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Multihierarchical electrodes based on titanate nanotubes and zinc
oxide nanorods for photelectrochemical water splitting
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DOI: 10.1039/x0xx00000x Studies involving water splitting to form hydrogen and oxygen have attracted attention because H,is considered the fuel of
the future. Photoelectrocatalysts have been widely used for this application, and several metal oxides can be applied as
www.rsc.org/ catalysts. Among them, we highlight zinc oxide nanorods (ZnONRs) and titanate nanotubes (TiNTs); however, their
individual nanostructures exhibit disadvantages. For example, ZnONR shows rapid recombination of the photogenerated
charges, and TiNT gives rise to randomly orientated films; these disadvantages limit their application as photoanodes. In
this study, for the first time, we present a new class of multihierarchical electrodes based on TiNT-decorated ZnONR films
that exhibited superior results to the individual species. The TiNTs are homogenously dispersed over the surface of the
rods without forming agglomerates, giving rise to a heterojunction that exhibits lower recombination rates. It was found
that the results are better when the contents of TiNT in the electrode are higher; thus, glycine was successfully used as a
bridge to link both of the structures, increasing the amount of TiNT decorating the rods. As a result, the photocurrent
generated with these multihierarchical electrodes is higher than that obtained for pure ZnONR electrodes (0.9 mA and
0.45 mA, respectively), and the electrode potentials for O, evolution is lower than that observed for pure TiNT electrodes
(0V and 0.8 V vs. Egy, respectively). The IPCE values are also higher for the multihierarchical electrodes.
conductivity and high electron-hole recombination rates'® 2,
Introduction Table 1 summarizes recent advances involving the application
of TiNT and ZnONR for the development of photocatalysts and
photoanodes for water splitting experiments.
However, TiNT and ZnONR exhibit disadvantages for water
splitting applications, including low photonic efficiency and
reduced visible-light absorption, which prevents significant
utilization of the solar spectrum. The design of systems
involving the heterojunction of these two nanomaterials is an
interesting approach since has been already reported in the
literature that the synergic effect caused by the combination
of metal oxides can improve the photocatalytic activity by
lowering the recombination rates'® .
For use as photoanodes in photoelectrocatalysis, these
materials must be immobilized on a conductive surface, which
is a challenge for TiNTs because all of the strategies used for
this goal resulted in films in which the nanotubes are randomly
orientated and packed in a dense film layer, which can
especially affect the electron transports’ 1818 For this reason
TiNTs have been used mostly as photocatalysts for water
splitting in the powder form, as is shown in the upper part of
Table 1. However, vertically aligned ZnO nanorod films can be
easily obtained through several methods, such as
hydrothermal synthesis, which is an inexpensive technique
that requires low temperature, and the films can growth on

several different surfaces without requiring metal catalystsg’ 18-
23

Hydrogen, which is considered the fuel of the future, has
attracted extensive attention because it is environmentally
friendly and is an energy carrier with a very high energy
densityl. Photoelectrocatalytic water splitting using sunlight is
an interesting approach for producing H, and O,; however, the
chosen photocatalyst must fulfill certain requirements, such as
optimal band gap levels (aligned with the energy required to
perform the reactions of H,/H,O and O,/H,0), high stability
and low recombination rates’. Since TiO, photoelectrodes
were first used for the water splitting reaction3, many other
catalysts based on metal oxides have been investigated,
especially those involving nanomaterials®”’. Among them, we
highlight the titanate nanotubes (TiNTs — see Table 1), which
exhibit an open and mesoporous morphology, high surface
area, wide band gap energy and good electrical conductivityg.
Zinc oxide nanorods (ZnONRs) have also been extensively used
as photocatalysts for H, and O, production from water
because of their wide band gap energy, high electron mobility
and low charge recombination due to the longer electron
lifetimes®. These properties make TiNT and ZnONRs more
promising photocatalysts compared with other widely studied
materials, such as platinum-group catalysts, which are
expensive, as well as catalysts for the conversion of H, and O,
back to water’ and Fe,03;, which exhibit low electron

