Accepted Manuscript

storage
materials

=
An lon Conductive Polymer encapsulation: new insight and significant performance
enhancement of sodium based P2 layered cathodes

Karthikeyan Kaliyappan, Gaoran Li, Lin Yang, Zhengyu Bai, Zhongwei Chen

PII: S2405-8297(19)30870-0
DOI: https://doi.org/10.1016/j.ensm.2019.07.010
Reference: ENSM 835

To appearin:  Energy Storage Materials

Received Date: 21 March 2019
Revised Date: 28 June 2019
Accepted Date: 8 July 2019

Please cite this article as: K. Kaliyappan, G. Li, L. Yang, Z. Bai, Z. Chen, An lon Conductive Polymer
encapsulation: new insight and significant performance enhancement of sodium based P2 layered
cathodes, Energy Storage Materials, https://doi.org/10.1016/j.ensm.2019.07.010.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

The final publication is available at Elsevier via https://doi.org/10.1016/j.ensm.2019.07.010.
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/


https://doi.org/10.1016/j.ensm.2019.07.010
https://doi.org/10.1016/j.ensm.2019.07.010
Jordan Hale
The final publication is available at Elsevier via https://doi.org/10.1016/j.ensm.2019.07.010. © 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/�


An lon Conductive Polymer encapsulation: new insighand significant

performance enhancement of sodium based P2 layeredthodes

Abstract

It is essential to stabilize the surface of P2 laegecathode materials at high cut-off
voltages (> 4.3 V) in order to construct high-eiyempdium ion batteries (SIB) that are
promising for commercial application. When the aght exceeds 4.3 V, large volume changes
due to phase transitions and active species dissolaffect the structural stability of high
voltage cathodes. In this study, we report a nowethod of enhancing the electrochemical
cycling performance of P2-type M#MnosNio 180190, (NNMC) materials through ion-
conductive polyimide (PI) encapsulation. The eledtemical performance of ultrathin P1 coated
NNMC (PI-NNMC) is one of the best reported in titerature among layered cathodes in terms
of cyclic stability (82 % after 100 cycles at 0.A6™) at a high voltage range between 2 and 4.5
V, compared to the pristine (46 %) and®@d-coated NNMC (70 %). At high current (5 C), the
NNMC-PI electrode demonstrates superior cyclabbyretaining 70 % of its capacity after 500
cycles. The ultrathin Pl layer possesses exceflariace protection, high ionic conductivity (vs
Al,O3 coating) and facile ion transport, thus enablinfgst and durable redox electrochemistry

in NNMC materials for high-performance sodium sgabove 4.3 V.

Keywords: sodium ion batteries; P2-type electrodes; polyenidurface modification; ion-

conductive coating



Introduction

Lithium ion batteries (LIBS) are promising energtorage systems for large-scale
applications such as electrical vehicles (EV) agdrid electrical vehicles (HEV) due to their
high energy density and excellent electrochemit¢abikty. However, there are still many
shortcomings of the LIBs that should be seriouslyoerned such as the cost, toxicity, safety
issues, availability of lithium raw materials, andfavorable high-temperature performance.
Sodium ion batteries (SIBs) are a promising altiéveato LIBs, as sodium is one of the most
abundant element on earth crust and also much eheapnpared to lithium met&f The
intercalation/deintercalation of Na-ions in the thosaterial was first reported in 1980 and the
primary research on sodium rechargeable batterisssummarized by Abraham.In the case
of anode, numerous potential candidates such @®maceous materials, metal oxides, alloys,
sulfides, Ti-based intercalation anodes are bemgstigated so far*® Among them, the
carbonaceous materials with more disordered stictwe demonstrated to deliver viable
capacity and stability.® However, these disorder carbons have very lowativey voltage (near
0 vs Nat/Na), rising the safety issues due to timétion of sodium dendrite at high current
rates> ® Hence, the preparation of carbon materials witeroatoms (N or S) had been proposed
as high rate and stable anode materials for 5IB.addition, the composite of carbon and alloy
materials such as Sbh, Sn and Bi have also beenrg#rated as alternative negative electrode for
SIB application. However, these alloy compositeariats have very low specific capacity and
poor rate performance. In addition, the thin filrh Sn-Sb, Sn-Ge, Sb-Si and Sn-Ge-Sb are
reported to deliver the capacity ranges betweena®@800 mAh § with long term cyclability
in SIB configuration. % Recently, Ti-based anodes @VaO; and NaTiQ) have been

intensively investigated as alternative anodesSi&s. **"** The main drawbacks of these anodes



are the low capacity and inadequate rate capaloiligyto the low conductivity of both electron
and Na-ions. Hence, many efforts have been devotédd better negative electrode to fabricate

high performance SIBs.

In contrast, several sodium intercalation cathofl@sinstance, layered transition metal
oxides, fluorophosphates, hexacyanoferratesF&RQF, NaM3z(POy)o(P20) (M = Fe/Co),
NaoFeP2Q and tunnel structural materials were reported vaitimsiderable sodium storage
capability’>'® However, these materials displayed poor abilitystmre sodium ions into their
structures and severe capacity fading upon cyéfirt§.Unlike their Li" analogue, layered Na
host materials do not suffer from cation mixingvben sodium and transition metal ion layers
due to the larger atomic radius of sodium {Nal.02 A) than that of lithium (Li- 0.76 A),
leading to a well-developed layered structtirén general, layered Na based intercalation
materials could be mainly categorized as O3- andyp@ structure, in which Na-ions are
occupying at octahedral and prismatic sites, resmyg.?° Among the structural types, P2-type
materials are known to exhibit better electrochamitaracteristics due to its high diffusion rate
of Na-ion and inhibited slab-glidin§. The phase changes between O3- and P2-types ceuld b
attributed to the gliding of M@sheets at ambient temperattite€® Much research effort has
been devoted to developing P2 type layered madedale to their better electrochemical

performancél?*%

In spite of showing stable electrochemical Na-ion
intercalation/deintercalation behavior at low cuatrélensities, P2 cathodes experience severe
capacity fading and poor rate performance dueeaactimplicated phase transformation reaction

and the active species dissolution during chargefidirge (C/DC) process, which severely

restricts their practical applicatiGh.



