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sulfur into the electrolyte, followed by 
its subsequent diffusion to the anode or 
more commonly known as the polysulfide 
(PS) shuttle effect. This causes unwanted 
side reactions ultimately resulting in poor 
cycle durability, low energy density, and 
low coulombic efficiency.[6b,7] A common 
strategy to mitigate the PS shuttle effect is 
to confine the PS within the cathode with 
host materials such as graphene foams,[8] 
various types of porous carbon,[6b,9] in 
addition to doped-carbon materials exhib-
iting PS adsorptive capabilities.[10] While 
LIS’s stability and energy density is cru-
cial, a high rate performance should be 
considered to be equally important and 
put under more scrutiny in the scientific 
community. In the case of electric vehicles 
(EV), the rate capability of the battery can 
influence the recharge time, acceleration, 
and regenerative braking efficiency. All 

of these parameters directly affect the final user experience of 
the vehicle and can cause serious damage to the reputation of 
EVs if poorly implemented. Often researchers have achieved 
LIS with impressive cycle durability, coulombic efficiency, and 
capacity, but do not fare well when subjected to higher rate per-
formance tests. Indeed, a complex pore network will limit PS 
diffusion and provide enhanced durability, but the very same 
tortuous diffusion pathway out of the cathode will inevitably 
increase lithium ion diffusion resistance. When combined with 
the known electrolyte viscosity/resistance increase upon PS dis-
solution,[11] it is understandable as to why the rate performance 
is poor. Recent research into the rate performance of LIS 
revolves around providing efficient lithium ion and electron 
mass transfer pathways[12] or additional battery components 
such as an interlayer to provide additional surface area for faster 
PS reduction kinetics.[13] Interestingly, hollow structures, which 
have been previously used to successfully address the stability 
problems of LIS, commonly demonstrate excellent rate per-
formances.[9,14] The distinct difference between hollow porous 
structures and regular porous carbon lies in the separation of 
the core electrolyte from the bulk electrolyte phases. The shell 
can act as a physical barrier to encapsulate PS, limiting disso-
lution of active sulfur material into the bulk electrolyte. More 
importantly, the hollow structures can serve as a electrolyte 
reservoir[15] to redirect PS diffusion inwards and reduce the PS 
concentration in the bulk electrolyte. This mitigates the effects 
of the PS dissolution induced viscosity increase. Accordingly, 
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1. Introduction

Hollow structured nanomaterials have proven to be valu-
able throughout many different fields. The advantages of a 
hollow morphology stem from its unique implications in mass 
transfer characteristics such as physical separation of the core 
from the bulk phase.[1] Recognizing these benefits, researchers 
have explored innovative application in fields such as drug 
deliver,[2] waste water treatment,[3] among many others. One 
particularly interesting application of hollow morphologies 
is in energy storage,[4] specifically, the field of electrochemical 
batteries. Among many competing battery concepts,[5] lithium 
sulfur battery (LIS) has become one of the most extensively 
studied technologies, with promises of a five times increase 
in theoretical energy density (2500 Wh kg−1) compared to cur-
rent lithium ion batteries.[6] Unfortunately, the full potentials 
of LIS are yet to be realized mainly due to the dissolution of 
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early work in hollow structures for LIS has demonstrated some 
of the highest rate performance of its time.[9,16]

Although hollow structures have been discovered for many 
years, it has always remained a type of novelty item in mate-
rial science. Practical applications of hollow structures are 
limited due to relatively complex synthesis procedures. Most 
hollow carbon structures require the use of either chemical 
surfactants[14b,17] with two separate liquid phases[18] or hard 
templates,[9,14a] entailing complex and expensive synthesis pro-
cesses. One solution can be the use of self-removing templates 
such as gas bubbles, which requires no additional core tem-
plate removal step. However, regardless of the method chosen 
to template the core, to obtain a hollow structure with also a 
mesoporous shell requires the careful tuning of another set of 
template in addition to the core template. We look to solve this 
problem by taking advantage of the nanoparticle positioning 
in a Pickering emulsion (PE). First discovered by S. Pickering 
in 1907,[19] PE is a unique type of emulsion system that is sta-
bilized not by surfactants, but by particles.[20] The stabilized 
emulsion droplet is therefore composed of a multilayer nano-
particle shell, of which we conveniently used as pore templates 
for the shell.

