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Abstract
Preparation, analysis and lithium storage performance of a series of nitrogen-
doped carbon nanotube sponges (CNX) is presented in this work. The synthesis
was performed using an aerosol-assisted chemical vapor deposition (AACVD)
in a bi-sprayer system by using various carbon and nitrogen precursors made of
mixtures of benzylamine with toluene, urea, pyridine and 1,2-dichlorbenzene,
with ferrocene as catalyst. A series of physico-chemical analysis techniques
are used to characterize the composition and the morphology of the obtained
materials, and a correlation of these with the lithium storage performances
is attempted. The samples reveal an interconnected core-shell CNX fiber
morphology with a CNT-core surrounded by an amorphous carbon shell.
Appealing lithium storage performances are attained, while also considering
aspects of safety, low potential, and long-term cycling stability. The best per-
forming sponges display a high specific capacity (223 mAh g−1) when cycled
in a practically relevant voltage window (0.01–1V vs. Li), high first cycle (90%)
and long-term cycling (99.3%) coulombic efficiencies and excellent capacity
retention after 1500 cycles. This study further analyses the interplay between
the morphology and the physico-chemistry of nitrogen-doped carbon nanotube
materials for Lithium storage and provides guidelines for future developments.
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1 INTRODUCTION

The rapidly evolving market of electrically powered
vehicles and portable electronics drives a great demand
for electrochemical energy storage devices with enhanced
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performances. Lithium-ion batteries (LIBs) exhibit plenty
of advantages, including high gravimetric/volumetric
capacities, power density, long lifespan and start attain-
ing practically appealing cost metrics.[1–3] Ever since
Sony Co. commercialized the world’s first LIBs with a
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tailor-made carbon negative electrode,[4] great efforts
have been devoted to exploring novel energy storage
materials.[5–20] Graphite is commonplace among commer-
cial LIBs because of low redox potential, good stability and
electrical conductivity. The electrochemical de/lithiation
process, known as de/intercalation, is the mechanism
through which graphite is able to store lithium.[21]
Whilst graphite anodes have dominated the market

share of LIBs, other carbon materials have been inves-
tigated, including soft and hard carbon,[22] graphene[23]
as well as other carbon allotropes.[24] Carbon nanotubes
(CNTs) have been considered as an alternative for anode
material for lithium batteries,[25,26] owing to the prop-
erty of lightweight, good chemical stability, large surface
area as well as relatively higher redox potential avoid-
ing the close to Li-plating limit of graphite, when espe-
cially used at high current densities. CNTs also exhibit high
room-temperature electrical conductivities, in the order of
100 S m−1, large tensile strength of up to 60 GPa, high
rigidity, and low density.[27] However, the disadvantages
of CNTs are their 1D morphology, low compaction den-
sity, as well as need of improvement of large-scale pro-
ductionmethods. In addition, characteristics of CNTs such
as diameter, number of layers, length, defect density, and
electronic properties, are also considered as important fac-
tors that need to be take into account for the development
of reliable CNTs lithium-based anodes.[28]
Another issue with the use of CNTs in LIBs is the

irreversible first-cycle capacity due to excessive solid
electrolyte interphase (SEI) formation. Although this
phenomenon is also characteristic for other carbon
materials, the problem is more pronounced in carbon
nanotubes given their high specific surface area. Addi-
tionally, a practically relevant problem for lithium storage
in CNTs is the absence of a voltage plateau during
lithiation/delithiation.[29] This can make troublesome
the use CNT based LIBs in applications requiring a stable
voltage supply, yet advantageous for high-power cells
as Li-plating voltage range can be avoided. Finally, 3D
crosslinked CNTs architectures are preferred to satisfy the
safety requirements while working with nanomaterials
and to increase the compaction density of the active mate-
rial within the electrode.[30] Carbon nanotube sponges
(CNX), as a typical three-dimensional tubular structure,
have thus attracted much attention in recent years.[31–33]
The chemical doping in carbon nanostructures has been

shown efficient to alter the chemical reactivity, photophys-
ical properties, electrical conductivity, as well as the elec-
trochemical performances.[34,35] Nitrogen and boron are
ideal prospects to dope carbonmaterials because they both
are neighboring atoms in the periodic table, have a simi-
lar atomic radius to that of the carbon and can covalently
bind to carbon.[36] It has been shown that doping of mul-

