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Abstract

The heteroassembly of two-dimensional (2D) nanosheets has attracted rapidly increasing attention
for designing new materials and nanodevices, in which the properties of the individual components can
be modulated through the concerted interaction between the different 2D nanosheets. Here, we report
on the layer-by-layer integration of photofunctional titania nanosheets and conductive reduced
graphene oxide (rGO) to enhance the photochemical activity of the titania nanosheets.
Heteroassembled films were fabricated by sequentially assembling graphene oxide (GO) and titania
nanosheets with a cationic polymer and subsequently exposing to UV light to reduce the GO. The films
showed an accelerated photoinduced hydrophilic conversion, the rate of which was 2.8 times higher
than that of a film solely of the titania nanosheets. This behavior indicates that the rGO worked as an
electron transfer mediator and improved the photoinduced charge separation efficiency. The intimate
contact between two different 2D nanosheets promotes the efficient utilization of photogenerated

carriers.



Introduction

The integration of graphene, two-dimensional (2D) carbon material, with semiconducting
materials has been extensively investigated in the field of photocatalysis during the last decade.''°
Because the graphene has lower Fermi level compared to the lower edge of the conduction band for
various semiconductor photocatalysts such as TiO,, ZnO, CdS, etc., the graphene works as an acceptor
for electrons photogenerated in the semiconductor photocatalysts. In addition, the good electrical
conductivity of graphene accelerates the migration of the electrons to suppress the recombination of
electron-hole pairs. As a result, the semiconductor-graphene composite photocatalysts show improved
charge separation efficiency, which promotes various photocatalytic reactions efficiently, including
photocatalytic air/water purification,"" water splitting,'> CO, reduction,!® antibacterial activity,'"* and
photoinduced superhydrophilicity.!> The reduced graphene oxide (rGO) is often used instead of
graphene because of its easiness of handling. In these systems, however, there are difficulties in making
uniform and large area contact between semiconducting materials and graphene in the composites,
which are obtained by mixing the two components. To improve the photocatalytic activity of the
semiconductor-graphene composite photocatalysts, it is necessary to make good contact with large
interface area between semiconducting materials and graphene uniformly at the molecular scale.

Another 2D materials, metal oxide nanosheets, have also attracted significant attention because of
their unique structural, electronic, and morphological features.'®?* The oxide nanosheets, which are
derived from their parent layered crystals via exfoliation, possess an ultrathin thickness of a few
nanometers, and their lateral size ranges from submicrometers to several tens of micrometers. Because
of such a molecularly thin 2D structure, the oxide nanosheets show unique properties that differ from
those of the bulk and nanoparticles. In recent decades, it has been reported that various types of oxide
nanosheets exhibit a range of functionalities, such as robust high-k dielectric properties,?'?

magneto-optical effects,?* energy storage abilities,>2® and electrochromism.?” Among these nanosheets,



titania nanosheets are particularly attractive because of various useful properties, including
photofunctionality.’”?-*! We have reported that titania nanosheets work as photoelectrodes,? which
generate an anodic photocurrent by a bandgap excitation. Titania nanosheets and some other oxide
nanosheets yielded photoinduced superhydrophilicity®*3¢ and photocatalytic abilities***!37-40 under
ultraviolet (UV) irradiation.

The heteroassembly of two different types of 2D nanosheets has emerged as a fascinating route to
novel artificial materials and systems, which evolve new or enhanced functionalities through the
cooperative action of the components' different properties.*'*> In our previous study, we demonstrated
that an alternate assembly of Co-substituted titania nanosheets and Fe-substituted titania nanosheets has
resulted in a significantly enhanced magneto-optical response in comparison with that from either
individual film.** Heteroassembly of oxide nanosheets with graphene is of significant interest,***® but
such studies are still limited and, in particular, demonstration on molecular-level integration has been
rare. Recently we have reported the layer-by-layer assembly of graphene oxide (GO) and its reduced
form with titania nanosheets and found that the fabricated films show efficient photoinduced charge
accumulation.**° On the basis of these results, control of photochemical activity of oxide nanosheets
via integration with GO (rGO) would be very attractive research target, although there have been no
reports up to now, to the best of our knowledge.