Herein, to the best of our knowledge we report for the 
first time the design and development of a CO2 PE templated 
micrometer sized hollow nitrogen doped porous carbon for high 
rate performance lithium sulfur battery. This novel synthesis 
technique demonstrates low material cost and facile synthesis 
compared to other methodologies. The hollow morphology is 

achieved by first obtaining a CO2 in water PE and then utilizing 
the CO2 bubbles as a template for the hollow core through 
polymerization of melamine. Conveniently, no premade CO2 
emulsion solution is required, and no additional hard/soft tem-
plates or liquid phases are required to form the hollow core. 
By polymerizing the carbon precursor around the nanoparticles 
stabilized emulsion, a porous shell can be obtained. This pro-
cedure effectively unites the normally separate: core templating 
and shell templating process, into one facile step. Through 
the combination of the hollow structure, and nitrogen doping, 
superior rate performance is obtained.

2. Results and Discussion

To synthesize the hollow carbon, Na2CO3 is added to increase 
the pH to react melamine with formaldehyde. Subsequently, 
nanoparticles (silica) are dispersed into the prepolymer solution 
prior to gas bubble generation, priming the system for PE for-
mation. 2 m HCl is then added to the solution to lower the pH, 
for first the generation of CO2, and then the initiation of mela-
mine formaldehyde (MF) polymerization. The proposed syn-
thesis flow chart of the Pickering emulsion stabilized hollow 
porous carbon is presented in Figure 1. Once the pH is adjusted 
from 9.5 to 7, Na2CO3 reacts with HCl and generates CO2 gas. 
The CO2 gas bubbles are then encapsulated by silica particles, 
forming a PE. When the pH is lowered to 5.5, the polymeriza-
tion and crosslinking of MF begins to form a robust silica/MF 
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Figure 1. Illustration of proposed synthesis mechanism. Briefly, HCl is added into a basic (Na2CO3) melamine formaldehyde prepolymer solution with 
silica dispersed homogenously. The first purpose of the HCl is to initiate the polymerization and crosslinking of melamine formaldehyde monomers. 
The second purpose is to generate CO2 gas bubbles in situ inside the solution. At higher agitation rates and correct pH, the silica nanoparticle diffuses 
to the surface of these CO2 bubble to form a silica stabilized CO2 Pickering emulsion in water. Subsequently, the melamine formaldehyde monomers 
begin to phase separate out of water and polymerize onto the silica covered CO2 bubbles. After the monomer is crosslinked, the hollow morphology 
is casted and solidified. After carbonization and silica removal, a nitrogen doped hollow carbon with a porous shell is obtained. Sulfur is the loaded 
into the shell of the porous carbon.
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composite shell around the CO2 bubbles. Upon curing, the 
hollow morphology is casted. To further explore and elucidate 
the synthesis mechanism, Figure 2a–c presents an experiment 
where 2 m HCl is added into a solution of Na2CO3 (without MF 
at pH 9.5) until the pH is lowered to 5.5 with a balloon cov-
ering the solution. Immediately, the reaction between HCl and 
Na2CO3 generates CO2 and inflates the balloon. The degree of 
inflation provides an indication as to how much CO2 is released 
from the solution and how much is emulsified. Aligning with 
our expectations, a significant difference is found if certain 
experimental conditions are adjusted. Specifically, three dif-
ferent scenarios are investigated: without silica, i.e., no emulsi-
fying agent (Figure 2a), with silica but no agitation (Figure 2b) 
and with silica in addition to rigorous agitation (Figure 2c). In 
the case without silica (Figure 2a), the produced CO2 gas is cap-
tured by the blue balloon and inflates it. This is understandable 
as there are no emulsifying agents (silica) present to stabilize 
the CO2 bubbles. One might suggest MF to be an important or 
even the dominant CO2 emulsifying agent, implying the infla-
tion of the balloon is caused by the absence of MF. If MF does 
indeed serve a more important role over silica in CO2 emulsi-
fication then the absence of silica should have little effect on 
the morphology. This is revealed not to be the case. When the 
synthesis procedure is carried out without silica, the resulting 
scanning electron microscopy (SEM) image of the morphology 
(Figure 2d) reveals no hollow morphology. Hence, there exists 
a requirement of silica particles in the formation of hollow 
structure.

