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Sustainability Spotlight Statement

Against the backdrop of a global paradigm shift toward sustainable energy storage architectures, driving 

the iterative upgrading of high‐energy‐density, eco-friendly lithium‐ion batteries (LIBs) has become a key 

research priority in the energy sector. By utilizing natural diatomite as the feedstock, this work establishes 

a green fabrication process for SiO2 anode materials that conforms to green chemistry principles, while 

demonstrating excellent scalability and low energy consumption. Experimental results confirm that the 

resultant anode exhibits a lithium‐storage capacity far surpassing that of commercial graphite, as well as 

remarkable cycling stability and structural integrity. This work provides a robust impetus for engineering 

high‐performance LIBs through sustainable manufacturing routes.
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Constructing Covalently Si–O–C Bonded Diatomite-Derived SiO2@C 
Anode for High-Capacity Lithium-Ion Batteries 
Qiaofu Zheng,a Licheng Wei,*b Lifeng Zhou,a Guannan Peng,a Dalei Sun,*a Yimin Chao*b

Silica-based materials, serving as one type of prospective electrode for advanced high-energy density LIBs (lithium-ion 
batteries), are encountering critical obstacles in commercialization, including inherently poor conductivity, volume 
expansion and particles pulverization. Herein, a ball-milled diatomite combined with glucose-derived carbon (DTm@GC) has 
been synthesized as an anode for LIBs by constructing dense carbon network on the diatomite-derived SiO2 through Si–O–
C covalent bonding. The strongly dense Si–O–C covalent bond between carbon network and diatomite accelerate migration 
of Li+ and alleviate volume variation during lithiation/de-lithiation. The results show that DTm@GC anode delivers a superior 
discharging specific capacity of 781 mAh g-1 after 100 cycles at 0.1 A g-1, along with approximately 100% capacity retention 
rate. Furthermore, the synthesized anode can keep a stable specific capacity of 613.79 mAh g-1 after 200 cycles at 0.5 A g-1, 
and 456.68 mAh g-1 over 1000 consecutive cycles at 1 A g-1. The outstanding electrochemical performance of DTm@GC with 
strong covalent Si–O–C bond has provided a valuable avenue of fabricating low-cost, high-performance SiO2-based anodes 
for high-capacity LIBs.

Introduction
It is widely acknowledged that lithium-ion batteries (LIBs) have 
established themselves as a core category of advanced 
technology for electric vehicles and portable devices, due to 
their high energy density, long service life, and comparatively 
low price.1-4 LIBs are composed of cathodes, anodes, separators 
and electrolyte, while the anode determines the overall 
capacity of batteries. At present, LIBs assembled with 
commercial graphite electrodes with a theoretical specific 
capacity of 372 mAh g-1 is hard to meet the requirement of long-
life electric vehicles and industrial-scale energy storing 
devices.5, 6 Comparing to graphite, silicon (Si) exhibits a superior 
theoretical specific capacity (4200 mAh g-1) and suitable 
operating potential (~0.4 V vs. Li+/Li), which renders it a 
prominent prospective material for LIBs.7-9 Unfortunately, 
reaction between Si and lithium ions triggers a large volume 
swell (>300%), which is associated with particle pulverization, 
repeated fracture and continuously growth of solid electrolyte 
interphase (SEI). Such structural and interfacial degradation 
ultimately results in a rapid decline in cell performance.10, 11 
Compared to Si, silicon dioxide (SiO2) exhibits more promising 
electrochemical prospects with medium theoretical specific 
capacity (~1965 mAh g-1), moderate volume variation (~100%), 
and durable cycling stability.12, 13 During the initial discharge 

process, SiO2 reacts with Li+ generating Li2O, lithium silicates 
and LixSi alloy. The formation of Li2O and lithium silicates is 
beneficial to construct stable SEI layer and accelerate the 
diffusion of Li+, respectively.14, 15 However, a large quantity of 
Li+ can be consumed during the generation of lithium silicates 
and Li2O, which gives rise to irreversible capacity depletion and 
impaired initial Coulombic efficiency (ICE). Moreover, 
considerable volume strain and low electrical conductivity of 
SiO2 may reduce their electrochemical activity and specific 
capacity.16, 17

To date, researchers have adopted a variety of strategies 
modifying the property of SiO2 materials to enhance their 
electrochemical performance in LIBs, such as regulating the 
crystal phase, constructing the hollow structure, and 
incorporating with the conductive materials.18, 19 Among these 
strategies, constructing hollow porous structures is an effective 
method to alleviate volume strain and shorten the Li+ diffusion 
path.20, 21 For example, Ma et al.22 synthesized hierarchically 
porous multi-shell SiO2 microspheres for LIBs anode, enabling a 
cell capacity of 750 mAh g-1 over 500 charge-discharge cycles. 
This result has confirmed that the porous hollow structure can 
reduce volume expansion and promote Li+ migration, enhancing 
electrochemical activity of silica and improving capacity of LIBs. 
Aiming at the poor electrical conductivity of silica, it is an 
effective way to combine SiO2 with highly conductive 
constituents, including carbon or metal oxides.23, 24 For 
instance, SiO2@TiO2/rGO anodes are fabricated via wrapping 
graphene on SiO2@TiO2 core-shell microspheres, remaining a 
specific capacity of 405.71 mAh g-1 following 1500 cycles at 1 A 
g-1 and a rate of capacity degradation below 20%.25 Similarly, 
SiO2@C hollow spheres with 67 wt% SiO2 are fabricated as 
anodes of LIBs, which display a capacity performance of 649.6 

a.School of Chemical Engineering & Light Industry, Guangdong University of 
Technology, Guangzhou 510006, P. R. China.

