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Abstract

Reducing the lithium residues on the surface of i§6802Mny,0, (NCM)
cathode is one of the most main challenges in hibattery research. To address this
task, a surface coating of Prussian blue (PB) dalwrganic framework is applied to
NCM cathode to solve this intractable problem visiraple dry-coating method. The
transmission electron microscopy (TEMjourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XP&uits show that the uniform
smooth coating can provide a protective shell tzklH,O and CQ absorption from

the air, suppressing lithium residues formed on sibeface. The color change
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experiment between PB and Li residuals illustré&Bscan react directly with surface
residual lithium species. As a result, the amodiméesidual lithium, such as LIOH and
Lio,CO;, is significantly reduced. The 0.5 wit% PB-modifislCM delivers a high
discharge capacity retention of 81% after 500 cyelkel C discharge rate and exhibits
a superior storage property after storing in air fb4 days. Furthermore,
electrochemical impedance spectroscopy (EIS) cosfithamt the PB-NCM could
hinder the impedance increase during cycling. Thiesalts clearly indicate that the
PB coating layer contributes tbe reduction of lithium residues and the creatbn
thinner cathode-electrolyte interface, improvingustural stability and cycling

performance of NCM.

Keywords: lithium-ion battery; LiNpCa MngO,; Prussian blue coating; lithium

residues; storage characteristic

1. Introduction

Lithium-ion batteries (LIBs), as power sourcese aapidly developing from
portable electronic devices to electric vehicled/{E To meet the extension of
cruising range above 300 miles per charge in nesygsnEVS, nickel-rich layered
lithium transition-metal oxides such as Li8ioyM1.,y]O> (M = Mn, and Al; x > 0.5)
have attracted significant attention. As one of mhast promising cathodes for the
next-generation LIBs, it has many excellent advgedasuch as large reversible

capacities, good cycle performanbéh operating voltage (> 3.5 V vs. Lifllialong
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with relatively low cost!*®! However, the presence of a large amount of rekidua
on the surface isne of the major problems limiting large-scale a&gtlon. Firstly, in
the synthesis process of Ni-rich layered cathoddemnad, the excess lithium
compound is often needed to obtain well-ordereérky structure with lower cation
mixing. However, the residual lithium source widact with HO and CQ to form
Li,CO; and LiOH on the surface in ambient &ff” These lithium residues often
cause side reactions between the electrode matenitdce and electrolyte, which
induce athicker cathode-electrolyte interface layer (CHEijnfied. It would aggravate
the deterioration of the electrode surface strectand the electrochemical
performance. In addition, the above processes indiease the possibility of gas
release simultaneously, leading to safety issuekiBg. % Secondly,Li residuals
easily react with slurry components during mixingdamight turn to gel by the
polymerization of N-methyl-2-pyrrolidone (NMP), mag it difficult for coating onto
the Al foil, thus complicating electrode preparatio

To overcome the above critical problems of Niricathode materials, many
significant efforts have been done to reduce or wemesidual lithium on the cathode
surface in the recent years. Among them, usingléienized (DI) water or ethanol to
remove residual lithium is the simplest methttf. However,this process leads to
the changes of surface structure, resulting in mid@ production, which destroys the
structure seriously in high-nickel ternary matexi&! Another common method is
coating inert materials (such as,®}, LaO3; and ZrQ) on the surface of the cathode

to separate the reaction between the cathode s@d @D in air, suppressing lithium
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residues formed on the surfac€* Nevertheless, this electrochemically inactive
protective coating could increased impedance amidicexd capacity. In addition,
lithium-reactive coating materials such as APOo(PO4), and HPO,are another
type of surface modification materidt>*”! They are used to react directly with
surface residual lithium species {0, LiOH and LyCOs) to produceli® compounds
LixAIPO;, LixCoPQ, and LgPQy, which provide fast Liion conductors and enhance
the cycle performance. Although these surface ngatiethods show a certain degree
of improvement in electrochemical performance, nodshe process conditions have
to undergo wet coating, which is unsuited for irtdak production. Therefore,
reconsideration of the coating material is necgssaprder to decrease the residual
lithium on the surface whilst improving the eleckeoperformance, by using a dry
process to wrap a weak acidity compound.

