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ABSTRACT Photocatalytic production of clean hydrogen fuels using water and sunlight has
attracted remarkable attention due to the increasing global energy demand. Natural and
synthetic dyes can be utilized to sensitize semiconductors for solar energy transformation using
visible light. In this study, reduced graphene oxide (rGO) and a membrane protein bacterio-
rhodopsin (bR) were employed as building modules to harness visible light by a P/Ti0,
nanocatalyst. Introduction of the rGO boosts the nano-bio catalyst performance that results in

hydrogen production rates of approximately 11.24 mmol of H, (mol protein) ™" h™". Photo-

electrochemical measurements show a 9-fold increase in photocurrent density when Ti0,

electrodes were modified with rGO and bR. Electron paramagnetic resonance and transient

€0, +H,0

absorption spectroscopy demonstrate an interfacial charge transfer from the photoexcited rGO to the semiconductor under visible light.
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cally benign energy sources is one

of the greatest challenges that may
be able to address the escalating global
energy demand. Sunlight energy transfor-
mation offers strategies to achieve the goals
of clean energy for the near future.' > Solar
energy can be converted into chemical
energy stored in the form of hydrogen or
other chemical compounds.*® Since the
first report on photocatalytic splitting of
water into oxygen and hydrogen on TiO,
photoelectrodes under UV light by Fujishima
and Honda,? there has been a great interest
in developing visible-light-responsive photo-
catalysts because UV light accounts for only
4% of solar photons. Various methods of ex-
tending the visible light reactivity of TiO,
including doping and sensitization by organic
dyes or quantum dots’~ ' have been devel-
oped. One attractive approach for photocata-
lytic hydrogen production utilizes biological
structures. Successful examples include photo-
synthetic complex,'"'> metalloenzymes'*~'¢
or their cofactors,'” light-harvesting accessory

Exploration of renewable and ecologi-
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pigment complex,'® and even raw bio-

mass.'®> Recently, our group reported on
the successful use of the photosensitive
proton pump bacteriorhodopsin (bR) from
halophilic (salt-loving) Archaea organisms
assembled on a Pt/TiO, nanocatalyst as a
robust biomaterial for visible-light-driven
hydrogen generation.?® The bR/Pt/TiO, hy-
brid nano-bio catalyst produces 5275 umol
of H, (umol protein)™" h™' at pH 7 in the
presence of sacrificial substrates under am-
bient conditions.® El-Sayed's group also
used bR as a building block to construct a
bR/TiO, nanotube array hybrid electrode
system with a 50% photocurrent density
increase over that measured for pure TiO,
nanotubes.?' Compared to organic and in-
organic photosynthesizers, bR is an integral
transmembrane protein complex that con-
tains a retinal photoreceptor prosthetic
group and absorbs green light (absorption
max at 568 nm). Archaea utilizes the mem-
brane bR proton pump, also known as
a purple membrane PM, as a biological solar
cell to transform sunlight energy into a
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transmembrane proton gradient and then for power-
ing ATP synthesis via a mechanism evolutionary in-
dependent from chlorophyll-based photosynthesis.
Being expressed by an extremophile, PMs are naturally
evolved to tolerate, thrive, and maintain their photo-
reactivity under demanding conditions, including
exposure to light and oxygen, high ionic strength
(3 M Nacl), temperatures over 80 °C (in water) and
140 °C (dry), at pH values of 0—12 and digestion by
proteases.2 When bR is utilized as a functional module
in a nano-bio photocatalyst, it assists in harnessing
visible light. Besides, bR provides its biological func-
tionality of the light-driven pumping of protons toward
the hydrogen-evolving platinum cocatalyst, enabling
enhanced evolution of hydrogen.?®?'

