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ABSTRACT 
Porous carbon spheres with an internal gridded hollow structure and microporous shell have always been attractive as carbon 
hosts for electrochemical energy storage. Such carbon hosts can limit active species loss and enhance electronic conductivity 
throughout the entire framework. Herein, a synthesis approach of internal gridded hollow carbon spheres is developed from solid 
polymer spheres rather than originally gridded polymer spheres under a controlled pyrolysis micro-environment. The crucial point 
of this approach is the fabrication of a silica fence around solid polymer spheres, under which the free escaping of the pyrolysis gas 
will be partly impeded, thus offering a reconstitution opportunity for an internal structure of solid polymer spheres. As a result, the 
interior of carbon spheres is sculptured into a gridded hollow structure with microporous skin. Furthermore, the size and density of 
carbon-bridge grids can be modulated by altering the crosslinking degree of polymer spheres and varying pyrolysis conditions. 
Such gridded hollow carbon spheres show good performance as sulfur hosts for Li-S battery. 
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1 Introduction 
Carbon materials with alterable morphology and controllable 
porosity present great utilitarian value for energy storage and 
conversion [1, 2], adsorption, and separation [3, 4], catalysis 
[5, 6], drug delivery [7, 8], and so forth. Porous carbon spheres 
with large internal space and porous shells are expected to 
gain high-loading of guest species, provide a protective 
microenvironment, and buffer volume expansion of electrodes 
during the charge-discharge process [9–13]. However, the 
active substance is usually difficult to get into the cavity 
because adsorption potential inside the chamber is low. Even 
though the active material can enter the interior cavity of 
porous carbon spheres, they are easily agglomerated and stacked 
together, blocking electrons and ions transport channels. As 
a result, the interior space of the porous carbon sphere is 
difficult to access, and guest species agglomerated inside the 
cavity are usually not conducive to the transfer of electrons 
and ions. Most studies have shown that guest species are 
preferentially stored in the porous shell rather than in internal 
spaces [14–16]. Therefore, it is a tough nut to make full use of 
the interior void [17–21]. 

In the literature, multi-cavity carbon spheres have been 
reported for their efficient utilization of internal void owing to 
strong adsorption potential inside the cavity, which are mostly 
synthesized by the bottom-up methods involving the use of 
organic molecules building blocks and surfactants. For example, 
multi-cavity carbon spheres were prepared via a surface free 
energy-induced assembly strategy [22]. Therein, nanosized 
emulsions with high homogeneity are used as primary building 
blocks, followed by the polymerization of phenolic resol, 

leading to the formation of sub-structural units aggregating 
and assembling into polymer assemblage. Another kind of 
multi-cavity microsphere was synthesized via a surfactant- 
directed space confined polymerization [23]. The morphology 
and size of the 2,6-diaminopyridine-based multi-chamber 
polymer can be controlled by a dual-surfactant system consisting 
of sodium dodecyl benzene sulfonate and triblock copolymer 
Pluronic F127. And other methods based on surfactant assembly 
within Pickering emulsion droplet [24] or Pluronic F127/ 
trimethylbenzene/dopamine nanoemulsion [25] have been 
reported for the fabrication of interior-structured mesoporous 
carbon spheres. Beyond that, the multi-cavity structure can 
also be prepared from a microcapillary technique started with 
multiple emulsions [26] or a compound-fluidic electrospray 
method involving those multiple ingredients are enveloped in 
microcapsules [27]. The abovementioned methods are defined 
as bottom-up approaches to building up such a multi-cavity 
structure inherited from polymer morphology. While porous 
nanomaterials can also be prepared by top-down strategies, 
whose main advantages are universality (i.e., applicability to 
virtually any material) and low cost [28, 29].  

As an alternative, it is of scientific importance to develop  
a top-down method that can challenge the preparation of 
multi-cavity carbon spheres from solid spheres, e.g., to convert 
solid polymer spheres into carbon spheres with multi-cavity. In 
general, the direct pyrolysis of solid polymer spheres commonly 
resulted in solid carbon counterparts. Our research group has 
previously reported that the carbon spheres with completely 
hollow structures can be prepared by confined pyrolysis of 
hollow polymer spheres [30] and using polystyrene spheres as 
a hard template [31]. Moreover, the hollow core-shell carbon 
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spheres can be attained when solid polymer spheres are 
enclosed by a non-porous silica shell followed by a pyrolysis 
step [32]. An increasing accumulation of scientific knowledge 
in terms of the control of carbon spheres inspires us to further 
explore a synthesis approach of a multi-cavity structure from a 
top-down strategy. 