Prussian blue (PB) has a stable metal-organimdveork, which provides rich sites
and transport channels for reversible intercalatieimtercalation of alkali metal ions.
(18191 Moreover, it not only contains two redox activentees Fe from Fe-€N-Fe
which can increase the capacity, but also exh#uitdic active sites (40") derived
from occupying the alkali metal in PB, which couéct with residual lithium on the
surface to form a protective lay&’?" As early as in 2013, Chen et &f! modified
LiMn,O4 with Iron Hexacyanoferrate, showing excellent céyaretention, but the
reaction at electrode surface was not mentionedrefare, we use the metal-organic
compounds Fe[Fe(CRk]) as a surface modifier to lower residual lithiunf o

LiNi9sC2Mng 0, (NCM) materials with a simple dry-coating methodhe
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structure, morphology, and cycling performance $tme NCM materials and PB
coated NCM materialill be discussed detailedly in the following part, as wal
the storage property.

2. Experiment

2.1 Synthesis and surface modification

NCM was synthesized by means of a high temperatealcination. The
NigsCapMng A(OH), precursor (Ningxia Orient Tantalum Industry Cotd.) and
LiOH-H,O (Aladdin) were homogeneously mixed at a molanoraif 1:1.05.
Subsequently, ball-milled evenly at a rolling speé@50 rpm for 5 h in an All-round
planetary micro-millerAnd then, there was a two-step calcination progesheated
at 470 °C in dry air for 3 h, and calcined at 885f6r 12 h. The heating rate was 5 °C
min"!. Ultimately, the sample was obtained after natyraiooling to room
temperature.

The PB was prepared by a co-precipitation proeedriefly, the first step was to
add sodium citrate @lsNazO;-2H,0, Aladdin) and ascorbic acid (VC, Aladdin) to
NayFe(CN)- 10H0 (Aladdin) and Fe&D,-2HO (Chengdu West Asia Chemical Co.,
Ltd.), into deionized (DI) water and mixed unifogntespectively. The second part
included adding HCl-incorporated DI water to theabtwo solutionsslowly adding
the sodium ferrocyanide solution to the ferrous labea solution before magnetic
stirring for 30 minutes at 40 °C. The third procedwas sealed and placed the

solution in the dark for the whole night, then tpheecipitate was washed with

deionized water several times. Finally, the produas put into the freeze dryer until
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the sample was powdered.

For surface modification, PB and NCM were mixgdabdry process using agate
mortar and then heated at 200 °C for 2 h in flowdéiggas (0.2 L mir) to obtain
modified material, recorded as PB-NCM.

2.2 Characterization

The crystalline structure and crystal lattice gpaeters were characterized by
powder X-ray difraction (XRD,X'pert MPD DY1219) with Cu kK radiation. Fourier
transformed infrared spectrum (FTIR, Thermo FidWieolet iS10) was carried out to
inspect the existence of functional groups at sampler the range of wave number
from 500 to 3000 cff Morphological changes and elements distributioarew
determined using scanning electron microscopy (SENCA Pen-taFETx3) with
energy dispersive spectroscope (EDS) mappidgdigh resolution transmission
electron microscope (HRTEM, JEOL JEM-2010F) wakbzeil to further analyze the
surface morphologies of samples. The surface claroampositions of the samples
were measured by X-ray photoelectron spectroscoffS( PHI 5600 Physical
Electronics).To evaluate pH values, 1 g of cathode materiale wamersed into 100
mL of water, and then the pH of the mixtures wassoeed after continuous stirring
for 3 min. The amount of residual lithium was estied by a titration methodsing
0.015 M HCI as a standard solution, phenolphthadeid bromocresol green-methyl
red as indicator solutioiKarl Fischer Moisture Titrator (915 KF Ti-Touch, kehm)
was used to determine the water content.

