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We deposited Au nanoparticles as a co-catalyst onto a TiO, photo-
catalyst by reducing [AuCl,] ™ using electrons trapped in the oxygen
vacancies of TiO,. The dispersibility and hydrogen production
ability of the Au co-catalyst are higher than those prepared using
the conventional photodeposition method.

Photocatalysis is attracting attention as a sustainable technology
to drive redox reactions using solar energy and to harvest solar
fuels. For semiconductor photocatalysts such as TiO,,' it is
essential to modify them with co-catalysts to achieve sufficiently
high efficiencies.” For instance, noble metal nanoparticles depos-
ited on an n-type semiconductor photocatalyst facilitate charge
separation by accepting photo-excited electrons and promote
cathodic reactions including multi-electron reactions such as
hydrogen production from water.>*

Various methods have been investigated for combining semi-
conductor photocatalysts with metal co-catalysts, including photo-
deposition (PD),”> mechanical mixing® and impregnation
methods.” Among these methods, the PD method is known to
guarantee a good electrical contact between the metal and the
semiconductor, leading to a high photocatalytic activity.® How-
ever, it is not necessarily easy to control the dispersibility of the co-
catalyst nanoparticles using the PD method. This is because the
deposition rate depends on the particle size and the crystal facets
of the photocatalysts.” Furthermore, metal deposition should
occur preferentially at the metal surface, which acts as the
cathodic reaction site.'® These effects lead to decreased dispersi-
bility and monodispersity of the co-catalyst, which can in turn
suppress the photocatalytic activity.

In the present study, we take advantage of electrons trapped
at defect sites to improve the dispersibility of the co-catalyst. In
the case of metal oxide photocatalysts, oxygen defects act as
electron traps.'” The energy-resolved distributions of the defect
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levels have been widely studied,’* " and the levels are found

within the band gap region.’"® Under light irradiation, elec-
trons in the valence band of the metal oxide are excited to the
conduction band, and the excited electrons can be trapped by
defect levels below the conduction band. If the excited electrons
are trapped in relatively shallow levels, their lifetime can be
prolonged, whereas electrons trapped by deep levels will be
more likely to recombine with holes in the valence band."”

The electrons accumulated in electron traps can be used for the
reductive deposition of metal nanoparticles, such as Ag, Pt, Au and
Pd, onto semiconductor photocatalysts."®2° In this method, elec-
trons are trapped in the defect levels under light irradiation, and
reduction of the metal ions to metal nanoparticles occurs under
dark conditions. Once a metal nanoparticle is deposited and the
electrons trapped nearby are consumed in the deposition process,
no further reduction reaction proceeds on the metal particle.
Therefore, co-catalysts deposited by the trapped electrons can have
a smaller particle size than those deposited using the PD
method."®?® We also expect that this method will enable us to
improve the dispersibility and monodispersity of metal nano-
particles. However, studies focusing on these aspects have not been
reported so far. In addition, even though the metal co-catalysts are
expected to reduce the overvoltage of the hydrogen evolution
reaction, the co-catalysts deposited via the electron traps have been
used primarily for the oxidative degradation of organic matter, and
have not yet been applied to hydrogen production.'®>°

In the present study, we employed a submicron-sized rutile
TiO, photocatalyst and modified it with a Au co-catalyst using
the electron trap-mediated deposition (ETD) method (Fig. 1a).
The photocatalysts thus obtained were characterized in terms
of their dispersibility, monodispersity and photocatalytic
activity for hydrogen production, and were compared with the
TiO, photocatalyst modified with Au via the PD method
(Fig. 1Db).

Rutile TiO, with a nominal average particle size of 200 nm
(HT-0514, Toho Titanium) was dispersed in 50 vol% aqueous
ethanol (10 g L™"). The dispersion was purged with N, gas and
sealed with a rubber cap, then irradiated with UV light for 10 min
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Fig. 1 Schematic illustration of the Au deposition processes via (a) the
electron trap-mediated deposition (ETD) method and (b) the photodepo-
sition (PD) method.

using an LED lamp (365 nm, ~500 mW cm ™', Asahi Spectra) as a
light source in order to accumulate electrons in the defect levels of
TiO,. The Au co-catalyst was then deposited by adding H[AuCl,] to
the TiO, dispersion (5-100 umol L™'), while bubbling N, gas
under dark conditions. Au-TiO, was also prepared using the PD
method by simply irradiating the TiO, dispersion containing the
same amount of H[AuCl,] with UV light for 10 min.

