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Regulation of pore structures of porous carbon materials and
study on their electrocatalytic performance for hydrogen peroxide

production

Abstract

With the development of social economy, the demand for hydrogen peroxide
is increasing day by day. However, the traditional anthraquinone can’t meet the
requirements of sustainable development due to the high energy consumption
and pollution. So electrocatalytic oxygen reduction to hydrogen peroxide is
considered to be the most promising method for hydrogen peroxide synthesis.
Because of the trouble of low catalyst yield and so on, it is of great practical
significance to develop a new high-efficiency electrocatalytic catalyst for
hydrogen peroxide production. Carbon materials are one of the most widely
studied catalytic materials in the field of electrocatalysis. The pore structure of
carbon materials is an important property of carbon materials, which not only
affects the number of accessible active sites, but also affects the mass transfer of
reactants and products. So it has a great effect on the electrocatalytic
performance of carbon materials.

This paper focuses on the carbon materials used for electrocatalytic oxygen
reduction to produce hydrogen peroxide, and studies the regulation methods of
pore structure and the performance of carbon materials with different pore

structures to produce hydrogen peroxide by electrocatalysis. Firstly, the
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synthesis process of monodisperse porous carbon microspheres with uniform
particles and good sphericity was determined after the effects of the amount of
F127, stirring speed, stirring time and reaction temperature on the synthesis of
porous carbon microspheres were studied. On this basis, the particle diameter
(hole depth) of the porous carbon microspheres was controlled by adjusting the
dilution ratio of the reactor reaction, and a series of porous carbon microspheres
with different hole depths were prepared. The results show that the effect of pore
depth of porous carbon microspheres on hydrogen peroxide yield mainly
depends on the effect of pore depth on ORR activity, but has little relationship
with selectivity. In a certain range, the ORR activity of porous carbon
microspheres and the hydrogen peroxide yield are increased with the decrease of
pore depth. Then, a series of porous carbon microspheres with different pore
sizes and mesoporous contents were prepared by using SiO, and phenolic resin
co-assembly. During this process, the hydrogen peroxide selectivity and Faraday
efficiency of mesoporous carbon microspheres increase significantly compared
with microporous carbon microspheres, thus increasing significantly the
hydrogen peroxide yield. However, for carbon microspheres with pore size in
the mesoporous range, hydrogen peroxide selectivity is increased by increasing
pore size and mesoporous content, but Faraday efficiency isn’t further improved,
resulting in an insignificant increase in hydrogen peroxide yield. Finally, the
method of combining the advantages of pore structure control and electronic

structure control is studied. In the process of using SiO, and phenolic resin
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co-assembly to regulate the pore size of carbon microspheres, the SiO, in the
product is removed by HF treatment, and fluorine is successfully introduced into
the carbon skeleton, thus realizing the pore structure regulation and electronic
structure regulation of carbon materials at the same time. In the electrocatalytic
process of hydrogen peroxide production, the high hydrogen peroxide yield of
the fluorine-doped mesoporous carbon microspheres is explored with a Faraday
efficiency of 99.6 %.

In short, this paper studied the fine regulation method of pore structure and
the influence of pore structure characteristics on the performance of
electrocatalytic oxygen reduction to hydrogen peroxide from the pore structure
of carbon materials. In addition, a method combining the advantages of pore
structure regulation and electronic structure regulation was explored, which has
important reference value for the design and development of a new and efficient

carbon-based catalyst for electrocatalytic hydrogen peroxide production.

Keywords: Porous carbon, Pore structure, Electrocatalysis, Oxygen reduction,

Hydrogen peroxide
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Figure 1-1 Market share distribution of H,O5[9]

1.1.2 WEKRNERSI &S

<

Hydrogenator Coddizer

oo e L

OH
o —> | Regenerator
0,
Hy \ +Pd (Ni) I
(o]
OH

“O i + H0 Extractor
R o o I Concentrated

oH | H,0, product
Still

P 1-2 TRV ] 2 DSR2 R A 9]

Figure 1-2 Process schematic of anthraquinone method for preparing H,O,[9]
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Figure 1-3 Different flowcharts of electrocatalytic oxygen reduction for HyO,[9]
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Figure 1-4 2¢ and 4¢™ reaction pathways in electrocatalytic oxygen reduction[5]
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Figure 1-5 The important research results of electrocatalytic oxygen reduction catalysts for H,O, in recent
years[26]
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Figure 1-6 RRDE test results on different Au-Pd catalysts: (A) Disk anode polarization current curve; (B) A
loop current curve during a potential cycle; (C) Selective change curve of H,O,; (D) The relationship
between the selectivity of H,O, and the maximum ring current and potential[28]
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SEIPRAR Y 5.7 nm B, FHAEEAHIOUEUK IR RE IR, 1N RN 2 R EULZE ) HaO,
HFEVE . Chen 5 NA 8 T B A AN [R] FLAEIRZS 1T ER AR B IC A4 3 117 25 > Au J5EF (Aups)
LS Au GRS, FFRIFIE T Augs 9K BIRE 1 Fo A IRES K AR 2611 T B gL Ae
JEHIREK I RE 2, S5 R 1-7 FR[36]. 4R, WA 7 HAT I Aus 40K H
B T I m AL, BRI HaOp 7= (K490 %) Al 1) 2¢ ORR &
P, A IR A Aus PR BRI AL IE MR AR . Auos QKR EIFEZ AT ARBLHE T &
AR 2 RO L RS A RO W R TN B O, 70 T IIRIR T HE b, X1
A I R AT LU SO AR RE O, 4 1 1S AL

AR B 4 R AT R T AR A 11 R e SR i ) XU K M s (LR DR Lo 4% il AR
Ei DRI T YR R, AR F AT 32 2RI [2] o

(A) 0.1 0.2
0.0
0.0 1
-0.1
— —
< < -0.2 -
£ 02 —— N.saturated | &
S S
= 03] — AU (g 1) | ol — Alx(g= -1)
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0.8 -0.6 04 -0.2 0.0 08 0.6 -0.4 -0.2 0.0
(C) 90 _‘.; 27 D
an W 500 R w5 )
2] c s 8 o ° : *« o0 E 2.6 1 N W A A a A ‘(
%-E 80 A g o5 Aa A a
e .
5 :
& S -
S - Aa 4 a 4 aaa, i Z 24 T T h 4 s
4 & 23] . 2 af
— - s B 5 ¥ AN L
1 R d
i . A E " Algg=-1)
= s+ Aunig=+) £ 211 * Alyg=0)
: o 4 Auy(g=+1)
50 . T x - " = 20 : . r : .
-0.70 -065 -060 -0.55 -0.50 -0.45 -0.40 -0.70 -065 -060 -0.55 -0.50 -045 -0.40
E (V vs SCE) E (V vs SCE)

Bl 1-7 AR Auys UK BIFERITE O, AN KOH W H G A 22 - ZR(A) e % Al Bt [ 2R
Rz thZi(B) AR HLFA R ) HoO, 77 23 (C) M HL 1 £ (D) [36]

Figure 1-7 Cyclic voltammetry curves (A), Circular voltammetry curves (B), H,O, yield (C) and electron
transfer number (D) of Au,s nanoclusters with different charge states in O,-saturated KOH solution[36]
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1.3.3 FEEBEEREMLT

5 & R AT, SR (W Fey Cov Ni fl Cu) KIIHLAEHFEH
BEFE U POE TR TR SR TIOR3, 38]. WEeREMEL A
TR EE AT SR EAY AT &R R 15, SRR T A R
AL S T i) DU K AL 726, 3916

—o— Mo, /0SG-H
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Bl 1-8 Mo H#J5 FHE1LF ) HAADF-STEM Kl(a). Xt RIFI D% (R i B (b)s LSV M ) i T R 4k
FH,0, i M () i #EF Mo 3d XPS Jtilhi(d). O 1s XPS Jitf(e) Ml S 2p XPS Hiti(f) [40]

Figure 1-8 HAADF-STEM diagram of Mo single-atom catalyst (a), corresponding false-color surface
diagram (b), electron transfer number and H,0, selectivity as measured by LSV (c), high-resolution Mo 3d
XPS spectra (d), O 1s XPS spectra (e), and S 2p XPS spectra (f) [40]

), JURPE T BRI AR D R i AR F it R GE P AR 7 HoO, 1 v AL
PEFL AL I[41]. J55K Sun 55 NJEId DFT THE R O, AT HE 5848 )58 Ho00, TANSTE
i S IR A K 2 T — 2538 SR HoO[42] £ 57— T LAE 1, Yamanaka & H:[F % & 3,
A A FH Bl PR AR VR N IR FB AR, RS IR R TR 13.5 %I H O W, IR
RS 42 %[43]. — L83 & i SE A LE BV T b B AL HoOp AR B T4 57 19
YegE. B, PAERILFFERIL, 4 FesOq YK IR 57 4 7F A1 S8 J75 5K Printex 6L B LI,
Fe;04/f1 22/ /1l Fe;04/Printex 6L i & & AR AT AFERS M 26 A T il il 08 7 A2 7 Ha 0,
WEFEIE Ik 60 %[44]. VEZ KX LS A MR RE K2 B H K T FesOq FIRREL A 2 8] 1) 1
FIYEH . BT, Yumauchi AL [FSEAFFLRY], @ AE2 U h b B EEEMRECAL R &7
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& 9K 2 £l Mn-Ru S0 A7 DAVE Ry — PR A BT 1) P PR A 40 o DU K AR AL
M, SR HGE A EELE, ZEARIRI T L K R E T [45]

B AR (SAC) & —Fiogi AU AR RL , 385 2 Hh 46 )8 B S5 S L B A 4 7 [46] o
H1T SAC <8 Jm It 1t A7 st ABR 7 (1 T 3040 B B0 BT HR 4 100 %<6 )8 S5~ 1 2L
#, MM H SAC B G W] DN HRAR IR -7 7K B4R SR R AL A A F Ak — AN
FAT FRAR RS, By DA S84 32 31 7 NATTII T2 90147, 48] < s AR 1T A7
TEJG 8 H R I 5 GURRFA R REE, 10 H SAC F LM T4 AT DUdE e 25 fA i s
& )i )5 - (A AH ELAE P SRR 151491 tb41, 7E ORR A2, SAC HIVETHEAL 2 HEF
BRESH, XA O, £ SAC bR Bl & 2 um i A A 2 B AL, M a) BAFEAR 0-0
O ZMTTREME, A FIT 2 ORR[50]. FUk, SAC TLATE Hi Ak S0 Ji il WU /K AT,
PAF TIRA G . BIHATCAL, BETARESE (FEEIESE, B Mn. Fe. Cu.
Co~ Ni. Mo+ Pt. Pd %) [Pl i Ak SR JE I DUAUK SAC CL& HlaE R [31]. B
J5 -4 J I S ARUTE YT S5 MR LA 2 S B T THT AL A 8 R B PE T . b4k,
SAC HH LA R 558 AR 0N 2 e IR R Y S L R[S 1] B, Qiao 28 Nl i
A G R A AT IR AL RS, )45 T —FBi AT Mo 1 SAC, % SAC AA Mk
RE O S UACALAS Y o PERRE 214 18 A AL FRIR A5 TR I 95 %l HaOn 3514,
W&l 1-8 Ar7[40].

1.3.4 TREAELT

M T RERAEESE, RARORIEE 5 M SECAR. Rig5 5 5 1z,
PR AE I 25 100 ) LR L 5] T R E R R 4R[52] H TR R T A TR A [,
AR SRR R AR AR (sp” BA). &RIA (sp’) MEEIEK (sp” Al sp’
TR G [53]. BIHATALL, RIEMEA ORR G /IR R K 2 402 A S A
ETHE, TEARE ARG YK E (CNT). K% (CB). HF/ LIk (OMC) 2£[17].

A1 BRIT AR 2 sp” RALBA KL, R BIOHTAEDI[54]. AR RARH sp” Z4fb
IS TR Z ) 4t (2D) fFr. BRIEFIERE ARG /SIUIE @A, BT mLs Lk
Z FREBSR TR B Lo A8 CHSBIERERZD 2 sp” BRI PRI
FJZ 2D o ONT & HBIE TR ERR, RS B r] Ay B — A A 50
Fr AT A O R BERR PR B2 BEGR IR E) [53]. CB & — M) LT Halifi o 2= 14 i
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(T TR, B R B R PR AR Lo i) i LA R L 44 LA K R A1) 5 vk
SR R[55] OMC & —Fh B A KUNHEF (5 S A LIRS A B e B T s tb R THAR SR, OMC
EEARZ R FRVERE, QREATRIILE . TR IFLIR . A PEHES ) B 03 Bl AL
[A5F[56]. IEREDY BIRIXEERFPRIIYIMEIEST, 2804, CNT. CB Al OMC )R 1L L
JEERE DA KRBV FU[S7]. SR, H T JRARBRATEERT O FI ORR i [a] 44 (5 Bt 1 AL,
REJIAN R, FEFHE AL S SR ) DK TG VE A 1, 45 4 S8 B Ak AR 72 EE3E [ 58] DRI,
AR T LA UL SR UK — IR ZELE I e i T80k . R E AT RSk 1L
& A RN B A7 1A 2 5 S R F2 3L 27 ORR BB Sy, B 1-9 FIR[17]. IR SL5EmE AT DLk
ARBHAA R JR) 0 LT A A B O B AT SR B AR T * OO () A7 14 TR B 4 12 A
O-O Wiz M mT e, (it HoOo AR H R, 20 Seh b (i A0 R ZE B A I b 4
WL T 5 B JE AL S AR RE . 7R — /NI R BRATR PR AN AUR F T R AL
B J55 1) U B 7R A PR e 70 PR e SR

-& £
COOH _< B- doped
%'B/N co- doped ;ﬁz

schi @0y

Strategies to 2e-ORR
for carbon materials

60“5
Buidop woreo1geY =

Surfactants

B 1-9 BbaRE T HL A A SR L ) XU S8R O RESR T SR [ 17]

Figure 1-9 Performance improvement strategy of carbon materials used in electrocatalytic oxygen
reduction for HyO,[17]

1.4 RREEAFIREUEE

1.4.1 ZRFBZ

BB N HAS C MR TR, HEEWEE SR C T TA 51 5%

11



g PN i R S DA

RECIS9]. TMH, N RABEKE RN, S9N JEHE S 5HEmE 25 TR T
HEFUI R [60]. B, N B4R sp” BRIEAT ORR A5 SUHEAE F iR 2 1977611 -
WFFCRE, NSRRI B 48 o SO R N e BEVE T U5 3 o er S, AT SR R A
FIXS*OOH FRAMA IR R RFE A S ML A2 8] 2¢” ORR (1975 [AIEAT 8] LAk, N B4k
A CLED B BN T A LA o SLOR I I ascA Rk (1 5 B AR T AR, AT &N ok (s A7 A
EOFTIRIEZR Y], T N Bosi & A AT DA REEIR 521 pH JEH (1-13) AR
B = HoOg JEHEE,  FERRE MM IR rPii iz 55 R n] ik 98 %[62] -

F e
4 e process i 2e

it
2H,0 2e;-/

] % & i C
K] 1-10 N B 24858k | ORR J b #5427~ & [63]
Figure 1-10 Schematic diagram of ORR reaction path on N doped carbon materials[63]

HE, N B4 L@ A ISESLI17]. 55— FR e & B AR A AE T XS bk}
AT ISR, XFER] LUA Roth s AE I gt . B2, FBRIAFIRABBRGEHZ
Ffo Sk MRS O AR R B (JRAD B8, MRS N 8% & &8I
N BIR4 K. SR, 18 B IR TP AL ) LA A FL B 3 HE LU A1) o AN [5] B 5 BRCAT
. ARFBRFMEAEF 2B TS N BRINEAE, ibiE-N, Eg-N,
AN, N-FE. FETENRS, R LA R N B85 HEA m
g . X T ORR I FEH N B A4% 5k 1) L S VAL i B AT AFAE i Strasser 5 N ZET
N B4 Z fLa AR 1) X STt FRERE (XPS) Z#fr, ST 1 F AL 5808 I S N i JS
N VM 2AL, RILHAER KRR EBO T it pH[62]. RART &, ERMEAMT,
AL R JE IERE-N 1 & R BRI E 50 R, RN A 28BN & =K.
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BeAh, FEFTA pH 54F R, AL N JEIEG-N (& BaE s i . ik, ALt
-N 7EfIC pH 254 N RGN AL A SR-N AR PERIBEE 25 A1 R G RO fl. Guo 55 A3
H 7 A —F N B2k ORR I PTRENLER, Wil 1-10 Fi7[63]. HHT-#% 5 W1t o7 A3
A& I RE-N AR, BT SR B AR -N SRR R T B SR, BEIRER Y O,
A, RATERAL S 46 ORR B AL AUESEN 2 ORR. A2, SiknE
N AR R T ORR MELIETHTES . B NN, N 726 O, i JE N H,0,
HiE B OCHE ], MERE-N 2% HoO, 38 RN HoO AT A [64].

