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Abstract:  

A light-weight and free-standing graphene foam interlayer placed between sulfur 

cathode and separator is investigated to improve the electrochemical performance of 

lithium-sulfur batteries. The highly conductive and light-weight porous graphene foam 

not only increases the electron pathway of cathode, but also adsorbs the dissolved high-

order lithium polysulfides during cycles, thus the loss of active materials is greatly 

avoided with only minimum mass addition approximately 0.3 mg cm-2 on cathodic side. 

Additionally, the atomic layer deposition method is applied to deposit the zinc oxide 

nano-scale coating on graphene foam interlayer in order to chemically trap the 

polysulfides with minimized deterioration on conductivity of graphene foam. Among 

all the graphene foam, graphene foam@zinc oxide and graphene foam/graphene 

foam@zinc oxide interlayers, the graphene foam/graphene foam@zinc oxide exhibits 

the best electrochemical performance, delivering an initial specific capacity of 1051 

mAh g-1 at 0.5 C and retaining a reversible capacity of 672 mAh g-1 after 100 cycles, 

while the cell without interlayer only shows 346 mAh g-1. These results demonstrate 

the strategy of including a zinc oxide modified graphene foam interlayer as an effective 

light-weight interlayer for improving Li-S cell performance. 

Key words: Li-S battery; Graphene foam; Interlayer; Atomic layer deposition; ZnO 
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1. Introduction  

As one of the most attractive competitors versus lithium-ion battery (LIB), Li-S 

battery attracts much attention due to its high theoretical energy density of 2500 Wh kg-

1 [1] and specific capacity of 1672 mAh g-1 [2] that are about three times of those of 

LIB [3-5], plus other advantages for example the abundant existence of sulfur on earth 

and being environmental friendly element [5-8]. Therefore, Li-S battery holds great 

promises as an alternative for LIB in high power devices like electric vehicles (EV) and 

hybrid energy vehicles (HEV), which urgently seek for high capacity electric sources 

[9-11]. However, the insulation nature of elemental sulfur and lithium sulfides [12, 13], 

the large volumetric expansion of sulfur during lithiation [13, 14], and the dissolution 

of highly order lithium polysulfides intermediates, known as “shuttle effect” [15-20], 

still hinder it from large-scale practical applications, and they often result in the low 

utilization of the active material and severe capacity fading after cycles [21, 22]. 

Over the past decades, many approaches for addressing these performance-related 

problems have been extensively developed, and most of them focused on infiltration of 

sulfur into conductive porous host, including porous carbon materials [23-26] and 

conductive polymers [27-29]. These porous hosts not only provide enhanced 

conductivity for sulfur, but also suppress the diffusion of dissolved polysulfides. 

Besides, some metal oxides have also been employed to further absorb the polysulfides 

by acting as chemical absorption sites [7, 13, 18, 30, 31]. However, the fabrication 

processes of these composites are usually complicated [32, 33], meanwhile the 



5 

 

introduction of other materials also decreases the gravimetric sulfur loading of cathode 

[34]. Consequently, the gravimetric specific capacity of the whole battery is still not 

satisfactory. 

To explore a feasible approach that promotes the performance of Li-S battery without 

decreasing sulfur loading, one strategy focusing on capturing the polysulfides outside 

the cathode shows great promises [35]. The multiwall carbon nanotube paper (MWCNT 

paper) [36] and microporous carbon paper (MCP) [35] are firstly applied as the 

bifunctional interlayer between separator and cathode, which not only decrease the 

internal charge transfer resistance but also localize the soluble polysulfides. Following 

this idea, other materials have been applied as interlayer, including pure nickel foam 