b National Energy Key Laboratory for New Hydrogen-Ammonia Energy 
Technologies, Foshan Xianhu Laboratory, Foshan 430070, P. R. China.
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mAh g-1 over 160 cycles.26 However, these synthesis routes are 
reliant on toxic, flammable, and expensive chemical silicon 
sources, such as tetraethyl orthosilicate (TEOS), limiting the 
large-scale applications. 

In contrast, diatomite (DT), featuring cost-effective, eco-
friendliness, and large-scale readiness, exhibits promising 
potentials as a SiO2-based anode for LIBs, owing to its unique 
inherent 3D hierarchical porous structure. Herein, we have 
prepared a composite of diatomite coupled with conductive 
carbon materials (DTm@GC) via an interface engineering 
strategy constructing a continuous carbon network with Si–O–
C covalent bond. This chemically bonded interface is conductive 
to enhance the charge transfer and confine the volume strain, 
effectively modifying poor conductivity and structural instability 
of silica. Therefore, the optimized DTm@GC anode has 
delivered outstanding electrochemical performances and 
cycling stability. This study has set the stage for developing high-
performance, low-cost SiO2-based anode materials by 
modifying the interface structure of SiO2 for carriers.

Experimental
Materials preparation

Diatomite was obtained from Tianjin Damao Chemical Reagent 
Co., Ltd. Analytical grade hydrochloric acid (HCl) and Glucose 
monohydrate (C6H12O6·H2O, 99%) were provided by Guangzhou 
Chemical Reagent Factory. Ethanol (C2H5OH, 99%) was supplied 
by Shanghai Macklin Biochemical Co., Ltd. Conductive carbon 
black (Super C65), polyacrylic acid (PAA) binder, copper foil, and 
electrolyte KLD-LP03 (1.0 M lithium hexafluorophosphate (LiPF6) 
dispersed in a mixture of ethylene carbonate (EC), dimethyl 
carbonate (DMC), and diethyl carbonate (DEC) (1:1:1, v/v/v) 
with 5 wt% fluoroethylene carbonate (FEC) as additive) were 
obtained from Canrd Technology Co., Ltd. LiFePO4 (LFP), 
conductive carbon black (Super P), Polyvinylidene fluoride 
(PVDF), aluminum foil and N methyl 2 pyrrolidone (NMP) were 
procured from Shenzhen Kejing Star Technology CO., LTD. The 
light-emitting diode (LED) was purchased from Alibaba 
Corporation. No additional purification was performed on the 
reagents prior to their application.

The diatomite was first calcined in air at 600 °C for 3 h to 
remove organic impurities. The resulting product was added 
into 1 M HCl (1:5 volume ratio) and stirred for 6 h to dissolve 
metallic impurity. The purified diatomite powder mixing with 
two sizes of zirconium dioxide (Zr2O3) balls (3 mm and 1 mm) 
and ethanol in a mass ratio of 5:1:2 was poured into a 50 mL 
ball-mill Zr2O3 jar and milled at 500 rpm for 24 h. The ball-milled 
diatomite was marked as DTm. The DTm powder was added 
into mixture solution with 30 mL of H2O and 3 g C6H12O6·H2O, 
and transferred into a 50 mL polytetrafluoroethylene reactor. 
After ultrasonic mixing for 30 min, the reactor was sealed into a 
stainless-steel autoclave and reacted at 180 °C for 5 h. The 
yellowish-brown intermediate precipitate was washed by water 
and separated at centrifugation (marked as hydrothermal 
carbon mixing diatomite (HTC/DTm)). This intermediate was 
annealed at 650 °C for 4 h in Ar at 5 °C min-1, producing the final 

black powder of DTm@GC. A series of DTm@GC materials with 
different carbon contents were synthesized by changing the 
content of C6H12O6·H2O to 2 g and 6 g, labeled as DTm@GC-2 
and DTm@GC-6, respectively. In addition, the pure HTC 
intermediate was synthesized by hydrothermal reducing 3 g 
C6H12O6·H2O to elucidate the role of the hydrothermal carbon. 
Then, the pure hydrothermal carbon (HTC) intermediate was 
physically mixed with DTm powder and calcined at the same 
conditions to prepare reference sample of DTm/GC.
Materials characterization

