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ABSTRACT: Nanorod architecture of a N2-intercalated WO3
photoanode has been developed by emphasizing the dual role
of N2H4, which functioned simultaneously as a structure-
directing agent and as a nitrogen source for in situ N2
intercalation. The N content for WO3−N2H4 increased with
increase of calcination temperature from 350 to 420 °C and
thereafter decreased up to 550 °C. This is different from the
monotonously decreased N content with the calcination
temperature increase for WO3−NH3. X-ray diffraction data
indicated that the phase-pure monoclinic WO3 crystals are
formed over 350 °C calcination for WO3−N2H4, in contrast to a mixed phase of hexagonal and monoclinic WO3 crystals below
500 °C for WO3−NH3.The crystallinity of the monoclinic phase for WO3−N2H4 is higher than those of WO3-neat and WO3−
NH3 at each calcination temperature of 350−550 °C. The β values of lattice parameters of the monoclinic phase changed
significantly with the calcination temperature; this is consistent with the calcination temperature dependence of the N content,
clarifying the intercalation of N2 in the WO3 lattice. The UV−visible diffuse reflectance spectra of WO3−N2H4 exhibited a
shoulder at 470−630 nm, which became more intense as the calcination temperature increased from 350 °C and then decreased
up to 550 °C through the maximum at 420 °C. This temperature dependence is consistent with the cases of the N content and
the lattice parameter of β. This indicates that N2 intercalation into the WO3 lattice is responsible for the considerable red shift in
the absorption edge, with a new shoulder appearing at 470−630 nm due to transition from a new intermediate N 2p orbital
formed in the conduction band of WO3. Based on this transition, the WO3−N2H4 photoanode can utilize the visible light in
longer wavelength below 520 nm for photoelectrochemical water oxidation compared to 470 nm for WO3-neat. The high
incident photon-to-current conversion efficiency of the WO3−N2H4 photoanode is due to efficient electron transport through
the WO3 nanorod film.
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■ INTRODUCTION

The attention on artificial photosynthesis has intensified in the
pursuit to resolve the future energy crisis toward development
of sustainable and clean energy systems for the future.1−3 In
the artificial photosynthetic systems,4−7 the efficiency of fuel
generation is severely affected by the slow kinetics of
photoelectrochemical (PEC) water oxidation at photoanodes.
In this context, intensive effort has been focused on the
development of efficient photoanode materials made of n-type
semiconductors such as tungsten trioxide (WO3),

5,8−11

hematite (Fe2O3),
7,12−17 bismuth vanadate (BiVO4),

18−21

tantalum nitride (Ta3N5),
22,23 and tantalum oxynitride

(TaON)24,25 for PEC water oxidation. WO3 is an important
photoanode material owing to its ability of visible-light

absorption from abundant solar light (band gap energy, Eg =
2.6−2.8 eV), a thermodynamically favorable position of
valence band edge for water oxidation (∼3 V versus the
normal hydrogen electrode), and good photo- and chemical
stability in the acidic medium.5,8−11,26−37 However, since
efficient light absorption at longer wavelength (λ > 480 nm) is
vital to improve the efficiency of a photoanode for solar energy
conversion, extension of light absorption to longer wavelength
by band gap engineering of WO3 is an interesting subject in the
related field.37−46 So far, the most common technologies for
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band gap engineering, such as incorporation of transition38,39/
other47−51 metals, or nonmetallic elements (C, N, S)40−42

doped to the WO3 lattice, were largely associated with
unspecified WO3 structures, which showed PEC water
oxidation performance (if tested) that was not up to the
mark. On the other hand, nanostructural modification of WO3
has been proven to usually offer superior performance in PEC
water oxidation compared to unspecified structures of WO3
due to a higher number of active sites at a WO3−electrolyte
interface and other advantages of nanostructures.5,10,32,52−54

However, nanostructure control of WO3 has been difficult to
be compatible with the technologies for band gap engineering
of WO3 (e.g., doping of transition metals into a lattice) to
anticipate light absorption at longer wavelength. Very recently,
we have resolved this issue by in situ intercalation of N2 into
the lattice of WO3 nanorod crystals to achieve light absorption
at longer wavelength, emphasizing the dual role of hydrazine
(N2H4), which functioned simultaneously as a structure-
directing agent for nanorod and as a nitrogen source for in
situ N2 intercalation.

46 The performance of the N2-intercalated
WO3 nanorod photoanode in PEC water oxidation was
significantly improved to yield 43.6% of incident photon-to-
current conversion efficiency (IPCE) at 420 nm and 1.05 V
versus reversible hydrogen electrode (RHE), which is higher
than those of most WO3 electrodes reported previ-
ously.5,31,32,37,55−65 Calcination temperature could have a
great impact on the nature and/or the extent of N2
intercalation into the WO3 lattice, although high crystallinity
(achieved at optimum temperature) is needed in WO3 for a
PEC performance as a photoanode.5,32,66 However, character-
ization of N2-intercalated WO3 nanorods has not been
sufficient, including the calcination temperature dependence
on the physiochemical properties. Moreover, the mechanism
and key factors of the improved performance of the N2-
intercalated WO3 nanorod photoanode have remained
ambiguous. Herein, calcination temperature dependences of
the physiochemical properties and performance for PEC water
oxidation show the nature of the N2-intercalated WO3
nanorods compared to WO3-neat and N2-intercalated WO3
prepared similarly using NH3 instead of N2H4. The impedance
measurement indicates that electron transport through the
WO3 nanorod film is an important factor for the improved
performance of PEC water oxidation.

