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Abstract

In this work, ZnO nanowires with high aspect ratio were obtained by fast and simple
electrochemical anodization. Morphological, structural and photoelectrochemical
characteristics of the synthesized ZnO nanowires were evaluated by using different
techniques: field emission scanning electron microscopy, atomic force microscopy, high
resolution transmission electron microscopy, Raman spectroscopy, X-ray diffraction, X-
ray photoelectron spectroscopy, UV-VIS spectroscopy, Mott-Schottky analysis and
photoelectrochemical impedance spectroscopy. The synthesized ZnO nanowires
presented high roughness and high crystallinity. Besides, surface defects were identified
in the sample. The value of the donor density (Np) was in the order of 10%° cm™ in the
dark and 10%° cm™ under illumination. In addition, the ZnO nanowires presented good
photosensibility, with a photocurrent density response 85 times higher than a ZnO
compact layer, and lower resistance to charge transfer. The charge transfer processes
taking place at the ZnO/electrolyte interface were studied, since these processes strongly
influence the photoelectrocatalytic efficiency of the material. According to the results,
the charge transfer of holes in the synthesized ZnO nanowires occurs indirectly via
surface states. In this regard, surface states may be an important feature for
photoelectrocatalytic applications since they could provide lower onset voltages and

higher anodic current densities.

Keywords: ZnO nanowires, charge transfer, surface states, XPS, photoelectrochemical

impedance spectroscopy.
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1. Introduction

Problems associated with the use of fossils fuels as primary energy source promote the
development of clean and sustainable energy systems [1]. In this context, the energy from
the Sun is the most abundant energy source [2,3]. In contrast to most energy sources, it is
completely clean and free [4]. Nevertheless, its intermittency due to diurnal and stational
variations [5] and the permanent energy demand [2,6] constitutes the main challenges
concerning its broad use. A promising solution is the storage of the solar energy by its
direct conversion into chemical fuels, such as hydrogen, by using semiconductor

materials for light harvesting [7-9].

Since titanium dioxide (TiO2) was employed by Fujishima and Honda in the 70s as a
photoanode of a water splitting photoelectrochemical cell [10], TiO2 has been the most
studied material for this application [11]. However, interest in other materials such as zinc
oxide (ZnO) has increased in the last few years. ZnO is an n-type semiconductor with a
wide direct band gap value (~3.3 eV), very similar to TiO, that mainly allows light
absorption in the UV range. It presents high charge carriers mobility of 200 cm2Vv-1s? for
the electrons and 180 cm2V-1s? for the holes [12] and a higher electron diffusivity than
TiO2 [13]. In addition, it is nontoxic [14-16], biologically compatible [17] and
biodegradable [14], facile to synthesize [18], non-expensive [11,19] and presents high
photostability [7]. Hence, ZnO is an interesting material that could be used to replace
TiOz in photocatalytic and photoelectrocatalytic applications. It could be employed, for
example, to split the water molecule upon irradiating the semiconductor electrode in an
electrolyte with the aim of obtaining hydrogen or to generate hydroxyl radicals from water
oxidation which, in turn, could oxidize organic pollutants present in wastewaters. In that
sense, Hernandez et al. [11] observed a better photoelectrochemical behavior of ZnO

nanowires compared to different TiO2 nanostructures.

Nanostructuring strategies have been employed in order to enhance photoelectrocatalytic
performance of materials [9]. Since nanostructured morphology increases the specific
surface area, light absorption is enhanced [20] and thus, more carriers are photogenerated
[21]. Moreover, the electron and holes recombination is decreased owing to the reduction
of the diffusion path lengths [20]. Additionally, the type and the size of the nanostructured
morphology strongly influence the photoelectrocatalytic performance of ZnO [22-24]. In

particular, one-dimensional morphology, including nanowires, presents certain



advantages [25] such as a significant surface-to-volume ratio [20] that enhances light
absorption and a remarkably improved charge transfer along the longitudinal direction,
which promotes the separation of the photogenerated charge carriers decreasing
recombination [26]. Besides, the thin walls created due to the small wire diameter enhance
hole diffusion towards the electrolyte [27].

So far, several methods have been used to synthesize ZnO nanostructures. These methods
can be divided into vapor-phase-based methods and liquid-phase-based methods.
Examples of vapor-phase-based methods are sputtering, thermal evaporation or pulsed
laser deposition. Concerning liquid-phase-based methods, techniques such as sol-gel,
hydrothermal or electrochemical methods fall within this second type [28]. Among these
liquid-phase methods, electrochemical anodization seems to be very promising since it is
relatively low cost, simple, and fast [20]. In addition, it allows large-scale synthesis [20]
and a great controllability in size and morphology of the synthesized nanostructures. All
these facts contrast with the majority of methods that require complicated procedures
[29], costly setups [29,30] and specific environmental conditions [22], or long reaction
times [29,30]. Moreover, through anodization the nanostructures grow directly on the
metallic zinc substrate, acting as the back contact of the photoanode [20,25,31]. Among
the electrolytes employed for the anodization of zinc, bicarbonate-based solutions seem
to be very interesting since they allow the ZnO nanowires formation at room temperature,

low voltages (10 V) and short times (10 min), as reported in previous works [20,24].

A simple photoelectrochemical (PEC) cell configuration for water splitting using an n-
type semiconductor consists of a photoanode and a metal cathode, both immersed in an
electrolyte [32]. When the photoanode is under illumination, it absorbs photons with
energy higher than the band gap energy of the semiconductor and, consequently, electrons
from the valence band are excited to the conduction band, producing a positive hole in
the valence band. These photogenerated electrons and holes are spatially separated since
an electric field is formed inside the semiconductor, thereby preventing recombination.
Nevertheless, an external bias is applied in order to enhance charge separation and
kinetics. The photogenerated electrons are aimed at the metallic back contact and are
transported via an external wire to the metallic cathode where they reduce water with the
subsequent formation of hydrogen gas. The photogenerated holes are driven to the

semiconductor/electrolyte interface, where water oxidation takes place [12].



