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a b s t r a c t
The N-doped carbonaceous/TiO2 composite photoanodes were fabricated by a facile hydrothermalcalcination approach using melamine as a precursor for N-doped carbonaceous species, and Ti foil as
titanium source. The results showed that the N-doped carbonaceous materials with various organic
functional groups were uniformly deposited onto TiO2 , and the hydrothermal temperature had signiﬁcant effects on the phase of TiO2 , element composition, surface morphology and photocatalytic activity
of the composite photoanodes. Escherichia coli K-12 was chosen as the model bacterium to evaluate the
photoelectrocatalytic activity of the composite photoanodes under visible light irradiation. Under a constant potential bias of +1.0 V and a light intensity of 15 mW/cm2 , 107 cfu/mL E. coli could be completely
inactivated within only 30 min by using the composite photoanodes obtained from 120 ◦ C hydrothermal
treatment. The high photoelectrocatalytic bactericidal activity of composite photoanodes under visible light irradiation was mainly due to the synergistic effect between N-doped carbonaceous and TiO2
components, beneﬁting the light absorption and the effective charge separation.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Various pathogenic microorganisms, such as bacteria, viruses,
and fungi might be detected in municipal wastewater, surface
water, groundwater, and drinking water [1]. These pathogenic
microorganisms are responsible for a variety of diseases to humans,
challenging safe water supply [1,2]. However, conventional disinfection methods, including chlorination, ozonation and ultraviolet
light irradiation treatments possess various disadvantages such as
the formation of carcinogenic disinfection byproducts as well as
proliferation of resistant microorganisms, which poses a permanent sanitary risk to human [3,4]. In this regard, the development
of novel and effective water disinfection methods are of practical
importance for safe guarding drinking water supply and wastewater treatment.
The photocatalytic processes have been recognized as one of
the promising technologies for wastewater treatment and drinking
water disinfection because the organic pollutants and microorganisms are believed to be completely degraded or inactivated by the

∗ Corresponding author. Tel.: +86 20 85291501; fax: +86 20 85290706.
E-mail address: antc99@gig.ac.cn (T. An).
0920-5861/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cattod.2013.09.046

photocatalytically generated reactive oxygen species (ROSs) [5–9].
Among various semiconductor materials, TiO2 -based photocatalysts have been extensively investigated because of their superior
photocatalytic oxidation ability, high photocorrosion resistance
and chemical stability, nontoxicity and low cost [10,11]. However,
the widely used TiO2 particle suspension systems face a difﬁculty
for separation of TiO2 particle from reaction solution after use. The
high charge recombination rate and poor visible-light activity are
also major drawbacks of the particle suspension systems. Although
immobilization of TiO2 particles on a conductive support could
eliminate the need for after-use separation and enhance the photocatalytic activity by the application of potential bias to effectively
suppress photoelectron and hole recombination [12], it cannot
resolve the visible light (VL) utilization problem. Great efforts have
therefore been made to fabricate the VL active TiO2 . In this regard,
the doping with metal/nonmetal elements [13–20], sensitization
[21–23], and conjugating with a narrow band gap semiconductor
materials to form heterojunctions [24–26] have been employed.
Among them, TiO2 sensitization with various carbonaceous
materials has attracted considerable attention due to high VL
absorption efﬁciency, superior charge carriers’ mobility, excellent
stability and controllable structural and electrical properties
[22,27–29]. The carbonaceous materials could serve a role as

68

X. Nie et al. / Catalysis Today 230 (2014) 67–73

sensitizer to extend absorption spectrum to visible-light region.
Under visible-light irradiation, the photogenerated electrons and
holes originated from carbonaceous materials are transferred
to TiO2 respectively, facilitating the charge separation and thus
enhancing the photocatalytic activity of TiO2 in visible region
[14,30]. Furthermore, the carbonaceous materials with number
of active sites possess excellent adsorption capability toward
various organics and microorganisms thus potentially enhance the
photocatalytic activity [31]. However, to the best of our knowledge,
the synthesis of N-doped carbonaceous sensitized TiO2 composite
photoanodes via a facile hydrothermal-calcination method and
its applications for the photoelectrocatalytic (PEC) inactivation of
bacteria under VL irradiation is rarely attempted.
Herein, the N-doped carbonaceous-sensitized TiO2 composite photoanodes were successfully fabricated via a facile
hydrothermal-calcination approach and used for photoelectrocatalytic inactivation of bacteria. E. coli K-12 (Gram-negative
bacterium) was chosen as the model bacterium to evaluate the
photoelectrocatalytic activity under VL irradiation.
2. Materials and methods
2.1. Synthesis of composite ﬁlms
In a typical process, 1.0 g NH4 F and 1.0 g melamine were
ﬁrstly dispersed into 40 mL deionized water. After being ultrasonicated for 30 min, the mixture was transferred into 100 mL
Teﬂon-line autoclaves, in which the cleaned Ti foils (99.6% purity,
50 mm × 25 mm × 0.16 mm) were vertically placed in it, and then
heated at selected temperatures (120, 150 or 180 ◦ C) for 72 h. After
hydrothermal reaction, the Ti foils were washed with deionized
water and subsequently annealed at 550 ◦ C in a mufﬂe furnace for
4 h with a heating rate of 20 ◦ C/min to convert the amorphous phase
to crystalline. The preparation procedure of the composite ﬁlms
was shown in Fig. S1.

