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Synthesis of next-generation carbon based anode
material for sodium ion batteries

Kim, Dae yeong

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Lithium-ion batteries(LIBs) are used in many applications as excellent
energy storage devices. However, recently, they have shown some
limitations as storage devices of the future because of rising prices and
environmental concerns. Therefore, there is an increasing need to develop
alternatives to LIBs for use in environment-friendly large-capacity energy
storage systems. To meet this need, sodium-ion batteries(SIBs), redox-flow
batteries, and supercapacitors have been researched as alternative storage
devices. Among them, SIBs are the most advantageous because the reserves
of Na precursor materials are evenly distributed and abundant worldwide,
and the various problems associated with the existing LIBs technologies can
be quickly solved because the physicochemical properties of Na are similar

to those of lithium.

Among the many electrode materials available today, carbon materials are
widely used battery electrodes because of their low cost and simple

processing requirements. In particular, graphite is a widely used anode
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material for LIBs because it has rich reserves, excellent electronic
conductivity, low average potential, and excellent cycle stability. However,
the amount of Na metal that can be intercalated in graphite is very small.
This is not only because Na has a large ion radius and is heavier the Li
but also because the graphite intercalation compound of Na is

thermodynamically more unstable than those of other alkalis.

To overcome the insufficient Na storage capacity of graphite, various
anode materials that can replace graphite are being extensively researched.
These materials are mainly classified into carbon-based materials and
carbon-metal composite materials. The carbon-based materials have been
reported to be promising anode materials for SIBs because of their wide
interlayer spacing and irregular structure. However, their performance is
still low if their structure is composed of only carbon, and most them are
doped with heteroatoms to improve the performance. Furthermore, the very
low coulombic efficiency(CE) caused by the nanostructures is the biggest
obstacle to their commercialisation. The carbon-metal composite materials
have not only low electronic and ion conductivities because they are based
on alloy or deformation reaction mechanisms but also poor cycle stability
because of massive volumetric expansion during the electrochemical
reaction. Another disadvantage of these materials is the low CE and large

hysteresis due to the inevitable irreversible reaction.

In this study, we attempted to design a material using a new method to
overcome the aforementioned disadvantages. We ensured that the material
had stable life characteristics and good electrical conductivity by not
attempting to compound it with metals, and we simultaneously raised the
CE of the material to match that of graphite in LIBs. The number of
production processes was greatly reduced by using pure carbons without

hetero-elements. In addition, we could maximise the advantages of carbon
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materials and overcome the capacity limitations of carbons by greatly

increasing the reversible capacity using only carbon materials.

To achieve these goals, we doped Na inside the carbons during the
synthesis of carbon materials. The doped Na mainly plays two roles. First,
the Na atoms doped inside the carbons are released from the carbon
materials during the discharge process, thus compensating for the CE. the
CE exceeded 100 %(even reaching 104 %) throughout the cycling period
because of the compensation activity of the doped Na inside the carbons.
For this mechanism to work properly, the doped Na must be released
smoothly. Hence, we used an ether-based electrolyte to widen the gap
between the internal carbon layers while simultaneously solvating the doped
Na together with the solvent inserted into the carbon so that the doped Na
could be easily released. In addition, the doped Na has another important
role. the space where Na existed becomes desodiated, thus creating a new
void space inside the carbons. When new void spaces are created through
desodiation, the amount of Na that can be stored inside carbons in the
next charging process increases. Consequently, an interesting phenomenon
occurs; the capacity increases as the process is repeated until all the doped
Na atoms are released during the charging and discharging processes. We
could achieve 85% CE in the first cycle even when using a nanomaterial.
Based on various analyses, we inferred that a SEI layer might not be
formed depending on the structure of the material surface when using the
co-intercalation reaction in SIBs. Through a series of processes, we could

move closer to the actual commercialisation of the proposed material.