HARTHRB A HMAET (BIEF. B, S. P4 SRR ] f T e i
AR SR H W EE K . Zhao %5 N LURIE MOF AHTIRIAA L T F B4 M2 LK (FPC)
ALFIFEAE 0.2V (vs. RHE) HL3A FSZHL T 97.5 % HoO, & ik F 1 [65]. DFT 15 45
REW, F BREINK-CF, M-CF; A SACERT Oy 70 F MR MRS 4k, 1 Hobf
*OOH H AR BAT S MM IR BE 7, BEGRIE T PG, XA RIF*O0H MILE, MM
W RFEE FERE T Ha00 B AT N BT, B R THEAMEMHEN, 545005
A PAESZ R E sp’-C LT, A SoRBELLN SRS, IXFMN T S5 AT L TRES 1Y
AT LA ORR R M2 . Xia S ANLEL T AFIBAICE (By Ny Py S) XA
PR A R0 S ) XK PR BB (RIS IR [66] . SRBG AR THE 45 R, B B4 LA Rl
I ERB) J1 5 I N RE 2, TR T B AE 2¢” ORR FEVEFIIEFEME. JLAN, S4B
A1 2 FLBRER (HPCS-S) g UE LR A L R ¥ 2¢” ORR R MiETH[67]. AL MK K B,
HPCS-S ¥ i AR A = HoO, 7228, i HIHX Ho0, PEFEME ML 70 %, mm T2 1L
BRERI¥] 20 % DFT 11545 FAIE S, B 2 4 Ak i S-S B IR R 1 B A S 1*00H
i E] RN BEAE, A Bh T ORR AT HaO, S PE 4R 5

WBR BT HICERBRIN, & UG RB AT L — DI A B 2¢” ORR
L GE . DB 2] DL UF IO 45 & S e R AL DR 35, AR B 1A 5 B S ARk (¥ 2 T
HLF 25 R, fREEE HaO, A i[68]. #iltT, Sun &8 NEITHRIE T — Ml &S5 24 1)
LA MR AUKER (BINHCNS@VO-G), HAMNZE & A MMt 1iE IR GO 2,
Bl 1-11a FI7R[69]. %M A0TRITE B (b Ak S0 J5 I OUAE K I R R L HE T S e f it e
FasE M. DFT HARTHEIESE, SHRITHRBIRERMLL, TEILB AT 22 50 i far 2
JERB L T 2522 A RISREE A f1 . XM 2 M aE & ek T s, 7
= J 2¢ ORR FRIE R  Chen 55 A A FH 17 58 AT 428 (16 OV 46 1 T UMl E (BCND
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MRE, FERBII. B35 2 I9R T R RN ORR V& PE[70]. JiEHT FCIE R T A7 SR 4544
FAEAEBR NN T BALH (h-BN) 4589, DFT tHE45 5% 8], h-BN S5 H 040 8845 2 1]
(AT A AR A BE, AR T H0, 9724, Wil 1-11b FoR. Jia SEAMEHZE
AR N EIR, W ZRII MG (PVDF) GUKERAE G IR AR , 1 FH 167 5 1) J 0 At
A TR BB RIBRGUK MR, W 1-11c FoR[71]. BFFRRM, Bk
(1122 RALEER R TEVEAT ST 0 SRR 7RI HR A, N BT 0, 5 FAEMHALT
RIMMIWIE, F B 7 *O0H H AR . ZETRIEA i, N ATF 52 (8] )5
B E VR PR BE T M A AR P R R R R4 =

[:]e]

)
1
T T T T T
© C-domains
® BN-domains|
N-Gr-
BL

Bath
Sonication

. - BCl: Nanosheet Nanohybrid
Kl 1-11 B/N-HCNS@VO-G AL E 4 Hn = Bl (a). AFRZERAEFIMEAL O, 70 AL RN Hy0,
1 H0 RIS K 1L Bl (b) 1 F/BCN 4K 2 M1 & s 2 Bl (c)[69]
Figure 1-11 Schematic diagram of eggshell structure of B/N-HCNS@VO-G catalyst (a), theoretical active
volcano diagram of O, reduction to H,O, and H,O catalyzed by different types of catalysts (b), and
synthesis diagram of F/BCN nanohybrid (c)[69]

142 RESSEEBERNME

BB PAR 2 THT 125 80 R [ 0T Pl A s 0 D ) U427 1 9 P R e R P AR K R
Cui %5 N FAHER AL AR 9K B (CNTOHIl % tH 7 HA F 5 & U B Be HIK CNT 4L 7H[72].
BEFCR I, T B S J5L ) U S A R P AR R e M R B 1 S A I B 2
1EASR, ALK CNT (O-CNT) FEBRIEAN b 26 T B BER LR 29 90 %) Hy0, 4%
Y, Jzt T AH R A AL CNTs. DFT TR RR W, 5JUR A M4 5 #EH (-COOH
F1 C-0—-C) HHARAIBR A F /& A K HyO0, ) 2e ORR HITEMENT AT . HHLAT A, &S B RER]
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e 3 T I R BCRORAR i B AL T 2¢” ORR TEREMT . AN, TSI HUE fE ]
A B 1 SRR A AR T (R 23K A, AT S O FE 7K LT 2218 1 ot B AR 4 iRl AL Cui
FNIEW T 1 & 2 R BIRA AL B R BRAT BHE A IR VE U SE I T & T DFT 545 4
2 T LT AL 2L B AR S AU RERBIXT*OOH NN B BE 5 PR HLAZ 2 TR S 22,
1-12 froR[72]o S mEEAT A KOl BSREL ffe i K g s A m 2 e B HAT
BRSOV . R RAE R ARG BB S (~0-C-0) FIEkFHarid
G E RN R (—COOM) Xt FLAE AL SUIE T A XU K BAT i 1 o Joo 55 N T4
WA BA P (0-GOMC) B, BIFT T & 8 E REBIRN LS /122 MM [73]. b
I S AR 50 o T IR TR AT A (kop ) SR RL T A A0 & AR B BT 27
ORR 7 {5 8] (1 RIS 2 5 IUBS A L 2R T 1) S35 S8 0 2 3 BB AR AL (1 e T e A% g
FGOR, T TR R T R R S (3 2¢” ORR EMEMIEE T a2 i, Brpt kb &
BRI 1 AT TR AR RE S, IR T A

COOM edge 1 COOM edge 2 COOM basal

a) b) 0.9
% ’ 08 | : o
H0, = Y- asa “ OH
0.7 A COOM 1
= Alloys
OH edge 1 OH edge 2 OH basal 0.6 1 PtH
\ S 0.5 A
S 0.4 \
5] asal 2
O edge Obasal 1 Obasal 2 Edae Au.Pd
" : 0.2
: X Y 0.1 \\
v 0.0 T T T T T T T
3.6 3.8 4.0 4.2 4.4 46 48 5.0
AGgy- (8V)
B 1-12 1AL 2 -COOM. —OH F1-C-0-C B B[R FIF4 B (a) X AN[A] 2¢ ORR 5 PEAT 544
Rl (b) [72]

Figure 1-12 Different configurations of —-COOM, —OH and —C—O—C functional groups as active sites (a)
and volcanic maps of different configurations of 2e” ORR active sites (b) [72]

1.4.3 RPN

e B 7 1A 475 2 R BE R R A I o A AN SR T o P SRS, T N AT A
Sy SR JEURT — S AL TIRGA iR S LR I AR Vi AR 8] B R Y0 45 ) B Zx B mT LAAT
Rt AT EE RS I AT RECSAS HL T AR S ONE, AT AE R RE R I 7 2R B 2 (s VR R [74]
—EEHFFN G, BRI E Z P T I EA R R ORR YRR, HFIA
1% JEL 17 T BRI BREA A A S E T PERL AT [75]. BR T 45 24 BRI RLAT, sp” Bk [ A5 1) Bk
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BB 2R p JLHEM e8P, MM 42 5 ORR M3E 1 . Xia 5 N RIVA BIGHIER G2
P A BREEAL, WP 1-13 Fr7R[76]. DFT tFSLARERM], A S84 P K s A2 vl LA
BRI L T A M AR I S 5 0 A, XS ALEREE A T A — A )\ T 4L RO
A B et A7 SR ATRERT O IR PR R FRAR S B2 S S VT RE2 o Jiang 58 NAB R ILBCA B2
MIBRFERRANKTE (CNCs) HA w08 JFHE IR FE 1 [ A BRERFE X ORR % 1 (151
[77]. DFT {H545REN, LA MEEANAGEREEAA T ORR K, HiERHLE
T B BARMBALKE, AT N BRAWNECR. TEEENL, SEANEE
JRATEERAAS I AT 75 BAT B ERE , T ORI Fe B R 7 A F A AL T AR RIS o i HL
R WREEEREE A7 e FEPE R I 2¢” ORR A A2 H B N IEIEAFAE R F . Lin 5N
BIAEIE IR AR RIS RA D SR sp® BRBAALASINE] T EHR 2 LB [78]
BEFCRI, sp’ SRIEALEARIE T Oy 23 F HIMRB, 7E sp’ SRIEAALAIIIER R, AL
Fi 2 R AN Ho0, (M7 SR B . AR, Tao S5 NEDIESE, R sp’ BJE T7/2& 4 ORR
) 3 ESE AL /M AN 2¢ ORR [[79].

(V1) (VIn (Vi) (IX)

B 1-13 563647 S0 S H MRS e o7 (1 45 A4 7R i ) (D56 36 A1 S8 1A% (1) Stone-Wales R ; (115
AL, AV, (VIR IASA AT A48, (VI RI(VIDEA 75 SRR 5 ) AT 3R 1)
Bl TLIL B RRIA HI AR K (VI AN (IX) BA 25 B EOA - B TR ) T - BT ek [ 76]
Figure 1-13 Structure diagram of perfect graphene and its typical defect sites: (I) Perfect graphene clusters;
(IT) Stone-Wales defects; (III) Single vacancy; (IV) Divacancy; (V) A zigzag edge with a pentagonal ring
edge defect; (VI) and (VII) Line defects of fused pentagonal carbon rings with odd and even octagonal
rings; (VII) and (IX) Pentagon-heptagon alignment defects with odd and even heptagonal rings[76]

1.4.4 FLEEIEE

BRIEAEA BT A FE A ESLIES Y, ZILEERDAI 2 AL (< 2 nm),
Pl (2~50 nm) ARFL (> 50 nm). 78 HAEA AR SR HI TR RE T, BREE AL

16



g PN i R S DA

ik, BIELEE. R LIRS, SXEMEA A RERE. 0,70 T4 8. H0,
(R 8O A 23], (A, ZE R TR R 28 1T LA 2800 1 B A7 A AL S
I OCE K RIPERE o A ST R B, BRADRE IO BRSL AT EAE IR B I35 AL O 201 (RIS PR A5
(BN FLAR SRR IS PR S5 E P 2R I HoO0 AN S ML TP HER . ZE AL Pt K5 8
i ) 2= 5 80U BT HaOn #33E— 2D S0 N HoO, AT B AR S S FRTIE $E PR [26] 0 B4R, 4
BAEAL T SR A 57 (140 Nafion. VUG M55 A AR AR, BFL A i — L83
PEOL SUFTRERI R A 718 2E, BB TR S IGVE-EN , AT 7™ B S e LA AL R 8] AH
2 T BRAT R o FL R A O S S ) AR s s 4 ) AL AL rin

FEBRK, HoOo A LATE BRI B (b AL 71 FLIE T A% L, DT 93D HL ik — A 380 Ji 1) ] e
PE£[80].

Activated N-doped carbon 0@ épqﬁ ‘f‘f"cﬁ“

' i
i i I
207 ,' 1 H
2 | T
Hzo | ‘
O 2
» O pra

= Oxygen accessible area Oxygen un-accessible area

l’é‘l 1-14 T H AL S8 S 1 XK R 22 FLBR AR AL 7 () FLBR A3 AL A% - ORR ML 7 = 1, (b)
RFLRE Oy AL IR = K (o)HPC AT RIS 41 (d)HPC-H24 #EALFAITEAE pH H T

H,O, k#4178, 80, 81]

Figure 1-14 Porous carbon catalysts for electrocatalytic oxygen reduction to hydrogen peroxide: (a)
Schematic diagram of ORR mechanism on mesoporous carbon and microporous carbon; (b) Schematic
diagram of mesopore promoting O, molecular mass transfer; (c) Preparation process of HPC catalyst; (d)
H,0, selectivity of HPC-H24 catalyst at different pH values[78, 80, 81]

Park 5 Al & 1 DALY EATA LN E R RS 2B BT TE T Hy0, 775 5 4L
R AR RPE81]. WFFTEARR], AL S A L AL IR B 1 L 5 i
FLI AT =) 2¢ ORR IEFEPEWIA 1-14a 7R . #eilt, Huang 55 A DABA RSB AR SER
ORI % 1 B AR FLAR A BR AR ER , F T i A A 2204 i A XU K [80] o 45 SRR Y
FE BT FLEMREE et Oy 71 AL B 1 S RGN R BRMEALT T VR 67 mi e, A
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MAE#E 2¢- ORR TEAERIARTT, W&l 1-14b s DL EBTFTIER] 70 Tt fkies), ol
HER AL A R T Ha00 AR 481, Colie 28 NHIFZH T AR A [82]. ARATHEE T
BARFEFLEM S AR L FUBM B 2¢” ORR JE 182 2 2 A 3 S i FL & (K
MRERILH T S 1) HO, 773, 1 46 ORR AR (IE TEA 2 ALK P IS0 . Iglesias
S NABHRTERR, AL AR D I, N B2 A SR PIK A 1Y) 2¢ ORR JEFEIEFEAK[83],
XL AT ER T HFLEEAE 1R A B I B RO 25 44 1 eS8 55 H A IR 3R . il
TRl B B = BB T B A B 2 ISR S AL AT A, X SEER BRI A7 i D2k
UEM]Z 2¢” ORR G PEF G0 BRI, AFFEN A Bl AL LR FLI AL S, dh
e 2 B AL R, SRSCHUE TGV . EREVE RN T 2 I 1) R AP 5140, Chen
S N Ks i - A DUHE ZEBRAL B Jle 1 5] I 5 AL s o LRI R LS5 44 1) 22 LR B4 R
(HPC-H24), 4nf& 1-14c Fror[78]. 1 ML JEHIREUK RS, LA AR R
& AL A, 1T LR FL AT DA fs oK PR b PR AR A% TR BEL /g o PRLE, HPC-H24 7ERR AN
PR AR R DL TR @i Ho00 775, Wil 1-14d Fias. BRILARAL, FLIEE AR
JEE 2 52 W) P i ) e A7 1% 80 R g N T R v PR A SR A, DTSR s B e A, 7] P A
AL 5 1] LSRR P B 77 A R

JETE T LA U SR 1 DU K R B B A AR FL S W RS T T 2 P e T A 2D
BEFE AR, AR TR B s — R e AR FL S M RO B, B Ak R FLEE M S 2e
ORR VERE[H A RHOR RICAE AT R, (EAFEE— PR A .

1.5 ZRIRIEME X

AL EUE R H K B L2 % 4, Sk, BIEREENA, FEniFek
JERIBER, EARRBEA T ERIA RN HAT, AR 0L SR ] UK 1 Tl A e 2 3|
T DT A TR BRI P A 3 AR PR A1) o P 5 7R vy 2080 L A S D ) XS 7R PR A 77 L
A EENZGIEMABIOE . ARG, BAPRBREEE . S5 aR. ik
JAAZ GG RAERE R, 2B T N2 %0 A1, BRADEL S A5 H M UG TS AR 2
PRIER 12, R A 280 i o) UL K R i ) RTIEAR B B < AR AL 77 B RLA AL
LR R R AR 2 —, AU ] LS VEAL s R, 3 2 5 S N AAN
PEIAE T, AR A PR REAE T EOK . WETURRA R FLEE M (B ALEREE . fLAE
) BRI T AT R T S22 SLIA R RS A ] 1 5 . AEBRIRAR b, ARG FURK
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ORI FLIRIZ « FLAR S FLAS AR AR XS HL F AR A S SR ) XS R PR RE RO SEMI X i vt Bl 2
AR A UL R R A HR 2R L [FINS, FERRAORILA /e s i R b, AT A
TERNRRE, RREE G PRI SR IICH M T75, T ARCH 7 e R R A ] XA 7K
BRI B EES M E. SIS 2, WBRAMRHLA M R, B ST FLES H IR 4 iR
FEITE VA S AL G RFAE XS AL SE B A XU PERE RO REMI, FE LRI A IR R 45 5 FL4
FE YR oL 7 S AL T 2 P 3 DR (R 5%, I B v AT 5 v 880 FEL AR A )OS K B 2 HEE AL 51
HAHEERE

1.6 KR RASFILIHT =

1.6.1 AIRAR

(1) A SUBRMERONBIE T AR, R G0 I & R AR B S sLas # e, JF
KBNS RS AR % 2 SLBR MR FLIB VR FEANFLIE ELAR 575

(2) RGW A SURBORSLIEIREE . FLIE ELARXS i AR A S04 S SUSEK A E Y
SO, NI ROR R

(3) EZ LMk ALE R e T, B R AT B 4R, BERs &L
GERL I P AN T G R R T L3 R T

1.6.2 BlE =

(D JFPRH TR RG22 SLBRMER LB IR A SLE BAR %, ST
2 FLBR AR FLIE R FE AN FLIE AR IR A0 1 4% .

(2) WL TR T 2 SLBRIMERFLIE IR FE AN FLAE BLAR R R A A R T i XS K P g
FRISZ IR o

(3) EABEINERAE D BRIATSR T, PR 1456 2 LGk LA M R 3R L 125
R P LH BITTE, 193w E RS A H A A S0 T ) XU SE7KBR Ji fRE A  711)
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FE LIy

2.1 X FIFn R

SEAG AT A AR AD JFRHINEE 2-1 Fios:

R 2-1 AP B AR AT R

Table 2-1 Lists of reagents and raw materials used in this paper

R Senlis e
ZEAMH (NaOH) 98 % Fil$7 T (Aladdin)
ARR (HF) 48~51 % AR RH A PR A
RN BESHA LN
i N
B (F127) P2443 2R 77 (Sigma-Aldrich)
FES (CHO) 37 % W R AR A TR A A
U 2l (TEOS) 98 % g R AR B A A BR A F
Ay (CeHsO) 99.0 % ] 24 5 AL 24857045 BR A 7]
S (C3HsO) 99.5 % Fiidv T (Aladdin)
HEAH (KOH) 90.0 % R R R A A
Nafion 747 5% S A R R ARG R A
BREALH (K3Fe(CN)g) 99.5 % W MR AR A IR A A
FRER A VU K &4 . X s S
(CeHiOpS,) 98 % [l 25 4 A1 10 2570 A R A ]
BRAT WO0S1011 TR M BHERSLIG % A PR A
FEIEK H il

2.2 HEmEHIE

2.2.1 ZFLIRWEkAIHIZ

SR 7K IR A G U T IR0, PRI HBRAL RIS 31 2 FLER TSR [84] . FLAAIM
T, BHR0.6 g K21 mLHEEEEINA 215 mL 0.1 mol/LINaOHE H, Infis
70 °C, [FIHEHE30 min, $HEPEEE 660 r/min. SR 55 TS H] % F127HE R (—
SE B HIF127M15 mLZA& A BN _BIRER I T A R . Rk RIEZFER 266 °C
JG, RESTE— IR R RN . SRIE . IINS0 mLZEIRK, 4kEEAE66 °C T [l
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PP — BT E] . BT ORAF ISR, PN, KRB B R R I R RN
WS — B mARKIREE, FRAWER 2100 mLig H A Ky MY, HE—T R
JE R IR A T R 20 he [RMIZEHR, SRnEEO. YR, THREARIEE~Y. &
TARY T, KRR F=PTET00 °C T ALEE3 hiF B Z fLEkFER (PCS) .

