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ABSTRACT: To make full use of sunlight for water splitting
reactions for hydrogen production, a visible-light-driven photo-
catalyst was developed by modifying TiO, nanosheets with
Co(OH),. By adding an aqueous Co(NO;),-6H,0 solution to a
TiO, nanosheet suspension, the TiO, nanosheets aggregated and
Co(OH), was formed. In the ultraviolet—visible (UV—vis) diffuse
reflectance spectrum of the photocatalyst, new absorption bands
attributable to Co(OH), and the interfacial charge transfer
between Co(OH), and the TiO, nanosheets appeared at around
600 and 400 nm, respectively. The photocatalytic activity of
Co(OH),/TiO, nanosheets was evaluated in terms of the O,
evolution reaction in an aqueous AgNOj solution, finding that the
reaction proceeds under visible light. Furthermore, the inves-
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tigation of the wavelength dependence of the photocatalytic activity revealed that the photocatalytic reaction on Co(OH),/TiO,
nanosheets proceeds via Co(OH), photocatalysis and interfacial charge transfer between Co(OH), and the TiO, nanosheets under

visible light irradiation.

1. INTRODUCTION

To achieve carbon neutrality, making full use of renewable
energy sources has recently become a hot research field. In this
context, photocatalytic water splitting for hydrogen production
using solar energy stands out as a promising process,l_3 for
which wide bandgap semiconductor oxides such as Al-doped
SrTiO;, La-doped NaTaOj;, and Ga,0; have been reported as
photocatalysts with high quantum yields."” However, since
the proportion of ultraviolet (UV) light in sunlight is small,
developing photocatalysts for water splitting that can utilize
visible and infrared light, which comprise a large portion of
sunlight, is highly desirable.

To develop highly efficient photocatalysts, it is important to
synthesize materials with large surface area and high
crystallinity and to separate oxidation and reduction sites to
prevent charge recombination and backward reactions.'”"!
Oxide nanosheets, which are two-dimensional (2D) aniso-
tropic semiconductor materials with a thickness of a few
nanometers and a lateral direction of a few micrometers,
possess relatively high crystallinity and high surface area.
Moreover, oxide nanosheets feature advantages such as
separation of reaction sites, suppression of recombination
due to the short migration distance to the surface, and ability
to harvest more photons than nanoparticles, which render
them promising candidates as water splitting photocatalysts.'*
However, most oxide nanosheets, such as TiOZB’14 HTiN-
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bOs,"'® and Ca,Nb;0,,,"” have a large bandgap and cannot
utilize visible light directly.

To utilize visible light energy, various approaches have been
adopted to develop visible-light-responsive photocatalysts,
such as bandgap narrowing by cation or anion doping'*'’
and dye sensitization via organic dye modification on the
semiconductor surface.”””' Hydrogen production reactions
and dye degradation under visible light using composite
photocatalysts composed of TiO, and nanosheets,””** nano-
tubes,”””* or nanorods®®>” have been reported. The develop-
ment of visible-light-responsive photocatalysts by loading
metal compound nanoclusters on wide bandgap oxide
semiconductors has also been reported.””* In previous
studies, Hashimoto et al. studied the visible-light oxidation of
2-propanol by loading nanoparticles of metal species such as
Cu,” Cr,*' and Rh’* onto TiO, or WO,;. Furthermore, a
photoelectrochemical cell system consisting of a Co(OH),
nanoparticle/TiO,/FTO electrode was applied for the water
oxidation reaction.”> This system relies in the transfer of
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Figure 1. Preparation procedure for the Co(OH),/TiO,_ NS photocatalyst.

electrons from Co nanoparticles to the conduction band of the
metal oxide and subsequent oxidation of water by the electron-
deficient Co species. Thus, the supported Co species play two
roles: promoting the electron transfer to the metal oxide and
water oxidation. In addition, the study of the wavelength
dependence of photocatalytic activity showed a correlation
with light absorption in the visible light range. Therefore,
surface modification using metal nanoparticles is an effective
approach to prepare visible-light-responsive photocatalysts.
Herein, a photocatalyst was prepared by loading Co species
onto TiO, nanosheets (TiO, NS) to utilize visible light
energy for photocatalytic reactions. The photocatalytic activity
of the Co-modified TiO, NS photocatalyst was evaluated in
the O, evolution reaction in an aqueous AgNO; solution.
Furthermore, the charge-transfer mechanism of the photo-
catalysts was investigated on the basis of the wavelength
dependence of the photocatalytic activity. Unlike the case of
Co-modified bulk TiO, powder, the oxygen evolution reaction
proceeded by multiple reaction mechanisms in Co-modified
TiO, NS.

