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Fig. 1 Illustration of the structures for hard carbons (HC)
(Reproduced with permission of Ref. [3], copyright 2021, WILEY-
VCH)

2022-04-30 2022-06-03 2022-06-13 2022-06-13
* Tel: (86-21)66131385, E-mail: yufengzhao@shu.edu.cn
* Tel: (86-21)66131385, E-mail: jiujun.zhang@i.shu.edu.cn

(No. 51774251)

https://doi.org/10.13208/j.electrochem.2204301

1006-3471/© 2023 Xiamen University and Chinese Chemical Society. This is an open access article under the CC BY-NC

license.(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:yufengzhao%40shu.edu.cn%20?subject=
mailto:jiujun.zhang%40i.shu.edu.cn%20?subject=
https://doi.org/10.13208/j.electrochem.2204071 
http://creativecommons.org/licenses/by-nc/4.0/

Journal of Electrochemistry, 2023, 29(10), 224301 (2 of 18)

2.2. WHRAIFERYIE

EHVIEENREN T RA T BREREHITEHE
LZ M RER MM L & 38 SE B R A BTHR IR T & iR
EEXREERN [1-3]. R, EA—FEEFHM
B, EBREFHAELFNASMEMETER X
AR (“ KHER ~ &), RBERHHNRAEHIERE,
HEIE LI RERG/ RN ERNYELET
WA EHE [8]. XA, BWRRAEMYLEI R E M
SRR EHN A EIRIT A B LS RERT
o AL, RAFREHRAREENETLEE.

EFNAEMNBZIWIRNG, SFHfEERE
WiRE, GF “EE-EL . RE-FER . R
M-EFL 7 “ B - E/E L 7 F [7-9] (E2).
ZEkE, BERAAPHENITAEIEEGRE (1)
KA. RENSMBREAMEE ; 2) MFALETR ;
(3) ARUMENIEER. BN, EHNEBRNBELE
ZMEME—RO BB FEX (0.1VILT)
MPFEX (01 VIIE). BRI SWNEEERETE
BFIRME X 15 P 23 B 3T R AE AT A IAIR . FEER /4§
BFHEMARENER, Dahn f Stevens 124 7 §#/
N FIE AR R A TN H A 2 - B FLIE R [10].
MM RER T HEEITENERIEN BRMT
Bl LRERRIPEREES FRMANPEFEMD
TR R I R AE AR, Bt RAEE AR
B EEmPNEEIFI 0. EhBEARNIFEXAM
A X 553K T Z B B i A TR AL A E
7. B2, ERENMRHPLZIIRSHBEESS
B L RERARERERRUASL AR EEE
FEm, MMSENEXAEREREMEERE
B F [11-14]. TEUHEM E, Cao FEARE T —
5 LR “EE-EA 7 EEERA R -EE
HUE [15]. BEELITERE, B THEAERK
MEEENATF 0.37 nm. FEfE Mitlin 5 AEHR
BERTTABHRANPNEEHEN LI, HERHMA
M 0.1 VIEEZE 0.001 VI, EEIEM3.96 A F K
F 416 A, BIRPEEREXN K FEENEH [12].

Yang ¥ ABES2¥HENBEE (HRTEM) MEAL
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KEBEE, mRIBENE/NT EEE. BN
RFEH, PPHCMSHCHFEERERES TELR
BHROTEARE, MB-HCHEETESTHK. X
LEH)RIPIEKXEEEEFFRAERA, MmiEHF
AXFHAE.
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BT THRE [9]. B EEE 40 A U EHAER
HREEX ARFIRE “ 8RIE 7, XMREXNPNEF
WL~ ARK 7 IR WE 3 Fr, HEEE
AF 0.4 nm B, XFEBKXZEERAG2MAHREM
B BREE 7 (ATl B REF) —ERATSE 0.1
VU EHRIEXEE. EEERN 036 - 040 nm A,
haEAmNBEBE “ EEH#A 7 Y5 F# Na, B
4B NaCy ATIZ IR B E N 279 mAhg ' HIE A
LERE. MEZEBE/NT 0.36 nm BYZRA 2N T
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(B 4a). B2, REWSHBIAHANHIL, SEF
BRERK. Sun EAEHR/BRPAITEFNELSR
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NE, URIFEHIMEK [19]. LW, FFERR
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Fig. 2 Sodium storage mechanisms of hard carbons: (a) intercalation-filling model, (b) adsorption-intercalation model, (c) adsorption-
filling model (Reproduced with permission of Ref. [7], copyright 2017, WILEY-VCH)
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Fig. 3 Extended adsorption-intercalation model (Reproduced with permission of Ref. [9], copyright 2019, WILEY-VCH)
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Fig. 4 (a) Schematic diagram of sodium storage mechanism of ball-milled hard carbon (Reproduced with permission of Ref. [18],
copyright 2018, WILEY-VCH). (b) Schematic diagram of sodium ion adsorption on the edge of carboxyl hard carbon. (c) In-situ XRD
pattern. (d) Schematic diagram of sodium storage mechanism of carboxyl hard carbon (Reproduced with permission of Ref. [19],

copyright 2021, WILEY-VCH)

W, WMEZEOV EEHRMANEREFRELREE
&, RPWILFRBHRAZIEIRF [20]. BEER
2, ARUBRENLSMPAKILRERLEEFIE
BEM, RI\XENESWINATIEB. ATH—D
EBRPRAERY BN A EN, Hong FABEE
TEREMN T EBRIETE B LUEBR AR 29K
FLBR AL IBIET BRI B RIE0H K B2,
FRMEFIEE B TRN G HEFRERENRE

B, mMBEER TIRRERA SN ER A

B [20]. Ltsh, XRD MEHLEZFIEA T EEESH
FREL K. SHEGEMERNIBMILA AL, Hu
ZEAERTEREBZZT UMK EN (MS-HCNs)
BITERR U FLAY TR [21]. 0B 5 Fros, FEETE
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Fig. 5 (a) Schematic diagram of the synthesis of MS-HCNs. (b) TEM image of the MS-HCN:Ss. (c) Slop capacity and plateau capacity
distribution of the sample in the second cycle. (d) schematic diagram of sodium storage mechanism (Reproduced with permission of

Ref. [21], copyright 2018, WILEY-VCH)
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B RN GFEPNRBEEMPNKILIBEFTTHFILSINE R
o WFARBRNHME, HAREBRERXEZIER
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BT T IEARNIR (B 6) [25] WAXS FRHF (002)
EENEERREAERS), RIPEZEBENT Ko
i WAXS BT MR E RN TR B S 8 E &
i, IERR TR INETE, MENKFLIETRS#*
ANBRA%4%. AL, 1A FEFEREREEM
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B 8 (a) RAEBNTEBHRNEHRER; (b, ) 800 °CF11600 °C Bt FHIEANELTAEREHK SEM & [20]; (d) BKFEITERERRR SEM B [29];

(e) M HTAERBRRAY SEM B [30]; (f) IBFEIRATARERRAY SEM B [31]

Fig. 8 (a) Schematic of the material synthesis for waste corks, SEM images of (b) CC-Pre-800 and (c) CC-1600 (Reproduced with
permission of Ref. [20], copyright 2016, WILEY-VCH), (d) hard carbon derived from walnut shell (Reproduced with permission of Ref. [29],
copyright 2017, American Chemical Society), (e) hard carbon derived from maple leaves (Reproduced with permission of Ref. [30],
copyright 2016, American Chemical Society), and (f) hard carbon derived from cherry petals (Reproduced with permission of Ref. [31],

copyright 2018, Royal Society of Chemical)
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KTk, ATHREEENICE MEHNAIFLLRE,

KN R EEEAERRN.