2.2.2 ZILIRMEKFLIZIEE

PF TEOS . -
AR
Prehydrolysis

= |EOQ,,.PO-,EO
J ' I _BE 45, _ F127-PE-silica Composite
F127 ‘% ~ Monomicelle

Co-assembly

m
e - Dilute

- = A 66cci6h @
Qe @ =
Alkali Treatment .
130°C 20 h _ Using TEOS
Hydrothermal \ : . Alkali Treatment
Treatment ) N
Without TEOS

B 2-1 ASREIFLAR R 2 FLIR SRk 10 1) s i R s A 1
Figure 2-1 Schematic representation of the preparation process of the porous carbon spheres with different
pore sizes

| FH S0, 5 By B A% AR 1 3L A SR i 12 2 FLBR MR FL A, il R an B2- 157K« 1B
IR N A R, TSR A IF 127 (3E BRIV (EEF127H #50.75 2)
JEBIMA—E ETEOS. ik Rl K66 °CJa, E360 r/minf&d [ 2
INEFe SRS, IINS0 mLZEMRIK, 4REE7E66 °C REIFHEFE16 he TR IRBIRE, S
NF, R EE A A E =R BU7.7 mL IR 556 mLAMKIEGE], KIRAHR
R 2100 mLIf H AR Sy M8, FRTE130 °CRMEIRMLA R B20 he [ M ZE5 PR )5,
ZoriR e Pedks TSR BRI E A=) RS, KA F=2I7E700 °C T Ab#E3
h13 245 2 S R BRAL . 7260 °CR, Kbl =¥ FH2 mol/LHNaOHIA AL #24 h,
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Bl Vel TIRE R R F LRI 2 LI oK .
2.2.3 BIBZHIN FLERHERAHIZ

1E 2.2.2 T Z AL MERFLR 2 F, RS AR RN 1.8 mL 1] TEOS. £k
A5 BB RERR AL =4 J5 AN F NaOH ¥ AR EE, SR A HF ZKIERALEE B2 1) Si0,.
BARTI &, 1E40 °CF, &= (1 g 7HUE—xE & &1 HF KIEH (30 mL)
W, BERE 24 he BSO R B _LIER, FAZEMKEEE P, 7E 120 °CF - 12 h BI75 3
I AN FLBR ISR -

2.3 HEMBYRIE

2.3.1 X Bt 1787 (XRD)

K H A 5 (Shimadzu) 4277 ) XRD-6100 £ 4> [ ShHe 680 X-HHAT5HX, Cu-Ka
Sk, Ni JEN:, BHE 40kV, BHIR 30mA, HFTEEN 10~70°, HEIHEREE A 5°/min,
KN 0.01°,

232 BEMTHIIN (FT-IR)

FEME SR L 1: 200 [ ELE1 5 AR RTR G35 5], SR FE IS R b T 20 AT T 4

FEaR W, BT AN 5 (RBUET) 40 Mpa). RAISEEZEER |

(Thermo Scientific) 427 ¥] Nicolet iS20 LT AP EHEAL /347 i v AL IR i, AT A )
AR DS

2.3.3 HHimEE (SEM)

KA HAHAL (Hitachi) 4277 ) S-4800 AT SU-8600 34 HL 1~ S it Wl &A% i 1)
TESRAN R SY o i i O B2 S T30, A1) R P A BB AE S 28 21 0 BT B, Y
e TR b, TR TR RS RE.
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2.3.4 EHHEE (TEM)

) FH R 75 AL B A S S1 o BT AR, BUD R TR L, TR TR A
HLBERAE . B 5 Fp s R 2 7 25 [E 38R K (Thermo Scientific) 45 7= 1] Talos F200S G2 %1%
RSB ST B FIRTR .

2.3.5 EERE R FLEEFIMAE (N, DR BS- Rt BT

K FHEEZ A (Micromeritics) A &£ 1) 3Flex A=Thg A 2 AW B0 52
S EL R I AR FLEE M. MERT, FRELZ) 0.07g FIEERHAE 300 °C R i S35 4k 6 ho KA
BET KM (Sper) @it % i BET iHE MR, WALERE (S MALALE (Vi)
SRR (Sex) I t-plot VELHHTIA, MALILE (Vi) I BIHVE ORF530 i
H1F. PRSI BIH fLAA A 4k B BIH % (W30 #1752, DFT L4251 il
2l NL-DFT 7% (N,@77K for carbon with cylinder pores) 43413,

2.3.6 FIE2FHiE (Raman)

P2 il th 28 2 7E H AYEA 5] (Horiba) ZE 771 XploRA HOGIL R AR BAMH 2t
WA (N 532 nm FKAGHOLES) _EIRFHI.

2.3.7 X B4R FREIE A (XPS)

FHICEKMNEFEET X SR TS T (XPS) 3115, SLIGAEFEETEE K
(Thermo Scientific) 4=7=/) MultiLab 2000 Y i#4X _Fi#k4T. 4. &0 C 1s . =49
HE O 1s i3 HHc R T oK.

2.4 HEmBYREELIEREVEY

2.4.1 BT BURRIG &

FREL 5 mg 2 FLBRERFE T 5 0.95 mL B AEE. 0.05 mL 5 %) Nafion EHIR S, #
FEAYEL 1 h, 153855 AL 2 B

23



g WY N R e VA7

2.4.2 HEEEIAE B (RRDE) MK

81 FH b e SANCES A R AR 7 [P CHIT60E Y H Ak, 27 T A7 3l 1 52 (5 PINE Jié 4% 51 %[5 24
IR B o 410 LR A 77 43 BORURG 72 BB FRAR R T, E 3R N 085 RIS 3 AR Hdl.
Z K He/HgO, X HMCAEIN . ekt (LSV) MHATE30 °CIEE AT
0.1 mol/LEJKOHH R H#E/T, #3# N1600 t/min, FARGEE N0 mV/s, HATEEA
0~1 .1V (vs. RHE) , POAHERE N1.2 Vo MRAT, 56 s - 7428 A\ 30 minff)
F4i0,, i ARRIA BIOMIRIIRAS . HoO 0 B R 51 A it 515 21

2
iﬁi‘%‘ﬁ ZTX 100 %
1 + | X lDl
lr

b, ip UfE LSV INEE U] A AL TR AR B 4 A b D45 0 FL AL, i NAEPEA
FEL AR A5 ) FELUARUAEL , NP BUAR A SRR (FEN VAT Bk AL B4 22 I 5E , 090.25)

2.4.3 BRI L Y 2R

L E0.1~0.5 mmol/LIICe(SO4) FRHEIR R, £ H A E: (Shimadzu) £/ fJUV-2700
At T Bl O EEE, HRIMUVIE BB 2-2AFTR . ISR EE R RATE
315 nmAb FIWOG A AT R MER A, 49 3009 BE 5RO BE (s il 28 a1 2-2B TR, R
= 0.99625 Ut W& R UT o 75 A b S0 J5 1T HL O IR b 1 FH 2 b e ) 42 01 5 v o
H, O IR JE

A 0.5 mM Ce(SO,), . B
3 d —— 0.4 mM Ce(S0O,),
——0.25 mM Ce(S0,), 25
/ \ —— 0.2 mM Ce(S0,), N
& / —— 0.1 mM Ce(S0,), 3
=2 / \ © £2.04
3 / =
g Ryl g
2 25
14
1.04
f_\/ y = 6.11078x +0.02487
0.5 R*=0.99625
0
200 2.%0 3(l)0 3:130 460 4Zl'>0 500 D!] 0?2 (JTJ 0!4 UI5
Wavelength (nm) Concentration (mmol/L)

Bl 2-2 AN[EHRBE ) Ce(SOu), I UV 15 B (A) DL AR BE 5RO BE i AR AE E 22(B)
Figure 2-2 UV spectra of Ce(SQOy), solutions with different concentrations (A) and standard curve of
concentration and absorbance (B)
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2.4.4 BENEITES H0, Wik

FELANafion 117154 B8 R 1) 1 5 HAY H oty b b 47 i A0 5208 SR I HL O UL, 1K
R R BB 2-3 TR . BU100 nLAEAR AR A BOBRES A1 7E L em®(RRRAG |, 7E=IE T
TR 5 RIS 2 AR il . 2 sl N Hg/HgO, X HURCEAM o FELAE 0.1 mol/LIJKOH
W, MR EETEE 0.5 V (vs. RHE) o WIAREG, [ BV 4B 30 min 46
Oy, M HLAFRIEBIOMIFLIRZS o RIS TSIt 2% . SRR IR Al AR 2 1 52 26 77 (T H, 0,
W80, EUAIM =, (EH M ES0 nL & H0 MV, IS0 puLi0.5 mol/LIH,SO,
W, I3 mLI¥0.5 mmol/LI¥Ce(SO4): 3K, YR-E A EIE L UVIEE], 315 nm
Kb (R ' AR Y AR T 2 v, B AT o B45 30 H gt v A 7 T HL Ok B VAR B8 % (FE)D
B A AR E AT 3]

E=2><C><tV><96485
fo Idt

X 100%

b, CRH0,MKE (mol/L) , VMM MEME, [ IdtH- it 55

3] (8 Jse INL Y R B FEL AT R

Counter eletrode! Nafion117 0, gas

Working eletrode

Reference eletrode

P 2-3 HEAT HLEALAEA SR HaOp SNIRY) H R Lt 1 45 A4 7R 1A

Figure 2-3 Schematic representation of H-type electrolytic cell for electrocatalytic production of H,O,
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BT ZFLERMEKAYE B FLIAR B X B S R E K B F2 0

3.1 3|8

BARHR HESRIR V2 AR . S5 AT, WA B R R 1) R A A R
[53, 85]. TEARZ RAMIBA LT, ZFUBREA KM LRI wT R FLA5 ) LA R4 1
SHPE, CAPIE IR S A A L S I DUAUK [86, 871 7 2 FLAK HH il & A7 75 K i
sp’-C B sp’-C BEANBREANL (CSAIAAGALD), IR Ee G Ml I A2 B (i Ak S SR R
7 578,791, Z LB IIFLESHRRIE (. BAR. BB Al LUE RS YA S ]
P PE LA R AT HGE (I HE S AR B, [ o e A FC K HoOn IR T, RIS i Ak St
JE I e A B ELRE I [23, 80 AR, Xof 2 FLARADRLFL A5 A4 RE i ¥ B H AR KRERE Bk
5% Ko B A B ) AR T B A |, B Z RS SRIGTEIA[17]. BRI, X BRARIALES
FIEAT RE AR TR, I R Gk 70 AL 45 R xod JH ri A 0L 7 P A 1) T S 82 T v 28011 LA
PEEGE i 1) LR K R R AR AT B R T R

Z L@ R R R AL RERA . POBIAR S IR A . AT B R A
8 B AP AN, AFLR G B 2 LB 1 Sl R W s PR 22, 1 FLIES B 7t N HLA 2% 5T 88, 89
PR R AR IR AR AT IRAR (— IR REW) A T, 2L SiO) SRR
FIFLIE N, St )E LBRBRESR, AI7SE] 2 FLBAE90, 911, 1% 513 21 2 FLBk
FLEFE . FLEL5H T DUB B RAR AL A5 AT AT AR, R ZERIIG T 28
A BEAAR A B S S W R . A L T AR B A R R REAR ORI T L2
15 PP T FLIE P P PR DR AR R, T ELAPOASR 2 A P PR AR 7388 5 L B AR A5 L
AT ) FH AR 2 1) 4% 22 FLBIRIT A SR 32 31 17 AT 2 R3E[92, 93]. Zhao %5 N G i
T—MFH F127 5EmER R IR H 0] % o0 B2 FLeR 7k, ZInERl& 2
FUBRWOR BRI &) . BRE BE U HALGE Y 5 5 [84]. (AR IFBA W Tl 11 2 FLIn
BR 1 B A UL SR I e

TEARFH, BATELWIFL T F127 (5. BREE . BRI 238 I N I
S 2R ZFUBRISOR G e, B T ROREIY ) L BRI BELF 1) B 43 B2 FLBR L
BRIG ML 2. FEUCEA b, i AR e 58 I S AR RE L Ag], SIRB T 22 FLIR AR
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KB A (FLIREED s, A SEM. TEM. N, WFft-fiff. XRD. Raman. XPS %5
FRIEFBR ARG A T HARFEER B AR CFLIRED 12 FLBRERITE S ] FLE5
ABUREE. SEESMR. FHK, FIF RRDE A H 2 B fgtih d i HyO, 72 2RI 78
T 2 FLRAERFLIR BE X e AL A UL SR R USE UK VERE I S o B R 45 SR B Tt — 28
AR g e A 7 L 5 ) 7 L A A SR TR ) USROG AR P AR

3.2 RERSIA

FEART S, ZALBRMORI S &R 55 2.2.1 NN . B [ F127 1)

B GBUREIER 66 °CEIIRFREEE . BirEmS ), e I NIMIREE . 58 RS IR

LI = S TSR ANFLIBE S5 M I . B Fy re to T 20 B4R FI27 R, HiPkdfE. $it

PRI IE] . &S NI o SR R S8 S PR R R LU A8 1) 4 HH RORE il 23 il e 44 24 PCS-LO

(10.7 mL KM #E+63 mL 7K)+ PCS-L1 (13.7 mL K M#+60 mL 7K). PCS-L2 (15.7 mL

SNE+58 mL 7KD PCS-L3 (17.7 mL R NME+56 mL 7K). PCS-L4 (20.7 mL [N i+53
mL 7K). PCS-L5 (23.7 mL Jx MiE+50 mL 7K)

3.3 ER51Tie

3.3.1 ZFLERMIKAIE B

EEHEE T F127 MR & 2 FUBR R 52 . 208 F127 (TIN5 E &
JIR % 28 66 °C 5 A HE1% FE r=360 r/min, FiFEIS A] t=16 h, 35 SN AR B T=130 °C
AR ke 5 IR M AR RE LU 17.7 mL OSIE+56 mL 7K o & B i (R4 4 i B Pl ] 3-1
Fin. B 3-1A FIA, 4 F127 MU INEIRD R, &R rs i AR Rk, (H2 R
JEHALIE], A 100 nm A4 K, AR 1 pum . 24 F127 MR INERZH (F=1.1 g),
A PR i O AR ARERE, AR, Qi 3-1D fizs. 4 F127 IR INETE 0.5 g
% 0.86 g Z IR, & U= mERIE BELT  BORLIS 50, THOR BLASR 4012928 190 nm AT 170 nm
Wil 3-1B # 1C Fiow .
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o"ﬁ

. S
§4800 5/0kV 7.9Mrg

S4800 1.0kV 6.8mm x80.0k SE(M) 500RMN|S4800 5.0kV A 00 SE() 3 P
B 3-1 5048 F127 WA ORe fh A # FBE E: (A) F=0.25 g; (B) F=0.5 g; (C) F=0.86 g; (D) F=1.1 ¢
Figure 3-1 SEM images of porous carbon microspheres prepared with different amounts of F127: (A)
F=0.25 g; (B) F=0.5 g; (C) F=0.86 g; (D) F=1.1 g

3-2 /& F127 BIERINE 55108 0.5 g R 0.86 g B A i 7= i (9 N R BR -5t B 4524 2%
A BIH fLR At 2. fHE 3-2A 7] UG H A FE R AR AEAGE XA — MR BE 2
B, 75 rb B DX A i [ PR B AR AR R B A OREE AR, 150 A ity o 32 B TR L A5 M [94]
WEAh, AE e s DX B B PR 3 0 T e R SR HE AU s i) R LT 8951 - & 3-2B i
— B S PN i A AE R LA, FLARZI0N 1S nme TTZER T 2 nm 1A
FLIX, AR R, RSP AL EERD . R 3-1 RFHEDFER N
WS FEEILEL L, RIBIEIE T 600 m*/g, i H 3 ERMALRER . [HEE
B, BRI R AL LA R Hal, @ F127 MmN &E R A
FHABESEIUFE M TSAL B B M THAS . XA P RE S 2 5 2H B I Ty I AR T i R A Fr i e K
KA F127 RIES RN 0.5 g I, [IAHEHE 16 h J5 = LB A 1R 2 T0iE Ve i it
UE, XEEPTEIR A BERIRA 5 F127 AR IR AT IR . 176 5 AR 3 I Rt
PRI BIEW, HEABOXLYiE. DL RERY, 1EA B URMERI IS,
MY R IR AT IR AA S5 F127 M SEH —NE &R Epl, i 2 80d 0 1) F127 # 0k G o 2
RERP= s GBI SO F127 BIE ST AL 2 = A AR A AN B R

3-3 52 F127 Wi INEH 0.86 g I & i it KBS B . &l 3-3A AT AR H,
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BRIFE SR EESE RO 21, BORLEAR KL 170 nm, S RGEEIR M. 1
FERE R AT DO R BIARH A MU ALIE S50, DA R] TR s 2 2 ALMRL. R
EHT B (& 3-3B) RUIFE A A BTSSR 26 80, UIAE S 4 SRR EE AN
A SRACRE FEAN i AR A i BRI L 5 e, TR RH PR R 6 7 1 2 FE HL (R A SUIE IR A3
Pt

400 16-]
A B
m \i

‘? Qg g
E F=0.86 g 80 oo j@
S E
£ s
é 200 %U * -
< 3 :
@ > E|
E : = % +4 F=0.86g
° < a4 Al TO000 00+ 0= O (e Qe O—0
> H :

|

T T T T T

0.0 02 0.4 0.6 0.8 1.0

Relative Pressure (P/P,) Pore Diameter (nm)

B 3-2 2032 F127 ARG R il (1 N WS-t B S5 2k (A) A BJH A2 734 i 2(B)
Figure 3-2 N, adsorption-desorption isotherm (A) and BJH pore size distribution curve (B) of porous
carbon microspheres prepared with different amounts of F127

R 3-1 BRSBTS I
Table 3-1 Textural properties of the samples

Samples SBzETa Vm3"°b S“ﬁicb S"z"tb mesc
(m7/g) (cm’/g) (m/g) (m7/g) (cm’/g)

F=0.5g¢g 610 0.19 497 113 0.18

F=0.86 g 682 0.20 510 172 0.16

Kl 3-3 7RIN 0.86 g 11 F127 &5 BIIRE il IR iZ 5 ri 5% )
Figure 3-3 TEM images of porous carbon microsphere prepared with F=0.86 g

Rk, [ F127 IS INEN 0.86 g, ZE5 I B AR T=130 °C, %538 N H#i
BEEEBIN 17.7 mL N HE+56 mL 7K LA & IR EE RS2 66 °CJa BT #ErTA] =16 h, % &
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TR ¢ XA R LTS RS IIREI o AN [E BT B R S O i AR 3 P B T
Kl 3-1C M 3-4 Fivs. HEIRTLAE SR B0 & BORE S TR SRS I AR K . Ui
HEEEUEI (300 r/min) & BHIFESD EAR RSTRIA K, (HEREEEALF, 1R 2Rk 23
ZHATES: AP PEE R (440 r/min) & REERESUAER A5, AiHEk, b
1T HE AT BRI 2 TR o 438 (5 FF T FE D 340~360 r/min, BN & BRIFIRE S BRI BE LT
WORIEA 5], ik 3-1C fil 3-4B Fizw .

