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Abstract: Because there is still a long way

to go before kerf-loss silicon can be reused PDDA Heterogeneous

for solar-grade feedstock, which requires mmﬁ\%fi'm mL::fion

that the purity of silicon reaches at least 6 o 777 Zn(NO,),

N, it is meaningful and feasible to apply the WwSi WwSi/PDDA NHZ_NH;VSi@RF_I\J/Zn(OH)2
kerf-loss silicon to the raw material for

anode material wused in lithium-ion p— Carbonization l

batteries. In this work, the kerf-loss silicon

encapsulated with Zn/N co-doped carbon
mesoporous core-shell structure had been : - § Jest Assemble
. . — e
rationally designed and constructed. PDDA  :
acts as a "glue" to bond phenolic resin and o
High-performance Button battery wSi@NC/Zn

Si. It was believed that the introduction of

PDDA can solve the problem that the heterogeneous nucleation of phenolic resin can not be realized on the surface of
kerf-loss silicon, which may be caused by the larger scale and irregular morphology of kerf-loss silicon. The co-doping
of Zn and N improved the conductivity of the wSi@NC/Zn-2 electrode and inhibited the occurrence of side-reaction.
At the same time, the carbon shell could alleviate the huge volume expansion and accelerate the transportation of Li-
ion. Thanks to the co-doping of Zn and N and the porous carbon shell, the obtained wSi@NC/Zn-2 electrode delivered
a reversible capacity of 1392 mAh/g after 300 cycles at a current density of 0.2 A/g. When tested at a heavier current
at 0.5 A/g, the wSi@NC/Zn-2 electrode still exhibited a reversible specific capacity of 1082 mAh/g. At the same time,
the wSi@NC/Zn-2 electrode also showed a pretty good rate of performance. When tested at 0.5, 1, 2, 3, 4, 5 and 0.5
Alg, reversible capacities of ~1704, 1345, 1157, 1038, 884, 752 and 1638 mAh/g were obtained. Once the current
density returned back to the initial value, namely 0.5 A/g, the reversible capacity could reach 96% of initial discharge
capacity, showing good capacity recovery capability.
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O NERR D) BI PR A A T T i AR, BEE T — R DA S Zo/N SEB R A VI B R RER I B A 4
H HAR A4 kL. R PDDA %G55 “HFiE” VB, Mo T ByRER R TCIRAE RO BOR . T SRAS U 1) )0 2 A Ak o 1D Rz A K ) i)
o WA E G EMEMR T RAERMEER S fEh ERERIEZIK, RS 7R S mi. /1 wSi@NC/Zn-2 HRTE
0.2 Alg LI B N IEFE 300 B J5 R 1392 mAh/g VA BOREF, 1E 0.5 A/g RIIREE REF 300 45 1082 mAh/g I Al 3

AR, BEANRNERER.

KEEIA): JCRUIHERRERE; HE TR b RE e T 3B A

FESHES: TMI12; X705 HERFRIREG: A

1 W &

B S L IR R R R v (B M A R 2 A
SR AV N T BB R R AT 45 H R AT
IR R TR “ERE R B R RN R
s, R H AT R A A SR e LA Y 372 mAb/g,
TEAS B A2 S BE RS AT B AR B R ), R
R R 55 7 HL it SR A R 7E 3 IR T RE AR B b O
A2 R LigsSis, FRIS LLZR 5 =ik 3579 mAh/g, (Rl B
TR LA AN AR E M R AR SO B2 IR E R
— AR AR S L SRR BB

LR, KA BRI 7oK
BHBE 2] di A REBE (purity =6 N)RI A 72, ik 2019 4F, 4
BROKPAAE & SN L) 71 GW, 75 4 PO+ 5 ik
JRRHITRPV, 2019). A FH A8 2% FELIAR A2 F 4 W26 D)1 K
PHBEZ i A REEESRAT, A= i FE b 22 7= A 40% I DI# 1%
RERL . H RTER X0 R ARG FR R oAb TR R Y
B UV PR SO VR IS EN. ]
RN BRIED) e AL A RIS BT
JERHEE 0 40 P LSRR B ith S AR GHER K Ab 28 S5 o 1)
F R EERLH T4 & 7 i R R SR T E R
. SRTTREAAE SR, HAE RN KA &SR
L2 B A 300% FIARFRIZIKES, - itk B KA AR AR 2
PRAEAG AL FE o 223 R RUROR 8 . SEI AR J
ARG FEUBMRABIE AL AR Nk
WA, EXTEES B RE T KETE. 49R0mE
Bl R HA RO S o BRI B KR R

