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ABSTRACT Porous hollow carbon spheres with different tailored
pore structures have been designed as conducting frameworks for
lithium—sulfur battery cathode materials that exhibit stable cycling
capacity. By deliberately creating shell porosity and utilizing the
interior void volume of the carbon spheres, sufficient space for sulfur
storage as well as electrolyte pathways is guaranteed. The effect of

a-PCNS p-PCNS
high porosity moderate porosity 1600
hell shell 490

-
=]
S

Capacity (mAhg")
® =
(= =
= =]

] - 0
0 20 40 60 80 100

Coulumbic Efficiency (%)

different approaches to develop shell porosity is examined and

compared in this study. The most highly optimized sulfur—porous
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carbon nanosphere composite, created using pore-formers to tailor shell porosity, exhibits excellent cycling performance and rate capability. Sulfur is

primarily confined in 4—5 nm mesopores in the carbon shell and inner lining of the shells, which is beneficial for enhancing charge transfer and

accommodating volume expansion of sulfur during redox cycling. Little capacity degradation (~0.1% /cydle) is observed over 100 cycles for the optimized material.
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ithium-ion batteries are being increas-

ingly used for large-scale energy stor-

age systems, driven by the growth of
markets such as electric vehicles and large-
scale energy storage systems."? Their prac-
tical use in these new applications is still pro-
blematic, however, as long as the achievable
energy density of Li-ion batteries is limited to
their current forms. In this regard, following
20 years of development, intercalation-based
cathode materials have almost approached
their theoretical energy density limit>~> It is
anticipated that breakthroughs will probably
come from chemical transformation or con-
version chemistry, similar to the evolution of
anodes from carbonaceous materials that
function on the basis of intercalation chem-
istry, to conversion chemistry based on metal
oxides or lithium alloys.® Among various “chem-
ical transformation”-based cathodes, sulfur is
a particularly attractive candidate owing to its
high theoretical capacity (1675 mAh g~ "),
low safety concerns/environmental footprint,
very high natural abundance, and com-
petitive cost®® Practically speaking, Li—S
batteries have been shown to be capable of
energy storage several times greater than
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conventional large-scale Li-ion cells.'® Much
effort has been expended to date in order to
better develop these cells in the past few
years, and a deeper understanding of their
electrochemistry has resulted in substantial
advances, as recently summarized." The fact
that sulfur is an outstanding insulator and
low-temperature melting solid has necessi-
tated the development of many clever routes
to encapsulate the element in conductive
carbons using melt-diffusion and vapor infu-
sion methods along with other synthetic
approaches as discussed below. Mechanical
stability is also problematic, owing to the dif-
ference in density between sulfur (2.07 g cm—3)
and its redox end member, Li,S (1.67 g cm3).
The 20% density difference results in ~80%
volume expansion on lithiation, and potential
loss of electrical contact and degradation of
capacity on cycling. To a large degree, this can
be solved by designing in extra space in a host
framework to accommodate for expansion,
as illustrated by a few reports.'*'*