Thus, we propose the design of an electrode based on the TiNT

“Centro de Ciencias Naturais e Humanas, Universidade Federal do ABC, 09210-580, and ZnONR materials on the nanascale, by developing a

Santo André, SGo Paulo, Brazil. E-mail: wendel.alves@ufabc.edu.br multiscale hierarchical electrode for efficient oxygen evolution
b Energy Technology Research Group, Faculty of Engineering and the Environment, Y8

University of Southampton, UK. E-mail: D.Bavykin@soton.ac.uk via photoelectrochemical water splitting, which follows the
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Table 1.Bibliographic review for TiNT and ZnONR applied to water splitting.

PHOTOCATALYSIS

Catalyst H, evolution (pmol g'l) Irradiation source REF
CdS/TiNT 175 after 3h A>420 nm 150 W 4
CdS/TiNT/WO; 350 after 3h A>420 nm 150 W #
Graphene /TiINT 60 after 5h 300 W Xe-lamp »
CdS/TiNT 100 after 10h A>420 nm 300 W Xenon %
CdS/TiNT 5000 after 18h 150W Xe arc lamp 7
Cr0,/TiNT 4575 (uL g‘l) after 6h A>400 nm 350 W Xenon 8
CdS/TiNT 1800 (uL g7) after 6h A>400 nm 350 W Xenon i
PHOTOELECTROCATALYSIS
Current (mA/cm?) 5 e
Catalyst Substrate Start potential (V) Irradiation source REF
Vs Epue 1.23
2 . e
Fe,04/TiNT FTO 4.00 0.8 100 mW{;Z’_;e Vgggv'vr)' adiation ©
2 .. .
Fe,0/TiNT FTO 4.00 0.8 100 mW{IfIZ—)tJe Véggv'vr)r adiation 30
HTiNT FTO 0.04 1.5 UV 150 mW/cm’ 3
Cu,0/ZnONR FTO 1.35 0.4 AM 1.5G 2
ZnONR ITO 1.6 0.0 AM 1.5G 3
MWCNT/ZnONR FTO 15 0.0 AM 1.5G i
Au/ZnONR Zn foil 2.2 0.0 AM 1.5G »
Ni/ZnONR FTO 0.9 0.4 150W Xe arc lamp 3
Au/ZnONR FTO 1.3 0.2 AM 1.5G 7
Cu,0/ZnONR FTO 0.6 0.0 AM 1.5G 3
Au/ZnONR PET 2.2 -0.25 UV 100 mW cm’ 3

trend of recent developments and applications of composite
nanomaterials. This strategy can synergistically contribute to
the advantages of their individual components, thereby
reducing their shortcomings4o'42.

ZnONRs develop a positive zeta potentia|43, and titanate
nanotubes have a relatively large negative zeta potential in
water*, favoring the preparation of a multiscale hierarchical
electrode composed of these two materials by simply mixing
them and using the opposite zeta potentials to adhere them
together.
ZnONRs was not strong enough to form decorated films with a

However, the interaction between TiNTs and
high amount of TiNT. To improve the interaction, we decided
to use a bridge to link these two nanomaterials. Glycine was
chosen to play this role because it is known that the surface of
45'47, whereas
the TiNT surface can form strong bonds with amino groups48.
Few studies involving ZnO and glycineﬁ'g'52 and TiNT
modification with glycine53 were reported in the literature.

ZnONRs has a good affinity to carboxylic groups

This study describes a novel class of multihierarchical
electrodes based on TiNT and ZnONR obtained via a simple
two-step method. This strategy allowed us to (i) overcome the
TiNTs agglomeration issue, (ii) increase the surface area of
interface between semiconductors and liquid solvent and (iii)
maintain open pore
Additionally, we report an enhancement of the charge
separation observed by an increased photoelectrocatalytic
response electrodes, as a
photoanode for water splitting under sunlight conditions.

structure of the solid electrode.

using the multihierarchical

Experimental
Multihierarchical electrode preparation procedure

Reactants. Zinc nitrate  hexahydrate

(HMT)

Zn(NOs),-6H,0,

hexamethylenetetramine and glycine (gly) were

This journal is © The Royal Society of Chemistry 20xx

obtained from Sigma-Aldrich and were used without further
purification. Titanate nanotubes were prepared using an
alkaline hydrothermal process according to the literature with
minor modifications>" >>.

