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In this study, nitrogen doped carbon felt (CFt) is prepared using thermal oxidation and liquid phase ammonia treatment to
improve the efficiency for vanadium redox flow batteries (VRFB). The electrochemical properties of prepared CFt electrodes
are investigated using cyclic voltammetry (CV) and charge/discharge test. The XPS result shows that the increase of liquid
phase ammonia treatment temperature leads to the increased nitrogen functional group on the CFt surface. Redox reaction char-
acteristics using CV reveal that the liquid phase ammonia treated CFt electrodes are more reversible than the thermally oxi-
dized CFt. When CFt is treated by the liquid phase ammonia at 300 C, VRFB cell energy efficiency, voltage efficiency, and
current efficiency are increased about 6.93%, 1.0%, and 4.5%, respectively, compared to those of the thermally oxidized CFt.
These results are because nitrogen functional groups on CFt help to improve the electrochemical properties of redox reaction
between electrode and electrolyte interface.
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Figure 1. FE-SEM images of ((a) and (b)) RCFt and ((c) and (d))
Oxi-3NCFt.

FolA 1 QU FE-2 Ao e, A3 Had ) vkeAdS =0]
Zo] 7bg FQ 38k HE o7 o AR 1L QITH5-7]. VRFBE A2 A
HAETo} 71AH s S<rallof ahv, 3sha], 77|sletx o R <l
dlof dteh T3k MAlof] A4S W =2 &S Y 5 ook
star, 7H4o] APy, S EA] Akshskel whgo] rpdxog
o] Foz)1= EAo]ojok Bhr}g). o]t V|For B u waAg:
V0] Aysta, Ak 9l 947] 5o Majder =& waeAde Ay
o 9low, g7t fo)sly] witel] VRFBS MIARE 7P 4
Feitia & ¢ Gtk 53] AR FoM L BAdES] A9 1)
4, W2 At HelelM 9] g, = el 54 witel VRFB 7l
Zo 7 Wol o]&¥ 1 §Irh9,10]. Ly BAAES BAAEE 1§
Ho| 24738 wy] wlite] Hald gdv) W] golsh WS
FJEE BY uE8A AR Ake B B9 9@ 25 ddo)
3 QUrH11,12].
Fol2o] EYHIUE u] 17|38 Aeo) gt
o

od N o

ole] A5 F3l WA ghrh13,14]. 3HAIRE BE
5

G Es 550708 AR BasEe] 49 Al vl
2~

i)
[N
o,
3
i
o
L)
32
o
£
R
F
P
Jt
[>
[of
[
)
>
=2
>
10
oX
ofr
_E,
r_)i

7158t SAdwstel e s vv)E
webA] & AelAs vhs s SERA e AR d5S Al

3kl 0]9] es okl BadEe] ehrolE A

gjste] At 299 GARES Axsiglch w27 o 2

Lol A2t E9E 'ARE A5 djste] Eelsiet], A7)sks)

2 A4S oA oo A=l uhhg HlEs SRR RA A3

Al dsto] a skl

2
I

2. 1=

2.1. AlE & Al

2 A= VRFBS =92 polyacrylonitrileZ] EHAZEQ]
GF-20-5FH (5% 446 gm’, £5: 99.99%, HIAE: 0.15 Qcm,
Nippon carbon, Japan)E ARS3I3ItE vhbd AH0]E(VOSO, -
3.5H,0, vanadium(IV) oxide sulfate, 99%, Wako)S Z=2 = AME-3}
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Qo fmjEE ANH,S0,, sulfuric acid, 95~98%, Aldrich)g 4
Al §lo] ARSI Esh AAEYE flste] YEUORHNH;0H,,
ammonia solution, 28%, Samchun)E A ¢lo] AREEFITH
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scanning electron microscope, FE-SEM, Hitachi, S-5500, KBSi 54l
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Figure 2. FE-SEM images of carbon felt after charge-discharge test;
((@) and (b)) CFt, ((c) and (d)) Oxi-3NCFt as anode, and ((e) and
(H)Oxi-3NCFt as cathode.
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Figure 3. SEM image and its EDS mapping for carbon, oxygen,
nitrogen, and vanadium; (a) Oxi-3NCFt as anode and (b) Oxi-3NCFt
as cathode.
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Figure 4. Contact angles measurement snapshot for vanadium
electrolyte; (a) RCFt, (b) Oxi-CFt, (¢) Oxi-1NCFt, (d) Oxi-2NCFt, (e)
Oxi-3NCFt, and (f) Oxi-4NCFt.
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Table 1. Surface Element Analysis of the Non-Treated and Aminated Carbon Felts

