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A B S T R A C T   

Realizing a high sulfur loading cathode is a necessary measure for assembling a high actual energy density 
lithium sulfur battery, which requires consideration of conductivity, reaction interface, confinement of lithium 
polysulfide, and redox kinetics. Herein, a pomegranate-inspired dual-stage porous graphene foam with large 
cavity skeletons and submicron small cavity carriers is obtained by combining the bubble-template and the flash- 
freezing ice-template. Furthermore, the redox mediator of poly (1-aminoanthraquinone) is electropolymerized 
onto it to obtain a sulfur host with high specific surface area and strong confinement capability. The nanosized 
sulfur deposition behavior and the rich electronic relay capability of the sulfur host are analyzed by the inde
pendent gradient model combined with in-situ Raman spectroscopy. Besides, a few of electro-depolymerization 
products of poly (1-aminoanthraquinone) are confirmed to be able to migrate to the anode surface to stabilize 
lithium deposition. With these merits, the assembled lithium sulfur batteries exhibit a discharge capacity of 1214 
mAh g− 1 and a high capacity retention rate of 75.1 % after 800 cycles at a sulfur loading of 10.0 mg cm− 2, and 
provide an excellent areal capacity of 17.5 mAh cm− 2 (867 mAh g− 1) even at an ultra-high sulfur loading of 20.1 
mg cm− 2.   

1. Introduction 

Electric vehicles and consumer electronics require high specific en
ergy and long endurance batteries [1,2]. The lithium sulfur battery (LSB) 
system, which is matched by elemental sulfur and metallic lithium and 
has a theoretical energy density of up to 2600 Wh kg− 1, is considered a 
high specific energy battery system with great development prospects 
[3–5]. In most works of designing LSBs, the sulfur loading is always low 
due to the slow kinetic process and shuttle effect of sulfur [6–8]. While 
lithium and electrolyte are significantly excessive to meet the con
sumption of irreversible SEI films, which leads to low actual energy 
density and resource waste [9–11]. Therefore, it is necessary to design 
LSBs with high sulfur loading to achieve a reasonable capacity ratio of 
cathodes and anodes and improve the actual energy density. 

However, under high sulfur loadings, the insulation of sulfur and its 
discharge products leads to a unacceptable decrease in the cathode 

electron transfer performance, and the sharp increase in active sub
stances also leads to a serious shortage of interfaces that can be used for 
redox reactions [12,13]. In addition, high concentrations of soluble 
polysulfides (Li2Sn) significantly increase the viscosity and resistance of 
electrolytes [14,15]. These seriously hinder the participation of cathode 
active substances in the redox process, and bring about extremely poor 
discharge capacity and rate performance [16]. Meanwhile, high con
centrations of soluble Li2Sn also lead to a more significant shuttle effect, 
which further reacts with lithium to form irreversible mossy-like depo
sition products with ion insulation, greatly consuming the available 
lithium capacity [17]. Therefore, many works use a negative/positive 
electrode capacity (N/P) ratio of tens of times to ensure sufficient 
lithium accessibility [18]. However, a limited N/P ratio is a key 
parameter for achieving high energy density practical LSBs [19]. 
Therefore, designing an ideal high loading LSB requires balancing the 
high conductivity of the sulfur cathode, sufficient reaction interface, 
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strong soluble Li2Sn confinement ability, excellent redox kinetics, and 
good lithium deposition stability mechanism. Unfortunately, there are 
currently few reports on strategies that can balance the aforementioned 
performance. 

Hitherto, numerous valuable efforts such as developing sulfur host 
structures, modifying binders, and preparing functionalized separators 
have been proposed to construct high loading LSBs [20–27]. These 
strategies alleviate shuttle effects by introducing components with 
higher binding energy to coordinate Li2Sn; Or enhance the catalytic 
conversion activity of polysulfides, thereby enhancing the redox kinetics 
[28–30]. However, the use of modified binders or functionalized sepa
rators will inevitably induce the aggregation of sulfur species towards 
regions with catalytic activity, thereby altering the sulfur spatial dis
tribution uniformity and leading to the deterioration of LSB perfor
mance [31–33]. Therefore, it is necessary to design a sulfur host with 
dense ultrafine cavities and strong catalytic conversion activity, so that 
sulfur species can be uniformly loaded and transformed in-situ at the 
micro scale, in order to ensure long-term uniformity of sulfur spatial 
distribution [34–37]. 

Herein, we were inspired by the phenomenon that the internal fascia 
of pomegranate tightly bundled the small seeds to obtain the fruit with 
complete structure. Through the bubble-templates, we obtained the 
large cavity reduced graphene oxide (rGO) foam skeletons with 3D mesh 
support structure. Subsequently, the submicron rGO cavities prepared 
by the flash-freezing ice-template were filled into the large skeletons to 
obtain the rGO foams with a dual-stage pore structure. And the multi
functional sulfur host (rGO-LA) was obtained by electropolymerization 
of poly (1-aminoanthraquinone) (PAAQ) redox mediator on its lamellae. 
It contained the following utilities: (1) By relying on the conversion of 
quinone and benzene forms, PAAQ could serve as an redox mediator to 
provide rich electronic relay; (2) The folded PAAQ interfaces could 

refine the deposition particles of sulfur during the melting sublimation 
process; (3) The lithium bond confinement effect of the quinonyl greatly 
alleviated the shuttle effect; (4) A few of electro-depolymerization 
products AAQ migrated to the anode surface to form an interface, sta
bilizing lithium deposition. Consequently, this work extended an inno
vative avenue for the construction of self-supporting carbon materials 
with multi-stage pore structures for high loading sulfur cathodes and 
LSBs with actual high energy density. 

