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Abstract A novel structure composed of TiO2 nanowire

arrays (NWAs) was designed and synthesized by decorating

with graphene-linked graphitic carbon nitride (GCN) layers.

It serves as a robust photoanode for high-performance solar-

driven water splitting in an alkaline solution. The GCN

layers were deposited on TiO2 NWAs by a facile elec-

trophoretic method, producing an interconnected two-di-

mensional GCN nanosheets/one-dimensional TiO2 NWAs

heterostructure. Under simulated solar light illumination

(light intensity 100 mW cm-2), the optimal GCN/TiO2

NWAs photoelectrode produces a photocurrent density of

1.7 mA cm-2 at 1.23 V versus reversible hydrogen elec-

trode (RHE), which is around 2.6 times enhancement from

that of pristine TiO2 (0.7 mA cm-2 at 1.23 V vs. RHE). The

photo-conversion efficiency of GCN/TiO2 NWAs is up to

0.92 % at a low bias potential 0.50 V versus RHE, 3.6 times

higher than pristine TiO2 (0.27 % at 0.59 V vs. RHE). The

improved photoelectrochemical activity is mainly because

of the improved charge separation and transport within the

heterojunction as well as enhanced light absorption.
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1 Introduction

Photoelectrochemical (PEC) water splitting using earth-

abundant elements has been widely investigated as an

efficient approach to convert abundant solar energy to clean

hydrogen energy since 1972 [1–6]. Among various photo-

catalysts, TiO2 is an ideal semiconductor material for effi-

cient water splitting because of its high surface area [7–9],

excellent stability [10, 11], efficient charge transfer [12, 13],

and nice biological compatibility [14]. Vertically oriented

TiO2 nanowire arrays (NWAs) have been developed

through a simple hydrothermal reaction with highly ordered

morphology, good rutile crystallinity, and improved PEC

performance [15, 16]. However, the solar-to-hydrogen

efficiency of TiO2 NWAs is still very low which is limited

by its large band-gap energy (3.0–3.2 eV) [17, 18] and fast

electron–hole recombination (usually \100 ns) [19–21].

Construction of a semiconductor heterojunction has been

considered as an effective strategy to improve the PEC

activity, in which the prepared heterojunction can improve

charge transfer and separation between different semicon-

ductors because of the internal electric field formed [11, 22–

25]. Various semiconductors have been explored to enhance

PEC activity of TiO2 NWAs, such as CdS [26–28], CdSe

[29, 30], ZnO [31], ZnIn2S4 [32], and carbon nanodots [33].

However, stability and efficiency are often compromised

with these strategies, limiting the large-scale applications.

Thus, there is an urgent need to develop a synergistic TiO2-

based multicomponent photoelectrode system with simul-

taneously improved efficiency and stability.

Graphitic carbon nitride (g-C3N4) is a new kind of

promising metal-free semiconductor developed recently

[34]. Many reports have demonstrated that it is able to

produce hydrogen or oxygen from water under visible light

irradiation [34–37]. However, it suffers from low electric

charge transport and fast charge recombination [38, 39].

Graphene-linked g-C3N4 (GCN) can provide efficient

charge transport and separation ability via a p–p stacking

interaction between graphene and g-C3N4, as reported

previously [40]. Herein, GCN, which was prepared by

insertion of graphene into g-C3N4, as a sensitizer was

fabricated to construct a heterojunction with TiO2 NWAs

for improved PEC capability. The prepared GCN/TiO2

heterostructure photoelectrode is expected to possess sig-

nificantly improved PEC activity for efficient water split-

ting under solar light illumination.

2 Experimental section

2.1 Synthesis of TiO2 NWAs

The rutile TiO2 NWAs were synthesized on clean fluorine-

doped tin oxide (FTO) conductive glasses using the

hydrothermal method as reported in the previous works [16,

41]. In a typical synthesis, 0.67 mL titanium butoxide

(TBOT) was added into 40 mL 6 M HCl solution. After

stirring for 15 min, the solution was poured into a Teflon-

lined stainless steel autoclave until the clean FTO substrates

were immersed in the solution. The autoclave was sealed

and heated to 170 �C for 7 h in an oven. After the reaction,

the autoclave was removed from the oven, and allowed to

cool to room temperature naturally. The obtained electrode

was washed sequentially with DI water and absolute ethanol

before it was annealed at 500 �C for 2 h in air.

