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Enhanced photochemical activity and ultrafast
photocarrier dynamics in sustainable synthetic
melanin nanoparticle-based donor–acceptor
inkjet-printed molecular junctions†
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Melanin is a stable, widely light-absorbing, photoactive, and biocompatible material viable for energy con-

version, photocatalysis, and bioelectronic applications. To achieve multifunctional nanostructures, we

synthesized melanin nanoparticles of uniform size and controlled chemical composition (dopamelanin

and eumelanin) and used them with titanium dioxide to fabricate donor–acceptor bilayers. Their size

enhances the surface-to-volume ratio important for any surface-mediated functionality, such as photo-

catalysis, sensing, and drug loading and release, while controlling their chemical composition enables to

control the film’s functionality and reproducibility. Inkjet printing uniquely allowed us to control the de-

posited amount of materials with minimum ink waste suitable for reproducible materials deposition. We

studied the photochemical characteristics of the donor–acceptor melanin–TiO2 nanostructured films via

photocatalytic degradation of methylene blue dye under selective UV-NIR and Vis-NIR irradiation con-

ditions. Under both irradiation conditions, they exhibited photocatalytic characteristics superior to pure

melanin and, under UV-NIR irradiation, superior to TiO2 alone; TiO2 is photoactive only under UV

irradiation. The enhanced photocatalytic characteristics of the melanin–TiO2 nanostructured bilayer films,

particularly when excited by visible light, point to charge separation at the melanin–TiO2 interface as a

possible mechanism. We performed ultrafast laser spectroscopy to investigate the photochemical charac-

teristics of pure melanin and the melanin–TiO2 constructs and found that their time-resolved photo-

excited spectral patterns differ. We performed singular value decomposition analysis to quantitatively

deconvolute and compare the dynamics of photochemical processes for melanin and melanin–TiO2

heterostructures. This observation supports electronic interactions, namely, interfacial charge separation

at the melanin and TiO2 interface. The excited-state relaxation in melanin–TiO2 increases markedly from

5 ps to 400 ps. The results are remarkable for the future intriguing application of melanin-based con-

structs for bioelectronics and energy conversion.

1. Introduction
Because of its numerous potential applications, research inter-
est in melanin pigment is increasing. Melanin is a broad class
of materials1,2 that exist in different forms and are among the
most abundant and stable natural biopigments. They are
found in most living organisms, including in human skin,3

hair,4 eyes,5 and the brain.2 Eumelanin is a black-brownish
pigment; pheomelanin is red; neuromelanin is generated by

dopaminergic neurons in the brain; and dopamelanin is a syn-
thetic form.2 Melanin strongly absorbs ultraviolet (UV)
photons, and its primary role in biological systems was nar-
rowly understood as a photoprotectant.

The melanin family has unique but not well-understood
physical and chemical characteristics. Melanin absorbs
broadly, from the UV to near infrared (NIR) regions. Typically,
the optical absorption of a well-dispersed melanin suspension
is monotonic and featureless, with exponential dependence on
the wavelength.

The electrical conductivity of DOPA-derived melanin films
and pelletized powders was shown to depend strongly on the
hydration state of the material.6 Melanins are photoconductive
in the solid state; that is, their resistance decreases under UV
or visible light.6,7 They also show water-dependent conduc-
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tivity, once described by an amorphous semiconductor model
and recently attributed to a combination of ion and electrical
conduction. Electron paramagnetic resonance (EPR) spec-
troscopy and DC electrical measurements have been per-
formed to clarify these observations. Hydrated-phase mela-
nin’s EPR signal increases under steady-state irradiation with
visible and near-UV light. A photocurrent is generated when
eumelanin is irradiated with UV light, and the electrical con-
ductivity strongly depends on the hydration state of the
pigment. Moreover, free-radical scavenging behavior8,9 and
antioxidant properties have been reported for melanin.10

These unique physical and chemical properties indicate
that the broad materials class of melanins may be valuable for
applications ranging from biocompatible bioelectronics to
energy conversion. However, integrating them will require,
first, controlling their structure and chemical composition
through synthesis. The main limitations of melanin pigments
extracted from biological sources are their structural and
chemical diversity and the variety and abundance of metal
cations, which are associated with proteins and other biologi-
cal components, and persist throughout the isolation and
drying procedures. These features prevent a detailed character-
ization of the pigment and its value for different applications.
Second, we have limited knowledge about melanin’s elec-
tronic, optoelectronic, and photochemical characteristics,
more specifically, the fundamental aspects of electron-transfer
processes. The problem with many biopigments is poor elec-
tronic and charge-transport properties. Therefore, future appli-
cations depend on a thorough understanding of melanin’s
photochemistry and electronic characteristics. Third, the prac-
tical design of melanin or melanin-based heterostructures for
incorporation into electronic, optoelectronic, or energy conver-
sion devices remains undocumented.

Printing technologies have been employed in applications
ranging from electronic devices, including transistors,11,12

light-emitting diodes,13 and solar cells14 to biofabrication,15,16

tissue engineering,17,18 bioelectronics,19–21 and drug
delivery.22–24 Inkjet printing allows a precise, computer-con-
trolled deposition of materials for thin films or devices with
minimal ink waste. We used it to deposit melanin nano-
particles in a uniform surface for drug-loading applications.22

Here, we report on our synthesis of melanin and melanin-
based heterostructures in which the size and chemical compo-
sition of the nanoparticles are controlled and reproducible.
We synthesized two types of melanin nanoparticles considered
as sub-classes of eumelanin with different starting chemicals.
We then integrated them with large-bandgap TiO2 to form
donor–acceptor-based heterojunctions resembling a sensitized
semiconductor.25–29 We used inkjet printing to control the
deposition and preparation of dopamelanin and eumelanin-
based films and heterostructures. We used optical, structural,
and elemental analyses for characterization of melanin nano-
particles and thin films based on melanin and melanin–TiO2.

Our studies aim not only to construct melanin-based het-
erojunctions, but also to elucidate the unknown photochemi-
cal properties of the pigment in pure and heterojunction

forms. To this end, we integrated steady-state photocatalytic
assays with time-resolved spectroscopy. We analyzed pure
melanin nanoparticles and melanin nanoparticle–TiO2 hetero-
structures under different UV-NIR and Vis-NIR spectral
irradiation conditions and observed better photocatalytic
characteristics in the heterostructures under the same experi-
mental conditions and both UV-NIR and VIS-NIR irradiation.
We have performed ultrafast laser spectroscopy and singular
value decomposition to assess the photochemistry of melanin
nanoparticles and melanin-based donor–acceptor nano-
structured constructs. Our ultrafast laser spectroscopy results
show that most of the excited-state absorption (ESA) assigned
to the photogenerated charge-carrier absorption relaxes for a
few picoseconds after excitation. However, the ESA and, there-
fore, charge-carrier absorption last longer in melanin–TiO2—
almost a nanosecond after excitation. These observations indi-
cate charge separation at the melanin–TiO2 interface and the
successful construction of an electronic donor–acceptor struc-
ture. The improved photocatalytic characteristics of the
melanin–TiO2 heterostructure in UV-NIR and Vis-NIR, sup-
ported by the remarkably long ESA, hold promise for their
future wide application in optoelectronic, bioelectronic, and
energy-conversion devices.

2. Materials and methods
2.1 Chemical reagents

All chemicals were purchased from Sigma-Aldrich. The follow-
ing main chemicals were used in this study: dopamine hydro-
chloride (Sigma-Aldrich), 3,4-dihydroxy-L-phenylalanine (DL-
DOPA, Sigma-Aldrich), methylene blue (MB, Sigma-Aldrich),
potassium per manganate (KMnO4, Sigma Aldrich), sodium
hydroxide (NaOH, Sigma Aldrich), and transparent TiO2 paste
(Sigma-Aldrich, 22 nm particles, >95% anatase). Deionized
(DI) water was used for all synthesis, film fabrications, and all
solution preparations.

2.2 Synthesis of melanin nanoparticles

Two chemical types of melanin nanoparticles were prepared.
In one melanin nanoparticles are formed by spontaneous
polymerization of dopamine and we call them dopamelanin.
In the second model the chemical oxidation of DOPA has
resulted in the formation of nanoparticles and we refer to
them as eumelanin nanoparticles. The oxidation of DOPA
results in the generation of oligomers with both 5,6-dihydrox-
yindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) units while oxidation of dopamine leads to the for-
mation of DHI as the monomer unit. Both DHI and DHICA are
known as building blocks of the eumelanin family of pigments
and therefore both types of synthesized nanoparticles are con-
sidered as sub-classes of eumelanin. While the building
blocks of dopamelanin and eumelanin nanoparticles are the
same, the arrangements of the oligomeric units and the
overall polymerization are reported to be different in DHI- and
DHICA-based melanin. DHI units form oligomers with planar
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structures that are further in the form of highly-stacked gra-
phene-like sheets while DHICA oligomeric structures are non-
planar and the polymer is formed by a low stacking degree.30

Dopamelanin and eumelanin nanoparticles were syn-
thesized using solution-based and nanochemistry and using
previously reported methods.8,22 The main parameters in
obtaining and controlling the chemical composition and size
of melanin are the chemical precursors and their concen-
tration; reaction conditions, such as temperature; and the
post-synthesis procedure, as explained below.