■ EXPERIMENTAL SECTION
Materials. Tungstic acid was purchased from Kanto Chemical Co.

Poly(ethylene glycol) (PEG; Mw = 20 000), tungsten powder, and
hydrazine monohydrate (N2H4·H2O) were obtained from Wako Pure
Chemical Co. Ammonia aqueous solution (NH4OH; 30%) and
hydrogen peroxide (H2O2; 30%) were obtained from Junsei Chemical
Co. Marpolose 60MP-50 was purchased from Matsumoto Yushi-
Seiyaku Co. An indium tin oxide (ITO)-coated glass substrate (sheet
resistance of 10 Ω/sq) was obtained from Asahi Glass Co. All of the
chemicals are of analytical grade and were used as received. Millipore
water was used to prepare the solutions.
Preparations. Synthesis of Different WO3 Powders. In a typical

synthesis of N2H4-derived precursor, N2H4·H2O (146 μL, 3.0 mmol)
was added dropwise to a yellow suspension of tungstic acid (0.3 g, 1.2
mmol) in water (1.5 mL) under vigorous stirring. After 30 min
continuous stirring of the resulting white suspension, the solvent was
slowly evaporated to give the N2H4-derived precursor. NH3-derived
precursor was synthesized by a similar method using a NH4OH
solution (204.0 μL, 3.0 mmol) instead of N2H4·H2O. According to
the method of Sayama et al.,67 peroxotungstic acid (PTA) was
synthesized as a precursor for WO3-neat powder. An aqueous H2O2

solution (15 mL) was slowly added to tungsten powder (1.46 g, 8
mmol) with stirring in an ice-cold bath. After complete dissolution of
the tungsten powder, the colorless solution was evaporated quickly to
dryness on a hot stir-plate. The obtained white solid was redissolved
in hot water (10 mL) and then dried at 70 °C to give the PTA
precursor. The N2H4-, NH3-derived, or the PTA precursors were
calcined in flowing O2 at 350−550 °C (1 °C min−1 to reach these
temperatures and then kept for 1 h) to obtain WO3−N2H4, WO3−
NH3, or WO3-neat powders, respectively.

Fabrication of Different WO3 Electrodes. In a typical procedure,
0.5 mL of water was added to the mixture of either N2H4- or NH3-
derived or PTA precursor (0.2 g), PEG (0.1 g), and Marpolose (20.0
mg), and it was stirred until a bubble-free smooth paste was formed. A
squeegeeing technique was employed to coat this paste on an ITO
substrate with a fixed area of 1.0 cm−2 and then dried for 15 min in
air. The N2H4- or NH3-derived or PTA precursor coated on the ITO
substrate was calcined in flowing O2 at 350−550 °C to give the
WO3−N2H4, WO3−NH3, or WO3-neat electrodes, respectively.

Measurements. Thermogravimetric (TG) and differential ther-
mal analyses (DTA) were carried out at 5 °C min−1 of a temperature
increase rate using a TG/DTA instrument (Rigaku TG 8120). A field-
emission scanning electron microscope (FE-SEM, JEOL JSM-6500F)
and a transmission electron microscope (TEM, JEOL JEM-2100F,
operated at 200 kV) were used to capture the electron microscopy
images. The energy-dispersive X-ray spectroscopy (EDS) data were
collected using an electron probe microanalyzer (JEOL JED-2300,
operated at 10 kV accelerating voltage). The powder X-ray diffraction
(XRD) data were recorded using a diffractometer (Rigaku, MiniFlex
600; Cu Kα, λ = 1.54 Å). A spectrophotometer (JASCO, V-670) was
used to record the UV−visible diffuse reflectance spectra (DRS).
Nitrogen sorption isotherms were measured at 77 K using a surface
area analyzer (BELSORP-miniII; BEL Japan Inc.). The samples were
degassed in vacuum for 4 h at 150 °C prior to measurement. Surface
areas were calculated using the Brunauer−Emmett−Teller method.

Photoelectrochemical measurement was conducted in a two-
compartment photoelectrochemical cell using an electrochemical
analyzer (Hokuto Denko, HZ-7000). A three-electrode system was
used by placing an ITO/WO3 working electrode and a Ag/AgCl
reference electrode in one compartment and a platinum wire counter
electrode in the other compartment. The linear sweep voltammo-
grams (LSVs) were measured at a scan rate of 5 mV s−1.
Electrochemical impedance spectra were measured at an applied
potential of 0.68 V vs Ag/AgCl (1.23 V vs RHE) in a frequency range
of 10 mHz to 20 kHz (amplitude of 50 mV). Light irradiation (λ >
390 nm) was done from the back side of the ITO/WO3 electrode
with a 500 W xenon lamp (Ushio Inc., Optical ModuleX) in
combination with a UV-cut filter (L39) and a liquid filter (0.2 M
CuSO4, 5 cm length). The intensity of light output (100 mW cm−2)
was calibrated by a spectroradiometer (Ushio Inc., USR-40). For the
measurements of incident photon-to-current conversion efficiency
(IPCE), a monochromic irradiation (10 nm of bandwidth) was
carried out using a 500 W xenon lamp in combination with a
monochromator. All of the electro/photoelectrochemical experiments
were conducted in an aqueous 0.1 M phosphate buffer solution (pH
6.0) at 25 °C under an argon atmosphere. The amounts of H2 and O2
evolved in the headspace region of the counter and working electrode
compartments, respectively, were analyzed using gas chromatography
(GC-8A with a thermal conductivity detector and molecular sieve 5A
column and Ar carrier gas, Shimadzu Corporation).

