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Abstract
The excellent theoretical specific charge (lithium) storage capacity and rich abundance of silicon
(Si), and the good mechanical and electrical properties of titanium based MXene (Ti3C2Tx)
nanosheets promise high performance composites (Si/Ti3C2Tx) for negative electrodes
(negatrodes) in future lithium ion battery (LIB) applications. In particular, the Si/Ti3C2Tx
composites have been preliminarily shown to offer large and stable cyclic capacity, good rate
capability and a highly profitable market prospect. To better understand and help further improve
the electrochemical performance of these composites, this review focuses on the electrochemical
processes occurring in Si/MXene composites from a material perspective. Different cells used for
electrochemical measurements, the related materials properties and the reaction processes and
kinetics of Si/MXene composites as negatrode in LIB are reviewed. The perspective is also discussed
for practical applications in flexible electronic devices and automobiles.

1. Introduction

Facing numerous challenges including resource depletion and environmental disruption, fossil fuels and
related technologies are being gradually replaced by those green and renewable ones. Wind and solar energy
have been developed quickly in recent years, due to their inexhaustibility, affordability, and environmental
benefits. However, the intermittence, instability, and geographic restriction in power output limit the
large-scale application of renewable energy, unless necessary supporting technologies become available,
particularly those capable of energy storage. Electrochemical energy storage (EES) devices, which have been
utilized in portable electronic devices and electrical vehicles for years, are now being applied to store
electricity generated by photovoltaic and wind power. As a typical EES device, lithium-ion battery (LIB)
presents high voltage and energy density, and also satisfactory power capability and fairly long cycle life. To
meet the ever-increasing demand in performance, cost, and safety, novel electrode materials have been
investigated to achieve higher energy densities and longer cycle life [1, 2].

Silicon (Si) has been considered the most promising negative electrode (negatrode) material due to its
ultra-high theoretical specific capacity for lithium (Li) storage (2112 mAh g−1 counting on the total mass of
both Si and Li according to the negatrode reaction, Si+ nLi+ + ne⇌ SiLin, n⩽ 4.4) [3], appropriate
electrode potentials, abundant resources, and being eco-friendly. However, disadvantages of Si limit its large
scale and real application as negatrodes in LIBs, including low electric conductivity, large volume change
during the Li storage process, unstable solid electrolyte interphase (SEI) film, and the resulting
disconnection to the current collector, which have already arisen much attention of researchers [4–7].

Based on the related results of testing Si-based negatrode materials in half and full cells, the effective
strategies can be summarized in two main aspects. The first is to construct nanomaterials with higher
specific surface areas to maintain the structural integrity of Si during charge and discharge, and to improve
the contacting area with electrolyte to achieve more effective carrier transportation. For example, Si
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Figure 1. Schematic summary of the design and preparation of differently structured Si/MXene composites. (a) Side- and
(b) cross-section SEM images of the Si/MXene composite with layer-by-layer structure. Adapted from [38]. CC BY 4.0., Adapted
with permission from [39] Copyright (2019) American Chemical Society. (c), (d) SEM images of Si/MXene composites with 3D
structure. Adapted with permission from [50], Copyright (2020) American Chemical Society., Adapted from [44], Copyright
(2022), with permission from Elsevier. (e) SEM and (f) TEM images of Si/MXene composites with coating structure with a
schematic overview in the inset. Adapted with permission from [36]. Copyright (2020) American Chemical Society.
(g) Cross-sectional SEM image and (h) TEM images of self-standing films of Si/MXene composites. The insets are schematic
illustration and photograph. Adapted with permission from [51], Copyright (2019) American Chemical Society.

nanoparticles (SiNPs), nanowires, nanotubes, hollow nanostructures, and porous structures have been
proven to enhance the performances of Si-based negatrodes to different extents [8–11]. Secondly,
compositing with other materials such as carbon [12–17], metal [18–20], and metal oxides [21, 22] could
combine the advantages of both Si and other materials into the negatrode with larger capacity, longer cycle
life, and higher stability. For example, the famous two-dimensional (2D) material, graphene, has been
utilized as a buffer layer and conducting layer in Si-based composites due to its favorable flexibility, strength,
and conductivity, which could help stabilize the integrity of Si and also assist the conduction of electron and
Li+ ion [15, 23–26].

As a rising star in 2D materials, especially for energy storage applications, MXene, the transition metal
carbides/nitrides derived from dozens of MAX phase materials (M: transition metal element, A: an A group
element, e.g. Al or Zn, X: C or N) has attracted much attention for alkaline metal ion batteries or
supercapacitors [27–32]. Due to the remarkable electronic conductivity, good stability and flexibility, and
tailorable surface functionality, MXene (in the following text, MXene represents the Ti3C2Tx family unless
specifically indicated) can be used to construct various composite structures with Si to obtain negatrode
materials with excellent overall performance based on the synergistic effect of MXene and Si [33].

Like composites with other 2D materials, the structures of Si/MXene composites can be summarized into
the four types: layer-by-layer assemblies, 3D structures, self-standing films, and coating structures (MXene
coated on Si), which can be prepared in several ways, including mechanical mixing, wet processing, spray
drying, magnesiothermic reduction, filtration, and freeze-drying [33]. A schematic summary of different
preparation methods and structural features of Si/MXene composites can be seen in figure 1. Generally, the
free-standing film and the coating structure can be prepared mainly from few-layer MXene nanosheets, while
the layer-by-layer structure and 3D structure composites can be prepared with both few- and multi-layer
MXenes.