2. EXPERIMENTAL SECTION

2.1. Photocatalyst Preparation. The preparation process
of the Co(OH),/TiO,_ NS photocatalyst is shown in Figure 1.
All reagents were used as received without further purification.
TiO, NS was prepared as previously reported.'* First, layered
oxide K,gTi,;3Lig,,04 was synthesized using a solid-state
reaction method as follows: K,CO; (99.5%, FUJIFILM Wako
Pure Chemical Corp.), LiCO; (99.0%, FUJIFILM Wako Pure
Chemical Corp.), and TiO, (99%, Kojundo Chemical
Laboratory) with a molar ratio of 0.8:1.73:0.27 were ground
in an alumina mortar. The obtained mixture was precalcined at
1073 K for 30 min in air and then ground and calcined at 1073
K for 20 h in air. The as-synthesized KgTi,;Liy,,04 was
added to 1 M HCIl for 1 week to exchange K" and Li* for H'.
The proton-exchanged compound was exfoliated by immersing
it in a 25 mM aqueous tetrabutylammonium hydroxide
(TBAOH) solution to obtain TiO, NS. The vyield of
TiO, NS prepared from the proton-exchanged compound
was about 47%. The low yield of TiO, nanosheet is attributed
to the incomplete exfoliation of the proton-exchanged
compound. Co(OH), modification of TiO, NS was per-
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formed by mixing an aqueous Co(NOj),6H,0 (99.5%,
FUJIFILM Wako Pure Chemical Corp., 1—20 wt % relative
to TiO, NS) solution and a TiO, NS suspension. After
stirring at 200 rpm for 1 h, two washing cycles, and vacuum
drying, the Co(OH),/TiO,_ NS photocatalyst was obtained.
The yield of the catalyst after Co modification was about 45%.
The low yield of Co-modified TiO, nanosheets is due to the
strong adsorption of TiO, nanosheets on the beaker surface
during preparation.

2.2. Characterization. The crystal structure was examined
via powder X-ray diffraction (XRD; X' Pert MPD,
PANalytical) with Cu Ka radiation (1.541 A) using a tube
voltage of 45 kV and a tube current of 40 mA. The sample
morphology was determined via field emission scanning
electron microscopy (FE-SEM; JEOL, JSM-6701F) combined
with energy dispersive X-ray spectroscopy (EDX; JEOL, JED-
2300). X-ray photoelectron spectroscopy (XPS; Thermo
Fisher Scientificc ESCALAB250Xi) and Fourier transform
infrared spectroscopy (FT-IR; Jasco, FT/IR-4600) were used
to identify the Co species. Diffuse reflectance spectra were
measured using a ultraviolet—visible (UV—vis) spectropho-
tometer (Jasco, ISV-469). The reflectance was converted to
absorbance using the Kubelka—Munk function with BaSO, as
the baseline.

2.3. Photocatalytic Reaction. The photocatalytic reaction
was performed in a glass closed-circulation reactor. The
photocatalyst (20 mg) was dispersed in a quartz cell containing
10 mM AgNO,; (FUJIFILM Wako Pure Chemical Corp.)
aqueous solution or 250 mM triethanolamine (TEOA, 98.0%,
FUJIFILM Wako Pure Chemical Corp.) aqueous solution (30
mL). When triethanolamine was used as a sacrificial agent,
H,PtCl¢:6H,0 (98.5%, FUJIFILM Wako Pure Chemical
Corp.) was added as a Pt cocatalyst precursor (0.2 wt %).
The reaction cell was irradiated using a 300 W Xe lamp (350
nm < A < 800 nm; Asahi Spectra Co., Ltd.) under magnetic
stirring. The evolved gases were detected using a gas
chromatograph with a thermal conductivity detector. Apparent
quantum yields (AQYs) for O, evolution reaction were
measured using the 300 W Xe lamp with a bandpass filter
(A: 430, 470, 520, 570, 620, 660, and 720 nm). The AQY
values were calculated by using the following equation:
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AQY(%) = (A X N)/(I x t) x 100 (1)

where A, N, I, and t represent the coeflicient of O, formation
(A = 4), the amount of formed O,, the number of incident
photons, and the reaction time, respectively. The total number
of incident photons was measured using an optical power
meter (Newport Corp.,, 1936-R) with a thermopile sensor
(Newport Corp., 919P-010—16).

