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Natural pigments offer promise for visible-light harvesting, but their exciton transport and photostability remain limiting factors.
Here, we present a biohybrid photoelectrode comprising chlorophyll (Chl) immobilized onto anodized TiO2 nanotube (TNT)
arrays. Controlled deposition yields a hierarchical trilayer structure featuring capillary-driven infiltration and tunable optical
thickness. Transient photocurrent measurements reveal a synergistic regime in which moderate Chl loading and optimal illumi-
nation maximize charge generation. Spectral and time-resolved analyses indicate that exciton quenching occurs via energy
delocalization and interfacial electron injection. In contrast, excessive loading leads to exciton confinement, self-shading, and
trap-assisted recombination, which collectively suppress charge extraction. These results delineate a design window in which light
absorption, exciton mobility, and photostability are cooptimized, offering practical guidance for integrating natural pigments into
photoelectrochemical (PEC) systems.
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1. Introduction

The accelerating need for sustainable energy conversion con-
tinues to motivate photoelectrochemical (PEC) strategies
that harvest sunlight in aqueous environments. Despite
steady advances, efficient use of the visible region remains
challenging [1, 2], largely because widely used wide-bandgap
oxides exhibit weak absorption at wavelengths longer than
420 nm and often suffer from suboptimal charge separation
and interfacial transfer [3, 4].

Natural photosynthesis provides principles for addressing
these constraints. Photosynthetic antenna complexes orga-
nize pigments with nanometer precision to funnel excitation

energy toward reaction centers withminimal loss [5, 6]. Chlo-
rophyll (Chl) plays a central role through its conjugated
macrocycle, which gives rise to strong absorption in the
blue (Soret) and red (Qy) bands and supports excitonic trans-
port at ambient conditions [5, 7]. Translating this capability
into synthetic PEC platforms requires not only spectral exten-
sion into the visible range but also control of exciton migra-
tion and timely electron injection at solid–liquid interfaces.

Chl and Chl-derived sensitizers have been combined with
TiO2 in dye-sensitized and PEC formats [8–10]. Many of these
studies employed nanoparticulated films or molecular anchoring
on flat substrates. Although they demonstrated visible-light
response, several bottlenecks persist: aggregation-induced
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quenching that shortens exciton diffusion lengths [11], limited
electrical percolation in disordered films, photochemical instabil-
ity under high photon flux, and uncertain electronic coupling
between Chl aggregates and the oxide in the absence of specific
anchoring chemistries [6, 12]. As a result, it remains difficult to
separate spectral benefits from transport and stability limitations,
and mechanistic descriptors that connect pigment loading, opti-
cal flux, and charge-transfer dynamics are still underdeveloped.

Here, we interface Chl with vertically aligned TiO2 nano-
tube (TNT) arrays to establish a mechanistic framework for
visible-light-responsive biohybrid photoelectrodes (Figure 1).
The TNT architecture provides straight electron pathways, a
large internal surface area, and tunable geometric parameters
that impact light management and electrolyte access [13, 14].
The open tubular morphology promotes capillary infiltration
of Chl from acetone dispersions and constrains aggregation
within nanoconfined domains, improving electronic commu-
nication with the oxide and reducing recombination relative
to disordered films. This study examines whether Chl con-
fined in ordered TNT arrays produces a controllable visible-
light PEC response when exciton harvesting and interfacial
electron injection are balanced. To that end, we (i) con-
structed a quantitative two-dimensional map that relates areal
loading and incident visible-light flux to photocurrent, reveal-
ing a well-defined operating window; (ii) link device behavior
to photophysical kinetics by time-resolved photolumines-
cence (TRPL) on the same architecture, evidencing rapid
quenching consistent with efficient electron injection; (iii)
identify the high-flux performance limit using reactive-oxy-
gen-species (ROS) controls, showing that photocurrent roll-
off originates primarily from ROS-driven degradation. The
fabrication route is simple and scalable—anodization, brief
ultrasonic cleaning, annealing to anatase, and controlled
drop-casting—without metal complexes, covalent linkers, or
vacuum processing.