KEY WORDS: Sodium-doped Carbon 4F©¢|] =3 ¥ ®; Sodium-ion batteries
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Electron Energy

Note:
HC =High-voltage cathode
CC = Conventional cathode

Cathode Electrolyte Anode

Fig. 2-1 Charge and discharge process of sodium-ion batteries®
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Fig. 3-3 HR-TEM image of the synthesized carbon material
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Fig. 3-4 XRD pattern of the synthesized carbon material
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Fig. 3-5 Nitrogen adsorption-desorption isotherm curve
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Fig. 3-6 Pore size distribution
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Fig. 3-8 Nyquist plots after several cycles
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Table 3-1 The fitting values for the elements of 1% cycle and after 50 cycles
in ether based electrolyte

Ri(QcmP RAQcm™) Ry(Qcm™ R(Qcm™)

1% cycle 4.364 8.714 x 107 22.29 2,063

After 50 cycles 8.488 i 7 10.65 542.2

Table 3-2 The fitting values for the elements of 1% cycle and after 50 cycles
in carbonate based electrolyte

Ri(QcmD RAQcm™) Ry(Qcm™) R(Qcm™)

1% cycle 24.7 55.45 66.45 2,672
After 50 cycles 165 241 332.7 3,285
- 36 -
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(a) Ether based electrolyte (b) Carbonate based eletrolyte

Fig. 3-16 TEM image of SEI layer
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Table 4-1 Measurement conditions of *C CPMAS NMR

3C CPMAS NMR

= 94 Tesla (400 MHz for 1H) wide-bore magnet,
AVANCE I HD spectrometer(Bruker, Germany)

Instrument = 4.0 mm CPMAS double-resonance probe using zicronia
rotor (outer diameter : 4.0 mm)

= Operating software : Topspin, version 3.2 ver
» Larmor frequency for C : 100.6 MHz
= Spectral width : 350 ppm
= MAS spin rate : 10 KHz
= Pulse sequence : CPMAS

Measurement ; g

. = 1H 90" for cross polarization (CP) : 2.4 us
conditions

= Repetition delay time : 0.4 s

= Scan number : 1024

= Chemical shift reference : Tetramethylsilane 0 ppm
= Temperature : Room temperature
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Table 4-2 Measurement conditions of »Na MAS NMR

#Na MAS NMR

= 14.1 Tesla (600 MHz for 1H) wide-bore magnet,
Unity"™¥INOVA spectrometer (Agilent Technologies)

Instrument = 2.5 mm CPMAS double-resonance probe using zicronia
rotor (outer diameter : 2.5 mm)
= Operating software : Vnmr] 1.1 ver
= Larmor frequency for ®Na : 158.705 MHz
= Spectral width : 500 ppm
= MAS spin rate : 24 KHz
= Pulse sequence : one pulse
Measurement " qu 2t
. = 60" Pulse length : 1.8 us
conditions

= Repetition delay time : 20 s

= Scan number : 1200

= Chemical shift reference : 1 M NaCl acq. 0 ppm
= Temperature : Room temperature
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=

(2) TEM image (b) Carbon (c) Sodium

Fig. 4-3 EDS mapping images of the synthesized carbon material

0 400

(a) Total (b) Carbon ion (¢) Sodium ion

Fig. 4-4 ToF-SIMS mapping images of the synthesized carbon material

_58_

Collection @ kmou



432 9 318 24 4

Fig. 4-5~7o XPS &W 4 A3E =AY é?;%oﬂuxl%- 7 83

Fig. 4-5+= Z+7} i‘:ﬂﬂédm.‘tz, i%tméowzﬂ Ag-LoH 2o ZHES
H

=
B
=2
o)

[
i

o
~
i
2
i
o,
it
i
B>
XN,
r]I
o
44
2
1l
Lo

< b‘rEhHO*D‘r SF2 Hlzdo]Ee] 4has) o
e dEE A, o] O AfderA= 1071.6eVolth EF LFLS A
2ol =& FAFsHEA AkoHE W] B2 vt s wieH L,
AgelvAE 1072.6eVE 71tk @8 A7t AYHA Fe& T 7w
eZA = Nals 2~ EZA 1071.6eVolA F T3 2 10726eVell A 22
537k BFEHE, ol &FC] AL dHIZY HES IHT FHZ &3 H
of AT FAH AHANA Fehe Tt TP 2N Moo B o]2AY
g A2 39 Acr FAAG. =3 A7 IYd @2 7 SSA8
o] Nals 2= E# oA 1072.6 eVolA ¥ =7} F71star 10716 eVolA 3 =7}t 7+
¥ A ALY g Aok ols dAH A FTol AT AAHER i
o ¥ = Wt ofyet &Fe] e8] WEdl vart SvkE Aoz 4
Aok o71M dA2 A3 Foll a7t AAdAT= Ae Cls 3 Ols ¥ = W3}
Bl F74o] 7bsstth Fig. 4-62 247 AdRgke o] gsho] AT s