In Figure 2b, prior to HCl addition, silica is added into 
the Na2CO3 solution. After dispersing the silica, 2 m HCl 
is added without agitation. The generated CO2 once again 
inflates the blue balloon, indicating no CO2 emulsification. 
In Figure 2c, the same experiment is performed, but this 
time with vigorous agitation while HCl is being added. The 
result is a limp blue balloon. The decreased inflation of the 
balloon indicates that the volume of CO2 is compressed. Gas 
bubbles are at higher pressures than its bulk phase to bal-
ance the surface tension inherent to its spherical geometry. 
The contrast between Figure 2b,c is interesting and indicates 
that if the solution is not agitated, even the presence of nano-
particles (silica) cannot form CO2 emulsions. This illustrates 
an important relationship between the encapsulation of CO2 
bubbles and the agitation rate, characteristic to bringing a 
system to a thermodynamically unstable state, i.e., emul-
sion.[21] More importantly, this same relationship is found in 
the morphological results when applied to synthesis condi-
tions. When the synthesis is carried out at low rotations per 
minutes (RPM) such as 300 RPM, almost no hollow spheres 
are found (Figure 2e), whereas at 1200 RPM, almost all MF/
silica composites are in their hollow form (Figure 2f). Addi-
tionally, NaOH is used to substitute Na2CO3 in synthesizing 
the MF prepolymer solution as another control experiment. 
This eliminates any possibility of CO2 formation and should 
yield no hollow structure. Aligning with our theory, the final 
result reveals no spherical/hollow morphology (Figure S1, 
Supporting Information).
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Figure 2. Image of balloon inflated by generated CO2 at different time steps after HCl addition a) without silica at high agitation rate; b) with silica 
at 0 RPM; c) with silica at high RPM; d) SEM image of morphology without silica template; e) with silica at low RPM; and f) with silica at high RPM.
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The particle’s morphology is also strongly dependent on the 
pH of the solution. When the pH value is held at 4.5 or 6.0 
instead of 5.5, no hollow morphology is present, as seen in 
Figure 3a,b. CO2 is widely known to be in equilibrium with car-
bonic acid when dissolved in water, and the equilibrium shifts 
depending on the pH. If the pH is too low, the equilibrium will 
shift toward CO2 and increase the rate of CO2 generation. At a 
sufficiently low pH, the high rate of CO2 generation can over-
come the rate of emulsification, and result in the release of CO2 
into the atmosphere. Without CO2 acting as the hollow core 
template, the resulting particles (Figure 3a) reveal no spherical 
morphology even at high RPM. On the other hand, if the pH 
is too high, the equilibrium will shift toward the carbonic acid. 
In this case, there are not enough CO2 bubbles which allows 
the polymerization of MF to exceed that of CO2 emulsification, 
resulting in formation of randomly seeded porous carbon par-
ticle without a hollow core. Again, the resulting SEM imaging 
of the morphology confirms no spherical morphology even at 

high RPM (Figure 3b). However, when the pH is kept at 5.5, 
in between 4.5 and 6, the resulting morphology reveals the 
desired spherical morphology (Figure 3c). Therefore, the pH 
can be used to effectively tune the rate of CO2 release into the 
solution. From our experiments, perfect tuning can be defined 
as the pH at which the CO2 release rate matches the rate of CO2 
emulsification.

These experiments show that CO2, silica, correct pH tuning, 
and a sufficiently high agitation rate are all required to form 
a hollow morphology. Furthermore, literatures have demon-
strated that silica can form PEs.[20a,f ] It should also be noted 
that a gas/water emulsion will quickly coalescence or phase 
separate due to differences in density if left stagnant and will 
cause the CO2 to lose its function as a hollow-structure tem-
plate. Because of the relative instability of gas emulsion sys-
tems,[22] carbon precursors that do not adhere strongly to the 
nanoparticle stabilized gas emulsion droplets, but are merely 
adsorbed onto the surface, cannot form hollow carbon par-
ticles. This problem is circumvented in this work due to the 
poly merization of MF shortly after CO2 emulsion formation. 
Not only can the prepolymer solution act as an emulsion cos-
tabilizer,[23] but once the pH is lowered past 7, MF begins to 
polymerize appreciably, and crosslink around each individual 
silica particle on the emulsion droplet. This forms a denser, 
mechanically robust MF/silica composite which consolidates 
the positioning and preserves the hollow morphology of the PE. 
Ultimately, this new synthesis methodology creates a MF/silica 
composite as the shell of a hollow particle. This brings forward 
another important role of silica. In addition to being an emul-
sion stabilizer, silica also conveniently acts as a hard template to 
form mesopores throughout the shell.

The benefits of this method lie in the use of gas bubbles as 
template for the hollow core. No prior preparation of a micro-
bubbles solution is required such as[23] and no additional sur-
factants are required to facilitate the formation of this hollow 
morphology. This procedure is only a slight modification 
(change of reaction RPM and pH) of traditional hard templating 
porous carbon synthesis techniques, but effectively transforms 
a simple porous carbon particle into a porous carbon shell-
hollow sphere. In this work, silica nanoparticles is selected as 
the CO2 emulsion stabilizer due to its relatively low cost and 
commercial availability, but other nanoparticles can also be uti-
lized to form PEs, depending on the application.[24] Conceptu-
ally novel, the dual role of the nanoparticle in this system serves 
both as an emulsifying agent and a pore template. We believe 
this method can be carried over to many different combination 
of carbon source/pore template.

