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Abstract

Herein, we report the synthesis of different ZnO nanostructures using chemical bath deposition method by changing the
molar concentration of zinc precursor. The synthesized films were characterized using X-ray diffraction, UV-Visible spectros-
copy, and scanning electron microscopy for different physico-chemical characterization. The obtained ZnO nanostructures
were sensitized with melanin. We found that melanin incorporation in ZnO nanostructures extended the absorbance spectra
into visible region. The maximum photocurrent density was recorded with ZnO film deposited for the molar concentration
of 0.2 M. The rise might be attributed to the increased specific surface area, crystallinity, charge transfer and reduced re-
combination losses. The effects of synthetic melanin dye on all the synthesized samples had also been studied for the pho-
toelectrochemical (PEC) study. Melanin incorporated ZnO photo-anodes showed a photocurrent density about twice that of
bare ZnO photo-anode under one sun illumination. The obtained results demonstrated that melanin incorporated ZnO can
be considered as a potential material for photo-anodes for photosplitting of water.
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1. Introduction systems. Since then a large number of metal-semiconductor

Due to the pressing need for alternative and clean energy
generation systems, solar-hydrogen production through
photoelectrochemical (PEC) splitting of water is a highly
pursued research area. PEC cells require incorporation of
improved photo-catalysts onto light-absorbing
semiconductors to realize photo-anodes for efficient solar to
chemical energy conversion process. To have efficient water
splitting, one needs to find a robust and efficient photo-anode
which can enhance the overall PEC process. In 1972,
Fujishima and Honda'"initiated the research activity in PEC
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oxide materials such as TiO,*'Fe;0s;1 BivO4[* WO; 5!
Cu0! and ZnO!”' have been investigated for realizing
efficient photo-anodes for water splitting. Among all the metal
oxide semiconductors, zinc oxide (ZnO) has evolved as the
most attractive material for PEC water splitting application.®
121 ZnO is a non-toxic n-type semiconductor with a direct
bandgap (3.2 eV), has well-aligned band edges, large
piezoelectric constants, high electron mobility (~ 2 x10°
cm?/Vs at 50 K), high exciton binding energy (~ 60 meV),
high thermal conductivity, and is reasonably stable.!'*] The
material has been also employed successfully in various
applications such as in heat-protecting windows, front contact
of liquid crystal displays, field-effect transistors, UV-sensitive
and solar-blind photo-detectors, gas sensors, and in energy
conversion devices.'l As per the solar hydrogen production,
one of the major drawbacks of ZnO is its poor absorption in
the visible region. To enhance absorption different types of
ZnO nanostructures such as nano-particles, nano-tubes, nano-
flowers, nano-wires, nano-rods, nano-disks, nano-plates,
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nano-spheres, nano-sheets, nano-spikes, etc. have been
synthesized by different methods such as molecular beam
epitaxy,!°! spray pyrolysis!'® pulsed laser deposition,!”]
hydrothermal,!'®] chemical bath deposition,!”]
electrodeposition,| etc. Among these, chemical bath
deposition has the advantage of being operational at low
temperature, low cost, suitable for large area deposition for
industrial applications, and environmentally benign.

Melanin is a conjugated biomacromolecule!*! and a universal
biopolymeric pigment exhibiting interesting physicochemical
properties”” such as strong absorption in UV-Visible re-
gion,”?! semiconducting properties,** redox activity, >
metal-ion chelation activity,”®! hydrophilicity activity,?’! hy-
dration dependent conductivity,”® free radical properties, >’
etc. It has been reported that synthetic melanins can be pro-
duced with physical and chemical properties very similar to
those of natural melanin.’’3'! As a result, it has been used in
UV filters,*?! solid-state organic electrochemical transis-
tors,**] metal-insulator devices,**! flexible supercapacitors,’!
pH sensors, % engineered electrodes,*’! moisture sensors,**!
E-ink for display devices,**! and edible batteries,**! etc. Due
to strong absorption in UV-Visible region and semiconductor
behaviour, melanin has received considerable attention in re-
cent years for the development of opto-electronic devices.
However, to date, there are few reports on the development of
melanin-based devices for artificial photosynthesis, utilizing
its unique optical and electrical properties. Recently, the de-
velopment of melanin-based organic/inorganic hybrid pho-
toanodes for solar water oxidation was reported by Lee et al.!*!!
with remarkably improved photocurrent density. Furthermore,
previous studies on the controlled morphology and dye sensi-
tization have shown improved photo-response of ZnO in the
visible region. To the best of our knowledge, till date, no one
has taken into account the synergistic effect of controlled mor-
phology of ZnO and melanin dye. With this motivation, mel-
anin sensitized ZnO nanostructured films have been synthe-
sized for PEC splitting of water. In this paper, we report the
synthesis of different nanostructures of ZnO using chemical
bath deposition method by changing the molar concentration
of zinc precursor. The influence of synthetic melanin on all the
synthesized ZnO nanostructures has been studied for PEC ac-
tivity. We found that melanin incorporation in ZnO nanostruc-
tures extends the absorbance spectra into the visible region,
thus their use in PEC splitting of water in visible light is pos-
sible. Melanin incorporated ZnO photo-anodes showed photo-
current density about ~ 2 times higher than that of the bare
ZnO photo-anode under one sun illumination. The obtained
results demonstrate that melanin incorporated ZnO can be
considered as a potential material for photoanodes for pho-
tosplitting of water.