In this study, we report a synthesis approach of internal 
gridded hollow carbon spheres (HCSs) with tunable density 
and microporous shell from solid polymer spheres (SPSs) 
under controlled pyrolysis micro-environment via an escaping 
gas diffusion-restricted strategy. The crucial point of this 
approach is the fabrication of a silica fence around solid polymer 
spheres, under which the free escaping of the pyrolysis gas will 
be partly impeded during the heating process, thus offering 
a reconstitution opportunity for the internal structure of 
polymer spheres. Furthermore, the size of carbon-bridge grids 
of HCSs can be regulated by altering the aging period of the 
SPSs internally and varying the pyrolysis process condition 
externally. The connected grid-like hollow carbon structures 
beyond the entirely hollow ones can provide a more conductive 
network allowing enhanced electronic transfer to the interior 
substances. As an application example, such HCSs applied as 
carriers for electrode materials can improve the storage 
capacity of active materials and alleviate the volume expansion 
efficiently, as demonstrated in the use of a lithium-sulfur 
battery. 

2  Experimental  

2.1  Chemicals 

Resorcinol (99.5%), formaldehyde (37 wt.%), 1,6-diaminohexane 
(DAH, 99.0%), cetyltrimethylammonium bromide (CTAB, 99%), 
and tetraethyl orthosilicate (TEOS) were purchased from 
Sinopharm Chemical Reagent Co. Ltd. All chemicals were used 
as received without any further purification. 

2.2  Synthesis of SPSs 

SPSs were synthesized based on our previous report [32]. 
Typically, resorcinol (2 mmol) and formaldehyde (37 wt.%) 
(4 mmol) were dissolved into 100 mL deionized water at 30 °C. 
Soon afterward, DAH (0.5 mmol) was added and continued 
stirring for 30 min, followed by the addition of 50 μL of 
ammonia. The solution above was then heated to 80 °C for 
4 or 18 h. Finally, SPSs were obtained after centrifugation with 
water and dried at 50 °C. 

2.3  Synthesis of internal gridded HCSs 

The silica fence was obtained by mixing SPSs with ethanol, 
deionized water, and ammonia solution, followed by the 
addition of CTAB and TEOS and kept stirring for 16 h at 30 °C. 
The SPS@mSiO2 was obtained by refluxing the synthesized 
SPS@SiO2 hybrid in a hydrochloric ethanol solution. After 
isolating the SPS@mSiO2 hybrid by centrifugation and washing, 
pyrolysis was carried out in an argon atmosphere with a 
heating rate of 5 or 1 °C·min−1 at 450, 600, 800, or 1,000 °C to 
obtain HCS@mSiO2. Finally, HCS was attained after the use of 
NaOH solution (1.875 M) to etch HCS@mSiO2 at 50 °C for 24 h. 
HCS-1 and HCS-2 were undergoing CO2 activation at 900 °C 
for 2 h. 

2.4  Synthesis of carbon-sulfur composites  

HCSs (MC, 80 mg) and sulfur (240 mg) were ground together 
by a ratio of 1:3, heated to 155 °C and kept for 10 h in a sealed 
quartz bottle, and then the temperature increased to 400 °C 
for 2 h to volatilize extra sulfur outside of the carbon spheres. 

After the temperature was cooled to room temperature, the 
mixture of carbon-sulfur composite was weighed as 270 mg 
(Mm). The sulfur content is calculated by the formula S% = 
(Mm − MC)/Mm × 100%. 

2.5  Materials characterization 

Transmission electron microscopy (TEM) analyses were carried 
out with a FEI Tecnai G2 F30 instrument. Field-emission 
scanning electron microscope (FESEM) images were acquired 
from a Hitachi FESEM SU8220 instrument. Nitrogen sorption 
isotherm was measured with a Quantachrome adsorption 
analyzer at 77 K. Before the measurements, all the samples were 
degassed at 200 °C for 6 h. The specific surface areas (SBET) were 
calculated from the adsorption data in the relative pressure 
range of 0.05 to 0.30 using the Brunauer–Emmett–Teller (BET) 
method. Pore size distribution (PSD) was determined from 
the adsorption branch of the isotherm using quenched-solid- 
density-functional-theory (QSDFT) calculation for carbon 
(slit/cylindrical/sphere pores) and Barrett-Joyner-Halenda 
(BJH) methods. The total pore volume (Vtotal) was estimated 
from the amount adsorbed at a relative pressure of 0.95. The 
thermogravimetric analysis (TGA) curves were measured on  
a thermogravimetric analyzer STA 449 F3 (NETZSCH), under 
N2 or Ar flow with a heating rate of 5 °C·min−1 from 40 to  
1,000 °C. Raman spectra were collected on a homemade DL-2 
microscopic Raman spectrometer, using the 532 nm line of a 
KIMMON laser. 

