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Abstract

We report a comparative study on the electrochemical performance of four different transition
metal oxides encapsulated inside carbon nanotubes (oxides @CNT), along with reference data
obtained on a bare-oxide. A key result here is that the encapsulation leads to superior cyclic
stability, irrespective of the type of the oxide-encapsulate. This comparison also enables us to
isolate the advantages associated with the encapsulation of oxide within the core cavity of CNT,
as opposed to the case of oxide/CNT composites, in which oxide resides outside the CNT.
Innovative use of camphor during sample synthesis enables precise control over the morphology
of the filled CNT, which can either be in aligned-forest or in entangled geometry. The
morphology appears to play a crucial role in tuning the magnitude of the specific capacity,
whereas the encapsulation relates to the cyclic stability. Overall, the electrochemical data on
various oxides@CNT bring forward interesting inferences pertaining to the morphology, filling
fraction of the oxide-encapsulate, and the presence of oxide nano-particles adhering outside the
CNT. Our results provide useful pointers for optimization of these critical parameters, thus
paving the way for oxide @CNT for practical electrochemical applications.
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1. Introduction

Hybrids based on carbon nanotubes (CNTs) and transition
metal oxides (TMOs) are routinely explored in Li-ion batteries
(LIBs) [1-22]. A primary advantage is the exceptional mech-
anical strength of the CNT, which can be utilized to buffer the
volumetric strain during charging/discharging processes, asso-
ciated with (bare) TMO based electrodes [2—4, 13-26]. This,
coupled with the superior electrical conductivity of CNTs and
the fact that the active material is secured within its core cav-
ity should lead to better electrochemical performance. In spite
of these advantages, applications based on such CNT/TMO
hybrids are limited owing to practical limitations [27]. The
endeavor of this work is to address some of these prac-
tical restrictions in utilization of such CNT hybrids in Li-ion
batteries.

In order to do so, we first distinguish two distinct scenarios
pertaining to the usage of CNT/TMO hybrids for LIBs in the
literature. In the first case, the CNT and the TMOs are syn-
thesized separately and pressed together to form the composite
[16, 22, 23, 25, 26, 28-34]. In the second type, such hybrids
are formed by synthetically encapsulating the oxide within the
core cavity of the CNTs [2, 3, 17, 18, 20, 35]. In this work,
we focus on self-organized CNT structures, belonging to the
second case, with the TMOs synthetically encapsulated within
the core cavity of the CNTs. These hybrids are referred to as
oxides @CNT throughout the text. Actual encapsulation of the
active material within the core cavity of CNT should, thus,
circumvent the problem of capacity fading associated with
volumetric strains, as opposed to that of oxide/CNT hybrids
in which CNTs and TMOs are pressed together and hence
oxide resides outside CNT. It is also to be noted that, while
FeO,@CNT has been tested as an anode material [2, 13, 20,
28, 33, 36], to the best of our knowledge CoO, & NiO,@CNT
with significant filling efficiencies (within the core cavity of
the CNT) such as presented in this work have not yet been
explored for LIBs. This is primarily due to difficulties related
to the synthesis of NiO & CoO,@CNT [37].

The paper is organized as follows. We first present a
complete structural and electrochemical characterization of
Fe;04@CNT, Co304@CNT and NiO@CNT. Each sample is
investigated to find correlations between the structural aspects
and electrochemical properties. The effect of morphology is
further explored with focus on just one sample, Fe;,O3; @CNT,
formed in three distinct morphologies. These data reveal how
the morphology of oxide@CNT and the residual oxide NP
residing outside filled CNTs affect the cyclic stability and
the magnitude of the capacity. Finally, we compare the cyclic
stability of various oxides@CNT with that of a representat-
ive bare-oxide. Here, the bare-oxide has been derived from the

corresponding oxide @CNT, and hence the bare-oxide retains
the same morphology. This comparison enables us to isolate
the advantages associated with the encapsulation of TMOs
inside CNTs as compared to bare-oxides of similar shape
and size. Synthesis protocol to form oxides @CNT is included
in supplementary information (SI) Text S1. A more detailed
account for the synthesis of oxides@CNT in the desired mor-
phology can be found in [37].