2.3 Electrochemical measurements

6/19



Composite positive electrodes were fabricatedBbywt % active materials (pure
NCM or PB-NCM), 10 wt % conductive Super-P and 10 % polyvinylidene
difluoride (PVDF), which were all dissolved in NMdhd pasted onto aluminum foil
as uniform as possible. Subsequently, the electveatedried overnight at 105C
under vacuum. Then, the coated Al foil was cut iotcular electrodes with a
diameter of 12 mm. The mass loading of the actiatenal was approximately 1.82
mg cm~2. The CR2032 coin cells were assembled in a glovéiled with Ar gas,
which consisted of the active material that wasduae a cathode, Li metal as an
anode, Celgard 2500 as a separator, BVidLiPFs dissolved in ethylene carbonate
(EC)-dimethyl carbonate (DMC)-ethyl methyl carban@MC) (1:1:1 in volume) as
electrolyte (Shandong Hairong Power Material Co.id. ). Galvanostatic
charge-discharge measurements were performed attexybtesting system (Neware
CT-4008-5V5ma) in the potential range of 2.8 - ¥.3vs. Li/Li*). Before cycling
tests, cells were activated by galvanostatic chdiggharge at 0.2 C for 3 cycles,
where 1 C was set as 160 mA ghe electrochemical activities of the cathode were
characterized via electrochemical impedance spmmpy (EIS) using the
AUTOLAB PGSTAT302N electrochemical system (Metrohimn) the frequencies
ranging from 20 mHz to 100 KHat the full charge state (4.3 V). The cyclic
voltammograms (CVs) were carried out with a potgntindow of 2.8 — 4.3 V using
a scan rate of 0.1 mV's
3. Resultsand discussion

3.1 Structure and morphology
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As seen in Fig. 1, the XRD patterns of the NCM &B-NCM (0.5 wt%) powders
are obtained to investigate the structural chaadfes the surface coating. It is clearly
that the diffraction pattern of the PB-NCM powdsridentical to that of the pristine
NCM powder. All samples exhibit a typical hexagonaNaFeQ layered-structure
belonging to the space group_rRBand well-grown split doublets of (006)/(102) and
(108)/(110) pairs indicate the formation of a waitlered layer structuf&’
Diffraction peaks corresponding to PB are not olzsein the PB-NCM sample, since
the nanosized PB coating content may be too lowetaletected. In addition, the
lattice parameters of the pristine and the coatedptes calculated from the XRD
measurements are listed in Table S1. The valudagfwhich is used to evaluate the
layered structure of theathode materials, is almost identical. Thus, tbeting layer
has almost no influence on the host crystal fornprigtine particles®” Since the
value of 1(003)/ 1(104) reflects the cation disatdend the value of PB-NCM is higher
than that of NCM, we conclude that PB-NCM has thedst level of LI/Ni** cation
mixing. ®° Therefore, there are reasonable justificationdebeve that 0.5 wt%
PB-NCM is beneficial to the electrochemical perfonce

Fig. 2 (a) shows the surface morphology of 0.860wWPB coated NCM. After
wrapping with PB, the samples are retained the rggdidike particles well with an
average diameter of 1m. Interestingly, the formed PB-NCM microsphereseha
relatively rougher surface than the pristine NCMcrospheres, this is due to the
product of the reaction between PB and the lithresidues, creating more surface

pores onto the NCM microsphet€s®” Simultaneously, Some of the particles are
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covered on the surface of pristine NCM, which i$ oloserved in the coated samples
by SEM and could be ascribed to Li residuals (Liéttl L,COs) (see Fig. S1¥% In
addition, the elemental mapping is used to furttezify the uniformity of the coating
layer. Fig. 2b shows the elemental mapping of th& @t% sample, which
demonstrates that Ni, Co, Mn and Fe are homogehedisiributed on the particle
surface. The TEM image (Fig. 2c) confirms the pmneseof amorphous lithium
residues attached the surface of pristine N&RI As stated in the introduction, the
excess lithium is necessarily needed to synthesizesll-ordered layered structure
with lower cation mixing. As shown in Eq. (1-4)ethctive L3O and / or LiO, on

the surface of nickel-rich cathode are prone tcctregith CG, and HO in air

atmosphere, resulting a residual Li layer that tssvith Lb,COs and LIOH.!*!
Li.O + CQ - LiCOs (1)
Li,O + HO - 2LiOH 2)
2H50" + Li,CO; — 2Li* + 3H,0 + CQ (3)
HsO" + LIOH — Li" + 2H,0 (4)
2Fe[Fe(CN)] + 3Li,CO; — 2LisFe(CN) + FeOs; + 3CO, (5)
2Fe[Fe(CN)] + 6LiIOH — 2LisFe(CN)+ FeO; +3H,0 (6)

