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ABSTRACT: Graphane, graphone and hydrogenated graphene (HG) have been extensively studied in recent years due to
their interesting properties and potential use in commercial and industrial applications. The present study reports inves-
tigation of hydrogenated graphene/TiO,., (HGT) nanocomposites as photocatalysts for H, and O, production from water
without the assistance of a noble metal co-catalyst. By combination of several techniques, the morphologies, bulk/atomic
structure and electronic properties of all the powders were exhaustively interrogated. Hydrogenation treatment efficiently
reduces TiO, nanoparticles, while the graphene oxide sheets undergo the topotactic transformation from a graphene-like
structure to a mixture of graphitic and turbostratic carbon (amorphous/disordered) upon altering the calcination atmos-
phere from a mildly reducing to a H,-abundant environment. Remarkably, the hydrogenated graphene-TiO,., composite
that results upon H,-rich reduction exhibits the highest photocatalytic H, evolution performance equivalent to low load-
ing of Pt (~0.12 wt%), whereas the addition of HG suppresses the O, production. We propose that such an enhancement
can be attributed to a combination of factors including the introduction of oxygen vacancies and Ti*" states, retarding the

recombination of charge carriers and thus, facilitating the charge transfer from TiO,_, to the carbonaceous sheet.

INTRODUCTION

Since the discovery in 2004 by Novoselov et al.,”* gra-
phene (GP), called the “mother of all graphitic forms”, has
attracted considerable attention due to its unique struc-
ture, outstanding properties and potential for use in
commercial and industrial applications including elec-
tronics, mechanical devices, catalysis and energy conver-
sion. Tremendous efforts have been devoted to fabrica-
tion of the nanoassemblies of metal oxide and GP and its
derivatives (graphene oxide - GO, reduced graphene oxide
- RGO) for further potential applications.>® Among sever-
al systems containing a metal oxide and graphene,
GP/TiO, composites have been reported to be highly
promising, visible-light-responsive photocatalysts, active
for processes such as wastewater treatment, air purifica-
tion, solar water splitting, self-cleaning surfaces and CO,
reduction. The origin of such properties is largely due to
simultaneously enhanced adsorption capacity, extended
light absorption, superior stability and excellent electron
transport.”™

TiO, is the most widely used photocatalyst with a high

propensity for generating pairs of electrons and holes
upon photon absorption.””** A noteworthy obstacle is that

both the rapid recombination of these charge carriers
within nanoseconds and the limited absorption in the
near-UV region renders diminished either efficiency or
activity of the photocatalytic reaction and partially limits
its wide use in practical applications. The combination of
TiO, with graphene efficiently overcomes these barriers
due to its multifunction as an additional adsorbent, elec-
tron acceptor and transporter, stabilizer and photosensi-
tizer.”™ GP sheets efficiently suppress the recombination
of photoinduced electron-hole pairs, accelerate the trans-
fer of electrons, enhance the surface-adsorbed quantity of
target molecules via n-n and electrostatic interactions, as
well as extend the absorption range to the visible light
region by either narrowing the bap gap or introducing an
additional gap.”™

Despite the fact that a cornucopia of scientific studies
devoted to GP/TiO, composite materials has been report-
ed, our fundamental understanding of these materials
appears to have reached a plateau. Meanwhile, combining
TiO, with fully hydrogenated graphene (known as ‘gra-
phane’) or partially/half-hydrogenated graphene (as
‘graphone’) has not been achieved and remains at the fore
front of photoelectrochemical research. Graphane,



graphone or hydrogenated graphene (HG), where the
GP’s aromatic bonds are saturated with hydrogen atoms
by high pressure hydrogenation, low pressure hydrogen
plasma and wet chemistry (Birch reduction), have been
considered as promising semiconductor materials and as
an efficient, stable support for anchoring metal/metal
oxide catalysts.**>" Due to the attachment of the atomic
hydrogen to each site of the atomic scaffold of the GP
lattice, the hybridization of carbon atoms alters the ma-
trix from sp® to sp?, hence removing the conducting m-
bands and opening an energy gap.** Upon hydrogenation
of a honeycomb graphene lattice, three conformations of
graphane can be generated, including chair, boat and
washboard conformations, and each conformer is charac-
terized by a specific hydrogen sublattice and by a differ-
ent buckling of the carbon sublattice.® The C-C bond
lengths in graphane and graphone are different from gra-
phene.”**** Such hydrogenated graphene (HG) materials
exhibit ferromagnetism and more importantly, its band
gap is readily tunable, depending on the extent of hydro-
genation. When half of the hydrogen in the graphane
sheet is removed, the resulting semi-hydrogenated gra-
phene or graphone becomes a ferromagnetic semiconduc-
tor with a small indirect gap arising from the formation of
strong o-bonds and the breakage of the delocalized n-
bonding network of GP, leaving the electrons in the un-
hydrogenated carbon atoms localized and unpaired.”
Notably, graphone is very different from graphane, with a
large direct band gap and also in comparison to GP,
which has a zero band gap. Up to now, there are few ex-
perimental studies devoted to either graphane and
graphone.***73°

[t is important to emphasize here that the introduction
of hydrogen species by either physical or chemical meth-
ods not only successfully produces such a GP-like family
of materials but also imparts a modification to the re-
duced titania (TiO,.) with a sub-stoichiometric Ti:O ra-
tio. The coloration of TiO, (red, yellow, blue, grey, black)
has sparked increasing research interest in recent years
with the promise of overcoming the challenges of purely
white TiO, itself>*®” The synthesis and functionality of
such nanomaterials have been a very promising approach,
not only to drastically enhance the activity by increasing
the quantum efficiency but also to extend the optical ab-
sorption into the visible region by introducing a substan-
tial amount of lattice disorder or defects.*>*

In the light of these facts, investigating the hydrogen
coverage via the extent of hydrogenation, on the coupling
of TiO,.,, with hydrogenated graphene, graphone or gra-
phane is a promising approach that possibly exhibits
strong impact on the structural, physico-chemical, opti-
cal, electronic characteristics and even the catalytic activi-
ty of these materials. Wang et al.*® synthesized hydrogen-
ated TiO,-RGO via the hydrogenation of TiO,-graphite
oxide at 450 °C for 4 h under a flowing atmosphere of 5%
H,/95% Ar. Such a composite was used as anode material
in a high rate lithium ion battery, achieving a larger dis-
charge capacity (234.3 mA h g”) than the composite re-
duced by hydrazine and subsequent annealed in nitrogen

atmosphere. Much higher reversible discharge capacity at
a current rate of 5 C (up to 166.3 mA h g”), remarkable
rate capability and outstanding cycling stability (2.4%
capacity loss after 100 cycles) are attributed to the greatly
improved electronic conductivity derived from hydrogen-
ated TiO, (H-TiO,), enhanced electron transport due to
the role of reduced graphene as a conductive substrate,
and the good contact between the zero-dimensional H-
TiO, nanoparticles with two-dimensional (2D) RGO
nanosheets. Very recently, Zhang and Chen® reported the
influence of hydrogenation temperature for GO-TiO,
composites on the photocatalytic degradation of Rhoda-
mine B. The highest photocatalytic activity was obtained
by the hybrid material prepared at 450 °C due to the for-
mation of p-n junctions and appropriate charge mobility.

