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and J. Garcia-Antón*

This work studies the photoelectrochemical behavior of novel ZnO/ZnS heterostructures obtained by

means of anodization in water and glycerol/water/NH4F electrolytes with different Na2S additions under

controlled hydrodynamic conditions. For this purpose different techniques such as Field Emission

Scanning Electronic Microscopy (FE-SEM) with EDX, Raman spectroscopy and photoelectrochemical

water splitting tests under standard AM 1.5 conditions have been carried out. The obtained results

showed that the hydrodynamic conditions promoted an ordered nanotubular morphology which

facilitates electron–hole separation and consequently, the photoelectrochemical activity for water

splitting is enhanced. Additionally, the effect of glycerol in the anodization solutions seems to be

beneficial for increasing the dark current photostability.
1. Introduction

Nowadays, the use of titanium dioxide (TiO2) as a photocatalyst
has gained special attention due to its outstanding proper-
ties.1–3 Zinc oxide (ZnO) is also an n-type-wide band gap semi-
conductor (3.37 eV) with similar characteristics as TiO2 but with
the advantage that ZnO possesses a higher electron mobility
(from 10 to 100 times higher in comparison to TiO2); i.e. a large
conductivity which makes ZnO a very suitable and promising
substitute for TiO2.4,5 Nevertheless, the photocatalytic efficiency
of ZnO is considerably low due to the rapid recombination of
the photogenerated electron–hole pairs. In order to overcome
this issue, recent studies6,7 have proposed the use of hybrid
semiconductors systems which might promote the separation
of electron–hole pairs and retain reduction and oxidation
reactions at two different sites.8 According to this, the recom-
bination of photogenerated electron–hole pairs may be sup-
pressed and consequently, the photocatalytic efficiency would
be increased. Due to its importance, several works have been
related to this topic; that is the formation of different hetero-
structures containing ZnO, such as: ZnO/ZnS,6,7,9 SnO2/ZnO,10

ZnO/In2O3,11 ZnO/Bi2O3 (ref. 12) and ZnO/ZnIn2S4.13

Among them, this study is focused on ZnO/ZnS hetero-
structures due to the good photocatalytic behavior of ZnS;7 i.e. its
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rapid electron–hole pairs generation together with a higher
negative reduction potential of the excited electron. In fact, ZnO/
ZnS heterostructures could reduce the recombination rate of the
charge carriers owing to their separated band gaps. That is, the
conduction band of ZnS lies on a more negative potential than
that of ZnO, whereas the valence band of ZnO is more positive
than that of ZnS.14 Under solar-simulated light, the photo-
generated electrons from the conduction band of ZnS nano-
particles could be transferred to that of the ZnO, and holes on the
valence band of ZnO can be transferred to that of the ZnS.

Usually, ZnO/ZnS heterostructures with different morphol-
ogies, such as nanowires,6,9 nanorings15 and other different
nanostructures,7 have been synthetized by means of solution-
chemical processes. These chemical processes generate a high
number of impurities in the nal products. A very good alter-
native to form nanostructures is anodization of zinc. This
technique makes possible to grow the nanostructures directly
on the metal substrate (back contact), so they can be used
directly as photoanodes, thus avoiding compaction or sintering
of nanoparticles on the metallic substrate.16 Whether the
correct electrolyte is selected, ZnO/ZnS heterostructures can be
formed on zinc by electrochemical anodization. There is scarce
literature that evaluates the photoelectrochemical behavior of
ZnO/ZnS nanostructures obtained by anodization.17 Addition-
ally, these studies are carried out anodizing under static
conditions.

