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In this study, a hybrid photocatalyst with titanium oxide using reduced graphene nanoribbons (rGNR) was fabricated. The

resulting 0.5wt% platinum-loaded titanium oxide-supported reduced GNR (Pt/TiO,/rGNR) exhibited an activity of 2.54 mmol

ht gt which is 6.35 times higher than the 0.40 mmol h'* g of the titanium oxide photocatalyst. This activity was also higher
than that of the starting material, multi-walled carbon nanotube (MWCNT)-supported titanium oxide (Pt/TiO,/MWCNT) as

0.80 mmol h* g, The resulting catalysts were characterized by X-ray photoelectron spectroscopy (XPS) and fluorescence

lifetime spectroscopy, and the GNRs chemically reduced by NaBH, (rGNR) had higher conductivity than the GNRs reduced

by photogenerated electrons (pGNR) from titanium oxide. The photocatalytic reaction and photocurrent test found that

almost no photoresponsivity of reduced GNR character was exhibited. This result clarified that the reduced GNRs played a

role as a mediator that promotes charge separation between photocatalysts and that effective hydrogen production in water

was achieved.

Introduction

Environmental changes caused by global warming are due to
greenhouse gases such as carbon dioxide (CO;), which are emitted
from burning fossil fuels. To reduce CO, emissions, there is a
worldwide need for green energy transmission materials that do not
emit CO,. Solar energy is an attractive renewable energy alternative
to fossil fuels.[1,2] Converting solar energy into chemical energy is a
very useful means of storing solar energy efficiently and as a
sustainable energy carrier with minimal environmental impact.
Among the solar fuels produced by artificial photosynthesis,
hydrogen is expected to be the one of most attractive energy carriers
because it can be compressed and transported and does not produce
pollutants when burned [3,4]. Hydrogen can be used in highly
efficient power generation systems such as internal combustion
engines and fuel cells and can be produced electricity from water and
sunlight. In addition, hydrogen can be combined with atmospheric
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carbon dioxide and emissions from coal- and natural gas-fired plants
to produce precursors for methanol, synthetic natural gas, plastics,
and fertilizers [5]. One of the most important challenges in realizing
such a process is efficient and cost-effective water splitting at the
scale needed to meet the world's energy needs (i.e., tens of
terawatts) [6]. Solar fuel from water splitting using particulate
semiconductors as a photocatalyst, both sunlight absorption and
catalysis can be performed by a single particle, and the system is a
relatively low-cost system in the light-driven photocatalytic system
[7, 8]. However, the solar hydrogen production system using the
powder has not reached the efficiency required for practical
application [9,10]. Therefore, further design and development of
efficient photocatalysts is important. To increase the efficiency of
water splitting, a photocatalyst can be combined with carbon
materials to achieve a charge-separated state [11]. The carbon
materials can be chosen such as active carbon [12], fullerene [13],
CNT [14], carbon nitride-based materials [15], and graphene-based
materials [16-18]. Graphene-based composite photocatalysts are
used as a typical example because this 2D structure. This can be
enhanced the light-energy adsorption and reaction site due to large
surface area, also improvement of the composite charge separation
properties due to high conductivity and redox properties. Srivastava
et al. reported the enhancement of photocatalytic properties with
reduced graphene oxide/TiO, composite [19]. Kudo et al.
demonstrated the Z-scheme type photocatalytic reaction in BiVO,
and SrTiO3 with reduced graphene oxide as a redox mediator [20].
Gopinath et al. reported a film type of photocatalyst with
Au/Pd/graphene oxide/TiO, for hydrogen production [21].
Graphene-based composites were also accepted to use the CO,
reductive conversion photocatalyst [22]. These developments
indicated that graphene-based materials showed highly promising
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composites for photocatalytic reactions. One of the disadvantages of
graphene-based composites was the difficulty of fabrication with the
non-oxidized structure of graphene due to the low dispersibility in
aqueous solution because of its hydrophobicity. To overcome this
issue, graphene oxide can be used for photocatalytic reactions,
however low crystallinity and difficulty in controlling charge traps
make reducing of the photocatalytic activity [23,24]. Tour et al.
reported the top-down synthesized graphene nanoribbon (GNR)
from CNT has higher crystallinity and conductivity than graphene
oxide, and is expected as a new charge transfer material [25]. It was
demonstrated that GNR can be used in such supercapacitors [26,27],
transistors [28], and aerogel for conductive materials [29] suggesting
high conductive and redox mediator properties. Recently, Liu et al.
reported that CdS/GNR obtained by oxidative cleavage of carbon
nanotubes into graphene nanoribbons followed by supporting
cadmium sulfide showed high photocatalytic hydrogen production
performance. [30] Serge Ayissi et al., estimated that anatase or rutile
phase of TiO, and graphene nanoribbons can be electro chemical
interaction at chemisorption sites of graphene structure.[31]
Zhizhong Han et al., reported that graphene nanoribbon decorated
TiO, nanosheet enhanced photocatalytic organic dye decomposition
property than that of TiO, nanosheet itself. [32] H. Esmaili et al.,
reported that photo-electrochemical water splitting with
naphthalene diimide functionalized graphene nanoribbons as water
oxidation layer on TiO, film. [33] These results strongly suggested
that the interaction of TiO, and graphene nanoribbons can be
enhanced photocatalytic activity due to effective charge separation
between interfaces of graphene/TiO, surfaces. However,
photocatalytic nanoribbons generally used in oxide state, which has
many oxygen-derived modification groups exist on the surface of
GNRs obtained by oxidative cleavage and function as electron
trapping sites. Such modification sites can be removed by reductive
techniques such as hydrogen reduction treatment and hydrazine
chemical reduction [25]. Here, we reported the synthesis, structural,
physical, and photocatalytic properties of the anatase TiO,
nanoparticle loaded GNR by sol-gel hydrothermal method. By
oxidative cleavage of MWCNT, oxidative GNR was synthesized. Two
different methods of loading platinum co-catalysts on TiO,/GNR
were investigated. One is the reduction of platinum by photoexcited
electrons supplied by titanium dioxide and the other is the chemical
reduction of NaBH,. These reduction methods not only supported
platinum on TiO,/GNR but also reduced the excessively oxidized GNR
skeleton. In particular, the oxidized GNR skeleton reduced by NaBH,
acted as an effective charge transport medium and greatly improved
the photocatalytic activity.