Elemental contents (Atomic percent)

Samples
Cls Ols Nls
Oxi-CFt 91.06 8.94 -
Oxi-INCFt 90.83 8.72 0.45
Oxi-2NCFt 90.21 8.58 1.21
Oxi-3NCFt 89.88 8.39 1.73
Oxi-4NCFt 89.56 7.67 2.77
Oxi-CFt OxI-INGFt oxl-2NCFRE
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Figure 5. Deconvolution of the core level Cls spectra of Oxi-CFt,
Oxi-1NCFt, Oxi-2NCFt, Oxi-3NCFt, and Oxi-4NCFt.
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919] AolA FE)E= X2 EollA9 intensityS <Jv]sl], HE=
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Figure 6. Deconvolution of the core level N1s spectra of Oxi-1NCFt,
Oxi-2NCFt, Oxi-3NCFt, and Oxi-4NCFt.
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C(2) : C-C (sp, 285.3 eV), C(4) : C-O (2865 ¢V), C(5) : C = O
(2875 eV)2 ZEHJUH20]. 258 dRYolr A ¥ AEQ
Oxi-INCFt, Oxi-2NCFt, Oxi-3NCFt, Oxi-4NCFti= Oxi-CFtol4] 1}
9k C(3) : C-N (285.8 ¢V) 2] Agto] A= rh21]. omwo}
F AY 257 TS c-0ds7] W C = 085719 vl o
2 FAska, C- Nel 7] vlgol A ST 1 = ATk
C-0#5719 A5 vhtE o7} Atal3hl vke-E sk 2 #s7|

s
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HohH VRFBE Aol ddd oz oifdrh

Nis 5= J]=8] A% &8 2} ﬂL-L Figure 61 HYeRH3ICH
TwE dojdl W] TR DTS Table 20 ]Skt oF
w3l x2E §AFES] Nis 93+= Z12) 398.7, 400.4, 401.5, 402.2
eVe] Agelti# el N(1), N(2), N3), N(#)2| vl 714 5= v a2 &
et o] Yl 744 F vas Aadate) s dE o] F L e
a9 AR Agt e o] Mk vEFefzIch N(1) : CN = C
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Table 2. Assignments and Peak Parameters of the Cls and N1s Components

Peak position

Concentration (%)

Component

2 o] &H o] Rolaixl7] WO E AFEHETH31-33]. 2} Ak 3

(eV) Oxi-CFt Oxi-INCFt Oxi-2NCFt Oxi-3NCFt Oxi-4NCFt
() C-C(sp?) 284.5 76.95 74.14 70.96 68.59 66.22
cQ) C-C(sp) 2853 13.04 14.53 15.55 16.44 17.53
cG) C-N 285.8 - 133 3.56 5.05 8.14
C4) c-0 286.5 7.91 7.78 7.66 7.49 6.10
) c=0 2875 2.10 222 227 243 201
N(1) CN=C 398.7 - 20.48 21.40 22.46 23.17
N(Q2) C-N 400.4 - 68.69 64.01 61.71 59.90
NG) C-N'-C 401.5 - 8.13 10.68 11.48 12.38
N@) N-O 4022 - 2.70 3.91 435 455
3} 939} 0.1~03 V Fl4 v(V) — vIV) 2 3 935 geldd
R CET e L A e EEE NP L
20 500 Colx] Darabel Oxi-CFt Mok £ ool Aujg MEE
o o] ka9l 927k T 3 ATk 2L SRIE 5 9IS Asha
£ 2 HE AR v)Akolst ALY W] Yrhs 2 A o5
&‘:’ o 7} wEvhe 2% ovlshe], Qs qenct Bet F o}
£ T A7t A S-S SR1E = AAATH6]. 2EelAE 300 Cel
— Oxi.CFt A Yol AYE 3 Oxi-3NCF7F 718 327} 71 ¥ WS
vt - —
5 20 . o:: 1NCFt 74 218 HokS w Oxi-3NCFt7} the A1E-5(Oxi-CFt, Oxi-INCFt,
= | ufE aaa Oxi-2NCFt Oxi-2NCFt, Oxi-4NCFt)°ll H|ato] Absl/ghel 4l Ha} o] 5457}t 97
a conrens Oxi-3NCFt g oz Wt o) Ax Wy F  pyridinic W
""" Oxi-4NCFt pyrrolic/pyridone®] 7 AT} quaternary®} pyridine N-oxide2] 4
=40 = L L L L 2] i ol&le] ElAIEQL AaA Alo|o] Aksly3k
05 0.0 0.5 1.0 15 d3H(positive charge)= Asto] gHATEQ]L A Alo] <] 1_§]—/‘_:r
OE}_-

Voltage (V vs. SCE)

Figure 7. Cyclic voltammetry curves of Oxi-CFt, Oxi-1NCFt,
Oxi-2NCFt, Oxi-3NCFt, and Oxi-4NCFt in 0.05 M VOSO4/1 M H,SO4
electrolytes at 2 mV/s scan rate.

