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The interfacial co-existence of oxygen and metal vacancies in metal oxide semiconductors and their

highly efficient carrier transport have rarely been reported. This work reports on the co-existence of

oxygen and titanium vacancies at the interface between TiO2 and rGO via a simple two-step calcination

treatment. Experimental measurements show that the oxygen and titanium vacancies are formed under

550 °C/Ar and 350 °C/air calcination conditions, respectively. These oxygen and titanium vacancies sig-

nificantly enhance the transport of interfacial carriers, and thus greatly improve the photocurrent per-

formances, the apparent quantum yield, and photocatalysis such as photocatalytic H2 production from

water-splitting, photocatalytic CO2 reduction and photo-electrochemical anticorrosion of metals. A new

“interfacial co-existence of oxygen and titanium vacancies” phenomenon, and its characteristics and

mechanism are proposed at the atomic-/nanoscale to clarify the generation of oxygen and titanium

vacancies as well as the interfacial carrier transport.

Introduction

Titanium dioxide (TiO2) is one of the most attractive semi-
conductors for photocatalysis, energy storage, and solar fuel
technologies.1–3 Defects are very important to tune the func-

tional properties of semiconductors, as the surface and (or)
interface vacancies are donor or acceptor type centers for the
separation of photogenerated charges.4,5 The interfacial co-
existence of oxygen and titanium vacancies (O-vacancies and
Ti-vacancies) is therefore a promising feature for highly
efficient charge transfer at the atomic/nanoscale. Most
recently, the fabrication of a homojunction of O-vacancies and
Ti-vacancies in amorphous–anatase TiO2 phases via a fast
doping–filtration–drying approach in water solution has been
demonstrated in our previous work.6 Calcination at 350 °C is
the key factor for the formation of Ti-vacancies. In practice, a
high degree of crystallinity leads to a high condensation rate at
the atomic level and might thus lead to more stablity.7

However, there have rarely been reports on the co-existence of
O-vacancies and Ti-vacancies in fully crystalline TiO2, due to
the calcination temperature of 350 °C which is very low for the
transformation into the crystalline state.

Nanocarbons as foreign phase-junctions are very efficient
dopants,8,9 and are often used to capture oxygen atoms of TiO2

thereby producing oxygen vacancies. As a research method-
ology, however, the formation of Ti-vacancies in the presence
of carbon is theoretically and technologically irrational.10

Graphene nanosheets as typical nanocarbon materials can
capture the oxygen atoms of TiO2 at high temperatures thereby
creating O-vacancies. Graphene nanosheets act as a shell that
confines small molecules/ions such as O species by unsatu-
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rated defects and edge atoms.11–13 The sp2 bonded structure is
the most thermodynamically stable state that is hard to
oxidize, even at a calcination temperature of 350 °C. These
unique features of graphene provide the opportunity to
prepare TiO2 that forms O-vacancies at high temperatures and
simultaneously creates Ti-vacancies by confining the absorbed
O species at relatively low temperatures. To the best of our
knowledge, it is very rare to use reduced graphene oxide (rGO)
for the formation of the Ti-vacancies. In this work, we present
a two-step calcination treatment, starting with calcination at
500 °C in an Ar flow to form anatase TiO2 with O-vacancy
(denoted as TiO2@rGO (first)) followed by calcination at
350 °C under air conditions to induce Ti-vacancies, assisted by
rGO sheets (denoted as TiO2@rGO). These interfacial
O-vacancies and Ti-vacancies in fully crystalline TiO2 signifi-
cantly enhance the transport of interfacial carriers, and thus
greatly improve the photochemical and photo-electrochemical
performance of TiO2.

