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Fh 3 LR T 4L 5] ( Co-based single-atom catalysts, Co-SACs) . A W5 FE BT Fe-SACs, KT Co-
SACs B E AL BT RE J N i 8= RGE 0 M2 0 AR S ZEIR Co-SACs B SE AL BRSP4 2%, 3583t
HABAEPEBE I PR S W, 25 AR A A S 1 1 FH2E Ji2 , X Co-SACs AR 1) & R LIl S Pk R iE 7 e 2

1 Co-SACs HZEE AL BTG 4325

AL S — SRR M 1 S Al S5 S N (Y il . XS 32 B e R ) 5 R R Z M %
AR RIEVE N . HAR AU EAR R I « S ARG 1 432k AR i U5 30 7, B o ax 26 S
FTHHEFRB R AT, A RBURY LAY . BRI, Co-SACs TEA#EAL O AL Z R IR MY
AR RIS AR A IR TR AR B MRS Co-SACs FRILH M2 AL I 1, W LAy R 05
Tl A A LR S A ik AeU ot SEC TR T 30 it 8 00 T e R M e — A% 1 T S A il AR T 25001
1.1 FEREE

TRIEMNZ NI FW A Y, 3,3",5,5 - H FLB R (3,37, 5, 5" ~tetramethylbenzidine
TMB) \ 3— & K& IR I W Wk bk — 6 —fisfi 2 RTS8 — Jiz , 5 AV oy BRAR 3 480 A 0y Tilg 7 22 26 4G T v ) B €S
Yo, X Y I A HAA FRAE R TR B i e AR AL, B2 IR A R AR A R G AR
PEBREAME T . Li 5527 6 i ELAT R R LA 50 Co-SACs BB A A5 1k O, T 4 1 TMB 44y 5
B EALFEY) I Z AR A I R AE B 5 Michaelis—Menten 3 772445080 | IR M 55 K AR S AL G AH B0 A1k
FEPE o Cai 55725 U Co-SACs EAA I 5 S EU AL PR . , WT LLHE O, 34 i il U B 5+ A H 2%, i Pk
AR AE TMB 846 SN R A% 25 A ] . Co-SACs [R I ELA 5 38 8 3t 480k 0 BTG 7 , 24K 2 o ] msf
FELE H,0,F1 0,88, i F Co-SACs X} H,0, &I H SR A 255 56 M 1, &L Je 4k 1,0, B 3 ff R v o 3X—
1o T B R T PR AT R 4, SRR T 0,8 TMB IEY 5 Co-SACs 1 PEHR O I 45 4, e &4l
il 7 TMB S AL R HERE . Co-SACs AN REIE 13 1 1k /3 F A i = AR R 5L Bl 3 A 7 A e
FETI 2R A S A5 T M S b R A A LU IS 0 1 AL RO , i BB AE A A [ SEHLEI A T L R P Y AR
fhid . Zha S5 BYWFIE R, AR AL TMB A Ak i B i H , Co-SACs R R & FEBE™ A= H,0,. 1GTEAY)
FIIRE BR SIS UE S, Co-SACs A 28 AV BB P AN T Ui 23 15 Pk A8 R , T2 3 0 SO - XU ™
Y AL 0
1.2 FBAEE

FLIR A AR —Fh B 2R W, DURRIR I B8 3 SRAL T R - 4 SRR AR SN A 148 | e e S PR AL
FLIR 73T B IR R S 00 B AR S, A2 R AR (CLH,04) FTH,0,. ITAE SR ARIFSE 2 R, LR AL Bl & H:
1 HE AR A TR A i 7 Sl o B S R I L B0 2L AR A i T A 255 o ek g T B 5% v ot
FRERFLIR , ATk S e v 25 o (1A, i 02 S g ™ 26 1) H,0, BE WS 5| & I8 4 M P9 S8 Ak ik, e
B T-0IRIE . Zhao ZEPVTFF K T —Fh LA Co,N R IGPEAL A ) Co-SACs , i MEAL T 7 A B2 /4 B mT
PR R AL LR S AL, 38 S R AU ed 20 2 LR Mk 8 S IR PR B i M I RS TR e N 2
1.3 R ILEE

