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ABSTRACT: Dye-sensitized TiO2 has found many applications for dye-sensitized solar cells (DSSC), solar-to-chemical energy 

conversion, water/air purification systems, and (electro)chemical sensors. We report an electrochemical system for testing dye-sen-

sitized materials that can be utilized in photoelectrochemical (PEC) sensors and energy conversion. Unlike related systems, the re-

ported system does not require a direct electron transfer from semiconductors to electrodes. Rather, it relies on electron-shuttling by 

redox mediators. A range of model photocatalytic materials were prepared using three different TiO2 materials (P25, P90, and PC500) 

and three sterically hindered phthalocyanines (Pcs) with electron-rich tert-butyl substituents (t-Bu4PcZn, t-Bu4PcAlCl, and t-

Bu4PcH2). The materials were compared with previously developed TiO2 modified by electron-deficient, also sterically hindered 

fluorinated phthalocyanine F64PcZn, a singlet oxygen (1O2) producer, as well as its metal-free derivative, F64PcH2. The PEC activity 

depended on the redox mediator, as well as type of TiO2 and Pc. By comparing the responses of one-electron shuttles, such as 

K4Fe(CN)4, and 1O2-reactive electron-shuttles, such as phenol, it is possible to distinguish the action mechanism of the supported 

photosensitizers, while the overall activity can be assessed using hydroquinone. t-Bu4PcAlCl showed significantly lower blank re-

sponses and higher specific responses towards chlorophenols compared to t-Bu4PcZn due to the electron-withdrawing effect of Al3+ 

metal center. The combination of reactivity insights and the need for only μg amounts of sensing materials renders the reported system 
advantageous for practical applications.

INTRODUCTION 

Photocatalytically and photoelectrochemically active materi-

als, such as dye-sensitized semiconductors have found utility 

for environmental remediation1-3, solar-to-chemical energy 

conversion4, 5, (bio)sensors6, 7, and dye-sensitized solar cells.8, 9 

Photoelectrochemical (PEC) devices and materials are of par-

ticular interest for sensors.10, 11 The separation of excitation 

sources (optics) and detection modus operandi (electrochemis-

try) improves the performances of PEC devices as sensors12, 13, 

leading to faster responses, higher sensitivity, and the elimina-

tion of undesired backgrounds.14-16 

Efficient PEC materials exhibit special structural and ener-

getic features. Thus, materials such as nanostructured semicon-

ducting oxides17, 18, carbon-based materials19, and metal nano-

particles20 have been exploited for PEC analysis. Titanium di-

oxide, TiO2, is, arguably, the benchmark photocatalyst due to 

its nontoxic nature, photochemical stability, and low cost.21, 22 

However, the photoactive anatase TiO2 has a 3.2 eV wide 

bandgap, limiting its photocatalytic activity to the UV region.23 

Approaches to extend TiO2 absorption to the visible region in-

clude doping21, 23 and deposition of Vis-NIR absorbing 

photosensitizers (PSs) on its surface.24, 25 

Phthalocyanines (Pcs) are extensively conjugated macrocy-

cles structurally related to chlorophyll and porphines, Fig. 1. 

Their extensive conjugation ensures a narrow HOMO-LUMO 

gap, consequently absorbing light in the visible region of the 

electromagnetic spectrum. Pcs have been widely used as PSs 

due to their high extinction coefficients, superior thermal and 

chemical stability, high quantum yields for triplet state for-

mation, and 1O2 generation.26-28 Furthermore, the compositional 

and structural versatility of Pcs allows tuning their chemical and 

photophysical properties, particularly for enhancing their chem-

ical robustness and introducing functional groups that, for ex-

ample, may serve to anchor Pcs on various surfaces.29, 30 

Most of the previously reported PEC sensors rely on a pho-

toinduced electron transfer from a PS to a semiconductor, fol-

lowed by an electron transfer from the semiconductor to an 

electrode, Fig. 2A.31-34 The electrode, in this case, is polarized 

accordingly to play a role of the electron acceptor (anode). We 

have recently reported a different PEC sensing approach, 

namely the use of a PS to generate analyte-oxidizing singlet ox-

ygen, 1O2, Fig. 2B.6, 11, 30, 35 The used PS, F64PcZn, Fig. 1D, con-

tains bulky, perfluorinated iso-propyl peripheral substituents 
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that ensure it remains a single-site catalyst both in solution and 

solid-state films and resists the destructive action of 1O2 and its 

daughter radicals.36  Notably, the supporting TiO2 semiconduc-

tor is not subject to electron injection from the photoexcited 

F64PcZn due to the electron-withdrawing effect of fluorine sub-

stituents that stabilize the LUMO by more than 1 eV37 relative 

to PcZn, Fig 1C. Thus, in the presence of TiO2, the visible-light 

photogenerated 1O2 is the main reactive species for the chemical 

conversion of analytes such as hydroquinone or phenol, playing 

the role of redox mediators. The subsequent electrochemical re-

duction of oxidized (oxygenated) analytes at the cathode creates 

an electrochemical reduction-photocatalytic oxidation redox 

cycle, thus enhancing the obtained steady-state photocurrent re-

sponse.6 

 

Figure 1. Selected natural and related, synthetic macrocycles that 

absorb light in the visible region: chlorophyll (A), porphine (B), 

unsubstituted zinc phthalocyanine M = Zn (C), fluoroalkyl phthal-

ocyanine F64PcM, M = Zn, 2H (D), alkyl phthalocyanine t-

Bu4PcM, M = Zn, AlCl, 2H (E).  

Here we report the preparation and properties of semicon-

ducting TiO2 composites containing electron-rich phthalocya-

nines namely t-Bu4PcZn, t-Bu4PcAlCl, and t-Bu4PcH2, Fig. 1E. 

