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ABSTRACT: Lithium-ion batteries (LIBs) are going through a

metamorphosis, progressing toward energy sources and storage that ﬁ !
span wearables to grid-based storage; they are now moving toward For LIB
bionic and space applications too. The performance of LIBs is often PTCVD “\ Anodes

hindered by conventional anode materials, which suffer from restricted CNT growth
capacity, excessive volumetric expansion, dendrite formation, and an
unstable solid electrolyte interphase (SEI) layer. This study introduces a
breakthrough approach to fabricate vertically integrated silicon—carbon
nanotube (VISiCNT) structures directly on copper foil. This
architecture not only achieves exceptionally high capacities but also
effectively accommodates volumetric expansion and mitigates material
delamination. In addition, the high-quality growth of CNTs on copper
foil is demonstrated at a rapid rate of 21 gm/min, suitable for roll-to-roll scale-up and large-scale manufacture. An unprecedented
systematic investigation of various VISiCNT structural variants revealed that shorter CNTs (<S pm) with a higher defect density
(Ip/Ig > 1) deliver some of the highest reversible capacities, exceeding 3500 mAh g™, albeit at low loadings, while also exhibiting
good cyclic stability. This research delineates a clear pathway for the development of VISiCNT anode structures that combine
exceptionally high capacity with enhanced cyclic stability, thereby providing valuable insights for advancing next-generation energy
storage solutions.

KEYWORDS: CVD grown carbon nanotubes, silicon—carbon nanotube hybrid structure, Li-ion battery anodes,
carbon nanotubes on Cu foil, customized carbon nanotubes for battery anodes, high-capacity anodes

H INTRODUCTION Further, its low electrical conductivity (~107* S cm™) results
in slow electrochemical kinetics, hindering fast charging/

Electrical energy storage is vital for decarbonizing the grid and
discharging, and its tendency for dendrite formation results in

enabling the dispatchability of wind and solar power. Lithium-

ion batteries (LIBs) are central to this transition, powering early failure of the batteries.”' "'

portable electronics and electrifying transport. The global LIB CNTs present several advantages, including high surface
market is projected to grow from $117.8 billion in 2024 to area, superior electrical and thermal conductivity, lightweight
$221.7 billion by 2029, with a CAGR of 13.5%. To meet the properties, excellent tensile strength, and a Li* storage capacity
European Commission’s 2030 target of a 55% reduction in of up to 1116 mAh g_l, making them a viable anode
greenhouse gas emissions, LIBs must deliver ultrahigh energy candidate.®'*™'> However, their large first-cycle loss, absence
and power density, longevity, and safety.' Consequently, of a voltage plateau, and formation of an unstable solid-
significant research focuses on enhancing key battery electrolyte interphase (SEI) layer render them subopti-
components such as electrolytes, separators, cathodes, and mal.'*'” To derive performance, CNTs are primarily used

anodes.”” Graphite, the dominant anode material, is limited by
its theoretical capacity of 372 mAh g™'.* Among alternative
materials, Si stands out due to its remarkable theoretical
capacity of up to 4200 mAh g~', low working potential (<0.4 V
vs Li*/Li), cost-effectiveness, and abundance.”~” However, Si
suffers from severe volumetric expansion (300—400%) during
lithium insertion and extraction, leading to pulverization,
material detachment, and unstable solid-electrolyte interphase
(SEI) formation, which degrades battery performance.*’

as additives to graphite and Si composites to enhance
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Figure 1. Schematic of process flow to realize VISiCNT structure for LIB anodes: (a) Cu foil, (b) coating Al/Fe (10/3 nm) as a catalyst on Cu foil,
(c) PTCVD growth of CNTs directly on Cu foil, and (d) sputtering of Si on in situ-grown CNTs.

reversibility and charge transport efficiency.'”'®"” This
requires harsh chemical treatments (acids and surfactants)
for dispersion or involves mechanical processing, such as ball
milling, which compromises their intrinsic properties.'® >’
Additionally, random dispersion and alignment issues reduce
their effectiveness in the charge transport process. Given their
anisotropic electrical conductivity, ensuring direct contact of
individual CNTs with the Cu current collector is critical for
achieving optimal battery performance.u'22 Furthermore, CNT
performance is dependent on various parameters such as
length and structural quality, which are difficult to control in
solution-based processes.

CNTs grown directly on Cu foil via chemical vapor
deposition (CVD) provide a promising solution, ensuring
superior structural integrity, eliminating the need for polymeric
binders, and tailoring critical CNT parameters (length, density,
diameter, and metallicity).*** Despite significant advance-
ments, the direct growth of CNTs on conductive substrates
remains a technical challenge.”*** Existing literature predom-
inantly reports CNT synthesis on rigid and insulating inorganic
materials, such as Si, SiO,, and Al,Oj, at elevated temperatures
exceeding 600 °C.*° In many cases, CNTs must subsequently
be transferred from these substrates to conductive surfaces,
adding complexity to the fabrication process.””** In situ CN'T
growth on Cu foil, a promising approach for LIB anodes,
remains relatively unexplored. There are few reports detailing
direct CNT synthesis on Cu foil, and even fewer studies
investigating its application as an LIB anode material.”*”*°

Several studies have explored CNT-Si composites to
enhance LIB anode performance.”'~** Cui et al. synthesized
free-standing CNT films on stainless-steel mesh from an
aqueous solution, followed by Si coating via silane-based CVD,
resulting in a specific capacity of ~2000 mAh g~ with stability
over 50 cycles.”* Gonzalez et al. synthesized Si-doped CNTs in
powder form using a modified CVD system, employing
toluene, ferrocene, and triphenylsilane as carbon, catalyst,
and Si sources, respectively, and obtained a reversible capacity
of ~400 mAh g™'.”> Wang et al. sputtered Si onto cone-shaped
graphene-CNT clusters synthesized using chemical vapor
deposition (CVD) at 750—1000 °C, reporting an initial
reversible capacity of 1954 mAh g~', which decreased to 1200
mAh g! after 250 cycles.”® Zhang et al. developed porous Si
microparticles/CNT composites using a ZnCl,-assisted molten
salt dealloying process combined with acid treatment, yielding
a reversible capacity of 797 mAh g™"."° Nguyen et al. fabricated
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a self-standing negative electrode by dispersing CNTs, Si, and
graphene oxide in an aqueous solution, followed by filtration,
achieving 2342 mAh g~'.*” Ikonen et al. conjugated positively
charged (—NH,) single-walled CNTs (SWCNTs) with
negatively charged (—COOH) thermally carbonized meso-
porous Si microparticles, further treated with succinic
anhydride (SA), achieving their best anodic capacity of 1150
mAh g™! over 110 cycles at a 0.2 C rate.'® Recently, Hoseini et
al. demonstrated MWCNT growth on stainless steel via
plasma-enhanced CVD (PECVD), followed by Si deposition
using DC sputtering, achieving 3250 mAh g~' with strong
cyclic stability.”’ Despite these advancements, most reported
Si-CNT anodes are fabricated using solution-based methods,
ball milling techniques, or CNTs grown on substrates other
than Cu foil, each presenting inherent limitations. Addressing
these challenges by optimizing CNT growth directly on Cu foil
for LIB anode applications remains an area of critical research.

In this study, we developed a vertically integrated silicon—
carbon nanotube (VISiCNT) hybrid structure as a high-
performance anode material, conducting a systematic inves-
tigation of CNT's with varying lengths and structural qualities
grown directly on Cu foil, followed by Si coating. The high-
quality growth of CNTs on Cu foil is demonstrated at a rapid
rate of 21 pm/min using a photothermal chemical vapor
deposition (PTCVD) system, a technique with the potential
for scale-up through roll-to-roll production. Within the
VISiCNT architecture, CNTs serve as highly conductive
pathways, facilitating charge transport, enhancing surface area
for Si attachment, accommodating Si expansion/contraction,
and improving adhesion to the Cu current collector. The
anode was evaluated in a half-cell configuration, demonstrating
a synergistic effect between Si and CNTs, resulting in high
anodic capacity values (>3500 mAh g™'), approaching the
theoretical lithium-ion storage capacity of Si and good cyclic
stability. The observed enhancement in capacity and cyclability
is attributed to the presence of shorter (<5 pm) and defective
CNTs in the structure. The VISiCNT structure presents a
promising solution not only for integrated microsized, high-
energy-density LIBs for microelectronics but also for large-
scale production for applications including electric vehicle
(EV) batteries and grid-scale energy storage systems

B METHOD

The VISiCNT structure for lithium-ion battery (LIB) anodes was
fabricated by growing CNTs directly on Cu foil using the PTCVD

https://doi.org/10.1021/acsaem.5c03862
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system, followed by sputtering a Si layer over the CNTs, as
schematically illustrated in Figure 1.

