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A B S T R A C T   

Lithium (Li) metal anodes are a crucial part of lithium-based batteries and are highly regarded as a top contender 
for achieving high-energy–density lithium batteries. However, the development of dendrites and other related 
issues have significantly impeded their practical applications. Here, we fabricated a MXene (Ti3C2Tx)-graphdiyne 
heterostructure layer anode with high-zeta-potential (− 90 mV) using an electrostatic self-assembly method. The 
high-zeta-potential can accelerate the interface charge transfer in the lithium deposition process, facilitating the 
uniform Li nucleation on the surface of anodes. Theoretical simulations further reveal that the high-zeta- 
potential can not only reduce the lithium ion concentration gradient but also homogenize the electric field in 
the anodes. Besides, based on first-principles computation, the adsorption energy of lithium atoms on MXene- 
graphdiyne heterostructure is − 3.4 eV. As a result, a low overpotential of 12.4 mV has been achieved by 
MXene-graphdiyne layers at 0.05 mA cm− 2. Additionally, MXene-graphdiyne-Li anodes display an ultralong 
cycle life upto 1400 h and good rate capability upto 8 mA cm− 2 in symmetric cells. Full cells consisting of MXene- 
graphdiyne-Li anodes and LiFeO4 cathodes also show stable cyclic properties (300 cycles at 5C).   

1. Introduction 

The demand for lithium-based batteries has significantly increased 
with the rapid development of portable electronics, electric vehicles, 
and electric storage stations. As an essential component of lithium-based 
batteries, the lithium (Li) metal anode has emerged as a promising 
candidate for high-energy–density lithium batteries [1–7]. However, 
metallic Li anodes suffer deteriorative dendrite-related issues, which 
lead to low Coulombic efficiency and severe volume expansion [8–13]. 
Even more concerning, rigid Li dendrites can penetrate the membrane 
during repeated discharge–charge cycles, causing short circuits in the 
battery and creating potential safety hazards. These issues significantly 
impede the practical application of Li anodes [14–18]. 

The Sand’s time model suggests that the formation of Li dendrites 
involves two main stages: nucleation and growth. These stages are 
influenced by the local current density of the electrodes, the transfer of 
lithium ions and electrons, and the initial concentration gradient of the 
lithium ion flux [19]. Several strategies have been adopted to prevent 
the formation of Li dendrites and promote uniform Li deposition. These 
approaches include adjusting the structure of electrodes [9,20], 

regulating the components of the solid electrolyte interphase (SEI) film 
[21–23], and controlling the nucleation of Li metal [24]. For instance, 
using a three-dimensional electrode structure has proven effective in 
reducing local current density as well as increasing Li plating-stripping 
capacities. Liang and his co-workers were able to achieve high Li ca
pacities of up to 30 mAh cm− 2 through the 3D covalently cross-linked 
MXene scaffold [25]. Besides, the application of in-situ or ex-situ artifi
cial SEI films has been demonstrated to promote the fast transfer of Li 
ions and electrons, realizing high-rate property [26,27]. Although 3D 
hosts and artificial SEI films are effective strategies to regulate the 
growth stage of lithium, they tend to overlook the importance of the 
nucleation stage of lithium growth. Alternatively, controlling the initial 
deposition stage of Li can obtain homogeneous nucleation and leading to 
controllable Li growth. For instance, approaches that leverage lith
iophilicity, such as lithiophilic sites [28], metal solutions [29], and 
chemical bonding, have been shown to significantly lower the barrier for 
lithium nucleation and promote uniform Li nucleation. The Sand’s time 
model indicates that the charge transfer of Li+ and electrons plays a 
crucial role in Li nucleation. Therefore, accelerating the interface charge 
transfer can be an alternative approach to obtaining uniform Li 
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nucleation and growth. 
Here, Ti3C2Tx-graphdiyne heterostructure layers (MXene-graph