Tk o A8 A B B TEAR 27 T 40 S8 EL AR E 58 0 I 8 (BRI I FH RISt o 120 Il o ek 4 A1 T 1) e £
YEF , B8 e bbby ik Ui (Si—H) S84k M REEE (Si—OH ) , iX —FE Ak B A WL S 106 AR 8t T
KA AL o ARk EEAT AR CE A R A A 22 R B RCR B PR RE AR & B T OB, T2 N
o D TR | e 1 B R G R A SRR 4 3 00 A Tk S B A . Zhang 45U I A SR AR A6 iR
T4 - E 2 (Co-N,-Py-N) XU PR 8 i 2 TCHLAT AR R G, SE3 T % ik 4 o S A it s I HIL i %) A 808
UL UESE T 0,52 Co-SACs fi Al Ak e 75 U0 UM I S 0 A AT Bk (9 S i 4 o e Ah 3 e A6 I O, 348 Jgi v
(] F= 9y, i —25 3 B O, 76 R i B2 H gk ad Jr A= il H,0, 0 % B2 R EE S (density functional theory , DFT) i
RN BRE Tz B E HALE . & R A% a0 (oK 73+ ) BB 6% 1 24 Si—H B, £ Hofi 25T
fifi Cor s KA IR . BifiJ5 16 RS Co btk —2 2 0, S A1 [ H B A AL S, T 5E U VG 3R o R
PUTIFFE i — 202 W, Co-SA Cs Ak A Rk bt S0 Ak B 0L ™ e 3BT T 1A & S AL e B0 i 72, Jre B B AU [
AALBE R R
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I T R AR T i P P 4 — A% 1 1R (nicotinamide adenine dinucleotide , NADH )AE A 41 Bt PN 2R 55 34 146 Ji A4
T, PGS R b R O R i AR A T o WIFSE I, e A DA i A L S B R A BE R OK
A A 30 3 e R P 2 2R K B R NADH . X IX — 5§ |, Liang 457/ JF & 1 Co-SACs P A &M AL
NADH Jit Z 54k , i ik B 4% 5 BERe vl 7 R BT 7 B8 22 0,4 iU H,0,, R IR 1 .35 1Y NADH £ AL Bl A 41
Wk Z AR R RE ST B R 20 B A NADH AP , i T4 AR B R A # 5 R ok 1A D e 3R
L, S LA =R MR A i, DT SE BT AR . Chen 58P SR 1) Co-SACs AMUEA {7 1 NADH
SEAR B 1 A SR S Y HL0, AR R 100% 1Y, R 1 & R g Ak 9 S 4t 15 S i
1.5 &g

PR — LA 4 A4 25 D A4l b O B SRR L BE A /o AR Ak 22 19y S R 22 i SIS 45 T A W) IS 1)
AN o B BAT AR I S AR RE T, WK O, BLHER JE R HLO AN A2 HL,0, 8774 . Huang 55
SR FH T B0 K B A6 7 7 B T — TR 8 Co-SA Cso 1M AR 0 A Ak 2R HY Pt Sk hy 2 FRY RS 1 2 1y v 3
IR 5 0 e AT A AR v P R R, SO AR R 3 T ] 22 R 05 I i B SV . Co-SACs fiEAL AR
A S A AR - O, 78 Co (07 A b M BRT ; 24% A Bl it 5 Co St 1~ B I ) Bk BR 235 4 i Az - ILHE R0 ; Bl
Ja 2RO R AR AR . W D R B, B TR TV REE Co {57 a5 B W BB , R VI 5 O, Z [AlFF7E 55
U F G, — H R B 5 40 T Co o7 s, BRI O, WG BfF S5 75 1k

2 Co-SACsHEALM:RE R 2 TR W

Co-SACs BA Wt Y TH LSS AL A, , R W58 IS B HEAL AL ) 1 PRAERSE R, A7 By T TR AR AL R 4544
SEAPEREZ MR OC R o 48 — AR AR TAE T Co Ji A2 fifi 8 T 2R R I, Horh Co (3 s TC 67 MR85
DL I Co o i 580 0% Fe - A A VR, S 2852 ) Co 4 v () J LA 4 78 R L H 723 A ek, DT e 2%
PJeSE T Co-SACs MHEALTEME . N THPE A I T8 H 5 B 71840 il 5 3 U 4 s P [al VR T L R 48
JE — R ELAE A 4 S5 P 25T Co-SA Cs B BE T I 52
2.1 BAIREFHBIFE

