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Abstract A series of bimetallic nanozymes (Pd,Rh, PdRh, PdRh,) was prepared using one-pot hydrothermal
method by adjusting the ratio of palladium (Pd) to rhodium (Rh). The peroxidase-like (POD-like) and oxidase-like
(OXD-like) activities of nanozymes were tested. The results showed that the catalytic activity of bimetallic nanozymes

was significantly enhanced compared to that of single metallic nanozymes (Pd, Rh). The POD-like and OXD-like
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activities exhibited obvious component dependence, and PdRh, and PdRh nanozyme showed the strongest POD-like

and OXD-like activity, respectively. The analysis of enzymatic kinetics showed that the Michaelis-Menten constant
(K,) of PdRh, nanozyme with 3,3’,5,5’-tetramethylbenzidine (TMB) and H,0, as substrates are 15.65 and 381.99
pwmol/L, respectively. The corresponding maximum velocity (v, ) reach 8.40x10™ and 11.01x10™ mol/(L-s). In
addition, the POD-like activity of PdRh, nanozyme was pH-dependent, and the optimized activity was obtained at
pH=5. A colorimetric sensing system was developed based on PdRh, nanozyme, which realized the rapid quantitative
detection of nitrite concentration in solution according to the fitting relationship between the absorbance ratio (4,,, ./
Ags> ) and the concentration of nitrite ion (NO*"). The limit of detection (LOD) in pH=5 buffer and pure water are
0.467 and 30.523 pmol/L, respectively, and the system has a good specificity under the interference of various salt
ions, demonstrating great application potential in biosensing.

Keywords Nanozymes; Component regulation; Enzyme-like activity; Nitrite detection
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1.1 RFI 5

3,3',5,5 - U LR (TMB, 46 98%) . A 2R (GLU, ZlifE 99%) | 5222 (LEU, 4l 99%) |
ZHAIR (HIS, 2 99% ) Hi %M (LE 1 99% ) FIIRER (UA, 4l 99%), g Ak B AR AT &
KIER (—Z) , AZRITEIFE A RA R WS RRE (K,PACL,, 465 98%) . /S HAETR A (K,RhCy, 46
JE99%) . ik E AL A (T 43 8030%) . WiFR A 4 (Na,HPO,, 43Hr4l) | #7802 (CH,0,, 43Hral) . Y
RN (NaNO,, 43H74k) . JC/KBREREN (Na,S0,, #ral) . & Ab8 (NaCl, #ral) | kg E 8% (NaHCO,, 43
Mradi) . AL (CaCly, 43#ral) . SR8 (KCL, Z08r4l) | A ER AN (NaNO,, 43474l ) F1ER 2,0 i i A I
(PVP, tghal), [ 258225047 BR S A 5 Jo/K B R B (MgSO,, 43Hréall) , Bl Rk 24857 4 BR
ol

