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ABSTRACT: Hierarchical, conductive, porous, three-dimensional
(3D) carbon networks based on carbon nanotubes are used as a
scaffold material for the incorporation of sulfur in the vapor phase
to produce carbon nanotube tube/sulfur (CNTT/S) composites
for application in lithium ion batteries (LIBs) as a cathode
material. The high conductivity of the carbon nanotube-based
scaffold material, in combination with vapor infiltration of sulfur,
allows for improved utilization of insulating sulfur as the active
material in the cathode. When sulfur is evenly distributed
throughout the network via vapor infiltration, the carbon scaffold
material confines the sulfur, allowing the sulfur to become
electrochemically active in the context of an LIB. The electrochemical performance of the sulfur cathode was further investigated
as a function of the temperature used for the vapor infiltration of sulfur into the carbon scaffolds (155, 175, and 200 °C) in order to
determine the ideal infiltration temperature to maximize sulfur loading and minimize the polysulfide shuttle effect. In addition, the
nature of the incorporation of sulfur at the interfaces within the 3D carbon network at the different vapor infiltration temperatures
will be investigated via Raman, scanning electron microscopy/energy dispersive X-ray, and X-ray photoelectron spectroscopy. The
resulting CNTT/S composites, infiltrated at each temperature, were incorporated into a half-cell using Li metal as a counter
electrode and a 0.7 M LiTFSI electrolyte in ether solvents and characterized electrochemically using cyclic voltammetry
measurements. The results indicate that the CNTT matrix infiltrated with sulfur at the highest temperature (200 °C) had improved
incorporation of sulfur into the carbon network, the best electrochemical performance, and the highest sulfur loading, 8.4 mg/cm2,
compared to the CNTT matrices infiltrated at 155 and 175 °C, with sulfur loadings of 4.8 and 6.3 mg/cm2, respectively.

1. INTRODUCTION

There is a growing demand for energy worldwide, and to cope
with this demand, there is an increasing need for higher
capacity energy storage materials that can be fabricated from
cheap earth-abundant materials. Sulfur-based cathodes have a
high theoretical storage capacity (over 1600 mAh/gsulfur

1−4),
for application in lithium ion batteries, based on the
conversion reaction of the cyclic S8 molecule with lithium to
form smaller lithium polysulfides up to Li2S.

5 Two electrons
per sulfur atom can be reversibly incorporated, which is 3−5
times higher than for the transition metal ions in the more
conventional metal oxide cathode materials currently used in
the industry.3,4

Since sulfur and lithium sulfide are insulators, it is necessary
to incorporate sulfur into a conductive matrix material in order
to enable charge uptake in the cathode. Carbon nanotubes are
an ideal candidate for this6−14 due to their high intrinsic carrier
mobilities and current-carrying capacity. In addition, carbon
nanotubes can be processed at room temperature and offer
high fabrication flexibility.15

There are a variety of proposed methods for the
incorporation of sulfur into conductive matrix materials
including melt infiltration,16,17 chemical infiltration,18 and
electrolysis.51 From these techniques, melt infiltration is the
most efficient for maximizing the amount of sulfur, although
with these techniques, the smallest pores (in the micropore
range, diameter, D < 2 nm) remain elusive, and the utilization
of sulfur is lower due to thicker insulating layers, compared to
the ∼1 nm sulfur layer thickness achievable through vapor
infiltration.6 Wet chemical techniques are problematic for
large-scale fabrication potential due to the toxicity of the
reagents used in these processes (like carbon disulfide, CS2, or

Received: August 17, 2020
Accepted: September 24, 2020
Published: October 19, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
28196

https://dx.doi.org/10.1021/acsomega.0c03956
ACS Omega 2020, 5, 28196−28203

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

C
H

R
IS

T
IA

N
-A

L
B

R
E

C
H

T
S-

U
N

IV
 K

IE
L

 o
n 

O
ct

ob
er

 3
0,

 2
02

2 
at

 1
9:

10
:1

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heather+Cavers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helge+Kru%CC%88ger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleksandr+Polonskyi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabian+Schu%CC%88tt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rainer+Adelung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandra+Hansen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandra+Hansen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c03956&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03956?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03956?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03956?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03956?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03956?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/43?ref=pdf
https://pubs.acs.org/toc/acsodf/5/43?ref=pdf
https://pubs.acs.org/toc/acsodf/5/43?ref=pdf
https://pubs.acs.org/toc/acsodf/5/43?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03956?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


hydrogen sulfide, H2S). For this reason, an alternative method
reported recently in the literature is employed, namely, vapor-
condensation infiltration.6,7

Not only is vapor infiltration a green, solvent-free method,
but it is also a scalable synthesis route for the production of
sulfur−carbon composite materials for lithium sulfur batteries.
This sulfur infiltration method requires relatively low temper-
atures (maximum 200 °C) and uses the reactants efficiently to
produce very little waste and maximize the attainable capacity
of the sulfur cathodes. These benefits make sulfur cathodes
produced with vapor infiltration an attractive candidate to
replace current industry-standard cathode materials: metal
oxides. Metal oxide cathodes possess lower theoretical
capacities (100−330 mAh/g) and typically require compli-
cated production techniques, often with toxic byproducts.52

Vapor infiltration allows the sulfur to access mesopores
(diameter of 2 nm < D > 50 nm) of the structure that
would normally not be available in other conventional sulfur
infiltration methods.6,19,20 In addition, the sulfur is adsorbed to
the surface,6 resulting in thin layers of sulfur at all points in the
network, maintaining their intrinsic composition and structure,
optimizing the sulfur usage.
The sulfur loading of the material is mainly determined by

the volume and surface area of the carbon matrix material.
Recent developments in research have focused on using open
porous materials to ensure accessibility of the whole host
matrix, including small pore areas, for infiltration with active
sulfur.6,7,19,20 Schütt et al. have recently developed a macro-
scopic, highly porous, mechanically stable carbon nanotube
tube (CNTT) material based on MWCNTs and prepared
using a sacrificial ZnO template.21 The CNTT matrix material
possesses porosities of ∼95%, and the open pore structure
increases the accessibility of the surface area. These material
properties allow for high areal sulfur loading capabilities while
still maintaining direct contact between the insulating sulfur
active material and the conductive carbon network at every
point to maximize the sulfur utilization.
One of the major drawbacks of lithium sulfur cathode

materials is the tendency of lithium polysulfides to be dissolved
by the electrolyte, which causes the polysulfides to migrate
away from the cathode, leading to an overall capacity loss. For
this reason, it is important to understand how the sulfur is

incorporated into the carbon matrix during the vapor
infiltration process in order to create a strategy to prevent
the dissolution of polysulfides.
This study investigates the effect of vapor infiltration of

elemental sulfur into a 3D carbon network. Using different
temperatures during this procedure, the chemical interaction of
the as-deposited sulfur with the surrounding carbon matrix is
analyzed to understand the optimal infiltration temperature
and sulfur loading in a highly porous 3D network in order to
obtain a high capacity of the sulfur cathodes. The effect of
infiltrating sulfur at different temperatures was investigated as
different sulfur condensation behaviors have been reported at
different temperatures6,22 in order to determine the ideal
temperature for maximizing the sulfur loading and minimizing
the dissolution of polysulfides during cycling.