Recently, several groups reported the successful
incorporation of graphene as a component of compo-
site materials for advancing the photocatalytic perfor-
mance of semiconductors in water splitting and
pollutant degradation that was summarized in excellent
topical reviews.*>~2% Graphene, a single layer of sp*
bonded carbon atoms arranged in a two-dimensional
honeycomb lattice, possesses excellent mechanical,
thermal, and optical characteristics, high conductivity,
and electron mobility properties and provides large
specific surface area.”’2° Hydrophilic graphene oxide
(GO) and reduced graphene oxide (rGO) could be
considered as graphene functionalized with oxygen-
centered groups such as carboxylic, hydroxyl, or epox-
ide that allows for interaction with positively charged
molecules and can serve as nucleation centers for
nanoparticle growth. For example, rGO linked to nano-
particles and chromophore molecules in designed
multicomponent assemblies was applied to create
electron transfer cascades for use in artificial photo-
synthesis.>*~33 Notably, while in the majority of
reports rGO was considered as an electron acceptor
and transporter (or “reservoir”) that can enhance
performance of a photocatalyst by facilitating charge
separation and electron transfer from the semicon-
ductor as well as a scaffold that increases sur-
face area,*® only few papers proposed rGO as a
photosensitizer.3> 38

In this work, we introduce rGO as an additional
module that, along with the natural light-capturing
membrane complex bR, helps to sensitize TiO, to
visible light. Moreover, rGO provides a nanoscaffold
for seamless interface between biological molecules,
semiconductor particles, and platinum cocatalyst. The
charge transfer from photoexcited rGO to TiO, was
demonstrated by electron paramagnetic resonance
(EPR) and transient absorption (TA) spectroscopy.
The rational engineering of the nano-bio catalyst via
introduction of rGO results in boosting photocatalytic
hydrogen production performance under ambient
conditions and remarkable reduction of platinum nano-
catalyst content.

WANG ET AL.

RESULTS AND DISCUSSION

As sketched in Figure 1a, the proposed light-driven
nano-bio system employs reduced graphene oxide
and membrane proton pump (bR) lattices as building
blocks that serve to sensitize the TiO, photocatalyst
to visible light, while platinum nanoparticle cocatalyst
utilizes photoinduced electrons to reduce protons
to hydrogen. Photoinduced holes are scavenged by
methanol as a sacrificial substrate.

Figure 1. (a) Depiction of photocatalytic hydrogen evolu-
tion using Pt/TiO, interfaced with rGO and bR. (b) TEM
image of the Pt/TiO,-rGO. The white arrows point to the
atomically thin rGO sheets assembled on the surface of the
hybrid. (c) HRTEM image of Pt cocatalyst nanoparticles
photodeposited on TiO,.
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The Pt/TiO,-rGO system was fabricated via simulta-
neous photoreduction of GO and sodium hexachloro-
platinate precursors on TiO, in the presence of ethanol.
The total amount of graphene material used to assem-
ble with TiO, was 0.5 wt %. Typical TEM images of rGO,
Pt, and TiO, nanoparticles are shown in Figure 1b,c.
TiO, nanoparticles (Evonik) with diameters ranging
from 8 to 30 nm were dispersed on rGO uniformly. Pt
metal nanoparticles with an average diameter of 3 nm
grown on the semiconductor surface as well as the
edges of the carbon material can be observed in the
HRTEM micrograph, as shown in Figure 1b. Restored
sp? networks of rGO and multiple available oxygen-
centered surface groups allow the unified connection
between the carbon material and exposed oxygen
atoms at the surface of TiO, nanoparticles. Subsequent
self-assembly of membrane—bR complexes on the
surface of the Pt/TiO,-rGO results in the Pt/TiO,-rGO-
bR visible-light-reactive nano-bio photocatalyst. It has
been reported that bR can be successfully linked to
carbon materials, such as carbon nanotubes, via non-
covalent interactions or covalent tethering.3*~*> More-
over, recently, Chen and co-authors reported the
fabrication of hybrid complexes based on biotinylated
PM linked to avidin-functionalized graphene oxide.**
In the current work, we employ the natural structure of
the bR that allows for utilizing self-assembly, a mini-
malistic bioinspired time- and cost-efficient approach.
Owing to availability of multiple charged groups
on the cytoplasmic and extracellular sides of the PM,
the biological entity readily interacts with oxygen-
centered groups on the rGO. Furthermore, multiple
aromatic amino acid residues (Thr, Phe, Tyr) exposed
on extracellular surface (Supporting Information Figure S1)
further promote well-ordered assembly of the flat 2D
membrane protein on 2D rGO lattices via m— stacking
interactions. In addition, some of the bR molecules can
assemble on the exposed oxygen atoms of the anatase
surface of the TiO, nanoparticles.®® Accordingly,
in aqueous solution, bR self-assembles on the rGO-
modified TiO, to form a stable conjugate as observed
in the UV—vis absorbance spectrum (Figure S2). The
EPR data that provide furtherinsights into the hybrid
catalyst structure and interactions between biologi-
cal and nanoparticle components will be discussed
below.