Unlike the electron-withdrawing, bulky iso-perfluoropropyl 

groups, the electron releasing tert-butyl groups facilitate the in-

jection of an electron from the photoexcited PS into the CB of 

TiO2. However, a few μm thick layer of powdered TiO2 does 

not provide an interface for an efficient electron transfer from 

TiO2 to an underlying electrode, especially in the presence of 

O2 as an alternative electron acceptor. Therefore, we put for-

ward the new PEC detection mechanism (Fig. 2C), based on the 

redox shuttling not involving 1O2 formation. The photoexcited 

PS injects an electron into the CB of TiO2 which is electrically 

disconnected from an electrode. The analyte (A) shuttles elec-

trons from an electrode to the PS, restoring its initial redox state 

(Fig. 2C). 

Previously, Bard and co-workers31 studied a PEC system 

based on unsubstituted phthalocyanines, Fig. 1C, and TiO2 sin-

gle crystals in electrical contact with an In-Ga alloy, Fig. 2A. 

Those measurements were conducted under an N2 atmosphere 

to exclude scavenging of electrons from the CB of TiO2 by O2. 

In contrast, the photocurrent in our system is measured under 

ambient conditions and using powder PS-TiO2 drop-casted 

from water suspension on screen-printed electrodes. Instead of 

direct electron transfer, the PEC responses in our system result 

from the conversion of redox species freely diffusing in the 

near-electrode layer, Fig. 2C. The use of the electron-shuttling 

mechanism to probe the reactivity of bulk Pc-TiO2 materials 

and detect analytes capable of the reversible redox cycling is 

reported here for the first time. 

 

Figure 2. PEC detection of an analyte based on (A) the direct electron transfer from PS to the conduction band (CB) of TiO2 and then to a 

polarized electrode, (B) photosensitized formation of 1O2, (C) and the electron shuttling without 1O2 formation. 

EXPERIMENTAL 

Materials. Zinc 2, 9, 16, 23-tetra-tert-butyl-phthalocyanine 

(t-Bu4PcZn, Mr = 802, purity 95%), 2, 9, 16, 23-tetra-tert-butyl-

29H, 31H-phthalocyanine (t-Bu4PcH2, Mr = 739, purity 97%), 

Zinc phthalocyanine (PcZn, Mr = 578, purity 97%) were pur-

chased from Sigma-Aldrich (Belgium). Aluminum tetra-tert-

butylphthalocyanine, t-Bu4PcAlCl (t-Bu4PcAlCl, Mr = 799),39 

the perfluorinated phthalocyanine zinc complex (F64PcZn, Mr = 

2066)40 and its metal-free analog (F64PcH2, Mr = 2003)41, 42, 

were synthesized as previously described. The chemical struc-

tures of the Pcs used in this study are shown in Fig. 1C-E. Hy-

droquinone (HQ, 99.5%) was purchased from Acros Organics, 

Belgium. Methanol (CH3OH, 99.8% HPLC grade) was pur-

chased from Fisher Chemical. KH2PO4 and KCl were purchased 

from Sigma-Aldrich (Belgium). Ultrapure MQ water was used 

for all experiments. Titanium dioxide (TiO2), Aeroxide P25 and 

Aeroxide P90 were obtained from Evonik Inorganic Materials 

(USA). TiO2 PC500 was obtained from CristalActiV. Amoxi-

cillin trihydrate of purity >98.0% and oxytetracycline hydro-

chloride of purity >95.0% were obtained from TCI Europe  

(Belgium). Cefadroxil of purity > 99.0% was obtained from 

Acros-Organics and tetracycline of purity 98.0–102.0% was ob-

tained from Sigma-Aldrich (Belgium). Other phenolic com-

pounds were of 98% purity or better and were obtained from 

different suppliers. L-Ascorbic acid of 99.5% purity was ob-

tained from Sigma-Aldrich (Belgium). The solid-state proper-

ties of the TiO2 supports are given in Table S1. Nitrogen ad-

sorption-desorption isotherms were measured using a 3P Meso 

112 instrument. All samples were degassed overnight at 100 °C 

prior to use. The specific surface area was calculated from ni-

trogen adsorption isotherms by the Brunauer-Emmett-Teller 

(BET) method. The pore size distribution and pore volume were 

calculated by the Brunauer-Joyner-Halenda (BJH) method. 

Contact angle measurements were carried out with an Ossila 
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sessile drop-based contact angle goniometer equipped with a 

high-resolution camera (1920 x 1080). The volume of the drop-

let used was 4 µL. 

Pcs-supported TiO2 (PcsTiO2) modified electrodes. The 

Pcs were dissolved in an appropriate solvent (t-Bu4PcAlCl and 

t-Bu4PcZn in isopropanol, t-BuPcH2 in THF, F64PcZn and 

F64PcH2 in ethanol) to reach 1 mg/mL (1.3-1.5 mM for t-Bu4Pcs 

and 0.5 mM for F64Pcs). Next, 10 mg TiO2 was added in 0.33 

mL of each solution, and the solvents were evaporated at 60°C 

using a thermal shaker (Thermo Scientific). Then 1 mL of MQ 

water was added to the dried powders, vortexed, and sonicated 

until a milk-like homogenous suspension of 10 mg/mL 

PcsTiO2was obtained. The immobilization procedure yields 3 

wt% loading of Pcs, confirmed spectrophotometrically by back 

leaching the Pcs with organic solvents. Other loadings for t-

Bu4PcAlCl/Zn/2H were prepared similarly using more diluted 

or more concentrated Pcs solutions. F64PcH2TiO2 3 wt% was 

also prepared from a more diluted 0.03 mg/mL (0.015 mM) so-

lution in EtOH to ensure complete disaggregation of the com-

plex. Before modification, carbon screen-printed electrodes 

(ItalSens IS-C, working electrode Ø = 3 mm, obtained from 

PalmSens, the Netherlands) were first pre-wetted by dropping 

1-2 μl 20% ethanol on the working electrode surface. Next, a 5 
µL droplet of the 10 mg/mL PcsTiO2 water suspension was 

placed on the working electrode and dried in the dark, in a Petri 

dish containing silica gel desiccant. 