The X-ray diffraction (XRD, Bruker D 8 Advance) was employed 
to reveal the crystal information of powder materials, with data 
collected over a 2θ range of 15–80°. Microscopic Fourier 
Transform infrared spectrometer (FTIR) was utilized to 
confirmed structural features of the composites. A LabRAM 
Odyssey laser confocal micro-Raman spectrometer (532 nm 
excitation) was performed to characterize the chemical bonds 
and molecular vibrations modes in the material. 
Thermogravimetric analysis (TGA) was performed on METTLER-
TOLEDO TGA/DSC1 instrument to analyse mass variation of 
materials. Nitrogen adsorption-desorption isotherms, 
combined with the BET (Brunauer-Emmett-Teller) method and 
BJH (Barrett-Joyner-Halenda) model, were employed to 
characterize the specific surface area, pore volume, and porous 
size of composites via a Micromeritics Tristar II-3020 system. 
Field emission scanning electron microscopy (FE-SEM) were 
carried on a Zeiss GeminiSEM 500 microscope, disclosing 
morphology of materials. The fine crystal information of 
materials was analysed by JEM-F200 Transmission electron 
microscopy (TEM) equipped with energy dispersive 
spectroscopy (EDS). The X-ray photoelectron spectroscopy 
(XPS) measurements were assessed by a Thermo Scientific 
Escalab 250 xi spectrometer under Al-Kα X-ray excitation to 
determine the chemical valence of materials.
Electrochemical measurements

To prepare anode plates, a homogeneous slurry was obtained 
by blending 70 wt% DTm@GC, 20 wt% Super C65, and 10 wt% 
polyacrylic acid (PAA) binder, supplemented with a suitable 
volume of deionized water. This homogeneous slurry was 
deposited onto a copper foil to prepare electrode, and dried in 
vacuum oven at 80 °C for 16 h. The dry copper foil coated with 
electrode materials was cut to 10 mm diameter electrodes, 
where areal loading of DTm@GC ranges from 1.2–1.5 mg cm-2. 
LIB half-cells (CR2032 coin cells) were fabricated using 
DTm@GC as the working electrode, lithium foil as the counter 
electrode, Celgard 2400 as the separator, and KLD-LP03 as the 
electrolyte. Galvanostatic charge–discharge tests were carried 
on NEWARE battery testing system, setting with voltage 
parameter ranging from 0.01 and 3.0 V (vs. Li+/Li) and current 
densities increasing from 0.05 to 2 A g-1. To fabricate the LFP 
cathode, electrode slurry was obtained by blending the LFP, 
Super P conductive additive, and PVDF binder (mass ratio of 
8:1:1) homogenously mixing with NMP solvent. This slurry was 
subsequently spread on an aluminium foil and subjected to 
vacuum oven drying at 80 °C for 16 h. Prior to full-cell assembly, 
the DTm@GC anode underwent pre-lithiation in half-cell using 
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a lithium foil as the counter electrode, followed by activation via 
five cycles at 50 mA g-1. The DTm@GC//LFP full cells were 
constructed with pre-lithiated DTm@GC anode and LFP 
cathode, where the capacity ratio of anode/cathode was kept 
within 1.1-1.2. All cells were conducted in an Ar-atmosphere 
glovebox with H2O/O2 contents below 0.1 ppm. Cycling tests 
were performed at 0.1 C (1 C=170 mAh g-1 based on LFP) within 
voltage window of 2.5 to 3.8 V (vs. Li+/Li). Cyclic voltammetry 
(CV) was tested on Ivium OctoStat200 electrochemical 
workstation, while electrochemical impedance spectroscopy 
(EIS) measurements were implemented with 5 mV amplitude 
from 100 kHz to 0.01 Hz.

Results and discussion
Fig. 1a represents preparation schematic of DTm@GC, 
illustrating the fabrication of ball-milled diatomite (DTm) 
composited with conductive carbon via hydrothermal and 
carbonization steps. The XRD patterns (Fig. 1b) demonstrate 
that the DT material mainly consists of two crystalline forms of 
SiO2. Four diffraction peaks observed at 21.8°, 31.3°, 36°, and 
42.4° are related to (110), (102), (200) and (112) crystalline 
planes of cristobalite SiO2 (JCPDS No. 27-0605), respectively. 
Other crystalline peaks centred at 28.4°, 31.5° and 36.1° are 
corresponding to the (101), (111) and (102) lattice planes of α-
quartz SiO2 (JCPDS No. 39-1425), respectively.27, 28 The 
diffraction peak of DTm shows a broad width and reduced 

intensity after ball-milling treatment, indicating diminished 
crystalline size and increased structural disorder of DT. The 
diffraction pattern of DTm@GC shows a broad characteristic 
peak of amorphous carbon at around 22°, indicating the 
successful coating of carbon layer on DTm.29, 30 