Experimental

General

X-ray diffraction (XRD) patterns were collected on an X'Pert Pro
PANalytical diffractometer with Cu Ka radiation (A = 0.15418 nm).
Transmission electron microscopy (TEM) was performed on a JEOL
JEM  ARM200F (200  kV).
spectroscopy (XPS) was measured with Kratos Ultra2. IR spectra were
measured with Shimadzu IR Prestige-21. Raman spectra were tested

microscope X-ray photoelectron

with Renishaw inVia Raman Microscopes. The UV-visible diffuse
reflectance (UV-vis DR) spectra were recorded using a UV-vis
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spectrometer (HITACHI U-3310) equipped with an integrating
sphere. Photoluminescence (PL) spectra were measured using a
HITACHI F-7000 instrument with an excitation wavelength of 265 nm.
The PL decay was determined using a HORIBA Jobin Yvon FluoroHub
with a TBX-PS detector source. A HORIBA 265 nm NanoLED (<1.2 154
ns pulse) was used for the excitation. Particle size distribution was
corrected with a Horiba LA-920 analyzer. Photocurrent tests
potentials were measured with a BAS-100B/W electrochemical
analyzer, measurements were performed using a cell equipped with
catalysts-loaded FTO glass as the working electrode, a platinum wire
as the counter electrode, and Ag/AgCl as the reference electrode.
Impedance tests were performed lvium CompactStat.h system.
Preparation of photocatalysts