20]

2. Experimental

2.1 Preparation of ZnO thin films

For the chemical bath deposition of ZnO thin films, a solu-
tion was prepared by dissolving different molar concentration
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(0.2, 0.15, 0.1 and 0.08 M) of zinc nitrate [Zn(NO3),-6H,0],
in 100 mL of distilled water and 3ml of 7.4 M triethanolamine
was added in the precursor solution, which was stirred for 15
min, then few drops (25 %) of ammonia was added to obtain
pH ~ 11. The solution was again stirred at 80°C for 3 h and a
transparent solution was obtained. Florine doped thin oxide
(SnOz:F, FTO) glass slides (Resistivity ~ 10 Q-cm, dimen-
sions: 4 cmx3 cm) were used as substrate for thin film depo-
sition. The substrates were cleaned by the ultrasonication pro-
cess for 10 min using the following solvents in the given order:
acetone, ethanol and double-distilled water. The substrates
were dried by dry nitrogen (N») gas. The above cleaning pro-
cedure gives good adhesion of the film on the substrate.

2.2 Preparation of melanin thin films

In the present study, thin films of melanin were prepared via
potentiostatic method using three-electrode electrochemical
cells (Metrohm Autolab: PGSTAT302N). Films were depos-
itedona 1l cmx 1 cm x 2 mm fluorine-doped tin oxide (FTO)
substrate which acts as a working electrode. Graphite was used
as a counter electrode. The distance between the working elec-
trode and the counter electrode was kept 1 cm. Saturated cal-
omel was used as a reference electrode. The potential time and
deposition time were kept constant at 2 V and 3 h, respectively.
For the synthesis of melanin thin films, we have used synthetic
melanin powder M8631-250 mg (Sigma-Aldrich) directly
without further purification. The melanin powder was dis-
solved in dimethyl sulfoxide and methanol solution
(DMSO/CH30H = 1:20) at 0.2 mg/mL concentration. The
FTO substrates were initially cleaned with double distilled wa-
ter and finally cleaned with acetone, ethanol and double dis-
tilled water (DDW) by keeping in ultrasonic bath for 10 min
each. The above cleaning procedure gives good adhesion of
the film to the substrate. The pH of the solution was kept at
6.8. After synthesis, samples were rinsed extensively with
double distilled water and then dried in ambient air.

2.3 Film characterization

The crystalline structure of the samples was studied through
glancing angle X-ray diffractometer (Bruker AXS D8 Ad-
vance, Germany; angular accuracy 0.001°, angular resolution >
0.01°) equipped with graphite monochromator, a mirror at a
fixed incidence angle of 1-5° and CuK, (A = 1.5406 A) as the
radiation source. Scanning electron micrographs (SEM) of
samples were recorded using JEOL JSMS 6360 scanning elec-
tron microscope. Absorption spectra of films were recorded
with respect to the bare substrate by employing double beam
UV-Visible spectrophotometer (JASCO V-670) in the range
300-800 nm. Raman spectra were recorded with Raman spec-
troscopy instrument (Horiba Jobin-Yvon’s LabRAM-HR) in
the range 300-800 cm™. Potentiostat (Metrohm Autolab
PGSTAT302N) and 300 W Xenon arc lamp (PEC L01), light
source was employed to record current-voltage (I-V) charac-
teristics of the cell, both under darkness and illumination. The
EIS and Mott-Schottky measurements were carried out using
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same potentiostat (Model: FRA 32M). The saturated calomel
electrode (SCE) reference values were converted to the re-
versible hydrogen electrode (RHE) reference electrode values
using the following equation,