H1850 BBl , e A S2 56 28 A #5843 BRZS 7l 5 D8-Advance B X Bk R K AT HHYL (XRD) , Fi [
A& TE /) 5 Cary-5000 58 Fh- 1] TR ISOE S (UV-Vis) , 35 E S RHE A R 7] ; DHG-9023A %Y
TR, g —E R g A RS | 5 JEM 2100f %0375 5 fi F 5 0085 (TEM) , 26 [# FEL /A A 5
ESCALAB 250Xi %Y X S &6 HL FRETE L (XPS) , 3¢ [EFEER AR AF] .
1.2 LR
1.2.1 PdRh 44 K Bbr 89 4 % FRE 110 mg PVP AR AN, A 1. 65 mL 221K, # A 5
PVP, 235185 5 RPN [ 4 1 4 8 37 W [ 4 mL(5{ 3 mL) 5 mmol/L K,RhCl i +1 mL 5 mmol/L K,PdCl,
VW, 2 mL 5 mmol/L K;RhCl ¥ & +2 mL 5 mmol/L K,PdCL,#E ¥ , 1 mL 5 mmol/L K;RhCl, ¥ ¥ +3 mL
5 mmol/L K,PdCL 14 mL 5 mmol/L. K,PdCL %W [N A 2 _FiRES Wb, 885 i ) a4 4% 2 M5
H, F200 °C 2 6 h 5 %) 4043 H A [F ) PARh (Rh, PdRh,, PdRh, Pd,Rh F1 Pd) 44K BokL . 52 45
J5, FEBE T RZREERDKRIURL, JE8 A E0E RN 2 mLIER S A .
122 PARh 44 K Fkr o9 25 A0 /AT R XRD XA [ A143 EU Y PARh G K TRL A T T PIAH RN 2546 53 HT 5
K TEM EBAE T HASOWEE# SOt R 43 Aii 5 K XPS 404 Pd,, Al Rhy B1UIE , ABFFEAS ] PARh 44 K ks
TLRMAAETE A M.
1.2.3 PdRh 44 K B Ar 2 S Ak 4 B8 (OXD-like) 5 2 3% £ fb 4 B8 (POD-like ) 7& M B9 1F 4 OXD-like i H:TF
fre 18] 3 mL 2 B 17K A 20 wL 20 mmol/L TMB ¥, FHANA 20 wL #5810 655 19 PARh 40 K ik 7%
W, K2V 10 min Ji7 JH UV-Vis Il WG EE . POD-like 16 MEVEIEAT « 16 3 mL 25585 77K H 230 HIA 20 pL
20 mmol/L TMB % #1120 wL 100 mmol/L H,0,¥% ¥, FHIIA 20 L5 B 10 65 /5 (1) PARh 44 K F5URE 45
JI 10 min 5 I E WG . 814 %F H Rh, PARh,, PARh, Pd,Rh 1 Pd 5 Fh 44 K 50k7 54 OXD-like 75 1 Sz
POD-like {& %, S0 AT HAL 535 T AL I PR R . 0 26 H POD-like V6 M 5 UL 0 10 iR EE Eb (kG
DA R (R RA
1.2.4 PdRh, 41 K FAL B2 20 7 % 04 PARh, AOKEER I e AT POD-like 1604, X304 T T {2 3
J12E5 T . ARV EE IR (TMB 1 H,0,) 435I 28 POD-like {EPEIA R, RAI UV-Vis B30 7
2N AE 652 nm AL (A, ), TAERFIE] R 5 min. MR A& Michaelis-Menten J 21152 1 8 11 2%
S

Vv=(K fv, X(1/[S])+1/, . (1)
A olmol/(Les) NI W UG E L 5 v, [mol/(Les) | Ryt K Wi 3 [S](mol/L) AP E ; K,
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1.2.5 Z£F PARh, 44 K B th T2 25 B 4kt 4001 76 POD-like WG PEIRAA R b, A [R] pH {8 A0 2% 1A W
R BTk, LU PARh, 0K B pH AHTE . PARh 94K B 15 pH=5 19 2% whias i b 28 P L 9 v 10
POD-like {6 P, DIL, SEH8EAE pH=5 2% ph 75 W rh A G i R AR AS AR R . 43 1] B 20 L. 20 mmol/L
TMB % A1 20 wL 100 mmol/L H,0, 75, A ZE 2. 7 mL s T, FhA 20 pL#F 10 7% PARh,
YKBES W, R 10 min. 435 0A 300 wL AS[A]HE BE A NaNO, 79 (0~30 mmol/L) 2 -4 PAdRh, 44K il
FEWEH, SO0 10 min f5 0 445 F1652 nm AR I IGRE . XFT 0~1 mmol/L BYfIGHE & NaNO, WL , #$ TMB
FHAE RGN 2 40 WL I8 VAl IR 3 52 1t 7] 4B 4 32 20 min. 38 12 #14 445 1652 nm 40 A9 W% BE HOAE

11111

¥ (K, Mg*, Ca*, Na*, HCO;, NO;, SO¥, CI", GLU, #j%j¥¥, UA, LEU, HIS fl £ KIEH ) 5
5 mmol/L NO, HAZEAFT, Ml T 3% Al {4 3R s B