These results provide a clear rationale for pairing Chl with
TNT arrays: strong visible absorption and mobile excitations
from Chl, favorable energetics and chemical robustness from

TiO2, and nanoconfinement that enhances interfacial contact
while shortening transport distances. Relative to prior Chl-
TiO2 studies that largely focused on dye-sensitized or nanopar-
ticulate films, this work delivers, to our knowledge, the first
quantitative loading-flux design map correlated with excitonic
kinetics on an ordered PEC architecture, together with direct
evidence of negligible pigment dissolution in aqueous electro-
lyte. The framework converts empirical tuning into transferable
design rules for natural or synthetic chromophores on oxide
scaffolds and delineates practical levers—loading, photon flux,
and tube geometry—for engineering durable, visible-light-
active PEC electrodes.

2. Experimental Section

2.1. Fabrication of TNT Array. TNT arrays were prepared
by anodizing titanium foils (99.7%, trace metals basis,
Sigma–Aldrich; 5.0 cm×1.0 cm, 0.127mm thick). Prior to anod-
ization, the foils were ultrasonically cleaned for 10min each in
acetone, ethanol, and deionized (DI) water. Anodization was
performed at 30V for 1h at 25°C in an ethylene glycol electro-
lyte containing 0.3wt.% NH4F (97%, Junsei) and 5vol.% DI
water [15]. A DC power supply (TOYOTECH) was used, with
the Ti foil as the anode and a platinum plate as the counter
electrode, positioned 3.5 cm apart (Supporting Information:
Figure S1). Immediately after anodization, the films were
rinsed thoroughly with ethanol and DI water, followed by an
additional ultrasonication step (30min, ethanol bath) to remove
superficial nanograss and debris and to expose unobstructed
tube apertures across the film. The electrodes were then dried
in air at approximately 25°C overnight. Finally, the TNT arrays
were annealed in air at 450°C for 2h to convert the oxide to the
anatase phase and to remove residual fluoride species.

2.2. Extraction of Chl. Chl was extracted from fresh spinach
leaves obtained from a local market and used within 24 h. To
prevent thermal- and photoinduced degradation, all steps
were carried out in a 4°C cold room under low light; tubes
were foil-wrapped or amber. Leaves were rinsed and blotted
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FIGURE 1: Schematic illustration of a Chl-TNT photoelectrode under visible-light irradiation (λ> 420 nm), depicting light absorption by Chl,
exciton migration through a short-range hopping and long-range Förster-type cascade network, and subsequent electron injection into the
conduction band of TiO2 for photocurrent generation.
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dry, and homogenized in phosphate-buffered saline (PBS,
pH 7.4, Sigma–Aldrich). The homogenate (≈30mL) was
centrifuged at 12,000 rpm for 15min at 4°C, and the super-
natant was discarded. Each pellet was resuspended in 20mL
of acetone (analytical grade, ≥99.8%, Daejung) to solubilize
Chl and centrifuged again under the same conditions. The
resulting supernatant (Chl-acetone extract) was collected
and stored at 4°C in the dark until use [16]. For spectro-
scopic quantification of Chl a and Chl b, the crude extract
was diluted 40-fold with acetone, transferred to a 1 cm quartz
cuvette, and measured in absorbance mode on a UV–vis
spectrophotometer (V-770, JASCO). Chl a and Chl b con-
centrations were determined using the following simulta-
neous equations:

Chl a¼13:71 × OD646:6 − OD750ð Þ − 2:85
× OD663:6 − OD750ð Þ;

Chl b¼22:39 × OD646:6 −OD750ð Þ − 5:42
× OD663:6 −OD750ð Þ;

Total Chl¼ Chl aþ Chl b:

The numerical coefficients (13.71, 22.39, 2.85, and 5.42)
were originally derived by Porra et al. [17] from extinction
coefficients of purified Chl a and b. These resolve the spectral
overlap between the two pigments. Optical densities (ODs)
were measured at 646.6, 663.6, and 750 nm, with the 750 nm
baseline serving as a correction for turbidity and background
scattering using an acetone blank (see details in Supporting
Information: Note S1).