I/El 3 4 Eﬁl?[i'ﬁﬁl_)}% a Eﬂ‘i RNERE EE!ERIEI (A) 300 r/mln (B) 340 r/mln ©) 440 r/mm
Figure 3-4 SEM images of porous carbon microspheres prepared at different stirring rates: (A) 300 r/min;
(B) 340 1/min; (C) 440 r/min

WATHEE T A RIS 66 °CJa TR IA] ¢ Xf & BFERIESL. T .
BEI [ 2 F127 BIESINEN 0.86 g, A R EEFE 22 66 °CJa FIFHE4 4 360 r/min, 338
SR T=130 °C, $&5 SN IMBELLGI Y 17.7 mL BE+56 mL 7K. AS[ESEFEES
)R & e s R s R 3-1C fE 3-5 fs. HIRTTLLEH, S8Rkat R iE
(12h) I, GRAIFERIRIZEZ . BRI S SePEmS AA 3] 16 h J5 RIS & st Bk
TERELF . RORIIY S0 2 FLBRIMER s 4R SR IE KA PRI [ 22 20 h, (hRe& CH B FE LR Bt
KLY 50 2 FLBRARER, 17 ELAORL BLAR IS A 8/

1.0kV 4,4mm x20.0k SE(M,LAQ})

K 3-5 E&}EW#HTIEUAEEZ#ME’JE#”E&%E@ (A) 12 h; (B) 20h
Figure 3-5 SEM images of porous carbon microspheres prepared with different stirring time: (A) 12 h; (B)
20 h
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WATEH A T He 38 5 A SUNE i FE X & BORE S 3 ST s o e [ 58 F127
FIESINEN 0.86 g, A Bl L% 2 66 °CJa N FEE EE N 360 /min, $EFERT[AISY 16 h,
BB N IR RELLBIA 17.7 mL NE+56 mL Ko AFEREAEEE T & ke i i &
Bl 3-1C A& 3-6 fros. HEIFTRLE W, HRE MR EBIR (100 °C) I, &%
(IR i AR AT BRE T 3, (B BRAR (B RY AR ™ 8 . Bl s MR B (R T i, BR AR ) PR RS
B BLZB TR, IR BEIL ] 130 °CH ARG R H 57 B 2 ALBRTIOR . 4k E Tt i R S IR
JE, PRERIURL R SF A8 K, i HLR RO B (160 °C) I, & BBk 1t AR 2

PLESEREM, ZIBBERA R F127 8. HiFEl . BPent ). e s M
(Rl B2 S5 2 R A R A AR, A &M sk s mIE @ Ve L, 4 Be & st 9
RI¥E] . BRI BE LR 0 B 00 B2 FLBRAMOSR o T 3K TF 2 A SEFF S Bob R F LR B of L f A A 1
XU KV RE 2 0 1 AT 3

500 \nm

500nm)

h (] '
Kl 3-6 oA SR AR FE G BORE b A R F B 1 (A) 100 °C; (B) 115 °c (C) 145 °C; (D) 160 °C
Figure 3-6 SEM images of porous carbon microspheres prepared with different polymerization
temperatures: (A) 100 °C; (B) 115 °C; (C) 145 °C; (D) 160 °C
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Figure 3-7 SEM images of porous carbon microspheres prepared with different dilution ratios: (A) PCS-L0;
(B) PCS-L1; (C) PCS-L2; (D) PCS-L3; (E) PCS-L4; (F) PCS-L5

Z ALK PRURL LA CFLIRBE) i Ik 2 28 S S PR R 8 LB 3R AT T 428 o LIRS [
F=0.86 g, =360 r/min, t=16h, T=130°C. A[FEIFRELLE T A BRE S 044 BBt B an
3-7 Fimo. B 3-TA ATLAE H, MR LLIR RIS, A s BORLRGEAR ™ 5, AR
N DR ORBURL . In KM RE L 8 & L ORI S B AR (FLIREED) 732908 65 nm
(PCS-L1)+ 120 nm (PCS-L2)+ 170 nm (PCS-L3). 240 nm (PCS-L4). 290 nm (PCS-L5)
2 FLIRER, FORERTEE AT . TEFEREAE, PCS-L1 Ffh AR IR A2 1R
N, ABRURL AT TR I, AN B0 Bk 17T PCS-L5 A S BURL I I ST IR 2, A
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TUERBURL B (FLERFE) BORVE RS .

&l 3-8 EA A E‘L/*F?Elﬁ %?LW?AI R I ST LA (A)FI(B) CS-LI: (cﬁu(D) CS- L2 (E)FI(F)
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Figure 3-8 TEM images of porous carbon microspheres with different pore depths: (A) and (B) PCS-L1; (C)

and (D) PCS-L2; (E) and (F) PCS-L4
K] 3-8 2 A A FFLIREE I 2 FLB ik i S i . 78 B A o] DUOW R 26 R
BRERTEFE 4 ORI BN, 0k R B AoRE L I BT 3G K, S s R —

. A, FEE 3-8A Fil 8C FEEME M EZE] PCS-L1 F1 PCS-L2 £ 5 N E K =F & i FLiE 45
Mo REAlELE PCS-L2 FEMNHR, 1T LW SR 24T (1) 51 55 BRSO ) F L 25 440
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Figure 3-9 N, adsorption-desorption isotherm (A) and BJH pore size distribution curve (B) of porous
carbon microspheres with different pore depths

R 32 BRSBTS I
Table 3-2 Textural properties of the samples

Samples SBzETa Vm3i°b S“z‘icb Sez’“b mesc
(m’/g) (cm'/g) (m7/g) (m/g) (cm’/g)
PCS-L1 645 0.16 416 229 0.38
PCS-L2 704 0.21 528 176 0.21
PCS-L3 682 0.20 510 172 0.16
PCS-L4 627 0.20 496 131 0.12
PCS-L5 589 0.20 518 71 0.05

FIFH N W Bt B o 75 R b i FLEE R EAT T 3 — B 3RAE, 25 R 3-9 Fik 3-2
fiis. B 3-9A WLLE M, FrAFEm SR AEICE XA — MEBEM R TWRM, EhEX
B i B A H AR 2R AR B A ORAE AR, UL BARE i rh RS AL A [94]. thA, TEm
e DX 80 o ) 8 5 L LA B SR AR G, URE LA /N2 Ak W5 PR (1 336 i 2
0 22 A R B ) 1 T R T JSURL HE R IR K FLFTS[95] - B 3-9B it — 30 Bkt BT
BES PR A B LSS R, FLARZN 1.5 nm. T KT 2 nm MIAFLIX, WA
BRI, KPS TN ILERRD. £ 3-2 RUFTE MR TSR,
BITE 600 m/g BT, i HRERMILKR T . FHEENZ, PCS-L2 & PCS-L5 FEAlH
ALFL AR MAL R TR AE R 53, T PCS-L1 R 5 AL LR AL R T ARG /N o Ak
R 3-2 AL/, A R A AR T AR A L AL B UKL ELAR R R/ N T 1 K
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Figure 3-10 XRD patterns of porous carbon microspheres with different pore depths
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Figure 3-11 Raman spectra of porous carbon microspheres with different pore depths

Bl 3-10 /& A A FEHLIRE I 2 LBRGORIN XRD Bl R, 15 229R1 43¢
FRYEE 53 ) 50F LA SRR B AT (002) AL (101D hTHT, X P ANIAEAR SEAR BB R A7 S AL
FEPZAR[96]. HHIEITT LAty JrA i an LI B R UEAIIR BE, SRR dn A SR AR
FERRAR . B Bt B — AR W) o RO R A SRR BEARA, i 3-11 o 2R
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Fr, A2 1350 em ™' AT 1600 cm ™' 4bfg D WEAT G U653 5% R T OE IR IR TR sp” 244k
SRR T [97].D WS G U158 B LU B A Rl il B v BE A S8 A0 A2 B 1) B8 224 45 [98]
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Kl 3-12 BA ARSI K 2 AR FT-IR 3% &
Figure 3-12 FT-IR spectra of porous carbon microspheres with different pore depths

] 3-12 S BT A RIFLIRBE (K 2 FLBR MR I 2046 B . ZEEIAR, AT 1632 om ' it
IERIERT TN C=C (sp®) SEMHAEIRZNIE, A7 F 1380 cm ' BT A% R —CH {8t
Z65HR301[99, 100]. P LLE B, FLANEE S Z0 A B 1 H W5 B RN X i B L AR A 7]
VLB S I SR R A RS A AT ] B 3-13 & B AR FLIR B 11 22 FLARIMER 1)
XPS FRAELE R ALK 3-13ACE DA LU B T A C JoE M O TR .
b4k, HI O JOEXS I T ARG A A LRI DATH AR BIRE R O & . tHHSS
SRR, B EAR IR, BRI S BTN R . XA A S R S A
RHAXR, ELZHHETREIIRTSFEHENASE LT, B 3-13B (R do 1s
B R TR B A AL IE T AR TGN B (FE 532.6 eV [ifir) , FREIFES A E
RIAHE, ATREAR Y& C-O BilgiiE C-O[101]. 7EF 3-13C (/¥ C 1si) H, iz
T 283~285.5 eV X I [KIENT R C—C B C=C 8#[102]. fERMEIF, C-C 5 C=C Mtk
) 2 15 Bk P A7 & B — AN L ELRAR, S B R s s A S B HIE T LUE
HAAS [F]FLIR FE ) AN FE i AE G DX W T BE A AR [R], 156 B A ot PR R B o7 2 B R AR
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Figure 3-13 XPS spectra of porous carbon microspheres with different pore depths: (A) Full spectrum; (B)
High resolution O 1s spectrum; (C) High resolution C 1s spectrum

3.3.3 FEIFLRER S FLAREKE LS E K M RERA

B S FH e 5 P A AR AR T LA AN IR PR FEE 1 22 AL Sk 1 F i AL U S5 CORRD
PERE, SERWIE 3-14 fivR. fEFESIT LSV 4k (B 3-14A) W@ RURA MR, B4k
REFEF T HEFT LA H, M PCS-L5 #| PCS-L1 FEfh, JLitah i b 2B 5 K5 ik
/NI, PCS-L2 AR K. iR AL KU AL TR 5 . X R IABE A 2L
BASERFLIR FE IR D , FE ¥ ORR VETESE 38 RS/, PCS-L2 B Sad M fie . 4kEE
NFLIREE, PCS-L1 KM IETEATE IR B, X 7T RS2 B TR S AL AL B DA A AL 25
B, X Oy FIRBHEAGRE JIA R TS B SUER K I3 9% P AR o R (AR A P
3-14B) FILAE L, BEAFE S ALEREE B8, HOU UK 3% 6 14 52 R S /N J 38K 1
#a# o PCS-L1 FE 5% HoO, ik #¥ s, 7E 0.5V (vs. RHE) I HJEFEPEETE 90 %.
X BB FLIR B KRB E R 1 4r 2%, UALEREER T 170 nm B, O, 43 T1ESL
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Figure 3-14 LSV curves (A) and corresponding H,0O; selectivity curves (B) of porous carbon microspheres
with different pore depths

P 3-15 S 7E H B Aty o R FH 22 FLARBHEER F A A 40000 5t XA/ PR A 7= R B )
WAL . AT AR H, M PCS-L5 %] PCS-L1 £ 8, XUEUK R R LSE K5
NS, PCS-L2 #fanik i K. 1 H M PCS-L4 #| PCS-L2, XK Z3G -+
B, 7£5 h =R K TR 5 5. X5 3-14A PR ORR VE N AR B,
BRE FLIR B2 52 M O /K = 2R R R v, e PRI s2 e 5 R 22 3. 7E KT 100 nm 78
FE] P 930/ 22 FLBR TSR FLIR B, HORP UK B 3 RE IS 45 3 35 58 Tt U 2 FLBRISORFLIR
FEWR/NE 100 nm BLN G, BT HA Oy 0 F IR MRS AL RE T T R, 6 XK IR 7= 22 A
b2 T B o B 3-16 2 RUAEK 7 2 Ut 4 P 1) Tt o 4 R BE A g 7 J] S PR B8 R0
B I-t fhZk (B 3-16A) AT LAEH, M PCS-L5 #| PCS-L1, #5118 S35 00,
FI| PCS-L2 A B Ko 1% 5 WK 2 AR AR XS B2 o 1 1E 2 HIFF i ORR W 1 &
(R1, TAE KU HIAE & ORR Y& TE . 1A AR AR EE— 20 IF B ZE LR BE 5 MR U K 7= 26
i RE ey, HXHEVERR N & AR . K] 3-14B ATLUE Y, BEE FLIRFE DS,
Z FUBR IR PSR RO A 1B A KIS, (HRBAZE R IR . RIS
R SE PCS-L4 FE I 65.6 %, T AR R RA 71.6 %o HIZHE S XUEEIK )
FERAAER R ER . XRY, EREE BRI AR YE K= R I EEEH . 254G L
A, FRATAT AR 2 PR MR FLIR B X6 WU K P S 1 R S L R L ORR
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Figure 3-15 Total yield of H,O; electrocatalytic oxygen reduction by porous carbon microspheres over time
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Figure 3-16 I-t curve (A) during the hydrogen peroxide yield test cycle and Faraday efficiency (B) during
the whole reaction cycle
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2 FUBASCER FLIAR P X XA 2 R M 2 R T X ORR I PERURE I, S FEIER
KEAK; £ 100 nm LLEFEE LIRS, 2 FLBRIMERIK) ORR JEVEIZHTIE N, WA
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BARAARH (R FLAT R G P P A 4R L A P e BAT S [103]. — 51D, 34 RSLARRERS
P A TR [104] . 7E FUE AL U JERIDE KSR B, ARG IR BRE 0, 40 F
REN% TS S b S iE PR, i, (RIS B R AR ) HaO, R8I GH M B BE e Ak 71 FLTE
PR 25, b T S TEYEAL SRR AT R, AT S A — 58 J5UA HoO[105,
106]. 53— 771, G RAARMEE 2 FEBORA R EE R AR AN R ARG 0, M A0 5 i
e, SR 2, 78 R I A SR T XU K R 3 S v R 1 23] BRIt
TR KB B AL AR T L A A U8 R DU K P BE I 78 D2 MR 51 T AN R
N RIRIE8]

H AT CLARIE (A LA 42 77 7 32 B = . — O 7E R P RERLAR Qb A1 4310 o
TEACEESE) il 2 FLERARI I R e I eSO AR 1 FLAR SR R % ) £ B R AR 1
FLAR[107, 108]. %7V RER XTI R I FLAR AT RS AN AT, (BRI E PR R, 16
TEASEAR 35050 51 NBR AT R R 75 BRR R B R ANk SR 25, [N, Z77E®
LR HAT AR FLAR AR, X LLASARGRE W s B Bt o TR &R I R, X
SR RIR > B 2O VA ST AN B BB, AOGE R T AORHIIR %, 10 HORORHG I 17 ) £
AR . BRI, 12 O7 R SERR R 2 B T IR 53— R K2 AR AR TR R R
BB 2% 2 FLAT R AR R R LA (e 1,3,5-=F2K) [109-111]. 75 FBCBAR
il & 2 AL R AR T, BOBIAR I SR K B 2 FLM R FLAR R B vse (R, B LRI T
DU i 5 BRI A ELAE FH S G 1 2 2R T R AT SO AR ) AR, T S BT 22 FL
BHUARRITAT[110]. ZIVERIER B ARG 5, i RERH 2] T 2 MR LR
PSR E AR b o (B, ZER FERASEAR &5 1 22 SRR 1 I R 1 5645 21K A2 Bk PR I IR
i PR T IR A AE B A O R v i B0 O i, X o S 3 LRI E RS . i, R
LA TR AR LA Il B A FLIE AT IR, 3 FLRCR B HAB LA R B 2 . 53, Guan
S NARIE T 57— Fh KB R FLAR BT VR80T o AT IE il 25 1025 HABLRR 11 13 T AR g ok Bk
KIHEE ETALE Si0,, EMRMIEFE T RE TSI SiOs FHLAT 1 BRI fife ™ AR 1 <Ak
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FEATE S, FIH Si0, 5 R g 1) 3L 2H Be i 4t 10 22 FLBR MR A 44 9 PCS-Dx. H
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TR B S5 25 R T LRI Si0y. VELNHI A& VR LA 558 2.2.2 /AT

