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Abstract

ZnO nanowires (NWs) with wurzite structure and a very high [0001] preferred
orientation, were grown on a ZnO thin film using a catalyst-free vapor-solid
process. ZnO NWs were characterized by FESEM, XRD, HRTEM, XPS, PL and
Raman spectroscopy and used as photocatalysts for the transformation of
ethanolq) in the gas phase. The presence of different defects such as oxygen
vacancies was evidenced. The photocatalytic process was followed by in-situ
diffuse reflectance infrared spectroscopy (DRIFTS) coupled to on-line mass
spectrometry (MS) analysis. The surface species determined during the
irradiation (A=365 nm) of ZnO NWs under ethanol/water vapor flow at room
temperature are related with the hydrogen production and carbon-containing

products evolved.
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Introduction

The photocatalytic behavior of nanostructured semiconductor metal oxides
depends on their structure, morphology, surface area and surface defects [1-9].
Zn0 is an interesting semiconductor which has attracted increased attention as
photocatalyst in the last years. Its band gap energy (3.3 eV) is similar to that of
TiO2 and shows a high exciton binding energy, 60 meV [10]. Besides a high
photosensitivity, environmentally friendly nature and low cost, ZnO shows a
high surface reactivity because of its large number of active surface defect
states [11]. Several efforts have been done to enhance the photocatalytic
activity of ZnO by tailoring its morphology, particle size, and concentration of
oxygen defects, surface facets and surface area [4]. DFT calculations have
shown that exposed polar surfaces play a main role in the stability of holes upon
light excitation and in the organic compound decomposition [3]. On the other
hand, nonpolar surfaces have been proposed more appropriate for
photoreduction processes [3].

1D-, 2D- and 3D-nanostructured ZnO has been prepared with different
morphologies such as nanorods, nanowires, nanotubes, nanosheets and
nanoflowers [11], among them, 1D nanostructures are considered good
candidates as photocatalysts because, among other reasons, their surface-to-
volume ratio [12]. Moreover, the delocalization of electrons in 1D nanostructures
favors the separation of photogenerated charge carriers improving the efficiency
of photocatalysts. Most of the uses of nanostructured ZnO in photocatalysis
have been related with the photodegradation of contaminants such as volatile
organic compounds and dyes for environmental pollution control and in the

water treatment [13]. However, ZnO could be also considered a good candidate



for the photocatalytic H> production from alcoholic solutions. Specifically, the
use of ethanol as a sacrificial agent could provide a good opportunity for the
hydrogen production from a renewable source. This process has been largely
studied over TiO2-based systems but there is a lack of papers related with the
use of solely ZnO as photocatalyst for H2 evolution [14,15,16].

Some of us have reported the preparation of ZnO 1D nanowires (ZnO NWs)
using a catalyst-free vapor-transport method [17]. This background led us to
study the photocatalytic H> evolution using ethanoliq) in gas phase at room
temperature over pristine ZnO NWs without any dopant. The characterization of
the ZnO NWs, including the determination of different defects, was carried out
using field emission scanning electron microscopy (FESEM), X-ray diffraction
(XRD), high-resolution transmission electron microscopy (HRTEM), X-ray
photoelectron spectroscopy (XPS), and photoluminescence (PL) and Raman
spectroscopy. The photocatalytic process was followed by in-situ diffuse
reflectance infrared spectroscopy (DRIFTS) coupled to on-line mass
spectrometry (MS) analysis. This allowed the determination of several surface
species generated during the photocatalytic process, which are related with the
products formed. The post-reaction ZnO NWs were analyzed by FESEM, XRD,

XPS and PL and Raman spectroscopy.

Experimental

ZnO NWs were grown on a ZnO thin film deposited on a Si (001) single crystal
by radio frequency reactive sputtering (13.56 MHz, 85 W) using a polycrystalline
zinc target of 99.99% purity and Ar/O2=10 molar ratio. The final thickness of the

ZnO film was about 150 nm. A catalyst-free vapor-solid process was used to



grow the ZnO NWs on the ZnO film. ZnO and graphite powders (1:1 mole ratio)
were mixed and placed close to the ZnO film in a horizontal quartz tube, which
was inside a furnace. The system was heated up to 900 °C, kept at 900 °C for
30 min, and then cooled down to room temperature; the process was done
under Ar flow (400 mL min-') at atmospheric pressure [17].