potential bias, current signal recording and data processing in photoelectrochemical experiments. A 300 W Xe-lamp with a ﬁlter to
cut off  < 420 nm (15 mW/cm2 , spectrum shown in Fig. S2) was
employed as the VL source and 0.2 M NaNO3 aqueous solution was
used as electrolyte.
2.4. Photoelectrocatalytic activity test
E. coli K-12 (The Coli Genetic Stock Center at Yale University,
USA) was chosen as the model bacterium to evaluate the inactivation efﬁciency of the composite ﬁlm photoanodes. The bacterial
cells were cultured in nutrient broth growth medium at 37 ◦ C for
16 h with shaking and then successively washed with sterilized
water via centrifugation. The cell concentration was adjusted to
a ﬁnal cell density of 107 cfu/mL with 0.20 M NaNO3 solution, and
the PEC bacterial inactivation experiments were conducted under
constant applied potential of +1.0 V (versus Ag/AgCl) in a threeelectrode photoelectrochemical bulk reactor (Fig. S3). The reactor
and light source used were the same as described in “Photoelectrochemical Characterization”. Before each experiment, the reactor
was washed several times to remove the residual organics generated from the decomposition of bacteria, and all glassware was
sterilized by autoclaving at 120 ◦ C for 15 min. The reaction temperature was maintained at about 25 ◦ C and the reaction solution
was mixed with a magnetic stirrer throughout the experiment. In a
typical inactivation experiment, 50 mL 0.20 M NaNO3 solution containing 107 cfu/mL E. coli was added into the reactor. At different
time intervals, 1.5 mL aliquots were collected for further analysis of
ﬁnal bacterial survival by diluting with sterilized 0.9% NaCl solution
and spreading 0.1 mL of the diluted sample uniformly on nutrient
agar plates. The nutrient agar plates were incubated at 37 ◦ C for
16 h, the colonies formed were counted, and the numbers of bacterial before and after inactivation were calculated. It should be noted
that E. coli inactivation data reported in this study were the average
values obtained from experiments replicated in triplicate, and the
error bars were the standard error of three experimental data.

2.2. Structural and morphological characterizations
The crystal phase composition and crystallinity of the composite were determined by X-ray diffraction diffractometer (XRD,
Rigaku D/MAX-2200 VPC). X-ray photoelectron spectroscopy (XPS)
was carried out on Thermo ESCALAB250 spectrometer using
monochromated Al K␣ (1486.6 eV) source operated at 110 W. Diffuse reﬂectance infrared Fourier-transform (DRIFT) spectra were
recorded on a Bruker Vertex 70 Fourier transform infrared spectrometer at room temperature. All spectra were collected over 64
scans in the range 4000–600 cm−1 with a resolution of 4 cm−1 .
Raman spectra were performed at room temperature using a Laser
Micro-Raman Spectrometer (Renishaw inVia) with the excitation
light of 514 nm. UV–vis spectra were recorded on a Shimadzu
UV-2501PC spectrometer with a Labsphere diffuse reﬂectance
accessory using BaSO4 as the reference. The surface morphologies of the synthesized photocatalysts were observed using a ﬁeld
emission scanning electron microscopy (FESEM, JEOL JSM-6330F).
2.3. Photoelectrochemical characterization
The photoelectrochemical measurements were performed
using a three-electrode system in a bulk photoelectrochemical
reactor (50 mL) with a quartz window for VL illumination. The composite ﬁlms were employed as a working electrode, a platinum
foil and a saturated Ag/AgCl as counter electrode and reference
electrode, respectively. A micro-electrochemical system (ECS)
(USB2.0, PLAB, Changchun Institute of Applied Chemistry, China)
powered and controlled by a laptop was used for application of