■ RESULTS AND DISCUSSION
Physicochemical Properties of WO3-neat, WO3−NH3,

and WO3−N2H4. Tungstic acid (H2WO4) interacts with NH3
or N2H4 in water through an acid−base reaction and
thereafter, solvent evaporation induced the formation of the
white solids of NH3- or N2H4-precursors, respectively. The
XRD pattern of the NH3-derived precursor (Figure S1)
suggests that it is not a single compound, but mainly consists
of ammonium paratungstate ((NH4)10H2W12O42·10H2O;
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JCPDS File No. 01-074-4868) and ammonium tungstate
((NH4)10W12O41; JCPDS File No. 00-025-0045). The XRD
pattern of the N2H4 precursor (Figure S1) revealed the
formation of (N2H4)WO3 (CCDC No. 1846977), in which
N2H4 is situated in voids between WO4 tetrahedral units, as
described in a previous report.68 The N2H4 and NH3
precursors as well as PTA as a control precursor for pristine
WO3

67 were calcined in flowing O2 at 350−550 °C for 1 h to
give WO3 powders (indicated by XRD pattern, vide infra),
which are denoted as WO3−N2H4, WO3−NH3, and WO3-neat,
respectively.
The comparison of SEM images of WO3-neat, WO3−NH3,

and WO3−N2H4 (420 °C calcination) (Figure 1a−c) shows

different nano- and microscale morphologies depending on the
precursor preparation. WO3-neat is composed of aggregated
nanoparticles with diameters of 10−50 nm (Figure 1a),
whereas the massive blocks in the microscale are formed in
WO3−NH3 (Figure 1b). Specifically, nanorods with 500−1000
nm length and 20−80 nm width (Figure 1c) are formed in
WO3−N2H4. These different morphologies are formed in the
corresponding precursors of WO3 samples as described in our
earlier report,46 indicating the importance of precursor
preparation for textural control of these WO3 samples. The
directional growth of nanostructure of (N2H4)WO3 was most
probably caused by the specific interaction between N2H4 and
WO4 tetrahedral units in the (N2H4)WO3 precursor.
Presumably, the formation of bridges among WO4 tetrahedral

units by the bidentate N2H4 resulted in elongated structural
growth as a nanorod.
To investigate the microstructure of the nanorods, high-

resolution TEM (HRTEM) analysis of WO3−N2H4 calcined at
550 °C was conducted. The nanorods were grown with an
uninterrupted single-crystalline structure, except for a few line
defects (Figure 2a,b). The fringes for crystalline lattice were
prominent with interplaner distances of 3.82 and 3.61 Å, which
are ascribed to the (002) and (200) crystal planes of the
monoclinic WO3 structure. From the selected area electron
diffraction (SAED) patterns (Figure 2c), (002), (002̅), (020),
(02̅0), (022), (02̅2̅), (02̅2), and (022̅) crystal planes
corresponding to the single-crystalline structure of monoclinic
WO3 nanorods were observed. The nanorods with a single-
crystalline structure are beneficial to suppress the electron−
hole recombination due to fewer grain boundaries and defects
on surfaces, which facilitated efficient charge transportation
through the nanostructure.
The specific surface areas were measured from N2 sorption

isotherms and are listed in Table 1. The specific surface areas
(2.2−2.7 m2 g−1) of WO3−NH3 hardly depend on the
calcination temperature in the range of 350−550 °C, being
lower than those (9.6−16.3 m2 g−1) of WO3-neat due to the
massive blocks in the microscale, as imaged by SEM (Table 1).
The specific surface areas of WO3−N2H4 decreased from 28.4
to 11.1 m2 g−1 with increase of calcination temperature from
350 to 550 °C due to crystalline growth of WO3−N2H4
nanorods, which is supported by increased crystallite diameters
(21−42 nm) of WO3−N2H4 with calcination temperature
(indicated by XRD analysis, vide inf ra). However, WO3−N2H4
nanorods provided higher specific surface areas compared with
WO3-neat nanoparticles in the whole range of calcination
temperatures employed.
The TG curves and DTA curves of the N2H4 precursor are

different from those of the NH3 precursor, as shown in Figure
3. Figure 3A shows that the weight of the NH3 precursor
gradually decreased by 13% from room temperature to 470 °C,
with small exothermic peaks over 320 and 385 °C. The
exothermic weight loss is due to oxidation of NH4

+ ions to N2
and followed by release of formed N2 and water in conversion
of the NH3-precursor to WO3. The oxidation of NH4

+ to N2
could be catalyzed by tungsten species involved in conversion
to WO3.

45 For the N2H4 precursor (Figure 3B), after
evaporation of hydrated water and adsorbed hydrazine as
indicated from the endothermic weight loss (9%) below 100
°C, the precipitous weight loss (12%) with a sharp and intense
exothermic peak at 270 °C, followed by 2% weight loss with
small exothermic peaks over 285 and 368 °C was observed
from room temperature to 375 °C for the conversion of the

Figure 1. SEM images of (a) WO3-neat, (b) WO3−NH3, and (c)
WO3−N2H4 calcined at 420 °C.

