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Abstract

To address the issues oflong response /recovery times and limited sensitivity in the real-time detection
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of exhaled isoprene, this study proposes a modification strategy based on the synergy of activity
regulation and functional shells. Ni-Co304@CoPW yolk-shell composites with different Ni doping
concentrations (1 mol%, 2 mol%, 3 mol%, 4 mol%, and 5 mol%) were successfully prepared via a
three-step method comprising coprecipitation, self-assembly etching, and heat treatment. The re-
sults indicate that Ni2* doping effectively modulates the electronic structure of the material and in-
duces abundant oxygen vacancies. Meanwhile, the unique yolk-shell structure exerts a synergistic
effect, significantly enhancing the gas-sensing performance. Specifically, the 3% Ni-Co30:@CoPW
sensor exhibits a high response 0f 412.07 to 50 ppm isoprene (at 20% RH). Its response and recov-
ery times are drastically shortened to 43 s and 110 s, which are 108 s and 28 s shorter than those of
the pristine material, respectively. Finally, the synergistic enhancement mechanism of electronic
structure modulation and interfacial catalysis is analyzed. This work provides a new design strategy
for developing high-performance breath-analysis sensors for non-invasive disease screening.
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1. 5|15

NAKRE S TE S —Fh AR ANE . To0 HARRE R R I 2 Wi BRI A SRAE I R 5 27 A {3 M
MG TR R TEARZIFSAEYRED T, FIK)F(Isoprene) @& N KA AT & ERFEE
PINIE RS G —, FEFET AR R R EE R E A G RO . WK AR, =K
TR () S DA 5 N AR R ARR B UIAE DG, L OB IE SR s B R S M e R AR AR
YIbREAD[1]-[3]. faHENARIT H S 1) 57 0 Mk FE JE 72 50~200 ppb Y Y, MAEREE i ERE R,
LR P T B IR [ B WA K ST (<40 ppb) [4]. BRI, St AARIE B S 0 0 vk B RS v . s e, T
R S P ) S T TR RIS A T 975 2 R A AR B KRG PR R L [5] [6] SR, FLSE AARIE SRR
4, AMUEA IR IE KSR @ KT 90%), i®RA T A Fin 2/ . INERSE R AL &Y
(VOCs) THAM . IXBER s v A AL s AR A AR ARSI R . BRI ade e LA S (R Bk

HAT, 7ESMAE RS, 488 SR (MOS) SR B IR L AR B« 2 T B A I il AL
ZRTZMAT]. AN =5 (CosO)E N — it By p BFEEEN 5k, HTHFEEMRENS
(Co/Co® )R MR IR AL TE M, BV AT 57 8 — ) (R BRAR B A4 B8] o SR, BR—[1W4E Cos04 <
O RS2 SR L A 1) 23 7R B2 FRIC T L, AR R B R U AR B [9]. SN E e, H
A BR R TGP AL SRS ) AR 2, 5 B S E SRS I R TR S e 82 — VKR B0 ) R
SIS, A DL A2 SIS IR A 00 PR e R) 2 B R R R . e Ah, 2K T RIS IR B2, 4l CogO4 14/
PRAE RIS TR I R ™, X AR IR T AR IR RIS b7 B SE bR

AR, WHREN 2 R A 4B A HUEL(MOFS)E A B RAR ,  DAR S BAT w5 Ll 3R i ARUR 22 FL4%
P& R A . FEICEAE b, A AR 58 5 R S A IR B — Fh BB R AR BU RE R SRS . BRI -
Fe(Yolk-Shell, Y S) 45 #a) Fo At HLMURR (1 23 (B 0 4220 A0E ,  TESBUE . AL SRS G2 T T iz %
o BN, Park 25 A[10]80H P HIFE H T —Ff MOF #i74: 1) Cos04@CoPW 3 - Feg K R N2k . % T1E
FIH AL Z 2 <5 S R SR ) B A A B B PR AN 20 1005 20 O, R B 4 T 1A% IRRERAE B A B T H A
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RIS AR, R X B AN 58 B B AR AR AL 1 AR AR S S SR B, A A # Co304
K% U IR AR AIE P 5 ) RN IR B R R BB A BURR A % o X R 1% B A RTE NI LA i B R0k
R TV P AR 2 A A 5 T AF AEAR R R PR, 3 35 ey I3k 3 N R U AT A il — B4R T«