2. Experimental details

The furnace employed for synthesis of the oxides filled CNTs
was Nabertherm R 100/750/13. The scanning electron micro-
scopy (FESEM) images were recorded using ZEISS ULTRA
plus field-emission FESEM. This work centers around the cor-
relation between the morphology of oxides @CNT and electro-
chemical data, additional broad-area SEM and TEM images
have also been included as SI (figures S1-S3). All of the
samples have been characterized using x-ray powder diffrac-
tion (XRD) using Bruker D8 Advance with Cu-Ka radiation
(A = 1.54056 A). The thermal analysis was determined by a
thermogravimetric analyser, Perkin Elmer STA 6000, under
air at 20ml min~' at a heating rate of 15°C min~! from
30°C to 900°C. Raman spectroscopy measurements were
performed on HORIBA JOBIN YVON LabRam HR 800 with
an excitation wavelength of 488 nm.

3. Results and discussions

3.1. Morphology of oxides@CNT: aligned-forest and
entangled

We first present a schematic for defining the two types of
morphology of oxides@CNT used in this work. The first is
the aligned-forest depicted in figure 1(a). Here, the CNT net-
work forms large carpet-like structures. The second is an
entangled morphology as shown in figure 1(b), which con-
sists of individually curled CNTs. Individual CNTs in both
these morphologies are multiwalled and contain oxide-filling
in the form of long and short nano-wires, as depicted schem-
atically in figure 1(c). The oxide NPs can adhere outside
the CNT (figure 1(c)) in both of these morphologies and the
density of such NPs depends on the synthesis parameters
[37, 38]. Oxides @CNT formed in aligned-forest morphology,
such as shown in figure 1(a), lead to a narrow distribution of
length and diameter of the individual CNT [37]. This factor
can be favorable for the reproducibility of the electrochem-
ical data. However, oxides@CNT in entangled morphology
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(a) Aligned Forest CNT
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(b) Entangled CNT

\‘Oxide-Nano Particles

Oxide-Encapsulate

Figure 1. (a), (b) A schematic for aligned-forest and entangled
morphologies for oxides@CNT. (c) The enlarged schematic of an
individual (multi-walled) CNT, which encapsulates oxide in the
form of long or short nano-wires within its core cavity. Residue
oxide nano particles adhering outside the CNT shown in the
schematic exist in both types of morphologies.

(figure 1(b)) are likely to be more conducive for Li-ion trans-
portation during the electrochemical process, owing to the
additional space available for the intercalation of Li ions. The
morphology of the oxides@CNT also controls the conduct-
ance of the CNT network, and therefore relates to the overall
performance of the cell, including capacity as well as the cyc-
lic stability.

In this work, we investigate eight oxides@CNT samples,
which contain four different types of oxide-encapsulate with
different filling fractions, formed in either the aligned-forest
or the entangled morphology and contain varying degrees of
residual oxide nano-particles. The morphology and the resid-
ual nano-particle density in these samples can be controlled
via synthesis parameters [37]. The mass corresponding to
the active-material loading for each sample is the mass of
the as-prepared oxide@CNT sample, which is inclusive of
the CNT, the encapsulate as well as the residual oxide nano
particles adhering outside the CNT. For synthetically encap-
sulated oxide @CNTSs, such as discussed in this work, both
the encapsulate and the residual nano-particles contribute to
the active material, and hence, this total mass is relevant for
practical applications. Correlations between the structural and

electrochemical characterization can enable optimization of
the best parameters for oxides@CNT systems for LIBs. These
data are presented in the next sub-section.

3.2. Fe30,@CNT, Co30,4 and NiO@CNT: structural
characterization

Figures 2(a)—(c) shows the results of TGA measurements
(main panel) along with broad area FESEM images (inset)
for all three types of oxides@CNT. The oxide weight con-
tent was estimated to be 35% in the case of Fe;04@CNT (red
dots), 12% for NIO@CNT (green dots), and 54% in case of
Co304@CNT (blue dots). The estimate for filling efficiencies
and residual NP density can be further refined using FESEM
and TEM images [37-39]. Broad area FESEM images, repres-
entative of ones shown in the inset of figures 2(a)—(c), reveal
the overall morphology for each type of sample. Multiple
FESEM and TEM images (supplementary figures S1-S3) not
only confirm the presence of the encapsulate, but also provide
a rough estimation of the residual NP density [37].