[37], carbonized paper [38, 39], microporous carbon black [35, 40, 41], carbon 

nanofibers/nanotubes [10, 36, 42], conductive polymers [43] and so on. These 

interlayers can effectively immobilize and recycle the dissolved polysulfides, thus 

moderate the shuttle effect and improve the electrochemical performance of Li-S 

batteries [44]. Nevertheless, the application of this configuration significantly increases 

both the thickness and weight of cathode, as these interlayers are usually about dozens 

to hundreds micrometers in thickness and dozens milligram per square centimeter in 

density [33, 37, 38, 42, 45], which are close to those of a common sulfur-containing 

cathode. Consequently, it undermines the overall energy density and offsets the gains 

in battery performance [46]. Therefore, it is essential to develop a polysulfide-blocking 

interlayer without much mass and volume addition. 
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Recent studies have been reported that metal oxides can be effective polysulfides-

trappers [47] , including α-Fe2O3 [7], MnO2 [18, 30, 48], TiO2 [13, 14], Al2O3 [6] and 

ZnO [45, 49, 50]. Among them, ZnO shows strong chemical confining effect of 

polysulfides due to the Li-O interaction, and its binding energy for Li2S8 is one of the 

highest values among other metal composites [45, 51]. Besides, ZnO has also attracted 

great attention due to its relative stability, low cost and environmental friendliness [50]. 

However, these metal oxides are usually electrically insulating, it is essential to 

minimize their loadings in order to avoid the increase of impedance and the decline in 

the overall gravimetric capacity and energy density [52]. Therefore, it is desirable to 

effectively enhance the conductivity while keeping the abilities of trapping the 

polysulfides. With such a target in mind, we propose to incorporate graphene with metal 

oxides. Graphene, since its experimental discovery in 2004, has already been foreseen 

as an important future technology. This carbon monolayer exhibits superior electrical 

conductivity, high specific surface area and good structural stability, which has been 

widely used to ameliorate the challenges of the Li-S system [53, 54]. 

Herein, a free-standing graphene foam (GF) interlayer has been applied as an 

interlayer between S-C cathode and separator. The highly conductive light-weight 

graphene foam not only provides effective remission for electrode polarization, but also 

keeps the weight addition to be less than 5 wt. %, thus minimizing the decrease of whole 

energy density. To further enhance its polysulfide-blocking ability, the atomic layer 

deposition (ALD) method is used to deposit a nanoscale ZnO coating on GF interlayer 
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(GF@ZnO) in order to minimize the deterioration on conductivity [16, 52]. With this 

modified separator, a sulfur cathode prepared by commercial elemental sulfur with 60 

wt. % sulfur loading, reveals a high initial reversible capacity of 1051 mAh g-1 at 0.5 C, 

with a cycle decay value of 0.36% per cycle. These fundamental studies suggest that 

this light-weight free-standing graphene foam interlayer has potential for next 

generation high performance lithium−sulfur batteries. 

2. Experimental section 

Synthesis of GF 

Nickel foams (Liyuan Novel Materials from Changde (China), ~ 320 g m-2 in area 

density and ∼ 1 mm in thickness) were used as three-dimensional (3D) scaffold 

templates for the chemical vapour deposition (CVD) growth of GF [55]. Typically, 

35×35 mm2 of nickel foam pieces were firstly rolled to 0.3 mm thickness and heated to 

1000 °C at 10 °C min-1 under a mixed flow of Ar (1000 s.c.c.m) and H2 (500 s.c.c.m) 

in a tube furnace, and annealed for 5 min. Then a CH4 flow of 50 s.c.c.m was introduced 

into the reaction tube. After 5 min of reaction-gas mixture flow, the CH4 was turned off 

and samples were rapidly cooled down to room temperature at a rate of ~ 100 °C min-

1. Then the samples were etched by a 3 M HCl solution at 80 °C for 3h and subsequently 

washed by deionized water to completely remove the nickel foam template. The 

obtained graphene foams (GFs) were dried under vacuum at 60 °C for 12 h. A typical 

area density of GF is ~ 0.15 mg cm-2. 
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Atomic layer deposition (ALD) of ZnO on GF 

The dry GF was placed into an atomic layer deposition system (MNT Micro 

&nanotech f-200) for ZnO deposition. High-purity nitrogen at 200 °C was used as a 

carrier gas for the whole process. To preserve the high conductivity of GF as much as 

possible, only 20 cycles of ALD were performed. Each cycle includes alternating flows 

of water (20 ms, oxidant) and diethyl zinc (20 ms, 99.999 %, Zn precursor) separated 

by flows of pure nitrogen gas (20 s and 20 s, respectively, carrier and cleaning gas). The 

thickness of deposited ZnO flakes on GF surfaces was estimated to be 3.7 nm according 

to a control sample of 150 cycles, 27.28 ± 0.035 nm thickness deposited on a silicon 

wafer, measured by ellipsometry (Table S1, Fig. S1). The as-obtained material was 

denoted as GF@ZnO. 