Preparation of Pt/TiO,

TiO, was prepared using the sol-gel method [34]. Titanium tetra
isopropoxide (Wako 1.63 g) was added to ethanol (150 mL) and
titrated with a mixture of ethanol (Nacalai Tesque, 99%) and acetic
acid (Nacalai Tesque, containing 99% acetic acid, 30 mL/30 mL) for 1
hour while stirring. The pH was then adjusted to pH=9 with ammonia
water (Nacalai Tesque, containing 28% ammonia), followed by
suction filtration, washing with ion exchange water, drying at 60 °C,
and calcination at 300 °C for 30 minutes. Pt/TiO, was prepared by the
reduction of H,PtClg (Sigma-Aldrich, 8 wt% in H,0) to the prepared
TiO, by NaBH, (Nacalai Tesque, 92%) aqueous solution. Synthesized
TiO, (100.0 mg) was dispersed in ion exchange water (10 mL), to
which H,PtClg (12.5 pL) and NaBH4 (1M, 1 mL) were added in one
portion, stirred for 30 minutes, suction filtered, washed with ion
exchange water, and dried at 60 °C.

Preparation of Pt/TiO,/MWCNT

Pt/TiO,/MWCNT was synthesized as follows. MWCNT (150.0 mg) was
well dispersed in EtOH (150 mL) by ultrasonication. Titanium tetra
isopropoxide (Wako, 1.63 g) was dropped into MWCNT-containing
solution, followed by AcOH/EtOH (30 mL/30 mL) for 60 minutes at 25
°C. The suspended solution was adjusted to pH = 9 by ammonia water
solution (28%). The reactant of MWCNT was filtered through a
membrane filter (ADVANTEC, pore size:0.5 um), and washed with DI
water. The filtrate was calcined for 30 minutes. at 300 °C to give
MWCNT/GNR (450.0 mg).

Preparation of TiO,/GNR

Graphene nanoribbon (GNR) was synthesized according to the
literature [25]. Briefly, MWCNT (Sigma-Aldrich, >95 %, 50-90 nm
diameter, 500.0 mg) was portioned once into concentrated H,S0,
(Nacalai Tesque, 97%, 100mL) and KMnO, (Nacalai Tesque, 1.5 g,
99.3%) for 30 minutes [25, 32]. at 25 °C. After the reaction, the
suspended solution was suction filtered through a membrane filter
(ADVANTEC, pore size: 0.5 um), washed with concentrated HCI
(Nacalai Tesque, 35%), followed by DI water. The GNR (800.0 mg) was
given after drying at 50 °C. GNR (150.0 mg) was well dispersed in
EtOH (150 mL) by ultrasonication. Titanium tetra isopropoxide
(Wako, 1.63 g) was added into GNR solution, followed by AcOH/EtOH
(30mL/30 mL) for 60 minutes at 25 °C. The suspended solution was
adjusted to pH = 9 by an aqueous NHj; solution (28%). The reactant
of GNR was corrected through a membrane filter (ADVANTEC, pore

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Synthetic procedure of Pt/TiO,/rGNR or Pt/TiO,/pGNR composite

size:0.5 um), and washed DI water. The filtrate was calcined for 30
minutes at 300 °C to give TiO,/GNR (450.0 mg).

Pt/TiO,/rGNR (reduced GNR: Pt loading by NaBH,; with chemical
reduction of GNR)

H,PtClg (Sigma-Aldrich, 8 wt% in H,0, 12.5 pL) was added into GNR
suspense solution, followed by rapidly injected NaBH, aqueous
solution (1M, 1 mL) at 25 °C. After 30 minutes, the reactant of
TiO,/rGNR was filtered through a membrane filter (ADVANTEC, pore
size:0.5 um), and washed with DI water. The Pt/TiO,/rGNR (800.0
mg) was given after drying at 50 °C.

Pt/TiO,/pGNR (pGNR: Pt loading by photo deposition method with
photochemical reducing GNR)

H,PtClg (Sigma-Aldrich, 8 wt% in H,0, 12.5 uL) was added into GNR
suspense solution, followed by rapidly injected NaBH,; aqueous
solution (1M, 1 mL) at 25 °C. After 30 minutes, the reactant of
TiO,/GNR was filtered through a membrane filter (ADVANTEC, pore
size:0.5 um), and washed with DI water. The Pt/TiO,/GNR (800.0 mg)
was given after drying at 50°C.