JLAE Co-SACs A BRUET-THON PR U BC AL 454, e BE 1Dt 57 (08 28 AU A a0 e , (EHG 8 E X PR g
O3 R T T O, B B RE ) AV TS 1 . D SeliRiX — R BR, P45 Co 1 14 rh Lo Y N IC 2 B LA S F 1
AXIFRI A AT Co-SACs VERERY A RURNE . TR IRARbe R #E rr, Co J5t 7 FA I Y N BC AL 123 & 2k
VT A 3 B C D B 3 A S 0 9 42 A a2 7T S 3 Coo 7w C S 50 1) T 42081, AT (0 Ak 3% 1
HUL L T2, AR T Co-SACs MZERFVERE , i Ui AL R B R AT L B 72 Li S e TR
800.900.1 000 ‘CEAF T, XF Co 45 2% 1Bl 47 WKW B ZE A RL T S (AC A T Bk b 21, i) 28 1 N Jt g
N 4. 3. 21 Co-SACs.
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P 1 BT 7 o S S Dt SR s P o pl PRTT AL, B i v S o I A 4B 2% T e 2 1 PO A T R O
B 2 MO )2 A R A H L O Co BB IR VAL S A IC 7 PR AL 450 . X R 25 B35 52
W] Coo T3 A2 F 00 5 A B 25 S0 o 22 ) )R B A PR E , DATTITXS Co-SACs I AREA 176 P 772 A Ei 520

Liu 85250 1o $Af =R FE0E 5 Co JL48 A 1 B 0 A DR 28 BHRT IR A3 AT T &L B XU 1 Co-
SACso FARABAHE Co-SACs HILL , BIRWR W& 1RTL T Co-SACs HUZEA LM E . DFT 4R 3RM i
Co-SACs 1 T (1 B2 TH 2 PR A 8 it (9 48 A AT DL 3 H, 5 #E S 3800 358 O, 1 S B " 0, 800,70 1
FERE 738 5 I bR O—O AOWTZRL , DT 875 H B ol ) 2 S A i A 16 4
23 shETEEBHEER

TE Co-SACs " | A A8 1 482 Ja LA SRR Ja 1 1 02 18, T R4 Co-SACs 14 HL 745 14, M 17T
P LA e A P R A TR M A, 8 O A AL 5% O, W R R 0 R BB 1 o Lin SRR T
— RGBT ] (dual-atom catalysts, DACs) , HoHt RhCo-DACs JE B M B 2 1455 ) NADH 25 5 fig
3, HRE AT 5 — 1Y Co-SACs /R & o 1% DACs AU H 51828 NADH A AL 5 4, [R] Ik HAy
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Fig. 1 Schematic diagram of heteroatom doping strategy

e AL R E P o Zhao 551 & B FeCo-DACs 543 J& Co-SACs HA T i 1Y S AL G P , m] )™ AR X
iy A B 2L A S A R PR TS PR E R . Wu SE TR R T —FH Fe .Co Zn 3 M & JB L R4 LM — It
HJFF AL (ternary single-atom catalysts, TSACs) . AT 48 05 S N I B P A FC A7 4
AETEPEAL AL RIS 0 2 Y 2 A 1, PT Ak Al AT B A B AE . TSACs i AL RS
T PEALIA BAL T ARAB 2% S Y Fe—Co—Zn =42 J& SACs, B i E M # T SACs I DACs, FE4MIEH T £ 48
DMV 5 S BE A e B THE A BE P B SRR
24 €B-HIEHEEER

TSR] (8 8 5 4 T P S A AR R EL AR AN ] RO B D8 3815 3 A 2l A b il G
AL PERE Y 5 —Fh A O % o Wang 5% H Ti0, 31X — 138 B P R AR B AR AL Ge il b Rk, BT 4% 18T
A Co-SACs. 3 P45 PR AU, WF ST N B0 S8 T Co 16 P Hhucs Jmy 3 i 8 BE ARS8 10 . e <
PAREAT E Y Co-SACs AT H #4211 Co-ACs HA T AIK Y 48025 57 16 58 FIEE (55 1 Co™ —Co™ i i L o
XS PR TE 28 S VR4S 2 1 Co-SACs 1Y Co 15 Ti J5L 7 AYAR ELAE FHAELSS , U Co B TiO, HidAk 1)
HL T S RS /0 , T4 Co-SACs M Co J5—1 1) H, %8 B2 T vy , DA T 46 B i S A 28 1) 2K S AL Tl 16