Erue= Esce+ 0.243 + 0.059 x pH (1)
where Esce is the applied potential vs. SCE and Esck is the
standard electrode potential of SCE (0.243 V at 25 °C). The
thickness of ZnO and Melanin films were measured by using
a non-contact profilometer (KLA-Tencor, P-16+). The thick-
ness of ZnO film was found in the range of 300-500 nm
whereas the thickness of Melanin film was ~ 325 nm.

3 Results and discussion

3.1 Scanning electron microscopy (SEM) analysis

To visualize the surface morphology of ZnO thin films scan-
ning electron microscopy (SEM) was used. The SEM images
of ZnO thin films at different molar concentrations of zinc ni-
trate are shown in Fig. 1. As seen from Fig. 1, all films are
uniform and have compact grain structures, without crack or
holes and covers the entire substrate surface. A significant
change can be clearly seen in the growth morphology of the
film when the zinc nitrate concentration is increased. The film
deposited at a zinc acetate concentration of 0.08 M [Fig. 1(a)]
shows the growth of mesoporous ZnO. When the concentra-
tion of zinc nitrate is increased to 0.1 M, well-aligned hexag-
onal shaped ZnO nano-rods evolve as shown in Fig. 1(b).
When the concentration of zinc nitrate increased further to
0.15 M or 0.20 M flower or sheet type ZnO nanostructures are
obtained [See Fig. 1(c) and Fig. 1(d)]. Formation of flower or
sheet type ZnO nanostructures indicates non-uniform nuclea-
tion on the substrate surface and faster growth kinetics from
the individual nucleation centers, which is due to a higher
electrolyte concentration. We think that unlike the case of
nano-flower or nano-sheet type ZnO structure, a lower con-
centration of zinc nitrate used for the growth of nano-rods or
mesoporous ZnO produces more uniform nucleation and
growth.

Fig. 1(e) illustrates the SEM micrograph of melanin thin film
grown by the electrochemical method. As seen from the Fig.
1(e), the surface morphology of melanin shows aggregation of
melanin macro-molecules. Furthermore, the melanin film ex-
hibits a dense and conformal layer without surface defects
such as voids or cracks.

3.2 X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) and Raman spectroscopy are used to
confirm the formation and to analyze the structural properties
of ZnO and melanin thin films prepared by chemical bath dep-
osition method. Typical XRD pattern recorded for all the syn-
thesized ZnO thin films at different concentrations of zinc ni-
trate is shown in Fig. 2(a). As seen from XRD pattern major
diffraction peaks appear at 20 ~ 32.01°, 33.93°, 36.43°, 47.76°,
61.78°, 66.79°, 68.19°, and 69.2° corresponding to (100),
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(002), (101), (102), (103), (200), (112), and (201), respectively,
of hexagonal wurtzite ZnO (JCPDS data card # 36-1451),

suggesting its dominant evolution. The films deposited at 0.15

M and 0.2 M, i.e. for ZnO nano-flowers and ZnO nano-sheets,

(002) and (100) peaks appear to be more intense, indicating

their preferred growth directions. The relative intensity of (002)
peak is found to increase for the ZnO films deposited at zinc

nitrate concentration of 0.10 M (ZnO nano-rods) and 0.08 M

(Mesoporous ZnO) particularly with respect to the reference

pattern, suggesting the beginning of the c-axis oriented growth.
For ZnO nano-flowers, the relative intensity of the (002) peak

is found to be the singular most intense feature, with the (100)

and (101) peak intensities drastically reduced, which is as ex-

pected from their better-aligned c-axis growth. The average

crystallite size (dxray) Was calculated using Debye-Scherer

equation,*”!

094
T4V BcosOp

d, )

where 1 is the wavelength of Cu-K,, line and f is the full width
at half maximum (FWHM) of diffraction peak. The average
crystallite size shows a decreasing trend with an increase in
zinc nitrate molar concentration and the values were found in
the range of 20.4 to 18.1 nm.