As evident from the FESEM images (figures 2(a)—(c)),
Fe;04@CNT and Co304@CNT are formed in carpet-like
structures, with areas in the range of ~ 100 square pm and
thickness ~ 20-30 um. Fe;04@CNT carpets consist of indi-
vidual CNTs with entangled morphology, similar to what is
shown schematically in figure 1(b). The length of an indi-
vidual CNT in this case varies from 100 to 500 nm. The carpets
in the case of Co304@CNT consist of aligned-forest mor-
phology (figure 1(a)). The typical length and the outer dia-
meter of the individual CNTs in this case are ~ 20-30 um
and 20-40nm respectively (figure 2(c)). We also note from
FESEM and TEM images (supplementary figures S1-S3)
that the number of oxide NPs adhering outside the CNT is
slightly larger in the case of Fe;O4@CNT as compared to
Co304@CNT. However, some large chunks of oxide are addi-
tionally observed to co-exist in the case of Co304@CNT (sup-
plementary figure S3). The inset in figure 2(b) shows the
FESEM image for NIO@CNT, depicting a granular morpho-
logy. The typical length of an individual CNT in this case
ranges from 1 to 10 um. The filling fraction as well as the
residue particles adhering to the CNT are relatively less in
NiO@CNT, as compared to Fe;0,@CNT. CNTs with well-
formed graphitic shells are observed for all three samples,
either in aligned-forest (insets of figure 2(c)) or in entangled
morphology (figure 2(b)).

The samples were further characterized using XRD and
Raman spectroscopy and a good match with the literat-
ure was observed. For instance, Raman peaks correspond-
ing to the CNT were observed at ~1356cm™! (D band),
~1578 cm™! (G band), and ~2715cm~" (2D or G’ band)
in case of Fes04@CNT as shown in figure 2(d). The D
band is assigned to the disordered structures in the hexagonal
sp> carbon network, and the G-band originates from the
in-plane bond stretching motion of sp?> carbon atoms [40].
The increase in the number of defects on the CNT sur-
faces may also have a contribution from strain associated
with the oxide filling [41]. The contribution from Fe;Oy is
also identified in Raman data [42]. The other two samples
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Figure 2. (a)—(c) TGA data for Fe304@CNT (red dots), NIO@CNT (green dots) and Co304@CNT (blue dots). The carbon and the oxide
content as obtained from the TGA are indicated in (a)—(c). Broad area FESEM images in the respective insets reveal that Fes04 @CNT as
well as Co304 @CNT are formed in the aligned-forest morphology and the NiO@CNT is formed in the entangled morphology. (d)—(f)

Raman spectra depicting D, G, and 2D bands corresponding to CNTs. The characteristic peaks corresponding to the oxide encapsulate are
also identified. (g)—(i) XRD data, with stars in each panel denoting the Bragg peak corresponding to the CNT, and the remaining peaks are
identified with respective oxides. (j)—(1) Cyclic voltammetry (CV) curves of Fe304@CNT, NiO@CNT and Co304 @CNT, between 3.0 and

0.1V at a scan rate of 0.1 mV s ™!, characterizing oxide-metal conversion for each sample.

shown in figures 2(e) and (f) are also characterized along sim-
ilar lines for identification of CNT and the respective oxide-
encapsulate [43, 44]. Figures 2(g)—(i) show the XRD pattern of
the oxides @ CNT. The diffraction peak corresponding to CNT
is observed at around 26.3° corresponding to the (002) plane
(ICSD code: 015840), and the other peaks were identified
as reflections from the corresponding oxides (Fe;O4 JCPDS
No. 75-0033; NiO JCPDS No. 47-1049; Co304 JCPDS No.
42-1467).

3.3. Fe30,@CNT, Co30,4 and NiO@CNT: electrochemical
characterization

The reversibility and the kinetics of Li ion intercalation and de-
intercalation for the oxides@CNT samples are studied using
cyclic voltammetry (CV) measurements. The CV curves for
the first three cycles are shown in figures 2(j)—(1) for all three
oxides@CNT. In the first cycle shown in figure 2(j), a well-
defined reduction peak at 0.85V corresponds to the conver-
sion of Fe,Oj3 into metallic Fe and the formation of SEI film
[2, 20, 33]. The anodic peaks at 1.62 and 1.84 V represent the
oxidation of Fe to Fe;O,4. The anodic peaks show no signi-
ficant difference in subsequent cycles, indicating reversibility
and capacity stability. Similar data obtained on NIO@CNT
and Co304@CNT shown in figures 2(k) and (1) are consistent
with the previous reports on the electrochemical reaction of