Given these many aspects, we have endeavored to sys-
tematically investigate in this study the influence of hy-
drogenation extent on the structural, physico-chemical
and electronic properties of hydrothermal-prepared GO-
TiO, composites. The impact of this structure on the
light-driven O, and H, production from water without the
assistance of noble metal co-catalyst (i.e. Pt, Ru, Rh) was
interrogated and the role of individual components in the
overall photocatalytic reaction was proposed. Otherwise,
one should bear in mind that due to the high cost and
frequent scarcity of Pt in Earth’s crust, its use has been
strictly controlled and herein, hydrogenated graphene-
TiO,, composites were benchmarked against the well-
known Pt/TiO, system, demonstrating the potential of
new noble-metal-free catalysts to replace expensive and
non-abundant metals in terms of economics, abundance,
environmental considerations and catalytic effectiveness.

EXPERIMENTAL
Synthesis of materials

The GO dispersion (3.5 mg mL™) was synthesized by a
modified Hummers method and the detailed preparation
is described in the Supporting Information. In a typical
procedure, 7 mL titanium n-butoxide and 1 mL hydro-
chloric acid (35 wt%) were loaded into a Teflon-line stain-
less steel autoclave and statically aged at 150 °C for 6 h.
After cooling to room temperature, the white precipitate
was washed by ethanol and centrifuged at 15000 rpm and
re-dispersed into ethanol. The as-syn TiO2 was obtained
by freeze-drying the product after washing and centrifu-
gation. A desired amount of GO dispersion (1 wt%) was

Table 1. Structural parameters from N, sorption‘,
XRD?, and Raman® analyses.

Surface Crystallite Lattice pzirameters ‘ Peak.
area size /A b intensity
Samples _ \ ratio
/m*g /nm a=bh c I/l ©
TiO, 47.5 14.19 37858 9.5106 -
TiO,x@H, 56.6 13.10 3.7855 9.5089 -
HGT@H./Ar 123.3 9.17 3.7877 9.5100 1.53
HGT@H, 74.9 12.10 3.7885 9.5165 1.26




added into TiOz2-ethanol dispersion under vigorous stir-
ring at room temperature for 30 min. After sonicating for
30 min, the mixture was hydrothermally treated at 8o °C
for 4 h. Subsequent to washing with deionized water, the
product was lyophilized and hydrogenated at 500 °C for 4
h. The final composites were then annealed in two envi-
ronments: (i) hydrogen-argon mixture (15% H,/85% Ar),
and (ii) ultra-high-purity H,, denoted as HGT@H,/Ar and
HGT@H,, respectively.

For comparison, hydrogen-reduced titania was also
prepared by the same procedure without the addition of
GO and named as TiO,,@H,. Other control samples in-
clude nanosized anatase calcined in ambient air (TiO,)
and GO annealed in pure H, (HG@H,).

Characterizations

X-ray diffraction (XRD) patterns and pair distribution
function (PDF) profiles were collected at beamline X7B (A
= 03196 A) of the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory (BNL). The
powder samples (5 mg) were loaded into a 0.9-mm-ID
quartz capillary and the two-dimensional diffraction pat-
terns were collected by a Perkin Elmer amorphous silicon
detector. The raw data were integrated by Fit2D code
(calibrated by LaBg standard) while the crystalline phase
identification, composition and lattice parameters were
subsequently analyzed by Rietveld refinement using Gen-
eral Structure Analysis System (GSAS) program.** PDF
data processing was subsequently performed with Py-
thon/PDFgetX3 to describe the distribution of all pairs of
atoms within a sample as a function of interatomic dis-
tance.

High-resolution X-ray photoemission spectra were col-
lected at beamline U12A of the NSLS at BNL examining
the Ti 2p, C 1s and O 1s core level regions. The probing
depth for 700 eV-photon energy was 8 nm and the data
were further processed by CASAXPS.

Further characterization of the materials was also con-
ducted using several techniques available at the Center
for Functional Nanomaterials (CFN) at BNL. Scanning
electron microscopy (SEM) was carried out by a Hitachi
S-4800. Transmission electron microscopy (TEM) images
were recorded on a FEI Titan 80-300 with an objective-
lens aberration corrector and a field-emission gun operat-
ing at 300 kV. The powder samples were dispersed in wa-
ter by sonication and dropped onto a carbon film coated
copper grid and air dried overnight. Raman spectroscopy
was performed on WiTec Alpha combination microscope
at room temperature with 633 nm laser as an excitation
source. UV-vis diffuse reflectance (DRS) measurements
were collected at room temperature by PerkinElmer
Lambda 950 spectrometer equipped with an integrating
sphere assembly.

Brunauer-Emmett-Teller (BET) specific surface areas
were determined by N, adsorption/desorption at 77 K
using an Altimira AMI-300ip instrument at Stony Brook
University. The powders were degassed at 150 °C to re-
move all surface-adsorbed contaminants prior to meas-
urements. Solid state 'H nuclear magnetic resonance

(NMR) spectroscopy was conducted on a Bruker Advance
I1I, operating at 500 MHz at room temperature. The mag-
ic angle spinning (MAS) frequency was 12 kHz and one-
dimensional spectra were acquired with 16 scans. 'H
chemical shifts were externally referenced to adamantine
and NMR data were further processed using TopSpin 3.1.

