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thin film with average nanopatrticles size of 21.04 nm. The optical, morphological and structural

characterization of the film is studied in order to confirm its band gap, particle size distribution and

DOI: 10.1039/x0xx00000x

crystallographic properties. Finally the photoelectrochemical of studies of different layers deposited

ZnO films has shown that the optimized film for 2 layers deposition at 500°C exhibit anodic
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photocurrent density 1 mA / cm? without any modification. Surprisingly the photocurrent density at

water splitting potential 1.23 V is quite high with a magnitude of 0.817 mA /cm?. The photocurrent

experiment is followed by chopped light investigation in order to have information about the charge

transfer characteristics and here the absence of cathodic spike rules out any recombination effect in

the bulk of ZnO electrode. In this study, we also propose that this kind of transparent electrode having

photoelectrochemical functionality can be used as a large window panel in modern household with

the aim of performing dual purpose work: UV filtering and photoelectrochemical water splitting. The

evolved oxygen by the electrode is further quantitated with in-situ gas chromatographic study.

A Introduction

The photoelectrochemical (PEC) water oxidation is one of the
key steps of photoelectrochemical water splitting taking place
on semiconductors and works on the principle of semiconductor
electrochemistry [1]. The chemistry associated within the
process leads to the formation of oxygen and hydrogen gases
which can be used as future green fuel to fulfil the energy
demands. To accomplish it, one needs solar photons and
suitable amount of electrical bias to a semiconductor electrode
in an electrochemical environment having ionic conductivity.
The effect of light on electrochemical experiment was first
validated by Becquerel [2]. The photoelectrochemical water
splitting on semiconductor electrode was first accomplished by
Fujishima and Honda in 1972 on n-Type TiO, electrode with an
efficiency of 0.1% [3]. The use of metal oxide for PEC water
splitting process was very helpful with respect to its
semiconducting properties such as ability to absorb sunlight,
stability in neutral and basic environment, non — toxicity and
earth abundance. Based on these advantages, hematite was first
used as a photoanode to study its water oxidation properties by
Hardee and Bard and they found a low efficiency due to its
short hole diffusion length as noted by Gartner [4, 5]. Besides
hematite, numerous other metal oxides have also been tested to
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study its photo-oxidative behaviour [6]. Of these, ZnO
semiconductors have been found effective as a photoanode for
water splitting reaction due to its electrochemical stability and
electron mobility [7]. In this case, Tributsch and Calvin for the
first time sensitized the surface of ZnO single crystal with
chlorophyll molecule and found that on exciting it with light,
electrons were injected to the conduction band of
semiconductor from dye molecule resulted in anodic
photocurrent [8]. ZnO is still used nowadays as photoanode for
water splitting reaction in various morphological forms such as
nanowire, nanorod and nanoparticulate films [9 — 11]. However
due to its wide band gap (3.2 eV) [12], it is not suitable for
absorbing the visible light photons. In order to make it effective
for PEC application, studies have been carried out to tune its
electronic band gap with doping, quantum dot sensitization, dye
sensitization and  surface functionalization of bent ZnO
nanorod with Ag nanoparticle [13- 21]. In another route, the
efficiency of ZnO electrode is further improved with Cobalt co
- catalyst treatment [22]. Apart from the PEC application, ZnO
has many different uses in the areas of solar cells, organic
photovoltaic, thin films transistors, quantum dots, biomedical
applications, as heterogeneous industrial catalysts for methanol
production etc. [23-28]. Coming back to the effectiveness of
ZnO electrode, if we look into its electronic energy level
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diagram as depicted elsewhere [29], its conduction band
situated above water reduction potential and hence will need
less applied bias or overpotential in contrary to hematite. ZnO
photoanode mentioned above are prepared by various methods:
viz. spray pyrolysis, hydrothermal methods, atomic layer
deposition, pulsed laser deposition, RF magnetron sputtering,
electron beam evaporation etc. [30, 31, 24, 11, 13, 21].