the respective bare oxides [18, 26]. The electrochemical reac-
tion equation (supplementary text S2) and galvanostatic dis-
charge/charge voltage profiles corresponding to each type of
oxides@CNT are given as supplementary: figures S4(a)—(c).
Figures 3(a)—(c) show the discharge and charge profiles
for all the three oxides@CNT, with active material loading
~ 0.5mgcm™2 for each sample. The cyclic stability of the
sample Fe;O04@CNT shown in figure 3(a) at a current dens-
ity of 200 mA g~ scanned for up to 100 cycles. The discharge
capacity obtained in the first cycle is 950 mA h g~ !. This deliv-
ers a reversible capacity retaining a value of 570mAhg~".
The capacity is also observed to increase slightly during cyc-
ling. This tendency has been previously observed for metal
oxide electrodes in long-term cycling [45]. Although no con-
sensus has been reached in this regard, various possible reas-
ons have been proposed, such as an increase in the surface
area of the electrode due to pulverization, an increase in the
conductivity owing to the formation of metallic nanoparticles,
etc [45-51]. In our case, this feature appears to correlate with
the entangled morphology of oxide@CNT, in addition to the
increase in conductivity of the sample. As mentioned previ-
ously, the increase in the surface area and secondary voids
present in entangled CNT can be a contributing factor for its
better electrochemical performance. The issue is further elab-
orated and substantiated with more data in the latter part of the
text. The specific capacity as a function of cycle number for the
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Figure 3. (a)—(c) Discharge and charge capacities and Coulomb efficiencies for Fe304@CNT (red dots), NIO@CNT (green dots) and
Co304@CNT (blue dots), as a function of the cycle number. Discharge and charge capacity of Oxides@CNT at different current densities

are shown in (d)—(f). (g) Specific capacity up as a function of cycle number (up to 600 cycles) for Fe304@CNT (red dots), NNO@CNT

(green dots), and Co304 @CNT (blue dots) at a current density of 1 Ag™ .

other two samples, NIO@CNT and Co3;04@CNT is shown in
figures 3(b) and (c), respectively. Despite the differences in the
filling fraction of the oxide and the over-all morphology, it is
clear that oxides@CNT exhibit superior cyclic stability.

In addition to the cyclic stability, the high-rate profi-
ciency of the electrode material is also an important factor
for high power applications. The rate performance is shown in
figures 3(d)—(f), and all samples were observed to deliver an
outstanding rate performance even at high current densities.
In case of Fe;04@CNT, as the current densities are increased
to 0.1, 0.25, 0.5, 1, 1.5, 2Ag_1, the discharge capacities
observed are 515, 472, 447, 425, 410, 390mA h g_1 respect-
ively. When the current density is switched to 0.5 A g~!, the
capacity of Fe;0,4@CNT is restored to a stable capacity of
540mAhg~"'. A similar pattern is also observed for the other
two samples as depicted in figures 3(e) and (f).

It is interesting to note that all the three oxides@CNT
not only exhibit exceptional cyclic stability up to 100 cycles
and for discharge rates of 100mA g~! but also exhibit reas-
onable capacity, which is ~ 500-600mAhg~'. Here, the
magnitude of capacity is relatively higher for Fe;O4 @CNT,
which has a higher oxide content than NiO@CNT. However,
Fe;04@CNT forms in a carpet-like structure, which may be
less conducive for Li-ion transportation, even though here the
carpet consists of short (100-500 nm) and entangled CNTs.
These filled and entangled CNTs, residing deep within this
carpet, may not be as accessible as an active material, as
opposed to, say, NIO@CNT, which has been formed in a

1

proper entangled structure. Here, NiO@CNT consists of long
(1-10 pm) and curled CNT, but the filling efficiency is poor
in this case, as compared to Fe;04@CNT. For the sample
Co304@CNT, which has been formed in aligned-forest mor-
phology, the filling efficiency is less and there is evidence
of large chunks of oxide-particles residing outside the CNT.
This is revealed from broad area FESEM images shown in
supplementary figure S3. We conclude that despite the dif-
ferences related to morphology, the cyclic stability is sim-
ilar in all three oxides@CNT. Overall, these data suggest
that superior cyclic stability is related to the encapsulation
within the core cavity of the CNT and an optimal filling
efficiency of 10%-20% leads to superior cyclic stability,
which appears to be irrespective of the type of the oxide
encapsulate.