In previous researches, we found that the geometry of the
TiO2 nanostructures could be modied by stirring the titanium
electrode during anodization.18 In the present work, ZnO/ZnS
heterostructures have been synthetized by electrochemical
anodization under stagnant and stirring conditions in Na2S/
RSC Adv., 2016, 6, 30425–30435 | 30425

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra03501a&domain=pdf&date_stamp=2016-03-23


RSC Advances Paper
NH4F electrolytes. The effect of Na2S concentration as well as
the inuence of glycerol in the electrolyte was also evaluated.
The morphology of the heterostructures was characterized
using eld emission scanning electron microscopy (FE-SEM)
with EDX and their crystallinity with Raman spectroscopy.
The nal purpose of this work is to study the photocatalytic
behavior of the formed ZnO/ZnS heterostructures for hydrogen
production by photoelectrochemical water splitting.

2. Experimental procedure

Anodization under hydrodynamic conditions was performed in
a 2-electrode electrochemical cell with a rotating electrode
conguration. The anode was a Teon coated zinc rod (8 mm
diameter, 99.999% purity) in a rotating electrode setup. For all
experiments, 0.5 cm2 of the sample was exposed to the elec-
trolyte. Prior to the anodization process, the zinc rod surface
was abraded with 500 to 4000 silicon carbide (SiC) papers, in
order to obtain a mirror nish. Aer this, the sample was
sonicated in ethanol for 2 min and dried in a N2 stream. For
anodization a voltage source was used, where the zinc rod
served as working electrode and a platinum foil (1 cm2) acted as
counter electrode. Four different electrolytes were used for
these experiments, which consisted of a solution with 0.025 M
NH4F and 0.06 M or 0.2 M Na2S in water or glycerol/water
(60 : 40 vol%) media. All the samples were anodized at 30 V
by increasing the potential from zero to the desired value at
a rate of 200 mV s�1, followed by keeping the end potential for 1
hour at two different rotation speeds: 0 and 2000 rpm, respec-
tively. Current densities vs. time were registered during
anodization.

Aer each test, a eld-emission scanning electron micro-
scope (FE-SEM) was used for morphological characterization of
the obtained samples. For photoelectrochemical water splitting
measurements, the nanostructures were annealed in a furnace
at 375 �C (heating at a rate of 30 �C s�1) in argon atmosphere for
4 hours. The materials were also examined by Raman spec-
troscopy (“Witec Raman microscope”) aer the heat treatment,
in order to evaluate their crystalline structure. For these
measurements the samples were illuminated with a 632 nm
neon laser using 420 mW.

For the photoelectrochemical water splitting tests, a three-
electrode conguration was used. The area of the nano-
structures (working electrode) exposed to the test solution was
0.13 cm2. A saturated Ag/AgCl (3 M KCl) electrode was used as
reference electrode, and a platinum tip was the counter elec-
trode. These measurements were carried out under simulated
sunlight condition AM 1.5 (100 mW cm2) in several electrolytes
in other to nd the most appropriate for characterizing the
formed nanostructures. In this way, the nanostructures were
evaluated in 1 M NaOH, 0.1 M Na2SO4 and nally, in the unique
solutions that prevents ZnO/ZnS dissolution, i.e. a mixture of
0.24 M Na2S and 0.35 M Na2SO3, which was previously degasi-
ed using nitrogen.

Photocurrent vs. voltage characteristics were recorded by
scanning the potential from �1.0 VAg/AgCl to 1.2 VAg/AgCl with
a scan rate of 2 mV s�1. Photocurrent transients as a function of
30426 | RSC Adv., 2016, 6, 30425–30435
the applied potential were recorded by chopped light irradiation
(60 s in the dark and 20 s in the light).