Fourier transform infrared (FTIR) spectroscopy is 
performed to track the evolution of chemical structure (Fig. 1c). 
All samples exhibit characteristic SiO2 vibrations at 478 cm-1, 
795 cm-1, and 1097 cm-1, which are corresponding to Si–Si 
bending, Si–O–Si symmetric stretching, and Si–O–Si asymmetric 
stretching, respectively.31, 32 Weak peaks at 1637 cm-1 and 3420 
cm-1 for DTm relates to O–H vibrations of physically adsorbed 
water.33 FTIR spectrum of intermediate product (HTC/DTm) 
after hydrothermal processing shows new vibrations of C–H, 
C=O and aromatic C=C, which located at 2929 cm-1, 1702 cm-1, 
and 1616 cm-1, respectively. It may be caused by the formation 
of carbonaceous species from glucose.34, 35 After high 
temperature annealing process, DTm@GC exhibits a red shift of 
C=C vibration at 1577 cm-1, along with disappearing peak signals 
of HTC. This observation is attributed to the carbonization 
treatment, which promotes the aromatization of carbon layer 
and ultimately forms a thermally stable structure dominated by 
aromatic carbon.36, 37 Due to the Si-O-C bonds located at around 
990 cm-1~1190 cm-1, it is difficult to distinguish them from Si-O-
Si bond at 1097 cm-1.38-40 Based on the attenuation of 
adsorption peak intensity at 1100 cm-1, it is inferred that a Si-O-
C bond generated after high temperature carbonization, owing 

Fig. 1 (a) The synthesis schematic image of DTm@GC. (b) XRD patterns of DTm@GC, DTm and DT. (c) FTIR spectra of DTm@GC, HTC/DTm and DTm. (d) Raman spectra and (e) TG 
curves of DTm@GC and DTm. (f) Nitrogen adsorption-desorption curves and (g) surface areas of DT, DTm and DTm@GC. 
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to the combined glucose-driven carbon affecting the intensity 
of Si-O-Si bonds. It is similar with evolution of Si–O–C bonds on 
C-doped amorphous SiO2 modified by swift heavy ion 
irradiations.41 It is beneficial to construct a stable chemical 
interface between carbon layer and DTm materials, which can 
improve the electronic conductivity and structural robustness 
of DTm@GC. 

Furthermore, Raman spectra displayed in Fig. 1d are 
utilised to examine the structure of carbon component on the 
surface of DTm@GC. Compared to DTm, the Raman spectrum 
of DTm@GC exhibits clear D band (disorder-induced band, 
1350.7 cm-1) and G band (graphitic band, 1595.5 cm-1), verifying 
the formation of carbon coating on DTm@GC. The D band 
represents respiration vibration mode of sp2-hybridized carbon 
in defective or disordered structures, while G band stands for 
in-plane vibration mode of sp2-bonded carbon pairs and reflects 
graphitized ordered structure and carbon lattice symmetry.42, 43 
The intensity ratio of D band and G band (ID/IG) on DTm@GC 
sample is measured as 1.08, higher than those of DTm@GC-2 
and DTm@GC-6 (0.90 and 0.89, respectively, see Fig. S1), 
meaning a highly disordered and defective carbon layer on 
DTm@GC. Endowed with a disordered and defective structure, 
the carbon layer facilitates Li+ diffusion, which in turn elevates 
the electrochemical properties of DTm@GC anode.44, 45

Thermogravimetric analysis (TG) curves of DTm and 
DTm@GC are shown in Fig. 1e, recorded at a heating 
temperature range up to 800 °C in an ambient atmosphere. A 
6.3 wt% slight weight loss is observed in the TG curve of DTm, 
rising from the removal of adsorbed water on its surface. The 
mass retention rate of DTm@GC sample is approximately 57.35 
wt%, corresponding to the diatomite-derived SiO2 materials. 
The surface area and porous structure of samples can be 
examined by Nitrogen adsorption-desorption analysis. As 
depicted in Fig. 1f and S2, all samples display type IV isotherms 
accompanied by H3-type hysteresis loops, a characteristic 
indicative of their mesoporous structure.46 Notably, the specific 
surface area of DTm@GC reaches 246.64 m2 g-1, which is 
approximately 14 times that of DT (16.9 m2 g-1) and 5 times that 
of DTm (50.49 m2 g-1), as shown in Fig. 1g. It is indicated that the 
synthesis procedure could build a mass of ion diffusion channels 
on DTm@GC. 

