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Chapter 1 Introductory remarks



1.1 Background and purpose of research

Energy and environment issues have become significant topics that are discussed
around the world. Hydrogen which is identified as an environmental friendliness and
renewable fuel has been produce and expected to solve the issues. Recently, more and
more attentions have been devoted to construct an artificial photosynthesis system, in
which hydrogen fuel and oxygen will be produced from water by conversing abundant
solar light directly. *™ Since development of robust catalysts with high efficient for
water oxidation (2H,O — O, + 4H" + 4¢") is considering as the key task, until now
numerous organic complex catalysts®’ and also such materials with narrow bandgaps

including tungsten trioxide (WO3)®*8

as photocatalysts (Figure 1-1) or photoanodes in
photoelectrochemical (PEC) cell (Figure 1-2) have been reported for water oxidation.
WQO3; an n-type semiconductor, has attracted immense attention as

1922 materials and photoanode materials in PEC cells®*2° for water

photocatalyst
oxidation because of its visible light response (bandgap, Ey = 2.6 to 2.8 eV), a valence
band edge position thermodynamically possible for water oxidation (about 3 V versus
the normal hydrogen electrode), strong absorption within solar spectrum and good

8,17,20,23,28,30-33 however, pure W03

photochemical stability under the acidic conditions,
exhibits low photocatalytic activity under visible light irradiation due to either its fast
recombination of electron-hole pairs or high band gap which restrict from sufficient
strong visible region absorption of solar spectrum. Herein, the purpose of the present

research for my doctoral dissertation is that | focus on WO3towards improvement of

the PEC water oxidation performance by fabrication of mesoporous structured WO3 to



increase the surface area which offers a large number of water oxidation sites at the
electrolyte-WOj3 interface to suppress the recombination chance of electron-hole pairs
or by intercalation of nitrogen (N;) molecule into the WO;3 lattice to lower the
absorption threshold of WOs3.
1.2 Contents of research
In the second chapter, Tungsten trioxide (WO3) films with nanoporous
morphology were prepared by a facile and simple method utilizing commercially
available WO3; nanopowder with polyethylene glycol to guide porosity of a
nanostructure, and the resulted photoanode was working efficiently for
visible-light-driven water oxidation. The SEM obsesrvation and XRD mesurement
revealed formation of interparticulate nanopores between the well-connected WOs3
crystaline particles of dimension ca. 100-200 nm. The nanoporous WOj3 electroode
generated a significant photoanodic current density of 1.8 mA cm™ due to water
oxidation at 1.0 V versus Ag/AgCl on visible light irradiation (A > 390 nm, 100 mW
cm?). The onset potential of the WOj3 electroode was 0.67 V versus a reversible
hydrogen electrode (RHE), being lower by 0.56 V than the theoretical potential for
water oxidation (1.23 V versus RHE). The incident photon to current conversion
efficiency (IPCE) reached 45% at 400 nm of light wavelength and 1.04 V versus
Ag/AgCI of an applied potential. The photoanodic current and photostability of the
WOj3 electrode were improved by addition of Co®" ions in the electrolyte solution
during photoelectrocatalysis.
In the third chapter, Mesoporous tungsten trioxide (WO3) was prepared from
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tungstic acid (H,WQ,) as a tungsten precursor with dodecylamine (DDA) as a
template to guide porosity of the nanostructure by a solvothermal technique. The WO3
sample (denoted as WO3-DDA) prepared with DDA was mouldedon an electrode to
yield efficient performance for visible-light-driven photoelectrochemical (PEC) water
oxidation. Powder X-ray diffraction (XRD) data of the WO3-DDA sample calcined at
400<C indicate a crystalline framework of the mesoporous structure with disordered
arrangement of pores. N, physisorption studies show a Brunauer-Emmett-Teller (BET)
surface area up to 57 m® g * together with type 1V isotherms and uniform distribution
of a nanoscale pore size in the mesopore region. Scanning electron microscopy (SEM)
images exhibit well-connected tiny spherical WO3 particles with a diameter of ca. 5 to
20 nm composing the mesoporous network. The WO3;-DDA electrode generated
photoanodic current density of 1.1 mA cm 2 at 1.0 V versus Ag/AgCl under visible
light irradiation, which is about three times higher than that of the untemplated WOs3.
Oz (1.49 pmol; Faraday efficiency, 65.2%) was evolved during the 1-h
photoelectrolysis for the WO3;-DDA electrode under the conditions employed. The
mesoporous electrode turned out to work more efficiently for visible-light-driven
water oxidation relative to the untemplated WOj3 electrode.

In the fourth chapter, | report herein that a unique Nj-intercalated WO3 with a
mesoporous structure was first succeed to synthesize by employing an facile one-step
hydrothermal treatment procedure using dodecylamine (DDA), which was used as an
nitrogen source as well as a surfactant template for formation of mesoporous structure.
At first, | optimized the preparation condition including the amount of DDA and
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hydrothermal preparation temperature (150°C) by N, physisorption experiment. And |
investigated the calcination temperature-dependent experiments on XRD, EDS,
Raman future comparing to the second chapter. The XRD data of N,-intercalated WO3
prepared with DDA exhibited higher crystallinity compare to WO3-bulk which
prepared without DDA. The existence of nitrogen element was detected from EDS
and Raman results. The Ny-intercalated mesoporous WQOj3 exhibit that this photoanode
material was responsive to visible light of A< 490 nm, which is corroborated the
optical band gap (2.5 eV). This band gap of N-intercalated mesoporous WOj3 is
narrower compared to the controlled materials (2.8 eV) prepared without a template.
And aslo the performance of PEC water oxidation was improved. The action spectra
of incident photon-to-current conversion efficiency (IPCE) exhibited that the
photoanodic current of Nj-intercalated mesoporous WO3 was generated below 490
nm for the N»,-WO3 electrodes.

In the fifth chapter, a N,-intercalated WO3 (N2-WO3) having nano-rod structure
was prepared from hydrazine-derived precursor which was synthesized from tungsten
acid (H,WO,) and hydrazine solution (N2H,) as N source instead of NH3; H,0 at
room temperature. An N,-WOs-coated electrode was prepared by simple squeeze of
WO; paste over ITO substrates. XRD and Raman spectra suggested formation of pure
monoclinic WO3 phase and intercalation of N, into the WOg; lattice. UV-visible
spectra showed red shift of an absorption band edge due to N, intercalation,
suggesting the possibility of improved visible light response. Under visible light
irradiation, remarkable high O, evolution were observed for hydrazine-derived
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N,-WOj3 both calcined at 420°C (0.89 [ mol K') and 550°C (3.52 [ mol K'). Under
visible light irradiation significant high anodic photocurrent (1.2 mA cm™ at 1.0 V,
100 mW cm™ light intensity) was detected on cyclic voltammograms (CV) for
hydrazine-derived N,-WOs calcined at 420°C. This current is about 4 times higher
than that of ammonium-derived N»-WOs; (0.3 mA cm™ at 1.0 V). The action spectra of
incident photon-to-current conversion efficiency (IPCE) exhibited that the
photoanodic current was generated below 520 nm for the N,-WOj; electrodes. High
charge generation and large amounts of O, evolved with high Faradaic efficiency
during photoelectrocatalysis at the N,-WO3 electrode were observed.

In the sixth chapter, a nanorod-structured Ny-intercalated WO3 (N,-WO3) was
prepared from hydrazine-derived precursor using the same procedure with the second
chapter. Amount of hydrazine-dependent and calcination temperature-dependent were
discussed further than the second chapter. For comparison, a No-intercalated WOj3
was prepared from ammonium-derived precursor which was synthesized from H,WQ,
and ammonium solution (NHz H,0) as N, source®. Also, the a control sample was
prepared from peroxo-tungstic acid (PTA) according to the method report previously®
1.3 Reference
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Figure 1-1 Solar oxygen production from water using a powdered photocatalyst.
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Figure 1-2 Reaction mechanism for photosynthesis system.
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Chapter 2
Facile and simple fabrication of an efficient nanoporous WO;

photoanode for visible-light-driven water splitting

2.1 Introduction

Concern over climate change due to global warming becomes increasingly
important, and in this regard hydrogen has featured prominently as a clean and
renewable energy source.'"*) The conversion of solar energy into hydrogen represents
an attractive but challenging alternative in photoelectrochemical (PEC) cells,!* ®
following the pioneer work on a TiO, photoanode for water splitting by Honda and
Fujishima.l®! Unfortunately a wide band gap of TiO, (3.0-3.2 eV) causes to absorb
only an ultraviolet fraction of a solar spectrum (accounts for just 4% of solar
irradiation) and consequently responsible for low efficiency in utilization of solar
light.* 7 & Therefore, intensive researches have been focused on materials with a
relatively narrower band gap than TiO, to expand light absorption to a visible region.
Several single component and composite materials (WOj3, Fe,Os, TazNs, TaON,
BaZrO;-BaTaO,N, etc.) have been investigated to achieve efficient
visible-light-driven water splitting.*%%

WO3, an n-type semiconductor has attracted immense attention as a
photoanode material for water oxidation in PEC cells because of its visible light
response (band gap, Ey = 2.6-2.8 eV), a thermodynamically possible valence band
edge position for water oxidation (3 V versus the normal hydrogen electrode) and
good photochemical stability under acidic conditions.l*** % So far, several efforts

for nanostructural control of WO3; have been paid to increase a contact area between

an electrode and electrolyte solution and to make electron transport in WO3 layers
11



easier, intended for enhancing performance of PEC water oxidation at WO;3
electrodes.[® 124271

WO; films have been prepared by several techniques, e.g., vacuum
evaporation®®, chemical vapor deposition® %! sol-gel precipitation?*2® 31! spin
coating™?, sputtering®®® and electrodeposition!** . The low-cost chemical procedure
like a sol-gel technique is selected for a wide range of applications.!?*%® %! Santato et
al. reported the preparation of a transparent crystalline WO3 film with interconnected
nanoparticulate structures by a spin-coat of the colloidal tungstic acid precursor
solution (obtained by passing an aqueous solution of sodium tungstate through a
proton exchange column) and followed by calcination under oxygen atmosphere at
550 °C.1**?%1 However, one needs to be proficient in preparation of the precursor
solution involving a somewhat complicated procedure for reproducible fabrication of
the WO; film. Sayama et al. reported the fabrication of a WOj3; film from an oxygen
rich amorphous peroxo-tungstic acid precursor prepared using a relatively easy
technique.B**Y Our aim is to develop a simple and reproducible fabrication technique
for a WO; film without a complicated procedure of precursor preparation, which is
beneficial for general researcher especially out of a chemistry field. Herein we report
a facile, simple and low-cost method for the preparation of the nanoporous WOj3 film
utilizing commercially available WO3; nanopowder (instead of laboratory-made
tungsten precursors) with polyethylene glycol (PEG) to guide porosity of a
nanostructure. The high peformance of photoelectrocatalytic water oxidation of the

nanoporous WOg3; film is presented, and furthermore the photostability of the
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nanoporous WOj electrode during photoelectrocatalysis is discussed.

2.2 Experimental section
Materials

Tungsten trioxide (WO3) nanopowder (particle size, < 100 nm) was
purchased from Aldrich. Polyethylene glycol (PEG, molecular weight = 2,000) was
obtained from Wako Chemical Co. Marpolose (60MP-50) was purchased from
Matsumoto Yushi-Seiyaku Co. An indium tin oxide (ITO)-coated glass substrate was
obtained from Asahi Glass Co. Millipore water was used for all the experiments. All
other chemicals unless mentioned otherwise were of analytical grade and used as

received.

Preparation of electrodes

A nanoporous WQOj3 film-coated ITO (ITO/WO3) electrode was prepared by
using a doctor-blade technique. Before coating, an ITO glass substrate (1.0 cm? area)
was cleaned up by the UV-Ozone treatment (SEN LIGHTS Co., Photo Surface
Processor PL16-110) for 15 min. In a typical procedure, 300 uL water was added to a
mixture of 200 mg WO3; nanopowder, 100 mg PEG and 20 mg marpolose. The
mixture was stirred for 2~4 h until a smooth paste was formed. The resulting paste
was squeezed over the ITO glass substrate by a doctor-blade coater and dried at 80 °C
for 15 min. After repeating the procedure for 2 times, it was calcined at 550 °C for 90

min to obtain the nanoporous WOj; film on the ITO glass substrate.

Structural characterization

The crystalline phase of the nanoporous WO; film was characterized by
13



powder X-ray diffraction (XRD; Rigaku, MiniFlexIl) using monochromated Cu Ka
(A = 1.54 A) radiation. The nanoporous structure of the film was imaged by scanning
electron microscopy (SEM; JEOL, JSM-6510LV), and prior to SEM observation the
samples were gold-coated by sputtered deposition (Sanyu Electron, Quick Coater
SC-701). UV-visible diffuse reflectance spectra (DRS) were recorded on a JASCO

V-670 spectrophotometer.

Photoelectrochemical Measurements

Photoelectrochemical measurement was carried out in a two-compartment
electrochemical cell separated by a Nafion membrane using an electrochemical
analyzer (Hokuto, HZ-3000). A three-electrode system has been employed by using
ITO/WO;3; and Ag/AgCI electrodes in one compartment as working and reference
electrodes, respectively and a Pt wire in the other compartment as a counter electrode.
An aqueous 0.1 M phosphate solution were used as an electrolyte in both the
compartments, which was saturated with Ar gas prior to the electrochemical
measurement. For the study on effect of Co®" ions on the photoelectrocatalytic
performance, 0.1 mM Co(NO3),.6H,0 was contained in the electrolyte solution of the
working electrode compartment. The cyclic voltammogram (CV) was recorded at a
scan rate of 50 mV s at 25 € under Ar atmosphere. Light (1 > 390 nm) was
irradiated from a backside of the working electrode using a 500 W xenon lamp (Ushio
Inc., Optical ModuleX) with a UV-cut-filter (L39) and a liquid filter (0.2 M CuSQ,)
for cutting of heat ray. The output of light intensity was calibrated as 100 mW cm™
using a spectroradiometer (Ushio Inc., USR-40). IPCE data were calculated using
equation (1):

IPCE (%) = [1241- Is/ (1-¢)] % 100 1)
14



where 1 (MA cm™), 4 (nm), and ¢ (MW cm™) denote photocurrent density recorded at
given conditions, wavelength and intensity of incident photon, respectively.
Monochromatic irradiation was carried out using a 500 W xenon lamp in combination
with a monochromator (Jasco Corp., M10). Photoelectrocatalysis was conducted at 25
°C under the potentiostatic conditions of 0.5 V vs Ag/AgCI under illumination of light
(A > 390 nm; intensity 100 mW cm™) for 1 h. The amounts of H, and O, evolved were
determined from the analysis of the gas phase (headspace volume: 87.3 mL) of
counter and working electrode compartments, respectively using a gas
chromatography (Shimadzu, GC-8A with a TCD detector and molecular sieve 5A

column and Ar carrier gas).

2.3 Results and discussion

When a WO3; film was prepared on the ITO substrate from only a dispersion
of WO3 nanopowder (200 mg) in water (3.0 ml), a reproducible film was not obtained
due to low viscosity of the dispersion medium. In case of either PEG or marpolose
(120 mg) included in the dispersion medium (200 mg WOs; in 3.0 ml water) for
preparation of a coating paste, the quality of the resulted WO3 film was better than
that prepared without PEG or marpolose but it was not sufficiently homonegeous.
However, the use of both PEG (100 mg) and marpolose (20 mg) in the coating paste
gave a highly reproducible and homogeneous WOs; film exhibiting a significant
photocurrent responce as discussed in the latter section. Marpolose helps to attach the
coating paste on the ITO substrate by increasing viscosity of the dispersion medium,
which is necessary to produce an uniform layer of coating by a doctor blade method.

PEG acts as a binder between WOg3 particles as well as guides porosity of a
15



nanostructure.™*” The organic additive is well-defined to play a role as a template for
formation of various nanostructures of the metal oxides.!*" 2> 42 431

The SEM images of the ITO/WO; film prepared under typical conditions and
then calcined at 550 °C are shown in Fig. 1. The top-view of the SEM image at a low
magnification (Fig. 1a) exhibits a flawless and smooth porous network, extended over
several micrometer without any significant crack formation. The SEM image at higher
magnification (Fig. 1b) shows that a nanoporous network is composed of embedded
ball-like WOj3 particles of ca. 100-200 nm in diameters, being well-connected to each
other. From the cross-sectional SEM image the film thickness was measured to be ca.
20 um. The X-ray diffraction (XRD) patterns of the ITO/WO; film calcined at
200-600<€ are shown in Fig. 2. The films exhibited sharp and intense peaks for all the
calcination temperatures employed due to preattainment with optimum crystallization
of WOj3 nanopowders used in the coating paste. The d-spacings calculated from the
corresponding peaks of the XRD patterns are in good agreement with phase-pure
monoclinic WO3; (JCPDS number: 43-1305). This crystalline nanoporous structure of
the connected WOg3 particles is important to yield a large interface between the
electrolyte and film and efficient electron transport thourgh the film, which are
consequently expected to work efficiently for PEC water oxidation since the electron
and hole pairs generated by photoexcitation of WO3; would have less chance to
recombine before participating in a water oxidation reaction at the WO3 surface.

The PEC water oxidation at the nanoporous ITO/WO3 electrode (calcined at
550 °C) was studied in a 0.1 M phosphate solution. On cyclic voltammograms (CVs)
at pH = 6.0 in the dark, no redox response was observed in a range of -0.2 ~ 1.0 V vs.

Ag/AgCI except a response based on WO3/H,WO3 below 0 V (black line in Fig. 3a).

Upon visible light irradiation (4 > 390 nm, 100 mW cm™) the significantly high
16



photoanodic current was observed above 0.12 V vs. Ag/AgCl and reached 1.76 mA
cm? at 1.0 V. The potential values of CV data were converted from Ag/AgCl to

reversible hydrogen electrode (RHE) according to equation (2):

Erre = Eagiagel + (0.059 X pH) + ERgage 2)

where Erne is the calculated potential versus RHE, Eagiager is the measured potential
vs Ag/AgCl and Egager = 0.199 V at 25 °C. The onset potential of the nanoporous
ITO/WQO;3; electrode is 0.67 V versus RHE and it is lower by 0.56 V than the
theoretical potential for water oxidation (1.23 V versus RHE). Fig. 3b shows the
dependence of the generated photocurrent at 1.0 V' vs. Ag/AgCl on the thickness of
the nanoporous ITO/WOj3 electrode. The photocurrent increased up to 20 um of the
film thickness, showing that 20 um of the WOj3; layer from the ITO interface is
effective for the PEC reaction due to light penetration restriction. The photocurrent
was measured by changing light intensity from 0 to 172 mW cm™ (Fig. 3c). It
increased linearly with an increase in light intensity up to 100 mW cm™, indicating
that the photocurrent generation is controlled by a photoexcitation process up to 100
mW cm? light intensity. The downward deviation of the photocurrent from the linear
relationship could be ascribed to controlled diffusion of the holes and electrons and/or
a water oxidation reaction at the surface taking place after photoexcitation.