Dopamelanin nanoparticles. Dopamelanin nanoparticles
were prepared by spontaneous oxidation polymerization of the
monomer dopamine. A 50 °C solution of dopamine hydro-
chloride (180 mg) in water (90 ml) was reacted with a 1 M solu-
tion of NaOH. Self-polymerization occurs without using any
harsh chemicals, and the color changes from pale yellow to
dark brown. The reaction continues for 5 hours under vigorous
stirring. The steady solution temperature results in nano-
particles of uniform size. In the post-synthesis procedure,
immediately after formation, 3–4 consecutive rounds of cen-
trifugation (15–20 minutes at 20 000 rpm, Beckman Coulter
ultrahigh speed centrifuge) and dispersion in water separate
the nanoparticles from the solution. The obtained dopamela-
nin nanoparticles are well dispersible and stable in water. The
concentration of the melanin nanoparticle solution is varied
from 1 mg ml−1 to 5 mg ml−1.

Eumelanin nanoparticles. Eumelanin nanoparticles were
synthesized by chemical oxidation of DOPA. A water-based
solution of DL-DOPA (7 M) as a starting material was reacted
with KMnO4 (1 M). The synthesis reaction was performed at
room temperature for 5 hours, and immediately thereafter, the
eumelanin nanoparticles were separated from the solution by
3–4 centrifugation cycles (15–20 minutes at 20 000 rpm) and
redispersion in water at concentrations varying from 1 mg
ml−1 to 5 mg ml−1. The obtained nanoparticle-based solution
is stable for several months.

2.3 Fabrication of melanin-based heterojunctions

To prepare melanin-based heterojunction films, we have tried
deposition techniques such as simple drop-casting, spin-
coating, and a more advanced inkjet printing method.

Preparation of mesoporous TiO2 films. Before film depo-
sition glass substrates were washed with soapy water and
soaked in an acetone ultrasonic bath for 15 minutes, followed
by sonication in ethanol for the same time and finally rinsed
with ethanol. TiO2 paste (Sigma-Aldrich, 22 nm particles,
>95% anatase) was used to prepare TiO2 films according to the
well-characterized method optimized for transparent thin
films applied in highly efficient dye-sensitized solar cells.31,32

The same TiO2 film was used for studies with and without
melanin. A uniform mesoporous film of TiO2 was deposited
on a clean glass substrate by doctor blading of the ink made of
TiO2 nanoparticles. After the paste was deposited, heat treat-
ment was performed on the film. The TiO2 paste was gradually
heated under an airflow at 325 °C for 5 minutes, at 375 °C for
5 minutes, at 450 °C for 15 minutes, and finally, at 500 °C for

15 minutes followed by cooling down to room temperature.25,26

The heating process removes the polymer and leaves the meso-
porous film (pore size 21 nm, porosity 65% defined by
Brunauer–Emmett–Teller). The thin film is more than 80%
transparent in the Vis-NIR region and consists of more than
95% anatase crystalline phase with optical onset character-
istics for anatase TiO2 (see the characterization results).

Drop-casting and spin-coating of melanin nanoparticles.
Consecutive layers of melanin nanoparticles were deposited on
the TiO2 film in increments of 100 μl at a concentration of
4 mg ml−1 water. They are allowed to dry for 30 minutes,
forming a dense layer over the TiO2 surface. Drop-casting ink
waste is nil or minimal compared to the large waste with spin
coating, but the uniformity of the film and the amount de-
posited are difficult to control (ESI Fig. S1†).

Inkjet printing of melanin nanoparticles. Inkjet printing is
practical for thin film preparation, offering controlled uniform
deposition with minimal ink waste. Important considerations
for inkjet printing include controlled ink rheology to obtain a
printable ink compatible with the printer in use, chemical and
colloidal stability of the ink during the printing process, tech-
nical printing parameters, ink–substrate compatibility, and the
post-treatment process.33

Ink formulation. Inkjet printing has been reported for con-
trolled deposition of a variety of nanomaterials and chemicals
including silver nanoparticles, graphene nanosheets, and in-
organic nanostructures.33 Surfactants and polymers (such as
polyethylene glycol and its similar alternatives, and ethyl cell-
ulose) have been used in the ink formulation. The additive/sur-
factant can play roles including (1) improving the dispersibility
(prevents the agglomeration of nanoparticles) and therefore
the colloidal stability of the ink, and (2) adjusting the viscosity
of the ink which affects the jetting and printability. However,
these additional chemical components may affect the actual
optoelectronic performance of the as-deposited film and in
most cases, a subsequent removal (for example, by heat treat-
ment or chemical exchange) of the surfactant or additives is
required. Since the target of our study is to study photochemis-
try and charge carrier processes in the melanin–TiO2 and
melanin films, we avoided the use of additives.

The ink was prepared by centrifugation and dispersion of
freshly prepared melanin nanoparticles at different concen-
trations in water. The size of nanoparticles is controlled by the
chemical concentration of the reactant without the need for a
surfactant (as is typically used for inorganic nanostructures).
The lab-synthesized melanin nanoparticle solution in water
after washing and redispersion procedures (see the melanin
synthesis method) is stable for several months. A melanin con-
centration of 500 µg mL−1 in DI water produced an optimal
printable ink at pH = 7.33. At this pH, the nanoparticle poten-
tial was measured at ∼−42 mV using a Zeta potential analyzer,
and the negatively charged surface makes the ink stable
against aggregation without any additional surfactant or stabil-
izer. The ink was sonicated for three minutes prior to printing
for extra caution and to avoid particle aggregation and to
prevent nozzle clogging.
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Substrate treatment. The most critical task is optimizing the
surface energy to control the wettability of the substrate.33 The
surface of the substrate was treated with a plasma cleaner
PDC-32G (Harrick Plasma, Ithaca, NY, USA) for about 40 s at
medium power, helping the spreading of the ink and the for-
mation of homogeneous inkjet-printed films throughout its
surface.

Inkjet printing parameters. Melanin nanoparticles were inkjet
printed on top of the mesoporous TiO2 film according to a pre-
viously reported procedure in which melanin was deposited on
glass substrates.22 The prepared melanin nanoparticle ink was
then printed using a piezoelectric inkjet printer (Jetlab IX,
Microfab Technologies, Plano, TX, USA) with an 80 µm nozzle.
The settings of the printing were established considering para-
meters such as drop formation, drop satellites, drop volume,
drop velocity, throw distance, resolution, and frequency. The
voltage was adjusted to have a controlled drop (perfect drop)
and to prevent satellites dissociating from the main droplet to
form smaller daughter drops that can reduce the thin film’s
quality. Fig. S14 in the ESI† provides a schematic diagram of
the printing parameters, and the droplet formation and drop
analysis with an example of perfect drop and non-perfect con-
ditions. The bipolar waveform (standard wave) was applied to
generate the desired droplet for inkjet printing and examples
of desired and undesired jetting conditions are shown. The
voltage consists of two square wave pulses sequentially positive
and negative with a long idle time level. The amount of posi-
tive and negative voltages and their difference is used to gene-
rate and eject the droplets and the amount depends on the
rheological parameters of the ink such as viscosity and is opti-
mized for a given ink. The dwell time affects the quality of the
jetting. In Fig. S14b,† when the dwell time is optimum (30 μs)
a perfect droplet is ejected, leading to perfect printing con-
ditions. In Fig. S14c,† in which the dwell time is other than
optimum, the main part of the drop is accompanied by a
second droplet (satellite), which has a different speed from the
droplet itself. In this case, the main drop and satellite droplet
can’t merge, leading to imperfect printing of thin films. The
voltage pulse width was also tuned to obtain the maximum
drop volume. Printing parameters were optimized at 9, 30, 5,
30, and 5 µs for rise time 1, dwell time, fall time, echo time,
and rise time 2, respectively, as shown in Fig. S14† for the
perfect drop. In addition, idle, dwell, and echo voltages were
set at 0 V, 34 V, and −30 V. This configuration yielded droplets
at 0.35 m s−1 velocity, 185 pl in volume, and 70.65 µm in dia-
meter (drop analysis shown in Fig. S14† for the perfect drop).