Photocatalytic reaction

The photocatalytic water splitting was performed using a closed gas
circulating glass reactor with a dead volume of 350 cm3. The
photocatalyst (50 mg) was dispersed in a quartz reaction cell
including 10 mM MeOH/distilled water (30 mL). The atmosphere of
the reaction cell was exchanged to Ar (100 Torr). The reaction cell
was irradiated using a 300 W Xe lamp (Cermax PE300BUV, Excelitas
Technologies Corp.) under magnetic stirring. The light intensity of the
Xe lamp was adjusted to 1.3 W cm™. The evolved gases were
detected using a gas chromatograph (GC 8A, Shimadzu Corp.)
equipped with a thermal conductivity detector.

Results and discussion

This journal is © The Royal Society of Chemistry 20xx

The synthetic procedure of the Pt/TiO,/GNR composite was
illustrated in Figure 1. MWCNT was unzipped to be suspended in a
KMnO,/concentrated H,SO, solution. Synthesized GNR was loaded
with TiO, nanoparticles by sol-gel condensation method. Finally,
metallic platinum as a co-catalyst was loaded by in-situ Pt°
generation with H,PtClg as a precursor and NaBH, reduction reagent.
At this time, the GNR of some oxidized groups was reduced to
generate a reduced-GNR structure (rGNR: GNRs chemically reduced
with NaBH,.). We also performed photoreduction using excited
titanium oxide. In this case, the electrons generated by titanium
oxide not only reduced the platinum species, but also reduced of
some oxidized species to the photo-reduced GNRs structure (pGNR:
GNRs reduced by photogenerated electrons from photo excited
TiO,). The structures of GNR and Pt/TiO, supported on the catalyst
were analyzed by several techniques including XRD, IR, Raman,
UV-vis DR, XPS, and TEM. Figure 2a showed the XRD pattern of
starting  material  MWCNT, synthesized GNR, Pt/TiO,,
Pt/TiO,/MWCNT, Pt/TiO,/pGNR and Pt/TiO,/rGNR. After the
oxidation of MWCNT, a characteristic peak of MWCNT at 26.4°
disappeared while the pattern of GNR showed at 9.9°, 26.1°, and
42.8°. These peaks pattern is in good agreement with the reports
from other group [25]; thus, it was confirmed that the MWCNT-
unzipped structure of GNR was synthesized. Pt/TiO, was synthesized
by sol-gel method and then platinum-loaded with NaBH,4 reduction
of H,PtClg. The diffraction peak pattern of 25.2°, 38.5°, 48.2°, 58.9°,
63.1°, 69.4°, and 75.4° was assigned to the anatase phase (JCPDS
Card no. 21-1272). No platinum peak was observed, suggesting small
nano-particle platinum was supported. When Pt/TiO,/MWCNT was
fabricated by the above method in the presence of MWCNT, the TiO,
anatase phase at 25.2°, 38.5°, 48.2°, 58.9°, 63.1°, 69.4°, and 75.4° and
the peak of MWCNT at 26.2° could be observed. On the other hand,
Pt/TiO,/rGNR showed peaks around 25.2° and 42.7°, while a
characteristic peak in GNR at 9.9°disappeared. The peak at 9.9° in

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Characterization of MWCNT, GNR, Pt/TiO,, and after Pt/TiO, loaded samples. (a) XRD patterns, (b) IR spectra (c) Raman

spectra, and (d) DRS spectra.

