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Abstract
Silicon (Si) exhibits highest theoretical charge capacity and low discharge potential, but the associated
volume expansion cannot be neglected. Here we report a single atom dispersion strategy to prepare a well
distributed Si single atom based electrode material, which can effectively inhibit the volume expansion
even when the storage sites are fully occupied. The dispersion of Si single atoms are achieved by
bonding Si atom with acetylenic carbon atom, forming a three-dimensional diamond-like skeleton. Owing
to the combination of Si and diyne in the stable diamond-like skeleton, the as-prepared material, named
as silicon-diamondyne (Si-DY), exhibits extraordinary electrochemical performance. Si-DY has been
predicted to exhibit ultrahigh theoretical speci�c capacity of 3674 mA h g-1, 2810 mA h g-1, and 1945 mA
h g-1 in lithium-ion battery (LIB), sodium-ion battery (SIB) and potassium-ion battery (KIB), respectively.
Especially, the as-prepared Si-DY samples also achieve very stable measured speci�c capacity in LIB
(2350 mA h g−1), SIB (812 mA h g-1) and KIB (512 mA h g-1), as well as ultra-long cycling stability (up to
5000 charge/discharge cycles). Those excellent results demonstrate the single atom dispersion
technology of Si atoms can be an e�cient way to prepare high-utilization Si based electrochemical
materials.

Introduction
Since developments in electrical equipment such as vehicles are attracting the attention of the general
public, high-performance rechargeable batteries, which are key power components of those electrical
devices, are leading researchers to dedicate great effort in further performance enhancements. In addition
to technological innovation, �nding novel raw materials with high performance, large reserves, and low
cost is a fundamental way to realize high-e�ciency batteries1. Silicon (Si) is regarded as one of the most
promising anode materials for rechargeable batteries; the material exhibits an extremely high speci�c
capacity of approximately 4200 mA h g−1 (Li4.4Si) in lithium ion batteries (LIBs)2–4. However, as an
anode, Si still has some drawbacks, such as a large volume expansion and contraction (approximately
400%), which causes extensive pulverization and rapid deterioration of the electrical contact between the
active material and the conductive binder, resulting in poor cycling stability and a sharp capacity
decrease5,6. Moreover, the solid electrolyte interphase (SEI) layers on the Si surface are inhomogeneous
and too thick, and are greatly affected by temperature and additives, also resulting in low reversible
speci�c capacity and poor stability. Carbon (C) coating technology on the surface of Si has been reported
to restrain and buffer the volume expansion, prevent the agglomeration of active nanoparticles, and
improve the electrochemical performance of Si electrodes in the process of ion intercalation and
deintercalation7–12. However, the reduction in speci�c capacity is a decisive tradeoff if the physical
carbon coating of Si is brought into play, because this approach reduces the sample density and Si
volume fraction. Furthermore, expensive nanoscale materials and complex experimental procedures also
represent immense obstacles to practical application13. Nanosizing strategy of pure Si is another
emerging and promising approach to accommodating the volume expansion14–16. Nevertheless, in view
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of the irreversible damage in the charge/discharge process, the improvement in stability is still limited
and the materials’ conductivity must be enhanced.

In contrast to the physical carbon coating and nanosizing methods, the chemical dispersion of Si atoms
in carbon materials, which can maintain excellent electrical conductivity and offer high theoretical
capacity, represents a novel and more promising approach for obtaining high-capacity anode materials.
As reported by a number of theoretical studies, sp-hybridized carbon delivers higher capacity for storing
ions such as lithium (Li), sodium (Na), and potassium (K) than that of sp2- and sp3-hybridized carbon
atoms17–20. For instance, γ-graphdiyne, which is composed of both sp- and sp2-hybridized carbon atoms,
offers a theoretical storage capacity of 2719 mA h g−1 (C6Li7.31)17, much larger than that of graphite

(C6Li, 372 mA h g–1)19, which is composed only of sp2-hybridized carbon atoms. According to this
rational analysis, a stable anode material, in which the decorated Si atoms are uniformly dispersed in sp-
hybridized carbon atoms, could deliver excellent electrochemical performance, including high speci�c
capacity and cycle stability. To prepare such a material, the preferred method might be the “bottom-up”
synthetic strategy, in which the skeletal structure of the material can be controlled by adjusting the
precursor; this approach has been widely utilized to realize many important carbon-based materials21–25.

Herein, we report a single atom dispersion strategy of Si atoms, with which a hierarchical porous material
called silicon-diamondyne (Si-DY) has been prepared. The as-prepared Si-DY, which is composed of Si
atoms linked by sp-hybridized acetylenic bonds, is a well-de�ned three-dimensional (3D) porous network
compound. The diamond-like skeleton structure ensures the stability of this material, while the abundant
acetylenic bonds provide excellent conductivity and a large number of active sites, as well as transport
passageways in the uniform cavities for ion storage and diffusion. Those bene�ts endow Si-DY with
great potential in the application of energy storage devices such as rechargeable batteries. Since the
porous Si-DY was obtained by a cross-coupling reaction of tetraethynylsilane on the copper (Cu) surface,
the as-prepared Si-DY �lms can be well controlled and utilized directly as electrode without further
treating. Notably, theoretical predictions display that this porous Si-DY is particularly suitable for the
storage of ions such as Li, Na, and K with ultra-high theoretical capacities of 3674, 2810, and 1945 mA h
g−1, respectively. Additionally, the Si-DY electrodes for LIBs, sodium-ion batteries (SIBs), potassium-ion
batteries (KIBs), and even pouch cells exhibit excellent electrochemical performance, such as high
reversible capacity (2350 mA h g−1, 812 mA h g–1 and 512 mA h g–1 at 50 mA g−1 for LIB, SIB and KIB,
respectively), outstanding rate capability (980 mA h g−1 at 5000 mA g−1), and ultra-long cycling stability
(stable for 5000 cycles), implying that Si-DY possesses great potential for application in the high
performance batteries.