CNT Growth on Cu Foil via PTCVD

A bilayer consisting of 10 nm of Al and 3 nm of Fe was first deposited
on a Cu foil (Figure lab) to serve as the catalyst for CNT growth.
CNT synthesis was then conducted at substrate te_mgeratures below
415 °C using the PTCVD system (Figure 1c).***>*® In contrast to
conventional hot-wall CVD systems, the PTCVD employs a top-down
heating arrangement through an array of eight optical lamps (each
rated at a maximum of 1 kW), while the sample is held on a water-
cooled chuck to maintain a low bulk temperature (Figure 1c).*® This
configuration enables direct heat transfer at the CNT growth front
while keeping the overall substrate temperature low. Temperature is
monitored using a pyrometer positioned at the backside of the
sample, ensuring an accurate measurement of the bulk substrate
temperature. The PTCVD system was developed at the University of
Surrey and was used in the creation of VANTABLACK, one of the
world’s darkest synthetic materials, which is produced by Surrey
NanoSystems (vantablack.co.uk). CNT growth proceeds by first
catalyst reduction via heat treatment under flowing H, (100 sccm) at
2 Torr, followed by the introduction of acetylene (C,H,) as the
carbon precursor.

Silicon Deposition by RF Sputtering

The RF sputtering of Si (Figure 1d) was carried out at room
temperature under a chamber pressure of 3 mTorr using an argon
(20 sccm) atmosphere. A high-purity (99.999%) undoped 2 inch
silicon target was employed. With a power density of 0.66 W-cm™, a
deposition rate of 0.13 A/s was achieved. Initial depositions on glass
substrates were used to verify the thickness and deposition rate,

measured by profilometers (Ambios XP—200 and Dektak XTL).
Sample Sets and CNT Parameter Variation

Two sets of samples, differing in CNT length, structural quality, and
silicon coating thickness, were prepared.

Set One

A bilayer of Al (10 nm) and Fe (3 nm) was sputtered onto four Cu
foil samples (~2 X 3 cm? ~ 10 um thick) using the JLS-MPS-500
magnetron sputter system (Shaded Green in Table 1). CNTs were

Table 1. Sample Names and Variations®”
Cu Foil Catalyst: CNT CNT Si
Sample Name Thickness Al/Fe Length Description Thickness

(um) (10/3 nm) (um) (nm)
150CNTs 10 Sputtered 150 *VACNTs No
3CNTs 10 Sputtered 3 VACNTs No
3CNTs/Si 10 Sputtered B VACNTSs 200
15CNTs/Si 10 Sputtered 15 VACNTs 200
EC/10CNTs/Si 10 Evaporated 10 Uneven height 200
EC/2CNTs/Si 10 Evaporated 2 Tangled 200
EC/Si 10 Evaporated | No CNTs N/A 200
SC/VS-CNTs/Si 50 Sputtered <0.5 short & sparce 200
SC/5CNTs/Si 50 Sputtered 5 VACNTs 200
SC/CNTs/Si800 50 Sputtered 1 Tangled 800
Cu/Si 50 N/A N/A N/A 200

“Green-shaded samples are from Set one, and blue-shaded ones are
from Set two. "¥VACNT: vertically aligned carbon nanotubes; EC:
evaporated catalyst; SC: sputtered catalyst.

synthesized at an approximate temperature of 415 °C (3.6kW,
corresponding to 45% lamp intensity), targeting lengths of 150 um,
1S yum, and 3 ym. The sample aimed at producing 150 yum CNTs
underwent an 8 min heat treatment, followed by 7 min of growth
using 50 sccm C,H,. In contrast, the samples intended for 15 ym and
3um CNTs were subjected to a 10 min heat treatment and
subsequent CNT growth using 10 sccm C,H, for durations of § and 1
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min, respectively. A 200 nm amorphous Si layer was deposited onto
the 1S um CNT sample and one of the 3 yum CNT samples, hereafter
referred to as 1SCNTs/Si and 3CNTs/Si, respectively. No Si coating
was applied to the 150 ym CNT sample or the remaining 3 ym CNT
sample, designated as 1SOCNTs and 3CNTs. The samples were cut
into 12 mm diameter discs.

Set Two

Seven samples were prepared using Cu foils of 10 yum and 50 um
thickness, each precut into discs of 12 mm diameter (Shaded Blue in
Table 1). A catalyst comprising 10 nm Al and 3 nm Fe was deposited
via either evaporation or sputtering. The evaporated catalyst was
applied to three of the 10 gm thick Cu foils by using a Univex e-beam
evaporator, while the sputtered catalyst was deposited onto three of
the 50 ym thick Cu foils by using a JLS sputter system. An additional
50 um Cu foil sample was directly sputtered with a 200 nm Si layer
and designated as Cu/Si. CNTs were grown at 375 °C (40% lamp
power) using a 10 min heat treatment and 10 scem C,H, flow. For the
evaporated catalyst samples, CNTs with lengths of ~10um and
~2pum were grown with growth times of Smin and 1 min,
respectively. No CNTs were grown on the third evaporated catalyst
sample. A 200 nm Si layer was then sputtered on all three evaporated
samples, yielding the following designations: EC/10CNT/Si, EC/
2CNTs/Si, and EC/Si.

For the sputtered catalyst samples, very short (<500 nm) and
sparse CNTs, S ym-long CNTs and 1 ym-long CNTs are grown using
15 s, 2 min, and 45 s growth times, respectively. A 200 nm Si layer was
sputtered on the very short and 5 gm CNT samples, while an 800 nm
Si layer was deposited on the 1 gm CNT sample. These samples are
designated as SC/VS-CNT/Si, SC/SCNT/Si, and SC/CNT/Si800,
respectively.

Electrochemical Cell Assembly and Characterization

The fabricated samples were assembled into half-cells (CR2025 coin
cells) in an argon-filled glovebox using Li foil discs as counter
electrodes. The electrolyte consisted of a 45:45:10 volumetric mixture
of ethylene carbonate (EC), dimethyl carbonate (DMC), and
fluoroethylene carbonate (FEC), with FEC constituting 10% by
volume; 100 uL of the electrolyte was added per cell to ensure
complete coverage. Standard coin cell components, including a glass
fiber separator and stainless-steel casing, were utilized. Galvanostatic
cycling was performed within a voltage range of 0.01—1.5V using a
multichannel Maccor battery test system, following a protocol of 2
formation cycles at C/20 and 200 charge/discharge cycles at C/S.
Electrochemical impedance spectroscopy (EIS) was conducted on
cycled cells over a frequency range from 1MHz to 1Hz using a
Biologic potentiostat system. The samples were characterized at
various stages using SEM (Tescan Mira, FEI Helios Nanolab 600i) for
surface morphology analysis and cross-sectional imaging, and Raman
spectroscopy (Horiba XploRA PLUS MicroRaman Spectrometer,
532nm laser) for evaluating the structural integrity and quality.
Sample weights were also monitored at various stages using a Mettler
Toledo microbalance (capacity: 22 ¢g; readability: 0.002mg). The
method of accurately measuring the mass loading of ultralightweight
active materials in electrodes is given in Supporting Information (SI).

B RESULTS AND DISCUSSION

Figure 1 schematically illustrates the fabrication process of
VISiCNT structures, which involves the growth of CNTs
directly on a Cu foil following catalyst deposition, followed by
Si sputtering onto the CNTs. SEM images and Raman spectra
of CNTs grown on Cu foil and VISiCNT structures for the
first set of samples are shown in Figure 2, and Figures S1 and
S2 of Supporting Information (SI). Figure 2a displays an SEM
image of the 150CNTs sample, which exhibits vertically
aligned CNTs with heights of approximately 150 ym and
diameters ranging between 10 and 20 nm, as estimated by
high-magnification SEM images. Figure 2b,c provides micro-
graphs of the Si-coated samples (3CNT/Si and 1SCNT/Si),

https://doi.org/10.1021/acsaem.5c03862
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Figure 2. SEM images and Raman spectra of VISiCNT structures. (a)
SEM image of the 1SOCNTSs sample showing ~150 ym tall forest of
vertically aligned CNTs. (b) SEM image of the 3CNTs/Si sample
showing 200 nm Si deposited on top of CNTs. (c) SEM image of the
15SCNTs/Si sample showing 200 nm Si sputtered on CNTs. Adjacent
is a schematic illustration of silicon remaining atop the CNTs. (d)
Raman spectra of as-grown CNTs of ISOCNTSs and 1SCNTs samples
showing growth of high-quality CNTs with well-defined D-peaks
around 1340 cm™', G-peaks around 1580 cm™', and 2D-peaks around
2700 cm™'. The D-peak is associated with defects, the G-peak
indicates graphitization, the 2D peak is overtone of the D peak but
independent of defects, and the intensity ratio of the D and G peaks is
used to estimate structural quality of the material. The Low Ip/Iq
values of 0.59 and 0.35 indicate high structural quality of CNTs.

where the 200 nm silicon remains deposited atop the CNTs.
Notably, the deposition does not penetrate into the densely
packed CNT forest (approximately 10° tubes/cm?), as
schematically illustrated in Figure 2c. The growth rates are
markedly different: the CNTs of the 150CNT's sample grow at
a rate of approximately 21 ym/min, whereas the CNTs of the
1SCNT/Si sample grow at about 3 ym/min.