After carbonization, the resulting hollow morphology is 
studied under a transmission electron microscope (TEM), 
Figure 4a depicts a single hollow carbon sphere prior to silica 
removal. Higher magnification TEM (Figure 4b) at the edge of 
the particle reveals multiple layers of ≈23 nm particles (silica) 
on the surface. This provides evidence that silica particles are 
on the surface of the gas bubble, confirming silica’s role as an 
emulsifying agent for CO2. After removal of silica, a ≈60 nm 
thick porous shell remains. The pores on the shell are con-
firmed by Figure 4d, revealing pores sizes of ≈23 nm which 
aligns with the size of the silica nanoparticle used. This con-
firms the high dispersion of silica on the surface of the CO2 and 
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Figure 3. SEM image of sample with synthesis carried out at a) pH 4.5, 
b) pH 6.5, and c) pH 5.5.
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throughout the MF composite and more importantly, confirms 
its function as a mesopores template. The hollow morphology 
is again shown through SEM imaging, Figure 4e depicts a 
single broken particle after silica removal revealing a hollow 
core. The final material after silica etching will be referred to as 
Pickering emulsion hollow porous carbon (PEHPC).

Due to the use of melamine as carbon precursor, PEHPC 
possesses nitrogen doping. Electron energy loss spectroscopy 
(EELS) is employed to investigate distribution of nitrogen 
doping (Figure 4f). It is found that nitrogen is dispersed homog-
enously throughout the structure with very strong signals 
throughout. Finally, nitrogen doping in PEHPC is examined 
by X-ray photoelectron spectroscopy (XPS) analysis (Figure 4g). 
The graphitic, pyridinic, and pyrrolic form of nitrogen repre-
sents 12.5%, 39%, and 48.5% of the total nitrogen content 
respectively. It is important to note that the graphitic nitrogen 
has been shown through multiple density function theory 
calculations[10,25] to possess the least amount of interaction 
with PS, while the pyridinic and pyrrolic have a significantly 
higher affinity to adsorb PS. Therefore, to make the best use 
of nitrogen doping, the graphitic form should be minimized. 
Our material has the advantage of possessing a relatively low 
graphitic nitrogen content of 12.5%, while maintaining a high 
percentage of both pyrrolic and pyridinic nitrogen. Moreover, 
the overall total nitrogen content of PEHPC (15 at%) is among 
some of the highest nitrogen doping content for hollow porous 
carbon structure.[17b,26]

As expected, PEHPC demonstrates impressive capabilities as 
a sulfur host for LIS. Figure 5a indicates that at high discharge 
rates of 7C and even up to 9C, PEHPC loaded with 70% sulfur 
delivers a capacity of ≈670 mAh g−1

sulfur and ≈500 mAh g−1
sulfur, 

respectively. In contrast, the Ketjen black 600 JD (KB) electrode 
is found to deliver a significantly lower, 335 mAh g−1 at only 
a rate of 5C. At higher rates such as 9C, the KB electrode is 

only able to deliver 113 mAh g−1. The impressive performance 
of PEHPC can be due to a combination of three properties of 
PEHPC. First, nitrogen doping had been previously speculated 
to possess catalytic properties toward the reduction of PS.[27] 
This can serve to lower the impedance in the cell and allow 
for more reduction of polysulfide species. Second, owing to 
the micrometer sized nature of PEHPC, the interparticle 
spacing can allow for very efficient lithium ion mass transfer 
compared to smaller sized hollow carbon.[28] Third, due to the 
hollow core, PS diffusion is directed inward due to a concen-
tration gradient. An inward PS flux obtains a portion of the PS 
and decreases the amount of PS diffusion into the bulk elec-
trolyte. One commonly overlooked problem of LIS is the cor-
responding increase in viscosity due to increases in PS con-
centration. The increase in viscosity is highest during the end 
of the 1st plateau, when all solid S8(s) has been reduced to its 
soluble S8

2−, S6
2−, and S4

2− form.[29] At this time, the lithium 
ion transfer will be significantly retarded. This will cause the 
cell to prematurely reach the cut-off voltage, resulting in very 
poor rate performances. At high discharge rates, the ability of 
the cell to discharge is drastically decreased by the lack of Li+ 
ion mass transfer through the viscous electrolyte. We believe 
in the case of PEHPC, some of the PS are redirected inward, 
partially relieving the bulk electrolyte of PS and lowers the 
overall viscosity of the bulk electrolyte. The ability of PEHPC 
to discharge at 9C can have significant implication in the rate 
performance aspects of electric vehicles.