Equipment 

Electrochemical measurements. Electrochemical measure-

ments were carried out using an Autolab Potentiostat/Gal-

vanostat PGSTAT 302N from Metrohm (Utrecht, The Nether-

lands), operated with the NOVA 1.11 software. A diode laser 

emitting at 659 nm (Roithner Lasertechnik, Austria) was ad-

justed to 30 mW by using a light power meter (Thorlabs). The 

distance between the laser was set such that the beam entirely 

covered the working electrode. An Arduino Uno was pro-

grammed to switch on and off the light at given time intervals. 

All electrochemical measurements were performed in a droplet 

of 80 µL buffer solution (phosphate buffer pH 7) containing 0.1 

M KCl and 0.02 M KH2PO4 dissolved in ultrapure water. All 

measurements were conducted first in pure buffer until a stable 

signal and then in the presence of an electron shuttle such as 

100 µM HQ.  

Electronic and Vibrational Spectroscopy. A UV-vis 

AvaSpec-2048L (Avantes) equipped with AvaLight-DH-S-

BAL light source was used to record the optical properties of 

the Pcs. A UV-vis diffuse reflectance (UV-vis-DR) spectropho-

tometer UV-2600 (Shimadzu) equipped with an integrating 

sphere was used to record spectra of PcsTiO2 hybrid materi-

als, referenced to BaSO4. Transmission FTIR spectra were col-

lected in the 4000 and 400 cm−1 range using a Bruker Alpha II 

machine with a DTGS detector. Measurements were conducted 

using KBr pellets (Sigma Aldrich, FTIR grade, ref. 221864). 

For each sample, 128 scans were accumulated with a resolution 

of 4 cm−1. 

RESULTS AND DISCUSSION 

Electronic and vibrational spectroscopy of modified TiO2 

materials. Pcs exhibit in solution a narrow absorbance band in 

the red region (Q band). The Q band position, measured in so-

lution at similar absorbance maxima, can vary significantly as 

a function of Pc substituents.43 For Pcs immobilized on all TiO2 

supports, UV-vis-DR shows broad peaks in the 500 – 800 nm 

region, Fig. 3, of insufficient resolution to detect Pc-dependent 

Q-bands position shifts. For the tested Pcs, immobilization re-

sults in the broadening and 10-20 nm redshift of Q-bands, Fig. 

3. A new absorbance shoulder at >750 nm appears. The changes 

correspond to the behavior of Pcs in solid-state films and have 

been ascribed to molecular distortions and intermolecular inter-

actions through stacking and aggregation.44-46 These interac-

tions and aggregations are of concern for PEC measurements 

due to possible energy dissipation in photoexcited singlet and 

triplet states,47 typically leading to decreased quantum yields 

and PEC responses, as demonstrated previously for a partially 

aggregated Al phthalocyanine and its stable dimer.48 

 

Figure 3. UV-vis-DR spectra of the utilized unmodified TiO2 sup-

ports (A); UV-Vis spectrum in solution in comparison with UV-

vis-DR spectra of deposited t-Bu4PcZn (B), t-Bu4PcAlCl (C), and 

t-Bu4PcH2 (D). t-Bu4PcZn/AlCl were dissolved in methanol, t-

Bu4PcH2 in THF. 

FTIR spectra of both unmodified and modified TiO2 are dom-

inated by three major absorbance bands attributed to Ti-O 

stretching (Ti-O, 600 cm-1), H-O-H deformation (O-H, 1630 

cm-1), and a broad O-H stretching band associated with water, 

hydroxyl, and hydrogen bonds (O-H, ca. 3400 cm-1). When 

spectra of pure TiO2 materials are referenced to Ti-O stretching 

band centered at 600 cm-1, Fig. 4A, two other bands, related to 

water, increase proportionally with the specific TiO2 surface 

area in order P25 < P90 < PC500. This trend mirrors the well-

documented TiO2 surface propensity to interact with moisture 

from air, leading to a layer of water adsorbed over the surface 

and dissociated to some extent.49 

It is commonly known that a metal center in Pcs can interact 

with TiO2 and other metal oxide surfaces due to axial coordina-

tion with adsorbed OH groups and water. Metal-free t-Bu4PcH2 

does not have such an anchoring point and should adsorb 

weaker on metal oxide surfaces compared to t-Bu4PcZn/AlCl, 

which is consistent with lower mobility of t-Bu4PcAlCl/Zn 

compared to t-Bu4PcH2 on TLC plates, Fig. S1. Interestingly, 

FTIR spectra t-Bu4PcH2TiO2 PC500 show a significant de-

crease in the region of hydrogen bonds (maximum at 3400 cm-

1) compared to t-Bu4PcAlClTiO2 and t-Bu4PcZnTiO2, Fig. 

4B, when the spectra are referenced to the deformation band of 
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water (1630 cm-1). The difference is even more pronounced for 

TiO2 P25 and P90 (Fig. S2). This observation suggests that, 

compared to t-Bu4PcH2 a higher number of hydrogen bonds and 

OH-groups may form after the immobilization of t-Bu4PcAlCl 

and t-Bu4PcZn. FTIR spectra of pure t-Bu4PcAlCl and t-

Bu4PcZn also show an increased 3400 cm-1 band, Fig. S3, while 

this band is minimal in the case of t-Bu4PcH2. This is reasonable 

considering the lack of metal where water could coordinate. 