Figure 2. (a, b) HRTEM images and (c) SAED pattern of the WO3−N2H4 calcined at 550 °C.
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N2H4 precursor to WO3. The intense exothermic weight loss at
270 °C is attributed to rapid oxidation of N2H4 in (N2H4)WO3
to N2, followed by release of formed N2 and water in the
precursor, and the exothermic weight loss over 285 and 368 °C
is due to a similar process involved in conversion of the NH3
precursor to WO3.
The energy-dispersive X-ray spectroscopy (EDS) data

(Table 1) of WO3−N2H4 and WO3−NH3 indicate the
presence of the N element, which originated from N2H4 and
NH4

+ in precursors, respectively, because the N element is not

detected for WO3-neat. Raman spectra of WO3−N2H4 and
WO3−NH3 showed signals at 2327−2340 cm−1 (no signal for
WO3-neat),

46 which can be assigned to the NN vibration of
intercalated N2 in the WO3 lattice on the basis of NN
vibration (2330 cm−1) of gaseous N2

69 and the earlier reports
(2327−2342 cm−1) of N2-intercalated WO3

37,45 and associated
compounds.70−72 It confirms that the N content observed from
EDS is due to the N2 intercalation into the WO3 lattice. The
N2 intercalation is also supported by earlier reported XPS data
of WO3−N2H4 and WO3−NH3,

46 showing a peak at 396.9 eV
attributed to the nitrogen bound with the tungsten center for
intercalated N2, which is different from an atomic β-N state of
nitrogen (appeared at ca. 396 eV) in the lattice of N-doped
metal oxides (WO3, TiO2, etc.)43,73 and metal nitrides
(TiN).74 The atom number ratio of W/N was calculated
from EDS data to show that it decreased from 1:0.125 to
1:0.006 with an increase in the calcination temperature from
350 to 550 °C for WO3−NH3 (Figure 4 and Table 1), while

the atom number ratio of W/N for WO3−N2H4 increased
from 1:0.005 to 1:0.095 with an increase in the calcination
temperature from 350 to 420 °C and thereafter decreased over
420 °C to 1:0.010 at 550 °C. Nevertheless, the N content
(1:0.010) in WO3−N2H4 is still higher than that (1:0.006) for
WO3−NH3 when calcined at 550 °C. These results show the
different mechanism of N2 intercalation in the WO3 lattice
between WO3−N2H4 and WO3−NH3, which is consistent with
the different TG and DTA data between the N2H4 and NH3

Table 1. Summary of Physicochemical Properties of Various
WO3 Samples Prepared at Different Calcination
Temperatures

samples

calc.
temp.
(°C)

molar
ratio of
W/Na

crystallite
diameterb

(nm)

surface
areac (m2

g−1)

absorption
energiesd

(eV)

WO3-neat 350 1:0 12 16.3 2.63
400 1:0 14 14.4 2.62
410 1:0 16 13.2 2.62
420 1:0 17 12.1 2.63
430 1:0 18 11.4 2.62
450 1:0 20 10.5 2.62
500 1:0 23 9.8 2.62
550 1:0 25 9.6 2.62

WO3−NH3
a 350 1:0.125 19 2.7 1.95, 2.48

400 1:0.071 20 2.6 2.05, 2.48
410 1:0.065 25 2.4 2.04, 2.50
420 1:0.050 27 2.3 2.11, 2.52
430 1:0.043 28 2.2 2.03, 2.52
450 1:0.028 30 2.4 2.17, 2.51
500 1:0.008 32 2.3 2.55
550 1:0.006 34 2.5 2.62

WO3−N2H4
a 350 1:0.005 21 28.4 2.11, 2.63

400 1:0.032 25 25.2 2.11, 2.62
410 1:0.064 28 22.1 2.05, 2.55
420 1:0.095 31 20.6 1.90, 2.50
430 1:0.050 32 18.5 1.93, 2.53
450 1:0.031 36 16.3 1.97, 2.55
500 1:0.015 39 12.4 2.60
550 1:0.010 42 11.0 2.63

aThe nitrogen contents were provided from EDS measurement. bThe
crystallite diameters were calculated from XRD data according to the
Scherrer equation and expressed as average values calculated based on
[002, 020], and [200] peaks. cThe surface areas were provided from
N2 sorption isotherms. dThe transition energies were given by Tauc
plots of the samples based on DRS measurement.

Figure 3. TG and DTA curves of (A) NH3 precursor and (B) N2H4 precursor.