Additionally, PEHPC also exhibits exceptional cycle dura-
bility. Long galvanostatic cycling at 0.5C (Figure 5b) reveals that 
PEHPC delivers 980 mAh g−1

sulfur and continues to retain a 
capacity of 720 mAh g−1

sulfur (73% retention) at the 300th cycle 
(0.088% capacity loss/cycle). This impressive cycle life is most 
likely due to the combined effect of the hollow structure in addi-
tion to the high nitrogen doping content (15 at%) of PEHPC, in 
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Figure 4. a) TEM image of single PEHPC with silica; b) TEM image of shell of PEHPC indicating ≈20 nm silica particle; c) TEM image of a single PEHPC 
revealing shell of ≈60 nm; d) TEM of shell of PEHPC revealing pores of ≈20 nm; e) SEM image of a single broken PEHPC revealing hollow core; f) EELS 
mapping of nitrogen and carbon; and g) XPS binding energy spectrum of PEHPC.
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alignment with previous studies.[26g] Additionally, most of the 
nitrogen groups in PEHPC are found to be in the pyridinic and 
pyrrolic form. It has been theorized that the graphitic nitrogen 
can provide a permanent dipole on the carbon structure due 
to differences in electronegativity between N and C. However 
it has been shown that such dipole interactions with PS spe-
cies are minimal when compared to the Lewis base like charac-
teristics of the lone pair in the pyridinic and pyrrolic nitrogen 
groups.[10b,30] Hence the large amount of pyrrolic and pyridinic 
nitrogen sites throughout PEHPC can be seen as a bin that 
retards any diffusion of PS away from each PEHPC particle 
by adsorbing and holding onto PS. The advantage of using 
PEHPC as a sulfur host is evident when comparing against KB. 
The cycling result indicates an initial cycle of ≈900 mAh g−1

sulfur 
at 0.5C, lower than that of PEHPC and quickly decreases to 
320 mAh g−1 (36% retention) at the 150th cycle, representing 
a severe capacity loss of 0.43%/cycle. Owing to the effects of 
LiNO3, the coulombic efficiency of the KB electrode is still rela-
tively high (>85%) over 150 cycles, indicating suppressed reduc-
tion of PS species on the lithium anode. However, the inability 
of the KB to locally retain PS can result in the redistribution of 
sulfur throughout the cathode. Once redistributed, the sulfur 
becomes electronically inaccessible and causes severe cycle deg-
radation. Additionally, the coulombic efficiency of PEHPC (93% 

at 300th cycle) is also significantly higher than that of KB (85% 
at 150th cycle). The higher coulombic efficiency further corrob-
orates the fact that PEHPC is superior to KB in mitigating both 
the effects of the PS shuttle effect and in managing the redistri-
bution of PS throughout the electrode.

