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To produce high-performance anode materials for lithium/sodium batteries via sustainable strategies is
still one of the most essential tasks in battery research. A biomass-based carbon-tin oxide composite
(BC/SnOy) is prepared through pyrolysis of birch tree waste using phosphoric acid as an activator and its
electrochemical performance as a sustainable anode material in lithium-ion batteries (LIBs) and sodium-
ion batteries (NIBs) is tested. The physicochemical characterization results proved that SnO, has a
remarkable impact on BC/SnO, porosity, morphology, and physicochemical features. Due to these
favorable properties, the BC/SnO, anode exhibited far better performance for LIBs and NIBs than bare
carbon (BC). Against Li metal, the BC/SnO, anode delivered a specific capacity of 319 mA h g~ while
BC delivered only 93.2 mA h g~ (at 1C) at the end of 120 cycles. The BC/SnO, composite showed
excellent rate performances at different current densities, exhibiting a capacity of 453 mA h g*1 at the
end of 120 cycles. Upon testing against sodium metal, the BC/SnO, composite exhibited better cycling
stability than BC (233 mA h g~ compared with 165 mA h g™%) at 100 mA g2 for 120 cycles. A theoretical
investigation of the interactions between BC and SnO, was performed using the semi-empirical GFN1-xTB
method. The stability of the mixed system at high temperatures was confirmed using molecular dynamic

Received 18th March 2025,
Accepted 4th June 2025

DOI: 10.1039/d5¢cp01053e simulations. Finally, we analyzed the electronic properties of the BC/SnO, composite and drew conclusions
about the electrical conductivity. Therefore, our research strategy helps to produce sustainable high-specific

rsc.li/pccp capacity anode materials from biomass resources for building cost-effective metal-ion batteries.

1 Introduction

Over recent years, problems related to both environmental
issues and the depletion of fossil energy have pushed society
toward the development of more sustainable, renewable, and

a . . . N .
Laboratory of Industrial Chemistry and Reaction Engineering, Faculty of Science cleaner ener gy materi als and devices. Furthermore, the sh arp

and Engineering, Abo Akademi University, 20500, Abo/Turku, Finland.

E-mail: glaydson.simoesdosreis@abo.fi

b Chemistry and Biochemistry Dpto., Facultad de Farmacia,
Universidad San Pablo-CEU, CEU Universities, Urbanizacion Monteprincipe,
28668Boadilla del Monte, Madrid, Spain

¢ Department of Forest Biomaterials and Technology, Biomass Technology Centre,
Swedish University of Agricultural Sciences, Umed, SE-901 83, Sweden

“ Department of Fibre and Polymer Technology, School of Engineering Sciences in
Chemistry, Biotechnology and Health, KTH Royal Institute of Technology,
Teknikringen 56-58, SE-100 44, Stockholm, Sweden

¢ Research Unit of Sustainable Chemistry, University of Oulu, P.O. Box 3000,
FI-90014, Oulu, Finland

I Faculty of Chemistry, University of Bialystok, Ciolkowskiego 1K, 15-245, Bialystok,
Poland

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5cp01053e

14000 | Phys. Chem. Chem. Phys., 2025, 27, 14000-14014

increase in the production of electric energy from renewable
resources (solar, wind, tidal, ezc.) is not only a consequence of
the awareness of the climate impact of the use of fossil fuels but
is also economically beneficial.' However, solar and wind
energy are characterized by non-continuous production and,
therefore, require powerful energy storage systems to store and
distribute electricity according to consumers’ needs." Lithium-
ion batteries (LIBs) are widely employed and are the dominant
technology for small to large energy storage (ES) applications,
such as portable electronics, electric vehicles, and grid
applications.>” However, due to the use of critical elements
(lithium, graphite) and/or their low availability, the high demand
for ES cannot rely only on LIBs. Furthermore, graphite is the most
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used anode material in LIBs, however, it cannot meet the increas-
ing demand for high-performance ES devices due to its low
theoretical capacity (372 mA h g~ ").*®

These issues ignited a tireless pursuit of more sustainable,
greener, and cheaper battery systems such as sodium-ion
batteries (NIBs).°® NIBs are set to be the next-generation
commercial batteries with the potential to replace LIBs due to
their more sustainable approach, enormous and abundant
sodium resources, and low-cost and competitive electrochemi-
cal performances.® Besides, the dominant anode material for
NIBs is hard carbon, which can be easily synthesized from
sustainable resources such as biomass precursors.” Hard car-
bons are composed of disordered graphene-like structure layers
with developed porosity.””® Carbon anode materials have
unique advantages, such as an easy synthesis process; they
can be prepared from any carbon-rich precursors, providing
stable physicochemical/structural features, controllable poros-
ity/pore features, high surface area, and good conductivity,
which are requirements for suitable anode materials for com-
mercial LIBs and NIBs.'>'!

To date, several biomass precursors have been employed for
the preparation of anodes for LIBs and NIBs, such as wood
waste,'* agro waste,">'* or industrial waste."® However, exploit-
ing suitable anode materials for Na’ storage has been a
challenge mainly due to their larger ionic radius compared to
Li", which causes a huge volume expansion during the inter-
calation process, resulting in their poor electrochemical per-
formance against sodium.®® Moreover, pure carbon anodes
have issues related to limited capacities that hinder their
application in the next generation of high-density energy
batteries.

Combining the physicochemical properties of carbon and
metal/metal oxides in one material is an efficient strategy for
boosting the electrochemical performance of carbon anodes for
LIBs and NIBs.'®2° This strategy possesses several advantages,
such as an easy processing methodology, tuneable microstruc-
ture and morphology, and flexibility in compositing with many
types of high-energy density elements, such as post-transition
metals and metal oxides, such as tin oxide (Sn0O,).*° Sn has
both high electronic conductivity and theoretical capacity
toward carbonaceous materials, and has great potential in the
design of novel anode materials for LIBs and NIBs.>**' In
addition, Sn has an electronegativity of 1.96, which is lower
than that of carbon, which is 2.55. Therefore, changing the
electron distribution will create an imbalance in the electro-
negativity and produce structural defects in carbon layers,
which are the reaction sites for boosting its electrochemical
properties and thereby enhancing its battery performances in
NIBs.”"*?