In this work, the photocatalytic H, evolution driven
by the Pt/TiO,-rGO-bR nano-bio photocatalyst was
evaluated under green light and white light irradiation
using methanol as a sacrificial electron donor. The H,
production activities of the Pt/TiO,-bR were also mea-
sured for reference. The amount of Pt in Pt/TiO,-bR and
Pt/TiO,-rGO-bR were optimized. The highest photo-
catalytic activities for hydrogen evolution were ob-
tained when Pt content was 0.75 wt % in Pt/TiO,-bR
and 0.5 wt % in the carbon-material-boosted counter-
part Pt/TiO,-rGO-bR.

WANG ET AL.

As shown in Figure 2a, under continuous green light
(560 =+ 10 nm) illumination, H, generation was ob-
served with a turnover rate of approximately 298 umol
of H, (umol protein) " h™". The turnover rate of Pt/TiO5-
rGO-bR is higher than that of the rGO-free Pt/TiO,-bR
bio-nano catalyst (229 umol of H, (umol protein)™" h™").
It is possible that the rGO upon excitation could inject
the photogenerated electrons into the conduction band
of TiO,. However, control experiments with Pt/TiO,
and Pt/TiO,-rGO without bR molecules yielded lower
amounts of H, evolved under this illumination condition.
When monochromatic green light was replaced with
white light illumination (4 = 350—800 nm), H, turnover
rate of Pt/TiO,-rGO-bR was increased by 37-fold, reaching
approximately 11.24 mmol of H, (umol protein)™"' h™",
which was 2 times higher than that of the Pt/TiO,-bR
nano-bio catalyst alone without rGO (5.38 mmol of
H, (umol protein) ™' h™") (Figure 2b). This result clearly
demonstrates that introduction of a small amount of rGO
(0.5 wt %) results in improved photocatalytic perfor-
mance of the nano-bio photocatalyst in hydrogen evolu-
tion and a commensurate 25% reduction of platinum
content. We propose that rGO acts similarly to an organic
photosynthesizer and provides additional photoexcited
electrons to the conduction band of the TiO, particles,
thus extending visible light reactivity of the semiconduc-
tor and boosting H, evolution over the Pt cocatalyst.
Control experiments using TiO-bR and TiO,-rGO-bR
without Pt nanoparticles produced only minute amounts
of H, under white light irradiation; therefore, rGO could
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Figure 2. Photocatalytic H, evolution in the presence of
methanol as electron donor at pH 7.0 (a) under monochro-
matic green light, 560 + 10 nm (13 mW/cm?), and (b) under
white light illumination (350 nm < A < 800 nm, 120 mW/cm?).
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not replace the Pt cocatalyst in the H, evolution process.
Measurements of the photocatalytic activity of the
Pt/TiO,-rGO without bR were also carried out under
white light illumination and resulted in lower H,
evolution rate, as shown in Figure 2b, indicating that
bR can enhance the H, evolution process. Hence, the
highest performance was exhibited by the ternary
nano-bio photocatalyst.

In order to confirm the collective impact of rGO and
bR on the hybrid catalyst performance, photoelectro-
chemical measurements were carried out using the
typical three-electrode system in a 0.1 M Na,SO,
electrolyte (pH 6.5). TiO, and TiO,-rGO were also tested
as references. TiO, nanoparticles and TiO,-rGO were
electrophoretically deposited on ITO electrodes to
form a uniform film. The obtained TiO,-rGO electrode
was immersed in the bR solution overnight at room
temperature, allowing the biomolecules to self-assemble
on the TiO,-rGO-modified ITO electrodes. All obtained
electrodes were tested for the photocurrent gene-
ration under white light and green light illumination
(560 £ 10 nm), as shown in Figure 3. The current—
potential (/—V) curves of TiO,, TiO»-rGO, and TiO,-rGO-
bR electrodes under white light illumination are
presented in Figure 3a. The photocurrent of the bare
TiO, electrode continuously increases before reaching
a steady state value of 8.4 uA/cm?, while the current of
TiO,-rGO continues to increase before reaching a
steady state value of 55 uA/cm? at 1.0 V vs Ag/AgCl.
In the case of the TiO,-rGO-bR photoelectrode, the
photocurrent continues to increase before reaching a
steady state value of 78 yA/cm?, which is about 9-fold
higher than that of the bare TiO, electrode. This result
indicated that the photocurrent is predominantly
coming from the photoexcited rGO which transfers
the photogenerated electrons to TiO, nanoparticles.
Comparing the current—potential curves of TiO,-rGO
and TiO2-rGO-bR presented in Figure 3a, one can
observe that the so-called flat-band potential of TiO,-
rGO-bR (—0.306 V vs Ag/AgCl) is more anodical than
that of TiO,-rGO (—0.319 V vs Ag/AgCl). This anodical
shift can be attributed to the protons pumped from
the excited bR. TiO,-rGO works as an n-type semicon-
ductor electrode, and when its surface contacts an
aqueous electrolyte, proton dissociation equilibrium
on the surface is established for the surface hydroxide,
as described below:

Ti0,-rGO-OH <> Ti0,-rGO-0 ~ + H*

Protons released from excited bR shifts the equilibrium
to the left-hand side, which leads to the anodic shift
of the so-called flat-band potential, which is in agree-
ment with work by Watanabe and co-authors.** There-
fore, bR in our system functions as a traditional dye and
proton pump.

Figure 3b,c shows the photocurrent—transient re-
sponses under white light and green light illumination,
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Figure 3. (a) Current—potential (/—V) curves of TiO,, TiO,-
rGO, and TiO,-rGO-bR electrodes under white light illumi-
nation. Dotted curves correspond to TiO,, TiO,-rGO, and
TiO,-rGO-bR in dark conditions. (b) Photocurrent—transient
responses under white light irradiation. (c) Photocurrent—
transient responses under green light irradiation. The light
density of white light is 120 mW/cm?; green light density is
13 mW/cm?; the electrolyte is 0.1 M aqueous Na,SO,, pH 6.5.

respectively. In the dark, the photoelectrodes show
negligible current response, while upon illumination,
the photocurrent increases rapidly and reaches steady
state values. Once the illumination is turned off, the
photocurrent returns to the background level, and this
process can be repeated many times. It follows from
comparing the data presented in Figure 3b,c that the
origin of the photocurrent can be mostly credited
to the excitation of rGO under white polychromatic
light and the excitation of bR under green light and the
associated energy transfer to the TiO,.

In order to explore the structure and electron trans-
fer pathways within this nano-bio hybrid system, we
performed electron paramagnetic resonance studies.
The Pt/TiO,-rGO nanocomposites exhibit a strong
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sharp EPR signal in the dark with a line width of
145 G, close to that of delocalized electrons over a
whole plane of the rGO, with the addition of a weak
signal that corresponds to electrons delocalized at the
edges/defect sites®* (Figure 4a). The mr-electron radi-
cal that is delocalized along the edges/defects exhibits
fast spin—Ilattice relaxation through interaction with the
adjacent m-electron system, which results in a broad-
ening of the EPR signal.***’ On the other hand, in the
EPR spectrum of Pt/TiO,-rGO-bR in the dark (Figure 4a,
black line), the broad signal disappears, while only
the sharp signal is present. This is an indication that
the bR protein predominantly adsorbs on the defect
sites of rGO and “repairs” it (Figure 4a).

Under illumination with light (1 > 440 nm), the
Pt/TiO,-rGO-bR nano-bio hybrid showed a decrease
in signal corresponding to delocalized electrons in
the rGO, which was accompanied by the appearance
of signals that correspond to the localized electrons
in anatase and rutile of titania P25%%*° (Figure 4b).
These data demonstrate that rGO upon excitation with
visible lightinjects electrons into TiO,. Upon turning off
photoexcitation, the EPR signals of the TiO, lattice-
trapped electrons were preserved at 4.5 K, indicating
that the photogenerated charges are well separated
from each other, which results in their suppressed
recombination (Figure S3). The EPR measurements of
Pt/TiO,-rGO nanocomposites were also carried out to
confirm electron transfer from excited rGO to titania
(Figure S4). The bR can also work as a light-harvesting
entity capable of transferring electrons to TiO,, which
has been proven in our previous work.2® Under white
light illumination, there is probably combined input
from rGO and bR, as far as contribution of the excited
bR to the overall EPR spectra of illuminated Pt/TiO,-
rGO-bR hybrid can be observed (see Figure 4b inset).