In the layer-by-layer structure, SiNPs were anchored at the interlayer space of MXene layers, where the
loose structure or interlayer structure could accommodate the large volume expansion of Si, helping
maintain the stability of the whole composite structure, and providing the extra pathway for electrons and
Li+ ions [25, 34–38]. Both multi- and few-layer MXene could form a layer-by-layer structure with SiNPs. In
the former case, SiNPs could decorate between the layers of MXene by mechanical mixing. In the latter case,
MXene nanosheets could pile up with Si inside the interlayer spaces. A large specific surface area and loose
structure could increase the contact between active material and electrolyte, but they may also lead to a low
volumetric capacity. This structure can be achieved by several facile methods, such as wet processing and
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mechanical mixing [37, 39–42]. In the wet-processing method, by dispersing the powders of Si, MXenes, and
other components in the same solvent, a uniform solution/slurry can be formed, which leads to efficient
mixing and self-assembly.

3D structures with thin multi-layer or few-layer MXene nanosheets derived from powdery multi-layer
precursors as a skeleton can be fabricated via wet-processing (e.g. fluoride assisted exfoliation),
freeze-drying, mechanical mixing, and magnesiothermic reduction. The obtained 3D porous structure could
buffer the volume change of SiNPs during the charge and discharge processes, and also provide conductive
pathways to ions and more active reaction sites [43–50].

As the most common composite structure, the coating structure can be obtained by several simple
methods. The coating of few-layer MXenes on SiNPs can separate SiNPs from the electrolyte to obtain a
more stable SEI film and prevent the pulverization and contact loss from the current collector of the Si
negatrode. The surface control should be noticed to avoid aggregation to the greatest extent [36, 52–56].

Through filtration of the precursor, a self-standing film, in which few-layer MXene sheets act as the
matrix of the thin film and embed SiNPs inside, with an interconnection can be prepared [45, 51, 57–60].
This integrated and independent film can be used directly in the half or full cell without the extra procedure
of slurry preparation and coating on a copper (Cu) foil, which therefore eliminates the influence of binders
and increase the weight ratio of active/supporting materials in the cell. What should be considered is that
large-scale production needs to be designed carefully.

Previous research has shown that combining high-capacity Si with conductive and flexible MXene into a
composite promises notably improved negatrode performances in LIB applications [37, 61]. However,
factors affecting the electrochemical characteristics of Si/MXene composites have not been systematically
studied, including the investigation medium and method, the mechanism of electrochemical reaction during
the Li storage process. Also, the kinetics of electrode reactions have not always been explained directly and
clearly. Therefore, in this review, the electrochemical performances, the measurement devices, and kinetic
behavior of the Si/MXene composites as the negatrode material in LIB will be analyzed and discussed. The
prospect of real applications will also be considered.

2. Cell setup

The design and construction of the evaluation cells for the electrode materials are of great significance,
especially for novel electrode and electrolyte materials in all EES devices. Based on proper investigations of
composite electrode materials, one can achieve a deeper understanding of the electrochemical mechanism
during the energy storage process and prospect further development and application of new materials [62].
For negatrode materials, they should have a large theoretical capacity, sufficiently negative potential for
Li+ ion insertion, good chemical and mechanical stability, low or zero toxicity, and affordable cost.

To investigate novel composite negatrodes and the effective approaches to improving their performance
relating to the structural design, a series of characterization methods should be applied to reveal the chemical
state, crystal structure, and microstructure of the material. Such analytical findings can provide
complementary information to understand the electrochemical testing results.

Electrochemical performances are usually studied by cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD), and electrochemical impedance spectroscopy (EIS), although other techniques
such as galvanostatic intermittent titration can also help. The core of such measurements is the
electrochemical cell whose setup and building materials may influence the testing process and results [63].

The most commonly used cells in laboratory include the coin type half cell and full cell, and the pouch or
soft package type two-electrode full cell [62, 64]. In principle, the main difference between these cells is that
the half cell can achieve the control and observation of the potential of the working electrode of the active
material(s), but the full cell cannot. This is because in the half cell, the Li metal disc functions as both the
reference and counter electrodes, which in a conventional electrochemical cell are two separate electrodes.
However, the separation of the reference and counter electrodes is only necessary if the current passing
through the combined reference-counter electrode causes polarization. Fortunately, when using a Li metal
disc with a sufficiently large area in contacting with the electrolyte, polarization is usually small because the
current density in the half cell is usually at or smaller than 1 mA cm−2. In line with this understanding, the
coin half cell for testing LIB electrode materials is equivalent to the conventional three electrode cell. In fact,
the conventional three electrode cell is also known as a half cell because it can test the reaction on one of the
two electrodes or in one of the two half cells of a full cell.