Results and discussion

The scanning electron microscopy (SEM) image of the TiO2

beads shows a uniform size of about 400 nm and their aggre-
gation from smaller nanoparticles (Fig. 1a). High-resolution
transmission electron microscopy (HRTEM) further confirms
the sphere-like structure of TiO2 constructed from nanocrystals
with a size of about 15 nm (Fig. 1b), and a spacing of 0.35 nm
is assigned to the (101) plane of anatase TiO2. The X-ray diffr-
action (XRD) patterns of the TiO2 precursor bead, TiO2 and
TiO2@rGO are shown in the inset of Fig. 1c. No peak is
observed for the amorphous TiO2 precursor bead. The diffrac-
tion peaks of both TiO2 and TiO2@rGO upon calcination treat-
ment display a crystalline anatase phase (ICDD no. 21-1272).14

No obvious peak changes occur after rGO coating, indicating
that the coating with rGO does not influence the crystal struc-

ture of TiO2. The SEM and TEM images of TiO2@rGO show
that TiO2 beads are successfully coated with thin rGO layers,
which might be favourable charge transfer (Fig. 1c and d). As
observed in Fig. 1e, the ultra-thin rGO sheets with a thickness
of 3–5 nm are intimately coated on the external surface of TiO2

beads. The lattice distortions between rGO sheets and TiO2

can be clearly seen in the inverse fast Fourier transform (FFT)
image (Fig. 1f). This nano-fusion domain has a thickness of
around 1 nm and can interconnect with ordered lattice fringes
of TiO2 and rGO layers, allowing the quantized ballistic trans-
port of electrons and therefore is beneficial for the enhance-
ment of carrier mobility and minimization of energy loss.6,15

Notably, the outermost rGO is not an entirely continuous
phase and exposes more defect atoms, which could be attribu-
ted to the fragmentation of rGO sheets during the two-step cal-
cination. Both TiO2 and TiO2@rGO nitrogen sorption iso-
therms show the final saturation plateau with H2(b) hysteresis
loops, indicating type IV isotherms (Fig. S2†).16 The increase
in adsorption at high partial pressures (P/P0 > 0.9) can be
attributed to the inter-particle volume of the aggregated beads
(Fig. 1a and b) forming a mesoporous cavity. The pore size of
TiO2 is maintained at 13 nm after compositing with rGO
(Table S1†). From the Raman spectra shown in Fig. S3,† the
peaks at 150 cm−1 (Eg), 394 cm−1 (B1g), 510 cm−1 (A1g), and
629 cm−1 (Eg) are attributed to the anatase crystallites of
TiO2.

17 Furthermore evaluation of the ID/IG intensity ratio
(0.982 for GO and 1.099 for TiO2@rGO) reveals a fragmenta-
tion of sp2 domains,18 due to the increase in the number of
unsaturated defect atoms of rGO that provides more sites to
confine the oxygen species.

For comparison, the as-prepared TiO2 precursor was cal-
cined at 500 °C in an Ar flow (denoted as TiO2 (first)) and then
at 350 °C in air (denoted as TiO2), and the as-prepared
TiO2@rGO precursor was calcined at 500 °C in an Ar flow and
denoted as TiO2@rGO (first). As shown in Fig. 2, the strong
electron paramagnetic resonance (EPR) signal at g = 2.002 in
TiO2@rGO is attributed to the O-vacancies in TiO2 lattices,
while the weak signal at g = 1.965 in TiO2@rGO is attributed to
the Ti3+ defects associated with O-vacancies.19 The signal at g =
2.010 is attributed to the O− species usually accompanied by
Ti-vacancies.20,21 In contrast, the EPR spectra of rGO exhibit a

Fig. 1 (a) SEM and (b) TEM image of TiO2, (c) SEM image of TiO2@rGO,
the inset shows the XRD patterns of precursor bead, TiO2 and TiO2@rGO.
(d) TEM image of TiO2@rGO. (e) HRTEM images of nanocrystalline domains
of anatase TiO2 (blue area), amorphous TiO2 (pale blue area) and rGO
(yellow area). (f) The inverse FFT pattern from the white dotted area. Fig. 2 EPR spectra of different samples at room temperature.
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signal at g = 2.002 attributed to the unsaturated defects and
edge atoms on the rGO sheets.22 After the second calcination
treatment, the signal at g = 2.002 in TiO2 is absent while this
signal in TiO2@rGO is fully retained, indicating that the
O-vacancies are stabilized in TiO2@rGO in comparison with
TiO2. The signal at g = 2.002 with a very weak intensity
observed in TiO2 + rGO (mixture) is attributed to the low
amount of rGO in the mixture. Only one signal at g = 2.002 is
observed in TiO2@rGO (first), suggesting that the second calci-
nation (350 °C-air) produces Ti-vacancies in oxygen-deficient
TiO2. Notably, without coating of a rGO layer, TiO2 (first)
shows no signal at g = 2.010 and only a weak signal at g = 2.002
after the first calcination (500 °C-Ar), indicating that rGO is a
critical and necessary factor for the interfacial co-existence of
O-vacancies and Ti-vacancies. These results imply that Ti-
vacancies are successfully induced via calcination at 350 °C in
air, while the rGO plays an important role in producing defects
of oxygen and titanium.

