sng04(OH)4@RGO electrode delivers an average reversible capac-
ity of 802.0, 633.1, 542.3, 480.4, 385.7, 284.2 and 159.9 mAh/g, re-
spectively. Fig. 4e shows the corresponding charge-discharge pro-
files at various current densities. Based on the performance of the
10t cycle tested at 0.2 A/g, the electrode material capacity re-
tention rates at different current densities were 83.8% and 86.6%,
90.6%, 79.8%, 72.3% and 53.0%, respectively. When the current
density returns to 0.2 A/g, the reversible capacity can be recov-
ered to 600.1 mAh/g, indicating that the P-SngO4(OH)4@RGO elec-
trode has excellent capacity retention performance. As for SN @RGO
electrode, its reversible capacity is significantly higher than that
of P-SngO4(OH)4@RGO at low current density (0.2-2.0 A/g), but its
capacity rapidly decays when the current density reaches to 5.0
A/g, and almost no capacity contribution when the current density
reached to 20.0 A/g. Fig. S1 (Supporting information) shows the
charge-discharge profiles at various current densities for SN @RGO
composite. The above results indicate that the structural stability
of Sn@RGO electrode material is poor, and the cycling stability is
unsatisfactory, which is consistent with the cycling performance
results in Fig. 4b.
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Fig. 4. Electrochemical performance. (a) CV curves for the P-SngO4(OH)4@RGO electrode at 0.2 mV/s. (b) Cycling performance of the prepared electrodes at 0.5 A/g. (c) The
first three curve charge-discharge of P-SngO4(OH);@RGO at 0.5 A/g. (d) Rate capabilities of the two electrodes at various current densities between 0.2 A/g and 20.0 A/g and
(e) corresponding charge-discharge profiles at various current densities of P-SngO4(OH);@RGO. (f) Comparison of long-life cycle performance with other reported Sn-based

anode materials. (g) Long-term cycling performance of P-SngO4(OH),@RGO at 1.0 A/g.

The high-rate long-term cycling performance is a key index
for testing the practical application of electrode materials. Fig. 4g
shows the long-term cycling performance of P-SngO4(OH);@RGO
at 1.0 A/g. After 1450 cycles, the P-SngO4(OH)4@RGO electrode can
be maintained a capacity of 970.0 mAh/g (Fig. S2 in Supporting
information). This indicates that the P-SngO4(OH)4@RGO electrode
material prepared through phosphating heat treatment has a sta-
ble electrode structure, resulting in excellent high-rate and long-
term cycling performance. Fig. 4f and Table S1 (Supporting infor-
mation) give the comparation of the rate properties and cycling
performance of Sn-based oxide electrodes [51-59]. Through com-
parison, it can be seen that the electrode material we prepared has
excellent rate performance and long cycle performance.

Fig. 5a shows the CV analysis of P-Sng04(0OH);@RGO electrode
tested at different sweep rates to explore the reaction kinetics
during energy storage. According to the power-law equation of
i=av?, the b values can be determined and the b value can reveal
the kinetic behavior [14,60]. Typically, b=0.5 means a diffusion-
controlled behavior, while b=1.0 represents a capacitive behavior.
Fig. 5b shows that b values of the cathodic and anodic peaks are
evaluated to be 0.71 and 0.77, respectively. Therefore, it indicates
that the P-SngO4(OH)4@RGO electrode exhibits diffusion and ca-
pacitance hybrid mechanisms, where the pseudo-capacitive effect
dominates. The capacitive contribution ratio at various sweep rates
can be calculated based on the equation of i=k;v+ kyv!/2 [61,62].
Fig. 5¢c shows the pseudo-capacitive contribution area at a sweep
rate of 0.8 mV/s, and the capacitive contribution is estimated to
be 61%. Fig. S3 (Supporting information) shows the CV curves
tested at various sweep rates and corresponding b-values for
Sn@RGO electrode, as well as the pseudo-capacitive contribution
area at 0.8mV/s. The contribution ratios for P-SngO4(OH)4;@RGO
and Sn@RGO electrodes at different scan rates are presented in Fig.
5d. For P-Sng04(OH)4@RGO, the pseudo-capacitive contributions at
scan rates of 0.2, 0.4, 0.6, 0.8 and 1.0 mV/s are calculated to be 47 %,
50%, 56%, 61% and 66 %, respectively, which is higher than that of
Sn@RGO. At higher scanning rates, pseudo-capacitive storage be-

comes more prominent, which reflects that the electrode material
has a fast Li* intercalation/extraction ability, indicating that the
P-Sng04(OH)4@RGO electrode has excellent reversibility and rate
ability.

Fig. 5e depicts the GITT curves of P-SngO4(OH)4;@RGO tested
at 0.1 A/g, which was discharged/charged for 10 min and rested
for 30min. Fig. 5f shows the curve of a single titration of P-
Sng04(OH)4@RGO. The Li* diffusion coefficient (Dj;+) curves ob-
tained from equation [47]:

4 <vaM) (AES>2
Dy = —— (M
w At \ MsS AE;
The parameters At, mg, and S stand for the discharging/charging
time, the mass of the electrode material actually taking part in the
reaction, the area of the reaction-involved electrode sheet, respec-
tively. Moreover, Mg/V)y can be determined by calculating based
on the density of electrode materials, and the values of AEg and
AE; can be acquired from Fig. 5f. From Fig. 5g, it can be seen that
the ion transport efficiencies show a decreasing trend in the volt-
age range in which the phase transition of the electrode occurs
during the energy storage process, indicating that the ion trans-
port channels of the electrode are blocked during the phase tran-
sition process, and this view can be verified by the CV curves in
Fig. 4a. To gain a deeper understanding of the transport behavior
of lithium ions inside the electrodes, the EIS test methods are em-
ployed for electrode inspection. Fig. 5h displays the results of the
electrochemical impedance spectroscopy (EIS) measurements used
to study the transport of lithium ions within the electrodes. Af-
ter cycling, the ohmic resistance and charge transfer resistance for
P-Sng04(OH)4@RGO are smaller than that of Sn@RGO, respectively.
Fig. 5i gives the corresponding Z' plotted against w~1/2 curves at

low frequency, and Dj;+ is calculated according to the equation
[63-65]:

R?T?

