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Abstract: Oxygen reduction reaction (ORR) is an important cathodic reaction, but its slow reaction kinetics
seriously hinders the application of clean energy devices such as fuel cells and metal-air batteries. Although
platinum (Pt)-based catalysts possess excellent ORR activity, their high cost, scarce reserves, poor stability and
tolerance make it difficult to commercialize current clean energy technologies. To address the above problems, it is
urgent to develop new types of efficient and low-cost ORR catalysts. As an emerging carbon-based material,
nanodiamond (ND) exhibits broad application prospects in ORR catalysis due to its advantages such as low cost,
controllable functional group modification, high surface energy (>1000 mJ-m°), and unique @ and o bond
configurations. This paper reviews the latest research progress of ND catalysts. Firstly, preparation methods such as

detonation, chemical vapor deposition, pulsed laser ablation, and high-pressure high-temperature are introduced.
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Subsequently, modification strategies including heteroatom doping, surface functionalization, material composite, and

morphology regulation are summarized, and their formation mechanism of active centers and regulation rules of

reaction paths are analyzed, covering influence of different modification strategies on catalytic performance and

comparison of relevant performance data. Finally, the challenges faced by current ND catalysts in catalytic

mechanism, synthesis process, characterization technology, and design methods are analyzed to suggest the future

development directions for the research and development of new carbon-based ORR catalysts.
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Fig. 2 Schematic model of the ND structure

[14]

(a) Schematic model illustrating structure of detonation ND; (b) Closer view of surface region of ND
covered with surface functional groups and sp carbon; (c) Illustration of sp® carbon framework in the core

MEREMELFHEE. AN, RERH/SEFIE
2000 W-m K, T A (2 1300 Wem K,
Fritz 4b, ND & B0 7 A AV AIKEEPELL
T AE RS R 5 e 20200,

1.2 ND WH &7 &

R NE ND R ERAIRE 5 R SR IEZ
1M 7= A 1 (B % 2% (Dotonation nanodiamond, DND)
%Y. BEBARIEL, WA PT (Chemical vapor
deposition, CVD)¥Z% . fik i i 't ¢ 1t (Pulsed laser
ablation, PLA)% K /& i =1 & (High-pressure high-
temperature, HPHT){%:%% T. 2 thAH 2k Vi B2, 4R 111,
MFENVACRE A VP4l , DND V27 i H i 7= 2 (R IR R
RIS T 58 20) 5 A Hy, ATh2 47T ND R0 Ak
Az LA, P R .

1.2.1 DND

DND 1E N4 a1#] % ND bR, T 2R
FER R BRI A=A BC, i S e JEURH I 4 By
B, B P ETYEZS (A TNT, FENERIR) 5 3 K JE
2 (RDX/HMX/PENT) [¥] B & 1A 2 7615 1t A i % 4]
ARG, BNEFT A BB S iR 2 R AR
RAEGNIFAMAR, WA ND SR, B 5k A4l
WAL B, H T HI46 7 0 (e WA ) Hh 2 AE
A A1 5 e @R, ] HNOs/H,SO4/HCIO,
TR E TR AT I B S e, T 4 WA PR A R 1Y)
iR PR 5 T v di A, (A5 R 6 NI 2050 7T A
WMERR. WA EREM B, deidid 2B K
Vel & pH FPEIFMET3R1S @20 ND, {Hii T ND
PR RE R =, &2 KRR, B — P

UM % B 75 AR SE AR 3R, I RS BIRLAR 7E
2~10 nm 70 [ 4 19 540 8 NDP*, Mochalin 25824
W7 T DND A% 1 ND(E 3(a)), HAi2itR
M BT 435 N A AL AL PR ND. 24k 4 #E ] ND
FMARALFLA ND. 1590 cm ' AL SBHH G
S, XEYRLIEN ND oW A BEES, W
HIET &R G R RN, Zdaifbhb B )G, 74
1328 cm ' AL T S RIA RRRE I, BBk
AR PR A AR VG 4k S . i Ah, EALALFER) ND
7E 1500~1800 cm ' Ak T ARAE SR, HEE %
1B B AR B 43 7, RIS g i R sp” Bk
TFHITTHk . H AT, %R CAE E P SRR AL B
M, FH#EE TEMniflmgEsEs8. JHga
WH RS, P a5 KA — i B EH bR
HEAKE.
122 CVD