Photocatalytic water splitting measurements

The photocatalytic water splitting activity was evaluat-
ed through the measurement of either hydrogen or oxy-
gen evolution in a closed gas circulation and evacuation
system The aqueous methanol solution (20 vol%) and o0.01
M AgNO, were used as sacrificial agents to probe the H,
and O, gas evolution, respectively, in separated experi-
ments. The reactor was side-irradiated by a 150 W Xe arc
lamp from Optical Building Blocks Corporation which
utilizes elliptical reflector (F = 379 mm) and equipped
with CuSO, filter (310 nm < A < 625 nm, see in Fig. S1 -
Supporting Information). The lamp was was placed in the
focal point of the lamp and the light intensity was 750
mW over an irradiated area of 1.13 cm* which was meas-
ured by an optical power meter (Ophir Optronics). 400
nm long pass filter (Thorlabs, Inc.) was used to measure
the activity under visible light illumination (light intensi-
ty 475 mW, 400 nm < A < 625 nm). The detailed experi-
mental conditions and procedures can be found in previ-
ous study.” The evolved gases were determined by gas
chromatography (GC Agilent 689oN) equipped with FID
and TCD detectors using Ar as the carrier gas. The appar-
ent quantum efficiency (QE) was calculated according to
the following equation:

number of reacted electrons
number of incident photons

QE[%] =

_ number of evolved H, molecules x 2
number of incident photons

x100

RESULTS AND DISCUSSION
Structural studies - XRD, PDF, Raman and 'H NMR
The as-syn GO-TiO, composite was subsequently
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Figure 1. (A) XRD patterns, (B) PDF analysis and (C, D) Ra-
man spectra of TiO,, TiO, ,@H, and HGT composites.



annealed at 500 °C for 4 h in two different atmospheres:
()flow of 15% H, in Ar and (ii) ultra-high-purity H, (both
under 20 psi), to investigate the effectiveness of hydro-
genation on the structural, physico-chemical, electronic
properties and photocatalytic performance. The crystallo-
graphic structures of HGT composites and other reference
materials were confirmed by synchrotron XRD patterns
displayed in Fig. 1A. In all samples, series of well-defined
(101), (004), (200), (105), (211) and (204) diffraction peaks
are indexed to the tetragonal anatase (space group
I4,/amd) without any trace of rutile. Herein, the crystal-
linity decreases due to the evolvement of hydrogen gas,
leading to the formation of defects that inhibit the crystal
growth of TiO,,, except for HGT@H,. Notably, a lack of
diffraction peaks representative of the carbonaceous
component can possibly be explained by the exfoliation of
GO nanosheets during synthesis, the intercalation of TiO,
particles or the shielding of the (002) carbon-like feature
by the strong (101) diffraction of anatase TiO,.”™"*" The
crystalline phase, particle size and unit cell parameters
were determined by Rietveld refinement and summarized
in Table 1. As seen in Fig. S2 (Supporting Information)
and Table 1, annealing in an H, atmosphere clearly causes
a lattice distortion in both TiO, ,@H, and HGT compo-
sites. Particularly, a lattice expansion is found on HGT
composites whereas the shrinkage occurs on TiO, @H..
The average crystallite size remarkably increases from 6
nm to 9-13 nm under a reducing atmosphere compared to
TiO,. It can be seen that the lack of oxygen in the H,-
reducing environment efficiently aggravates the defor-
mation of the unit cell and restrains the grain growth dur-
ing calcination.

In addition, the PDF signal takes into account all com-
ponents of the XRD pattern and contains all characteristic
interatomic distances in the materials. The corresponding
PDF profile in Fig. 1B points to numerous well-defined
maxima at 1.96, 2.39 and 3.05 A that are ascribable to the
mean bond lengths of Ti-O, O-O and Ti-Ti pairs for the
first neighbor coordination shell of [TiOg] octahedra (the
closest O shell around a Ti atom). Note that each Ti ion in
the anatase structure octahedrally coordinates to six O
ions with an atypical Ti-O bond length of 1.98 A and an
equatorial bond length of 1.93 A.* The peaks at 3.83 A
represents the second asymmetric Ti-Ti,O coordination
sphere. No apparent differences are encountered among
these samples except the shift to a larger interatomic dis-
tance and the alteration in maxima intensity upon hydro-
genation, implying the distortion of [TiOg¢] octahedra.
Apart from the distances less than 6 A - considerable
short- and medium-range order, the longer correlation up
to 20 A in Fig. S3 (Supporting Information) clearly
demonstrates the absence of long-range order, indicating
the surface disorder or structural distortion by hydro-
genation.

Raman spectroscopy, a non-destructive method, is also
a useful technique to explore the crystalline or molecular
changes after hydrogenation via molecular vibrations. Fig.
1C shows several characteristic Raman-active modes at 145
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Figure 2. Solid state 'H NMR, of TiO,, TiO,.,@H, and hydro-
genated graphene/TiO,., composites.

(Eg), 198 (Eg), 398 (B,y), 516 (A,+B,) and 638 (E,) cm™ for
TiO,, identifying the tetragonal structure of anatase TiO,
which is consistent with XRD and TEM observations.
These modes become weakened and broaden together
with the emerging of numerous smaller, weaker bands for
either TiO, ,@H, or HGT composites after H, reduction,
stemming most likely from the surface heterogeneity or
disorder that may activate zone-edge and otherwise Ra-
man-forbidden modes by breaking down the Raman se-
lection rules.>* The results in our study are consistent
with previous reports which claim that the introduction
of H, induced the spreading and impairment of these in-
dicative bands, implicating hydrogenation-induced struc-
tural changes at the surface.*>* Moreover, the formation
of intrinsic defects is one of the possible reasons for Ra-
man mode broadening because as they scatter phonons,
causing their decay and consequent decrease in their life-
time, resulting in an increase in the phonon line
width.*%

Raman spectroscopy can also be utilized to identify ei-
ther sp®-sp’ hybridized carbon atoms or disorder/defects
in HG composites. As illustrated in Fig. 1D, two typical D
and G bands are observed in both samples. The D band at
1350 cm’ is assigned to the vibration of carbon atoms with
the sp? electronic configuration of disordered graphene or
sp® defects near K-point, whereas the G band at 1587 cm™
is associated with the in-plane vibration of sp®-bonded
carbon atoms at the I'-point and a doubly-degenerated
phonon mode (E,, symmetry) at the Brillouin zone cen-
ter.***¥ The relative intensity ratio (Ip/Ig) is usually cal-
culated to provide the information on the relative concen-
tration of disorder or local defects in comparison with sp*-
hybridized graphene domains. The Ip/Ig = 1.12 of HG



Table 2. 'H NMR chemical shift” and peak area ratios of C- and O-containing bonds obtained by XPS".