FESEM was performed using a JEOL JSM-7100F operated at 15 kV. XRD
measurements were performed in a PANanalyticalX’Pert PRO MPD alpha1
powder diffractometer, in Bragg-Brentano reflection geometry, with Cu Ka1
radiation (A=1.5406 A) selected by means of a curved Johansson type primary
monochromator and with an 1D silicon strip X’Celerator detector (active length
2.122 °). The final useful scans were 26/® (®-0=-2) from 10 to 65° 20, step size
0.017° 26, and 2000 seconds per step (15 hours of total measuring time per
scan). HRTEM was performed with a JEOL 2010F microscope equipped with a
field emission gun and operated at 200 kV; NWs were mechanically removed
from the substrate and deposited over carbon-coated copper grids.

XPS measurements have been performed using a PHI 5500 Multitechnique
System equipped with a monochromatic X-ray radiation source of Al Ka (1486.6
eV) and 350 W. The sample was placed perpendicular to the analyzer axis and
calibrated using the 3ds2 line of Ag with a full width at half maximum (FWHM) of
0.8 eV. The analyzed area was a circle of 0.8 mm diameter and the resolution
for the spectra was 187.5 eV of Pass Energy and 0.8 eV/step for the general
spectra and 23.5 eV of Pass Energy and 0.1 eV/step for the depth profile
spectra. All measurements were made in an ultra-high vacuum (UHV) chamber
pressure between 5:10° and 2-108 torr. The BE values were referred to the BE

of the C 1s of the adventitious carbon at 284.8 eV.



Room-temperature PL spectra were recorded with a chopped Kimmon IK Series
He-Cd laser (325 nm and 40 mW). Fluorescence was dispersed through a
SpectraPro 2750 (focal length 750 mm) /9.8 monochromator, detected with a
Hamamatsu H8259-02 photomultiplier, and amplified through a Stanford
Research Systems SR830 DSP Lock-in amplifier. A 360 nm filter was used to
filtering the stray light. All spectra were corrected for the response function of
the setups. Raman measurements were made with a Jobin Yvon LabRAM
HR800 spectrometer exciting at a wavelength of 325 nm.

The in-situ DRIFTS-MS photocatalytic reaction was carried out using a FTIR
spectrophotometer Bruker Vertex 70 in DRIFTS mode, coupled to a mass
spectrometer ThermoStar GSD320T1. The samples were deposited into a
Harrick Scientific DRIFTS cell chamber with quartz and ZnSe windows and
irradiated with a Hamamatsu Lightning Cure lamp (A=365 nm, 20 mW cm).
The catalysts were irradiated at 28 °C under a He flow saturated with
ethanol/water vapor=1/9.6 (mol/mol), a gas mixture composition close to that of
bioethanol. During irradiation, DRIFT and mass spectra were recorded as a
function of time; 256 scans at a resolution of 4 cm™ were used to register the
DRIFT spectra. The m/z fragments corresponding to CH3CH>OH, CH3CHO,
CH3COOH, CH3COCH3, CH4, CO2, CO and Hz2 were continuously analyzed by
MS. The corresponding experiments under dark conditions, the blank cell test
and that using the reference ZnO thin film as photocatalyst, were also carried

out.

Results and Discussion

Characterization of ZnO NWs



As stated in the experimental section, ZnO NWs were prepared using a ZnO
thin film as seed layer deposited over a Si (001) single crystal [17]. The
morphology of the ZnO NWs was determined by FESEM (Figure 1a). An
uniform and dense array of ZnO NWs with average diameter of 50 nm, length of
about 0.5 uym, and density between 40-80 NW um was obtained. A specific
surface area in the range of 15-30 m? g' was calculated using the FESEM
average dimensions and assuming a cylindrical shape.

XRD pattern of ZnO NWs (Figure 2A) revealed the presence of mainly wurtzite
ZnO (space group P6smc, JCPDS 00-036-1451), with cell parameters a~3.25 A
and ¢c~5.20 A, with very high [0001] preferred orientation and significant
anisotropic peak enlargement. The 002 diffraction peak is splitted indicating that
very probably there are two main different ZnO (0001) domains. Besides the
peaks characteristic of the ZnO wurtzite phase, Figure 2A shows other peaks
with very low intensity, these peaks can be related with the presence of two
polymorphic phases of Zn.SiO4 (JCPDS 04-008-2034 and 01-078-5360). In
order to investigate the formation of Zn2SiOg, the initial ZnO thin film deposited
over Si (001) single crystal, which was used as seed layer for growing the ZnO
nanowires, was heated at 900 °C which was the temperature used for the
nanowire growing. XRD pattern of the sample after the treatment (not shown)
showed peaks characteristic of the above indicated Zn2SiO4 crystalline phases
(JCPDS 04-008-2034 and 01-078-5360), meanwhile peaks related with the
presence of ZnO were not found. These results indicated that residual Zn2SiO4
could be formed in the interface Si/ZnO-film during the preparation of ZnO NWs
according with the XRD results discussed above and previous annealing

studies of ZnO films on silicon [18].



