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storage mechanisms, kinetics, and
reversibility of defect-engineered and
functionalized multi-walled carbon nanotubes for
enhanced energy storage†

Lingping Kong,*a Yuntong Zhu, b P. Jason Williams,c Mohamad Kabbani,c

Fikile R. Brushett a and Jennifer L. M. Rupp *bdef

Lithium-ion batteries (LIBs) are approaching their theoretical energy density limits due to the low capacity of

electrodematerials, and their charging rates are hindered by the intrinsically slow lithium cation (Li+) storage

kinetics in graphite. To overcome these challenges, multi-walled carbon nanotubes (MWCNTs) have been

explored as an alternative, offering Li+ storage within the interplanar space between graphene sheets, along

with excellent electrical conductivity, and eco-friendliness. However, the defect-rich and functionalized

configuration for reversible Li+ storage in MWCNTs is still the subject of debate. Here, we report the

design and synthesis of defect-engineered MWCNT-COOH using an acid-treatment method. We

conduct an extensive study of Li+ storage mechanisms, kinetics, and reversibility, by employing a suite of

electrochemical and structural characterization techniques. The acid treatment successfully introduced

extra Li+ storage active sites into MWCNTs, such as oxygen functional groups, structural defects,

disordered carbon regions, voids/nanopores in the sidewalls, and uncapped hollow cores, as confirmed

by Raman, XPS, and TEM analyses. These multiple active sites enable diverse pathways for Li+ storage,

resulting in high overall capacities of up to 855.6 mA h g−1 at 100th cycle at 100 mA g−1, surpassing the

pristine MWCNTs with a capacity of 424.1 mA h g−1 under the same conditions. Moreover, defect-

engineered MWCNT-COOH exhibits good rate performance, delivering a capacity of 350 mA h g−1 at

500 mA g−1, as well as fast Li+ diffusion coefficients on the order of 10−11 to 10−10 cm2 s−1. The superior

electrochemical performance of defect-engineered MWCNT-COOH allows for an increase in the energy

density and a decrease in the charging time of LIBs, while maintaining a long lifetime and other

performance metrics. Overall, this study provides crucial insights into Li+ storage mechanisms, kinetics,

and reversibility of defect-engineered MWCNT materials and their synthesis for future battery designs.
1. Introduction

In the pursuit of zero-carbon emissions, lithium-ion batteries
(LIBs) have been continuously considered as a successful clean
technology, when recharged only with renewable energy sour-
ces.1 LIBs, as electrochemical energy storage devices, can store
signicant amounts of energy in the form of lithium chemical
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f Chemistry 2024
potential, which can later be discharged to generate electricity.
Over the past few decades, LIBs have gained widespread adop-
tion in consumer electronics and electric vehicles, owing to
their lightweight, high-energy density, and long cycling lifetime.
However, the current LIBs employing graphite anodes, lithium
oxide cathodes, and liquid or gel electrolytes are approaching
their theoretical energy density limits.1–3 The intrinsically slow
Li+ storage kinetics of graphite anodes restrict the charging
time of LIBs to several hours.4 To address these challenges, the
development of novel materials with fast charge storage
kinetics, high-capacity cathodes with high de-lithiation poten-
tials, and high-capacity anodes with low lithiation potentials
has proven fruitful in enhancing the energy density and fast-
charging capabilities of LIBs.

Currently, the LIB market heavily relies on graphite anodes,
where graphite serves as a host structure for Li+, allowing the
storage of one Li+ for every six carbon atoms in the graphitic
plane, with d002 spacing expanding to 0.372 nm. This yields
J. Mater. Chem. A, 2024, 12, 4299–4311 | 4299
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a theoretical capacity of 372 mA h g−1, with at lithiation curves
observed between 0.25–0.01 V vs. Li/Li+.4–6 However, the low
theoretical capacity of graphite restricts further improvements
in energy density. Another challenge associated with graphite
anodes is the occurrence of Li-metal plating when charging
rates exceed the Li+ intercalation rate into graphitic planes and
the solid-state diffusion rate of Li into the bulk structure of
graphite. This leads to reduced coulombic efficiency (CE) and
even Li dendrite growth, causing direct shorting of the cell.7 To
address the limitations of graphite anodes, numerous alterna-
tive anode materials have been investigated in pursuit of high
energy and power densities, long-term cycling stability, and
improved safety.8 For instance, lithium titanate (Li4Ti5O12), as
a zero-strain material during Li+ (de-)intercalation, exhibits the
ability to (dis-)charge at high rates of up to 10 C, with over 80%
capacity retention and excellent cycling stability.9 However, the
high Li+ intercalation potential (1.55 V vs. Li/Li+) and low
theoretical capacity (175 mA h g−1, corresponding to Li7Ti5O12)
signicantly attenuate the energy density. Similar phenomena
are observed in other transition metal oxides, such as Nb2O5

and TiO2 anodes.10–12 Silicon (Si), an alloying-type anode mate-
rial, exhibits a low lithiation potential (below 0.3 V vs. Li/Li+)
and a high theoretical capacity of 4212 mA h g−1 (corresponding
to Li4.4Si), offering an advantage in terms of high energy
density. However, the large volume expansion during Li-
alloying (up to 400 vol%) generates signicant mechanical
stress, leading to material pulverization and continuous
reconstruction of solid electrolyte interface (SEI) layer, resulting
in rapid capacity fading and poor cycling stability.13 Similar
characteristics are observed in other alloying anodes, such as
Ge, Sn, and P.14 To overcome these challenges, several strategies
have been proposed, including building 3D nanoporous struc-
tures and surface coating layers to improve cycling
performance.15

