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Abstract 

For aqueous rechargeable lithium battery (ARLB), excellent cycling stability at elevated 

temperature is highly desirable in its application of electric vehicles (EVs). However, most state-

of-art ARLBs show poor durability under high-temperature operation. Herein, we demonstrate a 

facile coating approach that can construct a thin acrylonitrile copolymer (ANC)/graphene skin on 

the top-surface of the LiMn2O4 (LMO) cathode in a rechargeable hybrid aqueous lithium battery 

(ReHAB). Featuring the continuous coverage and the facile electron transport, the 

ANC/graphene skinned cathode shows a capacity retention of 61% after 300 cycles at 60 °C, two 

times larger than the battery without the skin. In the cathode, ANC helps to suppress unwanted 

interfacial side reactions, and graphene renders a robust ion diffusion framework. Quantitative 

analysis of Mn suggests that the ANC/graphene skin can greatly suppress dissolution of Mn from 

the LMO into the aqueous electrolyte, while maintaining the charge transfer kinetics. The 

polymer-based nanocomposite skin on small (1.15 mAh cell) and large (7 mAh cell) cathodes 

show similar electrochemical improvement, indicting good scale-up potentials. 

 
1. Introduction  
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Compared with other commonly used batteries, lithium-ion batteries (LiBs) are featured by 

high energy and power density, and thus have been successfully applied in electronic vehicles 

(EVs).[1, 2] However, the relatively high operating temperature (up to 60°C) of cells in EVs will 

lead to the decomposition of organic electrolyte, produce combustible gas and therefore pose 

potential security risks.[1] To tackle this problem at their root, the aqueous rechargeable lithium 

battery (ARLB) was first proposed in 1994,[3] and has drawn significant attentions.[4-7] 

Recently, spinel LiMn2O4 (LMO) has demonstrated promising potentials as a cathode material 

for ARLBs. Stems from its three-dimensional Li+ diffusion channels, LMO based ARLB can 

deliver more power in comparison with LiFePO4, LiCoO2 and LiNi1/3Co1/3Mn1/3O2.[8-10] The 

serious capacity fading of the LMO-based ARLBs at high temperatures (50-60°C), however, still 

significantly limits their practical applications in EVs. Such capacity fading is mainly owing to 

the accelerated manganese dissolution from cathode into the aqueous electrolyte. 

Extensive studies have been conducted to suppress Mn dissolution to improve long-term 

stability of the LMO-based ARLB systems. One method to overcome this issue is surface 

modification using inorganic metal oxides, such as SiO2,[11] MgO,[12] ZnO,[13, 14] ZrO2,[15] 

and Co-Al mixed metal oxide,[16] most of which focus on restriction of the side reactions 

between the LMO and the aqueous electrolyte. Since there is insufficient contact between the 

adjacent LMO particles, the inorganic compounds cannot cover the entire electrode surface.[17] 

Moreover, they are often electrochemically inert, and their negligible capacities deteriorate the 

overall gravimetric capacity of the batteries, leading to the significantly reduced energy density.  

Li+ penetrable acrylonitrile copolymer (ANC) coating in the Li-S batteries has been recently 

shown as a promising method of suppression of the interfacial side reactions of the LMO 

particles that can enhance the cycle life.[18] Inspired by the successful application of ANC in the 
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Li-S systems, here we report a facile and fully scalable method to coat the surface of the LMO 

particles with ANC. A sub-micron ANC/graphene skin layer is coated on the top-surface of the 

LMO cathode, and is tested in a rechargeable hybrid aqueous lithium battery (ReHAB).[19-21] 

The coating method is based on an air-spraying system that can control the thickness (200 nm to 

1µm) of the skin layer on a given surface area (1 cm2 to 1 m2). Battery testing under 60 °C shows 

that the ANC/graphene skinned cathode (300 nm in thickness) shows a capacity of 61% after 300 

cycles, which is superior than the most reported values in the literature for the LMO-based 

cathode at elevated temperature. More notably, such hybrid skin on a large (~ 9 cm2 in 7 mAh 

cell) cathode also showed high capacity retention (51.3% compared to initial capacity) after 500 

cycles under 60°C, 120% higher compared to the pristine cathode (23.4% of the initial capacity). 

We hypothesize that in such hybrid skin, ANC suppresses the unwanted interfacial side reactions 

while graphene renders a robust ion diffusion framework. Extensive impedance analysis and 

quantitatively evaluation of Mn content on the LMO surface are employed to study the key roles 

of the ANC/graphene skin. 