To offer mechanistic insights regarding the early time
carrier dynamics, transient absorption measurements
were carried out on the individual and combined com-
ponents. TA is capable of providing information about
the time scales of charge separation in this system,
which occur much more quickly than can be ascertained
using EPR. Due to the presence of multiple components,
charge transfer can occur through multiple pathways.
However, both to simplify analysis and also because
rGO, with its broad, strong optical absorption will dom-
inate visible light absorption, all TA measurements were
performed using a pump wavelength of 450 nm, which
preferentially excites rGO over bR or Pt/TiO, (Figure S2).
First, neat rGO and TiO,-rGO with TiO, concentrations of
25, 50, and 75 mg mL~' are compared to ascertain
charge transfer from rGO to TiO,. Figure 5a shows the
visible TA spectra of rGO and TiO,-rGO at 25 mg mL™"
(TA spectra for 50 and 75 mg mL™" are in Supporting
Information, Figure S5). Upon 450 nm excitation, rGO
produces a bleach from ~475 to 675 nm and a photo-
induced absorption (PA) from ~675 to 800 nm. TiO,-rGO

WANG ET AL.
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Figure 4. (a) X-band EPR spectra of Pt/TiO,-rGO (red line)
and Pt/TiO,-rGO-bR (black line) measured in the dark at
4.5 K; power = 2.08 mW, modulation amplitude = 8 G. Inset: EPR
spectrum of Pt/TiO,-rGO in the dark at 4.5 K; power = 2.08 mW,
modulation amplitude = 1 G. (b) X-band EPR spectra of Pt/TiO-
rGO-bR at 4. 5K in the dark (black line) and under illumination;
A > 440 nm (red line), power = 2.08 mW, modulation ampli-
tude = 8 G. Inset: difference between spectra under illumination
and dark, showing formation of signals that correspond to the
lattice-trapped electrons in TiO,: anatase (A) and rutile (R).

exhibits similar spectral features; however, the intensity
of the bleach and PA decay more rapidly. The decay of
the bleach signal was further investigated by analyzing the
dynamics at 520 nm, the wavelength at which the bleach
signal is the largest. The decay traces at 520 nm were fitted
with an exponential function: y = A*exp(—x/7) + yo, where
7 is the decay lifetime and A is the corresponding ampli-
tude. The average decay lifetime was consistently faster in
the TiO,-rGO system as compared to neat rGO (Figure 5b).
Specifically, neat rGO decayed with a time constant of
6.09 £ 0.50 ps, whereas Pt/TiO,-rGO decayed with a life-
time of 3.32 &+ 0.26 ps. This result demonstrates charge
transfer from rGO to TiO, and supports a conclusion from
EPR studies. Next bR and rGO-bR were examined to
investigate charge transfer within this system. The TA
measurements of rGO-bR show rGO bleach signals that
decay faster than neat rGO. Analysis of the dynamics at
520 nm produces a decay constant of 3.41 & 0.20 ps for
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Figure 5. Ultrafast TA measurements of rGO, TiO,-rGO, rGO-bR, and TiO,-rGO-bR. (a) TA spectra at 1 ps delay time exhibits
two major spectral features: a bleach from ~475 to 675 nm and a photoinduced absorption from ~675 to 800 nm. (b) Bleach
dynamics at 520 nm show that TiO,-rGO, rGO-bR, and TiO,-rGO-bR decay more rapidly than neat rGO, suggestive of charge

transfer from rGO to the other components.

rGO-bR, faster than that for neat rGO (Figure 5b). This
result suggests that charge transfer can also occur from
rGO to bR, which was not established from EPR studies.
A similar analysis of the dynamics of TiO,-rGO-bR (TiO,
concentration was 25 mg mL’1) at 520 nm produces a
decay constant of 3.49 £ 0.54 ps (Figure 5b). The decay
lifetimes for TiO,-rGO, rGO-bR, and TiO,-rGO-bR are equiv-
alent within error, and as a result, the specific order of
charge transfer (ie, rGO transfers an electron directly to
Pt/TiO,, or rGO transfers an electron to bR, which then
transfers the charge to Pt/TiO, on a 1 ps time scale, as
previously established®®) cannot be distinguished through
TA measurements. Ultimately, however, the order of charge
transfer is not influential because previous work established
that for the TiO,-bR complex, charge transfer occurs from
bR to TiO,.%° Thus, even if rGO transfers an electron to bR,
reduced bR will subsequently transfer the charge to TiO..