Several other critical issues still remain,
however, as unsolved problems that need
to be resolved to achieve future commer-
cialization. Among these, one challenge lies
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in achieving high practical sulfur content in the
positive electrode while maintaining good electro-
chemical performance. This relates to the issue of
volume expansion, since very high pore volumes,
which are difficult to attain in mesoporous carbons,
are needed to sustain both redox expansion and
>80% sulfur content (ie, upward of 4 cm® g™ ).
A second primary challenge lies in the often poor
capacity retention on cycling because of the shuttle
phenomenon due to the soluble intermediate species
(polysulfide anions, Li,S,, 4 < x < 8) formed at the
cathode during charge and discharge. If not “con-
tained”, the dissolved Li polysulfides diffuse out of
the cathode into the electrolyte, where they will ulti-
mately be reduced to form thick layers of Li,S either on
the surface of the metallic Li negative electrode (by
contact) or on the outer surface of the cathode on the
subsequent discharge cycle. Both mechanisms are
responsible for degradative capacity loss and an in-
crease in surface impedance, owing to the insulating
nature of Li,S and its low ion conductivity."* Although
deposition on the negative electrode surface can be
mitigated by employing LiNOs in the electrolyte as a
passivating agent (or ion-conductive membranes) for
the Li negative electrode,'® the buildup of impregna-
ble layers on the cathode is more difficult to address
without attention to the rational design of porous
materials. In response to this, a large variety of novel
carbon architectures, such as micro/mesoporous car-
bons, have been utilized as a framework for sulfur,
which suppress the shuttle by trapping the soluble
polysulfide species in the pores, as well as improving
the electronic conductivity of the cathode.'® 22 Other
approaches have focused on sulfur powder encapsu-
lated with conductive polymers such as polyaniline,
polythiophene, and PEDOT to inhibit dissolution, tak-
ing advantage of their morphology and electrochemi-
cal stability to produce stable composites that yield
capacities around 650—800 mAh g~ after 50 cycles.
Some studies were conducted at low (100 mA g~ ")
current rates,>>~%” and it is noteworthy that these
polymers are unlikely to be in their conductive state
at Li—S cell potentials. Most recently, polyvinylpyrroli-
done-encapsulated hollow sulfur nanospheres have
demonstrated capacity retention of 78% over 300 cycles
at current density rates of C/5 (equivalent to lithium full
discharge in 5 h).?® Graphene—sulfur composites have
also been employed, with good success.?* 32
Alternatively, it has also been proposed to contain
sulfur in hollow carbon nanoparticles, as a method of
targeted design of porous materials that could—in
principle—allow for higher sulfur content while still
retaining the benefits of a porous carbon shell that
inhibits polysulfide dissolution.>3*~3> Such mesoporous
hollow carbon capsules might offer advantages over
other porous carbon materials, presenting a very
attractive conducting matrix for encapsulating and
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sequestering sulfur on the nanoscale within their
interiors. This might allow for higher sulfur content,
accommodating volume changes, optimizing electro-
lyte uptake, and permitting manufacture on a large
scale. This has become an increasingly topical area.
Important questions concern how to create homoge-
neously sized, intact spheres in order to facilitate uni-
form redox of the active sulfur mass. Of equal concern
is how to design a mesoporous shell structure that
allows for maximum uptake of sulfur in the capsules
and minimal lithium polysulfide dissolution while max-
imizing good electrolyte transport into the interior
space. Even more importantly, do the hollow nano-
spheres fill or partially fill with sulfur (namely, what
are the driving forces for sulfur impregnation, or
does sulfur often simply coat the external surface
of the spheres)? Here, we provide a broad view of the
possibilities and limitations of porous hollow carbon
nanospheres for Li—S battery cathodes using de-
signed approaches to develop both porosity and
robust shell properties. The employment of pore-
forming agents that can be readily extracted from
the shell after formation of the carbon nanospheres
was found to be particularly advantageous. Such a
design permits deliberate tuning of the pore size,
which differs from the approach taken in prior re-
ports of carbon nanospheres and allows the proper-
ties to be tailored to optimum advantage.

RESULTS AND DISCUSSION

Porous carbon nanospheres (PCNSs) were synthe-
sized using tetraethoxysilane (TEOS) as the silica pre-
cursor and resorcinol/formaldehyde (RF) as the carbon
precursor. To further increase and tailor the shell
porosity, two routes were chosen: KOH activation of
the carbon in the shell, and the incorporation of a
cationic ionomer into the shell of the carbon spheres,
which acts as a sacrificial pore-former. The discussion
below first centers on the PCNS obtained without pore
modification, later comparing these to the modified
materials.

The process underlying the one-step assembly of
the carbon-shell silica sphere is simple. It is well known
that both TEOS and RF undergo hydrolysis in the
presence of NH,OH as a catalyst. However, because
TEOS hydrolysis proceeds much faster, it yields solid
nanosilica particles (formed via the Stoeber process)
surrounded with a coordination shell of NH," ions.
These positively charged silica nanospheres strongly
interact with the OH™ groups of the RF polymer due
to electrostatic attraction. Therefore, a polymer layer
forms on the silica surface to give a core—shell struc-
ture. After the calcination of the silica/RF composite
and subsequent HF etching of the silica core, hollow
carbon nanospheres are obtained as the final product.
Unlike most of the hollow nanoparticles obtained via
a conventional hard-template route, this one-step
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Figure 1. (a) SEM and (b) STEM images showing the uniform PCNSs and (c) N, adsorption isotherm and (d) pore size
distribution curves (PCNS in black and a-PCNS in red). Scale bars: 400 nm (a) and 50 nm (b).