The long term cycling performance of oxides@CNT was
tested at a higher rate as shown in figure 3(g) up to 600
cycles. Here, the capacity for samples Fe;04@CNT as well
as NiO@CNT exhibit a slightly increasing trend up to 200
cycles. Beyond this, the reversible capacity stabilizes a value
~450mA hg~! up to 600 cycles. Both these samples contain
CNTs with partial or proper entangled morphology and reas-
onable filling efficiency. On the contrary, Co304@CNT with
aligned-forest morphology also exhibits good cyclic stability,
but the magnitude of the capacity reduces when the cell is dis-
charged at 1 A g~! for long-term cycling, as is evident from
figure 4. This sample also contained large chunks of oxide NPs
outside the CNT as is shown in supplementary figure S3. Thus,
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Figure 4. (a)—(c) Electrochemical impedance spectroscopy (EIS) spectra for fresh cells (black dots) and post five cycles (colored dots) for
all three samples. The inset in each panel shows high magnification FESEM image of respective oxides@CNT.

it is clear that morphology and residue oxide NP contribute to
the overall cell performance.

3.4. Fe304,@CNT, Co304 and NiO@CNT: Nyquist plots

For further exploration of the correlation between morphology
and the magnitude of the capacity, we performed electrochem-
ical impedance spectroscopy (EIS) measurements for all three
samples. The corresponding Nyquist plot obtained is shown
in figures 4(a)—(c). On a general note, the large semicircle in
the mid-frequency region of the Nyquist plot corresponds to
the charge transfer resistance (R.), and the straight line in
the low-frequency region characterizes the Warburg imped-
ance of the Li-ion diffusion [23]. The region of the semicircle
(corresponding to higher frequencies) in the Nyquist plot typ-
ically gives information about electrode resistance, reaction
rate, double layer capacitance, etc, whereas the straight line
(lower frequency region) reflects the diffusion coefficient of
ions. Though a detailed analysis of the Nyquist plot for each
oxide@CNT sample is beyond the scope of the present work,
we focused on the semi-circular arc in the Nyquist plot for a
comparative analysis of all three types of oxides@CNT. This
region contains information about variations in the electrical
resistance due to specific morphology and also to an extent
depends on the electrode preparation details.

From figure 4(a) we note that the diameter of the semi-
circle in the mid-frequency region is significantly smaller
than what has been observed in the previous reports on iron-
oxide electrode materials [2, 20, 52]. The low Ohmic resist-
ance signals easy electron transfer during the electrochem-
ical Li ion insertion—extraction, resulting in an enhanced
electrochemical performance of the electrode material. The
R for Fe;0,@CNT is found to be ~ 28 Q as is evident from
figure 3(g). The lower R is presumably due to an increased
electrical conductivity facilitated by the well-connected CNT
network in the carpet-like structure. Similar data on the other
two oxides reveal that R, for NNO@CNT and CoO, @CNT is
~100€2 and ~200 €2 respectively (figures 4(b) and (c)). We
also note that Fe;04@CNT and Co304@CNT exhibit similar
values of R, when a fresh cell is compared to the cell after five
cycles. On the other hand, R for a fresh cell is significantly
different from what is observed after five cycles in the case of
NiO@CNT. The nature of the Nyquist plot in three different
types of oxides @ CNT, together with the structural and electro-
chemical characterizations presented in figures 2—4, provide a

few pointers regarding the correlation between the two, as is
highlighted in the next sub-section.

3.5. Oxides@CNT: correlations between structural and
electrochemical data

From the FESEM images recorded at higher magnification
in the inset of figures 4(a)—(c), we note that NIO@CNT and
Fe;04@CNT form in entangled morphology, but the CNT
network connectivity is evidently better for Fe;04@CNT
which has a carpet-like structure (inset of figure 2(a)). On a
similar note, the CNT network connectivity is also good for
Co304@CNT. While an aligned-forest structure may be less
conducive for Li-ion transport, the better CNT network con-
nectivity of the electrode in this case is also likely to result
in R after five cycles to be similar to that of the fresh cell.
NiO@CNT exhibits long and curled CNTs with entangled
morphology, but overall the CNT network is not uniform.
It forms a rather granular structure, as is evident from the
FESEM images shown in the inset and in supplementary
figure S2.