2.6  Electrochemical characterization 

A mixed slurry with 75 wt.% active material, 15 wt.% conductive 
agents (CNTs), and 10 wt.% binder (polyvinylidene difluoride, 
PVDF) was obtained by stirring in N-methyl-2-pyrrolidone 
(NMP). Later on, the slurry was coated onto carbon paper 
disks (12 mm, TORAY from Japan) and dried in a 50 °C oven 
for 12 h. According to the quality, the areal loading of sulfur 
was 1.5–3.0 mg·cm−2. The 2025-type coin cells were used and 
lithium foil as the anode in an Ar-filled glovebox. Celgard 2400 
was tailored as the separator and carbon nanofiber membrane 
[33] as interlayer (< 1.0 mg·cm−2) in the assembling process, and 
1.0 M bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) 
in 1,3-dioxolane (DOL)/dimethoxymethane (DME) (v/v = 1:1) 
with 2 wt.% LiNO3 was used as the electrolyte. Galvanostatic 
discharge–charge (GDC) profiles were collected by a Land 
CT2001A battery system between 1.7 and 2.8 V. The specific 
capacity is calculated by the mass of sulfur. Cyclic voltammetry 
(CV) was conducted on a CHI660E electrochemical workstation 
(CH Instruments Inc., China) at 0.2 mV·s−1. The electrochemical 
impedance spectroscopy (EIS) measurements were implemented 
in a frequency range of 0.01 Hz to 100 kHz. 

3  Results and discussion 
The synthesis procedure is illustrated in Fig. 1(a). SPS, which 
was synthesized by using resorcinol, formaldehyde, and 1,6- 
diaminohexane as the precursors and ageing for 4 h at 80 °C, was 
denoted as SPS-4 (Fig. S1(a) in the Electronic Supplementary 
Material (ESM)). When the SPS-4 was directly pyrolyzed, a 
solid carbon sphere (SCS) was eventually obtained, whose 
diameter decreased from ~ 400 to 320 nm, with a diameter 
shrinkage of about 20%, according to TEM observation (Fig. 1(b)). 
Surprisingly, if we fabricated a porous silica fence, SPS-4@mSiO2 
(Fig. 1(c)) can be successfully converted into HCS with 
microporous shell and interior gridded hollow structure under 
the regulated pyrolysis micro-environment (named HCS-1, 
Fig. 1(d)). This result confirms the truth that HCSs with a grid- 
like hollow structure can be prepared through a top-down 
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method by varying the external pyrolysis micro-environment. 
This is an efficient and alternative method to the well-established 
bottom-up approaches [22–27]. 

As known, pyrolysis generally causes remarkable structure 
shrinkage, e.g., in the present situation, direct pyrolysis of 400 nm 
polymer spheres would form 320 nm carbon spheres, with  
a diameter shrinkage of 20% and volume shrinkage of 49%. 
Noticeably, the diameter of HCS-1 maintained an average size 
of ~ 375 ± 10 nm, with a low diameter shrinkage of 7.5%  
and volume shrinkage of 20.8%. By comparing the diameters 
of SCS and HCS-1, one can envisage that the current synthesis 
allows the product against structure shrinkage, which is very 
important to maintain high pore volume per mass unit. The 
nitrogen adsorption isotherms and pore size distributions of 
SCS and HCS-1 are shown in Fig. S2 in the ESM, exhibiting 
the existence of micropores and mesopores with a hysteresis 
loop, in line with the character of IV type adsorption 
curve. The specific surface area (SBET) of SCS and HCS-1 is 
accordingly 482 and 767 m2·g−1, and the corresponding Vtotal 
is 0.254 and 0.664 cm3·g−1, respectively (Table 1). Compared 
to SCS, HCS-1 showing a sparse grid-like hollow structure 

possesses high SBET and large Vtotal, indicating that the mSiO2 
fence plays a pivotal role in regulating the structure of carbon 
spheres. More importantly, this demonstration teaches us 
that by carefully controlling the pyrolysis micro-environment, 
it is possible to turn the as-born solid materials into interior 
porous structures. 

To explore how far we can go with this method of 
manipulating the porous structure of such HCSs, we investigated 
the intrinsic factor (e.g., ageing period) of the solid polymer 
spheres and the external factor (e.g., pyrolysis conditions). In 
order to compare the internal porosity of the HCSs, we define 
the value of Vd>5 to describe the interior density of carbon- 
bridge grids, where Vd>5 is the mesopore volume of pore size 
greater than 5 nm, calculated from the adsorption branch using 
the BJH method. From the mercury intrusion porosimeter data 
shown in Fig. S3 in the ESM, the stacked cavities of SCS and 
HCS-6 can be detected as 108 and 136 nm, respectively. These 
results are in line with the theoretically calculated cavity sizes 
derived from the close-packed spheres (for details, see the 
ESM). In practice, the minimum pore size that mercury can 
enter under the high pressure of 227.3 MPa is 5.76 nm. By  

 
Figure 1  (a) Illustration of the synthesis of internal gridded hollow carbon spheres. TEM images of (b) solid carbon sphere (SCS), (c) polymer/silica
fence (SPS-4@mSiO2), and (d) gridded hollow carbon sphere (HCS-1). 