A homogenous coating layer of 5-8 nm which reactvith PB can be observed on
the 0.5 wt% sample, according to Eq.5-6. It is obgly noted that no lattice fringes
correspond to PB, indicating that tegricyanide compounds are amorphous. The
parallel lattice conforms to the layered matenwith interplanar distances of 0.463

nm (Fig. 2d). Along with the XRD and HRTEM resulitsis confirmed that PB-NCM
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has a typical (003) crystalane of the layered phase (space groﬂmRB

In order to investigate the reaction of Li residuand PB, the amount of Li
residuals in the pristine and coated sample werasared by titration as listed in
Table 1. The content of Li residuals is decreasgddating layer in the samples,
implying that these species reacts to form othenpmunds during this process.
Furthermore, the NCNdbowder was suspended in DI water and stirred famBtutes,
then the solution (12 ml) mixed with PB (0.0025adfer filtered so that the reaction
between PB and lithium residues could be observede nmtuitively. The color
change is shown in Fig. 3 and Videos S1. The plevad also one of the critical
quality indicators for Li residuals. A low pH valy8.22) of above mixed solution
means a decrease of residual lithium, compared thighcathode materials (11.90),
and the pristine NCM and PB-NCM (0.5 wt%) suspemsce 11.53 and 11.18 after
stirred for 3 minutes. (see Fig. S2). Therefore, tbaction of the PB and residual
lithium can dfectively reduce the amount of residual lithium be NCM surface.

To investigate the lithium residues on the swfatthe NCM and PB-NCM (0.5
wt%), the FT-IR spectra are presented in Fig. S&ofding to the previous reports,
the band at 3200-3600 ¢nis considered as the stretching vibration of Orbtrf
LiOH. 2 The absorption peaks at about 1390 and 875 ame assigned to
anti-symmetric stretching vibration and out-planextiral vibration of C& from
Li,COs, respectively*® The band at 2270-2400 &mwhich is attributed to the
O=C=0 antisymmetric stretching vibration, it notsebved in PB-NCM, indicating

that PB-NCM much more resistant to Q({f” Bands at 2100 cihdetected in the
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PB-NCM sample are ascribed to the asymmetric $tiregc C-N vibrations in
LisFe(CN) compounds®? Furthermore, the peaks of O-H and C-O bands fer th
NCM are prominent than those of the coating samiitiés illustrated that the amount
of LIOH/Li,CQO; on the surface of NCM could be effectively redubgdPB-coating.
XPS analysis was carried out to investigate ffeceof PB coated on the oxidation
states of some elements for sampkag. 4a shows the Ni XPS spectra for the NCM
and the PB-NCM sample, the two peaks at 855.0 eV8i12.3 eV are both attributed
to Ni?*, assigning to two orbits of Ni 2p3/2 and Ni 2plMiile the peaks at ~854.5
eV and ~855.9 eV correspond to the Ni 2p3/2 indithat the valence state of Ni near
the surface is a mixture of Niand NF*. ¥ It is noteworthy that the intensity ratio of
Ni?*/ Ni** in pristine sample is stronger than that of PB-N@idicating the lower
cation mixing after NCM coated with PB, which suppdhe transmission of Lions
and the improvement of electrochemical performatices in good agreement with
the results of XRD. The C 1s peaks (Fig. 4b) at.@&V and 289.5 eV belong to
adventitious carbon present in the analysis chandred LpCO; component,
respectively.® It is obvious that the intensity of the C 1s pe#k289.5 eV is
significantly reduced after coating with PB, dentosisng the lower amount of
lithium residues on the surface due to the fornmatd the LgFe(CN) by reaction
between lithium residues and coating material. [Moee, a noticeable peak at 283.4
eV is ascribed to Fe(Chf) in PB-NCM. The O 1s peaks (Fig. 4c) located at32%/
are attributed to the lattice oxygen, while thekseat 531.6 eV is related to adsorbed