Results

Preparation and characterization
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Although the strategies of C coating technology on the surface of Si and nanosizing of pure Si have been
widely reported, it is still the challenge to explore the way of atomic-level Si dispersion and application
(Fig. 1a). To achieve the atomic-level Si dispersion, it is required us to �nd both a better technology for
well-dispersion and a suitable supporter for Si atoms. A possible method to address the issue might be
the “bottom-up” predesign route. So we proposed a chemical reaction synthesis strategy to realize this
target. As shown in Fig. 1b, Si-DY was synthesized by a modi�ed Glaser coupling of tetraethynylsilane on
a Cu surface, so Si atoms were directly "covered” by acetylenic carbon atoms, which is completely
different from the C coating and nanosizing strategies (Fig. 1a). Each Si atom was previously bonded
with four acetylenic carbon atoms in the precursor, ensuring that all the Si was in a well-dispersed state in
the as-prepared Si-DY. Theoretical calculations showed that, the cross-dehydrogenation coupled product
is delivered with stable energy of −11.82 and −43.03 eV, indicating that the cross-coupling of the
monomers to generate Si-DY is a thermodynamically favorable reaction. In addition, since Si atoms are
bonded with sp-C atoms, the abundant conductive acetylenic bonds effectively improve the conductivity
of Si-DY, which is conducive for the application of Si-DY as electrode. The reaction mechanism
(Supplementary Fig. 1) and corresponding calculated energies (Supplementary Table 1) have been
summarized in the Supplementary information.

The cross-coupling of the terminal alkynes performs well in an organic alkaline solution at 60 °C. Detailed
NMR results are outlined in Supplementary Figs. 2–5. As shown in Supplementary Fig. 6, the liquids in
the reaction system can be kept clear during the preparation process of Si-DY, which means the cross-
coupling reaction can be carried out e�ciently and selectively on the surface of Cu sheets. In order to
obtain more intuitive evidence, we selected the part of the solution after reaction for NMR detection.
Supplementary Fig. 7 is the 13C NMR results of the residues in solvent after reaction. According to the 13C
NMR result, there is no unreacted tetraethynylsilane in the reaction solution, which proves the high yield
of the reaction. Meanwhile, that also proves that the reaction did not occur in solvent and demonstrates
the high selectivity of the reaction on Cu sheets. The 3D molecular skeleton of Si-DY, which is composed
only of sp-C and sp3-Si atoms, is similar to the structure of diamond that is formed by sp3-C atoms. The
butadiyne units, each linked to two sp3-Si atoms, enlarge the diameter of the cavity in Si-DY to 1.43 nm
(Fig. 1b). Viewed from different perspectives, with its 3D network structure, Si-DY exhibited various inner
channels extending in all directions with different speci�c sizes, as shown in Fig. 1b and Supplementary
Fig. 8. Those channels not only supply feasible paths for the transport and diffusion of ions, but also
provide su�cient space and attachment sites for metal ion (such as Li, Na, K) storage.

The as-prepared Si-DY �lms are continuous, uniform, self-supported, and bendable (see Fig. 2a).
Scanning electron microscopy (SEM) images in Figs. 2b–d clearly shows the porous morphologies of Si-
DY �lm composed by thin nanosheets, which not only reduce the barrier heights of ion diffusion to
enhance the power density, but also enlarge the speci�c surface area. Cross-sectional SEM images show
that the thickness of the as-prepared porous Si-DY �lm was approximately 3 μm (Fig. 2d). More detailed
SEM images and photographs can be found in Supplementary Figs. 9 and 10. Nitrogen adsorption-
desorption study was performed to further understand the porous structure of the as-prepared Si-DY. As
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shown in Supplementary Fig. 11a, the as-prepared Si-DY delivers a adsorption isotherm of type IV with a
H3-type hysteresis loop, indicating the hierarchical porous structure is mainly composed by mesopores26.
Meanwhile, at the very low P/P0 region, the adsorption quantity of nitrogen also increases obviously,
suggesting there are also lots of micropores in Si-DY. The Brunauer-Emmett-Teller (BET) surface area of
Si-DY is 598 m2 g–1, and the pore size distribution is mainly in the range of 0 ~ 10 nm (Supplementary
Fig. 11b), further certifying that the smaple is mainly composed by mesopores and micropores, which is a
critical factor for ion transport and diffusion. Interestingly, four typical con�gurations delivered the pore
size of 0.45, 0.61, 1.2 and 1.4 nm (as displayed in Supplementary Fig. 8), are consistent with the
experimental value, which further proves that Si-DY is a 3D structured porous nanomaterial. Macropores
at 216 nm can also be observed, implying these pores in Si-DY are hierarchical, which can be guaranteed
for the ion intercalation and diffusion to obtain excellent electrochemical performance for rechargeable
betteries.