43 ER51T1E

4.3.1 NEIFLIERIZ FLEREKAY & BRANRIE

4-1 R Si0; 5y AR LA %% tH i 2 LR ORI i st . i ]
4-1A WTLLEH, HARFERARIMA TEOS i, &t i 2 FLBRMERERI 21, 3%
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BUFIERIEEE, (HERIAELERE TEOS MIA S I3YE 2 MiZ#i 42/, il 4-1B F 1C FiR.
ZREL K TEOS 5, & A Hh K 2 FUBR IR BRE B B AR 72, T FLaRkAR AR i — 2Bk
& 4-1D M 1E fis. 24k & TEOS N E H 2 mL 304 2.5 mL B, G2
FUBMER TSR R Sf 28 b AR K, Wil 4-1F . LA EZSSRRB], £ R TImA
—E &M TEOS 2= M fES = £ &, M HEmfERES TEOS FIIAER K.
X P[RR T TEOS /K™ A4EMN Si0, 25 TN IR R4S, fim T R
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Figure 4-1 SEM images of porous carbon microspheres with different pore sizes: (A) PCS-D1; (B) PCS-D2;
(C) PCS-D3; (D) and (E) PCS-D4; (F) PCS-D5

N T FRIESRE TEOS KEFEM S0, BB S5 T MM IHIEMIMASEE, X NaOH
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Flfk Z TEOS MM/, ZEBRAL B AT (¥ 7= S AR MR 207 25 1% Si0,, R BEFERK
TR (0 2 T L g2 3 /> BTG SE TR, TR 4-2A A1 2B iR . 244 BUR & o TEOS HINA
IR, FERRALBEFT R wh AR MR B0 RS 1 2 FLBROR, BROR 5 T0E T Sio, Ak
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A1 SI0, 5 IR R R R LA, LFHY, BHREMSE.
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Figure 4-2 SEM image of sample before alkali treatment: (A) and (B) PCS-D2; (C) and (D) PCS-D4
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BRI FLIE , BRI LA AT BEE A K B B SR HERR 1T ) 3% 4-1 3Bl PCS-D1.PCS-D3.
PCS-D4 =AMFE I LR AR &, #Id T 600 m’/g. ifi PCS-DS5 £ & 1 HL & A
371 m/g. XA AR R FINAGE £ 1) TEOS SXd 7 S FLAE M P A SR THT RS i o (15
FEREMZ, PCS-DI FEfh RS IR FMILALE, NMLRERMNILILE & EE
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Figure 4-3 N, adsorption-desorption isotherm (A) and DFT pore size distribution curve (B) of porous
carbon microspheres with different pore sizes
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Table 4-1 Textural properties of the samples

S Viic Shic Sex Vines Sext/S
Samples (mle) (emlp) (o) (mig (emig) ()
PCS-D1 678 0.21 532 146 0.10 21.5
PCS-D3 623 0.15 383 240 0.91 38.5
PCS-D4 708 0.16 380 328 1.31 46.3
PCS-D5 371 0.07 155 216 0.84 58.2

Kl 4-4 /& PCS-D1. PCS-D3 Fl PCS-D4 ¥ it (1)1 S FRBR RAELE R . HHE 4-4A FTLL
% i, PCS-D1 FE h RERIORL P 5 &5 = & 1L — S FLIE 454, L8 B4/ T 2 nm,
NIMALILIE . 1] PCS-D3 F1 PCS-D4 Ff ah ik Mok ) H i fLIE BARTE R, A/ ALALIE,
PCS-D3 ¥ IFLIE HA2Z8 3 nm, 1 PCS-D4 £ 5 I FLIE B 21N 8 nm, 41 4-4C.
4E M1 4F Fisn. MEAh, PCS-D3 F1 PCS-D4 S Sl ERBURL (1 RF B BB/, SR
RAESE R — 3, PCS-D3 £ S R RS £5°4 90 nm, PCS-D4 A i Sk I R~T 2979 50 nm.
AR A FEE AR RS AR (DA EHEAR T B T = & AOORL IR A FLAN R PG5 M o o0 7%
i% 5 5% & (/&) 4-4B A 4D) % B PCS-D1 Al PCS-D3 B i ik () dit & 2 S04 A R0k
VEHIRE S A SRR BE AR . A SR FE BE AR DRAE B M B A SR 08 2 BhEE AL I T2,

mp
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Figure 4-4 Transmission electron microscopy images of porous carbon microspheres with different pore
sizes: (A) and (B) PCS-D1; (C) and (D) PCS-D3; (E) and (F) PCS-D4
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PRI EL A B2ALFE BEAR[80, 96] . H I RT LAF Y, i FF b 221X A7 B 1Ry e AR 5
FUARE S A SBALFE ARG . b4k, PCS-D1 % PCS-D3 Ff A ANA 22051 43° 5 Bt ()
PIANTEIE, (HBEE G AR R TEOS &t — 1K, &l PCS-D4 FE S TE 18°FfiE
I T AR — ARG . PCS-DS F S TEICAL AU BE B 2 o 1247 B (0 0 ) T4
A R R AEAT A U (113 ]t W20 Ut W 7E 5 iR R NI 22 1) TEOS 23X BB 1)
CER PR AT, S EUE S S AR A SR AR R TR Ny IR PR AE R PCS-DS
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Figure 4-5 XRD patterns of porous carbon microspheres with different pore sizes
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Figure 4-6 Raman spectra of porous carbon microspheres with different pore sizes
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f7F 1350 em ™' 1 1600 em™' 4bf D UEFT G U653 il BT I8 FERR JRF- Rl sp” 244k A1 B8 B¢
JR¥[97]. D U5 G W 5RE LU B R} ik B v FE A A S A0 R B2 1) B 4R AR 98] HH
EIRTLAE H, DU ah A S5 FR S # A AT 2K . PCS-D1 & PCS-D4 #:ih [1 In/Ig fEAH
ZAK, PCS-D5 Fan i) In/lg [EBS A D>, X ATREZF N PCS-D5 #Edt Ak 1 &b A
S SR BOUA SRR R N .
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Figure 4-7 FT-IR spectra of porous carbon microspheres with different pore sizes
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Figure 4-8 XPS spectra of porous carbon microspheres with different pore sizes: (A) Full spectrum; (B)
High resolution O 1s spectrum; (C) High resolution C 1s spectrum
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At 0 (1 M U A7 B RIUREL T iR S R AN AR R, U R Ot P B e L R AR A I o T
FEFRALT 1066 cm ™ A, BEE G RUA R TEOS NN EIZHTIE K, Hamas 23k
WK JE /NS, PCS-D4 FE ik Bl K. % EEE] PCS-D5 # &+ TEOS N &L
PCS-D4 ¥t %, TAE1Z A AU SR B EIARXT IS N, o] DA 2 b F) U B %2 C—O B e
HEIRBNTT A Si—O M 4IRS -

NT S FHE T RCRTERACRNS, W& 2 LR T T
XPS £AiF, ZRWIE 4-8 fion. EFE 4-8A (&%) ol LLER AR HE C t
A O JLER M, FHEA HIALT 100 eV FHF Si GER I, RIAL NaOH WAL 5
Bt 1 Si PR LG e AT BB X — DU IR LA B (B 4-) R A F 1066 em ™
AEFASF BT (U C—-O BEMAEIR SN . thoh, th O Jo 2% I 1 I I T AR S AU T FL 2
HR DAITHEAR ZIRE S K O B i tHE A REH, BEE G ik & TEOS M & i& M i
Ko FESIRS B2 KRR/, PCS-D4 FEMBRIR K. X 5L MRS,
SRR Lo B g A S B N T R RO AR S AR AR R, AMRIE 2, T2 R
JEFRBERSMEHETE. B 4-8B (R0 1s i) #—DiEmft s P A& & 205k
BRGNS, PCS-DA FEM A S R m . BLAh, B 4-8B i B TANRE i BAT
FRARIE TR AN A B (7F 532.6 eV ) , FREIRE S PR AUMIH], AT RS 55 A ik
C-0 BUlRlik C-O[101]. 7EK 4-8C (mir#k C 1s i) i, f77T 283~285.5 eV X I
X R C—C A1 C=C #[102]. TEBAMEIH, C-C 5 C=C 1L 2 b i & =)
— AN EEERR, FI G ERE I BE A S R HERTLUEH, TR TE X SR
W T BEAAH R, 150 B AN b B A7 2 S A AR [

432 TERIFLEZEBIZFLERMEKE ELHINE KL RERR

fill 26 1 B A AR FLAR 0 2 SUBR A ER IR FL AL SUE IR CORRD PERE 1 S Al FH e A 4
HURGEAT 7O, AR 4-9 Fom. EREARI LSV #iZk (B 4-9A) st fURALH
M, MEAREL B, HEW LUEH, M PCS-D1 2| PCS-D4 ¥ i4h, o ah v A7 iy
K. PCS-D5 FEanfR 4G AL S PCS-D4 FAHAIR . ARAG WAL G R DALV 1Y 5
XY 2 ALK LR R LS B 2, B0 2 AIE R 5 5 i SR T A
ORR RS Ty o B 4-9A Iy, A fLBRIAEK, HFAl/& PCS-D4 FFdh 13 R
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Figure 4-9 LSV curves (A) and corresponding H,0, selectivity curves (B) of porous carbon microspheres
with different pore sizes

Pl 4-10 /2 7E H B4 At o R FH 22 FLARBHCER F A A 40000 5t XU AU /K PR A 7= 2R B )
AR, BRI LAE H, M PCS-D1 F| PCS-D5 # i, SUEEUK 77 5 L5618 K5
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WRAE, SEEANFLE R, KRR R =R IR . i, RS hE, PCS-D2
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Figure 4-10 Total yield of H,O, electrocatalytic oxygen reduction by porous carbon microspheres over time
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Figure 4-11 I-t curve (A) during the hydrogen peroxide yield test cycle and Faraday efficiency (B) during
the whole reaction cycle
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BRFLTESE RS, bR Ha - 5 460 A0 2 5 ol JF R A PR R PR B DR R [ 115, 116] ik
A R 5 4] PR SR 2 A5 G 5 P R A s %7 v T A PR B B ARG AR M R A 23, T e
SN PE AR FEVE[117]. IR R B 7~ 25 K e W B 7R 28 SR 11525118, 119]5
RIETB AR EMAE T (N O By Py S, F %) BUCEREZEHHES C A
T17]. BT oA, S 7 RN ERMZER, ERMRTE AR5 7 7] DUl IR
B T 11 F, R A R 455 5 LT P TSR SRR 14 P T 540, AT g R A S 2 B3 BE 2 £
TEPEAT A58, 601, B, 5 C (AR 2.55) #E, B F P 3524571 s LR (B:
2.04. P: 2.19), EAMEFTFH C #RHEHE T, BSrEm R 7 LA i U R [120].
MR, BAEREEAER N Gk 3.04) BTN C P d T, MMiE C HT
By IEFAR (1210 FE HLAE AL SRR JE R UK R R, 3845 T/ S s AT Fad
H AT DM AR TEAL AU Oy Z AR BAE A, AT fR3E O, ITEAK[122]. A LL)5 1A
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N 2.58). B S BASTIAHA RN BT A4, B S T8 KR SFFE KL
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ERZRIETH, FIRFBARSWBEAN, EuirprhEde Far DUR L% -5 B )
WA PR REDL, M RN SR B AT B FEL AL PERE[124] I, XS BRAPREIEAT F
B RS2 B T AN 12 9GE[125, 126].
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) S FLES R R B T A R, S5 S i gs . fEskEERl B, FIH RRDE #1 H
TR AR ) HoOn 77 28R 7T 1 9145 2% B A SLBRAOER (1 P A A 200 iR ) XL SR IR
Bt F 45 SR R8T R v R Ha R A A SR /K B B AR AL R A S AN

53



g WY N R e VA7

52 KAEHSIHEA

FEART R, FB R FUBRAER b & 775 W 5 223 /AN, FIAEE
SN S % 10 %F1 20 %[ HE 7KIERALER EBR =) ) Si0, 15 B I/ FLBRTEERFT: ft
73 AFRIEN PCS-F1. PCS-F2 1 PCS-F3. Jy | X, A=k yd Je 3 1 & st A I TEOS.
AHEAT HF KSR 2 FLERWERAE &, /2 28 U R ) PCS-DI1 Fffh, FEATE S
358 F5ic A PCS-D1.

53 HBRSTR

5.3.1 RIS FLERISEKIY & BRANSRIE

mm“ - N ECS___.FB
Wl ey o PCS-F2
m s

PCS-D1

Intensity (a.u.)

0 20 3 4 50 6 70
2 Theta (Degree)
B 5-1 SIB AR E0A FLBR PR I XRD 9 8)

Figure 5-1 XRD patterns of F-doped mesoporous carbon microspheres
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Figure 5-2 Raman spectra of F-doped mesoporous carbon microspheres
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Figure 5-3 N, adsorption-desorption isotherm (A) and DFT pore size distribution curve (B) of F-doped
mesoporous carbon microspheres
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Table 5-1 Textural properties of the samples

SBET Vmic Smic Sext Vmes Sext/ SBET
Samples (m’/g) (cm'/g) (mYg) (mYg) (cmly) (%)
PCS-D1 678 0.21 532 146 0.10 21.5
PCS-F1 246 0 0 246 0.91 100
PCS-F2 515 0.07 126 389 1.52 75.5
PCS-F3 817 0.14 258 559 2.23 68.4

N T FHFEE HF K ROR EEXS FE SRS IR, X ANRRR L) HE KA #4521
FIFE R EAT TR BERAL, IF S S R AT T XS B, 2RI 5-4 Por. A 5-4A
TELVE A S AR RN TEOS I HANBEAT HF AL BEA5 2 1) PCS-D1 F f TR 51 |
RIS, BRAREARZIN 170 nm. {8 HBURIKEE Y] HE /K BRALEEAS 2 1) PCS-F1 4%
THRHER I BRI T E T Si0, WHEE, WK 5-4B . X5 Np Wb - it By R Ak
F R TR BARAR Mo 1K HE KR AR EE, 132/ PCS-F2 # & o KHE 7 AR ik
egr g g, UvF /D ERICEIER Sio, 13, W& 5-4C A1 4D fs. R4
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Figure 5-4 SEM images of F-doped mesoporous carbon microspheres: (A) PCS-D1; (B) PCS-F1; (C) and

(D) PCS-F2; (E) and (F) PCS-F3

K] 5-5 /& PCS-D1 H1 PCS-F3 #f ity ({iE 5 FL B R AL 45 R« th B 5-5A W] LLE H, PCS-D1
FEMBTRLIAI )« BRIBFELE, SRR 305 = & ] — B FLIE 51, fLIE BAR2Y
N 1.5nm. K& 5-5C KB, PCS-F3 FfibHH LT PCS-D1 F S flER 0k R~F B2 AR /N, Ji
FLEARZIH 50 nm, SHEMEGFRMESS R —F. THEERZ, 7£ PCS-F3 Ff i BB
W ER AT DLW B 5 I EARZ 09 8 nm HIAFLEER, #E— AR H R A FLIR R o BEAh,

57



T TRER AR 22 185

EPEE SRR (B 5-5B il 5D) FH] PCS-D1 1 PCS-F3 ¥ R i Sk 2520343k
AR, U0 RN R L A SR AL RE FE AR .

B 5-5 SRAB I A FLBBOR 3% 5T 1 BEFEL: (A)RI(B) PCS-DI; (C)RI(D) PCS-F3
Figure 5-5 TEM images of F-doped mesoporous carbon microspheres: (A) and (B) PCS-D1; (C) and (D)
PCS-F3

N T FRE R HF AR A S F R T 5INE T i 28, b B £ (R gt
77 FT-IR RAEA XPS FAE, Z5HR K 5-6 fl 5-7 fizn. 78 FT-IR %K (K 5-6) 1,
AT 1632 em™ ! BT UETT AR T~ C=C (sp®) BEIMFLEIRENIE, 7T 1380 cm ™' T (1)
W3t B —~CH (AR 4R 3N, A7 T 1066 om ™ A AH X555 I & C-O B4R 5[99, 100].
AL 1100~1300 cm ™' 2 (Al (I U )8 T C—F SRR IRENE[127]. B LA S, &
X H] HF 4LFEf) PCS-D1 A£ R TE 1100~1300 cm ™' 2 A &4 HBLIRSNIE, FBIFE
A& Fo M4 HF P33 PCS-F1. PCS-F2. PCS-F3 =M S EBL Y B T 3R
ZJyUge, T LI PR 5 FEE i 5 A FER A5 P £ HF K 800 FE 189 T2 T A 58« PCS-F3 B )
TE G Bl AR B0 O 22 7 B 2 X U0, il HF A3 I fEmel 28 H I N T F ET,
ifi H. F J5 10 2 i 5 A B 1Y) HF KR RV B2 B2 1A G

58



g PN i R S DA

16

PCS-F3

\

PCS-F2

|

PCS-F1

Intensity (a.u.)