Moreover, the FTIR spectrum of t-Bu4PcAlCl (Fig. S3) shows 

a characteristic band at 3220 cm-1 attributed to stretching of hy-

droxyl groups. The band is lower in t-Bu4PcZn and not detected 

in t-Bu4PcH2 in contrast to the characteristic N-H stretching 

band in t-Bu4PcH2 at 3292 cm-1. The increased bands at 3220 

and 3400 cm-1 in t-Bu4PcAlCl show that Cl in t-Bu4PcAlCl does 

not prevent the interaction of Al3+ with water, as per its known 

lability.50 

 

Figure 4. FTIR spectra of (A) bare TiO2 PC500, P90, and P25 after 

calibration based on the Ti-O stretching band at 600 cm-1; (B) TiO2 

PC500 unmodified and modified by t-Bu4PcZn/AlCl/2H after cali-

bration using the water deformation band at 1630 cm-1. The same 

trend is observed for TiO2 P90 and P25 (Fig. S2). 

Energy alignment of Pc molecular orbitals and TiO2 

bands. The relative energy position of the LUMO of Pcs and 

the CB of TiO2 determines the possibility for electron injection 

from photoexcited Pcs into the CB of TiO2. The absolute energy 

levels of LUMO can be determined from voltammetric data, 

namely from the first reduction potentials, using the formula 

AVS = −E°’Red1(in V vs. SHE) − 4.5 V, where AVS corre-
sponds to the energy in the absolute voltage scale and E°’Red1 

is the formal potential for the first reduction transition in Pcs. 

The formal potentials obtained in acetonitrile, Table S2 and Fig. 

S4, agree with previous reports on the electron-withdrawing ef-

fect of fluorine on formal potentials of the planar Zn phthalocy-

anine H16PcZn (Fig. 1C) and its fluorinated analog, F16PcZn51, 

52, as well as with DFT calculations that predicted stronger sta-

bilization of LUMO in F64PcZn compared to F16PcZn.37 

The first reduction potential of t-Bu4PcZn (−0.761 V vs. 
SHE) and thus the LUMO (−3.74 V in AVS) are shifted by 0.91 
V compared to the first reduction potential of F64PcZn (0.150 V 

vs. SHE) and its LUMO (−4.65 V in AVS). Thus, the LUMO 
in t-Bu4PcZn lies above the CB of TiO2 (−4.21 V in AVS) by 
0.47 V, making the electron transfer from a photoexcited t-

Bu4PcZn to TiO2 favorable. In contrast, the LUMO of F64PcZn 

lies below the CB of TiO2 by 0.44 V, making such transfer un-

favorable. Interestingly, binding Cl− to Zn may shift the reduc-

tion potentials by about 0.3 V, Table S2. Nevertheless, even if 

Cl− in the water phase binds to immobilized F64PcZn, the poten-

tial should still stay below the CB of TiO2. Fig. 2 shows the 

positions of the energy bands in alignment with the electro-

chemical data for F64PcZn and t-Bu4PcZn in acetonitrile. The 

electrochemical HOMO-LUMO gaps are 1.6 – 1.7 V and cor-

respond to the literature data for other phthalocyanines39, 51, 52, 

the energy of the Q-band (hc/onset) and previous DFT calcu-

lations.37 In comparison to t-Bu4PcZn, E°’Red1 of t-Bu4PcH2 is 

by 0.23 V lower53 (the LUMO is by 0.23 V higher) and E°’Red1 

of t-Bu4PcAlCl is by 0.28 V higher39 (the LUMO is by 0.28 V 

lower) due to the effect of the central metal. Nevertheless, it 

does not change the general picture principally. All three t-

Bu4PcZn, t-Bu4PcAlCl, and t-Bu4PcH2 should be able to trans-

fer an electron from photoexcited PS to TiO2 according to the 

mechanism depicted in Fig. 2C. 

Confirmation of the reaction mechanism by PEC meas-

urements. Fig. 5A-D shows the voltammetric behavior of four 

different electron donors. HQ and K4Fe(CN)6 demonstrate re-

versible redox transition at 0.028 V (0.312 V vs. SHE) and 

0.160 V (0.444 V vs. SHE), respectively, Fig. 5A and C. Phe-

nol, in addition to its irreversible oxidation at 0.57 V (0.85 V 

vs. SHE), Fig. 5B, also electropolymerizes at the electrode sur-

face giving, in the next successive scans, a pair of broad waves 

around 0.2 V (0.48 V vs. SHE) that are also seen after washing 

the electrode and conducting the same voltammetric measure-

ments in pure buffer, Fig. 5B. This behavior is driven by the 

formation of phenolic cation radicals.54, 55 Its polymerization 

causes the electrode fouling expressed as a decrease in the phe-

nol oxidation peak current and its shift towards higher poten-

tials with cycle number. In contrast to others, ascorbic acid be-

haves fully irreversibly with a transition around 0.08 V (0.36 V 

vs. SHE), Fig. 5D, which is close to the potential of HQ. 

Unlike phenol, HQ is oxidized reversibly to benzoquinone 

(BQ) via an electron transition process without obvious side re-

actions, Fig 5A. It is also known that HQ readily oxidizes into 

BQ by 1O2
56-58, also noted in our previous studies with solubil-

ized 1O2 producing photosensitizers.48 At potentials lower than 

0 V, BQ is reduced back to HQ, as per the cyclic voltammogram 

shown in Fig. 5A. Thus, HQ can serve as an electron shuttle in 

both systems, viz. the electron transition and 1O2 formation, Fig. 