NMR chemical shifts XPSCis® XPSO1s’
Samples
A B C D [C-C/C-H]/C=C %[C-C/C-H] Ou/Or Om/O;
TiO, 5.63 118 - - - - 0.277 0.182
TiO,x@H, 5.76 1.04 3.68 0.28 - - 0.666 0.498
HGT@H,/Ar 5.49 - - 038 0.826 33.92 0.595 0.635
HGT@H, 5.35 0.83 3.44 - 1155 39.74 0.760 0.221

annealed in H, is slightly higher than that of the GO pre-
cursor (Ip/Ig = 1.05), indicating a substantial decrease in
sp>-bonded carbon atoms and oxidized molecular de-
fects.*” It is noteworthy that the integrated intensity sig-
nificantly increases to 1.51 and 1.26 for HGT@H,/Ar and
HGT@H.,, demonstrating the formation of large amounts
of edges, defects, disorders as well as abundant sp®> C-H
bonds and dense ripples after hydrogenation.”® Interest-
ingly, weaker signals are recorded for HGT@H,, indicat-
ing that lower portion of graphitic structure or lower
graphitization degree compared to HGT@H,/Ar. The na-
ture of the carbonaceous component was further investi-
gated by TEM and XPS in the following section.

The solid state 'H NMR spectroscopy was further con-
ducted to characterize the hydrogen-containing species in
the TiO,, TiO,.@H, and HGT composites (Fig. 2). The
chemical shifts of all resonances are shown in Table 2. A
strong, sharp chemical shift at 5.63 ppm (resonance A)
and very small peak at 1.18 ppm (resonance B) in TiO, are
characteristic of the H at bridging and terminal sites.*
Chary et al”® ascribed the low field peak to acidic OH
groups coordinated to two Ti atoms, localized on bridging
oxygen atoms and forming weak hydrogen bond adjacent
to oxygen atoms; while the high field peak belongs to
basic OH groups where hydrogen atoms are bound to
terminal oxygen atoms. According to Jonsen,” the sharp,
small and narrow resonance implies that the hydrogen
concentration is relatively low and these hydrogen species
are situated in dynamically static and isolated interstitial
sites within the oxide lattice. Otherwise, the broad signal
involves hydroxyl protons and labile interstitial protons
(surface and/or bulk), which experience extensive dynam-
ic averaging. The shifting towards lower field and lin-
ewidth broadening of these signals are obvious for TiO,.
«@H, while the signal of terminal Ti-OH drastically in-
creases. Two additional resonances at 3.68 (C) and 0.28
ppm (D) can be reasonably attributed to titanol groups
located at internal defect sites.* These groups can be as-
cribed to the H located in the disordered phase upon hy-
drogenation.>** Annealing the HGT composite under two
different environments induces different surface hy-
droxy/hydroxylated species: H,/Ar mixture gives a strong,
broad resonance at 5.49 ppm and a sharp, small one at
0.38 ppm whereas three intense resonances at 5.35, 3.44
and 0.83 ppm are recorded for pure H, atmosphere. The
resonances over HGT composites with upfield shifting
due to the higher electronegativity of carbon atoms can
be the superposition of additional carbonaceous compo-
nent apart from TiO,.,. The resonance in the range of 3 =

5.5-5.8 ppm can be tentatively assigned to -CH protons
and aromatic protons which arise from carbonaceous spe-
cies and are essentially immobile as a result of strong in-
teraction with the structure; whilst the signals at 3.90
ppm and 1.28 ppm can be assigned to the tertiary C-O-H
group and aliphatic protons (-CH; methyl, -CH, meth-
ylene).”*>® These resonances in HGT composites are most
likely overlapping with strong signals of TiO,, due to its
minority in mass composition. It is noteworthy that the
hydrogenation dramatically reflects the alteration in hy-
drogen-bonding network of the materials. Such structural
changes upon H, reduction environments suggest differ-
ent behavior in photocatalytic performance of these com-
posite materials.

Morphological studies - SEM and TEM

The local morphologies of blank and composite materi-
als were investigated by electron microscopy. Typical
SEM and TEM images of HGT composites are displayed in
Fig. 3. Fig. 3B clearly shows TiO, particles well distribut-
ed on HG layer in HGT@H,/Ar. The inversed FFT images
identify the fringe disorder along with the lattice expan-
sion, d,,, = 0.378 nm, compared to either TiO, or TiO,,.
As shown in Fig. S4 (Supporting Information), well-
resolved lattice fringes with interplanar spacings of 0.348

Figure 3. (A) SEM and (B) TEM micrograph of HGT@H,/Ar
and (C) TEM image along with local enlarged images of
HGT@H,. Inset of (B) is the image taken at specific edge
showing different geometry of HGT@H,/Ar.
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Scheme 1. Illustration of topotactic transformation
from hydrogenated graphene-like structure to mix-
ture of graphitizing- and non-graphitizing carbon as
annealing GO/TiO, composite under different H-
atmosphere.

and 0.347 nm are revealed in TiO, and TiO,,, respective-
ly, corresponding to the d-spacing of the (101) plane of
anatase which is consistent with XRD results. It is obvious
that the absence of a highly disordered layer at the outer
shell of the particles as annealed under pure H, is incon-
sistent with some previous reports.>>* Some part of the
image become blurred and lattice disorder and disloca-
tion occurs instead, as can be seen in the plot profile of
lattice fringe in Fig. S4C-D. Meanwhile, the existence of
few curled layers of HG (3-5 layers, visible interplanar
spacing of 0.52 nm) surrounding TiO,., particles and
highly disordered carbon layers are additionally detected
at some specific edges as indicated in the inset of Fig. 3B.
It can be relevant to the chemical bonding interaction
(electrostatic and van der Waals interactions) and inti-
mate interfacial contact between hydroxyl groups on the
TiO, surface and abundant oxygen-containing functional
groups on the basal planes and at the edges of the GO
precursor. It is well accepted that due to such an abun-
dance of these hydrophilic functional groups, GO acts as
“a big macromolecular surfactant”, not only well dispers-
ing in aqueous phase but also offering a large quantity of
reactive sites to sufficiently interact with TiO,." Such HG-
wrapped TiO,, structure may be a beneficial factor to the
charge transfer and separation from TiO, to the carbona-
ceous layers.

