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a  b  s  t  r  a  c  t

A  new  composite  of  TiO2 (P25)  and  N-doped  carbon  quantum  dots  (P25/NCQD)  was  prepared  by  a
hydrothermal  method  and  was  used  for the first  time  as  catalyst  of  the  photo-oxidation  of  NO  under
UV  and  visible  light  irradiation.  P25/NCQD  composite  exhibited  a NO conversion  (27.0%)  more  than  two
times  higher  of  that  observed  for  P25  (10%)  under  visible  light  and the selectivity  of the process  was
increased  from  37.4%  to 49.3%.  The  composite  also  showed  better  photocatalytic  performance  than  P25
eywords:
-doped carbon quantum dots
25
hotocatalyst
O photo-oxidation

in the  UV  region  with  increases  of  36.3%  on  NO  conversion  and  16.8%  on selectivity.  Moreover,  com-
pared  with  P25,  the  photodegradation  ratio  of  methylene  blue  was  enhanced  from  68%  to 91%  after  UV
irradiation  for 1 h. NCQD  played  a crucial  role  on  the  photocatalytic  activity  improvement  of  P25/NCQD,
increasing  visible  light  absorption,  slowing  the  recombination  and  improving  the charge  transfer.

© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND

ethylene blue degradation

. Introduction

Nitrogen oxides (NOx) are well known air pollutants that cause
evere environmental and health problems. Although NOx (NO and
O2) can be formed during natural processes such as lightning, the
ajority of the emissions are produced by anthropogenic activi-

ies mainly by coal power plants and road traffic [1,2]. Along with
O2, NOx is responsible for the formation of acid rain that causes
orrosion of buildings and harms forests, crops and aquatic life
3]. High concentrations of NOx in the atmosphere can also con-
ribute to the formation of tropospheric ozone and photochemical
mog that can lead to serious respiratory problems such as emphy-
emas and bronchitis [4,5]. Although stricter legislation has been
dopted by the European Union members, NOx levels in the atmo-
phere are still above the limit value recommended by the latest
U directive [6], particularly in urban areas [7]. On the other hand,
ater contamination with organic pollutants (e.g. dyes, herbicides,
henolic compounds) from industry, agriculture and other human
ctivities are also a subject of serious concern [8]. The release of

olluted wastewaters into the aquatic ecosystem represents both
nvironmental and public health risks because of their negative
cotoxicological effects and bioaccumulation in aquatic life [9]. For
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E-mail address: mendes@fe.up.pt (A. Mendes).
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/).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

all the reasons discussed above, the development of new and effi-
cient methods for NOx and organic pollutants removal from the
environment is of great importance.

In the last decade, photocatalytic oxidation using semiconduc-
tors as catalysts has become one of the most promising approaches
for removing inorganic (e.g. NOx) [10,11] and organic (e.g. dyes)
[12] pollutants from gas or liquid phases. Among semiconductor
photocatalysts, titanium dioxide (TiO2) has received considerable
attention due to its high photocatalytic activity, high chemical sta-
bility, low toxicity and low cost [13]. When TiO2 is exposed to
sunlight, photons with energy equal or higher than its bandgap
energy are absorbed leading to the promotion of electrons (e−) from
the valence to the conduction band and the consequent formation
of positively charged vacancies (holes, h+) in the valence band. Both
species migrate to the surface of the semiconductor where they par-
ticipate in oxidation (h+) and reduction (e−) reactions forming high
reactive radical species. Holes have a potential sufficiently positive
to oxidize water molecules and OH− adsorbed onto the semicon-
ductor surface producing OH• radicals, which will then promote the
oxidation of harmful pollutants like NOx or organic dyes [14]. On the
other hand, photoexcited electrons react with oxygen molecules to
form superoxide anions O2

•− that participate in the redox reac-

tions involved in the degradation of the pollutants [3,11]. Recently,
some authors reported that holes can also be trapped by TiO2 sur-
face lattice oxygen ions, either protonated (>OHs

−) or deprotonated
(>Os

2−), to generate surface lattice radicals (−OHs
•/−Os

•−) that
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an than participate in several redox reactions that originate the
egradation of pollutants [15].

Several materials incorporating photocatalytic TiO2 have
lready been prepared for air and water purification applications,
owever, only very few were made commercially available [16–18].
oreover, the results of NOx photoabatement tests, using materi-

ls containing TiO2, under real outdoor conditions are still behind
he expectations. This is mainly due to the fact that TiO2 has one
mportant drawback: its wide band gap (3.2 eV for anatase) requires
hotocatalytic activation by ultraviolet irradiation (about 4% of
he solar spectrum), giving rise to very low solar photoconver-
ion efficiencies. Therefore, for practical use, the development of
hotocatalysts activated by visible light is extremely important.