Post-deposition treatment. The porosity of the TiO2 film
(∼60%) allows the printed film to dry quickly. The inkjet-printed
films were treated at 60° C for a few minutes to evaporate the
solvent. Subsequent printings increase the film thickness.

2.4 Thin film and materials characterization

A zeta potential analyzer (Zetasizer Brookhaven Instrument,
Holtsville, NY, USA) was used. UV-NIR optical absorption of
solutions was measured using an Agilent Technologies Cary
8454 UV-NIR spectrophotometer. A UV-NIR spectrophotometer

(PerkinElmer Lambda 950) equipped with an integrating
sphere (100 mm) was used for total/diffuse transmittance/
reflectance spectroscopy measurements of thin films. SEM
images were acquired using a high-resolution field emission
Zeiss GeminiSEM 300. The FTIR spectrum was recorded using
a PerkinElmer Spectrum 100 FT-IR spectrometer equipped
with a universal ATR sampling accessory. X-Ray diffraction
(XRD) measurements were performed using powder X-Ray
diffractometers (D2 and D8, Bruker).

2.5 Photocatalysis experiments

The photocatalysis tests were performed using a photocatalysis
and optical spectrophotometry assay previously reported for
TiO2 and other photocatalysts.25,34,35 For our heterogeneous
photocatalysis experiments the sample (melanin/glass, melanin-
coated TiO2 films/glass or reference TiO2/glass) was immersed
in 50 mL of 5 × 10−5 M methylene blue solution. The films’ area
and the amount of material deposited were kept the same
across experiments to enable comparison of their photocatalytic
properties. The solution was gently stirred. A xenon arc lamp
(Oriel, Newport) was used as a UV-NIR light source; its
irradiation resembles solar irradiation under A.M. 1.5 con-
ditions (1.5 atmosphere thickness, corresponds to a solar
zenith angle = 48.2°). In some experiments, a UV filter was
applied to cut the wavelengths below 530 nm, and the lamp
emitted visible-NIR light exclusively. To measure the photo-
catalytic degradation of MB, its UV-NIR absorption spectrum
was taken every 30 minutes of irradiation for 180 minutes.
Samples were immersed in the solution for 5 minutes before
irradiation. An initial recording of MB optical absorption was
used as a reference (0–time irradiation). After each illumina-
tion period, a sample of about 2 ml of the MB solution was col-
lected and transferred to a cuvette. The UV-NIR absorption
spectrum of the MB sample in the cuvette was obtained. After
measuring the absorption, the MB solution was added back to
the initial photocatalysis test beaker with care. The whole steps
were performed carefully so that the volume of the MB
remains constant during the experiment. The degradation of
MB was evaluated according to eqn (1) in which Ci and Ct are
the initial concentration and concentration of MB at time t,
respectively. Ai and At are the initial optical absorption of MB
solution (an absorption peak at 650 nm) and the optical
absorption of MB solution after irradiation time t. For a trans-
parent solution, the optical absorption and concentration are
related via the Lambert–Beer law.

RelativeMB concentration ðtÞ ¼ Ct

Ci
¼ At

Ai
ð1Þ

2.6 Pump–probe laser spectroscopy measurements

The ultrafast pump–probe transient absorption spectroscopy
(TAS) technique uses femtosecond pulses provided by a
PHAROS laser (20 W, 1030 nm, light conversion) operating at
100 kHz. The pump at different wavelengths relies on an optical
parametric amplifier (ORPHEUS) in tandem with a harmonic
generator (LYRA). The advantage of 1030 nm fundamental
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beam over the conventionally used 800 nm provided by the Ti:
Saphire laser is that the fundamental beam does not interfere
with the detection spectral region important for optoelectronic
characterization of most small bandgap semiconductors as the
800 nm beam does.57 The excitation was provided by the pump
beam at 460 nm. The probe beam was a white-light continuum
generated in a sapphire plate with less energy than the pump
on the sample to avoid multiple excitations. Pump and probe
pulse length was ∼220 fs and the time resolution of measure-
ments is about 350 fs (overlap time of the pump and probe).
The pump and probe pulses had a repetition rate of 100 kHz
with the pump modulated before the sample for pumpon and
pumpoff measurements. The effective acquisition rate were typi-
cally 3 kHz, and a few thousand spectra were averaged for each
spectrum. The typical probe power is 400–800 µW and pump
power were typically 0.1–1 mW for the sample. The broadband
spectrum was acquired using a spectrograph-equipped Si photo-
diode array (Andor Kymera). The overlap time of pump and
probe was wavelength dependent due to the chirp of the white
light. We have used a standard procedure for chirp correction
(as explained below). The chirp was corrected by fitting the tem-
poral responses with the cross-correlation function between the
pump and supercontinuum probe and its derivative to access
the correct time-delay response for different wavelengths.

The samples were translated during measurements to elim-
inate overexposure and chromophore instability. This also pro-
vides the possibility to measure different spots on the sample

testing its homogeneity. Alternatively, control tests can be per-
formed without moving the sample to check the TAS signal
after consecutive measurements on the same spot on the
sample. In control experiments, measurements were per-
formed at different points of the sample and the amplitude of
the TAS signal and decay traces were compared. If the pump
power is not too high (which is the case for all real measure-
ments reported in this study) the signal (amplitude and kine-
tics) is reproduced in consecutive measurements. Graphs were
made using Python, MATLAB, or Igor Pro softwares.

3. Results
3.1 Structural and optical characterization of synthetic
melanin nanoparticles

SEM analysis of the synthesized melanin (Fig. 1a and b) shows
nanoparticles of uniform size. The eumelanin and dopamelanin
nanoparticles are well separated, and we observed no aggregates
and size inhomogeneity as is often the case with synthetic
melanin and melanin pigments extracted from biological
sources. The average size of dopamelanin nanoparticles and
eumelanin nanoparticles is 160 nm and 100 nm, respectively
(size distribution is provided in ESI Fig. S13†). Fig. 1c provides
an example of the evolution of optical absorption of the dopa-
melanin solution during the synthesis. The dopamine precursor
absorbs UV. A few minutes after introducing the oxidizing agent

Fig. 1 Optical and structural characterization of synthetic melanin nanoparticles. (a and b) SEM images of dopamelanin and eumelanin nano-
particles showing the uniform size and spherical shape with average diameters of 170 nm and 110 nm, respectively. Particles are well separated, and
no clusters and aggregates are observed. (c) Optical absorption spectrum of the dopamelanin synthesis reaction at initial steps; the dopamine hydro-
chloride precursor absorbs in the UV range with an edge at 309 nm. The optical absorption of the solution at 3 minutes after the addition of NaOH
(start of the oxidation and oligomerization) shows that the absorption shoulder is red-shifted, and a peak appears at 430 nm. (d) UV-Vis optical
absorption spectra of dopamelanin and eumelanin nanoparticles. The concentration of both solutions is 1 mg ml−1. The optical spectrum is charac-
terized by a broad featureless absorption from UV to NIR. (e) XRD analysis of eumelanin nanoparticles showing a broad peak assigned to diffraction
from 3.5 Å spacing of the noncovalent π–π stacked heteroaromatic sheets. (f and g) ATR-FTIR spectra of synthetic eumelanin and dopamelanin
nanoparticles.
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and initiation of oxidation/oligomerization the absorption onset
redshifts and another peak appears at 430 nm. Further continu-
ation of the reaction results in a broad absorption spectrum
extended to visible and NIR regions. The UV-Vis absorption
spectra of the eumelanin and dopamelanin solution are charac-
terized by the typical featureless broadband UV-NIR absorption
(Fig. 1d). The concentration of both eumelanin and dopamela-
nin solutions is 1 mg ml−1. The XRD pattern of eumelanin
shows a single broad peak around 25° that can be assigned to
an amorphous structure (Fig. 1e). Previous reports also assigned
it to the interlayer spacing of the melanin stacked sheets.36

According to the Bragg equation:

2d sin θ ¼ nλ ð2Þ

where θ represents the diffraction angle; n is the diffraction
order; and λ is the X-ray wavelength, or 1.5406 Å for the CuKα

X-ray irradiation source. Considering the first-order diffraction
(n = 1), we obtained d = 3.5 Å for eumelanin. This spacing is in
strong agreement with the literature value for interlayer
spacing in the noncovalent heteroaromatic π–π stacked sheet
model proposed for eumelanin extracted from Sepia officinalis
observed by AFM microscopy, and synthetic eumelanin
observed by HRTEM.36,37 ATR-FTIR analysis of synthetic
melanin nanoparticles (Fig. 1f and g) shows the characteristic
IR-absorption features for eumelanin and dopamelanin in
agreement with previously observed in fossil, melanin from