2. Results and discussion 

A small-scale charge-reachable cavity with multiple confinement 
capabilities is an ideal carrier for achieving efficient sulfur conversion 
and stable sulfur spatial distribution. However, we found that it is 
difficult for reduced graphene oxide (rGO) to combine the effective 
sulfur loading capacity of foam with its structural support capacity. That 
is, when the apertures of ultrafine cavities decrease, their mechanical 
structure is not enough to ensure the structural stability of the rGO 
foams. Thus, in order to obtain a sulfur carrier with high mechanical 
strength and strong sulfur loading capacity, we designed a dual-stage 
pore-structured rGO foam, which inspired by the internal structure of 
pomegranate. 

The preparation process of the rGO-LA high sulfur loading cathode is 
shown in Fig. 1. Firstly, a large cavity rGO foam framework (rGOF) with 
excellent conductivity and 3D mesh support structure was obtained by 
using the surfactant-like characteristics of graphene oxide (GO) and with 
the help of polyvinyl alcohol through low-pressure foam nozzle molding 
and high-temperature calcination, which was used as the bearing 
framework for small size sulfur loaded cavities. Furthermore, after fully 
filling the GO dispersion, it was flash-frozen by liquid nitrogen. With a 
nucleation temperature much lower than that of conventional freezing 

Fig. 1. Schematic diagram of preparation process and mechanism of action for the rGO-LA@S cathode.  
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(− 196 ℃ vs. − 20 ℃), the radius of ice crystals was significantly 
reduced, prompting the GO lamellae to overlap at the edge of submicron 
ice crystals. After lyophilization and calcination reduction, the rGO 
cavities with high specific surface area were obtained. Subsequently, 
PAAQ with folded morphology was modified on the rGO through elec
tropolymerization to endow rGO with functions such as redox rich 
electronic relay capability, lithium-bond chemical confinement effect, 
and deposition behavior of nanoscale sulfur, namely a dual-stage pore- 
structured rGO@PAAQ sulfur host (rGO-LA) inspired by pomegranate. 

Research findings that the appearances of rGOF before and after 
calcination are shown in Fig. S1A and Fig. S1B, respectively. The rGOF 
exhibits a similar pore structure to GOF, with only slight shrinkage in 
size. Through computer vision analysis, the pore sizes of rGOF are 
mostly below 0.4 mm (Fig. S1C). The compression stress-strain curve 

exhibites that the rGOF has excellent compression resistance and can 
maintain structural integrity after compression (Fig. S1D). SEM images 
show that the rGOF has a dense and uniform pore structure and inter
connected channels (Fig. S2). These aforementioned characteristics 
indicate that the rGOF can effectively limit and accommodate the liquid 
nitrogen flash-freezing rGO particles, making it suitable as a load- 
bearing frame. Fig. S3 indicates that the flash-freezing foams can 
completely fill the cavities of rGOF, which proves that the rGOF is an 
excellent load-bearing frame. 

The morphology of rGO foam obtained by ordinary ice-template is 
shown in Fig. 2A, which has a macroporous structure with a diameter of 
20~50 μm. This is because during the slow freezing process, the slow 
growth of ice crystals intensifies the aggregation of GO lamellae caused 
by π-π conjugation (Fig. 2A and Fig. S4A). In contrast, the reason why 

Fig. 2. FESEM images of (A) the rGO, (B) the rGO-L and (C) the lamellar details of rGO-LA. (D) Solid-state 13C NMR analysis of the rGO-L and the rGO-LA. FESEM 
images of the (E) rGO-L@S and (F) rGO-LA@S. (G) Nitrogen adsorption-desorption isotherms, and (H) XRD patterns of rGO, rGO-L and rGO-LA. IGM isosurfaces of (I) 
rGO@S and (J) rGO-LA@S, and IGM point plots of regions with different electron cloud densities of (K) rGO@S and (L) rGO-LA@S. 
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liquid nitrogen flash-freezing densifies the stacking structure between 
GO lamellae can be attributed to that the GO lamellae are instantly fixed 
in their original position in the dispersion during the quenching process, 
and the thermally-driven migration process does not occur in time, 
resulting in the formation of a porous "micro sponge" structure (Fig. 2B 
and Fig. S4B, C). After electropolymerization, wrinkled PAAQ with an 
indentation width of dozens of nanometers can be observed adhering to 
the graphene lamellae. (Fig. 2C and Fig. S4D). The infrared spectrum 
exhibits characteristic peaks of the conjugated skeleton of the PAAQ in 
the wavenumber range of 1000–1800 cm⁻1 (Fig. S5). Additionally, the 
CP-MAS 13C NMR spectrum of rGO-L reveals typical sp2 hybridization 
peaks at 132.3 ppm, along with a minor residual C–O site peak at 64.8 
ppm after microwave reduction (Fig. 2D) [38]. Following 
electro-polymerization, the spectrum of rGO-LA reveals the character
istic peaks of PAAQ at 183.1, 149.9, 128.3, 123.9, 118.1, and 113.5 ppm 
[39,40]. It is noteworthy that the polymerized PAAQ chain elements 
exhibit a symmetrical structure. The peak at 183.1 ppm originates from 
C = O (C-4) on the conjugated quinone ring. And the peak at 149.9, 
123.9 and 118.1 ppm is attributed to non-protonated to C-1, C-3 and C-5 
carbon, respectively. The peak at 128.3 ppm corresponds to C-6,7 on the 
conjugated benzene ring. The peak at 113.5 ppm belongs to protonated 
C-2 carbon. These results clearly demonstrate the successful attachment 
of the PAAQ to the rGO-L lamellae. 