Apart from the production of hydrogen through photoelectrochemical water splitting,
ZnO nanostructures can also be used in other photoelectrocatalytic applications, such as
in dye sensitize solar cells (DSSCs) to produce electricity from solar light and in the
degradation of persistent and toxic organic compounds from wastewaters via the

generation of hydroxyl radicals by electron holes [28].

Photoelectrocatalytic efficiency of semiconductors is dependent on charge transfer and
recombination competition and on charge trapping events which take place at the
semiconductor/electrolyte interface under illumination [8]. Therefore, knowledge of these
interfacial characteristics is essential to achieve an enhancement of the semiconductors
performance for its application in solar fuel production [7,33]. Two types of charge
transfer mechanisms have been described in scientific publications: hole transfer directly
from the valence band and indirectly via surface states [7]. Surface states are
modifications that occur on the surface with respect to the bulk of the semiconductor.
These states appear as a consequence of the sudden termination of the crystal lattice and
can be caused by the adsorption of electrolyte molecules, vacancies and other structural
defects that occur on the surface [32,34]. These states could introduce energetic levels
between the semiconductor valence band and the conduction band [34,35], that could act
as recombination centers or, on the contrary, may enhance charge transfer [36]. In the
latter, surface states could be an important feature for hydrogen production since they
could facilitate lowering onset voltages and higher anodic photocurrent densities [7,37].
In this context, photoelectrochemical impedance spectroscopy (PEIS) is a powerful
technique for the study of recombination and charge transfer processes occurring at the

semiconductor/electrolyte interface under illumination [34].

The major aim of this work is to investigate the charge transfer mechanism under
simulated solar light of ZnO nanowires synthesized by simple anodization in bicarbonate
electrolyte. The knowledge of the charge transfer mechanism is important to subsequently
design and fabricate tuned nanostructures in order to enhance their photoelectrocatalytic
performance. Additionally, the knowledge of the morphological and structural
characteristics of the nanostructures is evaluated through field emission scanning electron
microscopy, atomic force microscopy, high resolution transmission electron microscopy,
Raman spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy and UV-VIS

spectroscopy. Likewise, the photoelectrochemical behavior of the samples is examined.



Finally, the samples are studied by Mott-Schottky analysis and photoelectrochemical

impedance spectroscopy (PEIS).
2. Experimental procedure

2.1. Synthesis

On the one hand, ZnO nanowires were formed by electrochemical anodization in a 2-
electrode cell with a zinc rod (99,999 % purity, 8mm) anode and a platinum foil cathode
(Figure S1). On the other hand, a ZnO compact layer was fabricated for comparison by
etching the zinc rod in a solution of 5 % HCI for 30 s [34]. Previously to anodization, the
zinc rod surface was polished with 240-4000 SiC papers to achieve a mirror finish. Next,
the degreasing of the samples was carried out by sonication in ethanol for 2 min. Then,
the electrodes were rinsed with distilled water, dried in an air stream and covered with
Teflon to just expose the top surface (0.5 cm?) to the electrolyte. Anodization was
performed in a 50 mM NaHCOs aqueous electrolyte containing 10 v/v % ethanol at 10 V
for 10 min at room temperature [24]. During the process, current density versus time was
recorded. Once the ZnO nanostructures were formed on top of the Zn rods, thin slices (4-
5 mm in height) were cut from these rods by using a cutting machine. Nanostructures
were protected lest they undergo damage during this process. Finally, thermal annealing
of the as-prepared samples was carried out at 300 °C for 1 hour in air atmosphere.

2.2. Morphological characterization

The morphology of the electrodes was examined by using a Field Emission Scanning
Electron Microscope (FE-SEM), while the nano-scale roughness of the samples was
characterized by means of an Atomic Force Microscope (AFM) using AC mode with an
oscillating cantilever (0.5 V). The parameter Sa (arithmetical mean height of the surface)
was calculated to evaluate the surface roughness of the electrodes. Structural,
compositional and morphological characterization of the nanostructures was also carried
out by Transmission Electron Microscopy (TEM) and high resolution TEM (HRTEM).
The equipment used is a FEI Field Emission Gun (FEG) TECNAI G2 F20 S-TWIN
microscopy working at 200 kV. Energy Dispersive X-ray Spectroscopy (EDX) in TEM
nanoprobe mode was used to obtain the chemical composition of the nanostructures. A
piece of the samples was cut and sonicated in ethanol for several minutes. Then a drop of
that mixture was deposited onto a holey carbon film supported on a copper grid. Finally,

this was dried to be ready for the study.