Huang et al.”” prepared a series of carbon-Sn anodes for LIB
applications, and they reported that compositing these elements
generates a novel nanostructure that not only provides a high
conductivity but also prevents aggregation of Sn nanoparticles,
improving their overall cycling performance. Compared with pure
SnO, and polypyrrole-derived carbon-coated hierarchical SnO,,
hierarchical SnO, with a double carbon coating composite
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exhibited 554.8 mA h g~' for 50 cycles at 250 mA g~ ' when
tested against Li. In another study, Li et al.>* reported a three-
step process (involving two slow carbonization steps followed
by hydrothermal carbonization) for preparing SnO,/carbon
anodes for NIBs. The as-prepared materials exhibited a rever-
sible rate capability performance (149 mAh g " at 2000 mAg ™)
and long cycling performance (294 mA h g~ " after 150 cycles at
100 mA g~ ') against sodium.

Herein, we propose a facile strategy to synthesize a more
sustainable biomass-carbon-SnO, nanostructured composite
(denoted as BC/Sn0O,) using phosphoric acid as the chemical
activator. Phosphoric acid alongside zinc chloride and potas-
sium hydroxide are some of the most used activating agents for
the preparation of porous carbon materials. These chemical
activators differ from each other, for example, KOH is known
to create carbon materials with a widening of micropore width,
while ZnCl, develops materials with more mesoporous features,
and H;PO, leads to a more heterogeneous pore size distri-
bution.>* H3PO, has become a common chemical activating agent
used for preparing carbon materials from a variety of starting
materials, because of its lower environmental and toxicological
constraints compared to ZnCl,, and lower working temperature
compared with KOH or NaOH.>>

Anode materials’ physicochemical properties have been
deeply investigated using N, isotherms and porosity data,
electron microscopy, Raman spectroscopy, and X-ray photoelec-
tron spectroscopy (XPS). When employed as anode materials for
LIBs and NIBs, the as-prepared BC/SnO, exhibited much
improved specific capacities for both battery systems, high-
lighting that the incorporation of SnO, significantly enhanced
the gravimetric capacities in half-cell configuration against
alkali (Li/Na) metals validating the aforementioned analytical
characterization techniques.

2 Materials and methods
2.1 Synthesis of carbon-based anodes

The birch biomass carbons were synthesized via two-step
thermochemical processes.'"*® Initially, 20 g of birch biomass
(particle size lower than 500 pm) was mixed with 10 g of SnO,,
and nearly 80.0 mL of H3PO, (25%) was added into a hydro-
thermal carbonization (HTC) vessel (150 mL of internal
volume). The HTC vessel was placed inside an oven and heated
up to 150 °C for nearly 16 h. After this procedure, the sample
was cooled down and placed into a beaker and dried overnight
at 105 °C. The dried sample was then pyrolyzed in an electric
oven at 800 °C (ramped at 10 °C min ') for an hour under an
inert atmosphere (N, flow of 50 mL min~"). The reactor was
allowed to cool down to room temperature. To eliminate any
residual acid and Sn weakly attached to the carbon matrix, the
sample was subjected to several washing processes (with agita-
tion) with boiling water until the pH of the washing water was
kept constant (close to neutral)."*® The sample was named
BC/SnO,. A similar procedure was used for the pristine carbon
(BC), but without adding SnO,.

Phys. Chem. Chem. Phys., 2025, 27,14000-14014 | 14001


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01053e

Open Access Article. Published on 05 June 2025. Downloaded on 2/18/2026 1:56:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

2.2. Characterization of the carbon-based anodes

The specific surface area (SSA) values were obtained based on
the Brunauer-Emmett-Teller (BET) method, while the pore size
distribution curves were obtained from the Barrett-Joyner-
Halenda (BJH) method. Transmission electron microscopy
(TEM) images were taken using a Talos L120C microscope
(FEI, Eindhoven, the Netherlands) at acceleration voltages of
200 kv. Raman spectra were obtained using a Bruker Bravo
spectrometer (Bruker, Ettlingen, Germany). The samples were
ground using an agate mortar and pestle and then scanned
in the 300-3200 cm™ " spectral range. XPS analyses were per-
formed using an ESCALAB™ 250Xi XPS system (Thermo Fisher
Scientific, Waltham, USA). The measured data were analyzed
using Avantage V5 software. Charge compensation was used to
calibrate the binding energy (BE) by applying the C 1s line at
284.8 eV as a reference. Thermogravimetry (TGA) measure-
ments were conducted on a STA6000 system under an air
atmosphere, with the temperature range of 25-1000 °C at a
consistent heating rate of 10 °C min~". Approximately 20 mg of
BC and BC/SnO, were placed into the TGA reactor.

2.3 Electrode preparation and battery assembly

Slurries of BC/SnO, (80 wt%) and pristine BC (80 wt%) were
prepared by mixing them with additive carbon (10 wt%; Super
P, Alfa Aesar) and PVDF binder (10 wt%; MTI, USA) in NMP
solvent separately. The uniform slurries were later coated onto
copper foil (thickness ~10 um) using doctor blade techniques
and dried at 80 °C overnight. Then, the coatings were punched
into 16 mm discs with a 2 cm? geometrical area, and active
mass loading was found between 4-6 mg. Thus, the prepared
electrodes were used as anodes to assemble coin cells (CR2032).
The coin cell assembly was carried out inside an argon-filled
glove box. Alkali metal discs (Li/Na) (thickness ~ 0.6 mm; MSE,
USA) were used as counter/reference electrodes with respective
electrolytes of 1 M LiPFs in EC/DMC (1/1 by volume, Sigma
Aldrich) and 1 M NaPF in EC/PC for LIBs and NIBs. A 19 mm
disc of Whatman glass microfiber filter paper was used as a
separator. The assembled coin cells were relaxed overnight
before starting any electrochemical measurements.