Furthermore, the differences of sulfur morphology on different foams 
are reflected in Fig. 2E, F and Fig. S6. Sulfur tends to form massive ag
glomerations on the large lamellae of ordinary rGO foams (Fig. S6A). 
This is the fountainhead of poor redox kinetics of ordinary rGO foam 
cathodes, and is also one of the primary issues that urgent to be tackled 
for LSBs: poor electronic conductivity caused by agglomerated sulfur 
blocks seriously diminishes the availability and rate performance of 
sulfur. As a comparison, the rGO foams of flash-freezing can partially 
alleviate the sulfur accumulation and promote the dispersion of small 
sulfur particles by reason of the enhancement of specific surface area 
(Fig. S6B). However, relying solely on the affinity between the graphene 
and the sulfur is not sufficient to propel the nanoscale deposition of 
sulfur (Fig. 2E and Fig. S7). Thereupon, the PAAQ was introduced with 
wrinkled surfaces as the attachment site for sulfur. Consequently, 
through the melt sublimation process, sulfur can form particles with a 
diameter of approximately 30 nanometers and improve the uniformity 
of sulfur loading (Fig. 2F and Fig. S7D). Additionally, the nucleation and 
growth processes of sulfur clusters confirm that the increase in nucle
ation sites drives the faster nucleation behavior of sulfur in the rGO-LA 
(Fig. S8). 

One of the cruxes of the equilibrium of high sulfur loading and high 
redox kinetics is the high specific surface area of the rGO foams. The BET 
specific surface areas of the rGO, rGO-L, and rGO-LA foams are 152 m2 

g− 1, 1072 m2 g− 1, and 893 m2 g− 1, respectively (Fig. 2G). The desorp
tion data based on the Barrett-Joyner-Halenda (BJH) [41] model yields 
pore size distributions with average pore widths of 23.1 nm, 10.0 nm, 
and 11.3 nm, respectively (Fig. S9). This indicates that liquid nitrogen 
flash-freezing significantly reduces the stacking of GO lamellae, thereby 
reducing pore sizes and enhancing specific surface areas. It is note
worthy that, after electro-polymerization, the hysteresis loop area of the 
isotherm for the rGO-LA in the high-pressure region (P/P0=0.5~1) de
creases relative to the rGO-L. This is attributed to the PAAQ blocking 
some of the pores. Conversely, within the low-pressure range of 
0.2~0.4, the hysteresis loop area exhibits an increase (Fig. 2G). This is 
because the folded structure of the PAAQ provides additional micro
pores with diameters less than 2 nm. Furthermore, in order to provide a 
more detailed evaluation of the loadable specific surface area, we also 
conducted methylene blue adsorption experiments based on the Lang
muir monolayer adsorption model in Fig. S10 (387 m2 g⁻1, 1276 m2 g⁻1, 
and 1148 m2 g⁻1, respectively). 

The decline of the interlaminar stacking of graphene lamellae will 
significantly augment the specific surface area of rGO foams, and 
thereby supplying more sulfur loading loci and refining the particle 

dimensions. The refinement can also be reflected by the decrease in XRD 
diffraction peak intensity (Fig. 2H). And the diffraction peak of rGO- 
LA@S further weakens or even vanishes, manifesting that the decrease 
in the particle diameter of sulfur makes it difficult to accumulate into 
large-scale crystalline sulfur. The discrepant intensities of sulfur char
acteristic peaks in the Raman spectrum range of 100–250 cm− 1 also 
verifies above conclusion (Fig. S11). It is noteworthy that the fluctuation 
peaks of rGO-LA and rGO-LA@S in the D and G bands derived from the 
conjugated backbones of PAAQ. The PAAQ is uniformly attached to the 
rGO lamellae due to the π-π conjugation between PAAQ and rGO 
lamellae. But the steric hindrance between PAAQ chains forces them 
difficult to lay flat on graphene. These generated uneven sites are 
beneficial for sulfur molecule loading. 

To further investigate the adsorption interaction among the PAAQ, 
the rGO, and sulfur, an independent gradient model (IGM) analysis 
based on TZVP-MOLOPT-GTH basis set and DFT-D3 dispersion correc
tion was conducted to plumb the van der Waals forces between molec
ular fragments [42,43]. The visualization results of Multiwfn are shown 
in Fig. 2I and J [44]. The green region between S8 and rGO in Fig. 2I 
describes the isosurfaces with a density gradient difference between the 
segments of δg_inter = 0.012. Apparently, the forces between S8 and rGO 
are relatively small and mainly interacted with several adjacent struc
tural units on the rGO lamella. As a comparison, in the system con
taining PAAQ, S8 is inclined to adhere to the gap between the PAAQ and 
the rGO, and the IGM isosurface area significantly dilate. This reflects 
that the rGO sulfur host after electropolymerization of PAAQ evidently 
enhances the adsorption of sulfur (Fig. 2J). The intense attraction ac
celerates the sulfur deposition behavior, which is conducive to the 
in-situ transformation of sulfur species, corresponding to the textured 
loading of sulfur in aforementioned SEM images. By plotting the density 
gradient differences between the segments in different electron cloud 
density regions, Fig. 2K and L were obtained. The regions with sign(λ2)ρ 
greater than zero represent the repulsive force, while those of the other 
half represent the adsorption force. Notably, when the repulsive force of 
the rGO-LA system does not vary significantly, the peak height in the 
adsorption regions heightens prominently. And an additional peak 
appeares at the sign(λ2)ρ value of − 0.01, indicating that the introduc
tion of PAAQ enhances the adsorption of sulfur by the rGO-LA foams. 