Action spectrum of IPCE for the nanoporous ITO/WO; electrode in a
phosphate solution at pH = 6.0 and 1.04 V versus Ag/AgCl are shown in Fig. 4. The
photocurrent was generated in a visible light region below 480 nm, and IPCE reached
45% at 400 nm. The edge of the action spectrum of IPCE agreed with a band gap
energy of 2.64 eV (470 nm), estimated from the diffuse reflectance spectrum of the

17



WOs film (Fig. 4). This result indicates that the photocurrent is generated by band gap
excitation of WO3. The IPCE of the ITO/WO3; electrode at 400 nm was measured to
be 33 % and 42% at 0.5 VV and 0.8 V versus Ag/AgCI respectively. The fromer IPCE
value at 0.5 V is inferior to that of efficient small mesopore WO3 film (43 % at 0.5
V)P but significantly higher than those of interparticulate and bluk WOj; films
prepared from peroxo-tungstic acid precursors using a similar fabrication technique
(16 and 6 % respectively at 0.5 V) The latter IPCE value at 0.8 V is comparable to
that of macroporous 3D photonic crystal WO films (40-45 % at 0.8 )4,

The flat band potential of the nanoporous ITO/WO3 electrode was estimated
from the onset potential (Eon) of the photoanodic current at various pH of the
electrolyte solution. Although WO; is known to be less stable in basic conditions, !
the reliably analyzable CV data of the ITO/WO3 electrode were recorded even at pH =
10. Eon was defined as the intersection potential of the tangential lines of the initial
photocurrent rise and x-axis of the potential in CV data. We can classify the Eq, values
into two groups, as shown in Fig. 5. In the first group, the plot of E,, versus pH gave
straight line below pH = 8.0 with the slope of -69 mV/pH (close to -59 mV/pH),
indicating that the the PEC reaction at the surface involves a proton-couple electron
tranfser reaction with nearly equivalents of electron and proton. Most likely, the water
oxidation reaction at the surface could occur as repesented in equation (3) and (4)

involving adsobed hydroxy radical species (OH"gs).1*®!

2H20ads 9 ZOH.ads + 28- + 2H+ (3)

ZOH'adS 9 02 + 2e- + 2H+ (4)

where the subscript “ads” means adsorbed species on the WOj3 surface. In the second
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group, the same plot above pH = 8.0 gave the straight line but the slope (-30 mV/pH)
is low (as absolute value), indicating that the PEC reaction involves another process
of 2 eqivalents of electron per a proton, compting with the water oxidaiton reaction at
the surface above pH = 8.

Photoelectrocatalysis over the nanoporous ITO/WO; electrode was
conducted in a 0.1 M phosphate solution under the potentiostatic conditions at 0.5 V
versus Ag/AgCl for 1 h upon visible light irradiation (A > 390 nm, 100 mW cm™). The
photocurrent-time profile at pH = 6.0 (Fig. 6) exhibits an initial spike in the
photocurrent upon illumination (related with the capacitance component at the
solid-liquid interface), followed by a photocatalytic current. The photocurrent density
at 1 min was 0.69 mA cm?, which decreased to 0.37 mA cm™ after 1 h. When
defining the degree (rys) of photocurrent stability as the photocurrent ratio of 1 min to
1 h to evaluate stability of photoelectrocatalysis, the rys value at pH = 6 was 54%. The
charge amount passed during the 1 h photoelectrocatalysis is 1.69 C and the amount
(no2) of O, evolved was 2.6 umol (59% Faradaic efficiency (FEo2)), as summarized in
Table 1. The performance of PEC water oxidation is lower than that (ng; = 4.2 umol,
FEo2 = 79%, rps = 76%) for the small mesopore WO; film reported earlier™ but much
higher than those of interparticulate WO3 (noz = 0.9 umol, FEo; = 61%, rps = 22%)
and bulk WO3 (noz = 0.4 umol, FEo, = 44%, rys = 30%) prepared using a similar
fabrication technique.” The photocatalytic currents at pH = 3 and 9 for the
nanoporous ITO/WOQOj; electrode were lower than that at pH = 6 by 1.5 and 1.8 times at
1 min, respectively (Fig. 6¢ and d). no; increased in a pH region from 3 to 6, although
I'es remains almost unchanged in this pH region, as shown in Fig. 7 (with nearly same
FEo., Table 1). The increase of np, is ascribed to easier water oxidation according to

Nernst equation as pH increases. np, decreased drastically above pH = 7
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concomitantly with decreases of rps and FEo, due to photocorrosion of WO3 film
under basic conditions,*! which is consistent with the mechanistic change in the
proton-coupled PEC reactions in Figure 5.

The photocurrent decrease and low FEo, during photoelectrocatalysis at
acidic and neutral conditions could be attributed to photo-oxidation of WO3 by the
accumulated holes to form inactive tungsten-peroxo adducts at the surface.?? We
earlier reported that the photo-oxidation was suppressed by Co®* ions in an electrolyte
solution to enhance the performance of PEC water oxidation at the small mesopore
WO; film.l®! The similar enhancement effect by Co?* ions in an electrolyte solution
was reported for PEC water oxidation at a hematite photoanode.™*”! In the presence of
0.1 mM Co? ions in the phosphate buffer solution of pH = 6, the performance of PEC
water oxidation at the nanoporous ITO/WQj3; electrode was enhanced compared with
those in the absence of Co®" ions (Fig. 6a, Table 1). Consequently the amount of O,
evolved (3.8 umol) was about 1.5 times higher compared with that (2.6 umol) in the
absence of Co?* ion. We do not have any evidence for the formation of either Co-Pil*®!
and CoO,* catalysts during photoelectrocatalysis, as discussed in earlier report.™
This enhancement could be explained by acceleration of the water oxidation reaction
at the WO; surface by Co?" ions adsorbed, being predominant to the photo-oxidation
of WO3; However, the performance of PEC water oxidation was not sufficiently
improved by addition of Co®" ions (rps = ~73%, FEo2 = ~69%), when comparing with
that (rps = ~95%, FEo, = 81%) under the same conditions for the small mesopore WO3

photoanode reported earlier.[9] The high photostability of the small mesopore WOs;
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photoanode is attributed to low effective concentration of the accumulated holes at the

surface caused by their high surface-to-volume ratio.

2.4 Conclusions

A nanoporous WO3 film was prepared on an ITO electrode by a facile, simple
and low cost method using commercial WO3 nanopowder. PEG additive was used as a
binder between the WO3 particles and guided nanoporosity in the film composed of
well-connected crystalline WO3 particles of diameter ~100-200 nm. The WO3; film
worked efficiently as a photoanode for PEC water oxidation and the
photoelectrocatalytic performance was further improved by addition of Co? ions in
the electrolyte solution. The WOj3 film is available as a benchmark photoanode for
water oxidation required for a PEC water splitting device because a reproducible film
is easily prepared without a complicated procedure of precursor preparation,

especially for general researcher out of a chemistry field.
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Table 2-1. Summary of photoelectrocatalytic water oxidation at different pH using

nanoporous ITO/WQOj3 photoanodes in a 0.1M phosphate solution.

pH Charge/C  nop/umol  FEoo® (%)  nu’/umol  FEuS (%)  Tes (%)
3.0 1.03 1.7 65 4.7 88 56
4.0 1.12 1.7 59 5.0 87 53
5.0 1.37 2.1 59 6.3 89 52
6.0 1.69 2.6 59 7.4 85 54
6.0° 2.14 3.8 69 9.5 86 74
7.0 1.38 2.3 64 6.3 88 41
8.0 1.37 1.8 50 6.1 86 27
9.0 0.61 0.52 33 2.7 85 18
10.0 0.56 0.64 44 2.5 87 7.6

% Faradic efficiency of O, evolution

® ni2 is the amount of H, evolved in the Pt counter electrode compartment.

¢ Faradic efficiency of H; evolution

d s IS @ degree of photocurrent stability, calculated as the photocurrent ratio of 1 min

to 1 h during photoelectrocatalysis.

® Photoelectrocatalysis was conducted in the presence of 0.1 mM Co?* ionina 0.1 M

phosphate solution
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Figure 2-1. (aand b) Top view and (c) cross-sectional scanning electron microscopic
(SEM) image of the nanoporous ITO/WO; electrode prepared under the typical

conditions.
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Figure 2-2. X-ray diffraction (XRD) patterns of (a) WO3 nanopowder, (b) bare-1TO,

and the WOj; films calcined at (c) 25, (d) 200, (e) 300, (f) 400, (g) 500 and (h) 600 °C.
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Figure 2-3. (a) Cyclic voltammograms (CVs), (b) plots of photocurrent density
versus film thickness and (c) plots of photocurrent density versus light intensity for
the nanoporous ITO/WOj3 electrode in a 0.1 M phosphate buffer solution of pH = 6.0.
Visible light (A > 390 nm, 100 mW cm™) was irradiated from an ITO substrate side.
Photocurrent densitiy at 1.0 V versus Ag/AgCl is used for plots in (b) and (c). CVs
and plots of photocurrent density versus light intensity were measured using an

ITO/WO; electrode of thickness 20 um.
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Figure 2-4. Action spectrum of IPCE (black line and symbols) for the nanoporous
ITO/WQ; electrode in a 0.1 M phosphate buffer solution of pH = 6.0 at 1.04 V vs.

Ag/AgCl . The red line shows is UV-visible diffuse reflection spectra as

Kubelka-Munk (KM) function of the nanoporous ITO/WO3 electrode.
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Figure 2-5. Plots of onset potential (Eo,) versus pH for the nanoporous ITO/WOs3
electrode in a 0.1 M phosphate solution. Eo, was calculated as the intersection
potential of the tangential lines of the initial photocurrent rise and x-axis of the

potential in CV data .
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Figure 2-6. Photocurrent density-time profiles for the nanoporous ITO/WOs;
electrode in the (a) presence and (b-d) absence of 0.1 mM Co?* ion in a 0.1 M
phosphate solution of (a,b) pH 6.0, (c) pH 3.0 and (d) pH 9.0 at 0.5 V vs. Ag/AgCI.

Visible light (A > 390 nm, 100 mW cm™) was irradiated from an ITO substrate side.
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Figure 2-7. Plots of degree of photocurrent stability (rps) and the amount (no2) of O,
evolved versus pH for the nanoporous ITO/WO3 electrode in a 0.1 M phosphate
solution. rys was calculated as the photocurrent ratio of 1 min to 1 h during

photoelectrocatalysis.
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Chapter 3
Unique and facile solvothermal synthesis of mesoporous WQO; using a
solid precursor and a surfactant template as a photoanode for

visible-light-driven water oxidation

3.1 Background

The recent advances in nanostructured materials have expanded their potential
applications in much-desired materials for efficient solar energy conversion*®.
Photoelectrochemical (PEC) water splitting into oxygen and hydrogen is an attractive
but challenging way for the conversion of solar energy,!”? following the pioneer work
on a TiO, photoanode for water splitting by Honda and Fujishima'®. Unfortunately,
owing to its wide electronic bandgap (3.0 to 3.2 eV), TiO, absorbs only an ultraviolet
fraction of a solar spectrum (which accounts for just 4% of solar irradiation), being
consequently responsible for low efficiency in utilization of solar light™®”. For solar
water splitting, intensive researches have been focused on nanostructured materials
with narrow bandgaps including WO5P#1%* WQs, an n-type semiconductor, has
attracted immense attention as a photoanode material for water oxidation in PEC cells
because of its visible light response (bandgap, Eq = 2.6 to 2.8 eV), a valence band
edge position thermodynamically possible for water oxidation (about 3 V versus the
normal hydrogen electrode), and good photochemical stability under the acidic

conditionst®10-12:20-24]
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Porous material design, which has been developed employing template-directed

[26]

approaches using small organic compounds®®®, supramolecular assembly®®®, and

polymer beads?”, is of great importance in many research fields because of the high
porosity, large area per unit volume, and favorable design of a porous structure!?®23:2%1,
So far, several efforts in nanostructural and porosity controls of WO3; have been
provided to increase the contact area between an electrode and an electrolyte solution
and to make electron transport in WO3 films more efficient, enhancing performance of
PEC water oxidation at WOj3 electrodest®'3%3 For example, Santato et al. have
reported that crystalline WO3 photoanodes with interconnected nanoparticulate

structures improved photoelectrochemical propertiest® 2.

Berger et al. have
demonstrated that random porous layers of WO3; produced significantly higher
photocurrent efficiency than a compact layer. Our group recently demonstrated a

crystalline small mesoporous network of a WO3 photoanode for high improvement in

performance of PEC water oxidation™!.

Numerous methods have been employed to control the dimension, morphology,
and crystal structure of WOs e.g., vacuum evaporation® chemical vapor
deposition®! sol-gel  precipitation®*** hydrothermal/solvothermal®""!,
surfactant/hard template techniques®**?, and so on. Among the abundant methods,
hydrothermal/solvothermal techniques can provide a cost-effective and one-step route
synthesis of WO3E"%. Although the surfactant template techniques require a liquid
tungsten precursor to utilize interaction with a surfactant in principle, we have focused

on the interaction between a solid tungsten precursor and a surfactant under
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solvothermal conditions to yield mesoporous WO3. Herein, we report the unique and
facile synthesis of mesoporous WOj; utilizing solid H,WQO, as a tungsten precursor
with an organic amphiphilic molecule, dodecylamine (DDA), as a surfactant template
for porosity of the nanostructure. The mesoporous WO3 exhibited high surface area
and improved the performance of PEC water oxidation compared to the corresponding
materials prepared without a template.

3.2 Methods

Materials

Tungstic acid (H,WOQO,) was purchased from Kanto Chemical Co., Inc. (Chuo-ku,
Tokyo, Japan). DDA was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Polyethylene glycol (PEG, molecular weight = 2,000) was obtained from Wako
Chemical Co. (Osaka, Japan). Marpolose (60MP-50) was purchased from Matsumoto
Yushi-Seiyaku Co. (Osaka, Japan). An indium tin oxide (ITO)-coated glass substrate
was obtained from Asahi Glass Co. (Tokyo, Japan). Millipore water (Merck Ltd.,
Tokyo, Japan) was used for all the experiments. All other chemicals unless mentioned

otherwise were of analytical grade and used as received.

Synthesis of mesoporous WO;

In a typical synthesis, 1.7 g of DDA (9.0 mmol) was dissolved in 15 mL ethanol
under stirring at room temperature. Tungstic acid (0.9 g; 3.6 mmol) was added to the
DDA solution with stirring for 30 min to yield a suspension. It was transferred to a

Teflon-lined stainless steel autoclave and then placed in an oil bath at 150<C for 24 h.
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After the autoclave was cooled down to room temperature, the solid product was
recovered by centrifugation, then washed repeatedly by ethanol and air-dried. The
solid product was calcined at 400<C with a rate of 1<C min~* and then maintained at
400<C for 1 h in flowing N, followed by changing to O, flow (at 400<C) for 2 h to
result in a WO3; sample (denoted as WO3;-DDA). A control sample (denoted as

WO3-bulk) was prepared in the same manner except for the addition of DDA.

Preparation of electrodes

The WO; film-coated 1TO electrodes (ITO/WQO3) were prepared employing a
doctor-blade technique. Before coating, ITO glass substrates (1.0 cm 2 area) were
cleaned up by a UV-ozone treatment (photo surface processor PL16-110, Sen Lights
Co., Osaka, Japan) for 15 min. In a typical procedure, WO3 powder (200 mg), PEG
(100 mg), and Marpolose (20 mg) were mixed in 300 pL. of water. The mixture
suspension was stirred for approximately 2 to 4 h until a smooth paste was formed.
The resulting paste was squeezed over an ITO glass substrate by a doctor-blade coater
and dried at 80<C for 15 min. After repeating the procedure for two times, the
electrodes were calcined at 400<C and maintained at 400<C in flowing N for 1h,

followed by changing to O, flow (at 400<C) for 2 h.

Structural characterization

Characterization of the morphological features and the crystalline phase was

conducted by field-emission scanning electron microscopy (FESEM; JSM-6500F,
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JEOL Ltd., Akishima, Tokyo, Japan) and powder X-ray diffraction (XRD; MiniFlexIlI,
Rigaku Corporation, Tokyo, Japan) using monochromated Cu Ko (1 = 1.54 A)
radiation. Nitrogen adsorption-desorption isotherms were measured using a
BELSORP-minill (BEL Japan, Inc., Osaka, Japan) at 77 K. Prior to gas adsorption,
samples were degassed in vacuum for 4 h at 150<C. The Brunauer-Emmett-Teller
(BET) method was utilized to calculate the surface areas. The pore size distributions
were obtained from analysis of the adsorption branches of the isotherms by the
Barrett-Joyner-Halenda (BJH) method. Fourier transform infrared spectra were

recorded on a Jasco FT/IR-4200 spectrophotometer (Jasco Inc., Tokyo, Japan).
Photoelectrochemical measurements

Photoelectrochemical measurement was carried out in a two-compartment
photoelectrochemical cell separated by a Nafion membrane using an electrochemical
analyzer (HZ-3000, Hokuto Denko Co. Ltd., Tokyo, Japan). A three-electrode system
has been employed by using ITO/WO3; and Ag/AgCl electrodes in one compartment
as the working and reference electrodes, respectively, and a Pt wire in the other
compartment as the counter electrode. An aqueous 0.1 M phosphate solution was used
as an electrolyte in both compartments of the cell, which was saturated with Ar gas
prior to the measurement. The cyclic voltammogram (CV) was recorded at a scan rate
of 50 mV s at 25<C. Light (> 390 nm) was irradiated from the backside of the
working electrode using a 500-W xenon lamp (Optical ModuleX; Ushio Inc., Tokyo,
Japan) with a UV-cutfilter (L39) and liquid filter (0.2 M CuSQ,) for cutting of heat

ray. The output of light intensity was calibrated as 100 mW cm? using a
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spectroradiometer (USR-40; Ushio Inc., Tokyo,Japan). Photoelectrocatalysis was
conducted under the potentiostatic conditions of 0.5 V versus Ag/AgCl at 25<C under
illumination of light (4> 390 nm, 100 mW cm ) for 1 h. The amounts of H, and O,
evolved were determined from the analysis of the gas phase (headspace volume: 87.3
mL) of counter and working electrode compartments, respectively, using gas
chromatography (GC-8A with a TCD detector and molecular sieve 5A column and Ar
carrier gas; Shimadzu Corporation, Kyoto, Japan).
3.3 Results and discussion

The powder XRD patterns of the WO3 samples calcined at 400 <C and500<C are
shown in Figure 1. Small-angle XRD patterns (Figure 1 (a)) of WO3-DDA at 400<C
showed a single diffraction peak at low 260, being a sign of formation of mesoporous
structures, but the weak intensity and broadness of the peak are possibly due to
disordered mesoporous structures. The d-spacing, calculated from the XRD peak at 20
= 2.3°is 3.78 nm. Weakening of the intensity of the diffraction peak for WO3;-DDA at
500<C (Figure 1 (b)) suggests degradation of the mesostructure at higher temperature.
The wide-angle XRD patterns of both the WO3;-DDA and WO3-bulk samples revealed
crystallization of the framework after calcination at 400<C and higher degree of
crystallization at 500<C, though crystallinity of WO3-bulk seems to be higher than that
of WO3-DDA at both calcination temperatures. The d-spacings calculated from the
XRD peaks of both WO3-DDA and WOgs-bulk were in good agreement with
phase-pure monoclinic WO3 (JCPDS number: 43-1305). Average crystallite sizes for
WOs3-DDA, estimated using [002] reflections were 5.7 and 11.6 nm at 400<C and
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500<C, respectively, which suggests that progressive growth of the WO3 nanocrystal
in the porous network is responsible for degradation of the mesostructure at 500 <C.