2.4. Electrochemical measurements and characterization

Both BC/SnO, and control BC coin cells were tested at room
temperature. First, cyclic voltammetry (CV) was conducted at a
scan rate of 0.1 mV s~ " and in the voltage window of 0.005-3.0 V
using a BioLogic SP-150e potentiostat. Next, galvanostatic
cycling (charge-discharge) measurements were carried out at
current densities ranging from 0.1C to 5C (1C = 372 mA™ ') in
the voltage window of 0.005-3.0 V using a BioLogic BSC-800
series battery cycler. Potentiostatic electrochemical impedance
spectroscopy (PEIS) measurements of the coin cells were made
with an AC voltage pulse of 10 mV in a frequency range of
1.0 MHz to 1.0 MHz using BioLogic SP-150e. The impedance
response of cells was measured at OCV after discharge and
charged conditions. The data obtained fit into Nyquist plots
and corresponding equivalent circuits using ZView software.
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The charge-discharge cycling of all sodium cells was tested
between 0.002 and 3.0 V using an Arbin multichannel battery
tester (USA) and BioLogic VMP3 tester (France).

2.5 Computational methods

In this paper, the GFN1-XTB method®” in conjunction with the
supercell approximation was applied as implemented in the
DFTB+ package.*® GFN1-xTB is an elegant formalism based on
the DFTB method®® that allows for a detailed electronic descrip-
tion of different systems using sets of global and element-specific
parameters. GFN1-xTB employs minimal basis sets of atom-
centered orbitals and involves only valence electrons (frozen core
approximation). The dispersion energy is computed using the D3
method.>® The geometry optimizations were performed until the
maximum force on each atom was lower than 0.01 eV A™". The
self-consistent charge convergence criteria (SCC tolerance) was
107 for static calculations and 10~ for molecular dynamic (MD)
simulations. We used a Fermi distribution filling with an electron
temperature of 100 K to facilitate convergence. The Brillouin
zone of the BC and BC/SnO, supercells was sampled with a
Monkhorst-Pack k-point mesh®' of 6 x 6 x 1 for static calcula-
tions and of 1 x 1 x 1 for MD simulations. Our test calculations
showed that the energy difference between both k-point settings
was less than 0.06 meV per atom. The peak width for broadening
was set to 0.1 eV, which is better for visualizing the density of
states (DOS) plot. The amorphous carbon structure (denoted as
BC) was taken from ref. 32 which provides a library of structures at
different system sizes obtained by combining machine learning
and density functional theory (DFT). The supercell representing
BC contained 512 atoms with the lattice constants equal to a =
15.055 A, b =15.055 A, and ¢ = 40.0 A, and with the vacuum space
around 24 A. The tin oxide (denoted as SnO,) was represented by
the Sn;,0;6 cluster. To analyse the structural rearrangements of
BC/SnO, in real time and at finite temperatures, GFN1-xTB MD
simulations were performed. The velocity-Verlet algorithm with a
time step of 1.0 fs was selected to integrate the Newton equations
of motion. The temperature was controlled using a Nosé-Hoover
chain®® thermostat (chain-length of 3). Our theoretical protocol
was based on simulated annealing,* where by heating up a
system, and then allowing it to cool slowly, stable minima can
be found. The whole procedure involved three phases: initial
heating of the system from 1 K to 1100 K over a period of 4 ps,
then further equilibration at 1100 K for 2 ps, and cooling to 300 K
for 4 ps (see Fig. 8). Finally, the obtained structure was optimized
to analyze its electronic properties. Initially, we also performed
this protocol for BC and the Sn;,O;¢ cluster in the gas phase to
check their stability at 1100 K.

3 Results and discussion

3.1. Physicochemical features of the BC and BC/SnO, anode
materials

The porosity characteristics of the anode materials play a signi-
ficant role in the electrochemical performance of the electrode
materials. Hence, N, isotherms and pore size distribution data
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Fig. 1 (a) N, isotherms of adsorption—desorption, (b) pore size distribution curves, (c) SEM image of BC at 10kx magnification, (d) SEM image of BC/

SnO, at 10kx magnification, and (e) Raman and (f) XPS spectra of the BC and BC/SnO, samples.

of the BC and BC/SnO, are shown in Fig. 1a to investigate their
porosity characteristics. Fig. 1a displays highly different iso-
therm curves. According to the IUPAC classification,*® the N,
for the BC material could be classified as a combination of Type
I, due to the N, uptake at low partial pressure (suggesting the
presence of micropores), and Type IV (due to the presence of
mesopores), which is evidenced by the prominent presence
of hysteresis. Meanwhile, for BC/SnO,, the curve seems to be
Type III (of nonporous or macroporous features). This kind of
significant difference between both isotherms could be because
the introduction of Sn into the BC structure led to pore

This journal is © the Owner Societies 2025

blocking, which can reduce its specific surface area (SSA). The
values of the SSA were 1159 m”> g ' for BC and 24 m* g~ for
BC/Sn0O,. The pore structure of the anodes was further analyzed
by the pore size distribution curves (Fig. 1b). As shown in the N,
isotherms, both materials show extremely distinct pore struc-
tures. In BC, there is a wide range of pore sizes, such as high
amounts of micropores and small mesopores (1.7-5 nm) and
mesopores in the range of 5-45 nm. In addition, small quan-
tities of macropores in the 50-100 nm range were also found in
BC. However, in BC/SnO,, almost a macropore centered in the
size of 90 nm is seen (refer Fig. 1b). These results are consistent
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with the N, isotherms, and differences in their pore sizes can
have a positive impact on the electrochemical performance of
both materials. This is due to the well-known fact that meso-
porosity can provide sufficient space and efficient transport
channels for Li and Na ions. However, the presence of macro-
pores could also be beneficial, enabling faster ion and electron
transports.36 Moreover, macroporous structures can better
alleviate the volume change of the anode due to intercalation
of metal ions (Li*/Na*).*’