More importantly, such unique geometry is exclusively
obtained over HGT composites annealed in high purity H,
as shown in Fig. 3C. The lattice relaxation is also observed
in TiO,_, with d,,, = 0.356 nm (also see in Fig. S5 and S6 in
Supporting Information). Thin layers of HG almost disap-
pear; instead the highly disordered carbon or turbostratic
carbon in a wormhole-like structure is achieved. Tur-
bostratic carbons, the intermediate between the ideal

graphite and amorphous carbon materials, are built up by
nano-scale imperfect graphite crystallites, arranged al-
most parallel to one another, but with random orienta-
tion.”*>” Some regions of turbostratic structure consist of
small packets of three-dimensionally (3D) ordered mate-
rials with disordering between packets, i.e., the hollow-
like central regions surrounded by graphitic layers.” Simi-
lar crystalline-to-amorphous, order-to-disorder transfor-
mation and reversed process have been reported where
the co-existence of sp®- and sp*>-bonded carbon atoms are
observed.®*® The presence of highly disordered carbon or
turbostratic carbon in the HGT@H, composite is coinci-
dent with the Raman results where lower Ip/I; was ob-
tained. The carbonaceous component in terms of either
hydrogenated graphene or a mixture of graphitic-like and
turbostratic carbon obviously works as a grain boundary
barrier, retarding the growth of anatase grain crystallites
and thus leading to diminished crystallite sizes in com-
parison with TiO, and TiO,, as evident from XRD. Thus,
in our study, as illustrated in Scheme 1, in the presence of
TiO,, the reduction in an H-rich atmosphere results in a
topotactic transformation from hydrogenated graphene-
like structure to mixture of graphitizing- and non-
graphitizing carbon.
Electronic properties and chemical states - XPS anal-
ysis

Further understanding of the electronic and chemical
nature of the carbon and TiO,, in HGT composites was
unraveled by means of synchrotron XPS spectroscopy
(Fig. 4). Three distinguishable photoelectron peaks at
binding energies of ca. 284.6, 458 and 531 eV in the survey
spectra (Fig. S7 in Supporting Information) are assigned
to C 1s, Ti 2p and O 1s. Core-level Ti 2p and O 1s spectra
are measured to gain insight into the surface structure of
Ti and O species. As depicted in Fig. 4A, two spin-orbital
splitting Ti 2p,, and Ti 2p,, peaks at 458.4-458.6 and
464.2-464.4 eV in blank and composite materials impli-
cates the Ti*" chemical state. The peak broadening might
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Figure 4. High resolution core-level XPS spectra of TiO,,
TiO,..@H, and HGT composites: (A) Ti 2p, (B) O 1s and (C) C
18 (peak fitting on Shirley backgrounds).



be due to either the interaction between TiO,. and HG,
resulting in Ti-C bonding or the formation of oxygen va-
cancy upon hydrogenation (resolved into two peaks at
459.5-460.2 and 465.3-466.0 eV). However, very small
features at 457.3-457.5 €V in the fitted spectra for TiO,.
«@H, and both HGT samples can be attributed to lower
the asymmetrical profile in pristine TiO,, denoted as (i)
oxidation state, Ti**. The existence of Ti** implicates the
generation of oxygen defects in these samples, in particu-
lar, oxygen vacancies, to balance the charge compensa-
tion. The bonding environment of oxygen is shown in Fig.
4B. Three components of oxygen atoms are fitted from
crystal lattice oxygen species O (Oy, 530.1 V); (ii) oxygen
vacancy defect or surface low-coordinated oxygen ions,
ie. O,, O,”, O, CO,” (O, 531.8 eV); (iii) hydroxyl-type
oxygen species (OH) and surface-adsorbed molecular
water (H,O or O%) (Oyy, 533.0 eV).” It has been acknowl-
edged that the physical absorbed hydroxyl groups on TiO,
can be easily removed under ultrahigh vacuum conditions
typical of XPS measurements, the Oy and Oy peaks can
be indeed originated from the species associated with the
surface defects or strongly bound to surface defects on
TiO,. It is clear that the Oy and Oy features developed
with hydrogenation and HG addition, which possibly at-
tributes to the shortage of oxygen in a reducing atmos-
phere. As summarized in Table 1, the relative (Oy/O;) and
(O/Oy) area ratios drastically increases from 0.277 to
0.595 and o.760 for HGT@H,/Ar and HGT@H,, respec-
tively, indicating the generation of oxygen defects. Addi-
tionally, the small peak located at 531.0-531.2 eV in HGT
composites is assignable to Ti-O-C bonding due to the
chemical interaction between metal oxide and the carbo-
naceous material.” The peak shift to higher binding ener-
gy along with an increment in relative (Oy/O;) and
(Ow/Oy) peak area ratios in TiO,., and HGT composites
identifies the hydroxylated or oxyhydroxylated surface,
resulting in the introduction of large amount of negative-
ly charged oxygen vacancies. Similar phenomena can be
found in the literature.”*® The presence of these defect
sites probably affects the separation of induced elec-
trons/holes and charge transfer, as well as the photocata-
lytic performance.

The high resolution C 1s spectra in Fig. 4C can be de-
convoluted into several components, including sp*-C
bonds of the graphene skeleton (C=C, 284.2eV), sp’-
hybridized carbons (C-C/C-H, 285.2 eV), alcohol, epoxy
and ether groups (C-O, 286.3 eV), carbonyl groups (C=0,
287.5 eV) and carboxylic acid/ester groups (O-C=0,
288.8). Compared to the pristine GO, the peak intensities
of C-O, C=0 and O-C=0 substantially diminish, implicat-
ing that GO was almost reduced to HG through the hy-
drothermal and subsequent hydrogenation processes. The
larger the amount of residual O-containing functional
groups, the lower the conductivity of HG. Interestingly,
the sp?>-bonded C dominates, occupying 39.74% of the C
concentration, as reduced HGT composite in an H-rich
atmosphere. As shown in Table 2, the relative area ratio of
C-C/C-H (sp?-carbon) and C=C (sp®-carbon) strongly in-
creases from 0.826 to 1.155. Our results are in agreement

with the literature on hydrogenated graphene, graphone
and graphene3** The presence of well-defined C-O
bonds after hydrogenation is in agreement with Wang et
al’s computations® that studied the hydrogenation of
epoxy on the surface of graphene oxide by H, not only
converts it into a hydroxyl but also simultaneously trans-
forms an sp” carbon to sp® carbon. Two features centered
at 283.2 and 289.6 eV correspond to Ti-O-C=0 and Ti-C
due to the strong coupling (covalent interaction) between
TiO,, and HG.™™* Specially, the dominance of Ti-C
bonds (5.43%) in HGT@H, clearly indicates the close in-
terconnection between TiO,., and carbonaceous layers.