It is worth noting that the coin or pouch type two-electrode cells are usually asymmetrical with the two
electrodes made from different materials. However, the two-electrode cell can also be symmetrical, i.e. the
two electrodes are made from the same material, offering unique conditions for performance exploration.
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Figure 2. Types of cell setup for novel electrode materials investigation. (a) The half cell with the working electrode (WE) and a Li
metal foil serving as both the counter electrode (CE) and reference electrode (RE), (b) the full-cell with negatrode and positrode,
(c) the symmetrical cell consisting of two electrodes of the same material. Adapted from [64]. CC BY 4.0. © 2021 The Authors.
Batteries & Supercaps published by Wiley-VCH GmbH.

Figure 3. Expanded diagrams of coin type cells. (a) Half cells with copper as the current collector (left) and the self-standing film
as the active negatrode (right), in which Li foil works as both the reference and counter electrodes, and (b) full cell containing
both positrode and negatrode.

Figure 2 illustrates the working principles of these cells, whilst figure 3 explains the configurations of
different coin type cells.

2.1. Half cell
The coin type half cell is mostly used in investigations of novel electrode materials, in which a Li-metal disc is
used as both the counter electrode and reference electrodes. Such a half cell is easy to assemble on the specific
equipment, commonly reliable, and can provide direct information on reactions on the prepared novel
electrode. The schematic diagram of this type of cell can be seen in figure 2(a) [63]. In this half cell, for
systematic research, the electrode material of interest is set as the working electrode to evaluate the
potential-current-time correlations, and reversible storage characteristics.

While operating at a low-enough current density (considering the electrode surface area), the accuracy
in the potential of the working electrode can be ensured, due to the negligible polarization at the
counter/reference electrode (Li metal). Besides, the use of Li metal as the counter and reference electrode in
the half cell can provide an infinite number of Li ions, which can help focus on the new electrode study. For a
better understanding and clearer interpretation, the explicit term ‘potential vs. Li/Li+’ should be used when
reporting on this half cell, meaning the potential of the working electrode is determined with the help of the
Li metal counter–reference electrode.
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Figure 4. (a) Photographs showing the fabrication of the Si/MXene composite electrode by the ink-based slurry casting method.
Adapted from [38]. CC BY 4.0. (b) Schematic illustration of the fabrication process of the self-standing Si/MXene film whose
appearance and flexibility under different mechanical effects are shown in the photographs. Adapted from [60] John Wiley &
Sons. © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Photographs of the commercial red LED lit up by the pouch
cells based on the Si/MXene composite self-standing film negatrode tested under the flat and bending states. Adapted from [45],
with permission from Springer Nature. (d) Schematic illustration of the configuration of a full cell of MXene/Si@SiOx@C ||
Li[Ni0.6Co0.2Mn0.2]O2. Adapted with permission from [39]. Copyright (2019) American Chemical Society.

In the development of Si/MXene composite negatrode materials, the half cell is also the most used
investigation cell setup. There are two types of working electrodes, the slurry-type and the self-standing film.

Similar to the commercial LIB manufacturing process, the active material (Si/MXene composites) was
mixed with the conducting agent (acetylene black, i.e. Super P), and polymeric binder (carboxymethyl
cellulose, sodium alginate, polyvinylidene fluoride, polyacrylic acid) in a weight ratio of 6:2:2, or 8:1:1, for
example. The mixture was dissolved or dispersed in deionized water (or other solvents) to form a
homogenous slurry and spread onto the Cu foil. Then the electrode was dried under vacuum and pressed in
air at 10 MPa.

In laboratory, the coin cell is often utilized as the half cell as mentioned above. In a typical example [63],
the coin half cells (e.g. CR2032/2025/2016-type, see figure 1) were assembled in an argon-filled glovebox,
where the prepared working electrode, polypropylene film as the separator, and Li foil were placed into the
shell respectively. After that, the electrolyte with 1 M LiPF6 in organic solvents (often a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (v/v= 1:1)) containing functional additives (i.e. 5%
fluoroethylene carbonate (FEC)) was injected into the cell. A schematic assembling diagram can be seen in
figure 3(a). The mass loading can be modified between 0.5–2 mg cm−2 (usually around 1 mg cm−2). In
some cases, the loaded mass can be up to 4 mg cm−2 by the use of a carbon-coated Cu foil [65].

Due to the unique nature of MXene, it is possible to prepare the Si/MXene viscous aqueous ink without
any binder and other conductive additives, which can be spread directly on the current collector by a
slurry-casting method [60]. The picture of a viscous ink and the casting process can be found in figure 4(a).
Thus, the MXene nanosheets can form a continuous conductive network with the Si nanoparticles embedded
in the network, resulting in fast charge transportation, strong mechanical stability, and effectively increased
active materials content [38].

Another way to assemble a coin half cell is to use the Si/MXene self-standing film. After wet processing or
other chemical reactions, the mixed colloidal solution of SiNPs and MXene nanosheets (single or few layers)
was filtered through a membrane with the help of a vacuum. For example, a flexible and self-standing film of
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Si@C/MXene was prepared by vacuum filtration of the mixture of Si@C and MXene, and the received film
could afford various mechanical deformations such as bending, rolling, and twisting (figure 4(b)) [60], in
which MXenes acted as not only the matrix fixing SiNPs but also the binder and conductive additive.