species such as LiIOH and,CiOs. B° The intensity of the lattice oxygen peak is
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greatly enhanced after PB-coating reveals thatPfBecoating layer can bring more
lattice oxygen and decrease oxygen defdttsBesides, Fig. 4d and e display the
XPS spectrum of the Fe 2p and N 1s for the 0.5 WB4ANCM sample, respectively.
The peaks at 708.5 eV aaétributed to F& which may originate from Fe(Cl). And
the N 1s characteristic peaks are detected at 3.8 well accordance with the
results of FTIR, further illustrating the PB is ted on the surface of NCM.
3.2. Electrochemical Results and Discussion

The as-prepared NCM and PB-NCM materials wered use the cathodes to
evaluate their electrochemical performance. Figslaws the first charge-discharge
curves of the samples at 0.2 C (1 C = 160 mA between 2.8 V and 4.3 V. Five
samples display similar and smooth curves, indigatihat the PB coating layer brings
a minor change during the charge/discharge prodé¢ss.NCM sample exhibits an
initial discharge capacity of 165.2 mAh*cand 86.6% initial Coulombicficiency,
while the initial discharge capacities of the PBM@amples are 169.2 mAK'¢0.2
Wt%), 175.1 mAh g (0.5 wt%), 172.9 mAh§ (1 wt%) and 162.8 mAhf(2 wt%),
with Coulombic éficiency values slightly increase to 87.7% in 0.5 wiéating.In
general, the irreversible capacity in the first eyid attributed tadhe side reaction
between organic electrolyte and electreddorm the CEI. On the one hand, due to
the surface modification by PB-coating, the sidetieas between the NCM cathode
and electrolyte are restrained, leading to the rerobirreversible Li ions decreased.
On the other hand, the charge/discharge voltagéopta of PB is lower than that of

NCM, which limits the great improvement of initiafficiency (see Fig. S4). The
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above results suggest that thatable coating layer leads to the increase ofrittial
discharge capacity but show a sligffeet of elevating the Coulombidficiency. For
the rate capabilities of the NCM and PB-NCM (Fif),5he cells are tested from 0.2
C to 5 C between 2.8 and 4.3 V and then back taC0Q.&ustaining each rate for five
cycles.It is obvious that the discharge capacities of ks@mples gradually decrease
with increasing current density due to the poldiiwa However, the capacity of
PB-NCM (0.5 wt%) has a clear increase compared \litn NCM counterpart,
showing 171.8, 165.8, 159.5, 150.9 and 133.9 m}éihagO.Z, 0.5, 1, 2 and 5 C,
respectively. Such relatively higher discharge bijg of PB-NCM is ascribed to the
stability of the electrode/electrolyte interfaceidg the charge/discharge process.

To further prove the effect of PB coating layertbe performance of the samples,
cycling performance of the NCM and the PB-NCM at°25are showing in Fig. 5c.
The samples with 0, 0.2, 0.5, 1 and 2 wt% of PBtingadeliver the discharge
capacities of 148.1, 149.0, 153.8, 151.9 and 146Mh g after 200 cycles at 1C,
respectively. Compared with the NCM, the PB-NCMb(it%) obtains significantly
enhanced capacity retention of 95.8%. Furthermlorgy-life cycle performance of
PB-NCM (0.5 wt%) and NCM in constant cut@otential between 2.8 and 4.3 V vs.
Li/Li* at 1C is shown in Fig. 5d. Apparently, PB-NCM (%) presents an
excellent cycle capacity retention of 81% after 56f¢cles. In addition, the
corresponding charge-discharge curves are showigirs5, it directly illustrates that
the polarization has been suppressed by coating PBrelifie stabilizing the

electrochemical properties of the material. Thevabeesults all indicate that the
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sample with 0.5 wt % PB coating exhibits the belgcteochemical properties
including high reversible discharge capacity anddacapacity retention (Compared
with other coating materials, see Table S2). #gsociated with the PB coating layer,
because it not only protecting active materialanfrelectrolyte erosion, but also
removing lithium residues through forming lithiumactive coating material
LisFe(CN)}, which has a positive impact on reducing surfaogedance and
restraining electrolyte decomposition ( see Fig. 88

