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Silicon-based anodes including Si, SiOx and SiO, could deliver ultra-large capacities, but degrade fast ow-
ing to huge volume change and low conductivity. Generally, large amounts of elastic binder and con-
ductive additives were composited with nanosized silicon-based materials to yield reasonable cycling
stability, which nevertheless not only decrease specific capacity but also induce inhomogeneous lithia-
tion/delithiation as well as uneven stress variations. Artificial nanolattice has exhibited superior mechan-
ical properties which could be ideal structure for silicon-based anodes, but yet faces challenges in inte-
gration of chemical reactivity, conductivity and mechanical stability. Herein, we fabricate artificial SiO,
honeycomb nanolattice consisting of numerous nanoscale SiO, cells interconnected by through-holes,
and conformal coating of highly graphitic carbon on the nanolattice is achieved through in situ catalytic
graphitization. Moreover, the nanolattice is firmly bonded on Cu substrate through atomic interdiffusion
irrespective of surface roughness. This unique structure allows fast charge transportation and homoge-
neous lithiation/delithiation throughout the micron-meter nanolattice, which results in excellent stability
and large reversible capacity over 500 cycles at 1 A/g. The results highlight design and constructing artifi-
cial nanolattice can be an effective way to prevent chemo-mechanical degradation of silicon-based anode

materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Silicon-based materials including Si, SiOx and SiO, with ultra-
large theoretical capacities have been seriously considered to
replace graphite-based materials as the next generation anode
[1-11]. However, huge volume change and poor conductivity
of silicon-based materials during lithiation/delithiation have hin-
dered their applications [12-17]. Various nanostructured silicon-
based materials including nanoparticles [12,18,19], nanowires [20],
nanorods [21], nanotubes [22-24] and nanoflakes [25] have been
synthesized and glued on Cu substrate mixed with polymer
binders and conductive additives through a slurry coating approach
[7,13], which have exhibited enhanced conductivity and tolerance
to crack. Currently, commercially available silicon-based anodes
consist of large portion of polymer binder and conductive addi-
tives (98-90 wt%) to accommodate volume change and build elec-
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tron transportation network [26-28], such constituent constrains
the specific capacity of commercial silicon-based anodes to about
450 mAh/g [13,27]. Further increase the content of silicon-based
active materials usually leads to poor coulombic efficiency and in-
creases the risk of electrode delamination owing to aggravated vol-
ume changes [9,28-30].

The idea of constructing silicon-based anode free of polymer
binder and conductive additives is very attractive [6,31], maintain-
ing chemo-mechanical stability is still a serious challenge. Recently,
direct integrating silicon-based nanomaterials on Cu substrate has
been accomplished through several methods including brushing
[32], sputtering [33], repeated etching and sputtering [34], laser
cladding and dealloying [35]. Through extensive endeavor, the cy-
cling stability of these anodes increases from 20% after 20 cycles
to 91% after 200 cycles [35,36]. However, sophisticated equipment
and process hinder the scalable production, and limitations on spe-
cific capacity and cycling stability caused by anisotropic volume
change have not been effectively solved [6,37].

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Nanolattice is built by highly ordered nanoscale units, which
can maintain exceptional properties of nanoscale unit when large
amounts of them aggregate together [38]. To date, artificial
nanolattice materials have exhibited superior properties in me-
chanical, optical and acoustic by precise manipulation of ordered
architecture and unit material [39-41]. Expanding nanolattice into
electrochemical applications such as battery has been attempted
[42,43], yet has not reported satisfactory performances. This is
mainly because the complex interplay between electrochemical re-
action and mechanical response of electrode materials asks for
more sophisticated combination of conductivity, chemical reactiv-
ity, mechanical stability rather than enhancement in single prop-
erty, which tremendously escalates the difficulty in design and fab-
rication of nanolattice [41,44,45].

In this study, artificial SiO, honeycomb nanolattice firmly
bonded on Cu substrate has been successfully fabricated through
self-assembly of polystyrene colloidal spheres (PS) and high
temperature annealing. The nanolattice consists of numerous
nanoscale spherical SiO, cells interconnected by through-holes,
and conformal coating of highly graphitic carbon on the nanolat-
tice is achieved through in-situ catalytic graphitization. The unique
structure of the honeycomb nanolattice provides fast charge trans-
portation networks and exhibits superior tolerance to severe vol-
ume change, which gives rise to excellent electrochemical cycling
stability and large reversible capacity.