Carbonaceous materials are regarded as promising anode
candidates for LIBs due to their low lithiation potentials and
high Li+ storage capacities. Among them, carbon nanotubes
(CNTs) have gained signicant attention as Li+ host structures.
Fig. 1 Li+-density in CNTs with different morphology, structure, and su

4300 | J. Mater. Chem. A, 2024, 12, 4299–4311
The electrochemical properties of CNTs are primarily deter-
mined by their morphology, structure, and surface
chemistry.16–19 Factors such as the number of graphene layers,
inner and outer diameters, tube length, alignment, as well as
the presence of uncapped or capped ends, lateral defects in the
sidewalls, and graphitized structure, all impact their electro-
chemical performance. Additionally, surface chemistry,
including heteroatom doping and functional chemical groups,
plays a crucial role in determining their electrochemical
behavior. Careful consideration of these factors is essential
when designing CNTs-based anodes for LIBs, and further
research is needed to fully comprehend and optimize their
electrochemical performance.

Single-walled carbon nanotubes (SWCNTs) consist of just
one graphene sheet rolled into a cylinder, and they can be either
metallic or semiconducting depending on their diameter and
chirality. Metallic SWCNTs are preferred as Li+ hosts due to
their lower Li+ adsorption potentials and 5× higher capacity
compared to semiconducting SWCNTs.20 SWCNTs can form
bundles with interstitial spaces suitable for Li+ storage.21–24

While, the lithiation potential of well-structured SWCNTs is
comparable to graphite, their Li+ density can reach Li1.7C6,
corresponding to 632 mA h g−1, surpassing graphite.25 Intro-
ducing structural defects, surface functionalization, shortening
tube length, and uncapped ends can signicantly increase Li+

density in SWCNTs up to Li3C6, corresponding to a remarkable
storage capacity of up to 1116 mA h g−1, as shown in Fig. 1 (blue
color). These features also facilitate easier Li+ diffusion into the
interior space of the tubes.24–27

Multi-walled carbon nanotubes (MWCNTs) are composed of
multiple layers of graphene sheets rolled into concentric cylin-
drical tubes and exhibit excellent electrical conductivity due to
dissimilar chirality between the layers. The adjacent graphene
layers are spaced approximately 0.34–0.42 nm apart via van der
Waals forces, enabling MWCNTs to store Li+ in a similar way to
graphite. The Li+ storage capacity of MWCNTs has been
enhanced to over 600 mA h g−1 through various methods like
ball-milling, high-temperature and/or wet-chemical
rface chemistry.

This journal is © The Royal Society of Chemistry 2024
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processing.28–43 The improvements can be attributed to surface
functionalization, defect-engineered surfaces, shortened
length, and uncapped ends,31,38–42 which are summarized in
Fig. 1 (green color). However, the detailed study of Li+ storage
processes in defect-engineered MWCNTs and the impact of
morphology, structure, and surface chemistry on electro-
chemical behaviors require further investigation in the eld.
Understanding the structure–property relationship of defect-
engineered MWCNTs is essential to ensure their long-term
cycling stability.

To this end, we synthesized defect-engineered MWCNT-
COOH by optimizing the acid treatment duration. Microscopic
morphology and nanostructure characterization through scan-
ning electron microscopy (SEM), transmission electron micros-
copy (TEM), and Raman spectroscopy, revealed defected
features, including surface structural defects, voids/nanopores in
the sidewalls, disordered carbon regions, and uncapped ends.
Additionally, X-ray photoelectron spectroscopy (XPS) clearly
demonstrated the presence of oxygen functional groups intro-
duced into defect-engineered MWCNT-COOH aer acid treat-
ment. Subsequently, we conducted a comprehensive
investigation into the inuence of these defected features and
oxygen functional groups on Li+ storage mechanisms, kinetics,
and reversibility, employing electrochemical characterization
techniques. A signicant nding was that defect-engineered
MWCNT-COOH exhibited twice the capacity, reaching to
857 mA h g−1, in comparison to pristine MWCNTs. This increase
in capacity can be attributed to the additional active sites
resulting from the increased number of defects and voids/
nanopores in sidewalls and oxygen functional groups. More-
over, defect-engineered MWCNT-COOH displayed a high Li+

diffusion coefficient of 10−11 to 10−10 cm2 s−1 and demonstrated
excellent rate performance, which can be explained by defected
structure facilitating Li+ transport. Through material synthesis
and fundamental studies on the structure-to-electrochemical
properties, we have established a rational approach for the
design of defect-engineered MWCNT-COOH as Li+ storage
materials. This approach aims to develop functional electrodes
that enable high-energy and fast-charging capabilities of LIBs.

2. Experiment
2.1 Preparation of functionalized multi-walled carbon
nanotubes

The commercial MWCNTs (diameter 10–30 nm, received from
Sigma-Aldrich) were functionalized through chemical oxidation
in a mixture of nitric acid (HNO3, 68%) and sulfuric acid
(H2SO4, 98%) (v/v = 3 : 7) (Thermo Fisher Scientic) at room
temperature (∼22 °C) for various durations. The resulting
mixture was quenched in deionized water, ltered, and washed
several times until the pH reached ∼7. Subsequently, the acid-
treated powders were dried under vacuum at 120 °C. The
degree of functionalization was controlled by adjusting the acid-
treatment time. The most optimal functionalized sample was
referred to as defect-engineered MWCNT-COOH (shortened as
MWCNT-COOH in the gures). The as-received commercial
MWCNTs were labeled MWCNT-pristine.
This journal is © The Royal Society of Chemistry 2024
2.2 Materials characterization