tiwalled CNTs with boron induces acceptor states near
the valence band edge.[37] Instead, nitrogen has five elec-
trons in its valence band and acts as an electron donor,
producing carbon nanostructures with a metallic behav-
ior. Nitrogen-doped carbon materials have thus shown
enhanced electrocatalytic activity for the oxygen reduc-
tion reaction (ORR),[38] attributed first to the increase
of edge reactivity, promoting the creation of active sites
for chemisorption of oxygen and nitrogen-originating sur-
face groups.[39] Introducing heteroatoms (such as boron
or nitrogen atoms) into the carbon nanotube structures
has proven to be a very effective way to enhance the reac-
tivity and electrical conductivity, as nitrogen can provide
additional free electrons for the conduction band, hence
increase the Li+ ion storage rate capabilities.[40] Based on
these factors, novel CNT sponges with different nitrogen
dopants (CNXs) are desirable for Li+ ion storage.[41–43]
In this work, we present the synthesis of CNXs

(nitrogen-doped CNX) by using different carbon/nitrogen
precursors filled into two separate sprayers, with the
method of aerosol-assisted chemical vapor deposition
(AACVD). Benzylamine (BZ)-toluene, BZ-urea, BZ-
pyridine, BZ-1,2-dichlorbenzene (with addition of 2.5 wt.%
ferrocene as catalyst) and BZ-1,2-dichlorbenzene (with
addition of 12 wt.% ferrocene as catalyst) were used as
carbon and nitrogen dopant sources, respectively. Our
previous work has shown the complex behavior during
the growth with the carbon and the nitrogen precursor
playing an essential role on morphology, surface nitrogen
concentration, as well the types of functional groups
present at the surface.[44] When utilized as anodes in
LIBs, these CNX sponges present excellent capacity
and rate capability, in particular when operated in a
narrow potential range of practical relevance between
0.01–1 V (vs. Li+/Li0). We further analyze the correla-
tion between the composition, physico-chemical and
lithium storage properties of the studied CNX materials.
Despite the significative differences in chemical and
structural composition, moderate differences are found
in the electrochemical responses, and in particular in
attained specific capacities, and capacity retention. First
cycle, and continuous cycling columbic efficiencies are
however found to be different, significative of SEI growth
and stability dynamics, assigned to different surface
functionalities and fiber morphologies.

2 RESULTS AND DISCUSSION

The morphology and structure of CNXs were first investi-
gated by scanning electronmicroscopy (SEM, Figure 1A--E
and S1) and transmission electron microscopy (TEM,
Figure S2). The 3D CNX sponges consist of randomly
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(C)F IGURE 1 Morphology characterization
of CNXs materials studied in this work. A–E,
SEM images of CNX1 to CNX5 samples,
respectively. H, XRD patterns of CNX1–CNX5
highlighting the asymmetric C(002) peak

oriented and entangled carbon tubes, and are composed
of a graphitic MWCNT core, surrounded by an amor-
phous/disordered carbon shell (as proved by TEM analysis
and previously reported structural analysis[44]). Different
sizes and tubular aspects at low magnification are shown
in Figure S1. The main carbon/nitrogen precursor source,
benzylamine, favors the entangled corrugated carbon
fibers.[44,45] Differentmorphologies and tube size observed
in Figure 1 are attributed to different carbon/nitrogen pre-
cursor used.[44] Figure 1A, corresponding to typical CNX1
morphology, shows a twined and bendedmorphology. The
uniform sizes relate to the toluene precursor, which serves
as the carbon source for nanotube growth.[46] The use
of urea (CNX2, Figure 1B) as the precursor, leads to the
growth of less curved (straight) tubes, whilst also decom-
posing to NH3 andHNCO at the high growth temperatures
that can affect the composition, doping levels, aswell as the