1£ 1X 73 [ Tarascon %5 A 7£ 650 °C F| 2800 °C
Z[EFABER T PAN T4 R, HAREG X
HM&EH#iT 7RG 1%, £ 1100 °C T
HENEREERSNTYLERE (250 mAhg)
FMEER ICE (74%). BE, NRKSEERMEL,
BIER A IR E 7E 1000 °C #1600 °C 2 8] [42]»
REFETHRAEE 2 A ERTRRHUEHE
B, HE—EIMPEHENMNEREEE
. BN, FERTIRAR R FRRIN—LH FFi2
SRt IEARCEEN SRS F A AT ERE
I &5 # [43, 44]o Goodenough % A % ] Fe



Journal of Electrochemistry, 2023, 29(10), 224301 (8 of 18)

Degree of graphitization

B 10 (a-d) NEBRARE BB R SR RAT [37)

Defects concentration
Interlayer spacing
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IR E = R R R ARDT AN EIRZ M E 2 A

. . ) _~
0oy
> o CH;CH,0H (o
[y £ —
Solvothermal = - .

Solidified PF

FLBR [50] 18IS SAXS & & T L AFLIAEFAM 0.11
mAh-g” #ENZE 029 cm>g" B, FEBTEM 160
mAh-g” #25% 213 mAh-g'. XKRBAEATHAL
BRIFZEL, BRI FEEREMIRTT.

YR A 3883 3 FL 7 AR AR X A AT R0 FLRR AT
A . FIF/INGDF AT SR T S TR AL I8 AT R A4 BE
BRI FLBR SR, MM S @A L
g8 (B12). Bian, RAZEERNEILT, BEA
FUFE B L RS O B BE xS i AT i Z B 18 S 1t 3 B
ERIRGAAH [51]. HA, BIRARNRETIESES

Ethanol Vapor

f ,— Powder-mixing method ------ .------- Freeze-drying method - - - -~
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5 — i
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B 12 (a) PURSHEER - FEE (PF) MAE ARTIRE, ZEEAMAFIERERNRER; (b-e) HC-11-1550~ HC-21-1550~ HC-81-1550 F1 HC-
1550 f1 TEM B [51]; (f) #1% Mg Glu M Gle SEA YRR ER; (g) HC600-(P100:0)« HC600-(F100:0)» HC600-500(F0:100) A1 HC600-

1500(F50:50) {9 TEM B [53]

Fig. 12 (a) Illustration for the synthesis process of HC using phenol-formaldehyde (PF) resin as the precursor and EtOH as the pore-
forming agent. (b-e) HRTEM and SAED images of HC-11-1550, HC-21-1550, HC-81-1550, and HC-1550 (Reproduced with permission
of Ref. [53], copyright 2019, American Chemical Society). (f) Synthetic schematic of Mg Glu and Glc. (g-j) HRTEM images of HC600-
(P100:0), HC600-(F100:0), HC600-1500(F0:100), and HC600-1500(F50:50) (Reproduced with permission of Ref. [53], copyright 2021,

WILEY-VCH)
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BHABHN ZES FRASGFEUFHEELKRE
KB AR, FEZERNLETERIL 410
mAh-g” (B 12a). HR, TEMNEATIESSH
ERRENFIL, SEEHRNMINEREDRHIE,
ERERIEARERN ICE 2RI TR, Azusa A
KT RUMIELTE, UENREWRIESLT,
BRGW/GREE IR S BB E} [52]. H A
B AT IR {4 220 [ b I B S5 7K i e ABR E s AL
MMEE T RFALKNEBEMAE. ME, XLMAES
BIRUESEET R ANPRIL . XFTT AR
BHTERRA LA 871X 386 mAh-g™s

RIEMN S — M RIANKE R ETR AIEFL
EiR, RETEAEBFENKRTSHRAITER. Ei,
AAETHRIZARVLECEEERRENEEHE
(50:50, mol/mol) HIREAK, 15 MgO Hiky
HESH, BRREENERMRAEBG BN 478
mAh-g”! A B 401 mAh-g” WEARE [53]
tesh, fREEE— M RER S FR I HAE
T MgO IR KSR HITEA. HHHEAERKRBAE
B MgO R F Tk B = FLEM M SRk
HREPERIFEBHNRENE (B 12f). &, X
EREGEAEREANRLEAT OmIEAEAK
e F BN EREB AR [54]. TR A ANE
19 R e ik 2SR SR I R R L Z ALRRAFLER A
O, BNEREFELNFLIEER (PBD, pore body
diameter) FFLFRZREF, MMmH&HSETER
PARIAMNEENFAL. —RIISLWIFRKHE, &
ABIRMFABEAL (<04 nm) FBABRBILAZFSH
AR E FIEHNEN KL NBEUTERTE
WHEFEAMIREMF. AN, B KIEMEBIL ST
ZMBRMNRFEEMT2RAEERER (PBD
FRAL20nm) LMEHEmM. Fitk, # & SC4
EE T 642 R 400 mAhg” EARE UK 482
mAh-g” FIR[ ¥R E.

AT U 2L R T8 A a R T . h
TRIFEHRMRINE D, HEFER (BEIE. -
BRANEE) AIARSRECEEmAM R, RES
. BFSHEME. BEES. —Bkit, ExR =z
FRETARSEMNENBIREF, HILAENRSEEE
R e E 2R BEH. XL EREERSIALE
BIR P —LARENREMEALR, MR R E (B
13a) [19,55]. (BEFZMRAF, REBRAKIAN
REELBRBRANSBHTEEREM SELR. A,
SEREBESHMERM R ICE X [8]. &
Fitt, BEE LR STRAAORE AT AR B R
BRI E S EMMIZS ICE. RISAMBATRATIL
B RRARE (EWREY 56 BAMKR [57]-