Furthermore, the PAAQ can also diminish the overall bandgap width 
and ameliorate electron transfer performance by forming lithium bonds 
with the Li2Sn. DFT calculations indicate that the addition of AAQ 
plainly narrows the bandgap width of Li2Sn (Fig. 3A and Table S1). The 
illustration in the figure exhibits the electrostatic potential of Li2Sn, 
indicating that the main force between the AAQ and the Li2Sn is an 
electrostatic adsorption. In addition, the slow liquid-solid transition 
between the Li2S4 and the Li2S is also one of the causations for the 
delayed rate response of LSBs. And the transition state retrieval mani
fests that the AAQ-Li2S4 system has a lower energy barrier during con
version (2.9 eV vs. 3.45 eV), indicating that the AAQ has a furtherance 
effect on the reduction kinetics of Li2S4 (Fig. 3B). Fig. 3C displays a 
schematic diagram of the action mechanism of PAAQ. Based on the 
conversion of quinone groups in its chain between quinone and benzene 
forms, the PAAQ is able to serve as a redox mediator. And relying on the 
expeditious transfer of electrons through the PAAQ, the sulfur species 
(Li2S, Li2Sn, and S8) can overcome polarization and actualize in-situ 
conversion. Meanwhile, due to the formation of lithium bonds be
tween the PAAQ and the Li2Sn, the soluble Li2Sn during charging and 
discharging is bound to the PAAQ interface, significantly confining the 
"shuttle effect". The reaction pathways with or without AAQ addition are 
demonstrated through changes in Gibbs free energy (Fig. 3D and 
Table S2,3). It is noteworthy that the entire reaction pathway is 
considered a complete reaction (even the solid-state reaction from Li2S2 
to Li2S) to represent the energy changes in all reaction stages. And the 
energy of Li2S8-stage is used as a benchmark for comparison. It can be 
found that the addition of AAQ results in the formation of energy in
termediate states between different Li2Sn conversion states in the 
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system, significantly improving the sulfur redox kinetics and rate 
response. 

In order to verify the results of the DFT calculations, the 7Li NMR 
analysis was adopted. The addition of AAQ results in an increase in 
chemical shift, attributed to the inductive effect of the quinone or amino 
group (Fig. 3E). Interestingly, varying the ratio of Li2S6 to AAQ leads to 
distinct NMR response characteristic peaks. When the AAQ is in excess 
(Li2S6:AAQ=1:3), all Li2S6 interacts with the carbonyl oxygen in AAQ 
through ion-dipole interactions, resulting in a chemical shift at − 1.05 
ppm. Conversely, when the AAQ is deficient (Li2S6:AAQ=5:1), the 
carbonyl oxygen is completely occupied, providing an opportunity for 
the amino group to participate in the ion-dipole interactions. This results 
in chemical shifts at approximately − 0.92 (resembling aniline) and 

− 1.00 (representing interactions with the carbonyl oxygen). This dem
onstrates the pronounced ion-dipole interaction between the AAQ and 
Li2Sn. 

It is noteworthy that the AAQ and the Li2S6 show a different blue 
color when mixed (Fig. S12). This is because the quinone conjugated 
structure in AAQ is a chromophore, and its absorption of blue light 
makes it red, corresponding to an electron transition of n→π*. According 
to the Witt chromophore theory, the unsaturated conjugated chain of 
AAQ acts as a chromophore when mixed with the Li2S6, and the S2−

6 
containing multiple lone pair electrons acts as an auxochrome [45,46]. 
Therefore, the absorption peak of AAQ/Li2S6 shifts towards the long 
wavelength direction of 500 nm. And the AAQ/Li2S6 mixture presents its 
complementary color of violet, which can be confirmed in the UV–Vis 

Fig. 3. (A) HOMO-LUMO energy level, and (B) transition state retrieval of the Li2Sn with AAQ and without AAQ. (C) Schematic diagram of the action mechanism of 
the PAAQ. (D) Reaction pathways of the Li2Sn with AAQ and without AAQ. (E) 7Li NMR spectra of the Li2S6, Li2S6@aniline, Li2S6@AAQ (5:1) and Li2S6@AAQ (1:3). 
(F) Lithium deposition/stripping curves, (G) CV curves of the Li2S6 symmetrical batteries, (H) liquid/solid nucleation process of Li2S, and (I) GITT curves of the rGO, 
rGO-L and rGO-LA batteries. 
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spectra (Fig. S13). 
To verify the lithium bond confinement effect of AAQ on Li2Sn, the 