The morphology and structure of the samples were character-
ized using a scanning electron microscope (SEM, Zeiss Merlin
high-resolution SEM with in-lens secondary electron detector)
operating at an accelerating voltage of 7 kV and a working
distance of 4.8 mm as well as a transmission electron micro-
scope (TEM, FEI Tecnai) operating at an accelerating voltage of
120 kV. Raman spectroscopy measurements were performed on
a Raman spectrometer (HoloLab series 5000, Kaiser Optical
Systems) at 532 nm laser excitation. All spectra were collected
with 5-time accumulations of 10 s per scan. Crystallinity was
evaluated using X-ray diffraction (XRD) patterns acquired with
an analytical (X'Pert) diffractometer using Cu-Ka radiation (k =
0.154 nm) at an accelerating voltage of 45 kV and a current of
200 mA, with 2q range from 5° to 90°. Surface chemistry was
characterized using X-ray photoelectron spectroscopy (XPS,
Thermo Scientic K-Alpha) with an analyzer pass energy of
200 eV for a low-energy-resolution survey scan and 50 eV for
a high-energy-resolution scan. The microstructure of cycled
samples was analyzed using a Titan Themis Z G3 Cs-Corrected
S/TEM at 60 kV.
2.3 Preparation of MWCNTs electrode discs

Before slurry coating electrodes, the MWCNTs materials were
thoroughly dried under vacuum at 120 °C overnight. In order to
precisely study the Li+ storage mechanism of the MWCNTs, we
intentionally avoided using a conductive agent (e.g., carbon black)
to prevent the interference at the low cut-off voltage. For electrode
preparation, we mixed MWCNTs and polyvinylidene uoride
(PVDF) (purity >99.5%, MTI Corporation) binder in a mass ratio
of 9 : 1, using N-methyl pyrrolidinone (NMP) (anhydrous, purity
>99.5%, Sigma-Aldrich) as the solvent. Aer magnetic stirring for
2 hours, the slurry was spread onto a copper foil (purity $99.8%,
MTI Corporation) using a Mini tape casting coater (MSK-AFA-
HC100, MTI Corporation). The resulting wet lm was dried at
100 °C under a vacuum of 3000 Hg and then punched into elec-
trode discs with a diameter of 14 mm. The areal mass loading of
MWCNTs was estimated to be ca. 0.7–1.0 mg cm−2.
2.4 Assembling coin cells

CR2032 coin cell cases were purchased from Guangdong Canrd
New Energy Technology, China. Coin cells were assembled in an
Argon-lled glove box (Innovative Technology Pure Lab Glove Box)
with a water/oxygen content <1 ppm. The Li discs with a diameter
of 15.6 mm and a thickness of 560 mm (Guangdong Canrd New
Energy Technology, China) were used as the counter and refer-
ence electrodes. 1 M lithium hexauorophosphate (LiPF6) in
ethylene carbonate (EC)/ethyl methyl carbonate (EMC) with 50/50
(v/v) (Sigma-Aldrich) was used as the electrolyte without any
additives. Celgard-2500 (Celgard) was employed as the separator.
2.5 Electrochemical measurements

All the electrochemical measurements were conducted using
a VMP-300 Potentiostat (Biologic, USA) at ∼22 °C. The current
density and specic capacity were calculated based on the mass
J. Mater. Chem. A, 2024, 12, 4299–4311 | 4301
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of the active materials, and the working potential of the
MWCNT electrodes was set between 0.005–3.0 V (vs. Li/Li+).
Cyclic voltammetry (CV) test was carried out at a scan rate of
1 mV s−1 between 0.005 and 3 V for 100 cycles. Scan-rate test was
performed at different scan rates ranging from 0.5 to 20 mV s−1.
The relationship between the peak current (i, mA) and scan rate
(n, mV s−1) is assumed to follow the power-law equation:

i = anb (1)

where a and b are adjustable values determined through tting
the log(n) vs. log(i) plots. A value of b= 0.5 indicates a solid-state
diffusion-controlled electrochemical behavior, while b = 1
represents a capacitive surface-controlled behavior. Values of
0.5 < b < 1.0 suggest a mixed contribution from both diffusion-
controlled and surface-controlled behaviors.11 Galvanostatic
charge–discharge (GCD) tests were conducted at a constant
current density of 100 mA g−1 for 100 cycles and 500 mA g−1 for
500 cycles. Rate performance was characterized at different
current densities ranging from 50 to 5000 mA g−1. Electro-
chemical impedance spectroscopy (EIS) was measured with an
amplitude of 5 mV over the frequency range from 200 kHz to
0.1 Hz.

2.6 GITT test

To study the Li+ diffusion behavior of different MWCNTs, the
galvanostatic intermittent titration technique (GITT) was
employed. Prior to the GITT measurements, the cells were
discharged/charged for 100 cycles at a constant current density
of 100 mA g−1. During the GITT, a galvanostatic current pulse
was passed through the cell (discharged for 10 minutes at
100 mA g−1), and the relaxation voltage curve was recorded with
a relaxation time of 60 minutes. Assuming negligible self-
discharge, the voltage decay during cell relaxation was attrib-
uted to the diffusion-controlled process, signifying the recovery
of a homogeneous lithium concentration throughout the solid.
The Li+ diffusion coefficient (DLi+) can be estimated based on
Fick's second law (1):

DLiþ ¼ 4

ps

�
mBVM

MBS

�2�
DEs

DEs

�2

(2)

where mB and MB are the weight and molar mass of MWCNTs
materials, respectively; VM is the molar volume of MWCNTs
materials, and S is the active surface area of the electrodes. s,
DEs and DEs are the pulse time, voltage change between steps,
and voltage exchange during the pulse period, respectively.

