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Abstract

For aqueous rechargeable lithium battery (ARLB)cedent cycling stability at elevated
temperature is highly desirable in its applicatidrelectric vehicles (EVs). However, most state-
of-art ARLBs show poor durability under high-temgkerre operation. Herein, we demonstrate a
facile coating approach that can construct a tbiglanitrile copolymer (ANC)/graphene skin on
the top-surface of the LiM@, (LMO) cathode in a rechargeable hybrid aqueobgulih battery
(ReHAB). Featuring the continuous coverage and faeile electron transport, the
ANC/graphene skinned cathode shows a capacitytieteof 61% after 300 cycles at 60 °C, two
times larger than the battery without the skintHa cathode, ANC helps to suppress unwanted
interfacial side reactions, and graphene rendewmbast ion diffusion framework. Quantitative
analysis of Mn suggests that the ANC/graphene ckingreatly suppress dissolution of Mn from
the LMO into the aqueous electrolyte, while maimtag the charge transfer kinetics. The
polymer-based nanocomposite skin on small (1.15 rodlh) and large (7 mAh cell) cathodes

show similar electrochemical improvement, indictgapd scale-up potentials.

1. Introduction



Compared with other commonly used batteries, Iithian batteries (LiBs) are featured by
high energy and power density, and thus have beetessfully applied in electronic vehicles
(EVs).[1, 2] However, the relatively high operatitggmperature (up to 60°C) of cells in EVs will
lead to the decomposition of organic electrolytmdpce combustible gas and therefore pose
potential security risks.[1] To tackle this probl@mtheir root, the aqueous rechargeable lithium
battery (ARLB) was first proposed in 1994,[3] andshdrawn significant attentions.[4-7]
Recently, spinel LiMpO4 (LMO) has demonstrated promising potentials asthade material
for ARLBs. Stems from its three-dimensional’ ldiffusion channels, LMO based ARLB can
deliver more power in comparison with LiFeR@QiCoO, and LiNk;3C015Mn1/30,.[8-10] The
serious capacity fading of the LMO-based ARLBsightliemperatures (50-60°C), however, still
significantly limits their practical applicationa EVs. Such capacity fading is mainly owing to
the accelerated manganese dissolution from catintal¢he aqueous electrolyte.

Extensive studies have been conducted to suppresglidéolution to improve long-term
stability of the LMO-based ARLB systems. One methodovercome this issue is surface
modification using inorganic metal oxides, suchS#3,,[11] MgO,[12] ZnO,[13, 14] Zr@[15]
and Co-Al mixed metal oxide,[16] most of which fgcon restriction of the side reactions
between the LMO and the aqueous electrolyte. Sineee is insufficient contact between the
adjacent LMO particles, the inorganic compoundsoaigover the entire electrode surface.[17]
Moreover, they are often electrochemically inertd aheir negligible capacities deteriorate the
overall gravimetric capacity of the batteries, iegdo the significantly reduced energy density.

Li* penetrable acrylonitrile copolymer (ANC) coatingthe Li-S batteries has been recently
shown as a promising method of suppression of mierfacial side reactions of the LMO

particles that can enhance the cycle life.[18] iregpby the successful application of ANC in the



Li-S systems, here we report a facile and fullylagi@ method to coat the surface of the LMO
particles with ANC. A sub-micron ANC/graphene skayer is coated on the top-surface of the
LMO cathode, and is tested in a rechargeable hydaigeous lithium battery (ReHAB).[19-21]
The coating method is based on an air-sprayingsysat can control the thickness (200 nm to
1pm) of the skin layer on a given surface areanfito 1 nf). Battery testing under 60 °C shows
that the ANC/graphene skinned cathode (300 nmiagknless) shows a capacity of 61% after 300
cycles, which is superior than the most reporteldlesin the literature for the LMO-based
cathode at elevated temperature. More notably, Bybfid skin on a large (~ 9 énn 7 mAh
cell) cathode also showed high capacity retentidn3% compared to initial capacity) after 500
cycles under 60°C, 120% higher compared to theipei€athode (23.4% of the initial capacity).
We hypothesize that in such hybrid skin, ANC suppes the unwanted interfacial side reactions
while graphene renders a robust ion diffusion fraom. Extensive impedance analysis and
guantitatively evaluation of Mn content on the LMGrface are employed to study the key roles
of the ANC/graphene skin.
2. Experimental