Corresponding transmission electron microscopy (TEM) images (Figs. 2e,i) clearly show the peeled Si-DY
nanosheet, and agree well with the SEM images. High-resolution TEM (HRTEM) images (Figs. 2f,j) and
corresponding selected area electron diffraction (SAED) patterns (Figs. 2g,k) show the high crystallinity of
Si-DY in speci�c areas and reveal the Si-DY lattice structure. Different images of the HRTEM together with
SAED patterns were acquired from different observation perspectives, con�rming the structure of the 3D
diamond-like Si-DY. As shown in Figs. 2f,g, the lattice fringe of the hexagon pattern agrees well with the
theoretical model, corresponding to the (1, 2, 2) spacing of 0.429 nm (Fig. 2h). The moiré structure27,28

was also obtained with a lattice fringe of 0.304 nm (Figs. 2j,k), which closely matches the density
functional theory (DFT) results of the (1, 0, 3) spacing (Fig. 2l). Many more HRTEM images of the
fabricated Si-DY nanosheets are shown in Supplementary Figs. 12 and 13.

As shown in Fig. 3a of the Raman spectrum, a weak peak appears at 2130 cm–1 can be well assigned to
the butadiyne bonds, proving the existence of the -C≡C- triple bonds in Si-DY. Although each three
butadiyne linkages connected on the same Si atom are not in the same plane, two butadiyne linkages
connected on the same Si are on the same plane, and this coplanar specialty causes the overlap of
electron clouds in spatial. Therefore, each butadiyne linker is partially conjugated in different planes with
the other six butadiyne bonds, which connected to the two Si at both ends, thereby, the electron cloud on
the diacetylene bond is dispersed to a greater extent in the 3D space, resulting in a red shift in Raman
spectra. More importantly, the strong single peak appears at 1720 cm–1, which is attributed to the
diacetylene bond, proving that the synthesized Si-DY is a 3D structured material rich in diacetylene bonds.
Presence of diacetylene bonds with a peak appears around 2130 cm–1, which is belong to the typical
acetylenic bond (-C≡C-) stretching vibration, is further proved via Fourier transform infrared (FR-IR)
spectrum in Supplementary Fig. 14. A peak appears at 450 cm–1 can be well ascribed to the Si-C single
bonds, suggesting large amount of Si atoms in Si-DY. Furthermore, theoretically calculations are in good
agreement with the experimental Raman results, which further reveals the accuracy of the material
composition (Fig. 3a and Supplementary Fig. 15). Additionally, different positions yield the same Raman
peaks, indicating the as-prepared Si-DY �lms are uniform and continuous (Supplementary Fig. 16). Even
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after exposure to air for 180 days, Raman detection again gave the same signal as the initial,
demonstrating that the Si-DY �lms are very stable in air (Supplementary Fig. 16).

As direct evidence of the Si-DY carbon skeleton, typical acetylenic peaks were observed near 79–95 ppm
in 13C NMR (Fig. 3b), which can be attributed to the sp-C atoms linked between two acetylenic carbon
atoms. The peaks found from 61–63 ppm can be assigned to the sp-C atoms bonded to Si atoms.
Meanwhile, the solid-state 29Si NMR spectrum exhibits a single peak at −93 ppm (Fig. 3c), representing
the existence of the solely sp3 Si atoms in Si-DY. In the X-ray photoelectron spectroscopy (XPS) image,
the C1s peak, which appears at 284.8 eV (in Supplementary Fig. 17), can be mainly attributed to sp-C
atoms (Fig. 3d). Furthermore, the single peak of Si 2p appearing at 102.2 eV (Fig. 3e) can be well ascribed
to the sp3-Si atoms, which agrees closely with the solid state 29Si NMR image. Moreover, XPS analysis
shows that the atomic ratio of C to Si is 0.87: 0.11, which agrees well with the molecular composition of
Si-DY. Additionally, the atomic ratio of C/Si in Si-DY was further con�rmed by elemental analysis and
energy-dispersive X-ray (EDX) analysis in Supplementary Fig. 18 and 19, the value of these results is 8: 1
and 8.3: 1, respectively.

As established by the Si-DY structure, the conjugation feature of the large number of introduced
diacetylene bonds is bene�cial to the conductivity. Si-DY �lms exhibit excellent conductivity, which was
measured to be 2.0×10−2 S m−1 on average, as shown in Fig. 3f. Additionally, the self-supported
continuous Si-DY �lm exhibits an optical band gap of 1.93 eV (Fig. 3g), which compares well with the
value of 1.8 eV predicted by the DFT calculations (Supplementary Fig. 20). The low carrier barrier and
excellent conductivity prove that the atomic C coating can effectively improve the conductivity of Si,
forming a conductive 3D porous network.

Theoretical prediction and electrochemical evaluation of Si-DY anode

According to the previous reports on ion storage in graphdiyne-based anodes20,21,29, �ve main storage
sites are proposed as shown in Fig. 4a and Supplementary Figs. 21–23. The K, Na, and Li atoms can be
absorbed on both the π (py) and π (pz) of the triple bonds. The binding energies (Eb) of those
con�gurations are 1.55 and 1.37 eV for K, 1.12 and 1.21 eV for Na, and 1.64 and 1.77 eV for Li. The K, Na,
and Li can also be adsorbed near the single bond between two sp-C atoms, with Eb in the range of 1.06 to
1.83 eV. It can be seen from the calculated results that the strongest adsorption sites for these three metal
atoms are near Si atoms, which indicates the favorable in�uence of the Si element on the metal ion
storage. At each adsorption site, the Eb of Li ions is the strongest, which can be well explained by the size
of the ionic radius. The relative size of all the atoms and diffusion tunnel are showed in Figs. 4b–d and
Supplementary Fig. 8. It can be clearly found that, the stable diamond-like molecular skeleton and the
large number of nanopores in Si-DY are both bene�cial factors for ion diffusion, playing a vital role in
improving the electrochemical performance.