PCS-D1

32

/

\

il

r

)

21910;\\

P

1380

1
2500 2000

I
1500

I
1000

Wavenumber (em™)
B 5-6 SIBA IS FLBRERAT FT-IR 15 5]

Figure 5-6 FT-IR spectra of F-doped mesoporous carbon microspheres

698

A Cls B
F1s
@ Ols F Auger =
s ! ! )
& e
‘@ [PCS-F3 13.26 % ‘Z
= =
2 § 2
= Ve b e A | =
= [PCS-F2 g2a%| /
/ \
PCS-F2 — -
PCS-FI FRIE T
PR — | PCS-FI
T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 682 684 686 688 690 692 694 696
Binding Energy (eV) Binding Energy (eV)

5 S
g 2
Pl— PCS-F3 =  PCS-F3
£ S-F3 £
= =
2 ]
= =

gt e - _\,_PCS-DI

296 294 292 290 288 286 284 282 280 538 536 54 s s s:

Binding Energy (eV)

520
Binding Energy (eV)

5-7 FEANED XPS B K (A)4iE; B)Ei 0 HE F 1s 3 (C)Ei 0 #5 C 1s 3 (D)2 9% O 1s i

Figure 5-7 XPS spectra of samples: (A) Full spectrum; (B) High resolution F 1s spectrum; (C) High

resolution C 1s spectrum; (D) High resolution O 1s spectrum

5-7 RS XPS i & . K 5-7A (&) thr] LB S PCS-D1 FEf HE&H C
JLEM O JTZ, 1 PCS-F1. PCS-F2. PCS-F3 = /AMFEMIEEH F oo, dt—iuriHim
HF ¥R F R 75N T s 28, B 5-7A &% 8] PCS-F1. PCS-F2. PCS-F3 =

59



g WY N R e VA7

ANBERH F LRI RSN 4.11 %. 8.24 %FH1 13.26 %, FUIEINALFER HF KiEWHR
v B o] DU B INFE S 0 F & 7E 5-7B (R 4r ¥ F 1s 35D o1, 7F 689.2. 690.2
A 691.1 eV A I AT 73 HJE T2 5+ C-F 8. L4 CFy fI3LA CF;[124, 128].
=ANE F AR BRIER SR AN, WERTARIRAAL, S =5 F HEsrh C-F 26
AR, fEE] 5-7C GE7#E C 1s i) H, 7T 284.5. 285.3. 288.2 eV BT I 43 Jil %ot
. C-C. C-O. C=0 #[102]. 5 PCS-DI #£fiAHLL, PCS-F3 FEfh R 2 Hok—AMi T
292.1 eV MU, ZIEXT N C-F #irh C L -T45449[128]. X7/ uEl] F 51N T2
B R T 25 R AR T A8 . TER] 57D (239 O 1s 1%) 7T 531.8. 533.5eV i
U 73 7% B C=0. C—O i O WL 74544 [101]. HEFTLAE Y, F K5I A C=0 &
DT B T AEPRES O B EL

532 ABHRINFLERGIKEELTINE K IEERR

1004

0.1 A B
fEsm——r o figlh, 9 90
0.0 = e e M 80-7/
0.1+ 0) 707
< -

= 50

0.4 —— PCS-DI 1 — PCS-DI
| —— PCS-FI 204 —— PCS-F1
0.5+ PCS-F2 104 - PCS-F2

—— PCS-F3 —— PCS-F3

Selectivity (%)

Current (mA)

()TZ l),l4 l),!ﬁ 0.8 l)f 1 ()TZ ufa (]T4 0.5 l)f(: 0.7
E (V vs. RHE) E (V vs. RHE)

Kl 5-8 BRI FLBRGIOR A LSV #HZR(A)HUN L H) Ho0, 165 1 26(B)
Figure 5-8 LSV curves (A) and corresponding H,O, selectivity curves (B) of F-doped mesoporous carbon
microspheres

S FH e P AR )4 1R SRS 2% (R A FLBR TR 1 HL AL AR J5L (ORRD TR
BT TR, 5 PCS-D1 FEM BT T XL, 45 5R I 5-8 Fim. fEREM I LSV #h2k (&
5-8A) SRR B IR, BRI R, HETTLLEH, HIB NN FLMER &
g AL SR L PCS-DI FEGL R AR8R AR R WA TEVESR, X U W] FLES R A ol 7454
R SUR 4% A A R ) (R A 5 P I R 3 5. 1B S-8A IS, LI A4 R A FLAR SR AE A
%o e B L3R PO B B S AP LR sk PCS-D1 AR, 35 I FL 45 R AR B 35 g P LR
RS 35 5 ORI P2 26 o UK R 3 B3 AR G H T R Ak B (&1 5-8B) T LA
B, FLBREER PCS-D1 W RUEEUK ME R EA &, B R 72.8 %. MRS 2RI/ 4L

60



g WY N R e VA7

FHAER f5¢ e PRI XUAE /K IR B B SR 38 i, PCS-F2 R PCS-F3 1 AN i i s () DU K 6 1
PR 1 95 %o MEAFHERRIE, AF F B5FL PCS-D1 A 5 XUEUK AL £ fili 55 AH
LS A G IZ R/, 0545 2% B A FLIB SR 40 1 BB 26 AT F 35 PR 6 n S 84 ) i/
f£0.5V (vs. RHE) BHIIERIEHR K. XK FLAHIANTHL T 450 1 A S b kL 5 S B
Bl AR R 2 5 7 SR E T A

o00.] —8—PCS-DI

| ——rcs-Fi

800+ PCS-F2
Fr00] —*—PCS-F3

E 600+

ol/g,,)

m

p—
= 500

1€

= 400

~

23004
=

200

1004

Time (h)
5-9 FAB A FUBRIMER F A AL SRR T ] HLO, 1L 26 B I [R) 22 46 ]
Figure 5-9 Total yield of H,O, electrocatalytic oxygen reduction by F-doped mesoporous carbon
microspheres over time

] 5-9 JE7E H B4 gyt o R FH 22 FLARAHOSR Fi fh A0 480000 ot UL /K ) e 7= R B B
IMARL . AT CAE H, M PCS-DI1 %] PCS-F3 B, WK R 72 2 2 HLERHTHE K
fradh . EAERIE, B4 PCS-FI RELESEWAER, HALRIH TR
FRTBUEEK 507 2, 130 BH A5 A R B RRE B~ 540 (147 L5038 0 ) EL e A B J i X
UK HmPE i L & &M F &5, WEUKRAF=RH S8 m. fLEMF S5
#A73F 5 B PCS-F3 e AE [N 5 h I XK LS 3 & 2 LUk i PCS-D1 1 4.2 1%,
SRS h B PR # R A 185.3 mmol/gea/hs B 5-10 2 XA /K 7= Z K8 HH A 1) 1-t
i 2R AT SN A VAR 2R . i -t ik (&1 5-10A) FTLAE H, 4FLEsHIAn
HEL S5 A DGR 45 B O RE 5L 1 T (E W] 2 T S ke al PCS-D1,  H PCS-F3 Ffit 1) T{H
Ko TEARHFES ORR EMEJGENR), T KULHIFES ORR &M . MKl 5-10B A LA
B, ZHFEE PCS-D1 AR SR A 39.9 %, 14 LG5 KR 45 F XL 2
3B S AR AR AR B AL . EAFVE RN 2, PCS-F3 B PERLE 0% mik
99.6 %o LA LZERFMEN, il LA TS0, RAS ST Bl

61



g PN i R S DA

SR DO P Ry L BRI 1) v RO A 7

100{ B =0
) 20 78.6
E 72.6
s & 60
o >
wl 399
2 T T T T I]
4000 8000 12000 16000 20
Time (s) PCS-DI  PCS-FI  PCS-F2  PCS-F3

P 5-10 XK 220 JT A D T-t fH 2 (A) R AN S 7 TR R L 365 303 (B)
Figure 5-10 I-t curve (A) during the hydrogen peroxide yield test cycle and Faraday efficiency (B) during
the whole reaction cycle

5.4 KRENL

fEAE o, FERI] S0, SRR g 1)L 4 ke A R f LR O R, RIA] HF
ACEE R BRI Si0,, IIERRE 2R SIN T F JE 5, A R SEEl 1 fL4ai i i
PERR TS5 M TE . HF 7KV IR BEX AR B RO A A5 AR B2 15200,  HF JKIE
TRUHAR S TR I I A RE s B Al i P A7 LI % B HI oK o B INAL BRI HF KIS VRAIIR
ANACRT At B 22 (R BRI LI 8 i tE ok, T EL AT DU I B 28 i i) F & . AR
A S T ) UK I AR S i I L 5 ) A F, T 5 ) LR 4 ) 6 HH R 348 2% I A Lk
OEREIH TR HIPERE, XUEUK P17 2 514 185.3 mmol/gea/h, 5RH1 5B R
X 99.6 Yo AEAIBETCAE RN IR B i OB AL H1 DR R R S AL TR B AT LS
e

62



g WY N R e VA7

ERE REERE

6.1 B

IRSCNBIA R LEE R 0, BT T FLAGE KA R 8428 77 2 DA S FL 25 R RFALE o FEL AR A
AL JE R SRR PERE IR 2R, FE IR B IR R E5- LA TR R i1 S5 A A% P A3
7735, FFARH T s F A 0 JR ) SR K R A TR, BB A4 SR

(1) BT F127 (R SRl BRI (A 358 SO Rt P 55 5 e ok A 1l
2 TRRLI 5 BRIE BT I B 6 2 FLOR DK o a9 BB SON AR LA, SEEI
T 22 FLBRAER R B4R (FLERBED 1 1438 I 7E 22 FLBR AR 10 & BUAR & N TEOS,
HMH Si0; 5y g 3L 2a A%, SEIL 7% 2 ALK A LA B R A%

(2) 7E F AL S8 R A R UK R R e, 22 FLBIRUOSR FLIAR B0 UK R I 5
ST HO ORR WG TERIREN, SRR R A K 1E 100 nm LA FEE FLIEAER L 19
/N, ZFUBRGUERIY) ORR W& B 0, XK )77 2 2 38

(3) AL ARERAR EE TS L R M XA K PR3 B M R 365 AR B iR 1 K
AR A7 S B AR K . HE, XA LB R, 4RainslE ., femifL & & R
e A XA FRE BT, AERIER SR BRI A 0 5, NI S BB 4K ™ 2 1
JIASH

(4) 1EFIH Si0, 5 My B g L A0 3 ik ok FLAR O A b, KA HF P2
BRI Si0,, MITERCE AL 5l N T F JE-, M A SEE0 1 FL2s F iR 42 F 1 45
P o 1 A S T DU /K G e v, 38 oL 5 P A P 5 A LR 4% 1) 5 R 1 45
TR FLBR AR R I TR It g, AR BIF38 7= 3 ik 185.3 mmol/gea/h, 54
FREFIL 99.6 %o

6.2 TIERE

(1) AR SCAR HE (1 FL A5 AR X B B A A 7 PR A A S TP R PR 2 i R AR 3 388 3o x5
RrAUR MR, ShZ BB THE SO, R PR BT ST ST, RS

63



g WY N R e VA7

SRR SRR RS IR

(2) AR SCXHRRAA R FLEE 1 11 R 42 A o IR LA R R, 5 6238 mT AR 90 S A 41 0 sk
MORMLEAE R AT, NITTTS B A (A 1

(3) AR ST I o FL435 FA B 435 g B SOUTR 42 T A S BB A L 1 B3 JiR A X
FUKMERERIRIR 52T, J5 IAE LG A AR i B Al b, 38 7T DLEAT ARG &R 18 28 5250,
BFF FEAN E) L2 K 5 AN ) B 5 R AR ELAE P, DT R S B v 880D e e A 2 iR ) U
IKBRFEREAL T -

(4) AR3CAF 2 B S LG AR T Rk F b A4 2200 ) XA 7K PP e D s Ml R R 75
FIAR A SO, AT RIS X At L AL A B AT L 85 MRS A 42 T 9 L
fiEA PEREAR (b e B B 3 ) S B 2 3

64



g WY N R e VA7

S22 3R

[1] Q. Jiang, Y. Ji, T. Zheng, X. Li, C. Xia, The nexus of innovation: Electrochemically
synthesizing H,O, and its integration with downstream reactions[J], ACS Materials Au, 4
(2024) 133-147.

[2] Y. Pang, H. Xie, Y. Sun, M.M. Titirici, G.L. Chai, Electrochemical oxygen reduction for
H,0, production: Catalysts, pH effects and mechanisms[J], Journal of Materials Chemistry A,
8 (2020) 24996-25016.

[3] Y. Cui, F. Wang, P. Yuan, W. Liu, B. Fang, Z. Wang, Y. Pu, harvesting vibration energy to
produce hydrogen peroxide with Bi;TiNbOg nanosheets through a water oxidation dominated
dual-channel pathway[J], ACS Sustainable Chemistry & Engineering, 12 (2024) 3595-3607.
[4] W. Peng, H. Tan, X. Liu, F. Hou, J. Liang, Perspectives on carbon-based catalysts for the
two-electron oxygen reduction reaction for electrochemical synthesis of hydrogen peroxide: A
minireview[J], Energy & Fuels, 37 (2023) 17863-17874.

[5]J. Zhang, H. Zhang, M.J. Cheng, Q. Lu, Tailoring the electrochemical production of H,Ox:
Strategies for the rational design of high-performance electrocatalysts[J], Small, 16 (2020)
1902845.

[6] J. Wang, D. Kim, J.H. Park, S. Ryu, M. Shokouhimehr, H.W. Jang, Prospects and promises
in two-electron water oxidation for hydrogen peroxide generation[J], Energy & Fuels, 37
(2023) 17629-17651.

[7] C. Jiang, Y.F. Fei, W. Xu, Z. Bao, Y. Shao, S. Zhang, Z.T. Hu, J. Wang, Synergistic effects
of Bi,03 and Ta,0s for efficient electrochemical production of H,O,[J], Applied Catalysis B:
Environmental, 334 (2023) 122867.

[8] Y. Wu, J. Sun, S. Dou, J. Sun, Non-precious metal electrocatalysts for two-electron oxygen
electrochemistry: Mechanisms, progress, and outlooks[J], Journal of Energy Chemistry, 69
(2022) 54-69.

[9] S. Yang, A. Verdaguer-Casadevall, L. Arnarson, L. Silvioli, V. Coli¢, R. Frydendal, J.
Rossmeisl, 1. Chorkendorff, I.LE.L. Stephens, Toward the decentralized electrochemical
production of H,O,: A focus on the catalysis[J], ACS Catalysis, 8 (2018) 4064-4081.

[10] R. Ciriminna, L. Albanese, F. Meneguzzo, M. Pagliaro, Hydrogen Peroxide: A key
chemical for today's sustainable development[J], ChemSusChem, 9 (2016) 3374-3381.

[11] Y. Yi, L. Wang, G. Li, H. Guo, A review on research progress in the direct synthesis of
hydrogen peroxide from hydrogen and oxygen: noble-metal catalytic method, fuel-cell
method and plasma method[J], Catalysis Science & Technology, 6 (2016) 1593-1610.

[12] H. Wang, X. Mu, Q. Mao, K. Deng, H. Yu, Y. Xu, Z. Wang, L. Wang,
Sulfur-vacancy-rich Pd metallene sulfide nanosheets for the efficient electrosynthesis of
H,0,[J], ACS Applied Nano Materials, 7 (2024) 881-888.

[13] J.K. Edwards, B. Solsona, E.N. N, A.F. Carley, A.A. Herzing, C.J. Kiely, G.J. Hutchings,
Switching off hydrogen peroxide hydrogenation in the direct synthesis process[J], Science,
323 (2009) 1037-1041.

[14] R.B. Rankin, J. Greeley, Trends in selective hydrogen peroxide production on transition

65



g WY N R e VA7

metal surfaces from first principles[J], ACS Catalysis, 2 (2012) 2664-2672.

[15] J.H. Lunsford, The direct formation of H,O, from H;, and O, over palladium catalysts[J],
Journal of Catalysis, 216 (2003) 455-460.

[16] S.J. Freakley, Q. He, J.H. Harrhy, L. Lu, D.A. Crole, D.J. Morgan, E.N. Ntainjua, J.K.
Edwards, A.F. Carley, A.Y. Borisevich, C.J. Kiely, G.J. Hutchings, Palladium-tin catalysts for
the direct synthesis of HO, with high selectivity[J], Science, 351 (2016) 965-968.

[17] J. An, Y. Feng, Q. Zhao, X. Wang, J. Liu, N. Li, Electrosynthesis of H,O, through a
two-electron oxygen reduction reaction by carbon based catalysts: From mechanism, catalyst
design to electrode fabrication[J], Environmental Science and Ecotechnology, 11 (2022)
100170.

[18] P.C. Foller, R.T. Bombard, Processes for the production of mixtures of caustic soda and
hydrogen peroxide via the reduction of oxygen[J], Journal of Applied Electrochemistry, 25
(1995) 613-627.

[19] I. Yamanaka, T. Murayama, Neutral H,O, synthesis by electrolysis of water and O,[J],
Angewandte Chemie International Edition, 47 (2008) 1900-1902.

[20] W. Li, A. Bonakdarpour, E. Gyenge, D.P. Wilkinson, Drinking water purification by
electrosynthesis of hydrogen peroxide in a power-producing PEM fuel cell[J], ChemSusChem,
6 (2013) 2137-2143.

[21] K. Wang, J. Huang, H. Chen, Y. Wang, S. Song, Recent advances in electrochemical 2e
oxygen reduction reaction for on-site hydrogen peroxide production and beyond[J], Chemical
Communications, 56 (2020) 12109-12121.

[22] C.H. Choi, H.C. Kwon, S. Yook, H. Shin, H. Kim, M. Choi, Hydrogen peroxide synthesis
via enhanced two-electron oxygen reduction pathway on carbon-coated Pt surface[J], The
Journal of Physical Chemistry C, 118 (2014) 30063-30070.

[23] Z.-y. Sang, F. Hou, S.-h. Wang, J. Liang, Research progress on carbon-based
non-metallic nanomaterials as catalysts for the two-electron oxygen reduction for hydrogen
peroxide production[J], New Carbon Materials, 37 (2022) 136-151.

[24] Z. Wang, Q.-K. Li, C. Zhang, Z. Cheng, W. Chen, E.A. McHugh, R.A. Carter, B.L.
Yakobson, J.M. Tour, Hydrogen peroxide generation with 100% faradaic efficiency on
metal-free carbon black[J], ACS Catalysis, 11 (2021) 2454-2459.

[25] E. Jung, H. Shin, B.H. Lee, V. Efremov, S. Lee, H.S. Lee, J. Kim, W. Hooch Antink, S.
Park, K.S. Lee, S.P. Cho, J.S. Yoo, Y.E. Sung, T. Hyeon, Atomic-level tuning of Co—N-C
catalyst for high-performance electrochemical H,O, production[J], Nature Materials, 19 (2020)
436-442.