Many strategies have been adopted to extend TiO2 photocat-
lytic activity into the visible region, including dye sensitization
19,20], noble metal deposition [21,22], doping with metal and
on-metal elements [23,24] and coupling with narrow bandgap
emiconductors [20,25]. In particular, the modification of TiO2
ith carbon nanomaterials is being increasingly investigated.

iO2/carbon composites have shown improved optical absorbance
n the visible spectral range and enhanced charge separation effi-
iency, when compared with pristine TiO2 [26,27]. Several types
f carbon nanomaterials, such as, carbon nanotubes, fullerenes
nd graphene, have been used for the production of TiO2/carbon
omposites with promising photocatalytic activities in the visible
egion [28–30]. Recently, a new member of carbon family, car-
on quantum dots (CQD), have attracted considerable attention
ue to their unique properties. Like traditional semiconductors,
QD show photoluminescence properties and in addition possess
he advantages of low toxicity, water solubility and resistance to
hotobleaching [31]. As a result, they have been widely applied in
any fields such as chemical sensing, bioimaging, electrocatalysis

nd photocatalysis [32]. In last years, N-doping of CQD has shown
reat potential for enhance the photocatalytic activity of TiO2/CQD
omposites. Zhang et al. [33] synthetized N-doped carbon quantum
ots (NCQD) and combined it with rutile TiO2 to form TiO2/NCQD
omposites which exhibited enhanced visible-light photocatalytic
ctivity towards the degradation of rhodamine B when compared
ith N-free TiO2/CQD composites. These authors have reported

hat N-doping lowers the work function of CQD, which is proba-
ly the main reason for the enhanced photocatalytic activity of the
iO2/NCQD.

To the best of our knowledge there are no reports in the
iterature concerning the use of TiO2/NCQD composites in the pho-
ocatalytic removal of NOx. Moreover, studies of the oxidation of
Ox using photocatalysts with visible light activity are still scarce.

n this work NCQD were prepared by microwave-assisted method
nd then hydrothermally combined with P25 TiO2 to obtain a new
omposite, P25/NCQD. The composite was used as catalysts of the
hoto-oxidation of NO under UV and visible light and was  also
ested in the photodegradation of methylene blue (MB) under UV
ight. In both cases the composite showed higher photocatalytic
ctivity than commercial P25 TiO2. The reasons for the enhanced
hotocatalytic activity of P25/NCQD have been discussed based on
he experimental results and on recent literature.

. Materials and methods

.1. Materials
Glycerol (ASC reagent ≥ 99.5%), ammonium phosphate diba-
ic (ASC reagent ≥ 98%) and 4,7,10-trioxa-1,13-tridecanediamine
TTDDA, 97%) were purchased from Aldrich and used as received.
eroxide® TiO2 P25 was obtained from Evonik Industries. Dialysis
 Environmental 193 (2016) 67–74

was done using Specta/Por Float-A-Lyzer G2 dialysis tubes (MWCO
500–1000 au).

2.2. Synthesis of N-doped carbon quantum dots (NCQD)

NCQD were synthetized using an adaptation of the method
reported by Lui et al. [34]. 5 g of glycerol were mixed with 2 mL
of ammonium phosphate solution (20 mM).  Then 1 mL  of TTDDA
was added under vigorous stirring. The solution was  put in the
ultrasounds during 3 min  and then it was transferred to a domestic
microwave oven and heated during 7 min  at 700 W.  After cooling
down to room temperature the resultant dark red solution was
diluted with 20 mL  of water and dialyzed against pure water during
3 days. Upon completion of the purification process by dialysis, the
yellow solution obtained was lyophilized to collect NCQD.

2.3. Preparation of P25/NCQD composite

P25/NCQD composite was produced by a hydrothermal method.
1 g of P25 was dispersed in a solution of distilled water (40 mL)  and
ethanol (20 mL). The suspension was  stirred for five minutes and
then 2.5 mL  of an aqueous NCQD solution (4 mg/L) was  added. The
mixture was kept stirring for 5 h and then was  transferred into a
125 mL  Teflon-sealed autoclave and maintained at 130 ◦C for 4 h.
Finally, the resulting composite was recovered by centrifugation
(15 min  at 5000 rpm), washed with distilled water two times and
dried at 60 ◦C during 24 h.