In the present study, we constructed a heteroassembled film composed of titania nanosheets and
rGO, expecting an improvement of the photoinduced hydrophilic conversion activity of the titania
nanosheets. The photoinduced superhydrophilicity is one of the most important properties of
semiconductor photocatalysts for practical applications.’'® This property yields anti-fogging effects
and self-cleaning effects, which can be used for environmental mediation, indoor furnishing, and
building materials. In a previous study,”® we reported that the photoinduced superhydrophilicity was

attained on a monolayer film of titania nanosheets, while lower activity was observed in 5- and
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10-layer films of titania nanosheets in comparison to a monolayer film. This behavior can be
understood by the fact that photogenerated electrons and holes predominantly undergo recombination
while migrating to the topmost surface through the multilayer films. To improve the properties of the
system, the photogenerated holes, which are responsible for inducing the hydrophilic conversion,>-5¢
should be preferentially concentrated in the topmost titania layer of the films. Therefore, we employed
rGO in this study, which may work as an acceptor of electrons generated in the titania nanosheets under
UV irradiation. It is anticipated that the electron transfer is facilitated by the large interface area
between the two types of nanosheets to improve the charge separation efficiency, ultimately enhancing

the hydrophilic conversion rate of the titania nanosheets.

Experimental
Synthesis of nanosheet suspensions. A colloidal suspension of Tijg;0,°% nanosheets was prepared
according to previously reported procedures.”’"® Briefly, a mixture of TiO,, K,CO;, and Li,CO;
powders (TiO0,:K,CO;:Li,CO; = 1:0.23:0.078 in mole) was heated at 1173 K in air for 1 h. After
cooling, the powder was ground and annealed at 1273 K for 20 h to obtain a pure phase of
KosTi;73L192704. The obtained KosTi73Li0,,0, was dispersed and stirred in a 1 M HCI solution at
ambient temperature for 3 days to yield a protonated phase, H,;(;Ti;730,H,O. The obtained
H, o7 Ti, 304,H,O was exfoliated by agitating for one week in a tetrabutylammonium (TBA) hydroxide
solution with a concentration adjusted to a molar ratio of TBA*/H* = 1. The resulting suspension
contained negatively charged unilamellar nanosheets of Tips,0,°°> having an average lateral size of
~400 nm.

Graphene oxide (GO) nanosheet suspensions were prepared from natural graphite flake (Wako,
>98.0% purity, and 15 pum in diameter) using a modified Hummers' method.>° Briefly, 1 g of graphite,

1.2 g of KNO; (Wako, 99.0%), and 50 cm? of H,SO, (Wako, 95%) were mixed in a 1000 cm® beaker.



Then, 6 g of KMnO, (Wako, 99.3%) was slowly added. The solution was stirred for 6 h at room
temperature. Subsequently, after the temperature of the solution was increased to 80 °C, 20 cm?® of
water was added dropwise to avoid further rise in temperature. Then, 100 cm?® of water was added to
further dilute the suspension, followed by the slow addition of 6 cm?® of H,O, (Wako, 30 wt%). After
the solution was cooled to room temperature, the resulting precipitate was diluted to 1000 cm?® with
water and stood still for several hours to allow for sedimentation. Then, the supernatant was decanted.
The decantation and the dilution were repeated several times until the pH of the solution was ~4. The
resulting solution was ultrasonicated for 1 h to yield the suspension containing negatively charged GO
nanosheets.

Film Fabrication. Quartz glass and Si wafer substrates were cleaned by immersing in a bath of
methanol/HCI (1:1 in volume) and then in concentrated H,SO,, for 30 min each. Multilayer films were
fabricated via the sequential adsorption procedure.®' First, the substrate was immersed in an aqueous
solution of polydiallyldimethylammonium chloride (PDDA, 20 g dm™, and pH = 9) to turn the surface
positively charged. Then, the PDDA-coated substrate was immersed in a colloidal suspension of
nanosheets (0.06 g dm= and 0.10 g dm™ for the Tiy5,0,°°* and GO nanosheet suspensions, respectively,
pH = 9). The substrate was immersed in each solution for 20 min and then rinsed thoroughly with
ultrapure water.

Characterization. Atomic force microscopy (AFM) images were collected in tapping-mode using a
SIT NanoNavi II Station and a cantilever (SI-DF20, SII) to examine the topography of the nanosheets
deposited onto a Si wafer substrate. A spectrophotometer (U-4100, Hitachi) was employed to record the
UV-vis absorption spectra. A contact angle meter (CA-XP, Kyowa Interface Science) was employed to
evaluate the wettability of the sample surfaces. A 500 W Xe lamp (XEF-501S, Sanei-Electric) equipped
with cold mirrors that do not reflect light with a wavelength of >500 nm was employed as a UV light

source. The light intensity was calibrated with a spectroradiometer (USR-45, Ushio).