3. RESULTS AND DISCUSSION

3.1. Characterization of the Co-Modified TiO,_ NS
Photocatalyst. The preparation procedure for Co(OH),/
TiO, NS is shown in Figure 1. The layered oxide
KogTi; 73Lig,,0, was used as the starting material for
TiO, NS. XRD measurements confirmed that a lepidocro-
cite-type layered oxide with K* between the layers of an edge-
shared octahedral corrugated host layer was obtained (Figure
S1). The XRD patterns of the proton-exchanged compound
and TiO, NS are also shown in Figure S1. The diffraction
peaks of TiO, NS can be attributed to the TiO, nanosheets, as
previously reported.'* The size of the obtained TiO, NS was
determined to be a few micrometers in the vertical direction
and approximately 1.2 nm in thickness from the atomic force
microscopy image (Figure S2). The obtained nanosheets were
thicker than the theoretical thickness (0.75 nm), presumably
due to the adsorption of water or TBA on the nanosheet
surface. Figure 2 shows XRD patterns of TiO,_ NS loaded with
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Figure 2. XRD patterns of (a) TiO, NS and TiO,_ NS loaded with
(b) 1 wt %, (c) S wt %, (d) 10 wt %, and (e) 20 wt % Co(OH),.

different amounts of Co(OH),. The diffraction peaks at 5.2,
10.4, and 15.6° were attributed to regularly stacked TiO, NS
and around 26, 48, and 62° are probably due to fine particles of
Ko sTi; 73Lig 27,04 or Hy ;Ti; 730,, which are precursors of TiO,
nanosheets. The diffraction peaks of Co species were not
observed. The diffraction peak intensity of the (010) plane
decreased considerably with increasing Co loading amount.
This result suggests that the nanosheets in TiO, NS were
randomly stacked due to Co loading, and the b-axis-oriented
TiO, NS became disordered. Brunauer—Emmett—Teller
(BET) specific surface area measurements showed that the
surface areas of TiO, NS aggregates and Co(OH),/TiO,_ NS
were 42.8 and 34.5, respectively. It is suggested that the Co
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loading caused TiO, NS stacking, which reduced the surface
area. To confirm the morphology of the catalyst, SEM—EDX
observations were performed. Figure 3a shows the SEM image
of Co(OH),/TiO, NS, in which stacked and aggregated
nanosheets can be observed. Figure 3b—d show the EDX
mapping images of Co(OH), (10 wt %)/TiO,_NS. Co species
were highly dispersed in the TiO, NS aggregates, which
explains why XRD peaks from Co species were not observed.

To identify the oxidation states of the Co species, XPS
measurements were performed. Figure 4 shows the XPS
spectra of Co-loaded TiO, NS, in which two main peaks at
780.6 and 796.6 eV were observed along with satellite peaks at
787.1 and 803.6 eV, suggesting the presence of divalent Co
species.”* ¢

Figure S5a,5b shows the FT-IR spectra of Co-loaded
TiO, NS. The peaks at 2800—3000 and 1650 cm™' were
attributed to the C—H stretching vibration and the C—H
bending vibration of TBAOH, respectively. It suggests that the
prepared photocatalysts contain TBAOH. These results were
also suggested by the regularly stacked structure observed in
the XRD pattern (Figure 2), which correlates in good
agreement with the decrease with increasing Co(OH), loading
amount. For all catalysts, including TiO, NS, a broad
absorption at 3000—3650 cm™' attributable to surface-
adsorbed water was observed. Figure Sc shows the differential
spectra of Co-loaded TiO,_ NS and TiO,_NS. Relatively sharp
peaks attributed to the stretching vibration of the OH group
appeared around 3600 cm™". Such a peak was also observed in
the FT-IR spectrum of Co(OH), (Figure Sb), which together
with the XPS results indicates that the Co species loaded on
TiO, NS was Co(OH),.