X-ray diffraction (XRD) was conducted using a Bruke8-Disc x-ray diffractometer with a
wavelength of 1.54 A and Cu X-ray Tube. SEM wasdtmted in a Philips XL30 ESEM. The
dissolved Mn in the liquid electrolyte was quartiitaly monitored along with cycle number and
storage time using inductively coupled plasma @ptiemission spectroscopy (ICP-OES,
OPTIMA 7300 DV, PerkinElmer). Depth profiles werbtained employing a TOF-SIMS 5
spectrometer (lonTof), which was conducted at @sane of~1 x 10° mbar. A pulsed 25 keV

Bi* primary ion source was used for analysis, delhgfi.8 pA of current over a 1gOn x 100



um area. Sputtering was done using a 2 keVi@am giving a 100 nA target current over a 250
um x 250um area.

Cathodes were created by casting a slurry of L{npowder, KS6 graphite powder, and
polyvinylidene fluoride in n-methyl-2-pyrrolidinonento polyethylene film and air drying at
reduced pressure at 60 degrees Celsius for 24 .Hbuese cathodes were spray coated using the
Wagner FLEXIO 590 Sprayer. A solution of 1 mg/mlaghene flakes, suspended in 11.7 %
w/w solution of ANC aqueous binder, was spray abalieectly onto the cathode. Spray times of
2 seconds, 5 seconds, and 10 seconds were usedistartte from nozzle to cathode was varied
between approximately 15 cm, 30 cm, and 60 cm.rékelt was nine different samples, as well
as a blank sample, to evaluate under float chasieng.

ReHABs (coin cell) were assembled to test battexsfgpmance. Disks were cut from the
cathode with a diameter of 12 mm. Metallic zinctgdaof the same diameter were used as the
anode, and AGM (Absorbed Glass Mat) was used aparator. The electrolyte used was a
solution of 2M ZnS@ 1M Li,SO,, dissolved in DI water and titrated to pH 4 usthgM LiOH.
Similarly, 7 mAh big cells were assembled employlhgm x 5 cm stainless-steel sheet as
external shells and thermal conductive rubber asesp The area of cathode and anode is 2 cm x
2 cm and 4 cm x 4 cm, respectively. Cyclic voltartrn€CV) was performed on a Biologic-
VMP3 electrochemical workstation. Electrochemicahpedance spectroscopy (EIS) was
conducted on CHI 660D electrochemical workstatiosing Pt, Ag/AgCIl and 1M LBEOQ/2M
ZnSQ, as counter electrode, reference electrolyte aectrelyte, respectively. Charge-discharge
cycling test was performed at room temperatureéi€, using a Neware battery tester at 4C (1
C=120 mA ¢') between 1.4 and 2.1 V. Rate capability test wefopmed under 1C to 10C.

Float charge tests were conducted by chargingehaac2.1 V and holding it for 24 hours. To



measure the ionic conductivity, the skin (4%smwas sandwiched between two stainless-steel
electrodes and soaked in aqueous electrolyte (28¢and 1M LpSQOy) in 2032 coin type cell.
The impedance measurement was performed using &ogRi&/MP3 electrochemical
workstation over a frequency range of 0.1 Hz—1 M¥ith an amplitude of 10 mV. Each sample
was equilibrated for 1 h before measurement. Tinelectivity was calculated by the relation=
d/SR, where 1/R is the conductance to be determfreed the admittance plots, d is the
thickness of the sample and S is the cross-settiwea of each electrode.