2. Experimental 

X-ray diffraction (XRD) was conducted using a Bruker D8-Disc x-ray diffractometer with a 

wavelength of 1.54 Å and Cu X-ray Tube.  SEM was conducted in a Philips XL30 ESEM. The 

dissolved Mn in the liquid electrolyte was quantitatively monitored along with cycle number and 

storage time using inductively coupled plasma optical emission spectroscopy (ICP-OES, 

OPTIMA 7300 DV, PerkinElmer). Depth profiles were obtained employing a TOF-SIMS 5 

spectrometer (IonTof), which was conducted at a pressure of ∼1 × 10−9 mbar. A pulsed 25 keV 

Bi+ primary ion source was used for analysis, delivering 1.8 pA of current over a 100 µm × 100 
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µm area. Sputtering was done using a 2 keV Cs+ beam giving a 100 nA target current over a 250 

µm × 250 µm area. 

Cathodes were created by casting a slurry of LiMn2O4 powder, KS6 graphite powder, and 

polyvinylidene fluoride in n-methyl-2-pyrrolidinone onto polyethylene film and air drying at 

reduced pressure at 60 degrees Celsius for 24 hours. These cathodes were spray coated using the 

Wagner FLEXiO 590 Sprayer. A solution of 1 mg/mL graphene flakes, suspended in 11.7 % 

w/w solution of ANC aqueous binder, was spray coated directly onto the cathode. Spray times of 

2 seconds, 5 seconds, and 10 seconds were used, and distance from nozzle to cathode was varied 

between approximately 15 cm, 30 cm, and 60 cm. The result was nine different samples, as well 

as a blank sample, to evaluate under float charge testing. 

ReHABs (coin cell) were assembled to test battery performance. Disks were cut from the 

cathode with a diameter of 12 mm. Metallic zinc plates of the same diameter were used as the 

anode, and AGM (Absorbed Glass Mat) was used as a separator. The electrolyte used was a 

solution of 2M ZnSO4, 1M Li2SO4, dissolved in DI water and titrated to pH 4 using 0.1M LiOH. 

Similarly, 7 mAh big cells were assembled employing 5 cm × 5 cm stainless-steel sheet as 

external shells and thermal conductive rubber as spacer. The area of cathode and anode is 2 cm × 

2 cm and 4 cm × 4 cm, respectively. Cyclic voltammetry (CV) was performed on a Biologic-

VMP3 electrochemical workstation. Electrochemical impedance spectroscopy (EIS) was 

conducted on CHI 660D electrochemical workstation, using Pt, Ag/AgCl and 1M Li2SO4/2M 

ZnSO4 as counter electrode, reference electrolyte and electrolyte, respectively. Charge-discharge 

cycling test was performed at room temperature and 60°C, using a Neware battery tester at 4C (1 

C=120 mA g-1) between 1.4 and 2.1 V. Rate capability test was performed under 1C to 10C. 

Float charge tests were conducted by charging the cell to 2.1 V and holding it for 24 hours. To 
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measure the ionic conductivity, the skin (4 cm2) was sandwiched between two stainless-steel 

electrodes and soaked in aqueous electrolyte (2M ZnSO4 and 1M Li2SO4) in 2032 coin type cell. 

The impedance measurement was performed using a Biologic-VMP3 electrochemical 

workstation over a frequency range of 0.1 Hz–1 MHz with an amplitude of 10 mV. Each sample 

was equilibrated for 1 h before measurement. The conductivity was calculated by the relation σ = 

d/SR, where 1/R is the conductance to be determined from the admittance plots, d is the 

thickness of the sample and S is the cross-sectional area of each electrode. 

Float charge test results showed the lowest capacity loss came from spraying the cathode for 2 

seconds at 15 cm distance and 10 seconds at 30 cm distance (Figure S1). These methods would 

allow for a moderate amount of coating deposited on the cathode compared to other methods. To 

reduce resource consumption, further tests were run using a spray time of 2 seconds and a 

distance of 15 cm. Further tests were done by coating the cathode with solutions of graphene 

flakes suspended in DI water and ANC solution at 1 mg/mL. A blank cathode and a cathode 

coated with ANC solution were also prepared. The cathode performance was tested using float 

charge testing, cyclability testing, and C-rate testing.   

 
3. Results and Discussion

 

Figure 1. (a-c) SEM images of pristine, ANC skinned and ANC/graphene skinned cathodes, 

respectively. (d) TEM image of ANC/graphene skin. 