Preparation of polystyrene colloidal suspension: First, a round-
bottom flask was filled with 75mL ethanol, followed by adding
0.13mL poly(dimethyl diallyl ammonium chloride) (PDDA) aque-
ous (28 wt%) mixed in 4.5mL de-ionized water. After that,
3mL styrene was added to the flask. Then, the flask was
sealed by a rubber stopper. Two syringe needles were inserted
through the stopper with only one needle immersed in the so-
lution. Nitrogen purged through the immersed needle for 30 min
to deoxygenate the solution. After deoxygenation, the needles
were removed and the flask was transferred to a silicone oil
bath to heat the solution to 75°C. Then, 0.0075g 2,2’-azobis(2-
methylpropionamidine)dihydrochloride (AIBA) was dissolved in
45mL de-ionized water in a glass vial and deoxygenated for
30min by nitrogen purge. The suspension was kept at 75°C and
magnetically stirred (2000rpm) for 20 h. The suspension was cen-
trifuged and washed by de-ionized water, and then dispersed in
water/ethanol (1:1, v/v) solution to form colloidal suspension.

Fabrication of SiO, honeycomb nanolattice on Cu substrate: Hy-
drolyzed TEOS solution was firstly prepared by mixing TEOS (98%,
Aldrich), 0.10 mol/L HCI, and ethanol in 1:1:1.5 wt ratio, and then
0.14 mL hydrolyzed TEOS solution and 1.0 mL colloidal suspension
were mixed in 20mL de-ionized water in a beaker. Then a 9-pum
thick copper foil was slanted lying (~45°) in the mixed solution,
which was then moved to a vibration-free oven and slowly evap-
orated at 60°C for 48 h. At last, the copper foil was annealed at
450°C for 1h and 900°C for 2h in Ar (95%) and H, (5%) mixed
gas.

XRD data were collected (Rigaku Smartlab 3 kW) in step mode
(0.01° per step). X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250XI) measurements were conducted to collect the
spectral data of all the elements on the particle surface. The Ra-
man spectra were excited using a 532 nm line (RenishawinVia) to
identify the carbon species. Deconvolution of the D and G bands
was performed to distinguish the carbon species. TGA and differ-
ential scanning calorimetry analyses (METTLER TOLEDO) were car-
ried out to determine the carbon content. The anode morphology
was characterized by SEM (ZEISS EVO18) and TEM (FEI-Talos 200).

Electrochemical performance: CR2032-coin cells were assem-
bled using Li foil as the counter electrode, SiO, nanolattice on
Cu is cut into circular as working electrode. The loading den-
sity of the active material is around 0.5mg/cm?2. The electrolyte
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was LiPFg (1mol/L) in a 1:1:1 mixture of ethylene carbonate,
dimethyl carbonate, and ethyl methyl carbonate electrolyte. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were tested using an electrochemical workstation (Auto-lab
302N). The scan rate of the CV test was 0.2mV/s between 0
and 2.5V versus Lit/Li, and a fixed potential of 5mV was ap-
plied over the frequency range of 1 x 10° Hz to 10~2 Hz in the EIS
test. Charge/discharge performances were evaluated using a battery
tester (CT-4008T).

Top view observation from scanning electron microscopy (SEM)
shows that blocks of SiO, nanolattice stand on the Cu substrate,
which are separated by ~5 pm width trenches (Fig. 1a). The
nanolattice consists of numerous nanoscale spherical SiO, cells,
which are interconnected by through-holes and form highly or-
dered honeycomb architecture (Fig. 1b). From cross-sectional view,
we can see about 7-10 pm thick nanolattice is intimately joined
with Cu surface by filling all grooves and trenches with SiO, cells
irrespective of surface roughness (Fig. 1c).

Electrochemical performances were evaluated by coin-cells us-
ing lithium foil as counter electrode and the nanolattice on Cu as
working electrode. As shown in Fig. 1d, the SiO, nanolattice can
discharge 1354 mAh/g under 0.1 A/g at the first cycle with initial
coulombic efficiency of 70.3% (Fig. S1 in Supporting information),
and it maintains above 800 mAh/g in the following cycles at 0.1
A/g. When current density increases to 5 A/g, it still can steadily
offer 375 mAh/g. In 500 cycles charge/discharge at 1 A/g, the SiO,
nanolattice can steadily deliver around 575 mAh/g without obvious
capacity fade, and coulombic efficiency rapidly climbs from 86%
to 99% in only 16 cycles and then maintains nearly 100% to the
last cycle (Fig. 1e). The typical charge/discharge profiles (Figs. 1d
and e) were shown in Fig. S2 (Supporting information). Although
many works on silicon-based anodes have reported excellent elec-
trochemical performances [9], it is rare to see micron-meter thick
silicon-based anode exhibit outstanding cycling stability and large
reversible capacity without auxiliary of polymer binder and con-
ductive additives. Therefore, origins of excellent electrochemical
performances of the SiO, nanolattice shall be quite different from
other reported works.