el 2] ZE& 4 A& A 2 LFNRETL HUbE d48E @A

59 dA2 F Cls 2HEHS Yepdeh. ALdnks o] &8t dAFT &

Azl AL 8l FAekoHEteR 49 daAmes C=00 7dsk= v

e FEHA SAAT mFHlzoelErt Hybe Ae-elvt C=0° 7|sh=

Wa7h REEY. o= WxdoEVt FHEUTE SV doh =Y dA4d
~ 59 -

Collection @ kmou



gl =9} C-00l

L —

) Y

‘|_

S|

|

o
1l

oju

7} AA=EAA C-C Aol =7}

o

ou

v =27} B A

L

) Y

3}

|

o
1l

=00l 7]

C

o

5

°] Ols 29 EAS Yetf At Ols
%)

5 =

5
T
0} O

7k HA
gz dA g

o] dA¢

J

=

7v AAHA o

o]

e
o

el

)
.

o
%0

X

-

_60_

Collection @ kmou



SB

—Raw Intensity
Peak Sum

Peak 1{1071.6 eV)
Peak 2(1072.6 V)

Na’ Na-C (Raw)

Counts/ &

Na-C (500 *C)

T W

1064 1066 1068 1070 1072 1074 1076 1078 1080
Binding energy (eV)

Fig. 4-5 XPS survey and high-resolution spectra of Nals
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Raw intensity
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Background
Peak 1(284.8 €V')
Peak 2(286.6 ¢V)
Peak 3(289.6 &V)

cC C-Crown

cO

276 278 280 282 284 286 288 200 292 2904

Fig. 4-6 XPS survey and high-resolution spectra of Cls
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— Raw intensity
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C-0— C-Crown
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Fig. 4-7 XPS survey and high-resolution spectra of Ols

_63_

Collection @ kmou



FEE B4 I S5AE U &F 44 FHd O o B JEE
31, Fig. 4-8~12¢] YehiAth Fig. 4-82 €A 7

19 £3A1 8] tig “C-'H CPMAS NMR ~HE
PMAS NMR ~#HE#H S &a7} 49 A= o 9

=259 #87 A 7

A AE T2 W AAHE F
& SRS dAE A Al 71

ppmel Al YElUYE B4 g 35 R-C-0- Ao 24 HlzoolES}t metLH)

2o Tz 719 Aoz FHAL WS FL IAZRE waE JUFHos
[e]

rfo
bt
N
N
oy
)
r
oo
ox
it
o
o b
N

rl

959 fadAd fEH YAolH, ge FA NS} 2w Fe AERA 4
98 2AFS vtk Be 93 FuE oh ATE £F54L AN g
3 z715e) B¥ol 1¢lgth 300°CE DA elg ABoIAE 71ppme] R-C-C-
%9 daE gRE AA sp2 189 st FIAG 50T AH Y

g A BN BE7]9 sp2 OIF S #EHA et o= 500CE E4

Fig. 4-9& |48 2571 Adold AR "da 719 3420 o *Na
MAS NMR ~HEd S et 42 A A59 ¢ o -8ppm AR
+10~-30 ppme] WHLelA 1 719 F 37t FFEFH AT 300°C L 500 ColA EA
e AESdA= Tppme| F =8k oF -10ppmolA WS da2 A7 2
Aol =z #FEEF[Y. Fig. 4-10= O EF4 A E¢ o) A(deconvolution
simulation) 32 YeERNATE ol dAg A A59 “Na NMR 2~#HEHo0|
Uette= J 37t F e AES 7HAL dSS BAET oF -8ppme] 3184
ZEE 7 dddez2 FLHWHH: 3ppm) I = P13 +10~-30 ppme] W&

_64_

Collection @ kmou



(HWHH : 11 ppm) 3= P2o]t}. P1& -R-C-O-Na" FE|Z4 HlmZF £z o]
A2 FHE S FH TR EAEE AF 52 4AFIFER
23 E o of A]