The observed rate performance and cycle durability is most 
likely due to the hollow structure. The distinct difference 
between porous carbon and hollow porous carbon lies in the 
separation of the electrolyte phases. Electrolyte can be cat-
egorized into two types: the bulk electrolyte, the portion that 
is outside of the core and in between the PEHPC particles, 
while the core electrolyte is the portion that resides at the core 
of PEHPC as shown in Figure 5c. The core electrolyte is an 
especially interesting feature of PEHPC and provides unique 
mass transfer dynamics. As PS molecules are generated in 
the shell, a corresponding concentration gradient (shown in 
orange) would be present both inward and outward. The out-
ward diffusion of PS will be obviously poor for PS retention 
but the inward diffusion will allow the void core to act as a 
PS concentration sink. The inward PS flux/diffusion works to 
deplete the PS in the porous shell, lowering its concentration. 
The shell with a now lowered outward concentration gradient, 
generates a lowered outward flux. Moreover, the PS in the core 
of any specific PEHPC particle can only be reduced/oxidized 
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Figure 5. Rate performance of a) PEHPC and KB; b) cycling capacity and coulombic efficiency of PEHPC and KB at 0.5C; c) illustration of PS diffusion 
mechanism of hollow structures; and d) time profile of the shuttle current of KB and PEHPC.
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exclusively by that same PEHPC particle. Through the unique 
mass transfer mechanics of hollow structures and PS adsorp-
tion of nitrogen doping, PEHPC is able to achieve high rate 
performance and stable cycle life. To further investigate this 
phenomenon, measurement of the shuttle current (SC) is per-
formed according to the work done by Moy et al.[31] The SC is a 
quantification of the amount of PS diffusion from the cathode 
to the anode. In short, the shuttle current can be obtained by 
first charging the cells to 2.8 V, followed by holding the cell 
at a constant 2.3 V, and then measuring the current response 
versus time. Initially, the current will be negative (discharging) 
because of the reduction of PS species that can thermodynami-
cally be reduced at 2.3 V. As time proceeds, the discharge cur-
rent decreases due to depletion of all reducible species (at 2.3 V)  
in the electrolyte, and reaches zero. However, the current 
does not remain at zero because of the PS shuttle effect. Due 
to PS diffusion toward the anode, the lithium constantly con-
sumes PS species, resulting in the well-known self-discharge 
phenomenon and lowers the voltage of the cell.[32] In order to 
maintain the cell voltage at 2.3 V, the current must now switch 
from negative (discharging) to positive (charging), oxidizing 
the lower order PS at the cathode to high order PS at a rate that 
matches the rate of PS diffusion away from the cathode/self-
discharge. Therefore, the current time profile can be viewed 
as the real-time result of the ongoing competition for PS 
mass between cathode reduction and PS self-discharge. When 
all reducible species has been reduced and the system has 
reached steady state, the corresponding steady state current 
matches exactly that of the rate of PS diffusion, i.e., the shuttle 
current.[31] In the case of this work, the transient component 
of the SC time profile is more informative because it provides 
insight as to how exactly this steady state current is reached 
and sheds light on the PS mass transfer dynamics prior to con-
sumption. Figure 5d reveals that at ≈100 s, the transient com-
ponent of PEHPC possesses a distinct decrease in the rate of 
change (inflection point) of the current. The inflection point 
indicates that some factor in the cell is suddenly providing PS 
for the cathode to discharge, slowing the onset of a positive/
charging steady state current. This is intriguing because in 
the case of a hollow morphology, the concentration profile in 
the core during SC measurement will also be time dependant. 
Initially, it will be lower than the shell (promoting an inward 
flux), but eventually, all PS in the shell will be depleted and 
the PS concentration in the core will be higher than the shell. 
We therefore attribute the inflection point to the reversal in PS 
flux resulting in PS diffusion from the core to the shell. The 
funneling of PS species from the core to the conductive shell 
allows for the cell to maintain a higher discharge current for 
an extended period of time. Once the core PS concentration 
is depleted, the current will then reach the steady state SC. 
One might argue that pores in KB can serve the same purpose, 
since the interparticle void space can function as PS mass 
sinks and should demonstrate the same SC time profile. This 
is experimentally shown to be not the case, because the KB SC 
time profile quickly reached steady state upon holding at 2.3 V.  
This indicates a possible dependence of the shuttle current 
profile on the local void space size as oppose to the total mag-
nitude of the void volume. The contrasting transient SC profile 
between PEHPC and KB provides interesting evidence of the 

beneficial effects of hollow morphologies while, at the same 
time, offers valuable insight into the mass transfer mechanism 
involved.

Finally, if the PEHPC can indeed redirect the PS diffusion 
inward then there should be some significant different in the 
electrolyte resistance between PEHPC and KB electrodes. To 
confirm this theory, electrochemical impedance spectroscopy 
(EIS) measurements are performed at various depth of dis-
charge (DOD). A “snapshot” of various circuit parameters (Re, 
Rct, and Rint shown in Figure 6b–d, respectively) is revealed at 
different DOD. Figure 6a indicates the DOD locations of EIS 
captures with black and red squares for both PEHPC cell and 
KB cell (respectively) during 1st discharge at 0.1C. The cir-
cuit that is used for fitting is shown in the bottom portion of 
Figure 5b, identical to the circuit in work by Yuan et al.[29] Re 
is normalized to the Re of a fresh cell, this is done to decon-
volute any differences in electrical connection between KB 
and PEHPC. If the viscosity of the electrolyte is to be con-
trolled, there should be drastic difference between KB’s and 
PEHPC’s Re value throughout discharge. As seen in Figure 6c, 
Re initially increases for both KB and PEHPC due to the dis-
solution of PS, and as expected, decreases once the soluble 
PS converts to solid Li2S products. Aligning with our expec-
tations, KB experiences a much higher increase in electro-
lyte resistance throughout discharge (≈280% increase) when 
comparing to PEHPC (≈72% increase), indicating PEHPC is 
able to indeed limit PS dissolution into the bulk. The Rct for 
PEHPC is higher than that of KB from 0% to 20% DOD. How-
ever, once 20% DOD is reached, KB’s Rct appears to increase 
while PEHPC decreases. This supports our speculation that 
the viscosity increases more for KB than for PEHPC. With 
a higher PS concentration the Rct of KB increases. Whereas 
in the case of PEHPC, the effect of PS dissolution on Rct is 
insignificant. Instead, Rct is observed to decrease continuously 
throughout discharge for PEHPC. This is most likely because 
the insulating solid sulfur material is consumed throughout 
discharge, relieving the conductive network of some charge 
transfer resistance.