2D 1H DQ magic angle spinning (MAS) NMR spectroscopy
can investigate proton–proton interactions and is thus
employed to investigate the types of Ti–OH group in TiO2

materials. As shown in Fig. 3, the 2D 1H DQ MAS NMR spec-
trum of TiO2 (first) shows diagonal peaks at (0.30, 0.60) and
(1.12, 2.24) ppm attributed to the autocorrelation between
terminal hydroxyl groups on the surface, and the diagonal
peaks of TiO2 (first) and TiO2@rGO (first) at (8.35, 16.70) and
(7.9, 16.80) ppm both assigned to the hydrogen bond in brid-
ging hydroxyl groups (Ti–O–H⋯O) in the bulk lattice.23 After
the two-step calcination, the intense off-diagonal peak pairs at
(9.03, 9.03 + 2.74) and (2.74, 2.74 + 9.03) ppm are observed for
TiO2@rGO and correspond to the spatial correlation between
the terminal hydroxyl groups and the bridging hydroxyl
groups, which is beneficial to the adsorption of H2O, and act
as the active species for the photocatalytic reaction.24,25

Interestingly, new autocorrelation peaks appear at (3.75, 7.50)
and (3.90, 7.80) ppm for TiO2 and TiO2@rGO samples, respect-

ively. Based on our previous work, they can be attributed to the
spatial proximity of the hydrogen atom in Ti–OH nests to the
Ti-vacancies.6 Besides, the signal intensity of Ti–OH nests in
TiO2@rGO is stronger than that in pure TiO2, combined with
the EPR results, we can conclude that the core–shell structure
with a two-step calcination treatment is critical for the pro-
duction of Ti-vacancies by the confinement effect.

To further confirm the surface defect states, X-ray photo-
electron spectroscopy (XPS) is utilized. From the C 1s spectra
of TiO2 and TiO2@rGO in Fig. 4a, the deconvoluted peaks cen-
tered at 284.8 eV and 288.8 eV can be assigned to C–C/CvC
and CvO bonds, respectively. In TiO2@rGO a relatively strong
peak centered at 284 eV is attributed to the Ti–C bond,26–28

which indicates a strong interaction between TiO2 and rGO.
The peak of TiO2 centered at 286.25 eV is attributed to the C–
OH bond, while a blue shift in the binding energy of the C–O
bond to 286.45 eV in TiO2@rGO might be due to the formation
of a C–O–Ti bond.29 In the XPS Ti 2p3/2 spectrum of
TiO2@rGO in Fig. 4b, the main peak at a binding energy of
458.8 eV is attributed to Ti4+. The peak at a binding energy of
459.6 eV is attributed to the Ti–C bond,30,31 which is consist-
ent with C 1s analysis. Another peak of Ti 2p3/2 at 458.4 eV is
attributed to Ti3+, which is usually accompanied by
O-vacancies.32,33 In addition, the three peak deconvolutions
centered at 529.9 eV, 530.8 eV and 532 eV in the XPS O 1s spec-
trum of TiO2@rGO correspond to O2−, O− and –OH, respect-
ively (Fig. 4c). The deconvolution of the O− peak correlating
with the titanium vacancies is weak, because the Ti-vacancies
are formed only at the interface between the O-vacancy rich
TiO2 and rGO. Technically, the Ti-vacancies are not easily
detected by a single characterization method. More evidence
for the presence of Ti-vacancies is shown in the EPR and 2D
1H DQ MAS NMR spectra. In contrast, the signals of the Ti–C
bond, Ti3+, and O− cannot be detected in TiO2, indicating that
the Ti-vacancies are formed at the surface/interface of

Fig. 3 2D 1H DQ MAS NMR spectra of (a) TiO2 (first), (b) TiO2@rGO
(first), (c) TiO2 and (d) TiO2@rGO.