In order to study electrochemical reversibilitiye cyclic voltammograms of the
pristine and 0.5 wt% PB-NCM sample are recordetién2.8 — 4.3 V voltage range at
a scan rate of 0.1 mV s(Fig. 6). A pair of anodic/cathodic peaks centers at the
voltage range of 3.6 - 4.0 V is found in both sassplwhich correspond to
delithiation/lithiation process in the oxidizatioeduction reaction of Ni/Ni**
respectively. The oxidation peaks obviously shofldwer voltage which is generally
related to the activation process of the electrodthe first cycle. It can be easily
found that oxidation peaks of both samples shiftatieely during initial three cycles,
and after 100 cycles, the peak positions wereeshifbwards higher resistance values,
while the reduction peaks remain relatively stedihis noticeable change may arise
from the changing of polarizatiok®’ Compared to the pristine NCM, PB-NCM (0.5
wt%) sample exhibits a smaller shift in the oxidatpeaks than in the pristine sample,
which might be due to the PB coating layer effedfivimpede the side reaction
between electrolyte and electrode material, bripgin steady cathode-electrolyte

interface (CEI) layer and decreasing interfacigbéance between particles and the
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electrolyte during cycling®®*® According to previous reports, the potential inéér
value AEp is also used to evaluate the electrode polarizatVith the cycles
continuing, the PB-NCM (0.5 wt%) sample exhibitsraaller value ofAEp, from
0.118 V (AE,) to 0.056 V AE,), 0.053 V AEs) and 0.074 V4E1q0), whereas thaEp
value of the pristine sample is largeef/AE,//AE3/AE;0=0.276/0.102/0.071/0.086 V),
indicating that the lower polarization are realizeth the modified samples.
Additionally, the PB-NCM cathode has more sharpdakon peaks, implying better
conductivity on coating material. The above resalts consistent with the superior
electrochemical properties.

To further investigate the impedancdfetience of the samples, Electrochemical
impedance spectroscopy tests of the pristine amdPBINCM(0.5 wt%) sample after
various cycles at a fully charged state of 4.3 & lfown in Fig. 6¢ and 6d. Generally,
Nyquist plots consist of a typical semicircle inetthigh frequency region, a
similar-semicircle in the middle frequency and maigiht line in the low frequency,
respectively. The intercept on real axis standstifier ohmic resistance {R The
semicircle at high frequency represents surfaoe fdsistance (J which is related to
the situation of Li ion migration through the CHnhf. The similar-semicircle in the
middle frequency corresponds to charge-transfeisteege (R), reflecting the
lithium-transfer rate and interfacial capacitantéh& electrode/electrolyte interface.
What is more, the oblique line at low frequency nse#he impedance for Li-ion
diffusion inside electrode bulk!® The simulated impedance parameters using the

equivalent circuit are listed in Table 2. It candbearly seen that both samples show
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higher R values in the premier cycle than the 100th cyale tb the activation
process occurred in the initial cycle, whiabcordant with CV results. Furthermore,
the R values of the 0.5 wt% coating sample are alwayallemthan those of pristine
NCM, and maintain stability after 100 cycles, imply that a more stable and thinner
CEl layer is established after coating with P8.As is well known, the surface layers
of thickening have components of residual lithiwvhich increase the interfacial
resistance due to their intrinsic insulating proiesrfor both electrons and’LiThus,
it is reasonable to attribute lowey Walues to reduce inactive lithium residues. The R
of NCM increases from 189 at first cycle to 693.%2 at the 200th cycle, whilthe
Rc: of 0.5 wt% PB-NCM obviously decreases after eagtiecdue to the féectively
suppressing of the cathode surface passivationdegiwhe electrode and electrolyte.
Combined with the above electrochemical performaarwt CV results, we conclude
that the PB coating layer can inhibit undesirahlie sreaction between residual
lithium and electrolyte, thus strengthening theersible Li" content and suppressing
the impedance increase.
3.3.Storage performance