B 2GR [58] &) = N, 3 NH, S5 &
BT, BAUUERRESESRANEIHLKE
¥ (JRE. WERE) REWHAKS. BF, B
AU BERSHFESEHAERMTAREES
IR AN, BLLH T 2N A FRAZMERE
AL [59-61]e —Mki%E, BMBHPRATEEESR
=B AREA  MERE-N. I -N AR -N. H
FARREENBEAREBRCFEIREFRENEDNE
. Mtie-N BEBF—XNMEBEF, HitRIEEHE
M, MMEEEZHEEVSEE TN ¥R
2, [BthSTTE Rt E L BERRN S BimER R
B9 ICE[60]. TMRLRE-N BET5Y KAERRTERY Z B EE,
BEEFTHEFIEENT 8 (B 13b).
TMBANRER T ERERLZAIETER
SRR ASE S IR 2 RBIIRE [60]. ERHETF
MITERNFE, BERSENRBRRE. HRtLn
PERBUZEETERSHEFLAENTYRE, B
B FiRREEmRM AT AEE (B 13c) [62]. AT,
58B4&—H, MEANAENRSMHEEERS
HEMNRS, RAsethA Bt SiireE R EE
kamEmEm [62]e B —PMERARRETFHIEFF
BX, MEIB LA AR KEms R Z 8 i,
MMEFFHEFHBRAMEG K. SEHEL, @t
A AEHRY. BRETHEFEEHEXRTER,
REFAFLHEAENEEMNE. BEXL, BER
55CMO%EE. EMEH—, BisHUUE
Wiy KEBEHIENATFRE. H20 LuFEABE
TEBESGLZERERTRBEE “BREHER" &4
RIBE L iERR, 18I P-O F P-C 13 58 X9 £ Ao % Bt
MTBEIEIE 3934 mAhg ™ FILEARE (B 13d) [63].
BHEMRSERMEE S B RAERS R E
BRERAFMGEMEREN—FBERT L. Fa0,
SHMERHN (k. 62, G2%. mPIKES)
MEHRA RN E A REBE—E2E _LIREEm AR
TR E AR BRAFEMERE (B 14) [64-66].
BN, B REENABEERBMERNEREEE L
—BRRE, IFESARMENICERSE
83%[1]. H4h, HERAHGEME BN EER
ARMBEENmM A RIL 288 mAh-g” AR
£ [64]c Ma FAFHBRAKEMBEHRMIKE S H
ArEhRHfKEAEFNSEREHRSES 7Y
B [65]0 KON, Xu FAFATRERLCAER (rGO)
TERZINEERIRE A TIHI R T SR R MR AR
MR [66]e Hih, EUARBERNAUERNZES
RBEIEASHEFFEMEM R, MMRSZEEE
R AR R AEEATERE (372 mAh-g ™) o ESNERAT
LR T AERIIRAMRRE TEMRA B A ZEME
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B 13 (o) BEERESSIRES MBI REE R E TEM BIF DFT 1HH [19]; (b) HRMAESHE N 1s HIEFMRE. RN EFHENE
B REEEEMNREE [60]; (o) DFT HHEHASR. N/CH S-N/C HEBERZL [62]; (d) BIEABERREELRAEREL [63]
Fig. 13 (a) Schematic diagram of realizing carboxyl-doped hard carbon by ball milling, and the corresponding TEM images and DFT
calculation configurations (Reproduced with permission of Ref. [19], copyright 2020, WILEY-VCH), (b) high-resolution N 1s spectra of
the sample and the effect of electronic configurations of pyridine and pyrrole on the distance between graphene layers (Reproduced
with permission of Ref. [60], copyright 2016, WILEY-VCH); (c) DFT calculation data of the layer spacing changes of original graphite,
N/C and S-N/C (Reproduced with permission of Ref. [62], copyright 2017, WILEY-VCH), (d) phosphorus-functionalized hard carbon
diagram and its morphological changes. (Reproduced with permission of Ref. [63], copyright 2018, WILEY-VCH)

B BIELLRE HRAECREXNENRFTEF(RD . FRUERESE (EC-DEC,EC-DMC) NE [67]

3.2. HRRIBHETNL SRR

B AR RIEE R B AR AR BRI AL 1
B ENHMERPRAE TERERBENRN
B, PRI R AR AR HE 200 5 FE AT LAY
R MERE. HIt, EREER BRI A LI
RIBHSRERE, KERSFSUAEREMEE
REEMN. BTEENEARFNAEKNE, B
BT MR 2 AR ERRURER 58 (EC)
NE, BRAMEERREENERRER. EAE
BETHEBNZE, BRNETREBPERNERR

WRERIE, AR HFER EC fENBMBIRAEEIRE
BEMICE, BE2—HEC EFEETHEASHKR
EEBEMENERBRIAETER. M_THREESA
FF, EC-DEC W3R & xR TR BE AN ICE,
FHERAATHEBELLE—NATNAEEESHNES
xR, Hh ECHISINGEB R AR S EBRRNE T
S&E (68l LN, Li FEAEMR TIO, AR FE b
E B E B ARR P SEl IRM B Z RN ZE RN %
MRERZFH SEI EREFELHBILEDA
B, MEZMILEWFET SEINEB [69]. fil
I7EBsHY SEI RN BEZ BN EY, XfE
BSEIEEE, HSRFEaMAREBREMER
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B 14 (a) Wk-BHRESHIREE [64]; (b) MAKEMEHRESHIREE [65]; (o) BUABBAMBERMALH EREBBARER [00]

Fig. 14 (a) Schematic diagram of soft carbon-hard carbon composite (Reproduced with permission of Ref. [64], copyright 2019, WILEY-
VCH); (b) Schematic diagram of carbon nanotube and hard carbon composite (Reproduced with permission of Ref. [65], copyright
2019, Elsevier); (c) Schematic diagram of graphene oxide and hard carbon materials to prepare flexible electrodes (Reproduced with

permission of Ref. [66], copyright 2018, Elsevier)

#a (B 15a). Fit, BMERKEBRRPES
RUMEBFHIERMEE. NSRS FRHE
AR EMAMEELXBEBRIPNEREE —EN
HSEEX. B, WuSEABTILBRAEILITHE
WA T B XA AP RN EFT B REARE
BRAFERY SET BE 0] {2 A i a4 RS R M BE AN IR
F (E 15b) [70]e 54, FBERAMFIEE TS
EHRMRAMERE. B, KRBT ZEE (VC) M
AR 28 (FEC) % E AT HB@RIRM .
LT ERAFIX LR GE BRI AL R E = NaF §9
SEI f& (B 15¢, d) [71, 72]. 4N, FEFFERMFIRY
BRT, BRAMMKATEREBREATLZETL, MM
R T BARERY SEL fR. BRIBFTISN, MERRIFhEFD

RENEBHNERREHENEBERW (73, 74]. @
H, EHEnMERETOESENMAETERE, B
RIEEH S 2 TN SEL fE. X FeEhfhss, SEI
BB NIEREZHFEME, EINF A NaPF, >
NaClO, > NaTFSI > NaFTFSI > NaFSI[75]. Chang
EAHIRABHERER 3 mol-dm™ NaFSI #£ EC/
PC HEBBHREEREMENSHEMNFE, ECH
S| ANBEGE{EHE FSI A1 Na' Z @I, MmiZaEa
EFMELFZH SEIL i [76]o Takada % A [77] BT SLL
IR ITE LI NaFSA I FSA MUK HIERERIK T
SN, FEit=eNBIERE SR SELE (B
15e) o S5k, ffIEFF% & 3.3 mol-dm™ NaFSA &%
R=HEs (TMP) XFEASHKREIERMENS
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&1 ERIEANBEFRBARNEEL SR
Table. 1 Summary of representative publications of hard carbon as SIB anode