lithium deposition/stripping tests were conducted by using LiTFSI, 0.5 
M Li2S6 in LiTFSI, 0.1 M AAQ in LiTFSI, and 0.1 M AAQ and 0.5 M Li2S6 
in LiTFSI as electrolytes (Fig. 3F). The polarization potential of the 0.5 M 
Li2S6 in LiTFSI electrolyte is evidently higher than that of LiTFSI due to 
the increase in viscosity and resistance, as well as the unstable SEI 
formed by Li2S6 on the surface of the lithium anode. However, the 
symmetrical battery with 0.1 M AAQ in LiTFSI performs a smaller po
larization potential and prominently superior stability than the two 
comparison samples, LiTFSI and 0.5 M Li2S6 in LiTFSI. This proves that 
the AAQ forms a protective layer on the surface of the lithium anode, 
improving the stability of lithium deposition/stipping. And this is 
consistent with the results of DFT, as the AAQ can partially generate ion- 
dipole interactions with Li2Sn, greatly confining the shuttle effect of 
Li2Sn and lessening the viscosity of the electrolyte. Ulteriorly, the rGO-L 
electrodes exhibit a larger area in the cyclic voltammetry (CV) curve of 
Li2S6 symmetric batteries, attributing to that the incremental specific 
surface area allows more Li2S6 to participate in the redox process. The 
addition of PAAQ as a redox mediator further enhances the electron 
mediation ability between the Li2S6 and the rGO lamellae (Fig. 3G). 

Furthermore, we explored the role of quinone groups in the trans
formation of sulfur species. As depicted in Fig. S14A, the oxidation po
tential of the benzene-to-quinone transformation in the Li//C@AAQ and 

Li//C@PAAQ cells, located between 2.2 V and 2.5 V, is close to that of 
sulfur species at 2.35 V. Similarly, the reduction potential, ranging from 
2.2 V to 1.7 V, is close to that of sulfur species at 2.1 V. Therefore, the 
crucial factor enabling the AAQ and PAAQ to serve as redox mediators is 
their appropriate conversion potentials. In contrast, the Li//C@PANI 
cell does not exhibit significant redox peaks. Correspondingly, the 
C@PAAQ@Li2S6 symmetrical cell shows improved peak responses and 
redox kinetics (Fig. S14B). Hence, it can be inferred that the quinone 
moiety is the key functional group enabling the PAAQ to function as a 
redox mediator. Additionally, the stability of PAAQ in the cycles is also 
crucial. As depicted in Fig. S15, even after 100 cycles, the closed area 
and shape of the CV curves of the Li//C@PAAQ cell and the 
C@PAAQ@Li2S6 symmetrical cell exhibit no significant changes. These 
demonstrate that the PAAQ maintains long-term structural and func
tional stability in the electrochemical environment. 

Therefore, during the liquid-solid nucleation process of Li2S, the 
rGO-LA exhibits the maximum Li2S deposition capacity of 144 mAh g− 1 

and a higher deposition current density (Fig. 3H). At a current density of 
0.2 C, the galvanostatic intermittent titration technique (GITT) was used 
to investigate the charge transfer capability of different rGO cathodes 
during the charging/discharging process (Fig. 3I). It is evident that the 
rGO-LA cells show the lower ΔIR (92 mV) during the solid-liquid con
version reaction than those of the rGO-L (123 mV) and the rGO (127 
mV). This indicates that the rGO-LA cells have the minimum 

Fig. 4. (A) CV curves at a sweep rate of 1 mV s− 1 (inset: corresponding Tafel plots), (B) the voltage variation (a: constant current discharge at C/40, b: constant 
current and voltage charging for 4 h, c: open circuit voltage) and the continuous shuttle current, (C) charge/discharge curves, (D) rate performance from 0.1C to 2C, 
and (E) cycling performance at 0.1 C of rGO@S//Li, rGO-L@S//Li and rGO-LA@S//Li cells. (F) Specific capacity and areal capacity under different S/C ratios, and 
(G) long-cycling performance of rGO-LA@S//Li cells with various sulfur loading capacities. (H) Comparison of comprehensive performance between this work 
and others. 
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polarization. On the one hand, this is because the finer pores obtained by 
liquid nitrogen flash-freezing allow the redox reaction of the system to 
occur in more "units". On the other hand, the PAAQ, as a redox mediator, 
can promptly transfer electrons to the corresponding ions or atoms, 
alleviating the concentration polarization. 

The charge transfer resistance Rct obtained by fitting the Nyquist 
curve shows the improved charge transfer performance of the sulfur 
layers attached to the rGO lamellae (Fig. S16). And the rGO-L disperses 
the distribution of sulfur particles and reduces the thickness of the sulfur 
layer by relying on fine pores and larger specific surface area, resulting 
in a smaller Rct than rGO (32.7 Ω vs. 56.4 Ω). Compared to rGO-L, the Rct 
of rGO-LA slightly increases. To evaluate the pore structures of the rGO 
foams and the influence of redox mediator PAAQ on the sulfur conver
sion kinetics, the CV curves at different scan rates of 0.1–1 mV s− 1 are 
obtained (Fig. 4A and Fig. S17). Compared to the rGO and the rGO-L, the 
peak current densities of the CV curves of rGO-LA are superior, indi
cating that more active substances are involved in the redox process. 
Additionally, the splitting of the oxidation peaks of rGO-LA proves that 
the PAAQ can promptly convert all the homogenous Li2Sn in the system 
before entering the next reaction stage. And the lower oxidation po
tential and higher reduction potential of rGO-LA demonstrate that the 
polarization of rGO-LA is relatively small. To quantify the reactivity of 
the reduction process at 1 mV s− 1, the Tafel curves are prepared in the 
range of 2.20 to 2.32 V. The slope of the curve of rGO-LA is 120 mV 
dec− 1, which is lower than that of rGO-L (182 mV dec− 1) and rGO (288 
mV dec− 1), indicating a faster redox kinetics. 