Results and Discussion

Tip5,0,%°% and graphene oxide (GO) nanosheet suspensions were prepared according to previously
reported procedures.’” The obtained nanosheets were assembled into a monolayer film using the
layer-by-layer assembly method.®! We observed the films fabricated on a Si wafer by atomic force
microscopy (AFM) as shown in Figure 1. The thickness of the Tis,0,%°* nanosheets was estimated as
~1.2 nm, and the lateral size ranged from 100 nm to 800 nm. The surface coverage was 85%, and the
overlapped area was 41% in the monolayer film of the Ti,3;0,°°* nanosheets. In contrast, the thickness
of the graphene oxide (GO) nanosheets was estimated as ~0.98 nm, and the lateral size ranged from
300 nm to 1700 nm. The surface coverage and overlapped area were 97% and 70%, respectively, in the
monolayer film of GO nanosheets. Although there were uncoated or overlapped areas, a substantial

monolayer film was formed in each case.

Figure 1. AFM images of films of (a) substrate/PDDA/Ti,5,0,°5%, (b) substrate/PDDA/GO, and (c)

substrate/PDDA/GO/PDDA/Ti, 3;0,%%%. Si wafers were used as substrates.

To fabricate a heteroassembled film, a monolayer film of GO nanosheets was covered with PDDA



and then with the Tiy;0,%°* nanosheets. The AFM image suggests the presence of two types of
nanosheets (Figure 1c¢). In addition, UV-vis absorption spectra clearly supported the successful
formation of the heteroassembled film on a quartz substrate. Monolayer films of Ti,5;0,°°% (Figure 2,
blue line) and GO (Figure 2, green line) nanosheets yielded absorption peaks at 265 nm and 230 nm,
respectively. The absorbance at the peak wavelengths was 0.19 and 0.03, which is consistent with that
reported in a previous paper.” The absorbance of the heteroassembled film (Figure 2, red line) was
nearly equal to the sum of the absorbance of the monolayer films of the Tijs,0,°5?- nanosheets and GO
nanosheets. On the basis of the above results, it is confirmed that the heteroassembled film of
substrate/PDDA/GO/PDDA/Ti 5,0,°°* is composed of the monolayer film of the Tij;,0,°* nanosheets
assembled on top of the monolayer film of the GO nanosheets with an intervening layer of PDDA at the

molecular level.
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Figure 2. UV-vis absorption spectra of monolayer films of substrate/PDDA/Ti,;0,°* (blue line) and
substrate/PDDA/GO (green line), a heteroassembled film of substrate/PDDA/GO/PDDA/Tigg,0,%*

(red line), and the heteroassembled film after UV irradiation (1 mW/cm?) for 48 h (purple line).

The obtained heteroassembled film of substrate/PDDA/GO/PDDA/Ti(,0,%* was exposed to UV



light (<300 nm, 1 mW/cm?, and 48 h) for the reduction of the GO nanosheets as well as the removal of
the PDDA layers. Upon UV irradiation, we observed a broad enhancement of the absorbance in the
visible range (Figure 2, purple line), which is characteristic of rGO %% whereas the spectral profile at
300 nm and below did not change. This enhancement indicates that the GO layer was photocatalytically
reduced to rGO by the injection of excited electrons generated in the Tips,0,°* layer under UV
irradiation.** The reduction of GO is also confirmed by the change of carbon (1s) X-ray photoelectron
spectroscopy (XPS) data (Supporting Information, Figure S1). The relative intensity of
oxygen-containing carbon groups compared to the total intensity of carbon became small after the UV
irradiation. The UV irradiation also causes decomposition of PDDA into NH,* or H* by the
photocatalytic action of the Tij5;,0,°% nanosheets according to our previous reports.**> The removal of
the PDDA layers has been confirmed by the decrease of the d-spacing of 002 peak associated with the
separation between GO and Ti, g70,°? nanosheets.*” As a result, we obtained polymer-free bilayer films
composed of monolayers of Tiyg,0,°%* and rGO, or substrate/rGO/Ti, g;0,°>.

The fabricated films showed superhydrophilicity because of the pre-irradiation. Prior to the
wettability conversion measurements, the films were heated (100 °C, 48 h, and in air) to turn their
surface hydrophobic,®® yielding a water contact angle greater than 40°. Then, we performed
photoinduced wettability conversion tests. For both the heteroassembled film and the monolayer film of
the Tiy5,0,%°* nanosheets, the water contact angle gradually decreased to ~5° under UV irradiation (10
mW/cm?, in air); however, the former attained the superhydrophilic state in a shorter period of time
(Figure 3a). The empirically defined rate’* for the hydrophilic conversion, as estimated by taking the
slope of the plots for the reciprocal of the contact angle®” and the irradiation time, was 1.2 x 10 and

4.3 x 103 degree! min! for the heteroassembled film and the monolayer film, respectively (Figure 3b).
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Figure 3. Changes in (a) contact angle and (b) its reciprocal for the monolayer film of
substrate/Tiyg,0,°>> (blue circles) and the heteroassembled film of substrate/rGO/Ti,,0,°°* (red

circles) under UV light irradiation (10 mW/cm?, in air).