TEHS: 1009-606X(2021)06-0713—11

RUAE H0 R 25 A A PR B AR AR R ), R AR AR
TERK R DRB A, SRRSEMRL S & Rl — D4R R fb)
PIp LI AR E AN S B, 2R AR T I AR s D012,

WHFLRI, Kt o BT B 0T P e G2 AR AR P A AR
K, BRSO, g SRR B 67N ) D B 5
PURE SR I 5 A FEEBR IR 525 & BREM R4 &
A 2R, WASMPIRNENT, HRIGEE R,
WRTTER I H AR, ASE T V18R R
PE o 25 8 S B P R0 A BT 55 A0 S T R BRI
A, A8 D E PR £ R B SRR R ROEE T . £
Bf AR E I o SR AT AR AV R SE B L7 REAE
ERMAR S A BSNAEZ, SR EN I
BI5) o0, HAR LT PR A BE 3 K RE S b4 ket i e firt
A, BE—DHsmaE RS .

AR TAREER D) B R R ST RO AN T Sy
M, BT RISl Zn/N XS Ak 4 0 B O kE
MBI . Seib ik fErt, PDDA HAd M T 47 fe itk £
T6 8 B TCVEAE RSB 3T [F] 2 F A R R T 5
FHEZAE KB 8. PDDA B R I 2L Re e Sk
ORI T BRI . BREEEE S, WRERE Sk,
PFRER R M A 77, W AL S 79 Hlom K .
Zo/N Bt — DA B S e, Hbi ek i
HI R A FIFF IR EIAE 0.5 Alg K LIRSS B R EE 300
WS RE4ERF 1082 mAh/g P LL S &, AR R BLH
e S A 2 M R
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2.1 M5

V1B R P T 5 BB A RE I A B 2 7] 32
fo AR T HIR — 2 T M ERBE(PDDA) T N bk
= LA (CTAB) /N /KAHBREF[Zn(NO3),-6H20]. 75
K& (CoCly-6H0) . JRZE(CHIN,0) H i (CH,0)
[ 28 B (CeHeO2)+ £ —JZ(C:HsNo) ¥ Ao 4l 1T |
W T AR R AR AR . Z/KNHH0, =
28% NH3 in HoO)Fl ZBE(CoHO) I M5 Hr4li, Tkt
).

22 XL RE DI

HL T KF(FA604G, M T2 KA A IR A F)),
FHE FE B Ve AR (KQ-600G, i 3 L & A IR A ),
RIS T 3 B P KV 59 (SHI-A4, Hy M T A2 BE SE B0 X 2%
Iy, HIAEE ST (DHG-9145A, FiE—{HR}2
EH AT, FEMSUPER, KIFZ A RAA),
FLIIIAR R FE(CT2007A, B F AT IR A IR A F),
FAL S TAE S (CHI660e, iR AEALES A T]).

series ICP-OES HHJECHE & 45 B Tk K 5 i (S
PerkinElmer /A @), Hitachi S4800 4 T S ( H A<
JEOL A #]), FEI Tecnai F20 i it B3 7 245 H A JEOL
A7), AXS D8 Advance Diffractometer %4 X 524 K A7
S12:(7# [F Bruker A 7)), ViaReflex 7 2 1% (4% & Bruker
AT, HESH(DTG-60AH, HAE#/AF]), Thermo
Scientific K-Alpha % X 528t 7 RETE(XPS, 3%
Thermo A &), BET(Brunauer—Emmett—Teller)F1 BIH il
iX(Barrett-Joyner-Halenda, 3%[E ¥4 A #])

2.3 KBTEE

2.3.1 MRHHI& 7

JRAEAMIAL I s PR AR 10 HIAL 3 43 3K s TR Vo 7 1
IR, HYELL 400 r/min FEERES EEME 10 h, FH
Swt% SRR SE 5 min KBk Si R A ZER 4
JEBAI, EIN Swtolf) ER R H iR N 4 he