N, adsorption/desorption isotherms of the WO3; samples calcined at 400C
and500<C are shown in Figure 2. The isotherm (Figure 2 (a)) of WO3-DDA calcined
at 400<C could be classified as type IV, characteristic of mesoporous materials?®*!,
In this isotherm, the adsorption amount gradually increased in a range of P/Py = 0.4 to
0.85, which could be explained by the classical capillary condensation observed for
mesopores. The H2 hysteresis loop in the isotherm (Figure 2 (a)) may be caused by
roughness of the pore and particle surface*!. The BET surface area and mesopore
volume for WO;-DDA calcined at 400<C were 57 m? g and 0.08 cm® g%,
respectively, as summarized in Table 1. The pore size distribution (Figure 2) by the
BJH method shows narrow distribution with a peak pore width at 4.9 nm. Isotherm of
WO3-DDA calcined at 500<C shows a predominantly type Il nature, and the BET
surface area was drastically reduced to 12 m? g . The pore size distribution of
WO3-DDA calcined at 500<C gives a wider peak at approximately 50 nm due to large
interparticle pores. These results are in accordance with the degradation of the
mesoporous structure of WO3-DDA due to progressive growth of WO3 nanocrystals at
higher temperature of 500<C, as observed in the XRD measurement. The WO3-bulk
sample synthesized without DDA exhibited typical type Il isotherms, characteristic of
nonporous solids. The BET surface area is 24 m? g * at 400<C, which is noticeably
low compared to the mesoporous WO3-DDA.

The Fourier transform infrared (FTIR) spectra of as-made (before calcination)
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and calcined (400<C and 500C) WO3-DDA samples are shown in Figure 3. C-H
stretching vibration bands of the hydrocarbon chains at 2,919 cm™* (asymmetric) and
2,844 cm™* (symmetric) along with C-H bending vibration bands at 1,469 cm ™ of
CH, groups were clearly observed in the as-made sample. Comparing the FTIR
spectra of the as-made WO3;-DDA with calcined WO3-DDA samples, we could see
that peaks due to C-H vibration diminished completely for the calcined samples. This
indicates complete removal of DDA during calcination at 400<C and 500 <C, which is
very much necessary to generate high porosity for these mesoporous materials.

The scanning electron microscopy (SEM) images of the calcined WO3-DDA
samples are shown in Figure 4. The SEM images of the topview (Figure 4a,b) exhibit
that a mesoporous network is composed of tiny spherical WOj3 particles of ca. 5 to 20
nm in diameter, being wellconnected to each other. In a few places, the spherical
particles agglomerate to form large particles. A close look into these images suggests
that the average dimension of particles increases with calcination temperature from
400C to 500C due to sintering of WO3; nanocrystals at higher calcination
temperature. After preparation of a mesoporous WO3 film on an ITO electrode, the
film thickness was measured to be ca. 12 pm from the cross-sectional SEM image
(Figure 4c). This crystalline mesoporous structure of the connected WO3 particles is
important to yield a large interface between the electrolyte and film as well as
efficient electron transport through the film, which are consequently expected to work
efficiently for PEC water oxidation since the electron and hole pairs generated by
photoexcitation of WO3 would have less chance to recombine before participating in a
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water oxidation reaction at the WO3 surface.

The PEC properties of the ITO/WO; electrodes were studied in a 0.1 M
phosphate solution. Figure 5 shows the CVs of the ITO/WQOj; electrodes. On CVs of
samples calcined at 400<C for both WO3;-DDA and WOgs-bulk (Figure 5, left), no
redox response was observed in the dark in a potential range of 0.4~1.0 V versus
Ag/AgCI except for a response based on WO3/H,WOj3 below 0.2 V. Upon irradiation
of visible light, the anodic current (0.13~0.18 mA cm 2 at 1.0 V versus Ag/AgCl) was
hardly generated for both samples. This is ascribed to insufficient crystallinity of both
WO3-DDA and WOs-bulk calcined at 400<C. Crystallinity rather than porosity for
samples calcined at 400<C is a dominant factor for the PEC performance of the
WO3-based photoanode under the conditions employed?®2. On CVs of the samples
calcined at 500<C (Figure 5, right), the significantly high photoanodic current due to
water oxidation was observed upon visible light irradiation above an onset potential of
0.17 V versus Ag/AgCl due to higher crystallinity. The photoanodic current reached
1.1 mA cm 2 at 1.0 V for WO3-DDA, which is about three times higher compared to
that for the WO3-bulk (0.36 mA cm 2 at 1.0 V) electrode in spite of the degradation of
mesoporous structure for WO3-DDA calcined at 500<C. The degraded mesoporous
structure for WO3-DDA might result in favorable conditions for PEC water oxidation
compared with the nanoparticle structure of WO3-bulk. Otherwise, another important
factor might be involved in the higher performance of the WO3-DDA electrode. In the
present paper, we do not pursue interpretation of the higher performance of the
WOs3-DDA electrode because our attention is on the solvothermal synthesis of a
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mesoporous structure of WOs;.

Photoelectrocatalysis over the ITO/WO3 electrodes was conducted in a 0.1 M
phosphate solution (pH = 6.0) under potentiostatic conditions at 0.5 V versus
Ag/AgCl for 1 h upon visible light irradiation (4> 390 nm, 100 mW cm?). The
photocurrent-time profiles of both WO3;-DDA and WOs-bulk calcined at 500C
exhibit initial spikes in the photocurrent upon illumination (related with the
capacitance component at the solid-liquid interface), followed by a photocatalytic
current, as shown in Figure 6. The photocurrent density of WO3;-DDA at 1 min was
0.37 mA cm 2, which is 2.5 times higher than that of the WO3-bulk (0.15 mA cm 2 at
1 min) electrode. The charge amount passed during 1-h photoelectrocatalysis for
WO3-DDA (0.89 C) was 3.9 times higher than that of WOs-bulk (0.23 C). As a
consequence of the high charge amount, the markedly high amount (ng; = 1.5 umol,
Faradaic efficiency (FEo;) = 65%) of O, evolved for the WO3-DDA electrode
compared to that (no; = 0.4 umol, FEp, = 58%) of the WOs-bulk electrode, as
summarized in Table 2. As compared with performances of PEC water oxidation
under the same conditions for WOs-based photoanodes reported earlier®, the
performance of the present mesoporous WO3-DDA is lower than that of the small
mesoporous WOj film (noz = 4.2 pmol, FEo, = 79%)%!, but much higher than that of
interparticle mesoporous WOs3 (no2 = 0.9 umol, FEq; = 61%) and bulk WO (no2 = 0.4
umol, FEo, = 44%)F!. The high performance of the mesoporous WO3z;-DDA
photoanode is attributed to its high surface-to-volume ratio which offers a large
number of water oxidation sites at the electrolyte-WQOj3 interface, and well-connected
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WO; particles for efficient electron transport through the film.

3.4 Conclusions

We have prepared mesoporous WO5; materials by a unique and facile
solvothermal method using solid H,WO, as a tungsten precursor. DDA was used as a
template for the formation of nanostructure, which generates mesoporosity after
removing DDA by calcination. The present surfactanttemplate technique is very
unique in terms of use of a solid tungsten precursor in a solvothermal method,
compared with a common technique usingliquid tungsten precursors for interaction
with surfactants in principle. The mesoporous network has a disordered arrangement
of pores which is composed of well-connected tiny spherical WO3 particles with a
diameter of ca. 5 to 20 nm. The DDA-templated WOj3 photoanode showed three times
higher photoanodic current density upon visible light irradiation and provided the
efficient performance of PEC water oxidation compared to the untemplated WOs;,
which is promising as an efficient material for high-performance solar energy

conversion.
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Table 3-1. Physicochemical properties of WO3; samples.

Sample name Calcination  d-spacing Surfa;:e_?rea Pore \golﬂme Pore size
temperature [nm] [m°g7] [cm®g™] [nm]
WO;-DDA 400 °C 1.70 57 0.08 4.9
WO;-DDA 500 °C - 12 0.09 48.2
WOs3-bulk 400 °C - 24 0.19 52.7
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Table 3-2. Summary of photoelectrocatalytic water oxidation at different ITO/WQO3

photoanodes calcined at 500 °C in a 0.1M phosphate solution.

Sample name Charge/C nop/umol  FE.0* (%)  nu”/pumol  F.E.jo° (%)
WO3-DDA 0.89 1.49 65.2 4.46 97.4
WO3-bulk 0.23 0.35 58.1 0.89 74.3

# Faradic efficiency of O, evolution

® ni2 is the amount of H, evolved in the Pt counter electrode compartment.

¢ Faradic efficiency of H, evolution
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Figure 3-1. (A) Small-angle and (B) wide-angle XRD patterns of WO3;-DDA and
WOs-bulk samples after being calcined at 400 and 500 °C. a) WO3-DDA calcined at
400°C, b) WO3-DDA calcined at 500°C, ¢) WOs-bulk calcined at 400°C, d) WO3-bulk

calcined at 500°C.
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Figure 3-2. (A) N2 sorption isotherms and (B) pore size distribution of WO3;-DDA and
WOs-bulk samples after being calcined at 400 and 500 °C. In N, sorption isotherm
adsorption and desorption points are marked by filled and empty symbols respectively.

a) WO3-DDA calcined at 400°C, b) WO3-DDA calcined at 500°C, c) WOgz-bulk

calcined at 400°C.
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Figure 3-3. FT-IR spectra of WO3-DDA samples for (a) as-made and after being

calcined at (b) 400 and (c) 500 °C.
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Figure 3-4. Scanning electron microscopic (SEM) images. Top view of WO3-DDA
samples at calcined (a) 400 and (b) 500 °C, (c) cross-sectional view of the

ITO/WQO3-DDA electrode after being calcined at 500 °C.
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Figure 3-5. Cyclic voltammograms (CVs) for the samples calcined at 400 °C (left)
and 500 °C (right) of the (a) ITO/WO3-DDA and (b) ITO/WO3-bulk electrodes in a
0.1 M phosphate buffer solution of pH = 6.0. The dashed and solid lines represents
CV measured in the dark and on irradiation of visible light (1 > 390 nm, 100 mW

cm), respectively.
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Figure 3-6. Photocurrent density versus time profiles during PEC water oxidation
using the samples calcined at 500 °C of the (a) ITO/WO3-DDA and (b)
ITO/WQO3-bulk electrodes in a 0.1 M phosphate buffer solution of pH = 6.0 at 0.5 V vs.

Ag/AgCl with visible light irradiation (4> 390 nm, 100 mW cm™).
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Chapter 4
Unique synthesis of mesoporous WO3; by in-situ N, intercalation from
surfactant template : Photoanode for Visible-light-driven water

oxidation

4.1 Introduction

Recently, much attention has been paid on artificial photosynthesis in order to
resolve the problem of environment pollution or energy storage'™.
Photoelectrochemical (PEC) splitting of water is one of the most promising clean
energy providing system in which H; and O, has been produced by utilizing abundant
solar light. Since oxidation of water is considering as energy demanding bottle-neck is
in PEC water splitting, a robust photoanode with high efficient for water oxidation is
necessary. Since Fujishima and Honda described the TiO, photoanode in 1972* a
number of semiconductor and metal oxides have been investigated as photoanode for
water oxidation® > ®. Unfortunately, owing to its wide electronic bandgap (3.0-3.2 V),
TiO, absorbs only an ultraviolet fraction of a solar spectrum (which accounts for just
3-5% of solar irradiation), being consequently responsible for low efficiency in
utilization of solar light” 8. For solar water splitting, intensive researches have been
focused on nanostructured materials with narrow bandgaps including tungsten trioxide
(WO5)*%. WO;, an n-type semiconductor, has attracted immense attention as a
photoanode material for water oxidation in Photoelectrochemical (PEC) cells because
of its visible light response (bandgap, Eq = 2.6 to 2.8 eV), a valence band edge
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position thermodynamically possible for water oxidation (about 3 V versus the normal
hydrogen electrode), strong absorption within solar spectrum and good photochemical
stability under the acidic conditions % 3 2%

However, solar energy conversion efficiency of pure WOgis still limited due to
Its considerably high band gap, which restrict from sufficient strong visible region
absorption of solar spectrum. So far, a lot of works have reported to improve visible
light absorption through incorporation of dopants, such as, transition metal (Ti, Fe, Co,
Ni, Cu, Zn )® % and representative elements (N, C, S)®%. Recently, Lewis et al.
reported a WO3 material with nitrogen molecules (N,) intercalated into the crystalline
lattice by a thermal decomposition of commercially available ammonium
metatungstate ((NH4)eH2W12040 xH,0) and ammonium paratungstate
((NH.)10H,W1,047 4H,0) in 02 atmosphere®. The Ny-intercalated WO; provides
longer wavelength absorption compared with pure WO3 due to narrowing of band gap
by contribution of N 2p in N; to the valence band dominated by O 2p of WO3.

So far, several efforts in nanostructural and porosity controls of WO3 have been
provided to increase the contact area between an electrode and an electrolyte solution
and to make electron transport in WO3 films more efficient, enhancing performance of
PEC water oxidation at WO5 electrodes® 322°, %32 3638 £or example, Santato et al.
have reported that crystalline WO3 photoanodes with interconnected nanoparticulate

structures improved photoelectrochemical properties® .

Berger et al. have
demonstrated that random porous layers of WO3; produced significantly higher

photocurrent efficiency than a compact layer®®. Our group recently demonstrated a
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crystalline small mesoporous network of a WO3; photoanode for high improvement in
performance of PEC water oxidation®. On the other hand,  more and more attention
have been paid to synthesize mesoporous materials****. Also, mesoporous materials
are widely used as photoanode materials to improve the solar energy conversion
efficient because mesoporous materials possess continuous pore channels, and high
specific surface area have been proved to enhance the separation the photoexcited
electrons and holes efficiently***’. Our group recently demonstrated a crystalline
small mesoporous network of a WO3; using peroxo-tungstic acid (PA) as a tungsten
precursor with an organic amphiphilic molecule, 2-(hexadecylaminomethyl) pyridine
(PAL2-16) by surfactant-templated-carbonization method®. And also, our group were
succeed to synthesize mesoporous WOg utilizing solid H,WO, as a tungsten precursor
with an organic amphiphilic molecule, dodecylamine (DDA), as a surfactant template
using hydrothermal treatment (HTT)*. The mesoporous WO5 exhibited high surface
area and improved the performance of PEC water oxidation compared to the
corresponding materials prepared without a template.

We report herein that a unique Ny-intercalated WO3 with a mesoporous structure
was first succeed to synthesize by employing an facile one-step hydrothermal
treatment procedure using DDA, which was used as an nitrogen source as well as a
surfactant template for formation of mesoporous structure. The Ns-intercalated
mesoporous WO3 exhibit that this photoanode material was responsive to visible light
of A< 490 nm, which is corroborated the optical band gap (2.5 eV). This band gap of
Ny-intercalated mesoporous WO3; is narrower compared to the corresponding
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materials prepared without a template. And also the performance of PEC water
oxidation was improved.
4.2 Experimental section
Materials

Tungstic acid (H,WO,) was purchased from Kanto Chemical Co., Inc. (Chuo-ku,
Tokyo, Japan). DDA was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Polyethylene glycol (PEG, molecular weight = 2,000) was obtained from Wako
Chemical Co. (Osaka, Japan). Marpolose (60MP-50) was purchased from Matsumoto
Yushi-Seiyaku Co. (Osaka, Japan). An indium tin oxide (ITO)-coated glass substrate
was obtained from Asahi Glass Co. (Tokyo, Japan). Millipore water (Merck Ltd.,
Tokyo, Japan) was used for all the experiments. All other chemicals unless mentioned
otherwise were of analytical grade and used as received.
Preparations
Optimization towards the amount of DDA for preparing mesoporous WO3

0.17 g, 0.34 g, 0.68 g,1.7 g and 3.4 g DDA (0.9 mmol, 1.8 mmol, 3.6 mmol, 9.0
mmol and 18 mmol, respectively) were dissolved in 15 mL ethanol using five beakers
under stirring at room temperature. Yellow suspensions were obtained after 0.9 g
H,WO, (3.6 mmol) were added according to the molar ratio of H,WO, and DDA at 1 :
025, 1:05 1:1, 1:25and1: 5. The suspensions were transferred to the
Teflon-lined stainless steel autoclaves and then placed in an oil bath at 150<C for 24 h.
After the autoclaves were cooled down to room temperature, the DDA-derived
precursors powder were recovered by centrifugation, then washed repeatedly by
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ethanol and air-dried. The DDA-derived precursors powder were calcined at 400C
with a rate of 1<C min* and then maintained at 400<C for 1 h in flowing N,, followed
by changing to O, flow (at 400<C) for 2 h, obtaining five different WO3 samples. A
control sample (denoted as WOs3-bulk) was prepared in the same manner except for
the addition of DDA.
Optimization of reaction temperature for HTT
1.7 g DDA (9.0 mmol) was dissolved in 15 mL ethanol under stirring at room
temperature. Tungstic acid (0.9 g; 3.6 mmol) was added to the DDA solution with
stirring for 30 min to yield a yellow suspension according to the molar ratio of
H,WO, and DDA at 1 : 2.5. Another three suspensions were prepared using the same
recipe. After that, the suspensions were transferred to four Teflon-lined stainless steel
autoclaves and then placed in the oil bath at 80<C, 120<C, 150<C and 180<C for 24 h,
respectively. The four kinds of DDA-derived precursors powder were collected using
such procedure described before and the DDA-derived precursors were calcined
400C result in four different WO3; samples (denoted as WO3-DDA-80,
WO;3-DDA-120, WO3-DDA-150, and WO3-DDA-180).
Preparation of N,-intercalated mesoporous WO3

The Ny-intercalated mesoporous WO3; sample was prepared from DDA-derived
precursor followed calcination from 400 C~550<C in flowing N, for 1h, followed by
changing to O, flow for 2 h.
Fabrication of electrodes

The WO; film-coated ITO electrodes (ITO/WQO3) were prepared employing a
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doctor-blade technique. Before coating, ITO glass substrates (1.0 cm 2 area) were
cleaned up by a UV-ozone treatment (photo surface processor PL16-110, Sen Lights
Co., Osaka, Japan) for 15 min. In a typical procedure, WO3 powder (200 mg), PEG
(100 mg), and Marpolose (20 mg) were mixed in 300 pL of water. The mixture
suspension was stirred for approximately 2 to 4 h until a smooth paste was formed.
The resulting paste was squeezed over an ITO glass substrate by a doctor-blade coater
and dried at 80<C for 15 min. After repeating the procedure for two times, the
electrodes were calcined from 400C~550<C in flowing N, for 1h, followed by
changing to O, flow for 2 h.

Structural characterization

Characterization of the morphological features and the crystalline phase was
conducted by field-emission scanning electron microscopy (FESEM; JSM-6500F,
JEOL Ltd., Akishima, Tokyo, Japan) and powder X-ray diffraction (XRD; MiniFlexIlI,
Rigaku Corporation, Tokyo, Japan) using monochromated Cu Ka (1 = 1.54 A)
radiation. The Energy dispersive X-ray spectroscopic (EDS) data were taken using
SEM images were taken using a scanning electron microscope (JEOL, TSM-6510LV)
operated at an accelerating voltage of 10 kV. Nitrogen adsorption-desorption
isotherms were measured using a BELSORP-minill (BEL Japan, Inc., Osaka, Japan)
at 77 K. Prior to gas adsorption, samples were degassed in vacuum for 4 h at 150<C.
The Brunauer-Emmett-Teller (BET) method was utilized to calculate the surface areas.
The pore size distributions were obtained from analysis of the adsorption branches of

the isotherms by the Barrett-Joyner-Halenda (BJH) method. Raman spectra were
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recorded using a Raman microspectroscopic apparatus (Horiba-Jobin-Y von,
LabRAmM HR). UV-visible diffuse reflectance spectra (DRS) were recorded on a
spectrophotometer (JASCO, V-670) in a DR mode.Thermogravimetric (TG) and
Differential Thermal Analysis (DTA) data were taken using a TG analyzer (Rigaku,

TG 8120) from 25 to 800 <T with a heating rate of 5 < min™ under air.