The morphological features of BC and BC/SnO, were exam-
ined by SEM to evaluate the impact of the Sn incorporation into
the BC structure (Fig. 1c and d). The morphologies of the BC
sample (Fig. 1c and Fig. S1a, ESIt) and BC/SnO, (Fig. 1d and
Fig. S1b, ESIt) are shown. The SEM morphology images were
taken at 10kx and 50kx magnifications. The introduction of Sn
had a remarkable impact on the surface morphology of the BC
sample. Pristine BC seems to exhibit a smoother surface with
no cracks or holes (Fig. 1c). However, the same image at 50kx
magnification (Fig. S1a, ESIt) reveals a surface that is extremely
rough and rich in small holes, which indicates a large number
of small pores, in accordance with the previous porosity data.
Compared to BC, BC/SnO, displays a significantly different
morphology (Fig. 1d and Fig. Sib, ESIf). BC/SnO, displays a
much rougher and irregular surface with the existence of bigger
holes/pores (Fig. 1d and Fig. S1b, ESIT), which can be attributed
to the surface agglomeration of Sn. Fig. S2 (ESIt) displays the
EDX mapping for oxygen and Sn, which revealed a homoge-
neous distribution of Sn over the BC structure, suggesting an
efficient mix/compositing between these two elements. Such
homogeneous distribution could positively impact the even
charge distribution over the BC/SnO, anode structure by facil-
itating and shortening ion diffusion. The quantitative EDX
analysis indicated that around 5.1 at% of Sn was incorporated
in the BC structure, proving its successful modification.

Raman spectroscopy was performed to examine the Sn
incorporation effect on the degree of order/disorder and gra-
phitization degree of the BC and BC/SnO,, as shown in Fig. 1e.
A typical Raman spectrum of biomass-derived carbon exhibits
characteristic signatures related to G and D bands centered at
~1346 and 1600 cm *, respectively.’""**® The G band suggests
the presence of a graphitic structure in the carbon network,
while the D band indicates structural defects in the carbon
lattice. At first glance, the Raman spectra of both materials are very
similar. However, I/l was calculated for further evaluation.**™*!
A smaller I,/I; value indicates that the material possesses a more
ordered graphitic structure with an elevated graphitisation degree,
while a higher Ip/I; value indicates that the material is richer in
defective carbon lattice structures. In this sense, BC has an Ip/lg
value of around 1.5, while BC/SnO, has a value of 1.8. This clearly
suggests that the incorporation of Sn created a material (BC/SnO,)
with more structural defects in the carbon structure.

The results so far have shown that the physical and mor-
phological structures of the BC and BC/SnO, are very distinct.
However, the chemical structure of the materials also needs to
be evaluated. In this sense, the surface chemistry and elemental
composition of BC and BC/SnO, were investigated by XPS to
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observe the impact of Sn incorporation on BC surface/structure.
The XPS survey spectra of both BC and BC/SnO, (see Fig. 1f)
revealed the apparent presence of C, O, and P in BC and BC/Sn.
In contrast, a high content of Sn (8.9 at%, atomic percentage) is
seen in BC/Sn0,, suggesting the successful incorporation of Sn
atoms in the BC structure. It is worthwhile mentioning that
since Sn was detected with different binding energies (in eV), it
suggests Sn is found in different oxidation states, since Sn was
observed only in BC/SnO,, and its deconvoluted spectrum is
shown in Fig. S3a (ESIT). Two peaks are seen, which are related
to the Sn 3d spectrum, at 497.2 eV (Sn 3ds/,) and 488.3 eV (Sn
3ds),). Furthermore, the valence band spectrum of BC/SnO,
(Fig. S3b, ESIt), suggests that SnO, is the main form of Sn in
BC/Sn0,.">*

Fig. 1f also highlights the presence of phosphorus in both
samples. It is worthwhile noting that the P is present in PO,*~
form (3.8 at%, BC/SnO,, and 1.3 at% for the BC sample), and it
comes from H;PO, that was used to chemically activate carbon
materials. The presence of P can improve the surface reactivity
and wettability of carbon materials, and improve their electrical
conductivities, whereas all these characteristics can contribute
to trigger faradaic redox reactions between electrode-electro-
lytes, which enhance the battery’s performance.** ™

The microstructures of the BC and BC/SnO, materials were
further examined by HRTEM (Fig. 2). Obvious differences are
observed, highlighting that the Sn incorporation affected the
inner structure of the carbons. The TEM image of BC (Fig. 2a)
suggests a porous structure by the BET data, with a dominant
amorphous structure.”’ The BC/SnO, shows less porous and
more densely packed (aggregated) structures (Fig. 2c), also with
a dominant amorphous phase. Some aggregates together may
form big inter-particle pores, which may facilitate the wetting
of electrolytes and the diffusion of ions.*® STEM-EDX was
employed to further evaluate the effect of the Sn on the struc-
ture of carbon materials and observe the main elemental
distribution of the elements (Fig. 2b and d). The BC exhibited
only carbon, oxygen, and phosphorus in its structure (Fig. 2b),
BC/SnO, displayed homogeneously distributed Sn, O, and P
elements, confirming that the Sn-compositing strategy had
succeeded. Such homogeneous Sn distribution onto the carbon
is expected to boost its electrochemical properties because it
facilitates the interfacial electrochemical reactions of solid-
electrolyte interfaces.'®'”*

The thermogravimetric (TGA) analysis of BC and BC/SnO,
was carried out in air to compare their thermal stabilities and
mass losses (see Fig. S4, ESIt). The TGA profiles for both
samples indicate that the BC sample was completely decom-
posed at 1000 °C, while BC/SnO, exhibited a mass loss of
43.0%, which is attributed to the carbon component, and thus
it can be concluded that the BC/SnO, consists of approximately
43.0% of carbon content by weight.*$%°

3.2.
LIBs

Electrochemical performance of the anode materials in

The electrochemical features of the BC and BC/SnO, anodes
were investigated by CV analysis. Fig. 3a shows typical CV
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Fig. 2 HRTEM images of (a) BC and (c) BC/SnO,, and their corresponding STEM-EDX maps, (b) BC and (d) BC/Sn.

curves of the amorphous carbon derived from biomass re-
sources (BC)."”° In the first cycle, the broad reduction peak
near 1.0 V is related to the irreversible formation of a solid
electrolyte interface (SEI) due to electrolyte decomposition
on the surface of the BC electrode.'>*° This reduction peak is
not seen in the subsequent cycles, suggesting that the SEI
formation mostly occurred at the first cycle, which may cause
a loss of capacity after the first cycle. Moreover, the CV profiles
seem to almost overlap with each other, which may indicate
that the Li" insertion/de-insertion exhibited good reversibility
and the excellent electrochemical stability of BC.