SEM-EDS mapping of the sample annealed at 900 °C shows that
Si, Cu, O and C are heavily mixed in a region across the SiO,/Cu
interface (Fig. 2a), which should be a result of vigorous interdif-
fusion caused by high temperature annealing. XRD pattern of the
sample annealed at 900 °C is shown in Fig. 2b, where a small
hump around 23.3° is contributed by amorphous SiO,, and there
are three sharp peaks at 43.2°, 50.4°, 74.4° well match the (111),
(200), (220) peaks of crystalline Cu. Interestingly, there are two ad-
ditional sharp peaks adjacent to the (111) and (200) peaks of Cu
(Fig. 2b inset), which perfectly match the Cuggs5Sigos phase. While
these two peaks are absent in the sample annealed at 450 °C (Fig.
2c and inset). We compared interfacial adhesion force between the
SiO, nanolattice and Cu substrate by bending and rubbing the two
samples 50 times. Compared to the as-prepared electrode (Fig. 2d),
minor delamination presents at edge of the sample annealed at
900 °C, while severe peeling and delamination occurs on entire
surface of the sample annealed at 450 °C (Figs. 2e and f). Another
strong evidence to confirm Cugg5Sig g5 formation is to conduct XPS
characterizations of SiO,/Cu sample (Fig. S3 in Supporting infor-
mation). From the deconvolution results of Si 2p shown in Fig. S3b,
three dominant peaks located at 98.8 eV, 100.6 eV and 102.7 eV can
be well assigned to the Si-Cu and Si-O species, respectively [46].
Moreover, the Cu 2p XPS spectra in Fig. S3c shown two domi-
nant peaks of 932.6 and 934.7 eV are attributed to Cu® 2p3p; (Cu
surbstrate) and Cul' 2p3, (Cu-Si) accordingly [47]. From the high-
resolution XPS spectrum of O 1s, characteristic Si-O bonds can be
observed at 531.4eV. Additionally, the presence of oxygen vacan-
cies (Oy) indicates a reduction in the valence state of Si species
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Fig. 1. Morphologies of the SiO, honeycomb nanolattice and charge/discharge performances. (a) Top view of the nanolattice and (b) magnification of top view. (c) Cross-
sectional view of the nanolattice and Cu substrate. (d) Discharge capacities at different rates. (e) Discharge capacity and coulombic efficiency at 1 A/g for 500 cycles.
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Fig. 2. Structure characteristics. (a) EDS mapping of the nanolattice and Cu substrate. XRD pattern of the nanolattice on Cu (b) after 900 °C annealing, and (c) after 450 °C
annealing. (d) As-obtained electrode. Electrode after bending and rubbing 50 times: (e) Annealed at 900 °C and (f) annealed at 450 °C.

near the CuggsSiggs interface, consistent with the appearance of
the Si?+ feature peak (Fig. S3b). Therefore, it is reasonable to con-
clude that the CuggsSiggs phase formed during 900 °C annealing
firmly bonds the SiO, nanolattice on Cu substrate, which could ef-
fectively prevent delamination of the SiO, nanolattice from sub-
strate under repeated stress variations.

It is well-known that SiO, shows the poorest conductivity
among silicon-based anodes, and it was generally believed that
large amounts of conductive additives are necessary to enhance
accessible capacity of SiO, anode [8]. While, the SiO, honeycomb
nanolattice in this work can reversibly offer more than 500 mAh/g
at 1 A/g without adding additional conductive materials. To reveal
origins of the large reversible capacity at high current densities,
pieces of the SiO, nanolattice were knocked off for further char-
acterizations. Fig. 3a shows N, adsorption-desorption isotherm of
the SiO, nanolattice, which exhibits typical H1 hysteresis loop in-
dicating all nanoscale cells are highly uniform in size [48]. The hys-
teresis between adsorption and desorption is ultra-small suggest-
ing all cells are well connected by through-holes and easy access
to surrounding [48,49], which is consistent with the SEM obser-
vation (Fig. 1b). Such architecture allows facile flow of electrolyte
and therefore would be benefit for homogeneous electrochemical
reaction throughout the nanolattice [50].