3. Results and discussion

High-resolution transmission electron microscopy (HR-TEM)
imaging is used to characterize the morphology and structural
changes of MWCNTs during acid treatment. In the pristine state
(Fig. 2a), MWCNT-pristine exhibits a multiwalled-tubular
structure with long-range graphitic ordering, comprising
approximately 10–11 graphene layers with a capped end. The
average outer and inner diameters of the nanotubes are ∼12
and 5 nm, respectively, and the distance between adjacent
4302 | J. Mater. Chem. A, 2024, 12, 4299–4311
graphene layers is calculated to be ∼0.34 nm using line prole
of the HR-TEM image (inserted in Fig S1f†). Surprisingly,
MWCNT-pristine, received from the vendor, displays some
unexpected disordered carbon regions lacking d-spaced gra-
phene layers and internal blockages consisting of 2–3 graphene
layers across the tube. Upon acid treatment, defect-engineered
MWCNT-COOH (Fig. 2b) exhibits uncapped ends and an over-
all increase in surface roughness. The acid treatment not only
unzips the nanotube ends but also disrupts the long-range
graphitic ordering, causing damage to the exterior graphene
layers. This results in the formation of lateral defects in benzene
rings, disordered carbon regions, and voids/nanopores in
sidewalls, along with the introduction of oxygen functional
groups (conrmed with XPS, as detailed below). Despite these
changes, short-range ordered regions consisting of a few gra-
phene layers with an interlayer distance of ∼0.34 nm still
remained, facilitating rapid electron transport along the axial
direction of the tube. Microscopic morphology examination
through SEM and low-magnication TEM in Fig. S1† reveals
that both MWCNT-pristine and defect-engineered MWCNT-
COOH consist of randomly and loosely tangled tubes, with
lengths of roughly 10–20 mm. The crystallinity is probed using X-
ray diffraction (XRD, in Fig. S2†), showing a lattice constant of
∼0.345 nm, which aligns with the TEM ndings. More detailed
discussions can be found in ESI.† We hypothesize that the
uncapped ends may promote the use of the hollow inner cores
for Li+ diffusion,40 which, in turn, impact the reversible capacity
and observed kinetics.

Raman spectroscopy is used to characterize structural
defects and graphitic sizes of MWCNTs. In Fig. 2c, all the
Raman peak positions (D and D0 bands, G and G0 bands) remain
unchanged when comparing MWCNT-pristine and defect-
engineered MWCNT-COOH, but the intensity ratio of Raman
peaks shows differences. Specically, ID/IG, IG0/IG, and IG0/ID are
calculated and analyzed as presented in Table S1.† The rst-
order G band (centered at ∼1580 cm−1) originates from the
in-plane stretching vibrations of sp2-bonded carbon atoms in
the graphene layer, while the second-order G0 band (centered at
∼2670 cm−1) originates from the tangential mode of the same
vibrations.43,44 Consequently, the relative intensity of the G0 and
G bands (IG0/IG) can be used to estimate the degree of graphitic
ordering property in MWCNTs. The disorder-induced D band
has centered at ∼1350 cm−1 which is about half of the
frequency of the G0 band, and D0 band has centered at
∼1615 cm−1 arising from defect-assisted intervalley scattering
process. This phenomenon can be attributed to double reso-
nance of sp3-hybridized carbon in the disordered carbon
regions.44,45 Furthermore, the structural defect density and the
degree of graphitization of nanotubes can be evaluated from ID/
IG and IG0/ID, respectively.44–47 Aer acid treatment, defect-
engineered MWCNT-COOH shows an increased ID/IG
(increased by ∼20%) and decreased IG0/IG and IG0/ID (decreased
by ∼30–40%) compared to MWCNT-pristine. Acid treatment of
MWCNTs breaks the long-range ordered graphitic structure,
reduces the graphitization degree, generates structural defects,
and forms disordered carbon regions, all of which are consis-
tent with the TEM analysis in Fig. 2b.
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 TEM images of (a) MWCNT-pristine and (b) defect-engineered MWCNT-COOH, (c) Raman spectra of MWCNT-pristine and defect-
engineered MWCNT-COOH, (d) C 1s XPS spectra of defect-engineered MWCNT-COOH, and (e) structural and chemical changes from pristine
to COOH. Notes in (e):① graphitic layers;② disordered carbon regions;③ lateral structure defects;④ voids/nanopores;⑤ the cutting graphitic
edges; ⑥ uncapped hollow cores; ⑦ oxygen-content functional groups; and ⑧ unstable surface graphene layer.
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The surface chemistry is characterized by X-ray photoelec-
tron spectroscopy (XPS). The high-resolution C 1s spectra of
defect-engineered MWCNT-COOH and MWCNT-pristine are
deconvoluted using a Gaussian function in Fig. 2d and S3b,†
respectively. The Gaussian deconvoluted spectra include a main
peak at 284.46 eV for C]C (attributing to a sp2-carbon in
graphitic structure), a low-intensity peak at 285.36 eV for C–C
(attributing to sp3-hybridized carbon atoms), and other peaks at
This journal is © The Royal Society of Chemistry 2024
286.31 eV (C–O), 287.49 eV (C]O), 289.10 eV (O–C]O), and
290.90 eV (plasmon p–p*).48 Aer area tting for different
carbon chemical bonds, the atomic ratio of different carbon
chemical bonds is calculated and presented in Table S2.†
Furthermore, the survey spectra of defect-engineered MWCNT-
COOH and MWCNT-pristine only show C 1s and O 1s in
Fig. S3a.† The atomic ratio of oxygen to carbon in defect-
engineered MWCNT-COOH is ∼0.119, which is ∼10× that of
J. Mater. Chem. A, 2024, 12, 4299–4311 | 4303
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MWCNT-pristine. Additionally, the high-resolution O 1s spectra
are deconvoluted in Fig. S3c and d† for the interpretation of the
C 1s, and more O double bonds are observed in defect-
engineered MWCNT-COOH. Comparing with MWCNT-
pristine, defect-engineered MWCNT-COOH exhibits a lower
content of C]C (by ∼55.33%) and a higher content of C–C, C–
O, C]O and O–C]O, indicating the successful introduction of
disordered and defected carbon regions and oxygen function
groups aer acid treatment.