2B and C. Indeed, a high photocurrent is observed in the pres-

ence of HQ for electrodes modified with t-Bu4PcZnTIO2, Fig. 

5E, and F64PcZnTiO2, Fig. 5I. The photocurrent is about 4x 

higher in the case of F64PcZn, most probably due to faster reac-

tion kinetics and efficient 1O2 formation.  

Importantly, phenol behaves differently in the reaction with 
1O2 and at the electron transition. Phenol is oxidized to BQ by 
1O2 via an endoperoxide formed as an intermediate by the 

[4+2]-cycloaddition of 1O2 to its aromatic ring.56-59 In contrast, 

phenol oxidation via electron transfer leads to a cation radical 

and subsequent oligomers, thus hindering the reversibility of 

the process. Accordingly, TiO2 modified by t-Bu4PcZn gives no 

significant photocurrent, Fig. 5F, whereas F64PcZn involving 
1O2 results in a strong photocurrent, Fig. 5J, which accounts for 

20% of that in the presence of HQ.  

A well-known one electron donor K4Fe(CN)6 that exhibits re-

versible redox behavior, Fig. 5C, gives a strong photocurrent in 

the case of t-Bu4PcZn, about a half of that in the presence of 

HQ. In contrast, the use of F64PcZn shows only negligible pho-

tocurrents, 3% of the current in the presence of HQ. The low 

reactivity of 1O2 towards one-electron donors such as 

K4Fe(CN)6 is expected, due to the thermodynamically unfavor-

able formation of superoxide, since the latter has a lower reduc-

tion potential compared to K4Fe(CN)6.
60, 61 Similar behaviour is 

observed in the presence of another well-known one-electron 

donor, ferrocenemethanol, a water-soluble ferrocene derivative 

with reversible electrochemistry. The photocurrent obtained in 
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the presence of ferrocenemethanol was 129% of that measured 

for HQ in the case of t-Bu4PcZn, but only 14% in the case of 

F64PcZn, Table 1.  

 

Figure 5. Voltammetric (CV) (panel A-D) and PEC behavior (panel E-L) of four different electron donors. Four consecutive CV scans were 

conducted to demonstrate repeatability and possible electrode fouling. Broken line in panel B shows an additional CV scan in pure buffer 

after rinsing the electrode. Scan rate = 0.02 V/s. All potentials are given vs. the Ag-quasi reference (0.040 V vs. SCE, 0.284 V vs. SHE).

To additionally prove that the generation of 1O2 does not re-

sult in noticeable photocurrents in the presence of one-electron 

donors, we tested both t-Bu4PcZn and F64PcZn in methanol so-

lution using the previously reported setup.48 In the absence of 

TiO2, t-Bu4PcZn dissolved in methanol is an efficient 1O2  pro-

ducing photosensitizer48, 62, similar to F64PcZn.41, 63 In solutions 

with the same optical density 0.2 a.u. at the laser wavelength, 

659 nm, t-Bu4PcZn and F64PcZn show the same photocurrents 

(1.0 ± 0.1 μA) in the presence of 1 mM HQ and only negligible 
photocurrents (0.01 – 0.02 μA) in the presence of 1 mM ferro-

cenemethanol (Table S3). The results confirm that 1O2 is ineffi-

cient in the oxidation of ferrocene, and the comparatively high 

photocurrents of t-Bu4PcZn on TiO2 are caused by photoin-

duced electron transfer reactions.  

Finally, ascorbic acid, a well-known one-electron donor with 

a potential similar to HQ, Fig. 5D, shows no photocurrents for 

t-Bu4PcZn and F64PcZn, Figs. 5H and 5L. Lacking reversibility, 

ascorbic acid cannot support the redox-cycling mechanism, and 

thus the electron shuttling between the electrode and the photo-

sensitizer as depicted in Fig. 5D and 2C. This observation also 

suggests that the photocurrent results from the electron shuttling 

by the added electron donor, but not from the direct electron 

transfer mechanisms (Fig. 2A) and not due to secondary ROS 

such as superoxide that should be formed on TiO2 as side prod-

ucts of ongoing electron-transfer reactions. 

PEC activity of tert-butyl-substituted Pcs deposited on 

TiO2 materials. Since HQ is an efficient electron shuttle for 

evaluation of PEC activity of modified TiO2 materials that ex-

hibit any of the two (Fig. 2B and C) or a mixed oxidation mech-

anism, HQ was used to discriminate between highly active and 

poorly active materials, as well as assess the influence of exper-

imental parameters on the activity of the modified electrodes. 

Fig. 6 shows PEC responses for electrodes coated by TiO2 

PC500 modified by t-Bu4Pcs. The photocurrents in the presence 

of HQ remarkably exceed the photocurrents in blank buffer and 

are essentially reproducible in a sequence of at least four illu-

minations (the decrease in the photocurrent is less than 10%). 

 

Figure 6. PEC responses of TiO2 PC500 modified by three different 

Pcs that inject electrons on CB of TiO2. Amperometry was con-

ducted in 0.1 M KCl, 0.01 M KH2PO4 pH 7 buffer containing 100 

μM HQ. Potential applied = −0.2 V. 

