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Fe-N-C Single-Atom Nanozymes for Colorimetric and
Electrochemical Detection of H,0,

HU Lijun, LI Jiahui, ZHAI Yanling

(School of Chemistry and Chemical Engineering, Qingdao University, Qingdao 266071, China)

Abstract Nanomaterials with enzyme-like activity, namely nanozymes, have attracted extensive attention
in the field of biocatalytics. Atomically dispersed Fe-N-C monoatomic catalysts, defined as Fe-N-C single-
atom nanozymes, have a similar structure to some heme enzymes and can therefore mimic enzymatic activi-
ty. Herein, Fe-N-C single-atom nanozymes were prepared by the silica template method, and the layered
porous nanostructure accelerated the electron transfer and further improved the reaction kinetics. Due to
its inherent physicochemical properties and chemical properties, Fe-N-C shows high activity of peroxidase
mimics. In addition, Fe-N-C nanozyme still maintains high activity under high temperature and strong acid
and base conditions, indicating that it has good stability. The hydrogen peroxide (H,O,) colorimetric sen-
sor with a linear range of 0. 05~100 mmol/L and detection limit of 0. 039 mmol/L was prepared by using

Fe-N-C nanozyme, In addition, the Fe-N-C nanozyme can also be applied to the electrochemical detection
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of H,0O,. Therefore, the H,O, colorimetric system based on Fe-N-C developed in this work has broad ap-
plication prospects in clinical medicine and food environment analysis.
Key words Fe-N-C; single-atom nanozyme; hydrogen peroxide; colorimetric detection; electrochemical

detection
0 3%

AL A (H, O, J&—Fh i WA EAETR AT 2 518 24025 EY R 25 IR R FA B 2. H 0, 2R
1 —Fi AR 58 420 S AR A o 72T 20 A P9 B A0 BRI ERAE S . G, Ry TSE S TR HL O, (AR
RN I RIS H, O, Byt R A E RIE Z2CE 2, HATxH A 4e o H, O, R%E Y JLAp
W5 5 A AR S A= RO O (A RR R @R AR TR AR Lk L
LT B AR SIS S UM A 32 5 oAb s e @A o3 Ar 0y ] e aod PAY DR JC 7 A A A3 8 BT e
S EARIY . KR ZBEBLT  H, O, 1 He (G I 5 T R SN, B o AL i A TE 4 3
AR RS A YRR Bl 2H T /2e B AL R AR AL HL O, 38508 H OV, BT 16 LR
SR AL M LT 3R R G A8 — A~ 2 e R S B Ay il ] G AR — S A B R L SR A R L
1] /LS5 R V8 (A I M R PR TR A DG B T o R SR AR AR o e [T AL 2 G T S 0
BRI T I SE BRI

TEE R B UAF A A48 TAUREOR EPIEOR MR A IR it i DRt A i L 76 FH i PR AR OR BB A
SO TR 1 981 A A I A B W AL TR R SV A RO TR T R R, AR e S D
FA L » DK BAT A3 w8 T A T R AR A P L ) 3 RS LA IR AR A . I BB OISR TR
ORI B 5% AR SE I B, AT AR T AT AN o AR MR [ B0, v LA T 43 40 AR 0 1 S S
AN A P DABLAUI R )76 P G o BE T B R IR SR P 5 14 4 s B b B A T B D3 0 oK il ) i A
PRI PEVE 35  TAL SRR L. IHeAh T S SR 1 B (A R IR A R8O 2R IR T
J RO B BRSO AR B R HR B IR TR . DRI QORI BA )2 BT B9 77 AR S B
BRI MAEAWI S G oAb GORGO REEA JRR A 9 R PR E i He 3R i B Al 5 A i s
AT AEYUN . NI, 5T QT RA BRI X T A YA Eomn ] 25 1 f B B2 XL

ASHEFE R FIRE AR VL & 1 T BA - RE LAY Fe-N-C BLEF YUK, 58 & Fe 19 NC 449K il AH
L FeN-C gk A msk il AL G M . BTl & 1) Fe-N-C SUSF40KRRERAT R 14510 4 B AR
FETE, Pl Fe-N-C HE TR EEE N i A AL MBI T % T Ho O, B @AINT7 % . 2T 5 Fe-N-C
FRTAORTE) L @S- S S2E T X Ho O, B RO I WA TAR B &8 09 Fe-N-C BUS T 20 K Big 1 AR
AL A= ) 3 A 05 T R A AR KA 77