On the basis of the predicted storage sites and the rigidity of the molecular skeleton, theoretical
con�gurations that can guarantee both the stability and the maximum number of adatoms are proposed
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as shown in Figs. 4e–h. The repeating unit of SiC8 was selected as the optimized model for maximum
storage in Si-DY-based electrodes. As shown in Fig. 4f, the calculated capacity for the optimized Li17SiC8

is 3674 mA h g−1. Although the calculated capacity for Li17SiC8 is already high, this is still not the
maximum limit for Li storage, because there are still many other sites (such as defects and cavities) that
can enhance the storage. Furthermore, we also calculated capacities for Na and K ion storage,
corresponding to Na13SiC8 (Fig. 4g) and K9SiC8 (Fig. 4h) with values of 2810 and 1945 mA h g−1,
respectively. See Supplementary Figs. 24−26 for the corresponding storage sites for Li, Na, and K.
Notably, after the maximum storage of Li, Na, or K, the volume of those optimized con�gurations are not
changed while compared with the theoretical model (SiC8 in Fig. 4e), which further proves the excellent
stability of Si-DY.

As we all known, most LIB bulk electrode materials do not have su�cient interstitial space to
accommodate and transport Na or K ions because of the larger ion sizes of Na (diameter Φ = 2.04 Å) and
K (diameter Φ = 2.76 Å)30. In our case, the 3D diamond-like structure of Si-DY can also offer numerous
sites and channels to satisfy the storage and diffusion of larger ions such as Na and K (Fig. 4i).
Importantly and intriguingly, this Si-DY material can be successfully applied as the anode for LIBs, SIBs,
and KIBs, delivering excellent electrochemical performance. As exhibited in Figs. 4j-l, the assembled LIBs,
SIBs, and KIBs incorporating Si-DY electrodes all exhibited similar speci�c capacities during twice
successive rate cyclability, demonstrating excellent rate and reproducibility performance. The fabricated
LIBs, SIBs, and KIBs based on Si-DY delivered high capacities of 2350, 812, and 512 mA h g−1 under the
current density of 50 mA g−1, exhibiting that Si-DY is a promising anode that can be utilized in high-power
energy devices. Capacity values of 2007, 1840, 1615, 1414, and 1225 mA h g−1 were obtained at 100,
200, 500, 1000, and 2000 mA g−1 for assembled LIBs, respectively. Even at a higher current density of
5000 mA g−1, the reversible capacity was up to 980 mA h g−1. Under 100, 200, 500, 1000, and 2000 mA
g−1, the prepared SIBs deliver the capacity values of 782, 617, 505, 353, and 258 mA h g−1, and the
fabricated KIBs obtain the capacity values of 387, 270, 151, 92, and 52 mA h g−1, accordingly. Even after
several charge/discharge cycles under different current densities, the speci�c capacities of the Si-DY
electrodes were recovered to the original level, demonstrating that Si-DY is highly tolerant of the fast ion
insertion/extraction process, which can be attributed to the high content of sp-C atoms, large speci�c
surface area, and the unique nanostructured morphology.

To further study the cyclic performance of Si-DY electrodes, long-term cycling was investigated. The
fabricated LIBs, SIBs, and KIBs based on Si-DY delivered high capacities of 2303, 790, and 496 mA h g−1

under the current density of 50 mA g−1 for 100 cycles (Figs. 5a,d,g), further demonstrating that Si-DY can
be used as a promising stable anode in energy storage devices. As shown in Figs. 5c,f,i and
Supplementary Figs. 27–29, Si-DY electrodes were also measured at different current densities from 100
to 5000 mA g−1. All these cyclic performances at different rates further displayed the excellent stability of
the Si-DY electrodes. Speci�cally, even under high current density of 5000 mA g−1, the as-prepared LIBs
also offer a stable capacity of approximately 944 mA h g−1 for 5000 cycles, with an excellent Coulombic
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e�ciency of 99.9 % (Figs. 5c). Si-DY electrodes also deliver excellent stability in both SIBs and KIBs,
operating stably for 3800 cycles in SIBs and 500 cycles in KIBs (Figs. 5f,i). Such excellent electrochemical
performance with high capacities and ultralong cycling stability for all three kinds of rechargeable
batteries has rarely been reported previously, implying that Si-DY can be applied well in a variety of energy
storage devices. The high speci�c capacities in LIBs (Fig. 5b), SIBs (Fig. 5e), and KIBs (Fig. 5h) are highly
prominent, and better than that of numerous other materials such as graphite31, hard carbon32, 33,
graphene,34 heteroatom-doped graphene,35–37 phosphorus-based alloy materials38, and many other C/Si-
based materials10–13, 39–42. For a comprehensive comparison, the related references and materials are
summarized in Supplementary Tables 2–4.

