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a b s t r a c t

Si-based materials have shown great potential as lithium-ion batteries (LIBs) anodes due to their nat-

ural reserves and high theoretical capacity. However, the large volume changes during cycles and poor

conductivity of Si lead to rapid capacity decay and poor cycling stability, ultimately limiting their com-

mercial applications. Herein, we have skillfully utilized the microporous MCM-22 zeolite as the unique

silicon source to produce porous Si (pSi) sheets by a simple magnesiothermic reduction, followed by a

carbon coating and further Ti3C2Tx MXene assembly, obtaining the ternary pSi@NC@TNSs composite. In

the design, porous Si sheets provide more active sites and shorten Li-ion transport paths for electrochem-

ical reactions. The N-doped carbon (NC) layer serves as a bonding layer to couple pSi and Ti3C2Tx. The

conductive network formed by 2D Ti3C2Tx and medium NC layer effectively enhances the overall charge

transport of the electrode material, and helps to stabilize the electrode structure. Therefore, the as-made

pSi@NC@TNSs anode delivers an improved lithium storage performance, exhibiting a high reversible ca-

pacity of 925 mAh/g at 0.5 A/g after 100 cycles. This present strategy provides an effective way towards

high-performance Si-based anodes for LIBs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) as the primary battery technology

need to consistently surpass the energy limit in order to better

satisfy ever-growing demand for electric vehicles and smart grid,

etc. In the development of LIBs anodes, Si has attracted widespread

attention owing to its abundant sources, low electrochemical

potential, and high theoretical specific capacity (≈3579 mAh/g

for Li3.75Si, 4200 mAh/g for Li4.4Si) [1,2]. However, the enor-

mous volume expansion generated during the process of lithia-

tion/delithiation from Si anodes results in a series of problems

such as electrode crushing, electrical isolation, and ultimately the

rapid decay of capacity [3,4]. Additionally, the low conductivity and

Li+ diffusion coefficient of Si are also key issues, which greatly

limit their commercial applications [5,6].

To address the above problems, various approaches have been

proposed including decreasing the particle size, the engineering

of the cavity, and the construction of composites [7]. Especially,
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porous Si (pSi) has been widely studied because of its high poros-

ity, which can not only accommodate the large volume change

and alleviate structural stress, but also promote the electrons/ions

transport [8]. In addition, the carbon coating can also promote

charge transfer and reduce the volume change of Si, and further

improving the lithium storage capability [9]. Nevertheless, it is still

challenging for the carbon interface to maintain long-term stabil-

ity during deep cycles. So, there are still a strong demand to gain

the high conductivity and structural stability of Si-based anodes

[10,11]. In recent years, two-dimensional (2D) Ti3C2Tx MXene has

attracted more and more attention because of its good conductiv-

ity, rich surface chemical groups, and excellent Li+ transport abil-

ity [12]. The electrochemical performance of Si anodes can be ef-

fectively improved by coupling with Ti3C2Tx [13,14]. For instance,

Zhang and co-workers assembled a sandwich structure of Si and

MXene for LIBs anode, showing an excellent electrochemical prop-

erty with a capacity of 643.8 mAh/g after 100 cycles at 0.3 A/g

[15]. The above results indicate that Ti3C2Tx MXene can compen-

sate for the defects of Si anodes to some extent. Consequently, how
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to effectively cooperate pSi with the carbon coating and MXene to

improve electrochemical performance is very meaningful.

In this work, porous Si is firstly prepared by a simple magne-

siothermic reduction, subsequently encapsulated in the conductive

network formed by the N-doped carbon (NC) layer and Ti3C2Tx
nanosheets (TNSs). The design of pSi can adapt the large volume

changes during cycles. The NC layer provides a good conductiv-

ity and promotes the bonding between pSi and Ti3C2Tx. Mean-

while, TNSs can accelerate reaction kinetics and further enhance

structural stability. When employed as the LIBs anode, the result-

ing pSi@NC@TNSs composite achieves an enhanced electrochemical

performance.