ZnONR and ZnONR+gly films. FTO glass was used as the
substrate to grow the ZnONR and ZnONR+gly films. Substrates
with dimensions of 2.5 x 4.0 cm were cleaned three times by
sonication in ethanol, deionized water and acetone for ten
minutes. To grow the films, a two-step method based on the
literature with minor modifications was used"°. First, a seed
layer was prepared by dripping aqueous solutions of Zn(NO3),
(1.5 mL, 0.5 mol L'l) and HMT (1.5 mL, 0.5 mL) on the
substrates. After 5 min of deposition, the substrates were spin
coated for 6 s at 500 rpm then for 30 s at 3000 rpm. Finally,
they were dried and annealed at 210 °C for 15 min. ZnONR
films were grown in a second step using a hydrothermal
method by soaking the modified substrates in a mixture of
Zn(NOs), (0.1 mol L'l) and HMT (0.1 mol L'l), maintaining their
volume ratio at 1:1. The hydrothermal growth was performed
at 100°C for 4 h in a sealed beaker. To grow ZnONR+gly films,
glycine was added to the growth mixture, while maintaining
the molar ratio of Zn:gly at 5:1.

For the
preparation of a stable suspension of titanate nanotubes,

Preparation of TiNT and TiNT+gly suspension.

100 mg of TiNT was suspended in 100 mL of deionized water
by sonication for 3 h using an UltraSonic Cleaner — SW2000FI|
(Sanders); the sonication also helps to reduce the length of
TiNT?. After allowing the suspension to stand for 24 h, the
precipitate was separated from the stable colloid by decanting.
The concentration of titanium in the TiNT suspension was
estimated as 5 mmol L7, according to procedures previously

J. Name., 2013, 00, 1-3 | 2
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described in literature™. To prepare titanate nanotubes
modified with glycine (TiNT+gly), the TiNT suspension was
stirred with gly (molar ratio of 1:1 — Ti:gly) for 30 min at room

temperature.

Decoration of ZnONR films with TiNT. The TiNT suspension
was diluted to 2.0 mmol L™ in a mixture of deionized water
and ethanol (1:1). The ZnONR film was soaked in the obtained
suspension under stirring for 30 min at room temperature. The
resultant film was dried in air to form the ZnONR film
decorated with TiNT (TiINT->ZnONR). The same procedure was
used to decorate ZnONR+gly films with the TiNT suspension to
TiNT->ZnONR+gly films. Finally, the TiNT+gly
suspension was used to decorate ZnONR films, forming
TiNT+gly—=>ZnONR. In this procedure, the TiNT+gly suspension
was diluted to 2.0 mmol L'l, and then the procedure previously
described was followed to obtain the TINT->ZnONR film.

Table 2 summarizes the electrode labels as a function of their

obtain

preparation conditions; these names are used throughout the
text.

Adsorption of methylene blue (MB) over TiNT was used to
quantify the present the
multihierarchical electrodes. Decorated films were dipped in a
0.01 mol L™ MB solution for 8 h, and then the absorbance of
MB was measured using a UV-Vis spectrometer (Double beam
UV-Vis Spectrophotometer — Sinco).