The initial Coulombic e�ciency of the LIBs calculated from the charge-discharge pro�le (Supplementary
Fig. 30) was 58 %, comparable to many other C-based materials, and attributed to the large speci�c
surface area and the formation of an SEI layer43. Almost all the discharge capacities were acquired below
1.5 V, indicating that Si-DY is an anode with great potential for Li ion storage38, 43, 44. The charge-
discharge pro�les of SIBs and KIBs can also be found in Supplementary Fig. 31. As shown in
Supplementary Fig. 32, the Si-DY electrode delivers an irreversible cyclic voltammogram (CV) band during
the �rst cathodic scan near 0–1.3 V, which can be attributed to the formation process of SEI �lm and the
insertion or extraction reaction of Li ions into or from the porous Si-DY. This phenomenon is perfectly
consistent with the charge-discharge pro�les. In-situ Raman spectroscopy was also performed to study
the Li and Na storage mechanism of the Si-DY using in-situ LIBs and SIBs in an electrolyte solution. As
shown in Fig. 5j and Supplementary Fig. 33, the signals of the peak at 450 and 1720 cm−1 gradually
weaken during the discharge process, demonstrating that both -Si-C- and -C≡C- bonds can play the role of
storage sites for Li and Na ions.

The physical morphology and chemical composition were also studied after charge and discharge cycles
to investigate the stability of the Si-DY electrodes. As shown in Supplementary Fig. 34, after 50, 100, 200,
and 500 charge/discharge cycles, stable SEI layers were grown on the Si-DY surface. The SEI layer, which
is insoluble in organic electrolyte and existed stably, can effectively prevent the co-embedding of solvent
molecules and the resulting damage to electrode materials, greatly improving the cycle performance and
service life of the electrode45. Furthermore, ex-situ Raman spectroscopy demonstrated that the Si-DY
electrodes exhibit the same signals after different numbers of charge/discharge cycles (Fig. 5k),
indicating that Si-DY has outstanding stability for ultralong cycling performance.

The continuous uniform Si-DY �lms deliver a good �exibility, and it can be restored to the original shape
even after several times of bending test (see Fig. 6a), implying that Si-DY can be well utilized in the
development of soft pack batteries. As shown in Fig. 6b, a large pouch cell with an area of 9×9 cm2 was
fabricated, and this charged cell can continuously illumine the LED screen. In the �rst charge/discharge
pro�le, the assembled pouch cell delivers a high reversible speci�c capacity of approximately 900 mA h
g−1 under 200 mA g−1. The galvanostatic charge/discharge pro�les of the Si-DY pouch cell obtained after
bending at different angles are almost identical (Supplementary Fig. 35), and before bending, bending at
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90°, and after bending, the measured voltage values are exactly the same (Fig. 6c), further proving that
the �exible pouch cell can continue working normally even under folding conditions. Furthermore, the LED
lamps remained lit even after the pouch cell was folded at different angles, including 180°, 145°, 90°, 45°,
0°, and 180° (Fig. 6d), demonstrating the outstanding �exibility of the Si-DY pouch cell. More intuitive
Supplementary Video 1 exhibits more directly that the assembled pouch cell can keep the LED lamp on
continuously. Meanwhile, Supplementary Videos 2 and 3 also vividly prove that the assembled pouch cell
can keep working well and be easily bent during the working process, indicating that Si-DY is also a
promising anode for application in �exible energy storage devices.

Conclusions
In summary, we demonstrated a single atom dispersion technology to prepare a transformative
electrochemical energy material that has a very clear composition, theory, structure, nature, and excellent
performance. The as-prepared porous Si-DY, which is composed of Si connected by diacetylenic linkers, is
a well-de�ned 3D diamond-like material, and has been observed excellent electrochemical performance
as the versatile anode in rechargeable batteries. The ultrahigh reversible capacity, superior rate capability,
and ultralong cycling stability applied in LIBs, SIBs and KIBs, indicate that Si-DY is a promising anode
material with great potential for practical energy devices. Additionally, our results may lead to new ideas
in the �eld of designig electrochemical energy materials and devices, which can bring new understanding
to scientists in the energy �eld and promote progress in electrochemistry.

Methods

Synthesis of Si-DY.
All reactions were performed under argon (Ar) condition unless otherwise noted. Pyridine was pretreated
under re�ux with KOH. Tetrahydrofuran (THF) was dried by distillation over sodium/benzophenone.
Tetrachlorosilane and other common reagents were purchased from J&K Scienti�c Ltd. and used without
further puri�cation. Copper foil was purchased from Sinopharm Chemical Reagent Co., Ltd (SCRC) and
treated by sonicating in 1M HCl, water, ethanol and acetone, sequentially, for 10 minutes, dried under a
�ow of nitrogen and used immediately. Tetrakis((trimethylsilyl)ethynyl)silane and tetraethynylsilane can
be successfully prepared following the reported process46, and the reaction is depicted in Figure S1.
Sixteen pieces of treated copper foils (1.0 cm × 10.0 cm) were placed into a three-necked �ask under Ar,
then tetrahydrofuran (110 mL) and pyridine (10 mL) were added, after that, tetraethynylsilane (128 mg, 1
mmol) in tetrahydrofuran (50 mL) was dropped within 3 hours. The mixture was stayed in dark without
stirring for three days at 60 °C, and the black Si-DY �lms were generated on the Cu surface. Other sizes of
Si-DY �lms can be prepared by adjusting the monomer concentration and the area of Cu foil.