Solution processed ZnO thin films are also find an added
advantage due to its transparent nature [32, 25]. The electrode
obtained in this manner can be applicable as a PEC integrated
window in modern households. The solution processed
technique enabled the production of thin film by mass
manufacturing with the help of roll to roll processing using
conventional dip-coating, doctor blade, screen printing etc. [25,
33]. Another advantage of solution processing route is the low
cost and can be utilized further for large area panel fabrication
[34]. Due to the non-toxicity and environmental stability [25], it
is user friendly as a PEC integrated window in household. The
solution processed ZnO photoanode in pristine state has not
been studied a lot and the photocurrent density obtained in the
above cases is not so high. The best anodic photocurrent
density obtained with PLD (pulsed laser deposition) deposited
pristine nanoparticulate film [11] was 200pA/cm?. In another
study, the cathodic photocurrent density reported was 1 mA /
cm? for an non-doped ZnO electrode [35]. In this regard,
reactive magnetron sputtering gives rise to some compact film
with transparent nature. But this is used mostly for solar cell
application. A comparison of photoelectrochemical properties
of different ZnO photoelectrodes is summarized in Table 1.

In the current study, our goal is to develop an effective solution
processing route to obtain high quality transparent ZnO films so
that it can be used as a PEC integrated window with dual
functionality: UV filter and photoelectrochemical water
splitting. Here, we have described an effective non - aqueous
solution processing route for getting ZnO nanoparticulate thin
film with improved anodic photocurrent density even in pristine
condition and which we believe is quite high comparing to
others as depicted in Table I.

B Experimental
Materials and methods

All precursors: Zn (NO3),.4H,0, oleic acid and tetra hydro
furan (THF) used in this study were obtained from Aldrich and
used without further purification. Fluorine doped tin oxide
(FTO) used for depositing ZnO film was from Pilkington Glass
Inc., U.K. and had a sheet resistance of 5.5Qcm .

Synthesis Procedures

ZnO thin films have been synthesized by adopting a non —
aqueous processing route. In the first step of the synthesis
process, 18 gm. of oleic acid have been taken in a beaker
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Table 1: Photocurrent densities of various ZnO electrodes prepared with
different methods

Photoelectrode | Deposition Photocurrent | Reference
method density
ZnO and Fe Sol-gel and 1 mA/cm?, [35]
doped ZnO spin-coating Remark: P-
method type
semiconductor,
cathodic
photocurrent
Cobalt Electrodeposition | 0.02 mA/cm? [22]
deposited ZnO
N- doped ZnO | Radiofrequency 0.03 mA/cm? [15]
and magnetron
Al N co - sputtering
doped ZnO
ZnO nanocorral | Thermal 0.05 mA/cm? [48]
oxidation, RF
magnetron
sputtering
Zno Pulsed laser 0.2 mA/cm? [11]
nanostructured | deposition
film
ZnO nanorod Hydrothermal 5mA/cm? [31]
deposition
N- doped ZnO Hydrothermal 0.5mA/cm? [9]
wire deposition
followed by
annealing in the
presence of NH,
ZnO Solution 1 mA/cm? This study
nanostructured | processing and
film dip-coating

and melt it over a hot plate at 100°C. After this 28 gm. of Zn
(NO3),.4H,0 have been added with consequent stirring at
125°C. The mixture have been heated up to 1.5 hour till all
Zinc salt gets decomposed and evolves out all the residual NO,
gas from the reaction mixture. After this step, a dried grey mass
has been obtained and consequently treated with 80 ml of THF
(tetra hydro furan) to make dispersion. The dispersion has been
further centrifuged (5000 rpm for 4 min) to get supernatant
solution as depicted in scheme I|. The supernatant solution
containing Zinc - oleate mixture has been kept further for thin
film deposition with dip-coating process.