2. RESULTS AND DISCUSSION

2.1. Characterization of the CNTT Matrix and CNTT/S
Composites. The open pore structure and the even
distribution of the CNTs throughout the network can be
observed in the SEM images shown in Figure 1. Figure 1a
demonstrates the size and shape of the sacrificial t-ZnO
template and resulting CNTT sample using a coin as a
reference in the image. The CNTT host matrix material prior
to infiltration with sulfur is shown in Figure 1b,c. The hollow,
interconnected tetrapods making up the host matrix are seen in
Figure 1b. A broken tetrapod arm in Figure 1b demonstrates
the thickness (<1 μm) of the entangled CNT network. In
Figure 1d, after the infiltration of sulfur into the CNTT
network, no sulfur aggregates are observed, suggesting an even
distribution of sulfur throughout the carbon network.
In Figure 1e ,f, the SEM images display the carbon nanotube

tube sample vapor infiltrated with sulfur at 200 °C, CNTT/S@
200 °C, after cycling. These images demonstrate that the
hierarchical, porous, tetrapodal structure is maintained during
cycling. In addition, residual electrolyte can be clearly observed
coating the individual tetrapodal arms. From this, it can be
concluded that at every point of the network, the electrolyte
can interact with the matrix and that there is little diffusion
limitation for the electrolyte. In this way, the free volume
inside the matrix acts as a reservoir for the electrolyte, allowing
easy access of the electrolyte to sulfur in the network and

Figure 1. Scanning electron microscopy images of the CNTT/S cathode material before and after cycling. Panel (a) shows a size comparison of the
CNTT and t-ZnO template used. Panels (b, c) show the CNTT sample prior to sulfur infiltration. (d) CNTT/S sample after sulfur infiltration,
where the sulfur is hardly visible in SEM. (e, f) CNTT/S cathodes infiltrated at 200 °C postmortem after 10 cycles.
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resulting in faster uptake of Li+ by the network. The
containment of the electrolyte and any dissolved lithium
polysulfides within the matrix material can also limit the
polysulfide shuttle effect as the dissolved polysulfides have a
higher possibility to interact with the network again than to
diffuse to the counter electrode.
This homogeneous, conductive framework also possesses a

hierarchical pore structure, with pores ranging from the
micrometer range to the nanometer range, allowing for easy
access of sulfur vapor throughout the network and a presumed
confinement of sulfur in nanometer-sized pores.25 The good
distribution of sulfur throughout the network is demonstrated
below in Figure 2.

The EDX data (Figure 2) of the CNTT/S@200 °C sample
demonstrates an even distribution of sulfur throughout the
carbon matrix. There appears to be no sulfur gradient
throughout the breadth of the CNTT matrix as the sulfur is
uniformly infiltrated in the carbon matrix. The presence of
oxygen in the sample can also be seen, although from the low
percentage, it is most likely due to disordered carbon in the
network, which can possess trace amounts of oxygen-
containing impurities.36 In addition, the lack of Zn observed
in the sample with EDX indicates that the carbothermal
reduction reaction is an effective way to remove the template
material from the CNTT scaffold.
In order to further analyze the incorporation of sulfur into

the carbon host matrix, X-ray photoelectron spectroscopy, a
surface analysis technique, was used for investigation of the
CNTT/S samples (Figure 3). The atomic percentages
determined by XPS are reported below in Table 1. The
relative sulfur densities of samples CNTT/S@155 °C, CNTT/
S@175 °C, and CNTT/S@200 °C are also reported in Table
1, where it can be seen that the density of sulfur increases with
the temperature of infiltration.
The resolved C 1s XPS data for the CNTT/S samples and

the reference sample is shown below in Figure 4a, and the
resolved S 2p for the CNTT/S is shown in Figure 4b.
The spectra were fitted with two carbon peaks, which are

indicated with dotted lines. The peak at 284.8 eV is
characteristic of C−C bonds, and the broader, low intensity
peak centered at around 286 eV results from defect carbon
present in the CNTT matrix material,26,27 most likely from
trace oxygen present in the network, as seen in the EDX data in
Figure 2. There is no shift in the carbon binding energy

observed for the samples sulfur infiltrated with different
temperatures; however, a shift in the sulfur binding energy is
apparent. The low attenuation depth of XPS (10 nm) means
that only sulfur present on the surface of the carbon network is
being observed. The S 2p3/2 and 2p1/2 peaks resulting from S−
S binding interactions28 are indicated with dotted lines in
Figure 3. The lack of a S−C peak at a shift of around 163.5 eV

Figure 2. Qualitative cross-sectional EDX data of a CNTT/S-200
sample showing the elemental mapping of carbon, sulfur, and oxygen.