Figure 4. Relationship between the relative N contents and
calcination temperature for (a) WO3-neat, (b) WO3−NH3, and (c)
WO3−N2H4. The relative N contents were measured in EDS data
(Table 1) and normalized by the highest contents for WO3−NH3
calcined at 350 °C.
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precursor in Figure 3. For WO3−NH3, the formed N2 is
intercalated in the WO3 lattice at 350 °C, and then intercalated
N2 is partially released with crystallization at higher temper-
atures. In contrast, for WO3−N2H4, the formed N2 could
hardly be intercalated in the lattice due to the slow lattice
formation at 350 °C, and most of the N2 dissipated into the
atmosphere. This is responsible for the low N content at 350
°C for WO3−N2H4. As the calcination temperature increases
to 420 °C, the N2 could be intercalated in the lattice due to the
relatively fast lattice formation to increase the N content,
whereas intercalated N2 could be partially released with
crystallization at higher temperatures, as found for WO3−NH3.
Calcination temperature-dependent XRD patterns of WO3-

neat, WO3−NH3, and WO3−N2H4 are shown in Figure 5A−C,
respectively. For the WO3−NH3 calcined at 350 °C (Figure
5B), the XRD pattern exhibited a mixture of crystalline phase
with peaks assigned to hexagonal WO3 (JSPDF number: 01-
085-2459) along with peaks assigned to monoclinic WO3
(JCPDS number: 01-083-0950). With increase of the
calcination temperature, the peak intensity of the hexagonal
phase weakens and disappears at 550 °C calcination for WO3−
NH3, indicating transformation of the hexagonal phase into the
thermally stable monoclinic phase with increasing crystallinity.
WO3-neat shows roughly the same profile of the XRD patterns
with the increase of calcination temperature, although the pure
monoclinic phase was obtained over 400 °C calcination
(Figure 5A). By contrast, for WO3−N2H4, phase-pure
monoclinic WO3 crystals were formed even at 350 °C
calcination (Figure 5C). Additionally, the crystallinity of the
monoclinic phase of WO3−N2H4 is higher than those of WO3-
neat and WO3−NH3 at each calcination temperature of 350−
550 °C, as depicted by the larger crystallite diameter of WO3−
N2H4 (21−42 nm) than those of WO3-neat (12−25 nm) and
WO3−NH3 (19−34 nm) (Table 1). Hence, the calcination of
the N2H4 precursor yielded phase-pure monoclinic WO3 with
higher crystallinity compared to the cases using PTA- and
NH3-derived precursors. The lower crystallization temperature
for WO3−N2H4 is highly desirable to retain a high
concentration of N2 intercalated at optimum crystallinity of
WO3 for superior performance in PEC water oxidation.
The lattice parameters a, b, c, and β of monoclinic crystal

phases for WO3-neat, WO3−NH3, and WO3−N2H4 were
calculated and are shown in Figure 6A,B. Although the lattice
parameters of a, b, c, and β for WO3-neat were nearly

unchanged with the calcination temperature employed (a =
7.311(2−6) Å, b = 7.538(2−4) Å, c = 7.694(2−5) Å, and β =
90.78(1)°), these were significantly changed for WO3−NH3
and WO3−N2H4 (a = 7.293(5)−7.332(1) Å, b = 7.498(4)−
7.548(2) Å, c = 7.665(3)−7.712(1) Å, and β = 90.69(2)−
90.76(6)° for WO3−NH3; a = 7.294(3)−7.336(2) Å, b =
7.492(4)−7.528(5) Å, c = 7.641(3)−7.691(2), and β =
90.70(3)−90.77(2)° for WO3−N2H4). However, β for
WO3−NH3 increased with the calcination temperature, being
close to the β value (90.78) for WO3-neat, whereas β
decreased with the temperature increase up to 420 °C and
then increased at higher temperature for WO3−N2H4. The
behavior of the temperature-dependent β value follows a
similar trend to that observed for the calcination temperature
dependence of the N content (Figure 4). This clarifies the
intercalation of N2 in the WO3 lattice.
The UV−visible diffuse reflectance spectra and the

corresponding Tauc plots of WO3-neat, WO3−NH3, and
WO3−N2H4 with change in calcination temperature are shown
in Figures 7 and S2, respectively. In the DRS for WO3-neat in
Figure 7A, considerable absorption above 600 nm was
observed below 410 °C calcination due to the formation of
lattice defect,75,76 in contrast to negligible absorption for
WO3−NH3 and WO3−N2H4 in Figure 7C and 7E,
respectively. This is consistent with the low crystallinity of
WO3-neat below 410 °C calcination, as indicated by XRD data
(Figure 5A). For WO3-neat (Figure 7A,B), the edge of band
gap absorption observed at 470 nm does not change with
calcination temperature, and Tauc plots (Figure S2A,B)

Figure 5. XRD patterns of (A) WO3-neat, (B) WO3−NH3, and (C) WO3−N2H4 samples calcined at (a) 350 °C, (b) 400 °C, (c) 420 °C, (d) 450
°C, (e) 500 °C, and (f) 550 °C.

Figure 6. (A) Plots of lattice parameters of a (squares), b (circles),
and c (triangles) versus calcination temperature. (B) Plots of β versus
calcination temperature for WO3-neat (black), WO3−NH3 (blue),
and WO3−N2H4 (red) samples. β is the angle between a and c.
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assumed on an allowed indirect transition of WO3
46 provided

absorption energy of 2.62−2.63 eV (summarized in Table 1),
which is in agreement with the previous report of the band gap
energy of WO3.