2.2 Fabrication of exfoliated GCN

The graphite oxide (GO) was produced by the modified

Hummer’s method [42], and the details can be found in our
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previous publications [23, 43]. Then GCN bulk was pre-

pared through a thermal polymerization process in argon

atmosphere. Specifically, 10 mL exfoliated GO aqueous

solution (2 mg mL-1) was mixed with 2 g dicyandiamide

with a ratio of 1:100, and then the mixture was put into a

quartz vessel and heated to 550 �C for 4 h in argon

atmosphere. The produced bulk material was hand-ground

with an agate mortar. Then the prepared bulk sample was

dispersed in a 2-isopropanol solution with the concentra-

tion of 0.3 mg mL-1 and exfoliated by ultrasonic at room

temperature for 12 h. The produced mixture was separated

through centrifugation at 3000 rpm for 10 min. After-

wards, the supernatant was collected carefully by pipette.

The concentration of exfoliated GCN nanosheets was

determined as around 0.12 mg mL-1 by drying the

mixture.

2.3 Preparation of GCN/TiO2 NWAs heterojunction

GCN nanosheets were deposited onto TiO2 NWAs by an

electrophoretic process according to the previous reports

[23, 44]. TiO2 NWAs electrode and stainless steel electrode

were used as the cathode and anode, respectively. The

applied voltage was 60 V. The amount of GCN on the TiO2

NWAs can be changed by regulating the time of elec-

trophoresis. After electrophoresis, the prepared sample was

taken out and dried in a N2 stream, then annealed at 350 �C
for 1 h under an argon atmosphere to improve the contact

between GCN and TiO2. The schematic diagram of the

whole preparation process of GCN/TiO2 NWAs is shown

in Fig. 1.

2.4 Characterization

Surfacemorphologies of TiO2NWAs andGCN/TiO2NWAs

were examined by field emission scanning electron micro-

scopy (FESEM, JEOL 7100F) and high-resolution trans-

mission electron microscope (HRTEM, JEOL JEM2010F).

X-ray diffraction (XRD) analysis was conducted by X-ray

diffractometer (PANalytical, X’pert Pro) equippedwith a Cu

Ka radiation source (wavelength of 1.54 Å). X-ray photo-

electron spectroscopy (XPS) was recorded on a PHI 5600

(Physical Electronic, USA) equipped with an Al

monochromatic X-ray source. C 1 s line at 284.6 eV was

used as the calibration reference before each measurement.

2.5 PEC performance test

PEC measurements were conducted in a conventional three-

electrode cell system. The prepared electrode was employed

as the working electrode. Meanwhile, a saturated Ag/AgCl

electrode and a platinum electrode served as the reference

and counter electrode, respectively. Potentials versus Ag/

AgCl were converted to the reversible hydrogen electrode

(RHE) by the following equation ERHE = EAg/

AgCl ? 0.197 ? 0.059 pH. 1 M sodium hydroxide solution

(pH 13.7) acted as the electrolyte. A 300 W high-pressure

xenon short arc lamp (Newport) was employed as the sim-

ulated solar light source to provide a light intensity of

100 mW cm-2. Prior to measurements, the electrolyte was

thoroughly deaerated by purging it with nitrogen gas for

30 min.

3 Results and discussion

3.1 Morphology

Surface morphology of prepared TiO2 and GCN/TiO2

NWAs was investigated by FESEM. From Fig. 2a, one can

see that the synthesized TiO2 NWAs through hydrothermal

method can cover the entire surface of the FTO substrate

uniformly. From its cross-sectional image, the as-prepared

nanowires show a highly perpendicular orientation on the

FTO glass with a length around 3 lm (Fig. 2a inset). With

higher magnification, the TiO2 nanowires can be seen to

show a uniform quadrilateral structure with an average side

width around 100–200 nm (Fig. 2b).

The amount of deposited GCN layers can be controlled

by electrophoretic time. When the electrophoretic time

increased from 15 to 60 s, the amount of GCN layers

increased rapidly, demonstrating that electrophoresis is an

effective approach to deposit GCN layer on TiO2 substrate.