Figure 3. Resolved XPS spectra for (a) C 1 s and (b) S 2p for
CNTT/S @200 °C (blue), CNTT/S@175 °C (red), and CNTT/S@
155 °C (black) samples; the CNTT/S-reference C 1s spectrum
shown in green. S 2p3/2 peaks are indicated with a black dotted line,
and S 2p1/2 peaks are indicated with a gray dotted line.

Table 1. Elemental Percentages Calculated from the
Resolved XPS Spectra for CNTT/S Samples Heated to 155,
175, and 200 °C and Sulfur Areal Loading (mg/cm2) and
the Total Areal Density of the CNTT/S Sample (mg/cm2)
Determined by the Sample Weights before and after Sulfur
Infiltration

samples

C 1s
peak

area (%)

O 1s
peak

area (%)

S 2p
peak

area (%)

sulfur areal
loading (mg/

cm2)

total areal
density (mg/

cm2)

CNTT/
S@155
°C

91.6 4.0 4.4 4.8 16.8

CNTT/
S@175
°C

87.4 5.4 7.2 6.3 18.2

CNTT/
S@200
°C

88.8 4.4 6.8 8.4 19.7

Figure 4. Raman spectra of the pristine CNTT matrix (green), sulfur-
infiltrated CNTT matrix at 155 (black), 175 (red), and 200 °C (blue)
measured with a laser wavelength of 532 nm.
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for S 2p3/2
29 indicates that the sulfur in the carbon matrix is

merely adsorbed to the surface. The S 2p3/2 peak has the
lowest binding energy, 163.7 eV, for the CNTT/S sample
infiltrated at the lowest temperature (155 °C) and gradually
increases with increasing infiltration temperatures. The sample
infiltrated at 200 °C has the highest binding energy at 164.1
eV. The low binding energy of the CNTT/S@155 °C sample
indicates that the sulfur adsorbed in the network after vapor
infiltration is interacting more strongly with the carbon
matrix28,30 than the samples infiltrated at higher temperatures.
This is likely due to the low amount of sulfur in the CNTT/
S@155 °C network, 4.8 mg/cm2 rather than 8.4 mg/cm2, as
for CNTT/S@200 °C. This corresponds to overall gravimetric
capacities of 477 and 712 mAh/g for the CNTT/S@155 °C
and CNTT/S@200 °C samples, respectively. These gravi-
metric capacities, though extremely competitive compared to
industry-standard cathodes,52 could still be improved through
modification of the carbon scaffold to minimize the weight of
the scaffold. The elemental percentages of sulfur on the surface
of each of the samples were calculated using the peak areas
from the resolved XPS spectra, and the results are displayed in
Table 1. From the areal densities of sulfur and the total areal
density, it can be seen that the sulfur content is much higher
than the elemental percentages measured by XPS, also shown
in Table 1. From this, it can be inferred that the majority of
sulfur contained in the carbon network is incorporated more
deeply than the top 10 nm of the sample surface.
The high sensitivity of Raman spectroscopy to changes in

the structure of the carbon matrix material makes it ideal to
investigate the CNTT material before and after the
incorporation of sulfur into the network in order to determine
the impact the adsorbed sulfur has on the structure. The
resulting Raman spectra are shown below in Figure 4. No
characteristic peaks of elemental sulfur below 500 cm−1 were
detected.1 The lack of sulfur peaks in the spectra also indicates
that the sulfur is well dispersed in the network, as seen in the
EDX data (Figure 2), without long-range ordering,31

possessing strong absorption and interaction with the carbon
matrix material.32

The main peaks observed in the CNTT reference and
CNTT/S samples (Figure 4) were located at 1339 and 1575
cm−1 belonging to the D and G bands of carbon, respectively.
The G band originates from the in-plane vibrations of sp2

carbon atoms contained in the hexagonal bonding structure of

the MWCNTs, and the D band originates from defects in the
carbon matrix.33 Since no sulfur peaks could be measured
directly for these samples, the intensities of the corresponding
D and G bands are further investigated. The ratio of the
intensities of the D and G bands, ID/IG, can be used in
comparing the degree of crystallinity of carbon networks.32−34