Rint value for PEHPC also starts at a much higher value 
than that of KB and remains higher from 0% to 50% DOD. 
This is most likely due to the higher electrical conductivity of 
commercial KB compared to our in-house-made carbon mate-
rial. Interestingly, upon reaching 30% DOD in the KB elec-
trode (corresponding to the beginning of the 2nd plateau), a 
sharp increase in Rint is observed. This is to be expected as 
the precipitation of Li2S occurs during the 2nd plateau. At 
≈50% DOD, the interfacial resistance for KB increases past 
PEHPC. This is most likely due to the inability of KB to retain 
PS in a localized region, resulting in random precipitation and 
agglomeration of Li2S throughout the electrode. These Li2S 
agglomerates greatly increase the interfacial transfer of elec-
trons, whereas PEHPC is able to retain PS in the core, limiting 
redistribution. Hence, no increase in interfacial resistance is 
observed. By lowering viscosity of the bulk electrolyte and the 
corresponding resistance in the cell, PEHPC is able to deliver 
≈500 mAh g−1

sulfur at 9C. Both the nitrogen doping and partial 
redirection of PS diffusion ensures a much larger population 
of sulfur participated in the reduction reaction even at a high 
9C discharge rate.
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3. Conclusion

A novel method was employed to synthesize a micrometer-sized 
hollow carbon with a nitrogen doped porous shell through the 
use of a Pickering emulsion. Melamine formaldehyde resin was 
used to polymerize and crosslink over the CO2 emulsion, consol-
idating and casting the delicate hollow morphology. The mech-
anism was revealed to be strongly dependant on the degree of 
agitation and the pH of the solution. PEHPC was used as a sulfur 
host for lithium sulfur battery and demonstrated impressive rate 
performance up to 9C and excellent cycle stability. In order to 
understand the superior performance of PEHPC, the shuttle cur-
rent and EIS measurements were conducted. PEHPC revealed 
an interesting transient shuttle current profile when compared 
to the KB cells, providing a window into understanding the rich 
mass transfer dynamics of hollow structures for sulfur battery 
application. Electrochemical impedance spectroscopy revealed 
a drastic difference between the electrolyte, charge transfer and 
interfacial resistance of PEHPC and KB providing further evi-
dence on the effects of a hollow nitrogen doped structure. We 
attributed these results to the inward diffusion of PS, which alle-
viated the viscosity increase experienced by the bulk electrolyte.

4. Experimental Section
Material Synthesis: A typical synthesis procedures is a modification 

and improvement upon that of previously published work.[33] In short, 

melamine (12.6 g) was reacted with 37% formaldehyde solution (20 mL) 
at 85 °C at pH 9.5 (adjusted by 2 m Na2CO3). Once the solution turned 
from white (MF dispersion) to clear (MF prepolymer solution), the 
solution was stirred at 1200 RPM for 15 additional minutes. To follow, the 
solution was cooled to 40 °C in ambient condition (≈15 min). A 5 wt% 
Ludox AS 40 aqueous solution (120 g) was added into the solution and 
continued to be stirred at the same RPM for 20 min. 2 m HCl was then 
added into the solution until the desired pH was reached and continued 
to be stirred for 15 min. Afterward, agitation was halted and the solution 
was allowed to polymerize under stagnant conditions at 40 °C for 4 h. 
The spherical hollow morphology was strongly dependent on the RPM 
and polymerization pH. To obtain the hollow morphology the RPM used 
throughout the synthesis was 1200 RPM and the polymerization pH 
of 5.5 was used. The reaction was conducted with a cylindrical ≈2 inch 
Teflon coated metallic stir bar in a 500 mL beaker covered by a watch 
glass. Afterward the polymer/silica composite was decanted and dried in 
an oven at 60 °C for 24 h followed by a 180 °C heat treatment for 24 h. 
The obtained white powder was then carbonized at 900 °C for 2 h with a 
5 °C/min ramp rate under argon gas. From thermogravimetric analysis 
(TGA) analysis of the composite (Figure S9, Supporting Information), 
the composite was composed of 12% carbon and 88% silica. The 
resulting powder was washed with an 8 m NaOH solution at 80 °C for 
2 days and rinsed with water. After filtering and drying, PEHPC was 
obtained. pH was measured with a Mettler Toledo S20 SevenEasy pH 
meter. The sample without silica was synthesized under the same exact 
conditions except the amount of 2 m HCl was modified to compensate 
for the lack of basic Ludox additive, still reaching an endpoint of pH 5.5.