The ZnO thin film has been obtained by adopting the
methodology as described follows: First, FTO coated glass
have been cleaned with soap water, acetone and iso - propyl
alcohol and make it dry at room temperature. After this the
FTO substrates have been dip-coated in the supernatant solution
with 1 layer and dried at 75°C on a hot plate. The dried dip-
coated film has been further subjected to heat treatment process
at 500°C for dwelling time of 30 min. After this, the ZnO thin
film has been cooled down at room temperature and further
studied with UV-Vis, XRD, FESEM, EDX and photocurrent
density measurement.

This journal is © The Royal Society of Chemistry 2012
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The optimization of films thickness and heat treatment process
has been carried out further in order to have best functional film
with highest photocurrent density. After dip-coating treatment,
film has been optimized for heat treatment temperature. Three
different FTO substrates have been given one time dip-coating
each so that 1 layer gets deposited and heat treated further at
300 / 400 / 500°C. Photocurrent densities measurement for each
of the heat treated films having 1 layer has been carried out.
After getting the photocurrent data from heat treated sample we
have fixed the temperature at 500 °C and optimized films
thickness by giving 1 layer / 2 layers / 3 layers coating to each
of the samples at 500 °C. The structural properties of optimized
films under different conditions were further characterized with
XRD. After this, films have been characterized with
profilometry in order to know its thickness. From the
optimization process, it is found that 2 layers dip-coated film
(thickness 40 nm) with 500°C heat treatment temperature
shows highest photocurrent density.

Zn(NO,), 4H,0

Oleic acid
125'C, 1.5 hour . =°C
Dried grey mass M,.
A centrifugaton

Supernatant
Solution

Dip coating, 25°C
FTO substrate

S AR
—— HeatTreatment —
= ats00°C, 2 hour e Dried
at7s C

Dried Zn-oleic acid
Composite film

Zn0O Thin Film

Scheme | synthesis steps for getting nanoparticulate ZnO film in solution
processed manner.

Characterization

Cary Scan 50 UV-Vis spectrometer was used for determining
the optical properties of the ZnO films. The thickness has been
determined with a stylus profilometer (Ambios XP-100). XRD
measurement was carried out with diffractometer from PAN
analytical X”Pert PRO having CuK, radiation. The
morphology of film and composition has been studied with
FESEM and EDX (Hitachi S-4800 model equipped with EDX
spectrometer  from  Oxford  instruments). For  the
photoelectrochemical water oxidation study, films have been
subjected to dark and photocurrent measurements with Voltalab
80 potentiostat in a three-electrode configuration (cappuccino
cell) in 1M K,SO, (pH = 6.08) electrolyte. The reference
electrode was a calomel electrode (Hg / Hg,SO, / saturated
K,SO,) and a platinum wire used as counter-electrode.
Photoelectrochemical studies were performed by illuminating
the ZnO film through a 0.45 cm? aperture window of the
electrode through a fused silica window with a 0.5 cm? circular

This journal is © The Royal Society of Chemistry 2012

RSC Advances

mask; the total geometric area immersed in the electrolyte was
approximately 2.6 cm?. Sunlight was simulated with a filtered
xenon lamp from LOT® Oriel. The light intensity was adjusted
to AM 1.5 simulated lights using a THORLABS Inc. energy
meter.

C Results and discussion

Synthesis and optical properties of the prepared film

The dip-coated ZnO film obtained at 500°C is transparent in
nature and is as shown in left side of Figure 1. Visual
inspection of the film reveals different colour contrast due to
interference fringes which can also been seen in case of an
ultra-thin Ge film on Au substrate [36]. The optical microscopy
of the film [Figure 1: Right] shows the formation of topological
patterns formation after dip-coating and heat treatment process.
The non-agueous processing route for precursor synthesis
involves the formation of zinc - oleate composite. The
composite consists of Zn ion distributed in oleic acid matrix.
On annealing at 500°C oleate gets thermally decompose and Zn
ion is oxidized into ZnO. The prepared ZnO thin film is very
compact and don’t have any cracks as observed in an earlier
case of making pristine hematite film by following the same
route [37]. So far we have discussed the synthesis process and
visual properties of the film. To get a detail understanding of
the film and its functionality, it has been further characterized
with different auxiliary tools. In this case we have studied the
effects of two different parameters on ZnO film properties viz.
number of dip-coated layers and heat treatment temperatures.