 

Before evaluating electrochemical performance of LMO based ReHABs, the surface structure 

of ANC/graphene skinned LMO cathode was comprehensively characterized. The SEM images 

show that compared with the pristine LMO cathode having obvious edges (Figure 1a), the 
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successfully wrapping of ANC skin features a highly continuous morphology (Figure 1b). The 

acrylonitrile groups in ANC have high polarity, which ensures the firm affinity for LMO.[22] 

The SEM image of the ANC/graphene (with a mass ratio of 1:2) skinned LMO cathode is shown 

in Figure 1c, wherein some areas the composite skin shows mainly an irregular morphology with 

multiple shapes including both layer and gum-like structures. Graphene is interconnected with 

the polymer network. As indicated in Figure 1c, graphene flakes can be seen embedded in the 

ANC. The unusual hybrid wrapping layer was further characterized by TEM. Amorphous ANC 

fine particles are attached firmly onto the graphene sheets, which shows a transparent silk-like 

structure (Figure 1d). To investigate the thickness of such hybrid skin on the cathode, we coated 

ANC/graphene on a flat silica substrate, employing the same spraying method. From the cross-

sectional SEM image of ANC/graphene coated silica (Figure S2), we determine that the 

thickness of ANC/graphene skin is only 300 nm. Through changing the spraying time, the 

thickness of ANC/graphene skin can be easily changed, ranging from 200 nm to around 1 µm 

(Figure S3). As ANC shows similar binding affinity on silica and LMO surfaces,[23, 24] we can 

estimate the thickness of ANC/graphene skin on our ReHAB cathode. Schematic illustrations of 

this ANC/graphene skin formed on LMO cathode and its role as a protective layer to suppress 

the side reactions are exhibited in Scheme 1.  

 

 

Scheme 1. Schematic illustration of ANC/graphene skin on the surface of LMO cathode and its 

role in suppressing the undesired interfacial reactions. 
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Figure 2a shows the X-ray diffraction (XRD) patterns of pure ANC and ANC/graphene skins, 

as well as graphene. The XRD spectrum of ANC skin shows a sharp peak and a weak diffraction 

peaks at 16.5° and 28.5°, respectively. The first peak is indexed to (100) diffraction of hexagonal 

lattice of ANC, while the second peak belonged to the second-order diffraction of the first 

peak.[25] After the introduction of graphene, the XRD pattern of ANC/graphene skin presents an 

extra  peak (26.4°), belonging to the (002) reflection of graphene,[26] while still preserving the 

ANC peaks. According to the XRD results, it is clear that our spray-coating method did not 

change the structure of graphene and ANC chains. The XRD patterns of the ANC/graphene 

skinned LMO cathode were compared with those of ANC skinned and the pristine LMO 

cathodes (Figure 2b).  The Fd3m space group, where lithium ions occupy the tetrahedral sites 

and Mn resides at the octahedral site, can be seen in all the three samples. Both pristine and 

skinned LMO show very close lattice parameters (i.e., a= 8.1672 Å for pristine LMO cathode 

and a=8.1663 Å for ANC/graphene skinned LMO cathode), which are consistent in previous 

studies.[27] Such quantitative characterization of XRD patterns indicates that the introduction of 

ANC/graphene skin does not impact the spinel crystalline structure of LMO. It is noteworthy that 

owing to the high intensity from LMO and graphite substrate in the cathode, the peaks belonging 

to ANC and graphene are completely overlapped, which makes it difficult to characterize 

ANC/ANC skin in such cathode-based spectrum. 

 
Figure 2. (a) XRD patterns of ANC, ANC/graphene skin and graphene. (b) XRD patterns of 

pristine LMO cathode, as well as ANC and ANC/graphene skinned LMO cathodes. 

 
The effects of ANC/graphene skin on the electrochemical performance of the cathode in 

ReHAB are evaluated in detail. The cyclic voltammetry (CV) results of ANC and ANC/graphene 
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skinned cathodes are presented on Figure 3a. All currents are normalized to the electrode 

loadings. In the CV results, there are two distinctive pairs of reduction/oxidation peaks, which 

correspond to the two steps of intercalation/deintercalation of Li+ into/out of LMO lattice. It is 

observed that there is only a slight increase in polarization in skinned cathodes compared to that 

of the pristine sample, suggesting that the kinetics of electrochemical reactions in these cathodes 

are not significantly altered. Figure 3b-c depicts the effect of ANC and ANC/graphene skin on 

the discharge profiles of ReHAB under different discharge rate (1 C to 10 C). No abnormal 

discharge curves can be seen in either the ANC, or the ANC/graphene skinned LMO cathode. 