The Raman spectra in Figure 2d reveal distinct peaks: the D-
peak at 1340 cm™’, the G-peak at 1580 cm™, and the 2D-peak
at 2700 cm ™. The D-peak is attributed to disorder-induced Ay
modes arising from structural defects in the hexagonal carbon
lattice, with its intensity correlating with the defect density.””
In contrast, the overtone 2D-peak is largely unaffected by these
defects since both phonon-assisted scattering events are
involved.*® The G-peak, corresponding to the Raman-active
E,; vibrational mode of sp>-bonded carbon atoms, serves as a
measure of the degree of graphitization."' The intensity ratio
(In/Ig) is commonly used as an indicator of material quality,
with lower ratios reflecting higher structural quality.*” In this
study, Ip/I; values of 0.59 (for 1S0CNTs) and 0.35 (for
1SCNTs/Si) demonstrate the production of high-quality
CNTs at 415 °C, comparable to those grown at temperatures
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exceeding 700 °C via conventional methods.””~* Figure S3
represents the Raman spectrum of Si sputtered on CNTs,
displaying a broad band centered at 480 cm™, which is
characteristic of amorphous silicon.*®

The improved quality (Ip/I; of 0.35) observed for the
15CNTs/Si is attributed to the reduced C,H, flow rate (10
sccm) durin7g synthesis, in contrast to the 50 sccm used for the
150CNTs.*” However, increasing the C,H, flow rate resulted
in a markedly accelerated CNT growth rate of approximately
21 pm/min, yielding a ~150 ym tall forest within just 7 min.
This rapid synthesis method is well-suited for roll-to-roll, large-
scale production and demonstrates extensive applicability
across diverse domains, including batteries, CNT wires,
nonmetallic motors, robotics, composite materials, aerospace,
and electronic devices. To our knowledge, this work represents
the highest reported CNT growth rate on thin copper foil
(10 ym) at temperatures below 450 °C while still achieving an
adequate structural quality (I/Ig: 0.59).

In contrast, previous studies have typically relied on CNT
growth at temperatures above 700 °C using thicker Cu foils
(e.g, 50 um).>*7?%*% Such approaches contribute unneces-
sary cost and weight and ultimately reduce the specific capacity
of Li-ion battery cells. For instance, Lahiri et al. reported the
direct growth of randomly oriented CNTs on 50 ym Cu foil
using Ti and Ni catalysts (20—25 nm) at temperatures
between 700 and 900 °C, yielding CNT's approximately 30 ym
in height with diameters around 100 nm and a lower structural
quality (I/Ig ~ 1).* Commercial Cu foils for anode current
collectors generally range between 6 and 20 um in thickness,
and in the context of a 90 kWh Tesla Model S battery, Cu
accounts for roughly 0.334 kg/kWh (~30kg total).”**" Li et
al. demonstrated CVD growth of CNTs on 0.062 in. (~1.6
mm) thick Cu alloy, resulting in 30 ym height and I,/I; value
of 1.1, using a mixture of Ar, H,, and C,H, through a water
bubbler (water vapor) at 700 °C."® Wang Wei et al. reported
an interesting hybrid structure of graphene/CNTSs grown on
20 pum thick Cu foil using a two step ambient CVD process,
where CH,/H, is used for graphene growth at 950 °C in the
first step and then C,H,/H, for CNT growth at 750 °C after
depositing a thin layer of Fe as a catalyst.”® Vertically aligned
CNTs with a 30—40 um estimated height and I/Ig value of
~0.91 can be observed in the SEM images and Raman spectra
provided in their paper. A similar approach was adopted by
Raji et al.,, who grew graphene-CNT structures on 25 ym Cu
foil at 1000 °C temperature and performed Li plating for 3 h
before cell assembly."” Lettiere et al. observed a degradation in
CNT structural quality (Ip/I; increasing from 0.53 to 1) when
forest height exceeded 7.5 um.”” They used a multilayer
catalyst stack consisting of W, Al,O;, and Fe deposited on a
35um thick Cu foil and grew CNTs using atmospheric-
pressure CVD in a tube furnace at 750 °C. The process
employed a He/H,/C,H, gas mixture and involved a complex
multistep sequence lasting more than 50 minutes, producing
CNTs with heights ranging from 7.5 to 270 um. In contrast,
our CNTs, displaying I,/I ratios of 0.35 for 15 ym and 0.59
for 150 yum heights, are significantly superior in terms of
structural quality and growth rate compared with these
literature reports.

The specific capacity results obtained from half-cell
assemblies, along with postcycling SEM images, are shown in
Figure 3 and Figure S4. As shown in Figure S4a, the initial
formation cycle of the 1S0CNTs sample exhibits a
considerably higher capacity compared to the 3CNTs sample.
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Figure 3. Cyclic capacity of the samples tested in half-cell assembly and their postcycling SEM images. (a) Specific capacities showing very little
capacity for pure CNT samples (1S0CNTs and 3CNTs) but significantly higher capacities for VISICNT structures (3CNT/Si and 1SCNT/Si).
(b—e) SEM images of the postcycled samples: (b, ¢) SEM image and schematic illustration of the 3CNTs/Si sample showing cracking of the Si film
but no material detachment. (d) High-magnification SEM image of the 3CNT/Si sample. (e) The image shows that the CNTs in the 1SOCNTSs
sample are deformed due to the cell assembly and densification effect of CNTs, but no removal of CNTs was observed.

In contrast, the capacities of the Si-coated CNT samples
(3CNT/Si and 15CNT/Si) are comparable (approximately
0.25 mAh cm™2) despite differences in CNT lengths (3 and 15
um), which indicates the dominant role of silicon in Li*
storage. The prolonged voltage plateau for 1SOCNTSs is
attributed to their larger surface area.”’ However, the capacity
provided by pure CNT samples is largely nonreversible; this is
evidenced by a differential capacity peak near 0.9V (Figure
S1b), which indicates the formation of an unstable solid
electrolyte inter;)hase (SEI) layer that irreversibly consumes
the electrolyte.'”>">* Although the reversible capacity of pure
CNTs is much lower than that of Si-coated CNTs, they still
exhibit measurable and stable electrochemical performance. In
particular, the 1SOCNTs sample delivers a capacity of
approximately 150 mAh g~' with no observable capacity fade
over 200 cycles. This performance is consistent with some of
the reported values for pure CNT anodes in the literature,
whesrlesgapacities typically range from 80 mAh g™ to 250 mAh
g L3S

Figure 3a details specific cyclic capacities over 200 cycles:
the Si-coated samples exhibit capacities of 2460 and 580 mAh
¢! at cycle 15 for 3CNT/Si and 1SCNT/Si samples,
respectively, which significantly outperform the pure CNT
samples (3CNT, 1S0CNT). Additionally, the larger mass of
the 1SCNT/Si sample (0.168 mg versus 0.06 mg for 3CNT/
Si) contributes to its lower specific capacity. Interestingly, the
storage capacity of the VISiCNT structures increases over the
first 25 cycles, a phenomenon attributed to the progressive
fragmentation of silicon (electrochemical milling), which
facilitates enhanced lithium alloying, before subsequently
decreasing in later cycles.”*

Figure 3b—e and Figure SS display SEM images of the
electrodes following cycling. Both the pure CNT and the
VISiCNT samples exhibit excellent structural integrity and
adherence to the Cu foil (Figure 3b—d). Although the vertical
alignment of CNTs in the 1SOCNTSs sample (see Figure 3e) is
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somewhat deformed due to the compression from cell
assembly and the densification caused by contact with liquid
electrolyte, the overall material attachment remains robust.”>>
Moreover, the observed increase in nanotube diameter, from
an initial 10—20 nm to approximately 60—80 nm, suggests the
formation of a solid electrolyte interphase (SEI) layer, which is
associated with the irreversible consumption of Li ions.**’
Notably, even in regions where cracks develop (Figure 3b—d),
the silicon remains firmly adhered to the CNTs, preserving
both physical and electrical connection to the Cu substrate.
This strong interfacial bonding contributes to the higher
capacity and cyclic stability of the cells by preventing the
detachment of active material during the volumetric changes
experienced in lithiation and delithiation cycles.