As displayed in scanning electron microscopy (SEM) images 
of Fig. S3, the diameter of rounded DT is about 25 μm, which 
has a hierarchically porous structure. After ball milling, the size 
of DTm particles is significantly reduced to approximately 200 
nm (Fig. 2a). DTm@GC exhibits larger particle size than DTm, 
due to the glucose-derived carbon uniformly covered on DTm 
nanoparticles (Fig. 2b). TEM (transmission electron microscopy) 
images of DTm@GC (Fig. 2c and 2d) reveal an amorphous 

Fig. 2 (a, b) SEM images of DTm and DTm@GC. (c, d) Different resolution TEM images of DTm@GC. (e) Corresponding FFT image from (d). (f) Dark-field TEM image of DTm@GC, 
along with elemental mapping profiles of (g) C, (h) O, (i) Si, and (j) overlay image of DTm@GC.
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structure of DTm with several crystalline silica domains, which 
is confirmed by the relating fast Fourier transform (FFT) image 
in Fig. 2e. The crystalline silica domain exhibits a distinct lattice 
spacing of 0.3 nm (inset of Fig. 2d), which shows 
correspondence with the (110) plane of SiO2 (JCPDS No. 39-
1425) and validates the XRD analysis outcome. As 
demonstrated by dark-field TEM image and elemental mapping 
images in Fig. 2f–j and S4, the silicon and oxygen in DTm@GC 
and HTC/DTm particles are uniformly distributed throughout 
particles. Their carbon signal is predominantly concentrated on 
the surface region of DTm@GC and HTC/DTm particles, 
meaning a well-defined continuous carbon layer on the surface.

Subsequently, X-ray photoelectron spectroscopy (XPS) 
characterization of DTm, HTC/DTm, and DTm@GC materials 
reveals their chemical valence, with corresponding survey 
spectra displaying similar binding energy peaks of Si, O, C 
elements (see Fig. 3a). The weak C 1s signal in DTm is a faint hint 
of impurity carbon. The fitting C 1s spectra of HTC/DTm and 
DTm@GC (Fig. 3b) show five binding energy peaks of C–C/C=C, 
C–O/Si–O–C, C=O, O–C=O, and π-π* satellites, mainly rising 
from glucose-derived hydrothermal carbon.47, 48 Notably, the 
intensity of C–C/C=C peak in DTm@GC is significantly stronger 
than that of HTC/DTm, accompanied by a decrease in the 
intensities of C–O, C=O, and O–C=O bonds. This could be 
explained as the decomposition of HTC intermediates during 
high-temperature treatment.49 Two peaks at 103.7 eV and 
102.6 eV are obtained via deconvolution of Si 2p spectrum in 
DTm (Fig. 3c), which belong to Si–O–Si and Si–OH components, 

respectively.50 The component of Si–OH in DTm may be from 
the hydroxyl groups carried by DT transformed from diatoms. 
After hydrothermal treatment and carbonization, the Si–OH 
bond peak at 102.6 eV is vanished in both HTC/DTm and 
DTm@GC samples, while a new Si–O–C bond emerges at 103.1 
eV in these two samples. The disappearance of Si–OH bond is 
presumably ascribed to condensation reaction between surface 
Si–OH and hydrothermal glucose groups.51 Meanwhile, the 
appearing Si–O–C bonds in HTC/DTm and DTm@GC are 
associated with the interfacial covalently transformation 
between DTm surface and glucose-derived hydrothermal 
carbonization products under high-temperature conditions.52 
Two fitted peaks in O 1s spectrum of DTm are assigned to Si–O–
Si and Si–OH bonds, which are located at binding energies of 
532.1 and 532.9 eV respectively (Fig. 3d). Conversely, O 1s 
spectrum of HTC/DTm exhibits three bonds of Si–O–C/C–O, Si–
O–Si, and C=O, locating at binding energies of 533.1, 532.3, and 
531.4 eV, respectively. The binding energy positions of Si–O–
C/C–O and Si–O–Si in DTm@GC shift to 533.4 and 532.6 eV, 
which is primarily ascribed to the reduced oxygen content in the 
carbon layer following carbonization.38, 53 Thus, the anchored 
carbon layer could alter the electron density distribution of the 
Si–O bonds through covalent bonding, reducing the shielding 
effect on inner electrons and consequently increasing the 
binding energy of the Si 2p electrons.

Electrochemical properties of LIBs half-cell anodes are 
presented in Fig. 4. Firstly, as shown in Fig. 4a, DTm@GC 
exhibits the first discharging specific capacity of 1444.29 mAh g-

Fig. 3 (a) XPS survey spectra of DTm@GC, HTC/DTm, and DTm. (b-d) The corresponding spectra of C 1s, Si 2p, and O 1s.
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1 at 0.1 A g-1 with initial Coulombic efficiencies (ICE) of 51%. The 
substantial irreversible capacity loss of DTm@GC in the first 
cycle is primarily attributed to the high oxygen content of 
diatomite-derived silicate consuming mass Li+ ions in the 
electrolyte, generating irreversible Li2O and lithium silicate.53 
The first cycle performance of DTm@GC is much better than 
that of DTm, which may be owing to the construction of Si-O-C 
bonded carbon network effectively enhancing the generation of 
reversible reduction intermediates. The reversible discharge 
specific capacity of DTm@GC delivers to 781 mAh g-1 at 0.1 A g-