2.4. Materials characterization

Morphological, structural and analytical characterization of the
obtained NCQD and P25/NCQD composite was performed by Elec-
tron Microscopy. Bright-Field Transmission Electron Microscopy
(BF-TEM) and High-Resolution (HR) TEM images were obtained
using a JEOL 2200FS electron microscope equipped with Oxford
Energy Dispersive X-rays (EDX) detector and in-column Omega fil-
ter, operated at 200 kV. A drop of the obtained samples was highly
diluted in ultra-pure water and then placed onto the surface of an
Agar Scientific copper grid with a holey amorphous carbon film and
left to dry in air. After being completely dried, all the samples were
immediately kept in a vacuum box till being used for examination
under the TEM microscope. Observation, acquisition and imaging
analysis were carried out using Gatan Digital Micrograph Software
1.84.1282 (Gatan Inc.© 1996–2010). Scanning-TEM EDX mapping
was performed using INCA Energy Software (Oxford Instruments
Analytical© 2006–2011). Fourier transform infrared (FTIR) spectra
were recorded on a BOMEM (model MB154) spectrophotometer
scanning from 4000 to 500 cm−1. Zeta potential measurements
were performed using a Zeta Sizer Nano Series (Malvern) equip-
ment. X-ray photoelectron spectroscopy (XPS) was  obtained using
a KRATOS axis ultra HAS-Vision X-ray photoelectron spectrometer
with a monochromatic X-ray source (Al). Thermogravimetric anal-
ysis (TGA) curves of the samples were obtained by a TG 209 F1 Iris
Thermal-microbalance (Netzsch) in nitrogen atmosphere using an
input flow rate of 30 mL  min−1 and a heating ramp of 3 ◦C min−1 up
to 600 ◦C. Diffuse reflectance spectra of the powder samples were
recorded on a Shimatzu UV-3600 UV–vis-NIR spectrophotometer,
equipped with a 150 mm integrating sphere and using BaSO4 as
100% reflectance standard. The specific surface area of the cata-
lysts was measured at 77 K on a Quanta Chrome Nova-1200 (USA)
equipment using Brunauer-Emmett-Teller nitrogen adsorption-
desorption method (BET). Before being analysed, the samples were

treated at 150 ◦C for 2 h under vacuum to remove any surface-
adsorbed species. Powder X-rays Diffraction (XRD) patterns of the
prepared samples were recorded on a Phillips Empyrean diffrac-
tometer system operated at 45 kV/40 mA in continuous mode, with
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 step size of 0.0130 and scan step time of 2698.92 s, controlled
y the PANalytical X’Pert HighScore software. The basic lattice
arameters were obtained using Checkcell, a modified version of
elref free software (http://www.inpg.fr/LMGP). Electrochemical

mpedance spectroscopy (EIS) measurements were performed with
 ZENNIUM workstation, with a frequency range between 100 mHz
nd 100 kHz and the magnitude of the modulation signal was
0 mV.  All measurements were performed at room temperature
nd open-circuit voltage. Prepared thin films (active area of ca.
.238 cm2) applied on the FTO coated substrates were used as work-

ng electrodes, 99.9% platinum wire was used as counter-electrode
Alfa Aesar, Germany) and Ag/AgCl/sat. KCl was used as reference
lectrode (Metrohm, Switzerland). The measurements were con-
ucted using an aqueous solution of H2SO4 0.5 M as electrolyte
pH = 0.8).

.5. Photocatalytic activity tests

.5.1. NO photo-oxidation
The experimental setup used in NO photo-oxidation tests

onsists of four main sections: (i) feed, (ii) reactor, (iii) NOx quan-
ification and (iv) computer monitoring/control. In the first section,
he gas stream with the desired NO concentration, relative humid-
ty and flow rate, is prepared and fed to the photoreactor. The
eaction section is composed by a photoreactor (with a Pyrex® win-
ow) designed to hold the samples, minimizing dead and stagnant
olumes. A lamp with the desired wavelength is placed above the
eactor. NO and NO2 concentrations are quantified using a chemi-
uminescence analyser (ThermoElectron 42C). A computer controls
he experimental setup and acquires the relevant data. The reactor
s placed inside a thermostatic cabin to ensure controlled and con-
tant temperature. Detailed information about the setup used can
e found elsewhere [11].