WSI@NC/Zn-1 il £ HL 0.5 g TRALIER 5 i e}
A10.1 g CTAB. 0.4 g Zn(NO3),-6H,0. 1 g [B]ZE . 1
mL Z /K7 #T 200 mL JE/K SEEFT 400 mL 25 517K 1)
RAWH, @A L h F e, s f A
1.5mL HEEM 1.5 mL 4 %, BEJE7E 35 CHIMER KB
H R 20 ho AENCER , 258 1K Bk =ik FFAE 70°C
P TR T4 10 he RSER AT 800°C R
B 2 h B3RS E 5 44K wSi@NC/Zn-1.

wSI@NC/Zn-2 W)l #: HE5H H PDDA Xf fiikb 21
JE R RERIAT R M . B 0.5 ¢ TACH S I R R
A11.5 mL PDDA 73 #¢F 200 mL 25 7 /K(DD)H, 7

Lh G I%iRE 6h, BROWEE, EEFKBER=K. &
J& A2 T e BURRAERE R T RO AR Ko g 20 b B ) (1)
M. 0.4 g Zn(NO3)»-6H,0+ 1 g [AIZE . 1 mL &K
3BT 200 mL JE/K ZEEAT 400 mL % B TR A
W, B Lh JSRED IR BRI 1.5 mL [ H
BEA 1.5 mL &%, BEJS 35 CHERE KRB 20 ho
FPECEE, 253 F KPR =k 70 CEUAT A T4 10
h, 24 wSi@RF-N/Zn(OH),. 55 &/ T 800°CH%
1% 2 h B3R E S AR wSi@NC/Zn-2.

2.3.2 MEIRAETTE

JRR &Rt R S RIE B A S T RR
ST INAT o A L R OB R S T O (I
HLE N 200 kKV)BLIATRHTESE . X S8 RATEH2R
TEYI A R (Cu-Ko 585, 40 mA, 40kV). FiZeitsr
Wl TG 2= ) o 4540, R GIRE KA 532 nme BPRHT)
E D HTES ST, IN#GEZE 10 'C/min. MEIRTE
TR A EN A B X S8 LT REIS A o€ MR EE
L HAMIFLAE 5041 73 71 1 BET A1 BJH 45

2.3.3 HUh 2R S H Ak PR AR A

AHIEFLH 2 (1) 52 DA SR AR o) s AR YT CR2032 4 4
FOY I, REAN2H A FRAE 7 R B N E R
ToOwt% bl iE A L. 20wt% % BB AT 10wt% PVDF %]
SIHUR G T N-HEE-2-mEng el o, PR 19 R & 2%
BHOARE THE L. 120 CHE T 12 h, TR
Ja RIS A kL. BRIEAY 58 Celgard 2400, 1 mol/L
LiPFs ¥ T 25 K BU B R 0 2, B8 (EC)~ R IR Y . T
(EMC). TR — FiE(DEC)+, B il 75 L Ak

75 H I R 40 bk A7 e It s R/ 7 HL AR BRI
HE RS BN 0.01~3.0 'V (vs. Li/Li%). {3 F AL T
VRS AT IR AR 22K, 385 0.1 mV/s.

3 #R5itk
3.1 wSi@NC/Zn-1 EEEMTIESHULFMEEEDT

3.1.1 JEARHRAE

1 PR HE AL S0 T A B A1 AN T AL 315 T 50 R
Ao HERRDL, REEESDNRSHURCKI R 454, A
KIEAYS) . IRVETTE &JB TR S B 1 fin. EDS
RETELS H BB Si, O, Fe, C &R WK 2 Fin. Witk
RmAE S EIRTRIA. HE 1T, BRI EE
BN Feo @A EZORIE T UIEIE R, fFET
ik 14 2 T B AT PR RIOREAF A o /D51 42 J8 AR TR ik 3R
THI P 5 L P AR A A FH DT,



716 U =

#21 %

BT DRI EERL B R AT 5 B e B Ay
Fig.1 SEM images of raw materials from kerf-loss silicon slicing process before and after post treatment
®1 BENERANEERAIESE