Fig. 4 (a) C 1s, (b) Ti 2p and (c) O 1s XPS spectra of TiO2 and
TiO2@rGO. (d) The surface molar ratio of Ti : O from the XPS spectra of
TiO2 (first), TiO2, TiO2@rGO (first) and TiO2@rGO.
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TiO2@rGO and trace amount of Ti-vacancies are formed in
TiO2. However, the enhancement of the O/Ti ratio does not
represent the stoichiometry of TiO2, Fig. 4d reflects the chan-
ging trend of surface/interface Ti-vacancies (Fig. S4 and
Table S2†).

The arc radius in the EIS Nyquist plot denotes the resis-
tance (Rct) of the charge transfer at the electrode/electrolyte
interfaces. As shown in Fig. 5a, TiO2@rGO (first) and
TiO2@rGO have smaller Rct than TiO2 (first) and TiO2 under
dark conditions, implying that the coating of rGO on TiO2 is
beneficial for the surface charge transfer. Notably, TiO2@rGO
exhibits the most decreased Rct compared to other samples
after light irradiation, suggesting that TiO2@rGO shows the
most effective separation of photogenerated charges. This
results in fast interfacial charge transfer to the electron donor
or acceptor, that benefits from the interfacial co-existence of
O-vacancies and Ti-vacancies. The photoluminescence (PL)
intensity of TiO2@rGO after excitation shows evident PL
quenching (Fig. S5†), further confirming the more efficient
extraction of photogenerated carriers after the introduction of
rGO, O-vacancies and Ti-vacancies. The charge transfer is also
confirmed by the transient photocurrent response (Fig. 5b);
TiO2@rGO exhibits the highest photocurrent intensity which
is 2.0-fold, 4.3-fold and 9.2-fold higher compared to those of
TiO2@rGO (first), TiO2 and TiO2 (first), respectively. These
results strongly confirm that TiO2@rGO with the interfacial co-
existence of O-vacancies and Ti-vacancies exhibit better carrier
transport than TiO2@rGO (first) with O-vacancies, TiO2 and
TiO2 (first).

The photocatalytic H2 production from water-splitting of
samples is measured under the UV-vis light irradiation. As
shown in Fig. 6, inadequate or excessive coating with rGO
leads to a lowered H2 yield efficiency, and the initial GO
content of 1.5 wt% was optimal in TiO2@rGO, the corres-
ponding rGO content in final TiO2@rGO is 0.5 wt% as deter-
mined by TGA analysis (Fig. S6†). As we all know, the absor-
bance of each component of heterojunction materials is a criti-
cal factor for the photocatalytic activity and thus may hinder
the accurate evaluation of photocatalysts.34,35 To better under-
stand the comparison of photocatalytic activity, we synthesized
the core–shell structured TiO2–rGO without interfacial
vacancies by direct coating as the reference samples. It should
be noted that all samples showed nearly no photocatalytic