Float charge test results showed the lowest caplasis came from spraying the cathode for 2
seconds at 15 cm distance and 10 seconds at 3@stanak (Figure S1). These methods would
allow for a moderate amount of coating depositedhencathode compared to other methods. To
reduce resource consumption, further tests wereusimg a spray time of 2 seconds and a
distance of 15 cm. Further tests were done by mgatie cathode with solutions of graphene
flakes suspended in DI water and ANC solution ahd/mL. A blank cathode and a cathode
coated with ANC solution were also prepared. Ththade performance was tested using float

charge testing, cyclability testing, and C-rateites

3. Resultsand Discussion

Figure 1. (a-c) SEM images of pristine, ANC skinned and Adt@phene skinned cathodes,

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

Before evaluating electrochemical performance ofQ klased ReHABSs, the surface structure
of ANC/graphene skinned LMO cathode was comprekehsicharacterized. The SEM images

show that compared with the pristine LMO cathodeir obvious edges (Figure 1a), the
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successfully wrapping of ANC skin features a higbbntinuous morphology (Figure 1b). The
acrylonitrile groups in ANC have high polarity, whi ensures the firm affinity for LMO.[22]
The SEM image of the ANC/graphene (with a mas® m@til:2) skinned LMO cathode is shown
in Figure 1c, wherein some areas the compositestiows mainly an irregular morphology with
multiple shapes including both layer and gum-likeidtures. Graphene is interconnected with
the polymer network. As indicated in Figure 1c,prane flakes can be seen embedded in the
ANC. The unusual hybrid wrapping layer was furtbkaracterized by TEM. Amorphous ANC
fine particles are attached firmly onto the graghsheets, which shows a transparent silk-like
structure (Figure 1d). To investigate the thicknassuch hybrid skin on the cathode, we coated
ANC/graphene on a flat silica substrate, employimg same spraying method. From the cross-
sectional SEM image of ANC/graphene coated silEgure S2), we determine that the
thickness of ANC/graphene skin is only 300 nm. Tigto changing the spraying time, the
thickness of ANC/graphene skin can be easily chdngenging from 200 nm to around 1 um
(Figure S3). As ANC shows similar binding affinity silica and LMO surfaces,[23, 24] we can
estimate the thickness of ANC/graphene skin onReHAB cathode. Schematic illustrations of
this ANC/graphene skin formed on LMO cathode asdrale as a protective layer to suppress

the side reactions are exhibited in Scheme 1.

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

role in suppressing the undesired interfacial ieast



Figure 2a shows the X-ray diffraction (XRD) pat®f pure ANC and ANC/graphene skins,
as well as graphene. The XRD spectrum of ANC skows a sharp peak and a weak diffraction
peaks at 16.5° and 28.5°, respectively. The fiestikgs indexed to (100) diffraction of hexagonal
lattice of ANC, while the second peak belongedhe second-order diffraction of the first
peak.[25] After the introduction of graphene, theX pattern of ANC/graphene skin presents an
extra peak (26.4°), belonging to the (002) reftacf graphene,[26] while still preserving the
ANC peaks. According to the XRD results, it is cléhat our spray-coating method did not
change the structure of graphene and ANC chaiie XRD patterns of the ANC/graphene
skinned LMO cathode were compared with those of ABKihned and the pristine LMO
cathodes (Figure 2b). The Fd3m space group, wiitarem ions occupy the tetrahedral sites
and Mn resides at the octahedral site, can be iseall the three samples. Both pristine and
skinned LMO show very close lattice parameters, (ae 8.1672 A for pristine LMO cathode
and a=8.1663 A for ANC/graphene skinned LMO cathoddich are consistent in previous
studies.[27] Such quantitative characterizatiolXBD patterns indicates that the introduction of
ANC/graphene skin does not impact the spinel chystastructure of LMO. It is noteworthy that
owing to the high intensity from LMO and graphitéostrate in the cathode, the peaks belonging
to ANC and graphene are completely overlapped, hvim@kes it difficult to characterize

ANC/ANC skin in such cathode-based spectrum.