The other two TiO2 materials, P25 and P90, showed lower 

photocurrents compared to PC500, congruent with the TiO2 

specific surface area, Fig. 7. However, the surface area of 

PC500, see Table S1, is 5x larger compared to P25, but the PEC 

response is only 2x higher for t-Bu4PcAlCl and 3x higher for t-

Bu4PcZn. This can be explained by taking into account the mes-

oporous structure of PC500 with a significant fraction of pores 

in the range of 0.5 – 2 nm64, which can be unavailable for ad-

sorption or blocked by the adsorbed Pc molecules. In general, 

even for the best configurations, the maximal photocurrents for 

TiO2 modified by tert-butyl-substituted Pcs are in the range of 

0.8 – 0.9 μA (ca. 12 μA∙cm-2), which is 3-4x lower compared to 

photocurrents obtained with 1O2 generating F64PcZn. This dif-

ference should be attributed to the faster HQ oxidation kinetics 
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in the reaction with 1O2 compared to the HQ oxidation via the 

photoinduced electron transfer. 

The influence of the metal centre. Interestingly, t-Bu4PcH2 

shows 10x lower PEC responses compared to t-Bu4PcZn and t-

Bu4PcAlCl for all three TiO2 materials, Fig. 7, although the 

quantitative deposition of all Pcs was confirmed by leaching 

them with acetone. The low photocurrent can be explained by a 

different organization of t-Bu4PcH2 molecules on the TiO2 sur-

face due to the weak interaction of t-Bu4PcH2 with the TiO2, as 

discussed above in relation to FTIR data. t-Bu4PcH2 lacking the  

metal center that serves as an anchoring point may stay in solu-

tion during solvent evaporation until the limited solubility of the 

Pcs causes its deposition on TiO2, although likely in aggregated 

form. Deposition of t-Bu4PcH2 in the form of multilayers is also 

expected due to more favorable interaction of CH-rich t-

Bu4PcH2 molecules with each other via van der Waals forces 

compared to their interaction with hydrophilic OH- and O-rich 

TiO2 surfaces. Interestingly, contact angle measurements, Fig. 

S5, for bare and modified TiO2 materials showed that intrinsi-

cally more hydrophobic t-Bu4PcH2 (contact angle 157° for t-

Bu4PcH2 and 107° for t-Bu4PcZn) does not insulate hydrophilic 

TiO2 surface in contrast to t-Bu4PcZn (contact angle 5° for t-

Bu4PcH2 and 150° for t-Bu4PcZn), which  additionally confirms 

that t-Bu4PcH2 immobilizes in clusters and does not cover the 

whole available TiO2 surface. 

 

Figure 7. Effect of the TiO2 specific surface area on the PEC re-

sponse in the presence of 100 μM HQ. 

The role of the metal center was additionally probed by using 

unsubstituted, planar PcZn, Fig. 1C, which is prone to stacking  

interaction compared to sterically hindered t-Bu4PcZn. The 

PEC responses for unsubstituted PcZn are 3x lower compared 

to t-Bu4PcZn in all three TiO2 materials, but are still signifi-

cantly higher (in average by a factor of 3) compared to t-

Bu4PcH2 (Table S4). Thus, the metal center seems to play a cru-

cial role in preserving the PEC activity, likely due to more uni-

form deposition of Pc on TiO2 surfaces even when the Pc is 

prone to aggregation in solution. An electron-deficient F64PcH2, 

Fig. 1D, which also lacks the metal center to coordinate on TiO2 

surfaces, similarly lost most of the activity observed for 

F64PcZn. The photocurrents do not exceed 10% of that obtained 

for F64PcZn (Table S4). Similar to t-Bu4PcH2, the decreased 

PEC activity of F64PcH2 is attributed to low interaction energy 

between F64PcH2 and the TiO2 surfaces leading to likely aggre-

gation and formation of multilayers, which sterically hinder en-

ergy transfer to O2. Also, the 1O2 quantum yield of F64PcH2 in 

methanol solution is only 0.25 compared to 0.61 for F64PcZn63,  

which additionally lowers the comparative F64PcH2 activity in 

our system.  

Interestingly, PEC responses in blank buffer were noticeably 

higher for t-Bu4PcZn (-64 ± 19 nA) compared to t-Bu4PcAlCl 

(-11 ± 5 nA) and t-Bu4PcH2 (-10 ± 4 nA). In the absence of other 

electron acceptors than O2, this blank photocurrent can be ex-

plained by the photocatalytic O2 reduction via (1) direct elec-

trochemical reduction of photoexcited Pcs, followed by a trans-

fer of the electron to O2 resulting in O2
·−, (2) further reduction 

of O2
·− and other daughter ROS formed in side reactions. The 

presence of Cl− or OH− as a distal ligand at the metal center of 

t-Bu4PcAlCl suppresses the blank photocurrent, and thus sug-

gests the role of O2 or 1O2 coordination in the process.62 

The effects of the Pc loading on TiO2 and the thickness of 

the coatings on electrodes. The optimal performances of the 

modified TiO2 materials and the electrode PEC activity depend 

on the loading of Pc at TiO2 and the thickness of PcTiO2 coat-

ings on the electrodes. As expected, the PEC response of t-

Bu4PcZn increased when loaded on different TiO2 materials 

(expressed in wt%), providing the maximal responses around 

800 nA at 3 wt% loadings, Fig. 8A. A similar response is also 

observed for t-Bu4PcAlCl at 3 wt% loadings on different TiO2 

materials (Fig. S6A). However, the increase of the loading to 5 

wt% does not improve the PEC response, likely due to the for-

mation of multilayers. The value of 3 wt% corresponds, on av-

erage to 2.6, 5.5, and 13 nm2 areas per a single Pc molecule for 

TiO2 P25, P90, and PC500, respectively. The presence of nar-

row pores in the range of 0.5-2 nm in PC50064 that can be una-

vailable or blocked by adsorbed Pcs may explain the PC500 

larger optimal surface area calculated per molecule. 