morphology. CNX3 tubes (Figure 1C) exhibitmuch smaller
diameter than CNX1 and CNX2, since the pyridine-based
precursors favor entanglement of CNTs during growth.[44]
CNX4 and CNX5 display similar morphologies with sim-
ilar tube diameters as for CNX3, however displaying
much corrugated surface morphology. The combination of
dichlorobenzene/ferrocene is more favorable for forming
Fe-filled carbon nanotubes and CNX5 formed the densest
structure, probably due to the high-level of ferrocene used.
Morphological analysis and comparisons, although dis-

playing some differences between the prepared samples,
cannot identify the properties of the CNXs and a number
of complementary techniques were carried out. To ana-
lyze the crystallinity of the studied CNX materials, pow-
der XRD analysis was performed and the data are shown
in Figure 1F. All CNXs displayed a major diffraction peak
at 26◦ that corresponds to the (002) Miller index from the
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F IGURE 2 A, Full Raman spectra of CNX samples studied in this work. B, Raman shifts for D and G bands and (C), the ratio of D and G
band (ID/IG). In (B), the two dotted horizontal lines correspond to position of D and G bands in graphite, and are used as eye guide line

stacking of graphene layers, and a weak and broadened
(100) peak characteristic of disordered carbon layers.[47]
The signal around 2θ = 44◦ is be associated with Fe3C
(PDF Card: 00-043-0001) and α-Fe (PDF Card: 00-006-
0696). The shift of the C(002) diffraction peak suggests
higher disorder, or more amorphous phases in the order
from CNX1 to CNX5.[48]
The structure of CNXs was next examined using Raman

spectroscopy. As Figure 2A shows, the Raman spectra of
CNX1–CNX5 samples presents two prominent peaks in
the range of 1350–1600 cm−1. These peaks are charac-
teristic of graphitic materials: the D band is correlated
with disordered and defective graphitic layers, whereas
the G band corresponds to the stretching of C-C bonds
in graphitic materials. The ratio of intensities of disor-
dered (I(D)) to ordered (I(G)) carbon can quantitatively
describe the degree of disorder. The low intensity of 2D
band observed at around 2700 cm−1, is related to the num-
ber of the graphitic layers.
Despite the similarity of the Raman plots, it is possible

to detect changes in the band shift and the intensity for
ID/IG ratio of different peaks, which can be linked to the
crystallinity of the carbon fiber. The analysis of the Raman
shifts for the D and G bands is shown in Figure 2B. Com-
pared with the graphite G-peak (1581 cm−1), the G band
for all studied CNXs exhibit an upshift, assigned to nitro-
gen doping and defects.[49] For the position of the D-peak,
when compared to that of graphite (1354 cm−1) the cor-
relation is less straightforward. The upshift (as observed
for CNX1 and CNX4) can be related to the compression
of graphite layers, whereas the downshift (as observed for
CNX2, CNX3 and CNX5) could be correlated to the expan-
sion of the C-C bonds.[50] The intensity ratio of D band and
G band (ID/IG) can be related to a combined effect of order-
ing degree and nitrogen doping content.[51] As shown in
Figure 2C, values of ID/IG < 1 indicate that CNXs are also

composed of ordered graphites. Among all the samples,
CNX3 (∼0.94) gives the highest value of ID/IG whereas
CNX2 exhibits the lowest (∼0.81). Although somehave cor-
related this directly to nitrogen content, the XPS surface
composition analysis discussed in the following does not
supports this, implying either surface-bulk segregation of
nitrogen dopant species, or combined effect of disorder.
In order to assess the thermal stability of the CNX

phases, TGA was carried. The TGA profile of all CNXs
samples is presented in Figure 3A, and offer the residual
mass percentages of CNXs. CNX5 has the highest residue
(∼3.8%) whereas CNX1 and CNX4 give the lowest (∼1.6%).
Overall, a low calcination residue is left, and the attained
values (within the experimental error) can be assigned to
various catalyst content left from the synthesis (e.g., high-
est for CNX5 given that 12,5 wt.% solution of ferrocene was
used). Figure 3B shows the derivative weight loss (DTG)
plot, which reflects themaximumweight loss rate of CNXs,
or the oxidation (decomposition) temperature of the stud-
ied CNX samples. The thermal stability of CNXs follows
the order CNX3 < CNX5 < CNX4 < CNX1 < CNX2; which
correlates with the Raman ID:IG ratio analysis (Figure 2)
and can thus be correlated to the graphitization (disorder)
degree of the analyzed CNX.
XPS was carried out to investigate the chemical species