While assembling the half cell, the self-standing Si/MXene composite film could be cut into the designed
size and shape, and put into the coin cell shell, instead of the Cu foil-loaded active material. Other setups
including the Li metal counter and reference electrode, separator, and electrolyte can be the same as the
slurry-type half cell, as shown in figure 3(b). The utilization of the self-standing film of Si/MXene composites
could achieve a higher mass ratio of the active material, promising the possible application of LIBs in flexible
devices as shown, for example, in figure 4(c) [45].

2.2. Full cell
Although the half cell with a Li metal counter-reference electrode is the mostly used characterization setup
for investigation of novel electrode materials, several problems and limitations should be considered. For
instance, to evaluate the long cycle life of the novel electrode, the half cell may undergo several hundred or
more cycles. The long term stability of the Li metal electrode and its influence on the working electrode have
been rarely considered and analyzed. Besides, while performing dis-/charging tests at a large specific current
during rate performance characterization, the polarization at the Li metal electrode may not be negligible.
Therefore, many researchers evaluated the electrochemical performance with the extra help of the full cell. As
shown in figure 2(b), the full cell is consisting of the negatrode of interest and a commonly used or
commercial positrode.

The full cell can be assembled in a coin type cell (i.e. CR2016) or a soft package type cell. Figure 3(c)
shows the schematic diagram of the coin full cell. In current studies, Li[Ni0.6Co0.2Mn0.2]O2 (NCM622),
Li[Ni0.8Co0.1Mn0.1]O2 (NCM811), LiFePO4 (LFP), and LiNi0.5Mn0.5O4 (LNMO) are commonly and widely
utilized as the positrode material. An exemplar MXene/Si@SiOx@C || Li[Ni0.6Co0.2Mn0.2]O2 full cell is
shown in figure 4(d) [39]. This packaged or pouch full cell can provide a maximum value of specific energy
of 485 Wh kg−1, much larger than that of the state-of-the-art commercial LIBs (around 170 Wh kg−1).
Another Si/C@MXene || LiFePO4 (LFP) full cell also demonstrated much higher specific energy around
400 Wh kg−1 than that of a Si/C || LFP full cell (76 Wh kg−1) [36]. Different from the half cell, the electrode
for the full cell should be pre-treated before assembling. Pre-lithiation, including powder pre-lithiation,
electrochemical pre-lithiation, and chemical self-pre-lithiation, can be performed for better utilization of the
Li resources and to improve the performance of Si/MXene composites in full cells.

In addition to the half cell and full cell (which usually consists of positrode and negatrode of different
materials and hence is asymmetrical), the symmetrical cell as illustrated in figure 2(c) is another available
setup, consisting of two identical or very similar electrodes, which are operated by controlling the cell voltage
during the dis-/charge process. Till now, there is no report of Si/MXene composites investigated by the
symmetrical cell [7].

3. Electrochemical properties

3.1. Li storage behavior of Si andMXene
In principle, the Li storage behavior of an Si/MXene composite is determined by both the Si and Ti3C2Tx
MXene. It is known that Si acts as negatrode material in LIBs via the alloy and de-alloy mechanism during
dis-/charge, which faces the challenges of structural instability and poor Coulombic efficiency (CE).

Si is electrochemically lithiated via several binary phase transitions to several LixSi alloys according to the
following reversible reactions:

Si+(n+ x)Li+ +(n+ x)e− ⇌ Lin+xSi+ nLi+ + ne− ⇌ Lin+xSi (n+ x⩽ 4.4) . (1)

Note that the term ‘LixSi alloys’ is commonly used in the LIB literature, but these ‘alloys’ are actually
stoichiometric compounds. At high temperatures (e.g. 415 ◦C), the lithiation process of Si was found by
coulometric titration to include four stages at potentials of 332, 288, 158, 44, and 4 mV (vs. Li/Li+),
corresponding to the four transition phases of Li12Si7, Li14Si6, Li13Si4, and Li22Si5, respectively [8, 66]. The
lithiation and delithiation curves of Si at 415 ◦C and room temperature can be seen in figure 5(a).

At room temperature, the galvanostatic potential profile of Si lithiation is fairly flat, and Si turned into
Li15Si4 after the lithiation process [8, 68–74]. The metastable Li15Si4 phase was formed during a selective
equilibrium process, in which further transformation to a new transition phase is hindered due to the
unreachable activation energy at the low temperature. The variation in composition cannot lead to the
structure transformation, resulting in a single phase with varying composition. Therefore, the Li22Si5 phase
cannot be obtained at room temperature [75]. Upon reversing the current direction, the Li15Si4 phase was
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Figure 5. (a) Lithiation and delithiation of silicon at 415 ◦C (obtained by coulometric titration technique) and room temperature
(schematic presentation according to experimental results). Adapted from [8], Copyright (2012), and adapted from [66].
Copyright (1981). With permission from Elsevier. (b) Three consecutive CVs of the pristine Ti3C2Tx. Adapted with permission
from [67]. Copyright (2018) American Chemical Society.

delithiated and converted back to Si. Often, the potential plateaus at 0.1–0.2 V correspond to the alloying of
Si. The electrochemical reaction process and the accompanying structural evolution of Si could guide the
modification of Si negatrodes.