1 S8

L1 ik Kk

3,37,5,5 - DU H B AR e (TMB) I 28 AL (GOXO W [ F Bl T A= AL R A A BR 23 7 5 &4k
BE(ZnCly) R (HAC) . ZFREHI (NaAe) \H, O,  PUK AL 2 (FeCl, « 4H,O) VERIR (HF) . LB S Ak
BI(NaOH) #1111 [ 25 4k 273000 B ) 5 oA — S8 Ak e i i 1 BR e 3 Wl
1.2 985l

TV R TSR FBC RS AT A A I 25 o S A SR A ER R (2 @) . ZnCl, (334 @) (FeCl, + 4H, 0O
(150 mg) JAR —EALRERIFIK (5 mL.2 g SIO) AR GWFE RS KRG W IE R T 1R15 3] Fe@
SiO, B3A . 76 N, 20 T m#E] 900 CHARE 2 h, fe)a, S50 10%089 HE /KB 281K
VRIS REN BB O TR E] Fe-N-C 9KEE. R 17X Eb . E FRE S R AN FeCl, » 4H,O AT N
BAORIEG KRG, BT NC 99K
1.3 Fe-N-C @K Bl iy ik AL Pl 3% P Fnn dh )y 500 &

fdi ) Spark ™ i) W bR AGHE A7 2 2040 90 T T35 1 A0 3l g 2% DK, TMIB B 231 €6 28 Ak B 49 K il 8 Ak



64 3 R 2 2 M CE SR B 22 O

H, O, =AW MEER TMB EA R oxTMB, BI I Fe-N-C 40K B B4 T A b W BEfE . 3 25
P 2 AN BT (UV-27001, B ED METE 652 nm &AM OGREE . Witk 2 TMB 8% H,O, Bk, af
AAFILAIY Michaelis-Menten {12k, TH3X5 N RS B 124850805 . K2 TMB B30 12200, A 10 uL
Fe-N-C 4K i (1 mg/ml.), 100 uL. H,O, (100 mmol/L.),100 . HAc-NaAc(0. 1 mol/L,pH 3. 0), A K
100 pL AFEVEEER TMB . X FIRYE H, O, B3 7122050 #F 10 ul Fe KEF (1 mg/mL) BN #14
£ 100 uL. TMB(1 mmol/L) 100 ul. HAce-NaAc(0. 1 mol/L,pH 3. 0)F1 100 uL. ARJHE H, O, IR IIES
B, A Michaelis-Menten fHZAF S RE v = V.. S/ (K, + S) . HHITR ) I 22588 o o
VIR, S BIKYHE, K, & Michaelis-Menten # 40, V... RERKXNEE, K, HEFHPKE S
IR FIRE R (R 2 AF8H5 » K, (ERRAIG, SR .
1.4 APRHAEFNIA

X FHEATHHU(XRD, D8 DISCOVER , 7 [ i £ 5o ) RAEM B DAL . H B AR F ka4t i
5 HL - B 58 (SEML, JSM-6010plus/LA) Fli 5 fiL - i 58 ( TEM, JEM-1400) RAEM BHMEOWIE S FH X 5t
Lot FREIE (L (XPS, Thermo ESCALAB 250X1, 3¢ EFEER G /RBHE 24 5D FAEA BHA T B AN 5

H Ak 2 I ol A% G i = B AR 2R L Ak 2 TR L5 CHI 660E (i JRAE) . HLfRHh 0. 1
mol/L N, 1 fl PBS(pH=7. DI . S LA Ag/AgCl HUR (AT KCL WD » % LR A R , T AR
Hr il 41 Fe-N-C gk
2 HiRhitie
2.1 JEHSETRAE

fdF B A R 2k TEM-1400 #5187~ WU 0 ] 45 19 Fe-N-C 942K F i#£47 TEM #il HRTEM #%
fE. 4 1Ca, bR, 76 TEM EHZ T LR 2645 47 1) Fe-N-C 5 BT RIFH Z LYK S DA KR F 5 1
AT . B 10 BIER2ZERIE R S A B EH TEM (AC-HAADFSTEM) EUZ . 0] DA H B 5%
FIRST 09 42 8 B UESE T BN R F7E Fe-N-C 40K A IR0