Sepia officinalis (natural eumelanin extracted from the ink sac
of cuttlefish), and other natural melanin sources.38–40 The
broad absorption at around 3100 cm−1 can be due to associ-
ated or polymeric OH hydroxy groups, and N–H and O–H
stretchings in the carboxylic acid. The absorption at around
2800 cm−1 belongs to C–H stretching. The fingerprint regions
between 700 cm−1 and 1500 cm−1 resemble those of previous
reports for eumelanin and dopamelanin due to the bending
vibration modes of the CvC and CvN bonds of the aromatic
ring, aliphatic C–H groups, and OH bending of phenolic and
carboxylic groups.38–40

3.2 Structural and optical characterization of melanin–TiO2-
based heterostructures

Fig. 2 shows the structural characterization of the printed
melanin–TiO2 film. Fig. 2a shows a schematic of the inkjet
printing method; the optimized printing conditions and opti-
mized ink deposit a uniformly dense film of melanin on the
mesoporous film. Panel b presents images of the TiO2 film
before the removal of the polymer and after melanin depo-
sition. SEM analysis of the melanin–TiO2 film (Fig. 2c) con-
firms uniform coating across a large area. The SEM image of
the mesoporous TiO2 film shown in ESI Fig. S2† identifies the
size of the particles as 20–40 nm, with the pore size in the
same range. As a result, the 120–200 nm melanin particles
cannot infiltrate the pores of the TiO2 film and form a film on

Fig. 2 Optical and structural characterization of the printed synthetic melanin/TiO2 nanoparticle-based films. (a) Schematic of inkjet printing of the
melanin nanoparticle-based heterostructure. Successive printing deposits single layers of melanin nanoparticles on TiO2 mesoporous films. (b) A
typical optical micrograph of the transparent TiO2 film prepared by doctor blading (after heat treatment), and after the deposition of 11 uniform ulti-
mately dark brown melanin layers. (c) SEM image of the dopamelanin film. Scale bar shows one micrometer. (d) UV-NIR optical absorption spectrum
of the melanin-deposited TiO2 film. Successive deposition improves optical absorption in the entire UV-NIR region. (e) XRD spectrum of the pure
TiO2 film, eumelanin–TiO2 film, and dopamelanin–TiO2 film. It is identified from the XRD pattern of TiO2 that most of it is the anatase phase, with
some rutile contribution. The broad pattern in eumelanin–TiO2 and dopamelanin–TiO2 is attributed to the broad spectrum of melanin.
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top (bilayer structure). The thickness of the TiO2 film after
heat treatment and removal of the polymer is 1.2 μm, and AFM
identified a ∼300 nm melanin layer deposited on TiO2 after
one printing. UV-Vis spectra (Fig. 2d) show that successive
depositions of melanin to increase film thickness improves
optical absorption in the entire UV-NIR region (see also Fig. 3).
Fig. 2e shows the XRD patterns of eumelanin, the TiO2 meso-
porous film, and eumelanin-TiO2-based films. The sharp crys-
talline peaks of TiO2 show that the main crystalline phase is
anatase (>95%) with some minor contribution from rutile
TiO2. The XRD pattern of TiO2 crystals in the two samples of
dopamelanin–TiO2 and eumelanin–TiO2 is identical as the
same TiO2 film is used. The melanin crystalline peak is much
broader. It may indicate small domains of π-stacked planar
moieties; their overall position makes the polymer amorphous.

Fig. 3 shows the optical analysis of the eumelanin–TiO2 (the
same sample conditions for which the photocatalysis and laser
spectroscopy experiments are reported) and TiO2 films. The total
transmittance (direct transmittance and diffuse transmittance),
diffuse transmittance, total reflectance (specular and diffuse
reflectance), and diffuse reflectance of the samples were measured
using an integrating sphere-equipped UV-NIR spectrophotometer.

The total absorptance (A) of the films which represents the
fraction of light that is absorbed considering the losses by
total reflected and total transmitted light was calculated using
eqn (3)–(5).

Að%Þ ¼ 100$ T total $ Rtotal ð3Þ

Rtotal ¼ Rdiffuse þ Rspecular ð4Þ

T total ¼ Rdiffuse þ Tdirect ð5Þ

Fig. 3 Optical characterization of eumelanin–TiO2 and TiO2 films. (a) The absorptance of eumelanin–TiO2 samples with different numbers of coat-
ings is compared with that of TiO2. Eumelanin deposition has resulted in enhanced absorptance in the entire UV-NIR region with an exponential
trend typical of the absorptance spectrum of melanin. (b–d) The total transmittance, diffuse transmittance, total reflectance, and diffuse reflectance
of the three samples. For reflectance mode measurements, there is almost no specular reflectance, and the diffuse reflectance is much less than
20%. In transmission mode, the diffuse transmittance of the film is much smaller than the total transmittance. Measurements in both transmittance
and reflectance modes indicate that the light scattering process is not dominant in the films. Consecutive deposition of melanin increases the
absorptance of the film.
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In Fig. 3a, the absorptance of the eumelanin–TiO2 samples
with different numbers of eumelanin coatings and TiO2

samples is provided. The characteristic sharp absorption edge
of the TiO2 film at 380 nm is observed for the TiO2 sample.
For the melanin (3 layers)–TiO2 sample, an improved absorp-
tance in the UV-NIR region is observed. The shape of the
absorptance spectrum resembles the exponential trend of
melanin with a larger absorption increase in the blue region
compared to the red region (also see the exponential trend of
melanin absorption in Fig. 1d). These results are particularly
important for the comparison of the photocatalytic character-
istics of the film by comparing the fraction of absorbed light.
By increasing the number of coatings, the absorptance spec-
trum further increases in the UV-NIR region. For example, at
550 nm the absorptance of TiO2 is less than 8% and increases
to 20% and 60% by deposition of 3 and 12 layers of eumela-
nin, respectively. In Fig. 3b–d, the total and diffuse optical
components measured in transmission and reflection for each
sample are provided. For all samples, the values of Rtotal and
Rdiffuse are close to each other, and both are smaller than 20%,
indicating that the specular reflection and back-scattering are
not considerable (scattering is negligible in the backward
direction). Tdiffuse is also much smaller than Ttotal, which again
confirms that most of the light is transmitted directly and not
through scattering events (scattering is negligible in the
forward direction). The optical characteristics of the dopamela-
nin (2 layers)–TiO2 film is also provided in ESI Fig. S16† and
the same trend is observed for dopamelanin-based films.
Therefore, the diffuse scattering measurements in trans-
mission and reflectance modes confirm that the scattering
processes are not dominant.

3.3 Photocatalytic characteristics exploring the
photochemistry of melanin–TiO2 molecular junctions

Not to find an optimal photocatalyst, but rather to investigate
and compare the photochemical characteristics of the syn-
thesized melanin nanoparticles and melanin–TiO2 nano-
structures, we tested the photocatalytic degradation of methyl-
ene blue under Vis-NIR (λ > 530 nm) and UV-NIR irradiation
conditions provided by a xenon lamp at A.M. 1.5. We com-
pared different melanin types, including dopamelanin, eume-
lanin, and melanin–TiO2 heterostructures, using pure melanin
films and TiO2 films as references. For all photocatalysis tests,
solid samples (a photocatalyst deposited on a glass substrate)
are used and soaked in MB solution (for details see the photo-
catalysis experimental procedure).