Rtk T 3 — D0 A AT VSR e B ThRe AR 3, ARSCIRH T —FhdE T3 M A
5 IhReFE U E f et g . s e . A AR R R R =P T4 T Ni 528 Cos0.@CoPW
W - REAMECTXRIFR N NCP), FRFFE T ANE Ni B4R X B8 - 52 A M EME BRI B 52
RGMEMABIERER I, & UIKRER Ni 544 (3%) e A Kb (b L R e . M TR 3B 4 4l
Co304@CoPW Xt &2, 3% Ni-Cos0s@CoPW &I 45 AU KT 50 ppm S 3 4 it BAE L 1 5 kTt
L N7 5 R A S ) K A R () B R S 43 s 1110 08). IbAN, 1AL RSN A B 12 4 1 Bk BE 10 [T i)
MRIRDRERE T RIARARIR B SRR e Re T . BJE, 456 UBIINASE R XPS. BET & RIEEIE, 4
M1 7 Ni-Cos0:@CoPW & A&+ R A& M LHE .

2. SCIGERSY

2-Methylimidazode

/ _
cla—m—iL_F

Co(NO,),-6H,0
+

stir incubate for 24 hours centrifuge
Ni(NO,),* 6H,0

H3[PW,,0,] - xH,0
<4 EE=p
- ) @

heat dry centrifuge stir

Figure 1. Synthesis process of Ni-doped Cos0+@CoPW composite material
1. Ni #8% C0304@CoPW £ &# R & BT FE
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C0304@CoPW Yolk-Shell ((# - 72) H PR EE MR FEAHISEIS & BUL R0

1) Ni 57 ZIF-67 [ WA ¥ A ik
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AR RSB, R TCK B EESRIR =9k, JRAE 7T0°C T4 12 /N, 733 Ni 2% ZIF-67 Hiakik.

2) seRHR

FREX 0.5 g il 45 5F 1) xNi-ZIF-67 ¥ K, 1@ #E A 0#0T 40 mL FIEEr, TERGEF. IR 0.5 g %
IR KA PI(Ha[PW12040]- XH0)¥ T 20 mL 2385 Tk o TERFEEERE T, F4 W 40 IR VA T 2 1 n 22 2
R IRG R REER NHERE 3 /NN o RS WG, =T B0 Pl TR, 193 XNi-ZIF-67@a-
CoPW R g1

3) Ni-C030,@CoPW & &1 EH & B

H4 1] £ 1 B T IR A4 R AP RN b o £ SRR, BL 2°Cmin FHREZ N #42 400°C, I
PRI 2 /NI o JBHe L R S R L ARV HI B =, RIT 15 1 5 2416 XNi-Cos0s@CoPW & &K, Hids
Ni 13544 B 7R 5 45 (0%, 1%, 2%, 3%, 4%, 5%), K i3 (= A1k il dr 44 9 NCP-0. NCP-1. NCP-2.
NCP-3. NCP-4 #1 NCP-5 (7: N {8 Ni, CP 8% Co30,@CoPW).

3. Ni 2% C0:0,@CoPW E & RIBIRIES 5347

i X HHEATHX(XRD) (42 E Bruker D8 Advance)df #4 kLA A AR S5 FIREAT TR AE. B
HL 7 2 UBE (SEM) (£ [ ZEISS Sigma 360) A 4K 45 14 FITE AN R . @it X G286 HL 7 RE R (XPS)
(2 Thermo Scientific K-Alpha) fii i1t 548 G RAS o AR FLAR 237 A1 b 3R Th0 AR 8 Jek 200 B B 0 38
(BET) (32 Micromeritics ASAP 2460)ill & .
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Figure 2. XRD patterns of ZIF-67, Ni-ZIF-67, ZIF-67@a-CoPW and Ni-ZIF-67@a-CoPW samples
2. ZIF-67. Ni-ZIF-67, ZIF-67@a-CoPW #1 Ni-ZIF-67@a-CoPW #£&:#) XRD &