The intensity of the defect sp3 hybridized carbon peak (D)
increases significantly, and the in-plane sp2 carbon (G)
decreases with increasing sulfur content. This corresponds to
an increase in the ID/IG ratio (from 1.13 (CNTT) to 1.35
(CNTT/S@200 °C), which indicates the presence of more
lattice defects34 for samples that sulfur infiltrated at higher
temperatures and corresponds to more sulfur present in the
network.35 From the XPS analysis, it was seen that for sample
CNTT/S@200 °C, the majority of sulfur was incorporated
into pores in the network. The high ID/IG ratio for CNTT/S@
200 °C supports the incorporation of sulfur into defect sites or
pores in the carbon network32 rather than on the surface.
From Table 1, the relative percentage of sulfur on the

surface of CNTT/S@200 °C determined by XPS is lower than
that of sample CNTT/S@175 °C, though the overall sulfur
loading was higher. It is implied that the majority of sulfur is
incorporated in the pores in the CNTT network, which would
not be observable in a surface analysis, such as XPS. This is
most pronounced for the CNTT/S@200 °C sample. This may
be explained by the different sulfur conformations present in
the vapor phase. At temperatures of 200 °C, the sulfur vapor
possesses a fraction of S6.

36 These smaller molecules can be
more easily incorporated into the defect sites of the carbon
network, which in turn could result in a preferential
incorporation of sulfur into smaller pores formed by the
entangled CNT network (<10 nm)37,38 compared to samples
infiltrated at lower temperatures. The incorporation of sulfur
into small pores in carbon networks has been shown to
improve the capacity retention of sulfur8,19,39,40 as further
demonstrated during the cyclic voltammetry measurements of
CNTT/S@200 °C as a cathode in an LIB half-cell.

2.2. Electrochemical Characterization. In the following,
the results of the cyclic voltammetry measurements are
discussed for the CNTT/S samples prepared with varying
sulfur infiltration temperatures. The electrolyte contained 0.7
M LiTFSI in DME/DOL (2:3, v/v) with 0.25 M LiNO3 added
to promote passivation on the surface of the Li-metal counter
electrode.1 Based on the discussion of the sulfur and carbon

Figure 5. Representative cyclic voltammetry curves of CNTT/S cathodes prepared at 155 (black), 175 (red), and 200 °C (blue) showing current
(mA) vs. potential (V) for the (a) 2nd cycle and the (b) 10th cycle. The reactions for the two reduction peaks (A and B) and the oxidation peak
(C) are labeled in panel (b). The inset in Figure 6a emphasizes the change in peak with varying temperature. Panel (c) shows the trend of the
individual peak positions taken from the CV curves with the cycle number. All results displayed are normalized for the amount of sulfur present in
the matrix.
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interactions in Section 2.1, it is investigated here how these
findings influence the battery performance of the CNTT/S
composites (Figure 5).
Two reduction peaks and a broad oxidation peak are clearly

visible in the CV curves in the 2nd cycle (Figure 5a) and the
10th cycle (Figure 5b). Figure 5a shows the second cycle for
the CNTT/S samples infiltrated at different temperatures. The
second cycle for the CNTT/S@155 °C sample is shown in
black, the CNTT/S@175 °C sample is shown in red, and the
CNTT/S@200 °C sample is shown in blue. The same color
coding was used to display the resulting CV curves for the 10th
cycle (Figure 5b) and the relationship of the peak potentials to
the cycle number (Figure 5c). The two cathodic reduction
peaks appearing between 2.3−2.4 V (A) and 1.9−2.0 V (B),
labeled in Figure 5b, result from the reduction of S8 to long
chain polysulfides (Li2Sn, 4 ≤ n ≤ 8) and the reduction of long
chain polysulfides to insoluble Li2S2/Li2S species, respec-
tively.41 The first reduction peak, A, is most likely associated
with the formation of Li2S4 compounds as the S4