GNR is due to intercalation of oxygen-containing functional
groups[35], which moved the (001) peak to a lower diffraction angle;
for Pt/TiO,/rGNR and Pt/TiO,/pGNR after hydride reduction with
NaBH, and photoreduction reaction, the (001) peak moved to a
higher diffraction angle in the Pt/TiO,/rGNR and Pt/TiO,/pGNR. The
shorter interlayer distance of the GNR materials after reduction may
be due to the significant removal of oxygen-containing functional
groups. [36] IR spectrum of MWCNT showed adsorbed H,0 of -OH
stretching peak at 3410, 1617 cm™ and CNT skeleton of C=C peaks at
1617 (overlapped with -OH stretching peak) and 1574 cm™! (Figure
2(b))[37]. Unzipped structure of GNR from MWCNT showed new
peaks at 1716 cm! for C=0 stretching mode, 1627 and 1567 cm™ for
C=C stretching mode, and 1396 cm! for C-OH stretching mode, and
1204 and 1153 cm™ for C-O-C stretching mode, and 1063 cm™ for C-
O stretching mode [38]. TiO, showed water adsorption peaks at 3380
and 1618 cm?, and characteristic Ti-O-Ti bond at 572 cm™ [39].
Pt/TiO,/MWCNT, Pt/TiO,/rGNR, and Pt/TiO,/pGNR have confirmed
the peaks of adsorbed water of -OH stretching peak at around 3380,
1618 cm™ and additional peaks of Ti-O-Ti at 572 cm™. In the case of
Pt/TiO,/rGNR and Pt/TiO,/pGNR, the peaks of C=0 and C-O almost
disappeared, while C=C, -OH, and C-O-C peaks remained. This fact
suggested that NaBH,; of hydride nor TiO, photo excited driven
electrons acted as a reducing agent and reduced the carboxyl and C—
O groups of the GNR structure. (Figure 2(b)). Raman measurements
were performed to further investigate the condition of the
composite and the defect structure of the carbon material (Figure
2(c)). MWCNT showed typical G and D bands at 1577 cm™ and 1311
cm?, respectively with G/D = 1.76 ratio. GNR of G/D ratio showed
0.37, suggesting the surface of GNR has oxidized defect sites such as

4| J. Name., 2012, 00, 1-3

COOH, OH, and C-0-C, as IR spectra confirmed. After loading Pt/TiO,
on the carbon materials, similar G/D ratio of 1.79 with the anatase
phase of TiO, at 638, 502, 382, and 147 cm™? was observed for
Pt/TiO,/MWCNT, indicating no change in the CNT surface.
Pt/TiO,/rGNR showed a higher G/D ratio of 0.67 than GNR of 0.37,
supporting the results of reduction of surface defect sites such as
C=0 and C-O-C groups as seen in IR measurements. Pt/TiO,/pGNR of
G/D ratio of 0.58 was lower than Pt/TiO,/rGNR, suggesting that in the
NaBH, reduction process, more GNR defect structures are converted
to graphene structures than photoreduction process. Diffuse
reflectance spectra of MWCNT showed wide-range adsorption at
200-800 nm (Figure 2(d))[40]. After the unzipped structure of GNR,
around 300-800 nm of absorption was weaker due to sp, conjugation
being terminated. In the Pt/TiO,, a characteristic band at 200-380 nm
was observed, and these peaks were also confirmed in the
Pt/TiO,/MWCNT, Pt/TiO,/pGNR, and Pt/TiO,/rGNR. The band gap of
the TiO, in these materials is the same as 3.26 eV. In the
Pt/TiO,/pGNR, and the Pt/TiO,/rGNR of absorption spectra, 400-800
nm of intensities were increased composition with GNR. Tour et al.
have reported that hydrazine treatment reduces the oxidized sites
on the surface of nanoribbons grown from MWCNTs, expanding the
n-conjugated system and causing an absorption shift toward longer
wavelengths [25]. The formation of new absorption bands in GNRs is
explained by the broadening of the conjugated system due to the
reduction of nanoribbons by electrons generated by NaBH,
reduction or photoexcitation. Further surface information of
materials was conducted with XPS (Figure 3). The GNRs did not
observe any Mn peaks, confirming that there is no Mn doping in the
GNRs due to KMnQ, treatment (Fig S1). In the C 1s spectra, MWCNT