Interestingly, and contrary to popular belief, the perform-
ance of VISICNT structures improved with shorter CNTs
relative to longer ones (Figure 3a). To further investigate this
phenomenon, we prepared a second set of samples featuring
shorter CNTs (ranging from submicron to 10 yum) grown on
Cu foils. Representative SEM images and Raman spectra for
selected samples after CNT growth are presented in Figure S6
of SI. The morphology of CNT growth on the EC/10CNTs/Si
sample (Figure S6a) is markedly different from that observed
in the other samples. In this sample, CNT bundles exhibit
uneven heights ranging from 5 to 15 ym. In contrast, the SC/
SCNTs/Si sample displays vertically aligned CNTs of around
Sum in length (Figure S6b). This difference arises from the
use of evaporation versus sputtering for catalyst deposition, as
these techniques produce films with fundamentally different
microstructures due to the distinct energy and trajectories of
the arriving atoms. Sputtering typically yields dense, compact
films with fewer voids and stronger adhesion, whereas
evaporation tends to produce relatively porous, columnar
structures because of its lower-energy, line-of-sight deposition
nature.
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Figure 4. Anode testing and characterization results of VISICNT structures in the set two of samples. (a) Specific capacities of the samples,
showing one of the highest capacities above 3500 mAh g™* for EC/2CNTs/Si and SC/VS-CNTs/Si samples. The figure legend of (c) also applies
to (a). (b) The decay rate and capacity of the samples, showing a slower decay rate for longer CNTs and higher capacity for shorter CNTs of
VISiCNT structures. (c) Areal capacities (left-side y-axis and Coulombic efficiencies (right-side y-axis; curves in red squares) of the samples.
Coulombic efficiencies of the samples at cycle 15 show values above 98%. (d) Nyquist plot (EIS) from 1 MHz to 1 Hz of selected samples after
cycling, where samples containing CNTs (EC/2CNTs/Si, EC/10CNTs/Si) exhibit lower charge transport resistance compared with the EC/Si

sample where no CNTs are present.

Furthermore, the SC/VS-CNTs/Si sample shows very short
(<500 nm) and sparse CNTs (Figure S6c), along with carbon-
encapsulated catalyst particles, as schematically illustrated in
the inset of the figure. Figure S6d shows the SEM image of the
SC/CNTs/Si800 sample, where tangled CNTs of approx-
imately 1 ym in length are coated with 800 nm of silicon. The
Raman spectrum of the SC/VS-CNTs/Si sample features
poorly defined D and G peaks, in contrast to the more
pronounced peaks observed for the EC/10CNTs/Si and SC/
SCNTs/Si samples. The higher I/I; ratios (1.0 and 1.11) in
these samples indicate a greater density of structural defects,
which is a consequence of deliberately selecting a lower growth
temperature (375 °C) for the CNT synthesis.”>**

Figure 4 presents plots of specific capacities, decay rates,
areal capacities, Coulombic efficiencies, and EIS analysis for
the second set of samples. Figure S presents SEM images of
selected samples before (left column) and after cycling (right
column). In Figure 4a, the specific capacities are plotted with
black dashed lines representing linear fits between cycles 15
and 198 (the corresponding capacity values are provided in
Table S3 of the SI). The slopes of these linear fits are used to
derive the capacity decay rate. Notably, the EC/2CNTs/Si and
SC/VS-CNTs/Si samples exhibit exceptionally high capacities
of 3545 mAh g~' and 3580 mAh g/, respectively; among the
best reported in the literature and approaching the theoretical
capacity of silicon.'”'>**3*3° These capacity values exceed
those reported by Raji et al. for Li-plated, CVD-grown
graphene—CNT structures fabricated at 1000 and 750 °C on
25um Cu foil.® Our anode architecture is advantageous
because it utilizes low-cost, CMOS-compatible, earth-abun-
dant, and safely processable materials (silicon and carbon), in
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contrast to the relatively costly and demanding lithium-based
negative electrodes.

Both the EC/2CNTs/Si and SC/VS-CNTs/Si samples
contain short CNTs (2um and <0.5pum, respectively),
corroborating our earlier observation (Figure 3a) that shorter
CNTs in the VISiCNT structure perform better than their
longer counterparts. The shorter CNTs contribute to a lower
overall electrode weight and minimize irreversible Li
consumption due to stable SEI formation while still providing
sufficient electrical conductivity and mechanical support to the
silicon. Consequently, higher specific capacities are achieved.
In particular, the specific capacity of the SC/VS-CNTs/Si
sample is marginally higher than that of the EC/2CNTs/Si
sample due to the negligible weight contribution from the very
short and sparse CNTs (as evidenced in Figure S6c).
Furthermore, the carbon-encapsulated catalyst particles
observed in this sample may enhance adhesion and better
accommodate the volumetric changes in silicon during
lithiation and delithiation cycles.

In contrast, the longer CNT samples (EC/10CNTs/Si and
SC/SCNTs/Si) exhibit considerably lower specific capacities
at cycle 15 (1550 and 1640 mAh g™', respectively). This
reduction is primarily attributed to the increased mass
contribution of the longer CNTs and enhanced irreversible
lithium consumption resulting from the SEI formation around
CNTs.>' These results imply that within the VISiCNT
structure, the CNTs mainly provide structural stability and
facilitate rapid charge exchange due to their high conductivity,
rather than directly contributing to the lithiation/delithiation
process. This observation underscores the importance of
optimizing the CNT length; excessively long CNTs not only
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Figure S. SEM images of the second set of samples before and after cycling. (a,b) SEM image of the EC/10CNTs/Si sample before and after
cycling, respectively, showing Si pulverization and crack development after cycling. (c) The crack area of the EC/10CNTs/Si sample analyzed and
calculated to be ~19% using Image]J. (d, ¢) SEM images of EC/2CNTs/Si samples before and after cycling. (f) The crack area is estimated to be
~38% using Image]. (g, h) Cross-section SEM images of EC/2CNTs/Si before and after cycling showing volumetric expansion of ~ 400% after
cycling. (i) Schematic illustration of the volumetric expansion and Si drifting. (jk) SEM image of the EC/Si sample before and after cycling
showing material delamination after cycling. (I) High-magnification SEM image of (k). Scale bars on (a—f), (gh), and (j,k) are equal.

add redundant weight but also exacerbate capacity degradation
through the formation of an unstable SEL

The SC/CNT/Si800 sample, which features an 800 nm
thick Si layer on approximately 1 ym long CNTs, achieves a
specific capacity of 2725 mAh g™" at cycle 15 and demonstrates
good cyclic stability, maintaining capacities above 1700 mAh
g~ ! after 200 cycles. This is particularly notable considering
that thicker Si films typically suffer from rapid capacity
decay.’**” Interestingly, the sample containing only the
catalyst (EC/Si) initially displays high specific capacities for
the first S0 cycles, which can be attributed to the enhanced
adhesion provided by the Al/Fe catalyst layers on the Cu foil.
This behavior is analogous to a previous report where thin Si
films (50—150nm) evaporated on Ni foils exhibited high
capacities and extended cyclability.”* In our case, however, the
catalyst layers are unable to sustain adequate adhesion beyond
S0 cycles; subsequent Si pulverization leads to detachment
from the Cu foil (as shown in Figure 5f), resulting in a sharp
capacity decline. Furthermore, the control sample (Cu/Si),
which contains neither CNTs nor catalyst, shows a similarly
high initial capacity to the Si-coated CNT samples
(1674 mAh g™"') but suffers from a pronounced capacity fading
rate of 6.51 mAhg™" per cycle, resulting in a low capacity of
460 mAh g~" at cycle 200.

The overall specific capacities of the VISICNT structures in
set two of samples, ranging from 1550 to 3580 mAh g~' (as
shown in Figure 4a) are markedly higher than the 580—
2460 mAh g~' range observed in set one of the samples
(Figure 3a). This improvement is attributed to the use of
intentionally defective and shorter CNTs in the second set
(with Raman I,/ ratios exceeding 1), as opposed to the high-
quality CNTs (Ip/Ig ~ 0.35) used in set one. Defective CNTs,
characterized by fractured structures and fragments, facilitate
enhanced intercalation and diffusion of Si and Li ions for
improved capacity.*****” Consequently, both the CNT length
and structural quality are critical determinants of the overall
performance of the VISICNT anodes. In situ CNT growth
offers the advantage of directly tuning CNT height and defect
density for optimum anode performance, eliminating the need
for postsynthesis treatments (e.g., acid or plasma processing)
that are typical of ex situ processes.””

The capacity decay rate and the specific capacity at cycle 15
as a function of CNT length (from 1 ym of SC/CNT/Si800 to
10 ym of EC/10CNTs/Si) are shown in Figure 4b. Although
the SC/VS-CNTs/Si sample is excluded from this graph due
to its unique nanostructure (comprising carbon-encapsulated
nanoparticles and extremely short, sparse CNTs), the
remaining samples display a trend in which the decay rate
decreases from 5.47 to 2.93mAh g ':cycle™ as the CNT
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length increases from 1 to 10 um. Nevertheless, the specific
capacity at cycle 15 remains substantially higher for electrodes
incorporating shorter CNTs, as previously discussed. The
slower capacity decay observed in longer CNT samples is likely
due to the formation of a thinner conformal Si coating on the
CNTs upon cycling. This phenomenon is attributed to the Si
migration from the CNT tips toward their roots as a result of
pulverization during cycling, as observed in Figure 5gh and
schematically depicted in Figure 5i). Thicker Si layers are
prone to progressive fragmentation (electrochemical milling)
during cycling, which continually disrupts the existing SEI and
necessitates the formation of a new one on the freshly exposed
surface.>>* Therefore, a thinner, conformal Si coating on
CNTs is favorable for establishing a stable SEI and ensuring
efficient alloying/dealloying, owing to the shorter charge
transfer distance. This result implies that both the CNT length
and the corresponding Si thickness must be optimized in the
fabrication of the VISICNT structure for optimal battery
performance. The relatively low decay rate observed in the
SC/VS-CNTs/Si sample (~3.5mAh g '-cycle™) appears to
stem from its distinctive nanostructured morphology, charac-
terized by extremely short, sparse, and defect-rich CNTs, as
confirmed by Raman analysis (Figure S6e).