The major structural and chemical ndings related to defect-
engineered MWCNT-COOH and MWCNT-pristine are summa-
rized in Table 1 and Fig. 2e, listing the potential Li+ storage
active sites. Compared to MWCNT-pristine, defect-engineered
MWCNT-COOH exhibits a great number of Li+ storage active
sites, including ② disordered carbon regions, ③ lateral struc-
ture defects, ④ voids/nanopores, ⑤ the broken graphitic edges
created by unzipping the caps,⑥ uncapped hollow-inner cores,
⑦ oxygen functional groups (–COOH and –OH groups), ⑧

unstable surface carbon layer, as well as ① graphitic layers.
These additional active sites hold promise for increasing Li+

storage capacity, but a thorough understanding of the Li+

storage mechanism, kinetics, reversibility, and the effect of
uncapped hollow cores is necessary.

To this end, Li+ storage mechanisms, kinetics, and revers-
ibility in different structurally and chemically engineered
MWCNTs have been investigated using various electrochemical
techniques. Fig. 3a and b display the CV curves of MWCNT-
pristine and defect-engineered MWCNT-COOH cycled at the
scan rate of 1 mV s−1 for 100 times, respectively. In the 1st cycle,
both samples exhibit a higher capacity for the cathodic process
Table 1 A summary of key findings from structural and chemical invest

MWCNT-pristine

Schematic structure

TEM � Capped ends
� 10–11 graphene layers
� Long-range graphitic structure

Raman COOH vs. pristine
� ∼20% higher ID/IG: more disordered carb
� ∼30% lower IG’/IG: destroyed long-range
� ∼40% lower IG’/ID: low graphitization de

XRD Maintained graphitic distance: ∼0.345 nm
XPS � 1.38 atm% O content

� 0.014 atomic ratio of O/C
� 62.81 atm% C]C
� 15.97 atm% C–C

4304 | J. Mater. Chem. A, 2024, 12, 4299–4311
compared to the anodic process, indicating signicant capacity
loss due to the irreversible reactions. However, in subsequent
cycles, both MWCNT-pristine and defect-engineered MWCNT-
COOH exhibit reversible Li+ storage reactions. To gain
insights into the impact of different structural and chemical
features on irreversible reactions in the 1st cycle, the 1st CV
curves of MWCNT-pristine and defect-engineered MWCNT-
COOH are compared in Fig. 3c, discharging from the open-
circuit voltage (OCV). Defect-engineered MWCNT-COOH
exhibits a higher OCV (∼3.05 V) than MWCNT-pristine (∼2.78
V) due to the presence of surface oxygen functional groups
introduced by acid-treatment.31,42,49 Notably, cathodic peaks at
∼2.72, 2.15, and 0.95 V are observed for defect-engineered
MWCNT-COOH, but not for MWCNT-pristine, which may be
attributed to the electrochemically irreversible reactions of
oxygen functional groups with Li+,49 irreversible Li+ trapping in
structural defects, organic carbonate solvent decomposition
and SEI layer formation on both interior and exterior
surfaces.17,25,49,50 However, SEI-related reduction peak at around
0.95 V for MWCNT-pristine is not as distinct and might have
been obscured by the high-intensity peak at ∼0.35 V. This is
likely because only the exterior surface is available for SEI, and
the interior surface in the capped hollow cores does not
contribute to this process, as discussed in the next session. A
broad cathodic peak at ∼0.35 V with no corresponding anodic
peak is observed in both samples, corresponding to solvated
Li+-intercalation-induced exfoliation of unstable graphitic
layers on the surface, which has been conrmed by evidence of
carbon fragments on the Celgard separator in Fig. S4.† The
stresses induced by intercalation between the graphitic layers in
igation for MWCNT-pristine and defect-engineered MWCNT-COOH

Defect-engineered MWCNT-COOH

� Uncapped ends
� Number distribution of graphene layers
� Destroyed long-range graphitic structure
� Rough and defected surface with voids/nanopores in the sidewalls
� Disordered carbon regions

on regions and structural defects
graphitic structure
gree

� 10.64 atm% O content
� 0.119 atomic ratio of O/C
� 55.33 atm% C]C
� 19.34 atm% C–C
� High content of oxygen functional groups (C–O, C]O, and O–C]O)

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 CV curves of cell with (a) MWCNT-pristine electrodes and (b) defect-engineered MWCNT-COOH electrodes at the scan rate of 1 mV s−1.
CV curves comparison of MWCNT-pristine and defect-engineered MWCNT-COOH at (c) 1st and (d) 5th cycles.
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the sidewalls can cause the weak van der Waals interaction
between the graphene layers to break, leading to exfoliation.
This phenomenon has been also observed in MWCNTs with an
inner core diameter of 10 nm and a wall thickness of 5 nm using
EC (ethylene carbonate)-based electrolyte.51 Therefore, the large
capacity loss in the 1st cycle is related to a series of electro-
chemically irreversible reactions, contingent upon the
morphology, structure, and surface chemistry of MWCNTs.