3. Results and discussion
3.1. Characteristics of composite photoanodes
Fig. S4 shows the XRD patterns of the as-prepared composite ﬁlms prepared under various conditions. All samples showed
high intensities characteristic diffraction peaks of anatase TiO2 at
2 = 25.3◦ , 37.8◦ , 48.0◦ , 54.0◦ , 55.3◦ , 62.4◦ and 68.7◦ , attributing to
the (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4) and (1 1 2) planes
of anatase TiO2 , respectively, suggesting the anatase was the main
phase in the composite ﬁlms. Furthermore, a weak diffraction peak
at 27.4◦ (represents a characteristic peak of rutile TiO2 , which could
be indexed to (1 1 0) plane) can also be observed [32]. It was also
found that no shifting in peak positions for both anatase and rutile
TiO2 can be observed, indicating that the N-doped carbonaceous
materials were deposited on the surface of TiO2 rather than into
the lattice [33]. Additionally, the weak diffraction peaks observed
at 40.1◦ , 53.0◦ , and 70.6◦ for the sample prepared at 120 ◦ C can be
indexed to the Bragg reﬂection of Ti foil were observed. As hydrothermal temperature increased to 150 ◦ C, the peak intensities of the
anatase TiO2 quickly increased concomitance with the complete
vanishing of titanium, implying increasing hydrothermal temperature was beneﬁcial to the growth of the TiO2 particles and the
enhancement of crystallinity, while further increase of the hydrothermal temperature to 180 ◦ C resulted in a decrease of the peak
intensities of the anatase TiO2 , indicating a shrinkage of the TiO2
particle [34]. Simultaneously, with the increase of hydrothermal
temperatures, the peak intensities of rutile TiO2 was also increased,
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Fig. 1. XPS spectra of the composite photoanodes prepared at different hydrothermal temperatures.

which makes up 4.40, 3.69 and 7.63% mass percentage in the samples prepared at 120, 150 and 180 ◦ C, respectively.
To investigate the surface chemical compositions and chemical
states of the composite ﬁlms, samples prepared at different temperatures were characterized by XPS and then element content (atomic
percentages, at%) was calculated from the relative peak intensities
(Table S1). As shown, the synthesized composite ﬁlms are composed of the elements C, O, Ti and a small amount of N. Interestingly,
the element content of C peaked at 150 ◦ C, while N showed a conspicuous monotonic increase with the increase of hydrothermal
temperature from 120 to 180 ◦ C, indicating the formation of composite ﬁlms. The XPS spectra of the composite ﬁlms are provided in
Fig. 1. The C 1s peaks at 284.6 and 286.3 eV can be assigned to the
C C bond and sp2 C atoms bonded to C/N atoms inside the structure
of adventitious carbonaceous materials, respectively, and the peak
at 288.4 eV is identiﬁed as sp3 C N bond [14,23]. The N 1s binding energy peak at 398.7 eV could be attributed to C N C group
[35]. These results conﬁrm the formation of N-doped carbonaceous
materials.
The functional groups of the prepared composite ﬁlms were
also checked via IR spectra and Raman spectra (Fig. 2). As shown
in Fig. 2a, the main fundamental characteristic peaks are similar, although the intensities of three composite ﬁlms are different,
indicating those ﬁlms are composed of similar organic functional
groups. The absorbing peaks in the range of 600–1000 cm−1 can be
assigned to the Ti O bond in TiO2 , while the peaks at 1000–1500
and 1560–1750 cm−1 are attributable to the feature distinctive
stretching vibration modes of C C/C N and C O, respectively. The
peaks at 2800–3000 cm−1 represent the characteristic bonds of
the stretching vibration of the methylene group, and the broad

Fig. 2. (a) DRIFT spectra and (b) Raman spectra of the composite photoanodes prepared at different hydrothermal temperatures.