2.3. Preparation of Chl-Coated TNT Arrays Photoelectrode.
Chl, extracted as described above, was deposited onto the
surface of TNT array electrodes via a drop–casting method.
To ensure consistency, the Chl content-calculated using the
previously described spectroscopy method, was normalized
to the geometric surface area of each TNT array electrode,
yielding a controlled loading value in units of µg cm−2 (Sup-
porting Information: Table S1). For each sample, a precise
volume of Chl-acetone solution was dispensed onto the TNT
arrays’ surface, ensuring complete coverage while avoiding
localized accumulation or inhomogeneous distribution.
After casting, the electrodes were dried overnight in the
dark at 4°C to preserve the structural integrity of the Chl
layer and prevent photodegradation [18]. The resulting Chl-
TNT arrays photoelectrodes were used within 48 h of prepa-
ration to minimize the effects of pigment degradation
overtime.

2.4. Characterizations. The surface morphology of the Chl-
TNT arrays electrodes was examined using field-emission
scanning electron microscopy (FE-SEM, Apreo S HiVac,
FEI Company) operated at 15 kV. Cross-sectional imaging
was enabled via focused ion beam (FIB) milling (XFlash 6i30,
Bruker), and elemental mapping was conducted using an
energy-dispersive X-ray spectrometer (EDS, XFlash 6i100,
Bruker). Crystalline phase identification was carried out

using X-ray diffraction (XRD, D8 ADVANCE, Bruker) with
CuKα radiation at 40 kV and 30mA. Diffraction patterns were
collected over a 2θ range of 10°–80°. Surface chemical states
were analyzed by X-ray photoelectron spectroscopy (XPS,
K–Alpha+, Thermo Fisher Scientific). The binding energies
of Ti 2p and O 1s were calibrated using the C 1s peak at
284.6 eV as the reference. The crystalline phase state and
defect-related disorder of the TNT arrays were examined by
Raman spectroscopy (LabRam Soleil, HORIBA Scientific).
Spectra were collected in the range of 100–800 cm−1. Optical
absorption characteristics were measured using UV–visible
diffuse reflectance spectroscopy (UV–DRS, V-770, JASCO)
equipped with a 60mm integrating sphere. Spectra were
collected using diffuse reflectance methodology to evaluate
the optical properties of pristine and Chl-coated TNT array
electrodes. Raw reflectance R(λ) was converted to pseudo-
absorbance eAðλÞ: ¼ logð1=RÞ : for qualitative analysis. TRPL
measurements were performed using a spectrofluorometer
system (FS5, Edinburgh Instruments) equipped with a time-
correlated single-photon counting (TCSPC) module. The
samples were excited using a 405nm picosecond pulsed
diode laser (EPL-405, Edinburgh Instruments). The emission
signal was collected at 660 nm using a photomultiplier tube
(PMT) detector under right-angle geometry. The instrument
response function (IRF) was recorded under identical TCSPC
conditions using appropriate nonemissive references, yielding
an FWHM of 0.54–0.69 ns. Electrochemical impedance
spectroscopy (EIS) measurements were carried out at open
circuit potential using a 10mV AC perturbation over the
frequency range of 100mHz–100 kHz, with a logarithmic
sweep of 10 points per decade.

2.5. PEC Measurements. PEC measurements were performed
using a potentiostat (VSP-400, BioLogic) in a standard three-
electrode configuration (Supporting Information: Figure S1).
The Chl-TNT arrays on Ti served as the working electrode
(coated region immersed; uncoated top edge left above the
electrolyte for electrical connection), an Ag/AgCl (1M KCl)
electrode was used as the reference, and a Pt plate as the
counter electrode. The working and counter electrodes
were aligned parallel to the light path and separated by
3.5 cm. Electrical contact to the potentiostat was made with
alligator clips attached to the unimmersed top edges of Ti
and Pt; the reference electrode was inserted independently
between them. The electrolyte was a 100mM Na2SO4 aque-
ous solution. Illumination was provided by a 300W Xenon
lamp (6258, Newport), equipped with an AM 1.5G filter and
a long-pass filter (λ> 420 nm). The irradiation at the elec-
trode surface was measured using an optical power meter
(843-R, Newport) with a 0.93 cm diameter detector. For
wavelength-dependent measurements, monochromatic light
was selected using band-pass filters. Unless otherwise noted,
photocurrent was recorded at an applied bias of +0.48V vs.
Ag/AgCl [19].

3. Results and Discussion

Chl was extracted from spinach leaves, and TNT arrays were
prepared by anodizing Ti foils. The resulting TNT arrays
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exhibited well-opened tube apertures with uniform mor-
phology (Supporting Information: Figure S2). The hierarchi-
cal Chl-TNT structures were fabricated via a drop-casting
process, enabling direct immobilization of Chl onto the
nanotube surface. As shown in Figure 2a, the deposited
Chl formed a uniform coating across the TNT arrays at all
loading levels, with no apparent aggregation or surface
roughening.