amount of nanotubes on

Structural and physical characterization

Scanning electron microscopy (SEM) images were obtained
using an SEM-FEG HR Inspect F50 (FEl) scanning electron
microscope, located at the Laboratory of Electron Microscopy
of the Nanotechnology National Laboratory, Campinas, Brazil.
The electronic transmission microscopy (TEM) and Energy
Dispersive X-ray (EDX) analysis were conducted using a TECNAI
F20 FEI microscope, operating at 200 KV. The TEM images and
EDX analyses of TINT-ZnONR was obtained from removing the
substrate the formed film with a scalpel blade. The removed
powder was dispersed in isopropyl alcohol and dripped on a
carbon coated copper grid. The crystalline phase of ZnONR and
ZnONR+gly films was determined by powder X-ray diffraction
(XRD) using a D8 (FOCUS) X-ray spectrometer equipped with a
Cu Ka radiation source operating at 40 kV and 40 mA. The XRD
profiles were collected between 5° and 70°. Zeta potential
analyses ({-potential) were performed using a Zetasizer Nano
ZS (Malvern) with high concentrated suspensions of the
samples in water. The films’ surface hydrophobicity was
determined by measuring the water contact angle (WCA) using

Table 2.Electrode labels and preparation conditions.

Preparation conditions Obtained electrode
Nanotube suspension Nanorod film Labels
TiNT (2.0 mmol L) ZnONR TiINT->ZnONR
TiNT+gly (2.0 mmol L) ZnONR TiNT+gly->ZnONR
TiNT (2.0 mmol L) ZnONR+gly TiNT->ZnONR+gly

This journal is © The Royal Society of Chemistry 20xx

a WCA analyzer (DigiDrop MCAT, GBX).

Electrochemical and photoelectrochemical measurements

Electrochemical measurements were performed in a three-
electrode cell with a quartz window coupled with a
potentiostat/galvanostat (uAutolab 1ll). For these analyses, the
pure and modified ZnO films were used as the working
electrode, Ag/AgCl in saturated KCl as the reference electrode
and platinum foil as the counter electrode. The measured
potentials vs. Ag/AgCl were converted to the reversible

hydrogen electrode (RHE) scale according to Eq. (1):

Erne = Eag/agart 0.059 pH + E°pg/nqci (1),

where Egye is the converted potential vs. RHE, E°pg/ac=0.1982
V at 25 °C, and Epgaga is the potential experimentally
measured against the Ag/AgCl An
aqueous solution of 0.01 mol Lt Na,SO, (pH 7.9, Sigma-Aldrich,
99.9 %) was used as the electrolyte. Linear sweep voltammetry

reference electrode.

(current density vs. applied potential) was performed in the
dark and under sunlight-simulated conditions at a scan rate of
50mvs™.

Chronoamperometry (current vs. time) was performed at
1.23 Vgye under sunlight-simulated conditions. The sunlight-
simulated conditions were obtained using a 450 W xenon lamp
(Osram, ozone free) and an AM 1.5 filter. The light intensity
was set to 100 mW cm™.

The incident photo-to-current conversion efficiency (IPCE) was
measured as a function of the excitation wavelength (1) using
a 300 W Xenon-Ozone Free lamp coupled to a Cornerstone 260
monochromator (Oriel Quantum Efficiency Measurement Kit).
The IPCE was calculated using the following equation:

IPCE = (I(A) 1240 / E(A) 1. ) 100 (2),

where I(A) is the photocurrent density (LA cm'z), and E(A) is
the irradiance (UW cm'z).

Results and Discussion
Multihierarchical electrode characterization

SEM images of ZnONR (Figure 1a) and ZnONR+gly films (Figure
S1) show that the rods have a hexagonal shape and their
surface is very smooth which is consistent with described in
the literature® 2. The average diameters of the rods are 490
nm and 400 nm for the ZnONR and ZnONR+gly films,
respectively. The ZnONR film also exhibits better vertical
alignment and higher density than the ZnONR+gly film.

TiNTs are much smaller than ZnONRs; therefore, it is possible
to decorate each rod with several nanotubes, which can be
seen in the SEM images of TiNT->ZnONR, TiNT+gly->ZnONR
and TiINT->ZnONR+gly films (Figure 1b-d). The images also
revealed that the TiNTs are homogeneously dispersed along
the rods without forming agglomerates, which is very common
when other methods to obtain TiNT films are used.

