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ABSTRACT

WO; is one of the most popular materials for visible-light photocatalysts. However, its
conduction band minimum is too low for water reduction. Here, we found that WOj3 can assist
water reduction by using visible light in a CuCl, aqueous solution. Photoirradiation of WO3
in CuCl, reduces Cu®" to form indissoluble CuCl adducts, and as-produced CuCl/WO; was
active for H, evolution under UV-light. This composite has very low reactivity under visible
light (> 400 nm), but visible-light assisted H, evolution was observed with simultaneous
irradiation with UV light: the activity was increased ~1.7 fold. Transient absorption
measurements revealed that Z-schematic recombination initially takes place between
photogenerated electrons in WO3 and holes in CuCl. As a result, the lifetime of electrons in
CuCl was increased, enhancing H, evolution. These results demonstrate that inactive
narrow-band gap materials can be used to enhance the activity of wide-band gap materials

under sunlight illumination.
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1. INTRODUCTION

Water splitting photocatalysts have attracted considerable attention for their potential

application to generating H, gas from H,O by using solar energy. Numerous inorganic

materials have been developed for this purpose,[1-8] and some of them have been found to be

very active for water splitting reactions. For example, La-doped NaTaOs,[9] Al-doped

SrTiOs,[10] and Zn/Ca-co-doped Ga,Os;[11] can split pure water with >50% quantum

efficiency. However, these materials do not work under visible light illumination. A number

of visible light responsive photocatalysts have been developed, but the efficiency of visible

light responsive photocatalysts is much lower than that of UV-responsive photocatalysts.

Rh,CryO-loaded ZnO:GaN[12] exhibits the highest activity under visible light illumination,

but has a quantum efficiency of only ~5 % at 405 nm. The effective utilization of visible light

is essential for enhancing activity under sunlight illumination.

The main obstacle to obtaining high efficiency for water splitting is the positions of

the conduction band (CB) and valence band (VB). In principle, the band gap of these

visible-responsive photocatalysts is narrower than that of UV-responsive materials, and hence

the positions of the CB and VB are not sufficient to overcome the overpotentials for H, and

O, evolution. Several materials have suitable CBs and are active for H, evolution, but they

often have higher VBs, and hence the activity for O, evolution is low. Conversely, some

materials that have lower VBs also possess lower CBs. In this case, the activity for O,



evolution would be high, but they are less reactive for H, evolution. Therefore, the
development of Z-scheme photocatalyst systems composed of Hr-active and O,-active
photocatalysts has become a popular approach to overcome the problems.[13-18] Many
materials such as metal oxides, metal (oxy)nitrides, and metal (oxy)sulfides, have been
employed for Z-scheme water splitting systems, and reasonable photocatalytic activity
enhancements have been obtained.[13-18] For these Z-scheme systems, redox couples such
as Fe*'/Fe*’, 105715, [Co(phen)3]3+/2+, and [Co(bpy)3]3+/2+ are often used as electron
mediators between the two materials.[13-18] However, the direct attachment of the two
semiconductors or the use of solid-state electron mediators such as Au[19] and reduced
graphene oxide[20] would be more effective and allow for more rapid electron transportation.
It has been reported that the conjugation of Rh-doped SrTiO; and BiVO, enables H, and O,
evolution from pure water under visible light illumination.[21] However, the behavior of
charge carriers in these conjugated catalysts are not well known. Fundamental information on
the charge carriers is indispensable for further enhancement of the activity of these materials.
In this work, we found that WO; can assist the H, evolution reaction in the presence
of a CuCl, aqueous solution. After 1-2 hours of photo-illumination, H, gas started to be
evolved. During the induction period, indissoluble CuCl were deposited on WO;. CuCl is
active for H, gas generation under UV light, but the activity of bare CuCl gradually decreases.