characteristic peaks centered at 3000–3500 cm−1 are assigned to
the stretching vibration mode of H N or O H which originated
from COOH or H2 O absorbed on the surface of samples, inferring
a large amount of amino, carboxyl and hydroxyl groups existed in
N-doped carbonaceous materials. These organic functional groups
could enhance the absorbance of VL, facilitate electron transfer and
strengthen chemical interaction between N-doped carbonaceous
materials and TiO2 [9,36]. The Raman spectra (Fig. 2b) further conﬁrmed the existence of carbon bonds in these composite ﬁlms.
The peaks at 1270 and 1660 cm−1 can be assigned to sp3 and sp2
carbons contained in amorphous carbon, respectively [37]. The
Raman spectra are very similar for all composite ﬁlms prepared
at various hydrothermal temperatures, implying the formation of
similar characteristic bonds. Moreover, with the increase of the
hydrothermal temperature from 120 to 180 ◦ C, the peak intensities
increased gradually, indicating the N-doped carbonaceous materials deposited gradually onto the TiO2 surface. The above results
conﬁrmed the existence of both TiO2 and N-doped carbonaceous
materials in the composite ﬁlms.
Fig. S5 shows the UV/Vis diffuse-reﬂectance spectra of composite ﬁlms prepared at different conditions. The colors of all composite
ﬁlms were found to be yellow, except for the samples prepared at
120 ◦ C (gray black). The main absorption edge of these composite ﬁlms appeared at about 400 nm, corresponding to the essential
light absorption of TiO2 crystal. However, there is signiﬁcant VL
absorptions ranged from 400 to 800 nm, contributed by the carbonaceous components that serve as a photosensitizer to enhance
the VL harvest and utilization efﬁciencies [14,16]. It should be noted
that the absorption intensity in the visible region for the composite prepared at 120 ◦ C was higher. The reason is that the N-doped
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Fig. 3. Top and cross-sectional SEM images of the composite photoanodes prepared at different hydrothermal temperatures ((a, b): 120 ◦ C; (c, d): 150 ◦ C; (e, f): 180 ◦ C).

carbonaceous materials were embedded into micron-sized TiO2
spheres for the composite prepared at 120 ◦ C.
The morphologies of the composite ﬁlms were characterized
using a ﬁeld-emission scanning electron microscope (FESEM). Fig. 3
demonstrates the top and cross-sectional SEM images of the composite ﬁlms prepared at different hydrothermal temperatures. For
the sample synthesized at 120 ◦ C (Figs. 3a and b), a large amount
of cracks could be observed due to the crystallization of titanium
into TiO2 leading to the shrinking of Ti foil surface driven by
the surface tension. Further observation from the inset of Fig. 3a
showed that the surface of the composite ﬁlms mainly consisted of
bulbous agglomerate structures with size of ca. 1–2 m. Also, a fraction of bulbous structures was transformed into integral spheres,
and some were still at the beginning of the spheres formation.
With an increased hydrothermal temperature to 150 ◦ C (Fig. 3c),

the protuberant TiO2 transformed to blocky structures with size
of ca. 1–4 m, suggesting a further aggregation of TiO2 crystals.
Meanwhile, uniformly distributed ﬂocculent N-doped carbonaceous material ﬁlm can be clearly observed on the surface of blocky
structures from the inset in Fig. 3c. The cross-sectional SEM image
reveals a compactly packed blocky structure (Fig. 3d). Interestingly,
a large number of scaly structures of N-doped carbonaceous materials evenly scattered along multiple ridges of blocky structures of
TiO2 can be observed from the composite ﬁlm prepared at 180 ◦ C
(Figs. 3e and f), indicating that high hydrothermal temperature was
not beneﬁcial to the conglutination between N-doped carbonaceous species and TiO2 polymerization crystal. According to above
results, the possible formation mechanism of hybrid photocatalysts
comprised of N-doped carbonaceous materials and TiO2 can be tentatively proposed (Fig. S6). First, NH4 F is used to etch the Ti foil to
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Fig. 4. (a) Voltammograms of the composite photoanodes during PEC process under
VL irradiation with 0.20 M NaNO3 as electrolyte; (b) transient photocurrent response
of the composite photoanodes under VL irradiation with an electrode potential of
1.0 V vs Ag/AgCl.