J. Name., 2013, 00, 1-3 | 3
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Figure 1. SEM images of (a) ZnONR, (b) TINT->ZnONR, (c) TiNT+gly->ZnONR, and (d) TINT->ZnONR+gly films.

The amount of TiNT decorating these films was measured by
an indirect method involving MB. In aqueous solution the dye
experience electrolytic dissociation resulting in cationic specie,
therefore it is strongly adsorbs on the surface of TiNTs which
develop negative zeta potentialss. Absorbance spectra of all
samples were recorded (Figure S2) and the absorption of the
dye was measured at its maximum absorption of 654 nm. The
difference in absorbance between MB-coated
films and non-decorated ZnONR and
ZnONR+gly films (AA) was determined, revealing that the
amount of nanotubes decorating the rods increases in the
following order: TiINT->ZnONR (AA=0.0038) <
TINT->ZnONR-+gly (AA=0.013) <TiNT+gly->ZnONR (AA 0.017).

This result can be associated with the presence of glycine,

multihierarchical

which appears to change the zeta potential of the investigated
nanomaterials, with values of +23.32 mV and +6.65 mV for
ZnONR+gly and ZnONRs films, respectively, and -34.90 mV and
-36.40 mV for TiNT and TiNT+gly, respectively. These results
indicate that gly promoted changes the

over surface

This journal is © The Royal Society of Chemistry 20xx

composition, modifying its point of zero charge. This change is
directly correlated with the zeta potential value®’; thus, the
modification of zeta potentials may increase the electrostatic
interaction between rods and tubes. It is already known that
the NH;" and COO™ groups can chemically bond to ZnO and
TiNT>!33; thus, gly can also act as a bridge linking the two
structures through a strong chemical bond. These results show
that glycine successfully played its role in increasing the
interaction between the tubes and rods, resulting in films with
a higher amount of TiNTs. The modification of TiNT and
ZnONRs with glycine was also proved by FT-IR spectroscopy,
and the results are shown in the supporting information in
Figure S3.

The XRD patterns of ZnONR and ZnONR+gly films (Figure 2)
were compared with those available in the Inorganic Crystal
Structure Database (ICSD) showing the wurtzite ZnO
pattern(ICSD 26170 and 180050). The enhanced (002) peak
results from the preferred c-axis orientation of the ZnO
nanorods®® ®.

J. Name., 2013, 00, 1-3 | 4
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Figure 2. XRD Patterns of ZnONR and ZnONR+gly films and the crystalline

structure of wurtizite.

The XRD patterns of the ZnONR and ZnONR+gly films are highly
similar, showing only a small change in the relative intensity of
peaks, which can be ascribed to the small difference in the
length of the rods in each film. Besides, due to the thin
thickness and relatively small mass fraction of TiNT onto
ZnONR surface, it was not possible to obtain an XRD signal
with sufficient signal to noise ratio from the composite film
edge. We have attached the typical XRD patterns of TiNT
powder to the supplementary file for reference, and it is
similar to those observed in the literature (see Figure S4)62. In
order to confirm the presence of TiINT modifying the ZnONR
surface it was obtained TEM images of the TiNT+gly->ZnONR
film (Figure S5a), where is possible to see the presence of thin
TiNT deposited over the ZnONR surface, indicated by the red
arrows in the images. In addition, the energy dispersive x-Ray
analysis (EDX, Figure S6) was carried out in the selected area
(red dashed circle) shown in the TEM image (Figure S5b and c)
confirm that the TiNT was successfully attached at the ZnONR
surface.