Fig. 2(b) shows XRD pattern of synthetic melanin thin film
deposited using chemical bath deposition method. The pattern
shows a broad shoulder centered at 26 ~ 21.4°. This diffraction
peak is characteristic diffraction peak of natural melanin or
synthetic melanin.[*’]

b) offom

¢) Melanin

Fig. 1 (a)-(d) Scanning electron microscopy images of ZnO
nanostructures for different molar concentrations of zinc ni-
trate and (e) Scanning electron microscopy images of melanin
prepared using electrodeposition method.
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Fig. 2 (a) XRD pattern of ZnO nanostructures for different
molar concentrations of zinc nitrate and (b) XRD pattern of
synthetic melanin. (*) indicate the XRD diffraction peaks of
SnO;:F on which ZnO layer is deposited.

3.3 Raman spectroscopy analysis

Raman scattering is generally sensitive to the structural prop-
erties including atomic vacancy and defects and also to the
size and shapes of the nanoscale materials. The structure of
any material predominantly depends on the nature of the prep-
aration methods and their corresponding parameters. Fig. 3(a)
shows the Raman spectra for ZnO thin films deposited at dif-
ferent molar concentrations of zinc nitrate. As seen from the
Fig. 3(a), the spectra show Raman lines centered at ~ 438 cm’
'and ~573 cm™! for all ZnO films. These lines are assigned to
ZnO E; (high) and A longitudinal optical (LO) mode respec-
tively,[**! which confirms the formation of wurtzite ZnO struc-
ture. The Raman mode ~ 573 cm'can be attributed to the re-
sidual stress, structural disorder and crystal defect in the ZnO
films. The weak broad (E,i-Ean) feature at 331 cm’ is
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observed only in the case of nano-sheets (and not in other syn-
thesized nanostructures of ZnO) likely because of their weaker
Ear and Ean modes. The existence of Raman mode at ~ 631
cm! is debatable. However, it has been reported that such lo-
cal modes are possible for frequency above 600 cm™ i.e. above
optical mode.[*”!

Fig. 3(b) shows the Raman spectrum of melanin thin films pre-
pared by the electrochemical process in the range of 1000-
1800 cm™. It consists of two bands, centred at ~ 1600 cm ™' (G-
band) and ~ 1350 cm™!' (D-band). For quantitative analysis,
Raman data has been deconvoluted using Levenberg-Mar-
quardt algorithm!***’! with Gaussian/Lorentzian sum func-
tions. As seen from the de-convoluted spectra, the peaks ~
1726 cm™, ~ 1606 cm™ and ~ 1513 cm™! can be assigned to the
stretching vibration of the C=0O band of ketone groups at-
tached to the quinine, the aromatic C=C stretching modes of
the basic indole structure and the C=N stretching and/or the
N-H bending modes, respectively.[**] The C-N stretching band
of indole was centered at 1340 cm™'. The band at 1407 cm’!
correspond to the O-H deformation or a combination of bands
caused by the C-O stretching and O-H deformation of the car-
boxylic acid.*’°) The C-OH phenolic stretching and C-O
stretching of the carboxylic are observed at 1204 cm™'. These
results are in good agreement with the previously reported data
which confirms the formation of melanin thin films using the
electrochemical deposition method.
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Fig. 3 (a) Raman spectra of ZnO nanostructures for different
molar concentrations of zinc nitrate and (b) Raman spectra of
melanin prepared using electrodeposition method.
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3.4 UV-Visible spectroscopy analysis

Optical properties such as optical absorption spectra and opti-
cal band gap of ZnO and ZnO/Melanin thin films were inves-
tigated by UV-Visible spectroscopy. Fig. 4(a) and (b) shows
optical absorption spectra of as-prepared ZnO and ZnO/Mela-
nin thin films synthesized at different molar concentrations of
zinc nitrate respectively. As seen in Fig. 4(a), bare ZnO films
prepared at different molar concentrations of zinc nitrate ab-
sorbs mainly in the UV region whereas ZnO/Melanin films
prepared at different molar concentrations of zinc nitrate ab-
sorbs significantly in the visible region [Fig. 4(b)]. This clearly
indicates that melanin incorporation with ZnO increases ab-
sorption along with a slight shift in the absorption edge to the
higher wavelengths.