We also examined the hydrophilic conversion of the films under various intensities of UV light,
and the hydrophilic conversion rate is plotted against the UV light intensity (Figure 4, filled circles).
Similar to our previous observations for the monolayer film of Tiye;0,%** nanosheets,” the
heteroassembled film yielded a linear relationship with a slope of ~1 between the logarithms of the
hydrophilic conversion rate and the light intensity. This result suggests that the wettability conversion

proceeded under light-limiting conditions, even when the intensity was as high as 30 mW/cm?, where
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the recombination of photogenerated carriers usually prevails, as was actually observed for 5- and
10-layer films of the Tip;0,%** nanosheets.>* More importantly, the rate for the heteroassembled film
was 2.8 times larger than that for the monolayer film of the Ti,;0,°? nanosheets. The heterojunction

of rGO and Tiy5,0,°* nanosheets accelerates the hydrophilic conversion of the film surfaces.
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Figure 4. Dependence of photoinduced hydrophilic conversion rate on the UV light intensity: a
monolayer film of substrate/Ti ;0’5 (blue circles) and a heteroassembled film of
substrate/rGO/Ti 5,0,°%* (red circles). The UV irradiation was performed in ambient air (filled circles)

or a humid N, atmosphere (open circles).

The enhancement of the hydrophilic conversion rate is ascribable to the improvement in charge
separation efficiency because the rGO layer may work as an electron acceptor. To investigate the role
of the rGO layer in more detail, we examined the hydrophilic conversion of the heteroassembled film
and the monolayer film of Ti;g;0,°3% nanosheets under a humid N, atmosphere. Both of the films
showed fairly slow wettability change in a humid N, atmosphere compared with in air (Supporting

Information, Figure S2). The extent of the suppression in activity was much higher for the
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heteroassembled film, and the rates in N, were similar to each other (Figure 4, open circles). These
results suggest that the rGO layer does not accumulate electrons transferred from the Tigg,0,%%*
nanosheets, which is different from the case of the photoinduced enhancement in conductivity of
(rGO/Tip5,0,°5%),-based field-effect transistor in our previous report,”® and that the O, molecules in the
air are indispensable for the hydrophilic conversion. Without O, molecules, the electrons that are
injected into the rGO layer in the heteroassembled film might transfer back to the Ti(s;0,°> nanosheets
and recombine with the remaining holes. Hence, we conclude that the rGO layer works as an electron
transfer mediator and enhances the charge separation efficiency, which results in the efficient utilization
of holes for hydrophilic conversion.

The fact that the rGO layer works as an electron transfer mediator can be supported by the
difference of energy levels for each component as shown in Figure 5. Since the work function of rGO
has been determined by ultraviolet photoemission spectroscopy as ~4.36 eV vs. vacuum® (-0.08 V vs.
SHE), excited electrons in the conduction band of anatase TiO, (-0.16 V vs. SHE®""?) can be injected
into rGO in the TiO,-rGO composites.®®7! The conduction band edge for the Tiy,0,°¢ nanosheets is
more negative by 0.12 V than that for anatase TiO,,”* and thus excited electrons in the Tijs,0,%*
nanosheets are also possible to transfer to the rGO layer. On the other hand, O, molecules can be
reduced to HO, at the potential of -0.046 V vs. SHE,”> which is more positive than the Fermi level of
rGO. Hence, excited electrons in the Tiys;0,°%> nanosheets under UV light can be transferred to O,

molecules through the rGO layer in the present system.
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Figure 5. Schematic energy level diagram of rGO/Ti,s,0,°°*. Ecg and Eyg denote the conduction band
edge and the valence band edge of Ti,5;0,°? nanosheets, respectively, and Er denotes the Fermi level

of rGO.

When considered from a different point of view regarding the results shown in Figure S2, the
presence of O, in air accelerates the hydrophilic conversion for both the heteroassembled film and the
monolayer film. It is noteworthy that the increase in the rate for the monolayer film (3 times) was not
significant compared with that observed for the heteroassembled film (7 times). This suggests that the
electron transfer from the Tij5,0,%°* nanosheets to the O, molecules in air occurs more easily when the
rGO layer is present beneath the layer of Ti,s;0,°? nanosheets. This is probably due to the intimate
contact between the Tis;0,"> nanosheets and the rGO nanosheets because of their two-dimensional
nature.