Cross-sectional SEM revealed a well-defined trilayer
architecture composed of a surface Chl layer, an underlying
TNT layer (≈850 μm in height), and the Ti substrate. Elemen-
tal mapping (Figure 2b) confirmed this configuration, show-
ing a strong carbon signal, attributed to Chl, both on the

surface and within the nanotube channels, consistent with
capillary-driven infiltration. Of note, the diameter of the
nanotube channels was selected as 45–60 nm, which lies
within the optimal range for PEC activity (Supporting Infor-
mation: Figure S3). The deposited Chl concentration was
controlled in the range of 156–223mg cm−3 (Supporting
Information: Table S1). The Chl overlayer thickness increased
linearly with areal loading, reaching up to 5.2μm at the high-
est deposition condition (Supporting Information: Figure S4),
as determined from high-resolution cross-sectional SEM
analysis.

Raman spectroscopy of the anodized TNT arrays con-
firmed the formation of phase-pure anatase, displaying sharp

Chlorophyll–TiO2 nanotube arrays photoelectrodePristine TNT arrays

0 μg Chl cm–2 25 μg Chl cm–2 50 μg Chl cm–2 75 μg Chl cm–2 100 μg Chl cm–2

ðaÞ

Chlorophyll–TiO2 nanotube arrays photoelectrodePristine TNT arrays

0 μg Chl cm–2 25 μg Chl cm–2 50 μg Chl cm–2 75 μg Chl cm–2 100 μg Chl cm–2

Ti

O

C

ðbÞ
FIGURE 2: (a) Top-view and cross-sectional SEM images of TiO2 nanotube array photoelectrodes with varying Chl loading amounts.
(b) Corresponding EDS elemental maps of Ti (blue), O (green), and C (red). Scale bars: 500 nm.

4 International Journal of Energy Research

 ijer, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/3924822 by C

hung-A
ng U

niversity, Seoul, W
iley O

nline L
ibrary on [30/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Ph
ot

oc
ur

re
nt

 (μ
A 

cm
–2

)

8

4

0

5 25 50 75 100 120 5 25 50 75 100 120 5 25 50 75 100 120 5 25 50 75 100 120

Light intensity (mW cm–2)

25 μg Chl cm–2 50 μg Chl cm–2 75 μg Chl cm–2 100 μg Chl cm–2

ðaÞ

10

0
0 20

Light intensity (mW cm–2)
40

4

2

60 10080

6

8

75
100

50

25
0

Ph
ot

oc
ur

re
nt

 (μ
A 

cm
–2

)

Chl loading (μg cm–2)

120

ðbÞ

40

Li
gh

t i
nt

en
sit

y 
(m

W
 cm

–2
)

50 100

120

75
Chl loading amount (μg cm–2)

80

Ph
ot

oc
ur

re
nt

 (μ
A 

cm
–2

)

0 25

2

4

6

0

2 3 50 1 4
Chl thickness (μm)

ðcÞ

0

Ph
ot

oc
ur

re
nt

 (μ
A

 cm
–2

)

0 0.1
Potential (V)

0.2 0.4

6

10

4

0.0

1.0

2.0

Po
w

er
 (μ

W
 cm

–2
)

0.5
2

0.3

1.5
8

Chl-TNT
Pristine TNT

ðdÞ

200

100

50

0

Ph
ot

oc
ur

re
nt

 (n
A

 cm
–2

)

400 500
Wavelength (nm)

600 700

150

1.5

1.0

0.5

0

A
bs

or
ba

nc
e (

O
.D

.)

ðeÞ
FIGURE 3: Continued.

International Journal of Energy Research 5

 ijer, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/3924822 by C

hung-A
ng U

niversity, Seoul, W
iley O

nline L
ibrary on [30/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



characteristic modes with no noticeable signs of disorder
(Supporting Information: Figure S5). Consistent with this,
XRD analysis (Supporting Information: Figure S6) con-
firmed that the characteristic diffraction peaks of TNT are
well preserved after Chl loading, indicating that the anatase
phase of TiO2 remains the dominant crystalline structure. A
broad feature near 20°, observed exclusively in the Chl-TNT
array, is attributed to amorphous or semicrystalline organic
aggregates, consistent with the spectral characteristics of dis-
ordered pigment films reported in earlier works [20].