provide a Ti source for the formation of titania particles, and these
titania particles in situ grow up gradually, and then assembly into
micron-sized TiO2 spheres and the blocky structures on the surface
of Ti foil. Simultaneously, melamine is deposited on the surface of
Ti foil. In the subsequent calcination process, the N-doped carbonaceous materials are produced via the thermal polycondensation of
melamine and subsequently most of N volatilized out in the form
of NH3 . Meanwhile, the N-doped carbonaceous materials could
be directly deposited on to the TiO2 and hybridized with crystallized TiO2 to form N-doped carbonaceous materials/TiO2 composite
photocatalysts.
3.2. Photoelectrochemical analysis
According to the UV/Vis diffuse-reﬂectance spectra, the photoanodes exhibited strong VL absorption, meaning they might have
photoresponse under VL illumination. Thus, the photoelectrochemical measurements were carried out by linear sweep voltammetry
in 0.20 M NaNO3 electrolyte under VL ( ≥ 420 nm) illumination.
As shown in Fig. 4a, the photocurrent density obtained from all
composite photoanodes showed an initially linear increase with
the potential increasing from −0.6 to −0.4 V, followed by a photocurrent density gradual leveling off period with further potential
bias increase due to the limitation of the interfacial processes at the
photoanode/solution interface [38]. Moreover, the photocurrent
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response obtained from the photoanode prepared at 150 ◦ C was
obviously higher than those at 120 and 180 ◦ C. This could be
ascribed to the best TiO2 crystallinity of the photoanode prepared
at 150 ◦ C which was beneﬁcial to create more photo-generated
electron–holes pairs and enhance their separation, and therefore
promoted the photocurrent density [39,40]. To further estimate the
electronic interaction between N-doped carbonaceous materials
and TiO2 in the resultant composite photoanodes, the transient
photocurrent density responses against the time were also carried
out in 0.20 mol/L NaNO3 solution with or without VL illumination
at a ﬁxed potential bias of +1.0 V versus Ag/AgCl (Fig. 4b). For all
cases with VL illumination, the resultant photocurrent density
increased rapidly to an appreciable constant value, implying a good
VL activity of the photoanode toward water oxidation. When the
light was turned off, the current (so called dark current) decayed
rapidly to a lower level, suggesting that the direct electrochemical
redox reaction was insigniﬁcant and the current obtained under
illumination was due to the photogenerated electrons and holes
separation [41]. From Fig. 4b, an increase of the hydrothermal
temperature leads to a ﬁrst increase and then decrease in the
photocurrent density obtained from the composite photoanodes.
This is due to incomplete crystallization of the surface of titanium
at low temperature, and it could reduce the amount of photogenerated charges which produced from the excitation of VL. While
too high temperature will lead to the formation of scaly structures
of N-doped carbonaceous materials orderly distributed along
multiple ridges of blocky structures of TiO2 , which were also not
conducive to the charge transfer due to the weak linkage between
N-doped carbonaceous materials and TiO2 polymerization crystal,
and thus leading to the reduced photocurrent density. The scaly
structures of N-doped carbonaceous materials may also increase
the transport distance that the photogenerated charges need to
travel to surface reaction sites, and thus increasing the transport time, leading to the enhancement of charge recombination
probability [42].
3.3. Inactivation of E. coli
As shown in abovementioned results, the composite ﬁlms
possessed high photoconversion efﬁciency, meaning they might
have remarkable visible-light-induced photoelectrocatalytic
activity. Therefore, E. coli was chosen as the model bacterium to
evaluate the bactericidal efﬁciency of the composite ﬁlms. According to above photoelectrochemical measurements, the highest
photocurrent density obtained from the composite photoanode
prepared at 150 ◦ C displayed, thus it was selected to further evaluate the bactericidal performance of various processes (Fig. 5a),
including photolysis, electrolysis (EC), photocatalysis (PC) and PEC
processes. The bacterial population remained unchanged within
90 min under either VL irradiation (photolysis) or 1.0 V potential
bias (EC) conditions, suggesting that only VL or 1 V potential bias
had no bactericidal effect to E. coli. Additionally, no bacteria could
be inactivated by the as-prepared composite ﬁlms in dark (data not
shown), suggesting no toxic effect to E. coli of these materials. Comparatively, the composite ﬁlm could completely kill 107 cfu/mL
E. coli cells within 90 min under VL irradiation (PC), indicating a
high VL photocatalytic bactericidal activity of composite catalyst.
This is due to the fact that the photosensitized N-doped carbonaceous components can be excited by the VL to inject electrons into
conduction band of TiO2 , and then the electrons were transferred
to the molecular oxygen adsorbed on the surface of composite ﬁlm,
producing O2 •− and • OH which can nonselectively react with most
organics and biohazards, leading to the PC inactivation of bacteria
[14,23,35,43]. In addition, carbonaceous materials could also
increase the absorption of various organics and microorganisms
on photoanode surface due to the presence of various organic
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Fig. 5. (a) Inactivation of E. coli k-12 with photolysis, EC, PC and PEC processes under
VL irradiation by the composite photoanode as photocatalysts prepared at 150 ◦ C.
(b) The PEC inactivation curves of E. coli K-12 under VL irradiation by the composite
photoanodes prepared at different hydrothermal temperatures.