The interlayer space of Ti3C2Tx MXenes is highly promising for lithiation properties, through the
intercalation and deintercalation mechanisms with a potential range from 0.05 to 3.00 V vs. Li/Li+. The
related electrochemical reaction is shown below:

Ti3C2Tx + xLi+ + xe− ⇌ LixTi3C2Tx. (2)

Figure 5(b) shows the initial three consecutive cyclic voltammograms (CVs) of pristine Ti3C2Tx MXene
at the scan rate of 0.1 mV s−1. In all three cycles, two redox couples at 2.53 V/2.45 V and 1.00 V/0.97 V can
be observed during the lithiation and delithiation process, respectively, which are similar to those reported in
TiO2 negatrode material. The obvious cathodic peak around 2.50 V and that between 0.80–1.00 V which
became weaker in the subsequent two cycles indicate some irreversibility of the reactions of MXene in the
first cycle. The good reproducibility and overlapping of the CVs in the second and third cycles indicate much
improved reversibility and stability of the Ti3C2Tx MXene negatrode for Li storage. As mentioned above, the
tailored surface state with various surface functional groups of MXene could bring adjustable surface
properties, which is closely related to the electrochemical performance. It should be noted that different
Li-ion storage performances were observed in MXene materials upon different treatments and hence the
reaction mechanisms [67].

3.2. Li storage reaction of Si/MXene composites
Compared to Si, the Ti3C2Tx MXene can also provide a limited Li storage capacity at more positive
potentials. In the Si/MXenes composite negatrode, Si acts as the main active material. However, to maximize
the electrochemical performance and to better understand the mechanism of lithiation and delithiation of
Si/MXenes composites, the potential range for the investigation is usually set as 0–3.00 V (2.50 V) vs. Li/Li+.

The Si/MXene negatrode presents a similar electrochemical lithiation and delithiation behavior
compared to a pure Si negatrode [34, 37, 51]. The broad reduction peak which appears around 0.8 V in the
initial scan and is then absent in the subsequent cycles can be ascribed to the SEI layer formation on Si.
Sometimes similar peaks at 1.00–1.40 V can be found, which are related to the irreversible reactions between
surface functional groups of MXene and the electrolyte. The observed sharp cathodic peak near 0.10 V
corresponds to the lithiation process of Si, where Si transforms into crystalline LixSi. Two oxidation peaks at
approximately 0.30 V and 0.50 V may be due to the delithiation process, where LixSi turns back to the
amorphous Si again. The redox peaks at 0.90 V and 1.1 V can be observed on some occasions, which are
associated with Li intercalation and deintercalation in MXenes. Besides, the intensity of the current increases
with the charge–discharge cycles, indicating an activation process of the composite, especially Si.

Figure 6(a) presents typical CVs of the Si/MXene composites in the potential range from 0 to 2.50 V, at a
scanning rate of 0.1 mV s−1, in the electrolyte of 1 M LiPF6 in EC: DEC: ethyl 10 methyl carbonate (EMC)
(1:1:1, in volume). Generally, compositing with MXene or adding carbon has little effect on the
electrochemical reaction mechanism of the original Si. Figure 6(b) shows the CVs of Si and Si@MXene
composite in a special electrolyte for Si negatrode purchased from dodochem in the initial cycle. On the one
hand, the CVs in figures 5(b) and 6(a) show obvious capacitive features in addition to the current peaks,
which should have resulted from the MXene matrix. On the other hand, the limited mass ratio of MXene/Si
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Figure 6. (a) CVs of the Si/MXene composite at 0.1 mV s−1 in the first three cycles (1 M LiPF6 in ethylene carbonate (EC): diethyl
carbonate (DEC): ethyl 10 methyl carbonate (EMC) (1:1:1, in volume) as electrolyte, and at room temperature). Adapted from
[37], Copyright (2018), with permission from Elsevier. (b) CVs of pure Si and Si@MXene of the initial cycle at a scan rate of
0.1 mV s−1 in the electrolyte suitable for silicon. (LX-025 from DodoChem) Adapted from [53] John Wiley & Sons. © 2021
Wiley-VCH GmbH. (c), (d) The first 20 GCD curves of Si/MXene (b) and Si (c) (the same electrolyte and temperature with (a)).
Adapted with permission from [51]. Copyright (2019) American Chemical Society.

in the composites can provide an excellent framework in terms of transport of charge carriers. However, due
to the well-modified structure, the natural stability and electroconductivity of MXene in comparison with
the pure Si negatrode, the potential difference (∆V) between the anodic and cathodic peaks on the CV of the
Si/MXene composite negatrode is smaller, delivering a reduced polarization degree.

GCD is another most commonly used way to investigate the electrochemical performance of negatrode
materials. Figures 6(b) and (c) present the first 20 GCD profiles of Si/MXene and pure Si, respectively. In
both profiles, the potential plateaus of lithiation and delithiation are quite distinct in good agreement with
the CVs. During the first charge, there was capacity loss in both samples, which can be ascribed to the SEI
formation, the electrochemical decomposition of the electrolyte, and reactions between the electrolyte and
surface groups of MXene. Compared to pure SiNPs, Si/MXene could deliver a higher capacity of around
2900 mAh g−1 after 20 cycles (figure 6(b)) and large initial CE (ICE) of 71%. The high reversibility of
Si/MXene negatrodes was maintained after 100 cycles as a result of the more stable SEI layer and structure to
hold Si nanomaterial inside, while the capacity of pure Si decayed fast. Therefore, MXene can effectively
improve electrical conductivity, structural stability, and electrochemical reversibility.