We also examined the effect of the rGO layer on the hydrophilic conversion of multilayer films of
Tip5,0,°°* nanosheets. We fabricated heteroassembled films composed of multilayer films of the

Tip570,%°% nanosheets on top of the monolayer film of rGO, substrate/rGO/(Tiys,0,°%), (n = 2 and 5),

13



as well as multilayer films of the Ti,s;0,°>? nanosheets (substrate/(Tips,0,°°%),, n = 2 and 5) by similar
procedures involving layer-by-layer assembly and subsequent UV irradiation. The 2-layer film of the
Tip570,%°* nanosheets showed a small increase in the rate (~1.1 times) by integrating with the rGO
layer, whereas the 5-layer film did not. These results may indicate that the excited electrons generated
in the Tiyg,0,°°* nanosheets can effectively transfer to the rGO layer only when the Tijg,0,°5%
nanosheets are in direct contact with the rGO layer.

We also fabricated heteroassembled films composed of two layers of rGO nanosheets underneath a
monolayer of Tiyg;0,%°* nanosheets, substrate/(rGO),/Ti,;0,°%. The hydrophilic conversion rate for
substrate/(rGO),/Tip5,0,%°* was 1.0 x 10 degree! min' at the intensity of 10 mW/cm?, which is
similar to that for substrate/rGO/Ti, s;0,°?-. Hence, no more enhancement in photochemical activity of
rGO/Ti5,0,°°* composites was obtained by integrating with another layer of rGO, suggesting that one
layer of rGO nanosheets is enough to enhance the charge separation efficiency.

Several groups have reported on the photocatalytic decomposition of rGO by TiO, such as
anatase.”>” Thus, we also examined the stability of GO as well as rGO in the heteroassembled film of
substrate/PDDA/GO/PDDA/Tips,0,°°* in comparison with that in a reversely stacked film,
substrate/PDDA/Ti, 5;0,°°>/PDDA/GO, against UV irradiation. In the case of the latter film, the water
contact angle (Figure 6a, blue circles) and the absorbance in the visible range (Figure 6b, blue circles)
increased during the initial several hours, and then both of the contact angle and the absorbance
decreased. The initial increase in the contact angle was due to the removal of the oxygen-containing
groups in GO, resulting in the appearance of the hydrophobic nature of rGO.”® This is consistent with
the enhancement of the absorbance throughout the visible-light range, which is characteristic of rGO.
The prolonged UV irradiation may have eventually led to the photocatalytic decomposition of rGO and
the gradual exposure of the Tiyg,0,%°* surface to air, which promoted the superhydrophilicity of the

film surface. The decomposition of rGO is also supported by a decrease in absorbance for the visible
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range. In contrast, substrate/PDDA/GO/PDDA/Tiys,0,°°* showed a different behavior. The contact
angle monotonically decreased to show the superhydrophilicity (Figure 6a, red circles). The
absorbance in visible-light range was enhanced during the initial several hours of irradiation and then
remained nearly constant, indicating the formation of rGO (Figure 6b, red circles). When the rGO
layer is on top of the Tiys;0,°% layer (substrate/Tiys,;0,°92/rGO) and most of the rGO surface is
exposed to air, the rGO layer is easily decomposed by the photocatalytic activity of Tis;0,°% because
of the easy contact with O, and H,O, which are sources of active oxygen species. In contrast, in
substrate/rGO/Ti5,0,°%, the Tiy5,0,%* layer protected the rGO layer from the ambient atmosphere
and photocatalytic decomposition. Reversible hydrophilic/hydrophobic conversion was observed at

least up to 7 cycles without dramatic changes in the absorption spectra of the films.
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Figure 6. Changes in (a) contact angle and (b) absorbance for substrate/PDDA/Ti,s,0,°%/PDDA/GO
(blue circles) and substrate/PDDA/GO/PDDA/Ti,5,0,°5% (red circles) under UV irradiation (<300 nm,

1 mW/cm?). Inset in (a) shows an expanded figure in the initial stage of UV irradiation.

Conclusions

We achieved the modulation of photochemical activity of the titania nanosheets by introducing an
underlying film of rGO; photoinduced hydrophilic conversion properties of the titania nanosheets were
enhanced. The rGO layer served as an efficient mediator for the electron transfer from the titania
nanosheets to the O, molecules in air because of the intimate 2D contact between the two layers. The

stacked heteronanostructure is promising for designing various photofunctional materials, including
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photocatalysts, because of the efficient charge separation at the interface between two types of 2D

materials.
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