1 after 100 consecutive cycles (Fig. 4a, 4b), which can keep an 
almost 100% capacity retention. By contrast, the DTm anode 
only achieves 176 mAh g-1 under similar testing conditions, 
which is considerably lower than that of DTm@GC anode. 
Additionally, DTm@GC anode retains a discharge specific 
capacity of 613.79 mAh g-1 over 200 consecutive cycles at 0.5 A 
g-1, outperforming that of DTm (100 mAh g-1, Fig. S5). To 
investigate the influence of carbon layer thickness, reference 
samples with a thinner carbon layer (DTm@GC-2) and a thicker 
carbon layer (DTm@GC-6) are fabricated to examine the cell 
performances (Fig. S6). It is observed that DTm@GC-2 suffers 
from poor capacity retention (73.15%) while DTm@GC-6 shows 
a low specific capacity (493.19 mAh g-1), indicating that an 
optimal carbon layer can achieve a high capacity and ensure 
long-term cyclability. Furthermore, the advantage of the 
covalently bonded interface on DTm@GC can be verified by 

testing the electrochemical performance of DTm/GC, which is 
prepared by annealing the mixture of hydrothermal carbon 
products and DTm. When the half-cells LIBs cycled at 0.5 A g-1, 
DTm/GC anode just exhibits a specific capacity of 173.68 mAh g-

1 (Fig. S7), lower than that of DTm@GC (613.79 mAh g-1). This 
may be caused by the incomplete carbon coating on the 
DTm/GC, resulting in discontinuous electronic conductivity and 
sluggish Li+ migration. Moreover, DTm@GC anode also exhibits 
an excellent capacity performance of 456.68 mAh g-1 at 1 A g-1 
over 1000 cycles (Fig. S8), confirming a stable conductive 
network of covalently coated carbon material efficiently 
enhancing the capacity performance of silica. Regarding the 
rate performance (Fig. 4c-e), DTm@GC delivers reversible 
specific capacities of 769.83-316.19 mAh g-1 at current densities 
ranging from 0.1 to 2 A g-1. Once the current density is set back 
to 0.1 A g-1, the specific capacity of DTm@GC can recover to 
781.79 mAh g-1, reflecting excellent rate performance and 
robust structure of DTm@GC. The average Coulombic 
efficiencies of the DTm@GC anode at different current densities 
are higher than that of DTm anode. It indicates that the 
covalently bonded Si–O–C interface between diatomite-derived 
SiO2 and conductive carbon network effectively promotes the 
charge transfer and suppresses electrolyte decomposition, 
thereby enhancing the reversibility of lithium ions 
transportation. Furthermore, the cell performance of DTm@GC 
anode is superior to those of reported SiO2-based anodes in the 

Fig. 4 (a) Charge–discharge curves of DTm@GC and DTm anodes at the first cycle and the 100th cycle at 0.1 A g-1. (b) Cycling stability of DTm@GC and DTm anodes at 0.1 A g-1 after 
being activated at 0.05 A g-1 for 3 cycles. (c) Rate capacity curves of the DTm@GC and DTm anodes. (d, e) Charge–discharge curves of DTm@GC and DTm anodes at current densities 
ranging from 0.1 A g-1 to 2 A g-1 after being activated at 0.05 A g-1 for 3 cycles. (f) Comparison of DTm@GC anode developed in this work with other SiO2-based anodes for LIBs. (g, h) 
CV curves of DTm@GC and DTm anodes.
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literature, suggesting the large potential of DTm@GC for 
commercial products of LIBs (Fig. 4f).25, 52, 54-60 In conclusion, the 
constructed carbon layer with Si–O–C bond can efficiently 
enhance the stability of the carbon network, facilitate Li+ 
diffusion, and alleviate the volume expansion of silica materials.

SiO2+4 Li++ +4 e-→2 Li2O + Si       (1)
2 SiO2+4 Li++4 e-→Li4SiO4 + Si      (2)
3 SiO2+4 Li++4 e-→2 Li2SiO3 + Si   (3)
5 SiO2+4 Li++4 e-→2 Li2Si2O5 + Si (4)

Si+x Li++x e-→LixSi          (5)
The measured results of Cyclic voltammetry (CV), 

galvanostatic intermittent titration technique (GITT), and 
electrochemical impedance spectroscopy (EIS) are used to 
elucidate the fundamental reason for the enhanced 
performance of DTm@GC. The CV curves of DTm@GC in Fig. 4g 
show that the initial cathodic peaks are located at 1.45 V, 0.90 
V, 0.58 V, along with a broad peak ranging from 0.01 to 0.4 V, 
corresponding to electrolyte decomposition, SEI film formation, 
silica lithiation, and alloying reaction, respectively. Among 
these, the SiO2 lithiation involves irreversible reduction to Si, 
Li2O, and lithium silicates (formulas 1-4). The broad peak 
between 0.01 V and 0.4 V stands for generation of LixSi through 
an alloying reaction (formula 5). In the anodic segment of the 
CV curve, the oxidative peaks at 0.5 V and 1.0 V are respectively 
related to processes of dealloying and lithium silicates 
oxidation.61 The reductive peak detected at 0.35 V during circle 
CV curves is ascribed to the sustained intercalation of Li+ into 
silicon matrix, forming lithium-silicon (LixSi) alloy. This 