2.3. Structural characterization

The crystallinity of the samples was analyzed by confocal laser-Raman spectroscopy
using a blue laser (488 nm) and by X-ray diffraction (XRD) analysis using an
D8AVANCE diffractometer (Bruker) equipped with a monochromatic Cu Kal source.
Additionally, the chemical states of the ZnO nanowires were analyzed by means of X-ray
photoelectron spectroscopy (XPS, K-ALPHA, Thermo Scientific). Al-K_ radiation
(1486.6 eV) monochromatized by a twin crystal monochromator providing a focused X-
ray spot at 3 mA x 12 kV was employed to collect the spectra. The alpha hemispherical
analyzer operated in the constant energy mode by using 200 eV in a survey scan passing
energies for the whole energy band measurements and 50 eV in a narrow scan for the
elements. Avantage software was employed to analyze XPS data. The experimental
backgrounds were approximated by using a smart background function and the surface
elemental composition was calculated from the background-substracted peak areas. The
system flood gun yielding from a single source low energy electrons and low energy
argon ions provided the charge compensation. In the processing of the data from the XPS
spectra, the values of the binding energy (BE) were referenced to the carbon (C 1s) peak
at 284.5 eV. The samples were also characterized by UV-vis diffuse reflectance. DR-UV-
Vis. spectroscopy measurements of the samples were carried out within the 200-850 nm
range using a Shimadzu spectrometer model UV-1800. The spectra shown has been
obtained from that of the untreated ZnO sample (ZnO over the Zn support) extracting the
signal of the Zn support. The value of the band gap, Eg, was obtained by extrapolating
the linear fitted region at [F(R(c0))hv]? = 0 in the plot of [F(R(c0)) hv]? versus hv.

2.4. Electrochemical and photoelectrochemical characterization

For the electrochemical and photoelectrochemical characterization, different experiments
were performed, such as water splitting tests, photoelectrochemical impedance
spectroscopy (PEIS) measurements and Mott-Schottky (MS) analysis. All these
experiments took place in a three-electrode configuration cell with a 0.24 M Na.S and
0.35 M Na»SO3z aqueous solution as electrolyte. The zinc oxide samples were used as the
photoanodes (with 0.26 cm? of exposed effective area), a platinum foil (1cm?) as the
cathode and an Ag/AgCI electrode as the reference electrode. The electrodes were
immersed in the electrolyte and connected to a potentiostat (Autolab). Simulated sunlight
conditions were carried out using AM 1.5 illumination (100 mW/cm?).



Photocurrent density as a function of the applied potential was registered by chopped light
radiation (60 s dark/ 20 s light) with a potential scan from —1.0 V to -0.2 V (rate of 2
mV/s) employing a potentiostat. Mott-Schottky analyses in dark and illumination
conditions were carried out by sweeping the potential from -1.0 to -0.2 V, with an
amplitude signal of 0.01 V at a frequency value of 5 kHz. PEIS experiments were carried
out by using different applied potentials (vs. Ag/AgCl) over a frequency range from 100
kHz to 10 mHz with an amplitude of 0.01 V, in illumination conditions. The experimental
data from PEIS measurements were fitted to the equivalent circuit by using Zview
software. The aim of this set of tests was to investigate the influence of applied potentials
on the impedance parameters, especially on the capacitance associated with the charge
transfer of holes, in order to discover the mechanism involved in that charge transfer.

Therefore, a wide range of potentials was selected.

3. Results and discussion

3.1. Morphological and structural characterization
3.1.1. Field Emission Scanning Electron Microscopy and Atomic Force Microscopy

Figure 1 shows the FESEM image of the top (a) and the cross-section (b) view of the
annealed sample synthesized by electrochemical anodization. In order to compare the
morphology of the anodized sample with that of a compact ZnO layer, the surface of the
last sample (compact) is shown in Figure 1c. It can be noticed that the ZnO anodized
sample shows a unidimensional morphology of flower-like nanowires. These nanowires
present a high aspect ratio (i.e., a high surface/volume ratio) with an average length of
5.25 (£ 0.24) um and a very small diameter of the order of some nanometers. The length
of the nanowires was measured from cross-section FESEM images by using a FESEM
analysis software. A high aspect ratio provides an enhancement in photoelectrocatalytic
performance since it improves the charge separation and increases the specific surface
area [38]. In the cross-section view of the sample (Figure 1 (b)), two layers are observed.
The inner layer is formed by thicker nanorods while the outer layer is formed by thinner
nanowires. This is in agreement with the growth mechanism of the ZnO nanowires
described in the literature for electrochemical anodization in bicarbonate solutions in
which nanowires are formed from the enlargement of thicker nanorods [30]. These

nanorods are grouped together constituting densely packed nanoflowers distributed over
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the surface and grew from the same nucleation point within or near the pits that initially
were formed in the metallic surface due to zinc dissolution [30,39-41]. A complete
explanation of the ZnO nanorods growth mechanism (dissolution-precipitation
mechanism) was given in previous works [20,28]. On the other hand, the image of the
ZnO compact layer (Figure 1c) shows a homogeneous surface with very little roughness,

indicating that, in fact, a compact oxide layer was formed.

To analyze the surface roughness of the ZnO electrodes, the arithmetical mean height of
the surface, Sa, was calculated from AFM analysis. Sa for the ZnO nanowires is 808.37
nm, while it is 75.83 nm for the compact layer. As it was expected, this value is much
higher for the ZnO nanowires sample than for the compact layer since the nanostructured
form provides roughness to the electrode. In this regard, high value of roughness might
be favorable to obtain higher surface areas for photoelectrocatalytic hydrogen production
[42].

3.1.2. High resolution transmission electron microscopy

A High Resolution TEM study has been conducted in order to obtain a view of the ZnO
structures at a nanometric scale and to get further insights into the morphological
properties of the samples. This study was undertaken using pieces of the nanostructures
drawn by scratching the surface of the sample holder so that the ZnO active material can
be analysed.