2 GRS

2.1 PdRh G4 FRL A Y 53 K S H R AE

2.1.1 TEM % AF TEM 23 #r4s R0, PARh 444 W0k 52 3 R BRTE , Kide A 5~8 nm [ & 1(A) FIA 2
(B) ]. X2 ARG st A #8020 2 77 2 PR 2R ) S [ 945 A gy K Ao o) R TR g e/ IMB AR K
PRI B 1 RS ) = 4EBR MBS . (EARIE R R, FiE Rhoo xR S &4 230, PARh BANs(111) ghfi

] o

PdRh; m

. ® afd
. -
» »o

Fig.1 TEM images of PARh BANs(A) and mappings of Pd,Rh(B), PdARh(C) and PdRh,(D)

Chem. J. Chinese Universities, 2025, 46(1), 20240341 20240341(4/9)



% ¢k

Ed C%I—?EMiLJ;%URV\:L OF CHINﬁ U!:%ERS%T&\ES
[BIFE A F4li PA(111) S a1 R (0. 225 nm) 524 Rh(111) F4 1 R (0. 219 nm) Z 8], 5 BLALH: 6 i #a
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AT RR T, day 0 R A SR B AR (5 40 K AT 25 1T 5 4 A S 7 R 4 3 ) A R A R ik
IIN, SERUTIREAR , Fe gy H AL G PR 2520 SR F TEM XF PARh BANs 18 UG K 190 A dE AT T fihr . 4
K 1(B)~(D) 7R, £ Pd;Rh, PdRh Fl PdRh, 3 FFgi KRR, PAd A Rh GRS A 457, RIS w4k
JEFURES 7, IS SRR s, AR T AR LA RESE T

) >0 (B) =P 776120314 nm
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Fig. 2 ICP-MS and XRD characterization of PARh BANs

(A) Atomic ratio of PARh BANs; (B) grain size distribution of PARh BANs; (C) interplanar spacing of PARh BANs;

(D) XRD patterns of PARh BANs.
2.1.2 B AEH T L (ICP-MS) X XRD 247 1ICP-MS /3 #Hr#& ], Pd,Rh # Pd 5 Rh i J5i 7~ H R
66. 82:33. 18, PARh H°4 58. 61:41. 39, 1fif PARh,H }y 18. 07:81. 93[ K1 2(A) . XRD Zr#r&s & 2(D)
JIe7, A I BT Pd LA ST Rh AOK0RE (11 1) @ RN, 5 X0 B bR iR |- (Pd-PDF 46-1043 Fl Rh-PDF
5-685) W14 . AR, 3APARIEIZH 43 H i) PARh BANs(Pd,Rh, PARh 1 PARh, ) i )07 5 AT S 04432 T Pd F1 Rh
BT 2 (8], HOFE Rh & 3G A X AR . IR R ALK W], Pd;Rh, PdRh #1 PdRh,; BANs
(A (LT ) gt 1 (B B 28 ik /D, 5 T 2 (A) &5 3R — 8, ifF— 25k Bl 2 755 PARh BANs 41 43 b Al S8
XT LA BRI R 5T . teAh, #5415 PARh BANs fif S8 th B 7 B R e db, 3 55 B 0N I oK R
FHG.
2,13 XPSH T XPSAMHras B ani® 3(A) Bz, 765 Fl PARh BANs BRI R, ST L C,,, O, FI N, FHAE
U, X AT RESEAE B O DR AR TP PVP AR 58 4 BRI 8. fEI3(B) AT UL, PGk iuih e i) PA G R 1Y
O FUE P (4 Pd,, P, FEAEIE S BIAE 340. 16 1334, 87 eV AL . 1AL, B Rh % 1938 L3
T, Py R AE 04 5 3 5 20 R 55 B 3, R B P T R (WAL HEIRAIR . LA A KR R I Rh TR M 0
M, P 3(C)FT/R , HU5E R 9 Rhy,,, Bl R, FHEIEST 5007 311, 53 F1306. 69 eV 4b. i1 3(B)F
(C)F WL, 7E Pd,Rh, PdRh I PdRh, , 55 PAAH L, Pd,,, , FI P, BIRFAENE R A T 5, 555 Rh
FHLG, Rhy, FIRh, FEEWERA 7208 . FIRZSEREN, IR PIRG4S, BT H RhCE[ PdITER