After UV irradiation in N,-saturated aqueous ethanol for
electron trapping in the ETD process, the absorption properties
of TiO, were examined because the trapped electrons give a new
absorption band in general.'* A V-670 spectrophotometer
(Jasco) with an integrating sphere was used to obtain the
diffuse reflectance spectra shown in Fig. 2a. After light irradia-
tion, the colour of the dispersion changed from white to blue,
and a new absorption band appeared that covered the entire
visible-light region (Fig. 2a). The defect levels in the band gap
region accept electrons from the conduction band, and Ti*" is
reduced to Ti*". Excitation of the trapped electrons to the
conduction band gives the broad visible absorption band.**

After the addition of [AuCl,]” to the dispersion of TiO, with
trapped electrons, the colour of the dispersion changed from blue
to pink, and an absorption peak appeared around 540 nm
(Fig. 2a), which is typical of the plasmonic absorption of Au
nanoparticles. This indicates that the trapped electrons reduce
[AuCl,]” to metallic Au. The plasmonic peak was slightly red-
shifted from the most commonly observed wavelength of 520 nm,
probably because the Au nanoparticles were deposited on TiO,
particles and the high refractive index of TiO, caused the red shift.
Bridging oxygen species of rutile TiO, are known to be nucleation
sites for metallic Au clusters®>* unless the surface is not
hydroxylated,>*® and epitaxial growth to Au nanoparticles is
possible at the (110) and (100) faces of rutile TiO,.>”*® In addition,
once the oxygen vacancies are formed at the surface, the nuclea-
tion and growth processes are enhanced further.”>>*

As the Au concentration in the growth solution was
increased, the peak height for the Au-TiO, samples prepared
using the PD method increased monotonically, indicating that
the amount of deposited Au was increased (Fig. 2b). Inciden-
tally, if the concentration was increased to 100 umol L™" or
higher, signals of metallic Au appeared in the X-ray diffraction
(XRD) patterns (Fig. S1, ESIt), although the Au nanoparticles
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Fig. 2 (a) Diffuse reflectance spectra of suspensions of TiO, before and
after the trapping of electrons at defect levels via UV irradiation for 10 min
and spectral changes after the stepwise addition of [AuCly]™ in the dark
(ETD method). (b) Spectral changes during the stepwise addition (10 min
each) of [AuClyl~ under continuous UV irradiation (PD method). Insets
show color changes of the suspensions in both processes.

were too small and too sparse to be detected at lower concen-
trations. By contrast, in the case of Au-TiO, samples prepared
via the ETD method, the absorption due to the electron traps
decreased gradually, while the plasmonic absorption peak of
Au appeared (Fig. 2a). The peak height was increased at
<50 umol L™, but was almost saturated in the >50 pmol L™"
range.

These results indicate that the deposition amount is limited by
the amount of Au in the solution at <50 pmol L', and by
the amount of trapped electrons at >50 pumol L™'. At around
50 umol L™, the total amount of Au seems to match the amount
of trapped electrons. From the amount of [AuCl,]” added to the
reaction solution, the number of electrons required for reduction
to metallic Au is calculated to be 15 pmol per g (TiO,), considering
that the reaction is one of three-electron reduction. This value is
roughly consistent with the amount of electron traps of rutile TiO,
used in this work (HT-0514), which is reported to be 23 umol per g
(TiO,).* Incidentally, the slight red-shift of the plasmonic peak
during the deposition process can be explained in terms of the
slightly increased contact area between Au and TiO,.

We also characterized the TiO, samples with the Au co-catalyst
using scanning electron microscopy (SEM) and compared them
with samples of TiO, before Au deposition (Fig. 3a—c). The Au
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Fig. 3 SEMimages of (a) TiO5, (b) Au—TiO, prepared using the ETD method, and (c) Au-TiO, prepared using the PD method. Histograms (d and e) of the
size of the Au nanoparticles and (f and g) the number of Au nanoparticles deposited on each TiO, particle measured and counted via SEM observation for
the Au-TiO, samples prepared using the ETD (d and f) and PD (e and g) methods. The [AuCly]~ concentration was 50 pmol L=t in the deposition process.

co-catalyst was deposited in the presence of 50 pumol L™ [AuCl,]".
Au nanoparticles were found on the TiO, surface for both of the
samples prepared via the ETD and PD methods. Au nanoparticles
are indicated with yellow arrows in Fig. S2 and S3 (ESIY) for each
deposition method. To further corroborate that those were Au
particles, we immobilized the Au-TiO, particles prepared via ETD
and PD on an adhesive carbon tape and immersed it for 10 min in
an aqueous solution containing 79 mmol L' I, and 60 mmol L "
KI, in which Au is soluble. After this treatment, the small particles
disappeared (Fig. S4 and S5, ESIt) and the plasmonic absorption
peaks were suppressed almost completely, indicating that those
small deposits were indeed Au nanoparticles. Histograms of the Au
particle size are shown in Fig. 3d and e, and the average values of
the particle size were 8.0 £+ 4.0 nm and 8.8 + 3.1 nm for the ETD
and PD methods, respectively. Thus, there is no significant differ-
ence between the samples in terms of the monodispersity.

