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Study on Surface Microstructure Regulation of
Carbonyl/Carbon and Its Electrocatalytic Performance for

Hydrogen Peroxide Synthesis

ABSTRACT

Hydrogen peroxide is a vital chemical raw material. With the
increasing demand for green production, the development of a clean
method for hydrogen peroxide synthesis is of paramount importance.
Among various hydrogen peroxide synthesis techniques, electrocatalysis
stands out due to its significant green and clean advantages. In the
electrocatalytic production of hydrogen peroxide, carbon-based catalytic
materials exhibit superior stability and electron conductivity, holding
promising prospects as catalysts for the oxygen reduction reaction (ORR).
In the gas-liquid-solid three-phase system of electrocatalytic hydrogen
peroxide production, active sites and mass transport diffusion play vital
roles. Two-dimensional(2D) carbon-based materials not only provide
well-exposed interfaces for constructing active sites but also offer short
diffusion pathways for reactant mass transport, thus constituting excellent
structures for electrocatalytic materials. However, the current methods for
preparing 2D carbon-based materials are mainly confined to exfoliation,
selective etching, and chemical vapor deposition, which are evidently
complex and demanding in conditions. Therefore, it is worthwhile to
further explore convenient and accessible methods for the preparation of

2D carbon-based materials. This study achieves the construction of 2D
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carbon-based materials through one-step carbonization using ion
encapsulation technology, and enhances surface active sites by acid
treatment and introduction of carbon quantum dots.

(1) Construction of metal ion-water induced 2D carbon-based
materials and their electrocatalytic performance for hydrogen peroxide
production. The preparation of 2D carbon nanosheets was achieved by
introducing sodium ions during the hydrothermal pyrolysis process of
acetic acid cellulose hydrolysis. Subsequent acid treatment resulted in the
formation of active site-rich/2D carbon, denoted as CA-Na-A. The results
demonstrate that the introduction of sodium ions provides necessary
conditions for the formation of 2D carbon while increasing the surface
defects of the material. Acid treatment successfully introduces more
unsaturated oxygen-containing functional groups as active sites. The
resulting sample, CA-Na-A, exhibited a hydrogen peroxide production
rate of 270 mmol-g!-h'! with a selectivity of 90%.

(2) Construction of ultra-thin 2D carbon-based materials through
metal ion-in Situ pyrolysis and their electrocatalytic performance for
hydrogen peroxide production. By subjecting sodium citrate and citric
acid to separate pyrolysis processes, it was found that using sodium
citrate as a precursor enabled the preparation of ultra-thin 2D carbon
nanosheets through the capping effect of sodium ions and high-
temperature self-assembly. Further acid treatment of the resulting
samples led to the formation of OSC-C, which contained a high density
of unsaturated oxygen-containing functional groups as active sites. The
results demonstrate that the introduction of metal ions altered the
aggregation process of citric acid, resulting in the formation of large
surface area ultra-thin 2D carbon after the removal of metal ions. Acid

treatment increased the carboxylation rate of surface defects in the 2D
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carbon, thereby introducing a significant number of unsaturated oxygen-
containing functional groups as active sites. The hydrogen peroxide
production rate of the prepared OSC-C sample reached 1700 mmol-g!'-h-!
with a selectivity of 84%.

(3) Preparation of carbon quantum dot-carbonyl/2D carbon-based
materials and their electrochemical catalytic properties for hydrogen
peroxide production. To enhance electron transfer, carbon quantum dots
were further loaded onto the previously prepared ultra-thin 2D carbon
through illumination, resulting in the formation of 2D sheet-like carbon
material enriched with carbon quantum dots, denoted as QSC-C. The
results demonstrate that compared to the physically mixed carbon
quantum dots sample (MSC-C), the surface of the illuminated QSC-C
sample exhibits a higher density of attached carbon quantum dots, leading
to an increased density of unsaturated oxygen-containing functional
groups as active sites. The maximum hydrogen peroxide production rate
of the prepared QSC-C sample reached 800 mmol-g'-h! with a
selectivity of 94%.

Zhi Xiong Hua (Materials and Chemical Industry)

Supervised by professor Renchun Yang

KEY WORDS: Ion-capping, Defect-carbonylation, 2D carbon,

Charge-transmission, Reaction-diffusion, H>O;
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WHt:

(1) &8 & T-K RIS T 8 B EE — BRI R R4 30 R L R e A4 1) U
IKVERERTTE . O 1 IRIT 2D BREEF AR ) A ST 5, R A IR B 75 3 1K
VA 1 s SR 2D ARk, BT &R E T EIES AL
AR H AL 15 o A S R R PR RS2 o SR e AL PE BECAF (1) CA-Na-A
AT, 2D T AR B T SRR E 1

(2) B B 1 - JEUNL I R A K B o P B e T — R R B A ) S L e (A A X
SEUKPERERE FC . JEIEXS 2 — MR R HIIR LR W B IR B 152 2D B EAT R A
MIoGHt. AT HE— TSR E TR RIS, R AL IR B 413 R VA

pi
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SO 2D Bk, HE T & )E 8 T B AN S SR e BIE i A L X
HUEAL 2¢” ORR IBARIEFENERIFEM . G P REBS 1 OSC-C AL E
— I FC I A i T S A E P

(3) JCHR IS 3 M B R B A 0D@2D Bk A4 e}l 2 K H mi AR A Al XU SRR 1 g
WHFt. J9 7 M0 2D BRIEFDRH TG PE 0B B, SR R & T RO IR S O vk
il 4 7 E SIS TE L 2D RORER, B R TR T R O HL AL S R SR A
SEPEAILEREE R R . AR A AL RE LA I 0D@2D AL, HE— DAt
FEL AL I TR A e P
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FB2E EBREF KNBRUTSEHRE " HEREMBHIFIIT
R HBENFINE K EEHAR

2158

AL AR — R E B TR, ARG AP N R, A
FHFEREARIE, AR Y. BT, BRI SE R S T
VR LA A R, R AT DLZE LR (0 46 F R HEAT, T ELAE IS R R
FEAL g EALE, B T ATRERIR . R, X TRV R,
FLAL 2 A ROOUEUK LA BEAEAG . G i it SR g 72,

LA 2 B PR AP R B o A FRR R, S0 AR R PR A 7 T
AR SRS, 5 N T S T T R S e R SRS R — A £
THAMIERL, AT LB 2 BT A A A, AT BB 4 H TR
B3] BRT, 5RER R A SN R A T EAL S RS R AT AL
o ORT, TS RIEE IR, X MR T KRR T,

BRI AREE . PR RS, B 2 M TR R A ot
FALA B S BUEBTFER Y, B REAE AL 78 2 15 (A0 1 P Bt R e
PO TR 1 G B ATE TR A, R T SRR R R T B, 3@
FEMT BA RN REW N =447 2 LA WA 2D Sk, R, =48
5 %5 FLGE R AR 1 R P05 T 0 R A o A R P % SRR AR 780, B8R, i
TR A%, 2D BREEAR R T B = 5 I, AR T S ST 745 e
WYELR B, O RE TS 0 2D BRI R R R TR0, R, et
TR 5 B TV SE U FE AT R ) . BB B I BRI A RME R — B BT L

FOER Lok, DU BRI IAR T (E s i T A Ak 4
S 9 T BRI P 7 ELA B i P AR TR RO Oy T ZE R R T
SN S R ], 300 SR P R S Y R AR BRISS7) SR, S e 7 v AN L
IREFA, T LT R AN AN A S B L s A R R R RS k. LI,
P REAE L S E B 2D BRI, ST B AL S R R
DU AN A B o i A ) R TG L T A 4 s o o PR 1

iy
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N T SR E RE AL XUCEUK RIS ADRE, AR T R — Mo A i R B
T PR E S ERIAN) 2D BREEMEHI TSRS . O TR 2D BEARL, DA IR
L2 RGN JERE, FE K IR AR T HEAT KR . I /K # B A AR B 1
BofER, 1R iR AR5 ] SEILR T S NS 71 2D BRI A kL. &0 ek
LR R AN ES 7, (3R = S b 2D BREA Rl . BEJE, 8RR 1k AL EE,
AR TR B ALAE W] T B F & B AR & U B VS L o T8I 1 R A Y
FA 885 BEFRHEVE TR AL U 2D B AR FE 7 A0 R XU K H A A T P
L.

2.2 LR ERSY

2.2.1 #8t

BERRAFAEZR . JOKBRIREN. $hIR. MR, S B E 24 RIE R A,
5% Nafion WA H K EF AR, FralM gk, REgER. i
B 2B 1K (182 MQrem™) il 8o IR AH AN 2 5] I SE IR B A7 78 438
FHHITFH SRS =K

2.2.2 EUFIRYHIE

(1) CA KI5 K

2.0 g KRR AE 3R 5 20 mL 2 & T/KBFR S, TNKIEE D 180 °CK
P12 h A RTIRAR, FTIRIRZIE 700 °C(5 °C-min! THEH R ) & b Bobe J5 H
FIEhERBE =0, SR )G LB T K BE 2 3R 13 3 CA, e NIRRT 1848
70 °CT1 24 h.