The shuttle effect of the soluble Li2Sn in electrolytes is one of the 
principal causes for the irreversible deposition of active substances on 
lithium anodes, eventuating in abysmal capacity retention and cycle life. 
We conducted continuous shuttle current tests following the method
ology reported by Jossen [47]. Throughout the entire open-circuit 
voltage testing phase (phase c), the rGO-LA battery maintains the min
imal voltage drop (Fig. 4B). Correspondingly, within the voltage range 
of 2.3 V to 2.44 V, the rGO-LA battery exhibits the lowest continuous 
self-discharge current (the illustration). These findings collectively 
indicate that the physical confinement provided by the porous foam, 
coupled with the ion-dipole interaction confinement facilitated by the 
PAAQ. 

The specific capacities obtained from the charge/discharge tests of 
rGO-LA, rGO-L, and rGO at 0.1 C are 1319 mAh g− 1, 1078 mAh g− 1, and 
533 mAh g− 1, respectively (Fig. 4C). In addition, compared to the rGO-L 
(232 mV) and the rGO (329 mV), the rGO-LA exhibits lower over
potential (201 mV). Both demonstrate that the polyporate structure and 
the redox media attain exceptional reversibility and superior utilization 
of active substances. Fig. 4D shows the rate performance of three types 
of devices in the current densities range of 0.1–2 C. In all cases, the rGO- 
LA maintains the supreme specific capacities, demonstrating its optimal 
sulfur species transformation capability. After 100 cycles, the rGO-LA 
still retains a high specific capacity of 1112 mAh g− 1, with a capacity 
retention rate of 84.3 % (capacity damping of 0.157 % per cycle, 
Fig. 4E). In contrast, the rGO-L and the rGO only retain specific capac
ities of 667 mAh g− 1 and 97 mAh g− 1, respectively, with capacity 
retention rates of 61.0 % (capacity damping of 0.390 % per cycle) and 
18.6 % (capacity damping of 0.814 % per cycle). The superior cycling 
stability of rGO-LA indicates that the dense submicron pores of liquid 
nitrogen flash-freezing and the lithium bond adsorption effect of PAAQ 
on Li2Sn synergistically confine the shuttle effect of Li2Sn, avoiding the 
capacity loss of Li2Sn on the Li anodes and the damage to the SEI films. 

Currently, many researchers focus on reforming the sulfur utilization 
efficiency of LSBs under low loading (<1 mg cm− 2), but overlook the 
pain spot of low actual energy density of LSBs. However, in an effort to 
achieve an appropriate capacity ratio of cathodes and anodes and 
consider the extremely low cost of sulfur, we should pursue the 
maximum areal capacity of sulfur cathodes and the maximum actual 
energy density of LSBs. Accordingly, we evaluate the high loading per
formance of rGO-LA foams in detail. Apparently, as the sulfur loading 

increases from 5 mg cm− 2 to 30.5 mg cm− 2, the mass specific capacities 
of the devices at 0.1C gradually decrease, reaching 1319 mAh g− 1, 1214 
mAh g− 1, 1041 mAh g− 1, 867 mAh g− 1, 651 mAh g− 1, and 492 mAh g− 1, 
respectively (Fig. 4F and Fig. S18A). This is the case that as the thick
nesses of the sulfur layers increase, the conductivities of the cathodes 
subsequently decrease (Fig. S18B). However, we find that with the in
crease of sulfur loading, the areal specific capacities reach a peak of 17.5 
mAh cm− 2 at 20.1 mg cm− 2 (6.6 mAh cm− 2, 12.0 mAh cm− 2, 15.7 mAh 
cm− 2, 17.5 mAh cm− 2, 16.3 mAh cm− 2, and 15.0 mAh cm− 2, respec
tively, Fig. 4F). The long-cycling performance at 0.5 C exhibits that the 
devices with a surface loading of 5.0 mg cm− 2 actualize an ultra-high 
capacity retention rate of 81.5 % even after 800 cycles, and it can also 
achieve a low capacity damping of 0.03 % during 800 cycles even at a 
high sulfur loading of 10.0 mg cm− 2 (Fig. 4G). These indicate that the 
dense and fine pore structure and the PAAQ multifunctional interface 
layer can significantly limit the shuttle of Li2Sn and maintain the 
structural stability of the cathodes for a long time. Therefore, when the 
loading reaches a maximum of 20.2 mg cm− 2, the devices still reap a 
capacity retention rate of 58.3 % after 800 cycles. In order to compre
hensively compare our devices, we select five performance factors: 
cathode sulfur content, capacity damping per cycle, maximum number 
of cycles, number of cycles at a capacity retention rate of 80 %, and areal 
specific capacity to compare the work with others [35,48-54]. It is 
evident that our work exhibits the best overall performance or even the 
best single performance (Fig. 4H). Additionally, this work also addresses 
the aspects of large-scale production (Fig. S19). Besides, the cost of these 
foams presents a significant advantage for potential practical applica
tions (Table S4). 