SEnm}

Bl 1 FeN-CH(a) TEM PR . (b) i 53 ¥ TEM PRI () Bk D208 1 3 53 s v 1 S P s bl
Fig. 1 (a) TEM and (b) high-resolution TEM images of Fe-N-C; (c¢) AC-HADDF-STEM image of Fe-N-C nanozyme
i3t XPS JE 5T Fe-N-C BIGZ AU LN 4. WK 2(a) fis . Fe-N-C BA7 B8 Y Fe FRAF I, (H 2 1%

Fe FREWARAE NC B, 40K 2(b) fir s, M Fe 2p B &5 439 XPS 3% & 40 B vl LLAS AL 12 711, 3 eV

724.5 eV Rb BTN, A3 FIXT R Fe 2ps,, il Fe 2pys . BEAM, Fe 2P [ XPS 3 HFBFF7E Fe™™ 2py, (710. 8

eV),Fel' 2py» (714.2 €V) , Fe?' 2p,,(273. 2 eV FI Fe*' 2p,,(725. 9 V), ik P Fe-N-C 8 i 5] i 77

16 Fe* T M Fe* ™2 5@t 9% N 1s 1R S] Fe-N-C ft N 35 22258, i 2(o) 7R, 397. 9.398. 5.,

399. 1.,400. 1,403, 3 Ab A 43 551 %f 1§ T MEWE-N ., FeN, | AEI-N L A4 8N, & IE-N. N XPS 5% a] LA H

Fe-N-C HA W R M FeN, #47", Uil] Fe of LA 5758 N 454 M LS JEF I8 204 B S5 i T R

RS EEG . AE 2CD BRI C 1s BT BB A L 90K Fe-N-C K21 sp’-C B4, X Ui

Fe-N-C I 25 FRA7AERE S0 BB o S 2 i i AR




2 BITAE 55 : Fe-N-C HURE AR I T H - k224800 H, O, 65

(a) C (b) Fe 2p
Fe-N-C
—N-C
2 z
g N g
E E
T T T T T T T T T T
800 600 400 200 740 730 720 710 700
Binding Energy/eV Binding Energy/eV
(¢) Nls (d) Cls

graphitic-N

2 z
g b sp-C
= k=i
oxidized-N pyrrofic-N C—0/C=0 CN, sp-C
410 408 406 404 402 400 398 396 394 297 294 291 288 285 282 279
Binding Energy/eV Binding Energy/eV

B2 (a)Fe-N-C [ XPS i Fil Fe-N-C tj1(b)Fe 2p.(c)N 1s FiI(d)C 1s MY i
Fig. 2 XPS spectra of (a) Fe-N-C, (b) Fe 2p, (¢) N Is and (d) C 1s in Fe-N-C
K3 FeN-C il N-C B XRD i 8], 8 3 X Lo ik fY
XRD R 4t & - (JCPDS No. 26-1076), ] 113 3] Fe-N-C 14
XRD &3 25° BT S5 W U R T4 S5 B F) (002) Sl TET . A W%
FNERELGRITORLAH DG I AT7 55 068, i — 2P B0 UE T Fe-N-C 44K il
ZERT Fe LhBR TR A2
2.2 ALK H,0,
H, O, R SIA AT S/ f 6, IR H, O, 19S5
55— SURE IR PR (0 W AE A W AR R A vk A O BT

Intensity

20 40 60 80

Fe-N-C TEA R &4 T 928 S AL W i v, L) TMB S &8 20)
7] 38 I i SN, %% Fe-N-C X H, O, A A6 Rz I fig 3 Fe-N-C fit N-C ff§ XRD i¥%1#l

J1. WE 4Ca, B R HEZE H,O, WEE RN, ox TMB [ 1% Fig. 3 XRD spectra of Fe-N-C and N-C

