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Photoelectrochemical Sensor Based on Titanium Dioxide/Carbon
Nanotubes for Rapid Detection of Chlorophyll
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(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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Fig. 2 Schematic of the fabrication process of TiO,/CNTs/FTO photoelectrochemical sensors
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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)
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Fig. 4 Photocurrent responses(A) and electrochemical impedance spectra(B) of different modified electrodes
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Fig. 5 High-resolution XPS spectra for Ti 2p(A) and O 1s(B) of TiO,/CNTs/FTO before and after Chl incubation
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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 for Chl detection(D)
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55 Chl ¥ BE XS (B FE 10~500 wmol/L [l N 22 B IiF &P & R (B 7B) , 2tk 77 10 Al/I, =150. 4 1ge-
99.53(r=0.998 4), FiHBR45. 3 wmol/L,
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Fig. 7 Photocurrent signals of chl standard solutions at varying concentrations(A ), and linear calibration curve of the photoelec-

trochemical sensor for chl(B)
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TEIELE 2 hi A R, G b A O dfa e, AR ARIE R 22 (RSD) 412, 2%, FEAPTH ) PEC
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(GA) . PUAIMIR(AA) | 3-WIME LR (TAA) . IR JFRIARBEHAK(GSHEATHY, RGN PEC £
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] FHPRA W MN 10 pmol/L Chl J&, JeHLRIKE 2 5 Chl B AIER KT, RIPERSRET
SRR H bR Chl AN TG 55200

2.5.4 SHMAEMLE Nt DI AR @ PEC AL RS MRS, K S SCERRE )
2R 3 BRI VR T IR . AR L PR, A1) WL 6 T (UV-Vis spectrophotometry ) FlE 2L
TR 5,38 v (HPLC) A PR A% (0. 2 umol/L A1 0. 4 wmol/L) , {EARH A BRI ES , AP B >,
SPAD M2 AR AESE , (H{URBAHRTEEL, Zm IR K%, EUMgHE R, dOuER
TR, AR B BOR L BE IR 2 s A 45 SR v . AR SR R o, (A
PR AL (46. 2 pmol/L) , HATIRILER . M H RS G MW i 5 = 28 R . AR SRR 221 PEC
PR IRESFED S R IR I 31 B R

1 AN LEFAGIN T 7k S ARSI ) PEC AR IR 4T L

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

Method Linear range/( mol + L") LOD/(pmol - L") Reference
UV-Vis spectrophotometry 3.3~22.4 0.2 [24]
HPLC 5.5~56.0 L 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

2.6 SEBRE S Chl A&

S BSIE B R S ) PEC A% R ESAE SEBRAE SRS I v v 1, 0 0 SR R Ah =0T W43 e 06 B vk R )
Y PEC AL EEHI & A EHL R IE AR SR BUR R B Chl &2, I 2 B, BRI 120 8 45 SR 76 I
FEER, RPN PEC MR BA BIFI eI ol 520k, W T8 S SEPRpE b Chl il Pk

SE S o



5510 391 FEHTA S ST AR ARAORAS () L A2 (7 s i 4 R A ) 7

F2  BHM-NT IR 5 PEC AR R SEFRAE S 45 SR % 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
3 &
ARSI T —FhEETF TiO/CNTs Yo UM RH PEC ALY, SEBL T SEAES Chl PG . R
SE BRI . P £ 1) TiO/CNTs O LA BLHL AR 500 PEC W VR RE . FETC AR e E i 2 4F

ChlidEd C=0 5 Ti* B AZAE o€ fil € T Ti0, 18 K Chl GRS 3 [F) 2 8 B AR S5 a1~ 46T,
SEEL Y ChlibeiE . REAGI, A5, 3 wmol/L, Fth) k) PEC A% /8es [l I F I H A S 3 43

(5V
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RIBIEIMER M THBARF G
Sk

(1]
[2]

(3]

ZhangKY, LiWL, LIHC, Luo YF, LiZ, Wang XS, Chen X D. Adp. Sci., 2023, 10(36): 2305552.