Figure 4c presents the areal capacities and Coulombic
efficiencies of the second set of samples. Because the SC/
CNT/Si800 electrode contains a significantly thicker Si film
(800 nm) than the other samples (200 nm Si), it delivers a
higher areal capacity. The sample without CNTs (Cu/Si)
exhibits the lowest areal capacity, whereas EC/2CNTs/Si
shows the highest areal capacity among the electrodes with
200 nm Si. This improvement arises from the shorter CNT
length (2 ym) in this sample compared with EC/10CNTs/Si
and SC/SCNTs/Si, as discussed earlier. The SC/VSCNTs/Si
electrode also demonstrates good capacity and better cycling
stability. Since the EC/2CNTs/Si sample provides both higher
areal and specific capacities, a CNT height of around 2 pm
appears to be optimal for a 200 nm Si coating. Although the
SC/VSCNTSs/Si sample shows lower areal capacity than EC/
2CNTs/Si, its specific capacity is slightly higher due to the
negligible mass contribution of its very short (<0.5 ym) and
sparse SC/VS-CNTs.

The maximum areal capacity of approximately 0.35 mAh
cm™? achieved for the sample with an 800 nm Si layer, is still
below commercial requirements, which typically exceed 2 mAh
cm™% This suggests that Si films thicker than 4 ym will be
necessary to reach practical capacity levels. Correspondingly,
the CNT height will also need to be reoptimized for such
thicker Si layers, which may be explored in our future work.

Beyond the initial cycles, all samples exhibit high Coulombic
efficiencies exceeding 98%, with some samples even achieving
efficiencies above 100%. This anomalously high efficiency may
be due to the eventual release of previously trapped Li* ions or
the occurrence of secondary side reactions (Figure 4c).
Detailed Coulombic efficiency values for both the first cycle
and cycle 15 are provided in Table S3 of the SI. Postcycling
electrochemical impedance spectroscopy (EIS) analysis
(Figure 4d) was performed following the methodology
reported by Guo and coworkers for carbon nanofiber/silicon
anodes.”’ The resulting Nyquist plots reveal a depressed
semicircle (nonideal), followed by a diffusion tail at low
frequencies. The semicircular region is influenced by the
resistances of the SEI layer, the interfacial contact, and the
charge transfer processes. The strong agreement between the
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impedance data and the cycling results emphasizes the benefits
of the VISiCNT structure. Specifically, electrodes incorporat-
ing CNTs (EC/2CNTs/Si and EC/10CNTSs/Si) exhibit lower
impedance compared to the sample without CNTs (EC/Si),
and electrodes with shorter CNTs show lower charge transfer
resistance, corroborating the higher specific capacities reported
in Figure 4a.

Figure Sab presents SEM images of the EC/10CNTs/Si
sample before and after electrochemical cycling, respectively,
revealing significant pulverization and crack formation as a
result of cycling-induced stress. Quantitative analysis using
Image], as shown in Figure Sc, estimated the crack area to be
approximately 19%. In comparison, Figure Sd,e displays the
EC/2CNTs/Si samples before and after cycling, respectively.
Image analysis of Figure Sf indicates a larger crack area of
approximately 38%. This suggests that the use of shorter CNT's
provides greater mechanical accommodation for the volumetric
expansion/contraction of silicon during cycling, potentially
contributing to the enhanced capacity observed in Si—CNT—
CS incorporating shorter CNTs.

Cross-sectional SEM images in Figure Sg/h further illustrate
the morphological evolution of the EC/2CNTs/Si sample,
showing substantial silicon migration toward the CNT roots
and an estimated volume expansion of ~400% (from a
thickness of ~2 ym to ~10 um). This structural transformation
is schematically represented in Figure Si. Notably, despite the
pronounced expansion, the active material in both the EC/
10CNTs/Si and EC/2CNTs/Si samples remains relatively well
adhered to the current collector, indicating good mechanical
integrity. The cross-sectional SEM images in Figure 5g,h reveal
that, after cycling, the Si evolves from a relatively thick film or
aggregated chunks into a thinner, more conformal coating
around the CNTs. This structural transformation is a key
contributor to the enhanced electrochemical performance, as it
reduces the effective Li-ion diffusion length, accelerates
reaction kinetics, and promotes the formation of a more stable
SEL In combination with the uniform coating, this morphology
helps alleviate mechanical stress and suppresses the pulveriza-
tion typically associated with the 300%—400% volume
expansion of Si anodes. In contrast, the EC/Si sample, which
lacks CNT reinforcement, exhibits severe degradation of the
silicon layer postcycling, as depicted in Figure S5j—I. This
structural failure correlates with the rapid capacity fading
observed beyond 50 cycles, as shown in Figure 4a, under-
scoring the critical role of CNTs in enhancing the structural
stability and cycling performance of silicon-based electrodes.

B CONCLUSION

The successful growth of high-quality CNTs on thin Cu foil
(10 pm) with precise control over CNT length and structural
quality, followed by the subsequent fabrication of the
VISiCNT structure, are unprecedented and can be seamlessly
integrated into existing large-scale cell manufacturing pro-
cesses. The in situ CNT growth process offers the unique
advantage of directly tuning CNT height and defect density,
both of which are critical parameters for optimizing battery
performance. The carefully optimized VISiCNT anode
structure achieves one of the highest anodic capacities of
3580 mAh g~'. Moreover, the achieved high-quality (Ip/Ig:
0.59) CNT growth rate of 21 ym/min on Cu foil below 450
°C demonstrates significant potential for large-scale roll-to-roll
production of CNTs applicable to a wide range of fields. While
this work clearly paves the way toward high anodic
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performance for high-energy-density batteries suitable for
electric vehicles and energy storage systems, the approach
can also be directly leveraged to design microsized lithium-ion
batteries for microelectronic applications.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaem.5c03862.

Weight measurement method, table of mass loading on
the samples, SEM images of CNT's grown directly on Cu
foil (set one samples), Raman spectrum of Si coating on
CNTs, formation cycle and differential plot of set one
samples, postcycling SEM images of set one samples,
SEM images and Raman spectra of set two samples, and
table of capacity values and related data (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Muhammad Ahmad — Advanced Technology Institute, School
of Computer Science and Electronic Engineering, University of
Surrey, Guildford GU2 7XH, UK, Institute for
Sustainability, University of Surrey, Guildford GU2 7XH,
U.K; Email: muhammad.ahmad@surrey.ac.uk

S. Ravi P. Silva — Advanced Technology Institute, School of
Computer Science and Electronic Engineering, University of
Surrey, Guildford GU2 7XH, UK, Institute for
Sustainability, University of Surrey, Guildford GU2 7XH,
UK,; © orcid.org/0000-0002-0356-1319; Email: S.Silva@
surrey.ac.uk

Authors

Asim Mumtaz — University of York, School of Physics,
Engineering and Technology, York YO10 SDD, UK,
University of Liverpool, Stephenson Institute for Renewable
Energy, Department of Physics, Liverpool L69 7ZF, UK.

Filipe Braga — University of Liverpool, Stephenson Institute for
Renewable Energy, Department of Chemistry, Liverpool L69
7ZF, UK.

Kai Yang — Advanced Technology Institute, School of
Computer Science and Electronic Engineering, University of
Surrey, Guildford GU2 7XH, U.K; Institute for
Sustainability, University of Surrey, Guildford GU2 7XH,
UK, © orcid.org/0000-0001-7391-1495

Peter Yates — University of Liverpool, Stephenson Institute for
Renewable Energy, Department of Physics, Liverpool L69
7ZF, U.K,; The University of Manchester, Manchester M1
7HL, UK

Thomas P. Shalvey — University of Liverpool, Stephenson
Institute for Renewable Energy, Department of Physics,
Liverpool L69 7ZF, UK,; © orcid.org/0000-0002-6008-
7561

Oliver S. Hutter — University of Liverpool, Stephenson
Institute for Renewable Energy, Department of Physics,
Liverpool L69 7ZF, U.K,; Northumbria University,
Newcastle Upon Tyne NE1 8QH, UK,; © orcid.org/0000-
0002-8838-8956

Matthew Bilton — SEM Shared Research Facility, University
of Liverpool, Liverpool L69 3GL, UK,; © orcid.org/0000-
0002-0475-2942

3826

Jonathan D. Major — University of Liverpool, Stephenson
Institute for Renewable Energy, Department of Physics,
Liverpool L69 7ZF, UK.