Figure 6 shows the UV—vis diffuse reflectance spectra of
Co(OH),/TiO,_ NS. New absorption bands appeared in the
visible light region, and the intensity of light absorption
increased with increasing Co(OH), loading. According to a
previous report, the absorption near 600 nm was assigned to
Co(OH),.”” Co(OH), is formed as a layered compound on
2D compounds such as rGO and LDH.***” Therefore,
Co(OH), on TiO, NS might also be formed as a layered
compound. Meanwhile, the absorption at around 400 nm is
most likely due to interfacial charge transfer between Co(OH),
and TiO,_ NS.

3.2. Photocatalytic Activity Evaluation. The photo-
catalytic activity was evaluated using the O, evolution reaction
as a model reaction in an aqueous solution of AgNOj; as a
sacrificial reagent. In this reaction, Ag" acts as a scavenger of
electrons photogenerated in the photocatalyst, and the
remaining holes oxidize water to produce O,, as shown in
the following equations:

reduction reaction: ~ Ag” + e~ — Ag

)

(3)

The O, evolution activity of TiO, NS modified with various
transition metal hydroxides was evaluated (Figure S3). Because
the highest activity was observed for the catalyst loaded with
Co species, the modification effect of Co species was
investigated in detail. Previous studies using bulk TiO, have
also reported that cobalt is highly effective as the modification
material.”® This is because the photocatalytic performance is
affected by the oxidation ability of the modification materials.
In the case of Co(OH),/TiO, NS photocatalyst, the pH value
of the reaction solution was changed from 6.5 to 3.8 after 3h of

oxidation reaction:  2H,0 — O, + 4H" + 4e”
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light irradiation, suggesting that H" is formed simultaneously
with the formation of O, gas, as shown in eq 3. After the
reaction, the Co(OH),/TiO,_ NS photocatalyst was analyzed
by XRD, XPS, and STEM-EDS (Figures S4—S6). The results
showed that the metal Ag was deposited on the catalyst. To
confirm that the oxygen evolved photocatalytically, a long-term
reaction for O, evolution from 50 mM AgNO; aqueous
solution at 283 K under Xe lamp irradiation (1.25 W cm™2, 350
nm < 4 < 800 nm). The photocatalytic reaction was repeated
for S cycles, with the reactor evacuated every 96 h (Figure
S7a). Although the O, formation rate gradually decreased due
to the Ag deposition, the O, formation amount reached 288
umol in 480 h (Figure S7b). The photocatalyst is 20 mg
Co(OH), (10 wt %)/TiO, NS, with moles of 250 pmol
(TiO,_NS) and 21.5 pmol (Co(OH),), respectively. It was
confirmed that the photocatalyst was able to produce O, with
turnover numbers (TON) > 1, thus the oxygen evolved by the
photocatalytic reaction.

Figure 7a shows the relationship between the loading
amount of Co(OH), and the rate of O, evolution in a AgNO,
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Figure S. (a) FT-IR spectra of TiO, NS, Co(OH),/TiO,_ NS, and
Co(OH),. (b) Expand image of FT-IR spectra. (c) Differential FT-IR
spectra of Co(OH),/TiO, NS and TiO, NS.

solution under visible light illumination (350 nm < 4 < 800
nm). All catalysts showed photocatalytic activity, with
Co(OH), (10 wt %)/TiO, NS exhibiting the highest O,
evolution rate (0.38 umol/h). It is suggested that the
improvement of O, evolution activity is due to the increase
in visible light absorption with increasing Co(OH), loading.
On the other hand, the O, evolution rate decreased with an
excess amount of Co(OH), loading. Therefore, in addition to
the light absorption of the catalyst, the improvement of O,
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Figure 7. (a) O, evolution rates on Co(OH),/TiO, NS ina 10 mM
AgNO; aqueous solution under Xe lamp irradiation (0.57 W cm™2,
350 nm < 4 < 800 nm). (b) Relationship between the apparent
quantum yield of Co(OH), (10 wt %)/TiO, NS on O, evolution
reaction and UV-—vis diffuse reflectance spectrum of the photo-
catalyst.