XPS further confirmed chemical interactions at the Chl-
TNT array interface. Upon Chl functionalization, the O 1s
component associated with oxygen species near vacancy sites
shifted from 530.3 to 531.2 eV (Supporting Information:
Figure S7), while the lattice oxygen peak at 529.5 eV and
the Ti 2p signals were unchanged. This selective shift indi-
cates preferential interaction of Chl with surface oxygen
vacancies on the TiO2, providing molecular anchoring and
enhancing interfacial electronic coupling [13, 21]. Consistent
with such vacancy-mediated binding, fluorescence-based
leaching measurements detected only a negligible fraction
(<0.05%) of the initially loaded Chl after 15 h immersion
(Supporting Information: Figure S8), confirming structural
stability of the films under the conditions used for PEC
measurements.

The PEC response of Chl-TNT photoelectrodes was eval-
uated under chopped visible-light (λ> 420 nm) at an applied
bias of +0.48V vs. Ag/AgCl, a potential relevant to water
redox processes [19]. All samples produced prompt, repro-
ducible on–off transients (Figure 3a), evidencing efficient

photoinduced charge separation and extraction. Relative to
unsensitized TNT arrays, Chl-functionalization increased
the steady-state photocurrent by approximately fourfold
(Figure 3b; Supporting Information: Table S2). The photo-
current rose with both Chl loading and irradiance and
reached a maximum of 7.48 μAcm−2 at 75 μg cm−2 loading
and 75mWcm−2 illumination. At higher illumination levels;
however, the photocurrent response saturated or decreased
slightly, suggesting the onset of inner-filter effects and non-
radiative losses under intense excitation. This nonlinearity
was reproducible across the series with different Chl cov-
erages. The corresponding contour plot (Figure 3c) identifies
a synergistic regime in which moderate Chl loading, com-
bined with optimal light intensity, produces the highest pho-
tocurrent output. These results highlight the importance of
simultaneously tuning optical absorption and interfacial
charge transport to maximize PEC efficiency in Chl-TNT
architectures.

The current–voltage (I–V) characteristics of the Chl-TNT
(75μg cm−2 Chl loading) and pristine TNT PEC cells were mea-
sured under visible-light irradiation (λ> 420nm, 75mWcm−2)
(Figure 3d). The measurements were performed via linear
sweep voltammetry, scanning from the open-circuit voltage
(Voc) to 0V vs. Ag/AgCl. The Chl-TNT electrode exhibited a
short-circuit current density (Jsc) of 7.5 μAcm−2 and a maxi-
mum output power density of 1.76 μWcm−2, compared to
2.18μAcm−2 and 0.21μWcm−2, respectively, for pristine
TNT. The Voc values were 350mV for Chl-TNT and
170mV for TNT, indicating that the incorporation of Chl
extends the photovoltage generation into the visible range
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FIGURE 3: (a) Photocurrent responses of Chl-TNT photoelectrodes with varying Chl loading amounts under chopped visible-light irradiation
(λ> 420 nm) at different light intensities. (b) Peak photocurrent values plotted as a function of both Chl loading and light intensity.
(c) Contour plot mapping the photocurrent output as a function of areal Chl loading (indicative of layer thickness) and illumination intensity.
(d) I–V characteristics of pristine TNT and Chl-TNT (75μg cm−2 Chl loading) PEC cells under visible-light irradiation (λ>420nm, 75mWcm−2).
(e)UV–vis absorption spectrumof Chl in solution comparedwith the corresponding photocurrent action spectrumof Chl-TNT electrodes,measured
using band-pass filters. (f) Nyquist plots of Chl-TNT electrodes under illumination, together with equivalent circuit fitting (inset: circuit model used
for fitting). (g) Extracted Rs and Rct values from the equivalent circuit analysis as a function of Chl loading.
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via efficient electron injection from photoexcited Chl (Chl∗)
into the TiO2 conduction band. The elevated Jsc arises from
both the additional visible-light photocurrent component and
the maintenance of effective charge collection pathways
within the TNT scaffold. Consequently, the maximum power
output of the Chl-TNT electrode is 8.4-fold greater than that
of the pristine TNT, demonstrating the synergistic contribu-
tion of enhanced photovoltage and photocurrent. The I–V
curve for the same Chl-TNT electrode under full-spectrum
simulated sunlight (AM 1.5G, 75mWcm−2) is shown in Sup-
porting Information: Figure S9.