Specifically, only limited GCN nanosheets can be observed

in the SEM image after 15 s electrophoretic depositing

(Fig. 3a). Depositions with 30 and 45 s gave enhanced

Fig. 1 Preparation process of

GCN/TiO2 NWAs

heterojunction. 1 FTO glass; 2
TiO2 NWAs on FTO through

hydrothermal; 3 GCN deposited

on TiO2 NWAs by

electrophoresis
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amounts of GCN layers with the time increase, which are

compact on the surface and interspace between TiO2

nanowires without obvious aggregation (Fig. 3b, c). It is

noteworthy that the deposited GCN layers were so flexible

that they can connect with TiO2 nanowires, producing a

porous and three-dimensional GCN cross-linked TiO2

structure. This interconnected structure not only can realize

dual-light absorption of TiO2 and GCN, but also can ben-

efit separation of photo-generated carriers and transfer to

the surface of heterojunction to react with water. When

electrophoretic time increased to 60 s, the TiO2 substrate is

nearly fully covered by GCN, and nanowire structure is

difficult to be seen (Fig. 3d). In this case, excessive GCN

layers may block efficient light absorption and photo-

generated carrier transport of TiO2, resulting in decreased

PEC activity as indeed seen subsequently.

3.2 Composition

The TEM and HRTEM images of the GCN/TiO2 NWAs

detached from the FTO substrate (Fig. 4) provide more

morphology and crystal structure information about the

synthesized heterojunction. It can be seen clearly that the

produced GCN layers connected the TiO2 NWAs and the

nanosheets possess layered structure with a thickness of

several nanometers. Figure 4b shows a good crystallinity

Fig. 3 Representative SEM images of GCN-modified TiO2 NWAs with different electrophoresis time: a 15 s; b 30 s; c 45 s; and d 60 s

Fig. 2 Representative SEM images of prepared TiO2 NWAs: a 92500 magnification (inset is cross-sectional image) and b 950,000

magnification
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of synthesized TiO2 nanowires with interplanar spacings of

0.32 and 0.29 nm, which are consistent with the d-spacings

of (110) and (001) planes of rutile TiO2. These data further

confirm the single-crystalline structure and demonstrate

that the TiO2 nanowires grow along the\100[ direction.

For comparison, Fig. 4c shows a representative layered

structure of GCN. The thin edge of the layers indicates that

the prepared GCN is only composed of few layers. This

layered structure also reveals that liquid exfoliation is an

effective strategy to fabricate two-dimensional nanosheets

without any damage from layered bulk samples, consistent

with that reported in literature [45–47]. From Fig. 4d,

intimate contact was found between TiO2 and GCN, indi-

cating that a heterojunction can be formed between GCN

layers and TiO2 nanowires without any change in their

respective morphology and crystallinity.

The crystal structure composition of pristine TiO2 and

prepared composite were further investigated using XRD

and XPS. From XRD spectra (Fig. 5a), it was found that

various diffraction peaks which belong to TiO2 rutile phase

were observed before and after GCN modification, revealing

that prepared TiO2 NWAs by hydrothermal reaction is pure

rutile phase. Also, there are two obvious peaks centered at

13.1� and 26.5� in g-C3N4 spectra, which corresponds to the

(110) and (200) crystal planes of g-C3N4, respectively. It is

notable that after graphene doping (low concentration

*1 %), the two peaks of prepared GCN samples shifted

slightly to 13.0� and 26.2�, respectively, revealing that the

final GCN products after co-polymerization of graphene and

dicyandiamide are mainly in g-C3N4 phase. The slight peak

height decrease indicates that the interlayer distance was

larger than pristine g-C3N4, demonstrating the successful

insertion of graphene into layered g-C3N4, forming a novel

layer-by-layer heterostructure.