Ken Durose — University of Liverpool, Stephenson Institute for
Renewable Energy, Department of Physics, Liverpool L69
7ZF, UK,; ® orcid.org/0000-0003-1183-3211

Laurence J. Hardwick — University of Liverpool, Stephenson
Institute for Renewable Energy, Department of Chemistry,
Liverpool L69 7ZF, UK,; © orcid.org/0000-0001-8796-
685X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaem.5c03862

Author Contributions

M.A,, AM,, and R.S. conceived the idea. M.A, AM., F.B, L.H.
undertook the design of experiments. M.A. did in situ CNT
growth on Cu foils, Si deposition (on set one of samples),
SEM and Raman spectroscopy, analysis and interpretation of
the data, and manuscript drafting. A.M. performed Si
deposition, cell assembly, electrode characterization, EIS, and
contributed to the analysis of results and manuscript
preparation. F.B. did cell assembly, testing, and analysis of
the second set of samples, as well as contributed to manuscript
preparation. P.Y. and T.S. supported electrode preparation.
O.H. undertook postcell cycling SEM of the anode, and M.B.
undertook pre- and postcycling FIB surface preparation and
SEM of the anodes. R.S., K. S, L.H., K.D., and J.M. provided
resources, supervision, review, and editing. All authors
discussed the data and revised the manuscript.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors kindly thank Professor Emma Kendrick and Dr.
Michael J. Lain for their support and fruitful discussions
regarding the initial experiments. M.A., R.S, and K..
acknowledge the EPRSC grant number EP/L02263X/1 and
EP/R025304/1.

B REFERENCES

(1) European Commission European Green Deal: Commission
proposes transformation of EU economy and society to meet climate
ambitions.; European Commission, 2021. https://ec.europa.eu/
commission/presscorner/detail/en/ip 21 3541.

(2) Li, M; Ly, J.; Chen, Z.; Amine, K. 30 Years of Lithium-Ion
Batteries. Adv. Mater. 2018, 30 (33), 1800561.

(3) Xie, J; Lu, Y.-C. A retrospective on lithium-ion batteries. Nat.
Commun. 2020, 11 (1), 2499.

(4) Nitta, N.; Wy, F; Lee, J. T.; Yushin, G. Li-ion battery materials:
present and future. Mater. Today 2015, 18 (S5), 252—264.

(5) Sun, Y; Liu, N; Cui, Y. Promises and challenges of
nanomaterials for lithium-based rechargeable batteries. Nat. Energy
2016, 1 (7), 16071.

(6) Hou, G.; Cheng, B;; Yang, Y.,; Du, Y.; Zhang, Y.; Li, B,; He, J;
Zhou, Y.; Yi, D.; Zhao, N.; Bando, Y.; Golberg, D.; Yao, J.; Wang, X,;
Yuan, F. Multiscale Buffering Engineering in Silicon—Carbon Anode
for Ultrastable Li-Ion Storage. ACS Nano 2019, 13 (9), 10179—
10190.

(7) Li, X.; Kersey-Bronec, F. E.; Ke, J.; Cloud, J. E.; Wang, Y.; Ngo,
C.; Pylypenko, S.; Yang, Y. Study of Lithium Silicide Nanoparticles as
Anode Materials for Advanced Lithium Ion Batteries. ACS Appl.
Mater. Interfaces 2017, 9 (19), 16071—16080.

(8) Lahiri, I; Oh, S.-W.; Hwang, J. Y.; Cho, S.; Sun, Y.-K.; Banerjee,
R.; Choi, W. High Capacity and Excellent Stability of Lithium Ion

https://doi.org/10.1021/acsaem.5c03862
ACS Appl. Energy Mater. 2026, 9, 3818—3828


https://pubs.acs.org/doi/10.1021/acsaem.5c03862?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsaem.5c03862/suppl_file/ae5c03862_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Ahmad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:muhammad.ahmad@surrey.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S.+Ravi+P.+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0356-1319
mailto:S.Silva@surrey.ac.uk
mailto:S.Silva@surrey.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Asim+Mumtaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filipe+Braga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7391-1495
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Yates"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+P.+Shalvey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6008-7561
https://orcid.org/0000-0002-6008-7561
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+S.+Hutter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8838-8956
https://orcid.org/0000-0002-8838-8956
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+Bilton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0475-2942
https://orcid.org/0000-0002-0475-2942
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+D.+Major"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ken+Durose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1183-3211
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laurence+J.+Hardwick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8796-685X
https://orcid.org/0000-0001-8796-685X
https://pubs.acs.org/doi/10.1021/acsaem.5c03862?ref=pdf
https://ec.europa.eu/commission/presscorner/detail/en/ip_21_3541%20(accessed)
https://ec.europa.eu/commission/presscorner/detail/en/ip_21_3541%20(accessed)
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1038/s41467-020-16259-9
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1038/nenergy.2016.71
https://doi.org/10.1038/nenergy.2016.71
https://doi.org/10.1021/acsnano.9b03355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b03355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b16773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b16773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn100400r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c03862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

Battery Anode Using Interface-Controlled Binder-Free Multiwall
Carbon Nanotubes Grown on Copper. ACS Nano 2010, 4 (6), 3440—
3446.

(9) Zhang, C.; Wang, F.; Han, J.; Bai, S; Tan, J; Liu, J; Li, F.
Challenges and Recent Progress on Silicon-Based Anode Materials for
Next-Generation Lithium-Ion Batteries. Small Struct. 2021, 2 (6),
2100009.

(10) Zhang, Q.; Xi, B,; Chen, W.; Feng, J; Qian, Y.; Xiong, S.
Synthesis of carbon nanotubes-supported porous silicon micro-
particles in low-temperature molten salt for high-performance Li-ion
battery anodes. Nano Res. 2022, 15 (7), 6184—6191.

(11) Seo, J.-Y; Kim, S.; Kim, J.-H.; Lee, Y.-H.; Shin, J.-Y.; Jeong, S.;
Sung, D.-W,; Lee, Y. M.; Lee, S.-Y. Mechanical shutdown of battery
separators: Silicon anode failure. Nat. Commun. 2024, 15 (1), 10134.

(12) Nzereogu, P. U; Omah, A. D,; Ezema, F. I; Iwuoha, E. I;
Nwanya, A. C. Anode materials for lithium-ion batteries: A review.
Appl. Surf. Sci. Adv. 2022, 9, 100233.

(13) Zhao, Y,; Wang, L. P.; Sougrati, M. T.; Feng, Z.; Leconte, Y,;
Fisher, A.; Srinivasan, M.; Xu, Z. A Review on Design Strategies for
Carbon Based Metal Oxides and Sulfides Nanocomposites for High
Performance Li and Na Ion Battery Anodes. Adv. Energy Mater. 2017,
7 (9), 1601424.

(14) Landi, B. J.; Ganter, M. J.; Schauerman, C. M.; Cress, C. D.;
Raffaelle, R. P. Lithium Ion Capacity of Single Wall Carbon Nanotube
Paper Electrodes. J. Phys. Chem. C 2008, 112 (19), 7509—7515.

(15) Kawasaki, S.; Hara, T.; Iwai, Y.; Suzuki, Y. Metallic and
semiconducting single-walled carbon nanotubes as the anode material
of Li ion secondary battery. Mater. Lett. 2008, 62 (17), 2917—2920.

(16) de las Casas, C; Li, W. A review of application of carbon
nanotubes for lithium ion battery anode material. J. Power Sources
2012, 208, 74—85.

(17) Chen, W. X,; Lee, J. Y; Liu, Z. Electrochemical lithiation and
de-lithiation of carbon nanotube-Sn2Sb nanocomposites. Electrochem.
Commun. 2002, 4 (3), 260—265.

(18) Ikonen, T.; Kalidas, N.; Lahtinen, K; Isoniemi, T.; Toppari, J.
J.; Vazquez, E.; Herrero-Chamorro, M. A,; Fierro, J. L. G.; Kallio, T;
Lehto, V.-P. Conjugation with carbon nanotubes improves the
performance of mesoporous silicon as Li-ion battery anode. Sci.
Rep. 2020, 10 (1), 5589.

(19) Zhang, Y.; Zhang, X. G.; Zhang, H. L,; Zhao, Z. G.; L, F.; Liy,
C.; Cheng, H. M. Composite anode material of silicon/graphite/
carbon nanotubes for Li-ion batteries. Electrochim. Acta 2006, 51 (23),
4994—-5000.

(20) Eom, J. Y, Park, J. W,; Kwon, H. S, Rajendran, S.
Electrochemical Insertion of Lithium into Multiwalled Carbon
Nanotube/Silicon Composites Produced by Ballmilling. J. Electro-
chem. Soc. 2006, 153 (9), A1678.

(21) Lin, C.-T.; Lee, C.-Y,; Chin, T.-S,; Xiang, R; Ishikawa, K;
Shiomi, J.; Maruyama, S. Anisotropic electrical conduction of
vertically-aligned single-walled carbon nanotube films. Carbon 2011,
49 (4), 1446—1452.