(2) CA-A &

HL 200 mg [ CA 5 41 mL 2 & F/KIEHR G, RSN 9 mL MR HEIR
W12 h JEHE, JFHEBE T KBS Z RIVIEIK G KA CA-A TN TEAH 70 °C
T4 24 he

(3) CA-Na [ & %,

2.0 g MBEIRA 4R 5 2.0 g To/KBRIR A 20 mL £ B T/RKBHIR S,
ARG 180 °C/K# 12 h 3R45 AT g4k, AT IXAZ1d 700 °C(5 °C-min™! JHRHE
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) B IRGEE BAE A B R BRI Y, e AR KRR ERIR IS 3K 15 CA-
Na JNE IR T #45 70 °CT 45 24 he

(4) CA-Na-A 15 Rk

H{ 200 mg ] CA-Na 5 41 mL LB F/KHFHR S, A0 9 mL SR
B4 12 h JEdhdE, JEHEB KR 2 RIVEER 5 3813 CA-Na-A N T3 46
70 °CT-J% 24 h.

223 FAEFE

Al AR T BT (SEM, Hitachi S-4800, Japan) i Fr 5545 i B
i IFEAS; 8L Micromeritics 134 (ASAP 2460 3.01, MicromeriticsCo., USA)
1E-196.15 °C a8 UK -l i 53R 2k - AR ¥ Brunauer-Emmet-Teller (BET) 4
THE LRI AY, JFE i Barrett Joyner-Halenda it fLA2 0 A o KR 5L X B 2%
T4 (XRD) EEENAA Cu KadFd (A=1.54056A) M Lynx eye —4EFRII &%

(Bruker D8 advance, Bruker Co., Germany) [ Bruker D8-Advanced X 5} 847

Y 3RS . @IS AR 4T /61 (FTIR, Thermo Nicolet iS20) {4k
SR, B X SO H T RERE (XPS, ESCALAB Qxi, Thermo VG Scientific
Co., USA) Fi%i 2 i (inVia Reflex Evolution Confocal Raman system ,
Renishaw Co., Britain) JUEM BRI E R W H AT H 0. 54
NEE T (UV-2600, Metash instruments Co., Shanghai) Il & i A= & .

224 BEASAEFRAER

£ 25 °CHIRFE T, A CHI 760E HiAk %% TAF 5 F1 = M Al e B AT S Ak
S A RS . SOERAERAT A (1x1 em®) _Ef) CA. CA-A. CA-Na fl CA-
Na-A #¢F/E T/, WA (1 mm?) FIZR/AA KR B (M ZELE) 5
B AR B AR AN 2 L Bt o g 1 A ARE iy PR i A S H B e, 45 7 o
&1 CA. CA-A. CA-Na Ml CA-Na-A [HEERA o BARTE, WHl& b
A (5mg) 7rHtfE/K (0.1 mL) . FNEE (0.8 mL) 1 Nafion (100 puL, 5 wt%)
FHRGYI, JFE A AL 30 min DL aR . AR A bR i o R i A8 4 3 AE ik
A EFRAE 25 CCHIZ AR T 12 h Rfl & 0. AN 0.1 M A E AL (50
mL) o fERAL IR BT, R EARTTREAT 30 min (R, A, £ HA
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FRL AR T N A R T 7R AR R R AR R R F AR F S 0.5 Vo AERE — E I ]I 1
mL S B JE SRS ot T E i e

£ 25 °CHIRE T, A CHI 760E Hi Ak 7 TTAE il 1 = 3 Al e B 1 AT 3 Ak
AW LSV M CV L2586, 78 LSV Mk, MHEE A 1600 rpm, 334 10 mVs',
HLA BTV 0.1 MR VS8 AG B0 50 BB BT 2647 30 min 40, SRS L 10
WL I S8 G A e [ A AR A AR b, AF RS 12 h R I
R B PR B AR RCR N 0.25, FRHLEN 1.2 Veupe £E CV IIRAT,  JUHR A o RS
FlA 0-1.2 Veue, FEMRFIAECN 0.1 M (A SA AL BF 5 B A S 2R 4T 30 min 11480
AR, SRJEHL 10 pl j AR SRR e A 1R A AR A AR b, AR TR 12 h R
A7

23 FER5WIR

2.3.1 RS

(1) SEM &%
H Pl 2-1a R 2-1c WF AT UK IR, M5 NBREREN)S, BT BB B AR B

= 910.0um A0 - Y 10pm

B 2-1 B4 SEM Ef4: (a) CA; (b) CA-A; (c) CA-Na; (d) CA-Na-A

Figure 2-1 SEM images of samples: (a) CA; (b) CA-A; (c) CA-Na; (d) CA-Na-A
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BRI EERAE A 2D FodREE KT . 1% 2D S5 M I ORI I B R T 4k 2K i 7 v
BB HOK R =M IR B AR e AT T AR, BEJSTE KRR AT B A
FICR 2D 4k, T R AMESREIE TS AL, 435X CA R CA-Na AT T &
1, BT3RS 2r AR 2-1b F1IE 2-1d FiR: CA-A fll CA-Na-A. H&] 2-1b #
& 2-1d 7] )., CA-A il CA-Na-A IFF S ESUERBRAGHT ) CA AT CA-Na K IH AL
FAEE . X4 FR R Ak b T2 32 B2 A A A 3R T R AT 1 iS4k

(2) XRD 4t

XRD RAEHE— B0 4 T PUANEE S 0 g5 4, 45 e 2-2 foR. H i 2-
2RI, A REGAE 25901 440403 BRI ASAT SR, 43 dDnt BT BRA R #1(002)
FA(101) 81

(002)

(101) cA

M
m . CA-Na

10 20 30 40 50 60 70 80 90
20 (degree)

K 2-2 #£ 5 CA. CA-A. CA-Na il CA-Na-A [#] XRD K&

Intensity (a.u.)

Figure 2-2 XRD images of samples CA, CA-A, CA-Na, and CA-Na-A
2R, CA. CA-A. CA-Nafll CA-Na-A #i7E 25 2B 0%, KA Pl & 1
PUANBE T 350 T BTG 5 A o
(3) FT-IR 43 #7
B 2-3 9FERL ) FT-IR &, /B ] WA A AE 1400 cm™' 1700 cm™' F1 3400
em ! ALY R AL AN U, R SR T R0 AAT] 43 5 JE T 0=C-O. C=0 #-OH
ST, SR, DUANRE SIS A PR B B B AU E BEH1(0=C-0, C=0).

14



L TRER RT3

: CA-Na-A

Transmittance (%)

| |
-OH/H,0 C=0 0=C-O

4000 3500 3000 2500 2000 1500 1000
Wave number (cm™)

P 2-3 B ff CA. CA-A. CA-Na fl CA-Na-A [f] FT-IR [
Figure 2-3 FT-IR images of samples CA, CA-A, CA-Na, and CA-Na-A

FONEER R, BRILE RS CA-A 1 CA-Na-A £ ) 0=C-0, C=0 %
B 2 5 25 = T RRAL AT AR CA R CA-Na %R I AE . X —45 RE WA BT
SETHAHAN 5 58U BE H R e

(4) PR RO B ot 22 AT B (L AR 2 A A3 AT

 2-4 43 531l g WY AN it ) SR ot e st 2 ot 7 (15 FLA% 40 A €D, #E BET 4
frh, CA-Na Hil CA-Na-A [#) BET KRR 4379 122.37 A1 138.43m>-g!, 1l CA
A CA-A ) BET LR AR /N, H2.13 F13.37Tm?> g1,

e R e 7 "
80 »— CA-Na o i Z H12 s

7/ B

énoe E :z ;/;;§ -s z

z 5 Ol )\ '6 &

g Sf o 40f 2?’§ «4 ¥

E 4 = 5;”\ / \ :

g == Lo R e B ® 20'2.]3 - 2%\\% -2 <

00 02 04 06 08 10 *CA  CAA CANa CANaA

Relative Pressure (p/p°)
B 2-4 £ 5 CA. CA-A. CA-Na Fl CA-Na-A [I%00% bt i B ity 25 40 FLA% 20 A 1

Figure 2-4 Nitrogen adsorption-desorption isotherms and pore size distribution curves of samples

CA, CA-A, CA-Na, and CA-Na-A
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XELGE RN, AN T A RORAEHE T 2D S48 R T BRI 3K T8I Y B R
MIfiHEm 7 BET £ M. Ih4h, CA. CA-A. CA-Nafll CA-Na-A &R 8.734
13.89. 7.61. 12.44nm HIAHALT 2 FLA%, 3R BP0 ASAE G B BURE 1 FL 45 44 2 A AL
(Fr. AR, IXEMRAE 2D B IR A S BT R FLAE 45 Rt 40 R T A% S

S

17

(5) Raman 7} 7

& 2-5 9 b ) Raman 635, H R L BT A it 350 S 7R P A I S R IR 0 -
1596 cm™' 1 1346 cm™'.

CA

I,:1,=0.83  CA-A

o092 CANa
AN 1,:1,=0.87 CA-Na-A|

500 1000 1500 2000 2500 3000
Raman shift (cm™)

Intensity (a.u.)