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

pristine LMO cathode, as well as ANC and ANC/grapghskinned LMO cathodes.

The effects of ANC/graphene skin on the electrodgbalmperformance of the cathode in

ReHAB are evaluated in detail. The cyclic voltamméCV) results of ANC and ANC/graphene



skinned cathodes are presented on Figure 3a. Afemis are normalized to the electrode
loadings. In the CV results, there are two distugcipairs of reduction/oxidation peaks, which
correspond to the two steps of intercalation/detati@tion of Li into/out of LMO lattice. It is
observed that there is only a slight increase iarpation in skinned cathodes compared to that
of the pristine sample, suggesting that the kisaticelectrochemical reactions in these cathodes
are not significantly alteredzigure 3b-c depicts the effect of ANC and ANC/grapé skin on
the discharge profiles of ReHAB under differentctisrge rate (1 C to 10 C). No abnormal
discharge curves can be seen in either the ANGheoANC/graphene skinned LMO cathode.
The discharge curves present two distinguishe@glet, which reflect two-stage Li ion insertion
behavior and are consistent with the obtained Cd.dBhe ANC and ANC/skinned cathodes
show a similar discharge capacity of 110 mA*hag a current density of 0.5 C. The gradually
decreasing of discharge capacity with an increaseuorent density clearly addresses the
influence of ohmic polarization on battery perfonoe.

During the discharge, Lineeds to migrate from the solvent to the cath@8g Consequently,
a fast ion transfer in electrolyte/electrode irdaed is highly required. As the introduction of an
extra layer on electrode surface inevitably addsiesdarriers for ion transfer, high ionic
conductivity of the coating is crucial to ensure #fficient Li” migration.[29, 30] In this study,
ANC skin exhibits an ionic conductivity of 0.56 ne&i*, which is highly comparable with the
value of the polymer electrolyte.[31-33] Therefok€, transport after the skinning is not likely
to be hampered, and ANC skinned cathode shows aaivipadischarge capacities and C-rate
capability as pristine cathode (Figure 3d). To stigate the swelling behavior of ANC/graphene
skin by electrolyte solution, we spray coated AN@gene on a flat silica substrate and

immerse the sample into aqueous electrolyte (2MQ&rehd 1M LpSOy) for 24 hours at 20°C.



Evidenced by the cross-sectional SEM image showkigure S4, the average thickness of
ANC/graphene skin increased from 300 nm to 420 rftar 24 hours aging in aqueous
electrolyte, indicating a 40% volume swelling. Thbundant hydrophilic acylamino/cyano
groups from ANC can absorb large amount of aqueterolyte, which is the main reason for
such swelling behavior. Owing to its high liquictetrolyte uptake capability, the Li ion transfer
inside the coating layer is supported by aqueoestrelyte, and thus ensure a fast Li ionic flux
compatible in bulk solution. Moreover, the hydrdjhiunctional groups (OH, COOH, and C-O-
C) in graphene can adsorb water molecules and suppth the upstream and downstream
fluxes of Li',[34] which further facilitate ion diffusion and ealerate the electrochemical
kinetics in the interface between electrolyte aathode. Figure S5 shows the 10C discharge
capacity of ANC/graphene skinned cathodes undé&rdiit ANC/graphene ratio. It is clear that
the cathode skinned with 1:2 ANC/graphene mas® mthibits the highest capacity. After
further increasing the amount of graphene, the @gpaf skinned cathodes decreased to some
extent. The agglomeration of graphene leads tddimation of a discontinuous layer, which
may block L{ transportation and penetration into LMO, and theal features of the skin would

not be obtained.

Figure 3. (a) Cyclic voltammetry (CV) results of ANC and ANC/gtegne skinned cathodes, in
comparison with pristine cathode. (b,c) Dischargdiles of ANC and ANC/graphene skinned
cathodes. (d) Comparison of discharge C-rate chjpediof ANC and ANC/graphene skinned

cathodes with pristine one.