3.3. Kinetic behavior of Si/MXene composites
EIS at open circuit potential (or voltage) can be conducted to verify the carrier transportation behavior in the
novel negatrodes. The Nyquist plot of EIS (i.e. the complex plane plot of ac impedance) usually consists of a
semicircle in the high-frequency region, which reflects the interfacial charge (electron or ion) transfer
property, and an oblique straight line in the low-frequency region relating to the resistance and capacitance
of the electrode material. As an example, the Nyquist plots of Si, MXene nanosheets, and Si@MXene as well
as the equivalent circuit are presented in figure 7(a) [36]. The electrolyte was 1.0 M LiPF6 in a mixture of EC,
DMC, and ethyl methyl carbonate (EMC) (1:1:1 in volume).

The contact resistance (high frequencies) and charge transfer resistance (Rct) of Si@MXene were found to
be a little larger than those of the MXene nanosheets but much smaller than those of pure Si. This finding
suggests that constructing the composite of Si with MXene can provide lower electronic resistance and faster
Li+ ion transport due to the structural features and good conductivity of MXene. According to the recorded
Nyquist plots after a number of cycles, the charge transfer resistance of the Si/MXene composite always
decreased as a result of the activation of the negatrode material, which is in accordance with the increased
current density after activation from the CV investigation. Besides, the Li+ ion diffusion coefficient DLi+ can
be calculated from the EIS results according to the following equation [44, 76]:
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Figure 7. (a) EIS (Nyquist) plots and the related fitting curves of Si, MXene, and Si@MXene according to the equivalent circuit
shown. Adapted with permission from [36]. Copyright (2020) American Chemical Society. (b) EIS plots (left), and the linear
fitting of Z′ vs. ω−1/2 (right) of Si, MXene, and Si@MXene. Adapted from [44], Copyright (2022), with permission from Elsevier.
(c) EIS plots of Si@N-doped C/MXene at various potentials in the initial cycle. Adapted from [43], Copyright (2021), with
permission from Elsevier. (d) Variation in SEI resistance at different potentials in the first cycle of pure Si and Si@MXene.
Adapted from [53] JohnWiley & Sons. © 2021 Wiley-VCH GmbH. EIS (Nyquist) plots of (e) silicon and (f) Si@NC/MXene at 1st,
10th, 80th, and 100th cycles. Adapted from [43], Copyright (2021), with permission from Elsevier.

DLi+ =
R2T2

2A2n4F 4C2σ2
(3)

where A is the surface area of the electrode, n the number of electrons attending the electronic transfer
reaction, F the Faraday constant, C the concentration of Li+ ion in the target negatrode, R the gas constant,
T the temperature in the whole experiment, σ the Warburg coefficient which can be calculated from the
linear fitting of Z′ vs. ω−1/2. Figure 7(b) [44] shows the respective fitting curves calculated from the
impedance spectra of Si, Ti3C2Tx MXene, and Si@MXene in 1 M LiPF6 dissolved in the 1:1 (v/v) mixture of
EC/DEC. It can be seen that the values of the Warburg coefficient of the three electrodes were 74.5, 24.3, and
16.4, respectively. The Si@MXene sample was prepared by wet processing and freeze drying to form the 3D
conductive network, which might have enabled a high specific capacity above 1700 mAh g−1 after 500 cycles
at 1 A g−1. The diffusion coefficients of Li+ ion in Si, Ti3C2Tx MXene, and Si@MXene negatrodes were
derived from the Warburg coefficients as 0.4, 3.8, and 8.4× 10−14 cm2s−1, respectively.

Apparently, Li-ion transportation was much faster in Si@MXene than in pure Si, suggesting the benefits
of the structure design and synergistic effect of the composites in facilitating the electrochemical processes.
The difference in EIS plots of pure Si in the medium frequency range in figures 7(a) and (b) may be caused
by the difference in electrolyte, Si material and electrode fabrication. Apart from the difference in electrolyte
solvents as mentioned above, the Si in figure 7(a) was porous spheres with a diameter of 400 nm prepared by
magnesiothermic reduction from silica nanospheres, while the Si powders in figure 7(b) were purchased with
a particle size less than 50 nm. Further, the Si electrodes were differently made, i.e. casting vs. doctor-blading.
It seems that doctor-blading exerted an additional pressure and hence made a denser and more resistive
coating than casting. Further, the manual operation of doctor-blading might have also led to less consistent
samples than casting, which may be responsible for the unusual shape of the EIS plot of Si in figure 7(b).

Figure 7(c) [43] shows the Nyquist plots of the Si@N-doped C coupled with MXene nanosheets at
various potentials listed on the right side. The electrolyte was 1 M LiPF6 dissolved in a mixture of (EC/DEC;
1:1 v/v) with 5 wt% FEC. In the discharging process (the potential became less positive), the total resistance
of the composites remained almost unchanged, while during the subsequent charging process (the potential
became more positive), the total resistance of the composites decreased due to the dealloying effect. (Author
note: the original paper has labeled potentials in figure 7(c) incorrectly with negative values in the
discharging process).