functional groups in carbonaceous materials, and thus enhancing
the photoactivity to some extent [31]. Moreover, as expected,
the complete inactivation of bacterial cells can be achieved much
rapidly within 40 min by PEC treatment. With PEC treatment,
the recombination of photocatalytically generated charges can be
effectively suppressed [44]. Subsequently, it prolonged the lifetime
of photo-generated carriers, enabling the photo-generated hole to
directly act as the bactericide to react with bacteria and increasing
the concentration of ROSs such as holes, O2 •− , • OH, and so forth,
thus resulting in the rapid damage/decomposition of the cell body.
These lead to a substantially enhanced PEC inactivation efﬁciency
[25,45,46].
The effect of synthesis conditions on the PEC bactericidal activity of the resultant composite photoanodes was also investigated
(Fig. 5b). It was found that the bacterial population almost remained
at a stable value at ﬁrst 10 min for all photoanodes investigated,
which could be because various ROSs began to attack bacteria but
they were insufﬁcient to cause a large number of bacterial deaths.
However, the bacterial population showed a log-linear reduction
with further increased reaction time due to the bacterial cells were
inactivated as a consequence of the accumulation of damage of cells
caused by ROSs [47]. However, unexpectedly, the PEC bactericidal
activity exhibited a conspicuous monotonic decrease for the photoanodes prepared with increasing the hydrothermal temperature
from 120 to 180 ◦ C. For instance, the time for complete inactivation of E. coli was achieved at 30, 40, and 50 min for composite
photoanodes fabricated at 120, 150, and 180 ◦ C, respectively. This

could be largely attributed to that the moderate reaction at lower
hydrothermal temperatures enhanced the interaction between
melamine and TiO2 , subsequently N-doped carbonaceous materials originated from melamine could be embedded in micron-sized
TiO2 spheres during the calcination process, which could efﬁciently
enhance the absorption of VL (Fig. S5) to generate more ROSs. Furthermore, the intimate adhesion between N-doped carbonaceous
materials and TiO2 could also promote the transfer efﬁciency of
electrons and prolong the lifetime of photoholes, which could
react with the bacteria adsorbed on the surface of the photoanode,
and thus improve the PEC bactericidal activity [27]. However, high
hydrothermal temperatures accelerated the dissolution of TiO2
on the Ti support surface and resulted in N-doped carbonaceous
materials only deposited on the TiO2 surface, which was not
beneﬁcial to the transfer efﬁciency of electrons, leading to the
decrease of PEC bactericidal activity [22]. Furthermore, the scaly
structures of N-doped carbonaceous materials (Fig. 3) obtained at
high hydrothermal temperatures also reduced the effective contact
area between bacteria and photoanodes, it could also reduce PEC
bactericidal activity. Interestingly, although photocurrent response
of the composite photoanode prepared at 150 ◦ C was higher than
that at 120 ◦ C, the highest PEC inactivation efﬁciency was achieved
by the photoanode prepared at 120 ◦ C. It could be interpreted
that a large amount of cracks on this composite photoanode
surface (Fig. 3a) might not be beneﬁcial for the electron transfer to
conductive substrate compared with that of blocky structures with
best crystallinity of anatase TiO2 (Fig. 3c), leading to the reducing
photocurrent density. Thus, it could be concluded that the substantial interaction between N-doped carbonaceous materials and
TiO2 in the composite photoanodes was a vital prerequisite for
enhanced photocatalytic activity, and it could be increased by the
trapping of photoinduced charge carriers beneﬁting the production
of ROSs.

4. Conclusion
The N-doped carbonaceous materials/TiO2 composite photoanodes can be fabricated by a facile hydrothermal-calcination
approach. The hydrothermal temperature signiﬁcantly affects the
phase of TiO2 , element composition, surface morphology, and
photocatalytic activity of the composite photoanodes. Various
functional groups, such as amino, carboxyl, hydroxyl, C C/C N
and C C groups existed in N-doped carbonaceous materials, could
enhance the absorbance of VL and facilitate charges transfer. The
best bactericidal activity of composite photoanodes was obtained at
120 ◦ C, which could completely inactivate 107 cfu/mL E. coli within
30 min under VL irradiation. The composite photoanodes demonstrated high photoelectrocatalytic bactericidal activity under VL
irradiation due to the synergistic effect between N-doped carbonaceous and TiO2 components, beneﬁting the light absorption
and charge separation. The accomplishment of this work was
expected to have promising applications of PEC process in water
disinfection.
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