K 2-5 FEdh CA. CA-A. CA-Na fl CA-Na-A [ Raman Y it
Figure 2-5 Raman spectra of samples CA, CA-A, CA-Na, and CA-Na-A

FHSCHR AT 1, 1596 em™! AL R IA R T sp>-C ETHIH4E, AT 1346 cm™!
Qb BRI VT DR T BRI BTG 3 250, BT 40 R B T S AR R 1 G AR D e,
TR I, PUASEE R TE 1346 cm ! A1 1596 em ™! Ak 1 VA AE 58 JEE LU AR (In/1e) 57
54 0.86. 0.83. 0.92 1 0.87. JHH In/ls (K ELAEARE T FE S I BRLRE AL LS8, &
SR CA-A 5 CA-Na-A F£ 51 In/lg ELAE(0.83 F1 0.87) kT CA 5 CA-Na i In/Ig b
{E(0.86 £1 0.92), [FIW 4/ £ im 4 BURIFE fb CA-Na 5 CA-Na-A 1) In/lg EUAE
B 5 v T R B RE B CA R CA-A 1 In/lg LA . PRI, 385 3o bE A ol o BLAM B
TSR TE R 2D 451 A R T ERFA I TE B, T R Ak A TR A S B R T
T F0AN P AR 5 S e A o P2 ) — s R AR 1 SR 15 o

(6) EPR 7> #7
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2-6 NFES ) EPR 3LHRIE, S CA Al CA-Na A4S 22 260546 1) 3508G,
G =2.003, "EXF N Fr-FLHamr_ A Bt B AR 25 o 45 #1891,

—CA
—— CA-Na

g,=2.003

Intensity (a.u)

3480 3490 3500 3510 3520 3530 3540
Magnetic Field (G)
P 2-6 B CA. CA-Na ] EPR Jt it
Figure 2-6 EPR spectra of samples CA and CA-Na

AR, CA-Na [UE(E5RE W BT CA Mgk, #E—Dir 748 715
ANFRTE T 2D Bk AR R T R RE  k BE180),

(7) XPS 4 #t

2-7 M a-d NFE SN 2 HER XPS B RE, il 2-7a B, DUANFE ST
Cls Yl 5y aT A& 4 284.8. 285.0. 286.5. 288.4 F1291.0 eV FL M, "EA14>
SR F C=C. C-C. C-O. C=0 F1 COOH ), &A1 AH % EALE 5 1 & 2-7c
Fis, 4R CA. CA-A. CA-Na. F1 CA-Na-A o R AR & 4 B fe 3L H(C=0
A COOMMIE &M HN: 8.92% 14.1% 16.01%- 22.98%; i ¥ A1 48 It [4]
(C-OIEEMFNN: 20.8%. 19%. 13.98%. 10.46%. IR, BRI B
(R BBy, B R T AME A& SE B R . B 2-7b H O1s ik iy BAADL
4 531.8. 533.0 F1 534.0 eV =AM, EAT140 A% T COOH. C-O F1 C=0 %&
[#](881,
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Cc-0
(a) co c-o cooa cis| (b) o Cc=0 ol
CA CA
-~ : oy
E N I :
= | =
s CA-A a2 CA-A
/\ }
z 2z
Z l z
£ | CA-Na 2 A CA-Na
L= t L
[
k I CA-Na-A T — CA-Na-A
282 286 288 290 292 2% 528 530 532 534 536 538 540
Binding Energy (eV) Binding Energy (eV)
80
(C) 25 l:l Cco (d) 70 - OC-O
[ Ce-o Bl o,
;\; 20 - [ Ccoon ;\? 60 | [ O o0
oy 50t
] @
=157 5 40
| g
% 10+ g 30F
A A 20F
Sk
ﬂ 10 -
0 !

CA CA-A CA-Na CA-Na-A CA  CA-A CA-Na CA-Na-A
K] 2-7 B CA. CA-A. CA-Na fll CA-Na-A f](a) XPS Cls Ei(b) XPS Ols Kliff(c) XPS
Cls 4143 7347 (d) XPS Ols 4534 4ii
Figure 2-7 the XPS spectra of samples CA, CA-A, CA-Na, and CA-Na-A, including (a) XPS Cls
spectra, (b) XPS Ols spectra, (¢) XPS Cls component distribution, and (d) XPS O1s component

distribution

=N Ols U (R AR B AR I cd an B 2-7d Fios, PR AL R g (CO
OH 1 C=0) ) & & 5% B[] Cls IR —#: CA <CA-A <CA-Na < CA-Na-
A

M Raman 1 XPS (W73 AT AMER I, <658 B 7 3 15 34 2210 2D Brde bkl
AR TGRBAR L. [, 48 B3 W I v VAR B8 SR e 5 A R - AN A
AEBERIE ML SR TE . BT C=0 Fl COOH 2 2e i fH Ak 58004 JiL i) 32 B3 1
P, BRIME S AR Re A HORE A ST A

2.32 #EmEL IR

K 2-8 MK CA. CA-A. CA-Nafil CA-Na-A fH{b 22 ERER] . & 2-8a
RS LSV BAL 2 2, ZEDUMBRAT L, CA-Na-A I H i m AL (3.8
mA-cm?)FIIF (2.8 mA-cm?), HIAE 0.78 Vrue I 2R H 2 25 52 5 1 208 57
WA 4G H A
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(a) . (b) 100
< 4l —cCA
£ —cAA N
< [--——~ - ——CA-Na S 8= = —
e~ —-=== -~< N~  — CA-Na- e
E S —_ CA-Na-A = ‘\
— ~ W = 60
s » = =
= 0 o
= =
3 3 40
=
-2t - —cCaA
= o —CA-A
2 S 20F
&5 4 == —— CA-Na
3 ' . . . . ——CA-Na-A
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6
E/V vs. RHE E/V vs.RHE
© ,, @
i —CA —CA 1.56mF
0.5} T 200r __caa
~04F —— CA-Na . —— CA-Na 1.78mF
—— CA-Na-A — CANas
E 03 :5;-150 B CA-Na-A
= b
£ 02 :
;::a o1 £ 100}
= =
@] 0.0 — Q
-0.1 o
0.107mF
i3 0.157mF
L L " L " ' 1 | ——— 1 1 L
-0.2 0.0 02 04 06 08 10 12 L 40 60 80 100
E/V vs.RHE Scan rate (mV s™)
(e) (£) 0.006
=~ ——CA —CA
3 2000 ik ——CA-A
E —a— CA-Na ——CA-NA
£ 1500 }—— CA-Na-A < 0.004 P ——CA-NA-A
- N
S H
£ 1000} =
5 =
g O 0.002
S s00f ——
o
T
0 1 1 1 i 0.000 1 1 1 I 1 1 1
0 2 4 6 8 0 1 2 3 4 5 6 71 8
Time (h) Time (h)

K 2-8 ¥E4h CA. CA-A. CA-Na fil CA-Na-A fHL2EMERE: (a) LSV; (b) it b Sk 51,
(c) AAMALIRAE T CV HlIZE; (d) ECSA Hh4:; (e) 7= i; (f) Fag i
Figure 2-8 the electrochemical performance of samples CA, CA-A, CA-Na and CA-Na-A,
including (a) LSV, (b) hydrogen peroxide selectivity, (¢) CV curves under oxygen-saturated
conditions, (d) ECSA curves, (¢) H20; yield, and (f) stability.
%G RN AZIA DT CA-Na-A B A 2D k4544 51 & 1 s f 1% 4 ae 1 AR T
FE AW ST R EEA . B 2-8b i AL E kB, UM Y
eSS SRR 2 N CA(72%) < CA-A(80%) < CA-Na(85%) < CA-Na-
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A(90%). AR, CA-Na-A B A fmdk Bk, %45 RPOZHKET 2D MR A7 1E
KEAEHAERRA. K 2-8c Ml 2-8d 4378 CV HIZF1 ECSA #iZk, HEm L
CA. CA-A. CA-Na fl CA-Na-A [FJXUHLJZ 2505 9 0.107 0.157. 1.78 A
1.56 mF-cm™2. 98, CA-Na-A fEALFI I A AR IR L CA FEMIG R T4
15 1%, Eb CA-Nat¥f kT4 111%.

Kl 2-8e AFEMIT AME . B, 5 CA. CA-A Ml CA-Naflt, 7
BT o 78 /0 B34 38 Bl N, CA-Na-A R 3L & & 10l & 4k & 7= K (270
mmol- geatayst h) o B 2-8F AFE S ) 8h A2 E MEIR S, BB AT WL TS CA-Na-A
FERRIE IR b A AR B RS IR E M

50
40}
(\’]\
§ 30}
e
c
N’
- 20}
N ——CA
——CA-A
10F —— CA-Na
——— CA-Na-A
0 L] L L] L]
0 10 20 30 40 50

Z' (Q/cm?)

2.9 #£5h CA. CA-A. CA-Na fll CA-Na-A [IFHHTE

Figure 2-9 The EIS performance of the sample CA. CA-A. CA-Na and CA-Na-A

FHNRT XA R 2D BREEAEHE HIBE, B S ST IR, AT T AU
PO (WL 3-6) , REABEESRIG S BRI, BRRSHM TR,

] 2-10 1) a A1 b 7375 A E 1 S 465 0 # i CA-Na-A 1 XRD A1 SEM
i, S5 R R BATE LK 1] AR5 AR SR e 8 R IF U SEBF I T 30
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~
Qo
~
—
=)
—

(002)

M (101) Before testing
M After testing

10 20 30 40 50 60 70 80 90
20 (degree)

Intensity (a.u.)