Figure 1: Left. Optimized ZnO film image showing colour contrast as a result of
interference fringes; Right. Optical microscopy of ZnO films at 20 um resolution
showing the presence of topological pattern.

The optical properties of the nanoparticulate film largely
determine its  functionality as a photoanode for
photoelectrochemical water oxidation. This is due to the band
gap and electronic structure of the electrode material which
plays a critical role to make it more effective for
photoelectrochemical water splitting. The band gap determines
the type of solar insolation to be absorbed by the material. In
this case, ZnO absorbed mostly UV portion of solar spectrum
[12] and its conduction band edge position against water
reduction potential favours water splitting reaction quite easily
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[29] and consequently needs less overpotential for running
photo-oxidation reaction as will be discussed below. The UV-
Vis transmittance spectrum of the three differently deposited
films is shown in Figure 2 A. From it, it is evident that one
layer deposited film has an absorbance at 357 nm and is totally
transparent in the visible region from 390 nm to 750 nm. This
result agrees well with that of solution processed ZnO thin film
obtained at 500°C [25]. In case of two layers deposited film
(thickness 40 nm), we have observed that the absorption band
slightly red shifted towards 378 nm and transparent in visible
region. In both cases, the transmittance spectra reveals the
formation of interference fringes which is absent in case of
three layer deposited film with same absorption edge as that of
two layer films. Note that ZnO films used in this investigation
are heat treated at 500°C. The shifting of absorption onset can
be corroborated with various sizes of nanoparticles constituting
the film when we consider different layer thickness. In this case
we can bring the concept of quantum size confinement as the
thin film has nanoparticles with sizes < 30 nm as can be
observed in the discussion of morphological study.
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Figure 2: A. UV- Vis transmittance spectrum of ZnO film having different layer
thickness showing 90% transmittance for visible region of solar spectrum. B.
Energy band gap of ZnO obtained using Tauc model for direct band gap
transition.

To get further insight into the electronic structure, the band gap

of ZnO thin film has been calculated by applying Tauc
methodology [38] for direct band gap transition. Note that n-
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type ZnO has a direct band gap of 3.20 eV [12]. From Figure 2
B we have found that ZnO band gap is around 3.13 eV for 2
layers deposited films which generally shows highest
photocurrent density in the present study. This will be discussed
further in photoelectrochemical properties of ZnO electrode.
The observed band gap closely matches with that of ZnO film
already described in literatures and the result was explained on
the basis of valance band donor transition [12]. The higher band
gap of ZnO is attributed to the deeper lying of O 2p and Zn 3d
orbitals and studies has been carried out in order to reduce the
band gap and to shift the valance band maximum to upper
energy level [13]. It also refers to the absorbance of short
wavelength light for the ZnO film obtained in this case. This
will further help in the absorption of UV rays when use as a
smart window system in modern building.

So far from optical property investigation, we have found that
the synthesized ZnO thin film is well matching with the
standard one already described in literature and due to its UV
absorption properties; it further validated the proof of concept
of using it as a smart transparent window.