diyne) were fabricated using a simple electrostatic self-assembly method 
to accelerate the interface charge transfer during the lithium deposition 
process (Fig. 1). The MXene-graphdiyne heterostructure layers have a 
high-zeta-potential of − 90 mV, which facilitates the fast and uniform 
nucleation of Li on their surfaces by overcoming the diffusion-limited 
current. Furthermore, COMSOL Multiphysics simulations have shown 
that the high-zeta-potential of MXene-graphdiyne heterostructure layers 
can highly reduce the lithium ion concentration gradient and homoge
nize the electric field in the anodes. Density functional theory (DFT) 
calculations have also demonstrated that the adsorption energy of Li 
atoms on the MXene-graphdiyne heterostructure is 3.4 eV. As a result, a 
low overpotential of 12.4 mV has been exhibited by MXene-graphdiyne 
layers at 0.05 mA cm− 2. Besides, MXene-graphdiyne-Li anodes display 
an ultralong cycle life upto 1400 h and good rate capability upto 8 mA 
cm− 2 in symmetric cells. When combined with LiFeO4 cathodes, full 
cells consisting of MXene-graphdiyne-Li anodes also display stable 
cycling properties for 300 cycles at 5C. 

2. Results and discussion 

The synthetic route of MXene-graphdiyne is schematically illustrated 
in Fig. 2a. First, MXene layers and graphdiyne nanosheets were obtained 
by exfoliating from the etched Ti3AlC2 material and bulk graphdiyne 
using the methods previously reported, respectively [30–32]. Subse
quently, the graphdiyne nanosheets were modified with a cationic 
polymer, poly(diallyldimethylammonium chloride) (PDDA), to provide 
a surface positive charge. The positively charged graphdiyne nanosheets 
(38.7 mV) were then electrostatically attached to the negatively charged 
MXene layers (− 14.9 mV), which was confirmed by the zeta-potential 
measurement (Figure S1). The as-prepared MXene-PDDA-graphdiyne 
samples exhibited a positive surface charge due to the existence of excess 
PDDA (Figure S2), which may lower the conductivity of MXene- 
graphidyne and hinder it’s eletrochemical performance. Thus, acetone 
solvent was adopted to remove the PDDA, After the removal of PDDA, 
the heterostructure was stabilized by π-π* and Ti-C bonds and formed a 
2D MXene-graphdiyne nanoarchitecture, in which the content of 
graphdiyne is ~ 50%. (Fig. 2a) (for more details, see the Supporting 
Information). 

The microstructure and morphology of the MXene-graphdiyne layers 
was characterized by transmission electron microscopy (TEM) and high- 

resolution TEM measurement (HRTEM). In Figure S3, the layer-by-layer 
structure with a lateral size of ~ 2 μm is observed, where graphdiyne 
nanoflakes are covered by wider MXene layers. The TEM image shows 
the close contact between MXene and graphdiyne nanosheets. The 
HRTEM image of the MXene-graphdiyne layers (Fig. 2b) indicates the 
coexistence of Ti3C2Tx (1101) facet with the lattice spacing of 0.26 nm 
and graphdiyne with the fringe spacing of 0.36 nm [33,34]. Further
more, selected area electron diffraction (Figure S4) confirms the pres
ence of both Ti3C2Tx and graphdiyne, indicating the successful synthesis 
of the MXene-graphdiyne heterogeneous interface and the tight inte
gration of the two materials. Element mapping of MXene-graphdiyne 
layers in Figure S5 demonstrates a homogeneous element distribution 
of Ti, C, O, and F. 

Raman measurements provide additional evidence for the incorpo
ration of graphdiyne with MXene. As shown in Fig. 2c, MXene- 
graphdiyne exhibits both Raman signals arising from the MXene in the 
range of 150 to 750 cm− 1 [30], as well as peaks at 1396 cm− 1 (D band), 
1582 cm− 1 (G band), 1926 cm− 1 and 2182 cm− 1 (vibration of conju
gated diyne linkage) corresponding to the graphdiyne species [35]. The 
Fourier transform infrared spectroscopy analysis (Figure S6) confirms 
the successful incorporation of both MXene and graphdiyne components 
in the synthesized material. Specifically, the absorption peaks at 
1490–1700 cm− 1 and 2191–2450 cm− 1 can be attributed to the skeletal 
vibration of the benzene ring and the stretching vibration of the alkynyl 
group, respectively, which correspond to the C = C (sp2 benzene ring) 
and C≡C (sp3 alkynyl) chemical bonds (Figure S6). Furthermore, the 
interaction between MXene and graphdiyne were elucidated by X-ray 
photoelectron spectroscopy (XPS). Fig. 2d compares C1s spectra of 
MXene-graphdiyne, MXene and graphdiyne, respectively. For the 
MXene-graphdiyne, the C1s XPS spectrum exhibits signals from both 
MXene and graphdiyne as well as another two additional peaks (at 290.0 
and 281.8 eV) are not observed in MXene or graphdiyne. The weak peak 
at 290 eV should attributed to the π-π* transition bond, verifying the 
interaction between graphdiyne and MXene [36]. The newly emerged 
peak at 281.8 eV in MXene-graphdiyne may originate from the Ti-C 
bond formation between surface Ti atoms from MXene and sp- 
hybridized C atoms in graphdiyne, as the acetylene bond ratio (1:1) is 
much lower than that in graphdiyne (1:2) [37]. Moreover, the binding 
energy of Ti2p (Figure S7) in MXene-graphdiyne has shifted towards 
lower binding energy compared to that of MXene. This shift implies the 
presence of a chemical interaction as well as electron transfer from 
graphdiyne to MXene [32]. To obtain a better understanding of the 