phenomenon demonstrates that a stable Li+ 
insertion/extraction process is established in the materials. The 
CV curves of DTm electrode in Fig. 4h exhibit the same reduction 
peaks with DTm@GC, indicating the similar electrochemical 
behaviour of two samples.55 But the cyclic CV curves of 
DTm@GC exhibit larger peak currents than those of DTm, owing 
to its higher conductivity and better structural stability. This 
comparative analysis has clearly demonstrated that DTm@GC 
can achieve superior electrochemical activity and reversibility 
because the coupling carbon layer has modified electronic 
conductivity and mitigated volume variations of silica. 

To explore the Li+ storage mechanism, the CV curves of 
DTm@GC, DTm, and DTm/GC scanning at various rates are 
illustrated in Fig. 5a, 5b and S9, respectively. The equation 
provided below can be utilized to establish a correlation of
 measured current (i) with scan rate (v):62 

i = avb        (6)
which is linearized as:

log(i) = b log(v) + log(a)   (7)
where a and b respectively represent a constant and a slope of 
the log(i) vs. log(v) curve. When the b value is calculated to 0.5, 
its reaction process is considered to be a diffusion-controlled 
step. By contrast, the process is controlled by pseudocapacitive 
contribution as the b value nears 1. The anodic b value of 
DTm@GC in Fig. 5c is 0.83, which is lower than that of DTm/GC 
(0.92, Fig. S10) and DTm (0.98, Fig. S11). The b value of 
DTm@GC locates between 0.5 and 1, indicating that lithium 
ions behaviour in DTm@GC is synchronously controlled by 

Fig. 5 CV curves at various scan rates of (a) DTm@GC and (b) DTm. (c) b values of DTm@GC at different peak currents after linear fitting. Pseudocapacitive contribution at (d) 0.1 
mV s-1 and (e) different scan rates of DTm@GC. (f) Linear fitting between peak current and scan rates for DTm@GC and DTm. (g-i) GITT voltage profiles and Li+ diffusion coefficients 
of DTm@GC and DTm electrodes.

Page 8 of 13RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

0/
20

26
 1

2:
41

:1
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6SU00026F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00026f


ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

pseudocapacitive and diffusion processes. The Li+ storage 
processes of DTm/GC and DTm are mainly dominated by 
pseudocapacitive contribution, as their b values are close to 1. 
Furthermore, the Li+ diffusion coefficients and capacitive 
contributions of samples at different scan rates are calculated 
by following equation:63

i = k1v + k2v
1
2    (8)

where k1v relates to pseudocapacitive contributions, while k2v
1
2 

is associated with diffusion-controlled region. 
As displayed in Fig. 5d and 5e, the calculated capacitive 

contribution of DTm@GC disperses in 48% to 81% as the scan 
rate rises from 0.1 to 2 mV s-1. The diffusion contribution shows 
a gradually decreasing trend with increasing scan rate, which is 
in good agreement with the typical kinetic behaviour of battery-
type electrodes. Specifically, at higher scan rates, Li⁺ ions can 
only react on the surface or near-surface regions of the 
electrode, and the charge storage process is gradually 
dominated by the pseudocapacitive contribution, leading to an 
elevated pseudocapacitance ratio and a correspondingly 
reduced diffusion contribution. The pseudocapacitive 
contributions of DTm@GC are lower than those of DTm/GC (Fig. 
S12) at the same scan rates, indicating the co-operation of 
pseudocapacitive and diffusion process in DTm@GC. 
Furthermore, the fitting results in Fig. 5f and S13 reveal that 
DTm@GC exhibits a Li+ diffusion coefficient of 1.78×10-10 cm2 s-

1, superior to that of DTm (2.956×10-11 cm2 s-1) and DTm/GC 
(8.444×10-11 cm2 s-1). This result suggests the highly efficient 
electron and ion transport in DTm@GC, attributing to the 
covalently anchored carbon layer. To verify the electrochemical 
activity of electrodes, GITT plots in Fig. 5g are collected at 0.01-
3.0 V under a 0.05 C current pulse (600 s) and subsequent 3600 
s relaxation. The lithium-ion diffusion coefficient (DLi+) is derived 
from the formula provide below:64

DLi+= 4
πτ

( mBVM

MBS
)
2
 ( ∆ES

∆Eτ
)
2
           (τ≪L2

D
)   (9)

where τ is the duration of current pulse, mB denotes the active 
material mass, VM corresponds the molar volume, MB stands for 
the molar mass, S stands for the electrode surface area, ΔEs 
refers to the voltage variation during the pulse, and ΔEτ 
represents the steady-state voltage variation. As shown in Fig. 
5h and 5i, DTm@GC electrode is exhibiting higher Li+ diffusion 
coefficient than that of DTm electrode during both charge and 
discharge processes, confirming that large surface area and high 
conductivity of DTm@GC anode are beneficial to enhance the 
electrochemical activity with rapid ion diffusion.