The synthetic process of the ternary pSi@NC@TNSs composite

is shown in Fig. 1a. Microporous MCM-22 zeolite (Fig. S1a in Sup-

porting information) with layered structure is chosen as the Si pre-

cursor [16]. The microporous structure can provide a short channel

for the rapid diffusion of magnesium vapor into the interior. Mean-

while, it promotes heat dispersion and minimizes the harm caused

by the heat accumulation effect [17,18]. As shown in Fig. S1b (Sup-

porting information), the as-prepared product has a uniform mor-

phology similar to pristine MCM-22 after reduction. Differently,

a large number of pores appear onto the surface of sheets, sug-

gesting the formation of pSi. Next, the polydopamine-coated pSi

(pSi@PDA) is prepared and further annealed at in Ar atmosphere,

where the PDA layer is converted into the N-doped carbon layer,

resulting in the formation of pSi@NC. It can be clearly seen from

Fig. S2 (Supporting information), the thickness of carbon layer is

about 10nm. Then, pSi@PDA is modified by polymethyl methacry-

late (PMMA) with positive charge, and TNSs is uniformly encapsu-

lated onto the surface of PMMA-treated pSi@PDA via an electro-

static assembly [19]. Finally, the ternary pSi@NC@TNSs composite

is successfully achieved after carbonization in inert atmosphere.

Fig. 1b shows the SEM image of the composite. Clearly,

pSi@NC@TNSs exhibits a lamellar stacked structure with uniform

morphology, and there are some crumpled nanosheets on its sur-

face, suggesting the presence of Ti3C2Tx. TEM observations further

confirm that the entire Si sheets are uniformly encapsulated by ul-

trathin TNSs (Fig. 1c). Moreover, the magnified TEM image (Fig.

1d) clearly reveals the appearance of a few layers of Ti3C2Tx at

the edge and internal porous structure of Si. The few-layer Ti3C2Tx
can provide more reversibly redox sites for Li+, thereby enhancing

the electrochemical properties [20,21]. Figs. 1e-g show the HRTEM

images of pSi@NC@TNSs. In Fig. 1e, the lattice spacing of about

1.27nm is ascribed to the (002) crystal plane of Ti3C2Tx [22]. The

lattice spacing of 0.31nm is measured at the middle position in

Fig. 1g, consisting with the (111) plane of crystal Si [23]. The (111),

(220) and (311) planes of Si are shown in the SAED pattern (Fig.

1h). The results indicate that the MCM-22 zeolite has been suc-

cessfully reduced to porous Si with high crystallinity. The EDS anal-

ysis of pSi@NC@TNSs (Fig. S3 in Supporting information) confirms

the uniform distribution of Ti3C2Tx and carbon on the pSi.

The principle of interface assembly is analyzed by FT-IR spec-

troscopy. As shown in Fig. S4 (Supporting information), the peak

at 1486 cm−1 in pSi@PDA belongs to -NH2, whereas the corre-

sponding site absorption peak in the PMMA-modified pSi@PDA

(pSi@PDA-PMMA) is clearly weakened and a distinct C–H bond

absorption peak appears at 2950 cm−1 [24]. Furthermore, a new

broad peak around 1660 cm−1 is caused by the amidation reac-

tion between -NH2 and -COOH, suggesting that PMMA has grafted

onto the pSi@PDA [25]. And absorption peaks at 2950 cm−1 and

1660 cm−1 disappear in pSi@NC@TNSs, indicating that the PMMA

has been removed after annealing [26]. Additionally, unmodified

pSi@PDA cannot spontaneously assemble with TNSs under the

same conditions (Fig. S5 in Supporting information), verifying the

importance of grafting PMMA in the fabrication of pSi@NC@TNSs

[24,27].

Fig. 2a presents the XRD patterns of different products. The

sharp diffraction peaks at 28.4°, 47.2°, 55.9° and 69.2° correspond

to the (111), (220), and (311) crystal faces of cubic Si (JCPDS No.