Table 1   Synthesis conditions and structure parameters of the carbon spheres 

SBET Smicro
a Vtotal

b Vmicro
c Vd>5

d 

Sample Carbon precursor Temperature (°C) Heating rate 
(°C·min−1) (m2·g−1) (cm3·g−1) 

HCS-1 SPS-4 1,000 5 767 336 0.664 0.157 0.312 
HCS-2 SPS-18 1,000 5 762 289 0.628 0.143 0.229 
HCS-3 SPS-4 1,000 1 719 202 0.739 0.101 0.445 
HCS-4 SPS-18 1,000 1 674 486 0.519 0.198 0.288 
HCS-5 SPS-4 450 5 550 129 0.535 0.059 0.292 
HCS-6 SPS-4 600 5 623 349 0.487 0.149 0.303 
HCS-7 SPS-4 800 5 734 369 0.593 0.164 0.366 
HCS-8 HCS-1 after CO2 activation 1,261 652 1.056 0.280 0.546 
HCS-9 HCS-2 after CO2 activation 1,240 547 0.930 0.239 0.305 

SCS SPS-4 600 5 482 408 0.254 0.159 0.071 
a Smicro is the micropore area; b Vtotal is the single point pore volume calculated from adsorption isotherm at P/P0 = 0.95; c Vmicro is the micropore volume 
calculated from t-plot analysis; d Vd>5 is the mesopore volume of pore size above 5 nm calculated from adsorption branch. 
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combining the TEM observation and nitrogen adsorption results, 
one can figure out that the pore sizes of the outer shell of 
HCSs are generally below 5 nm. Thence the hollow interior 
structure of HCSs is inaccessible by mercury. Under the  
above consideration, we use Vd>5 as an indicator derived from 
nitrogen adsorption data to describe the internal porosity of 
the HCSs. In this way, the pore volume of large pores (d > 50 nm) 
may be ignored for simplicity. Taking the polymer spheres 
SPS-4 (aged for 4 h) and SPS-18 (aged for 18 h, Fig. S1(b) in 
the ESM) as examples, one can see that in Figs. 1(d) and 2(a), 
gridded hollow structure HCSs (HCS-1 and HCS-2) with 
different structure density can be prepared. According to 
TEM observation, the cavity of HCS-1 is relatively larger than 
that of HCS-2 with the same heating rate of 5 °C·min−1. The 
Vd>5 of HCS-1 is 0.312 cm3·g−1, larger than that of HCS-2     
(0.229 cm3·g−1), further confirming that a shorter ageing period 
leads to the sparser interior structure. Thus, the clear message 
is that by tuning the ageing period meanwhile keeping identical 
morphology of polymer, the porous interior structures of HCSs 
are also tailorable. 

The thermal transfer effect can also be reflected from the 
heating rate of a pyrolysis process, which may influence the 
morphology and structure evolution of the carbon materials [34]. 
Considering the practical operation of a commercial furnace, 
we set two heating rates, i.e., 5 and 1 °C·min−1, in order to 
study the thermal effect on the development of the internal 
structure of HCS. As seen from the TEM images of HCS-1 and 
HCS-3 (Fig. 2(b)), we can observe that the cavity of HCS-3 
seems relatively smaller and much organized than that of 
HCS-1, while the Vd>5 of HCS-3 (0.445 cm3·g−1) is larger 
than that of HCS-1 (0.312 cm3·g−1), and the Vd>5 of HCS-4 
(0.288 cm3·g−1, Fig. 2(c)) is also larger than that of HCS-2 
(0.229 cm3·g−1), revealing that a low heating rate is conducive to 
generating complete and uniform pore structure. Meanwhile, 
the structure density of HCS-3 is lower than that of HCS-4 
(Fig. 2(c)) reflected by the Vd>5 (0.455 vs. 0.288 cm3·g−1, Table 1) 
when the heating rate was fixed at 1 °C·min−1. This additionally 
proves that a prolonged ageing period can make the interior 
structure much denser. The nitrogen sorption isotherms of 
HCS-2, HCS-3, and HCS-4 all exhibit a capillary condensation 
phenomenon (Fig. 2(d)), and the corresponding pore size 
distributions confirm the generation of micropores and 