Raman spectra hold a sensitive peak response to the sulfur conver
sion products during the charging/discharging process of LSBs. Thereby, 
we delved into the mechanism of PAAQ interface layer through in-situ 
Raman spectra at 0.5 C. Among them, Fig. 5A-C are a schematic dia
gram and spectra of the Raman response on the sulfur cathodes, while 
Fig. 5D-E are for the lithium anodes. Compared to the rGO-L, the Raman 
peaks of sulfur species corresponding to different stages of discharge in 
the rGO-LA devices exhibit higher intensities, such as the characteristic 
peaks of Li2S6 (396 cm− 1 and 519 cm− 1), Li2S4 (198 cm− 1, 245 cm− 1 and 
412 cm− 1), Li2S2 (453 cm− 1), and Li2S (366 cm− 1) [55]. Moreover, it is 
evident that the Raman peaks of the rGO-LA device hold a very small 
"tail", indicating that the redox mediator PAAQ can significantly 
enhance the conversion kinetics of sulfur. Relying on this, it is sufficient 
to reduce all sulfur species before entering the next reaction stage. In 
contrast, the soluble Li2Sn in the spectra of rGO-L shows long trailing 
peaks, indicating that its redox kinetics is not sufficient to drive all sulfur 
species. This has been well corroborated in the 7Li NMR spectra of sulfur 
species extracted through impregnation in the cathodes at different 
voltages (2.35 V, 2.25 V, and 2.10 V) (Fig. S20). With the decrease in 
potential, the increased electronegativity of terminal sulfur atoms in 
shorter-chain polysulfide anions enhances their deshielding effect on 
Li+, leading to an increase in chemical shift [56] the NMR signal peaks 
exhibit similar chemical shifts (− 1.18 ppm) and peak widths at 2.35 V. 
As the reaction progresses, they gradually reveal distinctions (− 1.02 
ppm vs. − 1.05 ppm) at 2.1 V. Simultaneously, the signal peak width of 
the rGO-L cathode significantly increases while that of the rGO-LA 
maintains a narrower width. This unequivocally validates the 
enhanced redox kinetics of the rGO-LA in the in-situ Raman spectra, 
consequently reducing the residual unreacted Li2S6. 

For the anodes, we expect to minimize the Li2Sn shuttle phenomenon 
as much as possible. Obviously, due to the strong lithium bond 
confinement, there are almost no characteristic peaks of the Li2Sn in the 
spectra of rGO-LA (Fig. 5E). The spectra of rGO-L expose obvious 
characteristic peaks of Li2S4 and Li2S6 (Fig. 5F). These shuttle soluble 
Li2Sn will form solid phase Li2S on the surface of the lithium anodes, 
violently affecting the electric field equilibrium of the lithium anodes 
and affecting the migration of lithium ions. 

Through XPS analysis of the lithium anode surface after cycling, the 
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elemental bonding information of the SEI film was obtained. In the Li 1 s 
spectra, due to the consistency of LiTFSI concentration, the Li-F bond 
strength can be used as a benchmark (Fig. 5G). The peak of the Li-O bond 
in rGO-L is significantly stronger than that in rGO-LA, indicating that the 
lithium anode surface of the rGO-LA devices exhibits superior oxidation 
resistance. This is because the PAAQ in rGO-LA desorbs a small amount 
of AAQ during the cycling process, forming a protective layer on the 
surface of the lithium anodes. Therefore, a lithium bond peak of AAQ 
complexing with Li appears in the Li 1 s spectrum. And there is an 
electron donating amino group on one side, so the binding energies of 
lithium bonds on both sides are also separated. The O 1 s spectra also 
prove it, as the C–O bond peak intensities on the two types of lithium 
anodes are relatively consistent, while the presence of AAQ significantly 
enhances the C = O peak of rGO-LA anodes (Fig. 5H). These small 
amount of electro-depolymerization products AAQ form an interface 
layer on the surface of the anodes. And the layer confines the Li2Sn that 
occasionally escaped from the rGO-LA, providing additional lithium 
deposition stability and excellent lithium accessibility for high loading 
cathodes. 

The comparison of the surface morphology of lithium anodes before 
and after cycling can verify the above protection mechanism (Fig. 5I-L). 
The surface of the fresh lithium sheet is smooth and flat (Fig. 5I). The 
Li2Sn that escaped the cathode confinement in rGO and rGO-L batteries 
results in uneven electric fields on the lithium surfaces. Consequently, 
after dozens of cycles, lithium dendrites fill the lithium surface (Fig. 5K, 
L). On the contrary, the lithium surface of the rGO-LA batteries is flat 
and almost devoid of dendrites, confirming the lithium deposition sta
bilization provided by AAQ (Fig. 5J). In an effort to quantitatively 
investigate the limitations of the microporous structure and the lithium 
bond adsorption of Li2Sn by the PAAQ, we conducted the EDS line 
scanning of sulfur elements on the cathodes after 50 cycles (Fig. 5M-P). 
It can be observed that the sulfur element distribution of the rGO 
cathode after cycling presents a "mountain peak" shape (Fig. 5P). This is 
because as the cycles increase, the soluble Li2Sn shuttles and migrates to 
the surface of the Li anodes, leading to a decrease in capacity and an 
imbalance in the Li anodes electric field. As well as the rGO-L cathodes, 
with its tightly interwoven graphene network structure, limit a portion 
of Li2Sn, but the effect is limited (Fig. 5O). Obviously, the rGO-LA 

Fig. 5. (A) Schematic diagram, and in-situ Raman response on the cathode of (B) rGO-LA@S//Li and (C) rGO-L@S//Li cells. (D) Schematic diagram, and in-situ 
Raman response on the anode of (E) rGO-LA@S//Li and (F) rGO-L@S//Li cells. XPS spectra of (G) Li 1 s and (H) O 1 s of the rGO-LA and rGO-L. (I) FESEM im
ages of the fresh Li anode. FESEM images of the Li anode of (J) rGO-LA@S//Li, (K) rGO-L@S//Li and (L) rGO@S//Li cells. (M) FESEM images and sulfur distribution 
of the fresh S cathode. FESEM images and sulfur distribution of the S cathode of (N) rGO-LA@S//Li, (O) rGO-L@S//Li and (P) rGO@S//Li cells. 
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cathodes exhibit the most uniform distribution of sulfur elements 
(Fig. 5N). This is attributed to that the lithium bond adsorption of the 
PAAQ provides molecular level confinements, making it difficult for 
even the Li2Sn on the near Li side to shuttle. This fully demonstrates that 
the rGO-LA sulfur host with small cavity physical confinement and 
lithium bond chemical confinement is an ideal carrier for stabilizing 
sulfur spatial distribution. 