27–1402) [28]. The Ti3C2Tx lamination peak at 7.9° is very weak

in the XRD curve of pSi@NC@TNSs, because only a few layers of

TNSs are formed in the composite [29,30]. Fig. 2b displays Raman

spectra of pSi@NC@TNSs and pSi@NC with ID/IG values of 1.21 and

1.25, respectively, demonstrating the formation of amorphous car-

bon layer during heat treatment [31,32].

The porosity of the samples is then determined by N2 sorption

analysis. As shown in Fig. 2c, two samples both exhibit the dis-

tinct hysteresis at high pressure, indicating the existence of meso-

porous structure. As evaluated by the pore size distribution curve

(inset of Fig. 2c), there are two types of mesoporous, where the

small pore size is centered at about 5nm and the large pore size

ranges from 20nm to 40nm. These abundant pores can provide

Fig. 1. (a) Schematic illustration of the typical preparation procedure of pSi@NC@TNSs. (b) SEM image, (c, d) TEM images, (e-g) HRTEM images, and (h) SAED pattern of

pSi@NC@TNSs.
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Fig. 2. (a) XRD patterns of pSi@NC@TNSs, pSi@NC and pSi. (b) Raman spectra of pSi@NC@TNSs and pSi@NC. (c) N2 sorption isotherms and pore size distribution curves of

pSi@NC@TNSs and pSi. (d) XPS survey scanning spectrum of pSi@NC@TNSs. High-resolution energy spectra of (e) Si 2p (f) Ti 2p (g) C 1s, (h) N 1s, (i) O 1s.

rapid transport channels for Li ions and accommodate large vol-

ume expansion during deep cycles. Additionally, pSi@NC@TNSs has

a smaller BET surface area of 176.5 m2/g than that of pSi (409.2

m2/g), which is beneficial for reducing some side reactions during

the discharging-charging processes.

The surface element valence states of pSi@NC@TNSs are char-

acterized by XPS technique. As displayed in Fig. 2d, strong char-

acteristic peaks of Si 2p, O 1s, Ti 2p, C 1s and N 1s appear in

the survey spectra of pSi@NC@TNSs. In the Si 2p XPS spectrum

(Fig. 2e), the peaks of 103.2, 101.1 and 99.2 eV are attributed to

Si-O-Si, Si-O-C, Si-Si. The pSi and NC layer are covalently con-

nected through Si-O-C bonds, providing a tight interface to pro-

mote the transport of Li+ and structural stability [33,34]. The peaks

at 459.2/465.1, 458.2/463.8 and 457.5/462.8 eV in the Ti 2p spec-

trum (Fig. 2f) are corresponding to Ti-O, Ti2+ and Ti-C bonds, re-

spectively [35,36]. The C 1s spectrum (Fig. 2g) displays peaks of

C=O, C–N, and C–C [37]. Fig. 2h shows the N 1s spectrum, the

peaks at 397.4 eV, 398.2 eV and 400.2 eV are corresponding to Si/Ti-

N, pyrrole nitrogen, pyridine nitrogen, respectively [38], which can

provide more defects and enhance the chemical bond sum be-

tween Si and Ti3C2Tx during heat treatment [39]. In the high-

resolution O 1s spectrum (Fig 2i), the peaks center at 529.8, 531.8

and 532.7 eV belong to Ti-O-C, Si-O-C and C=O, respectively [40].

The results show that the covalent bond connects Si, N-doped car-

bon and Ti3C2Tx to form a strong coupling interface.

To evaluate the electrochemical behavior of three samples as

anodes for LIBs, cyclic voltammetry (CV) curves of pSi@NC@TNSs

(Fig. 3a), pSi@NC (Fig. S6a in Supporting information) and pSi

electrodes (Fig. S6c in Supporting information) are performed. A

wide irreversible cathode peak at about 0.4–1.7V for three sam-

ples, which is attributed to the formation of solid electrolyte in-

terphase (SEI) film. In particular, the irreversible cathode peak area

of pSi@NC@TNSs is minimal, implying a reduced loss of irreversible

lithium and a superior structural stability [41]. The cathode peak at

0.01–0.3V corresponds to the alloying of Si, and the anodic peak at

about 0.36 and 0.53V is related to the delithiation process of LixSi

[42]. The CV curves of pSi@NC and pSi display similar anodic and

cathodic peaks.