The discharge curves present two distinguished plateaus, which reflect two-stage Li ion insertion 

behavior and are consistent with the obtained CV data. The ANC and ANC/skinned cathodes 

show a similar discharge capacity of 110 mA h g-1 at a current density of 0.5 C. The gradually 

decreasing of discharge capacity with an increase of current density clearly addresses the 

influence of ohmic polarization on battery performance.  

During the discharge, Li+ needs to migrate from the solvent to the cathode.[28] Consequently, 

a fast ion transfer in electrolyte/electrode interface is highly required. As the introduction of an 

extra layer on electrode surface inevitably adds some barriers for ion transfer, high ionic 

conductivity of the coating is crucial to ensure the efficient Li+ migration.[29, 30] In this study, 

ANC skin exhibits an ionic conductivity of 0.56 mS cm-1, which is highly comparable with the 

value of the polymer electrolyte.[31-33] Therefore, Li+ transport after the skinning is not likely 

to be hampered, and ANC skinned cathode shows comparable discharge capacities and C-rate 

capability as pristine cathode (Figure 3d). To investigate the swelling behavior of ANC/graphene 

skin by electrolyte solution, we spray coated ANC/graphene on a flat silica substrate and 

immerse the sample into aqueous electrolyte (2M ZnSO4 and 1M Li2SO4) for 24 hours at 20°C. 
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Evidenced by the cross-sectional SEM image shown in Figure S4, the average thickness of 

ANC/graphene skin increased from 300 nm to 420 nm after 24 hours aging in aqueous 

electrolyte, indicating a 40% volume swelling. The abundant hydrophilic acylamino/cyano 

groups from ANC can absorb large amount of aqueous electrolyte, which is the main reason for 

such swelling behavior. Owing to its high liquid electrolyte uptake capability, the Li ion transfer 

inside the coating layer is supported by aqueous electrolyte, and thus ensure a fast Li ionic flux 

compatible in bulk solution. Moreover, the hydrophilic functional groups (OH, COOH, and C-O-

C) in graphene can adsorb water molecules and support both the upstream and downstream 

fluxes of Li+,[34] which further facilitate ion diffusion and accelerate the electrochemical 

kinetics in the interface between electrolyte and cathode. Figure S5 shows the 10C discharge 

capacity of ANC/graphene skinned cathodes under different ANC/graphene ratio. It is clear that 

the cathode skinned with 1:2 ANC/graphene mass ratio exhibits the highest capacity. After 

further increasing the amount of graphene, the capacity of skinned cathodes decreased to some 

extent. The agglomeration of graphene leads to the formation of a discontinuous layer, which 

may block Li+ transportation and penetration into LMO, and the ideal features of the skin would 

not be obtained. 

 

 
Figure 3. (a) Cyclic voltammetry (CV) results of ANC and ANC/graphene skinned cathodes, in 

comparison with pristine cathode. (b,c) Discharge profiles of ANC and ANC/graphene skinned 

cathodes. (d) Comparison of discharge C-rate capabilities of ANC and ANC/graphene skinned 

cathodes with pristine one. 

   
The effect of ANC/graphene skin on the cycle performance of ReHAB cathode at 4C under a 

potential range from 1.4 to 2.1V was investigated, wherein both cells exhibit similar capacity 
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under this C-rate (Figure 3d). ANC/graphene skinned cathode exhibits similar discharge 

capacities with pristine cathode after 300th cycles in room temperature, and the coresponding 

capacity retentions of the pristine and ANC/graphene skinned cathodes are 76.4% and 73.8%, 

respectively (Figure 4a). However, enormous different cycle behavior can be seen under 60 °C. 

As shown in Figure 4b, ANC/graphene skinned cathode presents the significantly improved 

cycle life in comparison to pristine cathode. In the initial few cycles, there is slight difference in 

the retentions between the two cathodes. As the cycle number increases, pristine cathode shows a 

low capacity retention of around 20% after 300 cycles. In contrast, the capacity retention of the 

ANC/graphene skinned cathode after 300 cycles is observed to be 61%, which is 200% larger 

than the value in pristine cathode. Figure S6 shows the XRD patterns of powders scraped from 

ANC/graphene skinned cathode after 300 cycles at 60°C. Compared with the XRD patterns of 

the LMO powders without cycling, it can be concluded that the LMO active material from the 

cycled batteries retains its structural characteristics. All the peaks are well indexed with spinel 