K 2-10 #5 CA-Na-A JZ % 8h J5 ) (a) XRD 5i(b) SEM K

Figure 2-10 (a) XRD of the CA-Na-A sample and (b) SEM of the OSC-C sample after testing 8h

2.4 £5ip

T T T v AR BRI AL N, BRI T B P E AAMEA AT REE
PEAT S0 2D B AR CA-Na-A. 7F 3.8 mA-em 2 [/ IR FE R, 2D B &sfE
WAM TR TR, HARFE AT GERA B TR A&
B A SR R IR S 2 90%, JRSRBL 7 BA KIIEENE (8 HmsEHd
FALE #2270 mmol-geaatys 7)o AT, XTI TAEA Y 2D WL K1Y
WPt 7 — P K 3R eE , RS AN ECE Be A1) 2D B /e~ B = AH H
AL R Ge b S bR I St 1 AT e
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3% SRET-RAAR BT SR RE  SRE
R L E AT ok e BB 5
31515

REUH S (L0 PEVF 5 TR o R4 IR . F02 0 12 82
AP R, T RIS LR R, B T R e
ot H202 7. AECA RG0S, U R B (ORR) T LA i 7 e TSR
BAEHEAT, FE OSSN, H, CARIT AHESBAELN, We. 0.
1. IR AL T 20 ORRIOL JRTIT, 548 ok 1 5 B T 21
MrERI . B, W R ) T IR AR S SR BRT R .
R, ASURIE MR RS, R T ORRICEEXREE, ik fih,
R SIS ORI P G A A B 6 BRI (IO, (R, SRR T4
R ST R B R T R B O R E AR

9 T BRI B SRR B4 T (CRUTRK) SIS 2 TL 1 P %
WIS . BRI, BRI A TR 4 A R T R A
Bt i Soit— FREUR S5 1 R B R IR R IR TL 46 R = 4 P TL 5 1
(3DOM), BeHUA I 75 1) b F IO, SATTT, BEAGEE 3DOM Z54, Fi %24
e TR SO, W B, AL R IR S A T ELAR AR
Rl 5 PRk AR ELAT TR B SR TN 2D £14. TP 2D BRAERDRLAL
7 L A2 A0 A B, DU T DA (5 0 FL 40 B R, T
EAE R T RGBS 8T, AT HO4E 2D BRORER 0B SOt
Ao B B RRAL 7 125203791, SETRBE ), S B ) 6 ) 2D
B O LA — TR 0 P RN B (925K, ) F R4 T 0 R sy
TR OB AT L0 (IR AR 4 FHARAEL e, 1%
FBBLRG /2 I 3 R PTSRBRARLFE (R SR P LR RO B RE, 2D
L RO SR, BOHEHEAR LR I R A 5 (0T g PR,
9 TV TRUR B TR, 05 S 7 5 R A 5 ) 2D
et

S R R TR PERL A, 7 A MR 7 — LA R 0 7
AR XEFHORTIE 2D B B i PR KA 31 A H 5 T8
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J1o WTEAEMNE, BUA TR, BRI T 1A A& A w AR 1 (it
AR AL R I H A 57 A AL HLO0 77 AR MR REISOSST, Dy T #E B E A ) 2 T
SEAIRIE AR BRI, TR SR T, WK ARAR I . BRSO vy i R A 2R
768687, ff Sz, X LT A B TAERREEMORL R A KBRS A B el . SR,
X EEFER I B B 20— L i 55 B 45 4 77 AR — e 1A S, L n Y 2D A 48
ghft. DRIL, A EAR AR B I A R AR I RS SR A AL A o
SR, HEAEFEERZ, f£aiRikibid B R IE s 2D gty 2 RXER . ks, A

B B8 S M S X P SR A N A RS, Rk, MR RE
ANV SRR B8 A 7 2D BRI A R B

T O B AR TG YR AL S 2D BREEARL, ARERRER Y TR
P BT o AR BE R IE A M . 9 T A 2D Bkl SR T B TR R
TEIX L, A A NS B T AT IE RN, ERR IR uAT R B 2. fEm
TR R A, A AN oK oy RN 5 7 T LA SR LSRR . bl T8N B - o
MR ER, AR nT LLE B e 40y 2D Bcdh bt b IRIET, 4 i
(1B 8 T R TR AL AR RN SR AL T R RE I . TEBARS PR LG, BT K
EEREAL S BES, BT ERALEE, TEBRBAAL A BN T — B R S AL
o M IX RN VERG G IR AT i RS s AN & U R D) 1 2D B
FHE I A 7 R (e A s P AT I 1

3.2 SLEERSY

3.2.1 #8t

SOKEFTEIR AN SR BRI R 21 I v [ = 24 4R A SR A BR A A A
PR N2 N TS L E e LA RARIEA . Fra Ry g, JEE
AR Z A AL . P AR 5 8 7K I T . fEAE A BT, I3 Bk
A 7 W53 B AT 220k — IR G EEIF B

3.2.2 TR R &

¥ — 58 BIFT IR (CA) B =K BT BN(SC) NI M, 7E Ar U
(400 mL/min) T~ B 700 °C i B (IN #E A 0y 5 °C/min) F#EATBRAL AL 3 he £
AEEERE, FERH S0 mL ik EEEA 450 mL 2 & K RA TR, A
Ja 2 B KRS, BG5S, eSS, FRETE 70 °CTR TR
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F 7 42 TR UL 75 B RE B iy 48 CA-C, T = /K B Fr B IR 1 45 PR R o i 44
N SC-C.

3.2.3 U FIRHI&

il % OSC-C WP IRUI T . 44 2.0 g 19 SC-C A B —AhedhH, A 41.0
mL 2B KM 9.0 mL IRIIR . itk 12 h 5, BT I HZRE TKMER. 52
A R TAESS, FEMTE 70 °CF 4, Ham44 2 OSC-C.

324 RUEFE

FE RSB I B T BMEE (SEM, HANH AL S-4800) HHATALMI
U B - 5t B 25 R 2R 76 -196.15 °C K 1 Micromeritics X %% (ASAP 2460 3.01, 3
Micromeritics A &) 4T MliX. ¥ Brunaver-Emmet-Teller (BET) J7i%it
LR EAR, I8 H] Barrett-Joyner-Halenda J5 924t B FLAR 70 A o FE RO X BFLR
7% (XRD) & Z# H Bruker D8 Advance X S 28 AT S SRHL, A B & A
Cu Ko#& 5t (A =1.54056 A) 1 Lynx-eye —4E4R M #% (f%[E Bruker D8 Advance,
BRUKER Co.) . 774k i i 3 b AR 20 4% 1% (FTIR, Thermo Nicolet
iS20) HATMIR . BE TR IO R . AR R T 1 4 bl ek X 2Rt
HT-fE3E (XPS, Thermo-VG Scientific Co., 3%E ESCALAB Qxi) HlHi Z i

(inVia Reflex Evolution Confocal Raman &%, J:[F Renishaw Co.) . &%

AN 2D 38 FE I oy PR R GE S T 2 (HRTEM, H A JEOL Co. i)
JEM-F200) %%,

3.2.5 BN T FASMIR

H0, B A A SE 6 7E 25 °CHlR FE ] CHI 760F HLAL: TAESE (R [ R A4
WHMWARD BT, KA ZBRIE. AT I = B HOo 7=
VegE, A A EAR (RRDE) 7EWR A HtH PG T 2 ORR TERE. AT
EAERHL PR, RRDE BOURERRCRBEAT 1 SLia ek, I#35 0.25. CA-C. SC-C
1 OSC-C S AW AT AR (1x1 em?) FAE N AR, MR (1 mm?)
Hg/HgO ik (1 M KOH) 4 Al # A A% Bt A1 2 2% il . 1 A RS o 1)
H0, HL A& RIE 1, 45 i) CA-C. SC-C fll OSC-C # [ sE /AT . Bk
M5, H&EREAT (1 mg) WAErEK (0.1 mL) . FHE (0.8mL)
Nafion (100 uL, 5wt%) BJREH, FEE A AL 30 min LAl &K, TAEH
A2 B I FEBIAT BN SR K IRAE 25°C R S 12 h & 1. BN 0.1
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MKOH (50 mL) o fEHAAIMZ AT, HARZE 30 min B 018 . AR5,
£ H R A ot A T He/HgO FUAR A — e H AR B AL o kB — BUIS TRJ R 1

mL A, HaOn 4 P2 IR 5208 (FE) AT LAKRAE 7 L1044,
FE(%) =N (1-1)

g

Horr, ToARRER WA B HR, LARFBEHR EMBER. N2RERE,
TE SUNTEFETHE 2 A 1600 rpm B 484038 Ji7 [ W [Fe(CN)s]* /[Fe(CN)6]* 1) 25% -