3. Results and discussion
3.1. Raman spectroscopy characterization

Fig. 1 and 2 show the Raman spectra of the as-anodized and
annealed ZnO/ZnS nano-heterostructures formed in the
different electrolytes, respectively. According to Fig. 1a and b,
the Raman spectra of the as-anodized samples show the same
grade of crystallinity, since several ZnO and ZnS characteristic
peaks could be elucidated. In both water and glycerol/water
electrolytes, peaks centered roughly at 333 and 438 cm�1 can
be discerned, which are related to second order Raman scat-
tering (E2(high)–E2 (low)) and E2 (high) of ZnO, respectively.19,20

The former is originated from multiple-phonon scattering
associated with Zn–O vibration21 and the latter to oxygen
atoms.22 Particularly, E2 (low) is associated with the vibration of
the heavy Zn sublattice, while E2 (high) mode corresponds to
band characteristic of wurtzite phase.23 Additionally, two
narrow bands are presented at �203 cm�1, �410 cm�1 and
�574 cm�1 which corresponds to the Raman scattering 2TA/
2E2(low), E1(TO) and A1(LO) respectively.19,24 On the other hand,
the TO phonon peak of ZnS was observed at �270 cm�1 and the
LO mode at �350 cm�1, which correspond to ZnS.7,24,25

Regarding Fig. 1b that shows the Raman spectra for the samples
anodized in glycerol/water electrolytes, an additional peak can
be appreciated at roughly 1100 cm�1 (see the highlighted box in
Fig. 1b). In the region of 900–1600 cm�1 the vibrational modes
originated from CCO, CH2 and COH deformations of primary
alcohols are found.26 In particular, the band at �1100 cm�1 is
associated with the C–OH mode27 due to the glycerol content of
the electrolyte. Therefore, the Raman spectra of the as-anodized
samples support ZnO and ZnS contents. Besides, EDX analysis
of the anodized nanostructures reveal the presence of Zn, O and
S in the atomic concentration of 42.90 � 0.69%, 50.72 � 2.36%
and 6.48 � 1.10%, respectively (Fig. 1c shows an example of the
EDX spectrum of the sample anodized in 0.2 M Na2S and 0.0125
M NH4F at 2000 rpm in water). In addition to the optical
phonon modes shown in Fig. 1a and b, a broad background
response is clearly seen in the Raman scattering of the as-
anodized samples and this effect is stronger for the nano-
structures annealed at 375 �C during 4 hours (Fig. 2). This
response is related to the photoluminescence (PL) occasioned
from ZnS, which is more marked aer annealing, due to the
high amount of ZnS aer the heat treatment. In fact, samples
aer annealing presented a more yellow-brownish colour owing
to their high sulphur content.6

Several authors observed this PL response in zinc-based
nanostructures (ZnO, ZnS or heterostructures of them) at
different wavelength, attributing the PL to a broad defect band
emission, such as oxygen vacancies, surface defects and so
on.6,28–31 Additionally, PL responses from ZnS nanostructures
were reported in the spectral region from red to green (700–520
nm).32,33 In particular, Kim34 obtained a broad PL response from
ZnS nanowires excited at 1.96 eV and they related this PL
response to defects in the ZnS nanostructures. In this study, the
This journal is © The Royal Society of Chemistry 2016



Fig. 1 Raman spectra of as-anodized ZnO/ZnS nanostructures at 0 and 2000 rpm in 0.2 and 0.06 M Na2S + 0.0125 M NH4F water: W (a) and
glycerol/water: GW (b) electrolytes. EDX analysis of the ZnO/ZnS nanostructure anodized at 2000 rpm in 0.2 M Na2S � 0.0125 M NH4F water
electrolyte (c).
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Fig. 2 Raman spectra of annealed ZnO/ZnS nanostructures at 0 and 2000 rpm in 0.2 and 0.06 M Na2S � 0.0125 M NH4F water: W (a) and
glycerol/water: GW (b) electrolytes.
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Raman measurements were performed using a l ¼ 632 nm,
which corresponds to 1.96 eV according to eqn (1).