According to the FESEM study, narrow and long nanowires with an average length of ca.
5 um have been observed in the the ZnO anodized sample. This observation has been
confirmed by the HRTEM study. Figure 2(a,b) shows the image of two individual
nanowires of the ZnO anodized sample. An analysis of many pictures taken shows that
the particles present a homogeneous cylindrical shape although with variable size. Thus,
the width of the wires ranges from 50 to 250 nm. Moreover, it can be clearly observed
that the structures are highly porous, this porosity mainly presenting an orientation
perpendicular to the axis of the nanowires. According to the TEM images, these
nanowires consist of a set of stacked disks of ca. 10-20 nm. Therefore, these
nanostructures present an enhanced surface area due not only to the nanowire morphology
but also to the inner porosity. These features suggest improved electrochemical properties

and a potentially remarkable production of photoelectrocatalytic hydrogen.



Figure 2(c,d) shows the image of two individual particles of the ZnO compact layer. For
this sample the homogeneity is not so evident, as two different morphologies can be
observed: i) most of the particles analyzed (80%) consist of compact structures without
porosity (Figure 2d), ii) a few particles are formed by the agglomeration of nanoparticles,

leading to an interparticular porosity (Figure 2c).

The interplanar distances were measured on selected particles of the samples in order to
determine the Zn phases formed. The only Zn-containing phase observed in both samples
was ZnO wurtzite (JCPDS: 036-1451) which is in agreement with the interplanar
distances determined from the diffraction rings (2.81, 2.60, 2.48, 1.62 and 1.38 A). These
values correspond to the (100), (002), (101), (110) and (112) family planes. The formation

of only wurtzite is in agreement with that observed by other characterization techniques

(qv post).
3.1.3. Raman spectra

The crystallinity and the vibrational characteristics of the ZnO samples were examined
through Raman spectroscopy. The optical phonon modes at the irreducible Brillouin
region of the ZnO wurtzite structure are shown as follows: ' = A1+ 2 B1 + E1 + 2 E»
[19,22,43]. A1 and E; divide into transverse and longitudinal optical phonons (TO and
LO) [19,22,43,44]. The frequencies of these phonons are: A; (TO) = 380 cm™, E; (TO) =
407 cm?, A1 (LO) =574 cm, E; (LO) =581 cm™ [22,45]. In addition, mode Bj is silent
[19,43] and E; exhibit two modes of low and high frequency phonons located at 101 cm”
L and 437 cm, respectively [19,43]. Figure 3 presents the Raman scattering spectra of
the ZnO nanowires and the compact layer. For the ZnO nanowires peaks associated with
the ZnO hexagonal wurtzite structure are showed. Peak E> (high) is characteristic of the
wurtzite phase [22,44,46] and its high intensity in relation to the other peaks reveals that
the sample of ZnO nanowires presents high crystallinity [44]. A1 (LO) and E1 (LO)
phonon modes are dependent on the oxygen stoichiometry [47] and, thus, they are
commonly identified with defects in the crystalline structure, such as oxygen vacancies
and zinc interstitial [22,46,48-50]. Thereby, the presence of these peaks in the sample of
the ZnO nanowires unveiled the presence of some of these structural defects [47,49,50].
Additionally, peaks related to the scattering of the Raman second order were observed
for the ZnO nanowires: 2 TA/2 E; (low) at 202 cm™, E (high) - Ez(low) at 333 cm™ |
associated with ZnO vibration, 2 LO A; and E; at the frequencies of 1105 cm™ and 1158
cm* [20]. On the other hand, the ZnO compact layer presented poor crystallinity and high
9



amount of structural disorders, given by the low intensity of the peak E> (high) and the
high intensity of the A1 (LO) and E1 (LO) phonon modes.

3.1.4. XRD and XPS analysis

The crystal phase and the chemical states of the ZnO nanowires were studied by means
of XRD and XPS analyses. Figure 4 shows the XRD pattern of the annealed sample in
which both peaks from ZnO hexagonal wurtzite structure (marked with red circles)
[19,25,51-56] and polycrystalline Zn substrate (marked with green triangles)
[25,39,51,54,56] are noticed. The principle diffraction peak located at 36.4 degrees is
characteristic of the ZnO wurtzite phase [25] and indicates the preferential orientation of
the nanostructures along the (101) plane [19]. Other characteristics peaks of the ZnO
wurtzite phase appear roughly at 32, 34.5, 48, 57, 63 and 68 degrees corresponding to
(100), (002), (102), (110), (103) and (112) orientation, respectively [19,25,51-56].
According to the XRD results, the ZnO nanowires present good crystalline structure with
high crystallinity [53], which is in concordance with the results showed in the Raman

spectra.

Figure 5 shows the XPS wide survey spectra of the ZnO nanowires where Zn, O and C
peaks were identified. The identified C is related to adventitious and residual carbon in
the sample since anodization was carried out in an electrolyte based on bicarbonate
solution containing ethanol. The intensive peaks of the binding energies associated with
Zn 2p12, Zn 2pzr and O 1s corresponds to XPS core levels of matrix elements of ZnO

wurtzite structure [57].

In order to explore more bonding details, Figure 6 shows the XPS spectra from the Zn 2p
and O 1s core levels. On the one hand, Zn 2p core level (Figure 6 (a)) was fitted with a
doublet located at about 1044.08 and 1021.08 eV, associated with the 2 p12 and 2 psp
[47,58-65]. The difference in the binding energy of the Zn 2py2and Zn 2pss2 is 23 eV and
its intensity ratio is 1:2, which matches the standard reference of ZnO [47,64]. Besides,
the binding energy of the Zn 2p peaks and its difference reflect that the chemical valence
of the Zn at the nanowires surface is +2 oxidation state [47,62]. On the other hand, the
deconvolution of the O 1s spectra of the ZnO nanowires (Figure 6 (b)) shows the
formation of three peaks marked as O 1s (A), (B) and (C), and located at 529.84, 531.28
and 532.85 eV, respectively. This asymmetry in the O 1s curve reflects the variation of