IR, AT e EAFEEERTR (ECSA) , il ek A Abit
JEUIE R PR LA Y T Y DAAS R Fi s R AT IR 22k (CV) SR e FLAG X
HZF (CdD , RN ECSA 5 CAIEMIELL R R AT IHE~ 51 Cdl, K&
AR (1 mg) 43F87E/K (0.1 mL) . S AEE (0.8 mL) Al Nafion (100 pL,
Swt%) FEAYF, IR AHE 30 min H] 48K, SBK (10 pL) HLEBRR H
% (0.1104 cm®) L ATHER 2 & . CV FREARIERL S AL E k4T,
M-0.1 £ 0.6 V AHX} T Hg/HgO, HHEFELA 20 & 100 mV-s™' Z [8] . ZefEdH
Rzz9d (LSV) et (RRDE) E#HT. H02 ik #1E (H0:%) i@
W HR )4 (RRDE, o[ Z8 N BLEG R 2 BT A A BR A7) 5 RRDE #EAT M
B, JFRYE IR

200
+

(1-2)

2 2% =

S HIFR AL 1.2 VAR T RI A A, A T EA AR 1 HaOn o ST A
F UV-2600 73 76 B THE R B K9 319 nm T, FIF Ce(SO4)2 (1 kb i A8 I
H20, )7 5

33ERETIR

3.3.1 #HEmRAES

(1) PR A

CA-C M1 SC-C MTE BUd FRE K] 3-1 h Don m BRI, B4R, CA-CHI
SC-C B AP AN P IR RE MRk, X T CA-C, FEAME FriEiR) W
REMTY230°C, HTRARES YN, XFRAZTTIERE.

25



L TRER RT3

Polymerizing Carbonizing

% 230°C 430°C

CA Polycondensation
Polymerizing Carbonizing

i ] = =
G 300°C 430°C e
A
SC Ordered assembly structure SC-C

(2D-layered carbon structure)

Na": & O: @ H: & Carbon chain: W

& 3-1 CA-C F1 SC-C [T Bt 72
Figure 3-1. The formation processes of CA-C and SC-C.

ik, TP RGN BAYORGEH K. T SC-C, FrERmRMNES
TREEZI29 300 °Co HH T8N B 10 S0 A I AR o S A3 1 o s, SR A AR AR AR
THFMAHEERE. Fik, FENERREMEmAN 2D ARk,

(2) SEM. TEM #1 XRD 4 #t

N TR 2D BRARE, AT T AR IR CEE AN AR (7
B RN R R IR AT SRS AL RIS LR 7T . CA-C AT SC-C HIBRAL =438
AR RS (SEMD BT RAE: 4585 A& 3-2a M1 3-2b fios. a0
3-2a ffizn, CA-C Fffh BHBLT — i) B BATHUIR MR, 5 CA-C ML,
SC-C R/ B 1) 2D FOIRE5 ), 298 10 492K (&l 3-2b) . CA-C fll SC-C 2
(] Pt — (9 X TE T E AT B S A w8 . AR, B4kl 2D BRI Bk
PR B R R i AT RN, T8 Ak SRy BOBR AR 1) 2 A L A B 3 oy B9 7 (R
L. tb4h, SC-CHFEMI 2D gt AR FasE . BIMEEXT OSC-C #f R M Bk i AT
BRACFR DI R IE I (B 3-20) , % 2D ST IR (R sE HOR A

T RN 2D B R R REAN SO A5, SERE  SC-C HEAT T 3Z 3 H 1 R4
B (TEMD RAE; Z5F a1/ 3-2d f 3-2e fivn. 41l 3-2d FizR, ATLAFE SC-C £
i BB HA RS SLAE ) IE R R, R E 2 — P 2D ML
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Intensitiy (a.u.)

SC-C

0SC-C

10 20 30 40 50 60 70 80 90
20 (degree)
K 3-2 (a-c)CA-C, SC-C, OSC-C ¥ SEM K14 (d-e) SC-C ) TEM B (f) =M
XRD K%

Figure 3-2 (a-c) the SEM images of CA-C, SC-C, and OSC-C; (d-e) TEM images of SC-C,

and (f) XRD images of the three samples.

] 3-2¢ H1 (1)1 20 HEE T LT W ABE (HRTEMD BEHEOIESE [ RES HAA 2 10
K 2D EARIL T . IXRE RS R BZ I BT AN T ) 3 S RN . T AN RS T
(s m R ML E T RIS BRI SR &, BiFE T B A0y 2D B

=MFE L E R XRD W EHE 50, Wi 3-2f fos . B A AR B
PRANEAE 43 B BB AR (002)FI(101) T 781, E4R, SC-C 1 OSC-C #B 5
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DL TEWE, KB T 2D EARE M B RL . 1X— 45 R 5174 TEM K145
fr—32. #ehh, CA-C HyIEE B & T SC-C M OSC-C, Hiizs CA-C HEf BAH
BRI A SRR . A, SC-C A OSC-C &or Hi Bl i o 5, 3% W R Ab 3
J& SC-C [ fh IR S5 M AT R ARG . AR, DL b4 3 A A B9 1 1 o 9 A
BB A I R AE R S T ARG EE MR . Bk, 2D BrbbRbidE B 240 28 T
M T R,

(3) BB - Tt B L R 2 ol I A 22 AR R [y B

AT T 200 22 g R e o e 80 B B - PR Rz 2 0l 1 it — 2B W A,
3-3 fiior. {E BET 437, SC-C F1 OSC-C 43 7RI 297.56 A1 306.73 m2-g-
V) BET thR AR, 1 CA-C & s thaEH /N BET AR THAR, 1N 0.39 m?- gt
IXEELE R, NS T R AN HE T 2D SR BT SR TH Y e, AT
#4558 7 BET LhRMEA . Bh4oh, SC-C Al OSC-C & R TR, 2R
18.50 1 16.53 nm, K SC-C Fl OSC-C Wi I fLEE M2 A FLI . $R1M, CA-
C M FFLAAUAN 0.12 nm. 248, SC-C Fl OSC-C FK I H AL I 3 THI AR FL 45
1, FOIANE T E G a B TR 2 2D b

Rk (K 3-3¢) , FraremE ] WA R, A7 1596 cm™!
Ak B U IR T sp?-C B BRI, TRIAL T 1346 om! A AR D) U1 BT SR B B /7
ZERSS, ARAESCHR, R AN IR R R RN G A D A . il 3-3¢ AT
N, ZAFEMAE 1346 em ! 1 1596 em ™! Ab I SR HE (In/le) 431 9 0.78
11241085, 3@%H, In/le FEAR —EEMBSRIGRE B, BRI, SC-CHE 5
1 In/lc (1.12) /& T CA-C (0.85) , R, 5 CA-CHIEL, SC-CKMHTEH T H
Z WM. 75 SC-C R BLF 5 16k FA 7] RS BT 08¢ i S8 ot 77 4k 28 7 3
BB R AR MR, BT EAEAPRARY, CA-C 2ILH B,
Ak, OSC-C FEf Y In/lg (0.78) KT SC-C (1.12) . FATTANITE OSC-C Ff i
FEIEIE N SC-C B TER AL FRAS 2. Rk, OSC-C B i ) In/le Js/N R I %
THBRIAE — € FERE A A . ARYERE S K XPS 204, AW IH N T BRI
AN SRR RE RIS PR R
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(a) (b) 150 _ : 20
- (/4 BET Surface Area
& 8004 —=— CA-C IR Average pore diameter 18 —
B 300 E
2 —a— 8§C-C i \\\ L16 £
T +— 0SC-C 2504 \ L14 S
5 6001 \ -
3 ] 200 4 \ 12 3
400 : \ 105
£ ’ 150 \ 8 2
-« ) n
e 1004 \ -0 )
£ 2004 \ s 5
: o \ L <
< oL 039 012 77 »
0.0 0.2 04 0.6 0.8 1.0 CA-C SC-C
Relative Pressure (P/Po)
c d -
( ) D Band G Band ( ) =
I:=0.85 CA-C E
3 =
& ;%" ——CA
& = |——SsC
= =
z E
E =
I:15=0.78 0SC-C Z|——CA
B | e—sC
1000 1500 2000 2500 3000 3500 4000 0 100 200 300 400 500
Raman shift (cm") Temperature (°C)

K 3-3 CA-C, SC-C, OSC-C I¥(a) 2RI -t b 115 (b) MR B T AR AN 2 AL I, (o) Fr 8ot
I (d) 254 44
Figure 3-3 For CA-C, SC-C, and OSC-C, the following are presented: (a) nitrogen adsorption-
desorption isotherms, (b) specific surface area and average pore volume profiles, (c) Raman
spectra, and (d) differential thermal analysis thermograms.