Table 1 Metal contaminants of waste silicon before/after leaching

Element Content/wt%
Fe Al Ca Ti Ni Cr Cu Mn
Before leaching 0.0270  0.0118  0.00278  0.00025  0.00596  0.00113  0.00974  0.00932
After leaching 0.0082  0.0024  0.000731 0.00011 0.000899  0.00051 0.00184  0.00155
®2 ERELRESE
Table 1 Weight percent of elements in kerf-loss silicon
Element Si o Fe C
Content/wt% 94.1 5.5 0.03 0.93

3.1.2 wSi@NC/Zn-1 BH G FRAE S AL Re i

TE 7 Ml 0 KA Ry 3 1D A AR K T B B T 1 v 2
FHXF A2 (E 20 A TSR AR . HRSHRCR
VD FN PRI AHINT , o A i I V2 A8 PR Ak s 2 1 oy B 7
Atk 2(a)f 2(b) TR, wSI@NC/Zn-1 #kH, R
~FZ179 500~1000 nm 1)y EER IR ER M, iz AR, FFEAR
SRR A E TS G450 . B 2(c) AR R I )
KA E0, X RE M BT E BB IAETE . 1] 2(d) R RE TS &
BE—2BUE W] T BB HE AT B AR K, IR R SR 78
WEME G5 X PRI AT RE & BAH LG T 4K Ry
WORGE RS K, RIHREDN, RITOR R RERL R
QS A A NS ] 1 2 i R e T N R A AR S N T ER 3 5
LRI H T 202 AFLE, R Zeta A 5112, Byl
PRGNSR A, R R R
TG 25 W B Wy R AE O R TR . AR K.
WSI@NC/Zn-1 MR RERR SR T Ffh, HoGZe 4
¥, TEIEAE AR e AR T Wit SR R

3.2 wSi@NC/Zn-2 E & EMRIESBILFERETHT

3.2.1 wSI@NC/Zn-2 E & G/ R

R AR TG 5 B Rl T2 A V1) P e AR 2 T S A A%
AR IR, 38 FH SR PH B 1 HLfi# it PDDA 2% &7 K
3 N wSI@NC/Zn-2 HIil %32 . 2 IEHYER) PDDA 8@
i E 1 2 R SR T FRME D SR R AT SR T v,

()

Carbon

~

wSi-NC/Zn-1

250 nm

B2 wSi@NC/Zn-1 BIMRIRAE ()R RER: (b)ESH
B ()R HHEN BT (d)FH A P X L T P
Fig.2 Material characterization of wSi@NC/Zn-1 (a) SEM
image; (b) TEM image; (c¢) HRTEM image; (d) SEM image and
the corresponding EDX mapping

M IE . PDDA 1E KR o 23 R A 5% 8 B A e
AR, SRERT IR R R R R
R, RAESRE SIS A FACHR MY, TEEE TR M)
Py i W I 2E KL RE R, BT PDDA Y “HFi%” /5 A S2al
Wy R R AERER T A SR AL . A K. 7RI — PR
I & 2 5 T R T R AR R R T 1R
(PB), XYM g dEAT BB 4212 I Zn(NOs) 7EZ
IKAFAE BRI IR 85 T 227K AR % Zn(OH),, I8 I B LR
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FHRAZIBBEN G N - £ RS RE, HoseE  SoFEE T et
HEIE AT FLAE R, Fol AR Ao DA S ST AN A 25 A T 304k

PDDA

Heterogeneous
modification nucleation Carbonization [
B ——— _ —_—
2 o,
NH,-NH,
wSi wSi/PDDA wSi@RF-N/Zn(OH), wSi@NC/Zn

3 wSI@NC/Zn-2 [fyi) it F4
Fig.3 The formation process of wSi@NC/Zn-2

K 4 2 HIEH wSI@NC/Zn-2 MEHTESRRAE . B
4(a) B/~ WSI@NC/Zn-2 TEF¥ 5], BEALREF T kb3 5
RRERHOIESE . R 4b)EE% K&, SiflCc WaEE
H Si, Zn, C, N TE# BS54 . BRENIETF RSN C
SR, H s, ARITREMEH S, s
RHEfig LA PR,