the oxygen oxidation number [47]. The most prevailing peak located at 529.84 eV is
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related to O2 ions in wurtzite structure of the hexagonal Zn*? ion array [47,50,62,63,66].
Therefore, it can be identified with Zn-O bonds [47,63,67,68]. On the other hand, O 1s
medium binding energy, O 1s (B), is mostly associated with oxygen vacancies or defects
[49,50,62,66,68], related to O ions within the ZnO matrix in the regions presenting
oxygen deficiency [49,62]. In this regard, Wang [50] reported an increase in the intensity
of this peak in XPS analysis when increasing the intensity of the peak associated with
oxygen vacancies and defects in Raman, A; and E; (LO). Likewise, O 1s (C) peak is
mostly identified with the existence of weakly bound oxygen on ZnO surface [50], in
particular with chemisorbed or dissociated oxygen species [66,68] such as hydroxyl
ygroups, i.e. Zn-OH and H.O, strongly linked to surface disorders on ZnO [66].
Therefore, O1s deconvolution unveiled, firstly, the presence of the Zn—O bonds through
the dominant peak, O 1s (A) and, secondly, the presence of surface structural disorders
in the form of oxygen vacancies and hydroxyl groups that could introduce located surface
states that could facilitate the trapping and detrapping of photogenerated electrons and
holes [66].

3.1.5. DR-UV-Vis. study

The DR-UV-Vis. absorbance spectra of the differently synthesized ZnO samples are
shown in Figure 7. As in both cases the samples consist of pure ZnO, the overall aspect
of the spectra are similar, as an intense band from 200 to ca. 400 nm can be observed.
[69]. However, notorious differences can be appreciated. Then, for the ZnO nanowires
the intensity of the signal is remarkably larger (higher absorbance) than that of the ZnO
compact layer. This enhanced amount of light absorbed can be linked to the ease for
electron transfer and, probably, to their enhanced photochemical properties. This higher
absorption for the nanowires is especially notorious in the UV range. Additionally, the
200-400 nm band shifts towards higher wavelengths in the ZnO nanowires. The
displacement in the absorption maxima from ca. 300 nm in the reference ZnO to ca. 360
nm in the ZnO nanowires is in accordance with the formation of the nanostructures, in

this case with nanowire shape.

The energy of the band gaps were also determined by using the Tauc formula [70, 71]

The reference ZnO sample (consisting of a compact layer) presents a bandgap width of

3.18 eV, which is higher than that observed for ZnO nanowires (3.11 eV). This lower

value observed for the bandgap of the ZnO nanowires is in agreement with the red shift

observed in the adsorption edge of the DR-UV-Vis spectra. It must be indicated that, in
11



both cases, the values of the band gaps are in the lower side of the typical range for ZnO
nanostructures (from 3.10 eV to 3.40 eV) [72-73].

3.2. Electrochemical and photoelectrochemical characterization
3.2.1. Comparison between ZnO compact layer and nanowires

The photoelectrochemical response of the samples was analyzed by registering the
current density versus the applied potential under simulated sunlight on/off conditions
(see Figure 8 (a)). For the compact layer, the highest photocurrent density response
(calculated as the difference between current density under illumination and current
density in the dark) is achieved at -0.22 Vagagci With a value of 5.81 pA/cm?, while for
nanowires at this applied potential is 0.33 mA/cm?. For the nanowires, the highest value
of the photocurrent density response is 0.34 mA/cm? at -0.38 Vagagcl, While it is 4.46
nA/cm? for the compact layer at this applied potential. The higher value of the
photocurrent density response for the ZnO nanowires in comparison with the ZnO
compact layer might be caused by the morphology in form of nanostructures that
increases the specific surface area on the one hand and, on the other hand, by the higher
crystallinity that decreases the recombination rate of the photogenerated charge carriers.
A photocurrent density value of 0.34 mA cm is of the order or even higher than in other

studies working with ZnO nanostructures [74-79].

Figure 8 (b-d) shows the PEIS results under illumination for the ZnO nanowires and for
the ZnO compact layer, in the form of Nyquist (b), Bode-phase (c) and Bode-modulus (d)
plots. Total amplitude of the semicircle/s of the Nyquist plot in the real axis is associated
with total resistance. As it can be observed, the amplitude of the Nyquist semicircle/s for
the ZnO compact layer is much larger than for the ZnO nanowires, indicating that ZnO
nanowires exhibit a lower resistance to charge transfer processes, which is consistent with
the higher photocurrent density response in the water splitting test. Likewise, Bode-
modulus shows at low frequencies a higher modulus of the impedance for the ZnO
compact layer than for the ZnO nanowires, which is related to the total impedance of the
system, while the limit at high frequencies, associated with the electrolyte resistance, is
similar for both electrodes. On the other hand, the Bode-phase shows one broad peak that
is extended over a high range of frequencies for the ZnO compact layer, while the ZnO

nanowires presented apparently two peaks. The photoelectrochemical impedance
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spectroscopy results for the ZnO nanowires will be studied and analyzed in detail in the

following section.
3.2.2. Mott-Schottky analysis of the ZnO nanowires

The semiconductor/electrolyte interface for an n-type semiconductor is described using
the following Mott-Schottky equation [80]:

e () (0- Vs ) 8

Csc®  Cx e-e0-er'Np

where Csc is the space charge layer capacitance, Cn is the Helmholtz layer capacitance,
e the electron charge, o the vacuum permittivity, er the relative dielectric constant of ZnO
wurtzite (8.66 [81]), Np the donor density, U the applied potential, Urs the flat-band
potential, k the Boltzmann constant and T the absolute temperature.