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

potential range from 1.4 to 2.1V was investigatetierein both cells exhibit similar capacity
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under this C-rate (Figure 3d). ANC/graphene skinmadhode exhibits similar discharge
capacities with pristine cathode after 806ycles in room temperature, and the coresponding
capacity retentions of the pristine and ANC/graghskinned cathodes are 76.4% and 73.8%,
respectively (Figure 4a). However, enormous diffei®y/cle behavior can be seen under 60 °C.
As shown in Figure 4b, ANC/graphene skinned cathpasents the significantly improved
cycle life in comparison to pristine cathode. le thitial few cycles, there is slight difference in
the retentions between the two cathodes. As thie eyonber increases, pristine cathode shows a
low capacity retention of around 20% after 300 egclin contrast, the capacity retention of the
ANC/graphene skinned cathode after 300 cycles semied to be 61%, which is 200% larger
than the value in pristine cathode. Figure S6 shisXRD patterns of powders scraped from
ANC/graphene skinned cathode after 300 cycles &€ 6CGompared with the XRD patterns of
the LMO powders without cycling, it can be conclddeat the LMO active material from the
cycled batteries retains its structural charadiessAll the peaks are well indexed with spinel
LiMn,0O4. However, minor changes in relative peak inteesitand peaks broadening are
observed, indicating the inevitable deterioratioh agtive mass in cathode during high-
temperature cycling.[35]Such significantly improvegcle life indicates that, owing to the
efficient protection of ANC/graphene skin to LMCtlvade,the undesired side reaction between
LMO cathode and aqueous electrolyte is greatly megged. Table 1 summarizes a comparison
of cycle life performance of ANC/graphene skinneddQ@ cathode with the previous literature

data for various kinds of lithium batteries. [18-&3]

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

under elevated temperature
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Figure 4. (a,b) Discharge capacities along with cycle numioe ReHABs with pristine or
ANC/graphene skinned cathodes: (a) at room tempesafb) at 60°C. (c) Cyclability of 7 mAh

ReHAB assembled with pristine or ANC/graphene s&thoathodes at 60°C.

The spray-coating method was also employed todat&ithe ANC/graphene skin on the large
area (7 mAh cell, 9 cf) cathodes, as shown in Figure $NC/graphene skinned large area-
cathode also showed high capacity retention (5Xk8ftpared to initial capacity, Figure 4c) after
500 cycles under 60°C, 32% improvement comparetagristine cathode (23.4% of the initial
capacity). Compared with coin cell, it is obviotatt 7 mAh battery shows much better cycling
stability in both skinned and pristine samples unelevated temperature. Such difference in
battery performance is mainly derived from theiffadent internal structures. In coin cell,
stainless-steel spring was used to ensure the eles&ical contact of electrodes, separator and
external shells. As only limited area of springriscontact with separator-electrode stack, the
heat removal from the electrode to the exteriodlshenadequate. When the cells are cycled
under elevated temperature, the extra heat gedefrat@ the side reactions accumulates in the
electrode and results in large temperature riskinvihe cell.[44] The additional overheating of
the cell accelerates Mn dissolution from the caghtmdelectrolyte, which further deteriorate the
cycling performance. After skinning with ANC/grapteg the restriction of the side reactions
between the LMO and the aqueous electrolyte siamfly suppresses the heat generation in the
electrode, and the cells shows lower internal teatpee than pristine cell. Considering largely
decreased Mn dissolution as discussed in the mapydbere is no doubt that ANC/graphene