PEHPC and sulfur composite was synthesized by mortaring together 
PEHPC and sulfur at a mass ratio of 30:70 respectively. The mixture was 
then transferred into a sealed, argon filled Teflon lined autoclave and 
heated to 155 °C for 12 h. The same procedure was done to synthesize 

Figure 6. a) First discharge voltage profile at 0.1C with squares indicating DOD at which EIS measurements were performed; b) Re, c) Rct, and d) Rint 
at various DOD for PEHPC and KB.
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the Ketjen black 600 JD and sulfur composite. All chemicals were 
purchased from Sigma-Aldrich.

The blue balloon inflation experiment was performed by first adding 
2 m Na2CO3 (0.5 mL) into a 150 mL glass bottle filled with water 
(100 mL) to increase the pH to 9.5. To follow, 2 m HCl was added 
into the basic solution until the pH dropped to 5.5 (measured with a 
Mettler Toledo S20 SevenEasy pH meter). For the experiment with 
silica, the concentration of silica was kept at 3% (i.e., 7.5 g of 40% wt 
silica suspension), matching that of material synthesis conditions. It is 
important to note that the silica suspension is alkaline, therefore the 
amount of 2 m HCl added was adjusted accordingly to ensure the same 
amount of CO2 generation.

Physical Characterization: TGA (TA instrument Q500) was 
conducted under nitrogen atmosphere to confirm the accurate sulfur 
loading. The protocol entailed a heating rate of 5 °C min−1 from 25 
to 600 °C and maintained at 600 °C for 2 h. Nitrogen sorption (ASAP 
2020 micromeritics) was used to retrieve data which was analyzed using 
Brunauer–Emmett–Teller theory to calculate and in return, characterize 
the pore size distribution, surface area and pore volume of PEHPC. A 
Zeiss Leo field-emission scanning electron microscope 1530 was used to 
characterize the morphology of the material. A JEOL 2010F transmission 
electron microscope was used to further characterize the morphology 
of PEHPC. X-ray diffraction (MiniFlex 600 Rigaku) experiments were 
performed to confirm the removal of silica. XPS was performed using a 
K-Alpha XPS spectrometer.

Electrochemical Characterization: A water based slurry of 15% solid 
content was formed with the mass ratios of PEHPC/S: carbon nanotubes: 
sodium carboxymethyl cellulose were 85:5:10, respectively. The slurry 
was casted onto a carbon coated aluminum foil current collector (MTI 
Corporation) with a typical sulfur loading of 1.3 ± 0.2 mgsulfur cm−2. All 
electrodes were dried at 70 °C for 4 h and transferred into an argon 
filled glovebox (Labstar MB10 compact, mBraun) with water and oxygen 
levels both under 1 part per million. The electrochemical performances 
were evaluated using a 2016 type coin cell with a 1,3-dioxolane and 
dimethoxyethane electrolyte at a 1:1 ratio with 1 m LiTFSI with 0.2 m 
lithium nitrate (preblended by BASF). Electrochemical testing station 
from Neware was used to perform all cycling tests. The electrolyte to 
sulfur ratio was maintained at 17 μL mg−1

sulfur for both cycle life and 
rate performance tests. The counter and reference electrode used was 
a lithium metal chip (Linyi Gelon LIB Co., Ltd) while Celgard 2500 was 
used as the separator. The coin cells were cycled from 2.8 to 1.6 V versus 
Li/Li+ for rate performance test and 2.8–1.9 V versus Li/Li+ to avoid 
decomposition of LiNO3. Electrochemical impedance spectroscopy was 
performed on a Princeton VersaStat MC with frequency ranges from 
100 000 to 0.1 Hz with an amplitude of 50 mV using the same 2016 
type coin cells. The EIS circuit was fitted using Zfit software developed 
by Jean-Luc Dellis, implemented in Matlab. EIS cells were discharged 
at a constant current of 0.1C with EIS captures taken at once every 
1200 s. Shuttle current measurement was performed in accordance to 
work done by Moy et al.[31] Briefly, the cells were first cycled three times 
(2.8–1.6 V vs Li/Li+) at C/20 and then charged to 2.8 V. After leaving 
at open circuit voltage for 10 min, the cells were held at 2.3 V and the 
corresponding current was monitored. This experiment was performed 
using a Princeton VersaStat MC.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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