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Photoelectrochemical Sensor Based on Titanium Dioxide/Carbon
Nanotubes for Rapid Detection of Chlorophyll

DU Xin-yue, LIU Hao, XIONG Cheng-yi, ZHANG Xiu-hua, CHEN Miao-miao”
(College of Chemistry and Chemical Engineering, Institute of Food Safety, Hubei University,
Wuhan 430062, China)

Abstract: A photoelectrochemical (PEC) sensor employing titanium dioxide/carbon nanotube (TiO,/
CNT) composites as photoelectroactive probes was developed for the rapid quantitative determination
of chlorophyll (Chl) in plants. The TiO,/CNT composite probes were prepared by ultrasonic mixing,
and their morphology, structure, and photocurrent response were systematically investigated. Using
fluorine—doped tin oxide (FTO) conductive glass as the substrate, the PEC sensing electrode was fah-
ricated by modifying the FTO surface with the prepared TiO,/CNT probes. The photocurrent response
toward varying concentrations of Chl was investigated to evaluate the analytical performance of the de-
veloped PEC sensor. The results showed that the one-dimensional CNTs were intertwined across the
surfaces of multiple spherical TiO, nanoparticles, forming a continuous interconnected composite
structure. The high electrical conductivity of the CNTs facilitated the separation and transport of pho-
togenerated charge carriers in Ti0,, enhancing the photocurrent response. Owing to the coordination
interactions between the C=0 groups in Chl molecules and Ti* on the TiO, surface, combined with
the photosensitization properties of Chl, the PEC sensor showed a linear response to Chl concentra-
tions of 10. 0-500. 0 wmol/L, while exhibiting satisfactory selectivity, stability, and reproducibility.
The detection limit was 5.3 wmol/L.. Moreover, the applicability of the proposed PEC sensor was
evaluated by determining Chl in spinach samples, and the results were consistent with those obtained
by ultraviolet-visible spectrophotometry, providing a novel analytical approach for the rapid quantifi-
cation of Chl in plant samples.
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AR W) 5 FEI Talos F200 25 54 B 48 (SR FEBR R /RBHE 24 \)) 5 UV-2700 BUE A ok T
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1.2 TiO,/CNTs B RlH&

TiO,/CNTs 73 BOR A Hl 45 . FRELS0 mg + Zhe FEORREIR AN 'E T 25 mLAZ A, DI 10 mL &
ali 7K IR 7 B SRV, BEJG N 10 mg BRAIKEF (CNTs), R IR I S PR GE L@ 5 /i 12 h, il
81 mg/mL CNTs 73 80R . 5 TiO Wy Ko BTk b, ARG 5 Bk CNTs 28R &, Bl
J% TiO, Fll CNTs 28 J7 &3 43 )4 1 mg/mL 1 0. 01 mg/mL [ TiO,/CNTs & & 43 B .
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fit, WK 5. 6 mmol/L Chlfif 5k . Fifi)5LLO. 1 mol/L PBSZE M (pH 7. 4) B M FE,  BC i ik B 45 ]
710, 50, 100, 200 F1500 pmol/L i Chl FRIEZH -
1.3 TiO,/CNTs/FTO B4R HI 4l &

5 AE (FTO) S BEEIRIK A L1 . Ak, LEHBRAETHYE 1S min, LIEBRERILNR, Rl
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1.4 Chl#&iliTFz

% = B AR R T B AL IR, o TIO/CNTS/FTO BLb h TAERLML, Ag/AgCl HLAR A2tk i
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T T VIS R AT SE 23 0 R B . e, R AR Fe /i e skt Fr, LR BRaRTm 445 ;
Fifi J5 A F BT IR 5 T 50 mL 045, N5 mL B BL PR H 52 4 i@ v . I M AR A AL
W) RS AR A T A, $RBGE R, SR AR B O B TR FDF R IR, R
MO RO, 2. 2.0 (5 000 v/min) J5, B4 BURZE PBS S IRFRE 10 65 )5 23 1| 364 T PEC A% %
RN ER S 0] WA SE e R oMt
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2.1 TiO,/CNTs FERIR$THI I & 5 RAE
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Dot —dE LA RE S, WA T A
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Bl 1 TiO/CNTs () TEM & (A) K Ti0/CNTs & i AR 2 i