skinned cathode exhibits much higher capacity tetercompared with pristine cathode. In 7
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mAh large cells, the electrodes and separator ackeal with 5 cm x 5 cm stainless-steel sheet
and thermal conductive rubber. The large thermaltam area ensures adequate heat transfer,
resulting in much larger thermal conductance thmandin cell.[45] The internal heat generated
from side reactions can be immediately transfetcethe external shell, significantly reducing
the overheating problem. Consequently, the cathod@smAh cell shows much better cycling
performance than that in the coin cell. As showrrigure S8, ANC/graphene skinned cathode
shows similar cycle life as pristine cathode, whishn consistent with coin cell results under
room temperature (25 °C , Figure 4a). Moreoverreghs no significant difference in cycling
performance between coin cells (Figure 4a) and hicdlls (Figure S8). All these results clearly
indicate that such overheating phenomenon in oglis only occurs under elevated temperature.
In room temperature, the kinetics of electrochemm@acesses are relatively slow.[46] The
generated heat is negligible and cannot affecpém®rmance of aqueous batteries.

Figure S9 shows the coulombic efficiencies of AN@fdhene skinned and pristine cathodes in
7 mAh cell. under 60°C, it is well known that thendrite formation in the anode can be greatly
accelerated, leading to the drastic deterioratioh coulombic efficiency. However,
ANC/graphene skinned large area-cathode still rmaiatl 87% coulombic efficiency after 200
cycles, while the value in pristine cathode de@das 56%. SEM images of Zn anodes from 7
mAh cells after 300 cycles under 60°C are showRigure S10. The Zn electrode cycled with
pristine cathode showed extensive mossy-like denésrmation (Figure S10a). The surface of
anode is rough, and many large holes can be olzkeltvhas previously been shown that the
mossy-like metal dendrite will produce a dead métger and become electrically isolated
during cycling and results in low columbic efficignas well as increased polarization.[47] In

contrast, the Zn anode with ANC/graphene cathodabérd rather smooth morphologies
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without any visible dendrite growth, as shown igufe S10bAt present the impact of cathode
coating on the dendrite formation in anode is he&c and related mechanisms are under studied
in our group. ANC is the key contribution to prdteathode from undesired side reactions.
Figure S11 shows the cycling performance of 7 mAh with graphene coated cathode under
60°C. After 300 cycles, capacity retention of tledl ¢s only 27%, which is similar as pristine
sample. Without ANC, graphene itself cannot fornmbgeneous skin on cathode surface. The
aggregation of graphene particles makes such gpiatipossible to protect the electrode well.

This superior high-temperature cycle life of ANGghene skinned cathode was further
evaluated by testing the Mn dissolution amount (@R-AES) at 60°C as a function of cycle
numbers (300 cycles). According to Hunter’s reagtioMO is not stable in an acidic medium
undergoing the following decomposition:

2LiIMN,04 + 4H" — 30-MnO;, + M?* + 2Li* +2H,0

Such dissolution process may continue becausehd Mrf>* in the bulk can diffuse to the
surface, and become more pronounced at elevatgeetaturesSuch Mn dissolution from LMO
not only results in the loss of active materialdM@), but also results in the structural
deformation from spinel to a mixed phase wWitMnO,, which both greatly impact the cycle life
of the cathode. Figure 5a shows that, at both tistiqee and the skinned cathodes (assembled in
ReHABs with coin cell), the dissolved amounts of Mto electrolyte determined by ICP-AES is
increased. Whereas pristine cathode exhibits hilglredissolution (278 ppm) after 300 cycles, a
much smaller amount of Mn (128 ppm) was observethénANC/graphene skinned cathode,
showing a 53% decreasthe amount of Mn dissolution to the electrolytehnstorage time was
also obtained for delithiated LMO cathodes at 6Q AT Figure S12, the amount of Mn

dissolution increased drastically in the initiald&ys, and finally became steady after 14 days. In
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consistent to the dissolution analysis during eygliest, ANC/graphene skinned cathode showed
much lower amount of Mn dissolution (198 ppm) tipaistine cathode (472 ppm) after 14 days.
As a result, it is clear that the ANC/graphene $kiefficient to protect the LMO surface, leading
to the retardation of Mn dissolution (scheme 1juFé S13 shows the Mn dissolution amount at
room temperature along with different cycles. Owiogsignificantly decelerated kinetics in
electrochemical reactions, the amount of Mn digsmuduring cycling is not as high as that
under high-temperature. However, ANC/graphene gldntathode still shows a smaller amount

of Mn dissolution compared with pristine cathodelicating an efficient protection.