Fig. 1. Illustration of Li plating behavior of a) MXene-graphdiyne and b) pure Cu foil. The MXene-graphdiyne layers with high-zeta-potential accelerate the interface 
charge transfer, leading to uniform Li deposition. 
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electronic interaction between graphdiyne and MXene layers in MXene- 
graphdiyne, DFT calculations were performed. Difference charge den
sity analysis (Fig. 2e) demonstrates that graphdiyne forms a chemical 
bond with MXene through electronic interaction, resulting in electronic 

transfer from MXene to graphdiyne at the interface. Moreover, the 
electronic local function plotted in Fig. 2e confirms the presence of 
chemical bonding between graphdiyne and MXene at the interface in the 
MXene-graphdiyne supercell. These interface-induced chemical bonds 

Fig. 2. A) Schematic illustration of the fabrication process for MXene-graphdiyne heterostructure layers. b) HRTEM image of MXene-graphdiyne heterostructure 
layers. c) Raman spectra of MXene-graphdiyne heterostructure and MXene layers, respectively. d) High resolution of C1s XPS spectra of MXene-graphdiyne het
erostructure layers. e) Side and top view of the charge density difference of MXene-graphdiyne. Cyan and yellow areas indicate electron depletion and accumulation, 
respectively. The electronic local function of MXene-graphdiyne layers indicates the presence of chemical bonding between graphdiyne and MXene at the interface in 
the MXene-graphdiyne supercell. f) Density of states (DOS) image of MXene-graphdiyne layers, MXene, and graphdiyne, respectively, reflecting MXene-graphdiyne 
possess a higher density state near the Fermi level compared to MXene and graphdiyne. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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promote charge redistribution, resulting in a higher density state near 
the Fermi level for MXene-graphdiyne compared to MXene and graph
diyne (Fig. 2f) [30,35,36]. 

To further investigate the surface charge of the MXene-graphdiyne in 
solution, zeta potential tests were conducted to confirm the charge state 
in organic electrolyte of lithium-ion batteries. Fig. 3a indicates that 

MXene-graphdiyne has a more negative zeta-potential (− 90 mV) than 
those of MXene (− 69 mV) and graphdiyne (− 57 mV), suggesting a 
strongly stable interfacial electric double layer can be formed on the 
surface of MXene-graphdiyne. This negatively charged surface of 
MXene-graphdiyne promotes substantial positively charged Li ions, 
thereby accelerating the lithium ion transfer at the interface of electrode 

Fig. 3. A) Zeta-potential of MXene-graphdiyne layers, MXene layers, and graphdiyne nanosheets in 1 M LiTFSI in DOL/DME (1:1 vol) with 1.0% LiNO3, respectively. 
b) Li nucleation overpotential curves on MXene-graphdiyne layers, MXene layers, and Cu foil, respectively. c) The calculated adsorption energies of a Li atom on the 
MXene-graphdiyne layers, MXene layers, and graphdiyne nanosheets. d) The deformation charge density of a Li atom absorbed on MXene-graphdiyne heterostructure 
layers. COMSOL Multiphysics simulations of the electric field distribution in the e) MXene-graphdiyne and f) Cu foil anodes at the initial Li depostition process. 
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and eletrolyte as well as facilitating the homogeneous Li nucleation. 
Therefore, to investigate the lithium nucleation behaviors on MXene- 
graphdiyne layers, the overpotential curves of lithium deposition on 
MXene-graphdiyne layers at the early stage was tested by chro
nopotentiometry mearsurement at 0.05 mA cm− 2. As expected, MXene- 
graphdiyne layers delivered a significantly lower overpotential of ~ 
12.4 mV compared to MXene layers (18 mV), graphdiyne nanosheets 
(29 mV) (Figure S8) and Cu foils (24 ~ 26 mV) [32] (Fig. 3b). To further 
study the low barrier of Li nucleation on MXene-graphdiyne layers, we 
conducted DFT calculations. As shown in Fig. 3c, MXene-graphdiyne 
exhibits a lower Li adsorption energy than those of MXene and graph
diyne, demonstrating that the adsorption of Li atoms has been enhanced 
in the MXene-graphdiyne compared with the individual components. 
Bader charge analysis (Fig. 3d) reveals that the absorbed lithium atoms 
severe as an electron donor, with approximately 0.92 |e| transferred to 
the heterostructure interface of MXene-graphdiyne. This results in the 
MXene-graphdiyne favorably capturing Li and guiding uniform Li 
deposition at the nucleation stage. Besides, contact angle tests 