I X AT (XRD)H A FAC BRI T RT IR AT T 85/ RAE. Wnls] 2 Fos, KiB2% Ni (1) ZIF-67 1
i RT R IR B BRI . HATHNEN B S ZIF-67 fbrik Bl 1% (PDF#43-0144) 58 &) & o IX B SEIG R Th
R T 5 R ZIF-67 BTERAK. I\ Ni TGRS, Ni-ZIF-67 K& TS RS A KA kAs . Bl
R AR A AT I X VLR Ni BT BN FERBIE ZIF-67 A 2 FUE 28450 . fEAd LR
BHFR)G, FTSEEM(ZIF-67@a-CoPW Al Ni-ZIF-67@a-CoPW)[KIATHT ISR 5 ZIF-67 (PDF#43-0144)FniE
8 X E AR G AR S N A AR R . A, RS RORAIN RS R T 2 SR AR
(POMS)FIFIERTHT I . X RIATEAR LS miR A FT, PHETE ZIF-67 K CoPW 522 RIIAEMALE .

23t 400°C = SAR MIBRG, T BEAR TR EAE 1) ZIF-67 AT 506 58 478 R (n FE 3(a)FToR), Btz
()72 5 10 37 5 AR il A 4514 Co304 (PDF#42-1467) 58 £ W) & HIRHIEATS 16 (40 111, 220, 311, 400, 511 1
440 ¢ . AL, PR A S R SRR E AT S I A 8 T [PW12038]° (PDF#50-0658), XA JJHuiERH |

DOI: 10.12677/aep.2026.165082 821 LR AT U


https://doi.org/10.12677/aep.2026.165082

A

JRELZEAE R T 1 E A a-CoPW SEEZAE MM B RE bR A4 1 i, H.2 &R %R 2E(POMs) Fh 5 7E il
NACREE T RAF S5 e M, DIIASE T ER BT - SRR SR A5 . 7E 3% Ni-Cos04@CoPW (K3
fEI B NCP-3)#E S I 3t v, R W85 NiO (PDF#47-1049) B AH 73 55 24 Ji AT AT 50, £ Ni o R
S e NS SN

(a) s (b)
- S & N NCP-3
3  weeo| 3 - C weeo
\m./ MJWJ\...,,J,‘W/\%_ j_r'\w,“‘ . et W?\"WJVM \m./ \%
_é’ [PW,,0,¢]* PDF#50-0658 .é‘ [PW,,0,5]* PDF#50-0658
2o [ I I [ 1111 2 I
Qo NiO PDF#47-1049 Q NiO PDF#47-1049
= || | = |
Co,0, PDF#42-1467 Co,0, PDF#42-1467
1 | . .
10 20 30 40 50 60 70 36 37 38 39 40 M4
26 (degree) 26 (degree)

Figure 3. (a) XRD patterns of NCP-0 and NCP-3 samples; (b) Magnified XRD pattern of a portion of the sample
3. (a) NCP-0 1 NCP-3 £ A XRD [EliZ; (b) XRD BEBHARE

N T HE—BERTT Ni 4B 440t S AR SE R 2 m, X BRI (31L) HEAT T R UK (& 3(b) Bz 7T EA
TEMTHIL S22, 540 Cos0,@CoPW (3L AR NCP-0)AHEL, 51\ 3% Ni J&, (311)UrIfr B &AL T f/IME ]
TR I A B (I 20 (E) MBI A . ARABAT H A AT S e A, TS A (R0 IR B R T TRD PR R3S K. B 148
F BT NI T2 42(~0.69 A) KT AR A% H 1) Co®* B 1(~0.545 A), Ni*%t Co A K] it A& A AN\l i
Gakth 51 R T R A B AR 5 AR RR I o X — R IR RS, D Ni BRINIB AN Cos04 R A il
PRAL T BN ARSI S A B SRR AR R T 5 3 B 2 (TS PR AL AL (AT [11]