The wettability of ZnONR and ZnONR+gly films with the
electrolyte used in the electrochemical experiments
(0.01 mol Lt Na,SO, in water) was measured and is displayed
in Figure 3. Contact angles of 78° and 98° were observed for
ZnONR and ZnONR+gly, which are ascribed to hydrophilic and
hydrophobic surfaces, respectively. This behavior can be
related to film morphology (or roughness), which suggests an
amount of air could be trapped within the interstices. This
trapped air pressure balances the gravity, and the surface
tension of the water is responsible for maintaining the
spherical shape of the droplet ¥. The film with a higher volume
of air (ZnONR+gly, see SEM images) effectively prevents the
penetration of water droplets into the grooves, thereby

a b

Figure 3. Contact angle images of Na,SO, 0.01 mol L* aqueous solution
droplet on the surface of (a) ZnONR and (b) ZnONR+gly films.

This journal is © The Royal Society of Chemistry 20xx
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increasing the hydrophobicity.

Electrochemical and photoelectrochemical studies

The obtained multihierarchical electrodes were applied as
photoanodes in water splitting experiments. Figure 4a exhibits
the photocurrent density versus voltage (measured against a
reversible hydrogen electrode as a reference) curves of all the
electrodes in the presence and absence of sunlight-simulated
irradiation (AM 1.5G).

The mechanism for water splitting in half of
photoelectrochemical cell, catalyzed either by TiNT and
ZnONR, involves the oxidation of H,0 to form O, using the
photogenerated holes®®. In the dark, the e and h" are
combined at the valence band of the semiconductors; thus, no
catalytic effect is obtained, as can be observed for all
electrodes, represented by the dashed lines in Figure 4a. The
0O, evolution, in this case, is only observed when high
potentials are applied (via electrolysis). When the complete
device (composed by the multihierarchical electrodes and
noble metal as anode and cathode, respectively) is irradiated
by light, the electrons from the valence band are promoted to
the conduction band. Because E¢g is more negative than Ey, 50
and Eyg values are more positive than EOZ/H2064’ 63 H, and O, are
produced at a lower potential (approximately 0 V), and high
currents are generated (solid lines in Figure 4a).The capability
of these systems is only demonstrated when irradiated with

1,6
——ZnONR 3
1,4| — ZnONR+gly
——TINT_ZnONR
1,2 TINT_ZnONR+gly -
1,0 ]——TINT+gly_ZnoNR ‘§,
]
© 0,8
<
£ 0,6
~0,4-
02] x
7 S
0,0- . . . = lvQ
0,0 0,4 0,8 1,2 1,6 2,0
E (V vs RHE)
—-_— 000 b
FTO ZnONR TiNT

H,0
2H,0 +8htg, > O, +4H°

] Counter

Ohmic | q!
electrolyte Electrode

contact Multihierarchical structure
Work Electrode

Figure 4. (a) Photocurrent (J) vs.voltage (Vrue) curves without and with
sunlight irradiation, measured using a scan rate of 50 mV st Electrolyte:
0.01 mol L Na,S0y; (b) Schematic representation of photoelectrocatalytic
water splitting using the TiNT/ZnONR-based multihierarchical electrodes.

J. Name., 2013, 00, 1-3 | §




Journal of-Materials:Chentistry A

light, which is also proved in the chronoamperometry
experiments in which the light is turned on and off at defined
intervals. These results are shown in the supporting
information (Figure S7). Additionally, it has been found that
glycine may improve the contact between the tubes and rods,
consequently increasing the charge separationss. Even son, by
adding the gly solution to the electrolyte during the
chronoamperometry experiments (See supporting
information) it has been proved that the increment of the
current is not due an RedOx process of glycine.

The current densities obtained for pure zinc oxide nanorods
(ZnONRs and ZnONR+gly films) are lower than are those
observed for TiNT-decorated systems, which is a consequence
of the faster charge recombination that occurs with pure
ZnONRs. The formation of the heterojunction between
nanotubes and nanorods increases the photostability of the
electrodes due to the synergic contribution from the TiNT to
the ZnONR. Figure 4b shows a schematic representation of this
synergism.