As for the Ni-rich materialgpoor storage performance and rapid moisture uptake
have limited its large-scale application. Therefatdas worth exploring its storage
property. We investigated NCM and PB-NCM (0.5 wiS&jrage property after 7 and
14 days of exposure in air with a relative humiaify50% at 25C. The FTIR results
give more evidence of the surface changes on NGiMPB¥NCM during the storage,

as shown in Fig. 8Compared with pristine samplegbere appears a new adsorbed
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peak at 1430 cth after storage, which are assignedatatisymmetric stretching
vibration of CQ? from Li,COs. ® The adsorbed band at 3200-3600"caxists both
for the pristine material and the storage materiglsrthermore, although the
absorption peaks of }€0O; show an increasing trend with the extension ofagfe
time, the LpCO; peaks intensity reduce after modifying by the PBis means that
the formation of LiCO; is suppressed by PB coating layer. In additioa,ftiiming of
LiOH mainly resulted from the reaction between sheface of materials and moisture,
so the content of water on NCM and PB-NCM surfagi®te and after 7 and 14 days
of exposure in air has been compared in Tabla &e case of PB-NCM, the water
content increased from 2596 to 4740 and 6514 ppen7aind 14 days storage in air,
respectively. While the water content of NCM ingea rapidly from 3635 ppm to
6953 and 8440 ppm, respectiveence, following the PB coatingeatment, less
water had been absorbed on the materials surfacegdihe storage process. Fig. S7
presents the SEM images of the pristine samplestendtorage materialblotably,
the pristine materials of NCM and PB-NCM have aclgrofile (Fig. S7a and S7b).
However, after being stored for 14 days, the NCM BB-NCM samples show a thin
layer of transparent substance presenting on thelpasurface (Fig. S7c and S7d),
which considered to be a mixture of LiOH, LiHg@nd LCOs. “?*3! Compared to
NCM, the surface of PB-NCNboks relatively distinguishable, this verify th&IR
results.

The first charge-discharge curve and cycling peréorce of the pristine samples

and the storage materials after storage in aiv fand 14 days are displayed in Fig. 8.

17/19



The cathodes of NCM show a large capacity decredtbethe extension of storage
time. For instancethe initial discharge capacity of NCM are 160.8 mgthand 152.6
mAh g after 7 and 14 days, respectively. It is obvioulsiwer than that of the
PB-NCM samples (170.5 mAh'gand 163.2 mAh{§). Besides, the charging curve of
the NCM (14 days) shows a steep increase of voliag® 3.92 V in the early stage
and then subsequently decays to the plateau aV3RB& the PB-NCM (14 daysihe
charging curve displays a steep increase of volgg® 3.81 V, but the voltage decay
is less subsequently. These results indicate &daetgctrochemical polarization for
the NCM because more insulating lithium residuegraluced after exposing to the
air. % This is coincident with the trends of the moisturgtake.Furthermore, the
stored samples PB-NCM (7 days and 14 days) extibtharge capacities of 135.6
mAh g' and 126.0 mAh g with the corresponding capacity retention of 91.6% and
93.3% after 100 cycles, respectively. In contrist, capacity retention of NCM after
storage in air for 7 and 14 days are only 84.0 % &@.6%. The improved
electrochemical performances are related to PBingpdayer, which reduces the
lithium residues content and improves the storagpenty.
4. Conclusions

In this study, we have successfully applied a senmpéthod to synthesize Prussian
blue and using them to modify the surface structirBlCM through dry coating at
lower temperatures. The PB coating layer céfieciively reduce lithium residues
content and suppress side reaction between elecaad electrolyte, forming the

stable CEI layer and crystal structure, so thatrtoalified material presents better
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capacity retention and longer-life cycling stalyilihan the pure NCM. The TEM,
SEM, and XPS analyses confirm the existing of @ingdayer on the surface of 0.5
wt% PB-NCM sample. Apart from this, it is demonstchthat the PB coating layer of
metal-organic framework contributes to lower paation of the particles and reduce
the charge transfer resistance according to th@@WVEIS analyses. Electrochemical
tests showed that 0.5 wt% PB-NCM exhibited excelgyeling performance with 81%
capacity retention after 500 cycles between 2.8nW 4.3 V, and superior storage
property (126 mAh ¢ discharge capacity at 1C) after storing in air 1dr days.
Overall, this facile coating approach shows widagesfor decrease lithium residues
and builds a stable interface for cathode matenaltéch could be employed to other
Ni-rich layered oxide cathodes for large-scale purtidn.
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Table(s):

Table 1 Li residuals in the pristine and PB-NCM pées.