Carbonization

Rate

Precursor temperature C?paACi?’-_Il?E capability Cyctl)e C(yia}lb'ﬂf)y Ref.
C) mAh-g (mAh-g") number mAh-g

Renewable Cotton 1300 315%-83% 180/0.3 A-g™ 100 305(97%) [20]
Polyaniline 1150 270%-51.6% 40/3 A-g™! 500 207(77%) [27]
Walnut shell 1000 257%-71% 48/2 A-g™! 300 170(70.8%) [29]
Oak leaves 1000 360%—74.8% 270/0.04 A-g™ 200 243(90%) [30]
Cherry petals 1000 310.2%-67.3% 25/1 A-g™ 500 131.5(89.8%) [31]
Kelp 1300 334%-64.1% 96/1 A-g”' 200 205(93%) [32]
Lignin 1100 299%—-68% 77/3 A-g”! 300 298(98%) [33]
Honeycomb 900 221.5%-59.8% 87.3/5 A-g” 200 203(91.6%) [35]
Pomelo peels 700 314.5%-27% 71/5 A-g” 220 181(99.3%) [37]
Lotus stems 1400 351%-70% 150/0.5 A-g™ 450 330(94%) [42]
Chitosan 800 245%-32.3% 55/5 A-g”! 100 155(63.3%) [43]
Artemia cyst shell 850 325%-32% 63/5A-g” 200 174(53.3%) [44]
Eggshell membranes 1300 310%-89% 142/0.5 A-g™ 250 236(99%) [45]
Tissue 1300 338.2%-91.2% 170/2 A-g™! 1000 286.5(93%) [47]
Pitch 1400 300.6%—-88.6% — 200 279.8(93.1%) [49]
Cork-derived 1600 358%-81% — 200 312(87%) [50]
Phenol-Formaldehyde 1400 410%-84% — 40 393.6(96%) [51]
Mg(CH,,07), 1500 478%—-88% 360/2.5 A-g™" 35 450(94.1%) [53]
polyvinylpyrrolidone 1000 393.4%-89% 79.9/2 A-g 100 399.5(97.2%) [58]
Graphene oxide 1000 417%-57.3% 83/5A-g™ 100 133(83%) [62]
Filter paper-pitch 1000 282%—-80% 75/1.2 A-g 100 191(74%) [66]
Xylose 1200 363.8%-84.93%  214/10 A-g” 400 337(92.6%) [70]

i1k BE ITRYERARRR [78]. FHF Na' By Stokes H42 1
EBFRELE L /)N, ARE T —MAEIERNE
EREBMER (0.3 mol-dm™) FAF Na BFHthH,
HFERARE R NARBER T K4, MESHE TR
SREHY NaPF, FEE 7 R EMNmMY KT it
K TIEBESERE (30 —55°C, B 15f) [78].

] LA IS T b SR B SR IR B B A S AR A LR
ICE. £, AIBEImEeRoR (525,
FEEFI) KW miEH ICE X4 Bt RE B 2 E F1E
IMEBERIAFI M, XENBEFRBPHEFER.
WNE 16 Fror, BRIFERMTENLERES : 1) R

BRI B AROBIELECRH, REHEmE
BRELAR BTN [79] 5 (2) EMTREN(L - FERRARIR
FUEE TR A B BIMARSEN A, BTED
MU E 71 TR B2 BIER L FOAR E A1 — M4 [80] 5 (3)
ERNE  BEKR (SBEER ) HFREIU
R F (M-ENEEY) FhFERKIM
MMz, REMIAER[81,82]; (4) BALFEE:
FREBERESHSEHEER N BRRP AR FE
A/ NER TR BB TREA LB, FR T FEIthEL
HERAFER. (5) ERTAHT : FHE29H01L
EYUMERL (Na,C,0,) [83, 84] FkEE I (Na,CO;)
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Fig. 15 (a) Changes in the contents of different components of SEI membranes in ether and ester electrolytes, and the chemistry and
charge transfer process of SEI (Reproduced with permission of Ref. [69], copyright 2019, Nature), (b) Schematic diagram of fast Na
storage kinetics of ether electrolyte in HC (Reproduced with permission of Ref. [70], copyright 2021, WILEY-VCH); (c) Schematic
diagram of additives FEC and SA forming SEI layer on hard carbon (Reproduced with permission of Ref. [71], copyright 2016, American
Chemical Society); (d) Schematic diagram of the evolution of SEI membrane in DME and DME-0.5% VC electrolyte during long cycles
(Reproduced with permission of Ref. [72], copyright 2011, American Chemical Society); (e) A snapshot of the trajectory of the DFT-
MD simulation of a 50 mol% solution and FSA-anion (NaFSA/SN) (Reproduced with permission of Ref. [77], copyright 2017, American
Chemical Society); (f) Overview of the physical and chemical properties, molecular/ion interactions and interface composition changes
when the electrolyte changes from high concentration to low concentration (Reproduced with permission of Ref. [78], copyright 2020,
American Chemical Society)

[85] ZZRRPZE— (Na,C,O,) [86] FIENME AN EIRSURL W FERG ST R SR E L
PR, BEAME ERPIFESYISRRRERER  NERRERE, OERERRRARRNLZRET

B B4R N SR AMERAR SEI FERSIEhRIEiRk. M. MR <ITEIHRY HigH “ £ 2030 FHig
BHal, MEMMRSEARERRR, WM TEZERE  FEEE, ESEENNEEBIAE 40%, RBAEBHL
AT, BAit, &% EFRTTHERAMREARDT  FHREFRSHESEEEIL 7. MFTERRZ O
RS — Ef2E TN E FRBI = LN . ARZ—ETFHRMEARNERE, BRERTRAZRE L
ﬂ'%u /ﬁEﬁEEE’]%@%%%/@EQXT y /EHI:

4. B B BRI KT R, BAilt, RBRAKE. &
BEE. TeMENRNEFRMBELT. MK

SLEL 2030 BRIALE 7 F0 2060 BkHAN 7 B2IEE  FAE—ARER VN AMARMEZEI T ZH
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Fig. 16 (a) In-situ doping pre-sodiumization method (Reproduced with permission of Ref. [79], copyright 2018, Elsevier). (b) Direct-
contact pre-sodiumization method (Reproduced with permission of Ref. [80], copyright 2019, American Chemical Society). (c) Schematic
diagram of organic pre-sodium agent (Naph-Na) pre-sodiumization (Reproduced with permission of Ref. [81], copyright 2018, WILEY-
VCH). (d) Chemical pre-sodiumization on the HC negative electrode, and schematic diagram of the SEI formation process. Charge-
discharge curves of pre-sodiumization (e) and after pre-sodiumization (f) (Reproduced with permission of Ref. [82], copyright 2020,

American Chemical Society)

Kixe. HIRITEINE T HRMERAREIAR
HREMEMYIIE, X{ERHNE T BB A
M —RAEREENERNELRAEE T OEEN
BXo UTNRZ2REMANEEREIR !

(1) EEERAETNIERE IR BRI AL SRR
RIZEYMAR. REBYRIREN G HRAERE.
mEMk. SRECTIZULRAEMTIZAETE (3K
BIETE) EBRREma MR E L
MR, ERERERE—NEMR—IAR. B,
MRERMABRLZSENMRE BRI AEKRIE
FEE, FOEBAERESERMAINRITEK.