Transmission electron microscopy (TEM) observations also show
all nanoscale cells are well interconnected and each SiO, cell is
180 nm in diameter (Figs. 3b and c), which are consistent with re-
sults of the N, adsorption-desorption test (Fig. 3a). The wall thick-
ness of nanoscale cell is about 10nm, and a thin layer of carbon
(5-10nm) attaches on cell wall (Fig. 3c). The content of the car-
bon is only 8.7 wt% as determined by TGA test (Fig. S4 in Support-
ing information), which is significantly smaller than the content
used in other silicon-based anodes [35]. Interestingly, high angle
annular dark field (HAADF) image indicates that conformal coat-
ing of carbon on the nanolattice is achieved, which exhibits similar
honeycomb pattern (Fig. 3d). Since there is no coating process in-
volved in the synthesis, the conformal distribution of carbon hints
a strong relation between the carbon and nanolattice. It has been
proved that SiO, could catalyze amorphous carbon into graphitic
carbon through formation and decomposition of SiC at 900 °C [51-
53]. Raman spectrum of the nanolattice (Fig. 3e) shows a minor
hump ranging from 770 cm~! to 970 cm~! which is contributed
by SiC [51], and D/G bands and D1/D2 bands are well-known con-
tributed by carbon and SiO, respectively [54]. Meanwhile, graphi-
tization degree (Asp?/Asp?) of the carbon in the nanolattice (Fig.
3e) is much higher than that of the pyrolytic carbon derived with-
out the nanolattice at the same annealing temperature (Fig. 3f).
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Therefore, it is reasonable to propose that the highly graphitic car-
bon is derived from catalytic graphitization occurred on the SiO,
nanolattice and maintains the similar honeycomb architecture of
the nanolattice, which would greatly enhance electronic conduc-
tivity.

Based on above characterizations and discussions, we can draw
the formation mechanism of SiO, honeycomb nanolattice with su-
perior mechanical stability and conductivity. As illustrated in Fig.
4, the initial honeycomb template is formed through stacking of
nanosized PS balls on Cu substrate driven by evaporation of colloid
suspension, and then tetraethoxysilane (TEOS) fills in and forms a
reversal template. The first 450 °C annealing causes PS ball py-
rolysis and transforms TEOS into interconnected SiO, honeycomb
nanolattice. The second 900 °C annealing plays two roles, on one
hand vigorous interdiffusion is triggered and forms CuggsSig s
phase in the SiO,/Cu interface region; on the other hand, each SiO,
cell becomes a nanoscale reactor catalyzing pyrolytic carbon into
highly graphitic carbon on cell wall. Eventually, artificial SiO, hon-
eycomb nanolattice with strong interfacial adhesion and superior
conductivity is successfully fabricated on Cu substrate.

Fig. 5a displays electrochemical impedance spectra of the
nanolattice anode before and after 500 cycles charge/discharge.
The charge transfer resistance (Rct) is 53.9 2 before electrochem-
ical cycling, while it increases to 64.4 Q after cycling. The slight

increase of Rq can be ascribed to formation of stable solid elec-
trolyte interphase (SEI) layer [31,35]. Fig. 5b shows that origi-
nal spherical cells (Fig. 1b) deform significantly and become ir-
regular oval-shaped cells, which indicates severe volume change
occurred during repeated lithiation/delithiation, even so the de-
formed cells maintain good integrity without observable damage.
From the cross-sectional view (Fig. 5c), there are two pores at the
SiO,/Cu interface, and there is a crack initiated from one pore but
terminated soon. Although it is unable to tell whether the crack
was formed during synthesis or lithiation/delithiation, it did not
cross the nanolattice after 500 cycles repeated stress variations
which is a manifestation of strong crack resistance of the honey-
comb architecture. Except the pores, the honeycomb nanolattice
is almost seamlessly joined with the Cu substrate without distin-
guishable cracks after cycling, which suggests the interfacial adhe-
sion is very stable.

This work demonstrates a facile method to fabricate SiO, hon-
eycomb nanolattice on Cu substrate with robust mechanical sta-
bility and excellent lithiation/delithiation performances. The ini-
tial templating process in liquid allows nanoscale SiO, cells filling
microscale grooves and trenches of Cu surface, which creates al-
most seamless adhesion interface irrespective of surface roughness.
Furthermore, 900 °C annealing triggers vigorous interdiffusion and
forms CuggsSigos phase, which firmly bonds the nanolattice on
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Fig. 5. Structure integrity and impedance variation. (a) Electrochemical impedance spectrum before and after cycling. (b) Top view and (c) cross-sectional view of the

nanolattice after 500 cycles charge/discharge at 1 A/g.

Cu substrate and effectively prevents delamination under severe
strain-stress variations. Inside the honeycomb nanolattice, uniform
nanoscale SiO, cells are interconnected by through-holes which al-
lows facile flow of electrolyte throughout the 5-7 pm-meter thick
anode. Moreover, conformal coating of highly graphitic carbon on
the nanolattice is achieved through in situ catalytic graphitization
during 900 °C annealing, which greatly benefits electronic conduc-
tion. This unique structure facilitates fast transportation of both Li
ions and electrons and benefits homogeneous electrochemical re-
actions throughout the nanolattice, which results in superior re-
versible capacity at large current densities without auxiliary of ad-
ditional binder and conductive additives. This work highlights that
design and constructing artificial nanolattice can be an effective
way to prevent chemo-mechanical degradation of high energy den-
sity batteries.
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