Photocatalytic properties of dopamelanin nanoparticle–TiO2

nanostructures under UV and visible light irradiation. The
results of photocatalysis experiments using dopamelanin-
based samples are provided in Fig. 4. Fig. 4a shows the absorp-
tion spectrum of MB and a decrease in the amplitude of its
two characteristics peak upon UV-NIR irradiation. The decay of
MB absorption peaks represents the photocatalytic degra-
dation of MB using dopamelanin-TiO2 thin films under
UV-NIR illumination. In Fig. 4b, the MB degradation is com-
pared for melanin–TiO2 and TiO2 samples obtained using eqn

(1) under the same experimental conditions and with UV-NIR
irradiation; ESI Fig. S4 and S5† show details of the experi-
ments. More than 90% of the MB is degraded after
180 minutes of irradiation on both samples, yet remarkably,
especially since TiO2 is known as an efficient and standard
photocatalyst, the photocatalytic performance of the dopame-
lanin–TiO2 nanostructure is comparable to that of the TiO2

film. In Fig. 4c, the photocatalysis experiments under Vis-NIR
irradiation are compared for different samples; the dopame-
lanin–TiO2 film, the pristine dopamelanin nanoparticle-based
film, and the TiO2 film as the control sample. It should be
noted that the same amount of dopamelanin (3 layers) was
deposited on glass and TiO2 to ensure a fair quantified com-
parison. No photocatalytic activity is observed for the TiO2

film under Vis-NIR irradiation as expected since TiO2 only
absorbs wavelengths below 380 nm (Fig. 3a). The dopamela-
nin film shows more photocatalytic activity than TiO2, which
can be related to its increased optical absorptance in the Vis-
NIR region. Interestingly, by deposition of the same amount
of melanin on the TiO2 film, the photocatalytic activity
further increases and the dopamelanin–TiO2 film shows the
most photocatalytic activity. The optical absorptance of the
dopamelanin–TiO2 film (Fig. S16†) shows that the diffuse
reflectance of the film is less than 10%. The absorptance of
the film increases from ∼10% at 890 nm to ∼55% at 440 nm
with a further enhancement at shorter wavelengths (bandgap
of TiO2 and absorption by dopamelanin building blocks).
The whole activity of melanin–TiO2 in the visible-NIR region
is remarkably less than that in the UV-NIR region, which can
be explained by the stronger absorption power in the UV
region.

Several control tests were performed to examine several
additional processes that can potentially affect the experiments
including the effect of physisorption (MB physical adsorption
on the surface of a photocatalyst), conducting experiments
under dark, and MB degradation upon irradiation in the
absence of any photocatalyst (results are provided in the ESI†).
As an example, the optical absorption spectrum of the dopa-
melanin–TiO2 sample before and after photocatalysis experi-
ments is provided in ESI Fig. S6.† A small peak that belongs to
MB shows the amount of absorbed MB, but its small ampli-
tude confirms that the amount of MB adsorbed on the surface
of the photocatalyst after the experiment is negligible com-
pared to the observed actual change in the optical absorption
of MB solution by photocatalysis experiments. Note that after
the photocatalysis experiments, the melanin sample is robust,
with no damage or degradation as shown in Fig. S6†. Control
tests under dark conditions showed no MB degradation
(Fig. S7 and S8†). All the experiments shown in Fig. 4 and
control tests conclude that the absorption changes of MB
reflect the photocatalytic degradation due to the photocatalytic
reaction. Since TiO2 is not active in the Vis-NIR region, and the
same amount of melanin is present in the melanin and
melanin–TiO2 samples, the improved photoactivity observed
for melanin–TiO2 is primary evidence of interfacial charge sep-
aration at the molecular junction of melanin and TiO2.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 14346–14364 | 14353

Pu
bl

is
he

d 
on

 0
4 

A
ug

us
t 2

02
3.

 D
ow

nl
oa

de
d 

by
 W

ak
e 

Fo
re

st
 U

ni
ve

rs
ity

 o
n 

12
/1

2/
20

23
 1

1:
31

:2
4 

PM
. 

View Article Online

https://doi.org/10.1039/d3nr02387g


Photocatalytic properties of eumelanin nanoparticles and
eumelanin–TiO2 donor–acceptor heterojunctions under
UV-NIR and Vis-NIR light irradiation. Fig. 5 shows the photo-
catalytic properties of the eumelanin-based thin films and
eumelanin–TiO2 donor–acceptor structures under two illumi-
nation conditions, UV-NIR and Vis-NIR. To compare their per-
formance, we kept the macroscopic surface area the same.
Three consecutive deposits of eumelanin ensured that the
entire surface of the TiO2 film was covered, forming a bilayer
melanin–TiO2 structure.

Several striking differences can be observed in Fig. 5. First,
the photocatalytic decomposition rate of MB for the eumelanin
thin films under Vis-NIR illumination is negligible. Anchoring
the same amount of eumelanin to the surface of the TiO2 film
improves it. Second, the photocatalytic performance of both
eumelanin–TiO2 and eumelanin nanoparticle thin films
improved under UV-NIR irradiation due to the materials’

increased absorption in the UV region. Third, for both UV-NIR
and Vis-NIR irradiation conditions, the photocatalytic perform-
ance of the eumelanin–TiO2 film is better than that of eumela-
nin alone. TiO2 can only be active in the UV part (as confirmed
in Fig. 3, and photocatalysis tests in ESI Fig. S4b and S5b†),
and the TiO2 substrate cannot actively participate in the photo-
catalytic degradation reaction because its surface is covered
with a dense melanin layer. Therefore, the improved photo-
catalytic performance of eumelanin–TiO2 compared to
melanin in both irradiation regions strongly suggests that the
interfacial charge separation is responsible for efficient MB
degradation.

In Fig. 5c, the photocatalysis test on eumelanin (12 layers)–
TiO2 is provided. Increasing the amount of the eumelanin–
TiO2 sample from 3 to 12 layers improved its photocatalytic
activity but not linearly. The optical characteristics of the films
including the absorptance spectra are provided in Fig. 3. At

Fig. 4 Photochemical analysis of dopamelanin and dopamelanin–TiO2 heterostructures. Photocatalytic decomposition of methylene blue using
dopamelanin nanoparticles and dopamelanin-sensitized TiO2 thin films. (a) Time evolution of the optical absorption spectrum of MB solution after
photocatalytic reactions using dopamelanin–TiO2 under UV-NIR irradiation conditions. The decay of the absorption peak at 650 nm reflects the
photocatalytic degradation of MB. (b) Photocatalytic degradation of MB using dopamelanin–TiO2 and pure TiO2 films under UV-NIR irradiation.
Remarkably, the photocatalytic performance of the dopamelanin–TiO2 nanostructure is comparable to those of the TiO2 film and the standard
highly efficient photocatalyst. (c) Photocatalytic degradation of MB using the dopamelanin–TiO2 sample and dopamelanin–glass sample (the
amount of dopamelanin is the same in both samples), and the reference pure TiO2–glass under Vis-NIR irradiation (UV is blocked). The improved
photoactivity, in melanin–TiO2, is primary evidence of interfacial charge separation at the molecular junction of melanin and TiO2.
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550 nm the absorptance of TiO2 is less than 8%, and it is
increased to 20% and 60% by deposition of 3 and 12 layers of
eumelanin, respectively. At 650 nm, the absorptance of the
eumelanin–TiO2 film is 12% and 40% for 3 layers and 12
layers of eumelanin coatings, respectively. In the Vis-NIR
region, the absorptance of the film is increased by approxi-
mately 3 times. The photocatalytic degradation is improved by
1.4 times. Two processes play a role here: the eumelanin’s
optical absorption power is increased, and the TiO2 junction’s
influence on charge separation is negated. While the scope of
this work is not to optimize a photocatalyst, we expect that a
bulk-heterojunction morphology would be stronger than the
bi-layer structures under study.

3.4 Ultrafast transient absorption spectroscopy of melanin
nanoparticles and melanin–TiO2

Ultrafast pump–probe transient absorption spectroscopy
experiments were carried out on films made of synthetic

melanin nanoparticles and eumelanin nanoparticle (12 layers)
–TiO2 prepared under the same conditions used in optical
characterization and photocatalysis experiments. Samples were
excited at 460 nm to affect melanin but not TiO2. The probe is
a white-light supercontinuum detected in the 500–950 nm
spectral range. The time resolution of the TAS experiments is
330 fs defined by the temporal broadening of the pump and
probe and their overlap time. Fig. 6 shows the TAS spectra for
probe wavelengths ranging from 500 nm to 950 nm and from a
negative delay (when the probe arrives before the pump) to a
positive delay close to 1 ns (the probe arrives after the pump).
The pump power is typically 460 μW (see the experimental pro-
cedure for details).