Sample LCOs LiOH Total Li
(ppm) (ppm) (ppm)
Pristine 6317.60 4093.74 2373.48
PB-NCM (0.5 wt%) 4156.31 2693.25 1561.50

Atomic weight of Li

Total Li (ppm) = X LioCOs(ppm)

molecular weight of Li, CO3

Atomic weight of Li

X LiOH(ppm)

molecular weight of LiOH




Table 2 The impedance parameters of equipmentitimuthe pristine

and 0.5 wt% PB-NCM samples after different cycles

Sampels Pristine PB-NCM (0.5 wt%)
Re(2) Ri(©Q)  R(Q) Re(€2) Ri(©Q)  Rel(Q)

1st 4.1 24.5 18.9 3.3 19.7 11.7

100th 1.3 13.5 350.7 2.0 18.8 238.1

200th 2.7 30.3 693.7 1.9 18.8 308.2




Table 3 Content of water on NCM and PB-NCM surfhefore and after

7 and 14 days of exposure in air with a relativeidity of 50%

Samples Pristine 7 days 14 days
(ppm) (Ppm) (Ppm)
NCM 3635 6953 8440

PB-NCM (0.5 wt%) 2596 4740 6514
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Figures Captions:

Fig. 1 (a) XRD patterns of NCM and PB-NCM (0.5 wt##)d (b)-(c) enlarged XRD
peaks.

Fig. 2 (a) SEM image of PB-NCM (0.5 wt%) microspdiefb1-b4) EDS mapping of
PB-NCM (0.5 wt%); (c) TEM image of NCM and (d) HRVEimage and lattice
fringes of PB-NCM.

Fig. 3 Photo images of the reaction between PBN{DM solution after stirring for (a)
0 min, (b) 1 min, (c) 2 min, (d) 3 min and (e) 4nmi

Fig. 4 XPS spectra of (a) Ni 2p, (b) C 1s and (c) O 19NG&M and PB-NCM; (d) Fe
2p for PB-NCM sample, (e) N 1s for the PB-NCM sammnd (f) original XPS
survey spectrum for PB-NCM.

Fig. 5 (a) Initial charge and discharge curves 6MNand PB-NCM at 0.2 C; (b) rate
capability under variable current rate; (c) cyclipgrformance at 25 °C under a
current rate of 1 C and (d) cycling performancé & for the pristine and PB-NCM
(0.5 wt%) sample at 25 °C within 500 cycles. Allaserements are conducted in the
voltage range of 2.8 — 4.3 V vs Li/Li

Fig. 6 Cyclic voltammograms at a scan rate of OVLgh at 25 °C for (a) pristine and
(b) PB-NCM (0.5 wt%) sample, the Nyquist plots o pristine and (d) PB-NCM
(0.5 wt%) sample, (e) equivalent circuit used famwdating the experimental
impedance data.

Fig. 7 FTIR spectrum of NCM and PB-NCM (0.5 wt%)dre and after stored in air
for 14 days.

Fig. 8 (a) Initial charge-discharge curves at 0.2nd (b) cycling performance at 1 C
for the pristine and PB-NCM (0.5 wt%) samples a#terage in air for 7 days and 14
days.



HIGHLIGHTS

PB-modified NCM is synthesized by a simple dry-aoatnethod.

A uniform and thin layer of PB is successfully ehon the surface
of NCM.

PB coating reduces the lithium residues on theaserbf NCM.

0.5 wt% PB coating enhances the electrochemicagohes of NCM.

PB-NCM sample exhibits superior storage property.