Figure 5. (2) Mn dissolution into aqueous electrolyte alonighveycle numbers at 60 °C in
ReHABs assembled with pristine and ANC/graphenarsld cathodes. (b,c) Changes in AC
impedance spectra fland 308 cycle) of ReHABs fabricated with: (b) pristine arfo)
ANC/graphene skinned LMO cathodes. (d) Depth pesfibf M content obtained by TOF-

SIMS (normalized by that of Lin pristine and ANC/graphene skinned cathodes.

To further study the advantageous impact of the Ajgphene skin on high-temperature
cycling, the impedance spectra of ReHABs (in cailf) after the T and 308 charge/discharge
cycle were measured (Figure 5b and c). The correipg equivalent circuit of batteries
assembled with LMO cathode is shown in Figure 3t4he low frequency region, the diameter
of semicircle represents the charge transfer eesist (R).[48, 49] Since there is no solid-
electrolyte interphase (SEI) layer formed in aqueldhium batteries,[50, 51] a semicircle at the
high frequency region cannot be observed. As shawigure 5b, R considerably increases by

46 Ohm after the 3dDcycle in the pristine cathode. The significantré®se in impedance may
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be caused by the formation BfMnO, derived from the side reaction between the LMO and
water in repeated charge/discharge.[13] Compared N, A-MnO, shows much inert
electrochemical activity and can greatly impair terge transfer kinetics of "Li52, 53] In
comparison, for the ANC/graphene skinned cathddejricrease of battery impedance is largely
suppressed (Rincrease only by 12 Ohm é&nThe EIS characterizations of the ANC/graphene
skinned and pristine cathodes were also conductedtome. The evolution trends of;Rvere
obtained (Figure S15). In the case of pristine @d¢h the R value increased over storage time.
As the electrolyte properties remained the same tve, the increase incRmay be attributing

to the dissolution of Mn from LMO, and the formatiof a MnQ layer. In contrast, theRvalue

of ANC/pristine cathode is relatively stable alomgh storage time. The EIS results from
cycling and aging conditions clearly show that AN@phene skinning can effectively protect
cathode from direct exposure to aqueous electrol@nsequentlyAi-MnO2 may be poorly
produced in ANC/graphene skinned cathode and ttmerrtn transfer kinetics are not significantly
deteriorated. The rate capabilities of cells assedhtwvith ANC/graphene skinned and pristine
cathodes under 60 °C is shown in Figure S16. Evea high rate of 10 C, the cell with
ANC/graphene skinned cathode maintained a tenaciapacity of 48 mAh 4 In contrast, the
discharge capacity in pristine cell dropped sharfdy 31 mAh ¢. The enhanced rate
performance of skinned cathode indicated the predhddnetics under elevated temperature.
Such beneficial effect of ANC/graphene skin wasthfer investigated in more detail by
evaluating the Mn quantity on the LMO surface afié0 cycles at 60°C using TOF-SIMB.
Figure 5d, Mi ions, which showed different trends from the stefdo the bulk of LMO.
Different from®Li* profiles (Figure S17) that are consistent in alptths, here the intensity of

Mn* was low at the LMO surface but increased dragdyidal a steady level in both pristine and
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skinned cathodes. Compared to pristine cathode, /gfdhene skinned cathode shows much
larger amount of Mhin the depth of 0-5 nm, indicating the better iretd Mn content on the