XPS results (Fig. 5b) indicate the presence of Ti in the

prepared samples with corresponding peaks at 459.0 and

465.0 eV for Ti 2p. As can be seen from Fig. 5c, the C 1 s

peak at 284.6 eV can be ascribed to carbon and defect-

Fig. 4 a TEM images of GCN-modified TiO2 NWAs at low

magnification with several selected areas; b High magnification of

marked B, from where a rutile phase with\001[growth direction can

be identified (inset is the in situ SAED pattern); c High magnification

of marked B, showing an amorphous crystallinity of prepared GCN,

d The interface of heterojunction with TiO2 nanowire and GCN

(marked D)
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containing sp2-hybridized carbon atoms present in graphi-

tic domains. The C 1 s peak at 286.1 and 288.4 eV is

assigned to the C–C bond in the turbostratic CN structure

and sp3 C–N bond of the sp3-bonded composition,

respectively [11, 47]. Furthermore, Fig. 5d shows the high-

resolution N 1 s XPS spectra of the GCN/TiO2 sample. The

main N 1 s peak at the binding energy of 399.0 eV can be

assigned to sp2-hybridized nitrogen (C–N–C). The two

weak peaks at about 399.9 and 401.4 eV can be attributed

to tertiary nitrogen (N–(C)3) and amino functional groups

having a hydrogen atom (C–N–H), respectively. The

presence of the N–(C)3 groups confirms the polymerization

of dicyandiamide [11]. The existence of amino functional

groups suggests that the g-C3N4 product prepared by

pyrolysis of dicyandiamide was incompletely condensed,

which is consistent with the previous reports [48, 49].

3.3 PEC activity and stability

To investigate the PEC activity of the prepared samples,

pristine TiO2 and prepared GCN/TiO2 NWAs with different

deposition time were used as photoanodes for PEC test in a

standard three-electrode PEC cell. Obviously, a maximum

photocurrent density of 1.7 mA cm-2 is obtained at 1.23 V

versus RHE for the GCN/TiO2 NWAs sample with the

deposition time of GCN 30 s, while only photocurrent

density of 0.70 mA cm-2 for pristine TiO2 is observed at the

same condition (Fig. 6a). This result indicates that the sep-

aration rate of photo-generated holes and electrons increased

for TiO2 NWAs after GCN modification due to the forma-

tion of a heterostructure between GCN and TiO2. However,

when the deposition time of GCN further increased to 60 s,

obvious decrease in photocurrent is observed

(*1.15 mA cm-2). This result indicates that the deposition

amount of GCN is an important affecting factor for the PEC

performance of resulted heterojunction. Excessive GCN

nanosheets will block light absorption of TiO2 NWAs

beneath GCN, and hinder the electron transport ability of

TiO2 NWAs, resulting in an inefficient charge transfer and

separation, as reported by many researches [11, 50].

Furthermore, photo-conversion efficiency (applied bias

photon-to-current efficiency), which is used to evaluate the

conversion efficiency from solar energy to chemical

energy, was calculated using the following equation [3]:

Fig. 5 a XRD pattern of synthesized CN, GCN, TiO2, and GCN/TiO2; XPS spectra of b Ti 2p, c C 1 s, and d N 1 s of prepared GCN/TiO2
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g %ð Þ ¼ I ðE0
rev � VÞ = Jlight;

where g is the photo-conversion efficiency, I is the pho-

tocurrent density (mA cm-2), Jlight is the incident light

irradiance (mW cm-2), E0
rev is the standard reversible

potential which is 1.23 V versus RHE, and V is the applied

bias potential versus RHE.

Figure 6b presents the plots of the photo-conversion

efficiency versus applied bias potentials. The optimal photo-

conversion efficiency of GCN/TiO2 NWAs can be up to

0.92 %at a relatively low potential of 0.55 VversusRHE for

GCN/TiO2 NWAs, while pristine TiO2 NWAs can only

achieve photo-conversion efficiency of 0.27 % at 0.60 V

versus RHE. The optimal photo-conversion efficiency of

GCN/TiO2 NWAs is nearly 340 % enhancement compared

with pristine TiO2 NWAs, demonstrating its significant PEC

performance after GCN nanosheet modification.

To further investigate the role of GCN nanosheets in

the fabricated heterostructure, the J–V and J–t curves

were obtained for GCN bulk- and GCN sheet-modified

TiO2 NWAs in a photoelectrochemical cell under simu-

lated solar light illumination, respectively. Clearly, both

GCN bulk- and nanosheet-deposited TiO2 NWAs display

enhanced PEC performance than pristine TiO2 due to the

formation of heterojunction between GCN and TiO2.