CONCLUSIONS

Herein, we report the successful interfacing of
Pt/TiO, hybrid nanoparticles with two building
modules—an avant-garde 2D graphene material rGO
and “pre-historical” 2D biomaterial membrane proton
pump bR in synergistically integrated catalytic system
for solar hydrogen production. Both the rGO and bR
materials possess excellent properties, including struc-
tural simplicity and intrinsic robustness at a variety of

MATERIALS AND METHODS

Graphene oxide was from Sigma-Aldrich; TiO, (Evonik Industries,
P-25) containing anatase and rutile in 80:20 ratio with a surface area
of ~55m?g~" was used as a main support. Bacteriorhodopsin from
Halobacterium salinarum was obtained from Sigma-Aldrich and
used without further purification. Active bR protein concentrations
were determined spectrophotometrically using the molar extinc-
tion coefficient of 62700 M~' cm ™" at Aa = 568 nm. Sodium
hexachloroplatinate, ethanol, methanol, hydrochloric acid, sodium
sulfate, acetone, iodine were obtained from Sigma-Aldrich. Deio-
nized (DI) ultrapure water (18 MQ-cm~") was used for solution
preparation.

Photocatalyst Synthesis and Assembly. Pt/TiO,-rGO hybrid parti-
cles were prepared via simultaneous photoreduction of GO and
sodium hexachloroplatinate precursors on TiO, (P25). A typical

WANG ET AL.

environmental conditions. Moreover, they can readily
self-assemble with Pt/TiO, nanoparticles without addi-
tional chemical coupling steps to form a stable and
functional hierarchical photocatalytic system. The result-
ing Pt/TiO,-rGO-bR nano-bio device is able to produce H,
at a turnover rate of 298 zmol of H, (umol protein) ' h ™"
under monochromatic green light and 11.24 mmol of
H, (umol protein) ' h™" under white light illumination
at room temperature and neutral pH. Furthermore,
an introduction of the carbon material allows for a
reduction in the platinum cocatalyst content by 25%.
Introduction of rGO and bR into the photocatalyst
results in approximately 9-fold increase in photocurrent
density compared to the unmodified TiO, electrode.
This increase in photocurrent is associated with collec-
tive charge injections from both rGO and bR mole-
cules to TiO, nanoparticles. In addition, the honeycomb
lattice of rGO promotes seamless interactions between
biological and inorganic modules as well as between
distinct TiO, nanoclusters in this ternary nano-bio
photocatalyst. The EPR and TA measurements proved
that charge transfer occurs from the excited rGO and bR
molecules to the TiO,. This study demonstrates that
reduced graphene oxide can be utilized as a multi-
functional module for the rational engineering and
fabrication of efficient, stable, and environmentally
benign photocatalysts for solar energy conversion.

GO reduction along with platinum particle deposition was carried
outin a8 mL vial containing aqueous suspension of TiO (3 mg/mL)
in the presence of 1 mL of ethanol, 22.5 uL of 2 mg/mL graphene
oxide, and 0.043 mg/mL sodium hexachloroplatinate. The slurry pH
was adjusted to ~3 using 1 M HCl. The suspension was stirred
thoroughly and purged with high-purity N, for 30 min to remove
dissolved oxygen. After purging, the slurry was irradiated in white
light (A = 350 nm) using a 200 W high-pressure Xe lamp
(PerkinElmer Optoelectronics) for 30 min. A 10 cm water filter
was used to cutoff IR radiation. After irradiation, the particles
were centrifuged and washed with DI water three times. The final
Pt/TiO,-rGO photocatalyst particles were stored in DI water before
use. As it was determined by inductively coupled plasma—atomic
emission spectroscopy analyses, the typical Pt loading was 0.5 wt %.
The rGO concentration was calculated to be ~0.5 wt %.
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To prepare the nano-bio catalyst, bR solution (0.0039 umol)
was added to 1 mL of the Pt/TiO,-rGO (3 mg/mL) photocatalyst
particle slurry in DI water. The mixture was agitated overnight to
enable maximum bR absorption on the particles' surface. The
optical characterizations of the TiO,, TiO,-rGO, and TiO,-rGO-bR
were performed using a Varian UV—vis spectrophotometer UV-50.