When multihierarchical electrodes are irradiated, electrons are
photogenerated (either in TINT and ZnONRs)
immediately transferred from the CB from TiNT to the CB from
ZnONR due to the favorable potential difference between
them. These electrons flow to the FTO films and then to the Pt
counter-electro, through the electrical contact, to be used in
H'/H, reduction. The holes remaining in the valence band of
the two nanostructures are promptly transferred from ZnONR
to TiNT VB, which is also due the favorable potentials“‘ 63, and
used in H,0/0, reaction. Therefore, the formation of this
heterojunction improved the charge separation, hindering the
recombination of the photogenerated species and increasing
the observed photocurrents. Thus, the photocurrent density is
higher for the electrode with a higher content of TiNT, which is
the TiNT+gly->ZnONRs electrode, as can be observed in the
SEM images (Figure 1c). The electrodes based on ZnONR+gly
exhibit a lower response compared with electrodes based on
ZnONR films. This can be attributed to their low wettability,
which may affect the diffusion process (Figure 3). The
photocurrent values for all electrodes are summarized in
Table 3.

In addition, the photocurrent density stability at an applied
potential of 1.23 Vg, under sunlight-simulated conditions was
determined by chronoamperometry. Figure 5a corresponds to
the curves of photocurrent density versus time (60 min) for all
electrodes under illumination. The films showed very good
stability, which is an important requirement for their
application in photoelectrochemical devices. However,

and are

Table 3.Summarized values of photocurrent density for oxygen
evolution obtained for all electrodes under sunlight irradiation.

J(mAcm?)
Electrodes
1.23 Vrue 1.70 Vrue

ZnONR 0.45 0.54
ZnONR+gly 0.27 0.38
TiNT->ZnONR 0.62 0.77
TiNT->ZnONR+gly 0.57 0.71
TiNT+gly->ZnONR 0.90 1.20

6| J. Name., 2012, 00, 1-3

TiNT->ZnONR+gly and ZnONR+gly, represented by cyan and
green solid lines, respectively, in Figure 5a, displayed an
increasing behavior of photocurrent density dependent of
time. This result can also be explained by their low wettability,
indicating that these systems require more time in contact
with the electrolyte to start the chemical reaction at the
interface to generate photocurrent.

IPCE was measured at an applied potential of 1.23 Vg as a
function of the wavelength (nm) for all electrodes. IPCE values
for ZnONR (black line), ZnONR+gly (green line), TINT+ZnONR
(blue line), TINT->ZnONR+gly (cyan line) and TiNT+gly>ZnONR
(navy line) films were found to be approximately 20.0, 16.0,
76.0, 84.0 and 88.0% at 220 nm, and lower values of 18.0,
17.0, 20.0, 27.0 and 45.0% were observed at 360 nm,
respectively (Figure 5b). Consequently, the decorated film
exhibited enhanced IPCE values at higher wavelengths, which
can be related to the electron absorption changes caused by
the heterojunction. This is also observed in the reflectance UV-
Vis spectra, presented in the supporting information
(Figure S9). In general, the decorated electrodes exhibit
increased efficiency, which is also ascribed to the synergic
effect between TiNT and ZnONR, which promotes higher
photogenerated charge stability. Their photoelectrochemical

performance was analyzed using two complementary
1.0
TINT_ZnONR+gly a
0.8+ ~~ -
N 069 TINT+gly_ZnONR
g TINT+ZnONR
< 0.4 ‘/ZnONR+eg
E
= 0.2 N\ ZnONR
o-o T T T T T T T
0 10 20 30 40 50 60
Time (min)
90
1 —m— ZnONR
80\ —m—ZnONR+gly b
N —u— TINT_ZnONR
70> TINT_ZnONR+gly
w _\\\-—-7- —m— TINT+gly_ZnONR
x 60
>
S )}
N 504 \
- 4
& 40-
S 30
n_ 4
= 204
X T
10
0 T T T T =T T T
240 280 320 360 400 440 480

Wavelength (nm)