method is much easier and very time efficient. More
importantly, the hollow carbon spheres produced in
this way show a very uniform morphology and robust
shell structure compared to two-step procedures.
Figure 1a demonstrates that the product consists of a
homogeneous distribution of spherical carbon nano-
particles, which exhibit only a tiny fraction of broken
shells. The hollow structure of the spheres is confirmed
by TEM (Figure 1b). The mean particle size of the
spheres obtained from both SEM and TEM is
~200 nm, with a shell thickness of 10—12 nm. The
porosity of this carbon shell (not evident in the TEM
image) measured by N, adsorption analysis indicates
a low specific surface area of 550 m? g~ ', a total pore
volume of 3.3 cm® g™ (Figure 1¢, black curve, P/P, =
0.999), and a narrow pore size distribution at ~5 nm
calculated by the quenched solid density functional
theory (QSDFT) method (Figure 1d, black curve). It is
reported that solid carbon nanospheres (mean particle
size 520 nm) synthesized via a similar path have a
comparable surface area, but a much smaller total pore
volume (less than 0.3 cm?® g™ ').3® The large total pore
volume of the PCNS arises from the textural porosity
between the nanospheres, as well as the internal
hollow space of each single particle. The real pore
volume of the shells estimated at P/P, = 0.8* (a pore
size of <13 nm, which is just a little less than the
thickness of the shells) is ~0.4 cm® g~ ', as determined
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Figure 2. (a) STEM image of PCNS-70, elemental maps of (b)
sulfur and (c) carbon, and line scan analysis of a single PCNS-
70 particle (red-carbon, green-sulfur). All scale bars: 100 nm.
from the adsorption branch. The PCNS-70 C/S com-
posite was fabricated by a melt-diffusion process at
155 °C to achieve a 70 wt % sulfur content. This
nanocomposite exhibits darker contrast in the shells
than those of PCNS in the TEM images (Figure 2a),
a sign of sulfur impregnation in the shell pores with
possible inhomogeneous deposition of sulfur on the
outside of the spheres. The corresponding elemental
maps of the particles demonstrate a good distribu-
tion of sulfur (Figure 2b and c). The line scan analysis
indicates that sulfur fills the mesopores of the shell
(and possibly resides on the outer surface) rather
than diffusing into the internal void (Figure 2d).
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Figure 3. (a) Initial voltage-capacity profile and (b) cycling performance of the PCNS-70 sulfur cathode at a C rate (1675 mA g™ ").

The PCNS-70 cathode was evaluated in a coin cell
with metallic lithium as the anode and 1 M bis-
(trifluoromethanesulfonyl)imide lithium in 1,3-dioxo-
lane + 1,2-dimethoxyethane (2 wt % LiNO3) as the
electrolyte. Ata 1C rate (1675 mA g~ ), the cell exhibits
a discharge capacity of ~1000 mAh g~ (Figure 3a).
The two plateaus at 2.2 and 2.0 V represent the two
steps of sulfur reduction at the cathode, as reported by
many other groups. The slope below 1.7 Vis not always
observed. Previous reports indicate it is probably
caused by the partial reduction of LiNOs; during
discharge,® which also explains the irreversible ca-
pacity (90 mAh g~ ') on the first cycle. Upon further
cycling, this slope gradually disappears. The cell capa-
city drops significantly by ~35% over the first 20 cycles
and then becomes relatively stable over the remaining
80 cycles. After 100 cycles, only about 52% of the initial
capacity is retained, as shown in Figure 3b.

We believe the capacity fading is associated with the
lack of sufficient porosity in the shell of PCNSs, which
in this case is solely derived from the pyrolysis of the
RF polymer. Although the shell thickness is ~12 nm
(see Figure 1b), the lack of sufficient porosity (the
structural pore volume is 0.4 cm® g~ ', with a surface
area similar to solid carbon nanospheres as discussed
above) greatly constrains the amount of sulfur that can
be incorporated in the porous shell. Thus, most of the
sulfur must form a thin layer on the external surface of
the spheres (see above for discussion of TEM elemental
mapping), because 70 wt % sulfur cannot be contained
in a pore volume of 0.4 cm® g~ . However, this fraction
of sulfur can easily be accommodated on the surface of
the porous carbon hollow nanospheres owing to their
very high surface area. This could possibly play a factor
in other reports where shell porosity is low. As a
result, the close contact between sulfur and carbon
allows a high discharge capacity at high current rate,
but the exterior sulfur layer without pore/shell pro-
tection is readily dissolved in the electrolyte upon
reduction to polysulfides and is lost, which leads to
the capacity fading on cycling, as shown in Figure 3b.
Thus it is critical to create more porosity in the shells
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to allow more sulfur to be imbibed within the
spheres. Two methods were utilized to achieve
this goal.

Activated-Carbon PCNS. First, the pore volume was
increased by KOH activation, a well-established ap-
proach to produce microporosity in carbonaceous
materials.3® The N, adsorption isotherm of the acti-
vated-PCNS (a-PCNS) exhibits an analogous shape to
that of the as-prepared PCNS. However, the Brunauer—
Emmett—Teller (BET) surface area and total pore
volume of a-PCNS are significantly increased to
1800 m? g~ ' and 5.4 cm® g7, respectively (Figure 1c,
red curve). The pore size distribution curves of PNCS
and a-PCNS are almost identical except for the addition
of abundant microporosity in the latter, implying that
the extra surface area and pore volume after activation
are derived mainly from the micropores, while the
original mesopores are maintained (Figure 1d, red
curve). The structural pore volume calculated at
P/P, = 0.8 is 1.4 cm® g~ ', more than 3 times higher
than for PCNS, which also confirms the increased
porosity of the carbon shells.