SERE R HE 0, 24 H, O, BHEEFE 0. 05~100 mmol/L Z[E i, WEE S H,0, BA RIFMLE R, &£
RN y=0.073x—0.277, HEMEEEHN (S/N=3), 3L 3158 0T A AR A 0. 039 mmol/L, & 4
(O PR AEARFIREE T s Fe-N-C i3 S bW RS M LA, A & AR B 58 10 s i, (L2 9K i 1 36 PR 7
T AT TR ARG 322 DU GOR AR =il T 2 2 AR . Il A, RARBUR i A Ak W (HRP) #£ 37 CH
B e A TR B TR 9 T HRP 15 U B M i T B, iX i 5 HRP A L, Fe-N-C 44
KRR TE M TAR IR BE DX H] . A 4 (D PR s FERR I PRI R 5 T, Fe-N-C 1428 5 4804k 4 il 0 P JE AR AN
A% 1 HRP MR TG M LF- 3R AR ISR . AR AR H, O, BT3B 2 S BT LA LAY T4
Wy R INR R BB E . A 4Ce) TR, 0 Fe-N-C 9K EEF I H, O, B98e £t A BUrESEAT 705,
WA PEEEZ R T YR YR IEY] Fe-N-C 99K B BEGS 5 A HL O, 78 Ho O, Wk B I i AR T 4y it
(100 pmol/L H,0,.500 pmol/L K* . Zn*" \Mn*" ,Ca®" \F 505 . 4= .75 A& A A BEH K, 2 Bl L2
SR HUIR IR B W -1 BA TP B & A B 8 A8 4k, 2B Fe-N-C 9 KX H, O, MR HA



66 3 R 2 2 M CE SR B 22 O

RLAF AR A E Bk . e Ah, AR 4 CD R i Fe-N-C 40 K B A6 20 B 6 5 Wil H,O, 25,
ox TMB (W' B 5 R AR (B L, UEBH Fe-N-C 9K LA BB R M. 13k 1 iR, i Fe-N-C 44 K [
I NC GRG0 3l 77505 7T AT, Fe-N-C 94 K i 14 55 K B I 3o B 376 376 K F NC 94 Kl 114 J52 1 3 38 1 A L
it AP B B W E

4 144
4L (@) (b) —" 1204 (e) —=— Fe-N-C
/ —*— HRP
31 o ~ 100
o 37 5] 3\.0/
1 z %]
£ £ 21 S : £
g2t s 1.2] 5 60
=1 e}
< < 0.9 7 é’ 404
1k 11 0.61 i E
: - 03 S 20
J'# 8 12 16 20 04
0 0 CH,O,/(mmol-L™")
500 550 600 650 700 750 800 0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90
Wavelength/nm C(H,0,)/(mmol-L") Temperature/ C
120 4.0 2.0
(4) 15l () , ( ;L ‘ .
S = ] 3] 161 T[T T T
= s . (]
= 825 812
< 60 £20 £
E 2 208
w0 £1s £o.
~ 1.0
20 0 - 0.4
.54 T T 7
0 Y 53T Tl S I
R QN A~ Cdd Y S e X T £ T e ’ 1 2 3 4 5
d% 9'@ Q@b g Qg@ Q@ & S¥SE & &R \? < § Recycle times
RN, §F &

Pl 4 (a)Fe-N-C GORBHAEA Wl LR H, O, oy TMB JEA P AR 15 301 58 S ] WL IO i35 BA B (b) HT o i il 2k ;
(c) Fe-N-C @R HRP (it Pk E ; (d) Fe-N-C 44K fl HRP 4€ 1 mol/L HCL il 1 mol/L NaOH & 1 h iy
I EAE DS P LB 5 () Fe-N-C R0 AS [] S5 400 0 Wi 1E, 13 595 45 P-4 41 5
() Fe-N-C 44 4 il 1 955 £ 458 J1 B o
Fig. 4 (a) UV-Vis absorption spectra obtained by oxidation of TMB by Fe-N-C nanozymes at different concentrations of H, O,
and (b) corresponding calibration curves; (c¢) Temperature tolerance of Fe-N-C nanozymes and HRP; (d) Comparison
of peroxidase activity of Fe-N-C nanozymes and HRP after 1 h incubation at 1 mol/L HCI and 1 mol/L NaOH;
(e) Response of Fe-N-C nanozymes to different substrates; (f) Cyclic stability of Fe-N-C nanozymes
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Fig. 5 (a) Cyclic voltammetry curves of Fe-N-C and N-C nanozymes in the presence of different concentrations of H, O, ;
(b) At —0.15 V, i-t curvers of Fe-N-C and NC to different concentrations of H,O, ;

(¢) Amperometric response to continuous addition of H, O, to Fe-N-C nanozymes at —0. 15 V
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