E ¼ hc

l
(1)

where E is the energy in eV, h is the Plank's constant (6.626 �
10�34 J s ¼ 4.1356 � 10�15 eV s), c is the speed of light (3 � 108

m s�1) and l is the wavelength (632 � 10�9 m).
30428 | RSC Adv., 2016, 6, 30425–30435
Zhang30 observed that green, orange and red emissions
appeared for ZnO nanostructures aer annealing. They related
the green emission with oxygen vacancies and orange (l ¼ 632
nm) and red emission to surface state defects.35 The strong PL
shown in Fig. 2 originated by the defects of ZnO and ZnS
hinders the rest of the characteristic peaks of ZnO and ZnS.
Only some weak bands at �1300–1600 cm�1 might be appre-
ciated in the Raman spectra of the nanostructures formed in
This journal is © The Royal Society of Chemistry 2016
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glycerol/water electrolytes, due to the residual carbon
content.27,36
3.2. Morphological characterization with FE-SEM images

Fig. 3 shows the FE-SEM images of the ZnO/ZnS nanostructures.
It was established that the anodization of zinc in aqueous
electrolytes containing both sulde and uoride develops a top
compact layer and an underneath nanostructure.17 The former
mainly consists of ZnS and the later of ZnO. In the experiments
carried out in this work, aer anodization under static condi-
tions a very rough white precipitate was formed on the surface
of the anodized samples (Fig. S1a and b, S2a and b, S3a and
b and S4a and b†). On the one hand, the effect of owing
conditions (Fig. S1d and e, S2d and e, S3d and e and S4d and e†)
is to transform this coarse precipitate into a very smooth
anodized surface. Concerning the nanostructures formed in the
electrolytes with the lower Na2S concentration (0.06 M), it is
important to point out that the morphology obtained aer
Fig. 3 FE-SEM images of the ZnO/ZnS heterostructures anodized
under static conditions in 0.06 M Na2S + 0.0125 M water (a) and
glycerol/water electrolytes (b), respectively; under dynamic conditions
in 0.06 M Na2S + 0.0125 M water (c) and glycerol/water electrolytes
(d), respectively; under static conditions in 0.2 M Na2S + 0.0125 M
water (e) and glycerol/water electrolytes (f), respectively; under
dynamic conditions in 0.2 M Na2S + 0.0125 M water (g) and glycerol/
water electrolytes (h), respectively.

This journal is © The Royal Society of Chemistry 2016
anodization under static conditions is typical of nanosheets
which appear underneath the initiation layer (Fig. 3a and b). On
the other hand, the initiation layer is covered with star-like
shapes which give this layer a high roughness and surface/
area. This morphology can be clearly observed in the samples
formed in aqueous electrolytes (Fig. S1b and c†). On the other
hand, the nanosheets presented underneath the initiation layer
are connected one parallel to another with a feature size of
approximately 50 and 75 nm and a distance of roughly 1000 and
500 nm, for the samples anodized in aqueous and glycerol/
water electrolytes, respectively. Other authors also observed
the presence of nanosheets aer zinc anodization in different
electrolytes37,38 and they attribute this morphology to the quick
and fast dissolution of ZnO in water. Besides, if the zinc elec-
trode is stirred at 2000 rpm during anodization, keeping the rest
of the anodization parameters constant, an entirely different
morphology is formed, i.e. nanotubes are grown beneath
a smoother surface. This might be explained due to the fact that
for low Na2S concentrations, stirring may facilitate the growth
of ZnS initiation layer that is essential for the formation of the
nanotubes. This effect was previously observed in the anodiza-
tion of titania nanotubes where uoride content was limiting
the nanotubular structure formation.39 The nanotubes formed
in glycerol/water electrolytes are shorter compared to the ones
anodized in the aqueous solution (500 nm in comparison to
1000 nm, Fig. 3c and d). This fact might be related to the glyc-
erol nature of the electrolyte. That is, due to its higher viscosity,
all the transport processes in this electrolyte are slowed down.40

Besides, nanostructures anodized in glycerol electrolytes
resemble more a sponge rather than a nanotube. That is,
a connected nanoporous network, that resembles a sponge.18,41

This morphology might increase the surface area relation of the
nanostructure and additionally possesses a connected pathway
for the electron transport.