Samples were tested as powder films (5 × 5 cm2) obtained pour-
ng the powder evenly over an aluminum slab and then pressing at

 bar for 5 min. This procedure yielded homogeneous powder films
a. 0.5 mm thick. Photocatalytic tests were performed at 25 ◦C with

 feed rate of 0.7 L min−1 of NO at 1 ppmv in air and 50% of relative
umidity. As source of UV light an ultraviolet lamp (UV-A, highest
mission at 365 nm)  with two 6 W black-light-blue bulbs (VL-206-
LB, Vilbert Lourmat, France) was employed. The visible light tests
ere conducted with a regular fluorescent lamp (Philips Master

L-Mini Super 80 6 W/840) equipped with a filter to obtain light of
 > 400 nm.  The irradiance at the catalyst surface, estimated with

 radiometer, was 10 Wm−2 and 50 Wm−2 for the UV and visible
ight tests, respectively.

In the operating conditions used in this work, the products
esulting from the photo-oxidation of NO are nitrite (NO2

−), nitrate
NO3

−) and NO2 [11]. Since NO2 is even more harmful than NO to
uman health and to the environment, the desired reaction prod-
cts are the ionic species. Therefore, two parameters were used
o evaluate the performance of the prepared photocatalysts, NO
onversion (Eq. (1)) and selectivity towards the formation of ionic
pecies (Eq. (2)):

onversion =
(

C in
NO − Cout

NO

C in
NO

)
× 100 (1)

electivity =
(

1 − Cout
NO2

C in
NO − Cout

NO

)
× 100 (2)
here CNO and CNO2 stand for the concentration of NO and NO2,
espectively, and the superscripts (in and out) refer to the reactor’s
nlet and outlet streams. The photo-oxidation of NO was followed
uring 85 h under UV radiation and 120 h under visible radiation.
 Environmental 193 (2016) 67–74 69

2.5.2. Methylene blue degradation
Photocatalytic degradation of methylene blue (MB) dye was  per-

formed in a 250 mL  cylindrical glass vessel containing 100 mL  of
MB solution (0.01 g/L) and 50 mg of the photocatalyst. The mix-
ture was  firstly stirred during 30 min  in the dark to ensure the
establishment of an adsorption-desorption equilibrium. After that,
the photoreactor vessel was irradiated with UV light produced by
an ultraviolet lamp (UV-A, highest emission at 365 nm) with two
6 W black-light-blue bulbs (VL-206-BLB, Vilbert Lourmat, France)
positioned 10 cm above the surface of reaction solution (irradiance
at the surface of the mixture of 10 W/m2). Aliquots of 3 mL  were
collected every 30 min  in a period of 4 h, then were centrifuged
and the supernatant was analysed in a UV–vis spectrophotome-
ter (Shimatzu UV-3600 UV–vis-NIR spectrophotometer) to record
the absorption band maximum (665 nm)  of MB as a function of the
time; the concentration of MB  (C) is proportional to the maximum
absorbance at 665 nm (A). Thereby, the MB  change of concentration
(C/C0) was obtained from the absorbance history (A/A0), where C0
is the concentration after adsorption–desorption equilibrium and
A0 is the correspondent absorbance. All experiments were repeated
three times and the average computed.

3. Results and discussion

3.1. Characterization of N-doped carbon quantum dots

Although NCQD were prepared using an adaptation of a method
reported on the literature [34], in the conditions employed in this
research, particles with different characteristics were obtained (e.g.
size and crystallinity) and new features were found. BF-TEM anal-
ysis revealed that the as prepared NCQD present a quasi-spherical
morphology with diameters ranging from 6 to 13 nm and mean
of 9.4 nm (Fig. 1A). HR-TEM imaging of our samples demonstrated
that in this case most of the NCQD are nanocrystalline with well-
resolved lattice fringes, which differs from the findings reported
by Liu et al. [34]. Fig. 1B shows a representative HR-TEM image of
NQCD in which the interplanar distances 2.096 and 2.029 Å cor-
respond respectively to the (010) and (011) lattice planes of the
hexagonal graphitic carbon (ICDD reference code 01-075-1621).
The powder XRD patterns for the NCQD samples (Fig. S1, Sup-
porting Information) are in good agreement with the HR-TEM
results shown above, thus showing the crystalline graphitic car-
bon structure. Although the broad peak centred about 20◦ (2�)  may
suggest the presence of amorphous NCQD, there was  no evidence
for this type of carbon by HR-TEM. Therefore the broadening of
such diffraction peak might be related to the nanometer size of the
particles. The few relatively sharp peaks around 2.9–2.3 Å might
be indicative also of microcrystallites present in the carbon sam-
ples. Although not detected by HR-TEM, these diffraction peaks can
be attributed to another crystalline hexagonal carbon phase (ICDD
reference code 00-026-1081) that could be been formed during the
NCQD synthesis [35,36].