31,37 The DRS of WO3−NH3 calcined at 350
°C (Figure 7C) exhibited a significant red shift in the
absorption edge with a new shoulder appearing at 470−630
nm compared to that of WO3-neat. Tauc plots exhibited two
different slops due to the appearance of the shoulder (Figure
S2); the band absorption energies obtained from the slopes
were 2.46 and 1.95 eV (Table 1). As the temperature increased
from 350 °C, the shoulder gradually decreased to disappear at
550 °C (Figure 7C,D). On the other hand, the DRS of WO3−
N2H4 calcined at 350 °C slightly exhibited the shoulder at
470−630 nm (Figure 7E), but was less intense compared to
WO3−NH3 calcined at 350 °C. However, as the temperature
increased from 350 °C, the shoulder became more intense and
then decreased up to 550 °C through the maximum at 420 °C.
For WO3−NH3 and WO3−N2H4, in between the conduction
band (CB, mainly consisted by W 5d orbital) and the valance
band (VB, mainly consisted by O 2p orbital) of WO3, a new
intermediate N 2p orbital could be formed due to intercalation
of N2 in the WO3 lattice, as indicated by the previous
report.45,46 The lower energies (1.90−2.17 eV) in two
absorption energies for WO3−NH3 and WO3−N2H4 calcined

at 350−450 °C (Table 1) can be assigned to excitation from
the intermediate N 2p orbital to CB of WO3. The higher
energies (2.44−2.63 eV) in two absorption energies can be
assigned to the main band gap excitation from VB to CB.
However, they are lower than that (2.6(2−3) eV) for WO3-
neat by ∼0.19 eV. This could be elucidated mainly by the
negative shift of the VB energy due to substantial interaction of
the VB with the intermediate N 2p orbital because the increase
in the CB energy by 0.02 eV is due to interactions among the
tungsten centers and intercalated N2.

46

The KM values (KM500) at 500 nm are a measure of the
appearance and disappearance of the shoulder at 470−630 nm.
The relationships between KM500 and the calcination temper-
ature for these sample are shown in Figure 8. The dependency

of KM500 on the calcination temperature for each sample is
consistent with the cases of the N content (Figure 4) and the
lattice parameter of β (Figure 6B). This indicates that the
longer wavelength absorption due to the shoulder can be
traced back to the N2 intercalation into a WO3 lattice. It is
interesting to discuss the difference in the temperature-
dependent intercalation of N2 into the lattice between
WO3−NH3 and WO3−N2H4. At 350 °C, the concentration
of intercalated N2 in WO3−N2H4 was much lower than that in
WO3−NH3, which could be explained by the different
characteristics of their crystals. The formed N2 could be easily
intercalated into the lattice of the mixed phase of monoclinic
and hexagonal crystals of WO3−NH3 at 350 °C compared to
the pure monoclinic phase crystals of WO3−N2H4 nanorods.
As the calcination temperature increases to 420 °C, the formed
N2 could be thermally allowed to be intercalated into the
lattice for WO3−N2H4, although the intercalated N2 is prone
to be liberated in the case of WO3−NH3. Thereafter, the
intercalated N2 is liberated as the calcination temperature
further increases to 550 °C for both WO3−NH3 and WO3−
N2H4. However, the intercalated N2 still remains partially as
indicated by the higher KM500 values for WO3−NH3 and
WO3−N2H4 than WO3-neat.

Photoelectrocatalytic Properties of WO3-Neat, WO3−
NH3, and WO3−N2H4. The WO3-neat, WO3−N2H4, and
WO3−NH3 electrodes were prepared to investigate their PEC
water oxidation performances. From the cross-sectional SEM
image, the film thickness for all of the layers was measured to
be ca. 11 μm.46 The linear sweep voltammograms (LSVs) with
visible-light irradiation chopped are shown for these electrodes
calcined at 550 °C (Figure 9A). The photoanodic currents
were observed above 0.10 V vs Ag/AgCl (0.65 V vs reversible

Figure 7. UV−visible diffuse reflectance spectral changes as a
Kubelka−Munk (KM) function of (A, B) WO3-neat, (C, D) WO3−
NH3, and (E, F) WO3−N2H4 samples calcined at different
temperatures (A, C, E) from 350 to 420 °C and (B, D, F) from
430 to 550 °C.

Figure 8. Kubelka−Munk (KM) values at 500 nm of (a) WO3-neat,
(b) WO3−NH3, and (c) WO3−N2H4 samples calcined at 350−550
°C.
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hydrogen electrode (RHE)) for these electrodes due to water
oxidation, which is ensured by O2 evolution confirmed by gas
chromatograph, as reported earlier.46 However, the photo-
current at 0.68 V vs Ag/AgCl (1.23 V vs RHE) for the WO3−
N2H4 electrode was higher than those of the WO3−NH3 and
WO3-neat electrodes by a factor of 2.5 and 5.9, respectively.
The photocurrent at 1.23 V vs RHE with visible-light
irradiation chopped was stable during PEC water oxidation
(5 min) for these electrodes (Figure 9B).
Electrochemical impedance measurement is useful to

evaluate the electron transport and its influence on photo-
electrocatalytic properties.77,78 Nyquist plots of WO3-neat,
WO3−N2H4, and WO3−NH3 electrodes calcined at 420 and
550 °C are shown in Figure 10A,B, respectively. Nyquist plots