SEM %5 5t 4g 75 — 4 CNTs P45 38 2U1E 24 Ti0, 2/ B SEM & (B)
KSR T, TSN 48 254 (L 1B), A Fig. 1 TEM images of TiO,/CNTs(A) and SEM image of the
EEEEE"]E% Eﬁ,'ﬂfx% ﬂ@m&%’fﬂﬁﬁw%’ﬁ: surface of TiO,/CNT-modified electrode(B)
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Fig. 2 Schematic of the fabrication process of TiO,/CNTs/FTO photoelectrochemical sensor
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SRR Z27E (CV ) 43 51%F Ti0,/FTO Fl TiO,/CNTs/FTO Y AR AT B Ak 220 (81 3A) . 7EBHE 45
PET, TiO/FTO i HAR A Ak T 06 H i A FLOG T A 0, 8 MH HL SR W A58 R 8, XA T
TiO, PR 5 S22, oAl FLER FTO R fe v B 52k EE A, HkZ @3 s
HLE S, SECRmE AT BHYEC R . L2 T, TiO/CNTS/FTO S MR R S8 AL T i I i 2508 K,
WEHH CNTs B 5 N R080GE T HAR SR a0 AR S0RE 0T, fRF e foid f2, Mg m 1 e AR Ak
220 N PERE

kAR R HLI R PERE , X TiO/CNTs/FTO Y6 B H CNTs BRI =70tk . s 3B R,
€ TiO, ) BT iR FE 4 1 mg/mL, Fifi#5 CNTs B IR EM A, S iim B 2 I TR EH. 4
CNTs F TR EE 47 0. 01 mg/mL B, TiO,/CNTs/FTO Y AR ARG B KRG LI B o X nl BE R Tl
CNTs REFBAE TiO, 44 K BURL Ta) #4) AT 200 L AL A N 4%, (R 3E AR 3R 0 40 3 51885 ; 124 CNTs
o i I T BERE AR Tio, A ROEWRIL, M SEOCHTTRY. R, Rk, JEEE5E5 KM 0. 01 mg/mL
CNTs AR IR H £ Ti0,/CNTs/FTO Y B
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Fig. 3 Cyclic voltammograms of TiO,/FTO and TiO,/CNTs/FTO photoelectrodes(A ) ; Photocurrent responses of TiO,/CNTs/FTO

electrode with varying CNT concentrations (B)

2.3 KEAITHESR

FPEAh A Y PEC AR ISR ChUAS I v 71, I 3RAS )8 i BB B2 N Chl 6T J 4 6 BRI i) )7 Al
AP (EIS) . W 4A PR, 5 TiO/FTOMEMRHARAHLL , TiO/CNTs/FTO SR BARAENG HRARAE T
FEAE R EHL N Y, FRHH CNTs () 5 N HE T AR 7000 5 5165, 128 1Ty
o MIA 100 pmol/L Chl J&, JEHLURHF—HEoR, X P HER: T Chl7E TiO,/CNTs/FTO S v 5 1H _E (1%
FHEH, H Chl 4y FHA R WGRIRE T, FEXRCN WOk = Al -, Bl G i 4575
ETiO,M S, MR PECIE 5. EISZRE/R(E 4B), TG, TiO/CNTs/FTO B HLK T
L fr AL A% B R B SEAIC T TiO/FTO MM HIAR . FBH CNTs BEA U GAE IR PR, 18 Bl i B firf
BBREST . #5 TiO,/CNTs/FTO B B AE 100 mol/L ChIFE IR UL S min J5 ¥EFT EISTIR, 7EGMEAET,
H uf R HARHLEE— 20, RHH ChIAE HAR S H b WA R TS I B fep st o 1425 RS IE 4A 2558 —50

DL EZ5IRAEHT, TiO/CNTs e AR K I 00 i v i 7 P B 55 1 B8 -5 500RE 7, HLEEREXT Chl
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Fig. 4 Photocurrent responses(A) and electrochemical impedance spectra(B) of different modified electrodes
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2.4 PEC&RRESEHRIEK Chl Iy E

itk — BRI Chl 5 TiO,/CNTs 7E H AR 18 1) S AH EAE H , %) TiO,/CNTs/FTO &4 H Ak 12 28 100
pmol/L Chl WM B S min J5 1) Chl/TiO/CNTs/FTO #E17 X 5 2606 L F-RE S (XPS) /34T o Ti 2p 1A% 43 ¢
XPS i [E 25 BB 7%, TiO/CNTs/FTO HTi 2p,, I Ti 2p,, 45 S BE 4> I T+ 473. 36 eV F1 465. 66 eV, FHH
Ti EFBLTIERAGAEEISA) . ZChWFE )G, LRI IERY N &4 SR 7 M e 470. 82 eV, FHH
ChlWZFf 5, Tio,Hr Ti M Jels b S ARG & AR e A, W79 R AR AR 4K, IESE Chl 5 Ti0, 2 [u) /7 7E S IR H,
FHIEAEH . ChUTiO/CNTs/FTO B O 1s =43 9 XPS i E 45 R, 7E531. 50 eV AL B C=0 FER1 A0 s
fIEVE, B2 0HIA Chl &2 13T Ti0, 3810 (B 5B) o L5 LA B4 ReT LIHET, ChlZrFHi C=0 %
15 TiO, Z MIAVEA Ti J5 T2 [BJE sEC A ER S, M BT A4 ) PEC AR e B 0iil] Chl YR