This journal is © The Royal Society of Chemistry 20xx
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showed C-C/C=C bonds (284.3 eV), C-OH bonds (285.6 eV), and n—n*
bonds (291.0 eV), while GNR showed new components as C-O/O-C-
O bonds (286.4 eV), C=0 (287.9 eV), and O-C=0 bonds (288.9 eV)[41].
In O 1s spectra, MWCNT showed almost no peaks, while GNR showed
new peaks for C-OH bonds (533.1 eV), for C-O bonds (532.2 eV), and
C=0 bonds (531.2 eV). C 1s and O 1s spectra results suggested the
surface of GNR containing the oxidized OH and COOH moiety [42].
After loading the Pt-TiO, on the carbon materials, MWCNT showed
O 1s spectra of Ti-O bonds at 530.6 eV and Ti 2p spectra of Ti 2p3/2
at 459.1 eV, suggesting the surface located the TiO,.

Cis Q1s Ti2p Pt 4f
MWCNT
GNR :
PUTI0, I
PUTIO, MW CNT W |
PUTI0,/pGNR

A _/\_A i P

PUTI0,/1GNR '

294 291 266 285 262 534 532 530 468 465 462 459 456 82 80 T8 76 74 72 70

Binding energy f eV
Figure 3. XPS spectra of MWCNT, GNR, Pt/TiO,, Pt/TiO,/MWCNT,
Pt/TiO,/pGNR and Pt/TiO,/rGNR.

Pt/TiO,/rGNR also successively confirmed Ti-O bond and Ti 2p3/2,
while all of the Pt-loaded materials confirmed Pt 4f spectra,
suggested Pt was located on the surface of Pt/TiO,, Pt/TiO,/MWCNT,
and Pt/TiO,/GNR materials. In the Pt/TiO,/pGNR and the
Pt/TiO,/rGNR spectra, disappearing/decreasing of the C 1s spectra
components of C=0 (287.9 eV), and O-C=0 bonds (288.9 eV), and O1s
spectra components of C-O (533.1eV), C-O(532.2 eV), and (531.1eV)
were found. These tendencies were consistent with IR spectra. The

detail of the relative peak proportions for XPS analysis were
summarized in Tables $1-S3.

Figure 4. TEM images of (a) MWCNT, (b) GNR (c) Pt/TiO,/MWCNT and
(d-f) Pt/TiO,/rGNR composite.

This journal is © The Royal Society of Chemistry 20xx
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To insight into the morphology of Pt/TiO, on carbon material, a TEM
image was measured. Figures 4(a-b) showed MWCNT and GNR for
this study used. Around 50 nm diameter of MWCNT was unzipped,
and 200-250 nm width of GNR was confirmed. Figures 4(c-d) showed
TEM images of MWCNT and GNR after Pt/TiO, loading. After Pt/TiO,
was loaded with MWCNT, it was confirmed that TiO, was aggregated
and supported on the surface of MWCNT in a branched form. In the
case of GNR, titanium oxide was widely supported on the surface of
GNR. The MWCNT had a Brunauer—Emmett—Teller (BET) surface area
of 25.0 m?g and the GNR had a surface area of 69.8 m?g. The large
surface area of GNR is considered to contribute to the dispersion
support of titanium oxide uniformly. Pt nanoparticles less than 5 nm
in size were found in both Pt/TiO,/MWCNT and Pt/TiO,/GNR
composites. After Pt/TiO, loaded composites of surfaces area was
182.4 m?gt for Pt/TiO,/MWCNT and 190.2 m2g™* for Pt/TiO,/GNR. In
the control experiment, the sol-gel method synthesized Pt/TiO,
without carbon materials of the surface area showed 183.4 m?g?
which was in good agreement with reported the material obtained
by the similar synthetic method for 197 m?g? [34]. The value of
Pt/TiO, was similar to Pt/TiO,/MWCNT and Pt/TiO,/GNR composites,
indicating that TiO, was successfully deposited on the carbon
materials in a similar manner. The BET surface areas were
summarised in Table S4.

a b
@ 700 1 o pyTioyrGNR ® 00 o pumiogranR
—a— PUTIOLpGNR €00
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Figure 5. Photocatalytic hydrogen production over Pt/TiO,/carbon
materials composites in 10 MM MeOH/H,0.