BC/SnO, clearly showed different CV profiles with evident
faradaic contributions compared to BC. In Fig. 3b, for the CV
curve of the BC/SnO, anode, the broad peak at 1.25 V could be
related to the conversion reaction between Li* ions and SnO, as
per eqn (1) and (2), as well as the intercalation of Li" ions into
the carbon network.>*? The broad cathodic peak between 1.0
and 0.5 V could be related to SEI formation, which is irrever-
sible due to its absence in the subsequent cycles.*>"!
An alloying reaction between Li’ ions and Sn occurs below
0.5 V as per eqn (3).>>> The CV curves show two anodic peaks,
~0.4 and ~1.25 V, among which the earlier peak becomes
more discernible with the cycling. The peak at ~0.4 V is due to
the reversible de-alloying reaction of Li,Sn, resulting in pure Sn
formation as per eqn (3).>* The peak at ~1.25 V can be
attributed to the oxidation of Sn to SnO, as per eqn (2). Further
oxidation of SnO to SnO, as described in eqn (1), takes place
above 1.8 V like the broad hump observed around 2.0 V. It is
reported that this reaction is also capable of additionally
increasing the capacity of the electrode material.>®> Moreover,
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the CV curves have closely overlapped each other after the
second cycle, which indicates that the LIB with BC/SnO, pro-
vided good reversibility in the Li" intercalation/deintercalation
process. From the CV, it can also be extracted that the redox
couples of Li,Sn (<0.5 V) and SnO, (>1.25 V) persisted in
all cycles, which suggests good reversibility of the BC/SnO,
electrode.”® This good reversibility is not possible with pure
SnO, anodes, as reported in the literature, due to huge volume
changes of both Sn and SnO, phases upon lithiation that cause
early-stage failure of the electrode materials. Compositing SnO,
with BC seems a good remedy to avoid this kind of failure as
well as to exploit the high lithiation potential of SnO,. The
multipurpose role of BC, i.e., it buffers the volume changes and
acts as an efficient current collector and it has the ability to
store Li-ions, enables good reversibility of the conversion of
SnO, and subsequent Sn alloying reactions.

SnoO, + 2Li" + 2e” = SnO + Li,O €))
SnO + 2Li" + 2~ = Sn + Li,0 (2)
Sn+xLi" +4e” = Li,Sn (0 < x < 4.4) 3)

Fig. 3c and d show charge-discharge curves of BC and
BC/SnO, at 1.0C, respectively. The first discharge curve consists
of two slope regions and a plateau, in accordance with the
broad peaks observed during the CV scans. For the BC anode,
the first charging and discharging cycle had a specific dis-
charge capacity of 499.3 mA h g™, while for charging, it was
only 73.4 mA h g7, resulting in an initial 15% Coulombic
efficiency (CE). For BC/SnO,, the specific discharge capacity

Phys. Chem. Chem. Phys., 2025, 27,14000-14014 | 14005


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01053e

Open Access Article. Published on 05 June 2025. Downloaded on 2/18/2026 1:56:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

1.0
:a)
0.5
—
i @ 004
i E
P = 0.5
H o
I
5 -1.04
PO Cycle 1
; 1.5+ — Cycle
: &= ——Cycle 2
E ——Cycle 4
: 2.0 Cycle 6
: Cycle 8
: 2.5 4— T T T v r .
0.0 0.5 1.0 1.5 2.0 25 3.0
Voltage vs Li/Li* (V)
: 35
5 C) ——Cycle 1
: 3.0 4 ——Cycle 2
; ——Cycle 3
P, 251 ——Cycle 10
o ——Cycle 20
PO 2.0+ Cycle 40
P @ —— Cycle 70
P> 154 —— Cycle 100
: ()]
g 1.0 4
. (2]
i 2 05
0.0
0 100 200 300 400 500
Capacity (mAh/g)
e) 100
i 750040
P D400 & 80
- b
E E Q 3 Discharge capacity L 60 =
1o 30097 O Charge capacity S
HEES -~ CE (%) w
H =)
i3 || o
i ® 200 -40
: Q
: 8 |
: 100 4 ||m---u....--—-- T—

s

0y T T T 0

0 20 40 60 8 100 120

View Article Online

Paper

0 20 40 60 8 100 120

Cycle number

b) 1.0
0.54 H
< 0.0
E
= 0.5
c
£ s
5 1.0+ i
(8] :
-1.54 ——Cycle 1]:
——Cycle 2|:
—— Cycle 4 |
204 —Cydle6 |
- ——Cycle 8 :
" 00 05 10 15 20 25 30 :
Voltage vs Li/Li* (V)
d) 3.0+
—Cycle 1 :
——Cycle 2 :
S 251 ——Cycle3 |:
:’ ——Cycle 10
= 204 ——Cycle 20
S ——Cycle 40
v \ ——Cycle 70 |:
2 159 ——Cycle 100 |;
()] H
> i
g 101 E
3
0.5 :
004, : . : =
0 200 400 600 800
Capacity (mAh/g)
) 1100 1r r . . r r .
1000 o £100  :
900 -D'
o 8004 [
4 [ Discharge capacity 5
g 7004 <> Charge capacity :
‘ ~[>-CE (%) PcH
£ wo> 80 xi
2 500{%, W
3 o
8 400 - :
S 300
200 4 H
100 4
04 T r T 0 i
.......................................................................... H

Fig. 3 Cyclic voltammetry curves of (a) BC and (b) BC/SnO;; charge and discharge curves of (c) BC and (d) BC/SnO,; cycling performance of (e) BC and

(f) BC/SnO; at 1C.