2− species is
the most stable reaction intermediate in DOL/DME solvents
and other low donor solvents.42 The broad anodic peak
centered around 2.45 V (labeled as C in Figure 5b)
corresponds to the oxidation of the short- and long-chain
lithium sulfides to S8. Since the oxidation peak is rather broad,
it is likely that different peaks are overlapping due to the fact
that many polysulfides coexist and appear at similar potential
values.49 In addition, the width of the second cathodic peak, B,
occurring in the CV curves for all samples between 1.9 and 2.0
V, is likely due to an overlap of multiple reduction reactions.46

In Figure 5a, in all the CV curves, there is a low intensity peak
around 2.1 V (shown in the Figure 5a inset), which disappears
after repeated cycling. This peak is likely due to an
intermediate species that possesses low stability produced
during the first redox processes.43 Due to the instability of this
intermediate species, it is usually only detectable at low scan
rates and for cathode samples possessing a highly conductive
matrix with good charge transfer capabilities.49 A broad peak
around 1.7 V is present, which is lower than the expected
reduction reaction to produce Li2S2. This peak is likely
attributed to the decomposition reaction of LiNO3 at the
cathode,8 which likely contributes to the low Coulombic
efficiencies shown in supplemental Figure S1.
The voltages corresponding to the reduction and oxidation

peaks from the CV curves that were plotted against the cycle
number and the trends in the peak position (V) of the
reduction peaks and oxidation peak with the cycle number can
be seen in Figure 5c. Peak A, which corresponds to the first
reduction reaction of the long-chain polysulfides, is seen to
experience a gradual potential increase for all samples with
ongoing cycling. The shift to higher potentials indicates that
better redox reversibility for this reaction is obtained in later
cycles.44 From the first to the second cycle, the second
reduction peak, B, for sample CNTT/S@200 °C (blue) shifts
to lower peak potentials, most likely due to side reactions or
SEI formation that can lead to an initial polarization45 and then
begins to shift to higher potentials and stabilizes after six
cycles. For samples CNTT/S@175 °C (red) and 155 °C
(black), the potentials remain relatively stable. Peak C
represents the oxidation reactions and for all samples that
experience a continuous decrease in peak potential over all
cycles. There is a similar trend with the potentials of peak C as
with peak B, where the potential stabilizes after six cycles.

In the second cycle, sample CNTT/S@155 °C (black) has
the largest difference in peak potential between the reduction
and oxidation peaks, indicating a higher degree of polar-
ization,9,41,45 likely due to the lower affinity of the sulfur to the
host matrix44,47 and more sluggish reaction kinetics.48

Whereas, sample CNTT/S@175 °C (red) has the smallest
difference in peak potential in the initial cycles, and the CV
curves possess sharper and narrower peaks from the first cycles
on, indicating better reaction kinetics and a lower degree of
polarization50 from the beginning than the other two samples.
From the peak trends in Figure 5c, it can be seen that for