For a deeper structural characterization of ZnO NWs, HRTEM analysis was
performed (Figure 2B). According with XRD results, HRTEM analysis confirmed
that ZnO NWs crystallize in the typical wurtzite structure and that ZnO NWs
grow along the [0001] direction. Figure 2B shows a single ZnO NW visualized in
the [-1100] direction. The Fourier transform image (inset in Figure 2B) also
accords with the only presence of several planes of wurtzite ZnO.

The ZnO NWs were characterized by XPS (Figure 3). The analysis of O 1s core
level spectrum has been previously used for the identification of several surface
defects on ZnO [5,19]; for ZnO NWs, an increase in the amount of surface
defects have been found when the aspect ratio of the NWs increased [20]. The
registered spectrum corresponding to O 1s (Figure 3a) is rather complex and
can be deconvoluted into three components, the main broad component at 532
eV can be related with surface OH associated with surface defects and/or
surface O% in oxygen-deficient regions [2,5,7]. The O 1s component centered at
530.1 eV is related with lattice O% and the very small component at 533.3 eV
with chemisorbed oxygen species [2,5,7].

On the other hand, the Zn 2ps core level showed a peak characteristic of Zn?*
in ZnO with maximum at 1022 eV, and for the C 1s peak, besides the
corresponding adventitious carbon signal at about 284.4 eV, a low intensity
peak at 288-290 eV was observed (spectra not shown), which can be assigned
to the presence of carbonate species [21]; carbonate species could be formed
from CO2 during the preparation of ZnO NWs.

Figure 4A shows the room-temperature PL emission spectrum of ZnO NWs,
which show emissions in both the UV and visible spectral regions. The emission

peak at 377 nm (3.29 eV) corresponds to the near band-edge emission,



associated with exciton recombination processes [22]. The broad emission
band observed in the visible range (430-830 nm) with maximum at around 650
nm (1.9 eV) can be attributed to the presence of different defects [23,24].
Although is not possible to unambiguously assign this band, its broadness can
be related with the presence of defects with different characteristics: interstitials
(Zniand Oj) and vacancies (Vzn and Vo) [25]. However, other defects such as
“antisites” (Zno and Ozn), chemisorbed O2 or more complex defects can also
contribute to the mentioned broad emission band [26].

The Raman spectrum of the ZnO NWs (Figure 4B) shows a wide band of low
intensity at 400-500 cm™' corresponding to the E; mode and a main well-defined
band at about 580 cm-!, which is related with the E1(LO) mode and associated
with oxygen deficiency [27,28].

Photocatalytic reaction

The photocatalytic transformation of ethanolaq) in gas phase over ZnO NWs
was followed by in-situ DRIFTS-MS. As stated in the experimental section, the
sample was irradiated under a He flow saturated with 1/9.6 (mol/mol)
ethanol/water vapor at room temperature. During irradiation, DRIFT and mass
spectra were recorded in-situ as a function of time; these results are shown in
Figure 5.

Figure 5A shows the analysis of the MS profiles of main products evolved
during the in-situ irradiation process under continuous flowing of the
ethanol/water vapor. Besides Hx, CO, CH4, CO2 and acetaldehyde were the
main products; acetic acid and acetone were also detected. After switch off the

irradiation, all products rapidly decreased in the outlet flow. The experiments



carried out without illumination, and the blank cell test without photocatalyst did
not give any detectable product from ethanol transformation.

Figure 5B shows the DRIFT spectrum registered in the 1800-1300 cm region
during the in-situ irradiation process under continuous flowing of the
ethanol/water vapor flow (spectrum a). The band at 1742 cm™ can be related
with the presence of acetaldehyde (v(C=0)). Although the bands below 1650
cm™ can be reasonably attributed to the presence of different surface
carboxylate and carbonate species, the poor definition of the spectrum makes
difficult a straightforward assignment of these bands.