The EIS investigation of pure Si and Si@MXene negatrodes was also performed and compared at different
potentials [53]. The results are shown in figure 7(d), indicating that the SEI resistance of the composite was
smaller and changed less during the lithiation and delithiation processes than that of the pure Si electrode,
indicating formation of a more stable SEI layer in the composite with the help of 2D MXene nanosheets.
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Figure 8. Illustration of (a) CVs of Si/MXene composites at different scan rates. (b) The linear fit of peak current vs. scan rate at
the Napierian (natural) logarithm scale. (c) The CV recorded at a scan rate of 1 mV s−1 and the curve indicated by ‘surface
control’ was calculated according to equation (5). Redrawn according to [23, 50, 61].

The related Si@MXene composite with a coating structure exhibited high capacity and good retention
stability as high as 94% after 100 cycles. The EIS investigation proved this excellent performance again.

Figures 7(e) and (f) presented the Nyquist plots after several cycles of Si and a Si/carbon/MXene
composite (Si@NC/MXene), respectively, which all fit well with the equivalent circuit model. The charge
transfer resistance of pure Si increased as the cycling proceeded, indicating the pulverization of Si and the
degraded stability. On the other hand, the plots of Si@NC/MXene exhibited a stable trend, indicating higher
structural stability and robustness of the composite.

To further investigate the electrochemical processes, especially the reaction kinetics or ion transport
dynamics of Si/MXene composites, CVs are usually recorded at different potential scan rates and analyzed
[23, 45–47, 50, 58, 61, 65, 77, 78]. It has long been established in CV of a sufficiently thin coating capable of
charge storage via either the electric double layer capacitance or a Faradaic mechanism, the current should be
proportional to the potential scan rate. This behavior is known as a surface confined or controlled process.

However, when the coating become thicker, to maintain electric neutrality, the ingression including
intercalation of the charge balancing counter ion will become diffusion controlled, leading to the current on
the CV becoming proportional to the square root of the scan rate. It is also very common that for a given
coating of an appropriate thickness, the current is proportional to the scan rate in a range of low scan rates,
but becomes diffusion controlled at higher scan rates [79].

This understanding of either surface or diffusion control or both is applicable to any electrode with a
coating that is capable of Li+ ion storage [79]. The analysis of these two types of control can be obtained
based on the relationship between the current (i) and the scan rate (v) linked by the following equations
[31, 80–82]:

i= avb (4)

i= k1v+ k2v
1/2 (5)

where a, b, k1, and k2 are parameters that can be determined experimentally. The value of b can be
determined by the slope in the linear fitting of logi vs. logv, which is associated with the Li+ ion storage
mechanism of the negatrode. The value of b is in the range of 0.5–1. Generally, b= 0.5 implies diffusion
control, while b= 1 means surface control.

Figures 8(a) and (b) show the CVs at a series of scan rates and the linear fitting results, respectively. The
shaded area in figure 8(c) was calculated according to the above equations. However, in some reports,
the surface-controlled behavior is directly defined as the capacitive model, and the capacitive and
diffusion-controlled Faradaic mechanisms are considered distinct from each other. Such an analysis and
judgment are not appropriate, especially in the discussion of the Li storage mechanism. Generally, one can
obtain the b value in Si-based electrodes for LIBs between 0.5 and 1, indicating the combined contribution of
both diffusion-limited and surface-confined processes. However, in many literatures, the calculated
surface-confined contribution increased surprisingly with the scan rate, which is opposite to expectation.
Such a discrepancy may be accounted for as follows.

A zero or negligible ohmic drop of the electrode is the precondition to utilize equations (4) and (5) since
the fitting was operated at the same potential. Otherwise, the current peak shift to the scanning direction can
be observed on the CVs. For example, in figure 8(a), the oxidation peak has shifted obviously to more
positive potentials. In such a case, the ohmic drop makes the actual electrode potential lower than the applied
potential which is recorded on the CV. As a result, the measured CV current is also smaller than what would
be expected in the absence of the ohmic drop. This ohmic drop effect is mathematically, for the same v,
smaller on the k2v1/2 term than the k1v term in equation (5).
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Figure 9. Collection of the specific capacity after dis-/charge cycling and ICE in recently reported advanced Si/MXene-based
negatrodes. The above results are collected from the [34–36, 38, 43, 46, 50, 51, 53, 54, 57, 60, 65, 83–85].

Thus, when diffusion control is expected to increase at higher scan rates, the ohmic drop effect reduces
the diffusion contribution to the measured CV current at the given fitting potential. This distortion should
be particularly more serious at potentials before the current peak because diffusion becomes more influential
at or after the peak potential. Therefore, for an electrode with a non-negligible ohmic resistance, part of the
diffusion contribution is missing in the fitting results, leading to an apparently larger but misleading surface
contribution.

It is worth noting that in a practical battery, diffusion control lowers the rate capability and should always
be avoided. Therefore, equations (4) and (5) (and their derivatives) are very useful for analyzing electrode
performance against the electrode material and structure to avoid the diffusion restriction during charging
and discharging. Compared to pure Si, Si/MXene composites can provide better rate capability and
cyclability due to the high conductivity of MXene and the constructed porous structure [77].