was 1066 mA h g™, while for charging it was 698 mA h g *,
resulting in an initial CE of 65.5%. Such low initial CE can be
attributed to the SEI formation and a partially irreversible
alloying reaction between C and Li (for BC anode), and Sn
and Li for BC/SnO,.>* From the second cycle, the BC/SnO,
anode started to exhibit very good cycle stability, and the
specific capacity remained above 319 mA h g~ ' at the end of
120 cycles (see Fig. 3f). At the same time, its CE is also greatly
improved, reaching 98%, indicating the good cycling stability
of the BC/SnO, anode. However, the BC anode exhibited a

14006 | Phys. Chem. Chem. Phys., 2025, 27, 14000-14014

capacity of 93.2 mA h g~ ' at the end of 120 cycles (see Fig. 3e),
highlighting the much better performance of the BC modified
with SnO,. The electrochemical metric of the BC/SnO, was
further improved when submitted to cycling at 0.1C (see
Fig. S5, ESIt), and exhibited a capacity of 453 mA h g " at the
end of 120 cycles.

Fig. 4 exhibits the rate performance of both BC and BC/SnO,
anodes at different current densities. The capacity’s decrease at
high current densities could be related to the fact that redox
reactions are maximized on the material’s surface at faster

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01053e

Open Access Article. Published on 05 June 2025. Downloaded on 2/18/2026 1:56:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP

Efficiency (%)

Paper
900 T T T T T T . . . '
LSRRI LI I LLLR> ] el <<<<\<<<<<<<<'o«<<<<, 100
800 - A
700 @)
§ 600 — —{— Discharge capacity
i 500 - —O— Charge capacity
£ ] —— Coulombic efficiency
E 400 -
g 3004 S
s | e
O 200{@@ g |, .
] e Ty
1001 ((«(«(o 4 3 8 2 3 g@((((((@
0 i “(““‘“«‘(‘((“'(((((«(«(«««((((«(«(««(«««««(o i

T T
0 20 40 60 80 100 120

T
140 0 20 40 60 80

T T T T T T T
100 120 140

Cycle number

Fig. 4 Rate capability test of lithium cells bearing, (a) BC and, (b) BC/SnO, electrodes under various C-rates.

charge-discharge rates,” which is also known as the C-rate

effect,”® which prevents the active sites of electrode active
materials from fully participating in the reaction. However,
the anode’s capacity shows an upward trend when it is subjected
to a lower value. After 140 cycles, the BC anode sample exhibited a
higher instability, showing a capacity decay (Fig. 4a) and lower CE
compared to BC/SnO,, which retained excellent capacity, fully
recovered, and good CE. Fig. 4b exhibits the rate capability
performance of the BC/SnO, composite at different rates. The
specific capacity of BC/SnO, decreased from 391.1 mA h g~ *
0.5C to 85.1 mA h g™ " at 5.0C and recovered to 377.2 mAh g™*
0.5C at the end of 132 cycles. Such results strongly suggest that BC/
SnO, can keep its specific capacity stable at the different current
densities and it can even return back to a significant specific
capacity when it is tested again at 0.5C. Moreover, in the rate test at
the end of 143 cycles at a C-rate of 0.1, the BC/SnO, returned to a
capacity of 397.3 mA h g~ ', which exhibits its outstanding capacity
reversibility. With the above analysis, the cycle stability of the BC/
SnO, sample material has proven excellent.

To further evaluate aspects related to the Li-ion intercalation
into BC and BC/SnO, anodes, PEIS was performed, and the
impedance response plotted as Nyquist plots are shown in Fig. 5.
Fig. 5a and b show typical semicircles whose diameter in the high-
frequency region is generally associated with the resistance to
charge transfer, while the inclined line in the low-frequency
region indicates the Li-ion diffusion process. Comparing both
electrodes, the semicircle’s diameter at open-circuit-voltage (OCV),
is slightly smaller for BC/SnO, (see Fig. 5a) than of that of the BC
electrode (see Fig. 5b), demonstrating that the resistance to charge
transfer decreased with the Sn incorporation into the carbon
matrix. In addition, the BC/SnO, anode displayed less resistance
to charge transfer compared to the BC anode since BC/SnO,
seems to allow a more free movement of charges, plausibly due
to the enhanced conductivity provided by the Sn atoms in the
carbon matrix, which improved the electron transport efficiency
during the Li-ion intercalation/deintercalation process.

To further evaluate the lithiation/delithiation kinetics, the
Nyquist plots are fitted into the equivalent circuit (EC) of each
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(a) Nyquist plots for the BC/SnO, electrode and (b) Nyquist plots for the BC electrode.
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system (BC and BC/SnO,) as shown in Fig. 5a and b (inset).
From the ECs, parameters such as the contact resistance (R.),
resistance to charge transfer (R..), resistance due to surface film
formation (Ry), and bulk resistance (R},) are calculated as seen
in Table 1.>”7°° The lower R, values of BC/SnO, strongly suggest
its significant improvement in the electron-transfer kinetics
compared to the BC sample. Furthermore, the R, values con-
tinuously decreased from OCV to discharge and to the charge
state for BC/SnO, whilst increasing for BC from discharged to
charged state, once again proving the superior electrical prop-
erty of the BC/SnO, anode. It is worth noticing that the R}, value
of BC/SnO, was found to be twice the R value, at least in all
three states of charge conditions. The condition of R, > R
suggests redox reactions taking place at very fast rates, and the
BC/SnO, behavior is towards the ideal conductor.’”*® On the
other hand, BC exhibited R, < R indicating the superiority
of BC/SnO,. In general, R}, originates from the electronic con-
ductivity of the electrode matrix, copper substrate, and ionic
conductivity due to the electrolyte present in the pores of the
active material and composite electrode matrix.>”°® Further-
more, Ry is found in both anode cases only in the discharged
states but its value for BC/SnO, is found to be lower than that
for BC. The in situ formation of ultrafine nanoparticles of
Sn/SnO, due to electrochemical rupturing and reconstruction
that further lead to electrolyte polymerisation as seen in the
MnO/GNS case could be plausibly behind the observed Rg.**?
In the case of BC, excessive electrolyte decomposition i.e. high
extent of SEI formation due to the high SSA as seen in BET
analysis could be the origin of Ry Our results highlight that the
BC/SnO, composite not only enables a much better electrical
conductivity but also facilitates the reversible Li-ion diffusion
kinetics, which lead to a high charge/discharge capacity and
excellent rate capability.