Spectrum b in Figure 5B was obtained after the reaction-quenching by switching
off the light and stop the reactants flow. The bands centered at 1543 cm™' and
1515 cm™, and 1385 cm™ and about 1312 cm™ can be related with the
corresponding vas(COO) and vs(COO) modes of different acetate adsorbed
species [29,30]. Moreover, the contribution of different components to the very
broad band centered at 1385 cm™' can be proposed. Formate species over ZnO
have been related with bands at 1385-1380 cm™' (3(CH)) and at about 1610 cm-
1 (Las(CO0)) [31-34]. Moreover, the vz of free CO3% ion is expected about 1440
cm', and, other surface carbonate species could contribute to the broadness of
the bands at 1543 cm™ and 1515 cm™.

On the other hand, a definite band centered at 1647 cm™' has been related to
the v(C=0) of aldehyde species such as formaldehyde and/or unsaturated
aldehydes [35-37]. Finally, it is worth of mention that in the quenching process
(spectrum b in Figure 5B), a band at 1688 cm™' is clearly visible; this band can
be attributed to the presence of surface acyl species [30,38,39], which could be

the precursors of the surface carboxylate species detected.
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Taking into account the results exposed above, and on the basis of previous
studies on ethanol interactions with ZnO-based catalysts and photo-reforming of
ethanol aqueous solutions over TiO2-based samples [14,30,40-42], we propose
several processes that could take place over ZnO NWs during the irradiation of
an ethanol/water vapor flow at room temperature. The first step could be the
photocatalytic transformation of ethanol into acetaldehyde and H>.

CH3CH20H + hu>CH3CHO + Ho (1)
This could proceed by direct ethanol oxidation or via previous ethoxide
formation and its further oxidation. The observed CH3COOH evolution can
result from CH3CHO and H20 with H2 evolution under irradiation:

CH3CHO + H20 + hu>CH3COOH + H2 (2)
Although the presence of CHs can be mainly related with the decomposition of
CH3CHO under irradiation:

CH3CHO + hu>CHs4 + CO (3)
CHa can be also obtained from the corresponding CH3COOH decomposition:
CHsCOOH + hu>CHs + CO2 (4)
Moreover, acetic acid could be also photo-reformed to further produce H. and
COz:

CH3COOH + 2H20 + huv—> 4H» + 2CO2 (5)

On the other hand, the decomposition of ethanol to acetone over ZnO-based
catalysts has been described as a series of successive reactions such as
dehydrogenation and aldol condensation over basic centers [30,43].

After the in-situ DRIFTS-MS photocatalytic reaction, the ZnO NWs were
analyzed by FESEM, XRD, XPS, PL and Raman spectroscopy. No significant

changes in the ZnO NWs were observed in morphology, structure and surface
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characteristics as determined by FESEM, XRD and XPS analysis. Figure 1b
shows the corresponding image of the post-reaction ZnO NWs sample. Only
slight displacements or folding of the uniform nanowire disposition were
observed after the contact with the flow of ethanolq vapor under irradiation.
Figure 3b shows the XP spectrum of the O 1s core level analysis of the post-
reaction ZnO NWSs sample. As can be seen, the ratio of the O lattice species
(peak about 530.1 eV) with respect to those associated with OH and/or surface
defects (peak about 532 eV) decreases; the presence of abundant adsorbed
species remaining after the photocatalytic test could contribute to this.

On the other hand, Figure 4A and 4B show the PL emission and Raman
spectra, respectively, of the post-reaction ZnO NWs. Slight differences in the
position and broadness of the visible emission band (Figure 4A) can be
observed. Moreover, the exciton peak is located at 378 and 376 nm and the full
width at half maximum (FWHM) are around 105 and 91 meV, for the fresh and
the post-reaction photocatalysts, respectively. It has been proposed that defects
are the origin of this shift by slightly modifying the energy band structure of ZnO,
and the broadening observed on the FWHM indicates that the quantity of
intrinsic defects could be higher for the fresh sample [44].

In the same line, some differences can be also observed in the Raman E1(LO)
mode when comparing the phonon frequencies and the FWHM of the peak at
around 580 cm™' for the fresh and the post-reaction samples (Figure 4B). The
used photocatalyst reaction exhibits a small blue shift (1.4 cm™') and a decrease
of the mode line width (FWHM by 1 cm™') when compared to the fresh sample.
Existence of defects would result in a broadening of the peak at around 580 cm-

1 [27]. An apparent decrease on defects from the fresh to the post-reaction ZnO
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NWs samples could be proposed. However, the presence of remaining
adsorbed species, as evidenced from the in-situ DRIFTS-MS study, could
contribute to some of the differences observed from XP, PL and Raman
spectroscopy analysis of the post-reaction sample when compared to the fresh
one.