[26] X. Huang, M. Song, J. Zhang, T. Shen, G. Luo, D. Wang, Recent advances of
electrocatalyst and cell design for hydrogen peroxide production[J], Nano-Micro Letters, 15
(2023) 86.

[27] S. Fukuzumi, Y. Yamada, K.D. Karlin, Hydrogen peroxide as a sustainable energy carrier:
Electrocatalytic production of hydrogen peroxide and the fuel cell[J], Electrochimica Acta, 82
(2012) 493-511.

[28] E. Pizzutilo, O. Kasian, C.H. Choi, S. Cherevko, G.J. Hutchings, K.J.J. Mayrhofer, S.J.
Freakley, Electrocatalytic synthesis of hydrogen peroxide on Au-Pd nanoparticles: From
fundamentals to continuous production[J], Chemical Physics Letters, 683 (2017) 436-442.
[29] D. Mei, Z.D. He, Y.L. Zheng, D.C. Jiang, Y.X. Chen, Mechanistic and kinetic

66



g WY N R e VA7

implications on the ORR on a Au(100) electrode: pH, temperature and H-D kinetic isotope
effects[J], Physical Chemistry Chemical Physics, 16 (2014) 13762-13773.

[30] Y. Lu, W. Chen, Size effect of silver nanoclusters on their catalytic activity for oxygen
electro-reduction[J], Journal of Power Sources, 197 (2012) 107-110.

[31] Q. Wang, L. Ren, J. Zhang, X. Chen, C. Chen, F. Zhang, S. Wang, J. Chen, J. Wei,
Recent progress on the catalysts and device designs for (photo)electrochemical on-site H,O,
production[J], Advanced Energy Materials, 13 (2023) 2301543.

[32] J.S. Jirkovsky, 1. Panas, E. Ahlberg, M. Halasa, S. Romani, D.J. Schiffrin, Single atom
hot-spots at Au-Pd nanoalloys for electrocatalytic H,O, production[J], Journal of the
American Chemical Society, 133 (2011) 19432-19441.

[33] I.S. Jirkovsky, I. Panas, S. Romani, E. Ahlberg, D.J. Schiffrin, Potential-dependent
structural memory effects in Au—Pd nanoalloys[J], The Journal of Physical Chemistry Letters,
3(2012) 315-321.

[34] A. von Weber, E.T. Baxter, H.S. White, S.L. Anderson, Cluster size controls branching
between water and hydrogen peroxide production in electrochemical oxygen reduction at
Pt,/ITO[J], The Journal of Physical Chemistry C, 119 (2015) 11160-11170.

[35] J.S. Jirkovsky, M. Halasa, D.J. Schiffrin, Kinetics of electrocatalytic reduction of oxygen
and hydrogen peroxide on dispersed gold nanoparticles[J], Physical Chemistry Chemical
Physics, 12 (2010) 8042-8053.

[36] Y. Lu, Y. Jiang, X. Gao, W. Chen, Charge state-dependent catalytic activity of
[Auys5(SCi2Hs)18] nanoclusters for the two-electron reduction of dioxygen to hydrogen
peroxide[J], Chemical Communications, 50 (2014) 8464-8467.

[37] C.X. Zhao, B.Q. Li, J.N. Liu, Q. Zhang, Intrinsic electrocatalytic activity regulation of
M-N-C single-atom catalysts for the oxygen reduction reaction[J], Angewandte Chemie
International Edition, 60 (2021) 4448-4463.

[38] C. Liu, Y. Wu, K. Sun, J. Fang, A. Huang, Y. Pan, W.-C. Cheong, Z. Zhuang, Z. Zhuang,
Q. Yuan, H.L. Xin, C. Zhang, J. Zhang, H. Xiao, C. Chen, Y. Li, Constructing FeN4/graphitic
nitrogen atomic interface for high-efficiency electrochemical CO; reduction over a broad
potential window[J], Chem, 7 (2021) 1297-1307.

[39] J. Wu, M. Hou, Z. Chen, W. Hao, X. Pan, H. Yang, W. Cen, Y. Liu, H. Huang, P.W.
Menezes, Z. Kang, Composition engineering of amorphous nickel boride nanoarchitectures
enabling highly efficient electrosynthesis of hydrogen peroxide[J], Advanced Materials, 34
(2022) 2202995.

[40] C. Tang, Y. Jiao, B. Shi, J.N. Liu, Z. Xie, X. Chen, Q. Zhang, S.Z. Qiao, Coordination
tunes selectivity: Two-electron oxygen reduction on high-loading molybdenum single-atom
catalysts[J], Angewandte Chemie International Edition, 59 (2020) 9171-9176.

[41] S. Siahrostami, M.E. Bjorketun, P. Strasser, J. Greeley, J. Rossmeisl, Tandem cathode for
proton exchange membrane fuel cells[J], Physical Chemistry Chemical Physics, 15 (2013)
9326-9334.

[42] S. Sun, N. Jiang, D. Xia, Density functional theory study of the oxygen reduction
reaction on metalloporphyrins and metallophthalocyanines[J], The Journal of Physical
Chemistry C, 115 (2011) 9511-9517.

[43] T. Murayama, S. Tazawa, S. Takenaka, I. Yamanaka, Catalytic neutral hydrogen peroxide
synthesis from O, and H, by PEMFC fuel[J], Catalysis Today, 164 (2011) 163-168.

67



g WY N R e VA7

[44] W.R.P. Barros, Q. Wei, G. Zhang, S. Sun, M.R.V. Lanza, A.C. Tavares, Oxygen reduction
to hydrogen peroxide on Fe;O4 nanoparticles supported on printex carbon and graphene[J],
Electrochimica Acta, 162 (2015) 263-270.

[45] M.B. Zakaria, C. Li, M. Pramanik, Y. Tsujimoto, M. Hu, V. Malgras, S. Tominaka, Y.
Yamauchi, Nanoporous Mn-based electrocatalysts through thermal conversion of
cyano-bridged coordination polymers toward ultra-high efficiency hydrogen peroxide
production[J], Journal of Materials Chemistry A, 4 (2016) 9266-9274.

[46] H. Huang, K. Shen, F. Chen, Y. Li, Metal-organic frameworks as a good platform for the
fabrication of single-atom catalysts[J], ACS Catalysis, 10 (2020) 6579-6586.

[47] H. Yuan, Z. Li, X.C. Zeng, J. Yang, Descriptor-based design principle for
two-dimensional single-atom catalysts: Carbon dioxide electroreduction[J], The Journal of
Physical Chemistry Letters, 11 (2020) 3481-3487.

[48] M. Xiao, L. Zhang, B. Luo, M. Lyu, Z. Wang, H. Huang, S. Wang, A. Du, L. Wang,
Molten-salt-mediated synthesis of an atomic nickel Co-catalyst on TiO, for improved
photocatalytic H, evolution[J], Angewandte Chemie International Edition, 59 (2020)
7230-7234.

[49] J. Wan, Z. Zhao, H. Shang, B. Peng, W. Chen, J. Pei, L. Zheng, J. Dong, R. Cao, R.
Sarangi, Z. Jiang, D. Zhou, Z. Zhuang, J. Zhang, D. Wang, Y. Li, In situ phosphatizing of
triphenylphosphine encapsulated within metal-organic frameworks to design atomic Co;—
P|N; interfacial structure for promoting catalytic performance[J], Journal of the American
Chemical Society, 142 (2020) 8431-8439.

[50] E. Jung, H. Shin, W. Hooch Antink, Y.E. Sung, T. Hyeon, Recent advances in
electrochemical oxygen reduction to H,O,: Catalyst and cell design[J], ACS Energy Letters, 5
(2020) 1881-1892.

[51] S. Yang, Y.J. Tak, J. Kim, A. Soon, H. Lee, Support effects in single-atom platinum
catalysts for electrochemical oxygen reduction[J], ACS Catalysis, 7 (2017) 1301-1307.

[52] C.W. Ye, L. Xu, Recent advances in the design of a high performance metal-nitrogen—
carbon catalyst for the oxygen reduction reaction[J], Journal of Materials Chemistry A, 9
(2021) 22218-22247.

[53] C. Hu, L. Dai, Doping of carbon materials for metal-free electrocatalysis[J], Advanced
Materials, 31 (2019) 1804672.

[54] G.F. Norra, L. Baptista-Pires, E. Cuervo Lumbaque, C.M. Borrego, J. Radjenovic,
Chlorine-free electrochemical disinfection using graphene sponge electrodes[J], Chemical
Engineering Journal, 430 (2022) 132772.

[55] S. Tang, G. Sun, J. Qi, S. Sun, J. Guo, Q. Xin, G.M. Haarberg, Review of new carbon
materials as catalyst supports in direct alcohol fuel cells[J], Chinese Journal of Catalysis, 31
(2010) 12-17.

[56] A. Stein, Advances in microporous and mesoporous solids-highlights of recent
progress[J], Advanced Materials, 15 (2003) 763-775.

[57] A. Verdaguer-Casadevall, D. Deiana, M. Karamad, S. Siahrostami, P. Malacrida, T.W.
Hansen, J. Rossmeisl, I. Chorkendorff, I.LE.L. Stephens, Trends in the electrochemical
synthesis of H,O,: Enhancing activity and selectivity by electrocatalytic site engineering[J],
Nano Letters, 14 (2014) 1603-1608.

[58] L. Yang, J. Shui, L. Du, Y. Shao, J. Liu, L. Dai, Z. Hu, Carbon-based metal-free ORR

68



g WY N R e VA7

electrocatalysts for fuel cells: Past, present, and future[J], Advanced Materials, 31 (2019)
1804799.

[59] F. Luo, A. Roy, L. Silvioli, D.A. Cullen, A. Zitolo, M.T. Sougrati, I.C. Oguz, T. Mineva,
D. Teschner, S. Wagner, J. Wen, F. Dionigi, U.I. Kramm, J. Rossmeisl, F. Jaouen, P. Strasser,
P-block single-metal-site tin/nitrogen-doped carbon fuel cell cathode catalyst for oxygen
reduction reaction[J], Nature Materials, 19 (2020) 1215-1223.

[60] K. Gong, F. Du, Z. Xia, M. Durstock, L. Dai, Nitrogen-doped carbon nanotube arrays
with high electrocatalytic activity for oxygen reduction[J], Science, 323 (2009) 760-764.

[61] Y. Zhao, J. Wan, H. Yao, L. Zhang, K. Lin, L. Wang, N. Yang, D. Liu, L. Song, J. Zhu, L.
Gu, L. Liu, H. Zhao, Y. Li, D. Wang, Few-layer graphdiyne doped with sp-hybridized
nitrogen atoms at acetylenic sites for oxygen reduction electrocatalysis[J], Nature Chemistry,
10 (2018) 924-931.

[62] Y. Sun, S. Li, Z.P. Jovanov, D. Bernsmeier, H. Wang, B. Paul, X. Wang, S. Kiihl, P.
Strasser, Structure, activity, and faradaic efficiency of nitrogen-doped porous carbon catalysts
for direct electrochemical hydrogen peroxide production[J], ChemSusChem, 11 (2018)
3388-3395.

[63] D. Guo, R. Shibuya, C. Akiba, S. Saji, T. Kondo, J. Nakamura, Active sites of
nitrogen-doped carbon materials for oxygen reduction reaction clarified using model
catalysts[J], Science, 351 (2016) 361-365.

[64] D. Zhang, E. Mitchell, X. Lu, D. Chu, L. Shang, T. Zhang, R. Amal, Z. Han, Metal-free
carbon-based catalysts design for oxygen reduction reaction towards hydrogen peroxide:
From 3D to 0D[J], Mater. Today, 63 (2023) 339-359.

[65] K. Zhao, Y. Su, X. Quan, Y. Liu, S. Chen, H. Yu, Enhanced H,O, production by selective
electrochemical reduction of O, on fluorine-doped hierarchically porous carbon[J], Journal of
Catalysis, 357 (2018) 118-126.

[66] Y. Xia, X. Zhao, C. Xia, Z.Y. Wu, P. Zhu, J.Y. Kim, X. Bai, G. Gao, Y. Hu, J. Zhong, Y.
Liu, H. Wang, Highly active and selective oxygen reduction to HyO, on boron-doped carbon
for high production rates[J], Nature Communications, 12 (2021) 4225.

[67] G. Chen, J. Liu, Q. Li, P. Guan, X. Yu, L. Xing, J. Zhang, R. Che, A direct H,0O,
production based on hollow porous carbon sphere-sulfur nanocrystal composites by
confinement effect as oxygen reduction electrocatalysts[J], Nano Research, 12 (2019)
2614-2622.

[68] P. Sun, H. Liu, M. Feng, L. Guo, Z. Zhai, Y. Fang, X. Zhang, V.K. Sharma,
Nitrogen-sulfur co-doped industrial graphene as an efficient peroxymonosulfate activator:
Singlet oxygen-dominated catalytic degradation of organic contaminants[J], Applied Catalysis
B: Environmental, 251 (2019) 335-345.

[69] Y. Wu, Z. Gao, Y. Feng, Q. Cui, C. Du, C. Yu, L. Liang, W. Zhao, J. Feng, J. Sun, R.
Yang, J. Sun, Harnessing selective and durable electrosynthesis of H,O, over dual-defective
yolk-shell carbon nanosphere toward on-site pollutant degradation[J], Applied Catalysis B:
Environmental, 298 (2021) 120572.

[70] S. Chen, Z. Chen, S. Siahrostami, D. Higgins, D. Nordlund, D. Sokaras, T.R. Kim, Y. Liu,
X. Yan, E. Nilsson, R. Sinclair, J.K. Nerskov, T.F. Jaramillo, Z. Bao, Designing boron nitride
islands in carbon materials for efficient electrochemical synthesis of hydrogen peroxide[J],
Journal of the American Chemical Society, 140 (2018) 7851-7859.

69



g WY N R e VA7

[71] N. Jia, T. Yang, S. Shi, X. Chen, Z. An, Y. Chen, S. Yin, P. Chen, N,F-codoped carbon
nanocages: An efficient electrocatalyst for hydrogen peroxide electroproduction in alkaline
and acidic solutions[J], ACS Sustainable Chemistry & Engineering, 8 (2020) 2883-2891.

[72] Z. Lu, G. Chen, S. Siahrostami, Z. Chen, K. Liu, J. Xie, L. Liao, T. Wu, D. Lin, Y. Liu,
T.F. Jaramillo, J.K. Nerskov, Y. Cui, High-efficiency oxygen reduction to hydrogen peroxide
catalysed by oxidized carbon materials[J], Nature Catalysis, 1 (2018) 156-162.

[73] Y.J. Sa, J.H. Kim, S.H. Joo, Active edge-site-rich carbon nanocatalysts with enhanced
electron transfer for efficient electrochemical hydrogen peroxide production[J], Angewandte
Chemie International Edition, 58 (2019) 1100-1105.

[74] Y. Lin, K.-H. Wu, Q. Lu, Q. Gu, L. Zhang, B. Zhang, D. Su, M. Plodinec, R. Schlogl, S.
Heumann, Electrocatalytic water oxidation at quinone-on-carbon: A model system study[J],
Journal of the American Chemical Society, 140 (2018) 14717-14724.

[75] X. Yan, Y. Jia, X. Yao, Defects on carbons for electrocatalytic oxygen reduction[J],
Chemical Society Reviews, 47 (2018) 7628-7658.

[76] L. Zhang, Q. Xu, J. Niu, Z. Xia, Role of lattice defects in catalytic activities of graphene
clusters for fuel cells[J], Physical Chemistry Chemical Physics, 17 (2015) 16733-16743.

[77] Y. Jiang, L. Yang, T. Sun, J. Zhao, Z. Lyu, O. Zhuo, X. Wang, Q. Wu, J. Ma, Z. Hu,
Significant contribution of intrinsic carbon defects to oxygen reduction activity[J], ACS
Catalysis, 5 (2015) 6707-6712.

[78] Y. Liu, X. Quan, X. Fan, H. Wang, S. Chen, High-yield electrosynthesis of hydrogen
peroxide from oxygen reduction by hierarchically porous carbon[J], Angewandte Chemie
International Edition, 54 (2015) 6837-6841.

[79] L. Tao, Q. Wang, S. Dou, Z. Ma, J. Huo, S. Wang, L. Dai, Edge-rich and dopant-free
graphene as a highly efficient metal-free electrocatalyst for the oxygen reduction reaction[J],
Chemical Communications, 52 (2016) 2764-2767.

[80] B. Huang, Y. Cui, R. Hu, J. Huang, L. Guan, Promoting the two-electron oxygen
reduction reaction performance of carbon nanospheres by pore engineering[J], ACS Applied
Energy Materials, 4 (2021) 4620-4629.

[81] J. Park, Y. Nabae, T. Hayakawa, M. Kakimoto, Highly selective two-electron oxygen
reduction catalyzed by mesoporous nitrogen-doped carbon[J], ACS Catalysis, 4 (2014)
3749-3754.

[82] V. Coli¢, S. Yang, Z. Révay, L.LE.L. Stephens, I. Chorkendorff, Carbon catalysts for
electrochemical hydrogen peroxide production in acidic media[J], Electrochimica Acta, 272
(2018) 192-202.

[83] D. Iglesias, A. Giuliani, M. Melchionna, S. Marchesan, A. Criado, L. Nasi, M.
Bevilacqua, C. Tavagnacco, F. Vizza, M. Prato, P. Fornasiero, N-doped graphitized carbon
nanohorns as a forefront electrocatalyst in highly selective O, reduction to H,O,[J], Chem, 4
(2018) 106-123.

[84] Y. Fang, D. Gu, Y. Zou, Z. Wu, F. Li, R. Che, Y. Deng, B. Tu, D. Zhao, A
low-concentration hydrothermal synthesis of biocompatible ordered mesoporous carbon
nanospheres with tunable and uniform size[J], Angewandte Chemie International Edition, 49
(2010) 7987-7991.