Fig. 6a shows the broadband TAS spectra and Fig. 6b shows
the time-resolved TAS kinetics of melanin nanoparticles until
70 ps. The 70 ps-short scan time traces are shown in Fig. 6b to
emphasize the ultrafast dynamics within this time scale. The
long-scan time traces until 795 ps are also provided in ESI

Fig. 5 Photoactivity of eumelanin–TiO2 nanoparticles. (a) Time evolution of the optical absorption spectrum of MB solution as a result of photo-
catalytic reactions by eumelanin (12 layers)–TiO2 under UV-NIR irradiation conditions. (b) Kinetic comparison of MB degradation using eumelanin
and eumelanin (3 layers)–TiO2 samples under Vis-NIR and UV-NIR irradiation. In the Vis-NIR region, the photocatalytic performance of the eumela-
nin film is minimal; it improves under UV-NIR irradiation. The eumelanin (3 layers)–TiO2 sample shows enhanced photocatalytic performance
remarkably under both UV-NIR and Vis-NIR irradiation. (c) Photocatalytic activity of the eumelanin (12 layers)–TiO2 sample. By increasing the
number of eumelanin-deposited layers, the photocatalytic activity is further improved.
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Fig. S12.† Fig. 5c and d represent the same measurements for
melanin–TiO2; note that the shapes of their TAS spectra differ
(Fig. 6a and c). The melanin sample shows a negative signal in
the 530–600 nm spectral region and a positive signal at longer
wavelengths. The negative peak may result from a combination
of ground-state bleaching (GSB), when charge carriers are loca-
lized in electronic states, and radiative recombination arising
from such states. The spectral location of the negative peak is
in agreement with our previous report in which we observed
an excitation wavelength-dependent photoluminescence using
non-time-resolved confocal photoluminescence imaging.22

The positive and negative signals relax and the negative peak
blue shift and change the sign, suggesting that in the 500 nm–
600 nm spectral region, ESA and GSB overlap, and with bleach
recovery, ESA reappears. In the spectral region above 650 nm,
ESA relaxes over time; for melanin, in less than 20 ps. The nor-
malized long time-delay TAS kinetics of the excited state relax-
ation recorded at different wavelengths in the 600 nm–920 nm
spectral region is also provided in Fig. S9.† The normalized
short time-delay TAS signals at different probes are also pro-
vided in the inset of Fig. 6b (and an enlaged graph is shown in
ESI Fig. S10†). The time traces at 707 nm and 920 nm are
fitted with double-exponential decay functions. y0 is the signal

residual, A is the pre-exponential factor, and τ is the time con-
stant (see eqn (S1) in the ESI†). The fitting parameters for the
920 nm probe are A1 = 0.168, τ1 = 5.99 ps, A2 = 0.730, τ2 =
0.239 ps and y0 = 0.05, and for the 707 nm probe are A1 =
0.065, τ1 = 1.9 ps, A2 = 1.94, τ2 = 0.135 ps and y0 = 0.024. The τ2
values are within the time resolution of the TAS experiment
(350 fs). The τ1 values reflect the ESA relaxation time constant
of melanin being 5.99 ps and 1.9 ps recorded at 920 nm and
707 nm. The ESA decay is slightly slower further in the infrared
region. This can be also understood in terms of less spectral
overlap of ESA and GSB in the 800–919 nm region compared to
that of ESA and GSB in the 611 nm region and the kinetic in
the former region can reflect the pure contribution of ESA. In
either region, the majority of the signal decays in less than
10 ps. The ultrafast ESA relaxation in this study using broad-
band TAS spectroscopy and a 460 nm pump (pump and probe
pulses at 100 kHz) agrees with previous report on TAS spec-
troscopy of melanin using two-color pump–probe spectroscopy
using a 720 nm pump and an 817 nm probe (at 2 MHz) in
which a sub-10 ps relaxation was reported.41 The broad band
TAS spectra of melanin–TiO2 (Fig. 6c) shows positive ESA and
it relaxes at about 400 ps (Fig. 6d). Fig. S10† shows the normal-
ized excited-state relaxation kinetics of melanin–TiO2 at

Fig. 6 Pump–probe transient absorption spectra of melanin nanoparticles and melanin–TiO2 films. Samples are excited at 460 nm. The TAS is
measured in the 500 nm–950 nm spectral region. (a) Broadband TAS spectra and (b) TAS time traces at different probe wavelengths for the melanin
sample; the inset shows the normalized short time delayed-TAS signal until 10 ps at different probe wavelengths in the NIR region. The magenta and
blue traces are the double-exponential fit to the TAS at 707 nm and 920 nm, respectively. τ1 = 1.9 ps and τ1 = 5.99 ps for 707 nm and 920 nm,
respectively, and τ2 = 0.135 ps and τ2 = 0.239 ps for 707 nm and 920 nm, respectively (both τ2 are within the time resolution ∼350 fs). (c) Broadband
TAS spectra and (d) TAS time traces at different probe wavelengths for the melanin–TiO2 film sample. Remarkably, the shapes of the broadband
spectrum and time evolution differ completely. ESA decay for melanin is 10 ps, but 400 ps for melanin–TiO2.
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different wavelengths. About 95% of the signal decays 100 ps
after excitation and the remaining 5% over 1 ns. The time-
delayed TAS signals are fitted with a double-exponential decay
function and the result is provided in ESI Fig. S18.† The fitting
parameters for the 920 nm probe are A1 = 0.19263, τ1 = 36.3 ps,
A2 = 0.75663, τ2 = 1.28 ps and y0 = 0.15428. The fitting para-
meters for the 717 nm probe are A1 = 0.23881, τ1 = 23.44 ps, A2
= 0.72454, τ2 = 0.968 ps and y0 = 0.10804. The fit parameters
for the 548 nm probe are A1 = 0.28886, τ1 = 15.94 ps, A2 = 0.74,
τ2 = 0.818 ps and y0 = 0.063429. For the melanin–TiO2 sample,
at each probe wavelength, both τ1 and τ2 time constants are
bigger compared to those for the melanin sample. Fig. S11†
shows the TAS spectra of the TiO2 reference sample. The
experimental conditions are similar to those for the melanin
and melanin–TiO2 samples. No transient absorption signal
is observed at 460 nm excitation, as expected: TiO2 does not
absorb the pump beam (ESI Fig. S11†). The absorption edge
of TiO2 is at 380 nm and the absorptance of the beam at
the pump wavelength is less than 12%. The absorptance of
the melanin–TiO2 sample at 460 nm is increased to 80%
and 35% by 12 layers and 3 layers of melanin, respectively.
Our control studies show that if the TiO2 film is excited at
higher powers (above 3 mW), the contribution from direct
excitation within the sub-bandgap states in TiO2 appears.
The high repletion rate of our measurements enables
measurements at low power excitation with a reasonable
signal to noise ratio as shown in Fig. 6. Also, the presence
of a highly absorbing melanin layer on top will screen the
excitation to reach the TiO2 layer underneath. Therefore,
under the conducted experimental conditions, excitation at
460 nm and the low power regime (600 μW pump power),
direct excitation of melanin and the observed TAS signal in
melanin and melanin–TiO2 reflect photoabsorption by
charge carriers initialy generated in melanin. The longer ESA
and GSB relaxation time in melanin–TiO2 compared to
melanin points to longer-lived charge carriers as a result of
electronin interactions; namely interfacial charge separation
between melanin and TiO2. We have previously shown that
photoinjected electrons from organic or metal–organic dyes
into TiO2 are stable for long times of milliseconds after
injection.29,32

The results provided in this study are the summary of many
experiments and sanity checks under different conditions. The
samples were mounted on an automatic translation stage,
which provides the possibility to move the sample gently
during the measurement. Linear or random walk scans can be
performed. Scans in both moving and fixed conditions led to
identical results. An example control test at much higher
power (compared to what is reported in Fig. 6) is presented in
supporting Fig. S15.† Two consecutive TAS measurements on
the same spot on the sample and under identical conditions is
provided in panels a and b. The samples are excited at 460 nm
with 5.5 mW pulse energy. The WL probe power is 558 μW.
The amplitude of the TAS signal and decay kinetics is repro-
duced. Note that the experiments shown in Fig. 6 were per-
formed at much lower power (pump 600 μW).

3.5 Singular value decomposition analysis

SVD is a mathematical method used to analyze spectroscopic
data.42,43 The outcome of time-resolved TAS measurements is
a rectangular (m × n) matrix in which the values represent the
spectral- and time-dependent absorption change of the probe
(ΔOD) due to pump excitation. Eqn (6) factorizes it as:

ΔOD ¼ A ¼ U:S:VT ð6Þ

where U and V are orthonormal vectors representing the left
and right singular vectors, respectively. U is an (m × m)
complex and unitary matrix (UTU = Im×m). Its columns are the
orthonormal eigenvectors of AAT and represent the left singu-
lar vectors (gene coefficient vectors). S, with the same dimen-
sions as ΔOD = A, is an (m × n) rectangular diagonal matrix of
the singular values, with nonnegative real numbers on the
diagonal. The main diagonal values of this matrix are the
square roots of the eigenvalues of ATA. VT is a transpose of an
(n × n) matrix. Its columns (VTV = In×n) contain the orthonor-
mal eigenvectors of ATA, and its rows are the right singular
vectors (expression-level vectors).

The data matrix A is best approximated in a least-squares
sense by matrix A′, which derives from the most significant
(components); significant columns of U, diagonal elements of
S, and rows of VT (U′, S′, and V′T in eqn (7)).