Figure 9 shows the Mott—Schottky plots obtained for the ZnO nanowires with and without
illumination, marked as light and dark, respectively. For both conditions, a positive slope
is showed, which confirms the n-type semiconductor behavior of the ZnO nanowires [19,
82]. The lower slope under illumination indicates a higher electron donor density [83].
The donor density of the ZnO nanowires was calculated from the linear regions of the MS
plots, being Np (light)= 1.25-10%° cm= and Np (dark)= 5.40-10*° cm=. The value of the
donor density under illumination is one order of magnitude higher than in dark conditions.
That was expected since under illumination electron/hole pairs are photogenerated which
results in the increase of the density of donor species. The high value of the donor density
for the ZnO nanowires is consistent with the structural disorders identified in Raman and
XPS analysis. Moreover, high donor densities are normally associated with higher
conductivities and, thus, higher photoelectrochemical performance [27]. Figure S2 shows
that capacitance values are considerably lower for the ZnO compact layer (higher 1/C2
values), which is consistent with the impedance results. Np values calculated for the ZnO
compact layer are Np (light)= 1.40-10* cm= and Np (dark)=1.23-10% cm™. The decrease
in the donor densities for the compact layer in comparison to the ZnO nanowires is
associated with a reduction in the electron transport along the oxide. In fact, Mott
Schottky plots for the ZnO compact layer obtained with and without illumination present
almost the same values, showing a very low photoelectrochemical response for the

compact layer.
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Calculation of the flat-band potential was performed from the intersection of the straight
line in the MS plots with the applied potential axis, presenting values of -0.65 Vagagci

under illumination and -0.64 Vagiagci in the dark.
3.2.2. PEIS study of the charge transfer mechanism for the ZnO nanowires

In order to deeply analyze the photoelectrocatalytic properties of the ZnO nanowires and
study the charge transfer mechanism, photoelectrochemical impedance spectroscopy
analyses at different applied potentials (vs. Ag/AgCI) under simulated solar light AM 1.5

were performed.

Figure 10 shows the Bode-phase (a) and Nyquist (b) plots at applied potentials near the
flat band potential. In the Bode-phase plot at more negative potentials than the flat-band
potential, i.e -0.8 and -0.7 Vagagci, One single peak at intermediate-low frequencies is
noticed. This peak denotes a non-ideal capacitive behavior, given by the high value of the
phase angle, which is around 70 degrees. When the applied potential becomes less
negative (around the flat band value) this peak gradually disappears, shifting to lower
frequencies as the potential becomes less negative. Simultaneously, when the applied
potential overcomes the flat band potential (from -0.6 V onwards), one peak at
intermediate frequencies followed by other peak at high frequencies appear, reaching
higher phase angle values (and shifting to higher frequencies) when applying less
negative potentials. That is in accordance with Nyquist plots where one single semicircle
is observed at -0.8 and -0.7 Vagiagcl, While three semicircles are observed when increasing
the applied potential to less negative potentials: (i) a small one at high frequencies located
on the left side of the Nyquist plots (see inset of Figure 10 (b)), (ii) at intermediate
frequencies and (iii) at high frequencies located on the right side of the Nyquist plot. The
amplitude of the semicircle located at high frequencies does not seem to experiment
variations within the potential range, while the amplitude of the semicircle located at
intermediate frequencies decreases by increasing the applied potential until reaching its
minimum at -0.50 Vagagci and then increases again, as it will be explained when

describing Figure 11.

Additionally, Figure 11 shows the Bode-phase (a) and Nyquist (b) plots obtained at higher
(more positive) applied potentials. In the Bode-phase plot, two peaks at intermediate and
high frequencies are observed in all the potential range, which experiment different

variations with potential. On the other hand, in the Nyquist plot two phenomena are
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noticed: the amplitude of the semicircle at high frequencies decreases until reaching the
minimum at -0.25 Vagagcl, While the amplitude of the semicircle at intermediate
frequencies reaches its minimum near the flat band potential and increases when moving

the potential to less negative values.

According to the results and the literature [2], recombination and charge transfer
processes are described by the assumption of the equivalent circuit of Figure 12, in which
three time constants (RC) are included. In this circuit, Constant Phase Elements (CPE)
were used instead of pure capacitors, to consider the non-ideality of the system. The
parameter o associated with each CPE indicates the deviation from the ideality (the CPE
Is considered as a pure capacitor when o = 1 and a pure resistor when a =0). The
experimental data from PEIS measurements were fitted to the equivalent circuit by using
Zview software in which values of %2 in the order of 103-10"* were obtained. Rs is the
resistance associated with the electrolyte and keeps constant within the potential range
with a value of = 7 Q-cm?, which is showed in the Nyquist plots from Figure 10 (b) and
11 (b). The time constant corresponding to Rs and C3 is related to some process which
disappears when increasing the applied potential beyond the flat band potential, as
observed at low frequencies in Figure 10 (a) and Figure 11 (a). Therefore, it might be
related to charge transfer processes whose impedance disappears when increasing the
applied potential and, thus, it does not interfere with the global process at potentials more
positive than Urg. Additionally, the time constant associated with Ry and C1, showed at
high frequencies of Figure 10 and Figure 11, corresponds to the electron-hole
recombination, while the time constant associated with Rz and C: is related to the charge
transfer of holes [2]. More specifically, R1 corresponds to recombination resistance of
electrons going from the conduction band to the valence band or the surface states and C
is the chemical capacitance associated with the free electrons in the conduction band [2].
Likewise, R2 is related to the hole transfer resistance and C: is the chemical capacitance

of the surface states or the valence band [2].