(22) Matsumoto, M.; Yamaguchi, R; Shima, K; Mukaida, M,;
Tomita, M.; Watanabe, T.; Ishida, T.; Fujigaya, T. Control of
anisotropic conduction of carbon nanotube sheets and their use as
planar-type thermoelectric conversion materials. Sci. Technol. Adv.
Mater. 2021, 22 (1), 272—-279.

(23) Zhang, S. S; Jow, T. R. Study of poly(acrylonitrile-methyl
methacrylate) as binder for graphite anode and LiMn204 cathode of
Li-ion batteries. J. Power Sources 2002, 109 (2), 422—426.

(24) Ahmad, M.; Anguita, J. V.; Ducati, C.; Carey, J. D.; Silva, S. R.
P. Protected catalyst growth of graphene and carbon nanotubes.
Carbon 2019, 149, 71—8S.

(25) Ahmad, M.; Anguita, J. V.; Stolojan, V.; Corless, T.; Chen, J.-S.;
Carey, J. D.; Silva, S. R. P. High Quality Carbon Nanotubes on
Conductive Substrates Grown at Low Temperatures. Adv. Funct.
Mater. 2015, 25 (28), 4419—4429.

(26) Xiao, Y.; Ahmed, Z.; Ma, Z.; Zhou, C.; Zhang, L.; Chan, M.
Low Temperature Synthesis of High-Density Carbon Nanotubes on
Insulating Substrate. Nanomaterials 2019, 9 (3), 473.

3827

(27) Kim, M. J; Nicholas, N.; Kittrell, C.; Haroz, E.; Shan, H.;
Wainerdi, T. J.; Lee, S.; Schmidt, H. K; Smalley, R. E.; Hauge, R. H.
Efficient Transfer of a VA-SWNT Film by a Flip-Over Technique. J.
Am. Chem. Soc. 2006, 128 (29), 9312—9313.

(28) Ahmad, M,; Silva, S. R. P. Low temperature growth of carbon
nanotubes — A review. Carbon 2020, 158, 24—44.

(29) Lettiere, B. R;; Chazot, C. A. C; Cui, K; Hart, A. J. High-
Density Carbon Nanotube Forest Growth on Copper Foil for
Enhanced Thermal and Electrochemical Interfaces. ACS Appl. Nano
Mater. 2020, 3 (1), 77—83.

(30) Wang, W,; Ruiz, L; Guo, S.; Favors, Z.; Bay, H. H.; Ozkan, M,;
Ozkan, C. S. Hybrid carbon nanotube and graphene nanostructures
for lithium ion battery anodes. Nano Energy 2014, 3, 113—118.

(31) Hoseini, S. A.; Mohajerzadeh, S.; Sanaee, Z. Flaky sputtered
silicon MWCNTs core-shell structure as a freestanding binder-free
electrode for lithium-ion battery. Sci. Rep. 2025, 15 (1), 3733.

(32) Jia, H; Li, X;; Song, J.; Zhang, X.; Luo, L.; He, Y.; Li, B,; Cai,
Y.,; Hu, S.; Xiao, X.; Wang, C.; Rosso, K. M.; Yi, R;; Patel, R.;; Zhang,
J.-G. Hierarchical porous silicon structures with extraordinary
mechanical strength as high-performance lithium-ion battery anodes.
Nat. Commun. 2020, 11 (1), 1474.

(33) Park, S.-H.; King, P. J; Tian, R; Boland, C. S.; Coelho, J;
Zhang, C; McBean, P.; McEvoy, N,; Kremer, M. P,; Daly, D;
Coleman, J. N,; Nicolosi, V. High areal capacity battery electrodes
enabled by segregated nanotube networks. Nat. Energy 2019, 4 (7),
560—567.

(34) Cui, L-F; Hu, L; Choi, J. W,; Cui, Y. Light-Weight Free-
Standing Carbon Nanotube-Silicon Films for Anodes of Lithium Ion
Batteries. ACS Nano 2010, 4 (7), 3671—3678.

(35) Zeferino Gonzalez, L; Chiu, H.-C.; Gauvin, R.; Demopoulos, G.
P.; Verde-Gémez, Y. Silicon doped carbon nanotubes as high energy
anode for lithium-ion batteries. Mater. Today Commun. 2022, 30,
103158.

(36) Wang, W.; Ruiz, I; Ahmed, K; Bay, H. H.; George, A. S;
Wang, J.; Butler, J.; Ozkan, M.; Ozkan, C. S. Silicon Decorated Cone
Shaped Carbon Nanotube Clusters for Lithium Ion Battery Anodes.
Small 2014, 10 (16), 3389—3396.

(37) Nguyen, T.; Su, Y.-S. A self-assembled carbon nanotube/silicon
composite battery anode stabilized with chemically reduced graphene
oxide sheets. Mater. Des. 2024, 240, 112861.

(38) Ahmad, M.; Anguita, J. V.; Stolojan, V.; Carey, J. D.; Silva, S. R.
P. Efficient Coupling of Optical Energy for Rapid Catalyzed
Nanomaterial Growth: High-Quality Carbon Nanotube Synthesis at
Low Substrate Temperatures. ACS Appl. Mater. Interfaces 2013, S (9),
3861—3866.

(39) Brown, S. D. M.; Jorio, A.; Dresselhaus, M. S.; Dresselhaus, G.
Observations of the D-band feature in the Raman spectra of carbon
nanotubes. Phys. Rev. B 2001, 64 (7), 073403.

(40) Saito, R.; Griineis, A.; Samsonidze, G. G.; Brar, V. W,
Dresselhaus, G.; Dresselhaus, M. S.; Jorio, A.; Cancado, L. G.; Fantini,
C.; Pimenta, M. A,; Filho, A. G. S. Double resonance Raman
spectroscopy of single-wall carbon nanotubes. New J. Phys. 2003, 5,
157.

(41) Eklund, P. C.; Holden, J. M,; Jishi, R. A. Vibrational-Modes of
Carbon Nanotubes - Spectroscopy and Theory. Carbon 1995, 33 (7),
959-972.

(42) Tuinstra, F.; Koenig, J. L. Raman Spectrum of Graphite. J.
Chem. Phys. 1970, 53 (3), 1126—1131.

(43) Avouris, P.; Chen, Z.; Perebeinos, V. Carbon-based electronics.
Nat. Nanotechnol. 2007, 2 (10), 605—615.

(44) Shamsudin, M. S.; Asli, N. A; Abdullah, S.; Yahya, S. Y. S;
Rusop, M. Effect of Synthesis Temperature on the Growth Iron-Filled
Carbon Nanotubes as Evidenced by Structural, Micro-Raman, and
Thermogravimetric Analyses. Adv. Condens. Matter Phys. 2012, 2012,
420619.

(45) Kim, K. E; Kim, K. J.; Jung, W. S.; Bae, S. Y.; Park, J.; Choi, J.;
Choo, J. Investigation on the temperature-dependent growth rate of
carbon nanotubes using chemical vapor deposition of ferrocene and
acetylene. Chem. Phys. Lett. 2005, 401 (4—6), 459—464.

https://doi.org/10.1021/acsaem.5c03862
ACS Appl. Energy Mater. 2026, 9, 3818—3828