However, the photocatalytic activity and its stability was greatly improved by the



combination with WOs. It is well known that WQO3 is inactive for H, evolution, but we found
that photoexcitation of WO;3 enhances the activity of H, evolution of CuCl. Time-resolved
absorption measurements revealed that the lifetime of electrons in CuCl becomes longer in
combination with WO;. The detailed behavior of photogenerated charge carriers was also

investigated.

2. EXPERIMENTAL SECTION

The steady-state photocatalytic activity measurements were performed in a 50-mM
CuCl, (Kanto Chemical Co., Inc.) aqueous solution with 10-vol% MeOH (Kanto Chemical
Co., Inc.). WO; powder (500 mg, Kojundo Co., Ltd.) was added to the solution (200 mL) and
deaerated by Ar gas bubbling in a Pyrex reactor. The catalysts were irradiated by a 300-W Xe
lamp (Excelitas Technologies Co., Ltd., Cermax PE300BUV) equipped with a short-pass
filter for UV irradiation (< 400 nm, Edmund Optics, #84-715) and a long-pass filter for
visible irradiation (> 420 nm, Sigma-Koki Co., Ltd., SCF-50S-42L; > 400 nm, Edmund
Optics, #84-754). The amount of evolved H, gas was analyzed by gas chromatography
(Shimadzu, GC8A). Diffuse reflectance absorption spectra were measured using a Jasco
V-670 spectrometer equipped with an integrating sphere. The size and shape of the powder
catalysts were measured by transmission electron microscopy (TEM; JEOL, JEM-2100). The

concentration change of Cu®" in the solution was evaluated by measuring the absorption of
g y g rp



Cu®" at 817 nm. After the reaction, the weight of the catalysts increased from 500 mg (bare
WO:;) to >1400 mg. This corresponds to >90% of Cu®* changed to CuCl as will be described
later.

Transient absorption spectra were measured using custom-built spectrometers, as
described previously.[22; 23] The powder photocatalyst was fixed on a CaF; plate at a density
of 2 mg cm™, and photoexcited by a 355-nm pulse from an Nd:YAG laser (Continuum
Surelite I, 6-ns duration, 0.1-10 Hz, 0.5-mJ pulse™). In the IR region (6000-1000 cm™), the
probe light from a MoSi coil was focused on the sample and transmitted light was dispersed
by a spectrometer (Acton, SP-2300). The monochromated light was detected by an MCT
detector, and the output electrical signal was amplified using an AC-coupled voltage
amplifier (SRS, SR560). The transient absorption change was recorded using a digital
oscilloscope. In the visible and NIR regions (250006000 cm™), the probe light from a
halogen lamp was focused on the sample and diffuse reflected light was dispersed by the
spectrometer. The monochromated output was detected using a Si-photodiode or InGaAs

detector. The time-resolution was limited to ~ 2 us by the response of the voltage amplifier.

3. RESULTS AND DISCUSSION
3.1 H; gas evolution from WQO; powders in the presence of CuCl, solution

We found that the photocatalytic H, gas evolution reaction proceeds in WOs3



powders in 0.05-M CuCl, with 10% MeOH aqueous solution. As shown in Figure 1, after the
induction period of 1-2 hours, H, gas started to be evolved by the full arc illumination from a
xenon lamp. During the induction period, the color of the WO; changed from green-yellow to
dark gray with some adducts (inset of Figure 1). The concentration of Ccu* gradually
decreased and H, evolution started after the concentration of Cu®" became lower than ~10
mM. Furthermore, the induction period became longer as the initial concentration of Cu®"
was increased (Figure S1A). These results suggest that H, evolution starts after the
disappearance of Cu®" from the solution. The activity gradually increases as the concentration
of CuCl, increased from 0 to 50 mM and started to decrease at 100 mM (Figure S1B). Since
WO; is inactive for H, evolution, the compounds formed from Cu®* should be responsible for
the H, gas evolution.