Based on TEM, XPS and Raman spectra, it is plausible
to suggest that in the presence of TiO, nanoparticles, GO
sheets can undergo a topotactic transformation from gra-
phitic carbon (honeycomb-like structure) to a mixture of
graphitic and turbostratic carbon (amor-
phous/disordered) as altering the calcination atmosphere
from a mild to an H-abundant environment. XRD/PDF,
NMR, Raman and XPS results also imply there are re-
markable changes in structure and chemical bonding
states of TiO,, accompanied with the strong electronic
communication between 0-1D metal oxide and 2D carbon
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normalize evolution rates and quantum efficiencies over
TiO,, TiO,.@H, and hydrogenated graphene/TiO, , compo-
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agent, 150 W Xenon arc lamp equipped with CuSO, filter at
293 K).



layers upon hydrogenation through the formation of Ti-
C/Ti-O-C bonds and thus, an interfacial contact between
them. Such differences in textural, structural and elec-
tronic properties possibly impact the migration efficiency
of photoinduced electrons, the interfacial electron trans-
fer and the charge recombination of HGT composites that
are strongly relevant to the photocatalytic H,-evolution
activity.

Photocatalytic H, and O, evolution measurements

Fig. 5 compares the H, generation performance be-
tween HGT composites, TiO,..@H, and TiO,, irradiated
by the full output of a Xe lamp equipped with CuSO, filter
(310 < A < 625 nm) without the use of a noble metal co-
catalyst. The time course of the reaction in Fig. 5A shows
the proportional increase in the evolved H, overtime for
each sample. It is clear that the presence of HG drastically
accelerates the generation of H, under UV-visible light.
As shown in Fig. 5B, the mass specific activity of reduced
titania (147 pmol g h™) is ca. 3.5-time higher than that of
air-treated TiO, (41 pmol g™ h™), possibly arising from the
downward shift of the conduction band or the existence
of a mid-gap state that is lower than reduction potential
of H'/H, by the introduction of defects through hydro-
genation.>* Chen et al.** described that the energy
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Figure 6. Comparison of H, evolution between Pt nanoparti-
cles and hydrogenated graphene co-catalysts on TiO, and
TiO,..@H, in aqueous methanol solution (150 W Xenon arc
lamp equipped with CuSO, filter at 293 K).

distribution of mid-gap states differed from that of a sin-
gle defect in a crystal, forming a continuum extending to
and overlapping with the conduction band edge (known
as band tail states). These band tail states merge with the
valence band, extending the energy states. These defects
also serve as trapping sites, preventing the charge carriers
from the rapid recombination and improving the electron
transfer, and hence the photocatalytic performance. The
H, evolution rate is further enhanced to 355 umol g" h™ by
the addition of hydrogenated graphene. Interestingly, the
rate of H, production over the HGT@H, composite is
found to sharply increase to 1166 mmol g" h™, approxi-
mately 7.9 and 3.3 times higher than TiO,, and HGT
composite annealed under 15% H, in Ar atmosphere, re-
spectively.

One of the reasonable concerns is whether the HG itself
can act as the hydrogen reservoir during hydrogen evolu-
tion. Herein, 3 mg of HGT@H, generated ~ 7 umol (14 pg)
of H, after 2 h-irradiation. Assuming full coverage of hy-
drogen on graphene sheet by hydrogenation in pure H,
atmosphere, each atomic hydrogen can hypothetically
bond to each carbon atom. Thus, the maximum amount
of hydrogen ‘stored’ in HGT@H, is 2.3 pg. It is noteworthy
that in this study, the gas phase hydrogenation of
GO/TiO, in H,-enriched environment at 20 psi does not
produce fully hydrogenated graphane (as proven by XPS
and Raman). Both experimental reports and DFT calcula-
tions on hydrogenated graphene estimated the hydro-
genation efficiency of < 10 at% even under hydrogen
plasma.” Thus, the amount of evolved H, during catalysis
is much greater than the amount of hydrogen potentially
‘stored’ in the composite. Based on these considerations
hydrogenated GO support can be safely eliminated as the
potential source of hydrogen gas produced during photo-
catalysis.

The apparent quantum efficiency (QE), which is given
by the ratio between the moles per second of hydrogen
produced and the moles (einsteins) of photons per sec-
ond,”* for these materials was also calculated (see detail
in Supporting Information). In some studies of photocata-
lytic water splitting over metal oxides and composite ma-
terials, the QE at a specific wavelength (monochromatic
radiation) was reported whereas the reaction has been
conducted under broadband radiation (polychromatic
irradiation).”%® Other strategy has been the combina-
tion of band-pass and cutoff filters to determine QE over
narrow bandwidth or over maxima band.””” Herein, based
on the calculation over the spectral range of 310-625 nm
as shown in Fig. 5B, 0.068% and 0.021% were obtained for
HGT@H, and HGT@H,/Ar composites, much greater
than TiO,_, (0.0086%) and TiO, (0.0024%). QE of 0.102%
was achieved for HGT@H, as calculated over the wave-
length of 400-625 nm when using both CuSO, and 400
nm long pass filter (see Table S1 and S2 in Supporting
Information).

It is apparent that the reduction in H,-rich atmosphere
shows a remarkable improvement in photocatalytic per-
formance via the highest hydrogenation extent. Consider-
ing several other GP/TiO, composites synthesized and



reduced by different methods, ™ due to the higher work
function, ®¢p = -4.42 eV (vs. vacuum) and Do, = -4. 2
eV,*” GP acts as the electron acceptor and conductor to
capture and shuttle photoexcited electrons from the con-
duction band of TiO,, efficiently prolonging the lifetime
and improving the mobility of electrons (whilst photo-
generated holes are scavenged by the methanol sacrificial
agent) and thus, facilitating H, production. Herein, it can
be inferred that the carbonaceous layers irrespective of
hydrogenated graphene, disordered or turbostratic car-
bon plays the identical role as GP. Mixture of graphitiz-
ing- and turbostratic carbon enhances the strong interac-
tions and maximizes the intimate interfacial contact be-
tween oD TiO,, nanoparticles and 2D carbonaceous lay-
ers, which favors the interfacial electron transport and
efficiently retards the charge recombination. The other
factors which may contribute to the enhanced perfor-
mance will be discussed later.