present in CNXs. The spectral-deconvolution of C 1s and
O 1s are used to estimate the oxygen functional groups,
whereasN 1s could offer evidence of the formation of nitro-
gen embedded in the graphitic layers. As shown in Fig-
ure 4, for all the CNXs, the main contribution to the XPS
spectra is attributed to the strong C═C bonding (sp2), man-
ifesting the graphitic nature of the synthesized CNX. A
minor presence of C─C, C═O/C─N and C─Fe bonds are
also detected, which are caused by sp3 hybridized carbons,
ester/ethoxy groups and the presence of residual of iron
carbide phases (Fe3C, etc.), respectively.
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F IGURE 3 A, TGA analysis and (B) corresponding DTG of CNX samples analysed in this work

F IGURE 4 High-resolution XPS spectra for the C1s, N1s, and O1s core level. The results for the sample CNX1 (A–C), CNX2 (d-f), CNX3
(G–I), CNX4 (J–L) and CNX5 (M–O)
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TABLE 1 Main surface atomic percentages for CNX1 to CNX5
samples, as determined from XPS analysis

Sample % C % O % N % Si % Cl
CNX1 93.8 4.1 <0.1 2.1 N.D.
CNX2 94.9 2.8 2.3 N.D N.D.
CNX3 87.0 8.3 3.0 1.7 N.D.
CNX4 93.0 5.7 <0.1 1.3 N.D.
CNX5 93.1 5.1 0.2 1.0 0.6

Note: N.D. stands for not detected
Abbreviation: CNX, carbon nanotube sponges.

The high-resolution N1s peaks can be deconvoluted
into five components including N-pyridinic (398.7 eV),
amine/amide (399.3 eV), N-pyrrolic (400.4 eV), N-
Quaternary (401.9 eV), and NOx (403.1 eV).[33] In general,
Npyr, Npy and NQ doping are favored for all CNXs (espe-
cially for dominated Npyr), which enhances the electronic
conductivity of carbon matrices, thereby improving the
electrochemical activity. Nitrogen precursors are also
the dominant factors of the concentration of nitrogen
functional groups as well as the carbon lattice. Analysis
shows that CNX3 (Figure 4, Table 1) exhibits highest
concentrations of surface oxygen and nitrogen species,
CNX2,5 also have large amounts of surface nitrogen (with
higher oxygen for CNX5); whereas CNX1,4 display high
oxygen content, with low nitrogen amounts. As next
discussed, a certain correlation is found between these
with, for example the combination of high oxygen and
nitrogen surface species resulting in highest coulombic
efficiencies attained.[52] The spectral-deconvolution of O
1s signal indicates the presence of different type of oxygen
functional groups and content. The signal of C─O─C,
C─O/COO− and C═O bonds is important in all CNXs
samples, but particularly enhanced in CNX2 and CNX3.
The presence of C═C, C═O and C─N groups is also
confirmed from FTIR analysis (shown in Figure S3).
Table 1 presents the main surface atomic percentages of
CNX1–CNX5 samples. It is highly notable that the main
contribution of nitrogen can be found in CNX2 and CNX3
samples when urea and pyridine are used, respectively.
The CNX3 sample also has the highest surface oxygen
content of all samples. It is worth to mention that CNX5
sample shows a perceptible amount of Chlorine atoms.
Although CNX4 is prepared from similar precursors,
higher content of ferrocene is used for CNX5, and higher
Cl content could be due to fixation by Fe species remained
in the sample.
To investigate the electrochemical properties of the

