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Herein, we report a facile method for synthesizing graphitic carbon
domains of thin island shapes on the surfaces of titania nanotubes,
which were prepared by using hydrothermal and pyrolytic treat-
ments with glucose. The faster decay time of the solar-driven elec-
trons and the lower charge transport resistance on carbon domains
as compared to those in the case of bare titania nanotubes serve to
increase the solar-to-hydrogen conversion rate.

After excitation of an electron from the valence band (VB) to the
conduction band (CB) of a semiconductor, the electron separated
from the electron-hole pair has a short lifetime because of its strong
tendency to recombine with the hole. Thus, only a few electrons
from the semiconducting photocatalyst can participate in the
reduction reaction. This is the critical bottleneck in the conversion
of solar energy to a high-density energy carrier such as hydrogen."*
Meanwhile, structures combined with graphitic carbon allotropes
have been found to be useful in facilitating the separation of solar-
driven electrons.*** Photoexcited electrons in TiO, were found to
move into the attached graphitic carbon because the Fermi level of
that is lower than the CB of TiO,, and delocalized m-orbitals are
allowed to store electrons and provide easy transport.”>™* These
effects resulted in the efficient suppression of charge recombination
in TiO,.* However, combining graphitic carbon allotropes with
multidimensional structured semiconductors such as ordered
nanotube (NT) arrays is still a great challenge because of their
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restrictive growth conditions. In principle, electrons can be effi-
ciently separated from electron-hole pairs and then shuttled to
hydrogen protons through the creation of sp>bonded carbon layers
with nanometer-scale sizes on the surfaces of semiconductors
(Scheme 1d). Herein, we demonstrate a facile method for synthe-
sizing thin island-shaped graphitic domains (GDs) from a network
of graphitic carbon layers on the surface of TiO, NTs, prepared by
using hydrothermal and pyrolytic treatments with glucose. Two to
four surface-aligned sp>bonded carbon layers give the solar-driven
electrons of TiO, a long decay time (separation) and low charge
transport resistance (shuttling), which result in an increase in the
solar-to-hydrogen conversion rate.

Hydrothermally polymerized glucose was employed as the
source of the GDs because of its several advantages: (i) it is easy to
form the polymerized glucose layers using this process without any
structural constraint, and (ii) rearrangement of the C atoms from
tangled chains to an ordered structure is possible through the
removal of non-carbon elements by pyrolysis.'*” The growth of the

Pyrolytic
treatment

Scheme 1 (a) Schematic representation of processes for synthesizing graphitic
domains (GDs) on TiO, nanotube (NT) arrays. (b) FE-SEM image and (c) STEM
image for the side view of the GD layered TiO, NTs. (Top view is in Fig. S1d.t) (d)
Schematic description of the pyrolytic growth process for the GDs in the white
box in (c).
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GDs started with the pyrolytic decomposition of glucose, and they
are found to grow preferentially at convex sites on the TiO, NTs
instead of concave sites; bare TiO, NTs have uneven surfaces
(Fig. S1bt) because of the annealing process used to transform them
to the anatase phase.'®*! Therefore, rearrangement of the C atoms
proceeds as the GDs spread out along the TiO, NTs from the convex
points (Scheme 1d). In consequence, this mechanism leads to iso-
lated shapes with nanometer-scale sizes on concave sites with
distinct intervals between them (Scheme 1b), whereas polymerized
glucose forms a continuous cover (Fig. Sicf).

Formation of island-like GDs along the curved surface of a TiO,
NT was confirmed in the GDN-5 (Graphitic Domain Layered
Nanotube-5, glucose 50 mmol and pyrolyzed at 650 °C; see the
experimental conditions for the various samples in Table S1 in the
ESIT) sample by field-emission scanning electron microscopy (FE-
SEM, Scheme 1b) and scanning transmission electron microscopy
(STEM, Scheme 1c). The FE-SEM image shows that GDs are sepa-
rated through cracks on the surface of the TiO, NT, and the contrast
between the light and dark regions in the STEM image indicates
that the average size of GDs is about 20-30 nm.