large mesopores (Fig. 2(e)). The Vtotal (0.739 cm3·g−1) of HCS-3 
is higher than that of HCS-4 (0.519 cm3·g−1). The X-ray 
diffraction (XRD) patterns of the four samples show two clear 
broad reflections at the 2θ about 23° and 43° assigned to the (002) 
and (100) facets of graphite, characteristic of a disordered 
carbonaceous structure but certainly with small graphitized 
domains (Fig. 2(f)) [35]. Raman spectra of the four samples 
exhibit D and G bands located at 1,344 and 1,587 cm−1 (Fig. S13(a) 
in the ESM), respectively. And the curve fitting result indicates 
that HCS-1 and HCS-4 with a lower value of AD1/AG have a 
higher degree of graphitization (Fig. S14 in the ESM), which is 
consistent with XRD patterns. Thus, another structure variable, 
i.e., the density of gridded hollow structure can be realized, via 
altering the ageing period of SPSs and varying the heating rate 
during the pyrolysis process. 

We have varied the pyrolysis temperatures, including 450, 
600, 800, and 1,000 °C, in order to investigate the impact of 
thermal treatment on the interior structure of the HCSs. 
Meanwhile, SPS-4 was used as the carbon precursor, and the 
heating rate was set as 5 °C·min−1. As shown in Figs. 3(a)–3(c), 
when the temperature raised to 450 °C, the carbon-bridge- 
woven network of the HCS-5 had already appeared, and a 
certain amount of polymer may remain inside this sample 
because when the temperature reaching 450 °C, the weight of 
sample SPS-4 maintains 63%, lower than that of 42% at 800 °C 
according to the TGA curve. It indicates that a mass difference 
of 21% is caused by the continuous decomposition of polymers 
as the temperature rises (Fig. S4(a) in the ESM). The interior 
structures of HCS-5, HCS-6, and HCS-7 as well as HCS-1 
seem to be sparse with larger cavities. The Vd>5 is gradually 
increasing from 0.292 to 0.366 cm3·g−1 as the temperature rises 
from 450 to 800 °C while decreasing to 0.312 cm3·g−1 at 1,000 °C, 
possibly due to the thermal condensation of the carbon 
frameworks. The above results indicate that the pyrolysis 
temperatures (e.g., 450, 600, 800, and 1,000 °C) also play a 
considerable impact on the density of the interior structure of 
HCSs. Sample HCS-8 derived from HCS-1 after CO2 activation 
was ground and then characterized by SEM. The carbon- 
bridge-woven networks inside the hollow space are visible  
(Fig. 3(d)). Nitrogen adsorption isotherms of HCS-5, HCS-6, 
and HCS-7 (Fig. 3(e)) display an upward rise in the low P/P0 
region, and in the middle P/P0 region, capillary condensation  

 
Figure 2  TEM images of (a) HCS-2, (b) HCS-3, and (c) HCS-4. (d) N2 adsorption isotherms, (e) pore size distributions and (f) XRD patterns of the
carbon samples. Note: The isotherms of HCS-3 and HCS-4 were vertically offset by 200 and 600 cm3·g−1, respectively, standard temperature and 
pressure (STP). 
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occurs by forming a hysteresis loop, indicating the presence 
of micropores and mesopores. Thereinto, the specific surface 
area (SBET) of HCS-5, HCS-6, and HCS-7 is accordingly 550, 
623, and 734 m2·g−1, respectively. The Smicro ascended when 
the pyrolysis temperature varied from 450 to 800 °C and 
descended at 1,000 °C, owing to the thermal condensation of 
the carbon frameworks (Table 1). XRD patterns display that the 
graphitization degree of carbon materials increases gradually 
with the increase of carbonization temperature from 600 to 
1,000 °C (Fig. S13(b) in the ESM). All three samples have uniform 
mesopores centered at ~ 3.2 nm. Additionally, the mesopores 
of sample HCS-5 are centered at ~ 10.0 nm; while those of 
HCS-6 are distributed at ~ 5.8, 13.1, and 24.0 nm, respectively; 
and for HCS-7, the mesopore distributions are concentrated 
at ~ 4.7 and 13.1 nm, respectively, suggesting the slight shrinkage 
of mesopores due to the high-temperature condensation effect 
(Fig. 3(f)).  