(2) B, SRR EE DA ZRSE
B MBS —. B, FERIEBLFERE
9 B RS PR EL5E A B AN R AR E AR AT R & B R R 7R
fRRAT )R o

(3) BEEIEFRIFFTHTUTRL, BEHRAIGE
MF BT TIRAME, RMERMAZFRME
Bt ERETFEXEME T BIAKLERBMHIE
MAIRERAR K20 7 AR R SERR N . 1B
BRNE—DHAARFA LS ERENERA L, BRSXY
RERRAEMALIZ R MTA TR B A T FRERR AR BHEY
H— B E TR A

(4) HEERIENBRBEREZNR T FIRAR

A RBRY ERE . AN TEERRBRIER, &
AR IR KRR R R AEEsNERM
REFIMEIFFREM, XWAB T HEEIRER SEI RH
. Hit, EFEH—DRAMBLZ. FH
NANFUARE M RERESFTTURATREE
A, AetERRRERNRRRERES.

SE 3k (References) :

[1] Chen D Q, Zhang W, Luo K'Y, Song Y, Zhong Y ], Liu Y

X, Wang G K, Zhong B H, Wu Z G, Guo X D. Hard carbon
for sodium storage: mechanism and optimization strategies
toward commercialization[]J]. Energy Environ. Sci., 2021,
14(4): 2244-2262.

[2] Zhang M H, Li Y, Wu F, Bai Y, Wu C. Boost sodium-ion
batteries to commercialization: strategies to enhance initial
coulombic efficiency of hard carbon anode[J]. Nano Energy,
2021, 82: 105738.

[3] Zhao L F, Hu Z, Lai W H, Tao Y, Peng ], Miao Z C, Wang
Y X, Chou S L, Liu H K, Dou S X. Hard carbon anodes:
fundamental understanding and commercial perspectives
for Na-ion batteries beyond Li-ion and K-ion counterparts[]].
Adv. Energy Mater., 2021, 11(1): 2002704.

[4] Dou X W, Hasa I, Saurel D, Vaalma C, Wu L M, Buchholz
D, Bresser D, Komaba S, Passerini S. Hard carbons for
sodium-ion batteries: structure, analysis, sustainability, and
electrochemistry[]]. Mater. Today, 2019, 23: 87-104.



Journal of Electrochemistry, 2023, 29(10), 224301 (16 of 18)

[5] Oberlin A, Terriere G. Graphitization studies of anthracites by
high resolution electron microscopy[]]. Carbon, 1975, 13(5):
367-376.

[6] Marsh H, Reinoso F R. Activated carbon[M]. Amsterdam:
Elsevier, 2006.

[7] Qiu S, Xiao L F, Sushko M L, Han K S, Shao Y Y, Yan M Y,
Liang X M, Mai L Q, Feng ] W, Cao Y L, Ai X P, Yang H X,
Liu J. Manipulating adsorption-insertion mechanisms in
nanostructured carbon materials for high-efficiency sodium
ion storage[]]. Adv. Energy Mater., 2017, 7(17): 1700403.

[8] Sun D, Luo B, Wang H Y, Tang Y G, Ji X B, Wang
L Z. Engineering the trap effect of residual oxygen atoms
and defects in hard carbon anode towards high initial
Coulombic efficiency[]]. Nano Energy, 2019, 64: 103937.

[9] Sun N, Guan ZR X, Liu Y W, Cao Y L, Zhu Q Z, Liu H, Wang
Z X, Zhang P, Xu B. Extended “adsorption-insertion” model:
a new insight into the sodium storage mechanism of hard
carbons[]J]. Adv. Energy Mater., 2019, 9(32): 1901351.

[10] Stevens D A, Dahn ] R. High capacity anode materials for
rechargeable sodium-ion batteries[]]. J. Electrochem. Soc.,
2000, 147(4): 1271.

[11] Bommier C, Surta T W, Dolgos M, Ji X L. New mechanistic
insights on Na-ion storage in nongraphitizable carbon[]].
Nano Lett., 2015, 15(9): 5888-5892.

[12] Ding J, Wang H L, Li Z, Kohandehghan A, Cui K, Xu Z
W, Zahiri B, Tan X H, Lotfabad E M, Olsen B C, Mitlin D.
Carbon nanosheet frameworks derived from peat moss as
high performance sodium ion battery anodes[]J]. ACS Nano,
2013, 7(12): 11004-11015.

[13] Lotfabad E M, Ding J, Cui K, Kohandehghan A, Kalisvaart W
P, Hazelton M, Mitlin D. High-density sodium and lithium
ion battery anodes from banana peels[]J]. ACS Nano, 2014,
8(7): 7115-7129.

[14] YunY S, Park K'Y, Lee B, Cho S Y, Park Y U, Hong S J, Kim B H,
Gwon H, Kim H, Lee S, Park Y W, Jin H ], Kang K. Sodium-
ion storage in pyroprotein-based carbon nanoplates[]]. Adv.
Mater., 2015, 27(43): 6914-6921.

[15] Cao Y L, Xiao L F, Sushko M L, Wang W, Schwenzer
B, Xiao J, Nie Z M, Saraf L V, Yang Z G, Liu J. Sodium
ion insertion in hollow carbon nanowires for battery
applications[]J]. Nano Lett., 2012, 12(7): 3783-3787.

[16] Yang H, Xu R, Yu Y. A facile strategy toward sodium-ion
batteries with ultra-long cycle life and high initial coulombic
efficiency: free-standing porous carbon nanofiber film
derived from bacterial cellulose[]]. Energy Storage Mater.,
2019, 22: 105-112.

[17] Li Z F, Bommier C, Sen Chong Z, Jian Z L, Surta T W,
Wang X E, Xing Z Y, Neuefeind ] C, Stickle W F, Dolgos M,
Greaney P A, Ji X L. Mechanism of Na-ion storage in hard
carbon anodes revealed by heteroatom doping[J]. Adv.
Energy Mater., 2017, 7(18): 1602894.

[18] Lu HY, Ai F X, Jia Y L, Tang C Y, Zhang X H, Huang
Y H, Yang H X, Cao Y L. Exploring sodium-ion storage
mechanism in hard carbons with different microstructure
prepared by ball-milling method[]J]. Small, 2018, 14(39):
1802694.

[19] Sun F, Wang H, Qu Z B, Wang K F, Wang L ], Gao ] H, Gao |
M, Liu S Q, Lu Y F. Carboxyl-dominant oxygen rich carbon
for improved sodium ion storage: synergistic enhancement
of adsorption and intercalation mechanisms[]J]. Adv. Energy
Mater., 2021, 11(1): 2002981.

[20] LiYM, Hu Y S, Titirici M M, Chen L Q, Huang X J. Hard
carbon microtubes made from renewable cotton as high-
performance anode material for sodium-ion batteries[]].
Adv. Energy Mater., 2016, 6(18): 1600659.