Aer the 1st cycle, MWCNT-pristine and defect-engineered
MWCNT-COOH demonstrate reversible Li+ storage processes
but distinct voltage proles due to their different surface
chemistry and microstructure. To delve deeper into these
disparate Li+ storage mechanisms, the 5th CV curves are
compared in Fig. 3d. MWCNT-pristine shows a sharp reduction
tail near 0.005 V and a broad oxidation hump at around 0.25 V,
arising from Li+ intercalation/extraction into/from the inter-
planar space between graphene sheets (graphitic layers). Addi-
tionally, MWCNT-pristine exhibits a pair of reduction/oxidation
This journal is © The Royal Society of Chemistry 2024
plateaus at approximately 1.0/1.3 V, attributed to Li+ storage in
structural defects and disordered carbon (observed by TEM,
Raman, and XPS). Furthermore, MWCNT-pristine reveals
a quasi-rectangular region between 1.5-3.0 V, featuring a low-
capacity contribution from electrostatic adsorption of Li+ on
the surface area and possibly a faradaic reaction of Li+ with the
low content of oxygen functional groups (oxygen content 1.38
atm% conrmed by XPS). In contrast, defect-engineered
MWCNT-COOH exhibits multiple Li+ storage processes due to
the introduction of multiple active sites through acid treatment.
In addition to Li+ intercalation/extraction into/from graphitic
layers below 0.5 V, a higher capacity-contribution occurs from
0.5–3.0 V. Specically, defect-engineered MWCNT-COOH, with
a conrmed oxygen content of 10.64 atm% via XPS, demon-
strates broad cathodic/anodic peaks between 1.5–3.0 V, indi-
cating reversible faradaic reactions between Li+ and oxygen
functional groups, resulting in the generation of Li carboxylic
salt –COO(Li) and/or –O(Li).31,52 Additionally, a reduction peak
J. Mater. Chem. A, 2024, 12, 4299–4311 | 4305
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at ∼0.6 V suggests Li+ diffusion/adsorption into the uncapped
hollow cores, while Li+ extraction from the uncapped hollow
cores can occur at any voltage greater than 0.6 V.28,33 We note
that further follow-up investigation is required to understand
the Li chemical state inside the hollow cores. Li+ doping into
amorphous carbon regions, surface defects, and graphitic
edges, and the accommodation of Li+ in the voids/nanopores
may take place within 0.5–1.5 V with a certain likelihood. A
similar group of peaks has been observed in SWCNTs puried
with acid treatment and physical processing.25

Furthermore, a voltage hysteresis is observed in Li+ storage/
extraction in/from both MWCNT-pristine and defect engi-
neered MWCNT-COOH, a common phenomenon in carbon-
based anodes, such as MWCNTs,25,29,34,42 SWCNTs,53 hard
carbons,24 and so carbons.24 This is due to the high barrier of
Li+ extraction processes. For instance, Li+ intercalation into
graphitic layers occurs below 0.5 V, while, Li+ extraction from the
graphitic layers can occur gradually at any voltage above 0.005 V,
but mainly below 0.5 V. The voltage hysteresis of Li+

intercalation/extraction into/from graphitic layers is shown in
Fig. S5.† In the 1st cycle, defect-engineered MWCNT-COOH
exhibits a larger voltage hysteresis (∼0.45 V) than MWCNT-
pristine (∼0.35 V), due to its higher content of defects and
oxygen functional groups. However, the Li+ extraction potential
of defect-engineered MWCNT-COOH decreases to ∼0.21 V aer
100 cycles, indicating that the structural defects promote Li+

extraction from graphitic layers. Additionally, Li+ extraction from
inner cores also presents a high barrier (intercalation/extraction
potentials at ∼0.6/1.8 V) in Fig. 3b, which may be due to the
strong coupling Li+ inside the cores and/or the high Li+ diffusion
resistance at the uncapped ends caused by Li+ doping at the tube
edges. The peak of Li+ extraction from the inner cores at ∼1.8 V
attens during cycles, suggesting that Li+ might be smoothly
extracted from the inner cores at any voltage above 0.6 V.

To better understand the Li+ storage kinetics in defect-
engineered MWCNT-COOH, scan-rate tests are performed, with
scan rates ranging from 0.5 to 20 mV s−1, corresponding to
discharge times ranging from 100 to 2.5 minutes, as shown in
Fig. 4a. Based on the main cathodic processes, we classify three
distinct Li+ storage processes including: peak I at 0.005 V, asso-
ciated with Li+ intercalation into graphitic layers, peak II at∼0.6 V,
related to Li+ adsorption in defects, voids, and hollow cores, and
peak III at ∼1.6 V, linked to the Li+ reaction with oxygen-
containing chemical groups. The linearly tted plots for these
three redox peaks, according to eqn (1), are presented in Fig. 4b.
The obtained b values are about 0.51, 0.80, and 0.83 for peak I, II,
and III, respectively. This indicates that Li+ intercalation into
graphitic layers (peak I) is mainly governed by solid-state diffu-
sion. On the other hand, Li+ storage in defects, voids, and hollow
cores (peak II), as well as Li+ reaction with oxygen functional
groups (peak III), exhibit a combination of diffusion-controlled
process and surface-controlled capacitive behavior. The active
sites and corresponding reaction peaks are depicted in Fig. 4c. For
comparison, the scan-rate test results of MWCNT-pristine and the
corresponding calculated b values are given in Fig. S6.† It is
evident that the defected structure and surface functional groups
contribute to the overall improvement in Li+ storage kinetics. The
4306 | J. Mater. Chem. A, 2024, 12, 4299–4311
lower charge-transfer resistance of defect-engineered MWCNT-
COOH electrode (aer cycling), compared to MWCNT-pristine
electrode, can further explain the fast charge transfer kinetics
by Electrochemical impedance spectroscopy test in Fig. S7.†