N1 E I SRR 2D BRES R BT G R, X CA-C A SC-C #Y 5Lk CA
A1 SC #t47 7 TG 1 DSC ik, Wik 3-3d fizr, XFF CAfE TG LfEF, 45
£ 50°C. 120 °C. 200 °C 1 430 °C K4 7 WA RE AP IR. R4E CA ) DSC, 7]
CAVEAN IR IO T-1X LB RN ik — B 4 M. 7 50 °C IIBIAER B, it o ) 2
B KB 2Bk BHJS, 7E 120 °C 1935 BB, R E AR R 2 R R T 45 K
BENGE =B BL 200 °C, CA 7 FEFEM LRE, SHEBREFR . £
430 °C M2 R B, JLTRA B E S0k, R IR R AE AL B B 2
&M AT SCAE TG A, MEFILE 160 °C. 300 °C A1 430 °C 4b =4
R MR E ST, BAh, B DSC Xt SC #4775 TG Bk & b . 1
160 °C &b FJ R E NI T SC 4 #h/K. BlJE, SC7E 300 °C &b [RIA I H 2k =
W RN b, X R F SC o FHIA AL R . XA E, HTHETH

29



4 GREIN 2R

HumfEH, RANIRRBA EAWAT, NEHBEMAIER 2D RigH TS . &
o B AR, SR R 430 °C ARtk . MR BB . 2 A0
TG-DSC 4341, AILMFHEEW, 51NN TR DU E R A KB R THIE 2D k.

(4) FT-IR 1 XPS /> #7

TR = ARE S AR SRR A &, AT T FT-IR AT XPS S6iE
W (K& 3-4b-d) o 40 FT-IRGiGFTR (& 3-4a) , FrAFEMAE 1400 cm ™'\ 1700
em ™' AT 3400 cm ™! L33 R I = AN R, 4y B YT O=C-O. C=0 #-OH
BEET, AR, HMASRR AT A E AR (0=C-0. C=0) , Tiit&MH
WAL . AFANMLER AT LUK I, OSC-C [ C=0 358 & /5 T CA-C Fl SC-C [
C=0 [, FKH OSC-CERMILAL T H 2 HiE AL

T 0 A DT VR R A S A R, 6 =R R S AT T S
e XPS A (& 3-4b-0) o 40 C Is ik s (|8 3-4b) , FrA eS8 A] LAY
HNEAWE, Z3RI5N T C=C. C-C. C-O. C=0 f1 COOH, HAE&E 7 HIH
284.8. 285.0. 286.5. 288.4 f11291.0 eV, A T A &AL T HETEAL A5 &
JBUR T ANBAN 5 R e A RIS 25 K 3-4c FoR. B8R, = FhFEdhd
C=0 1 COOH & & /FA: OSC-C>SC-C>CA-C. BATHIH & =X th
ER 3d i ft. TR, CA-C. SC-C Al OSC-C L) C=0 &34 3.8%;
5.5%AM 7.3%. W, C=0 & FEINFH: CA-C<SC-C<O0SC-C. s,
COOH th 2 8l tH K MI 45 - : CA-C (3.6%) < SC-C (9.4%) < OSC-C

(11.7%) o O Is JaiGH I =AM AR B L T 2RISR (B 3e) o bk

W53 A2 T 531.8. 533.0 1 534.0 eV 4k, XfRi T COOH. C-O il C=0 H:[A]#8,
R e e B 3P aa . AR, PR AERIS A EREF (COOH
C=0) MEEXE C IsEMIFHFT: CA-C<SC-C<OSC-C.

LR FT-IR A1 XPS (194587, AHMER I, A48 2D oA B 13 i 1) S MK 1)
A FREAEMESAERANS &, bFIIASTEEMHLT SCHTHE
RS, D T AR L2, B2 AR S AU RE F IR B ZE TR U 2D
B (SC-C) ko MeAh, fEBEEBIME TS, HIT KREMEE. 5, @l
FRALEE, OSC-C Ff il [FIBRpE i 1 b SC-C 3 2 (IAMBAI & A B A .
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Figure 3-4 For CA-C, SC-C, and OSC-C, the following are provided: (a) FT-IR spectra, (b-d) XPS
C 1s spectra with magnified views and component distribution charts, and (e-f) XPS Ols spectra
with component distribution charts.

PRI, 3 e 128 7 o M S o Bl B A0 SRS D3R 1 1 8 & B AT S U Re
1) 2D %. BT C=0 fl COOH {E A 2¢ ORR [ F BH VAL 55, X — 34 n REfi
B ABEANE EUE REH/OSC-C R S L BE J5 1 FAG A PP Ah 2RI HH A i 1k
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3.3.2 FERRE I M RERA S

W 3-5a fitzs, EMLRT 021 0.1 M KOH %+, M T CA-C. SC-C Al
OSC-C £ 1600 rpm T FIZ LR 22 (LSV) HiZk. (EIX = Mxts b,
OSC-C TR i AL IR (-4 mA-ecm?) A (2.8 mA-cm?) .
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Figure 3-5 The electrochemical performance of CA-C, SC-C, and OSC-C is evaluated through: (a)
LSV, (b) hydrogen peroxide selectivity, (c) CV curves under nitrogen-saturated conditions, (d)

ECSA curves, (e) H2O; yield, and (f) stability.
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R4 CA-C #i Lk, OSC-C fF 0.78 Vrue (€ SN IR H % A 0.1
mA-cm 2B [ HALD Kb 527N HY B S 050 1) ORR JEMEFIRC 46 FELAZ IS0, X R 45 2R
FLZ A T OSC-C BA HH: 2D B4l i 51 & i i B 71 Hife /7. HaO2% AT BALE
3-5b FOLEE R IR, H0.%HIFN: CA-C (62%) <SC-C (65%) <
OSC-C (84%) . OSC-C M@ £ S U K - 2D i A7 72 K & AN AN 25 41
FREE . TEMEAL T AL iR PER A (BECSA) 1 CV iHliZkh (8] 3-5¢ Al 3-
5d) , CA-C. SC-C 1 OSC-C Iy s X = H 25 73 7l J9 0.009. 0.115 1 0.336
mF-em?, 5 BET &R —3. #Ha)iEdi, 5 CA-CAHLIL, SC-C AL 1)
ECSA H4/n 145 10 fi5, 1M OSC-C ¥4hn 149 30 £, XA B T35 SC-C 1 OSC-
C [iE

B, ETEE ALY 0.3 Veae 920 BR 20 H AL B @, 385 50 & 1 7
CA-C. SC-C M OSC-C /"4 HaOs 5L Fr" 5. 5 CA-C #1 SC-C #HEL, 7EHT
FERIFEAITEE A (I 3-5¢) , OSC-C £ T Hem IR EIH—1k Ha00 7 %,
N 1700 mmol-gearatyst-h' o BE AN, 7E OSC-C L $E5 T HE% & 1) Ha0, 3%k #1E

(84%) AKX 10 /M KR e (L 3-50) o FREL % B4 i 2
B AIHBILE 2 mA-om? fl-4 mA-cm? 4k, DL REERERI, (ERERR, @i
& A EIH) OSC-C HA SZHL HaOn 72 & (1 5 M R RS S 1k (K K 77
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<200
=
2
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Figure 3-6 The EIS performance of the CA-C, SC-C, and OSC-C.
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TN TR A R 2D BB R R, SR EAT IR, AT AR
PO (LK 3-6) , RUBHA S ERRTE, BRI T .
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'M' After testing
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Figure 3-7 (a) SEM and XRD images of the OSC-C sample
B Ja % N 10h J5 FIRE G EEAT T SEM A1 XRD MR, 45 BRI SELT
SN JE AR BEMS AEHF T 5

3.4 4518

ZR BRIk, LR T B AR A S, BRI R E AT

=
E R RN, ER 2D BkaS MR A R TR i T R e RE T 2D BRI
B AR5 U B A B T4 o0, (IR IR R & 84%. I HLIE X Fh&s 1
I T BRAKIARREME (10h) B&ESEH HaO2 /7% (1700 mmol-g '*h™') f&
17
S ISR AT AN 2 B B AR B R R S A7 5 1 B4 i 2D
WA RHZ L 7 — M SEEE . FRATAEAE, X TAEAN 2D Bk 45 4 1R 15Tt
Jeos T — N7 ), i BN AN SRR B /2D B R B = A H AL R
G R PR TR .
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4 E XRFSWHEHRE 0D@2D eE R Hl & X HB
EACHIE KL RER SR .
4.1 5|8

HAT, RRAILTPAEHL. BRI GEY S AT R A7) 82— B K ) A,
TFRIA GRS R S S A BEVR A APV ROJC N B2, SRR (H02) 2 g
AR A R R TR R REREAT R, T B T AR OS8R S A
(1071081 2y i 3 U OVMT PR /K AR PRI - b LA 7 e AN [R], od S8UA S S I g e —
KK BN EARM ARG Y. A AL S Tk A e R R

Ey
i W
S

A O AL A AL L 0 N BUR LRl Sted ke HE &
(2041 R 53 G b JE  JE U170 RS20 B O iR i A 7 21230 A
APHESE (COFs) 124, JLrpfpehd A Dy B AR il & faj . 5 T AR
A7 O AL 5 B S SR B R I AR AT, e S S A
R A LA P85S, 80 ORR VETERUK . 1Rk (14 HL 1 45 4 5 m [R) A4 55 AL 5T
RIMAGRMNAR R, WHEAFETERER. RO tir, BN
ARBTG5 B 5 B TR R« RBR IR AT A A R A7) &
AR BN AL 5 7 kAT S AR 0008 R T VE IR N A By IR RAT R RS, T
Hoot BA il BUBE o A s T AR S RE JJ 1) 2D A L. IRE T RO A FEE A
R QKA R, BEB8/E Y 2¢- ORR HITEPEAL £, ANFAE B TR FnRe S AN 2 A
AN Ty RBAL 1) % BSOS AR B SR e DRI, 5 BEAE AT =R ARG 2D B A1
BT, SEIL A R T R R, WACE B Bk E T RO AR AN 2
i1 ELBE B2 i 2D BRATRH I 5 R