CVD i %% ND W 1 079:),) %5t 7
B DLES A e TR A SR AT IR A, Bh# ez
B S B TR A RS T, A E B R
B E AR X LI R TR TS R Ok
SR R FRE A IS R T, I 3o S5 o A% S O
RO, EAER A, MR ND R R ~F T
I 3R R A I B B R S RS T
Emelyanov 2P HE 50 T A A G 5 6 ND 4544 )
(B 3(b)). RER, YHFBEKELT
0.5%~1.25%(R B3 BT IS, A 4RI 145 7
BAGFEAI R, B2 EAE 1333 om ' E—
AT WY R U, xR T R . R AE 1540 cm!



276 T AL M KB iR %41 %
900 IDOO 1100 1200 1300 1400 1500 1500 1700 1800 1900 2000
v, [em]
= :g;g s (d) 1330 e’ 89GPa
p + 7= 532 nm, graphite before c{eanm treatment 1300°C, 608
TR R e 2 ~~~4&x\
pey E L"‘Qooﬂc 1L
Nanodiamond : A st
ot 1000°C, 120/,,// \’
3500 1 5 } 800 c 120s ,( 7
- AR o
S 3000 T 2 [~ a0, 108 /
5 : = 7
£ 25002 //
@20°c,17min_~" -
soo-.__,,...———h/ ; SEE pl |
: i e\
: /(3 ziem | Nl R
320°C, 17 min/
" w“'“ \J Mo
) r ; r . : // i
1200 1300 1337 1400 1500 1600 < v
Raman shift (cm”) 1000 1500 2000 250 3000
Raman shift, cm”
3 R[4 7R 45 210 ND ()4 2 4 B 3743 49
Fig. 3 Raman spectra of ND prepared by different methodst* *7- 43 4]
(a) DNDPY; (b) CVD under different methane concentrations”®”’; (¢) PLA™Y; (d) HPHT at different temperatures!*
\ . . PR o > 1 5E] S, == L ) NiD
B — AT BRI, KRR PEAERSE FEAREFEBEMRUNZSE, MRAEA L8R T 5IAE

B o A3 A SR A BRI B8 P A v, BB sp” 244k
BRI BE AR, TR e WA A T 24 FH e ) 2
HEINE] 1.5%(RR 7080 S UL B, 3R R 2 R
KEA SR X8O RKREGESNA L, S8E
WA AR 55 . Bk 7 H Tl ND M, AR
A CVD i1l %% 4: R JB0RE . 4514, Trusheim 25£5*75) F
Z AL B AN SN B T2t T2, M4l CVD
SN G K sk, £33 7P EARA 50 nm
M2 NDo fEIXLEHI% ) ND 1, HEANV)
L B AR I R A R sk, B 200 ps.
Tzeng %P VI FF 4 H 2 B Ao B RO 25 8 7 fk Ak 2%
A A P B (Microwave plasma chemical vapor
deposition, MPCVD)#i K . i??fiﬁ%ﬁgiﬁﬁ%@"i
B R ND, RSF/ANE 10 nm, EREH] & B &
1A&w¢umﬁnmmxﬁETu@TﬂEEK
FAERARAL SR 15T R AL OB
1.2.3 PLA

PLA J&— MR ECH 0 ND #il 5% 50R, REW% T
AL GL B R AR AE IR 28 IS e RURORE F 3R 1) A,

J55 B 2 ) PO SR (1 ArF/KF/CO, #E A>T 2810
Mm R R, AR & Wik ve ¥ b R i
W i TR AT KT, A% S IR R AR P
A, B3R NDYY, M% T HPHT 5 DND, %