[21] BinDS, LiYM, SunY G, DuanSY, LuY X, MaJ M, Cao A
M, Hu Y S, Wan L J. Structural engineering of multishelled
hollow carbon nanostructures for high-performance Na-ion

battery anode[]]. Adv. Energy Mater., 2018, 8(26): 1800855.

[22] Au H, Alptekin H, Jensen A C S, Olsson E, O'Keefe C A,
Smith T, Crespo-Ribadeneyra M, Headen T F, Grey C P, Cai
Q, Drew A ], Titirici M M. A revised mechanistic model for
sodium insertion in hard carbons[]]. Energy Environ. Sci.,
2020, 13(10): 3469-3479.

[23] XiaJ L, Yan D, Guo L P, Dong X L, Li W C, Lu A H. Hard
carbon nanosheets with uniform ultramicropores and
accessible functional groups showing high realistic capacity
and superior rate performance for sodium-ion storage[]J].
Adv. Mater., 2020, 32(21): 2000447.

[24] Zhang SW, Lv W, Luo C, You C H, Zhang J, Pan Z Z, Kang
FY, Yang Q H. Commercial carbon molecular sieves as a
high performance anode for sodium-ion batteries[]]. Energy
Storage Mater., 2016, 3: 18-23.

[25] Morikawa Y, Nishimura S, Hashimoto R, Ohnuma M,
Yamada A. Mechanism of sodium storage in hard carbon:
an X-ray scattering analysis[]J]. Adv. Energy Mater., 2020,
10(3): 1903176.

[26] Alvin S, Yoon D, Chandra C, Cahyadi H S, Park ] H, Chang
W, Chung K Y, Kim J. Revealing sodium ion storage
mechanism in hard carbon[]]. Carbon, 2019, 145: 67-81.

[27] Xiao L F, Cao Y L, Henderson W A, Sushko M L, Shao Y
Y, Xiao J, Wang W, Engelhard M H, Nie Z M, Liu J. Hard
carbon nanoparticles as high-capacity, high-stability anodic
materials for Na-ion batteries[J]. Nano Energy, 2016, 19:
279-288.

[28] Gotoh K, Ishikawa T, Shimadzu S, Yabuuchi N, Komaba S,
Takeda K, Goto A, Deguchi K, Ohki S, Hashi K, Shimizu
T, Ishida H. NMR study for electrochemically inserted Na
in hard carbon electrode of sodium ion battery[]]. ]. Power
Sources, 2013, 225: 137-140.

[29] Wahid M, Gawli Y, Puthusseri D, Kumar A, Shelke M V,
Ogale S. Nutty carbon: morphology replicating hard carbon
from walnut shell for Na ion battery anode[]J]. ACS Omega,
2017, 2(7): 3601-3609.

[30] Li HB, Shen F, Luo W, Dai ] Q, Han X G, Chen Y N, Yao Y G,
Zhu H L, Fu K, Hitz E, Hu L B. Carbonized-leaf membrane
with anisotropic surfaces for sodium-ion battery[J]. ACS
Appl. Mater. Interfaces, 2016, 8(3): 2204-2210.

[31] Zhu Z Y, Liang F, Zhou Z R, Zeng XY, Wang D, Dong P, Zhao ]
B, Sun S G, Zhang Y ], Li X. Expanded biomass-derived
hard carbon with ultra-stable performance in sodium-ion
batteries[]]. . Mater. Chem. A, 2018, 6(4): 1513-1522.

[32] Wang P Z, Zhu X S, Wang Q Q, Xu X, Zhou X S, Bao J C.
Kelp-derived hard carbons as advanced anode materials
for sodium-ion batteries[]]. J. Mater. Chem. A, 2017, 5(12):
5761-5769.

[33] Dou X W, Hasa I, Hekmatfar M, Diemant T, Behm R J,
Buchholz D, Passerini S. Pectin, hemicellulose, or lignin?
impact of the biowaste source on the performance of hard
carbons for sodium-ion batteries[J]. ChemSusChem, 2017,
10(12): 2668-2676.

[34] Gibertini E, Liberale F, Dossi C, Binda G, Mattioli B,
Bettinetti R, Maspero A, Fiore M, Ruffo R, Magagnin L.
Algae-derived hard carbon anodes for Na-ion batteries[]]. J.
Appl. Electrochem., 2021, 51(12): 1665-1673.

[35] Zhang Y], Li X, Dong P, Wu G, Xiao ], Zeng X Y, Zhang Y ],
Sun X L. Honeycomb-like hard carbon derived from pine
pollen as high-performance anode material for sodium-
ion batteries[J]. ACS Appl. Mater. Interfaces, 2018, 10(49):
42796-42803.

[36] CaoLY, Hui WL, XuZW, Huang J F, Zheng P, Li] Y, Sun Q
Q. Rape seed shuck derived-lamellar hard carbon as anodes
for sodium-ion batteries[]]. ]J. Alloys Compd., 2017, 695:
632-637.

[37] Liu P, LiY M, Hu Y S, Li H, Chen L Q, Huang X J. A waste
biomass derived hard carbon as a high-performance anode



Journal of Electrochemistry, 2023, 29(10), 2204301 (17 of 18)

material for sodium-ion batteries[]]. J. Mater. Chem. A, 2016,
4(34): 13046-13052.

[38] Damodar D, Ghosh S, Rani M U, Martha S K, Deshpande
A S. Hard carbon derived from sepals of Palmyra palm
fruit calyx as an anode for sodium-ion batteries[]]. . Power
Sources, 2019, 438: 227008.

[39] Zhang B A, Ghimbeu C M, Laberty C, Vix-Guterl C, Tarascon
] M. Correlation between microstructure and Na storage
behavior in hard carbon[]]. Adv. Energy Mater., 2016, 6(1):
1501588.

[40] Chen T Q, Pan LK, Lu T, Fu C L, Chua D H C, Sun Z. Fast
synthesis of carbon microspheres via a microwave-assisted
reaction for sodium ion batteries[]]. J. Mater. Chem. A, 2014,
2(5): 1263-1267.

[41] Zhu ] D, Chen C, Lu Y, Ge Y Q, Jiang H, Fu K, Zhang
X W. Nitrogen-doped carbon nanofibers derived from
polyacrylonitrile for use as anode material in sodium-ion
batteries[]]. Carbon, 2015, 94: 189-195.

[42] Zhang N, Liu Q, Chen W L, Wan M, Li X C, Wang L L, Xue
L H, Zhang W X. High capacity hard carbon derived from
lotus stem as anode for sodium ion batteries[]]. J. Power
Sources, 2018, 378: 331-337.

[43] YuZL, XinS,YouY, YuL, LinY, Xu D W, Qiao C, Huang Z H,
Yang N, Yu S H, Goodenough ] B. Ion-catalyzed synthesis
of microporous hard carbon embedded with expanded
nanographite for enhanced lithium/sodium storage[]]. J.
Am. Chem. Soc., 2016, 138(45): 14915-14922.

[44] Huang SF, Li Z P, Wang B, Zhang ] ], Peng Z Q, Qi R ], Wang
J, Zhao Y F. N-doping and defective nanographitic domain
coupled hard carbon nanoshells for high performance
lithium/sodium storage[J]. Adv. Funct. Mater., 2018, 28(10):
1706294.