Photoelectrochemical measurements

Photoelectrochemical measurement was carried out in a two-compartment
photoelectrochemical cell separated by a Nafion membrane using an electrochemical
analyzer (HZ-3000, Hokuto Denko Co. Ltd., Tokyo, Japan). A three-electrode system
has been employed by using ITO/WO3; and Ag/AgCI electrodes in one compartment
as the working and reference electrodes, respectively, and a Pt wire in the other
compartment as the counter electrode. An aqueous 0.1 M phosphate solution was used
as an electrolyte in both compartments of the cell, which was saturated with Ar gas
prior to the measurement. For the investigation of effect of Co* ions on
photoelectrocatalytic performance, 0.1 mM Co(NO3), 6H,O was maintained in the
electrolyte solution of the working compartment. The cyclic voltammogram (CV) was
recorded at a scan rate of 50 mV s * at 25<C. Light (4> 390 nm) was irradiated from
the backside of the working electrode using a 500 W xenon lamp (Optical ModuleX;
Ushio Inc., Tokyo, Japan) with a UV-cutfilter (L39) and liquid filter (0.2 M CuSOQy)
for cutting of heat ray. The output of light intensity was calibrated as 100 mW cm 2

using a spectroradiometer (USR-40; Ushio Inc., Tokyo,Japan). Photoelectrocatalysis
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was conducted under the potentiostatic conditions of 0.5 V versus Ag/AgCl at 25<C
under illumination of light (> 390 nm, 100 mW cm?) for 1 h. The amounts of H, and
O, evolved were determined from the analysis of the gas phase (headspace volume:
87.3 mL) of counter and working electrode compartments, respectively, using gas
chromatography (GC-8A with a TCD detector and molecular sieve 5A column and Ar
carrier gas; Shimadzu Corporation, Kyoto, Japan). A monochromic light with 10 nm
of bandwidth was given from a 500 W xenon lamp using a monochromator for
incident photon-to-current conversion efficiency (IPCE) measurements.

4.3 Results and discussion

N, adsorption/desorption isotherms of the WO3; samples prepared from
DDA-derived precursor which was prepared from H,WQO, and DDA according to the
molar ratioat 1:0.25,1:0.5,1:1,1:25and 1 : 5under 150<C oil bath reaction for
24h calcined at 400<C is shown in Figure 1. When the molar ratio of H,WO, and
DDA increased to 1 : 2.5, the isotherm of WO3 sample could be classified as type 1V
and the surface area was 57 m? g . The surface area results and pore size distributions
were summarized in Table 1, in which indicate that the optimum molar ratio of
H,WO,and DDA is 1 : 2.5 for mesoporous synthesis.

N, adsorption/desorption isotherms of the WO3;-DDA-80, WO3;-DDA-120,
WOs3-DDA-150, and WO3-DDA-180 samples calcined at 400<C are shown in Figure
2. It shows that the reaction temperature of 150<C is the best one for HTT to
synthesize mesoporous WOj, the surface area of WO3-DDA-150 was 57 m? g %, as
summarized in Table 2.
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It has already known that the reaction temperature of 150<C and molar ratio of 1 :
2.5 between H,WO, and DDA are the optimum conditions for synthesizing
mesoporous WO3. So we carried out all of experiments below using this optimum
condition.

N, adsorption/desorption isotherms of the WO3;-DDA samples calcined at
400<C~500<C are shown in Figure 3A. In this isotherm, for the adsorption amount
gradually increased in a range of P/Py = 0.4 to 0.85, which could be explained by the
classical capillary condensation observed for mesopores. The H; hysteresis loop in the
isotherm for WO3-DDA calcined at 400<C may be caused by roughness of the pore
and particle surface.*® The BET surface area and mesopore volume for WO3-DDA
calcined at 400<C were 57 m® g * and 0.08 cm® g%, respectively, as summarized in
Table 3. The pore size distribution (Figure 3B) by the BJH method shows narrow
distribution with a peak pore width at 4.8 nm. The surface area of WO3-DDA
samples, as summarized in Table 3, decreased with increasing the calcination
temperature due to decomposition of mesoporous structure and formation of large
interparticle pores, agreeing with the results of pore size distributions, where the pore
size distributions exhibit more and more wider peaks with the temperature increased.
The WO3-bulk sample synthesized without DDA exhibited typical type Il isotherms,
characteristic of nonporous solids. The BET surface area is 24 m? g at 400<C, which
is noticeably low compared to the mesoporous WO3-DDA, summarizing in Table 4.

The transmission electron microscopic (TEM) image of WO3-DDA sample
calcined at 400°C (Figure 4A) shows the small interparticle mesoporous between the
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crystalline WO3 particles. WO3-DDA sample crystallized at 500 °C shows the
complete collapse of the small interparticle mesoporous and the existence of only
WO; particles (Figure 4B). A representative high-resolution TEM (HRTEM) images
(Figure 4C) of mesoporous WO3z-DDA sample crystallized at 400 °C exhibits that the
pores were composed of randomly oriented crystalline particles of an estimated size in
the range of 4-7 nm .

EDS data as shown in Figure 5, where the assignment the peak at 0.4 eV is
somewhat unclear, and it could possibly be due to either a Ka for N or to some minor
band for O. This assignment is significant to prove the presence of N into WO3 lattice
whether or not and possibly a measurement of the local content of N. In order to
assign the peak at 0.4 eV, the EDS results of DDA-WQO; samples was analyzed
carefully by dividing the peaks overlapping each other to calculate the N content. For
comparison of WO3-bulk sample which no N signal was detected, the DDA-derived
precursor gave a signal of N and the molar ratio of W : N was 1 : 0.59. But the molar
ratio of W : N decreased gradually with the calcination temperature increased, the
molar ratio of W : N was 1 : 0.007 as the calcined at 500°C, summarized in Table 5.

XRD data of WO3-bulk and WO3-DDA samples calcined from 400~550<C are
shown in Figure 6. Both the WOs-bulk (Figure 6A) and WO3-DDA (Figure 6B)
samples revealed crystallization of the framework after calcination at 400<C and the
degree of crystallization increased with the calcination temperature increased. XRD
peaks of both WO3;-DDA and WOs-bulk were agree with phase-pure monoclinic WO3
(JCPDS number: 01-072-0667) well. The crystallite diameter based on [120]
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reflections (Dip) for both WOs-bulk and WO3;-DDA samples were estimated

according to the follwing Scherrer equation:

KA

D =
il Bcos B

Where K is Scherrer constant, assumed as 0.9, A is wavelength of X-ray (0.154 nm),
B is half value width (°) and 0 is diffraction angle (°). The results were summarized
in Table 6, where All of the crystallite diameter for WO3-DDA samples were bigger
compare with WOgs-bulk samples, suggest that WO3;-DDA samples own higher
crystallinity compare to WO3-bulk samples.

In order to reveal the effect of N, intercalation on the crystal lattice, lattice
parameter of WO3-bulk and WO3;-DDA samples prepared at various calcination
temperatures were analyzed (Figure 7). The 002, 020, and 200 peak positions reflect
the a, b, and c lattice parameter, respectively. In Figure 7A, WOs-bulk samples
exhibited no change for both the lattice parameters of a, b and ¢ (7.31, 7.54 and 7.69)
and lattice volume of 135.33 A in spite of calcination changing, however, WO3-DDA
samples exhibited noticeable change for the the lattice parameters with the calciation
temperature icreased except calcination at 400°C (Figure 7B). And also, both the a:b
ratio and lattice volume of WO3-DAA samples exceeded that of WOs-bulk samples
from 450°C, signifying that N, intercalation occured from 450°C. However, the a:b
ratio decreased from 0.9705 to 0.9698 (Figure 7C) and lattice volume (Figure 7D)
decreased from 161.63 A to 143.87 A with increasing the calcination temperature due
to the decrease of N content, which is corresponding the EDS results.

Raman spectra of the WO3-DDA sample prepared at various calcination
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temperatures are shown in Figure 8. Raman spectra of the WO3;-DDA samples
exhibited the characteristic signals of the monoclinic phase of peaks at 139.9 cm™
(lattice vibration), 276.5 cm™ (6 (O-W-O) deformation vibration), 697.1 cm™ and
799.2 cm™ (O-W-O) stretching vibration) in a range of Raman shift from 100 ~ 1000
cm™ (Figure 8A). This results are good agreement with the XRD patterns of the
WO3-DDA samples measured by various calcination temperatures. In a region of
2200 ~2400 cm™ (Figure 8B) no signal was detected for the WO3-DDA sample
calcined at less than 400 €, but the peaks at 2328 ~ 2330 cm™ assigned to the N=N

31,5052 \vere started to observe from 450 €.

vibration intercalated into the WO3 lattice
The results of Raman are good agreement with the XRD analysis results of lattice.

For comparison with WO3;-DDA samples, Raman spectra of the WOs-bulk
samples exhibited the characteristic signals of the monoclinic phase alone in a rage of

100 ~ 1000 cm™ (Figure 9), being consistent with the XRD data. In a region of 2200

~2400 cm™ (Figure 9B) no signal of the presence of N=N were detected.

DRS data of the WO3; —-DDA samples prepared from 400 <€€-550 <€ and
WOs3-bulk sample prepared at 550°C are shown in Figure 10. In this UV-vis DR
spectra, noticeable red-shift of fundamental absorption edge were observed for
WOs3-DDA samples (487 eV) comparing with the WOg3-bulk sample (443 nm), but
except the WO3-DDA sample calcined at 400 €€ due to carbon from DDA template
was not completely decomposed. As a perhaps explanation for red-shift of
fundamental absorption edge, the band structure of WO3 will be altered, which a new
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N 2p energy level would be formed above the valence band of WOj3 after N, molecule
intercalation into the crystal lattice of WOj;. The fundamental absorption edge
decreased with increasing the calcination temperature due to the contents of N
molecule decreased with the calcination temperature increased, corresponding to the
results of EDS and XRD analysis results of lattice.

TG analysis offer evidence of overall ~38% weight loss of the DDA-derived
precursor in the temperature range from 50 to 500<€ (Figure 11). The TG profile of
DDA-derived precursor exhibited four weight loss steps and four endothermic peaks:
the first step weight loss of about 21% occurred up to 289 <€ due to the removal of
adsorbed water and the decomposition of DDA template. The second wight loss of
about 2% occurred from 289 <€ to 306 € due to decomposition of DDA which was
decomposed completely at the first step. The third step weight loss of about 4%
between 306 € and 395 <€ could be ascribed to with the conversion of the producer
to WOs. The last step weight loss of about 11% occurred from 395 <€ to 450 <€ could
be associated with the N, intercalation to form N, WOj3 and subsequent crystallization
of N, WOs.

SEM images of the ITO/WO; film prepared DDA-derived precursor under
typical condition and then calcined at 500°C are shown in Figure 12. The SEM images
of the top-view at low magnification (Figure 12a) exhibit smooth porous network
without any significant crack formation. The SEM images at low magnification
(Figure 12b) exhibits that a mesoporous network is composed of tiny spherical WO3
particles of ca. 5 to 20 nm in diameter, being well connected to each other. The film

75



thickness was measured to be ca. 13 pm from the cross-sectional SEM image (Figure
12c¢).

The PEC properties of the ITO/WO; electrodes were studied in a 0.1 M
phosphate solution (pH=6.0). Figure 13 shows the CVs of the ITO/WO3 electrodes.
On CVs of WO3-DDA sample calcined at 500<C (Figure 13), no redox response was
observed in the dark in a potential range of 0.4~1.0 V versus Ag/AgCl except for a
response based on WO3/H,WO3 below 0.2 V. The photoanodic currents due to water
oxidation were observed upon visible light irradiation above onset potentials of 0.2 V
versus Ag/AgCl and reached 1.5 mA cm2 at 1.0 V versus Ag/AgCl, which is 4.3
times higher than that (0.35 mA cm 2 at 1.0 V versus Ag/AgCl) of WOg-bulk in spite
of the degradation of mesoporous structure for WO®-DDA sample calcined at 500°C.

The relationship between calcination temperatures and photoanodic currents at
1.0 V vs. Ag/AgClI was plotted using standard deviations, as shown in Figure 14. The
photocurrent increased with increasing the calcination temperature for both
WO3-DDA and WOs-bulk samples. The photocurrent of WO3;-DDA (0.0440.02mA
cm2) calcined at 400<C is similar to WOs-bulk (0.0240.01 mA cm ), though the
mesoporous structure was formed for WO3-DDA sample. It demonstrate that
crystallinity is the dominant factor for PEC water oxidation rather than porosity for
samples calcied at 400°C. With the calcination increased above 450°C, the
photocurrents of WO3;-DDA samples are significant higher than that of WO3-bulk
samples. The photocurrent (1.2620.05 mA cm2) of WOs-DDA is about 4.3 times
higher than that (0.3040.03 mA cm?) of WOs;-bulk sample. Three possible reasons
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are given here, (1) moseporous-structured WO3-DDA having high surface area which
can separate the electron and hole pairs well to reduce the possibility of recombing
before participating in a water oxidation reaction at the WO3 surface, (2) visibe light
can be use sufficiently to improve the PEC water oxidation performance after N,
intercalation, (3) WO3-DDA sample own higher crystallinity which is the dominant
factor for PEC water oxidation than the WOgs-bulk calcined at 450°C. The
photocurrents of WOs-DDA and WO3z-bulk calcined at 550°C are 1.3840.05 mA cm 2
and 0.5740.06 mA cm 2, respectively, therefore, The photocurrents ratio between
WO3z-DDA and WOs-bulk decreased to 2.4 as calcinaed at 550°C due to (1)
moseporous structure is decomposed above 500°C so that the surface area decrease, (2)
the contents of N, decrease with the calcination temperature increase, (3) also the
crystallinity of WOs-bulk become higher with the he calcination temperature increase,
and thus the photocurrent increase.

Figure 15 shows action spectra of the IPCE at 0.5 V versus Ag/AgCl using
different ITO/WO;3 electrodes calcined at 500<C. Photocurrent was not observed
above 470 nm for WO3-bulk samples, however, the photocurrent was observed below
490 nm for WO3-DDA samples. The on-set wavelength of 490 nm of action spectrum
corresponds to the absorption edge of the diffused reflectance spectrum of the
WOs3-DDA sample, corroborating that the photoanodic current is based on a band gap
photoexitation of N 2p-W 5d. At the crystallization temperature of 500C, a
remarkable higher IPCE for WO3-DDA (32%) at 400 nm are observed, which is about
4.6 times higher compared to that of WO3-bulk (7%).
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The IPCE values at 420 nm for both WO3-DDA and WOs-bulk samples and the
ratio of IPCE are plotted in Figure 16, where the the IPCE values increased with the
calciation increased, the ratio of IPCE decresed with calcination temperature
increased above 500°C. The IPCE value at 420 nm for WO;-DDA is about 25%,
which is 10 times than that (5%) of WOs-bulk sample calcined at 450°C. After that,
the ratio show the decrease tendency due to the decomposition of mesoporous
structure and N, contents decrease at high calcination temperature.

Photoelectrocatalysis over the ITO/WO3 electrodes was conducted in a 0.1 M
phosphate solution (pH = 6.0) under potentiostatic conditions at 0.5 V versus
Ag/AgCl for 1 h upon visible light irradiation (4> 390 nm, 100 mW cm?). The
photocurrent-time profiles of both WO3;-DDA and WOg3-bulk calcined at 500<C are
shown in Figure 17. Higher initial photocurrents were observed upon illumination for
both of WO3 electrodes, but the photocurrents were not stable and began to decay
over time due to accumulation of peroxo species on WO5 surface®®. The photocurrent
density of WO3-DDA (Figure. 17b)at 2 min was 0.58 mA cm 2, which is 2.9 times
higher than that of the WO3-bulk (0.20 mA cm 2 at 2 min, Figure. 17d) electrode. The
charge amount passed during 1h photoelectrocatalysis for WO3;-DDA (0.93 C) was 3.9
times higher than that of WOg3-bulk (0.24 C). As a consequence of the high charge
amount, the markedly high amount (no2 = 1.8 umol, Faradaic efficiency (FEoy) = 75%)
of O evolved for the WO3-DDA electrode compared to that (noz = 0.33 umol, FEp; =
55%) of the WOs-bulk electrode, as summarized in Table 7. The improvement of PEC
water oxidation at a hematite photoanode was reported by adding Co? ions in an
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electrolyte solution.> In the presence of 0.1 mM Co?* ions in the phosphate buffer
solution of pH=6.0, the PEC water oxidation performances were enhanced for both
WO3-DDA electrode (Figure. 17a) and WOs-bulk electrode (Figure. 17¢) compare
those in the absence of Co?* ions (Table 7). The enhancement of the mesoporous
WO3-DDA photoanode is attributed to its high surface-to-volume ratio which offers a
large number of water oxidation sites at the electrolyte-WO;3; interface, and
well-connected WO3 particles for efficient electron transport through the film.
Otherwise, N, intercalated WO3-DDA can use the visible light (A> 490 nm) efficiently
to increase the PEC performance of water oxidation. The enhancement of WO3-bulk
photoanode would be explained by acceleration of water oxidation reaction at the
WO; surface by Co?" absorbed.
4.4 Conclusions

A unique Ny-intercalated WO3 with a mesoporous structure was synthesize by
employing an facile one-step hydrothermal treatment procedure using DDA, which
was used as an nitrogen source as well as a surfactant template for formation of
mesoporous structure. The mesoporous N»-intercalated WO3 show higher surface area
and crystallinity compared to the untemplated WOg3. Therefore, mesoporous
N,-intercalated WO3; showed 4.3 times higher photoanodic cureent and provided the
enhancement towards performance of PEC water oxidation. The IPCE was enhanced
by N, intercalation and gave a on-set wavelength of 490 nm.
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Table 4-1

Physicochemical properities of WO3; samples prepared from the

precursors powder which were synthesized with / without DDA at 150°C followed by

calcination at 400°C.

Sample NHzwos ¢ NDDA Surface area (m*g™) | Poresize (nm) i Pore volume (cm®g™)
WOs-Bulk 1:0 24.5 52.1 0.20
WO3-DDA 1: 025 - 282 4.4 0.07
WO;-DDA 1:05 293 ........................ 5.0 0.08
WO3-DDA 1:1 o BE A9 0.10
WOs3-DDA 1: 25 57.3 4.8 0.08
WO3-DDA 1:5 312 ....................... 4.8 0.09
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Table 4-2 Physicochemical properities of WO3;-DDA samples prepared from the

precursors powder which were synthesized at various preparation temperatures

followed by calcination at 400°C.