[85] I. Michio, Z. Huang, Carbon materials for water desalination by capacitive
deionization[J], Carbon, 213 (2023) 118232.

70



g WY N R e VA7

[86] S. Xin, Y. Li, J. Guan, B. Ma, C. Zhang, X. Ma, W. Liu, Y. Xin, M. Gao, Electrocatalytic
oxygen reduction to hydrogen peroxide through a biomass-derived nitrogen and oxygen
self-doped porous carbon metal-free catalyst[J], Journal of Materials Chemistry A, 9 (2021)
25136-25149.

[87] K. Jiang, Z. Li, Y. Yu, J. Li, Z. Ma, H. Wei, H. Chu, SOx-modified porous carbon as a
highly active electrocatalyst for efficient H,O, generation Electronic supplementary
information (ESI) available[J], Chemical Communications, 59 (2023) 10271-10274.

[88] B. Lesbayev, M. Auyelkhankyzy, G. Ustayeva, M. Yeleuov, N. Rakhymzhan, A. Maltay,
Y. Maral, Recent advances: Biomass-derived porous carbon materials[J], South African
Journal of Chemical Engineering, 43 (2023) 327-336.

[89] R. Chakraborty, V. K, M. Pradhan, A.K. Nayak, Recent advancement of biomass-derived
porous carbon based materials for energy and environmental remediation applications[J],
Journal of Materials Chemistry A, 10 (2022) 6965-7005.

[90] W. Liu, J. Man, Y. Guo, K. Liu, H. Zhang, J. Sun, Hard template synthesis of Zn, Co
co-doping hierarchical porous carbon framework for stable Li metal anodes[J], Applied
Surface Science, 637 (2023) 157902.

[91] L. Chen, Y. Yuan, D. Zhang, Z. Lin, J. Lin, S. Li, S. Guo, Construction of 3D hierarchical
honeycomb macro/meso/micro-porous carbon with soft and hard templates for
high-performance sodium-ion batteries[J], Materials Letters, 334 (2023) 133737.

[92]J. Shi, J. Xu, H. Cui, N. Yan, J. Zou, Y. Liu, S. You, Synthesis of highly porous N-doped
hollow carbon nanospheres with a combined soft template-chemical activation method for
CO, capture[J], Energy, 280 (2023) 128172.

[93] Z. Xu, Z. Wu, J. Chi, L. E, Y. Liu, Y. Yin, Z. Yang, C. Ma, W. Li, S. Luo, S. Liu,
Soft-template hydrothermal synthesis of N and B co-doped walnut-shaped porous carbon
spheres with hydrophilic surfaces for supercapacitors[J], Applied Surface Science, 638 (2023)
158016.

[94] H. Liu, W. Cui, Y. Shen, Y. Cheng, J. Yu, G. Yang, Z. Qin, Y. Chen, Hierarchical carbon
with microporous core and mesoporous shell for efficient oxygen reduction application[J],
Microporous and Mesoporous Materials, 368 (2024) 113011.

[95] B. Holland, Determination of both mesopores and macropores in three-dimensional
ordered porous materials by nitrogen adsorption[J], Journal of Porous Materials, 10 (2003)
17-22.

[96] M.B. Vazquez-Santos, E. Geissler, K. Laszl6, J.-N. Rouzaud, A. Martinez-Alonso, J.M.D.
Tascon, Comparative XRD, Raman, and TEM study on graphitization of PBO-derived carbon
fibers[J], The Journal of Physical Chemistry C, 116 (2012) 257-268.

[97] P. Mallet-Ladeira, P. Puech, C. Toulouse, M. Cazayous, N. Ratel-Ramond, P. Weisbecker,
G.L. Vignoles, M. Monthioux, A Raman study to obtain crystallite size of carbon materials: A
better alternative to the Tuinstra—Koenig law[J], Carbon, 80 (2014) 629-639.

[98] Q. Lai, J. Zheng, Z. Tang, D. Bi, J. Zhao, Y. Liang, Optimal configuration of N-doped
carbon defects in 2D turbostratic carbon nanomesh for advanced oxygen reduction
electrocatalysis[J], Angewandte Chemie International Edition, 59 (2020) 11999-12006.

[99] N. Thepphankulngarm, T. Chaisuwan, D. Tanangteerapong, P. Kongkachuichay, Porous
carbon derived from surfactant/polybenzoxazine blends[J], Materials Chemistry And Physics,
287 (2022) 126258.

71



g WY N R e VA7

[100] N.A. Bakar, N. Othman, Z.M. Yunus, W.A.H. Altowayti, A. Al-Gheethi, S.M.
Asharuddin, M. Tahir, N. Fitriani, S.N.A. Mohd-Salleh, Nipah (musa acuminata balbisiana)
banana peel as a lignocellulosic precursor for activated carbon: characterization study after
carbonization process with phosphoric acid impregnated activated carbon[J], Biomass
Conversion and Biorefinery, 13 (2023) 11085-11098.

[101] H.W. Kim, V.J. Bukas, H. Park, S. Park, K.M. Diederichsen, J. Lim, Y.H. Cho, J. Kim,
W. Kim, T.H. Han, J. Voss, A.C. Luntz, B.D. McCloskey, Mechanisms of two-electron and
four-electron electrochemical oxygen reduction reactions at nitrogen-doped reduced graphene
oxide[J], ACS Catalysis, 10 (2020) 852-863.

[102] R. Pandiyan, N. Delegan, A. Dirany, P. Drogui, M.A. El Khakani, Correlation of sp”
carbon bonds content in magnetron-sputtered amorphous carbon films to their electrochemical
H,0, production for water decontamination applications[J], Carbon, 94 (2015) 988-995.

[103] W. Zhang, J. Li, Z. Wei, Carbon-based catalysts of the oxygen reduction reaction:
Mechanistic understanding and porous structures[J], Chinese Journal of Catalysis, 48 (2023)
15-31.

[104] H.G. Du, X.F. Zhang, L.W. Ding, J.L. Liu, L.H. Yu, X.H. Zhang, Y. Dou, L.M. Cao, J.
Zhang, C.T. He, Engineering pore-size distribution of metal-loaded carbon catalysts by in situ
cavitation for boosting electrochemical mass transfer[J], Applied Catalysis B: Environmental,
342 (2024) 123396.

[105] S. Yang, S. Liu, H. Li, Z. Wang, J. Zhang, M. Liu, J. Ding, S. Qiu, F. Deng, Boosting
oxygen mass transfer for efficient H,O, generation via 2¢ ORR: A state-of-the-art
overview[J], Electrochimica Acta, 479 (2024) 143889.

[106] J. Zhang, T. Zhang, J. Ma, Z. Wang, J. Liu, X. Gong, ORR and OER of Co—N codoped
carbon-based electrocatalysts enhanced by boundary layer oxygen molecules transfer[J],
Carbon, 172 (2021) 556-568.

[107] W. Nickel, M. Oschatz, M.v.d. Lehr, M. Leistner, G.P. Hao, P. Adelhelm, P. Miiller, B.M.
Smarsly, S. Kaskel, Direct synthesis of carbide-derived carbon monoliths with hierarchical
pore design by hard-templating[J], Journal of Materials Chemistry A, 2 (2014) 12703-12707.
[108] Y. Zhang, L. Lu, Z. Zhang, Z. Shu, K. Dai, J. Liu, Y. Chen, H. Jin, S. Hou, Natural
nanomaterial as hard template for scalable synthesizing holey carbon naonsheet/nanotube
with in-plane and out-of-plane pores for electrochemical energy storage[J], Chinese Chemical
Letters, 29 (2018) 641-644.

[109] X. Wang, C. Xin, C. Shi, A. Dong, K. Wang, Simple preparation of spherical activated
carbon with mesoporous structure from phenolic resol and associated catalytic performance in
isobutane dehydrogenation[J], Transactions of Tianjin University, 24 (2018) 351-360.

[110] L. Peng, C.-T. Hung, S. Wang, X. Zhang, X. Zhu, Z. Zhao, C. Wang, Y. Tang, W. Li, D.
Zhao, Versatile nanoemulsion assembly approach to synthesize functional mesoporous carbon
nanospheres with tunable pore sizes and architectures[J], Journal of the American Chemical
Society, 141 (2019) 7073-7080.

[111] M. Feizbakhshan, Z. Hashisho, D. Crompton, J.E. Anderson, M. Nichols, Effect of
activated carbon’s pore size distribution on oxygen induced heel build-up[J], Journal of
Hazardous Materials, 457 (2023) 126905.

[112] P. Zhou, J. Zhang, Z. Song, L. Wang, Q. Zhang, Ordered mesoporous carbon with
hierarchical pore structure for high-efficiency electromagnetic wave absorber under thin

72



g WY N R e VA7

matching thickness[J], Journal of Materials Research and Technology, 25 (2023) 1560-1569.
[113] R.R.B. Corona, C.M.S. Sad, M. da Silva, D.L. Lopes, J.S.D. Leite, G.M. de F. Viegas,
G.R. Gongalves, P.R. Filgueiras, E.V.R. de Castro, Adsorption of anionic surfactant in
graphite oxide: A study for treatment of laundry wastewater[J], Journal of Environmental
Chemical Engineering, 9 (2021) 106858.

[114] F. Ma, A. Huang, S. Zhang, Q. Zhou, Q. Zhang, Identification of three diospysros
species using FT-IR and 2DCOS-IR[J], Journal of Molecular Structure, 1220 (2020) 128709.
[115] C. Sun, F. Kong, L. Fan, S. Tao, G. Zhang, S. Chu, W. Chu, L. Song, Modulating
electronic structure with heteroatom dopants in porous hard carbon towards ultralong lifespan
sodium-ion batteries[J], Chemical Engineering Journal, 470 (2023) 144419.

[116] C. Ma, X. Tang, J. Jiang, Z. Ma, H. Li, H. Ben, X.-Z. Yuan, Constructing sulfur and
nitrogen codoped porous carbon with optimized defect-sites and electronic structure promises
high performance potassium-ion storage[J], Chemical Engineering Journal, 454 (2023)
140116.

[117] L. Roldan, L. Truong-Phuoc, A. Anson-Casaos, C. Pham-Huu, E. Garcia-Bordejé,
Mesoporous carbon doped with N,S heteroatoms prepared by one-pot auto-assembly of
molecular precursor for electrocatalytic hydrogen peroxide synthesis[J], Catalysis Today, 301
(2018) 2-10.

[118] J. Qi, C. Zhang, M. Huang, M. Zhang, T. Li, M. Shi, Z. Wei, J. Ni, Q. Li, Y. Sui, Q.
Meng, B. Xiao, F. Wei, L. Zhu, R. Shao, Defect engineering of porous carbon with high N/S
doping for potassium ion storage[J], Applied Surface Science, 657 (2024) 159771.

[119] Z. Tan, X. Qin, P. Cao, S. Chen, H. Yu, Y. Su, X. Quan, Enhanced
electrochemical-activation of H,O; to produce *OH by regulating the adsorption of H,O; on
nitrogen-doped porous carbon for organic pollutants removal[J], Journal of Hazardous
Materials, 458 (2023) 131925.

[120] N. Daems, X. Sheng, I.F.J. Vankelecom, P.P. Pescarmona, Metal-free doped carbon
materials as electrocatalysts for the oxygen reduction reaction[J], Journal of Materials
Chemistry A, 2 (2014) 4085-4110.

[121] T.P. Fellinger, F. Hasché, P. Strasser, M. Antonietti, Mesoporous nitrogen-doped carbon
for the electrocatalytic synthesis of hydrogen peroxide[J], Journal of the American Chemical
Society, 134 (2012) 4072-4075.

[122] T. Asefa, Metal-free and noble metal-free heteroatom-doped nanostructured carbons as
prospective sustainable electrocatalysts[J], Accounts of Chemical Research, 49 (2016)
1873-1883.

[123] Z. Yang, Z. Yao, G. Li, G. Fang, H. Nie, Z. Liu, X. Zhou, X.a. Chen, S. Huang,
Sulfur-doped graphene as an efficient metal-free cathode catalyst for oxygen reduction[J],
ACS Nano, 6 (2012) 205-211.

[124] K. Zhao, X. Quan, S. Chen, H. Yu, Y. Zhang, H. Zhao, Enhanced electro-Fenton
performance by fluorine-doped porous carbon for removal of organic pollutants in
wastewater[J], Chemical Engineering Journal, 354 (2018) 606-615.

[125] J. Hu, L. Zhang, Achieving F-doped porous hollow carbon nanospheres with ultrahigh
pore volume via a gas-solid interface reaction[J], Journal of Materials Chemistry A, 9 (2021)
27560-27567.

[126] Y. Li, W. Cao, X. Zuo, O- and F-doped porous carbon bifunctional catalyst derived from

73



g WY N R e VA7

polyvinylidene fluoride for sulfamerazine removal in the metal-free electro-Fenton process[J],
Environmental Research, 212 (2022) 113508.

[127] B. Cheng, L. Cao, C. Li, F.Y. Huo, Q.F. Meng, G. Tong, X. Wu, L.L. Bu, L. Rao, S.
Wang, Fluorine-doped carbon quantum dots with deep-red emission for hypochlorite
determination and cancer cell imaging[J], Chinese Chemical Letters, 35 (2024) 108969.

[128] A. Tressaud, E. Durand, C. Labrugere, Surface modification of several carbon-based
materials: comparison between CF, rf plasma and direct F,-gas fluorination routes[J], Journal
of Fluorine Chemistry, 125 (2004) 1639-1648.

74



g WY N R e VA7

[1]

BUEF A & RAFARIECEFK

PERERR, KGN, =ibH, XU, %2, AR, AR s B K BRI (A 77 1 e 2
THIF T FLAR TR SIS A0 EE[T]. EEARM R 2 i (F AR B2 IR), 2024, (B3 H])
BHR, %5, LEI, BIF. IRk Z R 7 ik A AL R 5 & B[C.
PR AR 33 M ARFES, TEAZESRCE. I1ARF 5, 2023.

Meng Pan, Xianbang Jiang, Yahui Pang, Xianfeng Pan, Qihang Zhang, Renchun Yang,
Jiajun Zheng. One-step synthesis of hierarchical ZSM-5 zeolites with low defect density
as long-lived MTH catalysts[J]. Applied Catalysis A: General, 656 (2023) 119132.

Meng Pan, Tianju Liu, Yahui Pang, Yixuan Zheng, Dandan Zhang, Renchun Yang,
Xingyang Li. High-silica hierarchical ZSM-5 prepared by conventional alkali treatment:
A highly stable MTP catalyst[J]. Fuel, 365 (2024) 131245.

Yahui Pang, Qihang Zhang, Hua Yang, Yang Gao, Meng Pan, Renchun Yang.
Construction an efficient two-electron ORR catalyst via synergistic regulation of pore

structure and electron structure of porous carbon[J]. (In preparation)

75



g WY N R e VA7

B 5

KA, AR, =S AR ST o R O An e A5 B LA
SR, ZIRCPNSSCIRIAT . BOEARE, RO =R RSN, [, AR
NI SRR By, TE A BT AR i 2 (1 o

B e IRAT R BT AR 0%, Ut RE4s BAX IR EE R BEB B2 DL
HAEE. X =5 BB BIMSE A DR, OSBRI, RZ LAbRR LN
T, BN R, BUMREE SR TAEZ By, ABRBUE K& O, AR
FEHCT. IR E, MIRSCRYEEL, 5 45 M BIRE (O HER, AR AT B O 95
AR SRR EAETE B, BB AR S SO AN, [R] B 72 Dy N ALy T i
5%t HE VR o R TR R B 2R, 9B S 754, L3RI B T S D 7 B 55 00
RN T8 A FRIK I NMG s RS2 AN T — A5 RS R, k3RS TR 2 L
Ke NFRGERE s R ™5 )96 S A RN A SRS 1, 9B ey BB A AR
FARII AR IRIT TN o SR SE 2 AL PAE I8 N A B B BRI B, Rt
) UM R 7 Sl 8 A A AR TR H SRS OR 72, BRIl B2 i B R IE 7
TR, RS Z I, B MRIK, TRFIMER S Ja BEINSS 71, AW i % 75 T 25t
A ReA TR

T3k, WA RS RO 20 . Tk TR R W A R 5 e FoAt A — (5. 22 0,
U PTAZIMABUI 20 . =5k, FPTIAS D B AT X S8 22 i AL AN 1 2L
WA ORI B, R IRR AR A .

P WA OB R 2 A A, SR, TSR (R T I E S, A Seae AN PR A
T BRI A DT, AL, MR aEE S E, SRS, W
T, WAALUIRAE — ERERE AR . R it et Rl 5, 25 T3 BR AR A SOy, RAE
e B R B AR, RIS AR A T 57, A AR 5 2, 2R
KAF DR

iJE R EENFEN, WHRNEEEE, —HUREREERNEE, 47K
RSl B AIRIRAGRTS, EEEHIERNAHE L, gk z], &
L LR H 5 BIATRER BT R K e 28 A5 AR e o B R A SR A 22 22,

AP

lig

76



g WY N R e VA7

BT dD, AR E T RERISFF, ARG T — 0785, FR A
el BB AR, S RIRZ K, BAETTR VIR o IRl TR SCR R e
—BBERIS R, TEAELURERIEECZ N, WA “ufisil” !

FEM 2R TR R A TR T — ARG, IR OE B =4,
NEBURSIRT R 5. =406, FUBGRACCRFERHAR, R IR TP
R AETT 30 RIERET) B FHETE, IR O AR RN AL B o8 E SR I o &
R F IR, 12 DL SE AT 2 AR & i AR

fi i FHEEE DI R A R “ RNBHR AN, BERGHEE " FEIXREER
—ANERAXBUEERST K. AR XS E KA E S BOUETA IR
REERE IR EZMAIINA, PR T BUBITA RS AR R A F kL, HF
MR WBIAERANRIELZE, PRz,

77



	空白页面
	空白页面
	空白页面
	空白页面
	空白页面
	空白页面
	空白页面
	空白页面