Fig. S2 and S4† presents the morphology of the ZnO/ZnS
nanostructures anodized in electrolytes containing Na2S 0.2
M. In aqueous electrolytes (Fig. 3e–h), the heterostructures
grown in all cases, in the form of nanotubes, regardless the
owing conditions. This is related to the higher sulde content
in the electrolyte, which leads to the formation of the ZnS
initiation layer and then, nanotubes might be formed under-
neath. Attending to Fig. 3e and g, the length of the nanotubes is
in the range of 800–1000 nm. Fig. S4† shows the ZnO/ZnS
nanostructures anodized in glycerol/water electrolytes.
Contrary to this, under these conditions, it can be indicated that
hydrodynamic conditions are determinant in the obtained
morphology. In fact, under stagnant conditions an hybrid
morphology between nanosheets and nanotubes (Fig. 3f) is
observed. Nevertheless, when rotating the zinc electrode at 2000
rpm during anodization, the formation of a mixture between
nanosponge and nanotubes with 1000 nm in thickness is ob-
tained (Fig. 3g and h). This may be attributed to the intrinsic
characteristics of the glycerol electrolyte. On the one hand, the
higher viscosity under static conditions could delay the
nanosponge/nanotubes formation but, on the other hand, the
hydrodynamic conditions might help the suldes and uorides
RSC Adv., 2016, 6, 30425–30435 | 30429
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to diffuse through the electrolyte and consequently the ordered
tubes are formed.

Additionally, likewise it occurred for the samples anodized
in the solutions containing Na2S 0.06 M, hydrodynamic condi-
tions make the surface of the nanostructures more homoge-
neous and smoother, especially for the nanostructures
anodized in glycerol/water media (Fig. S4d†).

3.3. Current density transients during anodization

Fig. 4 shows the current density transients during anodization
of zinc at 0 and 2000 rpm in the different electrolytes. When
samples were anodized in water electrolytes (Fig. 4a) the current
density transients show a sharp decrease in the early stage of
anodization, indicating the formation of a ZnS layer on the zinc
surface. For heterostructures anodized in 0.2 M Na2S electro-
lytes and at 2000 rpm in 0.06 M Na2S electrolytes, aer a certain
time, the current density rises slowly and decreases again, due
to the formation of the nanotubes. For these conditions, FE-
SEM images (Fig. 3c, e and g) reveal the formation of ZnO/ZnS
nanotubes. The trend of the current density is in agreement
with the TiO2 nanotubes formation by Ti anodization.42,43 For
the heterostructures anodized at 0 rpm and in electrolytes
containing Na2S 0.06 M, current density decreases from the
initial time until the end of the test, that is, there is a dissolu-
tion of the zinc surface and a subsequent formation of nano-
sheets. The trend of the current density (i.e. a sharp decrease
and then it stabilizes) was also observed by other authors that
obtained nanosheets from zinc anodization.44 Additionally, the
registers of the current density corresponding to the nano-
structures anodized in the 0.2 M Na2S electrolytes, present the
rise of the current density (aer its initial sharp decrease) earlier
when anodization was performed under stirring the zinc elec-
trode. This might indicate that owing conditions facilitate
nanotubes formation.

According to Fig. 4b, the current density transients of the
nanostructures synthesized in glycerol/water media present
a general trend of decreasing at the beginning of the test, and
then they reach an equilibrium state. The most remarkable fact
of these registers is the low current density values obtained
during anodization in electrolytes containing glycerol. This is
owing to the fact that electric current densities decrease as
water content decreases.45 These results are in agreement with
other studies that also found that the anodization process slows
down in the presence of glycerol, due to its higher viscosity.40

In general, some noise signals appear in the current tran-
sients of Fig. 4, especially working at static conditions. These
signals are related to the formation of bubbles during anod-
ization of zinc that were not removed in stagnant conditions.