A & A′ ¼ U ′ ' S′ ' V ′T ð7Þ

The other components decay exponentially according to the
scree plot of eigenvalues and are dominated by random noise
or other error sources. Therefore, SVD acts as a noise filter,
separating the signal in the first few significant components
from the noise in the remaining insignificant singular vectors,
which are omitted from the reconstruction.

Fig. 7 shows the SVD results for the melanin and melanin–
TiO2 samples, including the three main components and their
eigenvalues. The scree plots of the SVD analysis including the
eigenvalues for the three significant principal components
and the other non-significant components are provided in ESI
Fig. S17.† Fig. 7a identifies the spectral contribution of excited
state absorption, the ground state bleaching, and an instan-
taneous signal at the pump–probe overlap time for the
melanin sample. The time evolution of these components is
shown in the temporal graph. Fig. 7b identifies the excited
state absorption, the ground state bleaching, and again an
instantaneous signal. The instantaneous signal appears at the
pump–probe overlap time and is assigned to optical processes
such as self- or cross-phase modulation which is not the inter-
est of our discussion. The red trace in the spectral components
of both melanin and melanin–TiO2 samples reflects the
excited state absorption and is extended from 520 nm to
930 nm. The ESA component shape is almost the same in both
samples, which is expected as the primary photoexcitation is
in melanin. For the melanin sample in the 520 nm–650 nm
range, there is a spectral overlap of different components:
intense GSB (blue curve) and ESA. In the TAS result also, a
signal sign change in this region is resolved. Another weak GSB-
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type component is resolved above 580 nm (green curve), which
is less significant than the GSB in the 520 nm–600 nm range
according to their eigenvalue magnitude (13.9 for blue and 5.7
for green trace in the melanin spectral components). The time
evolution of these components is provided in the temporal
vector data. For the melanin–TiO2 sample in Fig. 7b, in the
520 nm–600 nm region, the GSB component (blue trace) is
much less significant than that in melanin. The green broad
and bleaching component above 580 nm (green curve) is
observed. Both bleaching components are less significant in the
TAS signal in melanin–TiO2 compared to melanin (6.3 for blue
and 3.8 for green in the melanin–TiO2 spectral components).

Remarkably the ESA and GSB recovery (shown by the arrow)
is an order of magnitude faster in the melanin sample than in
melanin–TiO2. In the melanin sample, the recovery of the ESA
occurs in under 10 ps; in melanin–TiO2, they take several
hundred picoseconds. SVD analysis deconvolutes the photo-
excited dynamic in the spectral and time domains and further
supports the observed electronic interactions between melanin
and the TiO2 film and the enhanced charge carrier lifetime
due to interfacial charge separation. The discussion on the
electronic and chemical structures of melanin and the under-
lying photophysical processes are provided in the next section
3.6. The observed ultrafast relaxations in melanin nano-
particles in the current study agree with previous laser spec-

troscopy on melanin polymers measured by time-resolved
photoluminescence, and melanin measured by two-color
pump–probe spectroscopy. 41,44

3.6 Chemical structure, electronic models, and chemical
characteristics of the excited state at the melanin and
melanin–TiO2 molecular junction and enhanced photochemi-
cal activity

To understand the chemical identity of photoexcited species
(ESA and GSB) in melanin, we first discuss the structural
dependent electronic properties of melanin-based constructs.
It is well accepted that the 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA) units are the two
key building blocks of eumelanin. It has been shown that oxi-
dation of DOPA (the chemical used here to make eumelanin
nanoparticles) results in the generation of oligomers with both
DHI and DHICA units while oxidation of dopamine (a chemi-
cal that is used to make dopamelanin nanoparticles) primarily
leads to the generation of DHI as the monomer unit.30,45,46

Recent structural models through experimental and compu-
tational analyses describe the polymerization of monomeric
units based on hierarchical self-assembly.47 The oligomeric
units (protomolecules) are stacked and form aggregated sub-
structures. Further aggregation results in the formation of
polymeric nanoparticles. Structural models report that DHI

Fig. 7 Singular value decomposition on the pump–probe transient absorption of melanin nanoparticle-based films and melanin–TiO2 films. Data
on (a) melanin nanoparticles and (b) melanin–TiO2 films. For both samples, the spectral contribution of excited-state absorption, ground-state
bleaching, and an instantaneous signal at the pump–probe overlap time is identified. Remarkably, ESA and GSB recovery is an order of magnitude
faster in the melanin sample than in the melanin–TiO2 sample. In melanin, GSB and ESA recovery occurs in less than 10 ps, while in melanin–TiO2,
the same processes occur in hundreds of picoseconds (shown by the arrow).
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melanin consists of largely planar oligomeric scaffolds. These
planar oligomeric structures form graphene-like stacked sheets
via π–π interactions.48 A different structure is proposed for the
polymerization of DHICA. DHICA-based oligomer structures
are formed by DHICA rotation of ∼47° about dihedral interunit
bonds, which results in the formation of nonplanar structures
with low stacking.30

The DHI and DHICA monomer and dimer units absorb
only UV light. Fig. 1c shows the absorbance spectra of dopa-
mine source before and 3 minutes after starting the oxidation/
oligomerization reaction with NaOH. Before oxidation, the
absorption peak of dopamine reagent has a maximum at
280 nm, which red shifts to 312 nm, and a peak appears at
430 nm as the oxidation/polymerization reaction begins.
Further oxidation–polymerization reaction results in a further
redshift and increase in amplitude, resulting in a broadband
absorption in the UV-NIR region – characteristics of melanin
absorption – as shown in Fig. 1c. This is in agreement with
previous reports on the optical absorption of transient species
formed by the oxidation of DHI dimers using pulse radiolytic
oxidation experiments.45 The nature of the broadband absorp-
tion is not fully understood but it is generally explained by
chemical composition diversity and superposition of inhomo-
geneously broadened transitions associated with the individ-
ual segments in the pigment.30,45,46 The non-covalent inter-
actions such as stacking of oligomeric units via π–π inter-
actions and packing configuration of oligomeric units have
also been suggested to contribute to the extent of electron
delocalization and optical absorption at energies below the
absorption of monomeric units (i.e., in the Vis-NIR region).
Ultrafast laser spectroscopy experiments in this study used
460 nm as the pump. Therefore, the pump beam at 460 nm is
not energetically able to excite the monomeric units (mono-
meric units absorb at shorter wavelengths). The 460 nm pump
instead photoexcites and initiates electronic transitions within
oligomeric units and the individual segments with red-shifted
optical absorption compared to building blocks, resulting in
the observed GSB peak in the 520nm–650 nm region in the
laser spectroscopy results (Fig. 6a) and SVD analysis.
According to the SVD analysis of melanin nanoparticles, a rela-
tively significant GSB component is inhomogeneously centered
at ∼550 nm with a relatively less significant GSB-type tail
extended above 650 nm. The less significant GSB component
in SVD can be related to the bleaching within the structural
segments with further red-shifted absorption. Both the broad-
band TAS spectrum and the SVD analysis confirm the elec-
tronic transition within the individual segments (red-shifted
absorption compared to the monomeric units’ absorption).
The shape of the GSB bleaching correlates with that of the
broad optical absorption in the Vis-NIR region that appears in
a few minutes after oligomerization/polymerization (Fig. 1c,
less optical absorption in the NIR region compared to the
visible region). In the 520–600 nm region, there is a spectral
overlap between ESA and GSB. The pure excited state relaxation
for melanin nanoparticles (excited at 460 nm) is observed above
600 nm with an ultrafast excited state relaxation within sub-10

picoseconds. For the melanin–TiO2 sample, no GSB peak is
observed in the 520–600 nm region in the TAS spectrum
(Fig. 6b). The SVD analysis shows non-significant GSB com-
ponents. The diminish of GSB can be an indication of inter-
facial charge transfer between melanin and TiO2,which
resembles the semiconductor-sensitized TiO2 systems.27 The
longer-lived photoexcitation (excited state absorption due to
photocarriers) is also another confirmation of charge transfer.
It is well known that photoinjected electrons in TiO2 can have
long lifetimes up to the milliseconds time scale.29,49