In the direct transition semiconductor, the optical energy
bandgap (E,pt) and the optical absorption coefficient (o) are
related by,

(aE)"*=B"*(E-Eqp) (3)
where « is the absorption coefficient, B is the optical density
of state and £ is the photon energy. The absorption coefficient
(@) can be calculated from the transmittance of the films with
the formula,

= Ny X
a==In(3)

“4)

where d is the thickness of the films and 7is the transmittance.
Therefore, the optical band gap is obtained by extrapolating
the tangential line to the photon energy (E = hv) axis in the
plot of (ahv)? as a function of ho (Tauc plot).

Fig. 4(c) and (d) shows Tauc’s plot for as prepared ZnO and
ZnO/Melanin thin films synthesized at different molar concen-
trations of zinc nitrate respectively. As seen, the bandgap en-
ergy decreases from 3.46 eV to 3.14 eV when the molar con-
centration of zinc nitrate precursor increases from 0.08 M to
0.2 M [Fig. 4(c)]. For ZnO/Melanin thin films, when molar
concentration of zinc nitrate precursor increases from 0.08 M
to 0.2 M the bandgap energy also decreases from 3.20 eV to
3.05 eV [Fig. 4(d)]. When different ZnO nanostructures are
sensitized with Melanin, it helps in the injection of electrons.
The decrease in bandgap energy values may be attributed to
an increase in the electron mobility upon melanin incorpora-
tion in the ZnO nanostructure.

3.5 Mott-Schottky analysis

For PEC splitting of water to critically determine the useful-
ness of semiconductors, flat-band potential (V) and charge
carrier density (N,z) are important parameters. One of the sim-
plest and reliable methods, reported in the literature for their
estimation is through Mott-Schottky analysis. The flat band
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potential and charge carrier density are estimated using Mott
Schottky equations, >

1 2

—— 2 [py, . *D
E_qEOS_;ND[VV-/b q] (5)
2
S_‘ISOESND ©)
2658, 1/2
wo=[Z - v (M)

where g is the electronic charge, &, is the permittivity of free
space, & is the dielectric constant of semiconductor electrode,
kg is Boltzman’s constant, 7 is the temperature (in Kelvin), S
is the slope of MS curve, and w is depletion layer width. With
electrons as majority charge carriers, all the synthesized
photo-anodes exhibited positive slopes as expected from an n-
type semiconductor.>* The slope S = 2/qeeoNp and intercept at
¢ = 0, obtained from the plot of 1/C* vs E can be used to
calculate donor density and flat band potential. Fig. 5 shows
the 1/C* vs E plots (Mott Schottky plots) for all the synthesized
photo-anodes. The flat band is found to shift from -0.98 V to -
0.16 V vs. RHE when zinc nitrate concentration increased
from 0.08 M to 0.20 M. The shift towards a negative flat band
potential indicates a shift in the Fermi level towards
conduction band. The shift of Fermi level towards the
conduction band leads to an efficient charge transfer process
across the electrolyte. The carrier density is found to increase
from 7.81x10' cm™ and 14.03 x 10" cm™ when zinc nitrate
molar concentration increased from 0.08 M to 0.20 M. The
increased charge donor density is mainly responsible for
improved PEC performance (discussed later) as it increases
electrical conductivity. The higher electrical conductivity
prolongs the lifetime of charge carriers and restrains the
electron/hole recombination process.

3.6 Electrochemical impedance spectroscopy (EIS) analy-
sis

To understand the photoelectrochemical performance of the
synthesized photoanodes we have performed electrochemical
impedance spectroscopy (EIS) analysis in a frequency range
of 0.1 Hz to 100 kHz at a bias of 0.5 V vs RHE under UV-
Visible light irradiation. Nyquist diagram of EIS data is an ef-
fectual way to measure the electron transfer resistance. The arc
radius in the Nyquist plot is directly related to electron transfer
resistance reflecting the energy barrier of the electrode reac-
tion.**! Fig. 6 shows electrochemical impedance spectroscopy
(EIS) plots of all the synthesized ZnO photoanodes deposited
at different concentrations of zinc nitrate. As seen the smallest
arc has been observed for the ZnO photo-anode deposited for
the concentration of 0.20 M i.e. for ZnO nano-sheet structure
and can be assigned to the effective charge separation and
minimum recombination of photo-generated charge carriers.
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Fig. 4 UV-Visible spectra of (a) ZnO nanostructures synthesized at different concentrations, (b) melanin sensitized ZnO for
different concentrations and (¢) and (d) Tauc’s plots for (a) and (b) respectively.