Regarding the magnitude of capacity, we note that in the
case of Co304@CNT, TGA data have shown 54% oxide con-
tent. However, multiple FESEM images reveal the presence of
large chunks of isolated oxide particles in this sample (sup-
plementary figure S3). This is in addition to the oxide NPs
adhering outside the CNT. The filling efficiency in this case is
certainly lower than Fe304 @CNT. The large chunks of oxide
particles adversely affect the overall battery performance in
the case of Co304 @CNT. Roughly the filling efficiency for all
three samples is in the range of 10% to 25%, which appears to
be related to good cyclic stability [37].

Electrochemical data on three different oxide @CNT with
reasonable filling efficiency and widely different morpholo-
gies exhibit good cyclic stability. Some of the morphology
related factors can have opposing contributions, as is also
reflected from the corresponding Nyquist plots. It appears
that these morphology-related effects average out, resulting in
a similar magnitude of capacity for the three oxides @CNT,
presented in figures 2 and 3. From the data obtained so far,
it is evident that filling within the core cavity of CNT leads
to superior cyclic stability. Moreover, it is also clear that
factors, such as morphology and the presence of residual oxide
NPs, appear to crucially influence the overall battery per-
formance and need to be investigated systematically. We also
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Figure 5. Effect of morphology and the residue particle density on the cyclic stability of (a) FeO3 @CNT in entangled morphology

(b) Fe,03 @CNT in aligned-forests morphology. The morphology of each type of Fe;O3; @ CNT sample is depicted in the respective FESEM
images shown in the inset. (c) Cycling performance of sample Fe,O; @ CNT with a large number of residue oxide nano-particles outside
CNT conducted using a Swagelok-type cell. The morphology of the sample is depicted by the FESEM shown in the inset. The filling

efficiency is also low in this case.

observed that electrode preparation details, including sonica-
tion of powders prior to cell fabrication, and connectivity of
the CNT network appear to influence the battery performance.
Here, we would like to emphasize that it is non-trivial to con-
trol morphology as well as the density of NPs adhering out-
side CNTs during synthesis. However, co-pyrolysis of cam-
phor with metallocene during sample synthesis provided an
additional parameter, which has enabled better control over
these parameters [37]. With this approach, we could synthes-
ize oxides @CNT with comparable filling efficiencies and NPs
density but with different morphologies, especially in the case
of F6203 @CNT.

To isolate the role of morphology, three samples of
Fe,O3; @CNT were investigated. Here, data are recorded for
samples formed in aligned-forest and entangled morpholo-
gies, while keeping the filling efficiency in a similar range.
These data are further compared with another sample of
Fe,O3; @CNT containing a large number of oxide NPs adher-
ing outside the CNT, as discussed in the next sub-section.

3.6. Fe,O3@CNT: morphology of oxide@CNT and
electrochemical data

Figures 5(a)-(c) compare the cyclic performance of
Fe,0; @CNT, in three different morphologies, with active
material loading ~0.5, 0.9, 1.9 mg cm~2 respectively. FESEM
images for these samples are shown in the respective inset. The
samples with entangled and aligned-forest morphologies in
figures 5(a) and (b) are tested for LIBs using a coin cell. In
addition, another Fe;O; @CNT sample with a much larger
fraction of residual NPs is also investigated in figure 5(c).
The overall filling efficiency is lower in this case, as com-
pared to the samples shown in figures 5(a) and (b). XRD data
(not shown here) revealed that the sample also contains a tiny
amount of Fe;0y.

It is interesting to note that the sample shown in figure 5(a)
exhibits an increasing trend in the magnitude of specific capa-
city as a function of the cycle number. The FESEM image