The chemical properties of the Cu-containing adducts produced by the
photoirradiation were examined. A TEM image of the WO3 (Figure S2) shows that chemical
compounds were deposited on the WOs. Diffuse reflectance absorption spectra show that the
pristine WOs3 absorbs visible light shorter than 480 nm, but the WO; powders after the
reactions exhibited absorption up to 600 nm with a background increase at 600-900 nm
(Figure 2A). Cu,0 and CuCl exhibit absorption at < 630 nm and 600-900 nm, respectively
(Figure 2A); therefore it is suggested that Cu,O and CuCl were deposited on the WO;

particles. The X-ray diffraction (XRD) patterns (Figure 2B) clearly suggest the formation of



Cu0 and CuCl. However, Cu,0 is a minor component of the catalysts relative to CuCl,
based on the intensity of the XRD pattern. Therefore, CuCl[24; 25] and/or Cu,0O[26; 27]
would be responsible for the H, evolution, since they can produce H, gas by water reduction.
In addition, we performed the same experiments in CuSOs and Cu(NOs;), solutions to
evaluate the effects of adsorbed Cu”". In these cases, H, gas was evolved under UV light (A >
300 nm) irradiation, but the rate was much smaller than that in CuCl, solution (Figure S3).
The low activity in these solutions would be ascribed to the low amount of the Cu-containing
precipitates: the color as well as the weight of WO; did not change so much. For the
formation of Cu,O on WOs3, more strong reducing reagents are necessary [26; 27]. In addition,
it has been reported that the adsorption and doping of Cu-ions sensitizes the UV-responsible
photocatalysts,[28-30] but these sensitization effects was negligibly small. The effects of
mechano-catalytic water splitting reactions[31] can also be excluded.

In order to identify the species responsible for the H, gas evolution, the wavelength
dependence of the photocatalytic activity was examined. The band gap of CuyO is ~2.0 eV
(630 nm) [32] but that for CuCl is 3.3 eV (376 nm): [24; 25] the visible absorption of CuCl at
> 400 nm are ascribed to d-d transition of Cu*" mixed as impurities in CuCl. [25] Therefore,
to cut out the UV light, a long pass filter of 420 nm (~ 3.0 eV) was used with the xenon lamp.
Figure S4 clearly shows that visible light (> 420 nm) irradiation induces very little H»

evolution. It is hence evident that UV-excitation of CuCl is responsible for the H, evolution.



We also confirmed that bare CuCl powder is active for photocatalytic H, evolution from a
10% MeOH solution under UV light illumination (Figure S5A). However, the activity
gradually decreased over tens of hours due to the degradation of CuCl.[24; 25] However, in
the case of CuCl/WOs conjugated photocatalysts, the photocatalytic activity does not
decrease for a period longer than 100 h (Figure S5B). This result reveals that WOs; protects

CuCl from degradation.

3.2 Photocatalytic activity of CuCl/WQO; conjugated photocatalysts

To further examine the role of WOj in the photocatalytic H, evolution on CuCl, the
conjugated CuCl/WO; photocatalysts were simultaneously excited by UV and visible light.
We expected that the UV light would excite both the CuCl and WO3, but that the visible light
would excite only the WOs. Therefore, comparing the activity of H, generation with and
without visible light illumination would give information about the role of WO;
photoexcitation. In this experiment, two xenon lamps were used, equipped with a short pass
filter (< 400 nm) and a long pass filter (> 400 nm). As shown in Figure 3, the adducts show
H, evolution activity even in dark (0.2 pmol h™"). This corresponds to the mechano-catalytic
water splitting reaction which proceeds on Cu-containing compounds as reported by Prof.
Ikeda et al. [31]. Under the visible light irradiation, the activity is 1.0 umol h™', which is

responsible to the photoexcitation of Cu,O [26; 27]. However, more large activity (9.3 umol
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h™') was observed under UV light irradiation. When both UV and visible light were
simultaneously used, the activity increased 1.7-fold compared to only UV light irradiation: it
increased from 9.3 umol h™' to 15.8 umol h'. These results confirm that additional
photoexcitation of WOs by visible light enhances the H, generation on CuCl, although the
quantum efficiency is still much lower than < 0.01. Photogenerated holes in WOs3 can oxidize
water and MeOH, but photogenerated electrons in WO3 cannot reduce water. Therefore, it is
deduced that the electrons excited in WO;3 were transferred to CuCl. The electrons in CuCl
can reduce water to Hy, but CuCl can be excited only by UV light. Hence, the enhancement

of the H, evolution by visible light strongly suggests that some charge transfer takes place

between WO3 and CuCl.