With the aim of evaluating whether the charge transfer of holes at the
semiconductor/electrolyte interface occurs directly from the valence band or indirectly
via surface states, the variation of the charge transfer capacitance (C.) versus the applied
potential was studied. Since the potential dependence for both charge transfer
mechanisms is clearly different, the variation of the capacitance with the potential is a
powerful tool to differentiate between direct and indirect charge transfer [7]. The charge
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transfer capacitance (C.) was calculated by using Brug’s expression [84] (equation 2),
where values of CPE2, a2 and R2 were obtained from Zview analysis.

( 1 ) (1-a3)

R, (2)

C, = CPE,"” -R,

Figure 13 shows the charge transfer capacitance versus the applied potential (Ag/AgCl).
As it can be observed, the capacitance changes with the potential showing the form of a
peak, which is characteristic of the charge transfer of holes via surface states [7, 9, 85,
86]. This peak indicates the transition between the surface states filled with electrons

(occupied) and the surface states filled with holes (unoccupied) [7].

For the charge transfer of holes via surface states, the holes originated when the ZnO
photoanode is illuminated are trapped in the surface states. Subsequently, these holes can
participate in electrolyte oxidation (Figure S3) or recombine with the electrons trapped in
the surface states [36]. Higher photocurrent densities are reached when population of
trapped electron decreases and, thus, surface state electron-hole recombination decreases.
Bisquert et al. [7] showed that current densities in a photoelectrocatalytic process, such
as hydrogen production by photoelectrochemical water splitting, might be higher if the
charge transfer takes place via surface states instead of taking place from the valence
band. The current density achieved via surface state charge transfer is originated by the
extraction of the electrons present in surface states, which can be produced by the capture
of the photogenerated holes or by the injection of electrons from the surface states to the
conduction band by applying an anodic bias. Consequently, the current density from
charge transfer via surface states is originated from both charge carriers photogeneration
and the applied bias and, thus, it can be higher than it is if charge transfer is produced
from the valence band. In addition, it was demonstrated that onset voltage can be lower
in the presence of surface states due to an enhancement in the kinetics of the charge
transfer [7,37]. For these reasons, surface states could be an interesting feature in
semiconductor design for photoelectrocatalytic applications, such as hydrogen
production, since they promote charge separation and UV-Vis light harvesting and act as
fast hole transport mechanism that enhances oxygen evolution Kinetics for
photoelectrochemical water splitting [87]. Hence, what is important in this work is to
identify that the main interfacial charge transfer mechanism of ZnO nanowires upon
illumination is mediated by surface states, regardless of the precise nature or the specific

properties of these surface states on the ZnO nanowires surface. Knowing the charge
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transfer mechanism between the illuminated photoanode and the electrolyte will
subsequently permit the design and modification of nanostructures. Obviously, further
analyses on the characteristics of surface states are important to engineer nanostructures
in order to enhance their photoelectrocatalytic performance, but results obtained in this

work represent an important step in that way.

4. Conclusions

High aspect ratio ZnO nanowires were formed by simple anodization (10 VV/ 10 min) and
subsequent thermal annealing (300 °C/ 1 hour). Besides, the synthesized electrodes
presented high roughness, as observed from high values of Sa in the atomic force
microscopy. TEM and HRTEM analyses confirmed the porosity of the nanowires

synthesized as well as the only presence of the wurtzite ZnO structure.

From XRD and Raman study, it can be stated that ZnO nanowires presented hexagonal
wurtzite structure with high crystallinity after annealing. Likewise, matrix elements of
ZnO wurtzite structure formed by Zn—O bonds were observed through XPS. Furthermore,
the ZnO nanowires were oriented preferentially along the (101) plane, as shown in XRD
analysis. From the DR-UV-Vis. spectra it can be concluded that the absorbance of ZnO
nanowires is higher and the bandgap energy slightly lower than those of the ZnO compact

layer.

In addition, phonon modes associated with defects in the crystalline structure, such as
oxygen vacancies and zinc interstitial, were identified in the Raman spectra. Similarly,
oxygen chemical states in XPS unveiled the presence of surface structural disorders, i.e.,
oxygen vacancies and hydroxyl groups, that could act as energy levels within the valence
band and the conduction band. These results are in concordance with the high donor
density calculated from Mott-Schottky analysis, with values of 5.40-10*® cm™ and

1.25:10%° cm™ in dark and simulated solar light conditions, respectively.

From a photoelectrochemical point of view, the ZnO nanowires presented better results
than the ZnO compact layer. In particular, the former exhibit good photosensibility in the
photoelectrochemical test, presenting photocurrent densities 85 times higher than the
compact layer (at an applied potential of -0.38 Vag/agcr). Similarly, PEIS results showed

that the resistance to charge transfer in the ZnO nanowires was much lower than in the
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ZnO compact layer, which is attributed to the nanostructured morphology and their higher

crystallinity.

Finally, the study of the charge transfer capacitance versus the applied potential through
the PEIS technique showed that the charge transfer mechanism in the ZnO nanowires
occurs indirectly via surface states. The knowledge of the nature of charge transfer
processes at the interface upon illuminating the ZnO photoanodes is very valuable to

improve their photoelectrocatalytic performance through nanotechnology.
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Figures

Figure 1. FESEM image of the ZnO nanowires: top (a) and cross-section (b) view. (c)

ZnO compact layer.
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Figure 2. TEM image of the ZnO nanowires (a,b) and ZnO compact layer (c,d). The
corresponding HRTEM images of both samples are presented to the right of the figures.
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Figure 3. Raman spectra of the ZnO samples. The peaks identification markers
correspond to ZnO wurtzite structure first order (dark triangles) and second order (gray

light circles) Raman modes.
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Figure 5. XPS wide survey spectra of the ZnO nanowires.
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Figure 6. XPS spectra of Zn 2p (a) and O 1s (b) core levels of the ZnO nanowires.