75 S LB R R 43 R S R R IR g — B E B T Bk
X UIE| R R E A S X Zo/N JeR P51

y \ B e . a2
14 { '
8 { ¥ -
y

! "o o)
4 wSI@NC/Zn-2 IR BIRAE () B (b)RETE
Fig.4 Material characterization of wSi@NC/Zn-2 (a) SEM
image; (b) EDX mapping

100 nm

'

5 WSI@NC/Zn-2 M EIRAE ()& ST B (b)&EH
BE: (o)feiEE
Fig.5 Material characterization of wSi@NC/Zn-2 (a) TEM
image; (b) TEM image; (c) EDX mapping

B [ S(a)iE S B IEIR I, DRI R b 2%
FHFENER, WZEEZ) 60~100 nm. & 5(c)F LR
A 5 B S(b)y AR AC T — 5, 45 A 6 AR LR IRE S
W80, TTLAS ISR R e 0 T RRGE .

Bl 6 wSi@NC/Zn-2 {1155 HHE S st &
Fig.6 HRTEM image for wSi@NC/Zn-2

R0 T AR AR E, A4 RHEAT XRD.
Raman Jti%. XPS. TGA & BET MlliX. wSi@NC/Zn-2
1) XRD E3 UL 7(a), 7T 28.5°,47.4°F1 56.2°H 180
g Sy f AR PO AT 5 I (JCPDS card, No.27-1402). XRD K]
W ANAELE ZnO B Zn IFFAENE, JRR TR RS
BB AT 20°~30° 1) B I 2 WA W] REAFZE A AH AT di
FHPRIRES , AT RE 2 TG € BB IR AAAE 3. 1 7(b)IR)
Raman IR E T AEH A S0 . D 77(1356 cm™)
5 G #1592 cm VYA 1) EUAB (In/le) AR EH B A ik )
()4 SRR R, wSi@NC/Zn-2 /1 In/lG AN 0.89,
FEAMERAEAE KR I TEE BB, TGA MR —
R E MR R LG E, BB 7(c) AT RIA R R BR
2909 45%. XPS Bl H Tk BRI 22, K
7(d) ) XPS 43 BEDGIEIE R Si, Zn, C, N TR AELE,
T wSi@NC/Zn-2 F5EIL T Zn/N IH B35 44
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Fig.7 Material characterization of wSi@NC/Zn-2 (a) XRD pattern; (b) Raman spectrum; (c) TG curve; (d) Full XPS spectrum
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Fig.8 High resolution XPS spectra of wSi@NC/Zn-2
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K 8(a)H 1 Si2p Jtilk R T 98.5,100.8, 102.5 eV
=AU, R Si-Si f. Si—C 8K Si-O 1
TAAEBY, Si-C #ERIAAER W Si gk KR, Si-O
LT Sio, ERITEE. Si AMTHIBREM Si0, JZ 5 A)
B 1k Si 5 H ARV Fe R i, ATTTRD B ROBE IR R A .
8(b)H HIOLIE R WSI@NC/Zn-2 H IBRAFAE TG & LB
AT SRAL B P RS . Zn2p S 8(c) X B i L 1)
Zn2pos Kl Zn2pis W6, RIAM B AL E BT Zn, A7

100 - ()

9

90 /

80 Qo
/

/0

[ _o'e
70 - 0_0—0—0—0’070_0/0/

60 - y 0090
[ a0 00"

Volume adsorption/(cm®/g)

50

40 L L L L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure, p/p°

TEH5) ZnOo ZnO W] 5 HURIR 4 i =2 1) HF B, 1
il HF ik, ANIm$e mdr R g fe e 28, N1s Jail
[ 8(c)IFE T 397.1,399.1 11 399.8 eV K =AMULE I, 43
T N FIEE N IR NOAILA S84k NP2,

T Tk A AR 1) S5 S B/ O B R 2R () 9y mT BATH B
H WSI@NC/Zn-2 I LER A 172.663 cm’/g, fLIES
AAAE 2~6 nm HIEHEIN, 2 ANIL. BRI R AR
I ALEE R P A A AR B A R A, R/ R A