Sample Reaction temperature (‘C) = Surface area (m?g™*) = Pore size (nm) Pore volume (cm® g"
DDA-WO; 80 23.3 55 0.12
DDA-WO; 120 46.6 51 0.09
DDA-WOQO; 150 57.3 4.8 0.08
DDA-WOQO; 180 34.1 4.4 0.04
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Table 4-3 Physicochemical properties of WO3;-DDA samples calcined at different

calcination temperatures.

Sample  Calcin. Temp. % ‘C  Surface area (m*g™)  Poresize (nm)  Pore volume (cm® g™)

WO;3-DDA 400 57.3 4.8 0.08
WO;3-DDA 450 24.2 24.5 0.09
WO;3-DDA 500 11.6 46.7 0.09
WO3-DDA 550 6.57 94.3 0.08

# Calcin. Temp. : Calcination temperature
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Table 4-4 Physicochemical properities of WOs-bulk samples under different

calcination temperatures.

Sample Calcin Temp. %/ °C Surface area (m* g™) Poresize (nm) Pore volume (cm® g™)
WO3 -bulk 400 24.5 52.7 0.19
WO3 -bulk 450 18.7 51.6 0.23
WO3 -bulk 500 9.8 60.4 0.23
WO3 -bulk 550 54 197.1 0.14

# Calcin. Temp. : Calcination temperature
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Table 4-5 Summary of EDS data for different samples calcined at different

calcination temperatures.

Sample name  Calcination temperature / °C ~ Molar ration of W: N

WOs-bulk 500 1:0
As made - 1:0.59
WO3-DDA 400 1:0.060
WO;-DDA 450 1:0.025
WO;-DDA 500 1:0.012
WO;-DDA 550 1:0.007
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Table 4-6 The crystallite diameter of Bulk- WO3 samples, and DDA-WO3; samples

base on the (120) peak (D120) calcined at 400°C-550°C.

Sample
Crystallite diameter (D120) nm
Temperature WO3-bulk WO;-DDA
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 400°C .15 16
.................................. A50°C. B 21
.................................. 500°C 20 22
550 °C 24 27
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Table 4-7 Summary of photoelectrocatalytic water oxidation in 0.1M phosphate buffer

(pH=6.0) using different WO3 photoanodes crystallized at 500°C.

Samples [Co®]/mM  Charge/C Noz/ pumol  FE.0%(%) nup™ pmol  F.E.jo5(%)

WOs-bulk 0.1 0.47 0.71 57 2.27 92
WO;-DDA 0.1 1.40 2.66 73 6.88 95
WOs-bulk 0 0.24 0.36 58 1.05 87
WO3-DDA 0 0.92 1.60 66 4.49 93

®Faradic efficiency of O, evolution.
®hiy2 is the amount of H, evolved in the Pt counter electrode compartment.

“Faradic efficiency of H, evolution.
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Figure 4-1 (A) Ny sorption isotherms and (B) pore size distribution of WO3 samples
prepared from the different precursors powder which were synthesized with / without

DDA at 150°C followed by calcination at 400°C.
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Figure 4-2 (A) Ny sorption isotherms and (B) pore size distribution of WO3-DDA
samples prepared from the different precursors powder which were synthesized at

various preparation temperatures followed by calcination at 400°C.
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Figure 4-3 (A) N sorption isotherms and (B) pore size distribution of WO3-DDA

samples after being calcined at 400-550 °C.
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Figure 4-4 (A .and B)TEM and (C and D) HRTEM images of WO3;-DDA samples after
being calcined at (left) 400 and (right) 550 °C. In the HRTEM images of WO3;-DDA

samples calcined at (C) 400°C a few pores are highlighted by white circles.
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Figure 4-5 (A) EDS data of WOs-DDA sample after being calcined at 400°C and
(inset) after analyzing carefully from 0.2-0.8 keV. (B) EDS data of WO3-bulk samples

after being calcined at 400°C.
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Figure 4-6 XRD patterns of (A) WOs-bulk and (B)WO3-DDA samples after being
calcined at 400-500 °C. The 002, 020, and 200 peak positions reflect the a, b, and c

lattice parameters, respectively.

97



(A) (B)

7.76 7.68
| Cc /\/0,4
A7.68 r 7.60 o
oL [ —~
‘0;;7.60 - = _— b
D o o b @ i .
2752 * . 5 —— —,
© £ 744}
©7.441 §
o 7.36
87.36} o
& a| =_ |
3 728 " & & ilU 7 28 N
7.20 . ' : L - 7.20 . L . ! .
400 450 500 550 400 450 500 550
Temperature / °C Temperature / °C
© (D)
165 0.9708
—a— - —a— WO _-bulk
160 WO,-bulk 0.9706 |- Os bu
—e— WO,-DDA —e WO,-DDA
155 0.9704 |
o 0.9702 |
%C 150 5
£ 145 " 09700 |
=] |
2140 0.9698 |- T
135 - -— —— — 0.9696 -
i i
130 ; L : ! . 0.9694 s ! . ! .
400 450 500 550 400 450 500 550
Temperature / °C Calcination temperature / °C
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Figure 4-9 Raman spectra of (A) low wavenumber and (B) high wavenumber for

WO3-DDA samples after being calcined at 400-500 °C.
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Figure 4-10 Raman spectra of (A) low wavenumber and (B) high wavenumber for

WO3-bulk samples after being calcined at 400-500 °C.
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Figure 4-11 Diffuse reflectance spectra of (black) WOs-bulk sample calcined at 500°C

and WO3-DDA samples calcined at 400-500 °C.
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Figure 4-12 (a and b) Top view and (c) cross-sectional scanning electron microscopic

(SEM) image of the ITO/WO3-DDA electrode after being calcined at 500 °C.
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Figure 4-13 Cyclic voltammograms (CVs) for the samples calcined at 500 °C of the
(red) ITO/WO3-DDA and (black) ITO/WOs-bulk electrodes in a 0.1 M phosphate
buffer solution of pH = 6.0. The dashed and solid lines represents CV measured in the

dark and on irradiation of visible light (1 > 390 nm, 100 mW cm), respectively.
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Figure 4-14 The relationship between calcination temperature and photocurrent at 1.0
V vs. Ag/AgCI for the the (red) ITO/WO3-DDA and (black) ITO/WQOg3-bulk electrodes.
(blue) the ratio of photocurrent at 1.0 V vs. Ag/AgCI between the ITO/WO3-DDA and
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Figure 4-15 Action spectra of IPCE for the (red line and symbols) ITO/WO3-DDA and
(black line and symbols) ITO/WQOg3-bulk electrodes in a 0.1 M phosphate buffer
solution of pH = 6.0 at 0.5 V vs. Ag/AgCl. The red solid line which is marked by
arrow shows is UV-visible diffuse reflectance spectra as Kubelka-Munk (KM)

function of the ITO/WOQO3-DDA electrodes.
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Figure 4-17 Photocurrent density-time profiles for the (pink and red) ITO/WO3;-DDA
and (black and blue) ITO/WOs-bulk electrodes in the (red and blue) presence and
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Chapter 5
Nanorod architecture of N,-intercalated WO; operated in wide-range
of visible-light for highly efficient photocatalytic and

photoelectrochemical water oxidation

5.1 Introduction

Recently, solar water splitting using nano-structured materials as the
photocatalyst have been received much attention, because of that clean, renewable and
sustainable hydrogen fuel and oxygen will be produced from water by conversing
abundant solar light directly.® Since oxidation of water is considering as energy
demanding bottle-neck is in solar water splitting, a robust material with high efficient
for water oxidation is necessary. For solar water splitting, intensive researches have
been focused on nanostructured materials with narrow bandgaps including tungsten
trioxide (WOs3)***. WOs, an n-type semiconductor, has attracted immense attention as

15-18

photocatalyst materials and photoanode materials for water oxidation in

Photoelectrochemical (PEC) cells***2® because of its visible light response (bandgap,
Ey = 2.6 to 2.8 eV), a valence band edge position thermodynamically possible for
water oxidation (about 3 V versus the normal hydrogen electrode), strong absorption

within solar spectrum and good photochemical stability under the acidic conditions

4131619242629 yntil now, many efforts have been devoted to the develope

30-32

nanostructured WOs, such as nanoparticles®®®, nanoflakes™3***

. nanotubes®®,

nanobelts®®, nanoplatelets*® and nanorods®!?23

, to improve the PEC water oxidation
performance. Among these, nanorods based WO3; photoanodes will have a higher
phocatalytic activities for water oxidation in comparison to the corresponding bulk

one due to that nanorods can migrate electron fast along a rod axis between the

interfaces of electrolyte and photoanode to reduce the chance of recombination during
109



the migration of electron and enhance the PEC water oxidation perfoemance. But as a
photoanode material, the band gap of pure WOs is still too large to realize a sufficient
absorption of solar energy. So far, a lot of works have reported to improve visible light
absorption through incorporation of dopants, such as, transition metal (Ti, Fe, Co, Ni,
Cu, Zn ),*"*® other metals (Ga, Dy, Te, Ta, V, Ce)*® ““*and representative elements (N,
C, S)45'47.

Recently, Lewis et al. reported a WO3 powder with nitrogen molecules (N5)
intercalated into the crystalline lattice by a technique using commercially available
ammonium metatungstate ((NH4)eH2W12040 XH,O) and ammonium paratungstate
((NH4)10H,W1,042 4H,0) as well as *°N-labeld ammonium paratungstate synthesized
from tungstic acid and aqueous *NH,OH followed by calcination under O,
atmosphere to oxidized NH,4" ions in the solid state to N, gas, being catalyzed by
tungsten, and the N, enclosed in solid state is trapped in the hollow center of the
crystalized WOj3 lattice during phase tradition to orthorhombic WOj3 at ~ 410 <C. *
And thus, the N»-intercalated WO3 provides a red-shift of absorption edge compared
with pure WO3 due to narrowing the band gap by contribution of N 2p in N, to the
valence band dominated by O 2p of WOg3. But the reported Ny-intercalated WO;
exhibits mainly monoclinic phase with considerable hexagonal phase, which is an
undesirable feature because the photoelectrocatalytic activity of hexagonal WOj3; for
water oxidation is well-known to be lower than that of the monoclinic phase.*®
Moreover, nanostructure control is effective to improve the photoelectrocatalytic
activity of No-intercalated WO3;. However, the nano- and micro structure of the
N.-intercalated WO3 has not been reported yet.

Herein, we report the synthesis of No-intercalated WO3 (denoted as N, \WO3)

using hydrazine as a nitrogen source instead of NH;". The hydrazine-derived N, WOs3
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exhibits the single phase of a monoclinic crystalline as well as a nano-rodlike
structure in contrast to the micro-scale block structure of ammonia-derived N, WOs.
The hydrazine-derived N, WO3; photoanode works efficiently for visible-light driven
water oxidation.

5.2 Experimental Section

Materials. The purest grades of tungstic acid (Kanto Chemical Co. Inc.), ammonia
aqueous solution, Hydrogen Peroxide (Junsei Chemical Co., Ltd.), and polyethylene
glycol (PEG) (Mw=20,000), Tungstgen powder, Hydrozine monohydrate (Wako Pure
Chemical Ind., Ltd.), and Marpoloser 60 Mp-50 (Matsumoto Yushi-Seiyaku Co., Ltd.)
were purchased and used as received. An indium tin oxide (ITO)-coated glass with 10
Q/sq of a sheet resistance was purchased from Asahi Glass Co.

Preparations.

Preparation of N, WO3; powders and neat WO3; powder

To yellow suspension of tungstic acid (0.3 g, 1.2 mmol) in water (1.5 mL) was
added NyH4 H,O (146 pL, 3.0 mmol) drop by drop with vigorous stirring to give
white suspension. After continuous stirring for 30 min, solvent was slowly evaporated
to yield a hydrazine-derived precursor. An ammonia-derived precursor is synthesized
using NH3 H,0 (204.0 pL, 3.0 mmol) in a similar manner to the hydrazine-derived
precursor. The peroxo-tungstic acid (PTA) as a precursor for neat WO3 power was
synthesized according to the method by Sayama® 1.46 g (8 mmol) of tungsten
powder was carefully dissolved by slow addition of 15 mL aqueous H,0; (30%) in an
ice-cold bath and with stirring. The transparent colorless solution was evaporated
quickly on a hot stir-plate to decompose excess H,O, and give PTA powder. The PTA

powder was re-dissolved in 10 mL hot water and then evaporated to drydess at 70 €
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to yield a PTA precursor. The hydrazine- and ammonia-derived precursors and the
PTA precursor were calcined in an electric furnace at 400 ~ 550 <C with rate of 1 °C
min™ in flowing oxygen atmosphere and then maintained for 1h at this atmosphere to

obtain the hydrazine- and ammonia-derived N, WWO3; powders and neat WO3 powder.

Fabrication of N, WOg3- or WO3-coated electrodes

The hydrazine- or ammonia-derived precursor powder (0.2 g), PEG (0.1 g) and
Marpolose (20.0 mg) were mixed in water (0.5 mL) with stirring for preparation of a
precursor paste. It was coated on an ITO substrate by a squeezing technique and then
air-dried for 15 min. The precursor-coated ITO substrate was calcined at 420 <€ and
550 <€ under oxygen atmosphere to give the hydrazine- or ammonia-N, WO3-coated
electrode. The WOs-coated electrode was prepared by the same method using a PTA
precursor.
Measurements

XRD data were recorded using an X-ray diffraction spectrometer (Rigaku,
MiniFlex 600) using monochromated Cu Ko (1 = 1.54 A) radiation. SEM images
were taken using a scanning electron microscope (JEOL, TSM-6510LV) operated at
an accelerating voltage of 10 kV. Raman spectra were recorded using a Raman
microspectroscopic apparatus (Horiba-Jobin-Y von, LabRAm HR). UV-visible diffuse
reflectance spectra (DRS) were recorded on a spectrophotometer (JASCO, V-670) in a
DR mode. Thermogravimetric (TG) and Differential Thermal Analysis (DTA) data
were taken using a TG analyzer (Rigaku, TG 8120) from 25 to 800 <C with a heating
rate of 5 < min™ under air Photoelectrochemical measurements were conducted
using an electrochemical analyzer (HZ-3000, Hokuto Denko Co. Ltd., Tokyo, Japan)
and two-compartment photoelectrochemical cell at 25 €. Three electrode system has

been employed using the N, WOs3-coated electrode and an Ag/AgCl electrode in one
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compartment as the working and reference electrode, respectively and platinum wire
in the other compartment as a counter electrode. In order to investigate the effect of
Co? ions on photoelectrocatalytic performance, 0.1 mM Co(NOs), 6H,0
concentration was maintained in electrolyte solution of the working electrode
compartment. A 500 W xenon lamp (Optical ModuleX; Ushio Inc., Japan) as a light
source with a UV-cut-filter (L39) and liquid filter (0.2 M CuSO,4) for
Photoelectrochemical measurements. A monochromic light with 10 nm of bandwidth
was given from a 500 W xenon lamp using a monochromator for incident
photon-to-current  conversion efficiency (IPCE) measurements. All the
electrochemical and photoelectrochemical experiments were carried out under argon

atmosphere in an aqueous 0.1 M phosphate buffer solution (PBS, pH = 6.0).

5.3 Results and Discussion

A SEM technique was used to characterize the morphology of the WO3 sample
and N, WO3 samples calcined at 550°C. The SEM image (Figure 1a) shows that the
neat WOj3; which prepared from PTA precursor is composed of the particles with 10 —
50 nm in diameter, being well-connected to each other. In a few places, the spherical
particles agglomerate to form large particles. The hydrazine-derived N, WO3 shows a
nanorod structure (Figure 1b), with the rods having 20 - 80nm width, while length of
the nanorod range from 500 nm to 1000 nm, which is different from the
ammonia-derived N, WO3 of the massive blocks in a micro-scale (Figure 1c).

XRD data of the neat WO3 sample and the hydrazine- and ammonia-derived
N, WO3; samples prepared at different calcination temperatures are shown in Figure 2 .
The neat WO; sample calcined at 420°C, shows the monoclinic structure (JSPDF
number: 01-083-0950). For the hydrazine-derived N, WO3; sample, clear monoclinic

phase was observed even at 420 <€, however, for the ammonia-derived N, WOs;
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sample, the peaks at 20 = 13.9928.1%and 36.79which correspond to (100), (200) and
(201) of hexagonal WO3; (JSPDF number: 01-085-2459) were observed with the
monoclinic phase at 420 <€, being consistent with the XRD data reported earlier*®. All
of WO3 samples exhibite monoclinic structure after calcination at 550°C. The XRD
results suggest that crystallization of the monoclinic phase facilitates for the
hydrazine-derived N, WO3; sample compared with ammonia-derived N, WO3 sample.

The DTA curve of the hydrazine-derived precursor shows a noticeable sharp
and intense endothermic peak at 266 <€ due to the crystallization of WO3, which is
lower than 315 <€ of the ammonia-derived precursor (Figure 3). TG analysis conform
that the hydrazine-derived N, WOj3; sample crystallized earlier than hydrazine-derived
N2 WO3; sample, corresponding to the result of XRD.

Raman spectra depicts that clean monoclinic structure are observed from neat
WO; sample and the hydrazine-derived N;WO;3; sample. In contract the
ammonia-derived N, WOj3; sample exhibited the monoclinic phase of peaks at 139.9
cm?, 276.5 cm™, 697.1 cm™ and 799.2 cm™, however, the characteristic signals of the
hexagonal phase of peaks which marked by asterisk in Figure 4 were observed
simultaneously, agree with the XRD data well (Figure 2). Figure 4 also shows the
Raman spectra in a range of 2240 - 2400 cm™ for neat WO; sample, the hydrazine-
and ammonia-derived N, WO3 samples prepared at 420°C and 550 °C. Neat WOs
sample did not show any signal in this region, however, the peaks were observed at
2328 ~ 2330 cm™ for the hydrazine- and ammonia-derived N, WO3 samples at both
of calcination temperatures, assigned to the N=N vibration intercalated into the WOj3
lattice.*®>% In addition, another broad peaks were also observed at 2340 cm™,
suggest that at least two configuration of N, were present in both of the hydrazine-

and ammonia-derived N, WO3; samples, being consistent with the Raman data
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reported previously®®. To our best knowledge, atomic N doped WO; can cause the

material to become less crystalline*® **

or a new phase (W,N) will be detected from
XRD measurement™. In our presentation, hydrazine- and ammonia-derived N; WOs
samples possessing good crystalline degree, although hexagnal phases exist in

ammonia-derived N, WO3; sample calcined at 420°C. And no new phase can be

detected in hydrazine- and ammonia-derived N, WO3; samples from XRD patterns
(Figure 2). Furthermore, Raman signal of N=N vibration at ~ 2330 cm™ can not be
observed from N-doped materials, whereas, N, intercalated materials show this
charastetic vibrational signal into the WOj5 lattice.****®, These can be used as the
most important evidence for the material have already trapped N, species into WO;
lattice whether or not.