The water splitting reaction under light irradiation was performed by
a 300-W Xenon lamp. As shown in Figure 5a, Pt/TiO, showed the H,
formation rates as 20 umol/h. In the Pt/TiO, and carbon material
composites, Pt/TiO,/rGNR and Pt/TiO,/pGNR showed higher H,
formation rates of 127 pmol/h and 73 umol/h than Pt/TiO,/MWCNT
catalyst showed 40 pmol/h. Furthermore, Pt/rGNR obtained by
NaBH, reduction and heat treatment without adding titanium oxide
process showed a hydrogen production rate of 18 pmol/h,
suggesting that synthesized GNR itself of photocatalytic property is
insufficient. This result shows that GNR acts as a charge mediator
rather than as a photocatalyst. To confirm the stability of
Pt/TiO,/GNR, photocatalytic hydrogen production was three times
repeated. In Figure 5b, during three times of hydrogen production,
no decrease in the hydrogen production rate was observed. After
photoreaction of XRD patterns of photocatalysts did not show no
change the peak and any characteristic Pt peaks were observed
(Figure S3), and SEM-EDX measurements also confirmed no growth
of Pt peaks after photoreaction (Figures S4-7). These results
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suggested that photocatalysts were stable and Pt was no aggregated
during photocatalytic reaction. The apparent quantum efficiency
(AQY) showed 9.5% for 350 nm, while no hydrogen production was
observed in the range of 450 nm and 500 nm. The fact that the region
showing photocatalytic activity in the Pt/TiO,/GNR system is the
ultraviolet region is due to the reason that the titanium oxide portion
of this catalytic system is photoexcited to promote the photocatalytic
reaction. In Table S5, the platinum-supported system showed higher
AQY compared to similar studies on titanium oxide/graphene
systems [43-53]. Compared with CdS/GNR [30], it showed a
comparable hydrogen generation rate. Our results showed that
reducing graphene showed high activity, indicating that GNRs also
act as electron mediators that facilitate charge transfer by
performing reduction treatment.
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Figure 6. Pt/TiO, and Pt/TiO,/carbon composites on FTO glass for (a)
photocurrent measurement and (b) impedance spectra.

Under the same condition to the photocatalytic hydrogen production
reaction, photocurrent was measured. In Figure 6(a), under the
chopped illumination, the photocurrent density was found in the
following order: Pt/TiO,/rGNR > Pt/TiO,/pGNR >Pt/TiO,/MWCNT >
Pt/TiO,. The Pt/TiO, showed photocatalytic activity under chopping
irradiation, however, a small photocurrent density was observed. On
the other hand, high photocurrent density in Pt-TiO,/GNRs was
observed, indicating an increased electron transport in Pt-TiO,/GNRs
system. The photocurrent of the reduced GNR (rGNR) that was
prepared by NaBH, treatment is similar to that of GNR, suggesting
that the rGNR in this study is low photo-responsibility (Figure S2). The
Pt/TiO,/rGNR and Pt/TiO,/pGNR showed higher photocurrent than

6 | J. Name., 2012, 00, 1-3

Journal Name

the Pt/TiO,/MWCNT; this suggests that effective charge transport
occurs between the TiO, photocatalyst on reduced GNR materials. In
the impedance spectra (0.1 — 10 MHz) showed two semi-circles,
where contact resistance between the electrode and current
collector (Rs) and the charge-transfer resistance (Rct) of electrode
materials. Pt/TiO, shows high resistance for Rs = 14.1 Q@ cm2 and Rct
=4028.4 Q cm2, The pGNR showed a smaller resistance for Rs = 10.7
Q cm™ and Rct = 31.3 Q cm?, indicating that the GNR act as the
electron mediator. Thus Pt/TiO,/rGNR showed more smaller
resistance Rs = 10.6 Q cm2 and Rct = 12.2 Q cm2 than pGNR. It is
considered that this is because Pt/TiO,/rGNR has higher conductivity.
After all, the structure of GNR is reduced by NaBH, reduction creating
a structure with fewer defect sites.
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Figure 7. (a) Fluorescence spectra and (b) fluorescence decay spectra

of TiO,, TiO,/GNR, and Pt/TiO,/rGNR.