Due to a light-shedding effect, thick electrode coatings by 

modified TiO2 can be inefficient. Indeed, varying the amount of 

PcTiO2 per electrode surface area in the range from 0.7 to 14 

µg∙mm-2, which roughly corresponds to thicknesses from 0.2 to 

3.3 µm if the layers are uniform, revealed the maximum perfor-

mance at 11 µg∙mm-2, Fig. 8B and Fig. S6B. Below this value 

the photocurrents increase near linearly with the amount of de-

posited materials. A thicker PcTiO2 layer decreases the PEC 

response by screening the light and reducing the photooxidation 

efficiency inside the layer at closer distances to the electrode. 

Thus, the mediated electron exchange current drops due to the 

larger diffusion distances and correspondingly lower diffusion 

gradients that define the currents. 

 

Figure 8. Dependence of the photocurrent; (A) on the loading 

(wt%) of t-Bu4PcZn immobilized on three different TiO2 materials. 

(B) thickness of t-Bu4PcZn deposited on the working electrodes. 

The measuring buffer contained 100 µM HQ. Potential, -0.25 V. 

Error bars represent the SD of three independent measurements. 

The photocurrent profiles of different phenols. The revers-

ibility of the oxidation/reduction process drives the selectivity 

of the PEC response of electrodes modified by t-Bu4PcZn/AlCl 

vs. those modified with F64PcZn. Phenol, as discussed above, 

produces a photocurrent with 1O2-generating F64PcZn, but not 

with t-Bu4PcZn, which requires the reversibility of the electron-

transfer process, absent for phenol. The reaction of phenol with 



7 

 

1O2 leads to the formation of an endoperoxide that rearranges to 

form BQ.56-59 Then electrochemical reduction of BQ gives HQ, 

which is oxidized again by 1O2 to form BQ, thus supporting the 

mechanism depicted in Fig. 2B. 

Given potentially broad analytical applications, the range of 

tested phenols was extended to include important environmen-

tal contaminants and pharmaceuticals bearing the phenolic 

groups, Table 1. The voltammograms for all used compounds, 

recorded under conditions identical to those shown in Fig. 5 are 

presented in Fig. S7. Table 1 summarizes the electrochemical 

characteristics (reversibility and formal potentials) and the pho-

tocurrents measured using TiO2 modified by electron-rich t-

Bu4PcZn/AlCl and the electron-deficient, 1O2 producing 

F64PcZn. 

Importantly, 2,4-dichlorophenol and 2,4,6-trichlorophenol 

form a new electroactive product under electrochemical oxida-

tion, Fig. S7, resulting in a clear reversible transition at ca. 0 V 

potential vs. the Ag-quasi reference (0.28-0.29 V vs. SHE), 

similar to HQ, Table 1. Thus, once oxidized, 2,4-di- and 2,4,6-

trichlorophenol can generate photocurrents similarly to HQ. 

However, the half-peak oxidation potentials are not the same 

for 2,4-di- and 2,4,6-trichlorophenol (0.795 and 0.759 V vs. 

SHE, respectively) and lay close to the oxidation potential of t-

Bu4PcZn (0.82 V vs. SHE in a non-aggregated state). Thus, the 

ability of t-Bu4PcZn to oxidize 2,4-dichlorophenol is limited, in 

agreement with the lower photocurrent, in comparison with 

2,4,6-trichlorophenol (Table 1). A higher photocurrent, pro-

duced in the case of t-Bu4PcAlCl, is consistent with its  0.28 V 

higher formal potential vs. t-Bu4PcZn, as measured in solution, 

Table S2, which should facilitate the oxidation of 2,4-dichloro-

phenol. Thus, the selection imparted by the energy values of 

LUMO (the oxidation potential) of the Pcs gives an additional 

possibility for adjusting the reactivity towards certain electron-

shuttling analytes. In contrast, F64PcZn generating 1O2 shows 

high photocurrents for all chlorinated phenols.

Table 1. Photoelectrochemical responses of analytes at different supported photosensitizers.  

Analyte 
E0’or Ep/2 V 

vs. SHE 

Voltammetric 

reversibility 

Photocurrent (μA)[a] 

t-Bu4PcZnTiO2 t-Bu4PcAlClTiO2 F64PcZnTiO2 

HQ 0.312 Yes -0.76 ± 0.03 (100%) -0.85 ± 0.02 (100%) -3.03 ± 0.07 (100%) 

Phenol 0.854 No No response No response -0.59 ± 0.03 (19%) 

K4Fe(CN)6 0.444 Yes -0.49 ± 0.01 (64%) -0.38 ± 0.01 (45%) -0.09 ± 0.01 (3%) 

Ferrocenemethanol 0.477 Yes -0.98 ± 0.07 (129%) -0.99 ± 0.02 (116%) -0.43 ± 0.01 (14%) 

L-ascorbic acid 0.364 No No response No response No response 

Bisphenol A 0.714 No No response -0.013 ± 0.003 (2%)  -1.75 ± 0.08 (58%) 

2-Chlorophenol 0.828 No No response -0.054 ± 0.005 (6%) -2.16 ± 0.15 (71%) 

3-Chlorophenol 0.909 No No response -0.032 ± 0.005 (4%) -2.84 ± 0.15 (94%) 

4-Chlorophenol 0.826 No No response -0.023 ± 0.005 (3%) -1.52 ± 0.08 (50%) 

2,4-Dichlorophenol 0.795/0.281[b] No/Yes[b] -0.071 ± 0.016 (9%) -0.165 ± 0.009 (19%) -2.15 ± 0.15 (71%) 

2,4,6-Trichlorophenol 0.759/0.294[b] No/Yes[b] -0.306 ± 0.008 (40%) -0.361 ± 0.012 (43%) -3.76 ± 0.04 (124%) 