3 Co-SACs 1

3.1 HEYIMER

HETF Co—SACs 1 A5 WAL I8 e A ARG IO 45 5 o B0 1 T I 114 1 FH AT S o X A TR AE /N TR
(InZ U R R R A AE BRI 5 ) 4 I8 B —F oM A= W I 00 2 L R s A R 90 2 1, 38 e LR A
SR I R B AR S . Sun SENRI S T — A A L SIS A B TS R (Y Co-SACs , I AHE AL R JE UK
AR H BRI B 1,0, BT SEBG A= % B (CAn 25 e T BRRT 2 Ik 20 R ) ) Dt | o R Bl o L i
T LA ORI R 7T 5 Co TEPEH 254, Sl R 4] Co-SACs Y2 EAL B AL TG M , (1 S AR R (1)
WG 2 R R A U S VA TR G . T LR B AR R T —Fh R L O R
SEELT A BRI R A RS VA o Liu S BETA BL T i 4R 0 3R R 1Y Co-SACs., XML R
BRI S 1 28 SR AR T G 1, 5 B g ] T X T A o 7 P I e 1 L LR . Wang 551 JF 2 9 AL
A EA T VY Co-SACs FEASHEAL O, AL TC 4 TMB A1 Ji 5 (5 5628 TMB, B 5 A BAJE TR [l &5
WAk & W Xt S8 AL TMB 7= 1038 SRR 77 (19 22 Sk, B8 M s b 2 7 Al o Sk D0 0 2 AR I Na,S
Na,S0, .Na,S,0, 5 Na,S,0, 1 [ (o 15 s
3.2 BERTT

JEEE 1) 2 80 TR MEFE K, J2 ™ B UM A A A (g R 1) R B 2 — o ARk, R B A 25T
T PE A G KA R A T AR AEAL 1A T BA — T 24 A AE VA T SR 1, SACs HA T MEA B R i
PEACTE P 4 B - e 20 BRI VE RN RE A AEIRRE TR T T R B L 5, o, Co-SACs
i 3 A S A B AP TE PR Ak O, A BTG P SR b, 1 B0 35 1 A2 4 P PT L 92 S Al O M A9 440 i 1 O e
AW F (W DNA R BORIAG 5T ) |, DT S b 4t % A= A T kR BE . Cad S5 2R H T —Fh 3L T Co-
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SACs Jii Bl SR A S5 07 1) 3 SR s, FH 1 g ke PR VAR YT o 1% Co-SACs HLAT J8 5 4T AU a4 | AR A% 73
fiff 20 B N R 1,0, 77 A2 0, Bl 38 43 2 S A S MK O, 6 A hy A0 it 25 1 1) e SBT3k, AT A
BORBEIMPIREAIME . Wang S5 & T —Fi DL TiO, W EE I 1 Co-SACs, 1% Co-SACs JE B H 18 5 1y 2 i Ak
A A A ARG . R Co-SACs B2 S AL W S VK H,0, 56460 O, It — 203l d 2 S AL il
VLK O, % Ak A B U 8 7 1 vk B, DA S 2 1 i 0 e U i 1) A A 255 0 A g e ST B
PR IRTT T RE TR SR

33 BUEH

IR RN 255 35 10 A 2R, T 40 O, B3 B {1 25 A AT e M S A 2 S B A i i e £
b2 T AR PR . Huang %70 F FBE M 25 15 1975 K & iR (Co(NO,),-6H,0) JH 2 (C,H,,0,)
5 (NHL,COAE A SRk, 38 528 17 5 A 7K B £k 7 9 B i —FoBi 2 Co-SACs. IZMEALTRI AT B 2 AL
R A E ORI . Zhang %IRRT —Fh B = Ui AL PERE I Co-SACs, BRI TEIR A A5 11 T 1E 4%
P 2T AU A2 A S s Ik bR T s e AR 33X 2 R 2 24590 53«

4 ZhipHhEH

MLAFSR , B AR AR S T R FH 3 306 P57 a5 W R EL A 28 4 s Tl 10 T 7 235 40 A 1 3, 4 3
TR ARGOR Bl A R P AR PR R R . AR SO ZRIR T JLAT Co-SACs FEASIILL S Ak il Ak 14 g
AT PRI R , T AR IS SR A T M 0 2JS R A A T35 P 1 R 428 SR L E 4 Co-SACs TEAE W15 2% i
VAT R LG R T A

JLAE Co-SACs BFFY & UG J 2 ik e , AR A JRAT I 1 22 Pk ik S L . 45 G FRAT T B A AT IR B 52
B 5 256, WO AR FE il A LA LA 7 T T«