(Figure S9) also demonstrate that MXene-graphdiyne layers have a 
relatively small contact angle with electrolyte, which is consistent with 
the crystal nucleation theory. According to the theory, a small contact 
angle benifits a low barrier of nucleation, which is in line with the 
overpotential results discussed earlier. 

As for the growth stage of Li deposition, we initially adopted an in- 
situ optical microscope to observe the process of Li deposition on MXene- 
graphdiyne. MXene-graphdiyne (Figure S10) demonstrate a uniform Li 
deposition morphology rather than dendrites. Besides, SEM images of 
MXene-graphdiyne after deposition various Li capacities from 1 to 8 
mAh cm− 2 demonstrated a uniform lithium deposition morphology 
without dendrites (Figure S11). However, Cu foil exhibited a coarse 
surface with drastic Li dendrites (Figure S12-S13). To gain a deeper 
insight into the lithium growth process on MXene-graphdiyne electrode, 
we established a simulation model of Li deposition using COMSOL 
Multiphysics based on the roughness of electrode surface (Figure S14). 
As exhibited in Fig. 3e, the simulation results indicate that the MXene- 
graphdiyne layers can uniformize the electric field as well as Li+ flux, 

Fig. 4. A) Cyclic properties for symmetric cells with MXene-graphdiyne-Li, MXene-Li, graphdiyne-Li, and Cu-Li anodes at 1.0 mA cm− 2 and 1.0 mAh cm− 2, 
respectively. b) Rate performances for symmetric cells of MXene-graphdiyne-Li, MXene-Li, graphdiyne-Li, and Cu-Li anodes with various current densities from 0.5 to 
8 mA cm− 2. c) EIS spectra of MXene-graphdiyne-Li at various temperature from 0 to 40 ◦C. Activation energies (Ea) of the reaction for d) SEI and e) charge transfer in 
MXene-graphdiyne and Cu foil surface, respectively. 
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thereby facilitating the uniform lithium deposition. In contrast, the Cu 
electrode (Fig. 3f) with a higher overpotential and uneven surface is 
more prone to the lighning-rod effect [1] and non-uniform deposition, 
which can lead to Li dendrite growth. 

To systematically assess the electrochemical performance of MXene- 
graphdiyne layers, MXene layers, graphdiyne nanosheets, and Cu foil, 
lithium anodes were fabricated by electrochemically depositing metallic 
Li. The cycling performance of the resulting MXene-graphdiyne-Li, 

MXene-Li, graphdiyne-Li, and Cu-Li anodes was then tested by galva
nostatic discharge–charge in symmetric cells. MXene-graphdiyne-Li 
(Fig. 4a) demonstrated an ultralong cycle life of more than 1400 h, 
which was superior to those of MXene-Li (~700 h), graphdiyne-Li 
(~300 h), and Cu-Li (~200 h) tested under the same conditions (1 
mA cm− 2 and 1 mAh cm− 2). Furthermore, a low mass-controlled voltage 
polarization of MXene-graphdiyne-Li anode remained less than 30 mV 
even after cycling for 1400 h, indicating fast transfer of lithium ions and 