The Li+ storage capacity, reversibility, and cycling stability of
MWCNTs are studied using GCD. The discharge capacity
(related to Li+ storage capacity) and coulombic efficiency (CE) vs.
cycle number at a current density of 100 mA g−1 are shown in
Fig. 5a. Selected GCD curves are presented in Fig. S8.† Defect-
engineered MWCNT-COOH exhibits a signicantly higher
capacity, about 2 times of MWCNT-pristine, attributed to the
multi-active sites as shown in Fig. 2e. In the initial cycles, both
materials experience a capacity decrease: Defect-engineered
MWCNT-COOH decreased from 1565.1 mA h g−1 to
568 mA h g−1 at the 10th cycle; MWCNT-pristine decreased from
1027.7 mA h g−1 to 309 mA h g−1 at 17th cycle. The decrease in
capacity can be assigned to irreversible side reactions and
ohmic resistance. However, in subsequent cycles, both mate-
rials display a capacity increase: defect-engineered MWCNT-
COOH increased to 855.6 mA h g−1 and MWCNT-pristine
increased to 424.1 mA h g−1 at 100th cycle, which can be
explained by the electro-activation processes (for more details,
refer to Fig. S9†). Compared to MWCNT-pristine, the defect-
engineered MWCNT-COOH shows an overall higher CE, indi-
cating improved Li+ storage efficiency due to the defected
structure and functionalized surface. Even aer 500 cycles at
500 mA g−1, defect-engineered MWCNT-COOH maintained
a capacity retention at ∼88.2%, as shown in Fig. S9b.†

To further investigate the irreversible-electrochemical
processes in the 1st cycle, Fig. 5b compares the 1st discharge–
charge curves of defect-engineered MWCNT-COOH and
MWCNT-pristine. Defect-engineered MWCNT-COOH delivers
a higher overall discharge capacity of ∼1565.1 mA h g−1,
a higher reversible capacity (Crev) of 626.1 mA h g−1, and
a higher irreversible capacity (Cirr) of ∼939.0 mA h g−1 than
MWCNT-pristine (overall discharge capacity of
∼1027.7 mA h g−1, a Crev of 340.2 mA h g−1, and a Cirr of
∼687.5 mA h g−1). The additional active sites in defect-
engineered MWCNT-COOH (as shown in Fig. 2e) not only
enhance reversible Li+ storage but also contribute to more
irreversible side reactions, such as electrolyte decomposition,
SEI formation on the exterior and interior surface of the carbon
nanotubes, irreversible Li+ trapping, and solvated Li+

intercalation-induced exfoliation. As a result, the 1st cycle
exhibits low CE of 40.0% and 33.1% for defect-engineered
MWCNT-COOH and MWCNT-pristine, respectively. However,
in both materials, CE increases to over 80% in the 2nd cycle and
gradually increases to over 98% aer around 20 cycles, indi-
cating a gradually stabilizing electrochemical system.

Fig. 5c provides a comparison of the different reversible Li+

storage processes in defect-engineered MWCNT-COOH and
MWCNT-pristine. MWCNT-pristine shows two main Li+ storage
processes: a steep slope region between 2–0.5 V related to Li+

storage in the amorphous region and initial defects, and a at
slope region below 0.5 V associated with Li+ intercalation into
graphitic layers. In contrast, defect-engineered MWCNT-COOH
exhibits multiple Li+ storage processes, including Li+ reactions
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Scan-rate tests of defect-engineered MWCNT-COOH from 0.5–20 mV s−1, (b) the calculated b-value at different peaks, and (c) the
active sites and the corresponding reaction peaks.
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with surface chemical groups, Li+ doping in defects and
accommodation in voids and storage in amorphous carbon
regions, Li+ diffusion into hollow cores, and Li+ intercalation into
graphitic layers, resulting in a high reversible capacity of
855.6 mA h g−1 at the 100th cycle. To directly compare Li-content
with graphite and other published data, Li+ storage capacity is
converted to Li-intensity (regardless of the O content). Defect-
engineered MWCNT-COOH exhibits a higher Li-intensity of
Li2.30C6 than MWCNT-pristine (Li1.14C6) and graphite (Li1.0C6),
and suppresses the achievements reported in similar MWCNTs
as compared in Fig. 1. The higher Li+ storage capacity and Li-
intensity in defect-engineered MWCNT-COOH are attributed to
the multiple active sites. Thus, we proposed that optimizing the
morphology, microstructure, and surface chemistry of MWCNTs
can lead to an improvement in the reversible Li+ storage capacity.

High-angle annular dark-eld scanning transmission elec-
tron microscopy (HAADF-STEM) is utilized to characterize the
changes of morphology and structure before and aer lith-
iation. Fig. 6a and b show the exterior and interior SEI in defect-
engineered MWCNT-COOH with the uncapped ends. Notably,
the interior SEI with ∼20 nm thickness preferentially blocks the
This journal is © The Royal Society of Chemistry 2024
end of the hollow core. In contrast, Fig. 6c shows MWCNT-
pristine with a capped end, where only exterior SEI is
observed, and the hollow core remains clean aer cycling. The
uncapped structure facilitates Li+ diffusion along the hollow
core, resulting in a high capacity. However, it also contributes to
irreversible reactions associated with the formation of interior
SEI, leading to an unavoidable irreversible capacity. This
phenomenon could also explain why the peak at 1.8 V in Fig. 3b
becomes at within 20 cycles.