3.3 Electron and hole transfer between CuCl and WQO; by time-resolved study

To study the charge transfer processes at the CuCl/WOs interface, time-resolved
visible to mid-IR absorption studies were performed. This spectroscopy provides detailed
information about the individual behavior of electrons and holes.[23; 33; 34] Figure 4 shows
the transient absorption spectra of the catalysts measured after UV laser pulse irradiation. In
the case of bare WOs, positive absorption peaks appeared at 2500020000 cm™ and
3000-1000 cm™ (Figure 4A). It has been reported that trapped holes and electrons give

absorption in the visible to IR region, and so the peaks are assigned to trapped holes and
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electrons, respectively.[23; 33-37] The spectral shape of CuCl is different from that of WOs;.
A broad absorption of trapped holes was similarly observed at 25000-20000 cm™', but the
absorption of trapped electrons was absent at ~ 2600 cm™ (Figure 4B). Instead, a very broad
absorption of trapped electrons was observed at 15000-4000 cm™. The difference in the
absorption of trapped electrons is due to the difference in the depth of the electron traps from
the CB.[33; 38] These results suggest that trapped holes in WO; and CuCl give similar
absorption in the visible region, but the electrons surviving in WOs; and CuCl can be
distinguished by observing the spectral shapes of the transient absorption in the NIR and
mid-IR region.

Transient absorption spectra of the CuCl/ WOs; conjugated photocatalysts were next
measured (Figure 4C). The spectral shape from the visible to NIR region (25000-4000 cm™)
closely resembles that for bare CuCl, where broad absorptions due to trapped holes and
trapped electrons were observed at 25000-20000 cm™ and 150004000 cm™, respectively. It
is notable that the absorption peak for shallow trapped electrons observed for WO; (~ 2400
cm’) was absent in the conjugated catalysts, but the signal intensity for the trapped electrons
at ~ 12000 cm™' was stronger than in bare CuCl. This result suggests that electrons are mainly
located in CuCl rather than in WOj3 in the conjugated catalysts.

It is noted that the absorption intensity associated with surface OH at ~ 3600 cm’'

was greatly increased by the band-gap excitation (Figure 4B). This phenomenon is not
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observed for many metal oxides such as TiO,[33; 39] and LaTiO,N.[23] We noticed that the
intensity associated with surface OH usually decreases by the desorption of H,O by laser
pulse irradiation. The increase of the intensity of surface OH group on CuCl is not by the
increase of the number of surface OH groups, but the increase of the absorption co-efficient
of the surface OH groups since the absorption co-efficient is very sensitive to the charge
density of O-H [39]. Furthermore, it has been proposed that OH groups capture holes,[1; 2;
39] the increase in the O-H band intensity could be ascribed to hole transfer to surface OH
groups. By the combination with WO3, the intensity change of OH decreases (Figure 4C).
This result might be supporting the conclusion that the trapped holes are mainly located in the
WO; rather than in the CuCl.

The detailed decay behavior of the photogenerated charge carriers at the CuCl/ WO;
heterojunctions was studied by measuring the temporal profiles of the transient absorption.
Figure 5B clearly shows that the lifetime of electrons in CuCl (12000 cm™) is increased by
the formation of CuCl/WO; over the entire region from 0 to 1 ms. However, the absorption
intensity for electrons in WO;3 (2400 cm™, Figure 5A) and the total number of holes in
CuCl/WOs (22000 cm’, Figure 5C) at 0 ms was decreased by the formation of the
heterojunction. These results suggest that the Z-scheme recombination shown in Scheme 1
takes place between electrons in WOj3; and holes in CuCl within the time resolution of our