Amoxicillin 0.913 No No response No response -0.55 ± 0.03 (18%) 

Cefadroxil 0.925 No -0.04 ± 0.01 (5%) -0.009 ± 0.003 (1%)  -0.68 ± 0.01 (23%) 

Oxytetracycline 0.924 No No response -0.017 ± 0.003 (2%) -0.20 ± 0.01 (7%) 

Tetracycline - - No response No response -0.16 ± 0.01 (5%) 

Paracetamol 0.542 Yes -0.03 ± 0.01 (4%) -0.04 ± 0.01 (5%) -0.10 ± 0.02 (3.4%) 

[a]No response = less than 0.02 µA for t-Bu4PcZnTiO2 and less than 0.01 µA for t-Bu4PcAlClTiO2, in agreement with SD in blanks, 

which are higher for t-Bu4PcZnTiO2. [b]The second reversible redox process appears after the first scan.

Similar to phenols, the antibiotics amoxicillin, cefadroxil and 

tetracyclines lack reversibility when oxidized via the electron-

transfer pathway, as seen by voltammetry, Fig. S7. This behav-

ior correlates well with the absence of photocurrent when using 

t-Bu4PcZn/AlCl, Table 1. Nevertheless, the phenolic group in 

antibiotics is well detectable by F64PcZn, in agreement with our 

previous works6, 11,  via the singlet oxygen pathway. To confirm 

that TiO2 does not play an essential role in the generation of a 

photocurrent in the presence of amoxicillin, an unmodified 

electrode and the water-soluble photosensitizer Rose Bengal, 

known to produce 1O2 in high yields65 were used. In the pres-

ence of 5 µM Rose Bengal, 100 µM amoxicillin gives a photo-

current of -0.14 ± 0.01 µA, which is similar to the -0.11 ± 0.01 

µA photocurrent obtained in the presence of 100 µM phenol, 

but about 10% of the -1.34 ± 0.02 µA photocurrent obtained in 

the presence of 100 µM HQ (Fig. S8). Thus, 1O2 can transform 

amoxicillin with an efficacy similar to phenol and generate the 

corresponding photocurrent without the participation of TiO2, 

in agreement with the mechanism in Fig. 2C. 

Surprisingly, another drug bearing a phenolic group, parace-

tamol, produced a comparatively low photocurrent via both 

pathways (3-5% of the photocurrent for HQ, Table 1) despite 

its reversible electrochemistry at the bare electrode (Fig. S7). 

Thus, additional factors, not just reversibility may distinguish 

between voltammetric behavior and the photosensitized oxida-

tion redox cycling. The photosensitized oxidation of paraceta-

mol, which seems to be impeded due to quenching of photosen-

sitizers by paracetamol or its oxidized derivatives, remains the 

subject of future investigations. 
The effects of 1O2 quenching and O2 purging from the solu-

tion. The addition of NaN3, a known quencher of 1O2, into the 

measuring solution suppresses the PEC response of 
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F64PcZnTiO2 by 50% at 1 mM NaN3 and 80% at 10 mM 

NaN3, Fig. S9. In the case of t-Bu4PcZn/AlClTiO2, NaN3 sup-

presses the PEC responses only by 10% at 1 mM and 20% at 10 

mM NaN3, Fig. S10, corroborating the role of 1O2 for 

F64PcZnTiO2. However, the NaN3 quenching effect should be 

interpreted carefully since NaN3 is known to quench photosen-

sitizer’s triplet states66, essential for the photoinduced electron 

transition from Pc to TiO2. In this view, the photocurrent in the 

presence of phenol or amoxicillin is a more specific marker for 
1O2 generation, whereas the lack of such photocurrent suggests 

nil 1O2 generation by t-Bu4PcZn/AlClTiO2. 

Notably, the electron-transfer mechanism with redox media-

tors, Fig. 2C, requires O2 as an ultimate electron acceptor avail-

able in excess and capable of scavenging electrons transferred 

to the CB of TiO2. Indeed, the signal drops under Ar purging 

for 30 min, but recovers after saturation of the measured solu-

tion with air, Fig. S11. Similar behavior was previously ob-

served for F64PcZnTiO2,
6 further confirming the essential role 

of O2 for both mechanisms (Fig. 2B and C). Noteworthy, previ-

ous studies that utilized the direct electron transfer scheme on 

the electrode (Fig. 2A) were conducted under N2,
31 i.e., in the 

absence of O2, to avoid competition between the underlying 

electrode and O2 for the photo-injected electron. This is not of 

concern in our system, which is thus suitable for broad applica-

tions. 

CONCLUSIONS 

The paradigm of PEC systems based on the photocatalytic 

conversion of redox mediators that shuttle electrons between 

photosensitized TiO2 and an underlying carbon electrode has 

been demonstrated. The presented methodology can be used for 

(1) screening the photocatalytic activity of new photosensitizers 

and related hybrid materials, (2) ascribing the underlying mech-

anisms to either the 1O2-mediated photooxidation or the pho-

toinduced electron transition, (3) creating PEC sensors. Moreo-

ver, the effects of peripheral substituents and the metal center 

demonstrate the possibility for modulation of photocatalytic re-

activity of photosensitized semiconductors and give insights for 

creating more efficient photocatalysts and more specific PEC 

sensors. 

The Supporting Information is available free of charge on the ACS 

Publications website. 

Supporting information on solid state properties of TiO2, TLC, 

FTIR measurements, formal potentials of Pcs, Pcs responses in so-

lution (methanol), water contact angle measurements, voltammet-

ric behavior of phenols, effect of 1O2 quencher and Photocurrent 

responses in the absence of O2 (file type, PDF). 
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