The FTIR spectrum of NCQD (Fig. S2, Supporting Informa-
tion) displays characteristic vibrational bands at 3380 cm−1 (O H
and N H stretching), 2922 and 2868 cm−1 (CH2, C H antisym-
metric and symmetric stretching), 1645 cm−1 (C O stretch in
amide and carboxylic groups), 1568 cm−1 (N H deformation in
amides), 1455 cm−1 (OH in plane bending in carboxylic groups) and
1118 cm−1 (C O stretch). Most of the non passivated CQD sam-
ples described in the literature present a negative zeta potential
due to the presence of abundant carboxylic groups on their sur-

face [37,38]. The NCQD prepared in this work show in opposition
a positive zeta potential (13.6 ± 3.37 mV,  pH = 7.6). This means that
conversion of the carboxylic groups, that have been formed during
the pyrolysis of glycerol, into amide groups, occurred in large exten-

http://www.inpg.fr/LMGP
http://www.inpg.fr/LMGP
http://www.inpg.fr/LMGP
http://www.inpg.fr/LMGP
http://www.inpg.fr/LMGP


70 N.C.T. Martins et al. / Applied Catalysis B: Environmental 193 (2016) 67–74

 the particle size distribution; (B) HR-TEM image of NCQD.
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Fig. 1. (A) BF-TEM image of NCQD and histogram for

ion after passivation with TTDDA. The strong band at 1568 cm−1

n the FTIR spectrum confirms this hypothesis. The positive zeta
otential of NCQD colloid also suggests the presence of protonated
mine groups on the surface of the particles when dispersed in
ater (pH < 7) [39,40].

The chemical composition of the NCQD was further character-
zed by X-ray photoelectron spectroscopy (XPS). The XPS survey
pectrum (Fig. S3, Supporting Information) shows that the NCQD
re mainly composed of carbon (75.3%), oxygen (17.2%) and nitro-
en (7.61%). Lui et al. [34] have synthesized surface passivated
arbon quantum dots by microwave pyrolysis of glycerol in the
resence of TTDDA. We  have used a similar route to synthesize
he carbon quantum dots however we found by XPS analysis that
hese particles were not only surface passivated with amide/amine
roups, but also the carbon cores were doped with nitrogen. In
act, the deconvoluted high resolution N 1s spectrum of NCQD
Fig. 2B) reveals the presence of three peaks at 398.9, 400.1
nd 401.4 eV, which are attributed to different types of nitro-
en: amide/amine, pyrrolic and graphitic, respectively [41,42]. This
eans that TTDDA acts not only as passivation agent but also

s precursor for N-doping. Zhai et al. [42] have also reported
he production of N-doped surface passivated CQD by microwave
ssisted pyrolysis of citric acid in the presence of a primary amine
1,2-ethylenediamine). The deconvoluted high resolution C 1s
pectrum of the NCQD (Fig. 2A) shows four main peaks at 284.7,
85.7, 286.0, and 287.3 eV attributed to C C/C C, C N, C O and

 O respectively [43]. From all the characterization done it was
ossible to conclude that the surface of the NCQD is functionalized
ith different organic groups such as amide, amine, hydroxyl and

arboxyl. In addition the carbon cores are doped with N.

.2. Characterization of P25/NCQD composite

A new composite (P25/NCQD) of P25 decorated with N-doped
arbon quantum dots was prepared using a hydrothermal method.
EM images clearly illustrate the successful coupling of NCQD onto
25 and, in the final composite, smaller spherical particles of NCQD
ntermixed with larger crystalline nanoparticles of P25 (TiO2 mix-
ure of 80% anatase and 20% rutile) are easily spotted, as shown

n Fig. 3A. The HR-TEM image in Fig. 3B shows the lattice spacing
f 2.016 Å for the (101) diffraction plane of the crystalline NCQD.
ther well resolved interlayer distances were also identified for the

200) crystalline plane of anatase (1.872 Å) and for the (111) plane
Fig. 2. High resolution XPS spectra of NCQD: (A) C1s and (B) N1s.

of rutile (2.184 Å). STEM-EDX elemental mapping of P25/NCQD
was also carried out (Fig. S4, Supporting Information). The images
obtained clearly show areas where Ti and O are absent suggesting
the presence of NCQD in these areas. XRD pattern of the P25/NCQD
shows sharp and intense reflections attributed to anatase and rutile
TiO2 polymorphs confirming the presence of P25 (Fig. S1, Support-
ing Information). However, the typical XRD reflections for carbon
were not observed in the P25/NCQD sample due to their very low
content in the final material and also low crystallinity when com-
pared to that of P25.