spectrometer (~ 2 us). As a result, the electrons in CuCl and holes in WO; are spatially
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separated and hence the lifetime of electrons in CuCl becomes longer. The lifetime of holes in
WOj5 should also be increased, but the absorption intensity at 20000 cm™ is due to a mixture
of holes in WO3 and CuCl, so it is difficult to distinguish them. However, the total number of
holes in CuCl/WOj3 at 0 ms is smaller than that in bare WO3 and becomes larger after 100 ps.
This result is consistent with the Z-scheme rapid consumption of holes in CuCl, resulting in
an increase of the hole lifetime in WO;. A similar Z-scheme type recombination is proposed
to take place for BiVO4/Rh-SrTiOs 21

In general, recombination decreases the light-conversion efficiency. However, the
photogenerated electrons surviving in WOj3 cannot participate in water reduction. The present
result revealed that by the combination with CuCl, these non-useful electrons in WO3 can
increase the lifetime of electrons in CuCl and indirectly enhance the H, evolution reaction by
consuming the holes in CuCl. In this way, the H, evolution activity is enhanced by the
simultaneous photoexcitation of CuCl and WOs;. WO; can absorb visible light, but CuCl
cannot. The present work has demonstrated that by the combination of two different band-gap
materials, we can effectively utilize solar light. This finding, that the activity of visible-light
responsive photocatalysts can be further enhanced by forming a heterojunction with

NIR-responsive materials, can be applied to many other systems.

4. CONCLUSION
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In this work, we found that the photocatalytic activity of UV-responsive

photocatalysts can be enhanced by combining visible-light responsive photocatalysts. In our

example, CuCl can produce H, gas from water by UV-light exposure, but its activity can be

further enhanced by a combination with WO3;. WOj; absorbs visible light, but is inactive for

H, evolution since its CB is too low. Transient absorption measurements showed that

photogenerated electrons in WO; recombine with holes in CuCl via Z-scheme type

recombination. We found that the lifetime of electrons in CuCl becomes longer, so enhancing

H, evolution. Furthermore, the self-oxidation of CuCl is prevented. This heterojunction

exhibits enhanced activity of UV-photocatalysts through the aid of visible-light

photocatalysts. Several visible-light responsive photocatalysts have no reactivity for H,

evolution, but can assist H, evolution in other materials. This method can be applied to many

other visible- and IR-light responsive photocatalysts. The present work demonstrates that a

combination of several photocatalysts with different band gap materials is beneficial for the

effective use of solar light from the UV to IR region.
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Figure 1. Time courses of photocatalytic H, evolution from
0.05-M CuCl, aqueous solution with 10% MeOH over WO;
powder. The concentration of Cu®*" is also shown. Reaction
conditions: catalyst, 200 mg; solution, 200 mL; light source,
xenon lamp (300 W, A > 300 nm) at 300 K.
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Figure 2. Diffuse reflectance absorption spectra (A) and
XRD patterns (B) for WO3, CuCl, and the WO; sample after

photocatalytic reaction in CuCl, solution.
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Figure 3. Progress of H, evolution from CuCl/WOs; conjugates in 10 vol%
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Figure 4. Time-resolved absorption spectra of (A) bare
WO;, (B) bare CuCl, and (C) WOs;/CuCl conjugated
catalysts, measured in vacuum after 355-nm UV laser

pulse irradiation (0.5 mJ pulse™, 6-ns duration, 5 Hz).
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Figure 5. Decay curves for transient absorption by WOs;,
CuCl, and WO3/CuCl measured in vacuum at 2400 cm™ (A),
12000 cm™ (B), and 22000 cm™ (C). The catalysts were
irradiated by 355-nm UV laser pulses (0.5 mJ pulse’, 6-ns
duration, 1 Hz).

22



~ ) h"‘// -
oxidation

Scheme 1. Proposed mechanism for enhancement of H,
evolution by visible photoexcitation of WO; on WO;/CuCl
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