Zn0 nanowires

Ahsorbance, a.u
}%
k3

Zn0 compact layer

300 400 S00 600 70O 00
Wavelength (nm}

o hu

Zn0 nanowires

Eke Iy &

Zn0 compact layer

Energy Wi

Figure 7. DR-UV-Vis. absorption spectra for ZnO samples with the determination of the

bandgaps values.

32



i (mA/cm?)

100
90
80
70
60
50
40
30
20
10

0

(2]
~—

- ¢ (degrees)

0.01

Zn0O compact layer

ZnO nanowires

-0.8 -0.6 -0.4 -0.2
Applied potential (Vpg/aqc))

A ZnO compact layer
® Zn0O nanowires

A
A
]

1 100 10000
Frequency (Hz)

b)
A ZnO compact layer
® Zn0O nanowires
<4000 -
€
¢ AA A A
c st A
= A
N 2000 4 4
A
A
1l A
O j T T T T T T T
0 2000 4000 6000 8000 10000
Z'(Q-cm?)
100000
d)
10000 AZnO compa_ct layer
® ZnO nanowires
= 1000
IS
©
c 100
N
- 10
1 -
0.1 T T
0.01 10 10000

Frequency (Hz)

Figure 8. Current density versus applied potential in simulated sunlight on/off conditions

(@). Nyquist (b), Bode-phase (c) and Bode-modulus (d) plots at an applied potential of -

0.2 vagiagel under simulated sunlight conditions.

0.8
o Dark
0.7 s Light
0.6 e Linear (Dark)
8 Linear (Light)
L 05 -
o y =3.0227x + 1.9291
§ 04 R? = 0.9992
% 0.3 f‘A
A
%, 0.2
~
~ o1 A% y=1348x+0.8563
' ou' R2 = 0.9988
0 M
-1 -0.8 -0.6 -0.4 0.2

Applied potential (Vg/agc))

0

Figure 9. Mott-Schotkky plots in simulated sunlight and dark conditions.

33



Q
~

b)

Figure 10. Bode-phase (a) and Nyquist (b) plots under illumination conditions at different

~
o

P I
60 - A A A A
AA AA A A
A
50 A A AA ...oo. . A..-:‘:
—_— | |
o A A .. ‘ :" .f
o 40 - Agt ' : "‘00
& A ¢S ¢ @ .l..'.‘l
) A ok 1 ° =
D 30 44485, 450 e O A%, s
= ,.";‘ "Prenss? o on {
! .i‘ A A ... " T
20 Ja AA % ‘:;0'
AA e
A AA % o.
10 A A, ®00ce® A
A‘A AAAAAA A‘A
0 T T T AAfAAAAA’*“ 1
0.01 0.1 1 10 100 1000 10000 100000
Frequency (Hz)
1500
50 N L 27
T 40 L o’
| |
S04 Lt 42
A
S 20 A A Iy
- i e
1000 - N 10 f
‘:‘é\ 0 1 T T T T
Q 0 10 20 30 40 50
c Z'(Q-cm?)
3 , + 4
500 - N o "0 * o
] A
A 4 1) ‘IA 4 . A °
T *
| A g,é - ;0‘
|
0 T T T T T T
0 500 1000 1500
Z'(Q-cm?)

A-080V
A-0.70V
®-0.65V

-0.60V

-0.55V
+-050V
=-045V

4-0.80V
4-0.70V
®-0.65V

-0.60V

-0.55V
+-0.50V
=-045V

applied potential (Vagagcr) near the flat band potential for the ZnO nanowires.

34



Q

~—
~
o

A-0.40V
60 - u"s A-035V
P o® @
5 &g 22, %.0° ® ®-0.30V
] o E& XX
— Zxe® AA‘“%X 8 *”,i #, -0.25V
2 5.0 4 Xxgliﬁf )
o 40 1 +.® -0.20V
ob lx‘ AA A%aaX, * '
] S A A ¥
S g¥re, . *-0.15V
— 30 A 28 A .X
< ‘;; 3 ﬁi‘:gx! 0.10V
1 . m -0,
20 A X " ‘Ax |
”wﬂ?::‘)-(" - = -0.05V
Ll
1o $EEEE x 0.00V
o % 0.05V
0.01 0.1 1 10 100 1000 10000 100000
Frequency (Hz)
p) 4000 = -
] 45 4-040V
3500 7 40 - o, JXO &
] 35 | o 4-035V
3000 ag 30 - ©-0.30V
] S 25 1
& 2500 & 20 1 ©-0.25V
5 ] = 15 -0.20V
: ] N 10
& 2000
G ] 5 - *-0.15V
R : 0 T T T T T T T T T
N
1500 0 5 10 15 20 25 30 35 40 45 50 =-0.10V
1000 1 , = m " Z'(Q-cm?) = -0.05V
] e e
.3?2&?&.5?“&,( &";’" o % 0.00 V
500 ] N " o I>S<
asaAA % 0.05V
O LA B LI L L T 7T LI T rrr

0 500 1000 1500 2000 2500 3000 3500 4000
Z'(Q-cm?)

Figure 11. Bode-phase (a) and Nyquist (b) plots under illumination conditions at different
applied potential (Vagagci) beyond the flat band potential for the ZnO nanowires.
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Figure 12. Equivalent circuit proposed for the description of the recombination and

charge transfer processes in the ZnO nanowires.
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Figure 13. Charge transfer capacitance vs. applied potential beyond the flat band
potential.
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