shown in figure 5(a) reveals that long and curled CNTs are
uniformly formed in entangled morphology. As is evident
from the main panel, an initial capacity of 400mAhg~!
increases up to 700mAh g~! after 100 cycles. This type of
trend has been observed earlier for Fe;04@CNT in which
individual CNTs are short and entangled, but they reside
within a carpet-like structure figure 2(a)). However, it is evid-
ent that entangled morphology with a uniform texture in
the case of Fe,O3 @CNT leads to a much more pronounced
increase in capacity. This increasing trend is expected to
eventually stabilize on longer cycle runs, similar to what is
shown in figure 3(g). However, these data suggest that prop-
erly formed entangled morphology appears to be conducive
for achieving enhancement in the magnitude of the capacity.
The aligned-forest structure, on the other hand, shows a slight
reduction in capacity over cycle number, but eventually the
capacity stabilizes, as is evident from figure 5(b). This sample
contains a slightly larger number of residual NPs as compared
to the one shown in figure 5(a) (supplementary figure S5).
Thus, the results suggest that the entangled morphology with
long and curled tubes, well-connected CNT networks and reas-
onable filling efficiency is more favorable for better cycle per-
formance. The results of the Fe,O3 @CNT sample (for which
the Swagelok-type cell was used for characterization), with
a large number of oxide NPs and with less filling efficiency,
exhibit a much faster capacity fade as shown in the main panel
of figure 5(c).

We also compared the same batch of Fe;0,@CNT
samples, tested using a coin cell and a Swagelok-type cell.
For both measurements, the Fe;04@CNT powders were also
sonicated prior to the electrode preparation. These results are
shown in figure S6. Here, the magnitude of the capacity is
about 450mAhg~! with good cyclic stability observed in
both cases. However, the minor differences can be attributed
to electrode preparation details and the final texture of the
pressed powders in both cases. Here, a slight difference can
also arise due to the changes in conductance of the pressed
powders.
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Figure 6. Oxides@CNT (coloured dots) deliver a stable discharge capacity, irrespective of the type of the oxide encapsulate, as compared
to the bare oxide (black dots), which exhibits a decaying trend after the initial cycles. Here, the bare oxide is Fe,O3 in the form of

aligned-forests, for which FESEM is shown in the lower inset.

Overall, we conclude that the encapsulation of oxide within
the core cavity leads to better cyclic stability. The oxide NPs
or isolated chunks of bare oxide may add to the magnitude
of specific capacity but their presence is detrimental to cyclic
stability, as is evident from figure 5. Thus, superior cyclic sta-
bility is primarily connected to encapsulation of oxide within
the core cavity of the CNT.

3.7 Encapsulation and superior cyclic stability

To confirm that superior cyclic stability in these Oxides@CNT
nano-structures arises from encapsulation within the core cav-
ity of the CNT, we conducted control measurements on the
bare-oxide. Here, the representative bare-oxide (a-Fe,03) is
formed in the same morphology as Fe,O3; @CNT by suitable
annealing [41]. The bare-oxide template was obtained from
the same batch as Fe; O3 @CNT, on which electrochemical
measurements were performed. This enables us to check and
isolate the effect of the morphology of the active material
on the cyclic stability. These data, in conjunction with all
oxides@CNT, are presented in figure 6. The morphology of
the representative bare-oxide is shown in the inset of figure 6.
The morphologies of the other oxides@CNT are shown in the
inset of figures 2 and 5(a) and (b). Cyclic performance for all
oxides @CNT shown in figure 6 are recorded at a current dens-
ity of 100mA g~ !, except Fe30,@CNT, which is recorded at
200mA g~!. However, as is evident from figure 3(d), the mag-
nitude of the capacity is similar for both current densities for
Fe;0y4. Data in figure 6 bring forward the superior cyclic sta-
bility for all of the oxides@CNT samples, irrespective of the
type of oxide-encapsulate.

The black dots in figure 6 display the cycling perform-
ance of the bare oxide template, which is Fe,O5; at a cur-

rent density of 100mA g~!. The specific capacity of the bare
oxide template drops down from 1100mAhg~! in the first
cycle to 350mA h g~ ! after 35 cycles, thus, exhibiting a poor
stability. The primary reason for the poor cyclic stability of
the bare oxide materials in LIBs is known to arise from pul-
verization of the anode material. The drastic volume vari-
ations during metal-to-metal-oxide conversions lead to strain
effects during the cyclic process, which together with low elec-
trical conductivity in bare oxide leads to poor cycle life [27].
Fe,0; @CNT, on the other hand, exhibits superior cyclic sta-
bility (pink dots in figure 6) and cycle capacity retention. It
is also evident that bare oxide (a-Fe,Os3 in this case) exhib-
its poor cyclic stability as compared to not only Fe;O3 @ CNT
but all other oxides@CNT, presented in figure 6. These
oxides@CNT contain different types of oxide encapsulate
with varying filling fractions and density of residue oxide NP.
More importantly, data are available on oxides @ CNT samples
formed in different types of morphologies, such as aligned-
forests or entangled. Nevertheless, all these oxides@CNT
exhibit superior cyclic stability as compared to the bare-
oxides. Thus, encapsulation of oxides within the core cavity
of CNT accommodates strain related to metal to metal-oxide
conversion [2].