Fig. 3b displays the galvanostatic charge/discharge profiles of

pSi@NC@TNSs at 0.2 A/g. The initial coulomb efficiency (ICE) of

pSi@NC@TNSs is 65%, higher than those of pSi@NC (59%) and pSi

(34%) (Figs. S6b and d in Supporting information). The gradually

declining ICE is due to the large exposed surface area and the for-

mation of thick SEI layer. The galvanostatic charge-discharge curves

platform of three electrodes are consistent with their CV peaks

and the polarization decreases with the increase of cycling, indi-

cating a continuous activation process [43]. Fig. 3c shows the cy-

cling performances of three electrodes. The reversible capacity is

925 mAh/g after 100 cycles of pSi@NC@TNSs at 0.5 A/g, which is

much better than pSi@NC (688 mAh/g) and pSi (450 mAh/g). Fur-

thermore, it also shows a good long-term cycling performance (Fig.

S7 in Supporting information), maintaining a specific capacity of

726.3 mAh/g even after 500 cycles at 1 A/g. The TEM image (Fig.

S8 in Supporting information) indicates that no serious cracking

or pulverization can be seen after cycling, and the whole struc-

ture remains well, indicating an excellent structural stability of

the pSi@NC@TNSs electrode. Their rate capabilities are presented

in Fig. 3d. The specific capacities of pSi@NC@TNSs electrode are

1292.3, 1009.2, 750.8, 605.9 and 365.5 mAh/g at different current

densities of 0.2, 0.5, 1, 2 and 5 A/g, respectively. When the current

density is restored to 0.2 A/g, the capacity of pSi@NC@TNSs recov-

ers to 1029 mAh/g with a capacity retention rate of 78%. Moreover,

the pSi@NC@TNSs electrode exhibits much higher capacity reten-

tion rate than other two electrodes (Fig. 3e). Besides, the cycling

properties of the pSi@NC@TNSs electrode are also compared with

previously reported Si/MXene composites anodes (Fig. 3f and Table

S1 in Supporting information), showing a significant advantage for

lithium-ion storage. The enhanced reason in electrochemical per-

3



H. Cheng, Y. Liu, Z. Cheng et al. Chinese Chemical Letters 35 (2024) 108923

Fig. 3. (a) CV curves at a scan rate of 0.1mV/s and (b) galvanostatic charge/discharge profiles of pSi@NC@TNSs at 0.2 A/g. (c) Cycling performances and coulombic efficiency

at 0.5 A/g, (d) rate capabilities, and (e) capacity retention rates of pSi@NC@TNSs, pSi@NC and pSi electrodes. (f) Comparison of cycling performances between previously

reported LIBs anode materials with this study. The details were listed in Table S1 (Supporting information).

Fig. 4. (a) CV curves of the pSi@NC@TNSs electrode at different scan rates, (b) Plot of the relationship between log peak current and log scan rate, (c) Contributions of

capacitance and diffusion control at 0.6mV/s, (d) Percentage of capacitance and diffusion-controlled capacity at different scan rates. (e) Electrochemical impedance profiles

and corresponding equivalent circuits of pSi@NC@TNSs, pSi@NC and pSi electrodes. (f) Li+ chemical diffusion coefficients calculated from GITT results of pSi@NC@TNSs and

pSi@NC electrodes. (g) Structural advantages of the pSi@NC@TNSs electrode for lithium-ion storage.

formance of pSi@NC@TNSs is mainly due to the synergistic effect

among porous Si, N-doped carbon layer, and Ti3C2Tx nanosheets.