Fig. 4 shows TGA curves of P25 and of P25/NCQD composite.
◦
The weight loss before 120 C of both P25 and the composite is

attributed to the elimination of adsorbed water and is not shown
in Fig. 4. The 0.36% weight loss observed between 120 ◦C and 250 ◦C
for P25 and P25/NCQD should result from dehydroxylation of sur-
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Fig. 3. (A) BF-TEM image of P25/NCQD; (B) HR-TEM image of P25/NCQD showing the lattice fringes of both P25 (Anatase and Rutile polymorphs) and NCQD.

Fig. 4. TGA curves of P25 and of P25/NCQD composite.
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ig. 5. FTIR spectra of P25 and of P25/NCQD samples. The arrows highlight the main
ifferences between the two spectra.

ace attached water and OH groups [44,45]. For the composite, a
hird weight loss of 0.69% is observed between 250 ◦C and 520 ◦C
orresponding to the slow combustion of NCQD. This means that
he content of the NCQD on the composite is about 0.69%.

FTIR analyses were performed in order to investigate the inter-
ction between P25 and NCQD (Fig. 5). P25 spectrum displays three
haracteristic peaks at 3370, 1630 and 650 cm−1 associated with
tretching vibrations of hydrogen-bonded water molecules and

ydroxyl groups, bending vibrations of O H group and Ti O Ti
ridging stretching mode respectively [46,47]. In the FTIR spec-
rum of P25/NCQD three new features appeared. A small shoulder
t 2900 cm−1 is assigned to C H stretching in NCQD and a peak
Fig. 6. XPS high resolution spectra of P25 and of P25/NCQD samples. (A) N1s and
(B) Ti2p.

at 1170 cm−1 is associated with C O stretching vibration. It was
also observed that the broad absorption below 1000 cm−1 became
wider and shifted toward high wavenumber when compared to
that of P25. This behaviour was associated by several authors
[28,48] to a combination of Ti O Ti and Ti O C vibrations and
suggests that the coupling between P25 and NCQD is achieved by
the formation of the Ti O C bond.

The presence of nitrogen was  detected by XPS in P25/NCQD
and not in P25 sample (Fig. 6A). This confirms that the NCQD are
present in the P25/NCQD composite. The Ti 2p high resolution spec-
tra for P25/NCQD and P25 are shown in Fig. 6B. For P25/NCQD the
binding energies of Ti2p3/2 and Ti2p1/2 are positioned at 458.8
and 464.7 eV, respectively. Compared to P25, the Ti2p peaks of
P25/NCQD are shifted towards a higher binding energy. The shift of

0.3-0.5 eV suggests that the chemical environment of Ti in the com-
posites changed due to strong interaction between P25 and NCQD
with formation of Ti O C bonds [45,48].
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Fig. 8. NO conversion (A) and selectivity (B) for P25, P25/NCQD composite during
85  h under UV radiation.
Fig. 7. Diffuse reflectance spectra of P25 and P25/NCQD.

The diffuse reflectance spectra of P25 and P25/NCQD compos-
te are shown in Fig. 7. P25 exhibits a reflectance of 100% above
25 nm,  while the composite shows a considerable decrease of the
eflectance in the range of 425–800 nm.  At 425 nm the reflectance
s 69.8% for P25/NCQD. This means that the composites present
ignificant absorption in the visible region. The bandgaps of the
wo compounds were estimated from diffuse reflectance spectra
ollowing a method based on Tauc equation and described else-
here [49]. For P25 two bandgaps were found at 3.15 and 3.05 eV

orresponding to the two crystalline forms of TiO2, anatase and
utile, respectively. P25/NCQD showed a bandgap of 2.95 eV. The
light decrease of the bandgap of the composite when compared
ith P25 may  be attributed to chemical bonding between P25 and
CQD with the formation of Ti O C bond [28,50]. Therefore, NCQD
ave an important role in the enhancement of visible light absorp-
ion in the P25/NCQD composite, which is expected to improve its
hotocatalytic activity under visible light irradiation.