The high-resolution transmission electron microscopy (HR-
TEM) image in Fig. 1b shows that the GD consists of two to four
interface-aligned carbon layers on the surface of the anatase NT.
Their irregular d-spacings of 0.333, 0.341, and 0.371 nm match with
those for graphite (0.335 nm) or stacked multilayer graphene
(0.377 nm). This demonstrates that the carbon layers are partially
made up of continuous sp>hybridized C atoms, although irregular
(Fig. S2at), thick and fragmented (Fig. S2bf) carbon layers are
observed at some points on the NT in Fig. 1a. The FE-SEM image in
Fig. S1df shows that the original morphology of the TiO, NT was
maintained after formation of the GDs, while its interface was
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Fig. 1 (a) HR-TEM image of a single tube in GDN-5. The bottom inset shows the
anatase phase. (b) High-magnification image of the black square in the top inset
in (a). The two to four sp?-hybridized C layers cover the TiO, NT. (c) EELS spectra.
The scanning site and the direction are shown with the red arrow in (b). (d) C K-
edge spectra for different states of carbon layers. The red line is line 8 in the EELS
spectra in (c). Black and blue lines correspond to the black arrows in Fig. S2c and
d,t and blue arrows in Fig. S2a and b, T respectively.
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Fig.2 (a) Raman spectra in the 1000-2000 cm ™' range. The /p//g values of GDN-
5 and GDN-57 are 0.56 and 0.86, respectively. (Raman spectra of GDN-1 and
GDN-10 are shown in Fig. S4.1) (b) XPS C 1s spectrum of GDN-5. (XPS spectra of
other samples are shown in Fig. S3.t) (c) XRD spectra of all samples (A for anatase,
R for rutile and Ti,Os for various titanium oxides). GDN-5 had a preserved anatase
phase similar to that of bare TiO, NT. The phase transition from the anatase to the
rutile is accelerated by increase in the glucose concentration and pyrolysis
temperature.

slightly modified upon binding to the GDs, as seen in the X-ray
diffraction (XRD) patterns (Fig. 2c).

Electron energy loss spectroscopy (EELS) profiling in Fig. 1c
shows the electronic states of the C, O, and Ti atoms in the GD (lines
1-8, magenta), the interface junction (lines 9-11, blue), and the TiO,
NT (lines 12-16, gray). The C K-edge signals show sharp and well-
separated 7c* (285 eV) and ¢* (292 eV) excitation peaks continuously
along the scanning direction within the 0.9 nm range (lines 3-9),
which is consistent with three stacked layers of C atoms. It is also
observed that the overall shape of the C K-edge peaks gradually
becomes round and irregular at the region of the junction with TiO,
(around line 10), where very weak oxygen K-edge peaks are observed.
The red line in Fig. 1d is a single C K-edge spectrum corresponding
to line 8 in Fig. 1c. In addition, the C K-edge spectra of carbon layers
in the intermediate (Fig. S2a and bf) and amorphous (Fig. S2c and
df) states were also determined, as shown by the blue and black
lines in Fig. 1d, respectively. The overall peak shapes of the GDs
have vivid excitation peaks and a tail over 295 eV which resembles
the graphite spectrum,” which is clearly distinguished with rela-
tively disordered carbon in amorphous regions. As the degree of
disorder increases, the w* peak becomes blunter and shifts to the
left, while the o* peak becomes rounder and its tail becomes bigger.
Meanwhile, since the TiO, NT is thicker and larger (140 nm diam-
eter and 25 nm wall) than the GD, the C K-edge peaks in the TiO, NT
region (around line 14) are not as fine as before (lines 1-11), whereas
the very strong signals for the anatase phase (around line 12) show
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Ti L, ;-edge (459 and 465 €V), O K-edge (538 and 542 eV), and Ti L;-
edge (567 eV) peaks.?

To determine the states of the C atoms in the GDs, Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS) measure-
ments were also performed. The Raman spectrum of the polymer-
ized glucose covered TiO, NTs shows a very broad arc within the
1100-1900 cm ™" range, and a slightly convex peak is observed in the
G-band (Fig. 2a). These results show that it is in a gel state with a
cross-linked chain network (Fig. 1a and Sicf).*** After pyrolytic
treatment, GDN-5 showed two clear peaks at 1598 and 1351 cm ™+
matching the G-band (E,;, mode) and the D-band (A;; mode),
respectively. Although the two peaks are rounder than those for
common graphite or graphene, the relative ratio of the D-band
intensity to the G-band intensity (Ip/I = 0.56) indicates that the C
atoms in GDN-5 are sp” hybridized.*?® In general, the rise of the D-
band intensity demonstrates an increase in the degree of the
disorder of the carbon. In addition, it can be interpreted with
following meanings: (i) GDs have unavoidable disorder because they
do not exist as continuous planes, but rather as curved islands with
irregular sizes because of the pyrolytic growth process (Scheme 1d),
and (i) non-sp>hybridized C atoms can exist at the boundaries and
contact sites between the carbon layers of the GDs because C atoms
have their own individual orientations along the surface curvature
of the NT. Consequently, it is expected that the shifts in the peak
positions of the G-band and the D-band as compared to those of
graphite or graphene are caused by these disorder of the carbon.
Meanwhile, the intensity of the D-band peak for GDN-57 (glucose
50 mmol and pyrolyzed at 750 °C) is remarkably higher (Ip/Ig =
0.86) than GDN-5, which can be attributed to the collapse of the
tubular morphology of TiO, (Fig. S1ff) as C atoms penetrate into the
anatase crystal above the 700 °C temperature for the transition from
the anatase phase to the rutile phase as seen in Fig. 2¢.*® These
results indicate that the polymerized glucose in GDN-57 grows only
into small lumps of amorphous carbon.