Due to the aggressive etching process by KOH,
defects are introduced into the a-PCNS nanospheres
that result in deformity of the carbon shell and the
presence of caved-in structures (Figure 4a). Even with
70 wt % of sulfur in the material, the concave surface of
the a-PCNS-70 composite is still evident in the TEM
image in Figure 4b. The successful impregnation of
sulfur into the hollow structure of the carbon particles
is confirmed by the line scan, which shows a very
homogeneous sulfur distribution in the carbon spheres
(Figure 4c). The first discharge capacity of this sample
is ~1300 mAh g~ ' at a 1C rate, about 78% of the
theoretical capacity (Figure 5a, black curve). Even
considering the initial contribution from reduction of
LiNO3, the real discharge capacity of the active material
sulfur is still about 1200 mAh g~'. This high initial
capacity at such a high current rate suggests the
cathode is very favorable for both charge and mass
transfer and also provides evidence of the homo-
geneous distribution of sulfur in the hollow sphere
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Figure 4. (a) SEM image of a-PCNS, (b) TEM image and (c) line scan analysis of a-PCNS-70, and (d) TEM image and (e) line scan
analysis of a-PCNS-80 (red-carbon, green-sulfur). Scale bars: 200 nm for a, b, d, and 100 nm for ¢, e.
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Figure 5. (a) Initial voltage-capacity profile and (b) cycling performance of the three C/S cathodes a-PCNS-70 (black), a-PCNS-

75 (red) and a-PCNS-80 (blue) at C rate (1675 mA g~ ).

framework. By increasing the sulfur ratios to 75 and
80 wt % in the C/S, the initial capacities of the two
samples decrease to 1150 and 940 mAh g, respec-
tively. Theoretically, the extremely large total pore
volume (5.4 cm® g~") of a-PCNS can contain as much
as 88 wt % sulfur in the C/S considering full electrode
conversion (ps = 20 g cm 3, pLas = 16 g cm )
between S and Li,S. However, the existence of textural
volume indicates the real available sulfur loading ratio
is undoubtedly less. Moreover, impregnation of signif-
icant sulfur on the interior surface of the carbon nano-
spheres is unlikely because as more and more sulfur is
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impregnated into the pores and the internal surface,
the pathway is gradually blocked. Thus, the hollow
space of the spheres is actually not well utilized for
sulfur loading. This conclusion is supported by the TEM
image of a-PCNS-80 in Figure 4d, which does not show
any obvious internal sulfur contribution compared to
a-PCNS-70. The line scan of a single a-PCNS-80 par-
ticle shown in Figure 4e displays similar results to the
PCNS-70 sample, where sulfur fills the pores of the
shell. These results obtained from the TEM and EDAX
line scans are consistent with the relatively low initial
capacity of the a-PCNS-80 among the three samples.
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Figure 6. (a) N, adsorption isotherms of three p-PCNS and (b) the corresponding pore size distribution curves. (black-low, red-

medium and blue-high).

In spite of this, a discharge capacity of 940mAh g~ ' ata
1Crate for a sulfur cathode with 80 wt % active material
is still unusual for mesoporous sulfur electrodes be-
cause of the fact that very few examples of mesopor-
ous carbon have been reported with a high pore
volume (ie, > 3.5 cm® g_1) and 80 wt % sulfur. The
three C/S cathodes exhibit a similar cycling trend, as
shown in Figure 5b. After 100 cycles, the capacities of
the three cathodes are 700, 680, and 630 mAh g,
which are 54%, 60%, and 68% of the initial discharge
capacities, respectively. By comparison with the PCNS-
70 sample, both the initial and remaining capacities
obtained with the activated carbon spheres are higher,
nonetheless, showing the significant progress ob-
tained by increasing the porosity of the shells. The
fabrication of spherical carbon with a “trimodal” nano-
structure (uniform micropores and mesopores and
very small (200 nm) particle size) with a superior large
pore volume is a significant step for porous materials
chemistry as well.