[45] Zhao X, Ding Y, Xu Q, Yu X, Liu Y, Shen H. Low-temperature
growth of hard carbon with graphite crystal for sodium-
ion storage with high initial coulombic efficiency: a general
method[]]. Adv. Energy Mater., 2019, 9(10): 1803648.

[46] Lin XY, Liu Y Z, Tan H, Zhang B. Advanced lignin-derived
hard carbon for Na-ion batteries and a comparison with Li
and K ion storage[]]. Carbon, 2020, 157: 316-323.

[47] HouBH, Wang Y Y, Ning QL, Li W H, Xi X T, Yang X, Liang
H J, Feng X, Wu X L. Self-supporting, flexible, additive-
free, and scalable hard carbon paper self-interwoven by 1D
microbelts: superb room/low-temperature sodium storage
and working mechanism[]]. Adv. Mater., 2019, 31(40):
1903125.

[48] Yamamoto H, Muratsubaki S, Kubota K, Fukunishi M,
Watanabe H, Kim ], Komaba S. Synthesizing higher-capacity
hard-carbons from cellulose for Na- and K-ion batteries[]]. J.
Mater. Chem. A, 2018, 6(35): 16844-16848.

[49] LuY X, Zhao CL, Qi X G, Qi YR, Li H, Huang X J, Chen L
Q, Hu Y S. Pre-oxidation-tuned microstructures of carbon
anodes derived from pitch for enhancing Na storage
performance[]J]. Adv. Energy Mater., 2018, 8(27): 1800108.

[50] LiYQ, LuY X, Meng Q S, Jensen A C S, Zhang Q Q,
Zhang Q H, Tong Y X, Qi Y R, Gu L, Titirici M M, Hu Y
S. Regulating pore structure of hierarchical porous waste
cork-derived hard carbon anode for enhanced Na storage
performance[]J]. Adv. Energy Mater., 2019, 9(48): 1902852.

[51] Meng QS, Lu Y X, Ding F X, Zhang Q Q, Chen L Q, Hu Y
S. Tuning the closed pore structure of hard carbons with
the highest Na storage capacity[J]. ACS Energy Lett., 2019,
4(11): 2608-2612.

[52] Kamiyama A, Kubota K, Nakano T, Fujimura S, Shiraishi
S, Tsukada H, Komaba S. High-capacity hard carbon
synthesized from macroporous phenolic resin for sodium-
ion and potassium-ion battery[J]. ACS Appl. Energy Mater.,
2020, 3(1): 135-140.

[63] Kamiyama A, Kubota K, Igarashi D, Youn Y, Tateyama Y,

Ando H, Gotoh K, Komaba S. MgO-template synthesis of
extremely high capacity hard carbon for Na-ion battery][]].
Angew. Chem. Int. Edit., 2021, 60(10): 5114-5120.

[54] Li Q, Liu X S, Tao Y, Huang ] X, Zhang ], Yang C P, Zhang
Y B, Zhang S W, Jia Y R, Lin Q W, Xiang Y X, Cheng J, Lv
W, Kang F Y, Yang Y, Yang Q H. Sieving carbons promise
practical anodes with extensible low-potential plateaus for
sodium batteries[J]. Natl. Sci. Rev., 2022, 9(8): DOI 10.1093/
nsr/nwac084.

[55] Shao Y'Y, Xiao J, Wang W, Engelhard M, Chen X L, Nie Z M,
Gu M, Saraf L'V, Exarhos G, Zhang ] G, Liu J. Surface-driven
sodium ion energy storage in nanocellular carbon foams|[J].
Nano Lett., 2013, 13(8): 3909-3914.

[56] Wu F, Zhang M H, Bai Y, Wang X R, Dong R Q, Wu C. Lotus
seedpod-derived hard carbon with hierarchical porous
structure as stable anode for sodium-ion batteries[]]. ACS
Appl. Mater. Interfaces, 2019, 11(13): 12554-12561.

[57] Wu F, Dong R Q, Bai Y, Li Y, Chen G H, Wang Z H, Wu C.
Phosphorus-doped hard carbon nanofibers prepared by
electrospinning as an anode in sodium-ion batteries[]]. ACS
Appl. Mater. Interfaces, 2018, 10(25): 21335-21342.

[58] LiY, Yuan Y F, Bai Y, Liu Y C, Wang Z H, Li L M, Wu
F, Amine K, Wu C, Lu J. Insights into the Na+ storage
mechanism of phosphorus-functionalized hard carbon as
ultrahigh capacity anodes[]J]. Adv. Energy Mater., 2018,
8(18): 1702781.

[59] Hankel M, Ye D L, Wang L Z, Searles D ]J. Lithium and
sodium storage on graphitic carbon nitride[]]. J. Phys.
Chem. C, 2015, 119(38): 21921-21927.

[60] ChenC,LuY, GeY Q, Zhu] D, Jiang H, Li Y Q, Hu Y, Zhang
X W. Synthesis of nitrogen-doped electrospun carbon
nanofibers as anode material for high-performance sodium-
ion batteries[]]. Energy Technol., 2016, 4(11): 1440-1449.

[61] Sun X Z, Wang C L, Gong Y, Gu L, Chen Q W, Yu Y. A
flexible sulfur-enriched nitrogen doped multichannel
hollow carbon nanofibers film for high performance sodium
storage[]]. Small, 2018, 14(35): 1802218.

[62] Yang ] Q, Zhou X L, Wu D H, Zhao X D, Zhou Z. S-doped
N-rich carbon nanosheets with expanded interlayer distance
as anode materials for sodium-ion batteries[]J]. Adv. Mater.,
2017, 29(6): 1604108.

[63] Guo M Q, Huang J Q, Kong X Y, Peng H ], Shut H, Qian F
Y, Zhu L, Zhu W C, Zhang Q. Hydrothermal synthesis of
porous phosphorus-doped carbon nanotubes and their
use in the oxygen reduction reaction and lithium-sulfur
batteries[]]. New Carbon Mater., 2016, 31(3): 352-362.

[64] Xie F, Xu Z, Jensen A C S, Au H, Lu Y X, Araullo-Peters V,
Drew A J, Hu Y S, Titirici M M. Hard-soft carbon composite
anodes with synergistic sodium storage performancel[J].
Adv. Funct. Mater., 2019, 29(24): 1901072.

[65] Suo LY, Zhu ] H, Shen X Y, Wang Y Z, Han X, Chen Z
Q, LiY, Liu Y R, Wang D, Ma Y W. Hard carbon spheres
interconnected by carbon nanotubes as high-performance
anodes for sodium-ion batteries[]J]. Carbon, 2019, 151: 1-9.

[66] Sun N, Guan Y B, Liu Y T, Zhu Q Z, Shen J R, Liu H, Zhou S Q,
Xu B. Facile synthesis of free-standing, flexible hard carbon
anode for high-performance sodium ion batteries using
graphene as a multi-functional binder[]J]. Carbon, 2018, 137:
475-483.