Characterization.
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1H NMR, 13C NMR were recorded on a Bruker AVANCE-III 600 (600 MHz for 1H, 150 MHz for 13C)
instrument in CDCl3 with tetramethylsilane as an internal standard. Morphology details were examined
using �eld emission scanning electron microscopy (FESEM, HITACHI S–4800) and transmission electron
microscopy (TEM, HITACHI H–7650). The chemical structure of the products was characterized by UV-vis
adsorption spectroscopy (HITACHI U–4100), Fourier transform infrared spectroscopy (FT-IR, Thermo-
Fisher Nicolet iN10) and Raman spectroscopy (Thermo Scienti�c DXRxi, 532 nm). The X-Ray
photoelectron spectrometer (XPS) was collected on VG Scienti�c ESCALab 220i-XL X-Ray photoelectron
spectrometer, using Al K radiation as the excitation sources. All �rst-principles calculations were
performed based on the DFT as we reported previously20, 23. The density of states (DOS) were further
calculated with the Perdew, Burke, and Ernzerhof (PBE) functional using VASP software.

Electrochemical measurement.
2032 Coin-type cells were fabricated to evaluate the electrochemical Li/Na storage capacity of the Si-DY
based electrode with pure Li/Na/K foils as the counter electrode21, 47–49. The Si-DY �lms grown on the
copper foil were cut into pieces (1.0 cm × 1.0 cm), dried in vacuum at 80 °C for 12 h, after that used as
working electrodes without adding any binders. The polypropylene separator (Celgard 2500), and the
liquid electrolyte (ethylene carbonate, dimethyl carbonate, 1:1 by volume) with 1.0 M LiPF6 were used for
LIBs. Glass �ber, (ethylene carbonate, dimethyl carbonate, 1:1 by volume) with 1.0 M NaClO4 and 5 wt %
�uoroethylene carbonate (FEC) additive were used for SIBs. The pouch Li-ion cells comprised of Lithium
cobaltate (LiCoO2) as positive and Si-DY as negative electrode material. The separator of the pouch cell
is poly (vinylidene �uoride) �lm. The electrolyte we adopted is the solution of LiPF6. The geometry of the
cell is common, with a dimension of 1 mm thick, a width of 92 mm, and a height of 90 mm. All these cells
were assembled in Ar atmosphere glove box and the electrochemical performance were evaluated
between 0.005 and 3 V using a LAND battery testing system.

Declarations
Acknowledgements

This study was supported by the National Natural Science Foundation of China (21790050, 21790051,
21701182, 51822208, 21771187, 11704024, 51802324), the Frontier Science Research Project (QYZDB-
SSW-JSC052) of the Chinese Academy of Sciences, and the National Key Research and Development
Project of China (2018YFA0703501).

Author contributions

C.H., Y.L. and Z.Y. designed the experiments. C.H. and Y.L. conceived and supervised the research. Z.Y.
and Y.S. performed the analysis and carried out most of the experiments. C.Z., X.L. and X.W. performed



Page 12/21

the DFT simulations. Z.Y., Y.S., J.H., N.W., Y.L. and C.H. performed the analysis. Z.Y. and C.H. wrote the
manuscript with help from all co-authors.

Competing �nancial interests

The authors declare no competing �nancial interests.

Data availability

The authors declare that the data supporting the �ndings of this study are available within the article and
its Supplementary information �les.

References
1.Richard, V. N. The rechargeable revolution: A better battery. Nature 507, 26–28 (2014).

2.Zhang, G. et al. A Quadruple-Hydrogen-Bonded Supramolecular Binder for High-Performance Silicon
Anodes in Lithium-Ion Batteries. Small 14, 1801189 (2018).

3.Song, T. et al. Arrays of Sealed Silicon Nanotubes As Anodes for Lithium Ion Batteries. Nano Lett. 10,
1710–1716 (2010).

4.Huggins, R. A. & Boukamp, B. A. All-solid electrodes with mixed conductor matrix. J. Electrochem. Soc.
128, 725–729 (1984).

5.G, U. R. et al. Co-Registered Molecular Logic Gate with a CO-Releasing Molecule Triggered by Light and
Peroxide. J. Am. Chem. Soc. 139, 4991–4994 (2017).

6.Bonjae, K. et al. A Highly Cross-Linked Polymeric Binder for High-Performance Silicon Negative
Electrodes in Lithium Ion Batteries. Angew. Chem. Int. Ed. 51, 8762–8767 (2012).

7.Xu, Y., Yin, G., Ma, Y., Zuo, P. & Cheng, X. Nanosized core/shell silicon@carbon anode material for lithium
ion batteries with polyvinylidene �uoride as carbon source. J. Mater. Chem. 20, 3216 (2010).

8.Du, C., Chen, M., Wang, L. & Yin, G. Covalently-functionalizing synthesis of Si@C core–shell
nanocomposites as high-capacity anode materials for lithium-ion batteries. J. Mater. Chem. 21, 15692
(2011).

9.Lee, S. W., McDowell, M. T., Berla, L. A., Nix, W. D. & Cui, Y. Fracture of crystalline silicon nanopillars
during electrochemical lithium insertion. Proc. Natl Acad. Sci. USA 109, 4080–4085 (2012).

10.Fu, K. et al. Effect of CVD carbon coatings on Si@CNF composite as anode for lithium-ion batteries.
Nano Energy 2, 976–986 (2013).