It has been well established that the noble metal co-
catalysts, i.e. Pt, Ru or Rh, are usually loaded onto the
photocatalysts (with o0.5-1 wt%) to facilitate the photo-
catalytic water splitting performance because they en-
hance the separation of photogenerated electrons/holes,
further improving the photocatalytic activity for proton
production and water oxidation. However, tremendous
efforts have been made in order to: (i) reduce the co-
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Figure 7. Light-driven O, production of TiO,, TiO, ,@H, and
HG/TiO,., composites (aqueous AgNO; o.01 M as sacrificial
agent, 150 W Xenon arc lamp equipped with CuSO, filter at
293 K).

catalyst content, (ii) replace noble metal co-catalyst with
other abundant transition metals, (iii) explore potentially
sustainable, cheap, efficient candidates to replace these
noble metals, especially Pt, due to its extremely high cost
and scarcity. Carbonaceous materials have been consid-
ered as promising alternatives to noble metal co-
catalysts.>® Herein, the photocatalytic activity measure-
ment under the presence of 1wt% Pt co-catalyst was con-
ducted for comparison (Fig. 6). Pt nanoparticles were pre-
loaded on as-syn TiO, by the impregnation method using
H,PtCls as a metal precursor, followed by the calcination
in either ambient air or high-purity H, atmosphere. The
time course in Fig. 6A shows the enhanced activity of hy-
drogen production over the samples containing Pt nano-
particles. The H, evolution rate achieves 3.015 mmol g" h™
over Pt/TiO, sample as seen in Fig. 6B, approximately
73.5-times higher than that for blank sample (41 pmol g*
h™). The rate exceeds 9.614 mmol g" h™ with Pt/TiO, sam-
ples hydrogenated under a H,-rich environment. The
activity is 3.2-, 65.4- and 234.5-times of that obtained from
Pt/TiO,, TiO,@H, and bare TiO,, respectively. Due to
greater work function of Pt (-5.64 eV),” the photoinduced
electron transfer from the TiO, conduction band to Pt is
energetically favorable and the holes are localized within
TiO,, therefore effectively increasing charge carrier sepa-
ration and then making the electrons accessible for pro-
ton reduction to form H,. It has been reported recently by
Zhu et al’* that such superior activity may be attributed to
the involvement of hydrogen spillover from Pt to TiO,
that greatly enhanced the catalytic activity. It is interest-
ing to notice that the H, evolution rates of Pt/TiO, ,@H,
and Pt/TiO, are only 8.2- and 2.6-time higher than that of
HGT@H,, respectively, with the same nominal loading
amount of GO and Pt (1 wt%). Thus, in order to reach
same activity as Pt/TiO, @H, and Pt/TiO,, hypothetically
2.5 ~ 8.5 wt% of GO precursor should be used. This simple
comparative analysis demonstrates the potential of hy-
drogenated graphene-based TiO, composites to success-
fully rival the noble-metal-based photocatalysts.

On the other hand, oxidative half-reaction of overall
water splitting - the water oxidation has been acknowl-
edged to be much more challenging than H, production
due to the consumption of four positive holes to oxidize
water to oxygen and more stringent energetic require-
ments. As shown in Fig. 7, the hydrogenated titania cre-
ates 439 umol of O, per hour per gram of catalyst, which
is 3.2-fold higher than that over TiO,. This enhancement
possibly implies that the hydrogenation significantly im-
pacts the valence band structure of TiO, where the water
oxidation takes place. However, the presence of hydro-
genated graphene under H,/Ar flow slightly enhances the
O, performance, generating 625 pmol g h”, whereas post
treatment by pure H, makes the composite worse than
TiO,., towards water oxidation (313 pmol g"h™).

Apart from the mass normalization for catalyst effec-
tiveness, it has been known that the normalization of the
catalytic activity (i.e. the rate of gas evolution) to photo-
active surface sites (such as specific surface area or num-
ber of exposed photoactive sites) further provides a better



Table 3. Comparison of photocatalytic activity of different graphene-based catalysts for hydrogen generation.

Additive ifici - Rate of H, evolution Quar.ltum
Photocatalysts Light source Sacrificial elec iy efficiency Refs.
/Co-catalyst tron donor /pmol g™ h %
Graphene/TiO, 500 W Xe - 5 wt% graphene 0.1 M Na,S-0.04 - UV-visible: 86 Not reported 10
lamp - No noble-metal-co- M Na,50;, - Visible: not reported
catalyst
3D graphene/TiO, 300 W Xe - 10 wt% graphene 10% (v/v) - UV-visible: Not reported 18
hydrogel lamp - 8 wt% Au co- CH;OH-H,0 51 (without Au)
420 nm cutoff  catalyst 242 (with Au)
filt
e - Visible:
58 (without Au)
100 (with Au)
Ag/graphene/P25 Xe lamp - 5 wt% graphene 10% (v/v) - UV-visible: Not reported 20
- 1.5 wt% Ag co- CH;OH-H.0 210 (without Ag)
catalyst 353 (with Ag)
- Visible: not reported
Graphene/TiO, 350 Xe arc - 1 wt% graphene 25% (v/v) - UV-visible: 736 3.1% (at 365 12
nanosheet lamp - No noble-metal-co- GH;OH-H.O  _vsgible: not reported nm - four
catalyst 3W-UVLED
lamps)
Reduced graphene 200 WXearc  -20wt% RGO 20% (v/v) - UV-visible: 740 Not reported u
oxide/P2s5 lamp - No noble-metal-co- CH,;OH-H.0 - Visible: not reported
catalyst
Au/graphene/P25 High-pressure -1 wt% graphene 10% (v/v) - UV-visible: Not reported 19
I‘OO W Hg -2 wt% Au co- CH;O0H-H;0 1340 (without Au)
amp catalyst 12000 (with Au)
Ag/graphene/P25 Xe lamp - 5 wt% graphene 10% (v/v) - UV-visible: Not reported 20
- 1.5wt% Ag co- CH;OH-H.0 210 (without Ag)
catalyst 353 (with Ag)
- Visible: not reported
Hydrogenated 150 WXearc -1wt% hydrogenat- 20% (v/v) - UV-visible: 1166 0.068% (310  This
graphene/TiO, lamp ed graphene CH,;0H-H.O - Visible: 19 ~ 625 nm) work
equlpped - No noble-metal-
with CuSO, co-catalyst
filter
400 nm cut-
off filter
Cu/graphene/P25 300 W high - 2 wt% graphene 33% (v/v) - UV-visible: Not reported 13
{)ressure Hg - 1.5wt% Cu as co- CH,0H-H.O 12500 (without Cu)
amp catalyst 65600 (with Cu)
- Visible: not reported
Vacuum-activated 300 W Xearc  -2wt% graphene 20% (v/v) - UV-visible: not report- Not reported 21
graphene/self- lamp/ - 0.37 Wt% Pt co- CH,0H-H,O ed
doped TiO, 400 nm cutoff  catalyst - Visible: 4000