 

Electrode preparation 

A S-C electrode was fabricated by mixing 60 wt% sulfur with 30 wt% conductive 

carbon black (super-P) as a conducting agent and 10 wt% poly(vinylidene fluoride) 

(PVDF) as a binder in the N-methyl-2-pyrrolidone (NMP). The slurry was magnetic 

stirred for 24 h to achieve greater homogeneity. After stirring, the slurry was coated on 

an aluminum foil current collector with the thickness of 20 μm by a rolling machine, 

followed by a vacuum desiccation at 60 °C for 12 h. The coated electrodes were cut 
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into discs of diameter 13 mm. A typical mass loading of the active materials was ~ 1.5 

mg cm-2. 

 

Materials characterization 

The morphologies and elemental mapping of the GF and GF/GF@ZnO interlayers 

were observed using a scanning electron microscope (SEM, JEOL JSM-6510) and an 

energy dispersive X-ray spectrometer (EDS, PENTA FET Precision). The defect 

density and layer number of GF and GF@ZnO were estimated by Raman spectroscopy 

(Jobin YvonXploRA, HORIBA Scientific), excited by 532 nm laser. The ZnO atomic 

layer coating was characterized by using X-ray photoelectron spectroscopy (XPS, 

ESCALAB 250Xi, Thermo scientific) with Al Kα X-ray source. 

 

Electrochemical measurements 

The S-C electrode and interlayer were tested in two-electrode 2032 coin-type cells 

using Li foil as counter electrodes. The cells were assembled in an argon-filled glove 

box. The electrolyte was 1.0 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in 

dioxolane (DOL) and dimethoxyethane (DME) (1:1 by volume) with a 1.0 wt% (0.18 

M) LiNO3 additive (H2O < 5 ppm). The GF (or GF@ZnO, or GF/GF@ZnO) interlayers 

were placed between the Celgard 2400 separator and S-C electrode working electrode, 

with the GF@ZnO side (when GF/GF@ZnO was applied) facing towards the lithium 
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counter electrode. Cyclic voltammetry (CV) was conducted at a scan rate of 0.1 mV s-

1 in a voltage range of 1.5-3.0 V using Autolab PGSTAT302N electrochemical 

workstation. The electrochemical impedance spectroscopy (EIS) measurements were 

also carried out on the same workstation with an amplitude of 5 mV and a frequency 

range of 0.01Hz~100 kHz. Galvanostatic charge/discharge tests were performed in the 

potential range of 1.5-3.0 V at 25 °C with the Neware CT-4008 battery-testing system. 

3. Results and discussion  

Scheme 1 shows the configuration of the cell with GF-based interlayer. The interlayer 

is placed between a commercial separator and the S-C cathode, and the insert shows an 

image of the free-standing nature of as-prepared GF interlayer. To further enhance the 

polysulfides-blocking ability of the interlayer, we fabricated the ZnO modified GF 

(GF@ZnO) via ALD and overlapped it with pristine GF, which was denoted as 

GF/GF@ZnO. Different interlayers for example GF, 2GF (double-layered GF), 

GF@ZnO and GF/GF@ZnO were tested to show their effects on the electrochemical 

performance of S-C cathode. Specifically, the GF/GF@ZnO interlayer was inserted 

with the GF side towards cathode. 

 



11 

 

 

Scheme 1. A Li-S battery incorporated with a GF-based interlayer, with an insert 

showing a free-standing GF interlayer. The scale bar is 10 mm. 