Page 13/21

11.Xu, Z.-L., Zhang, B. & Kim, J.-K. Electrospun carbon nano�ber anodes containing monodispersed Si
nanoparticles and graphene oxide with exceptional high rate capacities. Nano Energy 6, 27–35 (2014).

12.Shen, T. et al. Encapsulating silicon nanoparticles into mesoporous carbon forming pomegranate-
structured microspheres as a high-performance anode for lithium ion batteries. J. Mater. Chem. A 5,
11197–11203 (2017).

13.Magasinski, A. et al. High-performance lithium-ion anodes using a hierarchical bottom-up approach.
Nat. Mater. 9, 353–358 (2010).

14.Chan, C. K. et al. Crystalline-amporphous core-shell silicon nanowires for high capacity and high
current battery electrodes. Nat. nanotechnol. 3, 31–35 (2008).

15.Yao, Y. et al. Interconnected Silicon Hollow Nanospheres for Lithium-Ion Battery Anodes with Long
Cycle Life. Nano Lett. 11, 2949–2954 (2011).

16.Poizot, P., Laruelle, S., Grugeon, S., Dupont, L. & Tarascon, J. M. Nano-sized transition-metal oxides as
negative-electrode materials for lithium-ion batteries. Nature 407, 496–499 (2000).

17.Jang, B. et al. Graphdiyne as a high-capacity lithium ion battery anode material. Appl. Phys. Lett. 103,
263904 (2013).

18.Zhao, Z. et al. A 3D Organically Synthesized Porous Carbon Material for Lithium-Ion Batteries. Angew.
Chem. Int. Ed. 57, 11952–11956 (2018).

19.Dahn, J. R. Phase diagram ofLixC6. Phys. Rev. B 44, 9170–9177 (1991).

20.Yang, Z. et al. Porous hydrogen substituted graphyne for high capacity and ultra-stable sodium ion
storage. J. Mater. Chem. A 7, 11186–11194 (2019).

21.He, J. et al. Hydrogen substituted graphdiyne as carbon-rich �exible electrode for lithium and sodium
ion batteries. Nat. Commun. 8, 1172 (2017).

22.Zhou, J. et al. Synthesis of Graphdiyne Nanowalls Using Acetylenic Coupling Reaction. J. Am. Chem.
Soc. 137, 7596–7599 (2015).

23.He, J. et al. Fluoride graphdiyne as a free-standing electrode displaying ultra-stable and extraordinary
high Li storage performance. Energy Environ. Sci. 11, 2893–2903 (2018).

24.Li, G. et al. Architecture of graphdiyne nanoscale �lms. Chem. Commun. 46, 3256–3258 (2010).

25.Jia, Z. et al. Synthesis and Properties of 2D Carbon-Graphdiyne. Acc. Chem. Res. 50, 2470–2478
(2017).



Page 14/21

26.Rouquerol, J. et al. Recommendations for the Characterization of Porous Solids. Pure Appl. Chem. 66,
1739–1758 (1994).

27.Yoo, H. et al. Atomic and electronic reconstruction at the van der Waals interface in twisted bilayer
graphene. Nat. Mater. 18, 448–453 (2019).

28.Dean, C. R. et al. Hofstadter’s butter�y and the fractal quantum Hall effect in moire superlattices.
Nature 497, 598–602 (2013).

29.Huang, C. S. et al. Graphdiyne for high capacity and long-life lithium storage. Nano Energy 11, 481–
489 (2015).

30.Cao, Y. et al. Sodium ion insertion in hollow carbon nanowires for battery applications. Nano Lett. 12,
3783–3787 (2012).

31.Kim, H. et al. Sodium Storage Behavior in Natural Graphite using Ether-based Electrolyte Systems. Adv.
Funct. Mater. 25, 534–541 (2015).

32.Jian, Z., Xing, Z., Bommier, C., Li, Z. & Ji, X. Hard Carbon Microspheres: Potassium-Ion Anode Versus
Sodium-Ion Anode. Adv. Energy Mater. 6, 1501874 (2016).

33.Jian, Z. et al. Hard-Soft Composite Carbon as a Long-Cycling and High-Rate Anode for Potassium-Ion
Batteries. Adv. Funct. Mater. 27, 1700324 (2017).

34.Yan, Y., Yin, Y.-X., Guo, Y.-G. & Wan, L.-J. A Sandwich-Like Hierarchically Porous Carbon/Graphene
Composite as a High-Performance Anode Material for Sodium-Ion Batteries. Adv. Energy Mater. 4,
1301584 (2014).

35.Xu, J. et al. High-performance sodium ion batteries based on a 3D anode from nitrogen-doped
graphene foams. Adv. Mater. 27, 2042–2048 (2015).

36.Wu, Z.-S., Ren, W., Xu, L., Li, F. & Cheng, H.-M. Doped Graphene Sheets As Anode Materials with
Superhigh Rate and Large Capacity for Lithium Ion Batteries. ACS Nano 5, 5463–5471 (2011).

37.Share, K., Cohn, A. P., Carter, R., Rogers, B. & Pint, C. L. Role of Nitrogen-Doped Graphene for Improved
High-Capacity Potassium Ion Battery Anodes. ACS Nano 10, 9738–9744 (2016).

38.Zhang, W., Mao, J., Li, S., Chen, Z. & Guo, Z. Phosphorus-Based Alloy Materials for Advanced
Potassium-Ion Battery Anode. J. Am. Chem. Soc. 139, 3316–3319 (2017).