Structural and morphological characteristics of the ZnO
films

For the photoelectrochemical application, not only the optical
properties; the structural properties equally plays an important
role as it gives information about the crystallographic properties
of the electrode. This finally determines the electron transport
characteristics through the crystalline lattice having right
structure and symmetry. To deal with it, we have performed X -
ray diffraction study on the thin film of ZnO for two different
parameters. In the first case, we have taken account of the
effect of heat treatment temperature on its structural properties.
Here, we have normalized the ZnO Bragg reflection peak
intensity with that of FTO substrate and plotted in Figure 3A.
From here, it has been observed that the ZnO film on FTO
substrate showing intensity patterns from corresponding
crystallographic planes. These are not well resolve in case of
300 and 400 °C, whereas distinct for 500 °C treated film. Here
(100), (002), (101) and (103) crystal planes are observed which
corresponds well to the JCPDS pattern (01-089-7102) for ZnO
with hexagonal phase with space group P63mc [39]. Based on
results, it is evident that the substrate (FTO) peak intensity
remain same for all films heat treated at different temperatures
while the corresponding Bragg reflection peak intensity of ZnO
crystalline planes well evolved for 500°C heat treated sample.
Based on this, we can conclude that 500°C is the best
temperature for obtaining the thin film of ZnO. From the
expanded diffractogram of 500 °C [Figure 3 B], it is observed
that the peak broadening also occurs for (100), (101) along with
(002) planes. This further confirms the formation of
nanocrystalline phases and is validates nanoparticles sizes of
21.04 nm as will be discussed in morphology study.

This journal is © The Royal Society of Chemistry 2012
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Figure 3: A. XRD study of differently heat treated sample; B. expanded form of
XRD pattern showing the presence of ZnO crystalline plane with broadening of
Bragg peak; C. thickness dependent XRD study of ZnO heat treated at 500°C; D.
Expanded pattern shows the evolution of Bragg peak intensity for (002) plane
followed by others.

Next we have performed X - ray diffraction on ZnO films
having different number of dip-coated layers. From Figure 3 C,
the Bragg reflection peaks for ZnO are well resolved for all the
deposited layers. Here, we have also observed corresponding
Bragg reflection patterns from (102), (110), (112), (201), and
(004) crystallographic planes in addition to ones discussed
above. Note that all XRD characterized films have been
deposited at the optimized heat treatment temperature of 500
°C. On expanding the diffractogram between 31° - 37° Bragg
angle [Figure 3D.] we have observed that the (002) plane shows
its maximum Bragg reflection peak intensity while substrate
peak intensity remain invariant for all the films having 1, 2 and
3 layers deposition. From a careful analysis, we have found that
the Bragg peak gets broadened more in case of 2 and 3 layers
deposited film in comparison to 1 layer film which corresponds
to formation of nanocrystallites. We have also observed that
although the (002) plane intensity reached its peak maximum
but contrary to this, all the planes (100) and (101) intensities
getting increase with respect to substrate peak intensity and this
rules out any preferential growth of ZnO crystallographic
planes on increasing the number of dip-coated layers. While in
other cases, (002) planes preferentially grows as described
elsewhere [25, 32]. To confirm the preferential growth of
crystallographic pattern we have also calculated the relative
Bragg peak ratio between (101), (100) and (002) planes of ZnO
with that of FTO (101) plane

This journal is © The Royal Society of Chemistry 2012

RSC Advances

1 2 3
I10|2noj |101 h

0.72

I1Ul?.n0'! |‘I 1

100 )
15 ' .

101

10 | v .

IIUU'! IIU1

05 | o s

0.0 . : . : !

2.60 - - -

01
[ <

J195f - i}

IO
Y

1.30 |- L’ 4

1

0.65 k 1 " L L

Number of Layers

Figure 4: Relative Bragg peak ratio between (101), (100) and (002) planes of ZnO
with that of FTO (101) plane.

As shown in Figure 4, we have found that all Bragg reflection
peak intensity for crystalline planes of ZnO equally grows at
the expense of the layer thickness. Following this discussion,
we can conclude the formation of ZnO thin film with hexagonal
structure as exemplified by the correct matching to JCPDS
intensity patterns. In the next part, we would like to discuss
about the morphology study of ZnO thin film. This is important
as the morphology plays an important role in the light trapping
during solar insolation. Before discussing the morphological
data, we would like to point out here that the ZnO film shows
higher performance in spite of having compact form with shiny
faces as shown in Figure 1 (left). This particular feature was
absent in our earlier study for a compact hematite film prepared
with spin-coating and sol — gel protocol’. The current ZnO film
is effective in the sense of having roughness at hanoscale which
can be observed from the corresponding FESEM images as
shown in Figure 5 A and B. From here, it is evident that the
film consists of nanoparticles having different diameter and
elongated shape. On calculating the Feret’s diameter [40] of the
elongated nanoparticle, <F> with Image J software as shown in
Figure 5 D, the average nanoparticle size obtained is around
21.04 nm. This is quite surprising as the same synthesis process
for hematite thin film deposition does not allow us to obtain
such small nanoparticle sizes [37]. It is also remarkable in the
sense of the easy scalability of the synthetic process for
depositing ZnO thin films. In addition to it, since the film has
roughness at nanoscale, the light trapping improves further
which helps in the better photoelectrochemical performance.