 

The structure and morphology characterizations of GF and GF@ZnO are shown in 

Fig. 1. The as-prepared GF and GF@ZnO show two prominent peaks at 1580 and 2718 

cm-1 in Raman spectra (Fig.1a), corresponding to the G band and 2D band, respectively 

[56-58]. The low intensity band at 2445 cm-1 is the G* band [59]. Based on the integral 

intensity ratio of G band to 2D band (IG/I2D = 0.59) and the full width at half maximum 

(FWHM) of 2D, the graphene layers of GF are estimated to be 3~4 layers [59, 60] (see 

Table S2). In addition, the strongly suppressed defect-related D band (~1350 cm-1) 

indicates overall high quality of the graphene in GF [55]. Due to the trace content of 

the ZnO, there was no obvious ZnO band in the Raman spectra (before 500 cm-1), but 

the existence of ZnO is demonstrated by Zn 2p peak in XPS spectra (Fig. 1b), with an 

atomic percent of 0.79 % by XPS measurement. The GF perfectly inherits the 

interconnected 3D scaffold structure of the nickel foam template, and all the graphene 

sheets in the GF form hollow triangular prisms with a width of ~ 80 μm, as shown in 
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SEM images (Fig. 1c and the insert). The macroscale pores and interior hollow space 

encircled by few-layer GF sheets not only lead to rapid ionic transportation but also 

facilitate high electron conductivity, thus potentially reducing the polarization for the 

S-C electrode. To visualize the morphology of the deposited ZnO, the GF@ZnO was 

examined under high-resolution TEM (HRTEM), as shown in Fig. 1d. The deposited 

ZnO exhibits scattered nano-flakes morphology on the GF surface. This is likely 

resulting from the hydrophobic feature of the graphene surface in which no continuous 

nucleation sites are available to form ZnO. The HRTEM image of GF@ZnO (Fig.1e) 

is denoted with clear crystal lattice fringes with d-spacing of the (002) plane of the ZnO. 

The insert shows the layer structure of graphene edge with the fringe separation of 0.36 

nm, in a good agreement with previous reported graphene structure [58].  
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Fig. 1. (a) The Raman spectra of GF and GF@ZnO. (b) High resolution C 1s and Zn 

2p XPS spectra of GF@ZnO. (c) SEM image of GF. The insert shows the fractured 

graphene triangular prism and its hollow interior space. (d) TEM image of the as-

prepared GF@ZnO. (e) The HRTEM of GF@ZnO denoted with crystal lattice fringes 

with d-spacing of the (002) plane of the ZnO. The insert shows the layer structure of 

graphene edge. 

 

Fig. 2 shows the cyclic voltammetry of S-C cell and cells with GF-based interlayers 

of the initial five cycles within a cutoff voltage window of 1.5-3.0 V at a scan rate of 

0.1 mV s-1. A double-layer GF (2GF) interlayer is applied here for a more accurate 
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comparative evaluation with GF/GF@ZnO double-layer interlayer. During the initial 

cycle, the cell without interlayer exhibits two broad cathodic peaks at around 1.75 and 

1.85 V, which are related to the redox state from elemental sulfur to high-order 

polysulfides and further reduction to Li2S2/Li2S, respectively [46]. The one broad 

anodic peak at around 2.58 V corresponds to the conversion of Li2S2/Li2S to high-order 

polysulfides and elemental sulfur [37]. The shifts in the anodic peaks between the initial 

and following cycles are possibly due to the migration of the active sulfur to more 

electrochemically stable sites [22, 33, 46]. During the following cycles, the anodic 

peaks gradually shift to a lower potential, indicating the instability of pristine S-C 

electrode during cycling. Meanwhile, the CV curves of cell with 2GF interlayer show 

similar shapes, but the anodic peak width becomes much narrower (shrinking from 0.61 

V to 0.35 V) and higher than that of S-C cell (from ~1.1 A g-1 to ~1.5 A g-1), indicating 

that the redox reaction takes place easier in cell with 2GF interlayer. The cathodic peaks 

shift to higher potentials at 1.99 and 2.29 V respectively, and display narrower peak 

widths compared to those of S-C cells, suggesting the cell with 2GF interlayer has less 

polarization and higher conductivity than the pristine S-C cell. Except for the initial 

cycle, the CV curves of the cell with 2GF interlayer overlap without obvious shift in 

peak location, demonstrating the good cycling stability and reaction reversibility of this 