LiMn 2O4. However, minor changes in relative peak intensities and peaks broadening are 

observed, indicating the inevitable deterioration of active mass in cathode during high-

temperature cycling.[35]Such significantly improved cycle life indicates that, owing to the 

efficient protection of ANC/graphene skin to LMO cathode, the undesired side reaction between 

LMO cathode and aqueous electrolyte is greatly suppressed. Table 1 summarizes a comparison 

of cycle life performance of ANC/graphene skinned LMO cathode with the previous literature 

data for various kinds of lithium batteries. [19, 36-43]  

 

Table 1. A comparison of the cycling stability of various rechargeable lithium battery systems 

under elevated temperature 
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Figure 4. (a,b) Discharge capacities along with cycle number for ReHABs with pristine or 

ANC/graphene skinned cathodes: (a) at room temperature; (b) at 60°C. (c) Cyclability of 7 mAh 

ReHAB assembled with pristine or ANC/graphene skinned cathodes at 60°C. 

 

The spray-coating method was also employed to fabricate the ANC/graphene skin on the large 

area (7 mAh cell, 9 cm2 ) cathodes, as shown in Figure S7. ANC/graphene skinned large area-

cathode also showed high capacity retention (51.3% compared to initial capacity, Figure 4c) after 

500 cycles under 60°C, 32% improvement compared to the pristine cathode (23.4% of the initial 

capacity). Compared with coin cell, it is obvious that 7 mAh battery shows much better cycling 

stability in both skinned and pristine samples under elevated temperature. Such difference in 

battery performance is mainly derived from their different internal structures. In coin cell, 

stainless-steel spring was used to ensure the close electrical contact of electrodes, separator and 

external shells. As only limited area of spring is in contact with separator-electrode stack, the 

heat removal from the electrode to the exterior shell is inadequate. When the cells are cycled 

under elevated temperature, the extra heat generated from the side reactions accumulates in the 

electrode and results in large temperature rise within the cell.[44] The additional overheating of 

the cell accelerates Mn dissolution from the cathode to electrolyte, which further deteriorate the 

cycling performance. After skinning with ANC/graphene, the restriction of the side reactions 

between the LMO and the aqueous electrolyte significantly suppresses the heat generation in the 

electrode, and the cells shows lower internal temperature than pristine cell. Considering largely 

decreased Mn dissolution as discussed in the manuscript, there is no doubt that ANC/graphene 

skinned cathode exhibits much higher capacity retention compared with pristine cathode. In 7 
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mAh large cells, the electrodes and separator are packed with 5 cm × 5 cm stainless-steel sheet 

and thermal conductive rubber. The large thermal contact area ensures adequate heat transfer, 

resulting in much larger thermal conductance than in coin cell.[45] The internal heat generated 

from side reactions can be immediately transferred to the external shell, significantly reducing 

the overheating problem. Consequently, the cathodes in 7 mAh cell shows much better cycling 

performance than that in the coin cell. As shown in Figure S8, ANC/graphene skinned cathode 

shows similar cycle life as pristine cathode, which is in consistent with coin cell results under 

room temperature (25 °C , Figure 4a). Moreover, there is no significant difference in cycling 

performance between coin cells (Figure 4a) and 7 mAh cells (Figure S8). All these results clearly 

indicate that such overheating phenomenon in coin cells only occurs under elevated temperature.  

In room temperature, the kinetics of electrochemical processes are relatively slow.[46] The 

generated heat is negligible and cannot affect the performance of aqueous batteries. 

Figure S9 shows the coulombic efficiencies of ANC/graphene skinned and pristine cathodes in 

7 mAh cell. under 60°C, it is well known that the dendrite formation in the anode can be greatly 

accelerated, leading to the drastic deterioration of coulombic efficiency. However, 

ANC/graphene skinned large area-cathode still maintained 87% coulombic efficiency after 200 

cycles, while the value in pristine cathode decreased to 56%. SEM images of Zn anodes from 7 

mAh cells after 300 cycles under 60°C are shown in Figure S10. The Zn electrode cycled with 

pristine cathode showed extensive mossy-like dendrite formation (Figure S10a). The surface of 

anode is rough, and many large holes can be observed. It has previously been shown that the 

mossy-like metal dendrite will produce a dead metal layer and become electrically isolated 

during cycling and results in low columbic efficiency as well as increased polarization.[47] In 

contrast, the Zn anode with ANC/graphene cathode exhibited rather smooth morphologies 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

without any visible dendrite growth, as shown in Figure S10b. At present the impact of cathode 

coating on the dendrite formation in anode is not clear, and related mechanisms are under studied 

in our group. ANC is the key contribution to protect cathode from undesired side reactions. 