In order to improve their electrochemical perform@ndevelopment of layered oxides
with transition metal mixtures have been investdaextensively for SIB. This enables
improved N& storage performance than that of its native comgpalthough capacity decay
still  persist€*® Several layered oxides including P2oN@Nig2C11MNoeeDs, P2-
Nao gdlio.1Ni0.21MNg 6402, Nag.6AMNo.6sC 0 2Nio 1902, P2-type NaisNiyzMnzz«TixO. and P2-
Na[Fe1,Mny]O, were investigated and reported elsewlf&ré>?" 2829 Synfortunately, the
main disadvantage of these materials is that theyat tolerate deep charging above 4.3/ (
Na/Na). When charged above ~ 4.3 V, the capacity ofeh@gered oxide degrades rapidly as a
result of irreversible structural changes, restiggtthe complete capacity utilization of active
materials. Despite showing favorable features saghow cost and stable performance, SIBs
with low working cell voltages are inadequate foagtical use especially with EVs and HEVSs.
Since the accumulation of energy in an electrochahaevice is directly proportional to the cell
voltage, the energy density of SIB can be incredsgeénhancing the operating voltage and
capacity. Apart from that, the poor rate capabibtyabove-mentioned electrode materials mainly
originates from their low electronic conductivitydathe formation of dense solid-electrolyte
interfacial layer (SEI) during cycling:*>** **Therefore, it is essential to develop advanced
high-voltage electrode materials with highly contikecand robust electrode/electrolyte interface

for future SIB applications.

Although cation doping strategy could help to erdeatine structural stability, the doped
cathodes still exhibits poor rate performance ayalic performance at high cut-off voltag&s.
.38 gurface coating with carbon or metal oxide areaffe ways to enhance the cyclic stability
of cathode materials at high voltagé€6.3® *° Recently, various metal oxide coatings (such as

Al,0s, Zr0, and TiQ as protective layer) have been demonstrated taowepthe cyclic



performance of P2 layered cathodes at high cutraltiges, which prevented the surface from
electrolyte attack and accommodated the volume gdwan during the structural
transformationé®*?* Among metal oxides, electrodes coated with ulia-Al,0; layer showed
improved cyclic stability while Zr@coated samples displayed better rate perfroalféighe
cycle stability enhancement at high voltage fromtahexide coatings is still inadequate for
practical application due to its low electrical dad conductive properti€d:**In addition, metal
oxides are often discontinuously deposited betwhbkerparticles, thus acting as an inert layer to
ionic conduction. Therefore, complex and expensoating process like atomic layer deposition
(ALD) are required to form uniform metal oxide dogs, but this technique only coats the
electrode surface instead of materials themséR&f late, polymer encapsulation/hybrid
composite have been extensively studied to impribve performance of LIBs in both the
cathodic and anodic regior’s:*> However, these strategies have not been fullycezglin SIB

cathodes, particularly at high cut-off voltages.@¥).

These advantages motivate us to design a novehcgurprotection based on the
encapsulation of uniform ion-conductive polymerctielyte layer (IPEL) on P2 layered cathode
materials. Unlike carbon or metal oxide coatingg, fPEL is considered as a promising surface
protection technique as it not only increases ttabilgy of the cathode but also forms a
continuous ionic conductive coating layer on activaterials>> Polyimide (P1) is being used in
various application including fuel cells, membrgmagroelectronics and electrode materials for
energy storage, due to its excellent ionic conditgtand thermal stabilit§®>* In this study, we
utilized polyimide (PI) as an IPEL to boost the ida-storage performance of P2-type layered
Nap/3(MNno saNip18C0 1902, (NNMC) cathodes at high voltages (> 4.3 V). The IPEL on

NNMC was generated from the thermal imidizationpofyamic acid (PAA) synthesized from



oxydianiline (ODA)/ pyromellitic dianhydride (PMDA)polymerization reactiofir The

remarkable film-forming capability of PAA along wWitthe strong affinity towards cathode
surfaces result in ultrathin uniform formation ohic conductive P IPEL on NNMC surfate®

To the best of our knowledge, this is the firstreneport to fabricate IPEL on SIB intercalation
cathode materials. Precisely, emphasis is focusedhe comparison of the electrochemical
performance of IPEL coated NNMC with pristine and,@ coated NNMC electrode to
understand the influence of IPEL on the electrodbamperformance of SIBs including

discharge capacity, rate performance and cyclglatihigh operating window of 2 - 4.5 V.
Experimental
Preparation of P2-NNMC

Initially, P2-type NNMC powders are prepared usengsol-gel method described as
follows: stoichiometric amount of acetates of sodiumanganese, nickel and cobalt were
dissolved in deionized water and stirred for 30 .nfihen, chelating agent solution (citric acid,
CA) as was slowly added into the above metal smutihe solution was heated under constant
stirring at 120 °C until a viscous transparent igebbtained. The resulting gel precursors were
decomposed at 40% for 4 h and then heated at 8%D for 12 h in air with intermediate

grinding to obtain high crystalline layered matksia
ALD of Al ;03 on NNMC electrode

A layer of AbOs on NNMC electrode surface was performed at %2Qusing an ALD
system (Thermal Gemstar 6XT, Arradiance, LLC, USAwhich Trimethylaluminum (TMA)
and H,O were used as the precursor and oxidizer, respdcti The detailed electrode

preparation and ALD procedure could be found inmewious report? Ten ALD of AlLO; were



performed on NNMC electrodes for half-cell measweata while 84 cycles of ALD cycles were

used on NNMC powder for morphological characteiizes.
Pl coating on NNMC

PI1 IPEL on NNMC was developed from the thermal iixation reaction of PAA. The 5
wt.% of PAA solution was prepared by dissolving PMDand ODA reactants in
dimethylacetamide (DMAC) solvent. Typically, ODA&RMDA solids were dissolved in 0.1 M
of DMAC solvent and stirred for 12 h. The molaroatf PMDA to ODA was fixed at 1. The 1
wt.% PAA solution was prepared separately from dbeve mixture by diluting with DMAC
solvent. 1 g of pristine NNMC powders were mixedhwd wt.% PAA solution and then stirred
for 2 h. All reactions were taken place in an arjled glove box. The mixture of PAA and
NNMC solution were filtered and dried at 20 for 12 h under vacuum. Finally, the conversion
of PAA to IPEL was carried out by multi-step thefnmaidization process, which consisted of
heating at 60 °C for 120 mir 120 °C for 60 min— 200 °C for 60 min— 300 °C for 60 min
— 400 °C for 10 min under argon atmosphere. FinallyO; (10 ALD cycles) and PI coated