N TSP e P RE LA B XU K BR ISR RE, AR B AR 4 Y — o L R D
TR BT 2D BRIEADRL NS . Oy TR 2D BRIEATRE, R BN ES T (1 i
TERIBEAT AR, AL R AR AL S5 15 BRI & S 1 1) 2D iR EE AR, e id We i
bR RN T, IR S0 2D BREARL. BEJS, #idiR4A 2D frkt
FORLANER &1 5 AT O I, (R T R AR 2D Bk b Sl AN
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LA 8 25 B AN R SR AR S PR AL AT 2D BRESAREE 7 H A 5 (R U SRK He
AT PRI R

4.2 SLIGERGY

4.2.1 #8}

ZIKEFTERIRIN . D -(H)-HEI W Eh B AN A R X M [ I 24 4 A1 4k 2
A IRAF A AR M TC T WAL T IR A = WS . Bra ks s
Bral, R AT R A AL . A AR 25 B T K IS . 7E 18 A
AT, MR MIBFHEEFIA 7AW AT 2 =k O BB YR . B EEA R
MD34-4000 i& 4

4.2.2 TR RIS &

¥ 5 g K= KEATERIREY (SO TIAWIEZ A, 7E Ar U5 (400 mL/min)
NLL 700 °CHIMRE (IFAGEZN 5 °C/min) FiEATHALALEE 3 h, fEEHRAHE
HIRJE, FEGHH 50 mL IR EER AN 450 mL £ B T K MR A RS, R R %
B KBRS, JREER SRS B SERUG, FEMTE 70 °C F . =K
BT ERAN IS IIFE i 44 2D

¥ 4g D -(H)-H#i & B 5 40mL % 3T /KTN SOV ZEH 180 °CoK A 12 h, KR
L ERAS I PE 0 7 22 MD34-4000 3B 148 FF3EHT 12 h 3R IEMT

4.2.3 ELFIRIHI &

B SC-C 5 HIENT IR G I 519F 70 9wty , — AT 1 h BRI IF
W28 5 KBEsAhIE, 78 70°C T HRJ5153] 0D/2D: 55— #E4T 1 h B0
AT GRS F 25 B8 KSR HE, 78 70°C N F/4/5 3k 1% 0D@2D.

4.2.4 FTAEFE

Al AR T BT (SEM, Hitachi S-4800, Japan) i B 5545 i B
i IIERS; 183 Micromeritics 134 (ASAP 2460 3.01, MicromeriticsCo., USA)
1£-196.15 °C F IR 2 b - 2 2% . R4 Brunauer-Emmet-Teller (BET) ¥4
LRI, FF# L Barrett Joyner-Halenda ¥E 45 1 FLAE 20 A o BE FH ) X 525
it (XRD) KBRS A Cu Kad@ it (A=1.54056A) 1 Lynx eye —4EFRII &%

(Bruker D8 advance, Bruker Co., Germany) [{] Bruker D8-Advanced X 5t £k fi7
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S EFRAG . @I L AR A4S (FTIR, Thermo Nicolet iS20) il i 4k
SR, BT X SO H T RERE (XPS, ESCALAB Qxi, Thermo VG Scientific
Co., USA) F1$i 2 i (inVia Reflex Evolution Confocal Raman system ,
Renishaw Co., Britain) JEMRIHRTE BER] s H AR T 770 . RH]
i AM-1.5 G 87 19 300W Xe JTVE ML, ANt E T (UV-2600,
Metash instruments Co., Shanghai) €& &A= .

4.2.5 W I FRH SN

EERES
43 FER5T18

431 HmRESTH
(1) SEM 5 TEM 4347
NT =0 2D 5E T R MR, 4 5% 2D, 0D/2D Al
0D@2D #A4T T SEM 1 TEM K1k, & 4-1 (a,c, e) Fini =Mt SEM
MG For 2D FF b JE I B 4ERR MBS, 0D//2D FIFE SRS 2D X L A%
WIHAEZE, T 0D@2D £ Ay LA B0 5 34 mURER 7B E e . &l 4-1
(b, d, ) P2 =FFem i TEM BIE, Hrb K 4-1d FIE 4-1f KE A A
 H HRTEM El&: # 5 2D WRIBCAEN, I HERE M. && 0D/2D
EIFUE AN R SRR G, R DR 0D BRI FHTE 2D ik b, iRAE
Sy SR BES FELBE PR RT LAV 8 B H A BA S S OD BR Y AE 2D BT, IX— 45
SR WA P AL 3 S I3 OD BRVK B 7 2D 9K Bk . L 0D@2D R E X
BH B AOIRBR G5 M H B, R B K& 0D B BHAE 2D AR b, HR¥E /o s i
FELA P15 TT LIS BTG WL 22 51 0D A5 2D Bl R gE A e —i, JE Hi il
M, IX— 4 RUIESE T ORI AL 3] T 4 0D BiFT 2D B A SE N5 D) I B 2R
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K 4-1 2D, 0D/2D, 0D@2D [fJ(a, ¢, ¢) SEM E1%; (b, d, f) TEM K&

Figure 4-1 The SEM images of 2D, 0D/2D, and 0D@2D are presented in (a, c, ), while the TEM

images are provided in (b, d, f).

(2) XRD 43t
=AM XRD W& — B, Wl 4-2 Bros. A R AR I H
ANEAE 43 % SERRAL R (002) AN (101 SR TS, B4R, = ANEE S AR B0 HH e e
RIAN 2D FHIRE MR R . X — 25 R 5 HTiA TEM B/ —2. |T
0D/2D #1 0D@2D ‘&~ R ARI IR B, R DL G 0D@2D 1) sa i S5 1% A K
A, A, 2D FIGEEEE B 5 B T 0D/2D Hl 0D@2D, AR IX FE I il i
TG TR G B b 77 280 R A 2D Bk db ™ AR 84K
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4-2 #£4 2D, 0D/2D, 0D@2D [ XRD K4
Figure 4-2 the XRD images of 2D, 0D/2D and 0D@2D.
(3) FT-IR 43 #7
4-3 NFE ) FT-IR &, i B AW Br A R S £E 1400 cm™'. 1700 cm ™! A1
3400 cm ! Ab ¥ B IR LD AMRCIE, AR SRR T &N AdLAT] 23 0 V3 )& T O=C-0. C=0
FI-OH 1371,

Transmittace (%)

—— 2
0D-2D
—— 0D@2D

4000 3500 3000 2500 2000 1500 1000
Wave number(cm™)

K 4-3 ¥£ 4 2D, 0D/2D, 0D@2D [¥) FT-IR &4

Figure 4-3 the FT-IR images of 2D, 0D/2D and 0D@2D.
AR, =NRE SIS PR S N LR B SR BE AT (0=C-0, C=0). B
NEERE, JHEATE S RS 0D@2D FH ) 0=C-0, C=0 AI-OH {4 % i3
E T ARG BEE & 2D AT 0D/2D Pkt B IEEAE o 17 5 ik T s TR A B S Y

39



4 GREIN 2R

0D/2D 5 2D MUEAEAR A K . X — 25 RR DGR AL B A B T4 s AL A
ik iliopiAn
(3) BT
TERLZGRE R, BT FES ST WL A B0 AT 1596 cm™! AL &I A
T sp>-C B EERHE, AT 1346 cm™' AR 1IN U= R T BR FE OGP 45 10881, |
R WERE  HEA y G M D A . WK 4-4 FroR, = ANFERTE 1346 cm ! A

1596 cm ' AL ISR FE L (In/ls) 23 #)N 0.77+ 0.84 1 0.89.

G Band
D Band Vs

N
1,/1,=0.77 2D
-

1,/1.=0.84 0D-2D

Intensity (a.u.)

0D@2D
1,/1,=0.89 @

500 1000 1500 2000 2500 3000
Raman shift (cm™)

4-4 ¥ 2D, 0D/2D, 0D@2D [I$ 2 K14
Figure 4-4 the Raman spectra of 2D, 0D/2D and 0D@2D.

WE, In/le FEAREE —ANAE S 0 S PE R B2 8. B S, 0D@2D # & 1)
In/lc (0.89) &+ 2D (0.77) , Kk, 52D AL, 0D@2D KL T ¥ £ 1)
M. 7E 0D@2D I B F & WIBRIA AT Be 2 BT 6 BT 51 N8R & T RS AR
fro AR, HTERAIHITIIAERE, RET ARAE S 2D brdh =28 B 1
FHEOE AR A S ERC L R T Bk BT LA 0D/2D AR T 0D@2D 53 H AU/
BRRG. Ah, 0D2D # i) In/lc (0.84) =T 2D (0.77) . 0D/2D ¥ ft & i it
XF 2D B AT IR G ik BT AL AR B, BRI B 0 BT AR AR 1
W BEAEFT, BRI, OD/2D F i ¥ In/l 380026 B Bk s DR I PE R T . AR
b5 ) XPS 7341, ARG T ANA S B e~ EE R,

(4) R B Bt it 2 R0 P 23 LA K /N
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(EANTRN (0 1 4 5 A A 30 T 80O B - B B e — 2B 5, ] 4-5a o £
BET 43 #7H, 2D 1 0D/2D 43 AR BLH 297.56 Fl1 240.36 m> g [ BET LR AR,
1M 0D@2D W7~ H & /NP BET LER AR, AN 122.37m? g1 XL 5E SR, [l
FE T R 5 2D B S AR, BET LR AR A A .