Li-S cell. The cells with GF@ZnO and GF/GF@ZnO interlayers (Figs. 2c and 2d) 

exhibit similar CV profiles in Fig. 2b, but possess more intense anodic peaks (1.6-2.0 

A g-1)). Meanwhile the redox peaks in these two cells reveal less shifting from the 

second cycling. These variations can be ascribed to the higher sulfur utilization 
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efficiency brought by the ZnO layer.  

 

  

  

Fig. 2. Cyclic voltammetry profiles of the initial five cycles of the S-C cell and cells 

with 2GF, GF@ZnO and GF/GF@ZnO interlayers, respectively. 

 

The initial galvanostatic charge/discharge behaviors of different Li–S batteries 

evaluated at a current density of 0.5 C are shown in Fig. 3a. Two discharge plateaus and 

one charge plateau can be observed for all the cells, which are consistent with the CV 

plots. For pristine S-C cathode cell, it delivers an initial specific capacity of 595 mAh g-

1), corresponding 35.5 % of the theoretical capacity (1675 mAh g-1). On the other hand, 

cells with different interlayers exhibit higher specific capacity and longer 
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charge/discharge plateaus, indicating that the GF-based interlayers can effectively 

improve the sulfur utilization. The meliorated specific capacity surges to 735, 805, and 

1051 mAh g-1 with the application of 2GF, GF@ZnO and GF/GF@ZnO interlayers, 

respectively. In particular, the cell with GF/GF@ZnO interlayer has the longest plateaus, 

with the lowest voltage hysteresis (ΔE4) of 233 mV (vs ΔE1 =326 mV for S-C, ΔE2 =237 

mV for 2GF and ΔE3 =235mV for GF@ZnO) at 0.5 C, which suggests a more 

kinetically favored electrochemical redox reaction process and low internal resistance 

in the cell with GF/GF@ZnO interlayer [61, 62]. In addition, the capacities for high 

voltage plateau and low voltage plateau follow the order of C1>C2>C3>C4, confirming 

the same order of the abilities for sulfur utilization when using different interlayers in 

the cells. 
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Fig. 3. The initial galvanostatic charge-discharge profiles of S-C cell and cells with 2GF, 

GF@ZnO and GF/GF@ZnO interlayers at 0.5 C.  

 

Fig.4a presents the cyclic performance of the cells with different interlayers 

measured at a galvanostatic charge/discharge current of 0.5 C and 0.5 C between 1.5 

and 3 V. At current density of 0.5 C, the cell with pristine S-C cathode exhibits a low 

initial specific capacity of 681 mAh g-1, taking up only 40.6 % of the theoretical value. 

After 100 cycles, it drops to 326 mAh g-1, with a capacity degradation of 0.52 % per 

cycle. In contrast, the cells with 2GF and GF@ZnO interlayers show higher initial 

capacities of 735 and 805 mAh g-1, retaining a capacity of 386 and 595 mAh g-1 after 

100 cycles, with a relatively lower capacity decay of 0.47 % and 0.26 % per cycle. A 

control experiment showed that different ALD cycles (20, 60 and 80 cycles) do not 

influence the capacity performance remarkably (Fig. S2), so a minimum cycle (20) was 

selected for all the following experiments in this study. The GF/GF@ZnO interlayer 

delivers an improved initial capacity of 1051 mAh g-1 and a stable residual capacity of 

672 mAh g-1 after 100 cycles, with a capacity decay of 0.36 % per cycle. The enhanced 

initial and residual specific capacity of the GF/GF@ZnO interlayer modified Li-S 

battery can be ascribed to the doubled area density of GF interlayer, which reduces the 

chance of polysulfides escaping through the macro-pores in GF interlayer. Another 

contribution to enhance the specific capacity is probably related to the chemically 

trapping the polysulfides by the ZnO coating. The interlayer with reverse orientation 