3d3pp 3dspy
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Fig. 3 XPS characterization of PdARh BANs

(A) Survey spectra; (B) Pd,, spectra; (C) Rh,, spectra.
2.2 PdRh #0KEHI#9 OXD-like 5 POD-like ;& M EH
2.2.1  PdRh 4y K BUkr 7 OXD-like & M SEALEEHE AR SO F328, ALK AR —FIEE. BRK
SRAAALEEAD, M4 I8 RTINS, Hon] Fe Bt 28 LAY A ARG PE . X OXD-like 16 P A1
#r, LLTMB K @Y, 23 90 m A 5 b PARh BANs, % K Al TMB 44k, 2 i TMBox ¥ (4 JIE4) .
TEARFE IR S5 E T, 5% PARh BANs fitfb 2 4L TMB )5 , 652 nm &b #9056 25 (5 HE 4 PARh > PARh, >
Rh>Pd,Rh>Pd[ K 4(A)]. o] WL, PdRh HA F LA OXD-like 760 . (HASE =9, % Pd 5 Rh 415
EE IR T, O 9 OXD-like T 14 5 K 1L 06" AR AL 4 $5——2 Pd 5 Rh 4143 LL 29 1: 1), FL OXD-
like 7 LR B (H .

0.8 F(A) “|®) .
I POD 75 | Vax=11.01x10¥ mol-L-1s~2 7r
06 = 2 TK,=381.99 umol/L o
2 T 6ot i
< 2 a o=
;g 0.4 g 45k ) - S é 5k
0.2 S 30F S S 4r 0 . .
05004 000800120014 ° N 003 006 .
S 1t A S . . U
Pd Pd;Rh PdRh PdRh; Rh 0 200 400 600 800 1000 0 20 40 60 80 100 120
¢(H;0,)/(umol-L1) ¢(TMB)/(umol-L-")
2.5 3.0
_1001-(D) (E) ——TMB (F)
S S0k —— TMB+H:0; 251 A
. /
& 51 ‘ —— TMB+PdRhs a0l f
Z 2 ~—— TMB+H,0:+PdRhs 3
N & 2 15K
£ 50r = 2
<5 Nl & &
& 25¢ 05
& -
0 C 1 1 1 1
0
3 4 5 6 7 300 400 500 600 700 300 400 500 600 700
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Fig. 4 Evaluation of enzyme-like activity of PARh BANs
(A) Comparison of PARh BANs OXD-like enzyme and peroxidase-like enzyme activity; (B, C) the double reciprocal plot of
the Michaelis-Menten equation of PARh, BANs with H,0,(B) and TMB(C) as substrates (the illustrations are double recip-
rocal graphs) ; (D) the POD-like activity of the PdRh, BANs at different pH values; (E) TMBox curves of different sys-
tems; (F) the change curve of TMB after adding nitrite.