3.2. SEM 4r#hr

IS A T BB (SEM) LSS T RE S I ROWES . 14 4 HR(al)s (b1)FA(cl)/Z4E NCP-0 ¥ i 1) SEM
K5, MBI LIE Y, MORIEEAREE T RTRIA ZIF-67 HIZ5E+ AR ER . 25t miiiBbe s, RE
RIS HURE . X8 22 TR R 22 200708 O 90 K S 5 5 2 285 17 e 1)

4 H1(a2). (b2)F(c2) /7" T NCP-3 Ff it MM ES . 5 ARBAFEMAALL, 2% Ni 5 IMRHE 200
T A R A B R 2%, BB Ni TG 3R I 51 N TR B B} B A i 22 o 7E [5] 4(c2) =B IOk G
WS E] T — MR GO EURL  JE BT 11, AT DA B B 21 F50RE P 350 A% 45 40 LA R A% 5 7 2 TR )
BB X — B AEIRHE, A HE TS SBT3 Yolk-Shell (B35 - 572)4514
[12] 0 SXFPARERT P9 ZRRUZ AR T BRI A2 i, K2 AL A et B bR SR FEA9K R
[ 3 AR AL s T e .

N BRI TR AR S A 0 A6, % NCP-3 B HEAT T RS R (Bt X 5461 (EDS) 4
fi(Mapping) 73T . ] 4(d) 2 MR X Sk i 3 HE TSR . 1] 4(e)~(i) 73 i i T 4li(Co) %(0) B (P). (W)
AN TR AN . BB ER, ralhls RIESK 2 AR B350 A, Hrd, PATW T&+E
BRI 5] A AE M RH AN S 2 X IR, IESE T CoPW 522 MM E 4. [, Ni JoE 51 A6iE B
T Ni QRIS RB E R, BARH IS 1S RIS .

3.3. XPS 434
L X AT BERR(XPS) b 1R R AL A A RN T R A 4« 1] 5(a) M1E] 5(b)UESE T = &4F
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Figure 4. (al)~(c1) SEM images of raw Co30s@CoPW; (a2)~(c2) 3% Ni-Cos04@CoPW:; (d)~(i) Elemental mappings of 3%
Ni-Co304

4. (a1)~(c1) JRIE Cos04@CoPW SEM Elf§; (a2)~(c2) 3% Ni-Cos0s@CoPW; (d)~(i) 3% Ni-Coz04 AT ZE mapping
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Figure 5. (a) XPS full spectrum of NCP-0 sample; (b) XPS full spectrum of NCP-3 sample; (c) (d) XPS spectra of Co 2p of
NCP-0 and NCP-3 samples

5. (8) NCP-0 #£faBY XPS &i; (b) NCP-3 #5H XPS £i; (c) (d) NCP-0 1 NCP-3 #&AY Co 2p BY XPS HiE
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Figure 6. XPS spectra of O 1s for (a) NCP-0 and (b) NCP-3 samples.
[& 6. (2) NCP-0 #0(b) NCP-3 #£5:#9 O 1s By XPS HiZ

Kl 6(a) A1l 6(b) 77 7~ 7 NCP-0 fil NCP-3 (1) O 1s i /0% XPS it . Bl mil - 848 261 & KA
VIFRFEAT N =/ MRFAE I A (OL) S AL (Ov) FIR TR F4A(0a) . 75 1 245 T NCP-0 £ NCP-3 =4
(5% FIE AL B AFNT B 20 bk, NI $B2%)E, EERLARNS L 20% 5 34 42 T+ % 32.8%. Ni2*h d i H
Co AL (JLH AR EN A CoSMHUR, FIHE 7RI db s i As, FTRE 15 I AT P X FLEIS 5
AT REMRMATN, NIGSHSARR MR A T 78 2 s AL S [14]

Table 1. Relative percentages of different oxygen species in NCP-0 and NCP-3 samples
Fz 1. NCP-0 71 NCP-3 # TR EMARI B B 7L

Samples OL Ov Oa Ov + Oa
NCP-0 64.59% 20% 15.41% 35.41%
NCP-3 59.33% 32.8% 7.87% 40.67%
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Figure 7. XPS spectra of Ni 2p in the NCP-3 sample
[& 7. NCP-3 ## & #Y Ni 2p B9 XPS HiE