3.3.
NIBs

Electrochemical performance of the anode materials in

Na' has an electrochemical standard reduction potential higher
(-=2.71 V) than Li" (—3.04 V); it has a higher atomic mass and
tends to exhibit slower insertion kinetics. Thus, NIBs deliver
a lower energy density than LIBs when the same materials are
tested. In this section, BC and BC/SnO, are also tested in
sodium half cells for NIBs. To evaluate the electrochemical
activity of BC and BC/SnO, anodes towards the Na' storage

Table 1 PEIS data fit results for SIBs of BC and BC/SnO, B electrodes
under different charge—discharge conditions

Re (Q) Ret (Q) Ry (Q) Ryr
BC/Sn0O,
oCcv 6.01 105.7 334.6 —
1D@0.005 V 7.19 21.2 8.11 4.59
1C@3.0 V 3.03 18.33 41.34
BC
OoCVv 7.78 103.6 52.6 —
1D@0.005 V 6.35 17.25 11.2 7.27
1C@3.0 V 6.93 66.50 436.7 —
14008 | Phys. Chem. Chem. Phys., 2025, 27, 14000-14014
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process, Fig. 6 shows the CV curves at a scanning rate of
0.1 mV s~ ' within the voltage window from 0.002 to 3.0 V.
The CV curves show remarkable differences. The BC curve
(Fig. 6a) exhibits a typical capacitive behavior observed for
activated carbon with no evident redox peaks.'>®' However,
for the BC/SnO, anode, evident faradaic contributions are
observed (Fig. 6¢). Firstly, both anodes clearly show a broad
peak from 1.0 to 0.002 V in the first cathodic scan, which is
associated with the combined effectiveness of the reaction
between the Na' and BC functionalities, and Na“ and Sn
presented in BC/SnO, and consequent formation of the SEI
film. Moreover, for both samples, the CV curves almost over-
lapped after the second cycle, indicating that both anodes
provided good stability/reversibility in the Na* storage process.
A cathodic peak around 0.75 V is observed in BC/SnO,, suggest-
ing an alloying reaction between Na* ions and Sn to form the
Na,Sn alloy, into a carbon network.®>** Moreover, the CV
curves for BC/SnO, exhibited two anodic peaks (~0.55 and
~1.5 V, respectively), which correspond to the desodiation
process of the Na,;sSn, alloy, specifically, to the NagSny,
Na;sSn,, NaSns, and NaSn,**"®* which are in accordance with
the findings reported elsewhere.®

The performances of the BC and BC/SnO, anodes in NIBs
were further evaluated by galvanostatic methods for different
cycling numbers (Fig. 6b and d). The initial discharge capacity
for the BC anode was 1326 mA h g~ ' with an initial CE of 21.2%
indicating strong side reactions leading to irreversible SEI
formation. In the second cycle, the capacity was 339 mA h g~*
with 77.0% CE, indicating capacity fade or irreversible loss.
For the BC/SnO, anode, the first cycle gave a discharge capacity
of 705 mA h g~ with a 52.1% initial CE, and a second cycle
presented a discharge capacity of 373 mA h g ', exhibiting
92.2% reversibility and maintaining its very high performance
at the end of 150 cycles, which shows its excellent electroche-
mical stability.

Fig. 7a shows the rate test performances of these anodes.
When comparing the reversible capacity between BC and BC/
SnO, at different current densities, the BC/SnO, composite
has a higher performance. Increasing current densities from
25 mA g ' to 1000 mA g, the reversible capacities of the BC/
SnO, continuously dropped from 322 mAh g 'to61 mAhg ',
respectively. However, when the current returned to a low
current, BC/SnO, recovered fairly well with a high capacity;
for instance, at 250 mA g~ ', the capacity of BC/SnO, recovered
to reach 174 mA h g ', highlighting a gain in relation to the
previous value (130 mA h g~ '), also exhibiting excellent capacity
reversibility. The rate tests also showed that BC has a similar
behavior at high current density but low capacity at medium
and low current. The above results show that BC/SnO, outper-
forms pure BC regarding rate performance and capacity.

To further evaluate the carbon-based anodes in NIBs, the
anodes were subjected to a long cycling stability experiment at
100 mA g ! (see Fig. S6, ESIt). BC/SnO, exhibited better cycling
stability, giving a higher capacity during all cycles compared to
the BC anode, delivering a capacity of 204 mA h ¢~ " at the end
of 162 cycles, while BC delivered a capacity of 165 mA h g~ .
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Fig. 7 EIS and Nyquist plots of reversible sodium storage for BC/SnO, (a) and BC (b) anodes (inset: equivalent circuit).

This can be clearly attributed to Sn incorporation and the
macroporosity features that help fast ion transport and improve
electronic conductivity.'**

The further evaluation of the sodiation/desodiation process
was assessed by PEIS. Nyquist plots, which are fitted into EC of

This journal is © the Owner Societies 2025

each system (BC and BC/SnO,) as shown in Fig. 7a and b
(insert). From the ECs, the R., R, Ry, and Ry, values were also
determined as previously demonstrated for LIBs (see Table 2).
BC/SnO, displayed lower R, values for all three states of charge
investigated, OCV, full discharged, and full charged cycles
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Table 2 EIS data of BC/SnO, and BC electrodes under different charge—
discharge conditions

Re (Q) Ret (Q) Ry (Q) Rsf
BC/SnO,
oCcv 6.01 105.7 334.6 —
1D@0.005 V 7.19 21.2 8.11 4.59
1C@3.0 V 3.03 18.33 41.34 —
BC
OCVv 7.78 103.6 52.6 —
1D@0.005 V 6.35 17.25 11.2 7.27
1C@3.0V 6.93 66.50 436.7 —