Figure 5. (a) Chronoamperometry plots (J vs time) performed at 1.23 Vgye.
(b) IPCE performed at 1.23 Vg for all electrodes. Electrolyte: 0.01 mol Lt
Na,S0,.
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techniques: (i) determination of IPCE and (ii) use of a sunlight
simulator (Xe-lamp with an AM 15G filter). The sunlight
simulator aids the evaluation of the electrode performance
under real conditions.  Using the IPCE measurements, we
determine the wavelength that elicits the highest response
(measured from 220 to 700 nm with a step of 10 nm). Then, it
is mandatory to integrate the IPCE data with that obtained
from a standard solar spectrum; the overall photocurrent must
be similar in both of the measurements. If this occurs, then the
sunlight simulator can be considered well calibrated. In the
present study, the calculated values of photocurrent density
were similar in both of the experiments (with a difference of
less than 5%), confirming the quality of the calibrated sunlight
simulator used.

From Table 1, it is possible to observe that TiNTs are widely
used as catalysts for water splitting; however, in most cases,
they are used as powders in photocatalytic reactions. Only a
few studies applied TiNT as photoanodesu' 3031 and in those
cases, the obtained films were formed by randomly orientated
TiNT, and the potential for O, evolution was approximately
0.8 V, which is much higher than the value achieved in this
work. Therefore, the synergic effect caused by the
heterojunction of TiNT and ZnONR goes beyond lowering the
charge recombination; it also enables the acquisition of a TINT
electrode without an agglomeration issue that can be used for
the photoelectrocatalysis of water, generating O, at lower
potentials than those reported previously in the literature**
31

It could be thought that the utilization of multihierarchical
electrodes based on TiO, nanomaterials, instead of titanate
nanotubes, could result in better performance. Indeed the
heterojunction of these two materials have been already
reported, including: vertically aligned ZnONR films decorated
with TiO, nanoparticle567; anodized TiO, nanotubes/ZnONR
hybrid“; or core-shell structure®. However, TiO, has more
negative conduction band than the ZnONR, meaning that the
photogenerated electrons would flowing to the opposite way,
from the ZnONR to the TiO,, resulting in less electrons flowing
to the counter electrode and lower efficiency of the system.
Therefore, the importance in using TiNT to build these
photoanodes is amplified, given rise to a new field of research,
involving the improvement of TiINT/ZnONR heterojunction.

Conclusions

Multihierarchical electrodes based on TiNT-decorated ZnONR
films (TINT->ZnONR) were reported for the first time. The
materials were prepared by a simple two-step route. First, the
hydrothermal synthesis of ZnONR films was performed;
second, the films were stirred with the TiNT suspension. The
amounts of TiNTs in the films are higher when glycine is added
(to act as a bridge) either to TiNT or to ZnONR before mixing
them to prepare the electrodes, obtaining TiNT+gly=>ZnONR
and TiNT->ZnONR+gly, respectively. The TiNTs were
homogenously dispersed over the surface of the rods without
forming agglomerates, which is common when other

This journal is © The Royal Society of Chemistry 20xx

techniques for preparing TiNT films are used. Thus, we may be
able to employ TiNT to obtain photoanodes for water splitting
experiments, which is highly unusual, once this material is
applied in its powder form in photocatalysis experiments. The
photoelectrocatalytic formation of H, and O, from water was
evaluated by acquiring photocurrents vs. potential curves. Due
to the synergic effect caused by the heterojunction of the
TiNTs and ZnONRs, the recombination rate of the
photogenerated charges was reduced, resulting in higher
photocurrents compared with pure ZnONR films (0.9 mA cm®
and 0.45 mA cm'l, respectively). Additionally, the potential for
oxygen evolution is lower than the pure TiNT electrodes
(0 V and 0.8 V vs. Egyg, respectively), providing a good concept
for further for improvements of photocatalytic performance of
metal oxide semiconductors. Further experiments are
underway in our laboratory to optimize the synthesis protocol
and to gain a better comprehension of the synergetic effects
between TiNTs and ZnONRs to enhance their performance as
photoanodes in PEC.
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