The ultrafast laser spectroscopy results of melanin nano-
particles are in general agreement with the previously reported
time-resolved measurements of the melanin family although
different laser methods and pigments have been used in this
study.41,44 Warren et al. applied two-color TAS spectroscopy on
melanin and reported ultrafast excited state relaxation in 5
picoseconds.41 Sundström et al. reported the optical absorp-
tion and excited state characteristics of DHICA monomers and
dimers using time-resolved fluorescent studies.44 They showed
the maximum absorption peak occurs between 312 nm and
326 nm depending on the pH. Under UV excitation at 280 nm,
they found the fluorescence decay for DHICA monomers to
have a long lifetime (∼3.5 ns in methanol) that is sensitive to
the pH. In contrast, the fluorescence decays of the dimers
become much slower with two lifetimes of ∼1 and ∼10 pico-
seconds. The very efficient excited state deactivation process in
the dimer does not evolve much further when going to the
trimer and polymer (i.e. fast relaxation occurs in trimers and
polymers as well). The fast and efficient excited state relaxation
in melanin is in agreement with the results obtained in the
current study in which it was found that the majority of
excited state relaxation occurs in less than 10 ps. The quantum
yield of photoluminescence in melanin is reported to be extre-
mely low so that the transient absorption spectroscopy pro-
vides a versatile method to study the non-radiative processes.
In the current study, the combination of broadband transient
absorption laser spectroscopy, SVD analysis, and photochemi-
cal analysis using photocatalytic assays comparing the photo-
activity of melanin with melanin–TiO2 donor–acceptor struc-
tures sheds light on the photochemistry of melanin and
reported melanin-based donor–acceptor structures. The results
reported in this study lead to the conclusion that charge
carrier processes and the interfacial charge separation are
responsible for the observed enhanced relaxation lifetimes,
diminished GSB, and improved photocatalytic performance in
melanin–TiO2 donor–acceptor junctions.

Nanostructured TiO2 and ZnO are known as excellent large
bandgap photocatalyst nanomaterials due to their low cost,
ready availability, high chemical and thermal stability, and
non-toxic and environmental friendliness.25,34,35,50–52 The
semiconductor photocatalytic properties have been reported
using photocatalytic degradation studies of organic com-
pounds and dyes. During the photocatalysis process a photon
of energy (λ ≤ 380 nm) absorbed by metal–semiconductor
TiO2, results in an e−/h+ pair generated at the valence band
(VB-h+) and the conduction band (CB-e−). The formation of
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free radicals is responsible for the oxidation of organic com-
pounds and dyes via the following reactions (1)–(10):

TiO2 þ hνðUVÞ ! e$ðCBÞ þ hþ
ðVBÞ ð1Þ

hþ
ðVBÞ þH2O ! Hþ þ OH$ ð2Þ

hþ
ðVBÞ þ OH$ ! OH• ð3Þ

e$ðCBÞ þ O2 ! O2
•$ ð4Þ

O2
$ þHþ ! H2O• ð5Þ

H2O• þH2O• ! H2O2 þ O2 ð6Þ

H2O2 þ O2
•$ ! OH• þ OH$ þ O2 ð7Þ

H2O2 þ hν ! 2OH• ð8Þ

Dye moleculeþ OH• ! an intermediate compound ð9Þ

Intermediate compound ! CO2 þH2O ð10Þ

In the presence of melanin and under UV and Vis-NIR
irradiation, the following reactions can occur as the initial steps
in light absorption and charge separation (reactions (1′)–(4′)):

Melanin–TiO2 þ hν ðUV and Vis-NIRÞ
! e$ðmelaninÞ þ hþ

ðmelaninÞ
ð1′Þ

e$ðmelaninÞ þ TiO2 ! e$ðCB-TiO2Þ ð2′Þ

hþ
ðmelaninÞ þ OH$ ! OH• ð3′Þ

e$ðCB-TiO2Þ þ O2 ! O2
•$ ð4′Þ

For melanin–TiO2 structures, the sample absorbs the
photon energy in the UV-NIR region due to the broad absorp-

tion of melanin. We have observed enhanced photocatalytic
performance in melanin–TiO2 compared to pure melanin
(Fig. 4 and 5). Note that this photocatalytic improvement over
pure melanin is observed under both UV-NIR and Vis-NIR
irradiation. The improvement cannot be assigned to TiO2

photoactivity for two reasons: (1) the TiO2 film is covered by
melanin; and (2) TiO2 is active only in UV, while the photo-
catalytic improvement is also observed when UV is excluded.
Given that both melanin and melanin–TiO2 samples absorb
the same amount of light in Vis-NIR (the same amount of
melanin in both films), the improved photoactivity of
melanin–TiO2 compared to that of melanin (especially in Vis-
NIR) points to interfacial charge separation at the melanin–
TiO2 junction that results. An electrochemical method, cyclic
voltammetry, was used to investigate melanin’s redox charac-
teristics in different electrolytes, and a broad reduction signa-
ture observed between 0.4 V and −0.5 V suggests that melanin
is electron-rich and appropriate for reduction reactions.53 The
extended TAS signal relaxation observed by both ultrafast laser
spectroscopy and SVD deconvoluted data analysis confirms the
longer charge carrier lifetime in melanin–TiO2 compared to
melanin which support the superior photocatalytic activity of
the melanin–TiO2 film. Scheme 1 shows the interfacial charge
separation and the photocatalytic activity of melanin–TiO2.
Our previous results using laser flash photolysis show that
photoinjected electrons in the dye-sensitized transparent TiO2

mesoporous film (the same TiO2 that is also used in this
study) are long-lived with milliseconds lifetime.29,54

While melanin has been mainly served as a photoprotectant
for many years, recent studies shed more light on the photoac-
tivity of this pigment. It has been reported that after UV
exposure; mainly UVA (315–400 nm) and UVB (280–315 nm),
melanin can both absorb and release reactive oxygen species

Scheme 1 Chemical structure of melanin monomeric units, melanin nanoparticle–TiO2 structures, interfacial charge separation, and pathways for
photo redox processes. (a) Chemical structures of melanin monomeric units DHI and DHICA. (b) Melanin-sensitized TiO2 energy levels and interfacial
electron transfer processes; schematic of the energy levels of melanin (nanoparticles and oligomeric units) and the electron–acceptor layer (TiO2).
(c) Steady-state photocatalytic experiments supported by the direct validation of ultrafast laser spectroscopy show that anchoring melanin on TiO2

results in charge separation at their molecular junction.
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(ROS) and induce oxidative stress damage to DNA making
melanin a double-faced molecule. Superoxide is the immediate
ROS formed after melanin photoexcitation in the presence of
oxygen. More phototoxicity has been reported for pheomelanin
compared to eumelanin.55,56 Our photocatalysis experiments
are conducted at longer wavelengths (460 nm) and we still see
some photoactivity in the degradation of MB pigments for
melanin nanoparticles. By anchoring melanin to TiO2 (a bio-
compatible pigment) the photoactivity is even improved. The
design of D–A junctions based on melanin can be important
to control photochemistry and photocatalytic characteristics.

Despite widespread interest in melanin and melanin deriva-
tives, we know little about the fundamental electron transfer
and transport processes in this material family. Our results have
intriguing implications for opto- and bioelectronic applications.

4. Conclusions
In summary, we developed thin films composed of synthetic
melanin nanoparticles based on molecular D–A junctions. We
conjugated eumelanin and dopamelanin nanoparticles of
uniform size and controlled chemical composition to n-type
TiO2 as bilayers. We used inkjet printing to precisely control the
melanin deposited for making donor–acceptor junctions.
Controlled deposition of melanin is important here for two
reasons: to have minimum ink waste as the synthesized melanin
is an expensive ink and to have reproducible constructs to
compare the photocatalytic activities over several tests. We com-
pared the photocatalytic degradation of MB in these melanin–
TiO2 films and pure melanin films (under both UV-NIR and Vis-
NIR irradiation) and ascribed its enhancement in the former to
a photosensitization effect. The broadband ultrafast spec-
troscopy results show that about 80% of charge carriers are
recombined a few picoseconds after excitation in melanin but
live much longer in melanin-anchored TiO2 films for hundreds
of picoseconds. The ultrafast laser spectroscopy studies and
quantified data analysis using singular value decomposition
provide mechanistic insights into the photochemical character-
istics of the melanin and melanin–TiO2 nanostructured con-
structs. The enhanced photoexcited lifetime (charge carrier life-
time) due to interfacial charge separation strongly supports the
observed photocatalytic activity of melanin–TiO2.

For many years, melanin has been viewed as a photoprotec-
tant that dissipates most of the irradiation energy. Our laser
spectroscopy studies of melanin nanoparticles identify short-
lived carriers in melanin, while practical applications would
require a strategy to extend the excited state lifetime. The
observed photosensitization and interfacial charge separation
indicate an extended charge-carrier lifetime in our melanin-
based donor–acceptor constructs. The longer-lived-charge car-
riers in the melanin–TiO2 nanostructured constructs are of
critical importance for future target applications, broadly from
biocompatible bioelectronics to photocatalysis and energy con-
version devices. However, to optimize them, future studies
must optimize the morphology of melanin-based constructs.
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