For a deeper insight in the photocatalytic transformation of ethanol/water vapor
over ZnO NWs, new separate in-situ DRIFTS-MS experiments were carried out
over ZnO NWs and the reference ZnO thin film material. In these experiments,
after ethanol/water vapor adsorption, the evolution of surface species under
irradiation was followed by DRIFTS-MS. For such purposes, the sample was
placed in the DRIFTS cell, purged under He flow and afterwards, flushed under
dark conditions with the ethanol/water vapor; then, flushed with He until only He
was detected by MS and then, light was switched on. Figure 6A and 6B show
the corresponding spectra in the 1800-1300 cm- region registered for ZnO
NWs and ZnO thin film, respectively. After the ethanol/water vapor adsorption
on ZnO NWs, Figure 6A, spectrum a, the observed bands can be attributed to
adsorbed acetaldehyde, acyl, and different carboxylate and carbonate species,
as discussed above. After three minutes of irradiation, the intensity of all the
bands strongly decreased over the ZnO NWs sample (Figure 6A, spectrum b);
meanwhile, besides acetaldehyde, H2, CO, CHs and CO2 were the products
detected by on line MS analysis. On the other hand, several differences can be
observed in the DRIFT spectrum after the ethanol/water vapor adsorption on
ZnO thin film (Figure 6B, spectrum a). Less intense bands, related to adsorbed
acetaldehyde and carboxylate and carbonate species, are obtained. Moreover,

after illumination, only the band associated to adsorbed acetaldehyde
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disappeared in this case (Figure 6B, spectrum b), and the main products
detected were CO and CH4 from the on line MS analysis; only minor amounts of
CO2 and H> were detected. These results indicate that the surface species
generated after adsorption of ethanol/water vapor over ZnO NWs, are easily
photo-transformed at room temperature, and contrarily, mainly irreversible
carboxylate (and/or carbonate) species remains under irradiation on the

reference ZnO film material.

Conclusions

Crystalline ZnO nanowires prepared by a catalyst-free vapor-solid process were
active in the photocatalytic hydrogen production from ethanolq) in gas phase.
The surface species generated after adsorption of ethanol/water vapor over
ZnO NWs, are easily photo-transformed at room temperature, and contrarily,
mainly irreversible carboxylate (and/or carbonate) species remains under
irradiation on a reference ZnO film. The photocatalytic behavior has been
related with the 1D nanostructure characteristics of ZnO NWs. The combination
of different techniques allowed us to identify the presence of different defects in
the ZnO NWs such as oxygen vacancies, which are related with their
performance.

After the in-situ DRIFTS-MS photocatalytic study carried out, we propose
several processes that could take place over ZnO NWs during the irradiation in
gas phase of an ethanol/water vapor flow at room temperature. The first step
could be the photocatalytic transformation of ethanol into acetaldehyde and H>.
Once acetaldehyde is formed, the photocatalytic transformation of acetaldehyde

in the presence of water vapor could produce H2 and acetic acid; acetaldehyde
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also decomposes forming CO and CH4 and acid acetic easily photo-transform
to CO2 over ZnO NWs.
The characteristics of ZnO NWs resulted almost unaltered after the

photocatalytic process.
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Legend to the Figures

Figure 1. FESEM images of ZnO NWs: a) fresh; b) post-reaction.

Figure 2. A) XRD pattern of fresh ZnO NWs. In the inset, zoom of the ZnO
(002) peak; B) TEM image of a ZnO NW visualized in the zone axis [-1100] and
HRTEM micrograph of the marked zone; the inset shows the Fourier Transform
image that corresponds to wurtzite ZnO.

Figure 3. O 1s core level spectra of ZnO NWs: a) fresh; b) post-reaction.
Figure 4. A) Room-temperature PL spectra of fresh and post-reaction NWs; B)
Raman spectra of fresh and post-reaction ZnO NWs.

Figure 5. A) Mass spectra profiles of different products evolved during the
irradiation at 28 °C of ZnO NWs under a He flow saturated with 1/9.6 (mol/mol)
ethanol/water vapor; B) in-situ DRIFT spectra of ZnO NWs: a) under irradiation
and a He flow saturated with 1/9.6 (mol/mol) ethanol/water vapor; b) after (a),
light off and switch the reactants flow to He flow.

Figure 6. In-situ DRIFT spectra at 28 °C of: A) ZnO NWSs, B) ZnO thin film; a)
after adsorption in dark conditions of ethanol/water vapor (1/9.6 (mol/mol)

ethanol/water) and flush with He; b) after (a), 3 min of irradiation.
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