Fig. 5. a) Charge-discharge voltage profiles of MXene-graphdiyne-Li//LFP, MXene-Li//LFP, graphdiyne-Li//LFP, and Cu-Li//LFP full cells at 0.5C. b) Rate per
formances of MXene-graphdiyne-Li//LFP, MXene-Li//LFP, graphdiyne-Li//LFP, and Cu-Li//LFP at the various rate from 0.2 to 5.0C. c) Cyclic performance and 
Coulombic efficiency of MXene-graphdiyne-Li//LFP, MXene-Li//LFP, graphdiyne-Li//LFP, and Cu-Li//LFP full cells at 5.0C. d) The elemental composition of Li, F, O, 
C, and N from the surface to a depth (~50 nm) in MXene-graphdiyne-Li by XPS depth profiling, indicating an increase in F content to nearly 28% across the entire 
anode surface. e) The elemental composition of Li, F, O, C, and N from the surface to a depth (~50 nm) in Cu-Li by XPS depth profiling. f) High resolution XPS of F1s, 
demonstrating a significant portion of the F is present in the form of LiF, accounting for approximately 81% of the SEI layers. 
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electrons. Rate capabilities of the anodes were evaluated at various 
current densities ranging from 0.5 to 8 mA cm− 2. MXene-graphdiyne-Li 
anode exhibited a high rate capability (8 mA cm− 2) with a low over
potential (~50 mV) (Fig. 4b and Figure S15), superior to those of 
MXene-Li (~150 mV), graphdiyne-Li (~150 mV) and Cu-Li (~200 mV) 
anodes, as well as the reported Li-based anodes (80–200 mV) [28,38]. 
These superior electrochemical performances of MXene-graphdiyne-Li 
anode can be attributed to its high zeta-potential, which facilitates the 
interface charge transfer. To verify this viewpoint, we prepared a com
pound of MXene and graphdiyne using a liquid phase stirring method. 
The resulting compound demonstrated a zeta-potential of approxi
mately − 61 mV (Figure S16). However, when used in Li composite 
anodes, it exhibited a high nucleation overpotential of around 21 mV 
(Figure S17), poor cyclic performance (~600 h) (Figure S18), and low 
rate capabilities (Figure S19) compared to that of MXene-graphdiyne 
layers. This indicates that a high-zeta-potential is crucial for promot
ing Li deposition and enhancing the electrochemical property of metallic 
anodes. Besides, high capacity of 5 mAh cm− 2 has been adopted to test 
the deep stripping-plating property of MXene-graphdiyne-Li anode. As 
shown in Figure S20, MXene-graphdiyne-Li anode exhibits a cycle life up 
to 500 h, indicating the potential piratical application. Furthermore, we 
observed the overall morphology and structural integrity of the MXene- 
graphdiyne anode after being cycled by analyzing the SEM images 
(Figure S21). 

To further investigate the influence of interface charge transfer on 
the electrochemical performance, electrochemical impedance spectros
copy (EIS) was performed to analyze the interface kinetics. As exhibited 
in Fig. 4c, S22 and Table S1, the MXene-graphdiyne-Li anode exhibited a 
low charge transfer resistance of ~ 31 Ω at 30 ◦C, which is superior to 
that of Cu-Li (~430 Ω). Besides, activation energies of lithium ion 
transport through SEI (Ea, SEI) and charge transfer (Ea, ct) of MXene- 
graphdiyne anodes were calculated using the temperature-sdependent 
EIS spectra fitted by Arrhenius law. The energy barrier for Li+ trans
portation in MXene-graphdiyne (Fig. 4d) was found to be lower (36.5 kJ 
mol− 1) than that of Cu foil (46.8 kJ mol− 1) and the reported Li-based 
anodes [39], suggesting that MXene-graphdiyne can form a stable SEI 
layer with a low energy barrier, facilitating Li+ transportation. 
Furthermore, the Ea,ct of MXene-graphdiyne (42.4 kJ mol− 1) was found 
to be significantly lower than that of Cu foil (76.8 kJ mol− 1) (Fig. 4e), 
which is generally considered the dominant barrier in the electro
chemical process [40]. The kinetics analysis suggests that the high-zeta- 
potential interphase derived from MXene-graphdiyne enable the fast 
transfer of Li+ and electrons in lithium metal batteries. 