3.4. Photoelectrochemical water splitting measurements

The ZnO/ZnS nanostructures were evaluated as photoanodes in
different solutions. It was found that either KOH or Na2SO4

solutions were not appropriate for ZnO/ZnS photo-
electrochemical water splitting characterization. Fig. 5 shows, as
an example, the evolution of the photocurrent vs. potential of one
of the anodized heterostructures in 1 M KOH (Fig. 5a) and in 0.1
30430 | RSC Adv., 2016, 6, 30425–30435
M Na2SO4 (Fig. 5b). Fig. 5a shows that in KOH solutions, the
photocurrent density of the nanostructure increases (dissolution
of the surface) and then decreases continuously (layer forma-
tion). Besides, no photocurrent pulses were observed when
sunlight was irradiated on the surface of the sample. This is due
to the presence of OH� ions that promotes the formation of
a precipitate on the surface of the nanostructures that hinders
their proper irradiation and, consequently, the water splitting
mechanism. On the other hand, heterostructures evaluated in
Na2SO4 solutions undergo photocorrosion, even working with
low concentrations (see Fig. 5b). Thismight be related to themild
acidic Na2SO4 nature since anodic zinc oxide is very easily dis-
solved in acidic conditions.37,46

In this way, it was decided to study the photoelectrochemical
water splitting of the heterostructures in a sacricial polysulde
electrolyte, in order to prevent their photocorrosion.17 That is,
Na2S in the solution acts as a hole scavenger: S2

2� ions, which
come from Na2S, can react with two holes to form S2

2�. The
aqueous SO3

2� ions added to the electrolyte act as hole scav-
enger as well as preventing a back reaction by reducing S2

2� to
S2�, and they can react with S2� to generate S2O3

2� in order to
prevent any sulfur deposition (eqn (2)–(5)). According to this,
the photogenerated holes oxidize Na2S and Na2SO3 instead of
water, improving the photocatalytic response of the
nanostructures.47,48

ZnO/ZnS + hn / h+ + e� (2)

2S2� + 2h+ / S2
2� (3)

S2
2� + SO3

2� / S2O3
2� + S2� (4)

SO3
2� + S2� + 2h+ / S2O3

2� (5)

Besides, Kushwaha6 observed that ZnS, with an 1.3 eV higher
conduction band position than the ZnO, induced faster electron
transfer to the conduction band in photoelectrochemical water
splitting tests of ZnO/ZnS heterostructures.7,49 Therefore, it may
be an easy ow of photogenerated electrons towards ZnO and
holes towards the electrolyte via ZnS and this faster photo
charge collection results in improved water splitting
performance.

Fig. 6 shows the photoelectrochemical water splitting perfor-
mance under simulated sunlight AM 1.5 conditions for the
different nanostructures in the Na2S/Na2SO3 solution. It can be
observed in terms of the photocurrent transient vs. potential
curves that the nanostructures obtained under hydrodynamic
conditions, and the one anodized at 0 rpm in water electrolytes
containing 0.2 M Na2S, present a higher performance. This
means that electrochemical degradation of the electrode (higher
photocurrent densities) did not occur. The nanostructure is
stable under dark conditions and its photocurrent densities
increase when they were irradiated by the solar light. If the
photocurrent response of the mentioned samples is compared
with their FE-SEM images (Fig. 3c–e, g and h), it can be observed
that the best photoelectrochemical water splitting response is
directly related to the nanotubular/nanosponge morphology,
This journal is © The Royal Society of Chemistry 2016



Fig. 4 Current density transient recorded during anodization for all the samples anodized in water: W (a) and glycerol/water: GW (b) electrolytes.
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which in the majority of the cases is promoted by stirring the
electrolyte during anodization. In addition, the intrinsic high
viscosity of glycerol improves the stability of the dark photocur-
rents obtained for the heterostructures anodized in these elec-
trolytes (Fig. 6b). In those cases, dark photocurrents are close to
zero. Besides, Fig. 6 also shows that the photocurrent is potential
This journal is © The Royal Society of Chemistry 2016
dependent, since it increases as the applied potential is scanned
towards more positive values. In general, the photocurrent
densities of the heterostructures are higher than the ones ob-
tained in previous studies50 or of the same magnitude order of
ZnO/ZnS nanostructures synthesized on uorine-doped tin
oxide.6,51 All these works produced the heterostructures by
RSC Adv., 2016, 6, 30425–30435 | 30431