To further study the charge storage mechanism of Si/MXene, especially the synergy effect in the
composites, in situ or ex situ spectroscopic and microscopic characterizations have been utilized during
electrochemical investigations. For example, ex situ x-ray diffraction (XRD) analysis was performed by
Zhang et al [39] to evaluate the interlayer spacing of MXene to figure out the volume buffering effect of the
MXene matrix, indicating the promising elasticity and adjustability of MXene. Similar to the investigation on
the lithiation process of pure Si, in situ TEM was also carried out on the Si/MXene composite to examine the
whole de-/lithiation process [57, 65].

3.4. Charge storage performance of Si/MXene composites
As briefly described in the Introduction section, Si/MXene composites can be prepared via a series of
methods and categorized into four kinds of structures. Based on the variation in preparation method and the
structural design, composites may exhibit different electrochemical performances.

Generally, MXene is introduced to solve the problems in Si negatrode, including the pulverization and
contact loss caused by large volume changes during charge and discharge, poor electrical conductivity and
ion transportation characteristics, and the unstable and repeatedly formed SEI layer. As a novel 2D flexible
and highly conductive material, MXene can be involved in composites in various forms.

Regardless of the specific structural design, MXene can buffer the large volume expansion during the
lithiation process and ensure mechanical integrity and stability in both the coating and 3D framework
structures. These merits should lead to a stable long cycle capacity of the Si/MXene composites. The high
electronic conductivity of MXene can improve the electron transportation of the whole composite
negatrode. Meanwhile, the loose structure introduced by MXene can provide more electrolyte channels and
ion pathways.

Instead of the facile mechanical mixing, modifying the surface structure of SiNPs and MXene may enable
the formation of a more stable bonding, which can prevent the exfoliation and aggregation of SiNPs. As a
result, a more stable SEI layer can form due to the wrapped MXene layer, which should improve both the
long cycle capacity and rate capability at a large current. The corresponding capacity after cycles and the ICE
of various Si/MXene composites have been collected and compared in figure 9. Similar composite structures
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are indicated by the same color. The grey shaded area represents the pure Si performance, showing fairly
poor cyclic stability and reversible capacity after only dozens of cycles.

After compositing with MXene in various structures (sometimes also with other materials such as SiOx

or carbon), the ICE increased to 70%–90%, and the long cycle capacity (i.e. the capacity at the number of
cycles after which Si would have failed) could be improved to around 1000 mAh g−1 or larger at 0.1 A g−1,
1 A g−1 or even higher specific currents. The enhanced ICE and long cycle capacity can be attributed mainly
to the composite structure of Si/MXene where the highly conductive MXene layer could act as a barrier to
prevent the direct contact of Si with electrolyte, and therefore help stabilize the SEI layer and improve the
long cycle performance.

4. Conclusion and prospective

Si-based composites have been regarded as the most promising negatrodes in the next generation LIBs for
electric vehicles and energy storage plant applications. To improve the cycling stability and rate capability of
Si by modification is the most important strategy. Compositing with the flexible and conductive MXene
could provide various composite structures with controllable micro-morphology and surface state, resulting
in the improved mechanical property and carrier transport efficiency.

The three-electrode cell or half cell with a novel Si/MXene composite as the working electrode and a Li
foil as the reference and counter electrodes is the mostly used cell set up in the investigation of the
electrochemical performances of Si/MXenes. Due to the special structures of MXene and Si/MXene
composites, the negatrode can be prepared by the conventional slurry-type method which is similar to that
in industrial production, but can directly be applied with the as-prepared self-standing films of Si/MXene
composites. Full cells of Si/MXene have been fabricated with several positrodes and presented excellent
energy densities. However, further and large-scale investigations of compatibility with the positrodes and the
assembling process are still needed.

At present, various structures of Si/MXene composites have been achieved by different fabrication
methods, showing a better Li storage performance due to several advantages. (a) The flexible MXene
nanosheets can act as a buffer layer or framework in composite structures and prevent SiNPs from fracturing
and falling from the current collector, resulting in a higher capacity retention. (b) The more effective
electrolyte wetting in negatrode and majority transportation channels for Li+ ion can be formed in the
porous structure, which together with the good conductivity of MXene can bring about better rate
performances. (c) Due to the fairly strong bonding between Si and MXene surface groups, SiNPs can be
anchored strongly to the MXene nanosheets. Therefore, MXene can also be used as a binder in Si-based
negatrodes instead of the conventional inactive binders like polyvinylidene fluoride (PVDF) or
carboxymethyl cellulose (CMC), leading to a higher mass ratio of active materials and hence better
electrochemical performance and stability.

From the view of the large-scale application in energy storage devices, there are some superiorities and
issues to be considered. Firstly, Si/MXene composites, especially the self-standing composite film, exhibit
superior flexibility, which is the promising candidate for negatrodes of flexible LIBs in wearable electronics
or other extreme conditions. Secondly, in different fabrication methods, some routines are compatible with
the recent industrial manufacturing process of negatrodes. Therefore, the large-scale and commercial use of
Si/MXene composite negatrodes are possible and implementable in the future. Last but not the least,
referring to the Si-based full cell, Si/MXene composites also have the strength to be compatible with other
battery components and can be pre-lithiated by various processes and provide a stronger SEI layer with the
help of MXene.
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