39.Liu, L. et al. Understanding of the Ultrastable K-Ion Storage of Carbonaceous Anode. Adv. Funct. Mater.
28, 1801989 (2018).

40.Pan, Z. et al. Synthesizing Nitrogen-Doped Core–Sheath Carbon Nanotube Films for Flexible Lithium
Ion Batteries. Adv. Energy Mater. 6, 1600271 (2016).



Page 15/21

41.Wang, S. et al. Free-Standing Nitrogen-Doped Carbon Nano�ber Films: Integrated Electrodes for
Sodium-Ion Batteries with Ultralong Cycle Life and Superior Rate Capability. Adv. Energy Mater. 6,
1502217 (2016).

42.Lee, S. W. et al. High-power lithium batteries from functionalized carbon-nanotube electrodes. Nat.
Nanotechnol. 5, 531–537 (2010).

43.Xu, J. T. et al. 2D Frameworks of C2N and C3N as New Anode Materials for Lithium-Ion Batteries. Adv.
Mater. 29, 1702007 (2017).

44.Zu, L. et al. Antipulverization Electrode Based on Low-Carbon Triple-Shelled Superstructures for
Lithium-Ion Batteries. Adv. Mater. 29, 1701494 (2017).

45.Li, Y. et al. Atomic structure of sensitive battery materials and interfaces revealed by cryo–electron
microscopy. Science 358, 506–510.

46.Geyer, F. L., Rominger, F. & Bunz, U. H. Synthesis and structure of tetraethynylsilane and its silylated
derivatives. Chem. Eur. J. 20, 3600–3605 (2014).

47.Yang, Z. et al. Graphdiyne Containing Atomically Precise N Atoms for E�cient Anchoring of Lithium
Ion. ACS Appl. Mater. Interfaces, 11, 2608–2617 (2019).

48.Yang, Z. et al. Triazine-graphdiyne: A new nitrogen-carbonous material and its application as an
advanced rechargeable battery anode. Carbon 137, 442–450 (2018).

49.Zhang, S. L. et al. Porous graphdiyne applied for sodium ion storage. J. Mater. Chem. A 5, 2045–2051
(2017).

Figures



Page 16/21

Figure 1

Strategies of effectively using Si anode. a, C coating, Si nanosizing and the possible single atom
dispersion technology for Si anode. b, Schematic illustrations of the single atom dispersion of Si using
sp- C atoms and the synthetic process for Si-DY. Light blue represents the bulk Si anode, grey represents C
materials, light blue spheres represent Si atoms and grey spheres represent C atoms.
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Figure 2

Structural characterization of Si-DY. a, Photograph, b-d, SEM (b, c), and (d) cross-sectional SEM images of
as-prepared Si-DY �lms. e-l, HRTEM images (e, f, i, j), experimental SAED patterns (g, k), and
corresponding simulated SAED patterns (h, l).
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Figure 3

Chemical composition characterization of Si-DY. a, Raman spectrum and the predicted vibrational modes
of the as-prepared Si-DY �lm, in which the red arrows show the atomic motion directions of the main
contributors. b-c, Solid-state 13C (b), 29Si (c) NMR; inset of b is the repeating unit. d-e, XPS of C 1s (d)
and Si 2p (e) of the bulk Si-DY powders. f, I-V curves of as-prepared Si-DY �lms; insets are the repeating
skeleton and a schematic illustration of the device comprising silver electrode (gray), Si-DY �lm (blue),
and Cu foil (yellow). g, UV-vis diffuse re�ection of the as-prepared Si-DY �lm.
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Figure 4

Theoretical calculation and experimental measurement of Si-DY anode. a, Calculated binding energies
and corresponding storage sites. b-d, Proposed diffusion paths of Li (b), Na (c), and K (d) ions in Si-DY
(the relative size of all the atoms and diffusion tunnel are showed as the pictures). e-h, The geometries of
the optimized con�guration (e) and fully occupied modes for Li (f), Na (g), and K (h). i, Schematic
diagram of the Si-DY based half-cell; inset is the assembled half-cell. j-l, Rate and reproducibility
performance of the Si-DY-based electrodes for LIBs (j), SIBs (k), and KIBs (l).
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Figure 5

Electrochemical performance of Si-DY anode. a,c, Cycle performance of the Si-DY-based electrodes for
LIBs at 50 (a) and 5000 (c) mA g-1. d,f, Cycle performance of the Si-DY-based electrodes for SIBs at 50
(d) and 2000 (f) mA g-1. g,i, Cycle performance of the Si-DY-based electrodes for KIBs at 50 (d) and 1000
(f) mA g-1. b,e,h, Comparison with some C and Si based anode materials in LIBs (b), SIBs (e), and KIBs
(h). j, In-situ Raman spectra; inset is the assembled in-situ LIB. k, Ex-situ Raman spectra after 50, 100, 200
and 500 charge/discharge cycles under 2000 mA g-1.
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Figure 6

Application of Si-DY anode in �exible energy storage devices. a, Photographs of bending test of the
�exible Si-DY �lm. b, Photograph of an assembled pouch cell applied for lighting an LED screen; inset is
the �rst charge/discharge pro�le of the assembled pouch cell under 200 mA g−1 between 0.005 and 3 V.
c, Voltage measurement of Si-DY based pouch cell before bending, bending 90° and after bending. d,
Photographs of the �exible pouch cell applied for lighting LED lamps, bent at different angles.
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