DRS data of neat WO3; sample, the hydrazine - and ammonia-derived N, WO;

samples prepared at 420°C and 550°C are shown in Figure. 5. For neat WO3 sample,

the wavelength of onset of light absorption was around at 470 nm, which is equivalent
to 2.7 eV of band gap energy. For comparison with neat WO3, the UV-vis reflectance

of hydrazine- and ammonia-derived N, WO3 samples prepared at 420°C, predominant

absorption are similiar to that of neat WO3 sample. But the absorption shoulders were
observed around at 480 nm caused noticeable red-shift of fundamental absorption
edge due to N, molecular was intercalated into the the lattice of WO3; and led to
obvious changes in colours, from the pale green of pure monoclinic neat WO3 sample
to the orange and dark yellow of hydrazine-derived N, WO3; and ammonia-derived
N, WO3; samples, respectively. Although the absorption shoulders became smaller
compared with 420°C due to the color of the hydrazine- and ammonia-derived
N, WO3; samples changed from yellow and pale orange to yellow green and pale

green after being annealing at 550°C, the absorption red-shift were still observed as
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shown in Figure.5. According to the results of DRS, it suggests that the crystal and
electronic structure of WO3 will be altered afer N, intercalation. After N, intercalating,
it will form a new inermediate energy level (N 2p) above the valence band of WO3to
play a key role in the photoresponse of WO3. And thus, N, WO3; materials are looking
forward to showing high photocatalytic activity and PEC water oxidation performance
under visible light irradiation.

Energy dispersive X-ray spectroscopic (EDS) data clearly showed the presence
of nitrogen for the hydrazine- and ammonia-derived N, WO3 samples in comparison
with WO; sample (Figure 6). The molar ratio of W : N for the hydrazine-derived
N2 WO3; sample calcined at 420 <€ was 1 : 0.095, which is higher than that (1 : 0.05)
for the the ammonia-derived N, WO3 sample calcined at the same temperature(Table
1) . And also, the EDS data indicates higher contents of nitrogen for the
hydrazine-derived N; WO3; sample compared to the ammonia-derived N; WOs;
sample even half amount of hydrazine was used, is summarized in Table S1. Though
these ratios decreased with increasing the calcination temperature for both the
N2 WO3 samples, the ratio (1 : 0.01) for the hydrazine-derived N, WO3 sample is still
higher than that (1 : 0.006) of ammonia-derived N, WO3; sample under 550 €
calcination conditions.

Recently, O, evolution has been reported from aqueous Fe,(SO4); solution
according to the half reaction follwing.*®

Fe¥* + e — Fe?*
2H,0 + 4h™ — 4H" + O,
The total reaction is:
4Fe* + 2H 0 — 4Fe™ + 4H" + O,

Figure 7 exhibits the photocatalytic water oxidation in the Fe,(SO4); aqueous
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solution with pH=2.3, upon irradiation visible light (A > 390 nm) using neat WQOs;,
hydrazine-derived N, WOj3 and ammonia-derived N, \WO; catalysts prepared at 420
°C and 550°C. It is noted that the hydrazine-derived N, WOj3; shows highest activities
at both 420 °C and 550°C compare to neat WO3 and ammonia-derived N, WO3. With
the temperature increased, the photocatalytic activity also increased due to the
crystalline increased. However, the ammonia-derived N, WO;3; shows low
photocatalytic activity for water oxidation due to its morphology (blocks, Fig. 1c)
can’t transport electron-hole well compare to neat WO; (nanoparticles, Fig. 1a), and
hydrazine-derived N, WOs3 (nanorods, Fig. 1b). The time course of O, evolution over
different WO3 photocatalysts are shown in Figure 8.

The PEC properties of the ITO/WQOj3 electrodes prepared at 420°C were studied

in a 0.1 M phosphate solution with pH adjusted to 6.0. Cyclic voltammograms (CVs)
of the neat WO3, ammonium- and hydrazine-derived N, WOj3 electrodes are shown in
Figure. 9, where the redox response of H,WO3; / WO3 were observed below 0.2 V vs.
Ag/AgCl, however, no anodic currents were observed under the dark condition in a
potential range of 0.2 ~ 1.0 V vs. Ag/AgCl for all of electrodes due to n-type Schottky
barrier at the interfacial heterojunction between the electrodes surface and the
electrolyte solution. Upon irradiation of visible light, a phtotoanodic current of 0.02
mA cm? was hardly observed for neat ITO/WO; electrode. However, a significant
higher phtotoanodic current due to water oxidation over 0.2 V vs. Ag/AgCl was
observed and it reached to 1.24 mA cm? at 1.0 V vs. Ag/AgCl for
ITO/hydrazine-derived N, WOgelectrode, which is about 4 times higher than that of

ITO/ammonium-derived N, WOs electrode (0.3 mA cm™ at 1.0 V vs. Ag/AgCI).

In Figure 11, the action spectra of IPCE were recorded under the bias potential of

0.5 V versus Ag/AgCl using different ITO/WQO3; photoanodes. On the IPCE spectra of
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samples calcined at 420°C (Figure 11, left), the IPCE of neat WOz at 400 nm was 0.4%
with the onset wavelength of 470 nm, corresponds the indirect band gap energy of
2.63 eV. In the case of hydrazine- and ammonia-derived N, WO3; samples, the IPCE
values at 400 nm increased to 5.18% and 4.90%, the onset wavelength of both
N2 WO3; samples extended to 520 nm and 510 nm, which consistent with the band gap
of hydrazine- and ammonia-derived N, WO3; samples of 2.38 eV and 2.41 eV,
respectively, indicating that the photoanodic current is based on a band gap
photoexitation of N 2p-W 5d. Furthermore, IPCE for different electrodes calcined at
550°C are shown in Figure 11, where the photoreponse position decreased to 490 nm
for both of hydrazine- and ammonia-derived N, WWO3 samples due to the content of N,
became lower compare to that of samples prepared at 420°C. However, the maximum
IPCE at 400 nm of the hydrazine-derived N, WO3 (58%) is about five- and six times
higher than that of ammonia-derived N, WO3 (14%) and neat WOj3 (8%), respectively.
The hight IPCE value of the hydrazine-derived N, WO3 is attributed to its high
crystallinity and high content of N, molecule intercalation can utilize the visible light
efficiently to increase IPCE compare to the others two samples. As comparison of
IPCE value for WO3-based photoanodes reported previously by Santato®, this present
IPCE value at 400 nm of hydrazine-derived N, WOg is lower that of the nanoparticle
WOj3 (75% measured at 1V vs. RHE in 1 M HCIO4),* but higher and comparable to
the recently values obtained for WO; nanostructures® 2333345658 ~such as WO,
nanoplatelet (30% measured at 1.2 V vs. SCE in 1 M HCIO,4)*’, WO; nanorod (18%
measured at 1.23 V vs. RHE in 0.5 M Na,S04)*!, WO3 nanorod (35% measured at 0.8

118



V vs. Ag/AgCl in 0.5 M Na,SO4)%, WO; nanoflakes (35% measured at 1.0 V vs.
Ag/AgCl in 0.5 M Na;S04)?*, WO3 nanowire (8% measured at 0.5 V vs. Ag/AgCl in
0.1 M Na,S0O,) and WO3 nanoflakes (55% measured at 1.0 V vs. Ag/AgCl in 0.1 M
Na,S0,)*, W03 nanoflake (38% measured at 1.2 VV vs. Ag/AgCl in 0.1 M NaSO4)*,
WOj3 nanoparticle (15% measured at 1.2 V vs. NHE in 0.5 M H,S0,)* and WO;
nanorode (30% measured at 0.5 V vs. NHE in 0.5 M Na,SO,)®.

The photoelectrocayalysis experiments over different electrodes calcined at 550°C
(Figure 12)were preliminary performed under 100 mW / cm™ illumination at 0.5 V in
a 0.1 M phosphate buffer with pH adjusted to 6.0 for 1h, upon visible light irradiation
(A>390 nm). The photocurrent-time profile of the hydrazine-derived N, WOj3; (Fig.
12c) exhibited a quite higher initial photocurrent (0.78 mA cm™? at 2 mininute)
comparing to neat WO3 (0.30 mA/cm, Fig. 12a) and ammonia-derived N, WO3 (0.55
mA cm?, Fig. 12c), which is corresponding to cyclic voltammetry (CV) data (Figure
10). But the photocurrents were not stable and began to decay over time, the
photocurrent of hydrazine-derived N, WO3 decreased to 0.28 mA cm™? after 1h of
photoelectrocayalysis (about 64% decrease), the decay of photocurerents for neat
WOj3 and ammonia-derived N, WO3 were 77% and 62%, respectively after 1h of
irradiation caused by the formation of tungsten peroxo species on the WOj; surface®*°.
The charge amount passed during 1h of photoelectrocayalysis for hydrazine-derived
N, WO;3 (1.05 C) is 3.1 and 1.2 times higher than those of neat WO3 (0.34 C) and
ammonia-derived N, WO3 (0.9 C), respectively (Table 2). The amount of O, evolution

during photoelectrocayalysis for hydrazine-derived N, WO3; (2.16 pmol) is much
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higher than neat WO3 (0.52 umol) and ammonia-derived N, WO3 (1.69 umol. Aslo,
Faradaic efficiency of O, evolution for hydrazine-derived N, WO3 (80%) is higher
than neat WOj3 film (56%) and ammonia-derived N, WO3 (72%). The high PEC water
oxidation performance for hydrazine-derived N, WOQOj is attribute to its high content
of N element in hydrazine-derived N,WO; lattice and nanorod structured
morphology and high crystallinity.

The performance of PEC water oxidation shows further improvement by adding
0.1 mM Co* ions in the electrolyte solution (Fig. 12d). In the presence of 0.1 mM
Co?* ions in phosphate buffer solution, hydrazine-derived N, WO; shows 0.9 mA
cm of initial photocurrent at 2 minute and give 0.68 mA cm™ of photocurrent after
1h of photoelectrocayalysis, which is about 2.4 times better than the absence of Co?*
ions. The charge amount passed of 2.62 C (5.47umol of O, evolution, F.E.o, 81%,
Table 2 ) is 2.5 times better than the charge amount of 1.05 C without Co?* ions. The
enhancement of PEC water oxidation after adding Co?* ions indicate that the
formation of peroxo species would be suppressed due to acceleration of the water

oxidation reaction on the WO3 surface by Co2" ions in the electrolyte solution.
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Table 5-1 EDS data of WO3 samples prepared from different precursors followed by

calcination at 420°C and 550°C.

Sample name NHawos: NnzHa(NNH3) Calcination Molar ration of W: N

temperature / °C

Neat WO;3 1:0 550 -
N,H,-derived N, WO, 1:1.25 420 1:0.092
N,H,-derived N, WO, 1:25 420 1:0.095
NH;-derived N, WO, 1:25 420 1:0.05
N,H,-derived N, WO, 1:1.25 550 1:0.008
N,H,-derived N, WO, 1:25 550 1:0.01
NH;-derived N, WO, 1:25 550 1:0.006

126



Table 5-2 Summary of photoelectrocatalytic water oxidation using different ITO/WQO3

photoanodes calcined at different temperatures.

sample [Co®*]/ mM Charge /C Noz / pmol F.E.02%(%) Ni2”/ pmol F.E.1%(%)
WO; (PTA) 0 0.34 0.52 56 1.46 83
N, WO; (NH3) 0 0.90 1.69 72 4.59 98
N, WO3 (N,H,) 0 1.05 2.16 79 5.02 91
N, WO3 (N,H,) 0.1 2.62 5.47 81 12.70 93

*Faradic efficiency of O, evolution.

®hiy2 is the amount of H, evolved in the Pt counter electrode compartment.

“Faradic efficiency of H, evolution.
9 N.D. (Not Detected)

® Calc.Temp. (Calcination temperature)
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Figure 5-1 Scanning electron microscopic (SEM) images of (a)neat WOg3, (b)

N,H,-derived N, WOs, and (c) NH3-derived N, WO3 samples annealed at 550°C.
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Figure 5-2 XRD patterns of (a and d) neat WO3, N,H4-derived N, WO3 (b and €) and
(c and f) NHs-derived N, WO3 samples calcined at (a, b and ¢) 420°C and (d, e and f)

550°C.
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Figure 5-3 Thermogravimetric (TG) curves of (left) NoH;-derived precursor and (right)

NH;3-derivedprecursor.
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Figure 5-4 Raman spectra of (a) neat WOg3, (b and d) N,H4-derived N, WOz and (c
and e) NHs-derived N; WO3; samples at (left) low wavenumber and (right) high

Wavenumber after being calcined at (a, b and ¢) 420°C and (d and €)550°C.
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Chapter 6
Preparation of a nano-structure N,-Intercalated WO; photoanode

having highly efficient for Visible-Light-Driven Water oxidation

6.1 Introduction

Water splitting by solar light to oxygen and hydrogen in photoelectrochemical
(PEC) cells is an attractive but challenging task,? following the pioneer work on a
TiO, photoanode for water splitting by Honda and Fujishima.® Unfortunately a wide
band gap of TiO, (3.0-3.2 eV) causes to absorb only an ultraviolet fraction of a solar
spectrum (accounts for just 4% of solar irradiation) and consequently responsible for
low efficiency in utilization of solar light.*®Therefore, intensive researches have been
focused on materials with a relatively narrower band gap than TiO, to expand light
absorption to a visible region. Several single component and composite materials
(WO3, Fe,03, TasNs, TaON, BaZrOs-BaTaO:N, etc.) have been investigated to
achieve efficient visible-light-driven water splitting.” ™

WOQO3, an n-type semiconductor has attracted immense attention as a photoanode
material for water oxidation in PEC cells because of its visible light response (band
gap, Ey = 2.6-2.8 eV), a thermodynamically possible valence band edge position for
water oxidation (3 V versus the normal hydrogen electrode) and good photochemical
stability.**?° WO; has been extensively investigated as promising visible-light-driven
photoanode materials for PEC cells since 1976.% So far, a lot of works to narrow the

band gap of WO3 by adding dopants of transition metal (Ti, Fe, Co, Ni, Cu, Zn)?*%

other metals (Ga, Dy, Te, Ta, V, Ce)** ®%and representative elements (N, C, S)%
have been reported to improve the photocatalytic properties of WOs.

We earlier reported facile preparation of a WO3; film composed of

nano-structured platelets as efficient photoanode materials for visible-light driven
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water oxidation by calcination from a ammonium tungstate precursor given by an
acid-base reaction of tungstic acid and an ammonium solution followed by deposition
with ethanol addition.®® Recently, Lewis et al. reported a unique WO3 powder with
nitrogen molecules (N2) intercalated into the crystalline lattice by a similar technique
using commercially available ammonium metatungstate ((NH4)eH2W12049 XH20) and
ammonium paratungstate ((NH4)10H2W1,04, 4H,0) as well as >N-labeld ammonium
paratungstate synthesized from tungstic acid and aqueous “NH,OH.** The
No-intercalated WOj3 provides longer wavelength absorption compared with neat WO3
due to narrowing the band gap by contribution of N 2p in N, to the valence band
dominated by O 2p of WO;. This led to a longer wavelength shift of the
photoresponse of the Ns-intercalated WO;3; anode due to photoelectrochemical
oxidation of CI" to Cl, in 1.0 M HCI solution. The reported Nj-intercalated WOj3
exhibits mainly monoclinic phase with considerable hexagonal phase, which is an
undesirable feature because the photoelectrocatalytic activity of hexagonal WOj3 for
water oxidation is well-known to be lower than that of the monoclinic phase.*
Moreover, nanostructure control is effective to improve the photoelectrocatalytic
activity of No-intercalated WO3;. However, the nano- and micro structure of the
No-intercalated WO3 has not been reported yet.

Lewis et al have presumed as an intercalation mechanism of N, into WO3 that
NH," ions in the solid state can be oxidized to N, gas, being catalyzed by tungsten,
under O, atmosphere, and the N, enclosed in solid state is trapped in the hollow center
of the crystalized WOj3 lattice during phase tradition to orthorhombic WO;3; at ~
410 <C.>* The Ny-intercalation into the WO; lattice could balance N, formation with
phase tradition of WO3. The nano- and micro structure of the N»-intercalated WQOs is

significantly influenced by the structure of the precursor because it is formed in a
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solid state reaction. On the basis of such notion, we conceive the use of hydrazine as
another nitrogen source instead of NH,". N, formation could complete prior to phase
transition of WO3 by use of hydrazine which is easily oxidized to N, than ammonia,
expecting that a simple crystalline phase of Ny-intercalated WOj3. Hydrazine exists
mainly as a NoHs* form in acidic conditions (pK, values of N,Hs** and N3Hs*, -0.9
and 8.1) N,Hs" cations could provide a different structure of a salt precursor with
tungstate anions from that of NH,", resulting in the different structure of
No-intercalated WOj3. Herein, we report the synthesis of N-intercalated WO3 (denoted
as N, WOs3) using hydrazine as a nitrogen source instead of NH;". The
hydrazine-derived N, WO3 exhibits the single phase of a monoclinic crystalline as
well as a nano-rodlike structure in contrast to the micro-scale block structure of
ammonia-derived N WO;. The hydrazine-derived N, WOj3; photoanode works
efficiently for visible-light driven water oxidation.

6.2 Experimental Section

Materials. The purest grades of tungstic acid (Kanto Chemical Co. Inc.), ammonia
aqueous solution, Hydrogen Peroxide (Junsei Chemical Co., Ltd.), and polyethylene
glycol (PEG) (Mw=20,000), Tungstgen powder, Hydrozine monohydrate (Wako Pure
Chemical Ind., Ltd.), and Marpoloser 60 Mp-50 (Matsumoto Yushi-Seiyaku Co., Ltd.)
were purchased and used as received. An indium tin oxide (ITO)-coated glass with 10
Q/sq of a sheet resistance was purchased from Asahi Glass Co.

Preparations.

Preparation of N, WO3; powders and neat WO3; powder
In a typical synthesis, Tungstic acid (0.3 g, 1.2 mmol) was suspended in 1.5 mL

de-ionized water. According to molar ratio of 1:0.08 to 1:10 between H,WOQO, and

N2H4, 4.56-584 pL of NyH4 H,O was drop by drop added (0.07-12.0 mmol) to the
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above suspension with vigorous stirring to give the white suspensions. After
continuous stirring for 30 min, solvent was slowly evaporated to yield various
hydrazine-derived precursors. Moreover, a WO3 was also prepared from a H,WO,
synthesized without adding N,H;. An ammonia-derived precursor was synthesized
using NH3 H,0 (204.0 uL, 3.0 mmol) in a similar manner to the hydrazine-derived
precursor. The peroxo-tungstic acid (PTA) as a precursor for neat WO3; power
preparation was synthesized according to the reported method by Sayama.*® 1.46 g (8
mmol) of tungsten powder was carefully dissolved by slow addition of 15 mL
aqueous H,0; (30%) in an ice-cold bath and with stirring. The transparent colorless
solution was evaporated quickly on a hot stir-plate to decompose excess H,O, and
give PTA powder. The PTA powder was re-dissolved in 10 mL hot water and then
evaporated to drydess at 70 €€ to yield a PTA precursor. The hydrazine- and
ammonia-derived precursors and the PTA precursor were calcined in an electric
furnace at 400 ~ 550 <C with rate of 1 °C min™ in flowing oxygen atmosphere and
then maintained for 1h at this atmosphere to obtain the hydrazine- and

ammonium-derived N, WO3 powders and neat WO3 powder.