NNMC powers were named as AI-NNMC and PI-NNMC, exdjvely.
Characterizations

The crystalline structures of the prepared powdesse characterized by using X-ray
diffraction (XRD, Miniflex 600, RIgaku, Japan) witbu Ka radiation. The surface morphology
of the powder was observed in a field emission sicanelectron microscope (FE-SEM, LEO
Zeiss 1550, Switzerland) and high-resolution trassmn electron microscope (HR-TEM, JEOL
2010 FEG). Thermogravimetric analysis (TGA) wasdrarted using a thermal analyzer system

(TA instrument Q500) at a rate of°6min™ with an alumina crucible as the sample holder. X-



ray photoelectron spectroscopy of C-NMB was congllictsing Thermo Scientific Theta Probe,
USA. Fourier transform infrared (FT-IR) spectrosgopas conducted on an IRPresitge-21
spectrometer (Japan). The electrochemical measutemef the prepared samples were
performed in CR2032 type coin cell. The cathode®fectrochemical analysis were prepared by
casting a slurry containing 70 wt.% of NNMC/ AI-NNB/PI-NNMC materials, 20 wt.%
Ketjenblack as conductive additive and 10 wt.% dmited acetylene black binder on stainless
steel current collector and dried in a vacuum oaer 80°C overnight. The testing cells were
constructed in an argon-filled glove box by pregsancomposite cathode, porous polypropylene
separator (Celgard 2400) and sodium metal counéstrede with 1 M NaCl® in ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 v/v}les electrolyte solution. The mass loading
of the electrodes is differing from 3 to 5 mg. Efechemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) studies were carried outan electrochemical analyzer (Bio-Logic,
France). The C/DC studies were conducted withiroldages range of 2 to 4.5 V at various

current densities (1C = 160 mA')gusing a Land battery test system at ambient tespes.
Results and discussion

Figure 1la presents the Rietveld refinement of ipesNNMC prepared through the sol-
gel method at 856C with its crystal structure shown in Figure S1eT¥RD pattern owns well-
developed, sharp, and intense peaks that refleetigh crystalline nature of the synthesized
NNMC powders. It is well known that the Nan prismatic sites are occupied between the,MO
sheets and these N prismatic sites had two different types namily and Na, which are
sharing the edge with Moctahedra to form layered structdfeThe crystalline peaks are
indicative of hexagonal structure with as®émc (JCPDS No. 194) space grddp>* The

refinement fitting results along with the atomiccopancies for all metal ions are presented in



Table S1. The stochiometric amount of sodium ugetthé preparation closely matches with the
refined value of 0.63 for the NNMC sample. In adfif the majority of Na ions in NNMC

occupy in Na (2) site, which is electrostaticallpna favorable than other Na sif@s.

The Rietveld refinement analysis of AI-NNMC andNMMC are presented in Figure 1b
and 1c respectively. It is clear that all patteans identical and no substantial difference in the
XRD patterns is noted between pristine;@y and Pl-coated material3The lattice parameters
are also calculated and shown in Table 1. The tzkul lattice parameters for all samples are
found to be very close and in good accordance thilpreviously reported values for P2 layered
structuré®>*The XRD patterns also reveal that the surface riwadibns (ALOs or Pl coating)
do not deteriorate the structure of NNMC sanfpfé.High crystallinity of cathode materials is
vital for good electrochemical cycling performanaad structural stability during battery

cycling?’?°

XPS spectroscopy was employed to analyze the presehcoating materials on the
NNMC surface. Figure 1c presents the XPS spectriidl @p of alumina coated NNMC, in
which the AI-NNMC sample shows an Al 2p peak ab67&V while the pristine NNMC does not
displays Al peak, confirming the presence of allangoating layer on the surface of NNMC
powders. On the other hand, the XPS of PI-NNMC igufée 1e and f reveal the presence of
carbon and nitrogen functional groups on the serfat the PI-NNMC particles. The N 1s
spectrum exhibits two characteristic peaks at 388.2nd 400.3 eV, which could be assigned to
pyridinic (N1) and pyrrolic (N2) nitrogen, respeety® The core-level C 1s spectra of PI-
NNMC in figure 1f displays the $pC-C, C-OH (hydroxy), C=0O (carbonyl) and O=C-OH
(carboxyl), andr- n* functional groups at binding energy of 284.9, ZB%®286.8, 288.5 and

290.3 eV, respectiveR’. PI coating layer with nitrogen incorporation netlyact as conductive



agent to further enhance the conductivity of NNMé&ct&ode, but also alleviate the pulverization
of the NNMC materials and stabilizes the electrstiecture during the electrochemical cycling
process*?Moreover, the higher electronegativity and smadkemic diameter of nitrogen atom
along with carbon effectively facilitate the intetian between the sodium ions and coating
layer® °® These unique features of PI make it a favorablaticg layer for achieving high
capacity even at fast Na-ion insertion/reinsertates. Thus, enhanced cycling stability would be
expected for the PI-NNMC electrode when comparecristine and AIO; coated NNMC

electrode.