3.7 Photoelectrochemical properties

To evaluate the effect of molar concentration and melanin dye
effect on PEC properties of ZnO films, the current-voltage (I-
V) curves were recorded under darkness and illumination con-
ditions. Fig. 7 show the PEC curves recorded for as-synthe-
sized ZnO nanostructures and Melanin sensitized ZnO
nanostructures at different molar concentrations of zinc nitrate.
As seen in Fig. 7(a), the [-V curves of all the synthesized ZnO
films demonstrated a typical feature of n-type semiconductor
electrodes. Under the dark condition, the current approached
to zero indicates that it is produced due to illumination of sem-
iconductor film only and the transition time is also very small
to be recorded. Significant photocurrents were recorded, espe-
cially with the film at the molar concentration of 0.2 M, sug-
gesting well-aligned band edges with respect to redox levels
corresponding to hydrogen and oxygen evolution.
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Fig. 5 Mott-Schottky plots for melanin sensitized ZnO
nanostructures (at different molar concentrations of zinc ni-

trate).
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The maximum photocurrent density was recorded for ZnO
nanosheets films is around 0.2 mA/cm? at 1.4 V/RHE.
Nanosheets with the concentration of 0.2 M provides high sur-
face area and superior carrier transport, leading to the in-
creased interfacial reaction sites and reduced recombination
rate between the electrons and holes. As a result, the PEC per-
formance of the ZnO nanosheets thin films is greatly enhanced.
As depicted from melanin dye/ZnO nanosheets absorption
curves, the optical absorption is also increased after melanin
incorporation, and therefore all the synthesized ZnO thin films
efficiently absorb visible light. The performance of melanin
incorporated ZnO nanosheet (0.2 M) is remarkably better as it
corresponded to Jsc of 0.42 mA/cm?, as shown in Fig. 7(b). All
the synthesized thin films are stable for long time illumination
showing almost no loss in photocurrent even after continuous
illumination for several hours. A comparison of PEC proper-
ties of various ZnO composites with the present results is
shown in Table 1.
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Table 1. A comparison of photoelectrochemical properties of 4. Conclusions

various ZnO composites.

Composite Material, Preparation Photocurrent Ref.
ef.
Morphology method density
Chlorophyll-a/ZnO, . 0.67
Electrodeposition [55]
Nanorods mA/cm?
Cu/ZnO, 752
. Sol-Gel [56]
Nanocrystalline uA/cm?
CdS/ZnO, . . 294
Spin coating [57]
Nanorods uA/cm?
C0304/Zn0, » 11.0
. Electrodeposition [58]
Nanocrystalline pA/cm?
Melanin/ZnO, Chemical bath 0.42
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Fig. 7 PEC curves recorded for synthesized (a) ZnO
nanostructures (b) Melanin sensitized ZnO nanostructures.
As seen, the maximum current density of ~ 0.42 mA/cm? has
been observed for melanin sensitized ZnO nanosheets and it is
comparable with the previously reported current density val-
ues of ZnO composites. The present work is the first attempt
where PEC activity of melanin sensitized ZnO nanostructures
have been undertaken. We believe that applying composi-
tional engineering and optimizing the photoanode structure,
PEC activity of melanin sensitized ZnO photoanode can be
improved further. Thus, melanin incorporated ZnO can be
considered as a potential material for photo-anodes for photo
-splitting of water.
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We have synthesized different ZnO thin films of different
morphologies by chemical bath deposition and used them as
photo-anodes in PEC water splitting. The working electrodes
were characterized by XRD, SEM, and other optical measure-
ments. Melanin incorporation in ZnO nanostructures extended
the absorbance spectra into the visible region, thus their use in
PEC splitting of water in visible light was possible. Melanin
incorporated ZnO photo-anodes had shown a photocurrent
density of ~0.42 mA/cm?, which was about ~2 times that of
the bare ZnO photo-anode under one sun illumination. Thus,
melanin incorporated ZnO thin film can be considered as
potential materials for photoanodes to generate hydrogen via
the photosplitting of water.
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