A Ti2p Ti 2|p1/z B 0ls

¥ 3
? Chl/TiO,/CNTs/FTO ‘? ChU/TiO,/CNTs/FTO Ti—IO
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= = !
1 1
1 1
! 1
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! 1
e e 1 -
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5 ChUFFEHIJG TiO,/CNTS/FTO [ Ti 2p(A), % O 1s(B)IGE M 5543 HE XPS & i
Fig. 5 High-resolution XPS spectra for Ti 2p(A) and O 1s(B) of TiO,/CNTs/FTO before and after Chl incubation

SR FH 2R Ah -] W8 RS HE (UV-Vis DRS) X} Ti0, I 62A M R T 00 o IR 6A FlF 7%, TiO, 7E 48 4b
X 48, (300~400 nm) B H B 09 W I . HRAE Kubelka—Munk PR 04430 )5 () Tauc plot Bh£%, +548
FTiO, 2T B2 4 2. 98 eV(EI6B) o BEAh, iy X 4 B FRE IS (VB-XPS) 45 SR KM, Tio, i
WAALE N T 2. 78 eV (vs. NHE) (IE16C), T LLELEH, Chl {3 TiO,/CNTs i B 3 i N 10 v 45 5%
ZME 6D TR, &5E, Chl4rFiBid C=04%5 Tio, F 1 i) Ti" T I i VE 22, N faE e T
TiO,#1f . R84 LED JEIERUR T, TiO MO = -3 7O . [l ARSI Chl 7R
RIS TG =i R T, AW 15 Chl )i & S T HTEAN TI0, FiiF , BRIk E S M
S VS Y kT NE I SN NTTR 1 ) e o= i =70t = SO 1 2 ) | B s T i e Tl i L 8 ot

5.

A TiO, " B C \\ B, 5 o
= o e e
© 3 2 @
. D = -020eV
3 g Z
< = 17} o
= = £ Ti0, ——— Tio,
3 | £ Chl
= f 252y 278 eV 2EE T RTHO
" ’ N Oxidati i
T T T T T T T T T PR PR R | Oxidation 3 on
300 400 500 600 700 1 2 3 4 1210 8 6 4 2 0 -2 5 product = CNIS product ™~
Wavelength/nm holeV Binding energy/eV 7 T

6 TiO,H) UV-Vis DRS(A) . J2# R (B) L Mati-XPS HE(C) 5 TiO,/CNTs/FTO R} ChlAGM ) PECABEHLFREIK (D)
Fig. 6 UV-Vis diffuse reflectance spectrum(A ), optical band gap(B), and valence band XPS spectrum(C) of TiO,;
Schematic of the PEC sensing mechanism of TiO,/CNTs/FTO for Chl detection(D)

2.5 PECEEIEZL BTN
2.5.1 ZMSEESREE FHITHHEM TIO/CNTS/FTO 15 J8gs % A [a] 1 B Chl FEATAG I, PEAY PEC
PRSI E BRI PERE . I TA BR 7R, G HL IR N RS Chl e B8 B0 Fh i 340, HL B i 9 A X A8 4k
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B (A1) 5 Chl # B8 % %5 {8 #E 10~500 pwmol/L J5 Bl N 2 B IF et 56 R (B 7B) , etk i fe b A, =
150. 40 1gc=99. 53(’=0. 998 4), tHFR 5. 3 wmol/L.