Figure 2a presents the Na 1s spectra of pristidesarface modified NNMC materials,
all of which exhibit a peak centered at 1071.22 d¥monstrating the +1 oxidation state of
sodium®® The XPS spectra of Ni 2p in figure 2b displaysrfoharacteristic peaks centered at
855.09, 861.31, 872.91 and 880.12 eV. The peaktigpuexd at 855.09 eV (Ni 2p) and 872.91
eV (Ni 2py) are attributed to the characteristic featureglefnental Ni whereas the peaks at
861.31 and 880.12 eV are indexed to the shakeugspéalemental Ni® On the other hand, the
XPS spectrums of Co 2p and Mn 2p in figure 2c ashd@spectively, exhibit characteristic peaks
at 780.32, and ~ 642 eV, respectively. This cleaglyeals that the Mn has the valence state
between +3 and +4, and Co is +3 and +2, respegfivéi is worth noting that while the peak
positions of Co 2p and Ni 2p for AI-NNMC and PI-NNM(figure 2b and 2c) are consistent with
pristine NNMC, the Mn 2p spectrum of NNMC-PI in dige 2d shows a clear lower energy peak
shift from 642.6 eV to 641.9 eV, demonstrating ghectron adsorption by the Mn atom during
the polymer coating. Zhargj.al proposed that the charge transfer between eledtvoar (C=0
and benzene ring in PI) and electron acceptor epdsurface Mt in NNMC) results in the

weak Mn(lll)...benzine ring and Mn(lll)...O interactisf® This partial reduction of Mn from



Mn** to Mn** during PI coating is potentially favorable to iraping electrochemical cyclic

stability and the rate performance of the pristiidMC materials>

The SEM image of NNMC powder prepared with CA a 85 is presented in figure 3a.
The as-prepared NNMC exhibits clearly flake-shagmdoth particles with uniform particle size
and distributions without any agglomeration bemggifrom the addition of citric acid chelating
agent. It is worth mentioning that the CA not ondyluces the particles agglomeration but also
facilitates uniform crystal growth and high surfarea particles, which is important for better
contact between the particles and high rate pedoo®. The BET surface area of NNMC is
measured to be about 2.32 gT. The relatively high surface area of NNMC sampl@ossibly
resulted from the thermal decomposition of CA, whieleases CO and G@nd forms large
volume of voids during the synthesis. Additionallygh crystalline nature and large exposed
contact area of NNMC could enable an enhancedzatitin of active materials for
electrochemical reactiofl. Importantly, uniform sized particles also improvéee contact
between active material, conductive additives amdent collector, and hence, improve the Na-
ion diffusion rate and conductivity profiles withihe electrode as welf. ** The EDX mapping
of NNMC, AI-NNMC and PI-NNMC in figure S2, S3 and4 Srespectively, which clearly
demonstrate the uniform distribution of Na, Ni, leind Co in the particles. In addition, figure S3
and S4 confirm the presence of Al on AI-NNMC sugand C and N on PI-NNMC samples,

which further demonstrate the uniform distributafrcoating layer on NNMC patrticles.

Figure 3b illustrates the high resolution TEM imagfeNNMC particle coated with 84
cycles of ALD of ALO; layer. It could be noted that the 84 cycles of Atéh produce uniform
Al ;O3 layer with about ~ 9.5 nm thickness on NNMC péetgurface, which equals to ~ 0.12 nm

per cycles. In our work, we have done 10 ALD cyaé#\l,03; deposition on NNMC electrode



surface, resulting an ultrathin uniform 8k (~ 1.2 nm thicknesgpating layer on the electrode
as presented in figure 3c. In contrast, the TEMgenaf the as-developed PI-NNMC in figure 3d
exhibits an amorphous uniform thin Pl coating lagerl.5 nm) on the surface of the NNMC
powders. It is vital to develop an ultrathin prdiec layer on the NNMC surface to avoid
harmful electrolyte side reactions and active sgeedissolution into the electrolyt&® Further,
the metal oxide/PI coating layer could also accowuaw® the volume expansion arisen from the
P2-O2 phase transformation during the Na-ion imm@freinsertion process and provide

structural stability for enhanced rate performaoicthe parent materiaf§:*? °’

To further confirm the presence of Pl coating onNMBIsurface, FTIR measurement was
carried out and the spectra is illustrated in feg@5a. The FTIR spectra of PI-NNMC clearly
exhibits a peak at ~ 1782 &meferring to the C=0 (asymmetric stretch) of Phile no peaks
can be found between 1630 and 1650"¢f*® This is consistent with the previously reported
that the polyamic acid shows C=0 bond at around 188" and it shifts to ~ 1780 cfnafter
successful imidization proce&s.* *® In addition, a sharp intense peak at 18%9 can be
identified as the stretching vibration of the imi@N group in Pl film? These results
collectively confirm the successful imidization pdlyamic acid and the formation of Pl film on
NNMC surface?”**The Raman analysis was performed to prove the memee of imidization
process rather than the carbonation during therthletreatment as presented in figure S5b in the
supporting information. The absence of peaks cpomding to the D-band for at1345 cni* or
G-band at~1596 cnt in figure S5b clearly demonstrates that no carmtion of polyamic acid

occurred on the surface of NNMC particles at 400 °C

The schematic illustration of polymerization praxzemnd coating layer of PI-NNMC

surface are given in scheme 1. The strong attradbetween NNMC and PAA results the



formation of an ultrathin uniform and PAA layer iINMC. At the final thermal imidization
process, the PAA layer is completely transformeth® Pl layer instead of turning into carbon
layer as confirmed by Raman analysis. In additahrarge transfer reactions occur between the
electron acceptors (Mh in NNMC) and donors to form weak Mn (lll)...O and
Mn(lll)....benzene ring interaction as demonstratgdXP'S, which favors the tight protective PI
encapsulation against electrolyte attack and metaldissolution during the charge-discharge
process and the resultant improvement of battecjinzy stability 2> The uniform PI layer with
high ionic conductivity and thermal stability wouldlso facilitate and stabilize the

electrochemical reactions, which will be discusiselditter sections.