Fabrication of N, WO3- or WO3-coated electrodes

The hydrazine- or ammonia-derived precursor powder (0.2 g), PEG (0.1 g) and
Marpolose (20.0 mg) were mixed in water (0.5 mL) with stirring for preparation of a
precursor paste. It was coated on an ITO substrate by a squeezing technique and then
air-dried for 15 min. The precursor-coated ITO substrate was calcined at 350-550 €
under oxygen atmosphere to give the hydrazine- or ammonia-N, WWOs-coated

electrode. The WOs-coated electrode was prepared by the same method using a PTA
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precursor.
Measurements

XRD data were recorded using an X-ray diffraction spectrometer (Rigaku,
MiniFlex 600) using monochromated Cu Ko (4 = 1.54 A) radiation. SEM images
were taken using a scanning electron microscope (JEOL, TSM-6510LV) operated at
an accelerating voltage of 10 kV. Nitrogen adsorption-desorption isotherm were

measured using a BELSORP-mini Il (BEL, Japan) at 77 K. Prior to gas adsorption,

the sample powders were degassed in vacuum for 3h at 150 <C. The
Brunuuer-Emmett-Teller (BET) method was used to calculate the surface areas of the
sample powders. Raman spectra were recorded using a Raman microspectroscopic
apparatus (Horiba-Jobin-Y von, LabRAm HR). UV-visible diffuse reflectance spectra
(DRS) were recorded on a spectrophotometer (JASCO, V-670) in a DR mode.
Thermogravimetric (TG) and Differential Thermal Analysis (DTA) data were taken
using a TG analyzer (Rigaku, TG 8120) from 25 to 800 <C with a heating rate of 5 <C
min™ under air.

Photoelectrochemical measurements were conducted using an electrochemical
analyzer (HZ-3000, Hokuto Denko Co. Ltd., Tokyo, Japan) and two-compartment
photoelectrochemical cell at 25 €. Three electrode system has been employed using
the N, WOg3-coated electrode and an Ag/AgCI electrode in one compartment as the
working and reference electrode, respectively and platinum wire in the other
compartment as a counter electrode. A 500 W xenon lamp (Optical ModuleX; Ushio
Inc., Japan) as a light source with a UV-cut-filter (L39) and liquid filter (0.2 M CuSO,)
for Photoelectrochemical measurements. A monochromic light with 10 nm of
bandwidth was given from a 500 W xenon lamp using a monochromator for incident

photon-to-current  conversion  efficiency (IPCE) measurements. All  the
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electrochemical and photoelectrochemical experiments were carried out under argon
atmosphere in an aqueous 0.1 M phosphate buffer solution (PBS, pH = 6.0).
6.3 Results and Discussion

The used amount of N,H,4 to synthesize precursor was found to have noticeable
influence on the morphology of WO3; sample. Figure 1 shows SEM images of WO3;
samples prepared at 420°C from different precursors powder with different molar ratio
between H,WO, and N;H,4, from 1:0 to 1:10. The hydrazine-derived N, WO3 with
nanoflakes structure were observed when the ratio was less than 1:0.08 (Figure 1a, b).
It was interesting to note that the nanorod with -200 nm width was started to observe
for hydrazine-derived N, WO3 prepared with ratio of 1:0.625, though the nanoflake
structure was observed simultaneous, as seen from Figure 1c. The clear nanorod with
20-100 nm width was observed when the ratio was 1:2.5 (Figure 1d). With increasing
the ratio increased to 1:5 (Figure 1e) and 1:10 (Figure 1f), the sizes of the nanoraods
became larger due to aggregation of nanorods, as summarized in Table 1.

Compared to WO3 prepared without using N,H,, the Energy dispersive X-ray
spectroscopic (EDS) results clearly showed the presence of nitrogen. The molar ratio
of W:N for WOz samples prepared at 420°C increased from 1:0.003 to 1:0.121 with
increasing the amount of N,H,, as outlined in Table 1.

N,H4 amount-dependent XRD experiments (Figure 2) have revealed that the
sharp and intensity peaks were observed with increasing the amount of NjHy,
suggesting that N,H, is beneficial to promote the growth of crystallinity, and all of

WO3; samples exhibited a monoclinic strucuture (JCPDS No. 01-083-0950) after
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calcination at 420°C.

Figure 3 shows the Raman spectra of WO3 samples prepared at 420°C from the
precursors powder with different amount of N,H4. The characteristic signals of the
monoclinic phase of peaks at 134.4 cm™ (lattice vibration), 270.6 cm™ (6 (O-W-O)
deformation vibration), 713.2 cm™ and 807.1 cm™ (L0 [1 (O-W-O) stretching vibration)
in a range of Raman shift from 100-1000 cm™ were observed for all WO3 samples.
These results are consistent with the N,H, amount-dependent XRD experiment. In a
region of 2200-2400 cm™, there was no signal to observe for the WO; sample
prepared according to the ratio of 1:0. However, a peak at 2330 cm™ of N, molecule
(denoted as N,-mode | ) assigned to the N=N vibration intercalated into the WO;

lattice®" %

was began to observe when the hydrazine-derived N, WO3; sample was
prepared according to the ratio of 1:0.08 between H,WO, and N,H,. As the ratio
increased, another broad peak was observed at 2340cm™ of N, molecule (denoted as
N2-mode Il ) over the ratio of 1:0.625. The earlier report points out that the broad
peak is assigned to the N=N vibration of N, molecule intercalated in the WOs5 lattice
in the different mode.>* Moreover, there was a observable increase for the peak
intensity of No-mode | and N,-mode 11, especially N,-mode 11, with increasing amount
of N2H..

Figure 4 shows the UV-visible diffuse reflectance spectra (DRS) of WO3 samples
prepared at 420°C form different precursors powder which were synthesized
with/without utilizing N,H4. All the hydrazine-derived N, WO3; samples showed

red-shift absorption edges compared to the WO3; sample prepared from H,WQO,. The
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hydrazine-derived N, WQO3 sample prepared from precursors powder with the ratio of
1:0.08 shows a slight red-shift for predominant absorption edge compared to the WO;
sample prepared from H,WO, due to N, intercalation. As the amount of N,H,
increased, the absorption shoulders around 480 nm were observed over 1:0.625. The
maximum red-shift for predominant absorption edge was found when the ratio of
1:2.5 was used. After that the red-shift for predominant absorption edge exhibited a
decrease, but the absorption shoulders around 480 nm increased as the amount of
N2H, increased.

To investigate the effect of amount of N,H,4 on the WO; crystal lattice, the lattice
parameters of WO3; prepared without using N,H; and hydrazine-derived N, WO;
samples prepared at 420°C from various precursors powder with different amount of
N.H; were analyzed, as shown in Figure 5. The 002, 020, and 200 peak positions,
suggested by XRD patterns (Figure 2), reflect the a, b, and c lattice parameter,
respectively. The a:b ratio of N, WOj3 increased from 0.9746 to 0.9813 with the N,H,4
amount increased, while also the contents of nitrogen increased, and all of these
values exceed that (0.9695) of WO3 prepared from H,WQ,, suggesting the N, was
intercalated into WOz even using less amount of N,H,4. Also, Figure 5 shows the
dependency of N,H4amount on the N,-Mode Il: N,-Mode | ratio of N, WO3 and the
Kubelka-Munk (KM) values at 500 nm, corresponding to absorption shoulders in
DRS. The N>-Mode II: N»>-Mode | ratio of N, WO3; was 0 when N, WO3; was
prepared according to the ratio of 1:0.08, however, this ratio increased from 0.49 to
0.78 with increasing the amount of N,Hj,, signifying that N,-mode | form prior, and
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N2-mode 1l is generated at such necessary condition that the existence of high
nitrogen contents into WOg3 lattice. Simultaneously, an increase tendency was
observed for the KM values at 500 nm of N, WOs, which increased from 0.003 to
0.147, with increasing the amount of N,H,4. The results of the N,-Mode 11: No-Mode |
ratio and the Kubelka-Munk (KM) values at 500 nm demonstrate that the absorption

shoulder is depended by the formation of N,-Mode 11 whether or not.

A SEM technique was used to characterize the nano- and micro- structures of the
precursors, N, WO3; and WO3; powers. The SEM image (Figure 6a) shows that the
PTA precursor is composed of the particles with 10 — 50 nm in diameter, being
well-connected to each other. In a few places, the spherical particles agglomerate to
form large particles. For the ammonia-derived precursor (prepared by a reaction of
tungstic acid with an aqueous ammonia solution), the massive blocks in a micro-scale
are observed (Figure 6b), instead, the nano-rodlike precursor with 100 nm wide and
500 nm length in average is formed for hydrazine-derived precursor, as shown in
Figure 6¢. Hydrazine exists mainly as a N,Hs" form in acidic conditions (pK, values
of NHe?" and N3Hs*, -0.9 and 8.1). The larger size and anisotropic nature of NoHs"
cations (non-sphere shape; one of nitrogen atoms is protonated) compared with NH;"
cations could be responsible for formation of nano-rodlike precursor. When these
precursors were calcined at 550 <C for 1 h for the formation of N, WO3; and WOs3
powers, the nano- and micro-structure is retained for respective precursors, as shown
in Figure 6d-f This indicates that the structure controls of the precursors is important
for those of N, WO3; and WO3 powers.

Isotherm of the samples calcined at 420 <€ show predominantly type Il nature,

with some interparticle porosity and the H, hysterisis loop in the isotherm (Figure. 7A)
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may be caused by roughness of pore and particle surface’®. The surface area of the
samples was calculated by the BET method, as displayed in Table 2. The surface area
(2.27 m*g™") of ammonia-derived N, WO; sample was 9.0 and 7.6 times lower than
those of the hydrazine-derived N, WO; sample (20.6 m°g™) and the neat WO3 sample
(17.3 m?g'). The formation of the H, hysterisis loop for neat WO; and
hydrazine-derived N, \WO3; might be possible as an explanation of the higher surface
area than ammonia-derived N, WO3; sample. The surface area data were summarized

in Table 2. N, sorption isotherm of the samples calcined at 550 <C exhibited type- II

characteristics of macroporous materials** (Figure 7B). The surface area of the
hydrazine-derived N, WO3 sample and the neat WO3 sample reduced to 9.64 m?g™
and 11.1 m?g™, respectively due to the particle size of the samples became larger and
the surface of the particle surface became smoother than those of samples calcined at
420 <C. The surface of (2.45 m?g™) of ammonia-derived N, WO; sample was 4.5 and
3.9 times lower than those of the hydrazine-derived N, WO3 sample (11.1 m?g™) and
the neat WO3 sample (9.64 m?g™). This is consistent with the SEM observation of the
massive blocks in a micro-scale of ammonia-derived N, WO;3 (Figure 6e).

Energy dispersive X-ray spectroscopic (EDS) data (Figure 8) clearly showed the
presence of nitrogen for the ammonia- and hydrazine-derived N, WO3; samples in
comparison with neat WO3 powers (Figure 8G). The molar ratio of W : N for the
hydrazine-derived N, WO3 sample after being calcined at 350 <€ was 1 : 0.005, which
is lower compared to the ammonia-derived N, WO3; sample (1:0.12). However, the
molar ratio of W : N for the hydrazine-derived N, WO3 sample calcined at 420 € was
1 : 0.097, which is higher than that (1:0.06) of the the ammonia-derived N, WOs3
sample calcined at the same temperature. The EDS data were summarized in Table 3.

Though these ratios decreased with the calcination temperature for both the N, WO3
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samples, the ratio (1 : 0.01) for the hydrazine-derived N, WO3 sample is still higher
than that (1 : 0.008) for ammonia-derived N, \WWO3; sample under 550 <€ calcination
conditions.

XRD data of neat WO3; and the ammonia- and hydrazine-derived N, WOj3
samples prepared at various calcination temperatures are shown in Figure 9. For the
neat WOj3 powder, WO3 with both the monoclinic and hexagonal (peak at 26 = 13.99
28.1%and 36.7%%assigned to 100, 200 and 201) phases was formed at less than 400 €
though the peaks are relatively broad. The crystallite diameters for monoclinic and
hexagonal phase were calculated from the peaks at 24.3and 13.9°by Scherrer
equation using Djgy, Dioo parameter (13 nm, 16 nm), respectively. When the
calcination temperature increased from 400 to 550 <€, the monoclinic phase was
predominantly formed with the crystallite diameter increased (Table 4). For the
ammonia-derived N, WO3; sample, the hexagonal phase was observed with the
monoclinic phase less than 500 <€, being consistent with the XRD data reported
earlier.® This result shows that hexagonal phase of ammonia-derived N, WO; sample
iIs more stabilized compared with the neat WO3 sample. For the hydrazine-derived
N2 WO3; sample, clear monoclinic phase was observed even at 400 € (no hexagonal
phase). This result shows that the monoclinic phase of hydrazine-derived N, WO3
sample is more stable compared to the neat WO3; sample, in contrast to the
ammonia-derived N, WO3; sample. It is notified that the crystallite diameter (21 nm)
of the monoclinic phase for hydrazine-derived N, WO3; sample calcined at 400 <€ is
larger than those of the ammonia-derived N, WO3; sample (19 nm) and the neat WO;
sample (15 nm) calcined at 400 <€. This shows that crystallization of the monoclinic
phase facilitates for the hydrazine-derived N, WO3; sample compared with the other

samples.
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In order to reveal the effect of N, intercalation on the a, b, and c lattice parameter
of neat WO3, ammonia- and hydrazine-derived N, \WO3 samples after being calcined
at various temperatures were analyzed as shown in Figure 10A. For neat WO3 sample,
there was no noticeable change for the a:b ratio of 0.969 at each of temperature. The
a:b ratio of ammonia-derived N, WO3; sample decreased from 0.9738 to 0.9702 with
the calcination temperatures increased. However, the a:b ratio of hydrazine-derived
N2 WO3; sample increased from 0.9734 to 0.9798 with temperature increased from
350°C to 420 °C, and then the ratio decreased from 0.9773 to 0.9736 with increasing
the temperatures from 430°C to 550 °C. The difference increase mode of the a:b ratio
for ammonia- and hydrazine-derived N, WO3 samples indicate the mode of crystallite
growth for N, WO3 samples are different. The crystallite growth proceeded along the
b axis at all temperatures for the ammonia-derived N, WO3. However, the growth of
N, WO; crystallite proceeded along the a and b axes, especially the a axis growth is
predominant for hydrazine-derived N, WO3 samples prepared from 350 °C to 420 °C,
the growth of the crystallite proceeded along the b axis with the temperature increased
from 430 °C to 550 °C. In addition, the a:b ratio values for both ammonia- and
hydrazine-derived N, WO3; samples exceeded that of neat WO3; samples, indicating
that the N, molecule was intercalated into the WO3 at all temperatures and improve
the symmetry of the WOjs lattice. The hydrazine-derived N, WO3 sample possesses
the highest symmetry than those of ammonia-derived N, WO3; and neat WO3 samples.
The difference of crystallite growth mode suggests the patterns of embedding N,
molecule are different in WO3 lattice. The N, molecule might be intercalated into
WOg3 lattice alone the b axis for ammonia-derived N, WWO3. On the contrary, the N,
molecule would be intercalated into WOj lattice alone a axis below 420°C and alone

the b axis over 420°C for hydrazine-derived N, WO3 sample.
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To reveal the dependency of calcination temperature on trapped amount of N,
into WOs lattice, the effect of calcination temperature on the WOj5 lattice volume was
investigated, as shown in Figure 10B. There was no observable change for the lattice
volume of neat WO; (135 A®) at each temperature. The lattice volume of
ammonia-derived N, WO3; sample decreased from 170 to 139 A’ with the increased
the annealing temperatures due to the decrease of N, molecule into WO3 lattice.
However, the lattice volume of hydrazine-derived N, WO3; sample show an increase
tendency at a region of 350 to 420°C, while the the lattice volume increased from 137
to 165 A®, which indicates that the amount of trapped N, into WO; lattice was
maximum as hydrazine-derived N, WO3 sample after being calcined at 420°C. This
tendency is agreement with the EDS data. The lattice volume decreased from 164 to
143 A® with increasing the temperature from 430 to 550 °C. Figure 10 suggests that
the crystallite growth proceed alone a axis, corresponding to intercalating N, molecule
alone the a axis, is benefit to trap N, molecule into lattice.

Raman spectra of the ammonia-derived N, WO3; samples prepared at various
calcination temperatures are shown in Figure 11. Raman spectra of the
ammonia-derived N, WO3; sample calcined at 550 <€ exhibited the characteristic
signals of the monoclinic phase at 139.9 cm™ (lattice vibration), 276.5 cm™ (6 (O-W-O)
deformation vibration), 697.1 cm™ and 799.2 cm™ (U [ (O-W-O) stretching vibration)
in a range of Raman shift from 100 ~ 1000 cm™. In calcination at less than 500 <€, the
characteristic signals of the hexagonal phase of peaks marked by asterisk in Figure
12A (132.8 cm™ (lattice vibration), 270.8 cm™ (6 (O-W-O) deformation vibration),
713.3 cm™, and 805.9 cm™ (I (O-W-O) stretching vibration) were observed in
addition to the characteristic signals of the monoclinic phase. This result is agreement

with the XRD patterns of the ammonia-derived N, WWO3 sample measured by various
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calcination temperature. In a region of 2200 ~2400 cm™ (Figure 12) a peak was
observed at 2328 ~ 2330 cm™ assigned to the N=N vibration intercalated into the
WOj lattice®”* for the ammonia-derived N, WO; sample calcined at less than 400 €.
As the calcination temperature increased, the additional N, molecule broad peak
assigned to the N=N vibration in the different mode was observed at 2340 cm™ over
420 <€. Figure 12B suggests that the N,-mode | intercalated in the WO3 lattice is
predominantly generated at lower calcination temperature and N,-mode Il intercalated
is then generated as the crystallization proceeds at more than 420 <€.

Raman spectra of the hydrazine-derived N; WO3; sample exhibited the
characteristic signals of the monoclinic phase alone in a range of 100 ~ 1000 cm™
(Figure 13), being consistent with the XRD data. In a region of 2200 ~2400 cm™
(Figure 13B), the peaks at 2328 ~ 2330 cm™ and 2340 cm™, assigned to the N=N
vibration of both N;-mode I and Il were observed at more than 400 €. The
observation of both Nj-mode | and Il compared with N,-mode | alone for the
ammonia-derived N, WOj3 sample at 400 <€ is ascribed to crystallization at the low
temperature for the hydrazine-derived N, WOj3; sample as indicated in the XRD data
(Figure 9C).

Figure 14 shows the effect of crystallization temperature on the Nj,-mode
I1:N,-mode | ratio of ammonia- and hydrazine-derived N, WO3; samples. The
N2-mode 11:N2-mode | ratio of hydrazine-derived N, WO; sample exhibited an
increase less than 420°C and a decrease over 420°C, which implies that the intensity
of Ny-mode Il is dependent on trapped contents of nitrogen. In contrast of
hydrazine-derived N, WOj3; sample, the N,-mode 11:N,-mode | ratios of ammonia-
N, WO3; were 0 below annealing temperature of 420°C in spite of existence of high

N, contents. It is attributed to that the crystallization of ammonia- N, WO3; is
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predominant rather than formation of N»-mode Il at low calcination temperature. The
decrease of N2-mode 11:N,-mode | ratios of ammonia- N, WWO3 were observed from
420°C to 550 °C. The results of N,-mode 11:N,-mode | indicate that the intensity of
N2-mode Il is not only dependent on trapped contents of nitrogen but also the
crystallinity of sample.