5] 7 25 NCP-3 [#) Ni 2P =4y #1i . A7 T 854 eV FI 871 eV [FI4HFIES %1 )E T Ni 2P3 1 Ni 2Pyj.
PG 2 TR ) RERNIE 70 2468 17 eV.o mrREIN ) TR I (Sat.) it — B E s T 1z 5 AL SIS 1E . X TIE R
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Figure 8. XPS spectra of WA4f for (a) NCP-0 and (b) NCP-3 samples
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Figure 9. (a) Nitrogen adsorption-desorption isotherm, (b) pore size distribution, and (c) magnified view of the pore size distribu-
tion of NCP-0 nanocomposite material; (d) Nitrogen adsorption-desorption isotherm, (e) pore size distribution, and (f) magni-
fied view of the pore size distribution of NCP-3 nanocomposite material

9. NCP-0 4R E A M KIHI(a) FIRHMS - BIRFRLZ. (b) FLESWERM(C) FLESHEREHMAE, LK NCP-3
MAREEMRIAN() AWM - BBIRFRLZ. () FLESHEM) FLESHERNEEMAE
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Lz A E R RO, B R B R EFLAREFLE 3.5 nm A1 6.7 nm L. % 2 &£45 7 NCP-0 Al NCP-3
[ LLR T AR AP L4%, 2l NCP-0 Ff S LL R AN 41.46 m?/g, ~FH4L4E K 13.98 nm. 5]\ 3%Ni J&,
HEMRI RN 41.65 m2g, ~“FIFL42 A4 11.15 nm. £HIZE Ni 0 KI5 A IR BB FLI K
AR RS P E R E T

Table 2. Specific surface area and average pore size of NCP-0 and NCP-3 samples

%% 2. NCP-0 #0 NCP-3 # MBI tL R AR A FHFLE

Thermophysical Properties NCP-0 NCP-3
BET Surface Area (m?/g) 41.4575 41.6462
Micropore Volume (cm?3/g) 0.003248 0.002982

Micropore Area (m?/g) 8.1699 7.7008
Average Pore Diameter (nm) 13.9756 11.1548

S RT3, (0 NCP-3 7E @R e 77 7R s R 0 AU B (29 150 emP/g) .2 w141
FE(Z 125 em®lg). XSRS AR BHO P EESE, TR T NI FLIN S . X Fp RIS 2 4L
BN (B RE = A P BRSBTS T IS @ IE . A AR IE T R I 4 )
WAL ARG FEIE T RN B, A SO e R B ) R ORI SRR L T 4
Hefit. BOREEMR, R ME AR T — A5G M RIANES : 122 SRR B R I KIE €
BK, JRARE T LR A YR, i B AR T Ni ISR M2 B E R .

4. Ni $#8Z Co;0,@CoPW & & S #rit gk

5T NCP RINE S MR Sk S 5O B SR R T 71, BATC I EE T LA ZIF-67 JyRTIK
ATA ] Ni-Co304@CoPW Yolk-Shell (B3 - 52)PIK R BLAE . A 1 Sk HAE SEBRIE PRI 02 Wi A 2L
PE, X NCP RAIE GBI B AR A P0bs S8 (I ) SR VR RE AT 10, B 48 AR AR AE AR
A AR WA NEE . WSS KR ] FRE PR DR PR . SRUG s IR R HIAE 25°C, M
JEERIN N 25% RH.

41. RETERE

T AR E B 5 M SR AR R SR T IR B TP 5 BBl 5. TR, JRATT Je xR IR AR T
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Figure 10. Sensor response to 50 ppm isoprene at different operating temperatures
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Figure 11. Response/recovery time curves of (a) NCP-0 and (b) NCP-3 sensors to 50 ppm isoprene at 325°C
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Figure 12. (a) Radar plots of selectivity of NCP-0 and NCP-3 sensors to various gases at 325°C and 50 ppm; (b) Response of

NCP-3 sensor to isoprene at different concentrations; (c) Repeatability over 6 cycles; (d) Stability over 10 days; (e) Response
values under different humidity conditions
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