The CV of NNMC, AI-NNMC and PI-NNMC half cells areonducted against sodium
metal anode between 2 and 4.5 V at 0.1 M\arsd presented in figure S6a. The CV traces reveal
the complexity of electrochemical intercalationfdercalation of Na-ions into the NNMC
structures by showing three redox pairs correspmndo phase transformation during the
positive and negative scans. Similar trend has ladsm reported for various P2 type layered
materials containing multiple transition metal etens®” °° As seen in figure S6a, all the CV
curves show redox peaks at ~ 4.3, 3.6 and 2.3 \haould be assigned to the electrochemical
redox reactions of Ki"**, CE"** and Mrf**" respectively’® Ma et al. revealed that this
complex electrochemical reaction nature of the nagiematerials could possibly result from the
Na-ion vacancy ordering and the gliding of oxygdenps® Figure S6a clearly proves that the
PI-NNMC/Na" cell exhibits a stronger current response than NIXWAC and AI-NNMC/N&
cells. Moreover, the NNMC electrode displays a pehift towards lower potential during the
negative scan as detected in figure 4a, which oosfthe higher electrochemical polarization of

Ni?*/Ni** redox reaction and implies the restricted utilzmatof the active Ni species in the



electrochemical reactiofA”*% *>’Hence, lower capacity and worse cycling perforneamould be
expected from the sample without any coatings. Ailgaer current response of PI-NNMC/Na
cell might be due to the uniformly distributed pees with enhanced ionic conductive

properties and the presence of conductive N funatigroup on the surface of the partici&s®

The Nyquist plots of the cells recorded between 289 to 100 mHz before cycling are
illustrated in figure 4a and figure S6b (enlargetmenNyquist curves) and the corresponding
impedance parameters are listed in table 2. Gdypetiaé intersection of a semicircle with real
axis at the high frequency represents the contamitresistance (Rs), which associated with the
ionic migration resistance. In figure 4a, the seroie is composited of two parts in which the
first semicircle at high frequency region denote tmpedance corresponds to the interfacial
resistance (i.e. ). The semicircle at medium frequency region isrespnted the faradaic
charge transfer resistance.{jRat the interface and its double layer capacitaagcevell. The tail
part at the low frequency end is representing titbusn ion diffusion control process. A small
variation in Rvalue observed for all the curves in figure 4a &6t could be neglected, as the
complex reaction mechanism of Na-ion present iotedgte leads to poor contact between the
conducting species in the electrolyte, resultingislight variation in B*,**°* It can also been
seen from table 2 that the PI-NNMC based cell maaller R value than the cells with NNMC
and AI-NNMC electrodes. The lowerRvalue of PI-NNMC is ascribed to the formation of
nitrogen containing coating layer on particles, athiimproved the reaction kinetics thus
enhancing the electrochemical performance. Thesl&gvalue of pristine materials could be
attributed to the severe reaction of active specidth carbonate-based electrolyte and
subsequent byproducts (inorganic and polymeriané&tion over the surface of the electrdie.

This clearly revealed from figure 4a and table attthe IPEL played an important role in



increasing the Na-ion storage behavior of the NNiM&erial by alleviating the cell polarization,

which would enhance cycling process at higher éinatage?

The C/DC behaviors of the fabricated cells weredemted between 2 and 4.5 V at
different current densities and the C/DC profildsttee cells cycled at 1 C rate are given in
Figure 4b. As expected, the C/DC curves displagdlplateaus at ~ 2.3, 3.6 and 4.2 V within
the recorded potential range, correlating well wie CV resultd! Furthermore, the voltage
profiles of PI-NNMC shows the longest dischargectiea plateau among the cells constructed,
indicating the enhanced active material utilizatitributed to the Pl encapsulatiéi® 1t is
reported that the thickness of Pl coating layerushde controlled as thin as possifite®
Previous reports clearly demonstrated that theetatggcrease in ionic conductance could be
observed from thicker PI coating on the surf&c&he lower ionic conductance at high PI
coating thickness is attributed to the larger ohpuwtarization, which will become severer at
high discharge current densities (for thicker Ritow). Therefore, we particularly controlled the
PI1 coating thickness to be as thin as possible.Plileoating thickness was optimized at ~ 1.5 nm
(data not shown), and this also exhibited bettefopmance compared to the pristine and metal

oxide coated NNMC electrode.

In addition, all the cells exhibit irreversible eagity losses (ICL) during the initial C/DC
profile as seen from figure 4b. Generally, the I@Lthe initial cycles is associated with the
possible irreversible reactions such as decompasibf the electrolyte, which results in the
formation of a SEf*® The first charge and discharge capacities as aslthe Coulombic
efficiency (CE) values of all cells are listed able 2. Discharge capacities of 126.3, 127.8 and
133.16 mAh @ could be obtained from NNMC, AI-NNMC and PI-NNMCleetrode,

respectively at 1 C rate between 2 and 4.5 V. Aitoall the fabricated cells show ICL during



the first cycle, the cells with AD; and P1 coated NNMC electrodes show improved in@i of

78 and 92 %, respectively, compared to the pristieetrode (68 %). This clearly reveals that
the irreversible intercalation/deintercalation cd-Mns in NNMC structure and the detrimental
side reactions at electrode/electrolyte interface effectively alleviated by the ultrathin
encapsulation of coating materidfsVloreover, it is widely known that the P1 has ejeet ionic
conductivity compared to metal oxide coatift§s% *®Due to the uniform and ultrathin coverage
(~1.5 nm) of Pl on the NNMC surface, the impact ofi eesistance due to encapsulation is
mitigated as confirmed by EIS measurements (Fidae and the PI-NNMC electrode retains

good ion conduction for satisfactory discharge cap4®

To further understand the electrochemical procé$$NMC, AI-NNMC and PI-NNMC
electrodes, the differential capacity plots (dQ/@d® drawn from the initial C/DC curves and the
corresponding dQ/dV plots are presented in figude. Shere are three clear oxidation and
reduction peaks at ~ 4.3, 3.6 and 2.3 V correspanth the Ni"**, Co®”** and Mr*** redox
couple, respectively in figure S6t.This is well agreed with the CV and C/DC resuksshown
in figure 4. In addition, a new anodic peak cambted at 3. 29 V (insert in figure S6c¢), which is
associated to the newly formed Mn(lll). On the othand, a peak at3.30 V observed during
discharge can be assigned to the reduction of MrtdWn(lll). >>** The cycling performances
of the pristine and surface modified electrodespaesented in figure 4c. The pristine NNMC
electrode delivers an initial capacity dischargpacity of ~ 126 mA f at 1 C rate and shows
severe capacity decay until the tenth cycle. Thmcity retention after 25cycle is about 65 %
with a capacity of 82 mAhY Irreversible capacity fade is commonly obsenretiigh-voltage
SIBs, with the primary reason attributed to a relde P2-O2 phase transition via an

intermediate OP4 pha$®This phase change is ascribed to higher coulomdgalsion of the



adjacent oxygen layer when more Na-ions are esdaftom the structure at high potential

operation, which is confirmed by situ/ex situ XRD measurement elsewhére®

There are several other reasons also responsibladocapacity fade during the initial
cycles including (i) formation of SEI layer fromeetrolyte decomposition, (ii) active species
dissolution in to the electrolyte, (iii) severe amal stress due to the larger Na-ion
accommodation, and (iv) incorporation of solvatedsi into the metal oxide matrix. %% ©2
Hence, the capacity of pristine electrode is fouoddecrease gradually with the capacity
retention of 46 % after 100 cycles. Considering thany factors that affect the stability of P2-
type materials at high potential region as desdribbove, surface modification is a good

strategy to enhance the interfacial properties limating the direct contact of electrode

materials with the electrolyte.