To investigate the formation of the interior gridded hollow 
structure of HCSs, we conducted the TG-MS measurements 
of SPS-4@mSiO2 and SPS-18@mSiO2 to analyze their thermal 
decomposition behaviors (Fig. 4 and Fig. S5 in the ESM). As 
seen from the TG curves, the weight loss of SPS-18@mSiO2 is 
relatively lower than that of SPS-4@mSiO2 (Fig. 4(a)), which 
states that the heat resistance of SPS-18 is higher than that of 
SPS-4. It is possibly due to the increased polymerization degree 
during a prolonged ageing period. In addition, from the MS 
curves, we can observe that the CO2 release of SPS-18@mSiO2 
is at about 580 °C, delayed about 40 °C as compared to that 
of SPS-4@mSiO2 (Fig. 4(b)). A similar phenomenon was 
also observed for CO release (Fig. 4(c)). In comparison, most 
volatile carbonaceous species generated from SPS-4 release 
below ~ 200 °C without the protection of a silica fence, referring  

to the previously published report [32]. These TG-MS results 
additionally reveal that the thermostability of SPS-18 is higher 
than that of SPS-4 under the presence of a silica fence. 
Noticeably, there is no mass signal corresponding to the 
decomposition of CTAB (m/z = 58), indicating that CTAB has 
been removed before pyrolysis, and meanwhile the mSiO2 
fence is formed. Sample SPS-4@mSiO2 was calcined at 550 °C 
for 4 h in the air thus obtaining the hollow silica shell (named 
mSiO2). The N2 sorption isotherm of mSiO2 shows a capillary 
condensation in the middle P/P0 region, and the peaks of 
mesopores are centered at 2.4, 3.1, and 5.8 nm, respectively. 
The nanopore with a size of ~ 2.4 nm (Fig. S6 in the ESM) is 
likely derived from the extraction of template CTAB [36]. The SBET 
and the Vtotal of mSiO2 are up to ~ 585 m2·g−1 and 0.40 cm3·g−1, 
respectively. These results prove that the mSiO2 is mesoporous 
with high surface area and large pore volume. In the pyrolysis 
process, for a single sphere, because the transfer of thermal 
energy from the outside to the inside, the outer surface (silica 
fence) is first heated, and the silica layer will first undergo 
priority polycondensation (i.e., hydroxyl condensation) [37], 
which will cause the exterior of silica to become dense as the 
pyrolysis temperature rises. Thus, a large amount of decomposed 
gas is generated within the restrained system, while the free 
escape of pyrolysis gas could be hindered due to the restriction 
of the mSiO2 fence, thus creating a pyrolysis micro-environment 
which provides a reconstitution opportunity for the formation 
of the internal gridded hollow structure. We speculated that the 
gas diffusion was partly impeded during the pyrolysis process 
and the capillary condensation effect of mesopores can drive 
part of polymer species into the silica fence, in agreement 
with the reported result that the volatile carbonaceous species 
would escape from the porous silica shell through the open 

 
Figure 3  TEM images of (a) HCS-5, (b) HCS-6, and (c) HCS-7. (d) SEM image of HCS-8 after grinding. (e) N2 adsorption isotherms and (f) pore size 
distributions of three carbon samples. Note: The isotherms of HCS-6 and HCS-7 were vertically offset by 200 and 400 cm3·g−1, respectively, standard 
temperature and pressure (STP). 

 
Figure 4  (a) TGA curves. Mass signals of (b) CO2 (m/z = 44) and (c) CO (m/z = 28) of the as-synthesized SPS-4@mSiO2 and SPS-18@mSiO2. 
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pore channels [38]. This hypothesis can somehow be confirmed 
by 6 wt.% of weight loss after keeping 2 h at 150 °C, according 
to TGA of SPS-4@mSiO2 (Fig. S4(b) in the ESM). And the 
higher heating rate is also helpful for the polymer to expand 
rapidly and then form a relatively sparse reticulation-like 
structure. According to our previous research [39], the polymer 
yield was increased from 74% after 4 h ageing to 91% after 
18 h ageing and the tap densities of the polymer spheres 
obtained at 4 and 18 h were 0.521 and 0.541 g·cm−3, respectively. 
By comparing the polymer yield and tap density, we can infer 
that although the polymer spheres show nearly identical sizes, 
they become denser after a longer ageing period, that is, the 
degree of cross-linking inside the polymer spheres increases 
during the aging stage. The TG-MS results also indicate that 
after a longer ageing period the thermostability of SPS-18 is 
higher than that of SPS-4. Accordingly, HCSs with different 
structure density can be controllably fabricated by an escaping 
gas diffusion-restricted process, through altering the ageing 
period of the SPSs internally and the pyrolysis micro- 
environment externally. 