sample CNTT/S@200 °C (blue), the peak potentials for both
the reduction and oxidation peaks begin to stabilize after six
cycles. After which, the peak potentials were at slightly lower
voltages (for the oxidation peaks) and slightly higher voltages
(for the reduction peaks). This indicates improved reaction
kinetics in the later cycles48 and a higher affinity for the host
matrix. From the reduction curve areas shown in the
Supporting Information, page S2, it can be seen that the
sample CNTT/S@200 °C experiences the smallest change in
the total curve area over 10 cycles. This is likely due to the
presence of more defect sites in sample CNTT/S@200 °C,
seen in Figure 4, and the preferential incorporation of sulfur
into the defect sites and the accessibility of smaller pores in the
carbon matrix material for sulfur vapor at higher temper-
atures18 as discussed in the previous section. All three samples
retain similar peak shapes to the second cycle, Figure 5a, which
demonstrates good reversibility and stability of the electro-
chemical reactions. In the inset in Figure 5a, it can be seen that
for reduction peak A, there is a shoulder present for sample
CNTT/S@200 °C likely because of better resolution of the
different reduction reactions occurring, which could be due to
a more efficient interaction between the sulfur and the
conductive carbon scaffold. In addition, in Figure 5b, it can
be seen that for sample CNTT/S@200 °C, the first reduction
peak, A, is considerably sharper after 10 cycles than the
samples infiltrated at lower temperatures, indicating that the
sulfur is better confined in the network, and the dissolution of
the long-chain polysulfides is reduced. This suggests that the
incorporation of sulfur into the defect sites in the carbon
matrix at a higher temperature, especially 200 °C, serves to
stabilize the polysulfides and reduce their dissolution into the
electrolyte.

3. CONCLUSIONS
Conductive 3D carbon nanotube networks were successfully
used as a scaffold material to accommodate sulfur for the
preparation of sulfur cathodes for lithium ion battery
applications. Vapor infiltration of sulfur into the carbon matrix
material led to even distribution of sulfur throughout the
networks, improving the utilization of the active material in the
cathode during cycling. The preferential incorporation of sulfur
into the defect sites in the network was observed with Raman
spectroscopy, an effect that became more pronounced with the
highest infiltration temperature, 200 °C. The improved
incorporation of sulfur into the network for the sample
infiltrated at the highest temperature (CNTT/S@200 °C)
resulted in the best capacity retention and overall sulfur usage
for longer cycling. However, marginally superior reaction
kinetics were found with the cathode sample vapor infiltrated
at 175 °C, implying that a balance is required between the
sulfur−carbon interaction and incorporation of the sulfur in
the smaller pores in the matrix. At the lowest temperature, 155
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°C, the sulfur is not as efficiently incorporated into the pores in
the network and is thus more accessible to the electrolyte, and
the CNTT/S cathodes are subject to increased capacity fading
and greater polarization effects. Repeated cycling of the
CNTT/S cathode samples led to a shift in the voltage for
the polysulfide oxidation reactions to lower voltages and
polysulfide reduction reactions to higher voltages, indicating
improvement of the potentiostatic cycling and redox reaction
reversibility. The use of 3D carbon matrix materials with
hierarchical pore structures can lead to improved areal sulfur
loading, active sulfur utilization, and better overall reaction
kinetics.

4. MATERIAL AND METHODS

4.1. Fabrication of the 3D CNTT Matrix Material and
Subsequent CNTT/S Composite Fabrication. Tetrapodal
zinc oxide (t-ZnO) was used as a sacrificial template in order
to prepare highly porous 3D carbon nanotube tube (CNTT)
networks as demonstrated in the schematic illustration in
Figure 6.
Tetrapodal zinc oxide (t-ZnO) networks used for the

preparation of the conductive carbon matrix material were
produced by a simple flame transport synthesis as described by
Mishra et al.23 The t-ZnO powder was pressed into cylinders
with a height of 2 mm and diameter of 12 mm, possessing
densities of 0.36 g/cm3, and sintered at 1150 °C for 5 h to
form an interconnected network of t-ZnO, Figure 6a, as
described by Schütt et al.21 An aqueous 1 wt % solution of
MWCNTs (CarboByk 9310 from BYK-Chemie) was prepared
with an addition of 10 wt % glucose for the following
carbothermal reduction reaction and treated to ultrasonication
for 5 min prior to infiltration into the t-ZnO template to
ensure a well-mixed dispersion. The aqueous solution was
infiltrated into the t-ZnO templates on a hot plate at 50 °C and
allowed to dry to form t-ZnO/CNTT−glucose templates
(Figure 6b). A carbothermal reduction reaction24 was used to
remove the sacrificial t-ZnO by heating the t-ZnO/CNTT−
glucose composites in a quartz tube under an inert Ar gas
atmosphere at 950 °C for 5 h. The resulting CNTT matrices