' o0 —EBS B 300 y=150.40 log c-99.53
\ —10 pmol/L - =0.998 4
¥ =50 pmol/L
4500 o e o
z N ﬁ :2()0 pmol/L
3 T | Soman
£ 3000 ~ 180
: ~
: <
=
A
1500 F o
L&E -
0 60
T T T i : I |
25 30 35 40 45 % e " -
Time/s lgc"m

7 ANl B 4 R AR G IR AR 5 (A) SOl AR AR A I 2 R ) e 5 42 (B)
Fig. 7 Photocurrent signals of chl standard solutions at varying concentrations (A ), and linear calibration curve of

the photoelectrochemical sensor for chl(B)

2.5.2 EEMEREY XE-EARIITESSCETM MR, DI EERE R, SRR,
TEFESL 2 h IR R, G B IS A R . M ARIE R 22 (RSD) 412, 2%, FKHEHPTH ) PEC
IR BA R P EE MR E T . R S ANl & 0 Ti0,/CNTs/FTO S AR, FEAH IR SLE 454 T
Hop IS B FEATAGIN , 6 L IR B AR — 5, AR RRIE R ZE R 2. 7%, S5 RIS A B AR 55
BUPE, WAh, A AL RS T =IO, A ufEAEGE AR R0, 1, 2, 3, 4, 5, 6, 7,
8, 9 d)HEATREIN, FicsRHOGR N B AR . 5RO, FEMEAEO dE, ARG B AE S R FE R E
(RSD=1. 8%), FHHHHEAR IFHAMEEFREE.
2.5.3 FEHEEME ERASHET. EEChARIKE (10 pmol/L) 10 4% (RN 100 wmol/L) i) 7% %
(GA). PUIRIMIR(AA) . 3-WIBE LR (TAA) . I JFRIABEHAK(GSHIOTE AT, RIFHEEN PEC £
PEUEATINIR . SR, WK GA. AA | TAA R GSH BM7EAERT, e RS LIRS W T
YR AW N 10 pmol/L Chl J&, JEHLIRIKE 2 50 Chl B AR, RIHER SHE T Lid+
Peirxt H bR Chl S I G HH S 520 .
2.5.4 HSHMAENILE NIRRT T PEC ARSI /BT ERE, I 5 SCERIGE (1)
2R R R BRI R T IR . W LR, AN -] DL TR (UV-Vis spectrophotometry ) Fl B4
A 03 1 (HPLC) A8 Y PR 484K (0. 2 umol/L A1 0. 4 wmol/L) , {HAR A BRI 25, &M Bl 7 >
SPAD M2 A AESE , (H{URBAHRTEEL, SRR K% T, LR E &, TR ER
TR, AR R R BOR i B ISR 2 g A I 45 SRR v, AR AR R, A
PREC T (46. 2 pmol/L) , HAUIRILIR . M H RS G MW i 5 = 28 PR . AR SCRT A 22 PEC
PTG AT R I ARSI Bl A SR A

1 AR BAGIN T vk S AU R PEC (51680t L

Tablel Comparison of recent chlorophyll detection methods with the PEC sensor constructed in this work

Method Linear range/(umol + L") LOD/(pmol - L") Reference
UV~Vis spectrophotometry 3.3~22.4 0.2 [24]
HPLC 5.5~56.0 0.4 [25]
SPAD meter N/A" N/A [26]
Electrochemistry 46.2~111 46.2 [28]
This work 10~500 5.3 The method

*not available
2.6 SLBRGEEHES A ChlAg#E
S IE BT A FE 00 PEC A% A TE SRR SRS I v B MR, 49391 5% JH 2 b= o] W43 6 B v R BT )
0 PEC AL RS A [FHH R S SRt SR B F i Chl & B, I 2 FR, WRh 7 i) E 45 SR 70\
FEES, FUIFTHEE PEC LIRS B B B0 PE R ] 520, o) T ER S S2 bR kE S P Chl Y b

pch=¢ il 8
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2 BT OB 5 PEC ARG SERRAE S 45 SR %t H

Table 2 Comparison of the results for real sample analysis obtained by UV—-Vis spectrophotometry and the PEC sensor

Sample UV-Vis spectrophotometry/( wmol + L™") PEC sensor method/(wmol -1.7")
Sample 1 48.49+0. 81 49.63+1. 06
Sample 2 49. 63x1. 00 49.24+1. 37
Sample 3 49.05+1. 66 49. 46+1. 56
A\
3 &

AR I T —FhEET Ti0/CNTs YE AR PEC AR IRES , SEBL 7 HSERES b Chl (b . R
SE AT T £ Y TiO/CNTs S HUAT R R I A 55 00 PEC I S PERE . ZETCAE P IR oA i 4540 F
Chli#id C=0 5 Ti" () E A H 2 5 2 T Ti0, 2 101 5z Chl B GRS e ] {1 28 ' Ha AR S5 1) v 714
By, SEPLT ChlffHest . REREI, A5, 3 pmol/L. FFHELN PEC 1% s [m] I 230 it S5 ik 45
PERRREME . H TSR SE bR SRR, 1% PEC AR RSP R S0 MR P A %, o Chl PRk |
= R BRI TR AT S
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