3. Conclusions 

Inspired by pomegranate, this work combined bubble-template and 
flash-freezing ice-template to prepare a rGO foam with a dual-stage pore 
structure with high specific surface area and high conductivity. 
Furthermore, the redox mediator of PAAQ was electropolymerized onto 
it to obtain a sulfur host (rGO-LA) with strong confinement capability 
and in-situ conversion effect. The larger volume isosurfaces of density 
gradient obtained from IGM analysis and the refined sulfur deposition 
phenomenon in morphology analysis indicate the strong adsorption of 
sulfur by the rGO-LA. The narrower bandgap, lower conversion barrier, 
and additional intermediate states in the reaction path in DFT calcula
tions, combined with the characteristic peak responses of in-situ Raman 
spectra, demonstrate that the rGO-LA can improve the electron transfer 
and drive efficient in-situ conversion of sulfur species. The lower lithium 
deposition/stripping potential and flat lithium anode morphology 
demonstrate that a few of electro-depolymerization products AAQ can 
stabilize lithium deposition. Benefitting from the above merits, the 
assembled rGO-LA@S//Li batteries achieve a discharge capacity of 1214 
mAh g− 1 with a sulfur loading of 10.0 mg cm− 2 at 0.1C, as well as a low 
capacity damping of 0.03 % per cycle over 800 cycles at 0.5 C. And even 
at an ultra-high sulfur loading of 20.1 mg cm− 2, it can provide a superior 
surface capacity of 17.5 mAh cm− 2. This work emphasizes the excellent 
effect of the rGO foam composite the redox mediators with a dual-stage 
pore structure in enhancing the electrochemical activity of sulfur cath
ode. And this concept provides a new opportunity for the structural 
design of ultrahigh sulfur content cathode. 

4. Experimental section 

4.1. Preparation of the GO dispersion 

The method of preparation of GO dispersion was shown in the sup
porting information. 

4.2. Preparation of the rGO-L foam 

Firstly, 5 g of GO dispersion (~5.5 mg ml− 1) was added to 1 g of 
polyvinyl alcohol aqueous solution (PVA, 2 %, Chenqi Chemical Tech
nology Co., Ltd, Shanghai) and uniformly dispersed by ultrasonic. Next, 
the rGO macroporous bubble-template framework (rGOF) was obtained 
by spraying foam into the mold through a low-pressure foam nozzle, 
freeze-drying, and then intermittent vacuum microwave reduction for 5 
s. Then the frame was filled with GO dispersion through vacuum suction. 
After that, it was frozen by the liquid nitrogen, and whose complete 
freezing time was controlled to about 25 s. Then it was reduced by 
intermittent vacuum microwave for 10 s to obtain the dual-stage pore- 
structured rGO-L foam. For comparison, the rGO foam without the rGOF 
was prepared by slow freezing at the temperature of about − 20 ℃. 

4.3. Preparation of the rGO-LA foam by electro-polymerization 

An acetonitrile (CH3CN, Macklin Co., Ltd) solution containing 2 mM 
1-aminoanthraquinone (AAQ, Alfa Aesar), 0.2 M camphorsulfonic acid 
(Sinopharm Chemical Reagent Co.Ltd.) and 0.04 M tetraethyl ammo
nium tetrafluoroborate (Macklin Co., Ltd) was prepared. The rGO-L 
foam was immersed in the above solution for 2 h. And then the foam 
was used as the working electrode, Ag/Ag+ electrode (containing 

CH3CN solution with 0.01 M AgNO3) was used as the reference elec
trode, and the platinum plate was used as the counter electrode. The 
electro-polymerization was conducted at 0.8 V for 150 s. Subsequently, 
the rGO-LA was obtained after fully washing with the deionized water 
and freeze-drying. 

4.4. Loading of sulfur and assembly of the LSBs 

The sulfur loading adopted high-temperature melting sublimation 
method. Firstly, a certain amount (usually 120 % of the expectant 
loading mass) of sulfur powder (Macklin Co., Ltd) was evenly spread on 
the foams. Then the sulfur was melted at 155 ℃ in Ar atmosphere and 
uniformly dispersed in the rGO lamellae to obtain cathode foam. Af
terwards, the LSBs were assembled using the lithium sheets as the an
odes, the Celgard 2400 as the separators, and 0.5 M LiTFSI and 1 vol% 
lithium nitrate (LiNO3) dissolved in DOL/DME (1:1, V:V) solution as the 
electrolyte. The dosage of electrolyte was: when the sulfur loading was 
less than 15 mg cm− 2, the ratio of electrolyte/sulfur E: S was 10 µL mgS

− 1; 
When the sulfur loading exceeded 15 mg cm− 2, the electrolyte dosage 
remained at 150 µL. 

4.5. Characterization, theoretical calculation and electrochemical 
measurements 

The details of the characterization, theoretical calculation and elec
trochemical measurements were exhibited in the supporting 
information. 
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