(namely the GF@ZnO side towards the cathode) was also tested, the GF@ZnO/GF 
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shows cycling capacity very close to that of GF/GF@ZnO, with slightly lower 

Coulombic efficiency during the first 50 cycles (as shown in Fig. S3). The negligible 

difference between these two kinds of cells reveals that the hundred micron-scale 

porosity of the GF provides sufficient space for the out-layer GF to get contact with the 

cathode surface, therefore both layers are functioning in either situations. For the 

consistency of data, only the cell of GF/GF@ZnO will be discussed in the following 

section. We also tested the triple-layer GF/GF/GF@ZnO interlayer to check the effect 

of increasing the interlayer thickness onthe improvement of the capacity performance. 

However, compared with the GF/GF@ZnO cell, it seems that the additional GF layer 

decreases the specific capacity performance of the sulfur cathode. Not only the initial 

capacity drops from ~1050 to ~700 mAh g-1, the capacity after 50 cycles of the 

GF/GF/GF@ZnO is also 100 mAh g-1 less than the GF/GF@ZnO one. Hence, the bi-

layer GF/GF@ZnO is proved to be the optimum interlayer structure. Although the 

additional GF might provide more polysulfide-trapping sites, it hinders the transmission 

of Li ion from anode side to cathode, and this drawback cannot be compensated by the 

advantage from thickness increase, which synthetically results in capacity shrinkage. 

To emphasize the negligible mass addition of the interlayer, the cycling specific 

capacity performance based on the mass of cathode materials (including super-P, binder 

and interlayer) is shown in Fig. 4b, in which the cells with GF@ZnO and GF/GF@ZnO 

interlayers still show enhanced specific capacities. This proves the lightness of the GF-

based interlayers can effectively improve the cell without impairing the overall specific 

capacity. 
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The high rate capabilities of the cells with different interlayers are shown in Fig. 4c. 

It is clearly seen that with the gradually growing of current rate, the specific capacity 

of the cells with GF-based interlayers is much higher than that of cell without interlayer 

at the same rate. Among all cells, the cell with GF/GF@ZnO interlayer presents the 

highest initial discharge capacity of 1013 mAh g-1 at 0.2 C. When the current rate 

gradually increases from 0.2 to 0.5, 1 and 2 C after every 10 cycles, the cell with 

GF/GF@ZnO delivers high and stable discharge capacities of 914, 721, 613 and 518 

mAh g-1, respectively. After the rate reverts to 0.5 C, the capacity recovers to 688 

mAh g-1, demonstrating excellent stability and reversibility of the Li-S cell with the 

GF/GF@ZnO interlayer. 

To further evaluate the improvement of different GF-based interlayers on 

electrochemical performance, the electrochemical impedance spectroscopy 

measurements were conducted on fresh cell of S-C cathode and cells with different GF-

based interlayers, and the corresponding Nyquist plots and equivalent circuits are 

shown in Fig.4d and 4e. In the Nyquist plots, the diameter of the depressed semicircle 

in the high-to-medium frequency region corresponds to charge-transfer resistance (Rct), 

while the sloping line in the low-frequency region is assigned to Warburg impedance 

(Wo), which reflects the diffusion process of the polysulfides [33, 41, 63, 64]. The sum 

of Re, Rct and Rst is calculated as the total resistance of the cell (Rtotal) [40]. According 

to the fitted results (Table 1), the most prominent difference between these two cells is 

the shrinkage in Rct values after interlayers inserting. This amelioration should be 
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ascribed to the highly conductive few-layer graphene foam that acts as the secondary 

current collector, which greatly facilitates the redox of dissolved polysulfides. The low 

Rct values of cells with interlayers indicate the highest efficiency interlayers in 

reutilizing polysulfides. It is noticeable that an additional semicircle in high-frequency 

region appeals in the Nyquist plot of the cell with interlayers, which corresponds to the 

interface resistance (Rst) [44, 61]. This is probably caused by the additional thickness 

brought by the interlayer [41, 65]. The low Rtotal value of the cell with GF/GF@ZnO 

interlayer is another evidence of the remarkable effect of this double-layer interlayer on 

reducing the internal resistance. 
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Fig.4. Electrochemical performance of Li-S cells with different interlayers: (a) cyclic 

test performance of cells with different interlayers measured at 0.5 C and (b) the 

corresponding cycling specific capacity based on cathode and interlayer mass. (c) Rate 

performance and (d) electrochemical impedance spectra of cells with different 

interlayers before cycling; and (e) the corresponding equivalent circuit: (i) pristine Li-

S battery and (ii) cells with different interlayers. 