However, the capacity retention of less than 70% is
too low for practical applications of a Li—S battery.
There are two possible reasons for the relatively rapid
fading. First, the activation process partially destroys
the robust thin shells of the spheres, as evident from
their deformity. Maintaining an intact spherical shell is
one of the key factors for good electrochemical per-
formance of the cathodes, as it provides a physical
barrier for the soluble polysulfide species. Second, for
those carbon nanospheres with complete shells, too
much additional porosity in the shell produced by the
KOH activation process may enable solvated polysul-
fide anions to diffuse out from the interior. Accordingly,
the abundant porosity can be a disadvantage of the
a-PCNS with respect to polysulfide retention. This find-
ing suggests that a framework with larger pore volume
and surface area does not necessarily lead to better
electrochemistry for sulfur cathodes. Even though the
ion conductivity and rate capability of the cathode are
enhanced in a very porous framework, the porosity
facilitates the transfer of both lithium ions and poly-
sulfide anions, which causes reduced cycling stability.

HE ET AL.

Tailored-Pore PCNS. In order to increase the porosity in
the carbon shell in a controlled fashion that is less
destructive than KOH activation, a cationic surfactant
was introduced into the precursor, following an adapta-
tion of a report by Bruno et al. that used cetyltrimethy-
lammonium bromide to produce carbon mesogels
from resorcinol—formaldehyde blends.*® We instead
chose polyDADMAC (poly(diallyldimethylammonium
chloride)), a cationic homopolymer, as a pore-forming
agent owing to its large hydrodynamic radius.*' To
create these “p-PCNSs”, the resorcinol and formalde-
hyde (RF) were mixed with a polyDADMAC solution
and added as one solution to the TEOS instead of
separately. This was carried out to ensure the complete
incorporation of polyDADMAC within the RF polymer.
The pore-former content controls the shell porosity
and thickness; the ~20 nm thick shells (see below)
maintain robust; while the 4 nm pores are large
enough to enable the PCNSs to be impregnated with
sulfur by melt-diffusion and readily permit ingress of
electrolyte. Three different fractions of added poly-
DADMAC were examined in order to fully optimize
the porosity in the carbon shell to allow for sulfur
impregnation and facile lithium ion transport while
retaining soluble polysulfides. These are defined
as materials with a high concentration of pore-
former (p-PCNS-H; 480 uL of polyDADMAC, see
Methods) and low and intermediate concentrations
of pore-former (p-PCNS-L and -M; 180 and 240 uL of
polyDADMAC, respectively).

The physical properties of the three p-PCNS materi-
als were examined by nitrogen adsorption experi-
ments. Shown in Figure 6a are the BET isotherms. All
three materials have a typical type IV hysteresis that
signifies mesoporosity created by the polyDADMAC
incorporation and its subsequent removal. The pore
size distribution is shown in Figure 6b. It is readily
apparent that more polyDADMAC creates more poros-
ity in the shell, but too much polyDADMAC actually
decreases the relative porosity. A summary of the
physical properties of each material is given in
Table 1, from which several conclusions can be drawn.
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There is less porosity with low polyDADMAC fractions, but
at high concentrations the porosity sharply declines.
As the polyDADMAC concentration increases, the sur-
face area increases, but the pore volume finds a max-
imum at intermediate concentration. It significantly
decreases at high concentration. The pore size remains
constant at all of concentrations used since it is directly
related to the size and conformation of polyDADMAC
embedded in the RF polymer based on its compressed
hydrodynamic radius. The nitrogen adsorption mea-
surements show that an optimum material (p-PCNS-M)
is prepared by adding an intermediate amount of poly-
DADMAC. Prior to sulfur impregnation the p-PCNS-M
has high surface area (824 m? g~ ") and total pore
volume (3.42 cm® g ') determined from BET measure-
ments, with a narrow pore size distribution centered at
4.3 nm. As mentioned above, the majority of the pore
volume is due to the large void volume (interior of the
spheres) based on its high relative pressure response. It
can be estimated from QSDFT (or from the intermedi-
ate pressure response at P/P,=0.8) that ~1.1—1.6 cm*> g™
arises from the shell alone. The trends in surface area
and pore volume are easily corroborated by examin-
ing the material's morphology by SEM analysis. The

|
TABLE 1. Physical Properties of the Three p-PCNS
Nanospheres with Respect to the Molar Ratio of TEOS,
Resorcinol, and Pore Former,
Poly(diallyldimethylammonium chloride)

surface area (m> g") pore volume (cm* g~') pore size (nm)

p-PCNS-L (low)” 763 265 43
p-PCNS-M (int)® 956 342 43
p-PONS-H (high)¢ 1055 241 43

“ Molar ratio: 1:048:6.8 x 10~>. ° Molar ratio: 1:0.48:9.0 x 107>, Molar ratio:
1:0.48:1.8 x 1072

morphology of the samples is shown in Figure 7. At low
and medium polyDADMAC concentrations (Figure 7a
and b) the sphere's morphology and size are homo-
geneous and almost devoid of any broken shells.
At higher concentrations (Figure 7¢) the walls of the
spheres become fragile and a larger number of spheres
exhibit broken shells. This decreases the pore volume
of the material, but the surface area increases because
of the new surfaces created by broken shells. The wall
thickness of the optimum surfactant-modified carbon
material (p-PCNS-M) shown in Figure 7b is estimated to
be 20—25 nm, which is greater than of the initial PCNS
and further adds to the mechanical stability of the
spheres.