To identify the origin of the photocurrent, action spectrum
measurements were conducted under monochromatic illumi-
nation. The resulting spectral response (Figure 3e) exhibited
two prominent peaks centered at 420 and 660nm, correspond-
ing to the Soret andQy absorption bands of Chl, respectively, as
verified by its UV–vis absorption profile [22–24]. This spectral
match confirms that the photocurrent is driven by direct pho-
toexcitation of Chl molecules. The action spectrum also corre-
lates well with the electrode absorption profile obtained from
diffuse-reflectance measurements (Supporting Information:
Figure S10), further verifying that the observed photocurrent
originates from immobilized Chl on the TNT substrate. Fol-
lowing excitation, electrons in the Chl unoccupied molecular
orbital (LUMO,−1.27V vs. NHE) undergo energetically favor-
able transfer to the conduction band (CB) of TiO2 (−0.5V vs.
NHE) [25], thereby facilitating interfacial charge injection. This
process establishes Chl as an effective photosensitizer, enabling
visible-light activation of wide-bandgap TiO2 through natural
pigment integration.

To further elucidate the interfacial charge–transfer pro-
cess, EIS was carried out under illumination for electrodes
with varying Chl loadings (Figure 3f,g). The resulting
Nyquist plots were fitted with an equivalent circuit consisting
of Rs (series resistance), Rct (charge transfer resistance), CPE
(constant phase element), and Zw (Warburg element). The
fitted parameters revealed that Rs remained nearly constant
at ~ 10Ω for all electrodes, showing identical nonfaradaic
contributions. However, Rct decreased systematically with
increasing Chl loading. This trend confirms that a thicker
Chl layer facilitates interfacial electron injection into TiO2.

Notably, while photocurrent reached a maximum at
75 μg cm−2 and slightly declined at 100 μg cm−2, Rct contin-
ued to decrease, indicating that interfacial charge transfer
remained efficient. Therefore, the EIS results demonstrate
that higher Chl loadings lower the interfacial charge–transfer
resistance, consistent with more efficient electron injection at
the Chl-TNT interface. The divergence between photocur-
rent and Rct trends can be attributed to enhanced carrier
recombination and transport losses within thicker Chl films,
which offset the benefit of reduced interfacial resistance.

To investigate exciton dynamics within the Chl layer,
TRPL measurements were performed. In dilute acetone solu-
tion, Chl exhibited a fluorescence lifetime exceeding 3 ns
(Figure 4a), indicative of spatially isolated chromophores
with minimal nonradiative decay pathways [26, 27]. In con-
trast, when immobilized on TNT, the decay trace nearly
coincides with the IRF (Figure 4a), showing that the

excited-state population is quenched within the temporal
resolution of the setup, consistent with ultrafast depopula-
tion of Chl∗ via rapid electron injection into TiO2. This
reduction in exciton lifetime suggests the operation of rapid
nonradiative decay routes, primarily arising from two
mechanisms: (i) strong excitonic coupling within densely
packed Chl domains, which facilitates energy delocalization
[28, 29], and (ii) ultrafast electron injection from photoex-
cited Chl into the CB of TiO2 [28, 30]. Together, these pro-
cesses enable efficient exciton-to-charge conversion at the
Chl-TNT interface.

At moderate Chl layer thicknesses (Figure 4c), exciton
transport becomes more efficient through multi-step energy
relay mechanisms involving both short-range hopping and
longer-range dipole-mediated transfer. In this regime, closely
packed Chl domains offer sufficient electronic coupling to
support directional energy migration toward the TiO2 inter-
face [11, 31, 32]. This cooperative transport framework
enables effective exciton harvesting and promotes interfacial
charge injection, thereby enhancing photocurrent generation.