B, T LS ND A R5R 2R E S
AR P2 . %715 Yang S5 IT61, B E BN AR
ND (A ATH AR « Gorrini 25 A KeF #E4 7 )
PO KR AR, DUKIERL RN R, B
Ihifil %t ND, %i}ﬂﬂ%?ﬂ%wﬁm ND(k 2k)F1 & ik
TR2E AR FR B ND(S% 2R AT 28 7E P RhAS RSO 9 K
TR ZERE3C). FRER, WFAHEE
1337 e &b XiF I8 F) 4 W A AR A 0 37 Bl AT O, L
1580 cm ' A X 7 ) A SRR UG 5 15 K K0S, Hh Ut
IGAE T E K& ND BIRTAT . BhAh, TR
FAFIERERZ I ND FITERE, 514078 b i 45 T 48
KIFRL KN S W AR A . RIS, 7R
EP%ﬂn%ﬁ?ﬁfﬁt?‘ﬂfﬁ““ﬁﬁ*ﬁ%iﬁ%ﬂﬂé%ﬁ*‘iﬁﬁ?
&, BREAE ND A B FE b A0 s Bl 3 T et A ]
%, zz%%‘rim PLA Fif 2 & (At e 345044,
1.2.4 HPHT

HPHT & — Pl 3 28 56428 i NI N T
J7i B DA Sk A RTIRAR, 7£492000 ‘C.6~8 GPa
() ey L e T R 2R RO M I, s i
BREE S AT IR AN [ RSH I ND kL. % 7 48
PETI R . SR ARIEAN, FEH 5 T S WIS Tolk
WA= AHBRE S AR JR R — T, G
VEAR G M WA R NAITE AR, H O ND 5 15



H3W

T, F PRGN S S A A i A S0 B N A ) 1 277

5 TP AT A T (o g 0 A Y R AR AR O A
A5 [ ND, I # R 2 BND Bk Yy, 05, 4
WA A sk JEL A AR v P s P58 TS B e, R S AN 5
PRIR B & T L EREEA B, 162 S 80 BU5 BBk
4 & B3 5 . Ekimov 255 ] HPHT & % ND,
FHHEFL T 1E 8~9 GPa F-& il FE T+ =% ND 5210
(P 2 E LK 3(d)). 45R BN, BEEREAE,
1330 cm™" A A& T 4 NIAT (15 ik 06 A 75 T I 2R 4,
TSR AR B A BN, T 2835~2920 em '
P P 7 2 R O U ) 0 D UL P58 T v 25 3 v ND SR T
RFERE
125 HF&EHE

B IR T7Ah, A HAR % ND R, i
U1 Shen ZEPONLSEAL AT S0 B Ak 22 3105 B0 (25 L
FER ) E ARG R, B ARIE (423 KK L
#% ND, H &N E AR 2~3 nm 58 5 B2 5
ND. AH HAL 45 iR (>1273 K) i, %K 0 (15
JE S BRAR, KR Ik /D BEFE I [R] I S B T 9K =
P A . Feng PSR % IE T2, Jekk
JREAE 1000 C MR, SRETE 5% Ho/Ar SR N T
1050 CHEAT Ik #ALHE, B3 TP EENT
Snm ff] ND. % LZRA W HALDRER, fFé
Gt R R .

2 ORR I
ORR {E A IRRL il B B —2 Lt [ AW R % L

R, HRMNEEAE S RE R AR Z BT L
5 2 S FR B (4 B R 4% o 2% T DA 4 I B 2 7

43 LT (2e) MDY LT (de ) P RlR 4210, Hid,
2¢” ORR BIEX A5 FHRMTE IR 5, BEAREH
PEEHAE R CRAK, — M T XEEK B A S
FEAA A Y, T 4e” ORR B 1% RE 58 438 5 4,
a7, BAREMNRERLSE, EH TH-TSAH
MRV IE SRR s Y 33 W b e 7 B 42 44 32 B AL
F. AR SERE R EE D Hh 20 B2 H
] P A A S R R, RS S EURE
R TE5 B & 6 i, T E I R AR E . TP
ORR 14 R B R An L FE AL 46 FL AL (Fonse, B ORR
YA 46 S0 2 3 I 1 FE A, S BRSO T i )
NP HAAL(E p, BIARAL 2R B 2 IR 50%A% R
BB BT, T 1l B R A R P AR v 12 ) A B HE
MAEFE L, HASY HURRIOE, KAL),
75 (n, 18 e % [ 38 AR 5, e
R ERARIEREYE) . HaO, PRI =L, Stk
R T 1 T4 AH 9% ) DA S A A 7 TR A 1A (O i 3 o 91
R 22 05 22 A0 BAE A AR AL T T A (B 4)B
R4 Sabatier JFEE, LG M5 EAATE AL TR
TH IR B BB (AG) 2 K IR G &R, BRAE I A0 771 5 0K
B RAR S A RE T IE T (AGZ) 0 eV), PLFATTR
b 78 55 B S P 3 72 . IR BR(AG<<0 eV) & F
ES g/}l S A A 2 i | e TR S |
(AG>>0 eV TE A R Ak e S 4T,