Additionally, in-situ EIS collected during the initial 
discharging/charging cycle are to elucidate the electrochemical 
behaviour and structural variation of the samples (Fig. 6a and 
6b).65 As shown in the equivalent circuit diagram in the insets of  
Fig. 6a and 6b, the Rs represents the Ohmic resistance, the 
semicircle plot relates to the charge transfer resistance (Rct), 

Fig. 6 (a, b) The in-situ EIS spectra recorded during initial discharge/charge process of DTm@GC and DTm anodes (inset: equivalent circuit diagram). SEM images of (c-e) DTm@GC 
anode and (f-h) DTm anode before and after 1000 cycles at 1 A g-1.
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and the straight line corresponds to Li+ diffusion resistance (Ws), 
respectively. At the open-circuit potential, the smaller Rct 
(195.76 Ω) of DTm@GC than that of DTm (547.44 Ω) indicates 
the significantly enhanced electronic conductivity rising from 
the covalently anchored carbon layer (Table S1). As the voltage 
decreases, cell impedance becomes smaller and smaller due to 
the generation of SEI, lithium silicates, Li2O, and LixSi alloy. The 
Rct values of DTm@GC are still smaller than that of DTm during 
the charging process (0.01 to 3 V, Table S1), suggesting superior 
conductivity and fast Li+ migration of DTm@GC. The low Rct 
values of DTm@GC in in-situ EIS spectra at different cycles (Fig. 
S14) have also confirmed fast electrode kinetics of DTm@GC 
during charging/discharging processes, due to a dense and 
stable SEI constructed on anode surface. Additionally, 
morphologies of anodes are characterized before and after 
1000 cycles at 1 A g-1 to explore volume variation of electrodes. 
As illustrated in Fig. 6c-e, the surface of DTm@GC anode after 
1000 cycles at 1 A g-1 retains a uniform surface without cracks, 
demonstrating that the covalently coated carbon layer can 
suppress the particles pulverization and volumetric strain 
during lithiation/de-lithiation. On the contrary, the surface of 
DTm electrode after long-term cycling displays many cracks, 
which reflects substantial volume expansion of DTm throughout 
cycling process (Fig. 6f-h). Therefore, the covalently coated 
carbon structure can optimize electronic conductivity and 
volume strain of silica particles, thereby significantly improving 
the cell performance of DTm@GC anode.

Finally, the electrochemical measurements of a full cell 
composed of DTm@GC anode and lithium iron phosphate (LFP) 
cathode (denoted as DTm@GC//LFP) are shown in Fig. S15. The 
CV curves of DTm@GC//LFP full cell in Fig. S15a exhibit distinct 
redox peak during voltage range of 2.5-3.8 V, corresponding to 
lithium ions intercalation/deintercalation reactions between 
DTm@GC and LFP electrodes. Fig. S15b illustrates that the 
voltage plateaus of the charging/discharging curves are relative 
to the oxidative and reductive peaks in CV profiles, 
demonstrating stable electrochemical reaction behaviour of 
DTm@GC//LFP full cell. As depicted in Fig. S15b and 15c, 
DTm@GC//LFP full cell delivers a discharging specific capacity 
of approximately 112.45 mAh g-1 at 0.5 C. The capacity retention 
of DTm@GC//LFP full cell retains 59% after 200 cycles. The 
capacity fading of DTm@GC//LFP full cell may be caused by the 
limited lithium ions resource provided by electrolyte and LFP 
cathode. The inevitable volume strain of DTm@GC would slowly 
consume the limited lithium resources and cause irreversible 
lithium loss, resulting in the decline of cell performance. 
Furthermore, a 5 V light bulb (Fig. S15d) can be driven by a 
circuit composed of two series-connected DTm@GC//LFP 
button cells, holding great promise for DTm@GC in extensive 
practical applications.

Conclusions
In summary, DTm@GC materials with a continuous carbon 
network have been successfully fabricated as an efficient anode 
for LIBs. This DTm@GC anode has shown outstanding 
electrochemical performances, retaining a discharge specific 

capacity of 781 mAh g-1 after 100 cycles at 0.1 A g-1 without 
capacity degradation, superior to pure DTm. Moreover, 
DTm@GC anode retains an outstanding capacity performance 
of 456.68 mAh g-1 at 1 A g-1 after stability test of 1000 cycles. 
This enhanced capacity is beneficial to the dense and strong Si–
O–C covalent bonds between coating carbon and silica matrix, 
which plays crucial roles in facilitating efficient electron transfer 
and mitigating the volume variation of SiO2, thereby optimizing 
the electrode activity and structural integrity of the DTm@GC. 
These results have demonstrated that DTm@GC material 
represents a viable anode material for high-energy-density LIBs, 
providing new insights into development of SiO2-based anodes 
for sustainable energy storage.
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