The XPS results (Fig. 2b and S3t) were also consistent with the
Raman measurements. The peaks of the C 1s spectra located at
284.6, 285.8, and 288.5 €V represent the sp> and sp>-hybridized C
atoms and the sum of the C atoms in O-containing groups (denoted
as organic components) such as ether (C-O), carbonyl (C=0), and
carboxyl (O-C=0) groups, respectively.”>' The C 1s spectrum of
polymerized glucose has a shape similar to that of common glucose
spectra (Fig. S3T). However, GDN-5 has a stronger sp> peak and
weaker sp® and organic component peaks. In addition, only GDN-5
shows a m-1t* shake-up satellite (290.7 eV) indicating that a 7
electron transition occurs from occupied to unoccupied valence
orbitals. These results demonstrate that most of the carbons in
GDN-5 accommodate electrons in the delocalized orbitals created by
hybridization of p orbitals. However, GDN-57 has strong sp* and
organic component peaks without any 7t-* peak, indicating that a
rigid structural support is needed for the growth of a graphitic
carbon layer.

The preservation of anatase-phase TiO, NTs with good photo-
catalytic properties is important because the GDs themselves cannot
produce solar-driven electrons. During the pyrolytic treatment,
changes in the crystal structure and morphology of the TiO, NTs are
induced by rearrangement of the C atoms of the polymerized
glucose on the surface. These changes are accelerated by increase in
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the glucose concentration or the pyrolysis temperature. The bare
TiO, NTs have polycrystalline anatase crystal structures with (101),
(004), (200), and (105) orientations, as seen in Fig. 2c. The intensities
for the (110), (101), and (111) rutile peaks are found to be slightly
increased for increased glucose concentration under the 650 °C
pyrolysis condition (GDN-1 and GDN-5). However, strong rutile
peaks and various titanium oxides (denoted as Ti,0;) are observed
for the 750 °C pyrolysis condition (GDN-17, GDN-57, and GDN-107),
along with the disappearance of the anatase peaks. This is because
C atoms of the polymerized glucose can penetrate into the TiO,
crystal during the transformation from the anatase to the rutile
phase. Meanwhile, a Ti-C bond peak (281.8 eV) is found in GDN-10
(Fig. S3t), which has a higher amount of carbon and a stronger
rutile peak than GDN-1 and GDN-5. These results indicate that a
high temperature and an excess of carbon force the O atoms to be
replaced with C atoms in TiO,. In addition, the diffuse ultraviolet-
visible (UV-vis) absorbance spectroscopy result also shows a similar
case (see Fig. S5t).

The enhancement of the photocatalytic properties due to the
GDs was determined using time-correlated single-photon counting
(TCSPC) and electrochemical impedance spectroscopy (EIS)
measurements. In the fluorescence spectra, as shown in the inset of
Fig. 3a, the bare TiO, NT (black), platinum (Pt)-coated TiO, NT (TiO,
NT:Pt, gray) and GDN-5 (red) were found to have the same emission
edge at 509 nm. The TiO, NT:Pt was also compared for the ability of
charge separation by the GDs, where the Pt layers on the bare TiO,
NT were prepared using the Pt sputtering at 50 W for 1 minute. We
found that the TiO, NT:Pt shows a lower intensity of the
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Fig. 3 (a) Fluorescence decay spectra of bare TiO, NTs, the Pt coated TiO, NT
(TiO, NT:Pt) and GDN-5 measured by the TCSPC. The detailed fitted data are
presented in Table S2.1 The fluorescence spectra of each sample (TiO, NT: black,
GDN-5: red and TiO, NT:Pt: gray) are shown in the inset. (b) The EIS Nyquist plot
under AM 1.5G conditions at open-circuit potential. An aqueous solution of 0.1 M
NaClO,4 with 25 vol% methanol was used as the electrolyte. The tri-exponential
function fitted parameters are listed in Table S3.t The inset shows voltammo-
grams of GDN-5 and TiO, NT under same conditions with EIS measurement. The
dotted lines are dark currents. (d) Hydrogen evolution results from a water
solution of 25 vol% methanol in the closed-circulation system (P25: 20 mg P25
was used under the same conditions). The y-axis at the right side is only for TiO,
NT:Pt.
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fluorescence edge and a faster decay spectrum at 509 nm (Fig. 3a)
compared to those of the bare TiO, NT. This is considered to be the
decorated Pt layer quickly absorbing photoexcited electrons from
the CB of the TiO, before the natural fluorescence decay or
recombination occurs.*” For this reason, the average lifetime of
charge carriers in the bare TiO, NT (3.36 ns) became more faster to
0.91 ns by the Pt (the data fitted with a tri-exponential function in
Table S27). Also, a short lifetime of 1.89 ns by GDN-5 demonstrates
that the coated GDs help to quickly separate photoexcited electrons
before the recombination with holes. This is because the Fermi level
referenced to the normal hydrogen electrode (NHE) of the graphitic
carbon layers of the GDs (—0.4 to 0.0 eV vs. NHE)**** is lower than
the CB of a bare TiO, nanotube (—0.5 eV vs. NHE).