(see Table 2), potentially enhancing the charge transfer, sug-
gesting that SnO, incorporation significantly improved the
electron-transfer kinetics compared to the BC anode. Further-
more, the R values decreased from OCV to discharged and to
charged state. From the R values, we can state the superiority
of the BC/SnO, anode compared to the BC anode. Ry, values
are also lower for BC/SnO, than BC, attributing to its better

View Article Online

Paper

electronic conductivity. Regarding Ry, it is found only for the
BC anode, and the lack of Ry for BC/SnO, strongly corroborates
its electrochemistry superiority, and the presence of SnO, may
have led to less electrolyte decomposition, which ends in a
thinner SEI compared to the BC anode. Therefore, the incor-
poration of SnO, into carbon was an efficient strategy to
produce an anode with much better reversibility and Na*
diffusion kinetics, which lead to a high charge/discharge capa-
city and excellent rate capability, as also shown in LIBs. The
PEIS results support the improved electrochemical perfor-
mance of BC/SnO, for LIBs and NIBs.

3.4 Electronic properties of BC/SnO,

Understanding the structure, electrochemical properties, and
reactivity of the amorphous BC/SnO,. system towards Li and Na
ions is a very complex issue including many different aspects.
Therefore, we focused here only on comparing electronic
properties of BC/SnO,. and BC. In a real mixed system, a variety
of mutual connections exist between both components, i.e. via
faces, edges, corners, and defects. Therefore, including these

BC/SnO, -

31980

-32000

Total energy [eV]

-32020

-32080

32060

1 2 3

56 7 8 5 10
ime [ps]

Temperature [K]

0eV B

3 I3
Time [ps]

78 9 X

Fig. 8 The initial and final structure of BC/SnOy after the geometry optimization. The changes in the total energy of the system and the corresponding
temperatures are presented. Carbon atoms are white, tin atoms are lilac and oxygen atoms are red. The deeper carbon layers are not shown for

transparency.

BC/SnO,

Fig. 9

Total DOS
Sn PDOS
C PDOS

O PDOS
Fermi level

Energy [eV]

(a) Side view of the relaxed structure of BC/SnO, with the corresponding (b) total and projected density of states (DOS) obtained from the

GFN1-xTB calculations. Carbon atoms are white, tin atoms are lilac and oxygen atoms are red. The deeper carbon layers are not shown for transparency.

14010 | Phys. Chem. Chem. Phys., 2025, 27, 14000-14014

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01053e

Open Access Article. Published on 05 June 2025. Downloaded on 2/18/2026 1:56:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

cases would lead to an extremely large supercell with thousands
of atoms. On the other hand, DFT calculations are limited to
relatively small systems and easily become prohibitively expen-
sive for large systems. Therefore, we applied the semiempirical
GFN1-xTB method,”” as a reasonable compromise between
accuracy and computational cost. The supercell representing
amorphous carbon that mimics the BC structure was taken
from ref. 32, while the stable mixed BC/SnO, system was
obtained based on the simulated annealing procedure (see
details in Section 2.5, and Fig. 8).

We found that SnO, is attached to the surface of BC via eight
Sn-O-C links, see Fig. 9a. Two O atoms built into the BC
surface form altogether four bonds with C atoms equal to
1.39-1.45 A, whereas a further four O-C bonds are contained
in the range of 1.23-1.35 A. Furthermore, in one case, the
isolated carbonyl bond was created (1.20 A). The obtained
distances of O-Sn were found to range from 1.97 to 2.61 A.
Interestingly, the direct Sn—C bonds do not form in the mixed
system. Finally, we analyzed the electronic structure of BC/SnO,.
In Fig. 9b, the total and projected DOS of the mixed system is
shown with the Fermi level set to 0 eV. The plot is limited to the
energy range, including the top of the valence band (VB) and the
bottom of the conduction band (CB). In the mixed system, the Sn
and O bands extend to around —1.1 eV in the VB and they barely
exist in the CB (in the considered range). However, the area close
to the Fermi level consists only of the C states. Hence, this picture
may indicate that the observed better electrical conductivity of the
BC/SnO, anode over that of BC in LIBs and NIBs mainly results
from the formation of Sn-based alloys under working conditions.
To explain these complex phenomena and elucidate the role of
individual components in the redox processes, further theoretical
studies are needed.

4 Conclusion

The BC/SnO, composite anode material was synthesized via a
facile thermochemical process involving hydrothermal carbo-
nization with H;PO, followed by pyrolysis, which provoked an
extraordinary change in their porous structure. The XPS indi-
cated a successful incorporation of Sn atoms (8.9 wt%, atomic
percentage). The BC/SnO, yielded a macroporous structure rich
in defects that are helpful for filling more Sn atoms into the
biochar and enhancing the insertion and extraction of metal
ions (Li", Na'). When tested as anodes in LIBs and NIBs, the
BC/SnO, anode exhibited a better performance. For LIBs, the
BC/SnO, anode delivered a specific capacity of 319 mA h g™*
while BC delivered 93.2 mA h g~ ' at 1C (120 cycles). Moreover,
when BC/SnO, was subjected to a cycling performance at 0.1C,
it exhibited a capacity of 453 mA h g~ " at the end of 120 cycles.
When both samples were tested in NIBs, BC/SnO, exhibited
higher capacity during all cycles than the BC anode, delivering
2233 mA h g~ ' capacity at the end of 120 cycles. In comparison,
BC delivered a capacity of 165 mA h g~* at 100 mA g~ '. Our
novel macroporous BC/SnO, synthesis strategy offers a promis-
ing and facile way of designing suitable, stable carbon-metal

This journal is © the Owner Societies 2025
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composite anodes for enhanced LIB and NIB performances.
Based on the semiempirical GFN1-xTB calculations the tin
oxide does not put its electronic states close to the Fermi level
of the mixed system, hence the observed better electrical
conductivity over that of BC should originate from the for-
mation of Sn-based alloys under working conditions. This
research may offer new and suitable research directions for
producing biomass-based carbon-metal macroporous anode
materials for efficient alkali-metal-ion battery applications.
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