3 ND W&

SR ND A S #2000 Wem K.
B2 1 pH it 32 1 (pH 0~14) 7 58% (R ATL bi Fe og E (3

®1 EUEAEIE BRI ORR BES (B tREBAL)
Table 1 Cathodic ORR path in acid and alkaline electrolytes'>! (E°: standard potential)

ORR pathway 2¢”

4e”

Acid electrolyte 0,+2H"+2¢ =~ H,0,

(E®=0.67 V (vs. RHE))

Oyt*—*0,
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*QOH+H+e —H,0,+*

Alkaline electrolyte
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(a) Schematic diagram of preparation process of BND and Pt;/BND!**; (b) Structure of OOH adsorption, charge density (up) and
PDOS (down) for OOH adsorption on BND surface!®; (c) Free-energy profile of 2¢” ORR at 0.68 V (vs. RHE) on BND and
Pt//BND®; (d, e) Adsorption energies of (d) AG«oon and (€) AGy,0, on the surface of raw D, BND, and Pt,/BND!*¥; (f) LSV curves of ND, NO,
NNO-xh, and Pt/C samples'®®); (g) RDE voltammograms recorded with OLC-1, B-OLC-1-5, B-OLC-1-10, B-OLC-1-20, and Pt/C in O,-saturated
0.1 mol-L™' KOH at 900 r-min"' with a scan rate of 5 mV-s™'"%; (h) LSV curves of OLC with different phosphate loading!”"
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Fig. 8 Preparation and property of POM@CDNPs composites

[83]

(a) Preparative schematic of POM@CDNPs composite; (b) LSV comparison of electrocatalysts recorded at
3000 r-min~' with a scan rate of 5 mV-s™'; (c) Transfer electron numbers of CDNP and POM@CDNPs
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Fig. 10 Preparation and performance of ND electrocatalyst based on morphology regulation

[91-92]

(a) SEM image of BND2!”"; (b) ORR polarization curves of different catalysts at a rotational speed of 1400 r-min'";
(c) Polarization and power density curves for zinc—air batteries with BND2 and Pt/C catalysts'®'); (d) Evaluation of durability
of BND2 and Pt/C catalysts at —0.2 V (0.1 mol-L™' KOH in saturated O,)"""); (¢) Discharge curves of zinc—air batteries
with BND2 and Pt/C catalysts at a current density of 30.0 mA-cm"!I; (f) SEM image of BDD catalyst deposited on
a foamed nickel substrate®; (g) LSV curves, (h) electron transfer numbers and (i) methanol tolerance tests for
different SSA samples and Pt/C (I to IV represent samples with increasing SSA)P
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Table 2 Summary of properties of some ND catalysts

Catalyst Ejnse/V (vs. RHE) E»/V (vs. RHE) JL/(mA'cm_z) Transferred electrons, n Ref.
BN-C/ND 0.75 0.69 -5.98 3.8 [65]
Co-N-C/ND 0.89 0.76 —4.31 3.8 [72]
ND/Fe;C@Fe-N-C 0.89 0.80 —4.25 3.9 [73]
NNO-6h 0.81 0.71 —4.23 33 [68]
B-OLC-1-10 0.80 0.734 -3.74 3.95 [70]
N-GND 0.89 0.82 —4.63 3.8 [78]
NDGNSs 0.93 0.783 —4.45 3.95 [82]
POM@CDNPs 0.85 0.773 -7.30 4.1 [83]
ND/N-G 0.97 0.773 -4.61 3.65 [69]
WS,/NiO/ND/C 0.76 0.63 =747 4.0 [84]
BND2 0.96 0.83 -5.34 3.96 [91]
BDD 0.94 0.80 -2.62 3.45 [92]
N-CNWs/D-9 0.84 0.72 —4.18 3.86 [93]
BND 0.73 - - 2.19 [64]
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