CNXs samples, Li-half cells were assembled by employing
pure CNXs electrodes (binder and additive free; rectangu-
lar sheets cut from as prepared samples) as the working
electrodes. Electrochemical impedance spectroscopy (EIS)

was employed to evaluate the charge transfer efficiency of
CNXs-based cells. Figure 5A displays the initial normal-
ized EIS before cycling, whereas the EIS results after 50
and 100 cycles are shown in Figure S4a and b, respectively.
The EIS contain a high-frequency semicircle and a low-
frequency line. While the low-frequency line is attributed
to the ”Warburg impedance” resembling the diffusion of Li
ionswithin the carbonnanotubes, the compressed semicir-
cle is mainly attributed to the charge-transfer (RCT) resis-
tance at the electrode/electrolyte interface.[53] As shown in
Figure 5A, the charge-transfer resistance of CNX3,5 cells
are the lowest, that could be attributed to improved con-
ductivity, given the higher nitrogen content (Figure 4), as
well as disordered nature (as interpreted from Figures 2
and 3 analysis) of these samples. CNX2 has also a high
nitrogen content, however the higher charge transfer resis-
tance could be assigned to larger tube size and thus lower
surface area (Figure 1B).
The rate capability results, as depicted in Figure 5B,

reveal the performance of CNXs electrodes at various
cycling rates from 0.25 to 10 C (wherein 1C rate corre-
sponds to a current density of 200 mA g−1). CNX5 displays
the best rate performances, corroborating the improved
charge transfer interface as also confirmed by EIS analy-
sis. Other CNX display slightly lower rate performances,
which could be assigned to complex interplay between the
amorphous shell size, conductivity, dopants amount and
homogeneity. Overall, CN2,3&5 are found to be the best
performing in this series, corroborating as well the EIS
data, and could be explained by the higher N-content and
thus higher conductivity. The capacity retention at differ-
ent C-rates is depicted in Figure 5C. At a cycling rate of
0.25 C, CNX5 delivers a capacity of 220 mAh g−1. There
is a gradual capacity reduction with the increasing rate,
although 48 mAh g−1 reversible capacity was maintained
even at a high rate of 10 C. More importantly, CNX5 main-
tained its high and reversible capacity (211.4mAh g−1) after
the variable C-rate test, which indicates a high stability of
the Li-storage process in CNX5 sample.
The galvanostatic charge/discharge behavior of the five

CNXs electrodes at a rate of 0.1 C (current density equals
to 10 mA g−1) was next evaluated (Figure S5) and the
cycling performance is presented in Figure 5D. The work-
ing window potential range was set from 0.01–1V versus
Li+/Li. The initial discharge capacities of CNX1–CNX5 are
206, 195, 216, 197 and 223 mAh g−1, respectively. Although
these figures may seem low when compared to other
reports, it has been stressed out that these capacities are
attained within a narrow potential window of 1V (0.01–
1V vs. Li+/Li, Figure S5). First of all, this is considered
as the practical working window for a negative electrode
material of a Li-ion battery, as working at higher potentials
will penalize the output voltage of a full cell. Furthermore,
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F IGURE 5 A, Normalized per mass of electrode electrochemical impedance spectroscopy (EIS) plots and (B) rate capability of
CNX1–CNX5 samples. C, Capacity retention function of rate for CNX5 based electrodes. Cycling performance of CNX1–CNX5 at a cycling rate
of C/10 (D) and of 1C (E). Top and bottom insets represent the coulombic efficiency and specific capacity retention with cycling, respectively

increasing the potential above 1V (vs. Li+/Li) results in SEI
decomposition so that at the next cycles, additional SEIwill
be formed, leading to lower average coulombic efficiency
and continuous consumption of the electrolyte.[54,55] And
lastly, to be mentioned that contrary to lithium storage in
many amorphous hard or soft carbons, a major capacity
contribution for CNX samples is attainedwell above the 0V
(vs. Li+/Li) limit where unsafe Li-metal plating can take
place. As such, practically appealing storage performances
are attained, if considering all aspects of safety, low poten-
tial, and long-term cycling stability.
After 200 cycles, all of CNXs are found to main-

tain an good and similar capacity retention with cycling.