The photocatalytic reaction mechanism of Pt/TiO,/GNR was a further
consideration. Figure 7a shows fluorescence (FL) spectra of
photocatalysts tested. The spectral features of TiO, and TiO,/rGNR
are similar, implying that no new emission is generated from rGNR or
TiO,/rGNR composites. The FL intensity of TiO,/rGNR is smaller than
that of TiO,. This indicates that rGNR can rapidly accept electrons
generated by photoexcitation of TiO, and effectively inhibit electron-
hole recombination. Pt/TiO,/rGNR with platinum supported further
decreases, meaning that the platinum receives electrons from
titanium oxide and rGNR, promoting the more effective charge
separation state. Figure 7b shows the fluorescence decay plots of
TiO,, TiO,/GNR, and Pt/TiO,/rGNR.

2H

Sac
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Figure 8. Proposed mechanism of photocatalytic hydrogen
production in Pt/TiO,/rGNR system.

The fluorescence lifetimes of TiO,, TiO,/GNR, and Pt/TiO,/rGNR
excited at 295 nm showed 14, T, = 1.94 ns, 12.1 ns, 14, T; = 1.07 ns,
9.40 ns, and T3, T, = 1.03 ns, 8.41 ns, respectively. In the case of
graphene oxide—TiO, composites study, effective charge separation
shows decreasing in the fluorescence and fluorescence decay
lifetime [54, 55]. These results suggested that the charge was
separated between GNR, TiO,, and Pt and that the charge transfer
from TiO, to Pt via GNR was expected. Based on the above
experimental results, Figure 8 is a proposed hydrogen production
mechanism by the photocatalyst. Photoexcited titanium oxide
charge-separates electrons into conduction band (CB) and holes into
valence band (VB) of titanium oxide. Electrons collected on the CB
are injected into the GNR. The highly conductive GNRs with their
oxidative modification sites removed either chemical reduction from
NaBH,; or by photoexcited electrons supplied from titanium oxide
efficiently charge to separate the electrons from the platinum and
transfer the electrons to the platinum near the titanium oxide or the
platinum on the GNRs. As a result, electrons react with protons on
platinum to produce hydrogen. At this time, the holes remaining in
the VB of the titanium oxide disappear as electrons are supplied from
the sacrificial agent, methanol. GNRs act as high charge-transfer
sites, resulting in enhanced photocatalytic activity compared to TiO,
alone.

Conclusions

GNRs were prepared from MWCNTs by oxidative cleavage, and
photocatalytic hydrogen production reactions in water were
investigated using composite materials of reduced GNRs, which
were chemically or photogenerated electron-reduced, and
titanium oxide. GNRs obtained from MWCNTs had carboxy
groups, C-O-C, and CO substituents. These substituents
disappeared in rGNR obtained by NaBH, reduction except for C-
O-C. On the other hand, in pGNR using photogenerated
electrons from titanium oxide, C=0 remains in addition to C-O-
C, and these results were supported by IR, Raman, and XPS
spectroscopy. The resulting Pt/TiO,/rGNR and Pt/TiO,/pGNR
exhibited an activity of 2.54 and 1.46 mmol h-lg! which is higher
than the 0.40 mmol hlg?! of the Pt/TiO, photocatalyst. This
activity was also higher than that of the starting material,
Pt/TiO,/MWCNT as 0.80 mmol hlg?. Pt/TiO,/rGNR showed
9.5% in 350 nm UV light, showing higher AQY activity than
previously reported titanium oxide/carbon composites.
Photocatalytic experiments and photocurrent measurements
showed that GNRs have almost no photo response, and
impedance measurements showed that GNRs have high
conductivity. Therefore, GNR has the role of electron mediator
between TiO, and platinum. These results report the properties
of reduced GNRs in photocatalytic reactions and may pave the
way for future applications of reduced GNRs in related studies.
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