The cycling performance comparison in figure 4adiedemonstrates that the presence
of coating layers (Pl or ADs3) has significant impact in improving the stabiliéy pristine
NNMC at high cut-off voltage range. In additiongttmooth C/DC curves of AI-NNMC and PI-
NNMC electrodes in figure 4b further confirm theppression of the irreversible P2-O2 phase
transition above 4.25 V. Moreover, the cyclic perfances in figure 4c also show significantly
smaller initial capacity fade for the coated eled&s, confirming the enhancement of the
interfacial properties of pristine NNMC electrodg tniform thin coating layer. The enhanced
cyclic stability of ALOs; coated electrode is mainly related to the largadbgap energy
difference between the alumina and NNMC mateffaf&: °’It was reported that the electrons in
the conduction band of the cathode material mote time coating materials during C/DC and
undergoes a redox reaction if the band gap energglatively low*! >’ This would greatly affect

the electrochemical stability of the parent materand hence the selection of coating material



with large band gap is essentialThe ALO; has a higher band gap energy (~ 9 eV) than other
known coating materials (ZeO= 5.8 eV and TiQ = 3.18 eV), which makes it a promising
candidate to enhance the electrochemical cycliméppeance’’ °” ®30On the other hand, PI-
NNMC electrode shows significantly enhanced cypksformance compared with pristine and
Al, O3 coated NNMC cathode. Figure 4c confirms that tad-¢ell fabricated with PI-NNMC
maintains ~ 81 % of its initial discharge capacitfich is higher than NNMC (~46 %) and Al-
NNMC (=70 %) cathode after 100 cycles. To undecsttre impact of coating layer on the
electrochemical stability, the EIS measurementewenducted on NNMC, AI-NNMC and PI-
NNMC cells and the impedance parameters are surpethim table 2. As seen from the table 2
and figure 5a, the Rvalue of pristine electrode dramatically increaBedh 1480.2Q to 3147.9

Q after 100 cycles. This validates that the sevagacity decay of pristine NNMC electrode
could be ascribed to the undesirable interfacie seaction with the harmful electrolyte® The
formed resistive layer hinders the charge trangpiort at SEI layer and thereby deteriorates the
sodium ion storage behavior at high voltage opamatin comparison, the surface modified
cathodes, particularly PI-NNMC cathode, has a Higimcreased R value after 100 cycles,
effectively eliminating the formation of resistile@yer by preventing direct exposure of charged
NNMC electrode to the acidic electrolyielt is noteworthy here that the PI-NNMC/Na halficel
displays the lowest Rvalue among all the sample cells as shown in tablghich could be a
solid evidence for the excellent cyclic behaviorRI¥NNMC electrode. In addition, Pl is well
known as a good ion conductor, the coating of which NNMC could improve the ion
conduction at the electrode/electrolyte interfageniprove reaction kinetics and reversibility.
Consequently, the robust Pl encapsulation favasstabilization of the parent material at high

voltage range and thus contribute to enhancedretdwmical performanc: ®*



The rate capability of the NNMC, AI-NNMC and PI-NNB/electrodes were analyzed
between 2-4.5 V at current densities from 0.1 @@oC (1C = 160 mA h ). As seen from
figure 5b, the surface modified cathodes show 8iigmproved rate performance at all current
densities. It is well known that electrode matariahdergo severe stress and strain during the
C/DC studies at high current rates, which can begated by the surface protectidit® The
enhanced rate performance of the surface modifditbdes could be attributed to the following
reasons but not limiting to (i) the surface modifion promotes the ionic transport from cathode
to current collectof® (i) the surface coating decreases the activativergy for charge transfer
at SEI laye?, and (iii) the coating layer assists to eliminatieerent mechanical stress during
high current cycling process, retaining the strradtand electrochemical behaviors especially at
high cut-off voltages®® Another reason of the excellent rate capabiliieRI-NNMC electrode
could be also probably ascribed to the partial cédn of Mn (as confirmed in XPSY: > %8
Since the presence of one type of metal ion agwfft valency states (Mhand Mrf*) has been
proposed to facilitate the polarons movement, thearance of Mi after Pl coating is likely

responsible for enhancing the discharge capacltyevaf PI-NNMC under high currefit; ®

Although both A}JO3; and Pl-encapsulated cathodes display very clgs&cd#es at lower
current rates (0.1 to 10 C), a predominant diffeeeim discharge capacities could be observed at
high current rate. For instance, the AI-NNMC/Nzll displays a discharge capacity of 70 mAh
g* at 20 C rate (3.2 A'H whereas the half-cell containing PI-NNMC electdths 80 mAh
at the same testing condition. Moreover, when theeat is reverted to 1 C, the discharge
capacity of the PI-NNMC electrode recovers to 12&hng* whereas the pristine NNMC, Al-
NNMC electrodes only retains 86.4 and 115.7 mAh gespectively. The enhanced rate

performance of PI-NNMC clearly reveals that the esevreactivity of parent material with



electrolyte counterpart and subsequent formatiomarfganic and polymeric by-product on the
electrode is significantly eliminated by developsimple polymer coatingf. Thus, the increased
electrochemical behavior in terms of high stabikiiyd rate performance are realized for PI-