https://doi.org/10.1021/nn100400r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn100400r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/sstr.202100009
https://doi.org/10.1002/sstr.202100009
https://doi.org/10.1007/s12274-022-4275-9
https://doi.org/10.1007/s12274-022-4275-9
https://doi.org/10.1007/s12274-022-4275-9
https://doi.org/10.1038/s41467-024-54313-y
https://doi.org/10.1038/s41467-024-54313-y
https://doi.org/10.1016/j.apsadv.2022.100233
https://doi.org/10.1002/aenm.201601424
https://doi.org/10.1002/aenm.201601424
https://doi.org/10.1002/aenm.201601424
https://doi.org/10.1021/jp710921k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp710921k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matlet.2008.01.088
https://doi.org/10.1016/j.matlet.2008.01.088
https://doi.org/10.1016/j.matlet.2008.01.088
https://doi.org/10.1016/j.jpowsour.2012.02.013
https://doi.org/10.1016/j.jpowsour.2012.02.013
https://doi.org/10.1016/S1388-2481(02)00268-0
https://doi.org/10.1016/S1388-2481(02)00268-0
https://doi.org/10.1038/s41598-020-62564-0
https://doi.org/10.1038/s41598-020-62564-0
https://doi.org/10.1016/j.electacta.2006.01.043
https://doi.org/10.1016/j.electacta.2006.01.043
https://doi.org/10.1149/1.2213528
https://doi.org/10.1149/1.2213528
https://doi.org/10.1016/j.carbon.2010.12.014
https://doi.org/10.1016/j.carbon.2010.12.014
https://doi.org/10.1080/14686996.2021.1902243
https://doi.org/10.1080/14686996.2021.1902243
https://doi.org/10.1080/14686996.2021.1902243
https://doi.org/10.1016/S0378-7753(02)00107-6
https://doi.org/10.1016/S0378-7753(02)00107-6
https://doi.org/10.1016/S0378-7753(02)00107-6
https://doi.org/10.1016/j.carbon.2019.04.030
https://doi.org/10.1002/adfm.201501214
https://doi.org/10.1002/adfm.201501214
https://doi.org/10.3390/nano9030473
https://doi.org/10.3390/nano9030473
https://doi.org/10.1021/ja062872s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbon.2019.11.061
https://doi.org/10.1016/j.carbon.2019.11.061
https://doi.org/10.1021/acsanm.9b01595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b01595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b01595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2013.10.005
https://doi.org/10.1016/j.nanoen.2013.10.005
https://doi.org/10.1038/s41598-025-88019-y
https://doi.org/10.1038/s41598-025-88019-y
https://doi.org/10.1038/s41598-025-88019-y
https://doi.org/10.1038/s41467-020-15217-9
https://doi.org/10.1038/s41467-020-15217-9
https://doi.org/10.1038/s41560-019-0398-y
https://doi.org/10.1038/s41560-019-0398-y
https://doi.org/10.1021/nn100619m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn100619m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn100619m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mtcomm.2022.103158
https://doi.org/10.1016/j.mtcomm.2022.103158
https://doi.org/10.1002/smll.201400088
https://doi.org/10.1002/smll.201400088
https://doi.org/10.1016/j.matdes.2024.112861
https://doi.org/10.1016/j.matdes.2024.112861
https://doi.org/10.1016/j.matdes.2024.112861
https://doi.org/10.1021/am400542u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am400542u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am400542u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.64.073403
https://doi.org/10.1103/PhysRevB.64.073403
https://doi.org/10.1088/1367-2630/5/1/157
https://doi.org/10.1088/1367-2630/5/1/157
https://doi.org/10.1016/0008-6223(95)00035-C
https://doi.org/10.1016/0008-6223(95)00035-C
https://doi.org/10.1063/1.1674108
https://doi.org/10.1038/nnano.2007.300
https://doi.org/10.1155/2012/420619
https://doi.org/10.1155/2012/420619
https://doi.org/10.1155/2012/420619
https://doi.org/10.1016/j.cplett.2004.11.113
https://doi.org/10.1016/j.cplett.2004.11.113
https://doi.org/10.1016/j.cplett.2004.11.113
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c03862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org Article

(46) Beeman, D.; Tsu, R; Thorpe, M. F. Structural information
from the Raman spectrum of amorphous silicon. Phys. Rev. B 1985, 32
(2), 874—878.

(47) Chhowalla, M.; Teo, K. B. K; Ducati, C.; Rupesinghe, N. L.;
Amaratunga, G. A. J.; Ferrari, A. C,; Roy, D.; Robertson, J.; Milne, W.
1. Growth process conditions of vertically aligned carbon nanotubes
using plasma enhanced chemical vapor deposition. J. Appl. Phys. 2001,
90 (10), 5308—5317.

(48) Li, G,; Chakrabarti, S.; Schulz, M.; Shanov, V. Growth of
aligned multiwalled carbon nanotubes on bulk copper substrates by
chemical vapor deposition. J. Mater. Res. 2009, 24 (9), 2813—2820.

(49) Raji, A-R. O,; Villegas Salvatierra, R.; Kim, N. D.; Fan, X; Li,
Y,; Silva, G. A. L,; Sha, J.; Tour, J. M. Lithium Batteries with Nearly
Maximum Metal Storage. ACS Nano 2017, 11 (6), 6362—6369.

(50) Jiao, D. N.Copper Demand in Energy StorageAnnual Spring
Meeting 2019 22 May, SeattleAmerican Copper Council2019

(51) Yang, S.; Huo, J.; Song, H.; Chen, X. A comparative study of
electrochemical properties of two kinds of carbon nanotubes as anode
materials for lithium ion batteries. Electrochim. Acta 2008, 53 (5),
2238—-2244.

(52) Klink, S.; Ventosa, E.; Xia, W.; La Mantia, F.; Muhler, M,;
Schuhmann, W. Tailoring of CNT surface oxygen groups by gas-
phase oxidation and its implications for lithium ion Dbatteries.
Electrochem. Commun. 2012, 15 (1), 10—13.

(53) Rong, J.; Masarapu, C.; Ni, J.; Zhang, Z.; Wei, B. Tandem
Structure of Porous Silicon Film on Single-Walled Carbon Nanotube
Macrofilms for Lithium-Ion Battery Applications. ACS Nano 2010, 4
(8), 4683—4690.

(54) Ohara, S.; Suzuki, J.; Sekine, K.; Takamura, T. A thin film
silicon anode for Li-ion batteries having a very large specific capacity
and long cycle life. J. Power Sources 2004, 136 (2), 303—306.

(55) Futaba, D. N.; Hata, K;; Yamada, T.; Hiraoka, T.; Hayamizu,
Y.; Kakudate, Y.; Tanaike, O.; Hatori, H.; Yumura, M,; Iijima, S.
Shape-engineerable and highly densely packed single-walled carbon
nanotubes and their application as super-capacitor electrodes. Nat.
Mater. 2006, S (12), 987—994.

(56) Patel, Y.; Vanpariya, A,; Mukhopadhyay, L. Si-decorated CNT
network as negative electrode for lithium-ion battery. J. Solid State
Electrochem. 2023, 27 (2), 501-510.

(57) Maranchi, J. P.; Hepp, A. F,; Kumta, P. N. High Capacity
Reversible Silicon Thin-Film Anodes for Lithium-Ion Batteries.
Electrochem. Solid-State Lett. 2003, 6 (9), A198.

(58) Nishidate, K.; Hasegawa, M. Energetics of lithium ion
adsorption on defective carbon nanotubes. Phys. Rev. B 2005, 71
(24), 245418.

(59) Eom, J. Y.; Kwon, H. S.; Liu, J.; Zhou, O. Lithium insertion into
purified and etched multi-walled carbon nanotubes synthesized on
supported catalysts by thermal CVD. Carbon 2004, 42 (12), 2589—
2596.

(60) Xiong, Z; Yun, Y. S; Jin, H. J. Applications of Carbon
Nanotubes for Lithium Ion Battery Anodes. Materials 2013, 6 (3),
1138—11S8.

(61) Guo, J; Sun, A,; Chen, X; Wang, C.; Manivannan, A.
Cyclability study of silicon—carbon composite anodes for lithium-ion
batteries using electrochemical impedance spectroscopy. Electrochim.
Acta 2011, 56 (11), 3981—3987.

3828

CAS INSIGHTS™

EXPLORE THE INNOVATIONS
SHAPING TOMORROW

Discover the latest scientific research and trends with CAS Insights.
Subscribe for email updates on new articles, reports, and webinars
at the intersection of science and innovation.

Subscribe today

https://doi.org/10.1021/acsaem.5c03862
ACS Appl. Energy Mater. 2026, 9, 3818—3828


https://doi.org/10.1103/PhysRevB.32.874
https://doi.org/10.1103/PhysRevB.32.874
https://doi.org/10.1063/1.1410322
https://doi.org/10.1063/1.1410322
https://doi.org/10.1557/jmr.2009.0339
https://doi.org/10.1557/jmr.2009.0339
https://doi.org/10.1557/jmr.2009.0339
https://doi.org/10.1021/acsnano.7b02731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b02731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2007.09.040
https://doi.org/10.1016/j.electacta.2007.09.040
https://doi.org/10.1016/j.electacta.2007.09.040
https://doi.org/10.1016/j.elecom.2011.11.012
https://doi.org/10.1016/j.elecom.2011.11.012
https://doi.org/10.1021/nn101196j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn101196j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn101196j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2004.03.014
https://doi.org/10.1016/j.jpowsour.2004.03.014
https://doi.org/10.1016/j.jpowsour.2004.03.014
https://doi.org/10.1038/nmat1782
https://doi.org/10.1038/nmat1782
https://doi.org/10.1007/s10008-022-05340-6
https://doi.org/10.1007/s10008-022-05340-6
https://doi.org/10.1149/1.1596918
https://doi.org/10.1149/1.1596918
https://doi.org/10.1103/PhysRevB.71.245418
https://doi.org/10.1103/PhysRevB.71.245418
https://doi.org/10.1016/j.carbon.2004.05.039
https://doi.org/10.1016/j.carbon.2004.05.039
https://doi.org/10.1016/j.carbon.2004.05.039
https://doi.org/10.3390/ma6031138
https://doi.org/10.3390/ma6031138
https://doi.org/10.1016/j.electacta.2011.02.014
https://doi.org/10.1016/j.electacta.2011.02.014
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c03862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://solutions.cas.org/CASInsights_Subscribe?utm_campaign=GLO_GEN_ANY_CIS_AWS&utm_medium=DSP_CAS_ORG&utm_source=Publication_CEN&utm_content=pdf_footer 