By contrast, there was a clear difference in the dispersibility of
the Au co-catalyst. In order to quantitatively investigate the disper-
sibility, we counted the number of Au nanoparticles deposited on
each TiO, particle in the SEM images. The results are shown as
histograms in Fig. 3f and g, and the average numbers are 2.8 £ 2.1
and 3.8 £ 6.3 for the ETD and PD methods, respectively. It is clear
that the statistical dispersion of the number for the PD method is
greater than that for the ETD method. Of particular note is the number
of TiO, patrticles without Au deposition, which is 7.4% and 48.2% of
the all TiO, particles for the ETD and PD methods, respectively.

Such a difference in the dispersibility of the Au co-catalyst
may affect the photocatalytic activity for hydrogen production.

This journal is © the Owner Societies 2023

We therefore examined the activity in the presence of ethanol
as an electron donor under UV light (365 nm). In the photo-
catalytic reactions, water molecules or protons are reduced to
hydrogen by excited electrons in the conduction band, while
ethanol is oxidized by the holes in the valence band. The
amount of evolved hydrogen gas was evaluated using gas
chromatography (490 Micro GC, Agilent Technologies). The
hydrogen production rates were calculated from the slopes
of the regression lines, which a showed high correlation
(R* > 0.99) in the 0-40 min range (Fig. 4a). As a result, steady
hydrogen production was observed for the TiO, samples with
the Au co-catalyst, whereas the activity of that without Au was
almost negligible. This means that the reaction was accelerated
by the deposited reduction co-catalyst, which promoted either
charge separation, reactant adsorption, electron transfer reac-
tion or product desorption. Among the samples examined, the
Au-TiO, sample prepared via ETD showed the highest hydro-
gen production activity, which was 2.5 times higher than that
prepared using PD. Although Au-TiO, systems are known to
show plasmon-induced charge separation®® including hydro-
gen evolution from water,*" the hydrogen production activity of
the present photocatalysts was negligible, even under light that
can excite the plasmons of Au nanoparticles.

We also prepared samples at different [AuCl,]” concentra-
tions, and their hydrogen production abilities are shown in
Fig. 4b. As a result, all of the samples prepared via the ETD
method showed higher activities than those of the PD method in
the concentration range examined (5-100 umol L™"). The highest
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Fig. 4 (a) Time course of the amount of evolved hydrogen for the
Au-TiO, samples prepared via the ETD and PD methods in the presence
of 50 pmol L= [AuCl4]~ and for TiO, without Au. Each sample (50 mg) was
suspended in a N,-saturated aqueous solution (5 mL) containing 50 vol%
ethanol and irradiated with UV light (1 ~ 365 nm). (b) Hydrogen produc-
tion rate for the Au-TiO, samples prepared at different [AuCly]~ concen-
trations. The error bars show the standard deviation values (n = 3).

hydrogen evolution rate of 2.5 pmol min~" was observed at the
[AuCly]” concentration of 50 umol L~ " for the ETD method. By
contrast, the optimum [AuCl,]” concentration was 10 pymol L "
for the PD method. Excess Au deposition during the PD method
should decrease the photocatalytic activity through inhibiting the
light absorption of TiO, and blocking oxidation reaction sites.*>
Since we used identical TiO, particles for both methods and there
was no significant difference in the Au particle size, the factor
affecting the activity should be the dispersibility of the Au co-
catalyst. As mentioned above, the PD method gives many more
Au-unloaded TiO, particles than the ETD method, and the
unloaded particles show negligible activity for hydrogen produc-
tion. We therefore conclude that the higher hydrogen production
activity of the photocatalysts prepared via the ETD method is
attributed to the higher dispersibility of the Au co-catalyst.

In conclusion, we successfully prepared Au-TiO, composites
by taking advantage of the electron traps of TiO, using the ETD
method, which gives a higher dispersibility of the Au co-catalyst
than offered by the PD method. Since the amount of deposited
Au is limited by the amount of electron traps for each TiO,
particle, excess deposition can be avoided. The high dispersi-
bility of the Au co-catalyst deposited using the ETD method
leads to efficient photo-induced charge separation and a high
photocatalytic hydrogen production activity. The Au-TiO,
photocatalysis will be applied to other reactions, such as the
oxidative removal of pollutants.
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