2.2.2  PdRh 44 K B AL 89 POD-like & £ 3 A ALY 2 —Fh T 2 AFAE B9 AL Dl , FLRB S i fhad 45
LA (H,0,) B HERE YIS . Ko 48 9K Uk AU 75 1 S AL b, i FLEA o Ak
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YR EEERTE . X POD-like WG PERGTEAS, LA TMB by 8 (GicH , fd F— 5 W BE 18 H,0, 43 515 5 F PdRh
BANs XA 4L TMB, 23T A &L 21 JC (8 TMB 8 il S A A4 55 8 TMBox. 5 OXD-like 16 PR,
Bifi Rh 2043384011, POD-like T4 52 K 11106 " AR AL a5 . FEARTR]SE 56 254, 5 PdRh BANs [} POD-like
G YENF & PARh, > Rh > PARh > Pd,Rh > Pd. 4 Pd 5 Rh 4143t 290 1: 3 B, H POD-like 75 74 4k F- 14
B ACA) ] AT 0L, Y3 R E B2 20 45 1ERT, OXD-like 5 POD-like 1% 14 A 8 b 4 AL IR 2 A 4%
Ak . X T OXD-like 1% 1, PARh BANs AT 57K Y 3 A U A2 SO, DAEAE 324K, SEaxt
TMB A RCAALS N % T POD-like 16 1, BT H,0, M9 A, fiEfLERAR R A T B 22 0. Rtk
ZH, PARh BANs BERSAHE AL HLO, 24 TP N 3L H PR L (- OH) W B &544) . Bl 2 1> - OH JE A NG K il
FHEHT, 5 TMB &A= Ek Y. R, OXD-like 5 POD-like 1435115 O, 1+ OH 7E PARh BANs 2
T P R B B DA DG . AR e, A F 2540 Y 20 AE ] R 3R s O, i O, F - OH I Y RE 43
SISE T2 1R 18 10 DX ) (A 3 P X o7 P VR B BV TR ), AR BTG PR R P R, . ol S 4 SR mT
OXD-like 5 POD-like {44 X5 o (9“4 11X (] 7 HAT 25 5 . J5 8 LU 4 W BRFRE 74 111 DX i) ] BEARR (B A7)
Jr A%, HRIE AR OH) IR PT B FLAE AL SO 1) “PRidiZh | X 55 Shen 5550 iR 15 1) 4 J8 A0 K0 25
BTG PE RIS T AS R —2 .
2.3 PdRh, 0K Eii R BER 3h S1F 54

PEHL POD-like 1 V£ feAE 1Y PARh 347 T WAL 2h J127 73 B . LA TMB 1 H,0, W IK#, HOR 73 1) ok
0~120 F10~1000 wmol/L, PdRh, BANs [ ¥ B {4516 5E (B 20 wL % B 10 £i5)5 1 PARh AP BEHATR ) ,
IR KW 3 %5 TMB FH,0, W FE X RIS 2K R REHI 4L, il 4(B)A1(C) Frz, DL TMB FlH,0, MJIEY)
FIOK FRH E (K, 43 310 15. 65 F1381. 99 wmol/L, X1 A% e RS L 3 2% (v, ) 4331 47 8. 40x 1071 11. 01
10 mol/(L+s). FI# B K, BAK, ULBZA RN TMB 855 F1 ) 558
2.4 E-T PdRh, ZKERR L AEER £h bE B G

FHEF PARh, 94 KB4 20 PR B9 41 57 POD-like 1 P , B L0 WP AR EL He kil v . o T B iR
FERTMEREE , X PARh, AK G pH ARSI PE EA T T 1A, 554N 4(D) Firzs . ££ pH=5 B, PdRh, 44 K[}
() POD-like i M d5c . ZEULAAMF T, PARh, AR B AL AL TMB OB R i Ze dn & 4(E) s . Bl 4(F) 3%
BH, TEIZAR Z PN 30 mmol/L NV ASERER J5 , Bl B A4 1, 445 nm AZb AW G RE R HT G K, 652 nm AW
R RGNS B S RGE F RRR RS XU RS R AR 5 TMB AR T AN, A T 445 nm &b

KR, ST REER R AR SR . FE pH=5 2500 T, A0 TR A BN 300 L AS [R] v B I Al
iz 4k (0~30 mmol/L) I ) UV-Vis i . W 5(A) iR, Bl WS PR ER R BE 3G A, VA b (0 48 S 4
AR OB MZ AT W, 445 nm &0 I (EZ BTHE K, 652 nm A ISR SE i B, J57E
MVAF TR R BE TR 3 27 mmol/L I TGRS RS IR R WK B2 2 0~30 mmol/L I, Ay, /A, ., 3 WA RRER
W ERIFHLME LR, IG5 N y=0.135+0. 071x (R>=0.994) , # I P& (LOD, S/N=3) &
0. 142 mmol/L. A T 15 SRR BE 1 R RS i s S, 30 o S S 07 A [ IR TMB Y 3, S T 5%
R ok B Ak, 25N 5 (C) BRSO AY R SRV B2 O 0~1 mmol/L BT, A 4559 H y=0. 1173+
0. 9405x(R*=0.999), LOD(S/N=3)50. 467 pmol/L. N T ik—HARTHRG M EHENE , XtafiK oh RS ERER
RO AT BEVEREA T TIRE . B2 s AR R oK, IR AR BRIEATSCS . AnlEl 5(E) R (F) B,
1E 0~30 mmol/L N A7 7E W BELRE 2 2R, 7E 0~10. 106 mmol/L 5 Bl , U445 5 h y=0. 109+0. 0615x
(R’=0.995) ; 7£ 10. 106~30 mmol/LyuF N , A5 455K 4 y=0. 582+0. 0147x (R*=0. 970) , LOD(S/N=3)}y
0.242 mmol/L [ ¥l 5(E) ]. 7E 0~1 mmol/L i [l N, #8145 45 R 4 y=0. 1017+0. 3725x (R’=0. 995) , LOD
(S/N=3) 7 30. 523 wmol/L. 5 pH=5 AL, USRI SR SR8 AR R I B3 , (ELR 3] T R A7 e I A%
S BEAh, F PR, PARh GOKEAE VA R LA I 7 16T, LT AR RS B i) R A