BE dojxE A5z FAHAD. olgd 42 PC CPMAS NMR
R-C-O- Ado] 7203t w3 =2 suraget. +10~-30 ppm 9 o] P2
ZAZL a8 ALAE F Ao Yol EAsts aFoIg?. g, 300C
2 9A49 39S wW, €38 He P1e AtA 1, 7ppmel E7tE-MHWHH:
0.6 ppm) I3 P37} JHEFJL P2 dollom Zo] <zt yoFoh =g
Table 4-3 P19] Zoigt&nle 2 A= A P39 Aoddnl &S Yesle
o AY FYsit Exlzgl A AREE 300C oA IAyES 4
R-C-O-Na 3}§g&<& Na'd} sp2 &4 A A3} o) Asl ek AR EaHTh BC
S

g

rr

o
rlo

S
S

CPMAS NMR Z~HEd A dx2 H A &° R-C-O- A 7|dst= H A7}
dAg et A AetAs AL old sid e SRR sk Fig. 4-1291A4 sp2 1F
ANz 7 AAo] &F F71e A w3 Aud sidS whdsta o AE7 4
Ay 2 o, gae AAE FUHER] HolEE st AR FAHEH
aEal old Hol: Ko sEol2Eo] AEstAl "ok Fig. 4-1001 IAHYE
53l Uehd P32 o] Hol=o] EASHE 4Fo|Lo® FHAT. P39 w$-
T T2 aFoleo] AYd ARER wAYS /AL v FAHL =T
22 A A= P13 300C= dAY | Al5e Pl P37 L3 ST
H &< 7HA | Hol=e £

& 33%A 39% = oFz Zrbela AwA o P2e) ) WA ugo] 7ad
tHTable. 3-3). ol €=ol ge} Fdsl o APPo ge} B0a A}
Yo7 £ 27be] I 2FO| L] YR HO|E o2 o|FRTT A4

_65_

Collection @ kmou



Wl AE BAHA ekgky Fig 4-11o vehjsich oled Aahs K Gotoh
50139 AT aE-wh AFAH £EFH BYANE sFo] B
Yool aFFEol EANA Yok dast FAFTH

710l AHE vig o R AFo] =3 B4 729 EAEE Fig 4-139] 4

EhA%

_66_

Collection @ kmou



SP3, R-C-O-

SP2, gr
As prepared
2 N ,
280 240 200 160 120 80 40 0

SP2, gr
300 °C, 1 min
P N e
280 240 200 160 120 80 40 0
500 °C, 1 min

Aoty e A, A

280 240 200 160 120 80 40 0
ppm

Fig. 4-8 “C-'H CPMAS NMR spectra

+10 ~-30 ppm

3 As prepared

p

300 °C, 1 min

: ‘: 500 °C, 1 min

Fig. 4-9 ®Na MAS NMR spectra
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As prepared

P3
I
J L - 300 °C, 1 min
B3 '
I
J \ P2 500 °C, 1 min
20 10 0 -10 20 -30 -40

Fig. 4-10 Deconvoluted ?Na MAS NMR spectra

I

2000 1500 1000 500 0 -500
ppm

Fig. 4-11 *Na MAS NMR wide scan spectra
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— As prepared
—300°C-1m
A little increased

150 170 160 150 140 130 120 110 100 90 80 70 60 50 40
ppm

Fig. 4-12 *C-'H CPMAS NMR spectra
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Table 4-3 Relative area ratio (100%) and peak line width for each peak obtained

from deconvolution

Sample name As prepared 300 C, lmin 500 €, 1min
Chmical Half Half Half
shift Peak Rel. width Rel. width Rel. width
type area (%) area (%) area (%)
(ppm) (ppm) (ppm) (ppm)
-8 P1 33 4 = S - -
+10~-30 P2 67 22 67 14 61 14
7 P3 - S 33 0.6 39 0.7

Collection @ kmou
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Turbostratic structure

Fig. 4-13 Schematics showing
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Aggregate

Primary particle
(20~30 nm)

Pre-doped Na in carbon

concept of sodium doped carbon structure
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Potential (V vs. Na/Na")

-Im(Z)/Ohm
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Capacity (mAh/g) Capacity (mAh/g)
(a) Ether based electrolyte (b) Carbonate based electrolyte
Fig. 4-14 Charge-discharge curves at first cycle
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Fig. 4-15 Nyquist plots after several cycles
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Fig. 4-16 CV curves at scan rate of 0.2mV/s
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Fig. 4-17 Cycling performance at current density of 105 mA/g
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