filter




understanding of bulk and surface structural variations
due to strong sensitivity to both crystallinity of the bulk
lattice and surface features.®*”> Fig. 8A shows the corre-
sponding BET surface area normalized turnover rate of H,
and O, production. As shown in Table 1, HGT@H.,/Ar
possesses large surface area (> 120 m* g") which can be
attributed to the smaller average crystallite size and the
presence of stacked HG layers previously elucidated by
XRD and TEM. Consequently, the result clearly indicates
the negative effect of the HG additive on O, production
after normalization to surface area. Reduced titania itself
exhibits the highest O, evolution rate, ~ 7.8 pmol m* h™. It
is clear that either hydrogenated graphene or a mixture of
HG and turbostratic carbon is not optimal candidates for
photocatalytic water oxidation. It can be ascribable to the
surface oxygen vacancies which are not stable and even
susceptible to oxidation by dissolved oxygen in water; in
contrast, the oxygen vacancies in the bulk can avoid the
interaction with O, It is proposed that due to a large
concentration of oxygen defects in the HGT composites,
the fraction of bulk oxygen vacancies can be much higher
than the others, possibly leading to lower O, evolution.
Otherwise, slightly enhanced H, turnover rate of this
composite (2.9 pmol m* h™) is observed compared to hy-
drogenated titania (2.6 umol m* h™). Herein, the highest
reactivity is obtained for the HGT composite reduced in a
rich-H, environment, 15.6 pmol m* h™.

The photocatalytic H, evolution of all samples under
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production, (B) visible-light-driven H, evolution (150 Xe arc
lamp, CuSO, and 400 nm cutoff filter), and (C) UV-vis-DRS
spectra of blank and composite materials.

visible light irradiation was also studied by using a 400
nm long pass filter (400 < A < 625 nm). As seen in Fig. 8B,
compared to blank TiO, with no activity, TiO, ,@H, pro-
duces 454 ppm of H, after 8 h of illumination, corre-
sponding to the rate of 2.4 pmol g" h™. HGT@H, compo-
site exhibits an increased hydrogen evolution rate of 19.2
umol g’ h™ (generating 3692 ppm of H, gas), whereas
HGT@H,/Ar shows much lower activity even compared
to reduced titania. Generally, the photocatalytic gas pro-
duction over HGT composites is strongly affected by the
reduction environment and the diverse photocatalytic
performance may be associated with several factors. One
of the most important factors is the optical properties of
the materials. Fig. 8C illustrates the diffuse reflectance
UV-Vis spectra of TiO,,TiO, @H, and HGT composites.
Comparison with air-calcined TiO,, which only responds
under the UV region, the reduced ones are optically ab-
sorbing the visible-light region from 380 to 80oo nm, along
with the blue-shift of the absorption edge. Interestingly,
the HGT@H,/Ar composite exhibits unusual optical be-
havior where the onset is located at 350 nm and a broad,
strong absorption up to 8oo nm is observed. However, the
edge red-shifts as reducing HGT material in pure H,, ex-
tending the photoresponse into the visible range up to
800 nm. It implies that annealing the composite materials
under different reducing atmospheres induces different
photocatalytically reactivity, probably originated from the
formation of Ti-C/Ti-O-C bonds due to a strong interac-
tion between TiO,, and HG which was proven by XPS
spectra above. That explains the highest visible-light-
driven H, evolution over HGT@H, composite. Indeed, no
rational explanation of the blue-shift is explored in this
study; nevertheless, as mentioned above, the band gap of
graphene can be easily tuned from a small indirect band
gap to a wide direct band gap via the manipulation of the
hydrogen reduction.*® Therefore, the different nature of
carbon structures in the composites possibly leads to dif-
ferent optical properties. The coupling between HG and
TiO,, requires further analysis and study to clarify a
mechanistic pathway.

It is also worth noting that such differences in photo-
catalytic performance can be partially ascribed to the in-
troduction of abundant defects and different carbon spe-
ciation under different hydrogenation conditions. The
hydrogenation-induced oxygen vacancies (as confirmed
by XPS analysis) can behave as an electron donor and
significantly increase the donor density in TiO,,, thus
possibly improving the charge transport. Similar phe-
nomena have been demonstrated on hydrogenated titania
in several previous reports.>3* High separation efficiency
of majority and minority carriers due to surface oxygen
vacancies and Ti*" centers is an important factor. The ox-
ygen vacancies work as electron traps while Ti*" sites acts
as hole scavengers, both accompanied with the role of
adsorption sites where the charge transfer to adsorbed
species can prevent the recombination of electron-hole
pairs, whereas bulk defects only act as charge carrier traps
where electron-holes recombine.®® Additionally, the HG
can play the role of an electron shuttle, transferring the



photogenerated electrons from conduction band of TiO,_,
to the HG-TiO,,, interface and eventually to HG conduc-
tor, facilitating the separation of electron/hole pairs at the
interface, and subsequently reducing protons to produce
H,.™ Improved performance of hydrogenated compo-
sites for the light-driven water reduction half-reaction can
be attributed to the synergistic effect between the gener-
ated defects and emerged graphitic-/turbostratic carbon
structure which contains more defects and sp’-bonded
carbon.

The comparison of photocatalytic performance of the
HGT composite and different catalytic materials reported
in the literature using either graphene or noble metal as
additives or co-catalysts is shown in Table 3. The rate of
H, production and quantum efficiency are two important
values to evaluate the potential of a photocatalyst. The
performance of HGT composites reported in this study is
quite impressive compared with the photocatalysts in
previous reports. Although more mechanistic studies are
further needed to establish better understanding of pho-
tophysical and catalytic properties of the HGT compo-
sites, while the findings of the present study provide new
insights into the development of the coupling of metal
oxides with graphone or graphane to exploit numerous
new potential applications.

CONCLUSION

We have investigated the role of hydrogenation on the
structure, electronic properties and photocatalytic activity
of hydrogenated graphene/TiO, composites. The hydro-
genation not only reduces TiO, nanoparticles but also
impacts the graphene-like structure in the composites.
GO sheets undergo a topotactic transformation from a
graphene-like structure to a mixture of graphitic and tur-
bostratic carbon (amorphous/disordered) when altering
the calcination atmosphere from a mild to H-abundant
environment. The composite annealed upon H-rich con-
ditions exhibits the highest H, evolution performance
whereas the mild reduction shows a slight improvement
in O, production. Such enhancement can be attributed to
the introduction of large amount of oxygen vacancies and
Ti®" states, retarding the recombination of charge carriers
and thus, facilitating the charge transfer from TiO,, to
the carbonaceous sheet. The findings of the present study
may open up an exciting opportunity for developing new
strategies for coupling metal oxides with graphone or
graphene to replace existing noble metal-based photo-
catalysts.
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