Fig. 5 Photocurrent density transients of the ZnO/ZnS nanostructures anodized at 2000 rpm in 0.2 M Na2S + 0.025 M NH4F aqueous solutions
measured in 1 M KOH (a) and in 0.1 M Na2SO4 (b) under AM 1.5 illumination, as a function of the applied potential.
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chemical methods which involve several and, in some cases,
straightforward steps. In contrast, with the electrochemical
anodization technique used in this study, the heterostructures
30432 | RSC Adv., 2016, 6, 30425–30435
are directly grown on the metal substrate (back contact), they can
be used directly as photoanodes, thus avoiding compaction or
sintering of the nanoparticles on the metallic substrate.
This journal is © The Royal Society of Chemistry 2016



Fig. 6 Photocurrent density transients of the different ZnO/ZnS nanostructures anodized in aqueous (a) and glycerol/water (b) electrolytes
measured in a 0.24 M Na2S and 0.35 M Na2SO3 solution under AM 1.5 illumination, as a function of the applied potential.
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From all the evaluated samples, the best results are found for
the heterostructures anodized if stirring the electrode at 2000
rpm in glycerol/water electrolytes containing the highest Na2S
This journal is © The Royal Society of Chemistry 2016
content (0.2 M), owing to the higher increase of the photocur-
rent densities obtained under illumination (even at 1.2 VAg/AgCl)
and the low photocurrents in dark conditions. Therefore, it is
RSC Adv., 2016, 6, 30425–30435 | 30433
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proved the benecial effect of the nanotubular/nanosponge
morphology together with the stability of the dark photocur-
rents provided by glycerol.

Fig. S5† shows as an example, the photostability in 0.24 M
Na2S and 0.35 M Na2SO3 solution during 1 hour of the hetero-
structure anodized in 0.2 M Na2S + 0.025 M NH4F glycerol/water
solution stirring the electrolyte at 2000 rpm, holding at 500 mV
the potential under AM 1.5 illumination. From Fig. S5† it can be
clearly observed that ZnS/ZnO synthesized at higher rotation
speeds are stable with time.

4. Conclusions

The presence of ZnO and ZnS on the nanostructures anodized
from zinc is conrmed by Raman spectroscopy and EDX.
Raman spectroscopy also showed the presence of photo-
luminescence occasioned by surface defects which is specially
more marked aer annealing.

The morphology of the heterostructures was strongly
dependent on the electrolyte composition and the hydrody-
namic conditions used during anodization. Nanotubes/
nanosponges were obtained under hydrodynamic conditions
in all the studied electrolytes.

The viscous nature of glycerol slows down the anodization
process and improves the photostability of the nanostructures.

The heterostructures succeed as photococatalyst for photo-
electrochemical water splitting in polysulde aqueous solu-
tions. The best results were obtained for the nanostructures
anodized under stirring conditions and in glycerol/water
electrolytes.
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Garćıa and J. Garćıa-Antón, Enhancement of
Photoelectrochemical Activity for Water Splitting by
Controlling Hydrodynamic Conditions on Titanium
Anodization, J. Power Sources, 2015, 286, 224–231.

17 N. K. Shrestha, K. Lee, R. Hahn and P. Schmuki,
Electrochemistry Communications Anodic Growth of
Hierarchically Structured Nanotubular ZnO Architectures
on Zinc Surfaces Using a Sulde Based Electrolyte,
Electrochem. Commun., 2013, 34, 9–13.

18 R. Sánchez-Tovar, K. Lee, J. Garćıa-Antón and P. Schmuki,
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