Hydrogen Evolution Measurements. The freshly prepared bR-
modified Pt/TiO,-rGO particles were transferred to a 1 mL water/
methanol (4:1 volume) solution reaction vessel sealed tightly
with a rubber septum. The mixture was degassed with high-purity
N, for 30 min. High-pressure Xe lamp (200 W) equipped with a
10 cm IR water filter and a band-pass filter (560 &= 10 nm) was used
as the light source. Green light intensity of 13 mW/cm? and white
light intensity of 120 mW/cm? were determined by a light intensity
meter (NOVAII laser power/energy monitor). The amount of
photogenerated H, was detected and quantified with an Agilent
7890A gas chromatograph (GC) equipped with a thermal con-
ductivity detector and HP PLOT Molesieve 5 A column, which
was held isothermally at 40 °C. Pure N, (99.999%-+) was used as a
carrier gas at a flow rate of 3.5 mL min~". At the interval time, 20 uL
aliquots of the gas sample from the headspace of the reaction
vessel were collected and analyzed by the GC system.

Preparation of Ti0,, Ti0,-rGO, and Ti0,-rGO-bR Photoelectrodes. TiO,,
TiO»-rGO, and TiO,-rGO-bR photoelectrodes were prepared by
electrophoretic deposition on an ITO electrode (area 1 cm?)
using Ti sheets as a counter electrode. The typical electrophoretic
deposition was performed in acetone solution (50 mL) contain-
ing TiO, or TiO,-rGO particles (50 mg) and iodine (10 mg). ITO and
Ti sheets were dipped into the solution 1 cm apart, and then
120V bias was applied between them for 1 min using a potentio-
stat (Agilent E3612A). The film was then sintered at 250 °C in Ar gas
for 20 min. The obtained TiO,-rGO electrode was modified with bR
(0.0018 mol/mL) with overnight immersing in the dark and then
rinsed with DI water before measurement.

Photoelectrochemical Measurements. The photoelectrochemical
properties were investigated by a three-electrode system with
TiOy, TiO2-rGO, or TiO,-rGO-bR as working electrodes, saturated
Ag/AgCl as a reference electrode, and platinum wire as a
counter electrode. The electrolyte was 0.1 M Na,SO, at pH 6.5,
and before measurement, the electrolyte was purged with pure
N, (99.999%-+) for 30 min to remove dissolved oxygen. High-
pressure Xe lamp (200 W) equipped with a 10 cm IR water filter
and a band-pass filter (560 £ 10 nm) was used as the light
source. The light densities of white light and green light were
set to 120 and 13 mW/cm?2 A potentiostat (BAS-100W) was
employed to measure illuminated linear current—potential
curve at a scan rate of 20 mV/s. Transient photocurrent curves
of different photoelectrodes were carried out at potentiostatic
conditions (500 mV vs Ag/AgCl electrode) under white light and
green light irradiation.

EPR. Continuous-wave EPR experiments were carried out
using a Bruker ELEXSYS E580 spectrometer operating in the
X-band (9.4 GHz) mode and equipped with an Oxford CF935
helium flow cryostat with an ITC-5025 temperature controller.
The g tensors were calibrated for homogeneity and accuracy
by comparison to a coal standard, g = 2.00285 + 0.00005. The
receiver gain and number of scans were adjusted to every
spectrum of a particular sample to enable comparisons at a
reasonable signal-to-noise ratio. For the studies of charge transfer
pathways, samples were deaerated by bubbling with N, for ca.
30 min, frozen at liquid He temperature, and illuminated in the
EPR cavity using a 300 W Xe lamp (PerkinElmer) with 440 nm
long-pass and water as IR cutoff filters.

Transient Absorption Measurements. Transient absorption mea-
surements were performed using a 2 kHz, 35 fs amplified Ti:
sapphire laser. A portion of the 800 nm laser fundamental was
mechanically delayed and focused into a sapphire plate to produce
a broad-band white light probe. Pump pulses at 450 nm (fluence
75 u/cm?) were produced using an optical parametric amplifier.
Samples were measured under ambient conditions.
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