possessed porosities of about 95% and densities of 0.06 g/cm3

(Figure 6c).
The vapor infiltration of sulfur into the CNTT matrix

materials, to produce carbon nanotube tube/sulfur (CNTT/S)
composites, was performed using a round bottom flask. A
sufficient amount of powdered sulfur, 1−2 g based on the
weight of the carbon matrix material, was added to the bottom
of the flask. A stainless steel mesh was inserted to suspend the
CNTT matrix material 1−2 mm above the sulfur reservoir.
The flask was sealed with the CNTT samples inside the glove
box under an argon atmosphere in order to prevent any
oxidation during the sulfur infiltration process. The flask
containing the CNTT samples was then heated in an oil bath
for 2 h at 155, 175, and 200 °C for samples CNTT/S@155 °C,
CNTT/S@175 °C, and CNTT/S@200 °C, respectively
(Figure 6d). The temperature of the oil bath and the inside
of the flask was monitored, and the temperatures reported
reflect the temperature of the flask. All samples were weighed
before and after vapor infiltration in order to determine the
resulting sulfur weight percent.

4.2. Chemical and Electrochemical Investigation of
CNTT/S Composites. The CNTT/S samples were analyzed
prior to electrochemical analysis with Raman spectroscopy,
scanning electron microscopy, energy dispersive spectroscopy,
and X-ray photoelectron spectroscopy in order to determine
how well the sulfur infiltrated into the matrix material. All
Raman spectroscopy analysis was done using an alpha 300 RA,
WITech system, with a CCD detector and triple-grating
spectrometer of 600 gr/mm at an excitation wavelength of
532.2 nm. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) analysis were performed
using a Zeiss Gemini Ultra55 Plus scanning electron
microscope. X-ray photoelectron spectroscopy (XPS, Omicron
Nano-Technology, GmbH) was performed with an Al-anode
source (240 W). All spectra were referenced to aliphatic
carbon at 298.4 eV, and analysis was performed with CasaXPS
software.
Half-cells were prepared using a lithium foil counter

electrode, three 1.5 μm glass fiber separators, and 500 μL of
a 0.7 M lithium bis(trifluoromethanesulfonyl)imide, LiTFSI,

Figure 6. Schematic illustration of the preparation process used for the CNTT/S samples, where panel (a) is the sacrificial t-ZnO template, panel
(b) is the t-ZnO infiltrated with an aqueous CNT−glucose solution (steps as described by Schütt et al.21), panel (c) is the hollow tetrapodal CNT
matrix after carbothermal reduction and ZnO removal, and panel (d) is the CNTT matrix after vapor infiltration with sulfur to form CNTT/S
cathodes. The inset in panel (d) shows sulfur incorporation into the self-entangled CNT network making up the CNTT scaffold.
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electrolyte solution in 3:2 1,3-dioxolane:1,2-dimethoxy ethane
(v/v) with 0.25 M lithium nitrate, LiNO3, added. All chemicals
used in the preparation of the electrolyte were obtained from
Sigma Aldrich. Cyclic voltammetry was performed on the half
cells using a scan rate of 0.056 mV/s over a range of 1.5−3.5 V.
4.3. Postmortem Analysis. Analysis of the cycled cathode

materials was performed ex situ with Raman spectroscopy. The
cycled samples were sealed under an argon atmosphere in
transparent polyethylene pouch cells to ensure no oxidation of
the sample occurred during measurement. All Raman analysis
was done using the same alpha 300 RA, WITech system as
described in Section 2.2, using low power to ensure no reaction
with the pouch cell or components on the sample surface.
Postmortem SEM analysis was performed using a Zeiss

Gemini Ultra55 Plus scanning electron microscope with an in-
lens detector. An acceleration voltage of 1−2 kV and a working
distance of 1−2 mm were used.
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