NNMC materials at high current and voltage operatfo

In addition to the tremendous rate performanceg ltaim cyclabilities of NNMC, PI-
NNMC and AI-NNMC electrodes at 5 C rate are presemb figure 5c. As seen in figure 5c, the
pristine electrode shows almost no capacity rethafeer 225 cycles while AI-NNMC electrode
has 20 % retention after 500 cycles at 5 C rateth®mther hand, PI-NNMC retains nearly 70 %
of the initial capacity value under the same coadg. High rate capability along with extended
cycle life at high operating voltage are importg@irameters for large scale energy storage
devices, as we demonstrate here on a sodium igerypalhe discharge capacity and cycling
stability of the as-developed PI-NNMC electrodénigih current exceed many reports based on
P2 layered cathodes and to the best of our know|euas never been reported on sodium-based
P2 type layered materials cycled > 4.3'%/2029-31.3542. 70 % ha discharge capacity, current rate,
and cycle retention of numerous P2 layered masetedted at high cut-off voltages ( > 4.25 V,
voltage range given in the bracket) were compareth WI-NNMC materials and the

corresponding graphs are illustrated in figure &7 S7b, respectivefy:>°

To evaluate the metal dissolution inhibition beloawf coating layer, the NNMC, Al-
NNMC and PI-NNMC powders were stored in the eldgteofor 7 days at 40C. The ICP
analysis was employed to examine the amount of Inhedahing by the electrolyte and the
results are presented in table 3. It is apparedait tthe metal dissolution is severe for NNMC
electrode, while the surface modified materialsileiximuch lower metal dissolution (AI-NNMC

> PI-NNMC). This further confirms that the surfacmdification (Al or PI) effectively hinders



the electrolyte attack and thereby minizine thealigtion of active materials into the electrolyte,
which is essential to maintain excellent electroaical stability for long term cycling. Apart
from the surface protection, the PI layer also dr@&st impact on the thermal stability, which is
evaluated by DSC analysis. The DSC thermogramsistine and surface modified material are
presented in figure S8a. In general, the reduatiototal heat generated by the side reaction or
the exothermic peak shift towards higher tempeeataue is an good indication of thermally
stabilized interface between SEI layéiThe DSC thermograms in figure S8a demonstrates tha
the PI-NNMC displays low exothermic heat (low peatensity) and clear peak shift to high
exothermic peak temperaturepyéd = 280°C) than pristine and alumina coated NNMC. The
DSC results show that the Pl layer provides exotbBerface coverage and successfully prevents
direct contact of NNMC with the acidic electrolytghich sequentially alleviates the interfacial
exothermic reaction between the active specieshamthful electrolyte at the higher cut-off
voltages. A schematic representation of the rolePbfencapsulation in increasing thermal

stability of pristine NNMC, as compared to the ANMIC, is given in figure S8b.

Changes in the surface valence of the active spéefore and after cycling process were
investigated usingx situ XPS. It is apparent in figure 5c that the NNMCc#lede is dead after
225 cycles but the AI-NNMC and PI-NNMC electrodes de C/DC for 500 cycles at higher
rates (5 C). Hence, all cells were opened afterdy@les to extract the electrode for XPS studies.
The electrodes were washed with DEC and dried umdeuum for 24 hrs before the XPS
analysis. The XPS spectrums of Ni 2p, Mn 2p and®2@after cycling are presented in figure 6
and the corresponding main peak positions aredliste¢able 4 along with the respective peak
positions obtained before cycling process. As showtable 4, the peak positions of Mn 2p for

all samples does not change much after cyclesiringethat the local structure around the Mn



atoms does not vary greatly after cycling and that Mn ions existed mostly in Mh state.

However, Co 2p of NNMC sample clearly displays pshitt towards higher energy levels after
cycles while surface modified NNMC electrode does exhibit any changes in peak position.
This demonstrates that the valance state of Co #tes cycles retained at +3 for surface
modified samples and the local structural distortim Co-O6 octahedra is occurred for

unprotected NNMC sampfé®

In contrast to the Mn and Co spectra, the Ni 2gispen of NNMC electrode after cycles
in figure 6¢ shows clear differences in peak positand intensities. After cycling, the Ni
element becomes weakened and shifts to lower er{8Egy31 eV). The disappearance of major
characteristic peaks of Ni 2p reveals the dissoutbf Ni active species into the electrolyte,
which significantly affects its electrochemical foemance. Severe capacity decay is more
obvious for the unprotected electrode at high gataycling because of the harmful reaction
with the electrolyte and the subsequent dissolutioactive specie¥. In addition, the peak shift
towards lower energy further confirms that the atioh state of Ni in NNMC electrode could
not retain the oxidation state of +2 after C/DCd##s. It is clear from figure 5c that the NNMC
cell almost failed after 225 cycles at 5 C rate ttuthe dissolution of electrode materials into the
acidic electrolyte and the local structural distortduring C/DC cycles. On the other hand, the
peak position of Ni 2p for AI-NNMC and PI-NNMC elkeade are unchanged compared to those

before cycling, concluding that the redox reactimnNi****

couple is more reversible. To
confirm this phenomenon, the C/DC profiles of NNM&;NNMC and PI-NNMC after 225
cycles at 5 C are presented in figure S8a furtikedemonstrate the role of the surface

modification in protecting the active species inM® electrodes. It is clear that the shape C/DC

profile of AI-NNMC and PI-NNMC are almost identicahd still exhibit the redox plateaus of