[67] Huang Y X, Zhao L Z, Li L, Xie M, Wu F, Chen R J.
Electrolytes and electrolyte/electrode interfaces in
sodium-ion batteries: from scientific research to practical
application[]]. Adv. Mater., 2019, 31(21): 1808393.

[68] Ponrouch A, Marchante E, Courty M, Tarascon ] M, Palacin
M R. In search of an optimized electrolyte for Na-ion
batteries[]]. Energy Environ. Sci., 2012, 5(9): 8572-8583.

[69] Li KK, Zhang J, Lin D M, Wang D W, Li B H, Lv W, Sun
S, He Y B, Kang F Y, Yang Q H, Zhou L M, Zhang T Y.



Journal of Electrochemistry, 2023, 29(10), 224301 (18 of 18)

Evolution of the electrochemical interface in sodium ion
batteries with ether electrolytes[]J]. Nat. Commun., 2019,
10(1): 725.

[70] Dong RQ, Zheng L M, Bai Y, Ni Q, Li Y, Wu F, Ren H X, Wu
C. Elucidating the mechanism of fast Na storage kinetics in
ether electrolytes for hard carbon anodes[]]. Adv. Mater.,
2021, 33(36): 2008810.

[71] Kumar H, Detsi E, Abraham D P, Shenoy V B. Fundamental
mechanisms of solvent decomposition involved in solid-
electrolyte interphase formation in sodium ion batteries[J].
Chem. Mater., 2016, 28(24): 8930-8941.

[72] Komaba S, Ishikawa T, Yabuuchi N, Murata W, Ito A,
Ohsawa Y. Fluorinated ethylene carbonate as electrolyte
additive for rechargeable Na batteries[]J]. ACS Appl. Mater.
Interfaces, 2011, 3(11): 4165-4168.

[73] Dahbi M, Nakano T, Yabuuchi N, Fujimura S, Chihara K,
Kubota K, Son J Y, Cui Y T, Oji H, Komaba S. Effect of
hexafluorophosphate and fluoroethylene carbonate on
electrochemical performance and the surface layer of hard
carbon for sodium-ion batteries[J]. ChemElectroChem, 2016,
3 (11): 1856-1867.

[74] Chen C, Wu M Q, Liu ] H, Xu Z Q, Zaghib K, Wang Y S.
Effects of ester-based electrolyte composition and salt
concentration on the Na-storage stability of hard carbon
anodes[]]. J. Power Sources, 2020, 471: 228455.

[75] Eshetu G G, Diemant T, Hekmatfar M, Grugeon S, Behm R J,
Laruelle S, Armand M, Passerini S. Impact of the electrolyte
salt anion on the solid electrolyte interphase formation in
sodium ion batteries[]J]. Nano Energy, 2019, 55: 327-340.

[76] Patra ], Huang H T, Xue W ], Wang C, Helal A'S, Li ], Chang
J K. Moderately concentrated electrolyte improves solid-
electrolyte interphase and sodium storage performance of
hard carbon[]]. Energy Storage Mater., 2019, 16: 146-154.

[77] Takada K, Yamada Y, Watanabe E, Wang ] H, Sodeyama
K, Tateyama Y, Hirata K, Kawase T, Yamada A. Unusual
passivation ability of superconcentrated electrolytes toward
hard carbon negative electrodes in sodium-ion batteries[]].
ACS Appl. Mater. Interfaces, 2017, 9(39): 33802-33809.

[78] LiYQ, Yang Y, Lu Y X, Zhou Q, Qi X G, Meng Q S, Rong X

H, Chen L Q, Hu Y S. Ultralow-concentration electrolyte for
Na-ion batteries[J]. ACS Energy Lett., 2020, 5(4): 1156-1158.

[79] Tang ] L, Kye D K, Pol V G. Ultrasound-assisted synthesis
of sodium powder as electrode additive to improve cycling
performance of sodium-ion batteries[]]. ]. Power Sources,
2018, 396: 476-482.

[80] Moeez I, Jung H G, Lim H D, Chung K Y. Presodiation
strategies and their effect on electrode—electrolyte
interphases for high-performance electrodes for sodium-
ion batteries[J]. ACS Appl. Mater. Interfaces, 2019, 11(44):
41394-41401.

[81] Liu XX, Tan Y C, Liu T C, Wang WY, Li CH, Lu J, Sun Y
M. A simple electrode-level chemical presodiation route by
solution spraying to improve the energy density of sodium-
ion batteries[]]. Adv. Funct. Mater., 2019, 29(50): 1903795.

[82] Liu M C, Zhang ] Y, Guo S H, Wang B, Shen Y F, Ai X P, Yang
H X, Qian ] F. Chemically presodiated hard carbon anodes
with enhanced initial coulombic efficiencies for high-energy
sodium ion batteries[J]. ACS Appl. Mater. Interfaces, 2020,
12(15): 17620-17627.

[83] NiuYB, Guo Y], Yin Y X, Zhang S Y, Wang T, Wang P, Xin S,
Guo Y G. High-efficiency cathode sodium compensation for
sodium-ion batteries[J]. Adv. Mater., 2020, 32(33): 2001419.

[84] Sun CK, Zhang X, Li C, Wang K, Sun X Z, Liu F Y, Wu Z S,
Ma Y W. A safe, low-cost and high-efficiency presodiation
strategy for pouch-type sodium-ion capacitors with high
energy density[]]. J. Energy Chem., 2022, 64: 442-450.

[85] Sun C K, Zhang X, Li C, Wang K, Sun X Z, Ma Y W. A
presodiation strategy with high efficiency by utilizing low-
price and eco-friendly Na,CO; as the sacrificial salt towards
high-performance pouch sodium-ion capacitors[]]. J. Power
Sources, 2021, 515: 230628.

[86] Arnaiz M, Shanmukaraj D, Carriazo D, Bhattacharjya D,
Villaverde A, Armand M, Ajuria J. A transversal low-cost
pre-metallation strategy enabling ultrafast and stable metal
ion capacitor technologies[]]. Energy Environ. Sci., 2020,
13(8): 2441-2449.

Research Progress and Performance Improvement Strategies
of Hard Carbon Anode Materials for Sodium-Ion Batteries

Xiu-Ping Yin, Yu-Feng Zhao*, Jiu-Jun Zhang*

School of Science, Shanghai University, Shanghai 200444, China

Abstract

This paper systematically summarizes the research progress of hard carbon anode materials in sodium ion batteries
(SIBs) and the development of the corresponding sodium storage mechanism in recent years, and reviews the
performance improvement strategies of hard carbon materials from the aspects of structural design and electrolyte
regulation. The effects of the selection of precursors, carbonization temperature, pretreatment, pore formers, heteroatom
doping, material compounding, electrolyte regulation and pre-sodiumization on the sodium storage performance of hard
carbon anode materials are briefly described. This paper provides new insights into the design, synthesis and electrolyte
matching of high-performance and low-cost hard carbon materials, and looks forward to the direction of further research
and development of SIBs hard carbon anode materials in the future.

Keywords: Sodium-ion battery; Hard carbon; Anode material; Sodium storage performance