As it displays in Fig. 5(a) after further CO2 activation HCS-8 
has a sparse grid-like hollow structure and the shell becomes 
less dense, indicating the entire structures are easy for activation 
gas molecules to diffuse into and to react with the carbon 
framework to get homogeneous activation. In comparison, 
sample HCS-9 possesses a dense grid-like hollow structure 
and porous shell (Fig. S7(a) in the ESM). The SBET of HCS-8 
and HCS-9 dramatically increased to 1,261 and 1,240 m2·g−1, 
and the Vtotal rose to 1.056 and 0.930 cm3·g−1, respectively. The 
increase in Vmicro after CO2 activation was confirmed by the 
nitrogen adsorption measurements (Figs. S7(b) and S7(c) in 
the ESM). The gridded hollow structure of HCS-8 looks much 
sparser than that of HCS-9. For HCS-8, the pore volume 
(0.546 cm3·g−1) of the mesopores larger than 5 nm is also larger 
than that of HCS-9 (0.305 cm3·g−1), which is in agreement with 
TEM observation. 

When taking HCS-8 as the host for loading sulfur, the 
interior structures of the carbon-sulfur hybrid were full of sulfur 
associated with the vanishing of the empty pores (Fig. 5(b)).  
And the elemental mappings of HCS-8-S (Figs. 5(c)–5(e))   

 
Figure 5  TEM images of (a) HCS-8 and (b) HCS-8-S. (c) STEM image 
of HCS-8-S, and elemental mappings of (d) carbon and (e) sulfur. 

emphasized that the sulfur was distributed evenly in the 
interior space of this gridded hollow structure. The XRD 
patterns of HCS-8-S and HCS-9-S (Fig. S7(d) in the ESM) also 
confirmed the presence of sulfur. The TEM image (Fig. S8(a) 
in the ESM) of HCS-9-S shows that sulfur is distributed in the 
entire cavities of HCS-9, as confirmed by the elemental mappings 
in Figs. S8(b)–S8(d) in the ESM. 

The electrochemical performances of HCS-8-S and 
HCS-9-S composites were studied by assembling 2025-coin 
batteries in a glovebox. From the CV curve of HCS-8-S (Fig. 6(a)), 
one can see that two cathodic peaks appear at 2.22 and 1.81 V, 
respectively, corresponding to the reduction of S8 to lithium 
polysulfides and insoluble Li2S2 or Li2S. Meanwhile, the two 
anodic peaks at 2.4–2.6 V stand for the oxidation of lithium 
polysulfides to sulfur [40–43]. It is worthwhile to see that the 
first and the third CV curves coincide, indicating the good 
reversibility of HCS-8-S cathode. The CV curves of HCS-9-S 
at 0.2 mV·s−1 are compiled in Fig. S9(a) in the ESM, wherein the 
second cathodic peak centered at 1.81 V looks inconspicuous and 
the first and third CV curves are not completely overlapped, 
indicating the slightly inferior sulfur redox kinetics of HCS-9-S 
cathode. After the CV measurement, we conducted an EIS 
test to study the electrochemical redox kinetics of the sulfur 
species from HCS-8-S and HCS-9-S cathodes. As shown in 
Fig. 6(b), HCS-8-S and HCS-9-S cathodes both have a lower 
value of charge-transfer resistance (Rct) in the high-frequency 
region, while for HCS-9-S the second semicircle in the 
middle frequency range possibly is caused by the solid Li2S (or 
Li2S2) film on the carbon matrix [44]. It is well known that 
microporous carbon shell can act as a confinement layer to 
retain sulfur strictly in the interior space, preventing direct 
contact of lithium polysulfides with electrolytes and minimizing 
lithium polysulfides dissolution during long cycles [45], while 
carbon shells also play a function in retaining sulfur in the 
interior space. Referring to the literature [15], a lower porosity 
(SBET = 550 m2·g−1, Vtotal = 0.40 cm3·g−1 at P/P0 = 0.8) of carbon 
shell delivers a lower capacity due to the lack of sufficient pore 
volume to accommodate sulfur so that extra sulfur will form a 
thin layer on the surface of carbon spheres, while a moderate 
porosity (SBET = 956 m2·g−1, Vtotal = 1.1–1.6 cm3·g−1 at P/P0 = 0.8) 
can improve the cycling performance of the cathode because 
the enhanced pore volume can make sulfur confined in the 
carbon shell. As a consequence, we compared the porosity 
of these outer shells judged mainly by the pore volume (Vd<3.2) 
owing to that all samples have a mesopore at ~ 3.2 nm indicat-
ing that pores below 3.2 nm are mainly on the carbon shell, 
and found that the Vd<3.2 of HCS-1 (0.175 cm3·g−1) > HCS-7 
(0.139 cm3·g−1) > HCS-6 (0.133 cm3·g−1) > HCS-3 (0.120 cm3·g−1) 
calculated from the adsorption branch using QSDFT calculation. 
The cycling performances of sample HCS-1, HCS-3, HCS-6, 
and HCS-7 as the sulfur hosts at 0.5 C are shown in Fig. S10 in 
the ESM. HCS-1 with 65 wt.% sulfur shows a higher capacity 
(763 mAh·g−1) after 300 cycles when compared to that of 
HCS-3 (359 mAh·g−1), HCS-6 (367 mAh·g−1), and HCS-7  
(538 mAh·g−1). This result is coherent with the relationship of 
Vd<3.2 of the above samples showing that moderately increasing the 
porosity of the carbon shell can enhance the electrochemical 
performance of HCSs. The electrochemical performance of 
SCS activated by CO2 with a sulfur content of 70 wt.% is 
shown in Fig. S11 in the ESM, which shows poor cycling 
stability and inferior rate performance. This result highlights 
the superior electrochemical performance of the HCS-8-S 
cathode. 