The robustness of this material and its porosity are
also demonstrated by incorporation of sulfur into the
nanospheres. As in the previous examples, the sulfur
content of the p-PCNS-M/S determined by thermogra-
vimetric analysis (TGA; Figure 8a; inset) was ~70 wt %
as targeted. We note that the pore volume of the shell
(~1.1-1.6 cm® g™, vide infra) can probably contain all
of the sulfur, although this is a rough estimate because
that value is not accurately known. The TGA curve
shows that the sulfur mass is lost in two distinct
temperature regions. Below 280 °C, the loss of 58 wt %
sulfur is attributed to bulk sulfur that is infiltrated in the
core of the p-PCNSs and the mesopores of the shell.
Above 280 °C, an additional 10 wt % sulfur evolves with
weight loss continuing to 420 °C. This high-temperature
sulfur is presumably highly confined in the interior of
the structure (i.e., on the inner lining of the shell) based
on the higher temperature of volatilization. The TEM
image and corresponding EDX line scan of a repre-
sentative p-PCNS-M particle with a diameter of
~220 nm and a shell thickness of ~20—25 nm and
70 wt % sulfur is shown in Figure 8a (p-PCNS-M-70).

Figure 7. (a) SEM images of the three p-PCNSs with different concentrations of pore-former (p-PCNS-L; p-PCNS-M and
p-PCNS-H) as described in the text and in Table 1. The polyDADMAC content increases from (a) to (c), indicating that a surfeit
of pore-former destroys the shell intactness. Scale bars: 500 nm for (a), (b), and (c) and 100 nm for the inset TEM in (b).
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Figure 8. (a) Representative STEM image of p-PCNS-M-70 (scale bar 100 nm), inset shows TGA curve obtained for the material;
b) STEM image of p-PCNS-M-70 (left) and EDX line scan (right) showing the carbon and sulfur distribution.*”

The morphology of the particle remains intact on sulfur
impregnation, and the diameter and shell thickness
remained constant as well. This indicates a discern-
ibly different sulfur profile than the sulfur-imbibed
PCNS and a-PCNS materials, namely, a higher S/C
ratio throughout the shell and the inner lining where
the sulfur is confined, and no sulfur contribution
from the exterior. The sulfur contribution from the
interior, suggested by the TGA data above, is echoed
in the line scan (Figure 8b). The other two p-PCNS
materials (p-PCNS-H and p-PCNS-L) were also
imbibed with 70 wt % sulfur similar to that of
p-PCNS-M, and their electrochemical properties
were studied using the same protocol as described
above.

All materials show the two plateau discharge profile
typical of a Li—S battery (Figure 9a, inset) with high
concentrations of pore-former (p-PCNS-H-70) deliver-
ing the highest initial discharge capacity of 832 mAh g™
Low and medium concentrations of pore-former
(p-PCNS-L and -M) resulted in sulfur-imbibed electrodes
with slightly lower discharge capacities of 680 and

HE ET AL.

671 mAh g~ ', respectively. The P-PCNS-L and -H derived
materials both experience increased polarization at the
100th cycle (not shown) with similar capacities, likely
owing to polysulfide reduction on the cathode surface,
which would produce an insulating layer of Li,S-like
material. The effective confinement of polysul-
fides within the interior of the spheres limits high-
impedance surface layers from forming on the exterior
and extends cycle life. The effectiveness of the materials is
evident upon long-term cycling, shown in Figure 9a.
The p-PCNS-H-70 material displays significant capacity
fading over 100 cycles despite exhibiting the highest
initial discharge capacity. The broken spheres of this
material allow greater initial reduction of sulfur due to
the fact that more sulfur is accessible. However, there
is no confinement of sulfur in the spheres to stabilize
capacity and limit polysulfide dissolution. The material
prepared with a low surfactant concentration, p-PCNS-L-
70, exhibits completely intact spheres, but a lower pore
volume and less porosity in the carbon shells. This
lack of porosity severely limits lithium-ion diffusion
and increases sulfur inaccessibility in the spheres.
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Figure 9. (a) Effect of surfactant content in the shell on the
cycling performance of the three p-PCNS-70 at a C rate
(1675 mA g ") for p-PCNS-L-70 (green), p-PCNS-M-70 (blue),
and p-PCNS-H-70 (pink), where L, M, and H refer to the
concentrations of polyDADMAC pore-former used in the
preparation of the p-PCNS (see Table 1). Inset shows the
initial voltage—capacity profile. (b) Comparison of cycling
performance at a C rate (1675 mA g~ ') for the simple,
activated-porous, and polyDADMAC-porous PCNSs at a
sulfur content of 70 wt %: PCNS-70 (black), a-PCNS-70
(red), and p-PCNS-70 (blue).