0.004 I (b)
£ 0.003 - /\
g L
"= 0.002 H ¢
2‘ \
S 0001 1P 4y
0§o\° °
0.000 o
L | L | L | L | L | L
0 20 40 60 80 100 120

Pore size/nm

9 wSI@NC/Zn-2 55 45 H S5-I B0 PR/ Bt bt it 26 5 #LA% 2 AR
Fig.9 The nitrogen adsorption/desorption isotherm and pore size distribution for wSi@NC/Zn-2

3.2.2 wSi@NC/Zn-2 H 4 G5t Ak 2= RE 4 it
WSI@NC/Zn-2 #EHE Zn/N 3645 24t 0 B Tk 4 /) 1
it/ B O AR e 8 2 AR E AR, (B B A, 40
HIE 5 ARUR R RN . T, B AR N o Rt
ARG R R TR, RN R R AT IR .
10(a) M RIIAG 5 Bl 78 /BCRIEIA ) CV HiZR(HEIE 0.1
mV/s)e RIS FEEL] 0.64 V ALHIL 73k 1,
TE 5 RGP R FZ I 5%, R BRI L T Fa e
(1) SEI JI&E, 3G 1 FEURVR 3k BE VA HERS). Tl i AR R AE
0.04 V AL T I8 SR, FORHLE TR ATENTE K Si-
Li 5404, smHdFEFZ) 0.58 V A B2 Big N Si-

Current/mA

Scan rate 0.1 mV/s

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Voltage/V

Li & & W& &4 e i ARk 1 RERS) . Bl A7 B8 U H 4
I, ZETAR WG I, X2 TR R S B0E
ZHINES 5 IR . it — 0 E A R Ak i
e, 34T T AL EBASUEIS)INR, WA 10(b)Fin. #
BHE EIS Hi2k il — AR — &R R Ak, LRI ER
AR 2R B 1 2 0 A S AT R AR ) R A S RS BT R0
WSI@NC/Zn-2 ARG 5 Bl J5, MR R /N, Bt
MRS MG, R SRR 5. WEEE
e 72 P9 0 AR R AR R RO AR S5 UK RSB /I, i 1
e R AR T R R E it SN A N =R S £ ]

600

—®— st

500
—&— 5th

400

300

-Z"1Q

200

100

0 100 200 300 400 500 600
Z'1Q

K10 wSi@NC/Zn-2 FJHALFAVERE (a) TEIMRZCHIZE; (b) ARIGFAL B FRARFIIERE 5 Bl J5 e pl i) Ak 27 B A
Fig.10 Electrochemical properties of wSi@NC/Zn-2 (a) CV curves; (b) EIS curves of the electrode in fresh state and after 5 cycles
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11 s e i Bt 2 P LR P & 5 CV ik
HRRFAE VG — B, T — UGIIE BA B sk R O 3R Akt
FANHE 11 BT 1551, wSi@NC/Zn-2 HARLE 0.5 Alg HL
T L TR, B FER RN 71.0%, ANAH7EE
P 32 BERYF T AT 3 SET R A Bl

3.5
1st~3rd
30 Y
':i L
=25
= I
£ 20
2
3 15
S L
§ 1.07
0.5
0.0 — ——— ‘
0 400 800 1200 1600
Capacity/(mAh/g)
B 11 wSi@NC/Zn-2 [ H R RS = (RIS B 0.5 AVg)

Fig.11 Voltage charge and discharge capacity graph of

wSi@NC/Zn-2 at 0.5 A/g current density

W 12 fs, fEARBKBAHEQO.S, 1, 2, 3, 4,
5, 0.5 A/g) N4 alEH 10 BN wSi@NC/Zn-2 HAR
RERMERERS, 2 RIF33] T 4 1704, 1345, 1157, 1038, 884,
752 A1 1638 mAh/g FIHL EL A B FTLAR N, 24 Ha i
FEPR/NERIRE IR EE 0.5 Alg I, PR AT I b 75 &
AT ISR B R TBOE LA T 96%, F B A KL B 1 7 (1)
R MR St

it — B MR KA AR e I, M T AE 0.2
FT0.5 Alg THLIALES B B 300 BRI A &, WK
13, PPRHOZRAERT 80 B 2 k%, 18 80~200 [ i}
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