To assess the rate performance and the fast-charging capa-
bilities of defect-engineered MWCNT-COOH, a fresh coin cell
with two electrodes (Li-metal as counter/reference electrode) is
tested at different current densities ranging from 50 to
5000 mA g−1, as shown in Fig. 7a. The selected discharge–
charge curves at each current density are presented in Fig. S10.†
Defect-engineered MWCNT-COOH exhibits discharge capac-
ities of ∼600, 500, 420, 350, 290, and 200 mA h g−1 at current
densities of 50, 100, 200, 500, 1000, and 2000 mA g−1, respec-
tively. These capacities surpass those of MWCNT-pristine,
graphene-carbon nanotubes composite, graphene-wrapped
carbon nanotubes, and nano-drilled MWCNTs.35,54–56
J. Mater. Chem. A, 2024, 12, 4299–4311 | 4307
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Fig. 5 Li+ storage capacity and reversibility, and cycling stability characterization: (a) discharge capacity and coulombic efficiency vs. cycle number at
100 mA g−1; (b) 1st and (c) 100th discharge–charge curves comparison of MWCNT-pristine and defect-engineered MWCNT-COOH at 100 mA g−1.

Fig. 6 HAADF-STEM images of defect-engineered MWCNT-COOH with (a) fully lithiation and (b) fully de-lithiation, (c) MWCNT-pristine with
fully de-lithiation.
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Converting the current density to discharge time, defect-
engineered MWCNT-COOH delivered a capacity of
∼350 mA g−1 in ∼42 minutes and a capacity of ∼290 mA g−1 in
4308 | J. Mater. Chem. A, 2024, 12, 4299–4311
∼17minutes. The excellent rate performance depicted in Fig. 7a
provides evidence that defect-engineered MWCNT-COOH holds
the potential to decrease charging time in future full-cell
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Rate performance between 50 and 5000 mA g−1, and (b) log-scale representation of DLi+ as a function of the cell potential from 3 to
0.005 V for defect-engineered MWCNT-COOH and MWCNT-pristine.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5/

10
/2

1 
 0

7:
27

:0
4.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
congurations. It is noteworthy that even aer high-rate testing,
the discharge capacity of defect-engineered MWCNT-COOH can
still recover to ∼550 mA h g−1 at 100 mA g−1. The excellent rate
performance of defect-engineered MWCNT-COOH can be
attributed to its defected structure and functionalized surface
with a low energy barrier, resulting in rapid Li+ storage kinetics.
However, it is essential to consider that Li-stripping and plating
kinetics at the Li-metal electrode, especially at high current
densities, may also affect the Li+ storage performance of
MWCNTs, which means that rate performance could be
underestimated with the two-electrode conguration.

Li+ diffusion coefficient (DLi+) is a crucial parameter in
understanding the diffusion kinetics of Li+, and it can be used as
an alternative method to elucidate diffusion process. Here, we
employ the galvanostatic intermittent titration technique (GITT)
to investigate DLi+ at different states of discharge. Fig. 7b shows
the log-scale representation of DLi+ as a function of potential, and
additional details on GITT measurements can be found in
Fig. S12.† Both defect-engineered MWCNT-COOH and MWCNT-
pristine exhibit changes in DLi+ during discharge, indicating
varying Li+ diffusivity with lithiation degree. When the potential
is below 0.5 V, corresponding to Li+ intercalation into graphitic
layers, DLi+ decreases continuously for both materials due to
steric factors and electrostatic repulsive interactions between
neighboring Li+ as more Li+ intercalates into the graphitic layers.
However, the DLi+ of defect-engineered MWCNT-COOH (ranging
from 10−11–10−10 cm2 s−1) is about one order of magnitude
higher than that of MWCNT-pristine. We propose that defects/
voids enhance Li+ diffusion into the graphitic layers. These
ndings suggest that defect engineering may be an effective
strategy for improving Li+ diffusivity in MWCNTs.
4. Conclusion

In summary, this study investigated the potential of defect-
engineered MWCNT-COOH as an anode material, aiming to
This journal is © The Royal Society of Chemistry 2024
address the limitations of energy density and charge rate in
current LIBs with graphite anodes. Through a one-step acid-
treatment method, we successfully introduced oxygen func-
tional groups onto the surface, unzipped the ends, and partially
transformed the ordered graphitic structure into a disordered
and defected microstructure with voids/nanopores in sidewalls.
As a result, additional Li+ storage active sites were created,
including oxygen functional groups, uncapped inner hollow
cores, disordered carbon regions, structural defects, and voids/
nanopores. We further investigated the impact of these struc-
tural and chemical features on electrochemical processes of
defect-engineered MWCNT-COOH, revealing multiple-active
sites contributing to improved reversible Li+ storage capacity
of up to 855.6 mA h g−1 (at 100 mA g−1) aer 100 cycles. These
active sites enabled various reversible Li+ storage processes,
such as Li+ reaction with oxygen functional groups, Li+ doping
in defects and accommodation in voids, Li+ storage in amor-
phous carbon regions, Li+ diffusion into hollow cores, and Li+

intercalation into graphitic layers. Moreover, defect-engineered
MWCNT-COOH demonstrated excellent rate performance,
delivering a capacity of 350 mA h g−1 at 500 mA g−1, and a fast
Li+ diffusion coefficient of 10−11 to 10−10 cm2 s−1, attributed to
the defected structure and functionalized surface with low
energy barrier, resulting in fast Li+ storage kinetics. The supe-
rior electrochemical performance of defect-engineered
MWCNT-COOH makes it a promising candidate for
enhancing the energy density and reducing the charging time
without compromising lifetime and other performance metrics.
Additionally, we observed interior SEI inside the hollow cores
aer cycling, contributing to the large capacity loss in the 1st

cycle. To improve the 1st cycle CE, we recommend pre-lithiation
as a potential approach. In conclusion, this study highlights
defect engineering and functionalization with chemical groups
as effective strategies for creating additional active sites,
enhancing Li+ storage capacity, and improving Li+ diffusivity
within carbon nanotubes. Overall, defect-engineered MWCNT-
J. Mater. Chem. A, 2024, 12, 4299–4311 | 4309
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COOH shows the potential in advancing the development of
high-energy and high-power LIBs.
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