 

Table 1. The fitting results of Re, Rct, Rst and Rtotal values of cells with 2GF, GF@ZnO 
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and GF/GF@ZnO interlayer and without interlayer. 

 Re (Ω) Rct (Ω) Rst (Ω) Rtotal (Ω) 

Cell without interlayer 3.9 110 - 113.9 

Cell with GF/GF@ZnO interlayer 4.3 14.0 20.2 38.5 

Cell with 2GF interlayer 2.2 27.9 17.2 47.3 

Cell with GF@ZnO interlayer 1.5 6.1 28.4 36.0 

 

  

Fig.5. (a) Scheme of the cell with an isolated interlayer. (b) The cyclic discharge 

specific capacity performance of the cell with GF@ZnO interlayer, isolated GF@ZnO 

interlayer and pristine cathode at 0.5 C.  

 

To highlight the importance of the interlayer in trapping the polysulfides, a control 

experiment was conducted where the GF@ZnO interlayer was placed in the cell but 

electronically isolated, as shown in Fig. 5(a). An extra separator was used to avoid the 

contact between sulfur cathode and interlayer. Compared with the cell with the 

GF@ZnO interlayer, the cell with isolated separator shows impaired specific capacity. 
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After 100 cycles at 0.5 C, it drops to 382 mAh g-1, which is much lower than the 595 

mAh g-1 of the GF@ZnO cell and is close to that of the pristine Li-S cell (340 mAh g-

1). Due to the extra separation between sulfur cathode and interlayer, the GF@ZnO is 

electronically isolated and the trapped polysulfides on the interlayer cannot be utilized 

during the following cycles, resulting in fast capacity degrading. During the initial 50 

cycles, the cell with isolated interlayer exhibited higher capacity than pristine cell, 

which could be attributed to the suppressed passivation layer on the Li anode surface 

[66].  

 

 

Fig.6. (a) SEM image of the GF/GF@ZnO interlayer after 100 cycles at 0.5 C; (b) 

corresponding EDS carbon elemental mapping and (c) corresponding EDS sulfur 

elemental mapping.  

 

The SEM image and the elemental mapping of C and S for the GF/GF@ZnO 

interlayer surface towards the cathode confirm the entrapment of active material. After 
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100 cycles at 0.5 C, the GF/GF@ZnO interlayer is taken out from the disassembled cell 

and characterized by SEM and EDS mapping, as shown in Fig. 6. The SEM image 

reveals an intact structure of this GF-based interlayer with no prominent damage, 

suggesting its high mechanical tolerance for volumetric variation of sulfur cathode 

during cycling. In addition, the elemental mapping shows that carbon and sulfur signals 

distribute evenly on the side towards cathode without any evident agglomeration of 

active sulfur. The Ni foam-templated GF shows hierarchical porosity with a rather high 

proportion of micropores agreed well with a literature [67], which is valuable in 

reserving polysulfides. This mapping result confirms the function of GF/GF@ZnO 

interlayer as a co-current collector and recycler of the dissolved polysulfides species. 

Meanwhile, EDS mapping of the GF@ZnO side towards the separator was also 

conducted and it shows similar morphology with the GF side (Fig. S5.). However, it 

has stronger sulfur signal than that of GF side, proving the polysulfides trapping ability 

brought by the ZnO. A comparison of EDS quantitative measurement between the 

cycled single-layer GF and GF@ZnO also confirms the role of ZnO as the polysulfide 

trapper (Fig. S6).   