The reversible capacities of CNX1–CNX5 are 193, 188,
203, 192and 213 mAh g−1, respectively. Additionally, the
coulombic efficiency was stabilized at around 99.3% after
initial formation cycles. The long-term cycling stability
CNXs was further investigated at a higher rate of 1 C (Fig-
ure 5E). The first discharge capacities of CNX1–CNX5were
corresponding to 136, 135, 137, 133 and 163mAh g−1, respec-
tively. After 1500 cycles at 1 C, the capacity of CNX5 was
able to retain at 112 mAh g−1. The corresponding capacity
retentionwas about 68.7%, representing an ultralow capac-
ity decay of only 0.021% per cycle. Similarly, the other four
CNXs exhibited analogous high-capacity retention (99, 78,
103 and 73 mAh g−1 for CNX1–CNX4, respectively). More
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importantly, the corresponding coulombic efficiency of all
five CNXs remained as high as 99.9% after 1500 cycles.
It is interesting to note that despite the noticeable vari-

ation in composition and morphology, there are less devi-
ations in some lithium storage metrics. For instance, the
specific capacities attained varied within a narrow range
between 188 and 213 mAh g−1 Figure 5D). It can be thus
considered that dopant content, surface chemistry, disor-
der, defects and CNX fiber morphology has limited impact
on attainable Li-storage amounts. Power performances
and charge transfer resistance (Figure 5A and 5B) are how-
ever found dependent on nitrogen content and fiber mor-
phology, oppositely affecting the charge transfer efficiency
and electrochemical surface area, respectively.[44] Finally,
the coulombic efficiency during cycling, primarily affected
by the surface chemistry, does not seem to directly corre-
late withmeasured N and O content, yet corroborates with
the relative atomic ratio of carbonyl/carboxylate surface
functions (Figure 4).[44] Highest efficiency averaged over
the first 100 cycles is attained for CNX3 (Figure 5D), with
O and N content of 8.3% and 3.0%, respectively; while low-
est for CNX4,withO andN content of 5.7% and< 0.1%. The
deconvolution of O 1s signal in XPS spectra indeed reveals
higher COO−/CO content of CNX3, followed CNX1,2, and
lowest for CNX4,5. The averaged coulombic efficiency
over the first 100 cycles indeed follows a similar trend
(CNX3 > CNX1 > CNX2 > CNX5 > CNX4, Figure 4D-top)
and is assigned to stability of SEI promoted by redox active
surface carbonyl functions.[56]
The electrochemical analysis combined to physico-

chemical and morphological characterization highlights
the correlation of these for robust and stable lithium
storage. The spongy cross-linked morphology is first of all
shown to be beneficial for allowing pure CNX electrode
fabrication (i.e.,—no binder and no additional additives
required). The stability of the electrode during the prepa-
rations (e.g., cutting circular or square shaped electrodes
directly from the as grown samples), but in particular
stability with cycling highlights the benefits of having an
inter-woven structure, where not only the mechanical
properties are being exploited, but also the continuous
electrical charge transport pathways for efficient electro-
chemical utilization. This may be further accentuated and
important aspect for negative electrode materials wherein
the SEI formation can lead to growth of electrically
insulating films between weakly bound nanotubes (e.g.,
aerogels, bucky-papers) and rapid degradation. The large
carbon fibers diameter is also beneficial as low surface area
carbons are obtained, leading to high first cycle efficiency.
Nitrogen doping, catalyst role, and the structural/graphitic
dis/order in turn are found to affect in a complex way
the cycling stability, yet influence on the charge transfer
properties and the amount of lithium stored.

TABLE 2 The as-synthesized CNX1–CNX5 with different
precursors

Sample Synthesis precursors
CNX1 Benzylamine + Toluene
CNX2 Benzylamine + Urea
CNX3 Benzylamine + Pyridine
CNX4 Benzylamine + 1, 2-Dichlorobenzene

(2.5% Ferrocene)
CNX5 Benzylamine + 1, 2-Dichlorobenzene

(12% Ferrocene)

Abbreviation: CNX, carbon nanotube sponges.