Figure S11 shows the cycling performance of 7 mAh cell with graphene coated cathode under 

60°C. After 300 cycles, capacity retention of the cell is only 27%, which is similar as pristine 

sample. Without ANC, graphene itself cannot form homogeneous skin on cathode surface. The 

aggregation of graphene particles makes such coating impossible to protect the electrode well. 

This superior high-temperature cycle life of ANC/graphene skinned cathode was further 

evaluated by testing the Mn dissolution amount (via ICP-AES) at 60°C as a function of cycle 

numbers (300 cycles). According to Hunter’s reaction, LMO is not stable in an acidic medium 

undergoing the following decomposition: 

2LiMn2O4 + 4H+ → 3λ-MnO2 + Mn2+ + 2Li+ +2H2O 

Such dissolution process may continue because Li+ and Mn2.5+ in the bulk can diffuse to the 

surface, and become more pronounced at elevated temperatures. Such Mn dissolution from LMO 

not only results in the loss of active materials (LMO), but also results in the structural 

deformation from spinel to a mixed phase with λ-MnO2, which both greatly impact the cycle life 

of the cathode. Figure 5a shows that, at both the pristine and the skinned cathodes (assembled in 

ReHABs with coin cell), the dissolved amounts of Mn into electrolyte determined by ICP-AES is 

increased. Whereas pristine cathode exhibits higher Mn dissolution (278 ppm) after 300 cycles, a 

much smaller amount of Mn (128 ppm) was observed in the ANC/graphene skinned cathode, 

showing a 53% decrease. The amount of Mn dissolution to the electrolyte with storage time was 

also obtained for delithiated LMO cathodes at 60 °C. In Figure S12, the amount of Mn 

dissolution increased drastically in the initial 10 days, and finally became steady after 14 days. In 
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consistent to the dissolution analysis during cycling test, ANC/graphene skinned cathode showed 

much lower amount of Mn dissolution (198 ppm) than pristine cathode (472 ppm) after 14 days. 

As a result, it is clear that the ANC/graphene skin is efficient to protect the LMO surface, leading 

to the retardation of Mn dissolution (scheme 1). Figure S13 shows the Mn dissolution amount at 

room temperature along with different cycles. Owing to significantly decelerated kinetics in 

electrochemical reactions, the amount of Mn dissolution during cycling is not as high as that 

under high-temperature. However, ANC/graphene skinned cathode still shows a smaller amount 

of Mn dissolution compared with pristine cathode, indicating an efficient protection. 

 

 Figure 5. (a) Mn dissolution into aqueous electrolyte along with cycle numbers at 60 °C in 

ReHABs assembled with pristine and ANC/graphene skinned cathodes. (b,c) Changes in AC 

impedance spectra (1st and 300th cycle) of ReHABs fabricated with: (b) pristine and (c) 

ANC/graphene skinned LMO cathodes. (d) Depth profiles of Mn+ content obtained by TOF-

SIMS (normalized by that of Li+ in pristine and ANC/graphene skinned cathodes. 

 

To further study the advantageous impact of the ANC/graphene skin on high-temperature 

cycling, the impedance spectra of ReHABs (in coin cell) after the 1st and 300th charge/discharge 

cycle were measured (Figure 5b and c). The corresponding equivalent circuit of batteries 

assembled with LMO cathode is shown in Figure S14. At the low frequency region, the diameter 

of semicircle represents the charge transfer resistance (Rct).[48, 49] Since there is no solid-

electrolyte interphase (SEI) layer formed in aqueous lithium batteries,[50, 51]  a semicircle at the 

high frequency region cannot be observed. As shown in Figure 5b, Rct considerably increases by 

46 Ohm after the 300th cycle in the pristine cathode. The significant increase in impedance may 
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be caused by the formation of λ-MnO2 derived from the side reaction between the LMO and 

water in repeated charge/discharge.[13] Compared to LMO, λ-MnO2 shows much inert 

electrochemical activity and can greatly impair the charge transfer kinetics of Li+.[52, 53] In 

comparison, for the ANC/graphene skinned cathode, the increase of battery impedance is largely 

suppressed (Rct increase only by 12 Ohm cm2). The EIS characterizations of the ANC/graphene 

skinned and pristine cathodes were also conducted over time. The evolution trends of Rct were 

obtained (Figure S15). In the case of pristine cathode, the Rct value increased over storage time. 