Ruan Y F, Zhang N, ZhuY C, Zhao W W, XuJJ, Chen HY. Acta Phys. Chim. Sin. (BT-RIN, 5KAH, IR, X
i, TRifIH, BREEDN. PEbaEadi) , 2017, 33(3): 476-485

Hao X F, Wang Y X, WangJ, ZengY T, Kang W J, Niu L M. Chem. Res. Appl. GRhENE, EHa(h, F4E, Ui,
JRYERS, A AL ), 2019, 31(11): 1858-1868.

Zhong L., Wei X P, FengSS, Li]P.J. Instrum. Anal. (8037, B/NF, IS, 2. o0riilikaadk) , 2018,
37(4): 496-506.

Zhao YT, ShenY F. Mater. Rep. GRAEHF, T €. APEHRHR), 2017, 31(13): 138-145.

JiangJ J, Xie XY, LiFY. J. Chin. Ceram. Soc. (M, H#THE, 2 FERRERY), 2025, 53(1): 95-101.
Chiarenza G M, Slavich E, Moles A T. Appl. Plant Sci., 2024, 12(6): e11610.

SongJ, ChenY Q, LiL, TanM Q, SuW T. Molecules., 2024, 29(3): 560.

LiuXP, Chen])S, MaoCJ, NiuHL, SongJM, Jin B K. Biosens. Bioelectron., 2018, 116: 23-29.

TuW W, Dong YT, LeiJP, JuHX.Anal. Chem., 2010, 82(20): 8711-8716.

Lima FM R, Freires AS, Pereira N M, Silva G G, Rocha C Q, Damos F S, Luz R CS. Microchim. Acta, 2018, 185
(11): 521.

Guo L, YinH, XuM L, ZhengZ T, Fang X H, Chong R, Zhou Y Y, Xu L Q, XuQ, LiJ, LiH B. ACS Sens.,
2019, 4(10): 2724-2729.

LiuM C, Ding X, YangQ W, Wang Y, Zhao G H, Yang N J. J. Hazard. Mater., 2017, 331: 309-320.

LiL, XieYY, LuoCF, Pen GW, MinZ, Huang X G, Fu RM, Gao Y S, Wang Z D, Lu L M. Food Chem.,
2025, 465: 141893.

Kang K, Zhang H, Jia L. C, Tan X X, Wang B B, Gao X, FuY, Niu L M, Ji X P. Sens. Actuators B, 2024, 413:
135894.

YeZW, QnHH, WeiX]J, TaoT, LiQJ, MaoS. J. Hazard. Mater., 2025, 485: 136897.

Hua R, HaoN, LuJ W, Qian), LiuQ, LiH A, Wang K. Biosens. Bioeleciron., 2018, 106: 57-63.

Bai XY, ZhangY, GaoW K, ZhaoDY, YangD P, Jia N Q. Biosens. Bioelectron., 2020, 168: 112522.

Yan G H, HanZ, Hou X H, YiSS, Zhang Z T, Zhou Y, Zhang L. Y. J. Colloid Interface Sci., 2023, 650: 1319-
1326.

Siavash Moakhar R, Goh G KL, Dolati A, Ghorbani M. Appl. Catal. B, 2017, 201: 411-418.

Hiscox J D, Israelstam G F. Can. J. Bot., 1979, 57(12): 1332-1334.

Fuziki M E K, Tusset A M, dos Santos O A A, Lenzi G G. Reactions, 2023, 4(4): 766-778.

Mahadik S A, Yadav H M, Mahadik S S. Colloids Interface Sci. Commun., 2022, 46: 100558.

Maria Fernanda Fernandez—Leén, LozanoM., AyusoM. C., Fernandez—LeonA. M., Gonzalez—GoémezD. J. Food Com-
pos. Anal., 2010, 23(8): 809-813.

AnZH, Zhang HY, YinJ X, Zhang P, Yao M, Huang K. J. Rock Miner. Anal., 2024, 43(3): 476-486.

Zavafer A, Labeeuw L, Mancilla C. Plant Phenom, 2020, 2020: 6293145.

Zhang TK, Sim Y L, LuoJC, YeS M. Biosensors, 2025, 15(12): 787.

Wang Y Z, Chen L I, Compton R G. Food Chem., 2020, 323: 126844.

(WAEREE. RFEH)