Dy = 2AZnAF4C20,,2 (2)
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at low frequency.

The slope of the fitted curves for P-SngO4(OH);@RGO and
Sn@RGO are 30 and 72, indicating that P-SngO4(OH)4;@RGO pos-
sess higher Dj;* than Sn@RGO. This result indicates that the P-
SngO4(OH)4@RGO electrode has a stable structure, and it also high-
lights that crystalline-amorphous heterojunction induced by phos-
phating treatment effectively enhances the structural stability and
conductivity of the electrode material.

The ex-situ SEM measurements were conducted to validate
the stability of the structure of Sn@RGO and P-SngO4(OH);@RGO
electrodes (Fig. 6). The results demonstrate that the Sn@RGO
electrode (Figs. 6a and b) shows serious crack on the surface
while P-SngO4(OH)4,@RGO electrode (Figs. 6c and d) maintains
an integrated graphene encapsulation structure. This is consistent
with the excellent high-rate long-term cycling stability of the P-
Sng04(OH)4@RGO electrode in Fig. 4.

In order to gain a deeper understanding of the energy stor-
age mechanism of electrode materials, we tested the XRD pat-
terns of P-Sng04(OH)4;@RGO electrode under different charging
and discharging states in the first cycle. As the discharge process
progresses, the SngO4(OH)4 characteristic peak gradually weak-
ens, and at 1.5V, the Sn3(PO4), characteristic peak appears. At
1.0V, Sn3(PO4), characteristic peak becomes stronger, accompa-
nied by the formation of Sn phase. With further discharge, the
Sn3(POg4), characteristic peak disappears, and when discharged to
0.01V, LixSny alloy phase is formed. During the charging process,
the Li,Sny alloy phase disappears and the Sn phase is generated
again. When charged to 3.0V, the XRD spectrum shows amorphous
features, which may be attributed to the amorphous nature of the
generated tin-based oxide. The above results show that the lithi-
ation reaction of SnO and the alloying reaction of metallic Sn are
reversible during the lithium storage process, while the conversion
reaction of Sng04(OH), is irreversible.

DFT calculations are also used to study the diffusion mecha-
nism of lithium ions in electrode materials, in order to compare
the diffusion energy barriers of lithium ions in SngO4(OH)4 elec-
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Fig. 6. SEM images of (a, b) Sn@RGO and (c, d) P-SngO4(OH)4@RGO electrodes after
cycling. (e) Ex-situ XRD patterns of P-SngO4(OH)4@RGO electrode at various states
for the first cycle.

trode materials with crystal structures or amorphous crystalline
heterojunctions. To simplify the simulations, the crystal structure
is first constructed using defect-free Sn3(HO,), and the effect of
the crystalline-amorphous heterojunction structure on the lithium
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Fig. 7. Schematic diagram of the structure of lithium ions diffusion along the
path of minimum energy for (a) crystalline and (b) crystalline-amorphous hetero-
junction, respectively. (c) Top view of the optimized structure of electrode with
amorphous-crystalline heterojunction. (d) Calculated Li-ion diffusion energy barriers
for electrodes with crystalline and crystalline-amorphous heterojunction. H atoms,
O atoms, Sn atoms, P atoms and Li* ions are shown in white, orange, ice blue, cyan
and green, respectively.

ions transport path is investigated. The minimum energy paths in
the two structures were identified, as shown in Figs. 7a and b, re-
spectively. Fig. S4 (Supporting information) shows the side and top
view of the optimized structure of crystalline. Fig. 7c displays the
top view of the optimized structure of electrode with amorphous-
crystalline heterojunction, and the side view is shown in Fig. S5
(Supporting information). The calculated energy barrier for Li-ion
diffusion in SngO4(OH), electrode with crystalline-amorphous het-
erojunction structure is 0.19 eV (Fig. 7d), which is much lower than
that in SngO4(OH), electrode with crystalline structure (0.32eV).
The results clearly demonstrate that P-SngO4(OH)4/RGO with a
crystalline-amorphous heterostructure can effectively reduce the
diffusion resistance of lithium ions. Therefore, the crystalline-
amorphous boundary structure induced by phosphide modification
can effectively enhance the diffusion efficiency of lithium ions and
thus improve the energy storage performance of electrode materi-
als.

In summary, the phosphorus modified P-SngO4(OH);@RGO
composite with crystalline-amorphous heterostructure was suc-
cessfully designed and prepared. The synergistic effect of graphene
encapsulation structure and crystalline-amorphous structure effec-
tively improves the cycling stability and enhances the reactive ac-
tive sites of electrode materials. Thus, the P-SngO4(OH),@RGO ex-
hibited promising high-rate long-term cycling performance for LIBs
(970 mAh/g maintained after 1450 cycles at 1.0 A/g). This research
promotes the practical application of Sn based anode materials and
provides idea for the design of other high-capacity alloy anode ma-
terials. The modification of electrode material structure by phos-
phating treatment can effectively enhance the electrochemical per-
formance of tin-based electrode materials, and this method can be
extended to the design and fabrication of other electrode materials.
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