J. Name., 2012, 00, 1-3 | 5
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The composition of the film has also been studied with EDX
spectrometer and it is found that the film consists of only Zn
and O elements as can be seen from Figure 5 C. The huge peak
before oxygen appears from carbon background which was
used a substrate during the measurement.

Journal Name

B Nonopartiche sze distribution @

Average nanoparticle size = 21.04 nm

B
<F>, sie of slongated nanopasticie (nm)
+ € 3 gy

w1+ 20 2 N B
Mumber of parcles

Er‘lergy (ke.\l)

Figure 5: A and B: FESEM images of ZnO film showing nanoparticulate
morphology. C. EDX pattern showing the presence of Zn and O elements. D.
Average size distribution of nanoparticles constituting the film is 21.04 nm
calculated by considering the Feret diameter <F> for elongated nanoparticles.

Photoelectrochemical water oxidation

In order to study the functionality of the nanoparticulate ZnO
film, we have carried out photoelectrochemical measurement
with three - electrode electrochemical configuration with
necessary applied bias and in the presence of 1M K,SO, as
electrolyte (pH = 6.08), Hg/Hg,SO, (SCE) as reference
electrode and Pt as a counter electrode. Before measuring the
photocurrent, dark current of the ZnO thin films has been
measured to see any faradaic oxidative current. Note that in all
electrochemical measurements, the potential is expressed vs.
RHE (reversible hydrogen electrode) scale which is obtained by
using the following formula.

Erne = Eng/rgasoa+ 0.059 x pH+Eng/ngso4
=1.01V; at 25°C

1)
From the linear current density measurement under both dark
and light condition [Figure 6 A.]; we have found that for all the
films (1, 2 and 3 layers) the dark current density remains flat
and its onset starts at 1650 mV due to Faradaic oxidation
reaction. Note that the linear CV measurement is carried out
within the potential windows of -800mV to 700 mV vs.
Hg/Hg,SO, (SCE) electrode (200 mv to 1700 mV vs. RHE). On
the other hand, after measuring the photocurrent with AM 1.5
simulated sunlight; we have found that all the samples show
reasonable photocurrent densities.

6 | J. Name., 2012, 00, 1-3
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Figure 6: A. Photocurrent densities of ZnO film having different layer of
deposition, inset showing the variation of saturated photocurrent density and
water splitting photo current densities; B. measurement of photocurrent onset
potential by plotting square of current density against applied potential (Jz- V); C.
Chopped photocurrent density of 2 layer ZnO films showing the presence of
anodic spikes tending towards surface recombination of generated electron hole
pair.

Here, the 2 layers ZnO film shows the maximum photocurrent
density of 1mA / cm? which is quite high for a pristine ZnO
electrode obtained with solution deposition manner in
comparison to others as shown in Table 1. However for a P-