3 CONCLUSION

To summarize, nitrogen-doped CNX were synthesized by
utilizing a method of AACVD in a bi-sprayer system
at a temperature of 1020◦C. BZ-toluene, BZ-urea, BZ-
pyridine, BZ-1,2 -dichlorbenzene (2.5% ferrocene) and BZ-
1,2 -dichlorbenzene (12% ferrocene) were used as carbon
and nitrogen dopant sources. SEM, TGA, XPS, XRD and
Raman spectroscopy were used to characterize the compo-
sition and morphology of prepared CNXs. When utilized
as anodes for Li-ion storage, CNXs displayed differences
in electrochemical performances, assigned to the chemi-
cal composition and defect nature of the nanotubes. The
CNX prepared from 2-dichlorbenzene with 12 wt.% fer-
rocene as catalyst, displayed the highest specific capacity
(223mAh g−1), highest first cycle efficiency (90%) and good
retention of (99.3%) at a current density of 0.1C after 200
cycles. Other CNX, albeit with moderately lower perfor-
mances, still display high storage capacitieswith also excel-
lent cycling stability. These lithium storage performances
being tested and repported in a practically relevant low
working potential range of 0.01–1V (vs. Li). Furthermore,
all CNXs exhibit an ultralow capacity decay of 0.021% per
cycle. The electrochemical performances are attributed to
the 3D interconnected tubular sponge morphology, hybrid
graphitic-amorphous structure, as well as surface chem-
istry and doping.

4 EXPERIMENTAL SECTION

4.1 Methodology

N-doped CNT sponges (CNXs) were synthesized by
AACVD in a bisprayer system feeding the reactor at
1020◦C for 4 hours. The precursors (shown in Table 2)
were composed of ferrocene (Sigma-Aldrich, 98%), thio-
phene (Sigma-Aldrich, 99%), ethanol (CTR scientific,
99.7%), combined with the following carbon and nitro-
gen precursors: benzylamine, toluene, urea, pyridine,
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and 1,2-dichlorobenzene. The concentrations of ferrocene
(2.5 wt.%) and thiophene (0.124 wt.%) were kept constant
in the first four samples (CNX1, CNX2, CNX3, and CNX4,
see Table 2). For CNX5, more ferrocene was added reach-
ing a concentration of 12 wt.%.[44] In all experiments, one
sprayer contained the solution of benzylamine-ethanol
(1:1) whilst the second sprayer was loadedwith the remain-
ing precursors. Both sprayers were connected to a quartz
tube through a Y-shape glass connecting adapter. A tubu-
lar furnace (Barnstead Thermolyne Model F21100) was
then used to heat the quartz tube. A flow of 1.0 L min−1
Ar H2

−1 (Infra, 95.5%) was kept for first sprayer, whereas
0.8 L min−1 of pure Ar was used in the second sprayer.

4.2 Materials characterization

The microstructure and morphology of the samples were
characterized by scanning electronmicroscopy (SEM, FEI-
Helios Nanolab DualBeam 600Microscopy). X-ray diffrac-
tion (XRD) patterns were collected using SmartLab X-ray
diffraction (Rigaku Corp.), Cu-Kα radiation anode. Ther-
mogravimetric analysis (TGA) was performed using alu-
mina containers, with air analysis gas, at a heating rate
of 10◦C min−1 (Mettler Toledo TGA 3+ STARe System).
Raman spectroscopy was performed using a Renishaw
inVia confocal Ramanmicroscopy with a laser wavelength
of 532 nm. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed on PHI 5000 VersaProbe II.

4.3 Electrochemical tests

The working electrodes were prepared by pressing CNX
powder (binder and additive free electrodes) onto the coin
cell case (CR2032, TOB New Energy). The active material
mass loading was in the range of ∼2 mg cm−2. The half-
cells consisted of CNXs as working electrode, withmetallic
Li foil (TOBNewEnergy) as counter and pseudo-reference
electrode. Glassfiber (Whatman, GF/D) was used as the
separator. 1 M LiPF6 solution in a 1:1 (volume) mixture of
ethylene carbonate and dimethyl carbonate (DoDoChem
Co.) was used as electrolyte. All manipulations were per-
formed in an Ar-filled glove box (less than 0.1 ppm water
and oxygen content). Galvanostatic discharge (Li uptake)
and charge (Li extraction) in the voltage range from 0.1 to
1 V versus Li/Li+ tests were carried out at constant and
various current densities using Neware battery test system.
EIS measurements of CNXs electrodes were carried out
on VersaSTAT 3 (AMETEK Scientific Instruments). The
impedance spectra were obtained by applying a sine wave
with an amplitude of 5.0 mV over the frequency range of
100 kHz to 0.01 Hz.
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