The capacity fades quickly initially over the first 20
cycles due to sulfur that is not confined in the spheres,
stabilizing at around 500 mAh g~ . The optimal inter-
mediate polyDADMAC concentration, p-PCNS-M-70, in
contrast, exhibits excellent capacity retention at a C
rate (Figure 9a). Previous reports have detailed high
capacity retention in excess of 90% over 100 cycles, but
have fallen short at reporting this target above C/2
rates (full discharge in 2 h).3* The specific discharge
capacity experiences a slight fade over the first few
cycles that has been reported as an activation step,
whereby all of the sulfur in the composite is not initially
fully accessible to electrolyte because the pores are
filled.?® The sulfur in the porous carbon shell must first
be reduced in order for electrolyte and Li ions to fully
penetrate into the inner void of the spheres. After the
first few activation cycles, the capacity rises, leveling off
to reach about 725 mAh g~ over 100 cycles. The more
steady response of the intermediate p-PCNS-M-70
indicates that tuning of the porosity and an intact
carbon shell are very important to achieve both high
discharge capacity and a stable electrochemical
response.
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Figure 10. Comparison of the rate capability of optimized
electrodes of p-PCNS-M-70 over 100 cycles at rates of 1C
(teal), C/2 (navy), and C/5 (cyan).

The different methods used to create shell porosity
in the porous hollow carbon spheres are compared in
Figure 9b, which shows the cycling stability of PCNS-70,
a-PCNS-70, and p-PCNS-M-70, all at 70 wt % sulfur, as a
function of cycling index. This comparison reaffirms
the trade-off between higher shell porosity and
poorer capacity retention. The highest initial ca-
pacity (1300 mAh g~ ') is obtained with the KOH-
activated a-PCNS, which has the most porous shell,
presumably owing to the openness of the pore
structure, but this material also suffers the greatest
degradation in cycling capacity. Lesser initial capa-
city is observed with the material with no deliberate
tailoring of the porosity (PCNS), but about the same
capacity fade rate after 20 cycles, which we ascribe to
a significant fraction of sulfur on the shell exterior.
Although the initial gravimetric capacity is reduced
in the tailored pore design of the pore-former
p-PCNS, it is well sustained.

Rate testing was therefore performed on p-PCNS-
M-70 using an optimized electrode configuration, first
using an initial conditioning cycle to allow full egress of
electrolyte into the pores. Excellent performance was
exhibited (Figure 10), suggesting that reduced poly-
sulfides effectively penetrate the inner void of the
spheres and remain in the cathode. A specific capacity
of over 875 mAh g~ ' was exhibited at C rates with a
fade rate of 0.1% per cycle, superior to previously
reported carbon nanosphere sulfur cathodes.*>~** At
lower current densities, the expected variation of
capacity and capacity retention was observed: lower
rates provide higher capacity but slightly poorer reten-
tion, and the opposite is true for higher rates. For
example at a C/5 rate, the cell exhibited an initial
discharge capacity of 1015 mAh g~ ', which decreased
to 880 mAh g~ after 100 cycles (capacity retention of
86.5%). At C/2, the initial capacity was slightly lower
(920 mAh g™ ), but the retention was higher (89.4%),
and at a C rate, a lower initial capacity of 875 mAh g~
with retention of 89.6% (785 mAh g~ ') was observed.
Overall, this represents a rather small difference in
retention for the different current densities, and
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a C/2 rate, ideally suited to practical applications, is
optimal.

CONCLUSIONS

A scalable approach to precisely tailor the porosity
of the shells of hollow carbon nanospheres has been
developed using extractable surfactant pore-formers,
resulting in optimized carbon spheres that can be
easily infiltrated with sulfur. A highly uniform positive
Li—S battery electrode material is created where the
lithium diffusion length is short and equivalent in all
particles. The material prepared with an optimum
concentration of pore-former, p-PCNS-M-70, exhibited