Especially, GCN nanosheet-modified TiO2 sample shows

the highest photocurrent among all the three samples both

in J–V and J–t tests. At 1.23 V versus RHE, the pho-

tocurrent density of GCN bulk/TiO2 NWAs achieves

1.15 mA cm-2, while GCN sheets/TiO2 NWAs reaches

up to 1.7 mA cm-2 at the same conditions, 48 % higher

than that of GCN bulk/TiO2. It is possible that GCN bulk

cannot disperse onto TiO2 uniformly, and the deposited

thick-layered structure will block efficient light absorp-

tion of TiO2 NWAs.

To further prove the hypothesis of GCN nanosheets

blocking the light absorption, SEM images of both GCN

bulk- and nanosheet-modified TiO2 NWAs prepared at the

same condition were taken as shown in Fig. 8. Before

liquid exfoliation (Fig. 8a), the prepared GCN after poly-

merization shows an irregular bulk structure with the size

around several micrometers. After 12 h ultrasonic liquid

exfoliation, one can see clearly the uniform nanosheet

structure, Fig. 8b. Furthermore, the size of the prepared

nanosheets decreases to only several hundred nanometers,

making it more suitable to combine with one-dimensional

TiO2 nanowire structure. As a result, GCN sheet-modified

TiO2 displays a uniform structure (Fig. 8d), where GCN

nanosheets were dispersed on the surface and interspace of

TiO2 nanowires uniformly, forming an interconnected two-

dimensional GCN nanosheets/one-dimensional TiO2

nanowire heterostructure, facilitating high-performance

light absorption as well as charge carrier transport within

the formed heterojunction. For comparison, GCN bulk can

only disperse onto TiO2 surface due to its overlarge size

(Fig. 8c). In this case, light absorption of TiO2 would be

insufficient, leading to an inefficient PEC activity of GCN

bulk/TiO2 (as shown in Fig. 7).

Furthermore, the electron recombination kinetics of

GCN/TiO2 and TiO2 photoelectrodes were investigated by

monitoring the open-circuit voltage (Voc) decay as a

function of time upon turning off the illumination. Under

open-circuit conditions, electrons accumulate within the

nanostructured semiconductor materials. Once the illumi-

nation is stopped, the accumulated electrons will be con-

sumed by various redox reactions in the electrolyte. The

electron density in the photoelectrodes decays sharply due

to charge recombination, with the Voc decay rate directly

determined by the recombination rate. Figure 9a plots the

Voc decay as a function of time measured based on the

Fig. 6 a Linear sweep voltammetry curves of prepared TiO2 and GCN/TiO2 with different deposition time (0; 15; 30; 45; and 60 s) and

b corresponding photo-conversion efficiency as a function of applied potentials
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pristine and GCN-modified TiO2 NWAs photoanodes.

Obviously, GCN/TiO2 NWAs electrode shows a signifi-

cantly slower Voc decay rate than that of pristine TiO2

NWAs, indicating slow recombination kinetics in the pre-

pared GCN/TiO2 photoelectrode. The lifetime of photo-

generated electrons (sn) can be calculated by the following

equation:

sn¼ � kBT=eð Þ dVoc=dtð Þ�1;

where kB is Boltzmann’s constant, T is the absolute tem-

perature, and e is the elementary charge. The calculated sn
is plotted in Fig. 9b as a function of Voc for the two types of

electrodes. It is observed that sn of the GCN/TiO2 NWAs

displays much longer time than pristine TiO2 NWAs. The

extended sn observed in GCN/TiO2 NWAs compared to

that observed in TiO2 NWAs can be attributed to the sur-

face defects formed in the GCN/TiO2 heterostructure after

Fig. 7 Comparison of a photo-response of exfoliated GCN layers and prepared GCN bulk-deposited TiO2 NWAs and b corresponding time-

dependent photocurrent density collected at a potential of 1.0 V vs RHE (a TiO2; b GCN bulk/TiO2; c GCN sheets/TiO2)

Fig. 8 Representative SEM images of a prepared bulk GCN; b exfoliated GCN layers; c bulk GCN-modified TiO2 NWAs and d exfoliated GCN

layer-modified TiO2 NWAs (electrophoretic time is 30 s)
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GCN nanosheet deposition, which can act as adsorption

sites and promote the charge transport remarkably.