(quaternary, N-Q), N(4) : N-O (pyridine N-oxide, N-X)°] A3425
2Jm] 3} 28-30]. Pyridinic 2 pyrrolic/pyridone™= 7 A%HS ZH= sp?
FEE Wi glo] A7)t Ao ERg T AoE 4#A Q)
TH31]. quaternary$} pyridine N-oxidet= sp* @ EHE =1L A|qE A4
o] Agto] skt ] Hol oHd ddKpositive charge)E ZE7] wliZol
2F AL SRS sk Zo® dElA QIth32,33] webA, '
HEO] me] YAE A& Ts7)e GAAE d=9 Ar)|gkets 5

AR Eis & AR gt

3.4, AT EHE BEIAHEO| cyclic voltammetry S
Figure 7:& &5H PR Uoly A28 M58 CvAIE HolF1
St cvARE B3l 7 MEES] Atsl e 3] FaE ER1ES]
om, gt qkslke) Shelo] HhlEE Hehs g1 4= SISITh Figure
7oA & ¢ Qo] BE AEo] Akt 2EE A5 B57el 9
sto] A=) Abslghl RESAS Zhethe As EIE 4= Qlgith B
N
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Table 3. VRFB Unit Cell Efficiencies of the Prepared Samples
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Cell efficiency (%)

Current density (mA/cm?) Sample name

7 7y 7
Oxi-CFt 91.95 87.62 80.57
Oxi-INCFt 95.18 87.06 82.87
20 Oxi-2NCFt 96.20 87.78 84.44
Oxi-3NCFt 96.49 88.25 86.16
Oxi-4NCFt 96.79 87.63 84.82
Oxi-CFt 95.82 78.58 75.73
Oxi-1NCFt 96.80 78.11 75.61
40 Oxi-2NCFt 97.43 79.48 77.44
Oxi-3NCFt 97.49 79.86 77.85
Oxi-4NCFt 97.87 78.55 76.86
Oxi-CFt 97.30 71.26 67.84
Oxi-1NCFt 98.02 69.83 68.45
60 Oxi-2NCFt 98.19 72.17 70.86
Oxi-3NCFt 98.40 72.51 71.36
Oxi-4NCFt 98.73 69.76 68.87
Oxi-CFt 98.38 63.96 59.29
Oxi-INCFt 98.87 59.97 59.29
80 Oxi-2NCFt 99.25 64.61 64.13
Oxi-3NCFt 99.39 64.78 64.39
Oxi-4NCFt 99.81 59.18 59.45
Oxi-CFt 99.15 56.34 49.34
Oxi-1NCFt 95.98 51.94 49.85
100 Oxi-2NCFt 99.35 55.68 56.99
Oxi-3NCFt 99.73 56.01 56.41
Oxi-4NCFt 99.36 51.55 52.25
7. coulombic efficiency, 7v: voltage efficiency, 7.: energy efficiency
A g ge =, X 100 @ 16} - oxINCE
[ Al e OxI-2NCFt
/A L 7} stage A, stage B, stage C 7O 3|40] 715 14l == OxI-3NCFt
st o] sl mebs g8 T Utk Stage A= T WA ' =r=+=OxI-4NCFt
o] Aoz P9, stage BE FTH7} o] ik gYo|tt Stage % [ _\
Ct 39 Bhdo] A2l ooz [k A=) AEA4gz A ;12 RN
ARGt WA B Qom, ojelat Aol D JFS WesS S | 3\
Z7o] AR deto] v, whdo] AlzbE= Aokl A HAE E ol ;‘ \|
ol d#A JeH35]. Figure 804 H=0] Oxi-CFt BT} 2519 b5 i: 1
Yols #2)¥l Oxi-INCFt, Oxi-2NCFt, Oxi-3NCFt, Oxi-4NCFt7} [ P
IR-drop 87k AIAH S-S 218 5 ST R-drope] 745 91ck 081
£ A& 255 A4 Aolel Al G 30T B0l A T T TR
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Figure 8. Charge-discharge curves of VRFB unit cell (Current density:
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