B T RALEES , BEREE R R A I ) — TR R . SIS Pl T A R R A R TR
(10 mmol/L) 777 B X WP A iR £ (5 mmol/L) 3 £EME . W& S(D) iR, (R T 14 B TP B T 5o 1
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Fig. 5 Quantitative detection of nitrite
(A) The change of TMB curve after adding different concentrations of nitrite (the illustration is the color change diagram of the
system) ; different concentrations of nitrite were detected in buffer with pH=5, 0~30 mmol/L (B) and 0~1 mmol/L(C) ; (D) nitrite

specific detection; different concentrations of nitrite were detected in water with 0~30 mmol/L(E) and 0~1 mmol/L(F).

Table 1 Performance comparison of the ratiometric colorimetric method with previously reported

approaches for nitrite detection

Detection mode Material LOD/(pmol - L") Ref.
Electrochemical Ag-S0,-NU-902 9.1 [37]
Electrochemical AuNPs/Ui0-66-NH,/rGO 3.7 [38]
Fluorometric CDs 21.2 [39]
Colorimetry AuNPs 21.7 [40]
Colorimetry AuNPs-CeO,NP@GO 4.6 [25]
Colorimetry Cu-MOFs 8.5 [26]
Ratiometric colorimetry PdRh, BANs 0.467 This work

(K*, Mg*, Ca*, Na*, HCO;, NO3, SO%, CI', GLU, #%j#%, UA, LEU, HISFIEKIER ). 455R BN,
AAAE AR AR T (NO, DB, Ays /A sy o TES THLIOR AR 2 I AFAE R 35 25 57, R IZIAR 25 AR
ARSI ELAT B0 R Sk . 6T PR, A4 J&8 9K i I A R 32k LU 0% 8RR B REUE = | Fe bk
U pHAE S AP ER SRR, FARAER SR/, AT RERAT I A . b AR IR O S el A
SEILEF AT IR, SR SR RETHLIB A R - BRI DG R, AT SEEP
AT 5 EARRI TR M B, H AR IR X A PR ARG Bl R TR AR AR AR A AR
TEFEREEE | SRR AR B4 B B ASI ( Point-of-care testing, POCT )5 7 T HA 8K AT 77 .

3 & i

=H

R g 0 HICBAUK HA , Sl 48 PRI Rh JCR AL L, 45 T £ 51 PARh XOT & 8 44K Bk .
T A ST PE RS LE S, 0 1 ) POD-like i VA ) PAR, 2K, 0 TR RS AR ER A9 LE (1%
AN, AR RBUE R RSk L pH S PR AL AR, A RO REHE | A FL iR R A I T vk
PdRh, 24K B 57 (1 POD-like V& £ AT BE2K B T2 4398 19175 2 (0 L P45 i, I d i o g 24
PROLE, FFESCHE RO A rh R R B B REAL T %0 1 XA, FEA )27 5 8y o b S Bl 1 W R R
f RLAFDEIE , AT HAT B i RO HE AR RE . AS SO i e RO R EE LE (A% B B R SR Bt T4
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