DRS data of neat WO3; and the ammonia- and hydrazine-derived N, WOs;
samples prepared at 420°C are shown in Figure 15. There were noticeable change in
color for both N, WO3 samples after being calcined at 420°C, while the color changed
from the pale green of neat WO; sample to the orange and dark yellow for
hydrazine-derived N, WO3; and ammonia-derived N, WO3; samples, respectively. The
neat WO3; sample exhibited the wavelength of onset of light absorption was around at
470 nm, which is equivalent to 2.7 eV of band gap energy. Compared to the neat WOs3,
the UV-vis reflectance of ammonia- and hydrazine-derived N, WWO3 samples prepared
at 420°C, red-shift of predominant absorption edges were observed, and the
absorption shoulders were observed around at 480 nm simultaneously. Though the
red-shift of predominant absorption edges were still observed for both the ammonia-
and hydrazine-derived N, WO3 samples calcined at 550°C, as shown in Figure 15
inset, the absorption shoulders of both N, WO3; samples were not observed due to the
decrease of N, contents into WOs lattice, and thus, the color of both the ammonia- and
hydrazine-derived N, WOj3 samples changed to yellow green, similar to that of neat
WO3 sample.

Figure 16 shows the dependence of calcination temperatures on Kubelka-Munk
(KM) values at 500 nm. KM values at 500 nm of the neat WO3 samples almost no
changes were observed at all temperatures. But for ammonia-derived N, WO3; sample,

KM values decreased with increasing the annealing temperature due to the contents of
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N, molecule in WOs lattice gradually decreased with the temperature increased. On
the other hand, the KM values at 500 nm of hydrazine-derived N, WO3; sample
increased as the temperatures increased in the range from 350 to 420°C, owning to
amount of the N, in WOg lattice increased with increasing the temperature. After

420°C, these values decreased with the amount of the N, decreased until the value was

closed to that of neat WO3 sample prepared at 550°C,

What is more, the tendency of the plots of KM values for ammonia- and
hydrazine-derived N, WOj3; samples are similar to those data shown in Figure 10,
indicating the KM values at 500 nm, corresponding to the absorption shoulders in

DRS spectra, dependend on the amount of embedded N, into WOs lattice.

The TG curve shows that the ammonia-derived precursor is gradually converted
to N2 WO; from room temperature to 400 € with 13% weight loss, and the DTA
curve shows endothermic peaks over 320 ~ 385 <€. (Figure 17A) This involves
convoluted processes involving 1) oxidation of NHs" to N, catalyzed by tungsten
species, 2) conversion of the producer to WO3 and N intercalation to form N, WO;3
and 3) subsequent crystallization of N, WO3.

Contrastively, the hydrazine-derived precursor is precipitously converted to WO3
at 266 € with 14% weight loss, as shown in Figure 17B. The DTA curve shows three
endothermic peaks: a very sharp and intense peak at 270 <€, a relatively broad peak at
285 € and a weak peak at 367 €. The precipitous weight loss with an endothermic
process could be ascribed to oxidation of N,Hs™ to N, catalyzed by tungsten species
and conversion of the producer to WO3, and crystallization. This indicates that intense

endothermic process is involved in the WO3 formation.

The PEC properties of the ITO/WOj; electrodes prepared at 550°C were studied
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in a 0.1 M phosphate solution with pH adjusted to 6.0. Cyclic voltammograms (CVs)
of the neat WOj3, ammonia- and hydrazine-derived N, WO3 electrodes are shown in
Figure 18, where the redox response of HY\WQO3 / WO3 were observed below 0.2 V vs.
Ag/AgCl, however, no anodic currents were observed under the dark condition in a
potential range of 0.2 ~ 1.0 V vs. Ag/AgClI for all of electrodes due to n-type Schottky
barrier at the interfacial heterojunction between the electrodes surface and the
electrolyte solution. Upon irradiation of visible light, the phtotoanodic currents were
observed over 0.2 V vs. Ag/AgCI due to water oxidation for all electrodes. The
photoanodic current of 2.1 mA cm? at 1.0 V vs. Ag/AgCl was observed for
hydrazine-derived N, WOg electrode (Figure 18C), which is ahout about 2 and 4 times
higher than that of ammonia-derived N, WO; electrode (1.1 mA cm™? at 1.0 V vs.
Ag/AgCl, Figure 18B) and neat WO; electrode (0.35 mA cm™ at 1.0 V vs. Ag/AgCl,
Figure 18A).

In order to reveal the effect of the calcination temperature on the PEC activity,
the phtotocurrents were measured by using the neat WOz ammonia- and
hydrazine-derived N, WOs electrodes after being calcinied at 350-550°C (Figure 19).
The anodic current (0.02 ~ 0.05 mA cm™at 1.0 V vs. Ag/AgCl) were hardly generated
for both neat WO3; and N, WO; electrodes calcined at 350 °C due to their insufficient
crystallinity. Crystallinity rather than N, intercalation for N, WWO3 samples calcined at
350 € is a dominant factor for the PEC performance of the WOg3-based
photoanode.***® The photoanodic currents were begun to observed for N, \WO;
electrodes after being calcined at 400<€€. The photoanodic current (0.16 #+0.02 mA
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cm?at 1.0 V vs. Ag/AgCl) of hydrazine-derived N, WO3 sample is about 4.2 and 10.8
times higher compared to those of ammonia-derived N, WO; (0.038 #0.01 mA cm™
at 1.0 V vs. Ag/AgCl ) and neat WO3 sample (0.014 +0.004 mA cm?at 1.0 V vs.
Ag/AgCl) due to crystallization of clear monoclinic phase even calcination at the low
temperature. Moreover, only N,-mode | was observed for ammonia-derived N, WO;
sample calcined at 400<€, however, the formation of N,-mode Il was found in Raman
spectra for hydrazine-derived N, WO3; sample, suggesting that N,-mode Il is
contribute to generating photoanodic current. After being calcined at 420<€, the
photoanodic current of the hydrazine-derived N, WO3electrode was reached at 1.0 +
0.098 mA cm?at 1.0 V vs. Ag/AgCl, which is about 3.6 times 20 times higher
compared to the ammonia-derived N, WO3 sample (0.28 +0.008 mA cm?at 1.0 V vs.
Ag/AgCl) and neat sample (0.05 +0.005 mA cm™at 1.0 V vs. Ag/AgCl), respectively.
The high PEC water oxidation performance of hydrazine-derived N, WO3 electrode
calcined at 420 due to its high crystillinity, nanorod structure which offer high
surface area and expeditious electron migration along a rod axis, and high content of
N, molecule in WQO; lattice. The significant high photocurrents were observed for
both neat WO3 electrode and N, WO3 electrodes due to the formation of sufficient
crystallinity with increasing the temperature. The N, WO3 electrodes exhibited higher
photocurrents than that of neat WO3 electrode, especially the best photocurrent of 2.2
+0.1 mA cm at 1.0 V was obtained for the hydrazine-derived N, WO; sample 550°C.
At this condition, though the decrease of content of N, molecule was observed from
the EDS data, the content of N, molecule for hydrazine-derived N, WO3 electrode is
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still higher compared to the ammonia-derived N, WO3; sample, which would utilize
visible light efficiently to enhance the PEC water oxidation performance. Furthermore,
the higher crystillinity and morphology of nanorod or hydrazine-derived N, WO;
electrode are also the essential factors to generate higher photocurrent.

In Figure 20, the action spectra of IPCE at 0.5 V versus Ag/AgCl was measured
with changing wavelength of illumination monochromic light using different
ITO/WQO;3 photoanodes. For neat WO3 electrode, the photocurrent was generated
below 470 nm with band gap energy of 2.63 eV. This indicates that the photocurrent is
generated by the band gap excitation of the WO3. For ammonium-derived N, WO3
electrode prepared at 420°C, the photocurrent was generated below 510 nm with a
band gap energy of 2.43 eV and IPCE at 400 nm was 4.1%. The hydrazine-derived
N, WO3; sample showed significant enhancement in photoresponse with the
photoresponse position red-shift to 520 nm with a band gap energy of 2.38 eV. The
on-set wavelength 520 nm of action spectrum corresponds to the absorption edge of
the diffused reflectance spectrum of the hydrazine-derived N, WOs electrode. This
corroborates that the photoanodic current is based on a band gap photoexitation of N
2p-W 5d. The IPCE at 400 nm was 5.3% is about 7.5 times higher than that of pure
WO; films (0.7%) as depicted in Figure 20A. The IPCE of the different electrodes
prepared at 550°C are shown in Figure 20B, where the photoreponse position
decreased to 490 nm for both ammonium-derived N, WO3 and hydrazine-derived
N, WOj3electrodes due to decrease of the contents of N, compare to that of electrodes
prepared at 420°C. Though the contents of N, decreased, the crystalliniy of all WO;
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electrodes increased after being calcined at 550°C. Therefore, the IPCE values for
both neat WO3; and N, WOj; electrodes increased compared to those of electrodes
calcined at 420 °C. The IPCE at 400nm of the hydrazine-derived N, WOj3 (50%) is
about 2.5 and 7 times higher than that of ammonium-derived N, WO3 (20%) and neat
WOj3 (7%), respectively.
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Table 6-1 The effect of utilizing amount of N,H4 on various properties of WO;

samples after being calcined at 420°C.

H,WO, (mmol) NoH, (uL) NHowos - NzHa W:N Type of nanostructure Dimension of

nanorod

1.20 0 1:0 0 Nanoflakes -

1.20 4.56 1:0.08 1:0.003 Nanoflakes -

1.20 36.5 1:0.625 1:0.062 Nanoflakes and -200 nm

nanorods

1.20 146.0 1:2.5 1:0.095 Nanorods 20 nm -100 nm

1.20 292.0 1:5 1:0.11 Nanorods 30 nm-120 nm

1.20 584.0 1:10 1:0.121 Nanorods 100 nm-150 nm
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Table 6-2 Physicochemical proprieties of Neat WO3;, NHs-derived N, WO3, and

N,H,-derived N, WO3 samples calcined at 420°C and 550 °C.

Sample Calcination temperature / °C Surface area (m* g™)
Neat WO3 420 °C 17.3
"""""" NHg-derived N, WO; 420 °C 2.26
"""""" NoH-derived Ny WO; 420°C 206
o Neatwo, 550 °C 9.64
N derived Ny WOy 50 °C 225
"""""" NoH-derived Ny WO; 550 °C. 11
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Table 6-3 EDS data of NHs-derived N, WO3 and N,H-derived N, WO3 samples

calcinied at 350 °C, 420°C, and 550 °C.

Sample name

Calcination temperature / °C

Molar ratio of W : N

NHs-derived N, WO;

N2H4-de|’ived N, '\NOg

350 1:0.12

390 Looos
420 toosr
420 Loos
>0 toos
>0 tool
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Table 6-4 The crystallite diameters base on the (200) peak (Dzg) of Neat WOs,

NH;z-derived N, WOs, and N,H;-derived N, WO samples calcined at 350°C-550 °C.

Sample Neat WO3 NHs-derived N, WO; N,H,-derived N, WO,

Temperature Crystallite diameter (Dg) NM :

350 °C 12 18 20
"""""""""" woc 15 19 21
"""""""""" woec o2 25 31
"""""""""" soc 21 28 %
"""""""""" so°c . 28 2 3
"""""""""" ssoc | 2 3 2
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Figure 6-1 Morphology of WO5 samples prepared at 420°C from different precursors

powder which were synthesized according to the molar ratio of (a) 1:0, (b) 1:0.08, (c)

1:0.625, (d) 1:2.5, (e) 1:5, and (f) 1:10 between H,WO, and N;Hj.
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Figure 6-2 XRD patterns of WO3 samples prepared according to the molar ratio of (a)
1:0, (b) 1:0.08, (c) 1:0.625, (d) 1:2.5, (e) 1:5, and (f) 1:10 between H,WOQO, and N;H,4

after being calcined at 420°C.

168



134.4 270.6 713.2
(f)

(e)

Intensity (a. u.)
C
Intensity (a. u.)
e

200 400 600 800 1000 2240 2280 2320 2360 2400
Wavenumber / cm™ Wavenumber / cm”

L
%&v

Figure 6-3 Raman spectra of WO3; samples prepared from different precursors powder
with different molar ratio of (a) 1.0, (b) 1:0.08, (c) 1:0.625, (d) 1:2.5, (e) 1:5, and (f)

1:10 between H,WO,4 and N,H, followed by calcination at 420°C.
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Figure 6-4 UV-vis diffuse reflectance spectra (DRS) of WO3 samples prepared from
different precursors powder with different molar ratio of (a) 1:0, (b) 1:0.08, (c)
1:0.625, (d) 1:2.5, (e) 1.5, and (f) 1:10 between H,WO, and N,H, followed by

calcination at 420°C.
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Figure 6-5 The influence of N,H, amount on Kubelka-Munk (KM) value at 500nm,
a:b ratio, and Ny-Modell: N,-Modell ratio for various WO3; samples calcined at

420°C.
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Figure 6-6 SEM images of (a) PTA precursor, (b) ammonia-derived precursor, and (c)
hydrazine- derived precursor. (d) Neat WO3, () ammonia-derived N, WOs, and (f)

hydrazine-derived N, WOj3 prepared at 550 °C.
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hydrazine-derived N, WO3 samples calcined at (A) 420°C and (B) 550°C.
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Figure 6-8 EDS data of (A-C) ammonia-derived N, WO3 and (D-F) hydrazine-derived

X-ray energy / keV

N, WO3 samples prepared at (A, D) 350 °C, (B, E) 420°C and (C, F) 550 °C, and

(G)Neat WO3 sample.
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Figure 6-9 XRD patterns of (A) neat WO3, (B) ammonia-derived N, WOs, and (C)
hydrazine-derived N, WO3; samples calcined at (a) 350°C, (b) 400 °C, (c) 420 °C, (d)

450°C, (e) 500 °C, and (f) 550 °C, respectively.
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Figure 6-10 The dependency of calcination temperature on (A) the lattice parameters
and (B) WO; lattice volume. The 002, 020, and 200 peak positions of XRD patterns

reflect the a, and b lattice parameters, respectively.
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Figure 6-11 Raman spectra of (A) low wavenumber (the peaks marked by asterisk are
symbol with hexagonal phase), (B) high wavenumber for neat WOj; calcinied at (a)

350°C, (b) 400 °C, (c) 420°C, (d) 450°C, (e) 500°C, and (f) 550 °C.
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Figure 6-12 Raman spectra of (A) low wavenumber (the peaks marked by asterisk are
symbol with hexagonal phase), (B) high wavenumber for ammonia-derived N, WQO3

calcinied at (a) 350 °C, (b) 400 °C, (c) 420 °C, (d) 450 °C, (e) 500 °C, and (f) 550 °C.
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Figure 6-13 Raman spectra (A) low wavenumber, (B) high wavenumber for
hydrazine-derived N, WOz samples calcined at (a) 350°C, (b) 400 °C, (c) 420 °C, (d)

450°C, (e) 500°C, and (f) 550 °C.
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Figure 6-14 The dependency of calcination temperature on the N,-Modell:N»-Model
ratio for ammonia-derived N, WO3; and hydrazine-derived N, WO3; samples.
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2340cm™ in Raman spectra, respectively. Lines are presented to guide the eye.
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Figure 6-15 DRS of neat WO3;, ammonia-derived N, WO3, and hydrazine-derived
N2 WOj3 samples prepared at 420°C and the inset shows the DRS spectra of neat WOs,
ammonia-derived N, WO3;, and hydrazine-derived N, WO3; samples sintered at

550°C.
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Figure 6-16 Kubelka-Munk (KM) values at 500 nm of neat WO3, ammonia-derived
N, WOs3, and hydrazine-derived N, WO3; samples sintered at various temperatures.

Lines are presented to guide the eye.
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Figure 6-17 TG and DTA curves of (A) ammonia-derived precursor, and (B)

hydrazine-derived N, WO3 precursor samples.
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Figure 6-18 Cyclic voltammograms (CVs) of (A) ITO/neat WO; (B)
ITO/ammonia-derived N, WOj3, and (C) ITO/hydrazine-derived N, WO3 electrodes
calcined at 550°C. CVs were measured in a phosphate buffer (0.1 M, pH = 6.0), the
dashed and the solid lines represent CVs measured in the dark conditions and upon

illumination of visible light (A>390 nm, 100 mW cm™), respectively.
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Figure 6-19 The relationship between the calcination temperatures and photocurrent
induced by Xe lamp irradiation at 1.0 V vs. Ag/AgCl for ITO/neat WOs,
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are presented to guide the eye.
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Figure 6-20 Action spectra (plots) of IPCE of ITO/neat WO3, ITO/ammonia-derived
N2 WOs3, and 1TO/hydrazine-derived N, WOj3 electrodes calcined at (A) 420°C and
(B) 550°C. IPCE was measured in a phosphate buffer (0.1 M, pH = 6.0) at 0.5 V vs.

Ag/AgCl.
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Chapter 7
Concluding remarks
Conclusions Future and prospects

In the first chapter, a nanoporous WO3 film was prepared on an ITO electrode by
a facile, simple and low cost method using commercial WO3 nanopowder. PEG
additive was used as a binder between the WO3 particles and guided nanoporosity in
the film composed of well-connected crystalline WO3 particles of diameter ~100-200
nm. The WO3 film worked efficiently as a photoanode for PEC water oxidation and
the photoelectrocatalytic performance was further improved by addition of Co®" ions
in the electrolyte solution. The WOj; film is available as a benchmark photoanode for
water oxidation required for a PEC water splitting device because a reproducible film
is easily prepared without a complicated procedure of precursor preparation,
especially for general researcher out of a chemistry field.

In the second chapter, mesoporous WO3; materials have prepared by a unique and
facile solvothermal method using solid H,WO, as a tungsten precursor. DDA was
used as a template for the formation of nanostructure, which generates mesoporosity
after removing DDA by calcination. The present surfactanttemplate technique is very
unique in terms of use of a solid tungsten precursor in a solvothermal method,
compared with a common technique usingliquid tungsten precursors for interaction
with surfactants in principle. The mesoporous network has a disordered arrangement
of pores which is composed of well-connected tiny spherical WO3 particles with a
diameter of ca. 5 to 20 nm. The DDA-templated WO3 photoanode showed three times

187



higher photoanodic current density upon visible light irradiation and provided the
efficient performance of PEC water oxidation compared to the untemplated WOs;,
which is promising as an efficient material for high-performance solar energy
conversion.

In the fourth chapter, an unique mesoporous N-intercalated WO3; material was
first succeed to synthesize by employing an facile one-step hydrothermal treatment
procedure using DDA, which was used as an nitrogen source as well as a surfactant
template for formation of mesoporous structure. The Ny-intercalated mesoporous WO;
exhibit that this photoanode material was responsive to visible light of A< 490 nm,
which is corroborated the optical band gap (2.5 eV). This band gap of N-intercalated
mesoporous WOs is narrower compared to the controlled materials (2.8 eV) prepared
without a template. And aslo the performance of PEC water oxidation was improved.
The action spectra of incident photon-to-current conversion efficiency (IPCE)
exhibited that the photoanodic current of Ny-intercalated mesoporous WO3; was
generated below 490 nm for the N,-WO; electrodes. This corroborates that the
photoanodic current is based on a band gap photoexitation of N 2p-W 5d.

In the fifth and sixth chapter of this thesis, N, molecule-Intercalated WO;
nano-rod photoanodes were successfully prepared by utilizing H,WO, powder and a
hydrazine aqueous solution and followed by calcination of the resulted materials. A
pure monoclinic N, intercalated WO3 film with higher photocatalytic activity for
water oxidation was prepared using a hydrazine aqueous solution as N, source instead
of an ammonia agqueous solution. Action spectra indicate that the N, intercalated WO3
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film prepared from a hydrazine aqueous solution can generate photocurrent below 520
nm. These results could give a guided thought to develop efficient catalysis for water

oxidation.
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