As the electrolyte properties remained the same over time, the increase in Rct may be attributing 

to the dissolution of Mn from LMO, and the formation of a MnO2 layer. In contrast, the Rct value 

of ANC/pristine cathode is relatively stable along with storage time. The EIS results from 

cycling and aging conditions clearly show that ANC/graphene skinning can effectively protect 

cathode from direct exposure to aqueous electrolyte. Consequently, λ-MnO2 may be poorly 

produced in ANC/graphene skinned cathode and the lithium transfer kinetics are not significantly 

deteriorated. The rate capabilities of cells assembled with ANC/graphene skinned and pristine 

cathodes under 60 °C is shown in Figure S16. Even at a high rate of 10 C, the cell with 

ANC/graphene skinned cathode maintained a tenacious capacity of 48 mAh g-1. In contrast, the 

discharge capacity in pristine cell dropped sharply to 31 mAh g-1. The enhanced rate 

performance of skinned cathode indicated the promoted kinetics under elevated temperature. 

Such beneficial effect of ANC/graphene skin was further investigated in more detail by 

evaluating the Mn quantity on the LMO surface after 300 cycles at 60°C using TOF-SIMS. In 

Figure 5d, Mn+ ions, which showed different trends from the surface to the bulk of LMO. 

Different from 6Li+ profiles (Figure S17) that are consistent in all depths, here the intensity of 

Mn+ was low at the LMO surface but increased drastically to a steady level in both pristine and 
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skinned cathodes. Compared to pristine cathode, ANC/graphene skinned cathode shows much 

larger amount of Mn+ in the depth of 0-5 nm, indicating the better retained Mn content on the 

cathode surface, which is consistent to the previous Mn dissolution analysis in electrolyte.  

 

4. Conclusions 

A scalable and controllable skinning method, employing a commercial available sprayer, 

was formulated that improved thermal stability of the LMO-based cathodes in rechargeable 

hybrid aqueous lithium battery (ReHAB). Featuring the continuous coverage and the facile 

electron transport, ANC/graphene skinned cathode showed much better cycling stability (61% 

capacity retention after 300 cycles) at 60 °C in 1.15 mAh ReHABs, 200% larger than the 

retention of the battery without the hybrid skin. ANC/graphene skin on large cathodes (7 mAh 

cell) also showed similar performance improvement, indicating good scale-up potentials. Based 

on the impedance and XRD characterizations of fresh and cycled cathode, we proposed that 

ANC/graphene skin can significantly retard the undesired side reactions between the LMO and 

the aqueous electrolyte that retained charge transfer kinetics. ICP-AES and TOF-SIMS analysis 

results of Mn species in the electrolyte and the cathode surface further confirmed our hypothesis 

that the ANC/graphene skin greatly suppresses Mn dissolution into aqueous electrolyte. The 

facile polymer-skinning method proposed in this study makes LMO based aqueous battery 

possible in the application of EVs, opening a new avenue on cathode modifications in various 

aqueous energy storage systems. 
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Table 1. A comparison of the cycling stability of various rechargeable lithium battery 

systems under elevated temperature 

Cathode Anode Electrolyte Cycles 
Capacity 

retention 

(%) 

Ref. 

LiMn2O4/CNT Zn 
2M 

Li 2SO4+1M 
ZnSO4  

300 68 33 

LiMn2O4 LiV 3O8 2M Li2SO4 100 53 34 

LiMn2O4 
Na2V6O16·0.14

H2O 
Saturated 
Li 2SO4 

200 77 35 

LiMn2O4 Zn 
Pb2+ 

containing gel 
300 75 19 

LiMn2O4 LiV 3O8 
Saturated 
LiNO3 

42 83 36 

LiMn2O4 LixV2O5/PPy 5 M LiNO3 60 82 37 

LiMn2O4/RGO Zn 
2M 

Li 2SO4+1M 

ZnSO4 

100 73 38 

LiNi 1/3Mn1/3Co

1/3O2 
Graphite 

1 M LiPF6 
(EC/DMC) 

750 80 39 

LiMn2O4 Li 
1 M LiPF6 
(EC/EMC) 

100 20 40 

PAN/graphene 

skinned 
LiMn2O4/Zn 

M Li 2SO4 + 

2M ZnSO4 
(aqueous) 

M Li 2SO4 + 

2M ZnSO4 
(aqueous) 

300 61 
This 
work 
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Figure 1. (a-c) SEM images of pristine, ANC skinned and ANC/graphene skinned 

cathodes, respectively. (d) TEM image of ANC/graphene skin. 