of these electrodes calcined at 550 °C gave smaller semicircles
than those calcined at 420 °C. For each calcination
temperature, the semicircle of the WO3−N2H4 electrode was
significantly small compared to the WO3-neat and WO3−NH3
electrodes. A very small semicircle in the high-frequency region
was observed in a high-frequency region for the WO3−N2H4
electrode calcined at 550 °C since the main semicircle in the
low-frequency region was sufficiently small. The very small
semicircle can be assigned to the charge injection by water
oxidation at the electrolyte−semiconductor junction, with the
main semicircle being assigned to the electron transport
through the film. These Nyquist plots suggest that the
contribution of the charge injection by water oxidation to
the overall impedance is very small for the WO3−N2H4
electrode and negligible for the WO3-neat and WO3−NH3
electrodes. The analysis of Nyquist plots was carried out by
considering the equivalent circuit (i) consisting of solution-
phase resistance (Rsol), charge-transfer resistance (Rct), and
constant phase element (CPE) (see the note of Table 2). In
the case of the WO3−N2H4 electrode calcined at 550 °C, the
equivalent circuit (ii) with an additional component set of
parallel Rct and CPE was employed; two component sets were
distinguished from each other by subscripts “surf” and “bulk”,
assumed as components for bulk charge transport ((Rct)bulk
and CPEbulk) through the film and for catalysis reactions at the
surface ((Rct)surf and CPEsurf), respectively.
The given parameters of the elements of the equivalent

circuits are summarized in Table 2. The Rsol values are in the
range of 0.09−0.13 kΩ, including the resistances of the
electrolyte solution and the FTO electrode resistance. The
(Rct)bulk value (1.9 kΩ) for the WO3−N2H4 electrode calcined
at 420 °C is lower than those for the WO3-neat and WO3−
NH3 electrodes by factors of 18 and 19, respectively. When
calcined at 550 °C, the (Rct)bulk value for the WO3−N2H4
electrode decreased to 0.19 kΩ by 1 order of magnitude, being
31 and 27 times lower for the WO3-neat and WO3−NH3
electrodes, respectively. These results suggest efficient electron
transport through the film, which is responsible for the
superior performances in PEC water oxidation for the WO3−
N2H4 electrode. The efficient electron transport through the
WO3−N2H4 film is ascribable to a highly crystalline pure
monoclinic phase with directional and uninterrupted single-
crystal structures of WO3−N2H4 nanorods calcined at 550 °C,
as confirmed by the HRTEM image in Figure 2b. The low
(Rct)bulk value led to the additional component set of parallel
(Rct)surf of 0.04 kΩ and CPEsurf with (TCPE)surf of 138 μF s(p−1)

(TCPE and p are a CPE constant and a CPE exponent of
nonideality, respectively), corresponding to the small semi-
circle in a high-frequency region for the WO3−N2H4 electrode
calcined at 550 °C. The high (TCPE)bulk values (767 and 225
μF s(p−1)) for the WO3−N2H4 and WO3−NH3 electrodes
calcined at 550 °C are consistent with their high carrier
densities (7.7 and 4.0 × 1021 cm−3),46 respectively, compared
to that (1.4 × 1020 cm−3)46 for WO3-neat (pbukl values are
nearly the same (0.83−0.87)). The high (TCPE)bulk value (767
μF s(p−1)) is ascribed to the high specific surface area of WO3−
N2H4 (Table 1) because (TCPE)bulk reflects electric double-
layer capacitance that should increase with an increase of the
interface with an electrolyte solution.
The incident photon-to-current conversion efficiency

(IPCE) was recorded at 0.50 V vs Ag/AgCl (1.05 V vs
RHE), being lower than 1.23 V vs RHE to ensure the light-
energy conversion for PEC water oxidation. The action spectra

Figure 9. (A) Linear sweep voltammograms (LSVs) of WO3-neat
(black), WO3−NH3 (blue), and WO3−N2H4 (red) electrodes
calcined at 550 °C in a 0.1 M phosphate buffer solution of pH 6.0
with visible-light irradiation (λ > 390 nm, 100 mW cm−2) chopped.
(The scan direction is negative.) (B) Time course of the photocurrent
at 0.68 V vs Ag/AgCl (1.23 V vs RHE) with visible-light irradiation
chopped under the same conditions. The light on−off switch is
indicated in the figure.

Figure 10. Nyquist plots of the WO3-neat (black), WO3−NH3 (blue),
and WO3−N2H4 (red) electrodes calcined at (A) 420 °C and (B) 550
°C as measured in a 0.1 M phosphate solution (pH = 6.0) at 0.68 V vs
Ag/AgCl (1.23 V vs RHE) with visible-light irradiation (λ > 390 nm,
100 mW cm−2). The inset shows the demagnified plots for WO3-neat
and WO3−NH3 electrodes. The solid lines show the simulated spectra
by fitting to the impedance data using the equivalent circuits in the
notes of Table 2.
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of IPCE for WO3-neat, WO3−N2H4, and WO3−NH3 electro-
des are shown in Figure 11A−C, respectively. For the WO3-

neat electrode, the photocurrent was not observed under the
conditions employed below 400 °C calcination due to
insufficient crystallinity of WO3 supported by XRD data
(Figure 5A). The onset wavelengths in the IPCE action spectra
were 470 nm at all of the calcination temperatures employed,
which are consistent with the band gap energy (2.6(2−3) eV)
of WO3-neat. For WO3−NH3 and WO3−N2H4 electrodes, the
onset wavelengths were 490−510 and 500−520 nm,
respectively, depending on the calcination temperature at