.3. Photocatalytic activity of P25/NCQD composite

.3.1. NO photo-oxidation
P25/NCQD was tested as catalysts of the photo-oxidation of

O under UV and visible light. After 85 h of UV light irradiation,
he composite P25/NCQD showed a NO conversion of 79.6% and a
electivity of 47.9% (Fig. 8A and B). These values were much higher
han those obtained for P25 (58.4% of NO conversion and 41.0% of
electivity). Therefore, compared with P25, the composite shows a
6.3% increase on NO conversion and a 16.8% increase on selectivity.
oreover, after reaching steady-state the photocatalysts showed

ood stability for at least 48 h.
When submitted to visible light, P25/NCQD also showed supe-

ior photocatalytic activity compared with P25 during at least 120 h
Fig. 9A and B). While in the presence of P25 a conversion of 10% at
teady state was obtained, with P25/NCQD the achieved conversion
as 27%. This means that the conversion increases 2.7 times when
sing P25/NCQD as photocatalyst. The selectivity of the photocat-
lytic process is also considerably higher when using the composite
49.3%) compared with P25 (37.4%).

To the best of our knowledge P25/NCQD synthesized in this work
s the first example of a composite of TiO2 and carbon quantum
ots with photocatalytic activity towards NO degradation under
isible light (� > 400 nm). P25/NCQD composite showed a better
hotocatalytic performance than N-doped TiO2 particles prepared
y several researchers [46,51,52].

To check if the enhancement of the photocatalytic activity of the
25/NCQD composite is only related to the presence of the NCQD

r if it is also connected with the hydrothermal treatment suffered
y the powders, the photoactivity of P25 hydrothermally treated
t 130 ◦C during 4 h (P25-HT) was also tested. As shown in Fig.
5 (see Supporting Information), P25-HT present a higher NO con-
Fig. 9. NO conversion (A) and selectivity (B) for P25, P25/NCQD composite during
120  h under visible light irradiation.

version than untreated P25 both under UV and visible irradiation

suggesting that the hydrothermal treatment contributes partially
to the enhancement of the catalysts photoactivity. This behaviour
could be attributed to the formation of more hydroxyl groups in
the TiO2 surface. According to Yu et al. [53], more hydroxyl groups
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an generate more hydroxyl radicals, enhance the adsorption of O2
olecules and reduce recombination of photogenerated electrons

nd holes. It should be highlighted that a physical mixture (with-
ut hydrothermal treatment) of P25 and NCQD (mix P25 + NCQD)
howed significantly lower photocatalytic activity than P25/NCQD
Fig. S5, Supporting Information). This confirms that the hydrother-

al  treatment has a role on the enhancement of the photocatalytic
ctivity not only fostering the formation of hydroxyl groups but
lso promoting a more efficient attachment of the NCQD to TiO2
urface.

.3.2. Photocatalytic activity in aqueous medium
The photocatalytic activity of P25 and P25/NCQD composite

n aqueous medium, under UV irradiation, was assessed using
ethylene blue (MB). As shown in Fig. S6 (see Supporting Infor-
ation), P25/NCQD composite presents a considerably higher

hotocatalytic activity towards MB  degradation as compared with
ommercial P25. After 1 h of UV irradiation 91% of MB  was pho-
odegradated by P25/NCQD whereas only 68% of the initial dye
as decomposed by P25. Moreover, the photocatalytic activity of

25/NCQD composite is higher than that of a physical mixture of
25 and NCQD (mix P25 + NCQD) showing that hydrothermal treat-
ent promotes a more efficient attachment of the NCQD to TiO2

urface. The decay of MB  during the initial period (120 min) of UV
xcitation was fitted to a pseudo-first-order kinetics: −ln(C/C0) = kt,
here k is the rate constant and t the irradiation time. Fig. 10 plots
ln(C/C0) history for all photocatalysts. From this plot it was  pos-

ible to estimate the rate constants for the MB  degradation in the
resence of these catalysts. Values of 0.019, 0.026 and 0.044 min−1

ere obtained for P25, mix  P25 + NCQD and P25/NCQD respectively.
his means that the photocatalytic degradation rates of MB  over
25/NCQD are 2.32 higher than that over P25. Similar MB  photo-
atalytic degradation rates were found by other researchers when
sing TiO2/carbon composites as catalysts under UV light how-
ver, in the majority of the cases with larger concentrations of
arbon (>1 wt.%) than that used in this work (0.69 wt.%) [27]. Tests
f the photocatalytic performance of P25/NCQD composites were
ot implemented under visible light since there are reports that
tate that MB  can suffer self-photosensitized degradation over TiO2
hen irradiated with visible light and thus would represent a non-
hotocatalytic contribution to the overall degradation of the dye
54].