evolution activity should be considered the influence of
TiO, NS adsorption on the carrier mobility of Co(OH),
and the coating effect of TiO,_ NS on Co(OH),.* Figure 7b
shows the apparent quantum yields of O, evolution reaction on
Co(OH), (10 wt %)/TiO, NS under irradiation with a Xe
lamp with a bandpass filter (430, 470, 520, 570, 620, 660, and
720 nm). The error bars indicate the wavelength range of
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transmitted light through the band-pass filter. It was found that
the apparent quantum yield was in good agreement with the
absorption spectrum of Co(OH), (10 wt %)/TiO, NS. This
result indicates that the O, evolution reaction under visible
light irradiation proceeds upon loading Co(OH), onto
TiO, NS, which otherwise would only absorb UV light. As
mentioned above, the optical absorptions at around 600 and
400 nm can be attributed to Co(OH), and the interfacial
charge transfer transition, respectively, indicating that both
features contribute to the O, evolution reaction on Co(OH),/
TiO, NS. This result is specific to the Co modification of
TiO, nanosheets, as it has not been reported for Co-modified
TiO, powder photocatalysts.”> This is presumed to be due to
the formation of a-Co(OH),, a two-dimensional material that
exhibits photocatalytic activity, on the surface of the TiO,
nanosheets.”” If multiple photoexcitation mechanisms can be
constructed within a photocatalyst, it could be applied to the
design of highly efficient photocatalysts under sunlight
irradiation.

To identify the interfacial charge transfer transition from
Co(OH), to TiO,_ NS, the hydrogen evolution reaction was
investigated using a triethanolamine solution as a sacrificial
reagent. In this experiment, a Pt catalyst was loaded on
Co(OH),/TiO, NS via the photodeposition method. The
photocatalytic activity of Pt/Co(OH),/TiO, NS was eval-
uated using a 300 W Xe lamp with bandpass filters of 630 and
430 nm. As shown in Figure 8, no hydrogen was observed
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Figure 8. Time course of H, evolution on Pt/Co(OH),/TiO, NS in
a 0.25 M triethanolamine aqueous solution under illumination of Xe
lamp with a bandpass filter.

under 630 nm light irradiation, whereas hydrogen evolution
was observed under 430 nm light irradiation. The results
indicate that an interface charge transition occurs from
Co(OH), to TiO,_ NS, according to which the charge transfer
mechanism depicted in Figure 9 can be proposed for the
Co(OH),/TiO, NS photocatalyst. The energy levels for
TiO, NS and Co(OH), were drawn according to the
estimated bandgap value (Figures S8 and S9) and the
literature.">*” The conduction bands of TiO, NS and
Co(OH), have sufficient potential to allow the Ag* reduction
reaction to proceed. In addition, the holes generated in the
valence band of Co(OH), have sufficient potential to oxidize
water to produce O,. Meanwhile, the potential of the
conduction band of Co(OH), is not enough to promote the
hydrogen evolution reaction, whereas that of TiO, NS is
sufficient. Thus, not only the interface charge transition from
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Figure 9. Proposed charge-transfer mechanism in the Co(OH),/
TiO,_NS photocatalyst.
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Co(OH), to TiO, NS but also the Co(OH), photocatalysis
contribute to the photocatalytic reaction of Co(OH),/
TiO, NS.

4. CONCLUSIONS

In this study, the effect of Co loading on the visible light
responsivity of TiO,_ NS photocatalysts was investigated. The
Co(OH),/TiO, NS stacked photocatalyst was prepared by
adding Co(NO;),-6H,0 to a suspension of TiO, NS
exfoliated from K,¢Ti;;3Liy,,0,4 In the UV—vis diffuse
reflectance spectra, new absorption bands appeared in the
visible light region upon loading Co species onto TiO,_ NS,
i.e, an absorption at approximately 600 nm ascribable to
Co(OH), and another near 400 nm due to the interfacial
charge transfer between Co(OH), and TiO, NS. The
photocatalytic activity of TiO, NS with different amounts of
Co(OH), loading was investigated in the O, evolution
reaction in aqueous AgNO; solution. O, evolution activity
under visible light was observed for all the examined
Co(OH),/TiO,_NS catalysts, among which the catalyst with
10 wt % Co(OH), loading exhibited the highest activity. The
wavelength dependence of the photocatalytic activity of
Co(OH),/TiO,_ NS revealed that the photocatalytic reaction
is promoted by Co(OH), photocatalysis and the interfacial
charge transfer between Co(OH), and TiO,_ NS under visible
light irradiation. The results obtained in this study can be
applied to a photocatalyst design for solar water splitting and
are expected to contribute to the development of visible-light-
responsive photocatalysts using 2D materials such as TiO,
nanosheets.
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