The dynamical behavior of pSi@NC@TNSs is then analyzed by

collecting a series of CV curves at different scan rates of 0.2–

1.0mV/s. As shown in Fig. 4a, all CV curves have similar shape at

different scan rates, and peak currents increase with increase of

scanning rates, indicating a fast storage of Li-ion and low polariza-

tion. The relationship between peak current (i) and scan rate (v) is

as follows:

i = avb (1)

The b value can be used to examine the capacitance and dif-

fusion control process of the electrode. As shown in Fig. 4b, the

values of the cathode peak and anode peak are 0.74 and 0.67, re-

spectively, which are close to 1, indicating a capacitive-dominated

process for pSi@NC@TNSs. The contribution of capacitance and dif-
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fusion control to capacity is analyzed by the following equations:

i(V ) = k1v + k2v1/2 (2)

In the equation, k1 and k2 are constants, and k1v, k2v
1/2 repre-

sent capacitive dominant effect and diffusion dominant effect [44].

The capacitance contribution rates gradually increase with the scan

rates, and reach 78.1% at 0.6mV/s (Figs. 4c and d), which are obvi-

ously higher than those of the pSi@NC (Fig. S9 in Supporting infor-

mation), demonstrating that pSi@NC@TNSs can provide more ac-

tive sites and further enhance the pseudo-capacitance energy stor-

age.

Fig. 4e shows the Nyquist diagrams and the corresponding

equivalent circuits of three electrodes. Obviously, the charge trans-

fers impedance (Rct) of pSi@NC@TNSs is significantly lower than

pSi@NC and pSi electrodes, meaning a faster electron transfer.

In addition, pSi@NC@TNSs electrode shows the lowest diffusion

impedance (Zw), indicating the rapid Li+diffusion. The low resis-

tance of pSi@NC@TNSs is assigned to well-constructed conductive

backbone by Ti3C2Tx and carbon and intimate interface contact,

leading top referable reversible capacity and excellent cycling sta-

bility [43]. The Li-ion diffusion coefficients is calculated by the fol-

lowing formula:

D = 4

πτ

(
nmVm

MBS

)2(
�Es

�Eτ

)2

(3)

τ is the relaxation time and S is the contact area between elec-

trode and electrolyte. nm, MB and Vm correspond to the molar

mass, mass and volume of the electrode material, respectively,

�ES and �Eτ correspond to the voltage changes caused by pulse

and constant current charging and discharging, respectively. Fig. 4f

shows the calculated Li-ion diffusion coefficients of pSi@NC@TNSs

and pSi@NC electrodes from galvanostatic intermittent titration

technique (GITT) tests performed in the voltage range of 0.01–3.0V,

and the Li-ion diffusion coefficients of pSi@NC@TNSs is higher than

that of pSi@NC, further indicating pSi@NC@TNSs has better Li-ion

transport kinetics.

The structural advantages of the ternary pSi@NC@TNSs com-

posite electrode for lithium-ion storage are briefly illustrated in

Fig. 4g. In such a design, on one hand, the high surface area en-

ables the Si active material and electrolyte full contact, and rich

pore structure is more effective in alleviating the volume expan-

sion during deep cycles. On the other hand, the superior conduc-

tivity and chemical flexibility of ultrathin Ti3C2Tx nanosheets pro-

vide pseudo capacitance to contribute more storage capacity and

a good protection for inner pSi. Meanwhile, the medium N-doped

carbon layer serves as a bonding layer for strong coupling of pSi

and Ti3C2Tx, as well as offers more defects for lithium storage.

Therefore, the above synergistic effect in the pSi@NC@TNSs com-

posite together contributes to the boosted electrochemical storage

performance for LIBs.

In short, we develop a new ternary pSi@NC@TNSs composite

with robust interface coupling via combining a simple magne-

siothermic reduction with electrostatic assembly process. In the

configuration, porous Si sheets derived from microporous MCM-

22 zeolite effectively buffer the large volume changes, and the

robust network constructed by Ti3C2Tx and NC layer signifi-

cantly enhances the conductivity and structural stability of the

whole electrode material. In virtue of these benefits, the resulting

pSi@NC@TNSs anode shows improved lithium-ion storage capabil-

ity, delivering a high invertible discharge capacity of 925 mAh/g at

0.5 A/g and a good rate capability of 365.5 mAh/g at 5 A/g. The

results provide an innovative idea for the preparation of porous

Si materials and reasonable design of Si-based composites for ad-

vanced energy storage.
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