800

(a) Ea00] 021)])/2D (ll)300- ::: .
§”600' —_:_—OD@ZD §250- N \ _14§
- SR
2300 g 150- \ \ » B E
200 2 100- \ \ o g
gloo- 2 ) \ \ (4 5
S | EEm—— SZ %\ %§ //\ 2

" Re(;:tiveosress?;ie (}1));0) N 2D 0D/2D OD@ZD

Kl 4-5 2D, 0D/2D, 0D@2D Ff](a) %0/ B it B i 2 A1 (b) T3 FLA7 R/ EE
Figure 4-5 2D, 0D/2D and 0D@2D images of (a) nitrogen adsorption-desorption isotherms and (b)
average pore size distribution
BBk, = AR RN MR E LA, Wi 4-5b s g il oA 15.98
17.57 #1 12.44 nm, R =F WA FIFLEEZN LR . B8, ArggE iR
SR T RN 7 0D/2D 5 0D@2D HIFLEE ) S8 BET AR K .
(5) XPS 5 #r
N BB e A& T VR RS AL S S R R, S =R T T A
o2 XPS WA (B 4-6) o SOGHEMNE 4-6a i, SGHRALEE I 58 0D@2D
FEMAAE SR (11.38%) T E & T 0D/2D (9.52%) 12D (3.75%) , Xij
BBk E T O 2D B GIN T 2 S EUE AL, W1 C 1s Gl FiR (Bl 4-60)
P R AT AUE N ANE, 73k T C=C. C-C. C-O. C=0 #1 COOH,
HAEE />N 284.8. 285.0. 286.5. 288.4 f11291.0 eV, 4R, =Fhit i
C=0 1 COOH )& &I F A: 0D@2D > 0D/2D > 2D. ‘EATHIAH K E EX s th
I 4-6d AL, WE TR, 2D, 0D/2D 1 0D@2D K C=0 & &4 5l A
5.8%- 8.79%FH 11.36%. AR, C=0 FI& =T H: 2D <0D/2D < 0D@2D. It
&b, COOH 1 230 H KL 45 5. 2D (9.1%) < 0D/2D (9.45%) < 0D@2D

(9.81%) . O 1s YA =/ EIEm B I 7R R (E 4-6e) .
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Figure 4-6 2D, 0D/2D and 0D@?2D images of (a) overall XPS survey spectra, (b) images of
oxygen component content, (c-d) XPS Cls spectra and component content, and (e-f) XPS Ols
spectra and component content

HRC Y I 4 A T 531.8 533.0 Fi1 534.0 eV &b, XM T COOH. C-O

O
C=0 FE[H8), FHRIE AR WA R 4-6f hes . AN, WM EA & H AE
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(COOH #1 C=0) W& &EHS C 1s ERIRFAHFF: 2D < 0D/2D < 0D@2D.
IR FT-IR A1 XPS (7041, AMERIL, BRI GBS T S A BT
REAEMEEERANS &, bl TR P RE 7 55 2D IER T
SONREMNEEE, TR T8 s B, 58 2 A AN 5 U R fe ] DUk
BF AR 2D B (2D) Fo hAh, 7R R I R A A A EER R B ) B
T, XA 0D2D WRIF R AR A S BN EEEE . il o N1
ROGHIRAS T8 & ANEE A E BRI 2D k. HT C=0 1 COOH £ 2¢
ORR I EEIHMEAL R, X — AP REMRE 7 A & B 50s 1 0D@2D # i fEFE 5
[ FELAR 25 DA 2 B HE 1 v P P R A

432 HEmEB I RERA R

WP 4-7a flis, EWF 02/ 0.1 M KOH ¥, M%< T 2D, 0D/2D Al
0D@2D f£ 1600 rpm T KLV ik (LSV) #i4k. fEX =Hirts el dr,
0D@2D & i m A R (3.0 mA-cm?) o 5JEIAH 2D ML, 0D@2D 7
0.75 Vrue 2b 57 H W 5 205 1) ORR 5 14 AEC 46 FELAZIO), XA 11 &6 2R 87 12 A 1A
T 0D@2D i #chi i1 51 2D B i B B (1l AR Re . I SRR R
FNEER B 7 H0m] LLTE B 4-7b AT 4-7c RS,

IR, A SR EPEREE A 2D (65%) <0D/2D (82%) < 0D@2D

(95%) , TFE B THMRE, TESE T4 el 0D@2D 2 Jx FiA
HLF N . 0D@2D ) 783k 28 14 B2 VA TR F- 2D i 3 T A7 78 K B A B i 1 A BT 5N
AR & AU R . B4, T % ORR SEFEZRASGH £ WA, XHREMHEAT T
CV k. MK 4-7d ol LLE 1, 0D@2D EA &AM CV A, #E 0D@2D
A i 2 1K B PEAL R 0230,

B, ETEE ALY 0.3 Veae 20 BR 20 H AL B @B, 385 510 & 1 7
SC-C. MSC-C A1 0D@2D _F /=4 H,0, ) 5EFrr= & . 5 SC-C #il MSC-C AH L,
R EATE RN (LK 4-7e) , 0D@2D F£ILH T & i i & 0 — 1k H.0,
FEE, 2104 800 mmol- geatalys ! h o
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Figure 4-7 The electrochemical performance of samples 2D, 0D/2D and 0D@2D : (a) Linear
Sweep Voltammetry (LSV), (b) H2O» Selectivity, (c) Electron Transfer Number, (d) CV curves
under oxygen-saturated conditions, (¢) H>O; Yield, and (f) Stability.
AN, 1E 0D@2D L35 T HE% E i HoO2 ik 1% (94%) Ak 8 /N Y
KRR ErE (WK 4-70) o DL ESSREY], EbEmth, dda ks 2m
0D@2D HA LI HaOn 7 5 F i 1 ANAS T 1% 1) B KT 7T
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Figure 4-8 The EIS performance of the 2D, 0D/2D and 0D@2D.
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Figure 4-9 (a) SEM and XRD images of the 0D@2D sample
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4.4 452

L LRTR, IBIOGRESINGRE, RIhE T A T e AR R RS
W 7 T B T A5 B T 2D BT R . E 3.0 mA-em 2 (I R EE E R, M) 2D
BREEMAEE AR T E B TR, 12D BRI 5N MFE AR A
TR B T HoOn OB EEIE IR 5 28 94%. JF HAEXFh &b Bl 7 BB K
WiFsEtE (8 h) MImESEH Ha0277% (800 mmol g h™!) 4L,

T R A T A B = AN Uy B T 7 1 A AL
2D BRAPRHR AL T — R Ee . RATAEME, XTULAEARCN 2D B R
RGBT RIR T — AT, T HOAS R & R BE /2D BRTE SR = AH
HEL RGP R T 2R R .
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BISELHR

AN ARER . RO H B R, ik A B AR TR
Ak 3R SR B Tt A AR R 5 LN AN VL 5 S T 1) 77 =k ) 4 2D 25 ) i ARk AT $i2
LA T AL S ERE . BT SEM. XRD. FT-IR. EPR. XPS. CV,
LSV Hi-t45 RAE T B 78 7 b H A BRA 2V ot I i Ak & e A & R AR
R, TR TL T BT & i AL UK AR O3 . Je R 2 BRI
RAFIHAL M BE

(1) &8 B 7KL 5 & Sk e S5 R #4570 B L FL A ) 0L
IKVEBERFTT . S5 R, BINKIANES T8 4 O e it 17 L B 1, [l
BT R R T ERIG , BRGSO\ T 2 BT B U RE TS 1AL
Mo BT IRE i CA-Na-A I A0S 1A 3] 1 270 mmol-g-1-h-1, EFEME
IEF] 90%.

(2) 4 J8 B - JEU TR/ IR A A S0 o e B o T AR i BE A ek R G LR A X
FUKPERERE L. 25 REW, SEE TIIINSE TR N4 KRR, R
G JE 5T R LR TR A R g e . FRAUALBRR i T HERRER BB 1
B, AN T KEMAMAS AT REBNE AL A . BT & OSC-C 1
T EAE 7 RIAFH] 1700 mmol-g-1-h-1, HEFEELF] 84%.

(3) JCHES T SIS PiIE 0D@2D M RH 4 S H A HE AL 1) XK PERERIE K
ERRM, X LA R AR R T AR 0D2D, O IR SRR B 0D@2D i A
AEZ R T AWE, HAEE SR G FIE AL S8 B A N i o P il
il 0D@2D () K EAL A~ ik £ 800 mmol-g-1-h-1, ML F] 94%.
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