 

 

Scheme 1. Schematic illustration of ANC/graphene skin on the surface of LMO 

cathode and its role in suppressing the undesired interfacial reactions. 
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Figure 2. (a) XRD patterns of ANC, ANC/graphene skin and graphene. (b) XRD 

patterns of pristine LMO cathode, as well as ANC and ANC/graphene skinned LMO 

cathodes. 

 

 

 

Figure 3. (a) Cyclic voltammetry (CV) results of ANC and ANC/graphene skinned 

cathodes, in comparison with pristine cathode. (b,c) Discharge profiles of ANC and 
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ANC/graphene skinned cathodes. (d) Comparison of discharge C-rate capabilities of 

ANC and ANC/graphene skinned cathodes with pristine one. 

 

 

 

Figure 4. (a,b) Discharge capacities along with cycle number for ReHABs with 

pristine or ANC/graphene skinned cathodes: (a) at room temperature; (b) at 60°C. (c) 

Cyclability of 7 mAh ReHAB assembled with pristine or ANC/graphene skinned 

cathodes at 60°C. 
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Figure 5. (a) Mn dissolution into aqueous electrolyte along with cycle numbers at 

60 °C in ReHABs assembled with pristine and ANC/graphene skinned cathodes. (b,c) 

Changes in AC impedance spectra (1st and 300th cycle) of ReHABs fabricated with: (b) 

pristine and (c) ANC/graphene skinned LMO cathodes. (d) Depth profiles of Mn+ 

content obtained by TOF-SIMS (normalized by that of Li+ in pristine and 

ANC/graphene skinned cathodes. 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
Figure S1. Capacity loss during float charge from various spraying methods 

 

 
Figure S2. Cross-sectional SEM image of ANC/graphene skinned silica substrate. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Figure S3. Thickness of ANC/graphene skin on silica substrate as a function of 
spraying time (the distance from nozzle to cathode was fixed to 15 cm). 

 
Figure S4. Electrical conductivities of ANC/graphene skin with different mass ratios 

(1:x, massANC : massgraphene). 
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Figure S5. Cross-sectional SEM image of ANC/graphene skinned silica substrate 

immersed in aqueous electrolyte (2M ZnSO4 and 1M Li2SO4) for 24 hours at 20°C. 

 
Figure S6. 10C discharge capacity of ANC/graphene skinned cathodes under different 

ANC/graphene mass ratios (1:x, massANC : massgraphene). 
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Figure S7. XRD patterns of powders scraped from ANC/graphene skinned cathode 
after 300 cycles at 60°C. All the peaks are well indexed with spinel LiMn2O4 (PDF 

card No:35-0782) crystals, and no λ-MnO2 phases are observed. 

 

 
Figure S8. (a, b) Prototype of uninterruptible power system (7mAh) using 9 cm2 large 

area cathode 
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Figure S9. Cycling stability of skinned and pristine cathode in 7 mAh cell under 

room temperature. 

 
Figure S10. Coulombic efficiencies of ANC/graphene skinned and pristine cathodes 

in 7 mAh ReHAB at 60°C. 
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Figure S11. SEM images of Zn anodes with (a) pristine cathode and (b) 
ANC/graphene cathode from 7 mAh cells after 300 cycles under 60°C. 

 
 

 

Figure S12. Cycling performance of 7 mAh cell with graphene coated cathode under 
60°C 
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Figure S13. Mn dissolution into aqueous electrolyte along with cycle numbers at 
60 °C in ReHABs assembled with pristine and ANC/graphene skinned cathodes. 

 
 

 
Figure S14. Mn dissolution into aqueous electrolyte along with cycle numbers at 
25°C in ReHABs assembled with pristine and ANC/graphene skinned cathodes. 
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Figure S15. Corresponding equivalent circuit of EIS data as shown in Figure 5(b and 
c). 
 

 
Figure S16. Evolution trends of Rct in pristine and ANC/graphene skinned cathodes 

along with storage time. 
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Figure S17. Rate capabilities of cells assembled with ANC/graphene skinned and 

pristine cathodes under 60 °C. 
 

 
Figure S18. Depth profiles of 6Li+ content obtained by TOF-SIMS in pristine and 

ANC/graphene skinned cathodes. 
 
 

 