1) P A 8 57 A5 1 B 28 AR P o Co TR PR 05 B 3k i (B i 0 500 3 I T 2%, R Ik
BRI Co-SACs AL PEREM BN R . H iy AT BRI 9% 2 1], 368 5k 180 iy SR A b 491 60 B I 46 478 P AR 432
e Lk L SR, R R It AR P 5 5 | R g K R 1) 7 SR A AT A I B S S A v S R
P ARMFFE AT R AL TR ARABRE SR w3 ik A 27 Sl By 1) 4B AR BORE & 55 O ik AR DR
B 1 [ B okt S R SR A o AN TR R DI RE AL 2 MR (&2 J& A ML AR LA HLE 2R R 55
i N R Z TA] SR B, DA — 2D 3 i 07 48 1 s G M O i R P

2)HESN KIS AL AR R . FE R BT Co-SACs A P Ik . T 2048 246 1) J, 141 AT BT )
WFSE PR R T — SO BE BRI AR BT IR A (9 22 30 RV AL 527 25 AR ) i o T b, AR T3 2o i 44 25 Ak L)
o H %0 B A AR TR T B, SEBUAE AR ) & B L S e fk . IR R AR TF RSB L T2,
B A 40 5 SRR A AT P2 ik, DA RRARR AR, SR L Tl Ak 1 29 5 7

3) R THEAL B PE I IR ASR AL LA o %1% Co-SACs 75 M Ak i 2 P BB A 1) 1R 3T, R SR B
FE AT H T A AR — 25 A P TR R SR I, AT S T P48 2% L H Al o A1 L (37 I 45 S X e 4
PR S AL , R T AL S5 R 5 R SO IS B 2 IR 2 G R AR A | TSR
P AR A ARS HEBE TS I s e
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Research progress on oxidase-like performance of
cobalt-based single-atom catalysts

LU Yizhong, LIU Wendong , JIANG Yuanyuan
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Abstract

Significance Nanozymes are nanomaterials with enzymatic properties that can catalyze substrate transformation under physi-
ological conditions and exhibit reaction kinetics similar to natural enzymes. However, their widespread application is hindered
by slow catalytic kinetics and low efficiency. Moreover, the unclear catalytic active sites constrain our understanding of their
catalytic mechanism. As a result, constructing multifunctional nanozymes with well-defined active sites and high catalytic per-
formance remains a significant challenge. Single-atom catalysts (SACs) mimic the catalytic center structure and activity of natu-
ral metalloproteases and are considered potential substitutes for natural metalloenzymes. The metal active sites of SACs are uni-

form, and their coordination environment is controllable, enabling the maximum utilization of metal atoms. This provides an
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ideal model for studying the structure-performance relationship. Cobalt-based single-atom catalysts (Co-SACs) exhibit out-
standing performance in chemical and biological reactions. Exploring their catalytic performance across various reactions and
evaluating their potential for large-scale industrialization is crucial for the advancement of related fields. Such efforts uncover
the application value of nanozymes and provide innovative solutions for real-world production challenges.

Progress The oxidase-like activities of Co-SACs are classified into multiple functional types based on their catalytic substrates ,
primarily including aromatic amine oxidase-like activity, lactate oxidase-like activity, siloxane oxidase-like activity, reduced
nicotinamide adenine dinucleotide (NADH) oxidase-like activity, and laccase-like activity. Further investigations into their
modulation strategies reveal that performance regulation can be achieved through precise control of coordination numbers, direc-
tional heteroatom doping, construction of cobalt-transition metal synergistic effects, and optimization of metal-support interfa-
cial interactions. Owing to their well-defined atomic-level structures and tunable coordination microenvironments, Co-SACs
demonstrate remarkable advantages in advanced applications such as biosensing, tumor therapy, and organic synthesis.
Conclusions and Prospects Despite great progress, the future development of Co-SACs faces both challenges and opportuni-
ties. Future research should focus on optimizing cobalt active site loading and stability, as current limitations in these aspects
restrict catalytic performance and may lead to particle aggregation. To address this, mild non-calcination strategies and function-
alized support should be explored to enhance loading efficiency and stability, thereby facilitating large-scale synthesis. Building
upon prior experience in precursor selection and condition optimization, engineering approaches for industrial-scale production
and green synthesis methods can be developed. Additionally, it is crucial to improve catalytic selectivity and study the reaction
mechanism. Future research should combine theoretical and experimental approaches to analyze factors influencing selectivity ,

ultimately establishing quantitative structure-activity models for precise catalyst design.

Keywords: cobalt-based single-atom catalyst; oxidase-like; performance regulation
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