.4. Discussion on the enhanced photocatalytic activity of
25/NCQD composite
The performance of a photocatalyst can be determined by
everal factors such as specific surface area, crystallinity, light
bsorption range and efficiency of charge separation and trans-
 Environmental 193 (2016) 67–74 73

port [28,55]. Generally, photocatalysts with larger specific surface
area exhibit higher photocatalytic activity because a larger
surface area provides more active sites for the adsorption of reac-
tant molecules. The specific surface area of the P25 and P25/NCQD
composite was  measured using Brunauer-Emmett-Teller nitro-
gen adsorption-desorption method (BET) and values of 54.9 and
53.8 m2g−1, respectively, were obtained. This means that the higher
photocatalytic activity of P25/NCQD is not related to a surface
area enhancement. The similarity between the XRD patterns of
P25 and P25/NCQD (Fig. S1, Supporting Information) reveals that
crystallinity, crystal size and modifications on the crystal structure
of TiO2 are also not responsible for the differences between the
photocatalytic activity of the two  compounds.

The experimental results proved that hydrothermal treatment
can impart higher photoactivity to TiO2. However, the presence of
NCQD is necessary to achieve the highest NO degradation rates (Fig.
S5, Supporting Information). Therefore NCQD have a key role on the
enhancement of photocatalytic activity.

P25/NCQD displays enhanced visible light absorption (Fig. 7)
and narrowing of the bandgap (from 3.05 eV to 2.95 eV) when
compared with P25. Carbon doping is not expected to occur since
usually C-doped TiO2 is synthesized at temperatures higher than
600 ◦C [50]. This leads us to conclude that the slight decrease of
the bandgap could be related with chemical bonding between P25
and NCQD with formation of Ti O C bond. In fact, FTIR and XPS
results seem to support this hypothesis. Moreover, several authors
reported that the presence of Ti O C bond in TiO2/carbon com-
posites favours charge transfer and can effectively extend light
absorption to longer wavelengths [28,50]. On the other hand, NCQD
can act as electron acceptor to trap the electrons from P25 con-
duction band and thus hinder electron-hole recombination leaving
more charge carriers to form reactive species (e.g. OH• and O2

•−)
that can promote the degradation of pollutants [48,56].

In a photocatalytic process the fast transport of charge carri-
ers is important to prevent recombination. In order to study the
charge transfer process on P25 and P25/NCQD the electrochemical
impedance spectra of the two  photocatalysts were measured. Com-
paring the Nyquist plots for P25 and P25/NCQD (Fig. S7, Supporting
Information), it was observed that the diameter of the semicir-
cle at high frequencies is smaller for P25/NCQD, which indicates
a decrease in the charge transfer resistance on the surface [28].
This suggests that on P25/NCQD composite the transport of charge
carriers is faster, contributing to a better separation of the photo-
generated electron-hole pairs and consequently to a decrease of the
recombination.

In summary, NCQD contribute to the enhanced photocatalytic
activity of P25/NCQD composite in three ways: extending the light
absorption into the visible range, slowing the recombination and
improving the charge transfer.

4. Conclusions

A new photocatalyst (P25/NCQD) of P25 decorated with N-
doped carbon quantum dots was prepared using a hydrothermal
method. The P25/NCQD composite showed enhanced photocat-
alytic performance for NO photo-oxidation when compared with
P25, both under UV and visible light. NO conversion increased from
10% to 27% and from 58.4% to 79.6% under visible and UV  irradia-
tion, respectively. Moreover, the selectivity of the process increased
from 37.4% to 49.3% and from 41.0% to 47.9% under visible and UV

irradiation, respectively. The photocatalytic activity of P25/NCQD
in aqueous medium was  also assessed using methylene blue (MB).
Under UV radiation the MB degradation rate was  2.32 higher than
the obtained for P25.
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Although the hydrothermal treatment contributed to the
nhanced photocatalytic activity of P25/NCQD, the main role on the
hotocatalytic performance of these nanocomposites was assigned
o NCQD. These nanoparticles can strongly interact with TiO2
xtending the response of the composite to visible light. NCQD,
n the P25/NCQD photocatalyst, can also act as efficient electron
cceptors and transporters, slowing the recombination rate and
onsequently increasing photocatalytic activity.
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