To identify the standing of this work among published results, a comparison (as 

shown in Table 2) is made of electrochemical performance between the current work 

and the cells with carbon-based and other interlayers. A parameter called “cycled 

capacity increment efficiency (A∙h∙cm2 g-2)” is introduced here to evaluate the 

interlayers’ ability to improve capacity performance by density after cycling. The 
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cycled capacity increment efficiency (Δc) is calculated as follows:  

𝛥𝑐 =
𝐶𝑖𝑛𝑡𝑒𝑟𝑙𝑎𝑦𝑒𝑟 − 𝐶𝑏𝑎𝑟𝑒

𝜌𝑖𝑛𝑡𝑒𝑟𝑙𝑎𝑦𝑒𝑟
 

Where 𝐶𝑖𝑛𝑡𝑒𝑟𝑙𝑎𝑦𝑒𝑟  represents the specific capacity of cell with interlayer after 

certain cycles, and 𝐶𝑏𝑎𝑟𝑒 is the specific capacity of the same cell without interlayer 

after the same cycles. The parameter interlayer is the density of interlayer, and here the 

areal density is adopted for the convenience of measurement. This Δc parameter is 

important to evaluate the comprehensive effect of interlayer on sulfur cathode, 

especially the degree of interlayer to “dilute” the capacity density of cathode. In this 

case, the effect of the additional mass of interlayer on the capacity density of cathode 

should be also considered. The higher the Δc is, the more effective an interlayer can be. 

Compared with all the other interlayers for Li-S batteries, the optimal GF/GF@ZnO 

interlayer shows a higher Δc value (1090 Ahcm2 g-2) than most other interlayers, such 

as Fe3C/carbon nanofiber [42], MnO2@graphene [68], activated carbon nanofiber [10], 

and super-P [69]. Although the Nafion/super-P [41] shows a higher Δc value, the 

GF/GF@ZnO presents a much higher initial discharge capacity and residual capacity 

after cycles at the same current rate, compensating the overall capacity performance. 

 

Table 2. Comparison of electrochemical performance of Li-S batteries with different 

interlayers and corresponding Δc parameters. 

Interlayer Current rate Cycle Initial Residual Interlayer Cycled capacity Ref. 
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materials (mA g-1) numbers discharge 

capacity 

(mAh g-1) 

reversible 

capacity 

(mAh g-1) 

areal 

density 

(mg cm-2) 

increment 

efficiency Δc 

(Ahcm2 g-2) 

Activated 

carboncloth 

@Al2O3 

220 40 ~1150 766 7.89 69.1 [16] 

Fe3C/carbon 

nanofiber 

200 100 1177 893 2.26 218.1 [42] 

Nafion/super-P 837 250 863 430 0.15 1666.6 [41] 

Polypyrrole 

nanotube film 

335 200 ~1340 890 1.0 603 [70] 

Polypyrrole 335 100 719 ~850 0.3 833.3 [43] 

MnO2@graphene 837 100 1395 600 0.8 625 [68] 

Activated carbon 

nanofiber 

Not given 100 ~1200 897 1.0 851 [10] 

Super-P 167.5 50 ~990 ~800 1.0-1.5 200-266.7 [69] 

GF/GF@ZnO 837 100 1051 672 0.3 1090 

This 

work 
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4. Conclusion 

In this work, the light-weight and free-standing GF-based interlayers are synthesized 

by a facile CVD process and modified by a thin layer of ZnO using ALD method. Being 

used as the interlayers between sulfur cathode and the separator, the GF-based 

interlayers prove their effectiveness in serving as an electron high-way and entrapping 

the dissolved polysulfides. The GF/GF@ZnO interlayer shows the best amelioration 

for Li-S batteries, with an initial specific capacity of 1051 mAh g-1 and a revertible 

capacity of 672 mAh g-1 at 0.5 C for 100 cycles. Remarkably, the mass addition of this 

interlayer on the total cathode is less than 5 wt. %. This work highlights that the GF-

based interlayers are suitable to improve capacity and cycling performance of Li-S 

batteries without undermining their overall energy density. 
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