We reiterate that all of the oxides@CNT presented in this
work refer to CNT samples in which the oxide is synthetically
encapsulated within its core cavity [37]. For filling efficien-
cies of the order of 10%—-20% the magnitude of the capacity is
almost similar for different oxide @ CNT samples, however the
cyclic stability significantly improves with encapsulation, as
is evident from figure 6. Since oxide/CNT hybrids are extens-
ively investigated for battery applications, we present a table
to distinguish oxide/CNT hybrids in which oxide is synthet-
ically encapsulated within the core cavity of CNT [2, 3, 17,
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Table 1. Comparison of electrochemical performance of some Oxide & CNT hybrids including (i) synthetically encapsulated oxide within
the core cavity of the CNT and (ii) Oxides/CNT hybrids, in which oxides and CNT are pressed together to form nano-composites.

Discharge capacity

Current density [cycle no]
Sample Type/morphology mAg™! mAhg™! Reference
Mn3;04@CNT Oxide@CNT 100 461 [50] [17]
WS,/C Composite 100 525 [200] [53]
FeO,/CNT Composite 200 500 [50] [36]
FeO,@CNT Oxide @CNT 100 500 [50] [2]
FeO,@CNT Oxide @CNT/ 100 700 [100] This work
Entangled
FeO,@CNT Oxide @CNT/ 200 500 [50] This work
Aligned-Forest
NiO/CNT Composite/ 100 500 [50] [26]
Microspheres
NiO@CNT Oxide@CNT — — —
NiO Microspheres 100 122 [100] [26]
Nanoparticles
NiO@CNT Oxide @CNT/ 100 540 [50] This work
Entangled
Co0,/Graphene Composite 100 700 [25] [18]
CoO,@CNT Oxide@CNT — — —
CoO;@CNT Oxide@CNT 100 475 [50] This work

18, 20], from the ones in which CNT and Oxides are syn-
thesized separately and then pressed together [16, 22, 23, 25,
26, 28-34]. Table 1 shows a comparison of discharge capa-
cities of various oxides containing both types of Oxide/CNT
hybrids along with the bare oxides, in a similar range of current
density.

4. Conclusions

We have conducted comprehensive electrochemical measure-
ments on samples of CNT, in which four different types
of TMOs have been encapsulated. Co-pyrolysis of metallo-
cene with camphor has enabled oxide@CNT in two distinct
morphologies, the aligned-forest and the entangled. Here,
oxide@CNT is distinguished from CNT/TMO hybrids that
are typically processed by mixing their individual constitu-
ents. Electrochemical data on different oxides@CNT formed
with optimal filling efficiencies of the order of 10%-20%
of the oxide-encapsulate within the core cavity of the CNT
lead to much superior cyclic stability, as compared to the
bare-oxide. Testing oxides@CNT with different morpholo-
gies but similar filling efficiencies further brings out the role
played by oxide NPs adhering outside the CNT. The density of
residual nano-particles residing outside the CNT may add to
the magnitude of capacity, but their presence is detrimental
to the cyclic stability. It is non-trivial to control residual
NPs (or their agglomerates) which inevitably form during
synthesis of oxide @ CNT. However, multiple characterization
techniques, particularly broad area scanning and transmission
electron microscopy, together with TGA and XRD, enable
us to isolate the contribution of these factors to the over-
all performance in LIB. The entangled morphology of the

CNT network with reasonable filling efficiency and control
of the residue oxide nano-particles during the synthesis of
oxides@CNT leads to good cyclic stability as well as higher
capacity. Overall, these data demonstrate that the magnitude
of the capacity depends on the filling fraction, residue particle
density as well as the morphology, whereas the cyclic stability
stems from the encapsulation. This systematic study enables
optimization of the best parameters and provides a roadmap
for the usage of these synthetically encapsulated and self-
organized oxides@CNT nano-structures for electrochemical
applications.
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