Therefore, full cells comprising MXene-graphdiyne-Li anode and 
LiFeO4 cathode were investigated by galvanostatic discharge–charge at 
various rates. MXene-graphdiyne-Li-LiFeO4 full cell delivered a high 
reversible specific capacity of 160 mAh g− 1 at 0.5C, superior to those of 
MXene-Li//LiFeO4 (150 mAh g− 1), graphdiyne-Li//LiFeO4 (141 mAh 
g− 1) and Cu-Li//LiFeO4 (138 mAh g− 1) (Fig. 5a). Additionally, MXene- 
graphdiyne-Li//LiFeO4 full cell exhibits much better rate capabilities 
(Fig. 5b) due to the fast transfer of Li+ as well as electrons. When sub
jected to a high rate of 5.0C (Fig. 5c), MXene-graphdiyne-Li//LiFeO4 full 
cell represents a good reversible specific capacity of 130 mAh g− 1 and 
stable Coulombic efficiency (~99%) after 300 cycles, outperforming 
MXene-Li//LiFeO4 (75 mAh g− 1), graphdiyne-Li//LiFeO4 (60 mAh g− 1), 
and Cu-Li//LiFeO4 (64 mAh g− 1 at 170th cycles) full cells. These 
demonstrate that MXene-graphdiyne-Li//LiFeO4 full cell possesses su
perior cycling stability compared to MXene-Li//LiFeO4 and Cu-Li// 
LiFeO4 full cells. To further investigate the good electrochemical per
formance obtained by MXene-graphdiyne//Li anodes, XPS measure
ments were performed (Figure S23). As shown in Fig. 5d, XPS depth 
profiling from the surface to 50 nm indicates an increase in F content to 
nearly 28% across the entire anode surface. In contrast, Cu anodes show 
a very low F content of less than 10%. High-resolution XPS spectra of F 
(Fig. 5e) demonstrate that most of the F belongs to LiF, accounting for 
about 81% of the SEI layers. This LiF content can greatly accelerate the 

fast transfer of Li+ and electrons, thereby contributing to the excellent 
electrochemical performance of MXene-graphdiyne-Li//LiFeO4 full 
cells. 

3. Conclusions 

We have successfully fabricated MXene-graphdiyne heterostructure 
layers with high-zeta-potential by a facile method of electrostatic self- 
assembly. The high-zeta-potential enables the uniform Li nucleation 
on MXene-graphdiyne heterojunction layers by accelerating the inter
face charge transfer. COMSOL Multiphysics simulations further reveal 
the MXene-graphdiyne can highly reduce the lithium ion concentration 
gradient and homogenize the electric field in the anodes. As a result, a 
low overpotential of 12.4 mV has been exhibited by MXene-graphdiyne 
layers at 0.05 mA cm− 2. Besides, MXene-graphdiyne-Li anodes display 
an ultralong cycle life upto 1400 h and good rate capability upto 8 mA 
cm− 2. Moreover, when combined with LiFeO4 cathodes, the full cells 
maintained stable cycling properties for 300 cycles at 5C. We believe 
that this approach utilizing a high zeta-potential can be extended to 
other metal anodes, resulting in dendrite-free anodes with excellent 
performance. 

4. Experimental section 

4.1. Preparation of graphdiyne nanosheets 

Graphdiyne nanosheets were exfoliated from the bulk graphdiyne 
using the previously reported methods. The few-layer graphdiyne flakes 
were mechanically exfoliated from bulk graphdiyne using a high-power 
ultrasonic probe with the protection of Ar atmosphere. 

4.2. Preparation of MXene-graphdiyne heterostructure layers 

The graphdiyne nanosheets were modified with a cationic polymer, 
poly(diallyldimethylammonium chloride) (PDDA), to provide a surface 
positive charge. Typically, 5 mg PDDA slowly added into 50 mL 
graphdiyne suspension (1 mg mL− 1) and sonication for 1 h. Then, 50 mL 
PDDA-modified graphdiyne suspension slowly added into 50 mL MXene 
(1 mg mL− 1) suspension and subsequently ultrasonic for 1 h. In this 
process, the positively charged graphdiyne nanosheets were electro
statically attached to the negatively charged MXene. After the removal 
of PDDA, the 2D MXene-graphdiyne layers were obtained by freeze 
drying (Fig. 2a). 

4.3. The preparation of MXene (Ti3C2Tx) nanosheets 

1 g Ti3AlC2 powder was immersed into 20 mL aqueous HCl solutions 
(5 M) with 3.2 g LiF by stirring for 40 h to etch Al layers. After repeatedly 
washed by distilled water and subsequent freeze-drying. The as- 
prepared Ti3C2Tx nanosheets were obtained. 
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