This journal is © The Royal Society of Chemistry 2012
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type Zn-doped hematite films reasonable amount of
photocurrent density was observed [41]. The one layer and
three layer films showed photocurrent densities of 0.236 and
0.585 mA / cm? respectively. If we carefully look at the water
splitting potential (1.23 V vs. RHE), we have found that the
water splitting current density is around 0.817 mA / cm? for 2
layers film which is fairly high. For other films, the variation of
water splitting current densities can be visualized from inset of
Figure 6 A. Next we have measured the photocurrent onset
potentials by making the square of current densities vs.
potential [J% — V plot] [42] as shown in Figure 6 B. The J? - V
plot can be used for determining the photocurrent onset
potential due to the linear dependence of the square of
photocurrent on the applied potential. This helps in the easy
determination of photocurrent onset potential by the
extrapolation of a straight line to the intersection of applied
potential axis. In addition to it, extrapolation of straight line of
J* - V plot on potential axis can also be used for the
determination of flat band potential [43]. Based on the results, it
is observed that the photocurrent onset potential for 2 layers
film is around 0.421 V with respect to other films as shown in
the inset. From the above study, we can conclude here that the 2
layers deposited ZnO film showing the best performance with
maximum photocurrent density of 1mA / cm? and photocurrent
onset potential starts at 0.421 V. In this case, the overpotential
applied is found to be 0.370 V.

To get further understanding of the charge transfer process, we
have also performed chopped photocurrent density
measurement for 2 layers ZnO film. The result obtained is
shown in Figure 6 C. From here, it can be observed that during
light on and off condition, anodic spike generated and decays
due to the photogeneration of an electron acceptor such as OHe
radical during water oxidation reaction and it is generated by
the oxidation of water molecule in the electrolyte by valence
band holes “). The photocurrent generated without any
chopping effect (green line) is measured against the potential
gradient during which the electrons move from the valence to
the conduction band. In this case, another interesting
observation is that, no cathodic spike generated during light off
condition meaning no recombination taking place between
electrons and photo-oxidized surface species in the bulk of
electrode ™! and it is quite promising to get rid of
recombination effect which generally decreases the efficiency
of photoelectrode for water oxidation reaction.

This journal is © The Royal Society of Chemistry 2012
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Figure 7. A: — Comparison of number of moles of O, calculated from current vs.
time data with experimentally determined O, from GC data analysis. B-
measurement set up for in - situ GC detection of photoelectrochemical reaction
products. C- Long term stability study in a bulk electrolysis cell; Inset showing the
measured photocurrent density from one layer deposited ZnO film.

Photoelectrochemical oxygen evolution and stability study

To check the photoelectrochemical oxygen evolution with ZnO
film, we have carried out the in - situ gas chromatographic
analysis of reaction products (oxygen) formed during the
photoelectrochemical experiment. The result obtained is shown
in Figure 7 A. Here, we have found that the number of moles of
O, gets decrease over time as calculated from the
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chronoamperometry data using Faradays law [46] and
correspondingly the quantitative detection of evolved oxygen
yields a concentration of 7.97 nmol after 16 min of the reaction
(Figure 7A., inset). The reason for the sharp drop in the O,
yield after 10 min is not known during this investigation. Also
if we carefully look at the choronoamperometry result shown in
figure 7 C, after 10 min the photocurrent density drops down to
lower value.

Table 2: Experimental and calculated number of moles of evolved O,

Time Experimental Calculated
5 min 8.042 nmol 99.4 nmol
10 min 7.71 nmol 71.4 nmol
15 min 7.97 nmol 40 nmol

We have also calculated the Faradaic efficiency for
photoelectrochemical water oxidation with the ZnO film by
adopting the method described elsewhere [49]. From the
calculation, Faradaic efficiency obtained is around 20% after 15
min of electrode operation. We believe this lower efficiency
was due to the occurrence of loss processes in the form of
corrosion of electrode surface during the course of experiment.
From a rough calculation, we have found that the calculated O,
after 15 min operation was 40 nmol [Table 2] and it was
produced by 160 nmol of electrons. But in case of experimental
determination, we have only 7.97 nmol of O, which
corresponds to 0.5 nmol of electrons. Now if we make a
subtraction of the number of mole of electrons, then it will end
up with the loss of 159.5 nmol of electrons during the O,
evolution process which are provided by the current passed
over the electrode after 15 min of operation. We believe this
loss is due to the corrosion of electrode as confirmed by visual
inspection after the photoelectrochemical operation. From the
quantitative data, it is evident that the ZnO nanoparticulate film
acts as photoanode by forming reaction products in the form of
oxygen. This further validates its application as an oxygen
generating photoanode. In the next step, we have also studied
the long term stability of the ZnO electrode in a bulk
electrolysis cell which have been specially designed for the in -
situ gas chromatographic detection of reaction products during
photoelectrochemical water splitting. The set-up is shown in
Figure 7 B.