Ni, Mn and Co at respective voltages, whereas #&*Nredox plateau in NNMC electrode can

be barely observed at 4.3 V. This reveals the segate reaction and dissolution of active
species into the electrolyte, thus the performasfatie parent materials fades after 225 cycles.
Therefore, the surface modification is not onlytpoting the electrode surface from the acidic
acid attack, but also stabilizes SEI formation raftee cycling process to achieve long term
stability. This justification agrees well with thesults obtained from the EIS, C-DC at different

currents and the long-term cycling as shown inrégbt

Although surface modifications have improved trebsity of pristine NNMC electrode,
the alumina and PI coated NNMC delivers differeADC performances. The reason behind the
difference in performances is also examined usiR& Xtudies after 500 cycles at 5 C rate and
the corresponding Al 2p and N 1s spectra of AI-NN&@ PI-NNMC, respectively are given in
figure S8. The Al 2p spectra of AI-NNMC after 50fctes in figure S9b shows a peak around at
75.6 eV, which is higher than that observed betyding process (74.4 eV) but closer to that
reported for Al-OH (75.1 eV)! This data implies that the &); coating layer might have
reacted with the electrolyte/cathode counterpanising the subsequent cycling to form
byproduct and thus affects the electrochemicalgperénce’> On the other hand, the N 1s
spectra of PI-NNMC electrode (figure S9c) remainshanged at 400.27 eV before (figure 1e)
and after cycles and the peak is mainly associaietie amine group (C-Nit "® " These
results indicate that the Pl coating is more stablelectrolyte than AD3; and can persistently
perform the surface protection and conductivity aardement for NNMC. To correlate this
statement, the EIS spectra of AI-NNMC and PI-NNMErgvtaken after 500 cycles at 5 C rate
and their Nyquist plots are presented in figure.S%&l shown in figure S9d, NNMC electrode

coated with Pl has lower charge transfer resistdinae AI-NNMC electrode after 500 cycles,



implying the improved conductive properties of Phated NNMC electrode. Thus, stable and
prolonged cyclic performance are achieved from RMC. This PI coating strategy certainly
provides an effective method to enhance the elgotnmical stability of P2 layered cathode
materials at high cut-off voltage cycling by emplay a simple polymer encapsulation, which

can be easily extended for other sodium-based gsetgces.
Conclusion

An ion-conductive polymer electrolyte (polyimide, I) P encapsulation on
Nag/3(Mng s4Nip.13C 00,1302 (NNMC) surface has been employed to enhance the elecinozdie
cycling stability at high potential range beyondi8 V for the first time. The electrochemical
performances including stability and rate capabiit NNMC have been significantly improved
after Pl surface coating compared with pristine ahamina (AbOs) coated NNMC electrodes.
The PI-NNMC exhibits excellent capacity retention~070 % after 500 cycles at 5 C while
pristine and alumina coated NNMC shows much lowetic stability. This high rate stability is
attributed to a slight shift of Mn valance staten{fito Mn®") after PI coating as confirmed by
XPS study, which is beneficial for the migrationpailarons and enhances the performances at
high current rates. In addition, the interfaciabsermic reaction between NNMC and acidic
electrolyte is also successfully alleviated by Bidayer. These results demonstrate that the Pl
ion-conductive protective layer plays a vital roldacilitating and stabilizing the redox reactions
during the cyclic process on high voltage cathoedsch is important to fabricate large scale

battery packs for electric vehicles.
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Table 1: Crystallographic Parameters for the NNMC, AI-NNM@&d PI-NNMC samples.

Sample a (A) c(A) Cell Volume (R) Fitting factor R, (%)

NNMC 2.859 11.210 77.298 9.08
AI-NNMC 2.855 11.211 77.296 8.45
PI-NNMC 2.853 11.212 77.297 8.94

Table 2 Electrochemical parameters of half cells contailiiNMC, AI-NNMC and PI-NNMC

cathodes before and after 100 cycles at 1 C rates

Sample Before cycles| First C/DC behaviors After 100 C/DC cycles
Rs Rs | Charge Discharge CE Rs Rs  Stability CE
name (Q) (Q) |[capacity capacity (%) | (Q) Q) (%) (%)
NNMC |109.5 1480.2| 178.3 121.3 68| 2757.53147.9 46 90.6
AI-NNMC | 39.2 820.7| 160.5 124.8 78 42.7 1003.470 96.7
PI-NNMC | 39.7 477.5] 164.2 151.6 92 17.2 5453 81 4098.

Table 3ICP results of pristine and surface modified mateichocked in electrolyte for 7 days

at 40°C
Sample Mn dissolution (ppm) Co dissolution (ppm) Ndissolution (ppm)
NNMC 113.339 31.327 32.5698
AI-NNMC 0.019 0.0019 0.0014
PI-NNMC 0.0093 0.0012 0.0011




Table 4 XPS peak positions of Ni, Co and Mn 2p spectréofee and after cycles. The

measurement taken after 250 cycles at 1C for NNMCtmde while the XPS performance on

AI-NNMC and PI-NNMYV after 500 cycles at 5 C rate

Sample Mn 2p (eV) Co 2p (eV) Ni 2p (eV)
name Before After Before After Before After
cycles cycles cycles cycles cycles cycles
NNMC 642.61 642.35 780.32 780.53 854.91 854.31
Al-NNMC 642.61 642.26 780.32 780.28 854.91 855.01

PI-NNMC after 641.90 642.01 780.32 780.32 854.91 5.85
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Figure 3 (a) SEM image of NNMC prepared using sol-gel mdtab850°C for 12 h. TEM
images of (b) and (c) AD; coated on NNMC powders using 84 and 10 cyclesLdd A

respectively and (d) TEM image of Pl coated NNMG@vders
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Supporting information

Table S Atomic Occupancies of pristine NNMC

Atom site X y z occ.
Nal 12] 0.54100 0.21900 0.25000 0.107
Na2 2b 0.00000 0.00000 0.25000 0.523
Mn 2a 0.00000 0.00000 0.00000 0.516
Co 2a 0.00000 0.00000 0.00000 0.124

Ni 2a 0.00000 0.00000 0.00000 0.126
@) 4f 0.33333 0.666667 0.09650 1.000




Figure S1crystallographic structure of P2 type layered NNpI€pared using sol-gel method
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Figure S2 SEM image of (a) 1 M citric acid assisted NNMC s, (b) mapping of Na, (c)

mapping of Mn, (d) mapping of Ni, (e) mapping of,@ad (f) mapping of O.
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Figure S3 SEM image of (a) AI-NNMC, (b) mapping of Na, (c) pmng of Mn, (d) mapping of

Ni, (e) mapping of Co, (f) mapping of O and (g) mpeqy of Al
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Figure S4SEM image of (a) PI-NNMC, (b) mapping of Na, (c)ppang of Mn, (d) mapping of

Ni, (e) mapping of Co, (f) mapping of O, (g) mappiof N and (f) mapping of C
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Figure S5(a) FTIR and (b) Raman spectrum of PI-NNMC material
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