Moreover, the PEC stability of the GCN/TiO2 NWAswas

evaluated in a three-electrode configuration by obtaining a

J–t curve under simulated solar light irradiation. A pho-

tocurrent density of 1.7 mA cm-2, which is obtained by

applying 1.0 V versus RHE on GCN/TiO2 NWAs, was

maintained for 1 h without showing any sign of decay,

revealing its long-term stability (Fig. 10). Compared with

the results from literature, it is notable that the

stable photocurrent density of as-prepared GCN/TiO2

NWAs collected at 1.0 V versus RHE is one of the best

values reported among all the metal-free material-modified

TiO2 photoelectrodes to date (Table 1) [33, 51–53]. This

excellent result can be attributed to the advantages of unique

interconnected three-dimensional GCN/TiO2 structure fea-

ture with dual-light absorption and remarkable promotion of

charge transport within heterojunction interfaces.

3.4 Mechanism of charge separation and transfer

Based on aforementioned findings, the possible charge

separation and transfer mechanism can be proposed for

prepared GCN/TiO2 heterojunction (Fig. 11). Under solar

light illumination, GCN can be effectively excited to

produce electrons and holes from conduction band (CB)

and valance band (VB), respectively. Because the CB

position of the GCN is more negative than that of the

TiO2, an internal local electric field is therefore generated

[52, 54]. This makes the electrons generated by GCN

quickly transfer to the CB of TiO2 NWAs, going along

aligned TiO2 nanowires to the FTO substrate then further

transported to the Pt counter electrode through external

circuit, where the transferred electrons are consumed to

reduce water for hydrogen evolution [11, 55]. On the

other hand, the holes generated in the VB of the TiO2

NWAs can transfer to the VB of GCN easily, realizing an

efficient charge separation and transfer. Then the

Table 1 Comparison of the

photocurrent density at 1.0 V

versus RHE of this work with

estimated values from literature

under 100 mW cm-2 light

intensity from Xenon lamp

Photoelectrode Photocurrent density, mA cm-2 Reference

GCN/TiO2 nanowires 1.70 Present study

C3N4/TiO2 nanotubes 1.70 [51]

C3N4/TiO2 nanowires 0.90 [52]

N–C dot/TiO2 nanowires 1.45 [33]

C dot/TiO2 nanotubes 1.20 [53]

Fig. 9 a Open-circuit voltage decay of the GCN/TiO2 NWAs and TiO2 NWAs and b the corresponding electron lifetimes as a function of open-

circuit voltage

Fig. 10 Long-term stability test of exfoliated GCN/TiO2 (1.0 V vs.

RHE) under simulated solar irradiation
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produced holes of GCN and TiO2 can oxidize water

effectively [11, 56]. The efficient charge separation

increases the lifetime of the charge carriers and enhances

the efficiency of the interfacial charge transfer to sub-

strates, leading to much enhanced PEC performance of

the prepared GCN/TiO2 NWAs. More importantly, the

unique interconnected three-dimensional structure with

multiple light absorption and large semiconductor/elec-

trolyte interfaces is favorable for significantly improved

PEC activity. This result offers a rational design and

preparation strategy for TiO2-based nanostructured pho-

toelectrodes with improved PEC performance.

4 Conclusions

A rational GCN/TiO2 NWA heterojunction has been fab-

ricated as an efficient photoanode for PEC water oxidation.

Under simulated solar light illumination, the photocurrent

of synthesized GCN/TiO2 NWAs can be up to

1.7 mA cm-2 at 1.23 V versus RHE, which is one of the

best performance for all the TiO2-based metal-free mate-

rial-modified architecture. The photo-conversion efficiency

of GCN/TiO2 NWAs achieves up to 0.92 % at a low

potential (0.50 V vs. RHE), 340 % enhancement from that

of pristine TiO2 (0.27 % at 0.59 V vs. RHE). Furthermore,

the prepared heterojunction exhibits excellent stability,

nearly 100 % retention after 1 h PEC test. The enhanced

light harvest ability, improved charge transfer and separa-

tion, and unique cross-linked microstructure are responsi-

ble for the improvement of photo-conversion efficiency.

This study has provided a facile and efficient strategy for

fabrication and optimization of photoelectrode architecture

using metal-free materials.
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