activity in the visible light region and all the TiO2 and the TiO2

and rGO composites showed photocatalytic activity only in the
ultraviolet region (Fig. 6 and Table S3†), although the TiO2 and
rGO composite showed enhanced visible light absorption
intensity (Fig. S7†). Therefore, there is a simple relationship
between UV light absorption and nanocomposites in our work.
Experiments show that the photocatalytic H2 production rate
of the TiO2@rGO-1.5% sample (rGO weight: 0.5 wt%) is 2.5-
fold and 2.9-fold those of TiO2–rGO-0.5% (rGO weight:
0.5 wt%, without any vacancy and a similar core–shell struc-
ture to TiO2@rGO) and TiO2 + rGO (mixture) (rGO weight:
0.5 wt%, without any vacancy and core–shell structure),
respectively, as shown in Fig. 6. These results indicate that the
introduction of interfacial vacancies in the TiO2@rGO struc-
ture is of vital importance to enhance the photoactivity while
rGO or the core–shell structure plays a part role. Moreover,
compared with the non-vacancy structure (TiO2–rGO),
TiO2@rGO exhibits satisfactory photocatalytic stability (96% of
the initial photoactivity) after 5 cycles (25 h) under UV-vis light
irradiation compared to only 60% for TiO2–rGO (Fig. S8†).
From the 2D 1H DQ MAS NMR spectrum of TiO2@rGO after 5
cycles of photocatalytic H2 production reaction, the diagonal
peak at (3.90, 7.80) ppm corresponding to the spatial proximity
of Ti–OH nests to the Ti-vacancies show almost no change
(Fig. S9†), suggesting a high photocatalytic stability of the
interfacial vacancy structure at the atomic level.

Evaluation of the interfacial vacancies based on photo-
catalytic performances is shown in Fig. 7. TiO2@rGO (1.5 wt%
of GO) exhibits as much as 2.9 mmol of H2 production after
5 h reaction (apparent quantum yield at 365 nm was calculated
to be 12.9%), which is about 1.4-fold, 2.3-fold, 3.3-fold and
3.9-fold those of commercial TiO2 (P25), TiO2@rGO (first),
TiO2 and TiO2 (first), respectively. It should be noted that the
photocatalytic performance of TiO2 without O-vacancies is just
higher than that of TiO2 (first) with O-vacancies. The only
difference is of the presence of amorphous carbon in the

Fig. 5 (a) EIS Nyquist plots in the dark and under UV-vis light irradiation
and (b) transient photocurrent response of TiO2 (first), TiO2, TiO2@rGO
(first) and TiO2@rGO.

Fig. 6 Photocatalytic H2 production rates of TiO2, P25, rGO, TiO2 +
rGO (mixture), TiO2@rGO (the weight ratios of GO to TiO2 precursor
were 0.25 wt%, 0.5 wt%, 1.0 wt%, 1.5 wt%, 2.0 wt% and 5 wt%) and
corresponding core–shell structured TiO2-rGO (the weight ratios of rGO
to TiO2 precursor were 0.25 wt%, 0.5 wt%, 1.0 wt%, 1.5 wt%, 2.0 wt%
and 5.0 wt%). The experiment was carried out in water/methanol solu-
tion under UV-vis light irradiation, 0.5 wt% of Pt was loaded and acted
as a co-catalyst.
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mesochannels of TiO2 (first), due to the carbonization of the
surfactant during the first calcination step. Probably, this
amorphous carbon influences the mass diffusion, light
absorption and electron utilization. According to the above
analysis, we can conclude that the second calcination and
interfacial Ti-vacancies are key factors for the order of magni-
tude enhancement of the photocatalytic performance. More
evidence is obtained from time-resolved transient photo-
luminescence (TRPL) analysis, giving the fluorescence life-
times of 1.55, 1.82, 1.88, 2.65, 2.97 and 3.64 ns for TiO2 (first),
TiO2, TiO2–rGO-0.5%, TiO2@rGO (first), p25 and TiO2@rGO
(Fig. S10†), respectively, which further confirms the superiority
of TiO2@rGO for photogenerated charge separation and trans-
fer. Utilization of solar energy and conversion of CO2 to hydro-
carbon fuels are highly desirable. The photocatalytic CO2

reduction performance of the samples is examined in neutral
water under UV-vis light irradiation without any sacrificial
reagents or co-catalysts. TiO2@rGO exhibits 4.1-fold CH4 pro-
duction rate and 1.3-fold (from 51.1% to 68.7%) CH4 selecti-
vity compared to TiO2 (first) (Fig. 7b). Due to the excellent cor-
rosion resistance of TiO2 and graphene materials to seawater,
our interfacial vacancy structures are studied under seawater
conditions for potential marine applications. Similarly, the
TiO2@rGO demonstrates a 70.7-fold H2 production rate
increase from photocatalytic seawater splitting compared to
TiO2 (first) without adding any sacrificial agent and co-cata-
lysts (Fig. 7c), in addition to a 6.6-fold increase in corrosion
potential (−76 mV to −501 mV) compared with TiO2 (first)
towards photo-electrochemical anticorrosion of seawater
(Fig. 7d, Fig. S11 and Table S4†). These remarkable perform-