However, excessive Chl accumulation imposes both struc-
tural and photophysical limitations (Figure 4c). In highly
dense pigment domains, strong interchromophoric interac-
tions shorten exciton lifetimes to the sub-nanosecond scale
and reduce exciton mobility within disordered regions. As a
result, the effective diffusion length becomes confined to
below 1 μm, restricting the spatial reach of exciton migration
[6, 31]. Accordingly, at higher Chl loadings, corresponding to
thickerfilms, the photocurrent output decreases (Figure 3a–c).
This decline is attributed to increased structural disorder,
trap-state formation, and nonradiative recombination, all of
which hinder exciton transport and limit charge separation
efficiency [6, 11].

At elevated Chl loadings, optical limitations begin to
emerge. Transmittance measurements (Figure 4b) revealed
that thicker Chl layers cause exponential attenuation of inci-
dent light, resulting in a depth-dependent reduction in pho-
ton flux. Consequently, photoexcitation becomes localized
near the top surface of the photoelectrode, rendering the
deeper regions effectively photoinactive. This spatial mis-
match between the zones of light absorption and charge
collection diminishes overall photocurrent, even in the pres-
ence of excess absorber materials. Therefore, optimal PEC
performance is governed by a trade-off among light penetra-
tion depth, exciton diffusion length, and interfacial charge
transfer efficiency.

Under the high light intensity (>100mWcm−2), an addi-
tional decline in photocurrent was observed despite the
increased photon flux. This nonlinear response is attributed
to photodegradation of the Chl layer, driven by the forma-
tion of reactive oxygen species (ROS) such as superoxide
(·O2

-) and hydroxyl radicals (·OH). High irradiation
enhances the generation of Chl∗ states, which in turn pro-
motes ROS formation via energy or electron transfer to
molecular oxygen and/or water (Supporting Information:
Figure S11) [33]. These ROS subsequently degrade the Chl
matrix, impairing both its light-harvesting capacity and
interfacial charge–transfer functionality.
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4. Conclusion

This work moves the Chl-TNT platform from proof-of-concept
to an engineerable module for visible-light PEC by establishing
quantitative, mechanistic design rules. We show that perfor-
mance peaks not with indiscriminate absorption but at a balance
where exciton harvesting and interfacial electron injection are
commensurate; nanoconfinement in ordered TNTs shortens
transport paths and makes this balance tunable through Chl
loading, photon flux, and tube geometry. Guided by this princi-
ple, a loading-flux map reveals a clear operating window, while
TRPL links device response to instrument-limited quenching
consistent with ultrafast charge transfer; fluorescence assays con-
firmnegligible pigment loss (<0.05% over 15h). Under optimum
conditions, the electrode delivers Jsc=7.5μAcm−2 and Pmax=
1.76μWcm−2, an 8.4-fold improvement over pristine TNT, and
outperforms previously reported Chl- or thylakoid-based TiO2

photoelectrodes (Supporting Information: Table S3). In contrast,

excessive loading or high flux induces roll-off through self-
shading, exciton trapping, and ROS-driven degradation. Identi-
fying this ROS-limited regime defines a practical stability bound-
ary and a concrete target for improvement—via protective
overlayers, antioxidant co-sensitizers, stronger anchoring chem-
istries, ormore robust chlorins. Together, these results recast Chl-
TNT as a predictive model system and chart a rational path
toward durable, low-cost, and scalable biohybrid optoelectronic
and catalytic electrodes.

Nomenclature

PEC: Photoelectrochemical
TNT: Titanium nanotube
Chl: Chlorophyll
IRF: Instrument response function
ROS: Reactive oxygen species
SOD: Superoxide dismutase
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FIGURE 4: (a) Time-resolved photoluminescence decay profiles of Chl recorded at 660 nm emission following 405 nm excitation, comparing
Chl in acetone solution and Chl immobilized on TiO2 nanotube arrays. The instrument response function (IRF) shown for reference. (b)
Transmittance of photoelectrodes at different areal Chl loadings. Red circles represent measured transmittance (at 665 nm) for Chl films on
transparent substrates, while yellow stars denote estimated values for Chl-TiO2 nanotube arrays at loadings of 25, 50, 75, and 100 μg cm−2.
(c) Schematic illustration of exciton transport regimes as a function of Chl layer thickness: exciton diffusion dominates at low thickness, while
a combination of Förster-type cascade and hopping governs the intermediate regime; excessive thickness leads to non-radiative decay and
optical self-shading.
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TPRL: Time-resolved photoluminescence
FIB: Focused ion beam.
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