For the stability study, we have carried out
chronoamperometric study of one layer deposited ZnO film for
30 min by employing a fixed potential at 1.23 V vs. RHE. From
the current vs. time data obtained, [Figure 7 C] we have
observed that the photocurrent density decreases over time from
180 pA / cm? to 30 pA / cm? This further signifies that the
ZnO film is not so much stable and will have to be studied
further in order to prevent corrosion by tuning the electrolyte
concentration and making ALD deposition of metal oxide
passivation layer. These studies are not the subject of interest
during the present investigation. For the time being, we have
developed the proof of concept which we believe helps the ZnO
nanoparticulate film to be applicable as an effective photoanode
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obtained with a very cheap solution processing and dip-coating
route. Here we would also like to clarify that the photocurrent
density measured in case of bulk electrolysis cell [inset of
Figure 7c] is slightly different from that measured in a
cappuccino cell as shown in Figure 6.A. The reason for this
ambiguity is not known so far.

Finally in Figure 8, we propose a real device application of the
dip-coated ZnO film. As we mentioned above, it can be used as
a transparent window in the rooftop of modern buildings. Here,
it will perform dual actions of UV filtering and
photoelectrochemical water splitting. During the PEC process,
it splits the molecule of water into H, and O, with necessary
bias from a photovoltaic panel and this can be finally supplied
to a PEM fuel cell (not shown in the proposed scheme) for
generating electricity in the household. The ZnO photoanode in
this case absorbed only the UV portion of sunlight due to its
band gap (3.2 eV) and it transmit the visible light into the
building which can be used for lightening purpose. We would
also like to state that with a newly developed protocol for large
electrode fabrication [47], it will be feasible to adopt this
strategy for making 10 x 10 cm? transparent ZnO electrodes.
This ultimately helps in the large scale manufacturing of the
electrode at an industrial scale.

\///L’

Y va
&

1MK,50,

e pH=6.08

> Mafion

Visible light
to be used for
lightening the room

Figure 8: Proposed device with transparent nanoparticulate ZnO window panel
having dual functionality of UV filter and photoelectrochemical water splitting.

Conclusions

From the above discussion, we conclude that an effective non-
aqueous solution processing route has been developed for
depositing transparent nanoparticulate ZnO thin film with dip-
coating methodology. The optical properties of the ZnO film
with different layers deposition have an absorption onset at 357
nm with exception for 2 and 3 layers deposited film. The
presence of interference fringes in transmittance spectra
validates the observed colour gradient on the prepared film. The
band gap of the 2 layers ZnO film is found to be 3.13 eV for

This journal is © The Royal Society of Chemistry 2012
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direct bandgap transition and the structural properties of the
ZnO film further showed the formation of nanocrystallites with
hexagonal phases. The nanoparticle constituting the film have
elongated shape and its average particle size found to be around
21.04 nm with the consideration of the Feret’s diameter for
elongated nanoparticles. The photocurrent density measurement
of the optimized film (2 layers dip-coated) shows 1 mA / cm?
which is quite promising for a pristine nanoparticulate ZnO
film obtained in solution processed manner. The prepared
electrode also shows reasonable amount of oxygen evolution
which along with its transparency nature makes it applicable as
transparent window for dual action of UV filtering and
photoelectrochemical water splitting.
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A solution processed synthetic route has been developed for making transparent
ZnO thin film having nanoparticle size of 21.04 nm. Without additional
modification ZnO films shows current density of 1mA / cm?. The films also exhibit
the production of oxygen gas from photo electrochemical water oxidation.
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