Moreover, the EIS measurement was carried out because it
provides the information on the interfacial charge transfer between
the semiconducting electrode and the electrolyte.*® Fig. 3b shows a
Nyquist plot at the open-circuit potential. The Pt and Ag/AgCl elec-
trodes were used as counter and reference electrodes, respectively.
The equivalent circuit model containing the constant phase
element (CPE) was employed to calculate EIS parameters, including
the initial total resistance working electrode (R;) and the TiO,-
electrolyte or TiO,-GD-electrolyte interface charge transfer resis-
tance (R.).***® The R, value of GDN-5 was decreased, attributed to
the graphitic carbon layers of GDs having the low electrical resis-
tance than that for TiO,. The R values corresponding to bare TiO,
NTs and GDN-5 are 3023 Q and 2419 Q, respectively (Table S37).
This clarifies that the graphitic carbon layers in GDN-5 promote the
shuttling of solar-driven electrons from the TiO, to the electrolyte.
The inset in Fig. 3b shows the voltammogram of bare TiO, NTs and
GDN-5, where it has been scanned from —0.7 V to 1 V. It shows that
the GDN-5 results in a large amount of current density compared to
that of a bare TiO, NT by incident photons. However, GDN-5 has a
low current density at a voltage below about —0.19 V than that for a
bare TiO, NT. This occurs since photoexcited electrons from TiO,
could not transport stably into the Pt counter electrode as the GDs
on the surface of a TiO, NT play as efficient electron transfer
centers.*

Moreover, the solar-to-hydrogen conversion rates were also
evaluated by measuring the hydrogen evolution from a water solu-
tion of 25 vol% methanol in a closed-circulation system with the gas
chromatograph (GC). The graphitic carbon layers of the GDN-5 have
a lower Fermi level than the CB of TiO,; thus the separated solar-
driven electrons in the GDs can reduce hydrogen protons in water at
the interface, as schematically described in Fig. 3d. Meanwhile, the
remaining holes in TiO, could be consumed by a scavenger such as
methanol** primarily at the exposed TiO, surface neighboring to
the GDs. Indeed, Fig. 3c shows that GDN-5 results in a high
conversion rate of solar energy into hydrogen of 6.7 pmol em > h ™"
than 0.41 umol cm™2 h™* for a bare TiO, NT. Meanwhile, the
hydrogen conversion rates of TiO, NT:Pt and P25 (20 mg) were
29.4 pmol em™> h™" and 3.8 umol ecm™? h™", respectively. The
conversion rate of GDN-1 (0.54 pmol em ™2 h™") is similar to that of a
bare TiO, NT as the amount of polymerized glucose is very low to
create a graphitic carbon layer. Indeed, XPS (Fig. S31) and Raman
(Fig. $47) analyses demonstrate that the state of the carbon in GDN-
1 is quite similar to that of the carbon contaminating bare TiO, NTs.
Also, GDN-10 (1.9 pumol cm > h™") with thick (Fig. Sief) and
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amorphous (Fig. $4T) carbon layers on a TiO, NT is found to have a
lower conversion rate than that for GDN-5.

In summary, we reported a new method to fabricate a novel
structure of thin island-shaped GDs with two to four sp>bonded
carbon layers along the surface curvature of TiO, NTs that preserves
the original ordered morphology and their anatase crystal structure.
The high hydrogen generation rate on this novel catalyst shows that
they can be effective as electron reservoirs for solar-driven electrons,
where solar-driven electrons in the CB of TiO, can jump into the
GDs and then be shuttled to hydrogen protons in water. Therefore,
we expect that combining GDs with a broad class of semiconductors
could provide an innovative means for suppressing charge recom-
bination and promoting photocatalytic properties.
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