ances in seawater are mainly attributed to the stable core–shell
structure and readily accessible electrons at the interface,
which reduced the interference from the various ionic com-
ponents and impurities in seawater. These results indicate
that structure of TiO2@rGO facilitates the photogenerated
charge separation and transfer in photocatalysis and photo-
electrochemical anticorrosion.

As illustrated in Fig. 8, strong Ti–C and Ti–O–C chemical
bonds are generated at the interface of TiO2 and rGO after the
hydrothermal treatment (Fig. 8a). The C atoms near the TiO2

lattice capture a fraction of interfacial lattice O atoms upon cal-
cination at 500 °C in an Ar flow (Fig. 8b, Fig. S6†), leaving
O-vacancies with Ti3+ species to balance the charge (Fig. 8c).36

The formation of O-vacancies can be described as:

OO þ 1
2
C ! V ••

O þ 2e′ þ 1
2
CO2 ð1Þ

2e′þ 2TiTi ! 2Ti′Ti ð2Þ

where OO represents lattice O2−, TiTi represents lattice Ti4+, V ••
O

represents an O-vacancy, e′ represents an electron, Ox
M rep-

resents migrating oxygen atoms and Ti′Ti represents lattice
Ti3+. Following the calcination treatment at 350 °C in air, the
O species6,11,20 (possibly including adsorption oxygen, surface
oxygen and interstitial oxygen) migrate to the TiO2 and rGO
interface, and bind at the interface at the relatively low calcina-
tion temperature (Fig. 8d), resulting in O-rich domains that
lead to distortions and concomitant Ti-vacancies (Fig. 8e). O−

Fig. 7 Photocatalytic and photo-electrochemical performances. (a)
Photocatalytic H2 production in water/methanol over time, 0.5 wt% of
Pt was loaded as a co-catalyst. (b) Evolution of CH4 and CO over
samples, without adding any sacrificial agent and co-catalyst. (c)
Photocatalytic H2 production in seawater over time, without adding any
sacrificial agent and co-catalyst. (d) Tafel curves of bare 304 SS elec-
trode and 304 SS coupled with the prepared photoelectrodes.

Fig. 8 Schematic illustration of the formation mechanism of
O-vacancies and Ti-vacancies. (a) As prepared TiO2@rGO, obtained by
the hydrothermal process. (b) O atoms migrate from the lattice to inter-
face and are captured by C atoms. (c) O-Vacancies in TiO2@rGO after
the first calcination treatment. (d) Adsorption and confinement of the O
species. (e) Interfacial co-existence of O-vacancies and Ti-vacancies in
TiO2@rGO.
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species near Ti-vacancies could be formed to balance the
charge. The formation of Ti-vacancies can be described as

Ox
M ! 1

2
O2 ð3Þ

O2 ! 2OO þ V″″Ti þ 4h• ð4Þ
where V″″Ti stands for a Ti-vacancy and h• stands for a hole.
Finally, a structure with co-existence of O-vacancies and Ti-
vacancies forms at the interface of the TiO2 and rGO. The
interfacial carrier transport, starting from the inner lattice and
O-vacancies to Ti-vacancies and to rGO sheets is facilitated.

Conclusions

In summary, a composite with interfacial co-existence of
O-vacancies and Ti-vacancies of TiO2 confined by rGO has been
successfully fabricated through a two-step calcination strategy,
and greatly improves the carrier transport. The impressive photo-
chemical and photo-electrochemical performances are attributed
to the unique electron pathway from O-vacancies to Ti-vacancies,
and to the rGO layer. The TiO2@rGO exhibits intriguing inter-
facial O-vacancies and Ti-vacancies tunable by the design of the
O-rich interface confined by rGO at relatively low temperatures
while opening the door to for investigating the nature of semi-
conductors and for their high-performance design.
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