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

4. Conclusions

A scalable and controllable skinning method, emipigya commercial available sprayer,
was formulated that improved thermal stability betLMO-based cathodes in rechargeable
hybrid aqueous lithium battery (ReHAB). Featuringg tcontinuous coverage and the facile
electron transport, ANC/graphene skinned cathoasved much better cycling stability (61%
capacity retention after 300 cycles) at 60 °C ih51mAh ReHABs, 200% larger than the
retention of the battery without the hybrid skilN@&/graphene skin on large cathodes (7 mAh
cell) also showed similar performance improvementicating good scale-up potentials. Based
on the impedance and XRD characterizations of fisth cycled cathode, we proposed that
ANC/graphene skin can significantly retard the s side reactions between the LMO and
the aqueous electrolyte that retained charge eakgfetics. ICP-AES and TOF-SIMS analysis
results of Mn species in the electrolyte and thteade surface further confirmed our hypothesis
that the ANC/graphene skin greatly suppresses Mgotlition into aqueous electrolyte. The
facile polymer-skinning method proposed in thisdgtumakes LMO based aqueous battery
possible in the application of EVs, opening a newnaie on cathode modifications in various

aqueous energy storage systems.
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systems under elevated temperature

Table 1. A comparison of the cycling stability of variotechargeable lithium battery

Capacity
Cathode Anode Electrolyte Cyclgsretention| Ref.
(%)
2M
LiMn ,O4/CNT Zn Li»SO+1M 300 68 33
nSQ,
LiMn204 LiV30g 2M L|2804 100 53 34
: NaVeO16-0.14 Saturated
LiMn O 200 77 35
Minz H,0 Li,SO
LiMn204 Zn sz 300 75 19
containing gel
Saturated
LiM Liv 42
IMn 204 1V 30g LiN03 83 36
LiMn 204 LixV20s/PPy 5 M LING 60 82 37
2M
LiMn ,04/RGO Zn Li,.SO4+1M 100 73 38
ZnSQ
LiNi 11sMn1,3Co . 1M LIPF6
Graphite 750 80 39
1302 Py (EC/DMC)
. . 1 M LiPFs
LiMn ;O L 100 20 40
Minzs ! (EC/EMC)
PAN/graphene M Li,SO, + M Li,SO, + This
skinned 2M ZnSQ 2M ZnSQ, 300 61 work
LiMn ,04/Zn (aqueous) (aqueous)




Figure 1. (a-c) SEM images of pristine, ANC skinned and Aii@phene skinned

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

Aqueous Electrolyte Aqueous Electrolyte

PAN/Graphene Coating =F%—=—

Scheme 1. Schematic illustration of ANC/graphene skin ome turface of LMO

cathode and its role in suppressing the undesitedfacial reactions.
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ANC/graphene skinned cathodes. (d) Comparison sifhdirge C-rate capabilities of

ANC and ANC/graphene skinned cathodes with pristime.
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Figure S1. Capacity loss during float charge from variousagmg methods

Figure S2. Cross-sectional SEM image of ANC/graphene skirsilech substrate.
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Figure S3. Thickness of ANC/graphene skin on silica substest a function of
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Figure S5. Cross-sectional SEM image of ANC/graphene skirsiech substrate
immersed in aqueous electrolyte (2M Zn3@d 1M LpSOy) for 24 hours at 20°C.
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Figure S7. XRD patterns of powders scraped from ANC/graplekiened cathode
after 300 cycles at 60°C. All the peaks are walexed with spinel LiMpO4 (PDF
card No:35-0782) crystals, and kdInO2 phases are observed.

Figure S8. (a, b) Prototype of uninterruptible power sys@@mAh) using 9 crilarge
area cathode
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Figure S11. SEM images of Zn anodes with (a) pristine catharut (b)
ANC/graphene cathode from 7 mAh cells after 30desyander 60°C.
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Figure S12. Cycling performance of 7 mAh cell with graphemmated cathode under
60°C
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Figure S14. Mn dissolution into aqueous electrolyte along vaicle numbers at
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Figure S15. Corresponding equivalent circuit of EIS data lasva in Figure 5(b and
C).
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