As displayed in Fig. 6(c), the specific discharge capacity 
of HCS-8-S varies from 749 to 546 mAh·g−1 when the C rate 
increases from 0.5 to 3.0 C (1 C = 1,675 mA·g−1), respectively.  
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And the discharge capacity of HCS-9-S transforms from 748 
to 593 mAh·g−1 in the same range of C rate. HCS-9-S cathode 
shows better rate capacity than the HCS-8-S cathode, possibly 
owing to the faster Li+ diffusion as evidenced by the larger 
slope of the oblique line at the low-frequency ion (Fig. 6(b)) 
indicating the lower Warburg diffusion resistance [46]. Cycling 
performance of HCS-8-S with a sulfur loading of 3.0 mg·cm−2 
at 0.2 C (Fig. 6(d)) retains 998 mAh·g−1 after 100 cycles (note: 
the first five cycles are undergoing 0.1 C activation), showing 
good stability with ~ 100% Coulombic efficiency. Whereas, 
the cycling performance of HCS-9-S with a sulfur loading of 
2.8 mg·cm−2 at 0.2 C is less than satisfactory due to the fact 
that after 77 cycles the coulombic efficiency decreased to 35% 
inducing a serious shuttle effect caused by the dissolution of 
lithium polysulfides leading to the irreversible loss of the 
active materials and severe capacity fading (Fig. S9(b) in the 
ESM). The long-cycle performance of HCS-8-S and HCS-9-S with 
a sulfur content of ~ 70 wt.% (the first five cycles are undergoing 
0.2 C activation) are shown in Fig. 6(e). The discharge-charge 
curves of HCS-8-S and HCS-9-S are shown in Fig. S12 in the 
ESM, which states that a higher initial discharge capacity of 
HCS-8-S (854 mAh·g−1) than that of HCS-9-S (701 mAh·g−1). 
The capacity of HCS-8-S maintains 747 mAh·g−1 after 200 cycles 
with a low decay rate of 0.063%, while HCS-9-S has a capacity 
of 654 mAh·g−1 remained after 200 cycles with a lower decay 
rate of 0.034%, showing that the denser interior structure 
might be suitable for reducing the capacity loss at a lower sulfur 
loading of 1.5 mg·cm−2. Probably because the micropore size 
(0.93 nm) of HCS-9 is smaller than that of HCS-8 (1.01 nm), it is 
conducive to the formation of the solid electrolyte interphase 
(SEI) film at the orifice, limiting the dissolution of sulfur 
effectively [47, 48]. 

4  Conclusions  
In this study, we have proposed an escaping gas diffusion- 
restricted strategy by regulating the pyrolysis micro-environment 
for the selective and precise synthesis of internal gridded 
hollow carbon spheres from solid polymer spheres. The size of 
carbon-bridge grids of the carbon spheres can be modulated by 
tuning the ageing period of solid polymer spheres internally 
and the pyrolysis conditions externally. When the ageing 
period is prolonged, the sparse structure of hollow carbon 
spheres tends to become dense due to enhanced cross-linking 
of polymers. When such unique hollow carbon spheres with 
a dense framework are taken as a sulfur host, the fabricated 
Li–S battery exhibits good cycling stability (capacity decay of 
0.034% per cycle over 200 cycles at 0.5 C). On the other hand, 
using hollow carbon spheres with the sparser gridded hollow 
structure to host sulfur, the fabricated Li-S battery shows the 
high capacity and improved cycling performance at a sulfur 
loading of 3.0 mg·cm−2. This study creates an alternative 
top-down pathway for the selective synthesis of porous carbon 
spheres with multi-level pore structures, just by simply varying 
the pyrolysis micro-environment. 
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Figure 6  (a) CV curves of HCS-8-S at 0.2 mV·s−1. (b) Nyquist plots after 5 cycles, (c) rate performance, (d) cycling performance at 0.2 C of HCS-8-S and 
(e) cycling performance at 0.5 C of HCS-8-S and HCS-9-S. 
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online version of this article at https://doi.org/10.1007/s12274- 
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