350−550 °C. These onset wavelengths were considerably
longer than that (470 nm) on the WO3-neat electrode. The
energies of the onset wavelengths for the WO3−NH3 (490−
510 nm, 2.53−2.43 eV) and WO3−N2H4 (500−520 nm,
2.53−2.38 eV) were lower than those of the main band gap
excitation for WO3−NH3 (2.48−2.62 eV) and WO3−N2H4

(2.50−2.63 eV), respectively. This suggests that the band gap
excitation occurs through collateral excitation from intermedi-
ate N 2p orbital to CB for the WO3−NH3 and WO3−N2H4

electrodes, which is responsible for the generation of
photocurrent. However, for both the N2-intercalated WO3

electrodes, the photocurrent based on the excitation from
intermediate N 2p orbital at longer wavelength over 510 and
520 nm could not be detected due to the limited current
detection level of the employed apparatus. The onset
wavelength for WO3−N2H4 electrodes was 490 nm at 350
°C calcination, shifting to a longer wavelength (520 nm) with
the calcination temperature increase to 420 °C, and thereafter
shifting back to a shorter wavelength (500 nm) at 550 °C
(inset in Figure 11C). This is consistent with the temperature-
dependent intercalation of N2, as shown in the N content, β of
lattice parameter, and KM500 in DRS data, indicating that the
N2 intercalation into a WO3 lattice is responsible for the
lengthening of the onset wavelength for PEC water oxidation.
Figure 11D shows the relationship between IPCE values

(IPCE420) at 420 nm and calcination temperature for WO3-
neat, WO3−N2H4, and WO3−NH3 electrodes. The IPCE420

increased with the calcination temperature, basically due to the
increased crystallinity of these three electrodes. However, it
precipitously increased at 400−450 °C for the WO3−N2H4

electrode, suggesting that N2 intercalation into a WO3 lattice
contributed not only to lengthening of the onset wavelength
but also to the increase of IPCE420. The IPCE420 values for the
WO3−N2H4 electrode were higher than those for the WO3−
NH3 and WO3-neat electrodes at all calcination temperatures
by factors of 2.5−3.6 and 6.4−13.0, respectively, due to the
efficient electron transport in the film resulting from the pure
monoclinic single-crystalline structure of the nanorod for
WO3−N2H4, compared with nanoparticles for WO3-neat and
microscale massive blocks for WO3−NH3.

Table 2. Summary of Impedance Parameters by Simulation Using Equivalent Circuits for the WO3-Neat, WO3−N2H4, and
WO3−NH3 Electrodes

a

CPEbulk CPEsurf

samples calc. temp. (°C) Rsol (kΩ) (Rct)bulk (kΩ) (TCPE)bulk (μF s(p−1)) pbulk (Rct)surf (kΩ) (TCPE)surf (μF s(p−1)) psurf

WO3−N2H4 420 0.10 1.9 86 0.71
550b 0.13 0.19 767 0.86 0.04 138 0.91

WO3−NH3 420 0.12 36 15 0.93
550 0.13 5.2 225 0.82

WO3-neat 420 0.09 34 11 0.94
550 0.11 5.9 26 0.87

aVisible light (λ > 390 nm, 100 mW cm−2) was irradiated from the back side of the working electrode. bThe parameters were given by fitting to the
impedance data using the equivalent circuits (i), and others were given using equivalent circuits (ii), where Rsol, Rct, and CPE are the solution-phase
resistance, charge-transfer resistance, and constant phase element including the CPE constant (TCPE) and the CPE exponent of nonideality (p),
respectively; the subscripts bulk and surf show parameters for bulk charge transport through the film and for catalysis reactions at the surface:

Figure 11. Action spectra of IPCE of the (A) WO3-neat, (B) WO3−
NH3, and (C) WO3−N2H4 electrodes calcined at different temper-
atures in a 0.1 M phosphate buffer solution of pH 6.0 at 0.5 V vs Ag/
AgCl. The calcination temperatures are indicated in the figures. The
inset shows the demagnified plots for each figure. (D) Plots of IPCE
at 420 nm versus calcination temperature for WO3-neat (black),
WO3−NH3 (blue), and WO3−N2H4 (red).
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■ CONCLUSIONS
The calcination temperature dependence on the physiochem-
ical properties and the performance of PEC water oxidation of
the WO3, WO3−NH3, and WO3−N2H4 electrodes was
investigated to characterize in situ N2 intercalation into the
WO3 lattice and reveal the mechanism of superior performance
for PEC water oxidation for the WO3−N2H4 nanorod
photoanode. WO3−N2H4 exhibited the optimum calcination
temperature at 420 °C for the high concentration of N2
intercalated, which is different from the monotonously
decreased concentration of N2 intercalated with the calcination
temperature increase for WO3−NH3. The consistent calcina-
tion temperature dependences between the N content and the
β value of lattice parameter clarified the N2 intercalation into
the WO3 lattice. The N2 intercalation is responsible for the
significant red shift in the absorption edge, with a new shoulder
appearing at 470−630 nm compared to that of WO3-neat. The
WO3−N2H4 photoanode can utilize the visible light in longer
wavelength below 520 nm for PEC water oxidation compared
to 470 nm for WO3-neat. The high IPCE420 of the WO3−N2H4
photoanode is due to efficient electron transport through the
WO3 nanorod film. The WO3−N2H4 nanorod photoanodes
are expected to be applied for a PEC water-splitting cell as
artificial photosynthesis for high-performance solar energy
conversion.
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