METHODS

Synthesis. PCNS. Porous carbon nanospheres (PCNSs) were
prepared via self-assembly from a carbon resin and a silicate
source, modifying a previously reported method.** Typically,
3.0 mL of an ammonia aqueous solution (28 wt %) was added to
a mixture of 10 mL of deionized water and 70 mL of ethanol.
After the mixture was stirred for 30 min at 30 °C, tetraethyl
orthosilicate (2.8 mL), resorcinol (0.4 g), and formalin (35—37 wt %,
0.56 mL) were added to the solution at intervals of 10 min.
The mixture was vigorously stirred for 24 h at 30 °C and
maintained at 100 °C for another 24 h in a Teflon-lined auto-
clave under static conditions. The solid product was then
collected by centrifugation and dried at 100 °C for a few hours.
Last, it was heated at 750 °C (5 K min~") for 1 h with the
protection of flowing Ar gas to obtain the SiO,@C composite,
and the silica core was dissolved by treating the material in
0.1 M HF overnight.

a-PCNS. To increase the shell porosity, an activated-PCNS
(a-PCNS) sample was prepared by KOH activation of the carbon
in the shell. Specifically, 200 mg of PCNS powder was first
dispersed in 7 M KOH solution by sonication for 1 h and then
stirred for 4 h and soaked for another 24 h. The mixture was
filtered to obtain the PCNS/KOH composite. After drying in air
for 24 h at 65 °C, the composite was heated at 800 °C for 1 h
under Ar to yield a-PCNS. Finally, potassium-containing bypro-
ducts were removed by washing the sample with botha 1 MHCI
solution and deionized water.

p-PCNS. As an alternative route to increase the shell poros-
ity, the polymer surfactant-PCNS (p-PCNS) sample was prepared
by the incorporation of a cationic ionomer, poly(diallyldimethyl-
ammonium chloride), into the shell of the carbon spheres, which
acts as a sacrificial pore-former. The PCNS synthesis was followed
as detailed above except that a volume of polyDADMAC (as a 7 wt
% aqueous solution) was mixed with the resorcinol and formalin
prior to addition to the silica. The volume of polyDADMAC was
adjusted to tune the porosity in the shell. Three volumes were used
as an additive to the preparation of PCNS (see above): 180, 240,
and 480 uL (see Table 1). PolyDADMAC is removed during
carbonization at 750 °C under an argon flow to yield pores in
the carbon shell.

C/S Composites. C/S composites were prepared by the melt-
diffusion approach at 155 °C as previously reported.*® Vapor
phase diffusion was also explored, but this method was deter-
mined to be impractical at a large-scale level, in addition to giving
rise to a significant fraction of sulfur on the exterior of the spheres.
The materials prepared and examined in the electrochemical cells
were the following: PCNS-70 (no porosity tuning); a-PCNS-70,
a-PCNS-75, a-PCNS-80 (porosity induced via KOH, where a =
activated carbon); p-PCNS-L-70, p-PCNS-M-70, p-PCNS-H-70
(porosity induced via polymer surfactant, where p = pore-former
and where L, M, and H refer to the concentration of pore-former).

Characterization. Surface area, pore volume, and pore size
were determined from nitrogen adsorption and desorption

superior electrochemical results at a high 1C rate and
where capacity retention approaches 90% over 100
cycles. More significantly, by comparison to other
porous carbon hollow spheres synthesized by other
methods, we have achieved a more general under-
standing of the factors that control sulfur fraction
loading in these materials and how porosity tuning
affects the electrochemical properties. Thus, with
adroit nanostructure design, we demonstrate here
that tuned-porosity PCNSs represent a highly viable
avenue for Li—S battery technology due to their ease
of scale-up as well as their uniformity in size and
composition.

isotherms performed on a Quantachrome Autosorb-1 instru-
ment at 77 K. Before measurement the samples were degassed
at 150 °C on a vacuum line. The total pore volumes of carbon
and the C/S composites were calculated at a relative pressure of
0.999 (P/P,). The specific surface area, pore size distribution, and
pore volumes were determined by BET theory and the QSDFT
model from the desorption branch of the isotherms. Field-
emission scanning electron microscopy images were acquired
on a LEO 1530 instrument. Scanning transmission electron
microscopy (STEM) was carried out on a Hitachi HD-2000 STEM.

Electrochemistry. The C/S cathode materials were slurry-
cast from N,N-dimethylformamide onto a carbon-coated alumi-
num or carbon current collector, using an positive electrode
formulation of C/S:Super P:Kynar Flex = 80:10:10. A typical
electrode loading was 4—5 mg of sulfur/porous carbon nano-
sphere composite for a 2 cm? current collector. The electrolyte
was 1 M bis(trifluoromethanesulfonyl)imide lithium in a mixed
solvent of 1,2-dimethoxyethane and 1,3-dioxolane (v/v = 1:1),
with 2 wt % of LiNOs. Metallic lithium was used as the negative
electrode. Cells were cycled in a voltage window between 3.0
and 1.5V, except for the rate performance experiments, where
the window was between 3.0 and 1.8 V.
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